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Abstract

This biennial review summarizes much of Particle Physics. Using data from previous editions, plus 1900 new
measurements from 700 papers, we list, evaluate, and average measured properties of gauge bosons, leptons, quarks,
mesons, and baryons. We also summarize searches for hypothetical particles such as Higgs bosons, heavy neutrinos,
and supersymmetric particles. All the particle properties and search limits are listed in Summary Tables. We also
give numerous tables, figures, formulae, and reviews of topics such as the Standard Model, particle detectors,
probability, and statistics. A booklet is available containing the Summary Tables and abbreviated versions of some
of the other sections of this full Reviem

The publication of the Review of Particle Physics is supported by the Director, OfFice of Energy Research, Once of High Energy and Nuclear
Physics, the Division of High Energy Physics of the U.S. Department of Energy under Contract No. DE—AC03—76SF00098; by the U.S. National
Science Foundation under Agreement No. PHY-9320551; by the European Laboratory for Particle Physics (CERN); by an implementing
arrangement between the governments of 3apan (Monbusho) and the United States (DOE) on cooperative research and development; and by the
Italian National Institute of Nuclear Physics (INFN).

~3onathan Feng acknowleges support from the Miller Institute for Basic Research in Science.

Special thanks are due to our administrative assistant at LBNL, Gail Harper, for her careful proofreading of the text, layout,
and graphics in this Review.



tIn memoriam: Gary S. Wagman, 1954—1995
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Gary Wagman, Programmer for the Particle Data Group from 1985 to 1995, died of AIDS on Friday,
April 21, 1995. Gary, a respected member of the gay community, was a native of Houston, Texas, and
graduated from the University of Houston in Computer Science.

Gary made many contributions to the Particle Data Group, and thus to the entire international
high-energy physics community. He did much of the intricate design and all of the advanced programming
that brought the RevierU of Particle Physics from its primitive state in 1984 to the beautiful and valuable
document it is today, in both its printed and electronic forms. He was recognized a few months before his
death with a Lawrence Berkeley Laboratory Outstanding Performance Award for these achievements.
Gary s work was characterized by his constant striving for perfection, by his deep concern for accuracy,
and by his understanding of our scientific mission.

In addition to his work as a programmer, Gary loved to travel. He was intrigued by exotic and
magical places, visiting the pyramids in Egypt and the Taj Mahal in India. Europe was another favorite
destination where he enjoyed speaking French. Gary traveled to Israel several times, once spending six
months on a kibbutz picking grapefruit. An avid hiker and camper, he also explored many parts the
United States.

Gary's meticulous nature led him to excel at woodworking, and he spent several years remodeling
his house in San Francisco. A member of the Dahlia Society, he further enhanced his home and garden
through his love of flowers. He was also a connoisseur of fine food, eating, and baking, delighting the
PDG with many wonderful birthday cakes.

Always interested in spirituality and mysticism, Gary had recently begun studying Sufism. This
spiritual practice was so meaningful to him that, in December 1995, he insisted on participating in a Sufi
turning exhibition even though he was very ill.

In October 1995, a memorial service was held for Gary at the Pinnacles National Monument in
California, one of his favorite spiritual places.

Gary was our friend and colleague for ten years, and all of us who had the privilege of knowing him
miss him greatly.
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INTRODUCTION

1. Overview

The Review of Particle Physics and the abbreviated
version, the Particle Physics Booklet, are reviews of the
field of Particle Physics. This complete Review includes a
compilation/evaluation of data on particle properties, called
the "Particle Listings. " These Listings include 1900 new
measurements from 700 papers, in addition to the 14,000
measurements from 4000 papers that first appeared in
previous editions.

Both books include Summary Tables with our best values
and limits for particle properties such as masses, widths or
lifetimes, and branching fractions, as well as an extensive
summary of searches for hypothetical particles. In addition,
we give a long section of "Reviews, Tables, and Plots" on a
wide variety of theoretical and experimental topics, a quick
reference for the practicing particle physicist.

The Review and the Booklet are published in even-
numbered years. This edition is an updating through
December 1995 (and, in some areas, well into 1996). As
described in the section "Using Particle Physics Databases"
following this introduction, the content of this Revie~ is
available on the World-Wide Web, and is updated between
printed editions (http: //pdg. 1bl. gov/).

The Summary Tables give our best values of the
properties of the particles we consider to be well established,
a summary of search limits for hypothetical particles, and a
summary of experimental tests of conservation laws.

The Particle I istings contain all the data used to get the
values given in the Summary Tables. Other measurements
considered recent enough or important enough to mention,
but which for one reason or another are not used to get
the best values, appear separately just beneath the data we
do use for the Summary Tables. The Particle Listings also
give information on unconfirmed particles and on particle
searches, as well as short "reviews" on subjects of particular
interest or controversy.

The Particle I.istings were once an archive of all
published data on particle properties. This is no longer
possible because of the large quantity of data. We refer
interested readers to earlier editions for data now considered
to be obsolete.

We organize the particles into six categories:
Gauge and Higgs bosons
Leptons
Quarks
Mesons
Baryons
Searches for monopoles,

supersymmetry, compositeness, etc.
The last category only includes searches for particles that
do not belong to the previous groups; searches for heavy
charged leptons and massive neutrinos, by contrast, are with
the leptons.

In Sec. 2 of this Introduction, we list the main areas of
responsibility of the authors, and also list our large number
of consultants, without whom we would not have been
able to produce this Review. In Sec. 3, we mention briefly
the naming scheme for hadrons. In Sec. 4, we discuss our
procedures for choosing among measurements of particle

properties and for obtaining best values of the properties
from the measurements.

The accuracy and usefulness of this Review depend in
large part on interaction between its users and the authors.
We appreciate comments, criticisms, and suggestions
for improvements of any kind. Please send them to the
appropriate author, according to the list of responsibilities
in Sec. 2 below, or to the LBNL addresses below.

To order a copy of the Review or the Particle Physics
Booklet from North and South America, Australia, and the
Far East, write to

Particle Data Group, MS 50-308
Lawrence Berkeley National I aboratory
Berkeley, CA 94720, USA

or send e-mail to PDGILBL. GOV.

To order more than one copy of the Review or booklet,
write to

c/o Anne Fleming
Technical Information Division, MS 50B-4206
Lawrence Berkeley National I aboratory
Berkeley, CA 94720, USA

or send e-mail to ASFLENINGLBL. GOV.

2. Authors and consultants
The authors' main areas of responsibility are as follows

(an asterisk indicates the person to contact with questions
or comments):

Gauge and Higgs bosons

y

Gluons
Graviton
W, Z

Higgs bosons

Heavy bosons
Axions

D.E. Groom*
R.M. Barnett* A. Manohar
D.E. Groom*
R.M. Barnet t, * C. Caso, * G. Conforto,

A. Gurtu*
R.M. Barnett, * K. Hikasa, M. Mangano, *

H. Murayama
C.D. Carone, M. Tanabashi, T.G. Trippe*
R.M. Barnett, * K. Hikasa, M. Mangano, *

H. Murayama, K. Olive

I eptons

Neutrinos

e, p

quarks

Quarks
Top qualk
b/

Free quark

D.E. Groom, * K. Nakamura, K. Olive,
M. Roos, R.E. Shrock

C. Grab, D.E. Groom*
D.E. Groom, * K.G. Hayes, K. Monig*

R.M. Barnett, * A. Manohar
J.L. Feng, K. Hagiwara, T.G. Trippe*
J.L. Feng, K. Hagiwara, T.G. Trippe*
D,E. Groom*

From all other areas, write to
CERN Scientific Information Service
CH-1211 Geneva 23
Switzerland

or via the WWW from CERN (http: //www. cern. ch)
Scientific Information Service
Ordering CERN publications
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Mes ons
7I ) t/ C. Grab, C.G. Wohl*
Unstable mesons M. Aguilar-Benitez, C. Amsler*, C. Caso,

S. Eidelman, J.J. Hernandez, F. James,
L. Montanet, M. Roos, N. A. Tornqvist

K (stable) C. Grab, T.G. Trippe'
D (stable) P.R. Burchat, C.G. Wohl*

B (stable) K. Honscheid, R.H. Schindler,
T.G. Trippe*

Baryons
Stable baryons C. Grab, C.G. Wohl*

Unstable baryons R.L. Crawford, C.G. Wohl*,
R.L. Workman

Bottom baryons T.G. Trippe*

Misce/laneous searches
Monopole D.E. Groom, *

Supersymmetry R.M. Barnett, * M. Mangano, *

H. Murayama, K. Olive
Compositeness C.D. Carone, M. Tanabashi, T.G. Trippe*
Other J.I. I'"eng, K. Hikasa, T.G. Trippe*

Reviews, tables, figures, and formuLae

R.M. Barnett, D.E. Groom, * T.G. Trippe, C.G. Wohl

Technical support

B. Armstrong, P.S. Gee

The Particle Data Group benefits greatly from the
assistance of some 700 physicists who are asked to verify
every piece of data entered into this Reviem Of special value
is the advice of the PDG Advisory Committee which meets
annually and thoroughly reviews all aspects of our operation.
The members of the 1995 committee were:

W.D. Schlatter (CERN), Chair
A. Ali (DESY)
D. Besson (University of Kansas)
P. Kreitz (SLAC)
M. Turner (Fermilab)

We have especially relied on the expertise of the following

people for advice on particular topics:

~ L. Addis (SLAC)
~ S.I. Alekhin (COMPAS Group, IHEP, Serpukhov)
~ A. Ali (DESY)
~ 3. Annala (Fermilab)
~ 3.N. Bahcall (Institute for Advanced Study)
~ R. Bailey (CERN)
~ B.C. Barish (Caltech)
~ T. Barnes (University of Tennessee)
~ O. Beibel (RWTH, Aachen)
~ D. Besson (University of Kansas)
~ S. Bilenky (Joint Inst. for Nuclear Research, Dubna)
~ M. Billing (Cornell University)
~ A. Blondel (Ecole Polytechnique)
~ T. Bolton (Kansas State University)
~ E. Browne (LBNL)
~ A. Buras (Tech. University of Miinich)
~ P. Burrows (SLAC)
~ R.N. Cahn (LBNL)

~ M. Chanowitz (LBNL)
~ Z. Chuang (IHEP, Beijing)
~ E.D. Commins (University of California, Berkeley)
~ O. Dahl (LBNL)
~ R.H. Dalitz (Oxford University)
~ S. Dawson (Brookhaven)
~ L. Di Ciaccio (Rome University)
~ M. Dine (University of California, Santa Cruz)
~ R.J. Donoghue (LBNL)
~ J. Dorfan (SLAC)
~ 3. Ellis (CERN)
e 3. Erler (University of California, Santa Cruz)
~ L.R. Evans (CERN)
~ V.V. Ezhela (COMPAS Group, IHEP, Serpukhov)
~ A. Fasso (CERN)
~ R.W. Fast (Fermilab)
~ W. Fetscher (ETH, Ziirich)
~ B.B. Filimonov (COMPAS Group, IHEP, Serpukhov)
~ E. Fischbach (Purdue University)
~ R. Flores (University of Minnesota)
~ G. Fogli (University of Bari)
~ S. Freedman (LBNL and UC, Berkeley)
~ M. Fukugita (Yukawa Institute for Theo. Phys. , Kyoto)
~ T.K. Gaisser (Bartol Research Inst. , Univ. of Delaware)
~ 3. Gasser (University of Bern)
~ S. Geer (Fermilab)
~ H.-J. Gerber (ETH, Ziirich)
~ M.G.D. Gilchriese (LBNL)
~ F.3. Gilman (Carnegie-Mellon University)
~ A. Goldhaber (Stony Brook)
~ K. Greist (University of California, San Diego)
~ H. E. Haber (University of California, Santa Cruz)
~ R. Hagstrom (ANL)
~ O. Hayes (University of Wisconsin)
~ M. Herrero (University Autonoma Madrid)
~ D.W. Hertzog (UIUC)
~ I. Hinchliffe (LBNL)
~ C.J. Hogan (University of Washington)
~ G. Hohler (Karlsruhe University)
~ J. Imazato (KEK)
~ Yu. M. Ivanov (Petersburg Nuclear Physics Inst. )
~ J.D. Jackson (LBNL)
~ G. 3acoby (Kitt Peak National Observatory)
~ P. Janot (CERN)
~ M. 3imack (University of Birmingham)
~ K. 3ohnson (Florida State University)
~ D. Karlen (Carleton University)
~ R.W. Kenney (LBNL)
~ M. Klein (DESY)
~ K. Kleinknecht (3ohannes Giitenberg-Univ. at Mainz)
~ B. Kniehl (Max-Planck Inst. , Miinich)
~ I. Koop (Budker Inst. of Nuclear Physics)
~ L.M. Krauss (Case Western Reserve University)
~ P. Kreitz (SLAC)
~ S. Kurokawa (KEK)
~ K. Lane (Boston University)
~ P. Langacker (University of Pennsylvania)
~ P. Lefevre (CERN)
~ H. Leutwyler (University of Bern)
~ L. Littenberg (BNL)
~ S.B. Lugovsky (COMPAS Group, IHEP, Serpukhov)



Into.oduction 9

~ G.R. Lynch (LBNL)
~ D.M. Manley (Kent State University)
~ W. Marciano (Brookhaven)
~ W.C. Martin (NIST)
~ N. V. Mokhov (FNAL)
~ D. Morgan (Rutherford Appleton Lab)
~ J.F. Mould (Mount Stromlo and Siding Spring Observa-

tories)
~ T. Nakada (PSI)
~ W.R. Nelson (SLAC)
~ A.S. Nikolaev (COMPAS Group, IHEP, Serpukhov)
~ Y. Oyanagi (University of Tsukuba, Japan)
~ S.I. Parker (University of Hawaii)
~ M.R. Pennington (University of Durham)
~ E. Perevedentsev (Novosibirsk)
~ M. Peskin (SLAC)
~ N. Phinney (SLAC)
~ A. Piepke (Caltech)
~ B.V.P. Polishchuk (COMPAS Group, IHEP, Serpukhov)
~ M. Preger (Frascati)
~ Yu. Prokoshkin (Serpukhov)
~ I. Protopopov (Budker Inst. of Nuclear Physics)
~ J. Proudfoot (ANL)
~ H. S. Pruys (Ziirich University)
~ H. Quinn (SLAC)
~ M. Quiros (Inst. Estructura Materia, Madrid)
~ G. Raffelt (Max-Planck Inst. , Miinich)
~ B. Renk (Universitat Mainz)
~ J. Richman (University of California, Santa Barbara)
~ B.L, Roberts (Boston University)
~ N. A. Roe (LBNL)
~ L.J. Rosenberg (MIT)
~ S. Rudaz (University of Minnesota)
~ D. Schramm (University of Chicago)
~ D. Scott (University of British Columbia)
~ V. Serbo (Novosibirsk State University)
~ M. Shaevitz (Columbia University)
~ Yu. Shatunov (Budker Inst. of Nuclear Physics)
~ S. Sharpe (University of Washington)
~ P. Sikivie (University of Florida)
~ G.F. Smoot, III (LBNL)
~ M. Srednicki (University of California, Santa Barbara)
~ T. Stanev (Bartol Research Inst. , Univ. of Delaware)
~ G. Steigman (Ohio State University)
~ P.J. Steinhardt (University of Pennsylvania)
~ G.R. Stevenson (CERN)
~ S. Stone (Cornell University)
~ S.I. Striganov (COMPAS Group, IHEP, Serpukhov)
~ Yu. G. Stroganov (COMPAS Group, IHEP, Serpukhov)
~ M. Suzuki (LBNL)
~ M. Swartz (SLAC)
~ Y. Takaiwa (KEK)
~ B.N. Taylor (NIST)

E. Thorndike (University of Rochester)
~ N. P. Tkachenko (COMPAS Group, IHEP, Serpukhov)
~ D. Treille (CERN)
~ J.L. Tonry (MIT)
~ M.S. Turner (Fermilab)
~ G. Valencia (Iowa State University)
~ S. van den Bergh (Dominion Astrophysical Observatory)
~ P. Vogel (Caltech)

~ P. von Handel (DESY)
~ P. Vorobyev (Budker Inst. of Nuclear Physics)
~ R. Voss (CERN)
~ C. Wagner (CERN)
~ H. Wahl (CERN)
~ S.R. Wasserbaech (University of Washington)
~ P. Wells (CERN)
~ M. White (University of Chicago)
~ L. Wolfenstein (Carnegie-Mellon University)
~ C. Woody (BNL)
~ S. Youssef (SCRI, Florida State University)
~ A. Zaitsev (Serpukhov)
~ C. Zorn (CEBAF)
~ M. Virchaux (Saclay)

3. Naming scheme for hadrons
We introduced in the 1986 edition [2] a new naming

scheme for the hadrons. Changes from older terminology
affected mainly the heavier mesons made of u, d, and 8
quarks. Otherwise, the only important change to known
hadrons was that the F+ became the D+, , None of the
lightest pseudoscalar or vector mesons changed names, nor
did the cc or bb rnesons (we do, however, now use y„for the
cc y states), nor did any of the established baryons. The
Summary Tables give both the new and old names whenever
a change has occurred.

The scheme is described in "Naming Scheme for
Hadrons" (p. 76) of this Reniem

We give here our conventions on type-setting style.
Particle symbols are italic (or slanted) characters: e, p,
3, vr, KL„D+,b. Charge is indicated by a superscript:B, A++. Charge is not normally indicated for p, n, or
the quarks, and is optional for neutral isosinglets: g or g .
Antiparticles and particles are distinguished by charge for
charged leptons and mesons: w+, K . Otherwise, distinct
antiparticles are indicated by a bar (overline): v&, t, p, K,
and Z (the antiparticle of the Z ).

4. P rocedures

4.1. Selection and tveatrnent of data: The Particle
Listings contain all relevant data known to us that are
published in journals. With very few exceptions, we do not
include results from preprints or conference reports. Nor do
we include data that are of historical importance only (the
Listings are not an archival record). We search every volume
of 20 journals through our cutofF date for relevant data. We
also include later published papers that are sent to us by the
authors (or others).

In the Particle Listings, we clearly separate measure-
ments that are used to calculate or estimate values given
in the Summary Tables from measurements that are not
used. We give explanatory comments in many such cases.
Among the reasons a measurement might be excluded are
the following:

~ It is superseded by or included in later results.
~ No error is given.
~ It involves assumptions we question.
~ It has a poor signal-to-noise ratio, low statistical

significance, or is otherwise of poorer quality than other
data available.
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~ It is clearly inconsistent with other results that appear
to be more reliable. Usually we then state the criterion,
which sometimes is quite subjective, for selecting "more
reliable" data for averaging. See Sec. 4.

~ It is not independent of other results.
~ It is not the best limit (see below).
~ It is quoted from a preprint or a conference report.

In some cases, none of the measurements is entirely
reliable and no average is calculated. For example, the
masses of many of the baryon resonances, obtained from
partial-wave analyses, are quoted as estimated ranges
thought to probably include the true values, rather than as
averages with errors. This is discussed in the Baryon Particle
Listings.

For upper limits, we normally quote in the Summary
Tables the strongest limit. We do not average or combine
upper limits except in a very few cases where they may be
re-expressed as measured numbers with Gaussian errors.

As is customary, we assume that particle and antiparticle
share the same spin, mass, and mean life. The Tests of
Conservation Laws table, following the Summary Tables,
lists tests of CPT as well as other conservation laws.

We use the following indicators in the Particle Listings
to tell how we get values from the tabulated measurements:

OUR AVERAGE —From a weighted average of selected
data.
OUR FIT—From a constrained or overdetermined multi-
parameter fit of selected data.
OUR EVALUATION —Not from a direct measurement, but
evaluated from measurements of related quantities.

~ OUR ESTIMATE—Based on the observed range of the
data. Not from a formal statistical procedure.

~ OUR LIMIT For special cases where the limit is evaluated
by us from measured ratios or other data. Not from a
direct measurement.

An experimentalist who sees indications of a particle will

of course want to know what has been seen in that region
in the past. Hence we include in the Particle Listings all
reported states that, in our opinion, have sufficient statistical
merit and that have not been disproved by more reliable
data. However, we promote to the Summary Tables only
those states that we feel are well established. This judgment
is, of course, somewhat subjective and no precise criteria can
be given. For more detailed discussions, see the minireviews
in the Particle Listings.

4.2. Averages and fits: We divide this discussion
on obtaining averages and errors into three sections:
(1) treatment of errors; (2) unconstrained averaging;
(3) constrained fits.

4.2.1. Treatment of errors: In what follows, the "error"
hx means that the range x + 6x is intended to be a 68.370
confidence interval about the central value x. We treat
this error as if it were Gaussian. Thus when the error is
Gaussian, bx is the usual one standard deviation (1cr). Many
experimenters now give statistical and systematic errors
separately, in which case we usually quote both errors, with
the statistical error first. For averages and fits, we then add
the the two errors in quadrature and use this combined error
for bx.

When experimenters quote asymmetric errors (6x)+
and (hx) for a measurement x, the error that we use
for that measurement in making an average or a fit with
other measurements is a continuous function of these three
quantities. When the resultant average or fit x is less than
x —(tlx), we use (6'x); when it is greater than x+ (6x)+, we
use (6x)+. In between, the error we use is a linear function
of x. Since the errors we use are functions of the result, we
iterate to get the final result. Asymmetric output errors are
determined from the input errors assuming a linear relation
between the input and output quantities.

In fitting or averaging, we usually do not include
correlations between different measurements, but we try
to select data in such a way as to reduce correlations.
Correlated errors are, however, treated explicitly when there
are a number of results of the form A, + o.; + 4 that have
identical systematic errors A. In this case, one can first
average the A, +o; and then combine the resulting statistical
error with A. One obtains, however, the same result by
averaging A, + (o, + 4, ) ~, where A, = cr, A[+(1/o )] ~ .
This procedure has the advantage that, with the modified
systematic errors 6, , each measurement may be treated
as independent and averaged in the usual way with other
data. Therefore, when appropriate, we adopt this procedure.
We tabulate 6 and invoke an automated procedure that
computes 4, before averaging and we include a note saying
that there are common systematic errors.

Another common case of correlated errors occurs when
experimenters measure two quantities and then quote the
two and their difference, e.g. , my, m2, and A = m2 —m~.
We cannot enter all of my, m2 and A into a constrained fit
because they are not independent. In some cases, it is a good
approximation to ignore the quantity with the largest error
and put the other two into the fit. However, in some cases
correlations are such that the errors on mi, m2 and A are
comparable and none of the three values can be ignored. In
this case, we put all three values into the fit and invoke an
automated procedure to increase the errors prior to fitting
such that the three quantities can be treated as independent
measurements in the constrained fit. We include a note
saying that this has been done.
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4.2.2. Unconstrained averaging: To average data, we use
a standard weighted least-squares procedure and in some
cases, discussed below, increase the errors with a "scale
factor. " We begin by assuming that measurements of a given
quantity are uncorrelated, and calculate a weighted average
and error as

where

We emphasize that our scaling procedure for errors in
no way afFects central values. And if you wish to recover the
unscaled error bx, simply divide the quoted error by S.

(b) If the number M of experiments with an error
smaller than bo is at least three, and if y2/(M —1) is greater
than 1.25, we show in the Particle Listings an ideogram
of the data. Fig. 1 is an example. Sometimes one or two
data points lie apart from the main body; other times the
data split into two or more groups. We extract no numbers
from these ideograms; they are simply visual aids, which the
reader may use as he or she sees fit.

Here x; and bx; are the value and error reported by the
ith experiment, and the sums run over the N experiments.
We then calculate y = Pm, (z —z, ) and compare it
with N —1, which is the expectation value of y if the
measurements are from a Gaussian distribution.

If y2/(N —1) is less than or equal to 1, and there are no
known problems with the data, we aeeept the results.

If y /(N —1) is very large, we may choose not to use the
average at all. Alternatively, we may quote the calculated
average, but then make an educated guess of the error, a
conservative estimate designed to take into account known
problems with the data.

Finally, if y /(K —1) is greater than 1, but not greatly
so, we still average the data, but then also do the following:

(a) We increase our quoted error, bz in Eq. (1), by a
scale factor S defined as

(2)
—0.4 —0.2 0.2

WEIGHTED AVERAGE
0.006+ 0.018 (Error scaled by 1.3)
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Our reasoning is as follows. The large value of the y is
likely to be due to underestimation of errors in at least one
of the experiments. Not knowing which of the errors are
underestimated, we assume they are all underestimated by
the same factor S. If we scale up all the input errors by this
factor, the y becomes N —1, and of course the output error
bx scales up by the same factor. See Ref. 3.

When combining data with widely varying errors, we
modify this procedure slightly. We evaluate S using only the
experiments with smaller errors. Our cutoff or ceiling on bx;
is arbitrarily chosen to be

ho=3% ~ 6

where bx is the unscaled error of the mean of all the
experiments. Our reasoning is that although the low-
precision experiments have little influence on the values x
and bx, they can make significant contributions to the y,
and the contribution of the high-precision experiments thus
tends to be obscured. Note that if each experiment has the
same error bz, , then b'x is bz, /K ~, so each bz, is well
below the cutofF. (More often, however, we simply exclude
measurements with relatively large errors from averages and
fits: new, precise data chase out old, imprecise data. )

Our scaling procedure has the property that if there
are two values with comparable errors separated by much
more than their stated errors (with or without a number of
other values of lower accuracy), the scaled-up error b'x is
approximately half the interval between the two discrepant
values.

Figure 1: A typical ideogram. The arrow at the top
shows the position of the weighted average, while the
width of the shaded pattern shows the error in the
average after scaling by the factor S. The column
on the right gives the y2 contribution of each of the
experiments. Note that the next-to-last experiment,
denoted by the incomplete error flag (J ), is not used
in the calculation of S (see the text).

Each measurement in an ideogram is represented by
a Gaussian with a central value x;, error bx;, and area
proportional to 1/bz;. The choice of 1/b'z; for the area is
somewhat arbitrary. With this choice, the center of gravity
of the ideogram corresponds to an average that uses weights
1/b'z; rather than the (1/bx;)2 actually used in the averages.
This may be appropriate when some of the experiments
have seriously underestimated systematic errors. However,
since for this choice of area the height of the Gaussian for
each measurement is proportional to (I/bz, ), the peak
position of the ideogram will often favor the high-precision
measurements at least as much as does the least-squares
average. See our 1986 edition [2] for a detailed discussion of
the use of ideograms.
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4.2.3. Constrained fits: Except for trivial cases, all
branching ratios and rate measurements are analyzed by
making a simultaneous least-squares fit to all the data and
extracting the partial decay fractions P, , the partial widths
I';, the full width I' (or mean life), and the associated error
matrix.

Assume, for example, that a state has m partial decay
fractions P;, where P P, = 1. These have been measured
in N„different ratios R„,where, e.g. , Ri = Pi/P2, R2
= Pi/Ps, etc. [We can handle any ratio R of the form

P o, P, / P P, P, , where o., and P, are constants, usually 1 or
0. The forms R = P,Pz and R = (P,Pz )i~2 ar. e also allowed. ]

Further assume that each ratio B has been measured by %k
experiments (we designate each experiment with a subscript
k, e.g. , Rik). We then find the best values of the fractions P;
by minimizing the y as a function of the m —1 independent
parameters:

where the R„kare the measured values and R„arethe fitted
values of the branching ratios.

In addition to the fitted values P, , we calculate an error
matrix (6P, 6P~). We tabulate the diagonal elements of
6'P, = (6'P; 6P, ) / (except that some errors are scaled
as discussed below). In the Particle Listings, we give the
complete correlation matrix; we also calculate the fitted
value of each ratio, for comparison with the input data,
and list it above the relevant input, along with a simple
unconstrained average of the same input.

Three comments on the example above:
(1) There was no connection assumed between mea-

surements of the full width and the branching ratios. But
often we also have information on partial widths I', as well
as the total width I'. In this case we must introduce I'
as a parameter in the fit, along with the P, , and we give
correlation matrices for the widths in the Particle Listings.

(2) We do not allow for correlations between input
data. We do try to pick those ratios and widths that are as
independent and as close to the original data as possible.
When one experiment measures all the branching fractions
and constrains their sum to be one, we leave one of them
(usually the least well-determined one) out of the fit to make
the set of input data more nearly independent.

(3) We calculate scale factors for both the R, and
P; when the measurements for any R give a larger-than-
expected contribution to the y2. According to Eq. (3), the
double sum for y is first summed over experiments A: = 1

to Kp, leaving a single sum over ratios y = Py„".One
is tempted to define a scale factor for the ratio r as S„=
y2/(y2). However, since (yz) is not a fixed quantity (it is
somewhere between NI, and Xk i), we do not know how to
evaluate this expression. Instead we define

where bR„is the fitted error for ratio r. With this definition
the expected value of S„is one.

The fit is redone using errors for the branching ratios
that are scaled by the larger of S„andunity, from which new

and often larger errors bP, are obtained. The scale factors
we finally list in such cases are defined by S, = bP, /bP,
However, in line with our policy of not letting S affect the
central values, we give the values of P; obtained from the
original (unscaled) fit.

There is one special case in which the errors that are
obtained by the preceding procedure may be changed. When
a fitted branching ratio (or rate) P; turns out to be less than—/

three standard deviations (bP; ) from zero, a new smaller—lf
error (6P, ) 'is calculated on the low side by requiring
the area under the Gaussian between P; —(6 P; ) and P,
to be 68.3% of the area between zero and P, Asim. ilar
correction is made for branching fractions that are within
three standard deviations of one. This keeps the quoted
errors from overlapping the boundary of the physical region.

4.3. Discussion: The problem of averaging data con-
taining discrepant values is nicely discussed by Taylor in
Ref. 4. He considers a number of algorithms that attempt
to incorporate inconsistent data into a meaningful average.
However, it is diKcult to develop a procedure that handles
simultaneously in a reasonable way two basic types of sit-
uations: (a) data that lie apart from the main body of the
data are incorrect (contain unreported errors); and (b) the
opposite —it is the main body of data that is incorrect.
Unfortunately, as Taylor shows, case (b) is not infrequent.
He concludes that the choice of procedure is less significant
than the initial choice of data to include or exclude.

We place much emphasis on this choice of data. Often we
solicit the help of outside experts (consultants). Sometimes,
however, it is simply impossible to determine which of
a set of discrepant measurements are correct. Our scale-
factor technique is an attempt to address this ignorance by
increasing the error. In effect, we are saying that present
experiments do not allow a precise determination of this
quantity because of unresolvable discrepancies, and one
must await further measurements. The reader is warned of
this situation by the size of the scale factor, and if he or
she desires can go back to the literature (via the Particle
Listings) and redo the average with a different choice of data.

Our situation is less severe than most of the cases Taylor
considers, such as estimates of the fundamental constants
like li, etc. Most of the errors in his case are dominated by
systematic effects. For our data, statistical errors are often
at least as large as systematic errors, and statistical errors
are usually easier to estimate. A notable exception occurs in
partial-wave analyses, where different techniques applied to
the same data yield different results. In this case, as stated
earlier, we often do not make an average but just quote a
range of values.

A brief history of early Particle Data Group averages
is given in Ref. 3. Figure 0.2 shows some histories of our
values of a few particle properties. Sometimes large changes
occur. These usually reflect the introduction of significant
new data or the discarding of older data. Older data are
discarded in favor of newer data when it is felt that the newer
data have smaller systematic errors, or have more checks
on systematic errors, or have made corrections unknown
at the time of the older experiments, or simply have much
smaller errors. Sometimes, the scale factor becomes large
near the time at which a large jump takes place, reflecting
the uncertainty introduced by the new and inconsistent data.
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By and large, however, a full scan of our history plots shows
a dull progression toward greater precision at central values
quite consistent with the first data points shown.

We conclude that the reliability of the combination of
experimental data and our averaging procedures is usually
good, but it is important to be aware that fluctuations
outside of the quoted errors can and do occur.
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Figure 2: An historical perspective of values of a few particle properties tabulated in this Review as a function of date of
publication of the Review. A full error bar indicates the quoted error; a thick-lined portion indicates the same but without
the "scale factor. "
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Revised by P. Kreitz, May 1996

The purpose of this list is to organize a broad set of online
catalogs, databases, directories, World-Wide Web (WWW) pages,
etc. , that are of value to thc particle physics physics community.
While a substantial amount of particle physics physics information is
computer accessible through the Internet's World-Wide Web, most
listings do not provide descriptions of a resource's scope and content
so that searchers know which source to use for a specific information
need. This compilation lists the main information sources with brief
annotations and basic Internet WWW addresses (URL's). Because
this list must be fixed in print, it is important to consult the updated
version of this compilation which includes newly added resources and
hypertext links to more complete information at:

http: //www. slac. stanf ord. edu/library/pdg/hepinf o.html

In this edition, a resource is excluded if it provides information
primarily of interest to one institution. In some cases, multiple
databases covering much the same material have been included
with the assumption that users will make subsequent choices based
on Internet speeds, search system interfaces, or differences in
scope, presentation, and coverage. Databases and resources focusing
primarily on accelerator physics have been excluded in deference to
the excellent compilation at the World Wide Web Virtual Library of
Accelerator Physics:

http: //beam. slac. stanford. edu/www/library/w3/alab. htmlx

Please send. suggestions, additions, changes, ideas for category
groupings, exclusions, etc. , via the WWW form linked to the URL
above, or by c-mail to pkreitzCslac. stanford. edu.

1. Particles L Properties Data:
~ REVIEW OF PARTICLE PHYSICS (RPP): A comprehensive

review of thc field of Particle Physics produced by the Particle
Data Group (PDG). Includes a compilation/evaluation of data
on particle properties, summary tables with best values and
limits for particle properties, cxtcnsivc summaries of searches for
hypothetical particles, and a long section of reviews, tablos, and
plots on a wide variety of theoretical and experimental topics
of interest to particle and astrophysicists. The linked table of
contents provides access to particle listings, reviews, summary
tables, errata, indices, etc. The current printed version is Physical
Review D54, xxx (1996). Maintained at:

http: //pdg. lbl. gov/

provides an online version of the Guide to Experimental Elemen-
tary Particle Physics Literature (1895—1995). Permits searching
by author, title, accelerator, detector, reaction, particle, etc. For
research from 1950 to the present, it will provide online searching
of compilations of integrated cross sections data and numerical
data on observables in reactions. Also provides a chronology of key
events in particle physics:

http: //muse. lbl. gov:800i/ppds. html

~ REACTION DATA: A part of the HEPDATA databases at
Durham/RAL, this database is a collaboration of Durham and the
COMPAS Group for the PDG. Contains numerical values of cross
sections, structure, functions, polarizations, etc. :

http: //durpdg. dur. ac.uk/HEPDATA/REAC

~ PHYSICS AROUND THE WORLD: DATA AND TABLES:
Includes links to periodic tables of elements, laws and constants,
scales of measurement, particle and nuclear data, equations, and
(peripheral) "more data and tables:"

http: //www. physics. mcgill. ca:808i/
physics-services/physics tables. html

2. Collaborations Sz Experiments:
~ EXPERIMENTS Database: Contains more than 1,800 experiments

in elementary particle physics. Search and browse by author; title;
experiment number or prefix; institution; date approved, started
or completed; accelerator or detector; polarization, reaction, final
state or particle; or by papers produced. Maintained at SLAC
for the LBNL Particle Data Group. Supplies the information for
"Current Experiments in Particle Physics (LBL-91)." Updated
every second year (next: Summer 1996):

http: //www-spires ~ slac. stanford. edu/find/experiments

~ EXPERIMENTS ONLINE: Horne Pages of HEP Experiments: A
list from SLAC of accclcrator and non-accclcrator cxpcrimcnts
with an active link to each homo page. Accelerator experiments
are organized by institution, machine, and experiment name:

http: //www-spires. slac. stanf ord. edu/f ind/explist .html

~ HIGH ENERGY PHYSICS EXPERIMENTS: A HEPNET page
providing links to HEP collaborations around the world. List
arranged alphabetically by collaboration name:

http: //www. hep. net/experiments/collabs. html

~ PARTICLE PHYSICS BOOKLET: An extract from the most
recent edition of t,hc full Review of Particle Physics. Contains
images in an easy-to-rcad print useful for classroom studies:

http: //pdg. lbl. gov/rpp/booklet/contents. html

~ PARTICLE PROPERTIES Database: Durham/RAL provides a
simple index to the PDG particle properties information contained
in the Review of Particlo Physics. Maintained at:

http: //durpdg. dur. ac.uk/HEPDATA/PART

~ PARTICLE PHYSICS INTERACTIVE DATABASE: A searchable
database containing information from the Review of Particle
Physics. Updated around sumrncr of every yoar. Available by
tclnct as follows:

Tclnct: //pdg public@muse. lbl. gov/

(User name PDG PUBLIC, no password).

~ COMPUTER-READABLE FILES: Currently available from the
PDG: tables of masses, widths, and PDG Monte Carlo particle
numbers and cross section data, including hadronic total and elastic
cross sections vs laboratory momenta and total center-of-mass
cncrgy. Overview page at:

http: //pdg. lb' gov/computer read. html

~ PARTICLE PHYSICS DATA SYSTEM: Maintained by the COM-
PAS group at IHEP, this system, currently under construction,

3. Conferences:
~ CONFERENCES: Contains conferences, schools, and meetings of

interest to high-energy physicists. Searchable database produced
jointly by the SLAC and DESY libraries of over 5,000 listings
covering 1973 to 1999+. Search or browse by title, acronym, date,
location. Includes links to the conference home page, information
about published proceedings, links to submitted papers from the
SPIRES-HEP database, and links to the electronic versions of the
papers if available:

http: //www-spires . slac. stanf ord. edu/

spires/form/confspif. html

~ CONFERENCES, WORKSHOPS, AND SUMMER SCHOOLS:
By Thc Internet Pilot to Physics. Several hundred listings,
including those for regional meetings of national societies and
rnectings of ancillary groups such as physics teachers. Provides a
WWW form for adding a conference, and automatically uploads
new entries to the EPS EurophysNet meeting list.

http: //www. tp. umu. se/TIPTOP/FQRUN/CQNF/

~ CONFNEWS: Provides listings of current and future conferences
divided by subfield or by region. Also provides links to WWW
conference pages and an e-mail interface (robot@physics. umd. edu
with CONFMENU in the subject line):

http: //www. physics. umd. edu/robot/confer/confmenu. html
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~ EUROPHYSICS Meetings List: Meta-level list of other conference
lists with active links to the URL of the organization's meeting
calendar, the conference database, etc. Useful for searching
by organization, providing access to meetings and conferences
that are of interest, but not central to high-energy physics.
Maintained by the European Physical Society but international in
scope. Organized alphabetically by the name of the resource or
organization:

http: //epswww. epfl, ch/conf/uris. html

~ HEP EVENTS: A list maintained by CERN of upcoming
conferences, schools, workshops, seminars, and symposia of interest
to high-energy physics organized by type of meeting, e.g. school,
workshop:

http: //www. cern. ch/Physics/Conferences

~ PHYSICS CONFERENCE ANNOUNCEMENTS by Thread:
Lists current year's conference announcements with links to WWW
pages. Posting is voluntary, which is perhaps why this resource
lacks the breadth of other databases covering conferences:

http: //xxx. lani, gov/Announce/Conference/

4. Current Notices L Announcement Services:
~ CONFERENCES, WORKSHOPS, AND SUMMER SCHOOLS:

By The Internet Pilot to Physics. Provides a Web form for adding
a conference and automatically uploads new entries to the EPS
EurophysNet meeting list.

http: //www. tp. umu. se/TIPTOP/FORUM/CONF/

CONFNEWS k WEBNEWS: Provides a system for broadcasting
a conference or job opening to "a large number of physicists
worldwide. " For further information, e-mail:kim@umdhep. umd. edu

E-PRINT ARCHIVES: The LANL-based E-Print Archives provides
daily notices of what new high-energy physics preprints have been
submitted to the archives as full text electronic documents. Use
the WWW-accessible listings:

http: //xxx. lani. gov/
or subscribe:

http: //xxx. lani. gov/help/e-help

Directories:

5.1. Directories —Organizations:
~ DIRECTORY OF RESEARCH INSTITUTES in High Energy

Physics: Maintained by CERN and organized into three alpha-
betical lists by country, town, and institutional name. Provides
addresses, and, where available, the following: phone and fax
numbers; e-mail addresses; active URL links; and information
about the institution's physics program:

http: //preprints. cern. ch/institutes/welcome. html

~ HEP INSTITUTIONS ONLINE: Active links to the home pages
of more than 200 HEP-related institutions with WWW servers.
Maintained by SLAC and organized by country, and then
alphabetically by institution:

http: //www-spires. slac. stanford. edu/find/instlink. html

~ INSTITUTIONS: Database of over 5,000 high-energy physics
Institutes, Laboratories, and University departments in which

(under "Description of e-Mail Commands" ) to receive the
automatic e-mail notices. Covers over two dozen subfields of
high-energy physics, and provides active links to abstracts and full
text versions of the preprints.

Note: Usc the library pages below to find information on recently
received books and proceedings. Usc thc online table of contents
listings below to find journal table of contents. Conference announce-
ments can also be sent via e-mail to most of the conference database
providers listed above who often supply their e-mail address at the
bottom of their Web page.

some research on elementary particle physics is performed. Covers
six continents and almost one hundred countries, and is searchable
by name, acronym, location, etc. Provides address, phone and
fax numbers, and e-mail and URL addresses where available. Has
pointers to the recent HEP papers from an institution. Maintained
by SLAC:

http: //www-spires. slac. stanford. edu/

spires/form/instspif. html

~ PHYSICS: High-Energy Physics and Nuclear Physics Labs: This
list of WWW home pages is usefully arranged into accelerator
labs by country, research groups at universitites, and national
and international institutes. The theoretical physics section is
thin. Part of a larger e8'ort maintained by Physics Around the
World/TIPTOP to organize physics-related institutions by field of
research:

http: //www. physics. mcgill. ca:8081/
physics-services/physics hep labs. html

5.2. Directories —People:
HEPNAMES: Searchable database of 25,500 e-mail addresses of
people related to high-energy physics. Access by individual name,
and, in thc near future, by institution or place.

http: //www-spires. slac. stanford. edu/find/hepnames

This site is mirrored at Durham under a diB'erent name (EMAIL-
ID) and with a search interface written and maintained by
Durham:

http: //durpdg. dur. ac.uk/HEPDATA/ID

~ HEP VIRTUAL PHONEBOOK: A list of links to phonebooks
and directories of high-energy physics sites around the world.
Maintained by HEPNET:

http: //www. hep. net/sites/directories. html

5.3. Director ies —Publishers:
~ PHYSICS AROUND THE WORLD: A page of active links to

institutions, societies, or companies involved in supplying physics-
related information. Organized into sections, the most useful of
which are: Preprint Archives, Journals, Magazines, Newsletters,
Publishers, and Books:

http: //www. physics. mcgill. ca:808i/
physics-services/physics publ2. html

6. E-Prints/Pre-Prints, Papers lk Reports:
~ ALICE: The CERN Library's database which contains citations

to more than 190,000 monographs, series, preprints and oEEcial
committee documents held by the Library or the Archives:

http: //wwwas . cern. ch/ASinf o/AS-SI/alice/ALICE. html

Also provides links to CERN's full text preprint server:

http: //preprints. cern. ch/ .

~ HEP DATABASE (SLAC/SPIRES): Contains over 300,000
bibliographic summaries for particle physics papers (e-prints,
journal articles, preprints, reports, theses, etc.). Covers 1974 to
the present and is updated daily with links to electronic texts (e.g.
from LANL, CERN, KEK, and other HEP servers). Searchable by
all authors and authors' afBliations, title, topic, report number,
citation, c-print archive number, date, etc: A joint project of the
SLAC and DESY libraries with the collaboration of many other
institutions including APS, Fermilab, and Kyoto.

http: //www-spires. slac. stanford. edu/find/hep

~ KISS: KEK preprint database, contains bibliographic records of
preprints and technical reports held in the KEK library with links
to the full text images of over 90,000 items in their collection:

http: //keklib. kek. jp/KISS. v2/kiss prepri. html
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~ LANL E-PRINT ARCHIVES: An automated electronic repository
of physics preprints, primarily in the subfields of high-energy
physics, but also in other physics fields such as chemical, nuclear,
condensed matter, etc. Began with a core set of sub6eld archives
in 1991. Provides access to the full text of the electronic versions
of these preprints, and permits searching by author, title, key word
in abstract, and by limiting by sub6eld archive or by date. Papers
are sent electronically to the archives by the author:

http: //xxx. lani. gov

8. Particle Physics Journals L Reviews:

8.1. ONLINE JO URINALS: (Note: some of these may limit
access to subscribers; check with your institution's library. )

~ American Journal of Physics

ht tp: //www .amher st .edu/~a jp/

~ Applied Physics Letters Online

http: //wvv. aip. org/epub/aplointro. html

~ DOCUMENTS: (IHEP-COMPAS/PDG) A database providing
the source information for the print publication "A Guide to
Experimental Elementary Particle Physics Literature" (LBL-90).
Provides bibliographic summaries of experimental papers which
report new experimental data and theoretical papers which extract
new information from experiments. Excludes instrumentation and
papers mainly of interest only to nuclear physicists. Coverage is
from 1895 to the present:

http: //muse. lbl. gov:800i/ppds. html

7. Particle Physics Libraries L Scholarly Societies:
~ American Astronomical Society:

http: //www. aas. org/AAS-homepage. html

~ American Institute of Physics:

http: //aip. org/

~ American Physical Society:

http: //aps. org/

~ Argonne National Lab Library:

http: //vwv. ipd. anl. gov/aim/alee/

~ Brookhaven National Lab Library:

http: //www. bnl. gov/RESLIB/reslib. html

~ European Laboratory for Particle Physics (CERN) Library:

http: //wwwas. cern. ch/ASinfo/AS-SI/library home. html

~ Institute of Physics:

http: //vww. iop. org/

~ Deutsches Elektronen-Synchrotron (DESY) Library:

http: //vww ~ desy. de/library/homepage. html

~ European Physical Society: EurophysNet

http: //www. nikhef. nl/wvv/pub/eps/eps. html

~ Fermilab Library:

http: //fnalpubs. fnal. gov/library/welcome. html

~ Institute of Physics:

http: //wvw. iop. org/

~ National Laboratory for High Energy Physics (KEK) Library:

http: //garnet . kek ~ jp/libhome. html

~ Los Alamos National Laboratory Library:

http: //lib-www. lani. gov/

~ Stanford Linear Accelerator Center Library:

http: //www. slac. stanf ord. edu/FIND/spires. html

~ Astrophysical Journal and Letters

http: //wwv. aas. org/ApJ/

Classical and Quantum Gravity

http: //vww. ioppublishing. corn/EJ/Unreg/bin/main

~ Computers in Physics

http: //www. aip. org/cip/ciphome. html

~ European Journal of Physics

http: //wvw. ioppublishing. corn/EJ/Unreg/bin/main

~ Journal of Physics A

http: //vvw. ioppublishing. corn/EJ/Unreg/bin/main

~ Journal of Physics G

http: //wvw. ioppublishing. corn/EJ/Unreg/bin/main

~ Nuclear Physics A

http: //wwv. nucphys. nl/wvw/pub/nucphys/npe. html

~ Nuclear Physics B
http: //wwv. nucphys. nl/www/pub/nucphys/npe. html

~ Nuclear Physics B (Proceedings Supplements)

http: //vvv. nucphys. nl/www/pub/nucphys/npe. html

~ Physical Review D (Advanced papers accepted by PRD)
http: //publish. aps. org/PRDQ/prdhm. html

~ Physical Review Letters

http: //publish. aps. org/PRL/prlinfo. html

~ Physics Express Letters (PEL)
http: //vwv. iop. org/EJ/Unreg/bin/pelmain

~ Physics Today

http: //www. aip. org/pt/phystoday. html

Physics - Uspekhi

http: //ufn. ioc.ac. ru/ufn. html

~ Reviews of Modern Physics

http: //vwv. phys. washington. edu/~rmp/

~ Science

http: //science-mag. aaas. org/science/

8.2. ONLINE REVIE S"PUBLICA TIONS:
~ Net Advance of Physics: A free electronic journal/encyclopaedia of

review articles and lecture notes in physics and allied sciences from
around the Internet. Presently consists mainly of links to other
sites, but welcomes contributions of original review articles:

http: //web. mit. edu/afs/athena. mit. edu/

user/r/e/redingtn/www/netadv/velcome. html

~ Physics Reports:

http: //wwv. elsevier. nl/cas/estoc/
contents/SAK/0370|573. html

~ Reviews of Modern Physics
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http: //wwv. phys. washington. edu/ rmp/

~ The Virtual Review (Brown U. ): An informal journal which
collects active hotlists of preprints which the editors find
interesting, arranged by topic. Some editors contributions include
review and comment, some provide only listings with connections
to the full text versions:

http: //www. het. brown. edu/physics/review/index. html

contents/SAK/03702693. html

Physics Reports

http: //wvv. elsevier. nl/cas/estoc/
contents/SAK/03701573. html

~ Physics Today

http: //www. aip. org/pt/contmenu. html

8.3. ONLINE TABLES OE CONTENTS:
~ American Journal of Physics

http: //www. amherst. edu/ ajp/toc/toc. html

~ Astroparticle Physics

http: //wvw. elsevier. nl/cas/estoc/
contents/SAK/09276505. html

Classical and Quantum Gravity

http: //www. ioppublishing. corn/EJ/Unreg/bin/main

~ European Journal of Physics

http: //www. ioppublishing. corn/EJ/Unreg/bin/main

~ Progress in Particle and Nuclear Physics

http: //wvv. elsevier. nl/cas/estoc/
contents/SAK/01466410. html

Reviews of Modern Physics

http: //www. phys. washington. edu/ rmp/contents. html

Science

http: //science-mag. aaas. org/science/home/browse. shtml

9. Particle Physics Education Sites:
~ Brookhaven National Laboratory:

http: //sun20. ccd.bnl. gov/ scied/

Journal of Physics A

http: //www. ioppublishing. corn/EJ/Unreg/bin/main

~ Journal of Physics G

http: //wwv, ioppublishing. corn/EJ/Unreg/bin/main

~ Nuclear Instruments and Methods in Physics Research, Section B
http: //wwv. elsevier. nl/cas/estoc/

contents/SAK/0168583X. html

~ Nuclear Physics A

http: //www. elsevier. nl:80/cas/estoc/
contents/SAK/03759474. html

~ Nuclear Physics B
http: //wvw. elsevier. nl:80/cas/estoc/

contents/SAK/05503213. html

~ Nuclear Physics B (Proceedings Supplements)

http: //vww. elsevier. nl:80/cas/estoc/
contents/SAK/09205632. html

~ Physica A

http: //www. elsevier. nl/cas/estoc/
contents/SAK/03784371. html

~ Physica B
http: //www. elsevier. nl/cas/estoc/

contents/SAK/09214526. html

~ Physica C

http: //www, elsevier, nl/cas/estoc/
contents/SAK/09214534. html

~ Physica D

http: //wwv. elsevier. nl/cas/estoc/
contents/SAK/01672789. html

Physical Review D

ht tp: //publi sh. aps . org/PRTOC/hometoc .htmlgprd

~ Physical Review Letters

ht tp: //publ i sh .aps . or g/PRTQC/home toe .html gprl

~ Physics Letters B
http: //vww. elsevier. nl/cas/estoc/

~ CEBAF:
http: //wwv. cebaf. gov/services/peed/pcedhome. html

~ Contemporary Physics Education Project (CPEP):
http: //pdg. lbl. gov/cpep. html

~ Center for Particle Astrophysics in Berkeley:

http: //physics7. berkeley. edu/home. html

~ Fermilab:

http: //vwv-ed. fnal. gov/

~ Stanford Linear Accelerator Center:

http: //www. s lac . stanf ord. edu/

winters/pub/wvv/education/education. html

10. Software Directories:
CERNLIB: CERN program library:

http: //wwwcn. cern. ch/pl/index. html

~ FREEHEP: A collection of software and information about software
useful in high-energy physics. Searching either by title, subject,
date acquired, or date updated, or by browsing alphabetical list of
all packages:

http: //vvw-spires . slac . stanf ord. edu/f ind/fhmain. html

~ FERMITOOLS: Software repository of Fermilab-developed soft-
ware packages of value to the HEP community. Permits searching
for packages by title or subject, by browsing FTP site, and by
recent acquisitions:

http: //vvw. fnal. gov/fermitools/
http: //www. hep. net/software. html

~ HEPIC: Software used in HEP research:

~ MATHEMATICAL 9 OTHER SOFTWARE: A comprehensive
list maintained by Physics Around the World/TIPTOP of
software packages, libraries, companies, archives, languages and
computing-related journals. Organized by scope: e.g. "Software,
Free 8z Commercial;" "Field-Specific Programs/Programming" (sce
Astronomy 4 Astrophysics, HEPNP, Graphics Az Visualization);
"Program Archives by Platform and Language. " Also provides
links to other Web compendia of software repositories and
directories:

http: //wwv. physics. mcgill. ca:8081/
physics-services/physics software. html
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Gauge Ec Higgs Boson Summary Table

Particle Data Group
R.M. Barnett, C.D. Carone, D.E. Groom, T.G. Trippe, C.G. Wohl,
B. Armstrong', P.S. Gee*, G.S. Wagman*f, F. James, M. Mangano,
K. Monig, L. Montanet, J.L. Feng, H. Murayama, J.J. Hernandez,

A. Manohar, M. Aguilar-Benitez, C. Caso, R.L. Crawford, M. Roos,
N. A. Tornqvist, K.G. Hayes, K. Hagiwara, K. Nakamura, M. Tanabashi,

K. Olive, K. Honscheid, P.R. Burchat, R~Shrock, S. Eidelman,
R.H. Schindler, A. Gurtu, K. Hikasa, G. Conforto, R.L. Workman,

C. Grab, and C. Amsler
*Technical Associate

i Deceased
(Approximate closing date for data: January 1, 1996)

GAUGE AND HIGGS BOSOMS

/(l ) = 0,1(1 )

Mass m ( 6 x 10 eV, CL = 99.7%
Charge q & 5 x 10 e
Mean life 7- = Stable

or gluon
I(~ ) =0(1 )

Mass m = 0 [']

SU(3) color octet

SUMMARY TABLES OF PARTICLE PROPERTIES

July 1996

Z DECAY MODES Fraction (C;/t )

Charge = 0
Mass m = 91.187 + 0.007 GeV [c]

Full width I = 2.490 6 0.007 GeV
I (g+g ) = 83.83 + 0.27 MeV I"I

I (invisible) = 498.3 + 4.2 MeV idi

I (hadrons) = 1740.7 + 5.9 MeV

I (p,
+

p, )/I (e+e ) = 1.000 + 0.005
I (~+ ~ )/I (e+ e ) = 0.998 + 0.005 (el

Average charged muitipiidty

(Ncharged)
= 20.99 + 0.14

Couplings to ieptons

g~ = —0.0376 + 0.0012
gJA

———0.5008 + 0.0008

g ~ = 0,53 6 0.09

g & = 0.502 + 0.017

Asymmetry parameters [f]

Aa = 0.156 + 0.008 (S = 1.2)
A~ = 0.145 + 0.009
Ac = 0.59 + 0 19
Ab = 0.89 + 0.11

Charge asymmetry (%) at Z pole

4FB —1.59 + 0.18

4Fe —7.22 6 0.67

AFB 9.92 + 0.35

P
Confidence level (MeV/c)

W+ DECAY MODES Fraction (I &/I )
P

Confidence level (MeV/c)

8+v
e+v
p, +v
7 V

hadrons
~+p

b] {108+0 4) ohio

(10.8+ 0.4) %
{10.4+0.6) %

{10.9+1.0) %
(67.9+1.5) %

5 x 10 4

40110
40110
40110
40110

95% 40110

Charge = +1 e
Mass m = 80.33 + 0, 15 GeV

mz —m W = 10.85 + 0.15 GeV

W+ mW- = 0 + e
Full width I = 2.07 + 0.06 GeV

W modes are charge conjugates of the modes below.

e+ e-
P
7-+ ~-
(+/-
invisible

hadrons

( uu+ cc)/2
(dd+ss+ bb)/3
CC

bb

rl y

rI'(958) p
'y y

yyy
sr+ W+
p+ W+
J/@(15)X

@(25)X

Xct(1P)X
TX
(D /D)X
D+X
D*(2010)+X
BGX

anomalous p+ hadrons
e+ e-p

p y

7-+ ~- Pe+s-»

VV y

e+ p, +
e 1r+
p+ r+

LF
LF
LF

( 3.366+0.008) %

( 3.367+0.013) %

( 3.360+0.015) %

[b] ( 3.366+0.006) %
(20 01 +0.16 ) %
(69.90 +0.15 ) %

( 9.6 +1.3 ) %
(16.9 +0.9 ) %
(11.0 +0.7 ) %
(15.46 +0.14 ) %

5.2 x 10
5.1 x1O—5

6.5 x10 4

4.2 x1O—5

5.2 x1O—5

1.0 x1O—5

[g] & x 10

[g] & 8.3 x 10

( 3.80 +0.27 ) x 10

{ 1.60 +0.33 ) x 10

( e.O +1.9 ) x1O-3
( 1.O +0.5 ) x1O—4

(20.7 +2.0 ) %
{122 yl 7

[g] (11.4 + 1,3 ) %
seen

[h] & 3.2 x 10

[h] & 5.2 x 10 4

[h] & 5.6 x10 4

[h] & 7.3 x10 4

[I] & e8 x10 6

[I] & ss x 10—6

[i] & 3.1 x10 6

[g] & x10 6

[g] & 9.8 x 10

[g] & x 10

45600
45600
45600
45600

9S% 4S6OO

95% 45600
95% 45600
95% 45600
95% 45600
95% 45600
95% 10300
95% 10300

9S%
95% 45600
95% 45600
95% 45600
95% 45600
95%
9S% 4S6OO

9S% 4SeOO

9S% 4SeOo

95% 45600
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Gauge Ec Higgs Boson Summary Table

Higgs Bosons —H and H+, Searches for

H Mass m ) 584 GeV, CL = 950/o

Hot in Supersymmetric Models (m~ &m~} (ij
1 2

Mass m ) 44 GeV, CL = 95'/0

A Pseudoscalar Higgs Boson in Supersymmetric Models ~~

Mass m & 24.3 GeV, CL = 95'/o tang )1, mq (200 GeV

Heavy Bosons Other Than
Higgs Bosons, Searches for

Additional N Bosons

WR —right-handed W
Mass m & 406 GeV, CL = 90'/0

(assuming light right-handed neutrino)
W' with standard couplings decaying to e v, pv

Mass m & 652 GeV, CI = 95/0

Additional Z Bosons
I

ZSM with standard couplings

Mass m & 505 GeV, CL = 95'/o (pp direct search)
Mass m & 779 GeV, CL = 95'/0 (electroweak fit)

ZtR of SU(2)t xSU(2)frxU(1)
(with gt = gR)
Mass m ) 445 GeV, CL = 95'/0

Mass m ) 389 GeV, CL = 95'/o

Z~ of SO(10) ~ SU(5)xU(1)~
(coupling constant derived from G. U.T.)
Mass m & 425 GeV, CL = 95'/0 (pp direct search)
Mass m & 321 GeV, CL = 95'/0 (electroweak fit)

Ze of Es ~ SO(10)xU(1)@
(coupling constant derived from G.LI.T.)
Mass m & 415 GeV, CL = 95'/0 (pp direct search)
Mass m & 160 GeV, CL = 95'/o (electroweak fit)

Zn of Es ~ SU(3)xSU(2)xU(1)xU(l)&
(coupling constant derived from G.U. T.);
charges are g„=vr3/8g~ — V'5/8Qy, )
Mass m & 440 GeV, CL = 95'/0 (pp direct search)
Mass m & 182 GeV, CI = 95'/p (electroweak fit)

Scalar Leptoquarks

Mass m & 116 GeV, CL = 95'/0 (1st generation, pair prod. )
Mass m & 230 GeV, CL = 95'/0 (1st gener. , single prod. )
Mass m & 97 GeV, CL = 95'/o (2nd gener. , pair prod. )
Mass m & 73 GeV, CL = 95'/o (2nd gener. , single prod. )
Mass m & 45 GeV, CL = 95'%%d (3rd gener. , pair prod. }

(The second, fourth, and fifth limits above are for charge
—1/3, weak isoscalar. )

(p p direct search)
(electroweak fit)

H+ Mass m & 43.5 GeV, CL = 95/o

See the Particle Listings for a Note giving details of Higgs
Bosons.

Axions (Aa) and Other
Very Light Bosons, Searches for

The standard Peccei-Quinn axion is ruled out. Variants with reduced
couplings or much smaller masses are constrained by various data. The
Particle Listings in the full Review contain a Note discussing axion
searches.

The best limit for the half-life of neutrinoless double beta decay with
Majoron emission is & 7.2 x 10 years (CL = 90'/0}.

NOTES

In this Summary Table:

When a quantity has "(S = . . .)" to its right, the error on the quantity has

been enlarged by the "scale factor" S, defined as S = V'x2/(N —1), where N

is the number of measurements used in calculating the quantity. We do this
when S ) 1, which often indicates that the measurements are inconsistent.
When S & 1.25, we also show in the Particle Listings an ideogram of the
measurements. For more about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p is

the momentum of each decay product in the rest frame of the decaying particle.
For a 3-or-more-body decay, p is the largest momentum any of the products
can have in this frame.

[a] Theoretical value. A mass as large as a few MeV may not be precluded.

[b] f indicates each type of lepton (e, p, and ~), not sum over them.

[c] The Z-boson mass listed here corresponds to a Breit-Wigner resonance
parameter. It lies approximately 34 MeV above the real part of the posi-
tion of the pole (in the energy-squared plane) in the Z-boson propagator.

[d] This partial width takes into account Z decays into vv and any other
possible undetected modes.

[e] This ratio has not been corrected for the z mass,

[f] Here A —= 2gvg4/(gv+gz).
[g] The value is for the sum of the charge states of particle/antiparticle states

indicated.

[h] See the Z Particle Listings for the p energy range used in this measure-
ment.

[i] For m~~ = (60 + 5) GeV.

[j] The limits assume no invisible decays.
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LEPTONS

J=p1

Mass m = 0.51099907 + 0.00000015 MeV [a]

= (5.48579903 + 0.00000013) x 10 4
u

(m, + —m, )/m & 4 x 10 a, CL = 90%

iq, , + q, i/e & 4x 10-'
Magnetic moment p = 1.001159652193+ 0.000000000010 p~
(ge+ ge —) / gaverage = ( 0 5 + 2.1) x 10
Electric dipole moment d = (—0.3 + 0.8) x 10 as ecm
Mean life r ) 4.3 x 10 yr, CL = 68% ["]

8 DECAY MODES

e vev~
e Ve Vi

e v, v„e+e

Fraction (l;/I )

= 100%

f] (1 4+0 4} 0/

[g] (3.4+0.4) x 10

P
Confidence level (MeV/c)

53

53

53

Ve Vis

e
e e+e
e 2p

Lepton Family number (LF) violating modes
LF [h] & 12 o/

LF & 4.9 x 10—11

LF & 1.0 x 10-12
LF x 10—11

900/

9O%

9O%

9O%

53

53
53
53

1

Mass m = 105.658389 + 0.000034 MeV [ ]

= 0.113428913 + 0.000000017 u

Mean life ~ = (2.19703 + 0.00004) x 10 s s

+/w = 1.00002 + 0.00008
c~ = 658.654 m

Magnetic moment p = 1.001165923 + 0.000000008 eTi/2m„

(gv+ g —) / gaverage = ( 6 + )
Electric dipole moment d = (3.7 + 3.4) x 10 ts ecm

Decay parameters [ l

p = 0.7518 + 0.0026

q = —0.007 + 0.013
6 = 0.749 + 0.004

(P& —1.003 + 0.008 [ l

(P&6/p ) 0.99682, CL = 90% [ ]

g' = 1.00+ O.O4

(" = 0.7 6 0.4
o/A = (0 + 4) x 10
rr'/A = (0 + 4) x 10
g/A = (4+ 6) x1O-'
P'/A = (2+ 6) x1O-'
rt = 0.02 + 0.08

p+ modes are charge conjugates of the modes below.

DECAY MODE Fraction (I i/I )

Scale factor/ p
Confidence level (MeV/c)

Modes with
particle & 0 neutrals & OKL v

( "1-pron g" )
particle & 0 neutrals & OK v

P V~ V7.

p v~v~
(E~ & 37 MeV)

e ve vq-

h & 0 neutrals & QKL v

h & OKL vq-

h v

v~
K v~

h- & 1vrov
h ~v~

VT

a xo non-p(770) v~
K ~ v

h- & 2~0V
h-27 0 v

h 2rr v~(ex. K )
2rro v~ (ex.Ko)

K 2rrov (ex.Ko)
h- & 3~0V

h
—3~0 v
a. 3rro v~ (ex.Ko)

K 3rrov (ex.Ko)

h 47ro v~ (ex. Ko)
h 4a o v (ex.Ko, rf)

K & 1 (a.o or Ko) v

one charged particie
(84.96+ 0.14) %

85 53+ 0 14

[i] (17.35+ 0.10) %

( 2.3 + 1.0 ) x 10

[i] (17.83+ 0.08) %
(49.78+ 0.17) %

(12.51+ 0.13) %

(12.03+ 0, 14) %

[i] (11.31+ O. 1S) /0

[f] ( 7.1 + 0.5 ) x 10
(36.97+ 0.18) %

(25.76+ o.1s) %

[i] (25.24+ 0.16) 0/0

(30 + 32)xlo
[i] ( 5 2 + 0 5 ) x 10

(10.95+ 0.16) %

( 9.50+ O. 14) /
( 9.35+ 0.14) %

[i] ( 9.27+ 0.14) %

[i] ( 8.1 6 2, 7 )x10 4

1.46+ 0.11) %

( 1.28+ 0.10) %

[i] ( 1 14+ 0 14)

O
+1OO )x1O—4

(1.8 6 0.6)x10
[i] ( 1.2 + 0.6 )x10

( 9.4 + 1.0 ) x 10—

S=1.3

S=1.3

S=1.2
S=1.1
S=1.1
S=1.1

S=1.1
S=1.1
S=1.1
S=1.1

S=1.1

885

8SS

820

878
814

862

796

836

766

Decay parameters

See the ~ Particle Listings for a note concerning ~-decay parameters.

p (e or y, ) = 0.742 6 0.027

p (e) = 0.736 d= 0.028
p~(p, ) = 0.74 + 0.04
t'~(e or p) = 1.03 + 0.12
(~(e) PARAMETER = 1.03 + 0.25

t~(p) PARAMETER = 1.23 + 0.24
ri~(e or p) PARAMETER = —0.01 + 0.14
ri~(y) PARAMETER = —0.24 + 0.29
(6()~(e or p) PARAMETER = 0.76 + 0.11 (5 = 1.3)
(b()~(e) PARAMETER = 1.11 + 0.18
(6() (p) PARAMETER = 0.71 6 0.15

( (a.) = 0.99 + 0.06

( (p) = 104 6 0 07

(ar) = 1.01 + 0.04
(~(all hadronic modes) = 1.011 + 0.027

T+ modes are charge conjugates of the modes below. -h+" stands for
7r+ or K+. '9" stands for e or p. "Neutral" means neutral hadron whose
decay products include p's and/or 2r *s.

Mass m = 1777.00+027 MeV

Mean life r = (291.0+ 1.5) x 10 s

c~ = 87.2 pm
Electric dipole moment 1 & 5 x 10 7 e cm, CL = 95%

Weak dipole moment

Re(d~) & 7.8 x 10 ta ecm, CL = 95%
lm(d~) & 4.5 x 10 ecm, CL = 95%

h Ko & 0 neutrals
OKOL v~

h Kov~
vr Kov
vr Ko

(non- K'(892) ) v
K K v~

h- Ko~ov,
vr- Ko~'v,
K K vr VT

vr Ko Ko VT

K Ko ) 0 neutrals v
K & Our & OK VT
Ko (particles) v
Koh+h h & 0 neut. v

Modes with Ko's
( 154+ 010)% S=1.3

[i] ( 1.55+
( 5.5

[i] ( 41+
[i] ( 1.38+

( 2.5

[i] ( 1.o1+
( 2.9 +
( 1.65+
( 1.58 +

1.7

0.28) x 10
0.5 )xlo
0,6 )xlo
0.32) x 10
0.6 )x10 4

023} x 10
0.4 }xlO
0 10) o/0

O. 1O) '/

x 10
S=1.2

C L=95%

( 9.2 + 0,8 )x10 3 S=1.3
[i] ( 7.7 + 0.8 ) x 10 S=1.3

1? x 10 CL=95%
812
812

794
685

682
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Modes with

h h h+ & Dneut. v~("3-
prong" )

h h h+ & 0 neutrals v

(ex. Kos ~ a.+sr )
7r+7r & 0 neutralS v

h h h+vr
h h h+v~(ex. Ko)
h h h+v, (ex.Ko, rv)

h h h+ & 1 neutrals v
h h h+ & 1 neutrals v (ex.

Kos ~ sr+~
h h h+7rovr
h h h+rr v~(ex. K )
h h h+ pro v (ex. Ko, rv)

h (prr)ov~
(at(1260) h) v~
h P7r vr
h p+h v
h p h+v

h h h+ 27r vr
h h h+2~ov (ex.Ko)
h h h+2~ov (ex.Ko, rv, g)
h h h+ & 37rOv

K h+h & 0 neutrals v

K 7r+7r & 0 neut. v

K 7r+K &Oneut. v

K K+7r & 0 neut. v

three charged partides
(14.91+ 0.14) %

(14.36+ 0.14) %

(14,09+ 0.31) %

( 9.80+ 0.10) %

( 9.48+ 0.10) %

( 9.44+ 0.10) %

( 5.08+ 0.11) /o

4.88+ 0.11) %

( 4.44+
( 4.25+

[t] ( 2.55+
( 2.84+

2.0

( 1.33+
( 4.4 +
( 1.15+
( S.2 +
( S.1 +

[Il (10+
[] ( 11+

6

( 3.9 +

9

1.5 +

0 09)
0.09) %
OO9) %
0 34)

0.20) %
2.2 )x10
0 23) 0/

0.5 )x10
0.5 )x 10
04 )x10
06 )x10

x 10

)xlo
x 10

)xlo0.8

K K+ 7r vr

$7r Vr
K K+K & 0 neut.

2.2 +

3.5
2.1

1.2 )x10
x10 4

x 10

Vr
K+7r & 0 neut. v

e e e VeVr
P, e e V~vr

2,5 x 10

( 2.8 + 1.5 )x10
( 3.6 x 10

particles
0.7 )x 10 4

7.5 + 0.7 )xlo 4

2.2 + 0.5 )xlo
1.1 x 10

Modes with five charged
3h 2h+ & 0 neutrals v ( 9.7

(ex. Kos ~ x x.+)
("8-prong")

3h 2h+v (ex. Ko) [t] (

3h 2h+xov (ex. Ko) fi'] (

3h 2h+ 27r vr (

S=1.3

S=1.3

S=1.1
S=1.1
S=1.1
S=1.2
S=1.2

S=1.1
S=1.1

CL=95%

CL=90%

S=1.5

CL=95%

CL=90%
CL=9s%

CL =95%

CL=90%

I = 0%

685

585

888
885

e
'Y

e-7ro

p 7r

e- K'
p,

—Ko

e 'g

0 '9
e- p'

p
K.(892Io

p, K*(892)o
7r y

7r 7r

e e+e
e p+p

P
p e+e
@+e e

P
e 7r+ 7r

e+ 7r

iLI, 7I 7l

p+ 7r

e—7r+ K
e 7r K+
e+ 7r K
p-7r+ K

p 7r K+
@+7r K
P'Y

P7l

P'9
e K'(892)o
y. K*(892)
e light boson

p, light boson

LE

LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
L

L

LF
LF
LF
LF
L

LF
LF
L

LF
L

LF
LF
L

LF
LF
L

L, B
L,B
L, B
LF
LF
LF
LF

1.1
4.2
1.4
4.4
1.3
1.0
6.3
7.3
4.2
5.7
6.3
9.4
2.8

( 3.7
3.3
3.6
3.5
3.4
3.4
1.9
44
4.4
7.4
6.9
7.7
4.6
4.5
8.7
1.5
2.0
2.9
6.6
1.30
1.1
8.7
2.7
5

x10 4

x10 6

x10 4

x 10
x 10
x 10
x 10
x 10
x10 6

x 10 6

x 10—6

x 10 6

x10 4

x10 4

x 10 6

x 10 6

x10 6

x10 6

x 10—6

x 1O-6

x 10
x10 6

x 10 6

x 10
x 10 6

x 10
x 10 6

x 10
x1O—5

x 10
x10 4

x10 4

x 10
x 10
x 10 6

x 10
x 10

C L=90%
CL=90%
C L=90%
CL=90%
C L=90%
C L=90%
C L =90%
CL=90%
CL=90%
C L =90'
CL=90%
C L=90%
C L=90%
C L=90%
C L=90%
CL=90%
C L=90%
CL=90%
CI =90%
CL=90%
C L=90%
C L=90%
C L=90%
C L=90%
C L=90%
Cl =9o%
C L =90%
C L =90%
C L=90%
CL=90%
C L 90 ohio

C L=90%
C L=90%
C L=90%
C L=90%
C L=95%
CL=95%

Lepton Family number (LF), Lepton number (i.},
or Baryon number (B) violating modes

(In the modes below, g means a sum over e and rs modes)

L means lepton number violation (e.g. r ~ e+7r 7r ). Following
common usage, LF means lepton family violation and not lepton number
ViOlatiOn (e.g. r ~ e 7r+ 7r ).

888
885
883
880
819
815
804
800
722

718
663
657
883
878
888
882
882

885
885
873
877
877
866
866
813
813
813
800
800
800
641
632
475
663
657

(8rr ) v

4h 3h+ & 0 neutrals
("7-prong" )

K*(892) & 0(ho g Koslv
K*(892) & 0 neutrals v

K'(892) v~
K'(892)o K & 0 neutrals v
K*(892)o K v

K (892) x. & 0 neutrals v
K* (892) vr v~

Kt (1270) v

Kt (1400) v~

K2(1430) v~

'g 7l Vr

7j 7I 7I Vr

fj 7l 7I 7r Vr
rI K vr
g7r+7r 7r & 0 neutralS v
'l7 77 7l Vr
'g 7/ 7I 7I Vr
h ~ & 0 neutrals v

h cdv

h &7r vr

O, 31) %

O13) /
O.O8) %
1.4 )xlo
0.6 )x 10

17 )x 10

1.1 )x 10

4 )x 10

4 )xlo
x 10

x1O —4

0.28) x 10

x 10 4

0.7 )x 10
x 10
x 1O

—4

x 10

0, 11) %
0.09) %
0.6 )x 10

( 1,94+

( 1.33+
( 1.28+
( 3.2 +
( 2.O +
( 3.8 +
( 2.S +
( 4

(8 +
3

( 1.4
[I] ( 1.71+

4.3

( 2.6
3
1.1
2.0

( 2.32+
[I] ( 1.91+
[] (41 +

Miscellaneous other allowed modes
( 33 + 07 )x 10

v 19 x 10 4 CI =90%

CL =95%
CL=9s%

CL =95%

C L=90%
CL=95%
CL=95%

665

539

653
433
335
317

798
778
746
720

637
559

Heavy Charged Lepton Searches

L+ —charged lepton

Mass m ) 42.7 GeV, CL = 95%

L+ —stable charged heavy lepton

Mass m & 42.8 GeV, CL = 95%

m = 0

Neutrinos

11=2
Mass m: Unexplained effects have resulted in significantly neg-

ative m2 in the new, precise tritium beta decay experiments.
It is felt that a real neutrino mass as large as 10—15 eV would

cause observable spectral distortions even in the presence of
the end-point count excesses.

Mean life/mass, 7-/m, ) 300 s/eV, CL = 90%
Magnetic moment p, ( 1.8 x 10 pB, CL = 90%

See the Particle Listings for a Note giving details of neutrinos, masses,
mixing, and the status of experimental searches.

Mass m & 0.17 MeV, CL = 90%
Mean life/mass, r/m ) 15.4 s/eV, CL = 90%

Magnetic moment p ( 7.4 x 10 p, B, CL = 90%
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NOTES

Mass m ( 24 MeV, CL = 95%
Magnetic moment p ( 5.4 x 10 pe, CL = 90%

Number of Light Neutrino Types

(including ve, v„,and v )
Number N = 2.991 + 0.016 (Standard Model fits to LEP data)
Number N = 3.09 + 0.13 (Direct measurement of invisible Z

width)

Massive Neutrinos and
Lepton Mixing, Searches for

For excited leptons, see Compositeness Limits below.

See the Particle Listings for a Note giving details of neutrinos, masses,
mixing, and the status of experimental searches.

No direct, uncontested evidence for massive neutrinos or lepton mixing
has been obtained. Sample limits are:

Mass m & 45.0, CL = 95% (Dirac)
Mass m & 39.5, CL = 95% (Majorana)

v oscillation: vv ~ ve (8 = mixing angle)

Mass m & 19.6 GeV, CL = 95% (all [Urj(z) (Dirac)
Mass m & 45.7 GeV or m & 25, CL = 95% ([Uzj( & 10

(Dirac)

v oscfllation: v~ + a~
d (mz) & 0.0075 eVz, CL = 90% (if sinz28 = 1)
sinz28 & 0.02, CL = 90% (if D(mz) is large)

v oscillation: vn ~ ve (8 = mixing angle)

6(mz) & 0.09 eVz, CL = 90% (if sinz28 = 1)
sinz28 & 2.5 x 10 s, CL = 90% (if 6(mz) is large)

In this Summary Table:

When a quantity has "(S = . . .)" to its right, the error on the quantity has

been enlarged by the "scale factor" S, defined as S = V'Xz/(N —1), where N

is the number of measurements used in calculating the quantity. We do this
when S & 1, which often indicates that the measurements are inconsistent.
When S & 1.25, we also show in the Particle Listings an ideogram of the
measurements. For more about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p is

the momentum of each decay product in the rest frame of the decaying particle.
For a 3-or-more-body decay, p is the largest momentum any of the products
can have in this frame.

[a] The ucertainty in the electron mass in unified atomic mass units (u) is ten
times smaller than that given by the 1986 CODATA adjustment, quoted
in the Table of Physical Contants (Section 1). The conversion to MeV
via the factor 931.49432(28) MeV/u is more uncertain because of the
electron charge uncertainty. Our value in MeV differs slightly from the
1986 CODATA result.

[h] This is the best "electron disappearance" limit. The best limit for the
mode e ~ vp is & 2.35 x 10z yr (CL=68%).

[c] The muon mass is most precisely known in u (unified atomic mass units).
The conversion factor to MeV via the factor 931.49432(28) MeV/u is

more uncertain because of the electron charge uncertainty.

[d] See the "Note on Muon Decay Parameters" in the p, Particle Listings For

definitions and details.

[e] P„is the longitudinal polarization of the muon from pion decay. In

standard V—A theory, P„=1 and p = 8 = 3/4.

[f] This only includes events with the p energy & 10 MeV. Since the e v, v„
and e vev&p modes cannot be clearly separated, we regard the latter
mode as a subset of the former.

[g] See the p, Particle Listings for the energy limits used in this measurement.

[h] A test of additive vs. multiplicative lepton family number conservation.

[i] Basis mode for the r
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QUARKS
The u-, d-, and s-quark masses are estimates of so-called "current-
quark masses, "

in a mass-independent subtraction scheme such as
MS at a scale p, = 1 GeV. The c- and 6-quark masses are estimated
from charmonium, bottomonium, D, and B masses. They are the
"running" masses in the MS scheme. These can be different from
the heavy quark masses obtained in potential models.

I(~') =0(& )

fu') = o('+)

Charge =
p e Top = +1

Mass m = 4.1 to 4.5 GeV Charge = —
& e Bottom = —1

Mass m = 2 to 8 MeV t'j

m„/md ——0.25 to 0.70

Mass m = 5 to 15 MeV ~'~

m, /md ——17 to 25

f(~ ) = '('+)

Charge =
& e f~ = +~

t(i ) = p(p+)

Charge = —
& e lz = —

&

f(~ ) =0(2+)

Mass m = 180 6 12 GeV (direct observation of top events)
Mass m = 179 + 8+zt GeV (Standard Model electroweak fit)

b' (4'" Generation} Quark, Searches for

Mass m ) 85 GeV, CL = 95% (pp, charged current decays)
Mass m & 46.0 GeV, CL = 95% (e+ e, ali decays)

Free Quark Searches

All searches since 1977 have had negative results.

Mass m = 100 to 300 MeV ~ j Charge = —
& e Strangeness = —1

(m, —(m„+md)/2)/(md —mu) = 34 to 51
NOTES

Mass m = 1.0 to 1.6 GeV

f(~') = o(,'+)

Charge = &2 e Charm = +1

[a] The ratios m„/md and m, /md are extracted from pion and kaon masses
using chiral symmetry. The estimates of u and d masses are not without
controversy and remain under active investigation. Within the literature
there are even suggestions that the u quark could be essentially massless.
The s-quark mass is estimated from SU(3) splittings in hadron masses.
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LIGHT UNFLAVORED MESONS
(S= C= B=O)

For I = 1 (m. , b, p, a): ud, (uu dd—)/V2, du;
for I = 0 (rr, rI', h, h', tu, p, f, f'): c, (u u + d d) + cq(ss)

I G(&P) = 1
—

(0
—

)

Mass m = 139.56995 + 0.00035 +eV
Mean life 7. = (2.6033 + 0.0005) x 117 e s (S = 1.2)

n. = 7.8045 m

x+ —b g+vp form factors [']

Fv —0.017 + 0.008
FA = 0.0116 + 0.0016 (S = 1.3)
R = 0.059 —o.oos

+0.009

7r modes are charge conjugates of the modes below.

charged modes
7r+ 7r- 7rO

e+e
P

e+e
P

7r+ 7r e+ e

7r+7r 2~
7r+ 7r- 7r'p

P

(28.6 +0.6 ) %
(23.2 +0.5 ) %

( 4.78+0,12) %

( 4.9 +1.1 ) x 10

( 3.1 +0.4 )xlo 4

x1O—4

( 5.8 +0.8 ) x 10

( 13 +12 )x10
2.1 x 10

6 x1O—4

3 x 10 6

S=1.3
S=1.3
S=1.2

C L=90%

C L=90%
C L=90%

7r+ 7r

37
7rOe+ e
7r )LL p

CL=95%
CL=9O%

Charge conjugation (C}, Parity (P},or
Charge conjugation x Parity (CP) violating modes

PCP & 15 x 10
C 5 x1O —4

C [h] & 4 x1O—5

C [h] & 5 x 10 CL=90%

175
236
274
253
274

253

236

236
175
211

236
274

258

211

«+ DECAY MODES
p

Fraction (I;/I ) Confidence level (MeV/c)
f0(400-1200) i'i

(G(gPC) p+(p++)

p+v
Vp '7

e Ve
e+ v, p

e+ v, ~o
e+v, e+ e-
e VeVV

Lepton Family

p +
P+ V

p, e+e+v

[b] (99,98770+0.00004) %

[c] ( 1.24 +0.25 ) x 10

[b] ( 1.230 +0.004 ) x 10

[c] ( 1.61 +0.23 ) x 10

( 1.025 +0.034 ) x 10 8

( 3.2 +0.5 ) x 10

5 x 10 90%

number (LF) or Lepton number (L) violating modes
L [d] & 1.5 x10 3 90%
LF [d] & 80 x10 3 90%
LF & 16 x 10 90%

30

30

70

70

4

70

70

30
30
30

f0(4R-1200) DECAY MODES Frac'tion (I j/I )

dominant

seen

p (MeV/c)

p(770) () IG(JPC) = 1+(1 )

The interpretation of this entry as a particle is controversial. See the
"Note on scalar mesons" in the Particle Listings under the fo(1370).

Mass m = (400—1200) MeV

Full width I = (600—1000) MeV

)=1 (o +)

Mass m = 134.9764 4 0.0006 MeV

m + —m 0
—4.5936 6 0.0005 MeV

Mean life ~ = (8.4 + 0.6) x 10 t7 s (S = 3.0)
c7. = 25.1 nm

p(770) DECAY MODES Fraction (rj/l )

100

Mass m = 768.5 + 0.6 MeV (S = 1.2)
Full width I = 150.7+ 1.2 MeV

I ee = 6 77 + 0.32 keV

Scale factor/ p
Confidence level (MeV/c)

358

a0 DECAY MODES

27
e+e

p positronium
e+e+e e
e+e
4p
VV

Ve ve
V@ V@

Charge conjugation (C)
37
p+ e + e p+

Scale factor/ p
Fraction (I;/I ) Confidence level (MeV/c)

(98.798+0.032)

( 1.198+0.032)

( 1.82 +0.29 )
( 3.14 +0.30 )

( 75 +20 )
2

[e] & 8.3
1.7
3.1
2.1

0/

0/

x1O—9

x1O—5

x1O—8

x 10-8
x 1O-7

x 10 6

x 10

x 1O-6

S=1.1
S=1.1

CL=9O%

CL=90%
CL=90%
CL=9O%

CL=9O%

67

67
67
67
67

67

67

67

67

67

or Lepton Family number (LF}violating modes
C 3.1 x 10 CL=90% 67
LF 1.72 x 10 CL=90% 26

7/ "f
l-L

e+e
7r+ 7r- 7ro

7r+7r-7r+7r-
7r+ ~- 7ro 7ro

p(770)o decays

( 9.9 + 1.6 )

( 7.9 + 2.0 )

( 38 +07 )
[k] ( 4,60+0.28)

[k] ( 4.48 +0.22)
1.2
2

4

x 10
x1O—4

x1O —4

x 1O-5

x1O —5

x1O —4

x1O —4

x1O—5

p{770}+decays

( 4.5 +0.5 ) x 1O
—4

6 x10
2.0 x 10

S=2.2
CL=84%
C L=84%

C L =90%
C L=90%
C L =900/o

372
146
249

358
372
189
369
384
319
246

252

I G(JPC) 0+(0 —+)
M(782) IG(JPC) = 0 (1 )

y DECAY MODES Fraction (I;/r)
neutral modes

27
37ro

7r02,
other neutral modes

(71.4 +0.6 ) %

[f] (39.25+0.31) %
(32.1 +0.4 ) %

( 71 +14 )xlo 4

2.8

S=1.3
S=1.3
5=1.2

CL=90%

274
180
258

Mass m = 547.45 + 0.19 MeV (S = 1.6)
Full width l = 1.18 + 0.11 keV lri (S = 1.8)

C-nonconserving decay parameters [&]

a.+~ pro Left-right asymmetry = (0.09 + 0.17) x 10
sr+ a. vr Sextant asymmetry = (0.18 + 0.16) x 10
a.+sr n.o Quadrant asymmetry = (—0.17 + 0.17) x 10
a.+sr p Left-right asymmetry = (0.9 + 0.4) x 10
7r+~ p P (0wave) = 0.05 + 0-.06 (S = 1.5)

Scale factor/ p
Confidence level (MeV/c)

au(?82) DECAY MODES

~+~-7ro

7r+7r-

neutrals (excluding pro p)
sip
7ro e+ e-
7I P ILL

Fraction

(ss.s
( s.5

( 2.21

( 5.3

( S.3

( 5.9

( 9.6

(r;/r)
+0.7 )
+0.5 )
+0.30)
+8.7

)—3.5
+2.1 )
+1.9 )
+2.3 )

0/

P
Confidence level (MeV/c)

327
379
365

x 10

x10 4

x 10 4

x 10

199
379
349

Mass m = 781.94 + 0.12 MeV (S = 1.5)
Full width I = 8.43 + 0.10 MeV

ee =0.60+002 e
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e+e
+ ~-%07ro

7r+7r- y
sr+ ~- x+ vr-

P P
37

( 7.15+0.19)
2

( 3.6
1

( 7.2 +2.5 )
1.8

( 2

x 10
0/

x 10
x 10
x 10
x1O—4

x 10 4

90%
95%
90%

90%
900/

391
261

365
256

367
376
391

37ro

Charge conjugation (C)
C ( 1 x 10
C ( 3 x 10 4

90%
90%

162
329

r)'(958) iG(lPC) p+(p —+)

(5 = 1.3)

g (958) DECAY MODES Fraction (I;/I )

Scale factor/ p
Confidence level (MeV/c)

Mass m = 957.77 + 0.14 MeV

Full width f = 0.201 6 0.016 MeV

rl 'y

e+e
a+v
pe+ e

Cd

py

xovro,
sr+ sr- ~+7r-
ri'(958) p

+ +
+0e+ c-
ap(980)p

( 2.7 +0.9 )

( 1.26+0.06)

( 1.31+0.13)
( 3.00+0.06)

( 2.48+0.34)

(13+08)—0.6

(8 +', )

5

( 2

7
1

8.7
4.1

1.5
1.2
5

0/

0/

x 10
x 10 4

x 10 4

x 10 4

x 10

0/

x 10
x 10
x1O —4

x10 4

x1O—4

x10 4

x 10

S=1.1
S=1.1

S=1.1

S=1.5

C L=84%
C L=84%
CL=90%
CL=90%
C L =90%
C L=90%
C L=95%
C L=90%
C L=90%

462

363
501
510
499

363

490

210
219
490
492
410

60
341
501

36

7r+7r- g
p 'y

y y

P
~+~-~0
7ro p'
7r+ 7r

roe+ e-
ge+e
7r+~+~- ~
7r+ 7r+ ~ ~ neutralS
~+ ~+7r- ~- ~0
6'
7r+ 7r e+ e

4~0
37
p i(l 7r

l(l P '9

e+e

(43.7 +1.5 )
(30.2 + 1.3 )
(20.8 +1.3 )

( 3.02+0.30)

( 2.12+0.13)

( 1.55+0.26)

( 1.04+0,26)
5

( 4

2

( 1.3
( 1.1

1

1

1

1

6

9

8

5

1,0
6,0
1.5
2.1

0/

0/

x 10
x 10 4

0/

0/

0/

0/

x 10
x 10
x10 4

x10 4

x 10
x 10
x1O—5

x 10

S=1.2

CL=90%
CL =90%
CL =90%
CL=90%
CL =90%
C L=90%
C L=95%
CL=90/0

C L=90%
CL=90%
CL=90%
CL=90%
CL=9O%

CL=9O%

CL 90o/

CL=90o

CL=90%

232

169
239
160
479
430
467
427

118
458
469
322
372

298
189
458
459
469
379
479
445
274

479

h1(1170) iG(lPC) p
—(1+—

)

Mass m = 1170 + 20 MeV

Full width I = 360 + 40 MeV

h1(1170) DECAY MODES Fraction (I;/I )

seen

p (MeV/c)

310

Q(1235) i'(l") =1'(1 )

51(1235) DECAY MODES
p

Fraction (I;/I ) Confidence level (MeV/c)

[D/S amplitude ratio = 0.26 6

'9p
~+~+~- ~0
(KK)+ ~P

Q
7l

Ko KoS S
vrP

dominant
0.04l

( 1.6+0.4) x 10
seen

( 50
8
6

( 2

1.5

0/

0/

84%
9O%

9O%

90%

84%

348

608

536
248

238

238

146

Mass m = 1231 + 10 MeV i'I

Full width I = 142 + 8 Mev (5 = 1.1)

fo(980) i'i i G(lPC) p+(p++)
a (12eo) ™ iG(lPC) 1

—(1++)
Mass m = 980 + 10 MeV

Full width f = 40 to 100 MeV
Mass m = 1230 + 40 MeV ~'j

Full width I 400 MeV

fp(980) DECAY MODES

KK
y y

e+e

Fraction (I;/I )

(78.1 +2.4 ) %

(21.9 k2. 4 ) %

( 1.19+0.33) x 10

3 x 10 9O%

470

490
49O

p
Confidence level (MeV/c)

a1(1260) DECAY MODES

p7r

~y
K K'(892)

Fraction (I;/I )

dominant

seen

possibly seen

p (MeV/c)

356
607

ap(980} i'i IG(JPC) 1 (0++) fa(1270} i G(lPC) p+(2+ +)

Mass m = 983.5 + 0.9 MeV

Full width I = 50 to 100 MeV

Mass m = 1275 + 5 MeV i'I

Full width I = 185 + 20 MeV i i

ap(980) DECAY MODES

'9"
KK

Fraction {I;/I )

dominant

seen

seen

p (MeV/c)

321

492

P(1020)

|lair(1020) DECAY MODES

K+ K
Ko~ K0S

P 7(

Fraction (I;/I )

(49.1 +0.6 ) %
(34.1 +0.5 ) %

(12.9 +0.7 ) %

Scale factor/ p
Confidence level (MeV/c)

S=1.2
S=1.1

127
110
181

iG(lPC) p
—

(1
——

)

Mass m = 1019.413 + 0.008 MeV

Full width I = 4.43 + 0.05 MeV

fee = 137 + 0.05 keV

f2(127p) DECAY MODES

~+ ~- 2~0

KK
27r+ 2~-
rj 7l

4~0

rl7r 7r

Ko K 7r++ C.C.

e+e

Fraction (I t/I )

(84.7 +2.6
)

( 7 2 + 1.4
)

( 4.6 +0.5 )
( 2.8 +0.4 )

( 4.5 +1.0 )

( 3.0 +1.0 )

( ] 32+0.18)—0.16
8

3.4
9

S=1.3 622

0/

0/

x 10
x 10

x 10

x 10
x 10

x lo

S=1.3

S=2.8
S=1.2
5=2.4

CL=95%
C L=95%
C L=90%

562

403
559
327
564

637

475
293
637

Scale factor/ p
Confidence level (MeV/c)
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f1(1285) iG(gPC) 0+(1++) 'l'j
KK

seen

seen

f1(1285) DECAY MODES

47r (29 + 6 ) %

(1s +9 )'/
(1s + 6 ) %

dominates 27r+ 27r

7 x10 4

(s4 +15 )%
(44 + 7 )

7r07r0 ~+ ~- S=1.1
27r+ 27r-

p07r+ ~-
47r0 CL=90%

7j 7r 7r

ap(980)~ [ignoring ap(980) ~
KK]

ris. 7r [excluding ap(980)nI
K K7r

K K*(892)
'Y p

S=1.1

(10 + )/
( 9.7+ 1.6) %
not seen

( 6.6+ 1.3) %

( 8.0+ 3.1) x 10 4

S=1.1
S=1.2

S=1.5

Mass m = 1282.2 2 0.7 MeV i'i (S = 1.7)
Full width I = 24.8 + 1.3 MeV i'l (S = 1.3)

Scale factor/
Fraction (I;/I ) Confidence level

p
(MeV/c)

563

563
340
568
479
234

308

410
236

'y y

e+e
seen

not seen

f1(1420) ("l IG(l ) = 0+(1++)

f1(1420) DECAY MODES

K K7r

r1 7r 7r

Fraction (Cj/l )

dominant

possibly seen

~(1420)[o] (~ )= ( )

Mass m = 1419 + 31 MeV

Full width C = 174 6 60 MeV

Mass m = 1426.8 + 2.3 MeV (S = 1.3)
Full width I = 53 + 5 MeV

p (MeV/c)

439
571

tl(1295) iGV") = o+(o-+)
au(1420) DECAY MODES

P7l

Fraction (I j/I )

dominant

p (MeV/c)

488

Mass m = 1295 + 4 MeV

Full width I = 53 + 6 MeV q(1440) (nl iG(iPc) = o+(o-+)

g(1295) DECAY MODES

7j7r+ 7r

ap(980) n

Fraction (I;/I )

seen

seen

sr(1300) IG(l C) = 1 (0 +)

Mass m = 1300 + 100 MeV ~'~

Full width C = 200 to 600 MeV

p (MeV/c)

488
245

g(1440) DECAY MODES

K K7r

7l 7r 7r

ap(980) n
47r

Fraction (I;/I )

seen

seen

seen

seen

Mass m = 1415 + 10 MeV ~ ~

Full width I = 60 + 20 MeV I'j

p (MeV/c)

429
564
347
637

x(1300) DECAY MODES Fraction (f;/I ) p (MeV/c) p(1450) iqi (i )=1 (1 )
p7r
7r («)s-wave

seen

seen

406
612 Mass m = 1465 + 25 MeV I'j

Full width I = 310 + 60 MeV ~j~

a2(1320) IG(l ) = 1 (2++) p(1450) DECAY MODES Fraction (I;/I )
p

Confidence level (MeV/c)

~(1320) DECAY MODES

P7l

r/7r

KK
n'(958) a

y "/

7r+ ~-7r-
e+e

(70.1+2,7)
(14.5 + 1.2)
(10.6 +3.2)

( 4.9 +0.8)

( 5,7 + 1.1)

( 2, 8 +0.6)

( 9.7 + 1,0)
8

2.3

0/

0/

0/

x 10
x 10
x 10

x 10

S=1.2

S=1.3

C L=90%
C L=90%

419
535
362

437
287

652

659
621

659

Mass m = 1318.1 + 0.7 MeV (S = 1.2)
Full width I = 107 + 5 MeV (~) (K+ Ks and nm. modes)

Scale factor/ p
Fraction (C;/I ) Confidence level {MeV/c)

7i 7r

47r
e+ e-
'9p

$vr
KK

seen

seen

seen

g4 0/

(1.6 x 10

fo(1500) i"l

was fp(1525) and fp(1590)
( i ) = 0+(0++)

Mass m = 1503 + 11 MeV

Full width I = 120 + 19 MeV

95%

95%

719
665
732

317
512
358
541

fp(1370) i'l

was fp(1300)
/ (J ) Q+(Q++)

Mass m = 1200 to 1500 MeV

Full width I = 300 to 500 MeV

In two-particle decay modes the 7r7r decay is dominant. We include here
the resonance observed in 47r under the same entry as the one decaying
to 2 pseudoscalars. See also the minireview under non-qq candidates.

fp(1500) DECAY MODES

nn'(958)
71 7j

27r+ 27r

f1(1510)

Fraction (I;/I )

seen

seen

seen

seen

seen

( i ) = 0+('++)

p (MeV/c)

515
690
739
686

fp(13TO) DECAY MODES

7r 7r

47r
27r+ 27r
~+~-27r0

Fraction (I;/I )

seen

seen

seen

seen

p (MeV/c)

f1(1510) DECAY MODES

KK*(892)+ c.c.

Fraction (I;/I )

seen

Mass m = 1512 6 4 MeV

Full width I = 35 + 15 MeV

p (MeV/c)

292
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f2(1525) /G(JPC) 0+(2 + +) p(1700) Ie) I G(J C) 1+(1 )

Mass m = 1525 + 5 MeV ~'I

Full width I = 76 + 10 MeV ~'I

Mass m = 1700 + 20 MeV Ir) (rI po and sr+a modes)
Full width I = 235 + 50 MeV Iri (ripo and ~+sr modes)

f2(1525) DECAY MODES

KK
7j'Jfj

y y

Fraction (I;/I )

(88.8 +3.1 ) %

(103 +31 )0/

( 8.2 +1.5 ) x 10

( 1 32+0 21) x 10—6

tu(1600) I'I I G(JPC) 0
—

(1
——

)

Mass m = 1649 + 24 MeV (S = 2.3)
Full width I = 220 + 35 MeV (S = 1.6)

p (MeV/c)

581
531
750

763

p(1700) DECAY MODES

p7l 7r

p0m+�-

~p+�~+�7r

2(s+ vr )
7r+ 7r

K K'(892}+ c.c.
'9p
KK
e+e

Fraction (I I/I )

dominant

large

large

large

seen

seen

seen

seen

seen

p (MeV/c)

640
640

642

792

838
479
533
692
850

u)(1600) DECAY MODES Fraction (I;/C) p (MeV/c) fJ(1710) I'I I G(JPC) 0+(euen + +)
p 7r

&7r 7r

e+e

seen

seen

seen

637
601
824

Mass m = 1697 + 4 MeV (S = 1.4)
Full width I = 175 + 9 MeV (S = 1.7)

tu3(1670)

Mass m = 1667 + 4 MeV

Full width I = 168 + 10 MeV rj~

)=o( )

f&(1710) DECAY MODES

KK

Fraction (I j/I )

seen

seen

seen

p (MeV/c)

690
648

837

u3(1670) DECAY MODES Fraction (I;/ I ) p (MeV/c) $3(1850) IG(JPC) = 0 (3 )

bt (1235)~

seen

seen

possibly seen

647
614
359

Mass m = 1854 + 7 MeV

Full width I = 87+as MeV (S = 1.2)

sr2(1670) )=1 (2 +)

Mass m = 1670 + 20 MeV ~'~

Full width I = 258 + 18 MeV I'I (S = 1.7)
"ee =

Q(1850) DECAY MODES

KK
KK*(892)+ c.c.

f,(2010)

Fraction (I;/I )

seen

seen

IG(JPC) p+(2+ +)

p (MeV/c)

785
602

+2(1670) DECAY MODES

f2(1270) vr

p 7r

fp(1370) x
K K*(892)+ c.c.
y'y

Fraction ( I j / I )

(95 8+ 1 4) o/

(56.2+3,2) %

(31 +4 ) %

( 8.7+3.4) %

( 4.2 k 1.4) %

( 5.2+1.1) x 10—

p (MeV/c)

325
649

453
835

f2(2010) DECAY MODES Fraction (I;/I )

seen

Seen by one group only.

Mass m = 2011+80 MeV

Full width I = 202 + 60 MeV

p (MeV/c)

$(1680) (J ) = 0 (' )

Mass m = 1680 + 20 MeV ~'~

Full width I = 150+ 50 MeV ~ I

f4(2050) I G(J PC) 0+(4+ +)

Mass m = 2044 + 11 MeV (S = 1.4)
Full width I = 208 + 13 MeV (S = 1.2)

I(ti(1680) DECAY MODES

K K'(892)+ c.c.
K0s K
KK
e+e

p3(1690)

Fraction (I j/I )

dominant

seen

seen

seen

not seen

I G(gPC} 1+(3 ——
)

p (MeV/c)

463
620

681
840

622

fg(2050) DECAY MODES

KK

f2(2300)

Fraction (( j/I )

(26 +6 ) %

(17.0+ 1.5) %

(68+ ' )x10—1.8

( 2.1+0.8) x 10
1.2

I G(JPC) p+(2+ +)

p (MeV/c)

658
1012

895

863
977

J frOm the 27r and KK mOdeS.

Mass m = 1691 + 5 MeV ~'~

Full width I = 160 6 10 MeV ~'j (S = 1.5}
Mass m = 2297 + 28 MeV

Full width I = 149+ 40 MeV

P3(1690) DECAY MODES Fraction (I;/I )

P
Scale factor (MeV/c) f2(2300) DECAY MODES Fraction (I;/I ) p (MeV/c)

47r
~+ ~+ ~-7r0

(AJ 7r

K K7r
KK
0~ 7r

(71.1 + 1.9 ) %

(67 +22 ) oj

(23.6 + 1.3 ) %
(16 + 6 )%
( 3.8 6 1.2 ) %

( 1.58+ 0.26)
seen

1.2

788
788
834
656
628

686
728

seen 529
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f2it2340) f G(gPC) 0+(2++)

Mass m = 2339 + 60 MeV

Full width l = 319+70 MeV

f2(2340) DECAY MODES Fraction (l;/I )

seen

p (MeV/c)

573

f(~ )=Z(0 )

STRANGE MESONS
(S= +1, C=B=O)

K+ = us, K = ds, K = ds, K = us, similarly for K*'s

Lepton Family number (LF), Lepton number {L},a5 S = ltd (Sq)
violating modes, or AS = 1 weak neutral current (Sl ) modes

~+++ e v, Sq & 12 x 10 CL=90%
/l /1 p v~ sq 3.0 x 10 CL=95%
sr+ e+ e Sl ( 2.74+0.23) x 10
~+ ~+ p- Sz 2.3 x 10 CL=90%
a+vv SI 2.4 x 10 CL=90%

p v e+ e+ LF 2.0 x 10 CL=90%
p+ LF [d] & 4 x 10 3 CL=90%

+ p+e- LF 2.1 x 10 10 CL=90%
sr+ p e+ LF 7 x 10 CL=90%

p+ e+ L 7 x 10 CL=90%
e+ e+ L 1.0 x 10 CL=90%

x p+ p+ L 1.5 x 10 CL=90%
p+ v L [d] & 3.3 x 10 3 CL=90%

e+ ve L [d] & 3 x 10 CL=90%

203
151
227
172
227
236
236
214
214
214
227
172
236
228

K+ DECAY MODES Fraction (I;/I )

Scale factor/ p
Confidence level (MeV/c)

Mass m = 493.677 + 0.016 MeV (v) (S = 2.8)
Mean life ~ = (1.2386 + 0.0024) x 10 a s (S = 2.0)

cr = 3.713 m

Slope parameter g ["]

(See Particle Listings for quadratic coefficients)
K+ —+ rr+ rr+ rr = —0.2154 + 0.0035 (S = 1.4)
K —+ rr rr rr+ = —0.217 + 0.007 (S = 2.5)
K ~ rr+rr rr = 0.594 6 0.019 (S = 1.3)

&+ dray form favors [' ]

K+ A+ ——0.0286 6 0.0022

K+s A~ ——0.033 + 0.008 (S = 1.6)

K s Ap = 0.004 + 0.007 (S = 1.6)

K+s Ifs/fpI = 0.084 + 0.023 (S = 1.2)

K+s f7/f+I = 0.38+ 0.11 (S = 1.1)
K+. If7/7+I = 0.02+ 0.12

K+ ~ e+vep IFA + Fv = 0.148 + 0.010
K+ ~ p.+v„n FA + FvI & 0.23, cL = 90%
K+ e+v n FA FVI & 049
K+ ~ ru+ v„p FA —Fv

I

= —2.2 to 0.3

K modes are charge conjugates of the modes below.

f(~ )=&(0 )

s f(~ )=2(0 )

Mean life ~ = (0.8927 + 0.0009) x 10 s

cr = 2.6762 cm

CP-violation parameters ["]
lln(ri+ p) = —0.015 6 0.030
Irn(gppp) & 0.1, CL = 90%

KS DECAY ODES

vr+~-

~+~ ~
y y

~+ ~- ~0

3~0
vr e+v
sr+ p+ v

Scale factor/ p
Fraction (l;/l ) Confidence level (MeV/c)

(68.61+0.28)
(31.394 0.28)

[y, dd] ( 1.78+0.05)

( 2.4 +0.9 )

( 3 9 +5 5
)

3.7
[ee] ( 6.70+0.07)
[ee] ( 4, 69+ O. O6)

0/

x 10
x 10 6

x 10

x 10
x 10 4

x1O—4

S=1.2
S=1.2

C L=90%
S=1.3
S=1.2

206
209
206
249

133

139
229
216

500/o' Ks 500/0 K
Mass m = 497.672 + 0.031 MeV

mKe —mKe —3.995 + 0.034 MeV (S = 1.1)
mKo —

mKKrl / maverage & 9 x 10

p+ v

e ve
~+ ~o
~+~+~
~+ ~0~0
~op+ v

Called K+
~

lLt 3
7I e ve

Ca lied K,+3.
7r07rO e+ v
sr+ ~—e+ v,
~+~ p+ v
~0~0~0 e+ v,

sr+ 3p
p v~vv
e vevv
p+v e+e
e+v, e+e

vp p

~+ ~0 p(DE)
~+sr+sr- p
~+ ~0~0'

~0 e+ ver(SD)
oboe+ ver

(63.51+0.18) %

( 1.55+0.07) x 10

(21.16+0.14) %

( 5,59+0.05) %

( 1.73+0.04) %

( 3.18+0.08) %

( 4.82+0.06) o/0

x 1O-5

x 1O-5

x1O—5

x 10 6

x 10 6

x 10 4

x 10

x 10

x10 6

x1O—7

x 10

[x,y] (

[~y] (
[K~] (
[x,y] (

[xy] (

[xy] &

[x y] (
[aa] &

5.50 +0.28)
2.75 +0.15)
1.8 +0.4 )
1.04 + 0.31)

+5.5
)—3.0

6.1
2.62 +0.20)
5,3
5

x 10

x 10 4

x 10
x10 4

x10 6

x 10

x1O—4

x 10
x 10 6

( 2.1 +0.4 )

( 3.91+0.17)

( 14 +09)
3.5

[x] & 1

[x] & 1.0
6.0

6

( 1.06+0.32)

( 21 +21
)—1,1

4.1

S=1.3

S=1.1
S=1.8
S=1.2
S=1.5

S=1.3

C L=90%
CL=90%
C L=90%
C L=90%
CL=90/o

CL=9O%

C L=90%

C L=90%
CL=9O%

236

247

205

125
133
215

228

206
203
151

135
227

227

236

247

236

247

185

236

205
205

125

133

215

228
228

206

P
e+e
~oe+ e

b,S = 1 weak neutral current (Sl) modes
Ss 3.2 x 10
Sl 2.8 x 1O-6
Ss 1,1 x10 6

f ( f ) = ~ (0 )

mrc, —mrc = (0.5304+ 0.0014) x 10 frs
= (3.491+ 0.009) x 10 MeV

Mean life r = (5.17 + 0.04) x 10 s (S = 1.1)
cr = 15.51 m

Slope parameter g [']

(See Particle Listings for quadratic coefficients)

Kc ~ rr+z rro = 0.670 6 0.014 (S = 1.6)

Kg decay form factors [ ]

Kos A+ ——0.0300 + 0.0016 (S = 1.2)

Kos A+ ——0.034 + 0.005 (S = 2.3)

K s Ap = 0.025 6 0.006 (S = 2.3)

f, /f+I & 0.04, CL = 68%

If7/f+I & 0.23, Cl =68%
Kos If7-/fpI = 0.12 + 0.12

KL ~ e+e P. o.K. ———0.28 + 0.08

CL=90%
C L=90o/

C L=90%

225

249
231
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CP-violation parameters ["]
6 = (0.327+ 0.012)0/

lrlppl = (2.275 + 0.019) x 10 (S = 1.1)

lrI~
I

= (2.285 + 0.019) x 10

lrrpp/rI~
I

= 0.9956 + 0.0023 (~I (S = 1.8)

e'/~ = (1.5 + 0.8) x 10 s I+I (S = 1.8)
——(43.7 + 0.6)

oo = (43.5 + 1.0)'

Qpp
—$+ ——(—0.2 + 0.8)'

j for KL lr+lr lr = 0.0011 + 0.0008

lrI/ ~l = (2 35 + 0 07) && 10

~
——(44 6 4)'

I/s ( 0.3, CL = 90'/0

K1(12l0) I(~P) = l(1+)

Mass m = 1273 + 7 MeV [']

Full width I = 90 + 20 MeV []

K1(12TO) DECAY MODES

Kp
Kp(1430) rr

K*(892)vr

K~
K fp(1370)

Fraction (I;/I )

(42 +6 ) /
(28 +4 ) '/

(i6 +5 ) lo

(11.0+2.0) /o

( 3.0+2.0) '/

K1(1400) I(~P) = 2(1+)

Mass m = 1402 + 7 MeV
Full width I = 174 + 13 MeV (S = 1.6)

p (MeV/c)

76

301

45 = —h, q in K&3 decay

Re x = 0.006 + 0.018 (S = 1.3)
Im x = —0.003 + 0.026 (S = 1.2)

CPT-violation parameters
Re Z = 0.018 S 0.020
Im E = 0.02 + 0.04

K1(1400) DECAY MODES

K'(892) 7I.

Kp
K fp(1370)
K~

Fraction (I j/I )

(94 +6 ) /0

( 3.0+3.0) 'l
2 0+2 0) o/

{ 1,0+1.0) o/o

p (MeV/c)

401
298

285

K~ DECAY MODES

3~0
~+~-.0
7r ++v

Called K
e+ Ve

Called Ke3.
27
37

~0~+ efF v

(x y, atom) v
lr+ e+ Ve Y

lr+ lr

(21.12 +0.27 ) /o

(12.56 +0.20 ) /o

[gg] (27.17 +0.25 ) /o

139
133
216

[gg] (38.78 +0.27 ) '/o S=1.1 229

( 5.92

2.4

[hh] ( 1.70

[gg] ( 5, iS
( i.o6

[y,gg, hh] ( 1.3
[y, hh] ( 4,61

5.6

+0.15 ) x 10 4

x 10 CL=90'/
+0.28 ) x 10 6

+0.29 ) x 10
0.11 ) x 10
0.8 ) '/

0.14 ) x 10
x 10

249
249
231
207

229
206
209

Scale factor/ p
Fraction (I;/I ) Confidence level (MeV/c)

K'(1410) I(i ) = 2(1 )

K~(1410) DECAY MODES

K' (892) rr

Klr
Kp

Fraction (Cj/I )

& 40 '/o

( 6.6+1.3) '/

7 '/o

KG(1430) I«i I(")= l(0+)

Mass m = 1429 + 6 MeV

Full width I = 287 6 23 MeV

Mass m = 1412 + 12 MeV (S = 1.1)
Full width I = 227 + 22 MeV (S = 1.1)

950/0 408
611
309950/.

p
Confidence level (MeV/c)

Charge conjugation x
violating modes,

7r+ 7r

P
p Y

e+e
e+e
e+e
lr+ lr e+ e
@+p e+
e+ e e+e

ILI, jl,
~oe+ e—

VV

pV

Parity (CP, CPV) or Lepton Family number (LF)
or BS= 1 weak neutral current (S1) modes

CPV ( 2.067+0.035) x 10 S=1.1
CPV ( 9.36 +0.20 ) x 10 4

Sl ( 7.2 +0.5 ) x 10 S=1.4
Sl ( 3.23 +0.30 ) x 10

SI 4.1 X 10—11CL:900/0

Sl ( 9.1 +0.5 )xlo 6

Sl [hh] ( 6.5 + 1.2 ) x 10
Sl 2.5 x 10 CL=90'lo

Sl 4, 9 x 10 CL=90'/o

Sl [ii] ( 4.1 +0.8 ) x 10 S=1.2
CP, SI [jj] & 5.1 x 10 CL=90/Q

CP, Sl [jj] & 4.3 x 10 CL=90/o
CP, S1 [kk] & 5.8 x 10 CL=90'/o

LF [gg] & 3.3 x 10 CL=90'/o

206
209

225

225

249

249

249

206

225

249
177
231
231
238

K'(892)

K*(892)+ mass m = 891.59 + 0.24 MeV (S = 1.1)
K*(892)P mass m = 896.10 6 0.28 MeV (S = 1.4)
K*(892)+ full width I = 49.8 6 0.8 MeV

K*(892)p full width I = 50.5 + 0.6 MeV (S = 1.1)

K0(1430}DECAY MODES

Klr

Fraction (I I /I )

(93+10) 0/

p {MeV/c)

621

K2(1430) I(~') =,'(2+)

Kz(1430)+ mass m = 1425.4 + 1.3 MeV (S = 1.1)
K2(1430)P mass m = 1432.4 + 1.3 MeV

Ka(1430)+ full width I = 98.4 + 2.3 MeV

Kz(1430)p full width I = 109 + 5 MeV (S = 1.9)
Scale factor/

CAY MODES Fraction (I j/C) Confidence levelK2'(1430) DE

K sr

K'(892) rr
K*(892) x x
Kp
K Cd

K+~
Klj
Kw7r

(49.7+ 1.2) '/o

(25.2+ i.7) /.
(13.0+2.3) '/o

( 8.8+0.8) ol.

( 2.9+0.8) 'l

( 2.4+0.5) x 10

1 4+2.8) x 10—0.9
xiO —4

9 x 1O
—4

S=1.2

S=1.1

C L =950/0

C L=90'/o

p
( M eV/c)

622

423
375
331
319
627

492

110
631

K~(892) DECAY MODES Fraction (I;/I )

p
Confidence level (MeV/c)

Kvr

Klr7r

100 0/

( 2.30+0.20) x 10

( 1.01+0.09) x 10
7 x 10 4 950/.

291
310
309
224
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K'(1680)

Mass m = 1714 + 20 MeV (S = 1.1)
Full width I = 323 + 110 MeV (S = 4.2)

CHARMED MESONS
(c=+i)

D+ = cd, D = cu, D = cu, D = cd, similarly for D*'s

Ke(1680) DECAY MODES Fraction (I;/I ) p (MeV/c)

Kp

K'(892) vr

38 7+2 5) o/

(314+ ' )%—2.1

9 9+2.2)—4.7

K2(17?0) DECAY MODES

K sr vr

Kq(1430) s
K*(892)~
K fp(1270)

KP
K Cd

Fraction (I |/I )

dominant

seen

seen

seen

seen

K (1770) [mmi

Mass m = 1773 + 8 MeV

Full width l = 186 + 14 MeV

779

571

615

p (MeV/c)

287

653

441
608

f(i ) = Z(0 )

Mass m = 1869 3 + 0 5 MeV (S = 1 1)
Mean life ~ = (1.057 6 0.015) x 10 ta s

Cr = 317 pA1

CP-violation decay-rate asymmetries

Acr (K+K ~~) = —003 + 007
Ace(K+ K*o) 0 12 + 0 13
Acp(err+) = 0.07 + 0.09

D+ ~ K'(892)of+ vs form factors

r2
—0,73 + 0.15

rv = 1 90 6 0 25

VL/f T = 1.23 + 0.13
i +/l = 0.16 + 0.04

D modes are charge conjugates of the modes below.

D+ DECAY MODES Fraction (I;/I )
Scale factor/ p

Confidence level (MeV/c)

Ka(1780) f(i )='(3 )

K3~(1780) DECAY MODES

Kp
K*(892)~
K~
Kg
K2 (1430) 7I

Fraction (I t/I )

(45 +4 ) %

(27 3+3 2) o/

(19.3 + 1.0) %

( 8.0+1.5) %
( 21

K2(1820) i"'i

Mass m = 1816 + 13 MeV
Full width I = 276 + 35 MeV

K2(1820) DECAY MODES

KP
Ka(1430)rr
K'(892)rr
K fp(1270)
K cd

Fraction (I i/I )

possibly seen

seen

seen

seen

seen

Mass m = 1770 + 10 MeV (S = 1.7)
Full width I = 164 + 17 MeV (S = 1.1)

S=1.4
S=1.5

S=1.4
CL=95%

612
651
810
715
284

p (MeV/c)

481
325

680
186
638

Scale factor/ p
Confidence level (MeV/c)

e+ anything
K anything
K anything + K anything
K+ anything

g anything

Inclusive modes
(17.2 + 1.9 ) %
242 +28

(59 +7 ) %

( 5.8 +1.4 )%
[oo] ( 13

p+ v
K0E+ vg

K0e+ v,
K'p+v P

K ~+e+ve
K'(892)o e+ v

x B(K'o ~ K s+)
K ~+ e+ ve nonresonant

K x+ @+v~
K'(892)o y+ v&

x B(K*o K ~+)
K ~+ p+ v& nonresonant

( K'(892) vr )o e+ v,
(K rr rr)o e+ ve non- K'(892)
K ir 'lr p, vp
'jr I+ vg

( 7 x 10

( 3.2 +0.4 ) %

( 3.0 +0.4 ) %

( 2.7 +1.1 ) x 10

1.2
9 x 10
1.4 x 10

[qq] ( 5.7 +2.2 ) x 10

Leptonic and semileptonic modes
?.2 x10—4

[pp] ( 6.7 +0.8 ) %

( 6.6 +0.9 ) %

( 7 0 +3 0
) o/—2.0

( 4.2 + '
) %—0.7

3 2 y0.33

CL=90%

CL=90%

C L =90%
S=1.1

C L=90%
C L =90%
C L=90%

932

868
868

865

863

720

863
851

715

851

714
846

825

930

K4(2045) f(~') = l(4+)

K4~(2045} DECAY MODES

K~
K*(892)ex
K*(892)xmas
pK~
Cd K7r

/Kyar

P K"(892)

Fraction (I;/I )

(9.9+1.2) %

(9 +5 ) %

(7 +5 )%
(5.7+3.2) %

(5.0+3.0) %

(2.8+1.4) %
(1.4 + 0.7) %

Mass m = 2045 6 9 MeV (S = 1.1)
Full width I = 198 + 30 MeV

p (MeV/c)

958
800
764

742

736
591
363

Fractions of some
appeared above as

K'(892)o f+ vr
K'(892)o e+ v,
K*(892) p, + v&

p e ve

p V vp

ye+ ve
y~+ v

rl'(958) y,
+

vv

[pp] ( 4, 8 +0.4 )

( 4.8 +0.5 )
(45 +06)

3.7

( 2 0 +1.5
)

2.09
3,72

9

x 10

x 10

0/

x 10

S=1~ 1

C L=90o/

C L=90%
C L=90%
C L=90%

Hadronic modes with a K or KKK
2 74+ 0 29) o/o

[rr] ( 9.1 +0.6 ) %

( 1.28+0, 13) %

Ko ~+
K- ~+ ~+

K*(892)o rr+
x B(K*o ~ K ~+)

Ko(1430) s.+

x B(Ko(1430)o ~ K rr+)
K*(1680)o7r+

x B(K"(1680)o ~ K x+)
K ~+ sr+ nonresonant

( 2.3 +0.3 ) %

( 3.7 +0.8 ) x 10

{ 8.6 +0,9 )%

of the following modes with resonances have already
submodes of particular charged-particle modes.

720
720
715

776

772

657
651

684

862
845
712

368

65

845
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K'~+ ~0
Ko p+
K*(892) sr+

x B(K* —+ K
K sr+ x nonresonant

K- ~+~+ ~0
K'(892)o p+ total

x B(K'o ~ K 7r+)
Kt(1400)o a+

x B(Kt(1400)o ~ K a+ere)
K- p+ vc+ total

K p+ sr+ 3-body
K*(892)o ~+ rro tota l

x B(K'o ~ K ~+)
K*(892)o~+ pro 3-body

x B(K'o ~ K sr+)
K'(892) sr+ ~+ 3-body

x B(K* ~ K ~o)
K sr+ ~+ ~0 nOnreSOnant

Ko ~+ ~+
Ko a, (»60)+

x B(at(1260)+ ~ a.+a.+rr )
Kt(1400)oar+

x B(Kt(1400)o ~ Ko a+ a. )
K'(892) ~+ rr+ 3-body

x B(K* ~ Kovr )
Ko p'~+ total

Ko po ~+ 3-body
K ~+~+~ nonresonant

K- ~+~+~+~-
K*(892)o ~+ ~+ ~-

x B(K"o ~ K ~+)
K*(892) p w+

x B(K'o ~ K sr+)
0 0

Ko~+ ~+ ~—~0

Ko~+ ~+ ~+ ~- ~-
K sr+~+a. +sr ~0
Ko Ko K+

( 9.7
( 6.6

( 6.4

{ 1.3

( 6.4

( 1.4

( 2.2

( 3.1

( 1.1

( 4.s

( 2.8

( 1.2

( ?.O
( 4.o

(22

( 4.2
(s
(8
( S.2

( 6.s

5.1

( 2.2

( s.4

{8
( 2.O

( 1.S

+3.0
+2.5
+0.6

)%
)
)x10

+0.6 )%

+1.1 ) %
+0.4 )%
+09 )%

+09 )

)xlo

+0.6 ) %
+1.0 ) %
+0.9 )%

+0.6 ) %

+0.6 )%

+0.9
5

4

1.4
1.8

)%
)x10
)x10
)x10
)xlo

+2.2 )xlo

+5.0—0.9
+3.0—1.4
k7

1.8
+0.8

)

)%
)xlo 4

)xlo
)%

+1.1 ) /
6 1.1 ) %
+0 9 )

S=1.1 845
680
712

845
816
423

390

616
616
687

687

688

816
814
328

390

688

614
614
814
772

642

242

775

773

714
718
545

n~+ x B(9 ~+~-~o)
rvx+ x B(rv ~ rr+. x no)

~+m+~+vr-vr-

~+~+~+~- ~- 7ro

( 1.9

( 1.8
6

( 1.0

( 2.9

+ 1.5—1.2
+0.6

+0.8—0.7
+ 2.9—2.0

)

)xlo
x 10

)xlo

)x10

C L=90%

ger+
pox.+
w vr+

'op
q'(958) ~+
rl'(958) p+

( ?.S
1.4
7
1.2
9
1.5

+2.5 )xlo
x 10
x 10

x 10

CL=90%
C L=90%
C L 90o/

C L=90%
C L 90o/

Hadronic modes with a KK pair

( 7.2 +1.2 ) x 10

[rr] ( 8.9 +0.8 ) x 10
K ) ( 3.0 +0.3 ) x 1O

—3

( 28 +04 )x10

K+ Ko
K+ K- ~+

da. + x B(d ~ K+
K+ K*(892)o

x B(K'o ~ K ~+)
K+ K sr+ nonresonant

Ko Ko~+
K*(892)+Ko

x B(K'+ Korr+
K+ K- ~+~0

elm. +pro x B(d ~ K+ K )
dp+ x B(d ~ K+K )

K+ K ~+ pro non-P

K+ Kovr+vr
KoK

K*(892)+K.(892)o
x Ba(K" ~ K~+)

Ko K 7r+ sr+ non-K*+ K*o
K+ K- ~+~+~-

y~+ ~+ ~-
x B(d~ K+K )

K+ K ~+ sr+ ~ nonresonant

( 4.6 )xlo+0.9

( 2.O +0.9 )%

( 1.1
7

)%
x 10

)%
0/

)

)%

0.5

+0.7—0.6

4 0.6
0.5

C L=90%

( 1.S

C L =90%( 2

( 1.0

( 1.2

x 10 CL=90%7.9

x 10 CL=90%

CL=90/o

Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes.

882

848
764

845

799

848
769
764

658
680
355

792
744

647

610

?44
741
611

682
619
268

682

678
678
273

678
600
565

600

K'p+
Ko at(1260)+
Ko a2(1320)+
K*(892)o rr+
K*(892)op+ tota I

K*(892)op+ 5 wave-
K*(892)op+ P wave-
K*(892)op+ D wave-
K*(892) p+ D-wave longitu-

dinal
Kt(1270)o rr+
K t (1400)o rr+
K'(1410)o~+
Ko(1430)o ~+
K*(1680) x+
K*(892)o~+ ~o total

K*(892)orr+ rro 3-body
K*(892) rr+ ~+ 3-body

K p+ sr+ tota I

K p+ ~+ 3-body
Ko po~+ total

K p sr+ 3-body
Ko fo(980) ~+
K*(892)0~+ ~+ ~-

K*(892)opo a+

( 6.6 +2.5 )
( S.1 + 1.7 )( 3

( 1.92+0.19)

( 2.1 k 1.4 )
[ss] ( 1.7 + 1.6 )

1

(1o +7 )
7

7

( so +1.3 )
7

( 3.7 +0.4 )

( 1.45+0.31)

( 6.7 + 1.4 )

( 4.2 + 1.4 )

( 2.1 + O.9 )

( 3.1 + 1.1 )

{ 11 +04 )
( 4.2 +O. 9 )
(s +5 )

5

{ 1.02 + 0,27)

( 7.7 +3.3 )

0/

x 10 C L=90%

0/

0/

x 10
x 10
x 10

CL =90%

CL =90'/0

x 10 CL=90%

x 10 C L =90'/o

0/

x 10
x 10
0/

x 10

C L=90%

CL =90%

~+~0
~+ ~+ ~-

po~+
~+ ~+ ~ nonresonant

Pionic modes
( 2.5 +0.7
( 3.2 + O. 6

1.4
( 2.S +0.7

)x10
)xlo

x 10
)xlo

CL =90%

Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes.

680
328
199
712
423
423
423
423
423

487

390
382
368

65

687

687
688
616
616
614
614
461
642

242

925
908
769
908

y~+
y~+ ~0

0p+
Per+ ~+ 7r

K+ K*(892)o
K'(892)+ Ko
K"(892)+ K*(892)o

Doubly Cabibbo suppressed (DC) modes,
KC = 1 weak neutral current (Cl) modes, or

Family number (LF) or Lepton number (L) violating modes
DC ( 6.S +2.6 ) x 1O

—4

DC 6 x 10 CL=90%
sr+ DC 1.9 x 10 4 CL=90%

DC & 15 x 10 CL=90%
DC 1.3 x 10 CL=90%
C1 6.6 x 10 5 CL=90%
C1 1.8 x 10 CL=90%
C1 5.6 x 10 4 CL=90%

[«] & 4.s x 10 3 CL=90%

[«] & 3.2 x 10 4 CL=90/0
LF [gg] & 3.8 x 10 3 CL=90%
LF ( 3.3 x 10 3 CL=90%
LF ( 3.3 x 10 CL=90%
LF 3.4 x 10 CL=90%
LF 3.4 x 10 CL=90%
L 4.8 x 10 3 CL=90%
L ( 2.2 x 10 CL=90%
L ( 3.7 x 10 3 CL=90%
L 5.6 x 10 " CL=90%
L 9.1 x 10 CL=90%
L ( 3.2 x 10 CL=90%
L 4.0 x 10 3 CL=90%

+ p+ L 8.5 x 10 CL=90%

Lepton
K+~+~-

K+ p'
K'(892)

K+K+K
PK+

7r+ e+ e
~+�p+-
�pp+p
K+e+e
K+p+p
++e+ p+

a+e+ p
sr+ e- p+

K+ e+ p
K+ e p+

e+ e+
p+ p+

vr e+ p+
p p+p+
K e+ e+
K p+ p+
K- e+ p+
K*(892) p,

Fractions of the following modes with resonances have already appeared
above as submodes of particular charged-particle modes.

( 6.1 +0.6 ) x 10

( 2.3 +1.0 ) %
1.5 C L=90 /0

2 x 10 CL=90%

( 42 +05 ) xlo
( 3.0 +1.4 ) %

( 2.6 +1.1 ) %

647
619
268

565
610
611
273

845
681
712
550
527
929
917
759
869
856
926
926
926
866
866
929
917
926
759
869
856
866
703
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00 l(JP) = 2t(0 )

Mass m = 1864.5 + 0.5 Mev (5 = 1.1)
lmDp —mDpl & 21 x 10 rr s t, CL = 90% [

mD~ —mDD
—4.78 + 0.10 MeV

Mean life ~ = (0.415 + 0.004) x 10 s
cv. = 124.4 pm

ll Dp
—

I Dpi/I Dp & 0.17, CL = 90% ["'I
1 2

f (K+7r or K+~ 7r+7r (viaD )) ( p pp37 CL 9pp/
I ( K 7r+ or K—7r+ 7r+ 2r

—
)

I (p X (via Dp))f'I (p+X) & 0.0056, CL = 90%

CP-violation decay-rate asymmetries

Acp(K+K ) = 0 06 + 005
Acp(KP d) = —0 03 + 0 09
Acp(Ks~7ro) = —0.018 + 0.030

D modes are charge conjugates of the modes below.

DO DECAY MODES

e+ anything
p+ anything
K anything
K anything + K anything

K+ anything

g anything

Fraction (I I /I )

Inclusive modes
( 77 +12 )%

[vv] ( 6.8 +1.0 ) %

(53 +4 ) %

(42 +5 ) %

(34+06)o/—0.4

[oo] ( 13

Scale factor/ p
Confidence level (MeV/c)

S=1.l

S=1.3

CL=90%

K E+ Vg

K e+ ve
K P V~

K- vroe+ v

TIO~- e+ v,
K'(892) e+ I,

x B(K" ~ Korr )
K sr+sr p+ v

( K*(892)rr ) p, + r

7r e Ve

Semlleptonic modes

[pp] ( 3.48+0.16) %

( 3,64+0.20) %

( 3.23+0.19) %

+13
) o/

(28 +17 )P/—0.9
34+0 22

1.2
1.4

x 10

x 10

+1.2
) x 10

S=1.l
S=1.l

CL =90%
CL=90%

867
867
863

861

860

719

821

693

927

719

A fraction of the following resonance mode has already appeared above as
a submode of a charged-particle mode.

K'(892) e+ v, ( 2.01+0.33) '/

K- ~+~+~- [rr]
K sr+ po total

K sr+ po 3-body
K"(892)P po

x B(K*P ~ K n+)
K ai (1260)+

x B(a,(»60)+ ~+~+~-
K'(892)o rr+ s total

x B(K*P K a+)
K'(892)P rr+ a. 3-body

x B(K'P ~ K a.+)
Kt (1270) a + [ss[

x B(Kr(1270) ~ K rr+sr )
K ~+~+~ nonresonant

V'~+ ~- ~0 [rr]
Korl x B(rI ~ a.+rr rro)
K (d X B(td ~ Pl+ rl rr )
K'(892) p+

x B(K* ~ Koa )
K*(892) p

x B(K*' KP~P)
Kt (1270) x+ [ss]

x B(Kt(1270) ~ KP vr rro)
K*(892)Prr+ a. 3-body

x B(K.o Koa.o)
K sr+~ ~ nonresonant

K- ~+ ~0~0
K-~+~+~-~0

K*(892)Prr+ rr rro

x B(K'P ~ K a.+)
K'(892)p rt

x B(K'P ~ K rr+)
x B(ri ~ rr+a. a.o)

K rr+a x B(w ~ a.+rr rro)
K'(892)P w

x B(K*P ~ K rr+)
x B(w ~ rr+rr pro)

Ko~+ ~+~-~-
K rr+7r rr 7r (7r )
KOK+ K

Kod, x B(d K+K )
Ko K+ K non-p

~sKsKs
K+ K- K-~+
K+ K Ko pro

( 7.5

( 6.3

( 4.7

( 9.8

+0.4 )%
+0.4 )%
+2.1 ) x 10
+2.2 ) x 10

( 3.6 +0.6 ) %

1.5 +O4 )%

( 9.5 +2.1 ) x 10

3.6 +1.0 ) x 10

( 4.9 +1.1 ) x 10

5.1 1.4 )xlo

1.1 )xlo

( 2.1

(15

( 4,o

( 1.2

+2.1 ) %

)%
+0.4 )%
+0.6 )%

( 3.O +0.8 ) x 10

2.7
7

+0.5 )%
+3 )xlo

( 5.8

(1O.6

( 9.3

( 4.2

( 5.o

( 9.7

( 2.1

(72

+1.6 ) x 10
+73

) 0/—3.0
1.0 )xlo

+0.5 ) x 10
+0.8 ) x 10
k2.3 ) x 10 4

+0.5 ) x 10 4

+48
) x 1O-3—3.5

( 1.75+0.25) %
(10.0 +1.2 ) %

( 1.6 +0.3 ) x 10

( 1.9 +0.4 ) %

( 4.0 +1.6 ) %

S=l ~ 1 812
612
612
418

327

683

683

483

812
812
772
670
422

418

483

683

812
815
771
641

580

605
406

768

771

544
520
544

538

434

435

K- ~+

K'~+ ~-
Ko po
KP fp(980)

x B(fp ~ a.+rr )
KP fa(1270)

x B(fq ~ vr+rr )
KP fp(1370)

x B(fp ~ rr+a. )
K'(892) a +

x B(K* ~ KP~ )
Kp(1430) a+

x B(Kp(1430) ~ Korr )
K sr+ ~ nonresonant

K- ~+~0
K p+
K*(892)—~+

x B(K* —+ K vr )
K'(892) vr

x B(K'P —+ K rr+)
K sr+ ~ nonresonant

K'~0~0
K*(892)Ppro

x B(K'0 Ko~o)
K vr ~ nonresonant

( 2.3 +0.9 ) x 10

( 4.3 +1.3 ) x 10

( 3.3 +0.3 ) %

( 6.4 +1.6 ) x 10

( 1.46 +0.24) %

[rr) (13.9 +0.9 ) %
(10.8 + 1.0 ) %

( 1.7 +0.2 ) %

( 2.1 +0.3 ) %

( 6.9 +2.5 ) x 10

( 1.0 +0.2 ) %

( 7.8 +2.0 ) x 10

Hadronic modes with a K or KKK
( 3 83yo 12)

( 2 llano 21

[rr] ( 5.4 +0.4 ) %
1 20go 17

( 3.0 +0.8 ) x 10

S=1.1
S=1.2

S=1.3

861
860
842

676
549

263

711

364

842

844

678
711

709

844

843
709

843

gO po

K p+
Ko~
K rI'(958)
K f (980)
Kop
K at (1260)+
K at(1260)
K f2(1270)
KP fp(1370)
K aa(1320)+
K'(892) rr+

K*(892) rr

K*(892) 7r+ vr tot a I

K*(892) ~+~ 3-body
K x+ po total

K x+ p03-body
K*(892)Ppo

K*(892)p pp transverse
K'(892)P po S-wave
K'(892)P po S-wave long.
K*(892)Ppo P wave-
K*(892)Ppo Dwave-

( 7.0 +1.0 ) x 10
1 20yo 17

(10.8 +1.0 ) %

( 2.1 +0.4 ) %

( 1.70+0.26) %

( 5.7 +1.6 ) x 10

( 8.5 +1.0 ) x 10—3

( 7.3 + 1.1. ) %
1.9

( 4.1 + 1.5 ) x 10

( 6.9 +2.1 ) x 10
2 x 10

( 5o +04 )%
( 3.1 +0.4 ) %

( 2.3 +0.5 ) %

( 1,42+0.32) %

( 6.3 +0.4 ) %

( 4.7 +2.1 ) x 10

( 1.47+0.33) %

( 1,5 +0.5 ) %

( 2.8 +0.6 ) %
3 x 10

( 3 x 10

( 1.9 +0.6 ) %

S=1.2

C L=90%

C L =90/0

S=1.2

C L=90%
C L=90%

Fractions of many of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes. (Modes
for which there are only upper limits and K*(892)p submodes only appear
below. )

772
676
678
670
565
549
520

327
322
263

197
711
709
683
683
612
612
418
418
418
418
418
418
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K*(892) p+
K*(892) p+ longitudinal
K'(892) p+ transverse
K*(892) p+ P wav-e

K a.+ fo(980)
K*(892) fo(980)

Ky (1270) rr+

Kl(1400) 7r+

K, ( 1400) o~ o

K'(1410) x+
Ko(1430) x+
Ka(1430) x+
Ka(1430)o a.o

K*(892) x+ a

K'(892)o ri

K 7r+~
K*(892)o rv

K rr+ ri'(958)
K' (892)o rr'(958)

(

(

(

[ss] (

(

(

(

(
(

(

6.0 +2.4 ) %
29 +12 )%
3.2 +1.8 ) %
1,5

1.1
7 x 10

1.06+0,29) %
1.2
3.7
1.2
1.04+0.26) /o

8 x 10

4 x 10

1,8 +0.9 ) %
1,9 +0.5 ) %
3.O +0.6 ) /.
1.1 +0.4 ) %
7.0 +1.8 ) x 10
1.1 x 10

C L=90%
CL=9O%

CL=9O%

CL=90o/

CL=90%
CL=9O%

CL=9O%

CL=9OP/

CL=90o/o

7r+ 7r

7r+ 7r

7r+ 7r+
7r+ 7r+
7r+ 7r+

pionic modes
( 1.52+0.11) x 10

( 84 +22 ) x 10

( 1.6 4 1.1 ) %

( 7.4 +0.6 ) x 10

( 19 g04)o/
( 40 +30 )x lo 4

S=2.7

K+K
Ko Ko
Ko K 7r+

K* (892)o Ko

x B(K*o ~ K a.+)
K"(892)+ K

x B(K'+ ~ Kerr+)
K K 7r+ nOnreSOna nt

Ko K+7r
K'(892) K

x B(K*o ~ K+z )
K'(892) K+

x e(K*-
K K+ 7r nonresona nt

K+ K- ~+~-
4n+rr x B(P ~ K+K )

4po x B(4 ~ K+K )
K+ K po 3-body
K*(892)o K 7r+

x B(K'o ~ K++ )
K* (892)o K+ a.

x B(K'o ~ K n+)
K*(892)o K (892)o

x B2(K*o ~ K+z )
K+ K 7r+ 7r nOn- p
K+ K 7r+ 7r nOnreSOna nt

K0K0~+ ~-
K+ K 7r+ 7r 7ro

S=1.1
Ct =9O%

2.3 +0.5 ) x 10

2, 3 +2.3 ) x 10
4, 9 +1.0 ) x 10
5 x 10 CL=90%

1.2 +0.7 ) x 10

38 +23 )xlo—1.9
2.58+0.28) x 10
53 +14 )x 10 4

5.3 +1.4 ) x 10 4

90 +23 ) x 10 4

2.1 +0.9 ) x 10

[ww]

1.1 +0.8 ) x 10

6 +2 )xlo

1.7 +0.5 ) x 10
8 x 10 4

6, 8 +2.7 ) x 10
3.1 +2.0 ) x 10

(

(

(

C L=90%

Hadronic modes with a K K pair

( 4.33+0.27) x 10

( 1.3 +0.4 ) x 10

( 6.4 +1.0 ) x 10

1.1 x 10

422

422

422

459

483
386
387

378
364

367

363

641

580
605
406

479
99

922

922

907
8?9
844

795

791
788

739
605

610

739
739
605

610

739

676
614
260

309
528

528

257

676
676
673
600

K+ 7r-
K+7r (via D )
K+ ~- 7r+ ~-
K+~- 7r+~- (via D')
p, anything (via Do)
e+e—
I(L

7roe+ e-
7l /. l, P
7te+ e
'rI p p
poe+ e
p p
~e+e
~ t-L

ye+ e

K'e+ e-
K'v 'v
K*(892)o e+ e
K*(892) p+ p

7r 7I i(l p
p~ e+
7rOe~ p+
ge p+
p'e p
~e~ p~
Pe p+
K'e+ p+
K'(892)o e y, +

D'(2007)' 1(~') = &(~-)
I, J, P need confirmation.

Mass m = 2006.7 + 0 5 MeV (S = 11)
mD, 0

—mD0
—142.12 + 0.07 MeV

Full width l & 2.1 MeV, CL = 90%

D*(2007) modes are charge conjugates of modes below.

D~(2007)0 DECAY MODES

D07ro
DO„

Fraction (I;/l )

(61.9+2.9) %

(38,1 + 2.9) %

D'(2010)+ i(i ) = -'(1 )
i, J, P need confirmation.

Mass m = 2010.0 6 0.5 MeV (S = 1.1)
mD„(2010)+ —mD+ ——140.64 + 0.09 MeV

mD'(201o)+ mD(} 145.42 + 0.05 MeV

Full width I & 0.131 MeV, CL = 90%
D" (2010) modes are charge conjugates of the modes below.

Doubly Cabibbo suppremxi (DC} modes,
BC = 2 forbidden via mixing (C2M} modes,
b C = 1 weak neutral current (Cl) modes, or
Lepton Family number (LF) violating modes

DC ( 29 +14 ) x 10
C2M & 1.9 x 10 CL=90%
DC 1.4 x 10 3 CL=90%
C2M & 4 x 1O

—4 CL=90%
C2M & 4 x 10 CL=90%
Cl 1.3 x 10 CL=90%
Cl 7.6 x 10 6 CL=900/o

Cl 4.5 x 10 5 CL=90%
Cl 1.8 x 10 CL=90%
Cl 1.1 x 10 4 CL=90%
Cl 5.3 x 10 CL=90%
Cl 1.0 x 10 CL=90%
Cl ( 2.3 x 10 4 CL=90%
Cl 1.8 x 10 4 CL=90'/p

Cl 8.3 x 10 CL=90%
Cl 5.2 x 10 CL=90%
Cl 4.1 x 10 CL=90%

[tt] ( 1.1 x 10 4 CL=90%

[tt] & 26 x 10 " CL=90%

[tt] & x 10 4 CL=90%

[tt] & 1.18 x 10 CL=90%
Cl 8.1 x 10 4 Cl =90%
LF [gg] & 1.9 x 10 CL=90%
LF [gg] & 86 x 10 CL=90%
LF [gg] & 10 x 10 CL=90%
LF [gg] & 4.9 x 10 5 CL=90%
LF [gg] & 1.2 x 10 CL:90%
LF [gg] ( 3.4 x 10 5 CL=90%
LF [gg] & 1.0 x 10 CL=90%
LF [gg] ( lno x 10 CL=90%

861
861
812
812

932
926
927
915
852

838
773
756
768
751
654
631
866
852

717
698
863
929
924

848

769
764

648

862

712

p (MeV/c)

43
137

Fractions of most
appeared above as

K'(892)o Ko

K'(892)+ K
K.(892)o Ko

K*(892) K+

4n

p~+ 7r-

4p
y7r+ 7r 3-body
K*(892) K 7r+

K*(892) K+ 7r

K*(892) K*(892)

of the following modes with resonances have already
submodes of particular charged-particle modes.

1.6 x 10 CL=90%

( 3.5 +0.8 ) x 10
8 x 10 CL=90%

( 1.8 +1.0 ) x 10
1,4 x 10 3 CL=90%
2.8 x 10 CL=90%
2, 1 x 10 3 CL=90%

( 1.07+0.29) x 10

( 1.07 +0.29) x 10
5 x 10 4 CL=90%
3.2 +1.3 ) x 10
1.7 +1.2 ) x 10
1.4 +0.5 ) x 10

605
610
605
610
644

489
239
614
260
614
528
528
257

D~(2010)+ DECAY MODES

Do~+
D+7ro

D+~

Fraction (l;/I )

(68 3+1 4) '/

(30.6+ 2.5) %

( 1 1+2.1) p/—0.7

D1 (2420)0

Dl(2420) modes are charge conjugates of modes below.

Dl(2420) DECAY MODES

D*(2010)+7r

D+ ~-

Fraction (l;/'l )

seen

not seen

1(~ ) = 2(~+)
I, J, P need confirmation.

Mass m = 2422. 2 + 1.8 MeV (S = 1.2)
Full width I = 18.9 35 MeV

p (MeV/c)

39
38

136

p (MeV/c)

355
474
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D2 (2460}0 f(i') = &(2+)

J = 2+ assignment strongly favored (ALBRECHT 89B).

Mass m = 2458.9 *2.0 MeV (S = 1.2)
Full width l = 23 + 5 MeV

D*(2460) modes are charge conjugates of modes below.2

D2(2460) DECAY MODES Fraction (I;/I )

D+ ~-
D (2010)t n

seen

seen

D2(2460}+ {(i')= '(2+)

J = 2+ assignment strongly favored (ALBRECHT 89B).
Mass m = 2459 6 4 MeV (S =- 1.7)

mo*{&4so)~ 0'{z4solo 0 9 + 3.3 MeV (S = 1.1)
2 2

Full width I = 25+7 MeV

D2(2460) modes are charge conjugates of modes below.

p (MeV/c)

503
387

pair (including from a d)
3.6 + 1.1) %
4.6 + 1.2) %
36+ 09)
3.4 + 0.9}%

O.4) %
7 + 4 )x10
1.5+ 2.0) x 10
9 + 4 )x10

Hadronic modes with a KK
(

[«}}] (

(
2)0 (

(
30)' (
+ ~ K+K-~+ [zz] (
nonresonant (

( 4.3+ 1.4)%

(9 +5)%
( 6.7 + 2.3) %

2.6
9
2.8

( 4.3 + 1.5) %

( 5.8 + 2.5) %
2.9

90%
90%
9O%

9O%

( 1,8 + 0.6) %

(30+ ' )xlo2.0

K+F0
K+ K sr+

Per+
K+ K*(89
fo(980) sr+
K+ K, (14
fg(1710)s
K+ K-~+

Ko Ko~+
K*(892)+ Ko

K+ K- ~+~0
y~+~0

4p+
P m+ x 3-body

K+ K sr+ ~0 non-P
K+ Ko~+ ~-
Ko K-~+~+

K*(892)+K'(892)
K K w+vr+ non-K*+ K*

K+ K- ~+~+~-
y~+ ~+ ~-
K+ K ~+ sr+ x non- P

850
805
712
682
732
186

204

805
802
683
748
687
407
687
748

744
744

412
744
673
640

673

D2~(2460)+ DECAY MODES

Oo~+
D40 +

Fraction (i;/I )

seen

seen

p (MeV/c)

508

390

0+
S

was F+
f(f ) = o(o )

Mass m = 1968.5 + 0.6 MeV (S = 1.1)
mD~ —mo~ —99.2 + 0.5 MeV (S = 1.1)

Mean life 7- = (0.467 + 0.017) x 10 'a s

c7 = 140 pm

D+ form factors

r2
—1.6 6 0.4

rv
——1.5 6 0.5

I Lil T = 072 + 018
Branching fractions for modes with a resonance in the final state include

all the decay modes of the resonance. D modes are charge conjugates
of the modes below.

D+ DECAY MODES Fraction (I;/I }
P

Confidence leve! (MeV/c)

K anything

K anything + K anything

K+ anything

non- K K anything
e+ anything

Inclusive modes

(13 +14
) 0/—12

(39 +28 ) %

(20 + 18
) 0/—14

(64 +17 ) 0/

& 20 0/ 9O%

CHARMED, STRANGE MESONS
(c= s=+i)

O~ = cs, D = cs, similarly for D*'s

1, or 3 K's)
0.4) %

x 10
O.5) %
O.4) %

O.6) %

)xlo3.0

Other hadronic modes (0,
( 1.4+

2.9

( 1.2+
( 1.0+

& 12

( 2.0+
1.8

( 3.O+

x+ z+ vr

po ~+
fo (980)rr+
sr+ ~+ ~ nonresonant

~+~+~-~0
g~+
w sr+

&+~+~+~-~
~+ ~+ ~- ~0~0

'9P
g~+7r 3-body

vr+ ~+ vr+ vr- vr- pro

~'(958) ~+
~+7r+7r+ ~- ~ ~0~0

g'(958) p+
rrr(958) 7r+ no 3-body

Ko~+
K+ x+ vr

K+ po
K* (892)o n+

K+K+K
PK+

(10.3+ 3.2) %
3.0

( 49+ 32)
( 49+ 18) o/o

(12 + 4 ) o/

3.1
8 x 10

( 1,0+ 0.4) %
2.9 x 10

( 6 5 + 2 8) x 10
6 x10 4

5 x1O—4

~+ ~+ p-
K+i +
K*(892)+{r,+ p,

vr p+ p+
K—p+ p+
K*(892) p+ {r+

lLC = 1 weak neutral current (Cl) modes, or
l.epton number (L) violating modes

[aaa] & 4, 3 x 10
Cl 59 x 10 4

C2 1.4 x 10
L 4.3 x1O—4

L 5.9 x 10 4

L 1.4 x 10

90%

90%

90%

90%

9O%

90%

90%

9O%

9O%

90%
90%
90%
9O%

90%
90%

959
827
732
959
935
902
822

899

902
727

886
856
743
803
470
720
916
900
747
773
628
607

968
909
765
968
909
765

/. L Vi1

PE Vg

qr+vr + g'(95 ) +8vr7

gE Vg

q'(958) r+ vr

Leptonic and semileptonic modes

(9 + 4 )x1o—3

[xx] ( 1.9+ 0.5) %

( 3.3+ 1.0) %

( 2.5 + 0.7) %

( 8.7+ 3.4) x1o-3

981
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f(~ ) = '(' )

Mass m = 2112.4 + 0.? MeV (S = 1.1)
m .~ —m ~

——143.8 + 0.4 MeV
5 5

Full width I & 1.9 MeV, CL = 90%

D* modes are charge conjugates of the modes below.
5

D + DECAY MODES

D+~
D+ ~0

Fraction (I;/I )

seen

seen

fuP) = o(1+)
l, J, P need confirmation.

Mass m = 2535.35 + 0.34 MeV

Full width I ( 2.3 MeV, CL = 90%

0,1(2536)+

Ds1(2536) modes are charge conjugates of the modes below.

p (MeV/c)

139

48

BOTTOM MESONS
(8 = +1}

8+ = ub, Bo = db, 8 = db, 8 = ub, similarly for 8"s

B-particle organization

Many rneasurernents of 8 decays involve admixtures of 8 hadrons. Pre-
viously we arbitrarily included such admixtures in the 8+ section, but
because of their importance we have created two new sections: "8+/8
Admixture" for T(45) results and "B+/Bo/Bo/b baryo-n Admixture" for
results at higher energies. Most inclusive decay branching fractions are
found in the Admixture sections. B -B mixing data are found in the 8
section, while 8 -8 mixing data and B-B mixing data for a 8 /8 ad-

mixture are found in the 8, section. CP-violation data are found in the
8 section. b-baryons are found near the end of the Baryon section.

The organization of the 8 sections is now as follows, where bullets indi-

cate particle sections and brackets indicate reviews.

Dgg(2536)+ DECAY MODES

D*(2010)+Ko

D*(2007)0 K+
D+ Ko
Do K+
Dg+

Fraction (I;/I )

seen

seen

not seen

not seen

possibly seen

p (MeV/c)

150
169
382
392

389

[Production and Decay of b-flavored Hadrons]

[Semileptonic Decays of B Mesons]

~ 8+
mass

mean life

branching fractions

~ 80

D,g(2573)+ fP ) ='(' )

D~g(2573)+ DECAY MODES

Do K+
D*(2007)o K+

Fraction (I j/I )

seen

seen

is natural, width and decay modes consistent with 2+

Mass m = 2573.5 + 1.7 MeV
Full width I = 15+4 MeV

D, J(2573) modes are charge conjugates of the modes below.

p (MeV/c)

436
245

mass

mean life

branching fractions

polarization in Bo decay
Bo Bo mixing

[Bo Bo Mixing-and CP Violation in B Decay]

CP violation

e 8+ 8 Admixtures

branching fractions

~ 8+/8 /8 /b-baryon Admixtures

mean life

production fractions

branching fractions

~ 8*
mass

~ 80
5

mass

mean life

branching fractions

polarization in 8, decay

80-80 mixing

B Bmixing (admixtur-e of BoBo),
At end of Baryon Listings:

~ Ag

mass

mean life

branching fractions
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B+ 1(i )=2(0 )

The branching fractions listed below assume 50% B ~B and 50% B+ B
production at the T(4S). We have attempted to bring older measurements
up to date by rescaling their assumed T(4S) production ratio to 50:50
and their assumed D, Ds, D*, and @ branching ratios to current values
whenever this would affect our averages and best limits significantly.

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass mB+ ——5278.9 + 1.8 MeV

Mean life ~&+ = (1.62 + 0.06) x 10 i2 s

c7 = 462 pm

B modes are charge conjugates of the modes below. Modes which do not
identify the charge state of the B are listed In the B+/B ADMIXTURE
section.

D'+ K'(892)o
O- ~+ K+

S
D* ~+ K+
D z+ K*(892)+
D' sr+ K*(892)+

2/g(1S) K+
J/@(1S)K+ a+ vr

J/$(1S) K'(892)+
l/@(1S)n.

q(2S) K+
1I (2S) K'(892)+
@(2S)K'(892}+~+ rr

X,g(1P) K+
Xci(1P) K'(892)+

4

8

1.2
6

8

Charmonium modes
( 1.01+0.14)

( 1.4 +0.6 )

( 1.7 +0.5 )
( 4.4 +2.4 )
( 6.9 +3.1 )

3.0

( 1.9 +1.2 )
( 1.0 +0.4 )

2.1

x1O—4

x 10

x 10

x 10

x 10

x 10
x 10
x 10
x1O—5

x10 4

x 10
x 10
x 10
x 10

CL=9O%

CL=90%

C L=90%
CL=90oy

C L=90%

S=1.3
C L=90%

C L=90%

2110

2222

2164

2137

2075

1683
1612
1571
1727
1284
1115
909

1411
1265

8+ DECAY MODES Fraction (I;/I )

Scale factor/ p
Confidence level (MeV/c)

E+ vg anything
DOE+ vg

D*(2007)o E+ r r
~0e
(d E Vg

P E Vg

e Ve

P+ V

7 V~

Semileptonic and leptonic modes
[qq] (10.1 +2.3 ) %

[qq] ( 1.6 +0.7 ) %

[qq] ( 5.3 *O. 8 ) %
2.2 x 10

[qq] ( 2.1 x 10

[qq] ( 2.1 x 10
1.5 x 10
2.1 x 10

1.8 x 10

C L=90%
CL=9O%

C L=90%
CL=90%
CL=90%

2638

2639
2638

CL=90% 2340

Do~+
Do p+
Do~+ ~+ ~-

Do ~+ ~+ 7r nonresonant
D ~+po

Do a, (1260)+
D*(2010) x.+ ~+

D- ~+~+
D* (2007)o rr+
D' (2007)o p+
D*(2007)0 ~+ ~+ ~

D'(2007)o az(1260)+
D*(2010) rr+ n'+ n

O*(2010)—~+ ~+ &+ ~-
Di(2420)o rr+

D~i(2420)o p+
D2 (2460)0 ~+
D2(2460)o p+
Do D+

So' o*+
5

D*(2007)o D+
D* (2007)o D'+
o+ ~0

S

o,"+
~

D+ po
S

D4+ 0
S

D+ (dS
D*+~S
D+ ai(1260)o
D*+ a1(1260)0

o+y
D*+P
D+ Ko

S
O'+ K'

S
D+ K'(892)o

D, D', or D~ modes

( S.3 +0.5 ) x1O—3

1 34+0 18

{ 1.1 +0.4 ) %

( 5 +4 )xlo
(42 +30)xlo
{5 +4 )x10 3

( 2.1 +0.6 ) x 10
1,4 x 10

( 5, 2 +0.8 )xlO—
( 1.55+0.31) %

( 9.4 +2.6 ) x 10

( 1.9 yo. s )
(15 +07)%

( 1

1.5 +0.6 ) x 10

1.4 x 10

1.3 x 10

4.7 x 10

( 17 +06 )%
( 1.2 + 1.0 ) %

(10 +7 ) x 10

( 23 +14 )
2.0 x 10 4

3.3 x 10

5 x 10 4

8 x 1O-4

4 x 1O-4

5 x 10 4

5 x 10 4

( 7 x1O—4

( 2, 2 x 10

1.6 x 10

( 3.2 x1O—4

4 10 4

1.1 x 10

1.1 x 10

5 x1O—4

2308
2238
2289
2289
2209

2123
2247

CL=90% 2299
2256
2183
2236
2062

2235

C L=90% 2217
5=1.3 2081

C L =90% 1997
CL=90% 2064

CL =90% 1979

1815

1734

1737

1650

C L =90% 2270

CL=90% 2214

C L=90% 2235

C L=90% 2177

C L:90% 2 198

CL=90% 2139

C L=90% 2195

C L=90% 2136

CL=90% 2079

C L=90% 2014

C L=90% 2141

C L=90% 2079

C L=90% 2241

CL=90% 2184

CL:90% 2171

Indentation is used to indicate a subchannel of a previous reaction. All

resonant subchannels have been corrected for resonance branching frac-
tions to the final state so the sum of the subchannel branching fractions
can exceed that of the final state.

Ko~+
K+ &0
K*(892}o~+
K*(892)+~o
K+ ~ x+ (no charm)
Kg (1400)o x+
K2 (1430)o~+
K+ po
Ko p+
K*(892)+rr+ rr

K'(892)+ po

Kg (1400)+po

K&(1430}+po

K+ K- K+
K+4

K*(892)+ K+ K
K*(892)+ rid

Kg(1400)+ $
K~(1430)+ P
K+ fo(980)
K'(892)+ p
Ki(1270)+ p
Kr (1400)+p
Kq(1430)+ p
K'(1680)+ p
Ks(1780)+p
K4(2045)+ p

~+~0
~+ ~+ ~-

po~+
~+ fo(980)
n+ f2(1270)

~+ ~0 ~o
p+ pro

~+~- ~+~0
p+ p'
ai(1260)+rro
ag(1260)orr+
(d 7l'

ger+
~+ vr+~+ vr- ~-

po az (1260)+
po a2(1320)+

~+~+~+~-~-~0
aj (1260)+ az (1260)

p p7r
pp7r+vr+~
pA
pA~+ vr

~op
Q++ p

K or K' modes
4.8
1.4
4.1

9.9
1.9
2.6
6.8
1.9
4.8
1.1
9.0
7.8
1.5
3.1
1.2
1.6
7.0
1.1
3.4
8

5.7
7.3
2.2
1,4

1.9
5.5

9.9

+3.3

x 10
x1O—5

x1O—5

x1O—5

x1O—4

x 10
x1O—4

x1O—5

x 10
x 10
x1O—4

x1O—4

x 10

x10 4

x 10
x 10
x1O—5

x 10
x 10

x 10

) x1O—5

x 10
x 10
x 10

x 10
x 10

x 10

Baryon modes
1.6
5.2
6
2.0
3,8
1.5

modes
x 10
x10 4

x 1O-5

x 10 4

x10 4

x10 4

x 10
x 10
x 10
x 10
x1O—4

x10 4

x1O—4

x1O—4

x 10 4

x1O—4

x 10
0/

x10 4

x10 4

x1O —5

x 10 4

x10 4

x1O—4

Light unflavored meson
1.7
1.9
4.3
1.4
2.4
8.9
7.7
4.0
1.0
1.7
9.0
4.0
7.0
8.6
6.2
7, 2

6.3
1,3

C L=90%
C L=90%
CL=90%
C L=90%
C L=90%
CL=90%
CL=90%

CL=90%
CL=9o%
CL=90%
CL=90%
C L=90%
CL=9o%
CL=90%
CL=90%
C L=90%
C L=90%
CL=90%
CL=9O%

C L=90%

C L=90%
CL=90%
C L=90%
C L=90%
C L=90%
C L=90%

CL =90%
CL=90%
C L=90%
CI =9O%
CL=9O%
C L=90%
C L=90%
CL=9O%
CL=9O%

CL=90%
C L=90%
C L=90%
CL=90%
C L=90%
C L=90%
CL=90%
C L=90%
C L=90%

C L=90%
CL 90o/0

C L=90%
C L=90%
C L=90%
CL=90%

2614
2615
2561
2562

2609
2451
2443

2559
2559
2556
2505
2389
2382

2522

2516
2466
2460

2339
2332

2524
2564

2486
2453
2447

2361
2343

2243

2636
2630
2582
2547

2483
2631
2582
2621
2525
2494
2494
2580
2609
2608
2434
2411
2592
2335

2439
2369
2430
2367
2402
2402
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Lepton Family number (LF)

d,B= 1 weak

Bl
Bl
Bl
Bl
Bl
LF
LF
LF
LF
L

L

L

L

L

L

~+ e+ e-
ar+ p+ p,
K+u+ v
K'(892)+ e+ e
K*(892)+y,

+
p,

~+e+ p
sr+ e p+
K+e+ p,
K+ e p+

e+ e+
~—~+ ~+
vr e+ p+
K e+ e+

p+ p+
K e+ p+

or Lepton number (L) violating modes,
neutral current (Bl ) modes

3.9 x 10 CL=90%
9.1 x 10 3 CL=90%
1.7 x 10 4 CL=90'lo

6.9 x 10 CL=90%
1.2 x 10 CL=90%
6.4 x 10 CL=90%
6.4 x 10 3 CL=90%
6.4 x 1o—3 CL=9o%
6.4 x 10 3 CL=90%
3.9 x 10 CL=90%
9.1 x 10 CL=90%
6.4 x 10 CL=90%
3.9 x 10 CL=90%
9.1 x 10 CL=90%
6.4 x 10 CL=90%

or

2638
2633
2612
2564

2560

2637
2637
2615
2615
2638
2633
2637
2616
2612
2615

80 f(f ) = 2(0 )

(average of direct and inferred)

(direct measurements)
(inferred from branching fractions)

8 -~B mixing parameters

Xd —0.175 + 0,016
—m p = (0 474 + 0.031) x 10 5 s

H L

xP = &mBD/I Bo
——0.73 + 0,05

CP violation parameters

Re(rap)l ( 0045

~B modes are charge conjugates of the modes below. Reactions indicate
the weak decay vertex and do not include mixing. Modes which do not
identify the charge state of the B are listed in the B+/B ADMIXTURE
section.

J, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass mBO
—5279.2 + 1.8 MeV

mop —me+ ——0.35 + 0.29 Mev (5 = 1.1)
Mean life %op

—(1.56 6 0.06) x 10 ~a s

cr = 468 p, m

p 8~/7 &p
——1.02 6 0.05

p
r~r/p& p

——1.03 + 0.06
r B+(wBo —0.93 + 0.22

Da(2460) p+
D- D+

s
D*(2010) D+
D D*+

s
D*(2010) D*

D+ ~-
S

Ds+
D+p-
D'+

s
D+ ag(1260)
D"+

ag (1260)
D K+
D* K+

S
D K*(892)+
D* K*(892)+
D ~+K

S
D*—~+ Ko

D rr+ K*(892)o
D' a.+ K*(892}o
O'~0
DO po

Oo~
Oo~'
Oo~
D*(2007) rr

D*(2007) p
D*(2007)0 0
D*(2007)0 ri'

D'(2007)P pu

J/g(1S} Ko

J/@(1S)K+ rr

J/g(1S) K*(892)
3/g(1S)pro
g(2S) Ko

@(2S)K+ ~
@(2S)K*(892)o

X,j (lP) Ko

X pr (1P) K*(892)o

4.9

(7 +4 )

( 1.2 +0.6 )

( 2.0 + 1.5 )

( 1.9 6 1.2 )
2.8

2.6

2.4

1.7

9.9

2.0

(

(

4.8
5.5
6.8
8.6
6.3
9.7
1,17

6.9
2.7
2.1

Charmonium modes
( 7.5 +2.1 )

( 1.1 +0.6 )

( 1.58+0.27)
6.9
8

1

( 1.4 +0.9 )
2.7
2.1

0/

0/

10

10

C L =90%

x 10 4 C L=90o

10

10 4

10

10

10 4

1O
—4

10 4

10

10

10

10

10

10 4

C L =90%
CL=90%

CL=90%

C L=90%

C L=90%

C L=90%

CL=90%

C L=90%

C L=90%

CL=90 lo

C L =90%
C L=90 lo

CL=90 lo

10 " C L =90%
10 4

10 4

10 4

C L =90%
C L=90%
C L=90'lo

10 C L=90%
10 CL=90%
10 C L =90%
10
10

C L=90%
CL=90 lo

10 4

10
10

10 C L=90%
10 4 C L =90%
10
10

10
10

C L=90%

CL=9o%
C L=90%

x 10 CL=90%

1979

1812

1735

1731

1649

2270

2214

2198

2139

2079

2014

2242

2185

2172

2112

2221

2164

2136

2074

2308
2238
2274
2198
2235
2256

2183
2220

2141
2180

1683
1652
1570
1728
1283
1238
1113
1411
1263

BO DECAY MODES Fraction (I;/I )

Scale factor/ p
Confidence level (MeV/c)

E+ vg anything
D E+ vg

D'(2010) f+ r r

p E vg

Semileptonic and leptonic modes
[qq] (10.3 +1.0 ) %

[qq] ( 1.9 +0.5 ) %

[qq] ( 4.56+0.27) %

[qq] & 4.1 x 10 CL=9O%

D, D', or D~ modes

( 3.O + O.4

( 7.8 +1.4
1.6

( 2.6 +0.4
( 8.O + 2.5

nt ( 3.9 + 1.9

( 1.1 +1.0
( 6O +33
( 1.5 + 0.5

( 7.3 + 1.5

( 7, 6 + 1.7
n- ( O. O +2.5

0 ~+
D p+
Do~+~-

D* (2010) sr+

D
—~+ ~+ 7r

( D ~+ a.+ ~ } nonresona
D —sr+ p'

D a1(1260}+
D' (2010) pr+ rre

D*(2010}—p+
D*(2010} x+ sr+ ~

( D*(2010) ~+ ~+ vr } no
resonant

D*(2010) x+ p
D*(2010) a1(1260}+

D*(2010} x+ sr+ ~
Da(2460) pr+

)xlo
)x10

x 10

)xlo
)xlo
)xlo
)xlo
)x10
)
)xlo
)x10
) xlo

( 5.7 +3.1 ) x 10

( 1.30+0.27) %

( 3.4 + 1.8 ) %
2.2 x 10

2306
2236

CL=9O% 2301
2254

2287

2287

2207
2121
2247
2181

S=-1.3 2235
2235

2151
2061
2218

C L=90'/0 2064

The branching fractions listed below assume 50% B B and 50% B+ B
production at the T(45). We have attempted to bring older measurements
up to date by rescaling their assumed T(4S) production ratio to 50:50
and their assumed D, Ds, D~, and g branching ratios to current values
whenever this would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All

resonant subchannels have been corrected for resonance branching frac-
tions to the final state so the sum of the subchannel branching fractions
can exceed that of the final state.

K+~-

K+ K
K+p

Ko po

K fo(980)
K"(892)+rr

K (892}o o

Ka(1430)+ rr

Ko K+ K
Kog
K—~+~+~
K'(892) O rr+ a

K*(892) p
K*(892 )

o
fo (980)

Kg(1400)+ rr

K ai (1260}+
K*(892)oK+ K

K'(892)o P
K1 (1400} p
Kg(1400)
K*(1430} p
K,*(1430}'y
K*(892}
K1(1270)
Kg (1400)o

p
Ka(1430)oy
K*(1680)
Ka(1780)on
K4*(2045}'~

1,7

4.0
4

3.5
3.9
3.6
7.2
2.8
2.6

1.3
8.8

[bbb] &

1.4
4.6
1.7
1.1

[bbb] & 3.9
6.1
4.3
3,0

5.0
1.1
1.4

( 4, o

7.0
4.3
4.0

2.0
1.0
4.3

3.9

+-. 1.9

K or K modes
10

10

10—6

10
1O

—5

1O-4

1O
—5

1O
—5

10

10
1O

—5

1O-4

10
1O

—4

1O
—4

10

1O
—4

1O
—4

1O
—5

10

10
10

10

1O
—5

10
10
1O

—4

10

x 10

x 10

C L =90'/o

C L=90%
C L =90%
C L=90%
CL=90 lo

CL=90%
C L=90%
CL=90 lo

C L=90%

C L=90%
C L =90%
CL=90 ll
C L 900/

CL=90 ll

C L=90%
C L =90%
CL=90%
C L=90%
CL=90%
C L =90%
CL=90%
CL=90 lo

CL=90 lo

CL=9o%
C L =90%
CL=9O%

C L =90%
C L 90ol

C L =90%
CL=90%

2615
2614
2593
2559
2559
2523
2562
2562
2445

2522

2516
2600
2556
2504
2467
2451
2471

2466
2459
2389
2339
2380

2330

2564
2486
2453
2445

2361
2343

2244

2435
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Light unflavored
x+ vr

g~'
r/ rl

0

po ~0
p+ ~+ [gg] &.+~- vr+~-
po po

at (1260)+ sr +
[gg] &

a2(1320)+sr+ [gg] &
0 0

p p
at(1260)osro
Cd /r

~+~+~- ~- 7r0

at (1260)+p
a, (1260)' p'

~+7r+ ~+ ~- ~- ~-
at(1260)+ at(1260)

~+ vr+7r+ v,
—~- ~- ~0

meson
2.0
9.1
2.5
4.1

7.2
2.4
8.8
2.8
2.8
4.9
3.0
3.1
2.2
1.1
4, 6

9.0
3.4
2.4
3.0
2.8
1.1

modes
x1O—5

x10 6

x1Q 4

x10 4

x 10 4

x 10
x1O—5

x 10 4

x10 4

x10 4

x10 4

x 10
x 10
x 10
x1O—4

x 10
x 10
x 10
x 10
x 10
0/

CL=9O%

CL 900/

CL=90%
C L=90%
CL=90/o
CL=90%
CL=90%
C L=90%
C L=90%
C L=90%
C L=90%
CL=90%
CL=90%
CL=9O%

CL=90%
CL=9O%

C L=90%
C L=-90%

C L=90%
C L=90%
C L=90%

2636
2636
2609
2582

2631
2582

2582

2621

2525

2494

2473

2622

2525

2494

2580
2609
2434

2434
2592
2336
2572

B DECAY MODES Fraction (I;/I )
Scale factor/ p

Confidence level (MeV/c)

Semileptonic and leptonic modes
e+ ve anything [CCC] ( 10.4 +0.4 ) %

p e+ ve anything 1.6 x 10

p, + v„anything [CCC] ( 10.3 +0.5 ) %
8+ ~g anything [qq, ccc] ( 10.43+0.24) %

D I+ vg anything [qq] ( 2.7 +0.8 ) %
DQ I+ vg anything [qq] ( 7.0 +1.4 ) %
D**E+ vg [qq, ddd] ( 2.7 +0.7 ) %

D(1)(2420)or+ vr anything seen

D (2)*(2460)o7+ vr any- not seen

thing
~+ E~ vg anything ( 1.00 +0.34)

D E+ vg anything [qq] &

D E+ &z K+ anything [qq] &

D E+vg K anything [qq] & 9
K+ E+ vg anything [qq] ( 6.0 +0.5 ) %
K E+ vg anything [qq] ( 1O +4 ) x 10
Ko/Kor+ vr anything [qq] ( 4.4 +0.5 )%

0/

x 10

x 10

x 10

S=1.3
CL=90%

C L=90%

C L=90%

CL=90/0

pp
p p7r
p71vr
~0 ~0
Q++ Q ——

~——~++
C

'Y y

e+ e-
P P
Koe+ e
KQI + p,

—
K"(892)o e+ e
K'(892)o p,

+ y,

e+ v-+

p+ r+

Baryon modes
3.4
2.5
1.8
1.5
1.1
1.2

x 10
x 10 4

x 10
x 10
x 10

x 10

Lepton Family number (LF) violating modes,
AB = 1 weak neutral current (Bl) modes

Bl 3.9 x1O—5

Bl 5.9 x10 6

BE 5.9 x10 6

Bl 3.0 x1O—4

Bl 3.6 x10 4

Bl 2.9 x 10 4

Bl 2.3 x 10
LF [gg] & 5.9 x 10
LF [gg] & 5,3 x 10
LF [gg] & 8.3 x 1Q

9P

CL=90%
CL=9p
CL=90%
CL=90%
C L=90%

or

C L=90%
CL=90%
CL=9O%

CL=90%
CL=90%
CL=90%
C L=90%
CL=90%
C L=90%
C L=90%

2467

2406
2401

2334
2334

1839

2640

2640

2637
2616
2612
2564
2559
2639
2341
2339

D', or D, modes

( 24.2 +3.3 )

( ss +5
( 23.1 k3.3 )

[gg] ( 8.6 +1.6 )

[gg] ( 4.9 +1.1 )
1.1

[gg] &

0/

x 10
x10 4

l/g(1S) anything

l/r/(1S) (direct) anything

g(2S) anything
X,&(1P)anything

X et (1P) (direct) a nything

Xc2(lP) anything

n, (1S)anything

Charmonium modes
( 1 14+0 06

( 80 +08 )x10
( 3.5 +0.5 ) x 1O

—3

( 4.2 +0.7 ) x 10

( 3.7 +0.7 ) x 10
38 x10
9 x 10

D,
D+ anything
D /Doanything
D* (2010)+ anything
D anything

DsD
D'(2010) p
D+ — D 4'+ — D+7l r 'Jr, p

p D+~ D*

D+ D + D+ 0

D*+p, D+ ~, D*+ w

S=1.1
S=1.1

C L=90%
CL=90%

C L=90%
CL 90o

B+/Bo ADMIXTURE

The branching fraction measurements are for an admixture of B mesons at
the T(4S). The values quoted assume that B(T(4S) ~ BB) = 100%.

For inclusive branching fractions, e.g. , B ~ D+ anything, the treatment
of multiple D's in the final state must be defined. One possiblity would be
to count the number of events with one-or-more D's and divide by the total
number of B's. Another possibility would be to count the total number of
D's and divide by the total number of B's, which is the definition of average

multiplicity. The two definitions are identical when only one of the specified
particles is allowed in the final state. Even though the "one-or-more"
definition seems sensible, for practical reasons inclusive branching fractions
are almost always measured using the multiplicity definition. For heavy
final state particles, authors call their results inclusive branching fractions
while for light particles some authors call their results multiplicities. In the
B sections, we list all results as inclusive branching fractions, adopting a

multiplicity definition. This means that inclusive branching fractions can
exceed 100% and that inclusive partial widths can exceed total widths,
just as inclusive cross sections can exceed total cross sections.

B modes are charge conjugates of the modes below. Reactions indicate
the weak decay vertex and do not include mixing.

K+ anything
K+ anything
K anything

K /Koanything
K"(892)+ anything
K'(892) / K'(892)o anything
Kt(1400) p
K2(1430) p
K2 (1770)p
Ka(1780) p
Ke(2045)p
b~ sp

K or K' modes
[gg] ( 78.9 +2.5 ) %

( 66 +5 )%
( 13 +4 )0/0

[gg] ( 64 +4 )%
( 18 +6 )%

[gg] ( 146 +26 )
4.1 x
8.3 x

1.2 x
3.0 x

1.0 x

( 23 +07 )x

10 4

10 4

10
10

10

10

CL=90%
C L=90'/0

CL=9O%
CL=90%

CL=90/0

z+ anything
pp anything
w anything

/anything

CL=9O%
S=1.8

charmed-baryon anything
Z anything

Z, anything

Z anything
Xo N(N = p or n)

p/ panything

p/ p(direct) anything
/l /A anything

/=+ anything
baryons anything

p p anything
/l p/8 p anything
/ITI anything

Baryon modes

( 6,4 + 1.1 ) %

( 4S +25)x
1.1

( S.2 +2.5 ) x

1.7 x

[gg] ( 8.0 +0.4 ) %

[gg] ( 5,5 +0.5 ) %

[gg] ( 4.o +0.5 )

[gg] ( 2.7 +0.6 ) x

( 6.s +0.6 )%
( 2.47+ 0.23) %

[ggl ( 25 +04 ) '/

5 x

10

CL=9o%

10

10 C L=90%

10

10 CL=90%

Light unflavored meson modes

[gg, eeel (359 k 7 ) %

( 21 +5 )%
81 0/

( 35 +07 )%
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e+ e anything
p+ p anything

8 B = 1 weak neutral current (Bl) modes
B1 2.4 x 10 3 CL=90%
Bl 2.4 x 1o—3 CL=9o%

b ~ J/@(15)anything
b ~ g(2S) anything
b Xcz(1p) anything

Charmonium modes
( 1.16+ 0.10) %

( 4.S + 2.4)x1O—3

( 18 + 05 )o/o

B+/Bo/B /bbar-yon ADMIXTURE

These measurements are for an admixture of bottom particles at high

energy (LEP, Tevatron, SppS).
Mean life 7- = (1.549 + 0.020) x 10 s
Mean life ~ = (1.72 + 0.10) x 10 ia s Charged b-hadron

admixture
Mean life r = (1.58 + 0.14) x 10 ia s Neutral b-hadron ad-

mixture

rcharged b —hadron/&neutral b —hadron = 1 09 + 0 13

The branching fraction measurements are for an admixture of B mesons
and baryons at energies above the T(45). Only the highest energy results
(LEP, Tevatron, SppS) are used in the branching fraction averages. The
production fractions give our best current estimate of the admixture at
LE P.

b~ sp
b ~ K+ anything
b K& anything

b ~ p/ panything
b ~ A/Aanything

charged anything

BB=
p+ p anything
v v anything

K or K' modes
1.2 x 10

( 88 +19 ) /
( 29.0 + 2.9 ) %

Baryon modes
(14 + 6 )%

5.9 y 1 1

Other modes
[eee] (584 *40 )

1 weak neutral current (Bl ) modes

Bl 5.0 x 10
B1 3.9 x 10 4

9O%

9O%

For inclusive branching fractions, e.g. , B ~ D+ anything, the treatment
of multiple D's in the final state must be defined. One possiblity would be
to count the number of events with one-or-more D's and divide by the total
number of B's. Another possibility would be to count the total number of
D's and divide by the total number of B's, which is the definition of average
multiplicity. The two definitions are identical when only one of the specified
particles is allowed in the final state. Even though the "one-or-more"
definition seems sensible, for practical reasons inclusive branching fractions
are almost always measured using the multiplicity definition. For heavy
final state particles, authors call their results inclusive branching fractions
while for light particles some authors call their results multiplicities. In the
B sections, we list all results as inclusive branching fractions, adopting a

multiplicity definition. This means that inclusive branching fractions can
exceed 100% and that inclusive partial widths can exceed total widths,
just as inclusive cross sections can exceed total cross sections.

The modes below are listed for a b initiaf state. b modes are their charge
conjugates. Reactions indicate the weak decay vertex and do not include
mixing.

B» DECAY MODES Fraction (I;/f )

dominant

p (MeV/c)

46

BOTTOM, STRANGE MESONS
(e=+~, s= ~~)

8, = sb, B, = sb, similarly for 8,*'s

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass mB. ——5324.8 + 1.8 MeV

mB, —mB —45.7 + 0.4 MeV

5 DECAY MODES Fraction (l;/l )
p

Confidence level (MeV/c) go
S t(JP) = 0(0

—
)

B+
Bo

Bo
S

Ab

( 37.8 + 2.2 ) %

(378 + 22)%
( 112 ' )o/1,9

( 13 2 + 4 1 ) o/o

DECAY MODES

mades
1.0 ) %
07 )0/

O.29) %
O.29) %
06 )
0.29) %

Semiieptonic and leptonic
[ccc] ( 11.1
[ccc] ( 10.7

[qq, ccc] ( 11.13+
Ing [qq] ( 2 01+

ing [qq] ( 66 +
hing [qq] ( 2 76+
lng [qq, fff] seen

ing [qq, fff] seen

b ~ e+ ve anything
b ~ p+ vi, anything

b ~ E+ vg anything
b ~ D l+ v~anyth
b ~ Do E+ v~ anyth
b ~ D* E+vganyt
b ~ D. E+ v~anyth

b ~ D. E+vganyth

b ~ Dz(2460)of+vrany- seen

thing
b ~ Dz(2460) f+ vr any- seen

thing
b ~ r+ v anything O. 4 ) o/.

C ~ E vg anything [qq] ( 7.9 + O. S ) %

PRODUCTION FRACTIONS

The production fractions for weakly decaying b-hadrons at the Z have
been calculated from the best values of mean lives, mixing parameters,
and branching fractions in this edition by O. Hayes (CERN) and M. Jimack
(U. Birmingham) as described in the note "Production and Decay of b-

Flavored Hadrons" in the B Particle Listings. Values assume

B(b ~ B+) = B(b ~ BO)

B(b —+ B+) + B(b —~ Bo} +B{b—+ B ) + B(b ~ Ab) = 100 %.

The notation for production fractions varies in the literature (fBp, f(b ~
B }, Br(b ~ B )). We use our own branching fraction notation here,

B(b ~ Bo).

These branching fractions all scale with B(b ~ BO), the LEP

duction fraction. The first four were evaluated using B(b ~
(11,2 1'9)% and the rest assume B(b ~ B ) = 12%.

Bo pro-
SB)=

The branching fraction B(BO ~ D 8+v&anything) is not a pure mea-
S S

surement since the measured product branching fraction B(b ~ B ) xS

B(B ~ D E+vganything) was used to determine B(b ~ B ), as
S S

described in the note on "Production and Decay of b-Flavored Hadrons. "

8 DECAY MODES

D anything

D, E+ v~ anything

D x+
S

i/4(15) 0
@(25)0

9~'
'9 fl
~+ K-
K+K

Fraction (f;/f )

(87 +31 ) o

[ggg] ( 7.6 + 2.4) %

( 12

p
Confidence level (MeV/c)

2321

seen

2.1

1.0
1.5
2.6
1.4

x 10

10 4

10
10
10—4

10 4

9O%

90%
9O%

90%
9O%

1590
1122
2861
2655
2628
2660
2639

I, I, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass mBp ——5369.3 6 2.0 MeV
5

Mean life r = (1.61+no&) x 10 ia s
cr = 483 pm

B -~B, mixing parameters

Xs ) 0.49, CL = 95%
&B at high energy = fd&y+fs&s = 0.126 6 0.008

DmBp ——mBp —mBp ) 5.9 x 10' Fi s, CL = 95%
5 sH sL

xs = EmBp/I p ) 95, CL = 95%
5 5

6B = 1 weak neutral current (Bl) modes
B1 1,48 x 10 90% 2685
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cc MESONS

&.(&s) ) = 0+(0 +)

Mass m = 2979.8 + 2.1 MeV (5 = 2.1)
Full width I = 13.2+32 MeV

g (1S) DECAY MODES
P

Fraction (I;/I ) Confidence level (MeV/c)

Decays involving hadronic resonances
(41 y17)
(2.6 +0.9) %
(20 y07) 0

(8.5 +3.1) x 10

(7.1 +2.8) x 10

& 2

& 2 0/

& 1.28 '/

1.1
& 3.1 x 10

9'(958) x x
pp
K'(892)o K ~++ c.c.
K*(892)K'(892)

ap(980) ~
a2(1320)~
K'(892) K+ c.c.
f2(1270) g

1319
1275
1273
1193
1086

90% 1323
90% 1193
90% 1307
900/0 1142

90% 1268

KK7r

2(K+ K )
2(sr+~ )
pp
KKq
Jr 7r p p
An

Decays into stable hadrons

(5.5 +1.7) %

(4.9 + 1.8) %

(20 +07) 0/—0.6
(2.1 +1.2) /0

12 +04) 0/

{1.2 +0.4) x EO
—3

& 3.1
1.2

& 2 x 10

Radiative decays
(3.0 +1.2) x 10 4

1378
1425

1342

1053
1457
1157

90% 1262

90% 1023
90% 987

1489

2/@(1S) (~ ) = 0 (1 )

l/Q(15) DECAY MODES Fra etio n (I;/I )

had rons
virtual p ~ hadrons

e+e
P P

Decays involving

P 7I

po 0

a2(1320) p
w++ sr+ vr vr

Cd 7r 7l

K*(892)o K2(1430)o+ c.c.
tu K'(892) K+ c.c.
~ f2(1270)
K+ K*(892) + c.c.
Ko K (892)o+ c.c.

bg (1235)+ ~+
~ K+ Ko ~+S
b~ (1235)o zo
PK"(892) K+ c.c.
wKK

w fg(1710) —& w K K
&2(sr+ ~ )
D(1232)++p~

PKK
P fg(1710) ~ g K K

pp~
B(1232)++A(1232)
Z(1385) Z(1385)+(or c.c.)
p p~'{958)
y f ', (1525)

[gg]

[gg]

(877 +05 )0/

(170 +20 ) 0/0

( 6 02+0 19) 0/

( 6.01 + O. E 9) /0

hadronic reson

( 1.28+0.EO)

( 42 +0.5 )

( 1.09+0.22)

( 8.5 +3.4 )
( 7.2 +E.O )

( 6.7 + 2.6 )

( 5.3 +2.0 )

( 43 +06 )

( 5.o +0.4 )

( 4.2 +0.4 )

( 3.4 +O.s )
( 3.0 +0.5 )

{ 3.0 +0.7 )

( 2.3 +0.6 )

( 2.04+0.28)

( 1.9 +0.4 )

( 4.S + 1.1 )

( 1.60+0.32)

( 1.6 +0.5 )

( 1.58+0,16)

{ 1.48+ 0.22)

( 3.6 +0.6 )

( 1,30+0.25)

( 1,10+0.29)

{ 1.03 +0.13)
(9 +4 )
(s +4 )

ances
0/

x 10
0/

x 10

x 10
x 10

x 10
x 10

x 10
x 10
x 10
x 10

x 10

x 10
x 10
x 10
x 10 4

x 10
x 10
x 10
x 10
x 10
x 10
x 10
x 10
x EO

—4

x 10 4

S=1.3

S=1.7
5=2.7

1548
1545

1449
1449
1125
1392
1435
1005

1098
1143
1373
1371
1436
1299
1210

1299
969

1268
878

1318
1030
1394
1179
875

769
938
692
596
871

IVlass m = 3096.88 + 0.04 MeV

Full width I = 87 + 5 keV

= 5.26 + 0.37 keV (Assuming I = I„„)
Scale factor/ p

Confidence level (MeV/c)

2(n.+a. )mo
3(~+ 7r }~
~+~- ~0
~+~- ~OK+ K—
4(~+ vr ) n.p

~+~- K+ K-
KK~
p P71 7!

2(~+ ~-)
3(~+~-)
n n~+ vr

ZZ
2(~+ ~-) K+ K-
p p7r 7r 7r

pp
PP'0
pn~
nn

AA

p pal

A Z ~+ (or c.c.)
pK A

2(K+ K )
pK Zo
K+ K-

.+vr-
Ko Ko

S L

AZ+ c.c.
Ks Ks

n'gc(ls)
0

'7 rl 7r 7r

n u(1440) ~
pp(1440) -+

'happ

n p'(958)
~2~+ 2~
p f4(2050)

ng(1440) ~
P f2(1270)
~ f, (1710)

"/p p

pKK

y~+�-
~P�Kos

w f1(1420)
4n
= (1530):+
p K Z'(1385)o
(47 7r

P 9'(958)
P fp(980)
= (1530)o =
Z(1385) Z+ (or c.c.)
P fg(1285)
P'0
w n'(958)
w fp(980)
p g'(958)
PP4
a2(1320)+ a.+
K K2(1430)+ c.c.
K2(1430)o K2(1430)o
K*(892) K*(892)
Q fg(1270}
ppp
Qq(1440) —+ (tq7c7c

~ f', (1525)
Z(1385)o A

6(1232)+ p
ZOA

( 8.0 + 1.2 )
( 7 2 +0 9 )

( 6.S +2.4 )

( 6.5 +0.7 )

( 5.9 + 1.5 )

( 5.1 +3.2 )

( 4.2 +0.6 )

( 3.3 +0.4 )
3.2 10.9 )

( 3.2 +1.4 )

[gg] ( 31+05 )
( 2.6 +0.5 )

( 1.93+0.23)

( 1.67+0.25)

( 1.4 +0.5 )
1.05+0.18)

( 45 +15 )

[gg] & 43
4.0

2.9

5

3.7
3.1
2.5

( 2.2

( 2

1

9
6.8

x 10
x 1O

—4

x 10 4

x 10
x 10
x 10 4

x 10 4

x 10 4

x 10 4

x 10 4

x 1O
—4

x 10 4

x 10 4

x 10
x 10 4

x 10
x 10
x 10
x 10

x 10

x 10 4

x EO
—4

x 10 4

x 10 4

x EO
—4

x 10
x10 4

x 10

x 10 6

Radiative

(

(

(

[Pl (

(

(

(

(

(

(

(

(

(

(

decays
1.3 +0.4 )
8.3 +3.1 )
6.1 + 1.0 )
9.1 + 1.8 )
6.4 + 1,4 )
4.5 + 0.8 )
4.31+0.30)
2.8 +0.5 )
2.7 +O.7 )
1.59+0.33)
1.7 +0.4 )
1.38*0,14)
9.7 + 1.2 )
8.6 +0.8 )

0/

x 10
x 10
x 10 4

x 1O
—5

x 10
x 10
x 10
x 10
x 10
x 10
x 10
x10 4

x EO
—4

Decays into stable hadrons

( 3 37yo 26) 0/

(2,9 +06)%
( 1.50+0.20) %

( 1.20+0.30) %

( 9.0 +3.0 ) x 10

( 7.2 +2,3 )xlo
( 6.1 +1.0 ) x 10

( 6.O *0,5 ) x EO
—3

( 4.0 +1.0 ) x 10

( 40 +20 )x10
(4 +4 )xlo
( 3.S +0.5 ) x EO

—3

( 3.1 +1.3 ) x 10

[hhh] ( 2.3 +0.9 ) x 10

( 2.14+0.EO) x 10

( 2.09+0.18) x 10

( 2.00+0.ao) x EO
—3

( 1 9 +0.5 ) x 10—3

( 1.8 +0.4 ) x 10

( 1.35+0.14) x 1O
—3

( 1.09 +0.09) x 10

[gg] ( 1.06+0.12) x 10

(8.9 +1,6)xlo 4

( 7.0 +3.0 ) x 10 4

{ 29 +0,8 )xlo
( 2.37+0.31) x 10 4

( 2.2 +0.7 )xlo 4

( 1.47+0.23) x 10

( E.os+ 0, 14) x 10 4

1.5 x EO
—4

5.2 x 10

S=1.4

S=1.9

S=1.l

CL 900/0

CL=9o%

C L=90%

C L=90%
CL 900/

C L =90%
C L=90/0
C L=90%

C L=90%
C L=90%
C L=90%
C L=90%

S=1.3

S=1.9

S=1.s
S=1.2

C L=90%
Ct =9O0/

S=1.9

S=1.3

1365
1114
1062
1320
597
645

1447
1192
1182
608
857

1032
1398
1279
1271
1283
527

1263
1159
588

1263
1036
779
946

1003

1100
1032
1377

1496
1433
1533
1368
1345
1407
1440
1107
1517
1466
1106
992

1320
1033
1232
948

1174
1231
818

1074
1176
945
876

1131
820

1468
998

1542
1466

1032
1466

116
1518
1487
1223
1223
1343
1400
1517
874

1337
1223
1286
1075
1500
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p fj (1420) ~ p K K 7r

~ f, (1285)
n fa(1525)

"/P P
p rI(2225}
yrI(1760) ~ yp p

ppp7l 7r

phd
37
n' fp(1370)
p fo (1500)

( S.3

( 6.5

( 6,3

( 40
( 3.S

( 2.9

{ 1.3

{ 3.9
7.9
5
1.3
5.5

( 3.4
( 8.2

+1.5 ) x 10 4

+1.0 ) x10 4

+1.0 ) x10 4

+1.2 ) x10 4

+1.0 )xlo 4

+0.6 ) x10 4

+09 ) x 10 4

+1.3 ) x 10
x 10
x10 4

x 1O
—4

x 1O
—5

+0.7 ) x10 4

+15 )x10 4

1220
1283
1173

S=2.1 1166
1232
834

1048
1546

C L —. 90o/

CL=90%
CL=90%
C L=90%

1107
1548
1074
1548

1184

XcO(i P)

X~(1P) DECAY MODES Fraction (I;/I )
P

Confidence level (MeV/c)

2(rr+ n )
7r+ 7r K+ K
po~+ ~-
3(7r+ 7r )
K+ K'(892) 7r + c.c.
7r+.—
K+ K
7i 7l PP

9n
PP

Hadronic decays
(3.7 +0.7)
{3.0+O.?)
(1.6 + o.s)
(1.5 4 0.5)
(1.2 +O.4)
(7.5 +2.1)
(7.1+2.4)
(5.0+2.0)
(3.1+0.6)
(2,S +1.1)

& 9.0

0/

0/

0/

x 10
x 10
x 10
x 10
x 10
x1O—" 90 /o

1679
1580
1608
1633
1522
1702
1635
1320
1702
1617
1427

~-I/&(»)

X,1(lP)

Radiative decays
(6.6+1.8) x 10

(4.0+2.3) x 10 4

(~ ) = 0+(1+ )

Mass m = 3510.53 + 0.12 MeV

Full width f = 0,88 + 0.14 MeV

303
1708

i (i ) =0+(o++)
Mass m = 3415.1 + 1.0 MeV

Full width I = 14 + 5 MeV

»/@(»)
Radiative decays

(135 +1 1 )
( 1.6 +0.5 )xlo 4

430
1778

$(2S) IG(JPC) 0
—

(1
——

)

g(2S) DECAY MODES Fraction (I I /I )

hadrons

virtual' ~ hadrons
e+e

P

(98.10+0.30) %

( 2.9 +0.4 ) /o

( 88 +13 ) x 10

( 7.7 +1.7 ) x 10
1843
1840

J/@(1S)anything

I/Q(1S) neutrals

J/P(1S) ~+ ~-
J/@(1S)7r P n.P

J/@(1S)ri
J/g(1S)n. P

Decays into J/g(1S)and anything

(57 +4 ) %

(232 y26
(32.4 k2.6 } %

(18.4 +2.7 ) %

( 2.7 +04 ) %

(9,7 +2.1 )xlo
S=1.7

477

481
200
527

3(n.+n. )rrP
2(n. + n. ) rr

7r+7r- K+ K-
7i 7i PP
K+ K*(892)p 7r + c.c.
2(n.+ rr )
p07r+ 7r-

PP
3(vr+rr )
PP7l
K+K
~+~-7ro

/%n

P7l
K+K
K+ K*(892) + c.c.

Hadronic decays

( 3.S +1.6
( 3, 1 +0.7
( 1.6 +04
( 8.O +2.0
( 6.7 +2.5
( 4, S +1.0
( 4.2 + 1.S

( 1.9 +0.5
( 1.5 + 1.0

( 1.4 +0.5
1.O +O.?

(9 +5
(s +5

4

C 2

( 8.3
( 2.96

5.4

)xlo
) x1O —3

)x10
) x1O —4

) 10 4

)x10 4

}xlo 4

)xlo
)xlo 4

)x10 4

)xlo 4

)x10
)xlo

x 10 4

x10 4

x 10
x1O —5

x1O —5

CL=9O%

C L =90%
C L=90%
CL=90%
C L=90%

1746
1799
1726
1491
1673
1817
1751
1586
1774
1543
1776
1830
1838
1467
1285
1760
1754
1698

Mass m = 3686.00 + 0.09 MeV
Full width I = 277 + 31 keV (S = 1.1)
I « —2.14 6 0.21 keV (Assuming I « ——I »)

Scale factor/ p
Confidence level (MeV/c)

Xc1(1P) DECAY MODES

3(n+ rr )
2(n+ rr )~+~- K+ K-
P 7i 7l

K+ K*(892)Pn + c.c.
7l 7r p p
PP
7r+7r + K+ K

Fraction (I;/I )

0/

x 10
x 10

10
x 10

x 10
x 10

Hadronic decays
( 2.2+0.8)

{ 1.6 +0.5)
(9 k4 )

( 3.9+3.5)

( 3.2+2.1}
( 1.4+0.9}
( 8.6+1.2)

2.1

p (MeV/c)

1683
1727

1632
1659
1576
1381
1483

Xco(1F)
f xct (1P)

pXc2(1P)
qqc(1S)

p ri'(958)

pri(1440) ~ pK Ks.

Radiative decays

( 9.3 +0.8
( S.7 +0.8
( 7.8 +0.8
( 2.8 +0.6

5.4
1.1
1.6
1.2

)%
)%
)

)xlo
x 10
x 10

x 10 4

x 10 4

C L =95%
C L =90'/o

C L=90%
C L =90%

261
1?1
127
639

1841
1719
1843
1569

p J/r/ (lS)

X,2(lP)

Radiative decays
(2?.3+1.6} %

i (J ) = 0+(2++)

389

i(r(3770) )=' (1 )

Mass m = 3769.9 + 2.5 MeV (S = 1.8)
Full width I = 23.6 + 2.7 MeV (S = 1.1)
I « —0.26 + 0.04 keV (S = 1.2)

X~2(lP) DECAY MODES Fraction (I;/I )

Mass m = 3556.17 + 0.13 MeV

Full width f = 2.00 + 0.18 MeV

P
Confidence level (MeV/c)

g(37'TO) DECAY MODES

DO
e+e

Fraction (I;/I )

dominant

(1.12+0.17) x 10 1.2
242

1885

P
Scale factor (MeV/c)

2(n. + vr )~+~- K+ K-
3(n+ n )
po ~+ ~-
K+ K"(892)07r + c.c.
7l 7l P P
7r+ 7r-
K+ K
PP

7/0
J/d(1S)rr+ rr

0/

0/

0/

x 10
x 10
x 10
x 10
x 10
x 10
x 10
x 10 4

Hadronic decays
( 2.2 + o.s )

( 1.9 +0.5 )
( 1.2 + 0.8 )
(7 +4 )
( 4.8 +2.8 )

( 3.3 + 1.3 )

( 1.9 +1.0 )
( 1.S + 1,1 )
(10.0 +1.0 )

( 1.10+0.28)

(s +5 )
1.5 9O%

1751
1656
1707
1683
1601
1410
1773
1708
1510
1773
1692

185

/{4040) DECAY MODES

e+e
OO OO

D*(2007} D + c.c.
D*(2007)P D'(2007)P

Fraction (I I. /I )

{1.4+0.4) x 10
seen

seen

seen

i((ao4o) I"'I

Mass m = 4040 + 10 MeV

Full width I = 52 + 10 MeV

ee = 0-75 + 0.15 keV

p (MeV/c)

2020
777
578
232
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Q(4160) ("'1 )='(t ) X»(1P) UJJ} iG(JPC) 0+(t + +)
J needs confirmation.

f(4160) DECAY MODES

e+e
Fraction (I;/f )

(10+4) x 10 6

Mass m = 4159 + 20 MeV
Full width I = 78 + 20 MeV

I ee = 0 77 + 0.23 keV

p (MeV/c)

2079

Xb1(1P) DECAY MODES

p T(1S)

Fraction (I;/I )

(35+8) %

Mass m = 9891.9 6 0.7 MeV

p (MeV/c)

422

@(4415) I"'} )='(t )

Xy2(1P) ((7/} i (J ) = o+(2++)
3 needs confirmation.

Mass m = 4415 + 6 MeV

Full width I = 43 + 15 MeV (5 = 1.8)
ee = 0.47 + 0.10 keV

Xy2(1P) DECAY MODES

p T(1S)

Fraction (I &/I )

(22+4) %

Mass m = 9913.2 + 0.6 MeV

p (MeV/c)

443

Q(4415) DECAY MODES Fraction (I;/f ) p (MeV/c)

hadrons
e+e

dominant

(1.1+0.4) x 1O
—5 2207

bb MESONS

T(15}

7'(1S) DECAY MODES

T+ T

e+e
P P

Fraction (I;/I )

(2 67 +0.14) (y—0.16

(2 52+0 17

(2 48+0 07

Scale factor/ p
Confidence level (MeV/c}

4384

4730
S=1.1 4729

J/@(1S)anything

p 7r

7r+ 7r

K+K
pp

Hadronic decays
(1.1 +0.4
2

& 5

& 5

& 5

)x10
x iO-4

x10 4

x10 4

x 10 4

CL=9O%

CL=9o%
C L=90%
CL=9O%

4223
4698
4728
4704

4636

Radiative decays
~2h+2h- (7.O +1.5
y3h+ 3h- (S.4 +2.0
p4h+ 4h (7.4 k 3.5
p7r+7r- K+ K- (2.9 60.9

y 27r+ 27r (2.S +0.9
y 37r+ 37r (2.S +1.2
p27r+ 27r K+ K (2.4 +1.2
+7r 7r pp {i.s +0.6
+27r 27l pp (4 +6
p2K+ 2K (2O +2.0
o n'(958) 1.3

& 3.5
o f2(1525) & 1.4

p f2(1270) & 1.3

p q(1440) & 8.2
PfJ(1710) ~ PKK & 2.6

p fo(2200) ~ p K+ K & 2

P fJ(2220) ~ P K+ K & 1.5
o' n(2225) v d d 3

pX 3
X = pseudoscalar with m& 7.2 GeV)

pXX 1

XX = vectors with m& 3.1 GeV)

)x10 4

) x iO-4

)xiO —4

) x 10
)xiO —4

)x10 4

)x10
)x10 4

)x10
)xlo

x 10
x10 4

x10 4

x 10 4

x 10
xiO —4

x 10 4

x 10
x 10
x 10

x 10

4720

4703
4679
4686
4720

4703
4658
4604
4563
4601

C L=90% 4682

C L=90% 4714
CL=90% 4607

C L=90% 4644

CI:90% 4624

CI =90% 4576

CL=90% 4475

CL=90% 4469
C L=90% 4469
CL= 90%

CL=90%

iG(JPC) = 0 (1 )

Mass m = 9460.37 + 0.21 MeV (5 = 2.7)
Full width I = 52.5 + 1.8 keV

lee = 132+0.05 keV

T(25)
Mass m = 10.02330 6 0.00031 GeV

Full width I = 44 + 7 keV

I « ——0.52 + 0.03 keV

7'(2S) DECAY MODES

T(tS)~+ n
T(15)&ron.o

T+T

e+e
v.(1s)7ro

T(1S)q
J/Q(1S}anything

Fraction (I &/I )

(18.5 +0.8 ) %

( 8.8 + 1.1 ) %

( 1.7 4 1.6 ) %

( 1.31+0.21) %
seen

8

2

6

x 10
x 10
x 10

p
Confidence level (MeV/c}

475

480
4686
5011
5012

90% 531
90% 127
90% 4533

pXat(tP)
& Xa2(1P)
o Xqo(1P)
P fJ(1710)
o fq(1525}
o f2(1270)

Radiative decays

( 6.7 +0.9
( 6.6 +0.9
( 4.3 + 1.O

5.9
5.3

2.41

) Oj

) 0/'

) 0/

x10 4

x 10 4

x10 4

131
110
162

90% 4866
90% 4896

90% 4931

Xg)(2P) Uii 1 iG(JPC) p+(p+ +)
3 needs confirmation.

Mass m = 10.2321 + 0.0006 GeV

Xg)(2P) DECAY MODES

p T(2S)
p T(1S)

Fraction (I;/I )

(4.6+2.1) %
{9 +6 )xiO —3

p (MeV/c)

210
746

IG(JPC) = 0+(1++)
2 needs confirmation.

Mass m = 10.2552 6 0.0005 GeV

mg (2p}
—m~ (2P}

—23.5 + 1.0 IVleV

X»(2P} ('7}

Xy1(2P) DECAY MODES

p T(2S)
7 T(tS)

Fraction {I;/f )

(21 954 ) %

( 8.5+1.3) %

p
Scale factor (MeV/c)

1.5
1.3

229

764

Xtt2(2P) O'J) i G
(JPC

) p+ (2 + +
)

J needs confirmation.
Mass m = 10.2685 + 0.0004 GeV

(2P) y {2P)
——13.5 + 0.6 MeV

Xitp(1P) (177i iG(JPC) 0+(p++)
J needs confirmation.

Mass m = 9859.8 + 1.3 MeV

Xb2(2P) DECAY MODES

p T(2S)
&

V.(1S)

Fraction (C;/I )

(i6.2+2.4) %

( 7.1+1.0) %

p (MeV/c)

242

776

Xb0(1P) DECAY MODES

p T(1S)
Fraction (I;/I )

p
Confidence level (MeV/c)

90% 391
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T(3S) i (~ )=o (1 )
NOTES

T(3S) DECAY MODES

T(2S) anything

T(2S) rr+ rr

T(25) pro rro

T(2S)pp
T(1S)sr+ vr

T(1S)x o pro

P P
e+e

Fraction (l;/I )

106 +08
( 2.8 +0.6 ) %

( 2.00+0.32) %

( 5.0 +0.7 ) %

( 4.48+0.21) %

( 2.06+0.28) %

( 1.81+0.17) %
seen

Mass m = 10.3553 + 0.0005 GeV

Full width I = 26.3 + 3.5 keV

2.2
296
177
190
327
814
816

5177
5177

p
Scale factor (MeV/c)

ln this Summary Table:

When a quantity has "(S = . . .)" to its right, the error on the quantity has

been enlarged by the "scale factor" S, defined as 5 = QXz/(N —1), where
N is the number of measurements used in calculating the quantity. We
do this when S ) 1, which often indicates that the measurements are incon-
sistent. When S ) 1.25, we also show in the Particle Listings an ideogram of
the measurements. For more about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p is

the momentum of each decay product in the rest frame of the decaying
particle. For a 3-or-more-body decay, p is the largest momentum any of the
products can have in this frame.

pXbz(2P)
PXbt(2P)
r Xt o(2P)

Radiative decays
114 +08

(11.3 +0.6 ) %

( 5.4 +0.6 )%

1.3 87

100
123

T(4S)
or T(10580}

Mass m = 10.5800 + 0.0035 GeV

Full width I = 21 + 4 MeV (S = 2.3)
I « —0.248 + 0.031 keV (S = 1.3)

T(4S) DECAY MODES

BB
e+e
l/@(3097) anything
0*+anything + c.c.
&anything
T(1S)anything
non- B B

p
Fraction ([;/I ) Confidence level (MeV/c)

dominant

(2.8+0.7) x 10
(2.2+0.7) x 10

& 7.4
( 23 x 10

x 10

& 4

90%
90%
90%
95%

5290

5099
5240

1053

T(10860) DECAY MODES

e+e
Fraction (I &/f )

(2.8 g 0.7) 10 6

p (MeV/c)

5432

T(11020) iG(gPC) 77(1 ——
)

Mass m = 11.019 + 0,008 GeV

Full width I = 79 + 16 MeV

ee = 0 130 6 0.030 keV

T(11020) DECAY MODES

e+e
Fraction (I;/I )

(1.6+0.5) x 10

p (MeV/c)

5509

T(10860)

Mass m = 10.865 + 0.008 GeV (S = 1.1)
Full width I = 110 + 13 MeV

r« —0.31 + 0.07 keV (S = 1.3)

[a] See the "Note on ~+ ~ f+ vp and K+ ~ f+ vp Form Factors" in the
x+ Particle Listings for definitions and details.

[bJ Measurements of I (e+ v, )/I (p+ v„)always include decays with p's, and

measurements of I (e+ v, p) and I (p+ v„p)never include low energy ~'s.
Therefore, since no clean separation is possible, we consider the modes
with p's to be subreactions of the modes without them, and let [I (e+ v, )
+ I (p+vp)]/f tptaJ —100%.

[c] See the rr+ Particle Listings for the energy limits used in this measure-
rnent; low-energy p's are not included.

[JJJ] Derived from an analysis of neutrino-oscillation experiments.

[eJ Astrophysical and cosmological arguments give limits of order 10 ts; see
the vr Particle Listings.

[f] See the "Note on the Decay Width I (ri ~ pp)" in our 1994 edition,
Phys. Rev. 050, 1 August 1994, Part I, p. 1451.

[g] See the "Note on rJ Decay Parameters" in the rr Particle Listings.

[hJ C parity forbids this to occur as a single-photon process.

[i] See the "Note on scalar mesons" in the fo(1370) Particle Listings.

[j] See the "Note on p(770)" in the p(770) Particle Listings.

[k] The e+e branching fraction is from e+e ~ x+x. experiments only.
The ~p interference is then due to ~ p mixing only, and is expected to
be small. If ep, universality holds, I (po ~ p+p, ) = I (po ~ e+e )
x 0.99785.

[i] This is only an educated guess; the error given is larger than the error on
the average of the published values. See the Particle Listings for details.

[m] See the "Note on at(1260)" in the at(1260) Particle Listings.

[n] See the "Note on the ft(1420)" in the ft(1420) Particle Listings.

[o] See also the Jv(1600) Particle Listings.

[p] See the "Note on the rJ(1440)" in the ri(1440) Particle Listings.

[q] See the "Note on the p(1450) and the p(1700)" in the p(1700) Particle
Listings.

[r] See the "Note on non-qq mesons" in the Particle Listings (see the index
for the page number).

[s] See also the Jv(1420) Particle Listings.

[t] See the "Note on f~(1710)" in the f~(1710) Particle Listings.

[u] See the note in the K+ Particle Listings.

[v] The definition of the slope parameter g of the K ~ 3~ Dalitz piot is as
follows (see also "Note on Dalitz Plot Parameters for K ~ 3vr Decays"
in the K+ Particle Listings):

lMlz = 1 + g(ss SQ)/mz+ +

[w] For more details and definitions of parameters see the Particle Listings.

[x] See the K+ Particle Listings for the energy limits used in this measure-
ment.

[y] Most of this radiative mode, the low-momentum p part, is also included
in the parent mode listed without p's.

[z] Direct-emission branching fraction.

[aa] Structure-dependent part.

[bb] Derived from measured values of p+, clou, april, r&, , and lmK,
5 L

mK, J, as described in the introduction to "Tests of Conservation Laws. "
S
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[cc] The CP-violation parameters are defined as follows (see also "Note on

CP Violation in Ks ~ 3~" and "Note on CP Violation in K& Decay"
in the Particle Listings):

r/+ = ]r/~ ]e'&+- = A(Ko~ ~+ vr )
E +

A(Kos ~+ ~

Boo = ~9oo eip
A(KP xoxo)

L
2E /

xpxp)

F(KPL - x f+-u) —F(KPL n+f-u)
I (KPL ~ x E+ v) + I (Kot ~ r+rE v)

F(KP &y — P)CP viol.
S

F(K', x+ x- xo)
Im(r/~ p)z =

F(Ks x x x )
Im(r/ppp)

F(KP, - ~oxoxo)

where for the last two relations CPTis assumed valid, / e , Re(r/. +. p) =
0 and Re(oooo) 0.

[dd] See the Kos Particle Listings for the energy limits used in this rneasure-
ment.

[ee] Calculated from KP& semileptonic rates and the KP& lifetime assuming BS
= AQ

[FF] e'/e is derived from r/pp/r/+
]

measurements using theoretical input on

phases.

[gg] The value is for the sum of the charge states of particle/antiparticle states
indicated.

[hh] See the Kpt Particle Listings for the energy limits used in this measure-
rnent.

[/I] m + ) 470 MeV.

[jj] Allowed by higher-order electroweak interactions.

[kk] Violates CP in leading order. Test of direct CP violation since the in-

direct CP-violating and CP-conserving contributions are expected to be
su p pressed.

[//] See the "Note on fp(1370)" in the fp(1370) Particle Listings and in the
1994 edition.

[mm] See the note in the L(1770) Particle Listings in Reviews of Modern
Physics 56 No. 2 Pt. II (1984), p. S200. See also the "Note on Ka(1770)
and the Ka(1820)" in the Ka(1770) Particle Listings.

[nn] See the "Note on Ka(1770) and the Kz(1820)" in the Ka(1770) Particie
Listings.

[oo] This is a weighted average of D+ (44%) and DP (56%) branching frac-
tions. See "D+andDp ~ (r/anything) / (total D+ and Dp)" under
"0+ Branching Ratios" in the Particle Listings.

[pp] This value averages the e+ and /r+ branching fractions, after making a
small phase-space adjustment to the p+ fraction to be able to use it as
an e+ fraction; hence our E+ is really an e+.

[qq] E indicates e or n, mode, not sum over modes.

[rr] The branching fractions for this mode may differ from the sum of' the
submodes that contribute to it, due to interference effects. See the
relevant papers in the Particle Listings.

[ss] The two experiments determining this ratio are in serious disagreement.
See the Particle Listings.

[tt] This mode is not a useful test for a BC=1 weak neutral current because
both quarks must change flavor in this decay.

[uu] The Dpt-Dpalimits are inferred from the Dp Op mix-ing ratio I (K+rr or
K+x rr+x via DP) / I (K rr+or K x+x+x ).

[irv] This value is calculated from the ratio I (K /r+v„)/I (/r+anything) in

the D Particle Listings.

[ww] The experiments on the division of this charge mode amongst its sub-
modes disagree, and the submode branching fractions here add up to
considerably more than the charged-mode fraction.

[xx] For now, we average together measurements of the pe+ ve and @/r+ v&

branching fractions. This is the average, not the sum.

[yy] This branching fraction is calculated from appropriate fractions of the
next three branching fractions.

[zz] This value includes only K+ K decays of the f~(1710), because branch-

ing fractions of this resonance are not known.

[aaa] This mode is not a useful test for a BC=1 weak neutral current because
both quarks must change flavor in this decay.

[bbb] Bp and Bp contributions not separated. Limit is on weighted average of
the two decay rates.

[ccc] These values are model dependent. See 'Note on Semileptonic Decays'
in the 8+ Particle Listings.

[ddd] D*" stands for the sum of the D(1 P, ), D(1 Pp), D(1 Pt), O(1 Pz),
O(2'Sp), and D(2 S,) resonances.

[eee] Inclusive branching fractions have a multiplicity definition and can be
greater than 100%.

[fff] D& represents an unresolved mixture of pseudoscalar and tensor D" (P
wave) states.

[ggg] Not a pure measurement. See note at head of Bp Decay Modes.

[hhh] Includes pp7r+~ p and excludes ppg, pp~, ppg'.

[//i] j known by production in e+ e via single photon annihilation. /

is not known; interpretation of this state as a single resonance is unclear
because of the expectation of substantial threshold effects in this energy
region.

[jjj] Spectroscopic labeling for these states is theoretical, pending experimen-
tal inform ation.
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See also the table of suggested qq quark-model assignments in the Quark Model section.

~ Indicates particles that appear in the preceding Meson Summary Table. We do not regard
the other entries as being established.

Indicates that the value of l given is preferred, but needs confirmation.

~ 7r

~ ~0

~ 'g

~ fp(400 1200)
~ p(770)
~ ~(782)
~ j?'(958)
~ fo(98O)
~ ap(980)
~ P(1020)
~ hj(1170)
~ hj(1235)
~ aj(1260)
~ f2 (1270)
~ fj (1285)
~ j?(1295)
~ jr(1300)
~ a7(1320)
~ fo(1370)

hj(1380)
p(1405)

e fj(1420)
~ ur (1420)

f7 (1430)
~ j?(1440)

ap(1450)
~ p(1450)
~ fp(1500)
~ fj(1510)
~ f2(1525)

f2 (1565)
~ ~(1600)

X(1600)

LIGHT UNFLAVORED
(S= C= 8=0}

fG (gPC )

1-(o-)
1-(o-+)
0+ (p

—+)
p+(p + +)
1+(1 )

(1 )
o+(o —+)
0+(0 + +)
1
—(o++)

0 (1 )
0-(1+ -)
1+(1+ —

)
1
—(1++)

P+(2+ +)
P+(1 + +)
o+(0-+)
1
—

(o
—+)

1
—(2++)

0+(0+ +)
-(1+')

(1
—+)

0+(1++)
(1 )

P+(2 + +)
p+(p —+)
1
—(P++)

1+(1 —-)
p+(p+ +)
p+(] + +)
0+(2+ +)
P+(2+ +)
o-(1- -)
2+(2+ +)

f2(1640)
~ ~s(1670)
~ jr 2 (1670)
~ rt (1680)
~ pa(1690)
~ p(1700)
~ fg(1710)

X(1740)
q(176O)
jr(1800)
X(1775)
f2 (1810)

~ Ojs(1850)

j]2(1870)
X(1910)
f2 (1950)
X(2000)

~ f2(2010)
ag(2040)

~ f4 (2050)
7r 7 (2100)
f, (215O)
p(2150)
fp(2200)
fg(2220)

rf(2225)
ps(2250)

~ f2(2300)
f4(2300)

~ f, (234O)

ps(2350)
as(2450)
f, (251O)
X(3250)

fG(gPC)

0+(2+ +)
0 (3 )1-(2-+)
0 (1 )
1+(3 )
1+(1 —-)
0+(even + +)
0+ (even + +

)
p+(p —+)
1-(o -+)
1-('-+)
0+(2++)
0 (3 )
P+(2 —+)
p+ (77+ )
P+(2+ +)

(' )
P+(2 + +)
1-(4++)
p+(4+ +)
1 (2 +)
P+(2 + +)
1+(1 —-)
p+(p + +)
O+(2++ or

4+ +)
p+(p —+)
1+(3 ——

)
P+(2+ +)
p+(4 + +)
P+(2+ +)
1+(5- -)
1
—(6++)

0+(6 + +)
7 (7. )

OTHER LIGHT UNFLAVORED
(S= C= B=o)

e+ e (1100—2200) ? ' (1 )
N N (1100-3600)
X(1900-3600)

RANGE
1, C= 8=0}

I(JP)

1/2(o )
1/2(0 )
1/2(o )
1/2(o

—
)

1/2(1 )
1/2(1+)
1/2(1+)
1/2(1 )
1/2(0+)
1/2(2+)
1/2(o )
1/2(2 )
1/2(1+)
]./2(1 )
1/2(2 )
1/2(3 )
1/2(2 )
1/2(0 )
1/2(0+)
1/2(2+)
1/2(4+)
1/2(2 )
1/2(3')
1/2(5 )
1/2(4-)
7 (7 )

ST
(S=+

~ K+
~ Ko

~ Ks
Ko

L

~ K*(892)
~ Kj(1270)
~ Kj (1400)
e K*(1410)
~ Ko(1430)
~ K2 (1430)

K(1460)
K7 (1580)
Kj (1650)

~ K*(1680)
~ K7 (1770)
~ Ks(1780)
e K2(1820)

K(1830)
Ko(1950)
K2 (1980)

~ K4(2045)
K7(2250)
K3(2320)
Ks(2380)
K4(25OO)

K(3100)

CHARMED
(C = +1}

~ 0+
~ 00
~ D"(2007)
~ D"(2010)+

~ Dj(2420)o
Dj(2420)+

~ D2(2460) 0

~ Dz(2460)+

1/2(0 )
1/2(o )
1/2(1

—
)

1/2(l )
1/2(1+ )

1/2(' )

1/2(2+)
1/2(2+)

o 0S
Og+

S

~ D» (2536)+
~ D, I (2573)+

BOTTOM
(8 = +1}

CHARMED, STRANGE
(c= s=+i)

0(0 )
7(7 )
o(1+)
7(7 )

BOTTOM, STRANGE
(8= +1, S= ~j}

fG (gPC )

o(o )
7(7 )
'(' )

~ g0
S

8*
B*,q(5850)

CC

~ jf,(1S)
e S/]l (ls)
~ X,p(1P)
~ X,j(1P)

h, (1P)
~ X,2(1P)

j?,(2S)
~ j/ (2S)
~ g(3770)
~ @(4040)
~ g(4160)
~ j/ (4415)

o+(o —+)
o-(1 —-)
0+(0 + +)
P+(1 + +)
7 (7 )
P+(2 + +)
7'(7'+)
o, (1 )
' (1--)
' (1--)
' (1--)
' (1--)

~ T(lS)
~ X j,o(1P)
~ Xj,j(1P)
~ X j,7(l P)
~ T(2S)
~ Xj o(2P)
~ X j,j(2P)
e X12(2P)
~ T(3S)
~ T(4S)
~ T(10860)
~ T(11020)

bb

(1 )
P+(0 + +)
P+(1 + +)
0+(2 + +)
o-(1 —-)
0+(0+ +)
0+(1 + +)
P+(2+ +)
o
—

(1
——

)

', (1 )
' (1--)
'(1 )

NON-qq CANDIDATES

Non-g g Candidates

~ g+
~ 80
~ g*

Bq(5732)

1/2(o
—

)
1/2(0 )
1/2(1 )
7(7 )
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Baryon Summary Table
This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3-
or 4-star status are included in the main Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in the
short table are not established as baryons. The names with masses are of baryons that decay strongly. See our 1986 edition (Physics Letters
170B) for listings of evidence for Z baryons (KN resonances).

P

N(1440)
N(1520)
N(1535)
N(1650)
N(1675)
N(1680)
N(1700)
N(1710)
N(1720)
N(1900)
N(1990)
N(2000)
N(2080)
N(2090)
N(2100)
N(2190)
N(2200)
N(2220)
N(2250)
N(2600)
N(2700)

Pyj ++++ D(1232)
Z(1600)
D(1620)
A(1700)
D(1750)
D(1900)
D(1905)

Fis "" " A(1910)
Z(1920)
6(1930)

P13 " Z(1940)
D(1950)

F17 6(2000)
~is " 6(2150)

6(2200)
A(2300)
Z(2350)

G» **** A(2390)
015 D(2400)
%e *** 6(2420)

6(2750)
Zl(2950)

S3

033

S31

F35

O35

D33

F3

F35

S31

G3

H39

035

K3 15

/l(1405)
A(1520)
A(1600)
A(1670)
A(1690)
/l(1800)
/l(1810)
A(1820)
/l(1830)
/l(1890)
/l(2000)
A(2020)
A(2100)
A(2110)
/l(2325)
A(2350)
/l(2585)

Po1

So1

Oo3

Pol

Sol

Oo3

S01

P01

Fo5

Oo5

Po3

Fo7

GQ7

Fo5

Oo3

HQ9

~+
~0

Z(1385)
Z(1480)
X (1560)
X (1580)
Z(1620)
Z(1660)
Z(1670)
Z(1690)
Z(1750)
Z(17?0)
Z(1775)
Z(1840)
Z(1880)
Z(1915)
Z(1940)
Z(2000)
Z(2030)
Z(2070)
Z(2080)
Z(2100)
Z (2250)
Z(2455)
Z(2620)
Z(3000)
Z (3170)

S

013

S11

D15

P13

P11

F15

013
S
F17

F15

P13

:(1530)
:-(1620):(1690)
= (1S20):(1950)
= (2030)
:-(2120):(2250)
= (2370):—(2500)

0
Q(2250)
Q(2380)
a(2470)-

/l+
C

A (2593)+
/l (2625)+
Z~(2455)
Zc(2530)

C

C

:c(2645)
o'

C

P11
P11

O„

—0
b' b

Existence is certain, and properties are at least fairly welt explored.

Existence ranges from very likely to certain, but further confirmation is desirable and/or
quantum numbers, branching fractions, etc. are not well determined.

Evidence of existence is only fair.

Evidence of existence is poor.
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Baryon Summary Table

N BARYONS
(5 = 0, I = 1/2)

p, N+=uud; n, N =udd

f(~ ) = '('+)
Mass m = 938.27231 + 0.00028 MeV ~'~

= 1.007276470 + 0.000000012 u

l

~
l
((~) = 1.oooooooots + o.oooooooo11

qp+ qp /e ( 2 x 10-'
q + q, /e ( 1.0x10-" ~"~

Magnetic moment p = 2.79284739 + 0.00000006 p~
Electric dipole moment d = (

—4 + 6) x 10 za ecm
Electric polarizability rz = (12.1 + 0.9) x 10 4 fma

Magnetic polarizability p = (2.1 + 0.9) x 10 4 fma

Mean life» 1.6 x lozs years (independent of mode)
los' —5 x loaz years i'i (mode dependent)

Below, for M decays, p and n distinguish proton and neutron partiai life-

times. See also the "Note on Nucleon Decay" in our 1994 edition (Phys.
Rev. D50, 1673) for a short review.

p~ e+p
p~ p
n~ vp
p e '7'v

p ~ e+e+e-
p ~ e+p+p,
p —+ e+vv
n~ e+e —

v
n —+ p+e v

n —+ p, p v

p ~ ~+e+e-
p~ p p p
p~pvv
p ~ e p+p, +
n~ 3v

N ~ e+ anything
N ~ p, + anything
N ~ e+ vroanything

Antilepton + photon(s}
& 460

& 380

& 24

& 100

Three leptons
& 510
& 81

& 11
& 74

& 47

& 42

& 91
& 190

& 21

& 6

& 0.0005

Inclusive modes
) 0.6 (n, p)) 12 (n, p)
& O.6 (n, p)

h, B = 2 dinucleon modes

90o/

90 /o

9O%

90o/

90%
90%
90%
90o/o

9O%

90%
9O%

90%
90%
90%
90%

9O%

9O%

90o/o

469
463
470
469

469
457
469
470
464

458
464

439
463
457
470

p DECAY MODES
Partia I m ea n life

(10 years) Confidence level

N ~ e+vr
N ~ p+7r
N ~ ver

p~ e+g
p ~ p
n ~ v7/

N~ e+p
N~ p+p
N~ vp
p ~ e

p -~ $L (d

n ~ vied

N~ e+K
p ~ e+KoS
p ~ e+Ko

L

N~ @+K
p ~ i(L+ Ks
p ~ v

N~ vK
p ~ e+ K'(892)n
N ~ v K*(892)

p ~ e+vr+vr

p e+ TO~0

p ~ /.l 7r

p ~ /. L 7r /l

n ~ ~c vr vr

n e+ Ko~-

Antilepton

Antilepton

+ meson
13O (n), & 55O {p)
100 (n), & 270 (p)
100 (n), ) 25 (p)
140
69
54

58 (n), & 75 (p)
23 (n), ) 110 (p)
19 (n), ) 27 (p)
45
57
43
1.3 (n), & 150 (p)
76

44

1.1 (n), & 120 (p)
64

44

86 (n), ) 100 (p)
52

22 (n), & 20 (p)

+ mesons
21

38
32

17
33
33
18

90%
90%
90%
9O%

9O%

90%
9O%

90%
90%
90%
9O%

90 /o

9O%

90%

90%

90%
90%

90%

9O%

9O%

90 /o

90 /o

9O%

9O%

9O%

90%
90%
90%

n~
n~
n~
n~
n~
n ~

e 7r+

p
e p+

P
e K+
p, K+

Lepton + meson

) 65

) 49

& 62

) 7

& 32

& 57

90%
9O'/

9O%

90%
9O%

9O%

p ~ e 7r+~+
n ~ e sr+&0

p p sr+ 7r+

n~ p, x vr

p ~ e 7r+K+
p ~ p vr+K+

Lepton + mesons
& 30

& 29

& 17
& 34

& 20

&5

90%
90%
90%
90%
90%
90%

The "partial mean life" limits tabulated here are the limits on T/8;, where
T is the total mean life and B; is the branching fraction for the mode in

question.

p
(MeV/c)

459
453
459
309
296

310
153
119
153
142

104
144

337
337

337

326
326

326

339
45

45

448

449

449

425

427

427

319

459
453
154

120
340
330

448

449

425
427

320
279

PP~
pn —+

nn~
nn~
PP~
PP~
PP~
pn ~
pn -~
nn~
nn~

The following

~+7r+.+~0
x+ x

e+ e+
e+ p+
p+ p+
e+v
@+v
ve ve

vt vt

are lifetime limits per iron nucleus.

0,7

2

0.7
3.4
5,8

3.6
1.7
2.8
1.6
0.000012
0.000006

p DECAY MODES

9O%

90%
90%
90%
9O%

90'/o

9O%

90o/o

90%
90%
90o/

p DECAY MODES
Partial mean life

(years) Confidence level
p

(MeV/c)

p —+

p —+

p
p
p

e g
e Ks
e Ko

& 1848

& 554

& 171
& 29

&9

95o/

95%
95%
95%

95%

469
459
309
337

337

n DECAY MODES

pe ve

Fraction (l;/I )

1OO %

p
Confidence level (MeV/c)

1.19

Pve ve

Charge conservation (q) violating mode

Q ( 9x10 24 90% 1.29

f(") = 2(2+)

Mass I = 939.56563 + 0.00028 MeV ~ ~

= 1.008664904 + 0.000000014 u

mn —mp
—1.293318 + 0.000009 MeV
= 0.001388434 + 0.000000009 u

Mean life ~ = 887.0 6 2.0 s (S = 1.3)
cr = 2,659 x 108 km

Magnetic moment p = —1.9130428 + 0,0000005 pg
Electric dipole moment d ( 1.1 x 10 ecm, CL = 95%
Electric Potarizability rr = (0.98+a za) x 10 a fma (S = 1.1)
Charge q = ( —0.4 6 1.1) x 10
Mean nn-oscillation time ) 1.2x10 s, CL = 90% ~ l (bound n)) 0.86 x loa s, CL = 90% (free n)

Decay parameters ~e~

pe ve g~/g~ ———1.2601 + 0.0025 (S = 1.1)
A = —0.1139 + 0.0011 (S = 1.3)

tt 8 = 0.990 + 0.008
lt a = —0.102 + 0.005
tt

QAl(/ = (180.07 + 0.18)
It 0 = ( —0.5 + 1.4) x 10-'
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Baryon Summary Table

N(1440} P11 i(~ ) = '('+)

Mass m = 1430 to 1470 (= 1440) MeV

Full width I = 250 to 450 (= 350) MeV

pbeam = 0.61 GeV/c 4vrh = 31.0 mb

N( )=
N(1440) 7I'

P'7

pp, helicity=1/2
np

np, helicity=l/2

4

(5%
0.04M. 18 %
0.040.18 %
0 003—0 17%
0.003—0.17 %

147
558
558
557
557

N(1440) DECAY MODES Fraction (I;/I ) p (MeV/c)

Nvr

N7r 7r

2!vr

Np
IV ( )s=-'-.

P'V

pp, helicity=1/2
np

np, helicity=1/2

6O-7O %
30-40 %
20—30 %
&8%
5—10 %

O.O3S-0.O48 %
0 035 0 048 o/

0,009—0.032 lo

0.009—0.032 %

N(1520) D13 i(i ) = 2(Z )

Mass m = 1515 to 1530 (= 1520) MeV

Full width I = 110 to 135 (= 120) MeV

pb„m = 0.74 GeV/c 4vrX = 23.5 mb

N(1520) DECAY MODES

N7r

Nvrvr

~sr
Np
N (as )sr-o

P'7
pp, helicity=1/2
pp, helicity=3/2

np
np, helicity=1/2
np, helicity=3/2

Fraction (I;/I )

SO-6O %
4O-SO %
15-25 %
15 25 o/

&8%
O.46-O.S6 %
0 001M 034 0/o

0.44—0.53 %
0.30—0.53 %
0.04-0.10 %
0,25—0.45 %

N(1535) S11 i(~ ) =2(2 )

N(1535) DECAY MODES

Nsr

Nq
N7r vr

Np
N (~7r)sr- o

N(1440) vr

PY
pp, helicity=1/2

np
np, helicity=1/2

Fraction (I;/I )

35-55 %
30-55 %
1—10 /

(4%
&3/

0.08—0.27 %
0,08M.27 %
0.004—0.29 /o

0.004M. 29 '/

N(1650} S11 i(i ) = g(2 )

Mass m = 1640 to 1680 (= 1650) MeV

Full width I = 145 to 190 (= 150) MeV

pb„m = 0.96 GeV/c 47rh = 16.4 mb

N(1650) DECAY MODES

N7r

Nq
llK
Nvrvr

Np

Fraction (I;/ I )

SS-9O %
3—10 %
3—ll /o

10-20 %
1 70/

4—12 %

Mass m = 1520 to 1555 (= 1535) MeV

Full width I = 100 to 250 (= 150) MeV

pbeam = 0,?6 GeV/c 4+A = 22.5 mb

397
342
143

t

414
414
413
413

p (MeV/c)

456

410
228

470
470

470

470
470

470

p (MeV/c)

467
182

422

242

t
481
481

480

480

p (MeV/c)

547
346
161
511
344

t

N(1675) D15 i(l ) = 2(2 )

Mass m = 1670 to 1685 (= 1675) MeV

Full width I = 140 to 180 (= 150) MeV

pbeam = 1.01 GeV/c 4vrA = 15.4 mb

N(1675) DECAY MODES

N7r

AK
Neer

Np
P'V

pp, helicity=l/2
pp, helicity=3/2

np
np, helicity=l/2
np, helicity=3/2

Fraction (I;/I )

4O-SO %
&1%
sO-6O %
SO-6O %

0.004M.023 %
0 OW 015 0/o

0.0—0.011 /o

0.020.12 %
O, OO6-O. O46 %
0.01-0.08 %

N(1680} F15 i(i ) = 2(2+)

Mass m = 1675 to 1690 (= 1680) MeV

Full width I = 120 to 140 (= 130) MeV

pb„m = 1.01 GeV/c 4vrh = 15.2 mb

N(1680) DECAY MODES

Nsr
Norw

Avr

Np
)s=-'-.

PV
pp, helicity=l/2
pp, helicity=3/2

np
np, helicity=1/2
np, helicity=3/2

Fraction (I;/I )

60—70 %
30-40 %
5—15 %
3—15 %
S-2O %

0.21—0.32 /0

0.001M.011 %
0.20M 32 '/o

0.021M.046 %
0.004-0.029 %
0 01M 024 o/o

N(1700) D13 i( i ) = 2(& )

N(1700) DECAY MODES

Nsr

/lK
Nsr~

Np
P "f

pp, helicity=l/2
pp, helicity=3/2

ng
np, helicity=1/2
np, helicity=3/2

Fraction (I;/I )

5—15 %
(3%
8S-95 %

0.01—0.05 %
0.0—0.024 %
0.002—0.026 %
0,01—0.13 %
0.0—0,09 %
0.01—0.05 lo

Mass m = 1650 to 1750 (= 1700) MeV

Full width I = 50 to 150 (= 100) MeV

Pbeam = 105 GeV/c 47' = 145 mb

p (Mev/c)

563
209
529
364

t
575
575
575
574
574

574

p (MeV/c)

567
532
369

t

578
578
578
577
577
577

p (MeV/c)

580
250
547

t
591
591
591
590
590
590



Baryon Summary Table

N(1710) P11

Mass m = 1680 to 1740 (= 1710) MeV

Full width I = 50 to 250 (= 100) MeV

pbeam = 1.07 GeV/c 47rh = 14.2 mb
6++ = uuu, D+ = uud, = udd, 6 =ddd

Z BARYONS
(S = 0, I = 3/2)

N(1710) DECAY MODES

N7r

AK
N7r7r

Np
N(vrvr)S ave

O'Y

pp, helicity= 1/2
np

np, helicity=l/2

Fraction (I;/I )

iO—2O %
5—25 %
4O-9O %
15-40 %

5—25 %
10-40 %

0.002—0.05%
0.002—0.05%
0.0—0.02%
0.0—0.02%

p (MeV/c)

587
264

554

393
48

598
598
597
597

B(1232) P33 1(~') =,'(,'+)

~(1232) DECAY MODES

N7r

Np
N p, helicity=l/2
N p, helicity=3/2

Fraction (I;/I )

)99 %
0.54—0.61 %
0.12-0,14 %
0 41 0 47 o/

Mass m = 1230 to 1234 (= 1232) MeV

Full width I = 115 to 125 (= 120} MeV

Pbeam = 0.30 GeV/c 47' = 94.8 mb

p (MeV/c)

227

259
259
259

N(1720) P13 1(~ ) = P(2+)
LL(1600) P33 1(~') = &(&')

Mass m = 1650 to 1750 (= 1720) MeV

Full width I = 100 to 200 (= 150) MeV

pb„m —1.09 GeV/C 47' = 13.9 mb

Mass m = 1550 to 1700 (= 1600) MeV

Full width I
=- 250 to 450 (= 350) MeV

Pbeam = 0.87 GeV/c 47' = 18.6 mb
N(1720) DECAY MODES

N~
AK
N7r 7r

Np
P'Y

pp, helicity=l/2
p p, helicity=3/2

np
np, helicity=l/2
np, helicity=3/2

Fraction (I &/I )

10-20 %
1-iS %

)70 %
7O-8S %

0.003-0.10 %
0.003—0.08 /0

0,001—0.03 %

0.002-0.39 %
0.0—0.002 %
0.001-0.39 %

p (MeV/c)

594

278

561
104
604
604
604

603
603
603

Z(1600) DECAY MODES

Nsr

Nvr7r

Der

Np
N(1440) 7r

Np
N p helicity= 1/2
Np, helicity=3/2

Fraction (I;/C)

10—25 /o

75—90 /o

40—70 '/o

(25 %
10-35 %
0.001-0.02 %
0.0—0.02 /o

0.001—0.005 %

p (MeV/c)

512
473
301

74

525
525
525

1(~ )=2(2 )N(2190) G17

Mass m = 2100 to 2200 (= 2190) MeV

Full width l = 350 to 550 (= 450) MeV

pb„~= 2.07 GeV/c 4vrha = 6.21 mh

LL(1620) S31

Mass m = 1615 to 1675 (= 1620) MeV

Full width I = 120 to 180 (= 150) MeV

pb„m ——0.91 GeV/C 47rA = 17.7 mb

N(2190) DECAY MODES Fraction (I";/f )

10-20 %

N(2220) Htg

Mass m = 2180 to 2310 (= 2220) MeV

Full width I = 320 to 550 (= 400) MeV

pbeam = 2.14 GeV/c 4vrh = 5.97 mb

p (MeV/c)

888

A(1620) DECAY MODES

N7r

N7rvr

Np
Np

N p, helicity= 1/2

Q(1700) 033

Fraction (I;/I )

20-30 %
70-80 %
30-60 %

0.004—0.044 /o

0.004—0.044 %

1(~ )=a(2 )

p (MeV/c)

526
488

318

t
538
538

N(2220) DECAY MODES Fraction (I;/I )

10-20 %

p (MeV/c)

905

Mass m = 1670 to 1770 (= 1?00) MeV

Full width I = 200 to 400 (= 300) MeV

pbe, m = 1.05 GeV/c 47' = 14.5 mb

N(2250) G1g i(i ) = 2(2 )

N(2250) DECAY MODES Fr--ction (I;/I )

5—15 0/0

Mass m = 2170 to 2310 ('= 2250) MeV

Full width I = 290 to 470 (= 400) MeV

Pbeam = 2.21 GeV/c 4vrA = 5.74 mb

p (MeV/c)

923

A(1700) DECAY MODES

N7r

N ~sr

Np
Np

N p, helicity=l/2
N p, helicity=3/2

Fraction (I;/I )

10-20 %
80-90 %
30-60 %
30-55 %

0.12-0.26 %
0.08—0.16 %
0.025-0.12 %

p (MeV/c)

580
547

385

591
591
591

N(2600) I1 11 /(gP) 1
(

11 —
)

Mass m = 2550 to 2750 (= 2600) MeV

Full width l = 500 to 800 (= 650) MeV

pbe, m = 3.12 GeV/c 4&5 = 3.86 mb

Ll(1900) S31 /(~') = &(&-)

Mass m = 1850 to 1950 (= 1900) MeV

Full width C = 140 to 240 (= 200) MeV

pbeam = 1.44 GeV/c 47' = 9.71 mb

N(2600) DECAY MODES Fraction (I;/f )

5—10 %

p (MeV/c)

1126
B(1900) DECAY MODES Fraction ( I; / I )

10—30 0/0

p (MeV/c)

710
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Ll(1905) F35 /(/ ) = -'(-'+)

Mass m = 1870 to 1920 (= 1905) MeV
Full width I = 280 to 440 (= 350) MeV

pbeam ——1.45 GeV/c 47rA = 9.62 mb

A BARYONS
{s=-a, I= 0)

n' = ups

d(1905) DECAY MODES

N7r

N~vr

Np
Np

/I/p, helicity=l/2
N p, helicity=3/2

Fraction (I;/I )

5—15 %
85-95 %
(25 %

&60 %

0 01—0 03 %

00 01'
0.004M. 03 %

p (MeV/c)

713
687
542

421

721

721

721

/(") = 0(&+)

Mass m = 1115.684 + 0.006 MeV
Mean iife ~ = (2.632 + 0.020) x 10 'o s (5 = 1.6}

c~ = 7.89 cm

Magnetic moment p = —0.613 + 0.004 pN
Electric dipole moment d ( 1.5 x 10 ecm, CL = 95%

Decay parameters

Ll(1910) P31 /(i') = l(2+)

Mass m = 1870 to 1920 (= 1910) MeV

Full width I = 190 to 270 (= 250) MeV

Pbeam ——1,46 GeV/c 4~A = 9.54 mb
n~o

Pe &e

= 0.642 + 0.013
= (—6.5+ 3,5)'

= 0.76 i&i

= (8 + 4)' Iai

oo =+0.65 + 005
gA/gy = —0.718 + 0.015 iej

B(1910)DECAY MODES

N~
Np

N p, helicity=l/2

Ll(1920) P33

Fraction (f j/I )

15 30 0/

0.0—0.2 %
O.O-O. 2 %

/(i') = 2(,'+)

p (MeV/c)

716
725

725

A DECAY MODES

p /r

n~o

np
p /Ir

pe Pe
P /-f I

/tf,

Fra:tion (C j/C)

(63.9 +0.5 ) %
(35.8 +0.5 ) %

( 1.75+0.15) x 10

[h] ( 8.4 +1.4 ) x 10 4

( 8.32+0.14) x 10 4

( 1.57+0.35) x 10 4

p (MeV/c)

101
104
162
101
163
131

Mass m = 1900 to 1970 (= 1920) MeV

Full width I = 150 to 300 (= 200) MeV

pbeam = 1.48 GeV/c 4~5 = 9.37 mb A(1405) Spt /(/ ) = 0(2 )

D(1920) DECAY MODES Fraction (C//f )

5—20%

p (MeV/c)

722

Mass m = 1407 6 4 MeV

Full width I = 50.0 + 2.0 MeV

Below K N threshold

Cl(1930) D35

Mass m = 1920 to 1970 (= 1930) MeV

Full width I = 250 to 450 (= 350) MeV

pb„m —1.50 GeV/c 4~5 = 9.21 mb

A(1405) DECAY MODES

A(1520) D03

Fraction (I;/I )

100 %

/(/ ) = 0(Z )

p (MeV/c)

152

A(1930) DECAY MODES

N~
Np

N p, helicity=l/2
N p, helicity=3/2

Fraction (I;/I )

10-20 %
0.0-0.02 %
0.0—0.01 %
0.0—0.01 %

B(1950) F37 /(i') = &(& )

Mass m = 1940 to 1960 (= 1950) MeV

Full width l = 290 to 350 (= 300) MeV

pb„m ——1.54 GeV/c 4~5 = 8.91 mb

p (MeV/c)

729

737
737
737

A(1520) DECAY MODES

NK
Zsr
n~~
Z~vr
n~

Fraction (I;/f )

45 -I: 1%
42+ 1%
10+ 1%
0 9 g 0 los
0.8 6 0.2%

A(1600) Pp1 /(i') = 0(&+)

Mass m = 1519.5 + 1.0 MeV ~'t

Full width l = 15.6+ 1.0 MeV t'I

pb„~= 0.39 GeV/c 4vrh = 82.8 mb

p (MeV/c)

244

267
252

152
351

(1950) DECAY MODES

Nz
Nx7r

Np
Np

N g, helicity=1/2
N y, helicity=3/2

Fraction (I j/l )

35-40 %

20—30 %
(10 %
0.08-0.13 %
0.03—0.055 %
0.05-0.075 %

p (MeV/c)

741

716
574
469
749

749
749

A(1600) DECAY MODES

NK
Zvr

Fraction (I;/I )

15—30 %
10—60 %

Mass m = 1560 to 1700 (= 1600) MeV

Full width I = 50 to 250 (- 150) MeV

Pbearn = 0.58 GeV/c 4vrh = 41.6 mb

p (Mev/c)

343
336

Ll(2420) H3 11 /(/ ) = 2(V- )

Mass m = 2300 to 2500 (= 2420) MeV

Full width I = 300 to 500 (= 400) MeV

pbe, m ——2.64 GeV/c 4~A = 468 mb

A(2420) DECAY MODES Fl action (I j/I )

5—15 %

p (MeV/c)

1023
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A(1670) Spt i(l ) =0(2 ) A(1830) g 5 '(i ) = 0(2 )

Mass m = 1660 to 1680 (= 1670) MeV

Full width f = 25 to 50 (= 35) MeV

pb„m —0.74 GeV/c 47rA = 28.5 mb

Mass m = 1810 to 1830 (= 1830) MeV

Full width I = 60 to 110 (= 95) MeV

pbeam = 1.08 GeV/c 47'' = 16.0 mb

A(1670) DECAY MODES

NK
Z~
A~

Fraction (I;/I )

15 25 o/

20—60 %
15—35 %

p (MeV/c)

414
393

64

A(1830} DECAY MODES

NK
Zsr
Z'(1385) vr

Fraction (I;/i )

3—10 %
35 75 oA

)15 %

p (MeV/c)

553
515
371

A(1690) Dp3 i(i ) = 0(2 ) A(1890) Pp3 i(i ) = 0(2+)

Mass m = 1685 to 1695 (= 1690) MeV

Full width I = 50 to 70 (= 60) MeV

pb„m = 0.78 GeV/c 4~5 = 26.1 mb

Mass m = 1850 to 1910 (= 1890) MeV

Full width I = 60 to 200 (= 100) MeV

pb„m ——1.21 GeV/c 4~1 = 13.6 mb

A(1690) DECAY MODES

NK
Zsr
A7r ~
Zvr ~

Fraction (I;/I )

20-30 %
20-40 %- 25%

20%

p (MeV/c)

433
409
415
350

A(18@0) DECAY MODES

NK
Zsr
Z(1385)x
N K*(892)

Fraction (I;/I )

20—35 %
3—10 %
seen

p (MeV/c)

599
559
420
233

A(1800) Spt l(lp) = 0(2t ) A(2100) Gp7 l(l~) = 0(27 )

Mass m = 1720 to 1850 (= 1800) MeV

Full width I = 200 to 400 (= 300) MeV

pbe, m
—1.01 GeV/c 4vrA = 17.5 mb

Mass m = 2090 to 2110 (= 2100) MeV

Full width I = 100 to 250 (= 200) MeV

pb„m ——1.68 GeV/c 47' = 8.68 mb

A(1800) DECAY MODES

NK
Z7r
Z(1385) vr

N K'(892)

A(1810) Ppt

Fraction (I;/I )

25—40 %
seen

seen

seen

i(~') = o(,'+)

p (MeV/c)

528

493
345

A(2100) DECAY MODES

NK
Zx
Ag:—K
A R'

N K*(892)

Fraction (I;/i )

25 35 oA

-5%

&3%
&8%
10—20 %

p (MeV/c)

751
704
617
483
443
514

A(1810) DECAY MODES

NK
Zvr
Z(1385)z
N K*(892)

Fraction (I;/I )

20 50 o

10-40 %
seen

30-60 %

A(1820) Fp5 i(l ) =0(&+)

Mass m = 1750 to 1850 (= 1810) MeV

Full width I = 50 to 250 (= 150) MeV

pbeam = 0 GeV /c 4xA = 17.0 mb

p (MeV/c)

537
501
356

t

A(2110) Fos l(l~) = 0(s+)

A(2110) DECAY MODES

NK
Z~
A~
Z(1385)w

N K*(892)

Fraction (I;/i )

5-25 %
10—40 %
seen

seen

10—60 %

Mass m = 2090 to 2140 (= 2110) MeV

Full width I = 150 to 250 (= 200) MeV

pbe, m
——1.70 GeV/c 4vrh = 8.53 mb

p (MeV/c)

757
711
455
589
524

A(1820) DECAY MODES

NK
Zvr

Z(1385) vr

Fraction (I 1/I )

55-65 %
8-i4 %
5—10 %

Mass m = 1815 to 1825 (= 1820) MeV

Full width I = 70 to 90 (= 80) MeV

pbeam = 1.06 GeV/c 4vrg = 16.5 mb

p (MeV/c)

545
508
362

A(2350) Hp9 i(l ) = 0(Z+)

A(2350) DECAY MODES

NK
Z~

Fraction (I;/I )

~ 12'/
- i0%

Mass m = 2340 to 2370 (= 2350) MeV

Full width I = 100 to 250 (= 150) MeV

pbeam
——2.29 GeV/c 4~%' = 5.85 mb

p (MeV/c)

915
867
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Z BARYONS
(S= —1, I= 1)

Z+ = uus, Zp = uds, Z = dds

l(i') = 1('+)

Dp: 0 ~ 980 p'p15
+0.017

dp ——(36 6 34)'
~0 = 0.16 [&I

6p = (187 + 6)' lgi

n+ ——0.068 + 0.013
P~ ——(167 + 20)' (S = 1.1)

097 [gl

( 73 + 133)o [g]

o.~
———0.76 + 0.08

Z+ DECAY MODES Fraction (C j/f )
P

Confidence level (MeV/c)

p7r
nor+
p'v
nor+ p
Ae ve

ne+ v
np+v

j-t

pe+ e

(51.57+0.30) %
(48.31+0.30) %

( 1.23+0.05) x 10

[h] ( 4.5 +0.5 ) x 10 4

( 20 +05 )x10
b,S = h Q (Sq) violating modes or

8 S = 1 weak neutral current (Sl) modes

SQ ( 5 x 10 6

SQ ( 30 x 10

Ss 7 x 10—6

9O%

90%

189
185
225

185
71

224

202

225

f(i ) =1('+)

Mass m = 1189.37 + 0.07 MeV (S = 2.2)
Mean life r = (0.799 + 0.004) x 10 to s

c7- = 2.396 cm

Magnetic moment y, = 2.458 + 0.010 pN (S = 2.1)
I (Z+ —+ nE+ v)/I (Z ~ nf. v) ( 0.043

Decay parameters

px

Z DECAY MODES

n7r

ne Ve

np, vp
Ae ve

Fraction (I;/I )

99 848 +0 005

[h) ( 4.6 +0.6 ) x 10

( 1.017+0.034) x 10

( 4.5 +0.4 ) x 10

( 5.73 +0.27 ) x 10

Z(1385) P13 l(") = 1(2a+)

Z(1385)+mass m = 1382.8 + 0.4 MeV

Z(1385)P mass m = 1383.7 + 1.0 MeV

Z(1385) mass m = 1387.2 + 0.5 MeV

Z(1385)+full width I = 35.8 + 0.8 MeV
Z(1385)P full width I = 36 + 5 MeV

Z(1385) full width I = 39.4 + 2.1 MeV

Below K N threshold

(S = 2.0)
(5 = 1.4)
(S = 2.2)

(5 = 1.7)

Z(1385) DECAY MODES Fraction (C;/I )

88+2 %
12+2 %

Z(1660) P11 f(i ) =1(-'+)

Mass m = 1630 to 1690 (= 1660) MeV

Full width I = 40 to 200 (= 100) MeV

pheam = 0.72 GeV/c 4nh = 29.9 mb

Decay parameters

n7r o. = —0.068 9 0.008
= (10 6 15)'

it 098 [al
II = (249+ ")' I I

ve gA/gv = 0.340 + 0.017 I )

f2(0)/ft(0) = 0.97 + 0.14
It 0 = 0.11 + 0.10

/le v,-gv/g& = 0.01 + 0.10 I'I (S = 1.5)
gwM/gA =24+17[~

p (MeV/c)

193
193
230
210

79

p (MeV/c)

208
127

not measured; assumed to be the same as for the Z+ and Z
Mass m = 1192.55 + 0.08 MeV (S = 1.2)
m& —m&0

—4.88 + 0.08 MeV (S = 1.2)
m~a —mn = 76 87 6 0.08 MeV (S = 1.2)
Mean life r = (7.4 6 0.7) x 10 s

c7 =2.22x10 m

Transition magnetic moment lp~pl = 1.61 6 0.08 yN

Z(1660) DECAY MODES

NK
Ax
Zz

Z(1670) 013

Fraction (I;/I )

10-30 %
seen

seen

p (MeV/c)

405
439
385

Z DECAY MODES

Ap
App
Ae+e

Fraction (I;/I )

100 %

[j) 5 x 10

I(JP) 1( +)

9O%

74

?4
74

P
Confidence level (MeV/c)

Z(1670) DECAY MODES

NK
A sr

Zvr

Fraction (I j/I )

5—15 %
30-60 %

Mass m = 1665 to 1685 (= 1670) MeV

Full width I = 40 to 80 (= 60) MeV

pb„~= 0.74 GeV/c 4aA = 28.5 mb

p (MeV/c)

414
447

393

Mass m = 1197.436 + 0.033 MeV (S = 1.2)
m& —m&+ —8.07 + 0.08 MeV (S = 1.9)
m& —mn = 81.752 + 0.034 MeV (S = 1.2)
Mean life ~ = (1.479 + 0.011) x 10 to s (S = 1.3)

c~ = 4.434 cm

Magnetic moment p = —1.160 + 0.025 pN (S = 1.7)

Z(1750) S11

Mass m = 1730 to 1800 (= 1750) MeV

Full width I = 60 to 160 (= 90) MeV

pbeam = 0.91 GeV/C 47' = 20.7 mb

X'(1?50) DECAY MODES

NK
A7r

Z7r
Zg

Fl'action (C j/I )

10-40 %
seen

(8%
15-55 %

p (MeV/c)

486
507
455

81
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Z(1775) D15

Mass m = 1770 to 1780 (= 1775) MeV

Full width I = 105 to 135 (= 120) MeV

pbeam = 0.96 GeV/C 47rh = 19.0 mb
:-0 = uss, = dss

= BARYONS
(S= —2, I= 1/2)

Z(1775) DECAY MODES

NK
A7r

Z~
X (1385)x
/l(1520)a

Z(1915) F15

Fraction (I I/I )

37-43%
14—20%
2—5%
8—120/

17—23 /o

f(~') =1(2s+)

p (MeV/c)

508
525
474

324

198

f(f ) = 2(2+)

F' is not yet measured; + is the quark model prediction.

Mass m = 1314.9 + 0.6 MeV

m- —m —0
——6.4 + 0.6 MeV

Mean life r = (2.90 + 0.09) x 10 to s

cr = 8.71 cm

Magnetic moment p = —1.250 + 0.014 pg
Decay parameters

Mass m = 1900 to 1935 (= 1915) MeV

Full width I = 80 to 160 (= 120) MeV

pbeafn ——1.26 GeV/c 47' = 12.8 mb

Z(1915) DECAY MODES

NK
A sr

Z7r
Z'(1385)~

Fraction (I;/I )

5—15%
seen

seen

Z(1940) D13

Mass m = 1900 to 1950 (= 1940) MeV

Full width I = 150 to 300 (= 220) MeV

pbeam = 1.32 GeV/C 47' = 12.1 mb

Z(1940) DECAY MODES

NK
A7r

Zvr
Z(1385)n
/l(1520)a
A(1232) K
N K*(892)

Fraction {I &/l )

(20 %
seen

seen

seen

seen

seen

seen

Z(2030) F17 f(~') = 1(2+)

Mass m = 2025 to 2040 (= 2030) MeV

Full width I = 150 to 200 (= 180) MeV

pbearn ——1.52 GeV/c 47rh2 9 93

Z(2030) DECAY MODES

NK
A7r

Z7r
=K
Z(1385)7r
ll(1520) n

A(1232) K
N K*(892)

Fraction (I;/I )

17-23 %
17—23 /o

5—10 %

5—15 %
10—20 /o

10—20 /o

Z(2250) 1(~') =1(' )

X'(2250) DECAY MODES

NK
A7r

Z 7r

Fraction (I;/I )

&1O %
seen

seen

Mass m = 2210 to 2280 (= 2250) MeV

Full width l = 60 to 150 (= 100) MeV

pbearn = 2.04 GeV/c 47' = 6.76 mb

p {MeV/c)

618
622

577
440

p (MeV/c)

637
639
594

460
354

410
320

p (MeV/c)

702

700

657

412

529

430

498

438

p (MeV/c)

851
842

803

n = —0.411 + 0.022

4 =(21+12)
~ = 085 ~&j

6 = (218+ ta)' i&i

o. = 0.4 + 0.4
o. = 0.20 + 0.32

(5 = 2.1)

DECAY MODES Fraction (I;/I )

p
Confidence level (MeV/c)

A~o

Ap
Z.o

Z+e v
Z+p v

(99.54+0.05) %

{ 1.06+0.16) x 10

( 35 +04 )xlo
( 11 x 10

1.1 x 10
9O%

9O/

135
184
117
120
64

Z e+v,
Z p v~
p7r

pe ve

PP vp

BS= EQ (SQ) violating modes or
ES = 2 forbidden (S2) modes

SQ & 9 x 10

SQ & 9 x 10

52 & 4 x 10
52 & 13 x 10
S2 & 13 x 10

9O%

9O%

90%

112
49

299
323
309

i ( f ) = 2 (2+)

DECAY MODES

Acr

Z
Ae ve

Ap v@
Z.o e Ve
Zo —

v

=oe —
ve

p
Fraction (i;/I ) Confidence level (MeV/c)

(99 887+0 035)

( 1.27 +0.23 ) x

{ 5.63 +0.31 ) x

( 3.5 + '

) x—2.2

( 8.7 + 1.7 ) x

8 x

1O
—4

1O
—4

10 4

10
10 4

2, 3 x 10

90o/o

9Oo/

139

190

163

122
70

ne ve
np vp

pal 7r

P7r e Ve

P71 P, V~

PP P

b,S = 2 forbidden (S2)
52 ( 19
52 & 32
S2 & 15
52 & 4

52 ( 4

S2 & 4

L & 4

10
10

1O
—4

1O-4

1O
—4

10 4

9O%

9Oo/

9O%

9O%
90o

9O%

90 /o

303
327
314

223
304
250

272

P is not yet measured; + is the quark model prediction.

Mass m = 1321.32 6 0.13 MeV

Mean life ~ = (1.639 + 0.015) x 10 te s

c7- = 4.91 cm

Magnetic moment p = —0.6507 + 0.0025 p, g

Decay parameters

A7r o. = —0.456 + 0.014 (S = 1.8)
ll

Q = (4 + 4)"
I'I ~ = 0.89 ~&j

tt A = (188 + 8)' is)

Ae v, g~/g)I/
———0.25 + 0.05 t'I
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= (1530) P13 f(i ) = 2-(2+)

=(1530) DECAY MODES Fraction (I;/I )
P

Confidence level (MeV/c)

100 %
(4% 90%

152

200

= (1690) f(i ) = 2'(' )

Mass m = 1690 + 10 MeV [']

Full width I ( 50 MeV

=(1690) DECAY MODES Fraction (I;/I ) p (MeV/c)

=(1530)a mass m = 1531.80 6 0.32 MeV (5 = 1.3)
=(1530) mass m = 1535.0 6 0.6 MeV

=(1530) full width I = 9.1 + 0.5 MeV

=(1530) full width I = 9.9+, '& MeV

0 BARYONS
(S= —3, I= 0)

0 = sss

1(")= 0(l+)

is not yet measured; &+ is the quark model prediction.

Mass m = 1672.45 + 0.29 MeV
Mean life 7- = (0.822 + 0.012) x 10 ' s

n = 2.46 crn

Magnetic moment p, = —2.02 + 0.05 pN

Decay parameters

AK ~ = —0.026 + 0.026
a=009+014
e = 0.05 + 0.21

seen

seen

possibly seen

:-(1820) D13 f(i )=&(y )

Mass m = 1823 + 5 MeV [']

Full width I = 24+10 MeV [']

240

51
214

Q DECAY MODES

AK

= (1530)e7r

—0 e ve
'y

(67.8+0.7) %

(23.6+0.7) %

( 86+0 )%

( 4.3+ ' )x10—1.3

( 6.4+ ) x10—2.0

( 5.6+2,8) x 10
46 x10 4 90ogo

211
294
290

190

17

319
314

P
Fraction (I;/I ) Confidence level (MeV/c)

:-(1820) DECAY MODES

AK
ZK:(1530)7I'

= (1950)

Fraction (I;/I )

la rge

small

sm all

small

f(i )=2(')

p (MeV/c)

400
320
413
234 Q(2250)

BS= 2 forbidden {S2)modes
S2 ( 19 x10 4

f(i ) = o(' )

IVlass m = 2252 + 9 MeV

Full width l = 55 + 18 MeV

90% 449

Mass m = 1950 + 15 MeV [']

Full width I = 60 + 20 MeV [']

Q(2250) DECAY MODES

=(1530)eK

Fraction (I;/I )

seen

seen

p (MeV/c)

531
437

=-(1850) DECAY MODES

AK
ZK

Fraction (I;/I )

seen

possibly seen

seen

p (MeV/c)

522

460
518

CHARMED BARYONS
(C=+1)

= (2030) i(i )=2()2)
Mass m = 2025 + 5 MeV [']

Full width l = 20+ 5 MeV [']

A+ = udc, Z++ =c ' c
=+ = usc,

uuc, Z" = udc, Z = ddc,
= dsc 0 =ssc

C c

i(f ) = o('+)
=(2030) DECAY MODES

AK
ZK:7r

= (1530)77

AKx
EKE

Fraction (I 1/I )

20%
~ 8007

small

small

small

sm all

p (MeV/c)

589
533
573
421

501
430

J not confirmed; 2 is the quark model prediction.

Mass m = 2284.9 + 0.6 MeV
Mean life r = (0.206 + 0.012) x 10 72 s

c~ = 61.8 pm

Decay asymmetry parameters

A~+ ~= —098+019
Z+~0 n = —0.45 + 0.32
AE Vtr A: 0 ~ 82 0 07

+ + 0.11

A+ DECAY OoES Fraction (I I/I )

Scale factor/ p
Confidence level (MeV/c)

pK0
pK ~+

p K*(892)e
Ll (1232) ++ K

A(1520) ~+

p K ~+ nonresonant

Ko

Hadronic modes with a p and one K
( 22 + 04 )
( 4.4 4 0.6 ) %

[k] ( 1.6 + 0.4 ) %

(7 + 4 )x10
[k] ( 40 +

17 )xl0
(25+ ")%0.6

( 1.10+ 0.29) /o

872
822

681
709

626

822

567
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p KOsr+ vr

pK- ~+~0
p K*(892) sr+

K — +i 0
p (" 7r )nonresonant &

D(1232) K*(892)
pK ~+~+~
pK- a+v 0~0

pK
—~+~0~0~0

( 2.1 + 0.8 ) %
seen

[k] (9 + 5 )xlo
( 3 2 + 0 7 ) 0/0

seen

(10 + 7 ) x 10 4

{ 7.O + 3.5)x1O—3

(4.4 + 2.8)x10—3

753
758
579
758

416
670

676
573

Ac~2593)+ DECAY MODES

A+ ~+ ~-
C

X'c (2455)++ s
Zc(2455) s +
Ac ~+~-3-body

A
C

A+q

Fraction (I;/I )

seen

large

large

sm all

not seen

not seen

p (MeV/c)

124

17
23

124

261

290

p '7r

p fp(980)
p~+ sr+ 7r 7r

pK+ K

p rt'

Hadronic modes with a p and zero or two K's

( 3.0 4 1.6 ) x 10

[k] ( 2.4 + 1.6 )x 10

( 16 4 10 )x10
( 2.0 + 0.6)xlo

[k] ( 1.06+ 0.33) x 10

A~+
A~+ ~0

Apo
A~+ ~+ ~-
A~+~

Z'(1385)+ rr

A K+ Ko
Zo~+
Z+ ~0
Z+q
Z+~+~

Z+ 0

z- ~+~+
so~+ ~0
Z'~+ ~+ T-
Z+ ~+ 7r

Z

K+K+K
Z+y

Z+ K+~-
=0 K+
=-- K+~+

=(1530)o K+

Hadronic modes with

{ 7.9

( 3.2
4

( 2.9

( 1.5
[k] ( 7.5

( 5.3

( 8.8

( 8.8

( 4.8

( 3.O
1.2

( 1.e

( 1.6

( 9.2

a hyperon
1.8 )x10

+ O.9 ) %

+ o.e)l.
+ O. 4 ) %

2.4 )xlo
1.4 )x10
2.0 )x10
2.2 )xlo
1.7 )xlo

+ o.e ) %
0/

0.6 ) '/0

+ o.e ) %

3.4 ) x 10

[k] ( 2.4 + O. 7 ) %

{ 26+ 35)x1O—3
1.8

{ 31 + 08)xlo
[k] ( 3.0 + 1.3 ) x10

(57+ ' )xlo3.2
(3.4 + 0.9)xlo
( 4.3 + 1.1 )xlo

[k] ( 2 3 + 0 7 ) x 10

CL=95%

CL=95%

AE+ vg
e+ anything

p e+ anything
A e+ anything
A p, + anything

p anything

p anything (no 8)
n anything

n anything (no d)
A anything
Z+ anything

Semileptonic modes

[/] ( 23 4 05 )%
( 4.5 + 1.7 ) %

( 1.8 4 0.9 ) %

( 1.6 + 0.6 ) %

( 1.5 + 0.9 ) %

Inclusive modes
(50 + 16 ) %

(12 +19 ) %

(5O +16 ) %

(29 +17 ) lo

(35 +11 ) %

[m] (10 4 5 ) %

S=1.4

EC = 1 weak neutral current (Cl) modes, or
Lepton number {L)violating modes

Cl 3.4 x 10 CL=90%
L 7.0 x 10 CL=90%

Ac(2593)+ t(~') = 0(-,'-)

The spin-parity follows from the fact that Z, (2455)rr decays, with

little available phase space, dominate.

Mass m = 2593.6 + 1.0 MeV (S = 1.2)
m —m +

—308.6 + 0.8 MeV (S = 1.3)

Full width I = 3.9+1 6 MeV

A+7r7r and Xc(2455)7r —the latter just barely —are the only strong

decays allowed to an excited A having this mass; and the A 7r+7r
C C

mode seems to be largely via X++2r or X 2r+.
C C

926
621

851
615
589

863
843
638
806
690
569
441

824

826
712
803
578
798
802

762

766

568

707

346
292

668

652

564
471

936
811

ilc(2625)+ f( f ) = o(' )

A~(2625)+ DECAY MODES

A+ ~+~—
Zc(2455)++ s
Zr{2455) rr+
A+ sr+ ~ 3-body

A+ ~0

A+q

Fraction (I;/I )

seen

sm all

sm all

large

not seen

not seen

p (MeV/c)

184

100
101
184

293

319

Zc(2455) f(f ) = '('+)
not confirmed; &+ is the quark model prediction.

Zc(2455)++mass m = 2452.9 6 0.6 MeV

Z, (2455)+ mass m = 2453.5 + 0.9 MeV

Zc(2455) mass m = 2452, 1 + 0.7 MeV

m&++ —mA+
——167.95 + o.25 Me~

C C

m + —m + ——168.5 + 0.7 MeV (S = 1.1)

m&o —m +
—167.2 + 0.4 MeV (S = 1.1)X A+

m ++ —m&o
—0.79 + 0.33 MeV (S = 1.2)X++

m + —m&o
—1.4 + 0.6 MeVX

A 7r is the only strong decay allowed to a XC having this mass.

Pc~2" ) DECAY MODES

A+~
C

Fraction (I;/I )

100 %

p (MeV/c)

90

f{~')= l{l+)
l{J ) not confirmed; &(2t+) is the quark model prediction,

Mass m = 2465.6 + 1.4 MeV

Mean life ~ = (0 ~ 35+0'04) x 10
cr = 106 pm

:-+ DECAY MODES

AK- ~+~+
A K*(892)0~+
F(1385)+K rr+

Z+ K- ~+
Z+ K'(892)o

Z'K- ~+~+

~+ ~+
:-(1530)'~+

='~+ ~0=0++
=0e+ v,

Fraction (I;/I )

seen

not seen

not seen

seen

seen

seen

seen

seen

not seen

seen

seen

seen

p (MeV/c)

784
601
676

808
653
733
875
850
748
854
817
882

is expected to be 3/2

Mass m = 2626.4 6 0.9 MeV (S = 1.3)
m —m +

—341.5 6 0.8 MeV (S = 1.9)

Full width l ( 1.9 MeV, CL = 90%

A 2r7r and X(2455)2r are the only strong decays allowed to an excited
C

A+ having this mass.
C
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f(f ) = 2(Z+)

l(J ) not confirmed; &1(&+) is the quark model prediction.

Mass m = 2470.3 + 1.8 MeV (S = 1.3)
m p

—m + —4.7 + 2.1 MeV (S = 1.2}
C

Mean life ~ = (0.098+non, s) x 10 ta s

ex=29@m

A~& DECAY MODES

d/tb(1S) 8
p 00~-
A+ ~+~- ~-

c
p p, vanything
AE v~ anything
A+ E vg anything

A/A anything

Fraction (i;/I )

( 1,4 6 0.9) %
seen

seen

( 3.7+1.7)
[nJ ( 2.5 + 0.5) %

[nj (10.0+ 3 0) 0

(17 +ll
) 0/

p (MeV/c)

1756
2383
2336

=0 DECAY MODES

AK0
~+

=-- sr+ ~+ ~-
p K K*(892)o
Q- K+

e+ ve
E+ anything

Fraction (I;/I )

seen

seen

seen

seen

seen

seen

seen

:-c(2645) i(f ) = '(' )

Mass m = 2643.8 + 1.8 MeV

m —(2645)o
—m +

——178.2 + 1.1 MeV
C

C

Full width l & 5.5 MeV, CL = 90'/0

p (MeV/c)

864
875
816
406
522

882

NOTES

This Summary Table only includes established baryons. The Particle Listings
include evidence for other baryons. The masses, widths, and branching fractions
for the resonances in this Table are Breit-Wigner parameters. The Particle
Listings also give, where available, pole parameters. See, in particular, the
Note on N and 6 Resonances.

For most of the resonances, the parameters come from various partial-wave
analyses of more or less the same sets of data, and it is not appropriate to
treat the results of the analyses as independent or to average them together.
Furthermore, the systematic errors on the results are not well understood.
Thus, we usually only give ranges for the parameters. We then also give a best
guess for the mass (as part of the name of the resonance) and for the width.
The Note on N and 6 Resonances and the Note on A and Z Resonances in

the Particle Listings review the partial-wave analyses.

=c 7r is the only strong decay allowed to a =c resonance having this mass.

:-~(2645) DECAY MODES Fraction (I;/I )

seen

p (MeV/c)

107

f (j ) = 0(2+)

l(l ) not confirmed; 0(2t+} is the quark model prediction.

Mass m = 2704 + 4 MeV (S = 1.8)
Mean life ~ = (0.064 + 0.020) x 10 t2 s

cw =19 @m

Qo DECAY MODES

K+K- K-~+
=- K—~+~+
o- ~+
a- ~-~+~+

Fraction (I;/I )

seen

seen

seen

seen

p (MeV/c)

697

838
827

759

BOTTOM (BEAUTY) BARYONS
(8 = —~)

=udb = =usb = =dsb

Ae f(JP) = 0(2t+)

/(I ) not yet measured; 0(2t+) is the quark model prediction.

Mass m = 5641 + 50 MeV

Mean life ~ = (1.14 + 0.08) x 10 ~ s

c~ = 342 pm

These branching fractions are actually an average over weakly decaying
b-baryons weighted by their production rates in Z decay (or high-energy

pp), branching ratios, and detection efficiencies. They scale with the LEP

Ab production fraction B(b ~ /lb) and are evaluated for our value B(b ~
/lb) = (13.2 + 4.1)%.

The branching fractions B(A —+ A8 vg anything) and B(/l

/\+I P~anything) are not pure measurements because the underlyingc
measured products of these with B(b ~ Ab) were used to determine

B(b ~ /lb), as described in the note "Production and Decay of b-Flavored
H adrons. "

When a quantity has "(S = . . .)" to its right, the error on the quantity has

been enlarged by the "scale factor" S, defined as S = v7X2/(N —1), where ftJ

is the number of measurements used in calculating the quantity. We do this
when S & 1, which often indicates that the measurements are inconsistent.
When S & 1.25, we also show in the Particle Listings an ideogram of the
measurements. For more about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p is

the momentum of each decay product in the rest frame of the decaying particle.
For a 3-or-more-body decay, p is the largest momentum any of the products can
have in this frame. For any resonance, the nominal mass is used in calculating
p. A dagger ("$") in this column indicates that the mode is forbidden when

the nominal masses of resonances are used, but is in fact allowed due to the
nonzero widths of the resonances.

[a] The masses of the p and n are most precisely known in u (unified atomic
mass units). The conversion factor to MeV, 1 u = 931.49432 + 0.00028
MeV, is less well known than are the masses in u.

[b] The limit is from neutrality-of-matter experiments; it assumes q„=qp +
q, . See also the charge of the neutron.

[c] The first limit is geochemical and independent of decay mode. The
second entry, a range of limits, assumes the dominant decay modes are
among those investigated. For antiprotons the best limit, inferred from
the observation of cosmic ray p's is T p & 10 yr, the cosmic-ray storage
time, but this limit depends on a number of assumptions. The best direct
observation of stored antiprotons gives ~p/B(p ~ e p) ) 1848 yr.

[d] There is some controversy about whether nuclear physics and model
dependence complicate the analysis for bound neutrons (from which the
best limit comes). The second limit here is from reactor experiments
with free neutrons.

[e] The parameters gA, gv, and gvvrvr for semileptonic modes are defined by

Br[pq(gv + gAps) + i(gvvrvr/m8, ) aq~ q ]8;, and $4v is defined by

g4/ger = ]g4/gv]e'&». see the "Note on Baryon Decay Parameters"
in the neutron Particle Listings.

[f] Time-reversal invariance requires this to be 0' or 180'.

[g] The decay parameters n and 8 are calculated from o and $ using

p = Vl —o2 cosP, tanD = ——~1—n2 sing.1

See the "Note on Baryon Decay Parameters" in the neutron Particle List-

ings.

[h] See the Particle Listings for the pion momentum range used in this mea-
surement.

[i] The error given here is only an educated guess. lt is larger than the error
on the weighted average of the published values.

[j) A theoretical value using QED.

[k] This branching fraction includes all the decay modes of the final-state
resonance.

[l] E indicates e or p mode, not sum over modes.

fm] The value is for the sum of the charge states of particle/antiparticle states
indicated.

[n] Not a pure measurement. See note at head of Ab Decay Modes.
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MONOPOLES, SUPERSYMMETRY,
COMPOSITENESS, etc. ,

SEARCHES FOR

Magnetic Monopole Searches

isolated candidate events have not been confirmed. Most experiments
obtain negative results.

SUpersymmetric Particle Searches

Mass m&, & 23 GeV, CL = 95% ItanP &3]
1

Mass m&o & 52 GeV, CL = 95'/o [tanI3 &3]

Mass m&I & 84 GeV, CL = 95% [tanfy &3]

Mass m&I & 127 GeV, CL = 95'/o [tanfy &3]
4

x,. —charginos (mixtures of W+ and H,
+).

Mass m&o & 45 GeV, CL = 95o/o [all m&]
1 1

Mass m-~ & 99 GeV, CL = 95% [GLIT relations assumed]
2

v —scalar neutrino (sneutrino)

Mass m ) 37.1 GeV, CL = 95%
Mass m & 41.8 GeV, CL = 95%

[one flavor]
[three degenerate flavors]

e —scalar electron (seiectron)

Mass m & 65 GeV, CL = 95'/0

Mass m & 50 GeV, CL = 95%
Mass m ) 45 GeV, CL = 95%

p,
—scalar muon (smuon)

Mass m & 45 GeV, CL = 95%

T —scalar tau (stau)
Mass m ) 45 GeV, CL = 95%

[if m~ = 0]
[if m5 & 5 GeV]

[if m —, ( 41 GeV]
1

[if m&o & 41 GeV]
1

[if m&o & 38 GeV]
1

Limits are based on the Minimal Supersymmetric Standard Model.

Assumptions include: 1) Xt (or p) is lightest supersymmetric particle;

2) R-parity is conserved; 3) mr
—mr, and all scalar quarks (except tt

and trr) are degenerate in mass.

See the Particle Listings for a Note giving details of supersymmetry.

X, —neutralinos (mixtures of n, Zo, and Ho)

Mass m5 & 15 GeV, CL = 90% [if mr
——100 GeV

(from cosmology)]

Quark and Lepton Compositeness,
Searches for

Scale Limits A for Contact interactions
(the lowest dimensional interactions with four fermions}

(from e"+ e' )
(If Az & 1)

(if A~ = 1)

lf the Lagrangian has the form
2+ ~2A2 @L~„@L@L~"4L

(with g /4rr set equal to 1), then we define h = A+&&. For the

full definitions and for other forms, see the Note in the Listings
on Searches for Quark and I epton Compositeness in the full Re-
view and the original literature.

h+tt(eeee) & 1.6 TeV, CL = 95'/o

At t (e e e e) & 3.6 TeV, C L = 95'/o

ht+t(eepp) & 2.6 TeV, CL = 95%

htt(eepp) & 1.9 TeV, CL = 95'/o

hc+t(eeTT) & 1.9 TeV, CL = 95'/o

Act(eeTT) & 2.9 TeV, CI = 95'/o

h~+c(ffff) & 3.5 TeV, CL = 95'/o

htt(ffff} & 2.8 TeV, CL = 95'/o

ALL(eeqq) & 2.3 TeV, CL = 95%

htt{eeqq) & 2.2 TeV, CL = 95'/o

ht+t(ppqq) & 1.4 TeV, CL = 95%

htt(ppqq) & 1.6 TeV, CL = 95'/o

Rtz(v„r,pe) & 3.1 TeV, CL = 90%

Rtt(qqqq) & 1.4 TeV, CL = 95'/o

Recent CDF measurements of the inclusive jet cross section
in p p collisions could be interpreted as tentative evidence

for a four-quark contact interaction with Act (qqqq) 1.6
TeV. However, COF notes that uncertainty in the parton dis-

tribution functions, higher-order QCD corrections, and detec-
tor calibration may possibly account for the effect.

Excited Leptons

The limits from E*+E* do not depend on A (where A is the
EE* transition coupling). The A-dependent limits assume chiral

coupling, except for the third limit for e* which is for nonchiral
coupling. For chiral coupling, this limit corresponds to A~ = ~2.

e*+ —excited electron

Mass m ) 46.1 GeV, CL = 95%
Mass m ) 91 GeV, CL = 95%
Mass m ) 146 GeV, CL = 95%

[any ms &300 GeV,

p = —250 GeV, tang = 23

tmg + mq,
p. = —400 GeV, tani3 = 4]

Mass m & 224 GeV, CL = 95%

g —gluino

There is some controversy about a low-mass window (1 &
m- & 4 GeV). Several experiments cast doubt on the exis-

tence of this window.

These limits include the effects of cascade decays, evaluated
assuming a fixed value of the parameters p and tang. The
limits are weakly sensitive to these parameters over much of
parameter space. Limits assume GUT relations between gaug-
ino masses and tahe gauge coupling; in particular that for ~p[
not small, m&, = m&/6.

1

Mass m ) 154 GeV, Cl = 95'/0 [ms & mq, p, = —400 GeV,
tang =- 43

[m- & m-„,p = —250 GeV,
tani3 = 2]

Mass m ) 212 GeV, CL = 95%

q
—scalar quark (squark)

These limits include the effects of cascade decays, evaluated
assuming a fixed value of the parameters p and tang. The
limits are weakly sensitive to these parameters over much of
parameter space. Limits assume GUT relations between gaug-
ino masses and the gauge coupling; in particular that for ~p~

not small, m-0 = m& /6.
1

Mass m ) 176 GeV, CL = 95%

p.*+ —excited

Mass m &
Mass m )

r*+ —excited

Mass m)
Mass m )

muon

46.1 GeV, CL = 95/
91 GeV, CL = 95%

tau

46.0 GeV, CL = 95%
90 GeV, CL = 95%

v* —excited neutrino

Mass m ) 47 GeV, CL = 95%
Mass m & 91 GeV, CL = 95%

q* —excited quark

Mass m & 45.6 GeV, CL = 95%
Mass m & 88 GeV, CL = 95%
Mass m ) 570 GeV, CL = 950/o

Color Sextet and Octet Particles

Color Sextet Quarks (qs}
Mass m & 84 GeV, CL = 95%

Color Octet Charged Leptons (la)
Mass m & 86 GeV, CL = 95%

Color Octet Neutrinos (r a)
Mass m & 110 GeV, CL = 90%

(from p,
'+

p,
'

)
(If hz»)

I(f lorn T +T )
(If Az & 0 18)

(from v' o"}
(if&z»)

(from q'q*)
('f Az & 1)

q'X)

(Stable qs)

(Stable E8)

(8 a)
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TESTS OF CONSERVATION LAWS

Revised by L. Wolfenstein and T.G. Trippe, 3une 1996.

In keeping with the current interest in tests of conservation laws,
we collect together a Table of experimental limits on all weak and
electromagnetic decays, mass differences, and moments, and on
a few reactions, whose observation would violate conservation
laws. The Table is given only in the full Review of Particle
Physics, not in the Particle Physics Booklet. For the benefit of
Booklet readers, we include the best limits from the Table in

the following text. The Table is in two parts: "Discrete Space-
Time Symmetries, " i.e. , C, P, T, CP, and CPT; and "Number
Conservation Laws, " i.e. , lepton, baryon, hadronic flavor, and
charge conservation. The references for these data can be found
in the the Particle Listings in the Review. A discussion of these
tests follows.

CPT INVARIANCE
General principles of relativistic field theory require invariance
under the combined transformation CPT. The simplest tests
of CPT invariance are the equality of the masses and lifetimes
of a particle and its antiparticle. The best test comes from the—0
limit on the mass difference between K and K . Any such dif-

ference contributes to the CP-violating parameter e. Assuming
CPT invariance, P„the phase of e should be very close to 44'.
(See the "Note on CP Violation in Klo Decay" in the Particle
Listings. } In contrast, if the entire source of CP violat, ion in Ko

decays were a Ko —K mass difl'erence, P, would be 44'+ 90'.
It is possible to deduce that [1]

2(mrco ™geo)lnl (-,'tt+-+ too —g~. )
m—p —m~pK Sln

Using our best values of the CP-violation parameters, we get

~(m o —m&o)/mRo~ & 9 x 10 (CL = 90%). Limits can also
be placed on specific CPT-violating decay amplitudes. Given
the small value of (1—

~taboo/rt+ ~), t, he value of goo —p+ provides
a measure of CPT violation in Ki —+ 2' decay. Results from
CERN [1] and Fermilab [2] indicate no CPT-violating effect.

CP AND T INVARIANCE
Given CPT invariance, CP violation and T violation are equiv-
alent. So far the only evidence for CP or T violation comes
from the measurements of g+, happ, and the semileptonic decay
charge asymmetry for Ki„e.g. , ~rt+ [

= ~A(K& ~ 7r+z )/A(K+~ z.+z.
)~

= (2.285 + 0.019) x 10 and [1 (Ki —+ vr e+u)—
I'(K& —+ z+e u)]/[sum] = (0.333 + 0.014)%. Other searches
for CP or T violation divide into (a) those that involve weak
interactions or parity violation, and (b) those that involve pro-
cesses otherwise allowed by the strong or electromagnetic in-

teractions. In class (a) the most sensitive are probably the
searches for an electric dipole moment of the neutron, mea-
sured to be ( 1.1 x 10 2s e cm (95% CL), and the electron

(—0.3 + 0.8) x 10 2s e cm. A nonzero value requires both P
and T violation. Class (b) includes the search for C violation in

q decay, believed to be an electromagnetic process, e.g. , as mea-
sured by I (rt ~ p+p, vr )/I (rt —+ all) & 5 x 10 s, and searches
for T violation in a number of nuclear and electromagnetic re-
actions.

CONSERVATION OF LEPTON NUMBERS
Present experimental evidence and the standard electroweak
theory are consistent with the absolute conservation of three
separate lepton numbers: electron number L„muon number

L&, and tau number LT. Searches for violations are of the fol-

lowing types:

a) AI = 2 for one type of lepton. The best limit comes
from the search for neutrinoless double beta decay (Z, A) -+
(Z+ 2, A) + e + e . The best laboratory limit is ttI2 ) 5.6 x
102 yr (CL=90%) for oGe.

b) Conversion of one lepton type to another. For
purely leptonic processes, the best limits are on p, ~ ep and

p —& 3e, measured as I'(p, —+ ep)/I"(p —+all) & 5 x 10 ~t and
I'(p, ~ 3e)/I'(p, ~ all) & 1.0 x 10 ~2. For semileptonic
processes, the best limit comes from the coherent conversion
process in a muonic atom, p, + (Z, A) ~ e + (Z, A), mea-
sured as 1(p, Ti —+ e Ti)/I'(p Ti ~ all) & 4 x 10 . Of
special interest is the case in which the hadronic flavor also
changes, as in Kl, —+ ep and K+ —+ ~+e p, +, measured as
I'(Kl, ep)/I (KI, all) ( 3.3 x 10 and I'(K+
z+e p+)/I'(K+ ~ all) & 2.1 x 10 o. Limits on the conversion
of 7. into e or p are found in ~ decay and are much less stringent
than those for p, ~ e conversion, e.g. , I'(r ~ pp)/I'(r —+ all) (
4.2 x 10 and I'(r ep)/I'(r —+ all) & 1.1 x 10

c) Conversion of one type of lepton into another type
of antilepton. The case most studied is p + (Z, A)
e++ (Z —2, A), the strongest limit being 1(p, Ti —+ e+Ca)/
I'(p, Ti —+ all) ( 9 x 10

d) Relation to neutrino mass. If neutrinos have mass, then
it is expected even in the standard electroweak theory that the
lepton numbers are not separately conserved, as a consequence
of lepton mixing analogous to Cabibbo quark mixing. However,
in this case lepton-number-violating processes such as p —+ ep
are expected to have extremely small probability. For small
neutrino masses, the lepton-number violation would be observed
first in neutrino oscillations, which have been the subject of
extensive experimental searches. For example, searches for v,
disappearance, which we label as u, /+ u„give measured limits
A(m ) & 0.0075 eV for sin (28) = 1, and sin (28) & 0.02 for
large A(m ), where 9 is the neutrino mixing angle. Searches for

u& —+ u, limit sin (28) & 0.0025 for large A(m ). For larger
neutrino masses ()) 1 keV), lepton-number violation is searched
for by looking for anomalous decays such as vr ~ ev~, where v

is a massive neutrino. If the AL = 2 type of violation occurs,
it is expected that neutrinos will have a nonzero mass of the
Majorana type.

CONSERVATION OF HADRONIC FLAVORS
In strong and electromagnetic interactions, hadronic flavor
is conserved, i.e. the conversion of a quark of one flavor

(d, u, s, c, b, t) into a quark of another flavor is forbidden. In
the Standard Model, the weak interactions violate these conser-
vation laws in a manner described by the Cabibbo-Kobayashi-
Maskawa mixing (see the section "Cabibbo-Kobayashi-Maskawa
Mixing Matrix" ). The way in which these conservation laws are
violated is tested as follows:

a) AS = AQ rule. In the semileptonic decay of strange par-
ticles, the strangeness change equals the change in charge of
the hadrons. Tests come from limits on decay rates such as
I'(E+ —+ ne+u)/I'(L+ ~ all) ( 5 x 10, and from a detailed
analysis of Kl. —+ vrev, which yields the parameter 2:, measured
to be (Rex, Imx) = (0.006+ 0.018, —0.003+ 0.026). Corre-
sponding rules are AC = AQ and AB = AQ.

b) Change of flavor by two units. In the Standard Model
this occurs only in second-order weak interactions. The classic

example is AS = 2 via K —K mixing, which is directly mea-
sured by m(Kg) —m(KL, ) = (3.491+0.009) x 10 MeV. There
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TESTS OF DISCRETE SPACE-TIME SYMMETRIES

CHARGE CONJUGATION (C) INVARIANCE

&)/ total
0

7) C-nonconserving decay parameters
7r+ 7r 7r left-right asymmetry

parameter
7r+ 7r 7r sextant asymmetry

parameter
7r+ 7r ~ quadrant aSymmetry

parameter
7r+ 7r g left-right asymmetry

parameter
7r+ 7r p parameter p (D-wave)

r« - »)«total
I (7) ~ 7r e+ e )/I tOtal

)/ total
I (M(782) ~ 7)7I )/rtotal

(~(782) ~ 3~ )/I total

&3.1 x 10 CL = 90/o

(0.09 + 0.17) 10

(0.18+ 0.16) x 10—

(—0.17 + 0.17) x 10 2

(0.9 + 0.4) x 10

0.05 4 0.06
&5x 10 4,

[a] &4 x 10

[a] &5 x 10—6

&1x 10

&3x 10 4,

(S = 1.5)
CL = 950/.

CL = 90'/o

CL = 90/o

CL = 90o/o

CL = 900/o

PARITY (P) INVARIANCE

e electric dipole moment

p, electric dipole moment

T electric dipole moment

r(~ ~+ ~-)/rtotai
p electric dipole moment

n electric di po!e m o ment

A electric dipole moment

(—0.3 + 0.8) x 10 ecm

(3.7+ 3.4) x 10 ecrn

x 10—17 e cm, CL = 95o/0

&1.5 x 10

(—4+6) x10 ecm
&1,1 x 10 ecm, CL = 95/o

&1.5 x 10 6 ecm, CL = 95'/o

is now evidence for Bo —B mixing (AB = 2), with the corre-
sponding mass difference between the eigenstates (m&0 —m&0)

H I

= (0.73+0.05)1 &0 = (3.12+0.21) x 10 c MeV, and for BD B,—
mixing, with (m&o —m&0 ) ) 9.5I'Bo or ) 4 x 10 MeV. No

sK sL 8

evidence exists for D —D mixing, which is expected to be0
—0

much smaller in the Standard Model.

c) Flavor-changing neutral currents. In the Standard
Model the neutral-current interactions do not change Havor. The
low rate I'(Kl, —+ p+p, )/I'(KL, all) = (7.2+0.5) x 10 puts
limits on such interactions; the nonzero value for this rate is at-
tributed to a combination of the weak and electromagnetic inter-
actions. The best test should come from a limit on K+ —+ sr+tv,
which occurs in the Standard Model only as a second-order weak
process with a branching fraction of (1 to 8) x 10 t". The current
limit is I'(K+ —+ vr+vv)/I'(K+ —+ all) & 2.4 x 10 s. Limits for
charm-changing or bottom-changing neutral currents are much
less stringent: I'(Do ~ p+p )/I'(Do ~ all) & 8 x 10 s and
I'(B —+ p+p, )/1 (B ~ all) & 5.9 x 10 . One cannot isolate
flavor-changing neutral current (FCNC) effects in non leptonic
decays. For example, the FCNC transition s —+ d + (u+ u) is

equivalent to the charged-current transition s -+ u + (u+ d).
Tests for I"CNC are therefore limited to hadron decays into lep-
ton pairs. Such decays are expected only in second-order in the
electroweak coupling in the Standard Model.

p, decay parameters
transverse e+ polarization normal to

plane of p spin, e+ momentum

P'/A
r electric dipole moment

Im(() in K decay (from transverse p pol. )p3
Im(() in Ko decay (from transverse p, pol. )p3
n ~ pe v decay parameters

pA~, phase of gA relative to gi/
triple correlation coefficient D

triple correlation coefficient D for Z
rle Ve

0.007 + 0.023

(0+ 4) x 10
(2+6) x lo

—0.017 + 0.025

—0.007 + 0.026

[6] (180.07 + 0.18)

(—0.5 6 1.4) x 10
0.11 + 0.10

CP INVARIANCE

Re(d~)

r(q ~+ ~—
)/rtotal

K+ ~ 7r+ 7r+ 7r rate difference/average
K+ ~ 7r+ 7r 7r rate difference/average
K+ ~ Tr+x p rate difFerenCe/aVerage

(g + —g ) / (g + + g ) for K+
m+ sr+ vr-

CP-violation parameters in KS decay

m(7)+ —0) I ( (KS 7r+

CP-violating) / A(KL
+~- 0))

Im(r/ppo) = r(KS 3 ) /

I (KO ~ 37ro)
L

charge asymmetry j for K ~ 7r+7r
L

r(KL ~ l
+ ~ )/I total

I (KL 7r e e )/rtotal
0 0

I (KL ~ 7r vv)/I total
0 0

ACp(K+ K 7r+) in D+ K+ K 7r+

ACP(K+ K*O) in D+ ~ K+ K* and

D K K 0

ACP($7r+) in D+ ~ $7r+

ACP(K+ K ) in D, ~D K+ K

Acp( sO) ~

ACp(K ) In D

l«(Eg0)l
[~ (A) + ct+(A)] / [a (A) —n+(A)j

&7.8 x 10—18 ecm, CL = 95o/o

&1.5 x 10

(0.07 + 0.12) /o

(o.o + o.6)0/.

(09 + 33)0/

(—o.7 + o.5)'/.

—0.015 + 0.030

&0.1, CL = 90/o

0.0011 + 0.0008

&0.3, CL = 90'/o

[c] &5.1 x 10, CL = 90'/

[c] &4.3 x 10, CL = 90'/0

[d] &5.8 x 10, CL = 90'/o

—0.03 + 0.07
—0.12 + 0.13

0.07 + 0.09

0.06 + 0.05
—0.03 + 0.09
—0.018 + 0.030

&0.045

—0.03 + 0.06

CP VIOLATION OBSERVED

K branching ratios

charge asymmetry in K&3 decays

~(s) = [r(~ ~+v„)
—I (7r+ p, v )]/SumP

6(e) = [I (7r e+ ve)
—I (7r+ e ve)]/sum

parameters for K ~ 27r decay
L

lnool = I"(KL 2~ ) /'

( S- 2~')I

l~+-~ = IA(KL - ~+~ )/
( S

+

("/') = ( —l&po/&+ —I)/

P+, phase of q+
$00, phase of Qpo

parameterS fOr K ~ 7r+7r p deCay
L

~7)+ &~
= ~A(KOL + P, CP

violating)/A(KS 7r+ 7r p) (

P+ —phase of g+
I (KL ~ 7r+7r )/I t~t~l

r(KL ~ 7r 7r )/I total
0 0 0

(0.304 + 0.025) /o

(0.333 + 0.014) /o

(2.275 + 0.019) x 10 (S = 1.1)

(2.285 + 0.019) x 10

[e] (1.5 + 0.8) x 10 3 (S = 1.8)

(43.7 + 0.6)

(43.5 + 1.0)

{2.35 + 0.07) x 10

(44 + 4)'
(2.067 + 0.035) x 10 (S = 1.1)

(9.36 6 0.20) x 10 4

TIME REVERSAI (T) INVARIANCE

Limits on e, p, , 7, p, n, and A electric dipole moments under Parity
above are also tests of Time Reversal lnvariance.

Limits are given at the 90'/& confidence level, while errors are given as +1 standard deviation.
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Tests of Conservation Laws

CPT INVARIANCE

(m W+
—m W-) / maverage

+ —} / maverage

lq+ + q, l/e

(& + & —} / &average

p+ —} / Taverage

(&p+ &p —} / &average

+ ~—) / average

~+ ~—) / average

K+ mK —} / average

{TK+ TK—) / Taverage

K ~ p+ v rate difference/averagep
K+ ~ 7r+ 7r rate difference/average

lmKo mKo I / maverage

phase difference $00 —p+
CPT-violation parameters in K decay

real part of A

imaginary part of Z

(I m& I m&) I I laverage

lqp + qpl/e

(pp Ippl} / Ipaveragel

n n) / maverage

(m/I —m —) / m/I

( /I /I) / average

(p~+ Ip~ —l) / lplaverage

(m —m:—+) / average

:-+) / Taverage

(mO —mo+) / maverage

—0.002 + 0.007

&4x 10 8, CL =90%
&4x 10 8

(—0.5 + 2.1) x 10

(2+8) x 10

(—2.6 + 1.6) x 10

(2 + 5) x 10 4

(6 + 7) x 10

(—0.6 4 1.8) x 10

(0.11 + 0.09)% (S = 1.2)

( —0.5 + 0.4)%

(0.8 + 1.2)%
&9x 10 19

(-o.2 + o.8)'

0.018 + 0.020
0.02 + 0.04

(1.5 + 1.1) x 10

&2x10

(—2.6 + 2.9) x 10

(9+ 5) x1O-5

(—1.0 + 0.9) x 10

0.04 + 0.09

0.014 + 0.015

(1.1 + 2.7) x 10 4

0.02 + 0.18

(0+5) x 10

TESTS OF NUMBER CONSERVATION LAWS

LEPTON FAMILY NUMBER

Lepton family number conservation means separate conservation
of each of Le, Lp, LT.

r(Z e+ p+)/rt t I

I (2 ~ e+ T+)/f total
I (2 ~ p+T+}/f total
limit on p ~ e conversion

o.(p 32S e 32S) /
o (p 32S v 32 P)

o(p Ti ~ e Ti)/
o.(p Ti -~ capture)

o.(p Pb e Pb) /
o(p Pb ~ capture)

limit on muonium ~ antirnuonium
conversion R&

—GC / GF

e p }/rtota I- e»«totai
I (p ~ e e+ e )/f total
r(p e 2r)/rtotal

&)/ total- p»«totai
I (T ~ e 7r }/I total
I (T ~ p 7r )/I tptal
f (T -~ e KO)/I total
f (T ~ p K )/rtotal
I (T ~ e g)/f total

~)/ total
7' )/ total- p p')/ tot. i

I (T e K*(892) )/rtotal
r(T ~ p«K*(892) )/rtptal
I (T ~ e e e )/rtotal

p+p }«totai

[h]

[h]

[h]

&1.7 x 10 CL = 95%

&9.8 x 10—6 CL 95o/

&1.7 x 10, CL = 95%

&7 x 10—11 CL = 9Q%

&4.3 x 1p
—12 CL = 9Q%

&4.6 x 10, CL = 90%

&0.13, CL = 90%

&1.2 x 10, CL = 90%

&4.9 x 10, CL = 90%

&1.0 x 10 1 CL = 90%

&7.2 x 10 11, CL = 90%

&1.1 x 10, CL = 90%

&42 x 10, CL = 90%

& 1.4 x 10, C L = 90%

&4.4 x 10 5, CL = 90%

&1 3 x 10 3, CL = 90%

&1 0 x 10 3, CL = 90%

&6.3 x 10, C L = 90%

&7.3 x 10, CL = 90%
4 2 x 10—6 CL = 90%

&5.7 x 10 CL = 90%
&6.3 x 10 CL = 90%
&9.4 x 10 CL = 90%

&3.3 x 10—6 CL = 90%

&3.6 x 10 CL = 90%

Limits are given at the 90% confidence level, while errors are given as +1 standard deviation.

+ p p )/ totai
I (T ~ p e+ e )/I total

— p p+p )«tot. i

I (T e 7r+ 7r )/I total
r(T ~ p m+ 7r )/I total
I (T ~ e 7r+ K )/I tptal
I (T e 7r K )/I total
r(T ~ p 7l+ K )/f tptal
I (T ~ p Ir K+)/I total
I (T ~ e K*(892) )/I tota
f (T ~ p K*(892) )/f total
r(T ~ e light boson)/rtptal
r(T ~ p light boson)/I tptal
v oscillations. (For other lepton mixing

ve + ve
A(m ) for sin (20) = 1

sin (20) for "Large" D(m )
Ve ~ VT

(m2) f'or sjn2(20)
sin (20) for "Large" Z(m )

e T
sin (20) for "Large" D(m )

V ~ Vep
D(m ) for sin (20) = 1

sin (20) for "Large" Z(m )
V ~ Vep

b, (m ) for sin (20) = 1

sin (20) for "Large" Z(m )
vp(vp) ~ ve(ve)

K(m ) for sin (20} = 1

sin (20) for "Large" Z(m )

Vp ~ VT

A(m ) for sin (20) = 1

sin (20) for "Large" Z(m )

Vp ~ VT

A(m ) for sin (20) = 1

sin {20) for "Large" 4(m )
v (v ) v (v )

A(m ) for sin (20) = 1

sin (20) for "Large" Z(m )

ve + ve

D(m ) for sin (20) = 1

in2(20) for "Large" D{m2)

p p
D(m ) for sin (20) = 1

(20) for A(m ) = 100eV

Vp + Vp

D(m ) for sin (20} = 1

sin (20) for 190 eV & A(m )
320 eV2

r(~+ - p+ve}«totai
I (7r+ ~ p e+ e+ v)/rtptal
I (7r P+ e + e P+)/I total
I (K+ —+ p u e+ e+ }/I total
I (K+ ~ p+ ve}/f total
r(K+ ~ 7r+ p+ e )/I total
r(K+ 7r+ p e+)/rtotal
{ L

- e+p )«totai
r(D+ ~+ e+ p+)/I total
f (D+ —+ 7r+ e+ p )/I total
I (D+ ~ 7r+ e P+)/f total
I (D+ ~ K+ e+ p )/f total

p+)/'totai
I (D —+ p+ e+)/l total
I (D ~ 7r e+ p+}/f total
I (D ~ pe+ p+)/I total

p e+ p+}«totai
f (D ~ ~e+ p+)/I total

}/rtotai
I (D Ko e+ p+)/ I total
f {D ~ K (892) e+ p+}/rtotal
I (8+ ~ 7r+e+P }/I tOtal

p+ )/ total

&0.0075 eV CL = 90%
&0.02, CL = 90%

&9 eV, CL = 90%
&0.25, CL = 90%

&07 CI =90%

&0.09 eV, CL = 90%
&2.5 x 10, CL:—90%

&0.14 eV2, CL = 90%
&0.004, CL = 95%

&0.075 eV, Cl = 90%
&3 x 10 3, CL = 90%

&0.9 eV2 CL = 90%
&0.004, CL = 90%

&2.2 eV2, CL = 90%
&4.4 x 10, CL = 90%

&1.5 eV CL = 90%
&8x 10, CL =90%

&0.17 eV CL = 90%
&7x 10 CL =90%

&0.23 or )1500 eV

&0.02, CL = 90%

&7 or &1200 eV

&0.02, CL = 90%

[jl

[i']

[h]

[h]

[h]

[h]

[h]

[h]

[h]

[h]

[h]

[h]

&8.0 x 10 3, CL = 90%
&1.6 x 10 CL = 90%
&1.72 x 10 CL = 90%
&20X 10 CL = 90%
&4 x 10 3, CL = 90%
&2.1 x 10—10 CL 90o/

&7 x 10 9, CL = 90%
&33x 10—11 CL = 90%

&3.8 x 10, CL = 90%
&3.3 x 10 3, CL = 90%
&33 x 10, CL = 90%
&3.4 x 10 3, CL = 90%
&3.4 x 10 3, CL = 90%
&1.9 x 10 5, CL 90o/o

&8.6 x 10 5, CL = 90%
&1.0 x 10 4, CL = 90%
&4.9 x 10, CL = 90'/

&1.2 x 10, CL = 90%
&3.4 x 10, CL = 90%
&1.0 x 10 4, CL = 90%

&1.0 x 10, CL = 90%
&6.4 x 10 3, CL = 90%
&6.4 x 10, CL = 90%

&3.5 x 10 6, CL = 90%
&3.4 x 10 6, CL = 90%
&1.9 x 10—6 CL = 90%
&44 x 10—6 CL 90

&74 x 10—6 CL 90

&7.7 x 10 CL = 90%
&46x 10 6 CL = 90%
&8.7 x 10 CL = 90%
&1.5 x 10, CL = 90%
&1.1 x 10, CL = 90%
&8.7 x 10 CL = 90%
&2.7 x 10, CL = 95%
&5x 10, CL =95%

effects in particle decays, see the Particle Listings. )
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Tests of Conservation Laws

I-(B+ K+ e+ P,
—

)/I-total
i (B+ ~ K+ e u+)/I total

+u )/ totai
I (B ~ e+7+)/I total
«B u+T )«total

&6.4 x 10

&6.4 x 10

[h] &5.9 10

[h] &5.3 x 10 4,

[h] (8.3 x 10 4,

CL = 90%
CL 90oyo

CL = 90%

CL 90'
CL = 90%

TOTAL LEPTON NUMBER

limit on p, ~ e+ conversion

o(u S~ e+ Si )/
~(u 32 S v 32 p+ )u

o(
—127I ~ e+127Sb~) /

o(p, I ~ anything)
o.(p, Ti ~ e+Ca) /

o(p, Ti ~ capture)
r(T' x Q)/I tptal
I (T ~ 7r ~ )/I total
I (7- u+ e e )/I total
I (7. -~ e+ vr ~ )/I tptal
I (r —+ p, + 7r 7r )/I total
I (~ ~ e+ ~ K )/I total
r(~- u+ ~—K-)/I-tp„i- P»/i total

)/ "total- «)«total
ve {ve)I

nA(m ) for sin (2I9) = 1

n sin (20) for "Large" A(m )

vu ~ (ve)L
aA(m ) for sin (20) = 1

sin {20) for "Large" 2 (m )

e)/ "totai
I (K+ —+ ~ u+ e+)/I total
I (K+ ~ ~ e+ e+)/f total
I (K+ —+ x P P, )/I tptal
I (K+ u+ ve)/I total
I {K+ ~ x e+ ve)/I total
I {D+ ~ ~ e+ e+)/I total
I (D+ ~ ~ u+ p+)/I total
C(D+ ~ ~ e+ p, +)/I tptai
'(D+ - & u+u )«total

+ K e+ e+)/I total
I (D+ K u+ p+)/I total
I (D+ ~ K e+ p+)/I total
I (D+ ~ K*(892) u+ p, +)/I totai
i(D+ ~ p+p+)/I t t i

)/~total
I (D+ ~ K*(892) u+ u+)/I total
I (B+ ~ ~ e+ e+)/I total

u+u )/ totai
I (B+ ~ vr e+u+)/I total
I (B+ K e+ e+)/I total
I {B+~ K u+ p+)/I total
I (B+ ~ K e+u+)/I total

u )/ totai
I (A+ Z p, + u+)/I total

9 x 10—10, CL = 90%

&3 x 10 CL = 90%

&8 9 x 1p —11 CL 9p%

&2.8 x 10, CL = 90%

&3.7 x 10, CL = 90%

&3.4 x 10, CL = 90%

&4.4 x 10—6, CL = 90%

&6.9 x 10 CL = 90%

&4,5x 10 6, CL =90%
(2.0 x 10, CL = 90%
&2.9 x 10, CL = 90%

&6.6 x 10, CL = 90%
&1.30 x 10 3, CL = 90%

&0.14 eV2, CL = 90%
&0.032, CL = 90%

&0.16 eV2, CL = 90%
&0.001, CL = 90%

[/] &1.5 x 10, CL = 90%

&7x 10 9, CL =90%
&1.0 x 10 CL = 90%

(1.5 x 10, CL = 90%

[1] &3.3 x 10, CL = 90%

[/] &3 x 10, CL = 90%

&4.8 x 10, CL = 90%

&22xlp 4, CL=90%
&3.7 x 10 3, CL = 90%

&5.6 x 10, CL = 90%
&91 x 10 3, CL = 90%

&3,2 x 10, CL = 90%

&40x10, CL=90%
&85x 10, CL = 90%

&4.3 x 10, CL = 90%

&59 x 10 4, CL = 90%

&1.4 x 10, CL = 90%

&3.9 x 10, CL = 90%

&9,1 x 10, C L = 90%

&6.4 x 10, CL = 90%

&3.9 x 10, CL = 90%

&9.1 x 10 3, CL = 90%

&6.4 x 10 3, CL = 90%

&4x10 4, CL =90%
&7.0 x 10, CL = 90%

Violation of total lepton number conservation also implies violation
of lepton family number conservation.

BARYON NUMBER

p r)/ total
I (~ ~ pn )/I total

p"t)/ total
p mean life

A few examples of proton or bound neutron decay
decay channels, see the Baryon Summary Table.
7-(N ~ e+m)

T(N ~ u+n)

7(N ~ e+ K)

~(N p, + K)

&2.9 x 10, CL = 90%
&6.6 x 10, CL = 90%
&1.30 x 10, CL = 90%
&1.6 x 10 years

follow. For limits on many other nucleon

& 130 (n),
CL =

& 100 {n),
CL =

& 1.3 (n),
CL =

& 1.1 (n),
CL =

& 550 (p) x 10 years,
90%
& 270 {p) x 10 years,
90%

& 150 (p) x 10 years,
90%

& 120 (p) x 10 years,
90%

{bound n

mean time for n n transition in vacuum

(free n

limit on nn oscillations

[m] &1.2 x 10 s, CL = 90%

&0.86 x 10 s, CL = 90%

ELECTRIC CHARGE {q)

e mean life / branching fraction

f(n~ pv v )/It ti
[n] &43 x10 yr, CL = 68%

(9x10, CL = 90%

h,S = h, q RULE

Allowed in second-order weak interactions.

I (K+ ~ m+ n.+ e ve)/I tptai
I (K+ vr+7r+ p, v )/I tot I

x = A(~K ~—g+ v)/A(KO
real part of x
imaginary part of x

r(Z+ no+ v)/r(Z- nZ—

I (Z+ n e+ ve)/I total
I (X+ ~ nu+v )/I total
'(='- ~ '+ve)/Itotal
'(='- ~ u+

p, )/'totai

v)

&1.2 x 10 8 CL = 90%
(3.0 x 10 CL = 95%

E+ v) = A(h, S=—AQ)/A(AS=Aq)
0.006 + 0.018 (S = 1.3)
—0.003 + 0.026 (S = 1.2)
&0.043

(5 x 10 CL = 90%

&3.0 x 10, CL = 90%

(9x10, CL =90%
&9x 10, CL =90%

dS = 2 FORBIDDEN

Allowed in second-order weak interactions.

c(=
r(:---
r(=--
i (=
r(a-

)/ "total
P e)/I total

vp, )/ total

)/~total
n e ve)/ I tota
n P, vu)/Vtptal

Pn ~ )/i tptai

p vr e ve)/I tota I«u vu)/I total

A jr )/I total

&4x10, CL =90%
(1.3 x 10

&1.3 x 10

&1.9 x 10, CL = 90%

&3.2 x 10, CL = 90%
&1.5 x 10 CL = 90%

&4x 10 4, CL =90%
&4x 10, CL =90%
&4x 10 4, CL 90o

&1.9 x 10, CL = 90%

6S = 2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

KO Ko
t S

L S

(0.5304 + 0.0014) x 10 0 Q s
—1

(3.491 + 0.009) x 10 MeV

Limits are given at the 90% confidence level, while errors are given as +1 standard deviation.
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EC = 2 VIA MIXING h, B = 1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed in second-order weak interactions, e.g. mixing. Allowed by higher-order electroweak interactions.

~m p
—m pI

1 2

r(K+ 7r (via ~D)) /I (K 7r+)

I (K+7r 7r+ 7r (via ~o))/
r(K- ~+~+~—

)
f (p, anything (via ~D))/I (p, + anything)

I (D ~ K+ 7r (via D ))/I tota]
f (D ~ K+ 7r 7r+ 7r (via ~D ))/I total
I (0 ~ p anything (via 0 ))/rtotal

[o] &21 x lplp 6 s 1 CL = 90%

&0.005, CL = 90%

&0.005, CL = 90%

&0.0056, CL = 90%
&1.9 x 10, CL = 90%

&4 x 10, CL = 90%
&4 x lp, CL = 90%

AB = 2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

Xd

Dmep —m p
—m

H L

xd = Amep/I Bp

x
dm p

—m p
—m

5 sH sL

xs = Am p/r
5 5

0.175 + 0.016

(0.474 y 0,031) x lpl2 g s 1

0.73 + 0.05

&0,49, CL = 95%

&59 x 101 6s CL = 95%

)95 CL = 95%

h,S = 1 WEAK NEUTRAL CURRENT FORBIDDEN

I (B+ 7r+ e+ e )/I total
r{e+ ~ ~+~+~ )/rtotai
I (B+ ~ K e+ e )/Ctotai
r(e+ K+~+~ )/rtotai
I (B+ ~ K*{892)+e+ e )/Ctotal
I (B+ ~ K*(892)+iLf,

+ i' )/I total
&&)/ total

I (BO e+ e )/'f total

( ' - ~+ ~ )/ total
I (B ~ Kpe+ e )/'I total
I (BP —+ KP p+ p, )/Ctotai
I (BP ~ K*(892) e+ e )/I total
I (B —+ K*(892) fLf,

+ P )/I totai
C(B ~ e+ e anything)/ I total
C(B ~ P+ p anything)/rtotal

r(& ~ fLf,
+ p, anything)/'I total

r(b ~ vvanything)/'I total{,- »)/ total

In this Summary Table:

NOTES

&3.9 x 10 3, CL = 90%
&9.1 x 10 3, CL = 90%

&6 x 10, CL = 90%
&1.7 x 10, C L = 90%
&6.9 x 10, CL = 90%
&1.2 x 10, CL = 90%
&3.9 x 10, CL = 90%
&5.9 x 10—6 CL = 90%
&5.9 x 10 CL = 90%
&3.0 x 10, CL = 90%
&3.6 x 10, CL = 90%
&2.9 x 10, CL = 90%
&2.3 x 10, CL = 90%
&2.4 x 10, CL = 90%
&2.4 x 10, CL = 90%
&5.0 x 10, CL = 90%
&3.9 x 10 4

&1.48 x 10 CL = 90%

r(K+
r(K+
f (K+
r(Ks
r(KO-
r(KO

c(KO
L

r(KO
L

r(KO
L

r(KO-
L

I (KO
L

r(KO
L

r(KO-
L

r(Ko, -
C(KP

L

I (KO
L

I (KO
L

r(Q+

I (0+
r (0+
r(o+ ~
r(op
r(op-
l(DP ~
r(op-
r(op
r(op
f(DP ~
r(o0
f(DP ~
r(op-
r(op
r(op
r(op
r(o+-

S

r(o+-
S

r(n+-
C

Allowed by higher-order electroweak interactions.

~+e+e )/Ctotai
+~+~ )/Ctotal

7r+ vv)/f total
~ ~ )«totai
e+ e )/f total
7r e+ e )/I total

)/ctotal

&)/ total
+' )/ totai

e+e»/Ctotai
»)/ totai

7r+ 7r e+ e )/f total
S+W e+e )/rtotal
e+ e- e e-)/rtota
~ ~+I )«tota]

e+ e )/I total

rtotai
0

p e+ e )/rtotal

(2.74 + 0.23) x 10

&2.3 x 10,CL = 90%

&2.4 x 10, CL = 90%

&3.2 x 10 7, CL = 90%

&2.8 x 10 CL = 90%

&1.1 x 10, CL = 90%

(7,2 + 0.5) x 10 (S = 1.4)

{3.23 + 0,30) x 10

&41 x 10

(9.1 + 0.5) x 10 6

[p) (6.5 6 1.2) x 10

&2.5 x 10, CL = 90%

&4.9 x 10, CL = 90%

[q] (4.1+ 0.8) x 10 (S = 1.2)

&5.1 x 10 9, CL = 90%

&4.3 x 10, CL = 90%

&5.8 x 10 5, CL = 90%

&7x 10 6

Allowed by higher-order electroweak interactions.

7r+ e+ e )/I tota]
)/ total

~+~+~ )«totai
e+e )«totai

)/ctotal
7r e+ e )/I total

»Ctotal
ye+ e )/I total
rIS +

S )/Ctotal

)/ totai
/" ~+~ )/'totai

total

)/Ctotal
&e+e )«totai

S )/Ctotai

)/ total

)/ total
K (892)+ p, + ~ )/ "total
p~+~ )/ totai

&6.6 x 10, C L = 90%

&1.8 x 10, CL = 90%

&5,6 x 10, CL = 90%

&1.3 x 10, CL =- 90%

&7.6 x 10 6, CL = 90%

&4.5 x 10 5, CL = 90%

&1.8 x 10, CL = 90%

&1.1 x 10, CL = 90%

&5.3 x 10 4, CL = 90%
&1.0 x 10, CL = 90%
&2.3 x 10 4, CL = 90%
&1.8 x 10, CL = 90%
&8.3 x 10, CL = 90%

&5.2 x 10, CL = 90%

&4.1 x 10 4, CL = 90%

&8.1 x 10, CL = 90%

&5.9 x 10 4, CL = 90%

&1.4 x 10 3, CL = 90%

&3.4 x 10, CL = 90%

aC = 1 WEAK NEUTRAL CURRENT FORBIDDEN

When a quantity has "(S = . . .)" to its right, the error on the quantity has

been enlarged by the "scale factor" S, defined as S = v/X2/(N —1), where N
is the number of measurements used in calculating the quantity. We do this
when S ) 1, which often indicates that the measurements are inconsistent.
When S ) 1.25, we also show in the Particle Listings an ideogram of the
measurements. For more about S, see the Introduction.

[a] C parity forbids this to occur as a single-photon process.

[b] Time-reversal invariance requires this to be 0' or 180'.
[c] Allowed by higher-order electroweak interactions.

[d] Violates CP in leading order. Test of direct CP violation since the in-

direct CP-violating and CP-conserving contributions are expected to be

suppressed.

[e] e /e is derived from [rioo/ri+
~

measurements using theoretical input on
phases.

[fJ Neglecting photon channels. See, e.g. , A. Pais and S.B. Treiman, Phys.
Rev. 012, 2744 (1975).

[g] Derived from measured values of d+, dpo, ~ri~, 7 Kp, and ~mzo
S L

mKo ~, as described in the introduction to "Tests of Conservation Laws. "
5

[h] The value is for the sum of the charge states of particle/antiparticle states
indicated.

fi] A test of additive vs. multiplicative lepton family number conservation.

[j] 6(m2) = 100 eV2.

[kJ 190 eV2 & 6(m2) ( 320 eV2.

[i] Derived from an analysis of neutrino-oscillation experiments.

[m] There is some controversy about whether nuclear physics and model
dependence complicate the analysis for bound neutrons (from which the
best limit comes). The second limit here is from reactor experiments
with free neutrons.

[n] This is the best "electron disappearance" limit. The best limit for the
mode e ~ r p is & 2.35 x 102s yr (CL=68%).

[o] The Dot Dz~ limits are i-nferred from the Do Do mixing ratio [I (K+r-r or
K+s. ~++ via Do)] / I (K rr+or K x+n. +rr ).

[p) See the Koz Particle Listings for the energy limits used in this measure-
ment.

[q] m +, & 470 MeV.

Limits are given at the 90% confidence ievel, while errors are given as +1 standard deviation.
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1.PHYSICAL CONSTANTS
Table 1.1. Reviewed 1995 by B.N. Taylor, NIST. Based mainly on the "1986 Adjustment of the Fundamental Physical Constants" by
E.R. Cohen and B.N. Taylor, Rev. Mod. Phys. 59, 1121 (1987). The last group of constants (beginning with the Fermi coupling constant)
comes from the Particle Data Group. The figures in parentheses after the values give the 1-standard-deviation uncertainties in the last digits;
the corresponding uncertainties in parts per million (ppm) are given in the last column. This set of constants (aside from the last group) is
recommended for international use by CODATA (the Committee on Data for Science and Technology).

Since the 1986 adjustment, new experiments have yielded improved values for a number of constants, including the Rydberg constant R~, the
Planck constant h, the Bne-structure constant ~, and the molar gas constant R, and. hence also for constants directly derived from these, such as
the Boltzmann constant k and Stefan-Boltzmann constant o. The new results and their impact on the 1986 recommended values are discussed
extensively in "Recommended Values of the Fundamental Physical Constants: A Status Report, " B.N. Taylor and. E.R. Cohen, J. Res. Natl.
Inst. Stand. Technol. 95, 497 (1990); see also E.R. Cohen and B.N. Taylor, "The Fundamental Physical Constants, " Phys. Today, August 1995
Part 2, BG9. In general, the new results give uncertainties for the affected constants that arc 5 to 7 times smaller than the 1986 uncertainties,
but the changes in thc values themselves are smaller than twice the 1986 uncertainties. Because the output values of a least-squares adjustment
are correlated, the new results cannot readily bc incorporated with the 1986 values. Until thc next complete adjustment of the constants, the
1986 CODATA set, given (in part) below, remains the set of choice.

Quantity Symbol, equation Value IJncert. (ppm)

spccd of' light in vacuum
P lanck constant,
Planck constant, reduced

electron charge magnitude
conversion constant
conversion constant

clcctron mass
proton mass

deuteron mass
llnificd atonlic mass ]lrlit, (]1)

pcrmitt, ivity of free space
permeability of free space

h

h = h/2rr

hc
(Iic)2

md),

(mass 12C atom)/12 = (1 g)/(Ng mol)

~o

Po
epIrp = 1/c2

299 792 458 m s

6.626 075 5(40) x10 3 J s

1.054 572 66(63) x 10,J s
= 6.582 122 0(20)x10 2 Mc.V s

1.602 177 33(49)x10 C = 4.803 206 8(15)x10 " csu
197.327 053(59) MeV fm

0.389 379 66(23) GcV mbarn

0.510 999 06(15) McV/c2 = 9.109 389 7(54) x10 31 kg
938.272 31(28) MeV/c2 = 1.672 623 1(10)x10 27 kg
= 1.007 276 470(12) u = 18%.152 701(37) m,

1875.613 39(57) MeV/c
931.494 32(28) McV/c2 = 1.660 540 2(10)x10 kg

8.854 187 817. . . x10 F rn

47(. x 10 N A = 12.566 370 614. . . x10 N A

exact*
0.60
0.60
0.30

0.30, 0.30
0.30
0.59

0.30, 0.59
0.30, 0.59

0.012, 0.020
0.30

0.30, 0.59

exact
exact

finc-structure constant
classical clcctron radius
clcctron Compton wavelength
Bohr radius (mnuc]ous oo)
wavclcngth of 1 eV/c particle
Rydbcrg energy
Thomson cross section

Bohr magncton
nuclear magncton
clcctron cyclotron frcq. /ficld

proton cyclotron frcq. /fiel

gravit ational constant

standard grav. acccl. , sca lcvcl g

o = e /4rre p li c
r, = e /42prrme, c 2

*p = 1]/mp c = re cr
—1

n~ = 4rcepIi /m, e = r, ec2 2= —2

hc/e
hcB~ = mpe /2(4rcep) 1]=mpr , n /2
crT = 8rrr2/3

p]3 = eI]/2mp

Ir]v = eh/2m'
u] ]/B = e/mp

]/B = e/mr

1/137.035 989 5(61)t
2.817 940 92(38) x10 m

3.861 593 23(35) x10 13 m

0.529 177 249(24) x10 ]P m

1.239 842 44(37) x10 s m

13.605 698 1(40) cV
0.665 246 10(18) barn

5.788 382 63(52) x10—11 Mc V T—1

3.152 451 66(28)x10 1 MeV T
1.758 819 02(53) x101 rad s 1 T

9.578 830 9(29)x107 rad s 1 T

0 072 59(85) x I 0
—11 m3 kg

—1 p
—2

= 6.707 ll(86)x10 hc (GcV/c )
980665 m s

0.045
0.13
0.089
0.045
0.30
0.30
0.27

0.089
0.089
0.30

0.30

128
128

exact

Avogadro constant
Bolt zmann constant

molar volume, ideal gas at, STP
Wicn displaccmcnt law constant
Stcfan-Bolt zmann const ant

Fermi coupling constant
weak mixing angle
W+ boson mass
Z boson mass0

strong coupling constant

Ngk(273. 15 K)/(101 325 Pa)
tI = ~maxT
cr = rr k /00I] c2

GF /(I]c) 3

srn' e(Mz) (Ms)
m~
mZ
cr. (mz)

6.022 136 7(36) x1023 mol
1.380 058(12) x 10 J K
= 8.617 385(73)x10 3 c.V K

22.414 10(19)x10 3 ms mol
2.897?56(24)x10 3 m K
5.670 51(19)x10 W rn K

1.166 39(2) x10 GcV
0.2315(4)
80.33(15) GcV/c2
91.187(7) GcV/e
0.118(3)

0.59
8.5
8.4
8.4
8.4

34

20
2200
1900

77
25000

vr = 3.141 592 653 589 793 238

1G—:10 T1 in = 0.0254 m

1 A =—0.1nm

barn = 10—28 m2

1 dyne= 10 N

1 crg = 10,7

e = 2.718 281 828 459 045 235 p = 0.577 215 664 901 532 861

1 cV = 1.602 177 33(49) x 10 J kT at 300 K = I38.681 49(33)j cV
1 cV/c = 1.782 662 70(54) x 10 kg 0 C = 273.15 K

2.997 924 58 x 10 csu = 1 C 1 atmosphcrc = 760 torr = 101 325 Pa

* Thc meter is thc length of thc path travclcd by light in vacuum during a time interval of 1/299 792 458 of a second.
t At Q = 0. At Q = m]4p thc value is approximate:ly 1/128.
~ Scc discussion in Scc. 10 "Standard Model of clcctrowcak interactions. "
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2. ASTROPHYSICAL CONSTANTS
Table 2.1. Written. and revised with the help of K.R. Lang, K.A. Olive, 3. Primack, S. Rudaz, E.M. Standish, 3r. , and M.S. Turner. The flgures
in parentheses after some values give the 1-standard deviation uncertainties in the last digit(s). While every eFFort has been made to obtain the
most accurate current values of the listed quantities, the table does not represent a critical review or adjustment of the constants, and is not
intended as a primary reference.

Quantity

speed of light

Newtonian gravitational constant

astronomical unit

tropical year (equinox to equinox) (1994)
sidereal year (fixed star to fixed star) (1994)
mean sidereal day

Jansky

Planck mass

parsec (1 AU/1 arc sec)

light year (deprecated unit)

Schwarzschild radius of the Sun

solar mass

solar luminosity

solar equatorial radius

Earth equatorial radius

Earth mass

luminosity conversion

flux conversion

Symbol, equation

C

Gw

AU

yr

3y

Qhc/G~

pc

ly

2GtvMs/c2

0
I-o
Ro
R(p

M@

Value

299792458 m s

6.67259(85) x 10 ms kg s

1.495 978 706 6(2) x 10 ~ m

31556925.2 s

31 558 149.8 s

23" 56 04'090 53

10—26 W m
—2Hy —1

1.221047(79) x 10 GeV/c
= 2.17671(14) x 10 s kg

3.0856775807(4) x 10 s m = 3.262. . . ly

0.3066 . . ~ pc = 0.9461. . . x 10 m

2.953 25008 km

1.98892(25) x lose kg

3.846 x 1026 W
6.96 x 10 m

6.378140 x 106 m

5.973 70(76) x 10 kg

3.02 x 10" x 10-'4 M~ W

(Mt = absolute bolometric magnitude

= bolometric magnitude at 10 pc)
2,52 x 10 8 x 10 p 4 ~ W m 2

hfer ence

defined [1]

[2)

[3,4]

[3)

[3]

[3)

uses [2]

[5]

[6]

[7)

[8)

[3)

[10]

from above

vo around center of Galaxy

solar distance from galactic center

Hubble constant~

0,

normalized Hubble constant~

critical density of the universe~

hp

pc = 3Hp2/8itGn

local disk density

local halo density

density parameter of the universe

scaled cosmological constant~

scale factor for cosmological constant~

agc of thc universe

P disk

P halo

Flo: po/pc

Ap = Ac2/3Hes

c2/3Ho2

tp

Bphp

Tp

number density of CBR photons

entropy density/Boltsmann constant

~ Subscript 0 indicates present-day values.

s/k

cosmic background radiation (CBR) temperaturct

solar velocity with respect to CBR
energy density of CBR

(ms = apparent bolometric magnitude)

220(20) km s

8.0(5) kpc

100 hp km s Mpc
= ho x (9.77813 Gyr)

0.5 ( hp & 0.85

2.77536627 x 10 h() MoMpc
= 1.87882(24) x 10 h g cm

= 1.05394(13) x 10 ho GcV cm

3—12 xlo 4
g cm —2—7 GcV/c cm

2—13 xlo g cm S —0.1—0.7 GcV/r cm

0.1 (Ap (2
p

2.853 x 105~ h m2

15(5) Gyr

& 2.4 for tp & 10 Gyr
& 1 for tp & 10 Gyr, hp ) 0.4
2,726 + 0.005 K
369.5 + 3.0 km s

4.6477 x 10 (T/2. 726) g cm

= 0.26071 (T/2. 726) cV cm

410.89 (T/2. 726) cm

2 892.4 (T/2. 726)s cm

[11]

[12]

[13]

[14,15,16]

[17]

[18)

[191

[20,21]

[10]

[10]

[lo]
[22,23]

[23,24]

[10,23]

[10,23]

[10]
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References:
1. B.W. Petley, Nature 303, 373 (1983).
2. E.R. Cohen and B.N. Taylor, Rev. Mod. Phys. 59, 1121 (1987).

The sct of constants resulting from this adjustment has been
recommended for international usc by CODATA (Committee on
Data for Science and Technology).

3. The Astronomical Almanac for the year 199$, U.S. Government
Printing OfBce, Washington, and Her Majesty's Stationary OfBce,
London (1993). Where possible, the values as adjusted for the
fitting of the ephemerides to all the observational data are used.
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6. Heliocentric gravitational constant from Ref. 3 times 2/c . The
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magnitude (4.72) still common in thc literature [10].

9. Obtained from thc gcoccntric' gravitational constant [3] and
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M.J. Raid, Annu. Rev. Astron. Astrophys. 31, 345—372 (1993).
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3. INTERNATIONAL SYSTEM OF UNITS (SI)
Sce "The International System of Units (SI)," NIST Special Publication 330, B.N. Taylor, ed. (USGPO, Washington, DC, 1991);and "Guide for
the Use of the International System of Units (SI)," NIST Special Publication 811, 1995 edition, B.N. Taylor (USGPO, Washington, DC, 1995).

SI prefixes
Physical
quantity

length

mass

time

electric current

thermodynamic
temperature

amount of substance

luminous intensity

Name
of unit

Base units

meter

kilogram

second

ampere

kelvin

mole

candela

Symbol

A

K

mol

cd

1024

1p21

1018

1p15

1p12

10'

106

10

10

yotta (Y)

zetta (Z)

(E)

peta (P)

tera (T)

giga (G)

mega (M)

kilo (k)

hecto (h)

deca (da)

plane angle

solid angle

freqIIency

energy

force

pI essurc

power

elect, ric charge

clcctric potential

elect, ric resistance

elect ric conductance

electric capacitance

magnetic flux

induct ance

magnetic flux density

luminous fl&Ix

illuminancc

celsius tcmpcraturc

act, ivity (of a
radioactive source)*

absorbed dose (of
ionizing radiation)*

dose equivalent*

radian

stcradian

hcrt7,

joule

newton

pascal

watt

coulomb

volt

ohm

siemens

farad

weber

henry

tcsla

hImen

lux

degree celsius

b ccqurrcl

gray

sicvcrt

Derived units saith, special names

I'ad

sr

Hx

Pa

V

Wb

H

lm

lx

'C

Gy

Sv

1p
—21 zcpt, o (z)

10 24 yocto (y)

10 deci (d)

10 centi (c)

10 s milli (m)

10 micro (p)

10 s nano (n)

10 r pico (p)

10 rs femto (f)

10 atto (a)

*Sec our section 25, on "Radioactivity and radiation protection, " p. 150.
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5. ELECTRONIC STRUCTURE OF THE ELEMENTS
Table 5.1. Reviewed 1995 by W.C. Martin, NIST. The electronic configurations and ionization energies here are taken from "Atomic
Spectroscopy, " W.C. Martin and W.L. Wiese, in Atomic, Molecular, and Optical Physics Reference Book, G.W.F. Drake, cd. , Amer. Inst. Phys. ,
1995. Thc electron configuration for, say, iron indicates an argon electronic core (see argon) plus six 3d electrons and two 4s electrons. The
ionization energy is thc least energy necessary to rcmove to infinity one electron from an atom of the element,

Element
Electron configuration

(3d = five 3d electrons, etc ).
GI'ound

state
2S+1L J

Ionizat ion

energy
(eV)

3

5

6
7

8
9

10

11
12
13
14
15
16
17
18

19
20

24
25

26
27

28
29

30

31
32
33
34
35
36

37
38

39
40
41
42
43
44
45

47
48

H

Hc

Li

C
N

0
F
Nc

Na

Mg
Al

Si
P
S
Cl

Ar

K
Ca

Sc
Tl
V

Cr
Mn

Fc
Co
Ni

C ll

Zn

Ga
Gc
As

Sc
Br
Kr

Rb
Sr

Y
Zr

Nb

Mo
Tc
Rll
Rh
Pd
Ag
Cd

Hydrogen

Helium

LithiuIn

Beryllium
Boron
Carbon
Nitrogen

Oxygen
Fluorine

Neon

Sodium

Magnesium
Aluminum

Silicon
Phosphorus
Sulfur
Chlorine

Argon

Potassium
Calcium

Scandlllm

Titanillm
Vanadium

Chromium
Mangancsc

Iron
Cobalt
Nickel

Copper
Zinc

Gallium

Germanium
Arsenic

Selenium
Bromine

Krypton

Rllbidillm

Stront, ium

Yttrium
Zirconium
Niobium

Molyb denlim
Technetium
Ruthenium
Rhodlllm

Palladium
Silver

Cadmium

(He) 2s

(Hc) 2s2

(He) 2s~ 2p

(He) 2s2 2p2

(He) 2s2 2ps

(Hc) 2s2 2p4

(He) 2s 2p

(He) 2s2 2ps

(Nc) Ss

(Nc) 3s2

(Ne) 3s2 3p

(Ne) 3s 3p
(Nc) Ss2 Sps

(Ne) Ss 3p
(Nc) 3s2 Sps

(Ne) 3s2 Sps

(Ar) 4s

(Ar) 4s2

(Ar) 3d 4s

(Ar) Sd~ 4s2

(Ar) Sds 4s2

(Ar) Sds 4s

(Ar) Sds 4s2

(Ar) Sds 4s2

(Ar) Sdr 4s2

(Ar) Sds 4s2

(Ar) Sdto 4s

(Ar) 3d'o4s2

(Ar) Sd&o 4s2

(Ar) 3d "4s
(Ar) 3d 4s

(Ar) 3d 4s

(Ar) 3dio4

(Ar) Sdro4, 2

(Kr) 5s

(Kr) 5s2

(Kr) 4d 5s

(Kr) 4d2 5s2

(Kr) 4d 5s

(Kr) 4d 5s
(Kr) 4ds 5s2

(Kr) 4dr 5s
(Kr) 4ds 5s

(Kr) 4d

(Kr) 4dro5

(Kr) 4dto5s2

4p
4p2

4p3

4 4

4p5

4p6

r
C

a
n

C
S

nl
1

C
t

n

t
0

S
n

r
C

1
n c
S

m
1

t
n
t

0
s

n

1S

2S

So
2

Pl/2
3Po

3P
2

P3/2
So

2

1So

Po

P2
2

1S
2

So

2

3F
4

F3/2
7S3

'S5/2
5~
'FO/2
3F
2
Sl/2

'So

2
Pl/2
Po

4

3P
2

P3/2
'So
2
Sl/2

'So

F
6

7S
6

S5/2
5F
4

Fg/2
'So
2

So

13.5984
24.5874

5 ~ 3917
9.3227
8.2980

11.2603
14.5341
13.6181
17.4228
21.5646

5.1391
7.6462
5.9858
8.1517

10.4867
10.3600
12.9676
15.7596

4.3407
6.1132

6.5615
6.8281
6.7463
6.7665
7.4340
7.9024
7.8810
7.6398
7.7264
9.3942

5.9993
7.8994
9.7886
9.7524

11.8138
13.9996

4.1771
5 6949

6.2171
6.6339
6.7589
7.0924
7.28
7.3605
7.4589
8.3369
7.5763
8.9938
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49
50
51
52
53
54

55
56

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

72
73
74
75
76
77
78
79
80

81
82
83
84
85

86

87
88

89
90
91
92
93
94
95

96
97
98
99

100
101
102
103

104

In

Sn
Sb
Te
I
Xe

Ba

La
Ce
Pr
Nd

Prn

Sm
Eu
Gd
Tb
Dy
Ho

Er
Tm
Yb
Lu

Hf
Ta
W
Rc
Os
Il
Pt
Au

Pb
Bi
Po
At

Ac
Th
Pa
U

Np

Pu
Am

Cm
Bk
Cf
Es
Fm

No
Lr

Indium

Tln
Antimony

Tellurium
Iodine
Xenon

Cesium

Barium

Lanthanum

Cerium
Praseodymium

Neodymium
Promethium

Samarium
Europium
Gadolinium
Terbium

Dysprosium
Holmium

Erbium
Thulium

Ytterbium
Lutetium

Hafnium
Tantalum

Tungsten
Rhenium

Osmium
Iridium

Platinum
Gold

Mercury

Thallium

Lead
Bismut, h

Polonium
Astatine

Radon

Francium

Radium

Actinium

Thorium
Protactinium
Uranium
Ncpt, llnluII1

P lutonium
Americium

Curi&lm

Bcrkcliurn

Californium
Einsteinium
Fermium
Mendelevium

Nobelium
Lawrencium

Rutherfordium

(Kr)4d~c5s2 5p

(Kr) 4d105s2 5p2

(Kr) 4d 5s 5p

(Kr) 4d 5s 5p

(Kr) 4d 5s 5p

(Kr) 4d 5s 5p

(Xe) 6s

(Xe) 6s2

(Xe) 5d 6s2

(Xe) 4f 5d 6s2

(Xe) 4f3 6s2

(Xe) 4f 6s2

(Xe)4f Gs

(Xe) 4f Gs2

(Xe) 4f7 Gs2

(Xe)4f7 5d Gs2

(Xc)4f Gs

(Xe) 4f rc Gs2

(Xe) 4f Gs

(Xc)4f r~ 6s2

(Xe) 4f Gs

(Xc)4f14 Gs2

(Xc)4fi 5d Gs2

(Xc)4f 5d Gs

(Xc)4f145d3 6q2

(Xc)4f 45d Gs

(Xc)4f r45d5 Gs2

(Xc)4f 5d Gs

(Xe)4f 5d Gs

(Xc)4fr45dg Gs

(Xc)4fr 5dr Gs

(X..)4f'45d'oGs'

(Xc)4f&45d&oG

(Xc)4f 5d Gs

(Xc)4f 5d cGs

(Xc)4f'45d~cGs2

(Xe)4 f145d106s2

(Xc)4f145d106s2

(Rn) 7s

(Rn) 7s2

(Rn) Gd 7s2

(Rn) Gd2 7s2

(Rn)5f2 Gd 7s

(Rn)5f~ Gd 7s2

(Rn)5f4 Gd 7s2

(Rn)5fe 7s2

(Rn) 5f" 7s2

(Rn)5f7 Gd 7s2

(Rn) 5f 7s2

(R )5f' 7s
(Rn)5f" 7s

(Rn)5f'
(Rn)5f 7s

(Rn)5f' 7s
(Rn)5f 7s

(Rn)5f Gd 7s ~

6p
6p2

6p3

6p4

6p5
6

7p?

r
a

]

2
P1/2
Pp

'S3/2
3P
2

P3/2
1S

S1/2
1S

2
D3/2

'G4
4

I9/2
I4

H5/2
7F

S7/2
9D
6H»/2
51
4

I15/2
H6

2
F7/2

1S

F
4

F3/2
5D

S5/2
5D
4

F9/2
3D3

2S1/2
1S

P1/2
3Pp

3p
2

P3/2
'So
2

'So

2
D3/2

3F
4

K11/2
5I
6

7F
'S7/2
9D

'H15/2
5I
4

3H6

1S
2 P1/2-

3F2?

5.7864
7.3439
8.6084
9.0096

10.4513
12.1298

3.8939
5,2117

5.5770
5.5387
5.464
5.5250
5.58
5.6436
5.6704
6.1501
5.8638
5.9389
6.0215
6.1077
6.1843
6.2542
5 4259

6.8251
7.5496
7.8640
7.8335
8.28
9.02
8.9587
9 ~ 2255

10.4375

6.1082
7.4167
7.2856

8.4167

10.7485

4.0727
5.2784

5.17
6.3067
5.89
6.1941
6.2657
6.0262
5.9738
6.02
6,23

6.30
6.42

6.50
6.58
6.65

6.0?
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6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Table revised May 1996. Gases are evaluated at 20 C and 1 atm (in parentheses) or at STP [square brackets]. Densities and
refractive indices without parentheses or brackets are for solids or liquids, or are for cryogenic liquids at the indicated boiling point (BP) at
1 atm. Refractive indices are evaluated at the sodium D line.

Material A Nuclear ~

total
cross

section
crT {barn)

Nuclear
inelastic

cross
section

ccl {barn)

Nuclear Nuclear ~ dE/dx[
collision interaction

MeV
length length

g/cm

{g/cm2) {g/cm )

Radiation length ~

Xp

{g/cm2] {cmj

Density
{g/cm2 j
({g/f)

f'or gas)

Refractive
index n

((n —1)x 10
for gas)

H2 gas
H2 (BP 20.39 K)
D2 (BP 23.65 K)
He (BP 4.224 K)
Li
Be

1 1.01
1 1 ~ 01
1 2.01
2 400
3 694
4 901

0.0387
0.0387
0.073
0, 133
0.211
0.268

0.033
0.033
0,061
0.102
0.157
0.199

43.3
43.3
45.7
49.9
54,6
55.8

50.8
50.8
54.7
65.1
73.4
75.2

(4.103)
4.045 f
(2.052)
(1.937)
1.639
1.594

63.05
63.05

125,98
94.32
82 ~ 76
65.19

(752300)
890
754
756
155

35.3

(0.0838) [0.0899] [139.2]
0.0708 1.112

0.169[0.179] 1.128 [138]
0.1248[0.1786] 1.024 [34.9]

0.534
1.848

C
N2 (BP 77.36
02 (BP 90.18
Nc (BP 27.09
Al
Si
Ar (BP 87.28
Tl

6 12.01
K) 7 14.01
K) 8 16.00
K) 10 20.18

13 26.98
14 28.09

K) 18 39.95
22 47.88

0.331
0.379
0.420
0 ~ 507
0.634
0.660
0.868
0.995

0.231
0.265
0.292
0.347
0.421
0.440
0.566
0.637

60.2
61.4
63,2
66.1
70.6
70.6
76.4
79.9

86.3
87.8
91.0
96.6

106.4
106.0
117.2
124.9

1.745
(1.825)
(1.801)
(1.724)
1.615
1.664

(1.519)
1.476

42.70
37.99
34.24
28.94
24.01
21.82
19.55
16.17

18.8
47.1
30.0
24.0
8.9
9.36

14.0
3.56

2.265 ~

0.8073 [1.250
1.141[1.428
1 2ofl[o 9oo3]

2.70
2.33

1.393[1.782]
4.54

1.205 [298]
1.22 [296]

1.092 [67.1]

1.233 [283]

Fe 26
Cu 29
Ge 32
Sn 50
Xc (BP 165.0 K) 54
W 74
Pt 78
Pb 82
U 92

55.85
63.55
72.59

118.69
131.29
183.85
195.08
207.19
238.03

1.120
1.232
1.365
1.967
2.120
2.767
2.861
2.960
3.378

Air, (20 C, 1 atm. ), [STP]
H20
CO2
Shielding concrete "
Borosiliratc glass (Pyrex) '
Si02 (fused quartz)

Methane (CH4) (BP 111.7 K)
Ethane (C2Hs) (BP 184.5 K)
Propane (CsHs) (BP 231.1 K)
Isobutanc ((CHs)2CHCHs) (BP 261.42 K)
Octane, liquid (CHs(CH2)sCHs)
Paraffin wax (CHs(CH&)„CHs, (n) = 25)

0.703
0.782
0.858
1.21
1 ~ 29
1.65
1.708
1.77
1.98

82.8
85.6
88.3

100.2
102.8
110.3
113.3
116.2
117.0

62.0
60.1
62.4
67.4
66.2
67.0

131.9
134.9
140.5
163
169
185
189.7
194
199

90.0
84.9
90.5
99.9
97.6
99.2

56.3 77.4

54.7 74.0
55.73 75.71

1.451
1.403
1.371
1.264

(1.255)
1.145
1.129
1.123
1.082

(1.815)
1.991

(1.819)
1.711
1.695
1.70 ~

(2.417)
(2.304)
(2.262)
(2.239)
2.123
2.087

13.84
12.86
12.25
8.82
8.48
6.76
6,54
6.37
6.00

36.66
36.08
36.2
26.7
28.3
27.05

46.5
45.66

45.2

1.76
1.43
2.30
1.21
2.40
0.35
0.305
0.56
=0.32

[30420]
36.1

[18310]
10.7
12.7
12.3

[64850]
[34O35]

[16930]

7.87
8.96

5.323
7.31

3.52[5.858]
19.3

21.45
11.35

—. 18.95

(1.205) [1.2931] (
1.00

[1.977]

2.23
2.20 k

0.4241[0.717]
0.5O9(1.356) r

(1.879)
[2.67]

0.703
0.93

[701]

273)[293]
1.33

[410]

1.474
1.458

[444]
(1.038)

[1900]

Nylon, type 6
Polyc:arbonatc (Lcxan)
Polycthylc:nc terr phthlatc (Mylar) (CsH402)
Polyothylcnc (monomor CH2 =CH2)
Polyimidc film (Kapton)
Polymethylmcthacralato (Lucito, Ploxiglas)

(monomer (CH2 =C(CHs)COsCHs))
Polystyrene, scintillator (monomer CsHsCH=CH2)
Polytctrafluoroc. thylcnc (Teflo) (monomer CF2 =CFs)
Polyvinyltoluleno, scintillator (monomer 2-CHsCsH4CH=CH2)

Barium fluorid (BaFs)
Bismuth gcrmanatc (BGO) (Bi4GcsOt2)
Cesium iodide (CsI)
Lithium fluorid. (LiF)
Sodium fluorido (NaF)
Sodium iodide (NaI)

Silica Aerogel
NEMA G10 plate

60.2
56.9

59.2

58.4

92.1
97.4

62.00
66.78
94.8

65.5
62.6

85.7
78.8

83.6

82.0

146
156
167
88.24
97.57

152

95.7
90.2

1.974
1.886
1.848
2.076
1.820
1.929

1.936
1.671
1.956

1.303
1.251
1.243
1.614
1.69
1.305

1.83
1.87

39.95
44.8

40.55

43.8

9.91
7.98
8.38

39.25
29.87
9.49

29.85
33.0

28.7
-47.9

42.4

2.05
1.12
1.85

14.91
11.68
2.59

-150
19.4

1.14
1.200
1.39

0.92—0.95
1.420

1.16-1.20

1.032
2.20
1.032

4.89
7.1

4.53
2.632
2.558
3.67

0.1-0.3
1.7

-1.49

1.581

1.56
2.15
1.80
1.392
1.336
1.775

1.0+0.25p
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Material

H2
He
Li
Be

C
N2
02
Nc
Al
Si
Ar
Tl

Fe
Cu
Ge
Sn
Xc
W
Pt
Pb
U

Dielectric
constant (K = e/ ep)

() is (K—1)x10
for gas

(253.9)
(64)

(548.5)
(495)
(127)

11.9
(517)

16.0

Young's

modulus

[10 psi]

37

0.7

10
16

16.8

28.5
16

50
21

2.6

Coeff. of
thermal

expansion

[10 cm/cm-'C]

56
12.4

0.6—4.3

23.9
2.8—7.3

11.7
16.5

5 ~ 75
20

4.4
8.9

29.3
36.1

Specific
heat

[cal/g-'C]

0.86
0.436

0.165

0.215
0.162

0.126

0.11
0.092
0.073
0.052

0.032
0.032
0.038
0.028

8.55(0')
5.885(00)

1375(0')

0.17
0.38

0.057

2.65(20') 0.53
0.20

50(0')
9.71(20 )
1.67(20')

11.5(20')

5.5(20 )
9.83(0')

20.65(20')
29(20')

0.18
0.94
0.14
0.16

0.48
0.17
0.083
0.064

Electrical Thermal
resistivity conductivity

[pOcm(C4'C)] [cal/cm-'C-sec]

crT, o.I, AT, and Al are energy dependent. Values quoted apply to high energy range given in footnote a or 6, where energy dependence is
weak.

a o&a«t at .80—240 GeV for neutrons (- a. for protons) from Murthy et al. , Nucl. Phys. B92, 269 (1975). This scales approximately as A
b o;„„ls«t.c ——otets' —a.,ls«;, —oq,»„,'s«;, , for neutrons at 60—375 GeV from Roberts et al. , Nucl. Phys. B159, 56 (1979). For protons and

other particles, see Carroll et al. , Phys. Lett. SOB, 319 (1979); note that oI(p) —oI(n) or sca.les approximately as A
c. Mean free path between collisions (AT) or inelastic interactions (AI), calculated from A = A/(N x cr), where X is Avogadro s number.
d. For minimum-ionizing heavy particles (calculated for pions; results are very slightly different for other particles). Minimum dE/dx calculated

in 1994, using density effec correction coefBcicnts from R. M, Stcrnheimcr, M. 3. Berger, and S. M. Seltzer, Atomic Data and Nuclear
Data Tables 30, 261—271 (1984). For electrons and positrons scc S.M. Seltzer and M.J. Berger, Int. J. Appl. Radiat. 35, 665—676 (1984).
Ionization cncrgy loss is discussed in Scc. 22.

e. From Y.S. Tsai, Rcv. Mod. Phys. 46, 815 (1974); Xp data for all clcments up to uranium arc given. Corrections for molecular binding
applied for H2 and D2.

f Density effec .constants evaluated for p = 0.0600 g/cm (H2 bubble chamber' ?).
g. For pure graphite; industrial graphite density may vary 2.1—2.3 g/cm .

h. Standard shielding blocks, typical composition 02 52%, Si 32.5%, Ca 6%, Na 1.5%, Fc 2%, Al 4%, plus reinforcing iron bars, The
attenuation length, t =115+ 5 g/cm, is also valid for earth (typical p = 2.15), from CERN —LRL—RHEL Shielding exp. , UCRL —17841
(1968).

i. Main components: 80% Si02 + 12% B203 + 5% Na2O.
j. Calculated using Stcrnhcimcr's density cffcct parametcrization for p = 2.32 g cm . Actual value may be slightly lower.
k. For typical fused quartz. The spccific gravity of crystalline quartz is 2.64.
E. Solid cthanc density at —60'C; gaseous refractive index at O'C, 546 mm pressure.

m. n(Si02) + 2n(H20) used in Cerenkov counters, p = density in g/cm . From M. Cantin et al. , Nucl. Instr. and Meth. 118, 177 (1974).
n. G10-plate, typical 60'% Si02 and 40% epoxy.
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V. ELECTROMAGNETIC RELATIONS

Quantity

Conversion factors:

Charge:

Potential:

Magnetic Beld. :

Lorentz force:

Gaussian CGS

2.997 924 58 x 10 esu

(1/299. 792 458) statvolt (ergs/esu)
104 gauss = 10 dyne/esu

F = q(E+ —x B)
C

SI

=1C=1As
=1V=1JC '
=1T=].NA ~m

F = q(E+v x B)

Maxwell equations:

Constitutive relations:

Linear media:

Permitivity of free space:

Permeability of free space:

V. D =4~p
1 BD 4xVxH —— = —JcOt c

V B=0
1BBVxE+ — =0
c Bt

D = E + 47rP, H = B —47rM

D=eE, H=B/y,

V ~ D=p
VxH — =J

Ot
V 8=0

BBVxE+ =0
Bt

D = epE+ P, H = B/yp —M
D=eE, H=B/y,
po = 8.854 187. . . x 10—12 F m

—1

po=4xx10 7NA

Fields from potentials:

Static potentials:
(coulomb gauge)

Relativistic transformations:
(v is the velocity of thc
primed. frame as scen
in thc unprimed frame)

E= —VV ——10A
c Bt

B=VxA

v= P —'*=
"i

charges

1 Ii 1A=-
c ~icurrents

Ell
——Ell

E~ —p(Eg + —v x B)
C

Bll: Bl)

B+ ——p(B~ ——v x E)/
1

C.
'

J(r')
lr —r'l

E= —VV—
Ot

B=VxA
1 ~ q, 1 p(r')

«.p
~ r, 4s .p lr —r'

Icharges

Vo ~ ~' pp &(r ) s
4s ~ r, 4~ lr —r'l

currents

Ell
——Ell

E& ——p(E~ + v x B)

B~ —p(Bg ———~v x E)
C

4~&o
=c x10 7NA =8.98755. . . x109mF ~ —=10 7NA f. = =2.997924 58x10 msPo

47r v Pp&p
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7.1. Impedances (SI units) where rr = e /hc is the 6ne-structure constant and

p = resistivity at room temperature in 10 8 0 m:
1.7 for Cu 5.5 for W
2.4 for Au 73 for SS 304
2.8 for Al 100 for Nichrome

(Al alloys may have double the Al value. )

3)t c
~c =

2R

9
F(~) = —V»

Sar
Ks/s (x) dx,

is the critical frequency. The normalized function F(y) is

(7.18)

(7.14)
For alternating currents, instantaneous current I, voltage V,
angular frequency w:

V=Vpe~ =ZI (7 1)

where Ks/s (x) is a modified Bessel function of the t, hird kind. For
electrons or positrons,

Impedance of self-inductance L: Z =j~I .

Impcdencc of cspacitanrr C: Z = 1/jwC .

Impcdancc. of free space: Z = Vtpp/ep = 876.7 IJ .

High-frequency surface impedance of a good conductor:

Z= (1+j) p whcrc 6 = skin depth;

p 6.6 cm
for Cu

ir&p V v (Hz)
(7 8)

Ji~, (in keV) —2.22 [E(in GeV) [ /R(in m)

0,6 I I I I I I 1 I

0.5

0.4

0.3

Fig. 7.1 shows F(y) over thc important range of it.

(7.15)

7.2. Capacitance C' and inductance I per unit
length (SI units) [negligible skin depth]
Flat rectangular plates of widt, h n~, scparatcd by d && n~ with linear
medium (e, Jt) bctwec. n:

(7.4)

0.2

0.1

0.0
0.01 0.1 1.0 10

e/eo = 2 to 6 for plastics; 4 to 8 for porcelain, glasses;

1 /to =1
(7.5)

(7.6)

Figure 7 l: The no. rmalizcd synchrotron radiation spectrum F(y).

For p )) 1 and w « a, ,

Coaxial cable of inner radius ry, outcr radius r2. (7.16)

27r e

ln (rz/ri)
'

pL = —ln (rz/ri)
27r

(7 7) whcrcas for

Transmission lines (no loss):

Impedance: Z = V L/C .

Velocity: i! = I/'JL C = 1/i/p e

(7.8)

(7.9)

p)) 1 and w&3w,

dI 37r ~ ~/~, 55 ~c
e ' ' 1+ ——+. .

d(h~) 2 ~„72~ (7.17)

The radiation is confined to angles & I/p relative to the instantanrous
direction of mot, ion. Thc mean nlImber of photons emitted pcr
revolution is

7.3. Synchrotron radiation (CGS units)
For a particle of charge e, velocity v = pf:, and cncrgy E = pmc,
traveling in a circular orbit of radius R, thc classical cncrgy loss pcr
rcvohItion bE is and thc mean energy pcr photon is

(7.18)

47r e 2
bE= ——P3 R (7.10)

8
(/)a) = ha,

15 8
(7.19)

For high-cncrgy electrons or posit;rons (P = 1), this bccomcs

6E (in MrV) = 0.0885 [E(in GcV)) /R(in m) . (7.11)

When (lia) & O(E), quantum corrrctions arc important.

For p )) 1, thc cncrgy radiated pcr revolution into thc photon cncrgy
intr:rval d(the) is

See,J.D. ,Jarkson, Classical Elertroditnamirs, 2"" edition ( John Wiley
4 Sons, Ncw York, 1975) for morc formulae and details. In his book,
Jackson uses a definition of w, that is twice as large as thc customary
onc given above,

87r
dI = —op F(~/~, ) d(li~), (7.12)
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8. NAMING SCHEME FOR HADRONS
8.1. Introduction

We introduced in the 1986 edition ]1] a new naming scheme for the
hadrons. Changes from older terminology affected mainly thc heavier
mesons made of the light (u, d, and s) quarks. Old and new names
were listed alongside until 1994. Names also change from edition to
edition because some characteristic like mass or spin changes. The
Summary Tables give both thc new and old names whenever a change
occurred.

8.2. "Neutral-flavor" mesons (S= C =B=T = 0)
Table 8.1 shows thc names for mcsons having thc strangencss

and all heavy-flavor quantum numbers equal to zero. Thc scheme is
designed for all ordinary non-exotic mesons, but it will work for many
exotic typos too, if needed.

Table 8.1: Symbols for mesons with the strangcncss and all
hcavy-flavor quantum numbers equal to zero.

Gluonium states or other mesons that are not qq states arc, if
the quantum numbers are not exotic, to be named just as are the
qq mesons. Such states will probably be difficult to distinguish from

qq states and will likely mix with them, and we mako no attempt to
distinguish those "mostly gluonium" from those "mostly qq.

"

An "exotic" meson with J quantum numbers that a qq
system cannot have, namely J + = 0,0+, 1 +, 2+, 3 +,
would usc the same symbol as does an ordinary meson with all
the same quantum numbers as the exotic meson except for the
C parity. But then the J subscript may still distinguish it; for
example, an isospin-0 1 + meson could bc denoted ay.

8.3. Mesons with nonzero S, C, B, and/or T
Since thc strangcncss or a heavy flavor of thcsc mcsons is nonzcro,

none of them arc cigcnstatcs of charge conjugation, and in each of
them one of the quarks is heavier than the other. Thc rules are:

JPC
0-+
2

—+
1+—
3+

1
2

0++
1++

1. Thc main symbol is an upper-case italic letter indicating thc
heavier quark as follows:

s~K c~D b~B t~T
qq content LJ = (Leven)g (Lodd)g (Lcvcn) I (I odd)g

ud, uu —dd, du (I = 1)
dd+ uu

and/or ss
cc

hg

h, g

tThc J/q/r remains thc J/Q.

First, , wc assign names to those states with quantum numbers
compatiblr with being qq states. Thc rows of thc Table give thc
possible qq content. Thc columns give the possible parity/chargc-
conjugation states,

PC= —+, +—,——,and++;
thcsc combinations corrcspond onc-to-onc with thc angular-momentum
st at r 2S+ 1LI of t hr qq system being

(L cvcn) I, (L odd)~, (L cvcn) I, or (L odd)g .

Herc S, L, and, J arc thc spin, orbital, and total angular momcnta of
thc qq system. Thc quantum numbers are rclatcd by

P: ( 1)L+1 C ( 1)L+S and G parity ( 1)L+S+I

where of course the C quantum number is only rclcvant to neutral
mc sons.

Thc cntrics in thc Table give thc meson names. Thc spin J is added
as a subscript cxccpt for pscudoscalar and vector mcsons, and thc
mass is added in paronthcscs for mcsons that decay strongly. However,
for t, hc lightest, meson rcsonanccs, wc omit thc mass.

Mcasurcmcnts of thc mass, quark content (whore relevant), and
quantum numbers I, .I, P, and C (or G) of a, meson thus fix its
symbol. Convcrscly, thcsc propcrtics may bc infcrrcd unambiguously
from thc symbol.

If thc main symbol cannot, bc assigned because thc quantum
numbers are unknown, X is used. Somctimcs it is not known whcthcr
a meson is ma, inly t,hc isospin-0 mix of uu and dd or is mainly ss.
A prirnc (or pair w, d ) may bc used to distinguish two such mixing
states.

Wo follow custom and usc spectroscopic n.amos such as 2"(ls) as tho
primary name for most of those g, T, and y states whose spectroscopic
identity is known. Wo uso thc form 2"(9460) as an alternative, and as
thc primary name when thc spectroscopic identity is not, known.

Names arc assigned for tt mcsons, although thc top quark is
evidently so hcavy that, it, is cxpcctcd to decay too rapidly for bound
st, at, cs t, o form.

We uso the convention that the fl, avor and the charge of a quark
have the same sign. Thus the strangencss of thc s quark is
nogativc, thc charm of thc c quark is positive, and thc bottom
of thc b quark is ncgativc. In addition, I3 of the u and d
quarks arc positive and ncgativc, respectively. Thc effec of this
convention is as follows: Any flavor carried by a charged meson
has the same sign as its charge. Thus the K+, D+, and B+ have
positive strangcncss, charm, and bottom, rrspcctivcly, and all
have posit, ivc I3. The D+, has positive charm and strangcncss.
Furthermore, tho A(flavor) = AQ rule, best known for thc kaons,
applies to every flavor.

2. If thc lighter quark is not a u or a d quark, its identity is given
by a subscript, . The D+, is an cxamplc.

3. If thc spin-parity is in the "normal" series JP 0+, 1,2+,
a, superscript '"" is added.

4. Thc spin is added as a, subscript cxcopt for pscudoscalar or vector
mcsons.

8.4. Baryons
The symbols N, 6, A, Z, :-, and 0 used for morc than 30 years

for thc baryons made of light, quarks (u, d, and s quarks) toll thc
isospin and quark content, and thc same information is convoyed by
thc symbols used for thc baryons cont, aining onc or morc hcavy quarks
(c, 6, and t quarks). Thc rules arc:

1. Baryons with three u and/or d quarks arc X's (isospin 1/2) or
8's (isospin 3/2).

2. Baryons with ttoo u and/or d quarks aro A's (isospin 0) or Z's
(isospin 1). If thc third quark is a c, 6, or t quark, its identity is
givrn by a subscript.

3. Baryons with one u or d quark arc " 's (isospin 1/2). Onc or two
subscripts arr. usrd if onc or both of thc remaining quarks arc
hcavy: thus (-, (-(-, g, etc.

4. Baryons with no u or d quarks are Q's (isospin 0), and subscripts
indicate any hravy-quark content, .

In short, thc number of u plus d quarks togcthcr with thc isospin
dctcrminc thc main symbol, and. subscripts indicate any content of
hcavy quarks. A Z always has isospin 1, an 0 always has isospin 0,
etc.

R,eference:
1. Particle Data Group: M. Aguilar-Bcnitoz et a/. , Phys. Lett. 170B

(1986).
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9. QUANTUM CHROMODYNAMICS

LqcD = ——Fpv F " + iQ0q "r" (Dy))j 0, q

—Q mq t/)q tt)q, ,

F~~ ——B~ A~ —BI, A~+ g, f~t„A",A~,

(9.1)

(9 2)

A

(Dp), q
——5;i o)p —ig,, P ' Ap, (9.3)

whcrc g,, is thc: QCD coupling constant, and thc f~gc are thc structure
constants of thc SU(3) algebra (the A matrices and valuos for fase can
bc found in "SU(3) Isoscalar Factors and Representation Matrices, "
Scc. 32 of this Rer)r'en)). Thc rfiq(x) are thc 4-component Dirac spinors
associated with each quark field of (3) color i and fiavor q, and the
A&(x) arc the (8) Yang-Mills (gluon) fields. A complete list of the
Feynman rules which derive from this Lagrangian, together with some
useful color-algebra identities, can bc found in Rcf. 1.

Thc principle of "asymptotic frccdom" (sco below) detcrmincs that
thc rcnormalized QCD coupling is small only at high cncrgics, and
it is only in this domain that high-precision tests similar to those
in QED can bc performed using perturbation theory. Nonetheless,
there has been in recent years much progress in understanding and
quantifying thc predictions of QCD in the nonpcrturbativc domain, for
example, in soft hadronic procosses and on the lattice [2]. This short
review will concentrate on QCD at short distances (large momentum
transfers), whcrc perturbation theory is thc standard tool. It will

discuss thc proccsscs that arc used to determine thc coupling constant
of QCD. Other recent reviews of thc coupling constant mcasurcmcnts
may bc consulted for a difforont perspective [3].

9.2. The QCD coupling and renormalization scheme
Thc rcnormalixation scale: dcpcndcncc of thc cffcctivc QCD coupling

o,, = g2/4ii is controllod by thc )3-function:

l4 2 Pi 3 P2 4A O.' S
c))p, 2a ' 4' ' 647' 3

2
Po ——11 ——ny,3

19
P) = 51 ——ng,3

5033 325
P2 = 2857 — ny + nj,9 27

(9.4b)

(9.4c)

(9.4d)

where nj is thc number of quarks with mass less than thc energy scale
p. In solving this differentia equation for n„aconstant of integration
is introduced. This constant is thc one fundamental constant of QCD
that must bc determined from experiment. Thc most scnsiblc choice
for this constant is thc value of u., at a fixed-reference scale po, but
it is morc conventional to introduce thc dimensional parameter A,
since thI. s provides a, paramctrixation of thc p, dcpcndcncc of n, Thc
definition of A is arbitrary. Onc way to dcfinc it (adopted herc) is
to write a solution of Eq. (9.4) as an expansion in inverse. powers of
ln (p2):

4ir 2)3r ln [ln(p, /A )] 4Pr
/fo lii (p, /A ) /1 lil(p, /A~) P41n~(p2/A2)

x ln ln p, A —— +
2 8/~2 4

(9.5a)

9.1. The QCD Lagrangian
Prepared August 1995 by I. HinchlifI'e.

Quantum Chromodynamics (QCD), the gauge field theory which
describes the strong interactions of colored quarks and gluons, is one
of the components of the SU(3) xSU(2)xU(1) Standard Model. A
quark of specific fiavor (such as a charm quark) comes in 3 colors;
gluons come in eight colors; hadrons are color-singlet combinations
of quarks, anti-quarks, and gluons. The Lagrangian describing the
interactions of quarks and gluons is (up to gauge-fixing terms)

The last term in this expansion is

'"' I'") '/~')))
Ins (p2/As)

(9.5b)

and is usually neglected in the definition of A. We choose to include
it even though its effect on er, (p) is smaller than the experimental
errors. For a fixed value of n~(Mz), the inclusion of this term shifts
the value of A by 15 MeV. This solution illustrates the asymptotic
freedom property: a8 —+ 0 as p, —+ oo. Alternative definitions of A are
possible. We adopt this as the standard. Values given by experiments
using other definitions are adjusted as needed to meet our definition.

Consider a "typical" QCD cross section which, when calculated
perturbatively, starts at O(a.,):

tT=Ag ~, +A2n, +2 (9.6)

Thc coe%cients Ay, Ag come from calculating the appropriate Feynman
diagrams. In performing such calculations, various divergences arise,
and thcsc must be regulated in a consistent way. This requires a
particular renormalization srherne (RS). The most commonly used one
is the modified minimal subtraction (Ms) scheme [4]. This involves
continuing momentum intcgrals from 4 to 4—2e dimensions, and then
subtracting off the resulting I/e poles and also (ln 4ii —p@), which
is another artifact of continuing the dimension. (Herc p@ is the
Euler-Maschcroni constant. ) To preserve thc dimensionless nature
of the coupling, a mass scale p must also be introduced: g ~ p'g.
The finite cocfIicicnts A,. thus obtained depend implicitly on the
rcnormalization convention liscd and explicitly on thc scale p, .

Thc first two coefficient (Pp, 13r) in Eq. (9.4) are indcpcndcnt of
the choice of RS's. In contrast, the cocfIicicnts of terms proportional
to o., for n ) 3 are RS-dcpcndcnt. The form given above for P2 is in
the Ms scheme. It has become conventional to usc thc Ms schcmc for
calculating QCD cross sections beyond leading order.

The fundamental theorem of RS dependence is straightforward.
Physical quantitics, in particular thc cross section, calculated to all
orders in perturbation theory, do not dcpcnd on the RS. It follows
that a trunratcd scrics does exhibit RS dependence. In practice, QCD
cross sections arc known to leading order (LO), or to next, -to-leading
order (NLO), or in a fcw cases, to next-to-next-to-leading order
(NNLO); and it is only t, hr. latter two cases, which have reduced
RS dcpcndcncc, that arc useful for precision tests. At NLO thc RS
dependence is completely given by one condition which can bc taken
to bc thc value of thc rcnormalixation scale p, . At NNLO this is not
su%cicnt, and p is no longer equivalent to a choice of scheme; both
must now be specifie. Onc, thcrcforc, has to address thc question of
what is thc "best" choice for p. Thcrc is no definite answer to this
question higher-order corrections do not "fix" thc scale, rather they
render thc theoretical predictions less sensitive to its variation.

Onc could imagine that choosing a scale p characteristic of the
typical energy scale (E) in thc process woirld be most appropriate.
In gcncral, a poor choice of sea, lc generates terms of order ln (E/p)
in thc. A, 's. Various methods have bccn proposed including choosing:
thc scale for which thc next-to-leading-order correction vanishes
("Fastest Apparent Convergence [5]"); thc scale for which thc next-to-
leading-order prediction is stationary [6], (i.e. , thc value of p, whcrc
drr/dp = 0); or thc scale dictated by thc offcctivc rhargc schrmc [7] or
by thc BLM scheme [8]. By comparing t, hc values of )x,, that diffcrcnt
rcasonablc schemes give, an estimate of theoretical errors can bc
obtained.

An important corollary is that if thc higher-order corrections
arc naturally small, then thc additiona, l linccrtaintics introduced
by thc p dcpcndcncc arc likely to bc less than thc cxpcrimcntal
mcasurcmcnt errors. Thcrc arc some processes, howcvcr, for which
thc choice of scheme c:an inHucncc thc extracted value of AMs. There
is no rcsohition to this problem other than to try to calculate cvcn
morc terms in thc perturbation series. It is important to note that,
since thc perturbation series is an asymptotic expansion, there is a
limit to thc precision with which any theoretical quantity can bc.'
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calculated. In some processes, the highest-order perturbative terms
may be comparable in size to nonperturbative corrections (sometimes
called higher-twist or renormalon effects, for a discussion see [9]); an
estimate of these terms and their uncertainties is required if a value of
0, is to bc extracted,

In t,he cases where the higher-order corrections to a process are
known and arc large, some caution should be exercised when quoting
the value of o. , In what follows, we will attempt to indicate the size
of thc theoretical uncertainties on the extracted value of o., There
are two simple ways to determine this error. First, we can estimate it
by comparing the value of o, (y) obtained by fitting data using the
@CD formula to highest known order in o.„and then comparing it
with the value obtained using the next-to-highest-order formula (p, is

chosen as thc typical energy scale in thc process). Thc corresponding
A's are then obtained by evolving (r, (p) to p, = mz using Eq. (9.4)
to thc same order in o., as the fit, and then converting to A( ) using
Eq. (9.7). Alternatively, we can vary thc value of p, over a reasonable
range, extracting a value of A for each choice of p. This method
is of its nature imprecise, since "reasonable" involves a subjective
judgment. In either case, if the perturbation series is well behaved,
thc resulting error on A will be small.

In thc above discussion wc have ignored quark-mass cffccts, i.e. , wc
have assumed an idealized situation where quarks of mass greater than

p arc ncglcctcd complctcly. In this picture, thc P-function coeKcients
change by discrete amounts as flavor thresholds arc crossed when
integrating t,hc differentia equation for e, . It follows that, for a
relationship such as Eq. (9.5) to remain valid for all values of y„,
A must also change as flavor thrcsholds are crossed. This leads to
thc concept of a differen A for each range of p, corresponding to
an effec, ivc number of massless quarks: A —+ A "f . There is some
arbitrariness in how this relationship is set up. As an idealized case,
consider @CD with nf —1 massless quarks and one quark of mass M,
Now imagine an cxperimcnt at energy scale p, ; for example, this could
bc r.+e ~ kadrons at center-of-mass cncrgy p, . If p &) M, thc mass
M is negligible and. thc process is well described by @CD with nf
massless flavors and its paramet(. r A("'f up to terms of order M /p,
Convcrscly if p, (( M, thc heavy quark plays no role and thc process is
well described by @CD with nf —1 massless flavors and its paramctcr
A( & up to terms of order p~/M2. If p, M thc cffccts of thc
quark mass arc process-dcpcndcnt and cannot bc absorbed into thc
running coupling.

A mass scale p,
' is chosen where thc relationship bctwccn A

and A f will bc fixcd. p,
' should bc of order M and thc rclat, ionship

should not. dcpcnd on it. A prescription has been given [10] which
has this property. Wc usc this proccdurc choosing p' = Mg, whcrc

Mg is thc mass of thc value of thc running quark mass dcfincd in thc
Ms schcmc (scc thc note on "Quark Masses" in thc Particle Listings
for morc details), i e. , where M. Ms(M@) = Mq. Then [10]

9.3. @CD in deep-inelastic scattering
Thc original and still onc of thc most, powerful quantitative tests of

pcrturbativc @CD is the breaking of Bjorkcn scaling in dccp-inelastic
lepton-hadron scattering. In thc leading-logarithm approximation,
the measured structure: functions F, (z, Q ) arc rclatcd to thc quark
distribution functions q„(z,Q ) according to thc naive parton model,
by thc formulae in "Cross-section Formulae for Specifi Proccsscs, "
Scc. 35 of this Rev)'er() (In that s.ection, q; is dcnotcd by the. notation
fq). In describing thc way in which scaling is broken in @CD, it, is
convenient, to defin nonsinglct and singlet quark distributions:

F =—q, —q, F~ = q, +q, (9 g)

This result is valid to order oa~ (or alternatively to terms of order
1/In [(M /A( f )2])

An alternative matching procedure can be used [11]. This procedure
requires thc equality n, (p) "f = rr, (p, )

"f for p, = Mr2. This

matching is somewhat arbitrary; a different relation between A

and A( f ) would result if p, = Mc2/2 were used. In practice, the
difference between these procedures are very small. A( ) = 200 McV
corresponds to A( ) = 289 MeV in the scheme of Ref. 11 and
A(4) = 280 MeV in the scheme adopted above. Note that the
differences between A( ) and A( ) are numerically very significant.

Data from deep-inelastic scattering are in a range of energy where
the bottom quark is not readily excited, and hence, these experiments

quote A&& . Most data from PEP, PETRA, TRISTAN, LEP, and
(4)

(5)SLC quote a value of AMs since these data arc in an energy range
where the bottom quark is light compared to the available energy. Wc

(4)
have converted it to AMs as required. A few measurements, including
the lattice gauge theory values from thc Q system and from 7 decay

(»are at suKciently low energy t, hat AMs is appropriate,

We turn now to a discussion of rcnormalization-schcmc dcpcndcncc
in @CD. Although necessarily rather tcchnical, this discussion is
vital to understanding how n, (or A) values can be measured and
compared. Scc the: review by Duke and Roberts [12] for further
details.

In order to compare thc values of n, from various cxpcrimcnts,
they must, be evolved using the rcnormalization group to a common
scale. For convenience, this is taken to bc the mass of thc Z boson.
This evolution uses third-order perturbation theory and can introduce
additional errors particularly if extrapolation from very small scales
is used. Thc variation in thc charm and bottom quark masses
(mb = 4.3+0.2 and m„=1.3 + 0.3 are used) can also introduce errors.
Thcsc result in a fixed value of n, (2 GcV), giving an uncertainty in

ns(Mz) = +0.001 if only perturbativc evolution is used. Thcrc could
bc additional errors from nonpcrturbativc effect that enter at, low
cncrgy. All values are in thc Ms schcmc unless othcrwisc noted.

Thc nonsinglct, structure functions have nonzcro values of flavor
quantum numbers such as isospin or baryon number. Thc variation
with Q of these is dcscribcd by the so-called DGLAP equations [13,14]:

7tf 1 71f 1
0 0

nf & ( nf nf —1) (Anf )
&o

'
&o l3o'

'- (,(.', I)'
2/i 2 2/i 2 2/2 2/2

nf nf n y nf n —].
0 - 0

'-(,(-', )
)'

(9.7)

14
9

o (IQI) p„,pcs
BQ~ 27(.

((Q() e" '"ie" e')
BQ2 G

~
27t- paw pgg G

where + dcnotcs a convolution integral:

—f(v) g (
—
)

Thc leading-order Altarclli-Parisi [14] splitting functions arc

4 1+x'P« = — +-2h(1 —z),3 (1 —z)+

(9.9a)

(9.96)

(9.10)

(9.11u)
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Pq~ = — x'+ (1 —z)'1

2

sq 4 1+ (1 —z)
3 x

1 —x 11Pss = 6 +z(l —z)+ + —b(1 —x)x (1 —z)+ 12

(9.11b)

(9.11c)

more important. A reanalysis [29] of EMC data [30] gives A&&
(4)

211 + 80+ 80 MeV from F2(vN). Finally a combined analysis [31] of
SLAC [32] and BCDMS [33] data gives A~& ——263 + 42 + 55 MeV.(4)

Here the systematic error is an estimate of the uncertainty due to the
choice of Q2 rised in the argument of ~.„and in the scale at which the
structure functions (factorization scale) used in the QCD calculation
are evaluated.

'Af——b(1 —x)3
(9.11d)

Here the gluon distribution G(x, Q ) has been introduced and

1/(1 —z)+ means

f (*)
(1 —*)+

f(z) —f (I)
(1 —*) (9.12)

The precision of contemporary experimental data demands that
higher-order corrections also be included [15]. The above results are
for massless quarks. Algorithms exist for the inclusion of nonzero
quark masses [16]. At low Q values, there arc also important
"higher-twist" (HT) contributions of the form:

F(HT)
( 2) (IT)( 2), (*Q) (9.13)

1

dz(F,"~(z, Q') + FP (x, Q')) =

3 (1 ——(1 + 3.58—+ 19.0(—') ) —dHT (9.14)

where. the higher-twist contribution AHT = (0.09 + 0.045)/Q2 [23,24].
Using the CCFR data [25], this gives cc, (1.76 GeV) = 0.26 +
0.035 (cxpt. ) +0.03 (theory). The error from higher-twist terms dom-
inates thc theoretical error, the higher-twist term being approximately
50'Fo larger than the o. , term.

A measurement of A has been made using F3 in neutrino

scattering [27]. Thc result is A~& ——1796 36 + 41 MeV. The errors arc(4)

statistical and systematic but do not include (theoretical) errors arising
from the choice of p . Measurements involving singlet-dominated
structure functions, such as Fg, result in correlated measurements of

(4)
AMS and the gluon distribution. By utilizing high-statistics data at
large z () 0.25) and large Q, where Fg behaves like an nonsinglet
and F3 at smaller x, a nonsinglet fit can be performed with better
statistical precision, and hence, the error on thc measured value of

AMs is much reduced. CCFR gives AMs ——210 + 28 6 41 MeV (27]
(4) (4)

from F2(v&) and Fs(v&). There is an additional uncertainty of
+59 McV from thc choice of scale. The NMC collaboration [28) gives
n, (7 GcV2) = 0.264+0.018(stat. ) +0.070(syst. ) +0.013( higher-twist).
The systematic error is larger than the CCFR result, partially because
thc data arc at smaller value:s of x and the gluon distribution is

Leading twist (LT) indicates a term whose behavior is predicted by
perturbative @CD. These corrections are numerically important only
for Q2 (O(10GeV2) except for z very close to 1.

A detailed review of the current status of the experimental data
can be found, for example, in Refs. [17—20), and only a brief summary
will be presented here. We shall only include determinations of A

from the recently published results; the earlier editions of this Review
should bo consulted for the earlier data. In any event, the recent
results will dominate the average since their errors arc smaller. Data
have now appeared from HERA at much smaller values of x than the
previous data. They provide valuable information about the shape of
thc antiquark and gluon distribution functions at z ~ 10 s [21].

From Eq. (9.9), it is clear that a nonsinglet structure function
offers in principle the most precise test of the theory, since the Q
evolution is independent of the unmeasured. gluon distribution. The
CCFR collaboration flt to the Gross-Llewellyn Smith sum rule (22] is
known to order ns [23)

The results from Refs. [27—29) and [31] can be combined to

give cc, (M~) = 0.112 + 0.002 + 0.004, or equivalently AMs
(4)

234 + 26 + 50 MeV. Here the first error is a combination of statistical
and systematic errors, and the second error is due to the scale
uncertainty. This result is an average of the results weighted by their
statistical and systematic errors. Thc scale error which is common to
all is then reapplied to the average.

The spin-dependent structure functions can also be used to
determine cc, Here the values of Q2 ~ 2.5 GeV2 arc small and
higher-twist corrections are again important. The values extracted are
consistent with the average quote below [26].

At very small values of x and large Q2, the x-dependence of
the structure functions is predicted by perturbative QCD [34].
Here terms to all orders in cc, In(1/z) are summed. The data from
HERA [21] on F2 "(z,Q ) have been fitted to the this form [35],
including the NLO terms which are required to fix the Q scalp, .
The data are dominated by 4 GeV & Q ( 100 GeV . The fit gives
n, (Mz) = 0.120+ 0.005 (expt. ) + 0.009 (theory). The dominant part
of the theoretical error is from the scale dependence. The fit neglects
terms which are suppressed by 1/ln(l/z). Hence, the uncertainties
from this source cannot be estimated and are not included in the
quoted error. This result is not averaged with the other ones from
scaling violations, since the values there are derived from the Q2

dependence alone, and this possible source of error is not present.

Typically, A is extracted from the data by parametrizing the parton
densities in a simple analytic way at some Qo, evolving to higher

Q using the next-to-leading-order evolution equations, and fitting'
(4)

globally to the measured structure functions to obtain AMs . Thus,
an important by-product of such studies is the extraction of parton
densities at a fixed-reference value of Qo. These can then be c.volved in

Q and used as input for phenomenological studies in hadron-hadron
collisions (see below). To avoid having to evolve from the starting

Qo value each time, a parton density is required; it is useful to have
available a simple analytic approximation to the densities valid over
a range of x and Q2 values. A package is available from the CERN
computer library that includes an exhaustive set of fits [M). Some of
these fits arc obsolete. In using a parameterization to predict event
rates, a next-to-leading order fit must be used if the process being
calculated is known to next-to-leading order in @CD perturbation
theory. In such a case, there is an additional scheme dependence;
this scheme. dependence is reflected in the O(o~) corrections that
appear in the relations between the structure functions and the
quark distribution functions. There are two common schemes: a
deep-inelastic scheme where there are no order a8 corrections in
the formula for F2(z, Q ) and the minimal subtraction scheme. It
is important when these next-to-leading order fits are used in other
processes (see below), that the same scheme is used in the calculation
of thc partonic rates.

9.4. @CD in decays of the a lepton
The semi-leptonic branching ratio of the tau (r —+ vr + hadrons,

Rr) is an inclusive quantity. It is related to the contribution of
hadrons to the imaginary part of the W self energy (II(s)). However,
it is morc. inclusive than 8 since it involves an integral

'2 (1 —
2

)2 Im (II(s)) .
mT m7.

Since thc scale involved is low, one must take into account
nonperturbative (higher-twist) contributions which are suppressed by
powers of the ~ mass.

R =3058 1+ '( )+52( '( ))'+264( '( '))'+
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Figure 9.1: Summary of thc values of n, (Mz) and A( ) from
various processes ordered from top to bottom by increasing
energy scale of the mcasuremcnts. The values shown indicate
the process and thc measured value of o, cxtrapolatcd up to
p, = Mz. The error shown is the total error including theoretical
uncertainties. Thc value denoted by '~' is not used in the average
(sce text).

m2 mg~@
(9.15)

Herc a, , b, and c arc dimcnsionless constants and m is a light quark
mass. Thc torm of order 1/m2 is a kinematical effect due to thc. light
quark masses and is consequently very small. Thc nonpcrturbativc
terms arc: estimated using sum rules [37]. In t,otal, thoy arc estimated
to bc —0.007 + 0.004 (38]. This estimate relies on thcrc being no

o.,(mr) 0.5 GoV 2
t, . f 1 A~/ I t tht '

I
' '

)~). Th. , b
7{ mi

and c can bc dctormincd from thc data (39] by fitting to momonts
of thc II(s). The values so cxtractcd [40,41] arc consistent, with thc
thcorctical estimates. If thc nonpcrturbativc terms arc omitted from
thc fit, thc extracted value of,o(m )rdccrcascs by 0.02.

For cr, (mr) = 0.37 thc porturbativc: scrics for Rr is Rr
3.058(1+ 0.118+0.072+ 0.043). The size (estimated c:rror) of thc
nonporturbativo tc.rm is 20% (7') of tho sire of the order n, term. Thc
perturbation scrics in not very well convergent; if thc order o. , term
is omitted, the extractod value of n, (mr) increases by 0.05. Rr, can
bc cxtrartcd from thc, semi-lcptonie branching ratio from thc relation
Rr = 1/(B(r —+ evv) —1.97256; whcrc B(r ~ evv) is mcasurcd
directly or extracted from thc lifctimc, thc muon mass and thc muon
lifctimc assuming universality of lepton couplings. Using thc: avcragc
lifctimc of 291.3 + 1.6 fs [42] and a, r mass of 1.776.96 + 0.30 [43]
gives Rr = 3.633 + 0.031. Assuming e/p universality, thc dat, a
give B(r —+ evv) = 0.1780 + 0.0006 [44]. Averaging these yields
o, (mr) = 0.370 + 0.008 using the. cxperimcntal error alone. This
result is consistent with mcasurcmcnts reported recently by other
collaborations [45,46]. Thc value of o8(m ) = 0.306 + 0.017 quotod
by CLEO [41] uses the measured momonts and thc avc. rage. value

B(r ~ evV) = 0.1810 + 0.0012 from the 1992 edition of this review.
Wc assign a thcorctical error equal to 1/2 of the. contribution from
thc orclcr ~ term and all of thc nonpcrturbativc contributions. This
then gives n, (mr) = 0.370 + 0.033 for thc final result, . Note that the
theoretical errors arc dominant. Thc small thcorctiral errors have
been criticized [47].

9.5. QCD in high-energy hadron collisions
There are many ways in which perturbative QCD can be tested in

high-energy hadron colliders. The quantitative tests are only useful
if the process in question has been calculated beyond leading order
in QCD perturbation theory. The production of hadrons with large
transverse momentum in hadron-hadron collisions provides a direct
probe of the scattering of quarks and gluons: qq ~ qq, qg ~ qg,
gg —+ gg, etc. The present generation of pp collidcrs provide ccntcr-
of-mass energies which are sufficiently high that these processes can
be unambiguously identified in two-jet production at large transverse
momentum. Recent higher —order @CD calculations of the jet rates [48]
and shapes arc in impressive agreement with data (49]. As an example,
Fig. 36.7 in this Review shows the inclusive jet cross section at acro
pseudorapidity as a function of the jct transvcrsc momentum for pp
collisions. Thc QCD prcdiction combines the parton distributions
with the leading-order 2 ~ 2 parton scattering amplitudes. Data arc
also availablc on the angular distribution of jets; thcsc are also in
agreement with @CD expectations (50,51].

@CD corrections to Drell- Yan type cross sect, ions (i e. , the.
production in hadron collisions by quark-antiquark annihilation of
lepton pairs of invariant mass Q from virtual photons, or of real R or
Z bosons), arc known [52]. These 0(o, ) @CD corrections are sizable
at small values of Q.

It is interesting to note that thc corresponding correction to W
and Z production, as measured in pp collisions at i/s = 0.63 TcV
and i/s = 1.8 TcV, has csscntially thc same theoretical form snd is of
order 30'Po.

The production of W and Z bosons and photons at large transverse
momentum can also be used to determine n, . Thc leading-order QCD
subproccsses arc qq ~ pg and qg + pq. If the parton distributions

(4)
arc taken from other processes and a value of AMs assumed, then
an absolute prcdiction is obtained. Convcrscly, thc data can bc
used to extract information on quark and gluon distributions and

(4)
on thc value of AMs . Thc next-to-leading-order QCD corrections
are known [53,54] (for photons), and for W/Z production [55],
and so a precision test is possible in principle. Data exist from thc
CDF and Da collaborations [56,57]. Thc UA2 collaboration [58] has
extracted a value of o, (M~) = 0.123 6 0.018(stat. ) + 0.017(syst. )

a(W+ 1jet)
from thc: measured ratio R~ = . Thc result depends

a W+Ojet
on thc algorithm used to define a jc.t, and the dominant systemat, ic
errors duc to fragmentation and corrections for underlying cvcnts
(the former causes jot cnorgy to be lost, , the latter causes it to bc.
incrcsscd) arc conncctcd to thc algorithm. Thc scale at which n, (M)
is to be evaluated is not, clear. A change from p, = M~ to p, = M~/2
causes a shift of 0.01 in thc extracted o. , Thc quoted error should
bc incrcascd to take this into account. Thcrc is dcpcndcncc on thc
parton distribution functions, and hcnrc, as appears explicitly in thc
formula for B~, and implicitly in thc distribution functions. Thc DO
collaboration has performed an analysis similar to UA2. They arc
unablc to obtain a Bt whcrc thc two values of a8 arc consistent with
onc another, and do not quote a value of n, [59]. Thc values from t, his
process arc no longer used in determining thc overall average value of
0!8.

9.6. QCD in heavy-quarkonium decay
Under thc assumption that thc hadronie and lcptonir. dcray widths

of hcavy QQ rcsonanccs can bc factorixcd into a, nonpcrturbativc
part dependent on thc confining potential and a calculable pcrtur-
bativc part, thc ratios of partial decay widths allow measurcmcnts of
o. , at thc hcavy-quark mass scale. Thc most prccisc data come from
thc. decay widths of I;he 1 J/Iti(IS) and 7 rcsonanccs. Thc total
decay width of thc. 7' is prcdictcd by perturbativc. @CD [60]

I'(7' ~ hadrons)
By =

F(+ P li )
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10(rrz —9)cr3(M)

9&~em

where

2E,
(9.19)

9.7. Perturbative @CD in e+e collisions
The total cross section for e+e ~ hadrons is obtained (at low

values of i/s) by multiplying thc muon-pair cross section by the factor
R = 3Z&e&. The higher-order QCD corrections to this quantity have
bccn calculated, and the results can be expressed in terms of the
factor:

B = R~ ) 1 + —+ C2 — + C3 — + (9.17)

where Cz = 1.411 and Cs = —12.8 [63].
Rlc) can he obtained from thc formula for dn/dO for e+e ~ ff

by integrating over O. The formula is given in Scc. 35.2 of this Review.
This result is only correct in thc zero-quark-mass limit. The O(n, )
corrections arc also known for massive quarks [64]. The principal
advantage of dctcrmining 0.8 from R in e+e annihilation is that thcrc
is no dcpcndencc on fragmentation mod. cls, jct algorithms, etc.

A comparison of thc theoretical prediction of Eq. (9.17) (corrected
for thc b quark ma-ss), with all the available data, at values of i/s
bctwccn 20 and 65 GcV, gives [65] n,, (35 GeV) = 0.146 + 0.030 .

The size of thc order o. , term is of ord. cr 40'Fo of that of thc order
~, and O'Pf) of thc order 0, If thc order o., term is not included, a
flt to thc data yields n, (34 GcV) = 0.142+ 0.03, indicating that thc
thcorctical uncertainty is smaller than thc cxpcrimcntal error.

Mcasurcrncnts of thc ratio of hadronic to lcptonic width of thc Z at
LEP and SLC, I b/1 & probe thc same quantity as R. Using the average
nf I'b/I' = 20.788+ 0.032 gives n, (Mz) = 0.123 + 0.004+ 0.002 [66].
Thcrc arc thcorctical errors arising from thc values of the top-quark
and Higgs masses which cntcr duc to clcctrowcak corrections to thc Z
width and from thc choice of scale.

While this rncthod has small thcorctical uncertainties from QCD
itself, it relics scnsitivcly on thc clcctrowcak couplings of the Z to
quarks [67]. The experimental results on I'(Z ~ bb) and I'(Z ~ cc)
arc not in agrccmcnt with thc Standard Model [68]. If these widths
are taken from experiment (rather than from thc Standard Model),
thc extracted vale of n, (Mz) is 0.183. If thc Standard Model is used
for I (Z ~ cc), n, (Mz) = 0.104 results. In view of these problems,
thc value from 1 b/1 & is not included in thc final avcragc.

An altcrnativc method of dctcrmining ~, in e+e annihilation is
from measuring quantitics that are scnsitivc to thc rclativc rates of
two-, thrcc-, and four-jct events. A rcccnt rcvicw should bc consulted
for morc d.ctails [69] of thc issues mentioned briefl herc. In addition
to simply counting jets, thcrc arc many possible choices of such
"shape variables": thrust [70, cncrgy-cncrgy correlations [71], planar
triple-energy correlations [72, average jct mass, etc All of thcsc.
arc infrared safe, which means they can bc reliably calculated in
perturbation theory. The starting point for all thcsc quantitics is
thc multijct cross section. For cxamplc, at order e„for thc process
e+e —+ qqg:

1 d & 2~, x1+&22 2 2

rr dxidxz 3rr (1 —xi)(1 —xz)
' (9.18)

x 1 + —
j

—19.4 + 1.162 + ln( ) . (9.16)
3/Io

2 Mr )
Data are available for the T, T', T" and Q. The result is very sensitive
to ns and the data are sufficiently precise (R&(7") = 32.5 + 0.9) [61]
that the theoretical errors will dominate. There are theoretical
corrections to this simple formula due to the relativistic nature of
the QQ system; vZ/cZ ~ 0.1 for the 7' The. y are more severe for the

There are also nonperturbativc corrections of the form A /m&,
again these are more severe for the Q. A fit to 7, 7', and 2"" [62]
gives a,, (Mz) = 0.108 + 0.001 (expt. ). The results from each state
separately and also from the @ are consistent with each other. There
is an uncertainty of order +0.005 from the choice of scale; the error
from v2/cZ corrections is a lit;tie larger. n~(Mz) = 0.108 + 0.010 is
a fair representation of thc total error including the possibility of
nonpcrturbativc corrections.

are the center-of-mass energy fractions of the final-state (massless)
quarks. A distribution in a "three-jet" variable, such as those listed
above, is obtained by integrating this differential cross section over an
appropriate phase space region for a fixed value of the variable. The
order 0, corrections to this process have been computed, as well as
the 4-jet flnal states such as e+e —+ qqgg [73].

There are many methods used by the e+e experimental groups
to determine o., from the event topology. The jet-counting algorithm,
originally introduced by the JADE collaboration [74], has been used by
the I EP groups. Here, particles of momenta p, and p& are combined
into a pseudo-particle of momentum p, + p& if the invariant mass
of the pair is less than gpss/s. The process is then iterated until no
morc pairs of particles or pseudo-particles remain. The remaining
number is then defined to be thc nurnbcr of jets in the event, and
can bc compared to the QCD prediction. The Durham algorithm is
slightly differen: in computing the mass of a pair of partons, it uses
M = 2min(Ei, E&)(1 —cosg,&) for partons of energies E, and E&
separated by angle 0,& [75].

There are thcorctical ambiguities in the way this process is carried
out. Quarks and gluons are massless, whereas the observed hadrons
are not, so that the massive jets that result from this scheme (the
so-called E Oscheme) c-annot bc compared directly to the massless jets
of perturbative QCD. Different recombination schemes have been tried,
for example combining 3-momenta and then rescaling the energy of the
cluster so that it remains massless (p scheme). These schemes result
in the same data giving a slightly different values [76,77] of rr, . These
diffcrcnccs can bc used to dctcrminc a systematic error. In addition,
since what is observed are hadrons rather than quarks and gluons, a
model is needed to describe the evolution of a partonic anal state into
onc involving hadrons, so that detector corrections can be applied.
The QCDmatrix elcmcnts are combined with a parton-fragmentation
model. This model can then be used to correct the data for a direct
comparison with thc parton calculation. The differen hadronization
models that are used [78—81] model the dynamics that are controlled
by nonpcrturbativc QCD effects which wc cannot yct calculate. The
fragmentation paramctcrs of thcsc Monte Carlos are tuned to get
agrccmcnt with thc obscrvcd data. Thc differences between these
models contribute to thc systematic errors. Thc systematic errors
from recombination schemes and fragmentation cffccts dominate over
thc statistical and other errors of the LEP/SLD experiments.

Thc scale M at which n, (M) is to be evaluated is not clear.
Thc invariant mass of a typical jct (or i/syo) is probably a more
appropriate choice than thc e+e ccntcr-of-mass energy. If thc value
is allowed to float in the fit to thc data, the data tend to prefer values
of order Vs/10 [82]; the exact value depends on thc variable that is
fittcd. The dominant uncertainties arise from thc choice of M and
from thc frccdom in thc fragmentation Monte Carlos.

Thc pcrturbative QCD formulae can brcak down in special
kinematical configurations. For cxamplc, the thrust distribution
contains terms of thc type n, ln (1 —T) The higher orders .in thc
perturbation expansion contain terms of order n", Inm(1 —T) For.
T 1 (thc region populated by 2-jct events), the perturbation
expansion is unrcliablc. Thc terms with n & m can bc summed to all
orders in n, [83]. If thc jct recombination methods are used higher-
nrdcr terms involve n, ln go), thcsc ton can be resummcd [84]. Thc
rcsummcd results give bcttcr agrccmcnt with thc data at large values
of T. Some caution should bc cxcrciscd in using thcsc rcsummcd
results bccausc of thc possibility of ovcrcounting; thc showering Monte
Carlos that arc used for thc fragmentation corrections also generate
sornc of thcsc leading-log corrections. Diffcrcnt schcmcs for combining
the order n, and thc rcsummations arc availablc [85]. These diffcrcnt,
schcmcs result in shifts in n, of order +0.002 [86].

An svcragc of fhc recent results from SLD [86], OPAL [87],
L3 [88], ALEPH [89], and DELPHI [90], using thc combined n. ,
and rcsummation fitting to a large sct of shape variables, gives

( n)M=z0.122 + 0.007. Thc errors in the values of n8(Mz) from
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these shape variables are totally dominated by the theoretical
uncertainties associated with the choice of scale, and the effects of
hadronization Monte Carlos on the different quantities fitted.

Similar studies on event shapes have been undertaken at TRISTAN,
at PEP/PETRA, and at CLEO. A combined result from various
shape parameters by the TOPAZ collaboration gives n, (58 GeU) =
0.125 + 0.009, using the fixed order @CD result, and n, (58 GeV) =
0.132 + 0.008 (corresponding to n~(Mz) = 0.123 + 0.007), using the
sarnc method as in the SLD and LEP average [91].

The measurements of event shapes at PEP/PETRA are summarized
in earlier editions of this note. The results are consistent with those
from Z decay, but have larger errors. We use n~ (34 GeV)
0.14 + 0.02 [92]. A recent analysis by the TPC group [93] gives
n, (29 GoV) = 0.160 + 0.012, using the same method as TOPAZ.
This value corresponds to n, (Mz) = 0.131 + 0.010

The CLEO collaboration fits to the order +~2 results for the
two jot fraction at vs = 10.53 GeV, and obtains n„(10.93) =
0.164 + 0.004 (cxpt. ) + 0.014 (theory) [94]. Tho dominant systematic
error arises from thc choice of scale (p), and is determined from the
range of o. , that results from fit with p = 10.53 GeV, and a fit where

p is allowed to vary to get the lowest y2. The latter results in p = 1.2
GeV. Since thc quoted result, corresponds to n, (1.2) = 0.35, it is by
no means clear that the pcrturbativc @CD expression is reliable and
the resulting error should, therefore, be treated with caution. A fit to
many different variables as is done in thc LEP/SLC analyses would
give added confidence to the quoted error.

Since the errors in the event shape measurements are dominantly
systematic, and are common to the experiments, the results from
PEP/PETRA, TRISTAN, LEP, SLC, and CLEO are combined to
give n,, (Mz) = 0.122+ 0.007. This result is used in forming thc final
average value of o.,

The total cross section e+e ~ bb+ X near threshold can be used
to dctcrminc n, [95]. Thc result quoted is n, (Mz) = 0.109 + 0.001.
The relevant process is only calculated to leading order and the BLM
scheme [8] is used. This results in n, (0.632 mb). If n, (mb) is used,
t, ho resulting n, (Mz) shifts to 0.117. This result is not used in the
aver age.

9.8. Sealing violations in fragmentation functions
Mcasurcments of thc fragmentation function d, (z, E), being thc

probability that a hadron of type i be produced with energy zE in
e+e collisions at vrs = 2E, can be used t, o dctcrminc n, As in
the case of scaling violations in structure functions, @CD predicts
only the E dependence. Hence, measurements at different energies
are needed to extract a value of n, . Because the @CD evolution
mixes the fragmentation functions for each quark flavor with the
gluon fragmentation function, it is necessary to determine each of
these before n, can be extracted. The ALEPH collaboration has
used data, from c.ncrgic. s ranging from v,s = 22 Gc.V to ~s = 91
GcV. A flavor tag is used to discriminate between different quark
species, and the longitudinal and transverse cross sections are
used to extract thc gluon fragmc. ntation function [96]. Thc result
obtained is n, (Mz) = 0.126 + 0.007 (expt, .) + 0.006 (theory) [97].
The theory error is due mainly to the choice of scale. The OPAL
collaboration [98] has also cxtractcd thc scparatc: fragmentation
functions. DELPHI [99] has also performed a similar analysis
using data from other experiments at lower energy with the result
n, (Mz) = 0.122 + 0.012 + 0.006 (theory). An earlier analysis by this
collaboration [100], is consistont with this result, but used fixed order
@CD. The older result is not used in the average, which is determined
to bc. n, (Mz) = 0.125 + 0.006 + 0.006 (theory)

9.9. Jet rates in ep collisions
At lowest order in n„the f.p scattering process produces a Final

state of (1+1) jets, onc from thc proton I'ragmcnt and the other from
the quark knocked out by the process e + quark ~ c + quark. At
next order in n„agluon can bc radiated, and hence a (2+1) jct final
state. produced. By comparing thc rates for those (1+1) and (1+2) jet
processes, a vahie of n, can be obtained. A NLO @CD calculation is
availablc. [101]. Thc basir. rncthodology is similar to that used in the

jet counting experiments in e+e annihilation discussed above. Unlike
those measurements, the ones in ep scattering are not at a fixed value
of Q2. In addition to the systematic errors associated with the jet
definitions, there are additional ones since the structure functions enter
into the rate calculations. Results from Hl [102] and ZEUS [103] can
be combined to give n~(Mz) = 0.121 + 0.004 (stat. ) + 0.008 (syst. ).
The contributions to the systematic errors from experimental effects
(mainly the hadronic energy scale) are comparable to the theoretical
ones arising from scale choice, structure functions, and jet definitions.
These errors are common to the two measurements; therefore, we have
not reduced the systematic error after forming the average.
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Figure 9.2: Summary of the values of n,, (Q) at thc values of
Q where they are measured. The lines show the central values
and the +10. limits of our average. Tho figure clearly shows the
dccrcaso in n, (Q) with increasing Q.

9.10. Lattice @CD
Lattice gauge theory calculations can be used to calculate the

energy levels of a QQ system and then extract n, The . masses
of the QQ states depend only on the quark mass and on o, A
limitation is that calculations cannot be performed for three light
quark flavors. Results are available for zero (quenched approximation)
and two light flavors, which allow extrapolation to three. The coupling
constant so extracted is in a lattice renormalization scheme, and
must be converted to the Ms scheme for comparison with other
results. Using the mass differences of T and T' and T and yg, Davies
et al. [104] extract a value of n~(Mz) = 0.115 + 0.002. Thc result
is consistent with an earlier result by the same group based on
quenched approximation (n, (Mz) = 0.112 + 0.004) [105]. The error is

dominated by the conversion between the coupling constants, which
is performed at next-to-leading order in perturbation theory. It is
estimated by making an assumption about the size of the NNLO term
in this conversion. If it is estimated as one-half of the NLO term, then
the resulting value is n, (Mz) = 0.115+0.003.

A similar result with larger errors is reported by [106], where results
are consistent with n, (Mz) = 0.111+ 0.006. This result confirms that
obtained in quc. nched approximation by [107]. A calculation [108]
using the strength of the force between two hcavy quarks computed
in thc. qucnrhed approximation obtains a value of n, (5 Gc.V) that is
consistent with these results.

The result with a more conservative error n, (Mz) = 0.115 + 0.003
will be used in the average, although a recent reviewer quotes an error
of +0.007 [109].
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9.11. Conclusions
The need for brevity has meant that many other important topics

in QCD phenomenology have had to be omitted from this review. One
should mention in particular the study of exclusive processes (form
factors, elastic scattering, . . .), the behavior of quarks and gluons in
nuclei, the spin properties of the theory, the interface of soft and
hard @CD as manifest, for example, by minijet production and hard
di8'ractivc processes, and @CD eBects in hadron spectroscopy.

In this short review, we have focused on those high-energy processes
which currently oB'er the most quantitative tests of perturbative
QCD. Figure 9.1 shows the values of n, (Mz) deduced from the
various experiments. Figure 9.2 shows the values and the values of Q
where they arc measured. This R.gure clearly shows the experimental
evidence for the variation of cc~(Q) with Q.

An average of the values in Fig. 9.1 (except the one from the width
of thc Z) gives n(M~) = 0.118, with a total yZ of 9.1 for ten fitted
points, showing good consistency among the data. The error on the
average, assuming that all of the errors in the contributing results
are uncorrclated, is +0.0017, and is surely an undcrestimatc. All the
values are dominated by systematic, usually theoretical, errors. The
twn c.vaults with the smallest errors (+0.003) are the ones from r
decay and lattice gauge theory. If these errors arc increased to +0.006,
thc average is unchanged. There has been discussion of systematic
differences in the data. The measurements which are dominated by
low-c. ncrgy (deep-inelastic scattering (not including HERA), r decay,

width, lattice) average to cc, (M~) = 0.118 (y = 8.3 for 5 points).
Results from space-like momentum transfers (all ep results) average to
n, (M, ) = 0.114 + 0.004, which might indicate some lack of theoretical
understanding in comparing thc data. Sinco, in most cases, thc
dominant error is systematic (mainly thcorctical), a more conservative
estimate of the final error is obtained by using thc smallest of
thc individual errors on thc experimental results, i.e. , +0.003. 0&ir
average value is then n, (M, ) = 0.118 + 0.003, which corrospnnds to
A(5) = 209+33 Mcv.
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10.STANDARD MODEL OF ELECTROWEAK INTERACTIONS
This section prepared July 1995 by P. Langacker and J. Erler.

The standard electroweak model is based on the gauge group [1]
SU(2) x U(1), with gauge bosons W&, i = 1, 2, 3, and B& for
the SU(2) and U(1) factors, respectively, and thc corresponding
gauge coupling constants g and g'. The left-handed fermion fields

and &I' of the i~" fermion family transform as doublets

under SU(2), where d,'—:P V& di, and V is the Cabibbo-Kobayashi-
Maskawa mixing matrix. (Constraints on V are discussed in the
section on the Cabibbo-Kobayashi-Maskawa mixing matrix. ) The
right-handed fields are SU(2) singlets. In the minimal model there are

three fermion families and a single complex Higgs doublet qi =
&p )

After spontaneous symmetry breaking the Lagrangian is

~a =+4;( P —;— ' )v;

2 2
Py, ~i' (1 —~')(T+ W~++T- W„-)q,

—e Q q, tt, p" q'i, A~

10.1. Renormalization and radiative corrections
The Standard Model has three parameters (not counting MH and

the fermion masses and mixings). A particularly useful set is:

(a) The fine structure constant n = 1/137.036, determined from
the quantum Hall effect. In most electroweak-renormalization
schemes, it is convenient to define a running n dependent on
the energy scale of the process, with n 137 appropriate at
low energy. At energies of order Mz, o, ~ 128. For example,
in the modified minimal subtraction (Ms) scheme, one has
n(Mz) i = 127.90+ 0.09 [7, while the conventional (on-shell)
@ED renormalization yields 8] o(Mz) = 128.90 + 0.09, which
differs by finite constants from n(Mz) . The uncertainty, due
to the low-energy hadronic contribution to vacuum polarization,
is the dominant theoretical uncertainty in the interpretation of
precision data. The values include recent reevaluations [8—12] of
this effect, which, following a correction to [11], are now in
reasonable agreement. Further improvement will require improved
measurements of the cross section for e+e —+ hadrons at low
energy.

(6) The Fermi constant, GF = 1.16639(2) x 10 s GeV ~, determined
from the muon lifetime formula [13]:

+@i7 (gV gAV ) Q~ Zp (10.1)

GFm„' /m2) ( 3 m'„)
192ic ~m ) ~

5M

8~ =— tan (g'/g) is the weak angle; e = gsin8tv is the positron
electric charge; and A = Bees 8~ + WSsin8tv is the (massless)
photon field. W+:—(Wi +iW2)/v 2 and Z—: Bain 8' + W co—s8tv
are the massive charged. and neutral weak boson fields, respectively.
T+ and T are the weak isospin raising and lowering operators. The
vector and. axial couplings are

where

F(z) = 1 —Sx+ Sx —x —12z Inx

(10.5a)

(10.56)

gv =tsL(i) —2q, sin 8w

gA
—=tsL, (i),

(10.2)

(10.3)

and

o(m~) = cr ——ln + —= 136 .
2 mp 1

3+ m Ger
(10.5c)

whore tsl, (i) is tho weak isospin of fermion i (+1/2 for u, and v, ;
—1/2 for d, and e, ) and q, is thc.. charge of @, in units of e.

The second term in WF represents the charged-current weak
interaction [2]. For c.xample, the coupling of a W to an electron and a
neutrino is

e
Wp e p" (1 —p )v+ W~+ p p" (1 —p )e

2v 2 sin 8~
(10.4)

For momcnta small compared to M~, this term gives risc to
the effective four-fermion interaction with the Fermi constant
given (at tree lc.vol, i e. , lowest order in pertu. rbation theory) by

GF/ j2 = g /SMttc. GP violation is inrorporated in thc. Standard
Model by a, single observable phase in V&. The third term in MF
dcscribcs clectromagnctic interactions (@ED), and tho last is thc weak
neutral-current interaction.

In Eq. (10.1), m, is the mass of thc i " formion 1', . For thc quarks
these are the current masses. For the light quarks, as described in the
Particle Listings, m„2—8 McV, md —5—15 MeV, and m~ 100—300
McV (these. are running masses c:valuatod at 1 GoV). For the heavic. r

quarks, the "pole" masses are mc —1.2—1.9 GeV and mg —4.5—4.9
GeV. Tho average of the recent CDF [4] and D0 [5] values for mt
is 180 + 12 GeV. Sco "The Note on Quark Masses" in the Particle
Listings for more information.

H is the physical neutral Higgs scalar which is the only remaining
part of P after spontaneous symmetry breaking. The Yukawa coupling
of H to g, , which is flavor diagonal in the minimal model, is

gm, /2M~. Tho H mass is not predicted by the mode:I. Experimental
limits are given in the Higgs section. In nonminimal models there are
additional charge. d and neutral scalar Higgs particles [6].

Table 10.1: Notations used to indicate
the various schemes discussed in the text.
Each definition of sino~ leads to values
that diB'cr by small factors depending on
mg and MH.

Scheme Notation

On-shell

NOV

MS

MS ND
Effective angle

sND

sin 0~
sin 0~
sin 0~
sin 0~
sin 0~

The uncertainty in GF from the input quantities is 1.1 x 10
GcV . The quoted uncertainty of 2 x 10 is dominated by
second order radiative corrections, estimated from the magnitude
of the known n ln(m&/m, ) term to be 1.8 x 10 (alternately,
one can view Eq. (10.5) as the exact definition of GF; thc. n
the theoretical uncertainty appears instead in the formulae for
quantitics derived from GF).

(c) sin 8t4c, determined from the Z mass and other Z-pole
observables, thc W mass, and neutral-currc;nt processes [14]. The
value of sin 0~ depends on the rcnormalization prescription.
There are a number of popular schemes [16—21] leading to sin 8~
values which differ by small factors which depend on mg and MH.
The notation for these schemes is shown in Table 10.1. Discussion
of the schemes follows the table.
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(i) The on-shell scheme promotes the tree-level formula
sin 8w = 1 —Mw/Mz2 to a definition of the renormalized
sin Ow to all orders in perturbation theory, i.e. , sin Ow ~
s~w = 1 —Mw2/Mz2. This scheme is simple conceptually.
However, Mw is known much less precisely than Mz and in
practice one extracts sw from Mz alone using2 Ap

Mw ——

z(1 —& w)'/' (10.9a)

where c = 1.035+0.003 for mg = 180+7 GeV and MH = 300
GeV. Similarly c = 1.002 + 0.001. The quadratic mp
dependence is given by c 1+ p&/ tan2 gw. The expressions
for Mw and Mz in the Ms scheme are

Ap
Mw =

sw(I —a r)'/2
(10.fia) Mw

Z ~y /2~
P cz

(10.96)

Mw
Mz =

cw
(10.86)

where sw = sin 0w, cw =—cosgw, Ap = (&in/v 2GF) /

37.2802 GeV, and Dr includes the radiativc corrections
relating a, n(Mz), GF, Mw, and Mz. One finds Ar
Erp —pt/ tan 0w, where Arp = 1 —n/n(Mz) = 0.00 is
duc to thc running of a and pt = 3GF m&/8i/2&i = 0.0100
(mt/180 GeV) represents the dominant (quadratic) mt
dcpcndcncc. There are additional contributions to Ar from
bosonic loops, including those which depend logarithmically
on the Higgs mass MH. One has 4r = 0.0376+0.0025+0.0007
for (mt, Mrr) = (180 + 7, 300), where thc second uncertainty
is from n(Mz). Thus the value of sw extracted frnm Mz
includes a large uncertainty (~ 0.0008) from the currently
allowed range of mg.

(ii) A morc precisely determined quant, ity sM can be obtained
Z

from Mz by removing the (mt, MH) dependent term from
Ar [17], ie.

~n(Mz)
sMzcMz =

~2G M2

This yields sM ——0.2311 + 0.0002, with most of the
uncertainty from n rather than Mz. Scheme (ii) is
equivalent to using Mz rather than sin Ow as thc third
fundamental paramoter. However, it recognizes that sM is2

Z
still a useful derived. quantity. The small uncertainty in sMMZ
compared to other schemes is bccausc thc mg dcpcndencc
has bccn removed by definition. However, thc mp uncertainty
rccmcrgcs when other quantitics (e.g. , Mw or other Z-pole
obsorvablcs) aro predicted in terms of Mz.
Both sw and sM depend. not only on thc gauge couplings

Z
but also on the spontaneous-symmetry breaking, and both
definitions arc awkward. in thc presence of any extension
of thc Standard Model which pcrturbs the value of Mz
(or Mw). Other definitions are motivated by the tree-level
coupling constant dofinition 0w = tan t(g'/g).

(iii) In particular, the modified minimal subtraction (Ms) scheme
introduces thc quantity sin 0w(p) = 0' (p)/[g (p) +
g

'
(p)] where. ' tho couplings g and &7 arr. defined by

modified minimal subtraction and tho scale p is conveniently
chosen to be Mz for clcctroweak processes. The value of
,s z ——sin 0w(Mz) oxtractcd from Mz is less sensitive than

sw to mt (by a, factor of tan 0w), and is less sensitive to
most types of ncw physics than sw or sM . It is also very

Z
useful for comparing with thc predictions of grand unification.
Thoro arc actually several variant, definitions of sin 0w(Mz),
difi'ering according to whcthcr or how finite n In(mt/Mz)
terms arc decoupled (subtracted from thc couplings). One
cannot cntircly dccouple thc nln(mi/Mz) terms from all
clcctrnweak quantitics because mt )) mb broaks SU(2)
symmet, ry. Thc scheme that will be adopted here dccouplcs
thc n In(mt/Mz) torms from thc p —Z mixing [7,18],
essentially eliminating any In(mt/Mz) dependence in the
formulae for asymmctrics at the Z polo when written in
terms of s z. The various definitions arc related by

One predicts Arw = 0.0705 + 0.0001+ 0.0007 for mg =
180 + 7 GcV and MH = 300 GeV. Arw has no quadratic
mg dependence, because shifts in Mw are absorbed
into the observed G~, so that Arw is dominated by
Erp = I —n/n(Mz). Similarly, p 1+pt. Including bosonic
loops, p = 0.0103 + 0.0008 for mg = 180 + 7 GcV,

(iv) A variant ms quantity s ND (used in the 1992 edition of this
Reviev&) does not decouple the n ln(mt/Mz) terms [19]. It, is
rclatcd to s z by

' z = ' xD/(I + —d)

1 1 8 0, mgd= — ——— (1y —') ln
Mz

150.8

(10.10a)

(10.106)

1. @ED diagrams involving the emission of real photons or thc
exchange of virtual photons in loops, but not including vacuum
polarization diagrams. Thcsc graphs yield finite and. gaugc-
invariant contributions to observable processes. Howcvcr, they
arc dcpondent on cnergics, exporimcntal cuts, etc. , and must, bc
calculated individually for each cxperimen+.

2. Elcctrowcak corrections, including pp, pZ, ZZ, and WW vacu»rn
polarization diagrams, as woll as vcrtcx corrections, box graphs,
etc. , involving virtual W's and Z's. Many of these correct, ions
arc absorbed into thc ronormalizcd Fermi constant, defined in

Eq. (10.5). Others modify the trcc-lcvcl cxprcssions for Z-pnlc
obscrvablcs and neutral-current amplitudes in scvcral ways [14].
One-loop corrections are included for all proccsscs. In addition,
certain two-loop corrections arc also important, . In particular,
two-loop corrections involving thc top-quark [22] modify pi in p,
Ar, and elsewhere by

pt ~ pi[I + R(MH/mt) pt/3], (10.11)

whrrc —3.8 ) R ) —11.8 is strongly dcpendcnt on MH/mt:
R = —3.8 for M~ at its lower direct limit and R = —7.8 for
MH = 1.7mt —300 GoV. —11.8 is in absolute lower bound
f'or R which is assumed for large MH. Mixed @CD-cloctrowcak
loops of order nn, ,m& [23] and nn, m& [24] multiply pt by 1 —2

n, (0.3mt)(&i + 3)/9&i 0.88, where thc thrcc-loop result, is

included through t,hc usc of a lower scale for n, . Thcsc mixed
corrections increase the predicted value of mp by 6%. Analogous
clcctrowcak and mixed two-loop terms arc also known for thc
Z ~ bb vertex [22,25].

whore 6 is the @CD coupling at Mz Thus, s z —s ND—0.0002 fnr (mt, M~) = (180, 300) GeV.

(v) Yot another definition, thc cfi'ective angle [20,21] s2f for

Z coupling to fcrmion f, is described below.

Experiments are now at such a level of precision. that complctc
O(n) radiative corrections must bc applied. For neutral-current and
Z-pole proccsscs, these corrections arc conveniently divided into two
classes:

sz —c(m, , M„).sw —e(m„M„)s (10.8)
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~cvHadron F — ti
( I 5)

x eL & qt p& 1 —p qt+eR x q2g& 1+g q, , 1012

GFF v„pt'(I—p')v„epp(gv' —g~ p')e
2

(10.13)

10.2. Cross section and asymmetry formulas

It is convenient to write the four-fermion interactions relevant to
v-hadron, ve, and parity-violating e-hadron neutral-current processes
in a form that is valid in an arbitrary gauge theory (assuming massless
left-handed neutrinos). One has

Table 10.2: Standard Model expressions for the neutral-
current parameters for v-hadron, ve, and e-hadron processes.
If radiative corrections are ignored, p = K = 1, A = 0. At
P(cr) in the on-shell scheme, p g = 1.0095, rv~ = 1.0382,
A„z———0.0032, Ad&

———0.0026, and A„n —1/2 Ad = 3.6 x 10
for mg = 180 GeU, MH = 300 GeU, Mz ——91.1884 GeU, and
(Q ) = 20 GeV . For ve scattering, Kve = 1.0385 and
pve = 1.0143 (at (q ) = 0.). For atomic parity violation,

p« ——0.9884 and K« ——1.036. For the SLAC polarized electron
experiment, ppq 0 979& K« ——1.034, ppq = 1 ~ 002& and
K« ——1.06 after incorporating additional QED corrections, while
A2„=—0.013, A2g ——0.003. The dominant mg dependence is
given by p 1+ pt, while r. 1+ pt/tan 81' (on-shell) or
tc ~ l(lvIs).

(for v, e or v, e, the charged-current contribution must be included),
and

Quantity Standard Model Expression

~ceHadron GF

x P Ct, ep„p eq, p" q, +C &2pp ti qep T qz (10.14)
t

2 2Rv —gJ + gR7

2

R =gL+ —
&

(10.15cc)

(10.15b)

(Onc must add the parity-conserving @ED contribution. )

Thc Standard Model expressions for e7. rt (i), gvv&, and C,&
are given

in Table 10.2. Note that g&A and the other quantities are coefficients
t

of cffectivc four-fermi operators, which diffe from thc quantities
defined in Eq. (10.2) and Eq. (10.3) in the radiative corrections and in
the presence of possible physics beyond thc Standard Model.

A precise determination of the on-shell s~, which depends
only very weakly on mp and M~, is obtained from deep inelastic
neutrino scattering from approximately isoscalar targets 26 .
The ratio Rv —= cr & /o & of neutral- to charged-current crossNC C

sections has been measured to l%%uo accuracy by the CDHS [27]
and CHARM [28] collaborations [29,30] at CERN, and the CCFR
collaboration at Formilab [31] has obtained an c.vcn morc precise
result, so it is important to obtain theoretical expressions for Bv and
Rv = cr & /o ~ (as functions of sin 8tv) to comparable. accuracy.NC CC 2

Fortunately, most of the uncertainties from the strong interactions
and neutrino spectra cancol in the ratio.

A simple zero~"-order approximation is

el, (d)

eR(")

2 3~ N S1n HW+A L
NC 1 2 ~ 2

P N
——+ -KvN sin 0~ + AdL

p N
——rvN sin 8~+ A~RNC 2 2

PvN
—KvN»n ~W+&~RNC & 2

qv f'
~ A

pve + 2Kve sin 8~

-(-l)
I 1

peq

(s
+2K,q s1n 8~ + A2„

2Keq sin t9~ + A2d

uncertainty 4 sin 8~ +0.004. This would require a high-energy
neutrino beam for improvement. (The experimental uncertainty
is +0.003). The CCFR group quotes s~~ ——0.2218 + 0.0059 for

(mt, MH) = (150, 100), but this result is inscnsitivc to
(might, MH).

Combining all of thc prccisc deep-inelastic measuromcnts, one obtains

stv ——0.2259+ 0.0043 for (mt, MH) in thc allowed range.

Tho laboratory cross section for v&e + v&e or v&e ~ v&e clastic
scattering is

where

1 . 2 5ql: er (u) + fl (d) = ——sin 8' + —sin 8~
2 9

5 . 4

9g~ = es (u) + e~ (d) = —sin 8',

(10.16a)

(10.16b)

do v„,v„GFme Ev2

dg 2x

x (gv'+g~ )'+(qv'+g~ )'(I —g)'

and r:—cr ~ /o ~ is tho ratio of v and v charged-current crossCC CC

sections, which can bc mcasurcd directly. [In thc. simple parton modol,
ignoring hadron c.ncrgy cuts, r = ( —+ e)/(1+ —e), whero e 0.125

3 3
is thc ratio of thc fraction of thc nucleon's momentum carried. by
antiquarks to that, carried by quarks. ] In practice, Eq. (10.15) must
bc corrcctcd for quark mixing, the s and c seas, c-quark threshold
cffocts, nonisoscalar targot effect, W-Z propagator difforcnccs, and
radiativc. corrections (which lower thc. extracted value of sin2 81' by

0.009). DctaiLs of the neutrino spectra, , cxperimcntal cuts, T and

Q dcpcndcncc of structure functions, and longitudinal structure
functions cntcr only at thc level of these corrections and therefore
lead to very small uncertainties. Thc largest thcorctical uncertainty
is associated with thc c threshold, which mainly affect crCC. Using
thc: slow rcscaling prescription [14] tho central value; of sin 8'
varies as 0.013 [m„(GcV)—1.3], whcrc. m~ is thc effectiv mass.
For m„=1.31 + 0.24 GeV (determined from v-induced dimuon
production [31]) this contributes +0.003 to thc total thc. orc.tical

~ ve2 vs') 'V me
(gV qA E (10.17)

(10.18)

Thc most accurate lcptonic measuremcnts [32—34] of sin 8gr arc
from thc ratio R—:, crv e/ap„e in which many of thc. systematic
uncertainties cancel. Radiativc corrections (othor than mt effect)
are small compared to thc precision of present cxperimcnts and
have negligible cffcct on thc extracted sin29~. Tho most prccisc
(CHARM II) cxpc.riment, [34] determinod not only sin2 8~ but gvvc&

as well. Thc cross sections for vie and v~e may bo obtained from

where thc upper (lower) sign refers to v&(v&), and y = Ee/Ev [which
runs from 0 to (1+m, /2E„) ] is thc ratio of thc. kinetic enc. rgy of
thc recoil clcctron to thc incident v or v energy. For Ev )) m~ this
yields a total cross section
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Eq. (10.17) by replacing gv. & by Ij&& + 1, where the 1 is due to the
i

charged-current contribution.

Thc SLAC polarized-electron experiment [35] measured the
parity-violating asymmetry

IYR+ cJL
(10.19)

where cTR L is the cross section for the deep-inelastic scattering of
a right- or left-handed electron: eR LK ~ eX. In the quark parton
model

A 1 —(1 —y)2
(10.20)

where Q & 0 is the momentum transfer and y is the fractional energy
tran. sfer from the electron to the hadrons. For the deuteron or other
isoscalar target, one has, neglecting the 8 quark and antiquarks,

3G~ 1 3GF 3 5|= c'1 — Cia + '" gN')(1tl 21 )
5 2iccc 2 5 2iccc 4

3G~ 1 9GF . 2 1
&2 = G2u C2g sin Siv —— . (10.21b)

5 2xn 2 5 2iccc

Radiativc corrections (other than mi effect) lower the extracted value
of sin 0~ by 0.005.

There are now precise experiments measuring atomic parity
violation [36] in cesium [37], bismuth [38], lead [39], and thallium [40].
The uncertainties associated with atomic wave functions are quite
small for cesium, for which the theoretical uncertainty is 1% [41] but
somewhat larger for the other atoms. For heavy atoms one determines
the "weak charge"

qpr = —2 [Glu (2Z + N) + &ig(Z + 2N)]

= Z(1 —4sin 0~) —N . (10.22)

Radiative corrections increase the extracted sin2 0~ by 0.008.
In thc. future it should bc possible to reduce the theoretical

wave function uncertainties by taking the ratios of parity violation
in diffcrcnt isotopes [36,42]. There would still bc some residual
uncertainties from diffcrcnccs in the neutron charge radii, however [43].

The forward-backward asymmetry for e+e —+ 8E, 8 = p, or r, is
defined as

cJL IYR
ALR =

&L+ &R
(10.29)

whcrc a'1, (crR) is the cross section for a left- (right)-handcd incident
electron. ALR has been measured precisely by the SLD collaboration
at SLC [48] and has thc advantages of being extremely scnsitivc
to sin 0~ and insensitive to @ED radiative corrections. Other
asymmctries are the forward-backward asymmetries AFB for f = e,

(o f)

p, , r, b, c (A&&, AF&, A&& are consistent with lepton-family(p, e) (O,~) (O,7.)

universality, allowing an average value AF& ), the hadronic-charge(O,l)

asymmetry, the w polarization P~, and its angular distribution.
Further details, including references to the data, from the LEP
experiments (ALEPH, DELPHI, L3, OPAL) may be found in the
Particle Listings in the 'Note on the Z Boson' and in [46—49]. At trcc
level and nc.glccting QED effects and terms of order (I z/Mz)2, onc
has

(Pf) 3 A+P,
FB =

4 f 1+PA, {10.30)

ALR= A, P, ) (10.31)

then the remaining clectroweak corrections can be incorporated [44]
(in an approximation adequate for existing PEP, PETRA, and
TRISTAN data, which are well below the Z pole) by replacing yp by
y(s) = (1+pi)yp(s)n/ci(s), where n(s) is the running QED coupling,
and evaluating gV in the Ms scheme. Formulas for e+e ~ h,adrons
may be found in Ref. 45.

At LEP and SLC, there are high-precision measurements of various
Z-pole observables [46—49]. These include the Z mass and total width
I z, and partial widths I'{ff) for Z —+ ff for fcrmion f (f = e, p„
r, hadrons, b, c, and v). The data is consistent, with lepton-family
universality I'(e+e ) = I'(p+p, ) = I'(r+r ), so one may work
with an average width I'(tt). It is convenient to use the variables
Mz Pz R = P(h da)/P(ft), cchad = 12xP(e+e )I'(had)/Mz I'z,
Rb = I'(bb)/I'(had), and R, = I'(cc)/I (had), most of which are
weakly correlated experimentally. (I'(had) is the partial width into
hadrons. ) The largest correlation coefficient of —0.35 occurs betwccn
Rb and Rc. R is insensitive to mg except for Z ~ bb vertex and final
state corrections and the implicit dependence through sin2 Ogr. Thus
it is especially useful for constraining o., The width for invisible
decays, I'(inv) = I'z —3I'(ff) —I'(had) = 499.9 + 2.5 McV, can bc
used to determine thc number of neutrino flavors lighter than Mz/2,
N = I';„/I'(vv) = 2.991 + 0.016.

There are also measurements of various asymmetries. These include
the polarization or left-right asymmetry

CJF —0 B
FB =

cJF + ITB
(10.23) where P, is the initial e polarization and

(10.24)

AFB = 3F2/4Fi, (10.25)

whcrc crF{cr~) is thc cross section for t to travel forward (backward)
with respect to the e direction. AFB and R, the total cross section
rc:lativc. to pure @ED, are given by

2(jV gA
f f

f2 f2
~V ~A

(10.32)

Similarly, A~ is given by the negative total w polarization, and Ae
can be extracted from the angular distribution of the polarization.
In addition, the SLD collaboration [49] has cxtractc. d thc final-state
couplings Ab and Ac from the left-right forward-backward asymmetry,
using

where

F = 1 —2y g' g cosh +y g' +g' g +g 10.26a

+LF OLB cJRF + +RB
c LF + +LB++RF ++RB

(10.33)

F2 = 2XO gA gA cos ~R + 4XO aA VA aV VV
e 2 e E e

where

MzI'z
tan bR ——

M

GF st2

XO =
2~2~~ [(M' —..)2+ M2r2) '/'

(10.26b)

(10.27)

(10.28)

where, for example, oLF is the cross sc.ction for a loft-handed incident
elc.ctron to produce a fermion f traveling in the forward hemisphere.

It has become customary for the experimental groups to present
corrected asymmctries A, in which photon exchange and p-Z
interfercncc, QED corrections, and corrections for i/s g Mz arc.
removed from the data, leaving the pure electroweak asymmetries.
Ignoring negligible electroweak boxes, these corrected asymmetries are
expressed using effective tree-lc. vel exprc:ssion e.g. , AFB ———Af Ae

(0,f)
4

(for P, = 0) and A~&&
——Ac, where

and i/s is thc: CM energy. Eq. (10.26) is valid at trcc love. l. If the
data arc radiativcly corrcctc.'d for QED effect (as dcscribcd above. ),

2gV gA
—f —f

j2 JI'2
~V &A

(10.34u)
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and

-f (I)
qV ~Pf (t3L —2qf Kf sin 8~)

(f)~A=vPf sr.

(10.346)

(10.34c)

For 3 fermion families the total widths are predicted to be

I z —2 497 + 0.002 GeV

I'~ —2.09 + 0.01 GoU

(10.37)

(10.38)

The electroweak-radiative corrections have been absorbed into
corrections pf —1 and rf —1, which depend on thc fermion f and on
the rcnormalization scheme. In the on-shell scheme, the quadratic mp

dependence is given by pf 1 + pt, vf rf' 1 + pt/ tan eve,
v hile in Ms, pf p, Kf = Rf 1. In practice, additional bosonic
loops, vertex corrections, etc. , must be included. For example, in
the us scheme one has, for (mt, MH) = (180, 300), pt = 1.0053
and K~ ——1.0012. It is convenient to define an effective angle

sJ
= sin t9~f =—Kf s z ——Kf s~, in terms of which g& and g& are

given by ~pf times their tree-level formulae. Because g& is very

small, not only Al & AI;&, and P, but also AFB, AF&, and theo (o &) o

hadronic-chargc asymmetry are mainly sensitive to s&~. One flnds that
vf is almost independent of (mt, MH), so that

s z + 0.00028 (10.35)

using Rrf. 20, or st s z + 0.0002 from Rcf. 21 (the small differenc
is an indication of theoretical uncertainties from higher-order terms,
etc. ). In any case, thc asymmetries determine values of st2 and s 2z

almost indcpcndent of mg, while thc r's for thc other schemes are mg

dependent.

GFM~3
&(14'+ e+v, ) = =226+ 1 McV

flv 2ir
(10.36a)

P(I4 ' - .,d, ) = (V,, (' = (705+ 4) (V, ]
McV (10.366)

6 2ir

P(Z q, 4, ) = qv+ q~
CG~Mzs

6 2ir
(10.36c)

167.2+ 0.1 McV (vv), 84.0 + 0.1 MeV (e+e ),
300.6 + 0.3 McV (uu), 383.3+ 0.3 McV (dd),

, 375.9 ~ 0.2 McV (66).

For lcptons C = 1, while for quarks C = 3 1+a, Mg 7r +1.409o., vr

—12.77ns/mrs), where thc 3 is due to color and thc factor in parentheses

represents thc universal QCD corrections for massless quarks [50].
Thc Z ~ ff widths contain a nurnbcr of additional corrections [51]:
universal (non-singlet) top-mass contributions (52]; fcrmion mass
cffcrts and further QCD corrections proportional to m& [53] (m& is
the running quark mass evaluated at the Z scale) which are diffcrcnt
for vector and axial-vector partial widths; and singlet contributions
starting from two loop order which arc large, strongly top-mass
dependent, family universal and flavor non-universal [54]. All QCD
cffccts arc known and included up to throe loop order with thc
cxccption of order o.,m& corrections which arc very small. Thc
QED factor 1 + 3nq&2/4ir and order nn, corrections [55] have to
bc included, as well. Expressing thc widths in torms of GFM~z

i

incorporates thc bulk of thc low-cncrgy radiative corrections [16,56].
Thc olcrtrowcak corrections arc incorporated by replacing g && by

i

Hcncc, thc widths arc proportional to p, 1 + pg. Thorc is
)

additional (negative) quadratic rut dcpcndcncc in thc Z ~ 66 vertex
corrections (57] which caiiscs I (66) to decrease with mt. Thc dominant
cffcct, is to multiply I'(bb) by thc vertex correction 1 + bp66, whr. re

2
bp — 10 (—— + —). In practice, thc corrections arc included in] mg ] 0

z
pb aild Kg.

10.3. TV and Z decays
Thc partial decay width for gauge bosons to decay into massless

fcrmions fy f2 is

10.4. Ex.perimental results
The values of tho principal Z-pole obscrvables are listed in

Table 10.3, along with the Standard Model predictions for Mz =
91.1884 + 0.0022, mt = 180 + 7 GeV (for M~ = 300 GeV), 60 GeV( MH ( 1 TcV, and ~, = 0.123 + 0.004. Note that, the values of thc
Z-pole observables (as well as M~) differ from those in the Particle
Listings because they include recent, preliminary results [47,49,59].
The values and predictions of Mvt [59], the Q~ for cesium [36,41],
and recent results from deep inelastic and v& e scat t,cring are
also listed. Thc agrccmcnt is generally excellent. Major exceptions
are Rb = I'(66)/I (had) which is 3.7a above the Standard Model
prediction, and R~ = 1'(cc)/I'(had) which is 2.4o below. These arc
strongly corrclatcd: if Rc is fixed at the Standard Model value of
0.172, then one obtains [47] Rb = 0.2205 + 0.0016, which is still 3.0er

too high. Within the Standard Model framework, these values must be
considered large statistical fluctuations or systematic errors. However,
Rg tends to favor small values of mt, and when combined with other
obsorvablcs, small values for MH. Many types of ncw physics could
contribute to Rb (see also Sec. 14 on "Constraints on Ncw Physics
from Electroweak Analyses" in this Review) Thc im. plications of this
possiblity for thc value of n, (Mz) extracted from thc fits arc discussed
below. The left-right asymmetry Ao&R ——0.1551+0.0040 [49] based
on all data from 1992—1995 has moved closer to thc Standard Model
expectation of 0,144+ 0.003 than the previous value 0.1637+ 0.0075,
from 1992—1993. However, bcrausc of the smaller error AL& is
still 2.3tT above thc Standard Modol prediction. Thcrc is also an
cxpcrimcntal differenc of ~ 1.5tT between thc SLD value of A~ = Al R
and thc LEP value Aglpp 0 ~ 147 + 0 ~ 004 obtained fron1 AF&

(o,s)

Aee(P~), A~c(P~) assuming lepton family universality. Finally, thc
forward-backward asymmetry into v's, AFr& ——0.0206 + 0.0023 [47],
is 2.2o. above thc Standard Model prcdiction and 1.6o. above thc
average 0.0162 + 0.0014 of AF'& and AFB. This is small enough
to bc a fluctuation, so lepton-family universality will bc assumed.
Thc obscrvablcs in Table 10.3 (including correlations on thc LEP
obscrvables), as well as all low-energy neutral-current data [14,15],
arc iiscd in thc global fits dcscribcd below. Thc paramctcr sin 0~
can bc determined from thc Z-pole obscrvablcs and M~, and from a
variety of neutral-current proccsscs spanning a very wide Q range.
The results [14], shown in Table 10.4, arc in imprcssivc agreemrnt
with each other, indicating thc quantitative success of thc Standard
Model. Thc onc discrepancy is thc value s z ——0.2302 + 0.0005 from

Al & which is 2.1o below thr. value (0.2315+ 0.0004) from thc global
fit to all data and 2.6IT below the value 0.2318+ 0.0004 obtained from
all data other than AL&.

Thc data allow a simultaneous determination of sin I9~, mg, and2

the strong coupling n,, (Mz). Thc latter is dctermincd mainly from
I z and B, and is only wcaky correlated with the other variables. Thc
global fit to all data, including the CDF/DO value mt = 180 + 12
GcV, yields

s z ——0.2315 + 0.0002 + 0.0003

mt ——180 + 7+la GcV

ns(MZ) = 0.123+ 0.004 + 0.002, (10.39)

The numerical values for the widths assume Mz = 91.1884 + 0.0022
GeV, M~ ——80.26+ 0.16 GeV, n,, = 0.123, and mt = 180+ 7 GeV,
where the n, and mg values are predicted by the global fits for
MH = 300 GeV. The uncertainties for I'~ and I'z are dominated
by AM~ and Amp, respectively. The uncertainty in o;„+0.004,
introduces an additional uncertainty of 0.13% in the hadronic widths,
corresponding to +2 MeV in I'z.

Those predictions are to be compared with thc experimental results
I'z = 2.4963 + 0.0032 GeV and I'~ —2.08 + 0.07 GeV.
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Figure 10.1: Onc-standard-deviation uncertainties in sin Ow
~ 2

as a function of mg, the direct CDF and Dg range. 180+ 12 GcV,
and thc 90% CL region in sin Ow —m& allowed by all data,
assuming MH = 300 GcV.

where thc central values arc for a Higgs mass of 300 GcV, and. the
second error bars arc for MH ~ 1000(+) or 60(—) GcV. In all fits, the
errors include full statistical, systematic, and theoretical uncertainties.
The s z error is dominated by mp, and s z and mg have a strong
ncgativc correlation of —0.62. In thc on-shell scheme onc has

sw ——0.2236 + 0.0008, thc larger error duc to thc stronger sensitivity
to mg. Thc extracted value of o. , is based on a formula which has
almost no thcorctical uncertainty (if one assumes thi. exact, validity of
the Standard Model), and is in excellent agrecmcnt with thc values
0.122+ 0.007 from jct-event shapes in e+e annihilation, and thc
avcragc 0.118 + 0.003 from all data (inchiding the Z-lineshape data),
as dcscribcd in our Section 9 on "Quantum Chromodynamics" in
this Reviews Howcvcr, it is highc. r than some of thc individual values
cxtractcd from low-energy d.ata, such as deep-inelastic scattering
(0.112+0.002 (cxp) + 0.004 (scale)) or lattice calculations of thc bb

and cc spectra (0.115 + 0.003). It has bren suggested [60] that thcrc
is a real discrepancy. However, caution is rcqiircd since most of thc
determinations arc dominated by thc. ory errors.

Thc valiic of Rb is morc than 3o. above thc Standard Model
expectation. If this is not just a fluctuation but is duc to a, ncw
physics contril&ution to thc Z ~ bb vcrtcx (many types would couple
prefcrentially to thc third family), thc value of o, (Mz) extracted
from thc hadronic Z width would bc reduced [15]. Allowing for this
possibility onc obtains o,, (Mz) = 0.101+0.008. (Scc also Scc. 14 on
"Constraints on Ncw Physics from Elcctrowcak Analyses. " in this
Review)

In principle thc low value of Rc could also bc duc to ncw physics.
Howcvcr, allowing for ncw physics contributions to Rc alone, onc
obtains o, (Mz) = 0.19 + 0.03, which is clearly inconsistent with low-

cncrgy determinations. Allowing ncw contributions to both Rb and Rc
yields thc slightly lower but, still high value of o,, (Mz) = 0.16 + 0.04.
Wc will, thcrcforc, take thc view that thc Rc value is a fluctuation. Wc
krrp thc experimental values Rb = 0.2219(17) and R, = 0.1540(74)
and their correlation (

—0.35) in all fits, bnt do not allow any special
vcrtcx corrections for Z ~ ec. This is effectivel cqiiivalcnt to using
thr. lower value 0.2205(16) that thc LEP cxpcrimcntcrs obtain for Rb
when they constrain Rc to thc Standard Model value of 0.172.

Onc can also carry out a, flt to thc indirect data alone, i.e. , without
incliiding thc value mp = 180 + 12 GcV obscrvcd directly by CDF
and D0. (Thc indirect prrdirtion is for the poir. mass, which should
corrcspond approximately to thc kinematic mass cxtractcd from thc
collider cvrnts. ) Onr. obtains mi = 179 + 8+2o GcV, with little change+17

in thc sin Ow ancl o. , values, in rc.markablc. agrccmcnt with the direct
CDF/D8 value. . Thr. results of fits to various combinations of thc
d.ata, arr. shown in Table 10,5 a,nd thc relation between s z and m~ for
various obscrvablcs in Fig. 10.1.

Table 10.4: Values obtained for s~ (on-shell) and s z(Ms) from
various reactions assuming thc global best fit value mg = 180+07
GeV (for MH = 300 GeV), and n,, = 0,123 + 0.004. Thc
uncertainties include thc cffcct of 60 GcV & MH & 1 TcV. Thc
determination from I"z, R, and n~, g uses the experimental value
of Mz, so that thc values obtained arc from thc vcrticcs and not
thc overall scale.

Reaction 2sw s z

Mw

Iz, R ~h~a
A(o,x)

FB
LEP asymmctrics

Ar0

Ab, Ac

Dccp inelastic
(isocalar)

i'v(i'ii)p ~ i'y(i'ii)p

i'y(i'i )'- i'v (i'i ) e

atomic parity
violation

SLAC eD

All data

0.2237 + 0.0010 0.2316 + 0.0005

0.2242 + 0.0011 0.2321 + 0.0009

0.2239 + 0.0013 0.2317 + 0.0013

0.2228 + 0.0009 0.2307 + 0.0007

0.2237 + 0.0007 0.2316 + 0.0003

0.2223 + 0.0008 0.2302 + 0.0005

0.250 + 0.021 0.259 + 0.022

0.226 + 0.004 0.234 + 0.005

0.205 + 0.030 0.212 + 0.031

0.221 + 0.007 0.228 + 0.008

0.216 + 0.008 0.223 + 0.008

0.216 + 0.017 0.223 + 0.018

0.2236 + 0.0008 0.2315 + 0.0004

10.5. Deviations from the Standard Model

Thc Z pole, W mass, and neutral-current data can bc used to
search for and. sct limits on deviations from thc Standa, rd. Model.

For example, thc relation bctwcen Mw and Mz is modified if
there arc Higgs multiplets with weak isospin ) 1/2 with significant
vacuum expectation values. In order to calciilatc to highc:r orders in
such theories onc must define a sct of foiir fundamental rcnormalixcd
paramctcrs. It is convenient to take thcsc as o;, G~, Mz, and Mw,

The data indicate a preference for a small Higgs mass. This
is because there is a strong correlation between the quadratic
pg terms and. logarithmic MH effects in all of the indirect data
except the Z ~ 66 vertex. The latter favor a smaller mg and
therefore a smaller MH. The difference in y2 for the global fit is

= y (MH = 1000 GeV) —y (MH = 60 GeV) = 7.9. Hence, the
data favor a small value of MH, as in supersymmetric extensions of
thc Standard Model, and mg on the lower side of thc allowed range;
including thc direct constraint MH & 60 GeV, the best flt is for
MH = 60 GeV, with the limit MH ( 320(430) GeV at 90(95)'%%uo CL.
However, onc should be cautious because the MH constraint is driven
almost entirely by Rb and AL, R, both of which deviate from thc
Standard Model prediction. Using n(Mz) and s z as inputs, one
can predict n,, (Mz) assuming grand unification. One predicts [61]
o, (Mz) = 0.130 + 0.001 + 0.01 for the simplest theories based on
the minimal supersymmetric extension of the Standard Model, where
the first (second) uncertainty is from the inputs (thresholds). This is
consistent with the experimental n~(Mz) = 0.121(4)(1) from thc Z-
lincshape (using the lower MH range appropriate for supersymmetry)
and with the average 0.118 + 0.003 (see our Section 9 on "Quantum
Chromodynamics" in this Review), but is high cornparcd to some.
low-cncrgy determinations of rr,, [60]. Nonsupersymmetric unified
thcorics predict the low value n, ( Mz) = 0.073 + 0.001+ 0.001.

Onc can also determine the radiativc correction paramctcrs Ar:
including the CDF and Dg data, onc obtains Ar = 0.039 + 0.003
and. Ar w = 0.068 + 0.0013, where thc error includes mg and
MH, in excellent agrecmcnt with thc predictions 0.038+ 0.005 and
0.0705 + 0.0007.
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Table 10.3: Principal LEP and other recent observables,
compared with the Standard Model predictions for Mz =
91.1884+0.0022 GeV, 60 GeV ( MH ( 1 TeV, the global best fit
value mc = 180+7 GeV (for MH = 300 GeV), n, = 0.123+0.004,
and crJ( Mz) = 128.90+ 0.09. The LEP averages [58] of the
ALEPH, DELPHI, L3, and OPAL results include common

systematic errors and correlations [58]. s&(A&& ) is the effective(PIq}

angle extracted from the hadronic-charge asymmetry. A&R
includes all data from 1992—1995 [48,49]. The values of r(ff),
I (had), and I (inv) are not independent of I z, R, and Irh d.
The Mw value is from CDF, UA2, and Do [59]. Mw and Mz
are correlated, but the effec is negligible due to the tiny Mz
error. The two values of s~ from deep-inelastic scattering are
from CCFR [31] and the global average, respectively. The gP&
arc from CHARM II [34]. The second error in Qw (for cesium)
is t, heoretical [41]. Older low-energy results are not listed but are
included in the fits. In the Standard Model predictions, the first
uncertainty is from Mz and Ar, while the second is from mp and
MH. The Ao.8 = 0.004 uncertainty leads to additional errors of
0 002 (I z), 0 02 (R), 0.02 (o), 2.0 (I'(had)).

Quantity

Mz (GeV)

rz (Gcv)

B
Irh d(nb)

Rc
A(P, E)

FB
Wo. (p. )

A(P, b}
FB

A( -)
FB

LR

At,

A,
—,2(~lo q))

r(fÃ} (M..v)
I'(had) (MeV)

I'(inv) (Mc.V)

Mw (GcV)

Q~
2 W

2

8~ —1
Mz

Value

91.1884 + 0.0022

2.4963 + 0.0032

20.788 + 0.032

41.488 + 0.078

0.2219 + 0.0017

0.1540 + 0.0074

Standard Model

input,

2.497 + 0.001 + 0.002

20.77 + 0.004 + 0.002

41.45 + 0.002 + 0.004

0.2156 + 0 + 0.0003

0.172 +0+0
0.0172 + 0.0012 0.0155 + 0.0004 + 0.0004

0.1418 + 0.0075

0.1390 + 0.0089

0.0997 + 0.0031

0.0729 + 0.0058

0.1551 + 0.0040

0.841 + 0.053

0.606 + 0.090

0.2325 + 0.0013

83.93 + 0.14

1744.8 + 3.0

499.9 + 2.5

80.26 + 0.16

—71.04+ 1.58 + 0.88

0.2218 + 0.0059
0.2260 + 0.0048

0.144 + 0.002 + 0.002

0,144 + 0.002 + 0.002

0.101 + 0.001 + 0.001

0.072 + 0.001 + 0.001

0.144 + 0.002 + 0.002

0.934 6 0+ 0

0.667 + 0.001 + 0.001

0.2319 + 0.0002 + 0.0002

83.97 + 0,01 + 0.06

1743.8 + 0.2 + 1.2

501 6 + 0 + 0 3

80.34 + 0.01 + 0.04

—72.88 + 0.05 + 0.03

0.2237 + 0.0002 + 0.0008

~ve
~ A

gve
~ V

—0.503 + 0.017
—0.035 + 0.017

—0.507 + 0 + 0.0004

—0.037+ 0.0005 + 0.0003

since M~ and Mz arc directly mcasurablc. Then s z and pp can be
considered dcpcndcnt parameters dcfincd. by

Table 10.5: Values of s z and s~w (in parentheses), cr,„and
mg for various combinations of observables. The central values
are for MH = 300 GeV, and the second set of errors is for
M~ ~ 1000(+), 60(—).

Data s z (sw)

Indirect + CDF + Dg 0.2315(2)(3)
(0.2236 + 0.0008)

0.2315(2)(2)
(0.2236 + 0.0009)

0.2318(3)(2)
(0.2246 + 0.0011)

0.2302(5)(0)
(0.2184 + 0.0020)

Z pole 0.2314(3)(1)
(LEP + SLD) (0.2234 + 0.0010)

All LEP

SLD+ Mz

cr, (Mz) mt (GeV)

0.123(4)(2) 180 + 7

0.123(4)(2) 179 + 8+2o

0.124(4) (2) 171+ 10+2o

220+ 14+19—15—24

0.123(4)(2) 181+s+2o

the Mw formula is unchanged. ) There is now enough data to
determine pp, sin 0~, mg, and o. , simultaneously. In particular,
Rg and the direct CDF and D8 events yield mg independent
of pp, the asymmctrics yield sz, B gives a„and Mz and thc
widths constrain po. From the global fit (including CDF and D0),

pp = 1.0012 + 0.0013 + 0.0018

s z —0.2314 + 0.0002 + 0.0002

u, = 0.121 + 0.004 + 0.001

mg = 171+12,

(10.42)

(10.43)

(10.44)

(10.45)
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I
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where the second error is from MH. This is in remarkable agrccmcnt
with the Standard Model expectation pp = 1, and constrains any
highcr-dimensional Higgs representation to have vacuum cxpcctation
values of less than a fcw percent of those of the doublets. The allowed
regions in thc pp —sz plane arc shown in Fig. 10.2. Allowing for ncw
physics in Rb, onc obtains po = 1.0002(14)(18) and n8 = 0.101(8)(1).
The effects of other types of new physics arc described in Scc. 14
on "Constraints on Ncw Physics from Elcctrowcak Analyses" in this
Aevi em.

z = Ao/Mw(1 —Arw)

po —= Mw'/(Mz' c 2z p)

(10.40)

(10.41)

0.985
i ' '

~

I I I I I.I
I' I. . I' I' I I » « I I I I I I

0.230 0.231 0.232 0.233 0.234
sin 0~(Mz) (MS)

Provided that thc ncw physics which yields pp g 1 is a
small pert, urbation which docs not significantly affec thc radiativc
corrections, pp can bc rcgardcd as a phcnomcnological parameter
which multiplies G~ in Eqs. (10.12)—(10.14), (10.28), and I z in

Eq. (10.36). (Also, thc c.xprcssion for Mz is divided by ~po;

Figure 10.2: Thc allowed regions in sin 8~ —pp at 90% CL.
mI is a frcc parameter and MH = 300 GcV is assumed. (Thc
upper (lower) dashed contours arc for MH = 1000 (60) Gc.V.)
Thc horizontal (width) band uses the experimental value of Mz
in Eq. (10.36).
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Table 10.6: Values of the model-independent neutral-current
parameters, compared with the Standard Model prcdiction using
Mz ——91.1884 GcV for mg = 180+ 7 GcV and MH ——300
GcV. There is a second g&& solution, given approximately

i

by g&' +-+ gA', which is eliminated by e+e data under thc
assumption that thc neutral current is dominated by thc exchange
of a single Z. t/, , i = L or R, is define as tan [e,(u) I (ed)].

Quantity
Experimental Standard Model

Value Prediction Correlation

eL(u)

el. (d)

ett(u)

cR(d)

0.332 +0.016 0.345+0.0003
—0.438 +0.012 —0.429+0.0004
—0.178 +0.013
—0.026 + '—0.048

—0.156

0.078

non-

Gausslan

2
gg

2

OI,

0.3017+0.0033
0.0326+0.0033

+0.035
+0.46—0.28

0.303+0.0005

0.030

2.46

5.18

small

ve
~ A

ve
~ V

—0.507 +0.014 —0.507+0.0004
—0.041 +0.015 —0.037+0.0003

—0.04

Cy„—0.214 +0.046 -0.190+0.0005 —0.995 —0.79

0.359 +0.041

+0.13

0.342+0.0004
—0.052+0.0009

0.79
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11.THE CABIBBO-KOBAVASHI-MASKAWA MIXING MATRIX
Updated 1995 by F.J. Cilman, K. Kleinknecht, and B. Renk.

In the Standard Model with SU(2) x U(1) as the gauge group of
clectroweak interactions, both the quarks and leptons are assigned to
be left-handed doublets and right-handed singlets. The quark mass
eigenstates arc not the same as the weak eigenstates, and the matrix
relating these bases was defined for six quarks and given an explicit
parametrization by Kobayashi and Maskawa [1] in 1973. It generalizes
the four-quark case, where the matrix is parametrized by a single
angle, the Cabibbo angle [2].

By convention, the three charge 2e/3 quarks (u, c, and t) aro
unmixed, and all the mixing is expressed in terms of a 3 x 3 unitary
matrix V operating on the charge —e/3 quarks (d, s, and 6):

(d ) (v„, v„., v.b) (d)
s' = Vd V„Vb ] s

( b') ( Vtd Vt, Vtb ) , ib)

The values of individual matrix elements can in principle all be
dctcrmined from weak decays of the relevant quarks, or, in some
cases, from deep inelastic neutrino scattering. Using thc constraints
discussod below together wit, h unitarity, and assuming only three
generations, the 90%%up confidenc limits on thc magnitude of thc
clemcnts of the complete matrix arc:

(0.9745 to 0.9757 0.219 to 0.224 0.002 to 0.005
0.218 to 0.224 0.9736 to 0.9750 0.036 to 0.046

l
. (11.2)

t 0.004 to 0.014 0.034 to 0.046 0.9989 to 0.9993)

Thc ranges shown arc for thc individual matrix elements. The
constraints of unitarity connect different elements, so choosing a
specific value for one element restricts thc range of others.

where c, = cosO, and s,. = sin0, for i = 1, 2, 3. In the limit
02 = 03 = 0, this reduces to the usual Cabibbo mixing with Oy

identified (up to a sign) with the Cabibbo angle [2]. Slightly diff'erent
forms of the Kobayashi-Maskawa parametrization are found in the
literature. The CKM matrix used in the 1982 Review of Particle
Properties is obtained by letting s1 —+ —s1 and b —+ 6 + vr in
the matrix given above. An alternative is to change Eq. (11.4) by
s1 ~ —s1 but leave 6 unchanged. With this change in s1, the angle
Ot becomes the usual Cabibbo angle, with the "correct" sign (i e.
d' = dcosOi + s sin Oi) in the limit Os = Os = 0. The angles Oi, O2, Os

can, as before, all be taken to lie in the first quadrant by adjusting
quark field phases. Since all these parametrizations are referred to as
"the" Kobayashi-Maskawa form, some care about which one is being
used is needed when the quadrant in which 6 lies is under discussion.

Other parametrizations, mentioned above, are due to Maiani [4]
and to Wolfenstein [5]. Still other parametrizations [9] have come
into the literature in connection with attempts to define "maximal
CP violation". No physics can depend on which of the above
parametrizations (or any other) is used as long as a single one is used
consistently and care is taken to be sure that no other choice of phases
is in conflict.

Our present knowledge of the matrix elements comes from the
following sources:

(1) Ncw analyses have been performed comparing nuclear beta
decay to muon decay. The previous radiative corrections [10] already
included order Zn effects and more recent results [11—15] conccntratc
on nuclear mismatch and structure-dependent radiative corrections.
Thc results in Rof. 15 violate CVC, and the updated [13] average f t
values for superallowed 0+ to 0+ transitions of Rcfs. 11 and 12 do not
agrcc with each other within the estimated uncertainties:

There arc several paramctrizations of thc Cabibbo-Kobayashi-
Maskawa matrix. In view of thc need for a "standard" paramctrization
in thc literature, we advocate:

ft = 3150.8+ 1.7 sec (Refs. 11 and 13),

f t = 3145.7 + 1.5 svc (Refs. 12 and 13), (11.5)
12 C13

13812 C23 C12 823 813C

13812 823 C12 C23 813 '
12 C13

ih13c12' 23 ' 12 23 13

813' 13)
ssscis (11.3)
c23'13

proposed by Chan and Keung [3]. Thc choice of rotation angles follows
earlier work of Maiani [4], snd the placement of the phasv. follows that
of Wolfcnstcin [5]. The notation used is that of Harari and Leurer [6]
who, along with Fritzsch and Plankl [7], proposed this paramctrization
as a particular case of a form generalizablc to an arbitrary number
of "gcncrations. " Thc general form was also put forward by Botclla
snd Chau [8]. Horc c, . = cos O,&

and s, . = sinO, &, with i and j being
"generation" labels, {i,j = 1, 2, 3). In thv. limit O2s = Ots = 0 tho
third generation dccouplcs, and thc situation rcducos to thc usual
Cabibbo mixing of thc first two gcncrations with Oy2 idcntified with
thc Cshibho angle [2].

Thc real angles Oy2, 023, Oy3 can all be made to lio in thc
first quadrant by an appropriate rcdcfinition of quark ficld phases.
Then all s, . and c, . src positive Iv»sl = si2cis Ivubl = sis, and

Vbl = szscis. As cis is known to deviate from unity only in thc
fifth decimal place IV sl = siz Ivubl = sis and Ivcbl = szs to an
excellent approximation. Thc phase 61& lies in the range 0 ( 613 & 2',
with non-zero values generally breaking CP invariancc for the weak
interactions, Thc generalization to thc n gcnoration case contains
n(n —1)/2 angles and (n —1)(n —2)/2 phases [6,7,8]. Thc range
of matrix clcmcnts in Eq. (11.2) corrosponds to 90'Pc CL limits
on thc angles of s12 = 0.219 to 0.223, s23

——0.036 to 0.046, and

s,3
= 0.002 to 0.005.

Thc common experiment, al error is +0.82. We have taken an avcragc
of the above values and scaled up tho error t, o take account of thc
uncertainty in tho nuclear structure dcpendcnt radiative corrections
and corresponding inconsistency of thc thcorctical results. This
transforms to

]U„dl = 0.9736 + 0.0010, (11.6)

which is almost onc standard deviation smaller than the result in thc
previous Review of Particle Physics. It is consistent, with thc result

[U„dl = 0.9734 + 0.0007 from thc update in Rvf. 14.

(2) Analysis of Kcs decays yields [16]

[V,, [
= 0.2196 + 0.0023 . (11.7)

[V»,, l
= 0.2205+ 0.0018 (11.8)

With isospin violation taken into account in K+ and K decays,
thv. oxtractcd vahios of [V»,, are in agrccmcnt, at, the. 1% level.
A reanalysis [13] obtains essentially thv. same value, hut, quotes s,

somewhat smaller error which is only statistical. Thc analysis of
hyperon decay data has larger thcorctical unccrtaintics bccausc of first
order SU(3) symmetry breaking offccts in the axial-vector couplings,
but duc account of symmetry breaking [17] applied to thc WA2
data [18] gives s, corrcctcd value. [19] of 0,222 + 0.003. Wc average.
these two results to obtain:

/d' / c
I8: 81C2

—81 C3
ih

C1 C2 C3 —82 83 E.'

i6
C1 82 C3+C2 83 E.'

—siss d)
i6

C1 C2 83 +82 C3 f' 8
i6

C1 82 83 —C2 C3 f.' b)
(11.4)

Kohaysshi and Maskawa [1] originally chose a paramctrization
involving thc four angles, Oy, 02, 03, 6:

(3) Thc magnitude. of [V„dl may be dcduccd from neutrino and
antineutrino production of charm off valence d quarks. Thc dimuon
production cross sections of the CDHS group [20] yield B [Vcd[2 =
0.41+ 0.07 && 10, where Bc is thc scmilcptonic branching fraction
of thc charmed hadrons produced. Thc corresponding value from a
morc. rccvnt, Tovatron experiment, [21], whore a next-to-leading-order
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QCD analysis has been carried out, is 0.534 + 0.021+&'cs& x 10
where the last error is from the scale uncertainty. Assuming a similar
scale error for the CDHS result and averaging these two results gives
0.49+ 0.05 x 10 . Supplementing this with data [22] on the mix of
charmed particle species produced by neutrinos and PDG values for
their semileptonic branching fractions to give [21] B~ = 0.099 + 0.012,
yields

IVII = 0.224 + 0.016 (» 9)

F(D «+~.) = If+ (o) I' Iv.. I' (1 54 x»" s ') (11.10)

(4) Values of IU,„Ifrom neutrino production of charm are dependent
on assumptions about the strange quark density in the parton-sea.
Thc most conservative assumption, that the strange-quark sea does
not exceed the value corresponding to an SU(3) symmetric sea, leads
to a lower bound [20], Ivc,,

I
) 0.59. It is more advantageous to proceed

analogously to the method used for extracting Iv„~
I

from K s decay;
namely, wo compare the experimental value for the width of Dg3
decay with the expression [23] that follows from the standard weak
interaction amplitude:

The results for three generations of quarks, from Eqs. 11.6, 11.8,
11.9, 11.12, 11.13, and 11.14 plus unitarity, are summarized in the
matrix in Eq. (11.2). The ranges given there are different from those
given in Eqs. (11.6)—(11.14) because of the inclusion of unitarity, but
are consistent with the one-standard-deviation errors on the input
matrix elements. Note in particular that the unitarity constraint
has pushed Iv„gf about one standard deviation higher than given in
Eq. (11.6).

The data do not preclude there being more than three generations.
Moreover, the entries deduced from unitarity might be altered when
the CKM matrix is expanded to accommodate more generations.
Conversely, the known entries restrict the possible values of additional
elements if the matrix is expanded to account for additional
generations. For example, unitarity and the known elements of the
erst row require that any additional element in the R.rst row have a
magnitude IV„biI

& 0.08. When there are more than three generations
the allowed ranges (at 90% CL) of thc matrix elements connecting the
erst three generations are

/0. 9720 to 0.9752 0.217 to 0.223 0.002 to 0.005
0.199 to 0.234 0.818 to 0.975 0.036 to 0.046
0 to O. ll 0 to 0.52 0 to 0.9993

Herc. f+ (q ), with q = p~ —p7r, is the form factor relevant
to Dg3 docay; its variation has boen taken into account with
the parametrization f+ (t)/f+ (0) = M /(M —t) and M
2.1 GcV/c2, a form and mass consistent with Mark III and E691
measurements [24,25]. Combining data on branching ratios for D,s
decays from Mark III, E691, and CLEO experiments [24—26] with
accurate values [27] for r&i and r&a, yields (0.762+0.055) x 101r s
for I (D ~ Ke+v ). Therefore

If+ (o) I'
I
v. I' = o 495 + o 036

A vrry conservative assumption is that
I f+ (0) I

& 1, from which
it follows that IV~,,

I
) 0.62. Calculations of thc form factor either

pcrformc. d [28,29] directly at q = 0, or done [30] at the maximum
value of q = (mD —mIc) and interpreted at q = 0 using thc
measured q dcpcndencc, gives the value f+ (0) = 0.7 + 0.1. It follows
t,hat

where we have used unitarity (for the expanded matrix) and Eqs. 11.6,
11.8, 11.9, 11.12, 11.13, and 11.14.

Further information, particularly on CKM matrix elements
involving the top quark, can be obtained from Havor-changing
procossos that occur at tho ono-loop lovel. Wo have not used this
information in tho discussion abovo since the derivation of valuos for
V~g and Vg,, in this manner from, f'or oxamplo, B mixing, 6 ~ sp,
or K —+ 7t. vv, roquiros an additional assumption that tho top-quark
loop, rather than now physics, givos thc. dominant contribution to t, ho
process in quostion.

Thc measured value [41] of AMg = 0.496 + 0.032 ps from

B& —Bd mixing can be turned in this way into information on0 —0

IV&bvcgf. Using B~ fB2 —(1.2 + 0.2)(173 + 40 McV) from lattice
QCD calculations [42], next-to-leading-order QCD corrections [43],
and mg = 174+ 16 GoV as input,

I
v, ,

I

= 1.01 + 0.18 (11.12) I
V b V d = 0.009 + 0.003, (11.16)

The constraint of unitarity when thoro are only throo gonorations gives
a much t, ightcr bound (scc below).

(5) The ratio IV /aVb, b I
can bc obtained from the scrnilcptonic decay

of B mc. sons produced on thc: (47') bb resonance by measuring the
lopton onorgy sportrum above the ondpoint of tho 6 ~ cEv spectrum.
Thoro tho 6 —+ uEv docay rato can bo obtainod by subtracting
tho background from nonrosonant e+ e reactions. This continuum
background is dotorminod from auxiliary moasuroments off tho
T(4S). Both the CLEO [31] and ARGUS [32] collaborations have
roportod ovidonco for 6 —+ u transitions in sc.miloptonic B docays.
Thc interpretation of the result in terms of Ivub/Vrb I

depends fairly
strongly on tho thoorotical modol usod to genorato the lepton onorgy
spectrum, especially for b ~ u transitions [29,30,33]. Combining the
c.xporimontal and thooretical uncortainties, we quote

I
V„„/V,b I

= 0.08 + 0.02 (11.13)

(6) Thc hcavy quark effcctivc theory [34](HQET) provides a
noarly mode:1-indopondont treatmont of B somiloptonic docays to
charmed mcsons. From mc.asurc. ments [35—37] of thc exclusive dc.cay
B ~ D Eve, thc value IV,b I

= 0.041 + 0.003 + 0.002 has been
cxtrac:tcd [38] using corrections based on thc HQET. A ncw analysis of
inrlusivc dcc:ays [39], where thc measured scmilcptonic bottom hadron
partial width is assumod to be that of a 6 quark decaying through tho
usual V —A interaction, gives IVrb I

(7b/1. 5 ps) = 0.041 + 0.002.
Using a value [40] for the b lifetime. rb = 1.55 + 0.06 ps and combining
with tho oxclusivo rosult, wo obtain

whore tho error bar comos primarily from tho thoorotical uncortainty
in tho hadronic matrix olemonts.

In thc ratio of B, to Bd mass diffcrcnccs, many of thc. fac:tora (such
as the QCD correction and dependence on thc. t-quark mass) canrcl,
and wo havo

AMg, BB fg, IVb Vc., f

AMgy„B~ fB2 IV)b V gfz
(11.17)

With Bg, -- B~z and fg, /ad ——1.16 + 0.10 from lattice QCD [42]
and thc experimental limit [41] AM~, /AM~ ) 11.6,

INd I/fvc..f
& o 37 (11.18)

Thc CLED observation [44] of b ~ sp can bc translated [45]
similarly into Ivc, I/IVb I

= 1.1 + 0.43, whcrc. thc large uncertainty
is again dominantly thoorotical. Ultimatoly K —+ xvv decays offor
high procision bocauso tho matrix olemonts can bo diroctly moasurod,
but oxporimont is prosontly sovoral ordors of magnitudo away from
tho roquisito sonsitivity. All thoso additional indiroct constraint, s

are consistont with tho matrix olomonts obtained from tho direct
moasuromonts plus unitarity, assuming throo gonorations; adding
the indiroct constraints to tho fit loaves tho rangos of CKM matrix
clcmcnts in Eq. (11.2) essentially unchanged.

Diroct and indirort information on tho CKM matrix is noatly
summarizod in torms of tho "unitarity trianglo. " Tho namo arises
sinco unitarity of tho 3 x 3 CKM matrix appliod to tho first and third
columns yic. lds

IVbf = 0.041 + 0.003 . (11.14) V„gV„*b+V„dV,~+ VggVt~ ——0 (11.19)
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The unitarity triangle is just a geometrical presentation of this
equation in the complex plane [46]. We can always choose to
orient the triangle so that Vcg V& lies along the horizontal; in the
parametrization we have chosen, V,g is real, and Vcg is real to a very
good approximation in any case. Setting cosines of small angles to
unity, Eq. (11.19) becomes

V„'~+Vgd = sy2 V,~, (11.20)

A(Rc(V„s)/[st2 Vol, [, —Im(V„t)/ st2 Vs[), B(1,0), C(0, 0) . (11.21)

which is shown as the unitarity triangle in Fig. 11.1(a). Rescaling thc
triangle by a factor [I/[st2 U~b[], the coordinates of the vertices become

CP-violating parameter c in the neutral K system corresponds to the
vertex A of' the unitarity triangle lying on a hyperbola for fixed values
of the hadronic matrix elements. [48] For CP-vio1ating asymmetries
of neutral B mesons decaying to CP eigenstates, there is a direct
relationship between the magnitude of the asymmetry in a given decay
and sin 2$, where P = o. , P, p is an appropriate angle of the unitarity
triangle [46].

Thc eombi. nation of all thc direct and indirect information. can bc
used to find the overall constraints on the CKM matrix and thence
the implications for future measurements of CP violation in the
B system [48].
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In the approximation of thc Wolfenstein parametrization [5], with
matrix elements expressed in powers of the Cabibbo angle, A sy2.

V„,, A

V„s A A(p —irt)

V,g A A

Vtd A A(1 —p —irl), (11.22)

the coordinates of the vertex A of thc unitarity triangle arc simply
(p, rt), as shown in Fig. 11.1(b).

(a

(b

C =(0,0) 8 =(1,0)

Figure
triangle

C(0, 0).

11.1: (a) Representation in the complex plane of thc
formed by the CKM matrix elements V„*&, V~g, and
(b) Roscalrd triangle with vc'.rtices A(p, rl), B(1,0), and

CP-violating processes will involve thc phase in thc CKM matrix,
assuming that thc observed CP violation is solely related to a
nonzcro value of this phase. This allows additional constraints to bc
brought to bear. Morc specificall, a ncccssary and sufhcient condition
for CP violation with three gcncrations can be formulated in a,

paramctrization-independent manner in terms of the non-vanishing
of thc determinant of thc commutator of thc mass matrices for thc
charge 2e/3 and charge —e/3 quarks [47]. CP violating amplitudes
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12. QUARK MODEL
12.1. Quantum numbers of the quarks

Each quark has spin 1/2 and baryon number 1/3. Table 12.1 gives
the additive quantum numbers (other than baryon number) of the
three generations of quarks. Our convention is that the ftavor of a
quark (l~, S, C, B, or T) has the same sign as its charge W.ith this
convention, any flavor carried by a charged meson has the same sign
as its charge; e.g. , the strangeness of the K+ is +1, the bottomness of
the B+ is +1, and the charm an8 strangeness of the D~ are each —1.

By convention, each quark is assigned positive parity. Then each
antiquark has ncgativc parity.

Table 12.1: Additive quantum numbers of thc quarks.

Quark
Property

Q —electric charge

I~ —isospin z-component

2 1 2 1 2+— +— +—
3 3 3 3, 3

1 1+
2 2

(b)

S —strangeness

C —charm 0 +1 0

B —bottomness

T —topncss

jI.2.2. Mesans: qq states
Nearly all known mcsons arc bound states of a quark q and an

antiquark q' (thc flavors of q and II' may bc differen). If thc orbital
angular morncntum of the qq' state is L then thc parity P is (

—I)
A state qq of a quark and its own antiquark is also an cigcnstate of
charge r.onjugation, with C = (—1) +~, where the spin S is 0 or 1.
Thc I = 0 stat, cs arc t,he pscudosealars, J = 0, and thc vectors,
J = 1 . Assignmcnts for many of thc known mcsons arc given inP

Table 12.2. States in thc "normal" spin-parity scrics, P = (—1)
must, , according to t, he above, have S = 1 and hence CP = +1; Thus
mcsons with normal spin-parity and CP = —1 arc forbidden in thc
qq' model. Thc J = 0 state is forbidden as well. Mcsons with
such J may exist, but would lic outside thc qq' model.

Thc nine possible qq' combinations containing u, d, and 8 quarks
group thcmsclvcs into an octet and a singlet:

Figure 12.1: SU(4) 16-plots for the (a) pseudoscalar and
(b) vector mcsons made of u, d, s, and c quarks. The noncts of
light mcsons occupy the central planes, to which the cc states
have been added. The neutral mcsons at the centers of thcsc
planes are mixtures of uu, dd, 88, and cc states.

'g = 7/8 cos 0p —'g] sin 0p

g' = g8 sin 0p + q1 cos0p .

(12.3a)

(12.35)

These combinations diagonalixc the mass-squared matrix

(12.4)

Neglecting this, the physical states g and g' arc given in terms of a
mixing angle 0p by

(12.1) 2 1
where Mss ———(4m~ —m ). It follows that,

States with thc same IJ and additive quantum numbers can mix.P

(If they arc cigcnstatcs of charge conjugation, they must, also have
thc same value of C.) Thus thc I = 0 member of thc ground-state
pscIIdoscalar octet mixes with thc corresponding pscudoscalar singlet
to produce thc g and g'. Thcsc appear as members of a nonct, which is
shown as the middle plane in Fig. 12.1(a). Similarly, thc ground-state
vector nonct appears as thc rniddle plane in Fig. 12.1(b).

A fourth quark such as charm can bc included in this scheme by
extending the symmetry to SU(4), as shown in Fig. 12.1. Bottom
cxtrnds thc symmetry to SU(5); to draw thc multiplets would require
four dimensions.

For thc pscudoscalar mcsons, the Gcll-Mann-Okubo formula is

2 2M„—m„
tan 0p =

m, —M88q

(12.5)

Thc sign of 0p is meaningful in thc quark model. If

'l7r = (sYL + dd + 8S)/43

rls = (uu+ dd —2ss)/v 6,

(12.6a)

(12.66)

then thc matrix elcmcnt M18, which is duc mostly to thc strange
quark mass, is ncgativc. From thc relation

m„=—(4mK —m ),2=1 2 2 (12.2)

2 2
M88 —mq

tan0p = (12.7)

assuming no octet-singlet mixing. Howcvcr, thc octet g8 and singlet
mix because of SU(3) breaking. In gcncral, thc mixing angle is

mass dcpcndcnt and becomes complex for resonances of finite width.

we find that 0p ( 0. Howcvcr, caution is suggest, cd in thc usc of the
rI-rI' mixing-angle formulas, as they are extremely sensitive to SU(3)
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Table 12.2: Suggested qq quark-model assignments for most of the known mesons. Some assignments, especially for the 0++ multiplet
and for some of the higher multiplets, are controversial. Mesons in bold face are included in the Meson Summary Table. Of the light mesons
in the Summary Table, the fr(1420), fp(1500), fJ(1710), f2(2300), f2(2340), and the two peaks in the rt(1440) entry are not in this table.
Within the qq model, it is especially hard to find a place for the first three of these f mesons and for one of the tt(1440) peaks. See the
"Note on Non-qq Mesons" at the end of the Meson Listings.

~ 2S+1I JPC
tL,d ) tl,ti ) dd

I =1
QD) dd, ss

I =0
cc

I =0
StL) Sd cQ) cd

I = 1/2 I = 1/2

CS

I =0
bu, bd bs

I = 1/2 I = 0

1 'Sp 0 +

1 1P1

J/Q(lS) 2 (1S) K*(892) D*(2010)

Kr~t Dr(2420)1+ by(1235) hr(1170), hr(1380) hc(1P)

D*(2110)

D.,& (2536)

B*(5330)

1 3Pp

1 3P1

1 P2

g p(1P) ysp(1P) Kp(1430)

1 + ar (1260) f ()12 58), f ()1 150) y„r(lP) year (1P) Krgt

2++ as(1320) f2(1270)~ f2(1525) yc2(1P) pter(1P) K2(1430) D2(2460)

1 D2

1 3D1

1 3D2

1 3D3

1 F4

2 'Sp

2-+ ~2(1670)

p(1700) cu(1600)

3 ps(1690) cue(1670), Qs(1850)

4++ cr4(2040) f4(2050), f4(2220)

0 + )r(1300) tq(1295)

)t'r(3770)

ri, (2S)

K', (177O)

K*(1680)t

Kg (1820)

Ks (1780)

K4 (2045)

K(1460)

2 3S1 1 p(1450) ur(1420), $(1680) Q(2S) T(2S) K'(1410)t

2 P2 f2(1810), fs(2010)

0 + rc(1770) rt(1760)

yt2 (2P) K2 (1980)

K(1830)

* Scc our scalar minireview in the Particle Listings. Thc candidates for the I = 1 states are ap(980) and ap(1450), while for I = 0 they arc:

fp(400 —1200), fp(980), and fp(1370). The light, scalars arc problematic, since. there may be two poles for one qq state and ap(980), fp(980)

may bc KK bound states.

Thc. Kr~ and Kt~ are nearly equal (45 ) mixes of thc. Kr(1270) and Kr (1400).

tThc K*(1410) could bc replaced by thc K'(1680) as the 2 Sr state. .

tan et = 0.0319(1+ 176)

gp = —10.1 (1+ 8.5&)

(12.8)

(12.9)

If wc. allow Ms2s ———(4mK —m~) (1 + rl), the mixing angle is88
dctcrmincd by Table 12.3: Singlet-octet mixing angles for scvcral nonets,

ncglccting possible mass dcpendcncc and imaginary parts. The
sign conventions arc given in thc text. Thc values of Oqzzp arc
obtained from the equations in thc text, while those for 0~;„
are obtained by replacing m by m throughout. Of the two
isosinglcts in a nonct, t, he mostly octet one is listed first.

JP Nonct mcrnbcrs

I
vr, K, g, g

p, K*(892), ct, cu

a2(1320), K2(1430), f2(152'), f2(1270)
ps(1690), Ks (1780), ques(1850), cus(1670)

1

(12.10) 2++P = w8 cos 0~ —w1 sin 0~

~ = w8 sin0~+ a1cos0~ (12.11)

to first order in A. A small breaking of thc Gcll-Mann-Okubo relation
can produce a major modification of OI .

For thc vector mcsons, vr —+ p, K ~ K*, g ~ P, and g' —+ a, so
that

28

29

—23

26

28

For "ideal" mixing, p = ss, so tan9tc = I/v2 and 8~ = 35.3'.
Experimentally, 0~ is near 35, thc sign being dctcrmined by a
formula like that for t, an0p. Following this procedure we find thc
mixing angles given in Table 12.3.
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Table 12.4: Quark-model assignmcnts for many of thc known
baryons in terms of a flavor-spin SU(6) basis. Only the dominant,
rcprcscntation is listed. Assignments for some states, especially
for the A(1810), A(2350), :-(1820), and:-(2030), are merely
educated guesses.

(D, Lg) 8 Octet members Singlcts

supermultiplets, specifled by (D, L?v), where D is the dimensionality
of the SU(6) representation, L is the total quark orbital angular
momentum, and P is the total parity. Supermultiplets contained
in bands up to N = 12 are given in Ref. 3. The N = 0 band,
which contains the nucleon and A(1232), consists only of the (56,0o )
supermultiplet. The N = 1 band consists only of the (70,1i ) multiplet
and contains the negative-parity baryons with masses below about 1.9
GeV. The N = 2 band contains five supermultiplets: (56,02+), (70,02+),

(56,22 ), (70,22+), and (20, 1&+). Baryons belonging to the (20,12+)
supermultiplct are not ever likely to be observed, since a coupling from
the ground-state baryons requires a two-quark excitation. Selection
rules arc similarly responsible for the fact that many other baryon
resonances have not been observed [4].

In Table 12.4, quark-model assignments are given for many of thc
established baryons whose SU(6)SO(3) compositions are relatively
unmixed. We note that the unestablished resonances Z(1480),
Z(1560), Z(1580), Z(1770), and:-(1620) in our Baryon Particle
Listings are too low in mass to bc accommodated in most quark
models [4,5].

i) A confining interaction, which is generally spin-independent.

ii) A spin-dependent interaction, modeled after the etfects of gluon
exchange in QCD. For example, in thc S-wave states, there is a
spin-spin hyperfine interaction of the form

HH y = —ngM Q( o. Ao), ( o. Ao)J, (12.19)

where M is a constant with units of energy, Ao (a = 1, , 8, )
is the set of SU(3) unitary spin matrices, defined in Sec. 32,
on "SU(3) Isoscalar Factors and Representation Matrices, " and
the sum runs over constituent quarks or antiquarks. Spin-orbit
interactions, although allowed, seem to be small.

iii) A strange quark mass somewhat larger than the up and down
quark masses, in order to split the SU(3) multiplets.

iv) In the case of isoscalar masons, an interaction for mixing qq
configurations of different flavors (e.g. , uu ~ dd ~ .ss), in a
manner which is gcncrally chosen to bc flavor independent.

These four ingredients provide thc basic mechanisms that determine
the hadron spectrum.

References:

12.4. Dynamics

Many specific quark models exist, but most contain the same basic
set of dynamical ingredients. These include:

1/2+ (56,0o+) 1/2 N(939)
1/2+ (56,02+) 1/2 N(1440)
1/2 (70,1i ) 1/2 N(1535)
3/2 (70,1i ) 1/2 N(1520)
1/2 (70,1i ) 3/2 N(1650)
3/2 (70,1i ) 3/2 N(1700)
5/2 (70, li ) 3/2 N(1675)
1/2+ (70,02+) 1/2 N(1710)
3/2+ (56,22+ ) 1/2 N(1720)
5/2+ (56,22+) 1/2 N(1680)
7/2 (70,3s ) 1/2 N(2190)
9/2 (70,3s ) 3/2 N(2250)
9/2+ (56,4~ ) 1/2 N(2220)

A(1116)
A(1600)

A(1670)

A(1690)

A(1800)

A(?)
A(1830)

A(1810)
A(1890)
A(1820)

A(?)
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A(2350)
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Z(1660)
Z(1620)
Z(1670)
Z(1750)
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Z(1775)
Z(1880)
Z(')
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Z(')
Z(')
Z(')

A(2100)

:-(1318)
:-(')
:-(?) A(1405)

:-(1820) A(1520)

= (')
:-(')
:-(')
=(') A(')
:-(')
:-(2030)
:-(')
:-(')
:-(')
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Dccuplct mcmbcrs

3/2+

1/2

3/2
5/2+
7/2+
11/2+

(56,0o+)

(70,1, )

(70, 11 )

(56,22+)

(56,22+ )

(56,44+)

3/2 A(1232) Z(1385):"(1530)O(1672)

1/2 A(1620) Z(?):-(?) 0(?)
1/2 A(1700) Z('?):-(?) I?(?)
3/2 D(1905) Z('?) = (?) I?(?)
3/2 A(1950) Z(2030):-(?) Q(?)
3/2 zl(2420) Z(?):-(?) fJ(?)

Thc quark model for baryons is extensively rcvicwcd in Rcf. 6
and 7.
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13.CP VIOLATION

This section prepared April 1994 by L. Wolfcnstein.

The symmetries C (particle-antiparticle interchange) and P (space
inversion) hold for strong and electromagnetic interactions. After
the discovery of large C and P violation in the weak interactions,
it appeared that thc product CP was a good symmetry. Then CP
violation was observed in K0 decays at a level given by thc parameter
e = 2.3 x 10 . Larger CP-violation efFects are anticipated in B
decays.

The eigcnstates of the K0—K system can be written

I' ~e 1+ r~ * 1 —r~ cos AMt

p 2rf~lm r~ sin(EMt)), (13.5)

where thc top sign is for B and the bottom for B, q~ is thc CP
eigenvalue and

The most clearcut expeIiments would be those that measure
asymmetries between B and B decays. Tho time-dependent rate to
a CP eigenstate a is given by

lKg) = p K") + q K"), IKI.) = pIK') —
q K") (13.1)

r = (q~/pa) A /A, (13.6)

If CP invariance held, we would have q = p so that Kg would be CP
even and K7, CP odd. (We define lK ) as CP lK )). CP violation
in K —K mixing gives

(1+ ')
q (1 —e)

(13.2)

CP violation can also occur in thc decay amplitudes

A(K ~ reer(I)) = AIe' r, A (K" —+ xir(I)) = Ale' r, (13.3)

whcrc I is the isospin of sr~, bl is thc final-state phase shift, and AI
would bc real if CP invariancc held. The ratios of CP-violating to
CP-consorving amplitudes rl+ = A(K& ~ rr+rr )/A(K+~ ~ x+ir )
snd rfoo = A(KI ~ rr 7r )/A(Ks, ~ x x ) can bc written as

/

77+ = 6+6 00 = F. —2E (13.4a)

e = e+i (Im Ao/Rc Ao),

l&2e. 'l = (Rc Ag/Rc Ap) (Im A2/Ro A2 —Im Ap/Rc Ap)

(13.4b)

(13.4c)

If CP violation is confined to thc mass matrix, as in a, supcrwcak
theory e' is zero and if+ = ifeo = e = e. Tho mcasurcmont, of e'/e has
as its goal finding an cffcct that requires CP violation in thc decay
amplitude; this corresponds to a relativo phase between A2 and A0 as
scen in Eq. (13.4c).

In thc Standard Model, CP violation arises as a result, of a
single phase cntcring the CKM matrix (q.v.). As a result in what
is now t,hc standard phase convention, two clcmcnt, s have large
phases, V»g e '&, V&d e ' . Because thcsc clcmcnts have small
magnitudes and involve thc third gcncration, CP violation in thc
K system is small. A definite nonzcro value for e'/e is cxpcctod.
but, hadronic unccrt, aintics allow thoorotical values bctwccn 10 and
3 x 10 . On thc other hand, large cffccts arc cxpectcd in thc B
system, which is a major motivation for B factories.

The quantity (q~/pg) comes from the analogue for B of Eq. (13.1);
however, for B the cigenstates have a negligible lifetime diffcrcncc
and arc distinguished only by the mass differcncc AM; also as a
result lq~/p~l = 1 so that ea is purely imaginary. A (A ) arc
thc decay amplitudes to a for B (B ). If only onc quark weak
transition contributes to thc decay Aa/A~l = 1 so that lr~l = 1

and thc cos(AMt) term vanishes. The basic goal of the B factories
is to observe thc asymmetric sin(AMt) term. For B (B") ~ QK,,
from the transition b —+ cc8, onc finds in the Standard Model tho
asymmetry parameter

—2Im r~ = sin 2P . (13.7)

Thc asymmetry is given directly in terms of a CKM phase with no
hadronic uncortainty and is expected to bc bctwccn 0.2 and 0.8. For
BO (B ) ~ ir+ir from the transition b ~ used

—2Im r = sin 2(/I + p) (13.8)

(This result has some hadronic uncrrtsinty duc to penguin con-
tributions, but these should bc able to bo estimated from other
observations. ) While either of those asymmetrics could bc ascribed
to B" —B" mixing (qg/pg or eg), tho difference between thc two
asyrnmctrics is evidence for direct CP violation. From Eq. (13.6)
(with A~/A~ = 1) it is scen this corresponds to a phase differenc
bctwccn Ay~ and A + . Thus this is analogous to e'. In tho
standard phasic convention 2/f in Eq. (13.7) and (13.8) arises from
B —B mixing whorcas thc 2g comes from Vg» in the transit, ion0 0

6 —+ uud.

CP violation in thc docay amplitude is also rcvcalcd by t, hc
cos(AMt) in Eq. (13.5) or by a diffcrcncc in rates of B+ and
B to charge-conjugate states. Thcsc cffccts, however, require two
contributing amphtudos to thc decay (such ss s, tree amplitude phis
a penguin) and also require final-state interaction phases. Predicted
cffccts arc very uncertain and arc generally small.

For further details, sec thc notes on CP violation in tlic K&, Ks,
and. B0 Particle Listings of this Revie~a.
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14. CONSTRAINTS ON NEW PHYSICS FROM ELECTROWEAK ANALYSES
This section revised September 1995 by P. Langacker and J. Erler.

Precision electroweak experiments are sensitive to loop effects,
allowing a prediction of the top quark mass mt, constraints on the
Higgs mass MH, and a search for certain types of new physics that
have not been directly detected. This article will mainly discuss mt,
MH, and the effects of exotic particles with masses large compared to
Mz on the gauge boson self-energies. Brief remarks are made on new
physics which is not of this type. The effects of mt and MH on the
radiative corrections are treated exactly to one-loop order. This can in
principle be done for other types of new physics, but this necessitates
a case-by-case discussion. Instead, the article will discuss in detail
only the constraints on particles with heavy masses M„e~)) Mz in an
expansion in Mz/M„ow. In this case, most of the effects on precision
measurements can be described by three gauge self-energy parameters
S, T, and U, and a Zbb vertex correction parameter pb.

A large value of [mt —mh[ breaks vector SU(2) symmetry and
significantly affects many precision electrowcak observables. The
major sensitivity for processes involving light external fermions is
through t- and 6-quark loop contributions to the W and Z self-
energies [1]. Most of the shift in M~ is absorbed into the rneasurcd
value of the Fermi constant GF, while the prediction for Mz,

CGF
gv 2~2

(14.6)

where

2 2 2 4~1m2 ~~12 2
2Am = mr+ m2 — ln —) (mi —m2)2 2 m21 2

(14.7)

and C = 1 (3) for color single. ts (triplets). Thus, in tho presence of
such multiplets, one has

3|F C;
, P —'am, =pc —1,

8y'27r2
(14.8)

and thus obtain the precise value [2] po = 1.0002 + 0.0013 + 0.0018,
where the second error is from MH. In Ref. 2, this result was used to
constrain the vacuum expectation values of higher-dimensional Higgs
representations. It can also be used to constrain other types of new
physics. For example, nondegenerate multiplets of heavy fermions or
scalsrs break the vector part of weak SU(2) and lead to a decrease in
the value of Mz/Mar A nondegenerate SU(2) doublet (fi) yields a

f2
positive contribution to pi of [1]

MZ ~1/2~
p c'z

decreases rapidly for large mi. In Eq. (14.1) p 1+ pt, where

(14.1)
t/

whore the sum includes fourth-family quark or lepton doublets, (hi)
~0 tor (& ), and scalar doublets such as (h) in supersyinmctry (in the

absence of L —R mixing). This implies

3GFmt2 mt
pt —— 0.0100

gi/2rr2 180 GeV) (14.2) P —' Am, ( (76 GeV), (98 GoV), (122 Gr:V)
C,. (14.9)

and cz = cosspr(Mz), the cosine. of tho weak angle in the MS
schemo evaluated at Mz [2]. In addition to Mz itself, neutral current
amplitudes and the coefficient of GFMz in the expression for I'z are3

multiplied by p. There is additional logarithmic mt dependence in
these quantities and in M~. Vertex and box diagrams also introduce
largr. (qu. adratic) mi dependence, which is especially important, in
quantities involving external b quarks (in order to avoid mixing angle
supprcssions), such as in thc Z ~ hb partial width or in B —B
mixing. Finally, in the on-shell renormalization scheme, significant
but somewhat artificial mt dependence is introduced into Z vertices
through the definition [2] s~ = 1 —M~/Mz.

As discussed in the section on the Standard Model of Electrowcak
Interactions (Scc. 10) (scc especially Fig. 10.1), the consistoncy of
the various observables allows a prcdiction for mt. A global fit to all
indirect data (soe Table 10.5 of thc Standard Model Section) yields

for MH = 60, 300, or 1000 GeV at 90/o CL.
Nondegenerate multiplets usually imply po ) 1. Similarly, hcavy

Z' bosons decrease the prediction for Mz due to mixing and generally
lead to po ) 1 [6]. On thc other hand, additional Higgs doublets
which participate in spontaneous symmetry breaking [7], hcavy lepton
doublets involving Majorana neutrinos [8], and tho vacuum expectation
values of Higgs triplets or higher-dimensional representations can
contribute to pp with c.ither sign. Allowing for thc. presence of heavy
degencratc chiral multiplets (thr. 8 parameter, to bc discussed below)
affects the determination of pp from the data, at present leading to a
smaller value.

As discussed in the Standard Model of Electroweak Interactions
section (Scc. 10), thc indirect data exhibit a moderato prefercncc for a
smaller Higgs mass. The best fit to mt as a function of MH is roughly

mt = 179 + 8 2() GeV, (14.3) mt 180+ 7+ 13 l
MH

300 GcV
(14.10)

mt ——180+ 7+13 GcV (14.4)

As discussed in Ref. 2, the combination of indirect data with the
dirc:ct CDF and DA value for mt allows stringent limits on new

physics. In particular, many extensions of the Standard Mode. l are
described by the pp parameter:

po =—Mw'/(Mz' '-2z p) (14.5)

which dosrribcs ncw sources of SU(2) breaking that cannot bc
accounted for by Higgs doublets or mt effects. It has previously been
dificult to distinguish po from p 1 + pt experimentally, though
some separation could bc done utilizing Rh [5]. Using thc direct mi
value as an independent constraint, however, one can calculate p

where the cc.ntral value is for a Higgs mass MH = 300 GeV and the
scrond uncertainty is from varying MH in the range 60 GeV (—)
to 1000 Gc:V (+). This is in remarkable agrccmcnt with the direct
determination mi = 180 + 12 GcV by thc CDF [3] and D8 [4]
collaborstions. (Thc indirect prcdiction is for thc pole ma, ss, which
corresponds approximately to the kinematic mass determined by CDF
and D8.) A combined fit, to both tho indirect and direct data yields [2]

including the direct CDF/D8 constraint. Thc y for MH = 60 GcV is
lower by 7.9 than that for MH = 1000 GcV, implying M~ & 320(430)
GeV at 90(95)%%uo CL. This result is consistent with the minimal
supersymrnetric extension of the Standard Model, which acts much
like the Standard Model with a light Higgs as far as precision
experiments are concerned. However, the MH constraint, is largely
driven by Rb and Al&, which differ significantly from the Standard
Model prc:dictions. In particular, the concliisions for MH could be
invalidated if other new physics modifies the precision observables
significantly [9—15].

A number of authors have considered the general effects on neutral
current, and Z and W-pole. observablcs of various types of hcavy (i. e. ,

M )) Mz) physirs which contribute to tho W and Z self-energies
but which do not have any direct coupling to the ordinary fcrmions.
In addition to nondegenerate multiplets, which break the vector
part of weak SU(2), thcsc include hcavy degenerate multiplets of
chiral fermions which brcak the axial generators. The effects of one
degenerate chiral doublet are small, but in technicolor theories there.
may be many chirsl doublots and thcrcforc significant rffccts [9].

Such effects can be described by jiist three parameters, S, T, and
II at, thc onc (clcctrowcak) loop level. (Thrcc additional parsrnctcrs
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are needed if the new physics scale is comparable to Mz [16].) T is
proportional to the difference between the W and Z self-energies at
Q = 0 (i e., ve. ctor SU(2)-breaking), while S (S+ U) is associated
with the difference between the Z (W) self-energy at Q = Mz w and

Q = 0 (axial SU(2)-breaking). In the MS scheme [10]

IIww (0) Ilzz (0

w Mz

=2-2
n(MZ) rrzY(Mz') —Ilz"z (0)
48 2zc2z z

(M ) Ill~low (M2 )
IltlB%' (0)S+U) =

Mw2
(14.11)

T=h~=et/n

where IIww and Ilzz~ are respectively thc contributions of the ncw

physics to the W and Z self-energies, s z ——sin btw(MZ), cz ——1 —s z,
and n(Mz) 1/129 [2] is thc running coupling evaluated at Mz. S,
T, and U are defined with a factor of u removed, so that they arc
cxpcctcd to bc of order unity in thc prcscnce of ncw physics. S, T,
and U arc related to other parameters (e;, h, , S,) defined in [10—12] by

(Mz Mw2) In(MH/Mg')
4 2n7r2

AS = cs In(mt/mt ) + —ln(MH/MH )6x

AU = crt In(mt/mt""), (14.15)

1 —0/T 1

pp 1 —GFMzpS/2v 27r

where the coefBcients cg and cU depend on the renormalization
scheme. Prior to the direct obsevation of the t quark it was difficult to
separate thc effects of mt, and MH from the new physics contributions
to S, T, and U. Most authors therefore picked fixed arbitrary reference
values for mg and MH, so that the values of S, T, U extracted. from
thc data included both new physics and DS, AT, AU. Now that mg is
known independently this is no longer necessary [21]. In the following,
S, T, and U will represent the contributions of ncw physics only. Thc
full mg and MH dependence of all observables will be included in thc
fits separately, with the uncertainties in m~ and MH appearing as
uncertainties in the extracted S, T, U.

The Standard Model expressions for obsorvablcs arc replaced by

S = hAz = Sz = 4s zes/n
M =M

1 —GFMw2p(S+ U)/2v 2x ' (14.16)

U = hAw —hAz = Sw Sz = —4s ze2/n . (14.12) where Mzp and Mwp are thc Standard Model expressions (as
functions of mt and Mff) in thc MS scheme. Furthermore,

A hcavy nondcgcncrat, c multiplct of fcrmions or scalars contributes
positively to T as rz po

MZPz
1 —AT

1
po = 1+nT,

1 —0!T
(14.13) Iw =MwPw

whcrc. pp is given in Eq. (14.8). If thcro arc non-doublet Higgs
rcprcscntations, their vacuum cxpcctation values also contribute to
po. Thc cffccts of such nonstandard Higgs roprescntations cannot bc
scparatcd from hcavy nondcgcneratc multiplcts unless thc ncw physics
has other conscqucnccs, such as vertex corrections. Most, of thc
original papers define T to include thc effect of' loops only. However,
we will rcdcfinc T to include all new sources of SU(2) breaking,
including nonstandard Higgs, so that T and po are equivalent by
Eq. (14.13).

A multiplet of hcavy dcgcncratc chiral fermions yields

2
S = GQ(tat, (i) —tsR(i) /3rr, (14.14)

pt (mt ) —pt (m,'".f
)

whcrc tat, tt(i) is the third component of weak isospin of the loft-

(right-) handed component of frrmion i and G is thc number of colors.
For cxamplc, a hcavy degenerate ordinary or mirror family would
contributo 2/3x to S. In technicolor models with @CD-like dynamics,
onc experts [9] S 0.45 for an isodoublc:t of tcchnifcrmions, assuming

KT| =4 tcchnicolors, while S 1.62 for a full tcchnigencration with
=4; T is harder to cstimatc because it is modol dcpcndent.

In thcsc cxamplcs onc has S ) 0. Howcvcr, the @CD-like models
aro cxcludcd on other grounds (flavor-changing neutral currents, and
too-light, quarks and pseudo-Goldstone bosons [17]). In particular,
thcsc cstimatcs do not, apply to models of walking technicolor [17],
for which S can bc smaller or even negative [18). Other situations in
which S ( 0, such as loops involving scalars or Majorana particles, are
also possible [19). Suporsymmetric c.xtcnsions nf the Standard Model
generally give very small c.ffccts [20). Most simple types of new physics
yield U = 0, alt, hough thcrc arc counter-cxamplcs, such as thc effect
of anomalous triple-gauge vcrticcs [12].

It, is also possiblo to paramctrizc thc cffccts of large mg )) Mz
(except, for thc. bb vertex) or MH )& Mz in terms of S, T, and U.
If onc takes mg = m&", MII = M~ as a rcfcrrncc point, then other
value. s of mt and MH can be cxprcsscd for large mt, Mtt as [ll)

po
A, = Ao,

1 —AT
(14.17)

I (Z bb) = I'"(Z bb)(1+ Pb), (14.18)

where I'" is the Standard Model oxprcssion (or the expression
modified by S, T, and U). Experimentally, Rb

—= I'(Z ~ bb)/I'(had)
is moro than 3o above the Standard Model expectations, favoring
a positive pb. (Sce the discussion in Rcf. 2.) Extended technicolor
interactions generally yield negative values of pb of a, fcw perrcnt, [23],
although it is possible to obtain a positive pb in models for which thc
cxtendcd technicolor group does not commute with thc clcctrowcak
gauge group [24) or for which diagonal interactions related to the
extended tc.chnicolor dominate [25]. Topcolor and topcolor-assisted.
technicolor models do not generally give a significant contribution to
pb bccausc the cxtendcd technicolor contribution to mt is small [26].
Supersymmetry can yield (typically small) contributions of cithc. r
sign [27,28].

Thc data allow a simultaneous dctcrmination of,s z (e.g. , from tho
Z-pole asymmctries), S (from Mz), U (from Mw), T (e.g. , from thc
Z-decay widths), n, (from 1 (Z ~ had)/I'(fl), mt (from CDF and
DA), and ps (from Rb) with little correlation except bctwcen n, and

S = —0.28 + 0.19+p')~

T = —0.20 + 0.26+0 12

U = —0.31+0.54

0.032 + 0.010, (14.19)

whcrc Pz and Pw arc thc Standard Model expressions for thc rcduccd
widths I'zp/Mzp and I'wp/Mwp, Mz and Mw arc tho physical
masses, and A, (A,p) is a neutral current amplitude (in the Standard
Model).

Thc Z —+ bb vertex is scnsitivo to certain typos of new physics
which primarily couple to hcavy families. It is useful to introduce an
additional paramctcr pb by [22]
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and 8& ——0.2311 + 0.0003, n, = 0.103+ 0.008, mg = 181 + 12 GeV,
where the first uncertainties are from the inputs. The central values
assume MH = 300 GeV, and the second uncertainty, when given, is
the change for Mtl = 1000 GeV (upper) and 60 GeV (lower). S, T,
and U, which are due to new physics only, are all consistent with the
Standard Model value of zero at or near the 1o. level, although there
is a slight tendency for negative S and T Usin. g Eq. (14.13) the value
of po corresponding to T is 0.9985 + 0.0019+o'ooo9. The values of the
e parameters defined in Eq. (14.12) are

I I I I

[

I I I I

)

I js. l I:t;t'I $ ~-l. l, t I

I,
I:I /-t I's 1 t.t I13

I:.

Mz Qw

~ '.
I

0 ~ 0022 + 0 ~ 0015+g'QQ] 3

0 0015+ 0 0019+o ooos

eg = +0.0024+ 0.0033 . (14.20)

~ /
/

~ /

/

/
/

/

There is a strong correlation between pb and the predicted n„just
as in the model with S = T = U = 0 [2,21I. For pb = 0 one obtains
o.s = 0.122 +0.005 and T = —0.04 +0.25+o yy with little change in the
other parameters. Thc allowed region in S—T is shown in Fig. 14.1.
Prom Eq. (14.19) one obtains S & 0.12 (0.21) and T & 0.29 (0.38) at
90 (95)% CL. If one requires the constraint S ) 0 (as in @CD-like
technicolor models) then S & 0.25 (0.30). Allowing arbitrary S, only
onc heavy generation of ordinary fermions is allowed at 95'70 CL.
The favoreR value of S is problematic for simple technicolor models
with many techni-doublets and @CD-like dynamics, as is thc value of
pb. Although S is consistent with zero, thc electroweak asymmctrics,
especially thc SLD left-right asymmetry, favor S ( 0. The simplest
origin of S & 0 would probably be an additional heavy Z' boson [6],
which could mimic S ( 0. Similarly, there is a slight indication of
negative T, while, as discussed above, nondegencrate scalar or fcrmion
multiplets generally predict T ) 0.

There is no simple paramctrization that is powerful enough to
describe the effect of every type of new physics on cvcry possible
observablc. Thc S, T, and U formalism describes many types of
hcavy physics which aB'ect only thc gauge self-energies, and it can
bc applied to all precision obscrvablcs. However, ncw physics which
couples directly to ordinary fcrmions, such as hcavy Z' bosons or
mixing with exotic fcrmions cannot bc fully paramctrizcd in the S, T,
and U framework. It is convenient to treat thcsc types of new physics
by pararnctrizations that arc specialized to that particular class of
theories (e.g. , extra Z' bosons), or to consider specific rnodcls (which
might contain, e.g. , Z' bosons and exotic fcrmions with correlated
paremctcrs). Constraints on various typos of new physics aro rcviewod
in [29,30,31]. Fits to models with technicolor, c.xtcnded tc.chnicolor,
and supcrsymmotry arc described respectively in [32], [24], and [33].
Versions of thcsc which allow pb ) 0 can, for that reason, give better
fits than thc Standard Model. An altcrnatc formalism [34] defines
parameters, et, e2, es, eb in terms of the specific observables M1t//Mz,
thc lcptonic Z width I'rt, thc forward-backward asymmetry [2] at tho

Z pole AFB, and Bb. The definitions coincide with those for e, in(o,&)

Eqs. (14.11) and (14.12) for physics which affects gauge self-energies
only, brrt thc e's now paramctrizc arbitrary types of new physics and
can also incorporate all of the effects of mg and MH on thc four basic
obscrvablcs. Howcvcr, thc e's are not rclatcd to other obscrvablcs
unless additional model-dcpcndcnt assumptions arc made. Another
approach [35,36] paramotriscs ncw physics in terms of gauge-invariant
sets of operators. It is especially powerful in studying thc cH'cct, s of
ncw physics on nonabclian gauge vertices, The most gcncral approach
introduces doviation vectors [29]. Eac:h type of ncw physics defincs
a deviation vector, thc components of which arc thc deviations of
each observablc from its Standard Model prcdiction, normalized to
thc. cxperimcntsl uncertainty. Thc length (direction) of thc vc.ctor
rcprcscnts tho strength (type) of ncw physics.
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15.BIG-BANG COSMOLOGY

dr2
ds2 = dt2 —R (t) 2 + r (dg + sin gdcti )1 —KT

(15.1)

R(t) is a scale factor for distances in cornoving coordinates. With
appropriate rescaling of the corrdinates, K can bc chosen to be +1,
—1, or 0, corresponding to closed, open, or spatially flat geometries.
Einstein's equations lead to the Friedmann equation

(R'l '
8' G~p K A——+—

3 R2 3' (15.2)

as well as to

Revised November 1993 by K.A. Olive.

At early times, and today on a sufBcently large scale, our
Universe is very nearly homogeneous and isotropic. The most
general space-time metric for a homogeneous, isotropic space is the
Friedmann-Robertson-Walker metric (with c = 1) [1,2,3]:

where E is the distance to the source.

Energy conservation implies that

p = —3(RIR)(p+ p) (15.9)

7,2p„=—N(T) (kT)
30

(15.10)

whore N(T) counts the effectively massless degrees of freedom of
bosons and fcrmions:

so that for a matter-dominated (p = 0) universe p oc R s, while
for a radiation-dominated (p = p/3) universe p oc R 4. Thus the
less singular curvature term K/R in the Friedmann equation can be
neglected at carly times when R is small. If the Universe expands
adiabatically, the entropy per comoving volume (—:R s) is constant,
where the entropy density is s = (p+ p)/T and T is temperature. The
energy density of radiation can be expressed (with h=c =, 1) as

R A 47t.G~
R 3 3 (p+3p), (15.3)

7
N(&) = PgB+ 8+gF . (15.11)

rc/Ro = Hp(Bp —1), IIp = pp/pc
' (15.4)

and the critical density is defincd as

3H
pc = =1.88x10 h gcm8' G~

(15.5)

whore H(t) is thc Hubble paramctcr, p is thc. total mass-energy
density, p is the isotropic prcssure, and A is the cosmological constant.
(For limits on A, sco thc Table of Astrophysical Constants; we will
assume. bore A = 0.) The Fric.dmann equation serves to define the
density parameter alp (subscript 0 indicates present-day values):

For example, for m& ) kT ) m~, N(T) = g& + 7/8 (g~ + 3gc, )
2 + 7/8 [4 + 3(2)] = 43/4. For m~ ) kT ) m&, N(T) = 57/4. At
temperatures less than about 1 McV, neutrinos have decoupled from
the thermal background, i.e. , the weak interaction rates arc no longer
fast enough compared with thc expansion rate to keep neutrinos
in equilibrium with the remaining thermal bath consisting of p, e+.
Furthermore, at temperatures kT & mc, by entropy conservation, thc
ratio of thc neutrino temperature to thc photon tcrnpcraturc is given

by (T /T~)' = g~/(.g~+ sg. ) = 4./»
In the c.arly Universe when p = p„,then R oc 1/R, so t, hat R oc t

and Ht ~ 1/2 as t ~ 0. The time-tcrnperaturc relationship at very
carly times can then bc found from thc above equations:

with

Hp = 100 hp km s Mpc = hp/(9. 78 Gyr) . (15.6)

1M V

/IV(T) ( kT ) (15.12)

1+ z = A/A„= Rci/R, (15.7)

whcrc B„is thc value of thc scale f'actor at thc time thc light was
cmittcd. For light rrnittcd in thc not, too distant past, , onc can expand
R„ancl write Rc = Rp + (tc, —tp)Rp. For small (compared to Hp )
At = (t„—tp), Eq. (15.7) takes thc form of Hubble's law

Observational bounds give 0.4 & hp & 1. Thc thrcc curvature
signatures K = +1, —1, and 0 corrcspond to Hp ) 1, & 1, and = 1.
Knowlcdgc of Hp is even poorer than that of hp. Luminous matter
(stars and associated material) c:ontributc. fli„~( 0.01. Thero is no

lack of evidence for copious amounts of dark matter: rotation curves of
spiral galaxies, virial cstimatcs of cluster masses, gravitational lcnsing

by clust, crs and individual galaxies, and so on. Thc minimum amount
of dark matter required to explain thc flat rotation curves of spiral
galaxies only amount, s to Hp 0.1, while estimates for Hp based upon
cluster virial masses suggests Hp 0.2 —0.4. Thc highest cstimatcs
for thc mass density come from studies of thc peculiar motions of
galaxies (including our own); estimates for alp obtained by relating
peculiar velocity mcasurcmcnts to thc distribution galaxies within a
fcw hundred Mpc approach unity. A conscrvativc range for thc mass
density is: 0.1 & Hp & 2. Thc excess of Hp over H~„~ leads to thc
infcrcncc that most of thc matter in thc Universe is nonluminous dark
matter.

In an expanding univcrsc, thc wavelength of light cmittcd from a
distant source is shifted towards thc rcd. Thc rcdshift, z is dcfincd
such that 1 + z is thc ratio of thc. dctectcd wavelength (A) to cmittcd
(laboratory) wavclcngth (A„)of sornc. electromagnetic spectral fcaturc:.
It follows from the metric given in Eq. (15.1) that

At later times, since thc energy density in radiation falls off as
R and thc energy density in non-relativistic matter falls off asR, the Universe cvcntually became matter dominated. The epoch
of rnatter-radiation density equality is determined by equating thc
matter density at t„q,p~ = f1pp„(Rp/R«) to the radiation density,

p„=(rr2/30)[2 + (21/4)(4/11) / ](kTp) (Rp/R«) whore Tp is tho
prcscnt temperature of thc microwave background (see below). Solving
for (Rp/Rcq) = 1+ z«gives

z&,q + 1 = fIphp/4. 2 x 10 = 2.4 x 10 fiche,

kT„q——5.6 Hphp cV;

t(,q = 0.39(Op Hp2) / (1 + z„q)

= 3.2 x 10 (flphp) scc . (15.13)

tp ——Hp
—i/'2

1 —Hp+ Hpz dg; . (15.14)

Prior to this epoch thc density was dominated by radiation
(relativistic particles; scc Eq. (15.10)), and at later epochs matter
density dominated. Atoms formed at z —1300, and by zgcc —1100
the frcc electron density was low enough that space bccamc essentially
transparent to photons and matter and radiation werc dccouplcd.
Thcsc arc thc photons obscrvcd in thc microwave background today.

Thc agc of thc Univcrsc today, tp, is related to both thc Hubble
parameter and thc value of alp (still assuming that A = 0). In thc.
Standard Model, tp )& tcq and wc can write

&oz= At —=EHp,
&p

(15.8)
Constraints on tp yield constraints on thc rombination Hphp. For
cxamplc, tp & 13 x 10 yr irnplics that Hphp & 0.25 for hp & 0.5,
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or Ophp & 0,45 for hp & 0.4, while tp & 10 x 10 yr implies that
Ophp & 0.8 for hp & 0.5, or Dphil & 1.1 for hp & 0.4.

The present temperature of the microwave background is Tp =
2.726 + 0.005 K as measured by COBE [4], and the number density
of photons n&

——(2((3)/sr~)(kTo) = 411 cm s. The energy density
in photons (for which g& ——2) is p&

——(s 2/15)(kTp) . At the present
epoch, p&

——4.65 x 10 g cm = 0.26 eV cm . For nonrelativistic
matter (such as baryons) today, the energy density is pgy = mgn$3
with n~ (x R, so that for most of the history of the Universe
n~/s is constant. Today, the entropy density is related to the photon
density by s = (4/3)(s /30)[2 + (21/4)(4/ll)](kTp) = 7.0n&. Big
Bang nucleosynthesis calculations limit rl = n~/n& to 2.8 x 10
g & 4.0 x 10 . The parameter g is also related to the portion of 0
in baryons
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f1~ = 3.66 x 10 rl ho (Tp/2. 726 K) (15.15)

so that 0.010 & H~ hp & 0.015, and hence the Universe cannot be
closed by baryons.
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16.BIG-BANG NUCLEOSYNTHESIS
Written July 1995 by K.A. Olive and D.N. Schramm.

Among the successes of the standard big-bang model is the
agreement between the predictions of big-bang nucleosynthesis (BBN)
for the abundances of the light elements, D, He, 4He, and 7Li, and
the primordial abundanccs inferred from observational data (see [1—3]
for a more complete discussion). These abundances span some nine
orders of magnitude: He has an abundance by number relative to
hydrogen of about 0.08 (accounting for about 25% of the baryonic
mass), while 7Li, the least abundant of the elements with a big-bang
origin, has a abundance by number relative to hydrogen of about

10—10

16.1. Big-bang nucleosynthesis theory
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the 1o. uncertainties in nuclear cross sections leading to Li and 7Be
which subsequently decays to 7Li [4,5,6]. The uncertainties in the
D and He predictions are small and have been neglected here. The
boxes show to the observed abundances, discussed below. Since the
observational boxes line up on top of each other, there is an overall
agreement between theory and observations for gyo in the range
2.8—4.5 (1.5—6.3).

The BBN theory matches thc observationally determined abun-
dances with a single well-de6ned parameter, the baryon-to-photon ra-
tio, g. All the light-element abundanees can be explained with g in the
relatively narrow range (2.8—4.5) x 10, or recto = rt x 10 " = 2.8—4.5.
(When possible systematic errors are allowed to take extreme values,
the range becomes t7tp = 1.5—6.3 [4]. We shall always quote this
extrcme range parenthetically following thc best range. ) Equivalently,
this range can be expressed as the allowed range for thc baryon mass
density, p~ = 1.9—3.1 (1.0—4.3) x 10 g cm, and can be converted
to thc fraction of the critical density, O.

The synthesis of the light elements was affected by conditions in the
carly IJniversc at temperatures T & 1 MeV, corresponding to an agc as
early as 1 s. At somewhat higher temperatures, weak-interaction rates
werc in equilibrium, thus fixing the ratio of the neutron and proton
number densities. At T )) 1 MeV, n/p —1, since the ratio was given

approximately by the Boltzmann factor, n/p —e &/T, where Q is the
neutron-proton mass differenc. As thc temperature fell, the Universe
approached thc point ("freeze-out") where the weak-interaction
rates were no longer fast enough to maintain equilibrium. The final
abundance of 4Hc is very sensitive to the n/p ratio at frceze-out.

Thc nucleosynthesis chain begins with thc formation of deuterium
in thc process pn —+ Dp. However, photo-dissociation by thc high
number density of photons (n&/n~ = rl 10 ) delays production
of deuterium (and other complex nuclei) well past the point where
T rcachcs the binding energy of deuterium, E@ = 2.2 MeV. (Thc
avcragc photon energy in a blackbody is E& = 2.7 T )When thc.
quantity rt cxp( E~/T) rr aches —about 1 (at T —0.1 MeV), thc
photo-dissociation rate finally falls below the nuclear production rate.

Thc 25% fraction of mass in He duc to BBN is easily estimated by
counting thc number of neutrons present when nucleosynthesis begins.
When thc weak-interaction rates frceze-out at about T 0.8 MeV, thc
n-to-p ratio is about 1/6. When frcc-neutron decays prior to deuterium
formation are taken into account, thc ratio drops to n/p & 1/7. Then
simple counting yields a primordial He mass fraction

0.23
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In thc Standard Model, thc He mass fraction dcpcnds primarily on
thc baryon-to-photon ratio g, as it is this quantity that dctcrmines
when nuclcosynthcsis via deuterium production may begin. But
because thc n/p ratio depends only weakly on rt, thc Hc mass fiaction4

is relatively Rat as a function of g. The effec of thc ur)certainty in thc
neutron half-life, ~„=887 + 2 s, is small. Lesser amounts of thc other
light clcmcnts arc produced: D and Hc a,t thc level of a fcw times
10 ' by number relative to H, arid Li/H at thc level of about, 10
when g is in thc range 1 —10 x 10

When wc go beyond thc Standard Model, thc Hc ahund. ance is
very sensitive to changes in thc expansion rate, which can hc related
to thc cffcctivc number of neutrino flavors. This will bc discussed
below.

Thc calculated abundanccs of thc light elements arc shown in
Fig. 16.1 as a function of pro. Thc curves for thc Hc mass fraction,4

Y&, bracket thc range based on thc uncertainty of thc neutron
mean-life, &7t = 887 + 2 s. Thc spread in thc Li curves is duc to

Figure 16.1: Thc abundanccs of D, Hc, Hc and Li as
predicted by thc standard model of big-bang nucleosynthesis.
Also shown by a scrics of boxes is thc comparison between these
predictions and thc observational determination of the light
clement abundanccs. Sce text for details.

16.2. Observations

Yp ——0.234 + 0.003 + 0.005 . (16.2)

(Herc and elscwhcrc, thc first error is thc statistical standard deviation,
and thc second systematic. ) Thc large box in Fig. 16.1 bracketing thc

Bccausc stars produce helium as well as hcavicr elements, one must
search for primord. ial helium in regions where stellar processing has
bccn minimal, z. e. , in regions where abundances of clcmcnts such
as carbon, nitrogen, and oxygen arc very low. There are extensive
compilations of observed abundanccs of Hc, N, and 0 in many
different extra-galactic regions of ionized H [7,8,9]. Extrapolating thc

Hc abundances from the data leads to a observational estimate for
Yp of [10,11]
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4He curves covers the range 0.223 to 0.245, where the half height is

conservatively given as twice the statistical error plus the systematic
error. There has been some debate on the size of systematic errors [4]
and the dashed box is obtained using a larger systematic error of 0.01.

Observations for deuterium and 3He abundanccs present larger
problems. All deuterium is primordial [12], but some of the primordial
deuterium has been destroyed. Thus, as can be seen in the figurc,
the present deuterium abundance gives an upper limit to g. However,
to get more information requires either an understanding of galactic
chemical evolution of deuterium or a direct measurement of primordial
deuterium. Even more problematical is He: Not only is primordial
3He destroyed in stars but it is very likely that low-mass stars arc net
producers of He. Neither the galactic chemical evolut, ion of Hc nor
thc production of Hc in stars is well understood.

It appears that D/H has decreased over the age of the galaxy.
Samples obtained deep inside meteorites provide measurements of
thc true (prc)-solar system abundance of He, while measurements3

on meteoritic near-surfacc samples, the solar wind, and lunar soil
sarnplcs also contain He converted from deuterium in the carly
prc.-main-scqucncc stage of thc sun. Thc best current values arc [13]

4.1 + 1.0 x 10

1.5 + 0.3 x 10
0

(16.3)

D/H: 1.60 + 0.09 c'ic x 10 (16.4)

It is this lowest value of D/H that provides thc most robust, upper
bound on iI, since D is only destroyed. It is shown (decrcascd by

2astst + mrs&, t) as thc lower side of thc D and Hc box in Fig. 16.1. If
ilio is in thc range 2.8—4.5 (1.5—6.3) then the primordial abundance
of D/H is bctwccn 3.6—8 (2—25) x10, and it, would appear that
significant destruction of deut, crium has occurred. Thc upper side of
the box in Fig. 16.1 comes from thc upper limit on (D + He)~
under thc assumption that at, lc.ast, 25% of a star's initial D + Hc is

returned to thc interstellar medium [15].
Deuterium may have bccn drtcctcd in high-rcdshift, , low-metallicity

quasar absorption systems [16,17,18]. These measured abundances
should rcprcscnt thc primordial value, but, thc:y arc not cntircly con-
sistent: Onc [16] gives D/H = 1.9—2.5 x 10 while thc other [17] gives

D/H = 1—2 x 10 s. Most rcccntly, mcasurcments in thrcc absorption
systems show consistent values of D/H around 10 [18] and
corresponds to a, valiic of g in good agrccmcnt with that discussed
in the previous section. Thc upper limit, on D/H from thc first
observation is shown by thc dashed box in Fig. 16.1. As onc can scc,
t, hc corresponding value of Yp (at the same value of rl as inferred by
the observation of a high D/H) is in cxccllcnt, agrccmcnt with thc
data. Li is also acccptablc at t, his value as well. Howcvcr, duc to thc
still somewhat preliminary status of this obsc.rvation, it is prcmaturc
to usc it to fix the primordial abiindancc. A high value f'or the D
abundance. would rcquirc an cvcn greater dcgrcc of D destruction over
thc agc of thc galaxy. Thc lower rncasurcmcnt, for D/H is problematic
for both Hc and Li and rcquircs that systematics all work in thr.
same direction to give a marginal overlap with this data.

Finally, wc turn to Li. In old, hot, , population-II stars, Li is found
to have a very nearly uniform abundance. For stars with a surface
tcmpcraturc T ) 5500 K and a, metallicity less than about 1/20th
solar (so that, cffccts such ss stellar convection may not bc important, ),
thc abundanccs show little or no dispersion bcyoncl that consistent,
with thc.. errors of individual mcasurcmcnts. Much dat, a has been
obtainc. d recently from a variety of sources, and thc best estimate for
thc mean Li ak»indancc and its statistical uncertainty in halo stars7

is [19](thc cstimatc of thc systematic uncertainty discussed below is

our owrl

Li/H = (1.6 + 0.1+"+")x 10-" (16 5)

The difference between these, D/H = (2.6+1.0) x 10 S, is thc prc-solar
D abundance.

On thc other hand, thc prcscnt interstcllar-medium abundance of
D/H is [14]

The first error is statistical, and the second is a systematic uncertainty
that covers the range of abundances derived by various methods. The
box in Fig. 16.1 corresponds to these errors (as before, with a half
height of 2o'stat + &syst) The third set of errors in Eq. (16.5) accounts
for the possibility that as much as half of the primordial Li has been
destroyed in stars, and that as much as 30'Fo of the observed Li was
produced. in cosmic ray collisions rather than in the Big Bang. These
uncertainties are shown by the dashed box in Fig. 16.1. Observations
of Li, Be, and B help constrain the degree to which these effects play
a role [20,21,22].

16.3. A consistent value for q
For the standard model of BBN to be deemed successful, theory

and observation of the light element abundances must agree using a
single value. of g. We summarize the constraints on g from each of the
light elements. From the 4He mass fraction, Y& ( 0.240 (0.245—0.250),
we have rlic ( 2.9 (4.5—7.6) as a 2o upper limit (thc highest values
use possible systematic errors up to their extreme range). Because
of the sensitivity to thc assumed upper limit on Y&, the upper limit
on rl from D/H, is still of value. From D/H ) 1.3 x 10, we have

'gsp & 8.1.
The lower limit on gyp comes from the upper limit on D + Hc and

is gyp & 2.8 if one ignores He production. Wc stress, however, that
the upper limit on D + 3Hc depends critically on models of galactic
chcrnical evolution, which arc far from being understood, and that
onc of thc two measurements of D/H in quasar absorption systems
indicates that q~p 1.5.

Finally, 7Li allows a broad range for gyp consistent with the other
elements. When unccrtaintics in the reaction rates and systematic
unccrtaintics in the observed abundanccs are both taken into account„
Li allows values of ilio between 1.3—5.0 (1—6.3). The resulting overall

consistent, range for ilio bccomcs 2.8—4.5 (1.5—6.3). These bounds on
constrain thc fract, ion of critical density in baryons, O~, to be

0.010 ( IIBho ( 0.016 (0.005 ( A~ho ( 0.023)

for a Hubble parameter, hp, between 0.4 and 1.0. Thc corresponding
range for fIg is 0.01—0.10 (0.005—0.14).

16.4. Beyond the Standard Model
Limits on particle physics beyond thr. Standard Mode. l cornc

mainly from thc observational bounds on thc Hc abundance.
As discussed earlier, thc neutron-to-proton rat, io is fixcd by it, s

equilibrium value at, thc frceze-out of thc weak-interact, ion rates at
a temperature Tf 1 McV, with corrections for frcc neutron decay.
Furthcrrnorr. , frceze-out is dctcrminrd by thc competition bctwccn t, hc
weak-interaction rates and thc expansion rate of thc Univcrsr, ,

GF Tf - I'wg(Tf) = H(Tf) - 1/G~N(Tf) Tf

where N(Tf) counts thc total (cquivalcnt) number of relativistic
psrticlr. species. Thc presence of additional neutrino flavors (or of
any other relativistic spccics) at thc time of ruicleosynthcsis increases
thc energy density of thc Univcrsc and hcncc thc expansion rate,
leading to s. larger value of Tf, n/p, and ultimately Y&. It is clear that
just, as onc can place limits [23] on N, any changes in thc weald or
gravitational coupling constants can bc similarly constrained.

In thc Standard Model, t, hc number of particle'. spccics can bc
written as N = 5.5+ 4NI, at Tf = 1 McV; 5.5 accounts for photons and

e; and N~ is thc number of light neutrino flavors. Thc helium ciirvcs+.
in Fig. 16.1 werc compiitcd assuming Nf, = 3, ancl thc computed Hc
abundance scales roughly as AYgBN 0.012—0.014 AN . Clearly thc
central value for N~ from BBN will dcpcnd on g. If thc brst value. for
thc obscrvcd primordial Hc abundance is 0.234, then, for gyp 1.7,
the central value f'or N~ is vc.ry close to 3. For gj p ) 2.8 thc central
value for N~ is less than 2.5. However, bcrausc of thc unccrtaintics
in the abundanccs, and thus in q, thc upper limit on NI, is morc
important herc than thc central value of Nf, . A straightforward
propagation of errors leads to a 2o upper limit of about 3.1 (3.5) on

N~ when systematic errors arc included [10,24]. Othrr prescriptions,
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which involve renormalization of the probability distributions when
the central value of N~ falls below 3, give even higher upper limits to
N~ [25].

The limits on N~ can be translated into limits on other types of
particles or particle masses that would aBect the expansion rate of
the Universe just prior to nucleosynthesis. In some cases, it is the
interaction strengths of new particles which are constrained. Particles
with less than full weak strength interactions contribute less to the
energy density than particles that remain in equilibrium up to the
time of nucleosynthesis [26].

We close with a simple example. Suppose there exist three
right-handed neutrinos with only right-handed interactions of
strength GR ( GF. The standard left-handed neutrinos are no
longer in equilibrium at temperatures below 1 MeV. Particles
with weaker interactions decouple at higher temperatures, and
their number density (oc TS) relative to neutrinos is reduced by
the annihilations of particles more massive than 1 MeV. If we
use the upper bound N~ ( 3.1, then the three right-handed
neutrinos must have a temperature 3(T~n/T~z)4 & 0.1. Since
the temperature of the decoupled vR's is determined by entropy
conservation, T~&/T~& ——[(43/4)/N(Tf)] & 0.4, where Tf is
the freeze-out temperature of the v~'s. Thus N(Tf) ) 100 and
decoupling must have occurred at Tf ) Mtv (since in thc Standard
Model, N(T ) Mtv) = 106.75). Finally, the decoupling tcmpcraturc
is related to Gp by (G~/GF) (Tf/3 McV), where 3 MeV
corresponds to the decoupling temperature for vL, . This yields a limit
GR & 10 GF. Clearly these limits are strongly dependent on the
assumed upper limit to N~; for N~ & 3.5, the limit on GR is relaxed
to GR ( 0.002 G~, since Tf is constrained only to be larger than
the temperature corresponding to the @CD transition in the early
Universe.
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17.THE HUBBLE CONSTANT
Written August 1995 by C.3. Hogan, University of Washington.

In a uniform expanding universe, the position r and. velocity v of
any particle relative to another obey Hubble's relation v = Hpr, whcrc
Hp is Hubble's constant. * As cosmological distances arc measured
in Mpc, the natural unit for Hp is km s Mpc, which has the
dimensions of inverse time: [100 km s Mpc ]

~ = 9.78 x 10S yr.

Thc real universe is nonuniform on small scales, and its motion
obeys thc Hubble relation only as a large scale average. But as typical
non-Hubble motions ("peculiar velocities" ) are less than about 500
km s, on scales more than about 5,000 km s thc deviations from
Hubble flow are less than about 10%, so the notion of a global Hubble
constant is well define. Thc value of Hp averaged over the local
15,000 km s volume is known to lie within 10% of its global value
even if Hp itself is not known this precisely [1—3].

Thc Hubble constant is only meaningful on very large scales, but
very large distances can only bc measured indirectly. Dist, ance ratios
arc measured with sclccted uniform types of astronomical systems
("Standard Candles" ) some examples of which aro given below. These
arc used to tic distances to an absolut, e scale, cithcr thc nearby onc
based on trigonometric parallax or to some system whcrc a physical
model is prccisc enough to yield a distance directly from observed
propcrtics. There arc many differen ways to combine thcsc tools
to calibrate large distance, some of which arc rcviewcd herc. Morc
complete reviews can be found in Refs. [4—7].

Using stars as standard candles and thc Earth's orbit as a baseline,
it is possible to tic distances throughout thc Galaxy directly to
trigonometric parallax rncasurcmcnts. A good. landmark point for
extragalactic studies is the Large Magellanic Cloud (LMC), a satellite
galaxy of our Galaxy whose distance (50 kpc) is known to about 7%
and provides confirmation and calibration of other mcasurcs. Beyond
that, other galaxies in the Local Group (within about, 1 Mpc) and
ot,hcr nearby groups provide strpping stones to thc Virgo cluster
(about, 17 Mpc distant), and finally to the Coma, cluster (about
100 Mpc distant) and others where the poculiar vclocitics introducr.
only small ambiguities. Most, of thc cffort thus lies in obtaining an
accurate ratio of distances in the range between Coma (or other
similarly distant, clusters) and the LMC.

Table 17.1 lists scvcral candles and ralibrators with a typical range
of distance accessible to each. Usually thc ends of thc range arc
not precisely dcflncd; thc near end is plagued by small numbers of
acccssiblr. objects and thc far cnd by signal to noise. Thc precision
quoted is a typical guidclinc which also varies dcpcnding on thc
sample used; it indicates thc error in a distance ratio bctwccn an
object and sornc standard refcrcncc, not inchIding unccrtaint, ics in
the absolute calibration of thc rcfcrcnee distance (except for the erst
entry, which lists thc typical absolute distance uncertainty in thc
Cepheid distance to a galaxy. ) (The units arc astronomical "distance
modulus, " given by p = 5 log&e(di stcnre inparsecs) —5.0; a +0.,1
rnagnitudc rrror in magnitude or distance modulus corresponds to a
5% error in distance. ) Thc verification of this precision is made by
cross-checking against some other indicator on a galaxy-by-galaxy
basis. This provides a control of systematic errors, since wc do
not, cxpcct detailed correlations botwecn (for example) supernova
brightness and host-galaxy rotation. Some examples arc given in thc
next column, along with options often used for absolute calibration.
Thc Hubble relation itself is included herc, as it is thc most prccisc
indication of relative distance for large distances, and is used to
verify thc standardization of thc other candles. As vclocitics are easy
to mcasurr. at thc rclcvant precision, a mcasurcmcnt of thc Hubble
const, ant, is obt, aincd from a calibrated distance mcasurcmcnt at a
sufficiently large distance that, thc Hubble relation itself is prcciscly
dcflncd.

Table 17.1: Selected extragalact, ic distance indicators. t

Technique Range of distance Precision
Verification/
calibration

Cepheids &LMC to 17 Mpc
SNIa 4 Mpc to 2 Gpc

EPM/SNII LMC to 200 Mpc

PNLF
SBF
TF
D„—o.

BCG
GCLF

Hubble

1 Mpe to 20 Mpc
1 Mpc to 60 Mpc
1 Mpc to 100 Mpc
10 Mpc to 60 Mpc
50 Mpc to 1 Gpc
(LMC to 100 Mpc
100 Mpc to ) 1 Gpc
~5 Gpc
20 Mpe to & 1Gpe

0.15 mag LMC/MWG
0.1-0.2 mag Hubble/Model,

Cepheid
0.4 mag Hubble/Model,

Cepheid
0.1 mag SBF/Cepheid
0.1 rnag PNLF/Cepheid
0.3 mag Hubble/Cepheid
0.4 rnag Hubble/SBF
0.2-0.3 mag Hubble

0.4 mag SBF/MWG
Hubble/Model
Model

500 km s 1 —: HeD BCG, SNeIa/Ho

MWG = Milky Way Galaxy
tExtracted from [4-7].

17.2. Type Ia supernovae (SNIa)
A SNIa occurs when a degcncratc dwarf, of thc order of a solar

mass and of CNO composition, undergoes explosive detonation or
deflagration by nuclear burning to iron-group elcmcnt, s (Ni, Co,
Fc). Their uniformity arises because the degenerate material only
bccomcs unstable when it is gravitationally compressed to where
thc clcctrons become close to relativistic, which requires nearly a
Chandrasckhar mass (1.4 solar masses). Thcorotical modols of the
rxplosion predict approximatrly the right peak brightncss, but cannot,
bc rclicd upon for a precise calibration. SNIa arc very bright, , so
t,heir brightncss distribution can bc st, udicd using thc dist, ant, Hubble
flow as a rcfcrcncc. Indeed, thc Hubble diagram of distant SNIa
(as well as cases of two SNIa in a single galaxy) shows that, they
can scrvc as remarkably prccisc standard candles; cvcn though they
display large variations in brightness, with detailed knowlcdgc of thc
shape of t,hc light, curve, t, hc relative intrinsic brightncss of a single
SNIa can bc predicted to Am = 0.15 mag or bcttcr and its distance
cst, imatcd to bcttcr than 7% accuracy [10—12]. (Note that, distant
SNIa can cvcn measure deviation from a linear Hubble law with
precision Aqe —Am/z. ) Supcrnovac of all types aro fairly rare events,
occurring in a typical galaxy every hundred years, so it is only rcccntly
that a direct absolute calibration to SNIa host galaxies with Ccphcids
has bccn possible.

17.1. Cepheid variables
Thc best studied and most trusted of thc standard candles,

Cepheid. s are bright stars undergoing ovcrstable oseillations driven
by thc variation of helium opacity with temperature. Thr. period of
oscillation is tightly corrclatcd with the absolute brightncss of thc
star. Thc calibration of this "period-luminosity relation" ties galaxies
to gcomctrical parallax measurements with about 0.15 mag or 7%
precision [8]. Thcrc may bc some indications of none. niformity in
differen populations, but no evidcncc yet that they arc significant.
Ccpheids have bccn identiflcd in the Galaxy, thc LMC, and in galaxies
as distant as M100 in the Virgo cluster, at 17.1 + 1.8 Mpc [9]. Morc
mcasurernents at, large distances are cxpccted from Hubble Space
Telescope data. This is an important development because it allows
direct absolute calibration of thc best dist, ant indicator, SNIa, as well
as other methods, to better than 10% accuracy.
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17.3. Type II supernovae (SNII)
A SNII occurs when a massive star has accumulated 1.4 solar

masses of iron group elements in its core; there is then no source of
nuclear energy and the core collapses by the Chandrasekhar instability.
The collapse to a neutron star releases a large gravitational binding
energy, some of which powers an explosion. The large variety of
envelopes around collapsing cores means that SNII are not at all
uniform in their properties. However, their distances can be calibrated
absolutely by the fairly reliable "expanding photosphere method"
(EPM). The principle is most easily understood for an expanding
spherical blackbody. Even if the disk is unresolved, the continuum
spectrum yields the angular size from spectral temperature and
absolute flux. Spectral lines yield the expansion velocity, which from
knowledge of the elapsed time gives a physical size and hence a
distance. Models of real photospheres are not so simple but yield
individual distances accurate to about 2070 [13]. This is in principle an
independent absolute distance, but is precisely verified by comparison
with Cepheids in several cases, the distant Hubble diagram and Tully
Fisher distance ratios (described below) in several others, and by
multiple-epoch fits of the same object.

17.4. Planetary nebula luminosity function (PNLF)
A planotary nebula (PN) forms when tho gaseous envelope is ejected

from a low-mass star as its core collapses to a white dwarf. We see
bright fluorescent radiation from the ejected gas shell, excited by UV
light from the hot new white dwarf. The line radiation makes PN's
easy to fin and measure even in far-away galaxies; a bright galaxy
can have tens of thousands, of which hlindreds are bright enough to
use to construct a PNLF. It is found empirically that the range of PN
brightnesscs has a sharp upper cutoff that appears to provide a good
empirical standard candle, verified by comparison with SBF distance
ratios.

17.5. Surface brightness fluctuations (SBF)
When galaxies arc: farther away than the Local Group, atmospheric

blurring causes stellar images to blend together. However, with
modern linear detectors, it is still possible to measure the moments
of thc distribution of stellar brightness in a population (in particular,
the brightness-wc. ightcd avorago stellar brightncss) through spatial
fluctuations in the light. Stellar populations in elliptical galaxies
appear to be universal enough for this to bc a remarkably good
standard candlr. , as vcrifled by comparison with PNLF distance ratios.
Note thr. problem of absolute calibration: as there are no elliptical
galaxies with Cepheids, instead one uses the bulge components of
nearby spirals, which have similar populations.

17.6. Tully-Fisher (TF)
The TF relation refers to a correlation of the properties of whole

spiral galaxic. s, between rotational velocity and total luminosity. In
rough terms, the relation can bc understood as a relation between
mass and luminosity, but given the variation in structural properties
and stellar populations the narrow relation is a surprisingly good
standard candle. Looking at a whole galaxy gives a long range and
wide applicability. The TF distance ratios and precision have bocn
vcrifird by cross-checking against all of the above candles, and against
the Hubble flow, particularly galaxy cluster averages, which permit
greater precision. The absolute calibration of TF is traditionally made
by a handflil of local galaxies, with Cepheid calibration, and a major
thrlist now is to extend Cepheid measurements to a larger, more
representative, and morc distant sample, especially to galaxies in the
Virgo cllister.

17.7. 13~—0
A rough equivalent to TF for elliptical galaxies, D7) —o is a

correlation between galaxy size and velocity dispersion. It has a larger
dispersion than TF and less opportunity for local calibration, but it
is particularly useful for verifying distance ratios of galaxy clusters,
whose cores contain almost no spirals.

17.8. Brightest cluster galaxies (BCG)
As a result of agglomeration, rich clusters of galaxies have

accumulated the largest and brightest galaxies in the universe in their
centers. They are very nearly all the same brightness; when account
is taken of their light profiles, they are even more uniform. These
provide the best check on the approach to uniform Hubble flow on
large scales. (Quasars, which are even brighter, are far too variable to
be good standard candles).

17.9. Globular cluster luminosity function (GCLF)
Many galaxies have systems of globular clusters orbiting them, each

of which contain hlindreds of thousands of stars and hence is visible
at large distances. It is assumed that similar galaxies ought to have
similar distributions of globular cluster luminosity, and current work
is centered on verifying the precision of this assumption.

17.10. Sunyaev-Zeldovich effect (SZ)
The electron density and temperature of the hot plasma in a cluster

of galaxies can bc measured in two ways which depend difFerently on
distance: the thermal x-ray emission, which is mostly brcmsstrahlung
by hot electrons, and the Sunyacv-Zeldovich effect on the microwave
background, caused by Compton scattering off the electrons. This
provides in principle an absolute calibration. Although the model has
other unconstrained parameters, such as the gas geometry, which limit
the precision and reliability of distances, in the handful of cases which
have been studied most recently the distances are broadly in accord
with those obtained by the other techniques.

17.11. Gravitational lenses (G L)
The time delay bt between different images of a high rcdshift

gravitationally lensed quasar is bt = C(zq, z~)b8 /Hp = 1 yr for
image separations 60 of the order of arcseconds, with a numerical
factor C of order unity deterrnincd by thr. sprcific lens geometry
(tho angular distribution of thc lonsing mat, tor) and background
cosmology. Variability of the double quasar 0957+561 has permitted
measurements of bt from time series correlation, but these remain
controversial and ambiguous, yielding correlation peaks at both
415 and 540 days, Although lensing docs not yet provide a precise
measurement, it is an amazing sanity check that this system, which
relics on no other intermediate steps for its calibration, gives estimates
on the scale of the Hubble lc.ngth which are broadly consistent with
local measures of Hp.

17.12. Estimates uf IIo
The central idea, is to find "landmark" systems whose distance

is given by more than one technique. Systems are not always well
dcflncd, however. For example, the LMC size is a few percent of its
distance, introducing errors of this order for any calibration based on
an individual object within it. Nor are galaxy clusters as compact and
well drfinrd as individual galaxies; using galaxy clusters as calibrating
systc. ms often reqliires some assumptions and models about cluster
rnombcrship (tho most important cxamplc being the Virgo cluster,
whose structure is somewhat amorphous, crc.ating a +20%%up or more
distance ambiguity in some arguments). The best way to avoid this
is to cross-correlate calibrators on a galaxy-by-galaxy basis, but this
introduces problems of bias associated with sample selection that must
be modeled. Thc. basic di%culty remains that the nearby calibrators
of any sort remain few and possibly anomalous.

The reason for the variable estimates of the Hubble constant lies
in the many different ways to combine these techniques to obtain
an absolute distance calibration in the Hlibble flow, each involving
several, usually individually reasonable, assumptions. Nevertheless
there is broad agree. ment within thr. errors among a wide variety of
independent ladders with different systematics. As examples, we cite a
variety of (somewhat arbitrarily chosen) independent methods, which
illustrate somr. of thr. choices and tradeoff, slimmarized in Table 17.2.
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1.

2,

3.

5.

Expanding photosphere method (EPM) distances give an absolute
calibration to objects in the distant Hubble flow. A small
sample of these direct distances with small flow corrections gives
He = 73 + 6 (statistical) + 7 (systematic). The distance estimates
and limits on the systematic error component are verified by
Cepheid distances in three cases, where the Cepheid/EPM
distances come out to 1.02 + 0.08 (LMC), 1.01+e'&7 (M101) and
1.13 6 0.28 (M100).
With HST, it is now possible to calibrate SNIa directly with
Cepheid distances to host galaxies. The light from brighter SNIa
decays more slowly than from faint ones, so the best fits to the
distant Hubble diagram include information about thc light curve
shape ("LCS") rather than simply assuming uniformity; low
values of Hp arise in the latter case. There arc several options
for empirical calibration, among them: (a) Three individual SNIa
host galaxy distances have been calibrated directly with Cephcids.
Thcrc is cvidencc from their light curves that two of these
calibrators may indeed bc unusually bright, which explains why
the value of Hp dcpcnds on whether or not thc LCS correction is
applied (a fourth, SN 1990N in N4639 is appearing as this goes to
press, with morc on the way). (b) Alternatively, assuming that
thc mean of six well-studied SNIa in thc Virgo cluster lies at the
Cepheid Virgo distance of 17 Mpc yields Hp = 71+ 7 km s

Mpc

Thc distance to Virgo or any other local cluster is tied to Hp
via thc distant Hubble diagram for TF or D77,—o distances for
galaxies in distant clusters. This can bc done with a large scale
flow model fit to many clixstcrs. Using a Virgo distance of 1.7 Mpc
yields Hp ——82+11 km s Mpc . Alternatively, we can usc thc
distance ratio to a fiducial rcfcrcncc such as thc Coma cluster, for
which such rnodcls predict almost, vanishing peculiar velocity, and
which is in any case distant enough for flow to bc unimportant, .

(The flow models give its Hubble velocity as 7170 + 125 km s

rclativc to thc CMBR its velocity is 7197 + 73 km s ~.) If (as
estimated from TF, Da rr, SNeI) t—he Coma to Virgo ratio lies
in thc range 5.5 to 5.75, 17 Mpc for Virgo leads to Hp = 77 to
73 km s Mpc, subject to uncertainty over thc Virgo depth,
Nearly thc same TF calibration is given by six local Ccphcid
calibrators, and by several more in the M101 group, This avoids
thc Virgo depth uncertainty, but replaces it, with doubts about
whether all of thc local calibrat, ors might be anomalous (although
thc apparent uniformity of galaxies clscwherc argues against this
being a large effec. )

TF comparison with distant field galaxies in thc Hubble flow

(after corrections for Malmquist, bias in the. samples, which is

worse than in cluster samples) yield He = 80*10km s Mpc

For complctcncss, some rcccnt SZ and GL cstimatcs arc shown.
Thc GI. cstimatc in thc best rnodcl [25] dcpcnds on the
convcrgcncc v. added to thc main galaxy lens by thc cluster
potential; r probably lies bctwccn 0.1 and 0.2, and must bc
greater than acro, providing a firm upper limit on Hp and an
estimate squarely in thc range of thc other techniques.

The central values by most reliably calibrated methods lie in the
range Hp = 65 to 85 km s Mpc, and indeed this corresponds
roughly with the range of estimates expected from the internally
estimated errors. Thus systematic errors are at least not dominant,
although they could well be comparable to internal errors. The
simplicity and apparent precision of the new Cepheid + SNIa ladder
lead one to suspect a true value in the lower end of this range.
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* To first order in v. For discussion of the second-order term,

including the "deceleration parameter" qp, see the Big-Bang
Cosmology section (Sec. 15).
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Table 17.2: Some recent estimates of Hubble's constant

Technique Calibration* Ties to Hubble flow

Result*

(kms r Mpc )

EPM Expanding photosphere model Direct EPM Hubble Diagram

+ Flow model or TF
Cepheids in 3 SNII hosts same x [0.88, 1.26]

[i3]

[14]

SNeIa

Cepheids (N5253 + SN1972E)
'Cepheids (N5253 + SN1972E)
Cepheids (N5253 + SN1972E)
Cepheids (IC4182 + SN1937C)
Cepheids (IC4182 + SN1937C)
Cepheids (N4536 + SN1981B)
Virgo mean (M100)

+ six Virgo SN hosts

Direct
Direct
Direct

SNIa Hubble Diagram

+ LCS correction

+ LCS correction
Direct
Direct + LCS correction
Direct
Direct + LCS correction
Direct

62 —67
67+ 7

54+8
68—74+6
52 +9
67+6
71+ 7~

[ii]
[12]

[i5]
[16]

[17]
[18,19]

[14]

Clusters

Field TF

Virgo mean (M100 Cepheids)

+ local + M101 Cepheids

M96 Cepheid. s

Local Cepheids~

Virgo infall model 81 + 11~

Virgo/Coma ratio 73-77 + 10t
Cluster TF + LS flow model fit 82 + 11~

LeoI to Virgo and Coma 69 +8~

Field TF Hubble Diagram

+ Malmquist bias correct, ion —80+ 10

[i4]
[14]

[14]

[20]

[2i]

SZ SZ model + X-ray
maps + SZ maps

Gravitational lcnsing Lens model, time delay

65 +25
55+17
74+29
&70

82.5 s'o(1 —ir, ) (bt/I. lyr)

A2218, A665

Coma

Direct, 0957+561

Direct single cluster velocities:
A2218 [»]

[22]

[23]

[24]

[25]

For all methods based on Ccphcids, add a common multiplicativc error of +0.15 mag or 7'Po in Hp.
plus Virgo depth uncertainty (scales with M100/Virgo ratio)
TF calibration from 6 local Cepheid calibration is verifie by M101 group galaxies and (less directly) by M100 and
NGC 4571 distance to Virgo TF galaxies [9,14,26].
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18.DARK MATTER

Written September 1995 by M. Srednicki, University of California,
Santa Barbara

There is strong evidence from a variety of diff'ercnt observations
for a large amount of dark matter in the universe [1]. The phrase
"dark matter" means matter whose existence has been inferred only
through its gravitational effects. There is also extensive circumstantial
cvidcncc that at least some of this dark matter is nonbaryonic: that
is, composed of elementary particles other than protons, neutrons,
and electrons. These particles must have survived from the Big Bang,
and thcreforc must either bc stable or have lifctimcs in cxccss of thc
current, agc of thc universe.

Thc abundance of dark matter is usually quoted in terms of its
mass density pd~ in units of the critical density, Odm = pd~/p„; the
critical density pc is defined in Eq. (15.5) (in Section 15 on "Big-Bang
Cosmology" in this Review). The total amount of visible matter (that
is, matter whose existcncc is inferred from its emission or absorption
of photons) is roughly II»s —0.005, with an uncertainty of at least a
factor of two,

Thc strongest evidence for dark matter is from thc rotation curves
of spiral galaxies [1,2]. In these. observations, thc circular velocity ve

of hydrogen clouds surrounding thc galaxy is measured (via Doppler
shift) as a function of radius r If there . werc no dark matter, at, large r
wc would find v, = G~M», /r, since thc visible mass Mv;, of a spiral
galaxy is concentrated at its ccntcr. However, observations of many
spiral galaxies instead indicate a velocity vc which is indcpcndcnt of r
at, large r, wit, h a typical value vc ~ 200km s . Such a "flat rotat, ion
curve" implies that thc total mass within radius r grows linearly with
r, Mt„t(r) G& vc2r Asclf-gr. avitating hall of ideal gas at a, uniform

temperature of kT = —mg»vc would have this mass profile; herc
2

mg» is thr. mass of onc dark matter particle. Thc rotation curves arc
mcasurcd out to some tens of kiloparsccs, implying a total mass wit, hin
this radius which is typically about tcn times thc visible mass. This
would imply O~» & 100v;, 0,05. In our own galaxy, cstimatcs of
thc local density of dark matter typically give pg» 0.3GcV rm
but t, his result dcpcnds scnsitivcly on how the halo of dark matter is
modclcd.

Other indications of thc prcscncc of dark matter come from
observations of thc motion of galaxies and hot gas in clusters of
galaxies [3]. Thc. overall result is that Ad~ 0.2. Studies of large-scale
velocity fields result, in IId» & 0.3 [4]. However, these methods of
dctcrmining Ag» rcqiiirc some astrophysical assumptions about how
galaxirs form.

None of thesr. observations give us any direct indication of t, he
natiire of thc dark matter. If it is baryonic, thc forms it can take arc
scvcrcly restricted, since most, forms of ordinary matter readily emit
and absorb photons in at, least onc observablc frequency band [5].
Possible cxccptions include remnants (white dwarfs, neutron stars,
black holes) of an carly gcncration of massive stars, or smaller objects
which ncvcr initiated nuclear burning (and woulrl therefore have
masses less than about 0.1M~). These massive compact halo objects
arc collcctivcly called machos. Preliminary results [0] of a, search for
machos via gravitational lcnsing cfI'ccts indicate that a standard halo
has a mass fraction of no morc than 0.66 of machos with mass less
than 0.1 Mo at thc 95% confidcncc lcvcl, but it is possible to construct
models of an all-macho halo which arc consistent, with all observations.

There arc, howcvcr, several indirect, arguments which argur. for a,

siibstantial amount of nonbaryonic dark matter. First, , niiclcosynthcsis
gives thr, limits 0.010 & Abhp & 0.016 for thc total mass of baryons;
h, e is dcfincd in Eq. (15.6) (in Section 15 on "Big-Bang Cosmology"
in this Revieia). Thc upper limit on IIb is substantially below thc
valiic Og» & 0.3 given by large scalr. mcasurcmcnts, cvcn if hp is near
t,hc lower cnd of its optimistically allowed range, 0.4 & hp & 1.0.
A second, purely thcorct, ical argument is that, inflationary models
(widely regarded as providing explanations of a number of othcrwisc
puzzling paradoxcs) generically predict Ot„t„~= 1. Finally, ivithout
nonbaryonic dark matter it is di%cult to construct a model of galaxy
formation that, predicts sufficiently small fluctuations in thc cosmic
microwave backgrnnnd radiation [7].

For purposes of galaxy formation models, nonbaryonic dark matter
is classified as "hot" or "cold," depending on whether the dark matter
particles werc relativistic or nonrclativistic at the time when the
horizon of thc univcrsc enclosed enough matter to form a galaxy. If
thc dark matter particles arc in thermal equilibrium with the baryons
and radiation, then only the mass of a dark mat, ter particle is relevant,
to knowing whether thc dark matter is hot or cold, with thc dividing
linc being m~» 1keV. In addition, specifying a model requires
giving thc power spectrum of initial density fluctuations. Inflationary
models generically predict a power spectrum which is nearly scale
invariant. Given this, models with only cold dark matter arc much
more successful than models with only hot dark matter at reproducing
thc obscrvcd structure of our univcrsc. Some lingering discrcpancics
in thc roid dark matter model are removed in models with bot, h kinds
of dark matter [8]. Another class of models uses mass fluctuations
due to topological defects, but these are much harder to analyze with
comparable quantitative detail [9].

Thc best candidate for hot dark matter is onc of thc thrcc neutrinos,
endowed with a Majorana mass mf, . Such a neutrino would con&ributc
B~ = 0.56GAt Tn Hn m~ = m~/(92 tin2 eV), whcrc Tn is the present,
tcmpcraturc of the cosmic microwave background radiation. There is
another constraint on neutrinos (or any light, fcrmions) if they arc
to comprise thc halos of dwarf galaxies: thc Pauli exclusion principle
restricts the number that can fit into thc phase space of a, halo [10],
which puts a lower limit on thc neutrino mass of mf, & 80cV.

There arr, no presently known particles which could bc cold dark
matter. Howcvcr, many proposed extensions of thc Standard Model
predict a, stable (or sufficiently long lived) particle. Thc kcy question
then becomes thc predicted vahic of Bg».

If thc particle is its own antiparticle (or there arc particles and
antiparticlcs present, in equal numbers), and t, hcsc particles were
in thermal equilibrium with radiation at least, until they became
nonrclativistic, then their relic abundance is dctcrmincd by their

annihilation cross section o»„.IId«G& To He (a»„v«~)
Herc v«~ is the relative velocity of thc two incoming dark matter
particles, and thc angle brackets denote an averaging over a thermal
distribution of velocities for each at thc frcczcout temperature Tf, when
thc dark matter part, iclcs go out of thermal equilibrium with radiation;
typically Tf„-—md~. Onc then finds (putting in appropriate1

2P
numerical factors) that A~~he —3 x 10 cm s /(tr»„v«~). The
value of (o»„v„„~)needed for Ad~ 1 is remarkably close to what onc
would expect, for a weakly interacting massive particle (wimp) witli a
mass of m, ,~~ = 100 GcV: (o»„v«~) n /8rrm2d 3 x 10 27 cms s

If thc dark matter particle is not it, s own antipart, iclc, and thc
number of particles minus antiparticlcs is consrrvcd, then an initial
asymmetry in thc abundanccs of particles and antiparticlcs will bc
prcscrvcd, and can give relic abundanccs much larger than those
prcdictrd above.

If thc dark matter particles werc ncvrr in thermal equilibrium with
radiation, then their abundance today must bc calculated in some
other way, and will in general drpcnd on thc precise initial conditions
which arc assumed.

Thc two best, known and most studied cold dark matter candidates
arc thc ncutralino and thc axion. Thc ncutralino is predicted by
supcrsymmctric extensions of the Standard Model [11,12]. It, qnalifies
as a wimp, with a theorctically cxprctcd mass in thc range of tens
to hundreds of GrV. Thc axion is prcdictcd by cxtcnsions of thc
Standard Model which rcsolvc thc strong CP problem [13]. Its mass
must bc approximately 10 cV if it is to bc a significant component—5

of t, hc dark matter. Axions can occur in thc rarly iinivrrsr. in thc form
of a Bose condcnsatc which ncvcr. comes into thermal rqiiilibrium;
thcsc axions arr always nonrclativistic, dcspitc their small mass.

There are prospects for direct cxpcrimcntal detection of both
these candidates (and other wimp candidates as well). Wimps will
scatter off nuclei at, a calculable rate, and produce observablc nuclrar
recoils [12,14]. This technique has bccn used to show that all thr:
dark matter cannot consist of massive Dirac nciitrinos or scalar
neutrinos (predicted by supcrsymmctric models) with masses in thc
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19.COSMIC BACKGROUND RADIATION
Revised February 1996 by G.F. Smoot and D. Scott

19.1. Introduction
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The observed cosmic microwave background (CMB) radiation
provides strong evidence for thc hot big bang. The success of
primordial nucleosynthesis calculations (see Sec. 10, "Big-bang
nucleosynthesis") requires a cosmic background radiation (CBR)
characterized by a temperature kT 1 MeV at a rcdshift of z 10 .
In their pioneering work, Gamow, Alpher, and Herman [1] realized
this and predicted thc cxistcncc of a faint residual relic, primordial
radiation, with a present temperature of a fcw degrees. Thc observed
CMB is interpreted as thc current manifestation of thc hypothesized
CBR.

Thc CMB was serendipitously discovered by Pcn7ias snd Wilson [2]
in 1965. Its spectrum is well charactcrizcd by a 2.73 + 0.01 K
black-body (Plsnrkian) spectrum over morc than three decades in
frequency (see Fig. 19.1). A non-interacting Planckian distribution of
tcmpcraturc T, at redshift z, transforms with thc universal expansion
to another Planckian distribution at rcdshift z„with tcmpcraturc
T„/(1+z„)= T,/(1+ z, ). Hcncc thermal equilibrium, once established
(c.g. at thc ruiclcosynthesis epoch), is prcscrved by thc expansion, in

spite of thc fact that photons dccouplcd from matter at carly tin, cs.
Bccausc thcrc arc about 10 photons pcr nucleon, thc transition from9

thc ionized primordial plasma to neutral atoms at z 1000 docs not
significantly alter thc CBR spectrum [3].
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Figure 19.2: Thc shapes of expected, but so far unobscrvcd,
CMB distortions, resulting from energy-rclcasing processes at
differen epochs.

19.2.1. Compton distortion: Late energy rclcasc (z & 10 ).
Compton scattering (pe —+ p'e') of the CBR photons by a hot
clcctron gas crcatcs spectral distortions by transfcring energy from thc
electrons to thc photons. Compton scattering cannot achieve thermal
equilibrium for y ( 1, where

1P—18
kT, (z') —kTq(z'), dt

rrTn, z c, dz',
mec dz' (19.1)

10-&9
I

1p—20

is the integral of thc number of interactions, oT ne(z) c dt, times thc
mean-fractional photon-cncrgy change pcr collision [4]. Fnr Te )) T&

y is also proportional to thc integral of thc electron prcssure n, kT~
along thc linc of sight. For standard thermal histories y ( 1 for epochs
later than z 10~.

Thc resulting CMB distortion is a, temperature dccrcmcnt

10 2~

10 22

1
I I & & I I

10 100
Frequency (GHz)

1000

(19.2)

in the Raylcigh-Jeans (hv/kT « 1) portion of the spectrum, and
a rapid risc in tcmpcrsture in the Wicn (hv/kT )) 1) region,
i, e. photons arc shifted from low to high frcqucncics. Thc magnitude
of thc distortion is rclstcd to the total energy transfer [4) AE by

Figure 19.1: Prccisc mcasurcmcnts of thc CMB spectrum.
Thc linc represents a 2.73 K blackbody, which describes the
spectrum very well, cspccially around thc peak of intensity.
Thc spectrum is less well constrained at 10cm and longer
wavelengths. (Rcfcrcnccs for this figure src at thr. cnd of this
section under "CMB Spectrum Rcfcrcnccs. ")

19.2. Theoretical spectral distortions
Thc rcmarkablc precision with which thc CMB spectrum is fitte

by a, Planckian distribution provides limits on possible cncrgy rclcascs
in thc carly Universe, at roughly thc fractional level of 10 of thc
CBR energy, for rcdshifts & 107 (corresponding to epochs ) 1 year).
Thc following three. important classes of spectral distortions (scc
Fig. 19.2) generally corrcspond to energy rclcasr. s st different epochs.
Thc distortion results from thc CBR photon interactions with a hot
electron gas at temperature T~.

AE/EgFtft = e v —1 4y (19.3)

19.2.2. Hose-Einstein or chemical potential distortion: Early
energy rclcasc (z 10s—10 ). After many Compton scattcrings
(y ) 1), thc photons and electrons will reach statistical (not,
thermodynamic) equilibrium, bccausc Cnrnpton scattering conserves
photon number. This equilibrium is dcscribcd by thc Bose-Einstein
distribution with non-zero chemical potential:

1
e~+Po —1

(19.4)

A prime candidate for producing a Comptonixcd spectrum is a hot
intergalactic medium. A hot, (T, ) 10 K) medium in clusters of
galaxies can and docs produce a partially Comptonixcd spectrum as
scen through thc cluster, known as thc Sunyacv-Zcl'dovich cÃcct.
Based upon X-ray data, thc prcdictcd large angular scale total
combined cH'cct of thc hot intraclustcr medium should produce
y& 10 [5]

where x—:hv/kT and pe 1.4 AE/EctsR, with Izo being thr.
dimcnsionlcss chemical potential that is required.

Thc collisions of electrons with nuclei in thc plasma produce
frcc-free (thermal brcmsstrahlung) radistinn: eZ ~ eZp. Frcc-frcc
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emission thermalizes the spectrum to the plasma temperature at long
wavelengths. Including this effect, the chemical potential becomes
frequency-dependent,

f(~) =lee "'*, (19.5)

where xg is the transition frequency at which Compton scattering
of photons to higher frequencies is balanced by free-free creation of
new photons. The resulting spectrum has a sharp drop in brightness
temperature at centimeter wavelengths [6]. The minimum wavelength
is determined by Ag.

The equilibrium Bose-Einstein distribution results from the oldest
non-equilibrium processes (10 & z & 107), such as the decay of relic
particles or primordial inhomogeneities. Note that free-free emission
(thermal bremsstrahlung) and radiative-Compton scattering effectively
erase any distortions [7] to a Planckian spectrum for epochs earlier
than z 10 .

The limits here [11] correspond to limits [11—13] on energetic processes
b, E/ECBft & 2 x 10 occurring between redshifts 10 and 5 x 10
(see Fig. 19.3). The best-Gt temperature from the COBE FIRAS
experiment is T&

—2.728 + 0.002 K [11].

19.3. Deviations from isotropy
Penzias and Wilson reported that the CMB was isotropic and

unpolarized to the 10/p level. Current observations show that thc
CMB is unpolarized at the 10 level but has a dipole anisotropy
at the 10 level, with smaller-scale anisotropies at the 10 level.
Standard theories predict anisotropies in linear polarization well below
currently achievable levels, but temperature anisotropies of roughly
the amplitude now being detected.

It is customary to express the CMB temperature on the sky in a
spherical harmonic expansion,

T(g, p) = Pat Yt (9, $), (19.8)

0.1 =

0.01

0.001 =

and to discuss the various multipole amplitudes. The power at a given
angular scale is roughly f P [at~ /4ir, with f 1/9.

19.3.1. The dipole: The largest anisotropy is in the E = 1
(dipole) Grat spherical harmonic, with amplitude at the level of
DT/T = 1.23 x 10 s. The dipole is interpreted as the result of the
Doppler shift caused by the solar system motion relative to thc nearly
isotropic blackbody Geld. The motion of the observer (recoivor) with
velocity P = v/c relative to an isotropic Planckian radiation field of
temperature To produces a Doppler-shifted temperature

0.0001

103 104 105 106 107

T(8) = Tc(1 —P ) / /(1 —Pcos 8)

= Tp 1+ icos(9+ P 2 oos2g+ g P (19.9)

(1+z)
Figure 19.3: Upper Limits (95% CL) on fractional energy
(AE/EC9n) rcleascs as set by lack of CMB spectral distortions
resulting from processes at differen epochs. These can be
translated into constraints on the mass, lifetime and photon
branching ratio of unstable relic particles, with some additional
dopendonce on cosmological parameters such as BB [9,10].

19.2.3. Free free distorti-on: Very late energy release (z « 10 ).
Free-free emission can create rather than erase spectral distortion in
thc late univorsc, for recent rcionization (z & 10 ) and from a warm
intergalactic medium. The distortion arises bccausc of the lack of
Comptonization at recent epochs. The effec on the prcsont-day CMB
spectrum is described by

ETff = Tp Yff/x ) (19.6)

where T& is tho undistorted photon temperature, x is the dimcnsionloss
frcqucncy, and Yff/x is thc. optical depth to frc.c.-free omission:

T~ ——2.73 + 0.01 K

n~ = (2g(3)/ir2)T~s = 413

p&
——(7c /15)T& 4.68 x

[y[ & 15 x 10 s (95%

[fee[ & 9 x 10 (95%

]Yff] & 1.9 x 10 (95%

cm

10 gem 0.262cVom

CL)

CL)

CL)

T~(z') —T&(z') 87ce ii n~ g dt

Tc (z') 3mc(kT&)S i/& mc kT, dz'

Herc 6 is Planck's constant, ne is thc electron density and g is thc
Gaunt factor [8].

19.2.4. Spectrum summary: Thc CMB spectrum is consistent
with a blaokbody spectrum over more than throe decades of frcqucncy
around thc peak. A least-squares fit to all CMB mcasurcmcnts yiolds:

The implied velocity [11,14] for the solar-system baryccnter is P =
0.001236+0.000002 (68% CL) or v = 371*0.5 kms, assuming a value
Tc = 2.728+ 0.002 K, towards (cr, 6') = (11.20"+ 0.01",—7.0 +0.2 ), or
(f, 5) = (264.14 + 0.15,48.26 + 0.15 ). Such a solar-system velocity
implies a velocity for thc Galaxy and thc Local Group of galaxies
rolative to the CMB. The dcrivod velocity is vz, G = 627 + 22kms
toward (f, li) = (2760 + 30, 30~ + 30), whc. re most of thc error comes
from uncertainty in thc velocity of thc solar system rclativc to the
Local Group.

The Doppler cffcot of this velocity and of the velocity of thc Earth
around the Sun, as well as any velocity of thc receiver relative to the
Earth, is normally removed for the purposes of CMB anisotropy study.
The resulting high degree of CMB isotropy is the strongest evidence
for thc. validity of the Robertson-Walker metric.

19.3.2. The quadrupole: The rms quadrupole anisotropy am-
plitude is dcGncd through Q,~, /T& ——P~ [a2~] /47c. Thc: current
cstimatc of its value is 4 @K ( Q,~, ( 28 pK for a 95%%up confidence
interval [15]. Thc uncertainty herc includes both statistical c.rrors
and systematic errors, which arc. dominated by thc effect of galactic
emission modelling. This lovel of quadrupole anisotropy allows onc to
sct precise limits on anisotropic c.xpansion, shear, and vortioity; all
such dimcnsionless quantities arc constrained to bc less than about
10

19.3.3. Smaller angular scales: Thc COBE-discovc. rcd [16] highc. r-
order (f ) 2) anisotropy is intcrprctc. d as bc.ing thc result of
pcrturbations in thc cncrgy density of thc carly Universe, manifesting
thcmsclvcs at thc epoch of thc CMB's last scattering. Hence thc
detection of these anisotropics has provided cvidencc for the c.xistoncc
of the density pcrturbations that sccdcd all thc structure wc. obscrvc
today.

In tho standard scenario the last scattering takes place at a redshift
of approximately 1100, at which epoch thc large number of photons
was no longer able to kccp t, hc hydrogen sufEoicntly ionized. The
optical thickness of the cosmic photosphcrc is roughly Az 100 or
about 5 arcminutcs, so that fcaturcs smaller t, han t,his size arc. damped.
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10 GeV, then detection of the efFect of gravitons is possible, as well
as partial reconstruction of the inflaton potential. If the energy scale
is & 10 GcV, then density fluctuations dominate and less constraint
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Figure 19.4: Current status of CMB anisotropy observations,
adapted from Scott, Silk, 4 White (1995) [17]. This is a
representation of the results from COBE, together with a wide
range of ground- and balloon-based cxpcriments which have
operated in thc last few years. Plotted arc thc quadrupole
amplitudes for a flat (unprocessed scale-invariant, spectrum of
primordial pvrturbations, i e. , a horiz. ontal line) anisotropy
spectrum that would give thc obscrvcd results for each
cxpcriment. In other words each point is thc normalization of
a flat spectrum dcrivcd from thc individual cxperimcnts. The
vertical error bars rcprcscnt cstimatcs of 68'Po CL, while thc
upper limits arc at 95+() CL. Horizontal bars indicate thc range of
E values sarnplcd. Thc curve indicates thc expcctcd spectrum for
a starlclard CDM model (Ae = 1, fig = 0.05, Ir = 0.5), although
true comparison with models should involve convolution of this
curvv. with each experimental filter function. (Rcferenccs for this
figure arc. at thc cnd of this section under "CMB Anisotropy
Refcrcnccs. "

)

Anisotropics arc observed on angular scales larger than this

damping scalo (see Fig. 19.4), and are c:onsistent with those. cxpectcd
from an initially scale-invsriant power spvctrum (flat = independent
of scalo) of potential and thus metric fluctuations. It is believed that
thc large scale structure in thc; Univcrsc dcvclopcd through thc process
of gravitational instability, where small primordial pcrturbations in

cncrgy density werc amplified by gravity over thc course of tirnc. Thc
initial spectrum of density pc.rturbations can cvolvc significantly in

the epoch z ) 1100 for causally connected regions (anglos 1 fit t ).
~ ( o S/'

The primary mode of cvohrtion is through adiabst, ic (ac.oustic)
oscillations, leading to a scrics of peaks that encode information about
the perturbations and gcomctry of thc universe, as well as information
on Be, f111, fIA (cosmological constant, ), and He [17]. Thc location

—1/2of thc first acoustic peak is prcdictc. cl to bc. at E 220 Ht &
or

0 0.3 H& t and its amplitude incrcascs with increasing HB.1/2

Thcorctiea, l mode:ls often predict a power spectrum in spherical
harmonic amplitudes, since thc models lead to primordial fluctuations
and thus ctg~ that arc Gaiissian random fields, and hcncc the
power spcctriim in E is sufFicient to characterize thc results. Thc
power at each f is (2f + 1)Cc/(47r), whcro Ce = ([crc~[ ). For an
idealized full-sky observation, thc variance of each mcasurcd Cg is

[2/(2E+ 1)]CD. This sampling variance (known as cosmic variancv)
comes about because c.ach Cc is chi-squared distributed with (2f + 1)
dcgrccs of frccdom for our observablc volume of the Universe [18].

Figiirc 19.5 shows thc theorctically prcdictcd anisotropy power
spectrum for a, sample of models, plotted as E(f + 1)Cr vc.rsus f
which is thc power pcr logarithmic interval in I or, equivalently,
thc: two-dimensional power spcetr&im. If thc initial power spectrum
of pcrturbations is thc result of quantum mechanical fluctuations
produced and amplified during inflation, then thc shape of thc
anisotropy spectrum is coiiplccl to thc ratio of contributions from
density (scalar) snd gravity wave (tensor) pcrturbations. If thc
cncrgy scale of inflation at thc appropriate epoch is at thc lcvcl of

C0 4—
CD

+~ 2—

0
10 100 1000

Figure 19.5: Examples of theorctically prodicted f(f + 1)Cc
or CMB anisotropy power spectra. sCDM is thc standard
cold dark matter model with h, = 0.5 and. HB = 0.05. ACDM
is a model with Ht-, ot ——HA + Hp = 1, with HA ——0.3 and
6 = 0.8. OCDM is an open model with Hp = 0.3 and h, = 0.75
(scc [19] for models). Strings is a model where cosmic strings
are the primary source of largo scale structure [20]. The plot,
indicates that precise mcasurcmcnts of thr. CMB anisotropy
power spectrum could distinguish bctwccn current models.

Fits to data over smaller angular scales are often quoted as
thc oxpcctcd value of the quadrupole (Q) for some specific t, heory,
e. q. s, model with power-law initial conditions (primordial density
perturbation power spcctrurn P(k) oc k ). Thc full 4-year COBE
DMR data give (Q) = 15.3+2's IrK, after projecting out the slope
dependence, while the best-fit slope is n = 1.2 + 0.3, and for
a pure n = 1 (scale-invariant potential perturbation) spectrum
(Q) (n = 1) = 18 + 1.6 IrK [15,21]. The conventional notation is
such t»t (Q) /&z

——5C2/4rr. The fluctuations rncssurcd by other
experiments can also bc quoted. in terms of Qfl~t thc cquivalcnt
value, of thc: quadrupolo for a flat (n = 1) spectrum, as prcscntcd in
Fig. 19.4.

It now sc:c.ms clear that thcrc: is morc power at sub-degree scales than
at COBE scales, which provides some model-depcndcnt information
on cosmological paramc:ters [17,22], for cxarnplc 011. In terms of such
parameters, fits to thc COBE data alone yield Hp ) 0.34 at 95~/f)

CL [23] and Ot„t & 1.5 also at, 95% CL [24], for inflationary models.
Only somewhat weak conclusions can bc drawn based on thc currc. nt
smallvr angular scale data, (sec Fig. 19.4). A sample preliminary
fit [25] finds fIt„t= 0.7+o'4 ancl 30 & Ho & 70 kms rMpc r for a
limited range of cosmological models.

However, nc.w data arc being acquired at an increasing rate, with
a large number of improved ground- and balloon-base. d cxpcrimcnts
being dcvclopcd. It appears that wc are not far from being able to
distinguish crudely between currently favored models, and. to begin
a morc precise determination of cosmological paramctcrs. A vigorous
suborbital and intcrferomctrie program could map oiit thc CMB
anisotropy power spectrum to about 10+0 accuracy and. dctc.rminc
several paramctcrs at the 10 to 20%%up level in the next fcw years.
Ultimately, on thc scale of a perhaps 5—10 years, there is thc prospect
of another satellite mission which could provide a precise mcasurrmcnt
of thc. power spectrum down to scales of 10 arcminutcs, allowing iis to
dccodc csscntially all of thc information that it contains [26].



29. Cosmic background radiation 121

References: CMB Spectrum References:

4.

7.

8.
9.

10.
11.
12.
13.
14.

15.

17.

19.
20.

21.

22.

23.

24.

25.

26.

R.A. Alpher and R.C. Herman, Physics Today, Vol. 41, No. 8,
p. 24 (1988).
A.A. Penzias and R. Wilson, Astrophys. J. 142, 419 (1965);
R.H. Dicke, P.3.E. Peebles, P.G. Roll, and D.T. Wilkinson,
Astrophys. J. 142, 414 (1965).
P.3.E. Peebles, "Principles of Physical Cosmology, " Princeton U.
Press, p. 168 (1993).
R.A. Sunyaev and Ya.B. Zel'dovich, Ann. Rev. Astron. Astrophys.
18, 537 (1980).
M.T. Ceballos and X. Barcons, MNRAS 271, 817 (1994).
C. Burigana, L. Danese, and G.F. De Zotti, Astron. 0 Astrophys.
246, 49 (1991).
L. Danese and G.F. De Zotti, Astron. 4 Astrophys. 107, 39
(1982);
G. De Zotti, Prog. in Part. Nucl. Phys. 17, 117 (1987).
,I.G. Bartlc. tt and A. Stebbins, Astrophys. 3. 371, 8 (1991).
E.L. Wright et al. , Astrophys 3. 4.20, 450 (1994).
W. Hu and J. Silk, Phys. Rev. Lett. 70, 2661 (1993).
D.J. Fixson et al. , Astrophys. 3., in press (1996).
J.C. Mather et al , Astrophy. s. J. 420, 439 (1994).
M. Borsanelli et al. , Astrophys. 3. 424, 517 (1994).
A. Kogut et al. , Astrophys. J. 419, 1 (1993);
C. Lincwoavcr etal. , Ast, rophys. ,l. , submitted (astro-ph/9601151).
C.L. Bennctt et al. , Astrophys. 3., in press (1996) (astro-
ph/9601067).
G.F. Smoot, et aL, Astrophys. J. 396, Ll (1992).
D. Srott, J. Silk, and M. White, Scicncc 268, 829 (1995).
M. White, D. Scott, and 3. Silk, Ann. Rev. Astron. 8z Astrophys.
32, 329 (1994).
M. White, Phys. Rcv. D, in press (1996) (astro-ph/9601158).
A. Albrccht, D. Coulson, P. Ferreira, and 3. Magueijo, Phys. Rev.
Lett. , in press (1995) (astro-ph/9505030).
K.M. Gorski et al. , Astrophys. J., in press (1996) (astro-
ph/9601063).
A. Kogut and G. Hinshaw, Astrophys. J. Lett. , submitted (1996)
(astro-ph/9601179).
K. Yarnamoto and E.F. Bunn, Astrophys. J., in press (1996)
(astro-ph/9508090).
M. White and D. Scott, Astrophys. J. 459, 415 (1996).
S. Hancock, G. Rocha, A.N. Lasenby, and C.M. Guti6rrex, Nature,
snbmitted (1996).
L. Knox, Phys. Rov. D, in prc. ss (1995) (astro-ph/9504054);
A. Kosowsky and M. Tbrnor, Phys. Rcv. D52, 1739 (1995);
G. 3ungman, M. Kamionkowski, A. Kosowsky, and D.N. Spergel,
Phys. Rov. D, in press (1996) (astro-ph/9512139);
W. Hu and M. White. , Phys. Rev. Lett. , submitted (1996)
(astro-ph/9602020).

3.

4

5.

6.

CMB Anisotropy References:

2.

3.
4

5.

7.

9.
10.

11.
12.

13.

14.

COBE: K.M. Gorski et al. , Astrophys. .l, 430, L89 (1994);
K.M. Gorski et al. , Astrophys. ,l. , submitted (1996) (astro-
ph/9601063);
G. Hinshaw et al. , Astrophys. J., in press (1996) (astro-
ph/9601058).
FIRS: K. Ganga, L. Page, E. Cheng, and S. Meyers, Astrophys.
J. 432, L15 (1993).
Ten. : S. Hancock et al. , Nature 367, 333 (1994).
SP91: 3. Schustc:r et al. , Ast, rophys. J. 412, L47 (1993).
(Revised, scc SP94 reference. ).
SP94:,1.0. Gundorsen et al. , Astrophys. J. 443, L57 (1994).
Sask. : C.B. Netterfrcld et al. , Astrophys. 3., submitted (1996)
(astro-ph/9601197) .

Pyth. : M. Dragovan et al. , Astrophys. J. 427, L67 (1993);
3. Ruhl et al. , Astrophys. J. .453, Ll (1995).
ARGO: P. de Bernardis et al. , Astrophys. J. 422, L33 (1994).
IAB: L. Piccirillo and P. Calissc, Astrophys. 3. 413, 529 (1993).
MAX: S.T. Tanaka et al. , Astrophys. J., in press (1996)
(astro-ph/9512067);
M. Lim et al. , Astrophys. J., submitted (1996).
MSAM: E.S. Chong et al , Astrophy. s. 3. 456, L71 (1996).
CAT: P.F.S. Scott et al. , Astrophys. J., in press (1996).
WD: G.S. Tucker, G.S. GrifFin, H.T. Nguyen, and 3.B. Peterson,
Astrophys. J. 419, L45 (1993).
OVRO: A.C.S. Readhead et al. , Astrophys ,1. 346, 56.6 (1989).
ATCA: R. Subrahmayan, R.D. Ekers, M. Sinclair, and 3. Silk,
Monthly Not. Royal Astron. Soc. 263, 416 (1993).

FIRAS: J.C. Mather et aL, Astrophys. J. 432, L15 (1993);
D. Fixsen et al. , Astrophys. J. 420, 445 (1994);
D. Fixsen et al. , Astrophys. J., in press (1996).
DMR: A. Kogut et al. , Astrophys. J. 419, 1 (1993);
A. Kogut et al. , Astrophys. J., submittod (1996).
UBC: H. P. Gush, M. Halpern, and E.H. Wishnow, Phys. Rev.
Lett. 65, 537 (1990).
LBL-Italy: G.F. Smoot et al. , Phys. Rev. Lett. 51, 1099 (1983);
M. Bensadoun et al , Astro. phys. J. 409, 1 (1993);
M. Bersanelli et aL, Astrophys. J. 424, 517 (1994);
M. Bersanolli et al. , Astrophys. Lett. and Comm. 32, 7 (1995);
G. De Arnici et aL, Astrophys. J. 381, 341 (1991);
A. Kogut et al. , Astrophys. J. 335, 102 (1990);
N. Mandolesi et al. , Astrophys. 3. 310, 561 (1986);
G. Sironi, G. Bonelli, and M. Limon, Astrophys. 3. 378, 550
(1991).
Princeton: S. Staggs et alt, , Astrophys. Lett. k Comm. 32, 3
(1995);
D.G. 3ohnson and D.T. Wilkinson, Astrophys. 3. 313, Ll (1987).
Cyanogen: K.C. R,oth, D.M. Meyer, and I. Hawkins, Astrophys.
J. 413, L67 (1993);
K.C. Roth and D.M. Meyer, Astrophys. J. 441, 129 (1995);
E. Palazzi et al. , Astrophys. J. 35'7, 14 (1990).



122 20. Cosmic rays

20. COSMIC RAYS

B = —=~~Bpc
Z p.

(20.1)

(2) By particles pcr energy-per-nucleon. Fragrnc. ntation of nuclei
propagating through thc interstcllar gas depends on cncrgy pcr
nucleon, since that quantity is approximately conserved when a
nu. cleus breaks up on interaction with thc gas. (3) By nuclc. ons
pcr cncrgy-pcr-nuclc. on. Prodiiction of secondary cosmic rays in
thc atmosphere dcpcnds on the intensity of nucleons pcr cncrgy-
pcr-nuclc. on, approximately indopcndcntly of whcthor thc incident
nucleons arc. frcc protons or bound in nuclei. (4) By partirles per
energy-pcr-nucleus. Air shower cxperimcnts that usc thc atmosphcrc
as a, calorimctcr gcncrally measure a quantity that is rclatcd to total
cncrgy pcr particle.

Thc units of differential intensity I arc (cm s sr t )i, where E
rcprcscnts thc units of onc of thc four variables listed above.

Thc intensity of primary nucleons in the energy range from scvcral
GcV t, o somewhat beyond 100 TcV is given approximately by

I~(E) —1.8 E
cm2 s sr Gc.V ' (20.2)

where E is thc cnc.rgy-pcr-nucleon (including rest, mass energy) and
cc (—= p + 1) = 2.7 is the differentia spectral index of the cosmic ray
flux and p is thc integral spectral index. About 79/o of thc primary
nucleons arc frcc protons and about 70'F() of thc rest arc nucleons
bound in helium nuclei. Thc fractions of thc primary nuclei arc nearly
constant, over this energy range (possibly with small but intcrcsting
variations). Fractions of both primary and secondary incident nuclei
arc listed in Table 20.1. Figurc. 20.1 (1) shows thc major components
as a fiinction of cncrgy at a particular epoch of thc solar cycle.

Thc spcctriim of clcctrons and positrons incident at thc top of thc
atmosphere is stccpcr than thc spectra of protons and nuclc. i, as shown
in Fig. 20.2 (2]. Thc positron fraction is about 10'Fo in thc region in
which it is mcasurc. d (( 20 GcV), but, it is not yet fully understood [5).

Above 10 GcV thc fraction of antiprotons to protons is about
10, and thcrc is cvidcncc for thc kinematic suppression at lower

Written 1995 by T,K. Gaisser and T. Stanev

20.1. Primary spectra
The cosmic radiation incident at the top of the terrestrial

atmosphere includes all stable charged particles and nuclei with
lifetimes of order 10 years or longer. Technically, "primary" cosmic
rays arc those particles accelerated at astrophysical sources and
"secondaries" arc those particles produced in interaction of thc
primaries with interstellar gas. Thus electrons, protons and helium, as
well as carbon, oxygen, iron, and other nuclei synthesized in stars, are
primaries. Nuclei such as lithium, beryllium, and boron (which are
not abundant cnd-products of stellar nucleosynthesis) are secondaries.
Antiprotons and positrons are partly, if not entirely, secondaries, but
the fraction of these particles that may bo primary is a question of
current interest, .

Apart from particles associated with solar flares, thc cosmic
radiation comes from outside the solar system. The incoming charged
particles arc "rnodulatcd" by the solar wind, the expanding magnetized
plasma generated by thc Sun, which decelerates and partially excludes
tho lower energy galactic cosmic rays from thc inner solar system.
There is a significant anticorrelation between solar activity (which has
an elcvcn-year cycle) and the intensity of the cosmic rays with encrgics
below about 10 GeV. In addition, thc lower-energy cosmic rays arc
affecte by t, hc geomagnetic field, which they must penetrate to reach
thc top of the atmosphere. Thus the intensity of any component of
the cosmic radiation in thc GcV range depends both on the location
and time.

There arc four difFerent ways to describe the spectra of tho
components of thc: cosmic radiation: (1) By particles pcr unit rigidity.
Propagation (and probably also acceleration) through cosmic magnetic
fields depends on gyroradius or magnetic rigidity, 8, which is
gyroradiiis miiltiplicd by thc rnagnctic fiel strcngt, h:
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Figure 20.1: Major components of thc primary cosmic radiation
(from Rcf. 1).

Table 20.1: Relative abundanccs F of cosmic-ray n»clci at,

10.6 GcV/nucleon normalized to oxygen (= 1) (3). Thc. oxygen
flux at, kinetic energy of 10.6 GcV/nucleon is 3.26 x 10 cm
s sr (Gc.V/nucleon) . Abundanccs of hydrogen a,nd helium
arc from Rcf. 4.

Elcmcnt Elcmcnt, F

9—10

11—12

H

Hc

Li-B
C-0
F-Nc

Na-Mg

730

34

0.40

2.20

0.30

0.22

13—14

15—16

17—18

19—20

21—25

26—28

Al-Si

P-S
Cl-Ar

K-Ca,

Sc-Mn

Fc.-Ni

0.19

0.03

0.01

0.02

0.05

0.12

cncrgy expected for secondary antiprotons (5). Thcrc is at this time.
no cvidc. ncc for a significant, primary component, of antiprotons.

20.2. Cosmic rays in the atmosphere
Figurc 20.3 shows thc vertical Huxcs of thc major cosmic ray

components in thc atmosphcrc in thc cncrgy region whore thc particles
are most numerous (except for electrons, which are most numerous
near their critical cncrgy, which is about 81 McV in air). Exec.pt for
protons and cloctrons near thc top of thc atmosphcrc, all particles arc;
produced in interactions of thc primary cosmic rays in thc air. Muons
and neutrinos arc products of thc decay of charged mcsons, while
clcctrons and photons originate in decays of neutral mcsons.
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The corresponding expression for the vertical intensity of charged
pions with energy E7f && e~ = 115 GeV is
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Figure 20.2: Differential spectrum of electrons plus positrons
multiplied by Es (from Ref. 2).

I(E X)- I(E
A~ &7I-

(20.4)

20.3. Cosmic rays at the surface

This expression has a maximum at t = A —120 g cm, which
corresponds to an altitude of 15 kilometers. The quantity Z~~ is the
spectrum-weighted moment of the inclusive distribution of charged
pions in interactions of nucleons with nuclei of the atmosphere. The
intensity of low-energy pions is much less than that of nucleons
because Z~„-0.079 is small and because most pions with energy
much less than the critical energy e~ decay rather than interact.
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20.3.1. Muons: Muons are thc most numerous charged particles
at sea level (see Fig. 20.3). Most muons are produced high in the
atmosphere (typically 15 km) and lose about 2 GeV to ionization
before reaching the ground. Their energy and angular distribution
reflect a convolution of production spectrum, energy loss in the
atmosphere, and decay. For example, E& ——2.4 GeV muons have a
decay length of 15 km, which is reduced to 8.7 km by energy loss. The
mean energy of muons at thc ground is —4 GeV. The energy spectrum
is almost flat below 1 GcV, steepens gradually to reflect the primary
spectrum in thc 10—100 GcV range, and stecpens further at higher
cnergics bccausc pions with E~ ) e~ = 115 GeV tend to interact in
the atmosphero before they decay. Asymptotically (E& )) 1 TeV),
the cncrgy spectrum of atmospheric muons is onc power steeper than
thc primary spectrum. The integral intensity of vertical muons above
1 GeVjc at sc.a levol is = 70 m s sr r [9,10]. Expcrimentalists
arc familiar with this number in thc form I 1 cm min for
horizontal detectors.

Thc overall angular distribution of muons at the ground is w cos 0,
which is characteristic of muons with EI„3GeV. At lower cncrgy
thc angular distribution becomes increasingly stccpcr, while at higher
cncrgy it flatten and approaches a sec 0 distribution for E& )) e~ and
0 ( 70'.

PP1
0 200 400 600 800 1000

Atmospheric depth (g cm 2)

Figure 20.3: Vertical fluxcs of cosmic rays in thc atmosphere
with E & 1 GcV estimated from thc nucleon flux of Eq. (20.2).
Thc points show mcasurcmcnts of negative muons with
Eq ) 1 GeV [7].

Most mcasurcmcnts arc made at, ground level or near thc top of thc
atmosphere, but there arc also measurcmcnts of muons and clcctrons
from airplanes and balloons. Fig. 20.3 includes a recent measurcmcnt
of negative. muons [7]. Since p+(p, ) are produred in association with

v&(P&), thc. rncasurc. ment of muons near the maximum of thr. intensity
curve for t, hc parent pions serves to calibrate the atmospheric ~r&

beam [0]. Because muons typically lose almost, two GcV in passing
through the atmosphrrc, thc comparison near thc production altitude
is important for the sub-Gc. V range of v&(P&) cncrgies.

Thc flux of cosmic rays through the atmosphere is described by
a sct of coupled cascade equations with boundary conditions at thc
top of thc atmosphere to match thc primary spectrum. Numerical or
Monte Carlo calculations arc nccdcd to account accurately for decay
and cncrgy-loss proccsscs, and for thc energy-dcpcndcnccs of the cross
sections and of thc primary spectral index p. Approximate analytic
solutions are, however, usc. ful in limitod regions of energy [8]. For
example, the vertical intensity of nucleons at depth X (g cm Z) in the
at, mosphcrc is given by
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Figure 20.4: Spectrum of muons at ft = 0 (~ [12],O
V [14], k [15]), and 0 = 75 $ [10]).
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Figurc 20.4 shows thc muon cncrgy spectrum at sca level for
two angles. At large angles low energy muons decay before reaching
thc surface and high energy pions decay before they interact, thus
thc avcragc muon cncrgy incrcascs. An approximate extrapolation
formula valid when muon dcc.ay is negligible (E& ) 100/ costi GcV)
and thc curvature of thc Earth can br, ncglectcd (ft ( 70 ) is

Irv (E, X) = Irv (E, 0) e (20.3)

where A is thc attenuation length of nucleons in air.
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dip 0, 14 E
dE& cm2 s sr GeV

1 0.054
x g 1.1E& cos 0 1.1E& cos 0

+-
115GeV 850 GeV

(20.5)

where thc two terms give the contribution of pions and. charged kaons.
Eq. (20.5) neglects a small contribution from charm and heavier flavors
which is negligible except at very high energy [17].

The muon charge ratio reflects the excess of 7t+ over a in thc
forward fragmentation region of proton initiated interactions together
with thc fact that thcrc are morc protons than neutrons in the primary
spectrum. The charge ratio is between 1.2 and 1.3 from 250 McU up
to 100 GcV [9].

20.4. Cosmic rays underground
Only muons and neutrinos pcnctratc to significant depths

underground. Thc muons produce tertiary fluxcs of photons, electrons,
and hadrons.

20.4.1. Muons: As discussed in Section 22.9 of this Review, muons
lose energy by ionization and by radiativc proccsscs: brcmsstrahlung,
direct production of e+e pairs, and photonuclcar interactions. Thc
total muon energy loss may bc cxprcsscd as a function of thc amount
of mat tcr travcrscd as

dEp" = a+6E„,
I

(20.6)

whcrc. a is thc ionization loss and 6 is thc fractional c:ncrgy loss by thc
thrcc radiation processes. Both arc slowly varying functions of cncrgy.
Thc quantity c—:cr/5 (= 500 GcV in standard rock) dcfincs s, critical
cncrgy below which continuous ionization loss is morc important the
radiat;ivc losses. Table. 20.2 shows a and 6 values for standard rock as
a function of muon energy. Thc second column of Table 20.2 shows
thc. muon range in standard rock (A = 22, Z = 11, p = 2.65 g cm ).
Thcsc paramctcrs arc quite sensitive to thc chemical composition of
thc rock, which must bc c.valuated for each cxpcrimcntal location.

Thc intensity of muons underground can bc cstimatcd from thc
muon intensity in thc atmosphere and their rate of cncrgy loss. To thc
extent that thc mild cncrgy dcpcndcncc of a and 6 can bc ncglcctcd,
Eq. (20.6) can bc integrated to provide the following rolation betwccn
thc cncrgy E& 0 of a muon at production in thc atmosphcrc and its
avc. rage cnc.rgy F& after traversing a thicknc. ss X of rock (or ice or
wat, cr):

Ep ——(Ego+ c) v-
—bA (20.7)

20.3.2. Electrom, agnetic component: At the ground, this com-
ponent consists of electrons, positrons, and photons primarily from
electromagnetic cascades initiated by decay of neutral and charged
mcsons. Muon decay is thc dominant source of low-energy electrons
at sca level. Decay of neutral pions is morc important at high
altitude or when thc energy threshold is high. Knock-on clcctrons also
rnakc a small contribution st low energy [ll]. The integral vertical
intensity of electrons plus positrons is very approximately 30, 6, and
0.2 m 2s tsr i above 10, 100, and 1000 MeV rcspcc:tively (10,18],
but thc exact numbers depend sensitively on altitude, and thc angular
depcndcncc: is complex bccausc of thc differen altitude dcpendencc
of the different sources of electrons [11,18,19]. The ratio of photons
to clcctrons plus positrons is approximately 1.3 above a GcV and 1.7
below the critical vnergy [19].

20.3.3. Protons: Nucleons above 1 GcV/c at ground level aro
dcgradcd remnants of the primary cosmic radiation. Thc intensity
is approximate:ly rvprcsentcd by Eq. (20.3) with thc replacement
t —+ t/cos 0 for 8 ( 70 and an attenuation length A = 123 g cm
At scs, lcvcl, about, 1/3 of thc: nuclvons in thc vertical dirc:ction
arc neutrons (up from = 10'%%uo at the top of thc. atrnosphcrc as the
n/p ratio approaches equilibrium). Thc integral intensity of vertical
protons above 1 GcV/c at, sca lovol is —0.9 m s sr [10,20].

Table 20.2: Average muon range R and energy loss parameters
calculated for standard rock. Range is given in km-water-

equivalent, or 10 g cm

E~ R a

GeV km. w.c. MeV g cm
hpsir hrems nuci 2 bi

10 6
g

—1 cm2

10

100

1000

10000

0.05

0.41

2.42

6.30

2.15

2.40

2.58

2.76

0.73 0.74 0.45 1.91
1.15 1.56 0.41 3.12

1.47 2.10 0.44 4.01
1.64 2.27 0.50 4.40

10-6
I I I I I I I I I I I I I I I

10—8

E

~ 1p —10

~ H

c5
V

10

I I I I I I I I I

1 10
Depth (km water equivalent)

Figure 20.5: Vertical muon intensity vs. depth (1 km. w. c. =
10 g cm of standard rock). Tho cxpcrimcntal data, arc
from: (&: thc compilations of Crouch [29], : Baksan [30], 0:
LVD [31],~: MACRO [32], ~: Frejus [33]. Thc. shaded area at
large depths represents neutrino induced. muons of cncrgy above
2 GcV. Thc upper linc is for horizontal neutrino-induced muons,
thc lower onc for vertically upward muons.
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Thc cncrgy spectrum of atmospheric muons underground can bc
estimated from Eq. (20.7). Thc muon enc. rgy spc.ctrum at slant depth
X is

dNp(X) de bX

de de p
(20.8)

where R& e is the solution of Eq. (20.7). For X (& 5 = 2.5 km wa-
tc:r cquivalcnt, E& o —R&(X) + aX. Thus at shallow dvpths thc
di8'crcntial muon energy spectrum is approximately constant for

Especially at high energy, however, fluctuations are important and an
accurate calculation requires a simulation that accounts for stochastic
energy-loss processes [21].

I ig. 20.5 shows the vertical muon intensity versus depth. In
constructing this "depth-intensity curve, " each group has taken
account of thc angular distribution of the muons in the atmosphere,
the map of thc overburden at each detector, and the properties of
thc local medium in connecting measurcmcnts at various slant depths
and zenith angles to thc vertical intensity. Usc of data from a range
of angles allows a flxcd detector to cover a wide range of depths.
The flat portion of thc curve is duc to muons produced locally by
charged-current interactions of v&.
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E& & aX and steepens to reflect the surface muon spectrum for

E& & aX. For X )) 6 the differential spectrum underground is
again constant for small muon energies but steepens to reflect the
surface muon spectrum for E& ) e —0.5 TeV. In this regime the shape
is independent of depth although the intensity decreases exponentially
with depth.

20.4.2. 1Veutrinos: Because neutrinos have small interaction cross
sections, measurements of atmospheric neutrinos require a deep
detector to avoid backgrounds. There are two types of measurements:
contained (or semi-contained) events, in which the vertex is determined
to originate inside the detector, and neutrino-induced muons. The
latter are muons that enter the detector from zenith angles so large
(e.g. , nearly horizontal or upward) that they cannot be muons
produced in the atmosphere. In neither case is the neutrino flux
measured directly. What is measured is a convolution of the neutrino
flux and cross section with the properties of the detector (which
includes the surrounding medium in the case of entering muons).

Contained events reflect the neutrinos in the GeV region where the
product of increasing cross section and decreasing flux is maximum.
In this energy region the neutrino flux and its angular distribution
depend on the geomagnetic location of the detector and to a lesser
cxtcnt on the phase of the solar cycle. Naively, we expect v&/v, = 2

from counting the neutrinos of the two flavors coming from the chain
of pion and muon decay. This ratio is only slightly modifie by the
details of the decay kinematics. Experimental measurements have also
to arcount for the ratio of v/v, which have cross sections different by
a factor of 3 in this energy range. In addition, detectors will generally
have different cKciencies for detecting muon neutrinos and electron
neutrinos, Even after correcting for these and other effects, some
detectors [22,23] infer a v&/v~ ratio lower by = 4cr from the expected
value. (Soc Tables in thc Particle Listings of this Review. ) This effect
is sometimes citod as possible evidence of neutrino oscillations and
is a subject of current investigation. Figure 20.6 shows the data of
Rofs. 22, 23 for the distributions of visible energy in electron-like and
muon-like charged-current events, which appear to be nearly equal
in number. Corrections for detection cKciencies and backgrounds are
insufBcicnt to account for the difference from the expected value of
two.

on angle. Like muons (see Eq. (20.5)), high energy neutrinos show
a "secant theta" effect which causes the flux of horizontal neutrino
induced muons to be approximately a factor two higher than the
vertically upward flux. The upper and lower edges of the horizontal
shaded region in Fig. 20.5 correspond to horizontal and vertical
intensities of neutrino-induced muons. Table 20.3 gives the measured
fluxes of neutrino induced muons.

Table 20.3: Measured fluxes (10 rs cm s sr ) of neutrino-
induced muons as a function of the minimum muon energy E&.

Ep ) 1 GeV 1 GeV 1 GeV 2 GeV 3 GeV

Ref. CWI [24] Baksan [25] MACRO [26] IMB [27] Kam [28]

2.17+0.21 2.77+0.17 2.48 + 0.27 2.26+0.11 2.04+0.13

20.5. Air showers

N,
N&() 1 Gov) —0.95 x 10

106
(20.9)

So far we have discussed inclusive or uncorrelated fluxes of various

components of the cosmic radiation. An air shower is caused by a
single cosmic ray with energy high enough for its cascade to be
detectable at the ground. The shower has a hadronic core, which
acts as a collimated source of electromagnetic subshowers, generated
mostly from vr —+ pp. The resulting electrons and positrons are
the most numerous particles in the shower. The number of muons,
produced by decays of charged mesons, is an order of magnitude lower.

Air showers spread over a large area on the ground, and arrays
of detectors operated for long times are useful for studying cosmic
rays with primary energy Eo ) 100 TeV, where the low flux makes
measurements with small detectors in balloons and satellites dificult.

Groisen [46] gives thc following approximate expressions for the
numbers and lateral distributions of particles in showers at ground
level. The total number of muons N& with energies above 1 GeV is

80

60— Electron-like

whc. rc N~ is the total numbor of charged particle. s in thc shower (not
just e ). Thc number of muons pcr square meter, p&, as a function of
thc lateral distance r (in meters) from the center of the shower is

40—

20—

0 IMB
o Kamiokande

2rc I'(1.25) 320
r 1+

320
(20.10)

I I I I I I

I I I I I I

o
I I I

I I I

where I' is the gamma function. The number density of charged
particles is

Muon-like p, = Cr(s, d, Cs) x(' )(I+ x)(' )(1~ C2xd) . (20.11)

40—
o IMB
o Kamiokande

Here 8, d, and t g are parameters in terms of which the overall
normalization constant, Cr(s, d, Cs) is give. n by

20—

0
0.2 0.3

I I I I I I I

0.40.5 0.7 1

Evis (GeV)

0
2 3 4 5

Cr(s, d, Cg) = 's [B(s,4.5 —2s)
2 1

+ Cs B(s + d, 4.5 —d —2s)] (20.12)

Figure 20.6: Contained neutrino intoractions from IMB [23](O)
and Kamiokando [22].

Muons that enter the detector from outside after production in
charged-current interactions of neutrinos naturally reflect a higher
energy portion of the neutrino spectrum than contained events because
the muon range increases with energy as well as the cross section. The
relevant energy range is 10 ( E~ ( 1000 GcV, depending somewhat

whore B(m, n) is the beta function. Thc'. values of thc parameters
depend on showc. r size (N, ), dc.pth in thc atmosphere. , identity of tho
primary nucleus, etc. For showers with N, —10 at sea level, Greisen
uses s = 1.25, d = 1, and Cs = 0.088. Finally, x is r/rt, whcrc rr is
the Moliere radius, which depends on the density of the atmosphere
and hence on the altitude at which showers are detected. At sea level
ry —78 m. It increases with altitude.

Thc lateral spread of a shower is determined largely by Coulomb
scattering of tho many low-energy electrons and is characterized by
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the Moliere radius. The lateral spread of the muons (p&) is larger and
depends on the transverse momenta of the muons at production as
well as multiple scattering.

There aro large fluctuations in development from shower to shower,
even for showers of the same energy and primary mass especially
for small showers, which are usually well past maximum development
when observed at the ground. Thus the shower size N, and primary
energy Eo are only related in an average sense, and even this relation
dcpcnds on depth in the atmosphere. One estimate of the relation
is [35]

Ep 3.9 x 10 GeV (N, f10 )
' (20.13)

10

5

I

0.5

0.2

0.1

I I I I IIIII I I I I IIIII I I I I IIIII I I I I IIIII

I I I I IIIII I I I I IIIII

I I I I I IIII I I I I I IIII I I I I I IIII I I I I IIIII

+

lii
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I I I I I IIII I I I I I IIII I I I I I IIII I I I I I IIII

10» 1p14 1p16 1p18
E (eV/nucleus)

1020

Figure 20.7: Thc all-particle spectrum: k [37], T [38], D. [39],
& [40], & [35], ~ [48], ~ [42], 1 [43]

In Fig. 20.7 tho differentia energy spectrum has bccn rnultiplicd

by E ' in order to display thc fcaturcs of thc stccp spectrum that
arc othorwisc diKcult to discorn. Thc stccpcning that occurs bctwccn
10 5 and 10 cV is known as thc knee of thc spectrum. Thc fcaturc
bctwcon 10 and 10 oV is called thc ankle of thc spectrum. Both
these features arc thc subject of intcnsc interest at, prcscnt [44].

Thc ankle has the classical characteristic shape [45] of a, higher
cncrgy population of particles overtaking a lower cnorgy population. A
possible interpretation is that the higher oncrgy population rcprcscnts
cosmic rays of extragalactic origin. If this is tho case and if the
cosmic rays arc cosmological in origin, then there should bc a cut, off
around 5 x 10 cV, resulting from interactions with thc microwave19

background [46,47]. It, is thcrcforc of special interest that several
cvcnts have bccn assigned cncrgies above 10Z" cV [48,49,50].

If thc cosmic ray spectrum below 10 cV is of galactic origin, thc
knee could reflec thc fact that some (but not all) cosmic accelerators
have rcachcd their maximum cncrgy. Some types of expanding
supernova remnants, for example, arc ostimatcd not to bc able to
accelerate particles above cncrgics in thc range of 10 5 cV total energy

for vertical showers with 10' ( E ( 10' eV at 920 g cm (965 m
above sca level). Because of fluctuations, N, as a function of Ep is not
the inverse of Eq. (20.13). As Ep increases the shower maximum (on
average) moves down into the atmosphere and the relation between
N, and Ro changes. At the maximum of shower development, there
arc approximately 2/3 particles pcr GeV of primary energy.

Dctailcd simulations and cross-calibrations between differen types
of detectors are ncccssary to establish the primary energy spectrum
from air-shower experiments [35,36]. Figure 20.7 shows the "all-
particlc" spectrum. In establishing this spectrum, effort have bccn
made to minimize thc depcndcncc of' the analysis on the primary
composition. In thc energy range above 10 oV, thc Fly's Eyc
tr:chniquc [48] is particularly useful because it can establish the

primary energy in a model-independent way by observing most of the
longitudinal development of each shower, from which Eo is obtained
by integrating the cncrgy deposition in the atmosphere.
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21.HIGH-ENERGY COLLIDER PARAMETERS: e+e Colliders (I)
None of the colliders on this page are any longer working in elementary-particle physics. Quantities are, where appropriate, r.m. s. H and V
indicate horizontal and vertical directions. Many of the numbers of course changed over the lifetimes of the colliders; only the end-of-service
values are given here.

Physics start date

Physics end date

Maximum beam energy (GeV)

Luminosity (103" cm s r)

Time between collisions (ps)

Crossing half angle (p, rad)

Energy spread (units 10 )

Bunch length (cm)

Beam radius (10 m)

SPEAR
(SLAG)

1972

1990

10 at 3 GeV

H: 700
V: 50

DORIS
(DESY)

1973

1993

5.6

33 at 5.3 GeV

0.965

1.2 at 5 GeV

IT 2at5GeV

H: 740 L Bt5
V: 30 f GeV

PETRA
(DESY)

1978

1986

24 at 17.5 GeV

1.1 at 17.5 GeV

o. 1.3 at 17.5 GeV

H: 430 y at 17.5
V: 13 ) GeV

PEP
(SLAC)

1980

1990

15

60

2.44

H: 340
V: 14

TRISTAN
(KEK)

1987

1995

40

1.5

H: 280
V: 8

Free space at interaction
point (m)

Luminosity lifetime (hr)

Filling time (min)

Acceleration period (s)

Injection energy (GeV)

Transverse emit t ance
(10 x rad-m)

P*, amplitude function at
interaction point (m)

Beam-beam tune shift
per crossing (units 10 )

RF frequency (MHz)

Particles per hunch
(units 10 ")

Bunches per ring
per species

Average beam current
per species (mA)

Circumference (km)

Interaction regions

Utility insertions

Magnetic length of dipole (m)

Length of standard cell (m)

& 100

H —430

H: 1.2
V: 0.08

300

358

15

0.234

18

2.35

11.4

1.0—1.5

—15

up to 5.6

H:500 y at5
U:5—50 f GeV

H: 0.39/12. 3
V: 0.04/0. 79

& 280 (space charge
limit at 3.3 GeV)

500

45 at 53 GeV

0.2892

3.2/1. 1

13.2

4 at 17.5 GeV

20

H: 140

V: 0.08

H: 160 $ at 17.5
V: 400 ) GeV

500

26

11 at 17.5 GeV

2.304

5.38

14.4

+3.7

15

& 100

15

H —120

352

21

2.2

14.35

+2.51

300

H: 80
at 29 GeV

H: 1.0
U: 0.04

340

508.5808

22

3.02

16.1

Phase advance per cell (deg)

Dipoles in ring

Quadrupoles in ring

Peak magnetic field (T)

H: 79
V: 90

36

46

H: 140
V: 50

H: 28
V: 6

1.5

H: 47
V: 40

224

0.4 at 23 GeV

192

248

60

264
+8 we. ak

392

0.41 at 30 GeV



84. High-energy collider parameters 129

HIGH-ENERGY COLLIDER PARAMETERS: e+e Colliders (II)
The numbers here were received from representatives of the colliders in 1996. Many of the numbers of course change with time, and only the
latest values (or estimates) are given here; those in brackets are for coming upgrades. Quantities are, where appropriate, r.m. s. H and V indicate
horizontal and vertical directions.

Physics start date

Maximum beam energy (GeV)

Luminosity (10 cm s )

Time between collisions (ps)

Crossing angle (p, rad)

Energy spread (units 10 s)

Bunch length (cm)

Beam radius (10 m)

Frcc space at interaction
point (m)

Luminosity lifetime (hr)

Filling time (min)

Acceleration period ('s)

Injection energy (Gcv)

Transvcrsc emit tance
(10 sic rad-m)

P*, amplitude function at
interaction point (m)

Beam-beam tune shift
pc.r crossing (units 10 4)

RF frc.qucncy (MHz)

Particles per bunch
(units 10 o)

Bunches pcr ring
pcr spccics

Avcragc beam current
pcr species (mA)

Circumfcrcncc or length (km)

Interaction regions

Utility insertions

Magnetic Irngth of dipole. (m)

Lc.ngth of standard c:rll (m)

Phase advance pcr cell (deg)

Dipolcs in ring

Qtiadrupoles in ring

Pca,k magnetic field (T)

VEPP-2M
[round beams)
(Novosibirsk)

1974 [1997]

0.7
[0.55]

5 [100]

0.6 [0.35]

H/V: 400/10
[35 (round)]

continuous

continuous

0.2—0 ~ 7
[0.2—0.55]

H/V: 400/4
[150]

H/V: 0.48/0. 04
[0.05]

H/V: 200/500
[1000]

4 [6.7)

100 [160]

0.018

4.5 [9.0]

280 [560]

20 [12]

1.8 [1.5]

DAC NE
(Frascati)

1997

0.510
(0.75 max. )

135(~540)

0.0108(~0.0027)

+(1.0 to 1.5) x 10

0.40

H: 2100
V 21

+0.46
(+157 mrad cone)

3 (topping up)

0.510

H: 1000
V. 10

H: 4.5
V' 0 045

368.25

8.9

30(~120)

1313(~5250)

0.0977

2x2
e+: 1.21/0. 99
e: 1.21/0. 99

e+: 8(+4 wiggle. rs)e: 8(+4 wigglers)

e+/e: 53/53

1.2(~1.76) dipoles
1.8 wigglers

Q FACTORY
(Novosibirsk)

0.55

2500

0.007

0.5

35 (beams are
round)

continuous

continuous

125

0.01

1000

550

0.047

0.8

22

1.8

BEPC
(China)

1989

2.2

10

0.58

H' 926
V: 61

7—12

30

120

H: 660
V: 43

H 1.3
V: 0.085

420

199.53

20 at, 2 GcV

40 at 2 GcV

0.2404

40
+ 4 weak

0.9028

VEPP-4M
(Novosibirsk)

1994

50

0.6

H: 1000
V: 30

150

H: 400
V: 20

H: 0.75
V: 0.05

500

180

15

0.366

150
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HIGH-ENERGY COLLIDER PARAMETERS: e+e Colliders (III)
The numbers here were received from representatives of the colliders in 1996. Many of the numbers of course change with time, and only the
latest values (or estimates) are given here. Quantities are, where appropriate, r.m. s. H and V indicate horizontal and vertical directions; s.c.
indicates superconducting.

Physics start date

Maximum beam energy (GeV)

Luminosity (10 cm s )

Time between collisions (ps)

Crossing angle (p rad)

Energy spread (units 10 )

Bunch length (crn)

Beam radius (10 6 m)

CESR
(Cornell)

1979

330 at 5.3 GeV
(600 in mid-1996)

0.028 to 0.22

+2000

0.6 at, 5.3 GeV

H: 500
V: 11

KEKB
(KEK)

1999

e xe+: 8x35

10000

0.002

+11,000

0.7

0.4

H: 77
V: 1.9

PEP-II
(SLAC)

1999

e xe+: 9x3.1
(6.5 GeV c.m. max)

3000

0.0042

e /e+: 0.61/0. 77

e /e+: 1.1/1.0

H: 155
V: 6.2

SLC
(SLAC)

1989

0.8

8300

1.2

0.08

H: 2.1
V: 0.6

LEP
(CERN)

1989

87 in 1996
(97=max. foreseen)

24 at ZO

34 at 68 GeV

1.0

H: 200
V: 8

Free space at interaction
point (m)

Luminosity lifetime (hr)

Filling time (min)

Acceleration period (s)

Injection energy (GeV)

Transverse emittance
(10 97r rad-m)

P*, amplitude function at
interaction point (m)

Beam-beam tune shift
per crossing (units 10 4)

RF frequency (MHx)

Particles per bunch
(unit, s 10'o)

Bunches per ring
per species

Average beam current
per species (mA)

Beam polarization (%)

Circumference or length (km)

Interaction regions

Utility insertions

Magnetic length of dipole (m)

Length of standard. cell (m)

Phase advance per cell (deg)

+2.2 (+0.6
to REC quads)

3—4

10 (topping up)

H: 240
V: 8

H: 1.0
V: 0.018

420

500

9 trains of 2 bunches
(of 3 bunches in mid-1996)

120
(300 in rnid-1996)

0.768

1.6—6.6

45-9O (no
standard cell)

+0.4,
(+300/ —500) mrad cone

8 (topping up)

e /e+: 8/3. 5

H: 18
U: 0.36

H: 0.33
V: 0.01

H: 390
V: 520

508.887

1.3/3. 2

5120

e /e+: 1100/2600

3.016

e /e+: 5.86/0. 915

e /e+ 75 7/76 1

450

+0.2,
+300 mrad cone

2.5

3 (topping up)

2.5—12

e-: 48 (H), 1.9 (V)
e+: 64 (H), 2.6 (V)

e-: O.5O (H), O. O2 (V)
e+: O.375 (H), O. O15 (V)

300

e /e+: 2.7/5. 9

1658

e /e+: 990/2140

2.2

1 (2 possible)

e /e+: 5.4/0. 45

15.2

e-/e+: 6O/9O

45.64

H: 0.6
U: 0.1

H: 0.01
V: 0.002

0.0007

e: 80

1.45 +1.47

2.5

108

90

420

22

H: 12 —+4
V: 05~2

H: 2.5
U: 0.05

490

352.2

20 in collision
60 in single beam

1995: 4 trains of 3
1996+: 4 trains of 2

11.66/pair

79

108/60

Dipoles in ring

Quadrupoles in ring

Peak magnetic field (T)

104

0.3 normal g at 8
0.8 high field f GeV

e /e+: 116/112

e /e+: 452/452

e /e+: 0.25/0. 72

e /e+: 192/192

e /e+: 290/326

e /e+: 0.18/0. 75

460+440

0.597

3280+24 inj.
+ 64 weak

520+288
+ 8 s.c.

0.135
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HIGH-ENERGY COLLIDER PARAMETERS: ep, pp, and pp Colliders
Thc numbers herc mere received from reprcsentativcs of the colliders in 1996. Many of the numbers of course change with time, and only the
latest values (or estimates) are given here. Quantities are, where appropriate, r.m. s. H, V, and, s.c. indicate horizontal and vertical directions,
and. supcrconducting. Thc SSC is kept for purposes of comparison.

Physics start date

Physics end date

Particles collided

Maximum beam energy
(TPV)

HERA
(DESY)

1992

c: 0.030
p: 0.82

SppS
(CERr )

1981

1990

pp

0.315 (0.45 in

pulsed mode)

TEVATRON
(Fermilab)

1987

0.9—1.0

LHC
(CERN)

2004

Pb Pb

2.76 TeU/u

SSC
(USA)

Terminated

pp

Luminosity
(10~0 cm

Time between collisions (ps)

Crossing angle (p, rad)

Energy spread (units 10 )

Bunch length (cm)

Beam radius (10 m)

Free space at interaction
point (m)

Luminosity lifetime (hr)

Filling time (min)

Acceleration period (s)

Injection energy (TeV)

Transverse emit, tance
(10 w rad-m)

p*, amplitude funct;ior1 at
IntpI'action point, (m)

Beam-beam tlIne shift
per crossing (urrits 10 )

RF frequency (MHz)

Particles per bunch
(units 10 )

Bunches per ring
PP, I SPP.C1PS

Average beam current
per species (mA)

Circumference (km}

Interaction regions

Ut, ility insertions

Magnetic length
of dipole (m)

Length of standard cell (m)

Phase a,dva, nce per cell (deg)

16

0.096

e: 0.91
p: 0.2

e: 0.83
p: 8.5

e: 280(H), 50(V)
p: 265(H), 5O(V)

10

c: 30
p: 120

600

e: 0.012
p: 0.040

..: 39(H), 2(v)
p: 7(H},7(V)

c: 2(H), 0.9(V)
p: 7{H),o.7(v)

e: 190(H), 210(U)
12(H), 9(V)

c: 499.7
p: 208.2/52. 05

c: 3.65
p: 10

e: 58
p: 158

cp: 2

e, p: 1 each,
internal fixed t,arget

e: 9.185
p: 8.82

c: 23.5
p: 47

3.8

0.35

20

p: 73(H), 36(v)
p: 55(H), 27(U)

16

15

0.5

0.026

p: 9
p: 5

o.6 (H)
0.15 (V)

50

100+200

p: 15
p; 8

p: 6

p: 3

6.911

64

90

25 (1995)
20o (2ooo)

3.5

0.15

50

+6.5

7—30

120

86

0.15

p 4

p: 22

p: 40
p: 75

p: 25
p: 7.5

p: 12.5
p: 37

2 high W

6.12

1.0 x 104

0.025

200

0.1

7.5

16

10

0.450

400.8

2835

2 high M
+1

1200

14.2

106.92

0.002

0.125

& 100

0.1

7.5

15

38

6.7

20

177.4
GeV/u

0.5

400.8

0.0094

608

1000

0.016678

100 to 200
(135 nominal)

0.055

4.8

+20

24

1500

0.047

8 head on
13 long range

359.75

17,424

71

87.12

Mostly 14.928

180

Dipoles in ring

QIIadrupoles in ring

Magrret type

Peak magnetic field (T)

p soul" cP. accuIII. rat, e (hr )

Max. no. p In accuIII. I'Ing

c: 396
p: 416

c: 580
p: 280

c:C-shaped
p: s.c., collared,

cold iron

c: 0.274
p: 4.65

744

232

H type with
bent-up
coil ends

1.4 (2 in

pulsed mode)

] Q10

1.2 x 1012

774

216

s.c.
cos 0

warm iron

7x 1Q10

Q12

1232
main dipoles

692 focussing
+96 skew

s.c.
2 in 1

cold iron

8.4

H: 8336
ln 2 I'lngs

2084 J 2 rings

s.c.
cos 0

cold iron

6.790
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22. PASSAGE OF PARTICLES THROUGH MATTER
Revised May 1996.

22.1. Notation

Symbol Definitio Units or Value

mac 2

NA
Zf'

Z
A

K/A

I

t? Mp

nj
Xo

Fine structure constant
Incident particle mass
Incident, particle energy pMc 2

Kinetic energy
Electron mass x c
Classical electron radius

e2/4Iiscm, c2

Avogadro's number

Charge of incident particle
Atomic number of medium

1/137.035 989 5(61)
McV/c
MQV

Mc.V
0.51099906(15) McV
2.81794092(38) fm

6.0221367(36) x 10 mol

g mol —1

0.307075 McV g
I cm2

for A = 1 g mol

Mean c:xeitation cncrgy eV
Density effect correct, ion to ionizat, ion c:ncrgy loss

Plasma r.ncrgy 28.816'/p(Z/A) eVi

/4vrlI/, r~S m, / cn
Weight fraction of thc jth clcmcnt, in a compound or mixture

m number of jth kind of atoms in a compound or mixture

Radia, t ion lcngt, h g crn

4nre /VA/A (716.408 g cm )
for A. =l gmol

McVCritical cncrgy
Scale energy /4ir/n m~c

Molic. rc radius

21.2052 Mc V
McV g cm

Table 22.1: Summary of variables used in this section. The
kinematic variables P and p have their usual meanings.

0.05

20.0-

I I I I lllll

p-5/3

p
—2

~+ on Cu
I = 322 eV

I I e:I.:5T$5;
: .:+u

2
10,0

5.0—
—10
she

2 0 corr

Radiative effects
become important

OX TrI1gxAppr
dE /dx without 5

imum
zation

Tcut 0.5 MeV
p

—2
~ p

5 3 -- Complete dF/dx

0. I I lll I I I I I i Ill I I I I I I Ill I I I I I I III I I' I . C'++CII:

0.1 1.0 10 100 1000 10000
Py = p/Mc

Figure 22.1: Energy loss rate. in copper. Thc function without
thc density effect correction is also shown, as is thc shell
correct, ion and two low-cncrgy approximations.

10

In practical cases, most relativistic particles (e.g. , cosmic-ray
muons) have energy loss rates close to the minimum, and arc said to
be minimum ionizing particles, or mip's.

Eq. (22.1) may bc integrated to find the total range R for a particle
which loses energy only through ionization. Since. dE/dz dcpcnds
only on l3, R/M is a function of E/M or pc/M. In practice, range is
a useful concept only for low-energy hadrons (R ( Al, whcrc A/ is
thc nuclear interaction length), and for muons below a, few hundred
GeV (above which radiative effects dominate). R/M as a function of
leap = pc/M is shown for a variety of materials in Fig. 22.3.

( ') For p in g cm

22.2. Ionization energy loss by heavy particles il —5)

Modcratcly relativistic charged particles other than electrons lose
cncrgy in mat, tcr primarily by ionization. If t, hc incident particle
velocity /3c is larger than that of orbital clcctrons ( Znc) and small
enough that, radiativc effect do not, dominate (for example, pion
energy smaller than 100—200 GeV in iron), then the mean rate. of
rncrgy loss (or stopping power) is given by thc Bcthc'.-Bloch c:quation,

(22.1)

Herc TF» is thc maximum kinetic cnc:rgy which can bc imparted to a
frcc clcctron in a single collision, and thc other variables arc dcfincd
in Table 22.1. Thc units arc chosen so that 8x is mcasurcd in mass
pcr unit area, e.g. , in g cm . Thc function as comput, cd for pions
on coppc:r is shown by thc solid curve in Fig. 22.1, and for pions on
other materials in Fig. 22.2. A minor dcpcndcncc on M at, thc highest,
cncrgics is introduced through Tm~x, but for all practical purposes
in high-cnr. rgy physics dR/dr. in a, given material is a, function only
of P. Except in hydrogen, part, iclc:s of thc same velocity have very
similar rates of energy loss in diH'crent materials; thcrc is a slow
dccrcasc in thc rate of energy loss with increasing Z. Thc; qualitative
difference in stopping power behavior at, high cncrgics bctwccn a gas
(Hc) and the other materials shown in Fig. 22.2 is duc to thc density
effec corrc, ction, 6, discussed below. Thc stopping power functions are
characterized by broad minima whose position drops from Pp = 3.5 to
3.0 as Z goes from 7 to 100.

2

4

I

1 i i i iiiil 'i
i

'i ''i i''Ii'1
i i i i i 'iiil i "i 'i

i i i Iil I I I I I II

10 100 1000 10000
Py = p/Mc

0.1 1.0 10 100 1000

0.1 1.0

!
0.1

0.1

1.0

Muon momentum (GeV/c)

1.0 10 100 1000
Pion momentum (GeV/c)

10 100 1000 10000
Proton momentum (GeV/c)

Figure 22.2: Energy loss rate. in liquirl (bubble cliamber)
hydrogen, gaseous helium, carbon, aluminl1m, tin, and lead.

2m c

1+ 2pm, /M + (m, /M) 2 (22.2)

For a particle with mass M and momentum Mppc, TII,» is given
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1
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I

0.02

I i

0.2

I

0.1 02

5 100.05 1.0 2 5 10.0
Py = p/Mc

.0
I I I I I I i! I I I I I I I I I I

0.05 Q. 1 0.2 0.5 1.Q 2.0 5.0 10
Muon momentum (GeV/c)

I i I I i I I I I I

0.05 Q. 1 0.2 0.5 1.Q 2.0 5.0 1Q.Q
Pion momentum (GeV/c)

I I I I I I I I I I I I I I I I I I I I I I I I

0.5 1 0 2.0 5.0 10.0 20.0 50.0

Proton momentum (GeV/c)

Figure 22.3: Range of hcavy charged particles in liquid (bubble
chamber) hydrogen, helium gas, carbon, iron, and lead. For
example: For a, K+ whose momentum is 700 MeV/c, Pp = 1.42.
For lead wc rc.ad R/M = 396, and so thc. range is 195 g cm

It is usual [1,2] to make thc "low-cncrgy" approximation

T~» ——2mrr2 13 p, valid for 2pm, /M && 1; this, in fact, is done
implicitly in many standard rcfcrcnccs. For pion in copper, thc error
thus introduced into dE/dx is grcatcr than 6% at 100 GcV. Thc.
correct cxprcssion should bc used.

At encrgics of order 100 GcV, thc maximum 4-momentum transfer
to thc clcctron can cxccod 1 GcV/r, whcrc structure cB'rcts significantly
modify thc cross sections. This problem has bc:cn investigated by 3.D.
.Iackson [6], who concluded that for hadrons (but not for large nuclei)
corrections to dE/dz arc ncgligiblc below oncrgics where radiativc
cffrcts dominate. While thc cross srction for rare hard collisions is
modifie, thr. avc. rage stopping power, dominated by many softer
collisions, is almost unchanged.

Thc mean c.xcitation c.norgy I is (10 + 1 cV) x Z for clcmcnts
hcavicr than oxygen. Thc values adopted by thc ICRU for thc.
chemical c.lomcnts [7] aro now in wide usr. ; thcsc arc. shown in Fig. 22.4.
Machine. -rc.adablc versions ran also bc founcl [8]. Given tho availability
of thcsc constants and their variation with atomic structure. , thcrc
sccms little point to dcpc. nding upon approximate formulae, as was
done in t, hc past.

A shell correction is often included in thc square brackets of
Eq. (22.1) [3,5,7], to correct for atomic binding having hcc.n ncglccl;cd
in calculating some of thc contributions to Eq. (22. 1). Wc show thc
Barkas f'orm [3] in Fig. 22.1. For copper it contributes about, 1%
at 13' = 0.3 (kinetic cnc.rgy 6 McV for a pion), and thc c:orrcction
dccrcasc. s vc.ry rapidly with cnc.rgy. While it is ncgligiblc for high-
cncrgy physics applications, this and other low-energy corrc.ctions must
bc taken into account at lower cncrgics, such as those cncountcrcd in
medica, l physics.

As thc particle cncrgy incrcascs, its c.lcctric field flatten and
cxtcnds, so that thc distant-collision contribution to Eq. (22.1)
incrcascs as lngp. Howe:vcr, real media bccomc polarized, limiting thc.
fiel cxtcnsion and effectively truncating this part of thc logarithmic

20

18 —'-

ICRU 37 (1984), as taken from EGS4—
16 -, (interpolated values are not marked—

) with points)

14 —,, RPP, 1992 and earlier
O

Barkas & Berger 196412:
10

8 111) I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

0 10 20 30 40 50 60 70 80 90 100
Z

Figure 22.4: Excitation onergics (divided by Z) as adoptc. d by
thc ICRU [7]. Those based on measurement arc shown by points
with error Bags; thc interpolated values arc simply joined. Thc
solid point is for liquid H2, thc open point at 19.2 is for H2 gas.
Also shown arc curves based on two approximate formulae. .

rise [4,9—13]. At very high energies,

6/2 ~ In(fin&/I) + lnPp —1/2, (22.3)

where e/2 is thc density cffcct corrcrtion introduced in Eq. (22.1)
and /~a& is thc plasma cncrgy defined in Table 22.1. A comparison
with Eq. (22.1) shows that ]dE/dz[ then grows as ln leap rather than
in/ p, and that thc mean excitation cncrgy I is replaced by t, hc
plasma cncrgy A~&. Thc stopping power as calculated with and
without thc density cB'ect correction is shown in Fig. 22. 1. Since thc
plasma frequency scales as thc square root of thc electron density, thc
correction is much larger for a liquid or solid than for a gas, as is
illustrated by thc cxamplcs in Fig. 22.2.

Thc remaining relativistic risc can bc attributed to large. cncrgy
transfers to a few clcctrons. If thcsc cscapc or arc othcrwisc accounted
for scparatc. ly, thc. energy dcpositcd in an absorbing layer (in contrast,
to thc energy lost hy t, hc particle) approaches a constant value. , t, hc.

Fermi plateau (soc. Sec. 22.3 below). Thc curve. in Fig. 22.1 labeled
"Tc»t, ——0.5 MeV" illustrates this behavior. At cxtrcmr. cncrgics
(e.g. , 400 GcV for muons or pinna in iron), radiativc effects hcc.omc
important. These arc cspc.cially relevant for high-cncrgy muons, as
discussed in Scc. 22.9.

For particles moving morc slowly than atomic clcrtrons, thc above
discussion is inapplicablc. At vclocitirs o.z &P & 10 or slightly
lower, thc total cncrgy-loss rate is proportional to P, and non-ionizing
nuclear recoil cnc.rgy loss contributes substantially to thc total [14].
Fnr protons in silicon, dE/dx[ = 61.2/l GcV cm2 g for /1 & 0.005;
thc. peak occurs at 13 = 0.0126 where dE/dx = 522 McV c:m g i. In
neutron-scattering cxpcrimcnts, light output in scintillator has bccn
observed for recoil protons with energies as low as 30 cV [15].

It is often stated that for 13) z/137, ]dE/dx] falls as 13
2 bcforc

reaching thc broad minimum at Pp —3.0—3.5. In fact, , t, hc slope
is nowhcrc this great, , and ]dE/dz] n: 13 / provides a, very good
approximation to thc actual function out to Pp ) 1. This behavior is
shown in Fig. 22.1, along with thc traditional P proportionality.

Thc quantity (dE/dz)bx is thc mean cncrgy loss via interaction
with c.lcctrons in a, layer of thc medium with thickness bx. For Rnite
bx, thcrc arc Huctuations in thc actual cnrrgy loss. Thc distribution
is skcwcd toward high values (thc Landau tail) [1,16]. Only for a, thick
layrr [(dE/dx)bx )) Tin«] is thr. distribution nearly Gaussian. Tho
large fluctuations in thc cnc.rgy loss arc duc to thc small number of
collisions involving large energy transfers. Thc fluctuations arc smaller
for t,hc so-called rcstrictc. d energy loss rate, as discussed in Sc.c. 22.3
below.
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A mixture or compound can be thought of as made up of thin
layers of pure elemc. nts in the right proportion (Bragg additivity). In
this case,

dE dE—=pw, —
dx GY.'

(22.4)

where dE/dz[& is the mean rate of energy loss (in McV g cm )
in the jth clement, . Eq. (22.1) can bc: inserted into Eq. (22.4) to
find expressions for (Z/A), (I ), and (5); for cxamplc, (Z/A)
P u&& ZI /A& ——P n& Z& / P n& A& . However, (I ) as defined this way is
an underestimate, bcccausc in a compound electrons arc more tightly
bound than in the free elements, and (6) as calculated this way has
little rclcvancc, bccausc it is thc electron density which matters.
If possible, onc uses thc tables given in Rcfs. 13 and 12, which
include cffeetivc excitation cncrgies and interpolation cocfEcicnts for
calculating thc density effect correction for thc chemical clcmcnts and
nearly 200 mixtures and. compounds. If a compound or mixture is not
found, then one uses thc recipe for 6 given in Ref. 10 (or Rcf. 8), and
calculates (I) ac:cording to the discussion in Rcf. 11. (Note thc "18%"
rulc! )

Ionizat, ion losses by electrons and positrons [12] arc not discussed
herc. Above thc critical energy, which is a fcw tens of McV in most
materials, brcmsstrahlung is thc dominant source of cncrgy loss.
This important case is discussed below. Thc contributions of various
electron cncrgy-loss processes in lead arc shown in Fig. 23.4.

22.3. Restricted energy loss rates for relativistic
ionizing particles

Fluctuations in energy loss arc duc mainly to thc production of a
fcw high-cncrgy knock-on clcctrons. Practical detectors often measure
thc cncrgy deposited, not thc cncrgy lost. When cncrgy is carried off
by energetic knock-on clcetrons, it is morc appropriate to consider thc
mean cncrgy loss excluding cncrgy transfers grcatcr than some cutoff
Tt 11t ~ Thc rcstrictcd energy loss rate is

22.5. Ionization yields

22.6. Multiple scattering through small angles

A charged particle traversing a medium is dcflcctcd by many
small-angle scatters. Most of this deflectio is duc to Coulomb
scattering from nuclei, and hence thc cfFcct is called multiple Coulomb
scattering. (Howcvcr, for hadronic projectiles, thc strong interactions
also contribute to rnultiplc scattering. ) Thc Coulomb scattering
distribution is wc. ll rcprescntcd by thc. thc.ory of Moliere [28]. It is
roughly Gaussian for small deflectio angles, but at larger angles
(grcatcr t;han a fcw Oo, defined below) it behaves liicc Rutherford
scattering, having larger tails than docs a Gaussian distribution.

If wc dcfinc

g rms grmS
P jH, 11'. r SPRCC.'

V2
(22.7)

then it is suKcicnt for many applications to usc a Gaussian approxi-
mation for thc central 98'Fo of thc projected angular distribution, with
a width given by [24,25]

Physicists frequently rclatc total energy loss to thc number of
ion pairs produced near the particle's track. This relation becomes
complicated for relativistic particles due to the wandering of energetic
knock-on electrons whose ranges exceed the dimensions of the fiducial
volume. For a qualitative appraisal of the nonlocality of energy
deposition in various media by such modestly energetic knock-on
clcctrons, scc Rcf. 20. Thc mean local energy dissipation per local ion
pair produced, W, while essentially constant for relativistic particles,
incrcascs at slow particle speeds [21]. For gases, W can be surprisingly
sensitive to trace amounts of various contaminants [21]. Furthermore,
ionization yields in practical cases may be greatly influence by such
factors as subsequent recombination [22].

d.E 2Z 1 1 2mpc p p T„ppp,2 2 2

13.6 MeV
So = z gz/Xo 1+ 0.088 ln(z/Xo)

Qcp
(22.8)

p 2
TIIppt. r1+

2 TM RX
(22.5)

whcrr. T»&„,——MIN(T„»t,T~»). This form agrees with thc equation
given in previous editions of this Review [17] for T „t« Tca» but
smoothly joins thc normal Bethe-Bloch function (Eq. (22.1)) for

Tcut & Tma, x

22.4. Energetic knock-on electrons (h rays)
Thc distribution of secondary electrons with kinetic cncrgics T )) I

is give. n by [1]

Herc p, Pc, and z arc thc momentum, velocity, and charge number
of' thc incident particle, and z/Xo is thc thictcnvss of the scattering
rncdium in radiation lengths (defined bc.low). This valuv. of so is from
a fit, to Molicrc distribution [28] for singly charged partic:lcs with /l = 1

for all Z, and is accurate to 11% or bcttcr for 10 & z/Xo & 100.

Eq. (22.8) dcscribcs scattering from a, single material, while, thc
usual problem involves thc multiple scattering of a particle traversing
many differen layers and mixtures. Since it is from a fit to a Moli(;rc
distribution, it is incorrect to add thc individual Oo contributions in

quadrature; thc result is systematically too small. It is much niorc
accurate to apply Eq. (22.8) once, after finding z and Xo for thv.

combined scatterer.

d2N 1 2Z 1 F(T)
dT(gT, 2 g p2

(22.0)

Lynch and Dahl have extended this phcnomcnological approach,
fitting Gaussian distributions to a variable fraction of thc Moline;rc

distribution for arbitrary scat, tcrc.rs [25], and avhicvc accuracies of 2%
or better.

for I « T & T~», whcrc Tce» is given by Eq. (22,2). Thc. fac:tor F is

spin-dependent„, but is about unity for T (( TFIIBx. For spin-0 particles
F(T) = (1 —P T/Tcn»); forms for spina 1/2 and 1 are also given

by Rossi [1]. When Eq. (22.0) is intcgratcd from T„„tto T~», one
obtains the diffvrcncc bctwccn Eq. (22.1) and Eq. (22.5). For inc. ident,

electrons, thc indistinguishability of projectile and target means that
thc range of T extends only to half thc kinetic energy of thc incident
particle. Additional formulav. arc given in Rcf. 18. Equation (22.0) is
inaccurate for T close to I: for 2I & T & 10I, thc. 1/T dcpc. ndcncc
above bccomcs approximately T " with 8 & tl & 5 [19].

~plane
&plane

lane

ne

Figure 22.5: Quantitics used to describe mliltiplc Coulomb
scattering. Thc particle is incident in thc plane of thc figurc.
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whcrc nl& and Xj arc the fraction by weight and the radiation length
for t, he jth elcmrnt.

An electron loses energy by hrcmsstrahlung at a rate nearly
proportional to its energy, while thc ionization loss rate varies only
logarithmically with the electron cncrgy. Thc critical energy E~
is somct, imes dcfincd as thc cncrgy at which thc two loss rates
arc equal [30]. Berger and Seltzer [30] also give thc approximation
E„=(800 MeV)/(Z + 1.2). This formula has bocn widely quoted,
and has been give. n in previous editions of this Revioiv [17]. Among
alternate definitions is that of Rossi [1], who dcfincs thc critical
cncrgy as thc energy at which thc ionization loss pcr radiation length
is equal to thc electron cncrgy. Equivalently, it is thc same as thc
first definition with the approximation dE/dx b«~, —E/Xp. These
definitions arc illustrated in thc case of copper in Fig. 22.6 [31].

Thc accuracy of approximate forms for E~ has bccn limited hy thc
failure to distinguish between gases and solid or liquids, whcrc thcrc
is a substantial differenc in ionization at thc relevant cncrgy bccausc
of thc density effec. Wc distinguish these two cases in Fig. 22.7. Fits
were also made with functions of thc form a/(Z + b)~, but, cr was

essentially unity.

Thc transvcrsc dcvclopmcnt of clcctromagnctic showers in diffcrcnt
materials scales fairly nccurntcly with thc Molie7. e rac7ius RM, given
by [32,33]

RM = Xp E,/F, , (22.20)

'll)j Efj
RM E, + Xq

(22.21)

For very high-cncrgy photons, thc total e e pnir-production cross
sect, ion is approximately

o =
p (A/XpArA), (22.22)

where A is thc atomic weight of thc material and Ng is Avogadro's
number. Equation Eq. (22.22) is accurate to within a, fcw pcrccnt,
down to cncrgics as low as 1 GcV. Thc cross section decrcascs at
lower cncrgics, as shown in Fig. 23.4 of t, his Review. As t, hc rncrgy
dccrenses, n, number of other proccsscs become important, as is shown
in Fig. 23.3 of this Review).

22.8. Electromagnetic cascades
When a high-cncrgy clcctron or photon is incident, on a t, hick

absorber, it initiates an clcct, romngnctic eascndc ns pair production
nnd brcmsstrahlung gcncratc morc electrons and photons with lower

energy. Thc longitudinal dcvclopmcnt, is govcrncd by thc high-cncrgy
part of thc cnscadc, and thcrcforc scales as thc radiation length in thc
material. Electron cncrgics eventually fall below thc critical cncrgy,
nnd then dissipate their energy by ioni7ation and excitation rather
than hy thv, gcncration of morc shower particles. In describing shower
behavior, it is thcrcforc convenient to introduce thc scale vnrinblcs

t =.r/Xp

p = E/E, , (22.23)

so thnt, distnncc is mcnsurcd in units of radiation length and energy in
units of critical energy.

Longitudinal profiles for an EGS4 [8] simulation of a, 30 GeV
clcctron-induced cascade in iron arc shown in Fig. 22.8. Thc number
of particles crossing a, plane. (very close: to Rossi's II function [1])
is sensitive to thc cutoff cncrgy, hrrc chosen as n, total cncrgy of
1.5 McV for both vlcctrons nnd photons. Thc clcetron number falls off
morc quickly t, hnn vncrgy drposition. This is hccausc, wit, h increasing
depth, a lnrgcr fraction of' thc cascade cncrgy is cnrricd hy photons.

whcrc E, = 21 McV (scc Table 22.1), and thc Rossi definition of Er is
used.

In a matcrinl containing a weight fraction ill& of thc clement with
critical cncrgy E,.

&
and radiation length Xj, thc Molirrc radius is

given hy
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Figure 22.8: An EGS4 simulation of a 30 GcV clcctron-
induccd cascade in iron. Thc histogram shows fractional energy
deposition pcr radiation length, nnd thc curve is a gamma-
function fit to the distribution. Circles indicate thc number of
clcctrons with total cncrgy greater than 1.5 McV crossing planes
at Xp/2 intcrvaLs (scale. on right) and tho squares the numbc:r of
photons with E & 1.5 MoV crossing the planes (scaled down to
have. same area as thc clcctron distribution).

Exactly what a ealorimctcr measures dcpcnds on thc device, but it
is not likely to bc exactly any of thc profile shown. In gas counters
it may bc very close to thc electron number, but in glass Cerenkov
dctcctors and other dcviccs with "thick" sensitive regions it is closer
to thc cncrgy deposition (total track length). In such dctc.ctors the
signal is proportional to thc "dctcctablc" track length Td, which is
in general less than thc total track length T. Practical dcviccs arc
scnsitivc to electrons with cncrgy above some detection threshold E~,
and Td = T F(Ed/E, ). An analytic form for F(Ed/E„) obtained by
Rossi [1] is given by F'abjan [34]; scc also Amaldi [35].

Thc mean longitudinal profile of the energy deposition in nn

electromagnet, ic cnscadv. is rcnsonnbly well dcscrihcd by n, gamma,
distribution [30]:

(bt) e—1 bt—
(22.24)

Thc. maximnm t~a„occurs at, (a —1)/ii. Wr. have made fits to shower
profilcs in clcmcnts ranging from carbon to uranium, at, vncrgics from
1 GcV to 100 GcV. The energy deposition profiles nrv. well dcscrihvd
by Eq. (22.24) wit, h

t~„„=(a —I)/6 = 1.0 x (lnij + C&), (22.25)

whcrc Cf = —0.5 for clcetron-induced cnscndcs and C&
——+0.5 for

photon-induced cascades. To usc. Eq. (22.24), onc. finds (a, —I)/6
from Eq. (22.25) and Eq. (22.23), thon fincis a cithcr by assuming
6 = 0.5 or by finding a morc accurate value from Fig. 22.9. Thc results
arc very similar for thc electron number profiles, hut there is somv.

dcpcndcnec on t, hc atomic number of thc medium. A similar form for
thc rlcctron number maximum was obtained by Rossi in thc context,
of his "Approximation B," [1] (sc.c. Fabjan's rc.view in Rcf. 34), but,
with C, = —1.0 and C& ———0.5 wc regard this as supcrscdcd by t, hc
EGS4 result.

Thc: "shower length" X, = Xp/6 is less convrnirntly paramrtrizrd,
since 6 dcpcnds upon both Z and incident energy, as shown in

Fig. 22.9, As a corollary of this Z dcpcndcncc, the number of clvctrons
crossing a plane near shower maximum is underestimated using Rossi's
approximat, ion for carbon and seriously ovcrcst, imat, cd for uranium.
Esscnt, ially thc same 6 values nrc obtained for incident electrons and
photons. For many purposes it is sufhcient to take 6 —0.5.

Thc gamma, distribution is very flat near the origin, while thv.

F~GS4 cascade (or a rc.al cascade) increases morc rapidly. As a result,

Eq. (22.24) fails badly for about thc first two radiation lc.ngths; it, was
ncccssary to cxeludc this region in making fits.
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Figure 22.9: Fitt, cd values of thc scale factor 6 for energy
deposition profilcs obtained with EGS4 for a variety of elements
for incident, clcctrons with 1 & Eo & 100 GcV. Values obtained
f'or incident, photons arc csscntially thc same.
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Figure 22.10: Contributions to thc fractional cncrgy loss by
muons in iron duc to e+e pair production, brcmsstrahlung, and
photonuclcar interactions, as obtained from Lohmann et nl. [39].

Because fluctuations arc important, Eq. (22.24) should bc used only
in applications whcrc average behavior is adequate. Grindhammcr
et a, /. have developed fast simulation algorithms in which thc variance
and correlation of n and 6 arc. obtained by fitting Eq. (22.24) to
individually simulated cascades, then generating profiles for cascades
using n and 6 chosen from the correlated distributions [37].

Mcasurcmcnts of the lateral distribution in clcctromagnctic
cascades arc shown in Rcfs. 32 and 33. On thc average, only 10'Fo

of thc cncrgy lies outside thc cylinder with radius RM. About
99'Po is contained inside of 3.5BM, but at this radius and beyond
composition c8'ccts become import, ant and thc scaling with RM fails.
Thc distributions arc charactcrizrd by a narrow core, and broaden as
thc shower dcvclops. They arc often represented as thc sum of two
Gaussians, and Grindhsrnmcr [37] dcscribcs them with thc function

2r R2
f(") = („2+J72)» (22.26)

dE/dx = n(E) + 6(E)E— (22.27)

Here n(E) is thr. ionization cncrgy loss given by Eq. (22.1), and
6(E) is thc. sum of e e pair production, brcmsstrahlung, and
photonuclcar contributions. To thc approximation that, thcsc slowly-
varying functions arc constant, thc mean range xo of a muon with
init, ial cncrgy Eo is given by

xe = (1/6)»(1+- Ee/E, ), (22.28)

where E&, ——n/6 Figurc 22.10 shows cont. ributions to 6(E) for iron.
Since n(E) = 0.002 GcV g

r cm2, 6(E)E dominates thc. c.ncrgy loss

whcrc R is a phcnomcnological func:tion of /Xxaned ln F~

22.9. Muon energy loss at high energy
At, sufFicicntly high energies, radiat, ivc proccsscs become morc

important than ionization for all charged particles. For muons and
pions in materials such as iron, this "critical cncrgy" occurs at
several hundred GcV. Radiativc effect dominate thc cncrgy loss of
energetic muons found in cosmic rays or produced at thc ncwcst
accclcrators. Thcsc proccsscs arc characterized by small cross sections,
hard spectra, large energy fluctuations, and thc associated gcncration
of c.lectrnmagnctic and (in thc case nf photonuclcar interactions)
hadronic showers [40—47]. As a conscqucncc, at thcsc encrgics thc
treatment, of energy loss as a uniform and continuous process is for
many purposes inadequate.

It is convrnicnt to write thc average rate of muon cncrgy loss
as [38]
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Figure 22.11: Thc avcragc cncrgy loss of a muon in hydrogen,
iron, and uranium as a, function of muon cncrgy. Cont, ributions
to dE/dx in iron from ionization and thc proccsscs shown in
Fig, 22. 10 arc also shown.

above scvcral hundred GcV, whcrc 6(E) is nearly constant. Thc rate
of energy loss for muons in hydrogen, uranium, and iron is shown in
Fig. 22. 11 [391.

Thc "muon critical cncrgy" E&, can bc dcfincd morc exactly as thc
cncrgy at which radiativc and ionization losses arc equal, and can bc
found by solving E&e —n(E»„)/6(E&„).This dcfinition corresponds
to thc solid-linc intcrscction in Fig. 22.6, and is differen from thc
Rossi definition wc used for clcct, rons. It scrvcs thc same funct, ion:
below E&f- ionization losses dominate, and above E&„dominate. Thc
dcpcndcncc of E&, on at, omic number Z is shown in Fig. 22.12.

Thc radiativc cross sections arc cxprcsscd as functions of thc
fractional cncrgy loss v. Thc brcmsstrahhsng cross sect, ion goes
roughly as 1/v over most of thc range, while for thc pair production
case the distribution goes as v to v (scc Rcf. 50). "Hard" losses
arc thcrcforc morc probablc in brcmsstrahlung, and in fact cncrgy
losses duc to pair production may very nearly bc trcatcd as continuous.
Thc calculate. d momentum distribution of an incident, 1 TcV/c muon
beam after it crosses 3 m of iron is shown in Fig. 22.13. Thc most;
probable loss is 9 GcV, or 3.8 McV g em . Thc full width at half
maximum is 7 GcV/c, or 0.7/o. Thc radiativc. tail is almost, entirely
duc to brcmsstrahlung; this includes most, of thc 10' that, lost, morr.
than 2.8% of their cncrgy. Most of thc 3.3'Ã, that, lost morr. than 10'Ff) of
their incident cncrgy cxpcricnccd photonuclcar interactions, which arc
concentrated in rare, relatively hard collisions. Thc latter can cxccrd
nominal dctcctor resolution [51], ncccssitating thc reconstruction
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commonly used gases are given as a function of pressure and
wavelength in Ref. 55. For values at atmospheric prcssure, scc
Table 6.1. Data for other commonly used materials are given in
Ref. 56.

Thc number of photons produced per unit path length of a particle
with charge ze and pcr unit energy interval of thc photons is

d2N nz2 o 2z2
Sin tie = 1—

dEd h. . ', , d jd))

200—
+ Solids
o Gases

—370 sin S,(E) eV cm

or, equivalently,

(z = 1), (22.30)
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Figure 22.12: Muon critical cncrgy for the chemical elements,
dc6ncd as thc energy at which radiativc and. ionization cncrgy
loss rates arc equal. Thc equality comes at a higher cncrgy for
gases than for solids or liquids with thc same atomic number
bccausc of ja smaller density effec reduction of thc ionization
losses. Thc fits shown in thc figurc cxcludc hydrogen. Alkali
metals fall 3—4'Fo above thc Bttcd function for alkali metals, while
most, other solids arc within 2'Po of thc function. Among thc
gases thc worst fit is for nron (1.4'Fj) high). (Courtesy of N. V.
Mokhov, using thc MARS code system [48].)

2~~Z2

d dA d~ j)~ ~jd))
1— (22.31)

Thc index of refraction is a, function of photon energy E, as is thc
sensitivity of t,hc transducer used to dctcct thc light. For practical usc,
Eq. (22.30) must bc multiplied by thc thr. transdncer rcsponsr. function
and integrated over thc region for which )3n()v') ) 1. Further dr tails
arc given in thc discussion of Ccrcnkov dctcctors in thc Detectors
section (Scc. 24 of this Recie)j)).

Transition Radiation. Thc cncrgy radiated when a particle with
charge ze crosses thc boundary bctwccn vacuum and a medium with
plasma frequency ~& is

of lost cncrgy. Electromagnetic and hadronic cascades in dctcctor
materials can obscure muon tracks in detector planes and reduce
t, racking efficienc [52].

1200

I = rzz phd)&/3,

whr. rc

Ital —— 4' N, r3 m, c

47rN~a~~ 2 x 13.6 cV

(22.32)

(22.33)
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1 TeV/c muon beam
incident on 3 m iron Herc N~ is thc clcctron density in thc medium, r, is thc classical

clcctron radius, and a~. is thc Bohr radius. For styrene and similar
materials, J4vrNec~~ 0.8, so that l)wt) 20 cV. Thr. typical vmission
angle is 1/p.

Thc radiation spectrum is logarithmically divergent, at low energies
and dvcrrases rapidly for hudjylratd ) 1. About, half thc cncrgy is

emitted in thc range 0.1 & ha/phut) & 1. For a parti':Ic with p = 10',
thc radiated photons arc in thc soft, x-ray range 2 to 20 cV. The p
dcpcndcncc of thc cmittcd cncrgy thus comes from thc hardening of
the spectrum rather than from an incrcascd quantum yield. For a
typic:al radiated photori energy of phw&/4, thv. qilantunl yield is
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Figure 22.13: Thc momentum distribution of 1 TcV/r. muons
after traversing 3 m of iron, as obt, aincd with Van Ginnikcn's
TRAMU mnon transport, code [50].

= —o.z = 0.5' x z3 (22.34)

Morr. precisely, thc number of photons with cncrgy 1fw & 1/~o is

givr. n by [57]

)9, = arccos(l/n)3)

v 2(1 —1/nlrb) fnr small S„e.jl. in gases. (22.29)

Thc thrrshold velocity /it is 1/n„and pt = 1/(1 —Pt ) . Thercforc,

)3tpt = 1/(26 + b2) /2, where 1) = n —1. Value. s of 5 for various

22.10. Cerenkov and transition radiation [4,53,54]

A charged particle radiates if its velocity is grcatcr than thc
local phase velocity of light (Ccrcnkov radiation) or if it, crosses
suddenly from onc medium to another with differen optical propcrtics
(transitinn radiatinn). Neither process is important, for rncrgy lnss,
but, both arc used in high-energy physics dctcctors.

Ccrcnkov Radiation. Thc half-angle Oc of thc Cerenkov conc for a
part, iclc with velocity Pc in a medium wit, h index of refract, ion n is

0,'z +1&&p
2

Nq(1)~ ) hujn) = — ln " —1
1)Cd() 12

(22.35)

within corrrctions of order (hen/phwtd) . Thc niimbcr of photons
above a, fixe:d v.nr. rgy h~c && phd)& thus grows as (ln p) i but, thr. number
abovv. a, fixr. d frae:tion of pl)ar) (as in thc example. abovr. ) is r:onstant, .

For rxamplr. , for hw ) pl)cu&/10, N&
——2.519 rzz2/x = 0.59K)) x z~.

Thc yield can bc incrcascd by using a stack of plastic foils with
gaps bctwccn. Howcvcr, intcrfcrcncc can bc important, , and thc soft
x rays arc readily absorbed in thc foils. Thr. first probk. m can bc
ovcrcomc by choosing thickncsscs and spacings large compared to thc
"formation length" D = pcjcu&, which in. practical situat, iona is t;cns
of pm. Other practical problcrns arc discussed in Scc. 24.
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23. PHOTON AND ELECTRON ATTENUATION
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Figure 23.1: The photon mass attenuation length A = 1/(p/p) (also known as mfp, mc. an frcc path) for various absorhers as a function nf
photon cncrgy, where p is thc mass attenuation cocfBcicnt. For a homogcncous medium of density p, thc intensity I remaining a tcr travcrsa o
thickness t is given by t c cxprcssion = p exp& —p/b h. .. I:I q t / Ag. The accuracy is a fcw percent„ Interpolation to other Z should bc done in thc cross
section o. = A/AXg cm

&
atom whcrc A is the atomic weight of thc absorbc. r material in grams and NJJ, is thc Avogadro number. For a chemical

bibcorn ound nr mixture usc (I/A)„tf = g ur, (l/A), , accurate to a fcw pcrccnt„whcrc ur, is thc. proportion by weight nf thc i " constituent. Thc
proccsscs rcsponsiblc or attcnua, ion arc given in ig.. 'bi f . . . t' . ' ' F' . 23.4. Not all of thcsc proccsscs ncccssarily result, in dctcctablc attenuation. For example,
cohcrcnt Raylcigh scattering o8' an atom may occur at such low momentum transfer that thc change in cncrgy and mome. ntum of thc photon
may not bc significant, .

(a) Iinw-energy region.

(h) Thc hoton mass attenuation length, high-cncrgy range (note that ordinate is linear scale). Thc attenuation length is constant beyond thc.
range shown for at least two decades in cncrgy.

From Hubhell Gimm and Avcrbcr, J. Phys. Chcrn. Rcf. Data, 9, 1023 (80). Sec also J.H. Hubhc. ll, Int. J. of Applied Rad. and Isotopes 33,
1209 (82). Data, courtesy, I.H. Hubbcll.
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essentially all other interactions result, in Compton
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Contributions to Photon Cross Section in Carbon and Lead
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Figure 23.3: Photon total cross sections as a function of cncrgy in carbon and lead, showing thc contributions of different processes.

Op e

~coherent

+incoherent

Atomic photo-cffcct (olcctron ejection, photon absorption)

Cohcrcnt scattering (Raylcigh scattering atom neither ionized nor excited)

Incoherent scattering (Compton scattering off an electron)

Pair production, nuclear field

ve = Pair production, clcctron field

c„„c= Photonuclcar absorption (nuclear absorption, usually followed by emission of a neutron or other particle)

From Hubbcll, Gimm, and avcrb@, ,J. Phys. Chem. Rcf. Data 9, 1028 (80). Thc photon total cross sc.ction is assumed approximately Hat for
at least two dccadcs beyond thc energy range shown. Figures courtesy, J.H. Hubbcll.

Fractional Energy Loss for Electrons and Positrons in Lead
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Figure 23.4: Fractional cncrgy loss pcr radiation
length in lead as a function of electron or positron
cncrgy. Elc.ctron (positron) scattc. ring is considc. rcd
as ionization when thc energy loss pcr collision is
below 0.255 MoV, and as Moiler (Bhabha) scattering
when it, is above. Adapted from Fig. 3.2 from Mcssel
and Crawford, Elec tron- Phot on Shower Distri buti on
Function Tables for Leal, Copper, and Air Absorbers,
Pcrgamon Press, 1970. Mcsscl and Crawford usc
Xp(Pb) = 5.82 g/cm, but wc have modified thc
Figures to reflect thc value given in thc Table of Atomic
and Nuclc. ar Propert, ics of Materials, namely Xp(Pb)
= 0.4 g/cm . Thc dcvclopment, of clcctron-photon
cascades is approximately indcpcndcnt of absorber
when thc results arc expressed in terms of inverse
radiation longths (i e. , scale on Ic.ft of plot. .).
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24. PARTICLE DETECTORS
Contributed by D.G. Coyne, R.W. Fast, K. Johnson, R.D. Kephart,
B. Mansoulie, H.F.W. Sadrozinski, H. G. Spieler, and C.L. Woody;
revised 1995

In this soction we give various parameters for common detector
components. Thc quoted numbers are usually based on typical devices,
and should bo regarded only as rough approximations for new designs.
A more detailed discussion of detectors can be found in Ref. 1.
In Table 24.1 are given typical spatial and temporal resolutions of
common detoctors.

Table 24.1: Typical detector characteristics.

Detector Type Accuracy (rrns)
Resolution

Trmc
Dead
TI me

Bubble chamber
Strcamcr chamber
Proportional chambor
Drift chamber
Scint, illa, tor
Emulsion

Silicon strip

Silicon pixel

10 to 150 pm
300 pm

& 300 pm '-

50 to 300 pm

1 pm
pitch '
3 to 7
2 pmg

1 ms
2 /is

50 ns
2 ns

150 ps

50 ms~

100 ms
200 ns

100 ns
10 ns

Multiple pulsing time.

300 pm is for 1 mm pitch.

Delay linc cathode readout can give +150 p, m parallel to anode
wire.

d For two chambers.

Thc highest resolution ("7") is obtained for small-pitch detectors

( & 25 pm) with pulse-height-weighted center finding.

f Limited at present by properties of thc readout clcctronics. (Time
resolution of ( 15 ns is planned for thc SDC silicon tracker. )

Analog readout of 34 pm pitch, monolithic pixel dote:ctors.

dM, dE)dr.
dx I + ks dEjdT ' (24.1)

whcrc M is thc lumincsccncc, Mo is thc lumincsccncc at low

spcciflc ionization dc.nsity, ancl k~ is Birks' constant, which must bc
dctcrmincd for each scintillat, or by mcasurcrncnt.

24.1. Organic scintillators
Organic scintillators arc broadly classed into three typos, crystalline,

liquid, and plastic, all of which utilize the ionization produced by
charged particles (scc thc section on "Passage of particles through
matter" (Sec. 22.2) of this Re»ieni) to generate optical photons, usually
in thc blue to grccn wavelength regions (2]. Plastic scintillators arc
by fa,r thc most widely used and wc address them primarily; howcvcr,
most of thc discussion will also have validity for liquid scint, illators
with obvious cavcats. Crystal organic scintillators are practically
unused in high-cncrgy physics.

Dcnsitics range from 1.03 to 1.20 g cm, Typical phot, on yields
arc about, 1 photon per 100 cV of energy deposit (3]. A onc-cm-thick
scintillator travcrscd by a minimum-ionizing particle will thcrcforo
yield —2 x 10 photons. Thc rc.suiting photoclcctron signal will

dcpcnd on thc collection and transport cKcicncy of thc optical
package and thc quantum c%cicncy of thc photodctcctor.

Plastic scintillators do not respond linearly to thc ionization
density. Very dcnsc ionization columns emit less light, than expected
on thc basis of dF jdrfor minimum-ioniz, ing particles. A widely
used semi-empirical model by Birks posits that recombination and
quenching cffccts bctwccn thc cxcitcd molcculcs rcducc thc light,

yield [9]. Thcsc effects are morc pronounced thc greater the density of
thc cxcit, cd molcculcs. Birks' formula is

Decay times are in the ns range; risetimes are much faster. The
combination of high light yield and fast response time allows the
possibility of sub-ns timing resolution [4]. The fraction of light emitted
during the decay "tail" can depend on the exciting particle. This
allows pulse shape discrimination as a technique to carry out particle
identification. Because of the hydrogen content (carbon to hydrogen
ratio = 1) plastic scintillator is sensitive to proton recoils from
neutrons. Ease of fabrication into desired shapes and low cost has
made plastic scintillators a common detector component. Recently,
plastic scintillators in the form of scintillating flbcrs have found
widespread use in tracking and calorimetry [5].

24.1.1. Seintil lat ion m, eehanism:
Scintillation: A charged particle traversing matter lcavcs behind it a
wake of excited molecules. Certain types of molcculcs, howcvcr, will
relcasc a small fraction ( = 3%) of this energy as optical photons. This
process, scintillation, is especially marked in those organic substances
which contain aromatic rings, such as polystyrene, polyvinyltoluonc,
and napthalcnc. Liquids which scintillate include toluene and xylene.

Fluorcsccncc: In fluorcsccncc, thc initial excitation takes place via
thc absorption of a photon, and de-excitation by emission of a
longer wavelength photon. Fluors arc usod as "waveshiftcrs" to shift
scintillation light to a moro convenient wavelength. Occurring in
complex molcculcs, thc absorption and emission are spread out over a
wide band of photon energies, and. have some overlap, that is, thcrc
is some fraction of thc emitted light, which can bc rc-absorbed [6].
This "self-absorption" is undesirable for detector applications because
it causes a shortened attenuation length. The wavclcngth diffcrcncc
betwccn thc major absorption and omission peaks is called thc Stokes'
shift. It is usually thc case that thc grcatcr thc Stokes' shift, thc
smaller thc self absorption thus, a large Stokes' shift is a dcsirablc
property for a, fluor.

Ionization excitation of base plastic
base plastic

10 m Forster energy transfer

primary fluor
(-l%%uo wt/wt )

emit UV, -340 nm
10-4m

absorb UV photon secondary fluor
(-0.05%%uo wt/wt )

emit blue, -400 nm

absorb blue photon h t d t tphotodetector
Figure 24.1: Cartoon of scintillation "ladder" depicting thc
operating mechanism of plastic scintillator. Approximate fluor
concentrations and onc.rgy transfer distances for thc separate
sub-proccsscs arc shown.

Scintillators: Thc plastic scintillators used in high-cncrgy physics arc
binary or ternary solutions of sclcctcd fluors in a plastic base. cont, aining
aromatic rings. (Sec the appendix in Rcf. 7 for s, cornprchcnsivc list,

of plastic scintillator cornponcnts. ) Virtually all plastic scintillators
contain as a, base cit, hc:r polyvinyltolucnc, polystyrcnc, or acrylic,
whcrcby polyvinyltolucnc-based scintillator can bc up to 50% brighter
than thc others. Acrylic is non-aromatic and has thcrcforc: a very
low scintillation efficiency. It bccomcs an acceptable scintillator when
napthalcno, a highly aromatic compound, is dissolved into thc acrylic
at 5% to 20% weight fraction. Thus, in "acrylic" scintillator thc
active component is napthalcnc. Thc fluors must satisfy addit, ional
conditions bcsidcs being fluoresc. nt. They must bc su%cicntly st, able,
soluble, chemically inert, fast, radiation tolerant„and efficien.

Thc plastic hase is the ionization-scnsitivc (i e, thc scintillator).
portion of thc plastic: scintillator (scc Fig. 24.1). In thc ahsence of
fluors thc base would emit UV photons with short attenuation length
(scvcral rnrn). Longer attenuation lengths arc obtained by dissolving
a "primary" fiuor in high concentration (1% by weight, ) into thc
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base, which is selected to efhciently reradiate absorbed energy at
wavelengths where the base is more transparent.

The primary fluor has a second important function. The decay time
of the scintillator base material can be quite long —in pure polystyrene
it is 16 ns, for example. The addition of the primary fluor in high
concentration can shorten the decay time by an order of magnitude
and increase the total light yield. At the concentrations used (170 and
greater), the average distance between a fluor molecule and an excited
base unit is around 100 A, much less than a wavelength of light. At
these distances the predominant mode of energy transfer from base to
fluor is not the radiation of a photon, but a resonant dipole-dipole
interaction, first described by Foerster, which strongly couples the
base and fluor [g]. The strong coupling sharply increases the speed
and the light yield of thc plastic scintillators.

Unfortunately, a fluor which fulfills other requirements is usually
not completely adequate with respect to emission wavelength or
attenuation length, so it is necessary to add yet another wavcshifter
(thc "secondary" fluor), st fractional percent levels, and ocassionally
a third (not shown in Fig. 24.1).

External wavclcngth shifters: Light emitted from a plastic scintillator
may bc absorbed in s, (nonscintillating) base doped with a waveshifting
fluor. Such wavelength shifters are widely used to aid light collection
in complex gcometrics. The wavelength shifter must bc insensitive to
ionizing radiation and Cerenkov light. A typical wavelength shifter
uses an acrylic hase (without napthalcne!) because of its good optical
qualities, a single fluor to shift thc light emerging from thc plastic
scintillator to thc blue-green, and contains ultra-violet absorbing
additives to deaden rcsponsc to Cerenkov light.

24.1.2. Caveats and cautions: Plastic scintillators are reliable,
robust, and convenient, . However, they possess quirks to which the
experimenter must be alert.

Aging and Handling: Plastic scintillators are subject to aging which
diminishes thc. light yield. Exposure to solve. nt vapors, high tempera-
tures, mechanical flexin, irradiation, or rough handling will aggravate
thc process. A particularly fragile region is thc surface which can
"craze" develop microcracks which rapidly destroy the capability
of plastic scintillators to transmit light by total internal reflc. ction.
Crazing is particularly likely whcrc oils, solvents, or fingerprints have
contacted thc surface.

Att, cnuation length: Thc Stokes' shift is not thc only factor deter-
mining attenuation length. Others arc thc concc.ntration of fluors
(thc higher thc concentration of a fluor, thc greater will be its sclf-
absorption); thc optical clarity and uniformity of the bulk material;
thc quality of thc surface; and absorption by additives, such as
stabilizers, which may bc prcscnt.

Afterglow: Plastic scintillators have a long-lived lumincsccncc which
does not follow a simple exponential decay. Intensities at thc 10
lcvr. l of thc initial fluorcscencc can persist for hundreds of ns [10].

Atmospheric quenching: Plastic scintillators will dccrcase their light
yield with increasing partial pressure of oxygen. This can be a 10%
effec in an artificial atmosphcrc [11]. It is not excluded that other
gasses may have similar quenching c:ffccts.

Magnet, ic ficld: Thc light yield of plastic scintillators may bc changed
by a, magnetic fiel. Thc effec is vc:ry nonlinear and apparently not
all types of plastic scint, illators arc so affcctcd. Incrc. ascs of = 3% at
0.45 T have been reported [12]. Data, arc sketchy and mechanisms src
not understood.

Radiation damage: Irradiation of plastic scintillators crcatcs color
cc.ntc. rs which absorb light, morc strongly in thc UV and blue than
at, longer wavelengths. This poorly understood effc.ct appears as
a reduction both of light yield and attenuation length. Radiation
damage dcpcnds not only on thc. intcgratcd. dose, but on thc dose rate,
atmosphcrc, and tcmpc. raturc, before, during and after irradiation, as
well as thc materials propcrtics of thc base such as glass transition
tcmpc. raturc, polymer chain length, etc. Annealing also occurs,

Table 24.2: Properties of several inorganic crystal scintillators.

NaI(TI) BGO BaF2 CsI(T1) CsI(pure) PbWO4 CeFs

Density (g cm ):
3.67 7.13 4.89 4.53 8.28 6.16

Radiation length (cm):
2.59 1.12 2.05 1.85 1.85 0.89 1.68

Moliere radius (cm):
4.5 2, 4 3.4 3.8 3.8 2.2 2.6

dE/dx (MeV/cm) (per mip):
4.8 9.2 6.6 5,6 13.0 7.9

Nucl. int. length (cm):
41.4 22.0 29.9 22.4 25.9

Decay time (ns):
250 300 0.7f

620'
1000 10, 36f

1000'
5—15 10-30

Peak emission A (nm):
410 480 220f

310'
305f

480'
440-500 310—340-

Refractive index:
1.85 2.20 1.56 1.80 1.80 2.16 1 ~ 68

Relative light output:
1.00 0.15 0.05f

0.20'
0.40 0.10f

0.02'
0.01 0.10

Hygroscopic:
very no slightly somewhat somewhat no no

f = fast component, s = slow component

24.2. Inorganic scintillators
Table 24.2 gives a partial list of commonly-used inorganic

scintillators in high-cncrgy and nuclear physics [14—21]. These
scintillating crystals arc generally used whcrc high density and good
cncrgy resolution arc rcquircd. In a cryst, al which contains nearly
all of thc energy dcpositccI by an incident, part, iclc, thc cncrgy
resolution is dctcrmincd largely, but not, totally, by thc light output.
Thc. table gives t,hc light output, of thc. various materials relative
to NaI, which has an intrinsic light, output of about 40000 phot, ons
pcr McV of cncrgy deposit. The dctcc:tcd signal is usually quoted in
terms of photoclcctrons pcr McV produced by a given photoclctcct, or.
Thc relationship betwccn photons/McV produced and p.c.'s/MeV
detected involves factors for light collection efflciency (typically
10—50Fo, depending on geometry) and the quantum efflciency of
thc detector (~ 15—

20%%uo for photomultiplier tubes and ~ 70Fo for
silicon photodiodcs for visible wavclcngths ). The quantum cfFicicncy
of t, hc. dctc:ct, or is usually highly wavclcngt, h depc. ndcnt, and should
bc. matched to thc particular crystal of interest to give thc highest
quantum yield at the wavclc. ngth corresponding to thc pc.ak of the
scintillation emission. The comparison of thc light output given in
Table 24.2 is for a standard photomultiplier tube with a, bialkali
photocathode. For scintillators which emit in thc UV, a dc.tcctor with
a quartz window should bc usc:d.

accclcratcd by thc diffusion of atmospheric oxygen and clcvatcd
temperatures. Thc. phcnomc. na arc complex, unpredictable, and not
well understood [13]. Since color centers arc less intrusive st longer
wavelengths, thc most reliable method of mitigating radiation damage
is to shift emissions at, cvcry step to thc longest practical wavclc. ngths,
e.g. , utilize fluors with large Stokes' shifts.
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24.3. Cerenkov detectors
Cerenkov detectors utilize one or more of thc properties of Cerenkov

radiation discussed in the Passages of Particles through Matter section
(Scc. 22 of this Review): the existence of a threshold for radiation;

the dcpendencc of the Cerenkov cone half-angle 0, on the velocity
of thc particle; the dependence of thc number of emitted phofons on
the particle's velocity. The presence of the refractive index n in the
relations allows tuning these quantities for a particular expcrimcntal
application (e.g. , using pressurized gas and/or various liquids as
radiators).

Thc number of photoelectrons (p.e. 's) detected in a given device or
channel is

ZN, = L ~ s„„t)(E)sd„t(E)sin 0, (E)dE,
~f. mec

(24.2)

whore I is the path length in tho radiator, ccoll is the c%cicncy
for collocting tho Cerenkov light, edct is thc quantum cHicicncy of
thc transducer (photomultiplier or cquivalcnt), and o /(re mec~) =
370 cm cV . Thc quantitics ec~ll, ed„t, and 0, arc all functions of
thc photon energy E, although in typical dctcctors Or (or, cquivalcntly,
thc index of refraction) is nearly constant, over thc useful range of
photocathode scnsit ivi ty. In this case,

Np „=LNp sin Oc
~ 2 (24.3)

with

A Z

i-t meC 2 ~coll edct, d-E (24.4)

Wc take z = 1, thc usual case in high-cncrgy physics, in the following
dlscuss1on.

Threshold Cerenkov dctcctors make a simple yes/no decision based on
whcthcr thc partirlr. is above/below thc Cerenkov t, hrcshold velocity
/lt = 1/n. Carcfu. l rlrsigns give (e„„~~)& 90%. For a photomultiplier
with a, typical bialkali rathodr. , f sd„tdE = 0.27, so that

Np „ /L = 90 cm (sin tl, ) (i e. , Ne = 90 rm . ) (24.5)

Suppose. for example, that n is chosen so that tho threshold. for species
a, is pt, t, hat is, at this rnomcnturn spccics a, has velocity i3~ = 1/n. A

second, lighter, species b with t, he same momentum has velocity Pg, so
cos 9„=P~/Ps, and

2 2Np, mg mg"- -90 cm
~~~+ m

(24.6)

Differentia Ccrcnkov detectors exploit thc dependence of 0c on P,
rising optical focnsing and/or gcornctrical masking to select particles
having vclocit, ics in a specified region. With careful design, a velocity
resolution of tTi1/i3 = 10 —10 can be obtained [22,24].

Ring-Imaging Cerenkov dctcctors usc all thrcc properties of Cerenkov
radiation in hot h small-aper t urc and 4' gcomctries. They arc
principally used as hypothesis-te. sting rather than ycs/no dcviccs; that,

is, t, ho probability of various identification possibilities is cstablishcd
from oc and Np c for a Particle of known momentum. In most cases

For K/x separation at, p = 1 GcV/r:, Nu „ /L = 16 cm for 7r's and

(by design) 0 for K's.
I"or limited path lengths Np c can bo small, and some minimum

number is rcquircd to trigger cxtcrnal electronics. Thc overall
o%cioncy of tho dcvicc is controlled by Poisson Huctuations, which can
bo especially critical for separation of spccics whcrc onc particle type
is dominant, [22].

A related class of detect ors uses the number of obscrvcd
photoclectrons (or the calibrated pulse height) to discriminate bctwccn
species or to sct, probabilities for each particle spccics [23].

Table 24.3: Momentum range for 3o separation in the SLD
ring-imaging Cerenkov detector.

Particle pair Mom. range for 3 tY separation

e/7r

tr/K
K/p

p & 5 GeV/c
0.23 & p & 20 GeV/e
0.82 & p & 30 GeV/c

24.4. Transition radiation detectors (TRD's)
It is clear from the discussion in thc Passages of Particles Through

Matter sertion (Scc. 22 of this Review) that transit, ion radiation (TR)
only bccomcs useful for particle dctcctors when thc Lorcntz factor
p & 10 . !n practice, TRD's arc used to provide e/x separation whc. n

p & 1 GcV/c. (Thc momentum is usually measured elscwhcrc in thc
detector. ) Since a soft, x ray is radiated with about 1% probability
pcr boundary crossing, practical dctcctors usc radiators with scvcral
hundred interfaces, e.g. foils of lithium or plastic in a gas. Absorption
inside tho radiator and intcrfercncc effect bctwocn interfaces aro
important, [28,29].

A practical dctcrtor is composed of scvcral similar modules, each
consisting of a radiator and an x-ray dctcctor. Thc radiator is made of
foils or ffbcrs of a, low-Z material. (for low absorption) in a low-Z gas
such as helium. Thc x-ray dctcct, or is usually a wire chamber operated
with a xenon-rich mixture in order to obtain a high conversion
e%cicncy. As transition radiation is emitted at small angles, tho
chamber usually dctccts thc sum of the ionization of the particle and
of convcrtcd TR photons. Thc discrimination bctwccn clcctrons and
pions can bc based. on thc charges measured in each sct, or on morc
sophisticated methods using pulse-shape analysis.

Thc major factor in tho pcrformancc of a TRD is its overall
length. Very roughly, thc pion rejection factor for a dctcctor with 90'Y!)

clcctron c%ciency is 10 (L/20 cm), where L is thc overall length of thc
detect, or.

Recent dcvclopmcnt, work has aimed at adapting thc technique
to thc very high particle rate at LHC, by distributing straw-tube

tho optics map the Cerenkov cone onto a circle at thc photodetcctor,
often with distortions which must be understood.

The 4vr devices [25,26] typically have: both liquid (CsFt4, n = 1.276)
and gas (CsFtg, n = 1.0017) radiators, the light from the latter being
focused by mirrors. They achieve 3 a separation of e/ v/ K/p over wide
ranges, as shown in Table 24.3. Great attention to detail, especially
with the minimization of UV-absorbing impurities, is required to gct
(e,„ti)& 50%.

The phototransdurer is typically a TPC/wire-chamber combination
sensitive to single photoelcctrons and having charge division or
pads. This construction permits three-dimensional reconstruction
of photoclcctron origins, which is important for transforming thc
Ccrcnkov cone into a ring. Single photoclectrons arc gcnerat, cd by
doping thc TPC gas (for instance, ethane/methane in some proportion)
with 0.05% TMAE [tetrakis(dime thylamino)cthylenc] [27] leading
to photon absorption lengths along thc Cerenkov cone of 30 mm.
Thc readout wires must bc equipped with spcrial structures (blinds
or wire gates) to prevent photon feedback from avalanches generating
cross-talk photoelcctrons in tho TPC. Drift-gas purity must bc
maintained to assure mean drift lengths of the order of mctcrs without
recombination (i e. , lifetimes of &. 100 ps at typical drift velocities
of & 4 cm/ps). The nct (ed„t)'s reach 30%, with the limitation being
thc TMAE quantum efficiency,

Photon c.nergy cutoffs are sct by the TMAE (E & 5.4 cV), t, he
UV transparency of fused silica glass (E & 7.4 eV), and thc CsFt4
(E & 7.1 cV). With effort, onc gets 50 & Np & 100 for complete rings
using liquid. or gas. This includes losses duc to electrostatic shielding
wires and window/mirror reflections, but not gross losses caused by
total internal reHcction or inadequate covcragc by thc TPC's.

Such numbers allow dctcrmination of ring radii to 0.5% (liquid)
and 2% (gas), leading to the particle species separations quoted
above. Since thc separation cKcicncics may have "holes" as a function
of p, detailed calculations arc noccssary.
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detectors uniformly in the radiator foam, and using very fast
electronics. The resulting detector is used as a tracking device as well
as a TRD [30].

2e (V+ Vb, )
ne

(24.7)

24.5. Silicon photodiodes and particle detectors
Silicon detectors are p-n junction diodes operated at reverse bias.

This forms a sensitive region depleted of mobile charge and sets up
an electric field that sweeps charge liberated by radiation to the
electrodes. The thickness of the depleted region is

1. Bulk damage due to displacement of atoms from their lattice sites.
This leads to increased leakage current, carrier trapping, and
changes in doping concentration. Displacement damage depends
on the nonionizing energy loss, i.e. , particle type and energy. Thc
dose should be speciFied as a fluence of particles of a specific type
and energy.

2. Surface damage due to charge build-up in surface layers, which
leads to increased surface leakage currents. In strip detectors the
inter-strip isolation is affected. The effect of charge build-up are
strongly dependent on thc device structure and on fabrication
details. Since the damage is determined directly by thc absorbed
energy, the dose should bc. specifled in these units (rad or Gray).

where V

Vqt

external bias voltage

"built-in" voltage (= 0.8 V for resistivities typically used
in detectors

doping concentration

clcctron charge

dielectric constant = 11.9 ep —1 pF/crn

resistivity (typically 1—10 kfI cm)

charge carrier mobility

= 1350 rm2 V i s i for electrons (n-type material)

= 450 cm~ V i s i for holes (p-type material)

The increase in leakage current duc to bulk damage is Ai = uP
pcr unit volume, where P is the particle flucncc and a the damage
coeflicient (n = 2 x 10 A/cm for minimum ionizing protons and
pions after long-term annealing; roughly thc same value applies for
1 MeV neutrons). Thc doping concentration in n-type silicon changes
as n = npcxp( —hg) —iIP, where np is the initial donor concentration,
6 —6 x 10 cm determines donor removal, and P = 0.03 cm
describes acceptor creation. This leads to an initial increase in
rcsisitivity until type-inversion changes thc nct doping from n to p.
At this point the resistivity decreases, with a corresponding increase
in dcplction voltage. The safe operating limit of dcplction voltage
ultimately limits thc detector lifetime. Strip dctcctors have remained
functional at flucnccs beyond 10 cm for minimum ionizing
protons. At this damage level, charge loss due to recombination and
trapping also sccms to bccomc significant.

or

W = 0.5 pm x V'p(V+ Vs, ) for n-type material, (24.8)

24.6. Proportional and drift chambers
Proportional chamber wire instability: Thc limit on thc voltage U
for a wire tension T, due to mechanical effect when the clcrtrostatic
repulsion of adjacent wires cxcccds thc restoring force of wire tension,
is given by (SI units) [31]

W = 0.3 pm x Jp(V + Vs, ) for p-type material, (24.9)
V & —V 4rrepT,

EC
(24.11)

where V is in volts and p is in 0 cm.

Thc corresponding capacitance per unit area is

E 1
C = —= 1 [pF/cm]—

W W
(24.10)

whcrc8, I, and C arc thc wire spacing, length, and capacitance pcr
unit length. An approximation to C for chamber half-gap t and wire
diameter d (good for s & t) gives [32]

(24.12)

In strip detectors thc capacitance is dominated by thc strip-to-strip
fringing capacitance of 1—1.5 pF cm of strip length at a strip
pitch of 25—50 p, m.

About, 3.6 cU is rcquircd to crcatc an electron-hole pair. For
minimum-ionizing particles, t,hc most probablc charge deposition in a
300 pm thick silicon dctcctnr is about 4 fC (25000 electrons). Readily
availablc photodiodcs have quantum cfficienccs ) 70%% for wavelengths
bctwccn 600 nm and 1 pm. UV cxtcndcd photodiodcs have useful
cfhcicncy down to 200 nm. In applications in which photodiodcs
dctcct light from scintillators, care must bc taken so that signal from
thc scintillator is larger than that produced by partirlcs going through
thc photodiodc.

Collr. ction t, imc decreases with incrcascd depletion voltage, and can
hc rcduccd further by operating thc detector with "ovcrbias, " i.e. , a
bias voltage cxcccding thc value required to fully deplete thc dcvicc.
Thc collection time is limited by velocity saturation at high fields; at
an avcragc field of 10 V/cm, thc collection times is about 15 ps/pm
for clcctrons and 30 ps/pm for holes. In typical strip detectors of
300 pm thickness, electrons arc collected within about 8 ns, and holes
within about, 25 ns.

Position resolution is limited by transvcrsc difFusion during charge
collect, ion (typically 5 p, m for 300 pm t, hickness) and by knock-on
electrons. Resolutions of 3—4 pm (rms) have bccn obtained in beam
tests. In magnetic fields, thc Lorentz drift, can incrcasc thc spatial
spread appreciably (scc "Hall effect" in semiconductor textbooks).

Radiation damage occurs through two basic mechanisms:

where V is in kU, and T is in grams-weight cquivalcnt.

Proportional and drift chamber potentials:. Thc potential distribu-
tions a,nd fields in a proportional or drift cha, mhcr ca,n usually bc
calculated with good accuracy from thc exact formula for thc potential
around an array of parallel linc charges q (coul/m) along z and located
at y=O, x=0, +s, +2s, . . . ,

(24. 13)

Errors from thc prcscncc of cathodcs, mechanical dcfccts, TPC-type
edge effrcts, etc. , arc usually small and arc beyond thc scope of this
review.

24.Y. Calorimeters
Elcctromaj nctic calorimctcrs: Thc dcvelopmcnt of elcrt, romagnctic
showers is discussed in thc "Passage of Particles Through Matter"
section (Ser. . 22 of this Revieur). Formulae are given for thc
approximate description of avcragc showers, hut since thc physirs
of rlcctromagnetic showers is well understood, dctailcd and reliable
Monte Carlo simulation is possible. EGS4 has cmcrgcd as the
standard [33].

The resolution of sampling calorimeters (hadronir. and electro-
magnetic) is usually dominated by sampling fluctuations, leading tn
fractional resohitinn a/E scaling inversely as thc square root of thr.
incident cncrgy. Homogenous calorimetcrs, such as solid Nal(Tl), mill
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in general not have resolution varying as I/~E At high energies
deviations from 1/~E occur because of noise, pedestal fluctuations,
nonuniformities, calibration errors, and incomplete shower contain-
ment. Such efFects are usually included by adding a constant term to
cr/E, either in quadrature or (incorrectly) directly. In the case of the
hadronic cascades discussed below, noncompensation also contributes
to the constant term.

In Table 24.4 wc give resolution as measured in detectors using
typical EM calorimeter technologies. In almost all cases the installed
calorimeters yield worse resolution than test beam prototypes
for a variety of practical reasons. Where possible actual detector
performance is given. For a fixed number of radiation lengths, the
FWHM in sandwich detectors would be expected to bc proportional
to +t for t (= plate thickness) & 0.2 radiation lengths [34].

Given sufIicient transverse granularity early in the calorimeter,
position resolution of the order of a millimctcr can bc obtained.

Table 24.4: Resolution of typical electromagnetic calorimcters.
F is in GcV.
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Nal(Tl) (Crystal Ball [35]; 20 Xp)

Lead glass (OPAL [36])

Lead-liquid argon (NA31 [37]; 80 cells: 27 Xp, 1.5 rnm Pb
+ 0.6 mm Al + 0.8 mrn G10 + 4 mm LA)

Lead-scintillator sandwich (ARGUS [38], LAPP-LAL [39])

Lead-scintillat, or spaghetti (CERN test, module) [40]

Proportional wire. charnbcr (MAC; 32 cells: 13 Xp,
2.5 rnm typcmctal + 1.6 mm Al) [41]

Resolution

2 7%/E'/. 4
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7.5%/V E

9%/i/E
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23%/V E

Figure 24.2: Required calorimeter thickness for 95%%uo and 99%
hadronic cascade containmcnt in iron, on the basis of data from
two large neutrino detectors and thc parametrixation of Bock..t l [44]. .

a) A skewed signal distribution;

b) A rcsponsc'. ratio for electrons and hadrons (the "e/rc ratio")
which is difFcrcnt from unity and depends upon cncrgy;

c:) A nonlinear response to hadrons (thc response per Gc.V is
proportional to the reciprocal of e/rc);

d) A constant contribution t, o detector resolution, almost, propor-
tional to thc degree of noncompcnsation. Thc. coc%cicnt relating
thc constant term to [1 —e/h[ is 14% according to FLUKA
simulations, and 21% according to pigman's calculations [42].

Hadronic calorimc. ters [42,43]: Thc. length scale appropriate for
hadronic cascades is thc nuclear interaction length, given very roughly
by

Al —35 g cm 2A'/ ~ (24.14)

Longitudinal cncrgy deposition profile arc characterized by a sharp
pc.ak near thc flrst interaction point (from the fairly local deposition
of EM cncrgy resulting from rc 's produced in thc first interaction),
followed by a morc gra, dual dcvclopmcnt with a maximum at

x/Al = trna„- 0.2 ln(E/1 GcV) + 0.7 (24.15)

as measured from thc front of thc detector.

Thc drpth rcquircd for containmcnt of a fixed fraction of thc
cncrgy also incrcascs logarithmically with incident particle cncrgy.
Thc. thickness of iron rcquircd for 95% (99%) containrnc. nt, of cascades
induce. d by single hadrons is shown in Fig. 24.2 [44]. Two of thc. sets
of data arc from largr. neutrino experiments, while thc third is from
a commonly used paramctrixation. Depths as measured in nuclear
interaction lengths presumably scale to other materials. From thc
same data it can bc concluded that thc requirement that 95Po of the
cncrgy in 95% of thc showers bc containc. d requires 40 to 50 cm (2.4 to
3.0 Al) morc material material than for an average 95% containmc. nt, .

Thc transvcrsr. dimensions of hadronic showers also scale as Al,
although most of thr. cncrgy is contained in a narrow coro.

Thr. rncrgy deposit in a hadronic cascade consists of a prompt EM
component duc to 7r prodllction and a slower component mainly duc0

to low-c.'ncrgy hadronic activity. In gcncral, these energy depositions
arc. convcrtcd to clcctrical signals with differen cfflcicncics [45]. The
ratio of tho convorsion cIIrciencics is usually calle.'d the intrinsic e/h
ratio. If e/h = 1.0 the calorimctcr is said to bc compensating. If it
differ from»nity by morc than G%%uo or 10'Fp, detector pc.rformance is

compromisrd brcausc of fluctuations in thc 7f content of thc cascades.0

Problc:ms include:

In most cases e/h is greater than unity, particularly if little
hydrogen is present or if thc gate time is short. This is bccausc much
of the. low-energy hadronic cncrgy is "hidden" in nuclear binding
cncrgy rclcasc, low-energy spallation products, etc, Partial correction
for these losses occurs in- a sampling calorimeter with thick plates,
bccausc a disproportionate fraction of clcctromagnctic cncrgy is
dcpositcd in thc inactive region. For this reason, a, fully scnsitivc
dctcctor such as BGO or glass cannot bc made compensating.

Compensation has bccn demonstrated in calorimctcrs with 2.5 mm
scintillator sheets sandwiched bctwccn 3 mm dcplctcd uranium
plates [47] or 10 mm lead plates [48]; resolutions o/E of 0 34/VE.
and 0 44/~E werc obta.incd for thcsc cases (E in GcV). Thc former
was shown to bc linear to within 2 jI) over thrcc orders of magnitude
in energy, with approximately Gaussian signal distributions.

24.8. Measurement of particle momenta in a uni-
form magnetic field [54]

Thc. trajectory of a particle with momentum p (in GcV/c) and
charge ze in a constant magnetic field B is a helix, with radius
of curvature R and pitch angle A. Thc radius of curvature ancl
momentum componc. nt perpendicular to B arc related by

pcosA = 0.3z BR, (24.16)

(bk)' = (bk„„,,)2+ (hk .,)', (24.17)

where bk = curvature error

bk«, ——rurvaturc error duc to finite mcasurcmcnt resolution

6k~, = rurvaturc error duc to multiple scattering.

whcrc B is in tesla and R is in mctc. rs.

Thc distribution of mcasurcmcnts of thc curvature k = 1/R. is

approximately Gaussian. Thc curvature rrror for a large; number of
uniformly spaced mcasurcmcnts on thc trajectory of a charged particle
in a uniform magnetic field can be approximated by
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If many () 10) uniformly spaced position measurements are made
along a trajectory in a uniform medium,

720
L'2 N+4 ' (24.18)

(0.016)(GcV/c)z L
Lpg cos A Xp

(24.19)

whcrc N = number of points measured along track
L' = thc projected length of the track onto the bending plane

c = mcasurcment error for each point, perpendicular to the
trajectory.

If a vertex constraint is applied at the origin of thc track, the
coc%cicnt under the radical becomes 320.

The contribution due to multiple Coulomb scattering is approxi-
mately

24.9.2. Scaling lazes for thin solenoids: For a detector in which
the calorimetry is outside the aperture of the solenoid, the coil must
be thin in terms of radiation and. absorption lengths. This usually
means that the coil is superconducting and that the vacuum vessel
encasing it is of minimum real thickness and fabricated of a material
with long radiation length. There arc two major contributers to the
thickness of a thin solenoid:

1. The conductor, consisting of the current-carrying superconducting
material (usually Cu/Nb-Ti) and the quench protecting stabilizer
(usually aluminum), is wound on the inside of a structural
support cylinder (usually aluminum also). This package typically
represents about 60% of the total thickness in radiation lengths.
The thickness scales approximately as B2R.

2. Approximately another 25% of the thickness of thc magnet comes
from the outer cylindrical shell of the vacuum vessel. Since this
shell is susceptible to buckling collapse, its thickness is determined
by the diameter, length, and the modulus of thc material of which
it is fabricated. When designing this shell to a typical standard,
the real t,hickness is

where p

L

Xp

momentum (GcV/c)
charge of incident particle in units of e

thc total track length

radiation length of the scattering medium (in units of
length; thc Xp dcfincd clscwhcrc must bc multiplied by
rlensity)

thc kinematic variable v/c.

t = P,D 6[(L/D) —0.45(t/D) ]/2. 6Y (24.24)

t = P„D (L/D)/2 6Y. (24.25)

whcrc t = shell thickness (in), D = shell diameter (in), L = shell
length (in), Y = modulus of elasticity (psi), and P„=design
collapse pressure (= 30 psi). For most large-diameter detector
solenoids, the thickness to wit, hin a fcw percent is given by [58]

Morc accurate approximations for multiple scattering may bc found
in thc section on Passage of Particles Through Matter (Sec. 22
of this Revie&s). Thc contribution to thc curvature error is given
approximately by 6'km, = 8sr~f'„„/L2,where s™f' is de6ncd there.

24.9. Superconducting so1enoids for collider detec-
tors

24.9.1. Basic (approximate) equations: In all cases SI units are
assumed, so that B is in tcsla, E is in joulcs, dimensions are in

meters, and p, p = 47t x 10

24.9.3. Proper ties of collider detector solenoids: Thc physical
dimensions, central ficld, stored energy and thickness in radiation
lengths normal to thc beam linc. of thc supcrconducting solcnoids
associated with thc major collidcrs arc given in Table 24.5.

Table 24.5: Propcrtics of supcrconducting collider detector
sole noids.

Expcrimcnt —Lab Field Bore Dia Length Energy Thickness
(T) (m) (m) (M.I) (X0)

Magnetic ficld: Thc magnetic field at thc rcntcr of a solenoid of
length L and radius B, having N total turns and a current I is

B 0, 0)= p,pNI
V'L2 + 4R2

(24.20)

Stored energy: Thc energy stored in thc magnetic ficld of any magnet
is calculated by integrating B over all space:

CD F-Fcrmilab
Topaz —KEK
Venus —KEK
Clco II—Cornell
Aleph —CERN
Dclphi —CERN
H1—DESY
Zeus —DESY

1,5
1.2
0.75
1.5
1,5
1.2
1.2
1.8

2.86
2.72
3.4
2.9
5.0
5.2
5.2
1.72

5.07
5.4
5.64
3.8
7.0
7.4
5.75
2.85

30
19.5
12
25

130
109
120
10.5

0.86
0.70
0.52
2.5
1.7
4.0
1.2
0.9

1E=
2pp

(24.21)

E = (rr/2po)B R L (24.22)

For a solenoid with an iron flux return in which thc. magnc:tic ficld is( 2T, thc ficld in thc apc:rturc; is approximately uniform and equal to
poNI/L If thc thickness of thc .coil is small, (which is thc case if it is
supcrconduct, ing), then

Thc ratio of stored energy to cold mass (E/M) is a, useful
pcrformancc measure. Onc would like thc cold mass to bc as small
as possible to minimize thc thickness, but temperature risc during
a quench must also bc minirnizcd. Ratios as large as 8 k,l/kg may
bc possible (final tcmpcraturc of 80 K after a fast, quench with
homogenous cncrgy dump), but, somr. contingency is dcsirablc. This
quantity is shown as a function of total stored cncrgy for some major
collide. r dctcctors in Fig. 24.3.

Cost, of a suncrconducting solenoid [55]:

Cost (in M$) = 0.523 [(E/(1 MI)]"' (24.23)

Magnctostatic computer programs: It is too dificult to solve thc
Biot-Savart, equation for a magnetic circuit which includes iron
components and so itcrativc computer programs arc rrscd. Thcsc
include POISSON, TOSCA [56], and ANSYS [57].

24.10. Other observations
dE/dr, resolution in argon: Particle identification by dE/dx is
dc.pcndcnt on thc width of thc distribution. For relativistic incident,
particles with charge e in a multiple-sample Ar gas counter with no
lead [4g],

dE
fl g6 N —0.46 (r )

—0.32 (24 26)
d2: FWHM dX most probablc

where N = number of samples, x = thickness pcr sample (cm), p =
prcssure (atm. ). Most commonly used chamber gases (except Xc) give
approximat, cly thc same resolution.
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Figure 24.3: Ratio of stored energy to cold mass for existing
thin dctcctor solenoids.

10

6
e~ 5

4
~ M

4

I I I I I t I I I I I I I I I I I I I I I I I I I I I I L I I I I I I I I I I0
0 2 4 6 8 10 12 14 16

Field Strength (kV cm 1)

Figure 24.4: Electron drift velocity as a function of field
strength for commonly used liquids.

Frcc electron drift vclocitics in licuid ionization chambers (50—53(:
Velocity as a function of electric field strength is given in Fig. 24.4.
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2 . IOACTIVITY 4 RADIATION PROTECTIO
CERN .Revised Sept.S . 1995 b R.J. Donahue (LBNL) and A. Fasso ( ).

25.1. Defl[nitions

Radiat, ion )R

X- and p-rays, all cncrgics

Electrons and muons, all energies

Neutrons ( 10 kcV

10—100 kcV

) 100 keV to 2 McV

2—20 McV

Thc International Commission on Radiation Units and Mcasurc-
ments (ICRU) recommends the use of SI units.its. Therefore wc list SI
units first, , followed by cgs (or other common) units in parentheses,
where they differ.

~ Unit of activity = becquerel (curie):
x10" Ci1 Bq = 1 disintegration s [= 1/(3. 7 x 10 ) Ci]

~ Unit of absorbed dose = gray (rad):
1 Gy = 1 joule kg t (= 104 erg g

r = 100 rad)
= 6.24 x 10 McV kg deposited cncrgy

~ Unit of exposure, the quantity of x- or p-- radiation at a point in
space intcgra, c over, it.d time in terms of charge of either sign produced
b h . ' lcctrons in a small volume of air about the poin:by showering c cc,r

coul k

= 1 csu cm (= 87.8 erg relvased energy pcr g of air)

m ', ', ', . d.rx 't '
tl c assumption that thc small test volume

is cmbcddcd in a sxxfriciently large uniformly irradiated volume t at
the riixmbel 0 sccon ab. f . . ; d ry electrons cntcring thc volume equa s t c
number caving. is un', '.b . 1 . '

. Th unit is somewhat historical, but appears on
many measuring instruments.

~ Unit of equivalent dose (for biological damage) = swvvrt [= 100
E uivalcnt dose in Sv = absorbedrem (rocntgcn equivalent for man)]: qui

h ~ ~radiation weighting factor, formerlydose ln grays x n)R, w crc nJR
'

k {
'

aril cancer anthc qixality ac,or Q~f t Q~& expresses long-term risk {primar' y
n thc t cleukemia' from ow- cve c1 -l,l,hronic cxposurc. It dcpcnds upon xc,ype

of radiation and othvr factors, as follows [2]:

Table 25.1: Radiation weighting factors.

25.3. Prompt neutrons at accelerators

25.3.1. Electron beams: At electron accelerators neutrons arc
hotons.gcncrat, c via p o onixc c, d

'
h t 1 ar reactions from brcmsstrahlung p

Neutron yic s rom semi-in nifinite targets pcr unit clcctron earn power
r 4. Inarc plot, t, cd in ig. . as a. . .d ' F' . 25.1 a function of electron bvam energy [4]. n

10—30 McV neutron production results fromthc photon energy range —, c
t, h .'' t hotonuclcar rcsonancc mechanism. . Neutrons arc pro uccc gian p
roughly isotropica y wi in a ac,r '. '

. ll l
'th' a factor of 2) and with a, Maxwcllian

energy distribut, ion dcscribcd as:

dX E~ F gT8E„T2 (25.1)

where is, c nuc .'c '. th lear tcmpcraturc charactcris, ic of t,hc tar ct rlixclelxs,
f T = 0.5—1.0 McV. For higher cncrgy photonsgenerally in thc range o

thc quasi- cu cron an pd hotopion production mechanisms become
important, .

$012

h tfigure), an rac iond f t' J ( 1 expressing the fraction of the photon s
t lar e enou henergy eposi e in a smd 't d a small volume of thickness (( A but large enoug

to contain the secondary electrons.

2 x 10 photons vm for 1 MeV photons on carbon (f = 1/2).
(Quoted fluxes are good to about a factor of 2 for aH materials. )

~ Recommended limits to exposure of radiation workers
(whole-body dose):"

CERN: 15 mSv yr
—1

U.K.: 15 mSv yr
—1

U. S.: 50 mSv yr t (5 rem yr )t
~ Lethal dose: o e- o y ose~:vv h 1 -b d d from penetrating ionizing radiation
resulting in 50 0 mor a i,y int l't '

30 days (assuming no medical treatment
n bod ion itu inal. —3 0 G (250—300 rads), as measured internally on body longitu ina

S r . u
'

s due to variable body attenuationcenter linc. Sur acc osc varies ue

may bc a strong function of energy.

) 20 MeV
Protons (other than recoils) ) 2 McV

Alphas, fission fragments, 4 hcavy niiclci 20

25.2. Radiation levels [3]

all sources: Most, world areas,~ Natural annual background, a
0.4—4 mSv 40—400 millircms~.w o c- o y . . . . . = .4 4h 1 -bod cquivalcnt dose rate = 0.4—4

. U. . averageCan range up to ~ m v"0 S (5 rcrns) in vvrtain areas.
1v includin = 2 mSv (= 200 mrcm) from inhaled natura

radioactivi, y, mos, yd' .t' 't, . tly radon and radon daixghtcrs . — . m v in
n orderf t ical house and varies by morc than an or crareas. Average is for a,ypica

of rnagnitix c. , can cd .. It, b morc than two orders of magnit, ix c ig cr in
poorly vrntilatcd mines).

b k d in counters (Earth's surface):~ Cosmic ray bac~gr oun
For morc arcxxrate est imatcs and dctai s1 min cm sr. o

svv thv Cosmic Rays section (Sec. 20 of this Reviews).

~ Fluxes (pcr cm ) to cposi, onco . . 2~, d . 't c Gy assxxming ixniform irradiation:

charged particles) 6.24x10 /(dE/d7:), whcrc dE/dz (McV
r cm2), thc energy loss pcr unit lcngt„, y

Mean Range and Energy Loss figixrcs.

3.5 x 10 rm minimum-ionizing singly-charg . pcd art, iclcs in
carbon.

= j h ) 6.24x10 /[Ef/A], for photons of cncrgy E McV,
1. th A ( cm 2) (scv. Photon Attenuation eng,at tcnuat ion lcngt, ~ g cm

0
xx Ba Ni Electron Energy E (MeV)W Ta

Figure 25.1: Ncixtron yields from semi-infinite, g. .. , p.tar cts cr kW
o c cc ron camr .1 . , r, b . m ower as a fxxnction o c cc,i on beam energy,
disregarding target, self-shielding.
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25.4. Dose conversion factors
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The neutron-attenuation length, A, is shown in Fig. 25.3 for
monoenergetic broad-beam conditions. These values give a satisfactory
representation at depths greater than 1 m in concrete.

25.3.2. Proton beams: At proton accelerators neutron yields
emitted pcr incident proton by different target materials are roughly
independent [5] of proton energy between 20 McV and 1 GeV and are
given by the ratio C:Al:Cu-Fe:Sn:Ta-Pb = 0.3: 0.6: 1.0: 1.5: 1.7.
Above 1 GcV neutron yield [6] is proport, ional to E~, where
0.80 & m & 0.85.
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Figure 25.4: Flucncc to dose equivalent conversion factors for
various particles.
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Fluence to dose equivalent factors arc given in Fig. 25.4 for
photons [9], neutrons [10], muons [11], protons and pions [12]. These
factors can be used for converting particle Huence to dose for personnel
protection purposes.

25.5. Accelerator-induced activity
Thc dose rate at 1 m due to spallation-induced activity by high

energy hadrons in a 1 g medium atomic weight target can be
estimated [13] from the following expression:

D = Dp C' ln[(T + t)/t] (25.4)

& &(yo&Iy'$f g og@o(o&t t/
&

10
I I I I IIIII I I I I IIIII I I I IIIIII I I I IIIIII I I I I IIIII I I I IIIIII I I I IIIIII I I I IIIIII I I I IIIIII I I I IIIIII I I I II@

10 10 10 10 10 10 10 10 10 10 10 10
Neutron energy [eV]

Figure 25.2: Calculated neutron spectrum from 205 GeV/c
hadrons (2/3 protons and 1/3 s+) on a thick copper target.
Spectra arc cvaluatcd at 90 to beam and through 80 cm of
normal density concrctc or 40 cm of iron.

A typical neutron spectrum [7] outside a proton accelerator
concrctc shield is shown in Fig. 25.2. Thc shape of thcsc spectra
arc generally characterized as having a thermal-cncrgy peak which is

very dcpcndcnt on geometry and thc prcscncc of hydrogcnic material,
a low-energy evaporation peak around 2 McV, and a high-energy
spallation shoulder.

Lct, aw's [8] formula for the energy dependence of thc inelastic
proton cross-section (asymptotic values given in Table 6.1) for E ( 2

GcV is:

whcrc T is thc irradiation time, t is thc decay t, imc since irradiation,
C is the Ilux of irradiating hadrons (hadrons cm s ) anrl Dp has a
value of 5.2 x 10 r7 [(Sv hr r)/(hadron cm 2 s r)]. This relation is

csscntially indcpendcnt, of hadron energy above 200 McV.

Dose disc to accclcrator-produced induced activity can also bc
cs imatcd with thc usc of "~ factors" [5]. These factors give thc dose
rate per unit star density (inelastic reaction for E ) 50 McV) after a
30 day irradiation and 1 clay decay. Thc ~ factors for concrctc and
stccl arc 1.2 x 10 (Sv cm /star) and 4.5 x 10 (Sv em /star),
rcspcctivcly. These do not include contributions from thermal-neutron
activation. This can vary widely depending on concrete composition,
particularly with thc concentration of trace quantitics such as sodium.
Additional information can bc found in Barbier [14].

25.6. Photon sources
Thc dose rate from a gamma point source of C Curics emitting onc

photon of energy 0.07 ( F ( 4 McV pcr disintegration at a distance
of 30 cm is 6CE (rcm/hr), or 60CE (rnSv/hr), +20%.

Thc dose rate from a semi-infinit uniform photon source of spccifi. c
activity C (pCI/g) and gamma energy E (McV) is 1.07CE (rcm/hr),
or 10.7CE (mSv/hr).

rr(E) = rr«&~&t 1 —0 62e / s.in(10.9E "'
) (25.2)

and for E ) 2 GcV:

&asym&t = 45-4 '
[1 + 0.016 sin(5. 3 —2.631n A)] (25.3)

whcrc o is in mb, F is thc proton energy in McV and A is thc mass
number.
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25.7. Radiation levels in detectors at hadron collid-
ers

~ The. machine luminosity at ~s = 40 TeV is M~ = 10ss cm 2s

and thc pp inelastic cross section is (Tj„cf—100 mb. This
luminosity is electively achicvcd for 10 s yr . Thc interaction
rate is thus 10 s, or 101 yr

All radiation comes from pp collisions at thc interaction point;
~ The charged particle distribution is (a) flat in pseudorapidity

for q ( 6 and (b) has s, rnomenturn distribution whose
perpendicular component is independent of rapidity, which is
taken as independent of pscudorapidity:

d2N = H f(pi) (25.5)

An SSC Central Design Group task force studied the radiation
levels to be expected in SSC detectors [15]. The study focused on
scaling with energy, distance, and angle. As such, it is applicablc
to future dctcctors such as those at the LHC. Although superior
dctcctor-spcciflc calculations have since been made, thc scaling is in
Inost cases not evident, and so thc SSC results have some rclcvance.
The SSC/CDG model assumed

Table 25.2: Coefficients A/(100 cm)2 and o for the evaluation
of calorimeter radiation levels at cascade maxima under SSC
nominal operating conditions. At a distance r and angle
0 from the interaction point thc annual flucncc or dosr. is
A/(r~ sin2+o tl).

Quantity

Neutron flux

Dose rate from photons

Dose rate from hadrons

A/(100 cm) Units (pi)

1.5 x 10t2 crn yr t 0.6 GeV/c 0.67
124 Gy yr 0.3 GeV/c 0.93
29 Gy yr 0.6 GcV/e 0.89

Values of A and n are given in Table 25.2 for several relevant
situations. Examples of scaling to other accelerators are given in
Table 25.3. It should be noted that the assumption that all radiation
comes from the interaction point does not apply to thc present
generation of accelerators.

The constant A includes factors evaluated with cascade simulation
programs as well as constants describing particle production at thc
interaction point. It is felt that each could introduce an error as large
as a fact or of two in the results.

(whcrc p~ = psin&). Integrals involving f(p~) src simpliflcd
by replacing f(p~) by 6(p~ —(p~)); in the. worst case this
approximation introduces an error of less than 10%%uo',

~ Gamma rays from vr decay arc as abundant as charged particles.0

They have approximately the same g distribution, but half thc
mean momentum;

~ At thc SSC (~s = 40 TcV), H = 7.5 and (p~) = 0.6 GeV/c,
assumed values at other cncrgics arc given in Table 25.3. Togcthcr
with thc model discussed above, thcsc values arc thought to
dcscribc particle production to within a fartor of two or bcttcr.

It then follows that thc flux of charged particles from thc interaction
point passing through a normal area da, located a distance r~ from
thc bram linc is given by

Tcvatron LHC SSC 100 TcV

V s (TeV)
~„„ro(cm s )

~iIIC1

H

(pi) (GeV/c)

Rclativc dose rate

1.8
2 x 10~0

56 mb

3.9
0.46

5x10—4

15.4
1.7 x 1034

84 mb

6.2
0.55

40
1 x 1033

100 mb

7.5
0.60

100
1 x 1034

134 mb

10.6
0.70

Table 25.3: A rough comparison of beam-collision induced
radiation lcvcls at the Tcvatron, high-luminosity LHC, SSC, and
a possible 100 TeV machine [16].

dN, j, 1.2 x 108 s

da T
(25.6)

High-luminosity option.
Proportional to anom &inc~ H (pg)

In a typical organic material, a rclativistir. charged partirlc flux of
3 x 10 cm produrcs an ionizing radiation dose of 1 Gy, whrrc
1 Gy = 1 joule kg (= 100 rads). Thc above result may thus bc
rcwrit tcn as dose rate,

0.4 MGy yr

(rg /1 cm)2
(25.7)

If a magnetic flcld is present, "loopcrs" may incrcasc this dose rate by
a factor of two orc morc.

Faatnates:

Thc ICRP rccomcndation [2] is 20 mSv yr avcragcd over
5 years, with thc dose in any onc year & 50 mSv.

t Many laboratories in thc U.S. and elsewhere sct lower limits.

Dose is thc time integral of dose rate, and fluence is thc time
integral of flux.

B.eferences:

In a medium in whirh cascades can develop, thc ionizing dose
or neutron flucncc is proportional to dN„h/da multiplied by (E)
where (E) is thc mean energy of thc particles going through da and
the power n is slightly less than unity. Since E = p = p~/sin tl and
r~ = r sin 0, thc above. cxPrcssion for dN h/da ebr. comes

Dose or flucncc = —
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r r2sin +~0 (25.8)

Thc constant A rontains the. total mrmbcr of interactions o,„„~f M~dt,

so thc ionizing dose or neutron flucncc at another accelerator scales as
rr;„„)f Mdt H (pg)

Thc dose or fluence in a calorimeter scales as 1/r, ss docs the2
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26. COMMONLY USED RADIOACTIVE SOURCES

Particle Photon

Nuclide
"Na11

5 Mn25

26Fc55

Type of Energy Emission
Half-life decay (MeV) prob.
2,603 y P+, EC 0.545 90%%uo

0.855 y EC

2.73 y EC

Energy Emission
(McV) prob.

0.511 Annih.
1.275 100%%up

0.835 100%%uo

Cr K x rays 26%

Mn K x rays:
0.00589 25'%%uo

0.00649 3.4%

27Co57

'0Co

0.744 y EC

5,271 y P 0.316 100/p

0.014 9%
0.122 86%
0, 136 11%%uo

Fc K x rays 58/p

1.173 100/p
1,333 100%

Table 26.1. Updated November 1993 by E. Browne. "Emission probability" is the probability per decay of a given emission;
because of cascades these may total more than 100/p. Only principal
cmissions are listed. EC means electron capture, and e means
monoenergetic internal conversion (Auger) electron. Thc intensity of
0.511 McV e+e annihilation photons depends upon the number of
stopped positrons. Endpoint P+ energies are listed. In some cases
when energies are closely spaced, the p-ray values are approximate
weighted averages. Radiation from short-lived daughter isotopes is
included where relevant.

Half-lives, cncrgics, and intensities are from E. Browne and
R.B. Firestone, Table of Radioactive Isotopes (John Wiley 8c Sons,
Ncw York, 1986), recent Nuclear Data Sheets, and X ray -and
Gamma-ray Standards for Detector Calibration, IAEA- TECDOC-619
(1991).
Neutron data are from Neutron Sources for Basic Physics and
Applications (Pcrgamon Press, 1983).

6832Gc

90S
38

"Ga31

0.742 y EC

P+, EC 1.899

285 y P 0546

90'%%uo

100'%%uo

Ga K x rays 44%%up

0,511 Annih.
1.077 3'Fo

90Y
39

106R
44

~ 106Rh
45

2.283

1,020 y P 0.039

P 3.541

100'Fp

100%

79% 0.512 21'Fp

0.622 10%%uo

109Cd
48

113S
50

137C~
55

1.267 y EC

0.315 y EC

0,063 e
0.084 e
0.087 e

0.364 e
0.388 e

0.514 e
1.176 e

41%%uo

45'Fo

9/o

29%%uo

6%

94%%uo

6'%%uo

0.088 3.6'Fo

Ag K x rays 100%

0.392 65/o
In K x rays 97%

0.662 85%%uo

133Ba
56

207Bi
83

228
90

(
2 R.a88

241Amm

Am/Bc

244Cm
96

252Cf
98

10.54 y EC 0.045 e
0,075 e

31.8 y EC 0.481 e
0.975 e
1.047 e

220Rn

432.7 y

2.645 y n (97%) 6.070
6.118

Fission (3.1%)
= 20 p's/fission; 80o/o ( 1 MeV
= 4 neutrons/fission; (Rn) = 2.14 McV

50/ 0.081 34%
6/p 0.356 62%

Cs K x rays 121%%up

2% 0.569 98%
7'%%uo 1.063 75%
2% 1.770 7%

Pb K x rays 78%

1.912 y 6o.: 5.341 t, o 8.785 0.239 44%
3P: 0.334 to 2.246 0.583 31/p

2.614 36%%

~ 216po 212pb 212B 212p
)84 82 83 84

5.443 13%%uo 0.060 36%
5.486 85/o Np L x rays 38%

432.2 y 0 x 10 neutrons (4—8 McV) snd
4 x 10 sp's (4.43 McV) pcr Am decay

18.11 y o. 5.763 24% Pu L x rays 9%%uo

5.805 76%%uo



27. PROBABILITY
Revised May 1996.

27.1. General [1—5]

Lct, x bc a possible outcome of an observation. Thc probability of
x is thc rclativc frequency with which that out, come occurs out of
a (possibly hypothetical) large set of similar observations. If z can
take any value from a continuous range, we write f(x; 0) dz as the
probability of observing x between z and z+ dx. The function f(z; 8)
is thc probability density function (p.d. f.) for the random variable

x, which may depend. upon onc or morc parameters 0. If x can take
on only di,srrete values (e.g. , thr. non-negative integers), then f(z; 6)
is itself a probability, but wc shall still eall it a p.d. f. The p.d. f'. is
always normalized to unit area (unit sum, if discrete). Both x and g

may have multiple components and arc then often writt, cn as column
vectors. If 0 is 11nknown and wc wish to estimate its value from. a
given set of data measuring x, wc may use statistics (sec Sec. 28).

Thc rumulative distribution funrtion F(a) is the probability that
x&c:

Let z and y be two random variables with a joint p.d. f. f(z, y).
The marginal p.d.f. of z (thr. distribution of x with y unobserved) is

fi(x) = f(x, y) dy, (27.5)

fs(y *)fi(x) = f(* y) (27.6a)

Similarly, the conditional p.d.f. of y, given f1xcd x, is

f4(x y) fs(y) = f(x, y) (27.6b)

From these dcflnitions wc immediately obtain Bayes' theorem [2]:

fs(y x) fi(*) fs(y[x) fi(*)
f~(y) f fs(y x) fi(*) dx

' (27.7)

and similarly for the marginal p. d. f. fp(y). Wc define the conditional
p.d.f. of x, given fixed y, by

F(o) = f(z) dx . (27.1) Thc mean of x is

E [u(x)I = u(z) f(z) dx, (27.2)

Herc and below, if x is discrctc-valued, thc integral is rcplaccd by
a, sum. Thc endpoint fI is cxprcssly incl11dcd in t;hc integral or sum.
Thr. n 0 & F(x) & 1, F(x) is nondccrcasing, and Prob(a & z & b) =
F(b) —F(o). If x is discrctc. , F(x) is flat except at, allowed values of
z, where it has discontinuous jumps equal to f (x).

Any f11nction of random variables is itself a random variable, with
(in general) a, different, p. d. f. Thc expectation value of any function
'0, x ls

z f(x, y) dz dy = x fi(x) dx, (27.8)

and similarly for y. Thc correlation bctwccn x and y is a measure of
thc depcndcnec of onc on thc other:

p, v
—E [(x —p, )(y —p,„)j/o. ov ——Cov(x, y)/o. o„, (27.9)

whrre: o~ and ov are defined in analogy with Eq. (27.4b). It can hc
shown that —1 & p» & 1. Here "Cov" is the covariancc of x and y, a
2-dimensional analogue of thc variance.

Two random variables arc independent if and only if

er„=:E(x") = z"f (x)dz, (27.3a)

and thc nth moment about thc mean of x, uy, is

m„=E[(z —ni)"] = (x —oi)"f (x)dx (27.3b)

assuming thc integral is finite. For u(x) and v(z) any two functions
of x, E(u + v) = E(u) + E(v). For c and k constants, E(cu + k) =
r E(u) + k.

Thc nth moment of a distribution is

f( , V) = ft(x)"f~(y) (27.10)

If x and y arc indcpcndcnt then p» ——0; thc eonvcrsc is not
ncecssarily true except, for Gaussian-distributed x and y. If x and

y arc independent, E[u(z) v(y)] = E[u(x)] E[v(y)], and Var(z + y)
Var(x)+Var(y); otherwise. , Var(x + y) = Var(z)+Var(y)+

2Cov(z, y), and E(u v) docs not factor.

In a rhange of continuous random variables from z = (xi, . . . , zn),
with p.d. f. f(z) = f(xi, . . . , x»), to y = (yi, . . . , yn), a onr. -to-one.
function of thc z, 's, thc p.d. f. g(y) = g(yi, . . . , yn) is found hy
substitution for (zi, . . . , xn) in f followed by multiplication by thc
absoh1te vah1e of thc 3acobian of thr. transformation; that is,

Thc most commonly 11scd moments arc thc mean p and variance o.2.
g(y) = f [«»(y) «& (y)] I

I (27.11)

rr—:Var(x):—mg = ng —p,
2— 2

(27.4a)

(27.4b)

Thc mean is thc location of thc "center of mass" of' the probability
density f11nction, and thc variance is a, measure of thc square of its
width. Note that Var(cz+ k) = r Var(z).

Any odd moment about, thr. mean is a measure of thc skcwncss
of thr. p.d. f. Thc simplest of thcsc is thc dimcnsionlcss cocfEcicnt of
skc:wncss pt = /om. s3

Besides t, hr. mean, another 11scf111 indicat, or of thc "middle"
of the probability distrib11t ion is thc mf'd'ian xm„g, defined by
F(x~„d)= 1/2; i e. , half tlie probability lies ahov. c and half lies below

x~cq. For a given sample of cvcnts, x~cg ls thc value s11eh that
half thc cvcnts have larger x and half have smaller x (not, r:ounting
any that have thc same z as thc median). If thr. sainplc median lies
bctwccn two observed x val11cs, it is sct, by convention halfway between
them. If thc p.d. f. for z has thr. form f (x —p) and p, is both mean
and median, then for a large number of' cvcnts X, thc variance of thc
median approaches I/[4&Vf (0)], provided f(0) ) 0.

Thc functions u&; cxprcss the inverse transformation, x, = u&, (y) for
i = 1, . . . , n, and [,J is thr. absolute value of thc dc.tcrminant of thr.
squarr. matrix .I i ——Ox;/sty&. If the transformation from z to y is
not onc-to-onc, thc situation is morc complex and a uniq11c sol11tion

may not exist. For cxamplc, if thc change is to m ( n variables, then
a, given y may corrcspond to morc than onc x, leading to multiple
intcgrals over thc contributions [1].

To changr, variables for discrctc random variables simply substitute;
no 3acobian is ncccssary bccausc now f is a probability rather than a
probability density.

If f dcpcnds upon a parameter set n, a change to a difI'crcnt,

psramctcr sct, tb; = rb, (n) is made hy simple substitution; no Iacobian
1S uSed.
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27.2. Characteristic functions

0(u) = &(e'"*) = e'""f(x)dx (27.12)

It is often useful, and several of its properties follow [I].
It follows from Eqs. (27.3o) and (27.12) that the nth moment of

the distribution f(x) is given by

The characteristic function P(u) associated with the p.d.f. f(x) is
csscntially its (inverse) Fouricr transform, or t, he expectation value of
exp(2uz):

27.3.2. Poisson distribution: The Poisson distribution f (r; p)
gives the probability of flnding exactly r events in a given interval of
x (e.g. , space and time) when the events occur independently of one
another and of x at an avcragc rate of p pcr the given interval. Thc
variance fT equals p. It is the limiting case p —+ 0, n —+ oo, np = p,

of thc binomial distribution. The Poisson distribution approaches thc
Gaussian distribution for large p.

Two or more Poisson processes (e g. ,. signal + backgro22nd, with
parameters p, , and ps) that independently contribute amounts n, and
nb to a given measurement will produce an observed number n =
n, + nb, which is distributed according to a new Poisson distribution
with parameter p = p,, + pb.

x"f (x)dx = rz„ (27.13)

Thus it is often rasy to calculate all thc moments of a distribution
defined by P(u), even when f(z) is difficult to obtain.

If fi(z) and fs(y) have characteristic functions glt(u) and Pg(u),
then thc characteristic function of thc weighted sum ax + by is

Pi(au)q'&s(bu). Thc addition rules for common distributions (e.g. ,

that, thc sum of two numbers from Gaussian distributions also has a
Gaussian distribution) easily follow from this observation.

Let, thc (partial) characteristic funct, ion corresponding to thc
conditional p.d. f. fg(x z) be Ps(u z), and thc p.d. f. of z bc fi(z). Thc
characteristic function after integration over thc conditional value is

27.3.3. Normal or Gaussian distribution: The normal (or
Gaussian) probability density function f(x; p, , o ) given in Table 27.1

has mean x = p and variance o . Comparison of thc characteristic2

function P(u) given in Table 27.1 with Eq. (27.17) shows that all
semi-invariants K7I beyond K2 vanish; this is a unique property of thc
Gaussian distribution. Some properties of thc distribution arc:

rms deviation = IT

probability x in thc range p, + o = 0.6827

probability x in thc range p, + 0.674517 = 0.5

expection value of ~x —p, ~, (~x —p~) = (2/rr) / o = 0.7979o

half-width at half maximum = (21n2)t/Sir = 1 177cr.
Thc cuinulativc distribution, Eq. (27.1), for a Gaussian with p = 0

and o = 1 is related to the error function erf(y) by

tb(u) = 4'2g(u z) fi(z)dz

Suppose wc ran write fI/12 in thc form

(27.14)

F(x; 0, 1) = — 1 + crf(z/v 2) (27.19)

tb, (u~z) = A(22)e'g("'

Then

i/2(u) = A(u)gi(g(u)) .

(27.13)

(27.10)

The error function is tabulated in Rcf. 6 and is availablc in computer
math libraries and pcrsoncl computer sprcadshccts. For a mean p and
variance os, replace x by (z —p)/rr. Thc probability of x in a, given
range can be calculated with Eq. (28.34).

For x and y indcpcndcnt and normally distributed, z = ax + 6y
obeys f (z; ap,„+bpv, a, ox + b crv); that is, thc weighted means and
varlanccs add.

Thc semi-invariants v,„arcdcflncd by

!b(u) = cxp Q —'"(iu)"
~

= cxp i22222 ——rgu +.. .) . (27.17)
n!).

Thc v71's arc related to thc moments fx71 and m~. Thc first fcw
relations arc

t22 = 2ri (= p, , thc mean)

t2S = m~ = ng —iri (= o, the variance)2 = 2

Thc Gaussian gets its importance in large part from thc central limit
theorem: If a continuous random variable x is distributed according to
any p.d.f. with finite mean and variance, then thc sample mean, X~,
of n observations of x will have a p.d.f. that approaches a Gaussian as
n increases. Thcreforc the end result P x, =—22x22 of a large nurnbcr
of small fluctuations x; will be distributed as a Gaussian, rvcn if thc
x, thcmsclvcs arc not.

For a sct of n Gaussian random variables x with means p and.

corresponding Fouricr variables u, t, hc characteristic function for a,

one-dimensional Gaussian is generalized to

K3 = m3 = o.3 —3o.] o.2 + 2o. y
2

27.3. Some probability distributions

(27.18) P(x; p, S) = exp [ip u, —qu Su]

From Eq. (27.13), thc covariancc abont thc mean is

& I(z~1 —pg)(xt- —pt:)] = S,k

(27.20)

(27.21)
Table 27. 1 gives a number of common probability density funct, ions

and corresponding characteristic funct, ions, means, and varianccs.
Further information may bc found in Refs. 1—6; Rcf. 6 has particularly
dctailcd tables. Monte Carlo tcchniqucs for gcncrating each of them
may bc found in our Scc. 29.4. Wc commrnt, below on all cxccpt t, hc
trivial uniform dist ribut ion.

27.3.1. binomial distribution: A random process with exactly
two possible outcomes is called a Bernoulli process. If thc probability
of obtaining a certain outcome (a "success" ) in each trial is p, then
t, hc probability of obt, sining exactly r succcsscs (r = 0, 1, 2, . . . , n) in

n trials, without regard to thc order of thc succcsscs and failures,
is given by the binomial distribution f (r; n, p) in Table 27.1. If r
successes arc obscrvcd in n„trials with probability p of a success, and
if s succcsscs arc obscrvcd in n, similar trials, then t = r + s is also
binomial wit, h nt = n„+n, .

If thc z arc indcpendcnt, then S&k = 6&~o, and Eq. (27.20) is thc
product of thc c.f. 's of n Gaussians.

Thc covariancc matrix S can be rclatcd to thc correlation matrix
defined by Eq. (27.9) (a, sort of normali7cd covariancc matrix). With
thc definition ot, —Spk, wc have pip = Sqk/rook

Thc characteristic function may bc inverted to find thc correspond-
ing p.d. f.

1
f(z; p, S) = — exp —-'(z —p) S '(x —&) (27 22)

(2„)n/s

whcrc thc dctcrminant, ~S~ must, bc greater than 0. For diagonal S
(independent, variables), f (z; p, , S) is thc product, of thc p.d. f. 's of n
Gaussian distributions.
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Table 27.1: Som-ome common probability density functions, with correspondin character'
and means and variances. In the Table I'~k&~ii ces. n e a e, ( ) is the gamma function, equal to (k —1)!when k is an integer

Distribution
Probability density function

f (variable; parameters)
Characteristic
function P(u) Mean Variance o.

Uniform
1/(b a)

f(z;a, b) = a&x&b
otherwise

ibu iau

(b —o)iu
(b —a)2

12

Binomial
n!f(r. n p)

' T c)—T

r!(n —r)!
r=0, 1, 2, . . . , n; 0&p&1; q=1 —p

(q+ pe'")"

Poisson
p"e

f(r; p) =, ; r = 0, 1, 2, . . . ; p & 0r! exp(p(e*" —1)l

Normal
(Gaussian)

2 = 1f(z;p„o )= c.xp( —(z —p) /2o )ov2x
—oo&x&oo; —oo&p, &ao; o &0

Cxp(ipu —
2 o u2)

Multivariate
Gauss1an

f(*;V,S) =
(2-)-/2ii~i

x cxp [
—2(z —p)TS (z —p)]

—oo & x& & oo; —oo & x& & oo; dct S & 0

cxp [iy, u —21uTSuj

&n/2 —1e
—z/2

f(z;n)=; z &0
2-/2r(n/2) ' (1 —2iu) z:n 2n

Student's t f(t;n) = I E(n+ I)/2] 1+—
~na I'(n/2) n

=0
forn&2

n/(n —2)
for n & 3

—oo&t&oo; n not required to be integer

k —1) k —Ax

f(z;A,k)=; 0&z&oo.
I'(k)

k not rcquircd to bc integer

(1 —iu/A) k/A2

For n = 2, f (z; y„S)is

1f (z1) r2) pl ) p2) crl ) o2) p)—
2xo, o2 JI —p'

—1
x cxp

2(1 —p2)
(» —P1)'

0 1

2p(zl pl)(z2 p2)
0102

( ) —)))'
)+

o2
(27.23)

Thc marginal distribution of any xi is a Gaussian with mean and
va, r1ancc S". S

ss1an w1, mean, an

or any vector X, thc quadratic form X S X = C, h. . C '.
, w crcCisany

positive number, traces an n-dimensional c.llipsoid as X varies. If
X, = (z, —tc, )/o, , then C is a random variable obeying thc 2(n)

c pro a i ity thatdistribution, discussed in thc following section. Th. b b'l, h

varia cs x, ics outsideX corresponding to a sct of Gaussian random
'

bl i l' .. . ,
'd'

, hc ellipsoid characterized by a, give. n value of C (= y ) is ivcn b
q. ~ . ~ an may bc read from Fig. 27.1. For cxamplc, thc "s-

standard-deviation ellipsoid" occurs at C = . F th .= s . or t c two-variable
case (n = 2), thc point X lic.s outside. thc. onc-standard-dc. viation
ellipsoid with 6170 probability. (This assumes that, p, and o, arc.
correct. ) For X = x,/o. th. . . .),= . ,„/,, hc ellipsoids of constant y have thc same
size and orientation but arc ccntcrcd at p, . Thc usc of these ellipsoids
as indicators of probablc error is dcscribccl in Scc. 28.6.1.

cd

CL)

v
(D Q)

O

1.000

0.500

0.200

0.100

0.050

0.020

0.010

0.005—

0.002—

0.001
1 2 3 45 7 10

x'
20 30 4050 70 100

Figure 27.1: Thc. confidence lcvcl versus y for n dc recs of
frccdom, as dcfincd in Eq. (27.24). Thc curve. for a given n
gives thc probability that a value at least as large as y2 will bc
obtained in an experiment; e.g. , for n = 10 a value y & 18 will
occur in 5'Po of a large number of cxpcrimcnts. For a fit, thc.
CL is a mcasurc. of goodness-of-fit, in that a good Bt to a correct
model is cxpcctcd to yield a low y (scc Scc. 28.5.0). For a
confidence interval, o. mcasurcs thc probability that thc interval

oes not cover thc true value of thc quantity being cstimatcd
(scc. Scc. 28.6). The dashed curve for n = 20 is calculated using
thc. approximation of Eq. (27.25).
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2.5

2.0

I I I I I I I I I I I I For large n, the CL is approximately given by ]1,7]

2 1 —2:2//2CL(y)= e */ dx,
2 zl

(27.25)

x /tt

1.0

0.5

1%

32%%uo

68%%uc-

95%

where y = g2y2 —s/2n —1. This approximation was used t;o draw
the dashed curves in Fig. 27.1 (for n = 20) and Fig. 27.3 (for
CL = 5Fo). Since all thc. functions and their invcrses are now readily
available in standard mathematical libraries (such as IMSL, used
to generate these figures, and personal computer spreadsheets, such
as Microsoft Excel [8]), the approximation (and even fzgurcs ancl
tables) are seldom needed.

27.3.5. Student's t dist''ibution: Suppose that, x and x~, . . . , x~
arc indepcndcnt and Gaussian distributed with mean 0 and variance 1.
We then define

0.0
0 10

! I I I I I I I I I I I I

20 30 40 50
Degrees of freedom n

2z= x;, and t=
gz/n

(27.28)

Figure 27.3: Confidence lcvcls as a function of thc "rcduccd
/n and the numbc. r of dcgrccs of frccdom n Cur. vcs arc

labeled by thc probability that a mcasurcmcnt will give a value
of y /n greater than that given on thc yaxi. s; e. zt. , for n = 10, a
value y /n & 1.8 can he cxpcc.tcd O'Fo of thc time.

27.3.4. g2 distribution: If xy, . . . , x7, arc indcpcndcnt, Gaussian
distribut;cd random variables, thc. sum z = P (z, —tz, ) /o, is

distributed as a, y with n dectrees of freedom, y (n). U, nder a linc. ar
transformation to n dcpcndcnt, Gaussian variables x,', thc y at each

transformed point rct, ains its value; then z = X V X as in thc/T —]

previous section. For a, sct of z, , each of which is y (n, ), Q z, is a new2

random variable which is y (P n, ,).
Fig. 27.1 shows thc confidenc lcvcl (CL) obtained by intcgrat, ing

thc ta, il of f (z; n):

f(z; n) dz
2

(27.24)

025 ' ' '

I

0.20—

0.15

~ 0.10

0.05

0.00
0 10 15

X2

20 30

Figure 27.2: Illustration of thc confidence lcvcl integral given
in Eq. (27.24). This particlar cxarnplc is for n = 10, whcrc thc
area above 15.99 is 0.1.

Since thc mean of thc y distribution is equal to n, onc cxpccts in a
"reasonable" cxpcrimcnt, to obtain y n. While caution is ncccssary
because of thc width and skcwncss of thc distribution, thc "rcduccd

r z= y /n is a, some. times usc. ful quantity. Figurc 27.3 shows y /n
for useful CL's as a function of n.

This is shown for a special case in Fig. 27.2, and is equal to 1.0
minus thc cumulative distribution function F(z = y; n) It; is useful.2.

in evaluating thc consistency of data with a, model (scc Sec. 28): Thc
CL is thc probability that, a random repeat of thc given experiment
would obscrvc a grcatcr y, assuming thc model is correct. It, is also
useful for confidcnc:c intc. rvals for statistical cstimators (sce Src. 28.8),
in which case onc is intcrcstcd in thc unshaded area of Fig. 27.2.

Thc variable z thus belongs to a y2(n) distribution. Then t is
distributed according to a Student, 's t distribution with n dcgrccs of
freedom, f(l; n), given in Table. 27.1.

Thc Student, 's t distribution rcscmblcs a Gaussian distribution wit, h

wide tails. As n ~ ao, t,hc distribut, ion approaches a Gaussian. If
n = 1, thc distribution is a Cauchy or Breit- Wigner distribution. Thc
mean is finit, c only for n ) 1 and t, hc variance is finite only for n ) 2,
so for n = 1 or n = 2, t docs not obey thc central limit theorem.

As an example, consider thc. sample mean z = P x, /n and the
sczmpie»orianre s —P(z, —z) /(n —1) for normally distributed
random variables x,. wit, h unknown mean p and variance a. . Thc2

sarnplc. mean has a Gaussian distribution with a variance. o /n, so
thc variable (r, —tz)/go2/n is normal with mean 0 and variance 1.
Similarly, (n —1) s /o is independent of this and is y distributed
with n —1 degrees of freedom. Thc ratio

(z —
I )/V'o'/n

g(n —1) s~/o2 (n —1) ps~/n
(27.27)

is distribute. d as f(t; n —1). Thc unknown true variance o.2 c;anrrls,
and t can bc used to test thc probability that, thc true mean is some
particular value p.

In Table 27.1, n in f(t; n) is not rcquircd to hc. an integer. A
Student's t distribution with nonintcgral n ) 0 is useful in cert. ain
appli cat, ions.

27.3.6. Gamma distr ibution: For a, process that gcncrat, cs event, s

as a, function of z (e.g. , space: or time) ac:cording to a, Poisson
distribution, thc distance in x from an arbitrary starting point,
(which may hc some. particular event) to thc k " event, belongs to
a, gamma distribution, f(x; A, k). Thc Poisson parameter tz is A pcr
unit, x. The special c.asc k = 1 (i.e. f(x A 1) = Ae '"') is callccl thc
exponential distribution. A sum of k' exponential random variables
x, is distributed as f (Q zz, A, h').

Thc paramctcr k is not, required to hc an integer. For A = 1/2 and
k = n/2, thc gamma distribution rcduccs to thc y (n) distribution.
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Var~;„=[1 + Ob/On) /I (n); (28.1)

28.1. Ceneral [1—6]

A probability density function with known parameters enables us
to predict the frequency with which a random variable will take on a
particular value (if discrete) or lie in a given range (if continuous). In
parametric statistics wc have the opposite problem of estimating the
parameters of thc p.d. f. from a set of actual observations.

Wc refer to the true p.d.f. as thc population; the data form a sample
from this population. A statistic is any function of the data, plus
known constants, which does not depend upon any of thc unknown
parameters. A statistic is a random variable if thc data have random
errors. An estimator is any statistic whose value is intended as a
meaningful guess for thc value of an unknown paramctcr; wc denote
cstimators with hats, e.g. , n.

Often it, is possible to construct morc than one reasonable estimator.
Lct e represent thc true value of a parameter to be estimated; n is a
vector cx if thcrc is morc than one parameter. Then if o. is an estimator
for n, dcsirablc properties for n are: (a) Unbiased; bias b = E( n ) —n,
whcrc thc expectation value is taken over a hypothetical sct of similar

cxpcriments in which 6 is constructed thc same way. Thc bias may
bc duc to statistical properties of thc estimator or to systematic errors
in. thc cxpcrimcnt, If we can estimate thc avcragc bias b wc usually
subtract it from o; to obtain a ncw 6' = 6 —b. Howcvcr, b may
depend upon e or other unknowns, in which case wc usually try to
choose an estimator which minimizes its avcragc size. (b) Minimum
i(urionce; thc minimum possible value of Var(n) is given by thc
R,ao-Cramcr-Frcchct bound:

28.2. Data with a common mean

Suppose we have a sct of N independent measurements y, assumed
to be unbiased measurements of the same unknown quantity p with a
common, but unknown, variance 0. resulting from measurement error.
Then

N

p =
N Q 1(' = E(u)', (28.2)

(28.3)

are unbiased estimators of t( and o Thc . variance of t(, is o2/N If the.
common p.d.f. of the yi is Gaussian, these statistics arc independent.
Thon, for large N, thc standard deviation of o (the "error of thc
error") is o/V 2N If the it,. are Gaussian or N is large enough that
thc central limit thcorcm applies, then p, is an cKcient estimator for
p, . Othcrwisc p is sometimes subject to large fluctuations, e.g. , if the
p.d.f. for y; has long tails. In this case thc median of thc y,. may be
a more robust estimator for p, provided the median and mean arc
expected to lic at the same point in the p.d.f. for y. For Gaussian y,
thc median has asymptotic (large-N) efficiency 2/ir —0.64. Student's
t-distribution provides an example in which thcrc arc large tails. In
this case, for large N thc efficiency of thc sample median relative to
thc sample mean is (oo, oo, 1.62, 1.12, 0.96, 0.80, 0.64) for (1, 2, 3, 4,
5, 8, oo) degrccs of freedom.

If o is known, ti as given in Eq. (28.2) is still the best estimator
for p„,if p, is known, substitute it for P in Eq. (28.3) and replace N —1

by N, to obtain a somewhat better estimator o.2.

If thc yi have difFcrcnt, known, varianccs IT, , then

(28.4)

(Compare with Eq. (28.6) below. ) Thc sum is over all data and b

is t, hc bias, if any; thc xi are assumed independent and distributed
as f(x, , n), and th"c allowed range of z must, not, depend upon

Thc ratio e = Var~;„/Var(n) is thc efficienc An eQ. cient
estimator (with e = 1) exists only for certain cases. Thc square
root of thc variance cxprcsscs thc cxpcctcd spread of o. about its
avcragc value, as would bc obscrvcd in a large number of repeats
of t.hc same mcasurcmcnt. (c) Minimum mean squared error (m-sc);
msc = E[(n —n) ]

= V(n) + b . Thc mse combines thc error duc
t,o any bias quadratically with thc variance, which cxprcsscs only thc
spread about, E( n ), as distinct from n, thc true value. (d) Robust;
a robust estimator is not sensitive to errors in our assumptions, e.g. ,
to departures from the assumed p.d.f. duc to such factors as noise.

Thcsc criteria (and others) allow us to evaluate any procedure for
obtaining B. In many cases these crit, cria conflict. Thc bias, variance,
and msc may drpend on thc unknown o. . In this case thc optimum
prescript, ion for o. may dcpcnd on thc range in which wc assume n to
lic.

Following arc tcchniqucs in common usc for obtaining cstimators
and their standard errors o(n) = v('Var(n). When thc conditions
of thc central limit thcorcm arc satisfied, thc interval n + o(n)
forms a 68.3' confidence interval This is a random int. crval in that
its cndpoints depend upon the randomly sampled data; its meaning
herc will bc t, akcn to bc that in 68.3% of all similar cxpcrimcnts thc
intrrval will include t, hc true value n. Onc should bc aware that in
most pract, ical cases thc central limit thcorcm is only approximately
satisfie and accordingly confidcncc intervals which dcpcnd on that arc
only approximate. Confidcncc intervals arc discussed in Section 28.6
below.

is an unbiased estimator for p, with smaller variance than Eq. (28.2),
where u&, = 1/o, and u( = P u(, . Thc standard deviation of P is

1/ ~is

28.3. The method of maximum likelihood

28.3.1. General:
"From a thcorctical point of view, thc most, important, gcncral

method of cstimat, ion so far known is thc method of maximum
likelihood" [1). Wc suppose that a sct of independently measured
quantitics T, came from a p.d. f. f (r, ; n), where n is an unknown sct
of parameters. Thc method of maximum likelihood consist of finding
thc sct of values, 6, which maximizes thc joint probability density for
all t,hc data, given by

(28.5)

whcrc M~ is called thc likelihood. It is usually casicr to work with
ln&~, and since both arc maximi7cd for t, hc same sct, of n, it, is
sufhcient to solve thc likelihood equation

Thc solution is called thc maximum likelihood estimate of n. Thc
importance of thc approach is shown by thc following proposition,
proved in Rcf. 1:

If an eQcient estimate 6 of n eristic, the like&hood equation nihil/

hcve c unique solution equal to n.
In evaluating M~, it is important that any normalization factors

in thc f's which involve n bc included. Howcvcr, wc will only bc
intcrcstcd in thc maximum of M and in ratios of M~ at, di8'crcnt n's;
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hence any multiplicative factors which do not involve thc parameters
we want to estimate may be dropped; this includes factors which
depend on the data but not on n.

If the solution to Eq. (28.6) is at a maximum, Olney~/Oo~ will have
negative slope in its vicinity. In many practical problems, onc often
uses nonlinear algorithms for finding thc maximum, and must bc alert
to various possibilities for error: (a) Eq. (28.6) may yield a minimum,
therefore one must check the second derivative; (b) there may be
more than onc maximum onc must try to find thc global maximiim;

(c) t, hc global maximum may lic at a boundary of the physical region,
in which case Eq. (28.6) will not find it.

If an unbiased, cfFicicnt estimator exists, this method will find it. If
BlnM/Onb is linear in the vicinity of the root, , an clRcicnt estimator
is guarantccd. ; other c%cicnt cases arc discussed in thc literatlirc. For
large data samples, the central limit thcorcm will usually assure this
condition in some significant neighborhood of zero; hence the estimator
is usually c%cicnt, in that, case, provided certain conditions arc mct
(e.g. , that, thc solution docs not lic on a boundary). In this case,
in thc neighborhood of the maximum ln& is a downward-c»rving
paraboloid and M is proportional to a multivariate Gaussian.

Thc results of two or morr. experiments may bc combined by
forming the product of thc M~'s, or thc sum of thc lnM's.

Under s, onc-to-onc change of parameters from rx to P = /8(n),
thc maximum likelihood estimate is simply 18(et), given the solution
6 for n. That is, thc maximum likelihood solution for P is found

by simple substitution of 6 into thc transformation equation. It is

possible that thc nrw solution P will bc a biased solution for thc true
vahic of P cvcn if n is not, biased, and vice-versa. In thc asympt, otic
limit, (of large amounts of data) both ct and P will (usually) converge
to linbiascd solutions, but at, diffcrcnt rates.

Except in special cases like t, hc least-squares method, thc value
of thc likelihood function at thc solution docs not ncccssarily tell us
whcthcr thc final fit was a scnsiblc description of thc data or not. In
special cases such as thc onc discussed in Scc. 28.3.3, onc can dcfinc
a quant, ity which approaches thc y -dist, ribution in t, hc limit, of a2

large numbrr of counts in thc cxpcrimcnt, , but in gcncral some other
strategy must bc used. For cxamplc, data gcncratcd by Monte Carlo
simulations of thc rxpcrimcnt can bc analyzed by thc same method.
If t, hc cxpcrimcntal likelihood is lower than that of some agreed-upon
fraction of thcsc results, onc sholild question thc appropriatcncss of
thc p.d. f. At, thc same time onc can check for bias in thc solution.

28.3.2. Error estimates:
Thc covariancc matrix V may bc estimated from

28.3.3. Application to Poisson-distributed data:
In the case of Poisson-distributed data in a counting cxperimcnt,

the unbinned maximum likelihood method (where thc index t' in
Eq. (28.5) labels events) is prcfcrred if thc total number of events
is very small. If there arc enough events to justify binning them
in a histogram, then onc may alternatively maximi7c thc likelihood
function for the contents of the bins (so t' labels bins). This is
cquivalcnt to minimizing [7]

+2 p 2(Nth Nobs) g 2Nobs In(Nob /sNth) (28.9)

28.4. Propagation of errors
Suppose that F(x; cr) is some

fitt, cd paramctcrs n, with a value
ParamCtCrS iS Van. TO firSt, Order

function of variable(s) z and the
F at n. Thc variance matrix of thc
in nm —&m& F is given by

F =F+ n~ —6~
m

(28.10)

and thc variance of F about its estimator is given by

(AF) = E[(F —F) ]
= Q U~„,

mn
(28.11)

evahiatcd at thc x of interest. For diffcrcnt functions F& and Fk, thc
covariancc is

&](Fg —Fx)(Fk —Ft;)] = Q ~
'

~mn ™ ~~n
(28.12)

If thc first, -order approximation is in serious error, thc above results
may bc very approximate. F may bc a biased rstimat, or of F cvcn if
thc 6 arc unbiased cstimators of n. Inclusion of higher-order terms or
direct, evaluation of F in thc vicinity of 6 will help to rcducc thc bias.

whcre N,"b' and Nt" are the obscrvcd and thcorctical (from f)
contents of thc ith bin. In bins whcrc N,""' = 0, the second term
is acro. This function asymptotically behaves like a classical y2 for
purposes of point estimation, interval estimation, and goodness-of-fit.
It also guarantees that thc area under thc fitted function f is cqiial to
the sum of thc histogram contents (as long as thc overall normalization
of f is effectivel left unconstrained during thc fit), which is not
thc case for y statistics based on a least-squares proccdurc with2

t, raditional weights.

If Oink~/Orx~ is linear, the "expectation" operation in Eq. (28.7) has
no effec bccalisc t, hc second dcrivativc of lnM is constant. Othcrwisc,
it may bc approximated by taking thr. avcragc of thc quantity in sqliarc
brackets over a range of un and em near thc solution. For complex
cases it may bc morc practical to evaluate s-standard-deviation errors
from thc contour

= —2 ln M + const, ant = lg. —F(z; ~)]'
IY

1

(28.18)

28.5. Method of least squares
Thc metkod of leasf, squares can bc dcrivcd from thc maximlim

likelihood thcorcm. Wc suppose a, sct of N mcasurcmcnts at points
T, . Thc ith mcasurcmcnt y, is asslimcd to bc chosen from a Gaussian
distribution with mean F(z,", n) and variance o, . Then

In M(et) = lnM„,„—s2/2, (28.8) Finding thc sct of paramctcrs n which maximi7cs M~ is thc same as
finding thr. sct, which minimizes y .2

whcrc ln M~s„ is the value of in& st, thc solution point, (compare
with Eq. (28.82), below). Thc extrcme limits ol' this contour parallel
to thc on axis give an approximate s-standard-deviation confidcncc
interval in nn. These intervals may not bc symmetric and they may
cvrn consist, of two or morc disjoint, intervals. This procrdlirc gives
onc-standard-deviation errors in rx equal to gV (not, summed) of
Eq. (28.7) if thc estimator is ctficicnt. If it, is not clRcicnt, the lcvcl of
confidenc implied by thc value of s is only approximate.

In many practical cases onc further restricts thc problem to thr,
situation in which F(z, ; et) is s. linear function of thc ex~'s,

F(z, ; n) = Qrx„f„(z), (28.14)

where thc f~ arc k linearly independent, functions (e.g. , 1, z. x
or Lcgcndrc polynomials) which arc single-valued over the allowed
rangr, of x. Wc require k & N, and at least k of thc x; mlist, bc
distinct, . Wc wish to estimate thc linear coc%cicnts nn. Later wc will
discuss thc nonlinear case.

If thc point errors e, = tj, —F(z, , et) src Gaussian, t"hcn thc
minimum y will bc distributed as a y random variable with
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n = X —k dcgrecs of freedom. We can then evaluate the goodness-
of-fit (confidencc level) from Figs. 27.1 or 27.3, as per the earlier
discussion. The confidence level expresses thc probability that a
worse fit would bc obtained in a large number of similar experiments
under t.he assumptions that: (a) the model y = P on fn is correct
and (b) the errors s; are Gaussian and unbiased with variance

If this probability is larger than sn agreed-upon value (0.001,
0.01, or 0.05 are common choices), the data, are consistent with the
assumptions; otherwisc we may want to find improved assumptions.
As for thc converse, most people do not regard a model as
being truly inconsistent unless the probability is as low as that
corresponding to four or five standard deviations for a Gaussian
(6 x 10 s or 6 x 10 s; see Scc. 28.6.1). If' the s, are not Gaussian, the.
method of least squares still gives an answer, but thc goodness-of-fit
t,cst would have t,o bc done using thc correct distribution of the
random variable which is still called "y2,"

Finding thc minimum of y in thc linear case is straightforward:

y, —Eo f(x)

(~,' o o)
S= 0 02 0

( o 0 ~s2)

(s' s' ol (o o 0 )
s2 s2 0 + 0 n2 -c
0 0 0) (0 —a2 a2 )

(28.22)

If unequal amounts of thc common basclinc werc subtracted from
variables 1, 2, and 3 e.g. , fractions f1, f2, and f3 then wc would
have

(o.,' O

S= 0 o.
2(0 o

0 l

0
~2 )

resulting in a positive correlation, perhaps because a cornrnon baseline
with its own statistical error (variance s ) was subtracted from each.
In addition, the second two have a common error (variance a2),
but this time the values are anticorrelated. This might happen, for
cxamplc, if the sum of thc two variables is a constant. Then

yi fm(xi) ~ ~ fn(xi) fm(xi)
2CJ. IT

z n 1

(28.15)
( f2s2

+ f1 f2&'
l, frfs"

f2' f2f3"
f2fss' fss' )

(28.23)

With t,hc definition

gm ——Q yi fm(x;)/o. ,' (28.16)

While in general this "two-vector" representation is not possible, it
undcrsrorcs thc proccdurc: Add acro-determinant correlation matrices
to thc matrix expressing thc indepcndcnt variation.

Care miist bc taken when fitting to corrclatcd data, since off-
diagonal contributions to y2 arc not necessarily positive. It is cvcn
possiblr. for all of thc residuals to have t,he sarnc sign.

V ' = P f (x') f (x')/~,' (28.17)

n=Vg (28.18)

With this notation, y for thc spccia, l case of a linear fitting
function (Eq. (28.14)) can bc rcwrittcn in the compact form

thc k-clcrncnt, column vector of solutions n, for which Oy2/Oom = 0
for all m, is given by

Bt = (gr V22
—g2 V&& )/D,

B2 = (g2 v, , ' —gr V,,')/D ,

(28.24)

(28.25)

whcrc

Example: straight-line fit
For the case of a straight-linc fit, y(x) = or + n2 x, onc obtains, for

indcpcndcnt mcasurcmcnts y, , thc following cstimatcs of o.1 and o.2,

=&min+( ) (~ B) (28.19)

Nonindependent y,. 's

Eq. (28.13) is based on thc assumption that, thc likelihood function
is thc product of indcpcndcnt Gaussian distributions. Morc gcncrally,
thc measured y, 's arc not indcpcndcnt, , and wc must consider them as
coming from a multivariate distribution with nondiagonal covariancc
matrix S, ss rlcscribed in Sec. 27.3.3. Thc generalization of Eq. (28.13)
is

—1 —1 —1 ~ 2 2
(Vj r ) Vr2 ) V2c ) ~(1) xz) xi )/)T)' )

(gr g2) =P(1 x')y'/~, '

rcspcctivcly, and

D = v-' v-' —(v-') '

Thc covariancc matrix of thc fitte paramctcrs is:

(28.26n)

(28.266)

(28.27)

X' = P[y, —F(x, ; ~)1S,k'Im —F(x~; ~)I
jk

(28.20)

In thc case of a fitting fiinction that is linear in thc paramctcrs,
onc may difi'crcntiste y to find the gcncrali7ation of Eq. (28.15), and
with thc cxtcndcd definition

V12 V22 D V12' V11
(28.28)

( y ytruc) —
r +

cst V D Vir )
—1 (28.29)

Thc estimated variance of an intcrpolatcd or cxtrapolatcd value of
y at point, x is:

gm = Py, fm(x&)S, ~'

jk

V ' = Qf (xg) f (xk)S,p'

jk
(28.21)

28.5.1. Genes al comments:
If y is not, linear in thc fitting paramctcrs n, t, hc solution vector

may have to bc found by iteration. If wc have a first guess no, then
wc may expand t,o obtain

solve Eq. (28.18) for thc estimators a.
Thc problem of constriicting thc covariancc matrix S is simplifie

by the fact, that contributions to S (not to its invcrsc) arc additive.
For cxarnplc, suppose that wc have thrcc variables, all of which have
indcpcndcnt, statist, ical errors. Thc first two also have a common error

x x + V „(cr—ere) +. . . ,
n oo

(28.30)

whcrc Oy-/Oo is s, vector whose mth component, is Oy /Onm, and
(Vmn) = &O2y2/On On„. (Sec Eqns. 28.7 snd 28.17. When evaluated
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at rz, V i is the inverse of the covariance matrix. ) The next, iteration
toward 6. can be obtained by setting By /Brrm[r = 0 and neglecting
higher-order terms:

rx = no —V
n By /Brr[

If V is constant in thc vicinity of thc minimum, as it is when the
model function is linear in thc parameters, then y is parabolic
as a function of nr and Eq. (28.31) gives the solution immediately.
Otherwise, further iteration is necessary, If the problem is highly
nonIincar, considerable difIiculty may be cncountcred. Thcrc may bc
secondary minima, and y2 may be decreasing at physical boundaries.
Numerical methods have been dcviscd to find such solutions without
divcrgcncr. [8,11]. In particular, thc CERN program MINUIT [11]
offer several iteration schcmcs for solving such problems.

Note that minimizing any function proportional to y (or
maximizing any function proportional in') will result in thc same
parameter sct 6. Hcncc, for cxarnplc, if thc varianccs o are iinknown

biit assumed equal and indcpcndent, onc can still solve for n. Onc
cannot, howcvcr, evaluate goodness-of-fit, and thc covariancc matrix
is known only t,o within a constant multiplier. The scale can bc
estimated at least roughly from thc size of y compared to its
expected size.

Additiona, l information can bc extracted from thc behavior of
thn (normalized) residuals, r& ——(y&

—F(x&, rz)/rr&, which should
thcmsclvcs distribute normally with a, mean of 0.

If thc data covariancc matrix S has been correctly evaluated
(or, cquivalcntly, thc a& 's, if the data arc indcpcndcnt), then thc
s-standard deviation limits on thc parameters arc given by a sct, n'
siich that,

This situation is shown in Fig. 28.1 (ignore the "unphysical region"
part of the graph for now), where the region between the curves
pi(rr, s) and pg(n, s) is indicated by the domain D(s) It . can be
argued that since the point (rr««»f, ne») belongs to D, then our
statement that repeated experiments would produce values of o. in the
interval py & ~ & p2 is equivalent to thc statement that t, he confidence
interval ci ( rr ( cz includes n«t„sf with probability 1 —s [1,6]. (We
will call s the confidence coeQcient )In .this "confidence. interval"
or frcquentist approach, o. is a parameter, not a statistical variable.
Instead, cy and c2 vary from experiment to experiment and are
statistical variables. It is very different to say that a lifetime r is to
bc found in thc interval wo + o.~ with 68% probability than to say that
the intr. rval re + rrr (which can vary from experiment. tn experiment)
includes thc actual, fixed, value of the lifetime with 68% probability,

Thc actual choice of pi and p2, such that j z f(rz; n) der = 1 —e,
can bc made in an infinite number of ways, but in practical sitiiations
there arc usually additional criteria. For a Gaussian distribution, for
cxarnplc, choosing the limits symmetric about the mean minimizes thc
length of the interval, The area of thc excluded tail on either side is
then s/2. For a Poisson distribution negative values cannot occur, so
p(rz, ir) (with rr an intcgcr and n thc Poisson mean) might, bc taken as
thc curve below which s of thc area under thc distribution lies. (In
this case thc ciirvc really consists of discrctc points, since 6 can have
only discrete values. ) For s = 0.05 the. curve starts at, (rr, n) = (3.0, 0).
If in a given cxpcrimcnt no decays to a certain final state arc scen,
wc might, then conclude that o. & 3.0 excludes thc act, ual value of n
with 95% probability. This statcmcnt, can bc converted to a similar
statcmcnt, about the branching fraction.

(28.32)

28.6. Errors and confidence intervals
We mcasiirc a mass, lifct, ime, or other physical quantity iindcr

thc assiimption t, hat a "triic answer" n exists. Thc conditions of
thc mcasiircmcnt introduce a random clcmcnt, , and our mcasiircmcnt
(or combination of mnssurcmcnts) rr„»samples a distribution with

p d f f(n; rr). . .T.hc unknown constant, rr appears as a paramctcr. Wr:
snpposr. that, for cvcry value. of n wr. can find two values pi(rr, s) and

p2(n, s) such that rcpcatrd rxpcrimcnts would produce results in thc
interval py & 6 & p2 a fraction 1 —c of thc time, where

f(K; n) drr (28.33)

This cqiiation, a special case of 28.8, dcfincs a contour in n-space;
comparn with the linear case in Eq. (28.19). It is often convenirnt
for estimating errors in applications to nonlinear cases, whcrc thc
matrix U ~ may bc a ra,pidly varying function of n. If thc problem
is highly nonlinear, such contours only approximately dcfinc thc
dcsircd confidcncc regions which woiild have some given probability of
covcI'lIig the tiilc valilc of w.

Thc mct, hod of least, sqiiarcs is somctimcs used in cases whcrc thc
distribiition is not, Gaussian or not known to bc Gaussian. In such
cases it can still bc used, biit it is then not a special case of thc
maximum-likelihood method, and thc thcorcms having to do with
that approach no longer apply. However, if (a) t, hr. distribution of
y, —P rrt, fk(r. , ) hss an rxpectation value of zero (unbiased) and

(b) has a finite, known, fixed variant:n rr,- (dens nnf; depend on cr),
then estimates of n obtained by minimi7ing y will bc iinbiascd and
have thc smallest possible variance of all linear unbiased cstimatcs
(Gauss-Markov thcorcm). This statnment, is morc gcncral than thc
least-squares method as a, special case of thc maximum likelihood
method in that, thc distribiitions do not have to bc Gaussian, biit more
restrictive in that, it applies only when the fitting function is linear in
thc Ak s.

' Unphysical
FeglOI1 fOl" (X .

cd

~ ~

actua
I

I

I

I

I

i

Physical quantity o,

Figure 28.1: Confidence intervals for a, single iinknown
paramctcr rr. Onr. might, think of thr. p.d.f. f(rr; rr) as being
plotted oiit, of thc paper as a function of 6 along each vertical
linc of constant rr. Thr. domain D(e) contains a, frsr:tion 1 —e of
thc area under each of these functions.

In Scc. 27 wc discussed such confidence limits for a y distribiition
(where s was called CL). Herc wc discuss nonfidnncr. intervals for thc
Gaiissian and Student, 's t-distribution, and confidenc limits for t, hc
Poisson case. Wc then discuss thc much morc contcntioiis sitiiat, ion
in which thn horizontal linc at ordinate n in Fig. 28.1 enters D(e)
at, a boundary for unphysical values of o. , so t, hat a,t least, I-.y is
iindcfincd for cxamplc if wc find vn = —30 + ~0 cV .

Ext,cnsivc t, ablcs and graphs werc once iiscd to find confidence
intervals and limits, but by now their main function is to confirm that,
software is working. FORTRAN mathematical librarir:s (IMSL, NAG,
CERNLIB) arn readily svailablr. , and a widn range of distributions
arc availablc in personal compiitcr spreadsheet, applications siich as
Microsoft Excel [12]. Its built-in functinns CHIDIST, NORMDIST,
and TDIST (Student's t;distribution), along with "Solver, " wnrr. usnd
to produce or check thc niimbcrs given in this section.
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28.6.1. Ganssi an errors:

Table 28.1: Area of thc tails c outside +6 from thc mean of a
Gaussian distribution.

s (%) 6

31.73 1'

N data points with which wc estimate A: paramctcrs, thc Gaussian
approximation is adequate for N —k )) 1. Othcrwisc rcplacc 6 by a
factor TFr, T being defined by

f(t; N —k) dt,
T

(28.35)

Table 28.2: t limits containing 1 —c of thc area of Student's
t-distribution f (t; N —k).

whcrc f for thc Student's t-distribution is dcfincd in Table 27.1. T is
tabulated in Rcf. 13 and in Table 28.2.

p+6
f(x; p„a )dz=crf

p —p 2 a
(28.34)

f(x; tt, a)

If thc data, are such that thc dist;ribution of thc estimator(s)
satisfie thc central limit thcorcm discussed in Scc. 27.3.3, thc
Gaussian distribution is thc basis of thc error analysis. If thcrc is

morc than onc parameter being cstimatcd, thc multivariate Gaussian
is used. For thc univariat, c case with known o,

10
20

s (%)
31.73 10.00 5.00 4.55 1.00

1.84 6.31 12.71 13.97 63.66

1.32 2.92 4.30 4.53 9.92

1.20 2.35 3.18 3.31 5.84

1.14 2.13 2.78 2.87 4.60

1.11 2.01 2.57 2.65 4.03

1 05 1.81 2 23 2 28 3.17
1.03 1.72 2.09 2.13 2.85

1.00 1.64 1.96 2.00 2.58

0.27

235.8
19.21

9.22

6.62

5.51

3.96
3.42

3.00

For multivariate n wc must consider pairwisc correlations.
Assuming s, multivariate Gaussian, Eq. (27.22), anrl subscqucnt
discussion thr. standard error cllipsc for thc pair ( n~, on) may bc
drawn as in Fig. 28.3.

0
(x—p.)/a

~n

rrn =

~n

Figure 28.2: Illustration of a symctric 90%%uo confidenc interval
(unshaded) for s, measurcmrnt of a single quantity with Gaussian
errors. Intcgratcd. probabilities, dcfincd by c, are as shown,

is t, hc probability t, hat t hc true value of p will fall within
+6 (6 ) 0) of t, hr. mcasurcd P. This interval will rover p, in a
fraction 1 —r of all similar mcasurcmcnts. Fig. 28.2 shows a 6 = 1.64(T

confidcncr. interval unshaded. Thc choice b = /Var( p. ) = a gives sn
interval called thc standard error which has 1 —c = 68.27% if o is
known. Confid. ence coc%cicnt, s c for other frcqucntly used choices of 6
arc given in Table 28.1. For other 6, find c as thc ordinate of Fig. 27.1
on thr. n = 1 curve at y = (6'/o) . Wr. can sct a onr. -sided (upper or
lower) limit, by cxclurling above P + 6 (or below p, —6); s's for such
limits src 1/2 thc values in the table above. .

Wc have incrcascd confidcncc that t, hc interval covers thc t,ruc value
as 1 —r incrcascs, or y incrcascs. We must bc careful to distinguish
this case from thc other major usc of Fig. 27.1, evaluation of
goodness-of-fit, (Src. 28.5.0). In that case wr. have increased confidcncc
in t, hc fit as y dccrcascs. In an attempt to reduce possible confusion2

in this discussion, wc will usr. thc s notation (which corresponds to
notation used in hypothesis trsting [4]) when discussing confidence
intervals and CL notation when discussing goodness-of-fit. Elsewhere
in this Remi, e7u, where thc confusion betwccn fit confidcncc lcvcl and
interval (usually an upper or lower limit) confidrnrr. lcvcl docs not,

arise, wc follow thc common practice of using "CL" to rcfcr to thc
confidcncc level of thc interval. This CL is understood to rcprcscnt,
1 —E'.

If thc variance (T of thc estimator is not known, but must bc
cstimatcd from thc data, then wc need to incorporate thc error in 0

into our confidcncc interval using Student's t distribution. If wc have

Figure 28.3: Standard error cllipsc for thc cstimators Bm and
In this ease thc correlation is ncgativc.

The minimum y or maximum likelihood solution is at
(H~, nn). Thc standard errors o~ and on arc define as shown,
whcrc thc ellipse is at a constant vahic of & &~I + 1 or
lnM = lnM~~» —1/2. The angle of thc major axis of the ellipse is

given by

2fomn &m &n
tan 2$ =

~m —~~
(28.38)

For non-Gaussian or nonlinear cases, onc may construct an analogous
contour from thc same y or 1n& relations, Any other parameters
6g, 8 g m, n must bc allowed frccly to find. their optimum values for
cvcry trial point.

For any unbiased proccdurc (e.g. , least squares or maximum
likelihood) heing used to ostimatr. k pararnetcrs o, , i = 1, . . . , k, thr.
probability 1 —c that thc true values of all k lic within thc s-standard.
deviation ellipsoid may bc found from Fig. 27.1. Read thc ordinate as
c; thc correct, value of c occurs on thc n = k curve at y = s . For2= 2

cxamplc, for k = 2, thc probability that thc true values of o. y and
e2 simultaneously lie within thc onc-standard-deviation error ellipse
(s = 1), ccntcrcd on ot and n2, is 39%. This probability only assumes
Gaussian errors, unbiased. cstimators, and. that thc model describing
the dat, a in terms of thc n, is correct.
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1 —s= P f(n N);
p+1

7I p

s=Pf(n N). (28.37)

0.20 .-- ~--- 1.0

0.15
:0.8

t" 0.10

0.6
II

0.4

0.05
0.2

0.00 0 4 )l 6 8—%=5.32
10

" 0.0

Figure 28.4: Illustration of Eq. (28.37) Poisson probabilities
for an assumed mean of N. With an obscrvcd count no = 2,
N = 5.32 as shown gives summed probability e = 10'Fo. Thc
dotted summed probability curve (scale on right, ) has been
displaced by —0.5 for clarity.

Fig. 28.4 illustrates thc case with no = 2 and 1 —c = 90%%uo, for
which it, may bc shown that N = 5.32. For any given no and dcsircd
z wc can obtain N from thc y Confidcncc Level figurc because of
a relation between thc Poisson and thc y2 distributions: read thc
ordinate as s, find y on thc curve for n = 2(nc + 1); then N = y /2.
Some useful values arc given in Table 28.3.

Thc meaning of these upper limits is that, for a given t, ruc p, thc
probability is at least 1 —r that onc will obscrvc no which will result
in N which is & p, . Thc probability for that to occur may bc higher
than 1 —c; for cxamplc, if p, & 2.30 a "90%" upper limit will actually
exceed p, 100% of thc time. Note from Eq. (28.37) that for nc = 0,
N = —inc.

Table 28.3: Poisson upper limits N for no observed events.

10'Fo

2.30
3.89
5.32

6.68
7.99
9.27

5'Fo

3.00

4.74

6.30

7 75

9.15

10.51

no 10%%uo 5'Fo

6 10.53 11.84

7 11.77 13.15

8 13.00 14.44

9 14.21 15.71

10 15.41 16.96
11 16 60 18.21

28.6.2. Poisson processes —upper limits:
Because the outcome of a Poisson process is an integral number

of events, no, it is usually not possible to set confidence intervals for
thc true Poisson parameter p at a certain exact c. For large no an
approximate interval can bc sct using thc Gaussian approximation,
in our section on Probability, Scc. 27.3.2, and thc techniques of
Scc. 28.6.1.

For small no wc can dcfine an upper limit N for p as being that
value of p, such that it would bc at least 1 —s (e.g. , 90% or 95%)
probable that a random observation of n would then lic above thc
observed no. Thus
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Figure 28.5: Thc situation near a physical boundary. In
Fig. 28.1 thc horizontal linc for a given Koxp crossed thc domain
D(s), bounded by pr(oI e) and /2(o f) cnt, ircly in thc physical
region, cntcring at cy and leaving at c2. Thc limits p~ and p2
cannot bc dcfincd in a region whcrc u is not, dcfincd, so thc
functions cannot bc continued into thc unphysical region. As a
result cr (for cxprrimrnt /'I) or ct and c2 (for cxpcrimcnt, B)
cannot bc dcfincd. Options 1, 2, and 3 label thc ways onc might
defin confidcncc int, crvals, as described in thc text, .

1. The method of eon(in'ence intervals [1,,15]. This is thc approach
described in thc int, roduct, ion, and requires little furt, hcr explanat, ion.
It, is prcscntly the method in favor [1,0,14]. For a, Gaussian distribution
it gives thc same result as thc Baycsian approach with a flat prior
distribution (sec below) if the region containing o with thc stated
probability is far from an unphysical region, as in Fig. 28.1. Two cases
in which this is untrue arc shown in Fig. 28.5, where as a matter of
convcnicncc wc assume that n must bc positive. As before, wc can
dcfinc limits py and p2 for each value of thc unknown parameter o. ,

such that, wc can expect, that a fraction 1 —c of rcpcatcd cxpcrimcnts
to produce results bctwccn these limits. Since this can bc done for

28.6.3. Bounded physical regi on*:
Thc measurement of a physical constant n results in an estimator

6, together with some knowledge of experimental error and thcrcforc
knowledge of f(o:;n), the parameterized p.d.f. that allows us to
state thc probability with which rcpeatcd cxpcrimcnts would produce
results in a given range. It docs not permit us to comment about o.
itself, which in this language is a constant, not a statistical variable.
At thc beginning of this section we introduced thc confidence interval,
or frequcntist, approach to thc problem, and werc able to say that with
a given probability thc unknown parameter could bc found bctwcen
(statistical) limits cr and c2. But what if a, physical boundary exists' ?

Although polarization should bc less than onc and mass or its square
should bc greater than zero, expcrimcntal result, s do not always fall
inside such a physical boundary because of statistical fluctuations.

Howcvcr one might sct a limit, thcrc is little question about how to
rcport, and combine dat, a [14]. A given cxpcrimcnt finds an unbiased
estimator n = —5 + 10 for a physical constant (e.g. thc square of
the mass of a, neutrino, in eV2). This value should bc reported as
thc primary result. In case thc true value is zero, for example, this
"unphysical" result, would not bc unlikely. It can bc combined with
thc results of other such cxpcrimcnts by forming thc appropriat, cly
wcightcd average of unbiased results, including ncgativc ones, to find
an unbiased estimator which cxprcsscs our best knowledge of t, hc
parameter.

What if wc wish to cxtcnd our concept of confidcnce limit to
such a situation? Thc question of how to calculate an upper limit,
in thc vicinity of a physical boundary is onc of thc most divisive in
high-cncrgy physics. Wc present two main approaches: Thc confidenc
interval, or frcqucntist, method, and thc Baycsian method. "Classical
method" is applied to onc or thc other by various writers, so wc avoid
thc t, crm.
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each value of cr, the limits are described by the functions pt(a, s) and

p2(cr, e). However, these cannot be extended into a region in which n
makes no sense. Experimental result ApxpQ indicated in Fig. 28.5,
is positive, but if the true value is o.~ct»~~ a significant fraction of
repetitions of the experiment would produce negative a. In these cases
there is no horizontal intercept cy, so without further assumptions
we cannot make a statement about the region which would cover

a~et»~~ in a given fraction of experiments. Experimental result opxp+
prcscnts a morc serious problem, since it is so negative that there
is no physical n for which the point (8, n) lies in the domain D(s)
Thc reason why the frequcntist method gives no confidence interval is

clear: This measured value of 6 would bc unlikely no matter mkat the
true value of n ujas.

There arc several ad hoc ways to sct confidence limits in such cases,
although many frcquentists would prefer to stop with thc weighted
average of unbiased results if thc outcome is exceedingly unlikely,
one shoiild look to thc experiment, not to thc statistics. Thc methods
wc list below 311 involve placing ey on thc physical boundary, which in
our cxamplc is at e = 0.
I. If n&,„&& pr(0, s), as in Expcrimcnt, A, c2 is defined. Use it for thc

iippcr limit, whcthcr or not, Apxp ) 0.
2 ~ If 6pxp & 0 as in Experiment B, usc thc c2 corresponding to

'exp = 0.
3. If ci is not defined, "lift up" n to p2(0, e), where ci = 0. Usc thc

corresponding e2 as thc upper limit.

Thcsc three options arc shown in in Fig. 28.5; note that thcrc arc
regions where morc than onc of them can bc iiscd, with difkrcnt
results. Thc third option is certainly thc most conservative. For
Gaussian f (ri; n) thc upper limit c2 is a onc-sided Gaussian confidcncc
limit; read thc tables for a 90% two-sided limit, to obtain 95% onc-sided
limit. Alternatively, read thc intcrccpts of thc dotted lines in Fig. 28.7.
(Thc horizontal axis is incorrectly labeled for this application. )

2. The Bayesian approadi [3]. This is the approach favored in thc
older literature, and has (unfortunately and incorrectly) been rcfcrrcd
to as thc "PDG method" in certain papers. To begin with, it is argued
that while o. is not a statistical variable, our knowledge of n is less than
complctc, and it is fair to dcscribc our uncertainty by treating n as
a statistical variablr. . Thc paramctrrizcd p. d.f. f(o; o) is replaced by
the conditional p.d.f. f(K n). Thc confidencc. limit question can then
bc rephrased: Oiir mcasuremcnts provide f(K~o), that is, information
about 6 for a fixe and unknown vahic of n, while wc really want to
know g(n~G), which tells us that, given our mcasurcmcnt, n, thc "true
answer" n lice between n and n+ dn with probability g(ca~6) do Thc.
connection is provided by Baycs' theorem (Eq. (27.7):

f(r n) r(nt)

f f(n~o) x(n) da
(28.38)

Here 7r(n) represents our "advance knowledge" of thc value of o.
In thc usual case wc claim no prior knowledge, so that before thc
cxpcrimcnt, all physically rcasonablc valiics of n arc equally probablc:
z.(n) is a, constant, over the region of interest and zero in thc unphysical
region. This assiimption leads to t, hc concliision that,

f(R~n)/ f f(cion) dn if o is in thc physical region;
0 othcrwisc;

(28.39)
where this time thc integral is over thc physical region. In Fig. 28.6 wc
assiimc t, hat an cnscmblc of cxpcrimcnts would produce values for o.

which distribiitc as shown, with a significant, probability of obtaining
results with iinphysical values. With our assumed step funct, ion tr(n),
thc effec of Eq. (28.38) or (28.39) is to replace this distribution with
thc function shown by thc shaded region, cxccpt that it is rcnormalizcd
to unit area. By stating oiir confidence at thc 90% lcvcl that, o. lies
below t, hc beginning of thc dark shaded region, wc mean that 90%%uo of
thc area in thc physical region is in thc light, shaded region.

In most cases of intcrcst in this Review, o. is assiimcd to bc a random
vahic from a Gaussian distribution. Application of thc proccdiirc
sketched in Fig. 28.6 t, hcn leads to thc family of curves shown in
Fig. 28.7. Thc confiidcncc limit sct, by this method is always greater
than thc (one-sided) confidenc interval set without, thc restriction of
an unphysical region, and approaches it, from abovr. as thc t, ail in thc

Unphysical Physical
region region

6, ore
ConMence limit 1 —c

Figure 2S.6: An example of a bounded physical region, in
which a mcasuremcnt 6 can fall in an unphysical region with
significant, probability. If wc assume that o. , thc quant, ity wc
are trying to rncasurc, cannot lic in the unphysical region (0
probability) but can lie anywhere in thc physical region ("no
prior knowledge"), then Baycs' thcorcm says that our new
knowledge of the distribution of o., given our mcasurcmcnt 6, is
given by thc shaded funct, ion after appropriate rcnormalization.
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Figure 28.7: Application of thc Baycsian scheme shown in
Fig. 28.6 to thc case of Gaussian f(n~n). For example, if our
mcasurcmcnt 6 is 1.0 standard deviations negative, then wc
conclude that e & 1.15o. with 90% probability howcvcr, thcrc
is only a 31%%uf) probability t,hat an experimental result, as low as
this woiild occiir. Note that thcsc arc upper limits, so that thc
asymptote for large n/e. corresponds to a one-sided confidcnce
interval, e.g. , thc asymptote for a 95% confidenc lcvcl is
u & n + 1.64o. , corresponding to a 90% confidenc interval for
a two-sided distribution. Thc dashed lines show thc frcqiicntist,
limit; if Option 3 is used, these arc cxtcndcd horizontally to thc
right for ncgativc n/e'.

unphysical region bccomcs unimportant. It is also grcatcr than any
of thc limits shown in Fig. 28.5. With a small modification (exclusion
of that portion of thc negative tail inside thc physical region in
thc confidcncc interval definition), it, smoothly approaches thc usual
two-sided confidenc interval for Gaiissian distributions.

Even so, it is not, a valid confidenc limit. If it werc, thc interval
woiild incliidc thc true val&ic of o. with exactly 1 —e probability
no matter what thc true value was. If thc tr&ic answer is zero,
our proccdurr. , by giiarantccing a limit, greater than zero for any
cxpcrimcnt, , also guarantees that t, hr. confidcncr. interval f'or any e'

includes u~cf»~[ with 100% probability. Only as n incrcasrs docs thc
probability dccrcasc toward thc o.-independent Gaiissian result.

Thc error function corresponding to thc right axis of Fig. 28.7
shows thc probability that n/rr at, or below thc given value should
occur. If thc cxpcrimcntal value is cxcccding improbablc, then thc
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formal confidence limit obtained by this or any other method means
very little.

What about thc arbitrariness of vr(n)'? If the square of the neutrino
mass is measured (a = m„), then should wc not take thc prior
knowledge distribution as proportional to Qn?t There are other
attractive options. ,leffreys points out that if x(n) do = dn/n, then
the distributions for o and o arc proportional [18], but there arc
practical difBculties with this approach. Lynch has invcstigatcd prior
distributions that are constant in n, n, and ~a in the context o2 f
Gaussian f (o ~a), and has obscrvcd that assuming s, prior distribution
that, is flat in o. gives results that are much morc satisfactory than onc

cts from thc others II7I: All three methods have thc property that
thc probability that thc calculated limit contains thc correct answer is
100'P() when n = 0 and approaches thc proper value when o. )& o, hut
the approach to the proper value as n incrcascs is much faster when
t, hc prior distribut, ion is taken to bc flat in o. . In this case thc approach
is also monotonic, giving it thc "conscrvativc" property that for no
value of o. will thc method produce a limit, that has a probability of
bein correct t, hat is less than thc stated eonfidcnce limit. Although
there is nothing unique about, thc limit calculated with a constant
z(o) it has desirable features and no obvious rcplaecmcnt.J

Summary: If there is a significant, probability of obtaining an
estimator corresponding to an unphysical value for a paramctcr, thcrc

t "o;is no universally acccptcd way way to make a statcmcnt of thc sor,
is less that c2 with probability 1 —c." A variety of upper limit, s can bc
d.fined, but, no method is cntircly satisfactory. Thc Baycsian mctho
with a Hat prior distribution gives a, rcasonablc upper limit which
combines cvvrything wc know about thc unknown quantity n into a
physically reasonable value, but it docs not give a, complctc summary
of thc information contained in thc cxpcrimcnt.

28.6.4. Poisson processes upwith background [18):
If wc ohscrvc no events in a Poisson process which has two

components, signal and background, cst, imating a limit on t, hc signal
is morc compliestcd. Lct ps bc thc unknown mean (thc Pnisson
parameter) for thc signal and pp bc thc mean for thc sum of all
backgrounds. Assume pp is known with ncgligihlc error; howcvcr
wc don't know ng, thc actual number of cvcnts resulting from thc
background. Wc do know that ng & no. If pg + ps is large, thc
Gaussian approximation to the Poisson distribution (scc Scc. 27. . )

',7.3.2
usually adequate, and onv. can dcfinc confidcncc intervals or limits as
above, assuming ng = pg and thcrvforc Ps ——no —p~ with variance
equal to no (larger than p~ to allow for thc error in n11).

Othcrwisc an upper limit can bc dcfincd by cxtcnsion of thc
argument, of thc prcccding section. Lct, N bc thc dcsircd upper limit
on p with confidcncc coefficient c. Sct N to hc that value of ps such
that any random rcpcat, of thc current, cxpcrimcnt wit, h p, g = N and
thc same p~ would obscrvc more than no events in tot, al and would
have ng & no, all with probability 1 —c. For any assumed N and p, p
wc can calculate t, his probability:
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Figure 28.8: 90%% confidcncc cocKcicnt upper limit on thc
number of signal cvcnts as a function of the cxpcctcd number
of background cvcnts. For cxamplc, if thc cxpcet, cd backgroun
is 8 events and 5 cvcnts arc obscrvcd, then thc signal is 4.0
(approximately) nr less with 90% confidence. Dashed portions
indicate regions whcrc it is to bc cxpcctcd that, thc number
obscrvcd would cxcccd thc number actually ohscrvcd 9 0 of
thc time, cvcn in thc complete absence of signal.

F' . 28.8 thc dashed portions of thc curves lic in t, hc region whcrc no
's expected to exceed thc observed value 99% of thc time (or morc),
cvcn in thc complete abscncc of signal. In thcsc regions onc should hc
cautious about accepting thc results of thc mcasurcmcnt.

As in thc Gaussian case (Sce. 28.0.3), whenever ne ( pg some
cxpcrimcntcrs may prcfcr to usc N calculated as if no = pg rather
than thc smaller value obtained from thc obscrvcd no.

f.= f (y)+-2+Uj; (y) ~
h;, n I

(28.41)

with covariancc matrix

U, (f) = P &

'
&

Uu~(y)
gf, Bf)

nmyny ™y (28.42)

28.Y. Propagation of errors
Su pose wc have a sct of N random variables y, which may hc

direct mcasurcmcnts or derived cstimators n, and wc have a covariancc
matrix U(y) for these. Wc can make a transformation to a, different
sct nf variables f„—:f„(y),j = 1, . . . , M (M ( X) and obtain best
cstimatrs for thc f„from

1 —E' 1

—
f pe+?vl v (O'B + )e»

n.2
n=o

nn n
,-~8 P "&

(28.40)

f = f(y)+ 2o'f"(y)
(28.43)

For a single-valued function f of a single mcasurcmcnt, y with variancv,
o (i e. , M = 1., X = 1), t, his becomes

Wc ad'inst N to obtain a desired r. For pg = 0 this convcrgrs to
E . (28.37). As in that, case (sce thc last paragraph of Section 28.0.2)
this gives a conservative upper limit in that, for any given true ps wc

ct, a true probahihty & 1 —z that N ) ps, avcragcd over a large set,

of identically performed cxpcrimcnts. For c = 0.10, Fig. 28.8 shows N
as a function of no and p, B.

Averaging of' cxpcrimcnts and other comparisons rcquirc that no
and pp bc quoted and thc technique used for upper limit, extraction
bc given.

If pg )) no thc rxpcrimcntcr should question thc probability of
bscrving ng as that, no. If this is very small thc background, pg,
ray not, have been calculated properly and thc upper limit for p,s

oht, aincd under t, hosv. assumptions may bc too low. For cxamplc, in

U(f ) = o' [f'(y )1'

whvrc thc primes dcnotv. differentiation with rcspcct to y, cvaluatcd
at y.

These approximations arc basvd on a Taylor expansion of f about
thc truv. value of y. If f is approximately linear in y over a rangv. of
roughly y, + o(y, ), the approximation is good and thc second-ordrr
terms in (28.41) and (28.43) can bc neglected. This is what is usually
done. However, if linearity is badly violated (e.g. , f n: 1/y and y
is no moro than a few rr from zero), it should bc recognized that,
propagation of errors will give very approximate results. In such cases
f = f ( y ) may be s, biased estimator for f even if y is unbiasrd for y,
and thc second-order terms in (28.41) and (28.43) will help to reduce
t, hat bias.
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29. MONTE CARLO TECHNIQUES
Rcviscd 3uly 1995 by S. Youssef.

Monto Carlo techniques are often the only practical way to
evaluate di%cult integrals or to sample rand. om variables govcrncd
by complicated probability density functions. Hero wo dcscribc an
assortment of methods for sampling some commonly occurring
probability density functions.

29.2. Inverse transform method
If thc dcsircd probability density function is f(x) on thc range

—oo & z & oo, its cumulative distribution function (expressing the
probability that, x & a, ) is given by Eq. (27.1). If u is chosen with
probability density f (u), then thc integrated probability up to point
a, F(a), is itself a, random variable which will occur with uniform
probability density on [0, 1]. If x can take on any value, and ignoring
thc endpoints, wc can then find a unique x chosen from the p.d. f. f(s)
for a given u if wc sct

u = F(x),
provided wc can finA a,n invcrsc of F, dcfincd by

x=F (u)

This mrthod is shown in Fig. 29.1a,.

(29.1)

(29.2)

F(x)
nuous
ution

0

1
(b)

F(x)

x=F 1(u)

I f(xh)

Discrete
distribution

0

k A+1

Figure 29.1: Usc of a random niimbcr u chosen from a, iiniform
distribution (0,1) to find a, random number z from a distribution
with curnulativc distribution function F(x)

For a, discrete distrib)rtion, F(z) will have a, discontinuous jump of
size f( )xakt, each allowed xt. , k = 1, 2, . Choose u from a uniform
distribution on (0,1) as bcforc. Find zt„.such that

29.1. Sampling the uniform distribution
Most Monte Carlo sampling or integration techniques assume a

"random number gcncrator" which generates unif'orm statistically
indepcndcnt, values on the half open interval [0, 1). Although such a
gcncrator is, strictly speaking, impossible on a finite digit, al computer,
generators arc ncvcrthclcss availablc which pass cxtcnsivc batt, cries of
tests for statistical indopendencc and which have periods which arc so
long that, for practical purposes, values from thcsc gcncrators can bc
considcrcd to bc uniform and statistically indopcndent. In particular,
thc lagged-Fibonacci based gcncrator introduced by Marsaglia, Zaman,
and Tsang [1] is eflicient, has a period of approximately 10, produces
identical seqiicnccs on a wide variety of comput, crs and, passes thc
cxtcnsivc "DIEHARD" battery of tests [2]. Many commonly available
congrucntial gcncrators fail these tosts and often have scqucnccs
(typically with periods less than 2 ) which can bc easily exhausted
on modr. rn cornputcrs and should thcrcforc bc avoided [3].

then zI„. is thc value we seek (note: F(zo)—:0). This algorithm is
illustrated in Fig. 29.1b.

29.3. Acceptance-rejection method (Von Neumann)
Very commonly an analytic form for F(z) is unknown or too

complex to work with, so that obtaining an inverse as in Eq. (29.2) is
impractical. We suppose that for any given value of x thc probability
density function f(x) can be computed and further that enough is
known about f(x) that we can enclose it entirely inside a shape which
is C times an easily gcncrated distribution h(x) as illustrated in

Fig. 29.2.

(b) .'
I

I

I

I

I

I

I

I

(x)

~c h(x)

I

I

I

I

I

Figure 29.2: Illustration of thc acceptance-rejection method.
Random points aro chosen inside thc upper bounding figiirc, and
rejcctcd if thc ordinate cxcccds f (z). Lower f)gurc illustrates
importance sampling.

Frequently h(z) is uniform or is a normalized sum of uniform
distributions. Note. that both f(x) and h(z) must be normalized
to unit area and thcrcfore thc proportionality constant C ) 1.
To gcncratc f(x), first, gcncratc a candidate x according to h(z).
Calculate f (x) and thc height of the envelope C h(x); gcncratc u and
test if uC h, (x) & f(x) If so, accept . x; if not rcjcct x and try again. If
we regard z and uC h(z) as thc abscissa and ordinate of a point, in a,

two-dirncnsional plot, , these points will populate t;hc entire area C h. (x)
in a, smooth manner; thcn we accept, those which fall under f(z) The.
cScicncy is thc ratio of areas, which must, equal 1/C; t, hereforc we

must, kccp C as close as possible to 1.0. Thcreforc wc t,ry t, o choose
C h(x) to bc as close to f (x) as convcnicncr. dictates, as in thc lower

part, of Fig. 29.2. This practice is called importance sampling, bccausr.
wr. generate morc trial values of x in thc region where f (x) is most,

important, .

29.4. Algorithms
Algorithms for gcncrating random numbers belonging to many

differen distributions arc given by Press [4], Ahrcns and Dieter 5,
Rubinstcin [6], Evcrctt and Cashwcll [7], Dcvroyc [8], and Walck [9 .

For many distributions alternative algorithms exist, varying in
complexity, sprcd, and accuracy. For t, imc-critical applications, t,hrsc
algorithms may bc coded in-linc to rrmovc thc significant ovcrhcad
often cncoiintcrcd in making function calls. Variables named "u" ayc
assumed to bc indcpcndcnt, and uniform on (0,1).

In thc cxamplrs given below, wc usc thc notation for thc variables
and paramct, crs given in Table 27.1.

29.4.1. Sine and cosine of random, angle:
Generate ut anrl up. Then ur = 2ut —1 is uniform on ( —1,1), and

))z = uz is uniform on (0,1). Cslculat;c r = ))t + ))&. If r ) 1, start
over. Othcrwisc, thc sine (S) and cosine (C) of a random angle arc
given by

k

F(xk, ) & u & F(xk) .= Prob (x & xt„.) = Q f(x,); (29.3) S = 2))t'V2/r and C = ('l)t —'))2)/T (29.4)
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29.4.2. Gaussian distribution:
If ui and u2 are uniform on (0,1), then

zi = sin 21rni 1/ —2 ln u2 and z2 = cos 21ruig —21nu2 (29.5)

arc independent and Gaussian distributed with mean 0 and o = 1.
There arc many faster variants of this basic algorithm. For cxamplc,

construct vi = 2ui —1 and v2 = 2u2 —1, which are uniform on (—1,1).
Calculate r2 = v&+v2, and if r ) 1 start over. If r & 1, it is uniform
on (0,1). Then

29.4.6. Poisson distribution:
Iterate until a successful choice is made: Begin with k = 1 and set

A = 1 to start. Generate u. Replace A with uA; if now A & cxp( —p),
where p is thc Poisson parameter, accept nk = k —1 and stop.
Otherwise increment k by 1, generate a new u and repeat, always
starting with the value of A left from the previous try. For large

p( & 10) it may be satisfactory (and much faster) to approximate thc
Poisson distribution by a Gaussian distribution (see our Probability
chapter, Sec. 27.3.3) and generate z from f(z;0, 1); then accept
x = max(0, [y, + zV p, + 0.5]) where [ ] signifies the greatest integer

the expression.

Z] = V]
—2 lnr 2

r2
and z2 = 'v2

—21n r 2

r2 (29.6)

29.4.3. y (n) distribution:
For n even, generate n/2 uniform numbers u, ; then

("/'
y = —2ln IIu, i

)
is y2(n) (29.7)

For n odd, generate (n —1)/2 uniform numbers u; and one Gaussian z

as in Scc. 29.4.2; then

arc independent numbers chosen from a normal distribution with
mean 0 and variance 1. z,'. = p+ crz, distributes with mean p, and

variance o

For a multivariate Gaussian, scc thc algorithm in Rcf. 10.

29.4.'7. Student 's t distribution:
For n & 0 degrees of frccdom (n not ncccssarily integer), gcneratc x

from a Gaussian with mean 0 and o = 1 according to the method of
29.4.2. Next generate y, an independent gamma random variatc with
k = n/2 degrees of frecdorn. Then z = x ~2n/~y is distributed as a t
with n dcgrccs of freedom.

For thc special case n = 1, thc Breit-Wigncr distribution, gencratc
uy and u2, sct vy ——2uy —1 and v2 = 2u2 —1. If v& + v2 & 1 accept2 2

z = vi/v2 as a Brcit-Wigncr distribution with unit area, ccntcr at 0.0,
and FWHM 2.0. Othcrwisc start over. For center Mo and FWHM I',
use IV = zI'/2+ Mp.

References:
1. G. Marsaglia, A. Zaman, and W.W. Tsang, Toioards a Un&)ersal

Random Number Generator, Supcrcornputer Computations
Research Institute, Florida State University tcchnical report FSU-
SCRI-87-50 (1987). This generator is available as the CERNLIB
routine R.ANMAR.

/'(n - i ) /2

y= —21n II u, +z is y (n)
)

(29.8)

For n & 30 the much faster Gaussian approximation for the
may bc preferable: gcncrate z as in Scc. 29.4.2 and usc

y = [z + i/2n —1] /2; if z & —vt2n —1 reject and start over.2

~ If 0 & k & 1, initialize with vi = (e+ k)/e (with e = 2.71828.. .
being thc natural log base). Generate ui, u2. Define v2 = viui.

Case 1: c)2 & 1. Dcfinc x = n2 . If u2 & e ', accept x and1//k

stop, else restart by generating ncw uy, u2.
Case 2: v2 & 1. Define x = —ln([vi — 9]/k)v. If 'Il2 & x"
accept x and stop, else restart by generating ncw uy, u2.
Note that, f'or k & 1, thc probability density has a pole at
x = 0, so that return values of acro duc to underflo must be
accepted or othcrwisc dealt with.

~ Othcrwisc, if k ) 1, initialize with c = 3k —0.75. Generate
ui and compute vi = ut(1 —ui) and v2 = (ui —0.5) V c/vi. If
x = k + v2 —1 & 0, go back and generate ncw uy, othcrwisc
gcncratc v2 and compute vs = 64viu2. If vs & 1 —2v2/x or if3 2 2

lnvs & 2{[k—1] ln[x/(k —1)] —v2) accept, x and stop' othcrwisc
go back and generate ncw uy.

29.4.4. Gamma distr ibution:
All of thc following algorithms arc given for A = 1. For A g 1,

divide thc resulting random number x by A.

~ If k = 1 (thc exponential distribution) accept, x = —(lnu). 4
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9.

Much of DIEHARD is described in: G. Marsaglia, A Current
Vi cia of Random Number Generators, keynote address, Computer
Science and Statistics: 16th Symposium on the Interface, Elsevicr
(1985).
Ncw generators with periods cvcn longer than thc laggcd-
Fibonacci based generator arc described in G. Marsaglia and
A. Zaman, Some Portable Very-Long-Period Rondnm Number
Generators, Compt. Phys. 8, 117 (1994). The Numerical Recipes
generator ran2 [W.H. Press and S.A. Teukolsky, Portable Random
Number Generators, Compt. Phys. 6, 521 (1992)] is aLso known
to pass thc DIEHAR. D tests.
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L. Dcvroyc, Non Uniform, Random -Variate Generation (Springcr-
Vcrlag, Ncw York, 1986).
Ch. Walck, Random Number Generation, University of Stockholm
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29.4.5. Binomial distribution:
If p & 1/2, iterate until a successful choice is made: begin with

k = 1; compntc Pk = q [for k g 1 usc Pk = f(rk, n, p), and store Pk
into B; generate u. If u & B accept rk = k —1 and stop; otherwise
incrcmcnt k by 1 and. compute next Pk and add to B; generate a ncw
u and repeat. If wc arrive at k = n+ 1 stop and accept r7I+y ——n. If
p & 1/2 it, will bc morc efficient fo generate r from f (r; n, q), i.e. , with

p and q intcrc:hanged, and then sct rj, = n —r.



170 80. Monte Carlo particle numbering scheme

30. MONTE CARLO PARTICLE NUMBERING SCHEME

Updated May 1996 by G.R. Lynch and T.G. Trippe.

~ NOTE: We have received a proposal for a significant revision to
our numbering scheme. The revision would include numbering
for particles expected in the quark model but not yet discovered
and for hypothetical states such as supersymmetric particles.
The proposal was developed by the @CD Monte Carlo Event
Generators working group of a LEP2 Workshop in 1995 and
conveyed to us by lan Knowles and Torbjorn Sjostrand [1].
Lynn Garren, who is responsible for the STDHEP standard [2]
at Fermilab, is also involved. We will put this proposal on the
Particle Data Group WWW page (http: //pdg. 1bl. gov/) in the
near future to invite comment and to provide information on the
status of its acceptance.

Most particle physics Monte Carlo and analysis systcrns use a
numbering scheme to represent particles. The lack of standardization
of such schcmcs inhibits interfacing difI'crent programs. Thc following
table proposes a standard numbering scheme. Sornc of the properties
of this scheme arc:

1. Quarks and lcptons arc ordcrcd by family, and within the family,
by isospin. This puts the u and d in thc opposite order than is
often used in ot, her numbering schemes. In our schcmc wc call the
highest numbered quark the hcavicst quark.

2. For multiple quark systems (mesons, baryons, and diquarks),
thc rightmost digit is generally I = 2,J + 1. (Thc K&P and K&P

are exceptions. ) Particles with J ) 4 have not been assigned
numbers.

3. Mcsons are represented by the form NML and baryons by
NMKL, where N, M, and K are quark numbers.

4. For thcsc systems thc highest quark number (scc quark list below)
is usually on thc left and thc quarks arc in decreasing order of
quark number from left to right. One exception to this convention
is thc KL-K+ pair. A second exception is for t,hc A's for which wc

invert thc up and. down quarks to distinguish thc A from thc Z .
5. The other exception to this quark-number order rulc is for some

N's and 6's. For N's, thc u and d quark arc rcvcrscd for spins
3/2 and 7/2. For 6's, they arc rcvcrscd for spins 1/2 and 5/2.
Thc quarks arc in thc normal decreasing order when I+ J is odd.

6. Mcsons, and only mcsons, have thc third digit nonzcro and thc
fourth digit sero. (Wc designate thc rightmost digit as thc first
digit, .)

7. Only baryons and diquarks have the fourth digit nonzero.
8. Only quarks and diquarks have the second digit equal to zero.
9. Particles have positive numbers; each antiparticle has the negative

of its counterpart.
10. The particle-antiparticle convention is the one used by the Particle

Data Group, so that the K+ and B+ are particles.
ll. The above rules imply that for mesons (as opposed to anti-

mesons), when the number of the leftmost (heaviest) quark is
even, it is a quark, and when thc number of the leftmost quark is
odd, it is an antiquark.

12. The gluon has two numbers. Its ofFicial number is 21 to place
it with the other gauge bosons. Its number is also 9 so that a
glueball is specified as 99.

13. Thc fifth digit is used to difI'ercntiate different particles with the
same quark content and spin.

14. Although isospin is not manifest in this scheme, thc isospin of any
hadron can be determined from the number. Mesons with 11L
are isospin 1 and those with 22L are isospin 0. For nonstrange
baryons, if the quarks are in the normal decreasing order, then
I + J is odd, otherwise I + J is even. If a strange baryon docs
not have the normal decreasing quark order, it has I = 0.

Morc details about the motivation behind, and properties of,
this scheme can bc found in Rcf. 3. Although this scheme has thc
advantage that a particle's number has considcrablc physics content,
it has thc disadvantage that it is not compact. An algorithm that
translates this scheme into a more compact scheme is needed for its
implementation, Contact the Bcrkclcy Particle Data Group for further
information on such an algorithm.

A list of particle numbers follows.

References:
1. I. Knowlcs et cl. , @CD Event Generators Rcport, LEP2

Workshop, 1995, CERN Yellow Report 96-01, vol, 2, p. 103.
2. L. Garrcn, StdHcp 3.01, Monte Carlo Standardization at FNAL,

Fermilab Plvf0091 (Nov. 17, 1995) and StdHep WWW site:
http: //fnpspa. fnal. gov/stdhep. html.

3. T.G. Trippc and G.R. Lynch, "Particle I.D. Numbers, Decay
Tables, and Other Possible Contributions of thc Particle Data
Group to Monte Carlo Standards, " LBL-24287, in Proceed'ngs of
the Workshop on Detertor Simulation for the SSt (August 1987).

QUARKS

y

W
z
g
HO

1

HO
2

II0,

H+

24
23
21 and 9

25

GAUGE AND
HIGGS BOSONS

LEPTONS
12

14

11
13

DIQUARKS

(dd)y 1103

(ud)p 2101

(ud) r 2103

(uu) t 2203

(sd)p 3101

(sd) r 3103

(su)p 3201

(su) i 3203

MESONS
7r+

fp(400-1200)

p(770)
a (782)

tt'(958)

fp(980)
a, p (980)

$(1020)
ht(1170)
bt(1235)
at(1280)
f2(1270)
ft(1285)

211
111
221

60221

113, 213

223

331

10221

10111, 10211

333

10223

10113, 10213

20113, 20213

225

20223
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MESONS (Cont'd) MESONS (Cont'd) BARYONS (Cont'd)

q(1295)
~(1300)
e2(1320)
fo(1370)
f&(1420)

~(1420)

g (1440)

p(1450)

fo(1500)

fi(1510)
fiq(1525)

~(1500)
cu3(1570)

~2(1570)

P(1080)

p3(1890)

p(1700)

fg(1710)
$3(1850)
f2(2010)

f4 (2050)

f2(2300)

f2 (2340)
K+
KP

K~

K~
K'(892)
Ky (1270)

Ky (1400)
K*(1410)
Ko(1430)

K2(1430)
K'(1080)
Kg (1770)

K3 (1780)

K2 (1820)

K4(2045)
~+
~0
D*(2007)"
D* (2010)+

Di (2420)

D (242)o50
D2 (2450)+
z)+-

@)g+

D, p (2530)+
B+
BO
B*
Bp

10115, 10215

10333

117, 217

30113, 30213

30113, 30213

337

20225

229

30225

40225

321
311
310

130

313,
10313,

20313,

30313,

10311,

10323

20323

30323

10321

315) 325

40313, 40323

10315, 10325

317, 327

20315,

319,
411
421
423

413
10423

425

415

431

433

10433

521
511
513,

20325

329

523

20221

20111, 20211

115, 215

30221

30223

50223

40221

40113, 40213

50221

40223

335

60223

q„(1S)
J/g(1S)
Xco(1P)

y, j. (1P)
y, 2(lP)
g(2S)
g(3770)

Q(4040)

Q(4160)

Q(4415)
7 (1S)
X~o(»)
Xbs (1P)
Xa~(1P)
T(2S)
Xbo(2P)

Xw (2P)

Xg2 (2P)
7'(3S)

T(4S)
T(10880)
T'(11020)

p
n

N(1440)

N(1520)

N(1535)
N (1550)
N (1675)

N(1580)

N(1700)

N(1710)
N(1720)
N (2190)

A(1232)

A(1600)

A(1820)

A(1700)

d(1900)
A(1905)
8 (1910)
A(1920)

A(1930)

H(1950)

P11

D)3

Spy

Dys

Fqs

P11

P)3

Say

F3s

P3y

F37

BARYONS

441

443

10441

10443

445

20443

30443

40443

50443

60443

551

10553

20553

10551

70553

10555

30553

40553

50553

60553

2212

2112

12112,

1214,

22112,

32112

2116,

12116,

21214,

42112,

31214,

1218,

1114,
31114,

1112

11114,
11112,
1116,

2]112
21114,

11116,
1118,

12212

2124

22212

32212

2216

12216

22124

42212

32124

2128

2114,

32114,

1212,

12114,

11212,

1216,

21212,

22114,

11216,

2118,

2214, 2224

32214. 32224

2122, 2222

12214, 12224

12122, 12222

2126, 2226

22122, 22222

22214, 22224

12126, 12226

2218, 2228

A(1405)

A(1520)

A(1800)

A(1670)

A(1690)

A(1800)

A(1810)

A(1820)

A(1830)

A(1890)

A(2100)

A(2110)
z+
zp

Z
Z(1385)
Z(1680)
Z(1570)
Z(1750)
Z(1775)
Z(1915)
Z(1940)
Z(2030)

= (1530)
:"(1820)
0
a+
A((2593)+

Z((2455)

op
gp

6

Ppy 3122

Spy 13122

Dp3 3124

Ppy 23122

Spy 33122

Dp3 13124

Spy 43122

Ppy 53122

Fps 3126

Dos 13126

Pp3 23124

Gp7 3128

Fps 23126

Pyy 3222

Pyy 3212

Pyy 3112
P)3 3114,

Pyy 13112,

D)3 13114,

Spy 23112,

Dys 311.6,

Fys 13116,

Dy3 23114,

Fy7 3118)

Pyy 3322

Pyy 3312

P)3 3314,

D)3 13314,
3334
4122

14122

3214, 3224

13212, 13222

13214, 13224

23212, 23222

3216, 3226

13216, 13226

23214, 23224

3218, 3228

3324

13324

4112, 4212, 4222

4322

4312

4332

5122
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31.CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,
AND d FUNCTIONS

J J
Note: A square-root sign is to hc understood over every coeffrcicnt e.g. for —8/15 read —g8/15.

1/2 x 1/2
I+j./2+1/2 1 0 0

+ I/'2 —I/2 I/2 I/2 I
—1/2 +1/2 1/2 —I/2 —I

—I/2 —I/2 I

3
Y1 —— —cos 6)0

4x

Y1
1

2 x1/2 +5/2
(+2 I/2 I

sin 0 e0 iP +2 —I/2
+I +I/'2

5/2 3/2
3/2 +3/2

I/5 4/5 5/2 3/'2
4/5 —I/5 +I/2 +I/2

//t I m2

Coefficients

yO
2

—cos2 0 —— +I —I/'2
0 +I/2

2/5 3/'5 5/2 3/2
3/5 —2/5 —I/2 —I/21xl 2

+3/2 3/2 I/2
I+I +I/2 1 +I/'2 +I/2

+ I —I/'2 I/'3 2/3
0 +I/2 2/3 —I/3

0 —I/2
—I +I/2

3/2 I/2
—I/2 —I/2

2/3 I/3 3/2
1/3 —2/3 —3/2

sin 0 cos 0 e'&

Y2 ——— —sin Oe '&1

4 2'
2X1

+3
)+2 +I

+2 0
+I +I

1X1
+I +I I +1 +I

+ I 0 I/2 I/2
0 +I I/2 —I/2

—1 —I/2 I 5/'2
+syz

[+3/2 +I I'+3/2 +3/2
+ 3/2 0 2/5 3/5
+I/2 +1 3/5 —2/5

+ 3/2 —1
+ I/2 0
—1/2+I

3 2
+2 +2

I/3 2/3 3

2/3 —I/'3 + I
2 I

+I +I
+2 —I I/15
+1 0 8/15

0 +I 6/'15

1/3 3/5
I/6 —3/10 3 2 I

—I/2 I/I 0 0 0 0

2 I 0
0 0 0

2 I
+ I —I I/5 I/2 3/10

0 0 3/5 0 —2/5 3
—I +I I/5 —I/2 3/10 —I

0 —I/2
—I +I/2

3/5 2/5 5/'2 3/2
2/5 —3/5 —3/2 —3/2

3/2 x 1/2
I+3/2 +I/2 I +I +I

+3/2 —I/2 I/4 3/4
+1/2 + I/2 3/4 —1/4

—I —I/'2
—2 +I/2

4/5 1/5 5/'2
I/5 —4/5 —5/2

I
—2 —1/2 1

5/2 3/2 I/2
+ I/'2 + I/'2 + I/2
1/10 2/5 I/2

3/5 I/15 —I/3
3/10 —8/15 I/O

+ I/2 —I
—I/2 0
—3/2 +I

+1/2 —1/'2 I/'2 I/2 2 I
—I/2 +I/2 I/2 —I/'2 —I —I

—I/2 —1/2 3/4 I/O 2
—3/2 +I/2 I/'4 —3/4 —2

I —3/2 —1/2 j.
5/2 3/2 I/2-I/2 —I/2 —I/2

3/10 8/15 I/6
3/5 —I/15 —I/3 5/2 3/2

I/10 —2/5 I/2 —3/2 —3/'2

+I —I
0 0
I +I

I/6 I/'2 I/3
2/3 0 —I/3
I/6 —I/2 I/'3

2 I
0 —I 6/15 I/2 I/'10

—I 0 8/15 —I/6 —3/10
—2 +I I/'15 —I/3 3/5

3 2
—2 —2

—1/2 —1
—3/2 0

3/5 2/5 5/2
2/5 —3/5 —5/2

t
—3/2 —I I

y —m
( y)mym+

e

0 —I
—I 0

I/2 I/2
I/2 —I/2

2
—2

4w
'm, O

—I —I
—2 0

ym —imPe

2/3 1/3 3

1/3 —2/3 —3 (iti2mtm2lirA JM)
= ( —1)' " "(Aitm2mtlAL'r ~M)

3/2 x 3/2
1+3/2 +3/2 I

+3/2 + I/2
+I/2 +3/'2

3 2
+2 +2

2x3/2
+ 7/2

I+ 2+ 3/2 1

+2+1/2
+ 1+3/2

I/2 1/'2

I/2 —I/2
+3/2 —I/2
+I/2 + I/'2
—I/2 +3/2

7/2 5/2
+5/2 +5/2

3/'7 4/7 7/2
4/7 —3/7 + 3/2
+2 —I/2 I/7
+I I/'2 4/7

0 3/2 2/7

5/2 3/'2
+3/'2 +3/2

16/35 2/5
I/35 —2/5 7/2 5/2 3/2 I/2

—18/35 I/5 + I/2 + 1/2 + I/2 + I/22X2
)+2 +2 I

+2 +1
+I +2

4 3
+3 +3 + 2 —3/2 1/3 5 6/3 5 2/5 2/5

+ I —I/2 12/35 5/14 0 —3/10
0 1/2 18/35 —3/35 —I/5 I/5

—I 3/2 4/3 5 -27/7 0 2/5 —1/10
4 3 2

+2 +2 +2
1/2 I/2
1/2 —I/2

d j
( 1)m —m'd2 d2

m tm mtm mt m doo ——cos01

3 2 I
+1 +1 +I

0
1/2, 1/2

1/2, —1/2
I/5 I/2 3/10
3/5 0 —2/5
I/5 —I/2 3/10

3 2 I 0
0 0 0 0

dl1

d l, o =1

1+ cos 0
2

sin tLL

1 —cos 0

+ 3/2 —3/2 I/2 0 1/'4 9/2 0 I/4
+ I/2 —I/2 9/20 I/'4 —I/20 —1/4
—I/'2 + I/2 9/'20 —1/4 —I/20 I/4
—3/2 +3/2 I/20 —I/4 9/20 —I/4

3 2
—I —I

7/2
—I/'2

5/2 3/2 I/2
—1/2 —I/2 —I/'2

+I/2 —3/2 I/'5 I/2 3/'10
—I/'2 —I/2 3/5 0 —2/'5 3 2
—3/2 + I/2 I/5 —I/2 3/10 —2 —2

+2 0 ' 3/14 I/'2 2/7
+I I 4/7 0 —3/7

0 2 3/14 —I/2 2/7

4/35 27/'70 2/5 I/10
18/'3 5 3/3 5 —I/5 —I/5
12/35 —5/14 0 3/10 7/2 5/'2 3/2

I/35 —6/35 2/5 —2/5 —3/2 —3/2 —3/'2

+I —3/2
0 —I/2

—I I/2
—2 3/2

—I/2 —3/'2 I/2 I/2 3
—3/2 —I/'2 I/2 —I/2 —3

I 3//2 3/2 r

4 3 2 I
+I +I +I +I

+ 2 —I I/14 3/10 3/7 I/5
+ I 0 3/7 I/5 —I/14 —3/10

0 1 3/7 —I/5 —I/14 3/10
—I 2 I/14 —3/'10 3/7 —I/'5

—3/2
—I/2

I/2

2/7 18/35 I/5
4/7 —I/3 5 —2/5
I/7 —16/3 5 2/'5

—I —3/2
—2 —I/2

2 I 0
0 0 0

7/'2
—5/'2

4/7
3/7

5/2
—5/2

3/7 7/2
-4/7 -7/2

2/7 2/5 I/5
I/14 —1/I 0 —I/5
—2/7 0 I/5
I/14 1/10 -1/5

2/7 —2/5 I/5

I/'70 I/10
8/35 2/5

18/35 0
8/35 —2/5
I/7 0 —I/1 0

+2 —2
+I —I

0 0
—I I
—2 2

—2 —3/2 I2 I
—I —I

4 3
—I —1

3/7 I/5-I/'14 —3/10
—I/'14 3/10

3/7 —I/5

1+ cos0
4 3 2

—2 —2 —2

2d2 1
3/14 I/2 2/7

4/7 0 —3/7
3/14 —I/2 2/'71+ cosg

2 cos tl —1
2 I/2 I/2 4

I/2 —1/'2 —4

0cos—''2 2

3/2 1+ roe 0 0cos—
3/2, 3/2 +I —2 I/14 3/I 0

1+ cos0 . 0 0 —I 3/7 I/5
sin— —I 0 3/7 -I/5

3/2, 1/2 2
'

2 —2 I I/14 —3/1 0

~1 —cos 0 0 1+ cos 0 0 —2cos sin 0
3/2, —1/2 2 —I —I 4 3

1 —costt tt 2 vg d2
d2 o

—— sin 0 1,1 —I —22,0 —2 —I
3/2 3 roe 0 —] & —cos 9

' 1/2, 1/2 2
sin6) d 1 o sin ros9

2

3/2 3cosg+ 1 g ] —cosg 1 —cos 8
1/2, —1/2

S1I1—
2

"-
2

2costL+ 1 doo — —cos tt ——

Figure 81.1: Thc sign convention is that of Wigncr (Group Theory, Academic press, Ncw York, ]959), also used hy Condon and Shortlcy (The
Theory of Atomic Spectra, Carnbridgc Univ. Press, New York, 1958), Rose (Etementary Theory of Anqutar Momentum, bailey, Ncw York, ] 957)
and Lohcn (Tahtes of the GLehsch Gordon Goefft ci-ents, North Amcric:an Rockwell Science Ccntc, r, Thousand Oaks, Calif. , 1974), Thc. coefficients
herc have bccn calcnlatcd lising complitcr programs vrrittcn indcpcndcntly by Cohen and at LBNL.



88. SU(9) isoscalar factors and r'epresentation matrices 173

32. SU(3) ISOSCALAR FACTORS AND REPRESENTATION MATRICES
The most commonly used SU(3) isoscalar factors, corresponding

to thc. singlet, octet, and decuplet content of 8 (3 8 and 10 (3 8, are
shown at thc right. The notation uses particle names to identify thc
cocfficients, so that the pattern of relative couplings may be seen
at a glance. Wc illustrate the use of the coefficien below. See J.J
dc Swart, Rev. Mod. Phys. 35, 916 (1963) for detailed explanations
and phase conventions.

A v is to be understood over every integer in the matrices; the
cxponcnt 1/2 on each matrix is a reminder of this. For example, the
:- —+ QK clement of the 10 ~ 10 S 8 matrix is —v 6/v 24 = —1/2.

8y ~8(38
(A)

Z

&=-)

Ar A& ZK aK
NK Zx Avr Zg =K

NK Zx Ag =K
ZK AK:-x:"ri )

1 8(38

(A) ~ (NK Zn Ari =K)

(9 —1 —9
—6 0 4 4

~20 2 —12 —4
(9 —1 —9

1) 1/2

—6

-i)

1= —(2 3 —1 —2)'/'
v8

1 (f2* ~:-K) 12= —x (phase space factors)
1 zi~¹r 6

(32.1)

Intramultiplct relative decay strengths may bc read directly from
thc matrices. For cxamplc, in dccuplct ~ octet + octet decays, the
ratio of 0* ~:-K and 0 ~ Nvr partial widths is, from thc 10 ~ 8 x 8
matrix,

82 ~8@8
(

Z NK Zvr Avr Zg =K 1 2 8 0 0 —2
r1 ArK Zn Arl =K ~jg 6 0 0 6

)

10 ~ 8(38

Including isospin Clcbsch-Gordan coefficien, wc obtain, e.g. ,

P(f7* ="K ) 1/2 12 3
x —xp s f = —xp. .s .f. . (32.2)

(~) (
Z NK Z~ Am Zg "K 1 —2

ZK ~K:- n: n -~12
kO) ( =-K )

8 10@8

—6 6
2 —3 3 2
—3 3 3

)

Partial widths for 8 ~ 8 l3 8 involve a linear superposition of 8y
(symmetric) and 82 (antisymmctric) couplings. For example,

(i'd) ( an ZK
Z AK Zvr Zg =K

Zvr =K
&=-) &ZK =-. =-„f2K)

—12
8

~15
(3 -3

1/2

6
3 6)

gs + (32 3) 10 ~ 10 8

Thr. relations bctwcen gr and g2 (with dc Swart's normalization)
and thc standard D and F couplings that appear in thc interaction
Lagrangian,

(a) ( a~ a& zK
Z AK Zvr Zg =K

ZK:-~:-g OK
(O) (:-K O~

( 15 3 —6
1 8 8 0 —8

v24 12 3 —3 —6
12 —12 )

G6c G~g~
= —v2 D Tr ((B,B)M)+ v2 F Tr([B,B]M)

v30
40 " vfi

24 '

Thus, for cxamplc,

1 (:-*~:-n) - (F —D) - (1 —2o)

where [B,B]—:BB—BB and (B,B):—BB+ BB, arc

(32.4)

(32.5)

(32.6)

123 1

147 1/2
156 —1/2
246 1/2
257 1/2
345 1/2

367 —1/2

458 v 3/2
678 v 3/2

118 1/~3 355

146 1/2 366
157 1/2 377
228 1/v/3 448

247 —1/2 558

256 1/2 668

338 1/v 3 778

344 1/2 888

1/2
—1/2
—i/2
—1/(2v 3)
—1/(2v 3)
—1/(2v 3)
—1/(2V 3)
—1/V3

where n = D/(D + F).

The generators of SU(3) transforrnations, A~ (o = 1, 8), arc 3 x 3
matrices that obey thc following commutation and anticommutation
relationships:

Thc A~'s arc

(0 1 0) 0 i 0) 1 0 0—)
0 0[A2= i o 0[As= o —1 0

t, o 0 0) 0 0 0) 0 0 0)

0 0 1 0 0 i ) (0 0 0—
A4= 0 0 0 As= 0 0 0

[
As= 0 0 1

1 0 0 i 0 0) (0 1 0
[A, Ag]

—= A, As —AbA = 2i f„b,A,

4
(A„,Ab):—A, Ag+ AbA, =- b~bf + 2d~b, A„, —0

3 g,

(32.7)

(32.8)

0 0 0 ) 1 1 0 0 )
A7= 0 0 —i A8= —0 1 0

0 i 0) v3 0 0 —2)

where I is thc 3 x 3 ident ity mat rix, and bf7 it is the Kroncckrr dclt a
symbol. Thc f~g~ arc odd under thc permutation of' any pair of
indices, while thc d~t, ~ arc even. Thc nonhero vahlcs arc

Equation (32.7) dcfincs thc Lic algebra of SU(3). A gc.ncral d-

dimcnsional representation is given by a sct of d x d matrices satisfying
Eq. (32.7) with thc f~b, given above. Equation (32.8) is specifi to thc
defining 3-dimensional rcprc. scntat ion.
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33. SU(n) MULTIPLETS AND YOUNG DIAGRAMS
This note tells (1) how SU(n) particle multiplets arc identified or

labeled, (2) how to find the number of particles in a multiplet from its
label, (3) how to draw thc Young diagram for a mnltiplet, and (4) how
to usc Young diagrams to detcrminc the overall multiplet structure of
a composite system, such as a 3-quark or a meson-baryon system.

In much of thc litcraturc, thc word "representation" is used where
wc usc "multiplct" and "tableau" is used whcrc wc usc "diagram. "

33.1. Multiplet labels
An SIJ(n) multiplct is uniquely identified by a string of (n —1)

nonncgativc integers: (o, P, p, . . .). Any such sct, of integers specifics
a, multiplrt. For an SU(2) multiplrt such as an isospin multiplct„ thc
single intcgcr n is thc number of steps from onc cnd of thc multiplct
to thc other (i e. , it, is .onc fewer than thr. number of particles in thc
multiplet). In SU(3), the two integers n and P arr. thr. numbers of
st, cps across thc top and bott, om lcvcls of thc multiplct diagram. Thus
thv. labels for the SU(3) octet and dccuplct

33.3. Young diagrams
A Young diagram consists of an array of boxes (or some other

symbol) arranged in one or inorc left justified rows, with each row
being at least as long as the row beneath. Thc correspondencc bctwccn
a diagram and a multiplet label is: The top row juts out o. boxes to
the right past thc cnd of thc second row, thc second row juts out p
boxes to thc right past thc end of thc third row, ete. A diagram in
SU(n) has at most n rows. There can be any numbvr of "completed"
columns of n boxes buttressing thc left of a diagram; these don't affect
thr. label. Thus in SU(3) thc diagrams

represent thc multiplets (1,0), (0,1), (0,0), (1,1), and (3,0). In any
SU(n), thc quark multiplct is rcprcscnted by a single box, thc
antiquark multiplrt by a column of (n 1) b—oxcs, and a singlet by a
complctcd column of n boxes.

-l- 0

arc (1,1) and (3,0). For larger n, thc intcrprctation of thr. integers
in terms of thc gcomctry of thc multiplcts, which exist in an

(n —1)-dimrnsional space, is not so readily apparent.
Thv. label for thc SU(n) singlet, is (0, 0, . . . , 0). In a, flavor SU(n),

thc n quarks togcthcr form a (1, 0, . . . , 0) multiplct, and the n
antiquarks belong to a (0, . . . , 0, 1) multiplrt, . These two multiplcts
arc eonjugafe to onc another, which means their labels arc related by
(n, p, . . .) ~ (. . . , p, n).

33.2. Number of particles
Thv. nnmbcr of particles in a multiplrt, , N = N(o, P, . . .), is given

as follows (note thc pattern of thc equations).

In SU(2), N = N(o) is

33.4. Coupling Inultiplets together
Thc following rccipc tells how to find thc multiplcts that occiir

in coupling two multiplcts togcthcr. To couple togcthcr morc than
two multiplcts, first couple two, then couple a third with each of thc
miiltiplcts obtained from thc first two, ete.

First, a, definitio: A scqucncc of thc lcttcrs a, 6, e, . . . is admissibte
if at any point in thc scqucncc at least as many a's have occiirrcd as
6's, at least as many 6's have occiirrcd as c's, ete. Thus abed and aabeh
arc admissible scqiicnccs and abb and aeb arc not. Now thc rccipc:

(a) Draw the Young diagrams for thc two multiplcts, but in onc of
thc diagrams replace thc boxes in thc first, row with a' s, t, hc boxes in
thc second row with 6's, ete Thus, to .couple. two SU(3) octcts (such
as thc z-meson octet and the baryon octet), wc st, art with I and

a a
. Thc untettered diagram forms thc uppe~ teft-hand corner of all

thc cnlargcd diagrams constructed below.

(b) Add thr. a, 's from the lcttcrcd diagram to thc right, -hand ends
of' thc rows of thc unlettered diagram to form all possible legitimate
Yoiing diagrams that, have no morc than onc a pcr cohimn. In general,
thcrc will bc scvcral distinct, diagrams, and all thc a's appear in each
diagram. At, this stagr. , for thc coupling of thc two SU(3) octvts, wv.

have:

(n+ 1)
1

/a a la,

In SU(3), N = N(o, P) is

(m+1) (p+1) (o+ p+2)
1 1 2

(33.2)

(c) Usc thc li's to further cnlargc thv. diagrams already obtained,
subject to thc same riilcs. Then throw away any diagram in whicli t, lic
f&ill scqiicncc of lcttcrs formed by reading right fo left in t, hc first, row,
then thc second row, efe. , is not, admissible.

In SU(4), N = N(n, P, p) is

(n+I) (P+1) (p+I) (n+P+2) (P+p+2} (n+P+~+3)
1 1 1 2 2 3

(33.3)

Note that in Eq. (33.3) there. is no factor with (n + p + 2): only a,

consecutive scqucncc of thc label integers appears in any factor. Onc
morc cxamplc should make. thc pattern clear for any SU(n). In SU(5),
N = N(n, P, p, b) is

( +1) (P+1) (~+I) (~+I) ( +P+2) (P+~+2)
1 1 1 1 2 2

(d) Proccrd as in (c) with thc c's (if any), ete

Thc final result, of thc coupling of thv. two SU(3) octcts is:

a a
b

iaa Q3 iaa Q3 a
a b b a

a b

Herc only thc diagrams with admissible scqucnccs of a' s
with fcwvr than four rows (since n = 3) have bccn kept.
multiplct, labels, thc above may bc written

and 6's and
In t, crms of

(1, 1) Q (1, 1) = (2, 2) EB (3, 0) 61 (0, 3) EB (1, 1) B (1, 1) F) (0, 0) .

(q+&+2) (o+P+q+3) (P+q+6+3) (o+P+q+f+4)
2 3 3 4

(33.4) In terms of numbers of particles, it may bc written

From t, hc symmetry of these cquat, ions, it is clear that, multiplcts that
arc conjugate to onc another have thc same number of particles, but
so can other multiplets. For cxamplc, thr. SU(4) multiplct, s (3,0,0) and
(1,1,0) each have 20 particles. Try thr. equations and sce.

8 g 8 = 27 @ 10 @ 10 8 8 $ 8 @ 1

Thc product of t, hc n&imbcrs on thc left, herc is equal to thc sum on
thr. right, a, nscful check. (Scr. also Scc. 12 on thv. Quark Model. )
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34. KINEMATICS
Revised May 1996.

Throughout this section units are used in which Ii = c = 1. The
following conversions are useful: tic = 197.3 MeV fm, (1ic)2 = 0.3894
(GeV) mb.

34.4. Particle decays
The partial decay rate of a particle of mass M inta n bodies in its

rest frame is given in terms of the Lorentz-invariant matrix element
M by

34.1. Lorentz transformations
The energy E and 3-momentum p of a particle of mass m form a

4-vector p = (E, p) whose square p = E —
l
pl2 = m . Thc velocity of

thc particle is P = p/E Thc ene. rgy and momentum (E*,p*) viewed
from a frame moving with velocity Pf are given by

(34.1)

dr= lml'de„(P; p, , . . . , p„),(2rr) 4

where dC)„is an element of n-body phase spare given by

d pidc.(P;», , p-) =54(P-+p, ) II ...";E
i.=1 i= 1

This phase space can bc generated recursively, viz.

(34.10}

(34.11)

where p/ = (1 —i3/) and pr, (p~~) are the components of p
pcrpcndicular (parallel) to I3f. Other 4-vectors, such as the spacc-
time coordinates of events, of course transform in the same way, Thc
scalar product of two 4-momenta p1 p2 = E1F2 —p1 p2 is invariant
(frame indcpendcnt).

34.2. Center-of-mass energy and momentum
In the collision of two particles of masses m1 and m2 the total

ccntcr-of-mass cncrgy can be expressed in the Lorentz-invariant form

2 2- 1/2E-= (Er+Es) -(pt+p. )

d4„(P;pr, . . . , p„)= dq)z(q; pt, . . . , pz)

x dCc, q+r (P) q, p, +r ) . . . , p~)(2rr) dq (34.12)

2
where q = (p, &

E, ) —p, & p, . This form is particularly
useful in thc case where a particle decays inta another particle that
subsequently decays.

34.4.1. Survival probability: If a particle of mass M has mean
proper lifetime r (= 1/I') and has momentum (E, p), t,hen the
probability that it lives for a time to or greater before decaying is
given by

2 2
- 1/2

mr + m2 + 2Er E2(1 —PrP2 cos 8) (34.2) P(t ) tc I"/p ——Mtc I'/E (34.13)

whcrc 8 is thc angle bctwccn the particles. In thc frame where onc
particle (of mass m2) is at rest (lab frame),

and the probability that it travels a distance xo or greater is

Ecc) ——(m& + m2 + 2Er»g m2)2 2 (34.3) p( )
—M*„I'/( p( (34.14)

Thc velocity of thc ccntcr-of-mass in thc lab frame is

= ».i /(E». b + m2),

where @lab = p1]ab and

&em ——(Er i,b + m2)/Ecm

The c.m. momcnta of particles 1 and 2 arc of magnitude

(34.4)

(34.5)

34.4.2. Two-body decays:

P, M

P1) m1

p2) m2

m2
Pcm = Plab ~&cm

(34.6)
Figure 34.1: Definition of variables for two-body decays.

For example, if a 0.80 GcV/c kaon beam is incident on a proton
target, thc center of mass cncrgy is 1.699 GcV and the center of mass
momentum of either particle is 0.442 GeV/c. It is also useful to note
t, hat

M —m2+ m12 2 2

E1 = (34.15)

In thc rest frame of a particle of mass M, decaying into 2 particles
labeled 1 and 2,

+cm d+cm = m2 d-E1 lab — 2 ~1 lab dPlab (34.7)

34.3. Lorentz-invariant amplitudes [(M' —(m, +m, )') (M' —(m, —m, )')]'/'
2M

(34.16)

The matrix element, s for a scattering or decay process are written in
terms of an invariant amplit, ude —iM. As an example, thc S-matrix
for 2 ) 2 scattering is related to M by

(p'rp2 l~l prp2) = I —~(2~)'~'(pi+ p2 pj p2)

~(pl) p2i pr) p2)
(2Et)r/ (2E )r/ (2E') /2 (2E')"/

327r2

whore dB = dd)td(cos Ht) is thc solid angle of particle 1.

(34.17)

Thc state normalization is such that

(p'lp} = (2~)'5'(p —p') (34.9)
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34.4.3. The ee- body decays:

P1) m1

10

(m)+m2)
I

I 1 I I

I

I i I I

I

I I i I

P, M p2) m2

p3) m3 m3) 2

Figure 34.2: Definitions of variables for three-body decays.

dr= 1 1

(2 ), 10M ~l dE1 dE2dnd(cosp) d7.2 (34.18)

Alt crnat ivcly

1 1« =
(2 ), 10M, ]~I'

I pl I I ps I
dm12 dfI1 dfls, (34.19)

whcrc ([Pl], Ill) is thc momr'ntum of particle 1 in thc rest frarnr. of
1 and 2 and 0 '

h3 is thc angle of particle 3 in thc rest frame of thc4

ccaying particle [pl I
and I ps[ a«given "y

[(m12 (ml ™2)) (m12 (ml ™2))]
2m12

(34.20a)

cfining p;j ——p,. + pj and mi. = p, , then m + m + m2

M m = — — w err+ 1+m2+m& and m12 ——( —ps) = M +m2 —2MEs, where

3 is thc energy of particle 3 in thc rest frame of M. In that frame,
t, he moment, a of the three rlecay particles lie in a plane. Thc relative

cir cncrgics arc known.orientation of thcsc thrcc momcnta is fixe if their
Thc momcnta can thercforc bc specifie in space by giving three Fiu"crr

angles (rx, P, p) that, specify thr. orientation of thr. final system rclstivc
to thc initial particle. Then

2 —(

0. . . , I, , :. , I. . . , I. . . , I

0 1 2 3 4 5
~2 (GeV )

Figure 34.3: Dalitx plot, for a thrcc-body final state. In this
example, thc state is 7t+K p at 3 GeV. Four-momentum
conservation restricts events to thc shaded region.

34.4.4. Kinematic limits: In a thrcc-body decay thc maximum
of [ps[, [given by Eq. (34.20)], is achieved when m12 = ml + m2,
7,.e. , particles 1 and 2 have thc same vector velocity in thc rest
ramc of thc decaying particle. If, in addition, m3 ) m1, m2, then

]Ps[max & IPi maxi P2[~ . ax

34.4.5. Multibody decays: Thc above results may bc generalized
to final states containing any number of particles by combining some
of thc part, icles into "cffectivc particles" and treating the fina states

I(as 2 or 3 'cffcctivc particle" states. Thus, if p . = . +

mijk. .. = p ijk. ..
2. . (34.23)

I(
' —(m»+, )') (M' —(m» —m, )')]'"

2M

snd m, &y insy be used in place of e.g. , m12 in thc relations in
Scr.. 34.4.3 or 34.4.3.1 above.

[Compare with Eq. (34.16).]
If t, hc deca in. , y' g particle is a sralar or wc avcragc over its spin states,

the. n integration over thc angles in Eq. (34.18) give. s

P1) m1 p» m3

1 1dI' = [M[2 dEl dE2

1 1
dm, la m2s (34.21)

p2) m2 Pe+2 n+2

Figure 34.4: Definitions of variables for production of an
n-body final state.

This is thc standard form for thc Dalitz plot, .

34.4.3.1. Dali, tz plot: For a given value of m12, thc range of m23 is
dctcrmincd by its values when p2 is parallel or antiparallcl to p3..

34.5. Cross sections
Thc diffcrcntial cross sect, ion is given by

2
(m2S)max =

2

IEi + Ei) —(i/Eii — .
ii—i/E'i—

2
(m2s)min

2

(E,*+E,*)' — gE' — '+ gE*'—

(34.22a)

(34.226)

4 pl p2 2 m2m2

&& d& n (pl + p2I pg, ~ ~, pii+2)

[Src Eq. (34.11).] In thc rest, frame of m2(lab),

(Pl ' P2) mlm2 ™2pllab i
2=

(34.24)

(34.25a, )

Herc E2 ——(m12 —ml + m2)/2m12 snd Es ——(M —m —m2)/2m
arc t,hc cncrgics of particles 2 and 3 in thc m . t f .. Tl . . .

7n12 m3
m12 rcs, ramc. The scat t,cr

plot in m, 12 and m2s is called a, Dalits plot. If [M[2 is constant, thc
a, lowed region of thc plot, will be uniformly populated with cvcnts [sec

q. ( 4. 1)]. A nonuniformity in thc plot gives immcdiatc information
on

]
[2. For c.xamplc, in thc case of D ~ Kirir, bands appear when

m(~~) = 77?,~xx(8g2), rcBccting the appearance of t, hc decay chain
D ~ K*(892)ir ~ Kirir.

while in t, hc ccntcr-of-mass frame

(pl p2) —m, m2 = pl„~~a .C (34.256)



8$. Kinematics 177

34.5.1. Two-body reactions: and the rapidity y is defined by

P1) m1 p3) m3

p2) m2 p4) m4
(34.37)

Figure 34.5: Definitions of variables for a two-body final state.
Under a boost in the z-direction to a frame with velocity P,
y ~ y —tanh /I. Hence the shape of thc rapidity distribution dN/dy
is invariant. The invariant cross section may also be rewritten

Two particles of momenta py and. p2 and masses my and m2 scatter
to particles of momcnta p3 and p4 and masses m3 and m4, the
Lorcntx-invariant Mandelstam variables arc defined by

d cT d c7 d 0

dkdy PTdpT ~dy d(p') (34.33)

s = (Pl + P2) = (P3+ P4)
2 2

= m~ + 2Ey E2 —2p) p2 + m2,2 2

t = (Pl —P3) = (Ps —P4)

= m) —2E)E3 + 2pg p3 + m3,

» = (Pl —P4)' = (P2 —P3)'

= mg —2Ey E4 + 2pg p4 + m4,2 2

and t, hcy satisfy

(34.26)

(34.27)

(34.28)

pz E+ pz

Pz max (E + Pz)max
(PT « Ip. l) (34.39)

In the c,m. frame,

2pz cm 2mT sinh gem

~s +s (34.40)

The second form is obtained using the identity dy/dpz = I/E, and thc
third form represents thc average over P.

Feynman's x variable is given by

s+ t+ u = m, + m2+ m3+ m4
2 2 2 2

Thc two-body cross section may bc writ, tcn as

(34.29)
= (ycm)max = In(v s/m) (34.41)

do 1

64~a IPl.ml'

In thc ccntcr-of-mass frame

t = (Elcm Escm) (Plcm P3cm)
2 2

~ 24plcm p3cm sin (9cm/2)

~ 2= te —4Plcm P3cm s&n (9cm/2)

(34.30)

(34.31)

For p» m, thc rapidity [Eq. (34.37)[ may bc cxpandcd to obtain

1 cess(9/2) + m2/4ps +. . .
y = —ln

2 sins(9/2) + ms/4ps +
——ln tan(9/2) = tl (34.42)

where cos 9 = pz/p. Thc pscudorapidity t7 dc.fined by thc second line
is approxirnatcly equal to thc. rapidity y for p )) m and 9 )) I/p, and
in any case can bc measured when t, hc mass and momentum of thc
particle is unknown. From thc definition onc can obtain thc identities

whc. rc Ocm is thc: angle bctwccn particle 1 and 3. Thc limiting values
tc (9„m= 0) and tl (9„m= x) for 2 ~ 2 scattering arc sinhrt = cot 9, coshrt = 1/sin9 tanh g = cos 9 (34.43)

te(tl) =
2 2 2 2 2

m] mg m2 + m4 2
(Pl cm T P3 cm)2 +~8

(34.32)

In thc literature thc notation tm;„(tmax) for te (tl) is sometimes
used, which should bc discouraged since to ) ty. Thc ccntcr-of-mass
cncrgics and momcnta of thc incoming particles arc

1f (k, 9) = —P(2f + 1)ar Pg(cos 9),
e

(34.44)

34.5.3. Partial @&aves: Thc amplitude in thc ccntcr of mass for
clastic scattering of spinlcss particles may bc cxpandcd in Lcgcndre
polynomials

2 28+ my —m2
Elcm =

2+s

2 2s+ m2 —m,
m 2+s

For E3cm and E4cm, change my to m3 and m2 to m4. Then

(34.33) whcrc k is thc c.m. momentum, 0 is thc c.m. scattering angle, og

(tire ' & —1)/2i, 0 ( tip ( 1, and 6r is thc phase shift of thc f
partial wave. For pure. ly clastic scattering, gg

——1. Thc differentia
cross sect, ion is

Pl lah m2
picm = Eicm —mi and plcm ——

V,~
(34.34)

~~
= If(k 9)l' (34.45)

Herc thc subscript lab rcfcrs to thc frame whc:rc particle 2 is at rest.
[For other relations sce Eqs. (34.2)—(34.4).j

34.5.2. Inclusive reactions: Choose some direction (usually the
beam direction) for thc z-axis; then thc energy and momentum of a,

particle can bc written as

Thc optical theorem st, ates that

4'ot„t= —Im f(k, 0), (34.46)

and thc cross section in thc E partial wave is thcrcforc. bounded:th

E = mT coshy, p~, p~, pz ——mT sinhy,

where mT is t, hc transverse mass

(34.35)
o, = —, (2I + I)[o,

4x 4s-(2I + 1)
k2 A:2

(34.47)

m =m +p~+py l

2 = 2 2 2
Thc evolution with energy of a partial-wave amplitude. cg can bc

(34.36) displayed as a trajectory in an Argand plot, , as shown in Fig. 34.6.
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Irn A ImA

0
I

H,eA 0
I

1/2
Re A

Figure 34.6: Argand plot showing a partial-wave amplitude ag
as a function of energy. The amplitude lcavcs the unitary circle
whcrc inelasticity sets in (qr ( 1).

Figure 34.7: Argand plot for a resonance.
The relativistic Breit-Wigner form corresponding to Eq. (34.50) is:

Thc usual I orcntz-invariant matrix clement ~A' (scc Scc. 34.3
above) for thc clastic process is related to f(k, 8) by

—mI'~l
ag ——

8 —m + irr. l toy
(34.52)

8s.~—s f(k, 0), (34.48)

so

Otot-
2Plab m2

ImM(t = 0), (34.49)

34.5.3.1. Resonances: Thc Brcit-Wigncr (nonrclativistic) form for
an clastic amplitude ag with a rcsonancc at c.m. cncrgy Ep, clastic
widt, h I'~l, and tot, al widt, h l t„t,is

I'„i/2
ag ——

&z —& —il'tot/2
(34.50)

whcrc 8 and t arc thc ccntcr-of-mass energy squared and momentum
transfer squared, rcspcctivcly (scc Scc. 34.4.1).

A better form incorporates thc known kinematic depcndcnces,
replacing ml't&t by v s I't t (s), whore I't t (s) is the widt, h the resonance
particle would have if its mass werc ~s, and correspondingly ml'„~ by
+sl'„i(s)where I'„i(s)is the partial width in the incident channel for
a mass 8:

-K«.i(s)
as ——

s —m + i ~s I't„t(s) (34.53)

For thc Z boson, all thc decays arc to particles whose masses
arc small enough to bc ignored, so on dimensional grounds
I't„t(s) = +sl'e/mg, where I'e define thc width of the Z, and
I'c~(s)/I't„t(s) is constant. A full trcatmcnt, of thc linc shape requires
considcrat, ion of dynamics, not just kinemat, ics. For the Z this is done
by calculating thc radiativc corrections in the Standard Model.

whcrc E is the c.m. energy. As shown in Fig. 34.7, in thc absence of
background thc clastic amplitude traces a counterclockwise circle with
center iz„~/2 and radius Tc~/2, whcrc thc elasticity x„~= I'„~/I't„t.
Thc amplitude has a pole at R = Ep —il't&&t/2.

The spin-averaged Brcit-signer cross section for a spin- J rcsonancc
produced in thc collision of particles of spin Sy and S2 is

(21+ 1) vr B,cBcutl
(2Sr + 1)(2S2+ 1) k2 (E —Zp)2+ I'2 /4

'

whcrc A: is t, hc c.m. momentum, E is thc c.m. energy, and 8;» and
B~ It arc the branching fractions of t, hc rcsonancc into the cntrancc and
exit channels. Thc 2S+ 1 factors arc the multiplicities of thc incident
spin states, and arc rcplaccd by 2 for phot, ons. This expression is valid
only for an isolated st, atc. If t, hc width is not, small, I't„t, cannot bc
trcatcd as a constant indcpcndcnt, of E. Thcrc are many other forms
for oB~, all of which arc equivalent, to thc onc given here in thc
narrow-width case. Some of thcsc forms may bc morc appropriate if
t, hc rcsonancc is broad.



8$. Cross s-ection formulae for specific processes 179

35. CROSS-SECTIO'N FORMULAE FOR SPECIFIC PROCESSES
35.1. LePtOPrOduCtiOn

P, M

Figure 35.1: Kinematic quantities for description of lcpton-
nuclcon scattering. k and k' arc thc four-momcnta of incoming
and outgoing lcptons, P is the four-momentum of a nucleon with
mass M. Thc exchanged particle is a p, W+, or Z; it transfers
four-momentum q = k —k' to thc target.

35.1.3. The QCD parton model: In the QCD parton model, the
structure functions defined above can bc expressed in terms of parton
distribution functions. The quantity f, (z, Q )dz is the probability
that a parton of type i (quark, antiquark, or gluon), carries a
momentum fraction between x and x+ dx of the nucleon's momentum
in a frame where thc nucleon's momentum is large. For thc cross
section corresponding to thc neutral-current process ep —+ eX, wc have
for s )) M (in thc case where thc incoming electron is either left- (L)
or right- (R) handed):

CT 7r A
Q(xfq (x, Q') + x fq (x, Q')

q

Invariant quant, itics:
x Aq+ (1 —y) Bq (35.4)

q P = E —E is thc lepton's energy loss in the lab (in carlicr
M litcraturc sometimes v = q P) Herc.', E. and E are thcf

initial and anal lepton energies in thc lab.

Q3 = —q3 = 2(EE' —k k ') —m& —m&3, where. mr(mar) is thc initial
(final) lepton mass. If EE' sin (8/2) )) mI2, m&, , then

= 4EE' sin2(8/2), where 8 is thc lepton's scattering angle in the
lab.

Q2
x = In thc parton model, x is thc fraction of thc target nucleon's

2Mv rnomenturn carried by the struck quark. ]Sec section on
Quantum Chrornodynamics (Scc. 9 of this Re&)ieaj

q P v

k P E
= —is thc fraction of thc lepton's energy lost, in thc lab.

W = (P + q) = M + 2Mv —Q is thc mass squared of the systcrn
recoiling against thc lepton.

2

(k+ P)2 = —+ M2
xg

35.1.1. Ieptoproduction cross sections:

Herc thc. index q refers to a quark flavor (i e. , n, d, .s, c, 5, or t), and

3 (
q

=
] Vq glq gee Q2 M2 gq gRq gRe

(35.5)

(
q

= qq +.VRq qLf' g2 M2 + qq + qLq qRe-q+M,
& &

-q+M,
~

(35.6)

Herc qq is the charge of flavor q. For a left-handed electron& gRe = 0
and gle = (—1/2+ sin 8w)/(sin gw cos 8w), while for a right, -handed
onc, gl, e = 0 and gRe = (sin 8w)/(singw cosgw). For thc quarks,
gl q: (T3 gq sin 8w )/(sin 8w eos 8w ), and gRq

——( qq sin 8w )
—/

(' in 8w cos 8w)
For neutral-current neutrino (antinentrino) scattering, thc same for-

mula applies with qLe rcplaccd by qL~
1/(2 sin gw cos gw) (gr, v = 0) and gR, replaced by gR„=0
[gRv = —1/(2 sin 8W eos 8W)].

In thc case of thc charged-current processes eL p ~ vX and
vp ~ e+X, Eq. (35.3) applies with

dx dg

d f7 27rMv d o

dv dQ2 E' dfIt b dE' F2=2xFt =2x f„(z,Q )+fe(z, q )

0=x(s —M ) dx dQ
(35.1) + ft(x, Q') + fd (» Q') + fs(» Q') + f I ,(» Q') (» 7)

35.1.2. Electr oprodueti on str ucture functions: Thc nciitral-
ciirrcnt process, eN ~ eX, is parity conserving at, low Q and2

can bc written in terms of two structure functions F& (x, Q ) and
FNC( q2),

d2o. 4n n (,s —M2)
dx dy Q4

Fs = 2 f„(7:, Q ) + f„(x,Q ).

+ ft(z Q') —fd, (x, q') —fs(z Q') —f5(z, q') (»3)

For thc process vp ~ e X:

F2 = 2xFt = 2z fd(x, Q ) + f, (x, Q )

x (1 —y) F2 + y xFr —
3 xyF3 (35.2) + fo(', Q')+f , (,Q')+f , (' Q')-+ft (',-.Q'), (3" 9)

Thc charged-c&irrcnt proccsscs, e N —+ vX, vN ~ e X, and
vN —+ @+X, arc parity violating and can bc written in terms of thrcc
structure functions F& (x, Q ), F2 (x, Q ), and F3 (z, Q ):

F3 = 2 fd (x, Q') + f, (x, Q')

+ fs(» q') —f ri (» Q') —fc (x q') —f t (» Q') (35»)
d2o Gp (s —M ) Mw

dz dy 2a (Q2 + Mw3)2

2 2 2cc & cc & cc1 —y —
3 F2 + —'2xFt +(y ——) zF3

(s —M3) 2 ' 2

(35.3)

where thc last, term is positive f'or thc e and v reactions and negative
for vN —+ e+ X.
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35.2. e+e annihilation
For pointlike spin-1/2 fermions in the c.m. , the differential cross

section for e+e ~ ff via single photon annihilation is

2 1
f(z) = (I + —z ln ——t (1 —z)(3+ z);2 z 2

(35.22)

dc' 0!2—= —P 1+cos 9+(I —P )sin 8 Qf,2 2 2

dO 4s
(35.11)

where P is the velocity of thc final state fermion in thc center of mass
and Qf is thc charge of thc fermion in units of the proton charge. For
/~1,

The quantity (
—

q )n)» depends on properties of the producr. d
system X, in particular, (—q2)~» mp for hadron production

(X = I), ) and (—q )n(» W for lepton pair production (X = t+t
P )/l ).T) .

For production of a resonance of mass mR and spin J g 1

4~~2 86.8 Qf nb

3s f s(GcV2)
Q2 (35.12) 8~2I'

o,+, ,+, R(s) = (2J+1)
mR

At higher cncrgies thc Z (mass Mz and width I'z) must bc
included, and the difFerential cross section for e+e ~ ff bccomcs

2 2
2 87K~ 1 8

x f (mR/s) ln
2 2

—1 —— ln
7TL mR 3 mR

(35.23)

dfT 0!2—= —P Qf [1+ros 8+ (1 —P ) sin 9]2 ~ 2

dA 4s

—2Qf g$ UUf 1+ cos 0+ 1 —p sin 0 —2o,f icos&

whcrc m~ is thc mass that enters into thc form factor of the pp ~ R
transition: m~ m& for B = m, p, ~, p, . . . , m~ mR for B = cc0 0

or bb rcsonanccs.

35.4. Inclusive hadronic reactions
V 1+ V 1+cos 9+ 1 —P sin 0

+ P af(1+ V ) [1+cos tt] —8P VVf af cos0 (35.13)

Onc-particle inclusive cross sections Ed rr/d p for thc production
of a particle of momentum p arc conveniently cxprcsscd in terms of
rapidity (see above) and thc momentum pz transverse to the beam
direction (defined in thc center-of-mass frame)

1 . (, —Mz')

16 sin 9(4d cos2 Stv (s —Mz2)2+ I'2zMz2
(35.14)

tT d 0

d p dgdypTdpT
(35.24)

1 g
2

X'2 =
256 sin4 ())~ cos4 staid (s —Mz)2 + I'zMz2

V = —1+4sin 0~,
Gf = 2T3f t

Uf: 2T3f —4Qf sin 0~

(35.16)

(35.18)

Ts = +1/2 for v, , v&, v„,u, c, t,

Ts= —1/2 fore, p, , r, d, s, b

(35.19o,)

(35.196)

where t, hc subscript f rcfcrs t,o thc particular fcrmion and

2 2
(rha)tronic = P fi ( l) Qz) fy (z2) Q ) dz1 dz2 opartonic )

12

(35.25)

where f, (z, Q ) is thc parton distribution introduced above and Q
is a typical momentum transfer in thc partonic process and o is
thc partonic cross section. Two cxamplcs will help to clarify. Thc
production of a R'+ in pp react, ions at rapidity y in thc center-of-mass
frame is given by

der GF s.v 2

dg 3

In the case of proccsscs whcrc pT is large or thc mass of the produced
particle is large (herc large means greater than 10 GcV), thc parton
model can bc used to calculate thc rate. Symbolically

35.3. Two-photon process at e+e colliders
When an e+ and an e collide wit, h cncrgics Ey and E2, they emit

dna and dn2 virtual photons with cncrgics wy and ~2 and 4-momcnta

qy and q2. In thc equivalent photon approximation, thc cross section
for e+e ~ e+e X is related to thc cross section for pp ~ X by
(Rcf. 1)

x 1 cos 0f- 'll T, y, M~ d x2) M~

d- (.), dd)d) d (,M)d))

+ sin ]9( 'll xy M~ 8 2 2 M~

) '(') vw)' ( ) vw)) (35.26)

do, s, ,s, ~ (s) = dn, dn, do~~ ~ (W')

where s = 4EI E2, W = 4wyw2 and

(35.20)
where zt = ~r ev, zo = vtr e v, and r = Mrv/s. Similarly thc
production of a jct in pp (or pp) collisions is given by

ni= 1 + (35.21)

After integration (including that over q, in thc region

m, (o, /&, (&, —n), ) & —
q, & (—q )~»), thc cross section is

C7

d p dg
fi(z» pz) ft (z2 pT)

U
do

x s = dzt dz2 6(s+ t +)d),
dt

(35.27)

A dz2 1
( q )m»2 2

o.,s, ,s, x (s) =—
2

—f(z) ln
2

—1
' +th )f'
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where thc summation is over quarks, gluons, and antiquarks. Here

(35.28)

If the contributions of the Z boson and three-jet events are
neglected, the cross section for producing a hadron h, in e+e
annihilation is given by

(35.29)

(35.30)

1 do P, e2 D," (z, Q2)

&rhs~ dz
(35.33)

pr and p2 arc the momenta of the incoming p and p (or p) and s, t,
and 6 are 8, t, and u with py ~ xypy and p2 —+ x2 p2. The partonic
cross section s [(d&r)/(dt ) ] can be found in Ref. 2. Example: for the
process gg ~ qq,

where e; is the charge of quark-type i, fTh~g is the total hadronic cross
section, and the momentum of the hadron is zEcm/2

In the case of deep inolastic muon scattering, thc cross section for
producing a hadron of cncrgy Eh is given by

do 2 (t2+ &&2) 4 1
(35.31)

1 do Q, e2 q, (x, Q2) D,"(z, Q )
a.tet dz P, e~ q, (z, Q2)

(35.34)

The prcdiction of Eq. (35.27) is compared to data from the UA1 and
UA2 collaborations in Fig. 36.7 in the Plots of Cross Sections and
Rolatcd Quantitics section of this Beviem

35.5. One-particle inclusive distributions
In order to describe onc-particle inclusive production in

e e annihilation or dccp inelastic scattering, it is convenient
t;o introduce a, fragmentation function D," (z, Q ) u'here D," (z, Q )
is t, he number of hadrons of type 6 and momentum bctwccn zp and

(z+ dz)p produced in thc fragmentation of a parton of type i. The
Q2 evolution is predicted by @CD and is similar to that of tho parton
distribution functions [scc section on Quantum Chromodynamics
(Scc. 9 of this Review)]. Thc D,"(z, Q2) are normalized so that 2.

V.M. Budnov, I.F. Ginzburg, G.V. Mclcdin, and V.G. Scrbo, Phys.
Reports 15C, 181 (1975);
Sce also S. Brodsky, T. Kinoshita, and H. Tcrazawa, Phys. Rcv.
D4, 1532 (1971).
G.F. Owens, F. Roya, and M. Gliick, Phys. Rcv. D18, 1501
(1978).

where Eh = »z. (For the kinematics of deep inelastic scattering,
sec Scc. 34.4.2 of the Kinematics section of this Review. ) Thc
fragmentation functions for light and heavy quarks have a difFerent
z dependcncc; thc former peak noar z = 0. Thoy arc illustrated in
Fig. 36.13 in thc soction on Plots of Cross Sections and Related
Quantities (Sec. 36 of this Review).

References:

zD, (z, Q )dz = 1 (35.32)
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36. PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES
NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE REPRESENTATIVE DATA.

THEY ARE NOT MEANT TO BE COMPLETE COMPILATIONS OF ALL THE WORLD'S RELIABLE DATA.
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Figure 36.2: The proton structure function F2 mcasurcd in clcctromagnetic scattering of electrons (SLAC) and muons (BCDMS, E665,
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Figure 36.6: Thc spin-dcpendcnt struct urc function
gt(z) of thc dcutcron and thc neutron mc. asurcd in deep
inelastic scattering of polariscd electrons (E142, E143)
and muons (SMC), shown at Q = 5 GcV2. Thc SMC
and E143 results for thc neutron arc cvaluatcd from
thc diBcrcnce of deuteron and proton data; thc E142
results werc obtained with a polariscd He target. Only
statistical errors arc shown with thc data points. As an
example, thc SMC systematic error is indicated by thc
shaded area. Rcfercnccs: E142—P.L. Anthony et al. ,

Phys. Rcv. Let, t. 71, 959 (1993); E143—K. Abc et al. ,

Phys. Rc.v. Lett. 75, 25 (1995); SMC D. Adams et, al. ,

Phys. Lett. B357, 248 (1995). (Courtesy of R. Voss,
1996.)
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Jet Production in pp and pp Interactions
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Figure 36.7: Diffcrcntial cross sections for observation of a single
jct of pscudorapidity q = 0 as a function of the jet transverse
momentum. CDF—F. Abc etal. , Phys. Re, v. Lett. 70, 1376 (1993);
UA1 —G. Arnison et, al. , Phys. Lett. B172, 461 (1986); UA2 —J.
Alitti et al. , Phys. Lett. B257, 232 (1991); R807—T. Akesson
st al. , Phys. Lett. B123, 133 (1983). Next-to-leading order /CD
curves src shown for 630 GeV and 1800 GcV. (Courtesy of S. Gccr,
FNAL, 1995.)

Figure 36.8: Differentia cross sections for observation of a
single photon of pseudorapidity g = 0 as a function of thc photon
transverse momentum R806 E. Anassontxis et cl. , Z. Phys. C13,
277 (1982); UA6 —A. Bcrnasconi etal. , Phy, s. Lett, . B206, 163
(1988); UA1 C. Albajar et al. , Phys. Lett. B209, 385 (1988);
UA2 —J. Alitti et al. , Phys. Lett. B288, 386 (1992); CDF—F.
Abc et, al. , Phys. Rcv. Lett. 73, 2662 (1994). Next-to-leading order
@CD curves arc shown for 630 GeV and 1800 GcV. (Courtesy of S.
Gcer, FNAL, 1995.)

Pseudorapidity Distributions in pp Interactions
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and ISR data arc from K. Alpgard et al. , Phys. Lett. 112B,
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1800 GeV arc given in F. Ahc et al. , Phys. Rcv. D41, 2330 (1990).
(Courtesy of D.R. Ward, Cambridge Univ. , 1991.)
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Average Hadron Multiplicities in Hadronic e e Annihilation Events

Table 36.1: Average hadron multiplicity per e+e
annihilation event at ~s = 10, 29—35, and 91 GeV.
Thc rates given include decay products from resonances
with cv ( 10 cm, and include charge conjugated states.
(Updated .July 1995 by O. Biebcl. )

Particle ~s 10 Gev ~s = 29—35 GeV ~s = 91 GeV

P scud. oscalar mesons:
7r+ 6.6 + 0.2

3.2 + 0.3
x+ 0.90 + 0.04
~0 0.91 + 0.05

7/ 0.20 ~ 0.04

rti(958) 0.03 + 0.01
D+ 0.16 + 0.03
DO 0.37 + 0.06
D+, 0.13 + 0.02
B+ BO

B,0

10.3 + 0.4
5.83 + 0.28

1.48 + 0.09
1.48 + 0.07
0.61 + 0.07
0.26 + 0.10

0.17 + 0.03
0.45 + 0.07
0.45 ~ 0.20~~~

17.1 + 0.4
9.18 + 0.73

2.39 + 0.12

2.01 + 0.04

0.95 + 0.11
0.17 + 0.06

0.20 + 0.03
0.40 + 0.06

0.165 + 0.026~b~

0.057 + 0 013~b~

Scalar mesons:
fo (980) 0.024

Vector mesons:
p(770) c 0.35

a(782) 0.30

K'(892)+ 0.27

K*(892) 0.29

$(1020) 0.044

D'(2 10)0+ 0.22

D*(2007)" 0.23
(e)

I/@(JS')

0(2S)
Pseudovector mes

ye( (1P)

+ 0.006 0.05 + 0.02~ ~

+ 0.04 0.81 + 0.08

+ 0.08

0.03

+ 0.03

+ 0.003

0.04

+ 0.06

0.64 + 0.05

0.56 + 0.06

0.085 + 0.011
0.43 + 0.07

0.27 + 0.11

ons:

0.14 + 0.06~"~

1.21 + 0.16

0.715 + 0.059

0.742 + 0.042

0.100 + 0.008

0.180 + 0.013

0.288 + 0.026

0.0054 + 0.0005~f ~

0.0023+ 0.0011~f~

0.0087 + 0.0028~f ~

Tensor mesons:
f2(1270) 0.09 + 0.02

K2 (1430)-t

K~ (1430)"
(Q)

0.14 + 0.04

0.09 + 0.03

0.12 + 0.06

0.31 + 0.12

0.19 + 0.07«~

0.12 + 0.24

Baryons:
p

~0

a(1232)++

Z(1385)
Z(1385)+
Z(1385)+
:-(1530)'
0
3+

b

Z++ ~0

0.253 + 0.016 0.640 + 0.050

0.080 + 0.007 0.205 + 0.010
0.023 + 0.008

0.0059 + 0.0007 0.0176+ 0.0027

0.040 + 0.010

0.006 + 0.002 0.017 + 0.004

0.005 + 0.001 0.017 + 0.004

0.0106+ 0.0020 0.033 + 0.008

0.0015+ 0.0006

0.0007+ 0.0004 0.014 + 0.007
0.100 + 0.030]'~ 0.110 + 0.050

0.014 + 0.007

0.964 + 0.102

0,368 + 0.014

0.170 + 0.063

0.0227 + 0,0018
0.022 + 0.06

0.0380+ 0.0062

0.0048 + 0.0005

0.0050 + 0.0015

0.031 + 0.016

All avcragc multiplicitcs arc pcr hadronic e+e annihilation cvcnt.

(a) B(D, ~ rim, rt'n) has been used (RPP 1994).

(b) The Standard Model B(Z ~ hb) = 0.217 was used.

(") ~p = p/pbcam & "»»y
(d) Extrapolation to the unobserved region using the shape

predicted by JETSET.
(e) Any charge state (i e. , Bd, B. a, or B*).
(f) B(Z ~ hadrons) = 0.699 has been used (RPP 1994).

(g) &g = E[K2 (1430)0]/Ebes~ ( 0.3 only.

(h) Any charge state (i e. , Bd*., B„**,or B,*').
(i) The value was taken from the cross section of the A~+ ~ pm K,

assuming the branching fraction to be (3.2 +0.7)% (RPP 1992).
References:
RPP92: Phys. Rev. D45 (1992) and references therein
RPP94: Phys. Rev. D50, 1173 (1994) and references therein

A. De Angelis, J. Phys. G19, 1233 (1993) and references therein
R. Marshall, Rept, . on Prog. in Phys. 52, 1329 (1989)
ALEPH: D. Buskulic et al. , Phys. Lett. B295, 396 (1992)
ALEPH: D. Buskulic et al. , Z. Phys. C64, 361 (1994)
A.RGUS: A. Albrecht et al , Z. Phys. C. 61, 1 (1994)
ARGUS: H. Albrccht et aL, Z. Phys. C58, 199 (1993)
ARGUS: H. Albrccht et al. , Z. Phys. C54, 1 (1992)
ARGUS: H. Albrecht et al. , Z. Phys. C46, 15 (1990)
ARGUS: H. Albrecht et al. , Z. Phys. C44, 547 (1989)
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Figure 36.10: Fragmentation into 7r+ in e+e annihilations:
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Figure 36.11: Fragmentation into K+ in e+e annihilations:
Inclusive cross sc.ctions (I/crhsg)(dcr/dz), with z = p/pb«~. The
indicated errors are statistical and systematic errors added in
quadrature.
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Figure $6.13: Heavy quark fragmentation: Shown are
the CLEO—D. Bortoletto et a/. , Phys. Rev. D37, 1719
(1988) and ARCUS —H. Albrecht et aL, Z. Phys. C52, 353
(1991) inclusive cross sections (s B da. /dx&, with x& ——p/p~s„)
for the production of pseudoscalar D and vector D + in
e+e annihilations at v s ~10 GeV. For the DO, B is the
branching ratio for Do ~ K sr+, while in the D*+ case B
is the product branching ratio for D*+ ~ D sr+ followed by
D + K a+. These inclusive spectra have not been corrected
for cascades from higher states, nor for radiative effects. Many
functional forms have been suggested to describe these "hard"
spectra, characteristic of charmed particles produced in e+e
annihilations. The parameterization given by Peterson et at. ,

(Phys. Rev. D27, 105, (1983)) in terms of just one variable
has found the most use:
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Fits to the combined CLEO and ARGUS D and D*+ data give
e&(Do) = 0.135 + 0.010 and ep(D*) = 0.078 + 0.008; these are
indicated by the solid curves.

Spin-dependent effects have been observed in, e.g. , the
polarization of D*+ mcsons as a function of xp. Recent
measurements of ep for D** and D,J mesons by CLEO-
J. Alexander et al. , Phys. Lett. B303, 377 (1993) and
ARGUS H. Albrccht et al , Phy.s. Lett. B221, 422 (1989)
and Phys. Lett. B232, 398, (1989) also indicate that thc
fragmentation functions of such orbitally excited charmed
mesons are distinctly harder than for D or D mesons. How
much of this is a mass effect and how much is truly a spin effect
has not yc:t been fully determined. (Courtesy of D. Besson,
Univ. of Kansas, 1994.)

15—

10—

LENA

0
U

7y2, MARK I
&T

000

~ISR~

Annihilation Cross Section Near Mz
0 I I I I

I

I I I I

I

I I I I

I

I I I I

I

I I I I

I

I I I I

I

I I I I

I

I I I I

I

I I I I4

35— 2 vs

30

0
1

bubble
chambers

I I I I I \ I

10 102
~s (GeV)

25

4 20
0

15

Figure 36.14: Avorage multiplicity as s, a function of v s for
e+e and pp annihilations and and pp collisions. The indicated
errors are statistical and systematic errors added in quadrature,
except when no systematic errors are given.
e+e: All measurements include contributions from Ks and 3
derays. The pp2 and MARK I measurements contain a systematic
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Figure 36.15: Data from the ALEPH, DELPHI, L3, and OPAL
Collaborations for the cross section in e+e annihilation into
hadronic final states as a funrtion of c.m. energy near the Z. LEP
detectors obtained data at the same cnc.'rgies; some of the points
arc. obscured by overlap. The curves show the predictions of the
Standard Model with thrco spc:cics (solid curvo) and four specios
(dashed curve) of light neutrinos. Thc. asymmetry of tho curves is
produced by initial-state radiation. References:

ALEPH: D. Decamp et al. , Z. Phys. C53, 1 (1992).
DEPHI: P. Abreu et al. , Nucl. Phys. B367, 511 (1992).
L3: B. Adeva et al. , Z. Phys. C51, 179 (1991).
OPAL: G. Alexander et el. , Z, Phys. C52, 175 (1991).
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AMY: T. Mori et al. , Phys. Lett. B218, 499 (1989);
CELLO: H. -J. Behrcnd et a/. , Phys. Lett. 144B, 297 (1984);

and H.-J. Behrend et al. , Phys. Lett. 183B, 400 (1987);
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Collisions: pp, pp, pn, and pn ptab ) 50 GeU/c, y /dof = 2.82

Xpp
Xp„
Ypp

Ypp

Ypn
'0

Value

22.0+ 0.6
22.3 + 0.6
56.1 + 4.4
98.2 + 9.5
55.0 + 4.1
92.7 + 8.6
0.46 + 0.3

0.079 + 0.003

Xp„Ypp Ypp

99.0 37.0 60 0
40.0 63.0

96.0

Ypn

38.0
37,0
93.0
91.0

Ypn

59.0
60.0
93.0
98.0
94.0

Correlations %

'r/ E'

75.0 —98.0
76.0 —97.0
88.0 —21.0
98.0 -45.0
86 ~ 0 —22.0
96.0 —44.0

—62.0

Collisions: Pd and Pd, P~ab ) 50 GeV/c, y /dof = 1.77

Xpd
Ypd
Y—

d

r/

E

Value

35.7 + 2.5
179.0 + 18.8
270.6 + 29.3
0.45 + 0.03

0.090 + 0.008

Ypd

—27.0
Ypd g

9.0 56.0 —99.0
93.0 64.0 36.0

87.0 1.0
—47.0

Correlations %

Collisions: tr+P and tr P, Ptab ) 10 GcV/c, y2/dof = 1.66

X
Y+

rl

Value

13.7+ 0.6
27.8 + 0.8
35.9 + 1.1
0.45 + 0.01

0.079 + 0.004

—44.0

Y
11.0
83.0

'g E:

86.0 —99.0
8.0 52 0

60.0 —1.3
—80.0

Correlations %

Collisions: tr+cf and tr d, P~ab ) 10 GcV/c, y /dof = 1.44

X
Y
r/

Value

23.2 + 2.1
85.5 + 7.6
0.43 + 0.04

0.088 + 0.010

Y g

73.0 95.0 —99.7
91.0 —68.0

—92.0
Correlations %

Collisions: K+P, K+n, K P, and K n, P~ab ) 10 GeV/c, y /dof = 4.23

X
Y+
Y

Value

12.2 + 0.6
8.3 + 1.8
26.4+ 2.7
0.50 + 0.03

0.079 + 0.006

Y+ Y
—95.0 —59.0

77.0

'g E'

13.0 —99.0
12.0 96.0
70.0 64.0

—5.0
Correlations %

Collisions: K+8 and K d, ptas ) 10 GeV/c, y /dof = 1.9

X
Y+
Y

Value

21.7 + 0.7
26.2 + 2.8
64.8 + 3.4

0.47 + 0.01
0.082 + 0.004

Y+
—92.0

7/ E'

60.0 -99.7
—30.0 94.0

60.0 33.0
—54.0

—27.0
57.0

Correlations %

Collisions: PP, Ptah ) 12 GcV/c, y2 /dof = 0.57

X
Y
7l

E

Value

0.071 + 0.018
0.12 + 0.04
0.46+ 0.25

0.075 + 0.030

Y

76.0

'g E'

97.0 —99.5
90.0 —70.0

—94.0
Correlations %

Table 36.2: Rogge theory provides a sirnplc and compact description of total cross sections (A. Donnarhic. and P.V. Landshoff, Phys.
Lett, . B296, 227 (1992)): it is sufRcient to writ, c crt„t= X s~ + Y s ", whcrc thc first term arise. s from pomcron exchange and tho serond
from p, w, f, and c exchange. Simult, ancous fits are shown below for groups of reactions within which c and g have thc same values, and

X~t, ——X~g. As can be scen from Fig. 36.17, thc fitte exponents arc consistent with having thc same values for all reactions. Thc fitte
functions arc shown in thc figures, along with thc corrclatcd onc-standard-deviation error bands which, when thc rcduccd y is grcatcr
than one, include a scale factor that is dcfincd as thc square root of thc reduced y . Vertical arrows indicate lower limits on the momentum
range. used in tho Rts (these mome. nta, arc. also given in thc table). Curves and error bands arc: oxtrapolated to lowe. r momcnta; thc usor
may dc.cidc on thc. range of applicability. Data usc.d wc.rc extracted from the CS database of thc Particle Physics Data System (PPDS),
accessible throught thc WWW at, http: //pdg. lbl. gov/. Computer-readable data file arc also available through http: //pdg. 1bl. gov/.
(Courtesy of V.V. Ezhcla, S.B. Lugovsky, and N. P. Tkachcnko, COMPAS Group, IHEP, Protvino. )
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OUR AVERAGE
OUR FIT

OUR EVALUATION

OUR ESTIMATE

OUR LIMIT

From a weighted average of selected data.
From a constrained or overdetermined multipa-
rameter flt of selected data.
Not from a direct measurement, but evaluated
from measurements of other quantities.
Based on the observed range of the data. Not
from a formal statistical procedure.
For special cases where the limit is evaluated by
us from measured ratios or other data. Not from
a direct measurement.

Measurement Techniques
(i.e. , Detectors and Methods of Analysis)

ACCM
AEMS
ALEP
AMY
ARG
ARGD
ASP
ASPK
ASTE
ASTR
B787
B791
B845
BAKS
BC
BDMP
BEAT
BEBC
BES
BIS2
BKEI
BONA
BPWA
CALO
CHAL
CBAR,
CBOX
CC
CCFR
CDF
CDHS
CELL
CHER,
CHM2
CHR.M
CIBS
CLE2
CLEO
CMD
CMD2
CNTR
COSM
CPLR.
CSB2

CUSB
DO
DASP
DBC
DLCO
DLPH
DM1
DM2
DPWA
EG21
EG53
EG87
EG91
E705
E731
E7G1
E773
E789
E791

ACCMOR Collaboration
Argonne effective mass spectrometer
ALEPH —CERN LEP detector
AMY detector at KEK-TRISTAN
ARGUS detector at DORIS
Fit to semicircular amplitude path on Argand diagram
Anomalous single-photon detector
Automatic spark chambers
ASTERIX detector at LEAR
Astronomy
BNL experiment 787 d.etector
BNL experiment 791 detector
BNL experiment 845 detector
Baksan underground. scintillation telescope
Bubble chamber
Beam dump
CERN BEATRICE Collab.
Big European bubble chamber at CERN
BES Beijing Spectrometer at Beijing Electron-Positron Collider
BIS-2 spectrometer at Serpukhov
BENKEI spectrometer system at KEK Proton Synchroton
Bonanza nonmagnetic detector at DORIS
Barrelet-zero partial-wave analysis
Calorimeter
Crystal Ball detector at SLAC-SPEAR. or DORIS
Crystal Barrel detector at CER,N-LEAR,
Crystal Box at LAMPF
Cloud chamber
Columbia-Chicago-Fermilab-Rochester detector
Collider detector at Fermilab
CDHS neutrino detector at CERN
CELLO detector at DESY
Cherenkov detector
CHARM-II neutrino detector (glass) at CERN
CEIARM neutrino detector (marble) at CERN
CER,N-IHEP boson spectrometer
CLEO II detector at CESR,
Cornell magnetic detector at CESR
Cryogenic magnetic detector at VEPP-2M, Novosibirsk
Cryogenic magnetic detector 2 at VEPP-2M, Novosibirsk
Counters
Cosmology and astrophysics
CPLEAR Collaboration
Columbia U. — Stony Brook BGO calorimeter inserted in NaI
array
Columbia U. — Stony Brook segmented NaI detector at CESR
DO detector at Fermilab Tevatron Collider
DESY double-arm spectrometer
Deuterium bubble chamber
DELCO detector at SLAC-SPEAR or SLAC-PEP
DELPHI detector at LEP
Magnetic detector no. 1 at Orsay DCI collider
Magnetic detector no. 2 at Orsay DCI collider
Energy-dependent partial-wave analysis
Fern1ilab EG21 detector
Fermilab EG53 detector
Fermilab EG87 detector
Fermilab E691 detector
Fermilab E705 Spectrometer-Calorimeter
Fermilab E731 Spectrometer-Calorimeter
Fermilab E761 detector
Fermilab E773 Spectrometer-Calorimeter
Fermilab E789 detector
Fermilab E791 detector

Indicator of Procedure Used to Obtain Our Result E799
EHS
ELEC
EMC
EMUL
FBC
FIT
FMPS
FRAB
FRAG
FRAM
FREJ

GA24

GALX

GAM2
GAM4
GOLI
H1
HBC
HDBC
HEBC
HEPT
HLBC
HOME
HPW
HR, S
HYBR
IMB
IMB3
INDU
IPWA
JADE
KAM2
KAMI
KARM

KOLR
L3
LASS
LEBC
LENA
LEPS
MAC
MBR
MCR.O
MD]
MDRP
MICA
MLEV
MMS
MPS
MPS2
MPSF
MPWA
MRK1
MRK2
MRK3
MRK J
MRS
NA14
NA31
NA32
ND
NICE
NMR
NUSX
OBLX
OLYA
OMEG
OPAL
OSPK
PLAS
PLUT
PWA

Fermilab E799 Spectrometer-Calorimeter
Four-pi detector at CERN
Electronic combination
European muon collaboration detector at CERN
Emulsions
Freon bubble chamber
Fit to previously existing data
Fermilab Multiparticle Spectrometer
ADONE BB group detector
ADONE pp group detector
ADONE MEA group detector
FREJUS Collaboration —modular flash chamber detector
(calorimeter)
Hodoscope Cherenkov p calorimeter (IHEP GAMS-2000)
(CERN GAMS-4000)
GALLEX solar neutrino detector in the Gran Sasso Under-
ground Lab.
IHEP hodoscope Cherenkov p calorimeter GAMS-2000
CERN hodoscope Cherenkov p calorimeter GAMS-4000
CERN Goliath spectrometer
H1 detector at DESY/HERA
Hydrogen bubble chamber
Hydrogen and deuterium bubble chambers
Helium bubble chamber
Helium proportional tubes
Heavy-liquid bubble chamber
Homestake underground scintillation detector
Harvard-Pennsylvania-Wisconsin detector
SLAC high-resolution spectrometer
Hybrid: bubble chamber + electronics
Irvine-Michigan-Brookhaven underground Cherenkov detector
Irvine-Michigan-Brookhaven underground Cherenkov detector
Magnetic induction
Energy-independent partial-wave analysis
JADE detector at DESY
KAMIOKANDE-II underground Cherenkov detector
KAMIOKANDE underground Cherenkov detector
KARMEN calorimeter at the ISIS neutron spallation source at
Rutherford
Kolar Gold Field underground. detector
L3 detector at LEP
Large-angle superconducting solenoid spectrometer at SLAC
Little European bubble chamber at CERN
Nonmagnetic lead-glass NaI detector at DORIS
Low-Energy Pion Spectrometer at the Paul Scherrer Institute
MAC detector at PEP/SLAC
Molecular beam resonance technique
MACRO detector in Gran Sasso
Magnetic detector at VEEP-4, Novosibirsk
Millikan drop measurement
Underground mica deposits
Magnetic levitation
Missing mass spectrometer
Multiparticle spectrometer at BNL
Multiparticle spectrometer upgrade at BNL
Multiparticle spectrometer at Fern1ilab
Model-dependent part ial-wave analysis
SLAC Mark-I detector
SLAC Mark-II detect or
SLAC Mark-III detector
Mark-3 detector at DESY
Magnetic resonance spectrometer
CERN
CERN NA31 Spectrometer-Calorimeter
CERN NA32 Spectrometer
NaI detector at VEPP-2M, Novosibirsk
Serpukhov nonmagnetic precision spectrometer
Nuclear magnetic resonance
Mont Blanc NUSEX underground detector
OBELIX detector at LEAR
Detector at VEPP-2M and VEPP-4, Novosibirsk
CERN OMEGA spectrometer
OPAL detector at LEP
Optical spark chamber
Plastic detector
DESY PLUTO detector
Partial-wave analysis
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REDE
RVUE
SAGE
SFM
SHF
SIGM
SILI
SLD
SOUD
SPEC
SPED
SPRK
SQID
STRC
TASS
THEO
THY
rOF
TOPZ
TPC
TPS
TRAP
UA1
UA2
UA5
VES
VNS
WA75
WA82
WA89
WIRE
XEBC
ZEUS

Resonance depolarization
Review of previous data
US — Russian Gallium Experiment
CERN split-field magnet
SLAC Hybrid Facility Photon Collaboration
Serpukhov CERN-IHEP magnetic spectrometer (SIGMA)
Silicon deter tor
SLC Large Detector for e+ e colliding beams at SLAC
Soudan underground detector
Spectrometer
From maximum of speed plot or resonant amplitude
Spark chamber
SQUID device
Streamer chamber
DESY TASSO detector
Theoretical or heavily model-dependent result
Theory
Time-of-Bight
TOPAZ detector at KEK-TRISTAN
TPC detector at PEP/SLAC
Tagged photon spectrometer at Fermilab
Penning trap
UA1 detector at CERN
UA2 detector at CERN
UA5 detector at CER,N
Vertex Spectrometer Facility at 70 GeV IHEP accelerator
VENUS detector at KEK-TRISTAN
CERN WA75 experiment
CERN WA82 experiment,
CERN WA89 experiment,
Wire chamber
Xenon biibble chamber
ZEUS detector at, DESY/HERA

Journals

Conferences
Conferences are generally referred to by the location at which they were
held (e.g. , HAMBUR, G, TORONTO, COR,NELL, BRIGHTON, etc. ),

MPL
NAT
NC
NIM
NP
NPBPS
PAN
PD
PDAT
PL
PN
PPN
PPNP
PPSL
PR
PRAM
PRL
PRPL
PRSE
PRSL
PS
PTP
PTRSL
R,A
B,MP
RNC
RPP
RRP
SCI
SJNP
SJPN
SPD
SPU
YAF
ZETF
ZETFP

ZNAT
ZPHY

Modern Physics Letters
Nature
Nuovo Cimento
Niiclear Instruments and Methods
Niiclear Physics
Nuclear Physics B Proceedings Supplement
Physics of Atomic Nuclei (formerly SJNP)
Physics Doklady (Magazine)
Physik Daten
Physics Letters
Particles and Nuclei
Physics of Particles and. Nuclei (formerly SJPN)
Progress in Particles and Nuclear Physics
Proc. of the Physical Society of London
Physical Review
Pramana
Physical Review Letters
Physics Reports (Physics Letters C)
Proc. of the Royal Society of Edinbiirgh
Proc. of the Royal Society of London, Section A
Physica Scripta
Progress of Theoretical Physics
Phil. Trans. B.oyal Society of London
B,adiochimica Acta
Reviews of Modern Physics
La, Rivista del Nuovo Cimento
Reports on Progress in Physics
Revue B.oiimaine de Physiqiie
Science
Soviet 3ournal of Nuclear Physics
Soviet 3ournal of Particles and Nuclei
Soviet Physics Doklady (Magazine)
Soviet Physics — Uspekhi
Yadernaya Fizika
Zhurnal Eksperiment, al'noi i Teoreticheskoi Fiziki
Zhiirnal Eksperimental'noi i Teoreticheskoi Fiziki, Pis'ma v
R,edakts
Zeitschrift fiir Nat, urforschiing
Zeitschrift fiir Physik

AA
ADVP
AFIS
AJP
ANP
ANPL
AN YAS
AP
APAH
AP3
AP3S
APP
AB,NPS
ARNS
ASP
BAPS
BASUP
C3NP
CJP
CNPP
CZJP
DANS
EPL
FECAY
HADJ
IJMP
3AP
3ETP
3ETPL
JINB.
3PA
3PB
3PCR,D
JPG
JPS3
LNC
MNRA

Astronomy and Astropliysics
Advances in Physics
Anales de Fisica,
American Journal of Physics
Annals of Physics
Annals of Physics (Leipzig)
Annals of the New York Academy of Sciences
Atomic Physics
Acta Physica Academiae Scientiarum Hungaricae
Astrophysical 3oiirnal
Astrophysical 3oiirnal Siippl.
Acta Physica Polonica
Anniial Review of Nuclear and Part, icle Science
Anniial Review of Nuclear Science
Ast, roparticle Physics
Biilletin of the American Physical Society
Biilletin of the Academy of Science, USSR (Physics)
Chinese Journal of Nuclear Physics
Canadian Joiirnal of Physics
Comment, s on Niiclear and Particle Physics
Czechoslovak 3oiirnal of Physics
Doklady Akademii nauk SSSR,
Eiirophysics Let ters
Fizika, Elementarnykh Chast, its i Atomnogo Yadra
H adr on ic 3oiir n al
International Joiirnal of Modern Physics
Joiirnal of Applied Physics
English Translation of Soviet Physics ZETF
English Translation of Soviet Physics ZETF Letters
3oint, Inst, . for Niiclear Research
Joiirnal of Physics, A
Joiirnal of Physics, B
3ournal of Physical and Chemical R,eference Dat, a
3oiirnal of Physics, G
3oiirnal of the Physical Society of Japan
Let, tere Niiovo Cimento
Monthly Not, ices of t, he R,oyal Ast, ronomical Society

Institutions
AACH

AACHl

AACH3

AACHT

AARH
ABO
ADEL
ADI D
AER,E

AFRR

AHMED
AICH
AKIT
ALAH

ALAT

ALBA
ALBE
AMES
AMHT
AMST
ANIK
ANKA
ANL
ANSM
ARCBO
AR, IZ

Phys. Inst. der Techn.
Hnchschnle Aacheu (His-
torical, iise for general Inst, .

der Techn. Hochschule)
I Phys. Inst. der Techn.
Hochschiile Aachen
III Phys. Inst, . der Techn.
Hochschiile Aachen
Institut fiir Theoretische
Physik
Univ. of Aarhus
A.bo Akademi University
Adelphi Univ.
The Univ. of Adelaide
Atomic Energy Research Es-
tab.
Armed Farces B.adiobiology
Res. Inst.
Physical B,esearch Lab.
Aichi Univ. of Ediication
Akita Univ.
Univ. of Alabama
(Huntsville)
Univ. of Alabama
(Tuscaloosa)
SUNY at Albany
Univ. of Alberta
Ames Lab.
Amherst College
Univ. van Amsterdam
NIKHEF
Middle East Technical Univ.
Argonne National Lab,
St. Anselm Coll.
Arecibo Observatory
Univ. of Arizona

Aachen, Germany

Aachen, Germany

Aachen, Germany

Aachen, Germany

Aarhiis C, Denmark
Abo ('Dirkii), Finland
Garden City, NY, USA
Adelaide, SA, Aiistralia
Didcot, United Kingdom

Bethesda, MD, USA

Ahmedabad, Giijarat, India
Aichi, Japan
Akita, Japan
Huntsville, AL, USA

Tiiscaloosa, AL, USA

Albany, NY, USA
Edmonton, AB, Canada
Ames, IA, USA
Amherst, MA, USA
Amsterdam, The Netherlands
Amsterdam, The Netherlands
Ankara, , Turkey
Argonne, IL, USA
Manchester, NH, USA
Arecibo, PR„USA
Tiicson, AZ, USA
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ARZS
ASCI
AST

Arizona State Univ.
Russian Academy of Sciences
Inst. of Phys.

ATEN NCSR "Demokritos"

ATHU
AUCK
BAKU
BANGB
BARC

Univ. of Athens
Univ, of Auckland
Inst. of Physics
Bangabasi College
Univ. Autonoma de
Barcelona
Univ. di Bari
Univ. of Delaware; Bartol
R,esearch Inst.
Inst. fiir Physik der Univ.
Basel
Univ, Bayreuth
Centre d'Etudes Nucleaires d.e
Bordeaux- Gradignan
Inst. of Theoretical
Physics
Inter-University Inst. for High
Energies (ULB-VUB)
AT Ez T. Bell Labs
Univ. of Bergen
DESY — Inst. fiir Hochen-
ergiephysik Zeuthen
Univ. of Berne
Univ. di Bologna
Ben-Gurion Univ.
Bhabha Atomic Research
Center
Inst. of High Energy
Physics
Univ. Bielefeld
SUNY at Binghamton
Birkbeck College, Univ. of
London
Univ. of Birmingham

BARI
BART

BASL

BAYR
BCEN

BEIJT

BELG

BELL
BERG
BER,L

BERN
BGNA
BGUN
BHAB

BHEP

BIEL
BING
BIRK

BIRM

BLSU
BNL
BOCH
BOHR
BOIS
BOMB
BONN

BOR,D
BOSE

BOSK
BOST
BB.AN
BRCO
BB,IS
BROW
BR,UX

BR,UXT

BUCH
BUDA

BUFF
BUR,E

CAEN

CAGL
CAIR
CAIW

CALC
CAMB
CAMP
CANB

Bloomsburg Univ.
Brookhaven National Lab.
Ruhr Univ. Bochum
Niels Bohr Inst.
Boise St,ate Univ.
Univ, of Bombay
Rheinische Friedr. -
Wilhelms-Univ. Bonn
Univ. de Bordeaux I
S.N. Bose Nat ional Cent re
for Basis Sciences
ccRudjer Boskovic" Inst.
Boston Univ.
Brandeis Univ.
Univ. of British Columbia
Univ. of Bristol
Brown Univ.
Univ, Libre de Bruxelles;
Service de Physique des Par-
ticiiles Elementaires
Univ. Libre de Bruxelles;
Physiqiie Theorique
Univ. of Bucharest
KFKI R,esearch Inst. for Par-
t, icle k Nuclear Physics
SUNY at Buffalo
Inst. des Hautes Etudes Scien-
t ifiques
Lab. de Physiqiie Corpiiscu-
laire, ISMRA
Univ. di Cagliari
Cairo University
Carnegie Inst. of Washing-
ton
Univ. of Calcutta
Univ. of Cambridge
Univ. de Campinas
Australian National Univ.

Tempe, AZ, USA
Moscow, Russian Federation
Nankang, Taipei, The Republic
of China (Taiwan)
Aghia Paraskevi Attikis,
Greece
Athens, Greece
Auckland, New Zealand
Baku, Azerbaijan
Calcutta, India
Bellaterra (Barcelona), Spain

Bari, Italy
Newark, DE, USA

Bas el, Swit zerl and

Bayreiith, Germany
Gradignan, France

Beijing, The People's Repiib-
lic of China
Bruxelles, Belgium

Murray Hill, N3, USA
Bergen, Norway
Zeuthen, Germany

Berne, Switzerland
Bologna, Italy
Beer-Sheva, Israel
Trombay, Bombay, India

Beijing, The People's Repub-
lic of China
Bielefeld, Germany
Binghamton, NY, USA
London, United. Kingdom

Edgbaston. Birmingham,
United Kingdom
Bloomsburg. PA, USA
Upt, on, NY, USA
Bochiim, Germany
Copenhagen g, Denmark
Boise, ID, USA
Bombay, India
Bonn, Germany

Gradignan, France
Calciitta, India

Zagreb, Croatia
Boston, MA, USA
Waltham, MA, USA
Vancoiiver, BC, Canada
Bristol, United Kingdom
Providence, R,I, USA
Briixelles, Belgiiim

Bruxelles, Belgiiim

Biicharest-Magiirele, Romania
Budapest, Hungary

Buffalo, NY, USA
Bures-sur- Yvette, France

Caen, France

Cagliari, Italy
Orman, Giza, Cairo, Egypt
Washington, DC, USA

Calciitta, India
Cambridge, United Kingdom
Campinas, SP, Brasil
Canberra„, ACT, Australia

CAPE

CARA
CARL
CARLC
CASE
CAST

CATA
CATH
CAVE
CBNM
CCAC
CDEF
CEA

CENG
CERN

CFPA

CHIC
CIAE

CINC
CINV

CIT
CLER
CLEV
CMNS
CMU
CNEA

CNRC

COLO
COLU
CONC
COR,N

COSU
CPPM

CRAC

CRNL
CSOK

CST

CSULB
CUNY
CURIN

CUR, IT

DALH
DARE
DARM
DELA
DELH
DESY

DFAB
DOE
DORT
DUKE
DUR, H

DUUC
EDIN
EFI
ELMT
ENSP

EOTV

University of Capetown

Univ. Central d.e Venezuela
Carleton Univ.
Carleton College
Case West em Reser ve Univ.
China Center of Advanced
Science and Technology
Univ. di Catania
Catholic Univ. of America
Cavendish Lab.
CBNM
Allegheny College
College de France
Cambridge Elect, ron Accelera-
tor (Historical)
Cent, re d'Etudes Niicleaires
CERN, European Laboratory
for Particle Physics
Univ. of California, (Berke-
ley)
Univ. of Chicago
China Institute of Atomic
Energy
Univ. of Cincinnati
CINVESTAV-IPN, Centro de
Investigacion y de Estudios
Avanzados del IPN
California Inst. of Tech.
Univ. de Clermont-Ferrand
Cleveland State Ur. iv.
Comenius Univ.
Carnegie Mellon Univ.
Comision Nacional de En-
ergia Atomica
Centre for Research in Parti-
cle Physics
Univ. of Colorado
Columbia Univ.
Concordia University
Cornell Univ.
Colorado State Univ.
Centre Nat, ional de la
Recherche Scientifique, Lu-
miny
Krakow Inst. of Nuclear
Physics
Chalk River Labs.
Oklahoma Central State
Univ.
Univ. of Science and Tech-
nology of China
California State Univ.

City College of New York
Univ. Pierre et Marie
Curie (Paris VI), LPNHE
Univ. Pierre et Marie
Curie (Paris VI), LPTHE
Dalhousie Univ.
Daresbury Lab
Tech. Hochschiile Darmstadt
Univ. of Delaware
Univ. of Delhi
DESY, Deiitsches
Elekt ronen-Synchrotron
Esciiela de Ingenieros
Department of Energy
Univ. Dortmund
Duke Univ.
Univ. of Durham
University College
Univ. of Edinburgh
Enr ico Fermi Ins t.
Elmhurst College
1'Ecole Normale
Superieure
Eotvos University

Rondebosch, Cape, South
Africa
Caracas, Venezuela
Ottawa, ON, Canada
North6eld, MN, USA
Cleveland, OH, USA
Beijing, The People's Repiiblic
of China
Catania, Italy
Washington, DC, USA
Cambridge, United. Kingdom
Geel, Belgium
Mead. ville, PA, USA
Paris, France
Cambridge, MA, USA

Grenoble, France
Geneve, Switzerland

Berkeley, CA, USA

Chicago, IL, USA
Beijing, The People's Repiiblic
of China
Cincinnati, OH, USA
Mexico DF Mexico

Pasadena, CA, USA
Aubiere, France
Cleveland, OH, USA
Bratislava, Slovak Republic
Pittsburgh, PA, USA
Buenos Aires, Argentina

Ottawa, ON, Canada

Bould. er, CO, USA
New York, NY, USA
Montreal, PQ, Canada
Ithaca, NY, USA
Fort Collins, CO, USA
Marseille, France

Krakow, Poland

Chalk River, ON, Canada
Edmond, OK, USA

Hefei, Anhiii 230027, The
People's Repiiblic of China
Long Beach, CA, USA
New York, NY, USA
Paris, France

Paris, France

Halifax, NS, Canada
Cheshire. United Kingdom
Darmstadt, Germany
Newark, DE, USA
Delhi, India
Hambiirg, Germany

Bilbao, Spain
Germantown, MD, USA
Dortmiind, Germany
Durham, NC, USA
Durham City, United Kingdom
Dublin, Ireland
Edinbiirgh, United Kingdom
Chicago, IL, USA
Elmhiirst, IL, USA
Paris, France

Biidapest, Hungary
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EPOL
ERLA
ETH
FERR
FIRZ
FISK
FLOR
FNAL
FOM

FRAN
FRAS

FREIB
FREIE
FRIB
FSU
FSUSC
FUKI
FUKU
GENO
GEOR

GESC
GEVA
GIES
GIFU
GLAS
GMAS
GOET
GRAN
GRAZ
GR,ON
GSCO

GSI

GUEL
GWU
HAHN

HAIF

HAMB

HANN
HAR. C

HARV
HAWA
HEBR.
HEID
HEIDH

HEIDP

HEIDT

HELS
HIRO
HOUS
HPC
HSCA

IAS
IASD

IBAR
IBM
IBMY
IBS
ICEPP

ICR.R

Ecole Polytechnique
Univ. Erlangen-Nurnberg
Univ. Ziirich
Univ. di Ferrara
Univ. di Firenze
Fisk Univ.
Univ. of Florida
Fermilab
FOM, Stichting voor Funda-
menteel Onderzoek der Ma-
terie
Univ. Frankfurt
Lab. Nazionali de Frascati
dell'INFN
Albert-Ludwigs Univ.
Freie Univ. Berlin
Univ. de Fribourg
Florida State University
Florida State Univ.
Fukui Univ.
Fukushima Univ.
Univ. di Genova
Georgian Academy of Sci-
ences
General Electric Co.
Univ. de Geneve
Univ. Giessen
Gifu Univ.
Univ. of Glasgow
George Mason Univ.
Univ. Cottingen
Univ. de Granada
Univ. Graz
Univ. of Groningen
Geological Survey of
Canada
Darmstadt Gesellschaft fiir
Schwerionenforschling
Univ. of Guelph
George Washington Univ.
Hahn- Meit ner Inst. Berlin
GmbH
Technion —Israel Inst. of
Tech.
Univ. Hamburg; I Inst. fiir
Experimentalphysik; II Inst.
fiir Experimentalphysik
Univ. Hannover
Houston Advanced Re-
search Ctr.
Harvard Univ.
Univ. of Hawai'i
Hebrew Univ.
Univ. Heidelberg (Historical)
Univ, Heidelberg; Inst. fiir
Hochenergiephysik
Univ. Heidelberg; Physik
Inst, .
Univ. Heidelberg; Inst. fiir
Theoretische Physik
Univ. of Helsinki
Hiroshima Univ.
Univ. of Houston
Hewlett-Packard Corp.
Harvard- Smithsonian Ceri-
t, er for Ast;rophysics
Inst. for Advanced Study
Dublin Inst. for Advanced
St,udies
Ibaraki Univ.
IBM Corp.
IBM
Inst, . for Boson Studies
Uiliv, Of Tokyo; lilt, . CCI1-
ter for Elenientary Particle
Physics (ICEPP)
Univ. of Tokyo; Inst. for
Cosmic Ray Research

Palaiseau, France
Erlangen, Germany
Ziirich, Switzerland
Ferrara, Italy
Firenze, Italy
Nashville, TN, USA
Gainesville, FL, USA
Batavia, IL, USA
JP Utrecht, The Netherlands

Frankfurt am Main, Germany
Frascati (Roma), Italy

Freiburg, Germany
Berlin, Germany
Fr ibourg, Switzerland
Tallahassee, FL, USA
Tallahassee, FL, USA
Fuku i, ,Jap an
Fukushima, 3apan
Genova, Italy
Tbilisi, Repiiblic of Georgia

Schenectady, NY, USA
Geneve, Switzerland
Giessen, Germany
Gifu, Japan
Glasgow, United. Kingdom
Fairfax, VA, USA
Got tingen, Germany
Granada, Spain
Graz, Austria
Groningen, The Netherlands
Ottawa, ON, Canada

Darmst, adt, Germany

Glielph, ON, Canada
Washington, DC, USA
Berlin, Germany

Technion, Haifa, Israel

Hamburg, Germany

Hannover, Germany
The Woodlands, TX, USA

Cambridge, MA, USA
Honoliihi, HI, USA
,Jerusalem. Israel
Heidelberg, Germany
Heidelberg, Germany

Heidelherg, Germany

Heidelherg, Germany

University of Helsinki, Finland
Higashi-Hiroshima, 3apan
Hoiiston, TX, USA
Cupertino. CA, USA
Cambridge, MA, USA

Priiiceton, N3. USA
Dublin, Ireland

Iharaki, 3apan
Palo Alto, CA, USA
Yorktown Heights, NY. USA
Pasadena, CA, USA
Tokyo, Japan

Tokyo, 3apan

ICTP

IFIC
IFRJ

ILL

ILLC
ILLG
IND
INEL
INFN

INNS
INRM
INUS

IOAN
IOFF

Int'1 Centre for Theoretical
Physics
Univ. de Valencia —CSIC
Univ. Federal do Rio de
Janeiro
Illinois Inst. of Tech. Cen-
ter
Univ. of Illinois at Urbana-
Champaign
Univ. of Illinois at Chicago
Inst. Laue-Langevin
Indiana Univ.
E G and G Idaho, Inc.
Ist. Nazionale d.i Fisica Nu-
clear (Generic INFN, un-
known location)
Leopold-Franzens Univ.
INR, Inst. for Nucl. Research
Univ. of Tokyo; Inst. for
Nuclear Study
Univ. of Ioannina
A.F. Ioffe Phys. Tech. Inst.

IOWA
IPN
IPNP

Univ. of Iowa
IPN, Inst, . de Phys. Nucl.
Univ. Pierre et Marie Ciirie
(Paris VI)
Inst. du Radium (Historical)
Inst. des Sciences Nucleaires
(ISN)
Iowa State Univ.
ITEP, Inst. of Theor. and
Exp. Physics
Ithaca College
Indiana Univ. , Purdue
Univ. Indianapolis
Jadavpur Univ.
Jagiellonian Univ.
Johns Hopkins Univ.
JINR, 3oint Inst. for Nucl.
Research
Julich, Forschlingszentrum
Univ. of Jyvaskyla
Univ. of Kagoshima
Univ. of Kansas
Univ. Karlsruhe (Historical)
Univ. Karlsruhe; Inst. fiir
Experimentelle Kernphysik
Forschiingszentriim Karl-
sruhe
Univ. Karlsruhe; Inst. fiir
Theoretische Teilchenphysik
Kazakh Inst. of High Energy
Physics
KEK, National Lah. for High
Energy Phys.
Univ. of Kent
Open Univ.

IRAD
ISNG

ISU
ITEP

ITHA
IUPU

JADA
3AGL
JHU
JINR

JULI
JYV
KAGO
KANS
KARL
KAR, LE

KARLK

KARLT

KAZA

KEK

KENT
KEYN

KFTI Kharkov Inst, . of Physics and
Tech. (KFTI)

KIAE Kurchatov Inst.
KIAM Keldysh Inst. of Applied

Mat, h. , Acad. Sci. , R,lissia
KIDR Inst. of Nuclear Sciences,

Vine. a (Formerly Boris Kidric:
Inst. )

KIEV Institute for Nuclear Re-
search

KINK Kinki Univ,
KNTY Univ. of Kentucky
KOBE Kobe Univ.
KOMABUniv. of Tokyo, Komaba
KONAN Konan Univ.
KOSI Inst. of Experimental Physics
KYOT Kyoto Univ,
KYOTY Kyoto Univ. ; Yukawa Inst.

for Theor. Physics
KYUN Kyungpook Nat, ional Univ.

Trieste, Italy

Burjassot, Valencia, Spain
Rio de Janeiro, RJ, Brasil

Chicago, IL, USA

Urbana, IL, USA

Chicago, IL, USA
Grenoble, France
Bloomington, IN, USA
Idaho Falls, ID, USA
Various places, Italy

Innsbruck, Austria
Moscow, Russian Federation
Tokyo, 3apan

Ioannina, Greece
St. Petersburg, Riissian Fed-
eration
Iowa City, IA, USA
Orsay, France
Paris, France

Paris, France
Grenoble, France

Ames, IA, USA
Moscow, R.ussian Federation

Ithaca, NY, USA
Indianapolis, IN, USA

Calcutta, , India
Krakow, Poland
Baltimore, MD, USA
Dubna, Russian Federation

3iilich, Germany
Jyvaskyla, Finland
Kagoshima-shi, ,Japan
Lawrence, KS, USA
Karlsruhe, Germany
Karlsriihe, Germany

Karlsruhe, Germany

Karlsruhe, Germany

Alma, Ata, Kazakhst, an

Ibaraki-ken, 3apan

Canterbury, United Kingdom
Milton Keynes, United King-
doIII
Kharkov, Ukraine

Moscow, R,ussian Federation
Moscow, Riissian Federation

Beograd, Serbia, Yligoslavia

Kiev, Ukraine

Osaka, Japan
Lexington, KY, USA
Kobe, ,Japan
Tokyo, 3apan
Kobe, Japan
Kosice, Slovak Repiiblic
Kyoto, 3apan
Kyoto, ,Japan

Taegu, Republic of Korea
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LAI 0
LANC
I.ANL

LAPP

LASL

LATV
LAUS
LAVL
LBL

LCGT
LEBD
I.ECE
LEED
LEHI
LEHM
LEID
LEMO
LEUV
LINZ
LISB

LISBT

LIVP
LLL

LLNL

LOCK

LOIC

LOQM

LOUC
LOUV
LOWC

LRL

LSU
LUND
LYON

MADR
MADU
MANI
MANZ
MARB
MAR. S

MASA
MASB

MASD

MCGI
MCHS
MCMS
MEHTA
MEIS
MELB
MEUD
MICH
MILA
MINN
MISS
MIT

MIU

LAL, Laboratoire de
l'Accelerateur Lineaire
Univ. of Lancaster
Los Alamos National Lab.
(LANL)
LAPP, Lab. d'Annecy-le-
Vieux de Phys. des Particules
U. C. Los Alamos Scientific
Lab. (Old name for LANL)
Latvian State Univ.
Univ. de Lausanne
Univ. Laval
Lawrence Berkeley Na-
tional Lab.
Univ. di Torino
Lebedev Physical Inst.
Univ. di Lecce
Univ. of Leeds
Lehigh Univ.
Lehman College of CUNY
Univ. of Leiden
Le Moyne Coll.
Katholieke Univ. Leuven
Univ. Linz
Inst. Nacional de Investigacion
Cientifica,
Univ. TP'cnica de Lisboa, Inst, .
Superior Tecnico
Univ. of Liverpool
Lawrence Livermore Lab.
(Old name for LLNL)
Lawrence Livermore Na-
tional Lab.
Lockheed Palo Alto R,es,
Lab
Imperial College of Science
Tech. 4 Medicine
Univ. of London, Queen
Mary 0 Westfield College
University College London
Univ. Catholique de Louvain
Westfield College (Historical,
see LOQM (Queen Mary and
Westfield joined))
U. C. Lawrence R.adiation Lab.
(Old name for LBL)
Louisiana State Univ.
Univ. of Lund
Institute de Physique
NIIcleaire de Lyon (IPN)
Inst. de Estrllctura, de la Ma-
teria
C.I.E.M.A.T
Univ. Aut, onoma de Madrid
Univ. of Manitoba
johannes-Gutenberg-Univ.
Univ. Marburg
Centre de Physique des Par-
ticules de Marseille
Univ. of Massachusetts
Univ. of Massachusetts at
Boston
Univ. of Massachusetts
Dartn1ollth
Mc Gill Univ.
Univ. of Manchester
McMaster Univ.
Mehta Research Inst.
Meisei Univ.
Univ. of Melbourne
Observatoire de Meudon
Univ. of Michigan
Univ. di Milano
Univ. of Minnesota
Univ. of Mississippi
MIT Massachusetts Inst.
of Technology
Maharishi Intern at ional
Univ.

Orsay, France

Lancaster, United Kingdom
Los Alamos, NM, USA

Annecy-le-Vieux, France

Los Alamos, NM, USA

Riga, Latvia
Lausanne, Switzerland
Quebec, PQ, Canada
Berkeley, CA, USA

Turin, Italy
Moscow, Russian Federation
Lecce, Italy
Leeds, United Kingdom
Bethlehem, PA, USA
Bronx, NY, USA
Leiden, The Net, herla, nds
Syracuse, NY, USA
Leuven, Belgium
Linz, Austria
Lisboa CODEX, Portugal

Lisboa, Portugal

Liverpool, United Kingdom
Livermore, CA, USA

Livermore, CA, USA

Palo Alto, CA, USA

London, United Kingdom

London, United Kingdom

London, United Kingdom
Louvain-la-Neuve, Belgium
London, United Kingdom

Berkeley, CA, USA

Baton Rouge, LA, USA
Lund, Sweden
Villellrbanne, France

Madrid, Spain

Madrid. Spain
Madrid, Spain
Winnipeg, MB, Canada
Mainz, Germany
Marburg, Germany
Marseille, France

Amherst. , MA,, USA
Boston, MA, USA

N. Dartmouth, MA, USA

Montreal, QC, Canada.
Mal'lchPstPI, UnltPd Kingdolll
Hamilton, ON, Canada
Allahabad, India
Tokyo, Japa, n

Parkville, Victoria, Australia
Me»don, Fra,nce
Ann Arbor. MI, USA
Milano, Italy
Millneapolis, MN, USA
University, MS, USA
Cambridge, MA, USA

Fairfield, IA, USA

MIYA
MONP
MONS
MONT

MONTC

MOSU
MPCM
MPEI

MPIA

MPIH

MPIM

MSU
MTHO
MULH
MUNI
MUNT
MURA

NAAS

NAGO
NAPL
NASA
NBS

NBSB

NCAR.

NDAM
NEAS
NEUC
NICEA
NIICEO
NIHO
NIIG
NI JM
NIR, S

NIST

NIU
NMSU
NORD
NOTT
NOVM

NOVO

NPOL

NTHU

NRI
NSF

NTUA

NWES
NYU
OBER,
OI-IIO
OKAY
OKLA
OKSU
OREG
ORNL

ORSAY
ORST
OSAK

Miyazaki Univ.
Univ. d.e Montpellier II
Univ. de Mons-Hainaut
Univ. de Montreal; Labora-
toire de physique nucleaire
Univ. de Montreal; Centre
de recherches mathematiques
Moscow State Univ.
Max Planck Inst. fur Chemic
Moscow Physical Engi-
neering Inst.
Max-Planck-Institute fiir
Astrophysik
Max-Planck-Inst. fiir Kern-
physik
Max-P lanck-Inst. fiir
Physik
Michigan State Univ.
Mount Holyoke College
Centre Univ. du Haut-Rhin
Univ. of Miinchen
Tech. Univ. Miinchen
Midwestern Univ. Research
Assoc. (Historical)
North Americal Aviation Sci-
ence Center (Historical)
Nagoya Univ.
Univ. di Napoli
NASA
U. S National Bureau of
Standards (Old name for
NIST)
National Inst. Standards
Tech.
National Center for Atmo-
spheric Research
Univ. of Notre Dame
Northeastern Univ.
Univ. de Neuchatel
Univ, de Nice
Observatoire de Nice
Nihon Univ.
Niigata Univ.
Univ. of Nijmegen
Nat. Inst. R,adiological Sci-
p.ncp, s
National Inst it ute of Stan-
dards Ez: Technology
Northern Illinois Univ.
New Mexico St,at, e Univ.
Nor dita
Univ. of Nottingham
Inst. of Mathematics

BINP, Budker Inst, . of Nu-
clear Physics
Polytechnic of North Lon-
don
Naval Research Lab
National Science Founda-
tion
National Tsing Hua Univ.

National Tech. Univ. of
Athens
Northwestern Univ.
New York Univ.
Oberlin College
Ohio Univ.
Okayarna Univ.
Univ. of Oklahoma
Oklahoma State Univ.
Univ. of Oregon
Oak Ridge National Labora-
tory
Univ. de Paris SIId
Oregon State Univ.
Osaka Univ.

Miyazaki-shi, Japan
Montpellier, France
Mons, Belgium
Montreal, PQ, Canada

Montreal, PQ. Canada

Moscow, Russian Federation
Mainz, Germany
Moscow, Russian Federation

Garching, Germany

Heidelberg, Germany

Miinchen, Germany

East Lansing, MI, USA
South Hadley, MA, USA
Mulhouse, France
Garching, Germany
Garching, Gernlany
Stroughton, WI, USA

Thousand Oaks, CA, USA

Nagoya, Japan
Napoli, Italy
Greenbelt, MD, USA
Gaithershllrg, MD. USA

Boulder, CO., USA

Boulder, CO, USA

Notre Dame, IN, USA
Boston, MA, USA
Nellchatel, Switzerland
Nice, France
Nice, Fra.nce
Tokyo, Japan
Niigata, Japan
Nijmegen. The Netherlands
Chiba, Japan

Galthersburg. MD, USA

De Kalb, IL. USA
Las Cruces, NM. USA
Copenhagen 8, Denmark
Nottingham, United Kingdon1
Novosibirsk, R.llssian Federa-
tion
Novosibirsk, Russian Federa-
t, ion
London. Unit, ed Kingdol11

Washington, DC, USA
Arlington, VA, USA

Hsinch», The Republic of
China. (Taiwan)
Athens. Greece

Evanst, on, IL. USA
New York, NY, USA
Oherlin, OH. USA
Athens, OH, USA
Okayama, Japan
Norman, OK, USA
Stillwater. OK, USA
E&lgenp, OR, USA
Oak R,idge, TN, USA

Orsay. France
Cor val 1 is, OR„USA

Osaka, Japan
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OSKC
OSLO
OSU
OTTA
OXF
OXFTP
PADO
PARIN

PARIS
PARM
PAST
PATR
PAVI
PENN
P GIA
PISA
PISAI
PITT
PLAT
PLRM
PNL
PNPI

PPA

PRAG
PRIN
PSI
PSLL
PSU
PUCB

PUEB

PUR, D
QUKI
RAL

R,EGE
REHO
RHBL

R,HEL

R,ICE
R.IKEN

R,IKK
RIS
R,ISC
R,ISL

R,ISO
R,L

RMCS

R,OCH
R,OCK
R.OMA
R,OMA2

R,OMAI
R.OSE

R.PI

R.UTG
SACL
SACLD
SAGA
SANG
SANI

SASK
SASSO

Osaka City Univ.
Univ. of Oslo
Ohio State Univ.
Univ. of Ottawa
University of Oxford
Univ. of Oxford
Univ. di Padova, "G. Galilei"
Univ. Paris VI et Paris
VII, iN'P'/CNRS
Univ. de Paris (Historical)
Univ. di Parma
Institlit Pasteur
Univ. of Patras
Univ. di Pavia
Univ. of Pennsylvania
Univ. di Perugia
Univ. di Pisa
INFN, Sez. di Pisa
Univ. of Pittsburgh
SUNY at Plattsburgh
Univ. di Palermo
Bat telle Memorial Inst.
Petersburg Nuclear Physics
Inst.
Princeton-Penn. Proton Accel-
erator (Historical)
Inst. of Physics, A SCR
Princeton Univ.
Palil Scherrer Inst.
Physical Science Lab
Penn State Univ.
Pontificia Univ. Catolica
do Rio de Janeiro
High Energy Physics Group,
FCFM —BUAP
Purdue Univ.
Queen's Univ.
Rutherford Appleton Lab.

Univ. Regensburg
Weizmann Inst. of Science
Royal Holloway Ez; Bedford
New College
Rutherford High Energy
Lab (Old name for RAL)
Rice Univ.
Riken Accelerator Research
Facility (R,ARF)
Rikkyo Univ.
Rowland Inst, for Science
Rockwell International
Universities Research Re-
actor
Riso National Laboratory
Rutherford High Energy
Lab (Old name for RAL)
Royal Military Coll. of Sci-
e.nce,
Univ. of Rochester
Rockefeller Univ.
Univ. di Roma (Historical)
Univ. di RoIna, "Tor Ver-
gat, a"
INFN, Sez. di Roma
Rose-Hulman Inst. of Tech-
nology
Rensselaer Polytechnic
Inst.
Rutgers Univ.
CE Saclay
CE Saclay; DAPNIA
Saga Univ.
Kyot o San gyo Univ.
Physics Lab. , Ist. SIIperiore di
Sanit, a
Univ. of Saskatchewan
Lab. Naz. clel Gran Sasso
de11'IN FN

Osaka-shi, Japan
Oslo, Norway
Coliimbus, OH, USA
Ottawa, ON, Canada
Oxford, United Kingdom
Oxford, United Kingdom
Padova, Italy
Paris, France

Paris, France
Parma, Italy
Paris, France
Patras, Greece
Pavia, Italy
Philadelphia, PA, USA
Perugia, Italy
Pisa, Italy
Pisa, Italy
Pittsburgh, PA, USA
Plattsburgh, NY, USA
Palermo, Italy
Richland, WA, USA
Gatchina, RIIssian Federation

Princeton, NJ, USA

Prague, Czech Republic
Princeton, NJ, USA
Villigen PSI, Switzerland
Las Cruces, NM, USA
University Park, PA, USA
Rio de Janeiro, R3, Brasil

Puebla, Pue, Mexico

Lafayette, IN, USA
Kingston, ON, Canada
Chilton, Didcot, Oxon. , United
Kingdom
R.egensburg, Germany
Rehovot, Israel
Egham, Slirrey, Unit, ed King-
dom
Chilton, Didcot, Oxon. , United
Kingdom
Houston, TX, USA
Saitama, 3apan

Tokyo. 3apan
Cambridge, MA, USA
ThoIIsand Oaks, CA, USA
Risley, Warrington, United
Kingdom
R,oskilcle, Denmark
C1Ii1ton, Didcot, Oxon. , United
Kingdom
Swindon, Wilts. , United King-
d oII1
R.ochester, NY, USA
New York, NY, USA
Roma, Italy
R,orna, Italy

Roma, Italy
Terre Halite IN, USA

Troy, NY, USA

Piscataway, NJ, USA
Gif-sIIr- Yvette, France
Gi f-sIIr- Yvet t e, France
Saga-shi, Japan
Kyot, o-shi, Japan
Roma, Italy

Saskatoon, SK, Canada
Assergi (L'Aqiiila), Italy

SAVO
SBER
SCIT
SCOT

SCUC
SEAT
SEIB

SEOU
SEOUL
SERP

SETO
SFLA
SFRA
SFSU
SHEF
SHMP
SIEG

SILES
SIN

SING
SISSA

SLAC

SLOV

SMU
SNSP
SOFI

SOFU
SPAUL
SPIFT
SSL

STAN
STEV
STLO
STOH
STON
STRB

STUT
STUTM
SUGI
SURR

Univ. de Savoie
California State Univ.
Science Univ. of Tokyo
Scottish Univ. Research and
Reactor Ctr.
Univ. of South Carolina
Seattle Pacific Coll.
Austrian Research Center,
Seibersdorf LTD.
Korea Univ.
Seoul National Univ,
IHEP, Inst. for High Energy
Physics (ALso known as Ser-
pukhov)
Seton Hall Univ.
Univ. of South Florida
Simon Fraser University
California State Univ,
Univ. of Sheffield
Univ. of Southampton
Univ. -Gesamt hochs chule-
Siegen
Univ. of Silesia
Swiss Inst. of Nuclear Re-
search (Old name for VILL)
National Univ. of Singapore
Scuola Internazionale Superi-
ore di Studi Avanzati
Stanford Linear Accelera-
tor Center
Inst. of Physics, Slovak Acad.
of Sciences
Southern Methodist Univ.
Scuola Normale Superiore
Inst. for Nuclear Research and
Niiclear Energy
Univ. of Sofia
Univ. de Sao Paulo
Inst. de Fisica Teorica (IFT)
Univ. of California (Berke-
ley); Space Sciences Lab
Stanford Univ.
Stevens Inst, . of Tech.
St. Louis Univ.
Stockholm Univ.
SUNY at Stony Brook
CRN, Centre des Recherches
NIlcl.
Univ. Stut tgart
Max-P lanck-Inst.
Sugiyama Jogakuen Univ.
Univ. of Surrey

SUSS
SYDN
SYRA
TAJK
TAMU
TATA

TBIL
TELA
TELE

TEMP
TENN
TEXA
TGAK
TGU
THES

TINT
TISA

TMSK
TMTC

TMU

Univ. of Sussex.
Univ, of Sydney
Syracuse Univ.
Acad. Sci. , Tadzhik SSR
Texas AEz;M Univ.
Tata Inst, . of Fiindament, al
Research
Tbi lisi State U nivers ity
Tel-Aviv Univ.
Teledyne Brown Engineer-
ing
Temple Univ.
Univ. of Tennessee
Univ. of Texas at Austin
Tokyo Gakugei Univ.
Tohoku Gakuin Univ.
Aristotle Univ. of Thessa-
loniki
Tokyo Inst. of Technology
Sagamihara Inst. of Space Ez;

Astronallt ical Sci.
Inst. Nuc1ear Physics
Tokyo Metropolitan Coll.
Tech.
Tokyo Metropolitan Univ.

Chambery, France
San Bernardino, CA, USA
Tokyo, 3apan
Glasgow, United Kingdom

Columbia, SC, USA
Seattle, WA, USA
Seibersdorf, Austria

Seoul, Republic of Korea
Seoul, Republic of Korea
Protvino, Russian Federation

South Orange, NJ, USA
Tampa, FL, USA
Burnaby, BC, Canada
San Francisco, CA, USA
Sheffield, United Kingdom
Southampton, United Kingdom
Siegen, Germany

Katowice, Poland
Villigen, Switzerland.

Kent Ridge, Singapore
Trieste, Italy

Stanford, CA, USA

Bratislava, Slovak Republic

Dallas, TX, USA
Pisa Italy
Sofia, Bulgaria,

Sofia, BIIlgaria
Sao PaIIlo, SP, Brasil
Sao Paulo, SP, Brasil
Berkeley, CA, US A

Stanford, CA, USA
Hoboken, N3, USA
St. Lollis, MO, USA
Stockholm, Sweden
Stony Brook, NY, USA
Strasbourg, France

StIIttgart, Germany
Stuttgart, Germany
Aichi, 3apan
Guildford, Slirrey, United
K1ngdoITl

Brighton, United Kingdom
Sydney, NSW, Australia
SyracIIse, NY, USA
Dushanbe, Tadzhiks tan
College Station, TX, USA
Bombay, India.

Tbilisi, R,epiiblic of Georgia
Tel Aviv, Israel
HIInt, sville, AL, USA

Philadelphia, PA, USA
Knoxville, TN, USA
AIIstin, TX, USA
Tokyo, , Japan
Miyagi, 3apan
T he ss alon ik i, G recce

Tokyo, Japan
Kanagawa, Japan

Tomsk, R.IIssian Fecleratioil
Tokyo, Japan

Tokyo, 3apan
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TRIN
TRIU
TRST
TR,STI
TR,STT
TSUK
TTAM
TUAT

Trin. ity College
TRIUMF
Univ. degli Studi di Trieste
INFN, Sez. d.i Trieste
Univ. di Trieste
Univ, of Tsukuba
Tamagawa Univ.
Tokyo Univ. of Agriculture
Tech.
Univ. Tiibingen
Tufts Univ.
Technische Univ. Wien
Univ. of California (Berke-
ley)
Univ. of California (Davis)
Univ. of California (Irv'ine)
Univ. of California (Los
Angeles)
Union Carbide Corp.
Univ. of California (River-
side)
Un iv. of Cali for nia (Sant a
Barbara)
Inst. for Theoretical
Physics
Univ. of California (Santa
Cruz)
Univ. of California (San
Diego)
Univ. of Maryland
Univ. of North Carolina
Univ. of North Carolina at
Chapel Hill
Union College
Univ. of New' Hampshire
Univ. of New Mexico
Univ. of 0cc up at iona 1 and
Environment, al Health
Upsala College
Uppsala Univ.
Univ. of Puerto Rico

TUBIN
TUFTS
TUW
UCB

UCD
UCI
UCLA

UCND
UCR,

UCSB

UCSBT

UCSC

UCSD

UMD
UNC
UNCCH

UNCS
UNH
t;JNM
UOEH

UPN3
UPPS
UPR,

TNTO Univ. of Toronto
TOHO Toho Univ.
TOHOK Tohoku Univ.
TOKA Tokai Univ.
TOKMS Univ. of Tokyo; Meson Sci-

ence Laboratory
TOKU Univ. of Tokushima
TOKY Univ. of Tokyo; Physics

Dept.
TOKYCUniv. of Tokyo; Dept. of

Chemistry
TORI Univ. degli Studi di Torino
TPTI Lab. of High Energy Phys.

Toronto, ON, Canada
Chiba, Japan
Sendai, Japan
Shimizu, 3apan
Tokyo, Japan

Tokushima-shi, 3apan
Tokyo, Japan

Tokyo, Japan

Torino, !taly
Tashkent, Republir of Uzbek-
istan
Dublin, Ireland
Vancouver, BC, Canada
Trieste, Italy
Trieste, Italy
Trieste, Italy
Ibaraki-ken, 3apan
Tokyo, Japan
Tokyo, 3apan

Tiibingen, Germany
Med. ford, MA, USA
Vienna, Austria.
Berkeley, CA, USA

Davis, CA, USA
Irvine, CA, USA
Los Angeles, CA, USA

Oak R,idge, TN, USA
Riverside, CA, USA

Santa Barbara, CA, USA

Santa Barbara, CA, USA

Santa, Cruz, CA, USA

La Jolla, CA, USA

College Park, MD, USA
Greensboro, NC, USA
Chapel Hill, NC, USA

Schenectady, NY, USA
Durham, NH, USA
Albuquerque, NM, USA
Kitakyushu, Japan

East Orange, N3, USA
Uppsala, Sweden
R,io Piedras, PR, USA

URI
USC

USF
UTAH
UTRE
UTRO
UZINR
VALE
VALP
VAND
VASS
VICT
VIEN

VILL

VIRG
VPI
VRI3

Univ. of Rhode Island
Univ. of Southern Califor-
nia
Univ. of San Francisco
Univ. of Utah
Univ. of Utrecht
Univ. of Trondheim
Acad. Sci. , Ukrainian SSR
Univ. de Valencia
Valparaiso Univ.
Vanderbilt Univ.
Vassar College
Univ. of Victoria
Inst. fiir Hochenergiephysik
(HEPHY)
Inst. for Particle Physics of
ETH Ziirich
Univ. of Virginia
Virginia Tech.
Vrije Univ.

ZUR, I Univ. Zurich

WABRNEidgenossisches Amt fiir Mess-
wesen

WARS Warsaw Univ.
WASCR Waseda Univ. ; Cosmic Ray

Division
WASH Univ. of Washington
WASU Waseda Univ.
WAYN Wayne State Univ.
WESL Wesleyan Univ.
WIEN Univ. Wien
WILL Coll. of William and Mary
WINR Inst. for Nuclear Studies
WISC Univ. of W'isconsin
WITW Univ. of the Witwatersrand
WMIU Western Michigan Univ.
WONT The Univ, of Western On-

tario
WOOD Woodstock College (No

longer in existence)
WUPP Univ. of Wuppertal
WUR. Z Univ. Wiirzburg
WUSL Washington Univ.
WYOM Univ. of Wyoming
YALE Yale Univ.
YARO Yaroslavl State Univ.
YCC Yokohama Coll. of Com-

merce
YERE Yerevan Physics Inst.
YOKO Yokohama National Univ.
YORKC York Univ.
ZAGR, Zagreb Univ.
ZARA Univ. de Zaragoza
ZEEM Univ. van Amsterdam

Kingston, RI, USA
Los Angeles, CA, USA

San Francisco, CA, USA
Salt Lake City, UT, USA
Utrecht, The Netherlands
Dragvoll, Norway
Uzhgorod, Ukraine
Burjassot, Valencia, Spain
Valparaiso, IN, USA
Nashville, TN, USA
Poughkeepsie, NY, USA
Victoria, BC, Canada
Vienna, Austria

Villigen PSI, Switzerland

Charlott, esville, VA, USA
Blacksburg, VA, USA
HV Amsterdam, The Nether-
lands
Waber, Switzerland

Warsaw, Poland
Tokyo, Japan

Seattle, WA, USA
Tokyo, 3a,pan
Detroit, MI, USA
Mid. diet, own, CT. USA
Vienna, Austria
Williamsburg, VA, USA
Warsaw, Poland
Madison, WI, USA
Wits, South Africa
Kalamazoo, MI, USA
London, ON, Canada

Woodstock, MD, USA

Wuppertal, Germany
Wii. rzburg, , Germany
St. Louis, MO, USA
Laramie, WY, USA
New Haven, CT, USA
Yaroslavl, Russian Federation
Yokohama, 3apan

Yerevan, Armenia
Yokohama-shi, Japan
North York, ON, Canada
Zagreb, Croatia,
Zaragoza„Spa, in

TV Amsterdam, The Nether-
lands
Ziirich, Switzerland
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p, g, graviton, W

GAUGE AND HIGGS BOSONS graviton 2

/(JP ) = 0,1(1 )

7 MASS

For a review of the photon mass, see BYRNE 77.

VALUE (eV) CL% DOCUMENT ID TECN COMMEN T

(6 x 10 99.7 DAVIS 75 Jupiter magnetic field
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&9 x 10 90 FISCHBACH 94 Earth magnetic field

&(4.73+0.45) x 10— CHERNIKOV 92 SQID Am pere-law null test
&(9.0 +8.1 ) x 10 3 RYAN 85 Coulomb-law null test
( 3 x 10 4 CHI BISOV 76 Galactic magnetic field

( 7.3 x 10 HOLLWEG 74 Alfven waves

& 6 x 10 FRANKEN 71 Low freq. res. cir.
& 1 x 10 WILLIAMS 71 CNTR Tests Gauss law

( 2.3 x 10 GOLDHABER 68 Satellite data
& 6 x 10—'5 5 PATEL 65 Satellite data

6 x 10 GINTSBURG 64 Satellite data

FISCHBACH 94 report & 8 x 10 with unknown CL. We report Baysian CL used
elsewhere in these Listings and described in the Statistics section.
CHERNIKOV 92 measures the photon mass at 1.24 K, following a theoretical suggestion
that electromagnetic gauge invariance might break down at some low critical tempera-
ture. See the erratum for a correction, included here, to the published result.
RYAN 85 measures the photon mass at 1.36 K (see the footnote to CHERNIKOV 92).

4CHIBISOV 76 depends in critical way on assumptions such as applicabilty of virial theo-
rem. Some of the arguments given only in unpublished references.
See criticism questioning the validity of these results in KROLL 71 and GOLDHABER 71.

p CHARGE

OMITTED FROM SUMMARY TABLE

graviton MASS
All of the following limits are obtained assuming Yukawa potential in

weak field limit. VANDAIVI 70 argue that a massive field cannot ap-
proach general relativity in the zero-mass limit; however, see GOLD-
HABER 74 and references therein. h0 is the Hubble constant in units

of 100 km s
—1 Mpc

—1

TAYLOR 93
DAMOUR 91
GOLDHABER 74
HARE 73
VAN DAM 70

Nature 355 132
APJ 366 501
PR D9 119
CJP 51 431
NP 822 397

graviton REFERENCES

+Wolszczan, Damour+
+Taylor
+Nieto

van Dam, Veltman

(PRIN, ARCBO, BURE, CARLC) J
(BURE, MEUD, PRIN)

(LANL, STON)
(SASK)
(UTRE)

VALUE (eV) DOCUMENT ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

DAMOUR 91 Binary pulsar PSR 1913+16
&2x10 h 0 GOLDHABER 74 Rich clusters

&7 x 10—28 HARE 73 Ga laxy

&Sx 10 HARE 73 2p decay

DAMOUR 91 is an analysis of the orbital period change in binary pulsar PSR 1913+16,
and confirms the general relativity prediction to 0.8%. "The theoretical importance of
the [rate of orbital period decay] measurement has long been recognized as a direct
confirmation that the gravitational interaction propagates with velocity c (which is the
immediate cause of the appearance of a damping force in the binary pulsar system)
and thereby as a test of the existence of gravitational radiation and of its quadrupolar
nature. " TAYLOR 93 adds that orbital parameter studies now agree with general relativity
to 0.5%, and set limits on the level of scalar contribution in the context of a family of
tensor [spin 2]-bisca la r theories.

p REFERENCES

FISCHBACH
RAFFELT
C HE R Nl KOV

Also
COC CON I
COCCONI
RYAN
BYRNE
C H I 8 IS OV

DAVIS
HOLLWEG
FRANK EN
GOLDHABER
KROLL
WILL IA MS
GOLDHABER
PATEL
GIN TSBURG

94 PRL 73 514
94 P R D50 7729
92 PRL 68 3383 +Gerber, Ott, Gerber
928 PRL 69 2999 (erratum) Chernikov, Gerber, Ott, Gerber
92 A JP 60 750
88 PL 8206 705
85 PR D32 802 +Accetta, Austin
77 Ast. sp. sci, 46 115
76 SPU 19 624
75 PRL 35 1402
74 P RL 32 961
71 PRL 26 115 +Am pulski
71 RMP 43 277 +Nieto
71 PRL 26 1395
71 PRL 26 721
68 PRL 21 567
65 PL 14 105
64 Sov. Astr. AJ7 536

+Kloor, Langel+

+Goldhaber, Nieto

+Faller, Hill

+Nieto

(PURD, JHU+)
(MPI M)

(ETH)
(ETH)

(CERN)
(CERN)
(PRIN)
(LOI C)

(LEBD)
(CIT, STON, LASL)

(NCAR)
(MICH)

(STON, BOHR, UCSB)
(SLAC)

(WESL)
(STON)
(DUKE)

(AS C I)

Or gluon
f(f ) = o(i )

SU(3) color octet
Mass m = 0. Theoretical value. A mass as large

may not be precluded, see YND

VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

ABREU 92E DLPH
ALEXANDER 91H OPAL
BEHREND 82D CELL
BERGER 80D PLUT
BRANDELIK SOC TASS

as a few MeV
URAIN 95.

COMMEN T

etc. ~ o ~

Spin 1, not 0
Spin 1, not 0
Spin 1, not 0
Spin 1, not 0
Spin 1, not 0

gluon REFERENCES

YNDURAIN
ABREU
ALEXANDER
BEHREND
BERGER
BRANDELIK

95 PL 8345 524
92E PL 8274 498
91H ZPHY C52 543
82D PL B1.10 329
80D PL 897 459
80C PL 897 453

-I-Adam, Adami, Adye, Akesson+
+Allison, Allport, Anderson+
+Chen, Field, Guempel, Schroeder+
+Gen zel, G rig ull, Lackas+
+Braunschweig, Gather, Kadansky+

(MADU)
(DELPHI Collab. )

(OPAL Collab. )
(C EL LO Coll a b. )
(PLUTO Collab. )
(TASSO Collab. )

VAL UE (e) DOCUMENT ID TECN COMMENT

(Sx 10 RAFFELT 94 TOF Pulsar f1 —f2
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&2x 10 "COCCONI 92 VLBA radio telescope
resolution

(2x10 COCCONI SS TOF Pulsar f1 —f2 TOF
6 RAFFELT 94 notes that COCCONI 88 neglects the fact that the time delay due to disper-

sion by free electrons in the interstellar medium has the same photon energy dependence
as that due to bending of a charged photon in the magnetic field. His limit is based on
the assumption that the entire observed dispersion is due to photon charge. It is a factor
of 200 less stringent than the COCCONI 88 limit.
See COCCONI 92 for less stringent limits in other frequency ranges. Also see RAF-
FELT 94 note.

W MASS
OUR FIT uses the W and 2 mass, mass difference, and mass ratio mea-
surem ents.

Because of the high current interest, we mention the following preliminary
results here, but do not average them or include them in the Listings
or Tables. Performing an overall fit (assuming the Standard Model) of
published and unpublished (CDF and D(f)) collider results (MW = 80.33 +
0.15 GeV), of the v A/ results (1—MW/MZ

—0.2257 + 0.0047) and of
published and unpublished LEP and SLD preliminary electroweak results

(as of end of March 1996), the W mass is fitted to be MW = (80.350+
0.042+ '

) GeV {the second errors correspond to varying the Higgs—0.025
mass in the interval 60—1000 GeV).

DOC UM EN T IDVALUE (GeV) EVTS

80.33 + 0.15 OUR FIT
80.32 + 0.19 OUR AVERAGE Error includes scale factor of 1.2.
80.410+ 0.180 8986 1 ABF 95P CDF Ecm —1800 GeV

79.91 + 0.39 1722 2 ABE 90G CDF Ecm= 1800 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

80.84 + 0.22 +:0.83 2065 3 ALITTI 928 UA2 See W/2 ratio below

80.79 + 0.31 +0.84 4 ALITTI 908 UA2 Ecm —546,630 GeV

80.0 4 3.3 +2.4 22 5 ABE 89I CDF Ecm= 1800 GeV

149 6 ALBAJAR 89 UA1 Ecpm= 546,630 GeV

46 ALBAJAR 89 UA1 Ecm= 546,630 GeV

TECN COM MEN T

827 '+ 10 +27
818 + ' +265.3

Repl. by ALBAJAR 89

Repl. by ALITTI 908
Repl. by ARNISON 83D
Repl. by ARNISON 86
Repl. by BAGNAIA 84

Repl. by ALITTI 908

84 UA2
83 UA1
83D UA1
83 UA2

89 + 3 +6 32 ALBAJAR 89 UA1 Ecm = 546,630 GeV

80 2 + 0 6 +1 4 251 ANSARI 87 UA2 Repl. by ALITTI 908
81.2 + 1.0 +1.4 119 APPEL 86 UA2 Repl. by ANSARI 87

83 5 + 1'0 +2 7 86 ARNISON 86 UA1 Repl. by ALBAJAR 89

81. + 6. 14 11 ARNISON 84D UA1

83.1 4 1.9 + 1.3 37 BAGNAIA
81. + 5. 6 A RN ISO N

80 9 + 29 27 ARNISON
810 + 28 BAGNAIA

4 BANNER 839 UA2

ABE 95P use 3268 W p. v, events to find M = 80.310 + 0.205 + 0.130 GeV and

5718 W ~ eve events to find M = 80.490+ 0.145+ 0.175 GeV. The result given here
combines these while accounting for correlated uncertainties.
ABE 90G result from W ~ ev is 79.91 + 0.35 4 0.24 + 0.19(scale) GeV and from
W ~ p, v is 79.90 + 0.53 + 0.32 + 0.08(scale) GeV.
ALITTI 928 result has two contributions to the systematic error (+0.83); one (+0.81)
cancels in m W/m2 and one (+0.17) is noncancelling. These were added in quadrature.
We choose the ALITTI 928 value without using the LEP mZ value, because we perform
our own combined fit.
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There are two contributions to the systematic error (+0.84): one (+0.81) which cancels
in m W/mZ and one (+0.21) which is non-cancelling. These were added in quadrature.

5 ABE 89I systematic error dominated by the uncertainty in the absolute energy scale.
ALBAJAR 89 result is from a total sample of 299 W ~ ev events.
ALBAJAR 89 result is from a total sample of 67 W ~ ILI, v events.

8 ALBAJAR 89 result is from W ~ r v events.
There are two contributions to the systematic error (+1.4): one (+1.3) which cancels
in m W/mZ and one (+0.5) which is non-cancelling. These were added in quadrature.

This is enhanced subsample of 172 total events.
11 Using W+ ~ p,

+ v.

W/Z MASS RATIO

The fit uses the W and Z mass, mass difference, and mass ratio measure-
m ents.

VAL UE

0.8810+0.0016 OUR FIT

0.8813+0.0036+0.0019 156 ALITTI 92B UA2 Ecm —630 GeV

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.8831+0.0048+ 0,0026 12 ALITT 90B UA2 Ecpmp —546, 630 GeV

EVTS DOCUMENT ID TECN COM M EN T

Scale error cancels in this ratio.

mz —mw

The fit uses the W and Z mass, mass difference, and mass ratio measure-
m ents.

VAL UE (Gev)

10.85+0.15 OUR FIT

10.4 +1.4 +0.8 ALBAJAR 89 UA1 Ecm= 546, 630 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ e

ANSARI 87 UA2 Ecm= 546, 630 GeV

TECN COMMEN T

11.3 + 1.3 +0.9

Test of CP 7 in va ri a nce.

mW+ mW

VAL UE (Gev)

—0.19+0.58

EVTS

1722

DOC UM EN T ID

ABE

TECN COM M EN T

90G CDF Ecm= 1800 GeV

W WIDTH

The CDF and DII) widths labelled "extracted value" are obtained by mea-

suring R= [a.(W)/o(z)] [I (W ~ eve)]/(B(z ~ ee)l (W)) where the
bracketed quantities can be calculated with plausible reliability. I (W) is

then extracted by using a value of B(Z ~ ee) measured at LEP. The
UA1 and UA2 widths used R = [fT(W)/o. (z)] [I (W ~ eve)/I (Z —1

f f )] I (Z)/I (W) and the measured value of I (Z). The Standard Model

prediction is 2.067 + 0.021 (ROSNER 94).

TECN COMM EN TVALUE (Gev) CL% EVTS

2.0? +0.06 OUR AVERAGE
2.044+ 0.093 13k
2.11 +0.28 +0.16 58
2.064+ 0.060 +0.059

2 10 + . +0 09 3559

2.18 + ' +0 04—0.24
e ~ ~ We do not use the following

2.16 +0.17
2.12 +0.20
2.30 +0.19 4 0.06

DOCUMENT ID

13 ABACHI
14 ABE
15 ABE
16 ALITT

95o DO

95c CDF
95w CDF

Extracted value
Direct meas.
Extracted value

92 UA2 Extracted value

91 UA1 Extracted value17 ALBAJAR

data for averages,

ABE
19 ABE
20 ALITTI
21 ALBAJAR

fits limits etc e e ~

921 CDF
90 CDF
90C UA2

89 UA1&5,4 90 149

2.8 + '—1.5 149

AN SARI&7

APPEL
22 ARNISON

(7
&6,5

Repl. by ABE 95w
Repl. by ABE 92[
Extracted value

Ecrn —546,630 GeV

ALBAJAR 89 UA1 EcmP= 546,630 GeV

90 251 7 UA2 Ecm —546,630 GeV

90 119 86 UA2 Ecm —546,630 GeV

90 86 86 UA1 Repl. by
ALBAJAR 89

&7 90 27 ARNISON 83o UA1 Repl. by
ARNISON 86

ABACHI 95o measured R = 10.90 + 0.49 and used the measured value B(Z ~ EE) =
(3.367 + 0.006)% fro m L EP.

4ABE 95c use the tail of the transverse mass distribution of W ~ eve decays.

ABE 95W measured R = 10.90 + 0.32 + 0.29. They use m W
—80.23 + 0.18 GeV,

o-(W)/o-(Z) = 3,35 + 0.03, C(W ev) = 225.9 4 0.9 MeV, I (Z e+ e ) =
83.98 + 0.18 MeV, and I (Z) = 2.4969 + 0.0038 GeV.

ALITTI 92 measured R = 10,4+ ' 4 0.3. The values of o(Z) and o.(W) come from—0.6
O(ct ) calculations using m W

—80.14 + 0.27 GeV, and mZ: 91.175 + 0.021 GeV
S

along with the corresponding value of sin OW = 0.2274. They use o.(W)/tT(Z) =
3,26 + 0.07 2 0.05 and I (Z) = 2.487 + 0.010 GeV.

ALBAJAR 91 measured R = 9.5+1'0 (stat. + syst. ). o.(W)/fT(z) is calculated in C}CD

at the parton level using m W = 80.18 + 0.28 GeV and mZ 91.172 4 0,031 GeV

along with sin OW = 0.2322 + 0.0014. They use o(W)/cr(Z) = 3.23 + 0.05 and I (Z)
= 2.498 + 0.020 GeV.
ABE 92I report 1216+38+31 W ~ pv and 106 + 10+1' Z p+ p, events which+27 +0.2

are combined with 2426 W ~ ev events of ABE 91c to derive the ratio srW B(W ~
Ev)/o-Z B(Z ~ 8+X )= 10.0 + 0,6 + 0.4. Finally the value of I (Z) measured by
LEP 92 is used to extract C( W).
ABE 90 extract I (W) = 2.19+0.20 by using the vaiue I (Z) = 2.57+0.07 GeV. However,
in ABE 91C they update their analysis with a new LEP value I (Z) = 2.496 + 0.016;
the value I (W) = 2.12 + 0.20 above reflects this update. They measured R = 10.2 +
0.8+ 0.4, assumed sin 6IW —0.229 + 0.007, and took predicted values IT(W}/n(z) =
3.23 + 0.03 and I (W ~ ev)/I (Z ~ ee) = 2,70 + 0.02. This yields I (W)/I (Z) =
0.85+ 0.08. The quoted error for I (W) includes systematic uncertainties. Ecm —1800
GeV.
ALITTI 90C used the same technique as described for ABE 90. They measured R =
9.38+0'72 + 0.25, obtained C(W)/I (Z} = 0.902 4 0.074 + 0.024. Using I (Z) =
2.546 + 0.032 GeV, they obtained the I (W) value quoted above and the limits I ( W)

2.56 (2.64) GeV at the 90% (95%) CL. Ecm = 546,630 GeV.

ALBAJAR 89 result is from a total sample of 299 W ~ ev events.
If systematic error is neglected, result is 2.7 GeV. This is enhanced subsample of—1.5
172 total events.

W ANOMALOUS MAGNETIC MOMENT (mfa)

The full magnetic moment is given by Itf, W = e(1+K+ A)/2m W. In the
Standard Model, at tree level, K = 1 and A = 0. Some papers have defined
KK =1—K and assume that A = 0. Note that the electric quadrupole
moment is given by —e(K—A)/m . A description of the parameterization2

W'
of these moments and additional references can be found in HAGIWARA 87
and BAUR 88. The parameterh appearing in the theoretical limits below
is a regularization cutoff which roughly corresponds to the energy scale
where the structure of the W boson becomes manifest.

W+ DECAY MODES

W modes are charge conjugates of the modes below.

r2
I3
r,
r,
l6

Mode

1+v
e+v
p+ v
r+I
hadrons
~+~

Fraction (I;/I )

[a] (10.8+0.4) %
(10.8 + 0.4) %
(10.4+0.6) %
(10,9 + 1.0) %
(67.9+ 1.5)

5 x 10

Confidence level

95%

[a] f indicates each type of lepton [e, p„and s-), not sum over them.

VALUE (e/2m I7V) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

23 ABE t95G

24 ALITTI 92C UA2
25 SAMUEL 92 THEO
26 SAMUEL 91 THEO
27 GRIFOLS 88 THEO
28 GROTCH 87 THEO

VANDERBI J 87 THEO
30 GRAU 85 THEO
31 SUZUKI 85 THEO

HERZOG 84 THEO

ABE 950 report —1.3 & rs & 3.2 for A=O and —0 7& A & 0.7 f.or K=1 in pp ev OX
and pv nX at Vs = 1800 Gev.

IL

ALITTI 92C measure v. = 1 2'2 and A = 0 1'8 in pp eve+ X at ~s = 630 GeV.

At 95%CL they report —3.5 & r. & 5.9 and —3.6 & A & 3.5.
SAMUEL 92 use preliminary CDF and UA2 data and find —2.4 & v. & 3.7 at 96%CL
and —3.1 ( 7- & 4.2 at 95%CL respectively. They use data for Wp production and
radiative W decay.
SAMUEL 91 use preliminary CDF data for pp ~ WgX to obtain —11,3
10.9. Note that their r. = 1—EK.

GRIFOLS 88 uses deviation from p parameter to set limit AK + 65 (MW/h ).
GROTCH 87 finds the limit —37 & AK & 73.5 (90% CL} from the experimental limits

on e+ e ~ vvp assuming three neutrino generations and —19.5 & AK & 56 for
four generations. Note their EK has the opposite sign as our definition.

29VANDERBIJ 87 uses existing limits to the photon structure to obtain ~hKt & 33
(m W/h). In addition VANDERBIJ 87 discusses problems with using the p parameter of
the Standard Model to determine AK.
GRAU 85 uses the muon anomaly to derive a coupled limit on the anomalous magnetic
dipole and electric quadrupole (A) moments 1.05 ) Kr. In(h/m W) + A/2 ) —2.77. In

th e St a nd ard Model 4 = 0.
SUZUKI 85 uses partial-wave unitarity at high energies to obtain ~ZKI + 190

(mW/h) . From the anomalous magnetic moment of the muon, SUZUKI 85 obtains

lRf-l + 2.2/ln(h/m W). Finally SUZUKI 85 uses deviations from the p parameter and

obtains a very qu~litat~ve, order-of-magnitude l~mit l&KI + 150 (m W/h)4 If ]&K[
1.
HERZOG 84 consider the contribution of W-boson to muon magnetic moment including

anomalous coupling of W Wp. Obtain a limit —1 & Zrc ( 3 for h + 1 TeV.
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CONSTRAINED FIT INFORMATION r(s-+ v)/r(e+ v) i 4/I 2

An overall fit to 4 branching ratios uses 8 measurements and one
constraint to determine 4 parameters. The overall fit has a X2=
1.7 for 5 degrees of freedom.

X3

X4

X5

44

43 19
—73 —65 —84

X2 X3 X4

W BRANCHING RATIOS

The following off-diagonal array elements are the correlation coefficients

(bx, bx )/lbx; bx ), in percent, from the fit to the branching fractions, x,

C, /I total. The fit constrains the x; whose labels appear in this array to sum to
one.

EVTS TECN COM MEN TDOCUMENT IDVALUE

1.00 +0.08 OUR FIT
1.00 +0.08 OUR AVERAGE

0.94 +0.14 179 41 ABE
42 ALITTI

92E CDF

92F UA2

Ecm —1.8 TeV

EcPmP = 630 GeV

Ecm —546,630 GeV

~ ~ ~

1.04 +0.08 +0.08 754

1.02 +0.20 +0.12 32 ALBAJAR 89 UA1

~ ~ ~ We do not use the following data for averages, fits, limits,

0.995 +0.112+0.083 198 ALITTI 91C UA2 Rept. by ALITTI 92F
1.02 +0.20 +0.10 32 ALBAJAR 87 UA1 Repl. by ALBAJAR 89

ABE 92E use two procedures for selecting W ~ rvr events. The missing E7- trigger
leads to 132+ 14+ 8 events and the r trigger to 47+ 9+4 events. Proper statistical and
systematic correlations are taken into account to arrive at o B(W ~ r v) = 2.05+ 0.27
nb. Combined with ABE 91C result on o B(W ~ ev), ABE 92E quote a ratio of the
couplings from which we derive this measurement.
This measurement is derived by us from the ratio of the couplings of ALITTI 92F.

r (&+v) lrtotai
E Indicates average over e, p, and r modes, not sum over modes.

Currently only e and p data enter this average because there are no absolute r data,
only the r/e ratio.

VAL UE EVTS DOCUMENT ID TECN COMMENT
0.108+0.004 OUR AVERAGE Includes data from the 2 datablocks that follow this one.
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.104+0,008 3642 A BE 92I CD F Ecm —1.8 TeV

1216+ 38+ W ~ pv events from ABE 92I and 2426W ~ ev events of ABE 91C.+27—31
ABE 92I give the inverse quantity as 9.6 + 0.7 and we have inverted.

r(~+7)/r(e+ v)
VAL UE

& 7.5x10
( 4.9x10
&58 x 10

CL /o DOC UM EN T ID

95 ABE

95 43 ALITTI

95 44 ALBAJAR

TECN

92K CDF

92D UA2

90 UA1

Mf REFERENCES

ALITTI 92D limit is 3.8 x 10 at 90'/DCL.
ALBAJAR 90 obtain & 0.048 at 90'/0CL.

COMMENT

Ecm= 1.8 TeV

Ec~m= 630 GeV

Ecm = 546, 630 GeV

r(e+ v)lr„„,
VAL UE EVTS DOCUMENT ID TECN COMMENT
The data in this block is included in the average printed for a previous datablock.

seen

r(p v}/rtotai
VAL UE EVTS DOCUMENT ID TECN COMMENT
The data in this block is included in the average printed for a previous datablock.

0.104+0.006 OUR FIT

0.10 +0.01 1216 A BE 92I CDF Ecm= 1.8 TeV

ABE 92I quote the inverse quantity as 9.9 4 1.2 which we have inverted.

r (T v) lrtotai
VALUE

0.109+0.010 OUR FIT
DOCUMENT ID

I (hadrons)/I total
VALUE

0.679+0.015 OUR FIT
DOCUMENT ID

0.108 +0.004 OUR FIT
0.109 +0.004 OUR AVERAGE

0.1094+0.0033+0.0031 34 ABE 95W CDF Ecm= 1800 GeV

0.10 +0.014 +0'03 248 ANSARI 87C UA2 Epmp —546,630 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.106 j0.0096 2426 A BE 91C CDF Repl. by ABE 948
seen 299 ALBAJAR 89 UAl EPmP= 546,630 GeV

119 APPEL 86 UA2 Ecm= 546,630 GeV

seen 172 ARNISON 86 UA1 Repl. by ALBA-
JAR 89

ABE 95W result is from a measurement of oB(W ~ ev)/oB(Z ~ e+e )
10.90+0.32 + 0,29, the theoretical prediction for the cross section ratio, the experimental
knowledge of I (Z ~ e+e ) = 83.98 4 0.18 MeV, and I (Z) = 2.4969 4 0.0038.
The first error was obtained by adding the statistical and systematic experimental uncer-
tainties in quadrature. The second error reflects the dependence on theoretical prediction

of total W cross section: o.(546 GeV) = 4,7+0'7 nb and o.(630 GeV) = 5 ~ 8 1'0 nb.

36 See A LTA R E L L I 858
ABE 91C result is from a measurement of 0.B(W ~ ev)/crB(Z ~ e+e ), the
theoretical prediction for the cross section ratio, and the experimental knowledge of
I (Z -~ e+e )/I (Z ~ all).
ALBAJAR 89 experiment determines values of branching ratio times production cross
section.

A BACHI
ABE
ABE
ABE

Also
ABE

Also
ABE
ROSNER
ABE
ABE
ABE
A LITT I
A LITT I

A LITTI
A LITTI
A LITTI
LEP
SAMUEL
ABE
ALBA JAR
ALITTI
SAMUEL

Also
ABE

Also
ABE

Also
ALBAJAR
A LITT I
ALITTI
ABE
ALBA JAR
BAUR
GRIFOLS

Also
ALBAJAR
ANSARI
ANSARI
GROTCH
HAG!WARA
VANDERBI J
APPEL
ARNI SON

ALTARELLI
GRAU
SUZUKI
ARNISON
BAGNAIA
HERZOG

Also
ARNISON
ARNISON
BAGNAIA
BANNER

95D PRL 75 1456
95C PRL 74 341
95G PRL 74 1936
95P PRL 75 11
95Q PR D52 4784
95W PR D52 2624
948 PRL 73 220
948 PRL 73 220
94 PR D49 1363
92E PRL 68 3398
921 PRL 69 28
92K PRL 69 2160
92 PL 8276 365
928 PL 8276 354
92C PL 8277 194
92D PL 8277 203
92F PL 8280 137
92 PL 8276 247
92 PL 8280 124
91C PR D44 29
91 PL 8253 503
91C ZPHY C52 209
91 PRL 67 9
91C PRL 67 2920 erratum
90 PRL 64 152
91C PR D44 29
90G PRL 65 2243
918 PR D43 2070
90 PL 8241 283
908 PL 8241 150
90C ZPHY C47 11
89I PRL 62 1005
89 ZPHY C44 15
88 NP 8308 127
88 IJMP A3 225
87 PL 8197 437
87 PL 8185 233
87 PL 8186 440
87C PL 8194 158
87 PR D36 2153
87 NP 8282 253
87 PR D35 1088
86 ZPHY C30 1

86 PL 1668 484
858 ZPHY C27 617
85 PL 1548 283
85 PL 1538 289
84D PL 1348 469
84 ZPHY C24 1
84 PL 1488 355
848 PL 1558 468 erratum
83 PL 1228 103
83D PL 1298 273
83 PL 1298 130
838 PL 1228 476

+Abbott, Abolins, Acharya+ (DO Co!lab.)
+Albrow, Amidei, Antos, Anway-Wiese+ (CDF Collab. )
+Albrow, Amidei, Antos+ (CDF Collab. )
+Albrow, Amidei, Antos, Anway-Wiese+ (CDF Collab. )

Abe, Albrow, Amidei, Antos, Anway-Wiese+ (CDF Collab. )
+Albrow, Amendolia, Amidei, Antos+ (CDF Collab. )

Abe, Albrow, Amidei, Anway-Wiese+ (CDF Collab. )
+Albrow, Ainidei, Anway-Wiese+ (CDF Collab. )
+Worah, Takeuchi (EFI, FNAL)
+Arnidei, Apollinari, Atac+ (CDF Collab. )
+Ainidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Arnidei, Anway-Weiss+ (CDF Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Arnbrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+ALEPH, DELPHI, L3, OPAL (LEP Collabs. )
+Li, Sinha, Sinha, Sundaresan (OKSU, CARL)
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Albrow, Allkofer, Ankoviak, Apsirnon+ (UA1 Collab. )
+Arnbrosini, Ansari, Autiero+ (UA2 Collab. )
+-Li, Sinha, Sinha, Sundaresan (OKSU, CARL)

+Astbury, Aubert, Bacci+
+Banner, Battiston, Blech+

Herzog
+Astbury, Aubert, Bacci+
+Astbury, Aubert, Bacci+
+Banner, Battiston, Bloch+
+Battiston, Bloch, Bonaudi+

+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
Abe, Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )

+Amidei, Apollinari, Atac+ (CDF Collab. )
Abe, Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )

+Albrow, Allkofer+ (UA1 Collab. )
+Ansari, Ansorge, Autiero+ (UA2 Collab. )
+Ansari, Ansorge, Bagnaia+ (UA2 Collab. )
+Amidei, Apollinari, Ascoli, Atac+ (CDF Collab. )
+Albrow, Allkofer, Arnison, Astbury+ (UA1 Collab. )
+Zeppenfeld (FSU, WISC)
+Peris, Sola (BARC, DESY)

Grifols, Peris, Sola (BARC, DESY)
+Albrow, Allkofer, Arnison, Astbury+ (UA1 Collab. )
+.Bagnaia, Banner, Battiston+ (UA2 Collab. )
+Bagnaia, Banner, Battiston+ (UA2 Collab. )
+Robinett (PSU)
+Peccei, Zeppenfeld, Hikasa (KEK, UCLA, FSU)

van der Bij (FNAL)
+Bagnaia, Banner, Battiston+ (UA2 Collab. )
+Albrow, Allkofer, Astbury+ (UA1 Collab, ) J
+Ellis, Martinelli (CERN, FNAL, FRAS)
+Grifols (BARC)

(LBL)
(UA1 Calla b. )
(UA2 Collab. )

(WISC)
(WISC)

(UA1 Collab. .)
(UA1 Collab. )
(UA2 Collab. )
(UA2 Collab. )

r{p+v)/r(e+v)
EV TS TECN COMM EN TVAL UE

0.95+0.05 OUR FIT
0.97+0.06 OUR AVERAGE

0.89+0.10 13k ABACHI 95D DO Ecm= 1.8 TeV

1.02 +0.08 1216 40 ABE 92I CDF Ecm= 1.8 TeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

1.00+0.14+0.08 67 ALBAJAR 89 UA1 Ecm= 546,630 GeV

1.24 14 ARNISON 84D UA1 Repl. by ALBAJAR 89

ABACHI 95D obtain this result from the measured o. WB(W ~ pv)= 2, 09 + 0.23 +
0.11 nb and n-WB(W ~ ev)= 2.36 6 0.07 + 0.13 nb in which the first error is the
combined statistical and systematic uncertainty, the second reflects the uncertainty in
the luminosity.
ABE 92I obtain o WB(W ~ pv)= 2.21 j0.07+ 0.21 and combine with ABE 91C o. W
B((W ~ ev)) to give a ratio of the couplings from which we derive this measurement.
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THE Z BOSON

(by C. Caso, Univ. di Genova and A. Gurtu, Tata Inst. )

Precision measurements at the Z-boson resonance using

electron-positron colliding beams began in 1989 at the SLC
and at LEP. During 1989—95, the four CERN experiments

have made high-statistics studies of the Z. The availability

of longitudinally polarized electron beams at t, he SLC since

1993 has enabled a precision determination of the effective

electroweak mixing angle sin 6~ that, is competitive with the2

CERN results on t, his parameter.

The Z-boson properties reported in this section may broadly

be categorized as:

The standard 'lineshape' parameters of the Z con-

sisting of its mass, Mz, its total width, I'z, and its

partial decay widths, I"(hadrons) and I (/Ã) where

E= e, p, r, v;
The 6- and c-quark-related partial widths and charge

asymmetries which require special techniques;

Determination of rare Z decay modes and the search

for modes that violate known conservation laws.

F'or the lineshape-related Z properties there are no new

published LEP results after those included in the 1994 edition

of this compilation. The reason for this is the identification in

mid 1995 of a new systematic effect which shifts the LEP energy

by a few Mev. This is due to a drift of the dipole field in the LEP
magnets caused by parasitic currents generated by electrically

powered trains in the Geneva area. The LEP Energy Working

Group is studying the implications of this for the Z-lineshape

properties which would be obt, ained after analysis of the high

statistics 1993—95 data. The niain consequence of this effect is

expected to be in the determination of the Z mass.

Details on Z-parameter determination and the study of

Z —+ bb, cc at LEP and SLC are given in this note.

The standard 'lineshape' parameters of the Z are deter-

niined with increasing precision from an analysis of the pro-

duction cross sect, ions of these final states in e+e collisions.

The Z —+ vv(p) state is identified directly by detecting single

photon production and indirectly by subtracting the visible

partial widths from the total width. Inclusion in this analysis

of the forward-backward asymmetry of charged leptons, AF@
(O,d)

of the r polarization, P(r), and its forward-backward asyrnme-

try, P(r)f, enables the separate determination of the effective

vector (gV) and axial vector (g&) couplings of' the Z to these

leptons and the ratio (gv/gA) which is related to the effec-

tive electroweak mixing angle sin 0~ (see the Standard Model

1evlew

Determination of the 6- and c-quark-related part, ial widths

and charge asymmet, ries involves taggirig t, he 6 and c quarks.

Traditionally this was done by requiring the presence of a
prompt lepton in the event with high momentum and high

oy(s) = H(s, s') o~(s') ds'

crf (s):0'z + 0 + 0 z

12~ 1(e e )I(ff) s Izz
r' (s —M,')' + s2I2z/Mz'

4z.nz(s)
o. = ~N,

(2)

(4)

2v 2rr(s) f~,z=—
3 (Qf GF +r gVegVf ).
(. —Mz)Mz

X
(s —M2) z + s21'2z/Mz2

where Qf is the charge of the fermion, K, = 3(1) for quark

(lepton) and gv& is the neutral vector coupling of the Z to the
fermion-antifermion pair ff

Since (7"z is expected to be much less than fTz the I EP
collaborations have generally calculated the interference terni

in the framework of the Standard Model using the best known

values of g~. This fixing of fT"z leads to a tighter constraint on

Mz and consequently a smaller error on its fitted value.

Defining

gVf gAf
Af =2

(graf + g~f)

where g&& is the neutral axial-vector coupling of the Z to ff,
the lowest-order expressions for the various lepton-related asym-

metries on the. Z pole are [3] AF&
—(3/4)A, Af, P(r) = —Ar,

transverse momentum (with respect to the accompanying jet).
Precision vertex measurement with silicon detectors has enabled

one to do impact parameter and lifetime tagging. Neural-

network techniques have also been used to classify events as

6 or non-6 on a statistical basis using event-shape variables.

Finally, the presence of a charmed meson (D/D') has been

used to tag heavy quarks.

Z-pa@am, eter deter minatian
I EP is run at a few energy points on and around the Z mass

constituting an energy 'scan. ' The shape of the cross-section

variation around the Z peak can be described by a Breit-signer
ansatz with an energy-dependent total width [1]. The three
main properties of this distribution, viz. , the position of t, he

peak, the width of the distribution, and the height of the peak,
determine respectively the values of Mz, 1 z, and I'(e+e ) x
I"(ff), where I"(e+e ) and I'(f f) are the electron and fermion

partial widths of the Z. The quantitative determination of
these parameters is done by writing analytic expressions for

these cross sections in terms of the parameters and fitting the

calculated cross sections to the measured ones by varying these

parameters, taking properly into account all the errors. Single-

photon exchange (o ) and p-Z interference (o'"z) are included,

and the large ( 25 'Po) initial-state radiation (ISR) effects are

taken into account by convoluting the analyt, ic expressions

over a 'Radiator Function [1,2]' H(s, s'). Thus for the process
e+e ~ ff:
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where bqED = 3nQ&/4rr accounts for final-state photonic cor-

rections and tIcfcD = 0 for leptons and 6cfbD = (ri. , /rr) +-

1.409(n,, /rr) —12.77(n, /rr) for quarks, n, being the strong

coupling constant at p, = Mz.
In the above framework, t, he @ED radiative corrections

have been explicitly t, aken into account by convoluting over

the ISR and allowing the electromagnetic coupling constant

to run [4]: ri. (s) = cr/(I —Aa). On the other hand, weak

radiative corrections that depend upon the assumptions of the

elect, roweak theory and on the values of the unknown Mt„&
and MH;&&, are accounted for by absorbing them into the
couplings, which are then called the e8'ective couplings g~ and

g~ (or alternatively the effective parameters of the * scheme of

Kennedy and Lynn [5]).

S-matrix approach to the Z
While practically all experimental analyses of LEP/SLC

dat, a have followed the 'Breit-Wigner' approach described above,

an alternative S-matrix-based analysis is also possible. The Z,
like all unstable particles, is associated with a complex pole

in the S matrix. The pole position is process independent and

gauge invariant. The mass, Mz, and width, I"z, can be defined

in terms of the pole in the energy plane via [6]

—2X= M, —iMzrz (8)

leading to the relations

Mz = Mz/ 1+r', /M,'

Mz —34 MeV

I, =r, / 1+r2/M,'

—I z —0.9 MeV

(10)

(12)

Some authors [7] choose to define the Z mass and width via

1 —
2—.= (M, —-r, )2

which yields Mz = Mz —26 MeV, I"z = I"z —1.2 MeV.

The L3 collaboration at LEP (ACCIARRI 96B) have an-

alyzed their data using the S-matrix approach as defined in

Eq. (8), in addition to the conventional one. They observe a
downward shift in the Z mass as expected.

Handling the large angle e+e fi-nal state
Unlike other ff decay final states of the Z, the e+e final

state has a contribution not only from the s-channel but also

P(r)l = —(3/4)A„Al.lt = A, . The full analysis takes into

account the energy dependence of the asymmetries. Experi-

mentally Al, lt is defined as (ol, —orat)/(al, + oli) where al, (It)
are the e+e —+ Z production cross sections with left- (right)-

handed electrons.

In terms of gg and g~, the partial decay width of the Z to

ff can be written as

G M3
r(ff) = (g l+g y) ~ ( + WED)( + q& ) ( )

6 2rr

from the t-channel and s-t interference. The full amplitude

is not amenable to fast calculation, which is essential if one

has to carry out minimization fits within reasonable computer

time. The usual procedure is to calculate the non-s channel

part of the cross section separately using the Standard Model

program ALIBABA [8] using the measured value of Mio&, and

the 'central' value of MH;ss, (300 GeV) and add it to the

s-channel cross section calculated as for other channels. This

leads to two additional sources of error in the analysis: firstly,

the theoretical calculation in ALIBABA itself is known to be

accurate to 0.5%, and secondly, there is uncertainty due to
the error on M«& and the unknown value of MH;ss, (60—1000
GeV). These additional errors are propagated into the analysis

by including them in the systematic error on the e+e final

state.

Errors due to uncertainty in IEP energy determina-
tion [9]

The systematic errors related to the LEP energy measure-

ment can be classified as:

~ The absolute energy scale error;
~ Energy-point-to-energy-point, errors due to the non-

linear response of the magnets to the exciting cur-

rents;
~ Energy-point-to-energy-point errors due to possible

higher-order effects in the relationship between the

dipole field and beam energy;
~ Energy reproducibility errors due to various un-

known uncertainties in temperatures, tidal efFects,

corrector settings, RI' status etc. Since one groups

together data taken at 'nominally same' energies in

difFerent fills, it can be assumed that these errors

are uncorrelated and are reduced by QNfiu where

Nfiii is the (luminosity weighted) effective number

of fills at a particular energy point.

At each energy point the last two errors can be summed

into one point-to-point error.

Choice of fit parameters
The LEP collaborations have chosen the following primary

set of parameters for fitting: Mz, I'z, oh,i„„„,R(lepton),

AF&, where R(lepton) = I'(hadrons)/I'(lepton), oho,
&, „„

12rrr(e+e )I'(hadrons)/MzI z. With a knowledge of these fit-

ted parameters and their covariance matrix, any other param-

eter can be derived. The main advantage of these parameters

is that they form the least correlated set of parameters, so

that it becomes easy to combine results from the difFerent LEP
experiments.

Thus, the most general fit carried out to cross section and

asymmetry data determines the nine parameters: Mz, I z,
crh &,„„,R(e), R(p), R(r), AF&, AF&, AF& . Assumption(o,t.) (o,&t) (o,7-)

of lepton universality leads to a five-parameter fit deter-

mining Mz, I z, o&,&,„„,R(lepton), A&& . The use of only0 (o,s)

cross-section data leads to six- or four-parameter fits if lepton
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universality is or is not assumed, i.e. , AF& values are not(o,~)

determined.

In order to determine the best values of the effective vector

and axial vector couplings of the charged leptons to the Z,
the above mentioned nine- and five-parameter fits are carried

out with added constraints from the measured values of A

and A, obtained from 7. polarization studies at LEP and the

determination of Al.g at, SLC.

Combining r esults from the LEP and SLC ezperi
ments [10]

Each LEP experiment provides the values of the parameters

mentioned above together with the full covariance matrix. The

statistical and experimental systematic errors are assumed to
be uncorrelated among the four experiments. The sources of

common systematic errors are i) the LEP energy uncertainties,

and ii) the effect of theoretical uncertainty in calculating the

small-angle Bhabha cross section for luminosity determination

and in estimating the non-8 channel contribution to the large-

angle Bhabha cross section. Using this information, a full

covariance matrix, V, of all the input parameters is constructed

and a combined parameter set is obt, ained by minimizing X2 =
V A, where 4 is the vector of residuals of the combined

parameter set to the results of individual experiments.

Non-LEP measurement of a Z parameter(e. g, ., I'(e+e )

from SLD) is included in the overall fit by calculating its value

using the fit parameters and constraining it to the measurement.

Study of Z —+ bb and Z —+ cc
In the sector of c- and 6-physics the LEP experiments

have measured the ratios of partial widths Rg = I'(Z
bb)/I'(Z —+ hadrons) and R, = I'(Z —+ cc)/I'(Z ~ hadrons)

and the forward-backward (charge) asymmetries A&@ and A&&.

Several of the analyses have also determined other quantities,

in particular the semileptonic branching ratios B(b —+ t) and
0
—o

B(b ~ c ~ l+) and the average B"B mixing parameter X.

The latter measurements do not concern properties of the Z
boson and hence t, hey are not covered in this section. However,

they are correlated with the electroweak parameters, and since

the mixture of b-hadrons is diff'erent from the one at the 7"(4S),
their values might differ from those measured at the T(4S).

All the above quantities are correlated to each other since:

~ Several analyses (for example the lepton fits) deter-

mine more than one parameter simultaneously;

Some of the electroweak parameters depend explic-

itly on the values of other parameters (for example

Rb depends on R„);
~ Common tagging and analysis techniques produce

common systematic uncertainties.

The LEP Electroweak Heavy Flavour Working Group has

then developed [11] a procedure for combining the measure-

ments taking into account known sources of correlation. The

combining procedure det, ermines seven parameters: the four

parameters of interest in the electroweak sector, Bb, R„A&&,
and AFH and, in addition, B(b —+ t), B(b ~ c —+ f+) and

Y', to take into account their correlations with the electroweak

parameters. Before the fit both the peak and off-peak asym-

metries are translated to ~s = 91.26 GeV using the predicted
dependence from ZFITTER [2].

Summary of the measurements and of the various kinds

of analysis
The measurements of Bb and R, fall into t wo classes.

In the first, named single-tag measurement, a method for

selecting 6 and c events is applied and the number of tagged
events is counted. The second technique, named double-tag

measurement, is based on the following principle: if the number

of events with a single hemisphere tagged is Nq and with both

hemispheres tagged is Nq~, then given a total number of Nh, ~

hadronic Z decays one has:

=ssRg + e„R,+ s s, (1 —Rg,

—R„)
2Nh

(14)

=Cps~ Rg + s, R, + e q, (1 —Rg —R, )

where cb, c„andc,~s are the tagging eKciencies per hemisphere

for 6, c, and light quark events, and Cb —1 accounts for t, he

fact that the tagging e%ciencies between the hemispheres are

correlated. Neglecting the c and uds background and the

hemisphere correlation, these equations give:

st =2m((/m,

@i =&('/(4-%~ &~a(~)

(16)

The double-tagging method has thus the great advantage

that the tagging efTiciency is directly derived from the data,
reducing the systematic error of the measurement, The back-

grounds, dominated by cc events, obviously complicate this

simple picture, and their level must still be inferred by other

means. The rate of charm background in these analyses de-

pends explicitly on the value of R, . The correlat, ions in the

tagging efficiencies between the hemispheres (due for instance

to correlations in momentum between the b-hadrons in the

two hemispheres) are small but nevertheless lead to f'urther

systematic uncertainties.

The measurements in the 6- and c-sector can be grouped in

the following categories:
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~ Lepton fits which use hadronic events with one

or more leptons in the final state. Each anal-

ysis usually gives several electroweak parameters
chosen among: Rt„R„,A+&, AF&, B(b —+ I),
B(b ~ c ~ I+) and X. The output parameters

are then correlated. The dominant sources of sys-

tematics are due to lepton identification, to other

semileptonic branching ratios and to the modelling

of the semileptonic decay;
~ Event shape tag for Rb (both single and double-

tagging have been used);
~ Lifetime (and lepton) double-tagging measurements

of Rg. These are the most precise measurements

of Rg and obviously dominate the combined re-

sult. The main sources of systematics come from

the assumed properties of the cc events and from

estimating the hemisphere b-tagging efIiciency cor-

relation;
~ Measurements of A+& using lifetime tagged events

with a measurement of the jet charge. Their contri-

bution to the combined result has roughly the same

weight as the lepton fits;
~ Analyses with D/D"+ to measure R„.These mea-

surements separate charmed hadrons coming from

bb and cc decays on a statistical basis; thus R,
depends on properties of bb events but not on the
value of B~„
Analyses with D" to measure simultaneously A&&

and AF~

~ Take into account any explicit dependence of a
measurement on the other electroweak parameters.
As an example of this dependence we illustrate
the case of the double tag measurement of Rg,
where c-quarks constitute the main background.
The normalization of the charm contribution is

not fixed by the data and the measurement of

Rg depends on the assumed value of B,., which can
be written as:

QllSC(
RIIloRs (R )

( L ~c
~C

(18)

where R&
" ' is the result of the analysis which

assumed a value of R„=R'„""' and a(R, ) is the
constant which gives the dependence on R~. It is

worth noting that the combining procedure shows

that the only significant correlation between any of
the resulting electroweak parameters turns out to be
just between Bg and B,. With the data contained
in the present Listing the correlation coeKcient
between these two variables amounts to —0.39;

~ Perform a g minimization with respect to the
combined electroweak parameters.

After the fit the average peak asymmetries A~&@ and A&& are
corrected for the energy shift and for QED, QCD, p exchange,
and pZ interference effects to obtain the corresponding pole
asymmetries AF& and AF'&. A small correction is also appliedO, f)

to both R~, and R, to account for the contribution of p
exchange.

Averaging procedure
All the measurements are provided by the LEP Collabora-

tions in the form of tables with a detailed breakdown of the

systematic errors of each measuren'. ent and its dependence on

other electroweak parameters.
The average proceeds via the following steps:

~ Define and propagate a consistent set of external

inputs such as branching ratios, hadron lifetimes,

fragmentation models etc. All the measurements

are also consistently checked to ensure that all use

a common set of assumptions (for instance for the

lifetime/jet-charge measurements of asymmetries,

where the QCD effects are already included as an

inherent part of the analysis, a QCD correction is

subtracted before combining);
~ Form the full (statistical and systematic) covariance

matrix of the measurements. The systematic cor-

relations between different analyses are calculated
from the detailed error breakdown in the mea-

surement tables. The correlations relating several

measurements made by the same analysis are also

considered;
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The fit is performed using the Z mass and width, the Z hadronic pole
cross section, the ratios of hadronic to leptonic partial widths, and the
Z pole forward-backward lepton asyrnmetries. We believe that this set is

the most free of correlations. Common systematic errors are taken into
account. For more details, see the 'Note on the Z Boson. '

The Z-boson mass listed here corresponds to a Breit-Wigner resonance
parameter. The value is 34 MeV greater than the real part of the position
of the pole (in the energy-squared plane) in the Z-boson propagator. Also

the LEP experiments have generally assumed a fixed value of the p — Z
interferences term based on the standard model. Keeping this term as
free parameter leads to a somewhat larger error on the fitted Z mass.
See ACCIARRI 96B and ADRIANI 93H for a detailed investigation of both
th ese iss u es.

A new source of LEP energy variation was discovered in mid 1995: an

energy change of a few MeV is correlated with the passage of a train
on nearby railway tracks. The LEP energy working group is studying the

implications of this effect for the high statistics data recorded since 1993.
The main consequence of this is expected to be a shift in the overall LEP
energy values leading to a corresponding shift in the value of mZ. The
LEP collaborations have consequently deferred publication of their results

on Z lineshape and lepton forward-backward asymmetries based on 1993
and later data.

TECN COMM EN7DOCUMENT IDVAL UE (GeV)

91.187+0.007 OUR FIT
91.188+0.007 OUR AVERAGE

91.187+0.007+ 0.006 1.16M A BREU 94 D L P H

91.195+ 0,006 J- 0.007 1.19M i ACCIAR RI 94 L3

91.182 6 0,007+ 0,006 1.33M A K E RS 94 OPAL

91.187+ 0.007+ 0.006 1.27M BUSK ULIC 94 ALEP

o e o We do not use the following data for averages, fits, limits,

91.162+ 0.011 1.2M ACCIARRI 96B L3

Eceem —88—94 GeV

Eceem= 88—94 GeV
Eee 88—94 GeV

Eceem —88—94 GeV

etc. 0 ~ e

E = 88-94, 130-140
GeV

Eceem =- 57.8 GeV

Repl. by AK ERS 94
Repl. by ACCIARRI 94
Repl. by ACCIARRI 96B
Repl. by BUSKULIC 94
Eee 88—94 GeV

Eee 88—94 GeV

crn= 630 GeV

95 TOP Z

93o OPAL
93F L3
93H L3
93J ALEP

93 RVUE

M I YA BAYAS H I

4 ACTON
5 ADRIANI
6ADRIANI
7 BUSKULIC
8 LEP
9 QUAST

10 ALITTI

91.151+0.008
512k
460k
463k
520k
2.2M

91.181+0.007 + 0.006
91.195+0.009
91.160+0.010
91.187+0.009
91.187+0.007

93 RVUE

92B UA2

90F RVUE

89C CDF

89B MRK2

89 UA1

89 RVUE

91.187+0.007

91.74:L0.28 2 0.93

89.2 +—1.8
90.9 + 0.3 +0.2
91.14 + 0.12

93.1 +1,0 +3.0

1.9M

156

"ADACHI

188 ABE

480 13 ABRAMS
14,15 ALBAJAR

Ecm = 1800 GeV

Eceem=- 89—93 GeV

Ecrn —546, 630 GeV

+ 2.0
—1.8 MORI88.6

The second error of 6.3 MeV is due to a common LEP energy uncertainty.
2 ACCIARRI 96B interpret the s-dependence of the cross sections and lepton forward-

backward asymmetries in the framework of the S-matrix ansatz. The high-energy data
constrains the pZ interference terms. As expected, this result is below the mass values
obtained with a standard Breit-Wigner parametrization.
MIYABAYASHI 95 combine their low energy total hadronic cross-section measurement
with the ACTON 930 data and perform a fit using an S-matrix formalism. As expected,
this result is below the mass values obtained with the standard Breit-Wigner parametriza-
tion.

4 The systematic error in ACTON 93D is from the uncertainty in the LEP energy calibration.
The error in ADRIANI 93F includes 6 MeV due to the uncertainty in LEP energy calibra-
tion.
ADRIANI 93H use the S-matrix approach to determine the pole position for the Z boson.
Note the shift of this result with respect to the standard Breit-Wigner parametrization.
BUSKULIC 9»J supersedes DECAMP 92B. The error includes 6 MeV due to the uncer-
tainty in LEP energy calibration.

8The LEP 93 error due to the experiments is 4 MeV and the uncertainty due to the
absolute LEP energy scale is 6 MeV.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993. A common systematic
error of 6 MeV is taken into account.
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Enters fit through W/Z mass ratio given in the W Particle Listings. The ALITTI 92B

systematic error (+0.93) has two contributions: one (+0.92) cancels in m W/mZ and
one (+0.12) is noncancelling. These were added in quadrature.
MORI 89, ADACHI 90F use a Breit-Wigner resonance shape fit and combine their results
with published data of PEP and PETRA.
First error of ABE 89 is combination of statistical and systematic contributions; second
is mass scale uncertainty.
ABRAMS 89B uncertainty includes 35 MeV due to the absolute energy measurement.
Enters fit through Z-W mass difference given in the W Particle Listings.

15ALBAJAR 89 result is from a total sample of 33 Z — e+ e events.

Z WIDTH

DOCUMENT ID

ACTON
19 ADRIANI
20 ADRIANI
21 BUSKULIC

QUAST

188

480

Z DECAY MODES

Mode

r, e+e

r» +T-
r4 s+ s-
I 5 invisible

hadrons

7 ( vLI+ cc)/2
(dd+ss+ bb)/3

I9 CC

I 10 bb
I 11

0

I 13
rpg q'(958) p
ris

I 17 7r+ WT
I 18 P+ WT

r19 i/q( j.s) x

Fraction (I;/I ) Confidence level

( 3.366+0.008)

( 3.367+0.013)

( 3.360:i:0.015)
[a] ( 3.366+0.006)

(20.01 4 0.16 )
(69.90 +0.15 )

( 9.6 3-1.3 )

(ie.9 J-0.9 )
(11.0 +0.7 )

(is.4e +0.14 )
5.2
5, 1

6.5
4.2

5.2
1.0

[j)] & 7

[b] & 8, 3

( 3.80 +0.27 )

0/

0/

0/

0/

0/

0/

0/

x 10
x 10
x10 4

x 10

xio —5

x 10

xio —5

x 10
x 10

95%

9S%
9S%
95%

95%
95%

VALUE (GeV) EVTS TECN COM MEN T

2.490+0.007 OUR FIT
2.491+0.007 OUR AVERAGE

2.483+0.011+0.0045 1.16M 16 ABREU 94 DLPH Eee = 88—94 GeV

2.494+0,009+0.0045 1.19M 6 ACCIARRI 94 L3 E = 88—94 GeV

2.483+0,011+0.0045 1.33M 6 AKERS 94 OPAL Eee = 88—94 GeV

2.501+0.011+0.0045 1.27M BUSKULIC 94 ALEP E = 88—94 GeV

o e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

2.492+ 0.010 1.2M 7 ACCIARRI 96B L3 Eee = 88—94, 130—140
GeV

2.483+ 0.011+0,004 512k 93D OPAL Repl. by AKERS 94
2.490 +0.011 460k 93F L3 Repl. by ACCIARRI 94
2.492 4 0.012 463k 93H L3 Repl. by ACCIARRI 96B
2.501 +0.012 520k 9»J ALEP Repl. by BUSKULIC 94
2,490+ 0.007 1.9M 93 RVUE Ee~ = 88—94 GeV

3.8 + 0.8 + 1.0 ABE 89C CDF Ecrn —1800 GeV

2 42 + 0.45 ABRAMS 89B MRK2 Ec —89—93 GeV

2.7 1'0 + 1.3 24 4 ALBAJAR 89 UA1 Ecm= 546, 630 GeV

2.7 4 2.0 4 1.0 25 ANSARI 87 UA2 Ecm= 546, 630 GeV

The second error of 4.5 MeV is due to a common LEP energy uncertainty.
ACCIARRI 96B interpret the s-dependence of the cross sections and lepton forward-
backward asymmetries in the framework of the S-matrix ansatz. The high-energy data
constrains the pZ interference terms. The fitted width is expected to be 0.9 MeV less
than that obtained using the standard Breit-Wigner parametrization (see 'Note on the
Z Boson' ).
The systematic error is from the uncertainty in the LEP energy calibration.
The error in ADRIANI 93F includes 4 MeV due to the uncertainty in LEP energy calibra-
tion.
ADRIANI 93H use the S-matrix approach to determine the pole position for the Z boson.
The fitted width is expected to be 0.9 MeV less than that obtained using the standard
Breit-Wigner parametrization (see 'Note on the Z Boson' ).
The error in BUSKULIC 9»J includes 4 MeV due to the uncertainty in LEP energy
calibration.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993. A common systematic
error of 4 MeV is taken into account.
ABRAMS 89B uncertainty includes 50 MeV due to the miniSAM background subtraction
error.
ALBAJAR 89 result is from a total sample of 33 Z ~ e I e events.
Quoted values of ANSARI 87 are from direct fit. Ratio of Z and W production gives

either I (Z) & (1.09+0.07) x I (W), CL = 90% or I (Z) = (0.82 '
0 14 $0.06) x I (W).

Assuming Standard-Model value I (W) = 2.65 GeV then gives I (Z) & 2.89 ) 0.19 or

—0.37= 2.17+ ' + 0.16.
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ao g(2S)X
Xct(1P)X

l 22 TX
~23 (D /D ) X
I 24 D+X
I 25 D*(2010) X

l26 BX
I 27 B*X

B X

l 29 anom a ious p + hadrons

30 e+ e
i» vv

T+r
E+g

i 34
"35

I 37 e~T+
"38 P

LF
LF
LF

( 1.60 +0.33 ) x 10

( 6.0 +1.9 ) x 10

( 1.0 +0.5 )x10 4

(20.7 +2.0 ) %
(12.2 4 1.7 ) %

[b) {11.4 +1.3 ) %

seen

[c) & 3.2
[c] & 5.2

[c] & 5.6
[c] & 7.3
[a] & 68
d) & 55

[d] & 3.1

[b] & 1.7

[b] & 9.8
[b] & 1.7

x 10
x 10
x10 4

x10 4

x10 6

x10 6

x10 6

x 10

x10 6

x 10

95%
95%
95%
95%
95%
95%
95%
95%
95%
95%

[a] f indicates each type of lepton (e, p, and ~), not sum over them.

[b] The value is for the sum of the charge states of particle/antiparticle states
indicated.

[c] See the Particle Listings below for the p energy range used in this mea-
surem ent.

[d] For m = (60+ 5) GeV.

i (e+e )

Z PARTIAL WIDTHS

r(~+~-) I3
This parameter is not directly used in the overall fit but is derived using the fit results;
see the 'Note on the Z Boson. '

VAL UE (Mev) EVTS 7ECN COMMENT

83.67+OA4 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

83.55 + 0, 91 25k ABREU 94 DLPH E = 88—94 GeV

84.04 + 0.94 25k ACCIARRI 94 L3 Eceem= 88—94 GeV

82.90+ 0.77 7k AKERS 94 OPAL Eceme 88 94 GeV

84.18+ 0.79 45.1k BUSKULIC 94 ALEP E = 88—94 GeV

82.2 +1.1 18k ACTON 93D OPAL Repl. by AKERS 94
84.6 + 1,2 10k ADRIANI 93M L3 Repl. by ACCIARRI 94
84.09 k 1.10 BUSKULIC 93J ALEP Repl. by BUSKULIC 94
83.54 + 0.62 50k QUAST 93 RVUE E = 88—94 GeV

QUAST 93 is a combined analysis of LEP results as of Feb. 1993.

DOCUMENT ID

For the LEP experiments, this parameter is not directly used in the overall fit but is

derived using the fit results; see the 'Note on the Z Boson. '

VALUE(MeV) EVTS DOCUMENT ID TECN COMMENT

83.82+0.30 OUR FIT
82.89+1.20+0.89 6 ABE 95J SLD E = 91.31 GeV

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

83.31+0.54 31 4k ABREU 94 DLPH Ee = 88 94 G V

83.43 +0.52 38k ACCIARRI 94 L3 Eceem= 88 94 GeV

83.63+0.53 42k AK EBS 94 OPAL E = 88—94 GeV

84.61 +0.49 45.8k BUSKULIC 94 ALEP Eceem= 88—94 GeV

83.03+0.66 17k ACTON 93D OPAL Repl. by AKERS 94
83.0 +0.6 16k ADRIANI 93M L3 Repl. by ACCIARRI 94
84.43+0.60 BUSK ULIC 93J A LEP Repl. by BUSK ULIC 94
83.30 +0.35 70k QUAST 93 RVUE E = 88 94 GeV

ABE 95J obtain this measurement from Bhabha events in a restricted fiducial region to
improve systematics. They use the values 91.187 and 2.489 GeV for the Z mass and
total decay width to extract this partial width.

7QUAST 93 is a combined analysis of LEP results as of Feb. 1993.

r(p+p )
This parameter is not directly used in the overall fit but is derived using the fit results;
see the 'Note on the Z Boson. '

VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT

83.83+0.39 OUR FIT
~ ~ e We do not use the following data for averages, fits, limits, etc. o ~ ~

84.15+ 0.77 45.6k ABREU 94 DLPH E = 88—94 GeV

83.20+ 0.79 34k ACCIARRI 94 L3 E = 88—94 GeV

83.83+0.65 57k AKERS 94 OPAL Eceeem ——88—94 GeV

83.62+ 0.75 46 4k BUSKULIC 94 ALEP Eceme 88 94 GeV

84.43 +0.92 23k ACTON 93D OPAL Repl. by AKERS 94
82.8 + 1.0 14k ADRIANI 93M L3 Repl. by ACCIARRI 94
83.66+ 0.95 BUSKULIC 93J ALEP Repl. by BUSKULIC 94
83,82+ 0.52 70k 8 QUAST 93 RVUE E = 88—94 GeV

QUAST 93 is a combined analysis of LEP results as of Feb. 1993.

r(a+e-) f4

i (invisible) I5
We use only direct measurements of the invisible partial width to obtain the average
value quoted below. The fit value is obtained as a difference between the total and
the observed partial widths assuming lepton universality.

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

498.3+ 4.2 OUR FIT
517 +22 OUR AVERAGE

539 +26 +17 410 AKERS 95c OPAL Eee„=88—94 GeV

450 +34 +34 258 BUSKULIC 93L ALEP Eceem. 88—94 GeV

540 +80 +40 52 A DEVA 92 L3 Eee 88—94 GeV

524 +40 + 20 172 A D R I AN I 92E L3 Ec .—88—94 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

509.4+ 7.0 ABREU 94 DLPH E = 88—94 GeV

496.5 + 7,9 ACCIARRI 94 L3 Ecm —88—94 GeV

490.3 + 7.3 AKERS 94 OPAL Ecm= 88—94 GeV

501 + 6 BUSKULIC 94 ALEP E = 88—94 GeV

495 + 10 ACTON 93D OPAL Repl. by AKERS 94
494 + 10 ADRIANI 93M L3 Repl. by ACCIARRI 94
498 + 9 BUSKULIC 93J ALEP Repl. by BUSKULIC 94
499 + 6 QUAST 93 RVUE Eceem —88—94 GeV

ADRIANI 92E improves but does not supersede ADEVA 92, obtained with 1990 data
only.

QUAST 93 is a combined analysis of LEP results as of Feb. 1993. Assumes lepton
universality.

i (hadrons) C6
This parameter is not directly used in the 5-parameter fit assuming lepton universality,
but is derived using the fit results. See the 'Note on the Z Boson. '

VALUE (MeV) EVTS DOCUMENT ID TECN COM MEN T

1740.7+ 5.9 OUR FIT
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

1723 + 10 1 05M ABREU 94 DLPH E = 88 94 GeV

1748 + 10 1 09M ACCIARRI 94 L3 Eceem 88 94 GeV

1741 + 10 1.19M 33 AKERS 94 OPAL Ec = 88—94 GeV

1746 + 10 1.27M BUSKULIC 94 ALEP E = 88—94 GeV

1738 4 12 454k ACTON 93D OPAL Repl. by AKERS 94
1747 + 11 420k ADRIANI 93F L3 Repl. by ACCIARRI 94
1751 + 11 BUSKULIC 93J ALEP Repl. by BUSKULIC 94
1741 + 7 1.7M QUAST 93 RVUE E = 88—94 GeV

AKERS 94 assumes lepton universality. Without this assumption, it becomes 1742 4 11
Me V.
ACTON 93D assumes lepton universality. Without this assumption it becomes 1743+ 15
MeV.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993. Assumes lepton
universality.

r(hadrons)/r(e+e )

Z BRANCHING RATIOS

VAL UE

20.77+ 0.08 OUR FIT
20.74 1- 0.18 31.4k ABREU 94 DLPH Ec = 88—94 GeV

20.96 4 0.15 38k ACCIARRI 94 L3 Ece = 88—94 GeV

20.83 + 0.16 42k AKERS 94 OPAL E = 88—94 GeV

20.59j 0.15 45.8k BUSKULIC 94 ALEP E = 88—94 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

20.99+ 0.25 17k ACTON 93D OPAL Repl. by AKERS 94
20.69 + 0.21 BUSKULIC 93J ALEP Repl. by

BUSKULIC 94
20.92 + 0.12 70k QUAST 93 RVUE E = 88—94 GeV

270 +
88 12 ABRAMS 89D MRK2 E = 89—93 GeV

QUAST 93 is a combined analysis of LEP results as of Feb. 1993.
ABRAMS 89D have included both statistical and systematic uncertainties in their quoted
errors.

EVTS DOC UM EN T ID TECN COMM EN T

In our fit I (E+ Z ) is defined as the partial Z width for the decay into a pair of massless
charged leptons. This parameter is not directly used in the 5-parameter fit assuming
lepton universality but is derived using the fit results. See the 'Note on the Z Boson. '

VAL UE (MeV) EVTS DOCUMEN T ID TECN COMMEN T
83.83+0.27 OUR FIT
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

83.56+ 0.45 102k ABREU 94 DLPH E = 88 94 GeV

83.49+0.46 97k ACCIARRI 94 L3 E = 88 94 GeV

83.55 +0.44 146k AKERS 94 OPAL Eceem= 88—94 GeV

84.40 +0.43 137.3k BUSKULIC 94 ALEP E = 88—94 GeV

83.27+0.50 58k ACTON 93D OPAL Repl. by AKERS 94
83.1 +0.5 40k ADRIANI 93F L3 Repl. by ACCIARRI 94
84.22 +0.48 BUSKULIC 93J ALEP Repl. by BUSKULIC 94
83.40 +0.29 190k 0 QUAST 93 RVUE E = 88—94 GeV

QUAST 93 is a combined analysis of LEP results as of Feb. 1993.
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I (hadrons)/I (is+is ) rs/ra WEIGHTED AVERAGE
20.77+0.07 (Error scaled by 1.4)

VAL UE

20.76+0.07 OUR
20.78+0.09 OUR

20.54+ 0.14

EVTS TECN COMMEN TDOCUMENT ID

FIT
AVERAGE Error includes scale factor of 1.3. See

45.6k ABREU 94 DLPH

the ideogram below.
Eee 88—94 GeV

E = 88—94 GeV

E = 88—94 GeV
Eee 88—94 GeV

34k AC CIA R R I 94 L3

57k AKERS 94 OPAL

21.02+ 0.16

20.78 + 0.11
20.83+0.15
e o o Wedonot
20.65 +0.17
20.88+ 0.20

46 4k BUSKULIC 94 ALEP

use the following data for averages, fits, limits, etc.

23k ACTON 93D OPAL
BUSKULIC 93J ALEP

~ ~

Repl. by AKERS 94
Repl. by

BUSKULIC 94
Eceem= 88-94 GeV

WEIGHTED AVERAGE
20.78+0.09 (Error scaled by 1.3)

20.79 + 0, 10 70k 38 QUAST 93 RVUE

18.9 + 5'3 13 9 ABRAMS 89D MRK2 E = 89—93 GeV

QUAST 93 is a combined analysis of LEP results as of Feb. 1993.
ABRAMS 89D have included both statistical and systematic uncertainties in their quoted
errors.

Values above of weighted average, error,
ale factor are based upon the data in

ogram only. They are not neces-
he same as our 'best' values,
d from a least-squares constrained fit

g measurements of other (related)
es as additional information.

x'
94 DLPH 2 2
94 L3 26
94 OPAL 0.6
94 ALEP 0 8

6.2
(Confidence Level = 0.104)

I

21.6

ABREU
ACCIARRI
AKERS
BUSKULIC

I

20.2 20.4 20.6 20.8 21 21.2 21.4

20 20.5

I (hadrons)/I (~c+p, )

x'
94 DLPH 2.9
94 L3 2.3
94 OPAL 0.0
94 ALEP 0.1

5.3
(Confidence Level = 0.151)

I

22

ABREU
ACCIARRI
AKERS
BUSKULIC

21.5

Values above of weighted average, error,
ale factor are based upon the data in
ogram only. They are not neces-

he same as our 'best' values,
d from a least-squares constrained fit
measurements of other (related)

es as additional information.

I (h adr on )s/I(e+e )

I (hadrons) /rtota~

TECN COMM EN T

r(a+e )/rtotai
This parameter is not directly used
see the 'Note on the Z Boson. '

VALUE EVTS
0.03366+0.00008 OUR FIT
~ e ~ We do not use the following data

0.03383+0.00013
0.03345 +0.00020

45.8k

19k 44

in the overall fit but is derived using the fit results;

DOCUMENT ID TECN COMM EN T

for averages, fits, limits, etc. ~ ~ ~

BUSKULIC 94 ALEP Eceem=- 88—94 GeV

LEP 92 RVUE E = 88—94 GeV

This parameter is not directly used in the overall fit but is derived using the fit results;
see the 'Note on the Z Boson. '

VAL UE EVTS DOCUMEN T ID

0.6990+0.0015 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.69834 0.0023 1.14M BUSKULIC 94 ALEP E =—88—94 GeV

0.6993+0.0031 570k 3 LEP 92 RVUE Ec —88—94 GeV

LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included. Assumes lepton universality.

I (hadrons)/I (7.+s- )
VALUE

20.80+0.08 OUR FIT
20.81+0.08 OUR AVERAGE

20.68 + 0.18 25k

EVTS

20.80+ 0.20

21.01 + 0.15

20.70+ 0.16

47k

45.1k

DOCUMENT ID TECN COMMEN T

ABREU

AC CIA R Rl
AKERS

94 DLPH

94 L3

94 OPAL

BUSKULIC 94 ALEP

E = 88—94 GeV
Eee = 88—94 GeV

Eceem= 88—94 GeV
Eee 88—94 GeV

o e e We do not use the following data for averages, fits, limits, etc. o ~ o

ACTON
BUSKULIC

93D OPAL
93J ALEP

21.22 + 0.25
20.77 2 0.23

Re pl. by AK E RS 94
Repl. by

BUSKULIC 94
E ee 88—94 GeV

18k

89D MRK2

I (hadron s) /r (e+e-)
Z indicates each type of lepton (e, /c, , and ~), not sum over them.

r, /ra

Our fit result is obtained requiring lepton universality.
VAL UE EVTS DOCUMENT ID TECN COMMENT

20.76 +0.05 OUR FIT
20.77 +0.07 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram

below,
20.62 4 0.10 102k ABREU 94 DLPH E = 88—94 GeV

20.93 +0.10 97k ACCIARRI 94 L3 E = 88—94 GeV

20.835+0.086 146k AKERS 94 OPAL Eceem —88—94 GeV

20.69 +0.09 137.3k BUSKULIC 94 ALEP Ecem —88—94 GeV

e ~ e We do not use the following data for averages, fits, limits, etc. ~ o ~

20.88 + 0.13
21.00 + 0.15
20.78 +0.13
20.87 +0.07

189 +"—3.2
42 QUAST 93

universa lity,

58k ACTON
40k ADRIANI

BUSKULIC
190k 42 QUAST

46 ABRAMS

93D OPAL Repl. by AKERS 94
93M L3 Repl, by ACCIARRI 94
93J Al EP Repl, by BUSKULIC 94
93 RVUE Ecm —. 88—94 GeV

89B MRK2 Eceem= 89—93 GeV

is a combined analysis of LEP results as of Feb. 1993. Assumes lepton

20.86+0.13 50k QUAST 93 RVUE

15.2 2] 41 ABRAMS Eee 89—93 GeV

QUAST 93 is a combined analysis of LEP results as of Feb, 1993.
ABRAMS 89D have included both statistical and systematic uncertainties in their quoted
errors.

LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.

r(is p )/rtotai
This parameter is not directly used in the overall fit but is derived using the fit results;
see the 'Note on the Z Boson. '

VAL UE EVTS TECN COMM EN T

0.03367+0.00013 OUR FIT
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.03344 4 0.00026 6 k BUSKULIC 94 ALEP Eceme= 88 94 GeV

0.03351+0.00034 21k LEP 92 RVUE E,"= 88-94 GeV

LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.

DOCUMENT ID

r(r ~-)/rto„, I s/I

TECN COMM EN T

r(e+ e-)/rt. „~
l indicates each type of lepton (e, p, , and 7-), not sum over them.

Our fit result assumes lepton universality.

I 4/I

This parameter is not directly used in the overall fit but is derived using the fit results;
see the 'Note on the Z Boson. '

VAL UE EVTS TECN COMMEN T

0.03366+0.00006 OUR FIT
o o ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

0.03375+0.00009 137.3k BUSKULIC 94 ALEP E = 88—94 GeV

0.03347+ 0,00013 57k LEP 92 RVUE Eceem= 88—94 GeV

LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.

DOCUMENT ID

I (Invisible) /I toto~
See the data, the note, and the fit result for the partial width, C5, above.

VAL UE DOCUMENT ID

0.2001+0.0016 OUR FIT

This parameter is not directly used in the overall fit but is derived using the fit results;
see the 'Note on the Z Boson. '

VAL UE EVTS DOCUMENT ID

0.03360+0.00015 OUR FIT
o o e We do not use the following data for averages, fits, limits, etc. o o o

0.03366+0.00028 45.1k BUSKULIC 94 ALEP Eceem —88—94 GeV

0.0332890,00040 17k 46 LEP 92 RVUE Eee = 88—94 GeV

LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.
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r(Is+Is )/r(e+e )
This parameter is not directly used in the overall fit but is derived using the fit results;
see the 'Note on the Z Boson. '

VALUE DOCUMENT ID

1.000+0.005 OUR FIT

r(~+r )/-r(e+ e )-
the overall fit but is derived using the fit results;This parameter is not directly used in

see the 'Note on the Z Boson. '

VAL UE

0.998+0.005 OUR FIT
DOCUMENTID

I ((ffV+cZ)/2)/I (hadrons)
This quantity is the branching ratio of Z ~ "up-type" quarks to Z ~ hadrons.
The values of Z ~ "up-type" and Z ~ "down-type" branchings are extracted from

measurements of I (hadrons), and I (Z ~ p+ jets) where p is a high-energy ()5 GeV)
isolated photon. As the experiments use slightly different values of MZ, f (hadrons)
and ns in their extraction procedures, our average has to be taken with caution.

DOCUMEN T ID TECN COMMEN TVAL UE

0.138+0.019 OUR AVERAGE

0 ] 37 + 0.038—0.054 ABREU 95x DLPH E = 88—94 GeVcm=

0.139+0.026 49 ACTON 93F OPAL Eceem= 88—94 GeV

0.137+0.033 ADRIANI 93 L3 E = 91.2 GeV

ABREU 95x use MZ: 91.187 4 0.009 GeV, I (hadrons) = 1725 2 12 MeV and as =
0.123 + 0.005. To obtain this branching ratio we divide their value of C2/3

——0.91 0'36+0.25

by their value of (3C1/3 + 2C2/3) = 6.66 + 0.05.

ACTON 93F use the LEP 92 value of I (hadrons) = 1740 + 12 MeV and n&

0 122+ 0 006—0.005'
ADRIANI 93 use MZ —91.181 + 0.022 GeV, I (hadrons) = 1742 + 19 MeV and ~gs =
0.125 4 0.009. To obtain this branching ratio we divide their value of C2/3

—0.92+ 0.22

by their value of (3C1/3 + 2 C2/3) = 6.720 + 0.076.

I ((dd+ss+bb}/3)/I (hadrons) ra/rs
This quantity is the branching ratio of Z ~ "down-type" quarks to Z hadrons.
The values of Z ~ "up-type" and Z ~ "down-type" branchings are extracted from
measurements of I (hadrons), and I {Z~ p+ jets) where y is a high-energy ()5 GeV)
isolated photon. As the experiments use slightly difFerent values of MZ, C(hadrons)
and ns in their extraction procedures, our average has to be taken with caution.

VAL UE DOCUMEN T ID TECh/ COMM EN T

0.242+0.012 OUR AVERAGE

0 243+ 0.036—0.026
51 ABREU 95x DLPH Eee = 88—94 GeVcm=

0.241 +0.017 ACTON 93F OPAL Ec ——88—94 GeV

0.243 +0.022 ADRIANI 93 L3 E = 91.2 GeV

ABREU 95X use MZ = 91.187 + 0.009 GeV, I (hadrons) = 1725 + 12 MeV and isa =
0.123 + 0.005. To obtain this branching ratio we divide their value of C1/3 —1 62 0'17

-+ 0.24

by their v~l~e of (3C1/3 + 2C2/3) —6.66 + 0.05.

ACTON 93F use the LEP 92 value of I (hadrons) = 1740 6 12 MeV and as
0 122+0.006—0.005'
ADRIANI 93 use MZ —91.181 k 0.022 GeV, I (hadrons) = 1742 + 19 MeV and n&—
0.125+ 0.009. To obtain this branching ratio we divide their value of C1/3

—1.63+ 0.15

by their value of (3C1/3 + 2C2/3) = 6.720 + 0.076.

Rc = I (cc)/I (hadrons) rg/rs
OUR FIT is obtained by a simultaneous fit to several c- and b-quark measurements
as explained in the "Note on the Z boson. " As a cross check we have also performed
a weighted average of the Rc measurements taking into account the various com-
mon systematic errors. Assuming that the smallest common systematic error is fully

correlated, we obtain Rc —0.157 + 0.010.

Because of the high current interest, we mention the following preliminary results
here, but do not average them or include them in the Listings or Tables. Combining
published and unpublished preliminary LEP and SLD electroweak results (as of end of
March 1996) yields Rc = 0.1598 + 0.0069. This value appears to be 1.8s.d. below
its Standard Model prediction of 0.1725 for mt —175 GeV and MH =- 300 GeV.

TECN COMM EN TDOCUMENT IDVALUE

0.158 +0.010 OUR FIT

t0.1623+0.0085+0.0209 5 ABREU 95D DLPH E = 88—94 GeV

0.142 +0.008 +0.014 55 AKERS 950 OPAL Eee = 88—94 GeV

0.165 +0.005 +0.020 5 BUSKULIC 94G ALEP E = 88—94 GeV

0.187 +0.031 +0.023 57 ABREU 93 I D L P H Eee = 88—94 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.151 +0.008 +0 041 58 ABREU 920 DLPH E = 88—94 GeV

ABREU 95D perform a maximum likelihood fit to the combined p and pT distributions
of single and dilepton samples. The second error includes an uncertainty of +0,0124
due to models and branching ratios.

SSAKERS 950 use the presence of a D' to tag Z cc with D* D 7r and D
Kx. They measure Pc ~ I (cc)/I (hadrons) to be (1.006 2 0.055+ 0.061) x 10,where

Pc is the product branching ratio B(c D*)B(D* D n)B(D Krr). Assuming

that Pc remains unchanged with energy, they use its value (7.1 + 0.5) x 10 determined
at CESR/PETRA to obtain I (cc)/I (hadrons). The second error of AKERS 950 includes
an uncertainty of +0,011 from the uncertainty on Pc.
BUSKULIC 94G perform a simultaneous fit to the p and p7- spectra of both single and
dilepton events.

ABREU 93I assume that the Ds and charmed baryons are equally produced at LEP and
CLEO (10 GeV) energies.
ABREU 920 use the neural network techinque to tag heavy flavour events among a
sample of 123k selected hadronic events. The systematic error consists of three parts:
due to Monte Carlo (MC) parametrization (0.023), choice of MC model (0.033) and
detector effects (0.009) added in quadrature.

Ra = I (blab/I (hadrons) rio/rs
OUR FIT is obtained by a simultaneous fit to several c- and b-quark measurements
as explained in the "Note on the Z boson. " As a cross check we have also performed
a weighted average of the Rt, measurements taking into account the various common
systematic errors. We have assumed that the smallest common systematic error is fully
correlated. For Rc —0.158 (as given by OUR FIT above), we obtain R~ = 0.2213 +
0.0019. For an expected Standard Model value of Rc —0.172, our weighted average
gives R~ —0.2200 + 0.0019 while OUR FIT value becomes R~ = 0.2202 + 0.0018.

Because of the high current interest, we mention the following preliminary results
here, but do not average them or include them in the Listings or Tables. Combining
published and unpublished preliminary LEP and SLD electroweak results (as of end of
March 1996) yields R~ —0.2211 + 0.0016. This value appears to be 3.5s.d. above
its Standard Model prediction of 0.2155 for m&

—175 GeV and MH —300 GeV (this
apparent discrepancy has led to some speculation concerning new physics beyond the
Standard Model).

DOCUMENT ID TECN COMMENTVAL UE EVTS

0.2212+0.0019 OUR FIT
0.2216+0.0016+0.0021 ABREU 96 DLPH E = 88—94 GeV

0.2145 +0.00894 0.0067 ABREU 950 DLPH Ec = 88—94 GeV

0.2171+0.0021 +0.0021 61 AKERS t958OPAL E = 88—94 GeV

0.219 + 0.006 +0.005 62 BLISKLILIC 940 ALEP Ec ——88—94 GeV

0.222 + 0.003 +0.007 ADRIANI 93E L3 E = 88—94 GeV

0.222 + 0.011 +0.007 64 AKERS 93B OPAL E = 88—94 GeV

0.2192+0.0022+ 0.0031 BUSKULIC 93M ALEP Ec —91.3 GeV

0.228 +0.005 +0.005 BUSKULIC 93N ALEP Ec = 88—94 GeV

0.251 +0.049 +0.030 32 JACOBSEN 91 MRK2 E = 91 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

0.2217 4 0.0020+0.0033 68 ABREU 95D DLPH Repl. by ABREU 96
0.2241+ 0.00634 0,0046 ABREU 95J DLPH Repl. by ABREU 96
0.218 +0.006 +0.010 0 AKERS 94D OPAL Repl. by AKERS 95B
0.220 +0.002 +0.013 11893 7 ACTON 931 OPAL Repl. by AKERS 95B
0.222 4 0.007 60.008 ACTON 93M OPAL Repl. by AKERS 95B

0.222 + ' +0.017—0.031
73 ABREU 92 DLPH E = 88 94 GeVcm—

0,219 +0.014 +0.019 4 ABREU 92K DLPH E = 88—94 GeV

0.232 +0.005 +0.017 ABREU 920 DLPH E = 88—94 GeV

0.23 + ' + ' 15 76 KRAL—0.08 —0.04 90 MRK2 E = 89—93 GeVcm=

ABREU 96 obtain this result combining several analyses (double lifetime tag, mixed tag
and multivariate analysis). This value is obtained assuming Rc —

I (cc)/I (hadrons) =
0, 172. For a value of Rc different from this by an amount ARc the change in the value
is given by —0.087 ERc.
ABREU 95D perform a maximum likelihood fit to the combined p and p7- distributions
of single and dilepton samples. The second error includes an uncertainty of +0.0023
due to models and branching ratios.
AKERS 95B select events based on the lepton and/or vertex tag independently in each
hemisphere. Comparing the numbers of single- and double-tagged events, they determine
the b-tagging efficiency directly from data.
BUSKULIC 940 perform a simultaneous fit to the p and pT spectra of both single and
dilepton events.
ADRIANI 93E use a multidimensional analysis based on a neural network approach.
AKERS 93B use a simultaneous fit to single and dilepton events (electrons and muons)
to tag Z ~ bb.
BUSKULIC 93M use a method which tags the Z ~ bb decays through the lifetime of
the produced heavy hadrons. The systematic error includes a contribution of +0.0016
due to the uncertainty of the charm partial width.
BUSKULIC 93N use event shape and high pr lepton discriminators applied to both
hemispheres.
JACOBSEN 91 tagged bb events by requiring coincidence of ) 3 tracks with significant
impact parameters using vertex detector. Systematic error includes lifetime and decay
uncertainties ( +0.014).
ABREU 95D obtain this result combining several analyses (double-lifetime tag and mixed
tags). The second error contains an uncertainty of +0.0029 due to the total systematics
and an uncertainty of +0.0016 due to an 8% variation of I (cc)/f (hadrons) around
its Standard Model value (0.171 4 0,014). Combining with their own lepton analysis,
ABREU 95D obtain 0.2210 + 0.0033 + 0.0003 (models) +0.0014 [I (cc)/I (hadrons)I.
ABREU 95J obtain this value with a multivariate analysis based on event shape and
particle trajectories near the interaction point. The second error contains an uncertainty
of +0.0012 due to an 8% variation of I (cc)/I (hadrons) around its Standard Model
value (0.171 + 0.014).

70AKERS 94D perform an analysis based on a "mixed tag" method (impact parameter
and lepton tagging). The systematic error includes a contribution (+0.007) due to the
I (c c)/I (hadrons) uncertainty.
ACTON 93I use both electrons and muons to tag B semileptonic decays. The systematic
error includes components due to b and c quark fragmentation uncertainties, decay
branching ratios, and I (cc)/I (hadrons).
ACTON 93M tagged Z ~ bb events using the impact parameter technique.
ABREU 92 result is from an indirect technique. They measure the lifetime vB, but use

a world average of ~B independent of I (bb) and compare to their I (bb) dependent
lifetime from a hadron sample.
ABREU 92K use boosted —sphericity technique to tag and enrich the b-b content with
a sample of 50k hadronic events. Most of the systematic error is from hadronization
uncertainty.
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ABREU 920 use the neural network technique to tag heavy flavour events among a
sample of 123k selected hadronic events. The systematic error consists of three parts:
due to Monte Carlo (MC) parametrization (0.010), choice of MC model (0.008), and
detector effects (0.011) added in quadrature.

KRAI 90 used isolated leptons and found I (bb)/I (total) = 0 17+0'06+0'03.

r(~'7)lr„„,
VALUE CL z' DOCUMEN T ID TECN COM MEN T

(5.2 x 10 98 77 ACCIARRI 968 L3 Eee = 88—94 GeV

&5.5 x 10 95 ABREU 94B DLPH Eee = 88—94 GeV

&2.1 x 10 4 95 DECAMP 92 ALEP E = 88—94 GeV

&1.4 x 10 4 95 AKRAWY 91F OPAL E = 88—94 GeV

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.2 x 10 4 95 ADRIANI 92B L3 Repl. by ACCIARRI 95G

77This limit is for both decay modes Z ~ rr n/nn which are indistinguishable in ACCIA-
RRI 95c.
This limit is for both decay modes Z ~ ~ p/pp which are indistinguishable in ADRI-
ANI 92B.

r (tI'(2s) x) lrtotal rao/r
TECN COMMENT

r(Xct(1P)X)/I total I 2t/I
DOCUMEN T ID TECN COMMENTVALUE (units 10 ) EVTS

6.0+1.9 OUR AVERAGE

5.0+2.1+'5—0.9
7.5+2.9 +0.6

6 4 86 ABREU 94p D

19 86 ADRIANI 93J L3

LPH Eceme= 88—94 GeV

Eceem —88—94 GeV

86 This branching ratio is measured via the decay channel &c1 ~ J/g + P, with l/Q ~
I+/

VALUE (units 10 ) EVTS DOCUMENT ID

1.60+0.33 OUR AVERAGE

1.6 + 0.3 +0.2 46.9 ALEXANDER 96B OPAL E = 88—94 GeV

1.60+ 0.73+0.33 85 ABREU 94p DLPH Ec —88—94 GeV

84 ALEXANDER 96B measure this branching ratio via the decay channel vp(2S)
i/y~+~-, with a/q S+e-.

5ABREU 94p meaSure thiS branChing ratiO Via deCay Channel g(25) ~ J/+sr+ ~, With

~/4 Ic+ I

r (rfw) /rtotai
VALUE

&7.6 x 10—5

&8.0 x 10

(5.1 x 10
&2.0 x 10

o e o Wedonot

&1.8 x 10

CL%

95

95

95

95
use the following

95

DOCUMENT ID TECN

ACCIARRI 95G L3

ABREU 94B DLPH

DECAMP 92 ALEP

AKRAWY 91F OPAL

data for averages, fits, limits,

ADRIANI 92B L3

I t2/I
COMMEN T

Eee = 88—94 GeV
Eee 88—94 GeV

Eceem= 88—94 GeV
Eee = 88—94 GeV

etc. ~ ~ ~

Repl. by ACCIARRI 95G

r(7 X)/rtotal r22/I

I ({Do/~D}X)/I (hadrons) ras/I 6

VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

1.0+0.4+0.22 6.4 ALEXANDER 96F OPAL E = 88—94 GeV

ALEXANDER 96F identify the T (which refers to any of the three lowest bound states)
through its decay into e+ e and /c+Ic . The systematic error includes an uncertainty
of +0.2 due to the production mechanism.

r (or v) /r tote i

VAL UE

(6.5 x 10
CL%

95

DOCUMENT ID

ABREU

I ts/I
TECN COMMEN T

94B DLPH Eceem= 88—94 GeV

EVTSVAL UE DOCUMEN T ID TECN COMMENT

0296+0 019+0021 369 ABREU 93I DLPH E = 88—94 GeV

The (D /D ) states in ABREU 93I are detected by the K2r decay mode. This is a
corrected result (see the erratum of ABREU 93I).

r (0'(es8}n) lrtotal rt4/r I (9+X)/I (hadrons) r24/rs
VAL UE

(4.2 x 10
CL%

95

DOCUMENT ID

DECAMP

TECN COMM EN T

92 ALEP Eee = 88—94 GeV

r (ee)/rtot I rts/r

VAL UE CL% DOCUMENT ID TECN

(1.0 x 10 95 81 ACCIARRI 95c L3

&1.7 x 10 95 81 ABREU 94B DLPH

&6.6 x 10 95 AKRAWY 91F OPAL

~ ~ o We do not use the following data for averages, fits, limits,

&3.3 x 10 95 A D R I A N I 92 B L3

Limit derived in the context of composite Z model.

COMMEN T

Eee = 88—94 GeV

Eceem= 88—94 GeV
Eee 88—94 GeV

etc. o ~ ~

Re pl. by AC C I A R R I 95c

I (fr+ WT)/I total
The value is for the sum of the charge states indicated.

CL% DOCUMENT ID TECNVAL UE

(7x 10 DECAMP 92 ALEP

rt7/r

COMM EN T

Eee = 88—94 GeV

r (ra+ +) I rtotai I ta/I
The value is for the sum of the charge states indicated.

VAL UE CL% DOCUMENT ID TECN COMM EN T

(8.3 x 10 95 DECAMP 92 ALEP E = 88—94 GeV

I (2/sir(1S) X) /I total
VALUE (units 10 ) EVTS

3.80+0.27 OUR AVERAGE

3.9 + 0.2 +0.3 511
3.73 +0.394 0.36 153
3.6 + 0, 5 + 0.4 121

ALEXANDER 96B identify

Combining Ic+ /c and e+
ef'I'OI's.

DOCUMENT ID TECN COMM EN T

I ts/r

82 ALEXANDER 968 OPAL E = 88—94 GeV
88 ABREU 94P DLPH Ec = 88—94 GeV

ADRIANI 93) L3 Ecm= 88—94 GeV

J/g(1S) from the decays into lepton pairs.

e channels and taking into account the common systematic

This decay would violate the Landau-Yang theorem.
VAL UE CL% DOCUMENT ID TECN COMMEN T

(5.2 x 10 95 ACCIAR Rl 95G L3 E = 88—94 GeV I

&55x10 95 ABREU 94B DLPH E = 88—94 GeV

&1.4 x 10 95 AKRAWY 91F OPAL E = 88—94 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&12x10 4 95 ADRIANI 92B L3 Repl. by ACCIARRI 95G

This limit is for both decay modes Z rr n/nn which are indistinguishable in ACCIA-
RRI 95G.
This limit is for both decay modes Z ~ ~ p/pp which are indistinguishable in ADRI-
ANI 92B.

r (77~) lrtotai

EVTSVAL UE DOCUMENT ID TECN COMMENT

0.174+0.016+0.018 539 ABREU 931 DLPH E = 88—94 GeV

The D+ StateS in ABREU 93I are deteCted by the K7r2r deCay mOde. ThiS iS a COrreCted
result (see the erratum of ABREU 93I).

I (D'(2010)+X)/I (hadrons) ras/rs
The value is for the sum of the charge states indicated.

VAL UE EVTS DOCUMENT ID TECN COM MEN T

0.163+0.019 OUR AVERAGE Error includes scale factor of 1.3.
0.155+ 0.010+0.013 358 ABREU 93I DLPH Ec —88—94 GeV

0.21 + 0.04 362 DECAMP 91' ALEP Ec = 88—94 GeV

D*(2010)+ in ABREU 93I are reconstructed from D ~+, with D K 7r+. The
new CLEO II measurement of B(D*+ ~ D 7r ) = (68.1 + 1.6) % is used. This is a

corrected result (see the erratum of ABREU 93I).
DECAMP 91' report B(D*(2010)+ ~ D 2r+) B(D ~ K 7r+) I (D*(2010) — X)

/ I (hadrons) = (5.11 + 0.34) x 10 . They obtained the above number assuming

B(D ~ K 2r+) = (3.62+0.34+0.44)% and B(D*(2010)+ D 7r+) = (55+4)%.
We have rescaled their original result of 0.26 + 0.05 taking into account the new CLEO
II branching ratio B(D*(2010)+ ~ D x+) = (68.1 4 1.6)%.

I (B8X)/I (hadrons) I 28/I 6
VAL UE DOCUMENT ID TECN COMMENT

seen 92 ABREU 2M DLPH Eceme = 88—94 GeV

ABREU 92M reported value is I (B X)*B(B Ds pv X) *B(Ds @7r)/I (hadrons)

= (18 + 8) x 10

r(e'x)/[r(ax) + r(e x)] r27/(r26+r27)
DOCUMENT IDVAL UE EVTS

0.75 +0.04 OUR AVERAGE

0.771 4 0,026+ 0.070 BUSKULIC 96D ALEP Ec = 88—94 GeV

0.?2 +0.03 +0.06 94 ABREU 95R DLPH E = 88—94 GeV

0.76 +0.08 +0.06 1378 ACCIARRI 95B L3 E = 88—94 GeV

BUSKULIC 96D use an inclusive reconstruction of B hadrons and assume a (12.2 +
4.3)% b-baryon contribution. The value refers to a b-flavored mixture of B„,Bd, and
Bs'
ABREU 95R use an inclusive B-reconstruction method and assume a (10+ 4)% b-baryon
contribution. The value refers to a b-flavored meson mixture of Bu, Bd, and Bs.
ACCIARRI 95B assume a 9.4% b-baryon contribution. The value refers to a b-flavored
mixture of B„,Bd, and Bs.

TECN COM MEN T

I (anomalous p+ hadrons)/I total r29/r
Limits on additional sources of prompt photons beyond expectations for final-state
brem sstrahlung.

CL%VALUE DOCUMENT ID TECN COMMENT

(3.2 x 10 95 AKRAWY 90) OPAL Ec = 88—94 GeV

AKRAWY 90J report I (pX) & 8.2 MeV at 95%CL. They assume a three-body pqq
distribution and use E(p) ) 10 GeV.
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I (e+ e- P) /r, o,al
CL %o

r(V+V V)/«otal I 51/I
VAL UE DOCUMEN T ID TECN COMMEN T

&5.6 x 10 95 ACTON 91B OPAL Ecm= 91.2 GeV

ACTON 91B looked for isolated photons with E&2% of beam energy (& 0.9 GeV).

CL%

VAL UE DOCUMENT ID TECN COMMENT

&5.2 x 10 95 ACTON 91B OPAL Ec —91.2 GeV

ACTON 91B looked for isolated photons with E&2% of beam energy (& 0.9 GeV).

VAL UE DOCUMENT ID TECN

0.93 +0.01 +0.09 ACCIARRI 96 L3

~ o ~ We do not use the following data for averages, fits, limits,

0.91 +0.02 +0.11 ACCIARRI 94B L3

0.298 2 0.023 4 0.021 BUSKULIC 92D ALEP

BUSKULIC 92D obtain this value for x& 0.1.

COMMENT

Eceme 91.2 GeV

etc. ~ ~ 0

Repl. by ACCIARRI 96
Eceem —91.2 GeV

r(~+~ ~)/«otal
VAL UE

&7.3 x 10
CL% DOCUMENT ID TECN

95 99 ACTON 91B OPAL

COMMEN T

Eee 91.2 GeV

r52/I

ACTON 91B looked for isolated photons with E)2% of beam energy (& 0.9 GeV),

TECN COMMENTDOCUMENT IDVAL UE

1.30+0.12 OUR AVERAGE

1.45+ 0.06+0.20 BUSKULIC 96H ALEP

ABREU 95L DLPH1.21 +0.04+0.15
~ ~ ~ We do not use the following data for averages, fits, limits,

Eceem —91.2 GeV

Eceme 91.2 GeV

eic. o ~ ~

r(&+& VV)/rtot I

The value is the sum over E = e, I(., 7-.

VAL UE CL% DOCUMENT ID

&6.8 x 10 100 ACTON

r55/r

TECN COMMEN T

93E OPAL E = 88—94 GeV

1.43 4 0.12+0.22

VAL UE

1.0760.06+0.13

ABREU 93 DLPH Rept. by ABREU 95L

DOCUMENT ID TECN COMMENT

BUSKULIC 96H ALEP E = 91.2 CeV

Form =60+5GeV.

r(q q7&)/«otal I54/I VAL UE DOCUMENT ID TECN COMMENT

VAL UE

&5.5 x 10—6
CL%

95

For m = 60 + 5 GeV.

r (4' 1'Y7) /rtotal

DOCUMENT ID

101 ACTON

TECN COMMEN T

93F OPAL Ec —88—94 GeV

r55/I

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.068+ 0.0184 0,016 04 BUSKULIC 92D ALEP E e = 91.2 GeV

BUSKULIC 92D obtain this value for x) 0.1.

(Nr, (oea))
VAL UE

&3.1 x 10
CL% DOCUMENT ID

95 102 ACTON

. TECN COMMENT

93E OPAL E ~ = 88—94 GeV

102 For m 60 + 5 GeV

I (e+l4+)/I (e+e ) r85/rt

DOCUMENT ID TECN COMMENT

ALBAJAR 89 UA1 Ecm= 546,630 GeV&0.07

r(e P )/rtotal
Test of lepton family number conservation.
states indicated.

VAL UE CL%

&1.7 x 10 95
&3.2 x 10 95
&0.6 x 10 95
&2.6 x 10 95

DOCUMENT ID

AKERS

ABREU

ADRIANI

DECAMP

r(e+ ~+)lrtotal
Test of lepton family number conservation.
states indicated.

VAL UE CLl

&9.8 x 10 6 AKERS

&1.1 x 10 95 ABREU

&1.3 x 10 ADRIANI

&1.2 x 10 95 DECAMP

DOCUMENT ID

95

95

The value is for the sum of the charge

TECN COM M EN T

95W OPAL Eceem= 88—94 GeV

93B DLPH Ec = 88—94 GeV

93t L3 Eceem —88—94 GeV

92 ALEP Eceem= 88—94 GeV

rey/I
The value is for the sum of the charge

TECN COMM EN T

95w OPAL E = 88—94 GeV

93B DLPH E = 88—94 GeV

93t L3 Eceem —88—94 GeV

92 ALEP Ecm= 88—94 GeV

Test of lepton family number conservation. The value is for the sum of the charge
states indicated.

VAL UE CL%

VAL UE DOCUMENT ID TECN COMMENT

0.110+0.011 OUR AVERAGE Error includes scale factor of 1.8.
0.122 +0.004 +0.008 BUSKULIC 96H ALEP Eceem 91.2 GeV

0.100+0.004+ 0.007 AKERS 95X OPAL Eceem= 91.2 GeV

a ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.086+0,015+ 0.010

(Nr, (1270))

ACTON 92o OPAL Rept. by AKERS 95x

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o ~

0.1704 0,043 107 ABREU 95L DLPH Eee = 9].2 GeV

0.11 +0,04 +0.03 ABREU 93 DLPH Rept. by ABREU 95t

ABREU 95L obtain this value for x) 0.05.
ABREU 93 obtain this value for x) 0.1.

f'2(1525))
VAL UE

0.020 +0.00560.006
DOCUMENT ID

ABREU

TECN COMMENT

96c DLPH Ec = 91.2 GeV

VAL UE DOCUMEIV T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.098+0.016 105 ABREU 95L DLPH E = 91.2 GeV

0.10 +0.03 +0.019 106 ABREU 93 DLPH Repl. by ABREU 95L

ABREU 95L obtain this value for 0.05 &x& 0.6.
ABREU 93 obtain this value for x& 0.05.

r(~+ ~+)/rtotal rselr

TECN COMMENT

95w OPAL Ecm= 88—94 GeV

93B DLPH Eceem= 88—94 GeV

93t L3 Eceem= 88—94 GeV

92 ALEP E = 88 94 GeV

95

AVERAGE PARTICLE MULTIPLICITIES IN HADRONIC Z DECAY

Summed over particle and antiparticle, when appropriate.

VAL UE

17.05+0.43
DOCUMENT ID

AKERS

TECIV COMMENT

94P OPAL E = 91.2 GeV

Test of lepton family number conservation. The value is for the sum of the charge
states indicated.

VAL UE CL% DOCUMENT ID

&1.7 x 10 AKERS

&1.4 x 10 95 ABREU

&1.9 x 10 95 ADRIANI

&1.0 x 10 4 95 DECAMP

VAL UE

2.37+0.11 OUR AVERAGE

2.26 +0.01 +0.18
2.42+ 0.13

("K )

DOCUMENT ID

ABREU

AKERS

TECIV COMMENT

9 F DLPH Eceem 91.2 GeV

P OPAL Eceme 91 2 GeV

TECN COMMENTVAL UE

2.010+0.027 OUR AVERAGE

1.962 +0.022 4 0.056

DOCUMENT ID

Eceme 91,2 GeV
Eee 91.2 GeV

Ece~ = 91.2 Gev
E« = 91.2 GeV

etc. ~ ~ ~

ABREU 95L DLPH

AKERS 95U OPAL

ACCIARRI 94B L3

BUSKULIC 94K ALEP

1.99 +0.01 + 0.04

2.04 +0.02 +0.14

2.061+0.047

2.12 +0.05 +0.04

( K'(892)~)

ABREU 92G DLPH Rept. by ABREU 95L

~ ~ ~ We do not use the following data for averages, fits, limits,

VAL UE

9.83+0.31 OUR AVERAGE

9.90+ 0,02 k 0.33
9.2 + 0.2 k 1.0
~ ~ ~ We do not use the following

9.18+0.03 3:0.73

DOCUMENT ID TECN COMMENT

tACCIARRI 96 L3 Eceem= 91.2 GeV

ADAM 96 DLPH Eceem= 91.2 GeV t
data for averages, fits, limits, etc. ~ ~ ~

ACCIARRI 946 L3 Bcpl. by ACCIARRI 96

VALUE

0.72 +0.05 OUR AVERAGE

0.712 4 0.031+0.059

DOCUMENT ID TECN COMM EN T

Eceem= 91.2 GeV

Eceem= 91.2 GeV

etc. 0 ~ ~

ABREU 95L DLPH

ACTON 93 OPAL0.72 + 0.02 + 0.08

1.33 +0.11 +0.24 ABREU 92G DLPH Rept. by ABREU 95L

~ ~ ~ We do not use the following data for averages, fits, limits,
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(NX'(S92}b)
VAL UE.

0.76+0.04 OUR AVERAGE

0.83 +0.01j0.09
0.74+ 0.03 k 0.03
0.97*0.18+ 0.31
~ e e We do not use the following

0.76+0.07 4 0.06

( ~;(14M))

DOCUMENT ID TECN COM MEN T

BUSKULIC 96H ALEP

AKERS 95X OPAL

ABREU 93 DLPH

data for averages, fits, limits,

ACTON 920 OPAL

Eceem= 91.2 GeV

Eceem= 91.2 GeV

Eceem= 91.2 GeV

etc. ~ i ~

Re pl. by A K E RS 95X

VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

0.19+0.04+ 0.06 109 AKERS 95x OPAL Eee = 91,2 GeV

AKERS 95X obtain this value for x( 0.3.

VAL UE

0.221+0.026 OUR AVERAGE

0.251 +0.026+0.025

0.199k 0,0194 0.024

See ABREU 95 (erratum).

DOCUMENT ID TECN COMMEN T

Error includes scale factor of 1.1.
BUSKULIC 94J ALEP Eceem= 91.2 GeV

110 ABREU 93I DLPH Eceem —9]..2 GeV

VALUE

0.46 +0.06 OUR AVERAGE

0.518+0.052 +0.035
0.403+ 0.038+0.044

See ABREU 95 (erratum).

(ND (2010}+)

DOCUMENT ID TECN COMMENT

Error includes scale factor of 1.3.
BUSKULIC 94J ALEP E,"= 91,2 GeV

ABREU 93I DLPH E = 91,2 GeV

TECN COMM EN TDOC UM EN T IDVAL UE

0.181+0.010 OUR AVERAGE

0.183+0,009+0.011 AKERS 950 OPAL E = 91.2 GeV

0, 187+0.015+0.013 BUSKULIC 94J ALEP E = 91.2 GeV

0, 171j0.012+0.016 ABREU 93l DLPH E = 91.2 GeV

AKERS 950 systematic error includes an uncertainty of +0.008 due to the D*+ and

D branching ratios [they use B(D* ~ D ~) = 0.681 + 0.016 and B(D ~ K~) =
0.0401 + 0.0014 to obtain this measurement].
See ABREU 95 (erratum).

( Z(1385)+)
VAL UE

0.038 +0.004 OUR AVERAGE

0.0382 +0.0028+ 0.0045

0.0380+0.0062

DOCUMENT ID

ABREU

ACTON

TECN COM MEN T

95O DLPH Eceem= 91.2 GeV

92J OPAL Ee~ = 91.2 GeV

VAL UE

0.0044+0.0008 OUR AVERAGE

0.0041 +0.0004+ 0.0004

0.0063+0.0014

DOCUMEN T ID TECN COM MEN T

Error includes scale factor of 1.5.
ABREU 950 DLPH Ec = 91.2 GeV

ACTON 92J OPAL Eceem 91,2 GeV

DOCUMEN T ID TECN COM MEN T

Error includes scale factor of 2.3.
ADAM 96B DLPH Ec —91.2 GeV

ACTON 92J OPAI E = 91.2 GeV

VAL UE

0.0017+0.0010 OUR AVERAGE

0.00144 0.0002+ 0.0004

0.0050+ 0.00].5

(Ncher~)
DOCUMENT ID TECN COMMENTVAL UE

20.99+0,14 OUR AVERAGE

21.05 +0,20 tAKERS 95Z OPAL Eceem 91.2 GeV

ACTON 92B OPAL Eceme 91.2 GeV

ABREU 91H DLPH E = 91.2 GeV

ADEVA 911 L3 E =. 91,2 GeV

DECAMP 91K ALEP E = 91,2 GeV

ABRAMS 90 MRK2 E = 91.1 GeV

data for averages, fits, limits, etc. ~ i ~

DECAMP 900 ALEP Repl. by DECAMP 91K

21.40 +0,43
20.71+0.04 60.77

20.7 +0.7
20.85+ 0.02 +0.24

20, 1 +1.0 +0.9
e ~ ~ We do not use the following

21,3 +0.1 4 0.6

Z HADRONIC POLE CROSS SECTION

VAL LIE DOCUMENT ID TECN COMMENT

0.0226+0.0022 OUR AVERAGE Error includes scale factor of 1.4.
0.0250+ 0.0009+ 0.0021 tABREU950 DLPH Eceem —91.2 GeV

0.0206+ 0.0021 ACTON 92J OPAL Eceem —91.2 GeV i
o ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ o

0,020 +0.004 +0.003 ABREU 920 DLPH Repl. by ABREU 950

(N=-(1oao)9)

VAL UE DOCUMENT ID TECN COMMENT

0.28 +0.01 +0.03 14 ABREU 95R DLPH E = 91.2 GeV

ABREU 95R quote this value for a flavor-averaged excited state.

(NJ/g(1S) )

This quantity is defined as

0 12~ I (e e ) I (hadrons)
h M2 2

Z Z

It is one of the parameters used in the Z lineshape fit. (See the 'Note on
the Z Boson. ')

(N~(25))
VAL UE

0.0023+0.000460.0003
DOCUMENT ID TECN COMMENT

ALEXANDER 96B OPAL E = 91.2 GeV

VAL UE

0.98+0.09 OUR AVERAGE

1.07 +0.01+0.14

0.92+0.].1

DOCUMENT ID

ABREU

AKERS

TECN COMMENT

95F DLPH Eceem —91.2 GeV

9 P OPAL Eceem 91 2 GeV

VAL UE DOCUMENT ID TECN COMMENr

0.0056 +0.0003+0.0004 115 ALEXANDER 96B OPAL E~e = 91.2 GeV

ALEXANDER 96B identify 2/p(1S) from the decays into lepton pairs.

VALUE (l}b)

41.54+0.14 OUR
41.49+0.10 OUR

41.23 +0.20

EVTS

FlT
AVERAGE

1.05 M

1.09M

1.19M

1.27M

use the following

512 I&

460 I&

520 I&

450

41,45 60.31
41,34 4 0.28
41,60+ 0.27
42 +4

41.39+0.26

4]..70+0.23

41.60+0.16
~ ~ o We do not

DOCUMENT ID TECN COMMEN T

Ece~~ —88—94 Gev
Ece~ —88—94 GeV

Ec = 88—94 GeV

Ecm = 88—94 GeV

etc. ~ ~ ~

Repl. by AKERS 94
Repl. by ACCIARRI 94
Repl. by BUSKULIC 94
Eceem 89.2—93.0 GeV

ABREU 94 DLPH

ACCIARRI 94 L3

AKERS 94 OPAL

BUSKULIC 94 ALEP

data for averages, fits, limits,

ACTON 93D OPAL
ADRIANI 93M L3
BUSKULIC 93J ALEP
ABRAMS 89B MRK2

(N~(1232)++ )
VAL UE

0.087+0.033 OUR AVERAGE

0.079 + 0.009+ 0.011
0.22 + 0.04 4 0,04

VAL UE

0.367+0.010 OUR AVERAGE
0.37 +0.01 +0.04

0.386 + 0.016
0,357 4 0.003+ 0.017
0.351 -6 0.019

VAL UE

0.17020.014+0.061

DOCUMENT ID TECN COMM EN T

ACCIA R RI

HUSK ULIC

ABREU

ACTON

94B L3 Eeeem= 91.2 GeV

94K ALEP E = 91.2 GeV

93( DLPH Eceem —91.2 GeV

92J OPAL Eceem= 91.2 GeV

DOCUMENT ID

ABREU

TECN COMM EN T

95O DLPH Eceem 91.2 GeV

DOCUMEN T ID TECN COMM EN T
Error includes scale factor of 2.4.

ABREU 95vV DLPH Eceem= 91.2 GeV

ALEXANDER 95D OPAL Eceem= 91,2 GeV

Z VECTOR COUPLINGS TO CHARGED LEPTONS

These quantities are the effective vector couplings of the Z to charged
leptons. Their magnitude is derived from a measurement of the Z line-

shape and the forward-backward lepton asymmetries as a function of en-

ergy around the Z mass. The relative sign among the vector to axial-vector
couplings is obtained from a measurement of the Z asymmetry parameters,
Ae and A, or ve scattering. The fit values quoted below correspond to
global nine- or five-parameter fits to lineshape, lepton forward-backward
asymmetry, and Ae and A measurements. See "Note on the Z boson"
for details.

Within the current data set, the reason for the smallness of g& compared

to g& and gr& is due to the large value of Ae which is heavily weighted by

the SLD result. This large value of Ae leads to a large value of g&. Since

g& is obtained using the relation A~F&
—0,75xAe xA, a large value ofP'

g& leads to a SMALL value of g&. Concerning the r, its g)V gets mainly
determined directly from A which is obtained from a measurement of the
r polarization (see "Note on the Z boson").

VAL UE

0.070+0.010+0.010
DOCUMENT ID

ADAM

TECN COMM EN T

96B DLPH Eceem= 91.2 GeV
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gy
VAL UE EVTS TECN COMMEN T
—0.0393+0.0018 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0,0414+ 0.0020 116 ABF 95J SLD Eee = 91.31 GeV

0 0364 +0.0096—0,0082 38k ACCIARRI 94 L3 E = 88—94 GeVcrn

—0.036 +0.005 45.8k 8 BUSKULIC 94 ALEP Eceem= 88—94 GeV

0 040 0'p1 1 ADRIANI 93M L3 Repl. by ACCIARRI 94

—O.O34 +OOO6—0.005
117 BUSKULIC 93J ALEP Repl. by BUSKULIC 94

—0.035 +0.005 70k 0 QUAST 93 RVUE Eee 88—94 GeV

ABE 95J obtain this result combining polarized Bhabha results with the A~R measure-
ment of ABE 94c. The Bhabha results alone give —0.0507+ 0.0096 + 0.0020.
The r polarization result has been included.
BUSKULIC 94 use the added constraint of r polarization.
ADRIANI 93M use their measurement of the r poiarization in addition to forward-
backward lepton asymmetries.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993. QUAST 93 use
also the average LEP values for r polarization and the forward —backward r polarisation
asymmetry.

DOCUMENT ID

gy
VAL UE EVTS DOCUMENT ID TECN COMM EN T

—0.0276+ ' OUR FIT—0.0057
~ o ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

p p402 +0.0153—0.0211
—0.034 + 0.013

—o.o4s + 0 02'—0.033
—0.019 —0.019
—0.029 4 0.010

34k ACC IAR Rl

46.4k BU SK ULI C

ADRIANI

BUSKULIC

70k 124 QUAS

94 L3 Eceme 88—94 GeV

94 ALEP Ecm —88—94 GeV

93M L3 Repl. by ACCIARRI 94

93J ALEP Repl. by BUSKULIC 94

93 RVUE E = 88 94 GeV

The r polarization result has been included.
BUSKULIC 94 use the added constraint of r polarization.
ADRIANI 93M use their measurement of the r polarization in addition to forward-
backward lepton asymmetries.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993. QUAST 93 use
also the average LEP values for r polarization and the forward —backward r polarisation
asym metry.

TECN COMM EN T

TECN COM M EN TDOCUMENT IDVAL UE EVTS
—0.0376+0.0012 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits,

50.3k 129 ABREU 94 DLPH

eic. ~ ~ ~

Eceem —88—94 GeV

—0.0378+—0.0042
—0.034 +0.004
—0.038 +0.004
—0.027 +0.008

-o.o4o +o. 6—0.005

0 034 +0.004—0.003
—0.0355+0.0025

97k 130 ACCIARRI

146k 129 AKERS
129 BUSKULIC

58k ACTON
130 ADRIANI

130 BUSKULIC

190k 131 QUAST

94 L3

94 OPAL

94 ALEP

93o OPAL

93M L3

93J ALEP

93 RVUE

Eceem= 88—94 GeV

Eceem= 88—94 GeV

= 88—94 Gev

Repl. by AKERS 94

Repl. by ACCIARRI 94

Repl. by BUSKULIC 94

Ec = 88—94 GeV

Using forward-backward lepton asymmetries.
The r polarization result has been included.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993. QUAST 93 use
also the average LEP values for r polarization and the forward —backward r polarisation
asymmetry. Assumes lepton universality.

gy
VAL UE EVTS DOCUMENT ID

-0.0374+0.0022 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.0384 +0.0078 25k ACCIARRI 94 L3 Ec ——. 88—94 GeV

—0.038 +0.005 45.1k BUSKULIC 94 ALEP Eee = 88—94 GeV
—0,037 +0.008 7441 ADRIANI 93M L3 Repl. by ACCIARRI 94
—0.039 +0.006 BUSKULIC 93J ALEP Repl. by BUSKULIC 94
—0,039 +0.004 50k 8 QUAST 93 RVUE Eee = 88—94 GeV

The r polarization result has been included.
BUSKULIC 94 use the added constraint of r polarization.
ADRIANI 93M use their measurement of the r polarization in addition to forward-
backward lepton asymmetries.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993. QUAST 93 use
also the average LEP values for r polarization and the forward —backward r polarisation
asymmetry.

Z AXIAL-VECTOR COUPLINGS TO CHARGED LEPTONS

These quantities are the effective axial-vector couplings of the Z to charged
leptons. Their magnitude is derived from a measurement of the Z line-

shape and the forward-backward lepton asymmetries as a function of en-

ergy around the Z mass. The relative sign among the vector to axial-vector
couplings is obtained from a measurement of the Z asymmetry parameters,

Ae and Ar, or ve scattering. The fit values quoted below correspond to
global nine- or five-parameter fits to lineshape, lepton forward-backward
asymmetry, and Ae and A measurements. See "Note on the Z boson"
for details.

TECN COMMENT

gP
VALUE EVTS DOCUMENT ID
—0.5015+0.0012 OUR FIT
o o ~ We do not use the following data for averages, fits, limits,

TECN COMMEN T

etc. ~ ~ ~

0 4987+ 0.0030
—0.0026

—0.501 + 0.002

34k 4 ACCIARRI 94 L3

46.4k BUSKULIC 94 ALEP

E" = 88-94 Gev

Ece~~ ——88—94 GeV

—o.496s I 0 0050—0.0037
—0.5014 +0.0029

The r-polarization constraint has been included.

4 ADRIANI 93M L3

4 BUSKULIC 93J ALEP

Repl. by ACCIARRI 94

Repl. by BUSKULIC 94

TECN COMM EN TVAL UE EVTS DOCUMENT ID

—O.M09+0.0013 OUR FIT
~ e ~ We do not use the following data for averages, fits, limits,

—0.50146 0.0029 25k ACC IARRI 94 L3

—0.502 +0.003 45.1I& BUSKULIC 94 ALEP
—0.5032+0.0038 7441 1 ADRIANI 93M L3
—0.5016+0,0033 BUSKULIC 93J ALEP

The r-polarization constraint has been included.

etc. ~ ~ ~

Eee = SS-94 GeV

Ecee 88-94 GeV

Repl. by ACCIARRI 94
Repl. by BUSKULIC 94

DOCUMEN T IDVALUE EVTS
—0.5008+0.0008 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits,

TECN COMMENT

etc. ~ ~ o

—0.49994 0.0014
—0.4998 + 0.0014
—0.500 +0.001
—0.502 +0.001
—0.4998 + 0.0016
—0.4986 + 0.0015
—0.5022+ 0.0015

The r-polarization

71I& AB RE U

97k 136 ACCIARRI

146 I& A K E RS

137I& BUSKULIC

58k ACTON
136 ADRIANI
136 BUSKULIC

constraint has been included.

94 DLPH

94 L3

94 OPAL

94 ALEP

93D OPAL
93M L3
93J ALEP

Eee 88—94 Gev

Ecm = 88—94 GeV
Eee = SS-94 GeV

Eceem= 88—94 GeV

Repl. by AKERS 94
Repl. by ACCIARRI 94
Repl. by BUSKULIC 94

Z COUPLINGS TO NEUTRAL LEPTONS

These quantities are the effective couplings of the Z to neutral leptons.

ve e and v, e scattering results are combined with g& and g& measure-

ments at the Z mass to obtain g"e and g I' following NOVIKOV 93c.

g C'

VAL UE

0.52860.085
TECN COM MEN T

94 CHM2 From v e and ve e scat-
tering

VILAIN 94 derive this value from their value of g n and their ratio g e/g r'

p5+0. 15—0.18'

DOCUMENT ID

VILA IN

g
VAL UE

0.502 +0.017
TECN COMMENT

94 CHM2 From v e scattering

ev
VILAIN 94 derive this value from their measurement of the couplings g

r' = —0.503 9=
A

e vI40.017 and gV
——0.035+ 0.017 obtained from v e scattering, We have re-evaluated

Il,

t
this value using the current PDG values for gA and g&.

DOCUMENT ID

VILAIN

gA
VAL UE EVTS DOCUMENT ID

-0.5007+0.0009 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.4977+ O. 0045 ABE 95J SLD E = 91.31 GeV

—0.4998+0.0016 38k ACCIARRI 94 L3 E = 88 94 GeV

—0.503 +0.002 45.8k BUSKULIC 94 ALEP Eceem = 88—94 GeV
—0.4980+ 0.0021 ADRIANI 93M L3 Repl. by ACCIARRI 94
—0.5029+ 0.0018 3 BUSKULIC 93J ALEP Repl. by BUSKULIC 94

ABE 95J obtain this result combining polarized Bhabha results with the ALR measure-
ment of ABE 94C. The Bhabha results alone give —0.4968 + 0.0039 + 0.0027.
The r-polarization constraint has been included.
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Z ASYMMETRY PARAMETERS

For each fermion-antifermion pair coupling to the Z these quantities are
defined as

A ~V~A
f f

(g')' + (g')'

Azz CHARGE ASYMMETRY IN e+e ~ e+e
(including radiative corrections}

For the Z peak, we report the pole asymmetry defined by (3/4)A ase
determined by the nine-parameter fit to cross-section and lepton forward-
backward asymmetry data. For details see the "Note on the Z boson. "

Ae

where g& and gA are the effective vector and axial-vector couplings. Forf f
their relation to the various lepton asymmetries see the 'Note on the Z
Boson. '

Using polarized beams, this quantity can also be measured as (crL —o-R)/ (CTL + rrR),
where tT~ and o-R are the e+ e production cross sections for Z bosons produced with
left-handed and right-handed electrons respectively.

ASYMMETRY (%)
1.51+0.40 OUR FIT
1.5 +0.4 OUR AVERAGE
2.5 +0,9
1.04+0.92
0.62 +0.80
1.85+0,66

STD.
MODEL GeV)

91.2
91.2
91.2
91.2

DOCUMENT ID

ABREU
ACCIA R R I

AKERS
BUSK ULI C

TECN

94 DLPH
94 L3
94 OPAL
94 ALEP

Because of the high current interest, we mention the following preliminary results here,
but do not average them or include them in the Listings or Tables. An unpublished
preliminary value of ALR (= Ae) from SLD which includes all previous SLD data is

0.1551 + 0.0040 (combining statistical and systematic errors). If the ABE 94C value
is replaced by this value, the average is 0.153 + 0.004 with no scale factor.

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.156 +0.008 OUR AVERAGE Error includes scale factor of 1.2.
0.202 +0.038 +0.008 139 ABE 95J SLD E = 91.31 GeV

0.136 +0.027 +0.003 0 ABREU 95l DLPH Ec —88—94 GeV

0.122 +0.030 +0.012 30663 AKERS 95 OPAL Eceem= 88—94 GeV

0 129 +0016 +0 005 33000 BUSKIJLIC 95@ ALEP E = 88—94 GeV

0.1656+0.0071+0.0028 49392 4 ARE 94c SLD Ec = 91.26 GeV

0.157 +0,020 +0.005 86000 ACCIARRI 94E L3 E = 88—94 GeV

0.097 +0.044 +0.004 10224 ARE g3 SLD E:g].26 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.120 +0.026 BUSKULIC 93p ALEP Repl. by
BU SK U L I C 95')

tABE 95J obtain this result from polarized Bhabha scattering.
Derived from the measurement of forward-backward ~ polarization asymmetry.
BUS KLILIC 950 obtain this result fitting the z polarization as a function of the polar c
production angle.

4 ABE 94C measured the left-right asymmetry in Z production. This value leads to sin 0~= 0.2292 + 0.0009 + 0.0004.
ABE 93 measured the left-right asymmetry in Z production.

This quantity is derived from the measurement of the average ~ polarization.
VALUE EVTS DOCUMENT ID TECN COMMENT

0.145+0.009 OUR AVERAGE

0.148+0,0174 0.014 ABREU 95i DLPH Ecm= 88—94 GeV

0.153J:0.019+0.013 30663 A K ERS 95 OPAL Eceem —88—94 GeV

0.136+0.012+0.009 33000 BUSKULIC 95@ ALEP Ec = 88—94 GeV

0.150+0.013+0.009 86000 ACCIARRI 945 L3 E = 88—94 GeV

o a o We do not use the following data for averages, fits, limits, etc. o ~ ~

0.132+0.033 10732 ADRIANI 93M L3 Repl. by ACCIARRI 94E
0.143+0.023 BUSKULIC 93' ALEP Rept. by

BUSKULIC 95Q
0.24 + 0.07 2021 ABREU 92m DLPH Repl. by ABREU 95i

BLISKULIC 950 obtain this result fitting the r polarization as a function of the polar r.
production angle.

This quantity is directly extracted from a measurement of the left-right forward-
backward asymmetry in cc production at SLC using polarized electron beam. This
double asymmetry eliminates the dependence on the Z-e-e coupling parameter Ae.

VALUE DOCUMENT ID TECN COMMENT

0.59+0.19 OUR AVERAGE

0.37+0.23 2 0.21 '45 ABE 95L SLD Ec = 91.26 GeV

0.73 4 0.22 +0.10 146 ABE, K 95 SLD Eee = 91.26 GeV

ABE 95L tag b and c quarks through their semileptonic decays into electrons and muons.
A maximum likelihood fit is performed to extract Ab and Ac.
ABE, K 95 tag Z ~ cc events using D*+ and D+ meson production. To take care
of the bb contamination in their analysis they use Ab

—0.64 + 0.11 (which is Ab fromD

D*/D tagging). This is obtained by starting with a Standard Model value of 0,935,
assigning it an estimated error of J:0.105 to cover LEP and SLD measurements, and
finally taking into account 8-8 mixing (1—2&mix: 0 72 4 0 09). Combining with
ABE 95L they quote 0.59 + 0.19.

This quantity is directly extracted from a measurement of the left-right forward-
backward asymmetry in bb production at SLC using polarized electron beam. This
double asymmetry eliminates the dependence on the Z-e-e coupling parameter Ae.

VALUE EVTS DOCUMENT ID TECN COMM EN T
0.89+0.11 OUR AVERAGE

0.87+0.11+0,09 4032 147 ABE 95K SLD E = 9],26 GeV

0.91+ 0.14+0,07 ABE 95' SLD Ecm= 91..26 GeV

ABE 95K obtain an enriched sample of bb events tagging with the impact parameter. A
momentum-weighted charge sum is used to identify the charge of the underlying b quark.
ABE 95L tag b and c quarks through their semileptonic decays into electrons and muons.
A maximum likelihood fit is performed to extract Ab and Ac. Combining with ABE 95K,
they quote 0.89 + 0.09 + 0.06.

A~F8"~ CHARGE ASYMMETRY IN e+e ~ p+ p,

(including radiative corrections)

For the Z peak, we report the pole asymmetry defined by (3/4)AeA, as
determined by the nine-parameter fit to cross-section and lepton forward-
backward asymmetry data. For details see the "Note on the Z boson. "

STD.
MODELA SYM M E TRY (%)

1.33+ 0.26 OUR FIT
1.34+ 0.24 OUR AVERAGE
1.4 + 0.5
1.79 4 0.61
0.99 + 0.42
1.46 k 0.48

~ ~ o We do not use the following data for

DOCUMENT IDGev) TECN

94 DLPH
94 L3
94 OPAL
94 ALEP

91.2
91.2
91.2
91.2

ABREU
AC CIA R R I

AKERS
BUSKULIC

fits, limits, etc. e

'49 ABREU
149 ABREU
149 ABREU
149 ABRFU
149 ABREU
149 ABRFU
150 ABE

averages,

20
40
57
69
79
87, 5

95M DLPH
95M DLPH
95M DLPH
95M DLPH
95M DLPH
95M DLPH

—45

90l VNS56, 9

—9.2
0.026
—24.9
—29.4
—31.2
—33.0
—25.9
—1.2
—8.6
—10.7
—14.9
—1.2
—8.6

35
91,14
52.0
55.0
56.0
57.0
53.3
14.0
34.8
38.3
43.8
13.9
34.5

88O TASS

—15.2

AFB" CHARGE ASYMMETRY IN e+ e ~ 7.+v
(including radiative corrections)

For the Z peak, we report the pole asymmetry defined by (3/4)AeA as
determined by the nine-parameter fit to cross-section and lepton forward-
backward asymmetry data. For details see the "Note on the Z boson. "

STD.
MODELASYMMETRY {%)

2.12+ 0.32 OUR FIT
2.13+ 0.31 OUR AVERAGE
2.2 + 0.7
2.65+ 0.88
2.05 + 0.52
1.97+ 0.56

GeV)

91.2
91.2
91.2
91.2

DOCUMENT ID

ABREU
ACC IA R R I

AKERS
RUSK ULIC

TECN

94 DLPH
94 L3
94 OPAL
94 ALEP

9 +30
7 +26 —10

—ll +33 —25
—62 +17
—56 +10 —58
—13 + 5 —23
—29.0 ' +0.54.8

—32.1

9.9 + 1.5 +0.5 HEGNER 90 JADE
0.05 + 0.22 151 ABRAMS 89p MRK2

—43.4 + 17.0 152 BACALA 89 AMY
—11.0 + 16.5 BACA LA 89 A MY
—30.0 + 12.4 152 BACALA 89 AMY
—46.2 + 14.9 152 BACALA 89 AMY
—29 +13 ADACHI 88c TOPZ
+ 5.3 + 5.0 4 0.5 ADEVA 88 MRK J
—10.4 + 1.3 +0.5 ADEVA 88 MRKJ
—12.3 + 5.3 4 0.5 ADEVA 88 MRK J
—156 + 30 +05 ADEVA 88 MRK J

10 + 60 BRAUNSCH. .. 88D TASS
9.1 + 2.3 +0.5 BRAUNSCH. . . 88o TASS

-10.6 + ' +0.5 —8.9 35.0 BRAUNSCH. ..

—17.6 4'3 + 0.5 43.6 BRAUNSCH. . . 88D TASS

4.8 + 6.5 + 1.0 —11.5 39 BEHREND 87c CELL
—18.8 + 4.5 + 1.0 —15.5 44 BEHREND 87C CELL
+ 2,7 4 4.9 —1.2 13.9 BARTEL 86C JADE
—11.1 + 1.8 + 1.0 —8.6 34.4 BARTEL 86C JADE
—17.3 + 4.8 2 1.0 —13.7 41.5 BARTEL 86C JADE
—22.8 + 5.1 + 1.0 —16.6 44.8 BARTEL 86C JADE

6.3 + 0.8 +0.2 —6.3 29 ASH 85 MAC
4.9 + 1.5 +0.5 —5.9 29 DERRICK 85 HRS
7.1 + 1.7 —5.7 29 LEVI 83 MRK2

—16.1 + 3.2 —9.2 34.2 BRANDELIK 82C TASS

ABRELI 95M perform this measurement using radiative muon-pair events associated with
high-energy isolated photons.
ABE 90l measurements in the range 50 ( ~s ( 60.8 GeV.
ABRAMS 89D asymmetry includes both 9 Ig+ p, and 15 ~+ ~ events.
BACALA 89 systematic error is about 5%.
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~ ~ o We do not use the following data for averages, fits, limits, etc. ~

—32.8 + 64 +1.56.2
—32, 1 56.9 153 ABE

8, 1 + 2.0 +0.6 —9 2 35 HEGNER
—18.4 6 19.2 —24, 9 52.0 BACA LA
—17,7 + 26.1 —29.4 55.0 154 BACALA
—45.9 + 16.6 —31.2 56.0 154 BACALA
—49.5 k 18.0 33 0 57 0 154 BACALA
—20 +14 —25,9 53.3 A DAC HI
—10.6 + 3.1 + 1.5 —8.5 34.7 ADEVA

8.5 k 6.6 + 1.5 —15,4 43.8 ADEVA
6.0 + 2.5 + 1.0 8.8 34.6 BARTEL

—11.8 + 4.6 2 1.0 14.8 43.0 BARTEL
5.5 + 1.2 +0.5 —0.063 29.0 FERNANDEZ
4.2 + 2.0 0.057 29 LEVI

—10 3 + 52 —9.2 34.2 BEHREND
0.4 + 6.6 —9.1 34.2 BRANDELIK

ABE 901 measurements in the range 50 ( ~s ( 60.8 GeV.
BACALA 89 systematic error is about 5%.

~ ~

901 V NS

90 JADE
89 AMY
89 AMY
89 AMY
89 AMY
88c TOPZ
88 MRK J
88 MRK J
85F JADE
85F JADE
85 MAC

83 MRK2
82 CELL
82c TASS

Ai&~ CHARGE ASYMMETRY IN e+e—~ t'+i
(including radiative corrections)

For the Z peak, we report the pole asymmetry defined by (3/4)A& as
determined by the five-parameter fit to cross-section and lepton forward-
backward asymmetry data assuming lepton universality. For details see
the "Note on the Z boson. "

ASYMMETRY {%)
1.59+0.18 OUR FIT
1.60+Oe18 OUR AVERAGE
1.77+ 0.37
1.84+ 0.45
1.28+ 0.30
1.71+0.33

STD.
MODEL GeV)

91.2
91.2
91.2
91.2

DOCUMENT ID

ABREU
ACCIARRI
AKERS
BUSKULIC

TECN

94 DLPH
94 L3
94 OPAL
94 ALEP

Aig CHARGE ASYMMETRY IN e+e ~ ss
The s-quark asymmetry is derived from measurements of the forward-
backward asymmetry of fast hadrons containing an s quark.

Ai& CHARGE ASYMMETRY IN e+e ~ cc
OUR FIT, which is obtained by a simultaneous fit to several c- and s-
quark measurements as explained in the "Note on the Z boson, " refers
to the Z pole asymmetry. As a cross check we have also performed a

weighted average of the "near peak" measurements taking into account
the various common systematic errors. We have assumed that the smallest
common systematic error is fully correlated. Applying to this combined
"peak" measurement QCD, QED, and energy-dependence corrections, our
weighted average gives a pole asymmetry of (7.35 + 0.74)%.

STD. Js
ASYMMETRY {%) MODEL (GeV) DOCUMENT ID

7.22+ 0.67 OUR FIT
6.00+ 0.67+ 0.52 91.24 156 ALEXANDER 96 OPAL
7, 7 + 2.9 + 1.2 91,27 57 ABREU 95E DLPH
8.3 + 2.2 + 1.6 91.27 158 ABREU 95K DLPH
6.99+ 2.05 + 1.02 91.24 BUSKULIC 95I ALEP
9.9 4 2, 0 + 1.7 91.24 6 BUSKULIC 94G ALEP
3.8 + 4.4 + 1.0 5.4 91 28 161 AKERS 93o OPAL

83 + 38 j27 56 9124 162ADRIANI 92O L3
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

75 + 34 +06 —35 8952 ALEXANDER 96 OPAL
14, 1 4 2.8 +0.9 12,0 92 94 ALEXANDER 96 OPAL
6.8 + 4.2 + 0.9 91.25 1 BUSKULIC 94J ALEP
1.4 + 3.0 + 2.0 5.6 91.24 6 ACTON 93K OPAL

—14 +14 +3 —2 89.75 AKERS 93o OPAL
18 +12 +3 12 92.64 16 AKERS 93o OPAL

—12.9 + 7.8 + 5.5 —13.6 35 BEHREND 90o CELL
7.7 + 13.4 + 5.0 —22. 1 43 BEHREND 90o CELL

—12.8 + 4.4 +4.1 —13.6 35 ELSEN 90 JADE
—10.9 2- 12.9 k4.6 —23.2 44 ELSEN 90 JADE
—14.9 + 6.7 —13.3 35 OULD-SAADA 89 JADE

ALEXANDER 96 tag heavy flavors using one or two identified leptons. This allows the
simultaneous fitting of the b and c quark forward-backward asymmetries as well as the
average B -B mixing.

7 ABREU 95E require the presence of a D* to identify c and b quarks.
ABREU 95K identify c and b quarks using both electron and muon semileptonic decays.

TECN

STD. vs
ASYMMETRY {%) MODEL {GeV) DOCUMENT ID TECN

13.1+3.5+1.3 91.2 ABREU 95G DLPH

ABREU 95G require the presence of a high-momentum charged kaon or A to tag the
s quark. An unresolved s- and d-quark asymmetry of (11.2 6 3.1 + 5.4)% is obtained by
tagging the presence of a high-energy neutron or neutral kaon in the hadron calorimeter.

BUSKULIC 95l require the presence of a high momentum D*+ to have an enriched
sample of Z ~ cc events.
BUSKULIC 94G perform a simultaneous fit to the p and p7- spectra of both single and
dilepton events.
AKERS 93o identify the b and c decays using D*.
ADRIANI 92o use both electron and muon semileptonic decays.
BUSKULIC 94J Identify the b and c decays using D*. Repl. by BUSKULIC 95l.
ACTON 93K use the lepton tagging technique. Repl. by ALEXANDER 96.

AFB CHARGE ASYMMETRY IN e+e ~ bb

OUR FIT, which is obtained by a simultaneous fit to several c- and b-

quark measurements as explained in the "Note on the Z boson, " refers
to the Z pole asymmetry. As a cross check we have also performed a
weighted average of the "near peak" measurements taking into account
the various common systematic errors. We have assumed that the smallest
common systematic error is fully correlated. Applying to this combined
"peak" measurement QCD, QED, and energy-dependence corrections, our
weighted average gives a pole asymmetry of (9.96 4 0.39)%. For the jet-
charge measurements (where the QCD corrections are already included
since they represent an inherent part of the analysis), we subtract the
QCD correction before combining.

STD.
MODEL GeV) TECN

90o CELL
90o CELL
90 TASS
90 JADE
90 JADE
89 MAC

89 AMY

35
43
35
35
44
29.0
55.2

ASYMMETRY {%) DOCUMENT ID

9.92+ 0.35 OUR FIT
9.06+ Q.51+ 0.23 91.24 165 ALEXANDER 96 OPAL
5.9 + 6.2 + 2.4 91.27 166 ABREU 95E DLPH

10.4 + 1.3 + 0.5 91.27 167 ABREU 95K DLPH
115 + 17 + 10 91.27 168 ABRFU 95K DLPH
9.63+ 0.67+ 0.38 91.25 169 AKERS 95s OPAL
8.7 + 1.1 + 0.4 91 3 AC CIA R R I 94o L3
8.7 + 1.4 + 0.2 91.24 71 BUSKULIC 94G ALEP
9.92+ 0.84+ 0.46 91.19 BUSKULIC 941 ALEP

13,9 4 9.7 + 4.9 ' 9.4 91.28 173 A K E RS 93o OPAL
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5, 5 + 2, 4 + 0.3 5.5 89.52 165 ALEXANDER 96 OPAL
11.7 + 2, Q + Q.3 11.4 92,94 165 ALEXANDFR 96 OPAL
6.2 + 3,4 + 0.2 89 52 169 AKERS 95s OPAL

172 + 28 + 07 92 94 169 AK ERS 95s OPAL
3.8 + 6,7 -+ 0.5 88.24 174 BUSKULIC 94G ALEP
1.7 k 7.6 4 0.3 89.24 174 BUSKULIC 94G ALEP
4.5 + 6.0 + 0.5 90.24 174 BUSKULIC 94G ALEP
7.0 4 5.5 4 0,7 92.24 174 BUSKULIC 94G ALEP

12.1 + 6.9 + 1.1 93.24 BUSKULIC 94G ALEP
14.5 + 8.1 + 1.3 94.24 174 BUSKULIC 94G ALEP
7.1 + 5.4 + 0.7 5.2 89.66 175 ACTON 93K OPAL
9.2 + 1.8 + 0.8 8.5 91.24 175 ACTON 93K OPAL

13,1 + 4.7 + 1,3 10.8 92.75 75 ACTON 93K OPAL
9.3 + 1.1 176 QUAST 93 RVUE

161 5 60 + 21 91.2 177 ABREU 92H DLPH
8.6 + 1.5 + 0.7 8.2 9] 24 178 ADRIANI 92o L3
2.5 6 5.1 + 0.7 5.3 89.67 9 ADRIANI 92o L3
9.7 + 1.7 + 0.7 8.2 91.24 ADRIANI 92o L3
6.2 + 4.2 6 0.7 10.8 92.81 A D R IA Nl 92o L3

—71 634 — 8
—58 58.3 SHIMONAKA 91 TOP Z

—22.2 4 7.7 + 3.5 —26.0 BEHR END
—49.1 4 16.0 4 5.0 —39.7 BEHR END
—28 +11 —23 BRAUNSCH. ..
—16.6 4 7.7 4 4.8 —24.3 ELSEN
—33.6 +22.2 + 5.2 —39.9 ELSEN

3.4 + 7.0 + 3.5 —16.0 BAND
—72 +28 +13 —56 SAG AWA

ALEXANDER 96 tag heavy flavors using one or two identified leptons. This allows the
simultaneous fitting of the b and c quark forward-backward asymmetries as well as the
average B -B mixing.
ABREU 95E require the presence of a D* to identify c and bquarks.

7ABREU 95K identify c and b quarks using both electron and muon semileptonic decays.
The systematic error includes an uncertainty of +0.3 due to the mixing correction (& =
0.115 + 0.011).
ABREU 95K tag bquarks using lifetime; the quark charge is identified using jet charge.
The systematic error includes an uncertainty of +0.3 due to the mixing correction (X' =
0.115 + 0.011).
AKERS 95s tag bquarks using lifetime; the quark charge is measured using jet charge.
These asymmetry values are obtained using R~ —

I (bb)/f (hadrons) = 0.216. For a
value of R~ different from this by an amount DRt, , the change in the asymmetry values
is given by —KAR~, where K = 0.082, 0.471, and 0.855 for ~s values of 89.52, 91.25,
and 92.94 GeV respectively.
ACCIARRI 94o use both electron and muon semileptonic decays.
BUSKULIC 94G perform a simultaneous fit to the p and pT spectra of both single and
dilepton events.
BUSKULIC 94l use the lifetime tag method to obtain a high purity sample of Z ~ bb
events and the hemisphere charge technique to obtain the jet charge.
AKERS 93o identify the b and c decays using D*.
BUSKULIC 94o perform a high pT lepton analysis using single- and double-tagged
events.
ACTON 93K use the lepton tagging technique. The systematic error includes the uncer-
tainty on the mixing parameter. Replaced by ALEXANDER 96.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993.
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"B tagging via its semimuonic decay. Experimental value corrected using average LEP
B -B mixing parameter X = 0.143 + 0.023.
ADRIANI 92D use both electron and muon semileptonic decays. For this measurement
ADRIANI 92D average over all v s values to obtain a single result.
ADRIANI 92D use both electron and muon semileptonic decays. The quoted systematic
error is common to all measurements. The peak value is superseded by ACCIARRI 94D.

CHARGE ASYMMETRY IN e+ e ~ q q

Summed over five lighter flavors.

Experimental and Standard Model values are somewhat event-selection
dependent. Standard Model expectations contain some assumptions on
B -B mixing and on other electroweak parameters.

4.0
9.0

CHARGE ASYMMETRY IN pp ~ Z -+ e+ e
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QUAST 93 is a combined analysis of LEP results as of Feb. 1993.
ABREU 921 has 0.14 systematic error due to uncertainty of quark fragmentation.
ACTON 92L use the weight function method on 259k selected Z ~ hadrons events.
The systematic error includes a contribution of 0.2 due to B -B mixing effect, 0.4
due to Monte Carlo (MC) fragmentation uncertainties and 0.3 due to MC statistics.
ACTON 92L derive a value of sin 0 to be 0.2321 4 0.0017 6 0,0028.
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Figure 1: The branching ratio of the Higgs
boson into pp, w~, 66, tt, cc, ZZ, and WW as a
function of the Higgs mass. In the latter cases,
if MJI ( 2Mz (or MH ( 2M~), the value
indicated is the rate to ZZ* (or WW*) where
Z' (W') denotes a virtual Z (W). The cc rate
depends sensitively on the poorly-determined
charmed quark mass.

If the Higgs mass is very large, the couplings of the Higgs

to itself and to longitudinally polarized gauge bosons become

large. Requiring that these couplings remain weak enough so

that pert, urbation theory is applicable implies that MII & 1

TeV [2]. While this is not, an absolute bound, it, is an indication

of the mass scale at which one can no longer speak of an

elementary Higgs boson. This fact is made more clear if one

notes that the width of the Higgs boson is proportional to the

cube of its mass (for MH ) 2Mz) and that a boson of mass 1

TeV has a width of 500 GeV.

Higgs Bosons H' and H+, Searches for

THE HIGGS BOSON

(by I. Hinchliffe, LBNL)

The Standard Model [1] cont, ains one neutral scalar Higgs

boson, which is a remnant of the mechanism that breaks the

SU(2) x U(1) symmetry and generates the W and Z boson

masses. The Higgs couples t, o quarks and leptons of mass my

with a strength gmy/2Mtv. Its coupling to W and Z bosons

is of strength g, where g is the coupling constant of the SU(2)

gauge theory. Consequently its coupling to stable matter is

very small, and its production and detection in experiments is

diFicult. An except, ion is its production in the decay of the Z
boson. Since large numbers of Z's can be produced and the

coupling of the Z to the Higgs is unsuppressed, experiments

at LEP are now able to rule out a significant range of Higgs

masses. The branching ratio of the Higgs boson into various

final states is shown in Fig. 1.

It is believed that scalar field theories of the type used to
describe Higgs self-interactions can only be effective theories
valid over a limited range of energies if the Higgs self-coupling

and hence Higgs mass is nonzero. A theory of this type that is

valid at all energy scales must have zero coupling. The range of
energies over which the interacting theory is valid is a function

of the Higgs self-coupling and hence its mass. An upper bound

on the Higgs mass can then be determined by requiring that the
theory be valid (i.e. , have a nonzero value of the renormalized

Higgs self-coupling) at all scales up to the Higgs mass [3].
Nonperturbative calculations using lattice [4] gauge theory that
can be used to compute at arbitrary values of the Higgs mass

indicate that MH & 770 GeV.
If the Higgs mass were small, then the vacuum (ground)

state with the correct value of M~ would cease to be the t, rue

ground state of the theory [6]. A theoretical constraint can

then be obtained from the requirement that this is not the case,
i, e. , that our universe is in the true minimum of the Higgs po-

tential. The constraint depends upon the top quark mass and

upon the scale (A) up to which t, he Standard Model remains

valid. This scale must be at least 1 TeV, result, ing in the con-

straint [7] MJI ) 72 GeV+ 0.9 (mt, „&—174 GeV). The bound

increases monotonically with the scale, for A = 10 GeV,

MH ) 136 GeV+ 2.1 (mt» —174 GeV). This constraint may

be too restrictive. Strictly speaking we can only require that
the predicted lifetime of our universe, if it is not at the true
minimum of the Higgs potential, be longer than its observed

age [8,9]. For A = 1 TeV there is no constraint; and for

A = 10's GeV M~ ) 120 GeV+ 2.3 (m~» —174 GeV) [10].
Experiments at LEP are able to exclude a large range of

Higgs masses. They search for the decay Z ~ H Z*. Here Z*

refers to a virtual Z boson that can appear in the detector as

e+e, p, +IJ, , r+w, vv (i e. , rmssing energy) o.r hadrons. The
experimental searches have considered bot, h II ~ hadrons and

H —+ ~+~ . The best limits are shown in the Particle Listings

below.

Precision measurement of electroweak parameters such as

M~ and the various asymmetries at LEP and SLC are becoming

sensit, ive enough that, they can in principle constrain t, he Higgs

mass through its effect in radiative corrections. Current, ly, the

precision tests allow the entire range from the direct LEP limit

(MII ) 60 GeV) to 1 TeV [11] at 95/o confidence level although

fits prefer the lower end of this range. The recent determination

of t,he top mass has improved the constraint, on MIJ. See t, he

article in this volume on the "Standard A&Iodel of Electroweak
Interactions. "

The search range for Higgs bosons will expand short, ly

when LEP begins operat, ion at higher energy. The process
e+e ~ ZII [12] should enable neutral Higgs bosons of masses

up to 0.97 (v s —Mz) to be discovered [13]. If the Higgs is

heavier than this, its discovery will probably have to wait until

experiments at the LHC have data. If the neutral Higgs boson

has mass greater than 2Mz, it will likely be discovered via its

decay to ZZ and the subsequent decay of the Z's to charged



Higgs Bosons

226

Gauge Ec Higgs Boson Particle Listings
H' and H+

leptons (electrons or muons) or of one Z to charged leptons and

the other to neutrinos. A challenging region is that between the

ultimate limit of LEP and 2Mz. At the upper end of this range

the decay to a real and a virtual Z, followed by the decay to
charged leptons is available. The decay rate of the Higgs boson

into this channel falls rapidly as MII is reduced and becomes

too small for MII & 140 GeV. For masses below this, the decays

H ~ pp and possibly H —+ bb [14] are expected to be used.

The former has a small branching ratio and large background,

the latter has a large branching ratio, larger background and a
final state that is diKcult to fully reconstruct [15].

Extensions of the Standard Model, such as t,hose based

on supersymmetry [16], can have more complicated spectra of

Higgs bosons. The simplest extension has two Higgs doublets

whose neutral components have vacuum expectation values vy

and vg, both of which contribute to the W and Z masses. The

physical particle spectrum contains one charged Higgs boson

(H+), two neutral scalars (Hy, Hz), * and one pseudoscalar (A).
In the simplest version of the supersymmetric model, the mass

the lightest of these scalars depends upon the top quark mass,

the ratio u2/v~, and the masses of the other supersymmetric

particles. For m~ ——174 GeV, there is a bound M~, 125

GeV [18,19]. In models where all fermions of the same electric

charge receive their masses from only one of the two doublets

(v2 gives mass to the charge 2/3 quarks, while vy gives mass

to t, he charged leptons and the charge 1/3 quarks), there are,

as in the Standard Model, no fIavor-changing neutral currents

at lowest order in perturbation theory. The Hp, H2, and A

couplings to fermions depend on u2/vy and are either enhanced

or suppressed relative to the couplings in the Standard Model.

Experiments at LEP are able to exclude ranges of masses for

neutral Higgs particles in these models. These ranges depend

on the values of v2/vy. See the Particle Listings below on H&,

Mass Limits in Supersymmetric Models.

Charged Higgs bosons can be pair produced in e+e an-

nihilation. Searches for charged Higgs bosons depend on the

assumed branching fractions to v~, cs, and cb. Data from

LEP now exclude charged Higgs bosons of mass less than 43.5
GeV [20]. See the Particle Listings for details of the H+ Mass

Limit.

A charged Higgs boson could be produced in the decay

of a top quark, t —+ H+b. Searches for this decay at, hadron

colliders should be possible [21].
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H (Higgs Boson) MASS LIMITS

These limits apply to the Higgs boson of the three-generation Standard
Model with the minimal Higgs sector. Limits that depend on the Ht t
coupling may also apply to a Higgs boson of an extended Higgs sector
whose couplings to up-type quarks are comparable to or larger than those
of the standard one-doublet model H couplings.

For comprehensive reviews, see Gunion, Haber, Kane, and Dawson, "The
Higgs Hunter's Guide, " (Addison-Wesley, Menlo Park, CA, 1990) and
R.N. Cahn, Reports on Progress in Physics 52 389 (1989). For a review
of theoretical bounds on the Higgs mass, see M. Sher, Physics Reports
(Physics Letters C) 179 273 (1989).

&38
&52

&48
0.21

&11.3
&41.8

none 3-44

90

Limits from Coupling to 2/W+
VAL UE (GeV} CL% DOCUMENT /D TECN COMMEN T

&55.7 95 ABREU 94G DLPH Z H 2*
&56.9 95 AKERS 94B OPAL Z ~ H Z*
&57,7 95 ADRIANI 93C L3 Z ~ H Z*
)58.4 95 BUSKULIC 93H ALEP Z ~ H Z*

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ e o

&60 95 GROSS 93 RVUE Z ~ H Z*
ABREU 92D DL.PH Z ~ H

95 ABREU 92J DLPH Z ~ H Z*
95 ADEVA 92B L3 2 ~ H Z*

ADRIANI 92F L3 Z ~ H

95 DECAMP 92 ALEP Z ~ H0 Z*
99 "ABREU 91B DLPH Z —~ H Z*
95 ACTON 91 OPAL H ~ anything
95 3 ADEVA 91 L3 Z ~ H0Z*

14 ADEVA 91D L3 Z ~ H0p
95 15 AKRAWY 91 OPAL Z ~ H Z*
g5 16 AKRAWY 91C OPAL Z ~ HO Z
90 ABE 90E CDF pp ~ (W+, 2) +

H0+ X
17 ABE 90E CDF pp ~ (W+, 2) +

HO~ X
none 0.21-14 95 ABREU 90C DLPH Z ~ H Z*
none 2-32 95 19 ADEVA 90H L3 Z —+ H0 Z*
) 2 99 0 ADEVA 90N L3 Z ~ H0Z*

none 3,0-19.3 95 AKRAWY 90C OPAL Z ~ H Z*
0.21 95 AKRAWY 90P OPAL Z ~ H Z*

none 0.032—15 95 23 DECAMP 90 ALEP 2 HO 2
none 11-24 95 DECAMP 90H ALEP Z ~ H Z*
& 0.057 95 DECAMP 90M ALEP Z ~ H ee, H p/c

none 11-41,6 g5 26 DECAMP 90N ALEP Z HO Z

ABREU 94G searched for 2 H + (e+ e, /c+ /c, r+ r, v v) with H ~ q q.
Four E+ E candidates were found (all yielding low mass) consistent with expected back-
grounds.
AKERS 94B searched for Z ~ H + (e+ e, /c+ p, , vv) with H ~ qq. One vv
and one /c+/c candidate were found consistent with expected backgrounds.
ADRIANI 93C searched for Z ~ H + (vv, e+ e, /c+/c ) with H decaying hadroni-

cally or to rr. Two e+ e and one p+ /c candidates are found consistent with expected
background.

4BUSKULIC 93H searched for Z ~ H0vv (acoplanar jets) and Z ~ H + (e+e
/c+/i ) (lepton pairs in hadronic events).
GROSS 93 combine data taken by four LEP experiments through 1991.
ABREU 92D give cT(e+ e ~ Z ~ H p) B(H ~ hadrons) &8 pb (95% CL) for

mHO &75 GeV and E )8 GeV.

ABREU 92J searched for Z ~ H + (ee, /cp, , rr, vv) with H ~ qq. Only one

candidate was found, in the channel ee + 2jets, with a dijet mass 35.4 + 5 GeV/c,
consistent with the expected background of 1.0 + 0.2 events in the 3 channels e+ e
/c+/c, r+r, and of 2.8 + 1.3 events in all 4 channels. This paper excludes 12—38
GeV. The range 0—12 GeV is eliminated by combining with the analyses of ABREU 90C
and ABREU 91B.
ADEVA 92B searched for Z ~ H + (vv, ee, /c/c, rr) with H ~ anything, Z ~
H + r r with H ~ q q, and Z ~ H + q q with H ~ r r. The analysis excludes
the range 30 & mHp & 52 GeV.

ADRIANI 92F give n (e+ e —+ Z —+ H p) B(H —+ hadrons) &(2—10) pb (95% CL)
for m&p

—25—85 GeV. Using cT(e+ e ~ Z) = 30 nb, we obtain B(Z ~ H p)B(H
hadrons) &(0.7—3) x 10 " (95% CL).
DECAMP 92 searched for most possible final states for Z —~ H Z*.
ABREU 91B searched for Z H + eX with missing H and Z H + (vv, ll,
qq) with H0 ~ ee.
ACTON 91 searched for e+ e ~ Z H where Z* ~ e+ e, /c+ p, , or vv and H
anything. Without assuming the minimal Standard Model mass-lifetime relationship, the
limit is mHO & 9.5 GeV.

ADEVA 91 searched for Z —~ H0 + (/c/c, ee, vv). This paper only excludes 15 &

mHp & 41,8 GeV. The 0—15 GeV range is excluded by combining with the analyses of
previous L3 papers.

4 ADEVA 91D obtain a limit B(Z ~ H p) B(H ~ hadrons) & 4.7 x 10 " (95%CL)
for mHo

—30—86 GeV. The limit is not sensitive enough to exclude a standard H

AKRAWY 91 searched for the channels 2 ~ H -I- (vP, ee, /c/c, r7) with H

qq, rr, and Z ~ H qq with H

AKRAWY 91C searched the decay channels Z ~ H -+ (vv, ee, /c/c) with H ~ qq.

ABE 90E looked for associated production of H with W or Z in pp collisions at ~s
= 1.8TeV. Searched for H decays into /c+ p, , x+~, and K+ K . Most of the
excluded region is also excluded at 95% CL.
ABREU 90C searched for the channels Z ~ H + (vv, ee, /c/c) and H + qq for
mH & 1 GeV.

ADEVA 90H searched for Z ~ H + (/cp, , ee, vv).
ADEVA 90N looked for Z ~ H + (ee, /c/c) with missing H and with H ~ ee,
/cp, 7r+ vr, K+ K
AKRAWY 90C based on 825 nb . The decay Z ~ H vv with H ~ rr or qq
provides the most powerful search means, but the quoted results sum all channels.
AKRAWY 90P looked for Z ~ H + (ee, /c/c) (H missing) and Z ~ H vv, H
e+e —,pp.
DECAMP 90 limits based on 11,550 Z events. They searched for 2 ~ H + (vv, ee,
p, p, rr, qq). The decay Z H vv provides the most powerful search means, but the
quoted results sum all channels. Different analysis methods are used for mHO & 2m
where Higgs would be long-lived. The 99% confidence limits exclude mHp:— 0 ~ 040 12
GeV.

4DECAIVIP 90H limits based on 25,000 Z ~ hadron events.
DECAMP 90M looked for Z ~ H ee, where H decays outside the detector.
DECAMP 90N searched for the channels Z ~ H + (v v, e e, p, p, , r r) with H
(hadrons, rr ).

Limits from Other Techniques

Ho Indirect
VAL UE (GeV)

~ ~ ~ We do

Mass Limits from Electroweak Analysis
CL% DOCUMENT /D TECN COMMENT

not use the following data for averages, fits, limits, etc. ~ ~ ~

63 + 9'
0

&730
&740

+205
26

+ 95
28

69 + 188
9

+'
13

10 + 25
8

60
8

1.4

25 +275
19

+ 353
0

95
95

68

27 CHANKOWSKI95 RVUE

28 ERLER 95 RVUE
29 MATSUMOTO 95 RVUE

30 ELLIS 94 RVUE

ELLIS 94B RVUE

GURTU 94 RVUE

MONTAGNA 94 RVUE

BLONDEL 93 RVUE

ELLIS

NOVI KOV

37 DELAGUILA
38 ELLIS
39 ELLIS

93B RVUE

93B RVUE

92B RVUE
92 RVUE Electroweak

92E RVUE

RENTON 92 RVUE
41 SCHAILE 92 RVUE

CHANKOWSKI 95 fit to LEP, SLD, and W mass data available in the spring of 1995
plus m&

—176 + 13 GeV. Exclusion of the SLD data increases the mass to mH =
121+

8 GeV (mH &800 GeV at 95% CL).

ERLER 95 fit to LEP, SLC, W mass, and various low-energy data available in the summer
of 1994 plus mt —174+ 16 GeV from CDF. The limit without m& is 880 GeV. However,
the preference for lighter mH is due to Rb and A~R, both of which do not agree well
with the Standard Model prediction.
MATSUMOTO 95 fit to LEP, SLD, W mass, and various neutral current data available
in the summer of 1994 plus m&

—180 + 13 GeV from CDF/D(/J, and the LEP direct limit
mH )63 GeV. n&(mZ) = 0.124 is used. Fixing n,~(mZ) = 0.116 lowers the upper limit
to 440 GeV. Dependence on o(mz) is given in the paper.
ELLIS 94 fit to LEP, SLD, W-mass, and neutrino data available in the summer of 1993.
The fit to mH, mt, and res yields mt —140 22 GeV and ~s(mZ)= 0.116+21 + 0.007

31ELLIS 94B fit to LEP, SLD, W mass, neutral current data available in the spring of 1994
plus m&

—167 + 12 GeV determined from CDF/DI|1 t t direct searches. ns(mZ)
0.118 4 0,007 is used. The fit yields mt —162 2 9 GeV. A fit without the SLD data

gives mH —130 90 GeV.+ 320

GURTU 94 fit to LEP, SLD, W mass, neutral current data available in the spring of
1994 as well as mt. —174 2 16 GeV. A fit without I (Z ~ bb)/r(2 ~ hadrons) gives

m H: 120 60 GeV.-+ 364

MONTAGNA 94 fit to LEP and SLD, W-mass data together with mt
—174 4 17 GeV.

Although the data favor smaller Higgs masses, the authors do not regard it significant.
BLONDEL 93 perform two dimensional (m& —mH) fit to LEP electroweak data available
in the spring of 1993. its = 0.117 + 0,005 is used and m& )108 GeV, mH ) 62.5 GeV
imposed. mHo

—1TeV is compatible with the data within two standard deviations.

ELLIS 93B fit to LEP and neutrino data available in the summer of 1993. mt is adjusted
to minimize X and ns(mZ) =- 0.123 + 0.006 is used. 95% CL limit for mH &250 GeV
is claimed.
NOVIKOV 93B use a subset of the most accurate and "gluon-free" data available in the
spring of 1993. They use m W, I (EE), and A&&.

7DELAGUILA 92B perform two dimensional (m& — mH) fit to various LEP, neutrino,
BH, and pp data available through 1991 with direct limits on mt, mH. The result

mH —65 4 is not expected from the statistical sensitivity of the data but due to
deviation of the data from the Standard Model expectation.
ELLIS 92 result is from a fit to electroweak data from LEP and elsewhere. They also find
mH &160 GeV at 68%CL and 0.5 &mH &1500 GeV at 90%CL with mt. unconstrained.
ELLIS 92E perform fit to electroweak data available in the spring of 1992. m& is adjusted
to minimize X and ns(mZ) = 0.118 + 0.008 is used.
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RENTON 92 use electroweak data available in 1991 and require mH )50 GeV. The
constraint r~s= 0.114 + 0.007 was used.

SCHAILE 92 performs fit to LEP electroweak data (as of summer 1991) as well as m ~
(UA2/CDF) and v N (CDHS/CHARM). The fit with the constraint mH )50 GeV gives

mH=50 0 GeV. However, the mH dependence of the X is not consistent from+192
that expected from the present statistics and the sensitivity to mH arises from the fact
that the measured values of gA and AFB deviate from the Standard Model expectation.b

Therefore, the result is not considered to be significant.

From Other Techniques
VAL UE (GeV) CL% DOCUMENT lD TECN

e ~ e We do not use the following data for averages, fits, limits,
42 CASAS 95 THEO
43 ESPINOSA 95B THEO
44 ALTARELLI 94 THEO

95 45 BARABASH 92 BDMP
90 DAVIER 89 BDMP

none 0.001-0.072
none 0.0012-0.052

none 0.010-0,10

none 0.015M.04

90

90

EGLI

47 LINDNER
48 YEPES

89 CNTR

89 THEO
89 RVUE

DZHELYA DIN 81

COMMENT

etc. ~ ~ e

Vacuum stability
Vacuum metastability
Vacuum stability

7} HO

e Z ~ eHOZ
(HO e+ e )

~+ e+vHO
(H e+e )

Vacuum sta bility

e+ vHO
(HO e+ e )

(HO p+ p, )
WITTEN 81 COSM

50 GUTH 80 COSM
50 SHER 80 COSM

CASAS 95 require stability of the vacuum in the minimal Standard Model up to the scale
A and find mH & 127.9 +1.92(m& —174) —4, 25(as(mZ) —0.124)/0. 0006 (units in

GeV) for h = 10 GeV, and mH )52 GeV for h = 1 TeV, mt. —174 GeV, o. , (mZ)= 0.124.
ESPINOSA 95B require metastability of the vacuum in the minimal Standard Model up
to the scale A and find mH &[2.278 —4, 654(n, (mZ) —0.124)]mt. —277 GeV for h

1019 G
44ALTARELLI 94 require the stability of the vacuum in the minimal Standard Model and

find mH ) 72 (135) GeV for the cut-off scale A = 1 TeV (10 GeV), if ml. —174 GeV
and as(mZ) = 0.118. See paper for mt. , ~ts, and h dependence of the result.

45 BARABASH 92 is a beam dump experiment that searched for H ~ e+ e and pp
prOduCed Via the deCayS ~ ~ eve H, K ~ eve H, K -~ AH, and 7}' ~ 7}H
The last process gives the best limit if the theoretical calculation by RUSKOV 87 is used.
EGLI 89 give a limit for B(~+ ~ e+ vH ) B(H ~ e+ e ) ranging from 10 to
10 for the mass range 10—110 MeV. The theoretical prediction they use is too large
by a factor of 162/49 (see DAWSON 89, DAWSON 90, and CHENG 89). The lower
limit given above is reevaluated by us.

47LINDNER 89 require vacuum stability and numerically solve the renormalization equa-
tions to two-looP order. If mtop —100, 110, 120 GeV, then mH;ggs ) 20, 34, 50 GeV.
However, it is possible that the vacuum is not stable but is very long-lived.
YEPES 89 reanalyzed a BNL beam-dump experiment (JACQUES 80) which looked for
electron pairs in 7 foot BC downstream from the dump and found none.
DZHELYADIN 81 obtained B(7}' ~ pig+ p ) & 1.5 x 10 (CL = 90%), and argued
that it excludes H with the standard one-doublet-model couplings in p+if, channel
for mHp

—0.25—0.409 GeV. However, the number 0.409 is not well-determined due to

theoretical uncertainties in B(HO p+ lg ).
Limits from cosmological considerations of SU(2) x U(1) symmetry-breaking phase tran-
sition occurring only after extreme supercooling, resulting in too high a ratio of entropy
to baryon number. Limits apply to the standard one-doublet model H, with 'zero
bare mass' whose physical mass is determined by the Coleman-Weinberg mechanism of
dynamical symmetry breakdown. These limits depend on the mass of the top quark ap-

proximately according to mHp & 10.4[1—4m& /(2m+mZ)] GeV when m& & 80
GeV. So for mt. = 80 GeV, there is no limit. If mt. & 80 GeV, then vacuum stability
arguments may give bounds on mH, see LINDNER 89 above.

In order to prevent flavor-changing neutral currents in models with more than one
Higgs doublet, only one of the Higgs doublets can couple to quarks of charge 2/3.
The same requirement applies independently to charge —1/3 quarks and to leptons.
Higgs couplings can be enhanced or suppressed.

VALUE (GeV) CL% DOCUMENT ID TECN COM MEN T

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

51 ABREU 95H DLPH Z —9 H Z*, H A

BRAHMACH. .. 93 RVUE
BUSKULIC 931 ALEP Z ~ HO Z

&65 95 54 BUSKULIC 93' ALEP Invisible H
55 LOP EZ-FERN. ..93 RVU E
56 ADRIANI 92G L3 Z HOZ*

PIC H 92 RVUE Very light Higgs
95 58 ACTON 91 OPAL Z a HO Z*

9 DECAMP 91F ALEP Z ~ H l+ E

DECAMP 91I ALEP Z decay

& 3.57

Ho (Higgs Boson) MASS LIMITS in Extended Higgs Models
The parameter x denotes the Higgs coupling to charge —1/3 quarks and charged
leptons relative to the value in the standard one-Higgs-doublet model.

61 AKRAWY

DAVIER

95

Hot (Higgs Boson} MASS LIMITS in Sijpersymmetric Models
The minimal supersymmetric model has two complex doublets of Higgs bosons. The
resulting physical states are two scalars [H1 and H2, where we define m p & m p],

0 0
1 2

a pseudoscalar (A ), and a charged Higgs pair (H ). H1 and H2 are also called h and
H in the literature. There are two free parameters in the theory which can be chosen
to be mAp and tang = v2/v1, the ratio of vacuum expectation values of the two
Higgs doublets. Tree-level Higgs masses are constrained by the model to be m

1

mZ, mHp ) mZ, mAp ) mHp, and mH+ ) m~. However, as described in the"2 1
"Note on Supersymmetry, " recent calculations of one-loop radiative corrections show
that these relations may be violated. Many experimental analyses have not taken into
account these corrections; footnotes indicate when these corrections are included. The
results assume no invisible H or A decays.

VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

&44 95 66 ABREU 95H DLPH any tang
&44.5 95 6 AKERS 94I OPAL tang )1
&44 95 BUSKULIC 93I ALEP tang )1
)42 95 ADRIANI 92G L3 1(tang &50

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ROSIEK 95 RVUE
95 ABREU 940 DLPH m p

—m p, any tang
1

&34 2 ABREU 92J DLPH tang & 0.6
&29 ABREU 92J DLPH any tang
& 0.21 ABREU 91B DLPH any tang
&28 ABREU 91B DLPH any tang

)44 4

95
95
95
95

0.21 90P OPAL Z ~ HO Z*
89 BDMP e Z ~ eHOZ

(H ~ e+e )63 SNYDER 89 MRK2 B ~ H X
(H e+e )

none 0.6—6, 2 90 FRANZINI 87 CUSB T(1S) ~ p H, x=2
none 0.6—7.9 90 6 FRANZINI 87 CUSB T(1S) ~ p H, x=4
none 3.7-5.6 90 ALBRECHT 85J ARG T(1S) ~ p H, x=2
none 3.7-8.2 90 ALBRECHT 85J ARG T(1S) ~ p H, x=4
51 See Fig. 4 of ABRELI 95rf for the excluded region in the m Ha

—m&o plane for general

two-doublet models. For tanf7 )1, the region mHo+m&o 87 GeV, mHo (47 GeV is

excluded at 95% CL.
BRAHMACHARI 93 consider Higgs limit from Z decay when the Higgs decays to invisible
modes. If H coupling to Z is at least 1/~2 of the Standard Model H, the DECAMP 92
limit of 48 GeV changes within +6 GeV for arbitrary B(H ~ SM-like)+B(H
invisible) =1.
See Fig. 1 of BUSKULIC 93l for the limit on ZZH coupling for a general Higgs having
a similar decay signature to Standard Model Higgs boson or decaying invisibly. If the
decay rate for Z ~ H Z* is &10% of the minimal Standard Model rate, then mHp &40
GeV. For the standard rate the limit is 58 GeV.
BUSKULIC 93I limit for H with the standard coupling to Z but decaying to weakly
interacting particles.

5LOPEZ-FERNANDEZ 93 consider Higgs limit from Z decay when the Higgs decays
to invisible modes. See Fig. 2 for excluded region in mHp-ZZH coupling plane with

arbitrary B(HO ~ SM-like)+B(H ~ invisible)=l. mH &50 GeV is obtained if the
H coupling strength to the Z is greater than 0.2 times the Standard Model rate.
See Fig. 1 of ADRIANI 92G for the limit on ZZH coupling for a general Higgs having
a similar decay signature to Standard Model Higgs boson. For most masses below 30
GeV, the rate for Z ~ H1Z* is less than 10% of the Standard Model rate,

PICH 92 analyse H with m p (2m in general two-doublet models. Excluded regions

in the space of mass-mixing angles from LEP, beam dump, and w+, 7l rare decays are
shown in Figs. 3,4. The considered mass region is not totally excluded.
ACTON 91 limit is valid for any H having I (Z ~ H Z*) more than 0.24 (0,56) times
that for the standard Higgs boson for Higgs masses below 2m (2m„).
DECAMP 91F search for Z H E+ E where H escapes before decaying. Combining
this with DECAMP 90M and DECAMP 90', they obtain B(Z ~ H E+8 )/B(Z ~
8+8 ) & 2.5 x 10 {95%CL)for mHp & 60 GeV.

See Figs. 1, 3, 4, 5 of DECAMP 91!for excluded regions for the masses and mixing angles
in general two-doublet models.
AKRAWY 90P limit is valid for any H having C(Z ~ H Z*) more than 0,57 times
that for the Standard Higgs boson.

62 DAVIER 89 give excluded region in mHp-x plane for mHp ranging from 1.2 MeV to 50
MeV.
SNYDER 89 give limits on B(B ~ H X) B(H e+ e ) for 100 & mHp ( 200
MeV, c7. & 24 mm.
First order QCD correction included with ns —0.2. Their figure 4 shows the limits vs.
X.

65ALBRECHT 85j found no mono-energetic photons in both T(1S}and T(2S) radiative
decays in the range 0.5 GeV &E(p)&4.0 GeV with typically BR& 0.01 for T(1S) and
BR& 0.02 for T(2S) at 90% CI . These upper limits are 5—10 times the prediction of the
standard Higgs-doublet model. The quoted 90% limit B(T(1S)~ H p) & 1.5 x 10
at E(p) = 1.07 GeV contradicts previous Crystal Ball observation of (4.7 6 1.1) x 10
see their reference 3. Their figure 8a shows the upper limits of x as a function of E(p)
by assuming no QCD corrections. We used mHp

—m T (1—2E(p)/m T)
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Gauge K Higgs Boson Particle Listings
H' and H+

75 AKRAWY
75 AKRAWY
76 BLUEMLEIN

none 3-38
none 3—22

excluded by this analysis.
ADEVA 90R result is from Z ~ H A ~ 4jet or TTjj or 4T and Z ~ H Z*. Some1 1
region of m

O & 4 GeV is not excluded by this analysis.
1

DECAMP 90E look for Z ~ H A as well as Z ~ H /+8, Z ~ H vv with 18610
1 1 ' 1

Z decays. Their search includes signatures in which H01 and A0 decay to pp, e+e
Ig+Ig, T+T, or qq. See their figures of m o vs. tanP.

1

DECAMP 90H is similar to DECAMP 90E but with 25,000 Z decays.
D ECA MP 90M looked for 2 ~ H E E, where H 1 decays outside the detector. This
excludes a ~egion in the (mHO, tanp) plane centered at mHO

—50 MeV, tanp = 0.5.
1 1

This limit together with DECAMP 90E result excludes mHO & 3 GeV for any tanp.
1

Ao (Psettdoscalar Higgs Boson) MASS LIMITS in SUpersymmetric Models
Limits on the A mass from e+ e collisions arise from direct searches in the e+ e
A H channel and indirectly from the relations valid in the minimal supersymmetric1
model between mAo and m o. As discussed in the "Note on Supersymmetry,

" at the
1

one-loop level and in the simplest cases, these relations depend on the masses of the
t quark and t squarks. The limits are weaker for larger t and t masses, while they
increase with the inclusion of two-loop radiative corrections. Some specific examples
of these dependences are provided in the footnotes to the listed papers.

VALUE (GeV) CL xoo DOCUMENT ID TECN COMMENT

)27 95 ABREU 95u DLPH tanP &1, mt = 170
GeV

&24.3 95 AKERS 94' OPAL tanP &1, mt (200 GeV

&21 95 BUSKULIC 93j ALEP tanp )1, mt
—140

GeV
)22 ADRIANI 92G L3 l&tanp &50, mt (250

GeV
95

95 91c OPAL tanp & 6
95 91C OPAL tanp & 0.5

91 BDMP pN ~ H X1

(Hl ~ e+ e, 2p)
&41 95 77 DECAMP 91' ALEP tanp & 1

& 9 95 ABREU 90E DLPH any tanp
&13 95 ABREU 90E DLPH tanp & 1

&26 95 ADEVA 90R L3 tanp & 1

none 0.05-3.1 95 DECAMP 90E ALEP any tanp
none 0.05—13 95 DECAMP 90E ALEP tanp & 0.6
none 0.006-20 95 DECAMP 90E ALEP tanp & 2
&37.1 95 DECAMP 90E ALEP tanp & 6

none 0.05-20 95 DECAMP 90H ALEP tanp & 0.6
none 0.006-21.4 95 DECAMP 90H ALEP tanp & 2) 3.1 82 DECAMP 90M ALEP any tanp

ABREU 95H search for Z ~ H Z* and Z ~ H A . Two-loop corrections are included1 1
with mt

—170 GeV, m-=1 TeV. Including only one-loop corrections does not change the
limit.

"AKERS 94' search for Z ~ H0Z* and Z ~ H A . One-loop corrections are included1 1
with mt &200 GeV, m- &1 TeV. See Fig. 10 for limits for tanp &l.
BUSKULIC 93I search for Z ~ H Z* and Z ~ H A . One-loop corrections are

1 1
included with any mt, m- &mt.

ADRIANI 92G search for Z ~ H1Z*, Z ~ H1A ~ 4b, bbTT, 4T, 6b (via H

A A ), and include constraints from I (Z). One-loop corrections to the Higgs potential
are included with 90&mt &250 GeV, mt &m- &1 TeV.

10 ROSIEK 99 study the dependence of m n limit on various supersymmetry parameters.
1

They argue that H0 as light as 25 GeV is not excluded by ADRIANI 92G data in the1
region m o 60 GeV if m-+ 200 GeV and tL-t~ mixing is large.

A
tt

~
Tt ABREU 940 study H A ~ four jets and combine with ABREU 94G analysis. The1

limit applies if the H -A mass difference is (4 GeV.1
ABREU 92j searched for Z ~ H0 Z* and Z ~ H A with H, A ~ TT or jet-jet.1 1 1'
Small mass values are excluded by ABREU 91B.
ABREU 91B result is based on negative search for Z ~ H f f and the limit on invisible1
Z width I (Z ~ Hl A ) & 39 MeV (95/oCL), assuming mAO & mHO.

1

4ABREU 91B result obtained by combining with analysis of ABREU 901.
AKRAWY 91C result from Z ~ H A ~ 4jet or T+T jj or 4T and Z ~ H Z*

1 1

( Hl ~ q q, Z* ~ v v or e+ e or Ig+ p ). See paper for the excluded region for the
case tanp & 1. Although these limits do not take into account the one-loop radiative
corrections, the authors have reported unpublished results including these corrections and
showed that the excluded region becomes larger.
BLUEMLEIN 91 excluded certain range of tanp for m o & 120 MeV, mAo & 80 MeV.

1

DECAMP 91I searched for Z ~ H Z*, and Z ~ H A ~ 4jets or TTjj or 3A
Their limits take into account the one-loop radiative corrections to the Higgs potential
with varied top and squark masses.
ABREU 90E searched for Z -~ H A and Z ~ H Z*. m & 210 MeV is not

1
1

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&44.4 99 ABREU 940 DLPH m u=m 0, any tanP
1

&44.5 95 4 AKERS 94t OPAL tanP &1, m 0 ——mAo
1

88 ELLIS 93 RVUE Electroweak
95 9 ABREU 92J DLPH tanp ) 3
95 BUSKULIC 92 ALEP tanp ) 1
95 91 AKRAWY 91C OPAL tanp ) 1, if 3 GeV &

mHO &™AO
1

&20 91l ALEP tanp & 1
&34 90E DLPH tanp & 1,

mHo ( mAo
1

95 ABREU 90E DLPH tanp ( 1
95 ADEVA 90R L3 tanp ) 1,

mHO & ™AO
1

ABREU 95H search for Z ~ H Z* and Z ~ H A . One-loop corrections are included
with mt —170 GeV, m- = 1 TeV. The limit becomes weak for larger mt. at mt—
190 GeV, the limit is 14 GeV. The limit at mt —170 GeV would increase to 39 GeV
if two-loop radiative corrections were included. mt and m- dependences are shown int
Fig. 6.
AKERS 94l search for Z ~ H 2* and Z ~ H0A . One-loop corrections are included
with mt &200 GeV, m- &1 TeV. See Fig. 10 for limits for tanp &1.t
BUSKULIC 93l search for Z ~ H Z* and Z —~ H A . One-loop corrections to the
Higgs potential are included with any mt, m- &mt. For mt —140 GeV and m- = 1t
TeV, the limit is mAo )45 GeV. Assumes no invisible H or A decays.

ADRIANI 92G search for Z ~ H1Z*, Z ~ H1A ~ 4b, bbTT, 4T, 6b (via

H ~ A A ), and include constraints from r (Z). One-loop corrections are included
with 90&mt &250 GeV, mt &m- &1 TeV. The region mAo &11 GeV is allowed if

42&m o &62 GeV, but is excluded by other experiments.
1

ABREU 940 study H A four jets and combine with ABREU 94G analysis. The
1

limit applies if the H -A mass difference is &4 GeV.1
ELLIS 93 analyze possible constraints on the MSSM Higgs sector by electroweak precision
measurements and find that m o is not constrained by the electroweak data.

ABREU 92j searched for Z H 2* and Z ~ H1A with Hl, A TT or jet-jet.
Small mass values are excluded by ABREU 91B.
BUSKULIC 92 limit is from r(Z), Z ~ H1Z*, and Z ~ H1A . The limit is valid

for any m
O

below the the theoretical limit m
O &64 GeV which holds for mAO 0 in

1 1
the minimal supersymrnetric model. One-loop radiative corrections are included.
AKRAWY 91C result from Z H A 4jet or T+ T jj or 4T. See paper for the1
excluded region for the case tanp & l.
DECAMP 91I searched for Z ~ H12~, and Z ~ H1A ~ 4jets or TTjj or 3A0.
Their limits take into account the one-loop radiative corrections to the Higgs potential
with varied top and squark masses. For mt —140 GeV and m- = 1 TeV, the limit is

q
mAo & 31 GeV.

ABREU 90E searched Z ~ H A and Z ~ H Z*. m & 210 MeV is not excluded1 AO

by this analysis.
ADEVA 90R result is from Z ~ H A ~ 4jet or TTjj or 4T and Z ~ H Z*. Some1 1
region of mAo & 5 GeV is not excluded by this analysis.

&34
0.21

none 3—40, 5

95
95

DECAMP
ABREU

&12
&39

96 ADRIANI
DECAMP

92G L3
90H ALEP

90H ALEP

95&45 m
O &20GeV
1

HO HO
1 2

m O & 0.5 GeV,
1

H ~ qq or T+T
2

H0 p+

H2

mHo + 20 MeV,
1

H2 qq
m O

—0,
1

H0 ~ ff2

DECAMP&37.5 95

98 KOMAMIYA 90 MRK295none 5—45

KOMAMIYA 89 MRK2908

95 00 LOW&28 89 AMY

90 AKERLOF 85 HRSnone 2—9

MASS LIMITS for Associated Higgs Production in e+e Interactions
In multi-Higgs models, associated production of Higgs via virtual or real Z in e+ e
annihilation, e+ e Hl H2, is possible if Hl and H2 have opposite CP eigenvalues.

Limits are for the mass of the heavier Higgs H in two-doublet models.2
VA L UE (GeV) CL lo DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)53 95 AKERS 94l OPAL mHo & 1.2 GeV
1
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90 ASHnone 4—10 85C MAC m p
—0.2 GeV,

1

H ~ T+w CC2 I

95 BARTEL 85L JADE mHp ———0.2 GeV, H2
1

ff or ffHQ
1

95 BEHREND 85 CELL m Hp
—0,

1
HQ ~ ff2

90 101 FELDMAN 85 MRK2 m p
—O' H2

90 FELDMAN 85 MRK2 m p
—m p,

HQ ~ ff2

AKERS 94I search for Z ~ H H with various decay modes. See Fig. 11 for the full1 2
excluded mass region in the general two-doublet model, from which the limit above is
taken. In particular, for m p

—m p the limit becomes )38 GeV.
1 2

ADRIANI 92G excluded regions of the m 0
—m p plane for various decay modes with

1

limits B(Z ~ H1 Hp) &(2—20) x 10 are shown in Figs. 2—5.
DECAMP 90H search for Z H1 e+ e, H1 Ic+ Ic, H1 r+ T, H1 q q, low multiplicity
final states, T-T-jet-jet final states and 4-jet final states.

98KOMAMIYA 90 limits valid for cos (cE —p) = 1. They also search for the cases H
1

Ic+ Ic, 7-+ T, and H2 H1 H1. See their Fig. 2 for limits for these cases.

KOMAMIYA 89 assume B(H1 Ic+Ic ) = 100 %, 2m, & m p & m . The limit
1

is for maximal mixing. A limit of m 0 ) 18 GeV for the case H2 ~ H1 H1 (H1 ~0 0 0 0
H2

Ic+P ) is also given. From PEP at Ecm
—29 GeV.

LOW 89 assume that H escapes the detector. The limit is for maximal mixing. A1
reduced limit of 24 GeV is obtained for the case H ~ H f f. Limits for a Higgs-triplet2 1
model are also discussed. Ecm —50—60.8 GeV.

The limit assumes maximal mixing and that H escapes the detector.1
ASH 85 assumes that H escapes undetected. The bound applies up to a mixing sup-1
pression factor of 5.

none 1.3—24.7

none 1.2—13.6

none 1-11

none 1-9

H+ {Charged Higgs or Techni-pion} MASS LIMITS
Most of the following limits assume B(H+ ~ T+ v) + B(H+ ~ cs) = 1. DE-

CAMP 90I, BEHREND 87, and BARTEL 86 assume B(H+ ~ r+ v) + B(H+ ~
cs) -+ B(H+ ~ cb) = 1. All limits from Z decays as well as ADACHI 90B as-

sume that H+ has weak isospin T3 —. -+1/2. For a discussion of techni-particles, see
EICHTEN 86.

VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

&43,5 t95

103 ABREU 94O DLPH B(Tv) = 0—1
&41 95 ADRIANI 92G L3 B(7 v) = 0—1

&41.7 g5 105,106 DECAMP 92 ALEP B(7.v) = 0—1

o a ta We do not use the following data for averages, fits, limits, etc. e ta ~

BUSKULIC 95 ALEP b ~ TV~X
ABE 94H CDF t ~ bH+, H+ —y

7 V1

ABE 94t CDF t bH+H+ ,I
7 V7110 BARGER 93 RVUE b ~ sp

111 BELANGER 93 RVUE b ~ sp
110 HEWE TT 93 RVUE b a

A LITT I 92F UA2 t ~ bH+,
H+ ~ Tvj

ALBAJAR g1B UA1 t ~ bH+,
H+ r+v

none 8.0-20.2 95 114 YUZUKI 91 VNS B(EV) = 0-1
&29 g5 105,115 ABREU 90B DLPH B(Tv) = 0—1

&19 95 105,116 ADACHI gQB TOPZ B(Tv): 0 1

&36.5 95'0 "7ADEVA 90M L3 B(Tv) = 0—1

&35 95 105,118 AKRAWY 90K OPAL B(Tv) = 0—1

&35.4 95 105119DF( AMP 9QI ALFP B(Tv) = 0 1

none 10-20 95 S M I TH 90B AMY B(Tv) ) 0.7
&19 95 1 BEHREND 87 CELL B(Tv) = 0—1

&18 95 BARTEL 86 JADE B(Tv)=0. 1—1.0
&17 121 ADEVA 85 MRKJ B(Tv)=0.25—1,0

ABREU 94O Study H+ H —+ CSSC (fOur-jet final StateS) and H+ H ~ rv Tv
Limit for B(Tv )= 1 is 45.4 GeV.

ADRIANI 92G limit imprOVeS tO 44 GeV if B(Tv ) & 0.4.
Studied H+ H ~ (Tv) + (t v), H "H ~ (T v~ + hadrons, H+ H ~ hadrons.
DECAMP 92 limit improves to 45.3 GeV for B(TV)=1.
BUSKULIC 95 give a limit tang/mH+ & 0.52 GeV (90%CL) for Type-II models from

b ~ T v X branching ratio.
98 ABE 94tt search for t t production in p p collisions at Ec~ = 1.8 TeV, followed by the

decay chain t ~ bH+, H+ -~ T+ v T decaying hadronically. The search is sensitive
to the region m H+ &m t —mb &m ~. See their Fig. 3 for the excluded region for tang &

0,5 and their Fig. 4 for that in the two-Higgs-doublet model.
99 ABE 94i search for t t production in p p collisions at Ec,a=1.8 TeV, followed by the

decay chain t ~ bH+, H+ ~ T+ v, T decaying leptonically. For B(H+ ~ Tv )==1
(0.5), the region mH+ &mt —mb, mt &(95—110}GeV (70 GeV) is excluded at 95%
CL. See Fig. 3 for the excluded parameter region in the two-Higgs-doublet model.

110HEWETT 93 and BARGER 93 analyze charged Higgs contribution to b ~ sp in two-
doublet models with the CLEO limit B(b ~ sp)& 8.4 x 10 (90% CL) and find lower
limits on m ~ in the type of model (model ll) in which different Higgs are responsible
for up-type and down-type quark masses. HEWETT 93 give mH+ &110 (70) GeV for

mt &150 (120) GeV using mb —5 GeV. BARGER 93 give mH+ &155 GeV for mt—
150 GeV using mb —4.25 GeV. The authors employ leading logarithmic QCD corrections
and emphasize that the limits are quite sensitve to mb.
BELANGER 93 make an analysis similar to BARGER 93 and HEWETT 93 with an
improved CLEO limit B(b ~ sp) & 5.4 x 10 " (95%CL). For the Type li model, the
limit mH+ &540 (300) GeV for mt &150 (120) GeV is obtained. The authors employ
leading logarithmic QCD corrections.
ALITTI 92F search for t ~ bH+, H+ —+ Tv with v. decaying hadronically in pp
collisions at Ecm —630 GeV. mH+ between 40 and 65 GeV is excluded if mt —mH
= mb + ( + a few —10 GeV). See Figs. 5, 6 for the excluded region fo. B(H+ ~ v. v )= 1, 0.5.
ALBAJAR 91B search for W ~ tb and t t production in pp collisions with the decay
chain t ~ H+ b, H+ ~ ~+v, in single muon plus jets and dimuon channels. For
mt —60 GeV, mH+ & 47 GeV is excluded at 95%CL if tang ) 2.3. The search is

restricted to small values of mt, and no limit on mH+ is obtained if mt & 61 GeV.

Note that existing limits on mt are not valid if t ~ H+ b.

YUZUKI 91 assume photon exchange. The limit is valid for any decay mode H+ ~ ev,
Icv, Tv, qq with five flavors. For B(Ev) = 1, the limit improves to 25.0 GeV.
ABREU 90B limit imprOVeS tO 36 GeV fOr B(Tv) = 1.
ADACHI 90B limit improves to 22 GeV for B(Tv) = 0.6.
ADEVA 90M limit imprOVeS tO 42.5 GeV fOr B(TV} = 1.
AKRAWY 90K limit improves to 43 GeV for B(TV) = 1.
If B(H+ ~ r+ v) = 100%, the DECAMP 90I limit improves to 43 GeV.

120 SMITH 90B limit applies for v2/v1 ) 2 in a mode! in which H2 couples to u-type quarks
and charged leptons.
Studied H+ H ~ (Tv) -+ (Tv), H+ H ~ (Tv) + hadrons. Search for muon
opposite hadronic shower.

H and H+ REFERENCES

ABREU
ASAKA
BUSKULIC
CASAS
CHANKOWSK
ERLER
ESP IN OSA

MATS U MOTO
ROSIEK
ABE
ABE
ABREU
ABREU
AKERS
AKERS
ALTARELLI
ELLIS
ELLIS
GURTU
MONTAGNA
ADRIANI
BARGER
BELANGER
BLOND EL
BRAHMACH. . .
BUSKULIC
BUSKULIC
ELLIS
ELLIS
GROSS
HEW ETT
LOPEZ-FERN.
NOVIKOV
ABREU
ABREU
ACTON
ADEVA
ADRIANI
ADRIANI

Also
A L I TTI
BARA BASH

Also

95H
95
95
g5

I 95
95
95B
95
95
94H
941
94G
940
94B
941
94
94
94B
94
94
93C
93
93
93
93
93H
931
93
93B
93
93

.. 93
93B
92D
92J
92M
92B
92F
92G
93B
92F
92
92B

ZPHY C67 69
PL B345 36
PL B343 444
PL B342 171
PL B356 307
PR D52 441
PL B353 257
MPL Alp 2553
PL B341 419
PRL 72 1977
PRL 73 2667
NP B421 3
ZPHY C64 183
PL B327 397
ZPHY C64 1

PL B337 141
PL B324 173
PL B333 118
MPL A9 3301
PL B335 484
PL B303 391
PRL 70 1368
PR D48 5419
PL B311 346
PR D48 4224
PL B313 29g
PL B313 312
NP B393 3
PL B318 148
IJMP A8 407
PRL 70 1045
PL B312 240
PL B308 123
ZPHY C53 555
NP B373 3
PL B295 347
PL B283 454
PL B292 472
PL 8294 457
ZPHY C57 355
PL B280 137
PL B295 154
SJNP 55 1810
Translated from

+Adam, Adye, Agasi, Ajinenko, Aleksan 4- (DELPHI Collab. )
+Hikasa (TOHOK)
+Casper, De Bonis, Decamp, Ghez, Goy+ (ALEPH Collab. )
+Espinosa, Quiros (MADE)
+Pokorski (WARS, MPIM)
+I angackef (PENN)
+Quiros (DESY, CERN)

(KEK)
+Sopczak (IFIC, CERN)
+Albrow, Amidei, Anway-Wiese, Apollinari+ (CDF Collab. )
+Albrow, Arnidei, Antos, Anway-Wiese — (CDF Coliab. )
+Adam, Adye, Agasi, Ajinenko+ (DELPHI Collab. )
+Adam, Adye, Agasi, Ajinenko, Aleksan+ (DELPHI Collab. )
+Alexandef, Allison, Anderson, Arcelli+ (OPAL Collab. )
+Alexander, Allison, Anderson, Arcelli, Asai+(OPAL Collab. )
+Isidofi (CERN, ROMA2, ROMAI)
+Fogli, Lisi (CERN, BARI)
+Fogli, Lisi (CERN, BARt)

(TATA)
+Nicrosini, Passarino, Piccinini (INFN, PAVI, CERN, TORt)
+Aguilar-Benitez, Ahlen, Alcaraz, Aloiso+ (L3 Collab, )
+Berger, Phillips (WISC, RAL)
+Geng, Turcotte (MONT, ISU, AMES)
+Verzegnassi (EPOL, TRSTT, TRSTI)

Brahmachari, Joshipura, Rindani+(AHMED, TATA, CERN)
+De Bonis, Decamp, Ghez, Goy ' (ALEPH Collab. )
+De Bonis, Decamp, Ghez, Goy, Lees+ (ALEPH Collab. )
+Fogli, Lisi (CERN, BARI)
+Fogli, Lisi (CFRN, BARI)
+Yepes (CERN)

(ANL, OREG)
Lopez-Fernandez, Romao-f- (C ER N, LIS B, VA LE)

+Okun, Vysotsky, Yurov (SERP, CERN)
+Adam, Adami, Adye, Akesson, Alekseev+(DELPHI Collab. )
+Adam, Adami, Adye, Akesson+ (DELPHI Collab. )
+Alexandef, Allison, Allport, Anderson' (OPAL Collab. )
+Adriani, Aguilar-Benitez, Ahlen, Akbari-I- (L3 Collab. )
+Aguilar-Benitez, Ah!en, Akbari, Alcafez+ (L3 Collab. )
+Aguilar-Benitez, Ahlen, Akbafi, Alcaraz+ (L3 Collab. )

Adriani, Aguilar-Benitez, Ahlen, Alcaraz+ (L3 Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Bafanov+ (JINR, CERN, SERP, BUDA, BERL)

Barabash+ (JINR, CERN, SERP, BUDA, BERL)
YAF 55 3247.

MASS LIMITS for H++ {doubly-charged Higgs boson}
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

& 45.6 95 122 ACTON g2M OPAL
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

123 ASAKA 95 THEO
&30.4 95 4 ACTON 92M OPAL T3(H )= +1
&25.5 95 124 ACTON 92M OPAL T3(H++)= 0

none 6.5-36.6 95 SWARTZ 90 MRK2 T3(H++) = +1
none 7.3—34.3 95 SWARTZ 90 MRK2 T3(H++) = 0

-ACTON 92M limit assumes H++ ~ E E+ or H+ does not decay in the detector.
Thus the region gEE

—10 is not excluded.
—7

ASAKA 95 point out that H++ decays dominantly to four fermions in a large region of
parameter space where the limit of ACTON 92M from the search of dilepton modes does
not apply.

4ACTON 92M from Af Z &40 MeV.

SWARTZ 90 assume H+ ~ E -E+ (any flavor). The limits are valid for the Higgs-

lepton coupling g(HEE) + 7.4 x 10 /ImH/GeV] / . The limits improve somewhat
for ee and IcIc decay modes.
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Gauge Ec Higgs Boson Particle Listings
H' and H+, Heavy Bosons Other than Higgs Bosons

BUSKULIC
DECAMP
DELAGUIL
ELLIS
E LL IS

PICH
RENTON
SCHAILE
ABREU
ACTON
A DEVA

ADEVA
AKRAWY
AKRAWY
ALBA JAR
BLUEMLEI
DECAMP
DECAMP
YUZUKI
ABE
ABREU
ABREU
ABREU
ABREU

CERN-
ADACHI
A DEVA
A DEVA
A DEVA

ADEVA
A KRAWY
AKRAWY
A K RAWY
DAWSON
DECAMP
DECAMP
DECAMP
DECAMP
DECAMP
DECAMP
KOMAMIY
S MI TH
SWA RTZ
CAHN
CHENG
DAVIER
DAWSON
EGLI
KOMAMIY
LINDNER
LOW
SHER
SNYDER
YEPES
BEHREND
F RAN ZINI
RUSKOV
BARTEL
EICHTEN
ADEVA
AKERLOF
ALBRECHT
ASH
ASH
BARTEL
BEHREND
FELDMAN
DZHELYAD
WITTEN
GUTH
JACQUES
SHER

Also

92
92

A 928
92
92E
92
92
92
918
91
91
91D
91
91C
918

N 91
91F
911
91
90E
908
90C
90E
901

PP E/90-1
908
90H
90M
90N
90R
90C
90K
90P
90
90
90E
90H
901
90M
90N

A 90
908
90
89
89
89
89
89

A 89
89
89
89
89
89
87
87
87
86
86
85
85
85J
85
85C
85L
85
85

IN 81
81
80
80
80
83

P L 8285 309
PRPL 216 253
N P 8381 451
P L 8274 456
P L 8292 427
NP 8388 31
ZPHY C56 355
ZPHY C54 387
ZPHY C51 25
PL 8268 122
PL 8257 450
PL 8262 155
PL 8253 511
ZPHY C49 1
PL 8257 459
ZPHY C51 341
PL 8262 139
PL 8265 475
PL 8267 309
P R D41 1717
P L 8241 449
NP 8342 1
PL 8245 276
HEP-90 Singapore

63
PL 8240 513
PL 8248 203
PL 8252 511
PL 8252 518
PL 8251 311
PL 8236 224
PL 8242 299
PL 8251 211
PR D41 2844
PL 8236 233
PL 8237 291
PL 8241 141
PL 8241 623
PL 8245 289
PL 8246 306
PRL 64 2881
PR D42 949
PRL 64 2877
RPP 52 389
PR D40 2980
PL 8229 150
PL 8222 143
PL 8222 533
PR D40 721
PL 8228 139
PL 8228 548
PRPL 179 273
PL 8229 169
PL 8227 182
PL 8193 376
PR D35 2883
PL 8187 165
ZPHY C31 359
P R D34 1547
PL 1528 439
PL 1568 271
ZPHY C29 167
PRL 55 1831
PRL 54 2477
PL 1558 288
PL 1618 182
PRL 54 2289
PL 1058 239
NP 8177 477
PRL 45 1131
PR D21 1206
PR D22 2989
ANP 148 95

+Decamp, Goy, Lees, Minard+ (ALEPH Collab. )
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )

del Aguila, Martinez, Quiros (GRAN, CERN)
+Fogli, Lisi (CERN, BARI)
+Fogli, Lisi (CERN, BARI)
+ Prades, Yepes (CERN, CPPM)

(oxF)
(FR El E)

+Adam, Adami, Adye, Akesson+ (DELPHI Collab, )
+Alexander, Allison, Allport+ (OPAL Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcaraz+ (L3 Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcaraz+ (L3 Collab, )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Albrow, Allkofer, Ankoviak, Apsimon+ (UA1 Collab. )
+Brunner, Grabosch+ (BERL, BUDA, JINR, SERP)
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )
+Haba, Abe, Amako, Arai, Asano+ (VENUS Collab. )
+Amidei, Appollinari, Atac, Auchinclossy (CDF Collab. )
+Adam, Adami, Adye, Alekseev+ (DELPHI Collab. )
+Adam, Adami, Adye, Alekseev+ (DELPHI Collab. )
+Adam, Adami, Adye, Alekseev+ (DELPHI Collab. )

unpubt-Adam, Adami, Adye, Alekseev+ (DELPHI Collab. )

+Aihara, Doeser, Enomoto+ (TOPAZ Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcaraz+ (L3 Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcaraz+ (L3 Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcaraz+ (L3 Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcaraz+ (L3 Collab. )
+Alexander, Allison, Allport+ (OPAL Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Gunion, Haber (BNL, UCD, UCSC)
+Deschizeaux, Lees, Minard, Crespo+ (ALEPH Collab. )
+Deschizeaux, Lees, Minard+ (ALEPH Collab. )
+Deschizeaux, Lees, Minard+ (ALEPH Collab. )
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )
+ Desc hizea u x, Goy, Lees, Min a rd+ (ALEPH Collab. )
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )
+Abrams, Adolphsen, Averill, Ballarn+ (Mark II Collab. )
+McNeil, Breedon, Kirn, Ko+ (AMY Collab. )
+Abrams, Adolphsen, Averill, Ballam+ (Mark II Collab. )

+Yu
+Nguyen Ngoc

+Engfer, Grab, Hermes, Kraus+ (SINDRUM
+Fordham, Abrams, Adolphsen, Akerlof+ (Mark II

+Sher, Zaglauer (FNAL,
+Xu, Abashian, Gotow, Hu, Mattson+ (AMY

(AST)
(LALO)

(BNL)
Coll a b. )
Coll a b. )
WUSL)
Collab. )

Akerlof+ (Mark II Collab. )
(MCGI)

(CELLO Collab. )
(CUSB Collab. )

(SO F I)
(JADE Collab. )

(FNAL, LBL, OSU)
(Mark-J Collab. )

(HRS Collab. )
(ARGUS Collab. )

(MAC Collab. )
(MAC Collab. )

(JADE Collab. )
(CELLO Collab. )
(Mark II Collab. )

(SERP)
(HARV)
(SLAC)

(RUTG, STEV, COLU)
(UCSC)

(UCSC, UCI}

+Murray, Abrams, Adolphsen,

+Buerger, Criegee, Dainton+
+Son, Tuts, Youssef, Zhao+

+Becker, Feist, Haidt+
+Hinchlifle, Lane, Quigg+
+Becker, Becker-Szendy+
+Bonvicini, Chapman, Errede+
+Binder, Harder+
+Band, Blume, Camporesi+
+Band, Blurne, Camporesi+
+Becker, Cords, Feist, Hagiwara+
+Burger, Criegee, Fenner+
+Abrams, Amidei, Baden+
+Golovkin, Konstantinov, Kubarovski+

+Weinberg
+Kalelkar, Miller, Piano+

Flcres, Sher

Heavy Bosons Other Than
Higgs Bosons, Searches for

We list he,"e various limits on charged and neutral heavy vector
bosons (other than W's and Z'5), heavy scalar bosons (other than
Higgs bosons), vector or scalar leptoquarks, and axigluons.

& 475

Wp (Right-Handed W Boson} MASS LIMITS
Assuming a light right-handed neutrino, except for BEALL 82, LANGACKER 898,
and COLANGELO 91. gR

—
gL assumed. [Limits in the section MASS LIMITS for

W' below are also valid for W~ if m && mW .] Some limits assume manifestvR R
left-right symmetry, Le. , the equality of left- and right Cabibbo-Kobayashi-Maskawa
matrices. For a comprehensive review, see LANGACKER 898. Limits on the WL-W~
mixing angle ~ are found in the next section. Values in brackets are from cosmological
and astrophysical considerations and assume a light right-handed neutrino.

VAL UE (Gev} CL% DOCUMEN T 1D TECN COMMEN T

& 406 90 1 JODIDIO 86 ELEC Any ~

~ ~ o VVe do not use the following data for averages, fits, limits, etc. ~ ~ ~

281 90 KUZNETSOV 95 CNTR Polarized neutron decay
& 282 90 KUZNETSOV 948 CNTR Polarized neutron decay
& 439 90 BHATTACH. .. 93 RVUE Z-Z' mixing

250 90 SEVERIJNS 93 CNTR P+ decay
6 IMAZATO 92 CNTR K+ decay

90 POLAK 928 RVUE ~i decay

90
90

& 477
[none 540-23000]
& 300
& 160
& 482
& 800
& 400
& 475

95
95

Limit on A'~- Wg Mixing Angle (
Lighter mass eigenstate W1

—WLcos~ —csin(. Light vp assumed unless noted.
Values in brackets are from cosmological and astrophysical considerations.

VAL UE CL% DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.04 90 MISHRA 92 CCFR v N scattering
—0.0006 to 0.0028 90 19 AQ UI NO 91 RV U E

[none 0.00001-0.02] BARBIERI 898 ASTR SN 1987A
0.040 90 JODIDIO 86 ELEC p, decay

—0 056 to 0 040 90 JODIDiO 86 ELEC p, decay

MISHRA 92 limit is from the absence of extra large-x, large-y v, N ~ v, X events at
Tevatron, assuming left-handed v and right-handed v in the neutrino beam. The result

gives ~ -(1—2m W /m W )& 0.0015. The limit is independent of vp mass.2 2 2
1 2

AQUINO 91 limits obtained from neutron lifetime and asymmetries together with uni-
tarity of the CKM matrix. Manifest left-right asymmetry is assumed.
BARBIERI 898 limit holds for m & 10 MeV.

vR
21 First JODIDIO 86 result assumes m W

—ao, second is for unconstrained m W .
R R

240 AQUINO 91 RVUE Neutron decay
496 AQUINO 91 RVUE Neutron and muon decay

& 700 COLANGELO 91 THEO mKp —mKp

90 POLAK 91 RVUE IM decay
BARBIERI 898 ASTR SN 1987A; light vg

90 LANGACKER 898 RVUE General
90 13 BALKE 88 CNTR p ~ evv
90 1 JODIDIO 86 ELEC ~ = 0

MOHAPATRA 86 RVUE SU(2)LxSU(2)px U(1)
14 STOKER 85 ELEC Any (
14 STOKER 85 ELEC 0 &0.041
15 BERGSMA 83 CHRM v e ~ ILt ve

380 90 6 CARR 83 ELEC p+ decay
&1600 17 BEALL 82 THEO m Kp

—m Kp
L S

[& 4ooo] STEIGMAN 79 COSM Nucleosynthesis; light vp
JODIDIO 86 is the same TRIUMF experiment as STOKER 85 (and CARR 83); how-
ever, it uses a difFerent technique. The results given here are combined results of the
two techniques. The technique here involves precise measurement of the end-point e+
spectrum in the decay of the highly polarized p+.
KUZNETSOV 95 limit is from measurements of the asymmetry (pv rT„)in the P decay
of polarized neutrons. Zero mixing assumed. See also KUZNETSOV 948.
KUZNETSOV 948 limit is from measurements of the asymmetry (pv o-n) in the p decay
of polarized neutrons. Zero mixing assumed.
BHATTACHARYYA 93 uses Z-Z mixing limit from LEP '90 data, assuming a specific
Higgs sector of SU(2)L xSU(2)R x U(1) gauge model. The limit is for m&

—200 GeV and
slightly improves for smaller mt. .

SEVERIJNS 93 measured polarization-asymmetry correlation in In P+ decay. The
listed limit assumes zero L-R mixing. Value quoted here is from SEVERIJNS 94 erratum.

6 IMAZATO 92 measure positron asymmetry in K+ —~ p+ v decay and obtainP
(P ) 0.990 (90%CL). If Wp couples to us with full weak strength (V =.1), theus
result corresponds to mW )653 GeV. See their Fig. 4 for mW limits for general

R R
VR f2 1 i' i2

POLAK 928 limit is from fit to muon decay parameters and is essentially determined by
JODIDIO 86 data assuming ~=0. Supersedes POLAK 91.
AQUINO 91 limits obtained from neutron lifetime and asymmetries together with uni-
tarity of the CKM matrix. Manifest left-right symmetry assumed. Stronger of the two
limits also includes muon decay results.

9COLANGELO 91 limit uses hadronic matrix elements evaluated by QCD sum rule and
is less restrictive than BEALL 82 limit which uses vacuum saturation approximation.
Manifest left-right symmetry assumed.
POLAK 91 limit is from fit to muon decay parameters and is essentially determined by
JODIDIO 86 data assuming ~=0. Superseded by POLAK 928.
BARBIERI 898 limit holds for m & 10 MeV.

LANGACKER 898 limit is for any vp mass (either Dirac or Majorana) and for a general
class of right-handed quark mixing matrices.
BALKE 88 limit is for m = 0 and m & 50 MeV. Limits come from preciseveR vpR
measurements of the muon decay asymmetry as a function of the positron energy.
STOKER 85 is same TRIUMF experiment as CARR 83. Here they measure the decay e+
spectrum asymmetry above 46 MeV/c using a muon-spin-rotation technique. Assumed
a light right-handed neutrino. Quoted limits are from combining with CARR 83.
BERGSMA 83 set limit mW /mW &1.9 at CL = 90%.

2 1

CARR 83 is TRIUMF experiment with a highly polarized p+ beam. Looked for deviation
from V —A at the high momentum end of the decay e+ energy spectrum. Limit from
previous world-average muon polarization parameter is m W &240 GeV. Assumes a

R
light right-handed neutrino.
BEALL 82 limit is obtained assuming that W contribution to K —K mass difference isR
smaller than the standard one, neglecting the top quark contributions. Manifest left-right
symmetry assumed.
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MASS LIMITS for W' (A Heavy Charged Vector Boson Other Than W)
in Hadron Collider Experiments

Couplings of WI to quarks and leptons are taken to be identical with those of W.
The following limits are obtained from pp ~ W'X with W' decaying to the mode
indicated in the comments. New decay channels (e.g. , W' ~ WZ are assumed to
be suppressed. Experiments other than ABE 95M, ABACHI 95E, and ABE 91F assume
that the tb channel is not open.

VAL UE (Gev) CL ohio DOCUMENT /D TECN COMM EN T

&652 95 ABE 95M CDF W' ~ e ve
~ ~ e We do not use the following data for averages, fits, limits, etc. o o e

&610 95 ABACHI 95E DO W' ~ eve and W' —~

Tv ~ evvvT
&251 90 A LITT I 93 UA2 W~ ~ qq

none 260-600 95 5 RIZZO 93 RVUE W' qq
&520 95 ABE 91F CDF W' -~ ev, pv

none 101—158 90 A LITT I 91 UA2 W ~ qq
&220 90 28 ALBA JAR 89 LIA1 W —~ e v

&209 90 ANSARI 87D UA2 W' ~ e v

&210 90 ARNISON 86B UA1 W' —+ e v

&170 90 ARNISON 83D UA1 W ~ e v

ABE 95M assume that the decay W' ~ WZ is suppressed and the (right-handed)
neutrino is light, noninteracting, and stable. If m =60 GeV, for example, the effect on
the mass limit is neglibible.

ABACHI 95E assume that the decay W' ~ WZ is suppressed and that the neutrino

from W' decay is stable and has a mass significantly less m W, .

ALITTI 93 search for resonances in the two-jet invariant mass. The limit assumes

I (W')/mW, —
I (W)/mw and B(W' ~ jj) = 2/3. This corresponds to WR with

m &m W (no leptonic decay) and WR ~ tb allowed. See their Fig. 4 for limits in
vR R

the mw, —B(qq) plane.
5 RIZZO 93 analyses CDF limit on possible two-jet resonances. The limit is sensitive to

the inclusion of the assumed K factor.
ABE 91F assume leptonic branching ratio of 1/12 for each lepton flavor. The limit from

the e v (p v) mode alone is 490 (435) GeV. These limits apply to WR if m + 15
GeV and vR does not decay in the detector. Cross section limit o . B & (1—10) pb is

given for mw, —100—550 GeV; see Fig. 2.

ALITTI 91 search is based on two-jet invariant mass spectrum, assuming B(W' ~ qq)
= 67.6%. Limit on o- B as a function of two-jet mass is given in Fig. 7.
ALBAJAR 89 cross section limit at 630 GeV is rT(W') B(ev) & 4.1 pb (90% CL).

9See Fig. 5 of ANSARI 87D for the excluded region in the m W,
—[(gw, ) B(W' ~w'q

ev)] plane. Note that the quantity (gw, ) B(W' ~ ev) is normalized to unity forw'q
the standard W couplings.
ARNISON 86B find no excess at large pT in 148 W ~ ev events. Set limit o x B(ev)
&10 pb at CL = 90% at Ecm = 546 and 630 GeV.

ARNISON 83D find among 47 W ~ ev candidates no event with excess pT. Also set
g xB(ev) &30 pb with CI = 90% at Ecm

—540 GeV.

E6 bosons: Two new neutral gauge bosons appear in E6
models. One is contained in the SO(10) subgroup and the other

is not:

Es . SO(10) x U(1)@,

SO(10):SU(5) x U(1)~ .

Zp = Zy cosP+ Z~ sin/I .

The gauge quantum numbers of the ordinary quarks and leptons

are shown in the table:

Tait Y B L~24—Qg

ll» dz

+—1
2

1
2

1 —12

+- +-1 1
6 3

+— +— +—1 2 1
2 3 3
1 1 1+—
2 3 3

+3 +—1
6
r+—
6

+—13

In particular, the X charge is related to others by ~24Qg =
4Y' —S(B—L). Also notice that the Z~ coupling is pure axial

for all quarks and leptons.

Another typical case Z& is defined as

One Z' is assumed to be relatively light, which in genera, l is a
linear combination of the two:

MASS LIMITS for Z' (Heavy Neutral Vector Boson Other Than 2)
THF. Z' SEARCHES Z7= ZQ

The mass bounds depend on the gauge group and the

gauge coupling of a Z' boson. The limits listed be1ow are not,

exhaustive but include only typical Z' bosons that appear

frequently in the literature. The following notations are used

for these Z bosons.

Z&M. Z&&1 is a clone of the Z and is int, roduced as a

convenient way to gauge the limits rather than with a theoretical

n1otivation. It is assun1ed t:,o have exactly the same couplings as

the Z but, a different, mass.

I.eft-right symmetric bosons: ZI, g is the extra neutral

boson which appears in left-right symn1etric n1odels with the

gauge group SU(2)r, x SU(2)lt x U(1)~ r, or SU(2)L, x U(l)~ x

II(1)~ ~„where U(1)~ is the third component of SU(2)rr

and the weak hypercharge Y = Tait + 2(B —L). The Z~lt

couples to oTslt —(I/2n)(B —L) with the coupling strength

g' (the weak hypercharge gauge coupling). The parameter o, is

model depend, ent. For left-right, symmetric coupling gI,
—g~,

n = (1 —2 sin gu )
/'

/ sin II~ = 1.S3, which is used for the limits

in the listing unless noted. Another typical case o. = (2/3) 7 is

ident, ical to Zy (discussed below) with the coupling g~ = g'.

which appears in a superstring-motivated model.

A reference gauge coupling for t, hese bosons is g'

e/ cos 6~, which is predicted if there is no intermediate symme-

try breaking scale.

In general, these Z' models require the existence of a

set of new fermions (belonging to the 27 representation of

Es) to cancel gauge anomalies, and possibly superpartners.

An exception is Zy, for which only right-handed neutrinos

are necessary. For the direct limit, s from hadron colliders, it is

often assumed that these new fermions are heavy and are not,

produced. in the decay of t,he Z'.
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)237
&119

none 490-560

90
90
95

ABE

39 ABE
40 G E I R EG AT

&387
&307

Limits for ZL~
Z~R is the extra neutral boson in left-right symmetric models. gL = gR is assumed
unless noted. Values in parentheses assume stronger constraint on the Higgs sector,
usually motivated by superstring models. Values in brackets are from cosmological and
astrophysical considerations and assume a light right-handed neutrino.

VALUE (Gev) CL% DOCUMENT ID TECN COMM EN T
I

&445 95 46 ABE 95 CDF pp Z&R ~ e+e
)389 95 LAN GACKER 928 RVUE Electroweak

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&253 95 49 VILAIN 948 CHM2 v e — v eandv e—
IL IL

P e

95 ADRIANI 93D L3 Z parameters
90 ALTARELLI 938 RVUE Z parameters
95 5 RIZZO 93 RVUF pp; ZLR qq
95 ABE 928 CDF p p
95 ABE 928 CDF p p
90 D ELAG U I LA 92 RVUE

LAYSSAC 928 RVUE Z parameters
90 POLAK 92 RVUE Ic decay
90 8 POLAK 928 RVU E Elect rowea k

59 RENTON 92 RVUE
ALTARELLI 918 RVUE Z parameters

61 DFLAGUILA 91 RVIJE
6 POLAK 91 RVUE Electroweak

WALKER 91 COSM Nucleosynthesis; light vR
GRIFOLS 90 ASTR SN 1987A; light vR

9O 64 HF 908 RVUE
BARBIERI 898 ASTR SN 1987A; light vR

66 DELAGUILA 89 RVIJE p p
RAFFELT 88 ASTR SN 1987A; light vR

67 AMALDI 87 RVUE
68 DURKIN 86 RVLlE
6 A DEVA MRKJ e ~ e IL+ IL

&130
(& 1500)
none 490-560
&310
&230

(& 900)
() 1400)
(& 564)
&474
{& 1340)
(& 8oo)
(& 795)
&382

[& 200G]

[& 5oo]
(& 46o)
[& 2400—6800]
& 189

[& 1oooo]
&325
&278
&150

90
90
90

90
90
95

Limits for ZSM
I

ZSM is assumed to have couplings with quarks and leptons which are identical to
those of Z.

VALUE {GeV) CL% DOCLIMENT ID TECN COMMENT

y505 95 ABE 95 CDF pp; ZsM e+e I
&779 95 LANGACKER 928 RVUE Electroweak

~ ~ ~ We do not use the following data for averages, fits, limits, etc. a ~ ~

&398 95 VILAIN 948 CHM2 v e ~ v e and iI-L

v e ~ v e
I

A LITT I 93 UA2 P p' ZSM
ALLEN 93 CALO ve ~ ve

I38 RIZZO 93 RVUE pp; Z
M

~ qq
&412 95 928 CDF pp ZSM e e

I+Sc
I

95 91D CDF pp; ZSM e+e
90 91 CHM2 v&, e v& e and

v, e~ P, e

&426 9o 41 ABE 90F VNS e+e
&208 90 42 HAGIWARA 90 RVUE e+ e
&173 90 ALBAJAR 89 UA1 pp; Z —~ e+ e

PM
&180 90 ANSARI 87D UA2 p p; Z

M
~ e+ e

&160 90 ARNISON 868 UA1 pp; ZSM e+ e

ABE 95 limit is obtained assuming that Z' decays to known fermions only.
LANGACKER 928 fit to a wide range of electroweak data including LEP results available
early '91. m& )89 GeV used.

LANGACKER 928 give 95%CL limits on the Z-Z' mixing —0.0086 & 0 & 0.0005.
VILAIN 948 assume mt.

—150 GeV.

ALITTI 93 search for resonances in the two-jet invariant mass. The limit assumes B(2' ~
qq)=0. 7. See their Fig. 5 for limits in the m» —B(qq) plane.

37 ALLEN 93 limit is from total cross section for ve ~ ve, where v =- ve, v&, P&.

, RIZZO 93 analyses CDF limit on possible two-jet resonances. The limit is sensitive to
the inclusion of the assumed K factor.
ABE 91D give o(Z') B(e+ e ) & 1.31 pb (95%CL) for mzI ) 200 GeV at Ecm —1.8
TeV. Limits ranging from 2 to 30 pb are given for mz, —100—200 GeV.

GEIREGAT 91 limit is from comparison of g from v e scattering with I (Z ~ ee)V I.L

from LEP. Zero mixing assumed.
ABE 90F use data for R, R~~, and A~~. They fix m ~ —80.49 4 0.43 + 0.24 GeV and
mZ: 91.13:L 0,03 GeV.

42 HAGIWARA 90 perform a fit to e+ e data at PEP, PETRA, and TRISTAN including
p+ Ic, r+ r, and hadron cross sections and asymrnetries.
ALBAJAR 89 cross section limit at 630 GeV is o-(2') B(ee) & 4.2 pb (90% CL).
See Fig. 5 of ANSARI 87D for the excluded region in the mz, —I(gz, ) B(Z'Z'q
e+ e )] plane. Note that the quantity (gz, ) B(2' e+ e ) is normalized to unity

for the standard Z couplings.
ARNISON 868 find no excess e+ e pairs among 13 pairs from Z. Set limit ITx B(e+ e )
&13 pb at CL = 90% at Ecm = 546 and 630 GeV.

ABE 95 limit is obtained assuming that Z' decays to known fermions only. See their
Fig. 3 for the mass bound of Z decaying to all allowed fermions and supersymmetric
fermions.
LANGACKER 928 fit to a wide range of electroweak data including LEP results available
early '91. mt )89 GeV used.

LANGACKER 928 give 95%CL limits on the Z-Z' mixing —0.0025 & 0 & 0.0083.
ViLAiN 94rs assume mt

—150 GeV and ra=0. See Fig. 2 for limit contours in the
m ass-mixing plane.
ADRIANI 93D give limits on the Z-Z mixing —0.002 & 0 & 0.015 assuming the
ABE 928 mass limit.
ALTARELLI 938 limit is from LEP data available in summer '93 and is for m&

—110
GeV. mH = 100 GeV and ~s —0.118 assumed. The limit improves for larger m~ (see
their Fig. 5). The 90%CL limit on the Z-Z' mixing angle is in Table 4.
RIZZO 93 analyses CDF limit on possible two-jet resonances. The limit is sensitive to
the inclusion of the assumed K factor.

53These limits assume that Z' decays to known fermions only.
"These limits assume that Z' decays to all E6 fermions and their superpartners.

See Fig. 7b and 8 in DELAGUILA 92 for the allowed region in mz, -mixing plane and

mz, —m& plane from electroweak fit including '90 LEP data.

LAYSSAC 928 limit is from LEP data available spring '92. Specific Higgs sector is
assumed. See also LAYSSAC 92.
POLAK 92 limit is from m~ &477 GeV, which is derived from muon decay parameters

R
assuming light vR. Specific Higgs sector is assumed.

POLAK 928 limit is from a simultaneous fit to charged and neutral sector in

SU(2)~xSU(2)Rx U(1) model using Z parameters, m~, and low-energy neutral cur-
rent data as of 1991. Light vR assumed and mt. —mH=100 GeV used. Supersedes
POLAK 91.

59 RENTON 92 limits use LEP data taken up to '90 as well as m ~, v N, and atomic parity
violation data. Specific Higgs structure is assumed.
ALTARELLI 918 is based on Z mass, widths, and AFg. The limits are for superstring
motivated models with extra assumption on the Higgs sector. m& ) 90 GeV and
m p & 1 TeV assumed. For large mt. , the bound improves drastically. Bounds for

Z-ZI mixing angle and Z mass shift without this model assumption are also given in the
paper.
DELAGUILA 91 bounds have extra assumption of superstring motivated Higgs sector.
FrOm vN neutral Current data With mZ = 91.10 + 0.04 GeV, mt. & 77 GeV, mHO & 1
TeV assumed.
POLAK 91 limit is from a simultaneous fit to charged and neutral sector in

SU(2)L xSU(2)Rx U(1) model using m VII, mZ, and low-energy neutral current data as
of 1990. Light vR assumed and mt. —mH —100 GeV used. Superseded by POLAK 928.
GRIFOLS 90 limit holds for m + 1 MeV. See also GRIFOLS 90D, RIZZO 91.
HE 908 model assumes a specific Higgs sector. Neutral current data of COSTA 88 as
well as mZ is used. gR is left free in the fit.
BARBIERI 898 limit holds for m & 10 MeV.

vR

DELAGUILA 89 limit is based on fr(pp ~ 2') B(Z' ~ e+ e ) & 1.8 pb at CERN pp
collider.
A wide range of neutral current data as of 1986 are used in the fit.
A wide range of neutral current data as of 1985 are used in the fit.
ADEVA 858 measure asymmetry of Ic-pair production, following formalism of RIZZO 81.

&117
(&9oo)
&340
&280
(&65o)
(&76o)
&148

(&7OO)

(& 5oo)
(& 57o)
(& 555)
[&147O]

90

Limits for Z~
2& is the extra neutral boson in SO(10) ~ SU(5) x U(1)~. g~ —e/cosOVV is
assumed unless otherwise stated. We list limits with the assumption p = 1 but with
no further constraints on the Higgs sector. Values in parentheses assume stronger
constraint on the Higgs sector motivated by superstring models. Values in brackets
are from cosmological and astrophysical considerations and assume a light right-handed
neutrino.

VAL UE (GeV) CL% DOCUMENT ID TECN COMM EN T

&425 95 70 ABE 95 CDF pp; Z~ ~ e+e
&321 95 LANGACKER 928 RVUE Electroweak

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&147 95 ABREU 95M DLPH Z parameters and
e+ e Ic+ I.c (np)

74 NARDI 95 RVUE Z parameters
5 BUSKULIC 94 ALEP Z parameters

&262 95 VI LAIN 948 CHM2 v e~ v eandP e~
I-L Ic I-Lv„e

95 ADRIANI 93D L3 Z parameters
90 ALTARELLI 938 RVUE Z parameters
95 ABE 928 CDF p p
95 80 ABE 928 CDF p p
90 81 DELAGUILA 92 RVUE

LAYSSAC 928 RVUE Z parameters
95 83 LEIKE 92 RVUE Z parameters

4 RENTON 92 RVUE
90 5 ALTARELLI 918 RVUE Z parameters

BUCHMUEL. .. 91 RVUE Z parameters
DELAGUILA 91 RVUE
FARAGGI 91 COSM Nucleosynthesis; light vR
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90
90

&320 90 GONZALEZ-G. .91 RVUE
&221 MAHANTHAP. .91 RVUE Cs

&231 91,92 ABF 90F VNS e+ e
&206 92,93 ABF 90F RVUE e+ e, v e

&335 4 BARGER 908 RVUE pp
(& 65o} 90 GLASHOW 90 RVUE
[»14o] GONZALEZ-G. .900 COSM Nucleosynthesis; light VR

[& 21oo] GRIFOLS 90 ASTR SN 1987A; light vR
none &150 or ) 363 90 HAGIWARA 90 RVUE e+ e
&177 99 DELAGUILA 89 RVUE p p
&280 g5 100 DORENBOS. .. 89 CHRM gy —

gZ
&352 90 COSTA 88 RVUE
&170 90 ELLIS 88 RVUE p p
&273 go AMALDI 87 RVUE
&266 90 103 MARCIANO 87 RVUE
&283 90 DURK IN 86 RVUE

ABE 95 limit is obtained assuming that Z' decays to known fermions only. See their

Fig. 3 for the mass bound of Z' decaying to all allowed fermions and supersymmetric
fermions.
LANGACKER 928 fit to a wide range of electroweak data including LEP results available
ear ly '91. m

&
&89 G eV used.

LANGACKER 928 give 95%CL limits on the Z-Z' mixing —0.0048 & 0 & 0.0097.
ABREU 95M limit is for ns=0. 123, mt. —150 GeV, and mH —300 GeV. For the limit
contour in the mass-mixing plane, see their Fig. 13.
NAR DI 95 give 90%CL limits on Z-Z' mixing —0.0032 & 0 & 0.0031 for Mz, &500 GeV,

m&
—170 GeV, mH —250 GeV, o.s

—0, 12. The bound is relaxed under the simultaneous
presence of the mixing of the known fermions with new heavy states, —0.0032 & 0 &
0.0079.
BUSKUL. IC 94 give 95%CL limits on the Z-Z' mixing —0.0091 & 0 & 0.0023.
VILAIN 948 assume mt = 150 GeV and II=0. See Fig. 2 for limit contours in the
mass-mixing plane.
ADRIANI 93D give limits on the 2-Z' mixing —0.004 & 0 & 0.015 assuming the
ABE 928 mass limit.
ALTARELLI 938 limit is from LEP data available in summer '93 and is for mt —110
GeV. mH —100 GeV and ns = 0.118 assumed. The limit improves for larger mf, (see
their Fig. 5). The 90%CL limit on the Z-Z' mixing angle is in their Fig. 2.
These limits assume that Z' decays to known fermions only.

These limits assume that Z' decays to all E6 fermions and their superpartners.
See Fig. 7a and 8 in DELAGUILA 92 for the allowed region in mz, -mixing plane and

mz, —mt plane from electroweak fit including '90 LEP data.

LAYSSAC 928 limit is from LEP data available spring '92. Specific Higgs sector is
assumed. See also LAYSSAC 92.
LEIKE 92 is based on '90 LFP data published in LEP 92.

4 RENTON 92 limits use LEP data taken up to '90 as well as mI/V, vN, and atomic parity
violation data. Specific Higgs structure is assumed.
ALTARELLI 918 is based on Z mass, widths, and AF~. The limits are for superstring
motivated models with extra assumption on the Higgs sector. mt ) 90 GeV and
m 0 & 1 TeV assumed. For large mf, the bound improves drastically. Bounds for

Z-Z' mixing angle and Z mass shift without this model assumption are also given in the
paper.
BUCHMUELLER 91 limit is from LEP data. Specific assumption is made for the Higgs
sector.
DELAGUILA 91 bounds have extra assumption of superstring motivated Higgs sector.
From vN neutral current data with mZ 91.10+ 0.04 GeV, mt ) 77 GeV, mHO & 1

TeV assumed.
FARAGGI 91 limit assumes the nucleosynthesis bound on the effective number of neu-
trinos AN & 0.5 and is valid for m & 1 MeV.

VR

GONZALEZ-GARCIA 91 limit is based on low-energy neutral current data, Z mass
and widths, mI/V from ABE 90G. 100 &mt. & 200 GeV, mHO

—100 GeV assumed.
Dependence on mf. is shown in Fig. 7.
MAHANTHAPPA 91 limit is from atomic parity violation in Cs with m ~, mZ.
ABE 90F use data for R, RI ~, and A~~.
ABE 90F fix m

IA/
= 80.49 + 0.43 4 0.24 GeV and mZ —91.13 + 0.03 GeV.

e+ e data for R, Rg~, A~~, and Acc below Z as well as v, e scattering data of
GEIREGAT 89 is used in the fit.
BARGER 908 limit is based on CDF limit o.(pp ~ Z') B(Z' ~ e+e ) & 1 pb

(Nodulmant EPS Conf. '89). Assumes no new threshold is open for Z' decay.
GLASHOW 90 model assumes a specific Higgs sector. See GLASHOW 908.

9 These authors claim that the nucleosynthesis bound on the effective number of light

neutrinos (bNV & 1) constrains Z masses if v~ is light ( ( 1 MeV).
GRIFOLS 90 limit holds for m + 1 MeV. See also GRIFOLS 90D, RIZZO 91.vR

HAGIWARA 90 perform a fit to e+ e data at PEP, PETRA, and TRISTAN including

»+», ~+7. , and hadron cross sections and asymmetries. The upper mass limit
disappears at 2.7 s.d.
DELAGUILA 89 limit is based on n-(pp ~ Z') B(Z' ~ e+e ) & 1.8 pb at CERN pp
collider.
DORENBOSCH 89 obtain the limit (g~/gZ) (mz/mZ ) & 0, 11 at 95% CL from

the processes v» e v» e and v» e —~ v» e.
A wide range of neutral current data as of 1986 are used in the fit.

2 Z' mass limits from non-observation of an excess of l+ E pairs at the CERN pp collider

[based on ANSARI 87D and GEER Uppsala Conf. 87]. The limits apply when Z' decays
only into light quarks and leptons.
MARCIANO 87 limit from unitarity of Cabibbo-Kobayashi-Maskawa matrix.
A wide range of neutral current data as of 1985 are used in the fit.

&135

Limits for

Z„is the extra neutral boson in E5 models, corresponding to r0 = ~3/8 Q~7I

s/5/8 Qd, . g = e/cosg trV is assumed unless otherwise stated. We list limits with
the assumption p = 1 but with no further constraints on the Higgs sector. Values in

parentheses assume stronger constraint on the Higgs sector motivated by superstring
models. Values in brackets are from cosmological and astrophysical considerations and
assume a light right-handed neutrino.

VA L UE (Gev) CL% DOCUMENT ID TECN COMM EN T

&440 g5 124 ABE CDF pp, 2 e+e
7I

&182 g5 125,126
I ANGACKER 928 RVUE Electroweak

~ e e We do not use the following data for averages, fits, limits, etc. ~ e e

&109 95 ABREU 95M DLPH Z parameters and
e+ e»+ If (np)' 8NARDI 95 RVUE Z parameters

95 VILA IN 948 CHM2 v e —a v e and F. e—»» »
v» e

95 ADRIANI 930 L3 2 parameters
90 ALTARELI I 938 RVUE Z parameters
95 ABE 928 CDF p p
95 133 ABE 92e CDF p p
90 DELAGLIILA 92 RVUE

5 LAYSSAC 928 RVUE 2 parameters
95 92 RVUE Z parameters

RENTON 92 RVUE
90 3 ALTARELLI 918 RVUE Z parameters
90 9 GONZALEZ-G. .91 RVUE

go 14Q, 141 ABF 90F VNS e+ e

&100

&100
(&5oo)
&340
&230
()45o)
(&315)
&118
(&47o)
(& 3oo)
&120
&125

Limits for Q
Z~ is the extra neutral boson in E6 ~ SO(10) x U(1)~. g@

—e/cosPI/I/ is assumed
unless otherwise stated. We list limits with the assumption p=1 but with no fur-
ther constraints on the Higgs sector. Values in brackets are from cosmological and
astrophysical considerations and assume a light right-handed neutrino.

VALUE (GeV) CL% DOCUMENT ID TECN COMMEN T

)415 95 ABE 95 CDF pp Z ~ e+e
&160 95 106,107 LANGACKER 928 RVUE Electroweak

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&105 95 ABREU 95M DLPH Z parameters and t
e+ e — »+» —

(np)
NARDI 95 RVUE Z parameters

95 VILA I N 948 CHM2 v e —+ v eandv e —9»»»
v e

&118 95 " A D RIAN I 93D L3 Z para meters
&320 95 2 ABE 928 CDF p p
&180 g5 113AB 928 CDF pp
&122 95 114 LEIKE 92 RVUE Z parameters
&105 9Q 115,116 ABE 90F VNS e+ e
& 146 9Q 116,117 ABE 90F RVUE e+ e, v e

&320 BARGER 908 RVUE p p
[& 160] GONZALEZ-G. .90D COSM Nucleosynthesis; light vR
[& 2000] GRIFOLS 900 ASTR SN 1987A; light vR
&136 90 " HAGIWARA 90 RVUF e+ e-
&154 go 122 AMALDI 87 RVUE
& 146 90 DURKIN 86 RVUE

ABE 95 limit is obtained assuming that Z' decays to known fermions only. See their
Fig. 3 for the mass bound of Z' decaying to all allowed fermions and supersymmetric
fermions.
LANGACKER 928 fit to a wide range of electroweak data including LEP results available
early '91. mt &89 GeV used.

LANGACKER g28 give 95%CL limits on the Z-Z' mixing —0.0025 & |I & 0.013.
ABREU 95M limit is for its —0.123, mt. —150 GeV, and mH —300 GeV. For the limit
contour in the mass-mixing plane, see their Fig. 13.
NARDI 95 give 90%CL limits on 2-Z' mixing —0.0056 & 0 & 0.0055 for Mz, &500 GeV,

m&
—170 GeV, mH

—250 GeV, os=0.12. The bound is relaxed under the simultaneous
presence of the mixing of the known fermions with new heavy states, —0.0066 & 0 &
0.0071.

0VILAIN 948 assume mt
—150 GeV and ra=-0. See Fig. 2 for limit contours in the

m ass-mixing plane.
ADRIANI 93D give limits on the Z-Z' mixing —0.003 & 0 & 0.020 assuming the
ABE 928 mass limit.
These limits assume that Z' decays to known fermions only.
These limits assume that Z' decays to all E6 fermions and their superpartners.

114LEIKE 92 is based on 90 LEP data published in LEP 92.
ABE 90F use data for R, R~g, and A~g.
ABE 90F fix mi/V

—80.49 + 0.43 + 0.24 GeV and m Z
—91.13 + 0.03 GeV.

117 +e e data for R, R~~, A~~, and Acc below Z as well as v, e scattering data of
GEIREGAT 89 is used in the fit.
BARGER 908 limit is based on CDF limit rT(pp ~ Z') B(Z' ~ e+ e ) & 1 pb
(Nodulman, EPS Conf. '89). Assumes no new threshold is open for Z' decay.
These authors claim that the nucleosynthesis bound on the effective number of light

neutrinos (b'N & 1) constrains Z' masses if vR is light (( 1 MeV).

GRIFOLS 90D limit holds for m ( 1 MeV. See also RIZZO 91.
HAGIWARA 90 perform a fit to e+ e data at PEP, PETRA, and TRISTAN including

»+», ~+ ~, and hadron cross sections and asymrnetries.
A wide range of neutral current data as of 1986 are used in the fit.

- A wide range of neutral current data as of 1985 are used in the fit.
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Limits for other Z'
Z~

—ZX cosp + Z~ sing

VAL UE (GeV) CL% DOCUMENT ID TECN

o ~ ~ We do not use the following data for averages, fits, limits,
153 DELAGUILA 92 RVUE
154 ALTARELLI 91 RVUE

COMM EN T

o ~ ~

Zd with tanr3 = ~3/5;
Cs

Z~ with tang = ~3/5;
Cs

&360

155 MAHANTHAP. .91 RVUE&190

156 GRIFOLS
D E LAG U I LA

90 158,159 COSTA

90 '60 FLLls

90C RVUE
89 RVUE p p
88 RVUE Zp with tang = v 15

88 RVUE Zp (tang = ~15), pp

&180
&158

&115 9Q 141,142 ABE 90F RVUE e+ e, v e
&340 BARGER 908 RVUE p p
[& 820] GONZALEZ-G. .90D COSM Nucleosynthesis; light vR
[& 3300] GRIFOLS 90 ASTR SN 1987A; light vR
&100 90 146 HAGIWARA 90 RVUE e+ e
[& 1040] 4 LOPEZ 90 COSM Nucleosynthesis; light vR
&173 147 DELAGUILA 89 RVUE p p
&129 90 8 COSTA 88 RVUE
& 156 90 ELLIS 88 RVUE
&167 90 1 ELLIS 88 RVUE p p
&111 90 8 AMALDI 87 RVUE
&143 9Q 151 BARGER 868 RVUE pp
&130 90 DURKIN 86 RVUE

[& 760] 4 ELLIS 86 COSM Nucleosynthesis; light vR
[& 500] STEIGMAN 86 COSM Nucleosynthesis; light vR

ABE 95 limit is obtained assuming that Z' decays to known fermions only. See their
Fig. 3 for the mass bound of Z' decaying to all allowed ferrnions and supersymmetric
fermions.
LANGACKER 928 fit to a wide range of electroweak data including LEP results available
early '91. m& &89 GeV used.

LANGACKER 928 give 95%CL limits on the Z-Z mixing —0,038 & 0 & 0.002.
ABREU 95M limit is for its —0.123, m&

—150 GeV, and mH —300 GeV. For the limit
contour in the mass-mixing plane, see their Fig. 13.
NARDI 95 give 90%CL limits on Z-Z' mixing —0.0087 & 0 & 0.0075 for MZ, &500 GeV,

mt —170 GeV, mH —250 GeV, ms=0. 12. The bound is relaxed under the simultaneous
presence of the mixing of the known fermions with new heavy states, —0.0087 & 0 &
0.010.
VILAIN 948 assume mt

—150 GeV and 8=0 See Fig. . 2 for limit contours in the
mass- mixing plane.
ADRIANI 93D give limits on the Z-Z' mixing —0.029 & 0 & 0.010 assuming the
ABE 928 mass limit.
ALTARELLI 938 limit is from LEP data available in summer '93 and is for m&

—110
GeV. mH —100 GeV and o.s

—0.118 assumed. The 90%CL limit on the Z-Z mixing
angle is in Fig. 2.
These limits assume that Z' decays to known fermions only.

3These limits assume that Z' decays to all E6 fermions and their superpartners.

See Fig. 7d in DELAGUILA 92 for the allowed region in mZ, -mixing plane from elec-
troweak fit including '90 LEP data.
LAYSSAC 928 limit is from LEP data available spring '92. Specific Higgs sector is
assumed. See also LAYSSAC 92.
LEIKE 92 is based on '90 LEP data published in LEP 92.
RENTON 92 limits use LEP data taken up to '90 as well as m ~, v N, and atomic parity
violation data. Specific Higgs structure is assumed.
ALTARELLI 918 is based on Z mass, widths, and AF&. The limits are for superstring
motivated models with extra assumption on the Higgs sector. mt ) 90 GeV and

mHp & 1 TeV assumed. For large mt, the bound improves drastically. Bounds for

Z-ZI mixing angle and Z mass shift without this model assumption are also given in the
paper.
GONZALEZ-GARCIA 91 limit is based on low-energy neutral current data, LEP Z mass
and widths, m ~ from ABE 90G. 100 &m& & 200 GeV, mHp

—100 GeV assumed.
Dependence on mt is shown in Fig. 8.
ABE goF use data for R, Rll, and All.
ABE 90F fix m ~ = 80.49 + 0.43 + 0.24 GeV and mZ —91,13 + 0.03 GeV.
e+ e data for R, Rll, All, and Acc below Z as well as v e scattering data of
GEIREGAT 89 is used in the fit.
BARGER 908 limit is based on CDF limit o-(pp ~ Z ) B(Z ~ e+ e ) & 1 pb

(Nodulman, EPS Conf. '89). Assumes no new threshold is open for ZI decay.
These authors claim that the nucleosynthesis bound on the effective number of light

neutrinos (6N & 1) constrains Z' masses if vR is light ( + 1 MeV).
GRIFOLS 90 limit holds for m + 1 MeV. See also GRIFOLS 90D, RIZZO 91.

6HAGIWARA 90 perform a fit to e+ e data at PEP, PETRA, and TRISTAN including
Ig+ p, , ~+q-, and hadron cross sections and asymmetries.
DELAGUILA 89 limit is based on o(pp ~ Z'). B(Z' ~ e+ e ) & 1.8 pb at CERN pp
collider.
A wide range of neutral current data as of 1986 are used in the fit.

149 Z mass limits obtained by combining constraints from non-observation of an excess of
TI

l+l pairs at the CERN pp collider and the global analysis of neutral current data by
COSTA 88. Least favorable spectrum of three ('E6 27) generations of particles and their
superpartners are assumed.
Z' mass limits from non-observation of an excess of l+ l pairs at the CERN p p collider

[based on ANSARI 87D and GEER Uppsala Conf. 87]. The limits apply when Z' decays
only into light quarks and leptons.
BARGER 868 limit is based on UA1/UA2 limit on p p ~ Z', Z ~ e+ e (Lepton
Photon Symp. , Kyoto, '85). Extra decay channels for 2' are assumed not be open.
A wide range of neutral current data as of 1985 are used in the fit.

Fig. 7c and 7e in DELAGUILA 92 give limits for tang= —1/~15 and ~15 from elec-
troweak fit including '90 LEP data.
ALTARELLI 91 limit is from atomic parity violation in Cs together with LEP, CDF data.
Z-Z' mixing is assumed to be zero to set the limit.
MAHANTHAPPA 91 limit is from atomic parity violation in Cs with m~, mZ. See
Table III of MAHANTHAPPA 91 (corrected in erratum) for limits on various 2' models.

6GRIFOLS 90c obtains a limit for Z' mass as a function of mixing angle@ (his 0 =
P —7r/2), which is derived from a LAMPF experiment on o-(vee) (ALLEN 90). The
result is shown in Fig. 1.
See Table I of DELAGUILA 89 for limits on various Z' models.

gp = e/cosOI/I/ and p = 1 assumed.158

A wide range of neutral current data as of 1986 are used in the fit.
Z' mass limits from non-observation of an excess of l+ l pairs at the CERN p p collider

[based on ANSARI 87D and GEER Uppsala Conf. 87]. The limits apply when Z' decays
only into light quarks and leptons.

& 44.4
& 44.6
& 44

MASS LIMITS for Leptoquarks from Single Production
These limits depend on the q-l-leptoquark coupling gLq. It is often assumed that

g&+/4Tr=l/137. Limits shown are for a scalar, weak isoscalar, charge —1/3 lepto-

quark.
VAL UE (GeV) CL% DOCUMENT ID

)230 174 AHMED

& 73 95 '75 ABRFU

TECN COMMENT

948 H1 First generation
93' DLPH Second generation

MASS LIMITS for Leptoquarks from Pair Production
These limits rely only on the color or electroweak charge of the leptoquark.

VALUE (Gev) CL% EVTS DOCUMEN T ID TECN COMM EN T

& 97 95 ABACHI 95G DQ Second generation
& 96 95 ABE 95U CDF Second generation
&116 95 ABACHI 948 DQ First generation

80 95 164 ABE 93( CDF First generation
& 45.5 95 165,166 ABREU 93' DLPH First + second gen-

eration
95 ADRIANI 93M L3 First generation
95 A DR IANI 93M L3 Third generation
g5 DECAMP 92 ALEP First or second

generation
& 45 95 DECAMP 92 ALEP Third generation
& 44.2 95 ALEXANDER 91 OPAL First or second

generation
& 41.4 95 ALEXANDER 91 OPAL Third generation

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 44.5 95 ADRIANI 93M L3 Second generation
& 42.1 95 ABREU 92F DLPH Second generation
& 74 95 170 A L I TT I 92E UA2 First generation
) 43.2 95 AD EVA 918 L3 First generation
& 43.4 95 167 ADEVA 918 L3 Second generation

none 8.9—22.6 95 171 KIM 90 AMY First generation
none 10.2-23.2 95 K IM 90 AMY Second generation
none 5—20.8 95 7 BARTEL 878 JADE
none 7-20.5 95 2 BEHREND 868 CELL

ABACHI 95G search for scalar leptoquarks using pIj+jets and Ij, v„+jets events in pp
collisions at Ec = 1.8 TeV. The limit is for B(rrq) = B(vq) = 0.5 and improves to
&119 GeV for B fr q) = 1.
ABE 950 search for scalar leptoquarks of charge Q=2/3 and —1/3 using p rr jj events
in p p collisions at E m

—1.8 TeV. The limit is for B(p q)=R(vq)=0. 5 and improves to
& 131. GeV for B(p q =1.
ABACHI 948 search for eejj and evjj events in PP collisions at Ecm —1.8 TeV.
ABACHI 948 obtain the limit )120 GeV for B(eq)=B(vq)=0.5 and )133 GeV for
B(eq)=1. A change in the DA luminosity monitor constant reduces the first bound to
&116 GeV quoted above (see FERMILAB-TM-1911). This limit does not depend on the
electroweak quantum numbers of the leptoquark.
ABE 93l search for lljj events in PP collisions at Ec —1.8 TeV. The limit is for B(eq)
= B(vq) = 0.5 and improves to &113 GeV for B(eqg = 1. This limit does not depend
on electroweak quantum numbers of the leptoquark.
Limit is for charge —1/3 isospin-0 leptoquark with B(lq) = 2/3.
First and second generation leptoquarks are assumed to be degenerate. The limit is

slightly lower for each generation.
Limits are for charge —1/3, isospin-0 scalar leptoquarks decaying to l q or vq with any
branching ratio. See paper for limits for other charge-isospin assignments of leptoquarks.
ADRIANI 93M limit for charge —1/3, isospin-0 leptoquark decaying to ~b.
ABREU 92F limit is for charge —1/3 isosin-0 leptoquark with B(p, q)=2/3. If first and
second generation leptoquarks are degenerate, the limit is 43.0 GeV, and for a charge
2/3 second generation leptoquark 43.4 GeV. Cross-section limit for pair production of
states decaying to l q is given in the paper.
ALITTI 92E search for lljj and lvjj events in PP collisions at E m

—630 GeV. The
limit is for B(eq) = 1 and is reduced to 67 GeV for R(eq) = B(vq) = 0.5. This limit
does not depend on electroweak quantum numbers of the leptoquark.
KIM 90 assume pair production of charge 2/3 scalar-leptoquark via photon exchange.
The decay of the first (second) generation leptoquark is assumed to be any mixture of
de+ and uv (sIg+ and cv). See paper for limits for specific branching ratios.
BARTEL 878 limit is valid when a pair of charge 2/3 spinless ieptoquarks X is produced
with point coupling, and when they decay under the constraint B(X ~ cv ) -p B(X —~

sIg+) = 1.
BEHREND 868 assumed that a charge 2/3 spinless leptoquark, X, decays either into

sf(g+ or cv: B(X —+ sIg+) + B(X ~ cv) = 1.



236

Gauge Ec Higgs Boson Particle Listings

Heavy Bosons Other than Higgs Bosons

~ Ia ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 65 95 ABREU 93j DLPH First generation
)181 93 H1 First generation
&168 95 DERRICK 93 ZEUS First generation

AHMED 94B limit is for the left-handed leptoquark decaying to eq and vq with B(eg)
= B{vq)=1/2. Electromagnetic coupling strength is assumed for the scalar leptoquark
interaction. For limits on states with different quantum numbers and the limits in the
coupling-mass plane, see their Table 2 and Fig. 6.
Limit from single production in Z decay. The limit is for a leptoquark coupling of
electromagnetic strength and assumes B(Eq) = 2/3. The limit is 77 GeV if first and
second leptoquarks are degenerate.
ABT 93 search for single leptoquark production in e p collisions with the decays eq and
vq. The limit is for a leptoquark coupling of electromagnetic strength and assumes
B{eq) .= B(vq) = 1/2. The limit for B(eq) = 1 is 178 GeV. For limits on states with
different quantum numbers, see their Fig. 2. ABT 93 superseded by AHMED 94B.
DERRICK 93 search for single leptoquark production in e p collisions with the decay eq
and vq. The limit is for leptoquark coupling of electromagnetic strength and assumes
B(eq) = B(vq) = 1/2. The limit for B(eq) = 1 is 176 GeV. For limits on states with
difFerent quantum numbers, see their Table 3.

Indirect Limits for Leptoquarks
VA L UE (TeV) CL% DOCUMENT ID TECN

~ ta ~ We do not use the following data for averages, fits, limits,

0.31 95 AID 95 H1
M IZUKOSHI 95 RVUE

0.3 95 180 BHATTACH. .. 94 RVUE

COMMENT

etc. ~ ~ ta

First generation
Third generation lepto-

quark
Spin-0 leptoquark cou-

pled to e~ tL
DAVIDSON 94 RVU E

18 182 K UZNETSOV 94 RVUE PatI-Salam type
0.43 95 LEURER 94 RVUE First generation spin-1

leptoquark
95 LEURER 94' RVUE First generation spin-0

leptoquark
MAHANTA 94 RVUE P and T violation

&350 DESHPANDE 83 RVUE Pati-Salam X-boson

) 1 SHANKER 82 RVUE Nonchiral spin-0 lepto-
quark)125 SHANKER 82 RVUE Nonchiral spin-1 lepto-
quark

AID 95 limit is for the weak isotriplet spin-1 leptoquark with the electromagnetic coupling
strength. For the limits of leptoquarks with different quantum number, see their Table 2.
AID 95 limits are from the measurements of the q spectrum measurement of ep ~
eX.
MIZUKOSHI 95 calculate the one-loop radiative correction to the Z-physics parameters
in various leptoquark models. See their Fig. 4 for the exclusion plot of third generation
leptoquark models in mass-coupling plane.
BHATTACHARYYA 94 limit is from one-loop radiative correction to the leptonic decay
width of the Z. mH —250 GeV, res(mZ)=0. 12, m&

—180 GeV, and the electroweak
strength of leptoquark coupling are assumed. For leptoquark coupled to eL tR, pt, and
r t, see Fig. 2 in BHATTACHARYYA 94B erratum and Fig. 3.
DAVIDSON 94 gives an extensive list of the bounds on leptoquark-induced four-fermion
insteractions from vr, K, 0, B, If, , r decays and meson mixings, etc. See Table 15 of
DAVIDSON 94 for detail.
KUZNETSOV 94 gives mixing independent bound of the Pati-Salam leptoquark from

the cosmological limit on ~ —+ v v.0

LEURER 94, LEURER 948 limits are obtained from atomic parity violation and apply to
any chiral leptoquark which couples to the first generation with electromagnetic strength.
For a nonchiral leptoquark, universality in ~~2 decay provides a much more stringent
bound. See also SHANKER 82.
MAHANTA 94 gives bounds of P- and T-violating scalar-leptoquark couplings from
atomic and molecular experiments.

5 DESHPANDE 83 used upper limit on K0 ~ pe decay with renormalization-group
L

equations to estimate coupling at the heavy boson mass. See also DIMOPOULOS 81.
From (fr —s ev)/(~ ~ Isv) ratio. SHANKER 82 assumes the leptoquark induced

four-fermion coupling 4g-/M (veL u~) (dLeg)with g=0.004 for spin-0 leptoquark

and g /M (veL p&, uL) (d~ pI'e~) with g= 0.6 for spin-1 leptoquark.

0.44

IVIASS LIMITS for Diquarks
VAL UE (Gev) CL% DOCUMENT ID TECN COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o e

none 15-31.7 i95ABREU 940 DLPH SUSY E6 diquark

ABREU 94o limit is from e+e cscs. Range extends up to rt3 Gev if diquarks are
degenerate in mass.

&29
none 150—310

Xo (Heavy Boson) Searches In Z Decays
Searches for radiative transition of Z to a lighter spin-0 state X decaying to hadrons,
a lepton pair, or a photon pair as shown in the comments. The limits are for the
product of branching ratios.

VAL UE CLl DOCUMENT ID TECN COMMENT

~ ~ a We do not use the following data for averages, fits, limits, etc. ~ o ~

196 ACTON 93E OPAL X
ABREU 92D DLPH X -~ hadrons

198 ADRIANI 92F L3 X ~ hadrons

ACTON 91 OPAL X ~ anything
&1.1 x 10 4 95 00 ACTON 91e OPAL X e+ e

&9 x 10 95 200 AC TON 91B OPAL X0 ~ p+ p,

&1.1 x 10 4 ACTON 91B OPAL X0 ~
&2.8 x 10 4 95 ADEVA 91DL3 X ~ ei e

&2.3 x 10 95 20' A DEVA 91D L3 X0 ~ I~+ P
&4.7 x 10 4 95 A DEVA 91D L3 X0 hadrons

&8 x 10 4 AKRAWY 90J OPAL X ~ hadrons

ACTON 93E give r7(e+ e -~ X p) B(X —+ pp)& 0,4 pb (95%CL) foI' mXp ——60
2.5 GeV. If the process occurs via s-channel p exchange, the limit translates to
I (X ) B(X ~ PP) &20 MeV for mXp

—60 + 1 GeV.

ABREU 92D give frZ B(Z ~ pX ) B{X —~ hadrons) &(3—10) pb for mXp—
10—78 GeV. A very similar limit is obtained for spin-1 X
ADRIANI 92F search for isolated p in hadronic Z decays. The limit nZ B(Z -~ pX )

B(X ~ hadrons) &(2—10) pb (95%CL) is given for mXp
—25—85 GeV.

ACTON 91 searches for Z ~ Z*X, Z* ~ e+ e, p, +IM, or vv. Excludes any

new scalar X with mXp & 9.5 GeV/c if it has the same coupling to ZZ* as the MSM

Higgs boson.
ACTON 91B limits are for m = 60—85 GeV.xp—
ADEVA 91D limits are for mXp —30—89 GeV.

ADEVA 91D limits are for m = 30—86 GeV.xp—
AKRAWY 90j give I (Z ~ pX ) B(X ~ hadrons) & 1.9 MeV (95%CL) for mXp
= 32—80 GeV. We divide by I (Z) = 2.5 GeV to get product of branching ratios. For
nonresonant transitions, the limit is B(Z ~ p q q) & 8.2 MeV assuming three-body
phase space distribution.

MASS LIMITS for gat (axIgltton}
Axigluons are massive color-octet gauge bosons in chiral color models and have axial-
vector coupling to quarks with the same coupling strength as gluons.

VAL UE (GeV) CL% DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

none 200—870 9SN CDF pp gAX, gA qq
none 240-640 95 189 ABE 93G CDF pp ~ g~X, g~ ~

2jets
95 CUYPERS 91 RVUE cr(e+ e hadrons)

191 ABE 90H CDF pp ~ g~X, g~ ~
2jets

ROBINETT 89 THEO Partial-wave unitarity
95 ALBAJAR 888 UA1 p p g~X g~ —9

2jets
&20 BERGSTROM 88 RVUE p p ~ 7 X via g~g
& 9 CUYPERS 88 RVUE T decay
&25 DONCHESKI 888 RVUE T decay

tABE 95N assume axigluons decaying to quarks in the Standard Model only.
ABE 93G assume C(g~) = Nnsmg /6 with N = 10.S gA

CUYPERS 91 compare its measured in T decay and that from R at PEP/PETRA
energies.
ABE 90H assumes I (gA) = N~smg /6 with N = 5 (I (g~) = 0.09mg ). For N = 10,

gA gA
'

the excluded region is reduced to 120—150 GeV.
ROBINETT 89 result demands partial-wave unitarity of J = 0 tt ~ tt scattering
amplitude and derives a limit mg ) 0,5 mf. Assumes mf. & 56 GeV.

gA
ALBAJAR 888 result is from the nonobservation of a peak in two-jet invariant mass
distribution. I (gA) & 0.4 mg assumed. See also BAGGER 88.

gA

CUYPERS 88 requires I (T ~ gg~)& C(T ~ ggg). A similar result is obtained by
DONCHESKI 88.
DONCHESKI 88B requires I {T~ gqq)/I (T ~ ggg) & 0.25, where the former
decay proceeds via axigluon exchange. A more conservative estimate of & 0.5 leads to
mg ) 21 GeV.

gA
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MASS LIMITS for a Heavy Neutral Boson Coupling to e+ e
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

none 55-61 ODAKA 89 VNS I (X ~ e+ e )
B(X hadrons) +
Q. 2 MeV

95 DERRICK 86 HRS I (XU ~ e+ e )=6 MeV

95 206 ADEVA 85 MRKJ I (Xo ~ e+ e )=10 keV

95 ADEVA 85 MRKJ I (X ~ e+ e )=4 MeV"BERGER 858 PLUT
none 39.8-45.5 208 ADEVA 84 MRKJ I (X ~ e+ e )=10 keV

&47.8 g5 208 ADEVA 84 MRKJ I (XO e+ e )=4 MeV
none 39.8-45.2 BEHREND 84C CELL

&47 95 BEHREND 84C CELL I (X ~ e+ e )=4 MeV

ODAKA 89 looked for a narrow or wide scalar resonance in e+ e ~ hadrons at Ecm
= 55.0—60.8 GeV.
DERRICK 86 found no deviation from the Standard Model Bhabha scattering at Ecm—
29 GeV and set limits on the possible scalar boson e+e coupling. See their figure 4
for excluded region in the I (X ~ e+ e )-m 0 plane. Electronic chiral invarianceX
requires a parity doublet of Xo, in which case the limit applies for I (XO ~ e+e ) =
3 MeV.
ADEVA 85 first limit is from 2p, If.+p, hadrons assuming X is a scalar. Second limit

is from e+ e channel. Ecm
—40—47 GeV. Supersedes ADEVA 84.

BERGER 858 looked for effect of spin-0 boson exchange in e+ e ~ e+ e and ILf+ p
at Ecm = 34.7 GeV. See Fig. 5 for excluded region in the mxo —C(X ) plane.

ADEVA 84 and BEHREND 84C have Ecm —39.8—45.5 GeV. MARK-J searched X in

e+ e ~ hadrons, 2p, p+ p. , e+e and CELLO in the same channels plus v. pair.
No narrow or broad X is found in the energy range. They also searched for the effect of
X with mx & Ecm. The second limits are from Bhabha data and for spin-0 singlet.

The same limits apply for I (X ~ e+e ) = 2 MeV if X is a spin-0 doublet. The
second limit of BEHREND 84C was read off from their figure 2. The original papers also
list limits in other channels.

&45
&46.6
&48

Search for X Resonance in e+ e Collisions
The limit is for I (X ~ e+ e ) B(X ~ f), where f is the specified final state.
Spin 0 is assumed for X

VALUE (keV) CL% DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&103 95 0 A BE 93C VNS I (e e)
&(o.4-io) 95 ABE 93C VNS f = pp
&(o.3-5) 95 211,212 ABE 93D TOPZ f = ~q
&(2—12) g5 211,212 ABF 93D TOPZ f = hadrons

&(4-200) 95 212,213 ABE 93D TOPZ f = ee
& (0.1—6) g5 212,213 ABE 93D TOPZ f =I P
&(o.5-8) 90 214STERNER 93 AMY f = ~~

Limit is for I (X e+ e ) mxo —56—63.5 GeV for I (X ) = 0.5 GeV.

Limit is for mXO
—56—61.5 GeV and is valid for I (X ) «100 MeV. See their Fig. 5 for

limits for C = 1,2 GeV.
Limit is for mXO = 57 2 60 e

Limit is valid for I (X ) (& 100 MeV. See paper for limits for I = 1 GeV and those for
J = 2 resonances.
Limit is for mxO

—56.6—60 GeV.

STERNER 93 limit is for mxo —57—59.6 GeV and is valid for I (X )&100 IVleV. See
their Fig. 2 for limits for I = 1,3 GeV.

Search for X Resonance in Two-Photon Process
The limit is for I (X ) B(X ~ pp) . Spin 0 is assumed for X

VA L UE (Me V) CL% DOCUMENT ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&2.6 95 ACTON 93E OPAL mxo —60 + 1 GeV

&2.9 95 BUSKULIC 93F ALEP mxo 60 GeV

ACTON 93E limit for a J = 2 resonance is 0.8 MeV.

Search for X Resonance in Z ~ f fX
The limit is for B(Z ~ f f X ) B(X ~ F) where f is a fermion and F is the

specified final state. Spin 0 is assumed for X
VAL UE (MeV) CLl DOCUMENT ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6.8 x 10 6ACTON 93F OPAL f=e P, T- F
&5.5 x 10 95 AC TON 93E OPAL f=q; F=pp
&3.1 x 10 6 95 216 ACTON 93E OPAL f=v,'F=pp
&6.5 x 10 6 95 216 ACTON 93E OPAI f=e,p, , F=E7, qq, vv
&7.1 x 10 95 216 BUSKULIC 93F ALEP f=e,p,'F=EE, qq, vv

217 ADRIANI g2F L3 f=q; F=pp
Limit is for mxo around 60 GeV.

ADRIANI 92F give rTZ ~ B(Z ~ qqX ) ~ B(X ~ pp)&(0. 75—1.5) pb (95%CL) for

mXO
—10—70 GeV. The limit is 1 pb at 60 GeV.

Heavy Particle Production in Quarkonium Decays
Limits are for branching ratios to modes shown.

VAL UE CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&1.5 x 10 90 BALEST 95 CLE2

COMMENT

etc. ~ ~ ~

T(iS) Xo~,
mXO & 5 Gev

T(is) xo~x &,

X 39 GeV

T(1S) —+ Xop,
mXO & 72 GeV

& 3 x 10 —6 x 10 3 90 219 BALEST 95 CLE2

90 ANTR EASYA N 90C C BA L&5.6 x 10

REFERENCES FOR Searches for Heavy Bosons Other Than Higgs Bosons

A BACHI 95E
A BACH I 95G
ABE 95
ABE 95M
ABE 95N
ABE 95U
ABREU 95M
AID 95
BA LEST 95
KUZNETSOV 95
MIZUKOSHI 95
NARDI 95
A BACHI 948
ABREU 940
AHMED 948
BHATTACH. .. 94

Also 948
8 H ATTAC H. .. 948
BUSKULIC 94
DAVIDSON 94
KUZNETSOV 94
KUZNETSOV 948

LEURER
LEURER

Also
MAHANTA
SEVERIJNS
VILAIN
ABE
ABE
ABE
ABE
ABREU
ABT
ACTON
AD RIANI
ADRIANI
ALITTI
ALLEN
ALTARELLI
8HATTAC H. ..
BUSK ULIC
DERRICK
RIZZO
SEVERI JNS

Also
STERNER
ABE
ABREU
ABREU
ADRIANI
A LITT I
DECAMP
DELAGUILA

Also
IMAZATO
LAN GACK ER
LAYSSAC
LAYSSAC
LEIKE
LEP
MISHRA
POLAK
POLAK
RENTON
ABE
ABE
ACTON
ACTON
A DEVA

A DEVA
ALEXANDER
A LITT I
A LTA R E L L I

ALTAR EL LI

Also
AQUINO
BUCHMUEL. . .
COLANGELO
CUYPERS
DELAGUILA
FARAGGI
GEIREGAT
GONZALEZ-G.

Also
MAHANTHAP

Also

94
948
93
94
94
948
93C
93D
93G
93I
93J
93
93E
93D
93M
93
93
938
93
93F
93
93
g3
94
93
928
92D
92F
92F
92E
92
92
91C
92
928
92
928
92
92
92
92
928
92
91D
91F
91
918
918
91D
91
91
91
918
90
91
91
91
gl
91
91
91
91
90C
91
918

+Abbott, Abolins, Acharya, Adam, Adams+ (DO Collab. )
+Abbott, Abolins, Acharya, Adam, Adams+ (DO Collab. )
+Albrow, Amidei, Antos, Anway-Wiese+ (CDF Collab. )
+Albrow, Amidei, Antos, Anway-Wiese+ (CDF Collab. )
+Albrow, Amendolia, Amidei, Antos+ (CDF Collab. )
+Albrow, Amendolia, Amidei, Antos+ (CDF Collab. )
+Adam, Adye, Agasi, Ajinenko+ (DELPHI Collab. )
+Andreev, Andrieu, Appuhn, Arpagaus+ (Hl Collab. )
+Cho, Ford, Johnson+ (CLED Collab. )
+Serebrov, Stepanenko+ (PNPI, KIAE, HARV, NIST)
+Eboli, Gonzalez-Garcia (SPAUL, CERN)
+Roulet, Tommasini (MICH, CERN)
+Abbott, Abolins, Acharya, Adam+ (DO Collab, )
+Adam, Adye, Agasi, Ajinenko, Aleksan+ (DELPHI Collab. )
+Aid, Andreev, Andrieu, Appuhn, Arpagaus+ (Hl Collab. )

Bhattacharyya, Ellis, Sridhar (CERN)
urn) Bhattacharyya, Ellis, Sridhar (CERN)
um) Bhattacharyya, Ellis, Sridhar (CERN)

+Casper, De Bonis, Decamp, Ghez, Goy+ (ALEPH Collab. )
+Bailey, Campbell (CFPA, TNTO, ALBE)
+Mikheev (YA RO)
+Serebrov, Stepanenko+ (PNPI, KIAE, HARV, NIST)

TFP 60 311.
(REHO)
(REHO)

Leurer (REHO)
(MEHTA)

rn) (LOUV, WISC, LEUV, ETH, MASA)
+Wilquet, Beyer, Flegel, Grote+ (CHARM II Collab. )
+Amako, Arai, Arima, Asano, Chiba+ (VENUS Collab. )
+Adachi, Awa, Aoki, Belusevic, Erni+ (TOPAZ Collab. )
+Albrow, Akimoto, Amidei, Anway-Wiese+ (CDF Collab. )
+Albrow, Amidei, Anway-Wiese, Apollinari+ (CDF Collab. )
+Adam, Adye, Agasi, Aleksan, Alekseev+ (DELPHI Collab. )
+Andreev, Andrieu, Appuhn, Arpagaus+ (Hl Collab. )
+Akers, Alexander-+ (OPAL Collab. )
+Aguilar-Benitez, Ahlen, Alcaraz, Aloisio+ (L3 Collab. )
+Aguilar-Benitez, Ahlen, Alcaraz, Aloisio+ (L3 Collab. )
+Am brosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Chen, Doe, Hausammann+ (UCI, LANL, ANL, UMD)
+Casalbuoni+ (CERN, FIRZ, GEVA, PADO)

Bhattacharyya+ (CALC, JADA, ICTP, AHMED, BOSE)
+De Bonis, Decamp, Chez, Goy, Lees+ (ALEPH Collab. )
+Krakauer, Magill, Musgrave, Repond+ (ZEUS Collab. )

(ANL)
+Gimeno-Nogues+ (LOUV, WISC, LEUV, ETH, MASA)

m ) Seve rijns+ (LOUV, WISC, LEUV, ETH, MASA)
+Abashian, Gotow, Maim, Mattson, Morgan+(AMY Collab. )
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Adam, Adami, Adye, Akesson, Alekseev+(DELPHI Collab. )
+Adam, Adami, Adye, Akesson, Alekseev+(DELPHI Collab. )
+Aguilar-Benitez, Ahlen, Akbari, Alcarez+ (L3 Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )

del Aguila+ (CERN, GRAN, MPIM, BRUXT, MADE)
del Aguila, Moreno, Quiros (BARC, MADE)

+Kawashima, Tanaka+ (KEK ~ INUS, TOKY, TOKMS)
+Luo (PENN)
+Renard, Verzegnassi (MONP, LAPP)
+Renard, Verzegnassi (MONP, TRSTT)
-+Riemann, Riernann (BERL, CERN)
+ALEPH, DELPHI, L3, OPAL (LEP Collabs. )
+Leung, Arroyo+ (COLU, CHIC, FNAL, ROCH, WISC)
+Zralek (SILES)
+Zra I ek (S ILES)

(OXF)
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Alexander, Allison, Allport+ (OPAL Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcarazy (L3 Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcaraz+ (L3 Collab. )
+Allison, Allport, Anderson, Arcelli+ (OPAL Collab. )
+Ansari, Ansorge, Autiero, Bareyre+ (UA2 Collab. )
+Casalbuoni, De Curtis+ (CERN, FIRZ, GEVA)
+Casalbuoni, De Curtis+ (CERN, FIRZ, GEVA)

Altarelli, Casalbuoni, Feruglio, Gatto(CERN, LECE, GEVA)
+Fernandez, Garcia (CINV, PUEB)

Buchmueller, Greub, Minkowski (DESY, BERN)
+N a rdulli (BA R I)
+Falk, Frarnpton (DURH, HARV, UNCCH)

del Aguila, Moreno, Quiros (BARC, MADE, CERN)
+Na nopoulos (TA MU)
+Vilain, Wilquet, Binder, Burkard+ (CHARM II Collab. )

Gonzalez-Garcia, Va lie (VALE)
Gonzalez-Garcia, Va lie (VA LE)
Mahanthappa, Mohapatra (COLO)

m Mahanthappa, Mohapatra (COLO)

PL 8358 405
PRL 75 3618
PR D51 R949
PRL 74 2900
PRL 74 3538
PRL 75 1012
ZPHY C65 603
PL 8353 578
PR D51 2053
PRL 75 794
NP 8444 20
PL 8344 225
PRL 72 965
ZPHY C64 183
ZPHY C64 545
PL 8336 100
PL 8338 522 (errat
PL 8338 522 (errat
ZPHY C62 539
ZPHY C61 613
PL 8329 295
JETPL 60 315
Translated from ZE
PR D50 536
PR D49 333
PRL 71 1324
PL 8337 128
PRL 73 611 (erratu
PL 8332 465
PL 8302 119
PL 8304 373
PRL 71 2542
PR D48 R3939
PL 8316 620
NP 8396 3
PL 8311 391
PL 8306 187
PRPL 236 1
NP 8400 3
PR D47 11
PL 8318 139
P R D47 R3693
PL 8308 425
PL 8306 173
PR D48 4470
PRL 70 4047
PRL 73 611 (erratu
PL 8303 385
PRL 68 1463
ZPHY C53 555
PL 8275 222
PL 8292 472
PL 8274 507
PRPL 216 253
NP 8372 3
NP 8361 45
PRL 69 877
PR D45 278
ZPHY C53 97
PL 8287 267
PL 8291 187
PL 8276 247
PRL 68 3499
PL 8276 492
PR D46 3871
ZPHY C56 355
PRL 67 2418
PRL 67 2609
PL 8268 122
PL 8273 338
PL 8261 169
PL 8262 155
PL 8263 123
ZPHY C49 17
PL 8261 146
PL 8263 459
PL 8245 669
PL 8261 280
PL 8267 395
PL 8253 154
PL 8259 173
PL 8254 497
MPL A6 61
PL 8259 499
PL 8259 365
NP 8345 312
P R D43 3093
PR D44 1616 erratu

221 ALBRECHT 8g ARG

BALEST 9S two-body limit is for pseodoscalar X . The limit becomes ( 10 for

mXO & 7.7 GeV.
9 BAL.EST 95 three-body limit is for phase-space photon energy distribution and angular

distribution same as for T ~ ggp.
ANTREASYAN 90C assume that X does not decay in the detector.
ALBRECHT 89 give limits for B(T(15),T(2S) ~ X p) B(X ~ x+zr, K+ K
pp) for mXO & 3.5 Gev.
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POLAK
R IZ ZO
WALKER
ABE
ABE
ABE
AKRAWY
ALLEN
ANTREASYAN
BARGER
GLAS HOW
GLASHOW
GONZALEZ-G.
GRIFOLS
GRIFOLS
GRIFOLS
HAGIWA RA
HE

Also
K I M

LOPEZ
ALBAJAR
ALBRECHT
BARBIERI
DELAGUILA

Also
Also

DORENBOS. . .
GEIREGAT
LAN GACK ER
ODAKA
ROBINETT
ALBAJAR
BAGGER
BALKE
BERGSTROM
COSTA
CUYPERS
DONCHESKI
DONCHESKI
ELLIS
RAFFELT
AMALDI
ANSARI
BART EL
MARCIANO
A R NI SON

BARGER
BEHREND
DERRICK

Also
DURKIN
ELLIS
JODIDIO

Also
MOHAPATRA
STEIGMAN
ADEVA
ADEVA
BERGER
STOKER
ADEVA
BEH REND
ARNISON
BFRGSMA
CARR
DESHPANDE
BEALL
SHANKER
DIMOPOUL. ..
RIZZO
STEIGMAN

91
91
91
90F
90G
90H
90J
90
90C
908
90
908
90D
90
90C
90D
90
908
90C
90
90
89
89
898
89
908
90C
89
89
898
89
89
888
88
88
88
88
88
88
888
88
88
87
87D
878
87
868
868
868
86
868
86
86
86
88
86
86
85
858
858
85
84
84C
83D
83
83
83
82
82
81
81
79

NP 8363 385
PR D44 202
APJ 376 51
PL 8246 297
PRL 65 2243
PR D41 1722
PL 8246 285
PRL 64 1330
P L 8251 204
P R D42 152
P R D42 3224
PRL 64 725
PL 8240 163
NP 8331 244
MPL A5 2657
P R D42 3293
PR D41 815
PL 8240 441
PL 8244 580 erratum
PL 8240 243
P L 8241 392
ZPHY C44 15
ZPHY C42 349
PR D39 1229
P R D40 2481
P R D41 134
PR D42 262 erratum
ZPHY C41 567
P L 8232 539
P R D40 1569
JPSJ 58 3037
P R D39 834
P L 8209 127
P R D37 1188
PR D37 587
PL B212 386
NP 8297 244
PRL 60 1237
P L 8206 137
PR D38 412
PL 8202 417
PRL 60 1793
PR D36 1385
PL 8195 613
ZPHY C36 15
PR D35 1672
EPL 1 327
PRL 56 30
PL 8178 452
PL 1668 463
P R D34 3286
PL 1668 436
PL 1678 457
P R D34 1967
PR D37 237 erratum
PR D34 909
PL 8176 33
PL 1528 439
PRL 55 665
ZPHY C27 341
PRL 54 1887
PRL 53 134
PL 140B 130
PL 1298 273
PL 1228 465
PRL 51 627
PR D27 1193
PRL 48 848
NP 8204 375
NP 8182 77
PR D24 704
PRL 43 239

+Zralek (SILES)
(WISC, ISU)

+Steigman, Schramm, Olive+ (HSCA, OSU, CHIC, MINN)
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(PSU)
+Albrow, Allkofer, Astbury, Aubert+ (UA1 Collab. )
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Axions (Ao) and Other
Very Light Bosons, Searches for

AXIONS AND OTHER VERY LIGHT BOSONS

In t, his section we list, limits for very light neutral (pseudo)

scalar bosons that, couple weakly to st, able mat ter. These

have been proposed to solve a variety of mostly theoretical

concerns, Typical examples are pseudo-Goldstone bosons like

axions (A ) [1], familons [2], and Majorons [3,4], associated, re-

spectively, with spontaneously broken Peccei-Quinn [5], family,

and lepton-number symmetries.

In QCD, SU(3) gauge invariance does not forbid a. term

0(g, /32rr ')F" F
„

in Lagra-ngian. However, CP invar. iance

is broken if 0 g 0 or 7r, and the parameter 6' has to be small
& 10 in order not to generate too large elecric dilopole moment

of neutron. This is called strong CP problem. Peccei-Quinn

syn1111etry gives a natural solut;ion to the strong CP problem.

The axion mass and its coupling to stable particles are inversely

proportional to the scale of Peccei-Quinn symmetry breaking,

f~. The original axion model [1,5] assumed f~ v, where

v = (~2GF) r~2 = 247 GeV is the scale of the clectroweak

symmetry breaking, and had two Higgs doublets as minimal

ingredients. By requiring tree-level flavor conservation, the
axion mass and its couplings were completely fixed in terms

of one parameter, the ratio of the vacuum expectation values

of the two Higgs fields. The result of extensive experimental
searches for such an axion have been negative [6].

Observation of a narrow-peak structure in positron spectra
from heavy ion collisions [7] suggested a, particle of mass 1.8
MeV that decays into e+e . Variants of the original axion

model, which keep f~ v, but drop the constraints of tree-level

ffavor conservation, were proposed [8]. Extensive searches for

this particle, A (1.8 MeV), ended up with another negative

result [9].
Another way to save the Peccei-Quinn idea is to introduce

a new scale fg )) v. Then the A mass becomes smaller and

its coupling weaker, thus one can easily avoid all the existing

experimental limits; such models are called invisible axion

models [10,11]. See the note on Invisible Axions later in this

section.
Familons arise when there is a global horizontal sym-

metry (a symmetry which interchanges different generations)

broken spontaneously. They could be either scalars or pseu-

doscalars. An SU(3) horizontal symmetry among three gen-

erations is non-anomalous and hence the familons are ex-

actly massless. In this case, familons are scalars. If one has

larger horizontal symmetries with separate groups of left-

handed and right-handed fields, one also has pseudo-scalar

familons. Some of them have flavor-off-diagonal couplings such

as ctr, PF dp's/F or Or, /Fear'p/F, and the decay constant

F can be different for individual operators, The decay con-

stants have lower bounds constrained by flavor-changing pro-

cesses. For instance, B(K+ ~ rr+PF) ( 1.7 x 10 [12] gives

FIr ) 1.3 x 10 GeV [2].
If there is a global lepton number symmet ry and if it,

breaks spontaneously, there is a Majoron. The triplet Majoron
model [4] has a weak-triplet Higgs boson, and the lvi a j oron

couples to Z. The original version is now excluded by tlie

invisible Z decay width. The model would remain viable if

there were an additional singlet Higgs boson and if the Majoron
were mainly a singlet [13]. In the singlet Majoron model [3],
lepton number symmetry is broken by a weak-singlet scalar field,

and there are right-handed neutrinos that acquire Majorana
masses. The left-handed neutrino masses are generated by

a "seesaw" mechanism [14]. The scale of lepton number

breaking can be much higher than the electroweak scale in this

case, Astrophysical constraints require th decay constant to
be ) 109 GeV [15].

Other light bosons (scalar, pseudoscalar or vector) are

constrained by "fifth force" experiments. For a compilation of
constraints, see [16].
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Ao (Axion) MASS LlMITS from Astrophysics and Cosmology
These bounds depend on model-dependent assumptions (i.e. —on a combination of
axion parameters).

VAL UE (MeV) DOC UMEN T ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4 MEIJERDREES94 CNTR

4 MEIJERDREES94 CNTR

txp,
mXp

—25 MeVX

mxp —100 MeV

K+ ~ 7r+Ap
K+ ~ 7r+AO
~0-- ~XO
K+ ~ 7r+ AO

(WO ~ e+e—
)~0- ~XO

~xp,
Xp - e+e—,
m p

—100 MeV
X

K+ 7r+ AO

(AO pp)
~+ e+ vAO

(AO — e+ e )
Stopped 7r+

e+ vip
For 160&m&260

MeV
K decay, mAp «

100 MeV
Stopped K+ ~

~+ Ap

Stopped K+ ~
~+ WO

Heavy axion

90&0.007

90&0.002

5 ATI YA
6 ATIYA
7NG

ALLIEGRQ

90
90

&1.7
(2
(3
&1.1

93 B787
93B B787
93 COSM
92 SPEC

x 10
x 10
x 10 13

x 10 90

&5 x 10 4

(4 x 10

9 ATIYA 92 B787
10 MEIJERDREES92 SPEC

90
90

&1 x 10

13 x 10 8

&1 x 10

&2 x 10

&(1.5—4) x 10

90 AT I YA 90B B787

90 KORENCHF. .. 87 SPEC

0 3 EICHLER90 86 SPEC

14 YAMAZAKI 84 SPEC

14 YAMAZAKI 84 SPEC

90

90

82 CNTR

81B CNTR

P ASANO

P ASANO

"ZHITNITSKII 79

3AMSLER 94B looked for a peak in missing-mass distribution.
4The MEIJERDREES 94 limit is based on inclusive photon spectrum and is independent

of X decay modes. It applies to 7-(X )) 10 sec.
5ATIYA 93 looked for a peak in missing mass distribution. The limit is for massless stable

A particles and extends to m&p
—80 MeV at the same level. See paper for dependence0

on finite lifetime.
ATIYA 93B looked for a peak in missing mass distribution. The bound applies for stable
A of m&p

—150—250 MeV, and the limit becomes stronger (10 ) for mAp
—180—240

MeV.
NG 93 studied the production of X via pp ~ 7r ~ px in the early universe at T= 1
MeV. The bound on extra neutrinos from nucleosyntheis AN & 0.3 (WALKER 91) is
employed. It applies to m p « 1 MeV in order to be relativistic down to nucleosynthesis

temperature. See paper for heavier X
ALLIEGRO 92 limit applies for m&p

—150—340 MeV and is the branching ratio times the

decay probability. Limit is & 1,5 x 10 at 99'/pCL.
ATIYA 92 looked for a peak in missing mass distribution. The limit applies to
mxp —0 130 MeV in the narrow resonance limit. See paper for the dependence on

lifetime. Covariance requires X to be a vector particle.
MEIJFRDREES 92 limit applies for 7- = 10 —10 sec. Limits between 2 x 10xp-
and 4 x 10 are obtained for mXp

—25—120 MeV. Angular momentum conservation
—6

requires that X has spin ) 1.
ATIYA 90B limit is for B(K+ 7r+4 ) B(A ~ pp) and applies for m&p

—50 MeV,

r+p ( 10 s. Limits are also provided for 0 & m&p & 100 MeV, ~Ap & 10 s.

KORENCHENKO 87 limit assumes m&p
—1.7 MeV, 7-&p 10 s, and B(A

e+e ) =1.
EICHLER 86 looked for 7r+ ~ e+ vA followed by A ~ e+ e . Limits on the
branching fraction depend on the mass and and lifetime of A . The quoted limits are
valid when 7-(A ) )3. x 10 s if the decays are kinematically allowed.

YAMAZAKI 84 looked for a discrete line in K+ ~ 7r+X. Sensitive to wide mass range
(5—300 MeV), independent of whether X decays promptly or not.
ASANO 82 at KEK set limits for B(K+ ~ 7r~ A ) for mAp &100 MeV as BR

&4xlp forr(A —+ np's) &1xlp s, BR &14xlp for~ &1, x10 s.
ASANO 81B is KEK experiment. Set B(K+ ~ 7r+ A ) & 3.8 x 10 at CL = 90'/o.

ZHITNITSKII 79 argue that a heavy axion predicted by YANG 78 (3 &m &40 MeV)
contradicts experimental muon anomalous magnetic moments.

&0.2
&0.25
&0,2

&0.3
&0.2

1Lower bound
Lower bound
emission.

BARROSO
1 RAFFELT
2 DICUS

M I K A E L I A N
2 SATO

VYSOTS K I I

82 ASTR
82 ASTR
78C ASTR
78 ASTR
78 ASTR
78 ASTR

Standard Axion

Standard Axion
Standard Axion

Stellar emission
Standard Axion
Standard Axion

from 5.5 MeV p-ray line from the sun.
from requiring the red giants' stellar evolution not be disrupted by axion

3 AMSLER

Ao (Axion) and Other Light Boson (Xo) Searches in Stable Particle Decays
Limits are for branching ratios.

VALUE CL Ys EVTS DOCUMENT ID TECN COMM EN T

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6 x 10 90 tAMSLER94B CBAR 7r ~ yX
Xp 65 125

MeV
&6 x 10 90 s~s ceAn ~ - ~xo,

Xp 200 525
MeV

21 DRUZHININ 87 ND
22 DRUZHININ 87 ND

&4 x 10 90

An (Axion) Searches in Quarkonium Decays
Decay or transition of quarkonium. Limits are for branching ratio.

VAL UE CLYDE EVTS DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.3 x 10 5 90 18 BALEST 95 CLEQ T(1S) -~
&4.0 x 10 90 ANT R EASYA N 90C C BA L T(1S) ~

19 ANTREASYAN 90c RVUE
&5 x 10 5 90 DRUZHININ 87 ND g ~ A

(AO—
&2 x 10—3 90 A 0

&7 x 10 6 90 App
(AO-

&3.1 x 10 90 0 ALBRECHT 86D ARG T(lS) —~

(AO-
0 ALBRECHT 86D ARG T(1S) —~

(AO-
~+ 7r —,

&8 x 10 4 90 1 24 ALBRECHT 86D ARG T(1S) ~

AO&

e+e —
)

(AO —, pp)

missing)
AO-I

e+e )
Ap&

K+K )
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90 0 ALBRECHT 86D ARG T(1S) ~ A

(A0 — e+ e, pp)
90 BOWCOCK 86 CLEO T(2S) -~ T(1S) ~

&5. x 10 90 27 MAGERAS 86 CUSB T(1S) -~ A

&3. x 10 4 90 28 ALAM 83 CLEO T(1S) AO

&9.1 x 10 90 NICZYPORUK 83 LENA T(lS) h A

&1.4 x 10 90 EDWARDS 82 CBAL J/Q ~ A

&3.5 x 10 90 SIVERTZ 82 CUSB T(1S) ~ A

&1.2 x 10 90 SIVERTZ 82 CUSB T(3S) ~ A

BALEST 95 looked for a monochromatic p from T(1S) decay. The bound is for mAp &
5.0 GeV. See Fig. 7 in the paper for bounds for heavier m p. They also quote a bound

on branching ratios 10 —10 of three-body decay yXX for 0&mX & 3.1 GeV.
—5

The combined limit of ANTREASYAN 90C and EDWARDS 82 exciudes standard axion
with mAp & 2me at 90% CL as long as CTCJ/~ & 0.09, where Cy (V = T, J/Q)
is the reduction factor for I (V ~ A p) due to QCD and/or relativistic corrections.
The same data excludes 0.02 ( x & 260 (90% CL) if CT —CJ y, —0.5, and further

/V
combining with ALBRECHT 86D result excludes 5 x 10 5 & x & 260. x is the ratio
of the vacuum expectation values of the two Higgs fields. These limits use conventional
assumption I (A ~ ee) oc x . The alternative assumption I (A ~ ee) ~ x
gives a somewhat different excluded region 0,00075 & x & 44.
The first DRUZHININ 87 limit is valid when 7-Ap/mAp & 3 x 10 s/MeV and

mAp & 20 MeV.

The second DRUZHININ 87 limit is valid when TAp/mAp & 5 x 10 s/MeV and

mAp & 20 MeV.

The third DRUZHININ 87 limit is valid when 'TAp/mAp & 7 x 10 s/MeV and

mAp & 200 MeV.
23

TAp & 1 x 10 s and mAp & 1.5 GeV. Applies for A —h r I when mAp & 100—13 0

MeV.
24~ & 1 x10 7s.
25 Independent of ~Ap.

BOWCOCK 86 looked for A0 that decays into e+ e in the cascade decay T(2S) —~

T(1S)~+ ~ followed by T(1S) ~ A p. The limit for B( T(15) -~ A p)B(A
e+ e ) depends on m p and T. p. The quoted limit for m p

—1.8 MeV is at T p

2. x 10 s, where the limit is the worst. The same limit 2. x 10 applies for all
lifetimes for masses 2m& & mAp & 2m„, when the results of this exPeriment are
combined with the results of ALAM 83,
MAGERAS 86 looked for T(1S) ~ pA (A ~ e+e ). The quoted branching

fraction limit is for mAp
—1.7 MeV, at ~(A ) 4. x 10 s where the limit is the

worst.
ALAM 83 is at CESR. This limit combined with limit for B(J/Q -~ A p) (EDWARDS 82)
excludes standard axion.
NICZYPORUK 83 is DESY-DORIS experiment. This limit together with lower limit

9.2 x 10 "of B(T ~ A p) derived from B(J/tt(1S) ~ A p) limit (EDWARDS 82)
excludes standard axion.
EDWARDS 82 looked for J/g —h pA decays by looking for events with a single

p Iof energy 1/2 the J/Q(1S) mass], plus nothing else in the detector. The limit is
inconsistent with the axion interpretation of the FAISSNER 81B result.
SIVERTZ 82 is CESR experiment. Looked for T ~ pA, A undetected. Limit for 1S
(3S) is valid for mAp (7 GeV (4 GeV).

(1.3 x 10

&2. x 10

&3.0 x 10

&2.8 x 10

34 ASAI90

90

OR ITO90

Ao (Axion) Searches in Positroniufn Decays
Decay or transition of positronium. Limits are for branching ~atio.

VALUE C DOCUMEN T ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e o o

&2 x 10 90 tMAENO95 CNTR o-Ps ~ A
m Ap

—850-1013 keV

90 ASAI 94 CNTR o-Ps AO & I
mAp

—30-500 keV

90 AKOPYAN 91 CNTR oPs ~ A

(A0 - -I-r),
mAp & 30 keV

&1.1 x 10 91 CNTR o-Ps ~ A0p,
mAp & 800 keV

(3.8 x 10 GNINENKO 90 CNTR o-Ps ~ A0p, m

30 keV
95 TSUCHIAKI 90 CNTR o-Ps -~ A p, m

300—900 keV
&6.4 x 10 89 CNTR o-Ps ~ A

mAp & 30 keV

AMALDI 85 CNTR Ortho-positronium
CARBONI 83 CNTR Ortho-positronium

The ASAI 9a limit is based on inclusive photon spectrum and is independent of A decay
ITI ocies.
The AKOPYAN 91 limit applies for a short-lived A with TAp & 10 mAp [keVI s.

ASAI 91 limit translates to g p /4x ( 1.1 x 10 (90%CL) for mAp & 800
APe+ e—

ke V.
35The TSUCHIAKI 90 limit is based on inclusive photon spectrum and is independent of

A decay m odes.
ORITO 89 limit translates to g /4~ & 6.2 x 10 . Somewhat more sensitiveApee
limits are obtained for larger mAp' . 8 & 7.6 x 10 at 100 keV.

AMALDI 85 set limits B(A p) / B(gpss) & (1—5) x 10 for m p
—900—100 keV

which are about 1/10 of the CARBONI 83 limits.

8CARBONI 83 looked for orthopositroniurn ~ A p. Set limit for A electron coupling
squared, g(eeA ) /(4~) & 6. x 10 —7. x 10 for mAp from 150—900 keV (CL =
99.7%). This is about 1/10 of the bound from g—2 experiments.

Ao {Axion) Production in Hadron Collisions
Limits are for o.(A ) / fT(~ ).

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

~ e o We do not use the following data for averages, fits, limits, etc. e ~ ~

BLUEMLEIN 92 BDMP A NZ 8 8 IV

MEIJERDREES92 SPEC x p ~ nA0, A"-

e+e
BLUEMLEIN 91 BDMP A ~ e+ e, 2p
FAISSNER 89 OSPK Beam dump,

e+e—
88 RVUE A0 ~ e+ e
88 EMUL A0 ~ e+ e
88 OSPK Beam dump, A ~ 2p
86 BDMP A0 ~ e+ e

&2. x 10 90 85 CHRM CERN beam dump
&1. x 10 90 85 CHRM CERN beam dump

83 OSPK Beam dump, A ~ 2p
83B RVUE LAMPF beam dump
83B RVUE LAMPF beam dump
83 CNTR 7r p ~ nA0

(A0 —h e+ e )
FETSCHER 82 RVUE See FAISSNER 81B
FAISSNER 81 OSPK CERN PS v wideband
FAISSNER 81B OSPK Beam dump, A ~ 2p

56 KIM 81 OSPK 26 GeV pN ~ A X
FAISSNER 80 OSPK Beam dum p,

e~e—
&1. x 10 90 JACQUES 80 HLBC 28 GeV protons
&1. x 10 90 JACQUES 80 HLBC Beam dump

SOUKAS 80 CALO 28 GeV p beam dump
60 BECHIS 79 CNTR

90 COTEUS 79 OSPK Beam dump
95 DiSHAW 79 CALO 400 GeV p p
90 ALIBRAN 78 HYBR Beam dump
95 ASRATYAN 78B CALO Beam dump
90 BELLOTTI 78 HLBC Beam dump
90 BELLOTTI 78 HLBC mAp —1.5 MeV

90 BELLOTTI 78 HLBC mAp
—1 MeV

90 BOSETTI 78B H YBR Bea m dum p
65 DONNELLY 78

&0.5 x 10 90 HANSL 78D WIRE Beam dump
66 MICELMAC. .. 78
67 VYSOTSK I I 78

BLUEMLEIN 92 is a proton beam dump experiment at Serpukhov with a secondary
target to induce Bethe-Heitler production of e+e or It+It from the produce A
See Fig. 5 for the excluded region in mAp-x plane. For the standard axion, 0.3 (x&25
is excluded at 95% CL. If combined with BLUEMLEIN 91, 0.008 (x&32 is excluded.
MEIJERDREES 92 giVe I (7r p -~ nA ) B(A ~ e+ e )/I (Tr p ~ all) & 10
(90% CL) for mAp

—100 MeV, ~Ap
—10 —10 sec. Limits ranging from 2.5 x

10 to 10 are given for mAp
—. 25—136 MeV.

BLUEMLEIN 91 is a proton beam dump experiment at Serpukhov. No candidate event
for A -~ e e, 2p are found. Fig. 6 gives the excluded region in mAp-x plane (x=
tang = v2/Vl). Standard axion is excluded for 0.2 & mAp ( 3.2 MeV for most
x ) 1, 0.2—11 MeV for most x & 1.
FAISSNER 89 searched for A -~ e+ e in a proton beam dump experiment at SIN. No
excess of events was observed over the background. A standard axion with mass 2me —20
MeV is excluded. Lower limit on fAp of = 10 GeV is given for mAp

—2me —20 MeV.

DEBOER 88 reanalyze EL-NADI 88 data and claim evidence for three distinct states
with mass 1.1, —2.1, and 9 MeV, lifetimes 10 —10 s decaying to e "e—15
and note the similarity of the data with those of a cosmic-ray experiment by Bristol group
(B.M. Anand, Proc. of the Royal Society of London, Section A A22 183 (1953)). For a

criticism see PERKINS 89, who suggests that the events are compatible with Tr Dalitz
decay. DEBOER 89B is a reply which contests the criticism.

45 EL-NADI 88 claim the existence of a neutral particle decaying into e I e with mass
1.60 4 0.59 MeV, lifetime (0.15 6 0.01) x 10 s, which is produced in heavy ion
interactions with emulsion nuclei at 4 GeV/c/nucleon.
FAISSNER 88 is a proton beam dump experiment at SIN. They found no candidate event
for A —9 pp. A standard axion decaying to 2p is excluded except for a region x-
Lower limit on fAp of 10 —10 GeV is given for mAp 0.1 1 MeV,2 3

44 DEBOER
EL-NADI

46 FAISSNER
47 BADIER
48 BERGSMA
48 BERGSMA
49 FAISSNER

FA ISSNE R
51 FRANK
52 HOFFMAN

0
0

24

12
15

8
0

10
—8

10
10—8

10—9

10—8

10—14

10

10

&1, x
&1, x
&1. x
&6. x
&1.5 x
&5.4 x

&4.1 x

&1. x

Au (Axion) Search in Photoproduction
VAL UE DOCUMENT ID COMMEN T

o ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

iBASSOMPIE. .. 95 mAp
—1.8 + 0.2 MeV

BASSQMPIERRE 9S is an extension of BASSO MPIERRE 93. They looked for a peak
in the invariant mass of e+ e pairs in the region m = 1.8 4 0.2 MeV. Theye+e-
obtained bounds on the production rate A for ~(A ) = 10 —10 sec. They also
found an excess of events in the range m = 2.1—3.5 MeV.e+e—
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BADIER 86 did not find long-lived A in 300 GeV ~ Beam Dump Experiment that
decays into e+ e in the mass range m p

—(20—200) MeV, which excludes the A

decay constant f(A ) in the interval (60—600) GeV. See their figure 6 for excluded region
on f(A )-mAp plane.

BERGSMA 85 look for A ~ 2p, e+ e, ?Lt+ p, . First limit above is for mAp
—1

MeV; second is for 200 MeV. See their figure 4 for excluded region on fAp
—mAp plane,

where fAp is A decay constant. For Peccei-Quinn PECCEI 77 A, mAp &180 keV and0 ~ ~ 0

)0.037 s. (CL = 90%). For the axion of FAISSNER 81B at 250 keV, BERGSMA 85
expect 15 events but observe zero.

4 FAISSNER 83 observed 19 1-p and 12 2-p events where a background of 4.8 and 2.3
respectively is expected. A small-angle peak is observed even if iron wall is set in front
of the decay region.
FAISSNER 83B extrapolate SIN p signal to LAMPF v experimental condition. Resulting
370 p's are not at variance with LAMPF upper limit of 450 p's. Derived from LAMPF
limit that [do(A )/der at 90 ]mAp/TAp ( 14 x 10 cm sr MeV ms . See
comment on FRANK 83B.
FRANK 83B stress the importance of LAMPF data bins with negative net signal. By
statistical analysis say that LAMPF and SIN-AO are at variance when extrapolation by
phase-space model is done. They find LAMPF upper limit is 248 not 450 p's. See
comment on FAISSNER 83B.
HOFFMAN 83 set CL = 90% limit do-/dt B(e+e ) & 3.5 x 10 cm /GeV for 140
&m Ap &160 MeV. Limit assumes T(A ) & 10 s.

FETSCHER 82 reanalyzes SIN beam-dump data of FAISSNER 81. Claims no evidence
for axion since 2-y peak rate remarkably decreases if iron wall is set in front of the decay
region.
FAISSNER 81 see excess /te events. Suggest axion interactions.
FAISSNER 81B is SIN 590 MeV proton beam dump. Observed 14.5 4 5.0 events of 2p
decay of long-lived neutral penetrating particle with m2 + 1 MeV. Axion interpreta-

tion with t}-A mixing gives mAp
—250 + 25 keV, T{2 )

= (7.3 + 3.7) x 10 s from0 —3
(2~)

above rate. See critical remarks below in comments of FETSCHER 82, FAISSNER 83,
FAISSNER 83B, FRANK 83B, and BERGSMA 85. Also see in the next subsection ALEK-
SEEV 82, CAVAIGNAC 83, and ANANEV 85.
KIM 81 analyzed 8 candidates for A ~ 2p obtained by Aachen-Padova experiment at
CERN with 26 GeV protons on Be. Estimated axion mass is about 300 keV and lifetime
is (0.86 5.6) x 10 s depending on models. Faissner (private communication), says
axion production underestimated and mass overestimated. Correct value around 200
keV.
FAISSNER 80 is SIN beam dump experiment with 590 MeV protons looking for A
e+ e decay. Assuming A /?r = 5.5 x 10, obtained decay rate limit 20/(AO mass)
MeV/s (CL = 90%), which is about 10 below theory and interpreted as upper limit
0 mAp (2m e

JACQUES 80 is a BNL beam dum p experiment. First limit above comes from nonobserva-
tion of excess neutral-current-type events [rT{production)fT(interactaction) & 7. x 10
cm, CL = 90%]. Second limit is from nonobservation of axion decays into 2p's or
e+ e, and for axion mass a few MeV.
SOUKAS 80 at BNL observed no excess of neutral-current-type events in beam dump.
BECHIS 79 looked for the axion production in low energy electron Bremsstrahlung and
the subsequent decay into either 2p or e+ e . No signal found. CL = 90% limits for
model parameter(s) are given.
COTEUS 79 is a beam dump experiment at BNL.
DISHAW 79 is a calorimetric experiment and looks for low energy tail of energy distri-
butions due to energy lost to weakly interacting particles.
BELLOTTI 78 first value comes from search for A ~ e+ e . Second value comes
from search for A ~ 2p, assuming mass &2m . For any mass satisfying this,

limit is above valuex(mass 4). Third value uses data of PL 60B 401 and quotes
o-(production) o (interaction) & 10 cm
BOSETTI 78B quotes fT(production)f7(interaction) & 2. x 10 cm

5 DONNELLY 78 examines data from reactor neutrino experiments of REINES 76 and
GURR 74 as well as SLAC beam dump experiment. Evidence is negative.
MICELMACHER 78 finds no evidence of axion existence in reactor experiments of
REINES 76 and GURR 74. (See reference under DONNELLY 78 below).
VYSOTSKII 78 derived lower limit for the axion mass 25 keV from luminosity of the sun
and 200 keV from red supergiants.

Ao (Axion} Searches in Reactor Experiments
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ALTMANN 95 CNTR Reactor; AO e+ e

KETOV 86 SPEC Reactor, A

KOCH 86 SPEC Reactor; A
71 DATAR 82 CNTR Light water reactor

VUILLEUMIER 81 CNTR Reactor, A ~ 2p

ALTMANN 95 looked for A decaying into e+ e from the Bugey5 nuclear reac-
tor. They obtain an upper limit on the A production rate of ~(A )/~(p) x B(A
e+ e )& 10 for mAp —1.5 MeV at 90% CL. The limit is weaker for heavier A . In

the case of a standard axion, this limit excludes a mass in the range 2me &mAp & 4.8
MeV at 90% CL. See Fig. 5 of their paper for exclusion limits of axion-like resonances

t
Z in the (mXp, fxp) Plane.

KETOV 86 searched for A at the Rovno nuclear power plant. They found an upper
limit on the A production probability of 0.8 [100 keV/m p] x 10 per fission. In

the standard axion model, this corresponds to mAp )150 keV. Not valid for mAp )
1 MeV.
KOCH 86 searched for A pp at nuclear power reactor Biblis A. They found an

upper limit on the A production rate of ~(A )/~(p(M1)) & 1.5 x 10 (CL=95%).
Standard axion with mAp

—250 keV gives 10 for the ratio. Not valid for mAp )1022
ke V.

DATAR 82 looked for A ~ 2p in neutron capture {np ~ dA ) at Tarapur 500 MW
reactor. Sensitive to sum of / = 0 and / = 1 amplitudes. With ZEHNDER 81 [(/ = 0)
—(/ = 1)] result, assert nonexistence of standard A .
VUILLEUMIER 81 is at Grenoble reactor. Set limit mAp &280 keV.

Ao (Axion} and Other Light Boson (Xo}Searches in N
Limits are for branching ratio.

VALUE CL% EVTS DOCUMEN T /D TECN

~ ~ ~ We do not use the following data for averages, fits, limits

x 10—10 95 TSUNODA 95 CNTR
12 x10—6 95 74 MINOWA 93 CNTR

( 2 x 10 4 90 75 HICKS 92 CNTR
1.5 x 10 9 95 76 ASANUMA 90 CNTR

&(0.4—10) x 10 3 95 7 DEBOER 90 CNTR

Uclear Transitions

COMMENT

etc. ~ 0 ~

Cf fission, A — ee
139La+ 139La AO

S decay, A
241Am decay
8Be* 8Be AO

AO e+e—
160 160xo

XO -- e+e-
Cu* — CuA (A

2 (, AOe —pe,
A Z~ pZ)

12C* „12CAO

AO - e+e—
160* 160XO

XO - e+e-
2H*, AO ~ e+e
Nuclear decay (isovec-

tor)
Nuclear decay (isoscalar)

Li isovector decay
B isoscalar decays
N isoscalar decays

14N*

Li*, deut A —h 2p
Nb*, deut* transition

Li*, deut* transition

Cu* ~ CuAO
(AO —»-r)

Li*, Nb* decay, n-capt.
Ba —~ Ba AO

(AO 2p)
Carbon

78 BINI&(0.2—1) x 10 90 89 CNTR

AVIGNONE 88 CNTR

1.5 x 10 4 90 80 DATAR

81 DEBOER

88 CNTR

88c CNTR

88 SPEC
88 CNTR

x 10 3 90& 5

x 10 5 95
x 10 4 95

82 DOEHNER
83 SAVAGE

& 3.4
4

x 10 3 95
90
90
90

x 10 4 90

83 SAVAGE
84 HALLIN
84 HALLIN
84 HALLIN

0 85 SAVAGE

ANANEV

CAVA I G NAC

88 CNTR
86 SPEC
86 SPEC
86 SPEC
86B CNTR
85 CNTR
83 CNTR

3
0.106

&10.8
2.2
4

88 ALEKSEEV 82B CNTR

89 LEHMANN 82 CNTR

0 90 ZEHNDER
0 ZEHNDER

82 CNTR
81 CNTR

CALAPRICE 79

TSUNQDA 95 iooked for axion emission when Cf undergoes a spontaneous fission,
with the axion decaying into e+ e . The bound is for m n

—40 MeV. it improves to

i
2.5 x 10 5 for mAp

—200 MeV.

MINOWA 93 studied chain process, Ce —y La* by electron capture and M1
transition of La* to the ground state. It does not assume decay modes of A . The
bound applies for mAp & 1.66 keV.

HICKS 92 bound is aPPlicable for Txp & 4 x 10 sec.

The ASANUMA 90 limit is for the branching fraction of X emission per Am rt decay
and valid for Txp ( 3 x 10 s.—11

The DEBOER 90 limit is for the branching ratio Be* (18.15 MeV, 1+) —a BeA
A ~ e+ e for the mass range mAp —4 15 MeV.

The BINI 89 limit is for the branching fraction of 0~(6.05 MeV, 0+) —y OX
X ~ e+ e for mx —1.5—3.1 MeV. T p

+ 10 s is assumed. The spin-parity

of X is restricted to 0+ or 1
AVIGNONE 88 looked for the 1115 keV transition C* ~ CuA, either from A

2p in-flight decay or from the secondary A interactions by Compton and by Primakoff
processes. Limits for axion parameters are obtained for mAp & 1.1 MeV.

DATAR 88 rule out light pseudoscalar particle emission through its decay A —y e" e
in the mass range 1.02—2.5 MeV and lifetime range 10 —10 s. The above limit is

for T = 5 x 10 s and m = 1.7 MeV; see the paper for the T-m dependence of the
lim it.
The limit is for the branching fraction of 0*(6.05 MeV, 0+) OX, X
e+ e against internal pair conversion for mxp

—1.7 MeV and Txp ( 10 s.

Similar limits are obtained for mXp
—1.3—3.2 MeV. The spin parity of X must be0

either 0" or 1 . The limit at 1.7 MeV is translated into a limit for the X -nucleon
coupling constant: g /4?r & 2.3 x 10

XP NN
The DOEHNER 88 limit is for mAp —— 1.7 MeV, T(A ) & 10 s. Limits less than

10 are obtained for mAp
—1.2—2.2 MeV.

SAVAGE 88 looked for A that decays into e+ e in the decay of the 9, 17 MeV 2
2+ state in N, 17.64 MeV state l = 1+ in Be, and the 18.15 MeV state J
1+ in Be. This experiment constrains the isovector coupling of A to hadrons, if mAp
= (1.1 —a 2.2) MeV and the isoscalar coupling of A to hadrons, if mAp —(1.1
2.6) MeV. Both limits are valid only if T(A ) + 1 x 10 s.

Limits are for I (A (1.8 MeV))/I (?rM1); i.e. , for 1.8 MeV axion emission normalized
to the rate for internal emission of e+ e pairs. Valid for TAp ( 2 x 10 s. Li

isovector decay data strongly disfavor PECCEI 86 model I, whereas the 8 and N
isoscalar decay data strongly reject PECCEI 86 model II and III.
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SAVAGE 86B looked for A that decays into e+ e in the decay of the 9.17 MeV J
2+ state in N. Limit on the branching fraction is valid if TAp ( 1. x 10 s for mAp

= (1.1—1.7) MeV. This experiment constrains the iso-vector coupling of A to hadrons.
ANANEV 85 with IBR-2 pulsed reactor exclude standard A at CL = 95% masses below

470 keV (Li* decay) and below 2me for deuteron* decay.

CAVAIGNAC 83 at Bugey reactor exclude axion at any m97Nb and axion withNb'decay
mA0 between 275 and 288 keV (deuteron* decay).

ALEKSEEV 82 with IBR-2 pulsed reactor exclude standard A at CL = 95% mass-ranges

mAp &400 keV (Li* decay) and 330 keV &m 0 &2.2 MeV. (deuteron* decay).

LEHMANN 82 obtained A ~ 2g rate & 6.2 x 10 /s (CL = 95%) excluding mA0
between 100 and 1000 keV.
ZEHNDER 82 used Goesgen 2.8GW light-water reactor to check A production. No

2p peak in Li*, Nb decay (both single p transition) nor in n capture (combined with

previous-Ba* negative result) rules out standard A . Set limit mAp &60 keV for any

ZEHNDER 81 looked for Ba* ~ A Ba transition with A —+ 2p. Obtained 2g
coincidence rate & 2.2 x 10 /s (CL = 95%) excluding mA0 )160 keV (or 200 keV

depending on Higgs mixing). However, see BARROSO 81.
CALAPRICE 79 saw no axion emission from excited states of carbon. Sensitive to axion
mass between 1 and 15 MeV.

95 BJORKEN
96 BLINOV

none 1 x 10—14 1 x 10 10 90

none 1 x 10—14-1 x 10 ll 90

none 6 x 10 14-9 x 10 11 95

Ao (Axion) Limits from Its Electron Coupling
Limits are for T(A ~ e+ e ).

VA L UE (s) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4 x 1Q
—16 4 5 x 1Q

—12 9Q 93 BROSS 91 BDMP eN —k eA N
(AQ e e)

94 GUO 90 BDMP eN ~ eAQN
{AQ ~ ee)

88 CALO A ~ e+e or 2p
88 MD1 ee ~ eeAQ

(AQ ~ ee)
RIORDAN 87 BDMP eN ~ eA N

(AQ ee)
8 BROWN 86 BDMP eN ~ eA N

(AQ e e)
DAVIER 86 BDMP e N ~ e A N

{AQ ~ ee)
none 3 x 10 —1 x 10 90 KONAKA 86 BDMP eN ~ eA N

(AQ ~ ee)
The listed BROSS 91 limit is for mAp —1.14 MeV. B(A ~ e+ e ) = 1 assumed.
Excluded domain in the TAp mAp plane extends up to mAp

—7 MeV (see Fig. 5).
Combining with electron g —2 constraint, axions coupling only to e+ e ruled out for

mA0 & 4.8 MeV (90%CL).

GUO 90 use the same apparatus as BROWN 86 and improve the previous limit in the
shorter lifetime region. Combined with g —2 constraint, axions coupling only to e+ e
are ruled out for mAp & 2.7 MeV (90% CL).

BJORKEN 88 reports limits on axion parameters (fA, mA, TA) for mA0 & 200 MeV

from electron beam-dump experiment with production via Primakofl' photoproduction,
bremsstrahlung frofn electrons, and resonant annihilation of positrons on atomic elec-
trons.
BLINOV 88 assume zero spin, m = 1.8 MeV and lifetime & 5 x 10 s and find

I (A ~ pp)B(A —9 e+ e ) & 2 eV (CL=90%).
Assumes A pp coupling is small and hence Primakoff production is small. Their figure
2 shows limits on axions for mA0 & 15 MeV.

Uses electrons in hadronic showers from an incident 800 GeV proton beam. Limits for

mAp & 15 MeV are shown in their figure 3.

mAp
—1.8 MeV assumed. The excluded domain in the TAp —mA0 plane extends up to

mAp 14 MeV, see their figure 4.

The limits are obtained from their figure 3. Also given is the limit on the
A pp —A e+ e coupling plane by assuming Prirnakoff production.

95
95
95
95
97

90

Search for Ao (Axion) Resonance in e+ e
The limit is for T(A —9 e+ e ) I (A pp)/I total

VALUE (i.0 3 eV) CL F' DOCUMEN T ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

VO

VO

VO
111TRZASKA

WIDMANN
"2 FOX

M IN OWA

CONNELL

CONNELL

CONNELL

CONNELL

94 CNTR mA0
—1.1 MeV

94 CNTR mA0
—1.4 MeV

94 CNTR mA0
—1.7 MeV

91 CNTR mAp
—1.8 MeV

91 CNTR mAp
—1.78—1.92 MeV

89 CNTR
95 89 CNTR mAp

—1.062 MeV

97 88 CNTR mAp
—1.580 MeV

97 88 CNTR mA0
—1.642 MeV

97 88 CNTR mA0
—1.782 MeV

97 88 CNTR mA0
—1.832 MeV

TRZASKA 91 also give limits in the range (6.6—30) x 10 eV (95%CL) for mA0
1.6—2.0 MeV.
FOX 89 measured positron annihilation with an electron in the source material into two
photons and found no signal at 1.062 MeV (& 9 x 10 of two-photon annihilation at
rest).
Similar limits are obtained for mA0

—1.045—1.085 MeV.

0.18

1.5
&12

6.6
& 4.4

& 0.11

&33
&42

&73

&79

LORENZ 88 CNTR mAp
—1.646 MeV

LORENZ 88 CNTR mA0
—1.726 MeV

LORENZ 88 CNTR mAp
—1.782 MeV

LORENZ 88 CNTR mA0
—1.837 MeV

TSERTOS 88 CNTR mAp
—1.832 MeV

108 VANKLINKEN 88 CNTR
87 CNTR

&2500 MILLS 87 CNTR mAp
—1.8 MeV

110VONWIMMER. 87 CNTR

HALLIN 92 quote limits on lifetime, 8 x 10 —5 x 10 sec depending on mass,
assuming B(A ~ e+ e ) = 100%. They say that TSERTOS 91 overstated their
sensitivity by a factor of 3.
HENDERSON 92C exclude axion with lifetime TAp —1.4 x 10 —4.0 x 10 s, as-

suming B(A ~ e+ e )=100%. HENDERSON 92C also exclude a vector boson with
T:]..4 x 10—12 6.0 x 1()

—10 s.
WU 92 quote limits on lifetime ) 3.3 x 10 s assuming B(A e+ e )=100%.
They say that TSERTOS 89 overestimate the limit by a factor of 7r/2. WU 92 also quote
a bound for vector boson, T) 8.2 x 10 s.
WIDMANN 91 bound applies exclusively to the case B(A ~ e+ e )=1, since the
detection efficiency varies substantially as I (A )total changes. See their Fig. 6.0

5 JUDGE 90 excludes an elastic pseudoscalar e+ e resonance for 4.5 x 10 s & T(A )
7.5 x 10 s (95% CL) at mA0

—1.832 MeV. Comparable limits can be set for
m 0

—1.776—1.856 MeV.

See also TSERTOS 88B in references.
The upper limit listed in TSERTOS 88 is too large by a factor of 4. See TSERTOS 88B,
footnote 3.
VANKLINKEN 88 looked for relatively long-lived resonance (T = 10 —10 s). The
sensitivity is not sufficient to exclude such a narrow resonance,
MAIER 87 obtained limits Rl ( 60 eV (100 eV) at mAp 1.64 MeV (1.83 MeV) for

energy resolution DEcm = 3 keV, where R is the resonance cross section normalized

to that of Bhabha scattering, and i = I
. /I tot~i. For a discussion implying thatee

AEcm 10keV, see TSERTOS 89.
VONWIMMERSPERG 87 measured Bhabha scattering for Ecm = 1.37—1.86 MeV and
found a possible peak at 1.73 with J rrdEcm = 14.5 4 6.8 keV b. For a comment and
a reply, see VANKLINKEN 88B and VONWIMMERSPERG 88. Also see CONNELL. 88.

5

none 0,09-1.5

( 1.9
((10—40)
((1—2.5)

97 BAUER 90 CNTR

95 05 JUDGE 90 CNTR

97 106 TSERTOS 89 CNTR

97 06 TSERTOS 89 CNTR

97 06 TSERTOS 89 CNTR

Search for Ao (Axion) Resonance in Bhabha Scattering
The limit is for I (A )[B(A ~ e+ e )j

VA L UE (10 eV) CL% DOCUMENT ID TECN

e ~ ~ We do not use the following data for averages, fits, limits,

1.3 97 101 HALLIN 92 CNTR

none 0,0016-0.47 90 1 HENDERSON 92C CNTR

( 2,0 90 103 WU 92 CNTR

( 0.013 95 TSERTOS 91 CNTR

none 0.19-3.3 95 Wl DM ANN 91 CNTR

COMM EN T

etc. e ~ ~

m Ap
—1.75 1.88 MeV

m Ap 1,5—1.86 MeV

mAp
—1.56—1.86 MeV

m Ap
—1,832 MeV

mAp
—1.78—1.92 MeV

mAp ——1.832 MeV

m Ap
—1.832 MeV,

elastic
m Ap 1.82 MeV

mAp —1.51—1.65 IVleV

mAp
—1.80—1.86 MeV

Search for X (Light Boson) Resonance in e+ e
The limit is for I (X ~ e+ e ) I (X gpss)/I total. C invariance forbids spin-00 0

XQ coupling to both e+ e
—

and

VALUE (10 eV) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

0.2 95 "4VO 94 CNTR m&o=l. t—1.9 MeV

1.0 95 "5VO 94 CNTR Xp 1.1 MeV I
2.5 95 115 VO 94 CNTR mXp

—1.4 MeV

& 120 95 "5VO 94 CNTR mXp —1.7 MeV

3.8 95 1 SKALSEY 92 CN TR mXp —— 15 MeV

"VO 94 looked for Xd 9 an decaying at rest. The precise iimits depend on m e. See
Fig. 2(b) in paper.

tVO 94 looked for X ~ ppss decaying in flight.
SKALSEY 92 also give limits 4.3 for mXp

—1.54 and 7.5 for 1.64 MeV. The spin of X
is assumed to be one.
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Searches for Goldstone Bosons {Xo}
(Including Horizontal Bosons and Majorons. ) Limits are for branching ratios.

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BOBRAKOV 91 Electron quasi-magnetic
interaction

&3.3 x 10 95 ALBRECHT pX". Familon

&18x 10 2 95 ALBRECHT eXP. Familon

&6.4 x 10 9 90 4 AT IYA K+ - ~+XP.
Fa milo n

&1.1 x 10 9 90 BOLTON 88 CBOX it+ ~ e+pX
Familon

CHANDA 88 ASTR Sun, Majoron
"CHOI 88 ASTR Majoron, SN 1987A

&5 x 10 PICCIOTTO 88 CNTR Tr ~ evX, Majoron
&1.3 x 10 9 GOLDMAN 87 CNTR y, ~ epX . Familon

x10—4 BRYMAN 86B RVUE p ~ eX . Familon
x 10—10 131 EICHLER 86 SPEC p+ ~ e+X . Familon

&2.6 x 10—6 JODIDIO 86 SPEC it+ ~ e+ X . Familon
BALTRUSAIT. .85 MRK3 r —k EX . Familon

DICUS 83 COSM v(hvy) ~ v(light) Xp

BOBRAKOV 91 searched for anomalous magnetic interactions between polarized elec-
trons expected from the exchange of a massless pseudoscalar boson (arion). A limit

x & 2 x 10 (95%CL) is found for the effective anomalous magneton pararnetrizede
as xe(GF/8m~2)
ALBRECHT 90E limits are for B(r ~ EX )/B(r ~ Evv). Valid for mXp & 100
MeV. The limits rise to 7.1% (for p), 5,0% (for e) for mXp

—500 MeV.

ATIYA 90 limit is for mXp
—0. The limit B & 1 x 10 holds for mXp ( 95 MeV.

For the reduction of the limit due to finite lifetime of X, see their Fig. 3.
BOLTON 88 limit corresponds to F & 3.1 x 10 GeV, which does not depend on the
chirality property of the coupling.

6CHANDA 88 find vT & 10 MeV for the weak-triplet Higgs vev. in Gelmini-Roncadelli

model, and v~ ) 5,8 x 10 GeV in the singlet Majoron model.

CHOI 88 used the observed neutrino flux from the supernova SN 1987A to exclude the
neutrino Majoron Yukawa coupling h in the range 2 x 10 5 & h & 3 x 10 4 for the
interaction Lint

—&ihQ p5tif @X. For several families of neutrinos, the limit applies forv
(Kh4)1/4

I
128 PICCIOTTC 88 limit aPPlies when mXp ( 55 MeV and rXp ) 2ns, and it decreases

to 4 x 10 at mXp
—125 MeV, beyond which no limit is obtained.

GOLDMAN 87 limit corresponds to F & 2.9 x 10 GeV for the family symmetry breaking
scale from the Lagrangian L;nt

—(1/F)TTf p ' (a+Ery5) Tte0 QXp with a +b = 1.

This is not as sensitive as the limit F & 9.9 x 10 GeV derived from the search for p+ ~
e+X by JODIDIO 86, but does not depend on the chirality property of the coupling.
Limits are for I (p, eX )/C(It ~ evv). Valid when mXp

—0—93.4, 98.1—103.5
MeV.
EICHLER 86 looked for p, + —a e+X followed by X ~ e+e . Limits on the
branching fraction depend on the mass and and lifetime of X . The quoted limits are

valid when rXp + 3. x 10 s if the decays are kinematically aliowed.

JODIDIO 86 corresponds to F & 9.9 x 10 GeV for the family symmetry breaking scale
with the parity-conserving effective Lagrangian L;nt

——(1/F) 1I'f,pi'TifecIi'@

BALTRUSAITIS 85 search for light Goldstone boson(X ) of broken U(1). CL = 95%
limits are B(r ~ @+X )/B(r ~ p+ vv) &0.125 and B(r ~ e+X )/B(r ~ e+ vv)
&0.04. Inferred limit for the symmetry breaking scale is m )3000 TeV.
The primordial heavy neutrino must decay into v and familon, fA, early so that the
red-shifted decay products are below critical density, see their table. In addition, K ~
9r f~ and It ~ ef& are unseen. Combining these excludes mheavyv between 5 x 10—5

and 5 x 10 MeV (p, decay) and mheav v between 5 x 10 and 0.1 MeV (K-decay).

90E ARG

90E ARG

90 B787

90
90
90
90
90

I ight Boson (Xo) Search in Nonresonant e+e Annihilation at Rest
Limits are for the ratio of np + X production relative to yp.

VALUE (ttnits 1P ) CL% DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

68 SKALSEY 95 CNTR pX
&40 118 SKALSEY 95 RVUE pX

0.18 90 ADACHI 94 CNTR ppX, X
0.26 90 120 ADACHI 94 CNTR r if X . X

& 0.33 9p 121 ADACHI 94 CNTR rX, X

SKALSEY 95 looked for a monochromatic n without an accompanying p in e+ e
annihilation, The bound applies for scalar and vector X with C = —1 and mXc
100—1000 keV.
SKALSEY 95 reinterpreted the bound on n A decay of o-Ps by ASAI 91 where 3% of
delayed annihiiations are not from S1 states. The bound applies for scalar and vector

X with C = —1 and mXp
—0—800 keV.

ADACHI 94 looked for a peak in the pp invariant mass distribution in pygmy production
from e+ e annihilation. The bound applies for mXp —70 800 keV.

ADACHI 94 looked for a peak in the missing-mass mass distribution in yp channel, using

pygmy production from e+ e annihilation. The bound applies for mXp &800 keV.

ADACHI 94 looked for a peak in the missing mass distribution in gpss channel, using

any' production from e+ e annihilation. The bound applies for mxa —200—900
keV.

INVISIBLE A (AXION)

As discussed in the note on "Axions and Other I.ight

Bosons, " the so-called invisible axion models decouple the
scale of the Peccei —Quinn symmetry breaking from the elec-

troweak scale, and avoid the constraints from negative acceler-

ator searches for the axion. Two classes of models are discussed

commonly in the literature. One introduces new heavy quarks
that carry Peccei —Quinn charge while the usual quarks and lep-

tons do not (KSVZ axions or "hadronic" axions) [I]. The ot, her

does not need additional quarks but requires two Higgs dou-

blets, and all quarks and leptons carry Peccei —Quinn charges

(DPSZ axions or "GUT" axions) [2]. All models contain at
least one electroweak singlet scalar boson that acquires an

expectation value and breaks the Peccei —Quinn symmetry.
The common property of all axion models is the effective

coupling
2

t A gs Flrva, Foeff ——
JA

iLv

where ftrA is the axion field, 0eff is the effective QCD vacuum

angle after the diagonalization of the quark masses, g, the QCD
coupling constant, F' the gluon field strength and I"'„
—El,vpo FP It is often con. venient, to dejine the axion decay
constant fA with this Lagrangian ]3]. The QCD instanton effect

induces a potential for ttA whose minimum is at rig
—

Oeff fA,
cancelling Oeff and solving the strong CP problem. The mass of
the axion is related to fA by

mA = 0.02 x 10 eV x (10 "Gev/fA) . (2)

The constraints on the axion mass from various experiments,

astrophysics, and cosmology are derived from the interactions
of the axion with either photons, electrons, or nucleons. We use

the following notation for their coupling constants GA&& and

+AJ-' f l

1
/LV —

&ATP dA& II,
4

Majoron Searches in Neutrinoless Double P Decay
Limits are for the half-life of neutrinoless pI9 decay with a Majoron emission.
Previous indications for neutrinoless double beta decay with majoron emission have
been superseded. No experiment currently claims any such evidence. For a review, see
DOI 88.

VA L UE (years) CLl DOCLIMENT ID TECN COMMENT

)( &O 90 BERNATOW. .. 92 CNTR 128T
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 1.7 x 1022 90 BECK 93 C NTR 76Ge

& 79 x 10 68 36 TANAKA 93 SPEC 100Mo

& 1.9 x 1020 68 BARABASH 89 CNTR 136Xe
) 1 0 x 1021 9p FISHER 89 CNTR Ge
& 3.3 x 1020 9p ALSTON-. .. 88 CNTR Mo

(6 +1) x 1020 AVIGNONE 87 CNTR Ge

) 1 4 x 1p21 9p CALDWELL 87 CNTR 76Ge

) 4.4 xlp 90 ELLIOTT 87 SPEC 8 Se
) 1.2 x 1021 90 FISHER 87 CNTR 76Ge

VERGADOS 82 CNTR

BERNATOWICZ 92 studied double-P decays of Te and Te, and found the ratio

r( Te)/r( Te) = (3.52 4 0.11) x 10 in agreement with relatively stable theo-
retical predictions. The bound is based on the requirement that Majoron-emitting decay
cannot be larger than the observed double-beta rate of Te of (7.7 + 0.4) x 10 4 year.
We calculated 90% CL limit as (7.7—1.28 x 0.4=7.2) x 10
TANAKA 93 also quote limit 5.3 x 10 years on two Majoron emission.
VERGADOS 82 sets limit gH & 4 x 10 for (dimensionless) lepton-number violating
coupling, gH, of scalar boson (Majoron) to neutrinos, from analysis of data on double p
decay of Ca.

~Af f =GAf f f11 t'A f frrys f (4)
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Table 1: The coupling constants of the axion to
the matter particles in DFSZ and KSVZ models,
taken from Ref. [5] where the results of Ref. [6]
were used. These dimensionless coupling con-
stants are related to those in the Lagrangian by
GA, , = c,/2fA for i = p, e, p, n The p. arameter
P is an arbitrary angle whose tangent is defined
by the ratio between the expectation values of
the two Higgs doublets in the DFSZ model. A
rational number E/N in the KSVZ model de-
pends on the number of new quarks and their
charges. The coupling to nucleons are subject
to certain ambiguities in hadronic matrix ele-
ments [4] that are not shown here. All entries
have small uncertainties from t, he current quark
masses.

KSUZ

Ce

Cp

cn

0.0017
(1/3) cos

—0.10 —0.45 c os /I
—0.18 + 0.39 cos2 P

0.0023(E/N —1.92)
0
—0.39
+0.04

For illust, rative purposes, we depict various constraints on

fA (and mA) for the case of the KSUZ model in Fig. 1,
using only representative constraints. What follows is a brief

discussion of each of the constraints shown in the figure. The
bounds on the DFSZ axion are similar.

Astrophysics puts a, lower bound on fA, because a small fA
leads to a large coupling of the axion to nucleons, electrons,

and photons and thus to a large "exotic" energy-loss rate.
In horizontal-branch (HH) stars, the Primakoff process p +
( He, e ) ~ ( He, e ) + A" would be the dominant axionic

energy-loss mechanism. It would accelerate the consumption

of nuclear fuel and thus shorten the helium-burning lifetime

of these stars. The observable number fraction of HB stars

in globular clusters would be significantly reduced relative to

theoretical expectations unless Gg&& & 0.6 x 10 GeV

[5]. The duration of the neutrino burst from supernova (SN)
1987A observed at the Kamiokande and IMB detectors was

consistent with expectations, while axion emission would have

cooled the core and shortened the burst duration [7]. The

dominant enlission process is axion bremsstrahlung in nucleon-

nucleon collisions, a process that needs to be calculated in

a, hot and dense nuclear mediunl where many-body effects

are important. Early calculations overestimated the emission

rate to some extent. A more realistic treatment leads to a

somewhat diminished limit, of about fA ) 0.6x 10 GeV [8], [9],
although the treatment of many-body effects in this result

is still under study. The cooling argunlent does not exclude

fA & 0.6 x 10 GeV; in this range of fA, the axions produced

in the SN core are trapped [10]. Still, fA & 0.3 x 10 GeV is

excluded because the trapped axions result in a burst similar

to that of the neutrinos and can produce signals in water

for f = e, p, n T.he relations of these coupling constants to fA

(and mA) are model dependent, and are listed in Table 1.

0

with inflation

4
initial/f

A A
z/2

without inflation
axionic strings
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~ 1010
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Figure 1: An illustration of the ast, rophysical
and cosmological constraints on t, he axion de-
cay constant fA (and equivalently on mA) in
the KSVZ model. The constraint on the DSFZ
model is similar except for the small window at
fA —10 GeV, and one needs inflation. Shaded
regions are excluded based on the arguments
given in the text, though both sides have large
uncertainties. The lower bound on fA from red
giants depends on the parameter E/N All the.
other constraints do not. If there is inflation,
there is an upper bound on fA from misalign-
ment production, which depends on the initial
value of the axion field p'A"'t' ' after inflation is
over. If there is not, cosmic strings generated
by Peccei —Quinn symmetry breaking produce
axions, which contribute to the present mass
density. Estimates of the resulting mass den-
sity vary. Here, upper bounds on fA from two
groups are shown, each of them with rather
large ambiguity shown by dashed lines.

Cherenkov det, ectors [ll]. For KSVZ axions with E/N = 2,

there exists an apparent small window between these two SN

arguments.

Cosmology usually puts an upper bound on fA, because

the predicted cosmic mass density in axions is proportional

to fA
" The DFSZ 'mo. del and the KSVZ model with more

than one new quark leads to domain walls that have to be

diluted away by inflation. On the other hand, the axion field

does not, know during inflation where the true minimum of
its potential is, and is "misaligned" [12]. It begins a coherent

oscillation from its misaligned initial value after the QCD phase

transition and contributes to the present energy density [13] as

0 h, = 0 2(fA/10 GeV. ) "(g'"'""'/2+'fA) & 1 for a small

misalignment i/i'A"' '/fA & 1. The KSVZ model with a single

new quark does not produce domain walls and does not need

inflation. Without inflation, there are cosmic strings created at
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the time of the Peccei —Quinn symmetry breaking, that emit

axions and eventually decay (or collapse). There is an ongoing

controversy on the estimate of the relic energy density of the
emitted axions [14]. Furthermore, cosmological bounds change

if there is additional entropy production [15] or a dissipation of
the coherent oscillation into lighter particles [16].

It has been widely argued that a fundmental theory will

not possess global symmetries; gravity, for example, is expected
t,o violate them. Global symmetries such as baryon number

typically arise as an indirect consequence of gauge symmetries

and renormalizability (accidental symmetry). It has been noted

[17] that the Peccei-Quinn symmetry, from this perspective,

must also arise as an accidental one and must hold to an

extraordinary degree of accuracy in order to solve the strong

CP problem. See, for example, Ref. [17] for a possible resolution

to this problem; string theory also provides su%ciently good

symmetries (see for a review, [18]).

R.L. Davis and E.P.S. Shellard, Nucl. Phys. B324, 167
(1989).
On the other hand, D. Harari and P. Sikivie, Phys. Lett.
195B, 361 (1987), claim string axions do not dominate
over the coherent oscillation.
However, more recent papers [C. Hagmann and P. Sikivie,
Nucl. Phys. B363, 247 (1991); R.A. Battye and
E.P.S. Shellard, Phys. Rev. Lett. 73, 2954 (1994)] quote
larger uncertainties and the discrepancy is not as signi6-
cant as it used to be.

15. 3.E. Kim, Phys. Rev. Lett. 67, 3465 (1991).
16, K,S. Babu, S.M. Barr, and D. Seckel, Phys. Lett. B336,

213 (1994).
17. M. Kamionkowski and J. March-Russell, Phys. Let t.

B282, 137 (1992);
R. Holman et aL, Phys. Lett. B282, 132 (1992).

18. M. Dine, in Proceedings of Quantum gravity and be-
yond, Cincinnati, 1992, SCIPP 92-027, July 1992, hep-
t}1/9207045.
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FRIEMAN
RAFFELT
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RAFFELT
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36 x10 4

(12
1 x10

& 0,07
& 0.7

& 2—5
0.01
0.06

& 0.7
0.03

& 1

& 0.003—0.02
1 x10

& 0.04
1 x10

Invisible Ae {Axion} MASS LIMITS from Astrophysics and Cosmology
v1

—
v2 is usually assumed (v; = vacuum expectation values). For a review of these

limits, see RAFFELT 90C and TURNER 90. In the comment lines below, D and K
refer to DFSZ and KSVZ axion types, discussed in the above minireview.

VAL UE (eV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

( 0.018 RAFFELT 95 ASTR D, red giant( 0.010 ALTHERR 94 ASTR D, red giants, white
dwarfs

0.01 92 ASTR D, white dwarf
& 0.03 92C ASTR D, C-0 burning

none 3-8 91 ASTR D, K,
intergalactic light

&10 91C COSM D, K, mass density of
the universe, super-
symmetry

918 ASTR D, K, SN 1987A
1 x10 91 ASTR K, intergalactic light

none 10 -3 90 ASTR D, K, SN 1987A
90 ASTR D, K, SN 1987A
90D ASTR D, red giant
89 ASTR D, K, SN 1987A
89 ASTR D, K, SN 1987A
89 ASTR D, K, SN 1987A
88 ASTR D, Sun
88 ASTR D, K, SN 1987A
888 ASTR red giant
87 ASTR D, red giant
87 ASTR K, red giant
87 COSM K, thermal production
86 ASTR D, red giant
86 ASTR D, red giant
86 ASTR K, red giant
868 ASTR D, white dwarf
85 ASTR K, red giant
84 ASTR D, K, neutron star
83 COSM D, K, mass density of the

universe
1 x10 DINE 83 COSM D, K, mass density of the

universe
ELLIS 83B ASTR D, red giant
PRESKILL 83 COSM D, K, mass density of the

universe
& 0.1 BARROSO 82 ASTR D, red giant

1 FUKU GITA 82 ASTR D, stellar cooling
& 0,07 FUKUGITA 828 ASTR D, red giant

RAFFELT 95 reexamined the constraints on axion emission from red giants due to the
axion-electron coupling. They improve on DEARBORN 86 by taking into proper account
degeneracy efFects in the bremsstrahlung rate. The limit comes from requiring the red
giant core mass at helium ignition not to exceed its standard value by more than 5%
(0.025 solar masses).
ALTHERR 94 bound is on the axion-electron coupling gee ( 1.5 x 10 S, from energy
loss via axion emission.

0 BERSHADY 91 searched for a line at wave length from 3100—8300 A expected from 2p
decays of relic thermal axions in intergalactic light of three rich clusters of galaxies.
KIM 91C argues that the bound from the mass density of the universe will change dras-
tically for the supersymmetric models due to the entropy production of saxion (scalar
component in the axionic chiral multiplet) decay. Note that it is an upperbound rather
than a lowerbound.
RAFFELT 91B argue that previous SN 1987A bounds must be relaxed due to corrections
to nucleon bremsstrahlung processes.
RESSELL 91 uses absence of any intracluster line emission to set limit.
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ENGEL 90 rule out 10 + gAN + 10, which for a hadronic axion with EMC

motivated axion-nucleon couplings corresponds to 2.5 x 10 eV + mAp + 2.5 x

10 eV. The constraint is loose in the middle of the range, i.e. for gAN 10
RAFFELT 90D is a re-analysis of DEARBORN 86.
The region mAp + 2 eV is also allowed.

147ERICSON 89 considered various nuclear corrections to axion emission in a supernova
core, and found a reduction of the previous limit (MAYLE 88) by a large factor.
MAYLE 89 limit based on naive quark model couplings of axion to nucleons. Limit based
on couplings motivated by EMC measurements is 2—4 times weaker. The limit from
axion-electron coupling is weak: see HATSUDA 888.
RAFFELT 888 derives a limit for the energy generation rate by exotic processes in helium-

burning stars e & 100 erg g s, which gives a firmer basis for the axion limits based
on red giant cooling.
RAFFELT 87 also gives a limit g & 1 x 10 GeVAp
DEARBORN 86 also gives a limit gA & 1.4 x 10 GeV

y

RAFFELT 86 gives a limit gA & 1.1x10 GeV from red giants and & 2.4x10
GeV from the sun.
KAPLAN 85 says mAp & 23 eV is allowed for a special choice of model parameters.

154 FUKUGITA 82 gives a limit g & 2.3 x 10 10 GeV 1.
Ap

x 10 41

Invisible Ao (Axion) Limits from Photon Coupling
Limits are for the axion-two-photon coupling GA defined by L = GA pAE B.
Related limits from astrophysics can be found in the "invisible A (Axion) Mass Limits
from Astrophysics and Cosmology" section.

VALUE (GeV ) CL% DOCUMEN T ID COMMEN T

~ o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&36 x 10 95 CAMERON 93 mAp & 10 eV,
optical rotation

&6.7 x 10 158 CAMERON 93 m p & 10 eV,
photon regeneration

99.7 LAZA R U S 92 m Ap & 0.03 eV

99 7 LAZARUS 92 mAp
—0.03—0.11 eV

99 160 RUOSO 92 mA0 & 10 eV
161 SEMERTZIDIS 90 m p & 7 x 10 eV

&3,6 x 10

&77 x 10

&7.7 x 10

&2.5 x 10 6

Experiment based on proposal by MAIANI 86.
Experiment based on proposal by VANBIBBER 87.
LAZARUS 92 experiment is based on proposal found in VANBIBBER 89.
RUOSO 92 experiment is based on the proposal by VANBIBBER 87.
SEMERTZIDIS 90 experiment is based on the proposal of MAIANI 86. The limit is
obtained by taking the noise amplitude as the upper limit. Limits extend to mAp

4x10 where GA & 1x10 GeV

Limit on Invisible Ao (Axion) Electron Coupling
The limit is for GAeec), QAepI'p5e in GeV ", or equivalenty, the dipole-dipole po-

G2
tential 4

' ((a 1 . e'2) —3(o 1 n) (a2 n))/r where n=t/r.

The lim

VAL UE (GeV 1)

its below apply to invisible axion of mA & 10 eV.—6

CL% DOCUMENT ID TECN COM MEN T

~ ~ ~ We do

&5.3 x 10
&6.7 x 10
&3.6 x 10
&2.7 x 10—5

&19x10
&8.9 x 10 4

&6.6 x 10

not use the following data for averages, fits, limits,

66 162 N 94
6 162 CHLI 93

66 163 PAN 92
95 162 BOBRAKOV 91
66 164 WINELAND 91 NMR

66 RITTER 90
95 162 VOROBYOV

etc. ~ ~ ~

Induced magnetism
Induced magnetism
Torsion pendulum

Induced magnetism

Torsion pendulum
induced magnetism

Search for Relic Invisible Axions
Limits are for [GA /mApj pA where GA denotes the axion two-photon coupling,2

L.int — g~~ ~AF FI'v GA @AE 8, and ic~A is the axion energy density near
the earth.

VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

x ]0—41 155 HAGMANN 90 CNTR m AP—
(5.4-5.9)10—6 eV

&1.3 x 10 42 95 WUENSCH 89 CNTR m p
—(45—102)10

eV
95 WUENSCH 89 CNTR m 0—

(11.3—16.3)10 6 eV

HAGMANN 90 experiment is based on the proposal of SIKIVIE 83.
WUENSCH 89 looks for condensed axions near the earth that could be converted to
photons in the presence of an intense electromagetic field via the Prirnakoff effect, fol-

lowing the proposal of SIKIVIE 83. The theoretical prediction with [GA /mApj

2 x 10 MeV (the three generation DFSZ model) and pA
—300 MeV/cm that

makes up galactic haios gives (GA&&/mAp) pA
—4 x 10 . Note that our definition

of GA is (1/4') smaller than that of WUENSCH 89.

These experiments measured induced magnetization of a bulk material by the spin-
dependent potential generated from other bulk material with aligned electron spins,
where the magnetic field is shielded with superconductor.
These experiments used a torsion pendulum to measure the potential between two bulk
matter objects where the spins are polarized but without a net magnetic field in either
of them.
WINELAND 91 looked for an effect of bulk matter with aligned electron spins on atomic
hyperfine splitting using nuclear magnetic resonance.
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ZPHY C68 221
PR D51 2053
PL 8355 584
PL 8351 574
PR D51 1495
PR D51 6292
EPL 30 273
PR A49 3201
ASP 2 175
PL 8333 271
PL 8323 90
PR D49 4937
Physica 8194 153
PR C49 1551
PRL 70 2521
PRL 71 305 (e
PR D48 R1
EPL 22 239
PRL 70 2853
PR D47 3707
PRL 71 3247
PRL 71 4120
PR D48 2941
PR D48 5412
PRL 68 278
PRL 69 733
PRL 69 2341
IJMP A7 3835
PR D45 3955
PRL 69 1733
PL 8276 423
PRL 69 2333
PRL 68 3845
MPL 7 1287
ZPHY C56 505
PRL 68 456
MPL A7 1497
PL 8291 97
PRL 69 1729
PL 8272 443
PRL 66 2440
PRL 66 1398
ZPHY C51 341
JETPL 53 294
Tra ns I a ted from
PRL 67 2942
PRL 67 3465
PRL 67 2605
PR D44 3001
PL 8269 54
PL 8266 259
APJ 376 51
ZPHY A340 209
PRL 67 1735
PL 8246 278
PL 8251 204
PL 8237 588
PRL 64 21
PRL 65 1188
NIM 850 300
PR D42 3297
JPG 16 Ll
PRL 65 960
PL 8237 287
PR D41 2924
PR D42 1297
PRL 65 972
PRPL 198 1
PR D41 1324
PR D42 977
PRL 64 2988
PL 8236 81
PRPL 197 67
PL 8223 273
PL 8221 99
PR D39 1020
PRL 60 1797
PRL 62 2639
PL 8219 507
ZPHY C44 557
PL 8218 257
PR C39 288
PL 8219 515
PL 8203 188
PRL 62 1091
PRL 63 597
PRL 62 2638
PR D40 1397
PR D39 2089
PR D40 3153
PRL 59 839
PRL 60 1928
PR D37 618
PR D38 3375
SJNP 47 563
Translated from YAF
PR D38 2077
PRL 56 2461
PRL 57 3241
PR D37 2714
PR D37 3225
PRL 60 2242
PR C37 250
PRL 61 1274
PRL 62 2644 erratum
PRL 62 2638
PRL 62 2639
JPG 14 L131
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+Atoyan, Gninenko, Sukhov (INRM)
+Orito Yoshimura Haga (ICEPP)
+Ressell, Turner (CHIC, FNAL, EFI)
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Lepton Particle Listings

LEPTONS
e ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance.

e MASS

The mass is known much more precisely in u (atomic mass units) than
in MeV (see the footnote). The conversion from u to MeV, 1u =
931.49432 + 0.00028 MeV, involves the relatively poorly known electronic
charge.

VA L UE (Me V) DOCUMENT ID TECN COMMENT

t0.51099907+0.00000015 1 FAR N HA M 95 C N TR Penning
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.51099906+0.00000015 COHEN 87 RVUE 1986 CODATA value
0.5110034 +0.0000014 COHEN 73 RVUE 1973 CODATA value

FARNHAM 95 compares cyclotron frequency of trapped electrons with that of a single

trapped C+ ion. The result is me = 0.0005485799111(12)u, where the figure in
parenthesis is the la uncertainty in the last digit. The uncertainty after conversion to
MeV is dominated by the uncertainty in the electron charge.
COHEN 87 (1986 CODATA) value in atomic mass units is 0.000548579903(13). See
footnote on FA R NH A M 95.

VALUE (10 6 ecrn) CL% DOCUMENT ID

0.27+ 0.83 8 ABDULLAH
~ ~ ~ We do not use the following data for averages,

14 + 24 CHO
1.5 + 5.5 4 1.5 MURTHY

50 + 110 LAMOREAUX
190 +340 90 SANDARS
70 + 220 90 PLAYER

300 90 WEISSKOPF

ABDULLAH 90 uses the relativistic enhancement
moment in a high-Z atom.

TECN COMM EN T

90 MRS 0 Tl beams
fits limits etc ~ ~ ~

89 NMR Tl F molecules
89 Cesium, no B field

87 NMR Hg
75 MRS Thallium
70 MRS Xenon
68 MRS Cesium

of a valence electron's electric dipole

e MEAN LIFE / BRANCHING FRACTION

A test of charge conservation. See the "Note on Testing Charge Conserva-
tion and the Pauli Exclusion Principle" following this section in our 1992
edition (Physical Review D45, 1 June, Part II (1992), p. VI.10). We use
the best "disappearance" limit for the Summary Tables. The best limit
for the specific channel e ~ vp is much better.

Note that we use the mean life rather than what is often reported, the
half life.

(me+ —me ) / meverege

A test of CPT invariance.

VAL UE

(4x 10 8
CL%

90
DOCUMENT ID

CHU

TECN COMM EN T

84 CNTR Positronium spec-

troscopyy

(e,+ + q,-~/e
A test of CPT invariance. See also similar tests involving the proton.

e MAGNETIC MOMENT ANOMALY

e/I 8 —1 = (g—2)/2
For the most accurate theoretical calculation, see KINOSHITA 81.

Some older results have been omitted.

VA L UE (units 10 )

1159.652193 +0.000010
DOCUMENT ID

5 COHEN 87

o ~ ~ We do not use the following data for averages, fits

1159.6521884 +0.0000043 VANDYCK 87
1159.6521879+0.0000043 VAN DYC K 87
1159.652200 + 0,000040 VAN DYC K 86
1159.652222 +0.000050 SCHWINBERG 81

The COHEN 87 value assumes the g/2 values for e+
CP T.

TECN CHG COMMENT

RVUE

, limits, etc.

MRS
MRS
MRS
MRS

1986 CODATA
value

~ ~ ~

Single electron
Single positron
Single electron
Single positron

and e are equal, as required by

VAL UE DOCUMEN T ID TECN COMMEN T

( 4x10—8 3 HUGHES 92 RVUE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&10 4 MUELLER 92 THFO Vacuum polarization
3 HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra-

tios.
4 MUELLER 92 argues that an inequality of the charge magnitudes would, through higher-

order vacuum polarization, contribute to the net charge of atoms.

AHARONOV 958
Also 95

FARNHAM 95
BALYSH 93
HUGHES 92
MUELLER 92
PDG 92
REUSSER 91
ABDULLAH 90
CHO 89
MURTHY 89
COHEN 87
LAMOR EAUX 87
VAN DYCK 87
VASSERMAN 87

Also 878
AVIGNONE 86
VANDYCK 86
ORITO 85
CHU 84
BELLOTTI 838
K IN OSHITA 81
SCHWINBERG 81
SANDARS 75
COHEN 73
PLAYER 70
WEISSKOPF 68

P R D52 3785
PL 8353 168
PRL 75 3598
PL 8298 278
PRL 69 578
PRL 69 3432
PR D45, 1 June,
PL 8255 143
PRL 65 2347
PRL 63 2559
PRL 63 965
RMP 59 1121
PRL 59 2275
PRL 59 26
PL 8198 3Q2

PL 8187 172
PR D34 97
PR D34 722
PRL 54 2457
PRL 52 1689
PL 1248 435
PRL 47 1573
PRL 47 1679
PR A11 473
JPCRD 2 663
JPB 3 1620
PRL 21 1645
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+Carlberg, Cornmins, Gould, Ross (LBL, UCB)
+Sangster, Hinds (YA LE)
+Krause, Li, Hunter (AMHT)
+Tay!or (RISC, NBS)
+-Jacobs, Heckel, Raab, Fortson (WASH)

Van Dyck, Schwinberg, Dehmelt (WASH)
+Vorobyov, Gluskin+ (NOVO)

Vasserman, Vorobyov, Gluskin+ (NOVO)
+Brodzinski, Hensley, Miley, Reeves+ (PNL, SCUC)

Van Dyck, Schwinberg, Dehmelt (WASH)
+Yoshimura (TOKY, KEK)
+Mills, Hall (BELL, NBS, COLO)
+Corti, Fiorini, Liguori, Pullia+ (MILA)
+Lindquist (CORN)
+Van Dyck, Dehmelt (WASH)
+Sternheifn er (OXF, BNL)
+Taylor (RISC, NBS)
+Sanda rs (OXF)
+Carrico, Gould, Lipworth+ (BRAN)

VALUE (yr) CL% DOCUMENT ID TECN COMMENT

&4.3 x 10K 68 AHARONOV 958 CNTR Ge K-shll disappearance
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&37 x 10 68 AHARONOV 958 CNTR e ~ vp
)2.35 x 10 68 BALYSH 93 CNTR e ~ vp, " Ge detector
)2.7 x 10 68 REUSSER 91 CNTR Ge K-shell disappearance
)1.5 x 10 68 AVIGNONE 86 CNTR e ~ vp
)1 x 10 9 ORITO 85 ASTR Astrophysical argument
&3 x10 3 68 BELLOTTI 838 CNTR e ~ vp
&2 x 10 68 BELLOTTI 838 CNTR Ge K-shell disappearance

ORITO 85 assumes that electromagnetic forces extend out to large enough distances and
that the age of our galaxy is 10 years.

(Ire+ Ire- ) / Ireverage

A test of CPT invariance.

VALUE (units 1Q ) CL% DOCUMENT ID TECN COMMENT

0.5+ 2.1 VANDYCK 87 MRS Penning trap
~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

( 12 95 VASSERMAN 87 CNTR Assumes m +
—me+ e—

22 +64 SCHWINBERG 81 MRS Penning trap

VANDYCK 87 measured (g /g+) —1 and we converted it.
7VASSERMAN 87 measured (g+ —g )/(g —2). We multiplied by (g —2)/g = 1.2 x

10
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p, ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance.

p MASS

The mass is known more precisely in u (atomic mass units) than in MeV

(see the footnote to COHEN 87). The conversion from u to MeV, 1 u =
931.49432 + 0.00028 MeV, involves the relatively poorly known electronic
charge.

Where m /me was measured, we have used the 1986 CO DATA value for

me —0. 1099906 + 0.00000016 Mev.

VALUE (10 ecm) DOCUMENT ID TECN CHG

3.7+3.4 9 BAILEY 78 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

8.6+ 4.5 BAILEY 78 CNTR +
0.8 + 4.3 BAILEY 78 CNTR

This is the combination of the two BAILEY 78 results given below.

COMMENT

Storage ring
~ ~

Storage rings
Storage rings

TECN CHG COMMENTVALUE (MeV)

105.65838960.000034
DOCUMENT ID

1COHEN 87 RVUE 1986 CODATA
value

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

105.65841 +0.00033 BELTRAMI 86 SPEC — Muonic atoms
105.658432 4 0.000064 KLEMPT 82 CNTR + Incl. in

MARIAM 82
105.658386 +0.000044 4 MARIAM 82 CNTR +
105.65856 +0,00015 5 CASPERSON 77 CNTR +
105.65836 +0.00026 6 CROWE 72 CNTR
105.65865 +0.00044 7 CRANE 71 CNTR

The mass is known more precisely in u: m = 0.113428913+ 0.000000017 u. COHEN 87
makes use of the other entries below.
BELTRAMI 86 gives m /me = 206.76830(64).
KLEMPT 82 gives m/, /me —206.76835(11).
MARIAM 82 gives m /me —206.768259(62).
CASPERSON 77 gives m, /me = 206.76859(29).
CROWE 72 gives m /me = 206.7682(5).
CRANE 71 gives m&/me = 206.76878(85).

Ia/p MAGNETIC MOMENT RATIO

This ratio is used to obtain a precise value of the muon mass. Measure-
ments with an error & 0.00001 have been omitted.

TECN CHG

87 RVUE

DOCUMENT ID

10 COHEN

VAL UE

3.18334547+0.00000047

DECAY MODES

COMM EN T

1986 CODATA
value

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3.1833441 +0.0000017 KLEMPT 82 CNTR + Precession strob
3.1833461 +0.0000011 MARIAM 82 CNTR + HFS splitting
3.1833448 +0.0000029 CAMANI 78 CNTR + See KLEMPT 82
3.1833403 +0.0000044 CASPERSON 77 CNTR + HFS splitting
3.1833402 +0.0000072 COHEN 73 RVUE 1973 CODATA

va lue
3.1833467 +0.0000082 CROWE 72 CNTR + Precession phase

COHEN 87 (1986 CODATA) value was fitted using their own selection of the following
data. Because their value is from a multiparameter fit, correlations with other quantities
may be important and one cannot arrive at this result by any average of these data aione.

p MEAN LIFE r
Measurements with an error ) 0.001 x 10 s have been omitted.

Mode Fraction (I I/! )

p+ modes are charge conjugates of the modes below.

Confidence level

TECN CHG

s. +/s MEAN LIFE RATIO

A test of CPT invariance.

VALUE (10—6 s) DOCUMENT ID

2.19703 +0.00004 OUR AVERAGE
2.197078+0.000073 BARDIN 84 CNTR +
2.197025+0.000155 BARDIN 84 CNTR
2.19695 +0.00006 GIOVANETTI 84 CNTR +
2.19711 +0.00008 BALA NDIN 74 CNTR +
2.1973 +0.0003 DUCLOS 73 CNTR

I1
l2
I3

r,
r,
r,
r,

e VeV/

e VeV~
e Vev„e+e

e VeV

e
e e+e
e 2y

Lepton Family number

LF

LF
LF
LF

100 /o

[a] (1.4+0,4) %

[b] {3,4+0.4) x lo

(LF) violating modes

[c] ( 1.2
x 1O-"

(1p x1p —12

(72 x1p —11

9p%

9O%

9O%

9O%

VAL UE DOCUMENT ID TECN COMMENT

1.000024 60.000078 BARDIN 84 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1,0008 +0.0010 BAILEY 79 CNTR Storage ring

1.000 +0.001 MEYER 63 CNTR Mean life p.+/ Itf.

(&V+ s fa-) / &average

A test of CPT invariance. Calculated from the mean-life ratio, above.

VALUE DOCUMENT ID

(2+8) x 10 5 OUR EVALUATION

(gfa+ gfa-) / gaverage

A test of CPT invariance.
VALUE (units 10 )
—2.6+1.6

DOCUMENT ID

BAILEY 79

p, MAGNETIC MOMENT ANOMALY

Iav/(ers/2mv) —1 = (gv —2)/2
For reviews of theory and experiments, see I-IUGHES 85, KINOSHITA 84, COMB-
LEY 81, FARLEY 79, and CALMET 77.

VALUE (units 10 6) DOCUMENT ID TECN CH G COMM EN T

1165.9230+0.0084 COHEN 87 RVUE 1986 CODATA
va lue

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1165.910 k 0.011 BAILEY 79 CNTR + Storage ring

1165.937 +0.012 BAILEY 79 CNTR — Storage ring

1165.923 +0.0085 BAILEY 79 CNTR + Storage ring

1165.922 +0.009 BAIL EY 77 C N TR + Storage ring

1166.16 +0.31 BAILEY 68 CNTR + Storage rings

1162.0 +5.0 CHARPAK 62 CNTR +
BAILEY 79 is final result. Includes BAILEY 77 data. We use p/p magnetic moment
ratio = 3.1833452 and recalculate the BAILEY 79 values. Third BAILEY 79 result is
first two combined.

[a] This only includes events with the T energy & 10 Mev. Since the e v, v„
and e vev&, p modes cannot be clearly separated, we regard the latter
mode as a subset of the former.

[b] See the Particle Listings below for the energy limits used in this measure-
ment.

[c] A test of additive vs. multiplicative lepton family number conservation.

p, BRANCHING RATIOS

I (e vevfs7)/I total
VALUE DOCUMENT ID TECN COMMENT

0.014 +0.004 CRITTENDEN 61 CNTR p KE ) 10 MeV
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

862 BOGART 67 CNTR p KE & 14.5 MeV
CRITTENDEN 61 CNTR p KE ) 20 MeV

27 ASHKIN 59 CNTR

EVTS

0.00334 0.0013

2.2+ 1.5

I (e vev„e+e )/I total I a/I
VALUE (units 10 EVTS DOCUMENT ID TECN CHG COMMEN T

3.4+0.2 +0.3 7443 BERTL 85 SPEC + SINDRUM
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

7 CRITTENDEN 61 HLBC + E(e+ e ) &10
MeV

2 1 GUREVICH 60 EMUL +
1.5+ 1.0 3 14 LEE 59 HBC

BERTL 85 has transverse momentum cut pT ) 17 MeV/c. Systematic error was
increased by us.
CRITTENDEN 61 count only those decays where total energy of either (e+, e ) com-
bination is )10 MeV.
GUREVICH 60 interpret their event as either virtual or real photon conversion. e+ and

e energies not measured.
In the three LEE 59 events, the sum of energies E(e+) + E(e ) + E(e+) was 51 MeV,
55 MeV, and 33 MeV.
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r(e—
va vv)/rtotaj

0.018 90 KRAKAUER 918 CALO +
0.05 90 15 BERGSMA 83 CALO

0.09 90 JONKER 80 CALO
—0.001 4 0.061 WILLIS 80 CNTR +

0.13 +0.15 BLIETSCHAU 78 HLBC 4 Avg. of 4 values

0.25 90 EICHTEN 73 HLBC +
BERGSMA 83 gives a limit on the inverse muon decay cross-section ratio IT(v e

p, ve)/rT(v e ~ p. ve), which is essentially equivalent to I (e ver }/I total for

small values like that quoted.

v~e ~ p Pe
See BERGSMA 83

r (e Z) /rtotal

Forbidden by the additive conservation law for lepton family number. A multiplicative
law predicts this branching ratio to be 1/2. For a review see NEMETHY 81.

VAL UE CL% DOCUMENT ID TECN CHG COMMENT

0.012 90 FREEDMAN 93 CNTR + v oscillation
search

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

LIMIT ON p ~ e+ CONVERSION

Forbidden by total lepton number conservation.

o(~—$2S ~ e+$2Sie) / o(p
—$2S v 32pe)

VAL UE CL% DOCUMENT ID TECN COMMEN T

x 10-10 90 BADERT. .. 80 STRC SIN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&1.5 x 10 90 BADERT. .. 78 STRC SIN

o(ia
—127I ~ e+ 127Sbe) / o(I1

—127I ~ artytbjrtli)
VAL UE CL% DOCUMENT ID TECN COMMEN T

(3 x 10—'o 9p 20 ABELA 80 CNTR Radiochemical tech.

0ABELA 80 is upper limit for p, e+ conversion leading to particle-stable states of 1 Sb.
Limit for total conversion rate is higher by a factor less than 4 (G. Backenstoss, private
communication).

o(ja Cu ~ e+Co) / o(ia Cu ~ v„Ni)
Forbidden by lepton family number conservation.

VALUE (units 10 CL DOCUMENT ID TECN

4.9 90 BOLTON 88 C BOX
e e e We do not use the following data for averages, fits, limits,

&100 90 AZUELOS 83 CNTR
17 90 KINNISON 82 SPEC

& 100 90 SCHAAF 80 ELEC

I (e e+e )/It 1 I

Forbidden by lepton family number conservation.

VALUE (units 10 CL% DOCUMENTID TECN

1.0 90 6 BELLGARDT 88 SPEC
e e e We do not use the following data for averages, fits, limits,

36 90 BARANOV 91 SPEC
& 35 90 BOLTON 88 CBOX

2.4 90 16 BERTL 85 SPEC
&160 90 6 BERTL 84 SPEC
&130 90 BOLTON 84 CNTR

These experiments assume a constant matrix element.

CHG

+
etc. o

COMM EN T

LAMPF

TRIUMF
LAMPF
SIN

+
etc. o

SINDRUM

ARES
LAMPF
SINDRUM
SINDRUM
LAMPF

CHG COMMENT

VAL UE CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2,6x 10 8 90 BRYMAN 72 SPEC
&2,2 x 10 90 CONFORTO 62 OSPK

cr(ia Ti ~ e+Ca) / o(P Ti ~ capture)
VAL UE CL% DOCUMENT ID TECN COMMENT

(89 x 10—11 90 DOHMEN 93 SPEC SINDRUM II

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&43 x 1p
—12 90 DOHMEN 93 SPEC SINDRUM II

&1.7 x 10 90 AHMAD 88 TPC TRIUMF

This DOHMEN 93 limit assumes a giant resonance excitation of the daughter Ca nucleus
(mean energy and width both 20 MeV).
This DOHMEN 93 limit assumes the daughter Ca nucleus is left in the ground state.
However, the probability of this is unknown.

Assuming a giant-resonance-excitation model.

LIMIT ON MUONIUM ~ ANTIMUONIUM CONVERSION

Forbidden by lepton family number conservation.

r(e 27)/rtotaI
Forbidden by lepton family number conservation.

VALUE (units 10 ) CL% DOCUMENT ID TECN CHG

7.2 90 BOLTON 88 C BOX +
~ ~ o We do not use the following data for averages, fits, limits, etc. ~

840 90 AZUELOS 83 CNTR +
&5000 9P BOWMAN 78 CNTR

I 7/I

COMMEN T

LAMPF
~ ~

TRIUMF
DEPOMMIER 77

data
AZUELOS 83 uses the phase space distribution of BOWMAN 78.

8 BOWMAN 78 assumes an interaction l agrangian local on the scale of the inverse p
mass.

LIMIT ON p —p e CONVERSION

Forbidden by lepton family number conservation.

o(p
—32S ~ e—32S) / o(p

—32S ~ v 32pe)
VAL UE CL% DOCUMEN T ID TECN COM M EN T

&7 X 1o—11 90 BADERT. .. 80 STRC SIN

~ ~ o We do not use the following data for averages, fits, limits, etc. e ~ ~

&4x 10 90 BAD ERT... 77 STRC SIN

o(P Cu ~ e Cu) / o(ja Cu ~ capture)
VAL UE CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ a

&16x 10 90 BRYMAN 72 SPEC

o(jt Ti ~ e Ti) / cr(ja Ti e capture)
VAL UE CL% DOCUMENT ID TECN COM M EN T

&43 x 10—12 90 DOHMEN 93 SPEC SINDRUM II

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4,6 x 1p
—12 90 AHMAD 88 TPC TRIUMF

&1.6 x 10 90 BRYMAN 85 TPC TRIUMF

DOHMEN 93 assumes jt ~ e conversion leaves the nucleus in its ground state, a
process enhanced by coherence and expected to dominate.

o(ja Pb ~ e Pb) / o(ia Pb ~ capture)
VAL UE CL %a DOCUMENT ID TECN COMMENT

(4e6 X 10 90 HONECKER 96 SPEC SINDRUM II

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&4.9 x 10 90 AHMAD 88 TPC TRIUMF

Rjr ——Gc / GF
The effective Lagrangian for the p+ e It e+ conversion is assumed to be

GC [tj7pyg (1 —p5) tjJe] [y/ 7g (1 —p5) @e] + "c
The experimental result is then an upper limit on GC/GF, where GF is the Fermi
coupling constant.

VAL UE CL% EVTS DOCUMENT ID TECN CHG COMMENT

g 0.13 90 GORDEEV 93 SPEC J INR phasotron
o e e We do not use the following data for averages, fits, limits, etc. o o o

& 0.14 90 1 24 GORDEEV 94 SPEC + JINR phasotron
6.9 90 NI 93 CBOX LAMPF

& 0.16 90 MATTHIAS 91 SPEC LAMPF
0.29 90 HUBER 908 CNTR TRIUMF

& 0.88 90 HUBER 88 CNTR See HUBER 908
& 7,5 90 NI 87 CBOX See NI 93
&20 95 BEER 86 CNTR TRIUMF
&42 95 MARSHALL 82 CNTR

GORDEEV 94 quote limits on both f=GM M/GF and on the probability W

5, 1 x 10 (90% CL). Final results are based on the full data set.

MUON DECAY PARAMETERS

(by W. Fetscher and H.-J. Gerber, ETH Ziirich)

All measurements in direct muon decay, p, —+ e + 2 neu-

trals, and its inverse, vi, + e ~ p, + neutral, are successfully

described by the "V—A interaction, " which is a particular case of
a local, derivative-free, lepton-number-conserving, four-fermion

interaction [1]. The matrix element is given below. The V—A

form and the nature of the neutrals (v» and v, ), and hence the

doublet, assignments (v, e )I, and (vi, IJ, )l„canbe determined

from experiments [2,3].
All results in direct muon decay (energy spectra, polar-

izations, and angular distributions) and in inverse muon decay

(the reaction cross section) at energies well below rrt~c may be
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parametrized in terms of amplitudes g~~& and the Fermi coupling

constant GF, using the matrix element

4GF g„,(e,
l
r

l
(v, )„)((v„)„r,l v), )

2 y=S, V,T
F)p=R)L

We use the notation of Fetscher et al. [2], who in t, urn

use the sign conventions and definitions of Scheck [4]. Here

p = S, V, T indicate a scalar, vector, or tensor interaction; and

r, p = R, I indicate a right- or left-handed chirality of the

electron or muon. The chiralities n and m of the v, and v&, are

then determined by the values of p, c, and p. The particles are

represented by fields of definite chirality [5].
As shown by Langacker and London [6], explicit lepton-num-

ber nonconservation still leads to a matrix element equivalent to

Eq. (1). They conclude that it is not possible, even in principle,

to test lepton-number conservation in (leptonic) muon decay if

the final neutrinos are massless and are not observed.

The ten complex amplitudes g, )4 (g&& and gll are identi-

cally zero) and GF constitute 19 independent (real) parameters

to be determined by experiment. The V—A interaction corre-

sponds to the single amplitude gLL being unity and all the

others being zero.

C. Jarlskog [7] has noted that certain experiments observing

the decay electron are especially informative if they yield the

V—A values. Indeed, all (direct) muon decay experiments are

compatible with an arbitrary mix of the scalar and vector

amplitudes gLL and gLL
—in the extreme, even with the purelyS V

scalar gLL = 2, gLL ——0. The decision in favor of V—A comesS V

from the quantitative observation of inverse muon decay, which

would be forbidden for pure g&& [2].
The difI'erential decay probability to obtain an e+ with

(reduced) energy between x and z + dx, emitted in the direc-

t, ion z at an angle between 0 and 0+ d0 with respect to the

muon polarization vector P&„and with its spin pointing in the

arbitrary direction (, is given by

d I ~4 G2 22 &2
dx d cos 0 4vr3

x Fls (x) + P(, cos 8 F&p(x)

x [1 + P, (x, 8) (,"] .

Here W, )
—)nax(E, ) = (m(, + m, )/2m(, is the maximum e+

energy, z = E,/W, ), is the reduced energy, and x() = m, /W, ), ——

9.67 x 10 s. The quantity P(, ——P), ( has the significance of

the direction in which a perfect polarization-sensitive electron

detector would be most sensitive. The isotropic part of the spec-

trum, FIS(x), the anisotropic part, F2ts(x), and the electron

polarization, P, (z, 8), depend on bilinear combinations —called

decay parameters —of the coupling constants g~~&. Neglecting

possible nonzero neutrino masses, we have, in terms of the
decay parameters p, rI, (, b, etc. ,

FI.(*) = (1- )+-,'g(4 '-3*- ')+~*o(I- )

FAg(x) = -'( zz —zza

x 1 —*+ 44* —-2 —
( 1 —* —1))3 0

P, (x, 8) = PT; x + PT; y +. Pl, z .

Here x, y, and z are orthogonal unit vectors defined as follows:

z is along the e momentum

y = [z x P),]/][z x P&,]l is transverse to the e momentum and

perpendicular to the "decay plane"

2: = y x z is transverse to the e n1omentum and

in the "decay plane. "

The components of P, then are given by

PY; (x, 8) = P), sin 8 FT2 (x) Fig(x) + P), cos 8 Fgg(x)

PT;(x, 8) = P), sin 8FT, (z) Fls(x) + P& cos8 Fgg(x)

Pl, (x, 8) = +F1 p(x) + P„cos8

x Fgp(x) Fry(x) + P„cos8 FAg(x)

where

FT ( ):nn [ 2 4 + 12(n —4) (1 —*)*n,

—22( ' — n)+n"( 2*'+4* —*n)—)
/ /

FT (x) = - z —x 3—(1 —z)+2— 1 —x2
2 3 0 A 0

Fnn(*) = —,', *' —*', [2(' —2*+2+ 1—

+ 44(4 ——) 4* —4 + 1 —*nn

Fnx (*) =
4 [4 (2* —* —*n) + 4(n — ) (4* —2* —*n)

+ 22"(1 —*)*n)

For the experimental values of the decay parameters p,

6, rl, tl", n/A, p/A, n'/A, p'/A, which are not all

independent, see the Data Listings below. Experiments in the

past have also been analyzed using the parameters a, 6, c, a',
b', c', n/A, P/A, n'/A, P'/A (and rl = (n —2P)/2A), as defined

by Kinoshita and Sirlin [g]. They serve as a model-independent
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summary of all possible measurements on the decay electron

(see Listings below). The relations between the two sets of

parameters are

3 3
p ——= —

(
—a+ 2c)/A,

4 4

rt = (cr —2P)/A,

rr" = (3cr + 2t3)/A,

9 (a,
' —2c')/A

4 1 —[a + 3a' + 4(b y br) + 6c —14c']/A '

Q.p
= lg,'„I'—+ lg„,l'+ 3(1 —~.r. )lg, r, l', (2)

where 6«, ——1 for e = p, and b'~& ——0 for e g p. They are related

to the parameters a, 6, c, a', 6', and c' by

In order to determine the amplitudes g~~&, uniquely from

experiment, Fetscher et al [2.] introduced four probabilities

Q,&(e, p = R, I) for the decay of a p-handed muon into an

c-handed electron and showed that there exist upper bounds

on Qnn, Qin, and Qni, and a lower bound on Qii The. se

probabilities are given in terms of the g,&'s by

where

4
[(b+ b')+2( -")]/A

1 —(a —2c) /A

[(a + a') + 4(b + b') + 6(c + c')]/A,

1 —("= (
—2a+ 20c)/A,

Qn n= 2(b.+ b')/A

Qin = [(a —a') + 6(c —c')]/2A,

Qni = [(a + a') + 6(c+ c')]/2A,

Qs, s, = 2(b —b)/A,

A = a+ 46+ 6c .

The relations to the coupling constants are:

a = 16( 9'i '+
I 9LR ') + gni + 69r'r, l'+ 9LR + 69LR

'

a' = 16( grr r. l gs, n. ) + gnr. + 6gnr. l

—gLB +6grnl. .

cr = 8Re gni(gi„+6gin)*+ gsn(gni+ 6gni)'

with A = 16. In the pure V—A theory, Qii = 1 and t, he others

are zero.

Since the upper bounds on Qnst, Qin, and Qni are found

to be small, and since the helicity of the v&, in pion decay

is known from experiment [9,10] to very high precision to be
—1 [ll], the cross section S of inverse muon decay, normalized

to the V—A value, yields [2]

8™9LR(9BL + 9RL) 9BL(9LR + 9Ln)
gLBL & 4(1 —S) (3)

b =

4(]groan

+ 19LLI ) + lgPvnl + 19LLI

b = 4(lgnn —
gr, il )+ gnnl —I9LLI

V 2
gI L —S (4)

4 Re 9RB(9LL) + 9LL(gnR)

I
' = 4™gnn(gs, L) 9LL(gnn)

l9nr. gnr, l
+ 9s,n 9r.n

1 S T 2 S T 2

gnr. 29nr, —
l9r, n 29r.nl

1 S T 2 S T 2

If also the electron mass is neglected, the energy and angular

distribution of the electron in the rest frame of a polarized muon

(p+) is given by the Michel spectrum;

d I' 3(1 —x) + —(4x —3)2 2p

Thus the Standard Model assumption of a pure V—A lep-

tonic charged weak interaction for e and y, is confirmed (within

errors) by experiments at energies far below the mass of the
W+: Eq. (4) gives a lower limit for V—A, and Eqs. (2) and

(3) give upper limits for the other four-fermion interactions.
The existence of such upper limits may also be seen from

QRB+Qni = (1 —(')/2 and QRB+Qin = —(I+(/3 —16$rI/9).
Table 1 gives the current experimental limits on the magnitudes

of th e gp~t s.

Table 1. Ninety-percent confidence level experimental limits
for the coupling constants 9~&, . The limits on Igiil and lgiil are
from Ref. 12, and the others are from Ref. 13. The experimental
uncertainty on the muon polarization in pion decay is included.

26 2~( cosg[l —z+ —(4x —3)] x dxd(cosg) .
3

Here 0 is the angle between the electron momentum and the

muon spin, and x = 2E, /mr, . For pure V—A coupling, we obtain

p = (b' = 3/4, ( = 1, and the differential decay rate is

g~~ ( 0.066

gi B I
( 0.125

[9/iI ( 0.424

lgLSLI ( 0.33

Ign~n] ( o.o33

gin[ ( 0.060

Igni ( 0.110

Igni[ ) 0.96

lgnnl =—o

[gin & 0.036

gnil ( 0.122

gLL
T

d I" = '
[3 —2x + cos9(l —2z)] x dx d(cosg)

192w3

Here the coefTicient in front of the square bracket is the total
decay rate.

Limits on the "charge retention" coordinates, as used in the
older literature (e.g. , Ref. 14), are given by Burkard et al. [15].
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0 DECAY PARAMETERS

p PARAMETER
(V—A) theory predicts p = 0.75.

VAL UE EVTS DOCUMENT ID TECN CHG COMMENT

0.7518+0.0026 DERENZO 69 RVUE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.762 +0.008 170k FRYBERGER 68 ASPK + 25—53 MeV e+
0.760 + 0.009 280k SHERWOOD 67 ASPK + 25—53 MeV e+
0.7503+ 0.0026 800k 5 PEOPLES 66 ASPK + 20—53 MeV e+

q constrained = 0. These values incorporated into a two parameter fit to p and q by
DERENZO 69.

g PARAMETER
(V—A) theory predicts rI = 0.

VAL UE EVTS
—0.007+0.013 OUR AVERAGE
—0,007 + 0,013 5.3 M
—0.12 +0.21 6346

TECN CHG COMMENTDOCUMENT ID

858 FIT + 9—53 MeV e+
69 HBC + 16 68 MeV

e+
fits, limits, etc. ~ ~ o

26 BURKARD
DERENZO

~ ~ ~ We do not use the following data for averages,
27 BURKARD

BURKARD
28 FRYBERGER
28 SHERWOOD
28 PEOPLES
29 PLANO

858 CNTR + 9—53 MeV e+
858 CNTR + 9—53 MeV e+
68 ASPK + 25—53 MeV e+
67 ASPK + 25 53 MeV e+
66 ASPK + 20 53 MeV e+
60 H BC + Whole spec-

trum

f(icients are given in

5.3M

5.3M
170k
280k
800k
9213

—0.012 +0.015+0.003
0.0114 0.081+0.026

—0.7 +0.5
—0,7 +0.6

0.05 4 0.5
—2.0 + 0.9

Global fit to all measured parameters. Correlation coe
BURKARD 858.
a = n = 0 assumed.
p constrained = 0.75.

9Two parameter fit to p and q, PLANO 60 discounts value for q.
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i(g PARAMETER)x(P LONGITUDINAL POLARIZATION)
I

(V—A) theory predicts ( = 1, longitudinal polarization = 1.
VALUE EVTS DOCUMENT ID TECN CHG COMMENT

1.0027+0.0079+0.0030 BELTRAMI 87 CNTR SIN, 7r decay in
flight

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

1.00134 0.00306 0.0053 IMAZATO 92 SPEC +
0.975 +0.015 AKHMANOV 68 EMUL
0.975 +0.030 66k G UR EVIC H 64 EMUL

0.903 +0.027
0.93 +0.06
0.97 +0.05

8354
9k

33 ALI-ZADE
PLANO
BARDON

61 EMUL +
60 HBC +
59 CNTR

The corresponding 90% confidence limit from IMAZATO 92 is ~(P

measurement is of K+ decay, not ~+ decay, so we do not include it in
do we yet set up a separate data block for K results.
Depolarization by medium not known sufficiently welt.

g x (P LONGITUDINAL POLARIZATION) x II / p

K+ I+v
V

140 I&G

See AKHMA-
NOV 68

27 kG

8.8 kG

Bromoform
target

& 0.990. This

an average, nor

(' = LONGITUDINAL POLARIZATION OF e+
(V —A) theory predicts the longitudinal polarization = +1 for e+, respectively. We
have flipped the sign for e so our programs can average.

VAL UE EVTS DOCUMENT ID TECN CHG COMMENT

1.00 +0.04 OUR AVERAGE
0.998+0.045 1M
0.89 +0.28 29k
0.94 j0.38
1.04 +0.18
1.05 +0.30

85 CNTR
67 OSPK
64 CNTR +
64 CNTR +
63 CNTR +

Bha b ha + a nnihil

Moiler scattering
Brem s tran sm iss.
Bhabha scattering
Annihilation

(" PARAMETER
VALUE EVTS DOCUMENT ID TECN CHG COMMENT

0.65+0.36 326k BURKARD 85 CNTR + Bhabha + annihil

BURKARD 85 measure (("-((')/( and (' and set ( = 1.

TRANSVERSE e+ POLARIZATION IN PLANE OF p SPIN, e+ MOMEN-
TUM
VALUE EVTS DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.016+0.021+0.01 5.3M BURKARD 858 CNTR + Annihil 9—53 MeV

TRANSVERSE e+ POLARIZATION NORMAL TO PLANE OF p SPIN, e+
MOMENTUM

Zero if T invariance holds.
VALLIE EVTS

0.007+0.022+0.007 5.3M

DOCUMENT ID TECN CHG COMMENT

BURKARD 858 CNTR + Annihil 9—53 MeV

VALUE (units 10 ) EVTS DOCUMENT ID TECN CHG COMMENT

0.4+ 4.3 " BURKARD 858 FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

15 +50 +14 5.3M BURKARD 858 CNTR + 9—53 MeV e+
Global fit to all measured parameters. Correlation coefficients are given in
BURKARD 858.

VALUE CE% DOCUMENT ID TECN CHG COMMENT

&0.99682 90 JODIDIO 86 SPEC + TRIUMF
~ ~ o We do not use the foilowing data for averages, fits, limits, etc. ~ ~

&0.9966 90 STOKER 85 SPEC + p,-spin rotation
&0.9959 90 CARR 83 SPEC + 11 kG

4 JODIDIO 86 includes data from CARR 83 and STOKER 85. The value here is from the
erratum.
STOKER 85 find ((P bjp) &0.9955 and &0.9966, where the first limit is from new p,

spin-rotation data and the second is from combination with CARR 83 data. In V —A
theory, (b/p) = 1.0.

0.752 +0.009
0.782 4 0.031
0.78 +0.05

5 PARAMETER
(V—A) theory predicts 6 = 0.75.

VAL UE EVTS DOCUMEN T ID TECN CHG

0.7486+ 0.0026 60.0028 BALK E 88 SP EC +
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

31 VOSSLER 69
490k FRYBERGER 68 ASPK

KRUGER 61
8354 PLANO 60 H BC +

COMM EN T

Surface p+'s

25—53 MeV e+

Whole spec-
trum

a' IA
Zero if T invariance holds.

VALUE (units 10 ) EVTS DOCUMENT ID TECN CHG COMMENT

0.2+ 4.3 BLIRKARD 858 FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—47 +50 +14 5.3M BURKARD 858 CNTR + 9—53 MeV e+
Global fit to all measured parameters. Correlation coefficients are given in
BURKARD 858.
BURKARD 858 measure e+ polarizations PT and PT versus e+ energy.

1 2

BALKE 88 uses p = 0.752 6 0.003.
VOSSLER 69 has measured the asymmetry below 10 MeV. See comments about radiative
corrections in VOSS LE R 69. VALUE (units 10 ) EVTS DOCUMENT ID TECN CHG COMMENT

3.9+ 6.2 BURKARD 858 FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2 +17 +6 5.3M BURKARD 858 CNTR + 9—53 MeV e+
Global fit to all measured parameters. Correlation coefficients are given in

BURKARD 858.



See key on pa/. e199
255

Lepton Particle Listings

This comes from an alternative parameterization to that used in the Summary Table

(see the "Note on Muon Decay Parameters" above).

VALUE (units 10 ) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

D 85B FIT5.3+4,1 44 BURKAR

44 Global fit to a II measured parameters.
BURKARD 85B.

Correlation coefficients are given in

(b'+b)/A
This comes from an alternative parameterization to that used in the Summary Table

(see the "Note on Muon Decay Parameters" above).
VALUE {units 10 ) CL% DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.04 90 45 BURKARD 85B FIT
45 G lo ba I fit to a II m easured para meters. Correlation coefficients are given in

BURKARD 85B.

c/A
This comes from an alternative parameterization to that used in the Summary Table
(see the "Note on Muon Decay Parameters" above).

VALUE (units 10 ) CL% DOCUMENT ID TECN

I o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6.4 90 4 BURKARD 85B FIT
46 Global fit to all measured parameters. Correlation coefficients are given in

BURKARD 85B.

This comes from an alternative parameterization to that used in the Summary Table
(see the "Note on Muon Decay Parameters" above).

VALUE (units 10 } DOCUMENT ID ?ECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3,5+ 2.0 BURKARD 85B FIT

Global fit to all measured parameters. Correlation coefl'icients are given in

BURKARD 85B.

g PARAMETER
(V—A) theory predicts zI = 0. q affects spectrum of radiative muon decay.

VAL L/E DOCUMEN T tD TECN CHG COMM EN T

0.02 +0.08 OUR AVERAGE
—0.014+0.090 EICHENBER. . . 84 ELEC + p free

+-0.09 +0.14 BOGART 67 CNTR +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.035 4 0.098 EICHENBER. .. 84 ELEC + p=0.75 assumed

p REFERENCES

HONECKER
GORDEEV

DOH MEN
FREEDMAN
GORDEEV

Nl

I MAZATO
BARANOV

96
94

93
93
93

93
92
91

+Dohmen, Haan, Junker+ (SINDRUM II Collab. )
+Kiselev, Aleshin+ (PNPI, JINR)

ZETFP 59 565.
+Groth, Heer+ (PSI SINDRUM-II Collab. )
+Fujikawa, Napolitano, Nelson+ {LAMPF E645 Collab. )
+Savchenko, Abazov+ (PNPI, JINR)

ZETFP 57 262.
+Arnold, Chmely+ (LAMPF Crystal-Box Collab. )
+Kawashima, Tanaka+ (KEK, INUS, TOKY, TOKMS)
+Vanko, Glazov, Evtukhovich+ (JINR)

YAF 53 1302.

PRL 76 200
JETPL 59 589
Translated from
PL B317 631
PR D47 811
JETPL 57 270
Translated from
PR D48 1976
PRL 69 877
SJNP 53 802
Translated from

Zero if T invariance holds.
VALUE (units 10 ) EVTS DOCUMENT ID TECN CHG COMMENT

1.5+ 6.3 41 BURKARD 85B FIT
o o o We do not use the following data for averages, fits, limits, etc. o o o

17 +17 k6 5.3M BURKARD 85B CNTR + 9—53 MeV e+

Global fit to all measured parameters. Correlation coefficients are given in

BURKARD 85B.
BURKARD 85B measure e+ polarizations P~ and PZ versus e+ energy.

1 2

a/A
This comes from an alternative parameterization to that used in the Summary Table

(see the "Note on Muon Decay Parameters" above).

VAL UE- (units 10 ) CL% DOC(/MEN T ID TECN

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(15.9 90 BURKARD 85B FIT
4 Global fit to all measured parameters. Correlation coefficients are given in

BURKARD 85B.

KRAKAUER
MATTHIAS

Also
HUBER
AHMAD

Also
BALKE
BELLGARDT
BOLTON

Also
Also

HUBER
BELTRAMI
COHEN
Nl

BEER
BELTRAMI
JODIDIO

Also
BERTL
BRYMAN
BURKARD
BURKARD

Also
Also

HUGHES
STOKER
BAR DIN
BERTL
BOLTON
EICHENBER
GIOVANETTI
K IN 0SHI TA
AZUELOS

Also
BERGSMA
CARR
K IN NI SON

Also
KLEMPT
MARIA M

MARSHALL
COMBLEY
NEMETHY
ABELA
BAD ERT. ..

Also
JONKER
SCHAAF

Also
WILL IS

Also
BAILEY
FARL EY
BAD ERT. ..
BAILEY

Also
BLIETSCHAU

BOWMAN
CA MANI
BADERT. ..
BAILEY

Also
Also

CALMET
CASPERSON
DEPOMMIER
BALANDIN

COHEN
DUCLOS
EICHTEN
BRYMAN
CROWE
CRANE
DERENZO
VOSSLER
AKHMANOV

BAILEY
Also

FRYBERGER
BOGART
SCHWARTZ
SHERWOOD
PEOPLES
BLOOM
DUCLOS
GUREVICH
BUHLER
MEYER
CHARPAK
CONFORTO
ALI-ZADE

91B
91
91B
90B
88
87
88
88
88
86
86
88
87
87
87
86
86
86
88
85
85
85
85B
81B
83B
85
85
84
84
84
84
84
84
83
77
83
83
82
79
82
82
82
81
81
80
80
82
80
80
77
80
80B
79
?9
78
78
79
78
78
78
77
77
77C
75
77
77
77
74

73
73
73
72
72
71
69
69
68

68
72
68
67
67
67
66
64
64
64
63
63
62
62
61

PLANO
ASHKIN
BARDON
LEE

60
59
59
59

C R I TTE ND EN 61
KRUGER 61
GUR EV I C H 60

PL B263 534
PRL 66 2716
PRL 67 932 er
PR D41 2709
PR D38 2102
PRL 59 970
PR D37 587
NP B299 1
PR D38 2077
PRL 56 2461
PRL 57 3241
PRL 61 2189
PL B194 326
RMP 59 1121
PRL 59 2716
PRL 57 671
NP A451 679
PR D34 1967
PR D37 237 er
NP B260 1

PRL 55 465
PL 150B 242
PL 160B 343
PR D24 2004
PL 129B 260
CNPP 14 341
PRL 54 1887
PL 137B 135
PL 140B 299
PRL 53 1415
NP A412 523
PR D29 343
PRL 52 717
PRL 51 164
PRL 39 1113
PL 122B 465
PRL 51 627
PR D25 2846
PRL 42 556
PR D25 652
PRL 49 993
PR D25 1174
PRPL 68 93
CNPP 10 147
PL 95B 318
LNC 28 401
NP A377 406
PL 93B 203
NP A340 249
PL 72B 183
PRL 44 522
PRL 45 1370
NP B150 1

ARNPS 29 243
PL 79B 371
JPG 4 345
NP 8150 1
NP B133 205
PRL 41 442
PL 77B 326
PRL 39 1385
PL 67B 225
PL 68B 191
PL 55B 420
RMP 49 21
PRL 38 956
PRL 39 1113
JETP 40 811
Translated from
JPCRD 2 663
PL 47B 491
PL 46B 281
PRL 28 1469
PR D5 2145
PRL 27 474
PR 181 1854
NC 63A 423
SJNP 6 230
Translated from
PL 28B 287
NC 9A 369
PR 166 1379
PR 156 1405
PR 162 1306
PR 156 1475
Nevis 147 unpub
PL 887
PL962
PL 11 185
PL 7 368
PR 132 2693
PL116
NC 26 261
JETP 13 313
Translated from
PR 121 1823
UCRL 9322 unp
JETP 10 225
Translated from
PR 119 1400
NC 14 1266
PRL 2 56
PRL 3 55

ratum

raturn

ZETF
(RISC, NBS)

(SAC L)
{Gargamelle Collab. )

(VP I)
(LBL, WASH)

(YALE)
(EFI)
(EFI)

(KIAE)+Gurevich, Dobretsov, Makarina+
316.
+Bartl, VonBochmann, Brown, Farley+

Bailey, Bartl, VonBochmann, Browne

YAF 6
(CERN)
(CERN)

(EFI)
(COLU)

(EFI)
(EFI)

(COL U)
(CERN)
(CERN)
(KIAE}

(CERN)
(COLU)
(CERN)

NFN, ROMA, CERN)

+Dicapua, Nemethy, Strelzoff

+Dick, Feuvrais, Henry, Macq, Spighel
+Heintze, DeRujula, Soergel
+Ma karina+
+Cabibbo, Fidecaro, Massam, Muller+
+Anderson, Bleser, Lederman+
+Farley, Garwin+
+Conversi, Dilella+ (I
+Gurevich, Nikolski

40 452.
+Walker, Ballam

ZETF
(WISC, MSU)

(LRL)
(ITEP)

(COLU)
(CERN)
(COL U)
(COL U)

ub.

ZETF
+Nikolski, Surkova

37 318.

+Fazzini, Fidecaro, Lipman, Merrison+
+Berley, Lederman
+Sa moos

+Talaga, Allen, Chen, Doe+ (UMD, UCI, LANL)
+Ahn+ (YALE, HEIDP, WILL, GSI, VILI, BNL)

Matthias, Ahn+ (YALE, HEIDP, WILL, GSI, VILL, BNL)
+ (WYOM, VICT, ARIZ, ROCH, TRIU, SFRA, BRCO)
+Azuelos+ (TRIU, VICT, VPI, BRCO, MONT, CNRC)

Ahmad+ (TRIU, VPI, VICT, BRCO, MONT, CNRC}
+Gidal, Jodidio+ (LBL, UCB, COLO, NWES, TRIU)
pOtter, Eichler+ (SINDRUM Collab. )
+Cooper, Frank, Hallin+ (LANL, STAN, CHIC, TEMP)

Bolton, Bowman, Cooper+ (LANL, STAN, CHIC, TEMP)
Grosnick, Wright, Bolton+ (CHIC, LANL, STAN, TEMP)

+Beer+ (WYOM, VICT, ARIZ, ROCH, TRIU, BRCO)
+Burkard, Von Dincklage+ (ETH, SIN, MANZ)
+Taylor (RISC, NBS)
+Arnold, Chmely+ (YALE, LANL, WILL, MISS, HEIDP)
+Marshall ~ Mason+ (VICT, TRIU, WYOM)
+Aas, Beer, Dechambrier, Goudsmit+ (ETH, FRIB)
+Balke, Carr, Gidal, Shinsky+ (LBL, NWES, TRIU)

Jodidio, Balke, Carr+ (LBL, NWES, TRIU)
+Egli Eichler+ (SINDRUM Collab, }
+ (TRIU, CNRC, BRCO, LANL, CHIC, CARL+)
+Corriveau, Egger+ (ETH, SIN, MANZ)
+Corriveau, Egger+ (ETH, S IN, MA N Z)

Corriveau, Egger, Fetscher+ (ETH, SIN, MANZ)
Corriveau, Egger, Fetscher+ (ETH, SIN, MANZ)

yKinoshita (YALE, CORN)
+Balke, Carr, Gidal+ (LBL, NWES, TRIU)
+Duclos, Magnon+ {SACL, CERN, BGNA, FIRZ)
+Eichler, Felawka+ (SINDRUM Collab, )
+Bow m a n, Car lini+ (LANL, CHIC, STAN, TEMP)

Eichenberger, Engfer, VanderSchaff (ZURI)
+Dey, Eckhause, Hart+ (WILL)
+Nizic, Okamoto (CORN)
+Depommier, Leroy, Martin+ (MONT, TRIU, BRCO)

Depommier+ (MONT, BRCO, TRIU, VICT, MELB)
+Dorenbosch, Jonker+ (CHARM Collab. )
+Gidal, Gobbi, Jodidio, Oram+ (LBL, NWES, TRIU)
+Anderson, Matis, Wright+ (EF I, STA N, L AN L)

Bowman, Cooper, Hamm+ (LAS L, EF I, STAN)
+Schulze, Wolf, Camani, Gygax+ (MANZ, ETH)
+Beer, Bolton, Egan, Gardner+ (YALE, HEIDH, BERN)
+Warren, Orarn, Kiefl (BRCO)
+Farley Picasso (SHEF RMCS CERN)
y Hughes (LBL, YALE)
+Backenstoss, Sirnons, Wuest+ (BASL, KARLK, KARLE)

Badertscher, Borer, Czapek, Flueckiger+ (BERN)
Badertscher, Borer, Czapek, Flueckiger+ (BERN)

+Panman, Udo, Allaby+ (CHARM Collab. )
+Engfer, Povel, Dey+ (ZURI, ETH, SIN)

Povel, Dey, Walter, Pfeiffer+ (Z U R I, ETH, S I N)
+Hughes+ (YALE, LBL, LASL, SACL, SIN, CNRC+)

Willis+ (YALE, LBL, LASL, SACL, SIN, CNRC+)
(CERN, DARE, MANZ)

+Picasso (RMCS, CERN)
Badertscher, Borer, Czapek, Flueckiger+ (BERN)

(DARE, BERN, SHEF, MANZ, RMCS, CERN, BIRM)
Bailey (CERN, DARE, MANZ)

+Deden, Hasert, Krenz+ (Gargamelle Collab. )
+Cheng, Li, Matis (LASL, IAS, CMU, EFI)
+Gygax, Klempt, Schenck, Schulze+ (ETH, MANZ)

Badertscher, Borer, Czapek, Flueckiger+ (BERN)
+ (CERN Muon Storage Ring Collab. )

Bailey+ (CERN, DARE, BERN, SHEF, MANZ+)
Bailey+ (CERN Muon Storage Ring Collab. , BIRM)

+Narison, Perrottety (CPPM)
+C ra ne+ (BERN, HEIDH, LASL, WYOM, YALE)
+ (MONT, BRCO, TRIU, VICT, MELB)
+Grebenyuk, Zinov, Konin, Ponomarev (JINR)

67 1631.
+Taylor
+Magnon, Picard
+ Ded en, H ase rt, K renz+
+Blecher, Gotow, Powers
+Hague, Rothberg, Schenck+
+Casperson, Crane, Egan, Hughes+
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T discovery paper was PERL 75. e+ e ~ T+ T cross-section
threshold behavior and magnitude are consistent with pointlike spin-

1/2 Dirac particle. BRANDELtK 78 ruled out pointlike spin-0 or
spin-1 particle. FELDMAN 78 ruled out l = 3/2. KIRKBY 79 also
ruled out J=integer, J = 3/2.

r MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1T77.00+0' OUR AVERAGE

1776.96+0.18 +0.25
—0.21 —0.17

1777.8 +0.7 + 1.7 35k

1776.3 + 2.4 + 1,4 ilk

1783 +—4 692

o o o We do not use the following

1 BAI

2 BALEST
3 ALBRECHT

4 BACINO

96 BES

93 C LEO

92M ARG

78B DLCO

Eee 3 54—3.57 GeV

E~~em —10,6 GeV

Eceem= 9.4—10.6 GeV

Ecm —3.1—7.4 GeV

data for averages, fits, limits, etc. ~ ~ ~

r MEAN LIFE

A consistent treatment of systematic biases (see WASSERBAECH 93)
yields a correction of —0.03fs on the average. In addition, BATTLE 92
assumes an obsolete value of the 7- mass; the correction to be applied to
the average is —0.01 fs. These corrections do not change the result within

rounding errors, so that OUR EVALUATION is equal to OUR AVERAGE.

1776.9 0'5 +0.2 14 BA I 92 BES Repl. by BAI 96

1 BAI 96 fit o (e+ e ~ T+ T ) at different energies near threshold.
2 BALEST 93 fit spectra of minimum kinematically allowed 7- mass in events of the type

e+e ~ v.+~ (7r+n7r v )(~ m7r v ) n& 2, m & 2, 1 & n+m & 3. If

m g 0, result increases by (m /1100 MeV).
T V9-

ALBRECHT 92M fit 7. pSeudOmaSS SpeCtrum in T ~ 2~ 77+ v deCayS. ReSult
assumes m =0.

7-

4 BACINO 78B value comes from e X+ threshold. Published mass 1782 MeV increased
by 1 MeV using the high precision g(2S) mass measurement of ZHOLENTZ 80 to
eliminate the absolute SPEAR energy calibration uncertainty.

BAI 92 fit o.(e+ e ~ T+7- ) near threshold using ep, events.

v ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance.

VALUE (ecm) CL% DOCUMENT ID TECN COMMENT

&5 x 10-1~ 95 ESCRIBANO 93 RVUE Z ~ 7+ 7- at LEP
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

(7 x 10 90 GRIFOLS 91 RVUE Z ~ 7-T p at LEP
(1.6 x 10 90 DELAGUILA 90 RVUE e+ e ~ ~+ T

Ecee —35 GeV

ESCRIBANO 93 limit derived from I (Z ~ 7-+7- ), and is on the absolute value of the
electric dipole mom ent.

s. WEAK DIPOLE MOMENT (d~)
A nonzero value ls forbidden by CP invariance.

Re(dw)
VALUE (ecm) CL% DOCUMENT ID TECN COMMENT

(0.78 x 10 95 AKERS 95F OPAL 1991—1993 LEP runs

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.5 x 10 95 BUSKULIC 95C ALEP 1990—1992 LEP runs

&7.0 x 10 95 ACTON 92F OPAL 2 ~ T+7- at LEP
&3.7 x 10 95 BUSKULIC 92' ALEP Repl. by BUSKULIC 95C

Limit is on the absolute value of the real part of the weak dipole moment, and applies

for q2 m2Z'

Im(dw)
VALUE (ecm) CL% DOCUMENT ID TECN COMMEN T

~4.5 x 10 95 AKERS 95F OPAL 1991—1993 LEP runs

Limit is on the absolute value of the imaginary part of the weak dipole moment, and

applies for q = mZ.

DECAY MODES

T+ modes are charge conjugates of the modes below. "h " stands for
~+ or K+. "E" stands for e or Ic. "Neutral" means neutral hadron whose

decay products include p's and/or 7r 's.

VALUE (10 1S 3) EVTS DOCUMENT ID

291.0+ 1.5 OUR EVALUATION

291.0+ 1.5 OUR AVERAGE

291,4+ 3,0 ABREU 96B DLPH 1991—1993 LEP runs

289, 2+ 1.7 + 1.2 ALEXANDER 96E OPAL 1990—1994 LEP runs

293.7+ 2.7+ 1.6 42k BUSKULIC 96B ALEP 1989—1992 LEP runs

297 + 9 + 5 1671 ABE 95Y SLD 1992—1993 SLC runs

293 + 9 +12 5743 ADRIANI 93M L3 1991 LEP run

304 + 14 + 7 4100 BATTLE g2 CLEO E = 10.6 GeV

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

309 + 23 +30 281/ ADEVA 91F L3 1990 LEP run

301 + 29 3780 Kl EINWORT 89 JADE Eceem 35—46 GeV

288 + 16 +17 807 AMIDEI 88 MRK2 Eceem= 29 GeV

306 + 20 +14 695 BRAUNSCH. .. 88c TASS E = 36 GeV

299 6 15 +10 1311 ABACHI 87c HRS Ecm= 29 GeV

295 4 14 +11 5696 ALBRECHT 87' ARG E = 9.3—10.6 GeV

309 4 17 + 7 3788 BAND 87B MAC E = 29 GeV

325 + 14 +18 8470 BEBEK 87C CLEO Eceem —105 GeV

490 +200 121 FORD 82 MAC Eceem= 29 GeV

TECN COMM EN T

z MAGNETIC MOMENT ANOMALY

fs /(ebs/2m, )—1 = (g —2)/2
For a theoretical calculation [(gT —2)/2 = 11773{3)x 10 j, see SAMUEL 91B.

VAL UE CL o%o DOCUMENT ID TECN COMMEIV T

&0.01 95 ESCRIBANO g3 RVUE Z ~ T+ T at LEP
e o o We do not use the following data for averages, fits, limits, etc. o ~ ~

GRIFOLS
7 SILVERMAN

(0,12
(0,023

90 91 RVUE Z ~ T7-p at LEP
95 83 RVUE e+ e ~ T+T at

PETRA

ESCRIBANO 93 limit derived from I (Z ~ r+ 7- ), and is on the absolute value of the
magnetic moment anomaly.
SILVERMAN 83 limit is derived from e+ e ~ T+ 7. total cross-section measurements
for q up to (37 GeV)

C2

l4

l5
I6
I7

lg
Clo
I 11

C14

C15

C16

C17
C18

Cig
C2o

C24

C25

Mode

Modes with one
particle & 0 neutrals & OKQL v

("1-prong" )
particie & 0 neutrals & OK v

P V„VT
I Vlf VT'

(E~ ) 37 MeV)

e VevT
h & 0 neutrals & OKL v

h &OK& v~

h v

7r VT

K v
h &1~ v„

h vr VT

vr v~0

fro no n- p(7 70) v

K vr VT
h- & 2~0V

h 2~ v~
h 2rrov (ex.Ko)

2+0 v (ex.Ko)
K 2' v (ex.K )

h- & 3~0V
h 3 v

3rro v, (ex.Ko)

K 3rrov (ex.K )
h 4' v (ex.K )
h 4' v (ex.K,T/)

K )1(rrnOrK ) v,

Scale factor/
Confidence level

S=1.3

(85.53 + 0.14)

[a] (17.35+ 0.10) %

( 23 4 10 )xlo

S=1.3

[aj (17.83+ 0.08)
(49.78+ 0.17)

(12,51 + 0.13)

(12.03+ 0.14)

[a] (11.31+ 0.15)

[a] ( 7.i + O. 5 )

(36.97 + 0.18)
(25.76 4 0.15)

[a] (25.24k 0.16)

( 3.0 + 3.2 )

[a] ( 5.2 + O.5 )
(10.95+ o. i6)
( 9.50+ 0.14)

( 9.35+ 0.14)

[a] ( 9.27+ O. i4)
[a] ( 8.1 + 2.7 )

( 146+ 0 11)
( 1.28 + 0.10)

[a] ( 1.14+ 0.14)

[a] (50+ )

( 1.8 + 0.6 )

[a] ( i.2 + O.6 )

( 9,4 + 1.0 )

0/0

0/

x 10

0/

x 10

x 10

0/

0/

0/

x 10

0/

x 10 4

x 10
x 10

x 10

S—.1.2
S= l.1

S 1.1
S.—1, 1

S—1.1
S.= l.1

S=1.1
S=1.1

S=1.1

Fraction (f;/I )

charged particle
(84.96+ 0.14) %
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2S
i 29
i 30

I 34
i 35

3S
i 39
i 40
~41

l43

i 44
l45
l46
i 47
i 48

"so
isi
i52
l53
i 54
iss
i 56
i57
iss
~59
i 60
l 61

l64

i 65

i 66

i 67
i 68
i 69
i 70

i 74

Modes with Ko's
h K & 0 neutrals & OKLv

h Kov
~—K'v [a]
~- Ko

(non- K*(892) ) v

K Kov

~- Koxov
K K vr v

S Sv
Ko Kov

K Ko & 0 neutrals v
K &0~0 &OKo
Ko (particles) v
Koh+ h h & 0 neut. v

(

(

((

(

[a] (

[a] (

(

fa] (

(

(

(

1.54 + 0.10)
9.2 + 0.8 }
7.7 + 0.8 )
1.7

1.55+ 0,28)
s.s + o.s )
4.1 + 0,6 )
1.38 + 0.32)
2.5 + 0.6 )
1.01 + 0.23)
2.9 + 0.4 )
1.65 6 0.10)
1.58 + 0.10}
1.7

x 10
x 10
x 10

x 10
x 10
x 10
x 10
x 10 4

x 10
x 10
0/

0/

x 10

S=1.3
S=1.3
S=1.3

CL=95%

S=i.2
C L =95%

Modes with three
h h h+ & Oneut. v ("3-

prong" )
h h h+ & 0 neutrals v

(ex. Kos ~ rr+s )
~+~ & 0 neutrals v~

h h h+v
h h h+v (ex.Ko)
h h h+ v (ex.Ko,~)
h h h+ & 1 neutrals v
h h h+ & 1 neutrals v {ex.

KOS sr+ vr )
h h h+~ov
h h h+s. v (ex.K )
h h h+x v (ex. K, rv)
h (prr)ev

( at (1260) h) v,
h

—prov
h p+ h v„
h p h+ v~

h h h+ 2' v~
h h h+2rr v (ex. K )
h h h+2xov (ex. Ko, cu, rl)
h h h+ & 3' v~
K h+h & 0 neutrals v

K ~+~ & 0 neut. v~

K ~+K &0neut. v

K K+vr & 0 neut. v

K K ~ VT

$ 7r V7-

K K+K &Oneut. v

vr K+vr & 0 neut. v

e e e+ vev~
e e+v„v

charged particles
(14.91+ 0.14) /o

(14.36+ 0.14) o/o

(14.09+ 0.31) %

( 9.80+ o.io) %

( 9.48+ 0.10) /

( 9.44+ 0.10) %

( 5.08+ 0.11) /

( 4.88+ 0.11) %

0/( 4.44 4 0,09)

( 4.25+ 0.09)
[a] ( 2.55+ 0.09)

( 2.84+ 0.34)
2.0

( 1.33+ 0.20)

( 4.4 + 2.2 )
( 1.15+ 0.23)

( 5.2 + 0.5 )

( 5.1 + 0.5 )

[a] ( i.O + O.4 )

[a] (11 + O6)
6

0/

0/

0/

0/

0/

x 10
0/

x 10
x 10
x 10

x 10
x 10

( 39 + 19
)

9

( 1 5 + 0.9
)0,8

{ 22 + 18
)

3.5
2.1

( 2.5

( 2.8 + 1.5 }
3.6

x 10

xiO —4

x 10

x 10

xiO —4

x 10
x 10

x 10
x 10

S=1.3

S=1.3

S=l.1

S=1.1
S=l.1

S=1.2
S=1.2

S=1.1
S=1.1

CL=95%

C L=90%

S=1.5

CL=95%

C L=90%
C L=95%
C L=95%

C L=90%

75 4 07)xlo 4

2.2 + 0.5 ) x10
1.1 x 10 CL=90%

Modes with five charged particles
3h 2h+ & 0 neutrals v ( 97 + 07)xio 4

(ex. Kos ~ rr rr+)
("5-prong")

3h 2h+v (ex. Ko) [a]
3h 2h+rrov (ex.Ko) [a]

3h 2h+ 2a v~

i 76
I 77

i 78
i 79
iso
i si
i82
i83
~84
iss
i 86

87

ass
i89
i 90
~91
i 92
i 93
~94
i 95
i 96
r97
i 98

~99
~100
~101
l 102
i 103
~104
i los
~106
~107
i 108

~110

i 114
i iis
~116

117
l iis
I 119

12O

~124
i 125
i 126

i 128

i 130
~131

~134

Miscellaneous other allowed modes
( 3.3 + 0.7 ) x 10

eutrals v 19 x 10 4
(5s) v
4h 3h+ & 0 n

("7-prong")
K*(892) ) 0(ho g Kos)v
K*(892) & 0 neutrals v

K*(892) v~
K*(892)oK ) 0 neutrals v
K*(892)o K v

K*(892)oar & 0 neutrals v~
K'(892)o rr v~

Kt (1270) v

Kt (1400) v~

K&(143O) v~

ao(980) ) 0 neutrals v~
'g 7r v~

7/ 7l 7r v~
'g 7r 7r '7r V7.

gK v
gvr+7r ~ & 0 neutrals v
'g F/ 7r V7.

fj 'g 7r 7r v~
h ~ & 0 neutrals v

h ~v~
h (d 7r V&

0

( 1.94+

( 1.33+
( 1.28+
(32+
( 2.O +
( 3.8 +
( 2.S +
( 4

(8 +
3

O. 31) o/,

O. i3) %
o.os) /.
1.4 ) x lo
0.6 )xlo
1.7 )xlo
1.1 )xlo
4 )xlo
4 )xlo

x 10

xiO —4

0.28) x 10
xiO —4

0.7 )xlo 4

x 10
x 10 4

x 1O
—4

0.11) /
0.09) %
0.6 ) x 10

1.4
1.71+
4.3
2.6
3
1,1
2.0
2.32+
1.914
4, 1

[a] (

(

(

[a] (

[a] (

Lepton Family number {LF),Lepton number (L),
or Baryon number {B)violating modes

{In the modes below, l means a sum over e and is modes)

C L=90%

C L=95%

C L=95%

C L=95%

CL=9O%
CL=95%
C L=95'/o

e
« 'Y

e- ~0

«7l
e- Ko

«
—K'

e

e- p'
p

8 K*(892)
y, K*(892)
7r 'Y

e e+e

««
«e+e
«+ E' e

«««
e '7r+vr
e+~
« '7r 7r

«+~
e sr+ K
e ~ K+
e+~ K
«-~+ K-
« ~- K+
«+ vr K
P'Y

P7l

P'9
e- K*(892)'
«K*(892)
e light boson

« light boson

LF
LF
LF
LF
LF
LF

LF
LF
LF

LF
LF

LF
L

L

LF
LF
LF
LF
L

LF
LF

L

LF
L

LF

LF
L

LF
LF

L

L, B
L, B
L, B
LF
LF
LF
LF

1.1
4.2
1,4

1,3
1.0
6.3
7.3
4.2
5, 7

6, 3

9.4
2.8
3.7
3.3
3.6
3.5
3.4
3.4
1.9
4.4
4.4
7.4
6.9
7.7
4.6
4.5
8.7
1.5
2.0
2.9
6.6
1.30

( 1,1

8.7
2.7
5

x10 4

x 10 6

x 10 4

x 10
x 10
x 10
x 10
x 10
x 10
x 10
x 10 6

x 10
xiO —4

xiO —4

x 10 6

x 10 6

x 10 6

x 10 6

x 10 6

x 10
x 10 6

x 10 6

x 10 6

x 10 6

x 10
x 10 6

x 10
x lo 6

x 10
x lo
x 10 4

x 10 4

x 10
xio —5

xiO —6

x 10
x 10

C L =90%
CL=90%
C L=90%
C L=90o/

CL=90%
C L=90%
CL=9O%

C L =90%
CL=90%
C L =90%
C L=90%

90o/

C L=90%
C L=90%
C L=90%
C L=90%
C L =90%
C L=90%
C L =90%
CL=90%
CL=90/o
C L =90%
C L =90'/o

C L =90%
CL=90%
CL=90%
CL=90%
C L=90%
CL=90%
C L=90%
C L =90%
C L =90%
C L=90%
C L =90'/
C, L=90%
C L =95o/o

C L =95%

L means lepton number violation (e.g. ~ ~ e+ 7F 7t- ). Following
common usage, LF means lepton family violation and not lepton number
violation (e g. ~ ~ e 7F+ 7r ).

[a] Basis mode for the r
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CONSTRAINED FIT INFORMATION

An overall fit to 57 branching ratios uses 128 measurements and
one constraint to determine 25 parameters. The overall fit has a

X = 115.2 for 104 degrees of freedom.

X5

Xyp

X)3

Xy5

Xyg

0 —31
—15 —12 —20

—14 -12 -16
—7 —35

1 —21 1

X2p

X23

X24

—13

—3 1 —4 —19
13 —14 16 —12

7 —19 8 —23 2 —11 -71
X26

X3p

X32

X34

X35

X37

X47

X5p

X6p

x61

X73

X9p

X97

X98 —3

—3

—27

0 —8

1 —2

0 —7

1 —9
—3 1 —4 —1

1 —4 2 —4
—4 1 —4 0

0 —2 0 —2

0 —14 0 —12

0 —6 0 —6

0 —2 0 —1

0 —7

0 —1

0 —6

0 —1

0 0 0 0

0 —2 0 —2

0 —6 0 —6

0 —5 0 —5

0 —3 0

0 —2 2

—2 8 —11
1 —10 4

—2 7 —12

0 —1 0

0 —6 0

0 —2 0

0 —1 0

0 —3 0

0 0 0

0 0 0

0 —1 0

0 —2 0

0 —2 0

X3 X5 X9 X]p X]3 X]5 X]9 X2p X/3 X24

X3p 0

X3P 0 —15

x34 —1 —3

X35 0 0

X37 —1 —1

x47 —4 —17

xsp —2 0

X6p 2 0

x6) —2 0

X73 0 0

X74 0 0

xgp —16 0

x97 —2 0

xss l
~ o

X26 X3p

—2 —35
0 —1

—4 —2

0 —8

0 0

0 0

0 0

0 0

0 0

0 —6

0 0

0 —1

0 0 0 0

0 —1 —6 —8 —1

0 0 0 0 0 0

0 0 0 0 0 0

0 0 —1 —1 —16 —1
—1 —7 —43 —1 —7

0 0 0 —4 —49 —3

X32 X34 X35 X37 X47 X5p X6p X6y

x74

Xgp

X97

x9s

—24
0 0

0 0 —1

0 0 0 —2

X73 X74 Xgp Xg7

The following off-diagonal array elements are the correlation coefficients

bx, bx&)/(bx, "bx~), in percent, from the fit to the branching fractions, x,
Cg/l tpta] The fit constrains the x; whose labels appear in this array to sum to

one.

BRANCHING FRACTIONS

(by K.G. Hayes, Hillsdale College)

Significant improvements in experimental measurements of
branching fractions have been made since the 1994 edi-

tion of these Listings. Measurements of many new branching
fractions of 1-prong r decays containing charged and jor neutral
kaons have been published [1—6]. Other new high-precision mea-

surements of other ~ branching fractions have also appeared,
including many by the ALEPH collaboration [6] that are more

precise than the 1994 world averages. Consequently, there are

many new branching fractions in the Listings. The number of
conventional ~-decay modes has increased from 59 in the 1994
edition to 98 in the current edition, and most ~ branching
fractions now have an absolute uncertainty in the range of 0.1

to 0.2 /0, with improvements over the 1994 edition typically
being a factor of two or more.

Our goal for internal consistency of the ~ Listings is now

at the 0.1'Po level. To add correctly a new experimental mea-

surement of a branching fraction to the Listings, we must

understand and account for the experimenter's definition of
both the signal and any background corrections to it at the
0.1% level or better. This requires that many details be con-

sidered. Some examples are: (a) is K& ~ 7r+fr considered to
be 0-prong or 2-prong; (b) are K&ii's included or excluded in a
decay mode definition; (c) are K+ —

& 2fr" decays background or

signal; (d) how are photons from the decays of rl and cu treated;

(e) have particle ID requirements been applied to any charged

prongs (either through direct detection or indirectly via cuts on

invariant mass distributions); and (f) exactly what is meant by

the word "neutral" in a decay mode definition?

The w Listings have been updated in several ways to
accommodate the new measurements and the need for higher

precision. To help make explicit how the signal and background

are defined, we have developed new notation for listing decay

modes. First, invisible KL s are never implicitly included in any

decay mode (this is a change from previous editions). Second,
for decay modes where contributions from an intermediate
state are excluded, a list is appended to the decay mode

which explicitly gives the excluded intermediate states. For
this edition, the only intermediate states whose decays are
excluded from some branching fractions are K", g, and w. If
there is no ambiguity as to which intermediate state decay

modes are excluded, just the name of the intermediate state is

given. Otherwise, the excluded intermediate state decay mode

is explicitly listed. The list is appended to the decay mode

using the notation "(ex. (list, of excluded intermediate states)). "

For example, listed in Table 1 are a few decay modes from the
current Listings and their fitted branching fractions:

One inconsistency that has existed in the data for several

decay modes was the diferent manner in which experimenters
treated K+ —+ sr+ vr decays. Some chose to treat the pions as



See key on page 199
259

Lepton Particle Listings

Table 1: Examples of 7.-decay modes and their
fitted branching fractions.

any modes necessary to satisfy the accuracy requirement must

be included, The selected basis modes are listed in Table 2. The

particle & 0 neutrals & 0 Kl v

particle & 0 neutrals & 0 K v~

h h h+ & 0 neutrals v~

h h h+ & 0 neutrals v (ex. K+~ —+ n+x )

h h h+7rov

h h h+7r"v, (ex. K")
h h h+vr"v (ex. Kc, ~)

(84.96 + 0.14)%
(85.53 + 0.14)%
(14.91 + 0.14)%
(14.36 + 0.14)%
(4.44 + 0.09)%
(4 25 + 0 09)%
(2.55 + 0.09)%

Table 2: Basis modes used in the 1994 and 1996
constrained fit to 7 branching fraction data.

RPP94 RPP96

coefficients used to define a particular 7. branching fraction in

terms of the sum over basis mode branching fractions appear in

the Listings immediately below each branching fraction header.

charged prongs from the 7. decay, while others rejected them as

secondary tracks similar to electrons from photon conversion.

To complicate the situation, some experimental papers make

no mention as to how these decays were treated, even though

different choices can affect some branching fractions by as much

as 0.5'Po, as illustrated in the examples above.

In our definition of 7.-decay modes, we treat pions from

K+ —+ 7r+7r as charged prongs from the 7 decay. To correct

branching fraction measurements for different choices, good

knowledge of 7 branching fractions for decays containing Ko's

is necessary, but until this edition experimental knowledge was

meager. In the 1994 edition, the only branching fraction mea-

surement of a r decay mode containing a K" (apart from
K"'s used to reconstruct the K*(892)) was the measurement,

based on 44 detected decays, of B(~ —
& K" h & 0 neu-

trals v~) = (1.3 + 0.3)% by the HRS collaboration ]7]. For

this edition, there are 12 new measurements, based on more

than 1800 detected decays, of ~-decay modes containing Ko's.

Consequently, sufficient information now exists, and we have

reduced the inconsistency in branching fraction data by moving

data to newly defined decay modes consistent with the way

KsO —+ 7r+7r decays were treated. Because of time limitations,

we did this only for the most precise data.
To make best use of the new data, we have expanded

the number of basis modes used in the constrained fit to

branching fraction data from 12 in the 1994 edition to 25 in

1996. Consequently, the vast majority of branching fractions

listed in the Summary Table are fit results (not averages)

which is a significant change from previous editions. The only

branching fractions which are not fit results are those which are

either upper limits, 3-prong modes where one or more charged

particles are identified, or modes containing resonances that are

not included in the basis modes.

Selection of the basis modes was determined by several

criteria. The basis modes must form an exclusive set whose

branching fractions sum exactly to one. All measured branching

fractions which contribute to the fit must be expressible in

terms of a sum over basis mode branching fractions with

accurately known coefficients, and all basis modes (except

possibly one) must be constrained by one or more measured

branching fractions. It is desirable to include a, sufficient number

of modes so that the largest number of branching fraction
measurements can be included in the constrained fit. Finally,

Ve V~

p vp v7-

7l V~

07r 7r v~

h-27r'v

h 37r v~

h-47rov

C Vev~

p vpv~

7r vg

*7r-7rov,

vr-2ir" v, (ex. K")
~-3~'v, (ex. K')
h 4iiov (ex. K", il)

*K v~

K 7rov

K 2~"v, (ex. K")
K 3irov, (ex. Ko)—0K v

K7rv—~ o

K0K v~

K Kov

K*(892) v

h h h+v

h h h+ &1 neut. v

3h 2h+ & 0 neut. v

h h h+v, (ex. K",ui)

h h h+7r"v (ex. K",cu)

h h h+27r" v (ex. K",~, il)

h h h+&37r v

3h 2h+v (ex. Ko)
3h 2h+ir" v (ex. Ko)
h ~v~
h &7r V7-

7r r/7r v~0

* Unchanged from RPP94.

In selecting the basis modes, various choices and assump-

tions were made, For example, we have assumed that branching

fractions for the following 7-decay modes are small relative to
O. leap. T —+7r K & 27r v~, 7 ~7r K K & 17r v~,0 — — o

—0 0

h h h+ & 1 Ko & 07r"v~, and 7 —+ h & 57rov . Experi-
mental upper limits on branching fractions exist for some of
these modes, and comparison of measured inclusive and ex-

clusive branching fractions allow limits to be determined for

the others. The modes 7 ~ h ~v, ~ —+ h ~7r"v, and
—+ 7r 777r v must be included in the basis set since their

combined branching fraction to final states containing photons

not from 7ro's is about 0.3%. We have not included in the basis

set the mode r ~ K*(892) v~. The branching fraction for

this mode is usually determined from the branching fraction for—0
either 7 —+ 7r K v or w —+ K 7r v~ assuming these decays
all originate in w —+ K*(892) v~, but these two methods give
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Table 3: Fit branching ratios ('Fo) and scale
factors for a sample of w hadronic decays.

Mode

v~

K v

h, -~'v
h, 27r"v~

h, -3~"v
b 6 h+r, (ex. K")
h, h, h, + & 1 neutrals v„

1994 Fit Scale 1996 Fit Scale

11.7+ 0.4 1.3 11.31 + 0.15 1.1
0.67 + 0.23 1.3 0.71 + 0.05 1.0
25.7 + 0.4
9.6 + 0.4

1.28+ 0.24

8.42 + 0.31

5.63 + 0.30

1.7 25.76 + 0.15 1.1
1.5 9.50 + 0.14 1.1
1.7 1.28 + 0.10 1.0
1.3 9.48 + 0.10 1.1
1.2 5.08 + 0.11 1.2

Other evidence for the improved internal consistency is the

decrease in the difference between the fitted and average val-

ues for the leptonic branching fractions. In previous editions,

the data exhibited a "deficit" in 1-prong exclusive branching

fractions for which the fit compensated by systematically in-

creasing all 1-prong fit branching fractions above their average

values. Table 4 compares the average and fit values for B, —=

B(w ~ e P, v~) and B« = B(r —+ «, P«v~) for the 1994

and 1996 editions.

Table 4: Fit and average branching fractions
foi 'T ~ e vf v~ aild 7 ~ p v(~v7-.

Branching Fraction ('Po) 1994 1996

Fit
Average

Fit
Average

18.01 + 0.18

17.90 + 0.17
17,65 + 0.24

17.44 + 0.23

17.83 + 0.08

17.80 + 0.08

17,35 + 0.10

17.30 + 0.10

values for B(~ —+ K*(892) vr) that are inconsistent at the 2.5
cr level irrespective of whether the world average or fit values

are used.

The constrained fit to branching fractions assumes all input

data are uncorrelated, and data which are very highly correlated

are not used in the fit. For the next edition, we plan to enhance

the fitting procedure so that data correlations can be properly
included. To minimize the effects of older experiments which

often have larger systematic errors, we have excluded from the
fit 27 older measurements in decay modes which contain at least

several of the newer data of much higher precision. As a rule,

we exclude those experiments with large errors which together
would contribute no more than 5/p of the weight in the average.

The precise new measurements have significantly reduced

the uncertainties on most fitted branching fractions. Also, some

problems in the data noted in the 1994 edition now have reduced

significance. Table 3 lists several important hadronic branching

fractions that had fit values in both the 1994 and 1996 editions.

The reduction of the scale factors for most of these branching

fractions illustrates the internal consistency of the new data.
Note the significant change in B(h h 6+v~ (ex. K")). Branching Fraction (Fo) 1994 1996

By

Bi
B3

B3

Fit
Average

Fit
Average

85.49 + 0.24

85.46 + 0.30
14.38+ 0.24

14.32 + 0.27

84.96 + 0.14

85.90 + 0.30
14.91 + 0.14

14.01 + 0.29

Conclusions: The precision of ~ branching fraction measure-

ments has increased. significantly since the 1994 edition. Mea-

surements of new 1-prong decay modes containing charged

and jor neutral kaons have allowed a large expansion in the
number of basis modes used in the constrained fit to ~ branch-

ing fractions. An1biguities and inconsistencies in the I istings

caused by the lack of data on 1-prong modes containing neutral

kaons have been significantly reduced. The new level of preci-
sion requires experimenters to be especially clear in describing

their definition of signal and background in measurements of ~

branching fractions. Future measurements of t, he charged and

neutral kaon content in 3-prong w decays will allow sin1ilar

improvements in the understanding of those decay modes.

References
1. ALEPH Collaboration, D. Buskulic et al. , Phys. Let t.

8332, 209 (1994).
2. ALEPH Collaboration, D. Buskulic et al. , Phys. Let t.

B332, 219 (1994).
3. CLEO Collaboration, M. Battle et al. , Phys. Rev. Lett. 73,

1079 (1994).
4. CLEO Collaboration, T.E. Coan et al. , Phys. Rev. D53,

6037 (1996).
5. L3 Collaboration, M. Acciarri et al. , Phys. Lett. B352, 487

(1995).
6. ALEPH Collaboration, D. Buskulic et al. , Zeit. fur Physik

(to be published) CERN-PPE-95-140.
7. HRS Collaboration, R. Tschirhart et al. , Phys. Lett. B205,

407 (1988).

The charged-prong topological branching fractions changed
significantly from their 1994 values. Although only two mea-

surements of charged prong topological branching fractions have

been published since the 1994 edition (both of B(h h 6+ ) 0
neutrals v (ex. K+ —+ 7r+7r ))), some new measurements

of other modes influenced the fitted value of the topological
branching fractions. The improved consistency of our treat-
ment of Ks ~ a+7r decays also infIuenced the results. Table 5

compares the average and frt values for Br =— B(particle ) 0
neutrals ) 0 KI v~) and Bs = B(h 6 h+ ) 0 neutrals v~)
for the 1994 and 1996 editions. Although the fit and average
values for B~ and B3 were very similar in 1994, the new fit

values differ significantly from their averages. As the averages

of these two modes are formed from older measurements (1992
or earlier), t, he precise new measurements lead to charged prong

topological branching fractions which are significantly different

from the older values.

Table 5: Fit and average branching fractions
for By and B3.
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r BRANCHING RATIOS

I (particle & 0 neutrals & 0K&v {"1-prong"})/I t ts( I t/I
C1 /C = (C3+C5+C9+ C 10+C13+C15+C19+C20+C23+ C24+ C26+0.6569C30+
0.6569I 32+0.6569I 34+0.6569I 35+0.4316I 37+0.708I gp+0. 085I g7+0.085I g8)/I

I (particle & 0 neutrals & OKov )/I tots( I a/I
C2/ —(C3+ 5+ 9+ 10+ 13+F15+ 19+F20+ 23+ 24+ 26+C30+C32+C34+
I 35+I 37+0.708I gp+0. 085I 97+0.085I 98)/I

VALUE (%) DOCUMENT ID TECN COMMEN T

85.53+0.14 OUR FIT Error includes scale factor of 1.3.
84.59+0.33 OUR AVERAGE
84.48 4 0.27+0.23 avg 92H OPAL 1990—1991 LEP runs

85.45 ' . +0.65 f&.a 92C ALEP 1989—1990 LEP runs

ACTON

DECAMP

r (/ vv vT )/rtots( I s/I
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&.a"
marks results used for the fit and the average.

To minimize the effect of experiments with large systematic errors, we exclude exper-
iments which together would contribute 5% of the weight in the average.

VALUE (%) EVTS TECN COMM EN T

17.35+0.10 OUR FIT
17.30+0.10 OUR AVERAGE
17.31+0.11+0.05 f&.a 20.7k BUSKULIC 96C ALEP 1991—1993 LEP runs

17.02+0.19+0.24 f&.a 6586 ABREU 95r DLPH 1991—1992 LEP runs
17.36 + 0.27 f&r.a 7941 AK ERS 95I OPA L 1990—1992 L E P runs

17.6 +0.4 +0.4 f&.a 2148 ADRIANI 93M L3 Ecm —88—94 GeV

17.2 +0.4 +0.5 avg ALBRECHT 92D ARG E = 9.4—10.6 GeV

17.35 +0.41 +0.37 f&.a DECAMP 92C ALEP 1989—1990 LEP runs

17.7 +0.8 +0.4 f& a 568 BEHREND 90 CELL Eee = 35 GeV

17.4 + 1.0 f& a 2197 ADEVA 88 MRK J Eceem —14—16 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ a

17.7 + 1.2 +0.7 AIHARA 87B TPC Ec —29 GeV

183 +09 +08 BURCHAT 87 MRK2 Ec —29 GeV

18.6 +0.8 4 0.7 558 17 BARTEL 86D JADE Eeeem= 34.6 GeV

12.9 + 1.7 ALTHOFF 85 TASS E = 34 5 GeV

18.0 +0.9 +0.5 473 17 ASH 85B MAC E = 29 GeV

180 -610 +06 BALTRUSAIT. .85 MRK3 Ecee = 3.77 GeV

19.4 + 1.6 + 1.7 3 BERGER 8 PLUT Eceem 34 6 GeV

176 +26 42 1 BEHREND 83C CELI E = 34 GeV

17.8 + 2, 0 + 1.8 BERGER 81B PLUT Eceem= 9 32 GeV

Not independent of ALBRECHT 92D r(lc v& vr)/I (e ve vr) and I (It v&, vr) x

e v )/ "total.
Modified using B(e ve vr)/B("1 prong") and B("1 prong"), = 0.855.
Error correlated with BALTRUSAITIS 85 evv value.

47

The charged particle here can be e, p, or hadron. In many analyses, the sum of the
topological branching fractions (1, 3, and 5 prongs) is constrained to be unity. Since
the 5-prong fraction is very small, the measured 1-prong and 3-prong fractions are
highly correlated and cannot be treated as independent quantities in our overall fit.
We arbitrarily choose to use the 3-prong fraction in our fit, and leave the 1-prong
fraction out. We do, however, use these 1-prong measurements in our average below.
The measurements used only for the average are marked "avg, " whereas "f&.a" marks
a result used for the fit and the average. ,

VALUE (%) EVTS DOCUMENT ID TECN COMMEN T

84.96+0.14 OUR FIT Error includes scale factor of 1.3.
85.90+0.30 OUR AVERAGE Error includes scale factor of 1.2.
85.6 +0.6 +0.3 avg 3300 11 ADEVA 91F L3 Ec —88.3—94.3 GeV

86.4 +0,3 +0.3 avg ABACHI 89B HRS E = 29 GeV

84.9 +0.4 +0.3 avg BEHREND 89B CELL Ec —14—47 GeV

84.7 +0.8 +0.6 avg AIHARA 87B TPC Ec = 29 GeV

87,2 +0.5 +0.8 avg SCHMIDKE 86 MRK2 Eceem= 29 GeV

84.7 41.1 +1'3 avg 169 ALTHOFF 85 TASS E = 34.5 GeV

86.1 +0.5 +0.9 avg BARTEL 85F JADE Eceem —34.6 GeV

86.7 +0.3 +0.6 avg FERNANDEZ 85 MAC E = 29 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

87.1 +1.0 +0.7 BURCHAT 87 MRK2 Ec —29 GeV

87.8 + 1.3 +3.9 BERGER 85 PLUT Ecm —34.6 GeV

Not independent of ADEVA 91F I (h h h+ & Oneut. v ("3-prong"))/I total value.

NOt indePendent Of AIHARA 87B r(/1 v& vr)/I tOtal, C(e ve vr)/CtOtal, and

C(h ) 0 neutrals & OKL vr)/I t~t~l values.

Not independent of ALTHOFF 85 C(p, v&vr)/I total, I (e vevr)/I total, I (h & 0

neutrals ) OKL vr)/Ctotal, and I (h h h & Oneut. vr ("3-prong"))/Ctotal values.

Not independent of SCHMIDKE 86 value (also not independent of BURCHAT 87 value

for I (h h h+ & oneut. vr ("3-prong" )) /I total.
Not independent of (1-prong + 0~ ) and (1-prong + ) ln ) values.

r(It v„v)/I (particle & 0 neutrals & 0K~&v {"1-prong")) I s/I t
C3/Cl: 3/(I 3+I 5+I 9+I lp+I 13+I 15+I 19+I 2p+I 23+I 24+I 26+
0.6569I 3p+0.6569I 32+0.6569l 34+0.6569l 35+0.4316l 37+0.708l-gp+p. p85i-97+
0.085I 98)

EVTSVAL UE

0.2042+0.0011 OUR FIT
o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.217 +0.009 +0.008 BARTEL 86D JADE Eceme 34.6 GeV

0.211 4 0.010 k 0.006 390 ASH 8 B MAC Eceme 29 GeV

TECN COM MEN TDOCUMENT ID

I (It vvv~7)/I (It vvv~)
E ) 37 MeV.

l4/Is

VAL UE TECN COMMENT

0.013+0.006 MRK2 E = 29 GeV

Requirements on detected p's correspond to a r rest frame energy cutoff E & 37 MeV.
y

"(e "4v ) /rtot ( I s/I
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&.a"
marks results used for the fit and the average.

To minimize the effect of experiments with large systematic errors, we exclude exper-
iments which together would contribute 5% of the weight in the average.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

17.83+0.08 OUR FIT
17.80+0.08 OUR AVERAGE
17.78+0.10+0.09 f&.a 25.3k ALEXANDER 96D OPAL 1991—1994 LEP runs
17.79+0.12+0.06 f&.a 20.6k BUSKULIC 96C ALEP 1991—1993 LEP runs
17.51+0.23+0.31 f&/. a 5059 ABREU 95r DLPH 1991—1992 LEP runs

17.9 +0.4 +0,4 f&.a 2892 ADRIANI 93M L3 Ecm —88—94 GeV

17.97+0.14+0.23 fQa 3970 AKERIB 92 CLEO Ec = 10.6 GeV

17.3 +0.4 +0.5 avg 20 ALBRECHT 92D ARG E = 9.4—10.6 GeV

19.1 +0.4 +0 6 avg 2960 21AMMAR g2 CLED Eee 10.5-10 9 Gev
18.09 +0.45+ 0.45 f&'.a DECAMP 92C ALEP 1989—1990 LEP runs

17.0 +0.5 +0.6 fGa 1.7k ABACHI 90 HRS Ec = 29 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

18.4 +0.8 +0.4 644 BEHREND 90 CELL Eceem= 35 GeV

16.3 +0.3 +3.2 JANSSEN 89 CBAL Eceem= 9.4—10.6 GeV

18.4 + 1,2 + 1.0 AIHARA 87B TPC E = 29 GeV

19.1 +0.8 +1.1 BURCHAT 87 MRK2 E = 29 GeV

16.8 +0.7 +0.9 515 BARTEL 86D JADE Ec —34.6 GeV

20.4 + 3.0 ALTHOFF 85 TASS E = 34 5 GeV

17.8 +0.9 +0.6 390 ASH 85B MAC Ec = 29 GeV

18.2 4 0.7 +0.5 BALTRUSAIT. .85 MRK3 E = 3.77 GeV

13.0 + 1.9 + 2.9 BERGER 85 PLUT Eceem = 34.6 GeV

18,3 + 2.4 + 1.9 60 BEHREND 83C CELL E = 34 GeV

16,0 4 1.3 459 23 BACINO 78B DLCO Ecee = 3.1—7.4 GeV

Not indePendent of ALBRECHT 92D I (P, v& vr)/I (e ve vr) and I (P v& vr) x
r(e- ve v, )/r
Modified using B(e ve vr)/B("1 prong") and B("1 prong"), = 0.855.
Error correlated with BALTRUSAITIS 85 I (p v&, vr)/I total.
BACINO 78B value comes from fit to events with e and one other nonelectron charged
prong.

I (e vev )/I (particle & 0 neutrals & OKo&v {"1-prong"))
5/ 1 — 5/( 3+C5+ 9+ 10+ 13+C15+C19+ 20+ 23+F24+ 26+

0.6569I 3p+0.6569C32+0.6569l 34+0.6569I 35+0.4316I 37+0.708l gp+0. 085l 97+
O.O85r 98)

ls/I t

VAL UE EVTS DOCUMENT ID

0.2099+0.0010 OUR FIT Error includes scale factor of 1.1.
0.2231+0.0044+0.0073 2856 AMMAR 92 CLEO E = 10.5—10.9 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0.196 +0.008 +0.010 BARTEL 86D JADE Ec —34.6 GeV

0.208 + 0.010 +0.007 390 ASH 85B MAC Ec —29 GeV

TECN COMMENT

I sl s/I a
I (p v„v,) x I (e v, v, )/I „„(
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.03094+0.00022 OUR FIT
0 0306 +00005 +00013 3230 ALBRECHT 93G ARG Eceme 9 4 10.6 GeV

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0288 + 0,0017 +0.0019 ASH 85B MAC E = 29 GeV

I (It v„v)/I (e v, v ) I s/I s

ALBRECHT 92D ARG E = 9.4—10.6 GeV

Predicted to be 1 for sequential lepton, 1/2 for para-electron, and 2 for para-muon.
Para-electron also ruled out by HEILE 78.

VAL UE DOCUMENT ID TECN COMMENT

0.973+0.007 OUR FIT
0.997+0.035+0.040
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r(h ~ )/rtotai
DOCUMENT ID

0.1203+0.0014 OUR FIT Error includes scale factor of 1. .
VAL UE

1.1.

r, /r = (rg+r»)/r

I g/II iP' v )/I tpt~l
Data marked "avg" are highly corre a e wiI t d 'th data appearing elsewhere in the Listings,
and are therefore used for the average given below but onot in the overall fits. "fKa"
marks results used for the fit and the average.
'I EVTS DOCUMENT ID TECN COMM EN TVALUE (%)

11.31+0.15 OUR FIT Error includes scale factor of 1.1.
11.07+0.18 OUR AVERAGE

96 ALEP LEP 1991—1993 data11.06+ 0.11+ 0.14 avg
11.7 + 0.4 + 1,8 fGa 1138 82D MRK2 E = 3.5—6.7 GeV

36 Not independent of BUSKULIC 96 B(h v ) and B(K v ) values.

36 BUSKULIC
BLOCKER

I h & Oneutrals & OK& v~)/) r I 6/I
(r r +r +r +r +r20+r23+r24+r26+0. 6569r30+0.6569r32+C6/C —( 9+ 10 13 15 19

5C I0 ~ 6569C34+0.6569 I 35+0.4316 I 37+0.708I 9Q+0 085 I 97+0.085C98)/

VALUE(%) DOCUMENT ID TECN COM MEN T

49.78+Oe17 OUR FIT Error includes scale factor of 1.2.
48.6 +1.2 +0.9 avg 24 AIHARA 878 TPC Eceem 29 GeV

n sr+2~ ' & Ovrp~v ValueSNot independent of AIHARA 87B evv, pvv, and sr+2~ ( & Our )v values.

I (h & OK& v )/I totai

7/ ( 9+"10+/ 30+/ 32+/ 37)/ r

Data mar e avg ar ik d " " e highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overa its. a

marks results used for the fit and the average.
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

12.51+Oe13 OUR FIT Error includes scale factor of 1.1.
12.44 +0.14 OUR AVERAGE
12.44+ 0.11+0.11 fJkafJk 15k BUSKULIC 96 ALEP 1991—1993 LEP run

12.47+ 0.26+ 0.43 fk.afk. 2967 ACCIARRI 95 I 3 1992 LEP run

12.4 +0.7 *0.7 fleafk 283 ABREU 92N DLPH 1990 LEP run

12.98+ 0.44+ 0.33 fk.a DECAMP 92C ALEP 1989—1990 LEP runs

12.1 +0.7 +0.5 fGafG 309 ALEXANDER 91D OPAL 1990 LEP run

fEca 1338 BEHREND 90 CELL Eceem= 35 GeV

11.3 +0.5 +0.8 avg 798 29 FORD 87 MAC Ec —29 GeV

12.3 +0.6 +1.1 avg 328 BARTEL 86D JADE Eceem 34 6 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

11.1 6 1.1 + 1.4 BURCHAT 87 MRK2 E = 29 GeV

13.0 +2.0 +4.0 BERGER 85 PLUT E = 34.6 GeV

11.2 j1.7 +1.2 34 BEHREND 83C CELL Eceem 34 GeV

BUSKULIC 96 uote 11.78 + 0.11 j 0.13 We add 0.66 to undo their correction forq

unseen K0 and modify the systematic error according y.

ACCiARRi 95 with 0.65% added to remove their correction for rr
L gr K back rounds.

ABREU 92N with 0.5% added to remove their correction for K ( ) a g*(892) back rounds.
0

) v ) = 13.32 + 0.44 + 0,33.DECAMP 92c quote B(h & 0KI & 0 (KS x vr ) vT) =
We subtract 0.35 to correct for their inclusion of the K+ decay .ca s

FORD 87 result for B(x v ) with 0.67% added to remove their K correction and
adjusted for 1992 B("1 prong").
BARTEL 86D result for B(~ v ) with 0.59% added to remove their K correction and
adjusted for 1992 B("1 prong").
BURCHAT 87 with 1.1% added to remove their correction for K and K*(892) back-

BEHREND 83C quote B(~ v ) = 9,9+ 1.7+ 1.3 after subtracting
grounds.

in 1.3 + 0.5 to correct

for B(K v ).

I (h & OKL tv )/I (particle & 0 neutrals & 0K&v ("l-prong" )) I 7/I 1

r7/r1 —(r9+ r 10+ r30+ p F32+ g r37)/(r3+ F5+C9+ r 10+r13+r15+r19+
20+ r23'+ r24+ 26+ ' 30 32r o.6569r y0.6569r +0.6569r34+0.6569C35go.4316r37+

0.7081 gp+0. 085rg7+0. 085I g8)

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.1473+0.0015 OUR FIT Error includes scale factor of 1.1.
0.135 +0.009 OUR AVERAGE

0.131 +0.006 + 0.009 798 FORD 87 cm-Eee = 29 GeV

0.143 +0.007 +0.013 328 BARTEL 86D JADE E = 34.6 GeV

ItFORD 87 result divided by 0.865, their assumed value for B("1prong /.

BARTEL 86D result with 0.6% added to remove their K coir K correction and then divided

by 0.866, their assumed value for B("1 prong").

r(h &OK0L t )/r(e-t, v )
r7/ 5 (r9+ 10+pr30+p "32+& 37)/ s

I 1 lr

TECN COMMEN TVAL UE DOCUMENT ID

0.702+0.008 OUR FIT Error includes scale factor of 1.1.
0.678+0.037+0.044 ALBRECHT 92D ARG Eceem= 9.4—10.6 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.647+ 0.039+ 0.061 5 BARTEL 86D JADE E = 34.6 GeV

35COmbined reSult Of BARTEL 86D evv, /6vv, and ~ v aSSuming B(/tvv)/B(evv)
0.973.

r(K ~ )/rtotai
VALUE (%) DOCUMENT ID

0.71+0.05 OUR FIT
0.71+0.05 OUR AVERAGE
0.72*0.04+ 0.04 728 BUSKULIC
0.85+ 0.18 27 ABREU
0.66+ 0.07+0.09 99 BATT L E

0.59 k 0.18 16 MILLS

1.3 +0.5 15 BLOCKER

~ ~ ~ We do not use the following data for averages,

0.64+ 0.05 +0.05 336 BUS K ULIC

EVTS TECN COMMENT

rto/r

96 ALEP LEP 1991—1993 data
g4K DLPH LEP 1992 Z data
94 CLEO Ec = 10,6 GeV

84 DLCO E = 29 GeV

82B MRK2 E = 3.9—6.7 GeV

fits limits etc ~ ~ ~

94E ALEP Repl by
BUSKULIC 96

I (h & lsr v~)/I totai
0

I 11/I
C11/r = (I 13+I 15+C1g+I 20+r23+I 24+I 26+o.1s7I 3p+o.1s7r32+o.1s7r34+
0.157I 35+0.0246I 37+-0.708I 90+0.085l"g7+0.085f 98)/i

VALUE(%) DOCUMENT ID TECN COM MEN T

36.97+0.18 OUR FIT Error includes scale factor of 1.1.
36.7 +0.8 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

36.14+0.33+0.58 AKERS 94E OPAL 1991—1992 LEP runs

384 +12 +10 Ee~ —29 GeV

42.7 + 2.0 + 2.9 BERGER 85 PLUT E = 34.6 GeV

BURCHAT 87 quote for B(7r & 1 neutralv ) = 0.378 + 0.012.012+ 0.010. We add 0,006
to account for contribution from (K v ) whic t y

'
h he fixed at BR = 0.013.

WEIGHTED AVERAGE
36.7+0.8 (Error scaled by 1.4)

ove of weighted average, error,
factor are based upon the data in

ram only. They are not neces-
same as our 'best' values,
rom a least-squares constrained fit
easurements of other (related)
as additional information.

30 35 40 45

x'
94E OPAL 0.6
87 MR K2 1.2
85 PLUT 2 9

4.8
(Confidence I evel = 0.091)

I

55

KERS
UR CHAT
ERGER

50

i (h ) lrr rv~)/I totai (%}

r12/I = (r13+r15)/rI (h trotv7)/I total
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

25.76+0.15 OUR FIT Error includes scale factor-of 1.1.
25.62+0.22 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

25.76+ 0.15+0.13 BUSKULIC 96 ALEP LEP 1991—1993 data
25.05+0.35+0.50 6613 ACCIARRI 95 L3
25.98 + 0,36+0.52 38 AKERS 94E OPAL 1991—1992 LEP runs

25.87 +0.12+0.42 51k ARTUSO 94 CLEO E = 10.6 GeV

22.9 4 0.8 + 1.3 283 40 ABREU 92N DLPH E = 88.2—94.2 GeV

23.1 + 0.4 +0.9 1249 ALBRECHT 92@ ARG Ec —10 GeV

25.02 +0,64+ 0.88 1849 DECAMP 92C ALEP 1989—1990 LEP runs

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

22.0 +0.8 +1.9 779 ANTREASYAN 91 CHAL Eceme 9.4—10,6 GeV

22.6 +1,5 +0.7 1101 BEHREND 90 CELL E = 35 GeV

23.1 +1.9 +1.6 BEHREND 84 CELL Eceem= 14,22 GeV

( 6.25 + 0.36 d- 0.52} x 10;we subtract 0.27% from their numberAKERS 94E quote 2 .

to correct for & ~ h K&vQ

ARTUSO 94 reports the combined result from three indepe de endent methods, one of which

~ h v, is normalized to the inclusive one-prong branching fraction,(23% Of the T ~ jc v~ IS

taken as 0.854 + 0.004. Renormalization to the present value causes neg igi g .ne li ible chan e.
ABREU 92ItJ with 0,5% added to remove their correction for ac gr K* 892 backgrounds.

ALBRECHT 92' with 0.5% added to remove their correction for 7- ~ K*(892) v
background.
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WEIGHTED AVERAGE
25.62+0.22 (Error scaled by 1.3)

WEIGHTED AVERAGE
1p 7+1.1 (Error scaled by 2 0)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

20 22 24 26
I

28

. BUSKULIC

. ACCIARRI

. AKERS
ARTUSO
ABREU
ALBRECHT
DECAMP

96 ALEP
95 L3
94E OPAL
94 CLEO
92N DLPH
92Q ARG
92C ALEP

I

30

(Confidence Level

32

2
x
0.5
0.9
0.3
0.3
3.2
6.5
0.3

12.0
= 0.061)

10 15
I

20

x'
94E OPAL 1.6
90 CELL 6 0
87 MR K2 0.2

7.8
(Confidence Level = 0.020)

I

25

AKERS
BEHREND
BURCHAT

I (tr tr non-p(770} v~)/I 1o1ai
DOCUMEN T ID TECN COMMEN TVALUE (%)

0.3 +0.1 +0.3 BEHREND 84 CELL Ecem= 14,22 GeV

47 BEHREND 84 assume a flat nonresonant mass distribribution down to the p(770) mass,
using events with mass above 1300 to set the level.

I 14/I

I (K trov~)/I 1o1aI
VAL UE (%) EVTS

0.52+0.05 OUR FIT
0.52+0.06 OUR AVERAGE

96 ALEP LEP 1991—1993 data0 52+0.04+0 05 395 BUSKULIC 96 ALEP
0.51+0.10+0.07 37 BATTLE 94 CLEO Eceem — 10.6 GeV

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BUSKULIC 946 ALEP Repl. by BUSKULIC 960.53+0.05 6 0.07 220

I 16/II (h ) 2tr v )/I 1o1ai/I: (I +I +I +I 2 +I 26+0.157l 3p+0.157I 32+, 34 ~ 350.157I +0.157I +C16/ C —i 19+ 20 23 24
0.0246I 37+0.319I 90)/I

D ta marked "avg" are highly correlated with data app
'

gcarin elsewhere in the Listings,Data mar e avg'
and are therefore used for the average given below bu no int not in the overall fits. "f&a"
marks results used for the fit and the average.

VAL UE (%) EVTS DOCUMENT ID

95+0.16 OUR FIT Error includes scale factor of 1.1.10.
. . See the ideo ram below.10.7 +1.1 OUR AVERAGE Error includes scale factor of 2.0. See '

g
AKERS 94E OPAL 1991—1992 LEP runs9.89 4 0.34 +0.55 avg

90 CELL Eee = 35 GeV140 +12 +06 f&a 938 BEHREND 90 CELL Ecm=
12.0 +1.4 +2.5 f&a BURCHAT 87 MRK2 Ec —29 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. I ~ o

+ 1.9 50 AIHARA 86E TPC Eecem= 29 GeV13.9 + 2.0

h )17r v )andB(h 7r v )mea-AKERS 94E nnt independent of AKERS 946 B(h tr v~)
surem ents.
Error correlated with BURCHAT 87 C(p ve)/I (total) value.

AIHARA 86E (TPC) quote B(2~ 7r v~) + 1.6B(37r 7r ~, . (

DOCUMENT ID

TECN COMM EN T

I (h tr v )/I terai (%)

r13/rr(tr er )/ 1o1ai
— 0v

d ith data appearing elsewhere in the Listings,Data marked "avg" are highly correlated wit a a ap
ltf& ttbut not in the overall fits. " aand are therefore used for the average given below u

marks results used for the fit and the average.
o EVTS DOCUMENT ID TECN COMMENTVALUE (ohio)

25.24+0.16 OUR FIT Error includes scale factor of 1.1.
25.31+0.18 OUR AVERAGE

BUSKULIC 96 ALEP LEP 1991—199325.30 +0.15+0.13 avg
data

25.36+0.44 avg

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

21.5 +0.4 +1.9 4400 44 45 ALBRECHT 88L ARG Eecem= 10 Gev

582 ADLER 878 MRK3 Eceem= 3.77 GeV23.0 + 1.3 + 1.7
46 BURCHAT 87 MRK2 Eceem= 29 GeV25.8 +1.7 +2.5
45 YELTON 86 MRK2 Eceem= 29 GeV22.3 +0.6 +1.4 629

Not independent of ARTUSO 94 B(h 7r v ) and BATTLE 94 B(K 7r v ) values.

)/I = 0.467 to obtain this result.The authors divide by ( I 3 + I 5 + I 9 + 1p
h d 'dentification. Kaon corrections were mad,r made but insufficientExperiment had no a ron i

inform atio
' g' p

'
n is iven to ermit their removal.

ON 86 value. Nonresonant decaysBURCHAT 87 value is not independent of YELTO
included.

I (h ) 2tr v )/I totai (%)

I (h 2trO ve) /I bo1ai
I 17/I: (I ] 9+I 2p+0. 157I 3p+0.157I 32)/I

VALUE ('I ) EVTS DOCUMEN T ID

9.50+0.14 OUR FIT Error includes scale factor of 1.1.
9.48+0.13+0.10 12k» BUS KU LIC 96

51BUSKULIC 96 quote 9.29 + 0.13 + 0.10. We add

h K v~.0

TECN COM MEN T

ALEP LEP 1991—1993 data

0.19 to undo their correction for

r18/r

333
815

I (h 2trov~(ox. Ko})/I 1o1ai
18/ —( 19+ 20)/

D t marked "avg" are highly correlated with data appe
'

garin elsewhere in the Listings,a a mar e
and are therefore used for the average given below but not in ein the overall fits. f&a marks
results used for the fit and the average.

EVTS DOCUMENT ID TECN COMMENTVALUE (%)
9.35+0.14 OUR FIT Error includes scale factor of 1.1.

t
8.95+0.33 OUR AVERAGE Error includes scale factor of 1.1.

95 L3 1992 LEP run8,88+0.37+0.42 f&a 1060 ACCIARRI

8.96 60.16+0.44 avg 52 PROCARIO 93 CLEO Eceem = 10.6 GeV

DECAMP 92C ALEP 1989—1990 LEP runs10.38+0.66+0.82 f&a 809

5 7 +0.5 1'0 f&a 133+ 1.7 ANTREASYAN 91 CBAL Ec ——9.4—10.6 GeV

100 +1.5 +1,1 f&a BEHREND 90 CELL Ec —35 G V

87 +04 k 11 f& a 56 BAND 87 MAC Eee = 29 GeV

6.0 +3.0 4 1.8 f& a BEHREND 84 CELL E = 14,22 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

57 GAN 87 MRK2 E = 29 GeV6.2 60.6 + 1.2

v B h 7r v using ARTUSO 94PROCARIO 93 entry is obtained from B(h 27r v 7r v

result for B(h ~ v ).0

We subtract 0.0015 to account for ~ ~ K*(892) v contribution.

h & ~ K* 892 v contribution.54ANTREASYAN 91 subtract 0,001 to account for the 7. ~ v
K* 892 v contribution.BEHREND 90 subtract 0.002 to account for the 7.

BAND 87 assume B(7r 37r v~) = 0.01 and B(7rB 7r 7r v = 0.005 ~

57GAN 87 analysis use photon multiplicity distribution.

r1s r12I (h 2trov (ox.Ko})/I (h tpov )
18/ 12 —( 19+C20)/( 13+ 15)

DOCUMENT ID TECN COMMENTVALUE

f 1.1.0.363+0.006 OUR FIT Error includes scale factor o
0.342+0.006+0.016 58 P ROCARIO 93 C LEO E = 10.6 GeV

PROCARIO 93 quote 0.345 + 0.006 + 0.016 after coer correction for 2 kaon backgrounds

I
—. 2+ 0.18% and B(h K 7r v )=0.48 + 0.48%. We multiplyassuming B(K* v =1.42 . 0 an

b 0.990 4 0.010 to remove these corrections to B(h ).h
—~Pvy

I 19/Ir(tr- totai
d with data appearing elsewhere in the Listings,Data marked "avg" are highly correlate wit a a app

ltf& ttand are therefore used for the average given below ut not in the overall fits. a
marks results used for the fit and the average.

DOC UM EN T ID TECN COM MEN TVALUE(%)

9.2?+0.14 OUR FIT Error includes scale factor of 1.1.
9.21+0.13+0.11 avg BUSKULIC 96 ALEP LEP 1991—1993 data

Nor independent nt BUSKULIC 96 B(h 2truv (ex. KO)) and B(K 2truvx(ex. KO))
values.
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I (K 2srov~(ex. KD))/I toto) rao/r
VAL UE (%) EVTS TECN COMM EN T

0,081+0.027 OUR FIT
0.081+0.027 OUR AVERAGE
0.08 +0.02 +0.02 59 BUSKULIC 96 ALEP LEP 1991—1993 data
0.09 +0.10 +0.03 3 BATTLE 94 CLEO E = 10.6 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.04 60.03 60.02 11 BUSKULIC 945 ALEP Repi. by BUSKULIC 96

BATTLE 94 quote 0.14 + 0.10 6 0.03 or ( 0.3% at 90% CL. We subtract (0.05 d= 0.D2)%

to account for 7- ~ K (K ~ ~ ~ ) v background.

DOCUMENT ID

I (h & 34m ue)/I totai
I 21jl = (I 23+ f 24+ f 26+0.157l 34+0.157f 35+0.0246f 37+0.319f 90)/I

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&a"
marks results used for the fit and the average.

VAL UE (%) EVTS DOCUMENT ID TECN COMMENT

1.46+0.11 OUR FIT Error includes scale factor of 1.1.
1.8 +0.6 OUR AVERAGE Error includes scale factor of 1.1.
1,53+0.40+0.46 f&a 186 DECAMP 92C ALEP 1989—1990 LEP

I'un s
3.2 + 1.0 + 1.0 avg 61 BFHREND 90 CELI Eee = 35 GeV

Not independent of BEHREND 90 I (h & 2' v )/rtotal and I (h 2~ v )/I total
va lues.

I (fs 3frov~)/I totai
r22/r —(I 23+I 24+0.157l 34+0.157I 35)jf

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,

and are therefore used for the average given below but not in the overall fits. "f&a"
marks results used for the fit and the average.

VALUE (%) EVTS DOCUMENT IO TECN COMMENT

1.28+0.10 OUR FIT
1.22+0.10 OUR AVERAGE
1.24+0.09+0,11 f&a 2.3k BUSKULIC 96 ALEP LEP 1991—1993 data
1 70+0.24+0 38 f&a 293 ACCIARRI 95 L3 1992 LEP run

1.15+0.08+0.13 avg PROCARIO 93 CLEO E = 10.6 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

MRK2 Eceem 2g GeV00+1.4+1.1 64 GAN—0.1 —0.1

BUSKULIC 96 quote B(h 3m- v (ex. K )) = 1.17 6 0.09 + 0.11. We add 0.07 to

remove their correction for K backgrounds.
PROCARIO 93 entry is obtained from B(h 3~ v )/B(h ~ v ) using ARTUSO 94

result for B(h 7r v ).
Highly correlated with GAN 87 I (TI Tr w v~) /I total value. Authors quote

B(m 3~ v ) + 0.67B(vr q7r v ) = 0.047 + 0.010 6 0.011.

I (h 4srov~(ex. KD,rf})/I totaf
VALUE (%) DOCUMENT ID

0,12+0.06 OUR FIT

r(K & 1 (sro or Ko) v~)/f totat
27/r = ( 15+ 2o+ 24+r32+ 35)/r

ras/r

94K DLPH LEP 1992 Z data

I (If ~K & 0 neutrals & OKO& vr) /I tot I

r28/r = (r30+I 32+I 34+I 35+0.657I 37)/f
rae/r

TECN COMMENTVAL UE (%) EVTS DOCUMENT ID

1.54+0.10 OUR FIT Error includes scale factor of 1.3.
1.3 +0.3 44 TSCHIRHART 88 HRS E,"= 29 GeV

r29/r = (r30+r32)/r
COM MEN T

I (h K )/I
VALUE(%) EVTS DOCUMENT ID TECN

0.92 +0.08 OUR FIT Error includes scale factor of 1.3.
0.855+0.036+0.073 1242 COAN 96 CLEO Ecem 10.6 GeV

I (fr ~Kv~)jl totai rsolr
Data marked "avg" are highIy correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&a"
marks results used for the fit and the average.

VALUE(%) EVTS DOCUMENT ID TECN COMMENT

0.77 +0.08 OUR FIT Error includes scale factor of 1.3.
0.76 +0.06 OUR AVERAGE

0.79 +0.10 +0.09 f&a 98 BUSKULIC 96 ALEP LEP 1991—1993
data

70 COAN Eee = 10.6 GeV
71 ACCIARRI 1991—1993 LEP

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

96 CLEO

95F L3

0.704+ 0,041+0,072 avg

0.95 +0.15 +0.06 f&a

0.88 + 0.14 + 0.09 53 BUSKULIC 94F ALEP Repl. by
BUSKULIC 96

Not independent of COAN 96 B(h K v ) and B(K K v ) measurements.

ACCIARRI 95F do not identify 7r /K and assume B(K K v ) = (0.29 + 0.12)%.

I (sr K (non-K'(892) )u )/I tote) I 31/r

D ata marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&a"
marks results used for the fit and the average.

VAL UE (%) EVTS DOCUMENT ID TECN COMMEN T

0.94+0.10 OUR FIT
0.76+0.23 OUR AVERAGE
0.69+0.25 avg 69 ABREU

1.2 +0.5 +0'4 f&a 9 AI HARA 87' TPC Ecm —29 GeV

Not independent of ABREU 94rt BIK v ) and BIK & 0 neutraisv ) measurements.

r(h 3frou, )—/I (h srov )
I 22/I 12 = (I 23+ I 24+0.157I 34+0.157l 35)/(r13+ f 15)

raa/r12
VALUE (%)

(Oe17

CL%

ACCIARRI 95F L3 1991—1993 LEP runs

DOCUMENT ID TECN COMMENT

VALUE TECN COM M EN T

0.050+0.004 OUR FIT
0.044 +0.003+0.005 P ROCA R 1 0 93 C LEO E 10.6 GeV

PROCARIO 93 quote 0.041 + 0,003 + 0.005 after correction for 2 kaon backgrounds

assuming B(K* v )=1.42 + 0,18% and B(h K vr v )=0.48 + 0.48%. We add
0.003 + 0.003 and multiply the sum by 0.990 + 0.010 to remove these corrections.

r (fr- 3fr0 v~ (ex.KO})/I"tote I

VALUE (%)
1.14+0.14 OUR FIT

DOCUMENT ID

Ias/I

I (K 3frnv (ex.KO))/I totai
VALUE (%) DOCUMENT ID TECN COM MEN T

I 24/I

I (h 4srove(ex. KD))/I totai
I 25/f: (f 26+0.319f go)/I

I as/I

TECN COMMEN TVALUE (0/o) EVTS DOCUMENT ID

0.18+0.06 OUR FIT
0.16+0.06 OUR AVERAGE

0,16+0.04+0.09 232 BUSKLILIC 96 ALEP LEP 1991—1993 data

0.16+0.05 +0.05 PROCARIO 93 CLEO Ecm = 10.6 GeV

BUSKLILIC 96 quote resuit for ~ h & 4e vn. We assume BIh & Su vn) is

negligible.
PROCARIO 93 quotes B(h 4~ v )/B(h ~ v ) =0.006+0.002+0.002. We multiply

by the ARTUSO 94 result for B(h Tr v ) to obtain B(h 47r v ). PROCARIO 93

assume B(h & 5 7r v ) is small and do not correct: for it.

0.050+0 100 OUR FIT—0.033
0.05 +0.13 BUSKULIC 945 ALEP 1991-1992 LEP runs

BUSKULIC 945 quote BIK & Oe & OK v ) — [BIK v ) y B(K nov ) a-

B(K K v ) + B(K ~ 7r v ) + B(K ~ K v )] = 0.05 + 0, 13% accounting for
common systematic errors in BUSKULIC 94E and BUSKULIC 94F measurements of these

tmodes. We assume B(K & 2K v~) and B(K & 4' v~) are negligible.

I (K Knub)/I totai
VALUE (%) EVTS TECN COMMENT

0.155+0.028 OUR FIT
0.162+0.032 OUR AVERAGE Error includes scale factor of 1.1.
0.26 +0.09 +0.02 13 BUSKULIC 96 ALEP LEP 1991—1993 data

0.151+0.021 +0.022 111 COAN 96 CLEO Eceem = 10.6 GeV

e e e We do not use the following data for averages, fits, limits, etc. e e e

0.29 +0.12 +0.03 8 BUSKULIC 94F ALEP Repl. by
BUSKULIC 96

rs2/r
DOCUMENT ID

I (h K sr vr)/I totat
VALUE(%) EVTS

0.55 +0.05 OUR FIT
0.562+0.050+0.048 264

I (fr ~Ksrou~)/I totaf

DOC U M EN T ID

COAN

r»/r (r~+r„}/r
TECN COMM EN T

96 C LEO Eceme 10.6 GeV

rs4/r
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&a"
marks results used for the fit and the average.

VALUE (%) EVTS DOCUMEN T ID TECN COMMENT

0.41 +0.06 OUR FIT
0.39 +0.06 OUR AVERAGE

0 32 +0,11 +0.05 f&a 23 BUSKULIC 96 ALEP LEP 1991 1993

0,417 +0.058+ 0.044 avg

0.41 +0.12 +0.03 f&a

I
data

72 COAN 96 CLEO Ec = 10.6 GeV
73 ACCIARRI 95F L3 1991—1993 LEP

runs
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e e

0.33 4 0.14 k 0.07 t9BUSKULIC 94F ALEP Repl. by
BUSKULIC 96

2 Not independent of COAN 96 B(h K u v ) and BIK K rr v ) measurements.

ACCIARRI 95F do not identify e /K and assume B(K K rr v ) = (0.05+ 0.05)%.
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I (K Kofrove)/I tot I

VAL UE (%) EVTS DOCUMENT ID

0.138+0.032 OUR FIT
0.130+0.034 OUR AVERAGE
0.10 +0.05 +0.03 5 BUSK ULIC 96 ALEP
0.145+0.036+0.020 32 COAN 96 C LEO
~ ~ ~ We do not use the following data for averages, fits, limits,

0.05 +0.05 +0.01 1 BUSKULIC 94F ALEP

I ss/I
TECN COM MEN T

LEP 1991—1993 data
Ecee —1Q.6 GeV

etc. ~ ~ ~

Repl. by BUSKULIC 96

I (h KSKOSv )/I total rsslr = srsrlr
Bose-Einstein correlations might make the mixing fraction different than 1/4.

VALUE (%) EVTS DOCUMEAIT ID TECN COMMENT

0.025+0.006 OUR FIT
0.023+0.00560.003 COAN 96 CLEO Eceem = 10.6 GeV42

r(~- Ko Kov.)/r,.„, I sr/I
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&a"
marks results used for the fit and the average.

VAL UE (%) EVTS DOCUMENT ID TECN COMMENT

0.101+0.023 OUR FIT
0.099+0.023 OUR AVERAGE

0.092 +0.020+ 0.012 avg 42 COAN 96 CLEO Ec 1Q.6 GeV

0.31 +0.12 +0.04 f&a ACCIARRI 95F L3 1991-1993LEP
I'uns

4We multiply the COAN 96 measurement B(h Ks K5 v~) = (0.023 6 0.005+ 0.003)%
by 4 to obtain the listed value. This factor of 1/4 is uncertain, and might be as large as
1/2, due to Bose-Einstein correlations and the resonant parentage of this state.

I (K K & Oneutrals v )/I total rsslr = (rsa+rss)/r
VAL UE (%) DOCUMENT ID

0.29+0.04 OUR FIT

TECN COMM EN T

I (KO (partiCleS) v~)/I total
C40/C = (I"3p+I 32+I 34+I 35+ f 37)/f

raolr

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

1.58+Ds10 OUR FIT Error includes scale factor of 1.2.
1.94+Os18+0,12 141 AKERS 94( OPAL E = 88-94 GeV

AKERS 94{' measure C(K& (particles) v~)/Ctotal —0 ~ 97 + 0 09 + 0 ~ 06.

I (Koh+h h & Oneut. v~)/I total
VALUE (%) CL% DOCUMENT ID TECN COMMENT

&0.17 95 TSCHIRHART 88 HRS Eeeem= 29 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.27 90 BELT RAMI 85 HRS Ec = 29 GeV

I 4t/I

I (h h h+ & Oneut. ve("3-prong" ))/I total I 42/I
C42/I = {0.3431I 30+0.3431f 32+0.3431I 34+0.3431I 35+0.4508f 37+I 47+I 52+
C6p+C61+0.285I 9p+0.9101l 97+0.9101I 98)/C

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&a"
marks results used for the fit and the average.

VAL UE (%) EVTS DOCUMENT ID TECN COMMEN T

14.91+ 0.14 OUR FIT Error includes scale factor of 1.3.
14.01+ 0.29 OUR AVERAGE Error includes scale factor of 1.2.
14.4 + 0.6 +0.3 f&a ADEVA 91F L3 E = 88,3—94.3

GeV
Eceem= 29 GeV

E™= 14—47 GeV

Eceem= 29 GeV

Eceem= 29 GeV

89B HRS

89B CELL

87B TPC

86 MRK2

A BACH I

BEHREND

AIHA RA

SC HM ID K E

f&a0.3 +0.3
0.4 +0.3
0,8 4 0.6
0.5 +0.8

+ 1.3—1.6
0.5 + 0.8
0.3 +0.6

13.5
15.0
15.1
12,8

f&a

f&a

f&a 1420

Eceem 34.5 GeV

Ece~~ —34.6 GeV

Ecm = 29 GeV

f&a 36715.3 ALTHOFF 85 TASS

f&a

f&a

BARTEL 85F JADE

FERNANDEZ 85 MAC

13.6
13.3

I (K & Ofrn & OKO v~ /I total r»/r
C39/C —( F10+C15+ 20+ C24+ C32+ C35)/C

Data marked "avg" are highly correlated with data appearing else~here in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&a"
marks results used for the fit and the average.

VAL UE (olo) EV TS DOCUMENT ID

1.65+Os10 OUR FIT
1.69+0.07 OUR AVERAGE
1.70+0.05+ 0.06 avg 1610 5 BUSKULIC 96 ALEP LEP 1991—1993 data
1.54+ 0.24 f&a ABREU 94K DLPH LEP 1992 Z data
1.70+0.12+0.19 f&a 202 BATTLE 94 CLEO Ecem = 10.6 GeV

1 6 +04 +0 2 f&a 35 AIHARA 87B TPC Ecem= 29 GeV

1.71+0.29 f&a 53 M I L LS 84 DLCO Eceem= 29 GeV

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.60 +0.07+ 0, 12 t967BUSKULIC 94E ALEP Repl. by
BUSKULIC 96

rs Not Independent of BUSKULIC 96 B(K v ), B(K rr v ), B(K 2rr v ),
B(K K v~), and B(K K vr v~) values.
BATTLE 94 quote 1.60+ 0.12 6 0.19. We add 0.10 + 0.02 to correct for their rejection

of KP ~ 2T+~ decays.S
Not independent of BUSK ULIC 94E B(K v~), B(K ~ v~), B(K 2~ v~),
B(K K v~), and B(K K ~ v ) values. t

limits, etc. ~ ~ ~data for averages, fits,
79 BURCHAT

RUCKSTUHL
80 BERGER

BRANDELIK
81 BACINO

~ ~ ~ We do not use the following

12.8 6 1.0 60.7
121 4 05 +12
12.2 + 1.3 +3.9
24 + 6

32 + 5 692

Ecee 29 GeV

Eceem —29 GeV

Eceem —34 6 GeV

Ece~~= 30 GeV

Eceem= 31 74
GeV

Assumes V —A de-
cay

ce~ ) 6GeV

87 MRK2

86 DLCO

85 PLUT

80 TASS

78B DLCO

35

81 BRANDELIK 78 DASP35 + ll

18 + 65 78 MRK133 JAROS

BURCHAT 87 value is not independent of SCHMIDKE 86 value.

Not independent of BERGER 85 I (st vt, v~)/I total f (e vev~)/ total C("
1~ v~)/Ctotal, and I (h & OKL v~)/I total, and therefore not used in the fit.

Low energy experiments are not in average or fit because the systematic errors in back-
ground subtraction are judged to be large.

I (h h h+ & 0 neutrals v (ex. Kos ~ sr+ sr ))/I t»l
I 43/I = (C47+I 52+ C6p+C61+0.285l 90+0.9101I 97+0.9101I 98)/C

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&a"
marks results used for the fit and the average.

VAL UE (%) EVTS DOCUMENT ID TECN COMMENT

14.36+0.14 OUR FIT Error includes scale factor of 1.3.
14.63+0.25 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

14.96+0.09+0.22 f&a 10.4k AKERS 95Y OPAL 1991—1994 LEP runs

14.22+0.10+0.37 avg 82 BAI EST 95C CI EO Eee 1Q.6 GeV

13.3 +0,3 +0.8 f&a ALBRECHT 920 ARG Ec —9.4-10.6 GeV

14.35 ()'45 +0.24 f&a DECAMP 92C ALEP 1989—1990 LEP runs

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

15.26 k 0.26 +0,22 ACTON 92H OPAL Repl. by AKERS 95Y

62 Not Independent of BAI EST 9SC B(h h h+v ) and B(h h fr+ rruv~) values, and

BORTOLETTO 93 B(h h 6+2rr v )/B(h h h+ ) 0 neutrals v ) value.

This ALBRECHT 92D value is not independent of their I (p, v v )I {e vev )/I t t Itotal
value.

WEIGHTED AVERAGE
14.63+0.25 (Error scaled by 1.4)

ues above of weighted average, error,
scale factor are based upon the data in

ideogram only. They are not neces-
y the same as our 'best' values,

ained from a least-squares constrained fit

zing measurements of other (related)
ntities as additional information.

x'
95Y OPAL 1.9
95C CLED 1.1
92D ARG 2.4
92C ALEP 0.3

5.8
(Confidence Level = 0.120}

18

AKERS
BALEST
ALBRECHT
DECAMP

l l

11 12 13 14 15 16 17

I (h h h+ & O neutrals v (ex. Ks ~ rr+rr )}/I t~t~l i're)

I (sr sr+sr & 0 neutrals v )/I (h h h+ & Oneut. v ("3-prong"))
r44/r42

C44/C42 = I 44/(0. 3431I 30+0.3431I 32+0.3431I 34+0.3431l 35+0.4508I 37+I 47+
C52+C60+C61+0.285l 90+0.9101l 97+0.9101l 98)

EVTS DOCUMENT ID

49p 8 BAUER

r(h h h+v )/ltotal
I 45/C = (0.3431l 30+0.3431f 32+I 47+0.0221I 97)/f

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f&a"
marks results used for the fit and the average.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

9.80+Os10 OUR FIT Error includes scale factor of 1.1.
9.80+Os18 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

9.92+O. tO+O. O9 fsra tt.2k BUSKULIC 96 ALEp LEp t99t —f993 data
9,49 +0.36+0.63 f&a DECAMP 92c ALEP 1989—1990 LEP runs

8,7 +0.7 +0.3 f&a 694 86 BEHREND 90 CELL Eee 35 GeV

7 8 +05 +08 f&a 890 SCHMIDKE 86 MRK2 Eceem= 29 GeV

8.4 +0.4 +0.7 avg 1255 87 FERNANDEZ 85 MAC Ecem= 29 GeV

VAL UE TECN COMM EN T

0.945+0.019 94 TPC Ecm —29 GeV

BAUER 94 quote B(~ ~+~ ) 0 neutrals v ) = 0.1329 + 0.0027. We divide by
0, 1406, their assumed value for B("3prong").
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WEIGHTED AVERAGE
9 47+0.28 (Error scaled by 2.6)

e following data for ~~e~ag~s, ,
' ', .fits limits, etc. ~ ~ ~~ ~ ~ We do not use e

Eee = 29 GeV1566 88 BAND 87 MAC Ecm =7.0 k 0.3 6 0.7
89 HAT 87 MRK2 Eecem= 29 GeV.8 6 0.9 BURCHAT6.7 +0.8

RUCKSTUHL 86 DLCO E = 29 GeV6,4 k 0.4 +0.9
BEHREND 84 C cm—CELL E = 14,22 GeV9.7 + 2.0 + 1.3

h+v ex. K )) = 950 + 0.10+ 0.11. We add 0.42h+ ex K )
— . . . .42 to85BUSKULIC 96 quote B(h h h+vT(ex. K )

'
n and reduce the systematic error accordingly.

h K*( ) o ibBEHREND 90 subtract 0.3% to account for the T

h+7 Value obtained by multiplying paper's R =
for K*(892) background.'ng

for char ed kaon modes; not independent oBAND 87 subtract or c arge
BURCHAT 87 value is not indepenendent of SCH

WEIGHTED AVERAGE
9.80+0.18 (Error scaled by 1.4)

V I s above of weighted average, error,a ues
and scale factor are based upon the daata in
this ideogram only. They are not neces-
sari y the same as our 'best' values,
obtained from a least-squares constra'trained fit
utilizing measure'I' '

easurements of other (related)
quantities as additional information.

7 8 9

x'
BUSKULIC 96 ALEP 0.9
DECAMP 92C ALEP 0.2

. BEHREND 90 CELL 2.1

SCHMI DK E 86 MR K2 4.5
FERNANDEZ 85 MAC 3 0

10.6
(Confidence Level = 0.032)

13
I

10 11 12

r(h h h+o. )/I total (%)

I I +0 285I +0 9101I )0.3431f 34+0.3431C35+0.4508I 37+I 47+& 52+C6p+

is
' ' '

inde endent of values for I (h h h+ v )/Ctotal andThis branching fractions is not in epen en

I (h h h+ ) pneut. vT ("3-prong" ))/I total.
DOCUMENT ID TECN COMMENTVAL UE

0.744+0.00? OUR FIT
FERNANDEZ 850.61 +0.03 +0.05

~ ~ ~ We do not use the following data for averages,

RUCKSTUHL 860.47 +0.03 +0.06

MAC Eee = 29 GeV

fits, limits, etc. ~ ~ o

DLCO E = 29 GeV

r(h- h- h+ v. (~.Ko})/rtota,
I /I = (I 47+0.0221l 97)/I46

'
hl correlated with data appearing elsewhere in

' g,hl correlate wi
'

e 'n the Listings,Data marked "avg" are highly correlate wi

b t t in the overall fits. "Mca"and are therefore used for the averag g'e iven below u no
marks results used for the it anfi and the average.

TECN COMM EN TEVTS DOCUMENT IDVALUE (%)
r rin .1.9.48+0.10 OUR FIT Error inr r includes scale factor of 1. .

f 2.6. See the ideogram below.9.47+0.28 OUR AVERAG E Error includes scale factor o

11.2k BUSKULIC 96 AALEP LEP 1991—1993 data9.50+ 0.10+0.11 avg 11.
AKERS 95Y OPAL 1991—1994 LEP runs9.87+ 0.10+0.24 avg

C CLEO E 10.6 GeVMca 37.7k BA LEST 95c9.51 +0.07+ 0.20 f8ca

ALBRECHT 93c AARG E = 9.4—10.6 GeV7.3 +0.1 +0.5 avg

tLIC 96 B(h h h+ v ) value.Not independent of BUSKU

RS 95Y B(h h h+ & 0 neutralSvT eX.Not independent of AKERS 95Y

x. KO e+e )) values.+ ex. K )/B(h h h+ ) 0 neutralsv (ex. K& ~B(h h h+v (ex. K ),
0.3% added to remove t eir corth

' corrections for charged-ALBRECHT 93c value with 0.5 +
kaon backgrounds.

lues above of weighted average, error,
d le factor are based upon the data insca e
s ideogram only. They are not ne ces-

'I the same as our 'best' values,
tained from a least-squares constrained fit
lizing measurements of other (related)

uantities as additional information.

x'
BUSKULIC 96 ALE P 0.1

AKERS 95Y OPAL 2.4
BALEST 95C CLEO 0.0
ALBRECHT 93C ARG 18.1

20.6
(Confidence Level 0.001)

13
I

10 11 12

98

DOCUMENT ID TECN COCOMMEN TVALUE

rr
'

1 l.0.660+0.006 OUR F rrIT Error includes scale factor of 1. .
AKERS 95Y95 OPAL 1991—1994 LEP runs0.660+0.004+0.014

I (h h h+v (ex.Ke,ot})/I tots[
DOCUMENT IDVALUE(%)

or of 1.1.9.44 60.10 OUR FIT Error includes scale factor o

I (h h h+ & 1neutrals vt totatI

I +I +0.285I gp+I 48/I = (0.343 3431C +0.3431I 35+0.1077I 37+I 52+C6Q+ 61 . 9p
0.888f 97+0.9101l 98)/I

i hl correlated with data appearing elsewhere in the Listings,g "ghy
r e iven below u no inand are therefore used for the averag g'

marks results used for the fi't and the average. .

TECN COMMENTEVTS DOCUMENT IDVALUE(%)

r of 1.2.5.OS+0.11 0~ ~ UR FIT Error includes scale factor of

I se/I

5.2 +0.4 OUR AVERAGE

avg 352 94 BEHREND 90 CELL Eee 35 GeVcm=5.6 +0.7 k 0,3

ALBRECHT 87L ARG Ec = 10 GeV4.2 +0.5 0.9 fGa 203 ALB
96 S IDKE 86 MRK2 Ecm= 29 GeV+0.8 avg 53Q S IDKSCHMIDK4.7 +0.5

FERNANDEZ 85 MAC Ecm.= 29 Geee5.6 +0..4 +0.7 avg

BEHREND 84 CELL Ecm —14,ee6.2 + 2.3 + 1.7 fKa
GeV

n use the following data for averages, fits, limits, etc. ~ ~ ~~ ~ ~ We do not use e

98 BURCHAT 87 M cm =MRK2 Eee = 29 GeV6.1 +0.8 +0.9
97 99 RUCKSTUHL 86 DLCO Eceem —29 Gev7.6 +0.4 + 0.9 ' R UC

dent of BEHREND 90 B(3hv ) 1 neutra ) +IsBEHREND 90 value is not independent of BE
B(5-pro ng).

L measure the product of branching ra-

+003t tth t d Ig
Not independen6 nt of SCHMIDKE 86 h h h v an

s = + B 3- rong and current B(3-prong)'sR=B h h h v B3prong an97Value obtained using paper s
= 0.143.

inde endent of SCHMIDKE 86 value,BURCHAT 87 value is not indepen en o
d. Not independent of (3-prongrom & lvr are subtracted. o inContributions from kaons and from &

+ 07rp) and (3-prong + & 0~ ) values.

I (h h h+v~(ex. K ))/I tote~ (%)

I (h h h+v (ex. } x pa iceI article & 0 neutrals & OKezv ("1-pron
I ssl t/I ar2

tata
0.0221f )(I +I 5+I g+i 1p+I 13+ 15 ]9 2Q0. I +I +C +I 23+46 1/ =( 47+0. 97

0.6569C +0.4316I 37+0.708I gp+C24+ C26+0 300.6569I +0.6569I 32+0.6569I 34+ 35
0.085I 97)/I

EVTS DOCUMENTENT ID TECN COMMENTVALUE

~ 805+0.0008 OUR FIT Error includes sca le factor of 1.1.0.0805
d t for averages, fits, limits, etc. ~ ~ ~o ~ ~ We do not ususe the following a a

ee 9.4—10.6 GeVALBRECHT 93C ARG Ecm=0.063 4 0.001 + 0.004 7.5k

sr+ v = 6.8 + 0.1 + 0.5%. We add 0.5 + 0.3% to
k o ds the Iti I b 08613 th i

assumed value for B("1-prong').

I (h h h+ ve(ex. Ko —s sr+sr.Ke r h h h+ & 0 neutrals v~(ex. Kos ~ s+s

46/"43 —C47+ ' 970.0221 l ) /( I 47+ I 52+C6p+ I 61+ . gpI +0.285I p+0.9101I 97+
0.9101I )
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I (h h h+ & 1neutrals v (ex. Kos —s sr+sr })/l total
I 4g/f = (I 52+I 60+I 61+0.285( gp+0. 888I g7+0.9101I 98)/I

I 4g/r

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "fJka"
marks results used for the fit and the average.

VAL UE (%) EVTS DOCUMEN T ID TECN COMM EN T

4.88+0.11 OUR FIT Error includes scale factor of 1.2.
5.07+0.24 OUR AVERAGE
5.09 +0.104 0.23 avg 100 AKERS 95V OPAL 1991—1994 LEP runs

4.95+0,29+0.65 fka 570 DECAMP 92C ALEP 1989—1990 LEP runs

100Not independent of AKERS 9Sv Bfh h h+ ) 0 neutratsu fex. KS rr+rr ))
and B(h h h+ ) 0 neutralsv (ex. K ))/B(h h h+ ) 0 neutraisv (ex. KS
~+ ~ )) values.

I (h h h+treve)/I total
I 5p/f: (0.3431I 34+0.3431f 35+I 52+0.888I g7+0.0221 f 98)/I

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

444+0.09 OUR FIT Error includes scale factor of 1.1.
4.45+0.09+0.07 6.1k 101 BUSKULIC 96 ALEP LEP 1991—1993 data

BUSKULIC 96 quote B(h h h+sr v (ex. K )) = 4.30 6 0.09 + 0.09. We add 0.15
to remove their K correction and reduce the systematic error accordingly.

VAL UE EVTS

0.0341+0.0031 OUR FIT
0.034 +0.002 +0.003 668

DOCUMENT ID TECN COM MEN T

BORTOLETTO93 CLEO E = 10.6 GeV

r(h h h+2sov {ex.Ko,(u,n})/It 1 i

VAL UE DOCUMENT ID

0.10+0.04 OUR FIT

rso/I

I (h h h+ & 3trevv)/I total
VALUE (%) EVTS

0.11+0.06 OUR FIT
0.11+0.04+0.05 440

DOCUMENT ID TECN COMMEN T
rstlr

BUSKULIC 96 ALEP LEP 1991—1993 data

l (K h+h &Oneutrals v )/lt t, i

VALUE (%) CL% DOCUMENT ID

&0.6 90 AIH ARA

I (K sr+sr & 0 naut. v )/I total
VAL LIE (%) EVTS DOCUMENT ID

TECN COM MEN T

84C TPC Ec —29 GeV

TECN COMMENT

I sa/I

rsslr

I (h h h+2trov (ex.Ko})/I (h h h+ & Oneut. v {"3-prong")) fag/I 42
I 59/I 42 —(I 6p+0.236l gp+0. 888l 98)/(0.3431I 3p+0.3431I 32+0.3431I 34+
0.3431l 35+0.4508f 37+f 47+f 52+I 6(}+I61+0.285I 9(}+0.9101l 97+0.9101l g8)

I (h h h+ tro ve {ex.Ko))/I totai
I 51/I = (I 52+0.888l 97+0.0221I 98)/I

TECN COMM EN T

I (h h h+tr ve(ex. K rrd))/I total
VALUE (%) DOCUMENT ID

2.55+0.09 OUR FIT

VALUE ('%) EVTS DOCUMENT ID

4.25+0.09 OUR FIT Error includes scale factor of 1.1.
4,23+0,06+0.22 7.2k BAI EST 95C CLEO Ee 10.6 GeV

I 51/I

I 52/I

0.39+0'16 OUR AVERAGE Error includes scale factor of 1.5.

0.58+ ' + 0, 12—0.13 20 05 BAUER 94 TPC Eee = 29 GeV t
C fYI

0.22+ ' + 0 05—0.13 9 106 MILLS 85 DLCO E = 29 GeVcm=

We multiply 0.55'/0 by 0.20, the reiative systematic error quoted by BAUER 94, to obtain
the systematic error.
Error correlated with MILLS 85 (KKn v) value. We multiply 0.22% by 0.23, the relative
systematic error quoted by MILLS 85, to obtain obtain the systematic error.

I (h (psr)ov )/I (h h h+trev )
53/V50 = (r55+r56+F57)/750

rss/r50
I (K tr+K & Oneut. ve)/f «tat
VAL UE (%) CL/ DOCUMENT ID

&0.09 95 BAUER

TECN COM MEN T

94 TPC Ec —29 GeV

rsa/r

r((at(1260)h) v )/r(h h h+x v ) r54/rso
CL% DOCUMENT ID TECN

95 ALBRECHT 91D ARG

VAL UE COMM EN T

&0.44 Eceem 9.4—10.6 GeV

ALBRECHT 91D not independent of their I (h ~v )/f (h h h+n v (ex.K0)),
r(h per v )/I(h h h+~ v ), l(h p+h v )/l(h h h+vr v ),
and I (h p h+ v )/I (h h h+~ v„)values.

VALUE TECN COMMEN T

0.64+0.0760.03 91D ARG Ec —9,4—10.6 GeV

ALBRECHT 91D not independent of their I (h p+ h v )/I (h h h+ vr v ),
I (h p h+v )/I (h h h+vr v~), and f (h per v )/I (h h h+x v~)
va lues.

I (K K+tr &Oneut. v )/l total I ss/I
VAL UE (%) EV

0.15+ ' +0.03—0.07
102 We multiply 0.15% by 0.20, the relative systematic error quoted by BAUER 94, to obtain

the systematic error.

TS DOCUMENT ID TECN COMMENT

i4 BAUER 94 TPC Ec —29 GeV

I (K K+3 v )/I total
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

0.22+0 17+0.05—0.11 9 108 MILLS 85 DLCO E = 29 GeVcm=

Error correlated with MILLS 85 (Kvr~vr v) value. We multiply 0.22% by 0.23, the
relative systematic error quoted by MILLS 85, to obtain obtain the systematic error.

VAL UE

0.30+0.04+ 0.02
EVTS

393
DOCUMENT ID

ALBRECHT

I (h ptrove)/I (h h h+ trove)
TECN

91D ARG

rsslrso
COMMEN T

Eee 9 4 10.6 GeV

I (ptr ve) /rtotal
VAL UE

&3.5 x 10 4
CL%

90

I sr/r
DOCUMENT ID TECN COMMENT

ALBRECHT 95H ARG E = 9.4—10.6 GeV

VAL UE

0.10+0.03+0.04
EVTS

142

DOCUMENT ID

ALBRECHT

I (h p+h v~)/I (h h h+trove)
TECN

91D ARG

rsslrso
COMMENT

Eceem —9 4 10 6 GeV

I (K K+K &Oneut. v )/ltot, l

VAL UE (%) CL% DOCUMENT /D

&0.21 95 BAUER

TECN COMMENT

94 T C Eceme 29 GeV

rsalr

f (h p h+vv)/I (h h h+trev~) I sz/rso
VAL UE

0.26+0.05+0.01
EVTS DOCUMENT ID TECN COMMENT

370 ALBRECHT 91D ARG Eceem ——9.4—10.6 GeV

I (s K+3 & Oneut. v )/I total
VALUE(%) CL% DOCUMENT ID

&0.25 95 BAUER

TECN COMM EN T

94 TPC Eceme 29 GeV

rsg/r

[I (h p+ h vv) + l (It p h+v~)]/I (h It &+trove) (I 55+ray)/rso
VALUE EVTS DOCUMENT ID TECN COMMENT

0.33+0.0660.01 475 ALBRECHT 91D ARG Ee = 9.4—10.6 GeV

ALBRECHT 91D not independent of their I (h p+ h v )/I (h h h+~ v ) and

I (h p h+v )/I (h h h+~ v ) values.

r(e e e+ Ve V )/rtotal
VALUE (units 10 )

2.8+1.4+0.4
EVTS

r(p e e+vp )/rt«at

DOCUMENT ID

ALAM

TECN COMMENT

96 CLEO E = 10.6 GeV

I ro/r

I (h h h+2trov )/I total
I 58/f: (0.1077f 37+I 6p+0.236I gp+0. 888I 98)/f

VALUE (units 10 )

&3.6
CL%

90

DOCUMENT ID

ALAM

TECN COMMENT

96 CLEO E = 10.6 GeV

VAL UE (%)
0.52+0.05 OUR FIT

DOCUMENT ID
I (3h 2h+ & Oneutrals v~(ex. Kos —s tr tr+}("5-prong" ))/I ««t

C72/l = (I 73+I 74)/I
I ra/I

r(h- h- h+ 2~0 v, {~.Ko))/rt
I 59/I: ( I 60+0.236I 90+0.888I 98)/I

I sg/I

TECN COM M EN T

BUSKULIC 96 ALEP LEP 1991—1993 data

VALUE(%) EVTS DOCUMENT ID

0.51+0.05 OUR FIT
0.50+0.07+0.07 1.8k

VALUE(%) EVTS

0.097+0.007 OUR FIT
Os102+0.011 OUR AVERAGE

0.097+0.005 +0.011 419
0,26 +0.06 +0.05

010 +005 +003—0.04
0.102 k 0.029 13
0.16 +0.08 +0.04 4

DOCUMENT ID

GI BAUT

ACTON

DECAMP

BYLSMA

BURCHAT

TECN COM MEN T

94B CLEO Ec —10.6 GeV

92H OPAL E = 88.2—94.2 GeV

92C ALEP 1989—1990 LEP runs

87 HRS Ec = 29 GeV

85 MRK Eceme 29 GeV
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~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

0.16 +0.13 +0.04 BEHREND 89B CELL E = 14-47 GeV

0.3 +0.1 +0.2 BARTEL 85F JADE Eceem= 34.6 GeV

0.13 +0.04 10 BELTRAMI 85 HRS Rept. by BYLSMA 87
1.0 +0.4 10 BEHREND 82 CELL Repl. by BEHREND 89B

I (3h 2h+v~(ex. K0))/I total
VALUE (%) EVTS DOCUMENT ID

0.075+0.007 OUR FIT
0.073+0.008 OUR AVERAGE
0.080+0.011+0.013 58 BUSKULIC 96 ALEP
0.07760.005+0.009 295 GIBAUT 94B CLEO

0.064+0.023+0.01 12 ALBRECHT 88B ARG

0.051 +0.020 7 BYLSMA 87 HRS

~ ~ ~ We do not use the following data for averages, fits, limits,

0.067 +0.030 110 BELTRAMI 85 HRS

The error quoted is statistical only.

I 73/I
TECN COMM EN T

LEP 1991-1993data
Eceem= 10.6 GeV

Ece&~ —10 GeV

Eceem= 29 GeV

etc. ~ ~ o

Repl. by BYLSMA 87

I (3h 2h+srov {ex.Ko))/I tot I

VALUE (%) EVTS

0.022+0.005 OUR FIT
0.021+0.005 OUR AVERAGE
0.018+0.007 +0.012 18 BUSKULIC
0.019+ 0.004 +0.004 31 GIBAUT

0.051 +0.022 6 BYLSMA

~ ~ o We do not use the following data for averages,

0.067+ 0,030 5 BELTRAMI

The error quoted is statistical only.

DOCUMENT ID TECN COMMEN T

I 74/I

96 ALEP LEP 1991—1993 data
94B CLEO E = 10.6 GeV

87 HRS Eceem= 29 GeV

fits, limits, etc. ~ ~ ~

85 HRS Bcpl. by BYLSMA 87

[I (h h h+ & 1neutrals v ) i I (3h 2h+ & 0 neutrals v

(ex. Kos ~ sr rr+){"5-prong" })]/I total (r4e+r72)/r
(I 48+I 72)/l = (0.3431I 34+0.3431I 35+0.4507l 37+0.1177l 37+I 52+I 60+I 61+
I 73+I 74+0.29I gp+0. 888I 97+0.9101I g8)/I

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

5.21+0.11 OUR FIT Error includes scale factor of 1.2.
5.4 +0.5 OUR AVERAGE
5.05+ 0.29+ 0.65 570 DECAMP 92C ALEP 1989—1990 LEP runs

5.8 +0.7 +0.2 352 09 BEHREND 90 CELL Ec = 35 GeV

BEHREND 90 not independent of their l (h h h+ ) 1 neutralsv~)/I total measure-
ment ~

r(K'(892} v )/It reo/r
TECN COMM EN T

I (K'(892)o K & 0 neutrals v~)/I tot, l ret/r
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

0.3260.08+0.12 119 GOLDBERG 90 CLEO Eceme 9 4 109 GeV

I (K (892) K v~)/I total
VAL UE (%) EVTS

0.2060.05+0.04 47

rea/r
DOCUMENT ID TECN COMMENT

ALBRECHT 95H ARG E = 9.4—10,6 GeV

VALUE (%) EVTS DOCUMENT ID

1.28+0.08 OUR AVERAGE
1.39+0.09+0.10 BUSKULIC 96 ALEP LEP 1991—1993 data
1.11+0.12 115 COAN 96 CLEO Ee = 10.6 GeV

1.42+ 0.22 +0.09 ACCIARRI 95F L3 1991—1993 LEP runs

1.23+0,21 0 21 54 1 ALBRECHT 88L ARG Ecm= 10 GeV

1.9 +0,3 +0.4 44 118TSCHIRHART 88 HRS Eee 29 GeV

1.5 +0.4 +0.4 15 9 AIHARA 87c TPC Ec = 29 GeV

1.3 4 0.3 +0.3 31 YELTON 86 MRK2 Eceem= 29 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.45 + 0.13+0.11 273 BUSKULIC 94F ALEP Repl. by BUSKULIC 96
1.7 4 0.7 11 DORFAN 81 MRK2 E = 4 2 6 7 GeV

114Notindependentof BUSKULIC96B(n K v ) and B(K n v ) measurements.

Not independent of COAN 96 B(~ K v ) and BATTLE 94 B(K 7r v ) measure-

ments. K7r final states are consistent with and assumed to originate from K*(892)
production.
This result is obtained from their B(n Kov ) assuming all those decays originate in

K*(892) decays.
"The authors divide by C1/I = 0.865 to obtain this result.
8 Not independent of TSCHIRHART 88 I (~ ~ h K & 0 neutrals

0K
L v~ )/I (tota I).

Decay 7r identified in this experiment, is assumed in the others.
BUS KULIC 941 obtain this result from BUSKULIC 94F B(K n v ) and BUS K ULIC 946

IB(K m. v~) assuming all of those decays originate in K*(892) decays.

r(K'(892)- v, )/r(sr- sro v, ) rao/I 13
VAL UE DOCUMENT ID TECN COMMENT

0.07560.027 ABREU 94K DLPH LEP 1992 Z data t
ABREU 94K quote B(~ ~ K*(892) v~)B(K*(892) ~ K a )/B(T ~ p v~)
= 0.025 + 0.009. We divide by B(K*(892) ~ K vr ) = 0.333 to obtain this result.

r(3h 2h+2srov )/r„„,
VALUE (%) CL%

(0.011 90

DOCUMENT ID

GI BAUT

TECN COMM EN T

94B CLEO Ecm= 10.6 GeV

res/rI (K'(892)osr & 0 neutrals v )/I t t, i

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

0.38+0.1160.13 105 GOLDBERG 90 CLEO Eceme 9.4—10.9 GeV

r((str)- v )/r„„,
I-76/ —("26+&

(-37+ 60+ 73)/

I 76/I

I (4h 3h+ & 0 neutrals v ("7 prong"))/I -total
VALUE (%) CL% DOCUMENT ID

&0.019 90 BYLSMA

TECN COMMEN T

87 HRS Eceem= 29 GeV

I (K'(892) & 0(ho g Kog) ve)/I total

I 77/r

I 7e/I
VALUE (%)

1.94+0.27+0.15
EVTS

74

DOCUMENT ID

AKERS

TECN COM MEN T

946 OPAL Eceem= 88—94 GeV

I (K'(892) & 0 neutrals v„)/Itotal
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

1.33+0.13 OUR AVERAGE

1'19+0'15+0 18 104 ALBRECHT 95H ARG Ep = 9.4—10.6 GeV

1.43 2 0.1 1 +0.13 475 GOLDBERG 90 CLFO Ecm= 9.4—10.9 GeV

GOLDBERG 90 estimates that 10% of observed K*(892) are accompanied by a ~

r79/I

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "fItga"

marks results used for the fit and the average.
VALUE (%) DOC UM EN T ID TECN COMM EN T

0.33+0.07 OUR FIT
t0.61+0.06yp. p8 avg 112 GIBAU T 94B CLEO Eee 10.6 GeV

Not independent of GIBAUT 946 B(3h 2h+v ), PROCARIO 93 B(h 4n v ), and

BORTOLETTO 93 B(2h h+2n0 v )/B("3prong") measurements. Result is corrected
for 7) contributions.

I (K'(892)o ) /r, .„,
VALUE (%) EVTS

0.2560.1060.05 27

re4/r
DOCUMENT ID TECN COMMENT

ALBRECHT 95H ARG E = 9.4—10,6 GeV

I (Kt(1270) v )/I total I «/I
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

0.41+0 35+0.10 t5
1 2 BAUER 94 TPC Eee = 29 GeV

We multiply 0.41% by 0.25, the relative systematic error quoted by BAUER 94, to obtain
the systematic error.

I (Kt(1400) v ) /I total r«/r

[I (K (1270) v ) + I"(K (1400) v )]/I total (res+res)/r
VAL UE (%) EVTS DOCUMENT ID TECN COMMENT

1.17—0 37+0.29 t94 TPC Eee 29 GeV

We multiply 1.17% by 0.25, the relative systematic error quoted by BAUER 94, to obtain
the systematic error. Not independent of BALIER 94 B(K1(1270) v ) and BAUER 94

B(K1(1400) v~) measurements.

124 BAUER

I (K2(1430) v )/rtotai
VALUE ('/) CL% EVTS DOCUMENT ID TECN

(0.3 95 TSCHIRHART 88 HRS

~ ~ ~ We do not use the following data for averages, fits, limits, etc

&0.33 95 125 ACCIARRI 95F L3

&0.9 95 0 DORFAN 81 MRK2

ACCIARRI 95F quote B(~ ~ K (1430) ~ ~ K v )
B(K*(1430) ~ m- K ) = 0.33 to obtain the limit shown.

COMMENT

Eceem —29 GeV

I e7/I

~ ~ ~

1991—1993 LEP runs
Eee = 4.2—6.7 GeV

0.11%. We divide by

VALUE (%) DOCUMENT ID TECN COMMENT

0.76+0'33 60.20 IBAUER94 TPC Ecm = 29 GeV

We multiply 0.76% by 0.25, the relative systematic error quoted by BAUER 94, to obtain
the systematic error.
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I (ap(98O} & 0 neutrals v, )/I tot, l x B(all(980) ~ K K ) raa/r x e
VALUE

&28x 10 4
CL%

90

DOCUMENT ID TECN COMMENT

GOLDBERG 90 CLEO E = 9.4—10,9 GeV

r(rl~ vr)/rtotal
VALUE (units 10 ) CL% EVTS

1.4 95 0

~ ~ ~ We do not use the following data

DOCUMENT ID

BARTELT

for averages, fits,

TECN

96 CLEO

limits, etc. ~

I ag/I
COMM EN T

Eee~~ = 10.6 GeV

~ ~

3.4
& 90
&140

&180
&250

510 + 100+120

&100

95

95

90

95

90 0

65

ARTUSO

ALBRECHT

BEHREND

BARINGER

COFF MAN

DERRICK

GAN

92 C LEO

88M ARG

88 CELL

87 CLEO

87 MRK3

87 HRS

87B MRK2

Eceem —10.6 GeV

Eceme 10 GeV

Eceem= 14 46 8
GeV

Eceem= 10.5 GeV

Eceem —3.77 GeV

Eceem= 29 GeV

ceem 29 GeV

r(rlsr sov, )/r„t,l
VALUE (%)

0.171+0.028 OUR FIT
0.17 +0.02 +0.02

CL% EVTS

125

DOCUMENT ID

ARTUSO

TECN COMMEN T

I gp/I

92 CLEO Eceem — 10.6
GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.10 95

&2.10 95

4.20 + ' +1.60—1.20

Highly correlated with GAN 87

I (rlsr sr sr vs. )/r total

ALBRECHT 88 ARG Eceem 10
GeV

BARINGER 87 CLEO E = 10.5 GeV

GAN 87 MRK2 Ec —29 GeV

I (~ 3w v )/I (total) value.

I gt/I
VALUE(units 10 ) C'L %

4.3 95
~ o ~ We do not use the following

&120 95

r(nK v )lrtotal

DOCUMENT ID TECN

ARTUSO 92 CLEO

data for averages, fits, limits,

ALBRECHT 88M ARG

COMMEN T

Eceem —10.6 GeV

etc. ~ ~ ~

Eceem — 10 GeV

I ga/I
VAI UE(units 10 ~ CL% EVTS

2.6+0.5+0.5 85

DOCUMENT ID TECN COMMEIV T

Eceem —10.6 GeV

etc. ~ ~ ~

BARTELT 96 CLEO

~ ~ ~ We do not use the following data for averages, fits, limits,

&4.7 ARTUSO 92 CLEO Eceem —10.6 GeV

I (slat+sr sr & 0 neutrals v~)/I total
VALUE (%) CL% DOCUMEIVT ID

&0.3 90 ABACHI

TECN COMM EN T

87B HRS E = 29 GeV

I gs/I

r (r) sr sr vs. ) /I total
VALUE (units 10 ")
& 1.1

~ ~ ~ We do not use the

&83

CL og(

95
following

95

DOCUMENT ID TECN COMM EN T

ARTUSO 92 CLEO

data for averages, fits, limits,

ALBRECHT 88M ARG

Ece~ = 10,6 GeV

etc. o ~ ~

Ec = 10 GeV

I gs/I

r( n~f-r~ O)v/rtotal

VALUE (units 10 )

& 2.0

I gs/I
CL% DOCUMEIVT ID TECN COMM EN T

E," = 1P.6 GeV

etc. o ~ ~

ARTUSO 92 CLEO95
~ ~ ~ We do not use the following data for averages, fits, limits,

&90 95 ALBRECHT 88M ARG Ecee — 10 GeV

I (h uf & 0 neutrals v~)/l total
I 96/I = (I 97+ I 98)/I

I gs/I

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f8ca"
marks results used for the fit and the average.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

2.32+0.11 OUR FIT
1.65+0.3 +0.2 avg 1513 ALBRECHT 88M ARG E = 10 GeV

I (h fd vs. )/I total I gr/I
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f8&.a"
marks results used for the fit and the average.

VAL UE (%) EVTS DOCUMENT ID TECN COMMENT

1.91+0.09 OUR FIT
1.93+0.13 OUR AVERAGE

1.95+0.07+0.11 avg 2223 BALEST 95c CLEO Eee~ 10.6 GeV

1.60+0.27+0.41 f8ca 139 BARINGER 87 CLEO Eceem= 10.5 GeV

22 Not independent of BALEST 95C B(~ h u vz)/B(7 h h h+ n v~) value.

I (h psrpv~)+I (h p+h v~)+I (h p h+ve)+I (h ufvs. )]/
I (h h h+sro v~) (I ss+rss+I sr+I 97)/rso
VALUE CL% DOCUMENT ID TECN COMMENT

)0.81 95 ALBRECHT 91D ARG Ec = 94 106 GeV

ALBRECHT 91D not independent of their I (h ~ v ) /I (h h h+ n v (ex.K )),
C(h p2r v~)/I (h h h+a v ), I (h p+h v )/I (h h h+vr v ),
and I (h p h+v~)/f (h h h+sr v~) values.

I (h fdv, )/I (h h h+srov~(ex. KP))
I gj/I 51 —I 97/(I 52+0.888I 97+0.0221 I 98)

rgr/rst

DOCUMENT IDEVTS

r( h~~ ov)/r, .„,
VAL UE (%)
0.41+0.06 OUR FIT

DOCUMENT ID

I (h
—fdsrpv )/I (h

—
h h+ & Oneut. v ("3-prpng")) rga/I aa

I 98/I 42
—

I 98/(0. 3431I 3p+0.3431I 32+0.3431I 34+0.3431I 35+0.4508I 37+I 47+
I 52+C60+I 61+0.285l gp+0. 9101I"gj+0.9101I 98)

Data marked "avg" are highiy correlated with data appearing elsewhere in the Listings,
and are therefore used for the average given below but not in the overall fits. "f8ca"
marks results used for the fit and the average.

EVTS DOCUMENT ID TECN COMMENTVAL UE

0.028+0.004 OUR FIT
0.028+0.003+0.003 avg 430 BORTOLETTO93 CLEO Ec = 10,6 GeV

Not independent of BORTOLETTO 93 I (7- ~ h ~2r v )/I (7.

h h h+2x v (ex.K )) value.

I (h tusr v~)/I (h h h+2srov~(ex. KP))
I 98/I 59 —I 98/(I 60+0.236I gp+0. 888I 98)

r9a/rs9

VAL UE

0.81+0.08 OUR FIT
0.8160.06+0.06

r(e 7)/«otal

DOCUMENT ID TECN COMM EN T

BORTOLETTO 3 C LEO Eceme 10.6 GeV

rgg/r
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

&1.1 x 10 4 90 ABREU
~ ~ ~ We do not use the following data for averages,

&1.2 x 10 4 90 ALBRECHT

&2.0 x 10 4 90 KEH

&6.4 x 10 90 HAYES

I (p 7) /rtotal
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

& 0.42 x 10 90 BEAN

o ~ ~ We do not use the following data for averages,

& 6.2 x10 90 ABREU

& 34 xlp 90 ALBRECHT

&55 x 10 90 HAYES

r(e ~o)/«otal

TECN COMMENT

95u DLPH 1990—1993 LEP runs

fits, limits, etc. ~ ~ ~

92K ARG Eceem 10 GeV

88 CBAL Eceem 10 GeV

82 MRK2 Eceem= 3 8—6.8 GeV

I too/r

TECN COMMENT

93 CLEO Eceme 10.6 GeV

fits, limits, etc. ~ ~ ~

950 DLPH 1990—1993 LEP runs

92K ARG E = 10 GeV

82 MRK2 Eceem= 3 8—6.8 GeV

I 101/r
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

& 14x10 90 K EH

~ ~ ~ We do not use the following data for averages,

17 x 10 90 ALBRECHT

&210 x 10 90 HAYES

TECN COMM EN T

88 CBAL E = 10 GeV

fits limits etc ~ ~ ~

92K ARG Eceme 10 GeV

82 MRK2 Ec —3.8—6.8 GeV

r(p sr )/rtotal
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

& 4.4x10 90 ALBRECHT
~ o ~ We do not use the following data for averages,

&82 x 10 90 HAYES

rtoa/r

TECN COM MEN T

92K ARG E = 10 Gev
fits, limits, etc. ~ ~ o

82 MRK2 E = 38—6 8 GeV

VAL UE

0.448+0.019 OUR FIT
0.453+0.019 OUR AVERAGE
0.431+0.033 2350 BUSKULIC 96 ALEP LEP 1991—1993 data
0.464+0.016+0.017 2223 BALEST 95C CLEO E — 10.6 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.37 +0.05 +0.02 458 ALBRECHT 91D ARG E = 9.4—10.6 GeV

BUSKULIC 96 quote the fraction of ~ ~ h h h+2r v (ex. K ) decays which

originate in a h ~ final state = 0.383 4 0.029. We divide this by the ~(782) ~
~+a. ~0 branching fraction (0.888).
BALEST 95C quote the fraction of ~ ~ h h h+ vr v (ex. K ) decays which

originate in a h ~ final state equals 0.412 + 0.014 + 0.015. We divide this by the
cu(782) ~ x+ vr m branching fraction (0.888).
ALBRECHT 91D quote the fraction of ~ ~ h h h+ vr v decays which originate in

a vr ur final state equals 0.33+0,04+0.02. We divide this by the cu(782) ~ ~+~ n.

branching fraction (0.888).
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I (I4 K )/I toga(
Test of lepton family number

CL%VAL UE

&1.0 x 10 90

I (e K )/I totg
Test of lepton family number

VAL UE CL%

&1.3 x 10 90

conservation.
DOCUMENT ID

HAYES

conservation.
DOCUMENT ID

HAYES

rtos/r

TECN COMM EN T

82 MRK2 Eceem= 3 8—6.8 GeV

I toa/r

TECN COMM EN T

82 MRK2 Eceem= 3 8—6.8 GeV

I (e I4+I4 )/I totai
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

& 0.36 x 10 90 138 BARTEl T
o ~ ~ We do not use the following data for averages,

1.9 x 10 90 ALBRECHT

2.7 x 10 90 BOWCOCK

&33 x 10 90 HAYES

I 114/r

TECN COMMENT

94 CLEO Eeee~ —9.4—10.6 GeV

fits, limits, etc. ~ ~ ~

92K ARG Ec = 10 GeV

90 CLEO Eee = 10.4—10.9
82 MRK2 Eceme 3 8—6.8 GeV

r(e ti)lrtotai
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID TECN

& 6.3x10 90 ALBRECHT 92K ARG

~ ~ ~ We do not use the following data for averages, fits, limits,

&24 x 10 90 KEH 88 CBAL

r (I4 tI) /rtotai

COMMENT

Eceem —10 GeV

etc. ~ ~ ~

Eceem= 10 GeV

rtos/r

I 106/I

BARTELT 94 assume phase space decays.

r(e I4 I4 )/rtotai
Test of lepton number conservation.

VAL UE CL% DOCUMENT ID

&0.35 x 10 90 BARTELT

~ ~ ~ We do not use the following data for averages,

&1.8 x 10 90 ALBRECHT

&1.6 x 10 90 BOWCOCK

r115lr

TECN COMMENT

94 CLEO Eeee~ —9.4—10.6 GeV

fits, limits, etc. ~ ~ ~

92K ARG Ecm= 10 GeV

90 C LEO Eceme 10.4—10.9
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

&7.3 x 10 90 ALBRECHT

TECN COMMENT

92K ARG Eceem —10 GeV

BARTELT 94 assume phase space decays.

r (I4 e e ) /rt ot ai r116lr

r(e PO)/rtotai
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

& 0.42 x 10 90 BARTELT

e ~ ~ We do not use the following data for averages,

1.9 x 10 90 ALBRECHT

&37 x 10 90 HAYES

BARTELT 94 assume phase space decays.

r(I4 P )/rtotal
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

& 0.57 x 10 90 1 BARTELT

o o ~ We do not use the following data for averages,

& 2, 9 xlp 90 ALBRECHT

&44 x 10 90 HAYES

BARTELT 94 assume phase space decays.

I (e K (892) )/I toga(
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

&0.63 x 10 90 BARTELT

o ~ ~ We do not use the following data for averages,

&3.8 x 10 90 ALBRECHT

BARTELT 94 assume phase space decays.

r(I - K (ag2)o)/r, .„,
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

&0.94 x 10 136 BARTELT

o ~ ~ We do not use the following data for averages,

&4.5 x 10 90 ALBRECHT

BARTELT 94 assume phase space decays.

I (a' 'Y) /rtotai

r to2/r

TECN COMMEN T

94 CLEO Eeee —9.4—10.6 GeV

fits, limits, etc. ~ ~ ~

92K ARG Eceme —10 GeV

82 MR K2 Eceem —3.8—6.8 GeV

rtoo/r

TECN COM MEN T

94 CLEO EP~= 9.4—10.6 GeV

fits, limits, etc. ~ ~ ~

92K ARG Eceem —10 GeV

82 MRK2 Ec = 3.8—6.8 GeV

rtog/r

TECN COMM EN T

94 CLEO Eeee~ —9.4—10.6 GeV

fits, limits, etc. ~ ~ ~

92K ARG Eceem= 10 GeV

r1to/r

TECN COMM EN T

94 CLEO Eeee~= 9.4—16.6 GeV

fits, limits, etc. ~ ~ ~

92K ARG Ec —10 GeV

Test
VALUE

& 0.19 x
~ ~ ~ We

0.43 x

1.7 x

&49 x

of lepton family number conservation.
CL% DOCUMENT ID

1O-5 90 ALBRECHT

do not use the following data for averages,

10 90 '42 BARTELT
10-5 90 BOWCOCK

10 90 HAYES

BARTELT 94 assume phase space decays.

I (e el+et )/I toga1
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID

&0.44 x 10 9P BARTELT

e ~ ~ We do not use the following data for averages,

&2.7 x 10 90 ALBRECHT

&6.0 x 10 90 BOWCOCK

Test of lepton family number conservation.
VALUE CL% DOCUMENT ID

& 0.34 x 10 90 BARTELT
~ ~ ~ We do not use the following data for averages,

1.4 x 10 90 ALBRECHT

2.7 x 10 90 BOWCOCK

&44 x 10 90 HAYES

BARTELT 94 assume phase space decays.

r (I + 8- e-) /r«ta~
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID

&0.34 x 10 9p 141 BARTELT

~ ~ ~ We do not use the following data for averages,

&1.4 x 10 90 ALBRECHT

&1.6 x 10 90 BOWCOCK

BARTELT 94 assume phase space decays.

r(I4 I4 I4 ) /t rtoai

TECN COMMENT

94 CLEO Eee~~= 9.4—10.6 GeV

fits, limits, etc. ~ ~ ~

92K ARG Eceem —10 GeV

90 CLEO E = 104 109
82 MRK2 Ec = 38—68 GeV

TECN COMMENT

94 CLEO Ee~ —9.4—10.6 GeV

fits, limits, etc. ~ ~ ~

92K ARG E = 10 GeV

90 CLEO Eceem= 10 4 10 9

r118/r

TECN COM MEN T

92K ARG Eceem —10 GeV

fits, limits, etc. ~ ~ ~

94 CLEO E = 9.4—10.6 GeV

90 CLEO E = 10,4-10.9
82 MRK2 E = 3.8—6.8 GeV

rttg/r

TECN COMM EN T

94 CLEO Eee~~= 9.4—10.6 GeV

fits, limits, etc. o ~ ~

92K ARG Eceem = 10 GeV

90 CLEO Eceme 10 4 10 9

Test of lepton number conservation.
VAL UE CL% DOCUMEN T ID TECN COMM EN T

&28 x 10 90 ALBRECHT 92K ARG E = 10 GeV

rtt2/r

r115/r
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID

& 0.33 x 10 90 '» BAR TELT
~ ~ o We do not use the following data for averages,

1.3 x 10 90 ALBRECHT

2.7 x 10 90 BOWCOCK

&40 x 10 90 HAYES

BARTELT 94 assume phase space decays.

TECN COMMENT

94 CLEO E ~= 9.4—10.6 GeV

fits, limits, etc. ~ o ~

92K ARG Eceem —10 GeV

90 C L EO Ec —10.4—10.9
82 MRK2 Eceem= 3 8—6.8 GeV

r (8 eo) /rtotai
Test of lepton number conservation.

VAL UE CL%o DOCUMENT ID TECN COM M EN T

&37 x 10 90 ALBRECHT 92K ARG Ec —10 GeV

r(e e+e )/rtotai

BARTELT 94 assume phase space decays.

r(e+n —e )/rtota(
Test of lepton number conservation.

VALUE CL% DOCUMENT ID

&0.44 x 10 90 BARTELT

~ ~ ~ We do not use the following data for averages,

&1.8 x 10 90 ALBRECHT

&17 x10-5 90 BOWCOCK

BARTELT 94 assume phase space decays.

r(I e+~ )/rtotai
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

&0.74 x 10 90 45 BARTELT

~ ~ ~ We do not use the following data for averages,

&3.6 x 10 90 ALBRFCHT

&3.9 x 10 90 BOWCOCK

BARTELT 94 assume phase space decays.

rt2o/r

TECN COM MEN T

94 CLEO EP~= 9.4—1O.6 GeV

fits, limits, etc. o ~ ~

92K ARG Eceme 10 GeV

90 CLED Ee~ = 10.4—10.9

I 121/I

TECN COMM EN T

94 CLEO Ee~= 9.4—10.6 GeV

fits, limits, etc. ~ o ~

92K ARG E = 10 GeV

90 CLEO Eee = 10.4—10.9
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i(P+m e )/Ito"l
Test of lepton number conservation.

VAL UE CL% DOCUMENT ID

&0.69 x 10 90 146 BARTELT
~ ~ ~ We do not use the following data for averages,

&63 x 10 90 ALBRECHT

&3.9 x 10 90 BOWCOCK

BARTELT 94 assume phase space decays.

I(e @+K )/ftotal
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID

&0.77 x 10 90 147 BARTELT

~ o ~ We do not use the following data for averages,

&2.9 x 10 90 ALBRECHT

&5.8 x 10 90 BOWCOCK

r122/r

TECN COMMENT

94 CLEO Eee=9.4—10.6GeV
fits, limits, etc. ~ ~ ~

92K ARG E = 10 GeV

90 CLEO Eee = 10.4—10.9

rt33/r

TECN COMMENT

94 CLEO Eeee"=9.4—10.6GeV I
fits, limits, etc. ~ ~ ~

92K ARG Eceem 10 GeV

90 CLEO E = 10.4—10.9

I (P R'(892) )/I total
VALUE

&0.87 x 10
CL% DOCUMENT ID

90 154 BARTELT

TECN COMMEN T

94 C LEO Ecm —9.4—10.6 GeV

BARTELT 94 assume phase space decays.

I (8 lightboson)/I (e Pav ) rtss/rs
Test of lepton family number conservation ~

VALUE CL% DOCUMENT ID TECN COMMENT

&0.015 95 ALBRECHT 95' ARG E = 9.4—10.6 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.018 95 ALBRECHT 90E ARG E = 9.4—10.6 GeV

&0.040 95 BALTRUSAIT. .85 MRK3 Ecm ——3.77 GeV

ALBRECHT 956 limit holds for bosons with mass & 0.4 GeV. The limit rises to 0.036
for a mass of 1.0 GeV, then falls to 0.006 at the upper mass limit of 1 ~ 6 GeV.
ALBRECHT 90E limit applies for spinless boson with mass & 100 MeV, and rises to
0,050 for mass = 500 MeV.
BALTRUSAITIS 85 limit applies for spinless boson with mass & 100 MeV.

r„4/r
COMMENT

Eceeem= 9.4—10.6 GeV

etc. ~ ~ ~

Eee = 10.4—10.9

rtzs/r
Test of lepton number conservation.

VAL UE CL% DOCUMENT ID

(0.45 x 10 90 BARTELT
~ ~ ~ We do not use the following data for averages,

&2.0 x 10 90 ALBRECHT

&4.9 x 10 90 BOWCOCK

BARTELT 94 assume phase space decays.

r(p- ~+v-)/r„„,
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

& 0.87 x 10 90 BARTEI T
~ e ~ We do not use the following data for averages,

&11 x 10 90 ALBRECHT

7.7 x 10 90 BOWCOCK

BARTELT 94 assume phase space decays.

I(P m K+)lltotal

TECN COMMENT

94 CLEO Eee~ =9.4—10.6GeV
fits, limits, etc. ~ ~ ~

92K ARG E = 10 GeV

90 CLEO Eceem= 10 4 10 9

I 126/I

TEChl COMMENT

94 CLEO Eee~ —9.4—10.6GeV
fits, limits, etc. ~ ~ ~

2K ARG Eceem 10 GeV

90 C LEO Eceem = 10.4—10.9

BARTELT 94 assume phase space decays.

I(e ~ K+)/Itotal
Test of lepton family number conservation.

VAL UE CL% DOCUMENTID TECN

(0.46 x 10 90 BARTELT 94 CLEO

~ ~ ~ We do not use the following data for averages, fits, limits,

&58 x 10 90 BOWCOCK 90 CLEO

BARTELT 94 assume phase space decays.

I(8+m K )/Itotal

I(p lightboson)/I (8 vev) I 135/I 5
Test of lepton family number conservation ~

VALUE CL% DOCUMENT ID TECN COMMEN T

&0.026 95 ALBRECHT 95' ARG Ec —9.4—10.6 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.033 95 5 ALBRECHT 90E ARG E . = 9.4—10.6 GeV

&0.125 95 6 BALTRUSAIT. .85 MRK3 E = 3.77 GeV

ALBRECHT 95G limit holds for bosons with mass & 1.3 GeV. The limit rises to 0.034
for a mass of 1.4 GeV, then falls to 0.003 at the upper mass limit of 1.6 GeV.
ALBRECHT 90E limit applies for spinless boson with mass & 100 MeV, and rises to
0.071 for mass = 500 MeV.
BALTRUSAITIS 85 limit applies for spinless boson with mass & 100 MeV.

2d I'

dO dx

mr (1 —x)32
x 12 1 —x + p~ —x —8 +24gT

3 mT

32p( 8 4(1 —*)—+b—* —e) ). '

r-DE(CAY PARAMETERS

Neglecting radiative corrections and terms proportional to
mt/m. , the energy spectrum of the charged decay lepton E in

the w rest frame is given by

Test of lepton family number conservation.
VAL UE CL% DOCUMENT ID TECN

(1.5 x 10 90 151 BARTELT 94 CLEO

~ ~ ~ We do not use the following data for averages, fits, limits,

&7.7 x 10 90 BOWCOCK 90 CLEO

BARTELT 94 assume phase space decays.

r(p+ ~- x-)/r, .„,

BARTELT 94 assume phase space decays.

r (p7) lrtotal
Test of lepton number and baryon number conservation.

CL% DOCUMENT ID TECNVAL UE

&29 x 10 90 ALBRECHT 92K ARG

r(P& )/rtotal

Test of lepton number conservation.
VAL UE CL% DOCUMENT ID TECN

(2.0 x 10 90 152 BARTELT 94 CLEO

~ ~ ~ We do not use the following data for averages, fits, limits,

&5.8 x 10 90 ALBRECHT 92K ARG

&4.0 x 10 90 BOWCOCK 90 C LEO

COMMENT

Ecm —9.4—].0.6 GeV

etc. ~ ~ ~

Eceem
—10.4—10.9

I 128/I

COMMENT

Eeee" = 9.4—10.6 GeV

~ ~ ~

Ece~~= 10 GeV

E = 104-10 9

rt39/r

COMMENT

Eeem —10 GeV

rt30/r
1 dI'——= ft, (z)+P (~, gt, (z),I' dz

(2)

Here x = 2Et/mr is the scaled lepton energy, Pr is the w

polarization, and |II is the angle between the ~ spin and the
lepton momentum. With unpolarized v's or integrating over
the full 0 range, the spectrum depends only on p and
Measurements of the other two Michel parameters, (r and

b~, require polarized w's. The Standard Model predicitions for

pr, 'Ir, (r and 6r are —,0, 1 and —.Where possible, we give

seParately the Parameters for 7 —+ e vive and w ~ P v~vz,
to avoid assumptions about universality. Listings labelled "(e
or p)" contain either the results assuming lepton universality if
quoted by the experiments or repeat the results from the "e" or
"p" section.

Hadronic two-body decays w —+ v 6, h, = m, p, ap, . . . , can
under minimal assumptions be written

r(Pn) /rtotal
Test of lepton number and baryon number conservation.

CL %0 DOCUMEN T ID TECNVAL UE

&130 x 10 ALBRECHT 92K ARG90

I (e K'(892)0)/I total

COMMENT

Eceem —10 GeV

COMMENT

Ece~~ —10 GeV

I 131/r

I 132/I
VAL UE

&1.1 x 10
CL% DOCUMENT ID

90 BARTELT

TECN COMM EN T

94 CLEO Eceem= 9.4—10.6 GeV

BARTELT 94 assume phase space decays.

Test of lepton number and baryon number conservation.
VAL UE CL% DOCUMENT ID TECN

(66 x 10 90 ALBRECHT 92K ARG
where the kinematic functions ft„gt, and the definition of the
variable z depend on the spin of the hadron 6. For the simple
case 6 = vr, one has z = E /E, f(z) = 1, and g(z) = 2z —1.
The parameter (t„is predicted to be unity and can be identified
with twice the negative v helicity. Again (t, is listed, when
available, separately for each hadron and averaged over all
hadronic decays modes.
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p~(fa) PARAMETER
(V —A) theory predicts p = 0.75.

VALUE EVTS DOCUMENT ID

0.74 +0.04 OUR AVERAGE

0.693 2 0.057+ 0.028
0.76 4 0.07 + 0.08 3230

BUSKULIC
ALBRECHT

ALBRECHT

FORD

BEHRENDS

0.734+ 0.055 +0.027 3041

0.89 +0.14 + 0.08 1909
7270.81 +0.13

( (e or fa) PARAMETER

TECN COM M EN T

95D ALEP 1990—1992 LEP runs

93G ARG Ec —9.4—10.6 GeV

90E ARG E = 9.4—10.6 GeV

87B MAC E = 29 GeV

85 CLEO e+ e near T(4S)

(V —A) theory predicts (c = 1.
VALUE EVTS TECN COMM EN T

1.03+0.12 OUR AVERAGE

0.97 +0.14 ALBRECHT 95C ARG Ecm= 9.5—10,6 GeV

1.18+0.15+0.16 BUSKULIC 95D ALEP 1990—1992 LEP runs

e ~ ~ We do not use the following data for averages, fits, limits, etc. e e ~

0.90+ 0.156 0.10 3230 6 A LBR ECHT 93G ARG Ec —g, 4—10.6 GeV

Combined fit to ARGUS tau decay parameter measuremerlts in ALBRECHT 95C, AL-

BRECHT 93G, and ALBRECHT 94E. ALBRECHT 95C uses events of the type T T+ ~
(l vg v ) ( h+ h h+ v ) and their charged conjugates.

ALBRECHT 93G measurement determines ~(T~ for the case (T(e) = (T(p), but the
authors point out that other LEP experiments determine the sign to be positive.

DOCUMENT ID

(e(e) PARAMETER
(V —A) theory predicts ( = l.

VALUE DOCUMENT ID TECN COMMENT

1.03+0.23+0.09 BUSKULIC 95D ALEP 1990—1992 LEP runs

P(fa) PARAMETER
( V —A) theory predicts ( = 1.

VALUE DOC UM EN T ID TECN COM MEN T

1.23+0.22 +0.10 BUSKULIC 95D ALEP 1990—1992 LEP runs

rf (e or fa) PARAMETER
( V —A) theory predicts g = 0.

VALUE EVTS
—0.01+0.14 OUR AVERAGE

0.03+ 0.18+0.12 8.2k

—0.04+ 0, 15+0.11

DOCUMENT ID TECN COMM EN T

ALBRECHT 95 ARG Eceem= 9 5 10 6 GeV

BUSKULIC 95D ALEP 1990—1992 LEP runs

r)7(fa) PARAMETER
(V —A) theory predicts 7) = 0.

VALUE DOCUMENT ID TECN COMMENT

—0.24+0.23+0.18 BUSKULIC 95D ALEP 1990—1992 LEP runs

p~(e or fa) PARAMETER
( V —A) theory predicts p = 0.75.

VALUE EVTS DOCUMEN T ID TECN COMM EN T

0.742+0.027 OUR AVERAGE

0.738+0.038 161 ALBRECHT 95C ARG E = 9.5—10.6 GeV

0.751 + 0.039+0.022 BUSKULIC 95D ALEP 1990-1992 LEP runs

0.79 +0.10 +0.10 3732 FORD 878 MAC Eceem= 29 GeV

0.71 +0.09 +0.03 1426 BEHRENDS 85 CLEO e+ e near T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.732+0.034+0.020 8.2k 6 ALBRECHT 95 ARG Eee = 9.5—10.6 GeV

0.742+0,035+0.020 8000 ALBRECHT 90E ARG Eceem= 9.4—10.6 GeV

Combined fit to ARGUS tau decay parameter measurements in ALBRECHT 95c, AL-
BRECHT 93G, and ALBRECHT 94E.
Value is from a simultaneous fit for the p and TI decay parameters to the lepton energy

spectrum. Not independent of ALBRECHT 90E p (e or p) value which assumes r) =0.
Result is strongly correlated with ALBRECHT 95C.

la~(e) PARAMETER
(V —A) theory predicts p = 0.75.

VALLIE EVTS DOCUMENT ID TECN COM M EN T

0.736+0.028 OUR AVERAGE

0.735+0.036+0.020 4 7k 1 AL.BRECHT 95 ARG Ec 9.5—lb.—6 GeV

0.793+0.050 +0.025 BUSKULIC 950 ALEP 1990—1992 LEP runs

0.7g +0.08 +0.06 3230 164 ALBRECHT 93G ARG Eee 9 4—10,6 GeV

0.64 +0.06 +0.07 2753 JANSSEN 89 CBAL Eceem= 94—10.6 GeV

0.62 +0.17 +0.14 1823 FORD 878 MAC E = 29 GeV

0.60 +0.13 699 BEHRENDS 85 CLEO e+ e near T(45)
0.72 +0.10 +0.11 594 BACINO 79B DLCO E = 3.5—7.4 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e e ~

0.747+0.045+0.028 5106 ALBRECHT 90E ARG Repl. by ALBRECHT 95

ALBRECHT 95 use tau Pair events of the tyPe n r+ (f vf vc)
(h+ h h+(7r ) v ) and their charged conjugates.

ALBRECHT 930 use tau Pair events of the tyPe c v+ (P, v v ) (e+vsv ) and

their charged conjugates.

(6'Ie)~(e or fa) PARAMETER
(V—A) theory predicts (6() = 0.75.

VALUE DOC UMEN T ID TECN COMMEN T

0.76+0.11 OUR AVERAGE Error includes scale factor of 1.3.
0.65+ 0.12 167 ALBRECHT 95& ARG ~ee 9 5 lp. 6 GeV

0.88 +0.11k 0.07 BUSKULIC 95D ALEP 1990—1992 LEP runs

Combined fit to ARGUS tau decay parameter measurements in ALBRECHT 95c, AL-

BRECHT 93G, and ALBRECHT 94E. ALBRECHT 95C uses events of the type T T

(E vg v ) (h+ h h+ v ) and their charged conjugates.

(d() (e) PARAMETER
(V—A) theory predicts (b() = 0.75.

VALUE DOCUMEN T ID TECN COM MEN T

1.11+0.1740.07 BUSKULIC 95D ALEP 1990—1992 LEP runs

(6'()7(fa) PARAMETER
(V—A) theory predicts (6() = 0.75.

VALUE DOCUMENT ID TECN COM MEN T

0.7160.1460.06 BUSKULIC 95D ALEP 1990—1992 LEP runs

Ice(sr) PARAMETER
(V—A) theory predicts (T(~) = 1.

VAL UE DOCUMENT ID TECN COMMENT

0.987+0.057+0.027 BUSKULIC 95D ALEP 1990—1992 LEP runs

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

0.95 4 0.11 + 0.05 8 BUSKULIC 94D ALEP 1990+1991LEP run

Superseded by BUSKULIC 95D.

( (p) PARAMETER
(V—A) theory predicts (T(p) = l.

VALUE DOCUMENT ID TECN COMMENT

1.045+0.058+0.032 BUSKULIC 95D ALEP 1990—1992 LEP runs

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e e ~

1.03 4 0.11 +0.05 BUS K U L I C 94D A L EP 1990+1991LE P run

Superseded by BUSKULIC 95D.

Ice(at) PARAMETER
(V—A) theory predicts (T(al) = l.

VAL UE EVTS DOCUMENT ID TECN COMMENT

1.01 +0.04 OUR AVERAGE

1.08 + ' + ' 2.6k AKERS 95P OPAL 1992 + 1993 runs i—0.41 —0.25
1.017+0.039 ALBRECHT 95C ARG Eceem= 9.5—10.6 GeV I
0.937+0.116+0.064 BLISKULIC 950 ALEP 1990—1992 LEP runs

e ~ e We do not use the following data for averages, fits, limits, etc. e ~ ~

1.022+0.028+0.030 1.7k ALBRECHT 945 ARG E = 9.4—10.6 GeV

1.25 +0,23 0 08 7 5k ALBRECHT 93c ARG Ec~= 9 4-10 6 GeV

AKERS 95P obtain this result with a model independent fit to the hadronic structure
functions. Fitting with the model of Kuhn and Santamaria (ZPHY C48, 445 (1990))
gives 0.87 + 0.27+0 06, and with the model of of Isgur eral (PR DS9, 1357 (1989.))
they obtain 1.10 + 0 ~

31+p'14.
ALBRECHT 94E measure the square of this quantity and use the sign determined by
ALBRECHT gpl to obtain the quoted result. Replaced by ALBRECHT 95c.

TECN COM MEN T

( (all hadroitic modes) PARAMETER
(V —A) theory predicts (T = 1.

VALUE EVTS DOCUMENT ID

1.011+0.027 OUR AVERAGE

0'4 1
+0'25 2,6k A K ERS 95P OPAL 1992 + 1993 runs I

1.017+0.039 ALBRECHT 95c ARG E = 9.5—10.6 GeV

1.006+0.032+0,019 BUSKULIC 95D ALEP 1990—1992 LEP runs

e ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.022+0.028+0, 030 1.7k ALBRECHT 94E ARG E = 9.4—10.6 GeV

0.99 +0.07 +0.04 BUSKULIC 94D ALEP 1990+1991 LEP run

1.25 +0.23 +p p8 7.5k ALBRECHT 93C ARG E = 9.4—10.6 GeV

AKERS 95P use T ~ a] vT decays.

Combined fit to ARGLIS tau decay parameter measurements in ALBRECHT 95C, AL-
BRECHT 93G, and ALBRECHT 94E.

174 BUSKULIC 95D uSe T ~ ~vT, T ~ pvT, and T al vT deCayS.

ALBRECHT 94E measure the square of this quantity and use the sign determined by
ALBRECHT 90) to obtain the quoted result. Uses T ~ al v decays. Replaced by
ALBRECHT 95C.
BUSKULIC 94~ use c — a v and r pv decays. Superseded by BUSKULIC 950.
Uses T ~ al vT decays. Replaced by ALBRECHT 95C.
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ABREU
ALAM
ALEXANDER
ALEXANDER
BAI
BARTELT
BUSKULIC

C ER N- P P E /'95-1
BUSKULIC 968
BUSKULIC 96C
COAN 96
ABE 95Y
ABREU 95T
ABREU 95U
ACCIARRI 95
ACCIARRI 95F
AKERS 95F
AKERS 95I
A KERS 95P
AKERS 95Y
ALBRECHT 95
ALBRECHT 95C
ALBRECHT 95G
ALBRECHT 95H
BALEST 95C
BUSKULIC 95C
BUSKULIC 95D

Also 95P
ABREU 94K
AKERS 94E
AKERS 94G
ALBRECHT 94E
ARTUSO 94
BARTELT 94
BATTLE 94
BAUER 94
BUSKULIC 94D
BUSKULIC 94E
BUSKULIC 94F
GIBAUT 948
A DR I A Nl 93M
ALBRECHT 93C
ALBRECHT 93G
BA LEST 93
BEAN 93
BORTOLETTO 93
ESCRIBANO 93
PROCARIO 93
WASSERBAECH93
ABREU 92N
AC TON 92F
ACTON 92H
AKERIB 92

Also 938
ALBRECHT 92D
ALBRECHT 92K
ALBRECHT 92M
ALBRECHT 92Q
AMMAR 92
ARTUSO 92
BAI 92
BATTLE 92
BUSKULIC 92J
DECA MP 92C
ADEVA 91F
ALBRECHT 91D
ALEXANDER 91D
ANTREASYAN 91
GRIFOLS 91
SAMUEL 918

Also 928
Erratum.

ABACHI
ALBRECHT
ALBRECHT
BEHREND
BOWCOCK
DELAGUILA
GOLDBERG
WU
ABACHf
BEHREND

v REFERENCES

PL 8365 448
PRL 76 2637
P L 8369 163
PL 8373 341
PR D53 20
PRL 76 4119
ZPHY C (to be

40
pub l.)

+Adam, Adye, Agasi+
+Kim, Ling, Mahmood, O'Neill+
+Allison, Altekamp, Ametewee+
+Allison, Altekarnp, Ametewee+
+Bardon, Becker-Szendy, Blum+
+Csorna, Jain, Marka+
+Casper, De Bonis, Decamp+

(DELPHI Collab. )
(CLED Collab. )
(OPAL Collab. )
(OPAL Collab, )

(BES Collab. )
(CLEO Collab. )

(ALEPH Collab. )

+Casper, De Bonis, Decamp+
+Casper, De Bonis, Decamp+
+Dominick, Fadeyev, Korolkov+
+Abt, Ahn, Akagi, Allen+
+Adam, Adye, Agasi, Ajinenko+
+Adam, Adye, Agasi, Ajinenko+
+Adam, Adriani, Aguilar-Benitez+
+Adam, Adriani, Aguilar-Benitez+
+Alexander, Allison, Ametewee+
+Alexander, Allison, Ametewee+
+Alexander, Allison, Ametewee+
+Alexander, Allison, Altekamp+
+Hamacher, Hofmann, Kirchhoff+
+Hamacher, Hofmann, Kirchoff+
+Harnacher, Hofmann, Kirchhoff+
+Hamacher, Hofm ann, Kirchhoff+
+Cho, Ford, Lohner+
+Casper, De Bonis, Decamp+
+Casper, De Bonis, Decamp+

ZPHY C70 549
ZPHY C70 561
P R D53 6037
PR D52 4828
PL 8357 715
PL 8359 411
PL 8345 93
PL 8352 487
ZPHY C66 31
ZPHY C66 543
ZPHY C67 45
ZPHY C68 555
PL 8341 441
P L 8349 576
ZPHY C68 25
ZPHY C68 215
PRL 75 3809
PL 8346 371
PL 8346 379
PL 8363 265 er
PL 8334 435
PL 832S 207
PL 8339 278
P L 8337 383
PRL 72 3762
PRL 73 1890
PRL 73 1079
PR D50 R13
PL 8321 168
PL 8332 209
PL 8332 219
PRL 73 934
PRPL 236 1
ZPHY C58 61
PL 8316 608
P R D47 R3671
PRL 70 138
PRL 71 1791
PL 8301 419
PRL 70 1207
P R D48 4216
ZPHY C55 555
PL 8281 405
PL 8288 373
PRL 69 3610
PRL 71 3395 (e
ZPHY C53 367
ZPHY C55 179
PL 8292 221
ZPHY C56 339
P R D45 3976
PRL 69 3278
PRL 69 3021
PL 8291 488
PL 8297 459
ZPHY C54 211
PL 8265 451
PL 8260 259
PL 8266 201
PL 8259 216
P I 8255 611
PRL 67 668
PRL 69 995

(ALEPH Collab. )
(ALEPH Collab. )

(CLEO Collab. )
(SLD Collab. )

(DELPHI Collab. )
(DELPHI Collab. )

(L3 Collab. )
(L3 Collab. )

(OPAL Collab. )
(OPAL Collab. )
(OPAL Collab. )
(OPAL Collab. )

(ARGUS Collab. )
(ARGUS Collab, )
(ARGUS Collab. )
(ARGUS Collab, )

(CLEO Collab. )
(A LE P H Cof la b. )
(ALEPH Collab. )

ratum
(DELPHI Collab. )

(OPAL Collab, )
(OPAL Collab, )

(ARGUS Collab, )
(CLEO Collab. )
(CLEO Collab. )
(CLEO Collab. )

+Adam, Adye, Agasi+
+Alexander, Allison, Anderson+
+Alexander, Allison, Anderson+
+Hamacher, Hofmann+
+Goldberg, He, Horwitz+
+Csorna, Egyed, Jain+
+Ernst, Kwon, Roberts+
+Belcinski, Berg, Bingham+
+De Bonis, Decamp, Ghez+
+Casper, De Bonis, Decamp+
+Casper, De Bonis, Decamp+
+Kinoshita, Barish, Chadha+
+Aguilar-Benitez, Ahlen, Alcaraz, A
+Ehrlichmann, Hamacher+
pEhrfichmann, Hamacher+
+Daoudi, Ford, Johnson+
+Gronberg, Kutschke+
+Brown, Fast, Mcllwain+
+ Masso
+Yang, Balest, Cho+

(TPC/2garnma Collab. )
(ALEPH Collab. )
(ALEPH Collab. )
(A LE P H Col la b. }

(CLEO Collab. )
(L3 Collab. )loisio+

(ARGUS Co!lab. )
(ARGUS Collab. )

(C LEO Col fa b. )
(CLEO Collab, )
(CLEO Collab. )

(BARC)
(CLEO Collab, )

(FSUSC)
(DELPHI Collab. )+Adam, Adye, Agasi+

+Alexander, Allison, Allport+
+Allison, Aflport+
+Barish, Chadha, Cowen+

rraturn) Akerib, Barish, Chadha, Cowen+

(OPAL Collab. )
(OPAL Collab. )
(CLEO Collab. )
(CLEO Collab. )

(ARGUS Collab, )

(CLEO Collab, )
(CLEO Collab. )

(BES Collab. )
(C L EO Col la b. )

(ALEPH Collab. )
(ALEPH Colfab. )

(L3 Collab. )
(ARGUS Collab. )

(OPAL Collab. )
(Crystal Ball Collab, )

(BARC}
(OKSU, WONT)
(0K 5 U, WO N T)

P R D41 1414
P L 8246 278
PL 8250 164
ZPHY C46 537
P R D41 805
PL 8252 116
P L 8251 223
PR D41 2339
PR D4Q 902
PL 8222 163

+Derrick, Kooijman, Musgrave+
+Ehrlichmann, Harder, Krueger+
+Ehrlichmann, Harder, Krueger+
+C riegee, Field, Fr a nke+
+Kinoshita, Pipkin, Procario-+
+Sher
+Haupt, Horwitz, Jain+
+Hayes, Perl, Barklow+
+Derrick, Kooijman, Musgrave+
+Criegee, Dainton, Field, Franke+

(HRS Collab. )
(ARGUS Collab. )
(ARGUS Collab. )
(CELLO Collab. )

(C LEO Colla b. )
(BARC, WILL)
(C L EO Col la b. )

(Mark II Coifab. )
(HRS Coliab, )

(CELLO Collab. )

y Ehrlichm ann, Ham ac her+
+Ehrlichmann, Hamacher, Krueger+
+Ehrlichrnann, Hamacher, Hofrnann+ (ARGUS Collab. )
+Ehrlichrnann, Hamacher+ (ARGUS Collab, )
+Baringer, Coppage, Davis+
+Goldberg, Horwitz, Kennett+
+Bardon, Becker-Szendy, Burnett+
+Ernst, Kroha, Roberts+
+Decamp, Goy, Lees+
+Deschizeaux, Goy, Lees+
+Adriani, Aguilar-Benitez, Akbari+
+Ehrlichmann, Hamacher, Krueger+
+Allison, Allport, Anderson+
+Bartels, Besset, Bieler+
+Mendez
+Li Mendel

Sa m u el, Li, M end el

JANSSEN
KLEINWORT
A DEVA

ALBRECHT
ALBRECHT
ALBRECHT
A MIDEI
BEHREND
BRAUNSCH. ..
KEH
TSCHIRHART
ABACHI
ABACHI
ADLER
A I HARA

AIHARA
ALBRECHT
ALBRECHT
BAND
BAND
BARINGER
BEBEK
BURCHAT
BYLSMA
COFFMAN
DERRICK
FORD
FORD
GAN
GAN
AIHARA
BARTEL
PDG
RUCKSTUHL
SCHMIDKE
YE LTO N

ALTHOFF
ASH
BA LTR USA IT.
BARTEL
BEHRENDS
BELTRAMI
BERGER
BURCHAT
FERNANDEZ
MILLS
AIHARA
BEHREND
MILLS
BEHREND
SILVERMAN
BEHREND
BLOCKER
BLOCKER
FORD
HAYES
BERGER
DORFAN
BRANDELIK
ZHOLENTZ

Also

BAC INO
KIRK BY

Batavia L

BAC I NO
Also
Also

BRANDELIK
FELDMAN
HEILE
JAROS
PERL

WEINSTEIN
PERL
PICH
BARISH
GAN
HAYES
PERL

89
89
88
888
SSL
SSM
88
8S
SSC
88
88
878
87C
878
878
87C
87L
87P
87
878
87
87C
87
87
87
87
87
878
87
878
86E
86D
86
86
86
86
85
858
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Heavy Charged Lepton Searches

Charged Heavy Lepton MASS LIMITS

3 STOKER

Sequential Charged Heavy Lepton (L+} MASS LIMITS
These experiments assumed that a fourth generation L+ decayed to a fourth generation

vL (or L ) where vL was stable. New data show that stable vL have m & 42.7
vL

GeV so that the above assumption is not valid for any mass limit & 42.7 GeV. One can
instead assume that L decays via mixing to ve, v and/or v~, and in that context
the limits below are meaningful.

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

&42.8 95 ADEVA 90S L3 Dirac
&44.3 95 AKRAWY 90G OPAL
&42.7 95 DECAMP 90F ALEP

e ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

none 10-225 t AHMED 94 CNTR Hl Collab. at HERA
none 12.6-29.6 95 K IM 91B AMY Massless v assumed
none 0.5-10 95 R IL ES 90 MRK2 For (mL —mL0) &

0.25—0.4 GeV) 8 89 MRK2 For (mL+ —mL0)= 0.4
GeV

&12 STOKER 89 MRK2 For mL0
—0.9 GeV

none 18.4-27.6 95 4 ABE 88 VNS
&25.5 95 ADACHI 88B TOPZ

none 1.5-22.0 95 BEHREND 88C CELL
&41 90 ALBAJAR 87B UA1
&22.5 95 A DEVA 85 MRK J)18.0 95 8 BARTEI 83 JADE

none 4—14.5 95 BERGER 81B PLUT
&15.5 95 BRANDELIK 81 TASS)13. 11 AZIMOV 80
&16. 95 12 BARBER 80B CNTR
& 0.490 13 ROTHE 69 RVUE

The AHMED 94 limits are from a search for neutral and charged sequential heavy leptons
at HERA via the decay channels L ~ ep, L ~ v W, L ~ e Z; and L ~ vp,
Ltl ~ e W+, L rrZ, where the W decays to E t, orrrto jets, and Z decays to
e+ e

—
or jets.

RILES 90 limits were the result of a special analysis of the data in the case where the mass
difference mL —mL0 was allowed to be quite small, where L denotes the neutrino0

into which the sequential charged lepton decays. With a slightly reduced m + range,
the mass difference extends to about 4 GeV.

3STOKER 89 {Mark II at PEP) gives bounds on charged heavy lepton {L+) mass for

the generalized case in which the corresponding neutral heavy lepton (L ) in the SU(2)
doublet is not of negligible mass.

4ABE 88 search for L+ and L ~ hadrons looking for acoplanar jets. The bound is
valid for mv & 10 GeV.

5 ADACHI 88B search for hadronic decays giving acoplanar events with large missing energy.
Ecm~~ —52 GeV.

Assumes associated neutrino is approximately massless.
7 ADEVA 85 analyze one-isolated-muon data and sensitive to 7 &10 nanosec. Assume

B(lepton) = 0.30. Ecm = 40—47 GeV.

BARTEL 83 limit is from PETRA e+e experiment with average Ecm —34.2 GeV.
9 BERGER 81B is DESY DORIS and PETRA experiment. Looking for e+ e ~ L+ L

BRANDELIK 81 is DESY-PETRA experiment. Looking for e+ e ~ L+ L

AZIMOV 80 estimated probabilities for M + N type events in e+ e ~ L+ L deducing
semi-hadronic decay multiplicities of L from e+ e annihilation data at Ecm =—(2/3)mL.
Obtained above limit comparing these with e+ e data (BRANDELIK 80).
BARBER 80B looked for e+ e ~ L+ L, L ~ v+LX with MARK-J at DESY-PETRA.

13 ROTHE 69 examines previous data on p pair production and n and K decays.

Doubly-Charged Heavy Lepton MASS LIMITS
VAL UE (GeV) CL% DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

none 1—9 GeV 90 CLARK 81 SPEC

CLARK 81 is FNAL experiment with 209 GeV muons. Bounds apply to pP which
couples with full weak strength to muon. See also section on "Doubly-Charged Lepton
Produciton Cross Section. "

Doubly-Charged Lepton Production Cross Section
(Is N Scattering)

VALUE (cm2) EVTS DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6. x 10 0 19 CLARK 81 SPEC ++
CLARK 81 is FNAL experiment with 209 GeV muon. Looked for p+ nucleon ~ ILLPX,

~p, ~ It+ p v and p+ n ~ p,+ X p + ~ 2p+ v . Above limits are for crxBRP P P ' P P'
taken from their mass-dependence plot figure 2.

REFERENCES FOR Heavy Charged Lepton Searches
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Stable Charged Heavy Lepton (L+} MASS LIMITS
VAL UE (GeV) CL% DOCUMENT ID TECN

)42.S (CL = 95%) OUR LIMIT

&28.2 95 ADACHI 90C TOPZ
none 18.5-42.8 95 AKRAWY 900 OPAL
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

&26.5 95 DECAMP 90F ALEP
none m -36.3 95 SODERSTROM90 MRK2

ADACHI 90C put lower limits on the mass of stable charged particles with electric charge
Q satisying 2/3 & q/e & 4/3 and with spin 0 or 1/2. We list here the special case for
a stable charged heavy lepton.

Charged Long-Lived Heavy Lepton MASS LIMITS
VAL UE (GeV) EVTS DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&0.1 0 ANSORGE 73B HBC — Long-lived
none 0.55-4.5 BUSHNIN 73 CNTR — Long-lived
none 0.2-0.92 BARNA 68 CNTR — Long-lived
none 0.97-1.03 BARNA 68 CNTR — Long-lived

5ANSORGE 73B looks for electron pair production and electron-like Bremsstrahlung.
BUSHNIN 73 is SERPUKOV 70 GeV p experiment. Masses assume mean life above
7 x 10 and 3 x 10 respectively. Calculated from cross section (see "Charged
Quasi-Stable Lepton Production Differential Cross Section" below) and 30 GeV muon
pair production data.
BARNA 68 is SLAC photoproduction experiment.

PERL 81 SLAC-PUB-2752
Physics in Collision Conference.

(SLAC)
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NEUTRINOS

(by R.E. Shrock, State Univ. of New York, Stony Brook)

In addition to the v„v&, and vr sections, the Review of
Particle Physics includes sections on "Number of Light Neutrino

Types, " "Heavy Lepton Searches, " and "Searches for Massive

Neutrinos and Lepton Mixing. "
Neutrino experiments are notoriously difFicult, owing to the

basic property that neutrinos are neutral, weakly interacting
particles. Over the years, many experimental claims pertaining
to neutrino properties have been refuted by subsequent data.
The Review of Particle Physics is an archival compendium

which includes references to older papers, even experimental
claims which have now been ruled out. It will be clear from the
various listings which experiments have later been refuted.

In view of the continuing unsettled nature of data per-

taining to various neutrino properties, it is perhaps well to
record some of the definite accomplishments in the history of
the subject. Neutrinos were first proposed in 1930 by Pauli,
to explain the observed continuous electron energy distribution
in nuclear beta decay [1].Tentative evidence for the observa-

tion of the electron (anti)neutrino was reported in 1953, and

definite evidence in 1956, by Cowan, Reines, and coworkers,

using the reaction v,p —+ e+n with v, 's from reactor fluxes [2].
The separate identity of v, and v& was demonstrated exper-
iment, ally in 1962 by Lederman, Schwartz, Steinberger, and

coworkers in a Brookhaven experiment [3). Neutrinos from the
sun were first observed by R. Davis and coworkers via the
reaction v, Cl ~ e Ar, using an underground radiochem-
ical experiment (which began operation in the late 1960's) in

the Homestake Gold Mine [4]. Although we tabulate here only

experiments with results pertaining to neutrino properties, it
should be recalled that neutrino reactions played a crucial role

in confirming the now-Standard Model when in 1973 neutral

weak currents were first observed by the CERN Gargamelle

bubble chamber experiment via the reactions v&e —+ v&e and

v&(v&, ) + N —+ v„(v„)hudrons [6]. Neutrino reactions have also

provided an important input to the measurement of the weak

mixing angle 0~. The discovery of the ~ lepton by Perl et at. at
SPEAR in 1975 and the study of its decay implied the existence
of the third neutrino, vr [7]. The precise measurement of the
width of the Z at LEP and SLC has shown that there are only
three species of neutrinos (in the usual electroweak doublets)
with masses ( mz/2 [8].

The theoretical perspective concerning neutrino masses has

changed considerably over the past 20 years. Before that time,
a standard view was that there was no theoretical reason for

neutrinos to have masses, which was in accord with the striking
fact that the upper limits on their masses were much smaller

than those of the associated charged leptons. It was also noted
that experimental data were consistent with the "laws" of lep-
ton family number and total lepton number conservation. (Some
early discussions of of neutrino oscillations and lepton mixing
are given in Refs. 9 and 10). In the literature through the

1970's one often finds statements asserting that in the standard
SU(2) x U(1) electroweak theory (without electroweak-singlet
neutrinos) the known neutrinos (in electroweak-doublets) are
massless. This is true if one pretends that the Standard Model is

applicable to arbitrarily high energies and requires the exact ab-
sence of any nonrenormalizable, higher-dimension operators in

this theory. However, a more modern view is that the Standard
Model is an effective field theory, which is a good description of
nature only up to some energy scale where new physics occurs.
Clearly a strict upper bound on this scale is given by the Planck
mass, M~t = ghc/(8+G~) = 2.4 x 10 GeV, since quantum

gravity is not included in the Standard Model, However, there
are strong arguments that new physics beyond the Standard
Model actually occurs at a much lower scale, of order a Tev.
This new physics may be able to be included in a general-
ization of the Standard Model which remains perturbative, as
in supersymmetric extensions, or may be nonperturbat. ive, as

in dynamical electroweak symmetry breaking schemes. It has
been appreciated that renormalizability and, in particular, the
great, success of the Standard Model with its exclusion of any
higher-dimension nonrenormalizable operators, may well be due

only to the fact that the electroweak scale v~~ is consider-

ably smaller than the scale of new physics. A summary of this
modern view is given, e.g. , in Ref. 11.

Once one includes higher-dimension operators in the La-

grangian, nonzero neutrino masses can easily occur. The sizes
of these masses reflect the scale(s) of the new physics. For ex-

ample, given only the known left-handed neutrino fields of the
Standard Model, there would be a gauge-invariant dimension-5

operator

0 = Q 6~b(e, geq~+ ei~eqb) ZL„'CZJ,b p"p + h c (1)..
Mx

a,b

where i'.1,~ = (vg„l~)1 is the left-handed, I = 1/2, Y = —1

lepton doublet with generation index a (a = 1, 2, or 3),
where 8 = e, p, w, for a = 1, 2, 3, and M~ denotes a generic
mass scale characterizing the origin of this term. This operator
involves a symmetric, I = 1 combination of the two I = 1/2
lepton doublets, contracted with an I = 1 combination of
the two Higgs doublets. The term arising from the vacuum

expectation values (vev's) of the Higgs doublets yields a (left-
handed) Majorana neutrino mass term (symmetric in generation
indices). If M~ )) vsw, where v = 2 i GF ——246 GeV

—1/2

is the elect, roweak symmetry breaking scale, this would explain
the smallness of the resultant neutrino masses ~

Because of the hierarchy problem plaguing the Higgs sector
of the Standard Model, many physicists have concluded that
either this sector is stabilized against large radiative corrections

by supersymmetry, or the electroweak symmetry breaking orig-
inates not from the vacuum expectation value of a pointlike

Higgs field, but instead dynamically, from the condensation
of bilinear products of fermion fields without any fundamen-
tal Higgs field. In supersymmetric extensions of the Standard
Model, one again finds dimension-5 operators analogous to
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(~~.)1. = g U.~(~~)r. (2)

Eq. (1). In approaches based on dynamical electroweak symme-

try breaking, one can also get neutrino mass terms arising from

higher-dimension Inultifermion operators.
In contrast to the higher-dimension operator (1), which

involves only the known neutrinos, together with the hy-

pothetical Higgs field of the Standard Model (or its super-

symmetric extensions), another mechanism makes use only of

renormalizable, dimension-4 operators, but requires the exis-

tence of electroweak-singlet neutrino fields. As will be discussed

below, this mechanism produces light neutrino masses of order

m M&/M~, where MLi denotes a generic Dirac neutrino

mass and M~ denotes a generic electroweak-singlet Majorana
neutrino mass. Since the mass scale of the electroweak singlet

neutrino mass term is naturally )) vz~, this again yields,

albeit for a different reason, very small m [12].
In turn, a natural concomitant of (nondegenerate) neu-

trino masses is lepton mixing, which is thus also a general

expectation. The lepton-mixing angles are functions of ratios

of elements of neutrino-matrix elements and of charged lepton

mass matrix elements, and even though left-handed neutrino

masses are small, some of these ratios could, in principle, be

O(1), which raises the issue of why such eff'ects have not been

seen. This question was answered as follows: a set of conditions

for natural suppression of observable lepton flavor violation

were formulated, and it was shown that the Standard Model

(generalized to include nonzero m ) satisfies these [13].This

explains why the "law" of lepton family number conservation is

obeyed to such high accuracy.
After these theoretical points, let us return to a description

of the quantities upon which various experiments put limits.

As an aid to understanding the limits on neutrino masses and

lepton mixing, we recall that, in contrast to other particles in

this Review, the neutrinos v„v» and v~ are defined as weak

eigenstates (the weak Is = 1/2 components of the SU(2)L, lepton

doublets) which couple with unit strength to e, p, and i, re-

spectively. These neutrino weak eigenstates are not, in general,

states of definite mass, If one assumes that neutrinos are mass-

less, and hence degenerate, then it is possible to define the weak

eigenstates to be simultaneously mass eigenstates. However, in

the general case of possibly massive (nondegenerate) neutrinos,

the weak eigenstates have no well-defined masses, but instead

are linear combinations of mass eigenstates. Let us denote the

charged leptons as the set (E~), a = 1, . . . , n, where n ) 3,
with Ey ——e, E2 = p, and E3 = 7. . From the LEP measurement

of the Z width (see section on "Number of Light Neutrinos" ),
one knows that there are only three neutrinos which couple

to the Z in the usual way and have masses m ( mz/2. Of

course, this measurement does not preclude the existence of

electroweak-singlet neutrinos. The left-handed components of

the weak eigenstates of the neutrinos, (vg, )1, can be expressed

in terms of mass eigenstates by the transformation

where the {v&j denote these mass eigenstates. The mass eigen-

states are, in general, linear combinations of the known I = 1/2,
ls = 1/2 neutrinos from electroweak doublets, and, in addition,

possible electroweak-singlet neutrinos (sometimes called "ster-
ile" neutrinos). The ordering of the mass eigenbasis can be
defined so that U is as nearly diagonal as possible, i e. (with. no

sum on j) [Uzi[ ) [U&g, k g j O.f course, this does not imply

that m(v&) ) m(vy) for j ) k.

Thus, as was noted in Ref. 14, decays such as 3H —+

He e v, and m+ ~ IM+v» which have been used to set the

best bounds on the respective neutrino masses, really consist

of sums of the separate decay modes H + He e v& and
7r+ —+ p+vk, where the v& and vk are mass eigenstates, and the
indices j and k range over all of the values allowed by phase

space in these respective decays. The coupling strengths for the

jth mode in HP decay and the kth mode in sr+& decay are

given, respectively, by ]Ui&[ and Uzy] . In general, these modes

are incoherent, although in the limit in which the v& all become

degenerate they would become coherent. There are, in addition

certain kinematic factors depending on the m~, . which enter

in determining the branching ratio for a given decay mode.

Assuming that the ofI'-diagonal elements of the lepton mixing

matrix U are small relative to the diagonal elements, the

dominantly coupled decays are the ones with coupling strength

[U~i[2, a = j, i e ,
sH~ He .e . Pi and ir+ —+ p, +v2.

Hence, it follows that the neutrino mass limits quoted in the
literature for "m, ,

" "m„„," and "m~ " should really be inter-

preted as limits on the corresponding mass eigenstates [14,15].
Specifically, a bound on "m~, " from a study of tritium P de-

cay, for example, really constitutes a weighted limit on each

of the mass eigenstates v& in the weak eigenstate v, which are

kinematically allowed to occur in tritium decay and which are

coupled with strength ]Uii[ sufficiently large to make a signifi-

cant contribution to the observed spectrum. It is thus certainly

a limit on vy, since this is, by the definition, of the order of

the mass eigenbasis, the dominantly coupled neutrino. If lepton

mixing is hierarchical, as quark mixing is known to be, i.e. ,

if U'~i[ )) [Uik], j g k, then vi is the only mass eigenstate

significantly constrained by a bound on "m, ." Furthermore,

strictly speaking, a neutrino mass limit cannot be stated in

isolation; it always contains some implicit dependence on the

relevant lepton-mixing angles. This dependence is fortunately

relatively unimportant for the dominantly coupled decay modes,

i.e. , e v~, p v2, and 7 v3 and hence the mass limits on "m~„"
"m „," and "m „"can be reinterpreted as being limits on m~, ,

j = 1, 2, and 3, respectively.

There are three general types of (Lorentz-invariant) neu-

trino mass terms: Dirac masses of the form m~ vL, Xp + h, .c.,

left-handed Majorana masses of the form mL, vI, v& + h.c. =
ml v& Cv~ + h.c. and right-handed Majorana masses of the

form m~XI Xg+h. c. = m~X& CX~+h.c., where C is the Dirac
charge conjugation matrix. Clearly, Dirac and right-handed Ma-

jorana mass terms require the existence of electroweak-singlet

neutrinos. Our notation X~ follows the usual practice of calling
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1( —,)(Mz Mn) ( ~) (3)

where ML, is the 3 x 3 left-handed Majorana-mass matrix,

M~ is a n, x n, right-handed Majorana-mass matrix, and

MD is the 3-row by n, -column Dirac-mass matrix. In general,

all of these mass matrices are complex. The anticommutativ-

ity of fermion fields and the property that Cp&C
together imply that the Majorana mass matrices are symmet-

ric: ML, = Ml, M~ = M& . The diagonalization of the full

(3 + n, ) x (3 + n, ) mass matrix in Eq. (2) yields 3+ n, mass

eigenstates, which are, in general, of Majorana type. Since

Majorana mass terms violate total lepton number, one sees

from a general viewpoint that one does not expect conser-

vation of total lepton number. In particular, the dimension-5

operators discussed above give rise to left-handed Majorana

neutrino mass terms and violate total lepton number. Dirac-

neutrinos can be constructed from two Majorana-neutrino mass

eigenstates whose masses are equal in magnitude [16].For this

reason, Dirac neutrino masses may be considered to be a special

(degenerate) case of Majorana neutrino masses, and the latter

may be regarded as the generic case. From the transformation

these "right-handed neutrino singlets", although since they are

singlets, it is a convention whether one writes them as Xg or

X'I ——(Xli)'. It is not known whether such electroweak-singlet

neutrinos actually exist. Dirac mass terms conserve total lep-

ton number Ltot, while Majorana mass terms violate Ltot. In

the standard electroweak theory, extended to include massive

neutrinos, (i) a Dirac mass term transforms as a weak I = 1/2
operator, and is coupled to the I = 1/2 Higgs to make an SU(2)
x U(1) singlet operator; (ii) a Majorana mass term involving

the I = 1/2 left-handed neutrinos transforms as I = 1 and must

be coupled to an operator with I = 1 (and Y = 2) to make

a gauge-invariant singlet; (iii) a Majorana mass term involving

the SU(2) x U(1) singlet neutral leptons, conventionally con-

sidered to be right-handed, is a singlet; it could be present as a
bare mass term or couple to some other singlet operator. Note

that in the minimal supersymmetric Standard Model (MSSM),
which has two Higgs doublets, of hypercharge Y = 1 and

Y = —1, the Dirac neutrino mass term arises from the cubic

chiral superfield terms e,
& P & L,'XbH~ (all chiral superfields

are taken as left-handed), where H is the same Higgs that

gives mass to the Q = 2/3 quarks. The Dirac neutrino mass

terms are thus proportional to sin P, where tan P = v /vg is the

ratio of the vacuum expectation values of the two Higgs in the

MSSM.
In general, in the Standard Model, in addition to the three

known left-handed I = 1/2 lepton doublets, there could be

some number n, of electroweak-singlet neutrinos. In a compact

notation, one can then denote vl, as the 3-component vector of
left-handed I = 1/2 neutrinos and Xlt to be the n, -dimensional

vector of electroweak-singlet, singlets, taken to be right-handed,

The general neutrino mass term in the Lagrangian is then given

by

which diagonalizes the neutrino mass matrix, together with

the transformation which diagonalizes the charged lepton mass

matrix (where, of course, only Dirac masses are allowed by
electric-charge conservation), one constructs the lepton-mixing

matrix V. In general, since U is not the identity, neutrino

masses naturally give rise to lepton family number violation.

In supersymmetric extensions of the Standard Model, the
neutrinos could, a priori, mix with the neutralinos (higgsinos
and neutral gauginos). However, the usual R parity which is

invoked to forbid unacceptably rapid proton decay also prevents

such mixing between neutrinos and neutralinos.

In addition to mass and lifetime limits, this Review includes

limits on various other possible properties, including electric

charge, the OPT-violating difference m» —m~, , and a magnetic

dipole moment. These are of interest because a massless purely

chiral Dirac neutrino cannot have a magnetic (or electric) dipole

moment. In the standard electroweak theory, extended to allow

for Dirac neutrino masses, the neutrino magnetic dipole moment

is nonzero and given [13,17], as

3eGFm
p, = ' = 3.2 x 10 (m, . /1 eV)p~

8vr 2 2 (4)

where GF is the Fermi constant and pa = e/2m, is the Bohr

magneton. The neutrino electric dipole moment violates both
time-reversal invariance and parity; although it is nonzero in

general, it is quite small (see, e.g. Ref. 18). Again, however,

we note that Dirac neutrinos should be regarded as a special

case; the generic case is Majorana neutrinos. Because of the

properties

I —&np t7np'75

it follows that the operator products which define the magnetic

and electric dipole moments are of the respective forms

(pio'~p pj —vi 0'~iivi) F

(&i&r p Ys&j &j &'eii 75&i)F'

(where F ~ is the electromagnetic field strength tensor). Hence,

if v, is a Majorana neutrino (mass eigenstate), its magnetic and

electric dipole elements vanish identically. Although only the

diagonal magnetic and electric dipole moments are static prop-

erties of a given neutrino mass eigenstate, transition magnetic

and electric dipole moments may exist, in general, for both
Dirac and Majorana neutrinos.

Occasionally, one also finds references to the "neutrino

charge radius" in the literature. This is defined via the Taylor

series expansion of the generalized vector Dirac form factor

multiplying p&, in the electromagnetic current matrix element:

F& (q2) = F& (0)+q2dF& /dq [
2 o+O[(q ) ], where q denotes

the 4-momentum of the photon [see, e.g. Ref. 13 Eq. (2.20)].
The electric charge is Q = F (0) = 0 for a neutrino, and

the charge radius is given by (r ) = (1/6)(F& )'(0). However,



278

Lepton Particle Listings
Neutrinos

since this is multiplied by q in the Taylor series expansion, it

never occurs for a real photon, where q = 0, and hence is not

an S-matrix element, i.e. , not a physical quantity. In a gauge

theory, this is manifested in the fact that the charge radius is

gauge-dependent.

If one considers the possibility of nonzero masses for neu-

trinos, for consistency one must then also consider the leptonic

mixing which would in general occur concomitantly. Accord-

ingly, this Review devotes a section to correlated bounds on

neutrino masses and lepton mixing angles. These can be divided

into two types. First, there are those due to decays involving

neutrinos in the final state, which must be recognized to have

the possible multimode structure pointed out above. In the two

most sensitive cases suggested as tests for neutrino masses and

mixing, one obtains a limit on m~ and ~U~&~ individually for

each j. The peak-search test proposed in Ref. 14 was applied to

existing data in that paper and a subsequent one [15]; it was

applied in new experiments on 2-body leptonic decays of K+
and w+ by several groups at SIN (PSI), KEK, and TRIUMF.
The results are catalogued in corresponding subsections on lim-

its on ~U~z~ and ~U2&~ . The 'kink-search test was also applied

by a number of groups. The experimental situation, which was

controversial for many years, has recently been clarified (see

below) .

Second, there are those due to processes involving the

propagation and subsequent interaction of neutrinos. The latter

are often called neutrino-oscillation limits, although this term

is strictly correct only if the differences in neutrino masses are

sufficiently small relative to their momenta that the propagation

is effectively coherent in a quantum mechanical sense; otherwise,

the individual vj 'from a given decay such as a&, 2 or K&,2

propagate in a measurably incoherent manner, and there is

no oscillation. Experimentalists usually present their results in

terms of a simplifying model in which mixing is assumed to occur

only between two neutrino species. The relevant transformation

equation becomes

where vg are the neutrino weak eigenstates, with vg, = v„
etc. , and v, are neutrino mass eigenstates. A given decay, such

as a+ ~ p,
+v&„produces, at time t = 0, the neutrino mass

eigenstates which are contained in the weak eigenstate v& and

are kinematically allowed to occur as decay products. Each

mass eigenstate picks up a phase as it propagates, so that

at time t, the jth eigenstate, as a quantum-mechanical state,
has acquired a phase exp( —iE&t), where Ez denotes its en-

ergy. Strictly speaking, Fz must be considered to be complex,

since a massive neutrino will, in general, decay. Indeed such

neutrino decays have been searched for in various experiments

(see Listings). In the present discussion, we shall neglect this;

for the ranges of neutrino masses of relevance to terrestrial

neutrino oscillation experiments, such decays should have a

negligible effect on the observed oscillations. (Indeed, the ob-

servation of neutrinos at about the expected rate from the

1987 supernova places significant lower bounds on neutrino

lifetimes. ) According to basic quantum mechanics, one cannot,

measure the energies F& or momenta pj —— F —m g to ar-j v.
2

bitrary precision; rather, AE&At& & rr/2 and 6(p~)&Ax& & It/2.

Correspondingly, the neutrinos actually propagate as wavepack-

ets. As noted above, if the mass diiferences ~m —m „iare

suKciently small relative to the energies Ez Ey, then the
resultant velocities are sufBciently close that these wavepackets

will continue to maintain a high degree of overlap during the
relevant time that they propagate in the experiment, and hence

the individual mass eigenstates will remain effectively coherent

in the quantum mechanical sense. Their propagation may then

be characterized by a single momentum p. Now assume that,
after having propagated for a time t (and hence, for 1 —v/c « 1,
a distance L = ct), the neutrino(s) scatter via a charged current

weak interaction. This again projects out the weak interaction

eigenstates. In particular, because of the different phases which

the mass eigenstates pick up during the propagation, a neutrino

which is emitted as vg has a nonzero probability to produce

a Eg.

Am~L
P = ~(vt, (t) vt. (0))~ = sin (20) sin2 (9)

where

am' = m' —m'
Vt Vj (10)

Numerically, Am~L/(4E) = (1.266932. . )Am L/E, wh. ere Am

is measured in eV, L in m, and E in MeV (or I in km,

E in GeV). Thus, neutrino oscillation experiments cannot

measure individual neutrino masses, but only differences of
masses squared, and indeed these are generally weighted in

a more complicated way by lepton mixing matrix coefficients

for the general case where there is mixing among more than

just two species. Experimental results are presented as allowed

regions on a plot, the axes of which are ~Am
~

and sin 28.

These are often summarized in terms of the upper limit on

Am (the absolute value is usually suppressed in the notation)

for maximal mixing, sin 20 = 1, and the upper limit on sin 20

for "large" Am, i.e. , sufficiently large ~Am~~ that the detector

averages over many cycles of oscillation (or there ceases to

be any coherence). A more complete discussion is given in the
"Note on Neutrino Oscillation Experiments" just before the

tables reporting such results.

An important type of experiment is the search for neu-

trinoless double-P decay, which tests for total lepton number

violation such as would result for Majorana-neutrino masses.

This process takes place when a nucleus with Z protons and

A = ZX nucleons decays according to (Z, A) —& (Z+2, A)e e

violating total lepton number by two units. In the case of neu-

trinos with masses which are sufBciently light, an upper limit
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on neutrinoless double-P decay yields a correlated upper limit

on the quantity

m= PU,', m, ,
2

Cancellations may occur in the sum, since Uy& is, in general,
complex. The situation is explored further in the minireview

by Petr Vogel which prefaces the double-P decay sections. See
Ref. 19 for some recent reviews of searches for neutrinoless

double-P decay.

A brief summary of the current experimental situation
follows (see previous editions for discussions of various positive
claims for neutrino masses and mixing, and their refutations).

1. There is no evidence at present from direct searches for

nonzero neutrino masses ~ These include the endpoint of the
Kurie plot in nuclear beta decay for m(v, ), zr+ —z tz+v& for

m(v&), and certain r decays for m(vr) (where, as discussed

above, the limits actually apply to the respective mass eigen-

states vz, vg, and vs in these three weak eigenstates).

2. There are no indications of any positive neutrino masses from

any of t,he peak search experiments in a or K decay, or from

any experiments on neutrino decays.

3. There are no indications of any positive neutrino masses from

nuclear beta decay spectra. The 7-year controversy over the
claim by Simpson, Hime, and others of a 17 keV neutrino is

finally over, with retractions by these authors of their original

claims after very strong refutations by a number of high-

sensitivity experiments.

4. A number of positive claims for neutrino oscillations in reactor
and accelerator neutrino experiments have either been refuted or
retracted, or both (see previous editions for details). However, in

one analysis, the LSND (Liquid Scintillator Neutrino Detector)
group at Los Alamos has reported evidence for the neutrino

oscillation v& ~ v, [20]. A dissenting analysis of the data by a
member of the collaboration reports no evidence for neutrino
oscillations [21]. More recently, the LSND group has increased
its data sample and strengthened its evidence for neutrino

osciallations [22].

5. There is no indication of Majorana neutrino masses from

searches for neutrinoless double-P decay.

6. Several experiments have reported evidence for atmospheric
neutrino oscillations. Ot, her experiments report results consis-

tent with no such oscillations. This situation is unsettled at
present.

7. It is generally acknowledged that the strongest indirect ev-

idence for neutrino masses and mixing is the observed deficit

in the solar neutrino fiux. The current situation is reviewed by
K, Nakamura as a preface to the Solar Neutrino Listings.

For some recent reviews on neutrino physics and further
references to the original literature, see Refs. 23—28.
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Not in general a mass eigenstate. See note on neutrino properties
above.

These limits apply to v~, the primary mass eigenstate in v, .

They would also apply to any other v& which mixes strongly
in v, and has sufficiently small mass that it can occur in

the respective decay. The neutrino mass may be of a Dirac
or Majorana type; the former conserves total lepton number
while the latter violates it. Either would violate lepton family

number, since nothing forces the neutrino mass eigenstates to
coincide with the neutrino interaction eigenstates. For limits on
a Majorana v, mass, see the section on "Searches for Massive

Neutrinos and Lepton Mixing, " part (C), entitled "Searches for
Neutrinoless Double-P Decay. "

The square of the neutrino mass m is measured in tritium
beta decay experiments by fitting the shape of the beta spec-
trum near t,he endpoint; results are given in one of the tables
in this section. In many experiments, it has been found to be
significantly negative. In the 1994 edition of this Review, it was

noted that the combined probability of a positive result was

3.5'pD. The problem has been exacerbated by the precise and
careful experiments reported in two new papers (BELESEV 95
and STOEFFL 95). Both groups conclude that unknown effects

cause the accumulation of events in the electron spectrum near

its end point. If the fitting hypothesis does not account for this,
unphysical values for m~ are obtained, BELESEV 95 obtain
their value for m and limit for mu, (4.35 eV at 95% CL) un-

der the assumption that a certain narrow region is free of both
high-energy and low-energy anomalies. Including the endpoint
accumulation (they find no low-energy anomaly), STOEFFL 95
find a value for m which is more than 5 standard deviations

negative, and report a Bayesian limit of 7 eV for m, which is

obtained by setting m = 0. Given the status of the tritium
results, we find no clear way to set a meaningful limit on m, .

On the other hand, a mass as large as 10—15 eV would probably
cause detectable spectrum distortions near the endpoint.

The spread of arrival times of the neutrinos from SN 1987A,
coupled with t, he measured neutrino energies, should provide
a simple time-of-Hight limit on mv, , This statement, clothed
in various degrees of sophistication, has been the basis for a
very large number of papers. The LOREDO 89 limit (23 ev)
is among the most conservative and involves few assumptions;
as such, it is probably a safe limit. We list this limit below as

"used, " but conclude that a limit about half this size is justified
by the tritium decay experiments.

Ie MAS

Most of the data from which these limits are derived are from p decay
experiments in which a ve is produced, so that they really apply to m —.V1'
Assuming CPT invariance, a limit on m — is the same as a limit on m

V1 VI
Results from studies of electron capture transitions, given below "m

V1
m —", give limits on m„ itself. OUR EVALUATION of the present status

V1 V1
of the tritium decay experiments is discussed in the above minireview.

TECN COM MEN T

95
95
95

v~ MASS SQUARED

The tritium experiments actually measure mass squared. A combined limit

on mass must therefore be obtained from the weighted average of the re-

sults shown here. The recent results are in strong disagreement with the
earlier claims by the ITEP group [LUBIMOV 80, BORIS 87 (+ BORIS 88,
erratum)] that m lies between 17 and 40 eV. The BORIS 87 result is

excluded because of the controversy over the possibly large unreported sys-
tematic errors; see BERGKVIST 85B, BERGKVIST 86, SIMPSON 84, and
REDONDO 89. However, the average for the new experiments given below
implies only a 3.5% probability that m is positive. See HOLZSCHUH 92
for a review of the recent direct m measurements.

V1

VALUE (eV2) CL% DOCUMENT ID TECN COMMENT
—27+ 29 OUR AVERAGE Error includes scale factor of 4.2. See the ideogram

below.
22 2 4.8 11 BELESEV 95 SPEC H P decay

—130+ 20 +15 95 STOEFFL 95 SPEC H P decay
31+ 75 +48 '3 SUN 93 SPEC HP decay
39+ 34 + 15 14 WEINHEIMER 93 SPEC 3H P decay
24 + 48 +61 15 HOLZSCHUH 92B SpEC 3H p decay

— 65+ 85 +65 6 KAWAKAMI 91 SPEC H p decay
—147+ 68 +41 ROBERTSON 91 SPEC H P decay
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

129+6010 18 HIDDEMANN 95 SPEC 3H p decay
313+5994 18 HIDDEMANN 95 SPEC H P decay

VALUE (ev) CL% DOCUMENT ID( 15 OUR EVALUATION( 23 LOREDO 89 ASTR SN 1987A
~ o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

4.35 BELESEV 95 SPEC H P decay
12.4 2 CHING 95 SPEC HP decay
92 HIDDEMANN 95 SPEC H P decay

15 HIDDEMANN 95 SPEC H P decay

19.6 95 KERNAN 95 ASTR SN 1987A
7.0 95 4 STOEFFL 95 SPEC 3H P decay

(460 68 YASUMI 94 CNTR e capture in Ho

7.2 95 6 WEINHEIMER 93 SPEC H p decay
11.7 95 7 HOLZSCHUH 92B SPEC 3H p decay
13.1 95 KAWA KA M I 91 SP EC H P decay
9.3 95 ROBERTSON 91 SPEC H p decay

14 95 AVIGNONE 90 ASTR SN 1987A
16 SPERGEL 88 ASTR SN 1987A
17 to 40 » BORIS 87 SPEC ve, HP decay

BELESEV 95 (Moscow) use an integral electrostatic spectrometer with adiabatic mag-
netic collimation and a gaseous tritium sources. A fit to a normal Kurie plot above
18300—18350 eV (to avoid a low-energy anomaly) plus a monochromatic line 7—15 eV

below the endpoint yields m = —4.1 + 10.9 eV, leading to this Bayesian limit.
V

CHING 95 quotes results previously given by SUN 93; no experimental details are given.
A possible explanation for consistently negative values of m is given.2 ~

V

HIDDEMANN 95 (Munich) experiment uses atomic tritium embedded in a metal-dioxide

lattice. Bayesian limit calculated from the weighted mean m = 22t. + 4244 ev from
V

the two runs listed below.
STOEFFL 95 (LLNLi result is the Bayesian limit obtained from the m errors given

V

below but with m set equal to 0. The anomalous endpoint accumulation leads to a
V

t
value of m2 which is negative by more than 5 standard deviations.

V

The YASUMI 94 (KEK) limit results from their measurement m =110 110 eV.
i

WEINHEIMER 93 (Mainz) is a measurement of the endpoint of the tritium p spectrum
using an electrostatic spectrometer with a magnetic guiding field. The source is molecular
tritium frozen onto an aluminum substrate.

7 HOLZSCHUH 92B (Zurich) result is obtained from the measurement m2 = —24 + 48:k-61
V

(lo errors), in eV, using the PDG prescription for conversion to a limit in m2

KAWAKAMI 91 (Tokyo) experiment uses tritium-labeled arachidic acid. This result is the

Bayesian limit obtained from the m limit with the errors combined in quadrature. This
V

was also done in ROBERTSON 91, although the authors report a different procedure.
ROBERTSON 91 (LANL) experiment uses gaseous molecular tritium. The result is in

strong disagreement with the earlier claims by the ITEP group [LUBIMOV 80, BORIS 87
(+ BORIS 88 erratum)] that m lies between 17 and 40 eV. However, the probability ot

a positive m is only 3% if statistical and systematic error are combined in quadrature.
See also comment in BORIS 87B and erratum in BORIS 88.



See key on page 199
281

Lepton Particle Listings

BELESEV 95 (Moscow) use an integral electrostatic spectrometer with adiabatic mag-
netic collimation and a gaseous tritium sources. This value comes from a fit to a normal
Kurie plot above 18300—18350 eV (to avoid a low-energy anomaly), including the effects
of an apparent peak 7—15 eV below the endpoint.
STOEFFL 95 (LLNL) uses a gaseous source of molecular tritium. An anomalous pileup
of events at the endpoint leads to the negative value for m2. The authors acknowledgev
that "the negative value for the best fit of m has no physical meaning" and discuss
possible explanations for this effect.

iSUN 93 uses a tritiated hydrocarbon source. See also CHING 95.
WEINHEIMER 93 (Mainz) is a measurement of the endpoint of the tritium P spectrum
using an electrostatic spectrometer with a magnetic guiding field. The source is molecular
tritium frozen onto an aluminum substrate.
HOLZSCHUH 928 (Zurich) source is a monolayer of tritiated hydrocarbon.

16 KAWAKAMI 91 (Tokyo) experiment uses tritium-labeled arachidic acid.
ROBERTSON 91 (LANL) experiment uses gaseous molecular tritium. The result is in
strong disagreement with the earlier claims by the ITEP group [LUBIMOV 80, BORIS 87
(+ BORIS 88 erratum)] that mv lies between 17 and 40 eV. However, the probability of
a positive m is only 3% if statistical and systematic error are combined in quadrature.v
HIDDEMANN 95 (Munich) experiment uses atomic tritium embedded in a metal-dioxide
lattice. They quote measurements from two data sets.

WEIGHTED AVERAGE
-27+20 (Error scaled by 4.2)

vi MEAN LlFE

VALUE (s) CL % DOCUMEN T ID TECIV COMMEIV T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

COWSIK 89 ASTR mv = 1—50 MeV
RAFFELT 89 RVUE v (Dirac, Majorana)

22 RAFFELT 89B ASTR
&278 90 LOSECCO 87B IMB

1.1 x 1025 HENRY 81 ASTR m = 16—20 eV) 1Q22 ] Q23 KIMBLE 81 ASTR mv= 10—100 eV

COWSIK 89 use observations of supernova SN 1987A to set the limit for the lifetime of
a neutrino with 1 & m & 50 MeV decaying through vH ~ v1ee to be T & 4 x 10
exp( —m/5 MeV) s.
RAFFELT 89 uSeS KYULDJIEV 84 tO Obtain T.m & 3 X 10 S eV (baSed On vee
cross sections). The bound is not valid if electric and magnetic transition moments are
equal for Dirac neutrinos.
RAFFELT 89B analyze stellar evolution and exclude the region 3 x 10 & Tm

3 x 1021 s eV3
LOSECCO 878 assumes observed rate of 2.1 SNU (solar neutrino units) comes from sun
while 7.0 + 3.0 is theory.
HENRY 81 uses UV flux from clusters of galaxies to find limit for radiative decay.

5 KIMBLE 81 uses extreme UV flux limits.

aver (MEAN LIFE) / MASS

-200 -1 50 -1 00 -50

+:::::: BELESEV 95 SPEC
STOEFFL 95 SPEC
SUN 93 SPEC
WEINHEIMER 93 SPEC
HOLZSCHUH 92B SPEC
KAWAKAMI 91 SPEC

OBERTSON 91 SPEC

0

(Confidence Level
I I

50 100

x'
0.9

17.1
0.0
0.1

0.0
0.1

2.3
20.6

= 0.002)

m (ev )

m& —~,
These are measurement of m (in contrast to m —,given above). The

Vt V

masses can be different for a Dirac neutrino in the absense of CPT invari-
ance. The test is not very strong.

VALUE (ev) CL%

225 95
& 550 68

~ ~ ~ We do not use the following

4.5 x 105 90
&4100 67

DOCUMEN T ID TECN COMMEN T

SPRINGER 87 CNTR v, 163Ho

YASUMI 86 CNTR v, 163Ho

data for averages, fits, limits, etc. ~ ~ ~

CLARK

BECK
74 AS P K Ke3 decay
68 CNTR v 22Na

vi CHARGE

VALUE (units: electron charge) DOCUMEN T ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

x ]0—15 BARBIELLINI 87 ASTR SN 1987A
&1x10 BERNSTEIN 63 ASTR Solar energy losses

Precise limit depends on assumptions about the intergalactic or galactic magnetic fields
and about the direct distance and time through the field.

VAL UE (s/eV) CL% DOCUMENT ID TECN COMMENT

&300 90 REINES 74 C NTR v
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.8 x 1Q15 7 28 BLUDMAN 92 ASTR mv & 50 eV
6.4 90 KRAKAUER 91 CNTR v at LAMPF
6 3 x 1Q15 CHUPP 89 ASTR mv & 20 eV
17 x 10'5 KOLB 89 ASTR mv & 20 eV
83x 1Q14 VONFEI LIT... 88 ASTR) 22 68 OBERAUER 87 vR (Dirac)

38 68 OBERAUER 87 v (Majorana)
& 59 68 OBERAUER 87 vL (Dirac)
& 30 68 KETOV 86 CNTR v (Dirac)

20 68 KETOV 86 CNTR v (Majorana)
7 x 109 RAFFELT 85 ASTR

x 1021 34 STECKER 80 ASTR m = 10—100 eV

REINES 74 looked for ve of nonzero mass decaying to a neutral of lesser mass + p.
Used liquid scintillator detector near fission reactor. Finds lab lifetime 6. x 10 s or more.
Above value of (mean life)/mass assumes average effective neutrino energy of 0.2 MeV.
To obtain the limit 6. x 10 s REINES 74 assumed that the full ve reactor flux could
be responsible for yielding decays with photon energies in the interval 0.1 MeV —0.5
MeV. This represents some overestimate so their lower limit is an over-estimate of the
lab lifetime (P. Vogel, private communication, 1984).
BLUDMAN 92 sets additional limits by this method for higher mass ranges. Cosmological
limits are also obtained.
Nonobservation of p's in coincidence with v's from SN 1987A.
KRAKAUER 91 quotes the limit T/m & (0.3a + 9.8a + 15.9) s/eV, where a is

a parameter describing the asymmetry in the neutrino decay defined as dN /dcoso =
(1/2)(1 + acos0) a = 0 for a Majorana neutrino, but can vary from —1 to 1 tor a Dirac
neutrino. The bound given by the authors is the most conservative (which applies for
a = —1).
CHUPP 89 should be multiplied by a branching ratio (about 1) and a detection efficiency
(about 1/4), and pertains to radiative decay of any neutrino to a lighter or sterile neutrino.
Model-dependent theoretical analysis of SN 1987A neutrinos.
OBERAUER 87 bounds are from comparison of observed and expected rate of reactor
neutrinos.
RAFFELT 85 limit is from solar x- and p-ray fluxes.
STECKER 80 limit based on UV background; result given is 7- & 4 x 10 s at m = 20
eV.

l(v —c) /cl (v:—srt VELOCITY)

Expected to be zero for massless neutrino, but tests also whether photons
and neutrinos have the same limiting velocity in vacuum.

VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

&1 17 STODOLSKY 88 ASTR SN 1987A

STODOLSKY 88 result based on &10 hr between ve detection in IMB and KAMI
detectors and beginning of light signal. Inclusion of the problematic 5 neutrino events
from FREJ (four hours later) does not change the result.
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P1 MAGNETIC MOMENT

Must vanish for Majorana neutrino or purely chiral massless Dirac neutrino.
The value of the magnetic moment for the standard SU(2)xU(1) elec-
troweak theory extended to include massive neutrinos (see FUJIKAWA 80)

v = 3 GFmv/'(87r2~&) = (3.20 x 10 ) vp8 wh ' tv '

and p, g = eh/2me is the Bohr magneton. Given the upper bound m v1
7.3 eV, it follows that for the extended standard electroweak theory,

p(v1) & 2.3 x 10 p, g. Current experiments are not yet challenging
this limit. There is considerable controversy over the validity of many of
the claimed upper limits on the magnetic moment from the astrophysi-
cal data. For example, VOLOSHIN 90 states that "in connection with

the astrophysical limits on p, ... there is by now a general consensus
that contrary to the initial claims (BARBIERI 88, LATTIMER 88, GOI D-

MAN 88, NOTZOLD 88), essentially no better than quoted limits (from
previous constraints) can be derived from detection of the neutrino flux

from the supernova SN1987A." See VOLOSHIN 88 and VOLOSHIN 88C.

VALUE (10 p, g)
( 1.8

e ~ ~ We do not

CL% DOCUMENT ID TECN

90 DERBIN 94 CNTR
use the following data for averages, fits, limits,

GOYA L 95
95 MOURAO 92 ASTR
90 VIDYAKIN 92 CNTR
90 K RAKAUER 90 CNTR
95 RAFFELT 90 ASTR

41 RAFFELT 89B ASTR
BARBIERI 88 ASTR

44 FUKUGITA 88 COSM
GOLDMAN 88 ASTR
LATT I M E R 88 ASTR

4143 NOETZOLD 88 ASTR
41 RAFFELT 88B ASTR
41 FUKUGITA 87 ASTR

LYNN 81 ASTR
MORGAN 81 COSM
BEG 78 ASTR

46 SUTHERLAND 76 ASTR

COM MEN T

Reactor Pe e ~ ~e e
etc. ~ ~ ~

SN 1987A
HOME/KAM2 z rates
Reactor z e e ~ z e e

~ee ~ vee
Red giant luminosity
Cooling helium stars
SN 1987A
Primordial magn. fields
SN 1987A
SN 1987A
SN 1987A
He burning stars
Cooling helium stars

& 0.003-0.0005
& 7.7

2, 4
&10.8

0.02
& 0.1

& 0.02M.08

& 0.01
& 0.005

0.015
.3

0.11
& 0.4

& 0.1—0.2
0,85
0,6

He abundance
Stellar plasm ons
Red giants + degen.

dwarfs
Cooling white dwarfs
Reactor ve

NONSTANDARD CONTRIBUTIONS TO NEUTRINO SCATTERING

We report limits on the so-called neutrino charge radius squared in this
section. This quantity is not an observable, physical quantity and this is

reflected in the fact that it is gauge dependent (see LEE 77C). It is not nec-

essarily positive. A more general interpretation of the experimental results
is that they are limits on certain nonstandard contributions to neutrino
scattering.

& 1 BERNSTEIN 63 ASTR
&14 COWAN 57 CNTR

DERBIN 94 supersedes DERBIN 93.
GOYAL 95 assume that helicity flip via p, would result in faster cooling and hence shorter
burst from SN1987A. Limit is based on the assumed presence of a pion condensate or
quark core in the remanant.
VIDYAKIN 92 limit is from a ePe elastic scattering experiment. No experimental details
are given except for the cross section from which this limit is derived. Signal/noise was

1/10. The limit uses sin 0~ = 0.23 as input.

KRAKAUER 90 experiment fully reported in ALLEN 93.
RAFFELT 90 limit applies for a diagonal magnetic moment of a Dirac neutrino, or for a
transition magnetic moment of a Majorana neutrino. In the latter case, the same anaiysis

gives & 1.4 x 10 . I imit at 95%CL obtained from 6Mc.
Significant dependence on details of stellar models.
A limit of 10 is obtained with even more model-dependence.
These papers have assumed that the right-handed neutrino is inert; see BARBIERI 88B.
FUKUGITA 88 find magnetic dipole moments of any two neutrino species are bounded

by p, & 10 I10 G/80] where B0 is the present-day intergalactic field strength.
45 Some dependence on details of stellar models.

We obtain above limit from SUTHERLAND 76 using their limit f & 1/3.

vc REFERENCES

BELESEV
CHING
GOYA L
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KERNAN
STOEFFL
DER BIN
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95
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PL B346 312
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PL B334 229
PR D47 11
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(ITEP)
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PR D38 1658
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PL B201 353
PL B209 360
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Translated from
JETPL 68 690
PL B200 580
Nature 329 21
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(ITEP)
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+Coccofii (CERN)
+Golutvin, Laptin+ (IT E P, AS C I}
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+Golutvin, Laptin+ (ITEP)

ZETFP 45 267.
JETPL 45 333
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PR D36 3817 +Yazaki (KYOTY, TOKY)
PR D35 2073 +Bionta, Blewitt, Bratton+ (1MB Collab. )
PL 8198 113 +von Feilitzsch, Mossbauer (MUNT)
PR A35 679 +Bennet, Baisden+ (LLNL)
Moriond Conf„Vol. M48, 465 (STOH)
JETPL 44 146 +Klimov, Nikolaev, Mikaelyan+ (K IA E)
Translated from ZETFP 44 114.

YAS UM I

BERGKVLST
RAFFELT
KYULD JIEV
SIMPSON
HENRY
K IM BLE
LYNN

MORGAN
FU JIKAWA
LU B I MOV
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85B
85
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81
81
81
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80
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PL B181 169
PL 159B 408
PR D31 3002
NP B243 387
PR D30 1110
PRL 47 618
PRL 46 80
PR D23 2151
PL 102B 247
PRL 45 963
PL 94B 266
SJNP 32 154

+Ando+ (KEK, OSAK, TOHOK, TSUK, KYOT, INUS+)
(STOH}
(MPIM)

(SOFI)
(GUEL)

(JHU)
(UCB)

(COL U)
Morgan (5USS)

+Shrock (STON)
+Novikov, Nozik, Tretyakov, Kosik (ITEP)

Kozik, Lubimov, Novikov+ (ITEP)

+Feldman
+Bowyer, Jakobsen

Translated from YAF 32 301.
JETP 54 616 Lubimov, Novikov, Nozik+ (ITEP)

STECKER
BEG
LEE
SUTHERLAN
CLARK
REINES

Also
BECK
BERNSTEIN
COWA N

80
78
77C
76
74
74
78
68
63
57

Translated from
PRL 45 1460
PR D17 1395
PR 016 1444
PR D13 2700
PR D9 533
PRL 32 180
Private Comm.
ZPHY 216 229
PR 132 1227
PR 107 528

ZETF 81 1158.
(NASA)

+Marciano, Ruderman (ROCK, COLU)
+Shrock (STON)
+Ng, Flowers+ (PENN, COLU, NYU)
+Elioff, Frisch, Johnson, Kerth, Shen+ (LBL)
+Sobel, Gurr (U C I)

Ba mes (PURD)
+Daniel (MPIH)
+Ruderrnan, Feinberg (NYU, COLU)
+Reines (LANL)

ference
PRL 62 505 +Vestrand, Reppin (UNH, MPIM)
PL B218 91 +Schramm Hof lich (WUSL, TATA, CHIC, MPIM)
PR D40 3819 +Masso (BARC)
PRL 62 509 +Turner (CHIC, FNAL)
ANYAS 571 601 +Lamb (C HI C)
PR D39 2066 (PRIN, UCB)
APJ 336 61 +Dearborn, Silk (UCB, LLI )
PR C40 368 +Robertson (LANL)
PRL 61 27 +Mohapatra (PISA, UMD)
PL B213 69 +Mohapatra, Yanagida (PISA, UMD, MICH)
PRL 61 245 erratum +Golutvin, Laptin+ (ITEP, ASCI)

VA L UE (10 32 cm 2 ) CL% DOCUMEN T ID TECN COMMEN T

0.9+2.7 ALLEN 93 CNTR LAMPF ~e e ~ ~e e
o ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.3 95 MOURAO 92 ASTR HOME/KAM2 v rates

&7.3 90 VIDYAKIN 92 CNTR Reactor ve e ~ ve e

1.1+2.3 ALLEN 91 CNTR Repl. by ALLEN 93
48 G R IFOLS 89B ASTR SN 1987A

VIDYAKIN 92 limit is from a ePe elastic scattering experiment. No experimental details
are given except for the cross section from which this limit is derived. Signal/noise was

1/10. The limit uses sin 6I~ = 0.23 as input.

GRIFOLS 89B sets a limit of (r ) & 0.2 x 10 cm for right-handed neutrinos.
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Not in general a mass eigenstate. See note on neutrinos in the ve
section above.

v& MASS

Applies to v2, the primary mass eigenstate in v&. Would also apply to any
other vj which mixes strongly in v& and has sufI'Iciently small mass that
it can occur in the respective decays. (This would be nontrivial only for

j & 3, given the ve mass limit above. ) Results based upon an obselete
pion mass are no longer shown; they were in any cass less restrive than
ASSAMAGAN 96.

m& —m&

Test of CPT for a Dirac neutrino. (Not a very strong test. )

VALUE(Mev) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.45 90 CLARK 74 ASPK K 3 decay

fr2 (MEAN LIFE) / MASS

These limits often apply to VT (v3) also.

VALUE (s/ev) CL% EVTS

)15.4 90
~ ~ ~ We do not use the following

& 2.8 x 1p15
none 10—12 5 x 104

6.3 x 1p15
] 7 x 1Q15

) 3.3 x 10
& 0.11 90 0

2

& 1.0
1.7

) 2.2
) 3.

1.3

x 1021

x 10

x 10
x 10
x 10
x 10

90
90
90
90
90

DOCUMENT ID TECN

12 KRAKAUER 91 CNTR

data for averages, fits, limits, etc.
13,14 BLUDMAN 92 ASTR

15 DODELSON 92 ASTR
'4 '6 CHUPP 89 ASTR

14 KOLB 89 ASTR
17118VONFEILIT. .. 88 ASTR

FRANK 81 CNTR
HENRY 81 ASTR

21 KIMBLE 81 ASTR
22 REPHAELI 81 ASTR

DER U J ULA 80 ASTR
STECKER 80 ASTR
BLIETSCHAU 78 HLBC

BLI ETSCHAU 78 HLBC
19 BARNES 77 DBC

BELLOTTI 76 HLBC
BELLOTTI 76 HLBC

COMMENT

vt, v at LAMPF

0 ~

mv& 50eV
m =1—300 keV

m & 20 eV
m & 20 eV

vv LAMPF
m =16—20eV
m = 10-100 eV
m = 30—150 eV

mv ——10—100 eV
m = 10-100 eV

v&, CERN GGM

v, CERN GGM

v, ANL 12-ft
v, CERN GGM

v, CERN GGM

VALUE (Mev) CL% DOCUMENT ID TECN COMMENT

(0.17 90 1 ASSAMAGAN 96 SPEC m2 0 016 j 0 023
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.15 tDOLGOV95 COSM Nucleosynthesis

&0.48 ENQVIST 93 COSM Nucleosynthesis

&0.003 4 5 MAYLE 93 ASTR SN 1987A cooling

& 0.025—0.030 BURROWS 92 ASTR SN 1987A cooling
&0.3 FULLER 91 COSM Nucleosynthesis
&0.42 91 COSM Nucleosynthesis

& 0.028—0.15 NATALE 91 ASTR SN 1987A
&0.028 5 GANDHI 90 ASTR SN 1987A
&0.014 GRIFOLS 90e ASTR SN 1987A
&0.06 GAEMERS 89 SN 1987A
&0.50 90 ANDERHUB 82 SPEC m = —0 14 + 0.20
&0.65 90 CLARK 74 ASPK K 3 decay

ASSAMAGAN 96 measurement of p from n+ ~ p+ v at rest combined with JECK-
tg tg

ELMANN 94 Solution B pion mass yieids m = —0.016 + 0.023 with corresponding
v

Bayesian limit listed above. if Solution A is used, m2 = —0.143 6 0.024 Mev . Re-
places ASSA M AGAN 94.
DOLGOV 95 removes earlier assumptions (DOLGOV 93}about thermal equilibrium below

TQCD for wrong-helicity Divac neutrinos (ENQVIST 93, FULI ER 91) to set more strin-

gent limits.
ENQVIST 93 bases limit on the fact that thermalized wrong-helicity Dirac neutrinos
would speed up expansion of early universe, thus reducing the primordial abundance.
FULLER 91 exploits the same mechanism but in the older calculation obtains a larger
production rate for these states, and hence a lower limit. Neutrino lifetime assumed to
exceed nucleosynthesis time, 1 s.

4 MAYLE 93 recalculates cooling rate enhancement by escape of wrong-helicity Dirac
neutrinos using the Livermore Supernova Explosion Code, obtains more restrictive result
than the "very conservative" BURROWS 92 limit because of higher core temperature.

5There would be an increased cooling rate if Dirac neutrino mass is included; this does

not apply for Majorana neutrinos. Limit is on m +m, and error becomes very
Il T

large if v is nonrelativistic, which occurs near the lab limit of 31 MeV. RAJPOOT 93
notes that limit could be evaded with new physics.
BURROWS 92 limit for Dirac neutrinos only.
Assumes neutrino lifetime )1s. For Dirac neutrinos only. See also ENQVIST 93.
NATALE 91 published result multiplied by ~8~4 at the advice of the author.
GRIFOLS 90e estimated error is a factor of 3.

0 GAEMERS 89 published result (& 0.03) corrected via the GANDHI 91 erratum.
ANDERHUB 82 kinematics is insensitive to the pion mass. i

KRAKAUER 91 quotes the limit T/m & (0.75a + 21.65a + 26.3) s/eV, where a

is a parameter describing the asymmetry in the neutrino decay defined as dN /dcosB
= (1/2)(1 + acosI9) The parameter a=0 for a Majorana neutrino, but can vary from
—1 to 1 for a Dirac neutrino. The bound given by the authors is the most conservative
(which applies for a = —1).
BLUDMAN 92 sets additional limits by this method for higher mass ranges. Cosmological
limits are also obtained.
Nonobservation of p's in coincidence with v's from SN 1987A. Results should be divided
by the Tv ~ pX branChing ratiO.

DODELSON 92 range is for wrong-helicity keV mass Dirac v's from the core of neutron
star in SN 1987A decaying to v's that would have interacted in KAM2 or IMB detectors.
CHUPP 89 should be multiplied by a branching ratio (about 1) and a detection efficiency
(about 1/4), and pertains to radiative decay of any neutrino to a lighter or sterile neutrino.
Model-dependent theoretical analysis of SN 1987A neutrinos.
Limit applies to v also.

19These experiments look for v& ~ vey or v& ~ ver.
HENRY 81 uses UV flux from clusters of galaxies to find T & 1.1 x 10 s for radiative
decay.
KIMBLE 81 uses extreme UV flux limits to find T & 1Q —1Q s.
REPHAELI 81 consider v decay p effect on neutral H in early universe; based on M31
Hl concludes T & 10 s.
DERUJULA 80 finds T & 3 x 10 s based on CDM neutrino decay contribution to UV
background.
STECKER 80 limit based on UV background; result given is T & 4 x 10 s at m = 20
eV.

l(v —c) /cl (v —= 142 VELocITY)

Expected to be zero for massless neutrino, but also tests whether photons
and neutrinos have the same limiting velocity in vacuum.

VALUE (units 10 4) CL% EVTS

~ ~ ~ We do not use the following

&0.4
&2.0
&4.0

95 9800
99 77
99 26

DOCUMENT ID TECN CHG COMMEN T

data for averages, fits, limits, etc. ~ ~ ~

KALBFLEISCH 79 SPEC
ALSPECTOR 76 SPEC 0
ALSPECTOR 76 SPEC 0

&5 GeV v
&5 GeV v

v2 MAGNETIC MOMENT

Must vanish for Majorana neutrino or purely chiral massless Dirac neutrino.
The value of the magnetic moment for the standard SU(2}xU(1) elec-
troweak theory extended to include massive neutrinos (see FUJIKAWA 80)
is trav

= 3eGFmv/(8~ v 2) = (3.2 x 10 )mvtLg where mv is in eV
and tg~ —equi/2me is the Bohr magneton. Given the upper bound mvV2
& 0.17 MeV, it follows that for the extended standard electroweak theory,

tL(v2) & 0.51 x 10

DOCUMENT ID TECN COMMEN TVA L UE (10 y, R }
8.5
7.4

CL%

AHRENS
25 KRAKAUER

90 90 CNTR v e ~ v&eP
90 90 CNTR LAMPF (v&, v&) e

clast.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

30 90 VI LAIN 95e CHM2 v&e ~ v&e
&100 95 DORENBOS. .. 91 CHRM v e ~ v e

0.02 95 7 RAFFELT 90 ASTR Red giant luminosity
0.1 RAFFELT 89e ASTR Cooling helium stars
0.11 81 9 FUKUGITA 87 ASTR Cooling helium stars
0.0006 NUSSINOV 87 ASTR Cosmic EM backgrounds
0.4 LYNN 81 ASTR
0.85 29 BEG 78 ASTR Stellar plasm ons

81 31 KIM 74 RVUE v e ~ v e

1 BERNSTEIN 63 ASTR Cooling white dwarfs

KRAKAUER 90 experiment fully reported in ALLEN 93.
DORENBOSCH 91 corrects an incorrect statement in DORENBOSCH 89 that the v2

magnetic moment is & 1 x 10 at the 95%CL. DORENBOSCH 89 measures both v e
I-g

and v e elastic scattering and assume IM(v&) = tg(v ).
RAFFELT 90 limit applies for a diagonal magnetic moment of a Dirac neutrino, or for a
transition magnetic moment of a Majorana neutrino. In the latter case, the same analysis

gives & 1.4 x 10 . Limit at 95%CL obtained from bMc.
Significant dependence on details of stellar properties.

29 lf m & 10 keV.
V2

For m = 8—200 eV. NUSSINOV 87 examines transition magnetic moments for v
V2

ve and obtain & 3 x 10 for mv & 16 eV and & 6 x 10 for mv & 4 eV.

KIM 74 is a theoretical analysis of v reaction data.

If m & 1keV.
V2
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Vp~ Vr

We report limits on the so-called neutrino charge radius squared in this
section. This quantity is not an observable, physical quantity and this is

reflected in the fact that it is gauge dependent (see LEE 77C). It is not nec-
essarily positive. A more general interpretation of the experimental results
is that they are limits on certain nonstandard contributions to neutrino
scattering.

VALUE (10 32 cm2)

~ ~ ~ We do not

CL% DOCUMENT ID TECN COMMENT

use the following data for averages, fits, limits,

90 VI LAIN 95B CHM2

AHRENS 90 CNTR

DORENBOS. .. 89 CHRM

etc. ~ ~ ~

& i0.6/

—1.1 + 1.0
—0.3+ 1.5

v e elas scat
v e elas scat

v& e elas scat

by our reduction to obtainResult is obtained from reanalysis given in ALLEN 91, followed
1 a errors.

v& REFERENCES

ASSAMAGAN
DOLGOV
VILA IN

ASSAMAGAN
JECKELMANN
ALLEN
DOLGOV
ENQVIST
MAYL E
RAJPOOT
BLUDMAN
BURROWS
DODELSON
ALLEN
DOREN BOS.. .
FULLER
GANDHI
KRAKAUER
LAM
NATA LE
AHRENS
GANDHI

A Iso
GR IFOLS
KRAKAUER
RAFFELT
CHUPP
DOREN BOS.. .
GAEMERS
KOLB
RAFFELT
VONFEILIT. ..
FUKUGITA
NUSSINOV
ANDERHUB
FRANK
HENRY
KIMBLE
LYNN
REPHAELI
DERU JULA
FUJIKAWA
STECKER
KALB FLEISCH
BEG
BLIETSCHAU
BAR NES
LEE
AI SPECTOR
BELLOTTI
CLARK
KIM
BERNSTEIN

+Broennimann, Daum+ (PSI, ZURI, VILL, VIRG)
+Kainutainen, Rothstein (MICH, MINN, CERN)
+Wilquet, Beyer+ (CHARM II Collab. )
+Broennimann, Daum+ (PSI, ZURI, VILL, VIRG)
+Goudsmit, Leisi (WABRN, VILL)
+Chen, Doe, Hausammann+ (UCI, LANL, ANL, UMD)
+ Rothstein (MICH)
+Uibo (NORD)
+Schramm, Turner, Wilson (LLNL, CHIC)

(CSULB)
(CFPA)

(ARIZ, CHIC)
(FNAL, CHIC)

(UCI, LANL, UMD)
(CHARM Collab. )

(UCSD)
(ARI Z)

(LAMPF E225 Collab. )
(AST)

(5P IFT)
+ (BNL, BROW, HIRO, KEK, OSAK, PENN, STON)
+Burrows (ARIZ)

(erratum) Gandhi, Burrows (ARI Z)
+Masso (BARC, CERN)
+Talaga, Allen, Chen+ (LAMPF E225 Collab. )

(MPIM)
+Vestrand, Reppin (UNH, MPIM)

Dorenbosch, Udo, Allaby, Amaldi+ (CHARM Collab. )
+Gandhi, Lattimer (ANIK, STON)
-FTurner (CHIC, FNAL)
+Dearborn, Silk (UCB, LLL)

Von Feilitzsch, Oberauer (MUNT)
+Yazaki (KYOTY, TOKY)
+Rephaeli (TELA)
+Boecklin, Hofer, Kottmann+ (ETH, SIN)
+Burman+ (LASL, YALE, MIT, SACL, SIN+)
+Feldm an (JHU)
+Bowyer, Jakobsen (UCB)

(COL U)
+Szalay (UCSB, CHIC)
+GIashow (MIT, HARV)
+Shrock (STON)

(NASA)
+Baggett, Fowler+ (FNAL, PURD, BELL)
+Marciano, Ruderman (ROCK, COLU)
+Deden, Hasert, Krenz+ (Gargam elle Collab. )
+Carmony, Dauwe, Fernandez+ (PURD, ANL)
+Shrock (STON)
+ (BNL, PURD, CIT, FNAL, ROCK)
+Cavalli, Fiorini, Rollief (MILA)
+Elioff, Frisch, Johnson, Kerth, Shen+ (LBL)
+Mather, Okubo (ROC H)
+Ruderman, Feinberg (NYU, COLU)

96 PR D53 6065
95 PR D51 4129
95B PL B345 115
94 PL B335 231
94 P L B335 326
93 PR D47 11
93 PRL 71 476
93 PL B301 376
93 P L B317 119
93 MPL A8 1179
92 PR D45 4720
92 PRL 68 3834
92 PRL 68 2572
91 PR D43 Rl
91 ZPHY C51 142
91 P R D43 3136
91 PL B261 519E
91 PR D44 R6
91 P R D44 3345
91 PL B258 227
90 PR D41 3297
90 PL B246 149
91 PL B261 519E
90B PL B242 77
90 PL B252 177
90 PRL 64 2856
89 PRL 62 505
89 ZPHY C41 567
89 P R D40 309
89 PRL 62 509
89B APJ 336 61
88 P L 8200 580
87 P R D36 3817
87 PR D36 2278
82 PL 114B 76
81 PR D24 2001
81 PRL 47 618
81 PRL 46 80
81 PR D23 2151
81 PL 106B 73
80 PRL 45 942
80 PRL 45 963
80 PRL 45 1460
79 PRL 43 1361
78 PR D17 1395
78 NP B133 205
77 PRL 38 1049
77C PR D16 1444
76 PRL 36 837
76 LNC 17 553
74 PR D9 533
74 PR D9 3050
63 P R 132 1227

+Gandhi, Turner
+Frieman, Turner
+Chen, Doe, Hausammann

Dorenbosch, Udo, Allaby, Amaldi+
+Malaney

(erratum/ Burrows
+Talaga, Allen, Chen+
+Ng

NONSTANDARD CONTRIBUTIONS TO NEUTRINO SCATTERING

95

&0.1or ) 50 tKAWASAKI94 COSM Nucleosynthesis
&75 95 BALEST 93 CLEO E = 10.6 GeV

&32.6 95 113 CINABRO 93 CLEO E = 10.6 GeV

0.3 or & 35 9 DOLGOV 93 COSM Nucleosynthesis
& 0.74 ENQVIST 93 COSM Nucleosynthesis
& 0.003 MAYLE 93 ASTR SN 1987A cooling
&31 19 ALBRECHT 92M ARG E = 9.4—10.6 GeV

& 0.025M, 030 BURROWS 92 ASTR SN 1987A cooling
& 0.3 FULLER 91 COSM Nucleosynthesis

0.5 or ) 25 16 KOLB 91 COSM Nucleosynthesis
0.42 LAM 91 COSM Nucleosynthesis

& 0.028M. 15 NATALE 91 ASTR SN 1987A
0.028 12 GANDHI 90 ASTR SN 1987A
0.014 or & 34 12,18 GRIFOLS 9pB ASTR SN 1987A
0.06 12 19 GAEMERS 89 SN 1987A

i BUSKULIC 9SH bound comes from a two-diroensiooal fit of the visible energy aod in-

variant mass distribution of T ~ 5n-(vr ) vT decays. t
AKERS 95D bound comes from analysis of r ~ 3~ 27r+ v decay mode.
DOLGOV 95 removes earlier assum ptions (DOLGOV 93) about thermal equilibrium below

TQCD for wrong-helicity Divac neutrinos (ENQVIST 93, FULLER 91) to set more strin-
gent limits.

4SIGL 95 exclude massive Dirac or Majorana neutrinos with lifetimes between 10 3 and

10 seconds if the decay products are predominantly p or e+ e
DODELSON 94 calculate constraints on v mass and lifetime from nucleosynthesis for
4 generic decay modes. Limits depend strongly on decay mode. Quoted limit is valid for
all decay modes of Majorana neutrinos with lifetime greater than about 300 s. For Dirac
neutrinos limits change to & 0.3 or & 33.
KAWASAKI 94 excluded region is for Majorana neutrino with lifetime )1000s. Other
limits are given as a function of v lifetime for decays of the type v v P where P
is a Nambu-Goldstone boson.
BALEST 93 derive limit by comparing their m measurement (which depends on m )
to BAI 92 and BACINO 78B m threshold measurements.

CINABRO 93 bound comes from analysis of T ~ 3~ 2~+ v and

2~ ~+ 2x vT decay modes.

DOLGOV 93 assumes neutrino lifetime )100s. For Majorana neutrinos, the low mass
limit is 0.5 MeV. KAWANO 92 points out that these bounds can be overcome for a Dirac
neutrino if it possesses a magnetic moment.
ENQVIST 93 bases limit on the fact that thermalized wrong-helicity Dirac neutrinos
would speed up expansion of early universe, thus reducing the primordial abundance.
FULLER 91 exploits the same mechanism but in the older calculation obtains a larger
production rate for these states, and hence a lower limit. Neutrino lifetime assumed to
exceed nucleosynthesis time, 1 s.
MAYLE 93 recalculates cooling rate enhancement by escape of wrong-helicity Dirac
neutrinos using the Livermore Supernova Explosion Code, obtains more restrictive result
than the "very conservative" BURROWS 92 limit because of higher core temperature.
There would be an Increased SN 1987A cooling rate if Dirac neutrino mass is included;

this does not apply for Majorana neutrinos. Limit is on m +-m, and error
Ic T

becomes very large if v is nonrelativistic, which occurs near the lab limit of 31 MeV.
RAJPOOT 93 notes that limit could be evaded with new physics.
ALBRECHT 92M reports measurement of a slightly lower T mass, which has the effect
of reducing the v mass reported in ALBRECHT 88B. Bound is from analysis of T

3a 2m. + vT mode.
BURROWS 92 limit for Dirac neutrinos only.
Assumes neutrino lifetime &1s. For Dirac neutrinos. See also ENQVIST 93.
KOLB 91 exclusion region is for Dirac neutrino with lifetime )1 s; other limits are given.
NATALE 91 published result multiplied by v 8~4 at the advice of the author.
GRIFOLS 90B estimated error is a factor of 3.
GAEMERS 89 published result (& 0,03) corrected via the GANDHI 91 erratum.

v~ MASS

Applies to v3, the primary mass eigenstate in v . Would also apply to any
other vi which mixes strongly in v and has sufficiently small mass that
it can occur in the respective decays. (This would be nontrivial only for a

hypothetical) ) 4, given the ve and v mass limits above. ) See also the
Listings in the Neutrino Bounds from Astrophysics and Cosmology section.

CL% EVTS DOCUMENT ID TECN

95 25 1 BUSKULIC 95H ALEP
use the following data for averages, fits, limits,

95 AKERS 95D OPAL
DOLGOV 95 COSM

4 SIGL 95 ASTR
5 DODELSON 94 COSM

VAL UE (Me V)

(24
~ ~ ~ We do not

&74
& 0.19

3
&0.4or &30

COMMENT

1991—1993 LEP runs

etc. ~ ~ ~

2 ~ T+~ at LEP
Nucleosynthesis
SN 1987A
Nucleosynthesis

Existence indirectly established from 7- decay data combined with

v reaction data. See for example FELDMAN 81. ALBRECHT 92Q
rules out J = 3/2 by establishing that the p is not in a pure H =—1

helicity state in r ~ p v .

Not in general a mass eigenstate. See note on neutrinos in the ve
section above.

VAL UE (siev)

~ ~ ~ We do not use the

x 1p14

&2.8 x ]015

10 or& Sx104

&6.3 x 1015
)17 x 1015

x 1p21

x 1p
—11

DOCUMENT ID

following data for averages, fit

SIGL 95
21,22 Bl UDMAN 92

DODELSON 92
24 GRANEK 91
25 WA LK ER 90

22,26 CHUPP 89
KOLB 89
TERASAWA 88

28 KAWASAKI
29 LINDLEY 85

BINETRUY 84
31 SARKAR 84
32 HENRY 81

K IM B LE 81
REPHAELI 81
DERU JULA 80
STECKER 80

37 DICUS 78
38 FALK 78

COWS I K 77

TECN COM MEN T

s, limits, etc. ~ o ~

ASTR
ASTR
ASTR
COSM
ASTR
ASTR
ASTR
COSM

COSM
COSM
COSM
COSM
ASTR
ASTR
ASTR
ASTR
ASTR
COSM
ASTR
ASTR

m & few MeV
m & 50eV
m =1—300 keV

Decaying L

m = 003 — 2 MeV
m & 20eV
m~& 20eV
m = 30—70 MeV

m &10 MeV
m ) 10MeV
m 1 MeV

mv —10-100 MeV

mv —16-20 eV
m = 10—100 eV

mv —30-150 eV
m = 10—100 eV
m = 10—100 eV
rrI v

v 10 MeV

srs (MEAN LIFE) / MASS

These limits often apply to v (v2) also.
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SIGL 95 exclude 1s (7-( 10 s for MeV-mass ~ nuetrinos from SN 1987A decaying
radiatively, and eliminates the lower limit using other published results.
BLUDMAN 92 sets additional limits by this method for higher mass ranges. Cosmological
limits are also obtained.
Nonobservation of p's in coincidence with v's from SN 1987A. Results should be divided
by the 7v ~ pX branching ratio.
DODELSON 92 range is for wrong-helicity keV mass Dirac v's from the core of neutron
star in SN 1987A decaying to v's that would have interacted in KAM2 or IMB detectors.
GRANEK 91 considers heavy neutrino decays to pv~ and 3vL, where m &100 keV.

vL
Lifetime is calculated as a function of heavy neutrino mass, branching ratio into pvL,

mvvL'

WALKER 90 uses SN 1987A p flux limits after 289 days to find m & 1.1 x 10 eVs.
CHUPP 89 should be multiplied by a branching ratio (about 1) and a detection efficiency
(about 1/4), and pertains to radiative decay of any neutrino to a lighter or sterile neutrino.
TERASAWA 88 finds only 10 & ~ & 10 allowed for 30—70 MeV v's from primordal
nucleosynthesis.
KAWASAKI 86 concludes that light elements in primordal nucleosynthesis would be

destroyed by radiative decay of neutrinos with 10 MeV&mv &1 GeV unless v (10 s.
29LINDLEY 85 considers destruction of cosmologically-produced light elements, and finds

7- & 2 x 10 s for 10 MeV &mv &100 MeV. See also LINDLEY 79.
BINETRUY 84 finds ~ & 10 s for neutrinos in a radiation-dominated universe.
SARKAR 84 finds v. & 20 s at m =10 MeV, with higher limits for other m, and claims
that all masses between 1 MeV and 50 MeV are ruled out.
HENRY 81 uses UV flux from clusters of galaxies to find ~ & 1.1 x 10 s for radiative
decay.
KIMBLE 81 uses extreme UV flux limits to find 7. & 10 —10 s.
REPHAELI 81 consider v decay p effect on neutral H in early universe; based on M31
Hl concludes ~ & 10 s.
DERUJULA 80 finds ~ & 3 x 10 s based on CDM neutrino decay contribution to UV
background.
STECKER 80 limit based on UV background; result given is ~ & 4 x 10 s at m = 20
eV.
DICUS 78 considers effect of v decay photons on light-element production, and finds
lifetime must be less than "hours. " See also DICUS 77.
FALK 78 finds lifetime constraints based on supernova energetics.

39 COWSIK 77 considers varity of scenarios. For neutrinos produced in the big bang, present
limits on optical photon flux require ~ & 10 s for m 1 eV. See also COWSIK 79
and GOLDMAN 79.

v3 MAGNETIC MOMENT

Must vanish for Majorana neutrino or purely chiral massless Dirac neutrino.
The value of the magnetic moment for the standard SU(2)xU(1) elec-
troweak theory extended to include massive neutrinos (see FUJIKAWA 80)
is p, = 3eGFm /(8n- ~2) = (3.20 x 10 )m p, 8 where m is in eV
and p~ —eFi/2me is the Bohr magneton. Given the upper bound mvv3
& 35 MeV, it follows that for the extended standard electroweak theory,

p(v3) & 1.1 x 10 p8.

90

v3 CHARGE

VALUE {I2, R ) CL Zo DOCUMENT ID TECN COMMENT

&5.4 x 10 90 COOPER-. .. 92 BEBC v e v e
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(4.1 x 10 90 ACCIARRI 95D L3 e+ e ~ vvp at LEP
&5.5 x 10 90 GOULD 94 RVUE e+ e ~ vvp at LEP
)10—8 41 KAWANO 92 ASTR Primodial 4He abun-

dance
&5.6 x 10—6 90 DESHPANDE 91 RVUE e+ e ~ vvp
(2 x 10 95 4 RAFFELT 90 ASTR Red giant luminosity

&1 x 10 RAFFELT 898 ASTR Cooling helium stars
&4. x 10 44 GROTCH 88 RVUE e+ e ~ vvp
&1.1 x 10—11 FUKUGITA 87 ASTR Cooling helium stars
&6 x 10 NUSSINOV 87 ASTR Cosmic EM backgrounds
&8.5 x 10 45 BEG 78 ASTR Stellar plasmons

COOPER-SARKAR 92 assume fo /f = 2 and Ds, Ds production cross section =
5

2.6 pb to calculate v flux.

41KAWANO 92 lower limit is that needed to circumvent 4He production if m is between
V~

5 and 30 MeV/c .
42 RAFFELT 90 limit valid if m & 5 keV. It applies for a diagonal magnetic moment of

v3
a Dirac neutrino, or for a transition magnetic moment of a Majorana neutrino. In the
latter case, the same analysis gives & 1.4 x 10 . Limit at 95%CL obtained from bMc.
Significant dependence on details of stellar properties.
GROTCH 88 combined data from MAC, ASP, CELLO, and Mark J.

45 if m & 10 keV.
v3

For m = 8—200 eV. NUSSINOV 87 examines transition magnetic moments for v

v and obtain & 3x 10 for m & 16eV and & 6x 10 for m & 4eV.e v3 v3

LIMIT ON v~ PRODUCTION IN BEAM DUMP EXPERIMENT

v~ REFERENCES

ACCIARRI
AKERS
BUSKULIC
DOLGOV
S IGL
BABU
DODELSON
GOULD
KAWASAK I

BA LEST
CINABRO
DOLGOV
ENQV 1ST
MAYLE
RA JPOOT
ALBRECHT
ALBRECHT
BA I

BLUDMAN
BURROWS
COOPER-. ..
DODELSON
KAWANO
DAVIDSON
DESHPAND
FULLER
GANDHI
GRANEK
KOLB
LAM
NATALE
GANDHI

Also
GRIFOLS
RAFFELT
WALK ER
CHUPP
GAEMERS
KOLB
RAFFELT
ALBRECHT
DORENBOS
GROTCH
TERASAWA
BOFILL
FUKUGITA
NUSSINOV
TALE BZA D

KAWASAKI
US HIDA
LINDLEY
BINETRUY
SARKAR
ASRATYAN
FELDMAN

Santa C
HENRY
KIMBLE
REPHAELI
DERUJULA
FRITZE
F U J IKAWA
STECKER
COWSIK
GOLDMAN
LINDLEY
BACINO
BEG
DI C US

FALK
COWS I K

DI C US

95D
95D
95H
95
95
94
94
94
94
93
93
93
93
93
93
92M
92Q
92
92
92
92
92
92
91

E 91
91
91
91
91
91
91
90
91
908
90
90
89
89
89
898
888
88
88
88
87
87
87

EH 87
86
86C
85
84
84
81
81

ruz APS
81
81
81
80
80
80
80
79
79
79
788
78
78
78
77
77

PL 8346 190
ZPHY C65 183
PL 8349 585
PR D51 4129
PR D51 1499
PL 8321 140
PR D49 5068
PL 8333 545
NP 8419 105
PR D47 R3671
PRL 70 3700
PRL 71 476
PL 8301 376
PL 8317 119
MPL AS 1179
PL 8292 221
ZPHY C56 339
PRL 69 3021
PR D45 4720
PRL 68 3834
PL 8280 l53
PRL 68 2572
PL 8275 487
PR D43 2314
PR D43 943
PR D43 3136
PL 8261 519E (
IJMP A6 2387
PRL 67 533
PR D44 3345
PL 8258 227
PL 8246 149
PL 8261 519E (
PL 8242 77
PRL 64 2856
PR D41 689
PRL 62 505
PR D40 309
PRL 62 509
APJ 336 61
PL 8202 149
ZPHY C40 497
ZPHY C39 553
NP 8302 697
PR D36 3309
PR D36 3817
PR D36 2278
NP 8291 503
PL 8178 71
PRL 57 2897
APJ 294 1
PL 1348 174
PL 1488 347
PL 1058 301
S LAC- P U 8-2839

PRL 47 618
PRL 46 80
PL 1068 73
PRL 45 942
PL 968 427
PRL 45 963
PRL 45 1460
PR D19 2219
PR D19 2215
MNRAS 188 15P
PRL 41 13
PR D17 1395
PR D17 1529
PL 798 511
PRL 39 784
PRL 39 168

+Adam, Adriani, Aguilar-Benitez+ (L3 Collab. )
+Alexander, Allison, Anderson+ (OPAL Collab. )
+Casper, De Bonis, Decamp+ (ALEPH Collab. )
+Kainulainen, Rothstein (MICH, MINN, CERN)
+Turner (FNAL, EFI)
+Gould, Rothstein (BART, JHU, MICH)
+Gyuk, Turner (FNAL, CHIC, EFI)
+Rothstein (JHU, M I C H)
+Kernan, Kang+ (osU)
+Daoudi, Ford, Johnson+ (CLEO Collab. )
+Henderson, Kinoshita+ (CLEO Collab. )
+Rothstein (M I C H)
+Uibo (NORD)
+Schrarnrn, Turner, Wilson (LLNL, CHIC)

(CSULB)
+Ehrlichmann, Hamacher, Hofmann+ (ARGUS Collab. )
+Ehrlichmann, Harnacher+ (ARGUS Collab. )
+Bardon, Becker-Szendy, Burnett+ (BES Collab. )

(CFPA)
+Gandhi, Turner (ARIZ, CHIC)

Cooper-Sarkar, Sarkar, Guy, Venus+(BEBC WA66 Collab. )
+Fneman, Turner (FNAL, CHIC)
+Fuller, Malaney, Savage (CIT, UCSD, LLL, RUTG)
+Campbell, Bailey (ALBE, TNTO)
+Sarma (OREG, TATA)
+Malaney (UCSD)

erratum/Burrows (ARIZ)
+McKellar (MEL8)
+Turner, Chakravorty, Schramm (FNAL, CHIC)
+Ng (AST)

(SPIFT)
(ARIZ)
(ARIZ)

(BARC, CERN)
(MPI M)
(HARV)

+Vestrand, Reppin (UNH, MPIM)
+Gandhi, Lattimer (ANIK, STON)
+Turner (CHIC, FNAL)
+Dearborn, Silk (UCB, LLL)
+Binder, Boeckmann+ (ARGUS Collab. )

Dorenbosch, Allaby, Amaldi, Barbiellini+ (CHARM Collab. )
+Robinett (PSU)
+Kawasaki, Sato (TOKY)
+Busza, Eldridge+ (MIT, FNAL, MSU)
+Yazak) (KYOTY, TO KY)
+Rephaeli (TELA)
+G uy, Venus+ (BEBC WA66 Collab. )
+Terasawa, Sato (TOKY)
+Kondo, Tasaka, Park, Song+ (FNAL E531 Collab. )

(FNAL)
+Girardi, Salati (LAPP)
+Cooper (OXF, CERN)
+Efr em e nko, Fed otov+ (ITEP, FNAL, SERP, MICH)

(SLAC, STA N)

+ Burrows
erratum) Gandhi, Burrows

+ Masso

+Feldman
+Bowyer, Jakobsen
+Szalay
+Glashow

(AACH3, BONN,
+Shrock

+Stephenson

+Ferguson, Nodulman, Slater+
+Marciano, Ruderman
+Kolb, Teplitz, Wagoner
+Schrarnm

+Kolb, Teplitz

(JHU)
(UCB)

(UCSB, CHIC)
(MIT, HARV)

CERN, LOIC, OXF, SACL)
(STON)
(NASA)
(TATA)
(LASL)
(SUSS)

(DELCO Collab. )
(ROCK, COLU)

(TEXA, VPI, STAN)
(CHIC)

( M P I M, TATA)
(TEXA, VPI)

VAL UE DOCUMENT ID TECN

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

DORENBOS. .. 88 CHRM
BOF ILL 87 CNTR

51 TALEBZADEH 87 BEBC
USHIDA 86C EMUL
ASRATYAN 81 HLBC

54 FRITZE 80 BEBC

DORENBOSCH 88 is CERN SPS beam dump experiment with the CHARM detector.
v~+v flux is &21% of the total prompt flux at 90% CL.
BOFILL 87 is a Fermilab narrow-band v beam with a fine-grained neutrino detector.
TALEBZADEH 87 is a CERN SPS beam dump experiment with the BEBC detector.
Mixing probability P(ve ~ v~) &18% at 90% CL.
USHIDA 86C is a Fermilab wide-band v beam with a hybrid emulsion spectrometer.
Mixing probabilities P(ve ~ v~) & 7.3% and P(v& ~ v~) & 0.2% at 90% CL.

ASRATYAN 81 is a Fermilab wide-band v beam with a 15 foot bubble chamber. Mixing
probability P(v ~ v ) & 2.2% at 90% CL.

FRITZE 80 is CERN SPS experiment with BEBC. Neutral-current/charged-current ratio
corresponds to R = (prompt-v -induced events)/(all prompt-v events) &0.1. Mixing
probability P(ve ~ v~) &0.35 at CL = 90%.

VALUE(units: electron charge) DOCUMENT ID TECN COMMENT

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4x 10 BABU 94 RVUE BEBC beam dump
&3x 10 DAVIDSON 91 RVUE SLAC electron beam

dump
42 BABU 94 use COOPER-SARKAR 92 limit on va magnetic moment to derive quoted

result.
DAVIDSON 91 use data from early SLAC electron beam dump experiment to derive
charge limit as a function of neutrino mass.

WEINSTEIN 93 ARNPS 43 457 +Stroynowski

OTHER RELATED PAPERS

(CIT, SMU)
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Number of Light Neutrino Types

Number of Light Neutrino Types
The neutrinos referred to in this section are those of the Standard

SU(2}x U(1) Electroweak Model possibly extended to allow nonzero
neutrino masses. Light neutrinos are those with mv ( mZ/2. The
limits are on the number of neutrino families or species, including

Ve, V~, V~

THE NUMBER OF LIGHT NEUTRINO
TYPES FROM COLLIDER EXPERIMENTS

(by Dean Karlen, Carleton University)

The most precise measurements of the number of light

neutrino types, N, come from studies of Z production in

e+e collisions. At the time of this report, the most recent

combined analysis of the four LEP experiments [1] included

nearly 8 million visible Z decays. The invisible partial width,

I;„,is determined from these data by subtracting the measured

visible partial widths, corresponding to Z decays into quarks

and charged leptons, from the total Z width. The invisible

width is assumed to be due to Nv light neutrino species each

contributing the neutrino partial width I' as given by the

Standard Model. In order to reduce the model dependence, the

Standard Model value for the ratio of the neutrino to charged

leptonic partial widths, (1 /It)s~ = 1.992, is used instead of

(1 )SM to determine the number of light neutrino types:

The combined LEP result is N = 2,991+0.016.
In the past, when only small samples of Z decays had been

recorded by the LEP experiments and by the Mark II at SLC,
the uncertainty in Nv was reduced by using Standard Model

fits to the measured hadronic cross sections at several center-

of-mass energies near the Z resonance. Since this method is

much more dependent on the Standard Model, the approach

described above is favored.

Before the advent of the SLC and LEP, limits on the

number of neutrino generations were placed by experiments at

lower-energy e+e colliders by measuring the cross section of

the process e+e —+ vvp. The ASP, CELLO, MAC, MARK 3,
and VENUS experiments observed a total of 3.9 events above

background [2], leading to a 95% CL limit of N~ ( 4.8.
This process has a much larger cross section at center-of-mass

energies near the Z mass and has been measured at LEP by

the ALEPH, L3, and OPAL experiments [3]. Each experiment

has observed several hundred of these events, and the combined

result is Nv = 3.09 + 0.13.
Experiments at pp colliders also placed limits on N by

determining the total Z width from the observed ratio of
W+ ~ 8+v to Z ~ 8+I. events [4]. This involved a calculation

that assumed Standard Model values for the total W width

and the ratio of W and Z leptonic partial widths, and used

an estimate of the ratio of Z to W production cross sections.

Now that the Z width is very precisely known from the LEP
experiments, the approach is now one of those used to determine

the W width,

Number from e+ e Colliders

Number of Light v Types
Our evaluation uses the invisible and leptonic widths of the Z boson from our combined
fit shown in the Particle Listings for the Z Boson, and the Standard Modei value I vt'I g= 1.992 + 0.003.

VAL UE DOCUMENT ID TECN

2.991+0.016 OUR EVALUATION 1995 combined fit to all LEP data.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3.00 +0.05 1 LEP 92 RVUE

Simultaneous fits to all measured cross section data from all four LEP experiments.

Number of Light v Types from Direct Measurement of Invisible Z Width
In the following, the invisible Z width is obtained from studies of single-photon events
from the reaction e+e ~ vvy. All are obtained from LEP runs in the Ecm range
88—94 GeV.

VALUE TECN COMMENT

3.09+0.13 OUR AVERAGE
3.23 +0.16+0.10 AKERS 95C OPAL 1990—1992 LEP runs

2.68 4 0.20 +0.20 BUSKULIC 93L Al EP 1990—1991 LEP runs

3.24+ 0.46+ 0.22 ADEVA 92 L3 1990 LEP run

3.14+0.24 k 0.12 ADRIANI 92E L3 1991 LEP run

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3.0 60.4 +0.2 AKRAWY 91D OPAL Repl. by AKERS 95c

DOCUMENT ID

Limits from Astrophysics and Cosmology

Number of Light v Types
("light" means & about 1 MeV). See also OLIVE 81. For a review of limits based on
Nucleosynthesis, Supernovae, and also on terrestial experiments, see DENEGRI 90.

VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3.6 OLIVE 95 COSM
3, 1 OLIVE 95B COSM

& 3,04 KERNAN 94 COSM
( 3.3 WALKER 91 COSM
& 3.4 OLIVE 90 COSM

5.2 ELLIS 86 COSM
4 ST El G MA N 86 COS M

4 YANG 84 COSM
& 4 YANG 79 COSM
( 7 STEI G MA N 77 COS M

PEEBLES 71 COSM
&16 SHVARTS MAN 69 COSM

HOYLE 64 COSM

OLIVE 95 limit assumes the existence of at least three (massless) neutrinos.
SHVARTSMAN 69 limit inferred from his equations.

Number Coupling with Less Than Full Weak Strength
VAL LIE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&20 4 OLIVE 81c COSM
&20 4 STEIGMAN 79 COSM

Limit varies with strength of coupling. See also WALKER 91.
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95C
95
95B
94
93L
92
92E
92
91D
91
90
90
86
86
84
81
81C
79
79
77
71

Univ.
N 69

AKERS
OLIVE
OLIVE
KERNAN
BUSKULIC
ADEVA
ADRIANI
LEP
AK RAWY
WALKER
DENEGRI
OLIVE
ELLIS
STEIGMAN
YANG
OLIVE
OLIVE
STEIGMAN
YANG
STEIGMAN
PEEBLES

Princeton
SHVARTSMA

HOYLE 64

+Alexander, Allison+ (OPAL Collab. )
+Steigman (MINN, OSU)
+Steigman (MINN, OSU)
+K rauss (CASE)
+De Bonis, Deca rn p+ (ALEPH Collab. )
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+Olive, Schramm, Turner (BART, MINN+)
+Turner, Steigman, Schramm, Olive (CHIC, BART)
+Schramm, Steigman, Turner, Yang+ (CHIC, BART)
+Schramm, Steigman (EFI, BART)
+Olive, Schrarnm (BART, EFI)
+Schramm, Steigman, Rood (CHIC, YALE, VIRG)
+Schramm, Gunn (YALE, CHIC, CIT)
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ZPHY C65 47
PL B354 357
APJS 97 49
PRL 72 3309
PL B313 520
PL B275 209
PL B292 463
PL B276 247
ZPHY C50 373
APJ 376 51
RMP 62 1
PL B236 454
PL 167B 457
PL B176 33
APJ 281 493
APJ 246 557
NP B180 497
PRL 43 239
APJ 227 697
PL 66B 202
Physical Cosmology

Press (1971)
JETPL 9 184
Translated from ZET
Nature 203 1108

(MOSU)

(CAMB)
FP 9 315.

+Tayler

REFERENCES FOR Limits on Number of
Light Neutrino Types

states, e.g. , v, ~ v& or v& +-+ P&. However, in a comprehensive

analysis of all current data on limits on (or positive reports of)
neutrino oscillations, one should use a three-generation mixing

framework.

The simplest situation occurs in an "appearance" exper-

iment, where one searches for interactions by neutrinos of a
variety not expected in the beam. An example is the search for

v, interactions in a beam of neutrinos from the m+ decay chain,

which (among other possibilities) might be taken as evidence

for v& ~ v, . For oscillation between two states, the probability
that the "wrong" state will appear is given by Eq. 5 in Shrock's
"Note on Neutrinos" at the beginning of the Quark and I ep-

ton Particle Listings. For our present purposes, this may be

rewritten as

Massive Neutrinos and
Lepton Mixing, Searches for

Searches for massive neutral leptons and the efI'ects of

nonzero neutrino masses are listed here. These results are di-

vided into the following main sections:

A. Heavy neutral lepton mass limits;

B. Sum of neutrino masses;

C. Searches for neutrinoless double-P decay (see the note by

P. Vogel on "Searches for neutrinoless double-P decay"

preceding this section);
D. Other bounds from nuclear and particle decays;

E. Bounds from particle decays;
F. Solar v experiments (see the note on "Solar Neutrinos" by

K. Nakamura preceding this section);
G. Astrophysical neutrino observations;

H. Reactor v, disappearance experiments;

I. Accelerator neutrino appearance experiments;

J. Disappearance experiments with accelerator and radioactive

source neutrinos.

Direct searches for masses of dominantly coupled neutrinos

are listed in the appropriate section on v„v&,or v~. Searches

for massive charged leptons are given elsewhere, and searches

for the mixing of (p, e+) and (p+e ) are given in the muon

listings.

Discussion of the v, and v& mass limits and the theory of

mixing are given in the note on "Neutrinos" by R.E. Shrock

in the v, section near the beginning of these Particle Listings.

Several reviews are also listed there.

Most of the results of the present section are correlated

upper bounds on mixing matrix coefFicients U~z versus neutrino

mass. In some of these cases (e.g. accelerator neutrino oscilla-

tion experiments), results are presented assuming that mixing

occurs only between two neutrino species. In this case limits

or results can be shown as allowed regions on a plot of IAm

as a function of sin 20, where Am = m . —m . . Although

there are three flavors, data are usually analyzed assuming an

oscillat, ion between just two of them, e.g. , v~ ~ v, . The same

remark applies to lepton-number violating mixing between two

P = sin 28 sin (1.276m L/E),

(P) =
2 sin 28[1 —cos(2bodm ) exp( —2cr&(Am ) )j (2)

The value of (P) is set by t, he experiment. For example, if 230

interactions of the expected flavor are detected and none of
the wrong flavor are seen, then P = 0.010 at the 90'7p CL. We

can then solve the above expression for sin 20 as a function

of Am2~. This function is shown in Fig. 1 for the parameter

assumptions given in the caption. Note that:

(a) since the fast oscillations are completely washed out by the

resolution for large ~Am ~, sin 28 = 2 (P) in this region;

(b) the maximum excursion to the left is to approximately (P),
and it occurs at IAm

I

= ~/2bo eV;
(c) for large sin 28, Am oc (sin 28) t/2; and

(d) the intercept at sin 28 = 1 is at g(P)/bo.
The intercept for large IAm2 is just a measure of running

time and backgrounds, while the intercept at sin 26I = 1 also

depends on the mean value of I/E The wiggles depen. d on the

experimental resolution, but aside from such details the two

intercepts completely describe the exclusion region: For large

Am ~, sin 28 is constant, and for large sin 28 the constant

slope is known. For these reasons, it is (nearly) suEcient to
summarize the results of an experiment by stating the two

intercepts, as is done in the following tables. The reader is

referred to the original papers for the two-dimensional plots

expressing the actual limits.

where L is the distance from the neutrino's production point to
its interaction point, and E is its energy. In the above, ~Am

~

is in eV2 and I/E is in km/GeV or m/MeV. Since in a real

experiment L and F have some spread, one must average P
over the appropriate distributions. As an example, let us make

the somewhat unrealistic assumption that b = 1 27L, /E has.

a Gaussian distribution with standard deviation IYt, about a
central value bo. Then:
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103

10

0188pp CRI.':8DCC:A
t

Exclude. ed i'eaten
(& appeaia. nce exp' imirit)

+
+:... :

(b) Those in which the intensity must be measured in the

apparatus itself (two detectors, or a "long" detector). Then
above some minimum Am

l
the equilibrium is established

upstream, and there is no change in intensity over the
length of the apparatus. As a result, sensitivity is lost
at high lcm l, as is qualitatively indicated by the curve

"Disappearance B" in Fig. 1. See, for example, DYDAK 84.

z/2
1.27(L/E

v(P&

1.27 sin220 (L/E)

10 2 I

10 3 2 5 10 2 5 10
sin220

I I I I I I

10O

Finally, there are more complicated cases, such as in the
HIRATA 92B analysis of the Kamiokande II solar neutrino

data in terms of the MSW parameters. An irregular region on

the lcm
l

vs sin 2e is excluded for a combination of physical

reasons. It is difTicult to represent adequately these graphical

data within the strictures of our tables.

(A) Heavy neutral leptons

Stable Neutral Heavy Lepton MASS LIMITS

Note that LEP results in combination with REUSSER 91 exclude a fourth
stable neutrino with m& 2400 GeV.

Figure 1: Neutrino oscillation parameter
ranges excluded by a toy experiment in which
one searches for the appearance of neutrinos
not expected in the beam. The probability of
appearance, in this case 0.5'Po at some speci-
fied CL, is set by the number of right-flavor
events observed and/or information about the
flux and cross sections. Here it is assumed that
(I/E) = I km Gev, and that t, he distribution
of I /E is Gaussian with a 20'K standard de-
viation. The wiggle structure is determined by
the resolution function, and the intercepts are
determined by the appearance probability and
(L/E). The leftmost excursion relative to the
high-lcm

~

limit and the slope of the lower part
of the curve are independent of the experiment.
In a disappearance experiment, high-lcm

~

sen-
sitivity is lost unless the incident flux is known.
These two possibilities are shown qualitatively
by the dashed lines marked "Disappearance A"
and "Disappearance B."

If a positive effect is claimed, then the excluded region

becomes an included region. This is the case for the HIRATA

92 analysis of R(p/e) for atmospheric neutrinos.

In a "disappearance" experiment, one looks for the attenua-

tion of the beam neutrinos (for example, vk) by mixing with at

least one other neutrino eigenstate. (We label such experiments

as vk -j+ vg. ) These experiments fall into two general classes:

(a) Those in which the beam neutrino flux is known, from

theory or other measurements. In the high- Am
l

region,

where the oscillation length is small compared to the size

of the apparatus, the oscillations are in both directions and

the beam intensity is reduced by a factor of two (for two-

component mixing). In this case, indicated qualitatively by

the "Disappearance A" curve in Fig. 1. sensitivity is main-

tained for large lcm ~, but with no simple rule relating this

asymptote to the maximum excursion to the left. An exam-

ple is provided by the VUILI EUMIER 82 measurements at
the Gosgen reactor.

VAL UE (GeV)

y45.0
&39.5
&44.1
&37.2

none 3-100
&42.8
&34.8
&42.7

1 A DEVA

satisfies
for mLQ

CL%

95
95
95
95
90
95
95
95

DOCUMENT ID

ABREU
ABREU
ALEXANDER
ALEXANDER
SATO
ADEVA
A DEVA

DECAMP

TECN

92B DLPH
92B DLPH
91F OPAL
91F OPAL
91 KAM2
90s L3
90s L3
90F ALEP

COMMENT

Dirac
Majorana
Dirac
Majorana
K a mio ka n de I I

Dirac
Majorana
Dirac

Neutral Heavy Lepton MASS LIMITS

Limits apply only to heavy lepton type given in comment at right of data
Listings. See review above for description of types.

VAL UE (GeV)

none 2.5—50

none 4-50
&46.4
&45.1
&46.5
&45.7

o e ~ Wedo

&44.5
&39.0
&41

CL% DOCUMENT ID TECN

95 2
A DR IANI 921 L3

95 A D R IAN I 921 L3
95 3 ADEVA 90s L3
95 ADEVA 90s L3
95 4 AKRAWY 90L OPAL
95 4 AKRAWY 90L OPAL

not use the following data for averages, fits, limits,

95 5 ABREU 92B DLPH
95 5 ABREU 92B DLPH

95 6i? BURCHAT 90 MRK2

&19.6
none 25-45.7
none 8.2-26.5

95 6~7 BURCHAT 90 MRK2

95 DECAMP 90F ALEP

95 9 SHAW 89 AMY

none 8.3—22.4

none 8.1—24.9

95

95

9 SHAW

9 SHAW

89 AMY

89 AMY

none 1.8-6.7
none 1.8—6.4

none 2.5-6.3
none 0.25—14

none 0.25—10

none 0.25—7.7
none l.—2.

none 2, 2—4.
none 2.3—3.
none 3,2—4.8
none 0,3—0.9
none 0.33—2.0

none 0.6—0.7
none 0.6—2.0
& 1.2

90

90

80

90

90

90

90

90

90

90

90

90

10 AKERLOF
10 AKERLOF
10 AKERLOF
11 MISHRA

MIS HRA

Mls HRA
12 WENDT

WENDT

WENDT
12 WENDT
13 BAD IER
13 BADIER
13 BADIER
'3 BADIER

MEYER

88 HRS

88 HRS

88 HRS

8? CNTR

87 CNTR

87 CNTR

87 MRK2

87 MRK2

87 MRK2

87 MRK2

86 CNTR

86 CNTR

86 CNTR

86 CNTR

77 MRK1

COMMENT

or„,f' &3x 10

fu
f

&3x lo
Dirac
Majorana
Coupling to e or p
Coupling to v.

etc. ~ ~ o

Dirac
Majorana

Dirac, fu~jf2 )
10—10

Dirac, all fu~jf
Dirac fugj f

& 10

Dirac L,
fUe 'f & 10

Majorana LO,

fu, .
f

& lo-
Majorana LO,

fu„ f2 & lo —6

Ue j f2=1

fur„.f2——1

fu j f2=1

fu jf =1.
f u„f2=o. l
fu

f

=o.o.
Iue or Itjl
ue or jf =0 001

=O. l

f

u f2=o.ool

f e f'=0.
f u„f2=o.8

f u„f2=o.ol-o.ool
I-t J

Neutral

90s limits for the heavy neutrino apply if the mixing with the charged leptons

U] j f
+

f
U2 j +

f
U3 j f

& 6.2 x 10 at mLO
—20 GeV and ) 5.1 x 10

= 40 GeV.
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2ADRIANI 92I is a search for isosinglet heavy lepton N~ which might be produced from
2 ~ v~ Ng, then decay via a number of different channels. Limits are weaker for decay
lengths longer than about 1m.
ADEVA 90S limits for the heavy neutrino apply if the mixing with the charged leptons
satisfies IU1j~ + ~U2j~ + ~U3j~ ) 6.2x10 at mLp

—20 GeV and ) 5.1x10

L
40 GeV.

4AKRAWY 90L limits valid if coupling strength is greater than a mass-dependent value,
e.g. , 4.9 x 10 at mLp

—20 GeV, 3.5 x 10 at 30 GeV, 4 x 10 at 40 GeV.

ABREU 92B limit is for mixing matrix element 1 for coupling to e or p, . Reduced
somewhat for coupling to ~, increased somewhat for smaller mixing matrix element.
Replaces ABREU 91F.
Limits apply for E = e, p, , or r and for V —A decays of Dirac neutrinos.
BURCHAT 90 searched for 2 decay to unstable L pairs at SLC. It includes the analyses
reported in JUNG 90, ABRAMS 89C, and WENDT 87.
For 25 & mLp & 42.7 GeV, DECAMP 90F exclude an L for all values of )Ugji
SHAW 89 also excludes the mass region from 8.0 to 27.2 GeV for Dirac L and from 8.1
to 23.6 GeV for Majorana L with equal full-strength couplings to e and p. SHAW 89
also gives correlated bounds on lepton mixing.
AKERLOF 88 is PEP e+ e experiment at Ecm = 29 GeV. The L is assumed to decay
via V —A to e or p, or 7. plus a virtual W.
MISHRA 87 is Fermilab neutrino experiment looking for either dimuon or double vertex
events (hence long-lived).
WENDT 87 is MARK-II search at PEP for heavy v with decay length 1—20 cm (hence
long-lived).
BADIER 86 is a search for a long-lived penetrating sequential lepton produced in ~
nucleon collisions with lifetimes in the range from 5 x 10 —5 x 10 s and decaying
into at least two charged particles. Uej and Um& are mixing angles to ve and v . See
also the BADIER 86 entry in the section "Searches for Massive Neutrinos and Lepton
Mixing".

Astrophysical Limits on Neutrino MASS for m„)1 GeY

VALUE (Gev) oo DOCUMENT !D TECN COMMENT

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

14 FARGION 95 ASTR Dirac
15 BECK 94 COSM Dirac

MORI 92B KAM2 Dirac neutrino
16,17 MORI 92B KAM2 Majorana neutrino

18 REUSSER 91 CNTR HPGe search
SATO 91 KAM2 Kamiokande II

19 ENQVIST 89 COSM
none 12-1400 5 CALDWELL 88 COSM Dirac v

none 4-16 90 OLIVE 88 COSM Dirac v
none 4-35 90 OLIVE 88 COSM Majorana v

&4.2 to 4.7 SR ED NICK I 88 COSM Dirac v)5.3 to 7.4 SREDNICKI 88 COSM Majorana v
none 20-1000 95 1 AHLEN 87 COSM Dirac v
&4.1 GRIEST 87 COSM Dirac v
t" FARGION 95 bound is sensitive to assumed v concentration in the Galaxy. See also

KONOPLICH 94.
These results assume that neutrinos make up dark matter in the galactic halo.
Limits based on annihilations in the sun and are due to an absence of high energy
neutrinos detected in underground experiments.
MORI 92B results assume that neutrinos make up dark matter in the galactic halo. Limits
based on annihilations in earth are also given.
REUSSER 91 uses existing PP detector (see FISHER 89) to search for CDM Dirac
neutrinos.
ENQVIST 89 argue that there is no cosmological upper bound on heavy neutrinos.

90
90

{B)Sum of neutrino masses

The limits on low mass (m ( 1 MeV) neutrinos apply «
m«t given by

mioi — 9~ 2 m»

where g is the number of spin degrees of freedom for v plus

v: g~ = 4 for neutrinos with Dirac masses; g~ = 2 for Majorana
neutrinos. The limits on high mass (m ) 1 MeV) neutrinos

apply separately to each neutrino type.

Limit on Total v MASS, mtot
(Defined in the above note), of effectively stable neutrinos (i.e., those with mean lives

greater than or equal to the age of the universe). These papers assumed Dirac neutri-
nos. When necessary, we have generalized the results reported so they apply to mtot.
For other limits, see SZALAY 76, VYSOTSKY 77, BERNSTEIN 81, FREESE 84,
SCHRAMM 84, and COWSIK 85.

VAL UE (eV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&180 SZA LAY 74 COS M

&132 COWS I K 72 COS M

&280 MARX 72 COSM
&400 GERSHTEIN 66 COSM

(C) Searches for neutrinoiess double-P decay

LIMITS FROM NEUTRINOLESS PP DECAY

(Revised 1995 by Petr Vogel, Caltech)

Limits on an effective Majorana neutrino mass and a lepton-

number violating current admixture can be obtained from

lifetime limits on OvPP nuclear decay. The derived quantities

are model-dependent, so the half-life measurements are given

first. Where possible we list the references for the matrix
elements used in the subsequent analysis. Since rates for the
more conventional 2vPP decay serve to calibrate the theory,

results for this process are also given. As an indication of the

spread among different ways of evaluating the matrix elements,

we show in Fig. 1 some represent, ative examples for the most

popular nuclei. For further calculations, see, e.g. , Ref. 1.

8
Shell model. [2]

7 ——————QRPA [3]
QRPA [4]

6 — - —QRPA [5]
- - —- - —- - Pseudo SU(3) [6]

5—
I

o 4 I

I

3—
I

I2— I

I1— I

I

0

I

I

I

I

I

: I

.'I

76Ge 100Mo

I

; I

I

'
I

', I

I

; I
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; I
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Figure 1: Nuclear matrix elements for Ovgg
decay calculated by a subset of different meth-
ods and different authors for the most popu-
lar double-beta decay candidate nuclei. Recal-
culated from the published half-lives using con-
sistent phase-space factors and gg = 1.25. The
QRPA [3] value is for ct' = —390 MeV fms.

Limits on MASSES of Light Stable Right-Handed v
(with nec~rily suppretsed interaction strengths)
VAL UE (eV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&100—200 0 OLIVE 82 COSM Dirac v
&200—2000 20 OLIVE 82 COSM Majorana v

20 Depending on interaction strength Gp where GR &GF.

Limits on MASSES of Heavy Stable Right-Handed v
{with nec~~rlly suppressed interaction strengths)
VAL UE (GeV) DOCUMEN T ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 10 »OLIVE 82 COSM Gg/GF &0 1
&100 OLIVE 82 COSM Gp/GF &001

These results apply to heavy Majorana neutrinos and are summarized by the equation:
m~ &1.2 GeV (GF/GR). The bound saturates, and if Gp is too small no mass range
is allowed.
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To define the limits on lepton-number violating right-handed

current admixtures, we display t;he relevant part of a phe-

nomenological current-current weak interaction Hamiltonian:

HH =(GF/~2)

x(JI, J~+ KJIf g~+ TIJI, .J~+ AJlf j~)+ h. c.~ t t ~ t

where jl ——el.p~v, l„j&——ezra"v, z, and Jl" and J& are left-

handed and right-handed hadronic weak currents. Experiments
are not sensitive to v, but quote limits on quantities propor-
tional to tl and A.* In analogy to (m„) (see Eq. 11 in the
"Note on Neutrinos" at the beginning of the Neutrino Par-
ticle Listings), the quantities extracted from experiments are

(tI) = rjg Ut&V{& and (A) = A P Ut&Vty, where V& is a ma-

trix analogous to U,~ (see Eq. 2 in the "Note on Neutrinos" ),
but describing the mixing among right-handed neutrinos. The

quantities (tI) and (A) therefore vanish for massless or unmixed

neutrinos. Also, as in the case of (m ), cancellations are pos-

sible in (t7) and (A). The limits on (fI) are of order 10 s while

the limits on (A) are of order 10 s. The reader is warned that
a number of earlier experiments did not distinguish between

g and A. Because of evolving reporting conventions an(I ma-

trix element calculations, we have not tabulated the admixture

parameters for experiments published earlier than 1989.
See the section on Majoron searches for additional 1imits

set by these experiments.
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Half-life Measurements and Limits for Double P Decay

In all cases of double beta decay, (Z, A) ~ (Z+2, A) +2@ + (por2)ve.
t'1)2(10 yi') CL% ISOTOPE TRANSITION METHOD DOCUMENT ID

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.036+ ' d: 0 003 tt6Cd 2v 0+ ~ D+ NEMO 33 ARNOLD 95—0.005
&5600 90 Ge Qv 0+ ~ 0+ Enriched HPGe BALYSH 95

0 61+o—0.11 Mo 2v 0+ ~ 0+ p in HPGe BARABASH 95

) 0.00013 99 Gd 2v 0+ —+ 0+ Gd2Si05.'Ce scint BURACHAS 95
) 0.00012 99 6 Gd 2v 0+ ~ 2+ Gd2Si05.'Ce scint BURACHAS 95

0.014 90 Gd Qv 0+ 0+ Gd2Si05. Ce scint BURACHAS 95
0.013 90 Gd pv 0+ ~ 2+ Gd2Si05'. Ce scinR BURACHAS 95

(9.5 + 0.4 + 0.9)E18 Mo 2v NEMO 2 DASSIE 95
) 6.4 90 Mo Qv 0+ ~ 0+ NEMO 2 DASSIE 95

0.8 90 Mo pv 0+ ~ 2+ NEMO 21 DASSIE 95

0.6 9Q Mo Ov 0+ ~0 NEMO2
1

DASS{E 95 I
026 +0.009—0.005

116Cd 2v 0+ a 0+ ELEGANT IV EJIRI 95 I
& 2.9 90 116Cd Qv 0+ y 0+ ELEGANT IV EJIRI 95

29 9Q Cd pv 0+ ~ 0+ CdWO4 scint GEORGADZE 95
0.3 68 160Gd Qv Gd2Si05. Ce scint KOBAYASHI 95

18 9Q Te pv Q+ ~ p+ Bolometer ALESSAND. .. 94
0.041 90 Zr pv+2v 0+ —+ 2 p in HPGe

1
ARPESELLA 94

0.033 90 9 Zr Ov+2v 0+ ~ 0+ p in HPGe1 ARPESELLA 94 I
0.024 90 Zr Ov+2v 0+ ~ 2+ p in HPGe ARPESELLA 94 I
0.031 90 Zr Ov+2v 0+ 2~ n in HPGe3 ARPESELLA 94 I

1.42 + 0.03 k 0.13 Ge 2v Enriched HPGe BALYSH 94) 2.37 9p 116(-d pv+2v p+ ~ 2+ p in HPGe 27 PIEPKE 94
2.05 9p 116(d Qv+2v Q+ ~ p+ & in HPGe 27 PIFPKE 941
2.05 90 t 6Cd Qv+2v 0+ ~ fi+ n in HPGe PIEPKE 94 I2

44 68 100Mo Ov 0+ 0+ Si(Li) A LSTON-. .. 93
0,017+p'pp5 j 0 0035 Nd 2v 0+ ~ 0+ TPC ARTEMEV 93 I
0,039 6 0.009 Mo pv+2v Geoc hem KAWASHlMA 93 I
& 340 90 Xe Ov 0+ ~ 0+ TPC 28 V U I L L EIJ M I ER 93

260 9p 136Xe pv Q+ ~ p+ TpC VUILLEUMIER 93
0.21 9Q 136Xe 2v p+ ~ p+ TpC VUILLEUMIER 93
0.093 90 Xe 2v 0+ —+ 0+ Drift chamber ARTEM JEV 92

&1400 90 6Ge pv 0+ ~ 0+ Enriched HPGe BALYSH 92
& 430 90 Ge pv 0+ ~ 2+ Enriched HPGe BALYSH 92

2.7 + 0.1 130Te Geoc hem BERNATOW. .. 92
7200 4 400 128Te Geoc hem 30 BERNATOW. .~ 92
) Q 5 9p 100Mo Qv+2v 0+ ~ 2+ r ln HPGe 31 BLUM 921

0.9 9p 100MO Qv+2v 0+ ~ 0+ r ln HPGe 31 BLUM1 92

0.6 90 Mo Qv+2v 0+ ~ 2+ p in HPGe BLUM2 92
27 68 Se pv 0+ ~ 0+ TPC ELLIOTT 92

p 1p8 +0 ~ 026 Se 2v 0+ ~ 0+ TPC ELLIOTT 92

015 68 Mo 2v 0+ ~ 2+ Spect1
32 KUDOMI 92

1.1 68 Mo Ov 0+ ~ 2+ Spect1 K UDOMI 92

0.08 100Mo 2v 0+ 0+ Spec1
32 KUDOMI 92

0.56 68 Mo Qv 0+ ~ 0+ Spect1 K UDOMI 92

0.051 68 Mo 2v 0+ ~ 4+ Spect1 K UDOMI 92

0.63 68 QMo Qv 0+ ~ 4+ Spect1
32 KUDOMI 92

0.065 68 Mo 2v 0+ ~ 2+ Spect2 K UDOMI 92

0.12 68 Mo Qv 0+ ~ 2+ Spect2 K UDOMI 92

& 330 90 76Ge Qv 0+ ~ 0+ HPGe REUSSER 92
65 90 76Ge Qv 0+ ~ 2+ HPGe REUSSER 92

0 92+0 o—0.04 Ge 2v 0+ ~ 0+ Enriched HPGe AVIGNONE 91
12 95 136Xe pv 0+ Q+ Prop cntr 28,35 BFLLOTTI 9]
10 95 Xe Qv 0+ ~ 0+ Prop cntr s BELLOTTI 91
3.3 95 Xe pv 0+ ~ 2+ Prop cntr BELLOTTI 91
0.16 95 Xe 2v Prop cntr BELLOTTI 91
4.7 68 QQMo pv Spect EJ IRI 91

0 0115-+0.0030—0.0020
'QQMo 2v Spect EJ IRI 91

2,0 4 0.6 238 U Radiochem TURKEVICH 91
9.5 76 Ca Pv CaF2 scint. YOU 91
0.14 68 QMo Qv+2v 0+ ~ 2+ p in HPGe BARABASH 90
0.042 68 Mo pv+2v 0+ ~ 0+ p in HPGe1 BARABASH 90
0.17 68 Cd pv+2v 0+ ~ 2+ p in HPGe BARABASH 90

1.12+0 8—0.26 Ge 2v 0+ ~ 0+ HPGe M IL EY 90

& 1300 68 6Ge pv 0+ ~ 0+ Enriched Ge(Li) VASENKO 90
0.9 6 0.1 6Ge 2v Enriched Ge(Li) VASENKO 90

0.40 68 Mo Qv 0+ 2+ Si(Li) ALSTON-. .. 89
) 3.3 68 136Xe Qv 0+ ~ 0+ lon chamber 28 BARABASH 89

2.9 68 Xe pv 0+ ~ 0+ lon chamber BARABASH 89
1.5 68 Xe Qv 0+ ~ 2+ lon chamber BARABASH 89
0.084 68 Xe 2v 0+ ~ 0+ lon chamber BARABASH 89
1,3 68 6Cd Pv 116CdWO4 scint DANEVICH 89

60 68 6Ge Qv 0+ ~ 2+ HPGe MORALES 88
4.7 68 Te 0+ ~ 2+ Ge(Li) BELLOTT I 87
4.5 68 Te 0+ ~ 2+ Ge(Li) 24 BELLOTTI 87

& 500 68 Ge pv 0+ h 0+ HPGe CALDWELL 87
& 330 68 " Ge pv 0+ ~ 0+ HPGe BELLOTTI 86
) 27 68 Ge pv 0+ ~ 2+ HPGe BE LLOTT I 86
) 2.3 68 Ge pv Ge(Li) 40 HUBERT 85

17 90 Ge Ov Intrinsic Ge AVIGNONE 83
800 95 128Te Geochem 41 KIRSTEN 83

2.60 + 0.28 130Te Geochem 41 KIRSTEN 83

ARNOLD 95 final result, {0.0375+9'&93ti x 10 y, has been submitted for publication

to 2. Phys.
BARABASH 95 cannot distinguish Ov and 2v, but it is inferred indirectly that the Pv
mode accounts for less than 0.026{% of their event sample. They also note that their
result disagrees with the previous experiment by the NEMO group (BLUM 92, but also
see DASSIE 95).

24BELLOTTI 87 searches for p rays for 2+ state decays in corresponding Xe isotopes.
Limit for QTe case argues for dominant 0+~ 0+ transition in known decay of this
isotope.
GEORGADZE 95 result for this and other modes are also give in DANEVICH 95. Result
for 2v decay omitted because of authors' caveats.
ALESSANDRELLO 94 state that their present limit excludes a significant contribution
from the pv channel of Te even if the large lifetime obtained in the geochemical
experiment of BERNATOWICZ 92 is assumed.
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In PIEPKE 94, the studied excited states of" Sn have energies above the ground state
of 1.2935 MeV for the 2+ state, 1.7568 MeV for the 01 state, and 2.0273 for the 02
state.
Limit in the case of a transition induced by a Majorana mass.
Limit for lepton-number violating right-handed current-induced (RHC) decay.

BERNATOWICZ 92 finds 128Te/130Te activity ratio from slope of 128Xe/132Xe vs

Xe/ Xe ratios during extraction, and normalizes to lead-dated ages for the Te
lifetime. The authors state that their results imply that "(a) the double beta decay of

Te has been firmly established and its half-life has been determined . . . without any
ambiguity due to trapped Xe interferences. . . (b) Theoretical calculations . . . underesti-

mate the Ilong half-lives of Te Te] by 1 or 2 orders of magnitude, pointing to a
real supression in the 2v decay rate of these isotopes. (c) Despite [this], most PP-models
predict a ratio of 2v decay widths . . . in fair agreement with observation. " Further de-
tails of the experiment are given in BERNATOWICZ 93. Our listed half-life has been
revised downward from the published value by the authors, on the basis of reevaluated
cosmic-ray 2 Xe production corrections.
BLUM 92 reports lifetime limits for the decay of 1 Mo to several excited states of

Ru. Limits for decay to the 0 state are about 30% higher if decay to the 2+ states
1

are assumed negligible. Uses 99.5% enriched Mo.
KUDOMI 92 reports lifetime limits for Ov and 2v decays to four excited states of the
daughter Ru. The limits were obtained from searches for the two individual electrons
in coincidence with photons from the decays of the excited states. The experiment
was performed in the Kamioka underground laboratory. See EJIRI 91 for the group's
ground-state transition measurement.
REUSSER 92 contains the final results for the search for neutrinoless double beta decay
of Ge in the Gotthard tunnel underground laboratory. Supersedes FISHER 89.
AVIGNONE 91 reports confirmation of the MILEY 90 and VASENKO 90 observations of
2vPP decay of Ge. Error is 2o.
BELLOTTI 91 uses difference between natural and enriched Xe runs to obtain PROV
limits, leading to "less stringent, but safer limits. "
TURKEVICH 91 observes activity in old U sample. The authors compare their results
with theoretical calculations. They state "Using the phase-space factors of Boehm and

Vogel (BOEHM 87) leads to matrix element values for the U transition in the same

range as deduced for Te and Ge. On the other hand, the latest theoretical estimates
(STAUDT 90) give an upper limit that is 10 times lower. This large discrepancy implies
either a defect in the calculations or the presence of a faster path than the standard
two-neutrino mode in this case." See BOEHM 87 and STAUDT 90.

7 MILEY 90 claims only "suggestive evidence" for the decay. Error is 2a.
VASENKO 90 limit based on background statistics. Maximum likelihood solution is)2000.
MORALES 88 notes a 2.5 sigma coincidence rate between electrons with energy 1483.7+
0.5 keV in the Ge detector and photons with energy 558 + 15 keV in the Nal detector, close
to the region where neutrinoless 0+~ 2+ Ge decay should be expected. However, a
further study reported in MORALES 91 rejects this peak at the 95% CL.
HUBERT 85 gives lifetime limits on neutrinoless double P decay of Ge to excited states
of 76Se.
KIRSTEN 83 reports "2(T" error. References are given to earlier determinations of the

Te lifetim e.

{m„),The Effective Weighted Sum of Majorana Neutrino Masses
Contributing to Neutrinoless Double jg Decay

(m ) = ~K U1.m .~, where the sum goes from 1 to n and where n = number ofj j v

neutrino generations, and v is a Majorana neutrino. Note that U1. , not ~U1&~1j'
occurs in the sum. The possibility of cancellations has been stressed.

VALUE {eV) CL% ISOTOPE TRANSITION METHOD DOCUMEN T ID

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.65 90 76Ge Ov 0+ ~ 0+ Enriched HPGe BALYSH 95
& 4.1 9Q 116Cd Ov 116CdWO4 scint 42 DANEVICH 95
& 6.6 68 Mo Ov 0+ ~ 0+ Si(Li) ALSTON-. .. 93

& 2, 8—4.3 90 Xe Ov 0+ ~ 0+ TPC 44 VUILLEUMIER 93
& 1.5 90 76Ge Enriched HPGe 45 BALYSH 92

& 1.1—1.5 128Te Geochem 46 BERNATOW 92
& 5 68 Se TPC 47 ELLIOTT 92

& 1.9—6 7 68 76Ge 0+ ~ 0+ HPGe 48 REUSSER 92
& 11—30 95 Xe Ov 0+ ~ 0+ Prop cntr 49 BELLOTTI 91
& 3.3-5.0 Xe Ov 0+ ~ 0+ TPC WONG 91
& 8.3 76 Ca Ov CaF2 scint. YOU 91

& 1.4—8 68 Ge Ov 0+ ~ 0+ Enriched Ge(Li) VASENKO 90
&4.3—28 Xe Ov 0+ ~ 0+ Prop chamber BELLOTTI 89
(12 68 116Cd Ov CdWO4 scint DANEVICH 89

1.8 Ge Ov 0+ ~ 0+ HPGe CALDWELL 87
2, 7 68 Ge Qv Q+ ~ 0+ HPGe BELLOTTI 86

&20 68 76Ge Ov Ge(Li) 55 HUBERT 85
(22 76Ge Ov 0+ a 0+ Ge FORSTER 84
&10 90 Ge Ov Intrinsic Ge AVIGNONE 83

5.6 95 Te Geochem KIRSTEN 83
4 DANEVICH 95 is identical to GEORGADZE 95.

ALSTON-GARNJOST 93 use the "conservative matrix elements of Engel et al. (EN-
GEL 88).

4 VUILLEUMIER 93 mass range from parameter range in the Caltech calculations (EN-
GEL 88). On the basis of these calculations, the BALYSH 92 mass range would be
& 2, 2—4.4 eV.
BALYSH 92 uses the MUTO 89 matrix elements.
BERNATOWICZ 92 finds these majoron mass limits assuming that the measured geo-
chemical decay width is a limit on the Ov decay width. The range is the range found
using matrix elements from HAXTON 84, TOMODA 87, and SUHONEN 91. Further
details of the experiment are given in BERNATOWICZ 93.
ELLIOTT 92 uses the matrix elements of HAXTON 84.

{O}Other bounds from nuclear and particle decays

Limits on ~Utgl2 as Function of m„
Peak and kink search tests

Limits on ~U1&~ as function of mv.
J

CL% DOCUMENT ID TECN COMMENT

90 BRITTON 92B CNTR 50 MeV & m . & 130
vi

MeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&5 x 10 90 DELEENER-. .. 91 m . =20MeVj
&5 x 10 90 DELEENER-. .. 91 m . =40MeV

&3 x 10 90 DELEENER-. .. 91 m . =60 ej
&1 x 10 90 DELEENER-. .. 91 m =80 MeV

vi
&1 x 10 90 DELEENER-. .. 91 v =100M Vi
&5 x 10 90 AZUELOS 86 CNTR m, =60 MeVj
&2 x 10 90 AZUELOS 86 CNTR m =80 MeV

&3 x 10 AZUELOS 86 CNTR m .=100 MeV

&1 x 10 90 AZUELOS 86 CNTR m .=120 MeV

&2 x 10 AZUELOS 86 CNTR m .=130 MeV
Vi

&8 x 10 DELEENER-. .. 86 CNTR m .=20 MeV
Vi

&4 x 10 DELEENER-. .. 86 CNTR m =60 MeV
j

&2 x 10 DELEENER-. .. 86 CNTR mv. =100 MeV

&7 x 10 DELEENER-. .. 86 CNTR m .=120 MeV

&1 x 10 4 90 61 BRYMAN 83B CNTR m =5 MeV

&1.5 x 10 BRYMAN 83B CNTR m =53 MeV
vi

&1 x 10 90 BRYMAN 83B CNTR mv =70 MeV

&1 x 10 BRYMAN 83B CNTR m .=130 MeVj
&1 x 10 4 68 SHROCK 81 THEO m .=10 MeV

&5 x 10 6 SHROCK 81 THEO m =60 MeV
vi

&1 x 10 68 SHROCK 80 THEO m .=80 MeV
Vi

&3 x 10 6 SHROCK 80 THEO m .=160 MeV

BRITTON 92B is from a search for additional peaks in the e+ spectrum from sr+ ~
e+ ve decay at TRIUMF. See also BRITTON 92.
BRYMAN 83B obtain upper limits from both direct peak search and analysis of B(~ ~
ev)/B(~ ~ Igv). Latter limits are not listed, except for this entry (i.e. —we list the
most stringent limits for given mass).
Analysis of (~+ ~ e+ve)/(~+ ~ )tg+v ) and (K+ ~ e+ve)/(K+ ~ )Lt+v )
decay ratios.
Analysis of (K+ ~ e+ ve) spectrum.

VAL UE

(1 x 10

90

90

90

90

68

68

REUSSER 92 contains the final results for the search for neutrinoless double beta decay of
Ge in the Gotthard tunnel underground laboratory. Range comes from range of nuclear

matrix elements used to relate neutrino mass to lifetime limit (ENGEL 88, HAXTON 84,
and MUTO 89).
BELLOTTI 91 range of limits comes from range of theoretical calculations considered.
Analysis uses difference between natural and enriched Xe runs to obtain the PROV
limits, leading to "less stringent, but safer limits. "
WONG 91 uses the quasiparticle random phase approximation of ENGEL 88 to extract
the above limit for the case of a transition caused by a Majorana neutrino mass.
VASENKO 90 range comes from range of nuclear matrix elements of HAXTON 84,
ENGEL 88. On the basis of the MUTO 89 matrix element, the limit will be & 1.3 eV.
BELLOTTI 89 gives model-dependent upper bounds on Majorana neutrino masses and
on the admixture of right-handed lepton-number-violating currents.
DANEVICH 89 uses calculations of GROTZ 86.
CALDWELL 87 least stringent limit (using HAXTON 84) is listed. Limits given using
other nuclear matrix element calculations are 1.5 eV and 0.7 eV.
HUBERT 85 limit is obtained from analysis of data using theoretical calculations by
HAXTON 81, HAXTON 82.

Limits on Lepton-Number Violating {V+A} Current Admixture
For reasons given in the discussion at the beginning of this section, we list only results
from 1989 and later. (A) = ApU&~V&& and (q) = fI+U&&V&&, where the sum is

over the number of neutrino generations. This sum vanishes for massless or unmixed
neutrinos.

(1) (10 6) CL% (0) (10 0) CL% ISOTOPE METHOD DOCUMENT ID

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

(5 3 9Q (5 9 90 116Cd 116CdWO4 scint 56 DAN EVICH 95
&2.3 90 &1.5 90 Ge Enriched HPGe BALYSH 92

&5.3 128Te Geochem 58 BERNATOW. .. 92
3 6 68 &2 2 68 76Ge HPGe REUSSER 92

&9 68 &8 68 Ge lon chamber BEL LOT T I 89

DANEVICH 95 is identical to GEORGADZE 95.
BALYSH 92 uses the MUTO 89 matrix elements.
BERNATOWICZ 92 takes the measured geochemical decay width as a limit on the Ov
width, and uses the SUHONEN 91 coefficients to obtain the least restrictive limit on fI.
Further details of the experiment are given in BERNATOWICZ 93.
REUSSER 92 uses the MUTO 89 matrix elements for this reduction.
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Kink search in nudear P decay
High-sensitivity follow-up experiments show that indications for a neutrino with mass
17 keV (Simpson, Hime, and others) were not valid. Accordingly, we no longer list the
experiments by these authors and some others which made positive claims of 17 keV
neutrino emission. Complete listings are given in the 1994 edition (Physical Review

050 1173 (1994)). Limits on ~U1 ~2 as a function of m
J

VAL UE
(tjnits 10 3) CL% m„.(keV) (SO TOPE METHOD DOCUMENT ID

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 1 x 10 2 95 1 3H SPEC 64 HIDDEMANN g5

& 6 x 10 3 95 2 3H SPEC 64 HIDDEMANN g5

& 2 x 10 3 95 3 3H SPEC 64 HIDDEMANN 95
& 2 x 10 3 95 4 3H SPEC 64 HIDDEMANN g5

0.3 6 1.5 +0.8 17 S Mag spect BERMAN 93
2.8 99 17 H Prop chamber KALBFLEISCH 93
1 99 14.4—15.2 H Prop chamber KALBFLEISCH 93
0.7 99 16.3—16.6 H Prop chamber KALBFLEISCH 93
2 95 13-40 S Si(Li) 6 MORTARA 9
0.73 95 17 Ni Mag spect OHSHIMA 93
1.5 95 10.5—25.0 63Ni Mag spect 68 OHSHIMA 93
6 95 5-25 Fe IBEC in Ge WIETFELDT 93

( 2 90 17 S Mag spect. CHEN 92
0.95 95 17 Ni Mag spect KAWAKAMI 92
1.0 95 10-24 Ni Mag spect KAWA KA Ml 92

10 90 16-35 125I IBEC; p det 72 BORGE 86
7.5 99 5-50 35S Mag spect ALTZITZOG. .. 85
8 90 80 S Mag spect APALIKOV 85
1.5 90 60 35S Mag spect A PA L I KOV 85
8 90 30 35S Mag spect A PA L I KOV 85
3 90 17 35S Mag spect A PA L I KOV 85

& 45 90 4 35S Mag spect APALIKOV 85
& 10 90 5-30 S Si(Li) DATA R 85

3.0 90 5-50 Mag spect MARKEY 85
0.62 90 48 35S Si(Li) 0HI 85
0.90 90 30 S Si(Li) 0HI 85
1.30 90 20 5S Si(LI) 0HI 85
1.50 90 17 35S Si(Li) 0HI 85
3.30 90 10 35S Si(Li) 0HI 85

25 90 30 Cu Mag spect SCHRECK. .. 83
4 90 140 Cu Mag spect " SCHRECK. .. 83
8 90 440 Cu Mag spect SCHRECK. .. 83
1 95 0.1 75 SIMPSON 81B
4 95x 10IO3 SIMPSON 818

&100 90 0.1-3000 THEO 76 SHROCK 80
0.1 68 80 THEO 77 SHROCK 80

in the beta spectrum from tritium iy decay nonvanishing or mixed m — state in the mass
V1

t
region 0.01—4keV. For m &1keV, their upper limit on ~U&j~ becomes less

HERMAN 93 uses an iron-free intermediate-image magnetic spectrometer to measure

Sp decay over a large portion of the spectrum. Paper reports (0.01 + 0.15)%; above
result revised by author on basis of analysis refinements.
KALBFLEISCH 93 extends the 17 keV neutrino search of BAHRAN 92, using an im-

proved proportional chamber to which a small amount of H is added. Systematics are
significantly reduced, allowing for an improved upper limit. The authors give a 99%
confidence limit on

(
U1 j )

as a function of m . in the range from 13.5 keV to 17.5 keV.
J

Typical upper limits are listed above. They report that this experiment in combination
with BAHRAN 92 gives an upper limit of 2.4 x 10 at the 99% CL. See also the
related papers BAHRAN 93, BAHRAN 93B, and BAHRAN 95 on theoretical aspects of
beta spectra and fitting methods for heavy neutrinos.
MORTARA 93 limit is from study using a high-resolution solid-state detector with a

superconducting solenoid. The authors note that "The sensitivity to neutrino mass is

verified by measurement with a mixed source of S and C, which artificially produces
a distortion in the beta spectrum similar to that expected from the massive neutrino. "
OHSHIMA 93 is the full data analysis from this experiment. The above limit on the

mixing strength for a 17 keV neutrino is obtained from the measurement (U1j(
2 =

(—0.11+0.33+ 0,30) x 10 by taking zero as the best estimate and ignoring physical
boundaries; see discussion in HOLZSCHUH 92B for a comparison of methods. An earlier
report of this experiment was given in KAWAKAMI 92.

69WIETFELDT 93 is an extension of the NORMAN 91 experiment. However, whereas
NORMAN 91 reported indications for the emission of a neutrino with mass m

J
21 + 2 keV and coupling strength = 0.0085 + 0.0045, the present experiment states
that "We find no evidence for emission of a neutrino in the mass range 5—25 keV. In

particlular, a 17 keV neutrino with sin 6I {~U1j) in our notation) = 0.008 is excluded
at the 7o level. " The listed limits can be obtained from the paper's Fig. 4. The authors
acknowledge that this conclusion contradicts the one reported in NORMAN 91, based on
a smaller data sample. In further tests, WIETFELDT 95 have shown that "the observed
distortion was most likely caused by systematic effects. . . A new measurement with a
smaller data sample shows no sign of this distortion. "
CHEN 92 is a continuation and improvement of the Boehm et al. Caltech iron-free

magnetic spectrometer experiment searching for emission of massive neutrinos in S
decay (MARKEY 85). The upper limit on

~
U1j ~

for mv. = 17 keV comes from the
J

measurement ~U1j~ = (—0.5 + 1.4) x 10 . The authors state that their results

"rule out, at the 6a level, a 17 keV neutrino admixed at 0.85% (I'.e. with ~U1j~

0.85 x 10 2," the level claimed by Hime and Jelly in HIME 91. They also state that
"our data show no evidence for a heavy neutrino with a mass between 12 and 22 keV"

with substantial admixture in the weak admixture in the weak eigenstate ve, see their

Fig. 4 for a graphical set of measured values of ~U1j~ for various hypothetical values of
m . in this range.

J
KAWAKAMI 92 experiment final results are given in OHSHIMA 93. The upper limit is

improved to 0.73 x 10, based on ~U1 j~ = (—0.11+0.33+ 0.30) x 10 . Ohshima

notes that the result is 22rr away from the value ~Ut&~ = 1%.
BORGE 86 results originally presented as evidence against the SIMPSON 85 claim of a

17 keV antineutrino emitted with ~U1 j~ = 0.03 in H decay.

This limit was taken from the figure 3 of APALIKOV 85; the text gives a more restrictive
limit of 1.7 x 10 at CL = 90%.

74SCHRECKENBACH 83 is a combined measurement of the P+ and P spectrum.
Application of kink search test to tritium P decay Kurie plot.
SHROCK 80 was a retroactive analysis of data on several superallowed P decays to search
for kinks in the Kurie plot.
Application of test to search for kinks in P decay Kurie plots.

Searches for Decays of Massive v
Limits on ~U1 j~ as function of mv.vj

VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1 x 10 90 78 BARANOV 93 mv. —10
J

&1 x 10 90 BARANOV 93 m .= 20
J

&3 x 10 78 BARANOV 93 m =30
J

&2 x 10 90 BARANOV 93 m .= 40
J

&6.2 x 10 8 95 A DEVA m =20
J

&5.1 x 10—10 95 gos L3 m = 40

90

90S L3

A DEVA

79 BURCHAT

79 BURCHAT

79 BURCHAT

all values ruled out

x1O —»
x 1O-"

all values ruled out DECAMP

&1 x 10—13 95

&5 x 10

&2 x 10

&3 x 10 6

&1.2 x 10 90

(1 x 10

&2.4 x 10

90&2.1 x 10

87&2

68

90x 10

BA DIER&8

90&8

90&4

90&6

90&3

90

90

90&7

&8

x 10

90

90&6

GRONAU 83

GRONAU 83

0 MeV

0 MeV

0 MeV

0 MeV

GeV

GeV

95 90 MRK2 m . & 196 GeV
J

95 90 MRK2 m . = 22 GeV
J

95 90 MRK2 m . = 41 GeV

95 90F ALEP m = 25.0—42.7 GeV
J

DECAMP 90F ALEP m .= 42.7—45.7 GeV

90 AKERLOF 88 HRS m .=1.8 GeV
J

90 AKERLOF 88 HRS mv. =4 GeV
J

90 AKERLOF 88 HRS m .=6 GeV
J

BERNARDI 88 CNTR m =100 MeV
J

90 BERNARDI 88 CNTR m .=200 MeV
J

90 BERNARDI 88 CNTR m .=300 MeV
J

BERNARDI 88 CNTR m .=400 MeV
J

x 10 80 OBERAUER m =1.5 MeV
J

&8 x 10 4 80 OBERAUER 87 m .=4.0 MeV
VJ'

&8 BAD IER 86 CNTR m =400 MeV
J

x 10 90 86 CNTR m .=1.7 GeV
J

x10 8 BERNARDI 86 CNTR m =100 MeV
VJ'

x 10 BERNARDI 86 CNTR m, =200 MeV
J

x1O—9 BERNARDI 86 CNTR m =400 MeV
VJ'

x 10 DORENBOS. .. 86 CNTR m, =150 MeV
J

x 10 DORENBOS. .. 86 CNTR m =500 MeV
J

x1O—7 DORENBOS. .. 86 CNTR m, =1.6 GeV
VJ'

x 10 1 COOPER-. .. 85 HLBC m =0.4 GeV
VJ

x10 8 90 COOPER-. .. 85 HLBC m =1.5 GeV
VJ

90 BERGSMA 83B CNTR m =10 MeV
VJ

x 10 BERGSMA 838 CNTR m =110 MeV
J

x 10 BERGSMA 83B CNTR m =410 MeV
J

x 10 90 m .=160 MeV
J

x 10 6 90 m =480 MeV
VJ'

BARANOV 93 is a search for neutrino decays into e+ e ve using a beam dump experi-
ment at the 70 GeV Serpukhov proton synchrotron. The limits are not as good as those
achieved earlier by BERGSMA 83 and BERNARDI 86, BERNARDI 88.
BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89c, and
WENDT 87.
OBERAUER 87 bounds from search for v ~ v'ee decay mode using reactor
(anti) neutrinos.
COOPER-SARKAR 85 also give limits based on model-dependent assumptions for v
flux. We do not list these. Note that for this bound to be nontrivial, j is not equal
to 3, i.e. vj cannot be the dominant mass eigenstate in v since m &70 MeV

V3
(ALBRECHT 85I). Also, of course, j is not equal to 1 or 2, so a fourth generation would
be required for this bound to be nontrivial.

BERGSMA 83B also quote limits on U13~ where the index 3 refers to the mass eigen-
state dominantly coupled to the ~. Those limits were based on assumptions about the
Os mass and Os ~ T v~ branching ratio which are no longer valid. See COOPER-
SARKAR 85.
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Limits on luaJ p as Function of m„j

95

90

90

82

90

90

90

90

81

95

95

68

Peak Search in Muon Capture
Limits on ~U2jj as function of mv

VAL UE DOCUMENT ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

&1x 10 DEUTSCH 83 m =45 MeV
VJ

&7x 10 DEUTSCH 83 m =70 MeV
VJ

&1 x 10 DEUTSCI-I 83 m =85 MeV
J

Searches for Decays of Massive v
Limits on ~U2j~ as function of mv.. 2

J
VAL UE CL% DOCUMENT ID

~ ~ ~ We do not use the following data for averages, fits

&3 x 10 90 GAL LAS 95

x 1O
—5 90 90 VI LAIN 95C

&6.2 x 10 95 ADEVA 90s

5] x ]0—10 95

TECN COMM EN T

, limits, etc. e o ~

CNTR

CHM2

m = 1GeV
J

m = 2 GeV
J

mv 20 GeV
J

m, =40GeV
J

m & 19.6 GeV
J

L3

L3A D EVA 90S
91 BURCHAT 90 MRK2all values ruled out

Peak search test
Limits on ~U2j~ as function of mv.

J
PAL LIE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)10 —16 ARMBRUSTER95 KARM m = 33.9 MeV
X

&4 xlo 95 BILGER 95 LEPS m — = 33 9 MeV
X

7 x 10—8 95 BILGER 95 LEPS m = 33.9 MeV
X

2.6 x 10—8 84 DAUM 95B TOF m = 33.9 MeV
X

2 x 10 90 DAUM 87 m .=1MeV
J

1 x 10 90 DAUM 87 m .=2 MeV
vi

6 x 10 DAUM 87 3MeV« . 19.5
J

MeV
&3 xlo 90 MINEHART 84 mv. =2 MeV

J
1 x 10 85 MINEHART 84 m .=4 MeV

J
3 x 10 90 8 MINE HART 84 mv —10 MeV

J
5 x 10 6 90 86 HAYANO m .=330 MeV

J
1 x 10 90 86 HAYANO 82 m =70 MeV

J
&9 xlo 86 HAYANO V. 5

J
x 1Q

—1 8 ABELA 81 V.
J

&7 xlo 85 ABELA 81 m .=10.5 MeV
J

x 1O
—4 85 ABELA 81 mv. =11.5 MeV

vi
x 1O-5 90 85 ABELA m .=16—30 MeV

J
2 x 10 95 86 ASANO 81 mv =170 MeV

J
3 x 10 6 86 ASANO 81 m .=210 MeV

J
3 x 10 6 86 ASANO 81 mv =230 MeV

J
6 x 10 6 87 ASANO 81 m =240 MeV

J
&5 xlo 95 87 ASANO 81 m .=280 MeV

J
&6 xlo 87 ASANO 81 m ..=300 MeV

J
1 x 10 85 CALAPRICE 81 mv 7

vi
3 x 10 95 85 CALAPRICE 81 m =33 MeV

J
1 x 10 4 68 SHROCK 81 THEO m .=13 MeV

VJ

3 x 10 68 SHROCK 81 THEO m =33 MeV
J

&6 xlo SHROCK 81 THEO m =80 MeV
I

&5 xlo 68 SHROCK 81 THEO m .=120 MeV
J

ARMBRUSTER 95 study the reactions C(ve, e ) N and C(v, v ) C* induced by

neutrinos from ~+ and p+ decay at the ISIS neutron spallation source at the Rutherford-
Appleton laboratory. An anomaly in the time distribution can be interpreted as the decay
~+ ~ IJ+ v~, where vx is a neutral weakly interacting particle with mass 33.9 MeV
and spin 1/2. The lower limit to the branching ratio is a function of the lifetime of the
new massive neutral particle, and reaches a minimum of a few x 10 ' for Tx - 55.
From experiments of ~+ and x decay in flight at PSI, to check the claim of the
KARMEN Collaboration quoted above (ARMBRUSTER 95).
~+ ~ p+ v peak search experiment.

K+ ~ p+ v peak search experiment.

Analysis of experiment on K+ —+ p+ v vx vx decay,

Analysis of magnetic spectrometer experiment, bubble chamber experiment, and emulsion

experiment on ~+ ~ IJ+ v decay.
I-L

Analysis of magnetic spectrometer experiment on K ~ p, , v decay.

91 BURCHAT

91 BURCHAT

x 1O-'0

x 10—11
95 90 MRK2 m . = 22 GeV

vi
95 90 MRK2 mv, = 41 GeV

vi
DECAMP 90F ALEP m .= 25.0—42.7 GeV

95 DECAMP 90F ALEP mv. = 42.7—45.7 GeV
J

KOPEIKIN 90 CNTR m . = 5.2 MeV
vi

90 AKERLOF 88 HRS m .=1.8 GeV
J

90 AKERLOF 88 HRS m =4 GeV

0 AKERLOF 88 HRS mv. —6 GeV
J

&1 x 10 BERNARDI 88 CNTR mv. =200 MeV
J

x 1O
—9 BERNARDI 88 CNTR m .=300 MeV

J
&4 x 10 90 9 MISHRA 87 CNTR mv. =l 5 GeV

J
&4 x 10 90 MISHRA 87 CNTR mv. =2.5 GeV

J
&0.9 x 10 MISHRA 87 CNTR m v.=5 GeV

J
&0.1 90 MISHRA 87 CNTR mv. =10 GeV

vi
90 86 CNTR mv. —600 MeV

J
BADIER 86 CNTR m .=1.7 GeV

J
90 BERNARDI 86 CNTR m .=200 MeV

J
90 BERNARDI 86 CNTR m .=350 MeV

J
90 DORENBOS. .. 86 CNTR m .=500 MeV

J
90 DORENBOS. .. 86 CNTR m .=1600 MeV

J
90 COOPER-. .. 85 HLBC mv. =0.4 GeV

J
90 COOP ER- ~ .. 85 HLBC m„.=1.5 GeV

vi

VILAIN 95C is a search for the decays of heavy isosinglet neutrinos produced by neutral
current neutrino interactions. Limits were quoted for masses in the range from 0.3 to 24
GeV. The best limit is listed above.
BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89C, and
WENDT 87.
KOPEIKIN 90 find no m . in the interval 1—6.3 MeV at 90%CL for maximal mixing.

vJ

See also limits on ]U3j~ from WENDT 87.
COOPER-SARKAR 85 also give limits based on model-dependent assumptions for vT
flux. We do not list these. Note that for this bound to be nontriviai, j is not equal
to 3, i.e. vj cannot be the dominant mass eigenstate in v since m &70 MeV

V3
(ALBRECHT 85)). Also, of course, j is not equal to 1 or 2, so a fourth generation would
be required for this bound to be nontrivial.

95all values ruled out

&1 x 10

&5 x 10 4

&5 x 10

90

&2 x 10

&3 x 10 6

90

90

90

BADIER

90&1.2 x 10

&3 x 10 8

&6 x 10

&1 x 10

&1 x 10

&0.8 x 10

&1.0 x 10

95

95

DECAMP

DECAMP

Limits on lUsJ p as a Function of m„
VALUE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&6 x 10 4 90 HAGNER 95 WIRE m . = 2 MeV
J

&2.5 x 10 4 90 HAGNFR 95 WIRE mv = 4 MeV
J

&3.1 x 10 90 95 HAGNER 95 WIRE m . = 6 MeV
J

&2 x 10 90 95 HAGNER 95 WIRE m . = 8 MeV
J

&6.2 x 10 A DEVA 90 L3 v = 20GeV
J

&5.1 x lo —'0 95 ADEVA 90s L3 m . =40GeV
J

all values ruled out BURCHAT 90 MRK2 m & 19 6 GeV
VJ'

x 10-10 95 96 BURCHAT 90 MRK2 m . = 22 GeV
J

x 10-11 95 BURCHAT 9Q MRK2 mv. = 41 GeV
J

all values ruled out 95 90F ALEP mv. = 25.0—42.7 GeV
vi

&1 x 10 95 90F ALEP v 42'7 —45.7 GeV
J

&5 x 10 80 AKERLOF 88 HRS mv —2.5 GeV

&9 x 10 80 AKERLOF 88 HRS m .=4.5 GeV
J

95 HAGNER 95 is a search at the Bogey reactor for the neutrino decay v ~ v e+ ee j
Upper limits were obtained for m in the range from 1 to 9.5 MeV.

v3

BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89C, and
WENDT 87.
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Limits on ]UsJ]2
Where a = 1, 2 from p parameter in itt decay.

VAL UE CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&1x10 68 SHROCK 81B THEO

&2x10 SHROCK 81B THEO

&4x10 68 SHROCK 81B THEO

68

COMM EN T

etc. ~ ~ ~

mv. —10 MeV
J

m .=40 MeVvj
m

J

Limits on ]U&JxU2J]
VAL UE

~ o o We do not use the

&3

&3

&6

x 10

x10 6

x 10

x 10

x 10

&3.6 x 10

&3

&7

x10 8

x 10

x1Q—2

x 10

x 10

as Function of m„
CL% DOCUMENT JD TECN COMMENT

following data for averages, fits, limits, etc. o e ~

90 BARANOV 93 mv. —80
J

90 "BARANOV 93 m .=16
J

9Q 9 BARANOV 93 m, = 24
vj

90 9 BARANOV 93 m: 32

MeV

0 MeV

0 MeV

0 MeV

.=25 e
J

m, =100 MeV
J

mv, —200 MeV
J

m .=350 MeV
J

m .=10 MeV
J

mv =140 MeV
J

m, =370 MeV

90 BERNARDI 86 CNTR

90 BERNARDI 86 CNTR

BERNARDI 86 CNTR

BERNARDI 86 CNTR

BERGSMA 83B CNTR

BERGSMA 83B CNTR

BERGSMA 83B CNTR

90

90

90

90

90

7 BARANOV 93 is a search for neutrino decays into e+ e ve using a beam dump exper-
iment at the 70 GeV Serpukhov proton synchrotron.

SOLAR NEUTRINOS

(by K. Nakamura, KEK, National Laboratory for High-Energy
Physics, Japan)

The Sun is a main-sequence star at a st, age of stable hydro-

gen burning. It produces an intense flux of electron neutrinos as

a consequence of nuclear fusion reactions which generate solar

energy, and whose combined efI'ect is

gp12
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Figure 1: The solar neutrino spectrum pre-
dicted by the standard solar model ~ The neu-
trino fluxes from continuum sources are given
in units of number cm s MeV at one as-
tronomical unit, and the line fluxes are given in
number cm s . Spect, ra for the pp chain are
shown by solid lines, and those for the CNO
chain by dotted or dashed lines. (Courtesy of
J.N. Bahcall, 1995.)

20

4p+ 2e ~ He + 2v, + 26.73 MeV —E

where Ev represents the energy taken away by neutrinos,
with an average value being (E~) 0.6 MeV. Each neutrino-

producing reaction and the resulting flux predicted by the
two recent standard solar model (SSM) calculations [1,2] are

listed in Table 1. Figure 1 shows the energy spectra of solar
neutrinos from these reactions quoted from the SSM calculation

by Bahcall and Ulrich [3]. All SSM calculations give essentially

the same results for the same input parameters and physics.
The Bahcall and Pinsonneault model [1] and the Turck-Chieze

and Lopes model [2] listed in Table 1 differ primarily in that
Bahcall and Pinsonneault include helium diffusion [4].

Observations of solar neutrinos directly addresses the SSM
and, more generally, the theory of stellar structure and evolution

which is the basis of the SSM. The Sun as a well defined

neutrino source also provides extremely important opportunities
to investigate nontrivial neutrino properties such as nonzero

mass and mixing, because of the wide range of matter density
and the very long distance from the Sun to the Earth. In fact,
the currently available solar-neutrino data seem to require such

neutrino properties, if one tries to understand them consistently.
At present, four solar-neutrino experiments are taking

data. Three of them are radiochemical experiments using Cl
(Homestake in IISA) or 7 Ga (GALLEX at Gran Sasso in

Italy and SAGE at, Baksan in Russia) to capture neutrinos:
Cl v, ~ Ar e (threshold 814 keV) or Ga v, ~ Ge e

Table 1: Neutrino-producing reactions in the Sun (the first
column) and their abbreviations (second column). The neu-
trino fluxes predicted by Bahcall and Pinsonneault (B-P) [1]
and by Turck-Chieze and Lopes (T-C-L) [2] are listed in the
third and fourth columns, respectively. The errors associ-
ated with t, he B-P calculation are "theoretical" 3 standard
deviations according to the authors.

Reaction

PP~ de+V
PC P~ dV
3He p ~ He e+v
Bee ~ Li v+

8B ~ 'B* e+v
13N ~ 13C p+v
"O ~ '"N e+v
17F 17P +

Abbr.

pp
pep
hep

(y) Be
8B
»N
15p
17F

B-P

6.00(1+ 0.02)E10
1.43(1 + 0.04)E8
1.23E3
4.89(1 + 0.18)E9
5.69(l + 0.43)E6
4.92 (1 + 0.51)E8
4.26(1 + 0.58)E8
5.39(1 + 0.48)E6

T-C-L

6.02E10
1.3E8

4.33E9
4.43E9
3.83E8
3.15E8

(threshold 233 keV). The produced Ar and Ge are both
radioactive nuclei with half lives (st~2) of 34.8 days and 11.43
days, respectively. After an exposure of the detector for two

to three times v1~~, the reaction products are extracted and
introduced into a low-background proportional counter, and are
counted for a sufficiently long period to determine the expo-
nentially decaying signal and a constant background. In the
chlorine experiment, the dominant contribution comes from B
neutrinos, but "Be, pep, N, and "0 neutrinos also contribute.
At present, the most abundant pp neutrinos can be detected
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Table 2: Recent results from the four solar-neutrino ex-
periments. For Homestake [5], GALLEX [6], and SAGE [7],
the data are capture rates given in SNU (Solar Neutrino
Units; 1 SNU = 10 ss capture per atom per second). For
Kamiokande [6], the datum is sB solar-neutrino flux given
in units of 10 cm s . The first errors are statistical and
the second errors are systematic. The SSM predictions by
Bahcall and Pinsonneault (B-P) [1] and by Turck-Chieze
and Lopes (T-C-L) [2] are listed in the third and fourth
columns, respectively. The errors associated with the B-P
calculation are "theoretical" 3 standard deviations accord-
ing to the authors.

Experiment Data B-P T-C-L

Homestake
GALL EX
SAGE
Kamiokande

2.55 + 0.17+ 0.18
79+10+6
73+18+5—16—7
2.89+ + 0 35

8.0 + 3.0
13]..5+"—17
131.5+—17
5.7 + 2.4

6.4
122,5
122.5
4.4

There was a controversy concerning whether the 7C1 cap-
ture rate showed time variation, anticorrelated with the sunspot
numbers which represent the 11-year solar-activity cycle. How-

ever, more than 7 years of the Kamiokande-II solar-neutrino

observation does not show evidence for a statistically significant

only in gallium experiments. Even so, almost half of the capture
rate in these experiments is due to other solar neutrinos.

The fourth is a real-time experiment utilizing ve scattering
in a large water-Cerenkov detector (Kamiokande in Japan).
This experiment takes advantage of the directional correlation

between the incoming neutrino and the recoil electron. This
feature greatly helps the clear separation of the solar-neutrino

signal from the background. Due to its high threshold (7 MeV

at present), Kamiokande observes pure sB solar neutrinos (hep
neutrinos have too small a flux to be observed in the present

generation of solar neutrino experiments. )

Solar neutrinos were first observed in the Homestake chlo-

rine experiment around 1970. From the very beginning, it was

recognized that the observed capture rate was significantly

smaller than the SSM prediction. This deficit has been called
"the solar-neutrino problem. " The Kamiokande-II Collabora-

tion started observing the 8B solar neutrinos at the beginning

of 1987. Because of the strong directional correlation of ve

scattering, this result gave the first direct evidence that the
Sun emits neutrinos (no directional information is available in

radiochemical solar-neutrino experiments. ) The observed solar-

neutrino flux was also significantly less than the SSM prediction.

In addition, Kamiokande-II obtained the energy spectrum of
recoil electrons and the fluxes separately measured in the day

time and nighttime. GALLEX presented the first evidence of pp
solar-neutrino observation in 1992. Here also, the observed cap-
ture rate is significantly less than the SSM prediction. SAGE,
after initial confusion which is ascribed to statistics by the

group, observes a similar capture rate to that of GALLEX.
The most recent results on the average capture rates or flux

from these experiments [5—6] are compared with the recent SSM

calculations [1,2] in Table 2.

correlation or anticorrelation between the solar-neutrino flux

and sunspot number.

All results from the present solar-neutrino experiments
indicate significantly less flux than expected from the SSM
calculations. Is there any possible consistent explanation of all

the results of solar-neutrino observations in the framework of the
standard solar model? This is difIicult because the Homestake
result and the Kamiokande result, taken at face value, are

mutually inconsistent if one assumes standard neutrino spectra.
That is, with the reduction factor of the B solar-neutrino flux

as determined from the Kamiokande result, the Homestake 7Cl

capture rate would be oversaturated, and there would be no

room to accommodate the Be solar neutrinos. Several authors
made more elaborate analyses using the constraint of observed

solar luminosity, and found that not only the SSM but also

nonstandard solar models are incompatible with the observed
data. Now it is a common understanding that the solar-neutrino

problem is not only the deficit of the B solar-neutrino flux, but
also the deficit of Be solar-neutrino flux. The latter problem
stems from the incompatibility between the Homestake and

Kamiokande results and this makes astrophysical solutions

untenable. There is another solar-neutrino problem concerning

the low gallium capture rate observed by GALLEX and SAGE.
In view of the above situation, it is attractive to invoke

nontrivial neutrino properties. Neutrino oscillation in matter
(MSW mechanism) is particularly attractive in explaining all

the experimental data on the average solar-neutrino flux consis-

tently, without any a priori assumptions or fine tuning. Several

authors made extensive MS]A' analyses using all the existing
data and ended up with similar results. For example, Hata and

Langacker [9] analyzed the solar-neutrino data as of mid-1993.
They obtained solutions for various standard and nonstandard

solar models taking the Earth efFect and the Kamiokande day-

night data into account. Assuming the Bahcall-Pinsonneault
SSM [1], the small-mixing solution (Am~ 6 x 10 s eV and

sin 29 7 x 10 ) gives an excellent fit to the data, but the
large-mixing solution (Am 9 x 10 s eV and sin 2e 0.6)
is marginally allowed at 90pf) confidence level.

Assuming that the solution to the solar-neutrino prob-
lem be provided by some nontrivial neutrino properties, how

can one discriminate various scenarios? There are at least two

very important things to do experimentally. One is the mea-

surement of energy spectrum of the solar neutrinos and the
other is the measurement of the solar-neutrino flux by utilizing

neutral-current reactions. Two high-statistics solar-neutrino ex-

periments which are under construction, SuperKamiokande and

Sudbury Neutrino Observatory (SNO) are expected to provide
such results within a few years, A 50 kton water-Cerenkov

detector, SuperKamiokande is sensitive to the solar-neutrino

spectrum through measurement of recoil electron energy. SNO

will use 1,000 tons of heavy water (D20) to measure solar
neutrinos through both inverse beta decay (v, d —+ e pp) and
neutral current interactions (v~d ~ v~pn). In addition, ve scat-
tering events will also be measured. The Borexino experiment
with 300 tons of ultra-pure liquid scintillator is approved for

the Gran Sasso. The primary purpose of this experiment is
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the measurement of the 7Be solar neutrino flux, where pos-
sible deficit is now a key question, by lowering the detection
threshold for the recoil electrons to 250 keV. It is hoped that
these experiments will finally provide the key to solving the
solar-neutrino problem.
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(E) Solar v Experiments

VALUE DOCUMEN T ID TECN COMMENT

77 1+ 85+ ' SNU—5.4
98 ANSELMANN 958 GALX 71Ga ~ 71Ge

73+'8+5 SNu—16 —7
99 ABDuRASHI. .. 94 SAGE»Ga 'Ge

(0.46 + 0.05 + 0.06) x SSM HIRATA 90 KAM2 Water Cerenkov
2.33 + 0.25 SNU 01 DAVIS 89 HOME CL radiochemical
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ACKER 94 THEO Solar v decay
103 BAHCALL 94 THEo
104 BAHCALL 93

HAMP EL 93 RVUE
6.4 + 1.4 SNU TURCK-CHI. .. 938 THEO CL radiochemical

(4,4 + 1.1) x 10 cm s TURCK-CHI. .. 938 THEO Water Cerenkov,
E & 7.5 MeV

106 TURCK-CHI. .. 938 THEO 71Ga ~ 71Ge

BAHCALL 92 CI prediction
107 BAHCALL 92 Ga prediction

GARCIA 91 CNTR Nuclear physics
109 H I RATA 91 K AM2

0 FILIPPONE 90 THY
11 HIRATA 908 KAM2

7.9 + 2.6 SNU BAHCALL 88 THEO CI prediction;
total theor. range

132+ SNU—17 BAHCALL 88 THEO " Ga prediction;
total theor. range

5.8 + 1.3 SNU TU R CK-C HI. .. 88 THEO Cl prediction
125 + 5 SNU TURCK-CHI. .. 88 THEO Ga prediction
5.6 SNU FILIPPONE 83 THEO CI prediction
76+ 33 SNU BAHCALL 82 CI prediction
1O6+ '83 SNU BAHCALL 82 Ga prediction

7.0 + 3.0 SNU FILIPPONE 82 THEO CI prediction

69 + 10 SNU FOWLER 82 THEO CI prediction
7.3 SNU BAHCALL 80 THEO 37CL prediction

See also the reviews by BAHCALL 92, DAVIS 89, and ACKER 94. The latter rules out
neutrino decay as a solution to the solar neutrino problem at better than 98o/o using
the existing solar neutrino as of mid-1993.

ANSELMANN 958 result is for a total of 39 completed runs (GALLEX I and GALLEX II

combined), which updates the ANSELMANN 94 result. The total run data, covering the
period 14 May 1991 through 22 June 1994, are consistent with a Ge production rate
constant in time. The results are strengthened by a calibration run using a strong Cr

source (ANSELMANN 95), where the (measured)/(expected) Cr-induced " Ge rate was
found to be 1.04 6 0.12.
ABDURASHITOV 94 result is for a total of 15 runs from January 1990 through May
1992, using 30 tons of metallic gallium for the first 7 runs, increased to 57 tons for

the rest of 8 runs. The first 5 runs in 1990 yielded 40+ + SNU which updates the
ABAZOV 918 result.
HIRATA 90 data consists of 1040 days with threshold Ee & 9.3 MeV (first 450 days)
or Ee & 7.5 MeV. "The total data sample is also analyzed for short-term variations;
within the statistical error, no significant variation is observed. " The flux is scaled by
the value relative to the standard solar model (SSM) prediction. A theoretical flux of
(5.8 + 2.1) x 10 cm s is cited, with the central value corresponding to 7.9 SNU

for 7CI experiment (but see TURCK-CHIEZE 938 and other theoretical calculations. )

(F) Astrophysica I neutrino observations

Neutrinos and antineutrinos produced in the atmosphere induce p,-like and
e-like events in underground detectors. The ratio of the numbers of the two
kinds of events is defined as p/e. It has the advantage that that systematic
effects, such as flux uncertainty, tend to cancel, for both experimental and
theoretical values of the ratio. The "ratio of the ratios" of experimental to
theoretical ttt/e, R(p/e), is reported below. If the actual value is not unity,
the value obtained in a given experiment may depend on the experimental
conditions.

R(p/e) = (Measured Ratio p/e) / (Expected Ratio p/e)
VAL UE

~ ~ o We do not use the

1.00 k 0.15+0.08

o.6o+0 +o.o5—0.05

o.57+ 0 08+0.07—0,07

DOCUMENT /D TECN COMMENT

following data for averages, fits, limits, etc. ~ ~ o

4 DAUM 95 FREJ Calorimeter
115 FUKUDA 94 KAM2 sub-GeV

116 FUKUDA 94 KAM2 multi-Gev

BECKER-SZ... 928 IMB Water Cerenkov

DAUM 95 results are based on an exposure of 2.0 kton yr which includes the data used
by BERGER 908. This ratio is for the contained and semicontained events. DAUM 95
also report R(p, /e) = 0.99 + 0.13 + 0,08 for the total neutrino induced data sample
which includes upward going stopping muons and horizontal muons in addition to the
contained and semicontained events.
FUKUDA 94 result is based on an exposure of 7.7 kton yr and updates the HIRATA 92
result. The analyzed data sample consists of fully contained e-like events with 0.1 &
pe & 1.33 GeV/c and fully-contained p, -like events with 0.2 & p & 1.5 GeV/c.

FUKUDA 94 analyzed the data sample consisting of fully contained events with visible
energy & 1,33 GeV and partially contained p-like events.
BECKER-SZENDY 928 reports the fraction of nonshowering events (mostly muons from
atomospheric neutrinos) as 0.36 + 0.02 + 0.02, as compared with expected fraction
0.51+ 0.01 + 0.05. After cutting the energy range to the KAM2 limits, BEIER 92 finds
R(ltt/e) very close to the KAM2 value.

The analysis is more fully reported in HIRATA 918. Earlier analyses were reported by
HIRATA 91 and HIRATA 908.
DAVIS 89 is the average from the CL experiment at the Homestake Mine (HOME)
from 1970—1988. Earlier averages are given in the references therein.
ACKER 94 rules out neutrino decay as a solution to the solar neutrino problem at better
than 98% CL, using the existing solar neutrino data as of mid-1993.
BAHCALL 94 argues that there are really two solar neutrino problems: (1) incompatibility
of the chiorine (Homestake) and Kamiokande experiments, (2) deficiency of the observed
solar neutrino flux in the gallium experiments.
BAHCALL 93 is a study of 1000 solar modeis in which each input parameter is cho-
sen from a normal distribution with the appropriate mean and error. It is concluded
that "Even if one abuses the solar models by artifically imposing consistency with the
Kamiokande experiment, the resulting predictions of all 1000 of the 'fudged' solar models
are inconsistent with the result of the chlorine experiment. "
HAMPEL 93, by a member of the GALLEX collaboration, is a discussion of possible
scenarios to explain the combined solar neutrino experimental data.
TURCK-CHIEZE 938 proposes new results on the solar neutrino predictions and acoustic
mode frequencies. See also TURCK-CHIEZE 93 for an extensive review (233 pages,
524 references) concerning the solar interior. Table17 provides a particularly useful
comparison of experiment and theory as of mid-1993.
BAHCALL 92 is an extensive discussion of theoretical neutrino flux calculations with
predicted event rates for various different solar neutrino detectors. "The quoted errors
represent the total theoretical range and include the effects on the model predictions of
3' errors in measured input parameters. "
GARCIA 91 reports a new study of 7CaP decays, with the result that the BAHCALL 88
SSM prediction for CI should be increased from 7.9 to 8.1 SNU.
HIRATA 91 reports a search for day-night and semi-annual variations in the solar neutrino
flux observed in the Kamiokande ll Detector. The sample is the same 1040 day counting
period used for HIRATA 90 and HIRATA 908. "Within statistical error, no such short-
time variations were observed. " This result was used to constrain neutrino oscillation
parameters, in the framework of oscillations between two mass eigenstates. '*A region
defined by sin 20 & 0.02 and 2 x 10 eV & D(m ) & 1 x 10 5 eV is excluded
at the 90% CL without any assumptions on the absolute value of the expected solar
neutrino flux. "
In a later unbiased analysis, FILIPPONE 90 show that the hypothesis of a time-
independent CI neutrino capture rate is marginally rejected, having only 2% prob-
ability. However, it is disturbing that we are not able to find a simple hypothesis of time
variation that would describe the data well. A capture rate anticorrelated with sunspot
number, although more probable than the constant rate hypothesis, has a probablity of
only 6%. One possible explanation of these results is simply the poor statistics of the

CI experiment. "
HIRATA 908 gives an analysis of the implications of these data for allowed values of
A(m ) and sin228 describing neutrino mixing between two mass eigenstates, in the
model of resonant (MSW) neutrino oscillations. The possibility of regeneration as the
neutrinos pass through the earth is neglected. Two limits are given, the first from the
measured event rate alone, and the second from the combination of the measured event
rate and the recoil electron energy spectrum. The latter "disfavor the region of adiabatic
solutions D(m ) 1,3 x 10 eV and 7.2 x 10 & sin 20 & 6.3 x 10 at
90%CI ." The allowed regions in sin 20 vs. E(m ) are given graphically; see Figs. 2(a)
and 2(b) in the paper.
BAHCALL 88 "total theoretical range is calculated by evaluating the 3o- uncertainties
for all measured input parameters and using the full spread in calculated values for
input quantitites that cannot be measured; the uncertainties from different quantities
are combined quadraticaily. " (Quotation from BAHCALL 89, p. 301.)
BAHCALL 82 quotes "effective 3' errors. " First extensive discussion of formal uncer-
tainties in the problem.
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R{v„)= (Measured Flux of v„)/ (Expected Flux of v„}
VAL UE DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.73+0.09+0.06 118AHLEN 95 MCRO Streamer tubes
CASPER 91 IMB Water Cherenkov

120 AG LIETTA 89 NUSX
0.95+0.22 121 BOLIEV 81 Baksan
0.62+ 0.17 CROUCH 78 Case Western/UCI

AHLEN 95 result is for all nadir angles. The lower cutoff on the muon energy is 1 GeV.
The errors are statistical / systematic. The Monte Carlo flux error is +0.12.
CASPER 91 correlates showering/nonshowering signature of single-ring events with par-
ent atmospheric-neutrino flavor. They find nonshowering (= v induced) fraction is

0.41 + 0.03 + 0.02, as compared with expected 0.51 + 0.05 (syst).
AGLIETTA 89 finds no evidence for any anomaly in the neutrino flux. They de-
fine p = (measured number of ve's)/(measured number of v 's). They report

p(measured)=p(expected) = 0 ~ 96 p'28.+0.32

From this data BOLIEV 81 obtain the limit b, (m ) & 6 x 10 eV for maximal
mixing, v 7L v type oscillation.

sins(28) for given CL(ma) (ve s-s v„)
For a review see BAHCALL 89.

VAL UE CL% DOCUMEN T ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.55 t9p

122 FUKUDA 94 KAM2 b(m2) Q 007-0 p8 ev

&0.33 9p 123 HIRATA 92 KAM2 E(m2) ) 0.004 eV2

&0.47 9p 124 BFRGER 9pB FREJ &(m2) ) 1 eV2

&0.14 90 LOSECCO 87 IMB E(m )= 0.00011 eV

t~~ FUKUDA 94 obtained this result by a combined analysis of sub- and multi-GeV atmos-
pheric neutrino events in Kamiokande.
HIRATA 92 states that the allowed region for ve~ v conflicts with the constraints
from the solar neutrino data (HIRATA 908).
BERGER 908 uses the Frejus detector to search for oscillations of atmospheric neutrinos.
Bounds are for both neutrino and antinuetrino oscillations.

sr)(ma} for sins{28) = 1 {ve ~ vv)
VALUE(10 eV ) CL% DOCUMENT ID TECIV

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

t7QQ & ~(m2) ( 7ppp 9Q 125 FUK UDA 94 KAM2

&150 9p 26 BERGER 909 FREJ
t~5 FUKUDA 94 obtained this result by a combined analysis of sub- and multi-GeV atmos-

pheric neutrino events in Kamiokande.
BERGER 908 uses the Frejus detector to search for oscillations of atmospheric neutrinos.
Bounds are for both neutrino and antinuetrino oscillations.

sins(28) for given B(ms) (ve s-a vv)
VALUE(10 eV ) CL% DOCUMENT ID TECIV COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.9 99 127 SMIRNOV 94 THEO A(m2) & 3 x 10 4 eV2

&0.7 99 127 SMIRNOV 94 THEO ~(m2) & 1p
—11 eV2

SMIRNOV 94 analyzed the data from SN 1987A using stellar-collapse models. They also

give less stringent upper limits on sin 20 for 10 & b, (m ) ( 3 x 10 eV and

10 & A(m ) & 3 x 10 eV . The same results apply to ve ~ v, v, and v .

sins(28) for given &{ms) (v„s-a v, )
VAL UE CL% DOCUMENT ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.65 90 25 FUKUDA 94 KAM2 B(m ) = 0.005M.03 ev

&0.5 9p 129 BECKER-SZ... 92 IMB A(m2) 1—2 x 10 eV2

&0.6 90 BERGER 908 FREJ A(m2) & 1 eV2

t25FUKUDA 94 obtained this result by a combined analysis of sub-and multi-GeV atmos-
pheric neutrino events in Ka mioka nde.
BECKER-SZENDY 92 uses upward-going muons to search for atomospheric v oscilla-P
tions. The fraction of muons which stop in the detector is used to search for deviations
in the expected spectrum. No evidence for oscillations is found.
BERGER 908 uses the Frejus detector to search for oscillations of atmospheric neutrinos.
Bounds are for both neutrino and antinuetrino oscillations.

8 (ma} for sin (28) = 1 (v„~ve)
VALUE (10 eV ) CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

t5pp ( ~(m ) ( 25pp 90 131 FUKUDA 94 KAM2
&350 90 BERGER 908 FREJ

FUKUDA 94 obtained this result by a combined analysis of sub-and multi-GeV atmos-
pheric neutrino events in Kamiokande.
BERGER 908 uses the Frejus detector to search for oscillations of atmospheric neutrinos.
Bounds are for both neutrino and antinuetrino oscillations.

h{ms) for sins(28) = 1 (v„~v,)
v~ means v~ or any sterile (noninteracting) v.

VALUE (10 eV ) CL% DOCUMEhlT ID TEChl COMMEhlT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3000 (or &550) 90 OYAMA 89 Kamiokande II

& 4.2 or & 54. 90 BIONTA 88 IMB Flux has v&, v, ve,
and ve

OYAMA 89 gives a range of limits, depending on assumptions in their analysis. They
argue that the region A(m ) = (100—1000) x 10 eV is not ruled out by any data
for large mixing.

{6}Reactor tre disappearance experiments

ln most cases, the reaction ve p ~ e+ n is observed at different distances
from one or more reactors in a complex.

Events {Observed/Expected} from Reactor ve Experiments
VAL UE DOCUMENT ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.05 +0.02 +0.05 VUILLEUMIER 82 Gosgen reactor
0.955 60.035+0.110 KWON 81 vep ~ e+n
0.89 +0.15 4 BOEHM 80 ve p —+ e+ n

0.38 +0.21 135,136 RE INES 80
0.40 k 0.22 135,136 RFINES 80

KWON 81 represents an analysis of a larger set of data from the same experiment as
BOEHM 80.
REINES 80 involves comparison of neutral- and charged-current reactions ve d ~ n pve
and ve d —+ nne+ respectively. Combined analysis of reactor ve experiments was
performed by SILVERMAN 81.
The two REINES 80 values correspond to the calculated ve fluxes of AVIGNONE 80 and
DAVIS 79 respectively.

&C 7 &C

d(ms) for sins(28) = 1
VALUE (eV2) CL% DOCUMENT ID TEChl COMMEhIT

g0.0075 90 VIDYAKIN 94 Krasnoyark reactors
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0,01 90 ACHKAR 95 CNTR Bugey reactor
&0.0083 9Q 137 VIDYAK IN 90 Krasnoyark reactors
&0.04 90 AFONIN 88 CNTR Rovno reactor
&0.014 68 140 VIDYAK IN 87 vep e+n
&0.019 90 1 1 ZACEK 86 Gosgen reactor
&0.02 90 ZACEK 85 Gosgen reactor
&0.016 90 GABATHULER 84 Gosgen reactor

VIDYAKIN 94 bound is for L=57.0 m, 57.6 m, and 231.4 m. Supersedes VIDYAKIN 90.
8ACHKAR 95 bound is for L=15, 40, and 95m.

AFONIN 86 and AFONIN 87 also give limits on sin (20) for intermediate values of
D(m2). (See also KETOV 92). Supersedes AFONIN 87, AFONIN 86, AFONIN 85,
AFONIN 83, and BELENKII 83.
VIDYAKIN 87 bound is for L = 32.8 and 92.3 m distance from two reactors.
This bound is from data for L=37.9 m, 45.9 m, and 64.7 m.
See the comment for ZACEK 85 in the section on sin (28) below.

This bound comes from a combination of the VUILLEUMIER 82 data at distance 37.9 m

and new data at 45.9m.

sins(28) for "Large" 6(ms)
VAL UE CL% DOCUMEIV T ID TEChl COMMEhlT

(0.02 90 ACHKAR 95 CNTR For d, (m ) = 0.6 eV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.087 68 VYRODOV 95 CNTR For &(m ) &2 eV
(0.15 90 146 V IDYAK IN 94 For A(m ) & 5.0x 10

eV2
&0.2 90 " AFONIN 88 CNTR ve p ~ e+ n

&0.14 68 '48 VID YAK IN 87 v, p e+n
&0.21 90 149 ZACEK 86 vep —+ e+n
&0.19 90 0 ZACEK 85 Gosgen reactor
&0.16 90 151 GABATHULER 84 vep e+n

ACHKAR 95 bound is from data for L=15, 40, and 95 m distance from the Bugey reactor.
145The VYRODOV 95 bound is from data for L=15 m distance from the Bugey-5 reactor.

The VIDYAKIN 94 bound is from data for L=57.0 m, 57.6m, and 231.4m from three
reactors in the Krasnoyark Reactor complex.

1 "Several different methods of data analysis are used in AFONIN 88. We quote the most
stringent limits. Different upper limits on sin 20 apply at intermediate values of D(m ).
Supersedes AFONIN 87, AFONIN 85, and BELENKII 83.
VIDYAKIN 87 bound is for L = 32.8 and 92.3 m distance from two reactors.
This bound is from data for L=37,9 m, 45.9 m, and 64.7 m distance from Gosgen reactor.
ZACEK 85 gives two sets of bounds depending on what assumptions are used in the
data analysis. The bounds in figure 3(a) of ZACEK 85 are progressively poorer for large

Z(m ) whereas those of figure 3(b) approach a constant. We list the latter. Both sets
of bounds use combination of data from 37.9, 45.9, and 64.7m distance from reactor.
ZACEK 85 states "Our experiment excludes this area (the oscillation parameter region
allowed by the Bugey data, CAVAIGNAC 84) almost completely, thus disproving the
indications of neutrino oscillations of CAVAIGNAC 84 with a high degree of confidence. "
This bound comes from a combination of the VUILLEUMIER 82 data at distance 37.9m
from Gosgen reactor and new data at 45.9m.
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b (ma) for given sins{28}
VAL UE (eV2)

0.2 +0.1
152 sin2(2g) 0 25 g 0 1

allowed regions in these

DOCUMENT ID COMMENT

CAVAIGNAC 84 ve p ~ e+ n

These are from best fit to data; see CAVAIGNAC 84 for plot of
variables. These data from Bugey reactor.

B(ma} for sins(28) = 1
VALUE (eV ) CL% DOCUMENT ID TECN

&0.09 90 ANGELINI 86 HLBC
~ ~ ~ We do not use the following data for averages, fits, limits,

&0.9 90 VILAIN 94c CHM2
&0.1 90 BLUMENFELD 89 CNTR
&1.3 90 AMMOSOV 88 HLBC
&0.19 90 BERGSMA 88 CHRM

155 LOVERRE 88 RVUE
&2.4 90 AHRENS 87 CNTR
&1.8 90 BOFILL 87 CNTR
(2.2 90 156 BRUCKER 86 HLBC
&0.43 90 AHRENS 85 CNTR
&0.20 90 BERGSMA 84 CHRM
&1.7 90 ARMENISE 81 HLBC
&0.6 90 BAKER 81 HLBC
&1.7 90 ERRIQUEZ 81 HLBC
&1.2 95 BLIETSCHAU 78 HLBC
&1.2 95 BELLOTTI 76 HLBC

LOVERRE 88 reports a less stringent, indirect limit based
neutral to charged current ratios.

15615ft bubble chamber at FNAL.

COMMEAIT

BEBC CERN PS
etc. ~ ~ ~

CERN SPS

SKAT at Serpukhov

BNL AGS
FNAL
15-ft FNAL
BNL AGS E734

GGM CERN PS
15-ft FNAL
BEBC CERN PS
GGM CERN PS
GGM CERN PS

on theoretical analysis of

sin2(28) for "Large" b, (ma)
VALUE (units 10 ) CL% DOCUMEN T ID TECN COMMENT

2.5 90 AMMOSOV 88 HLBC SKAT at Serpukhov
~ ~ ss We do not use the following data for averages, fits, limits, etc. ~ ~ ~

9.4 90 VILAIN 94C CHM2 CERN SPS
5.6 90 VILAIN 94C CHM2 CERN SPS

16 90 BLUMENFELD 89 CNTR
8 90 BERGSMA 88 CHRM Z(m ) ) 30 eV

158 LOVERRE 88 RVLIE

& 10 90 AHRENS 87 CNTR BNL AGS
15 90 BOFILL 87 CNTR FNAL

20 90 5 ANGELINI 86 HLBC BEBC CERN PS
20 to 40 160 BERNARDI 86P CNTR D(m2) 5 10

& ll 90 BRUCKER 86 HLBC 15-ft FNAL

3.4 90 AHRENS 85 CNTR BNL AGS E734
&240 90 BERGSMA 84 CHRM

& 10 90 ARMENISE 81 HLBC GGM CERN PS
6 90 BAKER 81 HLBC 15-ft FNAL

& 10 90 ERRIQUEZ 81 HLBC BEBC CERN PS
95 BLIETSCHAU 78 HLBC GGM CERN PS

10 95 BELLOTTI 76 HLBC GGM CERN PS
tsr VILAIN 94C limit derived by combining the v and V data assuming Cp conservation.

I-t

LOVERRE 88 reports a less stringent, indirect limit based on theoretical analysis of
neutral to charged current ratios.
ANGELINI 86 limit reaches 13 x 10 at A(m ) —2 eV
BERNARDI 86B is a typical fit to the data, assuming mixing between two species. As the
authors state, this result is in conflict with earlier upper bounds on this type of neutrino
oscillations.

16115ft bubble chamber at FNAL.

{H}Accelerator neutrino appearance experiments

Vy ~ V~

6(ma) for sins(28) = 1
VAL UE (eV2) CL % DOCUMENT ID TECN COMM EN T

& 9 90 USHIDA 86C EMUL FNAL
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(44 90 TALEBZADEH 87 HLBC BEBC

sins(28} for "Large" &{ma)
VAL UE CL% DOCUMEAIT ID TECN COMMENT

(0.25 90 3 USHIDA 86C EMUL FNAL
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

(0.36 90 TALEBZADEH 87 HLBC BEBC

USHIDA 86C published result is sin 20 & 0.12. The quoted result is corrected for a nu-
merical mistake incurred in calculating the expected number of ve CC events, normalized
to the total number of neutrino interactions (3886) rather than to the total number of
v& CC events (1870).

vc ~ v~

sins(28} for "Large" E(ma)
VAL UE CL% DOCUMEN T ID TECN COMM EN T

&0.7 90 154 FRITZE 80 HYBR BEBC CERN SPS

Authors give P(ve ~ v ) &0.35, equivalent to above limit.

V~ ~ Vy

E(ma} for sins(28) = 1

Vp ~ Vy

E(ma) for sins(28) = 1
VALUE (eV2) CL%

g0.075 90
DOCUMENT ID TECN COMMENT

BORODOV. .. 92 CNTR BNL E776

sins(28} for "Large" b, (ma}
VALUE(units 10 CL% DOCUMENT ID TECN COMMENT

(3 90 BORODOV. .. 92 CNTR BNL E776
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.8 90 MCFARLAND 95 CCFR FNAL

MCFARLAND 95 state that "This result is the most stringent to date for 250&
h(m ) &450 ev and also excludes at 90%CL much of the high Z(m ) re-
gion favored by the recent LSND observation. " See ATHANASSOPOULOS 95 and
ATHANASSOPOULOS 96.

6(ma) for sins(28) = 1
VALUE (eV2) CL%

& 0.9 90
~ ~ ~ We do not use the following

( 1.4 90
& 4.5 90
& 10.2 90
& 6.3 90
& 4.6 90( 3 90

6 90
3 90

Vp ~ V~

DOCUMENT ID TECN

USHIDA 86C EMUL
data for averages, fits, limits,

MCFARLAND 95 CCFR
BATUSOV 90e EMUL
BOF ILL 87 CNTR
BRUCKER 86 HLBC
ARMENISE 81 HLBC
BAKER 81 HLBC
ERRIQUEZ 81 HLBC
USHIDA 81 EMUL

COMMENT

FNAL

etc. ~ ~ ~

FNAL
FNAL
FNAL
15-ft FNAL
GGM CERN SPS
15-ft FNAL
BEBC CERN SPS
FNAL

VALUE (eV2) CL% EVTS DOCUMEAIT ID TECN COMMENT

(0.14 90 162 FREEDMAN 93 CNTR LAMPF
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.075+ 0.030 9 163 ATHANASSO. ..95
&0 07 90 HILL 95
&0.9 90 VILAIN 94C CHM2 CERN SPS
&3.1 90 BOFILL 87 CNTR FNAL
&2.4 90 TAYLOR 83 HLBC 15-ft FNAL
&0.91 90 165 NEMETHY 81B CNTR LAMPF
&1 95 BLIETSCHAU 78 HLBC GGM CERN PS

FREEDMAN 93 is a search at LAMPF for ve generated from any of the three neutrino
types v, v, and ve which come from the beam stop. The ve's would be detected by

the reaction ve p ~ e+ n. FREEDMAN 93 replaces DURKIN 88.
ATHANASSOPOULOS 95 error corresponds to the 2cr band in the plot, and is corrected
for the 20% systematic error. The expected background is 2.1 4 0.3 events. Corresponds
to an oscillation probability of (0 ~ 34 p']g + 0.07)%. For a different interpretation, see
HILL 95. Preprint ATHANASSOPOULOS 96 reports strengthened conclusions based on
an excess of 52 events.
HILL 95 is a report by one member of the LSND Collaboration, reporting a different con-
clusion from the analysis of the data of this experiment (see ATHANASSOPOULOS 95).
Contrary to the rest of the LSND Collaboration, Hill finds no evidence for the neutrino
oscillation v ~ ve and obtains only upper limits.

I-g

51n reaction Pe p ~ e+ n.

sins(28) for "Large" b, (ma)
VAL UE CL% EVTS DOCUMENT ID TECAI COMMEAIT

&0.004 95 BLIETSCHAU 78 HLBC GGM CERN PS
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.007 +0.005 9 66 ATHANASSO. ..95
&0,006 90 HILL 95
&4,8 90 VILAIN 94C CHM2 CERN SPS
&5,6 90 VILAIN 94C CHM2 CERN SPS
&0.024 90 FREEDMAN 93 CNTR LAMPF
&0.04 90 BOFILL 87 CNTR FNAL

&0.013 90 TAYLOR 83 HLBC 15-ft FNAL
&0.2 90 NEMETHY 81B CNTR LAMPF

ATHANASSOPOULOS 95 error corresponds to the 2a. band in the plot, and is corrected
for the 20% systematic error. The expected background is 2.1 4 0.3 events. Corresponds
to an oscillation probability of (0.34+ ' + 0.07)%. For a different interpretation, see—0.18
HILL 95. Preprint ATHANASSOPOULOS 96 reports strengthened conclusions based on
an excess of 52 events.
HILL 95 is a report by one member of the LSND Collaboration, reporting a different con-
clusion from the analysis of the data of this experiment (see ATHANASSOPOULOS 95).
Contrary to the rest of the LSND Collaboration, Hill finds no evidence for the neutrino
oscillation v ~ ve and obtains only upper limits.

t69 VILAIN 94C limit derived by combining the v and V data assuming CP conservation.
I-g ILt

FREEDMAN 93 is a search at LAMPF for ve generated from any of the three neutrino
types v, v, and ve which come from the beam stop. The ve's would be detected by

the reaction ve p ~ e+ n. FREEDMAN 93 replaces DURKIN 88.
In reaction Pe p ~ e+ n.

ss (vss) ve ( e)
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sins(28) for "Large" 6(ma)
VALUE CL%

g0.004 90
~ ~ ~ We do not use the following

&0.0081 90
&0.06 90
&0.34 90
&0.088 90
&0.11 90
&0.017 90
&0.06 90
&0.05 90
&0.013 90

DOCUMENT ID TECN

USHIDA 86c EMUL
data for averages, fits, limits,

MCFARLAND 95 CCFR
BATUSOV 908 EMUL
BOF I L L 87 C NT R

BRUCKER 86 HLBC
BALLAGH 84 HLBC
ARMENISE 81 HLBC
BAKER 81 HLBC
ERRIQUEZ 81 HLBC
US HIDA 81 EMUL

COM MEN T

FNAL

etc. ~ ~ ~

FNAL
FNAL
FNAL
15-ft FNAL
15-ft FNAL
GGM CERN SPS
15-ft FNAL
BEBC CERN SPS
FNAL

(~e)L
See note above for ve ( ve ) L limit

all(ma) for sins(28) = 1
VA L UE (eV2 ) CL% DOCUMENT ID TEChl COMMEAIT

(0.16 90 FREEDMAN 93 CNTR LAMPF
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.7 90 COOPER 82 HLBC BEBC CERN SPS

FREEDMAN 93 is a search at LAMPF for ve generated from any of the three neutrino
types v, v, and ve which come from the beam stop. The Pe's would be detected

by the reaction ve p ~ e+n. The limit on A(m ) is better than the CERN BEBC
experiment, but the limit on sin 0 is almost a factor of 100 less sensitive.
COOPER 82 states that existing bounds on V+A currents require a to be small.

b(ma) for sins(28) = 1
VAL UE (eV2) CL%

g2.2 90
~ ~ ~ We do not use the following

&1.4 90
&6.5 90
&7.4 90

sins(28) for "Large" B(m )
VAL UE CL%

(4.4 x10 2 90
~ ~ ~ We do not use the following

&0.0081 90
&0.15 90
&8.8 x 10 90

DOCUMENT ID TECN COMMENT

ASRATYAN 81 HLBC
data for averages, fits, limits,

MCFARLAND 95 CCFR
BOFILL 87 CNTR
TAYLOR 83 HLBC

FNAL

etc. ~ ~ ~

FNAL

FNAL
15-ft FNAL

DOCUMENT ID TECN COMMEN T

AS RAT YA N 81 HL BC
data for averages, fits, limits,

MCFARLAND 95 CCFR
BOFILL 87 CNTR
TAYLOR 83 HLBC

FNAL
etc. ~ ~ o

FNAL
FNAL
15-ft FNAL

E(ma} for sins(28) = 1

v~ (Pn) v~ (v~)

VAL UE (eV2) CL% DOCUMENT ID TECN COMMEh/T

&1.5 90 GRUWE 93 CHM2 CERN SPS

GRUWE 93 is a search using the CHARM II detector in the CERN SPS wide-band
neutrino beam for v ~ v and P ~ v oscillations signalled by quasi-elastic v and

I1 r P
v interactions followed by the decay r v ~. The maximum sensitivity in sin 20

(& 6.4 x 10 at the 90% CL) is reached for Z(m ) 50 eV .

aasina(28) for "Large" B(ma)
VAL UE CL% DOCUMENT ID TECN COMMENT

(0.001 90 COOPER 82 HLBC BEBC CERN SPS
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ i ~

&0.07 90 FREEDMAN 93 CNTR LAMPF

COOPER 82 states that existing bounds on V+-A currents require a to be small.
FREEDMAN 93 is a search at LAMPF for Pe generated from any of the three neutrino
types v, v, , and ve which come from the beam stop. The ve's would be detected

by the reaction ve p ~ e+ n. The limit on A(m ) is better than the CERN BEBC
experiment, but the limit on sin 0

(I) Disappearance experiments with accelerator L radioactive source neutrinos

ve 7 ve

E(ma} for sins(28) = 1
VALUE(eV ) CL% DOCUMENT ID TECN COMMENT

& 0.1T 90 BAH CALL 95 THEO
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&14.9 90 BRUCKER 86 HLBC 15-ft FNAL
8 90 BAKER 81 HLBC 15-ft FNAL

&56 90 DEDEN 81 HLBC BEBC CERN SPS
&10 90 ERRIQUEZ 81 HLBC BEBC CERN SPS
&2.3 OR &8 90 NEMETHY 81B CNTR LAMPF

BAHCALL 95 analyzed the GALLEX Cr source experiment (ANSELMANN 95). They
also gave a 95% CL limit of & 0.19 eV2.

sins(28) for "Large" lk(ma)
VALUE (units 10 ) CL% DOCUMENT ID TECN COMMENT

&8 90 GRUWE 93 CHM2 CERN SPS

3GRUWE 93 is a search using the CHARM II detector in the CERN SPS wide-band
neutrino beam for v ~ v and v ~ v oscillations signalled by quasi-elastic v and

2v interactions followed by the decay r ~ v ~. The maximum sensitivity in sin 20

(& 6.4 x 10 at the 90% CL) Is i'cached fot' E(m ) 50 eV

ve ~ (pe)l.
This is a limit on lepton family-number violation and total lepton-number
violation. (ve)L denotes a hypothetical left-handed ve. The bound is

quoted in terms of A (m ), sin(20), and n, where n denotes the fractional
admixture of (V+A) charged current.

sin2(28) for "Large" b,(ma)
VAL LIE CL% DOCUMENT ID TECN

(T x 10—2 90 183 ERRIQUEZ 81. HLBC
~ ~ ~ We do not use the following data for averages, fits, limits,

&0.38 90 184 BAH CALL 95 THEO
&0,54 90 BRUCKER 86 HLBC
&0.6 90 BAK ER 81 HLBC
&0.3 90 183 DEDEN 81 HLBC

Obtained from a Gaussian centered in the unphysical region.
BAHCALL 95 analyzed the GALLEX Cr calibration sou
MANN 95). They also gave a 95% CL limit of & 0.45.

COMMEN T

BEBC CERN SPS
etc. ~ ~ ~

51Cr source
15-ft FNAL
15-ft FNAL
BEBC CERN SPS

rce experiment (ANSEL-

aE(ma) for sins(28) = 1
VALUE (eV } CL% DOCUMENT ID TECN COMMENT

g0.14 90 FREEDMAN 93 CNTR LAMPF
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&7 90 COOPER 82 HLBC BEBC CERN SPS

FREEDMAN 93 is a search at LAMPF for Pe generated from any of the three neutrino
types v, v, and ve which come from the beam stop. The ve's would be detected by

the reaction Pe p ~ e+ n.

COOPER 82 states that existing bounds on V+A currents require n to be small.

aasina(28) for "Large" E(ma)
VALUE CL% DOCUMENT ID TECN COMMENT

(0.032 90 6 FREEDMAN 93 CNTR LAMPF
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.05 90 177 COOPER 82 HLBC BEBC CERN SPS

FREEDMAN 93 is a search at LAMPF for Pe generated from any of the three neutrino
types v, v, and ve which come from the beam stop. The ve's would be detected by

the reaction Pe p ~ e+ n.

COOPER 82 states that existing bounds on V+A currents require rt to be small.

B(ma) for sin2(28) = 1
These experiments also allow sufficiently targe D(m ).

VALUE (eV2} CL% DOCUMENT ID TECN COMMEN T

(0.23 OR )1500 OUR LIMIT
g0.23 OR )100 90 DYDAK 84 C NTR
(13OR )1500 90 STOCKDALE 84 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&029 OR &22 90 BERGSMA 88 CHRM
&7 90 BEL IKOV 85 C NTR Serpukhov
&8.0 OR &1250 90 STOCKDALE 85 CNTR
&0.29 OR &22 90 BERGSMA 84 CHRM
&8.0 90 BELIKOV 83 CNTR

sin (28} for B{m }= 100ev
VAL UE CL% DOCUMENT ID TECN COMMENT

(0.02 90 STOCK DALE 85 CNTR FNAL
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.17 90 BERGSMA 88 CHRM
&0.07 90 8ELIKOV 85 CNTR Serpukhov
&0.27 90 BERGSMA 84 CHRM CERN PS
&0,1 90 DYDAK 84 CNTR CERN PS
&0.02 90 STOCKDALE 84 CNTR FNAL
&0.1 90 BELIKOV 83 CNTR Serpukhov

This bound applies for A(m ) = 100 eV . Less stringent bounds apply for other A(m );
these are nontrivial for 8 & A(m ) &1250 eV
This bound applies for K(m ) = 0.7—9. eV . Less stringent bounds apply for other
A(m ); these are nontrivial for 0.28 & K(m ) &22 eV
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This bound applies for a wide range of A(m ) )7 eV . For some values of E(m },
the value is less stringent; the least restrictive, nontrivial bound occurs approximately at
K(m ) = 300 eV where sin (20) &0.13 at CL = 90%.
This bound applies for D(m ) = 1.-10. eV . Less stringent bounds apply for other

Z{m ); these are nontrivial for 0.23 & D(m ) &90 eV .
This bound applies for 4{m ) = 110ev . Less stringent bounds apply for other A(m );
these are nontrivial for 13 & A{m ) &1500 eV .
Bound holds for &(m ) = 2Q-1QQQ eV

b,{ms) for sins{28) = 1
VAL UE {eV2) CL%

&7 OR )1200 OUR LIMIT
(7 OR )1200 90

DOCUMENT ID TECN

STOCK DALE 85 CNTR

REFERENCES FOR Searches for Massive Neutrinos and Lepton Mixing

ATH A N AS SO... 96
nucl-ex/9605001

ACHKAR 95
AHLEN 95
ANSELMANN 95
ANSELMANN 958
ARMBRUSTER 95
ARNOLD 95

ATHANASSO. .. 95
BAHCALL 95
BAHRAN 95
BALYSH 95
BARABASH 95
BILGER 95
BURA C HAS 95

DANEVICH 95
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EJIRI g5
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PL 8356 450
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Translated from
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PR D51 20go
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PL 8361 179
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Vilain, Wilquet+ (CHARM II Collab. )
+Kozlov, Martern'yanov, Machulin+ (KIAE, LAPP, CDEF)

ZETFP 61 161.
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(IAS)
+Beck, Belyaev, Bensch+ {MPIH, KIAE, SASSO)
+Bensch, Bockholt+ (MPIH, KIAE, SASSO)
+Hayakawa, Inoue, Ishida+ (Kamiokande Collab. )
+K hlopov (MPEI)

Montanet+ (CERN, LBL, BOST, IFIC+)
+..., Klapdor-Kleingrothaus+ (MPIH, ITEP)
+Spergel, Bahcall (IAS, ICTP, INRM, PRIN)
+Vy rod ov, Koz lov+ (K IA E)

ZETFP 59 364.
+Wilquet, Beyer+ (CHARM II Collab. )

Alston-Garnjost+ (LBL, MTHO, UNM, INEL)
+Brakhman, Zeldofich, Karelin+ (ITEP, INRM)

ZETFP 58 256.
+Bethe (IAS, CORN)
+K albfleisch (OKLA)
+Kalbfleisch (OKLA)
+Batusov, Bunyatov, Klimov+ (JINR, SERP, BUDA)
+Pitt, Calaprice, Lowry (PRIN)

Bernatowicz, Brazzle, Cowsik+ {WUSL, TATA)
+Fujikawa, Napolitano, Nelson+ (LAMPF E645 Collab. )
+Mommaert, Vilain, Wilquet+ (CHARM II Collab. )

(MPIH)
+Bahran (OKLA)
+Takahashi, Masuda (TOKYC, RIKEN)
+Ahrnad, Coulter, Freedman+ (ANL, LBL, UCB)
+ (KEK, TUAT, RIKEN, SCUC, ROCH, TSUK, INUS)

Turck-Chieze+ (SACLD, USC, NICEA, NICEO, MEUD)
Turck-Chieze, Lopez (SACLD)

+Busto, Farine, Jorgens+ (NEUC, CIT, VILL)
+Chan, da Cruz, Garcia+ (LBL, UCB, SPAUL)
+Adams, Adami, Adye+ (DELPHI Collab. )
+Aguilar-Benitez, Ahlen, Akbari, Alcaraz+ (L3 Collab. )
+Brakchrnan, Ivanovsky, Karelin+ (ITEP)
+Pinsonneault (IAS, YALE)
+Kalbfleisch (OKLA)
+Belyaev, Bockholt, Demehin+ (MPIH, KIAE, SASSO)

Becker-Szendy, Bratton, Casper, Dye+ (IMB Collab. )
Becker-Szendy, Bratton, Casper, Dye+ (IMB Collab. )

+Frank, Frati, Kim, Mann+ (KAM2 Collab. )
3 Beier, Frank (PENN)

Bernatowicz, Brannon, Brazzle, Cowsik+ (WUSL, TATA)
+Busto, Campagne, Dassie, Hubert+ (NEMO Collab. )

Borodovsky, Chi, Ho, Kondakis, Lee+ (COLU, JHU, ILL)
+Ahmad, Bryman, Burnham+ (TRIU, CARL)

Britton, Ahmad, Bryman+ {TRIU, CARL)
+Ahmad, Bryman+ (TRIU, CARL)
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sin2(28) for 190 eV & CL(m ) & 320 ev2
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.02 90 191 STOCKDALE 85 CNTR FNAL

This bound applies for E(m }between 190 and 320 or = 530 eV . Less stringent bounds

apply for other D(m ); these are nontrivial for 7 & D(m ) &1200 ev .
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QUARKS

QUARK MASSES

(by A. Manohar, University of California, San Diego)

A. Introduction
This note discusses some of the theoretical issues involved

in the determination of quark masses. Unlike the leptons,

quarks are confined inside hadrons and are not observed as

physical particles. Quark masses cannot be measured directly,

but must be determined indirectly through their inHuence on

hadron properties. As a result, the values of the quark masses

depend on precisely how they are defined; there is no one

definition that is the obvious choice. Though one often speaks

loosely of quark masses as one would of the electron or muon

mass, any careful st, atement of a quark mass value must make

reference to a particular computational scheme that is used to
extract the mass from observations. It is important to keep

this scheme dependence in mind when using the quark mass

values tabulated in the data listings.

The simplest way to define the mass of a quark is by

making a fit of the hadron mass spectrum to a nonrelativistic

quark model. The quark masses are defined as the values

obtained from the fit. The resulting masses only make sense

in the limited context of a particular quark model. They

depend on the phenomenological potential used, and on how

relativistic effects are modelled. The quark masses used in

potential models also cannot be connected with the quark

mass parameters in the QCD Lagrangian. Fortunately, there

exist other definitions of the quark mass that have a more

general significance, though they also depend on the method of

calculation. The purpose of this review is to explain the most

important such definitions and their interrelations.

B. Mass parameters and the QCD Lagrangian
The QCD Lagrangian for KF quark flavors is

NF

2 = Q qk (ip —mk) qk
— G~, G"—

1=1

where P = (8„—igA&„)p~' is the gauge covariant derivative, A„
is the gluon field, G&, is the gluon field strength, mk is the mass

parameter of the k quark, and qk is the quark Dirac field. The

QCD Lagrangian Eq. (1) gives finite scattering amplitudes after

renormalization, a procedure that invokes a subtraction scheme

to render the amplitudes finite, and requires the introduction of
a dimensionful scale parameter p, . The mass parameters in the

QCD Lagrangian Eq. (l) depend on the renorinalization scheme

used to define the theory, and also on the scale parameter p.
The most commonly used renormalization scheme for QCD
perturbation theory is the MS scheme.

The QCD Lagrangian has a chiral symmetry in the limit

that the quark masses vanish. This symmetry is spontaneously

broken by dynamical chiral symmetry breaking, and explicitly

broken by the quark masses. The nonperturbative scale of
dynamical chiral symmetry breaking, Ay, is around 1 GeV. It
is conventional to call quarks heavy if m ) Ay, so that explicit
chiral symmetry breaking dominates, and light if m ( Ay, so

that spontaneous chiral symmetry breaking dominates. The

c, 6, and t quarks are heavy, and the u, d and 8 quarks are

light. The computations for light quarks involve an expansion
in mz/Ay about the limit m&

——0, whereas for heavy quarks,

they involve an expansion in A~/m& about m& ——oo. The
corrections are largest for the 8 and c quarks, which are the
heaviest light quark and the lightest heavy quark, respectively.

At high energies or short distances, nonperturbative effects

such as chiral symmetry breaking are unimportant, and one

can in principle analyze mass-dependent effects using QCD
perturbation theory to extract the quark mass values. The
QCD computations are conventionally performed using the MS

scheme at a scale p, )& Ay, and give the MS "running" mass

m(p). The p, dependence of m(p) at short distances can be

calculated using the renormalization group equations.
For heavy quarks, one can obtain useful information on the

quark masses by studying the spectrum and decays of hadrons

containing heavy quarks. One method of calculation uses the

heavy quark efFective theory (HQET), which defines a HQET
quark mass mg. Other commonly used definitions of heavy

quark masses such as the pole mass are discussed in Sec. C.
QCD perturbation theory at the heavy quark scale p, = mq can

be used to relate the various heavy quark masses to the MS

mass m(p), and to each other.

For light quarks, one can obtain useful information on

the quark mass ratios by studying the properties of t, he light

pseudoscalar mesons using chiral perturbation theory, which

utilizes the symmetries of the QCD Lagrangian Eq. (l). The
quark mass ratios determined using chiral perturbation theory

are those in a subtraction scheme that is independent of t, he

quark masses themselves, such as the MS scheme.

A more detailed discussion of the masses for heavy and

light quarks is given in the next two sections. The MS scheme

applies to both heavy and light, quarks. It is also commonly

used for predictions of quark masses in unified theories, and for

computing radiative corrections in the Standard Model. For

this reason, we use the MS scheme as the standard scheme in

reporting quark masses. One can easily convert the MS masses

into other schemes using the formula given in this review.

C. Heavy quarks
The commonly used definitions of the quark mass for heavy

quarks are the pole mass, the MS mass, the Georgi-Politzer

mass, the potential model mass used in g and Y spectroscopy,
and the HQET mass.

The strong interaction coupling constant at the heavy quark

scale is small, and one can compute the heavy quark propagator
using QCD perturbation theory. For an observable particle
such as the electron, the position of the pole in the propagator
is the definition of the particle mass. In QCD this definition

of the quark mass is known as the pole mass mI, and is
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independent of the renormalization scheme used. It is known

that the on-shell quark propagator has no infrared divergences

in perturbation theory [1], so this provides a perturbative

definition of the quark mass. The pole mass cannot be used to
arbitrarily high accuracy because of nonperturbative infrared

effects in QCD. The full quark propagator has no pole because

the quarks are confined, so that the pole mass cannot be defined

outside of perturbation theory.

The IVIS running mass m(p, ) is defined by regulating the

QCD theory using dimensional regularization, and subtracting

the divergences using the modified minimal subtraction scheme.

The MS scheme is particularly convenient for Feynman diagram

computations, and is the most commonly used subtraction

scheme.

The Ceorgi-Politzer mass m is defined using the momentum

space subtraction scheme at the spacelike point —p = m [2].
A generalization of the Georgi-Politzer mass that is often used

in computations involving QCD sum rules [3] is m((), defined

at, the subtraction point p = —((+ 1)mp. QCD sum rules

are discussed in more detail in the next section on light quark

masses.

Latt, ice gauge theory calculations can be used to obtain

heavy quark masses from Q and T spectroscopy The . quark

masses are obtained by comparing a nonperturbative computa-

tion of the meson spectrum with the experimental data. The
lattice quark mass values can then be converted into quark mass

values in the continuum QCD Lagrangian Eq. (1) using lattice

perturbation theory at a scale given by the inverse lattice spac-

ing. A recent computation determines the 6-quark pole mass

to be 5.0 + 0.2 GeV, and the MS mass to be 4.0 + 0.1 GeV [4].
Potential model calculations of t, he hadron spectrum also

involve the heavy quark mass. There is no way to relate

the quark mass as defined in a potential model to the quark

mass parameter of the QCD Lagrangian, or to the pole mass.

Even in the heavy quark limit, , the two masses can differ by

nonperturbat, ive effects of order AQQp. There is also no reason

why the potential model quark mass should be independent of

the part, icular form of the potential used.

Recent work on the heavy quark effective theory [5—9] has

provided a defi. nition of the quark mass for a heavy quark that

is valid when one includes nonperturbat, ive effects and will be

called the HQET mass mq. The HQET mass is particularly

useful in the analysis of the I/mq corrections in HQET.
The HQKT mass agrees with the pole mass to all orders in

perturbation theory when only one quark flavor is present, but

differs from the pole mass at order o. , when there are additional

fiavors [10]. Physical quantities such as hadron masses can

in principle be comput, ed in the heavy quark effective theory

in terms of the HQET mass mq. The computations cannot

be done analytically in practice because of nonperturbative

effects in QCD, which also prevent a direct extraction of the

quark masses from the original QCD Lagrangian, Eq. (1).
Nevertheless, for heavy quarks, it is possible to parametrize the

nonperturbative effects to a given order in the I/mq expansion

in terms of a few unknown constants that can be obtained
from experiment. For example, the B and D meson masses in

the heavy quark effective theory are given in terms of a single

nonperturbative parameter A,

/A'&
M(B) =mt, + A+ 0

/A')
M(D) =m„+A+ 0

mr.
(2)

This allows one to determine the mass difference mg —m, =
M(B) —M(D) = 3.4 GeV up to corrections of order A /mb——2
A /m, . The extraction of the individual quark masses mt, and

m, requires some knowledge of A. An estimate of A using

QCD sum rules gives A = 0.57 + 0.07 GeV [ll]. The HQET
masses with this value of A are mt, = 4.74 + 0.14 GeV and

m, = 1.4 + 0.2 GeV, where the spin averaged meson masses

(3M(B*)+ M(B))/4 and (3M(D*) + M(D))/4 have been used—2
to eliminate the spin-dependent O(A /mq) correction terms.

The errors reflect the uncertainty in A and the unknown spin-—2
averaged O(A /mq) correction. The errors do not include any

theoretical uncertainty in the QCD sum rules, which could

be large. A quark model estimate suggests that A is the
constituent quark mass (= 350 lvleV), which differs significantly

from the sum rule estimate. In HQET, the I/mq corrections

to heavy meson decay form-factors are also given in terms of A.

Thus an accurate enough measurement of these form-factors

could be used to extract A directly from experiment, which

then determines the quark masses up to corrections of order

I/mq.
The quark mass mq of HQET can be related to other quark

mass parameters using QCD perturbation theory at the scale

mq. The relation between mq and m(() at one loop is [12]

mq =m(() 1 + '
log (( + 2)

n, (() (+ 2

(+I (3)

where n6(() is the strong interaction coupling constant in the

ITlonlentum space subtraction scheme. The relation between

mq and the MS mass m is known to two loops [13],

4n, (mq)
mq = m(mq) 1+

37r

r+
~

16.11 —1.64+ 1 — '
I

' ), (4)
mQ ) 7I

mg = mt, (mt, ) [1 + 0.09 + 0.06], (5)

where the contributions from the difI'erent orders in o. , are

shown explicitly. The two loop correction is comparable in

size and has the same sign as the one loop term. There is

where n6(p) is the strong interaction coupling constants in the

MS scheme, and the sum on k extends over all fiavors Qk lighter

than Q. For the b quark, Eq. (4)-reads
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4 M 4 = C I.M 4 ~ + 4 ~M@ I., (6)

where M is the quark mass matrix M,

(m. o o )
0 m& 0io o m)

The mass term 4M4 is the only term in the QCD Lagrangian

that mixes left- and right-handed quarks. In the limit that

M —+ 0, there is an independent SU(3) favor symmetry for the
left- and right-handed quarks. This GA = SU(3)1, x SU(3)lt
chiral symmetry of the QCD Lagrangian is spontaneously bro-

ken, which leads to eight massless Goldstone bosons, the ~'s,
K's, and g, in the limit M —+ 0. The symmetry Gy is only

an approximate symmetry, since it is explicitly broken by the

quark mass matrix M. The Goldstone bosons acquire masses

which can be computed in a systematic expansion in M in

terms of certain unknown nonperturbative parameters of the

theory. For example, to first order in M one finds that [14,15]

m o B(m„+ma)——

m p B(m„+md) + A——em,

presumably an error of order 0.05 in the relation between mb

and mt, (mt, ) from the uncalculated higher order terms.

D. Light quark8
For light quarks, one can use the techniques of chiral per-

turbation theory to extract quark mass ratios. The light quark

part of the QCD Lagrangian Eq. (1) has a chiral symmetry in

the limit that the light quark masses are set to zero, under

which left- and right-handed quarks transform independently.

The mass term explicitly breaks the chiral symmetry, since it

couples the left- and right-handed quarks to each other. A

systematic analysis of this explicit chiral symmetry breaking

provides some information on the light quark masses.

It is convenient to think of the three light quarks u, d and 8

as a three component column vector 4, and to write the mass

term for the light quarks as

are discussed at the end of this section. Chiral perturbation
theory cannot determine the overall scale of the quark masses,

since it uses only the symmetry properties of M, and any

multiple of M has the same Gy transformation law as M.
This can be seen from Eq. (8), where all quark masses occur

only in the form Bm, so that B and m cannot be determined

separately.

The mass parameters in the QCD Lagrangian have a scale

dependence due to radiative corrections, and are renormaliza-

tion scheme dependent. Since the mass ratios extracted using

chiral perturbation theory use the symmetry transformation

property of M under the chiral symmetry Gy, it is impor-

tant to use a renormalization scheme for QCD that does not,

change this transformation law. Any quark mass independent

subtraction scheme such as MS is suitable. The ratios of quark

masses are scale independent in such a scheme.

The absolute normalization of the quark masses can be
determined by using methods that go beyond chiral perturba-
tion theory, such as QCD sum rules [3]. Typically, one writes

a sum rule for a quantity such as B in terms of a spectral
integral over all states with certain quantum numbers. This

spectral integral is then evaluated by assuming it is dominated

by one (or two) of the lowest resonances, and using the experi-

mentally measured resonance parameters [16]. There are many

subtleties involved, which cannot be discussed here [16].
Another method for determining the absolute normaliza-

tion of the quark masses, is to assume that the strange quark

mass is equal to the SU(3) mass splitting in the baryon mul-

tiplets [14,16]. There is an uncertainty in this method since

in the baryon octet one can use either the Z—N or the A—N
mass difference, which differ by about 75 MeV, to estimate the

strange quark mass. But more importantly, there is no way to
relate this normalization to any more fundamental definition of
quark masses.

One can extend the chiral perturbation expansion Eq. (8)
to second order in the quark masses M to get a more accurate
determination of the quark mass ratios. There is a subtlety
t, hat arises at second order [17], because

m~n = m o B(md + m——, )
2 2

K (8)
MtM det Mt (1o)

2m o m + +m~+ m~o2 2 2 2

= 0.56,
md mK0 ™K++ m'+

2 2
m8 m~o + m~+
mg m~o + m2 2

—m2

2
= 20.1

m~+

to lowest order in chiral perturbation theory, The error on

these numbers is the size of the second-order corrections, which

m~p B(m + m, ) + 6——,2

m = B(m +md+—4m ),2=1
3

with two unknown parameters B and A,~, the electromagnetic

mass difference. From Eq. (8), one can determine the quark

mass ratios [14]

transforms in the same way under Gy as M. One can make

the replacement M + M(A) = M + AM (MtM) det Mt in

all formula,

M(A) = diag(m (A), mg(A), m,, (A))

= diag (m + Amgm, , md + Am„m, , m,, + Am„m,t), (11)

so it is not possible to determine A by fitting to data. One
can only determine the ratios m, (A)/mz(A) using second-order

chiral perturbation theory, not the desired ratios m, /mz
m, (A = o)/m, (A = o).

Dimensional analysis can be used to estimate [18] that
second-order corrections in chiral perturbation theory due to the
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strange quark mass are of order Am, 0.25. The ambiguity

due to the redefinition Eq. (11) (which corresponds to a second-

order correction) can produce a sizeable uncertainty in the ratio

ma/md. The lowest-order value m„/m~ = 0.56 gets corrections

of order Am, (m~/m —m /mg) —30'Fo, whereas m, /md gets a

smaller correction of order Am, (m„/mg —m mg/m, ) 15'Fo.

A more quantitative discussion of second-order efFects can be

found in Refs. 17,19,20. Since the second-order terms have a

single parameter ambiguity, the value of mv/mg is related to
the value of m,,/mg.

The iat, io m /md is of great interest since there is no strong

CP problem if m~ = 0. To determine m„/mg requires fixing A

in the mass redefinition Eq. (11). There has been considerable

efFort to determine the chiral Lagrangian parameters accurately

enough to determine m /md, for example from the analysis of

the decays Q' ~ g + ii, il, the decay rl ~ 37r, using sum rules,

and from the heavy meson mass spectrum I16,21—24]. A recent

paper giving a critique of these estimates is Ref. 25.

Eventually, lattice gauge theory methods will be accurate

enough to be able to compute meson masses directly from the

QCD Lagrangian Eq, (1), and thus determine the light quark

masses. For a reliable determination of quark masses, these

computations will have to be done with dynamical fermions,

and with a small enough lattice spacing that one can accu-

rately compute the relation between lattice and continuum

Lagrangians.

The quark masses for light quarks discussed so far are

often referred to as current quark masses. Nonrelativistic

quark models use constituent quark masses, which are of order

350 MeV for the u and d quarks. Constituent quark masses

model the efFects of dynamical chiral symmetry breaking, and

are not related to the quark mass parameters my of the QCD

Lagrangian Eq. (1). Constituent masses are only defined in

the context of a particular hadronic model.

E. WumericaL vaLues and caveats
The quark masses in the particle data listings have been ob-

tained by using the wide variety of theoretical methods outlined

above. Each method involves its own set of approximations

and errors. In most cases, the errors are a best guess at the

size of neglect, ed higher-order corrections. The expansion pa-

rameter for t, he approximations is not much smaller than unity

(foi example it is mls/A& --0.25 for the chiral expansion),

so an unexpectedly large coefTicient in a neglected higher-order

term could significantly alter t, he results. It is also important,

to note that the quark mass values can be significantly difFer-

ent in the difFerent schemes. For example, assuming that the

b quark -pole mass is 5.0 GeV, and o, (m~) = 0.22 gives the MS

b quark -mass mv(p, = m~, ) = 4.6 GeV using the one-loop term

in Eq. (4), and mt, (p = mg) = 4.3 GeV including the one-loop

and two-loop terms. The heavy quark masses obtained using

HQET, QCD sum rules, or lattice gauge t, heory are consistent

with each ot, her if they are all converted into the same scheme.

When using the data listings, it is important to remember that
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the numerical value for a quark mass is meaningless without

specifying the particular scheme in which it was obtained. All

non-MS quark masses have been converted to MS values in the
data listings using one-loop formula, unless an explicit two-loop

conversion is given by the authors in the original article.
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u, d, s, Light Quarks (u, d, s)

Mass m = 2 to 8 MeV

mu/md —0.25 to 0.70

f(f ) = '('+)
Charge =

& e=2

I(~ ) = Z(Z+)

Mass m = 5 to 15 MeV

ms/md ——17 to 25

Charge = —
& e

Mass m = 100 to 300 MeV Charge = —
&

e

(ms —(mu + md)/2)/(md —mu) = 34 to 51

Strangeness = —1

LIGHT QUARKS (u, d, s)
OMITTED FROM SUMMARY TABLE

u-QUARK MASS

The u-, d-, and s-quark masses are estimates of so-called "current-quark
masses, "

in a mass- independent subtraction scheme such as MS at a scale

p —1 GeV. The ratios mu/md and ms/md are extracted from pion and
kaon masses using chiral symmetry. The estimates of d and u masses are
not without controversy and remain under active investigation. Within the
literature there are even suggestions that the u quark could be essentially
massless. The s-quark mass is estimated from SU(3) splittings in hadron
m asses.

TECN COMM EN T

5.8
5.1 4 1.5
1.8 6 0.7
5.6 + 2.9
4.2

4

d-QUARK MASS

See the comment for the u quark above.

TECN COMMEN TVAL UE (Mev}
5 to l5 OUR EVALUATION

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

10 BIJNENS 95 THEO
JAMIN 95 THEO Assumes MS scheme
NARISON 95C THEO Assumes MS scheme
ADAMI 93 THEO

4 NEFKENS 92 THEO
15 BARDUCCI 88 THEO
16 DOMINGUEZ 87 THEO

K REMER 84 THEO
8.9+2.6 GASSER 82 THEO
4.3 + 0.7 PAGE LS 80 THEO

14.6+ 5.7 20 PAGELS 80 THEO
7.5 21 WEINBERG 77 THEO
6 22 GASSER 75 THEO

BIJNENS 95 determines m —„S-m—(1 GeV) = 12 + 2.5 MeV using finite energy sum

rules.
JAMIN 95 uses QCD sum rules at next-to-leading order.
NARISON 95C determines the MS mass at 1 GeV.
ADAMI 93 obtain md —mu —3 4 1 MeV at Ic=0.5 GeV using isospin-violating efFects
in QCD sum rules.

8.4

VALUE (Mev)

2 to 8 OUR EVALUATION
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5.3 + 1.5 1 JAMIN 95 THEO Assumes MS scheme
4 +1 2 NARISON 95C THEO Assumes MS scheme

3 CHOI 92B THEO
4 BARDUCCI 88 THEO
5 GASSER 82 THEO
6 PAGELS 80 THEO
7 PAGELS 80 THEO

WEINBERG 77 THEO
GASSER 75 THEO

JAMIN 95 uses QCD sum rules at next-to-leading order.
NARISON 95C determines the MS mass at 1 GeV.
CHOI 92B argues that m„=0 is okay based on instanton contributions to the chiral
coefficients. Disagrees with DONOGHUE 92 and DONOGHUE 92B.

4 BARDUCCI 88 renormalized quark mass at 1 GeV. Uses a calculation of the effective
potential for QQ in QCD, and estimates f'or K(p ).

5 GASSER 82 uses chiral perturbation theory for the mass ratios, and uses QCD sum rules
to extract the absolute values. The renormalization scale is 1 GeV.
PAGELS 80 uses lowest-order chiral perturbation theory plus an estimate of (qq).
PAGELS 80 uses lowest-order chiral perturbation theory plus an estimate of (qq qq)
correlation function.
WEINBERG 77 assumes that the baryon SU(3) splittings are equal to ms.
GASSER 75 uses inelastic electron scattering and SU(6).

NEFKENS 92 results for md —mu are 3.1 + 0.4 MeV from meson masses and 3.6+ 0.4
MeV from baryon masses.
BARDUCCI 88 renormalized quark mass at 1GeV. Uses a calculation of the effective
potential for Q@ in QCD, and estimates for K(p ).
DOMINGUEZ 87 uses QCD sum rules to obtain mu+md —15.5 k 2.0 MeV and md-
mu —6 + 1.5 MeV.

KREMER 84 obtain mu+md —21+ 2 MeV at Q = 1 GeV using SVZ values for quark

condensates; they obtain mu+md —35 + 3 MeV at Q = 1 GeV using factorization
values for quark condensates.
GASSER 82 uses chiral perturbation theory for the mass ratios, and uses QCD sum rules
to extract the absolute values. The renormalization scale is 1 GeV.
PAGELS 80 uses lowest-order chiral perturbation theory plus an estimate of (qq).
PAGELS 80 uses lowest-order chiral perturbation theory plus an estimate of (qq qq)
correlation function.
WEINBERG 77 assumes that the baryon SU(3) splittings are equal to ms.
GASSER 75 uses inelastic electron scattering and SU(6).

s-QUARK MASS

See the comment for the u quark above.

u/d MASS RATIO

LIGHT QUARK MASS RATIOS

VAL UE

0.25 to 0.70 OUR EVALUATION
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.3 36 CHoi 92 THEO
0.26 DONOGHUE 92 THEO
0.30 4 0.07 DONOGHUE 92B THEO
0.66 GERARD 90 THEO
04 to 065 LEUTWYLER 90B THEO
0.05 to 0.78 41 MALTMAN 90 THEO
0.0 to 0 56 4 CHOI 89B THEO
0.0 to 0.8 KAPLAN 86 THEO
0.57 +0.04 44 GASSER 82 THEO
0.38 + 0.13 45 LANGACKER 79 THEO
0.47+0.11 46 LANGACKER 79B THEO
0.56 WEIN BERG 77 THEO

CHOI 92 result obtained from the decays @(2S)-~ J/g(1S) vr and vtr(2S) ~ J/g(1S) q,
and a dilute instanton gas estimate of some unknown matrix elements.
DONOGHUE 92 result is from a combined analysis of meson masses, g ~ 3m us-
ing second-order chiral perturbation theory including nonanalytic terms, and (g(2S) ~
J/'If('(1S) rr )/(Q(2S) — J/Q(1S) rI ).
DONOGHUE 92B computes quark mass ratios using (Q(2S) ~ J/g(1S)~)/(g(2S) ~
J/Q(1S)q), and an estimate of L14 using Weinberg sum rules.

GERARD 90 uses large N and q-q' mixing.
LEUTWYLER 90B determines quark mass ratios using second-order chiral perturbation
theory for the meson and baryon masses, including nonanalytic corrections. Also uses
Weinberg sum rules to determine L7.

TECNDOCUMENT ID

TECN COMMENTVA L UE (Me V) DOCUMENT ID

100 to 300 OUR EVALUATION
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

171+ 15 CHETYRKIN 95 THEO Assumes MS scheme
189+ 32 24 JAMIN 95 THEO Assumes MS scheme
197+ 29 5 NARISON 95C THEO Assumes MS scheme

26 NEFKENS 92 THEO
194+ 4 DOMINGUEZ 91 THEO
118 28 BARDUCCI 88 THEO

29 KREMER 84 THEO
1759 55 GASSER 82 THEO

&300 31 PENSO 82B THEO
1124 66 PAGELS 80 THEO
378 + 220 PAGELS 80 THEO
150 WEINBERG 77 THEO
135 35 GASSER 75 THEO

MS mass at 1 GeV. CHETYRKIN 95 uses QCD sum rules at next-to-leading order.
JAMIN 95 uses QCD sum rules at next-to-leading order.
NARISON 95C determines the MS mass at 1 GeV.
NEFKENS 92 results for ms —(mu+md)/2 are 111 + 10 MeV from meson masses and
163 + 15 MeV from baryon masses.

7 DOMINGUEZ 91 uses QCD sum rules with AQCD
——100—200 MeV and the SVZ value

for the gluon condensate. The renorrnalization point is 1 GeV.
BARDUCCI 88 renormalized quark mass at 1 GeV. Uses a calculation of the efFective

potential for gQ in QCD, and estimates for K(p ).
KREMER 84 obtain mu+ms=2453:10 MeV at Q = 1 GeV using SVZ values for quark

condensates; they obtain mu+ms —270 + 10 MeV at Q = 1 GeV using factorization2= 2

values for quark condensates.
GASSER 82 uses chiral perturbation theory for the mass ratios, and uses QCD sum rules
to extract the absolute values. The renormalization scale is 1 GeV.
PENSO 82 uses SVZ sum rules to put a lower bound on the strange quark mass.
PAGELS 80 uses lowest-order chiral perturbation theory plus an estimate of (qq).
PAGELS 80 uses lowest-order chiral perturbation theory plus an estimate of (qq qq)
correlation function.
WEINBERG 77 assumes that the baryon SU(3) splittings are equal to ms.
GASSER 75 is based on SU(6).
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MALTMAN 90 uses second-order chiral perturbation theory including nonanalytic terms
for the meson masses. Uses a criterion of "maximum reasonableness" that certain coef-
ficients which are expected to be of order one are ( 3.
CHOI 89 uses second-order chiral perturbation theory and a dilute instanton gas estimate
of second-order coefficients in the chiral lagrangian.
KAPLAN 86 uses second-order chiral perturbation theory including nonanalytic terms for
the meson masses. Assumes that less than 30% of the mass squared of the pion is due
to second-order corrections.

4 GASSER 82 uses chiral perturbation theory for the meson and baryon masses.
45LANGACKER 79 result is from a fit to the meson and baryon mass spectrum, and the

decay zI ~ 3'. The electromagnetic contribution is taken from Socolow rather than
from Dashen's formula.
LANGACKER 79B result uses LANGACKER 79 and also p-cU mixing.
WEINBERG 77 uses lowest-order chiral perturbation theory for the meson and baryon
masses and Dashen's formula for the electromagnetic mass differences.

s/d MASS RATIO
DOCUMENT ID TECNVAL UE

17 to 25 OUR EVALUATION
o e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

21 DONOGHUE 92 THEO
18 GERARD 90 THEO
18 to 23 50 LEUTWYLER 90B THEO
15 to 26 51 KAPLAN 86 THEO
19.6 + 1.5 GASSER 82 THEO
22 k5 LANGACKER 79 THEO
24 +4 54 LANGACKER 79B THEO
20 WEIN BERG 77 THEO

DONOGHUE 92 result is from a combined analysis of meson masses, zI ~ 3' us-

ing second-order chira! perturbation theory including nonanalytic terms, and (g(2S) ~
J/g{ 1S)~)/{g{2S)~ J/g(1S) TI).

GERARD 90 uses large N and rI-zI' mixing.
LEUTWYLER 90B determines quark mass ratios using second-order chiral perturbation
theory for the meson and baryon masses, including nonanalytic corrections. Also uses
Weinberg sum rules to determine i7.
KAPLAN 86 uses second-order chiral perturbation theory including nonanalytic terms for
the meson masses. Assumes that less than 30% of the mass squared of the pion is due
to second-order corrections.
GASSER 82 uses chiral perturbation theory for the meson and baryon masses.
LANGACKER 79 result is from a fit to the meson and baryon mass spectrum, and the
decay zI ~ 3~. The electromagnetic contribution is taken from Socolow rather than
from Dashen's formula.

4LANGACKER 79B result uses LANGACKER 79 and also p-~ mixing.
WEINBERG 77 uses lowest-order chiral perturbation theory for the meson and baryon
masses and Dashen's formula for the eiectromagnetic mass differences.

I(&') = 0(&+)

Charge =
& e Charm = +1

c-QUARK MASS

The c-quark mass is estimated from charmonium and D masses. It cor-
responds to the "running" mass in the MS scheme. We have converted
masses in other schemes to the MS scheme using one-loop QCD pertu-
bation theory with ns(p, =mc) = 0,39. The range 1.0—1.6 GeV for the
MS mass corresponds to 1.2—1.9 GeV for the pole mass (see the "Note on
Quark Masses" ).

TECN COMM EN TVALUE (GeV) DOCUMENT ID

1.0 to 1.6 OUR EVALUATION
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.22 +0.06 DOMINGUEZ 94 THEO Assumes MS scheme) 1,23 2 LIGETI 94 THEO Assumes MS scheme) 1.25 3 LUKE 94 THEO Assumes MS scheme
1.23 + 0.04 4 NARISON 94 THEO Assumes MS scheme
1.314 0.03 5 TITARD 94 THEO Assumes MS scheme

15 + ' +02 6 ALVAREZ 93 THEO

1.27 +0.02 7 NARISON 89 THEO
1.25+ 0.05 8 NARISON 87 THEO
1.27 +0.05 9 GASSER 82 THEO

DOMINGUEZ 94 uses QCD sum rules for l/g(1S) system and finds a pole mass of
1.46 + 0.07 GeV.
LIGETI 94 computes lower bound of 1.43 GeV on pole mass using HQET, and experi-
mental data on inclusive B and D decays.
LUKE 94 computes lower bound of 1.46 GeV on pole mass using HQET, and experimental
data on inclusive B and D decays.
NARISON 94 uses spectral sum rules to two loops, and J/g(1S) and T systems.
TITARD 94 uses one-loop computation of the quark potential with nonperturbative gluon
condensate effects to fit f/Q(1S) and T states.
ALVAREZ 93 method is to fit the measured xF and ID charm photoproduction distri-T
butions to the theoretical predictions of ELLIS 89C.
NARISON 89 determines the Georgi-Politzer mass at p =—m to be 1.26 4 0.02 GeV
using QCD sum rules.
NARISON 87 computes pole mass of 1.46 + 0.05 GeV using QCD sum rules, with h(MS)
= 180 + 80 MeV.
GASSER 82 uses SVZ sum rules. The renormalization point is p, = quark mass.

(m~ —m)/(my —m„}MASS RATIO
m = (m + md)/2

TECNDOCUMENT IDVALUE

34 to 51 OUR EVALUATION
a o o We do not use the following data for averages, fits, limits, etc. e o ~

36 +5 56 NEFKENS 92 THEO
45 -k3 57 NEFKENS 92 THEO
38 +9 58 AMETLLER 84 THEO
43,5 + 2.2 GASSER 82 THEO
34 to 51 GASSER 81 THEO
48 +7 MINKOWSKI 80 THEO

NEFKENS 92 result is from an analysis of meson masses, mixing, and decay.
NEFKENS 92 result is from an analysis of of baryon masses.
AMETLLER 84 uses zI ~ vr+7r vr and p dominance.

DOMINGUEZ
L IG ET I

LUKE
MAR I SON

TI TA RD
ALVAREZ
ELLIS
NARISON
NARISON
GASSER

94 PL B333 184
94 PR D49 R4331
94 PL 8321 88
94 PL B341 73
94 PR D49 6007
93 ZPHY C60 53
89C NP B312 551
89 PL B216 191
87 PL B197 405
82 PRPL 87 77

c-QUARK REFERENCES

+Gluckman, Paver
+Nir
+Savage

+Yndurain
+Barate, Bloch, Bonamy+
+Nason

+ Leutwyler

Charge = —
&1 e

(CAPE, TRST, INFN)
(REHO)

(TNTO, UCSD, CMU)
(CERN, MONP)
(MICH, MADU)

(CERN NA14/2 Collab. )
(FNAL, ETH)

(I CTP)
(CERN)
(BERN)

Bottom = —1

BIJNENS
CHETYRKIN
JAM IN

NARISON
ADAMI
CHOI
CHOI
DONOGHUE
DONOGHUE
NEFKENS
DO MING U EZ
GERARD
LEUTWYLER
MALTMAN
CHOI
CHOI
BARDUCCI

Also
DOMINGUEZ
KAPLAN
AMETLLER
KREMER
GASSER
PENSO
PENSO
GASSER
MINKOWS K I

PAGELS
LA NGACK ER
LA NGACK ER
WEINBERG
GASSER

95 PL B348 226
95 P R D51 5090
95 ZPHY C66 633
95C PL B358 113
93 P R D48 2304
92 PL B292 159
92B NP B383 58
92 PRL 69 3444
92B PR D45 892
92 CNPP 20 221
91 PL B253 241
90 MPL A5 391
90B NP B337 108
90 PL B234 158
89 PRL 62 849
89B PR D40 890
88 PR D38 238
87 PL B193 305
87 ANP 174 372
86 PRL 56 2004
84 PR D30 674
84 PL 143B 476
82 PRPL 87 77
82 NC 68A 213
82B NC 72A 113
81 ANP 136 62
80 NP B164 25
80 PR D22 2876
79 PR D19 2070
79B PR D20 2983
77 ANYAS 38 185
75 NP B94 269

+Prades, de Rafael
+Dominguez, Pirjol, Schilcher
+Munz

+Drukarev, loffe

+Holstein, Wyler
+Wyler
+-Miller, Slaus
+van Gend, Paver

+Goldman, Stephenson Jr.

+Kim
+Casalbuoni, De Curtis+

Barducci, Casa lbuoni+
+de Rafael
+-Manohar
+Aya la, Bramon
+Papadopoulos, Schilcher
+Leutwyler
+Penso, Truong
yVerzegn assi

+Zepeda
+Stokar
~ Page ls

+Leutwyler

(NORD, BOHR, CPPM)
(INRM, CAPE, MANZ)

(HEIDT, MUNT)
(MONP)

(CIT, ITEP, PNPI)
(UCSD)
(UCSD)

(MASA, ZURI}
(MASA, ZURI, UCSBT)
(UCLA, WASH, ZAGR}

(CAPE, TRST, INFN)
(MPIM)
(BERN)

(YORKC, LANL)

(CMU, JHU)
(FIRZ, INFN, LECE, GEVA)
(FIRZ, INFN, LECE, GEVA)

(ICTP, MARS, WIEN)
(HARV)
(BARC)

(MANZ)
(BERN}

(ROMA, EPOL)
(ROMA, INFN, TRST, SISSA)

(BERN)
(BERN)
(ROCK)

(DESY, PRIN)
(PENN)
(HARV)
(BERN)

LIGHT QUARKS (u, d, s) REFERENCES
5-QUARK MASS

The b-quark mass is estimated from bottomonium and 8 masses. It cor-
responds to the "running" mass in the MS scheme. We have converted
masses in other schemes to the MS scheme using one-loop QCD pertu-
bation theory with res(p, =mb) = 0.22. The range 4.1—4.5 GeV for the
MS mass corresponds to 4.5—4.9 GeV for the pole mass {see the "Note on
Quark Masses" ).

DOCUMENT IDVA L UE (GeV)

4.1 to 4.5 OUR EVALUATION
o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.22 6 0.05 NARISON 95B THEO Assumes MS scheme
4.415+0.006 2 VOLOSHIN 95 THEO Assumes MS scheme
4.0 60.1 DAVIES 94 THEO Assumes MS scheme) 4.26 LI G ETI 94 THEO Assumes MS scheme) 4, 2 LUKE 94 THEO Assumes MS scheme
4.23 +0.04 NARISON 94 THEO Assumes MS scheme
4.397+0.025 TITARD 94 THEO Assumes MS scheme
4.32 +0.05 8 DOMINGUEZ 92 THEO
4.24 + 0.05 NARISON 89 THEO
4.18:L0.02 REINDERS 88 THEO
4.30 +0.13 11 NARISON 87 TI-IEO
4.25 +0.1 12 GASSER 82 THEO

NARISON 95B uses finite energy sum rules to two-loop accuracy to determine a b-quark
pole mass of 4.61 + 0.05 GeV.
VOLOSHIN 95 result was converted from a pole mass of 4827 + 7 MeV using the one-
loop formula. Pole mass was extracted using moments of the total cross section for
e+ e ~ bhadrons.
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3DAVIES 94 uses lattice computation of T spectroscopy. They aiso quote a value of
5.0 + 0.2 GeV for the b-quark pole mass. The numerical computation includes quark
vacuum polarization (unquenched); they find that the masses are independent of nf to
within their errors. Their error for the pole mass is larger than the error for the MS mass,
because both are computed from the bare lattice quark mass, and the conversion for the
pole mass is less accurate.

4LIGETI 94 computes lower bound of 4.66 GeV on pole mass using HQET, and experi-
mental data on inclusive B and D decays.

5 LUKE 94 computes lower bound of 4.60 GeV on pole mass using HQET, and experimental
data on inclusive B and D decays.
NARISON 94 uses spectral sum rules to two loops, and J/Q(1S) and T systems.
TITARD 94 uses one-loop computation of the quark potential with nonperturbative gluon
condensate effects to fit l/Q(1S) and T states.
DOMINGUEZ 92 determines pole mass to be 4.72 + 0.05 using next-to-leading order in

1/m in moment sum rule.

NARISON 89 determines the Georgi-Politzer mass at p =—m to be 4.23 6 0.05 GeV
using QCD sum rules.
REINDERS 88 determines the Georgi-Politzer mass at p = —m to be 4.17 + 0.02
using moments of bp~b. This technique leads to a value for the mass of the B meson
of 5.25 4 0.15 GeV.
NARISON 87 determines the pole mass to be 4.70 + 0.14 using QCD sum rules, with
A(MS) = 180 + 80 MeV.
GASSER 82 uses SVZ sum rules. The renormalization point is p = quark mass.

m~ —m~ MASS DIFFERENCE

The mass difference mb —mc in the HQET scheme is 3.4 + 0.2 GeV (see
the "Note on Quark Masses" ).

VALUE (GeV) DOCUMENT ID

~ o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

& 3.29 13 GROSSE 78

GROSSE 78 obtain (mb —mc) & 3.29 GeV based on eigenvalue inequalities in potential
m odels.

b-QUARK REFERENCES

NA R I SON
VOLOSHIN
DAVIES
LIGETI
LUKE
NARISON
TITARD
DOMINGUEZ
NARISON
REINDERS
NARISON
GASSER
GROSS E

95B PL B352 122
95 IJMP A10 2865
94 PRL 73 2654
94 PR D49 R4331
94 PL B321 88
94 PL B341 73
94 P R D49 6007
92 PL B293 197
89 PL B216 191
88 P R D38 947
87 PL B197 405
82 PRPL 87 77
78 PL 79B 103

+Hornbost el+
+Nir
+Savage

+Yndurain
+Paver

+Leutwyler
+Martin

(MONP)
(MINN)

(GLAS, SMU, CORN, EDIN, OSU, FSU)
(REHO)

(TNTO, UCSD, CMU)
(CERN, MONP)
(MICH, MADU)

(CAPE, TRST, INFN)
(ICTP)

(BONN)
(CERN)
(BERN)
(CERN)

f(~') = 0('+)

Charge =
& e= 2 Top = +1

THE TOP QUARK

(by M. Mangano at CERN and T. Trippe at LBNL)

A. Introduction: The top quark is the Q = 2/3, Ts = +1/2
member of the weak-isospin doublet containing the bot tom

quark (see our review on the "Standard Model of Electroweak
interactions" for more information). The existence of a sixth

quark has been expected since the discovery of the bot tom

quark itself and has become an absolute theoretical necessity
within the Standard Model (SM) after the measurement of the

Ts = —1/2 weak isospin of the bottom quark [1]. While models

with additional quarks but quantum numbers different from the

top quark have been constructed, the simplest hypothesis that
the weak doublet containing the bottom be completed into a
family st, ructure similar to the first two generations has always

been the most appealing. This idea has finally been confirmed

with the recent announcement of the top discovery by the
CDF and Dg experiments at the Fermilab 1.8 TeV Tevatron
proton-antiproton collider.

'trVe start, this note by presenting a brief historical survey

of top searches. Then we discuss in more detail the essential
features of top production and decay properties which were

exploit ed to perform the discovery. Finally, we discuss the

experimental and theoret, ical issues involved in the determina-
tion of its parameters (mass, production cross section, decay
branching ratios, etc )an. d conclude with the prospects for

future improvements.

R. Some history'y: The first expectations for the value of the

top mass used a naive extrapolation of the up- to down-type

quark mass ratios in the first two generations, leading to values

in the range of 10—20 GeV. Direct searches for tt pair production
in e+e collisions in this mass range were performed beginning
in the late 70's at DESY and SLAC (see the compilation of limits

in our 1990 edition [2]). These searches looked for a sudden

increase in the ratio R = o.(e+e ~ hadrons)/o. (e+e
p+p ) or for anomalies in the distributions of thrust and

acoplanarity in hadronic events. The lower limit on the top
mass was increased to 30 GeV and then to approximately
46 GeV between the end of the 80's and the beginning of the
90's, when the more powerful Tristan, SLC and LEP e+e
colliders began operations (see the t-Quark Particle Listings in

the current edition).

In parallel to the searches in e+e collisions, direct searches

were performed during the 80's by the UA1 and UA2 ex-

periments at the CERN SppS proton-antiproton collider,

Vs = 630 GeV. At this energy, and at the available lumi-

nosities, the CERN experiments were sensitive to top mass

values not exceeding 70 GeV, the top quark being mostly pro-
duced via an intermediate on-shell W, decaying to tb. A top
quark with mass below the Wb threshold was then expected to—I —I
undergo a 3-body weak decay to a bf f final state, with ff
being a weak isospin doublet such as vga or ud.

Because of the overwhelming QCD background to the de-

tection of the purely hadronic final states, the experiments
looked for final states including a high momentum isolat, ed

lepton, missing transverse energy (FT), and one or more jets.
No evidence for top production was obtained (see the t-Quark
Particle Listings in the current edition for the references): the
96Fo CL mass limits went from 41 GeV (UA1, 1988), to 60 GeV
(UA1, 1990), to 69 GeV (UA2, 1990). The first limits from

CDF at the Fermilab Tevat, ron also appeared in 1990: m~ ) 72

GeV from searches in the ep final states, and m~ ) 77 GeV
from searches in the e plus jets and missing ET final states.

Further indications of a large top mass had come from the
measurement, of a significant B —B" mixing, performed in 1986
by UA1 and Argus.

Mass limits independent of the decay mode were also set
in the range m~ ) 40 GeV via the determination of the W
boson width, from the measurement in hadronic collisions of
the ratio a.(W —+ Err)/rr(Z —+ t+t ). With the advent of high-

precision electroweak data (from deep-inelastic scattering, M~,
atomic parity violation and, most, import, antly, from the study
of the Z-boson couplings at SLC and LEP), global fits of
the SM parameters have become possible, and have provided
significant indirect constraints on the value of the top mass,
once more indicating a large value (see our review "Standard
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Model of Electroweak Interactions" in the current edition for

more information).
In this edition we have shortened the Particle Listings of

indirect top mass limits by omitting superseded limits and

reviews published before 1994. For more complete listings see

our 1994 edition [3].

C. Top quark searches at the Tevatron: The first direct

limits on the top mass exceeding the threshold for the decay

into real W and a bottom quark came in the early 90's from

the Fermilab Tevatron collider: mq ) 91 GeV (CDF, 1992) and

mq ) 131 GeV (DO, 1994),
At the Tevatron energy, 1.8 TeV, a top quark above the W

mass is dominantly produced in pairs from pure @CD processes:

qq —+ tt and gg —+ tt. For a top mass around 100 GeV, the

production cross section is expected to be of the order of 100 pb

and is evenly shared between the two above channels. At 150

(175, 200) GeV the cross section is about 10 (5, 2.5) pb, with

approximately 80% (90%, 95%) of it due to the light quark

annihilation.

For masses above the Wb threshold, and neglecting terms

of order m&~/m, , the top quark decay width is predicted in the

SM to be [4]:

A.

C.

tt —+ W bW b ~ qq'bq" q"'b,
tt ~ WbWb~ qq'bEv, b,
tt —+ WbW b ~ EvI bE'vga b .

The final state quarks emit radiation and evolve into jets
of hadrons. The precise number of jets reconstructed by the

detectors varies event by event, as it depends on the decay

kinematics, as well as on the precise definition of jet used in

the analysis. The neutrinos are reconstructed via the large im-

balance in detected transverse momentum of the event (missing

+T)
The tt production signature is by itself quite clear in all pos-

sible decay channels, due to the many kinematical constraints

The use of GF in this equation accounts for the largest part of

the 1-loop electroweak radiative corrections, providing an ex-

pression accurate to better than 2'7p. The width values increase

from 302 MeV (for m~ = 120 GeV) to 1.04 GeV (m~ = 160

GeV) and 2.23 GeV (m~ = 200 GeV). With such a correspond-

ingly short lifetime, the top quark is expected to decay before

top-favoured hadrons or tt quarkonium bound states can form.

The top quark decay is expected to be largely dominated by

the Wb final state. The Ws and Wd final states are suppressed

relatively to Wb by the square of the CKM matrix elements V~,

and V~d, whose values can be estimated under the assumption

of unitarity of the three-generation CKM matrix to be less than

0.046 and 0.014, respectively (see our review "The Cabibbo-

Kobayashi-Maskawa Mixing Matrix" in the current edition for

more information).

Typical final states therefore belong to three classes:

imposed by the sequential decay via a real W. However, the
combination of the limited experimental resolution and of the
large cross section for the production of 6 jets in the @CD
continuum (several nb) make the search in the purely hadronic

channel very diflicult. Since the detection of w leptons has small

efficiency, studies have therefore mostly concentrated on final

states where one (or both) W decays to either an electron or a,

muon. Potential physics backgrounds still exist, mainly due to
associated production of one (or two) W and several jets, with

the W decaying leptonically. The gain in the S/B ratio is by an

approximate factor of 10 for each W which is required to decay

leptonically.

The theoretical estimates of the physics backgrounds have

large uncertainties, since only leading order @CD calculations

are available for most of the relevant processes (W+3 and 4 jets,
or WW+2 jets). While this limitation is known to affect the

estimates of the overall production rates, it is believed that the

LO determination of the event kinematics and of the fraction of

W plus multi-jet events containing b quarks is rather accurate.
In particular, one expects the ET spectrum of these jets to
fall rather steeply, the jet direction to point preferentially at
small angles from the beams, and the fraction of events with

b quarks to be of the order of few percent. In the case of the

top signal, vice versa, the b fraction is 100%%up and the jets are

rather energetic, since they come from the decay of a massive

object. It is therefore possible to improve the S/B ratio by

either requiring the presence of a b quark, or by selecting very

energetic and central kinematical configurations.

A detailed study of control samples with features similar

to those of the relevant backgrounds, but free from possible

top contamination (e.g. , a sample of Z plus multi-jet events),
is required to provide a reliable check on t he background

estimates.

D. Top observation at CDE and Dg: The CDF experiment

and the DP experiment independently observed the production

and decay of the top quark at the Fermilab Tevatron collider in

pp collisions at ~s = 1.8 TeV.
The CDF experiment published the first direct experimental

evidence for the top quark in 1994 [5]. They found 12 event, s

consistent with top, containing 6 silicon vertex tags, 7 low-

pT lepton tags, and 3 dilepton events (these categories arc

discussed below in more detail) with estimated backgrounds of

2.3+ 0.3, 3.1+ 0.3, and 0.56+o
&& respectively. The combined

excess signal was inconsistent with backgrounds by 2.8 I7,

11ot enough to firmly establish the existence of the top quark.

Interpreting the excess events as top, they found a tt production

cross section of 13.9+4's pb, larger than the expected @CD
cross section discussed below. A mass analysis of seven of these

events yielded mq ——174+ 10+&z GeV. A sample of events

selected according to the expected kinematical properties of top

provided additional support for the top interpretation [6].
The D8 experiment [7] found nine top candidates in their

data taken during the same Tevatron run with an estimated



See key on page 199
3ll

Quark Particle Listings

background of 3.8+ 0.9. They found a probability of 2.7/0 that
this yield was consistent with backgrounds, corresponding to
a 1.9 o. efFect. If they assumed that the observed excess was

top production, they obtained a tt production cross section of
8.2 + 5.1 pb at mq ——180 GeV.

After accumulating more than three times the amount of
data, both CDF and D0 reported in 1995 [8,9] that they had

conclusively observed the top quark.

The CDF experiment [8] observed top signals in two classes

of events: EE+ jets events, which have two high-pT leptons (e
or p, ) of opposite charge, large missing FT, and at least two

jets; and E+j ets/b tag ev-ents, which have one high-pz lepton,

large missing ET, and at least three jets, of which at least one

is tagged as a 6 jet. They tagged 6 jets by finding secondary
vertices from 6-quark decay with their silicon vertex detector or

by finding low-pT leptons from semileptonic 6 decay.

In 67 pb integrated luminosity, CDF observed 37 E+
jets/b-tag) events containing 27 secondary vertex b tags and 23

low-pT lepton 6 tags with estimated backgrounds of 6.7+ 2.1

and 15.4 + 2.0 respectively. They also observed 6 EE events with

an estimated background of 1.3 + 0.3 events, The combined

excess signal observed in these three categories is inconsistent

with the background prediction by 4.8 o.
The D0 experiment [9] observed top signals in three classes

of events: EE+ jets events, E+ jets events, and E+ jets/b-tag
events. These classes difFer from those of CDF in the details

of their selection cuts, but the main differences are that D0
imposes topological cuts, includes I+jets events without a 6 tag
if they have at least four jets, and uses soft-muon 6 tagging
only. The topological cuts, mainly HT, which is the scalar sum

of transverse energies of the jets (and, in dilepton events, the

leading electron), are very effective since the top quark is heavy,

and hence top events are more spherical than background events

and are produced more centrally in the detector.
In an integrated luminosity of approximately 50 pb DQ

observed 3 EE + jets events, 8 I + jets events, and 6 E +
jets/b-tag events, a total of 17 top candidates. The total
estimated background in these events is 3.8+ 0.6 events. The
excess signal is inconsistent with the background prediction by

4.6 o.

E. Measured top property, es: CDF and Dg both measured

the top mass using single lepton events with four or more jets.
Each event was subjected to a two-constraint kinematic fit to
the hypothesis tt ~ W+ 6W 6 ~ E vg qq'66, assuming that
the four highest ET jets were the tt daughters. All permutations

of these jets were tried, with the restriction that 6-tagged jets
were assigned to 6 quarks in the fit.

CDF found that of their 37 E+j ets/b tag events, 19 eve-nts

had four or more jets. Of these 19, 6.9+& g were expected to
be background. A fit to the mass distribution of the 19 events

by the sum of the expected distributions for the R" + jets
background and a top quark yielded m~ ——176 + 8+ 10 GeV
where the second error is the estimated systematic uncertainty.

D8 found that of their 14 E+j ets (with and without b-tags)
events, 11 had four or more jets and passed the fit. To increase
the statistics and reduce mass biases, the HT requirement
was removed, yielding 27 E+ 4jets events, of which 24 passed
the fit. A fit of the mass distribution to top and background
contributions yielded m~ ——199+2& + 22 GeV, where the second

error is the estimated systematic error.

Preliminary results for the top mass based on the full

(Run Ia+Ib) data set, have been presented by CDF and D0 at
conferences in early 1996 and are given in Table 1. Since these
are preliminary results, we do not average them or include them

in the data listings or summary tables.

Table 1: Preliminary top masses presented at
conferences in early 1996. See for example Ref. 10
for CDF results and Ref. 11 for D0 results.

top quark mass Expt. Channel

175.6 + 5.7+ 7.1 GeV

159+22 + 17 GeV

187+ 8+ 12 GeV

170 + 15 + 10 GeV

158 + 24 + 10 GeV

CDF
CDF
CDF
Dg
Dg

lepton + jets
dilepton

hadronic

lepton + jets

The current average of the CDF and Dg published results

is m~ ——180 + 12 GeV, where statistical and systematic errors

have been combined in quadrature and where CDF and Dg
systematic errors have been assumed to be independent.

Given the experimental technique used to extract the top
mass, this value should be taken as representing the top pole

mass (see our review "Note on Quark Masses" in the current

edition) .

The extraction of the value of the top mass from the
analyses described requires, in addition to an understanding of
the absolute energy calibration and resolution of the detectors,
also an a priori knowledge of the structure of the final state.
Given the hardness of a tt production process, jets can in

fact arise not only from the top decays, but also from the
initial state gluon radiation. Furthermore, quarks from the

top decays can radiate additional jets. The presence of these
additional jets will afFect the shape of the mass spectrum,
depending on the details of how the samples used for the mass

determination were defined. QCD calculations used to model

top production and decay are expected to be rather reliable,

but residual uncertainties remain and are accounted for in the
overall systematic error on the top mass.

CDF [8] and D0 [9] determined t, he tt cross section in

pp collisions at ~s = 1.8 TeU from their numbers of top
candidates, their estimated background, their tt acceptance, and

their integrated luminosity. The evaluation was done under the
assumption of SM decays t —+ Wb, with unity branching ratio.
Based on their number of secondary-vertex 6-tagged events,
CDF determined the t t cross section to be 6.8+2 4 pb at
mr ——175 GeU. The next-to-leading-order QCD prediction [12],
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allowing for a variation of the renormalization and factorization

scales p, in the range 0.5 & p/mt & 2 and using the MRSA set

of parton densities [13], gives 4.3 & atf(pb) & 5.0 at mt = 175

GeV.
Based on their 17 top candidates, Dg determined the tt

cross section to be 6.4 + 2.2 pb at their central mass value of

199 GeV or 8.2+ 2.9 pb at 180 GeV. The @CD predictions are:

2.0 & otf(pb) & 2.4 (mt = 199 GeV), and 3.6 & otf(pb) & 4.3

(mt = 180 GeV).
More recent preliminary values of the tt cross section were

given at early 1996 conferences CDF found 7.5+& 7 pb at

175 GeV [14] and D0 found 5.2 + 1.8 pb at 170 GeV [15].
The measurement of other properties of the top quark

has just started. CDF reported the first direct measurement

of the t ~ Wb branching ratio [16]. Their preliminary result,

obtained by comparing the number of events with 1 and 2

tagged-6 jets and using the known tagging eKciency, is: R =
B(t —+ Wb)/ P,&, t, B(t —+ Wq) = 0.87+a'so+&'tt.

E The fu. ture: With the discovery of the top quark, future

studies will follow two main tracks. Theoretically, it is hoped

that the large top mass, and the tantalizing coincidence between

its current value and the fundamental scale of the electroweak

symmetry breaking, will lead to some understanding of the

structure of fermion masses and of the symmetry breaking

mechanism itself. Experimentally, the work will concentrate on

reducing the errors on the mass and cross section determi-

nations and on the measurement of more specific properties

of the top quark, namely its decay branching ratios and its

couplings. With a smaller error on the top mass, and with

yet improved measurements of the electroweak parameters, it

will be possible to get important constraints on the value of

the Higgs mass. Current global fits performed within the SM

and its minimal supersymmetric extension, provide indications

for a relatively light Higgs (see the "H" Indirect, Mass Limits

from Electroweak Analysis" in the Particle Listings of the cur-

rent edition), possibly within the range of the upcoming LEP2

experiments.

The current Tevatron data, once fully analysed, should allow

the first determination of limits on rare top decay modes, such

as t ~ yt" or t —+ Zc. Studies of the decay angular distributions

will allow a first, direct analysis of the V —A nature of the

Wtb coupling, as well as providing direct information on the

relative coupling of longitudinal and transverse W bosons to

the top. In the SM, the fraction of decays to transversely

polarized W bosons is expected to be 1/(1+ m, /2M~) (29%
for mt = 180 GeV). Deviations from this value would challenge

the Higgs mechanism of spontaneous symmetry breaking.

Over the longer term, a direct measurement of the Wtb

coupling constant will be possible when enough data will be

accumulated to detect the less frequent single-top production

processes, such as qq' —+ W* ~ tb and qb ~ q't via TV exchange.

A precise determination of the top production cross section

will test the current theoretical understanding of the production

mechanisms. The current state of the art amounts to complete

calculations at the next-to-leading order in @CD [12], as well

as efforts to resum classes of potentially large logarithmic

corrections coming from multiple soft gluon emission in the

intial state [17]. A precise understanding of top production at
the Tevatron is important for the extrapolation to the higher

energies of future colliders, like the LHC, where the expected

large cross section will enable more extensive studies.

Discrepancies in rate between theory and data, on the other

hand, would be more exciting and might indicate the presence

of exotic production channels, as predicted in some models. In

this case, one should also expect a modification of kinematical

distributions such as the invariant mass of the top pair or the

top quark transverse momentum.

As discussed in the previous sections, some of the current

uncertainty in the determination of the top mass from the

reconstruction of its final state jets arises from theoretical

uncertainties in the modeling of the radiation in these very hard

events. The current data, once fully analyzed, will presumably

help improve our theoretical understanding. At the same time,

the larger samples that will become available in the future will

allow more strict selection criteria, leading to purer samples

of top quarks. For example, requesting the presence of two

secondary-vertex b tags in the event, in addition to two and

only two central jets of high-ET, should largely reduce the

possibility of erroneously including jets not coming from the

top decays into the mass reconstruction. This will significantly

improve the mass resolution and will make it less sensitive to
the theoretical uncertainties.

Finally, the large mass of the top quark leaves open the

possibility of top decays into yet unobserved particles beyond

the SM. For example, current limits on the masses of a charged

Higgs (H+) or of a supersymmetric scalar top quark (t) and
-0

neutralino (X ), cannot exclude the existence of decays such
--0

as t —+ II+b or t ~ tg . The first channel, in particular, has

been used extensively in the past in direct top searches (see

the Particle Listings in the current edition). Both these exotic

modes are currently under investigation at CDF and D0.
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m&
—175.6 4 5.7 4 7.1 GeV CDF

mt —159 22 6 17 GeV CDF

m&
—187 6 8 + 12 GeV CDF

lepton + jets
dilepton

hadronic

m&
—170+ 15 + 10 GeV DQ lepton + jets

m&
—158+ 24+ 10 GeV DN ep,

Because of the high current interest, we mention these preliminary results here but do
not average them or include them in the Listings or Tables. See the note on the top
quark for references.

Search limits, which are now primarily of historical interest, are based on the assumption
that no nonstandard decay modes such as t ~ bH+ are available, except as noted
in the comments.

VA L UE (Gev) CL oyd DOCUMENT JD

180+12 OUR AVERAGE

199+ + 22—21
1 ABACHI 95 DO

176+ 8+10 2 ABE 95F CDF
~ ~ ~ We do not use the following data for averages, fits, limits,

ABACHI 958 DO

&128 95 ABACHI 95F DO
5 ABE 950 CDF
6ABE 95v CDF
7 ABE, F 95 CDF

95 ABACHI 94 DO

9 ABE 94E CDF

95 9 ABE 94E CDF
10 ABE 94H CDF

TECN COMMEN T

E+ jet
~ + bjet
etc. ~ ~ ~

l8 +- jets, E + jets
ee + Jets, E + jets

W + & 4 jets
lZ+ jets, E+ jets&131

174+ 10+—12
&118

+ bj et

ee
bH+,

H+ r+v rt~ bH+,
H+ r+v r

fZ, E + b jet
t ~ bH+

H+ r+v
t ~ bH+,

H+ r+ v

t1 &0

e + p
e + jets + missing ET
e + jets + missing ET
e or p + jets, p, p + jet
t ~ bH+
e or p, + jets

ABE 94l C DF

ABE
A LITT I

& 91 92 CDF
92F UA2

14 ALBAJAR60 95 918 UA1

15 BAER

ABE
'7 ABE
18 AKESSON

ALBAJAR
19 BARGER
20 ALBAJAR

91B RVUE

90B CDF
90c CDF
90 UA2

90B UA1

90E RVUE
88 UA1

) 72) 77
& 69

60

95
95
95
95

95& 41

t-QUark Mass in pp Collisions
The t quark has now been observed. Its mass is sufficiently high that decay is expected
to occur before hadronization.

Preliminary results for the top mass based on the full (Run la+lb) data set have been
presented by CDF and DQ at conferences in early 1996:

ABACHI 95 search for EH+jets (ep, ee, and pp) and I+jets (E=e or p). The 8+jets
search is done in two ways, using either topological cuts or requiring p, tagging. They ob-
serve 17 (3ZZ, 6E+bjets, and 8 I+jets topological) events with an expected background
of 3.8 + 0.6. These seven analysis channels combine to give a 4.6 standard deviation
eff'ect. The mass fit is from 248+4-jet events obtained with looser cuts.
ABE 95F search for EE (ee, ep, and pp) final states and E+ b-jet final states. They
find 37 X+ b-jet candidates containing 27 secondary vertex tags and 23 lepton tags with
expected backgrounds of 6.7 + 2.1 and 15.4 + 2.0 respectiveiy. They find 6EE events
with an expected background of 1.3 + 0.3 These three observations combine to give a
4.8 standard deviation effect. The mass fit is from 19E+4-jet events with a b-tag. The
shape of the mass distribution is consistant with top and this increases the significance
of the effect to 5.0rT.
ABACHI 95B searched for dilepton channels elf'+ jets, ee+ jets, pp. + jets, and single-
letpon channels e+ jets and p. + jets with and without b tagging. They found 9 events
where 3.8+ 0.9 events are expected from background. Based on an integrated luminosity
of 13.5 + 1.6pb . These analyses combine to give a 1.9 standard deviation efFect.
Assuming that the observed excess signal is due to top quark production, the cross
section is 8.2 + 5.1 pb for m&

—180 GeV.

ABACHI 95F searched for dilepton channels e p, + jets, ee+ jets, ltt p+ jets, and single-
lepton channels e + jets and

hatt + jets with and without b tagging. The lower mass
bound supersedes that of ABACHI 94 and is weaker as a result of a recalibration of
the integrated luminosity. Assuming that the observed excess signal is due to top quark
production, the cross section is 8.2 k 5.1 pb (9.2 + 5.7 pb) for m&

—180 GeV (160
GeV).
ABE 950 find evidence for top production in the jet ET distributions of W + ) 3 jet
events, based on an integrated luminosity of 19.3pb . The observed distributions are
consistent with m&

—170 GeV. Supersed by ABE 95v.
ABE 95V find evidence for top production in the jet ET distributions of W + & 3 jet
events, based on an integrated luminosity of 67pb

7ABE, F 95 compared the total transverse energy distribution of the W + & 4-jet data
with that expected from all known backgrounds and found 3.8a- deviation in the shape.
The distribution agrees well with a linear combination of background and t t events, the
agreement being best for m&

—180 GeV.

ABACHI 94 search for ep, + jets, ee + jets, e + jets, and p, + jets. Production cross
section with soft-gluon resurnmation of LAENEN 94 is used. The limit decreases to &122
GeV if D(as ) cross section is employed for comparison with ABE 92. Superseded by
A B AC H I 95F.
ABE 94E search for ee, ep, , and pp, dilepton final states and single lepton + b-jet final
states. They observe a total of 15 top topology tags (12 events of which three are doubly

tagged) with an expected background of 5.96+ . The mass determination is from—0.44'
7 single-lepton + bjet events which have four jets. Their EE limit uses the production
cross section with soft gluon resummation from LAENEN 94. Superseded by ABE 95F,
ABE 94H searched for t ~ bH+, H+ ~ r+ v with r decaying hadronically. The
search was done in the region 45GeV & mH+ & mt —mb and 55GeV & mt &
m W+mb. See their Fig. 3 for t:he 95% CL excluded regions in the (mH+, m&) plane for

iB(H+ ~ r+ v ) = 1, 0.75, and 0.5.
11ABE 94I searched for t ~ b N+, H+ ~ r+ v, r+ ~ l+ vg v . The search was done

in the region 45GeV & mH+ ( mt —mb and 62GeV ( mt & 110 GeV. See their

Fig. 2 for the 95% CL excluded regions in the (mH+, mt) plane for B(H+ r.+ v I
= 1, 0.75, and 0.5. The entire region of the plane is excluded for B(H+ ~ r+ v )
& 0 75 when m t & m W+- m b.
ABE 92 search for ee, e p, , p, p, dilepton final states and (e or p) plus a b-quark jet. The
bjet is tagged by a soft muon. The 90%CL limit is 95 GeV. Superseded by ABE 94E eZ
limit.
ALITTI 92F search for t ~ bH+, H+ ~ r+ v with r+ decaying hadronically. I&
between 50 and 70 GeV is excluded if m& —mH+

—mb+( + a few —10 GeV). See their

Figs. 5,6 for the excluded region for B(H+ ~ r+v ) = 1, 0.5.
4ALBAJAR 918 searched for the decay t ~ H+ b using single muon and dimuon events

and assuming B(H+ r+v) & 0.95. The limit holds for mH+ + mt —mb—
(3—6) GeV.
BAER 91B argue that a top quark as light as 60 GeV (65 GeV, if the minimal SUSY
framework is assumed) may have escaped detection at CDF if a supersymmetric decay
mode is open.
ABE 90B exclude the region 28—72 GeV.
ABE 90C cannot exclude m

&
& 40 GeV, but this region is ruled out by other experiments.

They study events with an energetic electron, missing transverse energy and two or more
jets. Only the tt contribution (not W ~ tb) is relevant for these masses. See also
ABE 91.

8AKESSON 90 searched for events having an electron with pT & 12 GeV, missing
momentum & 15 GeV, and a jet with ET & 10 GeV, ~q~ & 2, 2, and excluded m&
between 30 and 69 GeV.
BARGER 90E claim that ABE 90C data exclude most regions of two-Higgs-doublet models
with mt & 80 GeV even if t ~ bH+ decay is allowed.

ALBAJAR 88 value quoted here is revised using the full O(o. ) cross section of
S

ALTARELLI 88. Superseded by ALBAJAR 90B.
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Indirect t-Quark Mass from Standard Model Electroweak Fit
"OUR EVALUATION" below is from the fit to electroweak data described in the "Stan-
dard Model of Electroweak Interactions" section of this Review. This fit result does not
include direct measurements of mt. The second error corresponds to mH —300 240

+700

GeV.

The RVUE values are based on the data described in the footnotes. RVUE's published
before 1994 and superseded analyses are now omitted. For more complete listings of
earlier results, see the 1994 edition (Physical Review 050 1173 (1994)).

VAL UE (GeV) DOCUMENT ID TECN COMM EN T

94 DLPH Z parameters

94 L3 Z parameters

94 OPAL Z parameters

94 CCFR vt, Iron scattering

94 ALEP Z parameters

94 RVUE Electroweak

A LITT I

MASS LIMITS for t Quark or Hadron Independent of t Decay Mode
These limits are derived from I (W) values shown in the W width section. Independent
of the top decay mode, any W decay to tb would increase the total width of the W
boson. Since the discovery of top, this section is of historical interest only.

179+ 8+2' OUR EVALUATION

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

175+11 ERLER 95 RVUE 2 parameters, mtdr, low
energy

180 + 9 21 ~ 2.6 + 4.8 t22MATSUMOTO 95 RVUE

157+36+ 19 ABREU—48 —20

158+ + 19—40
24 ACCIARRI

+41+24 25 AKERS—48 —18

190 26 ARROYO t—48 —14

184+25+ 17 BUSK ULIC—29 —18
153+15 ELLIS 94B RVUE Electroweak

177+ 9+—20 GURTU

174+ +—13 —18 MONTAGNA 94 RVUE Electroweak i

171+12+—21 NOVIKOV 94B RVUE Electroweak i

160 60
+50 92B UA2 m W, mZ

ERLER 95 result Is f) om fit with free m t and cps(m Z), y)elding as(m Z) = 0.127(5)(2).
MATSUMOTO 95 result is from fit with free mt to Z parameters, MW, and low-energy

neutral-current data. The second error is for mH —300 240 GeV, the third error is for+ 700

res(mZ) = 0.116 + 0.005, the fourth error is for b~ghad = 0.0283 + 0.0007.
ABREU 94 value is for as(mZ) constrained to 0.123 + 0.005. The second error corre-

sponds to m H
—300 240 GeV.+700

ACCIARRI 94 value is for ~s(mZ) constrained to 0.124 + 0.006. The second error

corresponds to mH = 300 240 GeV.+700

AKERS 94 result is from fit with free ~s. The second error corresponds to

mH —300 240 GeV. The 95%CL limit is mt &210 GeV.
25 ARROYO 94 measures the ratio of the neutral-current and charged-current deep inelastic

scattering of rr on an iron target. By assuming the SM electroweak correction, they

obtain 1—m ~rrm2 —0.2218+ 0.0059, yielding the quoted mt value. The second error

corresponds to mH —300 240 GeV.+ 700

27 BUSKULIC 94 result is from fit with free i)s. The second error is from mH —300 240
+ 700

GeV.
ELLIS 94B result is fit to electroweak data available in spring 1994, including the 1994
A~R data from SLD. mt and mH are two free parameters of the fit for ns(mZ) =
0.118 + 0.007 yielding mt above, and mH = 35 22 GeV. ELI IS 94B also give results+70
for fits including constraints from CDF's direct measurement of mt and CDF's and DS 's

production cross-section measurements. Fits excluding the ALR data from SLD are also
given.

29 GURTU 94 result is from fit with free mt and os(mZ), yielding mt above and os(mZ)
= 0.125 + 0.005 0'001. The second errors correspond to mH = 300 240 GeV. Uses+0.003 + 700

LEP, MW, v N, and SLD electroweak data available in spring 1994.
MONTAGNA 94 result is from fit with free mt and cps(mZ), yielding mt above and

ns(mZ) = 0.124. The second errors correspond to mH —300 240 GeV. Errors in+ 700

~(mZ) and mb are taken into account in the fit. Uses LEP, SLC, and MW/MZ data
available in spring 1994.
NOVIKOV 948 result is from fit with free mt and os(mZ), yielding mt above and

os(mZ) = 0.125 6 0.005 + 0.002. The second errors correspond to mH = 300 240
+ 700

GeV. Uses LEP and CDF electroweak data available in spring 1994.
ALITTI 92B assume mH —100 GeV. The 95%CL limit is mt & 250 GeV for mH
1 TeV,

ABE 95w result is from I (W ~ eve)/I (W) = 0.1094 + 0.0033(stat)+0.0031(syst. }.
In addition they obtain I (W) = 2,064 + 0.060(stat)+0. 059(syst. ).
ABE 94B result is from I ( W) = 2.063 + 0.061 + 0.060 GeV. Superseded by ABE 95W.
ABE 92I data include both e and p final states. The result is derived from I (W)=2.16 k
0.17 GeV. At 90%CL, the limit is &49 GeV.
ALITTI 92 result is derived from I (W) = 2.10 + 0.16 GeV.
Limit is from combined data of ALBAJAR 91, ALITTI 92, and ABE 90: I (W) =
2, 15 6 0.11 GeV.
ABE 91C result is derived from I (W) = 2.12 + 0.20 GeV. At 90%CL, the limit is & 48
GeV.

39ALBAJAR 91 result is derived from I (W) = 2.18+ ' + 0.04 GeV.—0.24
40Limit is from combined data of ALBAJAR 91, ALITTI 90C, and ABE 90.

MASS LIMITS for Top Hadrons in e+ e Collisions
The last column specifies measured quantities: S = Sphericity, T = Thrust.

For limits prior to 1987, see our 1990 edition, Physics Letters 8239, p. Vll. 167 (1990).
Since the discovery of top, this section is of historical interest only.

COMMENT

etc. ~ ~ ~

VALUE (GeV) CL og DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,
41 A D R I A N I 93G L3

95 ADRIANI 93M L3
95 42 ABREU 91F DLPH
95 ABE 90o VNS
95 42 ABREU 90o DLPH

95 4 ABREU 90o DLPH

Quarkonium

r(z)
r(z)
Event shape
Event shape
t~ bH+, H+ ~ cs,

7+ V

r(2 ~ hadrons)
Acopl a n arityt~ bH+, H+ ~ cs,

7 v
isolated charged particle

a nd a pl a n arity
Event shape
t ~ bH+,

H+ ~ cs

&41.8
&43
&30.2
&44.5
& 44.0

ABREU
45 AKRAWY
46 AKRAWY

90o DLPH
90B OPAL

90B OPAL

95
95
95

&33.5
&44.5
&44.3

42 DECAMP 90F ALEP95&45.8

47 ABRAMS
ABRAMS

89C MRK2
89C MRK2

95
95

& 40.7
&42.5

&29.9 95 8 ADACHI 89C TOPZ 9,
&29.9 95 ENO 89 AMY p, , e
&25.8 95 ADACHI 88 TOPZ R, T, Acoplanarity
& 25.9 95 IGARASHI 88 AMY T + (p, e)
& 25.9 95 SAGAWA 88 AMY R, T

cm 95 ABE 87 VNS R, T, Acoplanarity

& 25.5 95 YOSHIDA 87 VNS R, T, Acoplanarity

ADRIANI 93G search for vector quarkonium states near Z and give limit on quarkonium-
Z mixing parameter bm &(10—30) GeV (95%CL) for the mass 88—94.5 GeV. Using
Richardson potential, a 1S toponiurn state is excluded for the mass range 87.9—88.7,
89.1—94.3 GeV. This range is very sensitive to the potential choice.

42 Search was near the Z peak at LEP.
43 Assumed mH+ & mt —6 GeV.

Superseded by ABREU 91F.
AKRAWY 90B search was restricted to data near the Z peak at Ecm = 91.26 GeV at

LEP. The excluded region is between 23.4 and 44.5 GeV if no H+ decays exist.
AKRAWY 90B limit applies for any H+ branching ratio B(cs), Limit increases to 45.2
GeV if B(cs) = 1. The lower end of the excluded region is mH+ + 5 GeV.

The ABRAMS 89C limit from an isolated track search is 40.0 GeV.
ADACHI 89C search was at Ecm —56.5—60.8 GeV at TRISTAN using multi-hadron
events accompanying muons.
ENO 89 search at Ecm = 50—60.8 GeV at TRISTAN.
ADACHI 88 set limit o(top) & 8.2 pb at CL=95% for top-flavored-hadron production
from event shape analyses at Ecm = 52 GeV. By using the quark-parton model cross-
section formula with first-order QCD corrections near the threshold, the above limit leads
to a lower mass limit of 25.8 GeV at 95% confidence level for top quarks.
IGARASHI 88 searches for leptons in low-thrust events and gives KR(t) & 0.15 (95%
CL) at Ecm —50—52 GeV.

SAGAWA 88 set limit fT(top) & 6.1 pb at CL=95% for top-flavored hadron production
from event shape analyses at Ecm = 52 GeV. By using the quark parton model cross-
section formula near threshold, the above limit leads to lower mass bounds of 25.9 GeV
for charge 2/3 quarks.
ABE 87 set limit o.(top) & 16 pb at CL=95% for top-flavored hadron production, which
should be compared with the full top-quark production cross section of 45.9 pb.
YOSHIDA 87 set limit a(top) & 17 pb at CL=95% for top-flavored hadron production
from event shape analyses at Ecm = 52 GeV. This limit should be compared with the
full top-quark production cross section of 34 pb, which takes into account the effect of
weak neutral current but neglects its axial-vector coupling contribution expected to be
suppressed near threshold. After considering the radiative effects, top quarks of mass
below 25.5 GeV can be excluded by the above limit.

VA L UE (GeV)

~ ~ ~ We do

&45

&53
&55

&43

&38
&51

CL oyp DOCUMENT ID TECN

not use the following data for averages, fits, limits,

95 33 ABE 95W CDF

95 34 ABE 94B CDF

95 ABE 92l CDF

95 92 UA2

95 A LITT I 92 RVU E

95 38 ABE 91C CDF

ALBAJAR 91 UA1

ALBAJAR 91 RVUE

COM MEN T

etc. ~ ~ ~

E,m= 1800 Gev

Ecm —1800 GeV

Ecm —1800 GeV

Ecm = 630 GeV

E~~~~= 1800 GeV

Ec~m~
——630 GeV

I (W)
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t:, b' (Fourth Generation) Quark

t-Quark REFERENCES

A BACHI
A BACHI
ABACHI
ABE
ABE
ABE
ABE
ABE, F
ERLER
MATS UMOTO
A BACH I
ABE
ABE

Also
ABE
ABE
ABREU
ACCIARRI
AKERS
ARROYO
BUSKULIC
ELLIS
GURTU
LAENEN
MONTAGNA
NOVIKOV
PDG
ADRIANI
AD RIANI
ABE

Also
ABE
A LITT I
A LITTI
A LITTI
ABE
ABE
ABREU
ALBAJAR
ALBAJAR
BAER
ABE
ABE
ABE

Also
ABE
ABREU
AKESSON
AKRAWY
ALBAJAR
A L I TTI
BARGER
DECAMP
ABRAMS
ADACHI
ENO
ADACHI
ALBAJAR
ALTARELLI
I GA R AS HI

SAGAWA
ABE
YOS HI DA

95 PRL 74 2632
958 PRL 74 2422
95F PR D52 4877
95F PRL 74 2626
950 PR D51 4623
95V PR D52 R2605
95W P R D52 2624
95 PRL 75 3997
95 PR D52 441
95 MPL A10 2553
94 P R L 72 2 1.38
948 PRL 73 220
94E PR D50 2966
94F PRL 73 225
94H PRL 72 1977
941 PRL 73 2667
94 NP 8418 403
94 ZPHY C62 551
94 ZPHY C61 19
94 PRL 72 3452
94 ZPHY C62 539
948 PL 8333 118
94 MPL A9 3301
94 PL 8321 254
94 PL 8335 484
948 MPL A9 2641
94 PR D50 1173
93G PL 8313 326
93M PRPL 236 1
92 PRL 68 447
92G PR D45 3921
92I PRL 69 28
92 PL 8276 365
928 PL 8276 354
92F PL 8280 137
91 P R D43 664
91C PR D44 29
91F NP 8367 511
91 PL 8253 503
918 PL 8257 459
918 PR D44 725
90 PRL 64 152
908 PRL 64 147
90C PRL 64 142
91 PR D43 664
90D PL 8234 382
90D PL 8242 536
90 ZPHY C46 179
908 PL 8236 364
908 ZPHY C48 1
90C ZPHY C47 11
90E P R D41 3421
90F PL 8236 511
89C PRL 63 2447
89C PL 8229 427
89 PRL 63 1910
88 PRL 60 97
88 ZPHY C37 505
88 NP 8308 724
88 PRL 60 2359
88 PRL 60 93
87 JPS J 56 3763
87 PL 8198 570

+Abbott, Abolins, Acharya, Adam+ (DO Collab. )
+Abbott, Abolins, Acharya, Adam, Adams+ (DO Collab. )
+Abbott, Abolins, Acharya, Adam, Adams+ (DO Collab, )
+Akimoto, Akopian, Albrow, Amendolia+ (CDF Collab. )
+Albrow, Arnendolia, Arnidei, Antos+ (CDF Collab. )
+Akimoto, Akopian, Albrow, Amendolia+ (CDF Collab. )
+Albrow, Arnendolia, Amidei, Antos+ (CDF Collab. )

Abe, Akimoto, Akopian, Albrow, Amendolia+(CDF Co!lab. )
+Langacker (PENN)

(KEK)
+Abbott, Abolins, Acharya, Adam+ (DO Collab. )
+Albrow, Amidei, Anway-Wiese+ (CDF Collab. )
+Albrow, Amendolia, Amidei, Antos+ (CDF Collab. )

Abe, Albrow, Amidei, Antos, Anway-Weise+ (CDF Collab. )
+Albrow, Amidei, Anway-Wiese, Apollinari+ (CDF Collab. )
+Albrow, Arnidei, Antos, Anway-Wiese+ (CDF Collab. )
+Adam, Adye, Agasi+ (DELPHI Collab. )
+Adam, Adriani, Aguilar-Benitez+ (L3 Collab. )
+Alexander, Allison+ (OPAL Collab. )
+King, Bachman+ (COLU, CHIC, FNAL, ROCH, WISC)
+Casper, De Bonis, Decamp, Ghez, Goy+ (ALEPH Collab. )
+Fogli, Lisi (CERN, BARI)

(TATA)
pSmith, van Neerven (FNAL, UTRE, LEID)
+Nicrosini, Passarino, Piccinini (INFN, PAVI, CERN, TORI)
+Okun, Rozanov, Vysotsky (GUEL, CERN, ITEP)

Montanet+ (CERN, LBL, HOST, IFIC+)
+Aguilar-Benitez, Ahlen, Alcaraz, Aloisio+ (L3 Collab. )
+Aguilar-Benitez, Ahlen, Alcaraz, Aloisio+ (L3 Collab. )
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )

Abe, Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Arnbrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Adam, Adami, Adye, Akesson+ (DELPHI Collab. )
+-Albrow, Allkofer, Ankoviak, Apsimon+ (UA1 Collab. )
+Albrow, Allkofer, Ankoviak, Apsimon+ (UA1 Collab. )
-+Drees, Godbole+ (FSU, DESY, BOMB, UCD, HAWA)
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Amidei, Apollinari, Atac+ (CDF Collab. )

Abe, Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )
+Amako, Arai, Asano+ (VENUS Collab, )
+Adam, Adami, Adye, Alekseev, Allaby+ (DELPHI Collab. )
+Alitti, Ansari, Ansorge, Bagnaia+ (UA2 Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
gAlbrow, Allkofer, Andrieu, Ankoviak+ (UA1 Collab. )
+Ansari, Ansorge, Bagnaia+ (UA2 Collab. )
+H ewet t, Phillips (WISC, RAL)
+Deschizeaux, Lees, Minard+ (ALEPH Collab. )
+Adolphsen, Averill, Ballam+ (Mark II Collab, )
+Aihara, Doser, Enomoto, Fujii+ (TOPAZ Collab. )
+Auchincloss, Blanis, Bodek, Budd+ (AMY Collab. )
-t-Aihara, Dijkstra+ (TOPAZ Collab. )
+Albrow, All kofer+ (UA1 Collab. )
+Diemoz, Martinelli, Mason (CERN, ROMA, ETH)
+Myung, Chiba, Hanaoka+ (AMY Collab. )
+Mori, Abe+ (AMY Collab. )
+Amako, Arai+ (VENUS Collab. )
+Chiba, Endo+ (VENUS Collab. )

b' (4'" Generation) Quark, Searches for

MASS LIMITS for b' {4r" Generation) Quark or Hadron in pp Collisions
These experiments (except for MUKHOPADHYAYA 93) assume that no two-body
modes such as b ~ bp, b' ~ bg, or b' ~ c H+ are available.

VALVE (GeV) CL% DOCUMENT ID TECN COMMENT

&85 95 1 ABE 92 CDF EE

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

&75 95 2 MUKHOPAD. . . 93 RVUE FCNC
&72 95 3 ABE 908CDF e + p
&54 95 AKESSON 90 UA2 e + jets + missing ET
&43 95 ALBAJAR 908 UA1 p + jets
&34 95 ALBAJAR 88 UA1 e or p -I- jets

ABE 92 dilepton analysis limit of )85 GeV at CL=95% also applies to b' quarks, as
discussed in ABE 908.
MUKHOPADHYAYA 93 analyze CDF dilepton data of ABE 92G in terms of a new

quark decaying via flavor-changing neutral current. The above limit assumes B(b' ~
bE+I )=1%. For an exotic quark decaying only via virtual Z [B(bE'+l ) = 3%], the
limit is 85 GeV.
ABE 908 exclude the region 28—72 GeV.

4 AKESSON 90 searched for events having an electron with pT & 12 GeV, missing
momentum & 15 GeV, and a jet with ET & 10 GeV, ~r)l & 2.2, and excluded m

between 30 and 69 GeV.
5 For the reduction of the limit due to non-charged-current decay modes, see Fig. 19 of

ALBAJAR 908.
6 ALBAJAR 88 study events at Ecm —546 and 630 GeV with a muon or isolated electron,

accompanied by one or more jets and find agreement with Monte Carlo predictions for
the production of charm and bottom, without the need for a new quark. The lower mass
limit is obtained by using a conservative estimate for the b'b' production cross section
and by assuming that it cannot be produced in W decays. The value quoted here is

revised using the full O(ct ) cross section of ALTARELLI 88.

MASS LIMITS for b' {4'"Generation) Quark or Hadron in e+e Collisions
Search for hadrons containing a fourth-generation —1/3 quark denoted b'.

95
95
95
95

&44.5

10 ABREU
ADACHI

95
95

&41.4
&45.2

12 AKRAWY
'3 ABE
14 ABE

&46
&27.5

none 11.4—27.3

95

15 ABRAIVIS&42.7

&42.0
&28,4
&28.8
)27.2
&29,0

The last column specifies the assumption for the decay mode (CC denotes the con-
ventional charged-current decay) and the event signature which is looked for.

VAL UE' (GeV) CL% DOCUMENT ID TECN COMMENT

&46.0 95 7 DECAMP 90F ALEP any decay
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ADRIANI 93G L3 Quarkonium
ADRIANI 93M L3 I (Z)
ABREU 91F DLPH I {Z)
ABE 90D VNS Any decay; event shape
ABREU 90D DLPH B(CC) = 1; event

shape
95 ABREU 90D DLPH b —+ c H, H

CS, 7 v
& 40.5 90D DLPH I (Z ~ hadrons)
&28.3 90 TOPZ B(FCNC)=100%; Isol.

or 4 jets
95 AKRAWY 908 OPAL Any decay; acoplanarity
95 AKRAWY 908 OPAL B(C C) = 1; acopla-

n arity
95 90J OPAL b' ~ p + any
95 89E VNS B(C C) =1; p, e
95 89G VNS B(b ~ bp) ) 10%;

isolated p
&44.7 ABRAMS 89C MRK2 B(C C)= 100%; isol.

track
95 89C MRK2 B(bg)= 100%; event

shape
95 ABRAMS 89C MRK2 Any decay; event shape
95 6,17 ADACHI 89C TOPZ B(C C) =1; 0,

95 8 ENO 89 AMY B(C C) + 90%; p, , e
95 18,19 ENO 89 AMY any decay; event shape
95 8 ENO 89 A MY B(b ~ b g) + 85%;

event shape
&24.4 95 IGARASHI 88 AMY pe
&23.8 95 SAGAWA 88 AMY event shape
&22, 7 95 22 ADEVA 86 MRK J p,

&21 ALTHOFF 84C TASS R, event shape
&19 ALTHOFF 84l TASS Aplanarity

DECAMP 90F looked for isolated charged particles, for isolated photons, and for four-jet
final states. The modes b' ~ bg for B(b' ~ bg) ) 65% b' ~ bp for B(b' ~ bp)) 5% are excluded. Charged Higgs decay were not discussed.
ADRIANI 93G search for vector quarkonium states near Z and give limit on quarkonium-

Z mixing parameter bm &(10—30) GeV (95%CL) for the mass 88—94.5 GeV. Using

Richardson potential, a 1S (b'b') state is excluded for the mass range 87.7—94.7 GeV.
This range depends on the potential choice.
ABREU 90D assumed mH & mb, —3 GeV.

Superseded by ABREU 91F.
AKRAWY 908 search was restricted to data near the Z peak at Ecm = 91.26 GeV at

LEP. The excluded region is between 23.6 and 41.4 GeV if no H+ decays exist. For
charged Higgs decays the excluded regions are between (mH+ + 1.5 GeV) and 45.5
GeV.
AKRAWY 90J search for isolated photons in hadronic Z decay and derive

B(Z ~ b'b') B(b' ~ yX)/B(Z ~ hadrons) & 2.2 x 10 . Mass limit assumes

B(b ~ pX) ) 10%.
ABE 89E search at Ecm = 56—57 GeV at TRISTAN for multihadron events with a
spherical shape (using thrust and acoplanarity) or containing isolated leptons.

4ABE 89G search was at Ecm ——55—60.8 GeV at TRISTAN.

If the photonic decay mode is large (B(b' ~ bp) & 25%), the ABRAMS 89C limit is

45.4 GeV. The limit for for Higgs decay (b' ~ c H, H ~ cs) is 45.2 GeV.
ADACHI 89C search was at Ecm = 56.5—60.8 GeV at TRISTAN using multi-hadron
events accompanying muons.
ADACHI 89C also gives limits for any mixture of C C and bg decays.
ENO 89 search at Ecm —50—60.8 at TRISTAN.
ENO 89 considers arbitrary mixture of the charged current, bg, and bg decays.

0 IGARASHI 88 searches for leptons in low-thrust events and gives AR(b') & 0.26 (95%
CL) assuming charged current decay, which translates to mb, ) 24.4 GeV.

SAGAWA 88 set limit r7(top) & 6.1 pb at CL=95% for top-flavored hadron production
from event shape analyses at Ecm = 52 GeV. By using the quark parton model cross-
section formula near threshold, the above limit leads to lower mass bounds of 23.8 GeV
for charge —1/3 quarks.
ADEVA 86 give 95%CL upper bound on an excess of the normalized cross section, ZR,
as a function of the minimum c.m. energy (see their figure 3). Production of a pair of
1/3 charge quarks is excluded up to Ecm = 45.4 GeV.

ALTHOFF 84C narrow state search sets limit I (e+ e )B{hadrons) &2.4 keV CL = 95%
and heavy charge 1/3 quark pair production m &21 GeV, CL = 95%.
ALTHOFF 84I exclude heavy quark pair production for 7 &m &19 GeV (1/3 charge)
using aplanarity distributions (CL = 95%).
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A DR IANI
A DR IANI
M UK HO PA D. ..
ABE

Also
ABE
ABREU
ABE
ABE
ABREU
ADACHI
AKESSON
A KRAWY
AKRAWY
ALBAJAR
DECAMP
ABE
ABE
ABRAMS
ADAC HI
ENO
ALBAJAR
ALTARELLI
IGARASHI
SAGAWA
ADEVA
ALTHOFF
ALTHOFF

93G PL B313 326
93M PRPL 236 1
93 P R D48 2105
92 PRL 68 447
92G PR D45 3921
92G P R D45 3921
91F NP B367 511
90B PRL 64 147
90D PL B234 382
90D PL B242 536
90 P L B234 197
90 ZPHY C46 179
90B PL B236 364
90J PL B246 285
90B ZPHY C48 1
90F PL B236 511
89E P R D39 3524
89G PRL 63 1?76
89C PRL 63 2447
89C P L 8229 427
89 PRL 63 1910
88 ZPHY C37 505
88 NP B308 724
88 PRL 60 2359
88 PRL 60 93
86 PR D34 681
84C PL 138B 441
84I ZPHY C22 307

Colla b, )
Coll a b. )
(TATA)
Colla b. )
Collab. )
Collab. )
Colla b. )
Colla b. )
Coll a b. )
Coll a b. )
Coll a b.)
Coll a b. )
Coll a b.)
Colla b.)
Coll a b.)
Collab. )
Coll a b. )
Coll a b. )
Coll a b. )
Coll a b. )
Coll a b. )
Coll a b. )
, ETH)
Coll a b. )
Coll a b. )
Coll ab. )
Collab. )
Collab. )

yAguilar-Benitez, Ahlen, Alcaraz, Aloisioy (L3
yAguilar-Benitez, Ahlen, Alcaraz, Aloisioy (L3

Mukhopadhyaya, Roy
yAmidei, Apollinari, Atac, Auchincloss+ (CDF

Abe, Amidei, Apollinari, Atac, Auchincloss+ (CDF
+Amidei, Apollinari, Atac, Auchincloss+ (CDF
+Adam, Adami, Adye, Akesson+ (DELPHI
yArnidei, Apollinari, Atac, Auchincloss+ (CDF
yArnako, Arai, Asano+ (VENUS
+Adam, Adami, Adye, Alekseev, Allaby+ (DELPHI
+Aihara, Doser, Enomoto+ (TOPAZ
yAlitti, Ansari, Ansorge, Bagnaia+ (UA2
+Alexander, Allison, Allport, Anderson+ (OPAL
+Alexander, Allison, Allport, Andersony (OPAL
yAlbrow, Allkofer, Andrieu, Ankoviaky (UA1
+Deschizeaux, Lees, Minard+ (ALEPH
yAmako, Arai, Asano, Chiba, Chibay (VENUS
+Amako, Arai, Asano, Chiba+ (VENUS
+Adolphsen, Averill, Ballarn+ (Mark II

+Aihara, Doser, Enomoto, Fujiiy (TOPAZ
yAuchincloss, Blanis, Bodek, Buddy (AMY
+Albrow, Allkofery (UA1
+Diemoz, Martinelli, Nason (CERN, ROMA
+Myung, Chiba, Hanaoka+ (AMY
+Mori, Abey (AMY
+Ansari, Becker, Becker-Szendy+ (Mark-J
+Braunschweig, Kirschfink+ (TASSO
yBraunschweig, Kirschfinky (TASSO

REFERENCES FOR Searches for (Fourth Generation) b' Quark

Quark Differential Production Cross Section—
X-SECT CHG MASS ENERGY
(cm sr GeV ) e/3 (GeV) (GeV) BEAM EVTS

&4.E—36 —2,4 1.5—6 70 p 0
&2E—33 +4 5 20 52 pp 0
&5E—34 (7 7 15 44 p p 0
&5.E—35 20 0
&9.E—35 —1,2 200 p 0
&4.E—36 —4 2.3—2.7 70 p 0
&3.E—35 4 1,2 &2.7 27 p 0
&7E—38 —12 &25 70 p 0

Cross section in cm /sr/equivalent quanta.

Accelerator Searches

DOCUMENT ID

BALD IN 76
ALB ROW 75
jOVANOV. .. 75

9 GALIK 74
NASH 74
A NT IPOV 71
ALLABY 69B
A NTI POV 69B

ABE 92J flux limits decrease as the mass increases from 50 to 500 GeV.
HE 91 limits are for charges of the form @+1/3 from 23/3 to 38/3.
Hadronic or leptonic quarks.
Cross section cm /GeV
3 x 10 &lifetime & 1 x 10 s.
Includes BOTT 72 results.
Assumes isotropic cm production.
Cross section inferred from flux.

TECN

CNTR
SPEC
CNTR
CNTR
CNTR
CNTR
CNTR
CNTR

References
1. P.F. Smith, Ann. Rev. Nucl. and Part. Sci. 39, 78 (1989).
2. L. Lyons, Phys. Reports 129, 225 (1985).
3. M. Marinelli and G. Morpurgo, Phys. Reports 85, 161

(1982).

duction
CHG
(e/3)

+2
+4

Quark Pro
X-SECT
(cm2)

&2.E—35
&1.E—35
&3.8E—28
(3.2E—28
&1.E —40
&1.E—36
&2.E —10
&5.E —38
&1.E—33
&9.E—39
&8.E—35
&5.E—38
& l.E—32
&5.E—31
&6.E—34
&1.E—36
&1.E—35
&4.E—37
&3.E—37
&1.E—35
&2.E—35
&5.E —35
(1.E —32
& l.E—35
&1.E—34
&1.E—33

+1,2
+1,2
k2, 4

+ 1,2
+1

+1,2
+1,2
—1,2
-+ 2,4

@1,2,4
+1,2

—4
+1,2

—2
—1,2
+1,2

—2

+1,2
+1,2
+1,2

+1
+ 1,2

Cross Section —Accelerator
MASS ENERGY
(GeV) (Ge V) BEA M EVTS

250 1800 p p 0
250 1800 p p 0

14 5A 28Si—Pb 0
14 5A 8Si Cu 0

&10 p, v, v 0
&9 200 p, 0
1—3 200 p 0
)5 300 p 0

&20 52 pp 0
&6 400 p 0

(20 52 p p 0
4-9 200 p 0

4—24 52 pp 0
&12 300 p 0
&13 52 pp 0

4 70 p 0
2 28 p 0

&5 70 p 0
2—5 70 p 0
&7 30 p 0

&255 30 p 0
(2 2 21 p 0
&40 28 p 0
&25 31 p 0

&2 28 p 0
&2.4 24 p 0

Searches

DOCUMEN T ID

1 ABE
1 ABE
2 HE
2 HE

BERGSMA
AU BERT

3 BUSSIERE
5 STEVENSON

BAS I LE
4 A NTR EASYA
6 FABJAN

NASH

ALPER
LEIPUNER
BOTT
ANTIPOV

7 ALLABY
3 ANTIPOV
7 ANTIPOV

DORFAN
8 FRANZINI

BINGHAM
BLUM

8 HAGOPIAN
LEIPUNER
MORRISON

92J
92J
91
91
84B
83C
80
79
78

N 77
75
74
73
73
72
71
69B
69
69B
65
65B
64
64
64
64
64

TECN

CDF
CDF
PLAS
PLAS
CHRM
SPEC
CNTR
CNTR
SPEC
SPEC
CNTR
CNTR
SPEC
CNTR
CNTR
CNTR
CNTR
CNTR
CNTR
CNTR
CNTR
HLBC
HBC
HBC
CNTR
HBC

Free Quark Searches
FREE QUARK SEARCHES

The basis for much of the theory of particle scattering and

hadron spectroscopy is the construction of the hadrons from a
set of fractionally charged constituents (quarks). A central but

unproven hypothesis of this theory, Quantum Chromodynanzics,

is that quarks cannot be observed as free particles but are

confined t, o mesons and baryons.
Experiments show that it is at best diKcult to "unglue"

quarks. Accelerator searches at increasing energies have pro-

duced no evidence for free quarks, while only a few cosmic-ray

and matter searches have produced uncorroborated events.

This compilation is only a guide to the literature, since the

quoted experimental limits are often only indicative. Reviews

can be found in Refs. 1—3.

Quark Flux —Accelerator Searches
The definition of FLUX depends on the experiment

TECNFL UX

&0.94E—4 e
&1.7E—4 e

&3.6E—4 e

&1.9E—4 e
&2.E—3 e
&6.E—4 e
&1.2E—3 e
&36E—4 i

&3.6E—4 i

&6.9E—4 i

&9.1E—4 i

& 1.1E—3 i

b

&6.4E—5 g
&3.7E —5 g
&3.9E—5 g
&2.8E—5 g
& 1.9E—4 c
&3.9E—4 c
&1.E—9 c
&5.1E—10 c
&8.1E—9 c
&1.7E—6 c

&3.5E—7 c
&1.3E—6 c
&5E—2 e

&5E—2 e

&1.E—4 e

&1.E—6 d

&3.5E—7 d

&1.3E—6 d

&1.2E —10 d

&1.1E—10 d

&1.2E —10 d

&7.7E—11 d

&6.E—9 h

&5.E—5 g
&3.E—4 b

&2.E—4 b

&2.E—4 a

&1.E—9 c

95R OPAL
95R OPAL
95R OPAL

95R OPAL

93c ALEP
93c ALEP
93C ALEP
93C ALEP
93C ALEP
93C ALEP
93C ALEP
93C ALEP
92 EMUL
91 CNTR
91 CNTR
91 CNTR
91 CNTR
91 PLAS
91 PLAS
91 MDRP
91 MDRP
91 MDRP
91 MDRP
91 MDRP
91 MDRP
90C TOPZ
90C TOPZ
89B CLEO
89 MDRP
89 MDRP
89 MDRP
89 MDRP
89 MDRP
89 MDRP
89 MDRP
89 SPEC
88 BEBC
88 PLAS
88 PLAS
87 MLEV
87 MDRP

1

1
1

1

0.9-2.3
&0.5

(a) is the ratio of measured free quarks to predicted free quarks if there is no "con-

finementt.

"

(b) is the probability of fractional charge on nuclear fragments.

(c) is the 90%CL upper limit on fractionally-charged particles produced per interac-
tion.

(d) is quarks per collision.

(e) is inclusive quark-production cross-section ratio to a-(e+ e ~ p+ p. ).
(f) is quark flux per charged particle.

(g) is the flux per v-event.

(h) is quark yield per x yield.

(i) is 2-body exclusive quark-production cross-section ratio to o.(e+ e

I+I )
CHG MASS ENRGY

(e/3) (GeV) (GeV) BEAM EVTS DOCUMENT ID

k2 2—30 88—94 e+ e 0 AKERS
k2 30—40 88—94 e+ e 0 AKERS
k4 5—30 88—94 e+ e 0 AKERS
+4 30 45 88 94 e+ e 0 AKERS

+1 5—40 88—94 e+ e 0 BUSKUl IC

+2 5—30 88—94 e+ e 0 BUSKULIC

+4 15—40 88—94 e+ e 0 BUSKULIC

+4 5 0 10 2 88 94 e+ e 0 BUSKULIC

+4 165 260 88 94 e+ e 0 BUSKULIC

+4 26.0—33.3 88—94 e+ e 0 BUSKULIC

+4 33.3—38.6 88—94 e+ e 0 BUSKULIC

+4 38.6—44.9 88—94 e+ e 0 BUSKULIC

4578 21A 160 0,206 11GHOSH
1 v, P ] 12 BASILE
2 v, P 0 BASILE
1 v, P 1 13 BASILE
2 v, v 0 BASILE

145A Si Pb 0 HE

14 5A 28Si—Cu 0 14 HE

1,2,4 14 5A 0 Ar 0 MATIS

+ 1,2,4 14 5A 60 Hg 0 MATIS

1,2,4 14 5A Si—Hg 0 MATIS

k 1,2,4 60A 160 Hg 0 MAT IS
+ 1,2,4 200A 6O Hg 0 M AT IS
+ 1,2,4 200A S Hg 0 MATIS

2 19—27 52—60 e+ e 0 ADACHI

4 &24 52 60 e+ e 0 ADACHI

+2 &3.5 10 e+ e 0 BOWCOCK

1,2 60 60—Hg 0 CALLOWAY

+ 1,2 200 0—Hg 0 CA LLOWAY

+ 1,2 200 S—Hg 0 CALLOWAY

1 800 p —H g 0 MAT IS

+2 800 p —Hg 0 MAT IS

kl 800 p —N2 0 MAT IS

k2 800 p —N2 0 MAT IS
—5 12 p 0 NAKAMURA

1,2 v, v d 0 ALLASIA

See note 14 5 160—Pb 0 15 HOFFMANN

See note 200 0—Pb 0 HOFFMANN
+ 1,2 &300 320 p p 0 LYONS

4 1,2, 4,5 14 5 160—Hg 0 SHAW
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cl —1,2,3,4, 6 &5 2 Si—Si 0 ABACHI 86C CNTR
e + 1,2,4 &4 10 e+ e 0 ALBRECHT 85' ARG
b 1 540 p p 0 BANNER 85 UA2

e —4 1—8 29 e+ e 0 AIHARA 84 TPC
e +1,2 1—13 29 e+ e 0 AIHARA 84a TPC
b +1 Ar 0 18 BARWICK 84 CNTR
e +2 &0.4 1.4 e+ e 0 BONDAR 84 OLYA

e +1,2 &13 29 e+ e 0 GURYN 84 CNTR
b +1,2 &2 540 p p 0 BANNER 83 CNTR
b +1,2 106 Fe 0 LINDGREN 83 CNTR
b & /+O. lf 74 Ar 0 8 PRICE 83 PLAS
e +1,2 &14 29 e+ e 0 MARINI 82a CNTR
e +1,2 &12 29 e+ e 0 ROSS 82 CNTR
e +2 1.8—2 7 e+ e 0 WEISS 81 MRK2

e +1,2,4,5 2—12 27 e+ e 0 BARTEL 80 JADE

g 1,2 V 0 12,13 BASILE 80 CNT
f k2, 4 1—3 200 p 0 BOZZOLI 79 CNTR
f +1 &21 52 pp 0 BASILE 78 SPEC

g v~ 0 BASILE 78a CNTR

f + 1 &26 62 p p 0 BASILE 77 SPEC
f +1,2 &20 52 p p FABJAN 75 CNTR

+ 1,2 &4.5 0 GA LIK 74 CNTR

+1,2 )1.5 12 e 0 BELLAMY 68 CNTR
+1,2 &0 9 y 0 BATHOW 67 CNTR
+12 &09 6 0 3 FOSS 67 CNTR

BUSKULIC 93C limits for inclusive quark production are more conservative if the ALEPH
hadronic fragmentation function is assumed.
GHOSH 92 reports measurement of spallation fragment charge based on ionization in

emulsion. Out of 650 measured tracks, 2 were consistent with charge 5e/3, and 4 with
7e/3.
Hadronic quark.
Leptonic quark.
HE 91 limits are for charges of the form N+1/3 from 23/3 to 38/3, and correspond to
cross-section limits of 380pb (Pb) and 320pb (Cu).
The limits apply to projectile fragment charges of 17, 19, 20, 22, 23 in units of e/3.
The limits apply to projectile fragment charges of 16, 17, 19, 20, 22, 23 in units of e/3.
Flux limits and mass range depend on charge.
Bound to nuclei.
Quark lifetimes ) 1 x 10 s.
One candidate m &0.17 GeV.

&3.E—3
&1.E—4
&6.E—5
&5.E—3
&1.E—2

&2.E—4

&1.E—4

&5.E—1

&3.E—3
&1.E—4

&3.E—3
&1.E—2

&8.E—2

&3.E—4

&5.E—2

&2.E—5
&3.E—10
(6.E—11
&5.E—3

&2.E—9
&7.E—10

EVTS DOCUMENT ID

0 MORI
0 MORI
0 WADA

12 21 WADA

9 WADA

0 KAWAGOE
0 WADA
7 WADA

0 MASHIMO
0 MARIN I

0 M AS H I M 0
0 NAPOLITANO

24 YOCK
0 BR I AT 0R E

O
26 HAZEN

0 K R ISO R

0 CLARK
0 K IF UNE

0 26 ASHTON
0 HICKS
0 BEAUCHAMP
o 26 BOHM
0 COX
0 CROUCH
P 5 DARDO
p 6 EVANS
0 25 TONWAR
0 CHIN

0 26 CLARK
0 26 HAZEN

0 BOSIA
1 CHU

0 FAISSNER
0 K RIDER
4 CAIRNS
0 FUK USHI MA

TECN

91 KA M2

91 KA M2

88 CNTR
88 CNTR
86 CNTR
84a PLAS
84a CNTR
84a CNTR
83 CNTR
82 CNTR
82 CNTR
82 CNTR
78 CNTR
76 ELEC
75 CC
75 CNTR
74a CC
74 CNTR
73 CNTR
73a CNTR
72 CNTR
72a CNTR
72 ELEC
72 CNTR
72 CNTR
72 CC
72 CNTR
71 CNTR
71a CC
71 CC
70 C NTR
70 HLBC
70a CNTR
70 CNTR
69 CC
69 CNTR

&1.E—9
(2.E—11
&2.E—10
&1.E—7
&3.E—10
&8.E—11
&2.E—8
&5.E—10
& l.E—10
&1.E—10
&3.E—10
&3.E—8
&4.E—9
&2.E—9
&2.E—10
&3.E—10
&1.E—10
&5.E—10

+1
+1,2
+1,2

+1
+1

+1,2
+4

+1,2
+1,2

+2

&20

2,8 *

2.8 *

&10
2,8 *+1

+1,2
+ 1,2
+ 1,2
+1,2

+1
+1,2

+2
+1,2

3.5 *
&6.5

&2.E—9
(2.E—10
(5.E—11
&8.E—10

0.8 *

&10

Quark Flux —Cosmic Ray Searches
Shielding values followed with an asterisk indicate altitude in km. Shielding values not
followed with an asterisk indicate sea level in kg/cm2.

FLUX CHG MASS
(cm sr s ) (e/3) (Gev) SHIELDING

&2.1E—15 + 1
&2.3E—15 + 2

&2.E—10 + 1, 2 0.3
+4 0.3

4 0.3
+ 2,3/2 —70.

+1,2 0.3
+4 0.3

+ 1,2,3 —0.3 *
+ 1,2 0.3
+ 1,2
+ 1,2 0.3

+2 26,28 MCCUSKER
&1.E—10 &5 P BJORNBOE
&1.E—8 4 1,2,4 0 BRIATORE
&3.E—8 )2 0 FRANZINI
&9.E—11 0 GARMIRE
(4.E—10 0 HANAYAMA

&3.E—8 &15 0 KASHA
&2.E—10 +2 0 KASHA
&2.E—10 +4 0 KASHA
&2.E—10 +2 0 BARTON
&2.E—7 +4 0 BU HLER
&5.E—10 1,2 0 BU HLER
&4.E—10 + 1,2 0 GOMEZ
&2.E—9 +2 0 KASHA
&2.E—10 + 2 220 0 BARTON
&2.E—9 + 1,2 0.5 * 0 BUHLER
(3.E—9 + 1,2 0 KASHA
&2.E—9 + 1,2 0 LAMB
(2.E—8 + 1,2 2.8 * 0 DELISE
&5.E—8 +2 0.5 * 0 MASSAM
&2.E—8 +1 2.5 * 0 BOWEN
&2.E—7 +1 0,8 0 SUNYAR

Distribution in celestial sphere was described as anisotropic.
With telescope axis at zenith angle 40 to the south.
Leptonic quarks.
Lifetime ) 10 s; charge +0.70, 0.68, 0.42; and mass &4.4, 4.8, and 20
tively.
Time delayed air shower search.

Prompt air shower search.
Also e/4 and e/6 charges.
No events in subsequent experiments.

1.7,3.6
6.3, .2 *

1,2
+1

6
0.008,0.5 *
0.008,0.5 *

&7
&2.5

69 CC
68 CNTR
68 CNTR
68 CNTR
68 CNTR
68 CNTR
68 OSPK
68a CNTR
68c CNTR
67 CNTR
67 CNTR
67a CNTR
67 CNTR
67 CNTR
66 CNTR
66 CNTR
66 CNTR
66 CNTR
65 CNTR
65 CNTR
64 CNTR
64 CNTR

GeV, respec-

atter Se
w, see SM

MASS
(Gev)

Quark De
For a

QUARKS/
NUCLEON

arches
ITH 89.

nsity —M
recent revie

CHG
(e/3)

+2
+1,2
+1,2
+1,2

1,2
+1,2
—1,2

+1
+1,2
+1,2
&+1

+1
+ 1,2

EVTS DOCUMENTID

PERERA
HOMER
JONES
MILNE R

SMITH
VANPOL EN
VANPOLEN
SAVAG E
SMITH
SMITH
MILNER
SMITH
KUTSCHER
MARINELLI
JOYCE
L I E BOW ITZ
VANDESTEE

29 HODGES» LARUE
LARUE
MAR INELLI
BOYD
LARUE
OGOROD. ..
BOYD
BOYD
LUND
PUTT
SCHIFF ER
BLAND
GALLINARO

30 LARUE
30 LARUE

MULLER
OGOROD. ..
STEVENS
ELBERT
MORPURGO
COOK
BRAG INSK
RANK

STOVE R
31 BENNETT

CHUPKA
GALLINARO
HIL LAS

MATERIAL/METHOD

S%i'nfrared photoioniz
sea water/levitation
meteorites/mag. Ievit

various/spectrometer
W/levitation
org liq/droplet tower
org liq/droplet tower

Hg drops-untreated
levitated niobium

H e/levitation
niobium+tungs/ion
levitated niobium
niobium/mass spec
levitated steel
water/oil drop
levitated steel
photo ion spec
rn ere ury/oil drop
levitated niobium

levitated niobium

levitated steel
helium/mass spec
levitated niobium

earth+/ion beam
tungs. /mass spec
hydrogen/mass spec
water/ion beam
levitated tungsten
m eta Is/m ass spec
levitated tungsten ox
levitated iron

levitated niobium
levitated niobium

hydrogen/mass spec
water+/ion beam
lunar-+/ion spec
oxygen+/ion spec
levitated graphite
water+/atom beam
levitated gra phite
water-p/uv spec
levitated iron

sun/uv spec
meteorites+/ion bea
levitated graphite
a rgon/electrom etc r

&8.E—22
&5.E—27
&4.E—20
&1.E—19
&5.E—22
&3.E—20
&6.E—20
&3.E—21
&3.E—22
&2.E—26
&2.E—20
&l.E—21

ation 0
0

ation 0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
4
4
0
0
2

0
0
0
0
0
0
0
0
1

2
0
0
0
0
0
0
0
0
0
0

m 0
0
0
0

93
92
89
87
87
87
87
86
86
86a
85
85

A 84
84
83
83

G 83
81
81
81
80a
79
79
79
78
78a
78
78
78
77
77
77
77
77
77
76
70
70
69
68
68
67
66
66
66
59

0.2—250

&100
&5.E—22
&9.E—20
&2.E—21
&1.E—19
(2.E—20
1.E—20
1.E—20
&1.E—21
&6.E—16
l.E—20
&4.E—28
&5.E—15
&5.E—16
(1.E—21
&6.E—15
&]..E—22
&5.E—15
&3.E—21
2.E—21
4.E—21
&1.E—13
&5.E—27
&1.E—21
&1.E—15
&5.E—19
&5.E—23
&1.E—17
&1.E—17
&3.E—19
&1.E—10
(1.E—17
&1.E—16
(1.E—22

+ &13

1,2

+1
—1

+1

+1
+3

+2,4

&1/2

&1.7

—1

+1
+3 (7.7

&60

+1,2

+ 1,2
+1

—2 levitated oil MILLIKAN 10

Also set limits for q = +e/6.
Note that in PHILLIPS 88 these authors report a subtle magnetic effect which could
account for the apparent fractional charges.
Limit inferred by JONES 77a.
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AKERS
BUSKULIC
PERERA
ABE
GHOSH
HOMER
BAS I LE

HE
M AT IS
MORI
ADACHI
BOWCOCK
CA L LOWAY
JONES
MAT IS
NAKAMURA
5 M 1TH
A LLAS IA

HOFFMANN
PHILLIPS
WA DA
LYONS
MILNE R

SHAW
SMITH
VANPOLE N

A BACHI
SAVAGE
SMITH
SMITH
WA DA
ALBRECHT
BANNER
MILNE R
SMITH
A I HA RA
AIHARA
BARWICK
BERGSMA
BONDAR

GURYN
KAWAGOE
KUTSCHERA
MAR INELLI
WA DA
AUBERT
BANNER
JOYCE
LIEBOWITZ
LINDGREN
MASHIMO
P RICE
VANDESTEEG
MARIN I

MARIN I

MASHIMO
NAPOLITANO
ROSS
HODGES
LARUE
WEISS
BARTEL
BASI LE
BUSSIERE
M A R I N E L L I

A Iso
BOYD
BOZZOLI
LARUE

Also
OGOROD. . .

STEVENSON
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LIGHT UNFLAVORED MESONS
(S= C= B=O)

with

x—:mr/mp, 1(z) =
' ln(1 —t)

dt .
t

For I = 1 (x, b, p, a}: ud, (uu dd}—/~2, du;
for l = 0 (n, n', h, h', ~, d, f, f'}: cr(uu + dd) + cz(ss}

PSEUDOSCALAR-MESON DECAY CONSTANTS

(by M. Suzuki, LBNL)

Charged zneson8

The decay constant fp for a charged pseudoscalar meson P
is defined by

(Ol&«(0)[P(q)) =ffp v«,

where A&, is the axial-vector part of the charged weak cur-

rent after a Cabibbo-Kobayashi-Maskawa mixing-matrix ele-

ment Vqql has been removed. The state vector is normalized

by (P(q) P(q')) = (2qr)s 2Eq 6(q —q'), and its Phase is chosen

to make fp real and positive. Note, however, that in many

theoretical papers our fp/~2 is denoted by fp
In determining fp experimentally, radiative corrections

must be taken into account. Since the photon-loop correc-

tion introduces an infrared divergence that is canceled by

soft-photon emission, we can determine fp only from the com-

bined rate for P+ ~ E vg and P+ —+ /+vga. This rate is given

The first bracket in the expression for 1+ P(cr) is the short-

distance electroweak correction. The @CD correction reduces

this factor by 0.00033. The second bracket together with the
term —(3cr/2qr) ln(m&/mp) in the third bracket corresponds to
the radiative corrections to the point-like pion decay (Acuroff--

m&) [2]. The rest of the corrections in the third bracket are

expanded in powers of mr/m«. The expansion coefficients Cr,
C2, and C3 depend on the hadronic structure of the pseudoscalar
meson and in most cases cannot be computed accurately. In

particular, C~ absorbs the uncertainty in the matching energy

scale between short, - and long-distance strong interactions and

thus is the main source of uncertainty in determining f +

accurately.

With the experimental value for the decay ~ —+ pv&, + pv&, p,
one obtains

f + = 130.7 + O. l + 0.36 MeV,

where the first, error comes from the experimental uncertainty
on U„d[ and the second comes from the uncertainty on Cr (=
0 + 0.24) [6]. Similarly, one obtains from the decay K
pv&, + pv&p the decay constant

r(P tu, +Su,~) =

fp mg mp I —
2r [1+ d'(o)] .

20! mz1+ P(ct) = 1+ ln
7I mp

1+ —F(z)

3 mp m,' (m,') m,'+Cy+C2 ln +C3 +. . .
/r 2 mp m« i mr) m«

Here

13 —19x2 8 —5x2F(x) = 3 ln z + — x ln z
8 1 —z2 2 1 —zz 2

1+x 2 1+'
2—2 lnx+1 ln(1 —x )+2 2 L(1 —x ) &

1 —x2 1 —x2

Radiative corrections include inner bremsstrahlung, which is

independent of the structure of the meson [1—3], and also a

structure-dependent term [4,5]. After radiative corrections are

made, there are ambiguities in extracting fp from experimental

measurements. In fact, the definition of fp is no longer unique.

It is desirable to define fp such that it depends only on the

propert, ies of the pseudoscalar meson, not on the final decay

products. The short-distance corrections to the fundamental

electroweak constants like Gp Uqqi[ should be separated out.

Following Marciano and Sirlin [6], we define fp with the

following form for the P(cr) corrections:

flc~ = 159.8 + 1.4 + 0.44 MeV,

where the first error is due to the uncertainty on [U, ].

For the heavy pseudoscalar mesons, uncertainties in the

experimental values for the decay rates are much larger than

the radiative correct, ions. For the D+, only an upper bound

can be obtained from the published data:

f&~ & 310 MeV (CL = 90%) .

Three groups have measured the D+ ~ p+v&, branching frac-

tion, leading to the following values of the decay constant:

f&~ =232 + 45 + 20 + 48 MeV [7]

f&~ =344 +37+ 52 +42 MeV [8]

f~p =430+rsso+ 40 MeV

where the first errors are statistical, the second errors are

systematic, and the third errors are uncertainties involved in

extracting the branching fraction B(D+, ~ p+v«). We must

wait for more data before drawing a conclusion on f&+.
There have been many attempts to extract fp from spec-

troscopy and nonleptonic decays using theoretical models.

Since it is difficult to estimate uncertainties for them, we have

listed here only values of decay constants that are obtained

directly from the observation of P+ —+ E+vg.
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Light neutral mesons

The decay constants for the light neutral pseudoscalar

mesons 7r", g, and g' are deBned by

(0[&«(0)lp" (q)) = f(f~lv 2)~J.

(f )=1 (o )

We have omitted some results that have been superseded by later
experiments. The omitted results may be found in our 1988 edition
Physics Letters B204 (1988).

m+ MASS

where Ai, is a neutral axial-vector current of octet or sin-

glet. Values of fp can be obtained from the two-photon decay
P" ~ pp, since in the mp = 0 limit the decay matrix ele-

ment is determined by the Adler-Bell-Jackiw anomaly [10,11].
However, large uncertainties enter values of fp through eJC-

trapolation to the physical mass and, in the case of g and g',

through the mixing angle, too.
The CELLO Collaboration has obtained the values [12]

The most accurate charged pion mass measurements are based upon x-

ray wavelength measurements for transitions in 7r -mesonic atoms. The
observed line is the blend of three components, corresponding to different
K-shell occupancies. JECKELMANN 94 revisits the occupancy question,
with the conclusion that two sets of occupancy ratios, resulting in two dif-
ferent pion masses (Solutions A and B), are equally probable. We choose
the higher Solution B since only this solution is consistent with a positive
mass-squared for the muon neutrino, given the precise muon momentum
measurements now available (DAUM 91, ASSAMAGAN 94, and ASSAM-
AGAN 96) for the decay of pions at rest. Earlier mass determinations with
pi-mesonic atoms may have used incorrect K-shell screening corrections.

Measurements with an error of ) 0.005 MeV have been omitted from this
Listing.

f 0 = 119+4 MeV

f0 ——133 + 10 MeV

f„r = 126+? MeV,

while the TPC/2p Collaboration has obtained [13]

fz ——129+ 8 MeV

f„r= 110+7 MeV

(We have multiplied the published values by V2 to be in accord

with our definition of fp. )
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DOCUMENT ID

m„+—m„+
Measurements with an error & 0.05 MeV have been omitted from this
Listing.

VALUE(Mev) EVTS DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

CHG COMMEN T

etc. ~ ~ ~

VA L UE (Me V)

139.56995+0.00035 OUR FIT
139.56995+0.00035 JECKELMANN 94 CNTR — 7r atom, Soln. B
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

139.57022+ 0.00014 2 ASSAMAGAN 96 SPEC f rr+ fr+ v
I-t

139.56782 + 0.00037 3 JECKELMANN 94 CNTR — 7r atom, Soln. A

139.56996+ 0.00067 4 DAUM 91 SPEC + 7r+ ~ p+ v
139.56752 + 0.00037 JECKELMANN 86B CNTR — Mesonic atoms
139.5704 i 0.0011 4 ABELA 84 SPEC + See DAUM 91
139.5664 + 0.0009 6LU 80 CNTR — Mesonic atoms
139.5686 k 0.0020 CARTER 76 CNTR — Mesonic atoms
139.5660 + 0.0024 " MARUSHEN. .. 76 CNTR — Mesonic atoms

1 JECKELMANN 94 Solution S (dominant 2-electron K-shell occupancy), chosen for con-

sistency with positive m2

tvl»

ASSAMAGAN 96 measures the p+ momentum p in rr+ fr+ v decay at rest tolt
be 29.79200 J- 0.00011 Mev/c. Combined with the p+ mass and the assumption m

= 0, this gives the rr+ mass above; if m ) 0, m + given above is a lower limit.
p, 7r

Combined instead with m and (assuming CPT) the rr mass of JECKEL MANN 94,

p& gives an upper limit on mv (see the vi, ).
Ii

JECKELMANN 94 Solution A (small 2-electron K-shell occupancy) in combination with
either the DAUM 91 or ASSAMAGAN 94 pion decay muon momentum measurement

yields a significantly negative m . It is accordingly not used in our fits.
viz t

The DAUM 91 value includes the ABELA 84 result. The value is based on a measurement
of the lt+ momentum for 7r+ decay at rest, p = 29.79179 + 0.00053 MeV, uses m, =
105.658389+ 0.000034 MeV, and assumes that m = 0. The last assumption means

that in fact the value is a lower limit.
JECKELMANN 86B gives m /m&

—273.12677(71). We use m&
—0.51099906(15)

MeV from COHEN 87. The authors note that two solutions for the probability distribution
of K-shell occupancy fit equally well, and use other data to choose the lower of the two

possible 7r+ masses.
These values are scaled with a new wavelength-energy conversion factor VA

1.23984244(37) x 10 eV m from COHEN 87. The LU 80 screening correction re-

lies upon a theoretical calculation of inner-shell refilling rates.
This MARUSHENKO 76 value used at the authors' request to use the accepted set of
calibration g energies. Error increased from 0.0017 MeV to include QED calculation error
of 0.0017 MeV (12 ppm).

33.9115760.00067 8 DAUM 91 SPEC
33.9111 4 0.0011 ABELA 84 SPEC
33.925 +0.025 BOOTH 70 CNTR
33.881 + 0.035 145 HYMAN 67 HEBC

The DAUM 91 value assumes that m = 0 and uses our m
VI6 i(L

MeV.

~+ lt+ v
See DAUM 91
Magnetic spect.
K He

= 105.658389+ 0.000034

(m + m —) I fftaverage

A test of CP T invaria nce.

VALUE (units 10 ")
2+5

DOCUMENT ID

AYRES

TECN

71 CNTR
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sr+ MEAN LIFE

Measurements with an error & 0.02 x 10 s have been omitted.

VAL UE (10 s) DOCUMEN T ID TECN CHG COMMEN T

2.6033 +0.0005 OUR AVERAGE Error includes scale factor of 1.2.
2.60361+0.00052 9 KOpTEV 95 SpEC + Surface IL+'s
2.60231 4 0.00050+ 0.00084 NUMAO 95 SPEC + Surface Iu+'s
2.609 + 0.008 DUNAITSEV 73 CNTR +
2.602 + 0.004 AYRES 71 CNTR +
2.604 +0.005 NORDBERG 67 CNTR +
2.602 +0.004 ECKHAUSE 65 CNTR +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

2.640 +0.008 10 KINSEY 66 CNTR +
KOPTEV 9S combines the statistical and systematic errors; the statistical error domi-
nates.
Systematic errors in the calibration of this experiment are discussed by NORDBERG 67.

(s e+ s rr )/ s aver-age

A test of CPT invariance.

VALUE (units 10 ) DOCUMENT ID TECN

5.5+ 7.1 AYRES 71 CNTR
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—14 +29 PETRUKHIN 68 CNTR
40 +70 BAR DON 66 CNTR
23 +40 11 LOBKOWICZ 66 CNTR

This is the most conservative value given by LOBKOWICZ 66.

m+ DECAY MODES

modes are charge conjugates of the modes below.

I (Ia v+7)/I total
Note that measurements here do not cover the full kinematic range.

VALUE (units 10 ) EVTS DOCUMENT ID TECN COM MEN T

1.2460.25 26 CASTAGNOLI 58 EMUL KE& & 3.38 MeV

I.(e+ ve 7) lrtotai I 4/I
Note that measurements here do not cover the full kinematic range.

VA L UE (units 10 ) EVTS DOCUMENT ID TECN COM MEN T

16.1+2.3 BOLOTOV 90e SPEC 17 GeV 7r ~ e ver
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5.6 4 0.7 226 14 STETZ 78 SPEC Pe & 56 MeV/c
3,0 143 DEPOMMIER 638 CNTR (KE) + & 48 MeVe+ ~

BOLOTOV 90E) is for E& & 21 MeV, Ee & 70 —0.8 E&.
STETZ 78 is for an e p opening angle & 132 . Obtains 3.7 when using same cutoffs
as DEPOMMIER 638.

TECN CHG COMMEN T

I (e+vesr )li totai I s/I
VAL UE (units 10 ) EVTS DOCUMENT ID

1.025+0.034 OUR AVERAGE
1.026+ 0.039 1224 MCFARLANE 85 CNTR + Decay in flight

pp + 0.08 332 DEPOMMIER 68 CNTR +
1.07 +0.21 38 16 BACASTOW 65 OSPK +
1.10 + 0.26 16 BERTI4(AM 65 OSPK
1.1 + 0.2 43 6 DUNAITSEV 65 CNTR +
0.97 + 0.20 36 16 BARTLETT 64 OSPK +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.15 4 0.22 52 6 DEPOMMIER 63 CNTR + See DEPOM-
MIER 68

MCFARLANE 85 combines a measured rate (0.394 + 0.015)/s with 1982 PDG mean
life.
DEPOMMIER 68 says the result of DEPOMMIER 63 is at least 10% too large because
of a systematic error in the 7r detection efficiency, and that this may be true of all the
previous measurements (also V. Soergel, private communication, 19?2).

r,
l2
r3
l4
l5
l6
I7

Mode

+

vIL "/

e+v,
e+ v, p

e+ v harp

e+v, e+ e
e+v, vv

Lepton Family number (LF)
I8 P, ve

p v,
I 10 p e+ e+ v

or Lepton
L [c]
LF [c]
LF

Fraction (I;/I ) Confidence level

(99,98770 +0.00004) %

( 1.24 +0.25 ) x 10 4

( 1.230 +0,004 ) x 10

( 1.61 +0.23 ) x 10

( 1.025 +0.034 ) x 10 8

( 32 +05 ) x 10
5 x10 6 90

number (L) violating modes
1.5 x 10 90%
8.0 x 10 90%
1.6 x 10 90%

r(e+v, e+e )/r(Is+ v„) I e/I t
VALUE (units 10 )

3.2 +0.5 +0.2
DOCUMENT IDCL% EVTS TECN COMM EN T

EGLI

o ~ ~ We do not use the

0.46+ 0.16+0.07
4.8 90

&34 90

This measurement by
The value depends on

I (e+ ve vv)/I total
VALUE (units 10 )

(5

98 89 SPEC Uses RPCA
o.o68 4 5.004

following data for averages, fits, limits, etc. ~ ~ ~

7 17 BARANOV 92 SPEC Stopped 7r+
KORENCHE. .. 76B SPEC
KORENCHE. .. 71 OSPK

BARANOV 92 is of the structure-dependent part of the decay.
values assumed for ratios of form factors.

CL%

90

DOCUMENT ID TECN

PICCIOTTO 88 SPEC

[al Measurements of I (e+ ve)/I (rr+ vr, ) always include decays with 7's, and

measurements of I (e+ v, 7) and I (ra+ v„7)never include iow-energy 7's.
Therefore, since no clean separation is possible, we consider the modes
with p's to be subreactions of the modes without them, and let [l (e+ ve)
+ I (P,+ v, )]/I total —I.OO~/~

[b] See the Particle Listings below for the energy limits used in this measure-
ment; low-energy p's are not included.

[c] Derived from an analysis of neutrino-oscillation experiments.

r(p ve)/ "totai
Forbidden by total lepton number conservation.

VALUE (units 10 ) CL% DOCLJMENT ID

(1.5 90 COOPER

TECN COMMENT

82 HLB C Wideba nd v bea m

r (Is ve) lrtotai

TECN COMMEN T

82 HLBC Wideband v beam

Forbidden by lepton family number conservation.
VALUE (units 10 ) CI % DOCUMENT ID

(8.0 90 COOPER

I g/I

r(e+ ve)/rtotai

g+ BRANCHING RATIOS

See note [a] in the list of 7r+ decay modes just above, and see also the next block of
data.

VALUE (units 10 ) DOCUMENTID

1.230+0.004 OUR EVALUATION

[I (e+ v ) + I (e+ v 7)] / CI (is+ vv) + I (Ia+ v& 7)] (r,+I 4)/(I t+I a)

DOCUMENT ID

See note [a] in the list of ~+ decay modes above. See NUMAO 92 for a discussion of
e-It universality.

VALUE (units 10 ) EVTS TECN COMMEN T

1.230 +0.004 OUR AVERAGE

1.2346+ 0,0035 +0.0036 120k CZA P EK 93 CALO Stopping 7r+

1.2265 + 0.0034 + 0.0044 190k BR ITTON 92 CNTR Stopping sr+
1.218 +0,014 32k BRYMAN 86 CNTR Stopping 7r+
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1,273 +0.028 11k 12 DICAPUA 64 CNTR
1.21 -6 0.07 ANDERSON 60 SPEC

DICAPUA 64 has been updated using the current mean life.

I (p e+e+v)/Itotai
Forbidden by lepton family number conservation.

VALUE (units 10 ) CL% DOCUMENT ID TECN CHG

(1.6 90 BARANOV 918 SPEC +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I gp/I

&7.7 90 KORENCHE. .. 87 SPEC +

x+ —POLARIZATION OF EMITTED p+

m+ ~ p+v
Tests the Lorentz structure of leptonic charged weak interactions.

VALUE CL% DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& (-O.9959) 90 FETSCHER 84 RVUE +
—0.99+0,16 ABELA 83 SPEC — p, X-rays

FETSCHER 84 uses only the measurement of CARR 83.
Sign of measurement reversed in ABELA 83 to compare with IL+ measurements.
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—+ E+up AND K + —+ E+up FORM FACTORS

(by H. S. Pruys, Ziirich University)

In the radiative decays sr+ ~ /+ vp and K+ ~ E vp,
where E is an e or a p and p is a real or virtual photon

(e+e pair), both the vector and the axial-vector weak hadronic

currents contribute to the decay amplitude. Each current gives a
structure-dependent term (SDy and SDg) from virtual hadronic

states, and the axial-vector current also gives a contribution

from inner bremsstrahlung (IB) from the lepton and meson. The
IB amplitudes are determined by the meson decay constants f~
and fJc [1]. The SDv and SDg amplitudes are parameterized

in terms of the vector form factor F~ and the axial-vector form

factors Fg and R [1—4]:

2 rnp

—i e GF Vqql
M(SDg) = I~ e"I' (Fg [(s —t)g„,—q„k,] + Rtg„,) .

2 mp

Here V&&i is the Cabibbo-K obayashi- Maskawa mixing-matrix

element; e" is the polarization vector of the photon (or the

effective vertex, e' = (e/t)u(p )7'v(p+), of the e e pair);
= u(p )p (1 —p;)v(pr) is the lepton-neutrino current; q and

k are the meson and photon four-momenta, with s = q k and

t = k (= (p++ p ) ); and P stands for vr or K. In the analysis

of data, the 8 and t dependence of the form factors is neglected,

which is a good approximation for pions [2] but not for kaons [4].
The pion vector form factor F& is relat, ed via CVC to the

lifetime, F& ——(1/o. ) V 21 n/nm o [1]. PCAC relates R to the

electromagnetic radius of the meson [2,4], II, = mpfp(rp). —

The calculation of the other form factors, F&, F&, and F&, is

model dependent [1,4].
When the photon is real, the partial decay rate can be given

analytically [1,5]:

Pp r d (PlB + PSD + PINT)

dxdg dx dg

where I'~B, I SD, and I ~NT are the contributions from inner

bremsstrahlung, structure-dependent radiation and their inter-

ference, and the I'SD term is given by

SD

dxdy 8~ P"' r(1 —r)2 fp

x [(Fv. + Fg) SD+ + (Fv —Fg) SD ]

Here

In 7r+ —+ e vp and K ~ e vp decays, the interference

terms are small, and thus only the absolute values [Fr+Fr and

]F~ —Fv] can be obtained. In K+ —+ p, +vp decay, the interfer-

ence term is important, and thus the signs of F'y and Fg can

be obtained. In ~+ —+ p vp decay, bremsstrahlung completely

dominates. In sr+ ~ e+ ve+ e and K+ —+ E+ve+ e decays, all

three form factors, F~, Fg, and R, can be determined.

We give the sr+ form factors Fy, Fg, and R in the Listings

below. In the K Listings, we give the sum Fg + Fv and

difference Fg —F~ .

The electroweak decays of the pseudoscalar mesons are
investigated to learn something about the unknown hadronic

structure of these mesons, assuming a standard V —A structure
of the weak leptonic current. The experiments are quite di%cult,
and it is not meaningful to analyse the results using parameters
for both the hadronic structure (decay constants, form factors)
snd the leptonic weak current (e.g. , to add pseudoscalar or

tensor couplings to the V —A coupling). Deviations from the

V —A interactions are much better studied in purely leptonic

systems such as muon decay.

FORM FACTORS

Fy, VECTOR FO R M FACTOR
VAL UE EVTS DOCUMENT ID

0.017+0.008 OUR AVERAGE

0,014 4 0.009

0.023+ 98 EG LI 89 SPEC

0 BOLO TOV 90B only determines the absolute value.

TECN COM MEN T

17 GeV 7r ~ e

x+ ~ e+v e+ee

Fp, AXIAL-VECTOR FO RM FACTO R
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.0116+0.0016 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram
below.

0.0106+0.0060 1 BOLOTOV 90B SpEC 17 GeV ~ ~ e ve p
0.0135*0.0016 1 BAY 86 SPEC 7r+ ~ e+ vp
0,006 +0.003 21 PIILONEN 86 SPEC ~+ ~ e+ vp
0.01 1 +0.003 21,22 STETZ 78 SPEC ~+ ~ e+ vp
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0021 +00—0.013 98 EG Ll 89 SPEC ~+ ~ e+ v e+ ee

Using the vector form factor from CVC prediction Fy —0,0259 + 0.0005. Only the
absolute value of F~ is determined.

The result of STETZ 78 has a two-fold ambiguity. We take the solution compatible with
later determinations.
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1. D.A. Bryman et aL, Phys. Reports 88, 151 (1982). See
also our note on "Pseudoscalar-Meson Decay Constants, "
above.

2. A. Kersch and F. Scheck, Nucl. Phys. 8263, 475 (1986).
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SD+ = (x + y —1 —r) [(x + y —1)(1 —x) —r]

SD = (1 —y + r) [(1 —x)(1 —y) + r]

where x = 2E&/mp, y = 2'/rnp, and r = (mr/mp) .
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WEIGHTED AVERAGE
0.0116+0.0016 (Error scaled by 1.3)
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(~ )=~ (o +)

We have omitted some results that have been superseded by later
experiments. The omitted results may be found in our 1988 edition
Physics Letters B204 (1988).

xo MASS

The value is calculated from m + and (m + —m 0) ~ See notes under

the ~+ Mass Listings concerning recent revision of the charged pion mass.

-0.005 0 0.005 0.01 0.015 0.02

x'
LOTOV 90B SPEC 0.0
Y 86 SPEC 1.4
ONEN 86 SPEC 3 5

ETZ 78 SPEC 0.1

5.0
(Confidence Level = 0.175)

I

0.025 0.03

axial-vector form factor

R, SECOND AXIAL-VECTOR FORM FACTOR
VAL UE EVTS DOC UMEN T ID

o.os9+O OO9—0.008 98 EG LI

TECN COMM EN T

89 SPEC zr+ ~ e+vee+ e

m+ REFERENCES

We have omitted some papers that have been superseded by later exper-
iments. The omitted papers may be found in our 1988 edition Physics
Letters 8204 (1988).

VALVE (MeV)

134.9764+0.0006 OUR FIT
DOCUMENT ID

m ~ —m~
Measurements with an error & 0.01 MeV have been omitted.

VAL UE (Mev)

4.5936 +0.0005
4.5936 +0.0005
4.59364 +0.00048
4.5930 60.0013
~ ~ ~ We do not

4.59366+0.00048
4.6034 i 0.0052
4.6056 4 0.0055

DOCUMENT ID TECN COMM EN T

m.o MEAN LIFE

Measurements with an error ) 1 x 10 s have been omitted.

OUR FIT
OUR AVERAGE

CRAWFORD 91 CNTR vr p ~ m n, n TOF
CRAWFORD 86 CNTR m. p ~ 7r n, n TOF

use the following data for averages, fits, limits, etc. ~ ~ ~

CRAWFORD 88B CNTR See CRAWFORD 91
VASILEVSKY 66 CNTR
CZ I R R 63 CNTR

ASSAMAGAN
KOPTEV

NUMAO
ASSAMAGAN
JECKELMANN
CZAPEK
BARANOV

BR ITTON
Also

NUMAO
BARANOV

DAUM
BOLOTOV
EGLI

Also
PDG
PICCIOTTO
COHEN
KORENCHE. ..

BAY
BRYMAN

A Iso
JECKELMANN

Also
PIILONEN
MCFARLANE
ABELA

Also
Also

FETSCHER
ABELA
CARR
COOPER
LU

STETZ
CARTER
KORENCHE. . .

MARUSHEN ...

A Iso
Also

DUNAITSEV

AYRES
Also
Also
Also
A Iso

KORENCHE. . .

BOOTH
DEPOMMIER
PETRUKHIN
HYMAN
NORDBERG
BARDON
K IN S EY
LO BKOW I C Z

BACASTOW
BERTRAM
DUNAITSEV

ECKHAUSE
BARTLETT
DICAPUA

A Iso
DEPOMMIER
DEPOMMIER
ANDERSON
CASTAGNOLI

96
95

95
94
94
93
92

92
94
92
91B

91
90B
89
86
88
88
87
87

86
86
83
86B
86
86
85
84
78
79
84
83
83
82
80
78
76
76B

76

76
78
73

71
67
68
69
69
71

70
68
68
67
67
66
66
66
65
65
65

65
64
64
86
63
63B
60
58

PSI, ZURI, VILL, VIRG)
(P NPI)

+Broennimann, Daum+ (
+Mikirtych'yants, Shcherbakov+

ZETFP 61 865.
+Macdonald, Marshall, Olin, Fujiwara
+Broennimann, Daum+ (
+Goudsmit, Leisi
+Federspiel, Flueckiger, Frei+
+Vanko, Glazov, Evtukhovich+

YAF 55 2940.
+Ahmad, Bryman, Burnham+

Britton, Ahmad, Bryman+

P R D53 6065
JETPL 61 877
Translated from
P R D52 4855
PL B335 231
PL B335 326
PRL 70 17
SJNP 55 1644
Translated from
PRL 68 3000
PR D49 28
MPL A7 3357
SJNP 54 790
Translated from
PL B265 425
P L B243 308
PL B222 533
PL B175 97
PL B204
P R D37 1131
RMP 59 1121
SJNP 46 192
Tra n sl a ted from
PL B174 445
PR D33 1211
PRL 50 7
NP A457 709
PRL 56 1444
PRL 57 1402
PR D32 547
PL 146B 431
PL 74B 126
PR D20 2692
PL 140B 117
NP A395 413
PRL 51 627
PL 112B 97
PRL 45 1066
NP B138 285
PRL 37 1380
JETP 44 35
Translated from
JETPL 23 72
Translated from
Private Comm.
Private Comm.
SJNP 16 292
Translated from
PR D3 1051
PR 157 1288
PRL 21 261
Thesis UCRL 18
PRL 23 1267
SJNP 13 189
Translated from
PL 32B 723
NP B4 189
JINR Pl 3862
PL 25B 376
PL 24B 594
PRL 16 775
PR 144 1132
PRL 17 548
PR 139B 407
PR 139B 617
JETP 20 58
Translated from
PL 19 348
PR 136B 1452
PR 133B 1333
Private Comm.
PL 5 61
PL 7 285
P R 119 2050
P R 112 1779

(TRIU, BRCO)
PSI, ZURI, VILL, VIRG)

(WABRN, VILL)
(BERN, VILL)

(J IN R)

(TRIU, CARL)
(TRIU, CARL)

(TRIU)
(J INR)

(VILL)
(INRM)

(SINDRUM Collab. )
CH3, ETH, SIN, ZURI)

(LB L+)
(TRIU, CNRC)

(RISC, NBS)
(J INR)

+Kisel, Korenchenko, Kuchinskii+
YAF 54 1298.

+Frosch, Herter, Janousch, Kettle
+Gninenko, Djilkibaev, Isakov+
+Engfer, Grab, Hermes, Kraus+

Egli, Engfer, Grab, Hermes+ (AA
Yost, Barnett+

+Ahmad, Britton, Bryman, Clifford+
+Taylor

Korenchenko, Kostin, Mzhaviya+
YAF 46 313.

+Ruegger, Gabioud, Joseph, Loude+
+Dubois, Macdonald, Nurnao+

Bryman, Dubois, Numao, Olaniya+
+Beer, Chambrier, Elsenhans+

Jeckelmann, Nakada, Beery
+Bolton, Cooper, Frank+
+Auerbach, Gailley
+Daum, Eaton, Frosch, Jost, Kettle+

Daum, Eaton, Frosch, Hirschmann+
Daum, Eaton, Frosch, Hirschmann+

(LAUS, ZURI)
(TRIU ~ CNRC)
(TR I U, C N R C)

(ETH, FRIB)
(ETH, FRIB)

(LANL, TEMP, CHIC)
(TEMP, LANL)

(SIN)
(SIN)
(SIN)

(ETH)
ASL, KARLK, KARLE)

(LBL, NWES, TRIU)
(RL)

(YALE, COLU, JHU)
(LBL, UCLA)

RL, CNRC, CHIC, CIT)
(JINR)

(PNPI)

(FNAL)
(PNPI)
(SERP)

(LRL, UCSB)
urz+ (LRL)

(LRL, UCSB)
(LRL)

{LRL, UCSB)
(J INR)

(LIVP)
(CERN)
(J IN R)

(ANL, CMU, NWES)
(ROC H)
(COL U)
(ROC H)

(ROCH, BNL)
(LRL, SLAC)

(MICH, CMU)
(JINR)

(W I L L)
(COL U)
(COL U)
(WISC)
(CERN)
(CERN)

(EFI)
(ROMA)

+Backe nstoss, K unold, Simons+ (B
+Gidal, Gobbi, Jodidio, Oram+
+Guy, Michette, Tyndel, Venus
+Delker, Dugan, Wu, Caffrey+
+Carroll, Ortendahl, Perez-Mendez+
+Dixit, Sundaresany (CA

Korenchenko, Kostin, Micelmacher+
ZETF 71 69.

Marushenko, Mezentsev, Petrunin+-
ZETFP 23 80,

Shafer
Smirnov

+Prokoshkin, Razuvaev+
YAF 16 524.

+Cormack, Greenberg, Kenney+
Ayres, Caldwell, Greenberg, Kenney, K

Ayres, Cormack, Greenberg+
369 Ayres

Greenberg, Ayres, Cormack+
Korenchenko, Kostin, Micelmacher+

YAF 13 339.
+Johnson, Williams, Wormald
+Duclos, Heintze, Kleinknecht+
+Rykalin, Khazins, Cisek
+Loken, Pewitt, McKenziey
+Lobkowicz, Burman
+Dore, Dorfan, Krieger+
+Lobkowicz, Nordberg
+Melissinos, Nagashima+
+Ghesquiere, Wiegand, Larsen
+Meyer, Carrigan+
+Petrukhin, Prokoshkin+

ZETF 47 84.
+Harris, Shuler+
+Devons, Meyer, Rosen
+Garland, Pondrom, Strelzoff

Pond rom
+Heintze, Rubbia, Soergel
+Heintze, Rubbia, Soergel
+Fujii, Miller+
+Muchnik

WEIGHTED AVERAGE
8.4+0.6 (Error scaled by 3.0)

6 8 10

x'
44
0.2

21.5
0.8

27.0
0.001)

85 CNTR
74 CNTR
70 CNTR
70 CNTR

ATHERTON
BROWMAN
BEL LETT I N I

KRYSHKIN

(Confidence Level
I

14
I

12

mean life (10 s)

Mode

xo DECAY MODES

Fraction (I;/I )
Scale factor/

Confidence level

I2
I3
r4
r,
r,
l7

I9
rlo

27
e+e-p

p posit ron iLIm

e+e+e e
e+e

VV

Ve Ve

V» V»

V~ V~

(98.798+0.032)

( 1.198+0.032)

( 1.82 +0.29 )
( 314 +030 )
( 7.5 +2.0 )( 2

[a] & 83
1.7
3.1
2.1

0/

0/

x 1O
—9

x 10
x10 8

x10 8

x 10
x10 6

x 10 6

x10 6

S=1.1
S=1.1

CL=90%
C L =90%
CL=9O%
C L =90%
C L=90%

PAL UE (10 s) EVTS DOCUMENT ID TECN COMMENT

8.4 +0.6 OUR AVERAGE Error includes scale factor of 3.0. See the ideogram below.

8.97+0.22 4 0.17 ATHERTON 85 CNTR
8.2 +0.4 BROWMAN 74 CNTR Prim akoff eff'ect
5.6 +0.6 BELLETTINI 70 CNTR Primakoff effect
9 6 0.68 KRYSHKIN 70 CNTR Primakoff effect
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

8.4 4 0.5 +0.5 1182 WILLIAMS 88 CBAL e+ e ~ e+ e

BROWMAN 74 gives a ~ width I = 8.02 + 0.42 eV. The mean life is 6/I .
WILLIAMS 88 gives I (pp) = 7.7 + 0.5 + 0.5 eV. We give here ~ = h/I (total).
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Charge conjugation (C) or I epton Family number (LF}violating modes
C 3,1 x 10 8 CL=90%

l 12 P+e
+el LF 1.72

[al Astrophysical and cosmological arguments give limits of order 10 ta; see
the Particle Listings below.

CONSTRAINED FIT INFORMATION

An overall fit to 2 branching ratios uses 4 measurements and one
constraint to determine 3 parameters. The overall fit has a X2=
1.9 for 2 degrees of freedom.

The following off-diagonat array elements are the correlation coefficients

(bx;bx )/(bx, "bx.i, in percent, from the fit to the branching fractions, x;
I,/f t~t~l. The fit constrains the x, whose labels appear in this array to sum to

one.

r(trtr /rtotai r, /r
he astrophysical and cosmological limits are many orders of magnitude lower, but we

use the best laboratory limit for the Summary Tables.
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMM EN T

& 0.83 90 ATIYA 91 8787 K+ x+ v L

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

2.9 x 10 LAM 91 Cosm ologica I limit
3.2 x 10 NATALE 91 SN 1987A
6.5 90 DORENBOS. .. 88 CHRM Beam dump, prompt

V

&24 90 0 HERCZEG 81 RVUE K+ ~ ++ L L~

This limit applies to all possible vv' states as well as to other massless, weakly interacting
states.
LAM 91 considers the production of right-handed neutrinos produced from the cosmic
thermal background at the temperature of about the pion mass through the reaction

7r ~ vv.
9 NATALE 91 considers the excess energy-loss rate from SN 1987A if the process pp —a

~ vv occurs, permitted if the neutrinos have a right-handed component. As pointed
out in LAM 91 (and confirmed by Natale), there is a factor 4 error in the NATALE 91
published result (0.8 x 10 7).

x2 —100

X4 —1

X1 X2

r(e+ e-7)/r(2p)

x0 BRANCHING RATIOS

COMM EN T

~ —p- n~0
'rr p ~ n'rr

etc. e ~ ~

QED calculation

VAL UE (units 10 )

1.84+0.29
EVTS

277

DOCUMENT ID TECN COMMEN T

AFANASYEV 90 CNTR pC 70 GeV

VAL UE ( lo) EVTS DOCUMENT ID TECN

1.213+0.033 OUR FIT Error inciudes scale factor of 1.1.
1.213+0.030 OUR AVERAGE

1.25 +0.04 SCHARDT 81 SPEC
1.166+0.047 3071 3 SAMIOS 61 HBC
1.17 +0.15 27 BUDAGOV 60 HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

1.196 JOSEPH 60 THEO

SAMIOS 61 value uses a Panofsky ratio = 1.62.

I (ppositronium)/I (2p) Is/I t

r (t'e t'e ) /rtotai ra/r

( rr s'u) /rtotai
VALUE (units 10 CL% DOCUMENT ID TECN COMMEN T

(3.1 90 HOFFMAN 88 RVUE Beam dump, prompt v
~ ~ e We do not use the following data for averages, fits, limits, etc. e ~ ~

&7.8 90 DORENBOS. .. 88 CHRM Hearn dump, prompt v

HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment.

r(+v s's )/rtotai I to/l
VALUE (units 10 ~) CL% DOCUMENT ID TECN COMMENT

(2.1 90 HOFFMAN 88 RVUE Beam dump, prompt L

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4.1 90 DORENBOS. .. 88 CHRM Beam dump, prompt v

HOFFMAN SS analyzes data from a 400-GeV BEBC beam-dump experiment.

VALUE (units 10 ~) CL% DOCUMENT ID TECN COMMENT

g1.7 90 DOREN BOS... 88 C HR M Beam dump, prom pt L

~ ~ e We do not use the foiiowing data for averages, fits, limits, etc. e e e

&3.1 90 HOFFMAN 88 RVUE Beam dump, prompt v

HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment.

I (e+e+e e )/I (2p)
DOCUMENT IDVALUE (units 10 ) EVTS

3.18+0.30 OUR FIT
3.18+0.30 146 SA M I OS

SAMIOS 628 vaiue uses a Panofsky ratio = 1.62.

TECN

62B HBC

r(e+e )/rtotai
TECN COMMEN TVALUE (units 10 ) EVTS DOCUMENT ID

7.5+2.0 OUR AVERAGE

6.9+2.3 + 0.6 21 5 DESHPANDE 93 SPEC K+ sr+ 7rO

8.8 3 2 +0,6 8 MCFARLAND 93 SPEC KQL ~ 3' in flight

5The DESHPANDE 93 result with bremsstrahlung radiative corrections is (8,0 + 2.6 +
0,6) x 10
The MCFARLAND 93 result with radiative corrections and excluding [mee/m o]

0.95 is (7,6 —2 8 6 0.5) x 10

r (&v) /rtota(
Forbidden by C invariance.

VAL UE (units 10 ) CL% EVTS DOCUMEN T ID TECN

3.1 90 MCDONOUGH 88 CBOX
e e e We do not use the following data for averages, fits, limits,

38 90 0 HIGHLAND 80 CNTR
&150 90 0 AUER BACH 78 CNTR
&490 90 0 DLICLOS 65 CNTR
&490 90 KUTIN 65 CNTR

These experiments give B(3p/2p) & 5.0 x 10

r (fa e ) /rtotai
Forbidden by lepton family number conservation.

VALUE (units 10 ~) CL oy DOCUMEN T ID TECN

e ~ ~ We do not use the following data for averages, fits, limits,

LEE 90 SPEC
CAMPAGNARI SS SPEC

90
90

&16
&78

COMMEN T

p at rest
etc. e e e

COMMENT

etc. ~ e ~

K+ —~+p j e-
See LEE 90

rs/rtI (e+e )/I (2p)
VALUE (units 10 )

~ ~ ~ We do not use

&1,3
&5.3

1.7 +0.6 + 0.3
1,8 +0.6

23+ 2.40—1.10

CL% EVTS DOCUMENT ID TECN COMMENT

the following data for averages, fits, limits, etc. ~ ~ ~

90 NIEBUHR 89 SPEC ~ p ~ ~ n at rest

90 ZEPHAT S7 SPEC ~ p ~ vr n
0.3 GeV/c

FRANK 83 SPEC ~ p n7rO

MISCHKE 82 SPEC See FRANK 83

8 78B SPRK K a+ vr

59
58

90

Ir(p+e-) + r(e-f+) j/r, .„,
Forbidden by lepton family number conservation.

VAL UE (units 10 CL% DOCUMENT ID TECN

& 17.2 90 K ROLAK 94 E799
e e ~ We do not use the following data for averages, fits, limits,

&140 HERCZEG 84 RVUE

x 10—6 HERC ZEG 84 THEO
& 70 90 BRYMAN 82 RVUE

I ta/I

COMMENT

ln KQ —3~0
L

etc. ~ ~ ~

+- 'se
e conversion

K+ — ~+ /L e

r (4v) /r total

VAI UE (units 10 8) CL% EVTS DOC UM EN T ID TECN COMM EN T

&160
&440

90
90

BOLOTOV 86C CALO
AUERBACH 80 CNTR

2 90 MCDONOUGH 88 CBOX vr p at rest
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ e

~0 ELECTROMAGNETIC FORM FACTOR

The ampiitude for the process ~ ~ e+ e q contains a form factor F(x)
at the ~ gp vertex, where x = [m + /m Oj . The parameter a in the0 2

e+e
linear expansion F(x) = 1 + ax is listed below.

All the measurements except that of BEHREND 91 are in the time-like
region of momentum transfer.

LINEAR COEFFICIENT OF n0
VAL UE EVTS

0.032 +0.004 OUR AVERAGE

+0.026 4 0.024 4 0.048 7548
+0.025 +0.014 +0.026 54k

+ 0,0326 +0.0026+ 0.0026 127
—0, 11 j0.03 + 0,08 32k

ELECTROMAGNETIC FORM FACTOR
DOCUMENT ID TECN COMMEN T

FARZANPAY 92 SPEC ~ p —t ~0 n at rest

MEIJERDREES92EI SPEC ~ p ~ ~ n at rest
BEHREND 91 CELL e+ e --~ e+ e
FONVIEILLE 89 SPEC Radiation corr.
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~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

012 + 15 TUPPER 83 THEO FISCHER 78 data—0.04
+0.10 +0.03 31k FISCHER 78 SPEC Radiation corr.
+0.01 +0.11 2200 DEVONS 69 OSPK No radiation corr.
-0.15 +0.10 7676 KOBRAK 61 H BC No radiation corr.
—0.24 6 0.16 3071 SAMIOS 61 H BC No radiation corr.

14 BEHREND 91 estimates that their systematic error is of the same order of magnitude as
their statistical error, and so we have included a systematic error of this magnitude. The
value of a is obtained by extrapolation from the region of large space-like momentum
t ra nsfer assuming vector domina nce.

15 TUPPER 83 is a theoretical analysis of FISCHER 78 including 2-photon exchange in the
corrections.
The FISCHER 78 error is statistical only. The result without radiation corrections is
+0.05 + 0.03.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

555.0 + 2.0 250 JA MES 66 H BC
552.0 + 3.0 325 KRAEMER 64 DBC
549.3 4 2.9 DELCOURT 63 CNTR
546.0 +4.0 35 PICKUP 62 HBC

WEIGHTED AVERAGE
547.45+0.19 (Error scaled by 1.6)

m REFERENCES

+Briere, Cheu, Harris+ (FN A L E799 C oil a b. )
+Alliegro, Cha loupka+ (BNL E851 Collab. )
+Briere, Cheu, Harris+ (FNAL E799 Collab. )
+ (ORST, TRIU, BRCO, QUKI ~ LBL, BIRM, OXF)

Meijer Drees, Waltham+ (PSI SINDRUM-I Collab. )
+Chiang, Frank, Haggerty+ (BNL, LANL, PRIN, TRIU)
+Criegee, Field, Franke+ (CELLO Collab. )
+Daum, Frosch, Jost, Kettle+ (VILL, VIRG)
+Ng (AsT)

(SP IFT)
+Chvyrov, Karpukhin+ (J IN R, MOS U, SERP)

Afanasyev, Gorchakov, Karpukhin, Komarov+ (J INR)
F 51 1040.

+Alliegro, Campagnari+ (BNL, FNAL, VILL, WASH, YALE)
+Bensayah, Berthot, Bertin+ (CLER, LYON, SACL)
+Eichler, Felawka, Kozlowski+ (SINDRUM Collab. )
+Alliegro, Chaloupka+ (BNL, FNAL, PSI, WASH, YALE)
-+Daum, Frosch, Jost, Kettle, Marshall+ (Psl, VIRG)

Dorenbosch, Allaby, Amaldi, Barbiellini+ (CHARM Collab. )
(LANL)

+Highland, McFarlane, Bolton+ (TEMP, LANL, CHIC)
Yost, Barnett+ (LBL+)

+Antreasyan, Bartels, Besset+ (Crystal Ball Collab. )
+Playfer, van Doesburg, Bressani+ (OMICRON Collab. )
+Gninenko, Dzhilkibaev, Isakov (INRM)

ETFP 43 405.
+Daum, Frosch, Jost, Kettle+ (SIN, VIRG)
+Bovet, Coet+ (CERN, ISU, LUND, CURIN, EFI)
+Hoffman (LANL)
+ Hofl'm an, Mischke, Moir+ (LANL, ARZS)
+Grose, Samuel (OKSU)

(TRIU)
(LANL, ARZS)

(LANL)
(ARZS, LANL)
(TEMP, LASL)
(TEMP, LASL)
(TEMP, LASL)
(GEVA, SACL)
(GEVA, SACL)
(CORN, BING)
(PISA, BONN)

(TMSK)

KROLAK
DESHPANDE
MCFARLAND
FARZANPAY
ME IJ ERDREES
AT IYA

BEHREND
CRAWFORD
LA M

NATALE
AFANASYEV

A Iso

94 PL 8320 407
93 PRL 71 27
93 PRL 71 31
92 PL 8278 413
928 PR D45 1439
91 PRL 66 2189
91 ZPHY C49 401
91 PR D43 46
91 P R D44 3345
91 PL 8258 227
90 P L 8236 116
908 SJNP 51 664

Translated from YA
90 PRL 64 165
89 P L B233 65
89 PR D40 2?96
88 PRL 61 2062
888 PL 8213 391
88 ZPHY C40 497
88 PL 8208 149
88 P R D38 2121
88 PL 8204
88 P R D38 1365
87 JPG 13 1375
86C JETPL 43 520

Translated from Z
86 PRL 56 1043
85 PL 1588 81
84 PR D29 1954
83 PR D28 423
83 P R D28 2905
82 P R D26 2538
82 PRL 48 1153
81 PL 1008 347
81 P R D23 639
80 PL 908 317
80 PRL 44 628
78 PRL 41 275
78 PL 738 359
788 PL 738 364
74 PRL 33 1400
70 NC 66A 243
70 JETP 30 1037

Translated from
69 PR 184 1356
66 PL 23 281
65 PL 19 253
65 JETPL 2 243

Translated from
63 P R 130 341
628 PR 126 1844
61 NC 20 1115
61 PR 121 275
60 JETP 11 755

Translated from
60 NC 16 997

LEE
FONVIEILL E
NIEBUHR
CAMPAGNARI
CRAWFORD
DORENBOS. . .
HOFFMAN
MCDONOUGH
PDG
WILLIAMS
ZEPHAT
BOLOTOV

CRAWFORD
ATHERTON
HERCZEG
FRANK
TUPPER
BRYMAN
MISC HKE
HERCZEG
SCHARDT
AUERBACH
HIGHLAND
AUERBACH
FISCHER
FISCHER
BROWMAN
BELLETT I NI

KRYSHKIN

+Frank, Hoffman, Moir, Sarracino+
+Hoffrnan
+ Fr a nk, H offm a nn, Misc hke, M oir+
+Haik, Highland, McFarlane, Macek+
+Auerbach, Haik, McFarlane, Macek+
yHighland, Johnson+
+Extermann, Guisan, Mermod+
+Extermann, Guisan, Mermod+
+Dewire, Gittelman, Hanson+
+ Bem pora d, Lub el sm ey+
+5te rligov, Usov

ZETF 57 1917.
+Nemethy, Nissim-sabat, Capua+
+Vishnyakov, Dunaitsev+
+Freytag, Heintze+
+Petrukhin, Prokoshkin

unknown journal.

DEVONS
VASILEVSKY
DUCLOS
KUTIN

(COLU, ROMA)
(JINR)

(CERN, HEID)
(JINR)

CZIRR
SA M I OS

KOBRAK
SA Ml OS
BUDAGOV

(LRL)
(COLU, BNL)

(EFI)
(COLU, BNL)

(JINR)

+Piano, Prodell+

+Viktor, Dzhelepov, Ermolov+
ZETF 38 1047.

(EFI)JOSEPH

(f ) = o+(o )

We have omitted some results that have been superseded by later
experiments. The omitted results may be found in our 1988 edition
Physics Letters 8204 (1988).

g MASS

Measurements with an error ) 2 MeV are omitted from the average.

VALUE (MeV) EV TS

547.45+0.19 OUR AVERAGE

547.30+0.15
547.45 +0.25
548, 2 +0,65
549.0 +0.7
548.0 + 1.0
549.0 + 1.2

148
91
53

DOCUMENT ID

Error includes scale

PLOUIN
DUANE
FOSTER
FOELSCHE
ALFF-. ..
BASTIEN

TECN COMMEN T

factor of 1.6. See the ideogram below.

92 SPEC dp ~ q He

74 SPEC + p ~ n neutrals
65c HBC
64 HBC
62 HBC
62 HBC

We have omitted some papers that have been superseded by later exper-
iments. The omitted papers may be found in our 1988 edition Physics
Letters B204 (1988). P LOU IN

DUANE
FOSTER
FOELSCHE
ALFF-. ..
BASTI

ENN

92 SPEC
74 SPEC
65C HBC
64 HBC
62 HBC
62 HBC

I

546 547 548 549 550 551

(Confidence Level

552

X'
1.0
0.0
1.3
4 9
0.3
1.7
9.2

= 0.101)

zj mass (MeV)

g WIDTH

This is the partial decay rate I (q ~ pp) divided by the fitted branching fraction for
that mode. See the "Note on the Decay Width I (q ~ pp)" in our 1994 edition,
Phys. Rev. 050, 1 August 1994, Part I, p. 1451.

VALUE (keV) DOCUMENT ID

1.18+0.11 OUR FIT Error includes scale factor of 1.8.

Mode

g DECAY MODES

Fraction (I j/l )

Scale factor/
Confidence level

l1
l2
l3
r4
l5
C6

l7
f8
l9
l10

l15
l16

neutral modes (71.4 +0,6 ) %

27 [a] (39.25 + 0, 31)
3~0 (32.1 +0.4 ) %
~02' ( 7.1 +1.4 ) x 10
other neutral modes 2.8

charged modes (28.6 +0.6 ) %
0 (23.2 +0.5 ) %

7r+ 7r ( 4.78+0.12) %
e+e ( 4.9 +1.1 ) x 10

jJ ( 3.1 +0.4 ) x 10 4

e+e 3 x 10
s+~ ( 5 8 +0.8 ) x 10

7r+ 7r e+ e ( 13 0'8 ) 10+ 1.2 —3

7r+7r- 2p 2.1 x 10—3
0 6 x 10

~op+ p
—

p 3 x 10—6

Charge conjugation (C r Parity (P},or
Charge conjugation x Parity (CP) violating modes

PCP & 15 x 10

C 5 x 10
C [t] & 4 x 10
C [j7] & 5 x 10

7r+ 7r-

l18
7r e+ e

S=1.3
S=1.3
S=1.2

CL=90%
S=1.3
S=1.3
S=1.2

C L=90%

C L=90o
CL=90o

C L=95%
CL=9O%

CL =90%

[a] See the "Note on the Decay Width I (ri ~ n p)" in our 1994 edition,
Phys. Rev. D50, 1 August 1994, Part I, p. 1451.

[b] C parity forbids this to occur as a single-photon process.
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CONSTRAINED FIT INFORMATION

An overall fit to a decay rate and 15 branching ratios uses 43
measurements and one constraint to determine 9 parameters. The
overall fit has a X = 33.2 for 35 degrees of freedom.

x3, 45

X4 3 2

x7 —78 —83

x8 —65 —70

X9 —9 —10

x10 0 0

x13 —3 —4
—9 —4

X2 X3

—4 74
—1 —8

0 —1 0 0

0 —16 —12 —2 0

0 7

X4 X7

6 1 0 0

x8 X9 X10 x13

Mode

l2 2P
r3
r4 ~02
r, ~+~—~0

r8 +

r9 e+ e

r10 /I P Y

l, 3 ~++ e+ e

Rate (keV)

[a] 0.46 +0.04
0.380 + 0,035

(8.4 +1.9 ) x 10 4

0.274 + 0.026
0.057 +0.005
0.0058+ 0.0014

(3.7 +0.6 ) x 10 4

0.0015+0.0015—0.0009

Scale factor

1.8
1.8
1.1
1.8
1.7

g DECAY RATES

I2
See the "Note on the Decay Width I (7I ~ pp), " in our 1994 edition, Phys. Rev.
050, 1 August 1994, Part I, p. 1451.

VAL UE (keV) EVTS DOCUMENT ID TECN COMMENT

0.46 +0.04 OUR FIT Error includes scale factor of 1.8.
0.46 +0.04 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

0 51 +0 12 +0.05 36 BARU 90 MD1 e+e ~ e+e
0.490+0.010+0.048 2287 ROE 90 ASP e+ e ~ e+ e 7)

0.514+0.017+0.035 1295 WILLIAMS 88 CBAL e+ e e+ e 7)

0.53 +0.04 +0.04 BARTEL 85E JADE e+ e ~ e+ e 7)

0.324 6 0.046 BROWMAN 74B CNTR Primakoff' effect
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,64 +0.14 +0.13 AIHARA 86 TPC e+ e ~ e+ e

0.56 +0.16 56 WEINSTEIN 83 CBAL e+ e ~ e+ e 7)

1.00 + 0.22 BEMPORAD 67 CNTR Primakoff effect

BEMPORAD 67 gives I (2p) = 1.21 + 0.26 keV assuming I (2g)/I (total) = 0.314.
Bemporad private communication gives I (2p) /f (total) = 0.380 k 0.083. We evaluate

this using f (2p)/l (total) = 0,38 +0.01. Not included in average because the uncertainty
resulting from the separation of the coulomb and nuclear amplitudes has apparently been
underestim ated.

WEIGHTED AVERAGE
0.46+0.04 (Error scaled by 1.8)

The following off-diagonal array clem ents are the correlation coefficients

bx, 6x&)/(bx, "bx ), in percent, from the fit to the branching fractions, x,

I, /I «tal. The fit constrains the x, whose labels appear in this array to sum to
one.

I (neutral modes)/I totai

g BRANCHING RATIOS

It/I =(I a+I s+I 4)/I
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.714+0.006 OUR FIT Error includes scale factor of 1.3,
0.705 +0.008 16k BASILE 71D CNTR MM spectrometer
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0.79 +0.08 BU N I ATOV 67 OS P K

r(»)/rtor i

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.3925+0.0031 OUR FIT Error includes scale factor of 1.3.
0.3949+0.0017+0.0030 65k ABEGG 96 SPEC p d ~ He7)

I (2p)/I (neutralmodes) r2/rl = r2/(r2+rs+r4}

0.177 +0.035
0.209 +0.054
0.29 +0.10

r(3~o)/r(27)

FELDMAN 67 OSPK
DIGIUGNO 66 CNTR Error doubled
GRUNHAUS 66 OSPK

Ia/Ia
VAL UE DOCUMENT ID

0.817+0.009 OUR FIT Error includes scale factor of 1.1.
0.841+0.030 OUR AVERAGE

0.841+0.034 AMSLER 93 CBAR p p 77+ 7r 7I at rest
0,91 + 0.14 COX 70B HBC
0.75 + 0.09 DEVONS 70 OSPK
0 88 +0,16 BALTAY 67D DBC
1.1 4 0.2 CENCE 67 OSPK
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.822 4 0.009 3 ALDE 84 GAM2
]..25 +0.39 BACCI 63 CNTR Inverse BR reported

This result is not independent of other ALDE 84 results in this Listing, and so is omitted
from the fit and average.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.5497+0.0027 OUR FIT Error includes scale factor of 1.1.
0.549 +0.004 OUR AVERAGE

0.549 +0.004 ALDE 84 GAM2
0.535 +0.018 BUTTRAM 70 OSPK
0.59 +0.033 BU N I ATOV 67 OS P K

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.52 + 0.09 88 ABROSIMOV 80 HLBC
0.60 +0.14 113 KENDALL 74 OSPK
0.57 +0,09 STRUGALSKI 71 HLBC
0.579 +0.052 FELDMAN 67 OSPK
0.416 +0.044 DIGIUGNO 66 CNTR Error doubled
0.44 + 0.07 GRUNHAUS 66 OSPK
0.39 +0.06 JONES 66 CNTR

This result from combining cross sections from two different experiments.

r(3sre)/I (neutralmodes) I s/I t = I a/(I a+ra+I 4)
VAL UE EVTS DOCLIMENT ID TECN COMMENT

0.4493+0.0027 OUR FIT Error includes scale factor of 1.1.
0.450 +0.004 OUR AVERAGE
0.450 +0.004 ALDE 84 GAM2
0.439 +0.024 BUTTRAM 70 OSPK
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,44 +0,08 75 ABROSIMOV 80 HLBC
0.32 +0.09 STRUGALSKI 71 HLBC
0.41 +0.033 BUNIATOV 67 OSPK Not indep. of I (2yj/

I (neutral modes)

0.2

i (2n) (keV)

0,4 06

x'
90 MD1 0 1

90 ASP 0 3
88 CBAL 1.6
85E JADE 1.3
74B CNTR 9.3

12.7
(Confidence Level = 0.013)

1

BARU
ROE
WILLIAMS
BARTEL
BROWMAN

0.8

Values above of weighted average, error,
le factor are based upon the data in

ogram only. They are not neces-
e same as our 'best' values,
d from a least-squares constrained fit
measurements of other (related)

es as additional information.

I (sro2p) /I (neutral modes)
VAL UE DOCUMENT ID

(1.00 +0.20 ) x 10 3 OUR FIT
0.0010 +0.0002 ALDE

r (~'27) /rtotai

I 4/I t = I 4/(I a+[ 3+I 4)
TECN

84 GAM2

These results are summarized in the review by LANDSBERG 85.
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

7.1+1.4 OUR FIT
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

9.5+ 2.3 70 BINON 82 GAM2 See ALDE 84

&30 90 0 DAVYDOV 81 GAM2 7r p ~ 7I n

I (neutralmodes)/ [l (sr+sr sro) + I (sr+sr p) + I (e+ e p)j
I t /(I 7+I a+I 9) = (I a+I a+I 4)/(I 7-hl a+I a)

VAL UE EVTS DOCUMENT ID

2.51+0.07 OUR FIT Error includes scale factor of 1.4.
2.64 +0.23 BALTAY 67B DBC
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.5 + 1.0 280 4 JAMES 66 HBC
3.20 + 1.26 53 4 BASTIEN 62 HBC
2.5 + 1.0 10 4 PICKUP 62 HBC

These experiments are not used in the averages as they do not separate clearly g ~
7r+7r 7r and 7I ~ 77+ 7r p from each other. The reported values thus probably
contain some unknown fraction of 7I ~ 7r+7r
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r(2q)/[r(~+~-~') + r(e+~-7) + r(a+e-q)]

K ENDALL 74 OSPK
CRAWFORD 63 HBC

VAL UE EVTS DOCUMENT ID TECN

1.38+0.04 OUR FIT Error includes scale factor of 1.3.
1.1 +0.4 OUR AVERAGE
1.51+0.93 75
0.99+0.48

ra/(rr+ ra+ ra) r(Is+ r )/r(27)
VALUE (units 10 S) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ ~

5.9+2.2 HYAMS 69 OSPK

r(sr+sr e+ e-)/r(sr+sr 7)

r12/r2

rts/rs
rz/I z = (I &+I s+I a)/I rmodes)/I (sr+sr no)I (neutral

VAL UE

3.08+0.09
3.26+0.30
2.54+ 1.89
3.4 + 1.1
2.8310.80
3.6 +0.6
2.89+0.56
3.6 +0.8
3.8 +1.1

5 Error in

EVTS DOCUMENT ID

OUR FIT Error includes scale factor of 1.4.
OUR AVERAGE

74
29
70

244

TECN

KENDALL
AG U I LA R- ..

5 BLOODWO
FLATT E
ALFF-. ..
KRAEMER
PAULI

74 OSPK
72B HBC
72B HBC
67B HBC
66 HBC
64 DBC
64 DBC

50

r(2p) /r (sr+ sr- srO)

TECN COMMEN TVAL UE EVTS DOCUMENT ID

1.69+0.05 OUR FIT Error includes scale factor of 1.3.
1.75+0.13 OUR AVERAGE

1.78 +0.10+0.13 1077 A MSLER
1.72 + 0.25 401 BAG L IN

1.61 +0.39 FOSTER

95 CBAR pp e+e rt at rest
69 HLBC
65 HBC

r (3eo)/r (~+~- ~o) I s/I r
TECN COMM EN TVAL UE EVTS DOCUMENT ID

1.39+0.04 OUR FIT Error includes scale factor of 1.3.
1.34+0.10 OUR AVERAGE Error includes scale factor of 1.2.
1.44+0.09+0.10 1627 AMSLER 95 CBAR

1.50+ 199 BAG L I N 69 HL BC

47+ 0.20—0.17 BULLOCK 68 HLBC

1.3 +0.4
0.90 4 0,24
2.0 + 1.0
0.83+0.32

pp e+ e rt at rest

I (other neutral modes)/I toto]
TheSe are neutral madeS Other than pp, 32r0, and &

can think of would violate P, or C, or both.
CLo DOCUMENTID

nearly any such mode one

TECN COMMENT

96 SPEC pd ~ Hey

VAL UE

90 ABEGG(0.028

r(~+ e- ~) /r (~+e- ~o) rs/rr

creased from published value 0.5 by Bloodworth (private communication).

VAL UE EVTS

0.027+ ' OUR FIT—0.017
0.026 60.026 1

DOCUMENT ID TECN

GROSSMAN 66 HBC

r (sr+ n e+ e-)/rtotg
TECNVALUE (units 1p ) DOCUMENT ID

0.13+ OUR FIT—0.08
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0,7 RITTENBERG 65 HBC

I (sr+ sr 27) /I (sr+ sr tro)
CL%

r(e+~-~o~)/r(~+~-~')

I ts/r

I 14/I 7

VALUE (units 10 ) CL% EVTS

(0.24 90 0
~ ~ ~ We do not use the following

&1,7 90
& 1.6 95
&7.0
&0.9

DOCUMENT ID TECN

THALER 73 ASPK
data for averages, fits, limits, etc. ~ ~ ~

ARNOLD 68 HLBC
BALTAY 67B DBC
FLATTE 67 H BC
PRICE 67 HBC

r(sr ra+ra 7)jrtotai
VALUE (units 10 6) CL% DOCUMENT ID TECN COMMEN T

res/r

&3

I (sr+sr )/I totg

90 DZHELYADIN 81 SPEC ~ p ~ qn

Forbidden by P and CP invariance.

VALUE (units 10 ) EVTS DOCUMEN T ID

&0.15 0 THALER

I (3p)/I (neutral modes)

TECN

73 ASPK

rts/rt = rts/(I zyl a~ra)
Forbidden by C invariance

VALUE (units 10 ) CL%

g7 95

DOCUMENT ID

ALDE

TECN

84 GAM2

VAL UE DOCUMENT ID TECN

&0.009 PRICE 67 HBC
o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0,016 95 BALTAY 67B DBC

VAL UE

0.20760.004
0.207+0.004
0.209+ 0.004
0.201 +0.006
~ ~ ~ We do

0.28 4 0.04
0.25 +0.035
0.30 +0.06
0.1964 0.041

EVTS DOCUMENT ID TECN

OUR FIT Error includes scale factor of 1.1.
OUR AVERAGE Error includes scale factor of 1.1.

18k THALER 73 ASPK
7250 GORMLEY 70 ASPK

not use the following data for averages, fits, limits, etc. ~ ~ o

BALTAY 67B DBC
LITCHFIELD 67 DBC
CRAWFORD 66 HBC
FOSTER 65c HBC

42
& 16

77
& 110

90
90

I (sroe+e )/I (sr+sr sro)
C parity forbids this to occur

VALUE (units 10 4) CL% EVTS

1.9 90
~ ~ ~ We do not use the following

as a single-photon process.
DOCUMENT ID TECN

JANE 75 OSPK
data for averages, fits, limits,

BAGLIN 67 HLBC
BILLING 67 HLBC
FOSTER 65B HBC
PRICE 65 HBC

etc. ~ ~ ~

VALUE (units 10 )
2.1+0.5 OUR FIT
2.1+0.5

EVTS

80

1.5+ 0.75

r(e+e )/rtotai
VALUE (units 10 )

100

CL%

90

r(r+p 7)jrtotai
VALUE (units 10 ) EVTS

3.1+0.4 OUR FIT
3.1+0,4 600
~ ~ ~ We do not use the following

DOCUMENT ID TECN COM M EN T

JANE 75B OSPK See the erratum

DOCUMENT ID TECN COMM EN T

rxo/r

DOCUMENT ID

DAVI ES

TECN COMM EN T

74 RVUE Uses ESTEN 67

DZHELYADIN 80 SPEC vr p ~ r) n

data for averages, fits, limits, etc. ~ ~ ~

BUSHNIN 78 SPEC See DZHELYADIN 80

r(tree+ e-)/r„„(
C parity forbids this to occur

VALUE (units 10 ) CL% EVTS

~ e o We do not use the following

&0.016 90 0
&0.084 90
&0.7

r (~ I Is ) /rtotal

as a single-photon process.
DOCUMENT ID TECN

data for averages, fits, limits,

MARTYNOV 76 HLBC
BAZ IN 68 DBC
RITTENBERG 65 HBC

etc. ~ ~ ~

COM MEN T

g0.05 90
~ ~ ~ We do not use the following

DZHELYADIN 81 SPEC 2r p ~ 2) n

data for averages, fits, limits, etc. ~ ~ ~

WEHMANN 68 OSPK&5

g C-NONCONSERVING DECAY PARAMETERS

C parity forbids this to occur as a single-photon process.
VALUE (units 10 ) CL% DOCUMENT ID TECN

rzo/r

5.6+0 6+0.5—0.7
&20 95

100

r(rs rs )/rtotai
VAL UE (units 10 ) CL% EVTS

5.8+0.8 OUR AVERAGE
5.7 +0.7 + 0.5 114
6.5 + 2. 1 27

o ~ ~ We do not use the following

DOCUMENT ID TECN COMM EN T

ABEGG 94 SPEC pd ~ q He

DZHELYADIN 80B SPEC ~ p ~ qn
data for averages, fits, limits, etc. ~ ~ ~

KESSLER 93 SPEC See ABEGG 94

WEHMANN 68 OSPK

n+ m m LEFT-RIGHT ASYMMETRY PARAMETER
Measurements with an error ) 1.0 x 10 2 have been omitted.

VALUE (units 10 ) EVTS DOCUMENT ID TECN

0.09+0.17 OUR AVERAGE
0.28 +0.26 165k JANE 74 OSPK

—0.05+0.22 220k LAYTER 72 ASPK
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

1.5 +0.5 37k 6 GORMLEY 68C ASPK

The GORMLEY 68c asymmetry is probably due to unmeasured (E x B) spark chamber
effects. New experiments with (E x 8) controls don't observe an asymmetry.
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n+ x x SEXTANT ASYMMETRY PARAMETER
Measurements with an error ) 2.0 x 10 2 have been omitted.

VALUE (units 10 2) EVTS DOCUMENT ID TECN

0.18+0.16 OUR AVERAGE

0.20+ 0,25 165k 74 OSPK
0.10+0.22 220k 72 ASPK
0.5 +0.5 37k 68C WIRE

JANE
LAYTER
GORMLEY

m+~ m QUADRANT ASYMMETRY PARAMETER
VALUE (units 10 2) EVTS DOCUMENT ID TECN

-0.17+0.17 OUR AVERAGE
—0.30+0.25 165k
—0,07 60.22 220k

74 OSPK
72 ASPK

sr+a 7 LEFT-RIGHT ASYMMETRY PARAMETER
Measurements with an error ) 2.0 x 10 have been omitted.

VALUE (units 10 ) EVTS DOCUMENT ID TECN

0,9 +0.4 OUR AVERAGE

1.2 + 0.6 35k JANE 748 OSPK
0.5 4 0.6 36k THALER 72 ASPK
1.22 4 1.56 7257 GORMLEY 70 ASPK

77+ 77
—

P PARAMETER P (Dwave)-
Sensitive to a 0-wave contribution: dM/dcos0 = sin 0 (1 + p cos 0)

VAL UE EVTS DOCUMENT ID TECN

0.05 +0.06 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram
below.

0.11 j0.11 35k JANE 748 OSPK
0, 12 4 0.06 THALER 72 ASPK

—0.060 + 0.065 7250 GORMLEY 70 WIRE

The authors don't believe this indicates D-wave because the dependence of P on the p

energy is inconsistent with theoretical prediction. A cos 0 dependence may also come
from P- and F-wave interference.

WEIGHTED A VERAGE
0.05+0.06.(Error scaled by 1.5)

-0.5 -0. 1 0.1 0.3

x'
0.3
1.5
2.7
4.5

(Confidence Level = 0.104)

0.5

q ~ 7r+7r p parameter P (0-wave)

ENERGY DEPENDENCE OF g —+ m+m. m DALITZ PLOT

See the "Note on q Decay Parameters" in our 1994 edition, Phys. Rev. DSO, 1 August

1994, Part I, p. 1454. The following experiments fit to one or more of the coefficients

a, b, c, d, or e for ~matrix element~ = 1 + ay+ by + cx+ dx + exy.

VALUE EVTS DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1077 AMSLER 95 CBAR p p rr+ rr rr at rest

81k LAYTER 73 ASPK
220k LAYTER 72 ASPK
1138 CARPENTER 70 HBC
349 DAN BURG 70 D BC

7250 GORMLEY 70 WIRE
526 BAGLIN 69 HLBC

7170 CNOPS 68 OSPK
37k GORMLEY 68C WIRE

1300 CLPWY 66 HBC
705 LARRIBE 66 HBC

AMSLER 95 fits to it+ay+by ) and ob. tains a= —0.94 + 0.15 and 5=0 11 + 0.27. .

a PARAMETER FOR & ~ 3~0
See the "Note on g Decay Parameters" in our 1994 edition, Phys. Rev. DSO, 1 August

1994, Part I, p. 1454. The value here is of cL in ~matrix elements = 1 + 2czz.

VAL UE EVTS DOCUMENT ID TECN

—0.022+ 0.023 50k ALDE 84 GAM2

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.32 + 0.37 192 BAGLIN 70 HLBC

ABEGG
AMSLER
ABEGG
AMSLER
KESSLER
PLOUIN
BARU
ROE
PDG
WILL IA MS
AIHARA
BARTEL
LANDSBERG
ALDE

Also

WE INSTE IN

BINON

Also
DAVYDOV

Also

DZHELYADIN
Also

A BROS I MOV

DZ HE LYA D IN

Also

DZHELYADIN
A Iso

BUSHNIN
Also

MARTYNOV

JANE
JANE

Also
Erratum in

8ROWMAN
DAVI ES
DUANE
JANE
JANE
K ENDALL
LAYTER
THALER
AGUILAR-. ..
BLOODWO. ..
LAYTER
THALER
BASILE
STRUGALSKI
BAGLIN
BUTTRAM
CARPENTER
COX
DANBURG
DEVONS
GORMLEY

Also
BAG L IN

Also
HYAMS
ARNOLD
BAZ IN

BULLOCK
CNOPS
GORMLEY
WEHMANN
BAG L IN

BAG LIN

BALTAY
BALTAY
BEMPORAD

Also

BILLI N G

BUN I ATOV
CENCE
ESTEN
FELDMAN
FLATTE
FLATTE
LITCHFIELD
PRICE
ALFF-. ..
CLPWY
CRAWFORD
DIGIUGNO
GROSSMAN
GRUNHAUS
JAMES
JONES
LARRIBE
FOSTER
FOSTER
FOSTER
PRICE
RITTENBERG
FOE LSCHE
KRAEMER
PAULI
BACCI
CRAWFORD

Also
DELCOURT
ALFF-. ..
BASTIEN
PICKUP

g REFERENCES
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8e
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758
788

PR D53 11
PL 8346 203
PR D50 92
ZPHY C58 175
PRL 70 892
PL 8276 526
ZPHY C48 581
PR D41 17
PL 8204
PR D38 1365
PR D33 844
PL 1608 421
PRPL 128 310
ZPHY C25 225
SJNP 40 918
Translated from YAF
PR D28 2896
SJNP 36 391
Tra ns lated from YA F
NC 71A 497
LNC 32 45
SJNP 33 825
Translated from YAF
PL 1058 239
SJNP 33 822
Translated from YAF
SJNP 31 195
Translated from YAF
PL 948 548
SJNP 32 516
Translated from YAF
PL 978 471
SJNP 32 518
Translated from YAF
PL 798 147
SJNP 28 775
Tra n sla ted from YA F
SJNP 23 48
Tra nsla ted from YA F
PL 598 99
PL 598 103
PL 738 503

priva te comm unica tion
748
74
74
74
748
74
73
73
728
728
72
72
71D
71
70
70
70
708
70
70
70
708
69
70
69
68
68
68
68
68C
68
67
678
678
67D
67
67
67
67
67
67
67
67
678
67
67
66
66
66
66
66
ee
66
66
66
e5
658
65C
65
65
64
64
64
63
63
668
63
62
62
62

PRL 32 1067
NC 24A 324
PRL 32 425
PL 488 260
PL 488 265
NC 21A 387
PR D7 2565
PR D7 2569
PR D6 29
NP 839 525
PRL 29 316
PRL 29 313
NC 3A 796
NP 827 429
NP 822 66
PRL 25 1358
PR D1 1303
PRL 24 534
PR D2 2564
PR D1 1936
PR D2 501
Thesis Nevis 181
PL 298 445
NP 822 66
PL 298 128
PL 278 466
PRL 20 895
PL 278 402
PRL 21 1609
PRL 21 402
PRL 20 748
PL 248 637
BAPS 12 567
PRL 19 1498
PRL 19 1495
PL 258 380
Private Comm.
PL 258 435
PL 258 560
PRL 19 1393
PL 248 115
PRL 18 868
PRL 18 976
PR 163 1441
PL 248 486
PRL 18 1207
PR 145 1072
PR 149 1044
PRL 16 333
PRL 16 767
PR 146 993
Thesis
PR 142 896
PL 23 597
PL 23 600
PR 1388 652
Athens Conf,
Thesis
PRL 15 123
PRL 15 556
PR 1348 1138
PR 1368 496
PL 13 351
PRL 11 37
PRL 10 546
PRL 16 907
PL 7 215
PRL 9 322
PRL 8 114
PRL 8 329

+Abela, Boudard+ (Saclay SPES2 Collab. )
+Armstrong, Heinsius+ (Crystal Barrel Collab. )
+Ba Id isse ri, Bou dard+ (SPES-II Collab. )
+Armstrong, Merkel+ (Crystal Barrel Collab. )
+Abegg, Baldisseri+ (SPES-II Collab. )
+ (SACL, EPOL, IPN, SACL, GWU, UCLA, BGUN, LOUC)
+Blinov, Blinov+ (MD-1 Collab. )
+Bartha, Burke, Garbincius+ (ASP Collab. )

Yost, Barnett+ (LBL+)
+Antreasyan, Bartels, Besset+ (Crystal Ball Collab. )
+A Iston-Ga rnjost+ (TPC-2g Collab. )
+Becker, Cords, Feist+ (JADE Collab. )

(SERP)
+Binon, Bricrnan, Donskov+ (SERP, BELG, LAPP)

Aide, Binon, Bricman+ (SERP, BELG, LAPP)
40 1447.

+Antreasyan, Gu, Kollman+ (Crystal Ball Collab. )
+Bricin a n, Gouanere+ (SERP, BELG, LAPP, CERN)

36 670.
Binon, Bricman+ (SERP, BELG, LAPP, CERN)

+Donskov, Inyakin+ (SERP, BELG, LAPP, CERN)
Davydov, Binon+ (SERP, BELG, LAPP, CERN)

33 1534.
+Golovkin, Konstantinov, Kubarovski+ (SERP)

Dzhe lya din, Viktorov, Golovkin+ (SERP)
33 1529.

+llina, Niszcz, Okhrimenko+
31 371.

+Viktorov, Golovkin+
Dzhelyadin, Golovkin, Kachanov+

32 9g8.
iviktorov, Golovkin+

Dzhelyadin, Golovkin, Kachanov+
32 1002.

+Dzhelyadin, Golovkin, Gritsuk+
Bushnin, Golovkin, Gritsuk, Dzhelyadin+

28 1507,
+Saltykov, Tarasov, Uzhinskii ( J INR)

23 93.
+Grannis, Jones, Liprnan, Owen+ (RHEL, LOWC)
+Grannis, Jones, Liprnan, Owen+ (RHEL, LOWC)

Jane

(SERP)
(SERP)

(SERP)
(SERP)

+Dewire, Gittelman, Hanson, Loh+ (CORN, BING)
+Guy, Zia (BIRM, RHEL, SHMP)
+Binnie, Camilleri, Carry (LOIC, SHMP)
+Jones, Lipman, Owen+ (RHEL, LOWC, SUSS)
+Jones, Lipman, Owen+ (RHEL, LOWC, SUSS)
+Lanou, Massimo, Shapiro+ (BROW, BARI, MIT)
+Appel, Kotlewski, Lee, Stein, Thaler (COLU)
+Appel, Kotlewski, Layter, Lee, Stein (COLU)

Aguilar-Benitez, Chung, Eisner, Samios (BNL)
Bloodworth, Jackson, Prentice, Yoon (TNTO)

+Appel, Kot!ewski, Lee, Stein, Thaler (COLU)
+Appel, Kotlewski, Layter, Lee, Stein (COL U)
+Bollini, Dalpiaz, Frabetti+ (CERN, BGNA, STRB)
+Chuvilo, Gemesy, lvanovskaya+ (JINR)
+Beza guet, Degra n ge+ (EPOL, MADR, STRB)
+Kreisler, Mischke (PRIN)
+Binkley, Chapman, Cox, Dagan+ (DUKE)
+Fortney Golson (DUKE)
+Abolins, Dahl, Davies, Hoch, Kirz+ (LRL)
+Grunhaus, Kozlowski, Nernethy+ (COLU, SYRA)
+Hyman, Lee, Nash, Peoples+ (COLU, BNL)

Gorrn Icy (COLU)
+Bezaguet+ (EPOL, UCB, MADR, STRB)

Baglin, Bezaguet, Degrange+ (EPOL, MADR, STRB)
+Koch, Potter, VonLindern+ (CERN, MPIM)
+Paty, Baglin, Bingham+ (STRB, MADR, EPOL, UCB)
+Goshaw, Zacher+ (PRIN, QUKI)
+Esten, Fleming, Govan, Henderson+ (LOU C)
+Hough, Cohn+ (BNL, ORNL, UCND, TENN, PENN)
+Hyman, Lee, Nash, Peoples+ (COLU, BNL)
+Engels+ (HARV, CASE, SLAC, CORN, MCGI)
+Bezaguet, Degrange+ (EPOL, UCB)
+Bezaguet, Degrange+ {EPOL, UCB)
+Franzini, Kim, Newman+ (COLU, STON)
+Franzini, Kim, Newman+ (COLU, BRAN)
+Braccini, Foa, Lubelsmey+ (PISA, BONN)

Ion
+Bullock, Esten, Govan+
+Zavattini, Deinet+
+Peterson, Stenger, Chiu+-

+Govan, Knight, Miller, Tovey+
+Frati, Gleeson, H al p em+

(LOUC, OXF)
(CERN, KARL)

(HAWA, LR L)
{LOUC, OXF)

(PENN)
(LRL)
(LRL)

(RHEL, SACL)
(LRL)

(COLU, RUTG)
LRL, PURD, WISC, YALE)

(LRL)
(NAPL, TRST, FRAS)

(LRL)
(COLU)

(YALE, BNL)
(LOIC, RHEL)
(SACL, RHEL)

(WISC, PURD)
(WISC)
(WISC)

(LRL)
(LRL BNL)

(YALE)
(JHU, NWES, WOOD)

(SACL)
(ROMA, FRAS)

(LRL, DUKE)
(LRL, DUKE)

(OR SAY)
(COLU, RUTG)

(LRL)
(CNRC, BNL)

+Wohl
+Rangan, Segar, Smith+
+Crawford

Alff-Steinberger, Berley+
(SCUC,

+Price
+Giorgi, Silvestri+
+Price, Crawford

+Kraybill
+Binnie, Duane, Horsey, Mason+
+Leveque, Muller, Pauli+
+Peters, Meer, Loef lier+
+Good, Meer

+C rawford
+Kalbfleisch
+K ray bill
+Madansky, Fields+
+Muller
+Pe n so, Sa I v in i+
+Lloyd, Fowler

Crawford, Lloyd, Fowler
+Lefrancois, Perez-y-Jorba+

Alff-Steinberger, Berley, Colley+
+Berge, Dahl, Ferro-Luzzi+
+Robinson, Salant
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f() (400—1200)

f() (400—1200)
Ot 0

See "Note on scalar mesons" under f0(1370).

Mode

l 1 7r7r

fp(400-1200} DECAY MODES

Fraction (I //I )

dominant

seen

fp(400-1200) T-MATRIX POLE ~s
Note that I = 2 Im(gspole).

fp(400-1200) PARTIAL WIDTHS

I2
TECN COMMENTVAL UE (MeV) DOCUMENT ID

(400-1200)—i(30~00) OUR ESTIMATE
~ o ~ We do not use the following data for averages, fits, limits,

1,2 TORNQVIST 96 RVUE

etc. ~ ~ ~

470 —i250
rl 7r

pp
pp
pp

- (1100 —i300) AMSLER
400 —i500 AMSLER
1100 —i 137 2,4 AMSLER
387 —i305 2,5 JANSSEN KK
525 —i269 6 ACHASOV 7r7r ~ 7r7r

370 —i356 7 Zou 7r7r h K K
408 —i342 ZOU 7r7r —h 7r7r, K K
870 —.'2-7(' ,8 AU 7r7r, K K
750 + 50 —i{450 + 50) 9 ESTABROOKS 7r7r ~ 7r7r, KK
660 + 100 —i(320 + 70) P ROTOPOP. .. 7r7r ~ KK
650 —i370 BASDEVANT 7I 7r ~ 7I 7I

Uses data from BEIER 728, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA-
SON 83, ASTON 88, and ARMSTRONG 918. Coupled channel analysis with flavor
symmetry and all light two-pseudoscalars systems.
Demonstrates explicitly that f0(400—1200) and f0(1370) are two different poles.

COupled Channel analySiS Of pp ~ 37r, 7r 7/7) and 7r 7r g On Sheet II.

Coupled channel analysis of pp ~ 37r, 7r 7/7/ and 7r 7r 7) on sheet lli.
5 Analysis of data from FALVARD 88.

Analysis of data from OCHS 73, ESTABROOKS 75, ROSSELET 77, and MUKHIN 80.
Analysis of data from OCHS 73, GRAYER 74, and ROSSELET 77.

8Analysis of data from OCHS 73, GRAYER 74, BECKER 79, and CASON 83.
Analysis of data from APEL 73, GRAYER 74, CASON 76, PAWLICKI 77. Includes spread
and errors of 4 solutions.
Analysis of data from BATON 70, BENSINGER 71, COLTON 71, BAILLON 72, PRO-
TOPOPESCU 73, and WALKER 67.

958 CBAR
95D CBAR
95D CBAR
95 RVUE
94 RVUE
g48 RVUE
g3 RVUE
87 RVUE
79 RVUE
73 HBC
72 RVUE

7r 7r1

7I 7l

fp(400 1200) BREIT WIGNER MASS OR K MATRIX POLE PARAMETERS

VALUE (MeV)

(400-1200) OUR

~ ~ ~ We do not

TECN COM MEN TDOCUMENT ID

ESTIMATE
use the following data

"SVEC
12 TORNQVIST

ANISOVICH

for averages, fits, limits, etc. o ~ ~

6—17 7r NpOlar ~ 7r 7r N

7r7r, KK, K7r, q7r

7r
—

p 7r07r0 n,

p p - 7r07r07r0, 7r07r0 g, 7r0 g g

96 RVUE

96 RVUE

95 RVUE

761 + 12

860
1165+50

5 ACHASOV
11 AUGUSTIN

1000 94 RVUE
414+20 89 DM2

11Breit-Wigner fit to S-wave intensity measured in 7r N ~ 7r 7r+ N on polarized targets.
The fit does not include f0(980).
Uses data from ASTON 88, OCHS 73, HYAMS 73, ARMSTRONG 918, GRAYER 74,
CASON 83, ROSSELET 77, and BEIER 728. Coupled channel analysis with flavor sym-
metry and all light two-pseudoscalars systems.
USeS 7r 7r data frOm ANISOVICH 94, AMSLER 94D, and ALDE 958, 7r+ 7r data frOm
OCHS 73, GRAYER 74 and ROSSELET 77, and 7/q data fromANISOVICH 94.
The pole is on Sheet III. Demonstrates explicitly that f0(400—1200) and fp(1370) are
two different poles.
Analysis of data from OCHS 73, ESTABROOKS 75, ROSSELET 77, and MLIKHIN 80.

fp(400-1200} BREIT-WIGNER WIDTH

VALUE (MeV) DOCUMENT ID

(600-1000) OUR ESTIMATE

~ o ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

290 4 54 16 SVEC i96RVUE 6 17 7r N pOlar 7r+ 7r' N

880 1 TORNQVIST 96 RVUE 7r7r ~ 7r7r, KK, K7r, 777r

460+40 1819ANISOVICH 95 RVUE 7r p ~ 7r 7r0 n,

PP ~ 7r 7r 7r, 7r 7r 7/, 7r 7/77

3200 ACHASOV 94 RVUE 7r7r ~ 7r7r

494+ 58 16 AUGUSTIN 89 DM2

Brelt-Wigner fit toS-wave i~tensity meas~~ed In 7r N 7r 7r+ N on polarized target
The fit does not include f0(980).

"Uses data from ASTON 88, OCHS 73, HYAMS 73, ARMSTRONG 918, GRAYER 74,
CASON 83, ROSSELET 77, and BEIER 728. Coupled channel analysis with flavor sym-
rnetry and all light two-pseudoscalars systems.
Uses 7r 7r" data from ANISOVICH 94, AMSLER 94D, and ALDE 958, 7r+7r data from
OCHS 73, GRAYER 74 and ROSSELET 77, and qr/ data fromANISOVICH 94.
The pole is on sheet III. Demonstrates explicitly that f0(400—1200) and f0(1370) are
two different poles.
Analysis of data from OCHS 73, ESTABROOKS 75, ROSSELET 77and MUKHIN 80. ,

COM MEN T

pp - ~+~-, 7r07r0

etc. ~ ~ ~

10+6 COURAU 86 DM1 e+ e
7r+ 7r

—e+ e—
Analysis of data from BOYER 90 and MARSISKE 90.

fp(400 1200) REFERENCES

SVEC
TORNQVIST
ALDE
AMSLER
AMSLER
ANISOVICH
JANSSEN
ACHASOV
AMSLER
ANISOVICH
ZOU
ZOU
ARMSTRONG
BOYER
MARSISKE
MORGAN
AUGUSTIN
ASTON
FALVARD
AU
COURAU
CASON
MUKHIN
BECK ER
ESTABROOKS
PAWL IC K I

ROSSELET
CASON
ESTABROOKS
GRAYER
APEL
HYAMS
OCHS
P ROTOPOP. . .
BA ILLON
BASDEVANT
BEIER
BENSINGER
COLTON
BATON
WALKER

96 PR D53 2343
96 PRL 76 1575
958 ZPHY C66 375
958 PL 8342 433
95D PL 8355 425
95 PL 8355 363
95 PR D52 2690
94 PR D49 5779
94D PL 8333 277
94 PL 8323 233
948 PR D50 591
93 PR D48 R3948
918 ZPHY C52 389
90 PR D42 1350
90 PR D41 3324
90 ZPHY C48 623
89 NP 8320 1
88 NP 8296 493
88 PR D38 2706
87 PR D35 1633
86 NP 8271 1

83 PR D28 1586
80 JETPL 32 601
79 NP 8151 46
79 PR D19 2678
77 PR D15 3196
77 PR D15 574
76 PRL 36 1485
75 NP 895 322
74 NP 875 189
73 PL 418 542
73 NP 864 134
73 Thesis
73 PR D7 1279
72 PL 388 555
72 PL 418 178
728 PRL 29 511
71 PL 368 134
71 PR D3 2028
70 PL 338 528
67 RMP 39 695

(MCGI)
(HELS)

(GAMS Collab. )
(Crystal Barrel Collab. )
(C rysta! Barrel Coll ab. )

(PNPI, SERP)
h (STON, ADLD, JULI)

(NOVM)
(Crystal Barrel Collab. )
(Crystal Barrel Collab. )

(LOQM)
(LOQM)

(ATHU, BARI, BIRM, CERN, CDEF)
(Mark II Collab. )

(Crystal Ball Collab. )
(RAL, DURH)
(DM2 Collab. )

(SLAC, NAGO, CINC, INUS)
(CLER, FRAS, LALO, PADO)

(DURH, RAL)
Ijsset, Michel+ (CLER, LALO)

, Bishop+ (NDAM, ANL)

+ Roos
+Binon, Bouteme(Ir+
+Armstrong, Brose+
+Armstrong, Spanier+
+Kondashov+
+Pearce, Holinde, Spet
+Shestakov
+Ar)isovich, Spanier+
+Arm strong+
+»gg
+Bugg
+Barnes+
+Butler+
+Arttreasyan+
+Pennington
+Cos)T)e
+Awaji, Bienz, Bird+
+Ajaltouni+
+Morgan Pennington
+Falvard, Haissifiski, Jo
+Ca nna ta, BaU mba LIgh

+Patarakin+
+Blanar, Blum+ (MPIM, CERN, ZEEM, CRAC)

(CARL)
+Ayres, Cohen, Diebold, Kramer, Wicklt)nd (ANL) IJ
+Exterrn ann, Fischer, Guisan+ (GEVA, SACL)
+Polychronakos, Bishop, Biswas+ (NDAM, ANL) IJ
+Marti(I (DURH)
+Hyams, BILIITI, Dietl+ (CERN, MPIM)
+Auslander, MLIIler+ (KARL, PISA)
+Jones, Weilharn)T)er, Bl(jm, Dietl+ (CERN, MPIM)

(MPIM, MUNI)
Protopopesc(I, Alston-Garnjost, Galtieri, Flatte+ (LBL)

+Carnegie, Kluge, Leith, Lynch, Ratclifi'+ (SLAC)
+Froggatt, Petersen (CERN)
+BI)chholtz, Mann+ (PENN)
+ Erwin, Thorn pson, Wa Iker (WI SC)
+Malamud, Schlein+ (LBL, FNAL, UCLA, HAWA)
+LaLlrens, Reignier (SAC L)

(WISC)

OTHER RELATED PAPERS

AMSLER
AMSLER
ANTINORI
TORNQVIST
AMSLER
ADAMO
GASP ERO
MORGAN

Also
SVEC
SVEC
SVEC
WEINSTEIN
ASTON
ACHASOV
8INON
ETKIN
TORNQVIST
COHEN
BECKER
POLY C HRO. . .
WETZEL

96 PR D53 295
95C PL 8353 571
95 PL 8353 589
95 ZPHY C68 647
94 PL 8322 431
93 NP A558 13C
93 NP A562 407
93 PR D48 1185
93C NC A Conf. Suppl.
92 PR D45 55
928 PR D45 1518
92C PR D46 949
89 UTPT 89 03
88D NP 8301 525
84 ZPHY C22 53
83 NC 78A 313
828 PR D25 1786
82 PRL 49 624
80 PR D22 2595
798 NP 8150 301
79 PR D19 1317
76 NP 8115 208

+Close (ZURI, RAL)
+Armstrong, Hackman+ (Crystal Barrel Collab. )
+Barberis, Bayes+ (ATHU, BARI, BIRM, CERN, JINR)

(HELS)
+Armstrong, Meyer+ (Crystal Barrel Collab. )
+Agnello+ (OBELIX Co!lab. )

(ROMAI)
(RAL, DURH)

(RAL)
(MCGI, SACL)
(MCGI. SACL)
(MCGI, SACL)

(TNTO)
(SLAC, NAGO, CINC, INUS)

(NOVM)
(BELG, LAPP, SERP, CERN)

(BNL, CUNY, TUFTS, VAND)
(HELS)

+Ayfes, Diebold, Kramer, Pawlicki+ (ANL) IJP
+BIanar, BII)m+ (MPIM, CERN, ZEEM, CRAC)

Polychrorla kos, Cason, Bishop+ (NDA M, A NL) I J P
+Fretldenreich, Beusch+ (ETH, CERN, LOIC)

VALUE (keV) DOCUMENT ID TECN

seen MORGAN 90 RVUE
~ ~ ~ We do not use the following data for averages, fits, limits,
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(77o)

(77o) (I ) = i+(& )

THE p(770)

p{770) MASS

We no longer list S-wave Breit-Wigner fits, or data with high combinatorial
background.

MIXED CHARGES
VAL UE (Mev) DOCUMENT ID

768.5+0.6 OUR AVERAGE Includes data from the 3 datablocks that follow this one.
Error includes scale factor of 1.2.

CHARGED ONLY
VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

766.9+1.2 OUR AVERAGE
768 +9
767 +3

AGUILAR-. .. 91 EHS
2935 CAPRARO 87 SPEC

761 +5

771 k4

766 +7
766.8+ 1.5

967 CAPRARO 87 SPEC

HUSTON 86 SPEC +

6500 BYER LY 73 OS P K

9650 P ISUT 68 RVUE

767 +6 900 2 EISNER 67 HBC

400 pp
200 7r Cu ~~- ~0Cu
200 7r Pb ~

7ro Pb
202 7r+ A ~

~+ 7r0A
57r p
1.7—3.2 7r p, t

&10
4.2 71 p, t &10

NEUTRAL ONLY, PHOTOP RODU CED
VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

768.1+ 1.3 OUR AVERAGE

767.6 + 2.7
775 + 5
767 + 4
770 + 4
765 + 10
767.7 + 1.9

1930
2430

140k

765 4 5 4000

BARTALUCCI 78
GI ADDING 73
BALLAM 72
BALLAM 72
ALVENSLEBEN70
BIGGS 70

CNTR 0
CNTR 0
HBC 0
HBC 0
CNTR 0
CNTR 0

ASBURY 67e CNTR 0

pp e+e p
2.9—4.7 pp
2.8 pp
4.7 pp
7A, t &0.01
&4.1 pC ~

~+~—c
p+ Pb

NEUTRAL ONLY, OTHER REACTIONS
VALUE(MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

Because of its large width, determination of the parameters

of the p(770) is beset with many difficulties. In physical-

region fits, the line shape does not correspond to a relativistic

Breit-Wigner function with a P-wave width, but requires some

additional shape parameter. This dependence on parametriza-

tion was demonstrated long ago by PISUT 68, who showed that

the mass was consistent with values between 761 MeV and 783

MeV to within two standard deviations. When mass values

are quoted, as below, with one-standard-deviation errors, the

conflicts between them are evident.

The same model dependence afHicts any other source of the

resonance parameters, such as the energy dependence of the

phase shift 6& or the pole position. It is therefore not surprising

that a recent study of p(770) dominance in the decays of the i1

and g' reveals the need for specific dynamical effects in addition

to the p(770) pole (BENAYOUN 93).
Recently LAFFERTY 93 has demonstrated that Bose-

Einstein correlations are another source of shifts in the p(770)
line shape.

Error includes scale factor of 1.5. See the
WEIDENAUER 93 ASTE
AGUILAR-. .. 91 EHS

5 HEYN 81 RVUE
6)7 BOHACIK 80 RVUE 0

WICKLUND 78 ASPK 0
DEUTSCH. .. 76 HBC 0
ENGLER 74 DBC 0

769.1+0.9 OUR AVERAGE

773 + 1.6
762.6+2.6
770 +2
768 +4
769 +3
768 +1
767 +4

76000
4100

775 +4
764 +3
774 +3
769.2+ 1,5

32000
6800
1700

13300

6 PROTOPOP. .. 73 HBC 0
RATCLIFF 72 ASPK 0
REYNOLDS 69 H BC 0

8 PISUT 68 RVUE 0

~ e ~ We do

757.5+ 1.5
761.1+2.9
768 +1
775.9+ 1.1
777.4 +2.0
769.5+0.7
770 +9

not use the following data for averages, fits, limits,

BERNICHA 94 RVUE
DUBNICKA 89 RVUE
GESHKENBEIN89 RVUE
BARKOV 85 OLYA

11{-HABAUD 83 ASPK
6)7 LANG 79 RVUE

7 ESTABROOKS 74 RVUE

etc. ~

773,5 + 1.7 11200 2 JACOBS 72 HBC 0
775 +3 2250 HYA MS 68 OS P K 0

Applying the S-matrix formalism to the BARKOV 85 data.

ideogra m below.

pp ~ 7r+7r
400 pp
Pion form factor

3,4, 6 7r+ N

16 7r+ p
6 ~+n

~+~—
p

7.1 7r+ p, t &0.4
15% p, t &0.3
2.26 7r p
1.7—3.2 7r p, t

&10
~ ~

e+ e
— ~+~

7r form factor
7r form factor
e+ e — ~+~—
17 77 p pOlariZed

177r p ~
~+~ — .

2.8 7r p
11.2 71 P

WEIGHTED AVERAGE
769.1+0.9 (Error scaled by 1.5)

WEIDENAUER 93
AGUI LAR-. .. 91
HEYN 81

. BOHACIK 80

. WICKLUND 78
DEUTSCH ... 76
ENGLER 74
P ROTOPOP. .. 73
RATCLIFF 72

. REYNOLDS 69
SUT 68

ASTE
EHS
RVUE
RVUE
ASPK
HBC
DBC
HBC
ASPK
HBC
RVUE

(Confidence Level
I I

755 760 765 770 775 780 785 790

x'
6.1

6.2
0.2
0.1

0.0
1.1

0.3
2.2
2.8
2.7
0.0

21.7
= 0.017)

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

0.3+2.2 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.
—4 +4 3000 REYNOI DS 69 H BC —0 2.26 7r p
—5 +5 3600 FOSTER 68 H BC +0 0.0 p p

2.4+ 2.1 22950 P IS U T 68 RVUE 7r N ~ pN

From quoted masses of charged and neutral modes.
13 includes MALAMUD 69, ARMENISE 68, BATON 68, BACON 67, HUWE 67,

MILLER 67e, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 66e, JA-
COBS 66e, JAMES 66, WEST 66, BLIEDEN 65, CARMONY 64, GOLDHABER 64,
ABOLINS 63.

p(770) mass (MeV)

Mass errors enlarged by us to I /~N; see the note with the K*(892) mass.
Phase shift analysis. Systematic errors added corresponding to spread of different fits.
From fit of 3-parameter relativistic P-wave Breit-Wigner to total mass distribution. In-
cludes BATON 68, MILLER 67e, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGO-
PIAN 66e, JACOBS 66e, JAMES 66, WEST 66, BLIEDEN 65 and CARMONY 64.

5 HEYN 81 includes all spacelike and timelike F values until 1978.
From pole extrapolation.

7From phase shift analysis of GRAYFR 74 data.
Includes MALAMUD 69, ARMENISE 68, BACON 67, HUWE 67, MILLER 67e, ALFF-
STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 66e, JACOBS 66e, JAMES 66,
WEST 66, GOLDHABER 64, ABOLINS 63.
Includes BARKOV 85 data. Model-dependent width definition.
From the Gounaris-Sakurai parametrization of the pion form factor.

11 From fit of 3-parameter relativistic Breit-Wigner to helicity-zero part of P-wave intensity.
CHABAUD 83 includes data of GRAYER 74.

I+770)Q m+770+
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p{770)
WEIGHTED AVERAGE
0.3+2.2 (Error scaled by 1.3)

-20 -10 10

x'
69 HBC 1.1
68 HBC
68 RVUE 1.0

3.3
{Confidence Level = 0.194)

I

20

REYNOLDS
FOSTER
PISUT

m (770)0 m (770)+ (MeV)

p(770) RANGE PARAMETER

The range parameter R enters an energy-dependent correction to the
width, of the form (1 + q R ) / (1 + q R ), where q is the rno-
mentum of one of the pions in the 7r7r rest system. At resonance, q =
q».

~ ~ ~ We do

142.5 4 3.5
138 + 1

150.5 + 3.0

1eo.o+ 4'
4.0

155 6 1
148.0+ 1.3
146 + 14

143 + 13

160 + 10
145 + 12
163 4 15

not use the following data for averages, fits, limits, etc.
14 BERNICHA 94 RVUE

GESHK ENBEIN89 RVUE» BARKOV S5 OLYA O

22 CHABAUD 83 ASPK 0
23 HEYN 81 RVUE 0

18,19 LANG 79 RVUE 0
4100 ENGLER 74 DBC 0

19 ESTABROOKS 74 RVUE 0

32000 PROTOPOP. .. 73 HBC 0
2250 15 HYAMS 68 OSPK 0

13300 24 P ISUT 68 RVUE 0

~ ~ ~

e+e — ~+~—
7r form factor
e+ e— ~+~—
17 7r p polarized

7r form factor

6 7r+n
m+~ —

p
177r p ~

~+~—
n

7.1 7r+ p, t &0.4
11.2 7r p
1.7—3.2 7r p, t

&10
4Applying the S-matrix formalism to the BARKOV 85 data.

Width errors enlarged by us to 4I /v N; see the note with the K*(892) mass.
Phase shift analysis. Systematic errors added corresponding to spread of difFerent fits.

17 From fit of 3-parameter relativistic P-wave Breit-Wigner to total mass distribution. In-
cludes BATON 68, MILLER 678, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGO-
PIAN 668, JACOBS 668, JAMES 66, WEST 66, BLIEDEN 65 and CARMONY 64.
From pole extrapolation.
From phase shift analysis of GRAYER 74 data.
Includes BARKOV 85 data. Model-dependent width definition.
From the Gounaris-Sakurai parametrization of the pion form factor.
From fit of 3-parameter relativistic Breit-Wigner to helicity-zero part of P-wave intensity.
CHABAUD 83 includes data of GRAYER 74.
HEYN 81 includes all spacelike and timelike F values until 1978.
Includes MALAMUD 69, ARMENISE 68, BACON 67, HUWE 67, MILLER 678, ALFF-
STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 668, JACOBS 668, JAMES 66,
WEST 66, GOLDHABER 64, ABOLINS 63.

VALUE (Gev i)

5 3+0.9—0.7

DOCUMENT ID TECN CHG COMMENT

p(770) WIDTH

CHABAUD 83 ASPK 0 17 7r p polarized

Mode

p(770) DECAY MODES

Fraction (I;/I )

100 0/

Scale factor/
Confidence level

We no longer list S-wave Breit-Wigner fits, or data with high combinatorial

background.

MIXED CHARGES
VALUE (Mev) DOCUMENT ID

150.7+1.2 OUR AVFRAGE Includes data from the 3 datablocks that follow this one.

l2

l4
~+~+~-~0

p(770)+ decays
100 0/

( 4.5 +0.5 ) x 1O
—4

6 x10
2, 0 x 10

S=2.2
CL=S4%
CL=S4%

149.1+ 2.9 OUR FIT
149.1+ 2.9 OUR AVERAGE

155 + 11 2935 15 CAPRARO 87 SPEC

154 +20

150 + 5

967 5 CAPRARO 87 SPEC

se SPECHUSTON

146 + 12
148.2 + 4. 1

6500 6 BYERLY
9650 PISUT

73
68

OSPK
RVUE

146 k 13 900 El SN ER 67 HBC

NEUTRAL ONLY, PHOTOPRODUCED

200 77 u ~
7r 7r Cu

200 7r Pb ~
7rO Pb

202 7r+ A +

~+ ~OA
57r p
1.7—3.2 7r p, t

&10
4.2 7r p, t &10

VAL UE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

CHARGED ONLY
VALUE{MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock. ie
I7
Is
I9
Clo

I 14

rl'7

e+e
~+~-.0
sr+ vr- sr+ vr-
~+~-~0~0

p(770)e decays
100

( 9.9 + 1.6 )

( 7.9 +2.0 )
( 3.s +0.7 )

IaI { 4.60+ 0,28)

[a] ( 4.48 +0.22)
1.2
2

4

0/

x 10
x 10
x 1O

—4

x 10
x 10
xiO —4

x 10 4

x1O—5

CL=9o%
C L=90%
CL=90/0

[al The e+ e branching fraction is from e+ e ~ rr+rr experiments only.
The ~ p interference is then due to ~ p mixing only, and is expected to
be small. If ep. universality holds, r(po ~ p+p, ) = I (po ~ e+e )
x 0.99785.

147 + 11
155 + 12
145 + 13
140 + 5
146.1 + 2.9

2430
1930

140k

160 + 10
130 + 5 4000

150.9+ 3.0
~ ~ ~ We do not use the following

BARTALUCCI 78 CNTR 0
data for averages, fits, limits, etc.

GLADDING 73 CNTR 0
BALLAM 72 HBC 0
BALLAM 72 HBC 0
ALVENSLEBEN70 CNTR 0
BIGGS 70 CNTR 0

LANZEROTTI 68 CNTR 0
ASBURY 678 CNTR 0

yp~ e+e p

2.9—4.7 1p
4.7 pp

pA, t &0.01
&4.1 pC ~

~+~—
C

'YP

Pb

CONSTRAINED FIT INFORMATION

An overall fit to the total width and a partial width uses 9 measure-
ments and one constraint to determine 3 parameters. The overall

fit has a X = 10.2 for 7 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

bp;be)/(bp, "be), in percent, from the fit to parameters p, , including the branch-

ing fractions, x, —:I, /I total The fit constrains the x, whose labels appear in this
array to sum to one.

NEUTRAL ONLY, OTHER REACTIONS
VA L UE (Me V) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

x3 —100
I 18 —18

151.0+
151.0+
145.7+
144.9+
148
152
154
157
143

2.0 OUR
1.7 OUR
5.3
3,7
6
9
2

8
8

FIT Error includes scale factor of 1.3.
AVERAGE Error includes scale factor

WEIDENAUER 93
DUBNICKA 89

9 BOHACIK 80
16 WICKLUND 78

76000 DEUTSCH. .. 76
6800 RATCLIFF 72
1700 REYNOLDS 69

of 1.1.
ASTE
RVUE
RVUE 0
ASPK 0
HBC 0
ASPK 0
HBC 0

pp ~+~
7r form factor

3,46 7r+ pN
ie ~+p
157r p, t &03
2.26 7r p

r2
I3

X2 X3

Mode Rate (MeV)

149.1 +2.9
0.068+ 0.007

Scale factor

2.3



332

Meson Particle Listings

p{770)

CONSTRAINED FIT INFORMATION

An overall fit to the total width, a partial width, and a branch-

ing ratio uses 9 measurements and one constraint to determine

4 parameters. The overall fit has a X = 7.8 for 6 degrees of2 =
freedom.

The following off-diagonal array elements are the correlation coefficients

(bp, 6p. )/(bp, bp ), in percent, from the fit to parameters p, , including the branch-

ing fractions, x, —:I, /I total The fit constrains the x, whose labels appear in this
array to sum to one.

r(~+~+~-~')/r(~~)
VALUE (units 10 CI % DOCUMENT ID TECN CHG COMMENT

&20 84 FERBEL 66 HBC + 7r+ p above 2.5
o ~ ~ We do not use the following data for averages, fits, limits, etc. o e ~

35+40

I (/a+/a )/I (fr+fr )

JAMES 66 HBC -+ 2.1 ~+ p

VALUE (units 10 ) DOCUMENT /D TECN COMMENT

4.60+0.28 OUR FIT
4.6 +0.2 +0.2 ANTIPOV 89 SIGM 7r Cu ~ p+ p, 7r Cu

~ o o We do not use the following data for averages, fits, limits, etc. ~ o ~

X1p

X11

r

Mode

r6 ~+ ~-
10 i-I P'

e+e

—79
—61 0

16 0 —27

X6 X1p X11

Rate {MeV)

151.0 + 2.0

[a] 0.0069 +0.0004

[a] 0.00677+ 0.00032

Scale factor

1.3

69 CNTR Photoproduction+ 1.6
—3.6

27 ROTHWELL

5.6 + 1.5 28 WEHMANN 69 OSPK 12 ~ C, Fe

9.7 +3'3 29 HYAMS 67 OSPK 11 7r Li, H

Possibly large p-~ interference leads us to increase the minus error.
Result contains 11 4 11% correction using SU{3) for central value. The error on the
correction takes account of possible p-~ interference and the upper limit agrees with the

upper limit of ~ ~ IM+/tf, from this experiment.
HYAMS 67's mass resolution is 20 MeV. The ur region was excluded.

p(770) PARTIAL WIDTHS

I3

I (e+ e )/I (srfr)
VALUE (units 10 4)

0.41+0.05

DOCUMENT ID TECN COMMEN T

BENAKSAS 72 OSPK e+ e

rtt/ra

VALUE (keV)

68 +7 OUR FIT Error

68 67 OUR AVERAGE

81 +4 +4

59.8 +4.0

71 +7

WEIGHTED AVERAGE
68+7 (Error scaled by 2.2)

Values above of weighted average, error,
ctor are based upon the data in

m only. They are not neces-
me as our 'best' values,
m a least-squares constrained fit

asurements of other (related)
s additional information.

TECN CHG COMM EN TDOCUMENT ID

includes scale factor of 2.3.
Error includes scale factor of 2.2. See the ideogram below.

CAPRARO 87 SPEC — 200 7r A ~~- ~0A
HUSTON 86 SPEC + 202 7r+ A ~

~+ ~0 A
JENSEN 83 SPEC — 156—260 ~ A ~

~ —~0A

r(07)/r„„i
DOCUMENT ID

r( + + )/rt. .i—-
VALUE (units 10 4) CL%

90

DOCUMENT ID TECN COMMENT

KURDADZE 88 OLYA e+ e
~+~—~+~—

VALUE (units 10 ) TECN CHG COMMEN T

3.8+0.7 OUR AVERAGE

4.091.1 DOI INSKY 89 ND e+ e 7/g
3.6+0.9 ANDREWS 77 CNTR 0 6.7—10 pCu
o e o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

7.3 4 1.5 DOLINSKY 89 ND e~ e
5.4+ 1.1 ANDREWS 77 CNTR 0 6.7—10 pCu

Solution corresponding to constructive ~-p interference. The quark model predicts a rel-
ative phase of zero. Also much favored by the ALDE 93 model-independent measurement
of B{~— ~-/).
Solution corresponding to destructive ~-p interference.

r(~+ ~-~+ &-)/r(~~)
VALUE (units 10 ) CL% DOCUMENT ID TECN CHG COMMENT

e e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

rta/rt

RARO 87 SPEC
STON 86 SPEC

SEN 83 SPEC

(Confidence Level
I

40 50 60 70 80 90 100 & 10

x'
5.6
3.8
0.2
9.6

= 0.008)

&15
&20
&20
&80

r( + ')/r, .„, —

VALUE (units 10 )

90

90

CL%

90

ERBE
CHUNG

HUSON

JAMES

69 HBC 0
68 HBC 0
68 HLBC 0
66 HBC 0

2.5—5.8 "/ p
3.2,4.2 7r p
16.0 7r p
2.1 7r+ p

DOCUMENT ID TECN COMMENT

VASSERMAN 88e ND e l e — 7r+7r

r(~+&) (heVi

I (e+e )
VA L UE (keV)

6.77+0.32 OUR FIT
6.77+0.10+0.30

DOCUMENT ID

BARKOV

TECN COM MEN T

85 OLYA e+ e ~ 7r+ 7r

f8

r(~+~-~')/r(«)
VALUE CL% DOCUMENT ID TECN CHG COMMENT

0.01 BRAMON 86 RVUE 0

& 0.01 84 ABRAMS 71 HBC 0

Model dependent, assumes / = 1, 2, or 3 for the 3~ system.

f/qr

3.7 7r+ p

~ o o We do not use the following data for averages, fits, limits, etc. o ~ ~

VALUE (keV)

121+31
DOCUMENT ID TECN COMMENT

DOLINSKY 89 ND e+ e

p(770) BRANCHING RATIOS

r (~+ ~) /r («)
VALUE (units 10 )

(60
CL%

84

DOCUMENT ID

FERBEL

TECN

66 HBC

CHG COMMEN T

p above 2.5

I9
VA L UE ( ke V') DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

62+17 DOLINSKY 89 ND e+ e ~ 7/p

1114 22 6 DOLINSKY 89 ND e+ e ~ 7/P

Solution corresponding to constructive ~-p interference. The quark model predicts a
relative decay phase of zero. Also much favored by the ALDE 93 model-independent
measurement of B{~~ 7/p).
Solution corresponding to destructive p-~ interference.

CL%VALUE (units 10 ) DOCUMENT /D TECN

AULCHENKO 87C ND

&2

r (fr+ fr p) /rtotai

90 KURDADZE 86 OLYA 0 e~ e —--
+~ ~0~0

CL%VAL LIE DOCUMENT ID TECN COMMENT

0.009960.0016 DOLINSKY 91 ND e+ e

~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0111+ 0.0014 VASSER MAN 88 ND e+ e

&0.005 90 VASSERMAN 88 ND e+ e

Bremsstrahlung from a decay pion and for photon energy above 50 MeV.
Su perseded by DO L I N S K Y 91.
Structure radiation due to quark rearrangement in the decay.

CHG COMMENT

&0.4 90 0 e+e
0 0

~ a ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e
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p(770), w(782)

r(~'7)lrtot i

VALUE (units 10 4)

7.9+2.0
DOCUMENT ID TECN COMMENT

DOLINSKY 89 ND e+ e ~ 7r

p(770} REFERENCES

~(782) I G(gPC) O
—

(I
——

)

(u(782} MASS

BERNICHA 94
ALDE 93

PR D50 4454
PAN 56 1229
Translated from
ZPHY C59 387
ZPHY C50 405
PRPL 202 99
ZPHY C42 185
ZPHY C42 511
JPG 15 1349
ZPHY 45 351
JETPL 47 512
Translated from
SJNP 47 1035
Translated from
SJNP 48 480

WEIDENAUER 93
AGUILAR-. . . 91
DOLINSKY 91
ANTIPOV 89
DOLINSKY 89
DUBNICKA 89
GESHKENBEIN 89
KURDADZE 88

VASSERMAN 88

VASSERMAN 888
Translated from

87C IYF 87-90 Prepr
87 NP 8288 659
86 PL 8173 97
86 P R 33 3199
86 JETPL 43 643

Translated from
85 NP 8256 365
83 NP 8223 1

83 PR D27 26
81 ZPHY C7 169
80 P R D21 1342
79 PR D19 956
78 NC 44A 587
78 PR D17 1197
77 PRL 38 198
76 NP 8103 426
74 PR D10 20?0

S 74 NP 879 301
74 NP 875 189
73 PR D7 637
73 P R D8 3721
73 PR D7 1279
72 PR D5 545
72 PL 398 289
72 PR D6 1291
72 PL 388 345
71 PR D4 653

N 70 PRL 24 786
70 PRL 24 1197
69 P R 188 2060
69 Argonne Conf. 9
69 P R 184 1424
69 PRL 23 1521
69 PR 178 2095
68 NC 54A 999
68 PR 176 1574
68 PR 165 1491
68 NP 86 107
68 PL 288 208
68 NP 871
68 P R 166 1365
68 NP 86 325
678 PRL 19 865
67 PR 157 1263
67 PR 164 169g
67 PL 248 252
67 PL 248 634
678 PR 153 1423
66 PR 145 1072
66 PL 21 111
66 PR 145 1128
668 PR 152 1183
668 UCRL 16877
66 P R 142 896
66 PR 14g 1089
65 PL 19 444
64 PRL 12 254
64 PRL 12 336
63 PRL 11 381

AULCHENKO
CAPRARO
BRA MON
HUSTON
KURDADZE

BARKOV
CHABAUD
JENSEN
HEYN
BOHACIK
LANG
BARTALUCC
WICKLUND
ANDREWS
DEUTSCH. . .
ENGLER
ESTA BROOK
GRAYER
BYERLY
GLADDING
PROTOPOP. .

BALLAM
BENAKSAS
JACOBS
RATC L IF F

ABRAMS
ALVENSLEBE
Bl GGS
ERBE
MALAMUD
REYNOLDS
ROTHWELL
WEHMANN
ARMENISE
BATON
CHUNG
FOSTER
HUSON
HYAMS
LA N Z E ROT T I

P ISUT
ASBURY
BACON
EISNER
HUWE
HYAMS
MILLER
ALF�-.. .
FF�ERB
HAGOPIAN
HAGOP IA N

JACOBS
JAMES
WEST
BLIEDEN
CARMONY
GOLDHABER
ABOLINS

OTHER RELATEO PAPERS

+Lopez Castro, Pestieau (LOUV, CINV)
+Binon+ (SERP, LAPP, LANL, BELG, BRUX, CERN)

YAF 56 137.
+Due h+ (ASTERIX Collab. )

Aguilar-Benitez, Allison, Batalor+ (LEBC-EHS Collab. )
+Druzhinin, Dubrovin+ (NOVO)
+Batarin+ (SERP, JINR, BGNA, MILA, TBIL)
+Druzhinin, Dubrovin, Golubevy (NOVO)
+M a rt in ovic+ (JINR, SLOV)

(IT EP)
+Leltchouk, Pakhtusova, Sidorov+ (NOVO)

ZETFP 47 432.
+Golubev, Dolinsky+ (NOVO)

YAF 47 1635,
+Golubev, Dolinsky+ (NOVO)

YAF 48 753,
int +Dolinsky, Druzhinin+ (NOVO)

+Levy+ (CLER, FRAS, MILA, PISA, LCGT, TRST+)
+Casull eras (BA RC)
+Berg, Collick, Jonckheere+ (ROCH, FNAL, MINN)
+Lelchuk, Pakhtusova, Sidorov, Skrinskii+ (NOVO)

ZETFP 43 497.
+Chilingarov, Eidelman, Khazin, Lelchuk+ (NOVO)
+Gorlich, Cerrada+ (CERN, CRAC, MPIM)
+Berg, Biel, Collick+ (ROCH, FNAL, MINN)
+Lang (GRAZ)
+Kuhnelt (SLOV, WIEN)
+Mas-Parareda (GRAZ)
+Basini, Bertolucci+ (DESY, FRAS)
+Ayres, Diebold, Greene, Kramer, Pawlicki (ANL)
+Fukushima, Harvey, Lobkowicz, May+ (ROCH)

Deutschrnann+ (AACH3, HERL, BONN, CERN+)
+Kraemer, Toaff, Weisser, Diaz+ (CMU, CASE)
+Martin (DURH)
+Hyams, Blum, Dietl+ (CERN, MPIM)
+Anthony, Coffin, Meanley, Meyer, Rice+ (MICH)
+Russell, Tannenbaum, Weiss, Thomson (HARV)

Protopopescu, Alston-Garnjost, Galtieri, Flatte+ (LBL)
+Chadwick, Bingham, Milburn+ (SLAC, LBL, TUFTS)
+Cosme, Jean-Marie, Jullian, Laplanche+ (ORSAY)

(SAC L)
+Bulos, Carnegie, Kluge, Leith, Lynch+ (SLAC)
+Barnham, Butler, Coyne, Goldhaber, Hall+ (LBL)
+Becker, Bertram, Chen, Cohen (DESY)
+Braben, Clifft, Gabathuler, Kitching+ (DARE)
+Hilpert+ (German Bubble Chamber Collab. )

3 +Schlein (UCLA)
+Albright, Bradley, Brucker, Harms+ (FSU)
+Chase, Earles, Gettner, Glass, Weinstein+ (NEAS)
+ (HARV, CASE, SLAC, CORN, MCGI)
+G hi din i, F or i n o+ (BARI, BGNA, FIRZ, ORSAY)
+Laurens (SAC L)
IDahl, Kirz, Miller (LRL)
+Gavillet, La brosse, Monta net+ (CERN, CDEF)
+Lubatti, Six, Veillet+ (ORSAY, MILA, UCLA)
+Koch, Potter, Wilson, VonLindern+ (CERN, MPIM)
+BIum en thai, E hn, Faissler+ (HARV}
+Roos (CERN)
+Becker, Bertram, Joos, Jordan' (DESY, COLU)
+Fickinger, Hill, Hopkins, Robinson+ (BNL)
+Johnson, Klein, Peters, Sahni, Yen+ (PURD)
+Marquit, Oppenheimer, Schultz, Wilson (COLU)
+Koch, Pellett, Potter, VonLindern+ (CERN, MPIM)
+Gutay, Johnson, Loeffler+ (PURD)

Alff-Steinberger, Berley+ (COI U, RUTG}
(ROCH)

+Selove, Alitti, Baton+ (PENN, SACL)
+Pan (PENN, LRL)

(LRL)
+Kraybill (YALE, BNL)
+Boyd, Erwin, Walker (WISC)
+Freytag, Geibel+ (CERN Missing Mass Spect. Collab. )
+Lander, Rindfleisch, Xuong, Yager (UCB)
+Brown, Kadyk, Shen+ (LRL, UCB)
+Lander, Mehlhop, Nguyen, Yager (UCSD)

WEIGHTED AVERAGE
781.94+0.12 (Error scaled by 1.5)

780 781 782 783

AMSLER 94C CBAR
AMSLER 94C CBAR
AMSLER 93B CBAR
WEIDENAUER 93 ASTE
BAR KOV 87 CMD
KURDADZE 83B OLYA
KEYNE 76 CNTR

I

784

(Confidence Level

785

x'
0.0
0.0
0.0
5.3
2.5
0.4
0.9
9.2

= 0.165)

~(782) mass (MeV)

4I(782} WIDTH

VAL UE (MeV) EVTS DOCUMENT ID TECN COMMENT

?81.94+0.12 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below.

781.96+0.17+0.80 ilk AMSLER 94C CHAR 0.0 pp ~
782.08+0.36+0.82 3463 AMSLER 94C CBAR 0.0 p p ~ ~7I 7r

781.96+0.13+0.17 15k AMSLER 938 CBAR 0.0 p p ~
782.4 +0.2 270k WEIDENAUER 93 ASTE pp —+ 27r+ 27r

781.78+ 0.10 BARKOV 87 CMD e+ e ~ 7r+ 7r

782.2 60.4 1488 KURDADZE 838 OLYA e+ e ~ 7r+ 7r

782.4 +0.5 7000 KEYNE 76 CNTR 7r p ~ a n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

783.3 +0.4 CORDIER 80 WIRE e+ e ~ 7r+ 7r

782.5 60.8 33260 ROOS 80 RVUE 0.0—3.6 p p
782.6 +0.8 3000 BENKHEIRI 79 OMEG 9—12 m+ p
781.8 +0.6 1430 COOPER 788 HBC 0.7—0.8 p p ~ 57r

782.7 +0.9 535 VANAPEL. .. 78 HBC 7.2 pp ~ p pcs
783.5 +0.8 2100 GESSAROLI 77 HBC 11 7r p ~ ~ n

782.5 +0.8 418 AGUILAR-. .. 728 HBC 3.9,4.6 K p
783 4 + 1.0 248 BIZZARRI 71 HBC 0.0 pp —+ K+ K
781.0 +0.6 510 BIZZARRI 71 HBC 0.0 p p ~ K K1 l~
783.7 +1.0 3583 COYNE 71 HBC 3.7 7r+ p ~

p~+ ~+ ~—7r0

784, 1 + 1.2 750 ABRAMOVI. .. 70 HBC 3.9 7I p
783.2 + 1.6 BIGGS 708 CNTR (4.1 pC ~ 7r+7r C

782.4 +0.5 2400 BIZZARRI 69 HBC 0.0 pp
1 Observed by threshold-crossing technique. Mass resolution = 4.8 MeV FWHM.
2 From best-resolution sample of COYNE 71.
3 From ~-p interference in the 7r 7r mass spectrum assuming ~ width 12.6 MeV.+

BENAYOUN
LAFFERTY
KAMAL
ERKAL
RYBICKI
KURDADZE

93
93
92
85
85
83

KENNEY
SAMIOS
XUONG
ANDERSON
ERWIN

62
62
62
61
61

ALEKSEEV 82

ZPHY 58 31
ZPHY C60 659
PL 8284 421
ZPHY C29 485
ZPHY C28 65
JETPL 37 733
Translated from
JETP 55 591
Translated from
PR 126 736
PRL 9 139
P R 128 1849
PRL 6 365
PRL 6 628

+Feindt, Girone+

(BNL,

+Xu
+Olsson
+Sa krejda
+Lelchuk, Pakhtusova+

ZETFP 37 613.
+Kartarnyshev, Makarin+

ZETF 82 1007.
+Shep ha rd, Ga I I

+Bachrnan, Lea+
+Lynch
+Bang, Burke, Carmony, Schmitz
+March, Walker, West

(CDEF, CERN, BARI)
(MCHS)
(ALBE)
(WISC)
(CRAC)

(NOVO)

(KIAE)

(KNTY)
CUNY, COLU, KNTY)

(LRL)
(LRL)

(WISC)

VAL UE (MeV} EVTS

8.43+0.10 OUR AVERAGE

8.4 +0.1
8.30 + 0.40
9.8 + 0,9 1488
9.0 +0,8
9.1 4 0.8

~ ~ o We do not use the following

12 +2 1430
9.4 + 2.5 2100

10.22 +0.43 20000
13.3 + 2 418
10.5 4 1,5
7 70+0 9 +1 15

10,3 + 1.4
12.8 4 3.0
9.5 4 1.0

DOCUMENT ID TECN COMMENT

4 AULCHENKO 87 ND

BARKOV 87 CMD
K U R DA DZ E 838 0LYA
CORDIER 80 WIRE
BENAKSAS 728 OSPK

data for averages, fits, limits,

COOPER 788 HBC
GESSAROLI 77 HBC
KEYNE 76 CNTR
AGUILAR-. .. 728 HBC
BORENSTEIN 72 HBC
BROWN 72 MMS
BIZZARRI 71 HBC
BIZZARRI 71 H BC
COYNE 71 HBC

- ~+~-~0- ~+~-~0
0- ~+~—~0

e+�-
ee+—
e+�-
ee+—
e+e—
etc. ~ ~ ~

07—08 pp ~ 577

11~ p~ ~n
p~ ~n

3.9,4.6 K p
2.18 K p
2.5m p ~ nMM
0.0 p p ~ Kl Klux
0.0 pp ~ K+K
3.7 ~+ p

~+ ~+ ~ —~0

940
510
248

3583

4
p

Relativistic Breit-Wigner includes radiative corrections.
5 Observed by threshold-crossing technique. Mass resolution = 4.8 MeV FWHM.
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~(782)

Mode

or(782} DECAY MODES

Fraction (I;/I ) Confidence level

r(~+~- q)/r (~+~- ~0)
VALUE CL%

~ ~ ~ We do not use the following

DOCUMENT ID TECN COMMEN T

data for averages, fits, limits, etc. ~ ~ ~

rto/rt

I1
r2
I3
r4

~+~- ~0

sr+ 7r

neutrals (excludingvrop)

(SS.8

( s.5
( 2.21

( 5.3

Is nW
e e

r7 ~0 p,
+ m-

rs e+ e
t ~+~- ~0~0
I 1p 7r+ vr

I 11 7r+~ sr+~

I 14 3P

( 8.3

( 5.9

( 9.6

( 7.15

( 2

3.6
1

( 7.2
1.8

( 2

Charge conjugation (C)
C

C & 3

I 15
0

r16

+0,7 )
+0.5 )

0.30)
+8.7

)—3.5
+2.1 )

1.9 )
+2.3 )
60.19)

2.5 )

0/

0/

x 10

x 1O-4

x1O—4

x 10
x 10
0/

x 10
x 10
x 10
x 10 4

x 10

x 10
x10 4

90%
95%
90%

9O%

90o/

90%
90%

&0.066 90

&0.05 90

&0.004 95

r(tr+tr ar+ar )/It tai
VAL UE CL%

(1 x 10 90

r(~+~- wo~o)/r, .„,
VALUE (units 10 ) CL%

90

r(la+la )/r(tr+a are)

r(~+~ ~)/rtotai
VALUE CL%

&0.0036 95
e ~ ~ We do not use the following

KALBFLEISCH 75 HBC

FLATT E 66 HBC

2.18 K p~
A~+ ~- ~

1.2 —1.7 K p —+

n~+ 7r
—

~

DOCUMENT ID TECIV COMMENT

KURDADZE 88 OLYA e+ e
~+ ~—7r+ ~—

DOCUMENT ID TECN COMMENT

KURDADZE 86 OLYA e+ e ~ 7r+ 7r

rts/rt

DOCUMEIV T ID TECN COMMEN T

WEIDENAUER 90 ASTE p p ~ 7r+ 7r 7r+ 7r

data for averages, fits, limits, etc. ~ ~ ~

BITYUKOV 88B SPEC 32 7r p ~+ 7r pX

CONSTRAINED FIT INFORMATION

An overall fit to 6 branching ratios uses 20 measurements and one

constraint to determine 4 parameters. The overall fit has a X2=
10.3 for 17 degrees of freedom.

x2 13

x3 —39 —5

x4 —74 —68 —1

X1 X2 X3

ru(782) PARTIAL WIDTHS

r(e+e )
VAL UE (keV)

0.60+0.02 OUR EVALUATION
DOCUMENT ID

I8

or(782) BRANCHING RATIOS

The following off-diagonal array elements are the correlation coefficients

6x, bx )/(bx, "6'xz), in percent, from the fit to the branching fractions, x,
l.;/I «tal. The fit constrains the x, whose labels appear in this array to sum to

one.

VALUE (units 10 ) CL%

(0.2 90
~ e o We do not use the following

DOCUMENT ID TECN COMMENT

WILSON 69 OSPK 12 7r C ~ Fe
data for averages, fits, limits, etc. o ~ ~

&1.7

&1.2

r(~0~07)/r(~0~)

74 FLATTE 66 HBC

BARBARO-. .. 65 HBC

1.2 —1.7 K p ~
A/c+ p,

2.7 K p

i 12/I 2
VAL UE

0.00085 +0.00029
CL% EVTS

40 +
14

DOCUMENT ID

ALDE

TECN COMMENT

94B GAM2 387r p ~
~0 ~0-/n

& 0.005

& 0.18
& 0.15
& 0.14
& 0.1

90

95
90

90

DOLINSKY 89 ND

K EYNE 76 CNTR
BENAKSAS 72C OSPK
BALDIN 71 HLBC
BA R M I N 64 HL BC

e+e

P —+ Cot l7

e+e—
2.9 w+ p
1.3—2.8 7r p

r(ritr )/rtotai
Violates C conservation.

VAL UE CL%

go.001 90

DOCUMENT ID

ALDE

TECN COM MEN T

94B GAM2 387I. p ~ 7I7I n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

r (neutrals) /r (tr+ rr n 0)
VALUE EVTS
0.102+0.008 OUR FIT

0.103+O.011 OUR AVERAGE-0.010

DOCUMENT ID TECN COM MEN T

(I a+I a)/I t [r(0~) + r(«0)]/r(n+n-&0) (I s+rts)/rt
CL% DOCUMENT ID

90 8 FLATTE

TECN COMM EN TVAL UE

(0.016 66 HBC 12 —1? K p +

n7l+ 7r MM
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

0.15 +0.04
0.10 4 0.03
0.134+0.026
0.097+0.016

46
19

850
348

p p6 +0 05
—0.02

0.08 +0.03 35
~ ~ ~ We do not use the following

0.11 +0.02 20

r (~+~-) /r (~+n- no)

AGUILAR-. . . 72B HBC
BARASH 67B HBC
DIGIUGNO 66B CNTR
FLATTE 66 HBC

JAMES 66 HBC

KRAEMER 64 DBC
data for averages, fits, limits,

BUSCHBECK 63 HBC

3.9,4.6 K p
0.0 pp
1.4 7r p
1.4 —1.7 K p ~

AMM

2.1 ~+ p

1.2 ~+d
etc. ~ ~ ~

1.5 K p

I s/I t

DOCLIMEN T ID

r(noq)/r(~+~-~0)
VALUE

0.096+0.006 OUR FIT
0.096+0.006 OUR AVERAGE
0.099+0.007
0.084+ 0.013
0.109+0.025
0,081 J:0.020
0, 13 + 0.04

DOCUMENT ID

DOLINSKY
KEYNE
BENAKSAS
BAL DIN

JACQUET

TECN COMM EN T

89 ND e+ e ~ 7rop

76 CNTR 7r p ~ tun

72C OSPK e+ e
71 HLBC 2.9 7r+ p
69B HLBC

See also I (7r+7r )/r total
VALUE TECN COMMEN T

0.0249+0.0035 OUR FIT
0.026 +0.005 OUR AVERAGE

0.021 ()'()()~ RATCLIFF 72 ASPK 15 7r p ~ n27r

0.028 +0.006 8EHREND 71 ASPK Photoproductlon

p p22 + 0.009—0.01
7 ROOS 70 RVUE

Significant interference effect observed. NB of ~ ~ 37r comes from an extrapolation.
7 ROOS 70 combines ABRAMOVICH 70 and BIZZARRI 70.

&0.045 95 JACQUET 69B HLBC

Restated by us usingBR(7I ~ charged, modes)=(29. 2)%.

I (neutrals) /I (charged particles)
VAL UE DOCUMENT ID

0.099+0.008 OUR FIT
O.124+0.021

(I a+ra)/(r&+rs)
TECN COMMENT

FELDMAN 67C OSPK 1.2 76 p

r

(~one�&)

/r(~+ n- ~o)
VAL UE CL% DOCUMENT ID TECN COMMENT

(0.00045 90 DOLINSKY 89 ND e+ e
o e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I 12/I 1

&0.08

r (07)/r (no ~)

95 JACQUET 69B HLBC

rs/ra

VALUE (units 10

0.9660.23

DOCUMENT ID TECN COMMENT

DZHELYADIN 81B CNTR 25—33 7r p ~ tun

VAL UE DOCUMENT ID TECN COMMENT

0.0098+0.0024 9 ALOE 93 GAM2 387r p ~ cu n

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0082 +0.0033 DOLINSKY 89 ND e+ e
0.039 + 0.007 11 DOLINS K Y 89 ND e+ e
0.010 +0.045 APEL 72B OSPK 4 8 7r p ~ n3p

9 Model independent determination.
Solution corresponding to constructive ~-p interference. The quark model predicts a
relative decay phase of zero.
Solution corresponding to destructive p-~ interference.

r(~0 I
+

I )/rtotai
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~(782)

r(trne+e )/rtatg
VALUE (units 10 )

5.9+1.9

I (e+e )/I tata]

EVTS

43

rs/r
DOCUMENT ID TECN COMMENT

DOLINSKY 88 ND e+ e ~ m- e+ e

I a/I
TECN COMM EN TVALUE (units 10 } EVTS DOCUMENT ID

0.715+0.019 OUR AVERAGE

0.714+0,036 DOLINSKY 89 ND

0.72 +0.03 BARKOV 87 CMD
0.66 +0.05 K URDADZE 84 OLYA

0.675 +0.069 CORDIER 80 WIRE
0.83 +0.10 BENAKSAS 72e OSPK
0.77 +0.06 2 AUGUSTIN 69D OSPK
~ ~ ~ We do not use the following data for averages, fits, limits,

0.64 4 0.04 1488 K URDADZE 838 OLYA

0.65 + 0.13 '4ASTVACAT. .. 68 OSPK

Rescaled by us to correspond to ~ width 8.4 MeV.
Superseded by K U R DAD Z E 84.
Not resolved from p decay. Error statistical only.

~+ ~—~0
0

hadrons

e+e
e+ ee+�-
ee+—
e+e
e+e—

37r

27r

etc. ~ ~ ~

e+ e ~+~
Assume SU(3)+mixing

I (neutrals)/I tata~
VAL UE EVTS

0.090+0.006 OUR FIT
0.081+0.011 OUR AVERAGE
0.075 +0.025
0.079 6 0.019
0.084 + 0.015
~ ~ ~ We do not use the following

DOCUMENT ID TECN COMMENT

BIZZARRI 71 HBC 0.0 p p
DEINET 69e OSPK 15 ~ p
BOLLINI 68C CNTR 2.1 zr p

data for averages, fits, limits, etc. ~ ~ ~

(I a+I a)/I

0.073 +0.018 42 BASILE 728 CNTR 1.67 K p

I (tr+tr )/I terna(

See also I (~+~ )/I (~++ ~ ).
VAL UE DOCUMENT ID

I s/I

I (snsnp)/I (neutrals) r„/(r,+r4)
VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

17 DAKIN 72 OSPK 14 7r p ~ nMM
DEINET 69e OSPK

0.22+ 0.07
&0.19 90

See I (w p)/I (neutrals).

r (en ~) /r(neutrals)
VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I a/(I a+ra)

0.78 +0.07 8 DAKIN 72 OSPK 1.4 ~ p ~ nMM
&0.81 90 DEINET 69e OSPK

Error statistical only. Authors obtain good fit also assuming vr p as the only neutral
decay.

r (nq) /rtatal I s/I
VAL UE (units 10 ) DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

8.342.1 19 ALDE 93 GAM2 38+ p ~ ~n
7.3+2.9 DOLINSKY 89 ND e+ e ~ qg

35 +5 21 DOLINSKY 89 ND e+ e —a z)p

30+ ANDREWS 77 CNTR 6.7—10 g Cu

29.0 + 7.0 21 ANDREWS 77 CNTR 6.7—10 pCu

Model independent determination.
Solution corresponding to constructive ~-p interference. The quark model predicts a
relative decay phase of zero.
Solution corresponding to destructive cu-p interference.

TECN COMMEN T

0.0221+0.0030 OUR FIT
0.021 +0.004 OUR AVERAGE

0.023 +0.005 BARKOV 85 OLYA e+ e

0.016 +—0.007 QUENZER 78 CNTR e+ e

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.010 4 0.001 15 WICKLUND 78 ASPK 3,4,6 m+ M

0.0122 4 0.0030 ALVENSLEBEN71C CNTR Photoproduction

0.013 —0.009 MOFFEIT 71 HBC 2.8,4.7 7 p

0.0080+—0.002
16 BIGGS 708 CNTR 4.2pC ~ ~+~ C

From a model-dependent analysis assuming complete coherence.
Re-evaluated under I (sr+ ~ )/I (~+ ~ vr ) by BEHREND 71 using more accurate w ~
p photoproduction cross-section ratio.

r {n+n- nn)/rtata,
VAL UE

0.8942+0.0062
DOCUMENT ID TECN COMMENT

DOLINSKY 89 ND e+ e ~ m+ ~

r {ann) /r, .„,
Violates C conservation.

VAL UE CL%

&0.0003

r{&~)/rtat ~

VAL UE

&0.0002

90

CL%

90

DOCUMENT ID TECN COMMENT

PROKOSHKIN 95 GAM2 38 vr p ~ 3~ n

DOCUMENT ID TECN COMMENT

PROKOSHKIN 95 GAM2 38 n p ~ 3pn

QJ(782) REFERENCES

P ROKOS HK IN

ALDE
AMSLER
ALDE

Also
AMSLER
WEIDENAUER
WEIDENAUER
DOLINSKY
BITYUKOV

DOLINSKY

KURDADZE

AULCHENKO
BARKOV

KURDADZE

BARKOV
KURDADZE
KURDADZE

95

948
94C
93

94
938
93
90
89
888

88

88

87
87

85
84
838

DZHELYADIN 818
CORDIER 80
ROOS 80
BENKHEIRI 79
DZHELYADIN 79
COOPER 788
QUENZER 78
VAN A PE L.. . 78
WICKLUND 78
ANDREWS 77
GESSAROLI 77
KEYNE 76

Also 738
KALBFLEISCH 75
AGUILAR-. .. 728
APEL 728
BASILE 728
BENAKSAS 728
BENAKSAS 72C
BORENSTEIN 72
BROWN 72
DAK IN 72
RATCLIFF 72
ALVENSLEBEN 71C
BALDIN

BEHREND
BIZZARRI
COYNE
MOFFEIT
A BRA MOV I. . .
BIGGS
BIZZARRI
ROOS

Proc, Dar
AUGUSTIN
BIZZARRI
DEINET
JACQUET
WILSON

Also
ASTVACAT. ..
BOLLI Nl

BA RASH
FELDMAN
DIGIUGNO
FLATTE
JAMES
BARBARO-. ..
BARMIN

71
71
71
71
70
708
70
70

esbury
69D
69
698
698
69
69
68
68C
678
67C
668
66
ee
65
64

KRAEMER
BUSCH BECK

64
63

SPD 342 273
Translated from
PL 8340 122
PL 8327 425
PAN 56 1229
Tra nsl a ted from
ZPHY C61 35
PL 8311 362
ZPHY C59 387
ZPHY C47 353
ZPHY C42 511
SJNP 47 800
Translated from
SJNP 48 277
Translated from
JETPL 47 512
Tra nsl a ted from
PL 8186 432
JETPL 46 164
Translated from
JETPL 43 643
Translated from
NP 8256 365
IYF 84-7 Prepri
JETPL 36 274
Translated from
PL 1028 296
NP 8172 13
LNC 27 321
NP 8150 268
PL 848 143
NP 8146 1
PL 768 512
NP 8133 245
PR D17 1197
PRL 38 198
NP 8126 382
PR D14 28
PR D8 2789
PR D11 987
PR D6 29
PL 418 234
Phil. Conf. 153
PL 428 507
PL 428 511
PR 05 1559
PL 428 117
PR D6 2321
PL 388 345
PRL 27 888
SJNP 13 758
Translated from
PRL 27 61
NP 827 140
NP 832 333
NP 829 349
NP 820 209
PRL 24 1201
PRi 25 1385
DNPL/R7 173

Study Weekend
PL 288 513
NP 814 169
PL 308 426
NC 63A 743
Private Comm
PR 178 2095
PL 278 45
NC 56A 531
PR 156 1399
PR 159 1219
NC 44A 1272
PR 145 1050
PR 142 896
PRL 14 279
JETP 18 1289
Translated from
PR 1368 496
Siena Conf. 1 1

No. 1

(ORSAY)
(CERN, CDEF)
(KARL, CERN)
{EPOL, BERG)

(HARV)
Wehrnann+ (HARV, CASE, SLAC, CORN, MCGI)
Astvacaturov, Azimov, Baldin+ (JINR, MOSU)

+Buhler, Dalpiaz, Massam+ (CERN, BGNA, STRB)
+Kirsch, Miller, Tan (COLU)
+Frati, Gleeson, Halpern, Nussbaum+ (PENN)
+ Pe ruzzi, Troise+ (NAPL, FRAS, TRST)
+Huwe, Murray, Button-Shafer, Solmitz+ (LRL)
+Kraybill (YALE, BNL)

Barbaro-Galtieri, Tripp (LRL)
-i-Dolgolenko, Krestnikovy (ITEP)

45 1879.
+Madansky, Fields+
+Czapp+

ZETF
(JHU, NWES, WOOD)

(VIEN, CERN, ANIK)

OTHER RELATED PAPERS

DOLINS KY
KURDADZE

8e
83

ALFF-. . . 628
ARMENTEROS 62
STEVENSON 62
MAGLICH 61
PEVSNER 61
XUONG 61

PL 8174 453 +Druzhinin, Dubrovin, Eidelman+
JETPL 37 733 +Lelchuk, Pakhtusova+
Translated from ZETFP 37 613.
PRL 9 325 Alff-Steinberger, Berley, Colley+
CERN Conf. 90 +Budde+
PR 125 687 +Alvarez, Maglich, Rosenfeld
PRI 7 178 +Alvarez, Rosenfeld, Stevenson
PRL 7 421 yKraemer, Nussbaum, Richardson+
PRL 7 327 +Lynch

(NOVO}
(NOVO)

(COLU, RUTG)
(CERN, CDEF, EPOL)

(LRL)
(LRL)
(JHU)
(LRL)

+Samoilenko (SERP)
DANS 342 610.

+Binon, Boutemeur+ (SERP, BELG, LANL, LAPP, MONT)
+Armstrong, Ravndal+ (Crystal Barrel Collab. )
+Binon+ (SERP, LAPP, LANL, BELG, BRUX, CERN)

YAF 56 137.
Aide, Binonj(SERP, LAPP, LANL, BELG, BRUX, CERN)

+Armstrong, v, Dombrowski+ (Crystal Barrel Collab. )
+Ouch+ (ASTERIX Collab. )
+Duch, Heel, Kalinowsky+ (ASTERIX Collab. )
+-Druzhinin, Dubrovin, Golubev+ (NOVO)
+Borisov, Viktorov, Golovkin+ (SERP)

YAF 47 1258.
+Druzhinin, Dubrovin, Golubev+ (NOVO)

YAF 48 442.
+Leltchouk, Pak ht usova, Sidorovy (NOVO)

ZETFP 47 432.
-+Oolinsky, Druzhinin, Dubrovin+ (NOVO)
+Vasserman, Vorobev, Ivanov (NOVO)

ZETFP 46 132,
+Lelchuk, Pakhtusova, Sidorov, Skrinskii+ (NOVO)

ZETFP 43 497.
+Chilingarov, Eidelrnan, Khazin, Lelchuk+ (NOVO)

nt +Leltchouk, Pakhtusova, Sidorov+ (NOVO)
+Pakhtusova, Sidorov+ (NOVO)

ZETFP 36 221.
+Golovkin, Konstantinovp (SERP)
+Oelcourt, Eschstruth, Fulda+ (LALO)
+Pellin en (HELS)
+Eisenstein+ (EPOL, CERN, CDEF, LALO)
+Golovkin Gritsuk+ (SERP)
+Ga nguli+ (TATA, CERN, CDEF, MADR)
+Ribes, Rumpf, Bertrand, Bizot, Chase+ (LALO)

VanApeldoorn, Grundeman, Harting+ (ZEEM)
+Ayres, Diebold, Greene, Kramer, Pawlicki (ANL)
+Fukushima, Harvey, Lobkowicz, May+ (ROC H)
+ (BGNA, FIRZ, GENO, MILA, OXF, PAVI)
+Binnie, Carr, Debenham, Garbutt+ (LOIC, SHMP)

Binnie, Carr, Debenham, Duane+ (LOIC, SHMP)
+Strand, Chapman (BNL, MICH)

Aguilar-eenitez, Chung, Eisner, Samios (BNL)
+Auslander, Muller, Bertolucci+ (KARLK, KARLE, PISA)
+Bollini, Broglin, Dalpiaz, Frabetti+ (CERN)
+Cosme, Jean-Marie, Jullian (OR SAY)
+Cosme, Jean-Marie, Jullian, Laplanche+ (ORSAY)
+Danburg, Kalbfleisch+ (BNL, MICH)
+Downing, Holloway, Huld, Bernstein+ (ILL, ILLC)
+Hauser, Kreisler, Mischke (PRIN)
+Bulos, Carnegie, Kluge, Leith, Lynch+ (5LAC)
+Becker, Busza, Chen, Cohen+ (DESY)
+Yergakov, Trebukhovsky, Shishov (ITEP)

YAF 13 1318.
+Lee, Nordberg, Wehmann+ (ROCH, CORN, FNAL)
+Montanet, Nilsson, D'Andlau+ {CERN, CDEF)
+Butler, Fang-Landau, MacNaughton (LRL)
+Bingham, Fretter+ (I RL, UCB, SLAC, TUFTS)

Abrarnovich, Blumenfeld, Bruyant+ (CERN)
+Clifft, Gabathuler, Kitching, Rand (DARE)
+Ciapetti, Dore, Gaspero, Guidonip (ROMA, SYRA)

(CERN)

r{trnp+p )/r{p+p )
VALUE EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ ~

1.2+ 0.6 30 DZHELYADIN 79 CNTR 25 33 7r p

Superseded by DZHELYADIN 818 result above.

r7/r, s
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'(958)

'(958)

957.46 +0.33
958.2 +0,5

958 61
956.1 + l. 1

957.4 + 1.4
957 +1

1414
400

3415
535

VAL UE (MeV) EVTS

957.77+0.14 OUR AVERAGE

959 +1 630
958 +1 340
958.2 +0.4 622
957.8 + 0.2 2420
956.3 6 1.0 143

T1'(958) MASS

DOCUMENT ID TECN COMM EN T

BELADIDZE 92c VES
ARMSTRONG 91B OMEG
AU G UST I N 90 D M2

AUG USTIN 90 DM2

GIDA L 87 MRK2

DUANE

DANBURG

JACOBS
BAS I LE

BAS I LE

RITTENBERG

74 MMS

73 HBC
73 HBC
71 CNTR
71 CNTR

69 HBC

36 7r Be ~ ~ q'~I Be
300 pp ppr)7r+ x
J/Q ~ yam+ x
J/Q ~ ppx47r
e+e-

e+ e q1r+~
p~ nMM

2.2 K p /l X
29 K p ~ AX0
1.6 vr p ~ nX
1.6' p ~ nX
1.7—2.7 K p

tI'(958) WIDTH

I G(gPC) P+(II —+) CONSTRAINED FIT INFORMATION

An overall fit to the total width, a partial width, 2 combinations
of partial widths obtained from integrated cross section, and 16
branching ratios uses 45 measurements and one constraint to de-

termine 7 parameters. The overall fit has a X = 33.4 for 3c)

degrees of freedom.

X2

X3

X4

Xs

X6

r

—49

-63 —35
—27 —25 34
—22 -13 27 8
—23 —13 36 12 10

35 —11 -21 —3 —83 —7

Xl X2 X3 X4 Xs X6

The following off-diagonal array elements are the correlation coefficients

bp, 6p. )/(bp, "bp ), in percent, from the fit to parameters p, , inciuding the branch-

ing fractions, x, = I, /l «tal. The fit constrains the x, whose labels appear in this
array to sum to one.

Mode

t1r(958) DECAY MODES

Fraction (I;/I )

Scale factor/
Confidence level

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

0.201+0.016 OUR FIT Error includes scale factor of 1.3.
0.28 +0.10 1000 BINNIE 79 MMS 0 ~ p ~ n MM

Il
I2
I3
l4
ls
I 6

Mode

~~0
P 'Y

Lc1 f

y "/

3~0

Rate (MeV)

0.088 + 0.009
0.061 4 0,005
0.042 4 0.004
0.0061 +0.0008
0.00426+ 0.00019

(3.1 +0.6 ) x 10

Scale factor

1.2
1.3
1.5
1.2
1.1
1.1

~+~- ~

I 4 Lc1 f
r,
I 6 3~0

v+ i~
~+ ~—~0

I 9 ~0I 0

I 10 sr+ vr

I „~0e+e-
Tie e

I,3 sr+ sr+ ~
I 14 sr+ 7r+ ~ vr neutralS

I,s sr+ Tr+ 7r vc 7r0

I 16 6'
I 17 sr+~ e+ e
I-

0

I20 4'
I 21 3P

P 0

r23 /.l+P
rr a. p(including p p)
e+e

(43 7 +1.5 )
(30.2 + 1.3 )
(20.8 +1.3 )

( 3.02 + 0,30)

( 2.12+0.13)

( 1.55+ 0.26)

( 1.04+0.26)
( 5

4

( 2

( 1.3
1.1

( 1

1

( 1

( 1

6

9

8

5

1,0

6,0

1.5

2.1

0/

x 10

x 10-4

0/

x 10
x10 4

x 10—4

x 10
x 10—4

x 10—5

x 10—5

x 10

S=1.2

C L=90%
C L=90%
C L=90o/0

C L =90 /o

C L =90%
C L=90%
CL=95%
C L =90%
C L=90%
C L=90%
C L=90%
C L=90%
C L=90%
C L=90%
C L=90%
CL=90%

CL=90/o

t1'(958) PARTIAL WIDTHS

TECN COMMENTVALUE (keV) EVTS DOCUMENT ID

4.26+0.19 OUR FIT Error includes scale factor of 1.1.
4.34+0.25 OUR AVERAGE

4.53+ 0.29+ 0,51 266 KARCH e+e-
e+

e+e-
e+

e+e-
e+

e+e-
e~e+�-

ee+—
e+

e+e—

92 CBAL
e
—q~0~0

e —q'(958)
1 BEHREND 91 CELL3.62 + 0.144 0.48

4.6 + 1.1 + 0.6

4.57 + 0.25+ 0.44

4.94 + 0.23 + 0,72
3.8 6 0.7 + 0.6

90 MD1

90 MRK2

BARU

BUTLER
e

—&'(958)
e~e 2yS47 2 ROE

34 AIHARA

90 ASP
88c TPC

e
—@~I ~

e' e 2~
etc, ~ ~ ~

e+e
e~-

e+e—
e q~+ 7r

el e 2g4,0 + 0.9 4 BARTEL

Using B(q ~ p(770) p) = (30.1 6 1.4)%.
Using B(rI ~ pp) = (2.17 + 0.17)%.
Superseded by BUTLER 90.

4 Systematic error not evaluated.

85E JADE

4.8 2 0, 5 +0.5 136 WILLIAMS 88 CBAL
~ ~ ~ We do not use the following data for averages, fits, limits,

4, 7 + 0, 6 +0,9 143 3 G I DA L 87 MRK2
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q'(958)

rl'(958) I (I)r(pp)/I {total)

This combination of a partial width with the partial width into pp and
with the total width is obtained from the integrated cross section into
channel(i) in the pp annihilation.

r(p'7)/r(n«)
TECN COM MEN TVAL UE DOCUMENT ID

0.468+0.029 OUR FIT Error includes scale factor of 1.1.
0.31 +0.15 DAVIS 68 HBC 5.5 K p

I a/{I g~rs)

r(~~) ~ r(p'~) lr ..i I sl a/I
VALUE (keV) EVTS DOC UM EN T ID

1.29+0.06 OUR FIT Error includes scale factor of 1.2.
1.26+0.07 OUR AVERAGE Error includes scale factor of 1.2.
1.09 4 0.04+ 0.13 BEHREND 91 CELL

TECN COMM EN T

e+ e
——.

e+ e p(770)
e+ e e+ e pp
e+e e+e pp
e+e ~ e+e pp
e+ e — e+ e—

pr
e+e ~ e+e pp
e+e —+ e+e pp

87 TPC
87B ARG

84E TASS
84B PLUT
83 MRK2
82B JADE

fits, limits, etc

AIHARA

ALBRECHT
ALTHOFF
BERGER
JENNI
BARTEL
for averages,

BEHREND

1.35 4 0.09 + 0,21
1.13+0.04+ 0.13 867
1.53+0.09+0.21
1.14+0.08 4 0, 11 243
1.73+0.34+ 0, 35 95
1.49+0.13+ 0.027 213
e o ~ We do not use the following data ~ 0 0

e+e ~ e+e pp

I sl s/I

83B CELL1.85 +0.314 0.24 43

I (pp) x r(n n rl)/r«t, J

e+ e
—g~07rp

e+ e
—g~07rP

e+ e
—g~07rP

VALUE (keV) DOC UM EN T ID TECN COMM EN T

0.88+0.07 OUR FIT Error includes scale factor of 1.1.
0.93+0.0660.11 5 KARCH 92 CBAL e+ e
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~

0.95+0.05 6 0.08 KARCH 90 CBAL e+ e
1.00+ 0.08+ 0.10 5 6 ANTREASYAN 87 CBAL e+ e

Using BR(7/ ~ 2p)=(38.9 + 0.5)%.
Superseded by KARCH 92.

r(xee+e )/rt»i
VALUE

&0.013

r(re+ e-) /r««~
VAL UE

&0.011

r (e' p') lr««i
VAL UE

&0.04

CL%

90

CLl

90

CL%

90

DOC UMEN T ID TECN COM MEN T

RITTENBERG 65 HBC 2.7 K p

DOCUMENT ID TECN COMMEN T

RITTENBERG 65 HBC 2.7 K p

DOCUMENT ID TECN COMMENT

RITTENBERG 65 HBC 2.7 K p

r(++n e+ e-)/r«ts(
VAL UE

&0.006

I (6x)/I «tai

CL%

90

DOCUMENT ID TECN COMMENT

RITTENBERG 65 HBC 2.7 K p

VAL UE

&0.01

I ((up)/r(n+n rr)

CL%

90
DOCUMENT ID

LONDON

TECN COMMENT

66 H BC Com pilation

COMMENTVAL UE EVTS DOCUMENT /D TECN

0.069+0.008 OUR FIT Error includes scale factor of 1.1.
0.06860.013 68 ZA NFINO 77 ASP K

I t7/I

I ts/I

rl'{958}a PARAMETER

IMATRIX ELEMENTI = (1+ ay) + cx

I (pe7)/[I (n+x r/) + I (rrnxerl) + I (~n)]
VAL UE DOCLIMENT ID TECN

0.447+0.028 OUR FIT Error includes scale factor of 1.1.
0.25 +0.14 DAUBER 64 HBC

I 2/(I t+I s+I 4)
COMMENT

1.95 K p
VAL UE DOCUMENT ID TECN COMMEN T

—0.05860.013 ALDE 86 GAM2 38 7r p ~ nq27rp
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.08 + 0.03 KALBFLEISCH 74 RVUE 7/ —& 7) a+ 7r

May nOt ~eCeS~ar~ly be the Same fOr 7/' 7/7r+7r a

rl'(958) BRANCHING RATIOS

I (n+n rl(neutral decay))/I «t, ~

VAL UE EVTS DOCUMENT ID

0.310+0.011 OUR FIT Error includes scale factor of 1.1.
0.31460.026 281 RITTENBERG 69 HBC

o.7oer, /r
TECN COM MEN T

1.7—2.7 K p

I (n+m. neutrals)/I tet, ~

VAL UE EVTS DOC UMEN T ID

0.398+0.009 OUR FIT Error includes scale factor of 1.1.
0.36 +0.05 OUR AVERAGE

0.4 + 0.1 39

(0.709l +0.291I s+0.9I 4)/I
TECN COM MEN T

66 HBC 224 K p~
/i7r+ 7r neutralS

65B HBC 3K pBADIER0.35 4 0.06

r(~+n-e(charged decay))/I «t, ~

VAL UE EVTS DOCUMENT ID

0.127+0.004 OUR FIT Error includes scale factor of 1.1.
0.116+0.013 OUR AVERAGE

0.1239:0.014 107
0.10 + 0.04 10

0.291I t/I
TECN COMMEN T

1.7—2.7 K p
2.24 K p —&

n~+~ -~+~-770
3K p

RITTENBERG 69 HBC
LONDON 66 HBC

BADIER 65B HBC0.07 5 0.04

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.088+0.005 OUR FIT Error includes scale factor of 1.2.
0.045+ 0.029 42 RITTENBERG 69 HBC 1.7—2.7 K p

I (neutrals)/I «t, (

VALUE EVTS

0.171+0.009 OUR FIT Error
0.187+0.017 OUR AVERAGE

0.185+0.022 535
0.189+0,026 123

(0.709I s+0.09I s+I s}/I
DOCUMENT ID TECN COMMENT

includes scale factor of 1.2.

BASILE 71 CNTR 1.6 7r p -~ nX
RITTENBERG 69 HBC 1.7—2.7 K p

[I (nenerl(charged decay)) + I (tu(charged decay)P)]/rr
(o.2e1r,+o.er, )/r

r('77) /I «tan
VAL UE EVTS DOCUMENT /D TECN

0.0212+0.0013 OUR FIT Error includes scale factor of 1.2.
0.0196+0.0015 OUR AVERAGE

0.0200 4 0.0018 8 STANTON 80 SPEC

DUANE

DALPIAZ

74 MMS

72 CNTR
0.025 + 0.007
0.0171+0.0033 68

p 02p +0.008—0.006 31

~ ~ ~ We do not use the following

HARVEY 71 OSPK

data for averages, fits, limits,

9 APEL 79 NI C E0.018 +0.002 6000

Includes APEL 79 result.
Data is included in STANTON 80 evaluation.

COMMENT

rs/I

8.45 7r p ~
n~+ ~—

2p
7r p ~ nMM
1.6~ p ~ nXP

3.65 7r p -~ nX

etc. ~ ~ ~

15—40 7r p -~ n2p

r(e+e )/r«tet
VALUE (units 10 )

&2.1

r(n+n-)/r, .„,
VAL UE

CL%

90

CL%

DOCUMENT ID TECN COMMENT

VOROBYEV 88 ND e+ e ~ 7r+ 7r

DOCUMENT ID TECN COMMENT

I as/I

&0.08

r (n+ x- ne) /r, .„,
VALUE

95 DANBURG 73 HBC 22K p~ AX0

CL% DOCUMENT ID TECN COMMENT

&0.05 90 RITTENBERG 69 HBC 1.7—2.7 K p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.09 95 DANBURG 73 HBC 22 K-p - nX0

I (rr+x+s n neutrals)/I «ts~
VALUE CL% DOCUMENT ID TECN

&0.01 95 DAN BURG 73 HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

rz4/r
COMMENT

22K p~ //XP

etc. ~ o ~

&0.01 90 RITTENBERG 69 HBC 1.7—2.7 K p

r(~+ n+ ~- n- n')/r, .„,
VALUE CL%

&0.01 90

DOCUMEN T ID TECN COMMENT

RITTENBERG 69 HBC 1.7—2.7 K p

&0.02 90 RITTENBERG 69 HBC 1.7—2.7 K p
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.34 3:0.09 35

r(p r)/r«tai
VALUE EVTS
0.30260.013 OUR FIT Error
0.319+0.030 OUR AVERAGE

0.329+0.033 298
0.2 +0.1 20

RITTENBERG 69 HBC
LONDON 66 HBC

BAD IER 65B HBC

1.7—2.7 K p
224K p~

n~+ ~—
&

3 K p

DOCUMENT ID TECN COMMENT

includes scale factor of 1.1.

r(~+++ n-e-)/r„ts~
VAL UE CL%

&0.01 90

DOCUMEN T ID TECN COMMEN T

RITTENBERG 69 HBC 1.7—2.7 K p

I ts/I
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I (p 7)/I (tr+tr 7(includingp 7)) ra/ra4 n'(958) REFERENCES
VALUE EVTS DOCUMENT ID TECN

e ~ ~ We do not use the following data for averages, fits, limits,

1.15+0.10 473 DAN BURG 73 HBC

1.01+0.15 137 JACOBS 73 H BC
0.94+ 0,20 AGUII AR-. .. 70D HBC

r (~p ~p u(&~pdecay)) lrt.~i
VAL UE EVTS DOCUMENT ID TECN

0.066+0.004 OUR FIT Error includes scale factor of 1.2.
0.11 +0.06 4 BENSIN GER 70 DBC

I (ppp)/I (tr+ w 0(neutral decay))

COM MEN T

etC. ~ ~ ~

22K p /IX
29 K p nX0
3.9—4.6 K p

0.319I a/I
COMMENT

2.2 7r+ d

r, /O. 7O9r,
VAL UE

0.97+0.07
1.01+0.09
1.07 4:0.17
0.92 +0.14
1.112 0.18

TECN COMM EN TEVTS DOCUMENT ID

OUR FIT Error includes scale factor of 1.1.
OUR AVERAGE

BELADIDZE 92C VES
473 DAN BURG 73 H BC
192 JACOBS 73 H BC

36 7r Be ~ 7r r7'7) Be
22K p~ AX0
29K p~ llX0

I (77)/I (truant(neutraldecay))
VAL UE EVTS DOCUMENT ID TECN

0.144+0.010 OUR FIT Error includes scale factor of 1.6.
0.18860.058 16 APEL 72 OSPK

I a/0. 709I a
COMMENT

387r p ~ nXO

I (Pt+P P)/r(7P)
VALUE (units 10 3)

4.9+1.2

r (p p rl)/rtotai
VALUE (units 10 )

&1.5

r(p+ p ~')/rtotai
VALUE (units 10 5)

(6.0

r(a~P) /r (uP ~P 0)

EVTS

CL%

90

CL%

90

DOCUMENT ID TECN COMMEN T

Fr/re

VIKTOROV 80 CNTR 25,33 7r p ~ 2p, p

I aa/r
DOCUMENT ID 7 ECN COMMENT

DZHELYADIN 81 CNTR 30 rr p ~ 77 n

DOCUMENT ID TECN COMMENT

DZHELYADIN 81 CNTR 30 7r p ~ r7 n

re/ra
VALUE (units 10 )
74+12 OUR FIT
74+12 OUR AVERAGE

744 15
75 4-. 18

r(77)/r(~P ~P0)

DOCUMENT ID

ALDE
BINON

TECN COMMENT

878 GAM2 38 7r p ~ n6p
84 GAM2 30—40 7r p ~ n6p

TECN COMMENT

0.0 pp
387r p ~ n2p

VAL UE DOCUMENT ID

0.102+0.007 OUR FIT Error includes scale factor of 1.6.
0.10S+0.010 OUR AVERAGE Error includes scale factor of 1.9.
0.091 4 0.009 AMSLER 93 CBAR

0.112+ 0,002 3:0.006 ALDE 878 GAM2

AMSLER 93
BELADIDZE 92C

KARCH 92
ARMSTRONG 918
BEHREND 91
AUGUSTIN 90
BARU 90
BUTLER 90
KARCH 90
ROE 90
AIHARA SSC
VOROBYEV 88

W ILL IA MS 88
AIHARA 87
ALBRECHT 878
ALOE 878
ANTREASYAN 87
G IDAHO 87
ALDE 86
BARTEL 85E
ALTHOFF 84E
BERGER 848
BINON 84
BEHREND 838

Also 82C
J ENN I 83
BARTEL 828
DZHELYADIN 81
STANTON 80
VI K TO ROV 80

APEL 79
BINNIE 79
ZA NFI NO 77
G R I GOR I A N 75
KALBFLEISCH 75
DUANE 74
KALBFLEISCH 74
DAN BURG 73
JACOBS 73
APEL 72
DALPIAZ 72
BASILE 71
HARVEY 71
AG U ILA R-. . . 70D
BENSIN GER 70
RITTEiN8 ERG 69
DAVIS 68
LONDON 66
BA D I E R 658
RI TTEN 8 ERG 65
DAUBER 64

Also 648

GENOVESE 94
BENAYOUN 93
KA MAL 92
BICKERSTAFF 82
KIENZLE 65
TRILLING 65
GOLDBERG 64
GOLDBERG 648
KALBFLEISCH 64
KALBFLEISCH 648

ZPHY C58 175
SJNP 55 1535
Translated from YAF
ZPHY C54 33
ZPHY C52 389
ZPHY C49 401
PR D42 10
ZPHY C48 581
PR D42 1368
PL 8249 353
PR D41 17
PR D38 1
SJNP 48 273
Translated from YAF
PR D38 1365
PR D35 2650
PL 8199 457
ZPHY C36 603
PR D36 2633
PRL 59 2012
PL 8177 115
PL 1608 421
PL 1478 487
PL 1428 125
PL 1408 264
PL 1258 518
PL 1148 378
PR D27 1031
PL 1138 190
PL 1058 239
PL 92 8 353
SJNP 32 520
Translated from YAF
PL 838 131
PL 838 141
PRL 38 930
NP 891 232
PR D11 987
PRL 32 425
PR D10 916
PR DS 3744
PR DS 18
PL 408 680
PL 428 377
NC 3A 371
PRL 2? 885
PRL 25 1635
PL 338 505
Thesis UCRL 18863
PL 278 532
PR 143 1034
PL 17 337
PRL 15 556
PRL 13 449
Dubna Conf. 1 418

+Armstrong, Merkel+ (Crystal Barrel Collab. )
+Bityukov, Borisov (SERP, TBIL)

55 2748.
+Antreasyan, Bartels+ (Crystal Ball Collab, )
+Ba mes+ (ATHU, BARI, BIRM, CERN, CDEF)
+Criegee, Field, Franke+ (CELLO Collab. )
+Cosm e+ (DM2 Collab. )
+Blinov, Blinov+ (MD-1 Collab. )
+Boyer+ (Mark II Collab. )
+Antreasyan, Bartels+ (Crystal Ball Collab. )
+Bartha, Burke, Garbincius+ (ASP Collab. )
+Alston-Garnjost+ (TPC-2g Collab. )
+Golubev, Dolinsky, Druzhinin+ (NOVO)

48 436
+Antreasyan, Bartels, Besset+ (Crystal Ball Collab. )
+Alston-Garnjost+ (TPC-2y Collab. ) JP
+Andam, Binder+ (ARGUS Collab. )
+Binon, Bricman4- (LANL, BELG, SERP, LAPP)
+Ba rte Is, Besset+ (Crystal Ball Collab )
+Boyer, Butler, Cords, Abrams+ (LBL, SLAC, HARV)
+Binon, Bricman+ (SERP, BELG, LANL, LAPP)
+Becker, Cords, Feist+ (JADE Collab. )
+Braunschweig, Kirschfink, Luebelsmeyer+ (TASSO Collab. )

(PLUTO Collab. )
+Donskov, Duteil+ (SERP, BELG, LAPP, CERN)
+ D'Agostini+ (CELLO Collab. )

Behrend, Chen, Fenner, Field+ (CELLO Collab. )
+Burke, Telnov, Abrams, Blocker4- (SLAC, LBL)
+Cords+ (JADE Collab. )
+Golovkin, Konstantinov, Kubarovski+ (SERP)
+Edwards, Legacey+ (OSU, CARL, MCGI, TNTO)
+Golovkin, Dzhelyadin, Zaitsev, Mukhin+ (SERP)

32 1005

+Amrnar, Mott, Dagan, Derrick+
+Rau, Goldberg, Lichtman+
+Demoulin, Barloutaud+
+K a lb f1 e isch

+Slater, Smith, Stork, Ticho
Dauber, Slater, Smith, Stork, Ticho

OTHER RELATED PAPERS

ZPHY C61 425
ZPHY 58 31
PL 8284 421
ZPHY C16 171
PL 19 438
PL 19 427
PRL 12 546
PRL 13 249
PRL 12 527
PRL 13 349

+Lichtenberg, Pedrazzi
+Feindt, Girone+
+Xu
+McKellar
+Maglich, Levrat, Lefebvres+
+Brown, Goldhaber, Kadyk, Scanio
+Gundzik, Lichtman, Connolly, Hart+
+Gundzik, Leitner, Connolly, Hart&
+Alvarez, Barbaro-Galtieri+
+Dahl, Rittenberg

(TORI, IND)
(CDEF, CERN, BARI)

(ALBE)
(ME LB)
(CERN)

(LRL)
(SYRA, BNL)
(SYRA, BNL)

(LRL) JP
(LRL) JP

kugenstein, Bertolucci(KARLK, KARLE, PISA, SERP, WIEN)
+Carr, Debenham, Jones, Karami, Keyne+ (LOIC)
+ Brockm an+ (CARL, MCGI, OHIO, TNTO)
+Ladage, Mellema, Rudnick+ (UCLA)
+Strand, Chapman (BNL, MICH)
+Binnie, Carnilleri, Carr+ (LOIC, SHMP)

(BNL)
+Kalbfleisch, Borenstein, Chapman+ (BNL, MICH) JP
+Chang, Gauthier+ (BRAN, UMD, SYRA, TUFTS) JP
+Auslander, Muller, Bertolucci+ (KARLK, KARLE, PISA)
+ Frabetti, Massam, Navarria, Zichichi (CERN)
+Bollini, Dalpiaz, Frabetti+ (CERN, BGNA, STRB)
+Marquit, Peterson, Rhoades+ (MINN, MICH)

Aguilar-Benitez, Bassano, Samios, Barnes+- (BNL)
+Erwin, Thorn pson, Walker (W

ISC�)
(LRL) I

(NWES, ANL)
(BNL, SYRA) IJP

(EPOL, SACL, AMST)
(LRL, BNL)

(UCLA) JP
(UCLA)

r (~p) /r (wp trp ri)
VAL UE

0.145+0.014 OUR FIT
0.147+0.016

DOCUMENT ID

ALDE

TECN COMM EN T

878 GAM2 38 rr p ~ n4p
f, (980) iG(gpc) 0+(0++)

r(a7)/r(~p~pn)
VALUE (units 10 )

&4.6

CL%

90

DOCUMENT ID

ALDE

TECN COMM EN T

878 GAM2 38 7r p -~ n3p

See also the minireview on scalar mesons under f0(1370) and on the
non-qq candidates. (See the index for the page number. )

fp(980) MASS

r(~p7~) lr(~p~pu)
VALUE (units 10 ) CL% DOCUMENT ID

ALDE

TECN COMMEN T

878 GAM2 38 7r p ~ n4p

r(~p~p)/r(~p~p&)
VALUE (units 10 ) CL% DOCUMENT ID

rae/ra
TECN COMM EN T

878 GAM2 38 7r p ~ n4p

r(4~P)lr(~P ~Pn)
VALUE (units 10 4)

+23
CL%

90

DOCUMENT ID

ALDE

rap/ra
TECN COMM EN T

878 GAM2 38 7r p -~ n8g

r/(958) C-NONCONSERVING DECAY PARAMETER

DECAY ASYMMETRY PARAMETER FOR ++x
VAL UE EVTS DOC UMEN T ID TECN
—0.01 +0.04 OUR AVERAGE
—0.019+0.056
—0.069 + 0.078

0.00:L0.10

COM MEN T

AI HARA 87 TPC 2p ~ 7r+ 7r

GRIGORIAN 75 STRC 2.1 7r p
KALBFLEISCH 75 HBC 2.18 K p ~

/i~4-7r —
~

RITTENBERG 65 HBC 2.1—2.7 K p0.07 +0.08 152

See the note on 7I decay parameters in the Stable Particle Particle Listings
for definition of this parameter.

997 4 5
960 + 10
994 + 5
996

3k
10k

1 ALDE
2 ALDE

AMSLER
3 AMSLER

7I 7r

958 GAM2 38 7r p -~ 7r 7r n

958 GAM2 38 7r p ~ 7r 7r n

958 CBAR 0.0 p p -~ 37r

95D CBAR 0.0 p p ~ rr

7r 77 r) f 7I 7r r7

987 + 6
1015
983
988
988 + 10

971.1 4 4.0
979 4 4

4 ANISOVICH
JANSSEN

5 BUGG
6 ZOU
7 MORGAN

95 RVUE
95 RVUE
94 RVUE
948 RVUE
93 RVUE

7rrr, KK
p p —7727r0

7r 7r (K K)—
~7r(KK), g/q

(KK), 0
7r (7r 7r)

400 pp
300 pp ~ p p7r7r,

pp K K

8 AGUILAR-. .. 91 EHS
9 ARMSTRONG 91 OMEG

TECN COMMENTVALUE (MeV) EVTS

980 +10 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1006 TORNQVIST 96 RVUE 7r7r ~ 7r7r, K K, K7r,
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f, (980)

956 + 12
959.4 + 6.5
978 + 9

985.0+ 90
—39.0

974 + 4
975
986 6 10

969 4 5

987 + 7
1012 + 6
1007 + 20
997 + 6

ETKIN

9 GIDAL
10 ACHASOV
9 AGUILAR-. ..
9 LEEPER

828 MPS

81 MRK2
80 RVUE

78 HBC

77 ASPK

9 BINNIE 73
11 GRAYER 73

HYA MS 73
11 PROTOPOP. .. 73

CNTR
ASPK
ASPK
HBC

BREAKSTONE 90 SFM
8 AUGUSTIN 89 DM2
8 ABACHI 868 HRS

pp ~ pp7r 7l

J/Q ~ ~7r+7r
e+ e — 7r+ 7r

—x

p

l/@ —a 7r+ 7r X

KSKS
2—247r p ~

7r+7r n, K+K n

p~ nMM
17 7r p ~ 7r+7r n

17 ~—
p - 7r+7r —

n

7 ~+ p
w+ p7r+~—

fp(980) DECAY MODES

Mode

I 1 7r7r

I2 KK

C4 e+ e

Fraction (I;/I )

(781 +24 ) lp

(21.9 + 2.4 ) %

( 1.19+0.33) x 10
3 x10

Confidence level

90%

CONSTRAINED FIT INFORMATION

An overall fit to a branching ratio uses 3 measurements and one
constraint to determine 2 parameters. The overall fit has a X2=
2.0 for 2 degrees of freedom.

1 At high tl.
2At Iow gati.

On sheet II in a 4-pole solution, the other poles are found on sheet III at (953—55/) MeV
and on sheet IV at (938—35/) MeV.
Combined fit of ALDE 958, ANISOVICH 94, AMSLER 94D.

50n sheet II in a 2 pole solution. The other pole is found on sheet III at (996—103I) MeV.
60n sheet II in a 2 pole solution. The other pole is found on sheet III at (797—185/) MeV

and can be interpreted as a shadow pole.
On sheet II in a 2 pole solution. The other pole is found on sheet III at (978—28i) MeV.
From invariant mass fit.
From coupled channel analysis.
Coupled channel analysis with finite width corrections.
Included in AGUILAR-BENITEZ 78 fit.

fp(980) WIDTH

DOCUMENT ID

3k
10k

48 6 10
95 4 20
26 + 10

~ 112

80 + 12
30
74
46
48 4 12

37.4+ 10.6
72 + 8

110 + 30
29 + 13

120 +281 +20
28 + 10
70 to 300

100 + 80

30 + 8

48 + 14
32 6 10
30 + 10
54 + 16

15 ANISOVICH
JAN SSEN

16 BUGG
17 ZOU

MORGAN

95 RVUE
95 RVUE

94 RVUE
948 RVUE
93 RVUE

AG U I LA R-... 91 EH S
20 ARMSTRONG 91 OMEG

BREAKSTONE 90
19 ABACHI 868

ET K IN 828
20 GIDAL 81
2 ACHASOV 80
22 AG U I LA R-... 78
20 LEEPER ?7

SFM
HRS
MPS

MRK2
RVUE

HBC

ASPK

BINNIE 73 CNTR
GRAYER 73 ASPK
HYAMS 73 ASPK

23 PROTOPOP 73 HBC

7r7r ~ 7r7r, K K

PP 7)27r

7r 7r (K K)
«(KK), a/@-

(KK), D
7r (7r 7r)

400 pp
300 p p ~ p p 7r 7r,

pp K K
PP PP7r
e+ e

— ~+~—
X

23 ~- p —n2KS
J/Q ~ 7r+7r X

0,7 pp - KSKS
2—247r p~

&+&-n, K+K—
n

p~ nMM

1? ~—
p ~+~—

n

17 7r p ~ 7r+7r n

7 ~+ p
7r+ p~+~—

12 At high
j
t )l.

13 At low t).
On sheet II in a 4-pole solution, the other poles are found on sheet III at (953—55I') MeV
and on sheet IV at (938—35i) MeV.
Combined fit of ALDE 958, ANISOVICH 94,
On sheet II in a 2 pole solution. The other pole is found on sheet III at (996—103I) MeV.
On sheet II in a 2 pole solution. The other pole is found on sheet III at (797—185/) MeV
and can be interpreted as a shadow pole.
On sheet II in a 2 pole solution. The other pole is found on sheet III at (978—28/) MeV.
From invariant mass fit.
From coupled channel analysis.
Coupled channel analysis with finite width corrections.
From coupled channel fit to the HYAMS 73 and PROTOPOPESCU 73 data. With a

simultaneous fit to the 7r7r phase-shifts, inelasticity and to the KS K& invariant mass.

Included in AGUILAR-BENITEZ 78 fit.

Width determination very model dependent. Peak width is about 50 MeV, but decay
width can be much larger.

VAL UE (MeV) EVTS TECN COM MEN T

40 to 100 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

34 TORNQVIST 96 RVUE 7r7r ~ 7r7r, K K, K7r,
rl 7r

ALDE 958 GAM2 38 7r p ~ 7r 7r n

ALDE 958 GAM2 38 7r p ~ 7r 7r n

AMSLER 958 CBAR 0 0 pp ~ 37r
14 AMSLER 95D CBAR 0.0 pp ~ 7r07r07r0

x2 —100

X1

fp(980) PARTIAL WIDTHS

TECN COM MEN TVALUE (keV) EVTS

0.56+0.11 OUR AVERAGE

0.63+0.14 24 MORGAN 90 RVUE
0.42 +0.06 +0,18 60 25 OEST 90 JADE
~ ~ ~ We do not use the following data for averages, fits, limits,

0.29 +0.07 +0, 12 BOYER 90 MRK2

7I r 7I

e+ e ~ e+ e 7r07r0

etc. ~ ~ ~

e+e-
e+ e 7r+ 7r

e+ e ~ e+ e 7r07r00.31+0.14 +0.09 26 27 MARSISKE 90 CBAL

From am plitude analysis of BOYER 90 and MARSISKE 90, data corresponds to resonance
parameters m = 989 MeV, I = 61 MeV.

5OEST 90 quote systematic errors + ' . We use +0.18.—0.18'
From analysis allowing arbitrary background unconstrained by unitarity.
Data included in MORGAN 90 analysis.

r{e+e )
VAL UE (eV)

g8.4
CL%

90

DOCUMENT /D TECN COMMENT

VOROBYEV 88 ND e+ e 7I

l4

fp(980) BRANCHING RATIOS

r(«)i [r{«)+ r{vÃ)j I i/(I t+r2)
TECN COMM EN TDOCUMENT IDVAL UE

0.781+0.024 OUR FIT

0.781+ ' OUR AVERAGE—0.023
0.67 + 0.09

0 81 + 0.09—0.04
0.78 + 0.03

28 LOVERRE 80 HBC

78 STRC

76 OSPK

4 p n2KS

p

8.9 7r p —~ n2KS0

the 7r7r and KK channels

28 CASON

WETZEL

MeaSure 7r7r elaStiCity aSSurning tWO reSOnanCeS COupled tO
only.

fp(980) REFERENCES

TORNQVIST 96
ALDE 958
AMSLER 958
AMSLER 95D
A N I SOV I C H 95
JANSSEN 95
AMSLER 94D
A NI SO V I C H 94
BUGG 94
ZOU 948
MORGAN 93
AGU I LAR-. .. 91
ARMSTRONG 91
BOYER 90
BREAKSTONE 90
MARSISKE 90
MORGAN 90
GEST 90
AUGUSTIN 89
VOROBYEV 88

ABAC Hl 868
ETK IN 828
GIDAL 81
ACHASOV 80

LOVERRE 80
AGUILAR-. . . 78
CASON 78
LEEPER 77
WETZEL 76
8 INN IE 73
GRAYER 73
HYAMS 73
PROTOPOP. .. 73

PRL 76 1575
ZPHY C66 375
PL 8342 433
PL 8355 425
PL 8355 363
P R D52 2690
PL 8333 277
PL 8323 233
PR D50 4412
PR D50 591
PR D48 1185
ZPHY C50 405
ZPHY C51 351
PR D42 1350
ZPHY C48 569
PR D41 3324
ZPHY C48 623
ZPHY C47 343
NP 8320 1
SJNP 48 273
Translated from
PRL 57 1990
PR D25 1786
PL 1078 153
SJNP 32 566
Translated from
ZPHY C6 187
NP 8140 73
PRL 41 271
PR D16 2054
NP 8115 208
PRL 31 1534
Tallahassee
NP 864 134
PR D7 1279

+Roos (HELS)
-I-Binon, Boutemeur+ (GAMS Collab. )
+Armstrong, Brose+ (Crystal Barrel Collab. )
+Armstrong, Spanier+ (Crystal Barrel Collab. )
+Kondashov+ (PNPI, SERP)
+Pearce, Holinde, Speth (STON, ADLD, JULI)
+Anisovich, Spanier+ (Crystal Barrel Collab. )
+A rrn st ron g+ (Crystal Barrel Collab. )
+Anisovich+ (LOQM)
+Bugg (LOQM)
+Pennington (RAL, DURH)

Aguilar-Benitez, Allison, Batalor+ (LEBC-EHS Collab, )
+Benayoun+ (ATHU, BARI, BIRM, CERN, CDEF)
+Butler+ (Mark II Collab. )
+ (ISU, BGNA, CERN, DORT, HEIDH, WARS)
+Antreasyan+ (Crystal Ball Collab. )
+Pennington (RAL, DURH)
+Olsson+ (JADE Collab. )
+Cosme (DM2 Collab. )
+Golubev, Dolinsky, Druzhinin+ (NOVO)

YAF 48 436.
+Derrick, Blockus+ (PURD, ANL, IND, MICH, LBL)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)
+Goldhaber, Guy, Millikan, Abrams+ (SLAC, LBL)
+Devyanin, Shestakov (NOVM)

YAF 32 1098.
+Armenteros, Dionisi+ (CERN, CDEF, MADR, STOH) IJP

Aguilar-Benitez, Cerrada+ (MADR, BOMB, CERN+)
+Baumbaugh, Bishop, Biswas+ (NDAM, ANL)
+Buttram, Crawley, Duke, Lamb, Peterson {ISU)
+Freudenreich, Beuschg (ETH, CERN, LOIC)
+Carr, Debenham, Duane, Garbutt+ (LOIC, SHMP)
+Hyarns, Jones, Blum, Dietl, Koch+ (CERN, MPIM)
+Jones, Weilhammer, Blum, Dietl+ (CERN, MPIM)

Protopopescu, Alston-Garnjost, Galtieri, Flatte+ (LBL)

The following off-diagona/ array elements are the coirelation coefficients
bx, bx. }/(bx,"bx ), in percent, from the fit to the branching fractions, x;
I, /f total ~ The fit constrains the x; whose labels appear in this array to sum to

one.
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fo(980), ao(980)

—OTHER RELATED PAPERS

AU

AKESSON
MENNESSIER
BARBER
ETKIN
BIGI
BINGHAM
ERWIN
WANG

87 PR D35 1633
86 NP B264 154
83 ZPHY C16 241
82 ZPHY C12 1
82C PR D25 2446
62 CERN Conf. 247
62 CERN Conf. 240
62 PRL 9 34
61 JETP 13 323

Translated from ZETF

a, (980) /G(J C) = 1 (0++)

+Morgan, Pennington (DURH, RAL)
+Albrow, Alrnehed+ (Axial Field Spec. Collab. )

(MONP)
+Dainton, Brodbeck, Brookes+ (DARE, LANC, SHEF)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)
+Brandt, Carrara+ (CERN)
+Bloch+ (EPOL, CERN)
+Hoyer, March, Walker, Wangler (WIS C, BNL)
+Veksler, Vrana+ (JINR)

40 464.

5From a single Breit-Wigner fit.
From f1(1285) decay.

Using a two-channel resonance parametrization of GAY 76B data.

KR ONLY
VALUE (MeV) EVTS DOCUMENT ID TECN CHG

o e o We do not use the following data for averages, fits, limits, etc. ~

~ 25 100 ASTIER 67 HBC
57+ 13 143 ROSENFELD 65 RVUE

ASTIER 67 includes data of BARLOW 67, CONFORTO 67, ARMENTEROS 65.
9 Plus systematic errors.

See our minireview on scalar mesons under f0(1370) and on the
non- q g candidates.

ap{980) MASS

VA L LIE ( M eV) DOCUMENT ID

983.5+0.9 OUR AVERAGE Includes data from the 2 datablocks that follow this one.

gn. FINAL STATE ONLY
VALUE (MeV) EVTS DOCUMENT /D TECN CHG COMMENT
The data in this block is included in the average printed for a previous datablock.

f 1

I2

r4
r5
f6

Mode

KK
p7r
vr q'(958)

'/ y

e+e

ap(980) DECAY MODES

Fraction (I;/l )

dominant

seen

seen

983.7 + 0.9 OUR AVERAGE

984.45+ 1.23+0.34 AMSLER 94C CBAR
982 6 2 AMSLER 92 CHAR

984 4 4 1040 ARMSTRONG 91B OMEG
976 4 6 ATKINSON 84E OMEG
986 6 3 500 EVANGELISTA 81 OMEG

990 + 7 145 GURTU 79 HBC
977 + 7 GRASSLER 77 HBC
972 +10 150 D E FOI X 72 H BC
e ~ ~ We do not use the following data for averages, fits,

987 TORNQVIST 96 RVUE

JANSSEN 95 RVUE

980 + 11 47 CONFORTO
978 + 16 50 CORDEN
989 6 4 70 WELLS
970 6 15 20 BAR NES
980 + 10 CAMPBELL
980 + 10 15 MILLER
980 +10 30 AMMAR

From a single Breit-Wigner fit.
From f1(1285) decay.

78 OSPK
78 OMEG
75 HBC
69c HBC
69 DBC
69B HBC
68 HBC

limits,

0.0 pp ~
0.0 pp -~ 7/7/7r

300 p p ~ p p7/7r+ 7r

25—55 gp ~ 7/7m

127r p ~
'r/ 7r 7I 7r p

4.2 K p ~ A7/27r

16 m+ p - pq37r
07 pp ~ 77r

etc. ~ ~

7r7r, K K, K7r,
7/ 7r

7/7r, K K, K7r,
7/ 7r

457r p ~ pX
12—15 7r p ~ n7/27r

31 6 K p ~ A7/27r

4-5 K p ~ A7/27r

2.7 7r+ d
45 K N ~ 7/7rA

5.5 K p —~ A7/27r

KK ONLY
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT
The data in this block is included in the average printed for a previous datablock.

976 + 6 316 DEBILLY 80 HBC + 1.2—2 pp ~ f1(1285)u7
~ e o We do not use the following data for averages, fits, limits, etc. ~ ~

1016 k 10 100 ASTIER 67 HBC + 0.0 pp
1003 3+ 7 0 143 ROSENFELD 65 RVUE

ASTIER 67 includes data of BARLOW 67, CONFORTO 67, ARMENTEROS 65.
4 Plus systematic errors.

r(9e) x r(77)/r, .„,ap(980) I (I}l (77)/I {total)

VA L UE (ke V) EVTS DOCUMENT /D TECN COMM EN T

0.24+ ' OUR AVERAGE—0.07
0.28+ 0.04 4 0.10 44

0.19*0.07 —0.07

GEST 90 JADE e+ e e+ e

ANTREASYAN 86 CBAL e+ e ~ e+ e

I (0e) x I (e+e )/I tptaJ
VALUE (eV)

g1.5
CL%

90

DOCUMENT ID TECN COMMENT

VOROBYEV 88 ND e+ e

I (KK)/I (0e)

ap(980} BRANCHING RATIOS

VALUE DOCUMENT ID TECN CHG

a e e We do not use the following data for averages, fits, limits, etc. ~

1.16+0.18 10 BUGG 94 RVUE
0.7 +0.3 11 CORDEN 78 OMEG

0,25+ 0.08 11 DEFOIX 72 HBC

BUGG 94 uses AMSLER 94C data. This is a ratio of couplings.
From the decay of f1(1285).

COMMENT

~ ~

p p ~ 7/7/7r

12-15 7r p -~
/7 7/ 27r

0.7 p -~ 77r

r(pe)/r(0m)
VALUE CL% DOCUMENT ID TECN CHG COMMENT

(0.25 70 AMMAR 70 HBC 4.1,5.5 K p --+

A7/27r

ap{980) REFERENCES

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ap(980) WIDTH

VAL UE

50

~ ~ ~

100

202

54.12 9 0.344 0.12
54 +10
95 + 14 1040
62 6 15 500

60 +20
60 +50—30

+ 60.0—50.0
44 +22
80 to 300

+ 25.0
—16.0

30 + 5

40 +15
60 +30
80 +30

CONFORTO 78 OSPK47 457r p ~ pX

12—15 7r p ~ n7/27rCORDEN 78 OMEG50

16 7r+ p —+ p7/37r

42 K p ~ A7/27r

G RASSLER
? FLATTE

7? HBC
76 RVUE

75 HBC 3.1—6 K p —+ A7/27r70 WELLS

72 HBC
69 DBC
69B HBC
68 HBC

DEFOIX
CAMPBELL
MILLER
AMMAR

0.7 pp ~ 77r

2.7 7r+ d
4.5 K N ~ 7/7rA

55 K p ~ A7/27r

150

15
30

(MeV) EVTS DOCUMENT ID TECN CHG COMMENT

to 100 OUR ESTIMATE Width determination very model dependent. Peak
width is about 60 MeV, but decay width can be
much larger.

We do not use the following data for averages, fits, limits, etc. ~ o ~

TORNQVIST 96 RVUE 7r7r ~ 7r7r, KK, K7r,
7/ 7I

JANSSEN 95 RVUE 7/7r ~ 7/7r, KK, K7r,
'/

AMSLER 94C CBAR 00pp~
AMSLER 92 CBAR 0 0 p p ~ 7/7/7r

ARMSTRONG 91B OMFG + 300 pp pp7/7r+7r
EVANGELISTA 81 OMEG + 12 7r p —~

7/ 7r 7I 7I p
145 GURTU 79 HBC + 4.2 K p A7/27r

TORNQVIST 96
JANSSEN 95
AMSLER 94C
BUGG 94
AMSLER 92
ARMSTRONG 91B
OEST 90
VOROBYEV 88

ANTREASYAN 86
ATKINSON 84E
EVA N G E L I STA 81
DEBILLY 80
GURTU 79
CONFORTO 78
CORDFN 78
GRASSLER 77
FLATTE 76
GAY 76B
WELLS 75
DEFOIX 72
AMMAR 70
BARNES 69C
CAMPBELL 69
MILLE R 69B

Also 69
AMMAR 68
ASTIER 67

Includes data of
BARLOW 67
CONFORTO 67
ARMENTEROS 65
ROSENFELD 65

PRL 76 1575
PR D52 2690
PL B327 425
PR D50 4412
PL B291 347
ZPHY C52 389
ZPHY C47 343
SJNP 48 273
Translated from
PR D33 1847
PL 138B 459
NP B178 197
NP B176 1
NP B151 181
LNC 23 419
NP B144 253
NP B121 189
PL 63B 224
PL 63B 220
NP B101 333
NP B44 125
PR D2 430
PRL 23 610
PRL 22 1204
PL 29B 255
PR 188 2011
PRL 21 1832
PL 25B 294

BARLOW 67, CO
NC 50A 701
NP B3 469
PL 17 344
Oxford Conf. 58

+ Roos (HELS)
+Pearce, Holinde, Speth (STON, ADLD, JULI)
+Armstrong, Ravndal+ (Crystal Barrel Collab. )
+Anisovich+ (LOQM}
+Augustin, Baker-i (Crystal Barrel Collab. )
+Barnes+ (ATHU, BARI, BIRM, CERN, CDEF}
+Olsson+ (JADE Collab. )
+-Golubev, Dolinsky, Druzhinin+ (NOVO)

YAF 48 436.
+Aschman, Besset, Bienlein+ (Crystal Ball Collab. )

(BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+ (BARI, BONN, CERN, DARE, LIVP-F)
+Briand, Duboc, Levy+ (CURIN, LAUS, NEUC, GLAS)
+Gavillet, Blokzijl+ (CERN. ZEEM, NIJM, OXF)
+Conforto, Key+ (RHEL, TNTO, CHIC, FNAL-I-)
+Corbett, Alexander+ (BIRM, RHEL, TELA, LOWC)

(AACH3, BERL, BONN, CERN, CRAC, HEIDHq-)
(CERN)

+Chaloupka, Blokzijl, Heinen~ (CERN, AMST, NIJM) JP
+Radojicic, Roscoe, Lyons (OXF)
+Nascimento, Bizzarri+ (CDEF, CERN)
+ Kropac, Davis+ (KANS, NWES, ANL, WISC)
+Chung, Eisner, Bassano, Goldberg+ (BNL, SYRA)
-I-Lichtman, Loeffler+ (PURD)
+Kramer Carmony+ (PURD)

Yen, Ammann, Carmony, Elsner+ (PURD)
+Davis, Kropac, Derrick, Fields+ (NWES, ANL)
+Montanet, Baubillier, Duboc+ (CDEF, CERN, IRAD}

NFORTO 67, and ARMENTEROS 65.
-FLillestoI, Montanet+ (CERN, CDEF, IRAD, LIVP)
-F Marechal+ (CERN, CDEF, IPNP, LIVP)
+Edwards, Jacobsen+ (CERN, CDEF)

(LRL)



See key on page 199 Meson Particle Listings
a, (98O), y(1020)

OTHER RELATED PAPERS

TORNQVIST
WEINSTEIN
ACHASOV
WEINSTEIN
TORNQVIST
BRAMON
TURKOT

90 NPBPS 21,196
89 UTPT 89 03
88B ZPHY C41 309
83B PR D27 588
82 PRL 49 624
80 PL 93B 65
63 Siena Conf. 1 661

+lsgur
+Shestakov
+Isgur

+Masso
+Collins, Fujii, Kemp+

(HELS)
(TNTO)
(NOVM)
(TNTO)
(HELS)
(BARC)

(BNL, PITT)

0(1020) / (JPC) 0 (1 )

$(1020}MASS

We average mass and width values only when the systematic errors have
been evaluated.

VALUE {MeV) EVTS

1019.413+0.008 OUR AVERAGE

1019,42 +0.06 55600

1019.7 +0.3
1019.411+0.008

1019.7 +0.1 +0.1

1019.3 +0.1

2012
642k

5079

1500

DOCUMENT ID TECN COMM EN T

AKHMETSHIN 95 CMD2 e+ e
hadrons

DAVENPORT 86 MPSF 400 pA ~ 4KX
DI J KSTRA 86 SPEC 100—200 7r+, p,

p, K+, on Be
ALBRECHT 85D ARG 10 e+ e

K+ K-X
ARENTON 82 AEMS 11.8 polar.

pp~ KK
1019.67 +0.17
1019.54 + 0, 12

1019.52 +0.13

25080
1100

3681

PELLINEN 82 RVUE
BARKOV 79B EMUL

BUKIN 78C OLYA

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

e+e-
K+ Ke+e-
hadrons

~ ~

1019,8 6 0.7

1020.1 +0.11
1019.7 6 1.0

1020.9 +0.2

1021.0 4 0.2

1020.0 +0.5

1019,7 +0.3

1019.8 4 0.2 +0.5

1019.4 +0.5

1020 + 1

1018.9 +0.6

1019.7 +0.5

1019.4 k 0.8

1020.3 +0.4
1019.4 +0.7
1019.6 +0.5

1019.9 + 0.5

1020.4 +0.5

1019.9 + 0.3

ARMSTRONG 86 OMEG

5526 3 ATKINSON
BEBEK

3 FRAME

86 OMEG
86 C LEO

86 OMEG

ARMSTRONG 83B OMEG

ARMSTRONG 83B OMEG

766

337

3 BARATE

IVA NOV

COOPER

83 GOLI

81 0LYA

78B HBC

383 3 BALDI

COHEN800

77 CNTR

77 ASPK

KALBFLEISCH 76 HBC

984 BESCH 74 CNTR

100

120

100

131

BALLAM

B INN I E

4 AGUILAR-. ..

4 AGUILAR-. ..

COLLEY

73 HBC
73B CNTR
72B HBC

72B HBC

72 HBC

410 STOTTLE. . . 71 HBC

85 7r+/pp ~
~+/p4K p

20—70 7p
e+e-

r(4S)
13 K+p

PK+p
18.5 K p —+

K—K+n
18.5 K p ~

K K+ A
190 7r Be ~

2p, X
1—1.4 e+ e

K+K—
0.?—0.8 pp —+

Ko Ko 7r+7rS L
107r p ~

Pp
67r+N ~

K+K N
2.18 K p —+

AKK
2 rp

pK+ K
2.8—9.3 7 p
7r p ~ Pn
3.9,4.6 K p ~

nK+ K—
3.9,4.6 K p ~

K pK+K
10K+p~

K+ p@
2.9 K p ~

Z/AKK
Weighted and scaled average of 12 measurements of DIJKSTRA 86.
PELLINEN 82 review includes AKERLOF 77, DAUM 81, BALDI 77, AYRES 74, DE-
GROOT 74.
Systematic errors not evaluated.

4 Mass errors enlarged by us to 1/~N; see the note with the K*(892) mass.

4.58 4 0.55 1100 5 BARKOV 79B EMUL
4.36+0.29 3681 5 BUKIN 78C OLYA
4.4 +0.6 984 5 BESCH 74 CNTR
4.67+0.72 681 5 BALAKIN 71 OSPK
4.09+0.29 BIZOT 70 OSPK
~ ~ ~ We do not use the following data for averages, fits, limits,

4,08+ 0.14
3.6 +0.8

4, 5 +0.50
4.5 +0.8

13714 KURDADZE 84 OLYA
337 5 COOPER 78B HBC

1300 5)6 AKERLOF 77 SPEC
00 5se AYRES 74 ASPK

3.81+0.37 COSME 74B OSPK

3.8 +0.7 454 5 BORENSTEIN 72 HBC

5Width errors enlarged by us to 4l /~N; see the note with the
Systematic errors not evaluated.

e+e ~ K+K
e+ e ~ hadrons
2 pp ~ pK+K
e+ e ~ hadrons
e+ e ~ hadrons
etc. ~ ~ ~

e+ e ~ hadrons
0.7—0.8 pp ~

Ko Ko~+~-
S L

400 pA ~ K+K X
3—67r p~

K+K n, K p~
K+ K —A/Xo

e+e ~ K K
L S

218K p~ KKn

K*(892) m ass.

Mode

P(1020} DECAY MODES

Fraction (I;/I )
Scale factor/

Confidence level

I3
r4
l5
le
l?
rs

I9

K+ K
KL KS
P7I
7+~—~0

7l y

e+e
P

ye+ e

I 10 7r+7r

I 1] Cc)p

r13 7r+ 7r

I t4 fp(980) p
r, 5
r1e ~+~ ~+
r t7 g'(958) p

7r+ +
I 19 7I e+e
I 20 7r 0

I 21 ao(980) P

(49.1

(34.1

(12.9
( 2.7

( 1.26

( 1.31

( 3.OO

( 2.48

( 1.3

(s
5

2

7

( 1

8.7
4.1
1.5
1.2

5

+0.6 )
+0.5 )
+0.7 )
+0.9 )
+o.oe)
+0.13)
+o.oe)
+0.34)
+0.8

)—0.6
+5

)

0/

0/

x 10
x10 4

x 10

x 10 4

x 10

0/

x 10

x 10
x10 4

x 10 4

x10 4

x 10 4

x 10

S=1.2
S=1.1

S=1.1
S=1.1

S=1.1

S=1.5

C L=84%
CL=S4%
CL=9O%

C L=90%
C L=90%
C L=90%
C L=95 /0

C L=90%

C L=90%

CONSTRAINED FIT INFORMATION

An overall fit to the total width, a partial width, and 9 branching
ratios uses 43 measurements and one constraint to determine 6
parameters. The overall fit has a X = 28.9 for 38 degrees of2 =
freedom.

X2

X3

X4

X5

I

—63

0 0
—34 —16 —81
—5 —3 0 —1

0 0 —20 16

X1 X2 X3 X4 X5

The following off-diagonal array clem ents are the correlation coefficients

bp, bp )/(b'p, "6p ), in percent, from the fjt to parameters p;, including the branch-

ing fractions, x, = I;/Itotal The fit constrains the x, whose labels appear in this
array to sum to one.

VALUE {MeV)

4.43+0.05 OUR FIT
4.43+0.05 OUR AVERAGE

4.44 S0.09 55600
4.45 + 0.06 271k
4.5 4 0.7 1500
4.2 + 0.6 766

4.3 4 0.6

DOCUMENT ID

AKHMETSHIN 95
DI J KSTRA 86
ARENTON 82

5 IVANOV 81

5 CORDIER 80

TECN COMM EN T

CMD2 e+ e ~ hadrons

SPEC 100 7r Be
AEMS 11.8 polar. pp ~ KK
OLYA 1—1.4 e+ eK+K-
WIR E e+ e 7r+ 7r 7rO

err(1020} WIDTH

We average mass and width values only when the systematic errors have
bee n eva lu ta ted.

r,
r2
l3
f4
r5

Mode

K+ K
KL KS
P7I
~+~- ~0

Rate (MeV)

2.18 +0.04
1.510 + 0.029

0.570 6 0.030
0.12 +0.04
0,0561+0.0025

Scale factor
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$(1020)

r (pet)

$(1020) PARTIAL WIDTHS

VAL UE (MeV)

0.570+0.030 OUR FIT
0.57 +0.03

DOCUMENT ID

J UL LIAN

TECN COMMEN T

76 OSPK e+ e

I (e+e )
VAL UE (keV)

1.37+0.05 OUR EVALUATION
DOCUMENT ID

P(1020) BRANCHING RATIOS

C3

C7

r (tI7) /rtotal
VALUE EVTS

0.0126+0.0006 OUR FIT Error
0.0126+0.0005 OUR AVERAGE

0.0118+0.0011 279
0.0130+0,0006
0.014 + 0.002
0.0088 +0.0020 290
0.01354 0,0029
0.015 +0.004 54

From 2p decay mode of TI.

From 3~ decay mode of 7).

DOCUMEN T ID TECN

includes scale factor of 1.1.
Error includes scale factor of 1

AKHMETSHIN 95 CMD2
9 DRUZHININ 84 ND

DRUZHININ 84 ND

KURDADZE 83C OLYA

ANDREWS 77 CNTR
9 COSME 76 OSPK

1.e+�-
ee+
e+e-
e+ e
6.7—10
e+e—

rl y

—+ 3
--+ 6p
—+ 3 /

pCu

COM MEN T

CMD2
HBC

HBC
OSPK
OSPK
HBC

r (~ot it&) /r, .„l
VALUE

0.341+0.005
0.334+0.007
0.335+ 0.010
0,326+ 0.035

0.310+0.024

0.3384 0.010

EVTS DOCUMENT ID TECN

OUR FIT Error includes scale factor of 1.1.
OUR AVERAGE

40644 AKHMETSHIN 95 CMD2

DOLINSKY 91 ND

DRUZHININ 84 ND

KURDADZE 84 OLYA

r(V+ V-) /r«tal
VAL UE EVTS DOCUMENT ID TECN

0.491+0.006 OUR FIT Error includes scale factor of 1.2.
0.493+0.010 OUR AVERAGE

0.492+ 0.012 2913
0.44 +0.05 321
0.49 2 0.06 270
0.540+ 0.034 565
0.486+ 0.044
0,48 +0.04 252

COMMENT

e+e ~ K+K
2.18 K p —~ A K+ K
42K p~ /IP
e+e ~ K~ K
e+ e
2.1—2.7 K p ~

nK+ K—

COMM EN T

e+e —e K0K0
e+e K~K~
e+e K~K~
e+ e K~& K&~

r (et+ et-7) /rtotal
VAL UE CL% DOCUMENT ID TECN COMMENT

e+ e
— ~+~—

p
etC. ~ 0 ~

&0,06

&0.04

90 KALBFLEISCH 75 HBC

LINDSEY 65 HBC

2.18K p~
n~+ ~ —

&
21—27 K p ~

A7r+ 7r neutrals

r (~7) / rtota l

VAL UE

(0.05

r (p7)/rt. t.l

VALUE

&0.02

r(O+O )/rtotal

CL%

84

CL%

DOCUMENT ID

LINDS EY

DOCUMENT ID

LINDS EY

TECN COMM EN T

66 HBC 2.1—2.7 K p ~
/I~+ + neutrals

TECN COMMEN T

66 HBC 2.1—2.7 K p ~
A7r+ 7r neutralS

&0.007 90 COSME 74 OSPK
~ ~ ~ We do not use the following data for averages, fits, limits,

0 ~ ~ We do not use the following data for averages, fits, limits, etc. 0 ~ 0

0.27 + 0.03

0.257+ 0.030

0.40 + 0.04

133 KALBFLEISCH 76 HBC

95 BALAKIN 71 OSPK

167 LINDSEY 66 HBC

2.18 K p ~ /IKL KS
+ — KO KO

L S
2.1—2.7 K p -~

/IKL KS

[r(pw)+I (m+m alt)]/r, t (I a+I a)/I

r (~', ~o5) /r (~g~
VALUE EVTS DOCUMENT ID TECN

0.409+0.006 OUR FIT Error includes scale factor of 1.1.
0.45 +0.04 OUR AVERAGE

0,44 +0.07
0.48 +0.07
0.40 +0.10

66 HBC
65B HBC
63 HBC

52
34

[r(p~) i r (~+ ~- ~')]/r(v+K
VALUE DOCUMENT ID TECN

0.187+0.007 OUR FIT Error includes scale factor of 1.3.
0.24 +0.04 OUR AVERAGE

0.237+ 0.039
0,30 +0.15

[I (pet) + I (te+ee etO)]/r(V', XO~)

VALUE EVTS DOCUMENT ID TECN

0.457+0.018 OUR FIT Error includes scale factor of 1.3.
0.51 +0.05 OUR AVERAGE

0.56 +0.07 3681 BUKIN 78C OLYA

0.47 4 0.06

r(p p )/rtotal

516 COSME 74 OSPK

COMM EN T

I 2/(I t+I 2)

224 K p /IKK
3 K p
195 K p —a /IKK

(ra+ 4)/("t+ "2)
COMM EN T

4.2 K p -~ A37r

2.24 K p —~
/I~+ ~—~0

(I 3+I a)/I 2
COMMENT

e+e ~ K K
L S'

0
e+ e — +

VALUE (units 10 4) DOCUMENT ID

2.48+0.34 OUR AVERAGE

2.69 +0.46 8 HAYES 71 CNTR
2.17+0.60 8 EARLES 70 CNTR
2.34.X 1.01 MOY 69 CNTR

Neglecting interference between resonance and continuum.

TECN COMM EN T

8.3,9.8 p C ~ p, + p, X

60pC ~ p+/c X

5.0 PC -~ P, +It X

VALUE EVTS DOCUMENT ID TECN COMMENT

0.156+0.005 OUR FIT Error includes scale factor of 1.3.
0.152+0.005 OUR AVERAGE Error includes scale factor of 1.2.
0.161+0.008 11761 AKHMETSHIN 95 CMD2 e+ e ~ 7r+ 7r

0.143J:0.007 DOLINSKY 91 ND e+ e ~ w+ 7r

0.155+0.008 K URDADZE 84 OLYA e+ e —~+ 7r

0 ~ 0 We do not use the following data for averages, fits, limits, etc. ~ 0 ~

0.139+0.007 PARROUR 76B OSPK e+ e

Using total width 4.1 MeV. The p7r to 3' mode is more than 80%. at the 90% confidence
level.

r (a 7) /rtotal
VALUE (units 10 EVTS

1.31+0.13 OUR AVERAGE

1.30 6 0.13
1.4 + 0.5

DOCUMENT ID TECN COM MEN T

DRUZHININ 84 ND e+ e ~ 3p
COSME 76 OSPK e+ e

rs/I

r(a+et )/rtotal
VALUE (units 10 4) CL% DOCUMENT ID TECN COMMENT

0.8 0'4 OUR AVERAGE Error includes scale factor of 1.5.

r»/r

0.63+—0.28
12 GOLUBEV 86 ND

1.94+ 1.03
—0.81

12 VASSERMAN 81 OLYA

&6.6 95 BUK IN 78B OLYA

0 0 ~ We do not use the following data for averages, fits, limits,

&4.0 95 J ULLIAN 76 OSP K

&2.7 95 ALVENSLEBEN72 CNTR
12 Using I (e+ e )/I total —3.1 x 10 4.

I (Ko Koz)/r(K+K

e+e—

e e

e e
etC. ~ 0 ~

e+ e

6.7 pC ~

VAL UE EVTS

0.693+0.018 OUR FIT Error
0.740+0.031 OUR AVERAGE

0.70 + 0.06 2732

0.82 + 0.08
0.71 J:0.05
0.71 J:0.08
0.89 + 0.10 144

DOCUMENT ID TECN

includes scale factor of 1.1.

BUK IN 78C OLYA

LOSTY 78 H BC
LAV EN 77 HBC
LYONS 77 HBC
AGUILAR-. .. 72B HBC

COMMENT

e e — K K
L S

4.2 K p ~ /hyperon
10K p K+K
3—4 K p~ /I(j)

3.9,4.6 K p

[r(«) ~ r(~+ ~-~o)]/r(~+ ~-)
VAL UE EVTS DOCUMENT ID TECN

0.317+0.013 OUR FIT Error includes scale factor of 1.3.
0.28 +0.09 34 AGUILAR-. .. 72B HBC

COMMENT

(I 3+I 4)/I t

3.9,4.6 K p

r(tIe+e )/rto«l
VALUE (units 10 )

1 3+0.8—0.6

EVTS DOCUMENT ID TECN CO M MEN T

GOLUBEV 85 ND e+ e --~ p-I e+ e

VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

3.00+0.06 OUR AVERAGE Error includes scale factor of 1.1.
2.88 + 0.09 55600 AKHMETSHIN 95 CMD2 e+ e ~ hadrons

3.05+ 0.12 13714 KURDADZE 84 OLYA e+ e ~ hadrons

3.00 2 0.21 3681 BUK IN 78C OLYA e+ e ~ hadrons

3.1090.14 11 PARROUR 76 OSPK e+
3.3 +0.3 COSME 74 OSPK e+ e ~ hadrons

2.81+0.25 681 BALAKIN 71 OSPK e+ e ~ hadrons
3.50 + 0.27 CHATELUS 71 OSPK e+ e

Using total width 4.2 MeV. They detect 3~ mode and observe significant interference
with ~ tail. This is accounted for in the result quoted above.
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4(1020), h, (1170)
r {0'(9SS)~) /rtota,
VALUE (units 10 )

(4.1
CL%

90

r( ' '~)/r. t.i

VALUE (units 10 ) CL%

VALUE (units 10 )

(1.5
CL%

95

r{n'+tr a'+tr )/rt t i

VALUE (units 10 )

&8.?
CL%

r {ro(980)~)/rtotal

r {e+~+~- ~- e')/r«ta,

DOCUMENT ID TECN COMMENT

DRUZHININ 87 ND e+ e ~ Sp

DOCUMENT ID

BARKOV

TECN COMM EN T

88 CMD e+ e
+ — + — 0

DOCUMENT ID

COR DIER

TECN COMMENT

79 WIRE e+ e ~ 47r

DOCUMENT ID TECN COMMENT

DRUZHININ 87 ND e+ e ~ p777r+ 7r

AYR ES
BESCH
COSME
COSME
DEGROOT
BALLAM
BIN N IE
AGU ILA R-...
ALVENSLEBE
BORENSTEIN
COL LEY
BALAKIN
CHATELUS

Also
HAYES
STOTTLE. ..
BIZ 0T

Also
EARLES
MOY
LINDSEY
LONDON
BA DIER
LINDSEY

LIN DSEY
SCHLEIN

74
74
74
74B
74
73
73B
72B

N 72
72
72
71
71
70
71
71
70
69
70
69
66
66
65B
65

65 dat
63

PRL 32 1463
NP B70 257
PL 48B 155
PL 48B 159
NP B74 77
PR D7 3150
PR D8 2789
PR D6 29
PRL 28 66
PR D5 1559
NP B50 1

PL 34B 328
Thesis LAL 1247
PL 32 416
PR D4 899
Thesis ORO 2504 170
PL 32 416
Liverpool Sym. 69
PRL 25 1312
Thesis
PR 147 913
PR 143 1034
PL 17 337
PRL 15 221

a included in LINDSEY
PRL 10 368

(ANL)
(BONN)

(0RSAY)
(ORSAY)

(AMST, NIJM)
(SLAC, LBL)

(LOIC, SHMP)
(BNL)

(MIT, DESY)
(BNL, MICH)

(BIRM, GLAS)
(NOVO)
(STRB)

(OR SAY)
(CORN)
(UMD)

(ORSAY)

Bizot, Buon, Chatelus, Jeanjean+
+lmlay, Joseph, Keizer, Stein

Stottlemyer
+Buon, Chatelus, Jeanjean+

Perez-y- Jorba
+Faissler, Gettner, Lutz, Moy, Tang+ (NEAS)

(NEAS)
(LRL)

(BNL, SYRA) IGJPC
(EPOL, SACL, AMST)

(LRL)

+Smith
+Rau, Goldberg, Lichtman+
+Demoulin, Barloutaud+
+Smith

66.
+Slater, Smith, Stork, Ticho (UCLA) IGJP

+Diebold, Greene, Kramer, I evine+
+Hartrnann, Kose, Krautschneider, Paul+
+Jean-Marie, Jullian, Laplanche+
+Jean-Marie, Jullian, Laplanche+
+Hoogland, Jongejans, Metzger+
+Chadwick, Eisenberg, Bingham+
+Carr, Debenham, Duane+

Aguilar-Benitez, Chung, Eisner, Samios
+Becker, Biggs, Binkley+
+Danburg, Kalbfleisch+
+Jobes, Riddiford, Griffiths+
+Budker, Pakhtusova, Sidorov, Skrinsky+

VAl UE (units 10 ) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

(2 90 DRUZHININ 87 ND e+ e

Uses narrow width approximation which is questioned by ACHASOV 95

KAMAL 92 PL B284 421
GEORGIO. .. 85 PL 152B 428
ARMENTEROS 63B Siena Conf, 2 70
GELFAND 63B PRL 11 438
BERTANZA 62 PRL 9 180

+Xu
Georgiopoulos+ {TUFTS,

+Edwards, Astier+
+Miller, Nussbaum, Kirsch+
+Brisson, Connolly, Hart+

OTHER RELATED PAPERS

(ALBE)
ARIZ, FNAL, FSU, NDAM+)

(CERN, CDEF)
(COLU, RUTG)

(BNL, SYRA)

I (tree+e )/I totals
VAL UE

&1.2 x 10 4
CL%

90

DOCUMEN T ID TECN COMMEN T

DOLINSKY 88 ND e+ e ~ 7r e+ e t7, (1170) (i ) = 0 (1 + )

r(a '97)/rtotal
VALUE (units 10 ) CL% DOCUMENT ID TECN COMMENT

rao/r
ht{1170) MASS

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(2.5 90 DOLINSKY 91 ND e+ e — 7r 7I p

I (ep(980)7)/ to(al
VALUE (units 10 ) CL% DOCUMENT ID TECN COMMENT

&5 90 DOLINSKY 91 ND e+ e

Uses narrow width approximation which is questioned by ACHASOV 95

P(1020) REFERENCES

TECN CHG COMMENTVALUE (MeV)

11?0+20OUR ESTIMATE
o o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

1166+ 5+3 92 SPEC

ANDO 92 SPEC 8~ p~
~+~—~0n

ANDO 87r p —+

~+~- &0n
1190+60 DANKOWY. .. 81 SPEC 0 8 7r p ~ 37r n

Average and spread of values using 2 variants of the model of BOWLER 75.
Uses the model of BOWLER 75.

ACHASOV 95
AKHMETSHIN 95
DOLINSKY 91
BARKOV 88

DOLINSKY 88

DRUZHININ 87
ARMSTRONG 86
AT K INSON 86
BEBEK 86
DAVENPORT 86
DI JKSTRA 86
FRAME 86
GOLU BEV 86

ALBRECHT 85D
GOLUBEV 85

DRUZHININ 84
KURDADZE 84
ARMSTRONG 83B
BARATE 83
KURDADZE 83C

ARENTON 82
PELLINEN 82
DAUM 81
IVANOV 81

Also 82
VASSERMAN 81
CORDIER 80
BA R KOV 79B
CORDIER 79
B UK IN 78B

BUK IN 78C

COOP ER 78B
LOSTY 78
AKERLOF 77
ANDREWS 77
BA LDI 77
CERRADA 77B
COHEN 77
LAVEN 77
LYONS 7?
COSME 76
JUL LIAN 76
KALBFLEISCH 76
PARROUR 76
PARROUR 76B
KALBFLEISCH 75

PLB 363 106
PL B364 199
PRPL 202 99
SJNP 47 248
Translated from YAF
SJNP 48 277
Translated from YAF
ZPHY C37 1

PL 166B 245
ZPHY C30 521
PRL 56 1893
P R 33 2519
ZPHY C31 375
NP B276 667
SJNP 44 409
Tra nsl a ted from YA F
PL 153B 343
SJNP 41 756
Translated from YAF
P L 144B 136
IYF 84-7 Preprint
NP B224 193
PL 121B 449
JETPL 38 366
Translated from ZET
P R D25 2241
PS 25 599
PL 100B 439
PL 107B 297
Private Comm.
PL 99B 62
NP B172 13
IYF 79-93 Preprint
PL 81B 389
SJNP 27 521
Translated from YAF
SJNP 27 516
Translated from YAF
NP B146
NP B133 38
PRL 39 861
PRL 38 198
PL 68B 381
NP B126 241
PRL 38 269
NP B127 43
NP 8125 207
PL 63B 352
Tbilisi 2 B19
PR D13 22
PL 63B 357
PL 63B 362
PR D11 987

+Gubin (NOVM)
+Akesnov+ (NOVO, BOST, PITT, MINN, YALE)
+Druzhinin, Dubrovin+ (NOVO)
+Vasserman, Vorobyev, Ivanov+ (NOVO)

47 393.
+Druzhinin, Dubrovin, Golubev+ (NOVO)

48 442.
+Dubrovin, Eidelrnan, Golubev+ (NOVO)
+Bloodworth, Carney+ (ATHU, BARI, BIRM, CERN)

(BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+Berkelman, Blucher, Cassel+ (CLED Collab. )

(TUFTS, ARIZ, FNAL, FSU, NDAM, VAND)
+Bailey+ (ANIK, BRIS, CERN, CRAC, MPIM, RAL)
+Hughes, Lynch, Minto, McFadzean+ (GLAS)
+Druzhinin, Ivanchenko, Perevedentsev+ (NOVO)

44 633.
+Drescher, Binder, Drews+ (ARGUS Collab. )
+Druzhinin, Ivanchenko, Peryshkin+ (NOVO)

41 1183.
+Golubev, Ivanchenko, Peryshkin+ (NOVO)
+Leltchouk, Pakhtusova, Sidorov+ (NOVO)
+ (BARI, BIRM, CERN, MILA, CURIN+)
+Bareyre, Bonamy+ (SACL, LOIC, SHMP, IND)
+Lelchuk, Root+ (NOVO)

FP 38 306.
+Ayres, Diebold, May, Swallow+ (ANL, ILL)
+Roos (HELS)
+Ba rdsley+ (AMST, BRIS, CERN, CRAC, MPIM+)
+Kurdadze, Lelchuk, Sidorov, Skrinsky+ (NOVO)

Eidelman (NOVO)
+Kurdadze, Sidorov, Skrinsky+ (NOVO)
+Delcourt, Eschstruth, Fulda+ (LALO)
+Zolotorev, Makarina, Mishakova+ (NOVO)
+Delcourt, Eschstruth, Fulda+ (LA LO)
+Kurdadze, Sidorov, Skrinsky+ (NOVO)

27 985.
+Kurdadze, Serednyakov, Sidorov+ (NOVO)

27 976.
+Ganguli+ (TATA, CERN, CDEF, MADR)
+Holmgren, Blokzijl+ (CERN, AMST, NIJM, OXF)
+Alley, Bintinger, Ditzler+ (FNAL, MICH, PURD)
+Fukushima, Harvey, Lobkowicz, May+ (ROCH)
-+Bohringer, Dorsaz, Hungerbuhler+ (GEVA)
+Blockzijl, Heinen+ (AMST, CERN, NIJM, OXF)
+Ayres, Diebold, Kramer, Pawlicki, Wicklund (ANL)
+Otter, Klein+- (AACH3, BERL, CERN, LOIC, WIEN)
+Cooper, Clark (OX F)
+Courau, Dudelzak, Grelaud, Jean-Marie+ (ORSAY)

(ORSAY)
+Strand, Chapman (BNL, MICH)
+Grelaud, Cosme, Courau, Dudelzak+ (ORSAY)
+Grelaud, Cosme, Courau, Dudelzak+ {ORSAY)
+Strand, Chapman (BNL, MICH)

ht(1170) WIDTH

TECN CHG COMMEN TVALUE (MeV) DOCUMENT ID

360+40 OUR ESTIMATE
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

ANDO 92 SPEC 87r p —+

~+~- ~0n
3 ANDO 87r p~

~+~—~0n
320+50 DANKOWY. . . 81 SPEC 0 8 7r p ~ 37r n

Average and spread of values using 2 variants of the model of BOWLER 75.
"Uses the model of BOWLER 75.

345+ 6

375+ 6+34 92 SPEC

ht(1170) DECAY MODES

Mode Fraction (I;/I )

seen

r {p~)/r, .„,
VAL UE

ht(1170) BRANCHING RATIOS

DOCUMENT ID TFCN COMMENT

ht(1170) REFERENCES

ANDO 92 PL B291 496
ATKINSON 84 NP B231 15
DANKOWY. .. 81 PRL 46 580
BOWLER 75 NP B97 227

+ Im a i+ (KEK, KYOT, NIRS, SAGA, INUS, AKIT)
(BONN, CERN, GLAS, LANC, MCHS, CURIN+)

Dankowych+- (TNTO, BNL, CARL, MCGI, OHIO)
+Game, Aitchison, Dainton (OXFTP, DARE)

seen ATKINSON 84 OMEG 20—70 g p ~
~+~—~0 p

seen DANKOWY. . . 81 SPEC 8 7r p -~ 37r n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

seen ANDO 92 SPEC 8 7r p 7r+ 7r 7r0 n
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b, (1235)

b] (1235) I G(gPC) 1+(1~ —
)

bt(1235) DECAY MODES

bt(1235) MASS

VALUE (Mev)
1231 +10

1230.9+ 3.1
1225 + 5

1235 + 15

1236 + 16

1222 + 6

1237 + 7

92C GAM2

91 SPEC

81 OMEG
77 HBC

1239 6 5
1251 + 8

FLATTE1245 + 11

1222 + 4

1220 + 7
1243 + 6
o ~ ~ We do

1311 +10
1190 + 10
1213 4 5
1271 + 11

1 From fit of the mass spectrum.
2 Breit —Wigner fitting of PWA of 7)7r7r system.

WEIGHTED AVERAGE
1230.9+3.1 (Error scaled by 1.6)

EVTS DOCUMENT ID TECN CHG COMMENT

OUR ESTIMATE This is only an educated guess; the error given is larger
than the error on the average of the published values.

OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.

WEIDENAUER 93 ASTE pp ~
27r+ 27r

—7ro
ALDE 38,100 7r p ~

~won
FUKUI 8.95 7r p ~

td 7r n
ATKINSON 84E OMEG + 25—55 g p ~

td7rX
ATKINSON 84E OMEG 0 25—55 g p —+

td 7r X
EVAN G EL I STA 12 7r p + Id7rp

450 G ESSA ROLI 11 7r p —+

(d P
890 76C HBC — 4.2 K p ~

7r
—~ Z+

1400 CHALOUPKA 74 HBC — 3.9 7r p
600 KARSHON 74B HBC + 4 9 7r+ p

1163 0TT 72B HBC + 7.1 7r+ p
not use the following data for averages, fits, limits, etc. ~ ~ ~

TAKAMATSU 90 SPEC 0 8 7r p ~ q pn
AUGUSTIN 89 DM2 + e+ e ~ 57r

ATKINSON 84c OMEG 0 20—70 gp
COLLICK 84 SPEC + 200 7r+ Z

Z7r td

Mode

I ] &7i
[D/S amplitude ratio = 0.26 + 0.04]

I,
I3 TtP

r4 ~+ ~+ ~—~0
I a (KK)+zo
l6

8

Fraction (C;//f )

dominant

( 1.6+0.4) x 1O
—3

seen

& 50 0/

8 0/

6 0/

2

1.5

0/

Confidence level

84%
90o/0

90%
900/

84%

bt(1235) PARTIAL WIDTHS

I2
VAL UE (kev)

230+60
DOCUMENT ID

COLLICK

TECN CHG COMMENT

84 SPEC + 200 7r+ Z
Z7l td

VAL UE EVTS DOCUMENT ID

0.29 +0.04 OUR AVERAGE Error includes scale

0.23 60.03 AMSLER
0.45 +0.04 AMSLER

TECN CHG

factor of 2.2. See
94C CBAR
93B CBAR

0.235+0.047

4 +0.1—0.1

0.21 +0,08
0.3 +0.1
0.35 +0.25 600

ATKINSON 84C OMEG

GESSAROLI 77 HBC

CHUNG 75B HBC +
CHALOUPKA 74 HBC
KARSHON 74B HBC

COMM EN T

the ideogram below.

oopp~
0.0 pp ~
20—70 yp
11 7r p —+

7r td p
7.1 ~+ p
3.9-7.5 7r p
497r+p

WEIGHTED AVERAGE
0.29+0.04 {Error scaled by 2.2)

bt(1235) Dwave/5w-ave AM-PLITUDE RATIO IN DECAY OF bt(1235) ~ ~rr

I ':: I

1200 1220 1240

b1(1235) mass (MeV)

1260
I

1280

x'
. WEIDENAUER 93 ASTE 1.4
. ALDE 92C GAM2 0.1
. FUKUI 91 SPEC 0.1
. ATKINSON 84E OMEG 2.2
. ATKINSON 84E OMEG 0.8

EVANGELISTA 81 OMEG 2.6
. GESSAROLI 77 HBC 6.3
- Fl ATTE 76C HBC 1.6

CHALOUPKA 74 HBC 4.9
KARSHON 74B HBC 2.4
OTT 72B HBC 4.1

26.6
(Confidence Level = 0.003)

1300

0.2 0.4 0.6

AMSLER
AMSLER
ATKINSON
GESSAROLI
CHUNG
CHALOUPKA
KARSHON

94C CBAR
93B CBAR
84C OMEG
77 HBC
75B HBC
74 HBC
74B HBC

I

0.8

(Confidence Leve I

1

x'
4.5

1 5.3
1.5
1. 1

1.1
0.0
0.1

23.6
0 001)

bt(1235) WIDTH

pp
2~+ 27r

—~0
38 100 7r p ~

~~on
8.95 7r p ~

td7ro n
12 7r p ~ Id7rp

15 7r+ p ~ p47r

117r p ~
7l' td P

4.2K p~
~ —~z+

3.9 7r p
4.9 7r+ p

7.1 7r+ p

92C GAM2

91 SPEC

ALDE160+30

151+31 FUKUI

170+ 15
170+50
155+32

EVA N G EL I STA 81 0M E G

BALTAY 78B HBC +
GESSAROLI 77 HBC

225
450

76C HBCF LATTE890182 +45

1400 CHALOUPKA 74 HBC
600 KARSHON 74B HBC +

1163 OTT 72B HBC +
do not use the following data for averages, fits, limits, etc.

TAKAMATSU 90 SPEC 0

AUG US TIN 89 D M2

ATKINSON 84C OMEG 0

COLLICK 84 SPEC +

135+20
156+22

134+ 3—26
o ~ e We ~ ~ ~

87r p~ 7)pn
e+ e —

57r

20—70 7p
200 7r+ Z ~

Z7l Cd

126+ 10
210+ 19
231 + 14
232 + 29

From fit of the mass spectrum.
4 Breit —Wigner fitting of PWA of q7r7r system.

VAL UE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

142+ 8 OUR AVERAGE Error includes scale factor of 1.1.
1134 12 WEIDENAUER 93 ASTE I (rl p)/I (rde. )

VAL UE

~ ~ e We do not use the following

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ e ~

TAKAMATSU 90 SPEC
AT K IN SO N 84D 0MEG 20—70 ~ p

seen
(0.10

r(w+~+~-we)/r(~w)

I a/I t

t 4/r,
VAL UE

&0.5

r ((KK)+~') /r (~~)
VAL UE

(0.08

r(K', Kot~+)/r(~~)
VALUE

&0.06

r(K', K05~+)/r(~~)
VALUE

(0.02

CL%

90

CL%

90

CL%

DOCUMENT ID

ABOLINS

DOCUMENT ID

BALTAY

DOCUMENT ID

BA LTAY

DOCUMENT ID

BALTAY

TECN CHG COMMEN T

63 HBC + 35 7r+p

TECN CH G COMM EN T

67 HBC k 00 pp

TECN CHG COMMENT

67 HBC + 00 pp

TECN CH G COMM EN T

67 HBC + 0.0 pp

b1(1235) 0-wave/S-wave amplitude ratio in decay of by(1235) Ld 7r

bt(1235) BRANCHING RATIOS
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b, (1235), a, (1260)

r(~y)/r(~~)
VALUE CL% DOCUMENT ID TECN CHG COMMENT

&0.015 DAHL 67 HBC 1.6—4.2 7r p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.04 95 BIZZARRI 69 HBC 4 0.0 p p

g(1235) REFERENCES

AMSLER
AMSLER
WEIDENAUER
ALDE
F UKUI
TAKAMATSU
AU GUSTIN
ATKINSON
ATKINSON
ATKINSON
COLLICK
EVANG ELISTA
BA LTAY
G ESSA ROL I

FLATTE
CHUNG
CHALOUPKA
KARSHON
OTT
BIZZA R RI

BA LTAY
DAHL
ABOLINS

94C P L B327 425
93B PL B311 362
93 ZPHY C59 387
92C ZPHY C54 553
91 PL B257 241
90 Hadron 89 Conf.
89 NP B320 1
84C NP B243 1
84D NP B242 269
84E PL 138B 459
84 PRL 53 2374
81 NP B178 197
78B PR D17 62
77 NP B126 382
76C PL 64B 225
75B PR D11 2426
74 PL 51B 407
74B PR D10 3608
72B Thesis LBL-1547
69 NP B14 169
67 PRL 18 93
67 PR 163 1377
63 PRL 11 381

+Armstrong, Ravndal+ (Crystal Barrel Collab, )
+Armstrong, v, Dombrowski+ (Crystal Barrel Collab, )
+Duch+ (ASTERIX Coll ab, )
+Bencheikh, Binon+ (BELG, SERP, KEK, LANL, LAPP)
+Ho r ika wa+- (SUGI, NAGO, KEK, KYOT, MIYA)

p 71 +Ando+ (KEK)
+Cosme (DM2 Collab. )
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+) JP
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+Heppelmann, Berg+ (MINN, ROCH, FNAL)
+ (BARI, BONN, CERN, DARE, LIVP+)
+Cautis, Cohen, Csorna+ (COLU, BING)

(BGNA, FIRZ, GENO, MILA, OXF, PAVI) JP
-I-Gay, Blokzijl, Metzger+ (CERN, AMST, NIJM, OXF) JP
+Protopopescu, Lynch, Flatte+ (BNL, LBL, UCSC) JP
+Ferrando, Losty, Montanet (CERN) JP
+Mikenberg, Eisenberg, Pitluck, Ronat+ (REHO) JP

(LBL) JP
(CERN, CDEF)

(COLU)
(LRL)

(UCSD)

OTHER RELATED PAPERS

BRAU 88 PR D37 2379
ATKINSON 84C NP B243 1
GOLDHABER 65 PRL 15 118
CARMONY 64 PRL 12 254
BONDAR 63B PL 5 209

+Franek+ (SLAC Hybrid Facility Photon Collab. ) JP
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+) JP
+Goldhaber, Kadyk, Shen (LRL)
+Lander, Rindfleisch, Xuong, Yager (UCB) JP
+Dodd+ (AACH, BIRM, HAMB, LOIC, MPIM)

al (1260)
THE ar (1260)

IG(gPC) 1
—(1++)

The main experimental data on the at(1260) may be

grouped into two classes:

(1) Hadronic production: This comprises diffractive pro-

duction with incident w (DAUM 80, 81B) and charge-exchange

production with low-energy ~ (DANKOWYCH 81, ANDO 92).
The 1980's experiments explain the I+IJ = 1+SO+ data us-

ing a phenomenological amplitude consisting of a rescattered
Deck amplitude plus a direct resonance-production term. They

agree on an at(1260) mass of about 1270 MeV and a widt, h of

300-380 MeV. ANDO 92 finds rather lower values for the mass

(1121 MeV) and width (239 MeV) in a partial-wave analysis

based on the isobar model of the 7r+7r 7r system. However, in

t, his analysis, only Breit-Wigner terms were considered.

(2) r decay: Five experiments have reported good data on

r ~ at(1260)r, ~ p~v, (RUCKSTUHL 86, SCHMIDKE 86,
ALBRECHT 86B, BAND 87, and AKERS 95P). They are

somewhat inconsistent concerning the at (1260) mass, which

can, however, be at tributed to model-dependent, systematic
uncertainties (BOWLER 86, ALBRECHT 93C, AKERS 95P).
They all find a width greater t, han 400 MeV.

The discrepancies between the early hadronic and ~ de-

cay results have stimulated several reanalyses. BOWLER 86,
TORNEY)VIST 87, ISGUR 89, and IVANOV 91 have studied

the process 7 ~ 37rvT. Despit, e quite different approaches, they
all found a good overall description of the ~ decay data with

an at (1260) mass near 1230 MeV, consistent with the hadronic

data. However, their widths remain significantly higher (400-
600 MeV) than those extracted from diffractive-hadronic data.
This is also the case with the later OPAL experiment (AKERS
95P).

ai(1260) MASS

VAL UE (MeV)

1230+40 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits,

TECN CHG COMM EN T

etc. ~ ~ ~

1266+ 14

1202 2 9+

1211+ 7

1121+ 8

1242 +37
1260 4 14
1250+ 9
1208+ 15

1220 + 15

1260+25
1166+18+11

1164+41+23

1 AKERS

2 AKERS

95P OPAL

95P OPAL

ALBRECHT 93C ARG

3 ANDO 92 SPEC

4 IVANOV 91 RVUE
5 IVANOV 91 RVUE
6 IVANOV 91 RVUE

ARMSTRONG 90 OMEG

7 ISGUR

8 BOWLER
BAND

89 RVUE

88 RVUE
87 MAC

BAND 87 MAC

Eceem —88 94

E« = 88-94

T
~+~+~—

v
87r p~

w+~ —+0n
7r+ 7r+ 7r v
7r+ 7r+ 7r v

~ —~+~+~—
v

0 300.0p p ~
p p~+ ~—~0

T+
7r+ 7r+ x v

~+ ~
r+r+x —

v
T+

w+ w0m0 v
1250 +40
1046+ 11

1056+ 20j15

1194+14+ 10

1240+80

1280 +30

1041+ 13

7 TORNQVIST 87 RVUE
ALBRECHT 86B ARG

RUCKSTUHL 86 DLCO

SCHMIDK E 86 MRK2

9 DANKOWY. .. 81 SPEC 0

9 DAUM 81B CNTR

GAVIL LET 77 H BC

T-+
~+~+~—

v
T+

~+~+~—
v

~+
7r+ 7r+ 7r v

8.45 7r p ~
n 37r

63,94 m p —+

p 37r

4.2 K p ~
X 37r

Uses the model of Kuhn and Santamaria.
2 Uses the model of Isgur, Morningstar, and Reader.

Average and spread of values using 2 variants of the model of BOWLER 75.
Reanalysis of RUCKSTUHL 86.

5 Reanalysis of SCHMIDKE 86.
Reanalysis of ALBRECHT 86B.
From a combined reanalysis of ALBRECHT 86B, SCHMIDKE 86, and RUCKSTUHL 86.
From a combined reanalysis of ALBRECHT 86B and DAUM 81B.
Uses the model of BOWLER 75.
Produced in K backward scattering.

ar(1260) WIDTH

VALUE (MeV)

~ 400 OUR ESTIMATE
~ ~ ~ We do not use the

TECN CHG COMMEN TDOCUMENT ID

following data for averages, fits, limits, etc. ~ ~ ~

610+ 49+—19

422+ 23+

446+ 21

239+ 11

266+ 13+ 4

465 + 228
—143

298+ 40
34

488+ 32
430 6 50

420+ 40

AKERS

12 AKERS

95P OPAL

95P OPAL

ALBRECHT 93C ARG

ANDO

'3 ANDo

14 IVANOV

15 IVANOV

16 IVANOV

ARMSTRONG

ISGUR

92 SPEC

92 SPEC

91 RVUE

91 RVUE

91 RVUE
90 OMEG

89 RVUE

Eee = 88—94

Eceme 88 94

7 +
~+~+~ —

v
87r P~

m+w —w0n
Sar p~

~+~—~0n
~+~+~—

v

~+~+~—
v

7+~+~—
V

0 300.0p p ~
pp~+~- ~0

~+
~+~+~—

v

BOWLER 88 showed that good fits to both the hadronic
and the ~-decay data could be obtained with a width of about
400 MeV. However, applying the same type of analysis to the
ANDO 92 data, the low mass and narrow width they obtained
with the Breit-Wigner PWA do not change appreciably.

CONDO 93 found no evidence for charge-exchange photo-
production of the at(1260) (but found a clear signal of a2(1320)
photoproduction). They show that this is consistent with ei-

ther an extremely large at(1260) hadronic width or with a small

radiative width to harp, which could be accommodated if the a1
mass is somewhat below 1260 MeV.
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at (1260), f~(1270)

396+ 43
405+ 75+25

419+ 108+57

521 + 27

476 ~ +54—120

462+ 56+30

380+ 100

300+ 50

230+ 50

18 BOWLER
BAND

88 RVUE
87 MAC

BAND 87 MAC

ALBRECHT 86B ARG

RUCKSTUHL 86 DLCO

SCHMIDKE 86 MRK2

19 DANKOWY. .. 81 SPEC 0

» DAUM 81B CNTR

GAVILLET 77 HBC +

T+
~+~+ ~—

v
~+

~+ ~0~0 v
T+

~+~+ ~—
v

T+
~+~+ ~—

v
7

~+~+ ~—
v

8.45 7r p ~
n 37r

63,94 7r p ~
p 37r

42K p~
Z'37r

ay(1260} DECAY MODES

Uses the model of Kuhn and Santamaria.
Uses the model of Isgur, Morningstar, and Reader.
Average and spread of values using 2 variants of the model of BOWLER 75.
Reanalysis of RUCKSTUHL 86.

15 Reanalysis of SCHMIDKE 86.
6 Reanalysis of ALBRECHT 86B.

From a combined reanalysis of ALBRECHT 86B, SCHMIDKE 86, and RUCKSTUHL 86.
From a combined reanalysis of ALBRECHT 86B and DAUM 81B.
Uses the model of BOWLER 75.
Produced in K backward scattering.

f2(1270) IG(gPC) 0+(2+ +)

fa(1270) MASS

VALUE (MeV) EVTS

1275 + 5 OUR ESTIMATE
1274.8+ 1.2 OUR AVERAGE

DOCUMENT ID TECN COMMENT

1272 + 8 200k PROKOSHKIN 94
1269.7+ 5, 2 5730 AUGUSTIN 89
1283 + 8 400 1 ALDE 87
1274 + 5 1 AUGUSTIN 87
1283 + 6 2 LONGACRE 86

1276 4 7 COURAU 84

1273.3 + 2.3 3 CHABAUD 83
1280 + 4 CASON 82
1281 + 7 11600 G I DAL 81
1282 + 5 5 CORDEN 79

GAM2

DM2

GAM4
DM2
MPS

DLCO

ASPK
STRC
MRK2
OMEG

387r p ~ 7r 7r n

e+ e
—

57r

100 7r p ~ 47r n

J/g ~ y7r+7r

p n2KS
e+e-

e+ e
—~+x—

17 7r p polarized

,.+, ~++.0.0
J/Q decay
12—15 7r p ~ n27r

NIC E

DBC
HBC
HBC

1269 + 4 APEL 75
1272 + 4 ENGLER 74
1277 + 4 FLATTE 71
1273 + 8 1 STUNTEBECK 70

40 7r p ~ n27r

6 ~+n ~+~—
p

7.0 7r+ p
8 7r p, 5 4 7r+ d

1265 + 8 BOESEBECK 68 HBC 8 7r+ p
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

Mode

r2
l3r„

VAL UE (keV)

640+246

p '7F

7r y

~ (7r~) S-wave
K K*(892)

Fraction (I I/f )

dominant

seen

possibly seen

ay(1260} PARTIAL WIDTHS

DOCUMENT ID TECN COMMENT

ZIELINSKI 84C SPEC 200 7r+ Z -~ Z37r

l2

1281 + 6 ADAMO 91
1262 + 11 AG U I LAR-. .. 91
1275 + 10 AKER 91

OBLX
EHS
CBAR

3k
3k

16000
600

CNTR
HBC
HBC
HBC
DBC
DBC
HBC
HBC

1280 +20 APEL 82
1284 + 10 DEUTSCH. .. 76
1258 + 10 TA KA HASH I 72
1275 + 13 ARMENISE 70
1261 + 5 1960 1 ARMENISE 68
1270 4 10 360 1 ARMENISE 68
1268 + 6 6 JOHNSON 68
1276 + 11 RABIN 67

1220 + 10 BREAKSTONE 90 SFM
1288 + 12 ABACHI 86B HRS

1284 + 30 BINON 83 GAM2

np ~+~+ ~—
400 pp
00 pp ~ 37r

pp ~ pp7r
e+ e

— ~+~ —
X

387r p ~ n2q
25 7r

—
p —n2~0

16 7r+ p
87r p ~ n27r

9 &+ n p++&—
5.1 7r+ n ~ p7r+ MM

5.1 7r+ n -~ p7roMM
3,7-4.2 7r p
85 7r+ p

D-wave IS-wave AMPLITUDE RATIO IN DECAY OF az(1260) -+ pe.

VAL UE

—0.09 +0.03 +0.01
DOCUMENT ID TECN COMMENT

AKERS 95P OPAL Ee = 88—94

Uses the model of Isgur, Morningstar, and Reader.

aq(1260) REFERENCES

AKERS
ALBRECHT
ANDO
IVANOV
ARMSTRONG
ISG UR
BOWLER
BAND
TORNQVIST
ALBRECHT
RUCKSTUHL
SCHMIDK E

ZIELIN SKI
LONGACRE
DANKOWY. ..
DAUM
DAUM
GAV I L L ET
BOWLER

95P ZPHY C67 45
93C ZPHY C58 61
92 PL B291 496
91 ZPHY C4g 563
90 ZPHY C48 213
89 PR D39 1357
88 PL B209 g9
87 PL B198 297
87 ZPHY C36 695
86B ZPHY C33 7
86 PRL 56 2132
86 PRL 57 527
84C PRL 52 1195
82 PR D26 83
81 PRL 46 580
81 B NP B182 269
80 PL 89B 281
77 PL 69B 119
75 NP B97 227

+Alexander, Allison, Ametewee+ (OPAL Collab. )
-FEhrlichmann, Hamacher+ (ARGUS Collab. )
+Imai+ (KEK, KYOT, NIRS, SAGA, INUS, AKIT)
+Osipov, Volkov (JINR)
+Benayoun, Beusch (WA76 Collab. )
+Morningstar, Reader (TNTO)

(OXF)
+Camporesi, Chadwick, Delfino+ (MAC Collab. )

(HELS)
(ARGUS Collab. )
(DELCO Collab. )
(Mark II Collab. )

(ROCH, MINN, FNAL)
(BNL)

Dankowych I- (TNTO, BNL, CARL, MCGI, OHIO)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)
~Hertzberger+ (AMST, CERN, CRAC, MPIM, OXFy) JP
+Blockzijl, Engelen+ (AMST, CERN, NIJM, OXF) JP
+Game, Aitchison, Dainton (OXFTP, DARE)

OTHER RELATED PAPERS

BOLONK IN 95

WINGATE
IIZUKA
TORNQVIST
BOWLER
ADERHOLZ
GOLDHABER
LANDER
BELLINI

95
89
87
86
64
64
64
63

(ITEP)PAN 58 1535 +Vladirnirskii, Erofeeva+
Translated from YAF 58 1628.
PRL 74 4596
PR D39 3357
ZPHY C36 695
PL B182 400
PL 10 226
PRL 12 336
PRL 13 346A
NC 29 896

+De Grand (COLO, FSU)
+Koibuchi, Masuda (NAGO, IBAR, TSUK)

(HELS)
(OXF)

+ (AACH3, BERL, BIRM, BONN, DESY, HAMB+)
+Brown, Kadyk, Shen+ (LRL, UCB)
+Abolins, Carmony, Hendricks, Xuong+ (UCSD) JP
+Fiorini, Herz, Negri, Ratti (MILA)

aq(1260) BRANCHING RATIOS

r(a (ae')s wave) lr(pa')
VAL UE DOCUMENT ID TECN

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.003 +0.003 22 LONGACRE 82 RVUE

Uses multichannel Aitchison-Bowler model (BOWLER 75). Uses data from GAVIL-
LET 77, DAUM 80, and DANKOWYCH 81.

Mass errors enlarged by us to I /~N; see the note with the K*(892) mass.
2 From a partial-wave analysis of data using a K-matrix formalism with 5 poles.
3 From an energy-independent partial-wave analysis.
4From an amplitude analysis of the reaction 7r+7r ~ 27r
5 From an amplitude analysis of 7r+7r ~ 7r+ 7r scattering data.

JOHNSON 68 includes BONDAR 63, LEE 64, DERADO 65, EISNER 67.

fa(1270) WIDTH

VALUE (MeV) EVTS DOCUMENT ID

185 +20 OUR ESTIMATE
185.4+ 2.8 OUR FIT Error includes scale factor of 1.5.

TECN COMMENT

GAM2
EHS
DM2
GAM4

MPS

200k PROKOSHKIN 94
AGUILAR-. .. 91

7 AUGUSTIN 89
7 ALDE 87
8 LONGACRE 86

192 + 5
180 4 24
169 + 9
150 4 30

186 +
2

179,2 6, 6
160 + 11
196 +10
152 + 9
186 +27
216 + 13
190 + 10
192 + 16
183 + 15
196 +30
216 +20
128 +27
176 +21
~ ~ ~ We do

387r p ~ 7r 7r n

400 pp
e+ e

— 5~
100 7r p ~ 47r n

22 7r p —+ n2K S

5730
400

CHA BAUD 83 ASPK 17 7r p polarized

10 7r+ N

25 7r p n27r

8 ~+ p z++ ~0&0

J/Q decay
12—15 7r p ~ n27r

40 7r p —~ n27ro

6 ~+n w+~ —
p

+
8 7r p, 5.4 7r+ d

5.1 7r+ n -~ p7r+ MM

8 ~+ p
3.7—4.2 7r p
etc. ~ o ~

DENNEY 83
APEL 82
CASON

LASS
CNTR
STRC

3k

G IDAHO 81
11 CORDEN 79

11600 MRK2
OMEG

lok
46oo
5300

APEL 75
ENGLER 74
FLATTE 71
STUNTEBECK 70

N I C E

DBC
HBC
HBC

1960 7 ARMENISE 68 DBC
BOESEBECK 68 H BC

7,12 JOHNSON 68 HBC
not use the following data for averages, fits, limits,

np ~+~+~—
0.0 pp ~ 37r

38 7r p ~ n2rI
25 7r p —~ p37r
16 7r+ p
87r p ~ n27r

9 ~+ n — p~+~—
8.5 7r+ p

OBLX
CBAR
GAM2

CI BS
HBC
HBC
HBC
HBC

ADAMO

AKER
BINO N

7 ANTIPOV
DEUTSCH. ..

7 TA KA HASH I

7 ARMENISE
RABIN

91
91
83
77
76
72
70
67

206 + 19
200 + 10
240 +40
187 +30
225 +38
166 +28
173 +53
155 + 17

7 Width

3k
650

16000
600

errors enlarged by us to 4I /~N; see the note with the K*(892) mass.

184.5+ 2'7 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram below.
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f, (1270)

From a partial-wave analysis of data using a K-matrix formalism with 5 poles.
From an energy-independent partial-wave analysis.
FrOm an amplitude analySiS Of the reaCtiOn 7r+7r ~ 27r

From an amplitude analysis of 7r+7r ~ 7r+7r scattering data.
JOHNSON 68 includes BONDAR 63, LEE 64, DERADO 65, EISNER 67.

WEIGHTED AVERAGE
184.5+4.4-2.7 (Error scaled by 1.7)

CONSTRAINED FIT INFORMATION

An overall fit to the total width, 4 partial widths, a combination
of partial widths obtained from integrated cross sections, and 6
branching ratios uses 38 measurements and one constraint to de-

termine 8 parameters. The overall fit has a X = 69.8 for 31
degrees of freedom.

100 150 200 250

PROKOSHKIN 94
AG UI LA R-... 91
AUGUSTIN 89
ALDE 87
LONGACRE 86
CHABAUD 83
DENNEY 83
APEL 82
CASON 82
G IDAL 81
COR DEN 79
APEL 75
ENGLER 74

. FLATTE 71
STUNTEBECK 70
AR MEN IS E 68
BOESEBECK 68
JOHNSON 68

300

(Confiden

350

x'
GAM2 2 3
EHS 00
DM2 30
GAM4 1.3
MPS 0.4
ASPK 0.6
LASS 5.0
CNTR 1.3
STRC 13.0
MRK2 0 0
OMEG 5.9
NICE 0.3
DBC 0.2
HBC 00
HBC 02
DBC 25
HBC 4.4
HBC 02

40.5
ce Level = 0.001)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

X2

X3

X4

X5

X6

X7

r

—92

11 -38
11 -36 1

2 —9 0 0

0 —7 0 0

8 —3 —15 1

—80 74 —12 —9

0 0
—3 0 —10

X1 X2 X3 X4 X5 X6 X7

Mode

I 1 7r7r

I2

I3
r4
r,
r,
l7

KK
27r+ 27r

0

Rate (MeV)

156.9 —1.3

133 +28—5.4
8.6 +0.8
5.2 +0.7
0.83 +0.18
0.55 +0.19

0.00244+—0.00029

Scale factor

1.3

2.9
1.2
2.4

The following off-diagonal array elements are the correlation coefficients

(6p, bpz)/(bp, "6p&), in percent, from the fit to parameters p, , including the branch-

ing fractions, x;:— I, /I total. The fit constrains the x; whose labels appear in this
array to sum to one.

f2(1270) width (MeV) fa(1270} PARTIAL WIDTHS

Mode

f2(1270} DECAY MODES

Fraction (I iil )

Scale factor/
Confidence level

VAI UE (MeV)

156.9+3.7 OUR FIT—1.3

DOCUMENT ID TECN COM MEN T

l2

I3
r4
l5
I6

r7

r8

rlo

7r+ ~- 27ro

KK
27r+ 27r

7l 7l

47ro

7l 7r 7r

KO K 7r++ C.C.
e+e

(847 + ' )0/—1.2

(72 + )%—2.9

( 4.6 +0.5 ) /.

( 2.8 +0.4 ) '/0

( 4.5 +1.0 ) x 1O
—3

( 3.0 +1.0 ) x 10

(132+ '
) 10 5—O. 16

8 x 10

3,4 x 10
9 x 10

S=1.3

S=1.3

S=2.8
S=1.2
S=2.4

CL=95%
C L=95%
CL=90%

157.0+6 0—1.0

I (K+K
VALUE (MeV)

8.6 +0.8 OUR FIT

9 0 +OI7—0.3

VALUE (MeV)

0.83+0.18 OUR FIT
1.0 +0.1

DOCUMENT ID

Error includes scale factor of 2.9.
TECN COM MEN T

LONGACRE 86 MPS 22 7r p n2KOS

TECN COM MEN TDOCUMENT ID

Error includes scale factor of 2.4.
LONGAC RE 86 MPS p

LONGACRE 86 MPS 22 7r p ~ n2K S

I3

r5

I7

2A4+ OUR FIT—0.29

0 13+0.36-0.2?
14 BEHREND 92 CELL e+e-

e+ e —~+~—
etc. ~ ~ ~~ ~ ~ We do not use

3.10+0.35 +0.35

2.27+ 0.47+0.11

3.15+ O. 04 + O. 39

the following data for averages, fits, limits,

15 BLI NOV 92 M D1 e+e-
e+

e+e-
e+

e+e-
e+

e+e

9OO TOPZ

90 MRK2

90 CBAL

ADACHI

BOYER
e—~+~—

e+ e —~0 ~03.19+0.16+—0.28
2.35 +0.65

3 19+0 09+—0,38
3.2 +0.1 +0.4

M ARSISK E

16 MORGAN 90 RVUE pp ~ 7r+ 7r
— 7r07rO

e+ e —~ e+ e 7rO7rOOEST
17 AIHARA

2177 90 JADE

86B TPC e+e-
e~

e+ e
e+

e+e—
2.5 +0.1 j:0.5
2.85 +0.25+ 0.5

BEHREND 84B CELL
e
—~+~—

e+ e —2~84 PLUTBERGER

The value of this width depends on the theoretical model used. Unitarised models with
scalars give values clustering around 2, 6; without an S-wave contribution, values are
systematically higher (typically around 3). Since it is used to average results obtained
with variety of models, we prefer to quote our own estimate.

VA L UE (keV) EVTS DOCUMENT ID TECN COMMENT

2.8 +0.4 OUR ESTIMATE
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f (1270)

2.70 +0.05+0.20

2.52+ 0.13+0.38

2.3 4 0.2 +0.5

2.7 +0.2 +0.6

2.9 + ' +0.6—0.4
3.2 +0.2 +0.6

3.6 +0.3 +0.5

2.3 +0.8

I (e+e )

COURAU

» SMITH

FRAZER

EDWARDS
20 EDWARDS

84 DLCO

84C MRK2

83 JADE

82F CBAL

82F CBAL

BRANDELIK 81B TASS

ROUSSARI E 81 MRK2

BERGER 80B PLUT

e+e-
e+ e

—~+~—
e+e-

e+e —~+~—
e+e-

e+e ~+~
e+e e+e
e+ e ~ e+ e 27rQ

e+e ——
e+ e

—~+~—
e+e-

e+e—~+~—
e+e—

CLl

fa(1270} I (l) I (7p)/I (total)

VAL UE (eV)

(1.7 90

From a partial-wave analysis of data using a K-matrix formalism with 5 poles.
Using a unitarized model with scalars.
Using the unitarized model of LYTH 85.
Error includes spread of difterent solutions. Data of MARK2 and CRYSTAL BALL used
in the analysis. Authors report strong correlations with pp width of fQ(1370): I (f2) +
1/4 I (f ) = 3.6 + 0,3 KeV.
Radiative corrections modify the partial widths; for instance the COURAU 84 value
becomes 2.66 + 0.21 in the calculation of LANDRO 86.

18 Using the MENNESSIER 83 model.
Su pe rsed ed by BOY E R 90.
If helicity = 2 assumption is not made.
Using mass, width and B(f2(1270) ~ 27r) from PDG 78.

r(2m+2m )/r(~~)
VAL UE

0.033+0.005
0.033+0.004
0.024 +0.006
0.051 +0.025

Q Q43 +0.007—0.011
0.037 +0.007
0.047 +0.013

EVTS

OUR FIT Error
OUR AVERAGE

160
70

285

DOC UM EN T ID

includes scale factor of 1.2.
Error includes scale factor of 1.1

EMMS 75D DBC
EISENBERG 74 HBC

TECN COM MEN T

4~+n - pf2
4.9 ~+ p - a++ f

LOUIE 74 HBC

ANDERSON 73 DBC
OH 70 HBC

397r p ~ nf2

6 7r+ n pf2
1.26 ~—

p — ~+~—
n

r(nn)/r«~ai
TECN COM MEN TVALUE (units 10 ) DOCUMENT ID

4.5+1.0 OUR FIT Error includes scale factor of 2.4.
3.1+0.8 OUR AVERAGE Error includes scale factor of 1.3.
2.8 +0.7 ALOE 86D GAM4

5,2+ 1.7 BIN ON 83 GAM2

100 7r p ~ 27/n

38 zr p ~ 27/n

r(rig)/r(e w)
VALUE CL% DOCUMENT ID TECN COMMENT

&0.05
(0.016
&0.09

95
95
95

EDWARDS 82F CBAL
EMMS 75D DBC
EISENBERG 74 HBC

e+ e — e+ e 27/

4 7r+ n —+ pf2
4.9 +p-- a++f2

r (4~o) /r«tai
VAL UE EVTS

0.0030+0.0010 OUR FIT
0.003 +0.001 400 k

50

DOCUMENT ID

ALDE

TECN COMMENT

87 GAM4 100 7r p ~ 47r n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. a e ~

I (KR) x I (pp)/I «&~~
VAL UE (keV) DOCUMENT ID TECN COM MEN T

I al 7/I

0.113 0 015 OUR FIT Error includes scale factor of 1.1.

0.091+0.007+0.027 ALBRECHT 90G ARG

e ~ e We do not use the following data for averages, fits, limits,

0.104 J:0.007+0.072 ALBRECHT 90G ARG

e+e—-
e+e K+K

etc, ~ ~

e+ e —-
e+e K+ K

r (qe~) /r (~~)
VAL UE

&0.010
CL%

95

95

r(Ko K-~++ c.c.)/r(~~)
CL%VAL UE

g0.004

DOCUMENT ID

EMMS

DOCUMEN T /D

EMMS

TECN COMMENT

75D DBC 4 7r+ n pf2

TECN COMMEN T

75D DBC 4 7r+ n pf2

ra/rx

Using an incoherent background.
Using a coherent background.

fa(1270) BRANCHING RATIOS

r( )/r, .„,
VAL UE EVTS DOCUMENT ID TECN COMM EN T

0 847+ 0'012 OUR FIT Error includes sca le factor of 1 .3.

0.837+0.020 OUR AVERAGE

0.849+ 0.025
0.85 +0.05
0.8 +004

CHABAUD 83 ASPK 17 7r p polarized

BEAUPRE 71 HBC 8 7r+ p ~ Z++ f2

OH 70 HBC 1.26 7r p ~ 7r+7r n

r (~+~-2~o) /r(~~)
ShOuld be tWiCe I (27r+27r )/l (7r7r) if deCay iS pp. (See ASCOLI 68D. )

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.085+ ' OUR FIT Error includes scale factor of 1.3.—0.036
0.15 +0.06 600 EISEN BERG 74 HBC 4.9 7r+ p ~ zeal++ f2
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.07 EMMS 75D DBC 4 7r+ n pf2

I (K+K/I (en)

0 040+ 0 005—0.006

Q Q37
-+ 0.008—0.021

0.045 + 0,009
0.039+ 0.008
~ ~ ~ We do

0.036 +0.005

0.030 +0.005
0.027 9- 0.009
0.025 k 0.015
0.031+ 0.012

OUR AVERAGE

23 7r p n2KS0

17 7r p polarized

47r p ~ KKN
etc. ~ o ~

ETK IN 82B MPS

CHABAUD 81 ASPK
LOVERRE 80 HBC

not use the following data for averages, fits, limits,

24 COSTA. .. 1—2 2 7r p ~
K+K n

25 MARTIN 79 RVUE
26 POLYCHRO. . . 79 STRC 7 7r p ~ fl2KOS

EMMS 75D DBC 4 7r+ n pf2
ADERHOLZ 69 HBC 8 7r+ p ~

K+K—~+p
20

Re-evaluated by CHABAUD 83.
Includes PAWLICKI 77 data.
Takes into account the f2(1270)-f2(1525) interference.

We ave~age only experiments which either take into account f2(1270)-a2(1320) inter-
ference explicitly or demonstrate that a2(1320) production is negligible.

VAL UE EVTS DOCUMENT /D TECN COMMENT

0.055+0.006 OUR FIT Error includes scale factor of 2.8.

ALDE
AUGUSTIN
ABACHI
A I HARA
ALDE
LANDRO
LONGACRE
LYTH
BEHREND
BERGER
COURAU
SMITH
BI NON

Also

CHABAUD
DENNEY
FRAZER
MENNESSIER
APEL
CASON
EDWARDS
ET K IN

BRANDELIK
CHABAUD
GIDAL
R 0 US SA R I E
BERGER
COSTA. ..
LOVERRE
CORDEN
MARTIN
POLYCHRO. . .
PDG
ANTIPOV
PAWLIC KI

DEUTSCH. . .
APEL

87
87
86B
86B
86D
86
86
85
84B
84
84
84C
83
83B

83
83
83
83
82
82
82F
82B
81B
81
81
81
80B
80
80
79
79
79
78
77
77
76
75

P ROKOS HK IN 94

BEHREND 92
BLI NOV 92
ADAMO 91
AGUILAR-. .. 91
AKER 91
ADACHI 90D
ALBRECHT 90G
BOYER 90
BREAKSTONE 90
MARSISKE 90
MORGAN 90
OEST 90
AUGUSTIN 89
VOROBYEV 88

fa(1270) REFERENCES

(SERP)+Kondashov
336 613.

SPD 39 420
Translated from
ZPHY C56 381
ZPHY C53 33
Hadron 91 Conf.
ZPHY C50 405
PL 8260 249
PL B234 185
ZPHY C48 183
PR D42 1350
ZPHY C48 569
PR D41 3324
ZPHY C48 623
ZPHY C47 343
NP B320 1

SJNP 48 273
Translated from
PL B198 286
ZPHY C36 369
PRL 57 1990
PRL 57 404
NP B269 485
PL B172 445
PL B1?7 223
JPG 11 459
ZPHY C23 223
ZPHY C26 199
PL 147B 727
PR D30 851
NC 78A 313
SJNP 38 561
Translated from
NP B223 1

PR D28 2726
Aachen Conf.
ZPHY C16 241
NP B201 197
PRL 48 1316
PL 110B 82
P R D25 1786
ZPHY C10 117
APP B12 575
PL 107B 153
PL 105B 304
PL 94B 254
NP B175 402
ZPHY C6 187
NP B157 250
NP B158 520
PR D19 1317
PL 75B
NP B119 45
PR D15 3196
NP B103 426
PL 57B 398

DANS
(CELLO Colla b. )

(NOVO)
Collab. )
Coll a b. )
Collab. )
Collab. 'I

Coll a b. )
Co II a b. )
WARS)
Co II a b. )
DURH)
Co II a b. )
Collab. )

(NOVO)

+Bondar, Bukin+
-&Agnello, Balestra+

Aguilar-Benitez, Allison, Batalor~
+Amsler, Peters+
+Doser+
+Ehrlichmann, Harder+
+Butler+
+ (ISU, BGNA, CERN,
+Antreasyan+
+Pennington
+Olsson+
+Cosme
+Golubev, Dolinsky, Druzhinin+

(OBELIX
(LEBC-EHS

{C ryst a I Bar re I

(TOPAZ
(ARGUS
(Mark I I

DORT, HEIDH,
(Crystal Ball

(RAL,
(JADE
(DM2

YAF 48 436
(LANL, BRUX, SERP, LAPP)
(LALO, CLER, FRAS, PADO)

(PURD, ANL, IND, MICH, LBL)
(T PC-2; Co lla b. )

(BELG, LAPP, SERP, CFRN, LANL)

( lJ TRO)
(BNL, BRAN, CUNY, DUKE, NDAM)

+Binon, Bricman+
+Cosme+
yDerrick, Blockus+
+Alston-Garnjost+
+Binon Bricman ~
+ Mork, Olsen
+ Etkin+

+Fenner, Schachter, Schroeder+ (CELLO Collab. )
+Klovning, Burger~ (PLUTO Collab. )
+Johnson, Sherman, Atwood, Baillon+ (C IT, S LAC)
+Burke, Abrams, Blocker, Levi+ (SLAC, LBL, HARV)
+Donskov, Duteil+ (BELG, LAPP, SERP, CERN)

Binon, Gouanere+ (BELG, LAPP, SERP, CERN)
YA F 38 934.

+Gorlich, Cerrada I-

+Cranley, Firestone, Chapman-i
(CERN, CRAC, MPIM)

(IOWA, MICH)
(UCSD)

{MONP)
-IAugenstein+(KARLK, KARLE, PISA, SERP, WIEN, CERN)
+Biswas, Baumbaugh, Bishop ' (NDAM, ANL)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)
+Boerner+ (TASSO Collab )
+Niczyporuk, Becker+ (CERN, CRAC, MPIM)
+Goldhaber, Guy, Millikan, Abrams+- (SLAC, LBL)
+Burke, Abrams, Alam+- (SLAC, LBL)
+Genzer+ (PLUTO Collab. )

Costa De Beauregard+ (BARI, BONN, CERN+)
yArmenteros, Dionisi+ (CERN, CDEF, MADR, STOH)
+Dowell, Garvey+ (BIRM, RHEL, TELA, LOWC)
+Ozrnutlu (DURH)

Polychronakos, Cason, Bishop+ (NDAM, ANL)
Bricman+

+Busnello, Damgaard, Kienzle+ (SERP, GEVA)
+Ayres, Cohen, Diebold, Krame~, Wicklund (ANL)

Deutschmann+ (AACH3, BERL, BONN, CERN+)
+Augenstein+(KARLK, KARLE, PISA, SERP, WIEN, CERN)
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f2(1270), f1(1285)

EMMS
EISEN BERG
ENGLER
LOUIE
ANDERSON
TAKA HAS HI

BEAUPRE
FLATTE
ARMENISE
OH
STUNTEBEC
ADER HOLZ
ARMENISE
ASCOLI
BOESEBECK
JOHNSON
EISNER
RAB IN

DERADO
LEE
BONDAR

75D
74
74
74
73
72
71
71
70
70

K 70
69
68
68D
68
68
67
67
65
64
63

f, (1285)

NP B96 155
PL 52B 239
PR D10 2070
PL 48B 385
PRL 31 562
PR D6 1266
NP B28 77
PL 34B 551
LNC 4 199
P R D1 2494
PL 32B 391
NP B11 259
NC 54A 999
PRL 21 1712
NP B4 501
P R 176 1651
P R 164 1699
Thesis
PRL 14 872
PRL 12 342
PL 5 153

+Kinson, Stacey, Votruba+ (BIRM, DURH, RHEL)
+Engler, Haber, Karshon+ (REHO)
+Kraemer, Toaff, Weisser, Diaz+ (CMU, CASE)
+Alitti, Gandois, Chaloupka+ (SACL, CERN)
+Engler, Kraemer, Toaff, Diaz+ (CMU, CASE)
+Barish+ (TOHOK, PENN, NDAM, ANL)
+Deutschmann, Graessler+ (AACH, BERL, CERN)
+Alston-Garnjost, Barbaro-Galtieri+ (LBL)
+Ghidini, Foring, Cartacci+ (BARI, BGNA, FIRZ)
+Garfinkel, Morse, Walker, Prentice (WISC, TNTO) JP
+Kenney, Decry, Biswas, Cason+ (N DAM)
+Bartsch+ (AACH3, BERL, CERN, JAGL, WARS)
+G hidini, Forino+ (BARI, BGNA, FIRZ, ORSAY)
+Crawley, Mortara+ (ILL)
+Deutsc hm a nn+ (AACH, BERL, CERN)
+Poirier, Biswas, Gutay+ (NDAM, PURD, SLAC)
+Johnson, Klein, Peters, Sahni, Yen+ (PURD)

(RUTG)
+Kenney, Poirier, Shephard (NDAM)
+Roe, Sinclair, VanderVelde (MICH)
+ (AACH, BIRM, BONN, DESY, LOIC, MPIM)

(G(gPC) P+(1++)

1288 k 9 200 GURTU 79 HBC

46 4 STANTON 79 CNTR

1271 + 10

1295 + 12

34 CORD EN

85 CORDEN

78 OMEG

78 OMEG

D E FOI X
5 THUN

BA R DA D IN-.
BOESEBECK
CAMPBELL
LORSTAD
D'AND LAU

72 HBC
72 MMS
71 HBC
71 HBC
69 DBC
69 HBC
68 HBC

1292 *10
1280 + 3
1303 k 8
1283 + 6
1270 + 10
1285 + 7
1290 + 7

Supersedes ABATZIS 94, ARMSTRONG 89E.
From partial wave analysis of K+ K 7r system.
From a unitarized quark-model calculation.

4From phase shift analysis of 7I7r+7r system.
5Seen in the missing mass spectrum.

4.2 K p ~
n 77 27I

8.57r p ~
f72 y27I

12-15 7r p —+

K+ K 7m
12-15 7r p ~

n 57r
0.7 pp ~ 77r

13.4 7r p
8 7r+ p ~ p67r
16.0 7r p ~ p57r
2.7 7r+ d
0.7 pp, 4,5-body
1.2 pp, 5—6 body

fj (1285}MASS

300,450 pp ~
p p2(7r+ 7r

—
)

187r p ~
K+ K027r p

8.95 7r p ~
qw+ 7r

—
n

300 pp ~
KK7r pp

85 7r+ p —+

47r 7r p, p p —+

47r pp
21.4 7r p ~

K0 K07r0nS S
87r p~

K+ K07r n
32.5 7r p —+

K+ K 7r0n
87r p~

nq7r+ ~—
6.6 pp ~

KK7r X
87r p~

N KK7r
857r" p~

K K7r7r p,
pp
KK7r pp

32 7l p
K+K 7r0n

ISR 31.5 p p
127r p ~

gx+ 7r n. —p
47r p~

KK7r n
0.7,0.76 p p ~

K K37r
16 7r+ p
1.2 p p ~ 2K47r
1.6-4.2 7r p

~ ~ ~

94 MPS2

91C SPEC

LEE1282.2 4 1.5

1279 + 5

1278 + 2

1278 + 2

FUKUI

ARMSTRONG 89 OMEG

ARMSTRONG 89G OMEG

140

RATH 89 MPS1280.1 + 2.1 60

4750 BIRMAN 88 MPS1285 + 1

1280 + 1

1280 + 4

1277 + 2

1285 4 2

1279 + 2

BITYUKOV 88 SP EC504

ANDO

REEVES

CHUNG

86 SPEC

86 SPEC

85 SPEC

420

ARMSTRONG 84 OMEG604

BITUKOV 84 SPEC1287 + 5 353

CHAUVAT 84 SPEC
EVA N G E L I STA 81 0M EG

1286 + 1
1278 + 4

80 HBCDION ISI1031283 + 3

1282 + 2 NACASCH 78 H BC320

GRASSLER 77 HBC
DUBOC 72 HBC
DAHL 67 HBC

data for averages, fits, limits, etc

1279 4 5
1286 + 3
1283 + 5

~ o ~ We do not use the following

1270 + 10

1280 + 2

1282 + 4

1270 + 6 4 10

1264 + 8

1284 + 4

1281 + 1

1279 + 6 + 10

1286 2 9

16

AMELIN 95 VES

ABAT2IS 94 OMEG

ARMSTRONG 93C SPEC

ARMSTRONG 92C OMEG

AUGUSTIN 90 DM2

TAKAMATSU 90 SPEC 0

ARMSTRONG 89E OMEG

BECKER

G IDAL

87 MRK3

87 MRK2

377r N ~
7r+7r pN

450 pp ~
p p2(7r+ 7r )

PP 7r Tf77

6p
300 pp ~

pp7r 7t y

J/Ttj ~
pg~+~-

87r p~
KK7r n

300 pp ~
pp2(~+ 7r

—
)

e+e—
pK K7r

e+e-
e+ e

—q~+~—

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

1282.2+ 0.7 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram
below.

1 ANTINORI 95 OMEG

WEIGHTED AVERAGE
1282.2+0.7 (Error scaled by 1.7)

x'
ANTINOR I 95 OMEG 1.2
LEE 94 MPS2 0.0
FUKUI 91C SPEC 0.4
ARMSTRONG 89 OMEG 4 4
ARMSTRONG 89G OMEG 4.4
RATH 89 MPS 1.0
BIRMAN 88 MPS 7 9
BITYUKOV 88 SPEC 4 8
ANDO 86 SPEC 0 3
REEVES 86 SPEC 6.7
CHUNG 85 SPEC 2.0
ARMSTRONG 84 OMEG 2 5
BITUKOV 84 SPEC 0.9
CHAUVAT 84 SPEC 14.6
EVANG ELISTA 81 OMEG 1.1
DIONIS I 80 H BC 0.1

NACASCH 78 HBC 0.0
. GRASSLER 77 HBC 0.4

DU BOG 72 HBC 1.6
DAHL 67 HBC 0 0

54.3
(Confidence Level 0.001)

1300
I

1265 1270 1275 1280 1285 1290 1295

f1(1285) mass (MeV)

fj(1285) WIDTH

Only experiments giving width error less than 20 MeV are kept for aver-
aging.

94 MPS2

25 + 4

4750 7 BIRMAN22 + 2

25 + 4

86 SPEC

REEVES 86 SPEC

CHUNG22 + 2

32 + 3

C HAUVAT

DI 0NISI

24 + 3
29 +10

NACASCH 78 HBC320

VAL UE (MeV) CL Yp EVTS DOCUMENT ID TECN CHG COMMENT

24.8+ 1.3 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

36 + 5 ANTINORI 95 OMEG 300,450 pp ~
p p2(7r+ 7r

—
)

29.0 + 4.1 LEE 181' p I
K+ ~K 27r p

140 ARMSTRONG 89 OMEG 300 pp ~
KK7r pp

88 MPS 87r p~
K+~K7r n

504 BITYUKOV 88 SPEC 32.5 7r p —+

K+ K 7r0n
19 + 5 ANDO 87r p~

ng~+~—
32 + 8 420 6.6 pp ~

KK7I X
85 SPEC 87r p -~

NK K7r
604 ARMSTRONG 84 OMEG 85 7r+ p —+

K K7r7r p,
PP~
KK7r pp

84 SPEC ISR 31.5 p p
103 80 HBC 47r p~

K K7rn
28.3 + 6.7 0.7,0.76 pp ~

K K37r
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

1279
1275 + 6 31

TORNQVIST 82B RVUE
BROMBERG 80 SPEC 100 7r p ~

KK71 X
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f, (1285)

40 + 5

44 +20

22 4 5

(20

31 + 5

41 +12

90

A BAT Z IS 94 OMEG

AUGUSTIN 90 DM2

TAKAMATSU 90 SPEC 0

TAKAMATSU 90 SPEC 0

ARMSTRONG 89E OMEG

ARMSTRONG 896 OMEG

17.9 + 10.9 60 RATH 89 MPS

14 +10—14

26 +12

16 BECK ER 87 MRK3

EVANGELISTA 81 OMEG

25 +15 200 GURTU 79 HBC

10 8 STANTON 79 CNTR

HBC
HBC
HBC
MMS
HBC
DBC
HBC
HBC

WEIGHTED AVERAGE
24.8+1.3 (Error scaled by 1.3)

24 +18 210 GRASSLER 77
28 4 5 150 D E FO I X 72
46 + 9 180 D U BOC 72
37 + 5 500 10 THUN 72
10 +10 BOESEBECK 71
30 +15 CAMPBELL 69
60 +15 LORSTAD 6g
35 +10 9 DAHL 67

6Supersedes ABATZIS 94, ARMSTRONG 89E.
From partial wave analysis of K+ K ~ system.+ —0

From phase shift analysis of q~+ ~ system.
Resolution is not unfolded.
Seen in the missing mass spectrum.

450 pp —a

p p2(~+~ —
)

J/Q ~
~nx+~

8a p~
KK~n

8.95 7r p ~
q~+ w

—
n

300 pp ~
p p2(~+ ~ )

85vr+p ~
4m' p, p p ~
4~pp

21.4~ p ~
K K 7r nS S

e+e-
@KKa

12 gr p
q~+ ~ —~—

p
4.2 K p~

nq 27I

8.5vr p~
n2 y 2'

16 ~+p
0.7 p p ~ 77i'

1.2 p p ~ 2K4m
13.4 ~ p
16.0 7r p ~ ps~
2.7 ~3 d
0.7 pp, 4, 5-body
1.6—4.2 7r p

X3

X7

X8

Xg

X11

-33 13
—4 —5 —78

46 —19 -38 —12
—59 45 30 —11 —41

X2 X3 X7 X8 Xg

fj (1285) I (i)i (7p)/I (total)

r6rt4/r = (r7+rg) rt4/rr(9«) x r(7~)/r„„,
VAL UE (keV)

(0.62

CL%

95

DOCUMEN T ID

G

IDAHO

TECN COMM EN T

87 MRK2 e+ e
e+ e

—q~+w—

r(q«) x r(7q')/r„„, r6r13/r = (r7+r8) t3/
VAL UE (keV) EVTS DOCUMENT ID TECN COMMENT

1.4 +0.4 OUR AVERAGE Error includes scale factor of 1.4.
1.18+0.25 60.20 26 11,12 AIHARA 88B TPC e+ e

e+e q~+~
11,13 GIDAL 87 MRK2 e+ e

e+ e
—q~+~—

2.30 4 0.61+0.42

11Assuming a p-pole form factor.
12 Published value multiplied by q~~ branching ratio 0.49.

Published value divided by 2 and multiplied by the @we branching ratio 0.49.

fj(1285) BRANCHING RATIOS

CONSTRAINED FIT INFORMATION

An overall fit to 7 branching ratios uses 13 measurements and one
2=constraint to determine 6 parameters. The overall fit has a X

11.4 for 8 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

(bx;bx&)/(6x, 6x&'),"in percent, from the fit to the branching fractions, x,
I /l . The fit constrains the x whose labels appear in this array to sum toi / total t

one.

r(KK~)/r(4~) rg/rt = rg/(r3+r3)

I2

ls
C6

I7

i8
Cg

i 10
C11

~14

0 10 20 30 40

ANTINORI 95
LEE 94
ARMSTRONG 89
BIRMAN 88
BITYUKOV 88
ANDO 86
REEVES 86
CHUNG 85
ARMSTRONG 84
CHAUVAT 84
DIONISI 80

CASCH 78

OMEG
MPS2
OMEG
MPS
SPEC
SPEC
SPEC
SPEC
OMEG
SPEC
HBC
HBC

50

(Confidence Level

60

x'
5.0
1.0
0.0
2.0
0.0
1.4
0.8
2.0
5.7
0.1

0.2
0.3

18.4
= 0.072)

f1(1285) width (MeV)

Mode

ft(1285) DECAY MODES

Fraction ([;/f )

Scale factor/
Confidence level

~0~0~+~-
2'+ 2'

p 7r 7I

(29 +6)%
(1S + 9

(1s + 6 ) %
dominates 2~+ 2&

7 x 10

(s4 +15 )%
(44 + 7 ) %

(10 +6 }%
( 9.7 + 1.6) %
not seen

( 6.6+ 1.3) %

( 8,0+ 3.1) x 10

S:1.1

C L =90%

S=1.1

S:1.1
S=1.2

S=1.5

rl r Ir

ao(980)rr [ignoring ao(980) ~
KK]

pe [eXCIIjding a0(980) ~]
KK~

K K*(892)
'YP

TECN COM MEN TVALUE DOCUMEN T ID

0.33+0.04 OUR FIT Error includes scale factor of 1.2.
0.32+0.04 OUR AVERAGE Error includes scale factor of 1.2.

14 ARMSTRONG 89E OMEG 300 p p ' p p fl (1285
0.37+0,03+0,05 ARMSTRONG 89G OMEG 85 1r p ~ 4~X

Assuming p~vr and a0(980)~ intermediate states.
154~ consistent with being entirely per~.

r(KK~)/r(9«)
DOCUMENT ID TECN COMMENT

0.18+0.04 OUR FIT Error includes scale factor of 1.1.
0.23+0.06 OUR AVERAGE Error includes scale factor of 1.2.
0.42 + 0.15 GURTU 79 HBC 4.2 K p
0.5 4 0.2 CORDEN 78 OMEG 12—15 w p

16 DE FOIX 72 H 8( 0.7 p p ~ 7'0.20 + 0.08
+0.16+ 0.08 CAMPBELL 69 DBC 2.7 7r d

6 KK system characterized by the I = 1 threshold enhancement. (See under a0(980)).

I (ao(980)sr [ignoring ao(980) ~ K jK)/I (risrsr) I q/I 6 = I q/(I q+I 6)
DOCUMENT ID TECN COMMENT

0.82+0.12 OUR FIT Error includes scale factor of 1.1.

0.69+0.13 OUR AVERAGE—0.12

0.72 + 0.15 GURTU 79 HBC 4.2 K p

0 6 +0 3 CORDEN 78 OMEG 12—15 ~ p—0.2
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.0 + 0.3 GRASSLER 77 HBC 16 sr+ p

r, /r, = r, /(r, +r,)

I (KK'(892))/I totai
VAL UE

not seen

rxo/r
DOCUMENT ID TECN COMMENT

NACASCH 78 HBC 0.7,0.76 pp -~ K K3~

r(4~)/r(q~~) I t / I 6 = (I 3+ l 3)/(I 7+ I 6)
DOCUMENT ID TECN COMMENT

0.54+0.12 OUR FIT Error includes scale factor of 1.1.
0.41+0.14 OUR AVERAGE

BOLTON 92 MRK3 3/Q ~ P f1 (1285)
0.64 + 0.40 GURTU 79 HBC 4.2 K p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.93+0.30 17 GRASSLER 77 HBC 16 ~+ p

Assuming p~vr and a0(980)vr intermediate states.
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Meson Particle Listings
f1(1285), q(1295)

I (parr+a' )/I (2m'+2g )
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.0 6 0.4 GRASSLER 77 HBC 16 GeV 7r+ p

l (4a )/I tot@
PAL UE (units 10 4)

(7
CL%

90

DOCUMENT ID

ALDE

TECN COMMEN T

87 GAM4 100 ~ p ~ 4~ n

r(4l7) /r (KK~)
VALUE (units 10 2) CL oo EVTS DOCUMENT ID TECN COMMENT

r12/rg

0.82+0.21+0.20 19 BITYUKOV 88 SPEC 32.5 7r p ~
K+ K —zr0

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ARMSTRONG 84
BITUKOV 84
CHAUVAT 84
TORNQVIST 82B
EVANGELISTA 81
BROM BERG 80
DIONISI 80
GURTU 79
STA N TON 79
CORDEN 78
NACASCH 78
GRASSLER 77
0EFOIX 72
DUBOC 72
THUN 72
BARDADIN-. .. 71
BOESEBECK 71
CAMPBELL 69
LO RSTA D 69
D'ANDLAU 68
DAHL 67

PL 146B 273
PL 144B 133
PL 148B 382
NP B203 268
NP B178 197
PR D22 1513
NP B169 1
NP B151 181
PRL 42 346
NP B144 253
NP B135 203
NP B121 189
NP B44 125
NP B46 429
PRL 28 1733
PR D4 2711
PL 34B 659
PRL 22 1204
NP B14 63
NP BS 693
PR 163 1377

+Bloodworth, Burns+ (ATHU, BARt, BIRM, CERN) JP
+Dorofeev, Dzhelyadin, Golovkin, Kulik+ (SERP)
+Meritet, Bonino+ (CERN, CLER, UCLA, SACL)

(HELS)
+ (BARI, BONN, CERN, DARE, LIVP+)
+Haggerty, Abrams, Dzierba (CIT, FNAL, ILLC, IND)
+Gavillet+ (CERN, MADR, CDEF, STOH)
+Gavillet, Blokzijl+ (CERN, ZEEM, NIJM, OXF)
+Brockman+ (OSU, CARL, MCGI, TNTO) JP
+Corbett, Alexander+ (BIRM, RHEL, TELA, LOWC) JP
+De foix, Do br zy n ski+ (PARIS, MADR, CERN)

(AACH3, BERL, BONN, CERN, CRAC, HFIDH+)
+Nascimento, Bizzarri+ (CDEF, CERN)
+Goldberg, Makowski, Donald+ (PARIS, LIVP)
+Blieden, Finocchiaro, Bowen+ (STON, NEAS)

Bardadin-otwinowska, Hofmokl+ (WA RS)
(AACH, BERL, BONN, CERN, CRAC, HEID, WARS)

+Lichtman, Loefiler+ (PURD)
+D'Andlau, Astier+ (CDEF, CERN) JP
+Astier, Barlow+ (CDEF, CERN, IRAD, LIVP) IJP
+Hardy, Hess, Kirz, Miller (LRL) IJP

&0.93 95 AMELIN 95 VES 37 ~ N ~
~-~+~-~N OTHER RELATED PAPERS

I (ppo)/I (KKg) I tt/rg
VAL UE CL% DOCUMENT ID TECN COMMEAIT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)0.035 90 8 COFFMAN 90 MRK3 J/Q pp~+7r

Using B(J/g ~ pf1(1285) ppp )=0.25 x 10 and B(J/g ~ pf1(1285) ~
pKK~)=& 0.72 x 10

I (7po)/I (2tr+2a )
TECN COMMENTDOCUMENT IDVAL UE

0.45+0.18 OUR FIT
0.45+0.18 COFFMAN 90 MRK3 l/Q ~ gpx+ ~

Using B(J/Q ~ pf1(1285) ~ ppp )=0.25 x 10 and B(J/Q ~ pf1(1285) ~
p27r+ 2' )=0.55 x 10 given by MIR 88.

I (7po)/r(ao{980)rr [ignoringao(980) K KJ)
TECN COMM EN TVALUE DOCUMENT ID

0.15+0.04 OUR FIT Error includes scale factor of 1.6.
0.10+0.03+0.02 20 BURCHELL 91 MRK3 l/Q ~ pq~+~

Uses a result from COFFMAN 90, and includes an unknown branching ratio for
a0 (980) —~ ~.

AIHARA
ASTON
ATKINSON
GAVILLET
D'ANDLAU
MILLER

88C PR D38 1
85 PR D32 2255
84E PL 138B 459
82 ZPHY C16 119
65 PL 17 347
65 PRL 14 1074

+A Iston-Garnjost+ (TPC-2g Collab. ) JPC
+Carnegie, Dunwoodie+ (SLAC, CARL, CNRC)

(BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+Armenteros+ (CERN, CDEF, PADO, ROMA)
+Barlow, Adamson+ (CDEF, CERN, IRAD, LIVP)
+Chung, Dahl, Hess, Hardy, Kirz+ (LRL, UCB)

(1295) I G(JPC} = 0+(0 +}

See also the mini-review under non-qq candidates. (See the index
for the page number. )

rl{1295) MASS

1275 STANTON 79 CNTR 84 7r p ~ nt) 2~

rl(1295) WIDTH

VALUE(Mev) DOCUMENT ID TECN COMMEN T

1295+4 FUK Ul 91C SPEC 8.95 vr p ~ t)~+ ~ n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

r(7p') /r«to,
VALUE CL%

0.028+0.007+0.006
DOCUMENT ID TECN

AMELIN 95 VES

o ~ ~ We do not use the following data for averages, fits, limits,

COMMEN T

37~ N~
vr

—~+ vr
—

p N
etc. ~ ~ ~

~ 70 STANTON 79 CNTR 8 4 vr p ~ nz)27r

VAL UE (MeV) DOCUMENT ID TECN COMMENT

53+6 FUKUI 91C SPEC 8 95 zr p ~ t)~+~ n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0;05

r (0~~)/r (7pp)

95 BITYUKOV 91B SPEC 32 7c p ~ 7c+'jr yn

r6/rtt = (rr+ra}/rtt
TECN COMM EN T

300 pp ~ pp~+sr
P P 'g K 'lr

Published value multiplied by 1.5.

VALUE DOCUMENT ID

8.2+1.6 OUR FIT Error includes scale factor of 1.8.
7.5+1.0 21 ARMSTRONG 92C OMEG

Mode

I 1 g7r+7r
I 2 ap(980) x

rl(1295} DECAY MODES

Fraction (I;/I )

seen

seen

A ME L IN 95
A N T I NOR I 95
A BATZ IS 94
LEE 94
ARMSTRONG 93C
ARMSTRONG 92C
BOLTON 92
BITYUKOV 91B

BURCHELL 91
FUKUI 91C
AUGUSTIN 90
COFFMAN 90
TA KA MATS U 90
ARMSTRONG 89
ARMSTRONG 89E
AR MSTRON G 89G
RATH 89
AIHARA 88B
BIRMAN 88
BITYUKOV 88
Ml R 88
ALDE 87
BECK ER 87
G IDAHO 87
ANDO 86
REEVES 86
CHUNG 85

ft(1285) REFERENCES

ZPHY C66 71 +Berdnikov+ (VES Collab. )
PL B353 589 +Barberis, Bayes+ (ATHU, BARI, BIRM, CERN, JINR)
PL B324 509 +Antinori, Barberis+ (ATHU, BARI, BIRM, CERN, JINR)
PL B323 227 +Chung, Kirk+ (BNL, IND, KYUN, MASD, RICE)
PL B307 394 +Bet to ni+ (FNAL, FERR, GENO, UCI, NWES+)
ZPHY C54 371 +Barnes, Benayoun+ (ATHU, BARI, BIRM, CERN, CDEF)
PL B278 495 +Brown, Bunnell+ (Mark III Collab. )
SJNP 54 318 +Borisov, Viktorov+ (SERP)
Translated from YAF 54 529.
NP B21 132 (suppl) (Mark III Collab. )
PL B267 293 + (SUGI, NAGO, KEK, KYOT, MIYA, AKIT)
PR D42 10 +Cosme+ (DM2 Collab, )
P R D41 1410 +De Jongh+ (Mark III Collab, )
Hadron 89 Conf. p 71 +Ando+ (KEK)
PL B221 216 +Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+) JPC
PL B228 536 +Benayoun (ATHU, BARI, BIRM, CERN, CDEF, CURIN+)
ZPHY C43 55 +Bloodworth+ (CERN, BIRM, BARI, ATHU, CURIN+)
PR D40 693 +Cason+ (NDAM, BRAN, BNL, CUNY, DUKE)
PL B209 107 +Alston-Garnjost+ (TPC-2p Collab. )
PRL 61 1557 +C hung, Pea s I ee+ (BNL, FSU, IND, MASD) JP
PL B203 327 +Borisov, Dorofeev+ (SERP)
Photon-Photon 88 Conf. , 126 (Mark III Collab. )
PL B198 286 +Binon, Bricman+ (LANL, BRUX, SERP, LAPP)
PRL 59 186 +Blaylock, Bolton, Brown+ (Mark III Collab. )
PRL 59 2012 +Boyer, Butler, Cords, Abrams+ (LBL, SLAC, HARV)
PRL 57 1296 +Imai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+) IJP
PR 34 1960 +Chung, Crittenden+ (FLOR, BNL, IND, MASD) JP
PRL 55 779 +Fernow, Boehnlein+ (BNL, FLOR, IND, MASD) JP

I (ao(980)g)/l total
VAL UE

scen

large

large

0(1295) BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

BIRMAN 88 MPS 8 x p ~ K+ ~K m n

ANDO 86 SPEC 8 x p ~ nz)~+sr
STANTON 79 CNTR 8.4 ~ p —+ nt) 2'

rl(1295} REFERENCES

FUK Ul 91C
A I HA RA 88C
BIRMAN 88
ANTREASYAN 87
ANDO 86
STANTON 79

PL B267 293
PR D38 1

PRL 61 1557
PR D36 2633
PRL 57 1296
PRL 42 346

+ (SUGI, NAGO, KEK, KYOT, MIYA, AKIT)
+Alston-Garnjost+ (TPC-2p Collab. )
+Chung, Peaslee+ (BNL, FSU, IND, MASD) JP
+Bartels, Besset+ (Crystal Ball Collab. )
+lrnai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+) IJP
+Brockman+ (OSU, CARL, MCGI, TNTO) JP

tl(1295} I (i}l (pp)/I (total)

r(0~+~-) x r(77)/I toto]
VAL UE (keV) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.6 90 AIHARA 88C TPC e+ e
e+ e—q~+~—

&0.3 ANTREASYAN 87 CBAL e+ e ~ e+ e rI vr ~
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~(1300), a, (1320)

7r (1300) IG(J C) = 1 (0 +)

n (1300) MASS

DOCUMENT IDVAL UE (MeV) TECN COMM EN T

1300+100 OUR ESTIMATE
~ » ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1190+ 30 ZIELINSKI 84 SPEC 200 7r+ Z ~ Z37r

1240+ 30 BELLINI 82 SPEC 40 7r A ~ A37r

1273* 50 AARON 81 RVUE

1342+ 20 BONESINI 81 OMEG 12 7r p ~ p37r

1400 DAUM 81B SPEC 63,94 7r p

Uses multichannel Aitchison-Bowler n:, odel (BOWLER 75). Uses data from DAUM 80
a n d DA NKOWYC H 81.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1305 + 14 CONDO 93 SHF PP —+ 7I7r+ 7r+ 7r

1310 + 2 EVANGELISTA 81 OMEG — 12 7r p ~ 37rp
1343 + 11 490 BALTAY 78B HBC 0 15 7r+ p ~ &37r
1309 k 5 5000 BIN N I E 71 MMS — 7r p near a2 thresh-

old
1299 + 6 28000 BOWEN 71 MMS — 5 7r p
1300 4 6 24000 BOWEN 71 MMS + 5 7r+ p
1309 + 4 17000 BOWEN 71 MMS — 7 7r p
1306 + 4 941 ALSTON-. .. 70 HBC + 7.0 7r+ p ~ 37r p

1The systematic error of 2 MeV corresponds to the spread of solutions.
From a fit to J = 2+ p7r partial wave.

WEIGHTED AVERAGE
1317.6+1.5 (Error scaled by 1.4)

m(1300} WIDTH

DOC UM EN T ID

n(1300} DECAY MODES

Mode Fraction (I;/I )

VALUE (MeV) TECN COMMEN T

200 to 600 OUR ESTIMATE
»» ~ We do not use the following data for averages, fits, limits, etc. ~ » ~

440 + 80 ZIELINSKI 84 SPEC 200 7r+ Z ~ Z37r

360 k 120 BELLINI 82 SPEC 40 7r A ~ A37r

580+ 100 AARON 81 RVLIE

220+ 70 BONESINI 81 OMFG 12 7r p ~ p37r

600 DAUM 81B SPEC 63,94 7r p
2 Uses multichannel Aitchison-Bowler model (BOWLER 75). Uses data from DAUM 80

and DANKOWYCH 81.

1280 1290 1300 1310 1320 1330

VES
CBAR
OMEG
DM2
DM2
SPEC
HBC
OMEG
DBC
CNTR
HBC

x'
ELIN 96 3.4
SLER 94D 0.2
MST BONG 90 2.3
GLIST IN 89 7.3
GUSTIN 89 0.9
UM 80C 0.1

LTAY 78B 0.1

RRERSORIA78 2.1

MS 75 0.0
TI POV 73C 0.3
ALOUPKA 73 1.7

1 8.4
(Confidence Level = 0.049}

I

1340 1350
I 1 P7r

~(«)s-wave
fp(1370) ~

seen

seen

x(1300) BRANCHING RATIOS

a2(1320) maSS, 37r mOde (MeV)

K+K~0 MODE
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

2IELINSKI
BELLINI
AARON
BONES IN I

DANKOWY. . .
DAUM
DAUM
BOWLER

84 P R D30 1855
82 PRL 48 1697
81 PR D24 1207
81 PL 103B 75
81 PRL 46 580
81B NP B182 269
80 PL 89B 281
75 NP B97 227

x(1300) REFERENCES

+Berg, C h a nd lee, Ciha n gir+ (ROCH, MINN, FNAL)
+Frabetti, Ivanshin, Litkin+ (MILA, BGNA, JINR)
+ Longacre (NEAS, BNL)
+Donald+ (MILA, LIVP, DARE, CERN, BARI, BONN)

Dankowych-+ (TNTO, BNL, CARL, MCGI, OHIO)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)
+Game, Aitchison, Dainton (OXFTP, DARE)

a, (1320) IG(gPC) 1
—(2++)

a2(1320) MASS

VALUE (MeV) DOCUMENT ID

1318.1+0.7 OUR AVERAGE Includes data from the 4 datablocks that follow this one.
Error includes scale factor of 1.2.

I (x (7rlr)s yyaye)/I (p7r)
VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ »

2.12 3 AARON 81 RVUE

3 Uses multichannei Aitchison-Bowler model (BOWLER 75). Uses data from DAUM 80
and DANKOWYCH 81.

1318.1+ 0.7
1319 4 5

1324 4 6

1320 + 2

1312 + 4 11000 CHABAUD 78 SPEC

1316 + 2

1318 + 1

1320 + 2

1313 6 4

4730

2724

730

CHABAUD 78 SPEC

MARTIN 78D SPEC

MARGULIE 76 SPEC

FOLEY 72 CNTR

1319 + 3 1500 5 GRAYER 71 ASPK

~ ~ ~ We do

1330 +11
1324 j 5

not use the following data for averages,

1000 & CLELAND 82B

350 HYAMS 78

fits, limits,

SPEC +
ASPK +

From a fit to J = 2+ partial wave.
4 Number of events evaluated by us.

5Systematic error in mass scale subtracted.

OUR AVERAGE

4700 ~ CLELAND 82B SPEC

5200 CLELAND 82B SPEC

4000 C HABAUD 80 S P EC

507r+p ~ K0K+p
5p~ p K~+K p

177r A ~
K0K AS

9.8 7r p —+

K KOSp

18.8 7r p ~
K K0S p

10 7r p — KOSK p

237r p —~ K K0pS
20.3 77 p—

17.2 7r p-
K K0Sp

etc, ~ ~ »

307r+p~ K0K~ pS
12.7 7r+ p ~

K" K pS

3x MODE
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

gx MODE
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

1315 + 5 k2
1310 + 5

1323.8 6 2, 3
1320.6 + 3.1

1317 + 2

1320 3710
1306 + 8

1318 6 7

1315 + 5

4022

3562

25000
1097

1600

1306 6 9 1580

1317.6+ 1.5 OUR AVERAGE

1311.3 6 1.6 6 3.0 72400

AUGUSTIN 89
AUGUSTIN 89

2 DAUM 80C
2 BALTAY 78B

FERRERSORIA 78
2 EMMS 75

A N TIP OV 73C

DM2

DM2

SPEC
HBC
OMEG
DBC
CNTR

CHALOUPKA 73 HBC

Error includes scale factor of

A M EL IN 96 VES

1 AMSLER 94D CBAR
ARMSTRONG 90 OMEG

1.4. See the ideogram below.

ae -p-
~+ ~—~0g

pepp vr ~ q
0 300.0p p

p p7r+!r 7r

J/0 2
0 J/7' ~ p a2

6394 7r p ~ 37r p
+0 15 7r+ p ~ p47r

97r p ~ p37r

0 4 7r+ n ~ p(37r)0
25,40 7r p ~

P77 7r

3.9 7r p

1319.4+2.1 OUR AVERAGE

1325.1 + 5.1 AOYAG I 93 BK E I

1317.7+ 1.4+ 2, 0 BE LAD IDZE 93 VES
1323 + 8 1000 K EY 73 OSPK
~ ~ ~ We do not use the following data for averages, fits, lim

1324 + 5 ARMSTRONG 93C SPEC
1336.2 4 1.7 2561 DELFOSSE 81 SPEC
1330.7 + 2.4 1653 DELFOSSE 81 SPEC
1324 +8 6200 6)7 CONFORTO 73 OSPK

6 Error includes 5 MeV systematic mass-scale error.

MiSSing maSS With enriChed MMS = 777r, 7I = 2p.

P ~ 777r P
377r N ~ 7)7r N

67r P ~ P7r 7I

Its, etC. ~ ~ ~

pp ~ 7r 7)q ~ 67
7r P ~ P 7r 77

7I p ~ p7r

67r p ~ pMM
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a, (1320)

g'~ MODE
VAL UE (MeV) DOCUMEN T ID TECN COMMEN T

The data in this block is included in the average printed for a previous databiock.

r/rr MODE
VALUE (Mev)

106+32
DOCUMENT ID TECN COMMENT

BELADIDZE 93 VES 372r N ~ q 2r N

132?.0+10.7 BELADIDZE 93 VES 37vr N ~ q vr N
a2(1320) DECAY MODES

aa(1320) WIDTH

3n MODE
VALUE (Mev) EVTS

105.5+ 1.8 OUR AVERAGE

103.0+ 6.0+3.3 72400

DOCUMENT ID TECN CHG COMM EN T

AMELIN 36m p —i

~+ ~—
~op

94D CBAR 0.0 pp ~ vr" 2r

90 OMEG 0 300.opp ~
p p2r fr 7r

89 DM2 + J/ti ~ p+a+
2

89 DM 2 0 l/Q —+ p a2
12' p ~ 3mp
63,94 2r p ~ 3mp
15 7r+ p ~ p4~
4 sr+ n ~ p(3')
7~i p

~++ (3~)0
73C CNTR — 25,40 2r p ~

p 'g 'fr

HBC — 3.9 ~ p
MMS — 5~ p
MMS + 5 7r+p
MMS — 7 vr p
fits, limits, etc. ~ ~ o

96 VES

8 AMSLER
ARMSTRONG

112 + 3 j2
120 k 10

107.0 4 9.7 4022 AUGUSTIN

3562 AUG USTIN
9 EVANGELISTA

25000 9 DAUM

1097 9 BALTAY

1600 9 EMMS
1200 9 0 WAGNER

118.5+ 12.5
97 + 5
96 k 9

110 6 15
112 + 18
122 + 14

81 OMEG
80C SPEC
78B HBC +0
75 DBC 0
75 HBC 0

9 ANTIPOV115 6 15

1580 CHALOUPKA 73
28000 BOWEN 71
24000 BOWE N 71
17000 BOWEN 71

use the following data for averages,

CONDO 93
BA LTAY 78B
BINNIE 71

99 +15
105 + 5
99 6 5

103 4 5
~ ~ ~ We do not

pp — q~+~+ ~—
15 a+p ~ H3x

p near a2 thresh-
old

7.0 z' + p —+ 32r p

SHF
HBC
MMS

120 +40
115 + 14

72 -+ 16
490

5000

70 HBC

to the spread of solutions.

the note with the K*(892) mass.

79 +12 941 A LSTO N-. ..

The systematic error of 2 MeV corresponds
From a fit to J = 2+ p~ partial wave.
Width errors enlarged by us to 4I /v N; see

Mode Fraction (I;/I )
Scale factor/

Confidence level

l2
I3
I4
I5
r6
r7
l8
fg

p 'Ir

rl 'Ir

KK
~'(958) ~

y y

sr+ vr 7r

e+e

(70.1 +2.7)
(14.5 + 1.2)
(10,6 +3.2)

( 4.9+0.8)
( 5.761.1)
( 2.8+0.6)
( 9.7+1.o)

( 8

( 2.3

0/

x 10
x 10
x 10
0/

x1O—7

S=1.2

S=1.3

C L=90%
C L=90%

CONSTRAINED FIT INFORMATION

An overall fit to 5 branching ratios uses 18 measurements and one
constraint to determine 4 parameters. The overall fit has a X2=
9.3 for 15 degrees of freedom.

X2

X3

X4

10
—89 —46
—1 —2 —24

X1 X2 X3

aq(1320} PARTIAL WIDTHS

The following off-diagonal array elements are the correlation coefficients

(6x;tfx )/(6'x, ex ), in percent, from the fit to the branching fractions, x,
I;/I «tal. The fit constrains the x, whose labels appear in this array to sum to

one.

K~K0s AND „~MODES
VALUE (MeV) DOC UM EN T ID

10? +5 OUR ESTIMATE
109.8+2.0 OUR AVERAGE Includes data from the 2 datablocks that follow this one.

K+ K MODE
VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

VAL UE (keV) DOCUMENT ID TECN CHG COMMENT

295k 60 CIHANGIR 82 SPEC + 200 2r+ A

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

461 + 110 14 MAY 77 SPEC + g 7 pA

I6

109.8+ 2.4 OUR AVERAGE

112 + 20 4700 &
2 CLELAND

120 +25 52pp 11,12 CLELAND

106 + 4 4000 CHA BAUD

82B SPEC +
82B SPEC

80 SPEC

126 + 11 11000 CHABAUD 78 SPEC

101 + 8 4730 CHABAUD 78 SPEC

113 + 4

105 + 8

113 4 19

M A R TIN 780
2724 MARGULIE 76

SPEC

SPEC
730 FOLEY 72 CNTR

123 + 13 1500 1 G RAYE R 71 ASPK

~ ~ ~ We do not use the following data for averages,

121 +51 1ppp 11,12 CLELAND

350 HYAMS 78110 + 18

fits, limits,

SPEC

ASPK +

507r+p ~ Kp K+pS
507r p ~ K0SK p
17~ A~

K0K AS
9.8~ p ~

K KSP
18.8a p~

K K0S p

10' p ~ KOSK p

232r p ~ K KPSp

20.3m p~
K Kpsp

17.2 vr p ~
K K0S p

etc. ~ ~ ~

30 +p K K+pS
12.7 7r p

K+Kp pS

110.0+ 3.5 OUR AVERAGE

103 + 6 k3 BELAD IDZE 93
112,2 4 5.7 2561 DELFOSSE 81
116.6+ 7.7 1653 DELFOSSE 81
108 4 9 1000 KEY 73
~ ~ e We do not use the following data for averages,

118 + 10 ARMSTRONG 93C
104 4 9 6200 CONFORTO 73

Model dependent.

VES
SPEC +
SPEC
OSPK
fits, limits,

SPEC 0
OSPK

37m N ~ f)vr N

p —+ pa rI

Tr p ~ p7r

6' p~ p~
~ o ~

pp ~ vr gq —+ 6y
6' p ~ pMM

From a fit to 3 = 2+ partial wave.
Number of events evaluated by us.
Width errors enlarged by us to 4I /~N; see the note with the K*(892) mass.

g~ MODE
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

VALUE (kev) EVTS

1.04+0.09 OUR AVERAGE

1.26 +0.26+0.18 36

TECN CHG COMMENTDOCUMENT ID

e+e-
e+ e ~+ 2r pro

e+e-
e+ e

—~+ ~ —~0
e+e-

e+ e —~+ ~ —~0
e+e-

e+ e
—~op

e+ e ~ e+ e 3'
e+e-

e+ e 7roq
e+e ~ e+e 3~

90 MD1BARU

1.00+ 0.07+ 0, 15

1.03+0.134 0.21

1.01 + 0.14+0.22

415 BEHREND 90C CELL 0

BUTLER 90 MRK2

OEST 90 JADE85

56 15 ALTHOFF 86 TASS 0
16 ANTREASYAN 86 CBAL 0

0.90+0.27 k 0.15
1.144 0, 20 + 0.26

1.06+0,18+0.19 BERGER 84C PLUT 0
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.81 +0.19—0.11
0.84+ 0.07+0.15
0.77+0.18+0.27

35 15 BEHREND 83B
15 FRAZER 83

22 16 EDWARDS 82F

CELL 0

JADE 0
CBAL 0

e+e ~ e+e 3~

e+ e ~ e+ e 3'
e+e-

e+ e
—~op

From per decay mode.
16 From garo decay mode.

r(e+e ) I9
VAL UE (eV)

(25
CL%

90

DOCUMENT ID TECN COMMENT

VOROBYEV 88 ND e+ e

I (KK) x I (pp)/I tote&

a2(1320) I {i)l (7p)/I {total}

VAL UE (keV)

0.126+0.007+0.028
DOCUMENT ID TECN

17 ALBRECHT 90G ARG

Using an incoherent background.
Using a coherent background.

COMMENT

e+�-
ee+ —K+ K—

etc. ~ ~ ~

e+e——
e+e K+K

~ ~ ~ We do not use the following data for averages, fits, limits,

0.081+0.006+ 0.027 ALBRECHT 90G ARG
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a, (1320)

I (KR)/r(pn)

a2(1320) BRANCHING RATIos

I 4/I 1
EVTS TECN CHG COMMENTDOCUMENT IDVALUE

0.070+0.012
0.078+0.017
~ ~ ~ We do

OUR FIT

o ~ ~

0.056+ 0.014
0.097+0.018
0.06 2 0.03
0,054+ 0.022

19 Included i

3.9 ~ p
7.0 ~+ p
3.93 ~ p
3.2 7f p

n CHABAUD 78 review.

r(gn)/[I (pm} + I (nm) + I (K+K] r2/(r a+4+4)
VALUE EVTS

0.162+0.012 OUR FIT
0.140+0.028 OUR AVERAGE
0.13 4 0.04
0.15 +0.04

DOCUMENT ID TECN CHG COMMENT

ESPIGAT 72 HBC + 0.0 pp
BARNHAM 71 HBC + 3 7 ~+ p

CHABAUD 78 RVUE
not use the following data for averages, fits, limits, etc.

50 CHALOUPKA 73 HBC
113 19 ALSTON-. .. 71 HBC +

9 ABRAMOVI. .. 708 HBC
19 CHUNG 68 HBC

o ~ ~

4.9 7r+ p
4.9 sr+ p
0.7 pp

c ~~ which could
central value and a

WEIGHTED AVERAGE
0.15+0.05 (Error scaled by 1.3)

above of weighted average, error,
ale factor are based upon the data in

ogram only. They are not neces-
e same as our 'best' values,
d from a least-squares constrained fit
measurements of other (related)

es as additional information.

~ o o We do not use the following data for averages, fits, limits, etc.

0.29+0.08 140 22 KARSHON 74 HBC 0
0.10+0.04 60 22 KARSHON 74 HBC
0.19+0.08 DEFOIX 73 HBC 0

KARSHON 74 suggest an additional I = 0 state strongly coupled
explain discrepancies in branching ratios and masses. We use a
system atic spread.

r (~~) /r(p~)
EVTSVALUE

0.207+0.018 OUR FIT
0.213+0.02O OUR AVERAGE

0.18 + 0.05
0.22 +0.05 52
0.211+ 0.044 149
0.246+ 0.042 167
0.25 + 0.09 15
0,23 2 0.08 22

0.12 + 0.08
0.22 + 0.09

DOCUMENT /D

FOR I NO 76
A NT I POV 73
CHALOUPKA 73
ALSTON-. .. 71
BOECKMANN 70
ASCOLI 68
CHUNG 68
CONTE 67

HBC
CNTR
HBC
HBC
HBC
HBC
HBC
HBC

11+ p
40~ p
3.9 ~ p
70 ~+p
5.0 7r+ p
57r p
3.2 7c p
11.0 x p

TECN CHG COMMENT

-0.2 0

r(wax}/I (pv}

0.2 0.4 0.6

(Confidence Level

0.8

DIAZ 74 DBC
KARSHON 74 HBC
CHALOUPKA 73 HBC

X'
2.0
0.1

1.0
3.2

= 0.199)

&0.006 95

&0.02
0.004+ 0.004

97

r(~'(sss) ~)/r(p~)

I (g'(sss)m)/I t()g, i

VALUE CL%

~ ~ o We do not use the following

DOCUMENT ID TECN

BARNHAM 71 HBC
BOESEBECK 68 H BC

data for averages, fits, limits,

ALDE 928 GAM2

CHG COMMENT

etc. ~ ~ o

38,100 x p ~
g'~0 n

3.7 ~+ p
8 ~+p

r(q'(sss) ~) /r (q~)
VAL UE

0.040+0.007 OUR AVERAGE

0.047+ 0.010+0.004

0.034+ 0,008+0.005

3USing B(g' ~ sr+?r q)
0.236.

DOCUMENT /D TECN COM MEN T

a2{1320) REFERENCES

BELADIDZE 93 VES 37vr N ~ a N2
BELADIDZE 92 VES 36~ C a2 C

0441, B(t/ ~ pp) = 0.389 and B(z/ ~ ~+~ ~ )

VAL UE CL% DOCUMENT ID TECN

o o o We do not use the following data for averages, fits, limits,

CHG COMMENT

etc. ~ ~ ~

&0,011
&0.04

p p4 +0 ~ 03—0.04

90 EISENSTEIN 73 H BC
ALSTON-. .. 71 H BC

BOECKMANN 70 HBC

5zr p
+ 70~+p
0 50x+p

r(K+K/Ir(p~) ~ r(q~) + r(KK)] I 4/(I y+ I 2+I g)
TECN CHG COMMENTVALUE EVTS

0.05420.009 OUR FIT
0.048+0.012 OUR AVERAGE

0.05 +0.02 TOET 73 HBC

0.09 +0.04 TOET 73 HBC 0

0.03 +0.02 8 DAMERI 72 HBC

0.06 + 0.03 17 BARNHAM 71 H BC +
o o o We do not use the following data for averages, fits, limits, etc. o

0.020 + 0.004 20 ESPIGAT 72 HBC +
Not averaged because of discrepancy between masses from K K and

DOCUMENT ID

5~I p
5~I-p
11~ p
3.7 ~+ p

0.0 pp

p~ modes.

r(~+~-~-)/r(p~)
VALUE

(0.12

r(~~ v)/rto~ai
VALUE

CL%

90
DOCUMENT ID TECN CHG COMMENT

ABRAMOVI. .. 708 HBC — 3.93 ~ p

DOCUMENT ID TECN COMMENT

p pp5+ 0.005—0.003
21 EISENBERG 72 HBC

Pion-exchange model used in this estimation.

I (tuna)/I (pm)'

4,3,5.25,7.5 p p

TECN CHG COMMEN TVALUE EVTS DOCUMENT ID

0.15+0.05 OUR FIT Error includes scale factor of 1.3.
0.15+0.05 OUR AVERAGE Error includes scale factor of 1.3.
0.28+ 0.09 60 DIAZ 74 DBC
0.18+-0.08 22 KARSHON 74 HBC
0.10+ 0.05 CHALOUPKA 73 HBC

See the ideogram below.

0 6~+n
Avg. of a hove two

3.9 ~ p

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

A ME L IN 96
AMSLER 94D
AOYAGI 93
ARMSTRONG 93C
BELADIDZE 93
CONDO 93
ALDE 928
BELADIDZE 92
ALBRECHT 90G
ARMSTRONG 90
BARU 90
BEHREND 90C
BUTLER 90
OEST 90
AUGUSTIN 89
VOROBYEV 88

ALTHOFF 86
ANTREASYAN 86
BERGER 84C
BEHREND 838
FRAZER 83
CIHANGIR 82
CLELAND 828
EDWARDS 82F
DELFOSSE 81
EVANGELISTA 81
CHABAUD 80
DAUM 80C
BA LTAY 788
C HABAUD 78
FERRERSORIA 78
HYAMS 78
MARTIN 78D
MAY 77
FORINO 76
MARGULIE 76
EMMS 75
WAGNER 75
DIAZ 74
KARSHON 74
ANTIPOV 73
ANTIPOV 73C
CHALOUPKA 73
CONFORTO 73
D E FO I X 73
EISENSTEIN 73
KEY 73
TOET 73
DAMERI 72
EISENBERG 72
ESPIGAT 72
FOLEY 72
ALSTON-. . . 71

ZPHY C70 71
PL 8333 277
PL 8314 246
PL 8307 394
PL 313 276
P R D48 3045
ZPHY C54 549
ZPHY C54 235
ZPHY C48 183
ZPHY C48 213
ZPHY C48 581
ZPHY C46 583
PR D42 1368
ZPHY C47 343
NP 8320 1
SJNP 48 273
Translated from
ZPHY C31 537
PR D33 1847
PL 1498 427
PL 1258 518
Aachen Conf,
PL 1178 123
NP 8208 228
PL 1108 82
NP 8183 349
NP 8178 197
NP 81?5 189
PL 898 276
PR D17 62
NP 8145 349
PL 748 287
NP 8146 303
PL 748 417
PR D16 1983
NC 35A 465
PR D14 667
PL 588 117
PL 588 201
PRL 32 260
PRL 32 852
NP B63 175
NP 863 153
PL 448 211
PL 458 154
PL 438 141
PR D7 278
PRL 30 503
NP 863 248
NC9A1
PR D5 15
NP 836 93
PR D6 747
PL 348 156

+Berdnikov, Bityukov+ (SERP, TBIL)
+Anisovich, Spanier+ (Crystal Barrel Collab. )
+Fukui, Hasegawa+ (BKEI Collab. )
+Bettoni+ (FNAL, FERR, GENO, UCI, NWES+)
+Berdnikov, Bityukov+ (VES Collab. )
+Handler, Bugg+ (SLAC Hybrid Collab. )
+Binon+ (SERP, BELG, LANL, LAPP, PISA, KEK)
+Bityukov, Borisov+ (VES Collab. )
+ Ehr lie hm a nn, Harder+ (ARGUS Collab. )
+Benayoun, Beusch (WA76 Collab. )
+8 linov, 8 Ivanov+ (MD-1 Collab. )
+Criegeey (CELLO Collab. )
+Boyer+ (Mark II Collab. )
+Olsson y (JADE Collab. )
+Cosme (DM2 Collab. )
+Golubev, Dohnsky, Druzhinin+ (NOVO)

YAF 48 436,
+Boch, Foster, Bern a rdi+- (TASSO Collab. )
-+Aschman, Besset, Bienlein+ (Crystal Ball Collab. )
+Klovning, Burger+ (PLUTO Collab. )
+D'Agostini+ (CELLO Collab. )

(UCSD)
+Berg, Biel, Chandlee+ (FNAL, MINN, ROCk)
+Delfosse, Dorsaz, Gloor (DURH, GEVA, LAUS, PITT)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)
+Guisan, Martin, Muhlemann, Weill+ (GEVA, LAUS)
+ (BARI, BONN, CERN, DARE, LIVP+)
+Hyams, Papadopoulou+ (CERN, MPIM, AMST)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+) JP
+Cautis, Cohen, Csorna+ (COLU, BING)
+Hyams, Jones, Weilhammer, Blurn+ (CERN, MPIM)
+.Treill e+ (ORSAY, CERN, CDEF, EPOL)
+Jones, Weilhammer, Blum+ (CERN, MPIM, ATEN)
+Ozmutlu, Baldi, Bohringer, Dorsaz+ (DURH, GEVA) JP
+Abramson, Andrews, Busnello+ (ROCH, CORN)
+Gessaroli+ (BGNA, FIRZ, GENO, MILA, OXF, PAVI)
+Kramer, Foley, Love, Lindenbaurn+ (BNL, CUNY)
+Jones, Kinson, Stacey, Bell+ (BIRM, DURH, RHEL) JP
+Tabak, Chew (LBL) JP
+Dibianca, Fickinger, Anderson+ (CASE, CMU)
+Mikenberg, Pitluck, Eisenberg, Ronat+ (REHO)
+Ascoli, Busnello, Focacci+ (CERN, SERP)JP
+Ascoli, Busnello, Focacci+ (CERN, SERP) JP
+Dobrzynski, Ferrando, Losty+ (CERN)
+Mobley, Key+ (EFI, FNAL, TNTO, WISC)
+Dobrzynski, Espigat, Nascimento+ (CDEF)
+Schultz, Ascoli, Ioffredo+ (ILL)
+Conforto, Mobley+ (TNTO, EFI, FNAL, WISC)
+Thuan, Major+ (NIJM, BONN, DURH, TORI)
+Borzatta, Goussu+ (GENO, MILA, SACL)
+Ballam, Dagan+ (REHO, SLAC, TELA)
+Ghesquiere, Lillestol, Montanet (CERN, CDEF)
+Love, Ozaki, Platner, Lindenbaurna (8NL, CUNY)

Alston-Garnjost, Barbaro, Buhl, Derenzo+ (LRL)



See key on page199
355

Meson Particle Listings
82(1320), fP(1370)

BARNHAM
BINNIE
BOWEN
GRAYER
A BRAMOVI. ..
ALSTON-. . .
BOEC K MA NN

ASCOLI
BOESEBECK
CHUNG
CONTE

?1 PRL 26 1494
71 PL 36B 257
71 PRL 26 1663
71 PL 34B 333
70B NP B23 466
70 PL 33B 607
70 NP B16 221
68 PRL 20 1321
68 NP B4 501
68 P R 165 1491
67 NC 51A 175

+Abrams, Butler, Coyne, Goldhaber, Hall+ (LBL)
+Carnilleri, Duane, Faruqi, Burton+ (LO I C, SH MP )
+Earles, Faissler, Blieden+ (NEAS, STON)
+Hyarns, Jones, Schlein, Blurn+ (CERN, MPIM)

Abrarnovich, Blumenfeld, Bruyant+ (CERN) JP
Alston-Garnjost, Barbaro, Buhl, Derenzo+ (LRL)

+Major+ (BONN, DURH, NIJM, EPOL, TORI)
+Crawley, Mortara, Shapiro, Bridges+ (ILL) JP
+ Deutschmann+ (AACH, BERL, CERN)
+Dahl, Kirz Miller (LRL)
+Tomasini, Cords+ (GENO, HAMB, MILA, SACL)

OTHER RELATED PAPERS

J ENNI
BEHREND
ABOLINS
ADERHOLZ
A LITT I
CHUNG
FOR INO
LEFEBVRES
SEIDLITZ
ADERHOLZ
CHUNG
GOLDHABER

Also
LANDER

83 PR D27 1031
82C PL 114B 378
65 Athens Conf.
65 P R 138B 897
65 PL 15 69
65 PRL 15 325
65B PL 19 68
65 PL 19 434
65 PRL 15 217
64 PL 10 226
64 PRL 12 621
64B Dubna Conf.
64 PRL 12 336
64 PRL 13 346A

1 480

+Burke, Telnov, Abrams, Blocker+ (SLAC, LBL)
+Chen, Fenner, Field+ (CE L LO Coll a b, )
+Ca rm ony, La n der, Xuong, Yager (UCSD) I

(AACH3, BERL, BIRM, BONN, HAMB, LOIC, MPIM)
+Baton, Deler, Crussard+ (SACL, BGNA) JP
+Dahl, Hardy, Hess, Jacobs, Kirz (LRL)
+Gessaroli+ (BGNA, BARI, FIRZ, ORSAY, SACL)
+Levrat+ (CERN Missing Mass Spect. Collab. )
+Dahl, Miller (LRL)

(AACH3, BERL, BIRM, BONN, DESY, HAMB+)
+Dahl, Hardy, Hess, Kalbfleisch, Kirz (LRL)
+Goldhaber, O'Halloran, Shen (LRL)

Goldhaber, Brown, Kadyk, Shen+ (LRL, UCB)
+Abolins, Carmony, Hendricks, Xuong+ (UCSD)

r, (1370)
was f0(1300)

l G(J C) 0+(0+ +)

NOTE ON SCALAR MESONS

The I = 0 states and the 7t m S-wave: From the

threshold to about 1500 MeV, the claimed isoscalar resonances

are found under four separate entries: fa(400-1200), f0(980),
f0(1370), and f0(1500). The data are obtained from resonance

decays into the channels urer, KK, gg, gv]', and 4'.
Below 1100 MeV, the essential contributions come from 7rvr

and KK final states. The urer phase shift 60 is well known to
rise smoothly (GRAYER 74, ROSSELET 77) to 90' at around

900 MeV (HYAMS 73, CASON 76), then shows a rapid step
of 180' near the KK threshold, due to the fa(980) resonance,

which is superimposed over a large background. Above 1 GeV,
t, he ~w phase shift continues to grow slowly, as expected for

a very broad resonance. The &7t S-wave inelasticity is not

accurat, ely known, and the reported m~ —& KK cross sections

(WETZEL 76, POLYCHRONAKOS 79, COHEN 80, ETKIN
82B) may have large uncertainties.

In our editions from 1976 to 1994, this behavior of the

phase shift was thought to be due mainly to the narrow

fo(980) and the broad fa(1370), the latter variously named

in earlier editions the e(1200) and the fa(l300-1400). It was,

however, always uncertain whether there also exists a very

The analysis of the scalar resonances in the vrm S-wave is

notoriously difIicult, . In other partial waves, a resonance may be

identified by the behavior of a single dominant channel across a
mass range of a few hundred MeV. In contrast, the scalar waves

couple strongly to more than one channel, and have overlapping

and interfering broad resonances, often extending over more

than 1 GeV. In addition, the KK and gg thresholds produce

sharp cusps in the partial waves. Thus, given experimental

results in one channel, one can derive conclusions affecting

the other scalar resonances. For this reason we discuss in this

one Note all light scalars, organized in the Listings under

the entries fa(400-1200), fn(980), fa(1370), fa(1500), aa(980),
a0(1450), and K0(1430). This list is "minimal:" it does not

necessarily exhaust t, he list of actual resonances.

broad structure mostly called 0 in the literature. Before 1974,
when the phase shift was known only up to about 900 MeV,
one generally believed in a light a (also called e or tI0+) with a
very large and uncertain width.

BECKER 79B excluded a narrow resonance behavior for
600 in their vr p (polarized) —+ ~+rr n data below 900 MeV.
In contrast, SVEC 92, 96, using their data on 7r+n (polarized)
~ a+7r p from 600 to 900 MeV, suggest a narrow scalar
state at 750 MeV with a width of 100 to 200 MeV; the

fa(980) was not included, which can explain the very narrow

width obtained. Furthermore, the associated boo values differ

substantially from recent consensus and would reopen the old

Up-Down ambiguity of the early 1970's (see our 1984 edition).
Thus, the interpretation of SVEC 92 and others who claim

a narrow IT must be treated with reservation, although, as

SVEC 96 emphasize, the contribution from a1 exchange in the
vrN —+ vr&N processes has not been included in most analyses.
New data resolving these important ambiguities would be most
welcome. For further discussions of earlier analyses on the 7rvr

S-wave, see our Notes in earlier edit, ions and AU 87, MORGAN

93, and ZOU 93,
It has now become evident that the simplest understanding

of the conventional xa S-wave is obtained if one includes, in

addition to the fa(980) and fa(1370) resonances, a very broad o

with a mass in the region 400-1200 MeV and a width exceeding
500 MeV (AU 87, MORGAN 93, ZOU 93, 94B, ACHASOV 94,
TORNQVIST 95, 96, AMSLER 95B, AMSLER 95D, JANSSEN
95). The large spread in the resonance parameters obtained by
these groups is due less to differences in the data used than
to differences in the models employed. Important input in all

analyses for the fa(400-1200) are the standard ww phase shifts

below 1200 MeV, the same for all groups.
As to the fa(1370), all analyses of vrw and It K data claim

a mainly elastic resonance around 1400 MeV. This still depends

strongly on the standard xa phase shift solution above 1100
MeV, and in particular on the small inelasticity of that solution,

as mentioned above.

Above 1300 MeV, there is also evidence for a scalar-
isoscalar resonance decaying to 4'. Whether this is the same
resonance as the fa(1370) remains unsettled. There may be
two resonances, one seen in elastic 7rvr scattering and coupling

predominantly to wa, and another coupling mainly to 4~ via

pp and two ver S-waves. For now, we list both under the

fa(1370). The 4a decay mode would, however, point to a large

inelasticity. The information on the 4' channel comes mainly

from the analysis of pn or pp —+ 5a (GASPERO 93, ADAMO

93, AMSLER 94). AMSI. ER 94 finds a large production of a
0++ resonance decaying into 4m, mostly pp, with M = 1374+38
MeV and I' = 375+ 61 MeV, and quotes a 47r:2' branching
ratio of order 5:1.

Above the fa(1370) there is at least one resonance, the

fa(1500), seen by the Crystal Barrel Collaboration (ANTINORI
95, AMSLER 95B, 95C). The fa(1590) of GAMS (BINON 83)
in our 1994 edition is now listed under the same entry as the
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fp(1500). For the determination of the resonance parameters,

we use only the analyses in terms of T-matrix poles. See also

our Note on Non-qq Mesons.

The I = 1 states: Two states are known, the ttp(980) and

the ap(1450) seen by the Crystal Barrel (AMSLER 94D). For a

longer Note on the ap(980), see our 1994 edition, which includes

comments on the nature of this resonance.

The most important fact about the ap(980) is that it lies

very close to the KK threshold (like the fp(980)); its shape,

mass, arId width are strongly distorted by this threshold. A

naive Breit-Wigner fit to the resonance bump cannot reveal

its true coupling constants to g~ and KK. To obtain these,

one must use a coupled-channel model with energy-dependent

widths and mass-shift contributions. For the same reason, the

branching ratios to KK and ger are strongly energy dependent

and one cannot use quoted width parameters in a naive way to

determine the strength of the couplings.

!ndependently of any model about, the nature of the ftp(980)

(or the fp(980)), the KK component in the wave function

of the state must be large. By general quantum mechanical

argumettts, any state (be it qq or whatever) that lies at the S-
wave KK threshold and to which it couples strongly must have

significant mixing with the KK continuum. Therefore, one

cannot, discuss the ap(980) (or the fp(980)) without taking into

account this large continuum component, e.g. when calculating

pp widths. The pp width will always be suppressed by the KK
component of the state.

The I=1/2 sector: The Kp(1430) (ASTON 88) is certainly

t, he least controversial of the light scalar mesons. The phase

shift rises smoothly from threshold, passes 90' at 1350 MeV,

and then continues to rise to about 170' at 1600 MeV at the

first important inelastic threshold, Kq'. Thus, it behaves just
as expected of a single broad, nearly elastic resonance. All

analyses agree on a pole mass of about 1430 MeV and a width

of about 300 MeV.

Interpretation of the nature of the scalars: Almost every

model of the scalar states agrees that the Kp(1430) is the 1 Pp

quark model su (or sd) state. For the interpretation of the

other light scalars, there are two niain classes of models:

(i) The two states near t, he KK threshold, the fp(980) and

the ap(980), are KK bound states (WEINSTEIN 89). The

fp(1370) is the 1 Pp uu + dd state, the ap(1450) is the ud

state, and the mainly ss is still missing, The last is perhaps

the state reported by LASS at 1525 MeV (ASTON 88D) or

the ff(1710). The fp(400-1200) is then left as a background

structure. The fp(1500) is too light and too narrow to be the

second radially excited uu+ dd state, and it is not the missing

ss state, due to its small KK branching ratio. A non-qq

(gluonium) interpretation seems likely (AMSLER 96); see our

Note on Non-qq Mesons.

(ii) IVIost, if not all, light scalars are different manifestat, ions

of the quark model Po qq states. The most economic model

for this second alternative is that of TORNQVIST 82, 95,

and 96, who fits the fp(400-1200), fp(980), fp(1370), tap(980),

ftp(1450), and Kp(1430), as unitarized remnants of qq 1 Pp

states with six parameters and theoretical constraints including

flavor symmetry, the OZI rule, the equal-spacing rule for bare

qq states, Adler zeroes, unitarity, and analyticity. Here the

fp(400-1200) is at the same time the uu+ dd state, the chiral

partner of the rr, and the Higgs boson of QCD. The fp(980) and

the fp(1370) are two different manifestations of the unitarized ss
state, while the ap(980) and the np(1450) are two manifestations
of'ud. The interpretation of fp(1500) is in this scheme an open

question.

For other models and more details discussing the interpre-

tations of the scalar resonances, see AU 87, MORGAN 93, ZOU

93, 94B, and JANSSEN 95.

fp(1370) T-MATRIX POLE POSITION

Note that I = 2 Im(gspole).

VALUE (MeV) DOCUMENT ID

(1200-1500)—i(150-250) OUR ESTIMATE

~ ~ o We do not use the following data for averages, fits, limits,

(1330 + 50)—z(150 6 40) AMSLER 95B CBAR
(1360 + 35)—i(150—300) AMSLER 95C CBAR
1390 + 30 —i(190 + 40) AMSLER 95D CHAR

TECN COMMENT

etc. ~ o ~

pp ~ 3'
PP -~ zr 7I7I

pp a 37r, zr

7r7r ~ 7rzr, KK
7r7r, K K, K7r,

7I 7r

pp ~ 7r 7r

pp ~ 37r

p p a 37r, TI TI7r

7rzr, K K
7rzr, K K

1346 —i249
1214 —i168

JANSSEN 95 RVUE
4&5 TORNQVIST 95 RVUE

94D CBAR

94 CBAR

AMSLER

A NISOV I C H

6 BUGG

1364 —i139
(1365 55)—i(134 + 35)
1340 + 40 —z(127 20) 94 RVUE

47zou
8AU

93 RVUE
87 RVUE

1515 —i214
1420 —i220

Supersedes ANISOVICH 94.
Coupled-channel analysis of pp -~ 37r, 7r 7I TI, and 7r Tr 7I on sheet IV. Demonstrates
explicitly that f0(400—1200) and f0(1370) are two difFerent poles.

Analysis of data from FALVARD 88.
The pole is on Sheet III. Demonstrates explicitly that fpl400 —f200) and fpl )tsarrep

two difFerent poles.
Uses data from BEIER 72B, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA-
SON 83, ASTON 88, and ARMSTRONG 91B. Coupled channel analysis with flavor
symmetry and all light two-pseudoscalars systems.
Reanalysis of ANISOVICH 94 data.
Analysis of data from OCHS 73, GRAYER 74, and ROSSELET 77.
Analysis of data from OCHS 73,GRAYER 74, BECKER 79, and CASON 83.

fp(1370} BREIT-WIGNER MASS OR K-MATRIX POLE PARAMETER

VA L UE (M eV)

1200 to 1500 OUR ESTIMATE
DOCUMENT ID

KK MODE
VALUE (Mev)

~ ~ o We do not use the following

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ ~

1440 2 20
1440 +50
1463+ 9
1425+ 15
1300

CHEN 91 MRK3
BOLONK IN 88 SPEC
ETK IN 82B MPS

WICKLUND 80 SPEC
POLYCHRO. .. 79 STRC

J/. pi —+ p 7r+ zr, p K K
407r p ~ KSKsn0 0

p" n2KS
67rN —~ K+K N

7 Tr p —. rr2K 0
5

xx MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. o o ~

1186 0 TORNQVIST 95 RVUE rrrr rrrr, K K, Krr,
7I 7r

1472+ 12 ARMSTRONG 91 OMEG 300 pp ~ pp7r7r,
ppK K

1275 +20 BREAKSTONE90 SFM 62 pp ~ pp7r ) 7r

1420 +20 AKESSON 86 SPEC 63 pp ~ ppzr+ Tr

1256 FROGGATT 77 RVUE 7r+ 7r channel

Uses data from BEIER 72B, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA-
SON 83, ASTON 88, and ARMSTRONG 91B. Coupled channel analysis with flavor
symmetry and all light two-pseudoscalars systems.
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f,(1370)

4n MODE 2(xx)s+pp
VAL UE (Me V)

~ o ~ We do not use the following

1374+38
1345+ 12
1386+30

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ ~

AMSLER 94 CBAR 00 pp ~ 7r+ 7r 37r

ADAMO 93 OBLX n p ~ 37r+ 27r

GASPERO 93 DBC 0.0 pn ~ 27r+ 37r

fp(1370) PARTIAL WIDTHS

VAL UE (eV) DOCUMENT ID TECN COMMENT

~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5,4+2, 3 MORGAN 90 RVUE pp ~ 7r+7r — ~07r0

0

gg MODE
VAL UE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1430 AMSLER 92 CBAR 0.0 pp ~ 7r

1220+40 ALDE 86D GAM4 100 7r p ~ n27I

r(e+e )
VAL UE (eV)

(20
CL%

90

fp(1370) BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

VOROBYEV 88 ND e+ e

fp(1370) BREIT-WIGNER WIDTH

VAL UE (MeV)

300 to 500 OUR ESTIMATE
DOCUMENT ID

KK MODE
VAL UE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

COMMEN T

etc. ~ ~ ~

160+ 40
250+ 80

+ 138
16

160+ 30
150

4a MODE 2(a 3')S+PIo

CHEN

BOLONKIN
91 MRK3
88 SPEC

ETK IN 828 MPS

WICK LUND 80 SPEC
POLYCHRO. .. 79 STRC

l/Q ~ p 7r+ 7r, p K K
40 7r p KS KSn

23 p n2KS

67rN ~ K+K /V

7 p n2KS

VALUE (MeV) DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

AMSLER 94 CBAR 00 p p ~ ~+ Tr 37r

ADAMO 93 OBLX n p ~ 37r+ 27r

GASPERO 93 DBC 0.0 pn ~ 2m+ 37r

375 + 61
398+26
310+50

gg MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

250 AMSLER 92 CHAR 00 pp 7r 7)7)

320+40 ALDE 86D GAM4 100 7r p ~ n277

fp(1370) DECAY MODES

In two-particle decay modes the 7r7r decay is dominant. We include here
the resonance observed in 4~ under the same entry as the one decaying
to 2 pseudoscalars. See also the minireview under non-qq candidates.

Mode Fraction (I;/I )

I2
I3
r4
I5
I6
I7
C8

I9
i 10

4'
4~0
27r+ 27I-

?r+ ?r 2?r0

/I /I

2(~~)S
In

KK
"/ y

e+e

seen

seen

seen

seen

seen

seen

seen

not seen

nn. MODE
VAL UE (MeV) DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

350 TORNOVIST 95 RVUE

gran

xw, KK, Kz,
7) 7r

195+33 ARMSTRONG 91 OMEG 300 pp ~ pp7r7r,
ppKK

285+60 BREAKSTONE90 SFM 62 pp ~ pp7r+7r
460 + 50 AKESSON 86 SPEC 63 pp ~ pp7r+~

~ 400 FROGGATT 77 RVUE 7r+ 7r channel

Uses data from BEIER 728, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA-
SON 83, ASTON 88, and ARMSTRONG 918. Coupled channel analysis with flavor
symmetry and all light two-pseudoscalars systems.
Width defined as distance between 45 and 135 phase shift.

r (43 ) /r~o~aI
VALUE

I 2/I =(I 3+I 4+I 3)/I
DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

0.80+ 0.04

r(2~+2@ )/r(4~)

GASPERO 93 DBC 0.0 pn ~ hadrons

r4/ 2 r4/( 3+ 4+rs)
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

GASPERO 93 DBC 00 pn ~ 2m+ 3'0.420 +0.014

Model-dependent evaluation.

I (3'+a' 2a'P)/I (43') I 3/I 2 = I 3/(r3+ 4+I 3)
VAL UE DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.512 +0.019 GASPERO 93 DBC 0.0 pn ~ hadrons
"Model-dependent evaluation.

I (pp)/I (2(a'3')s)
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

AMSLER 94 CBAR p p ~ 7r+ 7r 37r

GASPERO 93 DBC 0.0 pn ~ 27r+ 37r

1.6 + 0.2
0.58 + 0.16

fp(1370) REFERENCES

AMSLER 958
A MSLER 95C
AMSLER 95D
JANSSEN 95
TORNQVIST 95
AMSLER 94
AMSLER 94D
ANISOVICH 94
BUGG 94
ADA MO 93
GASPERO 93
ZOU 93
AMSLER 92
ARMSTRONG 91
ARMSTRONG 918
CHEN 91

SLAC-PUB-5669
BREAKSTONE 90
MORGAN 90
ASTON 88
BO LONK IN 88
FALVARD 88
VOROBYEV 88

AU 87
AK ESSON 86
ALDE 86D
CASON 83
ETKIN 828
WICK LUND 80
BECK ER 79
POLYCHRO. .. 79
F ROGGATT 77
ROSSELET 77
GRAYER 74
HYA MS 73
OCHS 73
BEIER 728

PL 8342 433
PL 8353 571
PL 8355 425
PR D52 2690
ZPHY C68 647
PL 8322 431
PL 8333 277
PL 8323 233
PR D50 4412
NP A558 13C
NP A562 407
PR D48 R3948
PL 8291 347
ZPHY C51 351
ZPHY C52 389
Hadron 91 Conf,

ZPHY C48 569
ZPHY C48 623
NP 8296 493
NP 8309 426
PR D38 2706
SJNP 48 273
Translated from
PR D35 1633
NP 8264 154
NP 8269 485
PR D28 1586
PR D25 1786
PRL 45 1469
NP 8151 46
PR D19 1317
NP 812g 89
PR D15 574
NP 875 18g
NP 864 134
Thesis
PRL 29 511

+Armstrong, Brose+
+Armstrong, Hackman+
+Armstrong, Spanier+
+Pearce, Holinde, Speth

(Crystal Barrel Collab. )
(Crystal Barrel Collab. )
(Crystal Barrel Collab. )
(STON, ADLD, JULI)

(HELS)
(Crystal Barrei Collab, ) JPC
(Crystal Barrel Collab. )
(Crystal Barrel Collab. ) JPC

(LOQM)
(OBELIX Collab. ) JPC

(ROMAI) JPC
(LOQM)

(Crystal Barrel Collab. )
(ATHU, BARI, BIRM, CERN, CDEF)
(ATHU, BARI, BIRM, CERN ~ CDEF)

(Mark III Collab. )

+Armstrong, Meyer+
+Anisovich, Spanier+
+Armstrong+
yAnisovich+
+Agnello+

+Bugg
+Augustin, Baker+
+ Ben ayoun+
+Barnes+

+ (ISU, BGNA, CERN, DORT, HEIDH, WARS)
+Pennington (RAL, DURH}
+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+Bloshenko, Gorin+ (ITEP, SERP)
+Ajaltouni+ (CLER, FRAS, LALO, PADO)
+Golubev, Dolinsky, Druzhinin+ (NOVO)

YAF 48 436.
+Morgan, Pennington (DURH, RAL)
+Albrow, Almehed+ (Axial Field Spec. Collab, )
+Binon, Bricman+ (BELG, LAPP, SERP, CERN, LANL)
+Cannata, Baumbaugh, Bishop+ (NDAM, ANL)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)
+Ayres, Cohen, Diebold, Pawlicki (ANL)
+Blanar, Blum+ (MPIM, CERN, ZEEM, CRAC)

Polychronakos, Cason, Bishop+ (NDAM, ANL)
+ Petersen (GLAS, NORD)
+Extermann, Fischer, Guisan+ (GEVA, SACL)
+Hyams, Blum, DIetl+ (CERN, MPIM)
+Jones, Weilhammel, Blum, Dietl+ (C E R N, MPI M)

(MPIM, iMUNI)
+Buchholtz, Mann+ (PENN)

OTHER RELATED PAPER5

r(ea)/r~o~aI
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.15 AMSLER 94 CBAR p p ~ 7r+ 7r 37r0

&0.20 GASPERO 93 DBC 0.0 pn ~ hadrons

Using AMSLER 958 (37r ).

TORNQVIST 96
LI 91
BIZZARRI 69
BETTINI 66

PRL 76 15?5
PR D43 2161
NP 814 169
NC 42A 695

+ Roos
+Close, Barnes+
+Foster, Gavillet, Montanet+
+Cresti, Limentani, Bertanza, Bigi+

(HELS)
(TENN)

(CERN, CDEF}
(PADO, PISA)
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/71(1380), P(1405), f1(1420)

/71 (1380) I G(gPC) 7 —(1+.)
I (trtr )/I totat
VAL UE DOCUMEN T ID TECN COM MEN T

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ht(1380) MASS

VALUE (MeV)

1380+20
DOCUMENT ID

ASTON

TECN COMMEN T

SSC LASS 11 K —
p

KO K+ 2r+ AS

OMITTED FROM SUMMARY TABLE
Seen in partial-wave analysis of the KS K 7r+ system. Evidence for
K* K + K* K decays (ASTON 88C). Needs confirmation.

r(0'~)/r(~~')
VAL UE CL%

possibly seen

r(p&)/rtotat
VAL UE

not seen

A general fit allowing S, D, and
statistics.

AOYAGI 93 BKEI 7r p ~ 7) 2r p

DOCUMENT ID TECN COMMENT

r4/rt

DOCUMENT ID COMMENT

6 ZIELINSKI 86 200 sr+ Cu, Pb ~ sr+ sr+ 7r X

P waves (including m=0) is not done because of limited

ht(1380) WIDTH ~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BOUTEMEUR 90 GAM4 100 2r p ~ 4pn
VALUE (MeV)

80+30

Mode

K K'(892) + c.c.

DOCUMENT ID

ASTON

TECN COM MEN T

ssc LASS 11 K p ~
K0 K+ 7r+ AS

ht(1380) DECAY MODES

P ROKOS HK IN 95B

BUGG 94
AOYAG I 93
BOUTEMEUR 90
ALDE 88B
Z I E L I N SK I 86
APEL 81

P(1405) REFERENCES

(SERP)

(LOQM)
(BKEI Collab, )

BELG, LANL, LAPP, PISA, KEK)
(SERP, BELG, LANL, LAPP) IGJPC

(BOCH, MINN, F NA L)
Donskov+ (SERP, CERN)

PAN 58 606 +Sadovski
Translated from YAF 58 662,
PR D50 4412 +Anisovich+
PL B314 246 +Fukui, Hasegawa+
Hadron 89 Conf, p 119+Poulet (SERP,
PL B205 397 +Binon, Boutemeur+
Berkeley HEP 1 736 +Berg+
NP B193 269 +Augenstein, Bertolucci,

ASTON

(1405)

88C PL B201 573

ht(1380) REFERENCES

+Awaji, Bienz+ (SLAC, NAGO, CINC, INUS)

( G(gPC) g
—

(g
—+)

PROKOSHKIN 95C PAN 58 853
Translated from
ZPHY C62 323
PL B205 564
PL B213 537
ZPHY C34 255

KALASHN I K.. . 94
IDDIR 88
TUAN 88
ZIELINSKI 87

+Sadovski
YAF 58 921.

Kalashnikova
+Le Yaouanc, Ono+
+Ferbel, Dalitz

OTHER RELATED PAPERS

(SERP)

(ITEP)
(ORSAY, TOKY)

(HAWA, ROCH, OXFTP)
(ROCH)

OMITTED FROM SUMMARY TABLE
Seen by ALDE 88B in 7r p ~ TI7r n amplitude analySiS. NOt

confirmed by reanalysis of PROKOSHKIN 95B.

See also the mini-review under non-qq candidates. (See the index
for the page number. )

p(1405) MASS

VALUE(MeV)

1406 *20
DOCUMENT ID

1 ALDE

TECN

88B GAM4

e ~ o We do not use the following data for averages, fits, limits,

1323.1 + 4.6 AOYAG I 93 BK E I

Seen in the P0-wave intensity of the r)7r system.

CHG COMMEN T

0 100 7r p ~
g~0n

etc. ~ ~ ~

2r p ~ 'g7r p

P(1405) WIDTH

TECN CHG COMMEN TVALUE (MeV)

180 +20
DOCUMENT ID

2 ALDE 88B GAM4 0 100 2r p ~
n

etc. ~ o oe ~ ~ We do not use the following data for averages, fits, limits,

143.2+ 12.5 AOYAG I 93 BK E I

Seen in the P0-wave intensity of the r/7r system.

p~ r)x p

p(1405) DECAY MODES

Mode

g~0
I 2 g7r
I 3 p7r

r4

Fraction (C;/C)

possibly seen

not seen

r (n~')/rtotat

p(1405) BRANCHING RATIOS

TECN CHG COMM EN TDOCUMENT /D

3 ALDE

VALUE

possibly seen 0 100 7r p ~
g~0 n

etc. ~ ~ ~

88B GAM4

a o ~ We do not use the following data for averages, fits, limits,

not seen

not seen
not seen

PROKOSHKIN 95B GAM4

4 BUGG
5 APEL

94 RVUE
81 NICE

1002r p ~
g~0n

p p ~ r) 2'
0 407r p~

g~0n
Seen in the P0-wave intensity of the q2r system.
Using Crystal Barrel data.
A general fit allowing S, D, and P waves (including m=0) is not done because of limited
statistics.

r, (1420) I G(gPC) P+(1+ +)

See also minireview under non-qq candidates.

THE f (t142 )0

This particle is the axial-vector component of the old

puzzling E/I, , which has caused much trouble.

In hadron-induced reactions, the f (11420) is observed in

centrally produced KKa systems obtained with w and p beams

(DIONISI 80, ARMSTRONG 84, 89). A Dalitz-plot analysis

gives its quantum numbers and the dominan. t decay mode.

For instance, ARMSTRONG 89 finds that t, he signal is totally
consistent with being an 1++ state with a dominant quasi-

two-body S-wave decay into K*(892)K; furthermore, no 0 +

or 1+ waves are required to fit the data. A G parity of
+1 is suggested by the positive interference between the two

overlapping K*(892) (ARMSTRONG 84). No significant signals

in the paar or 47r decay modes are found in centrally produced
4z systems (ARMSTRONG 89G). All of this is in line with the

previous observations made in pp annihilations.

In pp fusion from e+e annihilations, a signal at about,

1420 Mev is seen only in single-tag events (AIHARA SGC,

GIDAL 87B, BEHREND 89, HILL 89), where one of the two

photons is off the mass shell; by cont, rast, it is totally absent in

the untagged events where both photons are real and hence they
cannot produce a spin-1 meson, because of t, he Yang-I. andau

theorem. This clearly implies J = 1 and C = +1. As for the

parity, AIHARA 88B, 88C (same analysis as AIHARA SGC,

with 25% more events) and BEHREND 89 all find angular

distributions with positive parity preferred, but negative parity
not excluded.

Although some uncertainties still remain, t, he state seen in

hadronic interact, ions and that seen in spacelike virtual pho-

ton fusion fronx e e annihilations are often identified with
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f, (1420)

ft(1420) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN

1426.8+ 2.3 OUR AVERAGE Error includes scale factor of 1.3
1430 + 4 1 ARMSTRONG 92E OMEG

1462 20
-+ 7 +

6 — 2
+10

+10—17
4

13
3

+10
6

+20
We do not

1443

1425

1442

1423
1417
1422
1440
1426
1420
~ ~ ~

1429 + 3
1425 + 2

2 AUGUSTIN 92 DM2

BAI 90C MRK31100

BEHREND 89 CELL

BECKER 87 MRK3

17

GIDAL 87B MRK2
13 AIHARA 86C TPC

CHAUVAT 84 SPEC
BROMBERG 80 SPEC
DIONISI 80 HBC
DAHL 67 HBC

use the following data for averages, fits, limits,

389 ARMSTRONG 89 OMEG
1520 ARMSTRONG 84 OMEG

221

COM MEN T

See t h e id cog ra m below.

85,300 2r+ p, pp —~

~+ p, pp(KK~)
J/g ~ pKK7r

J/tI2 —~ p Ko K + 2r +S
Y

Ko K+ sr+

e+ e, ~KKn.

e+e ~ e+e KK2r
e+e ~ e+e KK2r
ISR 31.5 p p
100 7r p ~ KK2rX
4z p ~ KKmn
1.6-4.2 7r p
etc. I o ~

300 pp ~ KK~pp
85vr+p, pp ~

(2r+, p)(KK~) p
1 This result supersedes ARMSTRONG 84, ARMSTRONG 89.
2 From fit to the K*(892)K 1 + + partial wave.

Mass error increased to account for ao(980) mass cut uncertainties.

one another since there are more similarities than differences.

In particular, all experiments agree that this state appears

only in K'(892)K. The same conclusions are obtained from

partial wave analyses of J/g(1S) —+ pKKvr (BAI 90C, AU-

GUSTIN 91).
BITYUKOV 88 studied the radiative decay 1++ —+ Pp.

Since the P is (almost) a pure ss state, the Pp decay seems

to be a good analyser to extract the 88 component in the

wave function of the decaying meson. Finding the f (t1285)

but not the ft(1420), BITYUKOV 88 concludes that the

ft(1420) cannot be the ss isoscalar member of the qq nonet

containing the f (t1285). On the other hand, AIHARA 88C

argues that, assuming they both belong to the same nonet

and using several hypotheses, the octet-singlet mixing angle

obtained is compatible with the ft(1420) being mostly ss and

the ft (1288) being mostly (uu+ dd) /V2, although both require

large admixtures of other qq components.

Arguments favoring the possibility the f (t142 )0is a hybrid

qqg meson or a four-quark state are put forward by ISHIDA 89

and by CALDWELL 90, respectively.

LONGACRE 90 argues that this particle is inconsistent with

a @CD arrangement of quarks and gluons. He then develops a

final-state rescattering mechanism with successive interactions

between a K, a K, and a vr. The f (1t420) would then be a
molecular state formed by the m orbiting in a P wave around

an S-wave KK state.

WEIGHTED AVERAGE
1426 8+2 3 (Error scaled by 1 3)

1380 1400 1420

x'
ARMSTRONG 92E OMEG 0.6
AUGUSTIN 92 DM2 3.1

. BAI 90C MRK3 6.6

. BEHREND 89 CELL 0.0

. BECKER 87 MRK3 0.8
GIDAL 87B MRK2 0.9
AIHARA 86C TPC 0.6

. . . CHAUVAT 84 SPEC 2.5
BROMBERG 80 SPEC 1.8

. DIONISI 80 HBC 0.0

. DAHL 67 H BC 0.1

17.0
(Confidence Level = 0.074)

I I

1440 1460 1480 1500

f1 (1420) mass (MeV)

fg(1420) WIDTH

TECN COMMENTDOCUMENT IDVAL UE (MeV) EVT$

53k 5 OUR AVERAGE

58+10 4 ARMSTRONG 92E OMEG 85,300 2r+ p, pp ~
~+ p, pp(KK2r)

l/Q ~ pKK2r

Y
Ko K+ sr+

e+ e ~ ~ K K~

5 AUGUSTIN 92 DM2

BAI 90C MRK3

129+41
68+29+8—18 —9
42 +22
4o+"~5—13

35+47
—20

47+10
62+14
40+15
60+ 20

~ ~ ~ We do

1100

BEHREND 89 CELL

BECKER 87 MRK3

17

e+e ~ e+e KK2r13 AIHARA 86C TPC

C HAUVAT 84 SP EC
BROMBERG 80 SPEC

221 D I 0N IS I 80 H BC

DAHL 67 HBC
not use the following data for averages, fits, limits,

389 ARMSTRONG 89 OMEG
1520 ARMSTRONG 84 OMEG

ISR 31.5 p p
100 2r p ~ KK2rX
4 7r p ~ KK2rn
1.6—4.2 vr p

etc. ~ ~ ~

300 pp ~ KKvr pp
852r+p, pp ~

(~+,p) (KK~) p

58+ 8
62k 5

4This result supersedes ARMSTRONG 84, ARMSTRONG 89.
5From fit to the K*(892)K 1++ partial wave.

ft(1420) DECAY MODES

I2

l4
r5
l6
r7
l8

Mode

K Kqr

7l 'Ir Ir

ap(980) vr

7r7I p
K K*(892)+ c.c.
4'

p 'Y

Fraction (I;/ I )

dominant

possibly seen

ft(1420) I (I) I (pp)/I (total)

r(KKn) x r(~~')/rtota,
VAL UE (keV) CL og)

1.7+0.4 OUR AVERAGE

3.0 +0.9+ 0.7

DOCUMENT ID TECN COMM EN T

6,7 BEHREND 89 CELL e+e-
e+ K K

e+e
e+ e —K+ KO ~+Se+e-
e+ e K+ KO sr+S

e+e ~ e+e KKvr

2.3+ '0+ O.8—0.9

1.3 +0.5 +0.3

HILL 89 JADE

88B TPCAIHARA

etc. ~ o ~

e+e ~ e+e KK~

1.6 +0.7 +0.3 6,8 GIDAL 87B MRK2
~ ~ ~ We do not use the following data for averages, fits, limits,

95 J ENNI 83 MRK2

Assume a p-pole form factor.
A @ - pole form factor gives considerably smaller widths.
Published value divided by 2.



Meson Particle Listings
ft(1420), ~(1420), fz(1430)

fj (1420) BRANCHING RATIOS

I (KK'(892)+c.c.)/I (KÃe)
VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.76+ 0.06 BROM BERG 80 SPEC
0.86 + 0.12 D ION ISI 80 H BC

COM MEN T

etc. ~ ~ o

I e/rt

100 zr p ~ KKzrX
4 zr p ~ KK7rn

~(1420)
See also uJ(1600).

I (JPC) —0 (1 )

(u(1420) MASS

&0.3
&2.0

r(9~~)/r(K Ke)
VAL UE

95

CL%

&0.1 95
o ~ ~ We do not use the following

1.35+ 0.75
&0.6 90

&0.5
1.5 +0.8

r(a, (980}~)/r(q«)

r(«&)/r(KK~)
VAL UE CL%

~ ~ ~ We do not use the following

DOCUMENT ID TECN COMMEN T

ra/ra

CORDEN
DAHL

78 OMEG 12—15 x p
67 HBC 1.6—4.2 ~ p

DOCUMENT ID TECN

ARMSTRONG 91B OMEG
data for averages, fits, limits,

KOPKE 89 MRK3
GIDAL 87 MRK2

CORDEN
DEFOIX

78 OMEG
72 HBC

COMMENT

300 pp ~ ppz)zr+zr
etc. o ~ e

J/y - ~~~~(K K~)
e+e

e+ e
—q~+~—

12-15 vr p
0.7 pp

data for averages, fits, limits, etc. ~ ~ ~

VAL UE (MeV) EVTS DOCUMENT ID TECN COMMENT

1419+31 315 ANTONELLI 92 DM2 1.34—2,4e+ e ~ p~
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ a ~

1440+70 2 CLEGG 94 RVUE

From a fit to two Breit-Wigner functions interfering between them and with the uJ, Q tails
with fixed (+,—,+) phases.

2 Using data published by ANTONELLI 92.

ur(1420) WIDTH

VAL UE (MeV) EV7S DOCUMENT ID TECN COMMENT

174+59 315 ANTONELLI 92 DM2 1 34 2 4e+ e ~ pw
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

240+ 70 CLEGG 94 RVUE

From a fit to two Breit-Wigner functions interfering between them and with the uJ, @ tails
with fixed (+,—,+) phases.
Using data published by ANTONELLI 92.

not seen in either mode

not seen in either mode
0.4 4 0.2

I (4e.)/I (K K'(892)+ c.c.)

ANDO 86 SPEC 8 7r p
CORDEN 78 OMEG 12—15 x p
DEFOIX 72 HBC 0.7 pp -~ 7'

VAL UE CL% DOCUMENT ID TECN COMM EN T

e ~ e We do not use the following data for averages, fits, limits, etc. e o I

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

Mode

I 1 p7r
I 2 Cd7r7r

I3 e+e

(u(1420) DECAY MODES

Fraction (I;/I )

dominant

&0.90 95 DIONISI 80 HBC 4 zr p ~(1420) I (I) I (e+ e )/I (total)

I (K K w) / [I (ao(980) e ) + I (K K'(892)+ cc)j rt/(ra+re) I (p~) x I (e+ e )/I totai I yl a/I
VAL UE DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.65 +0.27 9 DIONISI 80 HBC 4 zr p

Calculated using I (K K)/I (q~) = 0.24 + 0.07 for a0(980) fractions.

VAL UE (eV) EVTS DOCUMENT ID TECN COMMENT

81+31 315 ANTONELLI 92 DM2 1 34 2 4e+ e ~ pzr

5 From a fit to two Breit-Wigner functions interfering between them and with the ~,@ tails
with fixed {+,—,+) phases.

COMMEN T

etc. ~ ~ ~

&0.04

r(4~)/r(KK~)

68 ARMSTRONG 84 OMEG 85 m+ p

r(a, (9S0)~) /r(K K'(892)+ c.c.)
VAL UE CL% DOCUMENT ID TECN

~ o e We do not use the following data for averages, fits, limits,

I a/re

CLEGG
ANTONE LLI

(u(1420) REFERENCES

94 ZPHY C62 455 +Donnachie
92 ZPHY C56 15 +Baldini+

OTHER RELATED PAPERS

(LANC, MCHS)
(DM2 Co!lab. )

VAL UE

&0.62

r (p'~)/rt. t.i

CL%

95
DOCUMENT ID TECN COMMENT

ARMSTRONG 89G OMEG 85 7r p ~ 47rX

re/r

ATKINSON 87 ZPHY C34 157
ATKINSON 84 NP B231 15
ATKINSON 83B PL 127B 132

(BONN, CERN, GLAS, LANC, MCHS, CURIN)
(BONN, CERN, GLAS, LANC, MCHS, CURIN+)
(BONN, CERN, GLAS, LANC, MCHS, CURIN+)

VAL UE CL ohio DOCUMENT ID TECN

&0.08 95 ARMSTRONG 92C SPEC

Using the data on the KKzr mode from ARMSTRONG 89.

fj (1420) REFERENCES

COMMENT

f, (143O) IG{JPC) 0+(2++)

OMITTED FROM SUMMARY TABLE
This entry lists nearby peaks observed in the 0 wave of the K K and
~+ ~ systems. Needs confirmation.

ARMSTRON G 92C
ARMSTRONG 92E
AUGUSTIN 92
ARMSTRONG 91B
BAI 90C
ARMSTRONG 89
ARMSTRONG 89G
BEHREND 89
HILL 89
KOPKE 89
AIHARA 88B
BECKER 87
G I DA L 87
G I DA L 87B
AIHARA 86C
ANDO 86
ARMSTRONG 84
CHAUVAT 84
JENNI 83
BROMBERG 80
D ION IS I 80
CORDEN 78
DEFOIX 72
DAHL 67

A Iso 65

ZPHY C54 371
ZPHY 56 29
PR D46 1951
ZPHY C52 389
PRL 65 2507
PL B221 216
ZPHY C43 55
ZPHY C42 367
ZPHY C42 355
PRPL 174 67
P L B209 107
PRL 59 186
PRL 59 2012
PRL 59 2016
PRL 57 2500
PRL 57 1296
PL 146B 273
PL 148B 382
P R D27 1031
PR D22 1513
NP B169 1

NP B144 253
NP B44 125
P R 163 1377
PRL 14 1074

+Barnes, Benayoun+ (ATHU, BARI, BIRM, CERN, CDEF)
+ Benayoun+ (ATHU, BARI, BIRM, CERN, CDEF) JPC
+Cosme (DM2 Collab. )
+Barnesp (ATHU, BARI, BIRM, CERN, CDEF)
+Blaylock+ (Mark III Collab, )
+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+) JPC
+Bloodworth+ (CERN, BIRM, BARI, ATHU, CURIN+)
+ C riegee+ (CELLO Collab. )
+Olsson+ (JADE Collab. ) JP
+Werm es-I- (CERN)
+A I sto n- G arnj ost+ (TPC-2p Collab. )
+Blaylock, Bolton, Brown+ (Mark III Collab. ) JP
+Boyer, Butler, Cords, Abrams+ (LBL, SLAC, HARV)
+Boyer, Butle~, Cords, Abrams+ (LBL, SLAC, HARV)
+A Is to n- G a rnjost+ (TPC-2p Collab. ) JP
+lmai+ (KFK, KYOT, NIRS, SAGA, INUS, TSUK+)
+Bloodworth, Burns+ (ATHU, BARI, BIRM, CERN) JP
+Meritet, Bonino+ (CERN, CLER, UCLA, SACL)
+Burke, Telnov, Abrams, Blocker+ (SLAC, LBL)
+Haggerty, Abrams, Dzierba (CIT, FNAI, ILLC, IND)
+Gavillet+ (CERN, MADR, CDEF, STOH) IJP
+Corbett, Alexander+ (BIRM, RHEL, TELA, LOWC)
+Nascirnento, Bizzarri+ (CDEF, CERN)
+Hardy, Hess, Kirz, Miller (LRL) IJP

Miller, Chung, Dahl, Hess, Hardy, Kirz+ (LRL, UCB)

VAL UE (MeV)

m 1430 OUR ESTIMATE
~ ~ e We do not use the following

1421+ 5

1410+50
1436+ 6—16

1412 w 3

1439 6

1 Not seen by WETZEL 76.

fa(1430) MASS

DOCUMENT ID TECN COM MEN T

DAUM

DAUM

1 BEUSCH

84 CNTR 17—18 zr p —~

KI K n
CN p ' S S'

K+K n

67 OSPK 5,7,12 zr p ~
KsKs"0 0

data for averages, fits, limits, etc. e o o

AUGUSTIN 87 DM2 i/tlJ — p zr+ zr

AKESSON 86 SPEC p p ~ p p~+ zr

OTHER RELATED PAPERS

IIZUKA
CALDWELL
IS H I DA
AI HA RA
BITYUKOV
PROTOPOP. . .

91 PTP 86 885 + Koibuchi
90 Hadron 89 Conf. p 127
89 PTP 82 119 +Oda, Sawazaki, Yamada
88C PR D38 1 +A Iston-G arnjost+
88 PL B203 327 +Borisov, Dorofeev+
87B Hadron 87 Conf. Protopopescu, Chung

(N AGO)
(UCSB)
(NI HO)

(TPC-2p Collab. ) JPC
(SiERP)

(BNL)
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f2 (1430),g(1440)

VAL UE (MeV)

~ o e We do not use the following

30+ 9
80 +40
81+56—29

14+ 6

43+'—18

Not seen by WETZEL 76.

f2(1430}WIDTH

DOCUMENT ID TECN COM MEN T

DAUM

DAUM

2 BEUSCH

84 CNTR 17—18 7r p ~
K+K n

84 CNTR 63 7r p KS KS n,

K+K n

67 OSPK 5,7, 12 + p ~
KsKs0 0

data for averages, fits, limits, etc. o o ~

AUGUSTIN 87 DM2 l/g ~ p7r+ 7r

AKESSON 86 SPEC p p ~ p p7r+ 7r

decaying into both KKa and paar, the other one around 1480
MeV decaying only to KK7r.

We continue to list under the rI(1440) all the results on

t, he 0 + system in the 1380-1490 MeV region, but there is

probably more than one resonance present in the observations.

It is thus dificult to give reliable K K or a0~ branching ratios.
The masses and widths are given separately according to the
various decay modes. See also our Note on "Non-qq Mesons. "

|I(1440}MASS

Mode

f2(1430) DECAY MODES VAL UE (Mev) DOCUMENT ID

1415+10OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

KK
I-2 vr ~

AUGUSTIN
AKESSON
DAUM
WETZEL
BEUSCH

87
86
84
76
67

(1440)

ZPHY C36 369
NP B264 154
ZPHY C23 339
NP B115 208
PL 25B 357

f2(1430) REFERENCES

+Cosme+
+Albrow, Almehed+
+Hertzberger+ (AMST,
+Freudenreich, Beusch+
+Fischer, Gobbi, Astbury+

(LALO, CLER, FRAS, PADO)
(Axial Field Spec. Collab. )

CERN, CRAC, MPIM, OXF+) HP

(ETH, CERN, LOIC)
(ETH, CERN)

I G(JPC) 0+(0 —+)

gem MODE
VAL UE (Mev) EVTS DOCUMENT ID TECN COMMENT

1405.7+ 3.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

1409 + 3 AMSLER 95r CBAR 0 p p rr+ rr rr rra9
1400 4 6 BOLTON 923 MRK3 J(rrr pvrr+ rr

1398 + 6 261 AUGUSTIN 90 DM2 l/Q ~ pz)7r+ 7r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1385 + 15 BEHREND 92 CELL J/g ~ pzI7r+ 7r

1388 i 4 FUK UI 91C SPEC 8 95 7r p —+ 7)7r+7r n

1420 + 5 ANDO 86 SPEC 8 7r p ~ n1I++x

From fit to the a0(980)~ 0 + partial wave.

Best fit with a single Breit Wigner.

See also the mini-review under non-qq candidates. (See the index
for the page number. )

THE 97(1440)

The first observat, ion of a meson with I JP+ = 0+0 +

in the 1400-MeV mass region was made in pp ~ KK3m
annihilations at rest (BAILLON 67). The rI(1440) was reported

to decay into KKz. , equally through ae(980)n and K"(892)K.
The rI(1440) has since also been seen in a partial-wave

analysis of the KKvr system (CHUNG 85, BIRMAN 88), in

6-GeV pp annihilations (REEVES 86), and in nonperipherally

selected rr P —r KsKsrr"n (RATH 89). RATH 89 favors two rI

resonances in the 1410-1480 MeV region. This is also observed

at LEAR in pp r KK8z annihilations at rest (BERTIN 95).
In a partial-wave analysis of 7r p ~ gx+x, I'UKUI 91C

confirms the decay rI(1440) —+ a0(980)7r. In pp ~ rfzn annihi-

lations at rest, AMSLER 95F finds roughly equal contributions

from an(980)s and rI(z vr)s.

Neither the rI(1440) nor the fi(1420) are observed in the

ss-enriched peripheral reaction K p r KKz. JI at 11 Gev/c
(ASTON 87), which speaks against an ss interpretation of

either stat, e. ARMSTRONG 84, 89, studying KK~ central

production in vr+p —r z (KKs)p and pp ~ p(KKR)p at 85

and 800 GeV/c, observed the fi(l420) but nof the rI(1440).
The rI(1440) is also seen as a broad enhancement in

1/g(IS) radiative decay. BUGG 95 has reanalyzed the MARK-

III data and finds a contribution to 47r in agreement with DM2

(BISELLO 89B). The rior+~ channel peaks near 1400 MeV

(AUGUSTIN 90, BOLTON 92B), in agreement, with observa-

tions in pp annihilation at. rest (AMSI. ER 95F). It has been

shown (TOKI 87, BAI 90C) that two pseudoscalar resonances

at —1420 and = 1490 MeV, together wit, h a 1++ around 1440

MeV, give a better description of the KKw dat, a. These results,

together with RATH 89 and BERTIN 95, suggest the existence

of two overlapping pseudoscalar states, one around 1400 MeV

WEIGHTED AVERAGE
1405.7+3.4 (Error scaled by 1.4)

1380 1390 1400 1410

x'
95F CHAR 1.2
928 MRK3 0.9
90 DM2 1.6

3.8
(Confidence Level = 0.153)

I

1430

SLER
LTON
G USTIN

1420

KKm MODE
VAL UE (Mev) EVTS

1419.2+ 1.1 OUR AVERAGE

1416 2 2

1421 + 14

1416 4 8 5 700

1413 + 8 500

DOCUMENT ID

Error includes scale
6 BERTIN
7 AUGUSTIN

8 BAI

DUCH

1419 +- 1

1424 + 3
1421 + 2

1425 X 7

8800 BIR MAN

620 O' R EEVES
CHUNG

800 ' BAILLON

TECN

factor of 1.4
95 OBLX
92 DM2

90C MRK3

89 ASTE

88 MPS
86 SPEC
85 SPEC
67 HBC

COMMENT

See the ideogram below

0 p p ~ K K 7r 7r ~
J/g ~ pKK7r

l/9/J ~ pK0 K+7r+S
pp

7+7r K+~+ K0
8 ~ p —~ K+~Ka n

66 pp -~ KK7rX
8 7r p ~ KK7rn
0.0 pp ~ KK7r7r7r

g(1440) maSS, g7r7r mOde (MeV)

xnp MODE
VALUE (Mev) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

1401+ 18 "AUGUSTIN 90 DM2 l/g —~ 7r+ 7r

1440 + 20 COFFMAN 90 MRK3 l/j ~ 7r+ 7r 2p

Best fit with a single Breit Wigner.
This peak in the p p channel may not be related to the rI(1440).

4n. MODE
VALUE (Mev) EVTS DOCUMENT ID TECN COMMEIVT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1420 +20 BuGG 95 MRK3 J/ Pp rrr+ rr rr+ rr

1489+12 3270 BISELLO 89B DM2 J/9/J ~ 4m'
5 Estimated by us from various fits.
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(1440)

not use the following data for averages, fits, limits,

BERTIN 95 OBLX
AUG USTIN 92 D M2

693 AUG USTIN 90 DM2
10 A U G USTI N 90 D M2

7 BAI 9OC MRK3

TAKAMATSU 90 SPEC
TAKAMATSU 90 SPEC

14 RATH 89 MPS

~ ~ ~ We do etc. o ~ ~

0 pp + KK7rvr7r

J/Q ~ gKK~
J/g ~ pKO K+~+

S
J/g ~ pK+ K 7rp

J/g ~ yKO K+++
S

8 7r p ~ nK*(892)K
8~—p- nKO K+~+

S
21.4~ p ~

nKO Ko ~0
S S

21.4x p ~
K K 7r nS S

21.4 vr p ~
nKO Ko ~0S S

J/Q ~ K Kap

J/Q ~ pK+ K

1460 + 10
1459 + 5
1445 + 8

296
+ 3 11oo—16

1433 8
+14

8
5
4

1490

1443
1424

1475 + 4

170 10 RATH1452.8 + 6.8 89 MPS

89 MPSRATH1412.8 + 5.4

W I S N I EWS K I 87 M R K 3

174

1454 + 3

1440 +—15 EDWARDS 82E CBAL

1440 + SCHARRE 80 MRK2 J/Q ~ PKSK—15

tDecaying into (KK)S~, (Kvr)SK, and ap(980)~.
From fit to the K*(892)K 0 + partial wave.

From fit to the ao(980) + 1+ + partial wave. cannot rule out a ao(980) 7r 1 partial++
wave.
From fit to the ap(980)~ 0 + partiai wave.

Best fit with a single Breit Wigner.
From fit of the 0 + partial wave, mainly ap(980)+.
From best fit of 0 + partial wave, 50% K*(892)K, 50% ap(980)vr.
Decaying into K*(892)K. i
From fit to the ap(980)~ 0 + partial wave, but ap(980)vr 1++ cannot be excluded.
The fit is also consistent with one resonance at 1453 MeV.

WEIGHTED AVERAGE
63.3+2.8 (Error scaled by 1.7)

20 40 60 80

AMSLER
BOLTON
AUGUSTIN
BERT IN
AUGUSTIN
BAI
DUCH
BIRMAN

. REEVES
CHUNG

. BAILLON

95F CBAR
92B MRK3
90 DM2
95 OBLX
92 DM2
90C MRK3
89 ASTE
88 MPS
86 SPEC
85 SPEC
67 HBC

(Confidence Level
I

100 120 140

x'
5.2

0.9
11.0
0.0

0.0
1.8
0.1

0.1

2.8
23.5

= 0.005)

g(1440) width g~~ mode (MeV)

mop MODE
VAL UE (MeV) DOCUMENT ID TECN COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

174 +44 AUGUSTIN 90 DM2 J/Q ~ 7r+ vr

60 +30 17 COFFMAN 90 MRK3 J/Q ~ n. + vr 2p

17This peak in the pp channel may not be related to the q(1440).

4x MODE
WEIGHTED A VERAGE
1419.2+1.1 (Error scaled by 1.4)

VAL UE (Mev) EVTS DOCLIMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

160+30 BUGG 95 MRK3
144 + 13 3270 18 BISELLO 89B DM2

Estimated by us from various fits.

COMMEN T

etc. ~ ~ ~

J/Q pm+ ~ ~+ ~
J/g ~ 4xp

KKm MODE
VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

1400 1410 1420 1430

. BERTIN
AUGUSTIN
BAI

. OUCH

. BIRMAN

. REEVES
CHUNG

- BAILLON

95 OBLX
92 DM2
90C MRK3
89 ASTE
88 MPS
86 SPEC
85 SPEC
67 HBC

1440

(Confidence Level

1450

x'
2.5

0.1

0.6
0.0
2.6
0.8
0.7
7.4

= 0.289)

g(1440) mass, K K7r mode (MeV)

0(1440) WIDTH

VALUE (Mev) DOCUMENT ID

60+20 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

gem MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

63.3+ 2.8 OUR AVERAGE Includes data from the datablock that follows this one.
Error includes scale factor of 1.7. See the ideogram
below.

86 +10 AMSLER 95F CBAR 0 pp ~ ~++ 0 0

47 +13 15 BOLTON 92B MRK3 J/Q pqw+ vr

53 +11 16 AUGUSTIN 90 DM2 J/@ ~ prI~+ ~
o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

50 16 BFHRFND 92 CELL J/Q ~ prIsr+ 7r

59 + 4 FUKUI 91C SPEC 8 95 ~ p ~ q~+~ n

31 + 7 ANDO 86 SPEC 8 ~ p nq7r+ w—

15 From fit to the ap(980) w 0 + partial wave.

From q~+ ~ mass distribution — mainly ap(980) ~ — no spin —parity determination avail-
a ble.

63.2+ 3.4 OUR

50 + 4

63 +:18
+67 + 15
—31 —38

62 +16
66 + 2

60 +10
60 +10
80 +10

~ ~ ~ We do not

105 + 15
75 + 9
75 + 9

93 +14
105 2 10

+37 +13
—21 —24

59 + 4

82 + 8

57 + 8

51 +13

AVERAGE Error includes scale factor of 2.0.
19 BERTIN 95 OBLX

AUGUSTIN 92 DM2

BAI 90C MRK3

500 DUCH 89 ASTE
8800 BIRMAN 88 MPS

620 REEVES 86 SPEC
CHUNG 85 SPEC

800 21 BAILLON 67 HBC
use the following data for averages, fits, limits,

22 BERTIN 95 OBLX
23 AUGUSTIN 92 DM2

693 AUGUSTIN 90 DM2

AUGUSTIN 90 DM2
AUGUSTIN 90 DM2

296
693

24 BAi 90C MRK3

24 TAKAMATSU 90 SPEC
TA KA M ATS U 90 S P EC

TAKAMATSU 90 SPEC
25 RATH 89 MPS

99.9 + 11.4 170 26 RAT 89 MPS

19 4 7 RATH 89 MPS

WISNIEWSKI 87 MRK3

174

160 + 11

55 +2'—30 EDWARDS 82E CHAL

-I- 30—20 SCHARRE 80 MRK2

Decaying into (K K)S~, (K~)S K, and ap(980) ~.
From best fit to 0 + partial wave, 50% K (892) K, 50%
From fit to the 0 + partial wave, mainly ap(980)~.

22 Decaying Into K*(892)K.
From fit to the ap(980)~ 0 + partial wave.

From fit to the K*(892)K 0 + partial wave.

From fit to the ap(980) ~ 0 + partial wave, but ao(980)~
The fit is also consistent with one resonance at 1453 MeV.
Best fit with a single Breit Wigner.

See the ideogram below.

0 pp ~ KKvr~7r
J/g ~ pKK~
J/g ~ pKO K+~+S
pp ~ KKvr~vr
8~ p ~ K+~K7r n

66 pp ~ KK7rX
8 vr p ~ KK7rn
0 0 pp — K K7r~~
etc. ~ ~ ~

p pp ~ K Km~sr
J/y — -I K K~
J/vtr —~ p Ko K+ 7r+S
J/y ~K+ K

/~ ~ ~KSK

/~ ~ ~KOS K

9 &
—

p n~I~+~
8 ~ p ~ nKP K+~+S

p n K*(892)K
21.4~ p ~

nK K 7rS S
21.4 vc p ~

Ko Kp ~onS S
21.4~ p ~

nKO KP ~S S
J/g -~ K K~p

J/g ~ pK+ K

J/g —~ pKP K+~ F
S

ap(98o) ~.

1+ + cannot be excluded.
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77(1440), ao(1450)

WEIGHTED AVERAGE
63.2+3.4 (Error scaled by 2.0)

I (KK'(892)+c.c.)/I (KKx)
VALUE

0.5040.10
DOCUMENT ID

BA I L LO N

TECN COMMENT

67 HBC 0 0 pp ~ KK7r~vr

. BERTIN
AUGUSTIN
BAI

. DUCH
8 IR MAN
REEVES

. CHUNG
BAILLON

95 OBLX
92 DM2
90C MRK3
89 ASTE
88 MPS
86 SPEC
85 SPEC
67 HBC

20 40
I

60 80 100

(Confidence Level

120

77(1440) width K K7r mode (MeV)

9(1440) DECAY MODES

l1

I 4
I 5

r6
I 7
I 8

Mode

K K7r
r/7r 7r

ap(980) ~
7I 7CP

K K*(892}+c.c.
47r

'y y

p

Fraction (I;/I )

seen

seen

seen

seen

9{1440) I {I)l {p7}/I {total)

I {KKw) x I (p7)/I toga~

x'
10.8
0.0

0.0
2.0
0.1

0.1

2.8
15.9

= 0.014)

I tl7/I

r(po7)/r(KK~) la/I t
VAL UE DOCUMENT ID TECN COMMENT

0.0152+0.0038 COFFMAN 90 MRK3 J/Q ~ pp7r+ 7r

Using B(f/7/i ~ p77(1440) ~ pKK7r)=4. 2 x 10 and B(J/g ~ p77(1440) ~
pp p )=6.4 x 10 and assuming that the p p signal does not come from the f1(1420).

g(1440) REFERENCES

95F
95
95
92
92
92B
91C
90
90C
90

U 90
89
89B
89
89
88

N 87
87
86D
86
86
85B
85
84E
83B
83
82E
83
80
68B
67

AMSLER
BERTIN
BUGG
AUGUSTIN
BEHREND
BOLTON
FUKUI
AUGUSTIN
BAI
COFFMAN
TAKAMATS
BEHREND
BISELLO
DUCH
RATH
BIRM AN

ANTREASYA
WISNIEWSKI
AIHARA
ANDO
REEVES
ALTHOFF
CHUNG
ALTHOFF
EDWARDS
J ENNI
EDWARDS

Also
SCHARRE
FOSTER
BAILLON

PL B358 389
PL B361 187
PL B353 378
PR D46 1951
ZPHY C56 381
PRL 69 1328
PL B267 293
PR D4»0
PRL 65 2507
PR D41 1410
Hadron 89 Conf
ZPHY C42 367
PR D39 701
ZPHY 45 223
PR D40 693
PRL 61 1557
PR D36 2633
Hadron 87 Conf
PRL 57 51
PRL 57 1296
PR 34 1960
ZPHY C29 189
PRL 55 779
PL 147B 487
PRL 51 859
PR D27 1031
PRL 49 259
PRL 50 219
PL 97B 329
NP B8 174
NC 50A 393

+Armstrong, Urner+ (Crystal Barrel Collab. )
+Bruschi+ (OBELIX Collab. )
yscott Zoli+ (LOQM, PNPI, WASH)
+Cosme (DM2 Collab. )

(CELLO Collab. )
+Brown, Bunnell+ (Mark III Collab. )

(SUGI, NAGO, KEK, KYOT, MIYA, AKIT)
+Cosme+ (DM2 Collab. )
+Blaylock+ (Mark III Collab. )
yDe Jongh+ (Mark III Collab. )

p 71 +Ando+ (KEK)
q-C riegee+ (CELLO Collab. )

Busetto+ (DM2 Collab. )
+Heel, Bailey+ (ASTERIX Collab. ) JP
+Cason+ (NDAM, BRAN, BNL, CUNY, DUKE)
yChung, Peaslee+ (BNL, FSU, IND, MASD) JP
+Ba rtels, Besset+ (Crystal Ball Collab. )

(Mark III Collab. )
+Alston-Garnjost+ (TPC-2r Collab. )
+lmai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+) IJP
yChung, Crittenden+ (FLOR, BNL, IND, MASD) JP
yBraunschweig, Kirschfink+ (TASSO Collab. )
yFernow, Boehnlein+ (BNL, FLOR, IND, MASD) JP
+Braunschweig, Kirschfink, Luebelsmeyer+ (TASSO Collab. )
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)
+Burke, Telnov, Abrarns, Blocker+ (SLAC, LBL)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)

Edwards, Partridge+ ('CIT, HARV, PRIN, STAN+)
yTrilling, Abrams, Alam, Blocker+ (SLAC, LBL)
+Gavillet, Labrosse, Montanet+ (CERN, CDEF)
+ Edwards, D'A ndla u, Astier+ (CERN, CDEF, IRAD)

I (KK (892)+cc)/[I (ap(980)~)+I (KK {892)+cc)] Ia/{I a+la)
VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.25 90 EDWARDS 82E CBAL 3/tjr ~ K+ K 7rpp

&1.6

&2.2
&8,0

95
95

AIHARA

ALTHOFF
JENNI

86D TPC

85B TASS
83 MRK2

e+ e-
e+ e Kp K+7r+S

e+ e e+ e KK7r
e+e ~ e+e KK7r

r{9w~) x r{pp)/rto„,
VAL UE (keV)

~ ~ ~ We do not use the following

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ ~

I al7/I

VAL UE (keV) CL oy DOCUMENT ID TECN COMMENT

&1.2 95 BEHREND 89 CELL pp ~ K K+7r+S
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

GENOVESE
AHMAD
ARMSTRONG
ZIEMINSKA
ARMSTRONG
ASTON
PROTOPOP. ..
TOKI
ARMSTRONG
DIONISI
DEFOIX
DUBOC
LORSTAD

94 ZPHY C61 425
89 NP B (PROC. )8
89 PL B221 216
88 AIP Conf.
87 ZPHY C34 23
87 NP B292 693
87B Hadron 87 Conf.
87 Hadron 87 Conf.
84 PI 146B 273
80 NP B169 1

72 NP B44 125
72 NP B46 429
69 NP B14 63

50
(TORI, IND)

(ASTERIX Collab. )
BIRM, BARI, ATHU, CURIN+)

(I ND)
BIRM, BARI, ATHU, CURIN+)

(SLAC, NAGO, CINC, INUS)
(BNL)

(SLAC)
THU, BARI, BIRM, CERN)
RN, MADR, CDEF, STOH)

(CDEF, CERN)
(PARIS, LIVP)

(CDEF, CERN)

+Lichtenberg, Pedrazzi
+Amsler, Auld+
+Benayoun+(CERN, CDEF,

+Bloodworth+ (CERN,
+Awaji, D'Amore+

Protopopescu, Chung

+Bloodworth, Burns+ (A
+Gavillet+ (CE
+Nasc'mento, Blzzarn+
+Goldberg, Makowski, Donald+
+D'Andlau, Astier+

OTHER RELATED PAPERS

&0.3

r(p'~) ~ r(»)/rt. .i

ANTREASYAN 87 CHAL e+ e
— e+ e

—
777rzr

a0(1450) iG(i~C} = 1
—(0++)

&1.5 95

VAL UE (keV) CL oy

~ ~ ~ We do not use the following

DOCUMENT ID TECN COMMENT

ALTHOFF 84E TASS e+ e-
e+ e

—7r+ 7r
—

p

data for averages, fits, limits, etc, ~ ~ ~
OMITTED FROM SUMMARY TABLE

From a partial-wave analysis of the 7r77 system. Needs confirmation.
See minireview on scalar mesons under fp(1370).

I {0xx)/I {KKx)
VAL UE

0(1440) BRANCHING RATIOS

CL%o DOCUMENT ID TECN COMMENT

&0,5
&1.1
&1.5

90
90
95

EDWARDS
SCHARRE
FOSTER

83B CBAL l/7/' —+

80 MRK2 f/Q ~ 777r7r "/

68B HBC 0.0 p p

I {ap(980}x)/I (KKw)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I 2/I I

ap(1450} MASS

VA L UE (Me V) DOCUMENT ID TECN COMMENT

1450+40 AMSLER 94D CBAR 00 pp ~ 7r07r 77

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

1470 + 25 AMSLER 95D CBAR 0.0 pp
7r'7777, 7r'7r' 77

1435+40 BUGG g4 RVUE pp ~ 7727r

1 Coupled-channel analysis of AMSLER 95B, AMSLER 95C, and AMSLER 94D.

ap(1450) WIDTHVAL UE

0.8
EVTS DOCUMENT ID

500 2 DUCH

TECN

89 ASTE
COMMENT

PP
7r+ 7r K + 7r+ Kp

etC. ~ ~ ~

0 pp ~ KKvr~~
6 6 pp ~ KK7rX

VAL UE' DOCUMENT ID

0.56k 0.04+0.03 28 AMSLER

Assuming that the ap(980) decays only into 777r.

TECN COMMENT

95F CBAR 0pp w+z.

~ ~ ~ We do not use the following data for averages, fits, limits,

0.15 BERTIN 95 OBLX
0.75 REEVES 86 SPEC

Assuming that the ap(980) decays only into KK.

I (ap(980)w)/I (qadi)

VALUE (MeV) DOCUMENT ID TECN COMMENT

270 940 AMSLER g4D CBAR 0.0 p p —+

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

265 +30 AMSLER 95D CBAR 0.0 pp ~
7r 7777, 7l 7l

270 +40 BUGG 94 RVUE p p ~ 7727rp

Coupled-channel analysis of AMSLER 95B, AMSLER 95C, and AMSLER 94D.
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Meson Particle Listings
a (1450), p(1450)

AMSLER
AMSLER
AMSLER
AMSLER
BLI GG

Mode

95B PL B342 433
95C PL B353 571
95D PL B355 425
94D PL B333 277
94 PR D50 4412

ao(1450) DECAY MODES

Fraction (C;/I )

seen

ap(1450) REFERENCES

+Armstrong, Brose+
+Armstrong, Hackman+
+Armstrong, Spanier+
+Anisovich, Spanier+
+Anisovich+

(Crystal Barrel Collab. )
(Crystal Barrel Collab. )
(Crystal Barrel Collab. )
(Crystal Barrel Collab. ) IGJPC

(LCIQ M)

qp0 MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

230+30 ANTONELLI 88 DM2 e+ e ~ q~+ 7r

60+15 FUKUI 88 SPEC 895 ~ p ~ 17~+~ n

sr+ x MODE
VAL UE (MeV) DOCUMENT ID TECN COMMENT

e ~ o We do not use the following data for averages, fits, limits, etc. ~ o e

269 +31 BISELLO 89 DM2 e+ e —& ~+ ~

Px MODE

(1450) (I ) = 1 (1 )

p(1450) MASS

See the mini-review under the p(1700).

VALUE (MeV) DOCUMENT ID TECN CHG COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. Ia e ~

130+60 BITYUKOV 87 SPEC 0 32.5 ~ p ~
7r0 n

See the minireview for p(1700) and ACHASOV 88 for a non-exotic interpretation. DON-
NACHIE 91 suggests this is a diff'erent particle.

VAL UE (MeV) DOCUMENT ID

1465+25 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

1449+ 8 OUR AVERAGE Includes data from the 4 datablocks that follow this one.

MIXED MODES
VALUE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ e

1265,5 + 75.3 DUBNICKA 89 RVUE e+ e ~ 7r+ x

gp0 MODE
VALUE (MeV) DOCUMEN T ID TECN COM MEN T

The data in this block is included in the average printed for a previous datablock.

Mode

r,
I, 4'
l 3 e+e
i 4 Tip

I 5 &7r

I 6 Per

l7 KK

p(1450) DECAY MODES

Fraction (I i/I )

seen

seen

seen

(4
0 0/

(1.6 x 10

p(1450) I (i)l (e+ e )/I (total)

Confidence level

95%

95%

1470+20
1446 + 10

ANTONELLI 88 DM2 e+ e ~ q~+ x
FUKUI 88 SPEC 8.95 + p ~ q7r+7r n

x+ x MODE
VAL UE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

r(e.x) x r(e+e )/rtat, i

VALUE (keV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ e

0.12 7 DIEKMAN 88 RVUE e+ e ~ ~+ r
Using total width = 235 MeV.

1424 + 25 BISELLO 89 DM2 e+ e ~ ~+~

~x MODE
VALUE(MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

I (qp) x I (e+e )/lteta[
VAL UE (eV)

91+19

I (Pe) x I (e+e )/rtotai

I 4I a/I
DOCUMENT ID TECN COMMENT

ANTONELLI 88 DM2 e+ e —~ rI~ t 7r

1463+25 1 CLEGG 94 RVUE
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1250 ASTON 80C OMEG 20—70 p p ~ ~ x p
1290+40 BARBER 80C SPEC 3—5 g p ~ w~ p

Using data from BISELLO 91B, DOLINSKY 86 and ALBRECHT 87L.
Not separated from b1(1235), not pure J = 1 effect. r(q p)/r„,g

p(1450) BRANCHING RATIOS

I 4/I

VALUE (eV) COMMENT

(70 e~ e K K 7rS L

Using mass 1480 + 40 MeV and total width 130 + 60 MeV of BITYUKOV 87.

Px MODE
VALUE(MeV) DOCUMENT ID TECN CHG COMMENT

~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

1480*40 BITYUKOV 87 SPEC 0 32.5 w p
y~0 n

3 See the minireview for p(1700) and ACHASOV 88 for a non-exotic interpretation. DON-
NACHIE 91 suggests this is a difFerent particle.

VALUE

&0.04

r(ye) /r (~e)
VAL UE

&0.5
CL%

95

DOCUMENT ID TECN

DONNACHIE 87B RVUE

ra/ra
DOCUMENT ID TECN CHG COMMENT

BITYUKOV 87 SPEC 0 32.5 ~ p —
&

@~0 n

p(1450) WIDTH
r (~~) /r (4e)
VAL UE'

(0.14
DOCUMEN T ID

CLEGG

TECN

88 RVUE

ra/ra

VA L UE (MeV) DOCUMENT ID

310+60 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

~m MODE
VALUE(MeV) DOC UM EN T ID TECN COM M EN T

The data in this block is included in the average printed for a previous datablock.

r(gp)/r(~a)
VAL UE

0.24
~ ~ ~ We do not

DOCUMENT ID TECN COMMENT
9 DONNACHIE 91 RVUE

use the following data for averages, fits, limits, etc. ~ ~ e

FUK Ul 91 SPEC 8.95 w p ~ I;rw n

311+ 62 4 CLEGG 94 RVUE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

300 5 ASTON 80C OMEG 20 70 p p ~ ~7r p
320 + 100 5 BARBER 80c SPEC 3—5 pp ~ wm p

Using data from BISELLO 91B, DOLINSKY 86 and ALBRECHT 87L,
Not separated from by(1235), not pure l = 1 effect.

r(~e)/rtotai
VAL UE

0.21

r(«)/r(~e)
VAL UE

0.32

DOCUMENT ID

CLEGG

DOCUMENT ID

CLEGG

TECN

94 RVUE

TECN

94 RVUE

I 1/I 5

MIXED MODES
VALUE (Mev) DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

3914 70 DUBNICKA 89 RVUE e+ e ~ ~+ w

"(0' &) / rtota I

VAL UE

(0.01
DOCUMENT ID TECN

9 DONNACHIE 91 RVUE
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Meson Particle Listings

P(1450), fo(1500)

p(1450) REFERENCES

CLEGG
BISELLO
DONNAC HIE
FUKUI
BISELLO
DUBNICKA
ACHASOV
ANTONELLI
CLEGG
DIE K MAN
FUKUI
ALBRECHT
AULCHENKO

BITYUKOV
DONNACHIE
DOLINSKY
ASTON
BARBER

94 ZPHY C62 455 +Donnachie (LANC, MCHS)
918 NP 821 111 (suppl) (DM2 Collab. )
91 ZPHY C51 689 +Clegg (MCHS, LANC)
91 PL 8257 241 + Horikawa+ (SUGI, NAGO, KEK, KYOT, MIYA)
89 PL 8220 321 +8usetto+ (DM2 Collab. )
89 JPG 15 1349 +Martinovic+ (J IN R, 5 LOV)
88 P L 8207 199 +Kozhevnikov (NOVM)
88 PL 8212 133 +8 a ldini+ (DM2 Collab. )
88 ZPHY C40 313 +Donnac hie (MCHS, LANC)
88 PRPL 159 101 (BONN)
88 PL 8202 441 + Horikawa+ (SUGI, NAGO, KEK, KYOT, MIYA)
87L PL 8185 223 +Binder, Boeckrnann, Glaser+ (ARGUS Collab. )
878 JETPL 45 145 +Dolinsky, Druzhinin, Dubrovin+ (NOVO)

Translated from ZETFP 45 118.
87 PL 8188 383 +Dzhelyadin, Dorofeev, Golovkin+ (SERP)
878 ZPHY C34 257 +Clegg (MCHS, LANC)
86 PL 8174 453 +Druzhinin, Dubrovin, Eidelman+ (NOVO)
80C PL 928 211 (BONN, CERN, EPOL, GLAS, LANC, MCHS+)
80C ZPHY C4 169 yDainton, Brodbeck, Brookes+ (DARE, LANC, SHEF)

OTHER RELATED PAPERS

MURADOV
LANDS BERG

BRAU
ASTON
KURDADZE

BARKOV
BISELLO
ABE
ATKINSON
CORDIER
KILLIAN
COSME
BINGHAM
FRENKIEL
LAYSSAC

94 PA N 57 864
92 SJNP 55 1051

Translated from
88 PR D37 2379
87 NP 8292 693
86 JETPL 43 643

Translated from
85 NP 8256 365
85 LAL 85-15
848 PRL 53 751
84C NP 8243 1
82 PL 1098 129
80 PR D21 3005
76 P L 638 352
728 PL 418 635
72 NP 847 61
71 NC 6A 134

(BAKU)
(SERP)

YAF 55 1896.
+Franek+ (SLAC Hybrid Facility Photon Collab. )
+Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS)
+Lelchuk, Pakhtusova, Sidorov, Skrinskii+ (NOVO)

ZETFP 43 497.
+Chilingarov, Eidelman, Khazin, Lelchuk+ (NOVO)
+Augustin, Ajaltouni+ (PADO, LALO, CLER, FRAS)
+Bacon, Ballam+ (SLAC Hybrid Facility Photon Collab, )

(BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+Bisello, Bizot, Buon, Delcourt (LALO)
+Treadwell, Ahrens, Berkelman, Cassel+ (CORN)
+Courau, Dudelzak, Grelaud, Jean-Marie+ (ORSAY)
+Rabin, Rosenfeld, Smadja+ (LBL, UCB, SLAC)
+Ghesquiere, Lillestol, Chung+ (CDEF, CERN)
+ Renard (MON P)

fp(1500)
was fp(1525) and fp(1590)

I (K+K/I ((uw)
VAL UE DOCUMENT ID TECN

(0.08 DONNACHI E 91 RVUE

Using data from BISELLO 918, DOLINSKY 86 and ALBRECHT 87L.

fp(1500) WIDTH

VAI UE (MeV) EVTS DOCUMENT ID

120+19 OUR AVERAGE

120+ 25 10 AMSLER 958 CHAR

120 +30 11 AMSLER 95c CBAR
~ ~ ~ We do not use the following data for averages, fits, limits,

100+30 120 12 AMELIN 968 VES
154+30 AMSLER 95D CBAR

TECN COM MEN T

0.0 pp ~ 3'
0.0 p p ~ 7I 7) 7r

etc. ~ ~ ~

37 a A —+ 7)777r A

0.0 pp
~0qq, ~0~0'

300,450 pp ~
p p 2(7r+ 7r )

300,450 pp ~
PP~+7—

450 pp ~
p p2(~+ ~—

)
0.0 pp ~
0.0 pp ~ 3'
p p ~ 37r, 7) 777l

00 pp ~ 7r 7I7I

36 7r Be ~ n q'7I Be
300 pp ~

p pz(~+ ~—
)

300 7r N ~ zr N2q
100 7r p ~ 4' n

100 ~ p —~ 27)n

38 7r p 7)~I n

38 + p -~ 27/n

0.0 pN ~ 37r

14 ANTINORI 95 OMEG

ANTINORI 95 OMEG

65+ 10

199+30

56+12 '2 ABATZIS 94 OMEG

94E CBAR

94 CBAR

94 RVUE

AMSLER
15 16 ANISOVICH

& "BUGG

100 +40
148+20—25
150+ 20

12 AMSLER 92 CBAR
12 BELADIDZE 92C VES
12 ARMSTRONG 89E OMEG

245+50
153+67+50
78+18

ALDE
600 1 ALDE

ALDE
12 BINON

BINON
GRAY

88 GAM4

87 GAM4

86D GAM4

84C GAM2

83 GAM2
83 DBC

170+40
150+20
265+65
260 + 60
210+ 40
1014 13

10T-matrix pole, supersedes ANISOVICH 94.
T-matrix pole, supersedes ANISOVICH 94 and AMSLER 92.
Breit-Wigner mass.
T-matrix pole. Coupled-channel analysis of AMSLER 958, AMSLER 95C, and AM-
SLER 94D.
Supersedes ABATZIS 94, ARMSTRONG 89E. Breit-Wigner mass.
From a simultaneous analysis of the annihilations p p 37r

6 T-matrix pole.
"Reanalysis of ANISOVICH 94 data.

From central value and spread of two solutions. Breit-Wigner mass.

I G(gPC) p+(p + +)
See also the mini-reviews on scalar mesons under f0(1370) and on

non-qq candidates. (See the index for the page number. ) Mode

fp(1500} DECAY MODES

Fraction (I;/If )

fp(1500) MASS

TECN COMMEN TVA L UE (Me V) EVTS
1503+11OUR AVERAGE

1500+ 15 1 AMSLER 958 CBAR
1505+ 15 AMSLER 95C CHAR

~ ~ ~ We do not use the following data for averages, fits, limits,

1460+20 120 3 AMELIN 968 VES
1500+ 10 4 AMSLER 95D CBAR

00pp~ 3~
0.0 pp ~
etc. ~ ~ ~

37 zr A ~ rI7)zr A

0.0 pp
7I 7i f % zr g

t300,450 p p ~
p p 2(7r+ 7r )

300,450 pp ~ t
p p~+~-

-f~+~-~+~-
450 pp ~

p p2(7r+ ~ )
00 pp ~ 7r 7Ig' t
0.0 pp ~ 3', zr

pp ~ 37r, 7)7)zr I

0.0 pp ~
36 7r Be ~ 7r 7)I7) Be
300 pp I

p p2(~+~ —
)

t

5 ANTINORI 95 OMEG

ANTINORI 95 OMEG

1445 4 5

1497+ 30

1505
1446 4 5

BUGG
3 ABATZIS

95 MRK3
94 OMEG

3 AMSLER
A N I SOV I C H

7)8 BUGG

94E CBAR
94 C BAR
94 RVUE

1545 + 25
1520+25
1505+20

3 AMSLER 92 CBAR
BELADIDZE 92c VES
ARMSTRONG 89E OMEG

1560+ 25
1550 +45+30
1449+ 4

1610+20 3 ALDE 88 GAM4 300 7r N ~ 7r N27I
~ 1525 ASTON 88D LASS 11 K p ~ KS KS

1570+20 600 3 ALDE 87 GAM4 100 7r p ~ 47r n

1575 2 45 9ALDE 86D GAM4 100 7r p ~ 27) n

15684 33 BINON 84C GAM2 38 7r p ~ qq'n
1592+25 BINON 83 GAM2 38 7r p ~ 2qn
1525 + 5 GRAY 83 DBC 00 pN ~ 37r

T-matrix pole, supersedes ANISOVICH 94.
2T-matrix pole, supersedes ANISOVICH 94 and AMSLER 92.

Breit-Wigner m ass.
4T-matrix pole. Coupled-channel analysis of AMSLER 958, AMSLER 95C, and AM-

SLER 94D.
Supersedes ABATZIS 94, ARMSTRONG 89E. Breit-Wigner mass.
From a simultaneous analysis of the annihilations p p ~ 37r
T-matrix pole.

8 Reanalysis of ANISOVICH 94 data.
From central value and spread of two solutions. Breit-Wigner mass.

I2
f3
f4
f5
r6

gq'{958)
fl 7l

4~0

2vr+2. —

KK

seen

seen

seen

seen

seen

I (00'(958))/I (gg)
VALUE

fp(1500} BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits,

0.29 2 0.10 AMSLER 95C CBAR
2.7 + 0.8 BINON 84C GAM2

Using AMSLER 94E (7)q'7r ).

etc. o ~ ~

00pp~
38 7 p qq/n

r (00) /r~o~ai
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

large

la rge

ALDE
BINON

88 GAM4 300 7r N ~ 7)7)x N

83 GAM2 38 7r p ~ 2gn

r (4~p) /r (qq)
VALUE DOCUMENT ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ALDE 87 GAM4 100 7r p ~ 47r n0,8+0,3

r (~p~p) /r (0q)
VALUE

~ ~ ~ We do not use

I 4/I 2
COMMENT

etc. ~ ~ ~

DOCUMENT ID TECN

the following data for averages, fits, limits,

AMSLER 95C CBAR
21 AMSLER 95D CBAR

1.45 + 0, 61
2.12 4 0.81

0.0 pp ~ qqzr
0.0 pp—

7]7), 7r 7I 'g

38 7r p ~ 27)n22 BINON 83 GAM2&0.3

Using AMSLER 958 (37r ).
Coupled-channel analysis of AMSLER 958, AMSLER 95C, and AMSLER 94D.
Superseded by PROKOSHKIN 90.
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f' (1500), f, (1510), f', (1525)

r(~g~gr(0q)
CL%

fa(1500) REFERENCES

VAL UE DOCUMENT ID TECN COMMENT

&0.6 23 BINON 83 GAM2 38 ~ p ~ 2z)n
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.4 90 PROKOSHKIN 91 GAM4 300 w p ~ w pqrI

Using ET K IN 82B a nd COHEN 80.
Combining results of GAM4 with those of WA76 on K K central production.

f', (1525) I'(&") = 0+(2++)

f2(1525) MASS

VA L UE (Me V) DOCUMENT ID

1525+5 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

AMELIN
AMSLER
AMSLER
AMSLER
ANTINORI
BUGG
A BATZIS
AMSLER
AMSLER
ANISOVICH
BUGG
AMSLER
BE LA DI DZ E

P ROKOSHKIN

PROKOSHK! N

ARMSTRONG
ALDE
ASTON
ALDE
ALDE
BI NON
BI NON

Also

GRAY
ETKIN
COHEN

OTHER RELATED PAPERS

AMSLER 96 PR D53 295
AMSLER 95E PL B353 385
SLAUGHTER 88 MPL A3 1361

+Close
+Close

(ZURI, RAL)
(ZURI, RAL)

(LANL)

f, (151O) (f ) =0 (1+ )

96B YAF 59 1021 +Berdnikov, Bityukov+ (SERP, TBIL)
95B PL B342 433 yArmstrong, Brose+ (Crystal Barrel Collab. )
95C PL B353 571 +Armstrong, Hackman+ (Crystal Barrel Collab. )
95D PL B355 425 +Armstrong, Spanier+ (Crystal Barrel Collab. )
95 P L B353 589 +Barberis, Bayes+ (ATHU, BARI, BIRM, CERN, JINR)
95 P L B353 378 +Scott, Zoli+ (L0Q M, P N P I, WAS H)
94 P L B324 509 +Antinori, Barberis+ (ATHU, BARI, BIRM, CERN, JINR)
94D PL B333 277 +Anisovich, Spanier+ (Crystal Barrel Collab. )
94E PL B340 259 +Armstrong, Hackman+ (Crystal Barrel Collab. )
94 PL B323 233 +A rrn st r on g+ (Crystal Barrel Collab, )
94 P R D50 4412 +Anisovich+ (LOQM)
92 P L B291 347 +Augustin, Baker+ (Crystal Barrel Collab. )
92C SJNP 55 1535 +Bityukov, Borisov (SERP, TBIL)

Translated from YAF 55 2748.
91 SPD 36 155 (GAM2, GAM4 Collab. )

Translated from DANS 316 900.
90 Hadron 89 Conf. p 27 (SERP, BELG, LANL, LAPP, PISA, KEK)
89E PL B228 536 +Benayoun (ATHU, BARI, BIRM, CERN, CDEF, CURIN+)
88 P L B201 160 +Bellazzini, Binon+ (SERP, BELG, LANL, LAPP, PISA)
88D NP B301 525 +Awaji, Bienz+ (SLAC, NAGO, CINC, INUS)
87 PL B198 286 +Binon, Bricman+ (LANL, BRUX, SERP, LAPP)
86D NP B269 485 +Binon, Bricman+ (BELG, LAPP, SERP, CERN, LANL)
84C NC 80A 363 +Bricrnan, Donskov+ (BELG, LAPP, SERP, CERN)
83 NC 78A 313 pDonskov, Duteil+ (BELG, LAPP, SERP, CERN)
83B SJNP 38 561 Binon, Gouanere-I- (BELG, LAPP, SERP, CERN)

Translated from YAF 38 934.
83 P R D27 307 +Kalogeropoulos, Nandy, Roy, Zenone (SYRA)
82B PR D25 1786 +Foley, Lai+ (BNL, CUNY, TUFTS, VAND)
80 P R D22 2595 +Ayres, Diebold, Kramer, Pawlicki+ (ANL)

1547 2

1496+ 9
8

1497 9
1492 +29

1502+25

1 LONGACRE 86 MPS

C HA BAUD 81 ASP K

CHABAUD 81 ASPK

GORLICH

3 CORDEN

80 ASPK

79 OMEG

1480 14 CRENNELL 66 HBC

PRODUCED BY K+ BEAM
VALUE (MeV) EVTS DOCUMENT ID TECN

1524.3+ 1.4 OUR AVERAGE Includes data from the datablock
1526.8+ 4.3 ASTON 88D LASS

1504 + 12 BOLONKIN 86 SPEC
1529 + 3 ARMSTRONG 83B OMEG
1521 + 6 650 AGUILAR-. .. 81B HBC
1521 + 3 572 ALHARRAN 81 HBC
1522 4 6 123 BARREIRO 77 HBC

1528 + 7 166 EVANGELISTA 77 OMEG

1527 + 3 120 BRANDENB. .. 76C ASPK

1519 4 7 100 AGUILAR-. .. 72B HBC

PRODUCED IN e+ e ANNIHILATION

PRODUCED BY PION BEAM
VALUE(MeV) EVTS DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

etc. ~ ~ ~

p KSKsn0 0

6' p~ K+K n

184~ p ~ K+K n

17 ~ ppolarized ~
K+K n

12-15 vr p ~
~+~—

n
6'0 ~ p ~ KSKSn0 0

COMMENT

that follows this one.
11K p ~ KOKOA

40K p K(K(Y
185 K p~ K K+A
42K p~ AK+K
8.25 K p — AKK

5 S S
10K p~

K+ K
—

(A, Z)
13K p~

K+ K- (A, Z)
3.9,4.6 K p ~

K K(A, Z)

fi(1510) MASS
VALUE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

VALUE (MeV)

1512+ 4
o ~ ~ We do

EVTS DOCUMENT ID TECN COMMENT

600 1 BIRMAN 88 MPS 8 zr p ~ K+ K07r n

not use the following data for averages, fits, limits, etc. ~ ~ ~

2 BAUER 93B -r&*- ~+~- ' 0

ASTON 88C LASS 11 K p ~
KO K+zr+As

1525
1530K 10

1526+ 6 271 GAVILLET 82 H BC 4.2 K p ~ A K K

From partial wave analysis of K+ K zr state.
Possibly a different resonance than that seen in KKzr, isospin and spin uncertain.

fi(1510) WIDTH

VALUE(MeV} EVTS DOCUMENT ID TECN COMMENT

35+15 600 BIRMAN 88 MPS 8 vr p ~ K+ K vr n

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1520 + 4 OUR AVERAGE

1529 + 10 ACCIARRI 95J L3 E = 88—94 GeV

1531.6+ 10,0 AUGUSTIN 88 DM2 J/Q ~ pK+ K
1515 + 5 4 FALVARD 88 DM2 J/g ~ PK+ K
1525 4 10 + 10 BALTRUSAIT. .87 MRK3 f/Q ~ p K+ K
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1496 + 2 5 FALVARD 88 DM2 l/Q ~ $K+ K
1 From a partial-wave analysis of data using a K-matrix formalism with 5 poles.

CHABAUD 81 is a reanalysis of PAWLICKI 77 data.
From an amplitude analysis where the f' (1525) width and elasticity are in complete2
disagreement with the values obtained from K K channel, making the solution dubious.

4 From an analysis ignoring interference with f~(1710).
From an analysis including interference with f~(1710).

fi2(1525) WIDTH
100+40 ASTON 88C LASS

fi(1510) DECAY MODES

107+ 15 271 GAVILLET 82 H BC

From partial wave analysis of K+ K + state.

11K p~
KO Ks

4.2 K p ~ AKK7r

73+ OUR FIT

76+10 PDG 90 For fitting

VALUE(MeV) DOCUMENT ID COMMENT

76+10 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

BAUER
ASTON
BIRMAN
GAVILLET

93B PR D48 3976
88C PL B201 573
88 PRL 61 1557
82 ZPHY C16 119

Mode

l K K*(892)+ c.c.

Fraction (I I/I )

seen

fi(1510) REFERENCES

+Belcinski, Berg, Bingham+
+Awaji, Bienz+
+Chung, Peaslee+
+Armenteros+

(SLAC)
(SLAC, NAGO, CINC, INUS) JP

(BNL, FSU, IND, MASD) JP
(CERN, CDEF, PADO, ROMA)

108+
2

69+ 22—16

137+—21

150+83—50

165+42

92 + 39—22

6 LONGACRE 86 MPS

CHABAUD 81 ASPK

CHABAUD 81 ASPK

GORLICH

8 CORDEN

80 ASPK

79 OMEG

POLYCH RO. . . 79 STRC

PRODUCED BY PION BEAM
VALUE(MeV) DOCUMENT ID TECN

~ ~ o We do not use the following data for averages, fits, limits,

COMMENT

etc. ~ ~ ~

SKSn0 0

67r p K+K n

18.4~ p ~ K+K n

17 zr ppolarized ~
K+K n

12-15 a p ~
~+w —

n

s s
0 0
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f', (1525)

PRODUCED BY K+ BEAM
VAL UE (Mev) EVTS

77+ 5 OUR AVERAGE Includes

90+12
73+ 18

83+ 15
85+ 16 650

8( +14—11 572

72 +25 166

69+ 22 100

o o ~ We do not use the following

DOCUMENT ID TECN COMMENT

data from the datablock that follows this one.
ASTON 88D LASS 11 K p ~ K K0A

BOLONKiN 86 SPEC 40 K p — K( K( Y I
ARMSTRONG 83B OMEG 18.5 K p ~ K K+/I
AGUILAR-. .. 818 HBC 4.2 K p ~ AK+ K

ALHARRAN 81 HBC 8.25 K p ~ /IKK

EVANGELISTA 77 OMEG 10 K p ~
K+ K —

(n, Z)
AGUILAR-. .. 72B HBC 3.9,4.6 K p ~

K K(/I, Z)
data for averages, fits, limits, etc. ~ ~ ~

I (KK)
VAL UE (MeV)

65+4 OUR FIT

63+—5

VALUE(MeV)

0.60+0.12 OUR FIT

1.4 +'0—0.5

f2(1525) PARTIAL WIDTHS

DOCUMENT ID TECN COMMEN T

DOCUMENT ID TECN COM MEN T

LONGACRE 86 MPS 22 2r p ~ K K nS S

12 LONGACRE 86 MPS 22 2r p ~ K KS S

I3

62+-19—14
61+ 8

123

120

BARREIRO 77 HBC 4.15 K p /t K& KS
BRANDENB. .. 76C ASPK 13 K p ~

K+ K —
(/I, r)

PRODUCED IN e+ e ANNIHILATION
VALUE (Mev) DOCUMENT ID TECN COMMEN T

The data in this block is included in the average printed for a previous datablock.

TECN COM MEN TVALUE (MeV)

7.6+2.5 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

+3—1
12 LONGACRE 86 MPS 22 vr p ~ K K nS S

From a partial-wave analysis of data using a K-matrix formalism with 5 poles.

I2

fra(1525} DECAY MODES

Mode Fraction (I;/I )

67+ 9 OUR AVERAGE

103+30 AUGUSTIN 88 DM2 J/g g K+ K
62+10 FALVARD 88 DM2 J/ttt ~ PK+ K
85+35 BALTRUSAIT. .87 MRK3 f/g ~ p K+ K

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

76+40 ACCIARRI 95j L3 E = 88—94 GeV

100+ 3 11 FALVARD 88 DM2 J/g —+ (j) K+ K
6 From a partial-wave analysis of data using a K-matrix formalism with 5 poles.
7CHABAUD 81 is a reanalysis of PAWLICKI 77 data.

From an amplitude analysis where the f' (1525) width and elasticity are in complete2
disagreement with the values obtained from K K channel, making the solution dubious.
From a fit to the 0 with f2(1270)-f2(1525) interference. Mass fixed at 1516 MeV.

From an analysis ignoring interference with f~(1710).
From an analysis including interference with f~(1710).

I (K+K x I (yp)/I total

f2(1525) I (I)l (7p}/I (total)

I tf4/I
DOCUMENT ID TECN COMMEN TVAL UE (kev)

0.086 +0.012 OUR FIT
0.086 +0.012 OUR AVERAGE

0.093 +0.018 +0.022 13 ACCIARRI

0,067 +0,008 +0.015 13 ALBRECHT

Eee 88—94 GeV
e+e-

e+e K t K
e+ e

e+e K KS S
e+e——

e+ e K0S KO

e+ e
e+e —K+K—

e+e e+e KK

95& L3

90G ARG

0.11 ' +0.02—0,02

0 10 +0 04 +0 03—0.03 —0.02

BEHREND 89c CELL

BERGER 88 PLUT

0.12 + 0.07 +0.04 AIHARA 86B TPC

etc. ~ 0 ~

e+ e
e+e K+K

0.11 +0.02 +0.04 ALTHOFF 83 TASS
~ ~ ~ We do not use the following data for averages, fits, limits,

0.0314+0.0050*0.0077 14 ALBRECHT 90G ARG

I1
I2
l3

l6
I7
I8

ry
K K*(892)+ c.c.
~~q
~ K K
x+ 7r vr vr

(88.8 +3.1 ) %

(10.3 +3.1 ) ~/.

( 8.2 +1.5 ) x 10

( 1,32 + 0.21) x 10

Using an incoherent background.
Using a coherent background.

r (~~)/r (K K)

fr2(1525) BRANCHING RATIOS

TECN COMMENTDOCLIMENT IDVAL UE

0.12+0.04 OUR FIT
0.11+0.04 PROKOSHKIN 91 GAM4 300 ~ p ~ ~ pgt}

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

CONSTRAINED FIT INFORMATION

An overall fit to the total width, 2 partial widths, a combination
of partial widths obtained from integrated cross sections, and 3
branching ratios uses 14 measurements and one constraint to de-

termine 5 parameters. The overall fit has a X = 11.4 for 102 =
degrees of freedom.

x2 —100

X3 —3

X4 —7

I
—32

7 1

32 —1 —42

X1 X2 X3 X4

Mode

I1 KK

r2 7) fl

l4

Rate (MeV)

65 +'—4

7.6 +2.6
0.60+0.12

( 9.7 +1.4 ) x 10

The following off-diagonal array elements are the correlation coefficients

hp. , hp )/(hp. ; hp ), in percent, from the fit to parameters p, , including the branch-

ing fractions, x, =— I, /I total ~ The fit constrains the x, whose labels appear in this
array to sum to one.

&0.50 BARNES 67 HBC 4.6,5.0 K p

Combining results of GAM4 with those of WA76 on K K central production and results
of CBAL MRK3 and DM2 on J/tif ~

r (sr fr)/rtotai
TECN COMMENT

95

r (~~)/r (KÃ)

VAL UE CL%

0.0082+0.0016 OUR FIT
0.0075 +0.0016 OUR AVERAGE

0.007 + 0.002 COSTA. .. 80 OMEG 10 vr p ~ K+ K n

0,027 —0 013 GORLICH 80 ASPK 17,18 x p

0.0075+ 0.0025 16)17 MARTIN 79 RVUE
~ ~ a We do not use the following data for averages, fits, limits, etc. ~ o ~

&0.06 95 AGUILAR-. . . 81B HBC 4.2 K p /I K+ K
0.19 + 0,03 CORDEN 79 OMEG 12—15 7r p ~

~+~—
n

&0.045 BARREIRO 77 HBC 4.15 K p /IKS KS
0,012 +0.004 16 PAWLICKI 77 SPEC 6 a N ~ K+ K N

&0.063 90 BRANDENB. . . 76C ASPK 13 K p —+

K+ K —(n, Z)
&0.0086 16 BEUSCI-I 75B OSPK 8.9 ~ p ~ KOKOn

6 Assuming that the f' (1525) is produced by an one-pion exchange production mechanism.2
MARTIN 79 uses the PAWLICKI 77 data with different input value of the f' (1525) i-a

2
K K branching ratio.

VALUE

0.0092+0.0018 OUR FIT
0.075 +0.035

DOCUMENT ID TECN COMMENT

AUGUSTIN 87 DM2 J/g ~ per+ ~
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f2(1525), f2(1565)

(0.41
(0.3

95
67

AGUILAR-. .. 72B HBC
AMMAR 67 HBC

[I (K K'(892) y c.c.) + I (a K K)] /I (K+K

I (a a |r)/I (K+K
VAL UE CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

etc. ~ ~ e

3.9,4.6 K p

I 6/rx

(I S+I T)/I 3

f2 (1565)
was f2(1520)

(i ) = 0+(2++)

OMlTTED FROM SUMMARY TABLE
Seen in antinucleon-nucleon annihilation at rest. See also minireview
under non-q q candidates. Needs confirm ation.

VAL UE CL% DOCUMENT ID TECN COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

(0.35
(0.4

95
67

AG UILAR-. ..
AMMAR

72B HBC
67 HBC

3.9,4.6 K p

r(~+~+~-~-)/r(KQIc I8/I g

VAL UE CL% DOCUMEN T ID TECN COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.32

r (rl g) /ri otal

95 AGUILAR-. .. 72B HBC 3.9,4.6 K p

f2(1625) REFERENCES

A C C I A R R I 95J
PROKOSHKIN 91

ALBRECHT 90G
PDG 90
BEHREND 89C
ASTON 88D
AUGUSTIN 88
BERGER 88
FA LVA R D 88
AU GUST IN 87
BALTRUSAIT. . . 87
A I H A RA 86B
BOLONKIN 86

LONGACRE 86
ALT H OF F 83
ARMSTRONG 83B
AGUILAR-. .. 81B
ALHARRAN 81
CHABAUD 81
COSTA. . . 80
GORLICH 80
CORDEN 79
MA R TIN 79
POLYC H RO. . . 79
BAR REIRO 77
EVANGELISTA 77
PAWLIC K I 7?
BRANDENB. . . 76C
BEUSCH 75B
AGUILAR-. . . 72B
AMMAR 67
BARNES 67
CRENNELL 66

PL B363 118
SPD 36 155
Translated from
ZPHY C48 183
PL B239
ZPHY C43 91
NP B301 525
PRL 60 2238
ZPHY C37 329
P R D38 2706
ZPHY C36 369
PR D35 2077
PRL 57 404
SJNP 43 776
Translated from
PL B177 223
PL 121B 216
NP B224 193
ZPHY C8 313
NP B191 26
APP B12 575
NP B175 402
NP B174 16
NP B157 250
NP B158 520
PR D19 1317
NP B121 237
NP B127 384
PR D15 3196
NP B104 413
PL 60B 101
PR D6 29
PRL 19 1071
P RL 19 964
PRL 16 1025

+Adam, Adriani, Aguilar-Benitezy (L3 Collab. )
(GAM2, GAM4 Collab. )

DANS 316 900.
yEhrlichmann, Harder+ (ARGUS Collab. )

Hernandez, Stone, Porter+ (IFIC, BOST, CITy)
+Criegee, Dainton+ (CELLO Collab. )
+Awaji, Bienz+ (SLAC, NAGO, CINC, INUS)
yCalcaterra+ (DM2 Collab. )
+Genzel, Lackasy (PLUTO Collab. )
+Ajaltouni+ (CLER, FRAS, LALO, PADO)
yCosme+ (LALO, CLER, FRAS, PADO)

Baltrusaitis, Coffman, Dubois+ (Mark III Collab. )
+Alston-Garnjost+ (TPC-2p Collab. )
y Bloshenko+ (ITEP) JP

YAF 43 1211.
+Etkiny (BNL, BRAN, CUNY, DUKE, NDAM)
yBrandelik, Boerner, Burkhardt+ (TASSO Collab, )
+ (BARI, BIRM, CERN, MILA, CURIN+)

Aguilar-Benitez, Albajar+ (CERN, CDEF, MADR+)
yBaubilliery (BIRM, CERN, GLAS, MICH, CURIN)
+Niczyporuk, Becker+ (CERN, CRAC, MPIM)

Costa De Beauregardy (BARI, BONN, CERN+)
y Niczyporuky (CRAC, MPIM, CERN, ZEEM)
+Dowell, Garvey+ (BIRM, RHEL, TELA, LOWC) JP
y Ozm utlu (DURH)

Polychronakos, Cason, Bishop+ (NDAM, ANL)
+Diaz, Gay, Hemingway+ (CERN, AMST, NIJM, OXF)
+ (BARI, BONN, CERN, DARE, GLASy)
+Ayres, Cohen, Diebold, Kramer, Wicklund (ANL) IJP

Brandenburg, Carnegie, Cashrnore+ (SLAC)
+Birman, Websdale, Wetzel (CERN ETH)

Aguilar-Benitez, Chung, Eisner, Samios (BNL)
+Davis, Hwang, Dagan, Derrick+ (NWES, ANL) JP
+Dor n a n, Goldberg, Le it ne r+ (BNL, SYRA) IJPC
+Kalbfleisch, Lai, Scarr, Schumanny (BNL) I

OTHER RELATED PAPERS

JENNI
ARMSTRONG
ET K IN

LUKE
ABRAMS
BAR NES

83 P R D27 1031
82 PL 110B 77
82B PR D25 1786
82 DESY 82/073
67B PRL 18 620
65 PRL 15 322

+Burke, Telnov, Abrams, Blockery (SLAC, LBL)
yBaubilliery (BARI, BIRM, CERN, MILA, CURINy)
yFoley, Lai+ (BNL, CUNY, TUFTS, VAND)

(DESY)
(UMD)

(BNL, SYRA)
+Kehoe, Glasser, Sechi-Zorn, Wolsky
+Culwick, Guidoni, Kalbfleisch, Gozy

VAL UE DOCUMEN T ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

0.10+0.03 18 PROKOSHKIN 91 GAM4 300 ~ p ~ Tr pz7T7

Combining results of GAM4 with those of WA76 on KK central production and results
of CBAL, MRK3 and DM2 on l/Q ~ pqq.

f2(1565) MASS

VALUE (MeV) DOCUMENT ID TECN COMMENT

1565+20 MAY 90 ASTE pp ~ 7r+~
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1552 1 AMSLER 950 CBAR 0.0 pp, a0~0~0

1598+72 BALOSHIN 95 SPEC 40 7I. C — KS KS X I

1566 ANISOVICH 94 CBAR 0 0 p p 3' rIrI Tr

1502 + 9 ADAMO 93 OBLX n p ~ sr+ Tr+ 7r

1488 6 10 ARMSTRONG 93C SPEC pp ~ Tr0T7q ~ 6p
1508+ 10 ARMSTRONC 93D SPEC
1525 + 10 ARMSTRONG 93D SPEC pp ~ T7Tr Tr ~ 6p
1504 WEIDENAUER 93 ASTE 0.0 pN 3vr 2m+

1540 + 15 ADAMO 92 OBLX n p ~ Tr+ Tr+ 7r

1515+10 AKER 91 CBAR 0.0 pp ~ 3Tr0

1477+ 5 BRIDGES 86C DBC 0.0 pN 3~ 2~+

tCoupled-channel analysis of AMSLER 95B, AMSLER 95C, and AMSLER 94D.
FrOm a SimultaneOuS analySiS Of the annihilatiOnS pp ~ 3', Tr r7r7 inCluding AKER 91
data.

not determined, could be partly f0(1500).
4 2 not determined.

Superseded by AMSLER 95B,

f2(1565) WIDTH

VALUE (MeV) DOCUMENT ID TECN COMMENT

1TO+ 40 MAY 90 ASTE p p Tr+ Tr

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

~ 142 6 AMSLER 950 CBAR 0.0 p p ~ z ~, I
77'g, 7r Tr

263+ 101 BALOSHIN 95 SPEC 40 ~ C —+ KS KS X

166+ 80 ANISOVICH 94 CBAR 0.0 p p 3Tr, T7T7Tr

130+ 10 8 ADAMO 93 OBLX np ~ Try Tr+ Tr—

148+ 27 ARMSTRONG 93c SPEC pp ~ Tr T7T7 --~ 6p
103+ 15 ARMSTRONG 93D SPEC pp ~ 3' -~ 6q
111+ 10 ARMSTRONG 93D SPEC pp —& rITr Tr L-6 6p

~ 206 WEIDENAUER 93 ASTE 0.0 pN — 37I. 27' I I
132+ 37 ADAMO 92 OBLX n p -~

120 + 10 ll AKER 91 CBAR 0.0 pp ~ 3zr0

116+ 9 BRIDGES 86c DBC 0.0 pN — 3+ 2~ I

tCoupled-channel analysis of AMSLER 95B, AMSLER 95C, and AMSLER 94D.
From a simultaneous analysis of the annihilations p p —9 37r, 7l 7777 including AKER 91
data.
Supersedes ADAMO 92.

not determined, could be partly f0(1500).
not determined.

Superseded by AMSLER 95B,

f2(1565) DECAY MODES

l 1

f2
l3
l4
f5

Mode

7r+ ?r-
p0 0

27r+ 2?r

Fraction (I;/I )

seen

seen

seen

seen

seen

f2(1665) BRANCHING RATIOS

r(4r+4r ) r~/o~ al
VAL UE DOCUMENT ID TECN COM MEN T

~ ~ e We do not use the following data for averages, fits, limits,

not seen ANISOVICH 94B RVUE

seen MAY 89 ASTE

ANISOVICH 94B is from a reanalysis of MAY 90.

etc. ~ ~ ~

p p ~ Tr 7r Tr

pp —a Try Tr

r(~+ ~-)/r(p' p')
VAL UE DOCUMENT ID TECN CO MIM EN T

ri/r2

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

0.042+ 0.013 BRIDGES 86B DBC p N ~ 3' 2Tr+
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f2(1565), ~(1600),X(1600)

r {co~a)/r„„,
VAL UE

seen

DOCUMENT ID

AMSLER

TECN COMMEN T

95B CBAR 0 0 pp ~ 37r

ur(1600) I (I)l (e+ e )/I (total)

I (pe) x I (e+e )/I tati~

I {tI0)/I (eoeo)
VAL UE DOCUMENT ID TECN COMMENT

0.024+ 0.005+0.012 13 ARMSTRONG 93C SPEC p

J not determined, could be partly f0(1500).

fa(1565) REFERENCES

I a/I a

VAL UE (eV)

134+14
EVTS DOCUMENT ID TECN

435 7 ANTONELLI 92 DM2

~ ~ o We do not use the following data for averages, fits, limits,

93+27 315 ANTONELLI 92 DM2
96+ 35 DONNACHIE 89 RVUE

7FrOm a COupled fit Of p7r and cu7r7r ChannelS.

COMMENT

1.34-2.4e+ e
hadrons

etc. ~ ~ ~

1.34—2.4e+ e ~ p7r
e+ e —+ p7r

AMSLER 95B
AMSLER 95C
AMSLER 95D
BALOSHIN 95

AMSLER 94D
ANISOVICH 94
ANISOVICH 94B
ADAMO 93
ARMSTRONG 93C
ARMSTRONG 93D
WEIDENAUER 93
ADAMO 92
AKER 91
MAY 90
MAY 89
BRIDGES 86B
BRIDGES 86C

PL B342 433
PL B353 571
PL B355 425
PAN 58 46
Translated from
PL B333 277
PL 8323 233
P R D50 1972
NP A558 13C
PL B307 394
PL B307 399
ZPHY C59 387
PL B287 368
PL B260 249
ZPHY C46 203
PL B225 450
PRL 56 215
PRL 57 1534

M(1600)
See also ~(1420).

+Armstrong, Brose+
+Armstrong, kackman+
+Armstrong, Spanier+
+Bolonkin, Vladimirskii+

YAF 58 50.
+Anisovich, Spanier+
+Armstrong+
+Bugg+
+Agnello+
+Bettoni+
+Bet ton i+
+Duch+
+Agnello, Balestra+
+Amsler, Peters+
+Duch, Heel+
+Duch, Heel+
+Daftari, Kalogeropou
+Daftari, Kalogeropou

(Crystal Barrel Collab. )
(Crystal Barrel Collab. )
(Crystal Barrel Collab. )

(ITEP)

(~ ) = o (1 )

(Crystal Barrel Collab. )
(Crystal Barrel Col lab. )

(LOQM)
(OBELIX Collab. )

(FNAL, FERR, GENO, UCI, NWES+)
(FNAL, FERR, GENO, UCI, NWES+)

(ASTERIX Collab. )
(OBELIX Collab, )

(Crystal Barrel Collab. )
(ASTERIX Collab. )
(ASTERIX Collab. ) IJP

los, Debbe+ (SYRA, CASE)
los+ (SYRA)

r{~tre) x r(e+e-)/rtot, (

VAL UE (keV)

170+17
EVTS DOCUMENT ID TECN

435 8 ANTONELLI 92 DM2

COMMEN T

1.34—2.4e+ e
hadrons

etc. ~ ~ ~

1.34—2.4e+ e
e+ e ~ ~27r

CLEGG
ANTONELLI
DONNAC HIE
ATKINSON
CORDIER
ESPOSITO
COSME

94 ZPHY C62 455
92 ZPHY C56 15
89 ZPHY C42 663
83B PL 127B 132
81 PL 106B 155
80 LNC 28 195
79 NP B152 215

(u(1600} REFERENCES

+Donnachie (LANC, MCHS)
+Baldini+ (DM2 Collab. )
+CI egg (CERN, MCHS)
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+Bisello, Bizot, Buon, Delcourt, Mane (ORSAY)
+Marini, Patteri+ (FRAS, NAPL, PADO, ROMA)
+Dudelzak, Grelaud, Jean-Marie, Jullian+ (IPN)

OTHER RELATED PAPERS

~ ~ ~ We do not use the following data for averages, fits, limits,

135+ 16 435 9 ANTONELLI 92 DM2
56+31 DONNACHIE 89 RVUE

From a coupled fit of p7r and ~7r7r channels.
From a single Breit-Wigner fit.

~(1600) MASS DOLINSKY 91 PRPL 202 99
ATKINSON 87 ZPHY C34 157
ATKINSON 84 NP B231 15

+Druzhinin, Dubrovin+ (NOVO)
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN)
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)

+e
p 7r

1.34—2.4e+ e

~ ~ ~

435 2 ANTONELLI 92 DM21663K 12

~ ~ ~ We do not use the following data for averages, fits, limits, etc
1 CLEGG 94 RVUE

CLEGG 94 RVUE
CLEGG 94 RVUE

3 CLEGG 94 RVUE
ATKINSON 83B OMEG

e+�-
ee+—
e+�-
ee+—
20—70 pp

37r Xe+�-
ee+—
e+e—

1600+30
1607+ 10
1635+35
1625 +21
1670+20

P 7I

81 DM1
80 FRAM

79 OSPK 0

W 27l

37r

37r

1657+ 13
1679+34 21
1652 + 17

From a two Breit-Wigner fit.
2 From a single Breit-Wigner plus background fit.

From a single Breit-Wigner fit.

CORDIER
ESPOSITO
COSIVIE

VAL UE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

1649+24 OUR AVERAGE Error includes scale factor of 2.3.
1609+ 20 315 ANTONELLI 92 DM2 1.34-2.4e X(1600) I G(l~c) = 2+(2 + +)

X(1600) MASS

, VA L UE (MeV)

1600+100

Our estimate.

DOCUMEN T ID TECN CHG COMMENT

1 ALBRECHT 91F ARG 0 10.2 e+ e
e+ e 2(7r+ 7r )

X(1600) WIDTH

OMITTED FROM SUMMARY TABLE
Observed in the reaction pp ~ p p near threshold. See also minire-
view under non-qq candidates.

ur(1600) WIDTH

VALUE (MeV)

400+200
DOCUMEN T ID TECN CHG COMMENT

ALBRECHT 91F ARG 0 10.2 e+ e
e+ e 2(7r+ 7r )

1.34—2.4e+ e
P7l

1.34—2.4e+ e435 5 ANTONELLI 92 DM2240 2 25

~ ~ o We do not
tt) 7I 7l

~ ~ ~use the following data for averages, fits, limits, etc.
4 CLEGG 94 RVUE
5 CLEGG 94 RVUE
6 CLEGG 94 RVUE
6 CLEGG 94 RVUE

ATKINSON 83B OMEG

e+�-
ee+—
e+�-
ee+—

140 + 50
86+20

350+80
401+ 63
160+20 20—70 7p

37r Xe+�-
ee+—
e+ e

CORDIER 81 DM1
ESPOS I TO 80 FRA M

COSME 79 OS P K 0

136+46
99+49
42+17

4 From a two B
5 From a single

From a single

M 27l

37r

37r

reit-Wigner fit.
Breit-Wigner plus background fit.
Breit-Wigner fit.

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

220+35 OUR AVERAGE Error includes scale factor of 1.6.
159+43 315 4 ANTONELLI 92 DM2

20ur estimate.

ALBRECHT 89M PL B217 205
BEHREND 89D PL B218 494

+Bockmann+
+Criegee+

X(1600}REFERENCES

ALBRECHT 91F ZPHY C50 1 +Appuan, Paulini, Funk+

OTHER RELATED PAPERS

(ARGUS Collab. )

(ARGUS Collab. )
(CELLO Collab. )

~(1600) DECAY MODES

Mode

I 1 p7r
& 7r 7l

I 3 e+e

Fraction (I;jf )

seen

seen

seen
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f2(1640), a3(1670)

f2 (1640) IG(~PC) = 0+(2++) ~3(1670) I'(i") = 0-(3--)

OMITTED FROM SUMMARY TA8LE

fp(1640) MASS

VALUE(MeV)

1638+ 6 OUR AVERAGE

1620+ 16
1647+ 7
1590+30
1635+ 7

DOCUMENT ID TECN

Error includes scale factor of 1.2.
BUGG 95 MRK3
ADAMO 92 OBLX
BELADIDZE 928 VES
ALDE 90 GAM2

COMMENT

l/g pn+n n+n
n p ~ 37r+27r
36 7r p ~ curn
387r p ~ nun

f2(1640) WIDTH

VA L UE (MeV) CL% DOCUMENT ID TECN COMMEN T

~ 40+ 60—20
58+20

100+20
~ e o We do not use the following

BUGG ee MRK3 a/v &n+n n+n I

ADAMO 92 OBLX n p ~ 32r+ 27r

BELADIDZE 928 VES 36 7r p ~ ~urn
data for averages, fits, limits, etc. o ~ ~

99 24 OUR AVERAGE Error includes scaie factor of 2.1. See the ideogram below.

fd~(1670) MASS

TECN COMMEN7VALUE (MeV) EVTS

1667 + 4 OUR AVERAGE

1665.3+ 5.2 +4.5 23400 AMELIN 96 VES
1685 +20 60 BAU BIL L I E R 79 H BC
1673 + 12 430 1,2 BALTAY 78E HBC
1650 + 12 CORDEN 78e OMEG
1669 k 11 600 2 WAGNER 75 HBC
1678 + 14 500 DIAZ 74 DBC
1660 4 13 200 DIAZ 74 DBC
1679 + 17 200 MATTHEWS 71D DBC
1670 +20 KENYON 69 DBC

~ o e We do not use the following data for averages, fits, limits,

~ 1700 110 CERRADA 778 HBC
1695 + 20 BARNES 698 HBC
1636 6 20 ARMENISE 68e DBC

Phase rotation seen for J = 3 p2r wave.
From a fit to l(l ) = 0(3 ) p7r partial wave.

3e n
—

p n+n —nan
8.2 K p backward
15 7r+ p ~ ll37r
8—12 2r p -~ N327

7~+p - a++3~
6 + n — p37r0
6 7r+ n p~~0~0
7.0 7r+ n ~ p37r0
8 ~+ n p3+0
etc. ~ ~ e

42 K p —+ /i37r

4.6 K p ~ ~22rX
5.1 7r+ n p37r

( 70 90 ALDE 90 GAM2 38 7r p ~ wwn re(1670) WIDTH

WEIGHTED AVERAGE
99+28-24 (Error scaled by 2.1)

DOCUMENT ID TECN COM MEN T

p- n+n — nDn

8.2 K p backward
15 7r+ p
8-12 7r p ~ N32r
7~+ p - a++37r
6~+n - p3w0
6 ~+ n p~~0~0
7.0 ~+ n — p37r0
etc. 0 ~ ~

VAL UE (MeV) EVTS

168+10 OUR AVERAGE

149*19+7 23400 A M EL IN 96 V ES
160+80 60 3 BAUBILLIER 79 HBC
173k 16 430 4~5 BALTAY 78E HBC
253+39 CORDEN 788 OMEG
173+28 600 i5 WAGNER 75 HBC
1.67+40 500 D IAZ 74 DBC
122+ 39 200 DIAZ 74 DBC
155 +40 200 MATTHEWS 71D DBC
~ ~ ~ We do not use the following data for averages, fits, limits,

100 200 300

MO
DIDZE

x'
95 MR K3 4.1

92 OBLX 4 3
92B VES 0.0

8.4
(Confidence Level = 0.015)

I

400

698 HBC
69 DBC
688 DBC

a)3(1670) DECAY MODES

90+20 BARNES
100 +40 KENYON
112+60 ARIVIENISE

Width errors enlarged by us to 4I iv N; see the note with the
4 Phase rotation seen for J = 3 p7r wave.
5FrOm a fit tO l(J ) = 0(3 ) p7r partial WaVe.

4.6 K p —+ w27r

8~+n - p3~0
5.1 7r+ n —i p37r0

K*(892) mass.

f2 (1640) wid t h ( M eV)

f2(1640} DECAY MODES

Mode

r,
I 2 &7r7r

bg(123S)n

Fraction (I;/f )

seen

seen

possibly seen

Mode

l 1 cd&

47r

Fraction (I;jf )

seen

seen I (~@n)/I (pn)

~3(1670}BRANCHING RATIOS

BUGG 95 P L 8353 378
ADAMO 92 PL 8287 368
BELADIDZE 928 ZPHY C54 367
ALDE 90 PL 8241 600

f2(1640) REFERENCES

+Scot t, Z oli+ (LOQM, PNPI, WASH) JP
+Agnello, Ba lestra+ (OBELIX Collab. )
+8 i ty ukov, Borisov+ (VES Collab. )
+Binon+ (SERP, BELG, LANL, LAPP, PISA, KEK)

0.71+0.27

I (g(1236)wi/I (pm)
VAL UE

possibly seen

100

VAL UE EVTS

~ e ~ We do not use the following

DOCUMENT ID TECN

data for averages, fits, limits,

COMMENT

etc' 4 ~ ~

DIAZ 74 DBC 6 7r+ n ~ p57r0

DOCUMENT ID

D IAZ

TECN COM MEN T

74 DBC 6 7r+ n ~ p57r0

r(0, (1236)~)/r(~~~)
VAL UE CI % DOCUMENT ID TECN

o ~ ~ We do not use the following data for averages, fits, limits,

COMMEN T

etc. o ~ ~

)0.75 68 BAUBILLIER 79 HBC 8.2 K p backward

erg(1670} REFERENCES

A M EL IN

BAUBILLIER
BALTAY
CORDEN
CERRADA
WAGNER
D IAZ

MATTHEWS
BARN ES
KENYON
ARMENISE

96 ZPHY C70 71
79 PL 898 131
78E PRL 40 87
788 NP 8138 235
778 NP 8126 241
75 PL 58B 201
74 PRL 32 260
71D PR D3 2561
698 PRL 23 142
69 PRL 23 146
688 PL 268 336

+Berdnikov, Bityukov+ (SERP, TBIL)
+ (BIRM, CERN, GLAS, MSU, ORSAY)
+Ca utis, Ka!elkar (COLU) JP
+Corbett, Alexander+ (BIRM, RHEL, TELA, LOWC)
+Blockzijl, Heinen+ (AMST, CERN, NIJM, OXF) JP
+Tabak, Chew (LBL) JP
+Dibianca, Fickinger, Anderson+ (CASE, CMU)
+Prentice, Yoon, Carroll+ (TN TO, W I SC)
+Chung, Eisner, Flaminio+ (8NL)
+Kinson, Scarr+ (BNL, UCND, ORNL)
+Forino, Cartacci+ (BARI, BGNA, FIRZ, ORSAY)

MATTHEWS 71 LNC 1 361
ARMENISE 70 LNC 4 199

OTHER RELATED PAPERS

+Prentice, Yoon, Carroll+
+Ghidini, Foring, Cartacci+

(TN TO, W ISC)
(BAR I, BG N A, FIR Z)
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7r (1670)

7r (1670) I G(gPC) 1
—

(2 +)
WEIGHTED A V ERAG E
258+18 (Error scaled by 1.7)

fr2{1670) MASS

700

WEIGHTED AVERAGE
1677+8 (Error scaled by 1.7)

VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMEN T

1670+20 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

1677+ 88 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram below.

1730+20 1 A ME L IN 95B VES 367r A ~
1690+14 BERDNIKOV 94 VES 377r A ~

K+K 7r A
1710+20 ANTIPOV -87 SIGM — 50 7r Cu ~

p+ p, 7r CU

1676+ 6 EVANGELISTA 81 OMEG — 12 7r p a 37r p23 DAUM 80D SP E C — 63—94 7r p + 37r X1657+ 14
+1662+ 10 2000 BALTAY 77 HBC + 15 7r p ~ p37r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1742*31+ 49 ANTREASYAN 90 CBAL e+ e

1710+20 4 DAUM 81B SPEC — 63,94 7r p
+ +f1640+ 10 575 KALELKAR 75 HBC + 15 7r p ~ p7r f2

1660+ 10 2 ASCOLI 73 HBC — 5—25 7r p p7r2

From a fit to J = 2 + f (1270)7r, f0(1370)7r waves.

From a fit to J = 2 S-wave f2(1270)7r partial wave.

2 S 2 P 2 D waves. We quote central value and spreadClear phase rotation seen in

of single-resonance fits to three channels.
f' f 2 0+ waves. This should not be averaged with all theFrom a two-resonance fit to our

single resonance fits.

r,
l2

i4
I5
r6
I7
i8

0 100 200

7r2 (1670) width ( M eV)

I

300 400 500

n2(1670) DECAY MODES

Mode

37r

f, (1270)~
P 'Il

fp(1370) rr

K K'(892)+ c.c.
yy

Tt7r

~+ 2~+ 2~-

Fraction (I I/I )

(95.8+1.4) %
(56.2 + 3.2) %

(31 +4 ) %

( 8.7+3.4) %

( 4.2+1.4) %

( 5,2+ 1.1) x 10

x'
AMELIN 958 VES 6.6

. BERDNIKOV 94 VES 1.9
ANT I POV 87 Sl6M 1.2
EVANGELISTA 81 OMEG 0.0
DAUM 80D SPEC 3.9

. BALTAY 77 HBC 0.2
13.8

(Confidence Level = 0.017)

600

1600 1650 1700

7r2 (1670) m a ss ( MeV)

1750 1800

x'
- AMELIN 958 VES 7.0

8ER DNIKOV 94 VES 0.9
ANTIPOV 87 SIGM 2.7

. EVANGELISTA 81 OMEG 0.0
DAUM 80D SPEC 2.0

- BALTAY 77 HBC 2.3
1 4.9

(Confidence Level = 0.011)

1850

CONSTRAINED FIT INFORMATION

An overall fit to 4 branching ratios uses 6 measurements and one
constraint to determine 4 parameters. The overall fit has a X
1.9 for 3 degrees of freedom.

The following off-diag onal array elements are the the correlation coefficients

(6x, 6x )/(6x,"6x ), in percent, from the fit to the branching fractions, x,
I, /I . Th f't constrains the x whose labels appear in this array to sum tototal 1

one.

x4 —29 —59

x5 —8 —21 —9

X2 X3 X4

tr2(1670) WIDTH

VALUE (MeV)

258+18 OUR

310+20

EVTc't DOCUMENT ID TECN CHG COMMENT

AVERAGE Error includes scale factor of 1.7. See the ideogram below.

AMELIN 95B VES 367r A ~
x+ vr

—7r- A
6 BERDNIKOV 94 VES 37~ A~

K+ K 7r A
700 ANTIPOV 87 SIGM — 50 7r Cu ~

/6+ p.
—~—

Cu
6 EVANGELISTA 81 OIVIEG — 12 7r p ~ 37r p67 DAUM 80D SPEC — 63—94 7r p a 37rX

2000 BALTAY 77 HBC + 15 7r+ p ~ p37r
not use the following data for averages, fits, limits, etc. ~ ~ ~

ANTREASYAN 90 CBAL e+e —
00 0e+e —~~7

DAUM 81B SPEC — 63,94 7r p
KALELKAR 75 HBC + 15 7r p ~ p7r f2+ - ~+f

6 B — 5—25 7r p ~ p7r2

190+50

170+ 80

260+20
219+20
285+ 60
~ ~ ~ We do

236+ 49+ 36

312+50
240+ 30
270+ 60 ASCOLI 73 H C

From a fit to J = 2 + f2(1270)7r, f0(1370)7r waves.

6From a fit to l = 2 f2(1270)7r partial wave.
7 S 2 P 2 0 waves. We quote central value and spreadClear phase rotation seen in 2

of single-resonance fits to three channels.
f 2 0+ waves. This should not be averaged with all theFrom a two-resonance fit to four

single resonance fits.

fr2{1670) PARTIAL WIDTHS

r(»)
VALUE (keV) DOCUMENT ID

1.35+0.26 OUR AVERAGE

1.41 +0.23 +0.28 ANTREASYAN 90 CBAL 0
1.3 +0.3 + 0.2 9 BEHREND 90c CELL 0

~ ~ e We do not use the following data for averages, fits,

0.8 +0.3 +0.12 10 BEHREND 90c CELL 0

I6
TECN CHG COMMEN T

e+ e ~ e+ e 7r 7r0 0 0
e+e-

e+ e ~+7r 0
limits, etc. ~ ~ ~

e+e-
e+ e

—~+~—~0
9 Incoherent Ansatz.

Constructive interference between f2(1270),p7r and background.

fr2(1670) BRANCHING RATIOS

r(3fr) /rtotai
VAL UE

0.958+0.014 OUR FIT

r(p~)/r(~+~+~)-DOCUMENT ID

I t/I =(I 2+I 3+I 4)/I

2I g/(0. 567I 2+2 I S-h0.624' )
DOCUMENT ID TECN CH G COM MEN T

63,94 7r p
etc. e ~ ~

+ 8 7r p —+ 37rp

VAL UE

0.29+0.04 OUR FIT
11 DAUM 81B SPEC

o ~ ~ We do not use the following data for averages, fits, limits,

&0.3 BARTSCH 68 HBC
&0.4 FERBEL 68 RVUE

11From a two-resonance fit to four 2 0+ waves.
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7rz(1670), $(1680)
I (fa(1270)e)/I (e+e'+e )

0.567I a/(0. 567I a+Zl a+0.624I 4)

DOCUMENT ID

WEIGHTED AVERAGE
0.60+0.05 (Error scaled by 1.3)

(With f2(1270) ~ 7r+7r .)
VALUE TECN CH G COMM EN T

0.604+0.035 OUR FIT
0.60 +0.05 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

0.61 +0.04 12 DAUM 81B SPEC 63,94 ~ p

0 76 +0.24—0.34 ARMENISE 69 DBC +- 5.1 7r+ d ~ d37r

0.35 +0.20 BALTAY 68 HBC + 7—8.5 7r+ p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.59 BARTSCH 68 HBC + 8 7r+ p ~ 37r p

From a two-resonance fit to four 2 0+ waves.

AMELIN 95B
BERDNIKOV 94
ANTREASYAN 90
BEHR END 90C
ANTIPOV 87
ARMSTRONG 82B
DAUM 81B
EVANGELISTA 81

Also 81B
DAUM 80D
BALTAY 77
KALELKAR 75
ASCOLI 73
CRENNELL 70
ARMENISE 69
BALTAY 68
BARTSCH 68
FERBEL 68

e'a(1670) REFERENCES

PL B356 595
PL B337 219
ZPHY C48 561
ZPHY C46 583
EPL 4 403
NP B202 1
NP B182 269
NP B178 197
NP B186 594
PL 89B 285
PRL 39 591
Thesis Nevis 207
PR D7 669
PRL 24 781
LNC 2 501
PRL 20 887
NP B7 345
Phil. Conf, 335

+Berdnikov, Bity
+Bityukov+
+Bartels, Besset
+C riegee+
+Batarin+
+Baccari
+Hertzberger+
+

Evangelista

ukov+ (SERP, TBIL)
(SERP, TBIL)

+ (Crystal Ball Collab. )
(CELLO Collab. )

(SERP, JINR, INRM, TBIL, BGNA, MILA)
(AACH3, BARI, BONN, CERN, GLAS+)

(AMST, CERN, CRAC, MPIM, OXF+)
(BARI, BONN, CERN, DARE, LIVP+)

OTHER RELATED PAPERS

+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+) JP
+Cautis, Kalelkar (COLU) JP

(COLU)
(ILL, TNTO, GENO, HAMB, MILA, SACL) JP

+Karshon, Lai, Scarr, Sirns (BNL)
+Ghidini, Forino, Cartacci+ (BARI, BGNA, FIRZ)
+Kung, Yeh, Ferbel+ (COLU, ROCH, RUTG, YALE) I

+Keppel, Kraus+ (AACH, BERL, CERN) JP
(ROCH)

ve of weighted average, error,
actor are based upon the data in
m only. They are not neces-

ame as our 'best' values,
m a least-squares constrained fit

asurements of other (related)
s additional information.

CHEN
LEEDOM
BELLINI
FOCACC I

LEVRAT
LUBATTI
VETLITSKY
FORINO

'

83B PR D28 2304
83 PR D27 1426
82B NP B199 1
66 PRL 17 890
66 PL 22 714
66 Thesis Berkeley
66 PL 21 579
65B PL 19 68

+Fenker+ (ARIZ, FNAL, FLOR, NDAM, TUFTS+)
+DeBonte, Gaidos, Key, Wong+ (PURD, TNTO)
+ (CERN, MILA, JINR, BGNA, HELS, PAVI, WARS+)
+Kienzle, Levrat, Maglich, Martin (CERN)
+Tolstrup+ (CERN Missing Mass Spect. Collab. )

(LRL)
+G uszav in, K lige r, Zolga nov+ (ITEP)
+Gessaroli+ (BGNA, BARI, FIRZ, ORSAY, SACL)

0(1680)

x'
81B SPEC 0.0
69 DBC 0.3
68 HBC 1.6

1.9
(Confidence Level = 0.389)

1.4

UM
MENISE
LTAY

I

0 0.2 0.4 0.6 0.8 1 1.2

r (f2l 1270}~) /r (~+ ~+ ~-)

r(& )/r( + + -) I 7/(0 567I a+.Z~l +0a624I 4).
(All 77 decays. )

VAL UE DOCUMENT ID TECN CHG COMMENT

&0.09 BALTAY 68 HBC + 7—8.5 7r+ p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

41(1680) MASS

e+ e PRODUCTION
VAL UE (MeV) EVTS

1680+20 OUR ESTIMATE
1681+ 8 OUR AVERAGE

1700+20

TECN COMMEN TDOCUMENT ID

1 CLEGG e+e—
KSKe+�-

ee+—

94 RVUE

etc. ~ o ~

e+�-
ee+—

Using BISELLO 88B and MANE 82 data.

1657j27 367 BISELLO 91C DM2

1680+10 2 BUON 82 DM1
~ ~ ~ We do not use the following data for averages, fits, limits,

BISELLO 88B DM2
4 MANE 82 DM1

K+ K

K0 K+7r+S
hadrons

K+ K

KS K7r0

&0.10

r (~+ z~+ z~-) /r (~+~+~-)
VAL UE

&0.10

&0.1

I (fe(1370)e ) /I (e +e + e )

CRENNELL 70 HBC — 6 7r p
f27r N

I a/(0 567I 2+XI 3+0 624r )
DOCUMENT ID TECN CHG COMMENT

CRENNELL 70 HBC — 6 7r p ~
f2 7r N

BALTAY 68 H BC + 7,8.5 7r+ p

0.624I /(0. 567I a+pl a+0.624I 4)
(With f0(1370) 77+ 7r .)

VAL UE DOCUMENT ID

0.10+0.04 OUR FIT
0.10+0.05 13 DAUM

From a two-resonance fit to four 2 0+ waves.

r(KK'(892)+c.c.)/I (fa(1270)n)

TECN COM MEN T

81B SPEC 63,94 7r p

VAL UE

O.OTS+0.025 OUR FIT
0.075+0.025

DOCUMEIVT ID TECN CHG COMMENT

14 ARMSTRONG 82B OMEG — 16 7r p ~
K+ K 7r p

"From a partial-wave analysis of K+ K 7r system.

Dwave/5wave RATIO-FOR e-a(1670) ~ fa(1270) e
VAL UE DOCUMENT ID TECN COMMEIV T

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.22+ 0.10 DAUM 81B SPEC 63,94 7r p

From a two-resonance fit to four 2 0+ waves.

4I(1680) WIDTH

e+ e PRODUCTION
VAL UE (MeV) EVTS DOCUMENT ID TECN COMMENT

150+50 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

300+60 5 CLEGG 94 RVUE e+e ~ K+ K

Ks K7r0

367 BISELLO 91C DM2 e+ e ~ K K+ 7r+S
BISELLO 88B DM2 e+ e ~ K+ K

7 BUON 82 DM1 e+ e ~ hadrons

MANE 82 DM1 e+ e ~ K0 K7rS

146+55

207+45
185+22
102+36

Using BISELLO 88B and MANE 82 data.

PHOTOPRODUCTION
VAL UE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

121+47 BUSENITZ 89 TPS p p ~ K+ K X
80+ 40 ATKINSON 85C OMEG 20—70 p p ~ K K X

100+40 ASTON 81F OMEG 25—70 p p ~ K+ K X

From global fit including p, ~, p and p(1700) assume mass 1570 MeV and width 510
MeV for p radial excitation.
From global fit of p, ~, @ and their radial excitations to channels ~7r+7r, K+ K
K K K K+7r+. Assume mass 1570 MeV and width 510 MeV for p radial excita-S L' S
tions, mass 1570 and width 500 MeV for ~ radial excitation.
Fit to one channel only, neglecting interference with ~, p(1700).

PHOTOPRODUCTION
VAL UE (MeV) DOC UM EN T ID TECIV COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

17264 22 BUSENITZ 89 TPS p p ~ K+ K X
1760+20 ATKINSON 85C OMEG 20—70 p p ~ K K X

1690+ 10 ASTON 81F OMEG 25—70 p p -~ K+ K X

2 From global fit of p, ~, @ and their radial excitations to channels ~7r+7r, K I K

K0& KL, Ks K 7r+. Assume mass 1570 MeV and width 510 MeV for p radial excita-
tions, mass 1570 and width 500 MeV for ~ radial excitation.
From global fit including p, ~, p and p(1700) assume mass 1570 MeV and width 510
MeV for p radial excitation.
Fit to one channel only, neglecting interference with ~, p(1700).
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$(1680), P3(1690)

Cl
I2
I3
I4
I5
I6

$(1680) DECAY MODES

Mode

K K*(892)+ c.c.
K0s K
KK
e+e

K+ K 7r0

Fraction (I;/I )

dominant

seen

seen

seen

not seen

P(1680) I (I)l (e+e )/I (total)

This combination of a partial width with the partial width into e+ e
and with the total width is obtained from the integrated cross section into
channel (/) in e+e annihilation. We list only data that have not been
used to determine the partial width f (I) or the branching ratio I (I)/total.

1692+12

KK AND KKx MODES
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1734+ 10 CORDEN 79 OMEG 12—15 7r p ~
Il 27r

2 4 ESTABROOKS 75 RVUE 1? lr p ~
~+~—

n
1737+23 ARMENISE 70 DBC 0 9 sr+ N

1650+35 122 BARTSCH 70B HBC + 8 sr+ p ~ N2n.

1687+21 STUNTEBECK 70 HDBC 0 8 vr p, 5.4 lr+ d
1683+13 ARMENISE 68 DBC 0 5.1 2r+ d

1670+30 GOLDBERG 65 HBC 0 6 7r+ d 8 2r p

1Mass errors enlarged by us to I //~N; see the note with the K*(892) mass.
Uses same data as HYAMS 75.
From a phase shift solution containing a f&(1525) width two times larger than the KK
result.

4 From phase-shift analysis. Error takes account of spread of different phase-shift solutions.

I (KK'(892)+c.c.) x I (e+e )/Ite„i I tl 4/I

$(1680) BRANCHING RATIOS

I (KK'(892)+c.c.)/I (KeeKe)
VALUE

dominant

r {K+K/I (KK (892)+ c.c.)

DOCUMENT ID

MANE

TECN COMM EN T

82 DM1 e+ e ~ K0 K+ lr+S

VALUE

0.07 +0.01
DOCUMENT ID

BUON

TECN COMMEN T

82 DM1 e+ e

VALUE (keV) EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,48 +0.14 367 BISELLO 91C DM2 e+ e ~ K0 K+ lr+S

1696+ 4 OUR AVERAGE

1699+ 5

1698+ 12

ALPER

6k 5,6 MARTIN

80 CNTR 0

78D SPEC

1692+ 6 BLUM 75 ASPK 0

5 From a fit to J = 3 partial wave.
Systematic error on mass scale subtracted.
They cannot distinguish between p3(1690) and ~3(1670).

1690+16 ,'EDERHOLZ 69 HBC +
~ ~ ~ We do not use the following data for averages, fits, limits, etc.

1694+ 8 COSTA. .. 80 OMEG

62lr p ~
K+K n

10mp ~
K0SK p

18.4 zr p ~
nK+ K

8 lr+p ~ KK~
~ ~ ~

107r p ~
K+K n

I (are 7r)/I (KK'(892)+ c.c.)
VALUE

(0.10
DOCUMENT ID

BUON

TECN COMMENT

82 DM1 e+ e

P(1680) REFERENCES

CLEGG
BISELLO
BUSENITZ
BISELLO
ATKINSON
BUON
MANE
ASTON

94 ZPHY C62 455
91C ZPHY C52 227
89 PR D40 1
88B ZPHY C39 13
85C ZPHY C27 233
82 PL 118B 221
82 PL 112B 178
81F PL 104B 231

OTHER RELATED PAPERS

ATKINSON
AT K INSO N

ATKINSON
AT K IN SON

COR DIER
MANE
ASTON

86C ZPHY C30 541
84 NP B231 15
84B NP B231 1

83C NP B229 269
81 PL 106B 155
81 PL 99B 261
80F NP - B174 269

+
+
+
+
+Bisello,
+ Bisello,

(BONN, CERN, GLAS, LANC, MCHS, CURIN+)
(BONN, CERN, GLAS, LANC, MCHS, CURIN+)
(BONN, CERN, GLAS, LANC, MCHS, CURIN+)
(BONN, CERN, GLAS, LANC, MCHS, CURIN+)

Bizot, Buon, Delcourt, Mane (ORSAY)
Bizot, Buon, Cordier, Delcourt (ORSAY)

(BONN, CERN, EPOL, GLAS, LANC, MCHS+)

3(1690) I G(JPC) = 1+(3 )

Pe(1690) MASS

+ Dorm achene (LANC, MCHS)
+Busetto, Castro, Nigro, Pescara+ (DM2 Coliab. )
+Olszewski, Callahan+ (ILL, FNAL)
+ Busetto+ (PADO, CLER, FRAS, LALO)
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+Bisello, Bizot, Cordier, Delcourt+ (LALO, MONP)
+Bisello, Bizot, Buon, Delcourt, Fayard+ (LALO)

(BONN, CERN, EPOL, GLAS, LANC, MCHS+)

(4%)+ MODE
VALUE(MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

Error includes scale factor of
EVAN GELISTA 81
BA LTAY 78B
THOMPSON 74
CASON 73

9 CASON 73
BARTSCH 70B

9 BARTSCH 70B
CASO 70

1686+ 5 OUR AVERAGE

1694+ 6
1665+ 15
1670+ 10
1687+ 20
1685+ 14
1680+40
1689+20
1705 +21

1.1.
OMEG
HBC
HBC
HBC
HBC
HBC +
HBC +
HBC

12m p ~ p47r
15 m+ p —~ p4m
13 ~+ p
8, 18.5 lr p
8, 18.5 lr p
8 sr+ p ~ N47r

8 vc+p ~ N2p
112 lr p -~

n p 2'
~ ~ ~

177

144
102

~ ~ ~ We do not use the following data for averages, fits, limits, etc.

1718+10 10 EVANGELISTA 81 OMEG

1673+ 9 11 EVANGELISTA 81 OMEG

1733+ 9 66 KLIGER 74 HBC
1630+15 HOLMES 72 HBC +
1720 + 15 BA LTAY 68 H BC

arm MODE
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

12 lr p ~ p4vr

12m p ~ p4lr
45 lr p ~ p4lr
10—12 K+ p
?, 8.5 sr+ p

From p p mode, not independent of the other two EVANGELISTA 81 entries.
From p p mode.
From a2(1320) 7r mode, not independent of the other two EVANGELISTA 81 entries.

From a2(1320) lr mode, not independent of the other two EVANGELISTA 81 entries.

VAL UE (MeV)

1691 +5 OUR ESTIMATE

1688.8+2.1 OUR AVERAGE

DOCUMENT ID

This is only an educated guess; the error given is larger
than the error on the average of the published values.

Includes data from the 5 datablocks that follow this one.

2n MODE
VAL UE (MeV) EVTS DOCUMEN T ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

1681+ 'T OUR AVERAGE

1670+25 ALDE 95 GAM2

1690+ 15 EVANGELISTA 81 OMEG

1666+ 14 GESSAROLI 77 HBC

1686+ 9 THOMPSON 74 HBC
~ ~ I We do not use the following data for averages, fits, limits,

38+ p~
~~0 n

12m p ~ cusp
11 7C p ~ &leap
13 lr+ p

etc. ~ ~ ~

1678+ 12
1690+ 7

175
600

16936 8

1678+ 12

1686+ 4 OUR AVERAGE

1677+ 14
1679+ ll 476

EVAN G EL I STA 81 0MEG

BALTAY 78B HBC

1 ANTIPOV
1 ENGLER

2 GRAYER

77 CIBS
74 DBC

74 ASPK 0

MATTHEWS 71C DBC 0

12' p~ 2ap
15 lr+p ~

~+ gr n
25 lr p —+ p3lr
6 ~+n

~+~ p
17 lr p —i

++&—
n

7 lr+N

1654 +24
Supersedes ALDE 92C.

BARNHAM 70 HBC + 10 K+ p ~ ~~X

1680+15 FUKUI 88 SPEC 0 895~ p ~
g~+~ —

n

gm+m MODE
(For difficulties with MMS experiments, see the a2(1320) mini-review in the 1973
edition. )

VALUE{MeV) DOCUMENT ID TECN CHG COMMEN T

The data in this block is included in the average printed for a previous datablock.
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(1690)

1700+ 15

1748& 15

FOCACCI 66 MMS

13,14 FOCACCI 66 MMS

o ~ ~ We do not use the following data for averages, fits, limits, etc.

1700+47 ANDERSON 69 MMS

1632+ 15 FOCACC I 66 M MS

~ ~ ~

16 7r p backward

7—12m p —~

pMM
7—12 ~ p ~

pMM
7—12 w p ~

pMM

WEIGHTED AVERAGE
186+14 (Error scaled by 1.3)

Seen in 2.5-3 GeV/c pp. 2~+27r, with 0, 1, 2 ++n. pairs in p band not seen by
OREN 74 (2.3 GeV/c pp) with more statistics. (Jan. 1976)

14 Not seen by BOWEN 72.

p3(1690) WIDTH

2m, KK, AND K Km MODES
VALUE (MeV) DOCUMENT ID

160+10 OUR AVERAGE Includes data from the 5 datablocks that follow this one. Error
includes scale factor of 1.5, See the ideogram below.

WEIGHTED AVERAGE
160+10 (Error scaled by 1.5)

100

I', /

I

:I

I

200 300

. MARTIN 78D
- BLUM 75

DENNEY 83
EVANGELISTA 81
BALTAY 78B
ANT IPOV 77

. ENGI ER 74
GRAYER 74
MATTHEWS 71C
ARMENISE 70
EVANGELISTA 81
BALTAY 78B
CASON 73
BARTSCH 70B
BARTSCH 70B

. ALDE 95
EVANGELISTA 81
GESSAROLI 77
FUKUI 88

SPEC
ASPK
LASS
OMEG
HBC
C IBS
DBC
ASPK
DBC
DBC
OMEG
HBC
HBC
HBC
HBC
GAM2
OMEG
HBC
SPEC

400

(Confidence Level

500

x'
1.0
5.1

4.3
5.4
2.1

0.0
0.0
5.0
0.0
0.0
8.0
3.3
0.0
0.7
0.0
1.2
0.2
0.0
4.0

40.4
= 0.002)

/73(1690) width, 2fr, K K, and K K~ modes (MeV)

2' MODE
VAL UE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

186+14 OUR AVERAGE

220+29
2463:37
116+-30

Error includes scale factor of 1.3. See

DENNEY 83 LASS
EVANGELISTA 81 OMEG
BALTAY 78B HBC

the ideogram below.

10af N

12 fr p ~ 2 fr p
15a+p ~

~+~—
n

25 a p —+ p3vr

6 ~+n
~+~—

p
17~ p~

~+~—
n

7 ~+N
9~+d

476

175 15 ANTIPOV
600 ENGLER

77 C IBS
74 DBC

162 +50
167+40

16 GRAYER 74 ASPK 0200+ 18

MATTHEWS 71C DBC
ARMENISE 70 DBC

following data for averages, fits, limits,

17 CORDEN 79 OMEG

156+36
171+ 65
~ ~ ~ We do not use the etc. ~ ~ ~

322 4 35

122

12—15 vr p —+

n 27r

240+ 30 16,18 ESTABROOKS 75 RVUE 17m p~
&+&—

n

1809- 30 BARTSCH 70B HBC + 8 ~+ p —+ N2~

267+ 72—46 STUNTEBECK 70 HDBC 0 8 m p, 5.4 sr+ d

188+49 ARMENISE 68 DBC 0 5.1 7r+ d

180+40 GOLDBERG 65 HBC 0 6 a+ d, 8 vr p

Width errors enlarged by us to 4l /~N; see the note with the K*(892) mass.
Uses same data as HYAMS 75 and BECKER 79.
From a phase shift solution containing a f' (1525) width two times larger than the KK2
result.
From phase-shift analysis. Error takes account of spread of different phase-shift solutions.

100 200 300

x'
DENNEY 83 LASS 1.4
EVANGELISTA 81 OMEG 2.6

. BALTAY 78B HBC 5.5

. ANTI POV 77 CI BS 0.2
ENGLER 74 DBC 0 2

. GRAYER 74 ASPK 0.6
MATTHEWS 71C DBC 0.7
ARMENISE 70 DBC 0.1

1 1.3
(Confidence Level = 0.128)

I

500

p3 ( 1690) Width, 2 Ir mOde ( MeV)

K K AND K Kn MODES
VAL UE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

204+18 OUR AVERAGE
199+40 6000 19 MARTIN 78D SPEC 10 wp —~

K0SK p
BLUM 75 ASPK 0 18.4 vr p —~

nK+ K
o o ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

205+20

219+ 4

186+11

ALPER 80 CNTR 0

COSTA. .. 80 0MEG

112+60 ADERHOLZ 69 HBC

From a fit to J = 3 partial wave.

They cannot distinguish between p3(1690) and ~3(1670).

(4w)+ MODE

62~ p~
K+K n

10m p —~

K+K n
8~+p ~ KK+

VALUE(Mev) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

177

cue MODE
VALUE (Mev) DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

190+40 OUR AVERAGE

230+65 25 ALDE 95 GAM2

190+65 EVANGELISTA 81 OMEG

160+56 GESSAROLI 77 H BC
~ ~ o We do not use the following data for averages, fits, limits, etc.

38vr p -~
4J 7r n

12 vr p —~ warp
11 a p —+ wwp

~ ~ ~

129+10 OUR AVERAGE

123+ 13 EVANGELISTA 81 OMEG — 12 ~ p -~ p4m
105+30 BALTAY 78B HBC +- 15 ~+ p ~ p4z

169+48 CASON 73 HBC — 8, 18.5 ~ p

135+30 144 BARTSCH 70B HBC y 8 7r+ p —~ N4vr

160+30 102 BARTSCH 70B HBC + 8 z+ p ~ N2p
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

230+ 28 EVANGELISTA 81 OMEG — 12 ~ p —i p4~
184+ 33 EVANGELISTA 81 OMEG — 12 ~ p -~ p4~
150 66 KLIGER 74 HBC — 4.5 vr p -~ p47r
106+25 THOMPSON 74 HBC +- 13 sr+ p

125+ 24 CASON 73 HBC 8 18 5 ~ —
p

130+30 HOLMES 72 HBC + 10—12 K+ p
180+30 90 BARTSCH 70B HBC +- 8 ~+ p -~ Na2vr
100+ 35 BALTAY 68 HBC + 7, 8.5 7r+ p

From p p mode, not independent of the other two EVANGELISTA 81 entries.
From a2(1320) ~ mode, not independent of the other two EVANGELISTA 81 entries.

From a2(1320) ~ mode, not independent of the other two EVANGELISTA 81 entries.
24 From p+ p mode.

89+25

130+73—43

Supersedes ALDE 92C.

THOMPSON 74 H BC +
BARNHAM 70 HBC +

13 ~+ p

10 K~ p ~ w7rX
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p3(1690)

gn.+m MODE
(For difficulties with MMS experiments, see the a2(1320) mini-review in the 1973
edition. )

VALUE (Mev) DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

r(KR)/r(~~)
VAL UE DOCUMENT ID TECN CHG COMMEN T
0.067+0.011 OUR FIT Error includes scale factor of 1.2.

0.118+0'032 OUR AVERAGE Error includes scale factor of 1.7, See the ideogram

below.

106+2l FUKUI 88 SPEC 0

( 30

38

26 27 FOCACCI

FOCACCI

66 M MS

66 MMS

Seen in 2.5—3 GeV/c pp. 2~+2~, with 0, 1, 2 sr+~ pairs in

OREN 74 (2.3 GeV/c p p) with more statistics. (Jan. 1979)
Not seen by BOWEN 72.

ps(1690) DECAY MODES

~ o o We do not use the following data for averages, fits, limits, etc.

195 26 ANDERSON 69 MMS
21 7 FOCACCI 66 MMS

8.95 2r p ~
r/x+ ~ n

~ ~ ~

16 7r p backward

7—12 vr p —+

pMM
7—12m p~

pMM
7—12' p~

pMM

p band not seen by

0 191+0 ~ 040—0.037

0.08 + 0.03

0,08 +0.08
—0.03

GOR LICH 80 ASPK 0

BARTSCH 70B HBC +
CRENNELL 68B HBC

17,18 ~ p polar-
Ized

8 ~+p
6.0 7r p

WEIGHTED AVERAGE
0.118+0.039-0.032 (Error scaled by 1.7)

s above of weighted average, error,
cale factor are based upon the data in

deogram only. They are not neces-
the same as our 'best' values,

ned from a least-squares constrained fit

ng measurements of other (related)
ities as additional information.

Mode Fraction (I;/I ) Scale factor

fi 4~
r2 ~+ ~+ ~—~0

!3
I 4 (c/71

I 5 KKvr
KK

r, ~~+ ~-
s ~~@

Excluding 2p and a2(1320) tr.
I a aa(1320) tr

l 10 PP
I 11
l 12
l 13 ~~ 2~+ 2~ —~0

(71.i + i.9 ) o/,

(67 +22 ) '/o

(23.6 + 13)%
(i6 + 6 ) %

( 3.8 j 1.2 ) %

( 1.58+ 0.26) /o

seen

CONSTRAINED FIT INFORMATION

An overall fit to 5 branching ratios uses 10 measurements and one

constraint to determine 4 parameters. The overall fit has a X2=
14.7 for 7 degrees of freedom.

The following off-diagonal array clem ents are the correlation coefficients

Bx,ftx. )/(hx; h'x. ), in percent, from the fit to the branching fractions, x,
C., /I total ~ The fit constrains the X.; whose labels appear in this array to sum to

one.

-0. 1 0

I (K K)/I (rrrr)

I (KKsr)/I (frfr)

0. 1

x'
80 ASPK 3 8
70B HBC 1.6
68B HBC 0.4

5.9
(Confidence Level = 0.053)

0.5

. GORLICH
BARTSCH
CRENNELL

I

0.2 0.3 0.4

TECN CHG COMMEN TDOCUMENT ID

s~+p

[I (frfr p) + I (a2(1320)fr) + I (pp)]/I (fr+fr+fr fro) (rs+rs+rxo)/r2
VAL UE

0.94+0.09 OUR AVERAGE

0.96+ 0.21
0.88 + 0.15
1 + 0.15
consistent with 1

r(pp)/r(fr+fr+fr fro)

DOCUMENT ID

BA LTAY

BALLAM

BARTSCH
CASO

TECN CHG COMMEN T

788 HBC
718 HBC
70@ HBC
68 HBC

15 ~+ p ~ p4vr

16~ p
8~+p
11~ p

rio/ra

VAL UE

0.16+0.05 OUR FIT
0.1660.05 BARTSCH 70B HBC

Increased by us to correspond to B(p3(1690) -~ ~~)=0.24.

X3 —77 VAL UE EVTS DOCUMENT ID TECN CHG COMM EN T

X5

X6

—74
—15

Xi X3 X5

ps(1690) BRANCHING RATIOS

0.12+ 0.11
0.56
0.13+ 0.09
0.7 4 0.15

pp and

BALTAY 788 HBC
KLIGER 74 HBC
THOMPSON 74 H BC
BARTSCH 70B HBC

a2(1320)a modes are indistinguishable.

15 ~+ p ~ p47r
45m p ~ p4vr

13 ~+ p
s~+p

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

r (fr fr) /rtota i

VAL UE

0.236+0.013 OUR FIT
0.243+0.013 OUR AVERAGE

0 259+ 0.018—0.019
0.23 4 0.02

DOCUMENT ID TECN CH G COMM EN T

17 ~ p polarizedBECK ER 79 ASPK 0

CORDEN 79 OMEG 12-15 a p ~
n 2'

7~+n ~—
p

~ ~ ~

17 vr p —~

~+~—
n

One-pion-exchange model used in this estimation.
From phase-shift analysis of HYAMS 75 data.

r(~~)/r(~+~+~-~o)
VALUE DOCUMENT ID TECN CH G COMM EN T

0.22 +0,04 MATTHEWS 71C HDBC 0
~ ~ o We do not use the following data for averages, fits, limits, etc.

0.245 + 0.006 ESTABROOKS 75 RVUE

I (pp)/[I (n frp) + I (aa(1320)fr) + I (pp)] r1o/(rs+rs+r to)
VAL UE DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.48+ 0.16

r (a,(1320)~) /r(~+~+ ~- ~o)
VAL UE

CASO

DOCUMENT ID

68 HBC 11 vr p

TECN CH G COMM EN T

0.66 +0.08
0.36+0.14
not seen

0.6 + 0.15
0.6

pp and

BALTAY 78B H BC
THOMPSON 74 H BC
CASON 73 H BC
BARTSCH 70B HBC
BALTAY 68 H BC

a2(1320) 7r modes are indistinguishable.

15 2r+ p ~ p4n
i3~+p
8, 18.5 ~ p
s~+p
7,8.5 ~+ p

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.2
(0.12

r (~~) /r (4~)

HOLMES
BALLAM

72 HBC
71B HBC

VAL UE DOCUMENT /D TECN

0.332+0.026 OUR FIT Error includes scale factor of 1.1.
0.30 +0.10 BALTAY 788 HBC

0.35+0.11 CASON 73 H BC
o ~ ~ We do not use the following data for averages, fits, limit,

8, 18.5 ~ p
etc. o ~ ~

10—12 K+ p
16~ p

CH G COMM EN T

15 ~+p ~ p4~

I (tuft)/I (fr+sr+fr fro)
CHG COMMENT

13 w1- p
16 2r p
7,8.5 ~+ p
7.0 ~ p
0 ~etc. ~

I 4/I 2

(0.11
(0.09

95 BA LTAY

K LI GER
78B HBC
74 HBC

15 2r+ p ~ p4~
4.5~ p ~ p4~

VAL UE CL% DOCUMENT ID TECN

0.23+0.05 OUR AVERAGE Error includes scale factor of 1.2.
0.33+0.07 THOMPSON 74 HBC
0.12 2 0.07 BALLAM 71B HBC
0.25+:0.10 BALTAY 68 H BC
0,25+ 0.10 JOHNSTON 68 H BC

o ~ ~ We do not use the following data for averages, fits, limits,
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p3(1690), p(1700)

r(y~)/r(~+~+~-~o}
VALUE DOCUMENT ID TECN CHG COMM EN T (1700) IG(l C) t+(1 )

e o ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

(0.11 BALTAY 68 HBC + 7,8.5 7r+ p THE p(1450) AND THE p(1700)

I (s+2s+2s.—s.O)/r(s. +s.+s.—sO}
VAL UE DOCUMENT ID TECN

~ ~ o We do not use the following data for averages, fits, limits,

CHG COMM EN T

etc. ~ ~ ~

(0.15 BALTAY 68 HBC + 7,8.5 7r+ p

r («) /r (~+~+~- ~o}
VALUE DOCUMENT ID TECN CHG COMMEN T

I r2/r2

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

(0.02 THOMPSON 74 HBC g 13 7r+ p

I (K K) /I top, )

80 OMEG p —+

K+K n
107rp ~

K0SK p

78B SPECMA RTI N0.013 +0.004

From (I 3I 6) / = 0.056 + 0.034 assuming B(p3(1690) ~ 7r7r) = 0.24.

r(~s)/[r(~s) + r(pp)]
VALUE DOCL/MENT ID

r4/(I 4+rlo)
TECN CH G COM M EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.22 6 0.08

r («+~-) /r, .„,
VALUE

CASON 73 HBC — 8,18.5 71 p

DOCUMENT ID

FUKUI

TECN COMMENT

88 SPEC 8 95 7r p ~ r)7r+7r n

ps(1690) REFERENCES

VALUE DOCUMENT ID TECN CHG COMMENT

0.0158+0.0026 OUR FIT Error includes scale factor of 1.2.
0.0130+0.0024 OUR AVERAGE

0.013 +0.003 COSTA. .. 0 10 7r

In our 1988 edition, we replaced the p(1600) entry with

two new ones, the p(1450) and the p(1700), because there

was emerging evidence that the 1600-MeV region actually
contains two p-like resonances. ERKAL 86 had pointed out

this possibility with a theoretical analysis on the consistency of
2~ and 4~ electromagnetic form factors and the ~7r scattering
length. DONNACHIE 87, with a full analysis of data in the
annihilation reactions e+e ~ w+x, 27r+2w, and ~++
and in the photoproduction reactions pp —+ 7r+7r p, 27r+27r p,
and 7r+7r vr"7r p, had also argued that to obtain a consistent

picture two resonances, whose masses and widths could be fixed

reasonably well, were necessary. This picture was supported

by the analysis of DONNACHIE 87B of J = 1 gp mass

spectra obtained in photoproduction and in e+e annihilations;

the analysis showed the need for a contribution from a p meson

with a mass of about 1470 MeV, but could say little about
a higher-mass resonance (actually the data, could be explained

without it). Confirmation of the decay p(1450) —+ ~7r, and a

tight constraint on the mass due to strong interference with the

p(770) tail, was found by DONNACHIE 91 in an analysis of
e+e —+ wx.

OREN
THOMPSON
CASON
BOWEN
HOLMES
BALLAM
MATTHEWS
ARMENISE
BARNHAM
BARTSCH
CASO
STUNTEBEC
ADERHOLZ
ANDERSON
ARMENISE
BALTAY
CASO
CRENNELL
JOHNSTON
FOCACCI
GOLDBERG

74
74
73
72
72
71B
71C
70
70
70B
70

K 70
69
69
68
68
68
68B
68
66
65

BARNETT
EHRLICH
LEVRAT
SEGUINOT
BELLINI
DEUTSCH. ..
FORINO

83B
66
66
66
65
65
65

ALDE 95
ALDE 92C
FUKUI 88
DENNEY 83
EVANGELISTA 81
ALPER 80
COSTA. .. 80
GORLICH 80
BECKER 79
COR DEN 79
BA LTAY 78B
MARTIN 78B
MARTIN 78D
ANTIPOV 77
GESSAROLI 77
BLUM 75
ESTA BROOKS 75
HYA MS 75
ENGLER 74
GRAYER 74
KLIGER 74

ZPHY C66 379
ZPHY C54 553
PL B202 441
PR D28 2726
NP B178 197
PL 94B 422
NP B175 402
NP B174 16
NP B151 46
NP B157 250
PR D17 62
NP B140 158
PL 74B 417
NP B119 45
NP 8126 382
PL 57B 403
NP B95 322
NP B100 205
P R D10 2070
NP B75 189
SJNP 19 428
Translated from
NP B71 189
NP B69 220
PR D7 1971
PRL 29 890
PR D6 3336
PR D3 2606
NP B33 1

LNC 4 199
PRL 24 1083
NP B22 109
LNC 3 707
PL 32B 391
NP B11 259
PRL 22 1390
NC 54A 999
PRL 20 887
NC 54A 983
Pl 28B 136
PRL 20 1414
PRL 17 890
PL 17 354

OTHER RELATED PAPERS

PL 120B 455
PR 152 1194
PL 22 ?14
PL 19 712
NC 40A 948
PL 18 351
PL 19 65

+Blockus, Burka, Chien, Christian+ (JHU)
+Selove, Yuta (PENN)
+Tolstrup+ (CERN Missing Mass Spect. Collab. )
+Martin+ (CERN Missing Mass Spect. Collab. )
+DiCorato, Duimio, Fiorini (MILA)

Deutschmann+ (AACH3, BERL, CERN)
+Gessaroli+ (BGNA, ORSAY, SACL)

+Binon, Bricrnan+ (GAMS Collab, ) JP
+Bencheikh, Binon+ (BELG, SERP, KEK, LANL, LAPP)
+Horikaway (SUGI, NAGO, KEK, KYOT, MIYA)
+Cranley, Firestone, Chapman+ (IOWA, MICH)
+ (BARI, BONN, CERN, DARE, LIVP+)
+Becker+ (AMST, CERN, CRAC, MPIM, OXF+)

Costa De Beauregard+ (BARI, BONN, CERN+)
+Niczyporuk+ (CRAC, MPIM, CERN, ZEEM)
+Blanar, Blum+ (MPIM, CERN, ZEEM, CRAC)
+Dowell, Garvey+ (BIRM, RHEL, TELA, LOWC) JP
+Cautis, Cohen, Csorna+ (COLU, BING)
+Ozrnutlu, Baldi, Bohringer, Dorsaz+ (DURH, GEVA)
+Ozmutlu, Baldi, Bohringer, Dorsaz+ (DURH, GEVA)
+Busnello, Darngaard, Kienzle+ (SERP, GEVA)
+ (BGNA, FIRZ, GENO, MILA, OXF, PAVI)
+Chabaud, Dietl, Garelick, Grayer+ (CERN, MPIM) JP
+Martin (DURH)
+Jones, Weilhamm er, Blum, Dietl+ (CERN, MPIM)
+Kraemer, Toaff, Weisser, Diaz+ (CMU, CASE)
+Hyams, Blum, Dietl+ (CERN, MPIM)
+Beketov, Grechko, Guzhavin, Dubovikov+ (ITEP)

YA F 19 839.
+Cooper, Fields, Rhines, Allison+ (ANL, OXF)
+Gaidos, Mcllwain, Miller, Mulera+ (PURD)
+Biswas, Kenney, Madden+ (NDAM)
+Earles, Faissler, Blieden+ (NEAS, STON)
+Ferbel, Slattery, Werner (ROCH)
+Chadwick, Guiragossian, Johnson+ (SLAC)
+Prentice, Yoon, Carroll+ (TNTO, WISC) JP
+Ghidini, Foring, Cartacci+ (BARI, BGNA, FIRZ)
+Colley, Jobes, Kenyon, Pathak, Riddiford (BIRM)
+Kraus, Tsanos, Grote+ (AACH, BERL, CERN)
+Conte, Tomasini+ (GENO, HAMB, MILA, SACL)
+Kenney, Decry, Biswas, Cason+ (NDAM)
+Bartsch+ (AACH3, BERL, CERN, JAGL, WARS)
+Collins+ (BNL, CMU)
+G hidini, Fori no+ (BARI, BGNA, FIRZ, ORSAY) I

+Kung, Yeh, Ferbel+ (COLU, ROCH, RUTG, YALE) I

+Conte, Cords, Diaz+ (GENG, HAMB, MILA, SACL)
+Karshon, Lai, Scarr, Skillicorn (BNI )
+Prentice, Steenberg, Yoon (TNTO, WISC) IJP
+Kienzle, Levrat, Maglich, Martin (CERN)
+ {CERN, EPOL, ORSAY, MILA, CEA, SACL)

The analysis of DONNACHIE 87 was extended by CLEGG 88
to include new data on 47r systems produced in e+e annihila-

tion and in w decay (4n w decays and 47r annihilation reactions

can be related by the Conserved Vector Current assumption).
These systems were successfully analyzed using interfering con-

tributions from two p-like states, and from the tail of the p(770)
decaying into two-body states. While specific conclusions on

p(1450) ~ 4vr were obtained, the quality of i, he data used by

CLEGG 88 prevented any conclusion on p(1700) ~ 4~ decay.
A» analysis by CLEGG 90 of 67' mass spectra from e+e

annihilation and from diffractive photoproduction provides e~ i-

dence for two p mesons, at about 2. 1 and 1.8 GeV, that decay

strongly into 6x states. While the former is a candidate for

a new resonance, the latter could be a manifestation of the

p(1700) distorted by threshold effects.
Independent evidence for two 1 states is provided by

KILLIAN 80 in 4~ electroproduction at (Q ) = 1 (GeV/c)
and by FUKUI 88 in a high-statistics sample of the purer system

in ~ p charge exchange.
This picture with two overlapping resonances is supported

by other data. BISELLO 89 measured the pion form factor in

the interval 1.85-2.4 GeV with significant statistics (280 e+e —+

s+vr events with very low background). A deep minimum is

observed around 1.6 GeV, and the best fit to the form factor is

obtained with the hypothesis of p-like resonances at 1420 and

1770 MeV with widths of about 250 MeV. ANTONEI. LI 88
found that the e+e ~ rim+sr cross section (using three

different r) decay modes) is better fitted with two fully interfering

Breit-Wigners, with parameters in fair agreement with those of
DONNACHIE 87 and BISELLO 89.
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p(1700)
These results (although ANTONELLI 88 is statistically less

significant than BISELLO 89) have also resolved the disagree-

ment, between DONNACHIE 87 and FUKUI 88 on the p(1450)
width in favor of the DONNACHIE 87 value. From this point
of view, BISELLO 89 and ANTONELLI 88 can be considered

as solid confirmation of the p(1450). For the possibility that
its 4a mode actually contains two independent vector states,
see LANDSBERG 92.

Several observations on the wa system in thet e 1200-MeV re-

gion (FRENKIEL 72, COSME 76, BARBER 80C, ASTON 80C,
ATKINSON 84C, BRAU 88, AMSLER 93B) may he inter-

preted in terms of either J = 1 p(770) —& 7rcu production

(LAYSSAC 71) or J = I+ by(1235) production (BRAU 88,
AMSLER 93B). We argue that no special entry for a p( )

'
for a ~1250, is

needed. The LASS amplitude analysis (ASTON 91B) showing

evidence or a p~ ~& is pf ~1270&
~' reliminary and needs confirmation.

For completeness, ese vl, th arious observations are listed under

the p(1450).

p(1700) MASS

po AND ~+~—MODES
VAL UE (MeV) DOCUMEN T ID

1700+20 OUR ESTIMATE
ablocks that follow this one. Er-1717+13OUR AVERAGE Includes data from the 2 datablocks that follow this one. r-

ror includes scale factor of 1.2.

+ -&0&0 MODE7r m' 7r
DOCUMENT ID TECN COMMENTVAL UE (MeV)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1660+30 ATKINSON 858 OMEG 20—70 pp

3(Ir+Ir ) AND 2(II+II Iro) MODES
DOCUMENT ID TECN COMMENTVALUE (MeV)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

90 RVUE e+ e1783+15
3( + )2( + )

From phase shift analysis of HYAMS 73 data.
3Simple relativistic Breit-Wigner fit with constant width.

h4An additional 40 MeV uncertainty in both the mass and w' '
pwidth is resent due to t e

choice of the background shape.
5 Included in BECKER 79 analysis.

Simple relativistic Breit-Wigner fit with model dependent width.
One peak fit result.
Parameters roughly estimated, not from a fit ~

9Skew mass distribution compensated by Ross-Stodolsky factor.

p(1700) WIDTH

gp0 AND ~+m MODES
VAL UE (MeV) DOCUMENT ID

235+50 OUR ESESTIMATE
data from the 2 datablocks that follow this one. Error204+50 OUR AVERAGE Includes data from the
includes scale factor of 2.3. ee e i

WEIGHTED AVERAGE
204+50 (Error scaled by 2.3)

0 MODEQp
VA L UE (Me V) DOCUMENT ID

The data in this block is included in the average printed

TECN COMM EN T

for a previous datablock.

1740 + 20
1701+ 15

1From a two Breit-Wigner fit.

ANTONELLI 88
1 FUKUI 88

DM2 e+ e ~ q7r+ 7r

SPEC 8 95 7r p ~ 1)7r+7r n

CLEGG 94 RVUE e+ e 7r+ 7r

not use the following data for averages, fits, limits, etc. o ~ ~

+~-BISELLO 89 DM2 e+ e ~ 7r

+DUBNICKA 89 RVUE e+ e
GESHKENBEIN89 RVUE

2 ERKAL 85 RVUE 20—70 p p ~
ABE 84B HYBR 20 pp —+ 7r+7r p
ASTON 80 OMEG 20—70 pp ~ p27r

4 ATIYA 798 SPEC 50 pC ~ C27r

BECKER 79 ASPK 17 7r p polarized

2 LANG 79 RVUE
2 MARTIN 78C RVUE 17 7r p ~ 7r 7r n+~—

n
2 FROGGATT 77 RVUE 17 7r p ~ 7r 7r n+w —

n

+5 HYAMS 73 ASPK 17 7r p ~ 7r 7r n

1730 630
~ ~ ~ We do

+21
+ 91.9
+26

1768
1745.7
1546
1650
1550
1590
1600

+70
+20

10
+24—22

25

1598

1659
1575
1610
1590

30
+20

7l K IVI+ MODE
DOCUMENT ID TECN COMMEN TVAL UE (MeV)

e
' ' ablock.The data in this block is inc u e in eI d d

' the average printed for a previous datab o

200 400 600

2
x

88 DM2 3 2
88 SPEC 3.2
94 RVUE 38

10.2
(Confidence Level = 0.006)

1000

ANTONELLI
FUKUI
CLEGG

800

p(1700) width, g p and 7r+ 7r modes (MeV)

0 MODE9P
DOCUMEN T ID TECN COMMENTVALUE (MeV)

for a revious datablock.The data in this block is included in the average printed or a p

150+30
282+44

From a two Breit-Wigner fit.

+ANTONELLI 88 DM2 e+ e
10 FUKUI 88 SPEC 8.95 7r p ~ q7r+ 7r n

7r x+ —
DE

DOCUMENT ID TECN COMMENTVALUE(MeV)

e a
' ' block.The data in this block is inc u e in e aI d d

' the average printed for a previous datab oc .

KK MODE
VAL UE (MeV) EVTS

~ ~ ~ We do not use the following

1582 +36 1600

1570+ 20
1520 + 30
1654+ 25
1666+ 39
1780
1500
1570+ 60
15504 60
1550+ 50
1450 + 100
1430+ 50

34

65

160
340
400

2(II+II ) MODE
VAL UE (MeV) EVTS

~ ~ ~ We do not use the following

DOCUMENT ID TECN

data for averages, fits, limits,

6 CORDIER 82 DM1
ASTON 81E OMEG

7 DIBIANCA 81 DBC
6 BACCI 80 FRAG

K ILLIAN 80 SPEC
8 ATIYA 79e SPEC

ALEXANDER 75 HBC
CONVERSI 74 OSPK
SCHACHT 74 STRC
SCHACHT 74 STRC
BINGHAM 72B HBC

COMM EN T

~ ~ ~

e+ e ~ 2(7r+ 7r )
20—70 pp ~ p47r
~+d ~ pp2(~+~ —

}
e+ e 2(7r+ 7r )
11 e p ~ 2(7r+7r )
50 yC ~ C47r
7.5 pp ~ p4~
e+ e

— 2(~+ +—
}

5.5—9 pp ~ p47r
9—18 pp ~ p47r
9.3 p p ~ p47r

DOCUMENT ID TECN CHG COMMENT

data for averages, fits, limits, etc. e ~ ~

CLELAND 828 SPEC + 50 7r p ~
K0 K+pS

400 k 100
~ ~ ~ We do not

224 + 22

242, 5+ 163.0
620 + 60

&315

280

230
283

175

232
340
300
180

+ 30
80

+ 80
14

+ 98
53
34

100
50

+CLEGG 94 RVUE e+ e
use the following data for averages, fits, limits, etc. ~ ~ ~

+ — +BISELLO 89 DM2 e+ e
+DUBNICKA 89 RVUE e+ e

GESHKENBEIN89 RVUE
11 ERKAL 85 RVUE 20—70 p p

ABE 848 HYBR 20 p p ~ m+ 7r p

ASTON 80 OMEG 20—70 pp ~ p27r
13 ATIYA 798 SPEC 50 p C -~ C 27r

79 ASPK 17 ~ p polarizedBECKER

LANG
11 MARTIN
11 FROGGATT
14 HYAMS

79 RVUE
78C RVUE 17 7r p 7r+7r n

77 RVUE 17~ p ~+~ n

73 ASPK 17 ~ p ~ 7r+7r n

50mp ~
K0 K+pS

KK MODE
DOCUMENT ID TECN CHG COMMENTVALUE (MeV) EVTS

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

265+ 120 1600 CLELAND 828 SPEC
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(1700)

2(tr+e ) MODE
VALUE (MeV)

~ ~ e We do not use

510+ 40
400+ 50
400 + 146
700+ 160
100
600
340+ 160
360+ 100
400+ 120
850+200
650+ 100

EVTS DOCUMEN T ID TECN

the following data for averages, fits, limits,

15 CORDIER 82 DM1
12 ASTON 81E OMEG
16 DIBIANCA 81 DBC
15 BACCI 80 FRAG

34 K IL LIAN 80 SP EC
17 AT IYA 798 SPEC

65 18 ALEXANDER 75 HBC
12 CONVERSI 74 OSPK
19 SCHACHT 74 STRC
19 SCHACHT 74 STRC

BINGHAM 728 HBC

160
340
400

COM MEN T

etc. ~ ~ ~

e+e —~ 2(~+~—
)

20—70 pp ~ p47r
7r+ d p p2(7r+ 7r )
e+ e — 2(7r+ 7r

—
)

11 e p ~ 2(77+7r )
So ~C C4~+
7.5 pp ~ p47r
e+ e 2(7r+ 7r )
5.5—9 pp ~ p47r
9—18 pp ~ p47r
9.3 pp ~ p47r

p(17DD) DECAY MODES

+~—~o~o MODE
VALUE (MeV) DOCLIMENT ID TECN COM MEN T

~ e e We do not use the following data for averages, fits, limits, etc. e ~ ~

300+50 ATKINSON 858 OMEG 20—70 pp

3(tr+tr ) AND 2(tr+tr tro) MODES
VALUE (MeV) DOCUMENT ID TECN COMMENT

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ e

CLEGG 90 RVUE e+ e
3(7r+ 7r ) 2(7r+ 7r 7r )

From phase shift analysis of HYAMS 73 data.
Simple relativistic Breit-Wigner fit with constant width.
An additional 40 MeV uncertainty in both the mass and width is present due to the
choice of the background shape.
Included in BECKER 79 analysis.
Simple relativistic Breit-Wigner fit with model-dependent width.
One peak fit result.
Parameters roughly estimated, not from a fit.
Skew mass distribution compensated by Ross-Stodolsky factor.
Width errors enlarged by us to 4C/~N; see the note with the K*(892) mass.

I (K+K x I (e+e )/l toto~
VAL UE (keV) DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.035+0.029 » BIZOT 80 DM1

r(ptrtr) x r(e+e )/rtota(
VAL UE (keV) DOCUMENT ID TECN

~ ~ e We do not use the following data for averages, fits, limits,

3.510+0.090 21 BIZOT 80 DM1

Model dependent.

COM MEN T

etc. ~ ~ e

e+e—

COMMENT

etc. ~ ~ ~

e+e—

rtrio/r

p(1700} BRANCHING RATIOS

r(tr+tr )/rtota(
VAL UE DOCUMENT ID TECN COM MEN T

0 287+ 0.043—0.042 BECKER

0.15 to 0,30 MARTIN

&0.20 COSTA. ..
0.30 + 0.05 22 FROGGATT

&0.15 24 EISENBERG
0.25 5 0.05 25 HYAMS
0,20 + 0.05 MONTANET

From phase shift analysis of HYAMS 73 data.
Estimate using unitarity, time reversal invariance,

24 Estimated using one-pion-exchange model.
Included in BECKER 79 analysis.

I (tr+tr )/I (2(tr+tr ))

79 ASPK 17 7r p polarized

78C RVUE
778 RVUE
77 RVUE

73 HBC
73 ASPK
73 HBC

17 7r
—

p ~+~—
n

e+e— 2~, 4~
17 7r

—
p ~+~—

n

S ~+ p a++2~
17 7r p ~ 7r+7r n

0.0 pp

Breit-Wigner.

ls/ls
VAL UE DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0, 13+0,05 ASTON 80 OMEG
&0.14 26 DAVIER 73 STR(
&0,2 BINGHAM 728 HBC
26 Upper limit is estimate.

7 2' upper limit.

COMMENT

etc. e ~ ~

20—70 pp p27r
6—18 pp ~ p47r
9.3 p p ~ p27r

e e ~ We do not use the following data for averages, fits, limits, etc. e e ~

l1
I2
I3
f4
ls
r6

l8
I9
~10

Mode

p7l 7r

p0~+ ~—
p0 ~0~0

p+ ~+ ~0
2(sr+ ~ )
vr+~-
K K'(892)+ c.c,
'Op

KK
e+e
p0 0

Fraction (I;/I )

dominant

large

large

large

seen

seen

seen

seen

seen

I (KK'{892)+c.c.)/I (2(tr+tr })

r (n p) /r total
VAL UE DOCUMEN T ID TECN COM MEN T

&0.04 DONNACHIE 878 RVUE
e ~ ~ We do not use the following data for averages, fits, limits, etc. e o ~

CL%

&0,02 58 ATKINSON 868 OMEG 20—70 p p

r(np)/r(2(m+e ))
VAL UE DOCUMENT ID TECN COM MEN T

VAL UE DOCUMENT ID TECN COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e e

0.15+0.03 28 DELCOURT 818 DM1 e+ e ~ K K7r

Assuming p(1700) and ~ radial excitations to be degenerate in mass.

I7/Is

I s/I

rs/rs

p(1700) I (I}l (e+ e }/I (total}

This combination of a partial width with the partial width into e+ e and

with the total width is obtained from the cross-section into channell in

e+ e a nnihilation.
r(tr+tr neutrals)/r(2(tr+tr-)) (rs+I 4+o.7o9r, )/r,

e ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ e

0.123k 0,027 DELCOURT 82 DM1 e+ e ~ 7r+ 7r MM

Q. l ASTON 80 OMEG 20—70 2 p

2.6 4 0.2

r(e+~-) x r(e+e )/rtotg

DELCOURT 818 DM1

VALUE (keV) DOCLIMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.13 DIEK MAN 88 RVUE

Using total width = 220 MeV.

I (KK'(892)+c.c.) x I (e+e )/I tota~
VALUE (keV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.305 +0.071 2' BIZOT 80 DM1

r(2(tr+tr )) x I (e+e )/Itotg
VALUE (keV) DOCUMENT ID TECN

2.83+0.42 BACCI 80 FRAG

~ ~ ~ We do not use the following data for averages, fits, limits,

COMM EN T

I sl to/I

COMMEN T

etc. ~ ~ ~

e+e—

Irl to/I

e+ e
——2(~+ ~—

)
etC. e ~ ~

e+e —~ 2(~+~—
)

rarto/r
COMMEIV T

etc. ~ ~ ~

e+ e
— ~+~—

VAL UE DOCUMENT ID TECN COMMENT

e ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.6 4 0.4 9 BALLAM 74 HBC 9.3 p p

Upper limit. Background not subtracted.

r(K+K/I (2(tr+tr-)) rs/rs
VAL UE CL% DOCUMENT ID TECN

~ ~ e We do not use the following data for averages, fits, limits,

0.015+0.010 DELCOURT 818 DM1
&0.04 95 BINGHAM 728 HBC

Assuming p(1700) and ~ radial excitations to be degenerate i

CHG COMMENT

etc. e e ~

e+e —4 KK
0 9.3-/p

n mass.

I (K K)/I (KK'{892}+c.c.)
VAL UE DOCUMENT ID TECN COMMEN T

0.052 +0.026

r(p'e+ e-)/r(2(~+e-))

BUON 82 DM1 hadrons

la/Is

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

VAL UE EVTS DOCUMENT ID TECN COM MEN T

I (rip) x l(e+e )/It t ~ rario/r ~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

VALUE (eV)

7 +3
DOCUMENT ID TECN COMMENT

ANTONELLI 88 DM2 e+ e ~ 7I7r+ 7r

1.0
0.7 +0.1 500
0.80

The 7r7r system is in S-wave.

DELCOURT 818 DM1
SCHACHT 74 STRC
BINGHAM 728 HBC

e e
5.5—18 p p
9.3 pp ~

2(7r+ ~ )
p 47r

p 47r
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p(1700), fg(1710)

I (posaso}/I (p+s+so}
VAL UE DOCUMENT ID TECN CHG COMMENT

I s/I 4

(0.10
(0.15

ATKINSON 858 OMEG 20—70 p p
ATKINSON 82 OMEG 0 20 70 p p -~ p47r

p(1700) REFERENCES

CLEGG
CLEGG
BISELLO
DU BNICKA
GESHKENB
ANTONELL
DIEKMAN
FUKUI
DONNACHI
ATKINSON
ATKINSON
ERKAL
ABE
ATKINSON
BUON
CLELAND
CORDIER
DELCOURT
ASTON
DELCOURT

Also
D I 8l A N CA
ASTON
BACCI
BIZ 0T
K IL L I A N

AT I YA

BECKER
LANG
MARTIN
COSTA. ..
F ROGGATT
ALEXANDE
BALLAM
CONVERSI
SCHACHT
DAV IE R
EISEN BERG
HYA MS
MONTANE
BING HA M

94
90
89
89

EIN 89
I 88

88
88

E 878
868
858
85
848
82
82
828
82
82
81E
818
82
81
80
80
80
80
798
79
79
78C
778
77

R 75
74
74
74
73
73
73

T 73
728

ZPHY C62 455
ZPHY C45 677
PL 8220 321
JPG 15 1349
ZPHY 45 351
PL 8212 133
PRPL 15g 101
PL 8202 441
ZPHY C34 257
ZPHY C30 531
ZPHY C26 499
ZPHY C29 485
PRL 53 751
PL 1088 55
PL 1188 221
NP 8208 228
PL 1098 129
PL 1138 93
NP 8189 15
Bonn Conf, 205
P L 1098 129
PR D23 595
PL 928 215
PL 958 139
Madison Conf. 546
P R D21 3005
PRL 43 1691
NP 8151 46
PR D19 956
ANP 114 1

PL 718 345
NP 8129 89
PL 578 487
NP 876 375
PL 528 493
NP 881 205
NP 858 31
PL 438 149
NP 864 134
Erice School 518
PL 418 635

+Donnac hie (LANC, MCHS)
+Donnachie (LANC, MCHS)
+Busetto+ (DM2 Collab. )
+M a rtinovic+ (JINR, SLOV)

(ITEP)
+Baldini+ (DM2 Collab. )

(BONN)
+Horikawa+ (SUGI, NAGO, KEK, KYOT, MIYA)
+Clegg (MCHS, LANC)
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+Olsson (WISC)
+Bacon, Ballam+ (SLAC Hybrid Facility Photon Collab. )

(BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+Bisello, Bizot, Cordier, Delcourt+ (LALO, MONP)
+Delfosse, Dorsaz, Gloor (DURH, GEVA, I AUS, PITT)
+Bisello, Bizot, Buon, Delcourt (LALO)
+Bisello, Bizot, Buon, Cordier, Mane (LALO)

(BONN, CERN, EPOL, GLAS, LANC, MCHS+}
(ORSAY)

Cordier, Bisello, Bizot, Buon, Delcourt (LALO)
+Fickinger, Malko, Dado, Engler+ (CASE, CMU)

(BONN, CERN, EPOL, GLAS, LANC, MCHS+)
+DeZorzi, Penso, Baldini-Celio+ (ROMA, FRAS)
+Bisello, Buon, Cordier, Delcourt+ (LALO, MONP)
+Treadwell, Ahrens, Berkelman, Cassel+ (CORN)
+Holmes, Knapp, Lee, Seto+ (COLU, ILL, FNAL)
+Blanar, Blurn+ (MPIM, CERN, ZEEM, CRAC)
+ Mas-Parareda (GRAZ)
+Pennington (CERN)

Costa De Beauregard, Pire, Truong (EPOL}
+ Petersen (GLAS, NORD)
+Benary, Gandsman, Lissauer+ (TELA)
+Chadwick, Bingham, Fretter+ (SLAC, LBL, MPIM)
+Paoluzi, Ceradini, Grilli~ (ROMA, FRAS)
+Derado, Fries, Park, Yount (MPI M}
+Derado, Fries, Liu, Mozley, Odian, Park+ (SLAC)
+Karshon, Mikenberg, Pitluck+ (REHO}
+Jones, Weilharnmer, Blum, Dietl+- (CERN, MPIM)

(CERN)
(LBL, UCB, SLAC) IGJP+Rabin, Rosenfeld, Smadja+

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

in agreement with the indication from MARK III (BALTRU-
SAITIS 86B) that the pp enhancement in this region has JP =
0, and hence is unrelated to the fr(1710). However, a reanal-

ysis (BUGG 95) of the 4n channel from MARK III, including

now two 7rvr S-waves in addition to Iop, finds 0++.
Clear evidence is seen in 800-Gev/c pp central production

in both K+K and K+K+ (ARMSTRONG 89D). Mass and

width determinations are complicatecL because the spectra are
dominated by overlap with the f2'(1525). The apparent large

disagreement between the widths found by ARMSTRONG 89D
in the two channels (- 180 MeV in K+K and 100 MeV in

KsaKso) can be explained by the arbitrariness of the polynomial-

exponential background shape, which leads to a large systematic
error for the width. ARMSTRONG 93C also sees in gg a broad

peak at 1747 MeV, which may be the fJ(1710). This resonance

is not observed in the hypercharge-exchange reactions K p —+

KsoKsaA (ASTON 88D) and K p ~ K~aKsaY' (BOLONKIN
86).

A partial wave analysis of the vr p —+ Ks Ks system

(BOLONKIN 88) finds a Do wave behavior (Jp+ = 2++)
near 1700 MeV, but the width (= 30 MeV) is much narrower

than that observed in J/g(1S) decays and in hadroproduction.
Note that in our 1992 edition this particle was named the

fs(1710). See also our Note on "Non-qq Mesons. "

OTHER RELATED PAPERS

AMSLER 938
LANDS BERG 92

ASTON 918
AC HAS OV 88C
BRAU 88
CLEGG 88
ASTON 87
ERKAL 86
BARKOV 85
BISELLO 85
ATKINSON 84C
ATKINSON 838
ATKINSON 83C
AUGUSTIN 83
SHAMBROOM 82
BARBER 80C
K II LIAN 80
COSME 76
FRENKIEL 72
ALVENSLEBEN 71
BRAUN 71
BULOS 71
LAYSSAC 71

PL 8311 362
SJNP 55 1051
Tran s la ted from
NPBPS 21 105
PL 8209 373
PR D37 2379
ZPHY C40 313
NP 8292 693
ZPHY C31 615
NP 8256 365
LAL 85-15
NP 8243 1

PL 1278 132
NP 8229 269
LAL 83-21
PR D26 1
ZPHY C4 16g
PR D21 3005
PL 638 352
NP 847 61
PRL 26 273
NP 830 213
PRL 26 149
NC 6A 134

+Armstrong, v. Dombrowski+ (Crystal Barrel Collab;)
(SERP)

YAF 55 1896.
+Awaji, Bienz+ (LASS Collab. )
+Kozhevnikov (NOVM)
+Franek+ (SLAC Hybrid Facility Photon Collab, ) JP
+Donnachie (MCHS, LANC)
+Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS)
+Olsson (WI SC)
+Chilingarov, Eidelman, Khazin, Lelchuk+ (NOVO)
+Augustin, Ajaltouni+ (PADO, LALO, CLER, FRAS)
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+) JP
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)

(BONN, CERN, GLAS, LANC, MCHS, CURINy)
+Ayach, Bisello, Baldini+ (LALO, PADO, FRAS)
+Wilson, Anderson, Francis+ (HARV, EFI, ILL, OXF)
+Dainton, Brodbeck, Brookes+ (DARE, LANC, SHEF)
+Treadwell, Ahrens, Berkelman, Cassel+ (CORN)
+Courau, Dudelzak, Grelaud, Jean-Marie+ (ORSAY)
+Ghesquiere, Lillestol, Chung+ (CDEF, CERN)
+Becker, Bertrarn, Chen+ (DESY, MIT) G
q-Fridrnan, Gerber, Givernaud+ (STRB) G
+Busza, Kehoe, Beniston+ (SLAC, UMD, IBM, LBL) G
+Renard (MONP)

f, (1710) /G(J ) = 0+(even+ +)

THE fg(1710)

The fJ(1710) is seen in the gluon-rich radiative decay

J/g(1S) —+ q fJ(1710); therefore I = +1. It decays into 2r)

and K&K&, which implies I J = 0+(even)++. In an am-

plitude analysis of the KK and ++vs systems produced in

J/g(1S) radiative decay, CHEN 91 finds a large spin-0 compo-

nent for this particle, but ARMSTRONG 89D favors spin 2 in

central production. The spin is thus uncertain. This resonance

is also observed in KK systems recoiling against a Q or an ~ in

hadronic J/g(1S) decay. However, according to FALVARD 88,
J/P(1S) ~ wf J(1710) is rather controversial. The fJ(1710)
is not seen by DM2 (BISELLO 89H) in J/g(lS) —+ pp"p",

fg(1710) MASS

1707+10
1690+ 4

1698+ 15
1720 + 102 10

o ~ ~ We do not use the following

1768+ 14

1750+15
1748+ 10

~ 1750

AUGUSTIN 88 DM2
1 FALVARD 88 DM2

AUGUSTIN 87 DM2
BALTRUSAIT. .87 MRK3

data for averages, fits, limits,

BALOSHIN 95 SPEC
BUGG 95 MRK3
ARMSTRONG 93C SPEC
BREAKSTONE 93 SFM

1710+20
1700i 15

1720 +60
1638+ 10

1730—10
1742 + 15
1670 +50
1700 +45
1650 +50
1730-j:10+20

CHEN

BOLONK IN

BOLONK IN

3 FALVARD

4 5 LONGACRE

WILLIAMS

BLOOM
EDWARDS
BURKE
ETK IN

91 MRK3
88 SPEC
88 SPEC

88 DM2

86 MPS

84 MPSF
83 CBAL
838 CBAL
82 MRK2

82C MPS

1708+ 30 FRANKLIN 82 MRK2

From an analysis including interference with f' (1525).2
2 From a fit to the 0+ partial wave.

From an analysis ignoring interference with f' (1525).2
From a partial-wave analysis of data using a K-matrix forma
suming spin 2.
Fit with constrained inelasticity.

VALUE (MeV) DOCUMENT ID TECN

1697+ 4 OUR AVERAGE Error includes scale factor of 1.4.
1713+10 ARMSTRONG 89D OMEG
17064 10 ARMSTRONG 89D OMEG

COMMENT

See the ideogram below.

300 pp ~ ppK+ K
300 pp ~ p p KS KS
J/g ~ pK+ K

J/g ~ PK+ K
J/g ~ pzr+ 7r

J/g —& pK+ K
etc. ~ ~ ~

407r C ~ KSKSX
J/g q~+ ~—~+ ~
PP —+ 7r 777) ~ 6P
pp —"

pp~+~ —~+~—
J/g ~ g 7r+ 7r, p K K
40 ~ p K~K~n
40~ p ~ KSKSn
J/g ~ @K+K

22 ~- p -- n2~S
200 7r N ~ 2K0SX

J/O' V 2n

J/Q ~ 7Ig27r

JIM
23 7r p — n2KS
e+e ~ pK+ K

lism with 5 poles, but as-
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f (1710)

WEIGHTED AVERAGE
1697+4 (Error scaled by 1.4) fg(1710}DECAY MODES

Mode

l1 KK
'rt g

I-, vr vr

"4 PP
ls

Fraction (I;/I )

seen

seen

seen

1660 1680 1700 1720 1740 1760

x'
RMSTRONG 89D OMEG 2.5
RMSTRONG 89D OMEG 0.8
UGUSTIN 88 DM2 0.9
ALVARD 88 DM2 3 3
UGUSTIN 87 DM2 0.0

BALTRUSAIT. .. 87 MRK3 2.6
1 0.1

(Confidence Level = 0.073)

1780

f~(1710) I (I)l (pp)/I (total)

I (K+K x I (7P)/I totaI
VA L UE (keV) CL% DOCUMENT ID TECN

(0.11 95 2 BEHREND 89C CELL
~ ~ ~ We do not use the following data for averages, fits, limits,

95 ALBRECHT 90G ARG
95 ALTHOFF 85B TASS

12 Assuming helicity 2.

COMMENT

KS KS0 0

etc. ~ ~ o

K+K
K K7r

f~(1710) mass (MeV)

fg(1710) WIDTH

COMMENT

See the ideogram below.

300 pp —+ ppK+ K
300 pp + ppKS KS0 0

J/Q ~ pK+ K

J/rP ~ @K+K
J/vp ~ p7r+ 7r

J/@ ~ pK+ K
etc. ~ ~ ~

40 z C KSKSX0 0

J/g pn+n n+n
PP ~ 7r 777) —+ 6P
pp

pp~+~ —~+~—
i/tI/ ~ p 7r+ 7r, p K K
40 n p K~ K~n

0 0

40 7r p ~ KSKSn
J/t/'/ ~ @K+K

22 7r p n2KS0

200 7r N ~ 2KSX0

~/e- »~
J/Q ~ 7)p27r

~/0 &2/

23 7r p n2KS0

e+e ~ pK+K

186 + 30 CHEN 91 MRK3
30 + 20 BOLONK IN 88 SPEC

350 + 150 BOLONKIN 88 SPEC
148 + 17 FALVARD 88 DM2

+ '4 LONGACRE 86 MPS15
57 + 38 WILLIAMS 84 MPSF

160 + 80 BLOOM 83 CBAL
520 + 110 EDWARDS 83B CBAL
200 2 100 BURKE 82 MRK2

+156.0 11 ETK IN 82B MPS9.0
156 + 60 FRANK LI N 82 MR K2

/From an analysis including interference with f2(1525}.
7 From a fit to the 0+ partial wave.

/From an analysis ignoring interference with f2(1525).
9 From a partial-wave analysis of data using a K-matrix form

suming spin 2.
Fit with constrained inelasticity.
From an amplitude analysis of the KS KS system.0 0

alism with 5 poles, but as-

WEIGHTED AVERAGE
175+9 (Error scaled by 1.7)

50 100 150 200

X'
ARMSTRONG 89D OMEG 0.0
ARMSTRONG 89D OMEG 5.6
AUGUSTIN 88 DM2 0.1

ALVARD 88 DM2 2 1

UGUSTIN 87 DM2 2.0
ALTRUSAIT. . . 87 MRK3 5.1

1 5.0
(Confidence Level = 0.011)

300 I250

f~(1710) width (MeV)

VA L UE (Me V) DOCUMENT ID TECN

17S + 9 OUR AVERAGE Error includes scale factor of 1.7
ARMSTRONG 89D OMEG
ARMSTRONG 89D OMEG

166.4 6 33.2 AU G U ST I N 88 D M2
6 FALVARD 88 DM2

AU G UST I N 87 D M2

BALT R USA IT ..87 M R K3
~ ~ o We do not use the following data for averages, fits, limits,

BALOSHIN 95 SPEC
7 BUGG 95 MRK3

ARMSTRONG 93C SPEC
200 to 300 BREAKSTONE93 SFM

fj(1710) BRANCHING RATIOS

I (KK)/I qotaI
DOCUMENT ID TECN COMMENT

o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

+0.09 LONGACRE 86 MPS 22 7r p ~ n2KS00 ~ 38 p' 19

r (ng) /rIotaI
VALUE

~ ~ ~ We do not use the

0, 18+0.03—0.13

I (IrIr) /I totaI
VALUE

~ ~ ~ We do not use the

p p39 +0.002—0.024

r(~~)/r(KÃ)
VALUE

0.3960.14

DOCUMENT ID TECN

following data for averages, fits, limits, etc. ~ ~ ~

13,14 LONGACRE 86 RVUE

DOCUMENT !D TECN

following data for averages, fits, limits, etc. ~ ~ ~

LONGACRE 86 RVUE

DOCUMENT ID TECN COMMENT

ARMSTRONG 91 OMEG 300 pp ~ pp7r7r,
ppKK

r2/r1

fg(1710} REFERENCES

BALOSHIN 95

BUGG 95
ARMSTRONG 93C
BREAKSTONE 93
ARMSTRONG 91
CHEN 91

SLAC- P U B-5669
PROKOSHK IN 91

ALBRECHT
ARMSTRONG
BEHREND
AUGUSTIN
BOLONKIN
FALVARD
AU G US TIN

BA LT R USA IT
LONGACRE
ALTHOFF
WILLIAMS
BLOOM
EDWARDS
BURKE
ETKIN
ET KIN

FRANKLIN

90G
89D
89C
88
88
88
87
87
86
85B
84
83
83B
82
82B
82C
82

PAN 58 46
Translated from YAF
PL B353 378
PL B307 394
ZPHY C58 251
ZPHY C51 351
Hadron 91 Conf.

(ITE P)+ Bolonkin, Vladimirskii+
58 50.

+Scott, Zoli+
+ Bettoni+
+Ca m panini+
+ Ben ayoun+

(LOQM, PNPI, WASH)
(FNAL, FERR, GENO, UCI, NWES 4-)

(IOWA, CERN, DORT, HEIDH, WARS)
(ATHU, BARI, BIRM, CERN, CDEF)

(Mark III Collab. )

SPD 36 155
Tra nsl a ted from
ZPHY C48 183
PL B227 186
ZPHY C43 91
PRL 60 2238
NP B309 426
PR D38 2706
ZPHY C36 369
PR D35 2077
PL B177 223
ZPHY C29 189
PR D30 877
ARNS 33 143
PRL 51 859
PRL 49 632
PR D25 1786
PR D25 2446
SLAC-254

(GAM2, GAM4 Collab. )
DANS 316 900.

+ Ehrlichrna nn, Harder+ (ARGUS Collab. )
+Benayoun (ATHU, BARI, BIRM, CERN, CDFF)

(CELLO Collab. )
+Calcaterra+ (DM2 Collab. )
+Bloshenko, Gorin+ (ITEP, SERP)

(CLER, FRAS, LALO, PADO)
(LALO, CLER, FRAS, PADO)

Baltrusaitis, Cof(man, Dubois+ (Mark III Collab. )
+Etkin+ (BNL, BRAN, CUNY, DUKE, NDAM)
+Braunschweig, Kirschfink+ (TASSO Collab. )
+Diamond+ (VAND, NDAM, TUFTS, ARIZ, FNAL-1-)

(SLAC, CIT)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)
+Trilling, Abrams, Alam, Blocker+ (LBL, SLAC)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)

(BNL, CUNY, TUFTS, VAND)
(SLAC)

OTHER RELATED PAPERS

BISELLO 89B
ASTON 88D
AKESSON 86
ARMSTRONG 868
BA LTR USA IT. .. 86 8
ALTHOFF 83
BARNETT 83B
ALTHOFF 82
BAR NES 82
BARNES 82B
TA N I M 0 TO 82

PR D39 701
NP B301 525
NP B264 154
PL 1678 133
PR D33 1222
PL 121B 216
PL 120B 455
ZPHY C16 13
PL B116 365
NP B198 360
PL 116B 198

(DM2 Collab. )
(SLAC, N AGO, C IN C, IN US)

+Albrow, Almehed+ (Axial Field Spec. Collab, )
+Bloodworth, Carney+ (ATHU, BARI, BIRM, CERN)

Baltrusaitis, Coffman, Hauser+ (Mark III Collab. )
+Brandelik, Boerner, Burkhardt+ (TASSO Collab. )
+Blockus, Burka, Chien, Christians
+Boerner, Burkhardt+ (TASSO Collab. )
+Close (RHEL)
+Close, Monaghan (RHEL, OXFTP)

(BIEL)

r(&&)/r(KR)
VALUE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

(0.02 90 15 PROKOSHKIN 91 GA24 300 n p —' & pnn I
From a partial-wave analysis of data using a K-matrix formalism with 5 poles, but as-
suming spin 2.

14 Fit with constrained inelasticity.

t15Combining results of GAM4 with those of ARMSTRONG 89D.
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X(1740),7I(1760), 7r(1800)

X(1740) I G(JPC) 0+(even + +)

X(1740) MASS

OMITTED FROM SUMMARY TABLE
Seen as a narrow state decaying to qg. f = 0+ or 2+, needsP +
confirm ation.

7r(1800)
was 7r(1770) and X(1830)

IG(JPC) = 1 (O +)
OMITTED FROM SUMMARY TABLE

Needs confirmation. See also minireview under non-qq candidates.
TECN COMMEN T

92D GAM2 38 7r p ~ @AN*

X(1740) WIDTH

VALUE (MeV) DOCUMENT ID

1744+ 15 1 ALDE

ALDE 92D combines all the GAMS-2000 data.
VA L UE ( Me V) EVTS

1795+10OUR ESTIMATE
~ ~ o We do not use the followi

or(1800) MASS

DOCUMENT ID TECN CHG COMM EN T

ng data for averages, fits, limits, etc. ~ ~ ~

TECN COMM EN T

92D GAM2 38 7r p ~ r]7IN*

X(1740}DECAY MODES

Mode

I1

I3 gg'

X(1740) BRANCHING RATIOS

VAL UE (Mev) CL% DOCUMENT ID

(80 90 ALDE

ALDE 92D combines all the GAMS-2000 data.

1840+ 10+10

1775+ 7+ 10

1790+14

1873+33+20

1814+10+23

17704 30
1 From a fit to /PC
2 From a fit to JPC

1200

426+
57

1100

=0 —+

AMELIN 96B VES

1 AMELIN 95B VES

BER DNI KOV 94 VES

BELADIDZE 92C VES

BITYUKOV 91 VES

BELLINI 82 SPEC

fp(980) 7r, fp(1370) 7r waves.

Kp(1430) K and fp(980) 7r waves.

or(1800) WIDTH

377r A ~
qq7r A

367r A ~
7r+ 7r 7r A

377r A ~
K+ K 7r A

367r Be~
7r

—~'~ Be
367r C ~

qqC
40 7r A —+ 37rA

r(nooro)/r(rig)
VAL UE CL% DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

TECN CH G COMMEN TVALUE(Mev) EVTS DOCUMENT ID

212+37 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

90 ALDE 92D GAM2 38 7r p ~ 7)qN*

I (rig')/I (|10)
VAL UE CL oy DOCUMENT ID TECN COMMENT

90 ALDE 92D GAM2 38 7r p ~ 7)qN*

X(1740}REFERENCES

ALDE
A Iso

92D PL B284 457 +Binon, Bricman+
91 SJNP 54 451 Aide, Binon, Bricman+

Translated from YAF 54 745.

(GA M2 Colla b, )
(GAM2 Collab. )

OTHER RELATED PAPERS

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

210 4 304 30

190+15+ 15

210+70

225 +35+ 20

1200

205 4 184 32 426+
57

310+50 1100

From a fit toi =0 +
From a fit to I =0 +

AMELIN 96B VES

3 AMELIN 95B VES

4 BERDNIKOV 94 VES

BELADIDZE 92C VES

BITYUKOV 91 VES

BELLINI 82 SPEC

fp(980) 7l, fp(1370) 7r waves.

Kp(1430) K and fp(980) 7r waves.

377r A ~
7) q 7r A

367r A ~
~+~—~ —

A
377r A ~

K+ K 7r A
367r Be ~

&'& Be
367r C ~

7)7IC
40 7r A ~ 37rA

ALDE 86C PL B182 105 +Binon, Bricman+ (SERP, BELG, LANL, LAPP)

Mode

or(1800) DECAY MODES

Fraction (C;/I )

(1760) I (JP ) = 0+(0 +)

rr(1760} MASS

VA L UE (Me V) EVTS

1760+11 320

Estimated by us from various fits.

DOCUMEN T ID

1 BISELLO

TECN COMM EN T

89B DM2 J/Q ~ 47rp

0(1760}WIDTH

VALUE (Mev) EVTS

60+16 320

Estimated by us from various fits.

DOCUMENT ID

BISELLO

TECN COMMENT

89B DM2 f/g ~ 47rp

$7(1760) REFERENCES

OMITTED FROM SUMMARY TABLE
Seen by DM2 in the p/7 system BISELLO 89B. Structure in

this region has been reported before in the same system BAL-
TRUSAITIS 86B and in the ~~ system BALTRUSAITIS 85C,
BISELLO 87. Needs confirmation.

r, ~+~-~-
fp(980) z
fp(1370) vr

r4
I s ap(980)q
r, f, (15oo)~-

q g'(958) z
I 8 K*(1430)K

r, K*(892)K-
I 1p p7r

seen

seen

seen

seen

seen

seen

seen

seen

not seen

not seen

I2/I3
VAL UE

1.7+1.3
DOCUMENT ID

A MELIN

TECN

95B VES

CHG COMMENT

367r A ~
~+~—~- A

( 0( ) or )/rtogai
VALUE DOCUMENT ID

BELLINI

TECN CHG COMMENT

82 SPEC — 40 7r A ~ 37r A

or(1800) BRANCHING RATIOS

I (fo(g80)or )/I (fo(13?0)x )

BISELLO 89B PR D39 701
BISELLO 87 PL B192 239
BALTRUSAIT. .. 86B PR D33 1222
BALTRUSAIT. . . 85C PRL 55 1723

Busetto+ (DM2 Collab. )
+Ajaltouni, Baldini+ (PADO, CLER, FRAS, LALO)

Baltrusaitis, Coffman, Hauser+ (Mark III Collab. )
Baltrusaitis+ (CIT, UCSC, ILL, SLAC, WASH)

r(gg~-)/r(w+ w- or
—

)
VALUE

0.5 +O.l
EVTS

1200

r(fp(1500) w )/I" (ap(980}g)

DOCUMENT ID

AMELIN

TECN CH G COMM EN T

96B VES — 37 7i A —+

qq7r
—

A

l 4/rg

r6/r5
TECN CH G COMM EN TEVTS DOCUMENT ID

1200 5 AMELIN

VALUE

0.08 +0.03 96B VES — 37 7r A —+

q777r A

Assuming that fp(1500) decays only to 7)q and ap(980) decays only to 7I7r.
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7r(1800), X(1775), f2(1810)

0.3 +0.1 426+
57

I (tlat'(958)w )/I (tltltr )
VAL UE EVTS

0.29+0.06 OUR AVERAGE

0.29 + 0.07

DOCUMENT ID TECN CHG COMMENT

36 7r Be ~
~—~I ~Be

367r C ~
7r 7I77C

BELADIDZE 92C VES

BITY U KOV 91 V ES

f, (1810) I GlgPC) 0+(2 + +)

f2(1810) MASS

OMITTED FROM SUMMARY TABLE
Needs confirmation.

I (K0'(1430)K )/I total
VAL UE DOC UM EN T ID TECN CH G COMM EN T

BER D N IKOV 94 V ES — 37 7r A ~
K+ K 7r A

r (K'(892) K-) /rt
VAL UE DOCUMENT ID TECN CH G COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits,

not seen BERDNIKOV 94 VES

I (p4r )/I (f0{980}4r )

etc. ~ ~ e

37~ A
K+ K 7r A

VAL UE CL% DOCUMENT ID TECN CHG COMMENT

(0.14 90 AMELIN 958 VES — 36 7r A ~
~+~—~—

A

"(p ) /rtotal
VAL UE

not seen

DOCUMENT ID

BELLINI

TECN CHG COMM EN T

82 SPEC — 40 7r A ~ 37rA

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

VALUE(MeV) EVTS DOCUMENT ID TECN COMMENT

1815+12 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

1800+30 40 ALDE 880 GAM4 300 ~ p m p4~
1806+10 1600 ALDE 87 GAM4 100 7r p —+ 47r n

1870+40 1 ALDE 86D GAM4 100 7r p ~ q7I n

1857 24 COSTA. .. 80 OMEG 10 7r p ~ K+ K n

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

1858 LONGACRE 86 RVUE Com pilation

1799+15 4 CASON 82 STRC 8 7r+ p ~ Q++7r

Seen in only one solution.
Error increased by spread of two solutions. Included in LONGACRE 86 global analysis.

3 From a partial-wave analysis of data using a K-matrix formalism with 5 poles. Includes
compilation of several other experiments.
From an amplitude analysis of the reaction 7r+7r ~ 27r . The resonance in the 27r
final state not confirmed by PROKOSHKIN 94.

WEIGHTED AVERAGE
1815+12 (Error scaled by 1.4)

tr(1800) REFERENCES

A MELIN
A MEL IN

BERDNIKOV
BELADIDZE

BITYU KOV
BELLINI

968 YAF 59 1021 +Berdnikov, Bityukov+
958 PL 8356 595 +Berdnikov, Bityukov+
94 PL 8337 219 +Bityukov+
92C SJNP 55 1535 +Bityukov, Borisov

Translated from YAF 55 2748.
91 PL 8268 137 +8orisov+
82 PRL 48 1697 +Fra bet ti, Ivanshin, Litkin+

OTHER RELATED PAPERS

(SERP, TBIL) IGJPC
(SERP, TBIL)
(SERP, TBIL)
(SERP, TBIL)

(SERP, TBIL)
(MILA, BGNA, JINR)

X(1775) (-I ) = 1 (' +)

OMITTED FROM SUMMARY TABLE

X(1775) MASS

BORISOV 92 SJNP 55 1441 +Gershtein, Zaitsev
Translated from YAF 55 2583,

(SERP)

ALDE
ALDE
ALDE

1700 1750 1800 1850 1900 1950

x'
88D GAM4 0.3
87 GAM4 0.8
86D GAM4 1.9
80 OMEG 3.1

6.0
(Confidence Level = 0.111)

2000

VAL UE (MeV)

1776+13 OUR AVERAGE

1763220

1787+ 18

VAL UE (MeV)

155+40 OUR AVERAGE
192+60

118+60

Mode

I 1 p7r

f3i1270)x

DOCUMENT ID TECN COMM EN T

CONDO

CONDO

X(1775) WIDTH

DOCUMENT ID TECN COM M EN T

CONDO

CONDO

91 SHF pp ~
(p~+) (~+ ~—~-)

91 SHF p p ~ n7r+7r+7r

X(1775) DECAY MODES

91 SHF pp ~
(pT+) (~+ ~- ~-)

91 SHF p p ~ n7r+7r+7r

f2(1810) mass (MeV)

f2(1810) WIDTH

VALUE(MeV) EVTS DOCUMENT ID TECN COMMENT

197+ 22 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below.

160+ 30 40 ALDE 880 GAM4 300 ~ p ~ p4~
190+ 20 1600 ALDE 87 GAM4 100 7r p ~ 47r n

250+ 30 ALDE 86D GAM4 100 7r p ~ 7I7I n

185 COSTA. .. 80 OMEG 10 7r p ~ K+ K n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

388 LONGACRE 86 RVUE Corn pilation

280+ 35
8 CASON 82 STRC 8 7r+ p ~ A++ 7r0~0

5Seen in only one solution.
Error increased by spread of two solutions. Included in LONGACRE 86 global analysis.

7 From a partial-wave analysis of data using a K-matrix formalism with 5 poles. Includes
compilation of several other experiments.
From an amplitude analysis of the reaction 7r+7r ~ 2' . The resonance in the 27r
final state not confirmed by PROKOSHKIN 94.

I (pn')/I (f2(1270)4r)

X(17'75) BRANCHING RATIOS

VAL UE

1.43+0.26 OUR AVERAGE
1.3 +0.3

1.8 +0.5

DOCUMEN T ID

CONDO

CONDO

TECN COMM EN T

91 SHF pp ~
(p~+) (~+ ~—~- )

91 SHF p p ~ n7r+7r+7r

CONDO 91 PR D43 2787

X(1775) REFERENCES

+Ha n dier+ (SLAC Hybrid Collab. )
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fz(1810), $3(1850),7/2(1870)

WEIGHTED A VERAGE
197+22 (Error scaled by 1.5) $3(1850) ( )=o( )

$3(1850}MASS

ALDE
ALDE
ALDE
COSTA

0 100 200 300
I

400

f2(1810) width (MeV)

f2(1810) DECAY MODES

x'
88D GAM4 1.5
87 GAM4 0 1

86D GAM4 3.1

80 OMEG 0 0
4.8

(Confidence Level = 0.189)
I

500

VALUE (MeV) EVTS

1854+ 7 OUR AVERAGE

1855+10

187o+30—20
1850+10

430

123

DOCUMENT ID TECN COMMENT

88E LASS 11 K p ~ K K+8,
Ko K+ 7r+ AS

ARMSTRONG 82 OMEG 18.5 K p ~ K K+ 8

ALHARRAN 81B HBC 8.25 K p —+ KK/l

Q(1850) WIDTH

TECN COMM EN TDOCUMENT ID

64+31

160 —50
80+4O—30

430

123

ASTON 88E LASS

ARMSTRONG 82 OMEG

11K p ~ K K+/t,
KO K+~+nS

18.5 K p ~ K K+A

ALHARRAN 81B HBC 8.25 K p — KKA

VA L UE

(MeV�)
EVTS

87 23 OUR AVERAGE Error includes scale factor of 1.2.

I1
I2
l3
C4

Mode

7l 7l

4~0
K+K

Fraction (I;/I )

seen

Mode

l1 KK
I 2 KK'(892}+ c.c.

Qp(1850} DECAY MODES

Fraction (I;/I )

seen

seen

r (~~)/r~n~si
VALUE DOCUMENT ID TECN COMM EN T

f2{1810}BRANCHING RATIOS

VAL UE DOCUMENT ID TECN COM MEN T

Q(1850) BRANCHING RATIOS

I (KK'(892)+ c.c.)/I (K+K

not seen

0 21+0.02
—0.03

0.44+ 0,03

PROKOSHKIN 94 GAM2

9 LONGACRE 86 RVUE

CASON 82 STRC

387r p ~ 7r 7r n

Com pila tion

+p ~++ o o

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~ O.55+0 8—0.45 ASTON 88E LASS 11 K p ~ K K+ A,
Ko K+7r+ AS

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0.8 +0.4 ALHARRAN 81B HBC 8 25 K p K K7r/l

r(nn)lrtotai
VALUE DOCUMENT ID TECN COMM EN T

+{1850)REFERENCES

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0 008+0.028—0.003

r («) /r (4~')

9 LONGACRE 86 RVUE Compilation

VALUE DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.75 ALDE 87 GAM4 100 7r p ~ 47r n

r (4~')/r(0~)
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.8+ 0,3 ALDE 87 GAM4 100 7r p ~ 47r n

r (K+ K-) /rtgtm,
VALUE DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.003 —0,002
9 LONGACRE 86 RVUE Compilation

seen COSTA. .. 80 OMEG 10 7r p ~ K+ K n

9 From a partial-wave analysis of data using a K-matrix formalism with 5 poles. Includes
compilation of several other experiments.
Included in LONGACRE 86 global analysis.

ASTON 88E PL 8208 324
ARMSTRONG 82 PL 110B 77
ALHARRAN 81B PL 101B 357

+Awaji, Biewz+ (SLAC, NAGO, CINC, INUS) IGJPC
+Baubillier+ (BARI, BIRM, CERN, MILA, CURIN+) JP
+Amirzadeh+ (BIRM, CERN, GLAS, MICH, CURIN)

OTHER RELATED PAPERS

CORDIER
ASTON

82B PL 110B 335
80B PL 92B 219

+Bisello, Bizot, Buon, Delcourt, Fayard+ (LALO)
(BONN, CERN, EPOL, GLAS, LANC, MCHS+)

2(1870) IG{lpcl = 0+(2 +}

OMITTED FROM SUMMARY TABLE
Needs confirmation.

rr2(1870) MASS

DOCUMENT IDVAL UE (MeV)

1881+32+40
EVTS

26

rI2(1870) WIDTH

TECN COMMENT

KARCH 92 CHAL e+ e —+

e+ e
—g~o~o

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1850+50 FEINDT 91 CELL ~p ~ 777r+ 7r

PROKOSHKIN

ALDE

ALDE
ALDE
LONGACRE
CASON
COSTA. ..

94 SPD 39 420
Tra n s I a ted from

88D SJNP 47 810
Translated from

87 PL B198 286
86D NP B269 485
86 PL B177 223
82 PRL 48 1316
80 NP B175 402

f2(1810) REFERENCES

(SERP)+Kondashov
DANS 336 613.

+Bellazzini, Binon+ (SERP, BELG, LANL, LAPP, PISA)
YAF 47 1273.

+Binon, Bricman+ (LANL, BRUX, SERP, LAPP)
+Binon, Bricman+ (BELG, LAPP, SERP, CERN, LANL)
+Etkin+ (BNL, BRAN, CUNY, DUKE, NDAM)
+Biswas, Baumbaugh, Bishop+ (NDAM, ANL)

Costa De Beauregard+ (BARI, BONN, CERN+)

VAL UE (MeV)

221+ 92+44
EVTS

rI2(1870) DECAY MODES

Mode

DOCUMENT ID TECN COMMENT

26 KARCH 92 CBAL e+ e
e+e

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

360 FEINDT 91 CELL pp —+ 7)7r+ 7r

AKER
CASON
ETK IN

OTHER RELATED PAPERS

91 PL B260 249
83 PR D28 1586
82B PR D25 1786

+Amsler, Peters+ (Crystal Barrel Collab. )
+Cannata, Baumbaugh, Bishop+ (NDAM, ANL)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)

C, 7) ~7r
a2(1320)7r

I 3 fo (980)7r—
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7/, (1870),X(1910),f, (1950)

KARCH
FEINDT

KARCH

92(1870}REFERENCES

92 ZPHY C54 33
91 Singapore Conf. 537

+Antreasyan, Bartels+

OTHER RELATED PAPERS

90 PL B249 353 +Antreasyan, Bartels+

(Crystal Ball Collab. )

(Crystal Ball Collab. )

r(H H~)/r(99')
VALUE C!.% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.066 90 BALOSHIN 86 SPEC 402r p KS S

I ('0 '0 )/ rtotai

x(191o) ? G(gPC) 0+(p'?+)

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

possibly seen BELADIDZE 92D VES 37 7r p r)'rI n

X(1910}MASS

VALUE (MeV)

1810 to 1920 OUR ESTIMATE
DOCUMENT ID

OMITTED FROM SUMMARY TABLE
We list here two different peaks with close masses and widths seen

in the mass distributions of ~~ and gri' final states. ALDE 91B
argues that they are of different nature. See also minireview under
no n- q q candidates.

BELADIDZE
BELADIDZE
ALDE

Also
ALDE
ALDE

Also

ALDE
BALOSHIN

92B ZPHY C54 367
92D ZPHY C57 13
91B SJNP 54 455

Translated from
92 PL B276 375
90 PL B241 600
89 PL B216 447
88E SJNP 48 1035

Translated from
89B PL 8216 451
86 SJNP 43 959

Translated from

X(1910) REFERENCES

+Bityukov, Borisov+ (VES Collab. )
+Berdnikov+ (VES Collab. )
+Binon+ (SERP, BELG, LANL, LAPP, PISA, KEK)

YAF 54 751.
Aide, Binon+ (BELG, SERP, KEK, LANL, LAPP)

+Binon+ (SERP, BELG, LANL, LAPP, PISA, KEK)
+Binon, Bricrnan, Donskov+ (SERP, BELG, LANL, LAPP)

Aide, Binon, Bricman+ (BELG, SERP, LANL, LAPP)
YAF 48 1724.

+Binon, Bricman+ (SERP, BELG, LANL, LAPP, TBIL)
+Barkov, Bolonkin, Vladimirskii, Grigoriev+ (ITEP)

YAF 43 1487.

X{1910)(our MODE
VAL UE (MeV}

1921+ 8 OUR AVERAGE
1920 + 10
1924+ 14

1 gPC 2++

DOCUMENT ID TECN COMMEN T

BELADIDZE 92B VES 36 2r p ~ u2~ n

ALDE 90 GAM2 38 7r p ~ u2cun

OTHER RELATED PAPERS

LEE 94 PL B323 227

f, (1950) IG(lPC} 0+(2++)

+Chung, Kirk+ (BNL, IND, KYUN, MASD, RICE}

X(1910)WIDTH

VALUE (MeV)

90 to 250 OUR ESTIMATE
DOCUMENT ID

X(1910)uu MODE
VA L UE (MeV)

90+19 OUR AVERAGE

90+20
91+50

2&PC

DOCUMENT ID TECN COMMENT

BELADIDZE 92B VES 36 2r p ~ u2u2n
2 ALDE 90 GAM2 38 2r p ~ u2cun

X(1910)00' MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

90+35 ALDE 91B GAM2 38 2r p ~ r)rI n

X(1910) DECAY MODES

X{1910)99' MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1911+ 10 ALDE 91B GAM2 38 2r p ~ qrI'n

OMITTED FROM SUMMARY TABLE
Needs confirmation.

r2(1950} MASS

VALUE (MeV)

1950+15
DOCUMEN T ID TECN

1 ASTON 91 LASS

CHG COM MEN T

1918+ 12

1996

Cannot determine spin to be 2.

ANTINORI 95 OMEG

HASAN 94 RVUE

300,450 pp
p p 2(2r+ 2r )

ipp ~ 2r2r

f2(1950) WIDTH

VAL UE (MeV)

250+50
TECN CHG COM MEN TDOCUMENT ID

2 ASTON 91 LASS 0 11 K p —~

A K K 2r 2r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ i
390 +60

~ 134
2 Cannot determine spin to be 2.

ANTINORI 95 OMEG 300,450 p p —~

p p2(2r+ 2r )
HASAN pp ~ 7c7r94 RVUE

0 11K p~
AK K7r2r

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

r,

r,
I5

Mode

K0s K0s

rtr/

gn'
77'0'

X{1910)BRANCHING RATIOS

f2(1950) DECAY MODES

Mode

I & K*(892)K*(892)
r,
I 3 7r+7r-7r+7r-

f2{1950) BRANCHING RATIOS

I (K' (892}K' {892))/I gaggf

r (w &) /rto'tRI
VALUE DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

VAL UE

seen

DOCUMENT ID

ASTON

TECN CHG COM MEN T

91 LASS 0 11 K p ~
/lK Kvr 2r

seen ALDE 89B GAM2 38 2r p ~ u2u2n f2(1950} REFERENCES

r (~o ~') /r (00')
VALUE DOCUMENT ID TECN COMM EN T

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ANTINORI
HASAN
ASTON

95 PL B353 589 +Barberis, Bayes+ (ATHU, BARI, BIRM, CERN, JINR) JP
94 PL B334 215 +Bugg (LOQM)
91 NP B21 5 (suppl) +Awaji+ (LASS Collab. )

&0, 1 ALDE 89 GAM2 387r p ~ q2)' n OTHER RELATED PAPERS

r (09)/r (09'}
VALUE CL% DOCUMENT ID TECN COMM EN T

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

B I EN Z 90 SLAC 369
ALBRECHT 88N PL 8212 528
ALBRECHT 87Q PL B198 255
ARMSTRONG 87C ZPHY C34 33

+
+Binder+
+Bloodworth+

(LASS Collab. )
(ARGUS Collab. )
(ARGUS Collab. )

(CERN, BIRM, BARI, ATHU, CURIN+)

&0.05 90 ALDE 91B GAM2 38 2r p ~ 2)27 n
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X(2000), f, (2010), a4(2040)

X(2000) eC) = 1 (&'+) f2(2010) I G(gPC) 0+(2++)

was a3(2050)

OMITTED FROM SUMMARY TABLE
BALTAY 77 favors f = 3+. Needs confirmation.P

X(2000) MASS

1964+35
2100

2214+ 15

2080 +40 208

BA LTAY 77 HBC 0

KALELKAR 75 HBC +

Cannot determine spin to be 3.

VALUE -(Mev) EVTS DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc.
1 ARMSTRONG 93D SPEC

ANTI POV 77 Cl BS

COMMENT

~ 0 ~

pp- 3~ - 6p
25 7r p —+

P7r P3
157r p ~

Z++ 3~
15 ~+p

P7I P3

See also the mini-review under non-qq candidates. (See the index
for the page number. )

f2(2010) MASS

VALUE (MeV) DOCUMENT ID TECN COMMENT

pj.i 76
+ 62 1 ETKIN 88 MPS 22 7r p ~ ppn

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1980+ 20 BOLONKIN 88 SPEC 40 7r p ~ K K nS S
2050 50 ETK IN 85 MPS 22 7r p ~ 2$n

2 120 LINDENBAUM 84 RVUE

2160+ 50 ETK IN 82 MPS 22 7r p ~ 2$n

Includes data of ETKIN 85. The percentage of the resonance going into @p 2+ + S2,
02, and 00 is 98, 0 0, and 2 1, respectively.

Statistically very weak, only 1.4 s.d.

VALUE (Mev) EVTS

~ ~ ~ We do not use the following

225+50 2

500 2

355+21

340 + 80 208

Cannot determine spin to be 3.

data for averages, fits, limits, etc.

ARMSTRONG 93D SPEC
ANTIPOV 77 CIBS

77 HBC 0BA LTAY

KALELKAR 75 H BC +

~ 0 ~

0pp-. S~ -6p
25 7r p —+

P7I P3
157r p~

n++ 3~
15 ~+ p

P7r P3

X(2000} DECAY MODES

X(2000) WIDTH

DOCUMEN T ID TECN CHG COMMENT
f2{2010}WIDTH

VALUE (MeV) DOCUMENT ID TECN

202 + 67 3 ETKIN 88 MPS

~ ~ ~ We do not use the following data for averages, fits, limits,

145+ 50 4 BOLONKIN 88 SPEC

200 + 160
50 ETK IN 85 MPS

300+ LINDENBAUM 84 RVUE

310+ 70 ETK IN 82 MPS

Includes data of ETKIN 85.
Statistically very weak, only 1.4 s.d.

etc. ~ ~ ~

407r p ~
22 7I p

KSKS'0 0

2$n

22 7r p ~ 2pn

COM MEN T

22 7r p ~ @@n

Mode

I 1 37r

I 2 /73( 1690)7r

I (p3(1690)x)/i (3x)

Fraction (I;if )

dominant

X{2000) BRANCHING RATIOS

Mode

f2(2010) DECAY MODES

Fraction (I;/I )

seen

f2(2010) REFERENCES

VAL UE

dominant

DOCUMENT ID

KALELKAR

X(2000) REFERENCES

TECN CH G COM MEN T

75 HBC + 15 7r+ p ~ p37r

BOLONKIN 88
ETKIN 88
ETK IN 85
LINDEN BAUM 84
ETKIN 82

Also 83

NP B309 426
PL B201 568
PL 165B 217
CNPP 13 285
PRL 49 1620
Brighton Conf.

+Bloshenko, Gorin+
+Foley, Lindenbaum+
+Foley, Longacre, Lindenbaum+

+Foley, Longacre, Lindenbaum+
351 Linde nba um

(ITEP, SERP)
(BNL, CUNY)
(BNL, CUNY)

(CUNY)
(BNL, CUNY)
(BNL, CUNY)

ARMSTRONG 93D PL B307 399
ANTIPOV 77 NP B119 45
BALTAY 77 PRL 39 591
KALELKAR 75 Thesis Nevis 207

OTHER RELATED PAPERS

+Bet toni+ (FNAL, FERR, GENO, UCI, NWES+)
+Busnello, Damgaard, Kienzle+ (SERP, GEVA)
+Cautis, Kalelkar (COLU) JP

(COL U)
ARMSTRONG 89B PL B221 221
GREEN 86 PRL 56 1639
BOOTH 84 NP B242 51

OTHER RELATED PAPERS

+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+)
-FLai+ (FNAL, ARIZ, FSU, NDAM, TUFTS, VAND+)
+Ballance, Carroll, Donald+ (LIVP, GLAS, CERN)

HARRIS
HUSON
DANYSZ

81 ZPHY C9 275
68 PL 28B 208
67B NC 51A 801

+Dunn, Lubatti, Moriyasu, Podolsky+ (SEAT, UCB)
+Lubatti, Six, Veillet+ (ORSAY, MILA, UCLA)
+French, Simak (CERN) a, (2040) I G(JPC) 1

—(4++)

OMITTED FROM SUMMARY TABLE
Needs confirmation.

a4(2040) MASS

TECN CHG COMMENTVALUE (Mev) DOCUMENT ID

2037+26 OUR AVERAGE

2040+30 CLELAND 82B SPEC

2030+50 CORDEN 78C OMEG 0
~ e ~ We do not use the following data for averages, fits, limits,

1903+10 3 BALDI 78 SPEC

From an amplitude analysis.
= 4+ is favored, though J = 2+ cannot be excluded.

From a fit to the Y moment. Limited by phase space.8

507rp ~ K0 K+pS
15 7r p ~ 37m

etc. ~ ~ ~

107r p~
pKO K
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a4(2040), f4(2050)

a4{2040}WIDTH

TECN CHG COMMENT

50np~ K0K+pS
15~ p ~ 37m

etc. ~ ~ a

107r p ~
pK0S K

4 From an amplitude analysis.

J = 4+ is favored, though 3 = 2+ cannot be excluded.
From a fit to the Y moment. Limited by phase space.8

a4(2040) DECAY MODES

Mode

I1 KK
f ~+~- &0

Fraction (I j/I )

seen

seen

a4(2040) BRANCHING RATIOS

VA L UE ( Me V)

427+120 OUR AVERAGE

380+ 150 4 CLELAND 828 SPEC

510+200 5 CORDEN 78C OMEG 0
~ a ~ We do not use the following data for averages, fits, limits,

166+ 43 BALDI 78 SPEC

WEIGHTED AVERAGE
2044+11 (Error scaled by 1.4)

LAD IDZ E 92B
DE 90
GUSTIN 87
LTRUSAIT. .. 87
DE 86D
ON 84B
SON 82
KIN 82B
EL 75
UM 75

VES
GAM2
DM2
MRK3
GAM4
GAM2
STRC
MPS
NICE
ASPK

f4 {2050) mass {MeV)

(Confidence Level
I

1850 1900 1950 2000 2050 2100 2150 2200

x'
6.0
0.7
0.0
8.0
0.5
1.4
1.0
0.2
0.6
0.1

18.6
= 0.029)

I (KK)/I
VAL UE

I (++w n'o)/I total
VAL UE

DOCUMENT ID

BALDI

DOCUMENT ID

CORDEN

TECN CHG COMMENT

78 SPEC + 10' p ~
K0SK p

TECN CHG COMMENT

78C OMEG 0 15 7r p ~ 3&n

aa(2040} REFERENCES

CLELAND
BALDI
CORDEN

828 NP 8208 228
78 PL 748 413
78C NP 8136 77

+Delfosse, Dorsaz, Gloor (DURH, GEVA, LAUS, PITT)
+Bohringer, Dorsaz, Hungerbuhler+ (GEVA) JP
+Dowell, Garvey+ (BIRM, RHEL, TELA, LOWC) JP

OTHER RELATED PAPERS

DELFOSSE 81 NP 8183 349 +Guisan, Martin, Muhlemann, Weill L (GEVA, LAUS)

f, (2050) I'(~") = o+(4++}

f4(2050) MASS

VALUE (Mev) EVTS

2044+11 OUR AVERAGE Error i

1970+30
2060 +20
2038+30
2086 k 15
2000 +60
2020 + 20 40IK

2015+ 28

2031+"—36
2020+30 700
2050 +25
~ ~ ~ We do not use the following

DOCUMENT ID TECN COMMENT

ncludes scale factor of 1.4. See the ideogram below.

BELADIDZE 928 VES 36 Tr p --~ ~~n
ALDE 90 GAM2 38 ~ p ~ ~~n
AUGUSTIN 87 DM2 J/g -~ per+ vc

BALTRUSAIT. .87 MRK3 J/Q ~ q vr+ vc

ALDE 86D GAM4 100 x p ~ n2q
BINON 848 GAM2 38 ~ p ~ n27r

2 CASON 82 STRC 8 7r+ p ~ D++ ~

ET KIN 828 MPS 23 w p ~ n2KS

APEL 75 NICE 40 ~ p ~ n2~0
BLUM 75 ASPK 18.4 w p -~ nK+ K

data for averages, fits, limits, etc. a a ~

+K n

n 27r

+K n

1978+ 5 3 ALPER 80 CNTR 62m p ~ K

2040 + 10 ROZANSKA 80 SPRK 18 ~ p —+ p p
19352 13 CORDEN 79 OMEG 12—15 Tr p ~
19882 7 EVANGELISTA 798 OMEG 10 ~ p ~ K
1922+ 14 ANTIPOV 77 CIBS 25 ~ p ~ p3

From a partial-wave analysis of the data.
From an amplitude analysis of the reaction ~+~ ~ 2'
l(J ) = 0(4+) from amplitude analysis assuming one-pion exchange.
Width errors enlarged by us to 4r /~N; see the note with the K*(892) mass.

fa(2050) DECAY MODES

Mode

I

~sr

I3 KK

l 4 TATI

I 5 4~0

Fraction (I;/I )

(26 +6 )%
(17.0 +1.5) %

( 6.8+1 8) x 10

( 2. 1 4 0.8) x 10
1.2

I (K+K x I (np)/I tag@

f, (2OSO} r{l}r(~n}/r(~otal)

VAL UE (kev) CL% DOCUMENT ID TECN COMMENT

a ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ a

&0.29 95 ALTHOFF 858 TASS q p -~ K Kw

r(~~) x r(qq)/r„„,

f4{2050) WIDTH

VAL UE (Mev) EVTS DOCUMENT ID TECN COMMENT

208+ 13 OUR AVERAGE Error includes scale factor of 1.2.
300 + 50 BELADIDZE 928 VES 36 7r p ~ w~ n

170+ 60 ALDE 90 GAM2 38 7r p ~ ~~n
304 + 60 AUGUSTIN 87 DM2 l/g —& -r zr I 7r

2106 63 BALTRUSAIT. .87 MRK3 J/g ~ p sr+ m

400 + 100 ALDE 86D GAM4 100 w p ~ n2q
240 + 40 40k 5 BINON 848 GAM2 38 7r p ~ n2~
190+ 14 DENNEY 83 LASS 10 ~+ n/~+ p

186+ o
58

6 CASON 82 STRC 8 7r+ p ~ A++ 7r 7r

305 —119 ET KIN 828 MPS 23 7r p — n2K&

700 APEL 75 NICE 40 ~ p ~ n27r0

225 BLUM 75 ASPK 18.4 7r p —~ n K+ K

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ a

243+ 16 7 ALPER 80 CNTR 62 Tr p —~ K+K n

140+ 15 ROZANSKA 80 SPRK 18 ~ p --~ p pn
263+ 57 CORDEN 79 OMEG 12—15 7r p ~ n2~
100 + 28 EVANGELISTA 798 OMEG 10 ~ p ~ K+ K n

107+ 56 ANTIPOV 77 CIBS 25 a p —~ p3a
5 From a partial-wave analysis of the data.

From an amplitude analysis of the reaction &+m —+ 2'
l(J ) = 0(4+) from amplitude analysis assuming one-pion exchange.

8Width errors enlarged by us to 4l /v N; see the note with the K*(892) mass.

VAL UE (kev) CL% EVTS

95 13 4
4

DOCUMENT ID

OEST

TECN COMMENT

90 JADE e+ e —~ e+ e 7r

fa(2050) BRANCHING RATIOS

I (~(u)/I (am)
VALUE

1.5 +0.3
DOCUMENT ID

ALDE

TECN COMMENT

90 GAM2 38 Tr p —~ ~t n
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f'(2050), ~,(2100), f (2150)

r(e e)/r«, g
VAL UE

0.170+0.015 OUR AVERAGE

0.18 +0.03
0.16 +0.03
0.17 +0.02

Assuming one pion exchange.

DOCUMENT ID

9 BINON
9 CASON
9 CORDEN

TECN COMMENT

83C GAM2 38 zr p ~ n4q
82 STRC 8 sr+ p ~ D++~
79 OMEG 12—15 w p ~ n27r

I (f (1270) )/I (3 )
VAL UE

0.3660.09

r ((~~),~)/r (3~)
VAL UE

OA5+0.07

DOCUMENT ID

5 DAUM

TECN COM MEN T

81B CNTR 63,94 vr p

DOC UMEN T ID TECN COMMENT

5 DAUM 81B CNTR 63,94 71 p

I (K+K/l (e.e)
VAL UE

+0.02—0.01

DOCUMENT ID

ET KIN

TECN COMM EN T

82B MPS 23 ~ p n2KS~

D-wave/S. weve RATIO FOR e2(2100) ~ fq(12?0}e.
VAL UE DOCUMENT ID TECN COMMENT

0.39+0.23 5 DAUM 81B CNTR 63,94 x p
5 From a two-resonance fit to four 2 0+ waves.

r (QQ)/r«~ai
VALUE (units 10 )

2.1+0.8

r (4~') /r«„,

DOCL(MENT ID

ALDE

TECN COMMENT

86D GAM4 100 n. p ~ n4p

I 4/I

AMELIN
DAUM

95B PL B356 595
81B NP B182 269

e2{2100) REFERENCES

+Berdnikov, Bityukov+ (SERP, TBIL)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)

VAL UE

(0.012
DOC UM EN T ID

ALDE

TECN COMM EN T

87 GAM4 100~ p ~ 4~ n f, (215O) (G(gPC) 0+(2+ +)

f4{2050) REFERENCES

BELADIDZE 92B
ALDE 90
OEST 90
ALDE 87
AUGUSTIN 87
BALTRUSAIT. . . 87
ALDE 86D
ALTHOFF 85B
BINON 84B
BINON 83C

DENNEY 83
CASON 82
ETKIN 82B
ALPER 80
ROZANSKA 80
CORDEN 79
EVANGELISTA 79B
ANTIPOV 77
APEL 75
BLUM 75

ZPHY C54 367
PL B241 600
ZPHY C47 343
PL B1g8 286
ZPHY C36 369
PR D35 2077
NP B269 485
ZPHY C29 189
LNC 39 41
SJNP 38 ?23
Translated from
PR D28 2726
PRL 48 1316
P R D25 1786
PL 94B 422
NP B162 505
NP B157 250
NP B154 381
NP B119 45
PL 57B 398
PL 57B 403

+Bityukov, Borisov+ (VES Collab, )
+Binon+ (SERP, BELG, LANL, LAPP, PISA, KEK)
+Olsson+ (JADE Collab. )
yBinon, Bricman+ (LANL, BRUX, SERP, LAPP)
+Cosme+ (LALO, CLER, FRAS, PADO)

Baltrusaitis, Coffman, Dubois+ (Mark III Collab, )
+Binon, Bricman+ (BELG, LAPP, SERP, CERN, LANL)
+Braunschweig, Kirschfink+ (TASSO Collab. }
+Donskov, Duteil, Gouanere+ (SERP, BELG, LAPP)
+Gouanere, Donskov, Duteil+ (SERP, BRUX+)

YAF 38 119g.
+Cranley, Firestone, Chapman+ (IOWA, MICH)
+Biswas, Baumbaugh, Bishop+ (NDAM, ANL)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)
+Becker+ (AMST, CERN, CRAC, MPIM, OXF+}
+Blum, Dietl, Grayer, Lorenz+ (MPIM, CERN)
+Dowell, Garvey+ (8IRM, RHEL, TELA, LOWC) JP
+ (BARI, BONN, CERN, DARE, GLAS, LIVP+)
+Busnello, Damgaard, Kienzle+ (SERP, GEVA)
+Augenstein+(KARLK, KARLE, PISA, SERP, WIEN, CERN) JP
+Chabaud, Dietl, Garelick, Grayer+ (CERN, MPIM) JP

OTHER RELATED PAPERS

CASON 83
GOTTESMAN 80
WAGNER 74

~, (2100) (( ) =' (2 +)

OMITTED FROM SUMMARY TABLE
Needs confirmation.

w2(2100} MASS

DOC UM EN T ID TECN COMM EN TVALUE (Mev)

2090+ 29 OUR AVERAGE

2090 + 30 1 AMELIN 95B VES 36 ~ A —~
~+~—~- A

81B CNTR 63,94 a p ~ 37rX2100+ 150 2 DAUM

From a fit to J = 2 + f2(1270)~, (w~)szr waves.
2 From a two-resonance fit to four 2 0+ waves.

e'2(2100) WIDTH

VAL UE (MeV) DOCUMENT ID TECN

625+ 50 OUR AVERAGE Error includes scale factor of 1.2.
520+ 100 3 AMELIN 95B VES

651 + 50 4 DAUM 81B CNTR

From a fit to J = 2 + f2(1270)~, (zr rr)svr waves.
4 From a two-resonance fit to four 2 0+ waves.

COMM EN T

36m A~
~+~—~ —

A
63,94 zr p -~ 3~X

PR D28 1586 +Ca nna ta, Ba um ba ugh, Bishop+ (NDAM, ANL)
PR D22 1503 +Jacobs+ (SYRA, BRAN, BNL, CINC)
London Conf. 2 27 (MPI M)

OMITTED FROM SUMMARY TABLE
This entry was previously called To.

r2(2150) MASS

pp ~ 1fÃ
VALUE (MeV) DOCUMENT ID TECN

~ e e We do not use the following data for averages, fits, limits,

2226 HASAN 94 RVUE
~ 2170 MARTIN 80B RVUE
~ 2150 1 MARTIN 80C RVUE

2150 2 DULUDE 78B OSPK

/(J ) = 0(2+) from simultaneous analysis of pp ~ zr ~+
/ (i ) = 0+(2+) from partial-wave amplitude analysis.

5-CHANNEL p p or N N
VA L UE (M eV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

2190 CUTTS 78B CNTR

COUPLAND 77 CNTR
ALSPECTOR 73 CNTR

2155 + 15
2193+ 2

Isospins 0 and 1 not separated.
"From a fit to the total elastic cross section.
5 Referred to as T or T region by ALSPECTOR 73.

COMMEN T

etc. ~ ~ ~

pp ~ xsam

1—2pp~
and ~0~0.

CHG COMM EN T

etc. ~ e e

0.97—3 pp ~
NN

0 07—24pp~ pp
pp S channel

gg MODE
VALUE(MeV)

~ e ~ We do not use the following

2175+20

21304 35
2104+20

DOCUMENT ID TECN COMMEN T

data for averages, fits, limits,

PROKOSHKIN 95D GAM4

SIN GOVSK I 94 GAM4

ARMSTRONG 93C SPEC

etc. e ~ ~

300 vr N ~ n' N2t),
450 pp ~ pp2z)

450 pp ~ pp2z)
pp~ x qq~ 6p

fp(2150) WIDTH

TECN COMM EN T

etc. ~ ~ ~

pp ~

1 2pp~ zr vr

and 7r 7r

pp ~
VAL UE (MeV) DOCUMENT ID

250 OUR ESTIMATE
~ ~ e We do not use the following data for averages, fits, limits,

~ 226 HASAN 94 RVUE
~ 250 MARTIN 80B RVUE
~ 250 6 MARTIN 80C RVUE

250 7 DULUDE 78B OSPK

l(J ) = 0(2+) from simultaneous analysis of pp ~ ~ 7r+

/ (l ) = 0+(2+} from partial-wave amplitude analysis.

Mode

I1
I2
I3
i4

3?I

/( ?r

f, (~270) ~
(~~)s

r(p~)/r(3~)
VALUE

0.19+0.05

e 2(2100) D ECAY MODES

Fraction (I;/I )

seen

seen

seen

seen

e2(2100) BRANCHING RATIOS

DOCUMENT (D TECN COMMENT

5 DAUM 81B CNTR 63,94 ~ p

130+-30
203+ 10

SINGOVSKI 94 GAM4

ARMSTRONG 93C SPEC

5-CHANNEL p p or N N
VALUE (MeV) DOCUMEN T ID TECN

e ~ ~ We do not use the following data for averages, fits, limits,

135 +75 8,9 COUPLAND 77 CNTR
98+ 8 9 ALSPECTOR 73 CNTR

From a fit to the total elastic cross section.
Isospins 0 and 1 not separated.

gg MODE
VAL UE (Mev) DOCUMENT (D TECN

~ e ~ We do not use the following data for averages, fits, limits,

150+35 PROKOSHKIN 95D GAM4

CHG COMM EN T

etC. ~ ~ ~

0 0.7—2.4 pp ~ pp
pp S channel

COMMENT

etC. ~ ~ ~

300m N ~ m N2q,
450 pp ~ pp2q

450 pp pp2n
pp~ x qq~ 6p
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fz(2150), p(2150), fo(2200)

Mode

r,
l2
I3 KK

I (KÃ)/I (qq)

f2(2150) DECAY MODES

f2(2150) BRANCHING RATIOS

p(2150) WIDTH

410+ 100

e+e ~ n+~, K+K,6x
VAL UE (MeV) DOCUMENT iD TECN CHG COMMENT
363+ 50 OUR AVERAGE Includes data from the datablock that follows this one.
389+ 79 BIAG IN l 91 RVUE e+ e

7r+ 7r —,
K+ K

7 CLEGG 90 RVUE 0 e+ e
3(7r+ 7r ),
2(~+ 7r

—
7ro)

VAL UE CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.1 95 P RDKOS HK IN 95D GA M4

Using data from ARMSTRONG 89D.

r(m n)/r(gn)
VAL UE CL% DOCUMENT /D TECN

~ ~ ~ We do not use the following data f'or averages, fits, limits,

&0.33 95 1 1 PROKOSHKIN 95D GAM4

Derived from a 7r 7r jq7) limit.

f2(2150) REFERENCES

COMMENT

etc. ~ ~ ~

3pp ~ N m N2q,
450 pp ~ pp277

COMM EN T

etc. ~ ~ ~

3pp ~ M ~ N2q,
450 pp pp2'9

pp ~ 7f'1t'

VALUE (Mev)

~ ~ ~ We do not use

296
244

~ 250
~ 200

S-CHANNEL N N
VAL UE (Mev)

~ ~ ~ We do not use

135+75
98+ 8
85

DOCUMENT /D TECN

the following data for averages, fits, limits,

HASAN 94 RVUE
HASAN 94 RVUE
MARTIN SOB RVUE

8 MARTIN SOC RVUE

DOCUMENT ID TECN

the following data for averages, fits, limits,

COUPLAND 77 CNTR
ALSPECTOR 73 CNTR

11 ABRAMS 70 CNTR

COMMENT

etc. ~ o ~

pp —+ 7r7r

pp

CHG COMMENT

etc. 0 ~ ~

0 0.7—2.4 pp ~ pp
pp S channel
S channel pN

PROKOSHKIN

HASAN
S I N 6OVS K I

ARMSTRONG
ARMSTRONG
MARTIN
MARTIN
CUTTS
DULUDE
COUPLAND
ALSPECTOR

FIELDS
YOH

95D SPD 40 495
Translated from

94 PL B334 215
94 NC 107 1911
93C PL B307 3g4
89D PL B227 186
80B NP B176 355
80C NP B169 216
78B PR D17 16
78B PL 79B 335
77 PL 71B 460
73 PRL 30 511

DANS 344 469.
+Bugg

+Bettoni+- (FNAL, FE
+Benayoun (ATHU, B

+Morgan
+Pennington
+Good, Grannis, Green, Leep
+Lanou, Massimo, Peaslee+
+Eisenhandler, Gibson, Astbury+
+Cohen, Cvijanovich+

OTHER RELATED PAPERS

71 PRL 27 1749 +Cooper, Rhines, Allison
71 PRL 26 922 +Barish, Caroll, Lobkowicz+

(SERP) IGJPC

(LOQM)
(SERP)

RR, GENO, UCI, NWES+)
ARI, BIRM, CERN, CDEF)

(LOUC, RHEL) JP
(DURH) JP

(STON, WISC)
(BROW, MIT, BARI) JP

(LOQM, RHEL)
(RUTG, UPNJ)

(ANL, OXF)
(CIT, BNL, ROCH)

p ~~On
VAL UE (Mev) DOCUMENT ID TECN COMMENT
The data in this block is included in the average printed for a previous datablock.

320+70 ALDE 95 GAM2 38 7r p ~ ~7r n

a ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 300 ALDE 92C GAM4 100 7r p -~ ~7ron

"Inclpdes ATKINSON 85.
l(J ) = 1(1 ) from simultaneous analysis of pp ~ 7r 7r+ and 7r

9 From a fit to the total elastic cross section.
Isospins 0 and 1 not separated.
Seen as bump in l = 1 state. See also COOPER 68. PEASLEE 75 confirm pp results
of ABRAMS 70, no narrow structure.

p(2150) REFERENCES

(2150) I G(l C) = 1+(1 )

OM ITTED FROM SUMMARY TABLE
This entry was previously called T1(2190).

p(2150) MASS

2110+50

e+e- ~ ~+~-, K+K-, e~
VALUE (Mev) DOCUMENT ID TECN CHG COMMENT

2149+17 OUR AVERAGE Includes data from the datablock that follows this one.

21536 37 BIAGINI 91 RVUE e+e-
7r+ ~—,
K+ K-

1 CLEGG 90 RVUE 0 e+ e
3(7r+ 7r ),
2(7r+ 7r 7ro)

ALDE
HASAN
ALDE
B I AG INI

CLEGG
AT K IN SON

MA RT IN

MARTIN
CUTTS
COUPLAND
PEASLEE
ALSPECTOR
ABRAMS
COOPER

95 ZPHY C66 379
94 PL B334 215
92C ZPHY C54 553
91 N C 104A 363
90 ZPHY C45 677
85 ZPHY C29 333
80B NP B176 355
80C NP B16g 216
78B PR D17 16
77 PL 71B 460
75 PL 57B 189
73 PRL 30 511
70 PR Dl 1917
68 PRL 20 1059

OTHER RELATED PAPERS

BRICMAN 69 PL 29B 451
ABRAMS 67C PRL 18 1209

+Ferro-Luzzi, Bizard+ (CERN, CAEN, SACL)
+-Cool, Giacomelli, Kycia, Leontic, Li+ (BNL)

f,(»oo) ) G(gPC) 0+(p + +)

+Binon, Bricman+ (GAMS Collab. ) JP
+Bugg (LOQM)
+Bencheikh, Binon+ (BELG, SERP, KEK, LANL, LAPP)
-I-Dubnicka+ (FRAS, PRAG)
+Donnachie (LANC, MCHS)
+ (BONN, CERN, GLAS, LANC, MCHS, IPNP+)
+Morgan (LOUC, RHEL) JP
+Pennington (DURH) JP
+Good, Grannis, Green, Lee+ (STON, WISC)
+Eisenhandler, Gibson, Astbury+ (LOQM, RHEL)
+Demarzo, Guerriero+ (CANB, BARI, BROW, MIT)
+Cohen, Cvijanovich+ (RUTG, UPNJ)
+Cool, Giacomelli, Kycia, Leontic, Li+ (BNL)
+Hyman, Manner, Musgrave+ (ANL)

pp ~ Ã7l
VALUE (Mev)

~ ~ e We do not use

2191
1988
2170
2100

DOCUMENT ID TECN

the following data for averages, fits, limits,

HASAN 94 RVUE
HASAN 94 RVUE

2 MARTIN SOB RVUE
2 MARTIN SOC RVUE

COMMEN T

etc. ~ ~ ~

PP —& 7I'7I

PP ~ 7I7I

OMITTED FROM SUMMARY TABLE
Seen at DCI in the Ks Ks system. Not seen in T radiative decays0 0

(BARU 89). Needs confirmation.

fp(2200) MASS

S-CHANNEL N N
VALUE(MeV)

~ e o We do not use

2190

2155+ 15
2193+ 2

2190+ 10

3 4 COUPLAND 77 CNTR
ALSPECTOR 73 CNTR

6 ABRAMS 70 CNTR

DOCUMENT /D TECN

the following data for averages, fits, limits,
3 CUTTS 78B CNTR

CHG COMM EN T

etc. ~ ~ e

0.97—3 pp -~
N IV

0 07 24pp pp
pp S channel
S channel p IV

VAL UE (MeV)

2197+17
~ ~ o We do not use the following

2122
2321

Cannot determine spin to be 0.

DOCUMENT /D TECN CHG COMMENT

AUGUSTIN 88 DM2 0 J + ~ KS KS
data for averages, fits, limits, etc, ~ ~ ~

HASAN 94 RVUE pp ~ 7r7r

HASAN 94 RVUE pp ~ 7r7I

fp(2200} WIDTH

2155+21 OUR AVERAGE

2140+30 ALDE
2170+30 ALDE

1 lnclpdes ATKINSON 85.
l(J ) = 1(1 ) from simultaneous analysis of pp ~
Isospins 0 and 1 not separated.

4 From a fit to the total elastic cross section.
Referred to as T or T region by ALSPECTOR 73.
Seen as bump in I = 1 state. See also COOPER 68.
of ABRAMS 70, no narrow structure.

95
92C

GAM2 38 7r p ~ ~7r n

GAM4 100 7r p ~ ~7r n

7r+ and 7r07ro.

PEASLEE 75 confirm pp results

p —+ um l7

VALUE (Mev) DOCUMENT ID TECN COMMEN T

The data in this block is included in the average printed for a previous datablock.

fp(2200} REFERENCES

HASAN 94 PL B334 215
BARU 89 ZPHY C42 505
AUGUSTIN 88 PRL 60 2238

+Bugg
+Beilin, Blinov, Blinov+
+Calcaterra+

VAL UE (Mev~ DOCUMENT /D TECN CHG

201+51 2 AUGUSTIN 88 DM2 0
~ ~ e We do not use the following data for averages, fits, limits, etc. ~

273 HASAN 94 RVUE
223 HASA N 94 RVUE

Cannot determine spin to be 0.

COMMEN T

KOS KS

pp ~ 7rzr

pp ~ 7r7r

(LOQM)
(NOVO)

(DM2 Collab. )



See key on page 199 Meson Particle Listings
fg(2220), 7/(2225), P3(2250)

fj(2220)
was ((2220)

IG(gPC) 0+(2++ or 4++)

OMITTED FROM SUMMARY TABLE
This state has been seen at SPEAR in the K K systems (K+ K
and KS KS) produced in the radiative decay of J/@(1S). Seen in

rlrl' (ALDE 86B), in KSKS (ASTON 88D), and in K+ K (AS-
TON 88F). Not seen in T' radiative decays (BARU 89) nor in B
inclusive decay (BEHRENDS 84). Not seen in pp ~ K+ K for-

mation experiment (BARDIN 87,SCULLl 87) and pp ~ KS KS
formation experiment (BARNES 93). Not seen at DCI in either
K+ K or KS KS systems (AUGUSTIN 88). Needs confirmation.

OTHER RELATED PAPERS

BARD IN

YAOUANC
GODFREY
SHATZ
WILLEY
EINSWEILER
HIT LIN

87
85
84
84
84
83
83

PL B195 292
ZPHY C28 309
PL 141B 439
PL 138B 209
PRL 52 585
Brighton Conf. 348
Cornell Conf, 746

+Burgun+ (SACL,
+Oliver, Pene, Raynal, Ono
+Kokoski, Isgur

FERR, CERN, PADO, TORI)
(ORSAY, TOKY)

(TNTO)
(CIT)

(PITT)
(Mark III Collab. )

(CIT)

g(2225) I G(JPC) = 0+(0 +)

ii(2225) MASS

OMITTED FROM SUMMARY TABLE
Seen in J/Q ~ ping. Needs confirmation.

VA L UE ( Me V)

38+ 15 OU R AVERAGE

6o+'o
57

80+ 30

26+ 20~17
16

18+ + 1015

EVTS

93

23

VALUE (MeV) EVTS

2225k 6 OUR AVERAGE

2209 + 10—15
2230+20
2220+ 10 41
2230+ 6+ 14 93
2232 + 7k 7 23

ALDE 86B uses data from

fr{2220} MASS

DOCUMENT JD TECN COMMENT

fg(2220) WIDTH

DOCUMENT ID TECN COMMENT

ASTON 88F LASS 11 K p ~ K+ K A

BOLONKIN 88 SPEC 40 7r p ~ KS KS n

BALTRUSAIT. .86D MRK3 e+ e ~ p K+ K

BALTRUSAIT. .86D MRK3 e+ e ~ p K KS S

ASTON 88F LASS 11 K p ~ K+ K 1I

BOLONKIN 88 SPEC 40 7r p KOS KOS n

1 ALDE 86B GA24 38—100 ~ p ~ nqq'
BALTRUSAIT. .86D MRK3 e+ e ~ p K+ K
BALTRUSAIT. .86D MRK3 e+ e — p K KS S

both the GAMS-2000 and GAMS-4000 detectors.

2214+20+ 13

~ 2220

it{2225}WIDTH

VALUE(MeV)

150 60+60

~ ~ ~ We do not

80

TECN COMMENT

90B MRK3 J/@ ~
pK+K K+ K

use the following data for averages, fits, limits, etc. ~ ~ ~

BISELLO 86B DM2 J/tt
pK+K K+ K

BAI
BISELLO

90B PRL 65 1309
86B PL B179 294

q(2225) REFERENCES

+Blaylock+
+Busetto, Castro, Limentani+

(Mark III Collab. )
(DM2 Collab. )

VALUE(Mev) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

2230 +25+ 15 BAI 90B MRK3 3/g ~
pK+K K+K

BAI 90B MRK3 J/@ ~
S L

K+K Ko KO

BISELLO 86B DM2 J/@ ~
pK+K K+K

Mode

fg(2220) DECAY MODES

Fraction (I;/I ) Confidence level p, (225O) IG(JPC) = 1+(3 )

Il

I3
I4

KK
PP

)' "/

iI q'(958)

(1 1 x 10 99.70/0

OMITTED FROM SUMMARY TABLE
Contains results only from formation experiments. For produc-
tion experiments see the NN(1100 —3600) entry. See also p(2150),
f2(2150), f4(2300), p5(2350).

I (KR) x I (pp)/I total

fi{2220) I (I)I (p7)/I {total)

VA L UE (keV) CL% DOCUMENT ID TECN

(0.086 95 2 ALBRECHT 90G ARG

~ ~ ~ We do not use the following data for averages, fits, limits,

(1.0 95 ALTHOFF 85B TASS

Assuming J = 2+.
True for f = 0+ and l = 2+.

COMM EN T

K+K
etc. ~ ~ ~

pp, KKx

fj(2220} BRANCHING RATIOS

r(~f )/rtotai
VALUE (units 10 )

~ ~ ~ We do not

(2.6
(3.6

Assuming I

fg(2220) REFERENCES

BAR NES 93
ALBRECHT 90G
BARU 89
ASTON 88D
ASTON 88F
AUGUSTIN 88
BOLONK IN 88
BARDIN 87
SCULLI 87
ALDE 86B
BALTRUSAIT. . . 86D
ALTHOFF 85B
BEHRENDS 84

PL B309 469
ZPHY C48 183
ZPHY C42 505
NP 8301 525
PL B215 199
PRL 60 2238
NP B309 426
PL B195 292
PRL 58 1715
PL B177 120
PRL 56 107
ZPHY C29 189
PL 137B 277

+Birien, Breunlich (PS185 Collab. )
+Ehrlichmann, Harder+ (ARGUS Collab. )
+Beilin, Blinov, Blinov+ (Novo)
+AwaJh Bienz+ (SLAC, NAGO, CINC, INUS)
+Awaji+ (SLAC, NAGO, CINC, INUS) JP
+Calcaterra+ (DM2 Collab. )
+Bloshenko, Gorin+ (ITEP, SERP)
+Burgun+ (SACL, FERR, CERN, PADO, TORI)
+Christenson, Kreiter, Nemethy, Yamin (NYU, BNL)
+Binon, Bricman+ (SERP, BELG, LANL, LAPP)

Baltrusaitis (CIT, UCSC, ILL, SLAC, WASH)
+Braunschweig, Kirschfink+ (TASSO Collab. )
+Chadwich, Chauveau, Gentile+ (CLEO Collab. )

CL% DOCUMENT JD TECN COMMENT

99 7 BARNES 93 SPEC 13157pp ~ K KS S
use the following data for averages, fits, limits, etc. ~ ~ ~

99.7 BARDIN 87 CNTR 1.3-1.5pp ~ K+ K

99.7 SCULLI 87 CNTR 1.29-1.55pp ~ K+ K

30-35 MeV, J = 2+ and B{fi(2220) ~ KK) = 10%.

Ps(2250) MASS

pp~ mmorKK
VAL UE (MeV) DOCUMENT ID TECN

o o ~ We do not use the following data for averages, fits, limits,

2232
~ 2007
~ 2250
~ 2300

2140

HASAN
HASAN

1 MARTIN
1 MARTIN
2 CARTER

94 RVUE
94 RVUE
80B RVUE
8OC RVUE
78B CNTR

~ 2150 CARTER 77 CNTR

l(J ) = 1(3 ) from simultaneous analysis of pp ~ vr sr+
2I = 0, l. JP = 3 from Barrelet-zero analysis.

l(J ) = l(3 ) from amplitude analysis.

CHG COMMENT

etc. o o e

pp —+ 7rvr

PP ~ 'Jr 7I

0 0.7—2.4 p p -~
K K+

0 0.7—2.4 pp ~
and mOmO.

S-CHANNEL N N
VALUE(MeV) DOCUMENT JD TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

~ 2190 4 CUTTS 78B CNTR

CHG COMMEN T

etc. ~ ~ ~

0.97—3 pp ~
NN

0 7-2 4 pp - P p
pp S channel
S channel pN

4i5 COUPLAND 77 CNTR
4i6 ALSPECTOR 73 CNTR

ABRAMS 70 CNTR

2155 + 15
2193+ 2
2190+10

Isospins 0 and 1 not separated.
5 From a fit to the total elastic cross section.

Referred to as T or T region by ALSPECTOR 73,
7Seen as bump in I = 1 state. See also COOPER 68. PEASLEE 75 confirm pp results

of ABRAMS 70, no narrow structure.
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3(2250), fz(2300), f4(2300)

pp -+ mm or KK
VALVE (MeV)

~ ~ o We do not use the

~ 220
287

~ 250
200
150

p3(22SO) WIDTH

DOCUMENT ID TECN

following data for averages, fits, limits,

HASAN 94 RVUE
H ASAN 94 RVU E
MARTIN 808 RVUE

8 MARTIN 80C RVUE
9 CARTER 788 CNTR

200 10 CARTER 77 CNTR

8/(J ) = 1{3 ) from simultaneous analysis of pp ~ 7r 7r+

/ = 0, 1. J = 3 from Barrelet-zero analysis.

/(J ) = 1(3 ) from amplitude analysis.

CH G COMM EN T

etc. ~ ~ ~

pp ~ 7r7r

pp & 7r7r

0 07—24pp~
K —K+

0 0.7—2.4 pp ~
and 7r 7r

COMMENT

0 ~

0.7—2.4 pp ~ pp
pp S channel
S channel p N

confirm pp results

p3(2250) REFERENCES

HASAN
MARTIN
MARTIN
CARTER
CUTTS
CARTER
COUP LAND
PEASLEE
ALSPECTOR
ABRAMS
COOPER

94 P L 8334 215
808 NP 8176 355
80C NP 8169 216
788 NP 8141 467
788 PR D17 16
77 PL 678 117
77 PL 718 460
75 PL 578 189
73 PRL 30 511
70 PR Dl 1917
68 PRL 20 1059

+Bugg
+Morgan
+Pennington

+Good, Grannis, Green, Lee+
+Coupland, Eisenhandler, Astbury+
+Eisenhandler, Gibson, Astbury+
+Demarzo, Guerriero+ (CAN 8,
+Cohen, Cvijanovich+
+Cool, Giacomelli, Kycia, Leontic, Li+
+ Hym an, Manner, Musgrave+

(LOQM)
(LOUC, RHEL) JP

(DURH) JP
(LOQM)

(STON, WISC)
(LOQM, RHEL) JP
(LOQM, RHEL)

BARI, BROW, MIT)
(RUTG, UPNJ)

(BNL)
(ANL)

OTHER RELATED PAPERS

MA RTIN
CARTER
CARTER
CARTER
MONTANET
ZEMANY
BERTANZA
BETTINI
DONNAC HIE
NIC HOLSON
F IELDS
YOH
ABRAMS

798 PL 868 93
78 NP 8132 176
778 PL 678 122
77C NP B127 202
77 Boston Conf. 260
?6 NP 8103 537
74 N C 23A 209
73 NC 15A 563
73 LNC 7 285
73 PR D7 2572
71 PRL 27 1749
71 PRL 26 922
67C PRL 18 1209

+ Pennington (DURH)
(LOQM) JP
(LOQM) JP

(LOQM, DARE, RHEL)
(CERN)

+MingMa, Mountz, Smith (MSU)
+Bigi, Casali, Lariccia+ (PISA, PADO, TORI)
+-Alston-Garnjost, Bigi+ (PADO, LBL, PISA, TORI)
+Thomas (MCHS)
+Delorme, Carroll+ {CIT, ROCH, BNL)
+Cooper, Rhines, Allison (ANL, OXF)
+Barish, Caroll, Lobkowicz+ {CIT, BNL, ROCH)
+Cool, Giacomelli, Kycia, Leontic, I i+ (BNL)

+Coup!and, Atkinson+

5-CHANNEL N N
VALUE (MeV) DOCUM EN T ID TECN CH G

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

135+75 11&12 COUPLAND 77 CNTR 0
98+ 8 12 ALSPECTOR 73 CNTR
85 ABRAMS 70 CNTR

From a fit to the total elastic cross section.
Isospins 0 and 1 not separated.
Seen as bump in / = 1 state. See also COOPER 68. PEASLEE 75
of ABRAMS 70, no narrow structure.

ETK IN 88
BOOTH 86
ETK IN 85
LINDENBAUM 84
ETK IN 82

A Iso 83

PL 8201 568
NP 8273 677
PL 1658 217
CNPP 13 285
PRL 49 1620
Brighton Conf.

fp(2300) REFERENCES

+Fol ey, tin de nba um+
+Carroll, Donald, Edwards+
+Foley, Longacre, Lindenbaum+

+Foley, Longacre, Lindenbaum+
351 Lindenba um

(BNL, CUNY)
(LIVP, GLAS, CERN)

(BNL, CUNY)
(CUNY)

(BNL, CUNY)
(BNL, CUNY)

OTHER RELATED PAPERS

ARMSTRONG 898 PL 8221 221
GREEN 86 PRL 56 1639
BOOTH 84 NP 8242 51

+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+)
+Lai+ (FNAL, ARIZ, FSU, NDAM, TUFTS, VAND+)
+Ballance, Carroll, Donald+ (LIVP, GLAS, CERN)

f,(23oo) I G(gPC) 0+(4 + +)

fg(2300) MASS

pp~ mmorKK
VAL UE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

2314 HASAN 94 RVUE
2300 1 MARTIN 808 RVUE
2300 1 MARTIN 80C RVUE
2340 2 CARTER 788 CNTR
2330 DULUDE 788 OSPK
231.0 CARTER 77 CNTR

/(J ) = 0(4+) from simultaneous analysis of pp ~ 7r 7r+
/(J ) = 0{4+) from Barrelet-zero analysis.
/( J ) = 0(4+ ) from a m plit u de a n a lysis.

5-CHANNEL pp or NN
VAL UE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

~ 2380 4 CUTTS 788 CNTR
2345+ 15 &5 COUPLAND 77 CNTR
2359 + 2 4,6 ALSPECTOR 73 CNTR
2375 + 10 ABRAMS 70 CNTR

Isospins 0 and 1 not separated.
5 From a fit to the total elastic cross section.

Referred to as U or U region by ALSPECTOR 73.

COMMENT

etc. e ~ ~

pp -~ 7r7r

0.7—2.4 pp ~ K K+
1—2pp~
0 7—2 4 p p ~ 7r 7r

and w07r0.

COMMENT

eic. ~ ~ 0

0.97—3 pp N N

o 7-2 4 pp p p
pp S channel
S channel N/V

f4(2300) WIDTH

OMITTED FROM SUMMARY TABLE
This entry was previously called U0(2350). Contains results only
from formation experiments. For production experiments see the
N N(1100—3600) entry. See also P(2150), f2(2150), P3(2250),
p5(2350).

f, (2300) /G(gPC) = 0+(2+ +)

See also the mini-review under non-qq candidates. (See the index
for the page number. )

f2(2300) MASS

2231 3:10
2220~ 90—20
2320 +40

Includes

02, and

BOOTH 86 OMEG 85 7r Be ~ 2@Be

LINDENBAUM 84 RVUE

ETKIN 82 MPS 22 7r p -~ 2pn

data of ETKIN 85. The percentage of the resonance going into pp 2++ S2,
D is 6, 25+, and 69+, respectively.

f2(2300) WIDTH

VAL UE (MeV) DOCUMENT ID TECN COMMENT

2297 628 ETKIN 88 MPS 22 7r p ~ P@n
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

p p ~ xn- or K K
VAL UE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, iimits,

278 HASAN 94 RVUE
200 7 MARTIN 80c RVUE
150 8 CARTER 788 CNTR
210 9 CARTER 77 CNTR

/(J ) = 0(4+) from simultaneous analysis of pp ~ 7r 7r+
/(J ) = 0(4+) from Barrelet-zero analysis.
/( J ) = 0(4+ ) from a m plitu de a na lysis.

5-CHANNEL pp or NN
VA L UE {MeV) DOCUMENT ID TECN

o ~ ~ We do not use the following data for averages, fits, limits,

135+ 150
65

10&11 COUPLAND 77 CNTR

165 8
11 ALSPECTOR 73 CNTR

190 ABRAMS 70 CNTR

From a fit to the total elastic cross section.
Isospins 0 and 1 not separated.

COMMENT

etc. e ~ ~

pp ~ 7r7r

0.7—2.4 pp ~ K K+
0.7—2.4 pp + 7r7r

and ~07r0.

COMMENT

etc. ~ ~ ~

07—24 pp pp

pp S channel

S channel /VN

133k 50
200 + 50
220 2 70

2 Includes data of ETKIN 85.

BOOTH 86 OMEG
LINDENBAUM 84 RVUE
ETK IN 82 M PS

f2(2300) DECAY MODES

VAL UE (MeV) DOCUMENT ID TECN

149+41 ETKIN 88 MPS
e ~ ~ We do not use the following data for averages, fits, limits,

COMMEN T

22 7r p -~ @pn
etc. ~ ~ e

85 7r Be -~ 2$Be

227r p ~ 2@n

HASAN
MARTIN
MARTIN
CARTER
CUTTS
DULUDE
CARTER
COUPLAND
ALSPECTOR
ABRAMS

f4(2300) REFERENCES

94 PL 8334 215
80B NP 8176 355
80C NP 8169 216
788 NP 8141 467
788 PR D17 16
788 PL 798 335
77 PL 678 117
77 PL 718 460
73 PRL 30 511
70 PR D1 1917

(LOQM)
(LOUC RHEL) JP

(DURH) JP
(LOQM)

(STON, WISC)
(BROW, MIT, BARI) JP

(LOQM, RHEL) JP
(LOQM, RHEL)
(RUTG, UPNJ)

(BNL)

~Bugg
+Morgan
+Pennington

+Good, Grannis, Green, Lee+
+Lanou, Massimo, Peaslee+-
+Coupland, Eisenhandler, Astbury+
+Eisenhandler, Gibson, Astbury+
+Cohen, Cvi)anov&ch+
+Cool, Giacomelli, Kycia, Leontic, Li+

OTHER RELATED PAPERS

Mode Fraction (I //I )

seen

FIELDS
YOH
BRIC MAN

71 PRL 27 1749 +Cooper Rhines Allison
71 PRL 26 922 +Barish, Caroll, Lobkowicz+-
69 PL 298 451 +Ferro-Luzzi, Bizard+

{ANL, OXF)
(CIT, BNL, ROCH)

(CERN, CAEN, SACL)
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f2(2340), ps(2350), a&(2450)

f (2340)
See also the mini-review under non-qq candidates. (See the index
for the page number. )

1l' p ~ 4P7I n
VAL UE (MeV)

400+ 100

pa(2350) WIDTH

DOCUMENT ID

ALDE

TECN COMMENT

95 GAM2 38 m p ~ ~m n

fa(2340) MASS

VAL UE (MeV) DOCUMENT ID TECN COMMENT

2339+55 ETKIN 88 MPS 22 7r p
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2392+ 10 BOOTH 86 OMEG 85 ~ Be ~ 2/Be
2360+20 LINDENBAUM 84 RVUE

Includes data of ETKIN 85. The percentage of the resonance going into p@ 2+ + S2,
D2, and D0 is 37 + 19, 4+ 4, and 59 19 respectively.

pp~ mmorKK
VA L UE (M eV)

~ ~ ~ We do not use the

169
250
300

~ 150

~ 210

DOCUMENT ID TECN CHG COM M EN T

etc. ~ ~ ~

pp ~ 7r7l

0.7—2.4 pp —+

K- K+
0.7—2.4 p p —+11CARTER 77 CNTR 0

following data for averages, fits, limits,

HASAN 94 RVUE
MARTIN 80B RVUE
MARTIN 80C RVUE
CARTER 78B CNTR

f2(2340} WIDTH

DOCUMENT ID TECN COMMENT

f2(2340) DECAY MODES

Mode Fraction (I liI )

seen

VAL UE (MeV)

319+ 69
2 ETKIN 88 MPS 22~ p ~ PPn

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

198+ 50 BOOTH 86 OMEG 85 x Be ~ 2@Be

150+ '50
50 LINDENBAUM 84 RVUE

Includes data of ETKIN 85.

5-CHANNEL NN
VALLIE (MeV) DOCUMEN T ID TECN CHG COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

135+ 65
3 COUPLAND 77 CNTR 0 0.7—2.4 p p ~ p p

165+
8 ALSPECTOR 73 CNTR p p S channel

60 14 OH 70B HDBC —0 p(pn), K* K2m
~ 140 ABRAMS 67C CNTR S channel pN

/(J ) = 1(5 ) from simultaneous analysis of pp ~ zr sr+ and &

l = 0(1); f == 5 from Barrelet-zero analysis.

/(J ) = 1(5 ) from amplitude analysis.
From a fit to the total elastic cross section.
Isospins 0 and 1 not separated.
No evidence for this bump seen in the pp data of CHAPMAN 71B. Narrow state not
confirmed by OH 73 with more data.

f2{2340}REFERENCES

ETK IN 88 P L B201 568
BOOTH 86 NP B273 677
ETKIN 85 PL 165B 217
LINDENBAUM 84 CNPP 13 285

+ Foley, Linde nba um+
+Carroll, Donald, Edwards+
+Foley, Longacre, Lindenbaum+

(BNL, CUNY)
(LIVP, GLAS, CERN)

(BNL, CUNY)
(CUNY)

OTHER RELATED PAPERS

ARMSTRONG 89B PL B221 221
GREEN 86 PRL 56 1639
BOOTH 84 NP B242 51

,(2350) /G{IPC) = 1+(5 }

+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+)
+Lai+ (FNAL, ARIZ, FSU, NDAM, TUFTS, VAND+)
+Ballance, Carroll, Donald+ (LIVP, GLAS, CERN)

ALDE
HASAN
MART IN

MARTIN
CARTER
CUTTS
CARTER
COUPLAND
ALSPECTOR
OH
CHAPMAN
ABRAMS
OH
ABRAMS

95 ZPHY C66 379
94 PL B334 215
80B NP B176 355
80C NP B169 216
78B NP B141 467
78B PR D17 16
77 PL 67B 117
77 PL 71B 460
73 PRL 30 511
73 NP B51 57
71B PR D4 1275
70 PR D1 1917
70B PRL 24 1257
67C PRL 18 1209

pa(2350) REFERENCES

+Binon, Bricman+
+Bugg
+Morgan
+ PennIngton

+Good, Grannis, Green, Lee+
+Coupland, Eisenhandler, Astbury+
+ Eisenhandler, Gibson, Astbury+
+Cohen, Cvijanovich+
+Eastman, MingMa, Parker, Smith+
+Green, Lys, Murphy, Ring+
+Cool, Giacomelli, Kycia, Leontic, Li+
yParker, Eastman, Smith, Sprafka, Ma
+Cool, Giacomelli, Kycia, Leontic, Li+

(GAMS Collab. ) JP
(LOQM)

(LOUC, RHEL) JP
(DURH) JP
(LOQM)

(STON, WISC)
(LOQM, RHEL) JP
(LOQM, RHEL)
(RUTG, UPNJ)

(MSU)
(MICH)

(BNL)
(MSU)
(BNL)

OMITTED FROM SUIVIMARY TABLE
This entry was previously called U1 (2400). See also the
NN(1100 —3600) and X(1900—3600) entries. See also p(2150),
f2(2150), p3(2250), f4(2300).

CASO
BRICMAN

70 LNC 3 707
69 PL 29B 451

OTHER RELATED PAPERS

+Conte, TomasIniy
+Ferro-Luzzi, Bizard+

(GENO, HAMB, MILA, SACL)
(CERN, CAEN, SACL)

pa(2350) MASS a5(2450) f'(i") = 1-(6 +)

x- p ~ ~~0n
VALUE (MeV)

2330+35

DOCUMENT ID

ALDE

TECN COMMEN T

95 GAM2 38 7r p — ur ~ n

OMITTED FROM SUMMARY TABI E
Needs confirmation.

a6(2450} MASS

pp~ xxorKK
VALUE (MeV)

~ ~ ~ We do not use the following

2303
2300
2250
2500

—2480 3 CARTER 77 CNTR

DOCUMENT ID TECN

data for averages, fits, limits,

HASAN 94 RVUE
MARTIN 80B RVUE
MARTIN 80C RVUE
CARTER 78B CNTR

CHG COMMEN T

etc. ~ ~ ~

pp ~ %7l

0 0.7—2.4 pp ~
K K+

0 07—24pp~

VALUE (MeV)

2450+ 130

From an amplitude analysis.

VALUE (MeV)

400+250

DOCUMENT ID TECN CHG COMMENT

1 CLELAND 82B SPEC + 50 ~ p ~ K K+ pS

a6{2450) WIDTH

DOCUMENT ID TECN CHG COMMENT

CLELAND 82B SPEC + 50 ~ p —~ K K+ pS
S-CHANNEL N N
VAL UE (Me V) DOCUMEN T ID TECN CHG COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

2380 "CUTTS 78B CNTR 097—3 pp ~
NN

2345 + 15 4 5 COUPLAND 77 CNTR 0 0.7—2.4 pp ~ pp
2359k 2 4 ALSPECTOR 73 CNTR pp S channel
2350+ 10 ABRAMS 70 CNTR S channel N N

2360+25 OH 70B HDBC —0 p(pn), K* K2~

/(i ) = 1(5 ) from simultaneous analysis of pp ~ vr ~+ and zr vr

/ = 0(l); i = 5 from Barrelet-zero analysis.
/(J ) = 1(5 ) from amplitude analysis.

"Isospins 0 and 1 not separated.
From a fit to the total elastic cross section.
Referred to as U or U region by ALSPECTOR 73.

7For l = 1 NN.
No evidence for this bump seen in the p p data of CHAPMAN 71B. Narrow state not
confirmed by OH 73 with more data.

From a n am plitude a na lysis.

aa(2450) DECAY MODES

Mode

I1 KK

a6{2450) REFERENCES

CLELAND 82B NP B208 228 +Delfosse, Dorsaz, Gloor (DURH, GEVA, LAUS, PITT)
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f (2510), X(3250)

t5(2510) I G(gPC) 0+(5+ +) X(3250) (i ) = ' (' )

OMITTED FROM SUMMARY TABLE
Needs confirmation.

fg(2510} MASS

OMITTED FROM SUMMARY TABLE
Narrow peak observed in several final states with hidden strangeness

(n p K+, n p K+ x, K p p K ). Needs confirmation. See also
under non-qq candidates. (See the index for the page number. )

VALUE (Mev)

2510+30

DOCUMENT ID

Bl NON

TECN COMMEN T

84B GAM2 38 2r p ~ n27r
X(3250) MASS

VALUE (Mev)

240 660

fg(2510) WIDTH

DOCUMENT ID

BI NON

TECN COMMEN T

84B GAM2 23 2r p ~ n27r

fg(2510) DECAY MODES

3-BODY DECAYS
VALUE (Mev)

~ ~ ~ We do not use the following

3250 +86 20
3265+ 7 4 20

Supersedes KEKELIDZE 90.

DOCUMEN T ID TECN COM MENT

etc. ~ ~ ~

X(3250) n p K+
X(3250) ~ A p K

data for averages, fits, limits,

1 ALEEV 93 BIS2
1 ALEEV 93 BIS2

Mode

r (~~)/r~o~ai

Fraction (I i/I )

(6.0+ 1.0) %

fg(2510) BRANCHING RATIOS

4-BODY DECAYS
VAL UE (Mev)

~ ~ ~ We do not use the following

3245 +8+ 20
3250+ 96 20
3270 + 8 + 20

DOCUMENT ID TECN COMMENT

etc. ~ ~ ~

x(325o)
X(3250) ~
x(325o)

data for averages, fits, limits,

1 ALEEV 93 BIS2
1 ALEEV 93 BIS2
1 ALEEV 93 BIS2

npK+~+
npK —~+
KO ppK+5

VAL UE DOCUMENT ID TECN COMMENT

0.06 +0.01 BINON 83C GAM2 38 vr p ~ n4p

Assuming one pion exchange and using data of BOLOTOV 74.
3-BODY DECAYS

X(3250}WIDTH

BINON
BINON

BOLOTOV

fg(2510) REFERENCES

84B LNC 39 41 pDonskov, Duteil, Gouanere+
83C SJNP 38 723 +Gouanere, Donskov, Duteil+

Translated from YAF 38 1199.
74 PL 52B 489 +Isakov, Kakauridze, Khaustov+

(SERP, BELG, LAPP) JP
(SERP, BRUX+)

(SERP)

VALUE(Mev)

~ ~ ~ We do not use the following

45*18
40+18

Su per sedes K E K EL I DZ E 90.

4-BODY DECAYS

DOCUMEN T ID TECN COM MEN T

etc. ~ ~ ~

x(325o) - npK+
x(325o) - npK-

data for averages, fits, limits,

2 ALEEV 93 BIS2
A LE EV 93 Bl S2

VAL UE (Mev)

~ ~ ~ We do not use the following

25+ 11
50+ 20
25+ 11

DOCUMEN T ID TECN COM MEN T

etc. e ~ ~

X(3250) ~
X(3250) ~
X(3250) ~

data for averages, fits, limits,

A LEEV 93 BIS2
ALEEV 93 BIS2

2 ALEEV 93 BIS2

A pK+ sr+

npK
Ko ppKS

X(3250} DECAY MODES

Mode

I 1 AP K+
I 2 APK+x+
I 3 K PPK+

X(3250) REFERENCES

ALEEV

KEKELIDZE

93 PAN 56 1358 +Ba landin+
Translated from YAF 56 100.

90 Hadron 89 Conf. p 551+Aleev+

(BIS-2 Collab. )

(BIS-2 Collab. )
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e+e (1100—2200), NN(1100 —3600)

OTHER LIGHT UNFLAVORED
MESONS I',S = C = B = 0', I

e+ e ( 1100-2200) (~ ) = ' (1 )

OMITTED FROM SUMMARY TABLE
This entry contains unflavored vector mesons coupled to e+ e
(photon) between the P and J/g(l S) m ass regions. See also
~(1420), p(1450), ~(1600), P(1680), and p(1700).

NN(1100 —3600)

NN(1100-3600) MASSES AND WIDTHS

We do not use the following data for averages, fits, limits etc.

VAL UE (MeV)

1100 to 360Q OUR LIMIT
DOCUMENT ID

OMITTED FROM SUMMARY TABLE
This entry contains various high mass, unflavored structures cou-
pied to the baryon-antibaryon system, as well as quasi-nuclear bound
states below threshold.

VAL UE (MeV}

1100 to 2200 OUR LIMIT
DOCUMENT ID

e+e (1100-2200) MASSES AND WIDTHS

We do not use the following data for averages, fits, limits, etc.

VALUE (MeV)

1107+4

111+8+15

DOCUMENT ID

DAFTARI

DAFTARI

TECN CHG

87 DBC 0

87 DBC 0

COMMEN T

0. pn~
p ~+ 7r

0. pn~
p ~++

VAL UE (MeV)

1097 0+ 16,0—19.0
0+ 24, 0—20.0

DOCUMENT ID TECN COMM EN T

BARTALUCCI 79 OSPK 7 pp ~ e+ e p

BARTALUCCI 79 OSPK 7 pp ~ e+e p

VALUE(MeV)

1266.0 + 5.0
110.0 + 35.0

DOCUMEN T ID TECN CHG COMMEN T

BARTALUCCI 79 DASP 0 7 pp ~ e+ e p
BARTALUCCI 79 DASP 0 7 pp ~ e+ e p

VAL UE (MeV)

1830.0
120.0

DOCUMEN T ID TECN COMMEN T

PETERSON 78 SPEC pp ~ K+ K p
PETERSON 78 SPEC p p ~ K+ K p

VAL UE (MeV)

1820
30

DOCUMEAIT /D

SP I NETTI
1 SPINETTI

TECN COMM EN T

79 RVUE e+ e ~ 4~+ 2p
79 RVUE e+ e ~ 4~+ 2y

VAL UE (MeV) DOCUMENT /D TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1870+ 10 ANTONELLI 96 SPEC e+ e ~ hadrons

10+ 5 ANTONELLI 96 SPEC e+ e ~ hadrons

VALUE (MeV)

1167 +7
1191.0+ 9.9
1210 6 5.0

VALUE (MeV)

1325 4 5
1329.2 k 7.6

VALUE(MeV)

1390.9+6,3
1395

VALUE{MeV)

~ 1410
100

VAL UE (MeV)

1468+ 6

88+18

DOCUMENT ID

2 CHIBA
2 CHIBA

RICHTER

DOCUMENT /D

2 CHIBA
2 CHIBA

DOCUMENT ID

2 CHIBA
2 4 5 6 PAVLOPO. ..

DOCUMENT ID

8ETTIN I

BETTINI

DOCUMENT ID

7 BRIDGES

7 BRIDGES

TECN CHG

91 CNTR
87 CNTR 0
83 CNTR 0

COMM EN T

pd ~ pX
0. pp~ pX
Stopped p

TECN CHG COMMENT

87 CNTR 0 0. pp ~ pX
78 CNTR Stopped p

TECN CH G COMM EN T

66 DBC 0 0. pN ~ 5~
66 DBC 0 0. pN ~ 5'

CHG COMMEN TTECN

868 DBC 0. pN —+

2~—~+ ~0
0. pN~

0
868 DBC 0

TECN CHG COMM EN T

91 CNTR pd ~ pX
87 CNTR 0 0. pp ~ gX

VAL UE (MeV) DOCUMEN T ID TECh/ COMM EN T

~ 2130 2 ESPOSITO 78 FRAM e+ e ~ K*(892)+ ...
30 ESPOS I TO 78 F RA M e+ e ~ K*(892)+...

1Integrated cross section of BACCI 77, BARBIELLINI 77, ESPOSITO 77.
2 Not seen by DELCOURT 79.

VAL UE (MeV)

1512 6 7
1523.8+ 3.6
1522 + 7

59 +12

DOCUMENT ID

2 CHIBA
2 CHIBA
7 BRIDGES

7 BRIDGES

TECN

91 CNTR
87 CNTR
868 DBC

868 DBC 0

CHG COMM EN T

pd —+ pX
0. pp~ gX
0. pN ~

2~ —~+
0. pN ~

2~ —~+

ANTONELLI
BARTALUCCI
DELCOURT
SP INETTI
ESPOS I TO
PETERSON
BACCI
BA R 8 I EL L I N I

ESPOSITO

96
79
79
79
78
78
77
77
77

e+e (1100-2200) REFERENCES

PL 8365 427
NC 49A 207
PL 868 395
Batavia Conf. 506
LNC 22 305
PR D18 3955
PL 688 393
PL 688 397
PL 688 389

OTHER RELATED PAPERS

+Baldini, Bertani+ (FENICE Collab. )
+Basini, Bertolucci+ (DESY, FRAS)
+Derado, Bertrand, Bisello, Bizot, Buon+ {LALO)

(FRAS)
+Felicetti (FRAS, NAPL, PADO, ROMA)
+Dixon, Ehrlich, Galik, Larson (CORN, HARV)
+DeZorzi, Penso, Stella, Ba Idini+ (ROMA, FRAS)
+Barletta+ (FRAS, NAPL, PISA, SANI)
+Felicetti, Ma rini+ (FRAS, NAPL, PADO, ROMA)

VALUE (MeV)

1577.8+ 3.4
1594 + 9

81 +12

VALUE (MeV)

1633.6+4. 1

1637.1+5 6—7.3

DOCUMENT ID

2 CHIBA
7 BRIDGES

7 BRIDGES

DOCUMENT ID

2 CHIBA

ADIELS

TECN

87 CNTR
868 DBC

868 DBC

TECN

87 CNTR

84 CNTR

CHG COMIVIEN T

0. pp -~ pX

pHe

CHG COMME/V T

0. pp ~ pX
0. pN ~

0
0. pN ~

0

BACCI
BACCI

76 PL 648 356
75 PL 588 481

+Bidoli, Penso, Stella, Baldini+
+Bidoli, Penso, Stella+

(ROMA, FRAS}
(ROMA, FRAS)

VALUE(MeV)

1638+3.0

VALUE (MeV)

1644 0+—7.3

VALUE(MeV)

1646

VALUE (MeV)

1687.1 —4.3
1684

VALUE (MeV)

1693+2
1694+2.0

DOCUMENT ID

"5 RICHTER

DOCUMENT ID

A DIE LS

DOCUMENT ID

2 4 5 6 PAVLOPO. ..

DOCUMENT ID

AD IELS
2 4 5 6 pAVLopo. ..

DOCUMENT ID

2 CHIBA
2 3 4 5 RICHTER

TECN CH G COMM EN T

83 CNTR 0 Stopped p

TECIV COMMEN T

84 CNTR p He

TECN COM MEN T

78 CNTR Stopped p

TECN COM MEN T

84 CNTR p He

78 CNTR Stopped p

TECN CHG COMM EN T

91 CNTR pd~ pX
83 CNTR 0 Stopped p

VALUE (MeV)

1713.0 4 2, 6

VALUE(MeV)

1731.0+ 1.5

DOCUMENT /D

2 CHIBA

DOCUMENT ID

2 CHIBA

TECN CH G COMM EN T

87 CNTR 0 0. pp ~ pX

TECN CHG COMMEAI T

87 CNTR 0 0. pp ~ pX
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N N(1100—3600)

VALUE (MeV)

1771+ 1.0
DOCUMENT ID

2&4,5&8 RICHTER 83
TECN

CNTR

CHG COMMEN T

0 Stopped p

VAL UE (MeV)

2090+20
1706 50

DOCUMENT ID TECN COMMENT

26 KREYMER 80 STRC 13 w d ~ nppa p
26 KREYMER 80 STRC 13 ~ d ~ n p p7r p

VALUE (MeV)

1856.6+5
20 +5

DOCUMENT ID

BRIDGES
BR IDG ES

TECN

86o SPEC
86o SPEC

CHG COMMEN T

0 0. pd~ ~~N
0 0. pd ~ ~7rN

VAL UE (MeV)

~ 2110
330

DOCUMENT ID TECN COMMENT

EVANGELISTA 79 OMEG 10,16 x p ~ pp
EVANGELISTA 79 OMEG 10,16 ~ p ~ pp

VALUE (MeV)

1873+2.5
5

VALUE(MeV)

1897+17
110+82

1897+ 1

VALUE (MeV)

1920
190

VALUE(MeV)

1937.3+ 0.7
3.0

1930 + 2
12 4 7

1940 + 1

6.0
1949 + 10

80 +20
1939 + 2

22 + 6
1935.5 + 1.0

2.8+ 1.4
1939 + 3

4.0
1935.9+ 1.0

88+ 43
3.2

1942 + 5
57,5E 5

1934 4+ 1.4
+11

4
1932 i 2

+ 4
3

1968
35

1940 + 8
49 + 9

EVTS

DOCUMENT ID

BRIDGES
BR IDG ES

TECN

86o SPEC
86o SPEC

CHG COMMEN T

0 0. pd~ ~+N
0 0. pd ~ avrN

DOCUMENT ID TECN

9 ABASHIAN 76 STRC
9 ABASHIAN 76 STRC

KALOGERO. .. 75 DBC

KALOGERO. .. 75 DBC

COMMEN T

8~ p~ p3x
8a p~ p3~
p n annihilation near

threshold
pn annihilation near

threshold

DOCUMENT ID

EVA N G E L I STA 79
EVA NGELISTA 79

DOCUMENT ID TECN CHG COMMEN T

11 FRANKLIN

FRANK LIN
12 ASTON

ASTON
DAUM

DAUM
13 DEFOIX

DEFOIX
14 HAMILTON
14 HAMILTON

SAKAMOTO
SAKAMOTO
BRUCKNER
BRUCKNER

15 CHALOUPKA

CHALOUPKA

7 D'ANDLAU
18 D'ANDLAU

19 KALOGERO. ..

20 KALOGERO. ..
'5 CARROLL

16 CARROLL

21 BENVENUTI
BENVENUTI
CLINE
CLINE

87 SPEC

87 SPEC
80o OMEG
80O OMEG
80E CNTR
80E CNTR
80 HBC
80 HBC
80B CNTR
80B CNTR
79 HBC
79 HBC
77 SPEC
77 SPEC
76 HBC

76

75
75

75

HBC

HBC
HBC

DBC

75 DBC

71
71
70
70

CNTR

HBC
HBC
HBC
HBC

0.586 p p

0.586 p p
PPX

~p- pPX
» pp PPX
93 pp - PPX
pp ~ 5'
pp ~ 5'lr

S channel pp
S channel pp
0.37—0.73 p p
0.37—0.73 pp
0.4—0.85 pp
0.4—0.85 p p
p p total, elastic

0 p p total, elastic

0 0.175—0.750 pp
0 0.175—0.750 p p

p N annihilation

p M annihilation

S channel pp ~
G

S channel pp ~
d

0.1—0.8 pp
0.1—0.8 p p
0.25—0.74 p p
0.25M. 74 p p

TECN COMM EN T

OMEG 10,16 ~ p ~ pp
OMEG 10,16 ~ p —i p p

VAL UE (MeV)

2110+ 10
190+ 10

VAL UE (MeV)

2141
14

VAL LIE (MeV)

2180 + 10
270+ 10

VALUE(MeV)

2207 4 13
62+52

VAL UE (MeV)

2210+—21
203

VAL UE (MeV)

2231.9 +0.1
0.59+0.25

~ 2229.2
1.8

Su persedes CA R BON EL L 93.

VALUE (MeV)

~ 2260
440

VAL UE (MeV)

2307 + 6

245+ 20

VALUE(MeV')

2380 + 10
380+20

VALUE (MeV)

2450 + 10
280+ 20

DOCUMENT ID TECN COMMENT

ROZANSKA 80 SPRK 18 ~ p -~ ppn
ROZANSKA 80 SPRK 18 ~ p ~ p p n

DOCUMENT ID

DONALD
29 DONALD

TECN CHG COMMENT

73 HBC 0 p p S channel
73 HBC 0 pp S channel

DOCUMEN T ID TECN COMMEN T

ROZANSKA 80 SPRK 18 7r p -~ p p n

ROZANSKA 80 SPRK 18 ~ p ~ ppn

DOCUMENT ID

31 ALLES-. ..
31 ALLES-. ..

TECN CHG COMMEN T

67B HBC 0 57 pp
67B HBC 0 5.7 pp

DOCUMENT ID

1 BARNES
1 BARNES

CAR BONELL
CARBONELL

TECN COM MEN T

94 SPEC 0 46 pp ~ AA

94 SPEC 0 46 pp ~ AA

93 RVUE pp ~ AA

93 RVUE pp ~ AA

DOCUMENT ID TECN COMMENT

EVANGELISTA 79 OMEG 10,16 vr p ~ pp
EVANGELISTA 79 OMEG 10,16 ~ p ~ pp

DOCUMENT ID

ALPER

ALPER

TECN CHG

80 CNTR 0

80 CNTR 0

COM MEN T

62vr p ~
K+K n

627r p ~
K+K n

DOCUMEN T ID TECN COM MEN T

ROZANSKA 80 SPRK 18 vr p ~ ppn
ROZANSKA 80 SPRK 18 vr p ~ pp n

DOCUMENT ID TECN COMMENT

ROZANSKA 80 SPRK 18 ~ p ~ p p n
4 ROZANSKA 80 SPRK 18 + p ~ ppn

DOCUMENT ID TECN COMMENT

EVANGELISTA 79B OfVIEG 10 ~ p ~ K+ K n

EVANGELISTA 79B OMEG 10 w p —& K+ K n

VALUE (MeV)

1949+ 10
80+ 20

VAL UE (MeV)

2011+ 7

25+'—25
2025

30
2020 + 3

24+ 12

VAL UE (MeV)

2022+ 6
14+ 13

VAL UE (MeV)

2023 4 5
27+12

VAL UE (MeV}

2026 2 5
20+ 11

DOC UM EN T ID

2 DE FOIX
D EFOIX

80
80

DOCUMENT ID

FERRER

GIBBARD
GIB BARD

BENKHEIRI
BENKHEIRI

93

93

79
79
77
77

DOCUMENT ID

24 AZOOZ
24 AZOOZ

83
83

DOCUMENT ID

4 AZOOZ
4 AZOOZ

83
83

DOCUMENT ID

BODENKAMP 83
BODENKAIVIP 83

TECN

HBC
HBC

CHG COMMENT

0 0.0—1.2 pp ~ 5~
0 0.0—1.2 pp ~ 5+

COMM EN T

p ~ ppp7r

p —& ppp&

e p~
e p~

p ~
7I p~

e ppp
e ppp
Ppp lr

PPP Ir

TECN

HYBR
HYBR

TECN

SPEC
SPEC

CHG COMMEN T

~p- Ppp
~p

TECN

HYBR
HYBR

CHG COMMENT

4 pp ~ pn3~
4 pp ~ pn37r

CHG COMMENT

+ 6 pp ~ pn37r
+ 6pp~ pn3&

VALUE (MeV)

2480 +30

210+25

VALUE (MeV)

~ 2500

150

VALUE(MeV)

2710+20
170+40

VALUE (MeV)

2850 +5
39

VALUE(MeV)

3370+ 10
150+ 40

DOCUMENT ID

35 CARTER

35 CARTER

TECN CHG COMIVlEN T

77 CNTR 0

77 CNTR 0

0.7—2.4 pp ~
0.7—2.4 p p &

DOCUMENT ID

36 CARTER

36 CARTER

DOCUMENT ID

TECN CHG COMMENT

78B CNTR 0

78B CNTR 0

0.7—2.4 pp ~
K K+

07—24 pp ~
K K+

TECN COMM EN T

ROZANSKA 80 SPRK 18 7r p ~ p p n

ROZANSKA 80 SPRK 18 ~ p ~ ppn

DOCUMENT ID

37 BRAUN
37 BRAUN

TECN CHG COMMEN T

76 DBC — 5.5 pd —~ /V N7I

76 DBC — 55 pd ~ NN7r

DOCUMENT ID TECN CHG COMMENT

ALEXANDER 72 HBC 0 6.94 pp
38 ALEXANDER 72 HBC 0 6.94 p p

VAL UE (MeV)

2080+ 10

110+20

DOCUMENT ID

25 KREYMER 80

25 KREYMER 80

TECN

STRC

STRC

CHG

0

COMM EN T

137r d ~
p p n(n)

13~:d-
PP n(n)
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NN(1100 —3600), X(1900—3600)

VALUE (MeV)

3600+20
140+20

Not seen by GRAF 91.
Not seen by CHIBA 88, ANGELOPOULOS 86, ADIELS 86.

4 They looked for radiative transitions to bound p p states, mono-energetic p rays detected.
5 Observed widths consistent with experimental resolution.
6 Not seen by ADIELS 86.
7 From analysis of difference of vr and sr+ spectra.
8 Not seen by CHIBA 88, ANGELOPOULOS 86.
9 Produced backwards.

l(J ) = 1(1 ) from a mass dependent partial-wave analysis taking solution A.
From reanalysis of data from JASTRZEMBSKI 81.
Not seen by BUSENITZ 89.
From energy dependence of 5~ cross section. i = 1 from observation of ~ p decay.
P = + and J )1. a2(1320) sr ~ also seen.

/ = 0 favored, J = 0 or 1, seen in total p p total cross section. Primarily from annihilation
reactions. Not seen in pd total and annihilation cross sections.

15 Narrow bump seen in total pp, pd cross sections. Isospin uncertain. Not seen in

p p charge exchange by ALSTON-GARNJOST 75, CHALOUPKA 76. Integrated cross
section three times larger than BRUCKNER 77.

6 Narrow bump seen in total p p, p d cross sections. Isospin uncertain. Not seen in

pp charge exchange by ALSTON-GARNJOST 75, CHALOUPKA 76. Integrated cross
section three times larger than BRUCKNER 77. Not seen by CLOUGH 84.
From energy dependence of far backward elastic scattering. Some indication of additional
structure.
From energy dependence of far backward elastic scattering. Some indication of additional
structure.
Not seen by ALBERI 79 with comparable statistics.

0 Not seen by ALBERI 79 with comparable statistics.
Seen as a bump in the pp —~ K K cross section with J = 1S L

lsospin 1 favored.
Not seen by AJALTOUNI 82, ARMSTRONG 79.

24 Not seen by BIONTA 80, CARROLL 80, HAMILTON 80, BANKS 81, CHUNG 81,
BARNETT 83.
Neutron spectator. See also nppzr (p) channel following.

6 Proton spectator. See also p p n (n) channel above.

l(J ) = 1(3 ) from a mass dependent partial-wave analysis taking solution A.

l(J ) = 1(3 ) from amplitude analysis assuming one-pion exchange.
Seen in final state ~~+ ~
/(J ) = 0(2+) from amplitude analysis assuming one-pion exchange.
ALLES-BORELLI 678 see neutral mode only ~+ ~
l(J ) = 0(4+) from a mass dependent partial-wave analysis taking solution A.

l(J ) = 0(4 I ) from amplitude analysis assuming one-pion exchange.

/(J ) = 1(5 ) from amplitude analysis assuming one-pion exchange.

l(J ) = 1(5 ) from amplitude analysis of pp ~
l=0, 1 J = 5 from Barrelet-zero analysis.

7 Decays to N N and N N~. Not seen by BARNETT 83.
Decays to 4~+ 4~

ARMSTRONG 79
EVANGELISTA 79
EVANGELISTA 798
Gl BBARD 79
SAKA MOTO 79
CARTER 788
PAV LOP 0... 78
BENKHEIRI 77
BRUCKNER 7/
CARTER 77
A BASH IAN 76
8RAUN 76
CHALOUPKA 76
ALSTON-. . . 75
D'ANDLAU 75
KALOGERO. .. 75
CARROLL 74
DONALD 73
ALEXANDER 72
BENVENUTI 71
CLINE 70
ALLES-. .. 678
BETT IN I 66

PL 885 304
NP 8153 253
NP 8154 381
PRL 42 1593
NP 8158 410
NP 8141 467
PL 728 415
PL 688 483
PL 678 222
PL 678 117
PR D13 5
PL 608 481
PL 618 487
PRL 35 1685
PL 588 223
PRL 34 1047
PRL 32 247
NP 861 333
NP 845 29
PRL 27 283
Preprint
NC 50A 776
NC 42A 695

+Baccari, Belletti, Booth+ (DESY, GLAS)
(BARI, BONN, CERN, DARE, GLAS, LIVP+}

+ (BARI, BONN, CERN, DARE, GLAS, LIVP+)
+Ahrens, Berkelman, Cassel, Day, Harding+ (CORN)
+Hashimoto, Sai, Yamamoto+ (INUS}

(LOQM)
Pavlopoulos+(KARLK, KARLE, BASL, CERN, STOH, STRB)
+Boucrot+ (CERN, CDEF, EPOL, LALO)
+Granz, Ingham, Kilian+ (MPIH, HEIDP, CERN)
+Coupland, Eisenhandler, Astbury+ (LOQM, RHEL) JP
+Watson, Gelfand, Buttram+ (ILL, ANL, CHIC, ISU)
+Brick, Fridman, Gerber, Juillot, Maurer+ (STRB)

(CERN, LIVP, MONS, PADO, ROMA, TRST)
Alston-Garnjost, Kenney, Pollard, Ross, Tripp+(LBL, MTHO)
+Cohen-Ganouna, Laloum, Lutz, Petri (CDEF, PISA)

Kalogeropoulos, Tzanakos (SYRA)
+Chiang, Kycia, Li, Mazur, Michael+ (BNL)
+Edwards, Gibbins, Briand, Duboc+ (LIVP, PARIS)
+Bar-Nir, Benary, Dagan+ (TELA)
+Cline, Rutz, Reeder, Scherer (W IS C)
+English, Reeder (WI SC)

Alles-Borelli, French, Frisk+ (CERN, BONN) G
+Cresti, Limentani, Bertanza, Bigi+ (PADO, PISA)

OTHER RELATED PAPERS

TANIMORI 90
LIU 87
ARMSTRONG 86C
8R I DG ES 86
BRIDGES 86C
DOVER 86
ANGELOPO. .. 85
BODENKAMP 85
AZOOZ 84

PR D41 744
PRL 58 2288
PL 8175 383
PRL 56 211
PRL 57 1534
PRL 57 1207
PL 1598 210
NP 8255 717
NP 8244 277

+ Ishimoto+ (KEK, INUS, KYOT, TOHOK, HIRO)
+Kiu, Li (STON)
+-Chu, Clement, Elinonp (BNL, HOUS, PENN, RICE)
+Brown-F (BLSU, BNL, CASE, COLU, UMD, SYRA)
+Daftari, Kalogeropoulos+ (SYRA) JP
+ (BNL) JP

Angelopoulos+ (ATHU, UCI, UNM, PENN, TEMP)
+Fries, Behrend, Hesse+ (KARLK, KARLE, DESY)
+Butterworth (LOIC, RHEL, SACL, SLAC, TOHOK+)

X(1900—3600)
OMITTED FROM SUMMARY TABLE
THE X (1900—3600} REGION

X(1900-3600}MASSES AND WIDTHS

We do not use the following data for averages, fits, limits, etc.

VALUE (MeV)

1900 to 3600 OUR LIMIT
DOCUMENT ID

This high-mass region is covered nearly continuously with

evidence for peaks of various widths and decay modes. As

no satisfactory grouping into particles is yet possible, we list

together in order of increasing mass all the Y = 0 bumps above

1900 MeV that are coupled neither to NX nor to e+e

BARNES
CARBONELL
FERRER
C HI BA
GRAF
BUSENITZ
C HIBA
C HI BA
DAFTARI
FRANKLIN
A DIE LS
ANGELOPO. . .
BRIDGES
BRIDGES
A DIE LS
CLOUGH
AZOOZ
BAR NETT
BODENKAMP
RICHTER
A JALTOUNI
BANKS
CHUNG
JASTRZEM. . .
ALPER
ASTON
8 ION TA
CARROLL
DAUM
DEFOIX
HA MILTON
HA MILTON
KREYMER
ROZANSKA
ALBERI

NIV(1100-3600) REFERENCES

94 PL 8331 203
93 PL 8306 407
93 NP A558 191c
91 P R D44 1933
91 P R D44 1945
89 PR D40 1

88 PL 8202 447
87 PR D36 3321
87 PRL 58 859
87 PL 8184 81
86 P L 8182 405
86 PL 8178 441
868 PRL 56 215
86D PL 8180 313
84 PL 1388 235
84 PL 1468 299
83 PL 1228 471
83 PR D27 493
83 PL 1338 275
83 PL 1268 284
82 NP 8209 301
81 P L 1008 191
81 PRL 46 395
81 PR D23 2784
80 PL 948 422
80D PL 938 517
80 PRL 44 909
80 PRL 44 1572
80E PL 908 475
80 NP 8162 12
80 PRL 44 1179
808 PRL 44 1182
80 PR D22 36
80 NP 8162 505
79 PL 838 247

-I- Birien+ (PS185 Collab. )
-i- Protasov, Dalkarov (ISNG, LEBD)
+Grigonian (WA56 Collab. )
+ Fujita ni+ (FUKI, KEK, SANG, OSAK, TMU)
+Fero, Gee+(UCI, PENN, NMSU, KARLK, KARLE, ATHU)
yOlszewski, Callahan+ (ILL, FNAL)
+Doi (FUKI, INUS, KEK, SANG, OSAK, TMU)
+ Doi+ (FUKI, INUS, KEK, SANG, OSAK, TMU)
+Gray, Kalogeropoulos, Roy (SYRA)

+Backenstoss+ (STOH, BASL, LASL, THES, CERN)
Angelopoulos+(ATHU, UCI, KARLK, KARLE, NMSU, PENN)
+Daftari, Kalogeropoulos, Debbe+ (SYRA, CASE)
+Brown, Daftari+ (SYRA, BNL, CASE, UMD, COLU)
+ (BASL, KARLK, KARLE, STOH, STRB, THES)
gBeard, Bugg+ (SURR, LOQM, ANIK, TRST, GEVA)
-FButterworth (LOIC, RHEL, SACL, SLAC, TOHOK+)
+Blockus, Burka, Chien, Christian+ (JHU)
-I-Fries, Behrend, Fenner+ (KARLK, KARLE, DESY)
+Adiels (BASL, KARLK, KARLE, STOH, STRB, THES)
+Bachman+ (+, CERN, NEUC+)
+ Booth, Campbell, Armstrong+ (LIVP, CERN)
& Bensingery (BNL, BRAN, CINC, FSU, MASD)

Jastrzembski, Mandelkern+ (TEMP, UCI, UNM)
+Becker+ (AMST, CERN, CRAC, MPIM, OXF+)

(BONN, CERN, EPOL, GLAS, LANC, MCHS, ORSAY+)
+Carroll, Edelstein+ (BNL, CMU, FNAL, MASD)
+Chiang, Johnson, Cester, Webb+ (BNL, PRIN)
yHertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)
+ Dobrzynski, Angelini, Bigi+ (C DEF, PISA)
yPun, Tripp, Lazarus+ (LBL, BNL, MTHO)
~Pun, Tripp, Lazarusp (LBL, BNL, MTHO)
+Baggett, Fieguth+ (IND, PURD, SLAC, VAND)
+Blum, Dietl, Grayer, Lorenz+ (MPIM, CERN)
+Alvear, Castelli, Poropat+ (TRST, CERN, IFRJ)

VALUE (MeV)

1870+40
250 +30

VALVE (MeV)

1898+18

108+4'—27

VALUE(MeV}

1900+ 40

216+ 105

VALVE(MeV)

1929+14
22+ 2

VAL UE (MeV)

1970+ 10

40+ 20

VALUE (MeV)

19734 15

80

EVTS

100

100

EVTS

100

100

EVTS

30

30

DOCUMENT ID

'ALDE
1 ALDE

TECN CHG COMMEN T

86D GAM4 0 100 vr p ~ 2r/X

86D GAM4 0 100 ~ p ~ 2r/X

DOCUMENT ID TECN CHG

BOESEBECK 68 HBC +

BOESEBECK 68 HBC +

COMM EN T

8�~+-
p~+�~

8~+p
~+ ~0x

DOCUMENT ID

2 FOCACCI
FOCACCI

TECN CHG COMMEN T

66 MMS
66 MMS

3—12 7r p
3—12 zr p

TECIV CHG COMMEIV T

CHLIAPNIK. .. 80 HBC 0 32 K+ p —~

2K0S 2' X

CHLIAPNIK. .. 80 HBC 0 32 K+ p ~
S2~X

DOCUMENT ID TECN CHG COM MEN T

CASO

CASO

70 HBC

70 HBC

11.2 7r p —+

p 2 7r

11.2a p~
p2%

DOCUMENT ID TECN CHG COMMENT

THOMPSON 74 HBC + 13 m+ p ~ 2pX

THOMPSON 74 HBC + 13 x+ p ~ 2pX

VAL UE (MeV)

2070
160

EVTS

50
50

DOC UM EN T ID

TAKAHASHI
TAKAHASHI

TECN COM MEN T

72 HBC 87r p ~ N2~
72 HBC 8m p ~ N27r
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X(1900—3600)

VAL UE (MeV)

2104

2103+50
187+ 75

2100+40
250+40

EVTS

586
586

DOCLIMENT ID

BUGG

3 BISELLO
3 BISELLO
4ALDE
4 ALDE

TECN CHG

95 MRK3

89B DM2
89B DM2

86D GAM4 0
86D GAM4 0

COMMENT

I
p~+~ 7r+ ~—

J/Q ~ 47rg

J/Q ~ 47ry
100 7r p ~ 2qX
100 7r p ~ 27?X

VALUE (MeV)

2800+20
46+ 10

VALUE(MeV)

2820+ 10
50+ 10

EVTS

640
640

DOCUMENT ID

BAUD

BAUD

EVTS DOCUMENT ID

15 7 SABAU
15 7 SABAU

TECN CHG COMMENT

69 MMS — 8—10 7r
—

p
69 MMS — 8—10 7r p

TECN CH G COMM EN T

71 HBC + 8 7r+p
71 HBC + 8 7r+p

VAL UE (MeV)

21414 12
49+28

EVTS

389
389

DOCUMENT ID

GREEN
GREEN

TECN COMM EN T

86 MPSF 400 pA ~ 4KX
86 MPSF 400 pA ~ 4KX

2190+ 10 CLAYTON 67 HBC + 2.5 p p a2, u7

VAL UE (MeV) DOCUMENT ID TE'CN CHG COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

VA L UE (MeV)

2880 +20
15

VAI UE (MeV)

3025 + 20
25

EVTS

230
230

DOCUMENT ID

BAUD
BAUD

DOCUMENT ID

BAUD
BAUD

TECN CH G COMM EN T

69 MMS — 8 10 7r p
69 MMS — 8 10 7r p

TECN CH G COM M EN T

70 M MS — 10.5—13 7r p
70 M MS — 10.5—13 7r p

VAL UE (MeV)

2195+15
39k 14

DOCUMENT ID

2 FOCACCI
2 FOCACCI

TECN CHG COMMENT

66 MMS — 3—12 7r p
66 MMS — 3 12 7r p

VALUE(MeV)

3075+20
25

DOCUMENT ID

BAUD

BAUD

TECN CH G COM M EN T

70 MMS — 10.5—13 7r p
70 M MS — 10.5—13 7r p

VAL UE (MeV)

2207 + 22
130

DOCUMENT ID

5 CASO
5 CASO

70 HBC
70 HBC

11.2 7r p
11.2 7r p

TECN CHG COMMENT VALUE (MeV)

3145+20
10

DOCUMENT ID

BAUD

BALID

TECN CHG COMMENT

70 M MS — 10.5—15 7I' p
70 MMS — 10.5—15 7r p

VAL UE (MeV)

2280 + 50

440+ 110

DOCUMEN T ID TECN COMMENT

20—70 pp ~
p~7r+ 7r

—
7r0

20—70 pp ~
p~~+ 7r

—
7r0

ATKINSON 85 OMEG

ATKINSON 85 OMEG

VALUE (MeV)

3475 + 20
30

VALUE(MeV)

DOCUMENT ID

BAUD

BAUD

TECN CHG COMMENT

70 M MS — 14—15.5 7r p
70 M MS — 14—15.5 7r p

DOCUMENT ID TECN CHG COMMENT

VAL UE (Me V)

2300 + 100
250

VALUE (MeV)

2330+30

435 + 75

VALUE (MeV)

2340 +20
1805 60

EVTS

126
126

DOCUMENT ID

ATKINSON
ATKINSON

TECN

84F OMEG
84F OMEG

CHG COMMENT

+0 20 70pp ~ pf
+0 20—70 qp ~ pf

DOCUMENT ID TECN CHG COMMENT

25—50 pp ~
p+ p0~+

25—50 gp ~
p+p0 ~

DOCUMENT ID

6 BALTAY
6 BALTAY

TECN CHG

75 HBC +
75 HBC +

COMM EN T

15 7r+ p —~ p57r
15 7r+ p ~ p57r

ATKINSON 88 0MEG 0

ATKINSON 88 OMEG 0

70 MMS — 14—15.5 7r p
70 MMS — 14—15.5 7r

—
p

BAUD

BAUD

X(1900-3600) REFERENCES

3535 +20
30

Seen in 2 = 2 wave in one of the two ambiguous solutions.
Not seen by ANTIPOV 72, wbo performed a similar experiment at 25 and 40 Gev(c.
ASTON 81B sees no peak, has 850 events in Ajinenko+Barth bins. ARESTOV 80 sees
no peak.
Seen in J = 0 wave in one of the two ambiguous solutions.
Seen in p 7r+7r (~ and q antiselected in 47r system).
Dominant decay into p p 7r+. BAI TAY 78 finds confirmation in 27r+ 7r 27r events
which contain p+ p 7r and 2p+7r
Seen in (K K7r7r) mass distribution.

VAL UE (MeV)

2382*24
62+ 6

VA L UE (Me V)

2500 + 32
87

VAL UE (MeV)

2620 + 20
85+30

VALUE (MeV)

2676+27
150

VA L UE (Me V)

2747+32
195+75

EVTS

550
550

DOCUMENT ID

2 FQCACCI
2 FOCACCI

TECN CHG COMMENT

66 MMS — 3—12 7r p
66 MMS — 3—12 7r p

DOCUMENT ID

BAUD
BAUD

TECN CH G COMM EN T

69 MMS — 8—10 7r p
69 MMS — 8—10 7r p

DOC UM EN T ID

5 CASO
5 CASO

TECN CHG COMM EN T

70 HBC — 11 2 7r p
70 HBC — 11.2 7r p

DOCUMENT ID

DENNEY
DENNEY

TECN COMM EN T

83 LASS 10 7r+ N

83 LASS 10 7r+ N

DOCUMENT ID TECN CHG COMMENT

ANDERSON 69 MMS — 16 7r p backward

ANDERSON 69 MMS — 16 7r p backward

BUGG
BISELLO
ATKINSON
ALDE
GREEN
ATKINSON
AT K IN SON
DEN NEY
ASTON
ARESTOV
CHLIAPNIK. ..
BA LTAY
BALTAY
THOMPSON
ANTIPOV
TAKAHASHI
SABAU
BAUD
CASO
ANDERSON
BAUD
BOESEBECK
C LAYTON
FOCACCI

95 PL B353 378
89B PR D39 701
88 ZPHY C38 535
86D NP B269 485
86 PRL 56 1639
85 ZPHY C29 333
84F NP B239 1

83 PR D28 2726
81B NP B189 205
80 IHEP 80-165
80 ZPHY C3 285
78 PR D17 52
75 PRL 35 891
74 NP B69 220
72 PL 40 147
72 PR D6 1266
71 LNC 1 514
70 PL 31B 549
70 LNC 3 707
69 PRL 22 1390
69 PL 30B 129
68 NP B4 501
6? Heidelberg Conf.
66 PRL 17 890

OTHER RELATED PAPERS

+Scott, Zoli+ (LOQM, PNPI, WASH)
Busetto+ (DM2 Collab. )

+Axon+ (BONN, CERN, GLAS, LANC, MCHS, CURIN)
+Binon, Bricman+ (BELG, LAPP, SERP, CERN, LANL)
+Lai+ (FNAL, ARIZ, FSU, NDAM, TUFTS, VAND I )

+ (BONN, CERN, GLAS, LANC, MCHS, IPNP+)
(BONN, CERN, GLAS, LANC, MCHS, IPNP+)

+Cranley, Firestone, Chapman+ (IOWA, MICH) J
+ (BONN, CERN, EPOL, GLAS, LANC, MCHS+)
+Bogoljubski+ (SERP)

Chliapnikov, Gerdyukov+ (SERP, BRUX, MONS)
+Cautis, Cohen, Csorna, Kalelkar+ (COLU, BING)
+Cautis, Cohen, Kalelkar, Pisello+ (COLU, BING)
-+Gaidos, Mcllwain, Miller, Mulera+ (PURD)
+Kienzle, Landsberg+ (SERP)
+Barish+ (TOHOK, PENN, NDAM, ANL)
+Uretsky (BUCH, ANL)
+Benz+ (CERN Boson Spectrometer Collab. )
+Conte, Tomasini+ (GENO, HAMB, MILA, SACL)
+Collins+ (BNL, CMU)
+Benz+ (CERN Boson Spectrometer Collab. )
+ Deutschm ann+ (AACH, HERL, CERN)

57 +Mason, Muirhead, Filippas+ (LIVP, ATHU)
)-Kienzle, Levrat, Maglich, Martin (CERN)

ANTIPOV 72 PL 40 147
CHIKOVANI 66 PL 22 233

+Kienzle, Landsberg+
+ Kienzle Maglich F

(SERP)
(SERP)
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STRANGE MESONS
(s= +z, c= e=o)

K+ = us, K = ds, K = ds, K = us, simifarly for K*'s

l(J~) = p(0 )

WEIGHTED AVERAGE
493.664+0.011 (Error scaled by 2.5)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

THE CHARGED KAON MASS

(by T.G. Trippe, Lawrence Berkeley National Laboratory)

The average of the six charged kaon mass measurements

which we use in the Particle Listings is

m~+ = 493.677+ 0.013 MeV (S = 2.4),

where the error has been increased by the scale factor S.
The large scale factor indicates a serious disagreement between

different input data. The average before scaling the error is

m~+ = 493.677+ 0.005 MeV,

493.5 493.6

myp (MeV)

. DENISOV 91
GALL 88 K Pb
GALL 88 K Pb
GALL 88 K W
GALL 88 K W
LUM 81
SARKOV 79
CHENG 75 K Pb
CHENG 75 K Pb
CHENG 75 K Pb
CHENG 75 K Pb
CHENG 75 K Pb
BACKENSTO. .. 73

9-8
11-10
9-8
11-10

9-8
1 0-9
11-10
12-11
1 3-12

(Confidence Level

493 7 493 8 493 9 494

x'
20.5
22.6

0.2
0.4
2.2
0.2
0.0
1.1

0.1

0.5
3.6
0.8
0.4

52.6
0.001)

X = 22.9 for 5 D.F.
t

Prob. = 0.04% (2)

where the high X and correspondingly low X probability

further quantify the disagreement.

The main disagreement is between the two most recent and

precise results,

m~+ =493.696+ 0.007 MeV DENISOV 91

m~+ =493.636+ 0.011 Mev (S = 1.5) GALL 88

Average =493.679 + 0.006 MeV

X = 21.2 for 1 D.F., Prob. = 0.0004%, (3)

m~+ = 493.636 + 0.007,

= 7.0 for 3 D.F. , Prob. = 7.2'Fo . (4)

This is a low but acceptable X probability so, to be conserva-

tive, GALL 88 scaled up the error on their average by S=1.5 to
obtain their published error +0.011 shown in Eq. (3) above and

used in the Particle Listings average.

both of which are measurements of x-ray energies from kaonic

atoms. Compar)ng the average in Eq. (3) with the overall

average in Eq. (2), it is clear that DENISOV 91 and GALI. 88

dominate the overall average, and that their disagreement is

responsible for most, of the high X .

The GALL 88 measurement was made using four different

kaonic atom transitions, K Pb (9 —+ 8), K Pb (11 —& 10),
K W (9 —+ 8), and K W (11 —+ 10). The mJr+ values they

obtain from each of these transitions is shown in the Particle

Listings and in Fig. 1. Their K Pb (9 ~ 8) m~+is below and

somewhat, inconsistent with their other three transitions. The

average of their four measurements is

Figure 1: Ideogram of m~+ mass measure-
ments. GALL 88 and CHENG 75 measure-
ments are shown separately for each transition
they measured.

The ideogram in Fig. 1 shows that the DENISOV 91 mea-

surement and the GALL 88 K Pb (9 ~ 8) measurement yield

two well-separated peaks. One might suspect the GALL 88

K Pb (9 ~ 8) measurement since it is responsible both for the

internal inconsistency in the GALL 88 measurements and the

disagreement with DENISOV 91.
To see if the disagreement could result from a systematic

problem with the K Pb (9 —+ 8) transition, we have separated
the CHENG 75 data, which also used K Pb, into its separate
transitions. Figure 1 shows that the CHENG 75 and GAI.L 88
K Pb (9 ~ 8) values are consist, ent, suggesting the possibility

of a common effect such as contaminant nuclear p rays near

the K Pb (9 ~ 8) transition energy, although the CHENG 75

errors are too large to make a strong conclusion. The average

of all 13 measurements has a X of 52.6 as shown in Fig. 1

and the first line of Table 1, yielding an unacceptable X

probability of 0.00005'7o. The second line of Table 1 excludes

both the GALL 88 and CHENG 75 measurements of the
K Pb (9 —& 8) transition and yields a X probability of 43%.
The third [fourth] line of Table 1 excludes only the GALL 88
K Pb (9 ~ 8) [DENISOV 91] measurement and yields a
X probability of 20% [8.6%]. Table 1 shows that removing

both measurements of the K Pb (9 ~ 8) transition produces
the most consistent set of data, but that, excluding only the
GALL 88 K Pb (9 —+ 8) transition or DENISOV 91 also

produces acceptable probabilities.

Yu. M. Ivanov, representing DENISOV 91, has estimated

corrections needed for the older experiments because of im-

proved Ir and Au calibrat, ion p-ray energies. He estimates
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Table 1: m~+- averages for some combinations
of Fig. 1 data.

mls+ (MeV) X D.F. Prob. (%%uo) Measurements used

493.664 + 0.004 52.6 12 0.00005 all 13 measurements
493.690 + 0.006 10.1 10 43 no K Pb(9—&8)

493.687 + 0.006 14.6 11 20 no GALL 88 IC Pb(9~8)
493.642 + 0.006 17.8 11 8.6 no DENISOV 91

that CHENG 75 and BACKENSTOSS 73 m~+ values could be
raised by about 15 keV and 22 keV, respectively. With these

estimated corrections, Table 1 becomes Table 2. The last line

of Table 2 shows that if such corrections are assumed, then

GALL 88 K Pb (9 ~ 8) is inconsistent with the rest of the

data even when DENISOV 91 is excluded. Yu. M. Ivanov warns

that these are rough estimates. Accordingly, we do not use

Table 2 to reject the GALL 88 K Pb (9 —+ 8) transition, but

we note that a future reanalysis of the CHENG 75 data could

be useful because it might provide supporting evidence for such

a rejection.

Table 2: m~+ averages for some combinations
of Fig. 1 data after raising CHENG 75 and
BACKENSTOSS 73 values by 0.015 and 0.022
MeV respectively.

mJr+ (MeV) X D.F. Prob. ('K) Measurements used

493.666 + 0.004 53.9 12 0.00003 all 13 measurements
493.693+ 0.006 9.0 10 53 no K Pb(9~8)
493.690 + 0.006 11.5 11 40 no GALL 88 K Pb(9~8)
493.645 + 0.006 23.0 11 1.8 no DENISOV 91

The GALL 88 measurement uses a Ge semiconductor spec-

tromet, er which has a resolution of about 1 keV, so they run

the risk of some contaminant, nuclear p rays. Studies of p rays

following stopped 7r and Z absorption in nucleii (unpub-

lished) do not show any evidence for contaminants according

to GAI.L 88 spokesperson, B.L. Robert, s. The DENISOV 91
nieasurenxent uses a crystal diffraction spectrometer with a
resolution of 6.3 eV for radiation at, 22. 1 keV to measure

the 4f-ad transition in K C. The high resolution and the

light nucleus reduce the probability for overlap by contaminant

I ays, compal ed with t he measurement of GALL 88. The

DENISOV 91 nieasurenxent is supported by their high-precision

measurenxent of the 4d-2p transition energy in vr C, which is

good agreement with the calculated energy.

While we suspect that the GALL 88 K Pb (9 —+ 8) mea. —

surenxents could be the problem, we are unable t, o And clear

grounds for rejecting it. Therefore, we retain their naeasure-

ment in the average and accept, the large scale factor until

further infoI. niation can be obt, ained fronx new measurements

and/or from reanalysis of GAI.L 88 and CHENG 75 data.
We thank B.L. Roberts (Boston Univ. ) and Yu. M. Ivanov

(Petersburg Nuclear Physics Inst. ) for their extensive help in

understanding this problem.

K+ MASS

VALUE (MeV) DOCUMENT ID TECN CHG COM MEN T

493.677+0.016 OUR FIT Error includes scale factor of 2.8.
493.677+0.013 OUR AVERAGE Error includes scale factor of 2.4. See the ideogram

below.' DENISOV
2 GALL

LUM

BARKOV

91 CNTR
88 CNTR
81 CNTR
79 EMUL *

Kaonic atoms
Kaonic atoms
Kaonic atoms
e+e—

K+K-
Kaonic atoms
Kaonic atoms

493.696+0.007
493.636+0.011
493.640+ 0.054
493.670 +0.029

493.657+ 0.020 CHENG 75 CNTR
493.691+0.040 BACK ENSTO. ..73 CNTR
e o ~ We do not use the following data for averages, fits, limits, etc ~ ~ ~

K Pb (9-~ 8)
K Pb (11~ 10)
K W {9~8)
K W (11—+ 10)
K Pb(9 —~8)
K Pb (10~ 9)
K Pb {11—+ 10)
K Pb (12-~ 11)
K Pb (13~ 12)
Kaonic atoms

WEIGHTED AVERAGE
493.677+0.013 (Error scaled by 2.4)

Values above of weighted average, error,
and scale factor are based upon the'data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

x'
CNTR 7.7
CNTR 13.6
CNTR 0.5
EMUL 0.1

CNTR 1.0
CNTR 0.1

DENISOV 91
GALL 88
LUM 81

- BARKOV 79
. CHENG 75

BACKENSTO. .. 73
22.9

(Confidence Level 0.001)

493.55 493.6 493.65 493.7 493.75 493.8 493.85

mK~ (MeV)

Test of CPT.

VAL UE (Mev} EVTS DOCUMENT ID

—0.032+0.090 1.5M FORD

FORD 72 uses m —m = +28 + 70 keV.7r+ 7r

TECN CHG

72 ASPK +

K+ MEAN LIFE

VALUE (10 8 s) EVTS DOCUMENT ID TECN

1.2386+0.0024 OUR FIT Error includes scale factor of 2.0.
l..2385+0.0025 OUR AVERAGE Error includes scale factor of 2

below.
KOPTEV 95 CNTR

CHG COMMENT

1, See the ideogram

K at rest, U tar-
get

K at rest, Cu tar-
get

K at rest
K in flight
K at rest

1.2451 4 0.0030

KOPTEV 95 CNTR1.2368 + 0.0041 150k

OTT 71 CNTR +
LOBKOWICZ 69 CNTR
FITCH 658 CNTR

3M1.2380 + 0.0016
1.2272 +0,0036
1.2443+ 0.0038

493.631 + 0.007 GALL 88 CNTR
493.675 +0.026 GALL 88 CNTR
493.709 + 0.073 GALL 88 CNTR
493.806+ 0.095 GALL 88 CNTR
493.640+ 0.022 4 0.008 3 CHENG 75 CNTR
493.658+ 0.019+0.012 3 CHENG 75 CNTR
493.638+ 0.035+0.016 3 CHENG 75 CNTR
493.753 +0.042 +0.021 C HEN G 75 CNTR
493.742+ 0.081+0.027 3 CHENG 75 CNTR
493.662 +0.19 KUNSELMAN 74 CNTR
493.78 +0.17 GREINER 65 EMUL
493.7 +0.3 BARKAS 63 EMUL
493.9 +0.2 COHEN 57 RVUE +

Error increased from 0.0059 based on the error analysis in IVANOV 92.
This value is the authors' combination of all of the separate transitions listed for this
paper.
The CHENG 75 values for separate transitions were calculated from their Table 7 transi-
tion energies. The first error includes a 20% systematic error in the noncircular contam-
inant shift. The second error is due to a +5 eV uncertainty in the theoretical transition
energies.
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51

33

WEIGHTED AVERAGE
1.2385+0.0025 (Error scaled by 2.1)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

e o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.2415+ 0.0024 400k 5 KOPTEV 95 CNTR K at rest
1.221 +0.011 FORD 67 CNTR +
1.231 +0.011 BOYARSK I 62 CNTR +

I 0.22—0.17 BARKAS 61 EMUL

1.27 + BHOWMIK 61 EMUL

1.31 +0.08 293 NORDIN 61 HBC
1.24 +0.07 NOR DIN 61 RVUE
1.38 +0.24 FREDEN 60B EMUL
1.21 + 0.06 BUR ROWES 59 CNTR
1.60 +0.3 52 EISENBERG 58 EMUL

0 95 +0.36—0.25 ILOFF 56 EMUL

KOPTEV 95 report this weighted average of their U-target and Cu-target results, where

they have weighted by 1/o. rather than 1/rT2.

(LFV). This is motivated by the fact that many extensions of
the minimal Standard Model violate lepton flavor and by the
potential to access very high scales. For example, the tree-level

exchange of a LFV vector boson of mass M~ that couples to left-

handed fermions with electroweak strength and without mixing

angles yields B(KI, ~ pe) = 3.3x10 tt(91 Tev/Mx)4 [7]. This

simple dimensional analysis may be used to read from Table 1

that the reaction KI, —+ pe is already probing scales of nearly

100 TeV. Table 1 summarizes the present experimental situation

vis a vis LFV, along with the expected near-future progress. The
decays Kl, ~ p,+e+ and K+ ~ 7r+e+p, + (or Kt, ~ vr"e+p, +)
provide complementary information on potential family number

violating interactions since the former is sensitive to axial-vector

(or pseudoscalar) couplings and the latter is sensitive to vector

(or scalar) couplings.

Table 1: Searches for lept, on flavor violation in
K decay

1.21 1.22 1.23

K mean life (10 s)

x'
KOPTEV 95 CNTR 4 9
KOPTEV 95 CNTR 0 2
OTT 71 CNTR 0 1

LOBKOWICZ 69 CNTR 9.8
FITCH 65B CNTR 2.4

1 7.3
(Confidence Level = 0.002)

I

1.271.24 1.25 1.26

(r &+ —r tr )/ raverage-
This quantity is a measure of CPT invariance in weak interactions.

VALUE (%) DOCUMENT ID TECN

0.11 +0.09 OUR AVERAGE Error includes scale factor of 1.2.
0.090 +0.078 LOBKOWICZ 69 CN TR
0.47 +0.30 FORD 67 CNTR

Mode
90'7. CL

upper limit Exp't Yr. /Ref.
(Near-)

future aim

K+ ~s.+ep 2.1E-10 BNL-777 90/14 3E-12 (BNL-865)
Kl, —+ pe 3.3E-11 BNL-791 93/15 2E-12 (BNL-871)
Kl, —+ 7r"pe 3.5E-9 FNAL-799 94/16 E-11 (I'NAL79911)

Another forbidden decay currently being pursued is K+ —+

s.+X", where Xs is a very light, noninteracting particle (e.g.

hyperphoton, axion, farnilon, etc. ). The published upper limit

on this process (17] is 1.7 x 10 s, but recently this has been

improved to 5.2 x 10 [18]. Data already collected by BNL-787
are expected to yield another substantial factor in sensitivity to
this process.

RARE KAON DECAYS

(by L. Littenberg, BNL and G. Valencia„ Iowa State University)

A. Introduction: There are several recent reviews on rare

kaon decays and related topics [1—13]. The current activity in

rare kaon decays can be divided roughly into four categories:

1. Searches for explicit violations of the Standard Model

2. Measurements of Standard Model parameters

3. Searches for CP violation

4. Studies of strong interactions at low energy.

The paradigm of Category 1 is the lepton flavor violating

decay KL, —+ pe. Category 2 includes processes such as K+ —+

w+vP, which is sensitive to ]Vtdl. Much of the interest in

Category 3 is focussed on the decays KI, —+ w A', where I:—
e, p, v. Category 4 includes reactions like K+ —+ x+E+E which

constitute a testing ground for the ideas of chiral perturbation

theory. Other reactions of this type are Kl. —+ 7r pp, which

also scales a CP-conserving background t, o CP violation in

KI, ~ 7r E+E and KL, —+ pl+I. , which could possibly shed

light on long distance contributions to KL, ~ p+p

C. Measurements of Standard Model parameters: Until

recently searches for K+ ~ z+vv have been motivated by

the possibility of observing non-SM physics because the sen-

sitivity attained was far short of the SM prediction for this

decay [19] and long-distance contributions were known to be

negligible [3,20]. However, BNL-787 is approaching the sensi-

tivity at which the observation of an event could no longer be

unambiguously attribut, ed to non-SM physics. The published

90% c.l. upper limit [17] is 5.2 x 10, but this has been re-

cently improved to 2.4 x 10 [18], and extensive recent, running

with an upgraded beam and detector is expected to furt, her

improve this significantly. This reaction is now becoming inter-

esting from the point of view of constraining SM parameters
where the branching ratio is expected to be of order 10 ", and

can be written as [3]:

n2B(K+ ~ s'e+v)
V2 2s.2 sin &tv

x Q ]V,*,V,dX~r + Vt", Vt,tX(mt)

B. Explicit violations of the Standard Model: Most of

the activity here is in searches for lepton flavor violation

where X(mt) is of order 1, and X~& is several hundred

times smaller. This form exhibit, s the strong dependence of this
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branching ratio on [Vqg[. It also makes manifest the fact that
the a priori unknown hadronic matrix element drops out in

the comparison to the very well-measured rate of K,3 decay.

@CD correct, ions, which are contained in X&1, are relatively

small and now known [21] to & 10%%uo. Evaluating the constants

in Eq. (1) with m& = 175 GeV, one can cast this result in terms

of the CKM parameters A. , p and rl (see our Section on "The

Cabibbo-Kobayashi-Maskawa mixing matrix" ) [21].

The decay Kl, —+ ~ e+e also has sensitivity to the product
A g . It has a direct CP-violating component that depends on

the value of the top-quark mass, and that for mq ——175 Gev is

given by [25]:

Bg;,(Kl, ~sr e+e )=7x10 ~A rl2.

However, like KL, ~ p+p this mode suffers from large theoret-
ical uncertainties due to long distance strong interaction effects.
It has an indirect CP-violating component given by:

C 2 T= 12 x» "A'ln'+ 3(p: —p)'+ 3(p: —p)'] (2)
B;„g(KI,~ vr e+e ) = ]a[ B(Ks —+ ~ e+e ),

Ks
(6)

where p„:—1+ &,&, &~~~ i. Thus, B(K+ ~ vr+vv) determines aNL

2 1
circle in the p, rl plane with center (po, 0); p~—:—po+ —po 1.4,o 3 o

B(K+~7I.+ V V)
1 2 10—10X

The decay KI. —+ p+p also has a short distance contribu-

tion sensitive to the CKM parameter p. For m~ ——175 GeV it is

given by [21]:

BsD(Kg ~ p, +p, ) = 1.9 x 10 A (p', —p)

D. Searches for CP violation: The mode KI, ~ rrovv

is dominantly CP-violating and free of hadronic uncertain-

ties [3,22]. The Standard Model predicts a branching ratio of

order 10 "; for m& = 175 GeV it is given approximately by [21]:

B(Kr. ~ ~ vv) = 5 x 10 '"A ri (4)

The current upper bound is B(KI, —+ rr vv) & 5.8 x 10 ' [23]
and FNAL799II (KTeV) is expected to place a, bound of order

10 s [24],

where p' depends on the charm quark mass and is around 1.2.
This decay, however, is dominated by a long-distance contri-

bution from a two-photon intermediate state. The absorptive

(imaginary) part of the long-distance component is calculated

in terms of the measured rate for Kl, ~ pp to be B b, (KI, ~
p+p ) = (6.8+ 0.3) x 10; and it almost completely saturates

the observed rate B(KI, ~ p+p, ) = (7.2+ 0.5) x 10 listed

in the current edition. The difference between the observed rate

and the absorptive component can be attributed to the (co-

herent) sum of the short-distance amplitude and the real part

of the long-distance amplitude. In order to use this mode to
constrain p it is, therefore, necessary to know the real part of

the long-distance contribution. Unlike the absorptive part, the

real part of the long-distance contribution cannot be derived

from the measured rate for KL, ~ pp. At present, it is not

possible to compute this long-distance component reliably and,

therefore, it is not possible to constrain p from this mode. It
is expected that studies of the reactions Kl, ~ E+E p, and

KL ~ I+I E'+E' for E, E' = e or p will improve our under-

standing of the long distance effects in Kl, ~ p+p, (the current

data is parameterized in terms of nK, discussed in the Form

Factors section of the K& Particle Properties Listings).

that has been estimated to be less than 10 [26], but that will

not be known precisely until a measurement of Kg —+ 7roe+e

is available [6,27]. There is also a CP-conserving component

dominated by a two-photon intermediate state that cannot be

computed reliably at present. This component has an absorptive

part that can be, in principle, determined from a detailed

analysis of Kl. ~ x"pp,
An analysis of Kl, ~ m pp within chiral perturba-

tion theory has been carried out in terms of a parameter

av [28,29] that determines both the rate and t, he shape of
the distribution dF/dm&&. A fit, to the distribution has given
—0.32 & av & 0.19 [30]; a value that suggests that the absorp-

tive part of the CP-conserving contribution to KI. ~ ~ e+e
is significantly smaller than the direct CP-violating compo-
nent [30]. However, there remains some uncertainty in the

interpretation of KL, —+ vr pp in terms of a~. Analyses that

go beyond chiral perturbation theory have found larger val-

ues of o,~, indicating a sizable CP-conserving component for

KI, —+ 7r e+e . The real part of the CP-conserving contribu-

tion to Kl. —+ 7r e+e is also unknown.

Finally, BNL-845 observed a potential background to KI, —+

vroe+e from the decay Kl, —+ ppe+e [31]. This was later
confirmed with an order of magnitude larger sample by FNAL-

799 [32], which measured additional kinematic quantities. It
has been estimated that this background will enter at the level

of 10 [33], comparable to the signal level. Because ol' this,

the observation of KI, ~ a"e+e will depend on background

subtraction with good statistics.
The current upper bound for the process KI, ~ x e+e is

4.3 x 10 s [34). For the closely related muonic process, the upper
bound is B(KL, ~ rr p+p, ) & 5.1 x 10 [35]. FNAL799II
expects to reach a sensitivity & 10 for both reactions [36].

E. Other long distance dominated modes: The decays
K+ ~ rr+I+I (f. = e or p) are described by chiral per-
turbation theory in terms of one parameter, w+ [37]. This

parameter determines both the rate and distribution dl /dmrg

for these processes. A careful study of these two reactions
can provide a measurement of ~+ and a test of the chi-

ral perturbation theory description. A simultaneous fit to the
rate and spectrum of K+ ~ vr+e+e gives: ~+ = 0.89+&14,
B(K+ ~ vr+e+e ) = (2.99 + 0.22) x 10 [38]. These two re-

sults satisfy the prediction of chiral perturbation theory within



See key on page 199
4Q1

Meson Particle Listings

References

1.

2.

4

9.

10.
11.

12.

13.
14.
15.
16.
17.
18.

19.
20.

21.
22.

24.

25

26.

27.

28.

29.

W. Marciano, Rare Decay Symposium, Ed. D. Bryman
et al , W. orld Scientific 1 (1988).
D. Bryman, Int. J. Mod. Phys. A4, 79 (1989).
J. Hagelin and L. Littenberg, Prog. in Part. Nucl. Phys.
23, 1 (1989).
A. Buras and M. Harlander, Review Volume on Heavy
Flavors, ed. A. Buras and M. Lindner, World Scientific,
Singapore (1992),
R. Battiston et al. , Phys. Reports 214, 293 (1992).
L.Littenberg and G. Valencia, Ann. Rev. Nucl. and Part.
Sci. 43, 729 (1993).
J. Rit, chic and S. Wojcicki, Rev. Mod. Phys. 65, 1149
(19M).
U. Meissner, Rept, . on Prog. in Phys. 56, 903 (1993).
B. Winstein and L. Wolfenstein, Rev. Mod. Phys. 65, 1113
(1993).
N. Bilic and B. Guberina, Fortsch. Phys. 42, 209 (1994).
G. D 'Ambrosio, G. Ecker, G. Isidori and H. Neufeld,
Radiative Non-Leptoni c Kaon Decays, in The DAC NE
Physics Handbook (second edition), eds. L. Maiani, G.
Pancheri and N. Paver (Frascati), Vol. I, 265 (1995).
E. de Rafael, Chiral Lagrangians and Kaon CP Violation,
in CP Violation and the Limits of the Standard Model,
Proc. TASI'94, ed. J.F. Donoghue (World Scientific, Sin-
gapore, 1995).
A. Pich, Rept. on Prog. in Phys. 58, 563 (1995).
A. M Lee et al. , Phys. Rev. Lett, . 64, 165 (1990).
K. Arisaka, et al. , Phys. Rev. Lett, . 70, 1049 (1993).
P. Gu, Albuquerque DPF Workshop, 1994.
M.S. Atiya et al. , Phys. Rev. Lett. 70, 2521 (1993).
S. Adler et al. , BNL-62327, Princeton HEP95-8, TRI-PP-
95-83, submit ted to P hys. Rev. Let, t, .

I. Bigi and F. Gabbiani, Nucl. Phys. B367, 3 (1991).
D. Rein and L.M. Sehgal, Phys. Rev. D39, 3325 (1989);
M. Lu and M. B. Wise, Phys. Lett. 8324, 461 (1994).
G. Buchalla and A. Buras, Nucl. Phys. B412, 106 (1994).
L. I.ittenberg, Phys. Rev. D39, 3322 (1989).
M. Weaver et al. , Phys. Rev. Lett. 72, 3758 (1994).
M. Weaver, "The Albuquerque Meeting", Ed. S. Seidel,
World Scientific, 1026 (1995).
A. Buras et al. , Nucl. Phys. B423, 349 (1994).
G. Ecker, A. Pich and E. de Rafael, Nucl. Phys. B303,
665 (1988).
J.F. Donoghue and F. Gabbiani, Phys. Rev. D51, 2187
(1995).
G. Ecker, A. Pich and E. de Rafael, Phys. Lett. 189B,
363 (1987).
G. Ecker, A. Pich and E. de Rafael, Phys. Let, t, . 237B,
481 (1990).
G.D. Barr et al. , Phys. Lett. 242B, 523 (1990);
G.D. Barr et al. , Phys. Lett. 284B, 440 (1992).

two standard deviations [6]. Improved statistics for this mode

and a measurement of the mode K+ ~ ~+p+p are thus de-

sired. BNL-787 has observed the process K+ —+ n+p, +tj, [39]
at about the predicted level, but the result is not yet accurate
enough to provide additional constraints.

31.
32.
33.
34.
35.
36.

37.

38.
39.

l1
l2
I3
l 4

I6

is
l9
r10
I 11

l 14
i 15
i 16

C18

I 19

l20
r21

i 24

l27

i 28
l 29

"30

i 33

l35

i 38
l 39
i 40
i 41
l42

K+ DECAY MODES

K modes are charge conjugates of the modes below.

Mode Fraction (f t/r)
Scale factor/

Confidence level

V~
e+ ve
~+ ~0
~+ 7r+ 7r

~+~0~0
+0@+v

Called K+ .p3
~0e+ v,

Called Ke3.
7r07ro e+'v

e
e Ve

sr+ 7r p+ vI-t

~070~0 e+ v,

7r+ 3P
p vpvv
e+ vevv
p+v e+e
e+ Vee+ e

VpP

(63.51+0.18) %

( 1.55+0.07) x 10

(21.16+0.14) %

( 5.59+0.05) %

( 1.73+0.04) %
3 lsg0 08) o/

( 4.82+0.06) %

( 2.1 +0.4 )

( 3.91-&0.17)
( 1.4 +0.9 )

3.5

[a] &

[a] & 1,0

6.0

6

( 1.06+0.32)

( 21 +21
)—1.1

4.1

x 10
x 10
x 10

x10 6

x10 6

x10 4

x 10

x 10
x 10

x10 7

x 10

S=1.3

S=1.1
S=1.8
S=1.2
S=1.5

S=1.3

CL=90%
C L=90%
CL=90%
C L =90%
C L =90%

CL=90%

jl Vt

~+ ~op(DE)
~+~+~ ~
~+ ~0~0'

7i 8 Ve f
~ e+vep(SD)
~0~0e+v p

[a,b]

[a b]

[a,c]
[a, b]

[a b]

[a b]

[a b]

[~]

( 5.50+0.28)

( 2.75+0.15)
( 1.8 +0.4 )
( 1.04+0.31)
(75+55 )—3.0

6.1

( 2.62+0.20)
5.3
5

x 10

x10 4

x 10
x10 4

x10 6

x 10

x10 4

x 10
x10 6

C L =90%

C L=90%
C L=90%

Lepton Family number (LF),
violating modes, or 6S =

7r+7r+ e v,
7r+ 7r+ ~
7r+ e+ e
7l /.l P

vv
p ve+ e+

L ve
~+ p+e-
7r+ P. e+
7r P+ e+

e+ e+
7I /.l j.l
fL

7f- e+ve
sr+,

Lepton number (L), ttS = Aq (Sq)
t weak neutral current (Sl) modes
SQ 1.2 x 10 8 CL=90%
SQ & 30 x10 6

S1 ( 2.74+0.23) x 10
S1 2.3 x 10 CL=90%
Sl 2.4 x 10
LF 2.0 x 10 CL=90%
LF [e] & 4 x 10
LF 2.1 x 10 1 C L=90%
LF 7 x 10—9 CL=90%
L 7 x 10—9

L 1.0 x 10 CL=90%
L 1.5 x10—4

L [e] & 3.3 x 10
L [e] & 3 x 10 CL=90%

C L=95%
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C L=90%

CL=90%
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[a] See the Particle Listings below for the energy limits used in this measure-
rnent.

[b] Most of this radiative mode, the low-momentum p part, is also included
in the parent mode listed without p's.

[c] Direct-emission branching fraction.

[d] Structure-dependent part.

[ej Derived from an analysis of neutrino-oscillation experiments.

CONSTRAINED FIT INFORMATION

An overall fit to the mean life, 2 decay rate, and 20 branching
ratios uses 60 measurements and one constraint to determine 8
parameters. The overall fit has a X = 78.1 for 53 degrees of2 =
freedom.

The following off-diagonal array clem ents are the correlation coefficients

Bp, tip )/ihip, 6p ), in percent, from the fit to parameters p;, including the branch-

ing fractions, x, = I, jl total. The fit constrains the x, whose labels appear in this
array to sum to one.

TECN CHG

73 ASPK
69 OSPK

K+ —t e+eo RATE DIFFERENCE/AVERAGE
Test of CPT conservation.

VALUE (%) DOCUMENT ID

0.8+1.2 HERZO

TECN.

69 OSPK

K+ -+ tr+sop RATE DIFFERENCElAVERAGE
Test of CP conservation.

VAL UE (%) EVTS DOCUMENT ID

0.9+ 3.3 OUR AVERAGE
0.8+ 5.8 2461
1.0+ 4.0 4000
0.0+ 24.0 24

TECN CHG COMMEN T

SMITH 76 WIRE + E 55—90 MeV
ABRAMS 73B ASPK + E 51—100 MeV
EDWARDS 72 OSPK E 58—90 MeV

K+ BRANCHING RATIOS

K+ —t s+e eo RATE DIFFERENCElAVERAGE
Test of CP conservation.

VAL UE (%) EVTS DOCUMENT ID

0.0 +0.6 OUR AVERAGE
0.08+ 0.58

—1.1 6 1.8 1802

X3

X5

X6

X7

Xs

X1

—1 2 0 2 6

2 —18 —4 —2 —6

X3 X4 X5 X6 X7

—58
—41 —12
—27 -4 21

—17 14 2
—50 —16 34 6 39

Xs

r (P vp) /rtotal
TECN CHG COMMEN T

1.84 GeV/c K+
~ ~ ~

r(p+ v„)/r(w+s+e. ) rt/I 4

VALUE (units 10 ) EVTS DOCUMENT ID

63.51+0.18 OUR FIT Error includes scale factor of 1.3.
63.24 +0.44 62k CHIANG 72 OSPK +
~ o e We do not use the following data for averages, fits, limits, etc.
56.9 +2.6 ALEXANDER 57 EMUL +
58.5 +3.0 9 BIRGE 56 EMUL

Old experiments not included in averaging.

l3
C4

l5

l7

ls

Mode

~+ p
~+ ~0
~+ ~+ T,

-

+ ~0~0
+0/~+ L

„

Called K i3.
~0e+ v,

Called K 3.
7r 'Ir e v

Rate (108 s )

0.5128 +0.0018

0.1708 +0.0012
0.0452 +0.0004
0.01399+0.00032
0.0257 +0.0006

0.0389 + 0.0005

(1.69 +0 34
) x 10-5—0.29

K+ DECAY RATES

Scale factor

1.1
1.8
1.2
1.5

1.3

TECN CHGVALUE EVTS DOCLIMENT ID

11.35+0.12 OUR FIT Error includes scale factor of 1.8.
o e o We do not use the following data for averages, fits, limits, etc.

10.38+0.82 427 YOUNG 65 EMUL +
Deleted from overall fit because YOUNG 65 constrains his results
YOUNG 65 measured (pv) directly.

~ ~ 0

to add up to 1. Only

r(e+ve)lrtot i

2 1 —1.3
(160.0 95

BOWEN 67B OSPK +
BORREANI 64 HBC +

r (e+ v, )/r (p+ v„)

VALUE(units 10 ) CL% EVTS DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

TECN CHGVALUE (10'S s- ') DOCUMENT ID

51.28+0.18 OUR FIT Error includes scale factor of 1.5.
51.2 +0.8 FORD 67 CNTR

VALUE (units 10 ) EVTS

2.45+0.11 OUR AVERAGE
2.51 +0.15 404
2, 37 + 0.17 534
2.42+ 0.42 112
~ ~ ~ We do not use the following

DOCUMENT ID TECN CHG

HEINTZF 76 SPEC
HEARD 75B SPEC -+

CLARK 72 OSPK +
data for averages, fits, limits, etc. ~ ~ o

r(~+ ~+~-)
VAL UE (10 ) EVTS DOCUMENT ID TECN CHG

4.52 +0.04 OUR FIT Error includes scale factor of 1,8.
4.51160.024 6 FORD 70 ASPK
~ gt o We do not use the following data for averages, fits, limits, etc. e o e

4.529 6 0.032 3.2M FORD 70 ASPK
4.496 2 0.030 6 FORD 67 CNTR +

6 First FORD 70 value is second FORD 70 combined with FORD 67.

I4 1.s +08—0.6
+0.7—0.5

I (++tre)/I t«al

10

MAC EK 69 ASPK

BOTTERILL 67 ASPK +

TECN CH G COMM EN T

1.84 GeV/c K '
~ ~

VALUE (units 10 ) EVTS DOCUMENT ID

21.16+0.14 OUR FIT Error includes scale factor of 1.1.
21.18+0.28 16k CHIAi JG 72 OSPK
~ e ~ We do not use the following data for averages, fits, limits, etc.

Test of CPT conservation.
VAL UE ('!p) DOCUMENT ID

—0.54+0.41 FORD

TECN

67 CNTR

(I (K+) —I (K-)) / I (K)

K+ ~ p+vq RATE DIFFERENCE/AVERAGE

21,0 + 0.6 CALLAHAN 65 HLBC

21.6 L 0.6 TRILLING 65B RVUE
23.2 + 2.2 11 ALEXANDER 57 EMUL
27.7 L 2.7 BIRGE 56 FMUL

Earlier experiments not averaged.

See I (~+ ~0) /

I-(~+ ~~ ~ —
)

DOCUMENT ID

K+ ~ tr+ fr+ s RATE DIFFERENCElAVERAGE
Test of CP co nserva tio n.

VALUE (%) EVTS TECN CHG

O.OT+0.12 OUR AVERAGE
0.08+ 0.12 FORD 70 ASPK

—0.50 2 0.90 FLETCHER 67 OSPK
~ ~ e We do not use the following data for averages, fits, limits, etc. o ~ o

—0.02*0.16 8 SMITH 73 ASPK +
0.10+0.14 3.2M 7 FORD 70 ASPK

—0.04+ 0.21 FORD 67 CNTR

First FORD 70 value is second FORD 70 combined with FORD 67.
SMITH 73 value of K+ —+ ~+ ~+ ~ rate difFerence is derived from SMITH 73 value
of K+ ~ 7r+ 2' rate difference.

r(a+tro)/r(p+ v„)
VAL UE EV TS DOCUMEN T ID TECN CHG COM MEN T
0.3331+0.0028 OUR FIT Error includes scale factor of 1.1.
0.3316+0.0032 OUR AVERAGE
0.3329+0.0047+0,0010 45k USHER 92 SPEC + p p at rest
0.3355+0.0057 WEISSENBE. . . 76 SPEC
0.305 +0.018 1600 ZELLER 69 ASPK +
0.3277 4 0.0065 4517 1 AUERBACH 67 OSPK +
~ ~ o We do not use the following data for averages, fits, limits, etc. e ~ ~

0,328 +0.005 25k 1 WEISSENBE. .. 74 STRC +
WEISSENBERG 76 revises WEISSENBERG 74.

3AUERBACH 67 changed from 0.3253 + 0.0065. See comment with ratio I (~ p+ v )/
I (It+ v„).
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r (~+~o)/r (~+~+~-) I g/r4 WEIGHTED AVERAGE
1 77+0.07 (Error scaled by 1.4)

EVTS DOCUMEN T ID TECN CHG

3.78+0.04 OUR FIT Error includes scale factor of 1.5.
3.84+0.27 OUR AVERAGE Error includes scale factor of 1.9.
3.96+0.15 1045 CALLAHAN 66 FBC +
3.24 +0.34 134 YOUNG 65 EMUL +

I (sr+sr+sr )/I t&&tsi

VAL LIE (units 10 ) EVTS DOCUMENT ID

5.59+0.05 OUR FIT Error includes scale factor of 1.8.
5.52+0.10 OUR AVERAGE Error includes scale factor of 1.3. See the

5.34 6 0.21 693 14 PANDOULAS 70 EMUL +
5.71 +0.15 DEMARCO 65 HBC
6.0 +0.4 44 YOUNG 65 EMUL +
5.54 +0.12 2332 CALLAHAN 64 HLBC +
5.1 + 0.2 540 SHAKLEE 64 HLBC +
5.7 + 0.3 ROE 61 HLBC +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

5.56+ 0.20 2330 15 CHIANG 72 OSPK +
5.2 +0.3 16 TAYLOR 59 EMUL
6.8 +0.4 16 ALEXANDER 57 FMUL
5.6 +0.4 16 BIRGE 56 EMUL

14
+

15
4 Includes events of TAYLOR 59.

Value is not independent of CHIANG 72 I (p+ v ) /I

r~+ 00
(/' vp) total

)/ total I (7r p+ v&)/I total, and I (~ e+ ve)/ total.
16 Earlier experiments not averaged.

I 4/I
TECN CHG COMMENT

ideogram below.

~ ~

1.84 GeV/c K+

(+ ')/ total

WEIGHTED AVERAGE
5.52+0.10 (Error scaled by 1.3)

bove of weighted average, error,
factor are based upon the data in

ram only. They are not neces-
same as our 'best' values,
rom a least-squares constrained fit
easurements of other (related)
as additional information.

4.5 5 5.5 6.5

x'
ANDOULAS 70 EMUL 0.8
EMARCO 65 HBC 1.6
OUNG 65 EMU L 1.4
ALLAHAN 64 HLBC 0 0
HAKLEE 64 HLBC 4.4
OE 61 HLBC 0.3

8.6
(Confidence Level = 0.127)

I I

7 7.5

i (rr+rr+rr )/i tntsi iunits 10 )

VALUE (units 10 ) EVTS DOCUMENT ID TECN CHG COMMENT

1.73+0.04 OUR FIT Error includes scale factor of 1.2.
1.77+0.07 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

198 17 PANDOULAS 70 EMUL +
1.8 + 0.2 108 SHAK LEE 64 HLBC
1.7 + 0.2 ROE 61 HLBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

1.5 +0.2 18 TAYLOR 59 EMUL
18 ALEXANDER 57 EMUL +

2.1 +0,5 BIRGE 56 EMUL +
17
18

Includes events of TAYLOR 59.
Earlier experiments not averaged.

bove of weighted average, error,
e factor are based upon the data in

gram only. They are not neces-
same as our 'best' values,
from a least-squares constrained fit

measurements of other (related)
s as additional information.

I I

1.2 1.4 1.6 1.8 2

r(~+~'~')/r«ts, (units 10 )

r(~+ ~'~') /r (~+~')

x'
1.5
4.6
0.0
0.1

6.3
(Confidence Level = 0.100)

I

2.6

HIANG 72 OSPK
ANDOULAS 70 EMUL
HAKLEE 64 HLBC
OE 61 HLBC

I

2.2 2.4

TECN CHG COMMEN T

BISI
YOUNG

65 BC + HBC+HLBC
65 EMUL

r(sr /s+v„)/I„„,
VALUE(units 10 2) EVTS DOCUMENT ID TECN CHG COMMENT

3.18+0.08 OUR FIT Error includes scale factor of 1.5.
3.33+0.16 2345 CHIANG 72 OSPK + 1.84 GeV/c K+
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

2.8 +0.4 TAYLOR 59 EMUL +
20 ALEXANDER 57 EMUL +

2.8 + 1.0 20 BIRGE 56 EMUL +
20 Earlier experiments not averaged.

r(sro p+ v„)/r(p+v„)
VAL UE EVTS DOCUMENT ID TECN CHG

0.0501+0.0013 OUR FIT Error includes scale factor of 1.5.
0.0488+0.0026 OUR AVERAGE
0.054 +0.009 240 ZELLER 69 ASPK +
0,0480 + 0.0037 424 21 GARLAND 68 OSPK
0.0486+ 0.0040 307 AUERBACH 67 OSPK

21
+

1 GARLAND 68 chan ged from 0.055 + 0.004 in agreement with p-spectrum calculation
of GAILLARD 70 appendix B. L.G, Pondrom, (private communication 73).
AUERBACH 67 changed from 0.0602 + 0.0046 by erratum which brings the p-spectrum
calculation into agreement with GAILLARD 70 appendix B.

r(srols+ v„)/r(m+sr+sr )
VAL UE

I6 l4
EVTS DOCUMENT /D TECN CHG COMMENT

0.569+0.014 OUR FIT Error includes scale factor of 1.5.
0.517+0.032 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

0.503 + 0.019 1505 HAIDT 71 HLBC +
0.63 +0.077 2845 BIS I

24 65B BC + HBC+HLBC
0.90 +0.16 38 YOUNG 65 EMUL +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,510+0.017 1505 EICHTEN 68 HLBC +
23 HAIDT 71 is a reanalysis of EICHTEN 68.
24 Error enlarged for background problems. See GAILLARD 70.

re/rt

VAL UE EVTS DOCUMENT ID TECN CHG COMMENT

0.0819+0.0020 OUR FIT Error includes scale factor of 1.2.
0.081 +0.005 574 LUCAS 73' H BC

19L ~ 0
Dalitz pairs only

LUCAS 73B gives N(vr2w ) = 574 + 5.9%, N(2w) = 3564 + 3.1%. We quote
0.5N(vr2n )/N(2x) where 0.5 is because only Dalitz pair vr 's were used.

r (~+~0~')/r(~+ ~+~-) r, /r,
VALUE EVTS DOCUMENT /D

0.310+0.007 OUR FIT Error includes scale factor of 1.2.
0.304+0.009 OUR AVERAGE
0.303+0.009 2027
0.393+0,099 17
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WEIGHTED AVERAGE
0.517+0.032 (Error scaled by 1.8)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best* values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

0.4 0.6 0.8

HAIDT
BISI
YOUNG

1 1.2

x'
71 HLBC 0.5
65B BC 2.6
65 EMUL 5 7

8.9
(Confidence Level = 0.012)

I

1.4

r(~'l. + v„)/r(~+w+~ —
)

r(tto p+ v„)/r(tto e+ v, ) I 6/r7
VAL UE EVTS DOCUMENT ID TECN CHG COMMENT

0.660+0.015 OUR FIT Error includes scale factor of 1.5.
0.680+0.013 OUR AVERAGE
0.705 +0.063 554 25 LUCAS 73B HBC — Dalitz pairs only

0.698+0.025 3480 CHIANG 72 OSPK + 1 84 GeV/c K+
0.667 4 0.017 5601 BOTTERILL 68B ASPK +
0.703+0.056 1509 7 CALLAHAN 66e HLBC
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.670 + 0.014 28 HEINTZE 77 SPEC
0.6/ +0.12 WEISSENBE. .. 76 SPEC +
0.608 +0.014 1585 BRAUN 75 HLBC +
0.596+0.025 H AIDT 71 HLBC +
0.604 +0.022 1398 EICHTEN 68 HI BC

LUCAS 73B gives N(K, 3) = 554 + 7.6%, N(Ke3) = 786 + 3.1%. We divide.

CHIANG 72 I (vr /c+ v )/I (~pe+ ve) is statistically independent of CHIANG 72

c)/Ftotal and I (~ e+ ve)/ total
From CALLAHAN 66B we use only the K 3/Ke3 ratio and do not include in the fit the

ratios K 3/(~7r+7r ) and Ke3/(~++ x ), since they show large disagreements with

the rest of the data.
HEINTZE 77 value from fit to Ap. Assumes Ic-e universality.

BRAUN 75 value is from form factor fit. Assumes Ic-e universality.

HAIDT 71 is a reanalysis of EICHTEN 68. Only individual ratios included in fit (see
I (mp/c+v, )/I (sr+~+~ ) and I (~pe+ve)/f (~+~+~ )).

[r(~+~o) + r(~oc+ v„)]/rt.„, (I a+I )/I6
We combine these two modes for experiments measuring them in xenon bubble cham-
ber because of difficulties of separating them there.

VALUE (units 10 ) EVTS DOCUMENT ID TECN CHG

24.34+0.15 OUR FIT Error includes scale factor of 1.2.
24.6 +1.0 OUR AVERAGE Error includes scale factor of 1.4.
25.4 +0.9 886 SHAKLEE 64 HLBC +
23.4 + 1.1 ROE 61 HLBC

r(~'e+ ~a)/rtotal
VALUE(units 10 ) EVTS DOCUMENT ID

4.82+0.06 OUR FIT Error includes scale factor of 1.3.
4.85+0.09 OUR AVERAGE

4.86+ 0.10 3516 CHIANG 72 OSPK
4.7 +0.3 429 SHAKLEE 64 HLBC
5.0 4 0.5 ROE 61 HLBC

~ ~ e We do not use the following data for averages, fits, limits,

5.1 +1.3 ALEXANDER 57 EMUL
3.2 + 1.3 31 BIRGE 56 EMUL

Earlier experiments not averaged.

TECN CHG COMMENT

+ 1.84 GeV/c K+
+
+
etc. e e ~

I ( tteov+)aI/(ct+v„)

r(~+~6i].

VAL UE EVTS DOC UM EN T ID TECN CH G

0.0759+0.0011 OUR FIT Error includes scale factor of 1.4.
0.0752+0.0024 OUR AVERAGE
0.069 +0.006 350 ZELLER 69 ASPK +
0.0775+ 0.0033 960 BOTTERILL 68C ASPK +
0.069 6 0.006 561 GARLAND 68 OSPK +
0.0791+ 0.0054 295 AUERBACH 67 OSPK +

AUERBACH 67 changed from 0.0797+ 0.0054. See comment with ratio I (harp/c+ v )/I-c

I (Ic+ v, ). The value 0.0785 + 0.0025 given in AUERBACH 67 is an average of

AUERBACH 67 I (vr6 e+ vi)/I (lc+ v, ) and CESTER 66 I (m6 e+ vz)/ [I (@+v i +

I (tt e+ v, )/I (tt+tt )

r(ttoe+t, )/r(tt+tt+tt )
VAL UE EVTS DOCUMENT ID TECN

0.862+0.011 OUR FIT Error includes scale factor of 1.3.
0.860+0.014 OUR AVERAGE
0.867 4 0.027 2768 BARMIN 87 XEBC
0.856+ 0.040 2827 BRAUN 75 HLBC
0,850 60.019 4385 4 HAIDT 71 HLBC
0,94 + 0.09 854 BELLOTTI 67B HLBC
0.90 +0.06 230 BOR REANI 64 H BC
~ ~ ~ We do not use the following data for averages, fits, limits,

0.846 60.021 4385 EICHTEN 68 HLBC
0.90 + 0.16 37 YOUNG 65 EMUL

HAIDT 71 is a reanalysis of EICHTEN 68.

( (tto e+ t 4)/ [I (/4+ V„)+ ( (tt+ tto)]
VALUE (units 10 ~) EVTS DOCUMENT ID

5.70+0.08 OUR FIT Error includes scale factor of 1,4.
6.0160.15 OUR AVERAGE
5.92+ 0.65 WEISSENBE. .. 76 SPEC
6.16+0.22 5110 ESCHSTRUTH 68 OSPK
5.89 + 0.21 1679 CESTER 66 OSPK

Value calculated from WEISSENBERG 76 (~ ev), (Icv), and

dependence on our 1974 (~2~ ) and (xvr+~ ) fractions.

r (tto tto e+ va) /r (tto e+ va)
VALUE (units 10 ) CL% EVTS DOCUMENT ID

43+ ' OUR FIT-0.7

CHG

+
etc. ~ ~ ~

rr/(rt+rs)
TECN CHG

+
+
+
(7rx ) values to eliminate

TECN CHG

4 1+ ' OUR AVERAGE

4.2+'0—0.9 25 BOLOTOV 86B CALO

3.8+ . 2 LJUNG 73 HLBC

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

&37.0 90 0 ROMANO 71 HLBC

~ ~

I (ttottoe+v )/I total
VALUE (units 10 )
2.1 +0.4 OUR FIT
2.54 +0.89 10

EVTS

r (tt+ tt- e+ v, ) /r (tt+ tt+ tt-)

DOCUMENT ID

BAR MIN

TECN CHG

88B HLBC +

ra/r

VALUE (units 10 ) EVTS

6.99+0.30 OUR AVERAGE Error

7.21 + 0.32 30k
7.36+ 0.68 500
7,0 + 0.9 106
5.83+0.63 269
~ ~ ~ We do not use the following

6.7 + 1.5 69

r(tt+tt Ct+l „)/rtotal

DOCLIMENT ID TECN

includes scale factor of 1.2.
ROSSELET 77 SPEC
BOURQUIN 71 ASPK
SCHWEINB. .. 71 HLBC
ELY 69 HLBC

data for averages, fits, limits,

BIRGE 65 FBC

CHG

+
+

etc. ~ e e

rto/r
VALUE (units 10 S) EVTS DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

p 77+ 0.54—0,50 1 CLINE 65 FBC +-

r(tt+tt- p+t„)/r(tt+tt+tt )
VALUE (units 10 ) EVTS DOCUMENT ID TECN CHG

2.57+ 1.55 7 BISI 67 DBC
e e e We do not use the following data for averages, fits, limits, etc. e

~ 2.5 1 GREINER 64 EMUL +

I (a aott e+v )/r, .„l

rto/r4

VAL UE (units 10 ) CL% EVTS

g3.5 90 0
~ ~ ~ We do not use the following

&9 90 0

r(~+ 7~)/rta~i
All values given here assume

VAL UE (units 10 ) CL% EVTS

0.01 90 0
~ ~ ~ We do not use the following

0.084 90 0
—0.42 +0.52 0

0.35 90 0

0.5
—0, 1 +0.6

DOCUMENT ID TECN CHG

BOLOTOV 88 SPEC
data for averages, fits, limits, etc. ~ ~ ~

BARMIN 92 XEBC +

a phase space pion energy spectrum.
DOCUMENT ID TECN CHG COMMENT

AT I YA 90B B787
data for averages, fits, limits,

ASANO 82 CNTR
ABRAMS 77 SPEC
LJUNG 73 HLBC

Tw 117—127 MeV
etc. e ~ ~

T7r 117—127 MeV
T~ &92 MeV
6-102,114-127

MeV
T~ &117 MeV
T~ 60—90 MeV

71 OSP K -+

68 OSPK +
KLEMS
CHEN

VAL UE EVTS DOCUMENT ID TECN CHG COMMENT
0.2280+0.0035 OUR FIT Error includes scale factor of 1.3.
0.221 +0.012 786 33 LUCAS 73B HBC — Dalitz pairs only

LUCAS 73B gives N(Ke3) = 786 4 3.1%, N(27r) = 3564+ 3.1%. We divide.
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r(e+SY)/I total
Values given here assume a phase space pion energy spectrum.

VALUE (units 10 4) CL% DOCLIMENT ID TECN CHG

(1.0 90 ASANO 82 CNTR +

r(p vvvt )/rtotal
VAL UE (units 10 ) CL% EVTS DOCUMENT ID TECN CHG

(6.0 90 0 PANG 73 CNTR +
6 PANG 73 assumes p, spectrum from v-v interaction of BARDIN 70.

COMMENT

T(m) 117-127
MeV

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.0 90 Kl EMS 71 OSPK + T(~) &11? MeV

r (tt+ e+ 1t 7) /I 1 1 J

VALUE (units 10 4) EVTS

1.04+0.31 OUR AVERAGE
1.10+0.48 7
1.0 +0.4

r(e+epep7)/r(~+~p~p)
VALUE (units 10 )

43+—1.?

r(tt p vip)/rtotal

DOC UM EN T ID TECN CHG COMMEN T

BAR MIN

STAMER
89 XEBC
65 EMUL +

E(p) & 5 MeV

E(p) )11 MeV

r23/rs
DOCUMENT ID TECN CHG COMMEN T

BOLOTOV 85 SPEC — E(p) & 10 MeV

r(e+v, vv)/r(e+ v, )
VAL UE (units 10 ) CL% EVTS

&6.1 90 0

DOC LI M EN T ID

LJUNG

TECN CHG COMMENT

73 HLBC + E(p) &30 MeV
VALUE

&3.8
CL% EVTS DOCUMEN T ID

90 0 HE INTZ E

TECN CHG

79 SPEC + r (ttP e+ ve P) /r (1tP e+ v, )

I (p+ vv e+ e ) /I (e+ a e+ ve)
VALUE (units 10 ) EVTS DOCUMENT ID TECN CHG COMMENT

27. +8. 14 DIAMANT-. .. 76 SPEC + Extrapolated BR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3.3 4 0.9 14 DIAMANT-. .. 76 SPEC + me e &140

DIAMANT-BERGER 76 quotes this result times our 1975 ~+ ~ ev BR ratio. The first
DIAMANT-BERGER 76 value is the second value extrapolated to 0 to include low mass
e pairs.

I (e+ v e+ e ) /I (a+ tt e+ v ) r17/rp
VALUE (units 10 )

0 54+Oa54-0.27

EV TS DOCUMENT ID TECN CHG

DIAMANT-. .. 76 SPEC

r(ia+v„ta+Ia )/r„ta(
VALUE (units 10 )

&4.1
CL %o

90

DOCUMENT ID

AT I YA

TECN CHG

89 B?87 +

r (~+ v„7)/rtotai
VALUE (units 10 ) EVTS

5.50+0.28 OUR AVERAGE
6.6 + 1.5

TECN CHG COMM EN TDOCUMENT ID

DEMIDOV 90 XEBC

6, 0 +0.9

85 SPEC5.4 +0.3

r(a+ a.p7)/I tote(
VAL UE (units 10 } CL% EVTS

2.75+0.15 OUR AVERAGE

2.71 +0.45 140
2.87+0.32 . 2461
2.71 +0.19 2100

~ ~ ~ We do not use the following

DOCUMEN T ID TECN CHG COMMEN T

BOLOTOV 87 WIRE — T~ 55—90 MeV

SMITH 76 WIRE + T~+ 55—90 MeV

ABRAMS 72 ASPK + T7r+ 55—90 MeV

data for averages, fits, limits, etc. ~ ~ o

+1.1—0.6
43 LJUNG

+ 1.5 43 LJUNG—1.1

6.8 +3'—2.1 17 L JUNG

2.4 k 0.8 24 EDWARDS

&1.0 0 44 MALTSEV
&1.9 90 0 EMMERSON

2.2 +0.7 18 CLINE

The LJUNG 73 values are not independent.
44 MALTSEV 70 selects low sr+ energy to enhance

r(m+m. p(DE))/rtota~

73 HLBC + Tx+ 55—80 MeV

73 HLBC + Ter+ 55—90 MeV

73 HLBC + Ter+ 55—102 MeV

72 OSPK
70 HLBC +
69 OSPK
64 FBC +

T~+ 58—90 MeV
T7r+ &55 MeV

T7r+ 55—80 MeV
Ter+ 55—80 MeV

direct emission contribution.

Direct emission Part of I (~+a P)/I total
VALUE (units 10 ) DOCUMENT ID

1.8 +0.4 OUR AVERAGE

2.05 + 0.46 —0.23
2.3 +3.2
1.56+ 0.35+0.5

TECN CHG COMMENT

BOLOTOV 87 WIR E — Ter 55—90 MeV

SMITH 76 WIRE + Ter+ 55 90 MeV

ABRAMS 72 ASPK + Ter+ 55—90 MeV

P(p) & 231.5
MeV/c

BARMIN 88 HLBC + P(p) &
231.5 MeV/c

40 AKIB P(IM) &231.5
MeV/c

~ ~ o We do not use the following data for averages, fits, limits, etc. o ~ ~

3,5 +0.8 DEMIDOV 90 XEBC E(p) & 20 MeV
3.2 +0.5 57 BARMIN 88 HLBC + E(p) &20 MeV
5.8 +3.5 12 WEISSENBE. .. 74 STRC + E(p) &9 MeV

P(/6) cut given in DEMIDOV 90 paper, 235.1 MeV/c, is a misprint according to authors
(private communication).
DEMIDOV 90 quotes only inner bremsstrahlung (IB) part.
Assumes p-e universality and uses constraints from K ~ eve.
Not independent of above DEMIDOV 90 value. Cuts differ.

42 Not independent of above BARMIN 88 value. Cuts differ.

VALUE (units 10 EVTS DOCUMENT ID TECN CHG COMMENT

0.54+0.04 OUR AVERAGE Error includes scale factor of 1.1.
0.46+ 0.08 82 45 BARMIN 91 XEBC E 1

l (ttp e+ vep(SD))/I tota~
Structure-dependent part.

VALUE (units 10 ) CL%

g5.3 90

I (trpape+ve7)/It

DOC UM EN T ID TECN CHG

BOLOTOV 86B CALO

I 26/I

VALUE (units 10 ) CL% EVTS

&5 90 0

DOCUMENT ID

BARMIN

TECN CHG COMMEN T

92 XEBC -+ E & 10 MeV

r(e+a.+e v, )/rtotg
Test of AS = EQ rule.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I 26/I

& 9.0
6.9

&20.

95
95
95

0 SC HWEIN B.. . 71 HLBC +
0 ELY 69 HLBC

BIRGE 65 FBC +

I ( a+ea+ve)/I (~+a e+v )
Test of AS = AQ rule.

VALUE (units 10 4) CL% EVTS DOCUMENT ID TECN

3 90 3 49 BLOCH 76 SPEC
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&130. 95 0 BOURQUIN 71 ASPK

BLOCH 76 quotes 3,6 x 10 at CL = 95%, we convert.

I (++w+ p v„)/Itotai

r26/rp

I 2g/I
Test of AS = AQ rule.

VAL UE (units 10 ) CL% EVTS

&3.0 95 0

I (e+e+e )/I tote(

DOCUMENT ID

BIRGE

TECN CHG

65 FBC +

Test for AS = 1 weak neutral
electrom agnetic interactions.

VAL UE (units 10 ) CL% EVTS

2.74+0.23 OUR AVERAGE
2.75 + 0.23+ 0, 13 500
2.7 + 0.5 41

current. Allowed by combined first-order weak and

DOCUMENT ID TECN CHG COMMEIV T

50 ALLIEGRO
51 BLOCH

92 SPEC +
75 SPEC +

(~)»
MeV, 0.6
cos0e ( (
0.9

0.56 + 0.04 192 BOLOTOV 86B CALO — E(p) &10 MeV
0.76 + 0.28 13 47 ROMANO 71 HLBC E(p) )10 MeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1,51+0.25 82 BARMIN 91 XEBC E(p) & 10 MeV,
cos0e y (
0.98

0,48+ 0, 20 16 LJUNG 73 HLBC + E(p) &30 MeV

—0 10 LJUNG 73 HLBC + E(p) )30 MeV

0.53+0.22 47 ROMANO 71 HLBC +- E(p) )30 MeV
1.2 +0.8 BELLOTTI 67 HLBC + E(p) &30 MeV

BARMIN 91 quotes branching ratio I (K ~ e~ vp)/I all. The measured normalization

is [I (K ~ e~0v) + I (K ~ ~+~+~ )]. For comparison with other experiments we

used I (K ~ e~ v)/I all
—0.0482 to calculate the values quoted here.

cos0(ep) between 0.6 and 0.9.
Both ROMANO 71 values are for cos0(ep) between 0.6 and 0.9. Second value is for
comparison with second LJUNG 73 value. We use lowest E(p) cut for Summary Table
value. See ROMANO 71 for E dependence.

First LJUNG 73 value is for cos0(ep) &0.9, second value is for cos0(ep) between 0.6
and 0.9 for comparison with ROMANO 71.
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2.7 90 CENCE 74 ASPK +

e e e We do not use the following data for averages, fits, limits, etc. e e»
17 90 CENCE 74 ASPK + Three track

evts
Two track

events

r(~ e+ e-+)/r, .„(
Test of total lepton number conservation.

VALUE (units 10 S) DOCUMENT ID TECN CHG

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

rse/r

&320 90 BEIER 72 OSPK
& 44 90 8 IS I 67 DBC

8.8 90 CLINE 67B FBC
24.5 90 1 CAMERINI 64 FBC +
ALLIEGRO 92 assumes a vector interaction with a form factor given
0.035 + 0.015 and a correlation coefficient of —0.82.
BLOCH 75 assumes a vector interaction.

by A = 0.105 +

&24
&30

90
90

BISI
CAMERINI

67 DBC
65 FBC

r (K+ (/(/) /rt((tg(
Test for AS = 1 weak neutral current. Allowed by higher-order electroweak interac-

tionss.

VAL UE (units 10 ) CL% EVTS DOCUMENT ID TECN CHG COMMENT

2.4 90 ADLER 96 B787
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

7.5 90 AT IYA 93 B787 + T(m) 115—127
MeV

52 AT IYA

0 AT I YA

AT I YA

ASANO

93 B787
93e B787
90 B787
81B CNTR

90
90
90
90

5.2
17
34

140

+
-+ T(~) 60—100 MeV
-+

+ T(7r) 116-127
MeV

T(7r) 60—105 MeV

T(~) 60—127 MeV

53 CABLE
53 CABLE

0 54 LJUNG
53 KLEMS

73 CNTR
73 CNTR
73 HLBC
71 OSPK

90
90
90
90

940
560

&57000
& 1400

+
+
+
+ T(a) 117-127

MeV

Combining ATIYA 93 and ATIYA 93B results. Superseded by ADLER 96.
KLEMS 71 and CABLE 73 assume ~ spectrum same as Ke3 decay. Second CABLE 73
limit combines CABLE 73 and KLEMS 71 data for vector interaction.
LJUNG 73 assumes vector interaction.

I (p (/e+e+)/r(g+s-e+(/, )
Test of lepton family number conservation.

VAL UE (units 10 ) CL% EVTS DOCUMENT ID TECN CHG

&0.5 90 0 55 DIAMANT-. . . 76 SPEC +
DIAMANT-BERGER 76 quotes this result times our 1975 ~+ ~ ev BR ratio.

r(/+ ~.)/ .r.tt

( ss/rg

rs4/I
Forbidden by lepton family number conservation.

CL% EVTS DOCUMENT IDVAL UE TECN CHG COMM EN T

&0.004 90 0 LYONS 200 GeV K+ nar-
row band v
beam

e ~ e We do not use the following data for averages, fits, limits, etc. e» e

81 HLBC 0

&0.012 90 COOPER 82 HLBC Wideband v beam

r(s+i(+e )/r„t,(
Test of lepton family number conservation.

VAL UE (units 10 10) CL% EVTS DOCUMENT ID TECN CHG COMMENT

2.1 90 0 LEE 90 SPEC +
e e» We do not use the following data for averages, fits, limits, etc. e ~ ~

&11 90 0 CAMPAGNARI 88 SPEC + In LEE 90
&48 90 0 DIAMANT-. .. 76 SPEC +

r(s.+ p e+)/r„„( rss/r
Test of lepton family number conservation.

VALUE {units 10 ) CL% EVTS DOCUMENT ID TECN CHG

& 7 90 0 DIAMANT-. . . 76 SPEC +
e e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&28 90 BEIER 72 OSPK

Measurement actually applies to the sum of the ~+/t e+ and ~ /t+ e+ modes.

r(~ (+e+)/rtotg(
Test of total lepton number conservation.

VAL UE (units 10 ) CL% EVTS DOCUMENT /D TECN CHG

& 7 90 0 DIAMANT-. .. 76 SPEC
~ ~ » We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&28 90 57 BEIER 72 OSPK
57 Measurement actually applies to the sum of the ~+/t e+ and m p, + e+ modes,

r(~+i e+)/rtgtg(
VALUE (units 10 ) CL% DOCUMENT ID TECN CHG

~ ~ e We do not use the following data for averages, fits, limits, etc. » e ~

&1,4 90 BEIER 72 OSPK

r (s' (u p ) /rtota(
Test for in(, S = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE (units 10 7) Ci DOCUMENT ID TECN CHG

( 2.3 90 AT I YA 89 B787 +
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.5 CHANG 68 HBC

r(g- e+e+)/r(e+e-e+(;)
Test of total lepton number conservation.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN CHG

&2.5 90 0 DIAMANT-. .. 76 SPEC

DIAMANT-BERGER 76 quotes this result times our 1975 BR ratio,

r(~ /+/+)/rt. t.(

fm/I g

rsg/I
Forbidden by total lepton number conservation.

VALUE (units 10 4) CL% DOCUMENT ID TECN

&1.5 90 5 LITTEN BERG 92 H BC

LITTENBERG 92 is from retroactive data analysis of CHANG 68 bubble chamber data.

r(/+ ~e)/rt. tg(
Forbidden by total lepton number conservation.

VALUE (units 10 ) CL% DOCUMENT ID

&3.3 90 COOPER

TECN COMMENT

82 HLBC Wideband v beam

r (en e+ re) /rtata(
Forbidden by total lepton number conservation.

VALL/E CL% DOC UM EN T ID TECN COMMENT

&0.003 90 COOPER 82 HLBC Wideband v beam

r(e+ ~)/r~gtg(
Violates angular momentum conservation. Not listed in Summary Table.

VALUE (units 10 6) CL% DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. » ~ e

&1.4 90 ASANO 82 CNTR
&4.0 9Q KLEMS 71 OSPK +

Test of model of Selleri, Nuovo Cimento 60A 291 (1969).

K+ LONGITUDINAL POLARIZATION OF EMITTED p+

VALUE CL% DOCUMENT /D TECN CHG COMMENT

&—0.990 9Q 61 AOKI 94 SPEC +
» ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

& —0.990 90 IMAZATO 92 SPEC + Repl. by AOKI 94
—0.970 +0,047 62 YAMANAKA 86 SPEC
—1.0 + 0, 1 62 CUTTS 69 SPRK +
—0,96 +0.12 62 COOMBES 57 CNTR +

AOKI 94 measures (P =—0.9996 6 0.0030+ 0.0048. The above limit is obtained by

summing the statistical and systematic errors in quadrature, normalizing to the physically
significant region (](P & 1) and assuming that /c=1, its maximum value.

Assumes (=1.

DALITZ PLOT PARAMETERS FOR
K ~ 3' DECAYS

M OC1+g 2 +6(ss —sn) ss —sn

am + 7' +

- 2
(s2 —st) 82 —S]+j 2

+ak
2 +I + 77l +

where m + has been introduced to make the coeHicients g, h, ,

j, and k dimensionless, and

s., = (P~ —P, ) = lm~ —m, )
—2m~T, , i = 1, 2, 3,

1 2 2 2 2
sn = — s = —(mir+mr+m2+ms)

3 ' 3

Here the P, are four-vectors, m,, and T;, are the mass and kinet, ic

energy of the i ' pion, and the index 3 is used for the odcl pion.

The Dalitz plot distribution for K+ ~ 7r+7r+7r+, K+ —+

O7rO&+ zn ~OL ~ a++ —aO can be pa, rameterized by a series

expansion such as that introduced by Weinberg [1]. We use the,

form
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ENERGY DEPENDENCE OF K+F K DALITZ PLOT

ma rix elementi = 1 + gu + hu + kv

where u = (s3 —s 2h = 3 —sp)/m and v=(ss1 —s2) / m2

LINEAR COEFFICIENT
Some experiments '

vari y
g+ FOR +

en s use Dalitz vari
7r

note abo e on Dy erm. See n

y. In the commments we give a

or discussion of the conv

same note in the R
VALUE

y
in hysics Letters 111870

AVERAG
TECN

70 (1982).

GE Error includ
CHG COMMENT

—0,2221 4 0.0065 225k DEVA
below.

u es scale factorr of 1.4. See the ideor . . e i eogram

—0.2157 +0.0028
DEVAUX 77 SPEC

—0.200 4 0.009
750k FORD

C + a =.28

39819
ASPK +

o ~ ~ We do noto use the following data f
HOFF MASTER 72 HLBC +

ay —.2734 + .0035

—0.196 +0..012 17898 64
ing ata for averages, fits

GR

i s, limits, etc. ~

—0,218 +0.016

i s, . ~ 0

9994
AU MAN 70 H aLBC

—0.22 +0.
BUTLER 6

ay
—0.228 4 0.030

0.024 5428 65,66
68 HBC + a

63

Z IN C H EN KO

ay
—0,277 + 0.020

HOFFMASTER 72 '

67 HBC + a =,
64

Em ulsio
72 includes GRAUMAN

ay
—0,28 4 0,03

mu sion data added —ail events inc

66
i arge errors not in

STER 72.

Also includes DBC events.
included in averain

'
ge.

WEIGHTED AVERAG
-0.21 54+0.0. 035 (Error scaled b

E
y 1.4)

V

2

. DEVAUX ?7
x

- FORD
?7 SPEC 1.0

HOFFMASTER 72
72 ASPK 0.0
2 HLBC 2 9

4.0
135)(C

022 P. -0.2 -0.1 9

Linear ener dergy ependence for K+ ~ ~+ ~+ ~

VALUE

QUADRATIC COEEFFICIENT h FOR K+
EVTS

+ K 7C 7f

0.012 +0.008 OUR
DOCUMENT ID

AVERAGE Er
TECN CHG

rror includes scale fac
below.

a e actor of 1.4. See the ideo

225k D EVA

e ac . . e ideogram

750k FORD
EVAUX 77 SPEC

39819 HOFF
72 ASPK +

FFMASTER72 HLBC +.

—0,0006+ 0.0143
0.0187+0.0062

—0.009 + 0,014

The coeKcient isg is a measure of the slo

(or Ts) of the Dalitz l

e s ope in the variable 8

de

i z p ot, while 6 and k mea

e 83

invariance holds. N

e lot ap and must be zero if C
s. ote also that if CP

zero i P

be the s

s. 1 is good
as for K

p i t difk

mpare the experiments we have

r, in

ver coeKcients ave been me

o9~ )

conversions have b

ave been measured. AVher

or in tr a„is given in th

e measuredd coefficient a. a a

these

in t e comment at th
'

. Fint eri ht. F

the data
e ai s of this conversion, and

version of this note [2I.

eson P&rticle L' t'„
0.012+0.
WEIGHTED AVERAG

0.008 (Error scaled by 1.4)
E

407

2

VAUX
x

RD
77 SPEC 0.8

FFMASTER 72 H

72 ASPK 1.
HLBC 2.3

(Confidence Lev I
—0.

4.2
= 0.123)

0.060.02-0,04 -0.02 0.04

Quadratic coefficient h for +or K ~+~+w-

VAL UE
QUADRATIC COOEFFICIENT k FOR K+

EVTS

~ ~+~+~—

—0.0101+0.0034 OUR A
DOCUMEN T ID

AVERAGE Err
TECN CHG

rror includes scale faca e actor of 2.1. See the ideo ra

39819 HO FFMASTER72 HLBC +

—0.0205+ 0.0039
—0.0075 + 0.0019
—0.0105+0,0045

WEIGHTED AVERAG
-0.01 01+0..0034 (Error seal d b

E
e y 2.1)

2

X
x

77 SPEC 7.2
72 ASPK 1.8

ASTER 72 HLBC 0.0

( onfidence Level = 0.ve = 0.011)

0.005-0.021 3 -0.0125-0.03

VAL UE

QUADRATIC COEFFICIENT h FOR K —+

0 ~ 010 +0.006 OUR A
EVTS DOCUMENT ID

—+ ~ m sr+

0.0125+
AVERAGE

TECN CHG

.0125+0.0062 750k
0.001 +0.012 50919

FORD
MAST

72 ASPK
69 HBC

PAL UE

QUADRATIC COEFFICIENT k FOR K

—0..0084+0.0019 OUR AV
DOCUMENT ID TE

—0.0083 +3 +0.0019
VERAGE

TECN CHG

—0.014 4 0.012 50919
FORD
MAST

72 ASPK
69 HBC

-0.0038

Quadratic coefficient k fo +or K ~+~+~

LINEAR COEFFICIENT F m

Some exper'
g FORK ~ m +

experiments use Dalitz
coefficient of

a i z variables x and

y term. See n

y. In the comm

Decays. " F
note above on "D

ments we give

or discussion of the conv
.I;t. Pi.t P" .t-.

same note in the R
VAL UE

y
e R in hysics I etters 111

S DOCUMENT ID

—0.2186+0.0028
VERAGE Error includes scale fa

COM MEN T

750k FORD
sca e factor of 2.5.

—0.193 + 0,010 50919
RD 72 ASPK

~ ~ ~ We do no

MAST
y 770 + 0035RD — a =.2

e o not use the following data

9 HBC — a =0.244

—0.199 +P.
ing ata for averages, fits li ', . ~ ~

.008 81k

i s, imits, etc. ~ ~ ~

—0.190 + 0.023 68,69
LUCAS 73 HBC — a

—0.220 +P..035
8 HBC8 MOSCOSO 6

ay ——-0.252 4 0.011

e en

FERRO-LUZZI 6
ay —0.242 + 0,029

y 0 8+0045

y L p t

t hih
s wit h la rge erroExperiments

ic quote quadratic fiti va iues.

we average only

grrors not inclu

No radiative corrections included.
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(g+ —g )/{g-+'g )FGRK+-+ n+n+x
A nonzero value for this quantity indicates CP violation.

VALUE (%) EVTS DOCUMENT ID

—O.TO+0.53 3 2M FORD 70 ASPK

LINEAR COEFFICIENT g FOR K+ —+ m m
0 0

Unless otherwise stated, all experiments include terms quadratic

( —s ) / m . See mini-reviewabove.

EVTS DOCUMENT ID TECN CHGVALUE

f 1.3. See0.594+0.019 OUR AVERAGE Error includes scale factor of
43I& BOLOTOV 86 CALO

0.670+ 0.054 3263 BRAUN 76B HLBC +
0.630 +0.038 5635 SHEAFF 75 HLBC +
0,510+0.060 27k SMITH 75 WIRE +

1365 AUBERT 72 HLBC +
4048 DAVISON 69 HLBC +

~ ~ ~ We do not use the following data for averages, fits, limits, etc.

4639 " BERTRAND 76 EMUL0.806+ 0.220
73B HBC574 LUCAS

0.527 + 0, 102 198 " PANDOULAS 70 EMUL +
0.586+ 0.098 1874 7 BISI 65 HLBC +
0.48 +0.04 1792 72 KALMUS 64 HLBC +

Experiments with large errors not included in average.
Authors give linear fit only.

WEIGHTED AVERAGE
0.594+0.019 (Error scaled by 1.3)

COMMENT

the ideogram below.

Also emulsion

Dalitz pairs only

Also HBC

to f+ because the small electron mass makes the f term

negligible.

(a) K"s experiments. Analyses of K's data frequently as-

sume a linear dependence of f+ and f on t, i e..,

f~(t) = f~(0) II+ A+(t/m')] (2)

Most K"s data are adequately described by Eq. (2) for f+
and a constant f (i.e. , A = 0). There are two equivalent

paIarametrizations commonly used in these analyses:

(I) A+, ((0) parametrizntion. Analyses of K"s data often

introduce the ratio of the two form factors

((t) = f-(t)/f+(t)

The K&,3 decay distribution is then described by the two

parameters A+ and ((0) (assuming time reversal invariance and

A = 0). These parameters can be determined by three different

methods:

Method A. By studying the Dalitz plot or the pion spectrum
of K&s decay. The Daiitz plot density is (see, e.g. , Chounet

et al. [1]):

BOLOTOV
BRAUN
SHEAFF
SMITH
AUBERT
DAVISON

86 CALO
76B HLBC
75 HLBC
75 WIRE
72 HLBC
69 HLBC

(Confidence Level

x'
0.3
2.0
0.9
2.0
1.6
1.1

7.9
= 0.164)

I

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Linear energy dependence for K ~ 7r 7r 7r

QUADRATIC COEFFICIENT h FOR K+ ~
See mini-review above.

I TECN CHG COMMENTVALUE EVTS DOCUMENT ID

0.035+0.015 OUR AVERAGE
43k BOLOTOV 86 CALO

3263 BRAUN 76B HLBC0.152+0.082
75 HLBC0.041+0.030 5635 SHEAF F

0.009 + 0.040 27k SMITH 75 WIRE
1365 AU BERT 72 HL BC—0.01 +0.08

0.026 +0.050 4048 DAVISON 69 HLBC
~ ~ ~ We do not use the following data for averages, fits, limits,

0.164+0.121 4639 73 BERTRAND 76 EMUL -+

198 PANDOULAS 70 EMUL +
Experiments with large errors not included in average.

+
+
+
+
+ Also emulsion

etc. ~ ~ ~

M oc f+(t) I(P~+P )(~87(~(1+7„.)v]

+ f (t) [mt'(1+p;)v]

K~q AND K~03 FORM FACTORS

Assuming t, hat only the vector current contributes to K —+

wEv decays, we write the matrix element as

p(E, E„)oc f+(t) IA+B((t)+C((t) ]

where

A= «(2E„E,— «E, )+ „—E—E), ,
1 /B=m F~ ——Ejl &
2 7I

4

E' =R" —E =(mlc™ m„)/2mlc —E

E, E d E are respectively, the pion, muon, andHere ~, /, an

neutrino energies in the kaon center of mas s. The densit, is

fit to the data to determine the values of A+, ((0), and t, heir

correlation.

Method B By measuring t. he K',s/K, s branching ratio

and comparing it with the theoretical ratio (see, e.g. , I"earing

etal. [2]) as given in terms of A+ and ((0), assuming p,-e

universality:

I'(K s)/I'(K, ) = 0.6457+1.4115A + 0.1264((0)

+ 0.0192((0) + 0.0080A+((0),

I'(K,",s)/I'(K,"s) = 0.6462+1.3162A++ 0.1264((0)

+ 0.0186((0) + 0.0064A+((0) .

where P~ an 7r areP d P the four-monlenta of the K and 7r mesons,

m' is the lepton mass, and f+ and f are dimensionless form

factors which can depend only on t =
~I,P —P ~ the square

of the four-monlentunl transfer to the leptotons. If time-reversal

invariance holds f+ and f are relatively real. K(,s experiments)

d z~ while K 3 experinlents are sensitive onlynleasure J+ an J —t w 1 e

This cannot determine A+ and ((0) simultaneously but, simply

fixes a relationship between them.

Method C. By measuring the muon polarization in K„3
decay. In the rest frame of the K, the p is expected to be



See keI/ on page 199
409

Meson Particle Listings

polarized in the direction A with P = A/ A, where A is

given (Cabibbo and Maksymowicz [3]) by

A = ar(()p„

where fg is the scalar form factor, and fl is the tensor form

factor. In the case of the Kes decays where the f term can

be neglected, experiments have yielded limits on [fg/f+[ and

fT /f+

— a(() mIt —E + (F.„—m„) + p
PIL p7r ' pp,

)
g mls-Im((t)(p x p„). .

If time-reversal invariance holds, ( is real, and thus there is no

polarization perpendicular to the K-decay plane. Polarization

experiments measure the weighted average of ((t) over the t
range of the experiment, where the weighting accounts for the

variation with t of the sensitivity to ((t).
(2) A+, Ao parametrization Most of. the more recent Ki,s

analyses have parameterized in terms of the form factors f+
and fit which are associated with vector and scalar exchange,

respectively, to the lepton pair. fri is related to f+ and f by

fo(t) = f+(t) + [t/(m~ —m )] f-(t) .

Here fii(0) must, equal f+(0) unless f (t) diverges at t = 0.
The earlier assumption that f+ is linear in t and f is constant

leads to frr linear in t:

fo(t) = fo(0) [1+An(t/rrtz)]

With the assumption that fti(0) = f+(0), the two parametriza-

tions, (A+, ((0)) and (A+, Ao) are equivalent as long as corre-

lation information is retained. (A+, Ati) correlations tend to be

less strong than (A+, ((0)) correlations.

The experimental results for ((0) and its correlation with

A+ are listed in the K and Kl sections of the Particle Listings

in section (p, (B, or (c depending on whether method A, B,
or C discussed above was used. The corresponding values of A+

are also listed.
Because recent experiments tend to use the (A+, Ao)

parametrization, we include a subsection for Ao results. Wher-

ever possible we have converted ((0) results into Ao results and

vice versa.

See the 1982 version of this note [4] for additional discussion

of the K,,3 parameters, correlations, and conversion between

parametrizations, and also for a comparison of the experimental

results.

(b) K,s experiments. Analysis of K,s data is simpler than

that of K&,3 because the second term of the matrix element

assuming a pure vect, or current [Eq. (1) above] can be neglected.

Here f+ is usually assumed to be linear in t, and the linear

coefficient A+ of Eq. (2) is determined.

If we remove the assumption of a pure vector current, then

the matrix element for the decay, in addition to the terms in

Eq. (2), would contain

+2m' fs E(1+ p„)v

+(2fT/mIr)(P~)A(P )„7 rr(A1 p+„)t',
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Ki~ FORM FACTORS

In the form factor comments, the following symbols are used.

f+ and f are form factors for the vector matrix element.

fS and fT refer to the scalar and tensor term.

f0
—f+ + f t/(m —m ).

A+, A, and A0 are the linear expansion coefficients of f+

A+ refers to the K 3 value except in the K 3 sections.+
p,3 e3

d((0)/dA+ is the correlation between ((0) and A+ in K 3.p, 3

dA0/dA+ is the correlation between A0 and A+ in K 3.p3
t = momentum transfer to the 7r in units of m2.

DP = Dalitz plot analysis.

Pl = 7r spectrum analysis.

MU = p, spectrum analysis.

POL= p polarization analysis.

BR = K 3/K 3 branching ratio analysis.p3 e3
E = positron or electron spectrum analysis.

RC = radiative corrections.

nd f0

A+ (LINEAR ENERGY DEPENDENCE OF fi IN K+~ DECAY)
For radiative correction of K Dalitz plot, see GINSBERG 67 and BECHERRAWY 70.e3

VALUE EVTS DOCUMENT ID TECN CHG COMMEN T
0.0286+0.0022 OUR AVERAGE
0.0284+0.0027+0.0020 32k 7 AKIMENKO 91 SPEC
0.029 +0.004 62k BOLOTOV 88 SPEC
0.027 +0.008 BRAUN 73B HLBC +
0.029 +0.011 CHIANG 72 OSPK +

Pl, no RC
Pl, no RC
DP, no RC
DP, RC neglig-

ble
DP, uses RC
Pl, uses RC
e+, uses RC

4017

71 HLBC
70 OSPK
68C ASPK

STEINER
BOTTERILL
BOTT ER I L L

2707
1458
960

68 HLBC90

IMLAY

DOCUMENT!D TECN CHG COMMENT

From a fit discussed in note on K~3 form factors in

1982 edition, PL 111B (April 1982).
WHITMAN 80 SPEC + DP
ARNOLD 74 HLBC + DP

9 MERLAN 74 ASPK + DP
BRAUN 73c HLBC + DP

81 ANKENBRA. .. 72 ASPK + Pl
82 CHIANG 72 OSPK + DP

HAIDT 71 HLBC + DP
K I J EWSK I 69 OSPK + Pl
CALLAHAN 66B FBC + Pl

—0.27 +0.25
—0, 8 +0.8
—0.57+0.24
—0.36 4 0.40
—0.62 k 0.28
+ 0.45 +0.28
—1.1 +0.56
—0.5 +0.8
+ 0.72+ 0.93

—17
—20

3973
490

6527
1897
4025
3480
3240
2041

444

—19
—12
—15
—29
—26
—17

0,027 +0.010 +
0.045 k 0.015
0.08 +0.04 +
002 +0—0.12 EISLER + Pl, uses RC

0.045 +—0.018 854 BELLOTTI 67B FBC + DP, uses RC

+ 0.016 + 0.016 1393 67 OSPK + DP, no RC

+ 0.028 +
0 014 515 KALMUS 67 FBC + e+, Pl, no RC

—0 04 +0.05 230 BOR R EANI 64 H BC + e+, no RC
—0.010 +0,029 407 JENSEN 64 XEBC + Pl, no RC

+0.036 k 0,045 217 BROWN 62B XEBC + Pl, no RC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.025 k 0,007 " BRAUN 74 HLBC + K 3/Ke3 vs. t

AKIMENKO 91 state that radiative corrections would raise A by 0.0013.+
BOLOTOV 88 state radiative corrections of GINSBERG 67 would raise A+ by 0,002.
BRAUN 73B states that radiative corrections of GINSBERG 67 would lower A by 0.002+
but that radiative corrections of BECHERRAWY 70 disagrees and would raise Ae by

0.005.
7BRAUN 74 is a combined K 3-Ke3 result. It is not independent of BRAUN 73C (K 3)

and BRAUN 73B (Ke3) form factor results.

g~ = f /f+ (determined from K+ spectra)
The parameter g is redundant wilh Ao below and is not put into the Meson Summary
Ta ble.

VALUE d((0)/dA+ EVTS
—0.35+0.15 OUR EVALUATION
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e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.5 +0.9
-+ 1.1—0.9

+0.7 +0,5
—0.08 +0.7
+1.8 +0.6

none 78 EISLER 68 HLBC

2648 CALLAHAN 66B FBC +
87

76

GIACOMELLI 64 EMUL +
86 JENSEN 64 XEBC +.

BROWN 62B XEBC +

+
—o

p, A+
——0

MU+BR, A+
—0

DP+BR
DP+BR,

A+
—0

ARNOLD 74 figure 4 was used to obtain (~ and d((0)/dA+.
79 MERLAN 74 figure 5 was used to obtain d((0)/dA+.

BRAUN 73c gives ((t) = —0.34 k 0.20, d({t)/dA+ ———14 for A+ —0.027, t = 6.6.
We calculate above $(0) and d((0)/dA+ for their A+ —0.025 + 0.017.
ANKENBRANDT 72 figure 3 was used to obtain d((0)/dA+.
CHIANG 72 figure 10 was used to obtain d((0)/dA+. Fit had A = A+ but would not

change for A = 0. L.Pondrom, (private communication 74).
HAIDT 71 table 8 (Dalitz plot analysis) gives d((0)/dA+ —

( —1.1+0.5)/(0. 050—0.029)
= —29, error raised from 0.50 to agree with d((0) = 0.20 for fixed A+.

84 KIJEWSKI 69 figure 17 was used to obtain d((0)/dA+ and errors.
85 CALLAHAN 66 table 1 (~ analysis) gives d((0)/dA+ —(0.72—0.05)/(0 —0.04) = —17,

error raised from 0.80 to agree with dIP,'(0) = 0.37 for fixed A+. t unknown.

6 JENSEN 64 gives A = A = —0.020 + 0.027. d((0)/dA unknown. Includes SHAK-+ + +
LEE 64 (8(K 3/Ke3).

A+ —0.03, fig. 10

A+ —0.028, fig. 8

A+ —0,045 + 0.015

A+ —0.023

A+
——0.023+ 0.008

See note

A+
——0

A+
—0

A+
—0

A+
—0

A+ —0

5601
1398
986
306
636

(c = f /f+ (determined from p polarization in K~)
The It polarization is a measure of ((t). No assumptions on A+ necessary, t (weighted

by sensitivity to ((t)) should be specified. In A+, ((0) parametrization this is ((0)
for A+ —0. d(/dA = gt. For radiative correction to muon polarization in K 3, see

p, 3
GINSBERG 71. The parameter ( is redundant with Ap below and is not put into the
Meson Summary Table.

VALUE
—0.35+0.15

EVTS DOCUMENT ID TECN CHG COMMENT

OUR EVALUATION From a fit discussed in note on Kg3 form factors in

1982 edition, PL 111B (April 1982).
1585 BRAUN 75 HLBC + POL, t=4. 2

3133 9 CUTTS 69 OSPK + Total pol. t=4.0

6000 BETTELS 68 HLBC + Total pol. t=4.9
not use the following data for averages, fits, limits, etc. o ~ ~

40k 93 MERLAN

—0.25 + 1.20
—0.95 + 0.3
—1.0 + 0.3
~ o ~ We do

74 ASPK + POL, d((0)/dA+
= + 1.7

66B FBC + Total pol.

—0.64+ 0.27

94 CALLAHAN

94 CALLAHAN

—1.4 + 1.8 397
—0.7 +—3.3 66B FBC + Long. pol.

+ 2.4—1.8 2100 BORREANI 65 HLBC + Polarization

—4.0 to + 1.7 500 CUTTS 65 OSPK + Long. pol.

90 BRAUN 75 d((0)/dA+ ——gt = —0.25x4.2 = —1.0.
CUTTS 69 t = 4.0 was calculated from figure 8. d((0)/dA+ —(t = —0,95x4 = —3.8.
BETTELS 68 d((0)/dA+ —Et = —1.0x4.9 = —4.9.
MERLAN 74 polarization result (figure 5) not possible. See discussion of polarization

experiments in note on "K~3 Form Factors" in the 1982 edition of this Review |Physics
Letters 111B(1982)].
t value not given.

2950

Q = f /f+ (determined from K~/K s)
The K /K 3 branching ratio fixes a relationship between ((0) and A+. We quote the

/t3 e3
author' s ((0) and associated A+ but do not average because the A+ values differ. The
fit result and scale factor given below are not obtained from these (g values. Instead

they are obtained directly from the fitted K /K ratio I (7r p+ v )/I (7r e+ v ),p3 e3 P, e
with the exception of HEINTZE 77. The parameter g is redundant with Ap below and

is not put into the Meson Summary Table.
VAL UE EVTS DOCUMENT ID TECN CHG COMMENT

—0.35+0.15 OUR EVALUATION From a fit discussed in note on K~3 form factors in

1982 edition, PL 1111(April 1982).
—0.12+0.12 k 87 HEINTZE 77 CNTR + A+ 0 029

~ o ~ We do not use the following data for averages, fits, limits, etc. o o ~

0.0 +0.15 5825 CHIANG 72 OSPK -+

—0.81+0.27 1505 88 HAIDT 71 HLBC +
—0.35+0.22 BOTTERILL 70 OSPK

+0.91J:0.82 ZELLER 69 ASPK +
—0.08+ 0.15 BOTTERILL 68B ASPK +
—0,60 +0.20 EICHTEN 68 HLBC +
+ 1.0 + 0.6 GARLAND 68 OSPK +
+0.75 +0.50 AUERBACH 67 OSPK +
+0.4 +0.4 CALLAHAN 66B FBC +
+0.6 +0.5 BISI 65B HBC

y0, 8 +0.6 500 CUTTS 65 OSPK +
—0.17 SHAKLEE 64 XEBC + A+

—0

Calculated by us from Ap and A+ given below.

EICHTEN 68 has A+ —0,023 + 0.008, t = 4, independent of A . Replaced by

HAIDT 71.
BOTTERILL 70 is re-evaluation of BOTTERILL 68B with different A+.

Im(() in K~ DECAY (from transverse P pol. )
Test of T reversal invariance.

VAL UE EVTS DOCUMENT ID

-0.017+0.025 OUR AVERAGE
—0,016+0.025 20M CAMPBELL 81 CNTR +

0 3 +0 3 3133 CUTTS 69 OSPK +
—0.1 +0.3 6000 BETTELS 68 HLBC +

0.0 + 1.0 2648 CALLAHAN 66B FBC +
+1.6 +1.3 397 CALLAHAN 66B FBC +

—o'5 2950 CALLAHAN 66B FBC +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

—0.010+0.019 32M 95 BLATT 83 CNTR

95 Combined result of MORSE 80 (Kp ) and CAMPBELL 81 (K+ ).p3 p3

TECN CHG COMM EN T

Pol.

Total pol. fig. 7

Tota I pol.
MU

Tota I pol.

Long. pol.

~ ~

Polarization

Ap (LINEAR ENERGY DEPENDENCE OF fp IN K~ DECAY)
Wherever possible, we have converted the above values of ((0) into values of Ap using

the associated A~ and d(/dA .

VALUE dAO/rd~+ EVTS DOCUMEN T ID TECN CHG COMMEIV T

0.004+0.007 OUR EVALUATION From a fit discussed in note on Kg3 form factors in

1982 edition, PL 1111 (April 1982).
+0.029+0.011 —0 37 3973 WHITMAN 80 SPEC -+ DP
+0.019+0.010 +0 03 55k HEINTZE 77 SPEC + BR
+0.008+0.097 +0 92 1585 BRAUN 75 HLBC + POL
—0.040+0.040 —0,62 490 ARNOLD 74 HLBC + DP
—0.019+0.015 +0 27 6527 9 MERLAN 74 ASPK -+ DP
—0.008+0.020 —0.53 1897 100 BRAIJN 73C HLBC + DP
—0.026+0.013 +0,03 4025 ANKENBRA. .. 72 ASPK -+ Pl

+0.030+0.014 —0.21 3480 101 CHIANG 72 OSPK + DP
—0.039+0.029 —1.34 3240 1 HAIDT 71 HLBC + DP

0 056+0 024 +0 69 3133 98 CUTTS 69 OSPK + POL
—0.031+0.045 —1.10 2041 KIJEWSKI 69 OSPK + PI
—0.063+0.024 +0.60 6000 BETTELS 68 HLBC + POL
+0.058+0.036 —0.37 444 CALLAHAN 66B FBC + Pl

~ I e We do not use the following data for averages, fits, limits, etc. i ~

—0.0174 0.011 BRAUN 74 HLBC + K 3 /Ke3
vs. t

HEINTZE 77 uses A+ —0.029 + 0.003. dA0/dA+ estimated by us.

Ap value is for A+
—0.03 calculated by us from ((0) and d((0)/dA+.

MERLAN 74 Ap and dA0/dA+ were calculated by us from (A, A, and d((0) /de+.
Their figure 6 gives Ap

——0.025 + 0.012 and no dA0/dA+.

This value and error are taken from BRAUN 75 but correspond to the BRAUN 73c A~+
result. dA0/dA+ is from BRAUN 73c d((0)/dA+ in (~ above.

Ap calculated by us from ((0), A, and d((0)/dA+.
BRAUN 74 is a combined K,3-Ke3 result. It is not independent of BRAUN 73c {K,3)
and BRAUN 73B (Ke3) form factor results.

fs/f+I FO'"'s 'C
Ratio of scalar to f+ couplings.

VAL UE CL% EVTS DOCUMENT ID TECN CHG COM MEN T

0.084+0.023 OUR AVERAGE Error includes scale factor of 1.2.
0.070+ 0.016+0.016 32k AKI MENKO 91 SP EC + fs, fr

P fit
0.00 +0.10

o14 +0 03
—0.04

2827

2707

BRAUN

STEINER

75 HLBC

71. HLBC + A+, fs, fr,
Q fit

~ ~ ~ We do not

&0.13
&0.23
&0.18
&0.30

use the following data for averages, fits,

90 4017 C H IA N G

90 BOTTE RILL
90 BEL LOTTI
95 KALMUS

limits etc o ~ e

72 OSPK
68c ASPK
67B HLBC
67 HLBC

A~ (LINEAR ENERGY DEPENDENCE OF f+ IN K~+ DECAY)
See also the corresponding entries and footnotes in sections (A, (C, and Ap. For

radiative correction of K Dalitz plot, see GINSBERG 70 and BECHERRAWY 70.
p,3

VALUE EVTS DOCUMENT ID TECN CHG COMMENT

0.033+0.008 OUR EVALUATION From a fit discussed in note on Kg3 form factors in

1982 edition, P L 1111(A pril 1982).
+0.050 k 0.013 3973 WHITMAN 80 SPEC + DP

0.025 +0.030 490 ARNOLD 74 HLBC + DP
0.027+ 0.019 6527 MERLAN 74 ASPK + DP
0.025+ 0.017 1897 BRAUN 73C HLBC + DP
0.024 +0.019 4025 6 ANKENBRA. .. 72 ASPK I- Pl

—0.006+ 0.015 3480 CHIANG 72 OSPK + DP
0.050 +0.01.8 3240 HAIDT 71 HLBC + DP
0,009+0.026 2041 KIJEWSKI 69 OSPK + PI

0.0 +0.05 444 CALLAHAN 66B FBC + PI

ANKENBRANDT 72 A+ from figure 3 to match d((0)/dA+. Text gives 0.024 + 0.022.
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Ify/r+I FoR K+3 DEcAY
Ratio of tensor to f+ couplings.

VAL UE CL% EVTS DOCUMENT ID TECN

0.38+0.11 OUR AVERAGE Error includes scale factor of 1.1.

0'53+0 10+0.10 32k AKIMENKO 91 SPEC

CH G COM M EN T

A+, fS, fT,
$ fit

0.07 +0.37

24+ 0.16—0.14

2827

2707

BRAUN

STEINER

75 HLBC +
71 HLBC + A+' fS' fT'

P fit
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e e e

&0.75
(0.58
(0.58
&1.1

90 4017 C HIANG

90 BOTTERILL
90 BELLOTTI
95 KALMUS

72 OSPK +
68c ASPK
678 HLBC
67 HLBC

fy/f~ FOR K~ DECAY
Ratio of tensor to f+ couplings.

EVTS DOCUMENT ID TECN

BRAUN 75 HLBC

VAL UE

0.02 +0.12 1585

DECAY FORM FACTORS FOR K+ ~ x+n' e+vc
Given in ROSSELET 77, BEIER 73, and BASILE 71C.

DECAY FORM FACTOR FOR K+ -+ +0m e+v
Given in BOLOTOV 868 and BARMIN 888.

K+ —+ 8+v7 FORM FACTORS

For definitions of the axial-vector F~ and vector FV form factor, see the

"Note on zr+ - E+ vp and K+ ~ E vp Form Factors" in the zr

section. In the kaon literature, often different definitions aK = F~/mK
and vK = FV jmK are used.

TECN COMMEN T

Fp + Fy, SUM OF AXIAL-VECTOR AND VECTO'R FORM FACTOR FOR
K ~ pvp7
VALUE CL% DOC UM EN T ID TECN COMM EN T

0.23 90 105 AKIBA 85 SPEC K ~ p vp
~ ~ e We do not use the following data for averages, fits, limits, etc, ~ ~ ~

—1.2 to 1.1 90 DEMIDOV 90 XEBC K —+ p, vp

AKIBA 85 quotes absolute value.

Fp —Fy, DIFFERENCE OF AXIAL-VECTOR AND VECTOR FORM FAC-

TOR FOR K ~ evc7
VALUE EVTS DOCUMEN T ID TECN COMMENT

&0.49 90 106 HEINTZE 79 SPEC K ~ ev /

106HEINTZE 79 quotes iF~ —FVI ( F11 ~Fg + FV~.

Fp —Fy, DIFFERENCE OF AXIAL-VECTOR AND VECTOR FORM FAC-

TOR FOR K —+ pv&7
VALUE CL% TECN COMMEN T
—2.2 to 0.3 OUR EVALUATION
—2.2 to 0.6 90
—2.5 to 0.3 90

DOCUMENT ID

DEMIDOV 90 XEBC K ~ p, vp
AKIBA 85 SPEC K ~ yves

K+ REFERENCES

ADLER
KOPTEV

AOKI
AT IYA

A I so
ATIYA
ALl IFGRO
BA R MIN

IMAZATO
IVANOV
LITTENBERG
USHER
AK IMENKO
BA R MIN

DE N IS OV

Also
ATIYA
AT IYA
DEMI DOV

96 PRL 76 1421 +Atiya, Chiang, Frank, Haggerty, Kycia+ {BNL 78? Collab. )
95 JETPL 61 877 +Mikirtych'yants, Shcherbakov+ (PNPI)

Translated from ZETFP 61 865.
94 PR D50 69 +Yamazaki, Imazato, Kawashima+ (INUS, KEK, TOKMS)
93 PRL 70 2521 +Chiang, Frank, Haggerty, Ito+ (BNL 787 Collab. )
93C PRL 71 305 (erratum) Atiya, Chiang, Frank, Haggerty, Ito+ (BNL ?87 Collab. )
938 PR D48 R1 +Chiang, Frank, Haggerty, Ito+ (BNL 787 Collab. )
92 PRL 68 278 +Cam pagnari+ (BNL, FNAL, PSI, WASH, YALE)
92 SJNP 55 547 +Barylov, Chernukha, Davidenko+ (ITEP)

Translated from YAF 55 g76.
92 PRL 69 877 +Kawashima, Tanaka+ (KEK, INUS, TOKY, TOKMS)
92 THESIS (P N PI)
92 PRL 68 443 +Shrock (BNL, STON)
92 P R D45 3961 +Fero, Gee, Graf, Mandelkern, Schultz, Schultz (UCI)
91 PL 8259 225 +Beloussov+ {SERP, JINR, TBIL, CMNS, SOFU, KOSI)
91 SJNP 53 606 +Barylov, Davidenko, Demidov+ (ITEP)

Translated from YAF 53 981.
91 JETPL 54 558 +Zhelarnkov, Ivanov, Lapina, Levchenko, Malakhov+ (PNPI)

Translated from ZETFP 54 557.
92 THESIS Ivanov (PNPI)
90 PRL 64 21 +Chiang, Frank, Haggerty, Ito, Kycia+ (BNL 787 Collab. )
908 PRL 65 1188 +Chiang, Frank, Haggerty, Ito, Kycia+ (BNL 787 Collab. )
90 SJNP 52 1006 +Dobrokhotov, Lyublev, Nikitenko+ (ITEP)

Translated from YAF 52 1595,

Fp + Fy, SUM OF AXIAI -VECTOR AND VECTOR FORM FACTOR FOR
K —+ eve
VAL UE EVTS DOCUMENT ID

0.148+0.010 OUR AVERAGE
0.147+0.011 51 HEINTZE 79 SPEC K ~ eve

150+0 ~ 018
—0.023 56 HEARD 75 SPEC K eve

HEINTZE 79 quotes absolute value of I FA + FV
~

sin0c. We use sin0c —. V„s= 0.2205.
HEARD 75 quotes absolute value of tFA + FV

~

sin0c. We use sin0c = V„s= 0.2205.

LEE
AT IYA

BARMIN

BARMIN

BAR MIN

BOLOTOV

CAMPAGNARI
GALL
BAR MIN

BOLOTOV

BOLOTOV

BOLOTOV

YAMANAKA
Also

AKIBA
BOLO TOV

BLATT
ASANO
COOPER
PDG
PDG
ASANO
CAMPBELL

Also
LUM
LYONS
MORSE
WHITMAN
BARKOV
HE I NTZ E
ABRAMS
DEVAUX
HEINTZE
ROSSE LET
BERTRAND
BLOCH
BRAUN
DIAMANT-. ..
HEINTZ E
SMITH
WEISSEN BE...
BLOCH
BRAUN
CHENG
HEARD
HEARD
SHEAFF
SMITH
ARNOLD
BRAUN
CENCE

Also
KUNSELMAN
MERLAN
WEISSENBE„.
ABRAMS
BACKENSTO. .
BEIER
BRAUN

Also
BRAUN

Also
CABLE
LJUNG

Also
Also
Also

LUCAS
LUCAS
PANG

Also
SMITH
ABRAMS
ANKEN BRA. . .

AU BERT
BEIER
CHIANG
CLARK
EDWARDS
FORD
HOFF MASTER
BASILE
BOURQUIN
GINS BERG
HAIDT

Also
KLEMS

Also
Also

OTT
ROMANO
SC HWEI NB. . .
STEINER
BARDIN
BECHFRRAWY
BOTT E R IL L

FORD
GA ILLA RD

GINS BERG
GRAUMAN

Also
MALTSEV

PANDOULAS
CUTTS

Also
DAVISON
ELY
EMMERSON
HERZO
KIJEWSKI

90
89
89

88

888

88
88
87

87

86

868

86
84
85
85

83
82
82
82
828
818
81
83
81
81
80
80
79
79
77
77
77
77
76
76
768
76
76
76
76
75
75
75
75
758
75
75
74
74
74
73
74
74
74
738
73
73
?38
75
73C
75
73
73
72
72
69
73
738
73
72
73
72
72
72
72
72
72
72
72
72
71C
71
71
71
69
71
70
708
71
71
71
71
70
70
70
70
70
70
70
69
70

70
69
68
69
69
69
69
69

PRL 64 165
PRL 63 2177
SJNP 50 421
Translated from
SJNP 47 643
Translated from
SJNP 48 1032
Translated from
JETPL 47 7
Tra n sl a ted fro m

PRL 61 2062
PRL 60 186
SJNP 45 62
Translated from
SJNP 45 1023
Translated from
SJNP 44 73
Translated from
SJNP 44 68
Translated from
PR D34 85
PRL 52 329
PR D32 2911
JETPL 42 481
Translated from
PR D27 1056
PL 1138 195
PL 1128 97
PL 1118
PL 1118 70
PL 1078 159
PRL 47 1032
PR D27 1056
PR D23 2522
ZPHY C10 215
PR D21 1750
PR D21 652
NP 8148 53
NP 8149 365
PR D15 22
NP 8126 11
PL 708 482
PR D15 574
NP 8114 387
PL 608 393
LNC 17 521
PL 628 485
PL 608 302
NP 8109 173
NP 8115 55
PL 568 201
NP 889 210
NP A254 381
PL 558 324
PL 558 327
PR D12 2570
NP 891 45
PR D9 1221
PL 518 393
PR D10 ?76
Thesis unpub.
PR C9 2469
PR D9 107
PL 488 474
PRL 30 500
PL 438 431
PRL 30 399
PL 478 185
NP 889 210
PL 478 182
NP 889 210
PR DS 3807
PR DS 1307
PRL 28 523
PRL 28 1287
PRL 23 326
PR DS 719
PR D8 727
PR DS 1989
PL 408 699
NP 860 411
PRL 2g 1118
PRL 28 1472
NC 12A 509
PRL 29 678
PR D6 1254
PRL 29 1274
PR D5 2720
PL 388 335
NP 836 1

PL 368 619
PL 368 615
PR D4 2893
PR D3 10
PL 298 691
PR D4 66
PRL 24 1086
PRL 25 473
PR D3 52
PL 368 525
PL 368 246
PL 368 521
PL 328 121
PR D1 1452
PL 318 325
PRL 25 1370
CERN 70-14
PR D1 229
PR D1 1277
PRL 23 737
SJNP 10 678
Tra nsl a ted from
PR D2 1205
PR 184 1380
PRL 20 955
P R 180 1333
PR 180 1319
PRL 23 393
P R 186 1403

+Adair, Black, Campbell+ (YALE, BNL)
+Kikutani, Kurokawa, Miyachi+(KEK, TOKY, INUS, OSAK)
+Guy, Michette, Tyndel, Venus (RL)

Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)

~ikutani, Kurokawa, Miyachi+(KEK, TOKY, INUS, OSAK)
+Black, Blatt, Kasha, Schmidt+ (YALE, BNL)

Blatt, Adair, Black, Campbell+ (YALE, BNL)
+Wiegand, Kessler, Deslattes, Seki+ (LBL, NBS+)
+AlbaJar, Myatt (OXF)
+Leipuner, Larsen, Schmidt, Blatt+ (BNL, YALE)
+Abrams, Carroll, Kycia, Li+ (ILLC, BNL, ILL)
+Vasserman, Zolotorev, Krupin+ (NOVO, KIAE)
+Heinzelmann, Igo-Kemenes+ (HEIDP, CERN)
+Carroll, Kycia, Li, Michael, Mockett+ (BNL)
+Bloch, Diamant-Berger, Maillard+ (SAC L, G EVA)
+Heinzelmann, Igo-Kemenes+ (HEIDP, CERN)
+Extermann, Fischer, Guisan+ (GEVA, SACL)
+Sacton+ (BRUX, KIDR, DUUC, LOUC, WARS)
+Bunce, Devaux, Diamant-Berger-I- (GEVA, SACL)
+Martyn, Erriquez+ (AACH3, BARI, BELG, CERN)

Diamant-Berger, Bloch, Devaux+ (SACL, GEVA)
+Heinzelmann, Igo-Kemenes, Mundhenke+ (HEIDP)
+Booth, Renshall, Jones+ (GLAS, LIVP, OXF, RHEL)

Weissenberg, Egorov, Minervina+ (ITEP, LEBD)
+ Brehin, Bunce, Devaux+ (SACL, GEVA)
+Cor nelssen+ (AACH3, BARI, BRUX, CERN)
+Asano, Chen, Dugan, Hu, Wu+ (COLU, YALE)
+Heintze, Heinzelmann+ (CERN, HEIDH}
+Heintze, Heinzelmann+ (CERN, HEIDH)

(WIS C)
+Booth, Renshall, Jones+ (GLAS, LIVP, OXF, RHEL)
+ Roe, Sine la ir (MICH)
+Cornelssen, Martyn+ (AACH3, BARI, BRUX, CERN)
+Harris, Jones, Morgado+ (HAWA, LBL, WISC)

Clarke (WIS C)
(WYOM)

+Kasha, Wanderer, Adair' (YALE, BNL, LASL)
Weissenberg, Egorov, Minervina+ (ITEP, LEBD)

+Carroll, Kycia, Li, Menes, Michael+ (BNL)
Backenstoss+ (CERN, KARLK, KARLE, HEID, STOH)

+Buchholz, Mann, Parker, Roberts (PENN)
+Cornelssen (AACH3, BARI, BRUX, CERN)

Braun, Cornelssen+ (AACH3, BARI, BRUX, CERN)
+Cornelssen (AACH3, BARI, BRUX, CERN)

Braun, Cornelssen+ (AACH3, BARI, BRUX, CERN)
+Hildebrand, Pang, Stiening (EFI, LBL)
+Cline (W IS C)

Ljung (WISC)
Cline, Ljung (WISC)
Carnerini, Ljung, Sheaff, Cline (W IS C)

+Taft, Willis (YALE)
+Taft, Willis (YALE)
+ Hildebra nd, Ca ble, St iening (EFI, ARIZ, LBL)

Cable, Hildebrand, Pang, Stiening (EFI, LBL)
+Booth, Renshall, Jones+ (GLAS, LIVP, OXF, RHEL)
+Carroll, Kycia, Li, Menes, Michael+ (BNL)

Ankenbrandt, Larsen+ (BNL, LASL, FNAL, YALE)
+Heusse, Pascaud, Vialle+ (ORSAY, BRUX, FPOL)
+Buchholz, Mann, Parker (PENN)
+Rosen, Shapiro, Handler, Olsen+ (ROCH, WISC)
+Cork, Elioff, Kerth, McReynolds, Newton+ (LBL)
+Beier, Bertram, Herzo, Koester+ (ILL)
+Piroue, Remmel, Smith, Souder (P Rl N)
+ Koller, Taylor+ (STEV, SETO, LEHI)
+Brehin, Diamant-Berger, Kunz+ (SACL, GEVA)
+Boyrnond, Extermann, Marasco+ {GEVA, SACL)

(M IT)
(AACH, BARI, CERN, EPOL, N!JM+)

Haidt+ (AACH, BARI, CERN, EPOL, NIJM, ORSAY+)
+Hildebrand, Stiening (CHIC, LRL)

Klems, Hildebrand, Stiening (LRL, CHIC)
Klems, Hildebrand, Stiening (LRL, CHIC)

+Pritchard (LOQM}
+Renton, Aubert, Burban-Lutz (BARI, CERN, ORSAY)

Schweinberger (AACH, BELG, CERN, NIJM+)
(AACH, BARI, CERN, EPOL, ORSAY, NIJM, PADO+)

+Bilenky, Pontecorvo (J INR)
(ROCH)

(OXF)
(P R IN)

(CERN, ORSAY)
( HA IF)

(STEV, SETO, LEHI)
(STEV, SETO, LEHI)

(JINR)

+-Brown, Clegg, Corbett, Culligan+
+Piroue, Remmel, Smith, Souder
+Chounet

+Koller, Taylor, Pandoulas+
Grauman, Koller, Taylor+

+Pestova, Solodovnikova, Fadeev+
YAF 10 1195.

+Taylor, Koller, Grauman+ (STEV, SETO)
+Stiening, Wiegand, Deutsch (LRL, MIT)

Cutts, Stiening, Wiegand, Deutsch (LRL, MIT)
+Bacastow, Barkas, Evans, Fung, Porter+ (UCR)
+Gida!, Hagopian, Kalmus+ (LOUC, WISC, LRL)
+Quirk (OXF)
+ Banner, Beier, Bert ra m, Edwards+ (IL L)

(LBL)Thesis UCRL 18433

+Alliegro, Campagnari+ (BNL, FNAL, VILL, WASH, YALE)
+Chiang, Frank, Haggerty, Ito, Kycia+ (BNL 787 Collab. )
+Barylov, Davidenko, Demidov, Dolgolenko+ (ITEP)

YAF 50 679.
+Barylov, Davidenko, Demidov, Dolgolenko+ (ITEP)

YAF 47 1011.
+Barylov, Davidenko, Demidov, Dolgolenko+ (ITEP)

YAF 48 1719.
+Gninenko, Dzhilkibaev, Isakov, Klubakov+ (ASCI)

ZETFP 47 8.
+Alliegro, Chaloupka+ (BNL, FNAL, PSI, WASH, YALE)
+Austin+ (BOST, MIT, WILL, CIT, CMU, WYOM)
+Barylov, Davidenko, Demidov+ (ITEP)

YAF 45 97.
+Gninenko, Dzhilkibaev, Isakov, Klubakov+ (INRM)

YAF 45 1652.
+ Gninenko, Dzhilkibaev, Isakov+ (INRM)

YAF 44 117.
+Gninenko, Dzhilkibaev, Isakov+ (INRM)

YAF 44 108.
+Hayano, Taniguchi, Ishikawa+ (KEK, TOKY)

Hayano, Yamanaka, Taniguchi+ (TOKY, KEK}
+Ishikawa, Iwasaki+ (TOKY, TINT, TSUK, KEK)
+Gninenko, Dzhilkibaev, Isakov+ (INRM)

ZETFP 42 390.
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LOBKOWICZ 69
Also 66

MAC EK 69
MAST 69
SELLERI 69
ZELLER 69
BETTELS 68

Also 71
BOTTERILL 68B
BOTTER ILL 68C
BUTLER 68
CHANG 68
CHEN 68
EICHTEN 68
EISLER 68
ESCHSTRUTH 68
GARLAND 68
MOSCOSO 68
AUERBACH 67

Also 74
Erratum.

BELLOTTI
BELLOTTI

Also
BISI
BOTTER ILL

Also
BOWEN
CLINE

P roc. Int
FLETCHER 67
FORD 67
GINSBERG 67
IMLAY 67
KALMUS 67
ZINCHENKO 67
CALLAHAN 66
CALLAHAN 66B
C ESTER 66

See footnote 1 i

Also 67
BIRGE 65
BISI 65
BISI 65B
BORREANI 65
CALLAHAN 65
CAMERINI 65
CLINE 65
CUTTS 65
DEMARCO 65
FITCH 65B
GREINER 65
STAMER 65
TRILLING 65B

Updated from 19
YOUNG

A Iso
BORREANI
CALLAHAN
CAMERINI
CLINE
GIACOMELLI
GREINER
JENSEN
KALMUS
SHAK LEE
BARKAS
BOYARSKI
BROWN
BAR KAS
BHOWMIK
FERRO-LUZZI
NORDIN
ROE
FREDEN
BURROWES
TAYLOR
EISENBERG
ALEXANDER
COHEN
COOMBES
BIRGE
ILOFF

PR 185 1676
PRL 17 548
PRL 22 32
PR 183 1200
NC 60A 291
P R 182 1420
NC 56A 1106
PR D3 10
PRL 21 766
PR 174 1661
UCRL 18420
PRL 20 510
PRL 20 73
PL 27B 586
P R 169 1090
P R 165 1487
PR 16? 1225
Thesis
PR 155 1505
PR D9 3216

Heidelberg Conf.
NC 52A 1287
PL 20 690
PL 25B 572
PRL 19 982
PR 171 1402
PR 154 1314
Herceg Novi Tbl. 4

al School on Elementary
PRL 19 98
PRL 18 1214
PR 162 1570
PR 160 1203
PR 159 1187
Thesis Rutgers
NC 44A g0
PR 150 1153
PL 21 343

n AUERBACH 67.
PR 155 1505
PR 139B 1600
NC 35 768
P R 139B 1068
P R 140B 1686
PRL 15 129
NC 37 1795
PL 15 293
PR 138B 969
PR 140B 1430
PR 140B 1088
ARNS 15 67
PR 138B 440
UCRL 16473

65 Argonne Conference,
Thesis UCRL 16362
PR 156 1464
PL 12 123
PR 136B 1463
PRL 13 318
PRL 13 101
NC 34 1134
PRL 13 284
PR 136B 1431
PRL 13 99
PR 136B 1423
PRL 11 26
PR 128 2398
PRL 8 450
PR 124 1209
NC 20 857
NC 22 1087
PR 123 2166
PRL 7 346
PR 118 564
PRL 2 117
PR 114 35g
NC 8 663
NC 6 478
Fund, Cons, Phys.
P R 108 1348
NC 4 834
PR 102 927

+ Melissinos, Nagashima, Tewksbury+
Lobkowicz, Melissinos, Nagashima+

+Mann, McFarlane, Roberts+
+Gershwin, Alston-Garnjost, Bangerter+

(ROCH, BNL)
(ROCH, BNL)

(PENN, TEMP)
(LRL)

+Haddock, Helland, Pahl+ (UCLA, LRL)
(AACH, BARI, BERG, CERN, EPOL, NIJM, ORSAY+)

Haidt (AACH, BARI, CERN, EPOL, NIJM+)
+Brown, Clegg, Corbett+ (OXF)
+Brown, Clegg, Corbett+ (OXF)
+Bla nd, Goldhab er, Goldha ber, Hirata+ (LRL)
+Yodh, Ehrlich, Piano+ (UMD, RUTG)
+Cutts, Kijewski, Stiening+ (LRL, MIT)

(AACH, BARI, CERN, EPOL, ORSAY, PADO, VALE)
+Fung, Marateck, Meyer, Piano (RUTG)
+Franklin, Hughes+ (PRIN, PENN)
+Tsipis, Devons, Rosen+ (COLU, RUTG, WISC)

(OR SAY)
+Dobbs, Mann+ (PENN, PRIN)

Auerbach

+Pullia
+Fi or i ni, P ul lia

Bellotti, Fiorini, Pullia+
+Cester, Chiesa, Vigone
+Brown, Corbett, Culligan+

Botterill, Brown, Clegg, Corbett+
+Mann, McFarlane, Hughes+

(MILA)
(MILA)
(MILA)
(TOR I)
(OXF)
(OXF)
(PPA)

Particle Physics.
+Beier, Edwards+
+Lemonick, Nauenberg, Piroue

+Eschstruth, Franklin+
+Kernan

+Ca merini+
+Eschstruth, Oneill+

( ILL)
(PRIN)

(MASB)
(PRIN)

(LRL)
(RUTG)
(WISC)

(WISC, LRL, UCR, BARI)
(PPA)

Auerbach, Dobbs, Mann+
+Ely, Gidal, Camerini, Cline+
+Borreani, Cester, Ferraro+
+Borreani, Marzari-Chiesa, Rinaudo+
~Gidal, Rinaudo, Caforio+
+Cline
+Cline, Gidal, Kalmus, Kernan
+Fry
+E!i off, 5 tie ning
+Grosso, Rinaudo
+ Quarles, Wilkins

+Huetter, Koller, Taylor, Grauman

page 5.

Young, Osborne, Barkas
+Rinaudo, Werbrouck
+March, Stark
+Cline, Fry, Powell
+Fry
+Monti, Quareni+
+Osborne, Barkas
+Shaklee, Roe, Sinclair
+Kernan, Pu, Powell, Dowd
+Jensen, Roe, Sinclair
+ Dyer, Heck rn an

+Loh, Niemela, Ritson
+Kadyk, Trilling, Roe+
+Dyer, Mason, Norris, Nickols, Srnit
+Jain, Mathur
+ Miller, Murray, Rosenfeld+

+Sinclair, Brown, Glaser+
+Gilbert, White
+Caldwell, Frisch, Hill+
+Harris, Orear, Lee, Baumel
+Koch, Lohrmann, Nikolic+
+Johnston, Oceallaigh
+Crowe, Dumond
+Cork, Galbraith, Lambertson, Wenzel
+Perkins, Peterson, Stork, Whitehead
+Goldhaber. Lannutti, Gilbert+

(PENN, PRIN)
(LRL, WISC)

(TOR I)
(TORI)

(BA Rl, TOR I)
(WI SC)

(WISC, LRL)
(WISC)

(LRL)
(TORI, CERN)

(PRIN, MTHO)
(LRL)

(STEV)
(LRL)

(LRL)
(LRL)

(TORI)
(WI SC)

(WISC, LRL)
(WISC)

(BGNA, MUNI)
(LRL)

(MICH)
(LRL, WISC)

(MICH)
(LRL)
(MIT)

(LRL, MICH)
(LRL)

(DELH)
(LRL)
(LRL)

(MICH, LRL}
(LRL)
(MIT)

(COLU)
(BERN)
(DUUC)

(NAAS, LRL, CIT)
(LBL)
(LRL)
(LRL)

OTHER RELATED PAPERS

(BNL, FNAL)

(PGIA, CERN, TRSTT)

BRYMAN 89 IJMP A4 79
"Rare Kaon Decays"

CHOUNET 72 PRPL 4C 199
FEARING 70 PR D2 542
HAIDT 69B PL 29B 696
CRONIN 68B Vienna Conf. 241

Rapporteur talk.
WILLIS 67 Heidelberg Conf. 273

Rapporteur talk.
CABIBBO 66 Berkeley Conf. 33
A DA IR 64 PL 12 67
CABIBBO 64 PL 9 352

Also 64B PL 11 360
Also 65 PL 14 72

BIRGE 63 PRL 11 35
BLOCK 62B CERN Conf. 371
BRENE 61 NP 22 553

(TR IU)

+Gaillard, Gaillard (ORSAY, CERN}
+Fischbach, Smith (STON, BOHR)
-t (AACH, BARI, CERN, EPOL, NIJM, ORSAY+)

(PRIN)

(YALE)

+ Leipuner
+Maksymowicz

Cabibbo, Maksymowicz
Cabibbo, Maksymowicz

+Ely, Gidal, Carnerini+
wLendinara, Monari
+Egardt, Qvist

(CERN)
(YALE, BNL)

(CERN)
(CERN)
(CERN)

(LRL, WISC, BARI)
(NWES, BGNA)

(NORD)

LITTENBERG 93 ARNPS 43 729
Rare and Radiative Kaon Decays

RITCHIE 93 RMP 65 1149 +Wojcicki
"Rare K Decays"

BATTISTON 92 PRPL 214 293 +Cocolicchio, Fogli, Paver
Status and Perspectives of K Decay Physics

i(i l = r(o l

V0 MASS

VAL UE (MeV) EVTS

497.672+0.031 OUR FIT
497.672+0.031 OUR AVERAGE

497.661 +0.033 3713
497.742+ 0.085
~ ~ ~ We do not use

497.44 +0.50
498.9 +0.5
497.44 60.33
498.1 +0.4

780
the following

4500
2223

DOCUMENT ID TECN COMMEN T

BARKOV 87B CMD

BARKOV 85B CMD

data for averages, fits, limits,

FITCH 67 OSPK
BALTAY 66 HBC
K I M 65B HBC
CHRISTENS. .. 64 OSPK

e+e ~ K K
e+ e K~& K~&

eic. ~ ~ ~

K from pp
K0 from pp

myp —may

VAL UE (MeV) EVTS DOCUMENT ID TECN

3.995+0.034 OUR FIT Error includes scale factor of 1.1.
o ~ ~ We do not use the following data for averages, fits, limits,

3.95 +0.21
3.90 k 0.25
3.71 + 0.35
5.4 + 1.1
3.9 + 0.6

417
9
7

HILL 68B DBC
BURNSTEIN 65 HBC
K IM 65B HBC
CRAWFORD 59 HBC
ROSENFELD 59 HBC

CHG COMMEN T

etc. o e o

+ K+d ~ K0pp

K p~ nK0

I~)co —mgo I l maverage

A test of CPT invariance,

VAL UE

g9 x 10 19 OUR EVALUATION

DOCUMENT ID

K0 REFERENCES

BARKOV 87B

BARKOV 85B

H ILL 68B
F ITC H 67
BA LTAY 66
BURNSTEIN 65
K IM 65B
CHRISTENS. . . 64
CRAWFORD 59
ROSENFELD 59

SJNP 46 630
Translated from
JETPL 42 138
Translated from
P R 168 1534
PR 164 1?11
PR 142 932
PR 138B 895
PR 140B 1334
PRL 13 138
PRL 2 112
PRL 2 110

+Vasserman, Vorobev, Ivanov+
YAF 46 1088.

+Blinov, Vasserman+
ZETFP 42 113.

+Robinson, Sakitt, Canter
+Roth, Russ, Vernon
+Sandweiss, Stonehill+
+Rubin
+Kirsch, Miller

Christenson, Cronin, Fitch, Turlay
+Cresti, Good, Stevenson, Ticho
+Solmitz, Tripp

(NOVO)

(NOVO)

(BNL, CMU)
(PR IN)

(YALE, BNL)
(UMD)

(COL U)
(PR IN)

(LRL)
(LRL)

S
i(a~) = —,'(0 —

)

s AN LIFE

For earlier measurements, beginning with BOLDT 58B, see our our l986
edition, Physics Letters 170B 130 (1986).

OUR FIT is described in the note on "CP Violation in K Decay" in the
L

K Particle Listings.
L

TECN COMMENTVALUE (10 s) EVTS DOCUMENT ID

0.8927+0.0009 OUR FIT
0.8932+0.0010 OUR AVERAGE
0.8941+0.0014+0.0009 SCHWINGEN. ..95 E773 Dm free, @+

—
pSW

0.8929+0.0016 GIBBONS 93 E731
0.8920+0.0044 214k GROSSMAN 87 SPEC
0.881 +0.009 26k ARONSON 76 SP EC
0.8913+0,0032 i CARITHERS 75 SPEC
0.8937+ 0.0048 6M GEWENIGER 74B ASPK
0.8958 + 0.0045 50k SKJEGGEST. .. 72 HBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.905 + 0.007 ARONSON 82B SPEC
0.867 + 0.024 2173 FACKLER 73 OSPK
0.856 4 0.008 19994 DONALD 68B HBC
0.872 +0.009 20000 ~6 HILL 68 DBC
0.866 4 0.016 5 ALFF-. .. 66B OSPK
0.843 + 0.013 5000 5 KIRSCH 66 HBC

"CARITHERS 75 value is for m 0
—m 0 Am = 0.5348+0,0021. The Am dependence

L S
of the total decay rate (inverse mean life) is I (K&) = [(1.122 + 0.004)+0.16(Bm—
0.5348)/Zm]10 /s. Value would not change significantly with our current Am =
0.5304 + 0.0014.

2 HILL 68 has been changed by the authors from the published value (0.865 4 0.009)
because of a correction in the shift due to q+ . SKJEGGFSTAD 72 and HILL 68 give
detailed discussions of systematics encountered in this type of experiment.
ARONSON 82 find that K mean life may depend on the kaon energy.5



See key on page 199 Meson Particle Listings
Kos

4FACKLER 73 does not include systematic errors.
Pre-1971 experiments are excluded from the average because of disagreement with later
more precise experiments.

6 HILL 68 has been changed by the authors from the published value (0.865 + 0.009)
because of a correction in the shift due to q+ . SKJEGGESTAD 72 and HILL 68 give
detailed discussions of systematics encountered in this type of experiment.

Mode

Ks DECAY MODES

Fraction (I I/I )

Scale factor/
Confidence level

I2
C3

r,
r,
I6
I7

8

'Y y

~+ ~—~0

(68.61 +0.28)
(31.39+0,28)

[arb] ( 1.78+0.05)

( 2.4 j0.9 )

(3.9+" )

3.7
[c] ( 6.70+ O.O7)

[c] ( 4.69+0.06)

x 10
x10 6

x 10

x1O—5

x 10 4

x 10 4

S=1.2
S=1.2

C L =90%
S=1.3
S=1.2

I9 P i/

I 10 e e
I „~oe+e—

b,S = 1 weak neutral current {Sl}modes
S1 ( 3,2 x 10
S1 2.8 x10 6

S1 1.1 x10 6

C L =90%
C L=90%
C L=90%

[a] See the Particle I istings below for the energy limits used in this measure-
rnent.

[b] Most of this radiative mode, the low-momentum p part, is also included

in the parent mode listed without p's.

[c] Calculated from Kot semileptonic rates and the Kos lifetime assuming 8 S
= ZQ

r(~+ e-) /r (~o ~o)
VAL UE EVTS DOCUMENT ID TECN COMMENT

2.186+0.028 OUR FIT Error includes scale factor of 1.2.
2.197+0.026 OUR AVERAGE

2.11 + 0,09 1315 EVERHART 76 WIRE ~ p ~ A K
2.169+0.094 16k COWEI L 74 OSPK vr p ~ A K
2.16 4 0.08 4799 HILL 73 DBC K+d ~ K pp
2.22 +0.10 3068 8 ALITTI 72 HBC K+ p ~ ~+ pKO
2.22 +0.08 6380 MORSE 72B DBC K+ n ~ K p
2.10 +0.11 701 9 NAGY 72 HLBC K+n ~ K p
2.22 +0.095 6150 BALTAY 71 HBC K p ~ K neutrals
2.282+ 0.043 7944 MOFFETT 70 OSPK K+ n ~ K p
2. 10 +0.06 3700 MORFIN 69 HLBC K+ n ~ K p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.12 +0,17 267 BOZOKI 69 HLBC
2.285 +0.055 3016 1 GO BBI 69 OSPK K+n ~ K p

The directly measured quantity is K ~ 7r+~ /all K = 0.345 + 0.005.S
NAGY 72 is a final result which includes BOZOKI 69.
The directly measured quantity is K ~ sr+ vr /all K = 0.345 k 0.005.S
MOFFETT 70 is a final result which includes GOBBI 69.

r (co~a) /«otal

0.335 +0.014
0.288 60,021
0.30 6 0.035
0.26 + 0.06
0.27 4 0, 11

WEIGHTED AVERAGE
0.316+0.014 (Error scaled by 1.3)

VAL UE EVTS DOCUMENT ID TECN

0.3139+0.0028 OUR FIT Error includes scale factor of 1.2.
0.316 +0.014 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram

below.
1066 BROWN
198 CHRFTIEN

BROWN
BAG L IN

CRAWFORD

CONSTRAINED FIT INFORMATION

An overall fit to 3 branching ratios uses 17 measurements and one

constraint to determine 2 parameters. The overall fit has a X2=
16.5 for 16 degrees of freedom.

x2 —100

X1

r(sr+ e+ v)

Kos DECAY RATES

I7
VALUE (106 s ) DOCUMENT ID TECN COMMENT

7.50+0.08 OUR EVALUATION Error includes scale factor of 1.1. From KL measure-

ments, assuming that 2 S = AQ in K decay so that
l(K ~ ~+e+v) = l(K ~ vr+e+v ).S L e

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BURGUN 72 HBC K+ p K p~
AUBERT 65 HLBC AS=AQ, CP cons. not

assumed

seen
9.3 +2.5

r(n+fs+v) I8
VALUE (106 s i) DOCUMENT ID

5.25+0.07 OUR EVALUATION Error includes scale factor of 1.1. From K measure-
L

ments, assuming that DS = AQ in K decay so that
I (K ~ 7r+Ic+ v) = I (K ~ 7r+ p+v).

r(w+tr )/I ~o~al

Ks BRANCHING RATIOS

The following off-diagonal array clem ents are the correlation coefficients

(bx, h'x. )/(6x, 6x ), in percent, from the fit to the branching fractions, x;
r, /I-total. The fit constrains the X., whose labels appear in this array to sum to

one.

Values above of weighted average, error,
d scale factor are based upon the data in
s ideogram only. They are not neces-
rily the same as our 'best' values,
ained from a least-squares constrained fit

izing measurements of other (related)
antities as additional information.

0.1 0.2 0.3 0.4

. BROWN

. CHRETIEN
BROWN

. BAGLIN
CRAWFORD

63 HLBC
63 HLBC
61 HLBC
60 HLBC
59B HBC

I

0.5

(Confidence Level

0.6

x'
1.8
1.8
0.2
0.9
0.2
4.9

= 0.300)

r (xo xo) /r„„,
r(~+~-q)/r(~+e-)

TECN COMM EN TVALUE (Units 10 ) EVTS DOCUMENT ID

2.60+0.08 OUR AVERAGE
2.56+ 0.09 1286 RAMBERG 93 E731 p )50 MeV/c

2.68 +0, 15 TAUREG 76 SPEC p )50 MeV/c

2.8 + 0.6 BURGUN 73 HBC p &50 MeV/c
y

3.3 + 1.2 10 WEBBER 70 HBC p &50 MeV/c

no ratio given 27 BELLOTTI 66 HBC p )50 MeV/c

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

7.10+0.22 3723 RAMBERG 93 E731 p &20 MeV/c

3.0 + 0,6 29 1 BOBISUT 74 HLBC p &40 MeV/c
y

TAUREG 76 find direct emission contribution (0.06, CL = 90%.
BURGUN 73 estimates that direct emission contribution is 0.3 + 0.6.
BOBISUT 74 not included in average because p cut differs. Estimates direct emission

y

contribution to be 0.5 or less, CL = 95%.
VAL UE EVTS DOCUMENT ID

0.6861+0.0028 OUR FIT Error includes scale factor of
0.671 +0.010 OUR AVERAGE

0,670 + 0.010 3447 DOYLE 69
0.70 4 0,08 COL LIM BIA 60B
0.68 6 0.04 CRAWFORD 59B
~ ~ ~ We do not use the following data for averages, fits

0.740 + 0.024 7 ANDERSON 62B

Anderson result not published, events added to Doyle

TECN COM MEN T

1.2.

HBC ~ p ~ AK
HBC
HBC

, limits, etc. ~ ~ o

HBC

sa m pie.
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S

r(n 7)/rtotai
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMM EN T

2.4+0.9 35 5 BARR 95B NA31
o ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

2.2 + 1.1 16 BARR 95B NA31
13 90 BA LATS 89 SP EC
2.4k 1.2 19 BURKHARDT 87 NA31

133 90 BARMIN 86B XEBC
200 90 VASSERMAN 86 CALO P ~ KS KQL

400 90 0 BARMIN 73B HLBC
710 90 0 BANNER 72B OSPK

2000 90 0 MORSE 72B DBC
2200 9Q Q

17 REPELLIN 71 OSPK
&21000 90 0 17 BANNER 69 OSPK

BARR 95B quotes this as the combined BARR 95B + BURKHARDT 87 result after
rescaling BURKHARDT 87 to use same branching ratios and lifetimes as BARR 95B.
BARR 95B result is calculated using B(KL —a pp) = (5.86 + 0.17) x 10
These limits are for maximum interference in K -K to 2p's.S L

CL%

r (3~0) /rtotai
VALUE (units 10 ) CL% DOCUMENT ID TECN

(0.37 90 BAR MIN 83 HLBC
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4.3

r(I +I )/r««i

90 BARMIN 73 HLBC

weak interaction combinedTest for h, S = 1 weak neutral current. Allowed by first-order
with electromagnetic interaction.

VALUE (units 10 S) CL% DOCUMENTID TECN

( 0.032 90 G JESDAL 73 ASPK
o ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&14 90 BOHM 69 OSPK
& 0, 7 90 HYAMS 69B OSPK
(22 90 20 STUTZKE 69 OSPK
& 7 90 BOTT-. .. 67 OSPK

Value calculated by us, using 2.3 instead of 1 event, 90% CL.

r(e+8 )/rtotai
Test for AS = 1 weak neutral current. Allowed by first-order
with electromagnetic interaction.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

& 0.28 90 0 BLICK 94 CNTR
o ~ ~ We do not use the following data for averages, fits, limits,

weak interaction combined

COMMENT

Hyperon facility
etc. ~ ~ ~

1.0
&11
(34

90
90
90

BA R M I N 86 XEBC
BITSADZE 86 CALO
BOHM 69 OSPK

r (sr0 e+ e )/I t,t, i

Test for AS = 1 weak neutral current. Allowed by first-order
with electromagnetic interaction.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

( 1.1 90 0 BARR 93B NA31
~ ~ ~ We do not use the following data for averages, fits, limits,

weak interaction combined

etc. o ~ ~

&45 90 G I 8BONS 88 E731

CI' VIOLATION IN Ks ~ 3~

(by T. Islakada, Paul Scherrer Institute and L. Wolfenstein,
Carnegie-Mellon University)

The possible final states for the decay K ~ /r+ /r 'Tr have

isospin I = 0, 1, 2, and 3. The I = 0 and I = 2 states have

CP = +1 and Kg can decay into them without violating CP
synxnietry, but they are expected to be strongly suppressed by

centrifugal barrier efTects, The I = 1 and I = 3 states, which

r (~+ ~- ~0) /r«ta, I 5/I
VALUE (units 10 ) DOCUMENT ID TECIV

3 9+5.4+0.9
i18THOMSON 94 E621—1.8 —0.7

e o ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

&490 90 19 BARMIN 85 HLBC
&850 90 METCALF 72 ASPK

THOMSON 94 calculates this branching ratio from their measurements rr+

0085+0 0tt +0 004 and d = I
—59+48)n where rr+ 0 e 4 = AIKS rr+ rr rr

P
I = 2)/A(K ~ 7r+7r 7r ).L

19 BARMIN 85 assumes that CP-allowed and CP-violating amplitudes are equally sup-
pressed.

have no centrifugal barrier, have CP = —1 so that the Kg
decay to these requires CP violation.

In order to see CP violation in Kg —+ vr+7r 7r", it is

necessary to observe the interference between Kg and KI.
decay, which determines the amplitude ratio

A(Ks ~ Tr+rr rr")
9+—0 =

A(Kg ~ 7r+rr sr")

If g+ o is obtained from an integration over the whole Dalitz

plot, there is no contribution from the I = 0 and I = 2 final

states and a nonzero value of g+ o is entirely due to CP
violation.

Only I = 1 and I = 3 states, which are CP = —1, are

allowed for K" + ~"7r vr" decays and the decay of Kg into 3'"
is an unambiguous sign of CP violation. Similarly to g+ o, goo(~

is defined as

A(Ks " ' ")
A(KI, ~ rr rr"sr")

If one assumes that CPT invariance holds and that there

are no transitions to I = 3 (or to nonsymmetric I = 1 states),
it can be shown that

9+—0 = 9000

Im ay= 6+2
Re ag

With the Wu-Yang phase convention, a~ is the weak decay

amplitude for K" into I = 1 final states; ~ is determined from

CP violation in KL, ~ 27(. decays. The real parts of g+ o and

rI000 are equal to Re(e). Since currently-known upper limits

on rI+ al and rlaeal are much larger than lelr they can be
interpreted as upper limits on Im(r)+ 0) and Im(r)000) and so as

limits on the CP-violating phase of the decay amplitude a~.

CP-VIOLATION PARAMETERS IN Ks DECAY

Im(rid o}2 = I (Ko& —r sr+sr sro, CP-violating) / r(KoL -+ sr+sr sro)
CPT assumed valid (i.e. Re(7I+ 0) = 0).

VAL UE CL% EVTS DOCUMENT ID TECN COM MEIV T

o ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.23 90 601 21 BARMIN 85 HLBC
(1.2 90 192 BALDO-. . . 75 HLBC
&0.71 90 148 MALLARY 73 OSPK Re(A)= —0.05 S 0.17
&0.66 90 180 JAMES 72 HBC
&1.2 90 99 JONES 72 OSPK
&0.12 90 384 METCALF 72 ASPK
&1.2 90 99 CHO 71 DBC
&1.0 90 98 JAMES 71 HBC Incl. in JAMES 72
(1.2 95 50 MEISNER 71 HBC CL=90% not avail.
&0.8 90 71 WEBBER 70 H BC
&0.45 90 BEHR 66 HLBC
&3.8 90 18 ANDERSON 65 HBC lncl. in WEBBER 70

BARMIN 85 find Re(7)+ 0) = (0.05 + 0.17) and Im(7}+ 0) = (0.15 4 0.33). Includes
events of BALDO-CEOLIN 75.
These authors find Re(A) = 2.75 4 0.65, above value at Re(A) = 0.

Im(ri+ 0}= Im(A(K0& ~ sr+sr sro, CP-violating} / A(Kot ~ sr+sr sro})
VAL UE EVTS DOCUMENT ID TECN

—0.015+0.017+0.025 272k ZO U 94 SPEC

ZOU 94 use theoretical constraint Re(7)+ 0) = Re(e) = 0,0016.
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Ks, K',

Im(gaaa) = r(K -+ 3m ) / r(K ~ 3+0)
CPT assumed valid (i.e. Re(r)000) 0). This limit determines branching ratio

I (3~0)/f t tal above.
VALUE CL% EVTS DOCUMENT ID TECN COM MEN T

&0.1 90 632 BARMIN 83 HLBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.28 90 GJESDAL 748 SPEC Indirect meas.
(1.2 90 22 BAR MIN 73 HLBC
"BARMIN 83 find Re(gppp) = ( —0.08+ 0.18) and Im(r)ppp): ( —0.05+ 0.27). Assuming

CPT invariance they obtain the limit quoted above.
GJESDAL 748 uses K2vr, K 3, and Ke3 decay results, unitarity, and CPT. Calculates

~
(r)ppp) ~: 0.26 + 0.20. We convert to upper limit.
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For earlier measurements, beginning with GOOD 61 and FITCH 61, see
our our 1986 edition, Physics Letters 170B 132 (1986).

DOCUMENT ID

KL MEAN LIFE

VALUE(10 8 s) EVTS DOCUMENT iD TECN

5.17 +0.04 OUR FIT Error includes scale factor of 1.1.
5.15 +0.04 OUR AVERAGE
5.154+0.044 0 4M VOSBURGH 72 CNTR
5.15 +0.14 DEVLIN 67 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5,0 + 0.5 6 LOWYS 67 HLBC
+1,5 ASTBURY 65C CNTR

5, 3 + 0.6 FU JI I 64 OSPK

5.1 +—1.3 15 DARMON 62 FBC

—2.4 58 CNTR

Sum of partial decay rates.

1700

BARDON34

r,
l2
I3

f4
I5
I6

f7

Mode

3'.+x-harp
7r+ @+v

Called K 3.p3
7r p, v~~

7T' IU V~

7r e+ Ve

Called Ke3.
e+v,

7r+ e—
V,

Ko DECAY MODES

Fraction (I;/I )

(21.12 +0.27 ) %
(12.56 +0.20 ) %

Ia] (27.17 +0.25 ) %

[a] (38.78 +0.27 ) %

Scale factor/
Confidence level

S=1.1

OUR FIT is described in the note on "CP Violation in K Decay" in the K Particle
L L

Listings.

VALUE(10 0
7L 5

—
) TECN COM MEN T

0.5304+0.0014 OUR FIT
0.5310+0.0019 OUR AVERAGE Error includes scale factor of 1.2.
0.5274+0, 0029 +0.0005 ADLER 95 CPLR Charge asymmetry in Ke3
0.5297+0.0030 +0.0022 SCHWINGEN. ..95 E773 20—160 GeV K beams
0.5257+ 0.0049 GIBBONS 93C E731 20—160 GeV K beams
0.5340+0.00255+0,0015 GEWENIGER 74C SPEC Gap method
0.5334+0.0040 +0.0015 GJESDAL 74 SPEC Charge asymmetry in K

E3
0.542 + 0.006 CULLEN 70 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.5286+ 0.0028 GIBBONS 93 E731 20—160 GeV K beams
0.482 + 0.014 4 ARONSON 828 SPEC E=30—110 GeV
0.534 +0.007 5 CARNEGIE 71 ASPK Gap method
0.542 +0.006 ARONSON 70 ASPK Gap method

Fits Am and P+ simultaneously.

These two experiments have a common systematic error due to the uncertainty in the
momentum scale, as pointed out in WAHL 89.
GIBBONS 93 value assume p+ ——$00 —@SW: (43.7 + 0.2)

4ARONSON 82 find that Am may depend on the kaon energy.
ARONSON 70 and CARNEGIE 71 use K mean life = (0.862 + 0.006) x 10 s. WeS
have not attempted to adjust these values for the subsequent change in the K& mean
life or in r)+
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0

rg
I io
~11

I 14
i 15

27
37
~02'
7r07r+ e+ v

(sr@atom) v
e+ ve

Charge conjugation x
violating modes,

I 17 7r+ 7r

lis
l 19 l/ P
l 20 l-I l-I "f

e+ e
I 22 e+e

e+e
i 24 7r 7r e e

lI+P, e e
e+e e+ e

l 27 7r P
0

I 28 7r e e0 +
I 2g 7l Vv

r30 e+l +

( 5.92

2, 4

[b] ( i.70

[a] ( 5.iS

( 1.06

[a,b, cj ( 1,3

[b,cj
5.6

0.15

+0.28

0, 29

0.11
+0.8

0.14

)x10 4

x 10

)x10 6

) x io-5
)x10
)%
) x io—5

x10 6

C L=90%

S=1.4

Parity (CP, CPV} or Lepton Family number (LF}
or ES = t. weak neutral current (Sl}modes

CPU ( 2.067+0.035) x 10 S=1.1
CPV ( 9.36 +0.20 ) x 10
Sl ( 72 +05 ) x10
Sl ( 3 23 +0 30 ) x 10
Sl 4.1 x 10—11 CL=90%
Sl ( 91 +05 ) x10
Sl [b] ( 6.5 +1.2 ) x 10
Sl 2.5 x 10 6 CL=90%
Sl 4.9 x 10 CL=90%
Sl [d] ( 4.1 +0.8 ) x 10 8 S=1.2
CP, S1 [e] & 5.1 x 10 CL=90%
CP Sl [e] & 4.3 x 10 9 CL=90%
CP, Sl [f] & 5,8 x 10 5 CL=90%
LF [a] & 3.3 x 10 CL=90%

r(e+ ~-~o) I2

r (sr+ is+ v)
VALUE (106 3

—
) EVTS DOCUMEN T ID TECN

5.25+0.07 OUR FIT Error includes scale factor of 1.1.
~ ~ ~ We do not use the following data for averages, fits, limits,

4.54 19 LOWYS 67 HL BC

etc. ~ ~ ~

C3

VALUE (10 s ) EVTS DOCUMENT ID TECN COMMENT

2.43+0.04 OUR FIT Error includes scale factor of 1.5,
2.38+0.09 OUR AVERAGE

2.32 192 BALDO-. .. 75 HLBC Assumes CP

2.35+0.20 180 7 JAMES 72 HBC Assumes CP
2.71+0.28 99 CHO 71 DBC Assumes CP
2.12 +0.33 50 MEISNER 71 HBC Assumes CP
2.20 +0.35 53 WEBBER 70 HBC Assumes CP

2 ~ 62 136 BEHR 66 HLBC Assumes CP

o ~ a We do not use the following data for averages, fits, limits, etc. ~ o ~

2.5 +0.3 98 7 JAMES 71 HBC Assumes CP
3.26 If:0.77 18 ANDERSON 65 HBC
1.4 +0.4 14 FRA NZIN I 65 H BC

In the fit this rate is well determined by the mean life and the branching ratio
i (n+n n )/[I (rr+7r ne) + i (n+ p+v) + i (n eave)]. For this reason the

discrepancy between the I (7r+7r 7r ) measurements does not affect the scale factor
of the overall fit.

"JAMES 72 is a final measurement and includes JAMES 71.

[a] The value is for the sum of the charge states of particle/antiparticle states
indicated.

[b] See the Particle Listings below for the energy limits used in this measure-
ment.

[c] Most of this radiative mode, the low-momentum p part, is also included
in the parent mode listed without p's.

[d] m + & 470 MeV.

[e] Allowed by higher-order electroweak interactions.

[f] Violates CP in leading order. Test of direct CP violation since the in-

direct CP-violating and CP-conserving contributions are expected to be
suppressed.

r (sr+ e+ v, )
VALUE (10 s ) EVTS DOCUMENT ID

7.50+0.08 OUR FIT Error includes scale factor of 1.1.
7.7 +0.5 OUR AVERAGE
7.81 +0.56 620 CHAN

52+ 0.85—0.72 AUBERT

TECN COMMENT

71 HBC

65 HLBC AS=ZQ, CP assumed

r6

(I 2yrs+I s}

etc. o ~ ~

r (sr+ tr sro) + r (sr+ is+ v) + r (sr+ e+ v, )
K0 ~ charged.

L

VALUE (106 s ) EVTS DOCUMENT ID TECN

15.18+0.14 OUR FIT Error includes scale factor of 1.1.
~ ~ ~ We do not use the following data for averages, fits, limits,

15.1 + 1.9 98 AUERBACH 66B OSPK

CONSTRAINED FIT INFORMATION

An overall fit to the mean life, 4 decay rate, and 12 branching
ratios uses 46 measurements and one constraint to determine 8
parameters. The overall fit has a X = 41.2 for 39 degrees of
freedom.

X2

X3

X6

—19
-37 —28

-49 —28 -36

The following off-diagonal array elements are the correlation coefficients

6p;6p )/(6p, 6p '), in percent, from the fit to parameters p, , including the branch-

ing fractions, X., —:I, //l «tal. The fit constrains the x, whose labels appear in this
array to sum to one.

r(sr+ /a+ v) + r(sr+ e+ v, )
TECN COMMENT

K+p ~
K p —s

K+n—

Ptc. ~ ~ ~

K p--
K+n—

VALUE (10 s ) EVTS DOCUMENT ID

12.75+0.12 OUR FIT Error includes scale factor of 1.1.
11.9 +0.6 OUR AVERAGE Error includes scale factor of 1.2.
12.4 + 0.7 410 BURGUN 72 HBC
13.1 + 1.3 252 WEBBER 71 HBC
11.6 + 0.9 393 8,9 CHO 70 DBC

9 95+ 1.15 109 FRANZINI 65 HBC

~ ~ ~ We do not use the following data for averages, fits, limits,

8,47+ 1.69 126 8 MANN 72 HBC
10.3 +0.8 335 9 HILL 67 DBC

Assumes ZS = AQ rule.
CHO 70 includes events of HILL 67.

(I a+I e}

K0p~]
nKO

K0p

nK0
K0p

Xg

X17

Xi 8

r

—8
—12
—10

Mode

22 —6 —5

35 —8 —8

27 —7 —6

0 0 0

X2 X3 X6

64

84 77

0 0 0

x9 x17 xi 8

Rate (10 s ) Scale factor

r(3eu)/rt. „, K~ BRANCHING RATIOS

VALUE EVTS DOCUMENT ID TECN

0.2112+0.0027 OUR FIT Error includes scale factor of 1.1.
0.2105+0.0028 38k 10 KREUTZ 95 NA31

KREUTZ 95 meaSure 3~, 7r+ ~ 7r, and 7r eve mOdeS. They aSSume PDG 1992 ValueS
for 7I-/tv, , 27r, and 2p modes.

37r0

7r+ ~—7r0

~+P+ V

Called K„,3.
r ~~e+v6

Called Ke3.
lg 2y
I 17 7l. 71-

i 18

0.0408 5 0.0006
0.0243+ 0.0004

[a] 0.0525+ 0.0007

[a] 0,0750+ 0,0008

(1.144 +0.031 ) x 10

(4.00 +0.07 ) x 10

(1.81 +0.04 ) x 10 4

Ko DECAY RATES

1.5
1.1

I- (3sre) /I- (sr+ sr
—tre)

VALUE EVTS DOCUMENT ID TECN COMMENT

1.68 +0.04 OUR FIT Error includes scale factor of 1.3.
1.63 +0.05 OUR AVERAGE Error includes scale factor of 1.4.
1.611+0.014+0.034 38k ii KREUTZ 95 NA31
1.80 + 0.13 1010 BUDAGOV 68 HLBC
2.0 *0.6 188 ALEKSANYAN 64B FBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.65 +0.07 883 BARMIN 728 HLBC Error statistical only

KREUTZ 95 excluded from fit because it is not independent of their I (37r )/f total
measurement, which is in the fit.

r(3s')/r(~+ e+ v, )
r(3so)
VALUE (106 s

—1)
4.08+0.06 OUR FIT

5 22+1.03—0.84

EVTS

54

DOC UM EN T ID

BEHR

TECN COMMENT

66 HLBC Assumes CP

VALUE EVTS DOCUMENT ID TECN

0.545+0.009 OUR FIT Error includes scale factor of 1.1.
0.545 +0.004+0.009 38k i2 K R EU TZ 95 NA31

KREUTZ 95 measurement excluded from fit because it is

I (37r ) jf total measurement, which is in the fit.
nnt independent of their
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L

I (3tre)/[r (st+sr-tr') + r(tr+Is+v)+ I (tt+e+v, )] I /(I a+I 3+1 a)
VAL UE EVTS DOCLIMENT ID TECN
0.269+0.004 OUR FIT Error includes scale factor of 1.1.
0.260+0.011 OUR AVERAGE
0.251 4 0.014 549
0.277 +0.021 444

0.31 + 29—0.06
0.24 +0.08 24

COMMENT

BUDAGOV 68 HLBC ORSAY measur.
BUDAGOV 68 HLBC Ecole polytec. meas

K ULYUKIN A 68 CC

ANIK INA 64 CC

r (sr+ tt- tt') /r„„i
VALUE DOCUMENT ID
0.1256+0.0020 OUR FIT Error includes scale factor of 1.7.

r(e+e-eo)/[r(~+ e-e') + r(w+ I +v) + I (e+ e+ v, )] r2/{r2+I 3+re)
VAL UE

0.1600+0.0025 OUR
0.1588+0.0024 OUR

0.163 + 0.003
0.1605+0.0038
0.146 4 0.004
0.159 6 0.010
0.167 +0.016
0, 161 +0.005
0.162 +0.015
0, 159 +0.015
0.178 +0.017
o ~ ~ We do not use

EVTS DOCUMENT ID TECN COMMENT
FIT Error includes scale factor of 1.7.
AVERAGE Error includes scale factor of 1.4. See the ideogram

below.
6499 CHO 77 HBC
1590 ALEXANDER 73B HBC
3200 BRANDENB. .. 73 HBC

558 EVANS 73 HLBC
1402 K LILYUK INA 68 CC

HOPKINS 67 HBC
126 H AWK INS 66 H BC
326 ASTBURY 65B CC
566 GUIDONI 65 H BC

the following data for averages, fits, limits, etc. ~ ~ ~

p 15 +0.03—0.04
0.144 +0.004
0, 151 +0.020

0 157 I 0 03—0.04
0.185 +0.038

66

1729
79

75

ASTBURY 65 CC

HOPKINS
ADAIR

LUERS

ASTIER

65 HBC See HOPKINS 67
64 HBC

64 HBC

61 CC

WEIGHTED AVERAGE
0.1588+0.0024 (Error scaled by 1.4)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

0.12 0.14
. I

0.16 0.18

CHO
ALEXANDER
BRANDENB. ..
EVANS
KULYUKINA
HOPKINS
HAWKINS
ASTBURY
G0 IDONI

77 HBC
73B HBC
73 HBC
73 HLBC
68 CC
67 HBC
66 HBC
65B CC
65 HBC

(Confidence Level
I

0.2 0.22

x'
2.0
0.2

10.2
0.0
0.3
0.2
0.1

0.0
1.3

14.2
= 0.077)

r(e+~ e')/[r(e+e-e') + r(e+ir+v) + r(e+e+v )t
r (e+~- ~o) /r (~d- e+ v, )
VAL UE EVTS DOCUMENT ID TECN
0.324+0.006 OUR FIT Error includes scale factor of 1.6.
0.336+0.003+0.007 28k K R E UTZ 95 N A31

I (sr+Is+ v)/I (sr+ ea ve)
TECN COM MEN TVAL UE EVTS

0.701+0.009 OUR FIT
0.697+0.010 OUR AVERAGE
0.702 90.011 33k CHO 80 HBC
0.662 4 0.037 lpk WILLIAMS 74 ASPK
0.741 + 0.044 6700 BRANDENB. .. 73 HBC
0.662+ 0.030 1309 EVA N S 73 HLBC
0.71 + 0.05 770 BUDAGOV 68 HLBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.68 + 0.08 3548 BASILE 70 OSPK
0.71 + 0.04 569 BEILLI ERE 69 HLBC
0.648 2 0.030 1309 EVANS 69 HLBC Repl. by EVANS 73
0.67 4 P. 13 14 KULYUKINA 68 CC
0.82 + 0.10 DEBOUARD 67 OSPK
0.7 + 0.2 273 HAWK INS 67 H BC
0.81 4 0.08 HOPKINS 67 HBC
0.81 +0.19 ADAIR 64 HBC

BEILLIERE 69 is a scanning experiment using same exposure as BUDAGOV 68.
K ULYUK INA 68 I (7r+ Ic T v) /I (sr+ e+ ve) is not measured independently from

i (rr+ rr rr )/[i (rr+ rr rr ) y i (rr p+v) + i (rr+ ea ve)] and i (rr+ ea ve)/

[r(e+ e —eti) + r(e+ p+v) + i (e+ eave)t.

r(ed-. e+v )/[I (e+I +v)+I (wd-eave)]
VAL UE EVTS DOCUMENT ID

0.5880+0.0033 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.415 +0.120 320 ASTI ER 61 CC

[r(ed-. &+ v) + r(e+e+ ve)]/rtotai
VALUE DOCUMENT ID

0.6596+0.0030 OUR FIT Error includes scale factor of 1.2.

Ie/(I g+I e)

(r,ir, )/r

"(27)/rt tai
VALUE (units 10 ) EVTS TECN COMMEN T

5.92+0.15 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.54+ 0.84 16 BANNER 72B OSPK
4.5 + 1.0 23 ENSTROM 71 OSPK K 1.5—9 GeV/cI
5.0 + 1.0 REPELLIN 71 OSPK
5.5 +1.1 KUNZ 68 OSPK Norm. to 3 ~(C+N)
7.4 + 1.6 CRONIN 67 OSPK
6.7 +2.2 TODOROFF 67 OSPK Repl. CRIEGEE 66
1.3 +0.6 19 CRIEGEE 66 OSPK

This value uses (t)00/q+ ) = 1.05 4 0.14. In general, I (2p)/I total —I(4.32 4 0.55) x

][( oo/ +—) l

Assumes regeneration amplitude in copper at 2 GeV is 22 mb. To evaluate for a given
regeneration amplitude and error, multiply by (regeneration amplitude/22mb)
CRONIN 67 replaced by KUNZ 68.
CRIEGEE 66 replaced by TODOROFF 67.

DOCUMENT ID

90
33
32

r(27) /r(3~')
VALUE (units 10 )
2.80+0.08 OUR FIT
~ ~ ~ We do not use

2.13+0.43
2.24 k 0.28
2.5 + 0.7

r(27)/r(e'e')

TECN COMM EN TEVTS DOCUMENT ID

Error includes scale factor of 1.1.
the following data for averages, fits, limits, etc. e ~ ~

28 BARMIN 71 HLBC
115 BA NN ER 69 OSP K

16 ARNOLD 68B HLBC Vacuum decay

Ig/I t

rg/rte
VALUE

0.632+0.009 OUR FIT
0.63260.00460.008 110k

EV TS

r (37)/rtotat

DOCUMENT ID TECN

BURKHARDT 87 NA31

VAL UE CL%

(2.4 x 10 90

Assumes a phase-space decay distribution.

DOCUMEN T I D

20 BARR

TECN

95C NA31

r(tr 27)/I total
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

1.7 +0.2 +0 2 63 21 BARR 92 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.86+ 0.60 4 0,60 60 PA PADIMITR. ..91 E731 m ) 280 MeV

5.1 90 PA PADIMITR. ..91 E731 m ( 264 MeV

2.1 + 0.6 14 22 BARR 90c NA31 m ) 280 MeV

( 2.7 90 PAPADIMITR. ..89 E731 In PAPADI. ..91
(230 90 0 BANNER 69 OSPK

BARR 92 find that I (7r 2p, m (240 MeV)/i (7r 2q)( 0.09 (90% CL).
BARR 90c superseded by BARR 92.

I (st+p+v)/[I (st+st tt ) + I (st+Is+v) + I (te+e+v )] I 3/{I 2+I 3+r,)
VAL UE EVTS DOCUMENT ID TECN

0.3461+0.0030 OUR FIT Error includes scale factor of 1.1.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.335 k 0.055 330 15 KULYUKINA 68 CC

0.39 + 172 15 ASTBURY 65 CC

0.356 2 0.07 251 15 LUERS 64 HBC

This mode not measured independently from i (rr+e rr )/[i (rr+e rr ) +
i (e+ir+ v) + i (rr+ ea ve)] and i (rr+ ea ve)/[i (rr+ e rr ) + i (rr+ y+v) +
i (e+ eave)].

I (st+e+va)/[I (st+st ate) ~ I (tt+Ia+v) + I (st+e+ve)] re/(I 2+I 3+I e}
VAL UE EVTS DOCUMENT ID TECN

0.4939+0.0030 OUR FIT Error includes scale factor of 1.1.
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.498 +0.052 500 KULYUKINA 68 CC

202 ASTBURY 65 CC

0.487 +0.05 153 LUERS 64 HBC
0.46 +0.11 24 NYAGU 61 CC
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r(~8~+ 8+ v)/r, .„I
VALUE (units 10 ) CL% EVTS TECN

5.1810.29 OUR AVERAGE
5.16+0.20 + 0.22 729 M AKOFF 93 E731
6.2 + 2.0 16 CARROLL 80C SPEC

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ o o

&220 90 DONALDSON 74 SPEC

DONALDSON 74 uses K ~ 7r+sr ~ /(atl K ) decays = 0.126.
L L

DOCUMENT ID

r((fr diatom) v)/r(er+ p+ v)
VALUE (units 10 7) EVTS DOCUMENT ID TECN

3.9060.39 155 24 ARONSON 86 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

seen 18 COOM BES 76 WIR E

ARONSON 86 quote theoretical value of (4.31 + 0.08) x 10

I (fr+e+v, p)/I (er+e+v, )

r»/r3

I 14/I 6

VALUE (units 10 )

3.3+2.0

r(~+e ~)/r1o1aI

EVTS

10

DOCUMENT ID

PEACH

TECN COMMENT

71 HLBC p KE )15 MeV

r (eraerep)/r„„I
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

5.6 BARR 94 NA31

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e e o

r16/r

For earlier limits see our 1992 edition Physical Review 045, 1 June, Part II (1992).
VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMEN T

4.61+0.14 OUR AVERAGE
4.66 + 0, 15 3136 25 RAMBERG 93 E731 E )20 MeV

4.41 +0.32 1062 CARROLL 80e SPEC E &20 MeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e o

1.52+ 0.16 516 27 CARROLL 80e SPEC E &20 MeV

2.89+0.28 546 28 CARROLL 80B SPEC
6.2 + 2. 1 24 DONALDSON 74C SPEC

RAMBERG 93 finds that fraction of Direct Emission (DE) decays with E &20 MeV is
y

0.685 + 0.041.
Both components. Uses K ~ ~+~ ~ /(all K ) decays = 0.1239.

L L

"Internal Bremsstrahlung corn ponent only.
Direct p emission component only.

Uses K ~ 7r+~ ~ /(all K ) decays = 0.126.
L L

TECN COM MEN T

r (eeeO) /r„„I
Violates CP conservation.

VALUE (units 10 ) EVTS TECN COMMENT

0.936+0.020 OUR FIT
e o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

2.5 + 0.8 189 GAILLARD 69 OSPK rIQQ
—3.6 + 0.6

+ 1.5 » cRIEGEE ee ospK

4Latest result of this experiment given by FAISSNER 70 I (oper )/I (3~ ).
CRIEGEE 66 experiment not designed to measure 2~0 decay mode.

DOCUME'NT ID

(ero ero) /r (3ero)

r18/r

r18/rl
Violates CP conservation.

VAL UE (units 10 ) EVTS DOCUMENT ID TECN

0.443+0.012 OUR FIT Error includes scale factor of 1.1.
0,39 +0.06 OUR AVERAGE
0.37 +0,08 29 BARMIN 70 HLBC
0.32 + 0, 15 30 BUDAGOV 70 HLBC
0.46 +0.11 57 BANNER 69 OSPK
not seen BARTLETT 68 OSPK
~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

tIQQ —2.02 + 0.23

qpp
—1.9 + 0.5

qpp
—2, 2 + 0.3

See tIQQ below

etc. o ~ ~

1.21 +0.30 150 REY 76 OSPK
0.90 + 0.30 172 FAISSNER 70 OSPK
1.31 +0.31 133 36 CENCE 69 OSPK
1.89 +0.31 109 38 CRONIN 67 OSPK
1.36 4 0.18 CRONIN 67e OSPK

CENCE 69 events are included in REY 76.
?FAISSNER 70 contains same 2xp events as GAILLARD 69 I (vr ~ )/i total.

CRONIN 6?B is further analysis of CRONIN 67, now both withdrawn.

tIQQ ——3.8 2 0.5

00 3.2 + 0.5
tjpp —3,7 + 0 5

tIQQ —4.9 + 0.5
qpp

——3.92 + 0, 3

r(er+er )/[I (er+er ero) + I (er+p+v) + I (er+e+v )] r ~/(I 2+r3+I fr)
Violates CP conservation.

VALUE (units 10 ) EVTS DOCUMENT ID

2.63 +0.04 OUR FIT
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

2.60 +0.07 4200 2 MESSNER 73 ASPK tI~ —2.23 + 0.05
1.93 60.26 BASILE 66 OSPK tI+ —1.92 + 0.13
1.993 +0.080 BOTT-... 66 OS P K rI+ —1.95 + 0.04

2.08 + 0.35 54 GALBRAITH 65 OSPK qg ——1.99 + 0.16
2.0 + 0.4 45 CHRISTENS. .. 64 OSPK tI+ —1.95 + 0.20

From same data as I (~+7r )/I (7r+7r ~ ) MESSNER 73, but with different normal-
ization.
Old experiments excluded from fit. See subsection on g+ in section on "PARAMETERS

FOR KL ~ 2~ DECAY" below for average rI+

&230 90 0 ROBERTS 94 E799

r(fr+fr )/[r(fr~p+v) ~r(er+e+v, )] I 17/{r3+r6)
Vio la tes CP conservation.

VALUE (units 10 ) EVTS DOCUMENT ID ?ECN COMMENT

3.13+0.06 OUR FIT Error includes scale factor of 1.1.
3.08+0.10 OUR AVERAGE

3.13+0.14 1687 COUPAL 85 SPEC tI ~
—2.28 + 0.06

3.04+ 0.14 2703 DEVOE 77 SPEC tI~ —2.25 4 0.05

~ e ~ We do not use the following data for averages, fits, limits, etc. e ~ e

2.51+0.23 309 31 DEBOUARD 67 OSPK q+
—2.00 4 0,09

2.35+ 0.19 525 FITCH 67 OSPK tI~ —-1,94 + 0,08

Old experiments excluded from fit. See subsection on tI+ in section on "PARAMETERS

FOR KPL ~ 2~ DECAY" below for average q+ of these experiments and for note on

discrepa ncy.

I (fr+fr )/I 161aI
Violates CP conservation.

VAI UE (units 10 ) DOCUMENT ID

2.067+0.035 OUR FIT Error includes scale factor of 1.1.
2.107+0.055 ETA FIT 96

This ETAFIT value is computed from fitted values of ~tI+, the KL and KS lifetimes,

and the K m+ m branching fraction. See the discussion in the "Note on CPS
violation in K decay. "

L

r (~+~-) /r(e+ ~- ~o)
Violates CP conservation.

VALUE (units 10 ) EVTS DOC UM EN T ID TECN COMM EN T

1.645+0.030 OUR FIT Error includes scale factor of 1.1.
1.64 +0.04 4200 MESSNER 73 ASPK tI~

—223

r(eoeo)/r(e+ e-) rla/r17

r(&+&-)/[r(e+~-eo) + r(e+~+v) + r(~+8+ v.)] r»/(r, +r3+r6)
Test for h, S = 1 weak neutral current. Allowed by higher-order electroweak interaction

VALUE (units 10 6) CL% DOCUMENT ID TECN

o ~ o We do not

2.0
& 35.0
& 250.0
&100.0

use the following data for averages, fits, limits, etc. ~ ~ ~

90 BOTT-... 67 OSPK
90 FITCH 67 OSPK
90 ALFF-. .. 66B OSPK

ANIKINA 65 CC

r(fa+fa )/r(er+fr )
Test for AS = 1 weak neutral current. Allowed by higher-order electroweak interaction

VALUE (units 10 ~} CL% EVTS DOCUMENT ID TECN COMMENT

3.50+0.21 OUR AVERAGE Error includes scale factor of 1.4.
3.87 +0.30 179 40 AKAGI 95 SPEC
3.38 +0.17 707 HEINSON 95 B791

o e e We do not use the following data for averages, fits, limits, etc. a ~ ~

178 41 AKAGI 91e S P EC In A KAG I 95
368 HEINSON 91 SPEC In HEINSON 95

54 INAGAKI 89 SPEC In AKAGI 91B
8? MATHIAZHA. .. 89B SPEC ln HEINSON 91

3.9 +0.3 + 0, 1
3.45 k 0.18+0.13
4.1 + 0.5
2.8 +0.3 + 0.2

4 p + 1.4
—0.9

42 )—2.6

5.8 + 2.3
—1.5

1.53 90
18. 90

&140, 90

40AKAGI 95 gives this

~+ ~ -)/I (total).

15 SHOCHET 79 SPEC

3 FUKUSHIMA 76 SPEC

44 CARITHERS
45 CLARK

DA RR IULAT
FOETH

73 SPEC

71 SPEC
70 SPEC
69 SPEC

PDG 19rro average for I CK Lnumber multiplied by the

Violates CP conservation.
VALUE DOCUMENT ID

0.453 +0.006 OUR FIT
0.4535+0.0063 ETAFIT 96

39This ETAFIT value is computed from fitted values of itIpp / q~ j
and the I (KS

7r+ ~ ) / I (K ~ ~ 7r ) branching fraction. See the discussion in the "Note on CPS
violation in K decay. "

L
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AKAGI 91B give this number multiplied by the 1990 PDG average for I (KL
~+ ~—

)/I (total).
HEINSON 91 give I (KL plug)/I total We divide out the I (KL ~ 7r+ m )/I total
PDG average which they used.
FUKUSHIMA 76 errors are at CL = 90%.
CARITHERS 73 errors are at CL = 68%, W. Carithers, (private communication 79).
CLARK 71 limit raised from 1.2 x 10 by FIELD 74 reanalysis. Not in agreement with
subsequent experiments. So not averaged.

I (fs fa 7) /rtotai r2o/r
Test for ZS = 1 weak neutral current. Allowed by higher-order electroweak interaction

VALUE (units 10 ~) CL% EVTS DOCUMENT ID TECN

0.323+0.023+0.019 197 S P EN C ER 95 E799
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.28 +0.28 1 " CARROLL 80o SPEC
&7.81 90 DONALDSON 74 SPEC

USeS K —h 7r+7r zr /(all K0) deCayS = 0.1239.
L L

7USeS K ~ 7r+vr 7r /(all K ) deCayS = 0.126.
L L

I (e+e )/It t f I 21/I

23.0
200.0

& 1000.0

I (e+e 7)/I total

90
90

BOTT-... 67 OSPK
ALFF-. .. 66B OSPK
ANIKINA 65 CC

Test for DS = 1 weak neutral current. Allowed by higher-order electroweak interaction
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

9.1+0.5 OUR AVERAGE
9 2+0.5+0.5 1053 BARR

9.1 + 0.4+—0.5 919 0HL 90B 8845

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ o

17.4+ 8.7 4 CARROLL 80o SPEC
&27 90 0 51 BARMIN 72 HLBC

Uses K ~ x+7r 7r /(all K ) decays = 0.1239.
L L

51 Uses K0 ~ 37r0/total = 0.214.
L

90B NA31

r(e+e 77)/rtotal
Test for AS = 1 weak neutral current, Allowed by higher-order electroweak interaction

VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMEN T

6.5+1.2 OUR AVERAGE
6, 5 + 1.2 + 0.6 58 94 E799 E ) 5 MeV

92 B845 E ) 5 MeV

NAKAYA

MORSE6.6+3.2

r(sf+sf e+e )/rtotal I 24/I
Test for AS = 1 weak neutral current. Allowed by higher-order electroweak interaction

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

2.5 90 0 BALATS 83 SPEC
~ e ~ We do not use the following data for averages, fits, limits, etc. a o e

& 8.81 90 52 DONALDSON 76 SPEC
&30 ANIKINA 73 STRC

Uses K —~+ ~ ~ /(all K ) decays = 0.126.
L L

r(I+I e+e )orth~i hs/r
Test for DS = 1 weak neutral current. Allowed by higher-order electroweak interaction

VALUE (units 10 6) CL% DOCUMENTID TECN

&4.9 90 BALATS 83 SPEC

Test for DS = 1 weak neutrai current. Allowed by higher-order electroweak interaction
VAL UE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

0.41 90 0 ARISAKA 93B B791
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.6 90 1 AKAGI 95 SPEC
1.6 90 1 AKAGI 91 SPEC Sup. by AKAGI 95
5.6 90 INAGAKI 89 SPEC In AKAGI 91( 3.2 90 MATHIAZHA. ..89 SPEC In ARISAKA 93B

110 90 COUSINS 88 SPEC
45 90 GREENLEE 88 SPEC Repl. by JASTRZEMB-

SKI 88
12 90 JASTRZEM. .. 88 SPEC
15.7 90 CLARK 71 ASPK

&1500 90 0 FOETH 69 ASPK

ARISAKA 93B includes all events with &6 MeV radiated energy.
Possible (but unknown) systematic errors. See note on CLARK 71 I (p+ p, )/I (7r+7r )
entry.

I (e+e )/[I (sr+fr fr )+I (fr+f4+v)+I (sf+e+v )] r»/(r, +r,+re)
Test for AS = 1 weak neutral current. Allowed by higher-order electroweak interaction

VALUE (units 10 ~) CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I (e+e e+e )/r„„i r26/r
Test for AS = 1 weak neutral current. Allowed by higher-order electroweak interaction.

VALUE (Llnits 10 ) CL% EVTS DOCUMENT ID TECN COM MEN T
4.1 +0.8 OUR AVERAGE Error includes scale factor of 1.2.
6 +2 +1 18 3 AKAGI 95 SPEC mee )470 MeV

10 4 +3 7 +1.1 8 54 BARR 95 NA31
3.96+0.78+0.32 27 GU 94 E799
3.07+ 1.25+0.26 6 VAGINS 93 B845

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

7 +3 +2 6 AKAGi 95 SPEC mee )470 MeV
6 +2 +1 18 AKAGI 93 CNTR Sup. by AKAGI 95
4 +3 2 BARR 91 NA31 Su p. by BARR 95

&260 90 BA LATS 83 SP EC

Values are for the total branching fraction, acceptance-corrected for the mee cuts shown.

"Distribution of angles between two e+ e pair planes favors CP=—1 for K L'

r(tf Is fs )/rtotal
Violates CP in leading order. Test for ZS = 1 weak neutral current. Allowed by
higher-order electroweak interaction.

VAL UE (units 10 ) CL% EVTS DOCUMENT ID TECN

5 1 90 0 HARRIS 93 E799
e o o We do not use the following data for averages, fits, limits, etc. ~ o ~

1200 90 0 CARROLL 80o SPEC
& 56600 90 56 DONALDSON 74 SPEC

USeS K ~ 7r+7r 7r /(all K ) deCayS = 0.1239.
L L

Uses K0 ~ 7r+7r 7r /(all K ) decays = 0.126.
L L

r(~ee+e )lrtotai r2e/r
Violates CP in leading order. Direct and indirect CP-violating contributions are ex-
pected to be comparable and to dominate the CP-conserving part. Test for AS = 1
weak neutral current. Allowed by higher-order electroweak interaction.

VALUE (units 10 9) CL% EVTS DOCUMENT ID TECN

4.3 90 0 HARRIS 93B E799
7.5 90 0 BARK ER 90 E731
5.5 90 0 0HL 90 8845

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

40 90 BARR 88 NA31
320 90 JASTRZEM. .. 88 SPEC

&2300 90 0 57 CARROLL 80o SPEC

Uses K ~ 7r+~ ~ /(all K ) decays = 0.1239.
L L

I (sfevv)/I total r29/r
Violates CP in leading order. Test of direct CP violation since the indirect CP-violating
and CP-conserving contributions are expected to be suppressed. Test of ES = 1 weak
neutral current.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

5.8 90 0 WEAVER 94 E799
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

( 22 90 0 GRAHAM 92 CNTR
&760 90 58 LITTEN BERG 89 RVUE

LITTENBERG 89 is from retroactive data analysis of CRONIN 67.

r (e+ I +) /rtotai
Test of lepton family number conservation.

VAL UE (units 10 ) CL% EVTS DOCUMENT ID TECN COM M EN T

3.3 90 0 ARISAKA 93 B791
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

9.4 90 0 AKAGI 95 SPEC
3.9 90 0 A R I SA K A 93 B791
9.4 90 0 AKAGI 91 SPEC Sup. by AKAGI 95

43 90 INAGAKI 89 SPEC In AKAGI 91
22 90 MATHIAZHA. ..89 SPEC

190 90 SCHAFFNER 89 SPEC
&1100 90 COUSINS 88 SPEC

670 90 GREENLEE 88 SPEC Repl. by
SCHAFFNER 89

& 157 90 60 CLARK 71 ASPK

This is the combined result of ARISAKA 93 and MATHIAZHAGAN 89.
POSSible (but unknOWn) SyStematiC errOrS. See nOte On CLARK 71 C(p+ p, )/I (7r+ 7r )
entry.

I (e+Is+)/ [I (fr+fr sfe) + I (sf+ Is+ v) + I (fr e+ va)] I I/(I 2+I s+I 6)
Test of lepton family number conservation.

VA L UE (units 10 ) CL% DOCUMENT ID TECN

o e o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 0.1 90 BOTT-. .. 67 OSPK
0.08 90 FITC H 67 OSPK
1.0 90 CARPENTER 66 OSPK

& 10.0 ANIK INA 65 CC
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ENERGY DEPENDENCE OF K~ DALITZ PLOT

For discussion, see note on Dalitz plot parameters in the K+ section of
the Particle Listings above. For definitions of av, at, au, and a, see
the earlier version or the same note in the 1982 edition of this kevievv

published in Physics Letters 111B70 (1982).

QUADRATIC COEFFICIENT k FOR K~ —+
VAL UE EVTS DOCUMENT ID

0.0098+0.0018 OUR AVERAGE
0.024 +0.010 6499 CHO

—0.008 60.012 4709 P EAC H

0.00974 0.0018 509k MESS NE R

TIECN

77 HBC
77 HBC
74 ASPK

~matrix element~ = 1 + gu + hu + jv+ kv

where u = (s3 —sp) / m and v = (s1 —s2) / m

LINEAR COEFFICIENT g FOR K01 ~ m+m.

VAL UE EVTS DOC UM EN T ID TECN COMM EN T

0.670+0.014 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.

0.681+0.024 6499 C HO 77 HBC
0.620 4 0.023 4709 P EACH 77 H BC
0,677+ 0.010 509k MESSNER 74 ASPK a&

——0.917 + 0.013
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

0.69 +0.07 192 61 BALDO 75 HLBC
0.590 4 0.022 56k 61 BUCHANAN 75 SPEC au = —0.277 + 0.010
0.619+0.027 20k 61,62 BISI 74 ASPK at — 0 282 + 0 011
0.612+0.032 ALEXANDER ?3B HBC
0.73 +0.04 3200 61 BRANDENB. .. 73 HBC
0.50 + 0.11 180 61 JAMES 72 HBC
0,608 6 0.043 1486 61 KRENZ 72 HLBC at — 0 277 6 0 018
0.688+ 0.074 384 61 METCALF 72 ASPK at — 0.31 + 0.03
0.650+ 0.012 29k 61 ALBROW 70 ASPK a = —0.858 + 0.015
0.593+ 0.022 36k 61,63 BUCHANAN 70

'
SPEC au = —0.278+ 0.010

0.664+ 0.056 4400 61 SMITH 70 OS P K a t
——0.306 + 0.024

0.400 6 0.045 2446 BASILE 68a OSPK at ——0.188 + 0.020
0.649+ 0.044 1350 HOPKINS 67 HBC at ——0.294 + 0.018
0.428 +0.055 1198 61 NEFKENS 67 OSPK au — 0 204 + 0 025
0.64 +0.17 280 ANIKINA 66 CC av ——82
0.70 + 0.12 126 61 HAWKINS 66 HBC av — 8 6 k 0
0.32 +0.13 66 61 ASTBURY 65 CC av ——5.5 + 1.5
0.51 + 0.09 3lp ASTBURY 658 CC a = —7 3+—0.8
0.55 +0.23 9 61 ADAIR 64 HBC av ——7.6 j 1.7
0.51 + 0.20 77 LUERS 64 HBC a = —7.3 + 1.6

Quadratic dependence required by some experiments. (See sections on "QUADRATIC
COEFFICIFNT h" and "QUADRATIC COEFFICIENT k" below. ) Correlations prevent
us from averaging results of fits not including g, h, and k terms.
BISI 74 value comes from quadratic fit with quad. term consistent with zero. g error is
thus larger than if linear fit were used.

3 BUCHANAN 70 result revised by BUCHANAN 75 to include radiative correlations and

to use more reliable K momentum spectrum of second experiment (had same beam).
L

WEIGHTED AVERAGE
0.670+0.014 (Error scaled by 1.6)

0.55 0.6 0.65 0.7

HO
EACH

MESSNER

77 HBC
77 HBC
74 ASPK

0.75

(Confidence Level

0.8

x'
0.2
4.7
0.6
54

= 0.066)

Linear coeff. g for KL ~ Tr 7r vr matrix element squared

QUADRATIC COEFFICIENT h FOR K~ ~ m+n. x
VAL UE EVTS DOCUMENT ID TECN

0.079+0.007 OUR AVERAGE
0.095 + 0,032 6499 CHO 77 HBC
0.048 6 0.036 4709 P EAC H 77 H BC
0.079+0.007 509k MESSNER 74 ASPK

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

—0.011+0.018 29k 64 ALBROW 70 ASPK
0.043 + 0,052 440P S M IT H 70 OS P K

See notes in section "LINEAR COEFFICIENT g FOR K ~ ~+ m 7r ~MATRIX
L

ELEMENT| " above.
4 Quadratic coefficients h and k required by some experiments. (See section on

"QUADRATIC COEFFICIENT k" below. ) Correlations prevent us from averaging re-
sults of fits not including g, h, and k terms.

LINEAR COEFFICIENT 1 FOR Ket —s sr+sr sr (CP-VIOLATING TERM)
Listed in CP-violation section below

QUADRATIC COEFFICIENT h FOR KO ~ m.om0~0

VALUE (units 10 ) EVTS DOCUMENT ID TECN

—3.3+1.1+0.7 5M SO MA LWA R 92 E731

SOMALWAR 92 chose m + as normalization to make it compatible with the Particle

Data Group K ~ n-+ m- x definitions.
L

K~ FORM FACTORS

For discussion, see note on form factors in the K+ section of the Particle
Listings above.

In the form factor comments, the following symbols are used.

f+ and f are form factors for the vector matrix element.

f~ and fT refer to the scalar and tensor term.

fp —f+ + f t/(m K
A+, A, and Ap are the linear expansion coefficients of f+, f, and fp.

A+ refers to the K 3 value except in the K 3 sections.0 0
tu, 3 e3

d((0)/dA+ is the correlation between ((0) and A+ in K
p, 3

dAp/dA+ is the correlation between Ap and A+ in K 3.p,3
t = momentum transfer to the x in units of m

DP = Dalitz plot analysis.

P I = w spectrum a na lysis.

MU = p, spectrum analysis.

POL= p, polarization analysis.

BR = K /K branching ratio analysis.p3 e3
E = positron or electron spectrum analysis.

RC = radiative corrections.

(a = f /f+ (determined from K+~ spectra)
The parameter ( is redundant with Ap below and is not put into the Meson Summary
Ta ble.

VALUE cl((0)irIA+ EVTS DOCUMENT ID TECN COMM EN T
—0.11+0.09 OUR EVALUATION From a fit discussed in note on K~3 form factors in

1982 edition, PL 1118 (April 1982).
—12 150k 6 BIRULEV 81 SPEC DP

14k 68 CHO 80 HBC DP
—20 16k 68 Hll L 79 STRC DP
—5.9 32k 69 BUCHANAN 75 SPEC DP

1.6M DONALDSON 74Et SPEC DP
—20 1385 71 PEACH 73 HLBC DP

9086 ALBROW 72 ASPK DP
1341 CARPENTER 66 OSPK DP

—0.10+0.09
+0.26+ 0,16
+0.13J-0.23
—0.25 60.22
—0.11+0.07
—1.00 + 0,45
—' 1.5 +0.7
+ 1.2 +0.8

—13

—17

—28
—18

A+ (LINEAR ENERGY DEPENDENCE OF fd IN Kos DECAY)
For radiative correction of K 3 DP, see GINSBERG 67 and BECHERRAWY 70.e3

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.0300+0.0016 OUR AVERAGE Error includes scale factor of 1.2.
0.0306 +0,0034 74I& BIRULEV 81 SPEC DP
0.025 + 0.005 12k ENGLER 78B HBC DP
0.0348+ 0.0044 18I& HILL 78 STRC DP
0.0312+0.0025 500I& GJESDAL 76 SPEC DP
0.0270+ 0.0028 25I& BLUMENTHAL75 SPEC DP
0.044 +0.006 24k BUCHANAN 75 SPEC DP
0.040 + 0.012 2171 WA N G 74 OSPK DP
0.045 +0.014 5600 ALBROW 73 ASPK DP
0.019 +0.013 1871 BRANDENB. .. 73 HBC Pl transv.
0.022 + 0.014 1910 NEUHOFER 72 ASPK Pl

0.023 + 0.005 42k BISI 71 ASPK DP
0.05 4 0,01 16k C HI EN 71 ASPK DP, no RC
0, 02 + 0.013 1000 A RON SON 68 OSP K P I

+ 0,023 + 0.012 4800 BASILE 68 OSPK DP, no RC
—0.01 + 0.02 762 FIRESTONE 67 HBC DP, no RC

+0.01 + 0.015 531 KADYK 67 HBC e, PI, no RC

+0 08 +0 08 240 LOWYS 67 FBC PI

+ 0.15 + 0.08 577 FISHER 65 OSPK DP, no RC

+ 0.07 + 0.06 153 LUERS 64 HBC DP, no RC
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,029 + 0.005 19k 66 CHO 80 HBC DP
0,0286 6 0.0049 26k BIRULEV 79 SPEC Repl. by BIRULEV 81
0.032 +0.0042 48k BIRULEV 76 SPEC Repl. by BIRULEV 81

66 ENGLER 78B uses an unique Ke3 subset of CHO 80 events and is less subject to sys-
tematic effects.
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~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

+0.50+0.61 unknown 16k 4 DALLY 72 ASPK DP
—3.9 4 0.4 3140 BASILE 70 OSPK DP, indep of A+

0 68+0.12 —26 ]6k 4 CHIEN—0.20 70 ASPK DP

BIRULEV 81 error, d((0)/dA+ calculated by us from Ap, A+. dip/dA+ —0 used.

HILL 79 and CHO 80 calculated by us from Ap, A+, and dA0/dA+.
BUCHANAN 75 is calculated by us from Ap, A+ and F0/dA+ because their appendix
A value —0.20 + 22 assumes ((t) constant, i.e. A = A+.
DONALDSON 74B gives ( = —0.11 + 0.02 not including systematics. Above error and
d((0)/dA+ were calculated by us from Ap and A+ errors (which include systematics)
and F0/dA+.
PEACH 73 gives ((0) = —0.95 + 0.45 for A+ —A = 0.025 . The above value is for

= 0. K.Peach, private communication (1974).
ALBROW 72 fit has A free, gets A = —0.030 + 0.060 or h = +0.15+—0.11
CARPENTER 66 ((0) is for A+ —0. d((0)/dA+ is from figure 9.
CHIEN 70 errors are statistical only. d((0)/dA+ from figure 4. DALLY 72 is a reanalysis
of CHIEN 70. The DALLY 72 result is not compatible with assumption A = 0 so not
included in our fit. The noiizero A value and the relatively large A+ value found by
DALLY 72 come mainly from a single low t bin (figures 1,2). The (f+,() correlation was
ignored. We estimate from figure 2 that fixing A = 0 would give ((0) = —1.4 + 0.3
and would add 10 to &2. d((0)/dA+ is not given.

BASILE 70 is incompatible with all other results. Authors suggest that efficiency esti-
mates might be responsible.

fp = f /f+ (determined from KP~/Kos)
The K 3/K 3 branching ratio fixes a relationship between ((0) and A+. We quote

the author's ((0) and associated A+ but do not average because the A+ values difFer.
The fit result and scale factor given below are not obtained from these (~ values.

Instead they are obtained directly from the authors K /K branching ratio via the
/t3 e3

fitted K 3/K 3 ratio (I (7r+ @+v) jl (~+ ea ve}). The parameter ( is redundant

with Ap below and is not put into the Meson Summary Table.
VALUE EVTS DOCUMENT ID TECN COMMENT
—0.11+0.09 OUR EVALUATION From a fit discussed in note on K~3 form factors in

1982 edition, PL 111B (April 1982).
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.5 +0.4 6700 BRANDENB. .. 73 HBC BR, A+ ——0.019 4 0.013
—0.08+0.25 1309 EVANS 73 HLBC BR, A+ —0.02
—0.5 +0.5 3548 BASILE 70 OSPK BR, A+ —0.02
+ 0.45 +0.28 569 BEILLIERE 69 HLBC BR, A+

—0
—0.22+ 0.30 1309 76 EVANS 69 HLBC

+0.2 KULYUKINA 68 CC BR, A+
—0

+ 1.1 + 1.1 389 ADAIR 64 HBC BR, A+ —0

+0.66 LUERS 64 HBC BR, A+ ——0

EVANS 73 replaces EVANS 69.

$~ = f /f+ (determined from p polarization in Kos)
The/t polarization is a measure of((t). No assurnptionson A+ necessary, t (weighted
by sensitivity to ((t)) should be specified. In A+, ((0) parametrization this is ((0)
for A+ —0. d(/dA = (t. For radiative correction to p polarization in K 3, seep3
GINSBERG 73. The parameter ( is redundant with Ap below and is not put into the
Meson Summary Table.

VAL UE EVTS DOCUMENT ID TECN COMMENT
-0.11 +0.09 OUR EVALUATION From a fit discussed in note on K~3 form factors in

1982 edition, PL 111B (April 1982).
+ 0.1784 0, 105 207k CLARK 77 SPEC POL,

d((0)/dA+ —+0.68
—0.385 +0.105 73 CNTR POL, d((0)/dA+ ——6

—1.81 —0 26 69 CNTR POL, t=3.3
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—1.6 +0.5 638 80 ABRAMS 68B OSPK Polarization
—1.2 +0.5 2608 AUERBACH 66B OSPK Polarization

CLARK 77 t = +3.80, d((0)/dA+ —((t)t = 0.178x3.80 = +0.68.
SANDWEISS 73 is for A = 0 and t = 0.+

9 LONGO 69 t = 3.3 calculated from d((0)/dA+ ——6.0 (table 1) divided by ( = —1.81.
t value not given.

2 2M 78 SANDWEISS

79 LONGO

TECN COMMENT

Im(() in Kp DECAY (from transverse p pol. )
Test o T reversal invariance,

VAL UE EVTS DOCUMENT ID
—0.007+0.026 OUR AVERAGE

0.009 6 0.030 12M MORSE 80 CNTR Polarization
0.35 + 0.30 207k 81 CLARK 77 SPEC POL, t=p

—0.085 4 0.064 2.2M 82 SANDWEISS 73 CNTR PQL, t=p
—0.02 +0.08 LONGO 69 CNTR POL, t=3.3
—0.2 +0.6 ABRAMS 68B OSPK Polarization
~ o e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.012+0.026 SCHMIDT 79 CNTR Repl. by MORSE 80

CLARK 77 value has additional ((0) dependence +0.21Re[((0)j.
SANDWEISS 73 value corrected from value quoted in their paper due to new value of
Re((). See footnote 4 of SCHMIDT 79.

A+ {LINEAR ENERGY DEPENDENCE OF f+ IN KP~ DECAY)
See also the corresponding entries and notes in section "(~ = f /f+" above and

section "Ap (LINEAR ENERGY DEPENDENCE OF fp IN K 3 DECAY)" below. For

radiative correction of Kp Dalitz plot see GINSBERG 70 and BECHERRAWY 70.p3
VALUE EVTS DOCUMENT ID TECN COMMENT
0.034 +0.005 OUR EVALUATION From a fit discussed in note on Kg3 form factors in

1982 edition, PL 111B (April 1982).
0.0427 +0.0044 150k BIRULEV 81 SPEC DP
0,028 4 0.010 14k CHO 80 HBC DP
0.028 k 0.011 16k HILL 79 STRC DP
0.046 +0.030 32k BUCHANAN 75 SPEC DP
0.030 +0.003 1.6M DONALDSON 74B SPEC DP
0.085 4 0.015 9086 ALBROW 72 ASPK DP
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,0337+0.0033 129k DZHORD. .. 77 SPEC Repl. by BIRULEV 81
0.046 +0.008 82k ALBRECHT 74 WIRE Repl. by BIRULEV 81
0, 11 +0.04 16k DALLY 72 ASPK DP
0.07 +0.02 16k CHIEN 70 ASPK Repl. by DALLY 72

Ratio of scalar to f+ couplings.

VAL UE CL% EVTS DOCUMEN T ID TECN

(0.04 68 25k BLUMENTHAL75 SPEC
~ e ~ We do not use the following data for averages, fits, limits,

&0.095 95 18k HILL 78 STRC
&0.07 68 48k BIRULEV 76 SPEC
&0.19 95 5600 A LBROW 73 ASPK
&0,15 68 K ULYUK INA 67 CC

lf7./f+I FOR Kpes DECAY
Ratio of tensor to f+ couplings.

VALUE CL% EVTS DOCUMENT ID TECN

&0.23 68 25k BLUMENTHAL75 SPEC
o e o We do not use the following data for averages, fits, limits,

&0.40 95 18k H I L L 78 STRC
&0.34 68 48k BIR UL EV 76 S P EC
&1,0 95 5600 ALBROW 73 ASPK
&1.0 68 KULYUKINA 67 CC

COMMENT

etc. ~ ~ ~

See also BIRULEV 81

COMMENT

etc. ~ o o

See also BIRULEV 81

Ap {LINEAR ENERGY DEPENDENCE OF fp IN K~ DECAY)
Wherever possible, we have converted the above values of ((0) into values of Ap using

the associated A~ and d((0)/dA+.
VALLIE dAO/dA+ EVTS DOCUMENT ID TECN COMMEN T

0.025 +0.006 OUR EVALUATION From a fit discussed in note on Kg3 form factors
in 1982 edition, PL 111B (April 1982).

00341+00067 unknown 150k 8 BIRLILEV 81 SPEC DP
+ 0.050 +0.008 —0.11 14k C HO 80 HBC DP
+0.039 +0.010 —0.67 16k HILL 79 STRC DP
+0.047 +0,009 1,06 207k 84 CLARK 77 SPEC POL
+ 0.025 +0.019 +0.5 32k 85 BUCHANAN 75 SPEC DP
+0,019 +0.004 —0,47 1.6M DONALDSON 74B SPEC DP
—0.060 +0.038 —0.71 1385 PEACH 73 HLBC DP
—0.018 +0.009 +0,49 2.2M 84 SANDWEISS 73 CNTR POL
—0.043 +0.052 —1.39 9086 ALBROW 72 ASPK DP

—0.140 ' + 0.49—0.022
4 LONGO 69 CNTR POL

+0 08 +0 07 —0 54 1371 CARPENTER 66 OSPK DP
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.041 4 0.008 14k 89 CHO 80 HBC BR, A+ —0.028
+-0.0485+ 0.0076 47k DZHORD. .. 77 SPEC In BIRULEV 81
+ 0.024 4 0.011 82k ALBRECHT 74 WIRE In BIRULEV 81
+ 0.06 + 0.03 6700 BRANDENB. .. 73 HBC BR,

A+ ——0.019 4
0.013—0,067 +0.227 unknown 16k DALLY 72 ASPK DP

—0,333 +0.034 +1. 3140 BASILE 70 OSPK DP
83 BIRULEV 81 gives dA0/dA+ ——1.5, giving an unreasonably narrow error ellipse which

dominates all other results. We use dA0/dA+ —p.

4Ap value is for A+ —0.03 calculated by us from ((0) and d((0)/dA+.
BUCHANAN 75 value is from their appendix A and uses only K 3 data. dA0/dA+ was
obtained by private communication, C.Buchanan, 1976.
DONALDSON 74B dip/dA+ obtained from flgul'e 18.
PEACH 73 assumes A+

—0.025. Calculated by us from ((0) and d((0)/dA+.
ALBROW 72 Ap is calculated by us from (~, A+ and d((0)/dA+. They give Ap—
—0.043 6 0.039 for A = 0. We use our larger calculated error.

9CHO 80 BR result not independent of their Dalitz plot result.
Fit for Ap does not include this value but instead includes the K,3/Ke3 result from this
experiment.
DALLY 72 gives fp

—1.20+ 0.35, Ap
——0.080 + 0.272, Ap' ——0.006 4 0.045, but

with a difFerent definition of Ap. Our quoted Ap is his Ap/fp. We cannot calculate true
Ap error without his (Ap, fp) correlations. See also note on DALLY 72 in section (~.
BASILE 70 Ap is for A+ —0. Calculated by us from (~ with d((0)/dA+ —0. BASILE 70
is incompatible with all other results. Authors suggest that efficiency estimates might be
responsible.

lfs/f+
I

FOR Kes DECAY
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VAL UE

0.12+0.12
DOCUMENT ID

BIRULEV

]fr/f+] FOR Ko& DECAY
Ratio of tensor to f+ couplings.

TECN

81 SPEC

where bl are the ~~ scattering phase shifts at the K" mass and

I is the isospin of the final state. CP violation is measured by

(Im AI/Re AI). One can then write

VAL UE

-0.28 +0.08 OUR AYERAGE
—0.28 + 0, 13
—0.280 —0.090

908 NA31

908 B845

BARR

OHL

DECAY FORM FACTORS FOR K0& ~ ~+~0e+~,
Given in MAKOFF 93.

aK, DECAY FORM FACTOR FOR Kg ~ e+ e
ctK, is the constant in the model of BERGSTROM 83 which measures the relative

strength of the vector-vector transition KL ~ K*p with K* ~ p, ~, @ ~ p* and

the pseudoscalar-pseudoscalar transition KL ~
DOCUMENT ID TECN

f
7/+ = 6+E

'goo = ~ —2~

where i,~&, &~ ReAp ImA2 ImAo
C

V2 Re Ao Re A2 Re Ao

(4a)

(4b)

CI VIOLATION IN Ki~ DECAY

(by L. W'olfenstein, Carnegie-Mellon University and

T. Trippe, LBNL)

Experimentally Measured Parameters

CP violation has been observed in the semi-leptonic decays

Kl —+ 7r+E v and in the nonleptonic decay Kl ~ 2x. The
experimental numbers that, have been measured are [1]

neglecting small corrections of order e' times Re(A2/Ao). It is

possible by a choice of phase convention to set Im Ao or Im A2

or Ime to 0, but none of these is 0 with the usual phase

convention in the Standard Model. The choice Im Af)=0 is the
Wu-Yang phase convention [8].

By applying CPT invariance and unitarity it is possible to
relate b to c and to determine the phases of e and g'. If one

assumes the AS = AQ rule (see below note on the "AS = AQ
Rule in K" Decay" ) the expression for 6 becomes

r(K," ~-f+~) —r(K,' ~+&-~)
r(Kn -f+ ) + r(K," +f-

)
(la) b = 2Re e/(1+

I
~ I') = 2Re ~ . (6)

rl+ = A(Kr" ~ ~+~ )/A(K~ ~ vr+7r )

e'&+-

A(Ko n o)/A(Ko 0 0)

= [7Inn
e'@""

(Ib)

(1c)

This quantity is independent of phase convention and is seen

from Eq. (2) to equal (K& I
K+o). The phase of e is given by

') = 48.49+ O.O8'
I ~ —I"~

while Eq. (5) gives

Thus there are five real numbers, three magnitudes, and

two phases. We list b(p) for KL ~ nyv and 6(e) for K& ~ nev

separat, ely and a weighted average b. Experimentally for the

K& ~ vr w decay the quantities directly measured (and also of

greatest theoretical interest) are rloo/rl+ I
and goo —p+

Analysis Based on CPT Invariance [2]

CP violat, ion can occur either in t, he K —K mixing oro

in the decay amplit, udes. Assuming CPT invariance, the CP
violation in the mixing is described by a single parameter e:

IKI)= (I+e)IK )
—(I —e) K )

(2a)

I Ks) — (I+ e)
I

K" ) + (' —e)
I
K )

P(e') = & —bo + —= 48 + 4'
2

(7b)

lrlnn/rl+-
' = 1 —8Re (e'/e)

The approximation in Eq. (7a) depends on the assumption

that direct CP violation is negligible in all K" decays and

is expected to be good to a few tenths of a degree. Eq. (7a)
is evaluated using the values of the K& —K+ mass difference

6m = (0.5304 + 0.0014) x lornhs r and the K& mean life

w, = (0.8927+ 0.0009) x 10 "s from the current edition. The
value of the vr7r phase shifts is taken from the fit given by Chell

and Olsson [4]. The most important point, for the analysis is

that cos[P(e') —P(e)] = 1. The consequence of this analysis is

that only two real quantities need be measured, the magnitude
of e and the value of (e'/e) including its sign. The measured

quantity Irlnn/rI+ I
which is very close to unity, is given to a

good approximation by

/ [2(I +
I

~ I")]

The decay amplit, udes are written

( I = 0
I
T

I

K") = e' "Ao

(I —2 T K )
—e" 'A2

(2b)

(8a)

= 1 —6(e'/e) cos [P(e') —P(e)] (8)

Since the cos in Eq. (8) is expected theoret, ically to be very

close to unity it is customary to say that rlon/rl+ I
determines

e /e.
It is possible to use the values of P+ and gnn —P+ to set,

limits on CPT violation. [See Tests of Conservation Laws. ]
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able 1: R.cfcrcnccs for Vig. I and Vig I

%fess. / Vig. No.

(&+ Am. r,- PDG Doc»ment, ID Rcf.

2

I 2

I

I

I

I

I

l7

b7

L7

CAROSI 90
GF,V,'V.NIGF, B. 74B

ADI, FB. 95B
CARITHF. RS 75

SCHV'IN GFN HF IJFB.
GIBBONS I

GIBBONS 93C

ADI, V, R. 9,")

G3FSDAT, 74

GF,XVF,NIGF, R 74C

Ct tI, I,FN 70

ARONSON (6
GR.OS'SX'I AN S7

SK;JFGGFST,XD ('7

[i 6]

[i 7]

[91

[1g]

95 [g]

Ii 1]

[19]

[10]
['20]

[»]
[22]

[24]

I
ARONSON 76 GIRRONS 96

I
GROSSMAN 87 i SCHWINGENHEUER 95

q ADLER 95BCARITHERS 75

[
' '[ GEWENIGER 74B

PQQQg
CAROSI 90

I:,::::::,:::::::::::,::,:::,::,I SKJEGGESTAD 72 superweakl

Fit result

Table 2: R,cs»its of' t,hc f'it, for $
m, and T, . The fit }la,s 1(,

'- = 12.0 for
I 8 de rccs of f ' . .. emcn, s.g . rccdom (22 measuremcnts —5

parameters +1 constraint).

Qllantitl' Vit, R.esult

0+-
67T?,

goo

43.7 + 0.6'

(0.5304+ 0.0014) x 10'ob

(0.8927 + 0.0009) x 10 'os

43.5 + 1.0'
—0.2 + O.S

Table 3: oorrc ation matrix f'or thc fitted a,—

ra meters.
1 p. 1 p( pa, -

In Fig. 1 Fi . 2'g. the slope of the diagonal } d.

, le ' m 'T, ' ( eppndenrp; thc unseen T m ( epcndcnt term is

cval»ated»sing t}ie fitted r, Am . Thc v
' . — ', I creral . . . , ( r, m . ic vertical half-widt}I cr

error for lixed A~m. [r,] and includes

the systematic error dl . ', . I, ,c T, nvdiie to tive error in the fitted r, [Am].
Table 2 ivesg . t le res»lting fit, values for tl .lc pa, ramctcrs a,n 1

a, i e,' gives t}ic correlation matrix.
A similar anal 'sis }ia,ia, s been done by the C'PI F YR C'

laborat, ion 26 . Thc sm '. . .. . Penic sma, ll diH'ercnr. es bet~veen tl .
'ccn, lcir rcsII t, s an(1

ours are d»c rimari} '. p
'

i y to diff'crent, treatment. fen, s o T, . lcir fit

constra, ins r, to thc PDG 1994 val ' ' . ', ' . u cs, leva, ue, xv}iile OIIr fit, inr. ludcs t}le

morc rerent, SCHV~INGFNHFUFR 95 [g] r measurement, .

54
67K

52 1.00 0.71 —0.36 0.60

50

48
@no

0.71
—0.36

0.60
—0.02

1.00
—0.'21

0.48

0.04

—0.21

1.00
—0. 19

0.04

—0.19

1.00

0.79

0.04

0.04

0.79

1.00

46

44

42

40

Frt for e'/e, ~tI+ ~, ~r(oo[, and B(K'I, n. vr)

7
~

V c ist measlircmcnts of'

n epen&lcnt, information onon pl+ anc sinn[ can hc

fl. 0TI1 ITlPa, sl.ll'PmP. nts of tliP I'i, ic x I- a,n( Ix
&

lifct, imcs

an(1 c'/c.

obt, a, incd

(r, ) and

0.87 0.88 0.89

zKs(sl

0.9

4

Igure 2: (t& vs T-.T,-. 7 - mca, sIII'p. .Imp. Ylts a,ppp, a,l

T; c7, sonlp. . ofas vcrtiral }ia11ds spanning - + I

xv 1irh al c r»t, near t}lc top to aid thc cyc.
1 p., c/)+ ITl pa, s»1 pnlp11ts a,pppa, l' .. .gcar as (' i agon a,

ba, n(ls spa, nn ln 9 '. .. .. . s Io'o'sg q+ +o&, . Thc da, s}lcd line s}in&vs

c&(supcrwcak). The ellipse allows thc lit result's
n. contol». SPP. Ta,})lc I I l, t.ol' (. a, , a, I'p. pI'p. .nr, p, s.

0.91
le+- I

= B(I'," ~+~-)
r(Ii qo)

r(I~ oq)

B(I~os ~ 7r+7r )

r(I~ os)

B(I~os ~ rro7rn)
(95)

Vor }Iistorical reasons t, hc }branching ratio fits and t}ic C'P-

violation fits arc done se . ', o inc u( e t IPvio . ,
'. . . c separately, b»t ave &va11t to include t}lc

influence ol' fg+, ]goo[, gon s .' . . .n s

on B +
.n( i& —+ 7r 7r ) and vice versa. . KVc

approximate a, global fit, to a11 of t} . . . . . , . irs,a, I'. . . . , , , a, 0, lP.sP.. ITlca, s»l'c111cnt, s by Ill st,

perl'orming two independent Ats: 1) BEFIT a, fit to t}lc Ix"
branc}ling ratios ratesg, '

. , a, ,es, a,nd mca, 11 li/e, a,nd '2 FT %FIT,, a, fit to
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the lty+ I, lty&t&il, lty+ /ry&tal, and e'/e measurements. The results

from fit 1, along wit}i the Ix& values from t}iis edition are used

to compute values of Ity h I
and ltys&r which are inclu&le&l as

measurements in the lty&trii and lty+ I
se&:tions with a. &inc&&ment,

ID of BRFIT 96. Thus the lit values of Ity+ and ltya&ti given

in this edition include bot}I. t}&e direct measurements an(1 the

results from the branching ratio fit.
T})e process is reversed in order to include the Airport

I ty
I

measurements in the branching ratio fit. The results from

fit, 2 above (before including BRFIT 96 values) are use&I

a,long wit}) the I&I and Ix& mea, n lives and t}le Ii q ~ 7f7r

branching fractions to comp»te t he Ix
&

branc}air[ g rat ios

I'(Iif" rr+sr )/I'(total) and I'(Iif" tr" 7r")/I'(Iif" a+tr ).
These branching ratio values are incl»ded as meas»rements in

the branching ratio section with a, document, ID of VTAI'lT 96.
T})us the I&i brarnching ratio fit values in t})is edition incl»de

the I'esults of direct, measurements of fry+ I, ltyo&iI, Ity&in/ty+ —I,
and e'/e. A more &letailed discussion of these tits is given in the

1990 e&lition of this BeUt'et&, I27].
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VALUE(units 10 3) EVT5 DOCUMENT ID TECN COMMEN T

2.275+0.019 OUR FIT Error includes scale factor of 1.1.
2.30 +0.14 OUR AVERAGE
2.25 60.22 BRFIT 96
2.33 +0.18 CHRISTENS. .. ?9 ASPK
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.71 +0.37 56 WOLFF 71 OSPK Cu reg. , 4" s
2.95 +0.63 96 CHOLLET 70 OSPK Cu reg. , 4q's

This BRFIT value is computed from fitted values of the K and K lifetimes and
L S

branching fractions to z--. . See the discussion in the "Note on CP violation in KL
decay. "
CHOLLET 70 gives ityppI: (1.23 + 0.24)x(regeneration amplitude, 2 GeV/c
Cu)/lppppmb. WOLFF 71 gives ir/ppi = (1.13 + 0.12)x(regeneration amplitude, 2

GeV/c Cu)/10000mb. We compute both i7/00~ values for (regeneration amplitude, 2
GeV/c Cu) = 24 + 2mb. This regeneration amplitude results from averaging over
FAISSNER 69, extrapolated using optical-model calculations of Bohm et al. , Physics
Letters 278 594 (1968) and the data of BALATS 71. (From H. Faissner, private com-
munication).

l~+-I= I"("oL- v+e )/ "(tres- v+~ )I
VALUE(units 10 3) EVT5 DOCUMENT ID TECN

2.285+0.019 OUR FIT
2.284+0.018 OUR AVERAGE
2.271 +0.024 BRFIT 96
2.310+ 0.043+0.031 9 A D L E R 95e CPLR
2.32 +0.14 +0.03 10 ADLER 928 SPEC
2.27 +0.12 CHRISTENS. .. 79B ASPK
2.30 +0.035 GEWENIGER 748 ASPK
~ ~ ~ We do not use the following data for averages, fits, limits,

2.28 +0.06 1687 COUPAL 85 SPEC
2.09 +0.02 ARONSON 82B SPEC

COMMEhl T

-K asymmetry
K -K asyrnm.

etc. ~ ~ ~

P(K)=70 GeV/c
E=30—1 10 Ge V

CP-VIOLATION PARAMETERS IN K~ DECAYS

CHARGE ASYMMETRY IN K~ DECAYS

Such asymmetry violates CP. It is related to Re(6).

b = weighted average of b(ts) and b(e)
VALUE {%) EV T5 DOCUMEN T ID TECN COMMEN T

0.327+0.012 OUR AVERAGE Includes data from the 2 datablocks that follow this one.
0.333+0.050 33M VVILLIAMS 73 ASPK K 3 + K 3

b(ts) = [I(sr Is+sr„)—I(e+Is s„)]/SUM
Only the combined value below is put into the Meson Summary Table.

VALUE (%) EV T5 DOCUMEN T ID TECN

The data in this block is included in the average printed for a previous datablock.

0.304+0.025 OUR AVERAGE
0.313+ 0.029 15M GEWENIGER 74 ASPK
0.278 +0.051 ?.7M PICCIONI 72 ASPK
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.60 +0.14 4.].M MCCARTHY 73 CNTR
0.57 + 0.17 1M PACIOTTI 69 OSPK
P.403 +0.134 93DORFAN 67 OS& K

PACIOTTI 69 is a reanalysis of DORFAN 67 and is corrected for It+ p, range diff'erence
ln MCCARTHY 72.

b(e) = [I(sr e+ya) —I (e+e ira)]/SUM
Only the combined value below is put into the Meson Summary Table.

VA L UE (%) EV T5 DOCUMEN T I'D TECN

The data in this block is included in the average printed for a previous datablock.

0.333+0.014 OUR AVERAGE
0.341 +0.018 34M GEWENI GER 74 ASPK
0.318+0.038 40M FITCH 73 ASPK
0.346 +0.033 10M MARX 70 CNTR
0.246 + 0.059 10M 94 SAAL 69 CNTR
~ ~ ~ VVe do not use the following data for averages, fits, limits, etc. ~ o ~

0.36 +0.18 600I& ASHFORD 72 ASPK
0.224 +0.036 10M BENNETT 67 CNTR

SAAL 69 is a reanalysis of BENNETT 67.

PARAMETERS FOR KL 2m DECAY

q+ — A(KL r'+ 7f ) A( KS 7f+

happ
—A(KL z- -„)/ A(K —~ — )

The fitted values o& jr&+ I
and jqaaj given below are the results of a fit

to [y)+ t, ) yypp (, i rypp/ty+ [, and Re(e. /r ). Independent inform ation on

irl+ i
and iyyppi can be obtained from the fitted values of the KL

0-„7fand KS x-yi branching ratios and the KL and KS lifetimes. This0 0

information is included as data in the i'+ i
and iyyppi sections with a

Document ID "BRFIT." See the "Note on CP Violation in KL Decay"
above for details.
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WEIGHTED AVERAGE
1 .5+0.8 {Error scaled by 1 .8)

Values above of weighted average, error,
r are based upon the data in

nly. They are not neces-
as our 'best' values,

a least-squares constrained fit

rements of other (related)
dditional information.

0 2 4 6

x'
1.6
1.6
0.3
3.5

(Confidence Level = 0.178)
J
10

93D NA31
NB 93B E731
S 88 E731

/F. — Re((=.
' jc) = (1—PPO/q+ )/3

This BRFIT value is computed from fitted values of the KP and K lifetimes and
L 5

branching fractions to 7r vr. See the discussion in the "Note on CP violation in K
L

decay
ADLER 958 rePOrt (2 312 + 0 043+ 0 030 —1[&m—0 5274]+ 9 1[~a —0 8926]) X 10

We evaluate for our 1996 best values Bm = (0.5304 + 0.0014) x 10 Es and 's
(0.8927 + 0.0009) x 10 s.

COUPAL 85 concludes: no energy dependence of ~q+ ~, because their value is consistent
with above values which occur at lower energies. Not independent of COUPAL 85
I (7r+ 'ir )/I (~8 v) measurement. Enters (rI+ (

via BRFIT value. In editions prior to
1990, this measurement was erroneously also included in our )g+ (

average and fit ~ We
thank H. Wahi (WAHL 89) for informing us.

ARONSON 82B find that rg+ ~
may depend on the kaon energy.

[zoo/n+
TECNVAL UE EVTS DOCUMENT tD

0.9956+0.0023 OUR FIT Error includes scale factor of 1.8.
0.9930+0.0020 OUR AVERAGE
0.9931+0.0020 101)102 BARR 93D NA31
0.9904 +0.0084 +0.0036 3 WOODS 88 E731
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.99394 0.0013+0.0015 1M BARR 93D NA31

0.9899+0.0020+ 0.0025 BURKHARDT 88 NA31

1,014 +0.016 +0.007 3152 BERNSTEIN 85B SPEC
0.995 +0.025 1122 BLACK 85 SP EC
1.00 +0.09 04 CHRISTENS. .. 79 ASPK
1.03 +0.07 124 BANNER 72 OSPK
1,00 +0.06 167 HOLDER 72 ASPK

This is the square root of the ratio R given by BUR KHARDT 88 and BARR 93D.
This is the combined results from BARR 93D and BURKHARDT 88, taking into account
a common systematic uncertainty of 0.0014 ~

We calculate lr/00/g+ I

= 1—3(~'/~) from WOODS 88 (~ /e) value.

Not independent of (rI+ I
and )Qpp values which are included in fit.

e'/8 m Re(e'/8) = (1 Irym/g—+ I)/3
VAL UE (Lfnits 10 ) EVTS DOCUMENT /D TECN COMMENT

1.5 +0.8 OUR FIT Error includes scale factor of 1.8.
1.5 +0.8 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

2.3 +0.65 105&106 BARR 93D NA31

0.74 +0.52 6 0.29 )5E5 GIBBONS 93B E731
3.2 62.8 + 1.2 105 WOODS 88 E731

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

2.0 4 0.7 M 105 BARR 93D NA31
—0.4 + 1.4 +0.6 PATTERSON 90 E731 in GIBBONS 93B

3.3 + 1.1 BURKHARDT 88 NA31

These values are derived from ~rjpp/g+
~

measurements. They enter the average in this

section but enter the fit via the ~rlpp/rI+
~

section only.

This is the combined results from BARR 93D and BURKHARDT 88, taking into account
their common systematic uncertainty.

ftt]'+, PHASE of g+
The dependence of the phase on a-) m and r~ is given for each experiment in the

comments below, where b, m is the KL-K& mass difference in units 10 Fis and

rs is the K~ mean life in units 10 s. For the "used" data, we have evaluated these
mass dependences using our 1996 values, 4m = 0.5304+ 0.0014, r&

—0.8927 +0.0009
to obtain the values quoted below. We also give the regeneration phase @f in the
comments below.

EVTS

f[t]'pp, PHASE OF gpp
See comment in @+ header above for treatment of Dm and rs dependence.

OUR FIT is described in the note on "CP Violation in K Decay" in the K Particle
L L

Listings.
VALUE( g DOCUMENT ID TECN COMMENT

43.5+ 1.0 OU R FIT
44.5+ 2, 5 125 CAROSI 90 NA31
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

47.4 + 1.4+ 0.9 6 KARLSSON 90 E731
55, 7 + 5.8 C HR ISTENS. .. 79 AS P K

38.0 +25.0 56 WOLFF 71 OSPK Cu reg. , 4p's
51.0+ 30.0 128 CHOLLET 70 OSpK Cu reg. , 4p's
first quadrant preferred GOBBI 69B OSPK

CAROSI 90 $00 47.1 * 2 1 + 1 0 +579 [+ 0 53511 +252 [rs 0 8922
KARLSSON 90 systematic error does not include regeneration phase uncertainty.
WOLFF 71 uses regenerator phase @f

——48.2 + 3.5
CHOLLET 70 uses regenerator phase @f ——46.5 + 4.4

EVTS

OUR FIT is described in the note on "CP Violation in Kp Decay" in the K Particle
L L

Listings.
VALUE ( ) DOCUMENT ID TECN COMMENT

43.7+ 0.6 OUR FIT
43.6 k 1.2 ADLER 95B CPLR K -Kp asymmetry
43, 9 + 0.8 SCHWINGEN. ..95 E773 CH1 1 regenerator
42.9+ 1.0 GIBBONS 93 E731 CH1 1 regenerator
44.3+ 1.8 CAROSI 90 NA31 Vacuum regen.
44.5+ 2.8 112 CARITI-IERS 75 SPEC C regenerator
44.0 + 1.3 GEWENIGER 74B ASPK Vacuum regen.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

42.3+ 4.4+ 1.4 105 114 ADLER 92B SPEC Kp-Kp asymm.
47.7 + 2.0+0,9 109)115KARLSSON 90 E731
35.3+ 3.9 116ARONSON 82B SPEC
41.7+ 3.5 CHRISTENS. .. 79B ASPK
36.2 + 6.1 CARNEGIE 72 AS P K Cu regenerator
37 +12 118 BALATS 71 OSPK Cu regenerator
40 + 4 JENSEN 70 ASPK Vacuum regen.
34 +10 BENNETT 69 CNTR Cu regenerator
44 +12 121 BOHM 69B OSPK Vacuum regen.
45 + 7 FAISSNER 69 ASPK Cu regenerator
51 +11 BENNETT 68B CNTR Cu reg. uses
70 +21 BOTT-... 67B OSPK C regenerator
25 +35 MISC HK E 67 OS P K Cu regenerator
30 +45 124 FIRESTONE 66 HBC
45 +50 124 FITCH 65 OSPK Be regenerator

ADLER 958 rePOrt (42 7+ 0.9O + 0.6.O +316[&m —0.5274]O +30[~a —0.8926]O.
SCHWINGENHEUER 95 reports 6+ ——43.53+ 0.76 ~ 173[&m —0.5282] —275[r
0.8926] ~

109These experiments measure p+ —pf and calculate the regeneration phase from the
power law momentum dependence of the regeneration am plitude using analyticity and dis-
persion relations. SCHWINGENHEUER 95 [GIBBONS 93] includes a systematic error of
0.35 [0.5 ] for uncertainties in their modeling of the regeneration amplitude. See the dis-
cussion of these system atic errors, including criticism that they could be underestimated,
in the note on "C vioiation in K decay. "

L

GIBBONS 93 measures @+—pf and calculates the regeneration phase (1 f from the power
law momentum dependence of the regeneration amplitude using analyticity. An error of
0.6 is included for possible uncertainties in the regeneration phase. They find p+
42.2 1 4 0.9 + 189 [6,m —0.5257] —460 ['rs —0.8922], as given in SC HWI N G E N-

HEUER 95, footnote 8. GIBBONS 93 reports p+ (42.2 + 1.4}
CAROSI 90 P+ —46.9 + 1.4 + 0.7 +579 [Dm —0.5351] +303 [rz —0.8922]

CARITHERS 75 p+ —(45.5 + 2.8)+224[&m —0.5348] . pf ——40.9 + 2.6
GEWENIGER 74B Q+

—(49.4 + 1.0)+565 [Am —0,540]
4 ADLER 92B quote separately two systematic errors: +0,4 from their experiment and

+ 1.0 degrees due to the uncertainty in the value of &m.
15 KARLSSON 90 systematic error does not include regeneration phase uncertainty.

ARONSON 82 find that P+ may depend on the kaon energy.

CARNEGIE 72 @+ is insensitive to Am. 4t) f
——56.2 + 5, 2O.

118 BALATS 71 (t)+ —(39.0 + 12.0)+ 198,& m —0.544] . pf ——43,0 + 4.0

JENSEN 70 P+ —(42.4 + 4.0}+576 [&m —0.538]
BENNETT 69 uses measurement of (p+ )—(tf()f ) of ALFF-STEIN BERGER 66B. BEN-

NETT 69 Q+
——(34.9 4 10.0)+69[&m —0.545] . pf ——49.9 + 5.4

21 BOHM 69B $+ ——(41.0 + 12.0)+479(Am —0.526)o.
FAISSNER 69 error enlarged to include error in regenerator phase. FAISSNER 69 P+
= (49.3 + 7.4)+ 205 [ZLm —0.555] . ct)f = —42.7 + 5.0
BENNETT 69 is a re-evaluation of BENNETT 68B.

24 Old experiments with large errors not included in average.
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0
L

PHASE DIFFERENCE Q0 —P+
Test of CPT.

TECN COMM EN T

Combined E731, E773

CHARGE ASYMMETRY IN ~++ ~0 DECAYS

CHARGE ASYMMETRY j FOR K0& ~ ~+~ n.

Defined at beginning of section "LINEAR COEFFICIENT g FOR K ~ sr+~
L

above. Such asymmetry violates CP. See also note on Daltitz plot parameters in K+
section and note on CP violation in K decay above.

L
VAL UE EVTS DOCUMENT ID TECN

0.0011+0.0008 OUR AVERAGE
0.001 +0.011 6499 C HO

—0.001 + 0.003 4709 P EAC H

0.0013+ 0.0009 3M SCRIBANO
0.0 + 0.01? 4400 SM ITH

0,001 +0.004 238k BLANPI ED

77
77
70
70 OSPK
68

PARAMETERS for K0& ~ x+x p DECAY

Irt+ ~l = IA(K& x+n p, CP violating)/A(Ks n+x p)l
VALUE (units 10 ) EVTS DOCUMEN T ID TECN

2.35 +0.07 OUR AVERAGE
2.359+0.062 4 0,040 9045
2.15 +0.26 3:0.20 3671

P+ ~
——phase of g+ ~

VALUE ( ) EVTS

44 + 4 OUR AVERAGE
43.8 + 3.5+ 1.9 9045
72 +23 + 17 3671

DOCUMENT ID TECN

MATTHEWS 95 E773
RAMBERG 93B E731

VAL UE CL% EVTS DOCUMENT ID TECN

g0.3 90 3671 RAMBERG 93B E731
134 RAMBERG 93B limit on ~e

~
je assumes than any difference between q+ and rI+

l

+—p
is due to direct CP violation.

DS = AQ IX Ko DECAYS

The relat, ive amount of AS g AQ component present is

measured by the parameter x, defined as

x =- A(K ~ rr 8+v)/A(K —~ ~ /+v) .

We list Re(x) and Im(x) for K,3 and Ki,s combined.

OUR FIT is described in the note on "CP Violation in K Decay" in the K Particle
L L

Listings.
VALUE ( ) DOCUMENT ID

—0.2 + 0.8 OUR FIT
—0.3 + 0.8 OUR AVERAGE

0.30+ 0.88 SCHWINGEN. ..95
0.2 + 2.6 + 1.2 130 CAROSI 9O

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.62 + 0.71 + 0,75 SC HWIN GEN. ..95 E773
1.6 + 1.2 131 GIBBONS 93 E731
0.3 + 2.4 + 1.2 KARLSSON 90 E731

12.6 + 6.2 132 CHRISTENS. .. 79 ASPK
7.6 +18.0 BARBIELLINI 73 ASPK

This SCHWINGENHEUER 95 values is the combined result of SCHWINGENHEUER 95
and GIBBONS 93, accounting for correlated systematic errors.
CAROSI 90 is excluded from the fit because it it is not independent of @+ and @pp
va lues.
GIBBONS 93 give detailed dependence of systematic error on lifetime (see the section
on the Ks mean life) and mass difference (see the section on m 0

—m o).
L S

132 Not independent of @+ and $00 values.

Independent of regenerator mechanism, 2 m, and lifetimes.

x= A(~K ~ w 8+v)/A(K -+ s 8+v) = A(ES=—bg)/A(bS=Bq)
REAL PART OF x
VAL UE EVTS

0.006+0.018 OUR AVERAGE
DOCUMENT ID TECN COMMENT

Error includes scale factor of 1.3. See the ideogram
below.

SMITH 75B WIRE ~ p K A

NIEBERGALL 74 ASPK K+ p ~ K p~+
FACKLER 73 OSPK Ke3 from K
HART 73 OSPK Ke3 from K A

MALLARY 73 OSPK Ke3 from K AX
BURGUN 72 HBC K+ p ~ K p~+

136 GRAHAM 72 OSPK 7r p ~ KQA

MANN 72 HBC K p ~ n~K

p 10 +0.18—0.19
0.04 k 0.03

—0.008 +0.044
—0,03 +0.07
—0.070 j0.036

0,03 +0.06
—0.05 4 0.09

0 26 +0 ~ 10—0.14

p 25 +0.07—0.09
0.12 + 0.09

—0.020 4 0.025

009 —0.16

09 +0,07—0.09
Q]7+0.16—0.35

o.o35+0"—0.13

0,06 +0.18—0.44

008 +0 16—0.28
o e o We do not use the

79

4724
1757
1367
1079
410
442

126

WEBBER 71 HBC K p ~ n K
137 CHO 70 DBC K+ d ~ Kppp

BENNETT 69 CNTR Charge asym+ Cu regen.

LITTENBERG 69 OSPK K+ n ~ K p

252

215

686

JAMES 68 HBC pp121

FELDMAN 67B OSPK x p ~ K A116

196 AUBERT 65 HLBC K+ charge exchange

152 '39 BALDO-. .. 65 HLBC K+ charge exchange

109 FRANZINI 65 HBC p p

following data for averages, fits, limits, etc. o ~ ~

WEIGHTED AVERAGE
0.006+0.018 (Error scaled by 1.3}

-0.2 0.2

x'
0.3
1.3
0.1

44
0.2
0.4
3.3

1.6
1.1
0.3
0.9
0.3
0.1

75B WIRE
74 ASPK
73 OSPK
73 OSPK
73 OSPK
72 HBC
72 OSPK
72 HBC
71 HBC
70 DBC
69 CNTR
69 OSPK
68 HBC
67B OSPK
65 HLBC
65 HLBC
65 HBC

SMITH
NIEBER GALL
FACKLER
HART
MALLARY
BURGUN
GRAHAM
MANN
WEBBER
CHO
BENNETT
LITTENBERG
JAMES

. FELDMAN
AUBERT
BA LDO-. ..

ZINI 0.2
22.0

= 0.107}(Corifidence Level
I

0.60.4

Re{x}{AS= —Dq amplitude)

IMAGINARY PART OF x
Assumes m o

—m 0 positive. See Listings above.
L S

VAL UE EVTS DOCUMENT ID TECN COMM EN T
—0.003+0.026 OUR AVERAGE Error includes scale factor of 1.2.
—0.10 79 SMITH

—0.06 + 0.05 74 ASPK
—0,017+0.060 73 OSPK

0.09 + 0.07 73 OSPK

0 107+0.092 1079 MA L LA RY

p p? +0.06—0.07 72 HBC

0.05 + 0.13 72 OSPK

0.21 ()'12 126 MANN 72 HBC

vr p ~ KOA

K+ p - Kpp~+
Ke3 from K

K,3 from K A

Ke3 from KQAX

75e WIRE

4724
1757
1367

NIEBERGALL
FACKLER
HART

73 OSPK

K+ p Kp pm+

vr p ~ KQA

K p ~ nKQ

410 BURGUN

GRAHAM442

p p4 +0 ~ 10—0.13 ]00 136 GRAHAM 72 OSPK K from KOA
IM3

—0, 13 +0.11 342 136 MANTSCH 72 OSPK Ke3 from K A

Q04 +00—0.08 222 BURGUN 71 HBC K+ p ~ KP pa+
0.03 +0.03 138 BENNETT 68 CNTR
0.17 +0.10 335 HILL 67 DBC K+d ~ Kppp

BURGUN 72 is a final result which includes BURGUN 71.
First GRAHAM 72 value is second GRAHAM?2 value combined with MANTSCH 72.

13?CHO 70 is analysis of unambiguous events in new data and HILL 67.
BENNETT 69 is a reanalysis of BENNETT 68.
BALDO-CFOLIN 65 gives x and 0 converted by us to Re(x) and Im(x).

QFRANZINI 65 gives x and () for Re(x) and Im(x). See SCHMIDT 67.
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HBC K p ~ n~K

DBC K+d ~ K0pp

OSPK K+n ~ K0p

252 WEB BE R 71
215 143 CHO 70

HBC pp

OSPK 7r p KOA

HLBC K+ charge exchange

116 FELDMAN 678

HLBC K+ charge exchange

CPT-VIOLATION PARAMETERS IN K DECAY

If CP-violating interactions include a T conserving part then

IKs& =
l Ki&+}'+~)IK2)I/v'+ ~+~I

lKL) = Ii&2)+}r —&) &y)I/)/~+ ~ —&

where

[IK0) + ~K0)]/'V2

]K2) = [(K ) — K )]//V2

and

~K ) = CP~K0)

The parameter A specifies the CPT-violating part.

Estimates of Z are given below. See also THOMSON 95 for a test of CPT-
symmetry conservation in K0 decays using the Bell-Steinberger relation.

REAL PART OF E
A nonzero value violates CPT invariance.

VAL UE EVTS DOCUMENT ID COMM EN T

0.01860.020 6481 D EM I D OV 95 Kg3 rea n a lysis

DEMIDOV 95 reanalyzes data from HART 73 and NIEBERGALL 74.

IMAGINARY PART OF 6,
A nonzero value vioiates CPT invariance.

VAL UE EVTS DOCUMENT ID COMMENT

0.021+0.03? 6481 DEMIDOV 95 Kg3 reanalysis

DEMIDOV 95 reanalyzes data from HART 73 and NIEBERGALL 74.

K0~ REFERENCES

BRFIT
ETA F IT
ADLER
ADLER
AKAGI
BARR
BARR
DEMIDOV

From YA F
H E IN SON
KREUTZ
MATTHEWS
SCHWINGEN. .
SPENCER
THOMSON
BARR
GU
NAKAYA
ROBERTS
WEAVER
AKAGI
ARISAKA
ARISAKA
BARR
GIBBONS
GIBBONS
GIBBONS
HARRIS
HARRIS
MAKOFF

Also
RAM BERG
RAM BERG
VAGINS
ADLER

Also
BARR
GRAHAM
MORSE
PDG
SOMALWAR
AKAGI
A KAG I

96 RPP
96 RPP
95 PL 8363 237
958 PL 8363 243
95 P R D51 2061
95 ZPHY C65 361
95C P L 8358 399
95 PA N 58 968
58 1041.
95 P R D51 985
95 ZPHY C65 67
95 PRL 75 2803
95 PRL 74 4376
95 PRL 74 3323
95 P R D51 1412
94 PL 8328 528
94 PRL 72 3000
94 PRL 73 2169
94 P R D50 1874
94 PRL 72 3758
93 PR D47 R2644
93 PRL 70 1049
g38 PRL 71 3910
93D PL 8317 233
93 PRL 70 1199
938 PRL 70 1203
93C Thesis RX-1487
93 PRL 71 3914
938 PRL 71 3918
93 PRL 70 1591
95 PRL 75 2069 (e
g3 PRL 70 2525
938 PRL 70 2529
93 PRL 71 35
928 PL 8286 180
92 SJNP 55 840
92 PL 8284 440
92 P L 8295 169
92 PR D45 36
92 PR D45, 1 June
92 PRL 68 2580
91 PRL 67 2614
918 PRL 67 2618

yAlhalel, Angelopoulos, Apostolakis+ (CPLEAR Co}lab.)
+Alhalel, Angelopoulos, Apostolakis+ (CPLEAR Collab. )
+Fukuhisa, Hemmi+ (TOHOK, TOKY, KYOT, KEK)
+Buchholz+ {CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Buchholz+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Gusev, Shabalin (ITFP)

+Horvath, Knibbe, Mathiazhagan+ (BNL E791 Collab. )
+Holder, Rost+ (SIEG, EDIN, MANZ, ORSAY, PISAI)
+Gu, Haas, Hogan+ (RUTG, EFI, ELMT, FNAL, ILL)

Schwingenheuer+ (EFI, CHIC, ELMT, FNAL, ILL, RUTG)
+ (UCLA, EFI, COLO, ELMT, FNAL, ILL, OSAK, RUTG)
+Zou (RUTG)
-+Buchholz+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+ (RUTG, UCLA, EFI, COLO, ELMT, FNAL, ILL, OSAK)
+ (OSAK, UCLA, EFI, COLU, ELMT, FNAL, ILL, RUTG)
+ (UCLA, EFI, COLU, ELMT, FNAL, ILL, OSAK, RUTG)
+ {UCLA, EFI, COLU, ELMT, FNAL, ILL, OSAK, RUTG)
+Fukuhisa, Hemmi+ (TOHOK, TOKY, KYOT, KEK)
+Auerbach, Axe}rod, Belz, Biery+ (BNL E791 Collab. )
+Auerbach, Axelrod, Belz, Biery+ (BNL E791 Collab. )
+Buchholz+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Barker, Briere, Makoff+ (FNAL E731 Collab. )
+Barker, Briere, Makoff+ (FNAL E731 Collab. )

(CHIC)
(FNAL E799 Collab. )
(FNAL E799 Co}lab. )
(FNAL E731 Collab. )

rratum)
+Bock, Coleman, Enagonio, Hsiung+ (FNAL E731 Collab. )
+Bock, Coleman, Enagonio, Hsiung+ (FNAL E731 Collab. )
+Adair, Greenlee, Kasha, Mannelli+ (BNL E845 Collab. )
+Alhalel, Angelopoulos, Aposto}akis+ (CPLEAR Col}ab. )

Adler, Alhalel, Angelopoulos+ (CPLEAR Collab, )
+Buchholz+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Barker, Briere, Gibbons, Makoft'+ (FNAL E731 Co}lab. )
+Leipuner, Larsen, Jastrzembski+ (BNL, YALE, VASS)
I Hikasa, Barnett, Stone+ (KEK, LBL, BOST+)
+Barker, Briere, Gibbons+ (FNAL E731 Collab. )
+Fukuhisa, Hemmi+ (TOHOK, TOKY, KYOT, KEK)
+Fukuhisa, Hemmi+ (TOHOK, TOKY, KYOT, KEK)

, Part I

0.0 + 0,08
—0.08 +0.07
—0 11 686 LITTEN BERG 69

+0.22 + 121 jAMES 68

0.0 +0.25

0 2' —0'15 196 AU BERT 65

0 44 +0 32—0.19 152 144 BALDO-. .. 65

+0.24 + . 109 145 FRANZINI 65 HBC pp
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

012 +—0.16 100 " GRAHAM 72 OSPK K from K A
p, 3

—0.04 +0.16 342 142 MANTSCH 2 OSPK Ke3 f'om K0 A

-j- 0.08—0.09 222 141 BURGUN 71 HBC K+ p ~ K0 p~+
—0.20 +0.10 335 43 HILL 67 DBC K+d ~ K0pp

4 BURGUN 72 is a final result which includes BURGUN 71.
First GRAHAM 72 value is second GRAHAM 72 value combined with MANTSCH 72.
Footnote 10 of HILL 67 should read +0.58, not —0.58 (private communication) CHO 70
is analysis of unambiguous events in new data and HILL 67.

44 BALDO-CEOLIN 65 gives x and 0 converted by us to Re(x} and Im(x}.
FRANZINI 65 gives x and 6} for Re(x} and Im(x}. See SCHMIDT 67.

BARR
HEINSON

91
91

PAPADIMITR. .. 91
BARKER

Also
BARR
BARR
CAROSI
KARLSSON
OHL
OHL
PATTERSON
INAGA K I

LITTENBERG

90
88
908
90C
90
90
90
908
90
89
89

WAHL
BARR
BURKHARDT
CO US IN S

GREENLEE
JASTRZEM. ..
WOODS
BURKHARDT
ARONSON

Also
PDG
BERNSTEIN
BLACK
COUPAL
BALATS

BERGSTROM
ARONSON
ARONSON

Also

Also
Also

PDG
BIRULEV

Also

CARROLL
CARROLL
CARROLL
CHO
MORSE
BIRULEV

CHRISTENS. . .
CHRISTENS. . .
HILL
SCHMIDT
SHOCHET

A Iso
ENGLER
HILL
CHO
CLARK

Also
DEVOE
DZHORD. ..

PEACH
BIRULEV

COOM BES
DONALDSON

Also
F UK US Hl MA
GJESDAL
REY

Also
BALDO-. ..

89
88
88
88
88
88
88
87
86
82
86C
858
85
85
83

83
82
828
828
83
838
828
81
80

808
BOC

BOD
80
80
79

79
798
79
79
79
77
788
78
77
77
75
77
77

77
76

76
76
74
76
76
76
69
75

BLUMENTHAL 75
BUCHANAN
CARITHERS
SMITH
ALBRECHT
BISI
DONALDSON

Also
DONALDSON

Also
DONALDSON

Also
Also

FIELD
GEWENIGER

Also
GEWEN! GER

Also
GEWENIGER
G JESDAL
MESSNER
NIEBERGALL
WANG
W ILL I A MS
ALBROW
ALEXANDER
AN IKINA
BARBIELLINI
BRANDEN8. ..
CARITHERS

A Iso
EVANS

A Iso
FACK LER
F ITC H

Also
GINSBERG
HART
MALLARY

Also
MCCARTHY

Also
Also

MESSNER
PEACH
SANDWEISS
WILLIA MS

75
75
758
74
74
74
76
748
738
74C
74
76
74
74
74
748
748
74C
74
74
74
74
74
73
738
73
73
73
73
738
73
69
73
73
72
73
73
73
70
73
72
71
73
73
73
73

MATHIAZHA. . . 89
MATHIAZHA. . . 898
PA PA D I M IT R.. . Bg
SCHAFFNER 89

PL 8259 389
PR D44 R1
PR D44 R573
PR D41 3546
PRL 61 2661
PL 8240 283
PL 8242 523
PL 8237 303
PRL 64 2976
PRL 64 2755
PRL 65 1407
PRL 64 1491
PR D40 1712
PR D39 3322
PRL 63 2181
PRL 63 2185
PRl 63 28
PR D39 990
CERN-EP/89-86, H.
PL 8214 303
PL 8206 169
PR D38 2g14
PRL 60 893
PRL 61 2300
PRL 60 1695
PL 8199 139
PR D33 3180
PRL 48 1078
PL 1708 132
PRL 54 1631
PRL 54 1628
PRL 55 566
SJNP 38 556
Translated from YAF
PL 1318 229
PRL 48 1078
PRL 48 1306
PL 1168 73
PR D28 476
PR D28 495
PL 1118 70
NP 8182 1
SJNP 31 622
Translated from YAF
PRL 44 529
PL 968 407
PRL 44 525
PR D22 2688
PR D21 1750
SJNP 29 778
Translated from YAF
PRL 43 1209
PRL 43 1212
NP 8153 39
PRL 43 556
PR D19 1965
PRL 39 59
PR D18 623
PL 738 483
PR D15 587
PR D15 553
Thesis LBL-4275
PR D16 565
SJNP 26 478
Translated from YAF
NP 8127 399
SJNP 24 178
Translated from YAF
PRL 37 249
PR D14 2839
Thesis SLAC-0184
PRL 36 348
NP 8109 118
PR D13 1161
PRL 22 1210
NC 25A 688
PRL 34 164
PR D11 457
PRL 34 1244
Thesis UCSD unpub.
PL 488 393
PL 508 504
Thesis SLAC-0184
PR D14 2839
PR D9 2960
PRL 31 337
PRL 33 554
Thesis SLAC-0184
PR D14 2839
SLAC-PUB-1498 unp
PL 488 483
Thesis CERN Int. 7
PL 488 48?
PL 528 119
PL 528 108
PL 528 113
PRL 33 1458
PL 498 103
PR D9 540
PRL 33 240
NP 858 22
NP 865 301
JINR P1 7539
PL 438 529
PR DB 1978
PRL 31 1025
PRL 30 1336
PR D7 36
PRL 23 427
PRL 31 847
PRL 31 1524
Thesis COO-3072-13
PR DB 3887
NP 866 317
PR D7 1953
PRL 25 1214
PR D7 687
PL 428 2gl
Thesis LBL-550
PRL 30 876
PL 438 441
PRL 30 1002
PRL 31 1521

+Carosi+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+ (UCI, UCLA, LANL, PENN, STAN, TEMP, TEXA+)

Papadirnitriou, Barker, Briere+ (FNAL E731 Collab. )
+Briere, Gibbons, Makoff+ (FNAL E731 Collab. )

Gibbons, Papadimitriou+ (FNAL E731 Collab. )
+Carosi+ (CERN, EDIN, MANZ, LAI 0, PISA, SIEG)
+Carosi+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Clarke+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Gollin, Okamitsu, Tschirhart, Barker+(FNAL E?31 Collab. )
+Adair, Greenlee, Kasha, Mannelli+ (BNL E845 Collab. )
+Adair, Greenlee, Kasha, Mannelli+ (BNL E845 Collab. )
+Barker+ (FNAL E731 Co}lab.)
+Kobayashi, Sato, Shinkawa+ (KEK, TOKY, KYOT)

(BNL)
Mathiazhagan+ (UCI, UCLA, LANL, PENN, STAN+)
Mathiazhagan+ (UCI, UCLA, LANL, PENN, STAN+)
Papadimitriou, Gibbons, Patterson+ (FNAL E731 Co}lab.)

+Greenlee, Kasha, Mannelli, Ohl+ (YALE, BNL)
Wahl —Rare Decay Symposium, Vancouver (CERN)

+Clarke+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Clarke+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Konigsberg+ (UCLA, LASL, PENN, STAN, TEMP, WILL)
+Kasha, Mannelli, Mannelli+ (YALE, BNL)

Jastrzembski, Larsen, Leipuner, Morse+ (BNL, YALE)
+Nishikawa, Patterson, Wah, Winstein+(FNAL E731 Co}lab. )
+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Bernstein, Bock+ (BNL, CHIC, STAN, WISC)

Aronson, Bernstein+ (BNL, CHIC, STAN, WISC)
Aguilar-Benitez, Porter+ (CERN, CITy)

+Bock, Carlsmith, Coupal+ (CHIC, SACL)
+Blatt, Campbell, Kasha, Mannelli+ (BNL, YALE)
+Bernstein, Bock, Carlsmith+ (CHIC, SACL)
+Berezin, Bogda nov, Vishnevsky+ (ITEP)

38 927.
+Masso, Singer (CERN)
+Bernstein+ (BNL, CHIC, STAN, WISC)
+Bock, Cheng, Fischbach (BNL, CHIC, PURD)

Fischbach, Cheng+ (PURD, BNL, CHIC)
Aronson, Bock, Cheng+ (BNL, CHIC, PURD)
Aronson, Bock, Cheng+ (BNL CHIC PURD)
Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)

+Dzhordzhadze, Genchev, Grigalashvili+ (JINR)
Birulev, Vestergornbi, Genchev+ (J INR)

31 1204.
+Chiang, Kycia, Li, Littenberg, Marx+ (BNL, ROCH)
+Chiang, Kycia, Li, Littenberg, Marx+ (BNL, ROCH)
+Chiang, Kycia, Li, Littenberg, Marx+ (BNL, ROCH)
+Derrick, Miller, Schlereth, Engler+ (ANL, CMU)
+Leipuner, Larsen, Schmidt, Blatt+ (BNL, YALE)
+Vestergombi, Gvakhariya, Genchev+ (JINR)

29 1516,
Christenson, Goidman, Hummel, Roth+ (NYU)
Christenson, Goldrnan, Hummel, Roth+ (NYU)

-I-Sakitt, Snape, Stevens+ (BNL, SLAC, SBER)
+Blatt, Campbell, Grannan+ (YALE, BNL)
+Linsay, Grosso-Pilcher, Frisch+ (EFI, ANL)

S hoc het, Linsay, Grosso- Pile her+ (EFI, ANL)
+Keyes, Kraemer, Tanaka, Cho+ (CMU, ANL)
+Sakitt, Snape, Stevens+ (BNL, SLAC, SBER)
+Derrick, Lissauer, Miller, Engler+ (ANL, CMU)
+Field, Holley, Johnson, Kerth, Sah, Shen (LBL)

Shen {LBL)
+Cronin, Frisch, Grosso-Pilcher+ (EFI, ANL)

Dzhordzhadze, Kekelidze, K rivokhizhin+ (JINR)
26 910.

+Cameron+ (BGNA, EDIN, GLAS, PISA, RHEL)
+Vestergombi, Vovenko, Votruba+ (JINR)

24 340.
+Flexer, Hall, Kennelly, Kirkby+ (STAN, NYU)
+Hitlin, Kennelly, Kirkby, Liu-}- (SLAC)

Donaldson (SLAC)
+Jensen, Surko, Thaler+ (PRIN, MASA)
+Kamae, Presser, Steffen+ (CERN, HEIDH)
+Cence, Jones, Parker+ (NDAM, HAWA, LBL)

Cence, Jones, Peterson, Stenger+ (HAWA, LRL)
Baldo-Ceolin, Bobisut, Calimani+ (PADO, WISC)

+Frankel, Nagy+ (PENN, CHIC, TEMP)
+Drickey, Pepper, Rudnick+ (UCLA, SLAC, JHU)
+Modis, Nygren, Pun+ (COLU, NYU)

(UCSD)
(JINR, HERL. BUDA. PRAG, SERP, SOFI)

+Ferrero (TORI)
(SLAC)

Donaldson, Hitlin, Kennelly, Kirkby, Liu+ (SLAC)
+Fryberger, Hitlin, Liu+ (SLAC, UCSC}

Donaldson Fryberger Hitlin Liu+ (SLAC, UCSC)
+Hitlin, Kennelly, Kirkby+ (SLAC)

Donaldson (SLAC)
Donaldson, Hitlin, Kennelly, Kirkby, Liu-} {SLAC)

ub. (SLAC)
+Gjesdal, Kamae, Presser+ (CERN, HEIDH)

4-4 Luth (CERN)
+Gjesdal, Presser+ (CERN, HEIDH)

Gjesdal, Presser, Steffen+ (CERN, HEIDH)
+Gj esd a I, P r esse r+ (CERN, HEIDH)
+Presser, Kamae, Steffenp (CERN, HEIDH)
+Franklin, Morse+ (COLO, SLAC, UCSC)
+Regler, Stiery {CERN, ORSAY, VIEN)
+Smith, Whatley, Zorn, Hornbostel (UMD, BNL)
+Larsen, Leipuner, Sapp, Sessoms+ (BNL, YALE)
+Aston, Barber, Bird, Ellison+ (MCHS, DARE)
+Benary, Borowitz, Lande+ (TE LA, HE ID)
+Balashov, Bannik+ ( JINR)
+-Darriulat, Fainberg+ (CERN)

Brandenburg, Johnson, Leith, Loos+ (SLAC)
+Nygren, Gordon+ (COLU, BNL, CERN)

Carithers, Modis, Nygren+ (COLU, CERN, NYU)
+Muir, Peach, Budagov+ (EDIN, CERN)

Evans, Golden, Muir, Peach-I- (EDIN, CERN)
+Frisch, Martin, Smoot, Sompayrac (MIT)
+Hepp, Jensen, Strovink, Webb (PR IN)

Webb (PRIN)
+Smith (MIT, STON)
+Hutton, Field, Sharp, Blackmore~ (CAVE, RHEL)
+Binnie, Gal}ivan, Goinez, Peck, Sciulli+ (C IT)

Sciulli, Gallivan, Binnie, Gomez+ (CIT)
+Brewer, Budnitz, Entis, Graven, Miller+ (LBL)

McCarthy, Brewer, Budnitz, Entis, Graven+ (LBL)
McCarthy (LBL)

+Morse, Nauenberg, Hitlin+ (COLO, SLAC, UCSC)
+Evans, Muir, Hopkins, Krenz (EDIN, CERN, AACH)
+Sunder}and, Turner, Willis, Keller (YALE, ANL)
+Larsen, Leipuner, Sapp, Sessoms ' (BNL, YALE)



See key on page199 Meson Particle Listings

72
72
72
72B
?2

72B

72
72
72
70
71
72
72
72
72
72
72
72
72
72
72
74
72
71
71

BARMIN
BISI
BURGUN
CARNEGIE
CHAN
C HIE N

Also
CHO
CLARK

Also
Also
Also

ENSTROM
A Iso

JAMES
MEISNER
PEACH
REPELLIN
WEBBER

Also
Also

WOLFF
ALBROW
ARONSON
BAR MIN

BASILE
BECHERRA
BUCHANAN

Also
BUDAGOV

Also
C HIE N

Also
CHO

A Iso
CHOL LET
CULLEN
DARRIULAT
FAISSNER
GINS BERG
JENSEN

Also
MARX

Also
SCRIBANO
S MI TH
WEBBER

Also
BANNER

Also
Also

BEILLIERE
BENNETT
BOHM

Also
CENCE
EVANS
FAISSNER
FOETH
GA ILLA RD

Also
GOBB I

LITTEN BER
LONGO
PA C IOTT I

SAAL
ABRAMS
ARNOLD
ARONSON

Also
BARTLETT
BASI LE
BAS I L E
BENNETT
BENNETT
BLANPIED
BOHM
BUDAGOV

A Iso
JAMES

Also
K ULYUK INA

71
71
71
71
71
71
72
71
71
70
71
74
71
70
71
71
?1
71
71
68
69
71
70
70
70
70

WY 70
70
71
70
68B
70
71
70
67
70
70
70
70
70
70
69
70
70B
70
70
70
69
69
68
68
69
69
69B
68
69
69
69
69
69
67
69B
69
69
69
69
68B
68B
68
69
68
68
68B
68
68B
68
68B
68
68B
68
.68
68

ALBROW
ASHFORD
BANNER
BANNER
BARMIN

BAR MIN

BURGUN
CARNEGIE
DALLY

Also
Also

GRAHAM
HOLDER
JAMES
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Meson Particle Listings
K*(892)

K*(892) l(~)=2(l )

K'(892) MASS

CHARGED ONLY
VALUE (MeV) EVTS DOC(jMENT ID TECN CHG

891.59+0.24 OUR AVERAGE Error includes scale factor of 1.1.
890.4 +0.2 +0.5 79709+ BIRD 89 LASS

801
5840 BAUBILLIER 84B HBC892.6 +0.5

84 SPEC +
84 SPEC
83 HBC +
81 HBC
80 HBC +
78B HBC

NAP IER

NAP IER

BARTH
TOAFF
A JINENKO
AGUILAR-. ..

888 +3
891 +1
891.7 + 2.1
891 +1
892.8 + 1.6
890.7 +0,9

3700
4100

1800

78 HBC
78 HBC
75 HBC

BA LAND
COOPER

2 PALER

1225
6706
9000

886.6 4 2.4
891.7 +0.6
891.9 +0.7

AGUILAR-. . . 71B HBC

CRENNELL 69D DBC

4404892.2 + 1.5

891 k2 1000

FRIEDMAN 69 HBC
FRIEDMAN 69 HBC

2886
728

894 + 1.0
892 +2

FRIEDMAN 69 HBC
FRIED MAN 69 HBC
BARLOW 67 HBC

3229
1027
720

892 + 1.0
892 4 1.6
890 +3.0

67 HBC889 +3.0 600 BARLOW

DEBAERE 67B HBC +
4 WOJCICKI 64 HBC

following data for averages, fits, limits,

CLELAND 82 SPEC +
3 4 CLELAND 82 SPEC +

CLELAND 82 SPEC
DELFOSSE 81 SPEC +
DELFOSSE 81 SPEC

3 CLARK 73 HBC

+ 2.3 620
+ 1.2 1700
We do not use the

891
891.0

800890.0 + 2.3

3200896.0
893
896.0
886.0
894.2

3600+1
+ 1.9

2.3
+ 2.0

380
187
765

3 4 CLARK 73 HBC
3 DEWIT 68 HBC

SCHWEING. .. 68 HBC

894.3 + 1.5
888 + 2.5
892.0 + 2.6

1150
540
341

NEUTRAL ONLY
VALUE (Mev} EVTS

896.10+0.28 OUR AVERAGE

895.9 +0.5 +0.2
894.52+ 0.63 25k
894.63 -i:0.76 20k

897 41 28k

TECN CHG

factor of 1.4.
LASS 0
OMEG
OMEG
OMEG 0

DOCUMENT ID

Error includes scale

ASTON 88
2 ATKINSON 86
2 ATKINSON 86

EVANGELISTA 80

AGUILAR-. . . 78B HBC 01180898.4 + 1.4

WICK LUND 78 ASPK 0894.9 +1.6

BOWLER897.6 +0.9

895.5 + 1.0
897.1 +0.7

77 DBC 0

3600 MCCUBBIN 75 HBC 0
22k 2 PALE 75 HBC 0

10k FOX
FOX

5 MATISON
LEWIS

74 RVUE 0
74 RVUE 0
74 HBC 0
73 HBC 0

896.0 +0.6
896.0 + 0.6
896 +2
896 +1 3186

5 LINGLIN 73 HBC 0894.0 + 1.3

3 BUCHNER 72 DBC
AGUILAR-. .. 71B HBC

898.4 + 1.3
897,9 + 1.1

1700
2934

AGUILAR-. .. 71B HBC 0898.0 +0.7 5362

4300 4 HABER
10k DAVIS

70 DBC
69 HBC

895 +1
893.7 + 2.0

104o 3 DAUBER894.7 + 1.4 67B HBC 0

~ e e We do not use the following data for averages, fits, limits,

BARTH 83 HBC 0900.7 4 1.1 5900

COMMENT

11K p~ K 7r p

825K p~
Ko~- p

200m p 2K~X
200 7r p ~ 2KSX
70 K+ p ~ K07r+X
6.5K p~ K 7r p
32 K+ p K07r+X
0.76 pp ~

Ky KO 7rS
12 pp (K7r)+ X
0 76 pp (K7r)+ X
14.3 K p -~ (K7r)

X
3.9,4.6 K p ~

(K 7r) p
3.9 K N ~

K07r X
21K p~ K 7r p
2.45K p~

Ko~- p
2.6 K p -~ K07r p
27 K p~ K07r p
1.2 pp

1.2 pp ~
(K07r)+ K~

3.5 K+ p ~ K07r+ p
1.7 K p ~ K07r —

p
etc. ~ ~ ~

30 K+p K07r+p
50 K+p K~~+ p

50 K+p K~~ p

50 K+p K~w p
50 K+ p ~ K+7rop
3.13 K p -~

K07r p
33K p~ K07r p
3K n~ K07r n

55K p~ K 7r p

COMMENT

See the ideogram below.

11K p ~ K 7r+n
20—70 pp
20—70 pp
107r p ~

K+~- (n, r)
0.76 pp ~

K+ KQ 7r+S
3,4,6 K+N ~

(K7r)0 N

5.4 K+ d —+

K+~—
pp

3.6K p~ K 7r+n
14.3 K p ~ (K7r)

X
2K p~ K 7r+n
2 K+n —~ K+7r p
12 K+ p ~ K+7r
21—27 K+p ~

K7r7r p
2—13 K+p ~

K+7r —7r+ p
46 K+n ~ K+7r p
3.9,4.6 K p ~

K —7r+ n
3.9,4.6 K p ~

K 7r+ 7r p
3K N ~ K 7r+X
12 K+p-

K~ ~—~+p
2.0 K p~

K ~+~ p
etc. ~ ~ ~

70 K+p ~ K+7r X

WEIGHTED AVERAGE
896.10+0.28 (Error scaled by 1.4)

890
I

895 900

ASTON
ATKINSON

. ATKINSON
EVANG ELISTA
AGUILAR-. ..
WICKLUND
BOWLER
MCCUBBIN
PALER
FOX
FOX
MATISON
LEWIS
LING LIN

BUCHNER
AGUILAR-. ..
AGUILAR-. ..
HABER
DAVIS
DAUBER

88
86
86
80
78B
78
77
75
?5
?4
74
74
73
73
72
71B
71B
70
69
67B

LASS
OMEG
OMEG
OMEG
HBC
ASPK
DBC
HBC
HBC
RVUE
RVUE
HBC
HBC
HBC
DBC
HBC
HBC
DBC
HBC
HBC

905

(Confidence Level
I

910

2
x
0.1

6.3
3.8
0.8
2.7
0.6
2.8
0.4
2.0
0.0
0.0
0.0
0.0
2.6
3.1

2.7
7.3
1.2
1.4
1.0

38.9
= 0.005)

K*(892) mass (MeV)
1From a partial wave amplitude analysis.

Inclusive reaction. Complicated background and phase-space effects.
Mass errors enlarged by us to I /~N. See note.

4 Number of events in peak reevaluated by us.
5 From pole extrapolation.

We consistently increase unrealistic errors before averaging. For
a detailed discussion, see the 1971 edition of this Note.

K'(892) K'(892)+

DOC(JMEN T ID TECN CHG COMMENTVALUE (Mev) EVTS

6.?+1.2 OUR AVERAGE
7.7 4 1.7 2980 AG U I LA R-... 78B HBC +0 076 pp ~

K+ Ko 7r+S
3.9,4.6 K p
0.0 pp

—05,7 + 1.7 7338 AGUILAR-. .. 71B HBC
6.3 + 4.1 283 BARASH 67B HBC

Number of events in peak reevaluated by us.

K'(892) RANGE PARAMETER

All from partial wave amplitude analyses.

VALUE (Gev )

12.1+3.2+ 3.0
3.4 +0.7

DOCUMENT ID

BIRD
ASTON

TECN CHG COMMENT

89 LASS — 11 K p ~ K 7r p
88 LASS 0 11 K p -~ K 7r+ n

K~(892) WlDTH

CHARGED ONLY
VALUE (Mev) EVTS

49.8+0.8 OUR FIT
49.8+0.8 OUR AVERAGE

45.2 + 1 + 2 79709+
801

5840

TECN CHG COMMENTDOCUMENT ID

7 BIRD 89 LASS 11 K p —+ K 7r p

BAUBILLIER 84B HBC49 k2 8.25K p~
Ko~—

p
200 7r p ~ 2KSX
6.5 K p ~ ~K7r p
32 K~ p -~ K07r+ X
076 pp ~

K+ Ko 7r+S
0.76 pp ~ (K7r) X

14.3 K p -~ (K7r)
X

NAPIER

TOAFF
AJINENKO
AG UILAR-. ..

84 SP EC

81 HBC
80 HBC
78B HBC

56 k4
51 +2
50.5+ 5.6
45.8+ 3.6

4100

1800

6706 8 COOPER
9000 9 PALER

78 HBC
75 HBC

52,0+ 2.5
52.1+2.2

K*(892) MASSES AND MASS DIFFERENCES

Unrealistically small errors have been reported by some

experiments. We use simple "realistic" tests for the minimum

errors on the determination of a mass and width from a sample

of W events:

6;„(m)=, 6,„(1)= 4
r r
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K*(892)

46.3 +6.7

48.2 +5.7
54.3 +3.3

53 +4.0
49 4 7.3

765 8 CLARK 73 HBC

1150 8,10 CLARK 73 HBC
4404 8 AGUlLAR-. .. 71B HBC

8 FRIEDMAN 69 HBC
8 FRIEDMAN 69 HBC

2886
728

46 +3.2 3229
49 +6.1 1027
46 +5 1700
~ ~ ~ We do not use the

42.8 +7.1
64.0 +9.2
62.0 +4.4
55 +4
62.6+ 3.8
50.5+ 3.9

3700
800

3200
3600

380
187

8 FRIEDMAN 69 HBC
8 FRIEDMAN 69 HBC

WOJCICKI 64 HBC
following data for averages, fits, I

BARTH 83 HBC
8,10 CLELAND 82 SPEC
8,10 CLELAND 82 SPEC
St10 CLELAND 82 SPEC

DELFOSSE 81 SPEC
DELFOSSE 81 SPEC

imits,

313K p~
Ko~—

p
3.3 K p~ ~K' p
3.9,4.6 K p —+

(K 71.) p
2.1 K p ~ Kom. p
2.45K p~

~K~ p
2.6 K p ~ K n. p
2.7 K p ~ ~K' p
17 K p~ K zr p

etc. ~ ~ o

70 K+ p ~ Kozr+X
30 K+p ~ Kpn+p
50 K+ p K~s+ p

50 K+p K~s p
50 K+ p K~7rop
50 K+ p ~ K+7rop

NEUTRAL ONLY
VALUE (MeV) EVTS DOCUMENT ID TECN CHG

50.5+0.6 OUR FIT Error includes scale factor of 1.1.
50.5+0.6 OUR AVERAGE Error includes scale factor of 1.1.
50.8 +0.8 +0.9 ASTON 88 LASS 0
46.5 +4.3 5900 BARTH 83 HBC 0
54 +2 28k EVAN GELISTA 80 OMEG 0

45,9 +4.8 1180 AGUILAR-. .. 78B HBC 0

51.2 + 1.7

48.9+ 2.5

48 +3—2

50.6 +2.5

3600

22k

WICKLUND 78 ASPK 0

BOWLER 77 DBC 0

75 HBC 0

75 HBC 0

MCCUBBIN

PALER

47 +2
51 +2
46.0+ 3.3

10k

3186

FOX
FOX
LEWIS

74 RVUE 0
74 RVUE 0
73 HBC 0

51.4 + 5.0

55.8+4 2—3.4

48.5+ 2.7

54.0+ 3.3
53.2 + 2.1

44 + 5.5

8 BUCHNER
8 AGUILAR

1700

2934

AG U I LA R- ..5362

43pp Srlp HABER
1ok 8 DAVIS

1040 DAUBER

72 DBC 0

71B HBC 0

71B HBC 0

70 DBC 0
69 HBC 0

67B HBC 0

COMMENT

11K p~ K zr+n
70 K+p ~ K+~ X

107r p ~
K+ zr

—
(A, Z)

0.76 pp ~
K+ Ko zr+S

3,4, 6 K+ N a

(K~)0N
5.4 K+ d —a

K+~—
pp

36K p~ K ~+n
14.3 K p ~ (K7r)0

X
2K p~ K zr+n
2 K+n ~ K++ p
2.1—2.7 K+ p ~

Kzr~ p
4.6 K+ n ~ K+2r p

3.9,4.6 K p ~
K 7r+n

3.9,4.6 K p ~
K ~+zr p

3K N~ K ~+X
12 K+p

K+~—~+ p
2.0 K p ~

K—~+~—
p

From a partial wave amplitude analysis.
Width errors enlarged by us to 4 x f /~N; see note.
Inclusive reaction. Complicated background and phase-space effects.
Number of events in peak reevaluated by us.

CONSTRAINED FIT INFORMATION

An overall fit to the total width and a partial width uses 18 mea-
surements and one constraint to determine 3 parameters. The
overall fit has a X = 18.4 for 16 degrees of freedom.

x4 —100
I 14 —14

X3 X4

Mode

I a (Ks. )o
I 4 Ko&

Rate (MeV)

50.4 +0.6
0.117+0.010

Scale factor

VALVE (keV) EVTS
116 +10 OUR FIT
116.5+ 9.9 584

Ke(892) PARTIAL WIDTHS

DOC UM EN T ID TECN CHG COMMEN T

CARLSMITH 86 SPEC 0 K A ~ K n. A
L S

r4

rs
VALUE (keV)
50+ SOUR FIT
50+ 5 OUR AVERAGE

48+ 11
51+ 5

DOCUMENT ID TECN CHG COMMEN T

BERG 83 SPEC — 156 K A ~ K~A
CHANDLEE 83 SPEC + 200 K+ A -~ KmA

r (K'~) /rtotai
VALUE (units 10 )
2.30+0.20 OUR FIT
~ ~ ~ We do not use the

1.5 +0.7

r (K+V) /rtotai
VALUE (units 10 ) CL%

1.01+0.09 OUR FIT
~ ~ ~ We do not use the

(1.6 95

r(K~~)/r((K~)+)

K'(892) BRANCHING RATIOS

DOCUMEN T ID TECN CHG COM MEN T

following data for averages, fits, limits, etc. ~ ~ ~

CARITHERS 75B CNTR 0 8—16 K A

DOCUMENT ID TECN CHG COMMENT

following data for averages, fits, limits, etc. ~ ~ ~

BEMPORAD 73 CNTR + 10—16 K+ A

VAL UE CL%

&0.0007 95
o ~ ~ We do not use the

(0.002

DOCUMENT ID TECN

JONGEJANS 78 HBC
following data for averages, fits,

WOJCICK I 64 H BC

CHG COM MEN T

4 K p ~ p~K2~
limits etc ~ ~ ~

17K p~ K ~ p

The following off-diagonal array elements are the correlation coefficients

bp, hp )/(6p,"bp ), in percent, from the fit to parameters p, , inciuding the branch-

ing fractions, x, —:I;/I total, The fit constrains the x, whose labels appear in this
array to sum to one.

Ke(892) DECAY MODES Ke(892) REFERENCES

Mode Fraction (i;/I ) Confidence level

l1
l2
l3
l4
I5
l6

K7r
(K~}+
(Krr)o

K7r 7r

100

( 99.899+ 0.009) %

( 99.770+0.020) %

( 2, 30 +0.20 ) x 10

( 1.O1 +0.09 ) x1O—3

7 x 10 4 95%

CONSTRAINED FIT INFORMATION

An overall fit to the total width and a partial width uses 18 mea-
surements and one constraint to determine 3 parameters. The
overall fit has a X = 15.2 for 16 degrees of freedom.

x5 —100
I 17 —17

X2 X5

Mode

( Krr )+
I 5 K+p

Rate (MeV)

49.8 +0.8
0,050 +0.005

The following off-diagonal array elements are the correlation coefficients
(6'p, 6'p )/lbp, "bp ), in percent, from the fit to parameters p, , including the branch-

ing fractions, x, =— I, /l total The fit constrains the x, whose labels appear in this
array to sum to one.

BIRD 89
ASTON 88
AT K I N SON 86
CARLSMITH 86
BAU B IL LIE R 84B
NAPIER 84
BARTH 83
BERG 83
CHANDLEE 83
CLELAND 82
DELFOSSE 81
TOAFF 81
AJINENKO 80
EVANGELISTA 80
AGUILAR-. . . 78B
BALAND 78
COOPER 78
JONGEJANS 78
WICK LUND 78
BOWLER 77
CA R I THE RS 75B
MCCUBBIN 75
PALER 75
FOX 74
MAT I SON 74
BEMPORAD 73
CLARK 73
LEWIS 73
L I N G L I N 73
BUCHNER 72
AGUILAR-. . . 71B
HABER 70
CRENNELL 69D
DAVIS 69
FRIEDMAN 69
DEWIT 68
SCHWEING. .. 68
BARASH 67B
BARLOW 67
DAU BER 67B
DEBAERE 67B
WOJCICKI 64

SLAC-332
NP B296 493
ZPHY C30 521
PRL 56 18
ZPHY C26 37
PL 149B 514
NP B223 296
Thesis UMI 83-21652
PRL 51 168
NP B208 189
NP B183 349
PR D23 1500
ZPHY C5 177
NP B165 383
NP B141 101
NP B140 220
NP B136 365
NP B139 383
PR D17 1197
NP B126 31
PRL 35 349
NP B86 13
NP B96 1

NP B80 403
PR D9 1872
NP B51 1
NP B54 432
NP B60 283
NP B55 408
NP B45 333
PR D4 2583
NP B17 289
PRL 22 487
PRL 23 1071
Thesis UCRL 18860
Thesis
PR 166 1317
PR 156 1399
NC 50A 701
PR 153 1403
NC 51A 401
PR 135B 484

(SLAC)
+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+Bernstein, Peyaud, Turlay (EFI, SACL)
+ (BIRM, CERN, GLAS, MICH, CURIN)
+Chen+ (TUFTS, ARIZ, FNAL, FLOR, NDAM+)
+Dreverm ann+ (BRUX, CERN, GENO, MONS+)

(ROC H)
+Berg, Cihangir, Collick+ (ROCH, FNAL, MINN)
+Delfosse, Dorsaz, Gloor (DURH, GEVA, LAUS, PITT)
+Guisan, Martin, Muhlemann, Weill+ (GEVA, LAUS)
+Musgrave, Amrnar, Davis, Ecklund+ (ANL, KANS)
+Barth, Dujardin+ (SERP, BRUX, MONS, SACL)
+ (BARI, BONN, CERN, DARE, GLAS, LIVP+)

Aguilar-Benitez+ (MADR, TATA, CERN+)
+Grard+ (MONS, BELG, CERN, LOIC, LALO)
+Gurtu+ (TATA, CERN, CDEF+)
+Cerrada+ (ZEEM, CERN, NIJM, OXF)
+Ayres, Diebold, Greene, Kramer, Pawlicki (ANL)
+Dainton, Drake, Williams (oxF)
+Muhlemann, Underwood+ (ROC H, M C G I)
+Lyons (oxF)
+Tovey, Shah, Spiro+ (RHEL, SACL, EPOL)
+Griss (C IT)
+Galtieri, Alston-Garnjost, Flatte, Friedrnan+ (LBL)
+Beusch, Freudenreich+ (CERN, ETH, IOIC)
+Lyons, Radojicic (oxF)
+Allen, Jacobs+ (LOWC, LOIC, CDEF)

(CERN)
+Dehrn, Charriere, Cornet+ (MPIM, CERN, BRUX)

Aguilar-Benitez, Eisner, Kinson (BNL)
+Shapira, Alexander+ (REHO, SACL, BGNA, EPOL)
+Karshon, Lai, O'Neall, Scarr (BNL)
+Derenzo, Flatte, Garnjost, Lynch, Solmitz (LRL)

(LRL)
(ANIK)

Schweingruber, Derrick, Fields+ (ANL, NWES)
+Kirsch, Miller, Tan (COL U)
+Lillestol, Montanet+ (CERN, CDEF, IRAD, LIVP)
+Schlein, Slater, Ticho (UCLA)
+Goldschmidt-Clermont, Henri+ (BRUX, CERN)

(LRL)
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K*(892), K, (1270)

OTHER RELATED PAPERS Kg{1270}DECAY MODES

KAMAL 92
NAP IER 84
CLELAND 82
ALEXANDER 62
ALSTON 628
ARMENTEROS 62C
COLLEY 628
ALSTON 61

PL 8284 421
PL 1498 514
NP 8208 189
PRL 8 447
CERN Conf. 291
CFRN Conf. 295
CERN Conf. 315
PRL 6 300

, K, (1270)

+XLI
+Chen+ (TUFTS,
+ Delfosse, Dorsaz, Gloor
+Kalbf(eisch, Miller, Smith
+Ticho, Wojcicki+
+Astrer, Montanet+
+Gelfand+
+Alvarez, Eberhard, Good+

I(I ) = '(1+)

(ALBE)
ARIZ, FNAL, FLOR, NDAM+)

(DURH, GEVA, LAUS, PITT)
(LRL)
(LRL)

(CERN, CDEF)
(COLU, RUTG)

(LRL)

l1
I2
I3
l4
r5

Mode

Kp
KQ (1430)7T

K*(892)7T

K~
K fQ(1370)

Fraction (I;/f )

(42 +6 ) %
(28 k4 ) %

(16 +5 )%
(EE.O+2.0) %

( 3.0+2.0) %

K1(1270) PARTIAL WIDTHS

Kg(1270} MASS
I (Kp)
VALUE (MeV) DOCUMENT ID TECN CHG COM MEN T

VALUE (MeV'} DOC UM EN T ID

1273+7 OUR AVERAGE Includes data from the 2 datablocks that follow this one.

PRODUCED BY K, BACKWARD SCATTERING, HYPERON EXCHANGE

57+ 5

75+6
MAZZUCATO 79 HBC
CARNEGIE 778 ASPK

+ 4.2 K—
p - =—(K~~)+

13 K+ p ~ (K~7r)+ p

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.
r(K;(1430)w)
VALUE (MeV) DOCUMENT ID TECN CHG COM MEN T

I2

1275+10 700 GAVILLET 78 HBC + 4.2 K p ~
=-—(K«)+

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

CARNEGIE 778 ASPK + 13 K~ p ~ (K~7r)+ p

63K p~ K 2mp
limits, etc. ~ ~ ~

1270+10
e e e We do not use the

1276 1

1300
1289 ~25 2

1300
1270

DAUM 81C CNTR

following data for averages, fits,

TORNQVIST 828 RVUE

VERGE EST 79 H BC
CARNEGIE 77 ASPK
BRANDENB. .. 76 ASPK +
OTTER 76 H BC

4.2 K p ~ (K7r~) p
13 K~ p —(K~~)"=p
13 K+ p ~ (K7r 7r)+ p
10,14,16 K p ~

(K 7r 7r) p
12 K+p
12 K+a

DAVIS 72 HBC +
FIRESTONE 728 DBC +

1260
1234+ 12

From a unitarized qua
2 From a model-depend

rk- m odel calculation.
ent fit with Gaussian background to BRANDENBURG 76 data.

PRODUCED BY BEAMS OTHER THAN K MESONS
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

81 HBC 4 7r p ~ AK27r
72 HBC 0 45 a p ~ AK27r

310 RODEBACK
40 CRENNELL

3 ASTIER

1294+ 10
1300

1242+ 9—10
1300 45

This was called the C meson,

69 HBC 0 pp

CRENNELL 67 HBC 0 6 7r p AK27r

Kg{1270) WIDTH

PRODUCED BY K BEAMS
VALUE (MeV) DOC UMEN T ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

r (K'(892)~) I3
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

e e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

14+ 11 MAZZUCATO 79 HBC + 4.2 K p ~ = (K7r7r)+
2+ 2 CARNEGIE 778 ASPK + 13 K p ~ (K7r7r)+ p

VALUE (MeV) DOCUMENT ID TECN CHG COMMEIV T

e ~ ~ We do not use the following data for averages, fits, limits, etc. e e ~

4 2 K p —~ = (K7r7r)+
13 K+ p ~ (K 7r 7r) + p

MAZZU CATO 79 HBC
CARNEGIE 778 ASPK

4+4
24k 3

I (K fe(1370))
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

13 K+p ~ (K~vc)+ pCARNEGIE /78 ASPK22+ 5

Kg(1270) BRANCHING RATIOS

r (Kp) /r~otai
TECN COMMEN T

81C CNTR 63 K p — K 27r p
for averages, fits, limits, etc. ~ ~ ~

VAL UE DOCUMEIVT ID

0.42 60.06 5 DAUM

~ ~ e We do not use the following data

dominant

I (KQ(1430)e.)/I peg, (

RODEBACK 81 HBC 4 7r p /\ K27r

l4

VALUE (MeV) DOCUMENT ID

90+20 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

87+ 7 OUR AVERAGE Includes data from the 2 datablocks that follow this one.

PRODUCED BY K, BACKWARD SCATTERING, HYPERON EXCHANGE
VALUE (MeV) EVTS DOCLIMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

VAL UE

0.28 +0.04

I (K'(892)x)/r, t
VAL UE

0.1660.05

r(K~)/r„„~

DOCUMENT ID

5 DAUM

DOCUMEIV T ID

5 DAUM

TECN COM MEN T

81C CNTR 63 K p —~ K 27r p

TECN COMMEN T

81C CNTR 63 K p — K 27r p

I 3/I

I 4/I

700 GAVILLET 78 HBC + 4.2 K p ~
K7r 7r

VAL UE

0.11 +0.02

DOCUMENT ID

5 DAUM

TECN COM MEN T

81C CNTR 63 K p —
& K 27r p

90+ 8 DAUM 81C CNTR — 63 K p ~
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

K 27rp

(K~~)- p
(K~~)+ p
(K~~)+ p

4.2 K p ~
13 K+p~
13 K+p~
12 K+p
12 K+d

VER GEEST 79 H BC
4 CARNEGIE 77 ASPK

BRANDENB. . . 76 ASPK
DAVIS 72 HBC
FIRESTONE 728 DBC

150
150+71
200
120
188+21

4From a mode I-dependent fit with Gaussian background to BRANDENBURG 76 data.

PRODUCED BY BEAMS OTHER THAN K MESONS
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

e ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

PRODUCED BY K BEAMS
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

I (Kru)/I (Kp)
VAL UE CL% DOCUMENT ID TECN COMMEN T

&0.30 95 ROD EBACK 81 HBC 4 7r p — /\ K 27r

I (Kfe{1370})/Iq,~~
VAL UE

0.03 +0.02

DOCUMENT ID

5 DAUM 81C

D-wave/S-wave RATIO FOR Kq(1270}
VAL UE DOCUMEIV T ID

1.0+0.7 5 DAUM 81c
5Average from low and high t data.

TECN COM MEN T

CNTR 63 K p ~ K 27rp

K'(892)e
TECN COMM EN T

CNTR 63 K p ~ K 27rp

~ e e We do not use the following data for averages, fits, limits, etc. e e ~

66+ 15
60

127+ 7
—25

60

310
40

RODEBACK 81 H BC 4 7r p ~ AK27r
CRENNELL 72 HBC 0 45 7r p ~ A K27r

ASTIER 69 HBC 0 pp

CRENNELL 67 H BC 0 6 7r p A K27r
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Kt(1270}, Kt(1400)

Kg{1270) REFERENCES

TORNQVIST
DAUM
RODEBACK
MA ZZ U CATO
VERGEEST
GAVILLET
CARNEGIE
CARNEGIE
BRANDENB. ..
OTTER
CRENNELL
DAVIS
FIRESTONE
ASTIER
CRENNELL

82B NP B203 268
81C NP B187 1
81 ZPHY C9 9
79 NP B156 532
79 NP B158 265
78 PL 76B 517
77 NP B127 509
77B PL 68B 287
76 PRL 26 703
?6 NP B106 77
72 P R D6 1220
72 P R D5 2688
72B P R D5 505
69 NP B10 65
67 PRL 19 44

OTHER RELATED PAPERS

SUZUK I 93
BAUBIL LIER 82B
FERNANDEZ 82
GAVILLET 82
SHEN 66

Also 66
A L ME IDA 65
A R ME N TER OS 64

Also 66
ARMENTEROS 64B

A I so 64C

P R D47 1252
NP B202 21
ZPHY C16 95
ZPHY C16 119
PRL 17 726
Private Comm.
PL 16 184
PL 9 20?
PR 145 1095
Dubna Conf, 1 577
Dubna Conf. 1 617

(LBL)
+ (BIRM, CERN, GLAS, MSU, CURIN)
+Ag ui la r- Ben itez+ (MADR, CERN, CDEF, STOH) JP
+Armenteros+ (CERN, CDEF, PADO, ROMA)
+Butterworth, Fu, Goldhaber, Trilling (LRL)

Goldhaber (LRL)
+Atherton, Byer, Dornan, Forson+ (CAVE)
+Edwards, D'Andlau+ (CERN, CDEF)

Barash, Kirsch, Miller, Tan (COL U)
+Edwards, D'Andlau+ (CERN, CDEF)

Armenteros

(HELS)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)
+Sjogren+ (CERN, CDEF, MADR, STOH)
+ Pennington+ (CERN, ZEEM, Nl JM, OXF)
+Jongejans, Dionisi+ (NIJM, AMST, CERN, OXF)
+Diaz, Dionisi+ (AMST, CERN, NIJM, OXF) JP
+Cashmore, Davier, Dunwoodie, Lasinski+ (SLAC)
+Cashmore, Dunwoodie, Lasinski+ (SLAC)

Brandenburg, Carnegie, Cashmore+ (SLAC) JP
+ (AACH3, BERL, CERN, LOIC, VIEN, EPOL+) JP
+Gordon, Lai, Scarr (BNL)
+Alston-Garnjost, Barbaro, Flatte, Friedman, Lynch+ (LBL)
+Goldhaber, Lissauer, Trilling (LBL)
+Marec ha I, Mon ta net+ (CDEF, CERN, IPNP, LIVP) IJP
+Kalbfleisch, Lai, Scarr, Schumann (BNL) I

100 200

K1(1400) width (MeV)

WEIGHTED AVERAGE
174+13 (Error scaled by 1.6)

300

ASTON
. BAUBILLIER

DAUM
TKIN
ARNEGI E

87 LASS
82B HBC
81C CNTR
80 MPS
77 ASPK

400

(Confidence Level
I

500

x'
0.0
2.5
0.7
0.4
3.9
7.6

= 0.109)

K1 (1400)

Kg(1400) MASS

VALUE (MeV) DOCUMENT iD

1402+ 7 OUR AVERAGE
1373+14+18 1 ASTON 87 LASS 0
1392+18 BAUBILLIER 82B HBC 0

TECN CHG COMMEN T

11 K p —+ K 7r+7r n

8.25 K p ~ Ko 7r+7r nS
63K p~ K 27rp
6 K p -~ ~K7r+7r n

13 K+p (K )+p
limits, etc. e ~ ~

4.2 K p (K7r7r) p
13 K+ p ~ (K777r)+ p
12 K+p
12 K+ C/

to BRANDENBURG 76 data.

Ky(1400) WIDTH

1410+25 DAUM 81C CNTR
1415+15 ETKIN 80 MPS 0
1404+ 10 CARNEGIE 77 ASPK

o ~ ~ We do not use the following data for averages, fits,

1350 TORNQVIST 82B RVUE
= 1400 VERGEEST 79 H BC

1400 BRANDENB. .. 76 ASPK
1420 DAVIS 72 HBC
1368+ 18 FIRESTONE 72B DBC +

From partial-wave analysis of K 7r+ 7r system.
2 From a model-dependent fit with Gaussian background

From a unitarized quark-model calculation.

l2
l3
l4
r5

Mode

K"(892) rr

Kp
K fp(1370)
K(d

Kp(1430) rr

r(Kp)
VALUE (MeV)

2 +1

VALUE (MeV)

23+12

I (K'(892) x)
VALUE (MeV')

117+10

Kg(1400) DECAY MODES

Fraction (I
&
/I )

(94 +6 ) oi

3 0 y 3 0) oyp

( 2.0+2.0) %

( 1.0+1.0) %

Kg(1400) PARTIAL WIDTHS

DOCUMENT ID TECN CHG COMMEN T

CARNEGIE 77 ASPK + 13 K+ p ~ (K~7r)+ p

DOCUMENT iD TECN CHG COMMENT

CARNEGIE 77 ASPK + 13 K+ p ~ (K7r7r)+ p

DOCUMEN T ID TECN CHG COM MEN T

CARNEGIE 77 ASPK + 13 K p ~ (K7r7r) p

f2

I4

VALUE ('MeV) DOCUMEN T ID TECN CHG COMMEN T

1?4+13OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.
188+54+60 ASTON 87 LASS 0 11 K p ~ K 7r+ 7r n

276+65 BAUBILLIER 82B HBC 0 8.25 K p ~ K 7r+7r nS
195 1:25 DAUM 81C CNTR — 63 K p ~ K 2xp
180+ 10 ETKIN 80 MPS 0 6 K p ~ ~K7r+7r n

142 + 16 CARNEGIE 77 ASPK + 13 K+ p ~ (K~7r)+ p
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

200 VERGEEST 79 HBC — 4.2 K p ~ (K7r7r) p
160 BRANDENB. .. 76 ASPK + 13 K+ p ~ (K7r~)+ p
80 DAVIS 72 HBC +- 12 K+ p

241 + 30 FIRESTONE 72B DBC + 12 K+ d
4 Frcm partial-WaVe analySiS Of' K 7r+ 7r SyStem.
5 From a model-dependent fit with Gaussian background to BRANDENBURG 76 data.

I (K'(892)e)/I ~p~ ~

VAL UE

0.94+0.06

r(K&)/r„„,
VAL UE

0.03 +0.03

I (K fp(1370))/I pa~i

DOCUMENT ID

6 DAUM

DOCUMENT ID

6 DAuM

TECN COMMENT

81C CNTR 63 K p ~ K 27rp

TECN COMMEN T

81C CNTR 63 K p ~ K 27rp

VAL UE

0.02 +0.02

I (Krd)/rtatai
VAL UE

0.01 +0.01

DOCUMENT ID

6 DAuM

DOCUMENT ID

6 DAuM

TECN COMMEN T

81C CNTR 63 K p ~ K 27rp

TECN COMMENT

81C CNTR 63 K p —~ K 27rp

I (Kp(1430)vr)/I gpga~

Kg(1400) BRANCHING RATIOS

VAi UE

not seen

DOCUMENT iD

6 DAUM

TECN COMMEN T

81C CNTR 63 K p ~ K 27rp

D-wave/S-wave RATIO FOR Kq{1400) ~ K'{892)e
VALUE DOCUMENT iD TECN COMMENT

0.04 +0.01 DAUM 81C CNTR 63 K p ~ K 27rp

Average from low and high t data.
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Meson Particle Listings

K, (1400), K"(1410), K*(1430),K*,(1430)

K1(1400) REFERENCES

ASTON
BA U B I L L I ER
TORNQVIST
DAUM
ETK IN

VERGEEST
CARNEGIE
BRANDEN B.. .

DAVIS
FIRESTONE

87 NP B292 693
82B NP B202 21
82B NP B203 268
81C NP B187 1

80 PR D22 42
79 NP B158 265
77 NP 8127 509
76 PRL 26 703
72 PR D5 2688
72B PR D5 505

+Awaji, D'Amore+
+

OTHER RELATED PAPERS

SUZUK I 93
FERNANDEZ 82
SHEN 66

A I so 66
ALMEIDA 65
ARMENTEROS 64

Also 66
ARMENTEROS 64B

Also 64C

PR D47 1252
ZPHY C16 95
PRL 17 726
Private Comm,
PL 16 184
PL 9 207
PR 145 1095
Dubna Conf. 1 577
Dubna Conf. 1 617

+Aguilar-Benitez+ (MADR, CERN,
+Butterworth, Fu, Goldhaber, Trilling

Goldhaber
+Atherton, Byer, Dornan, Forson+
+Edwards, D'Andlau+

Barash, Kirsch, Miller, Tan
+Edwards, D'Andlau+

Armenteros

(LBL)
CDEF, STOH)

(LRL)
(LRL)

(CAVE)
(CERN, CDEF)

(COLU)
(CERN, CDEF)

K*(1410) Iii') = H1-)

K'(1410}MASS

(SLAC, NAGO, CINC, INUS)
(BIRM, CERN, GLAS, MSU, CURIN)

(HFLS)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)
+Foley, Lindenbaum, Kramer+ (BNL, CUNY) JP
+Jongejans, Dionisi+

'
(NIJM, AMST, CERN, OXF)

+Cashmore, Davier, Dunwoodie, Lasinski+ (SLAC)
Brandenburg, Carnegie, Cashmore+ (SLAC) JP

+Alston-Garnjost, Barbaro, Flatte, Friedrnan, Lynch+ (LBL)
+Goldhaber, Lissauer, Trilling (LBL)

K,*(1430) I(i ) = '(0+)

See our minireview in the 1994 edition and in this edition under the

fp ( 1370).

Kgi(1430) MASS

Ko(1430) WIDTH

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

1429 +4+5 ASTON 88 LASS 0 11 K p ~ K ~+ n

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

1450 2 TORNQVIST 96 RVUE ~zr, KK, K~
1430 BAUBILLIER 84B HBC — 8.25 K p ~ K 7r p
1425 3~4 ESTABROOKS 78 ASPK 13 K+ p ~ K+ x+ (n, B)

~ 1450.0 MARTIN 78 SPEC 10 K p ~ K0vrpS
Uses a model for the background, without this background they get a mass 1340 MeV,
where the phase shift passes 90o.
T- m at rix pole.
Mass defined by pole position.
From elastic Kzr partial-wave analysis.

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

1412+12 OUR AVERAGE Error includes scale factor of 1.1.
1367+54 BIRD 89 LASS — 11 K p ~ K ~ p
1380+21 + 19 ASTON 88 LASS 0 ll K p ~ K m+n

1420+ 7+10 ASTON 87 LASS 0 11 K p -~ K ~+ n. n

e e ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

BAUBILLIER 82B HBC 0 8.25 K p -~ K 2mn

ET KIN 80 MPS 0 6K p ~ K ~+~ n

VALUE (MeV) DOCUMENT ID TECN

287+10+21 ASTON 88 LASS
e ~ ~ We do not use the following data for averages,

320 5 TORNQVIST 96 RVUE

200 BAUBILLIER 84B HBC

200 to 300 ESTABROOKS 78 ASPK
5 T-matrix pole.
6 From elastic K~ partial-wave analysis.

CHG COMMENT

0 11 K p~ K zr+

fits, limits, etc. ~ ~ ~

~zr ~ ~sr, K K, Kzr

825K p~ K0~ p
13 K+ p ~ K+m+(n, D)

Ki(1410) WIDTH

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

227+ 22 OUR AVERAGE Error includes scale factor of 1.1.
1144 101 BIRD 89 LASS — 11 K p ~ K zr p
176+ 52 9:22 ASTON 88 LASS 0 11 K p —~ K ~+ n

240+ 18 3:12 ASTON 87 LASS 0 11 K p ~ K ~+~ n

e e ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

275 + 65 BAUBILLIER 82B HBC 0 8.25 K p ~ K 2~ n

500K 100 ETKIN 80 MPS 0 6 K p —+ K ~+sr n

Mode

I 1 K7r

r(K~)/r, »,
VALUE

0.93+0.04+0.09

K0(1430) DECAY MODES

Fraction (I;if )

(93+10) %

Ko(1430) BRANCHING RATIOS

DOCUMENT ID

ASTON

TECN CHG COMMEN T

88 LASS 0 11K p ~ K zr+n

C1/I

K'(1410) DECAY MODES Ko(1430) REFERENCES

Mode

i-, K'(892) ~
KT

l3 KP

Fraction (I;/I )

) 40 0/

( 6.6+1.3) %

( 7

Confidence level

95%

95%

TORNQVIST 96 PRL 76 1575
ASTON 88 NP B296 493
BAUBILLIER 84B ZPHY C26 37
ESTABROOKS 78 NP B133 490
MARTIN 78 NP B134 392

OTHER RELATED PAPERS

+ Roos (HELS)
+Awaji, Bienz, Bird+ (SLAC, N AGO, C IN C, IN US)
+ (BIRM, CERN, GLAS, MICH, CURIN)
+Carnegie+ (MCGI, CARL, DURH, SLAC)
+Shimada, Baldi, Bohringer+ (DURH, GEVA)

I (K p) /I (K'(392) n)

K'(1410) BRANCHING RATIOS TORNQVIST 82 PRL 49 624
GOLDBERG 69 PL 30B 434
SCHLEIN 69 Argonne Conf. 446
TRIPPE 68 PL 28B 203

+Huffer, Laloum+

+Chien, Malamud, Mellema, Schlein-F

(HELS)
(SABRE Collab. )

(UCLA)
(UCLA)

VAL UE

(0,17

CL%

95

I (Kw)/I (K'(892}x)

DOCUMENT ID

ASTON

TECN CHG COMMEN T

84 LASS 0 11K p ~ K 2zrn

K*,(1430) Iii') = l(2+)

VAL UE

(0.16

r (K~)/r, .„i
CLi

95

DOCUMENT ID

ASTON

TECN CHG COMMENT

84 LASS 0 11 K p ~ K 27m

VALUE DOCUMENT ID

0.066+0.01060.008 AS TO N

TECN CHG COMMENT

88 LASS 0 11 K p ~ K ~+n

K'(1410) REFERENCES

BI R D
ASTON
ASTON
ASTON
BA U B I L L I E R

ETKIN

89 SLAC-332
88 NP B296 493
87 NP B292 693
84 PL 149B 258
82B NP B202 21
80 PR D22 42

(SLAC)
+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS)
+Carnegie, Dunwoodie+ (SLAC, CARL, OTTA) JP
+ (BIRM, CERN, GLAS, MSU, CURIN)
+Foley, Lindenbaum, Kramer+ (BNL, CUNY) JP

K2q(1430) MASS

CHARGED ONLY, WITH FINAL STATE Kvr
VALUE (MeV) EVTS DOCUMENT ID TECN CHG

1425.4+ 1.3 OUR AVERAGE Error includes scale factor of 1.1.
1423.4 + 2 + 3 24809+ B I R D 89 LASS

820
1420 + 4 1587 BAUBILLIER 84B HBC

1436 + 5.5
1430 + 3.2
1430 + 3,2

1423 + 5

1428.0 9 4.6

400 CLELAND 82 SPEC +
1500 CLELAND 82 SPEC +
1200 2~3 CLELAND 82 SPEC

935 TOAFF 81 HBC
4 MARTIN 78 SPEC

COMMENT

11K p~ K0~ p

825K p~
K0&- p

30 KP- p, KO ~+ p

50 K+ p K~ ~+ p

50 K+p K~~ pS
65 K p —~ ~K' p
10 K p — K zrpS

We consider that phase-shift analyses provide more reliable determi-
nations of the mass and width.



1423.8+ 4.6
1420.0 4 3.1
1425 + 8 0
1416 + 10

1414 + 13.0
1427 + 12
1423 + 11.0

1400
225
220

60
63
39

MARTIN 78

AG UI LA R-... 71B
BARNHAM 71C
CRENNELL 69D

L IN D 69
SCHWEING. .. 68

2 BASSANO 67

See &ey on page f99

SPEC
HBC
HBC
DBC

HBC
HBC
HBC

10 K+ p ~ K0S~p
3.9,4.6 K p
K+ p Ko~+ p
3.9 K N ~

Kpsr N
9 K+p ~ K02r+p
55K p~ KvrN
4.6—5.0 K p ~

Ko~—
p
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WEIGHTED AVERAGE
109+5 (Error scaled by 1.9)

Meson particle Listings
K2(1430)

NEUTRAL ONLY
VALUE (MeV) EV TS

1432.4+ 1.3 OUR AVERAGE

1431.2+ 1.8 + 0.7 5 ASTON
1434 + 4 + 6 5 ASTON

TECN CHG COMMEN TDOCUMENT ID

11K p~ K 2r+n
11K p~

Kp~+ ~—
n

11 K p ~ K02~n
8.25K p~

N KS2r7r0

11K p~ K 2r+n
13 K+ p ~ pK2r
5.5 K+ d ~ K7r pp

etc. » ~ ~

88 LASS 0
87 LASS 0

5 ASTON 84B LASS 0
BAUBILLIER 82B HBC 0

1433 + 6 + 10
1471 + 12

5 ASTON 81C LASS 0
5 ESTABROOKS 78 ASPK 0

BOWLER 77 DBC 0
not use the following data for averages, fits, limits,

300 HENDRICK 76 DBC

1428 + 3
1434 + 2

1440 +10
~ ~ » Wedo

8.25 K+ N
K+7r N

36K p~ K 7r+n
2-13 K+ p

K+~—X
3.9,4.6 K p
9 K+n ~ K+7r p
12 K+p ~ K+2r X

1420 + 7

800 MCCUBBIN 75 HBC 0
LING LI N 73 H BC 0

1421.6 + 4.2

1420.1 + 4.3

1419.1+ 3.7 1800 AGUILAR-. .. 71B HBC 0
1416 + 6 600 CORDS 71 DBC 0
1421.1 + 2.6 2200 DAV IS 69 HBC

1

0

From a partial wave amplitude analysis.
Errors enlarged by us to I /~N; see the note with the K*(892) mass.
Number of events in peak re-evaluated by us.

4 Systematic error added by us.
5 From phase shift or partial-wave analysis.
6 From pole extrapolation, using world K+ d tp a a summary tape.

K2(1430) WIDTH

CHARGED ONLY, WITH FINAI STATE K7I.
VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

98.4+ 2.3 OUR FIT
98.4+ 2.4 OUR AVERAGE

98 6 4 +4 24809+ BIRD 89 LASS
820

109 + 22 4pp ) CLELAND

124 + 12.8 1500 8 9 CLELAND

113 + 12.8 1200 8,9 CLELAND

85 +16 935 TOAFF
96.5 + 3.8 MARTIN

97.7+ 4.0 MARTIN

11K p~ Ko~ p

30 K+p K02T+p
50 K+ p K~ sr+ p

50 K+p K~m pS
6.5 K p ~ ~K2r p
10 K+ p ~ Kp 2r p
la K p K~~ pS 7l

3.9,4.6 K p

82 SPEC +
82 SPEC +
82 SPEC

81 HBC
78 SPEC +
78 SP EC

g4 7+ 15.1—12.5 1400 AGUILAR-. .. 71B HBC

10 ASTON
BA U B I L L I ER

10 ASTON
10 ETKIN

75 HBC 0
73 HBC 0

116 + 18
61 +14

116.6 —15.5
144 + 24.0
101 4 10

?1 DBC 0
69 HBC 0

NEUTRAL ONLY
VALUE (Mev) EVTS

109 + 5 OURA
DOCUMENT ID TECN CHG COMMENT

o . . ee t e ideogram below.AVERAGE Error includes scale factor of 1.9. Se h

116.5+ 3.6 4 1.7 ASTON 88 LASS 0 11 K p ~ K 2r+n
129 + 15 + 15 ASTON 87 LASS 0 11K p~
131 +24 +20

Ko~+ ~—
n

143 6 34
84B LASS 0 11K p~ K 2 n~n
82B HBC 0 825K p~

NKS0

98 + 8

140 +30
81C LASS 0 11K p~ K +nn
80 SPEC 0 6 K p ~

98 + 5 10 ESTABROOKS 78 ASPK 0 13 K+ —~ K
Kp~+ ~—

n

~ ~ ~ We do no not use the following data for averages, fits, limits, etc. ~ ~ »
p —~ pK2r

300 8 HENDRICK 76 DBC 8 25 K+ N

800 MCCU BBIN
K+7r N

11
3.6 K p ~ K 7r+ n

LINGLIN 2-13 K+ p
K+2r X

1800 AGUILAR-. .. 71B HBC 0 3.9,4.6 K

8

~" P

600 CORDS 9 K+9 K n K+2r p
2200 DAVIS 12 K+12K p~

K+~—~+ p

50 100 150

- ASTON 88 LASS
. ASTON 87 LASS

. - ASTON 84B LASS
BAUBILLIER 82B HBC
ASTON 81C LASS
ETK IN 80 SPEC
ESTABROOKS 78 ASPK

200

(Confidence Level

250

x'
3.6
0.9
0.5
1.0
1.9
1.1
4.8

13.7
= 0.033)

K2(1430) width (MeV)
7 From a partial wave amplitude analysis.
8 Errors enlarged by us to 4I /~N; see the note with the K*(892) mass.

10
Number of events in peak re-evaluated by us.
From phase shift or partial-wave analysis.
From pole extrapolation, using world K+ p data summ tsummary tape.

Mode

I 1 K7r
K'(892) vr

K' (892)x x
l4 Kp
I5 K~
l6 K+p
I 7 KTl

8 K
Ig Kp

K2(1430) DECAY MODES

Fraction (I I/I )

(49.7+ 1.2) %
(25 2+1 7)
(13.0+2.3) %

( 8.8+0.8) %

( 2 9+0 8) oy0

( 2.4+0.5) x 10

( 14+ )x10—0.9
7.2 x 10
9 x1O—4

Scale factor/
Confidence level

S=1.2

S=1.1

CL=95%
C L=90%

CONSTRAINED FIT INFORMATION

An overall fit to the total width, a partial width, and 10 branching
ratios uses 28 measurements and one constraint to determine 8

f d

parameters. The overall fit has a X = 19.5 f 21 d

reedom.
or 1 degrees of

x2 —16

x3 —33 —75

x4 —12 39

x5 —11 —3

—54
—25

X6

X?

I

X1 X2 X3 X4

—2 0

0 —13

X5 X6 X?

Mode

I 1 Kvr
I 2 K*(892)7r

I 3 K*(892)7r 7r

I 4 Kp
I5 K~
l6 K+

Kq

Rate (MeV)

48.9 + 1.7
24.8 + 1.7
12.8 4 2.3
8.7 4 0.8
2.9 + 0.8
0.24+ 0.04

0 14+0.28
—0.09

Scale factor

1.2

The following off-diagonal array eleme t hen s are t e correlation coefficients

&)/( p," p&),
'

percent, from the fit to parameters p, , including the branch-bpbp i 6 "6 in

ing fractions, x:— I l . Th, / total. e fit constrains the x; whose labels appear in th
array to sum to one.

ear in is
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Meson Particle Listings

K,*(1430)

K2(1430) PARTIAL WIDTHS WEIGHTED AVERAGE
0.354+0.033 (Error scaled by 1.4)

VALUE (keV)

240+40 OUR FIT
240 +45

VALUE (keV)

&84

CLl

90

DOCUMENT ID TECN CHG COMMEN T

DOCUMENT ID TECN CHG COMMENT

CARLSMITH 87 SPEC 0 60—200 KL A ~
Ko 2roA5

CIHANGIR 82 SPEC + 200 K+ Z ~ Z K+ vr

ZK0 &+S

I9

e of weighted average, error,
ctor are based upon the data in
m only. They are not neces-
me as our 'best' values,
m a least-squares constrained fit
surements of other (related)

s additional information.

K2{1430) BRANCHING RATIOS

TECN CHG COMMENT

0 11K p~ K vr+n
13 K+p ~ pK+

r (Ktr) /rtotai
VAL UE DOCUMENT ID

0.497+0.012 OUR FIT
0.488+0.014 OUR AVERAGE

0.485+0.006+0.020 12 ASTON 88 LASS

0.49 +0.02 12 ESTABROOKS 78 ASPK

0.1 0.2 0.3

r(K p)/I (K'{892)7|)

0.4 0.5

x'
TON 87 LASS 2 6
UBILLIER 82B HBC 0.1

UM 81C CNTR 1.4
4.1

(Confidence Level = 0.126)

0.6 0.7

I (K'(892) tr)/I (K tr)
VAL UE DOCUMENT ID

I 2/I t = I 2/(I t+I 2+I 4)
TECN CHG COMMEN T r(K~)/r(K'(892) ~)

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

0.47 +0.10
0.45 4 0.13

BASSA NO
13 BADIER

67 HBC
65c HBC

—0 4650K p
3 K p

r(Kp) jr(K~)
VAL UE DOCLIMENT ID

r, /r, = r, /(r, +r,+r4)
TECN CHG COMMEN T

0.14+0.10
O. 14+0.07

I (K'{892)tr)/I (Ktr)

BASSA NO

BADIER
67 HBC
65c HBC

—0 4.6,5.0 K p
3 K p

I2/I t

o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

TECN CHG COMMENT

67 HBC — 38 K p

I (Ktl)/I (K'(892)tr)
VAL UE

0006+ ' OUR FIT-0.004

0.07 +0.04

DOCUMENT ID

FIELD

TECN CHG COMMENT

67 HBC — 38 K p

r(K9) jr(K~)
VAL UE CLo DOCUMENT ID TECN CHG COMMENT

VAL UE DOCUMENT ID

0.116+0.034 OUR FIT
0.10 +0.04

PAL UE

0.51+0.04
0.48+0.05
0.44 4 0.09
0,62j0.19
0.54+ 0.16
0,47+ 0.08

DOCUMENT ID

OUR FIT
OUR AVERAGE

ASTON
LAUSCHER
DEHM
AGUILAR-. ..

TECN CHG COMMENT

84B LASS

75 HBC
74 DBC
71B HBC

11 K p ~ K027rn
10,16 K p ~ K ~+n
4.6 K+ N

3.9,4.6 K p

&0.04
&0.065
&0.02

95 AGUILAR-. . . 71B HBC 3.9,4.6 K p
BASSOMPIE. . . 69 HBC 5.0 K+ p
BISHOP 69 H BC 3.5 K+ p

0 0028 0'0019 OUR FIT Error includes scale factor of 1.1.

0 +0.0056 ASTON 88B LASS — 11 K p —t K rI p
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

r(K~) jr(K~)
DOCUMENT IDVAL UE

0.059+0.017 OUR FIT
0.070+0.035 OUR AVERAGE

0,05 + 0.04 AG U I LA R-. . .
0.13 + 0.07 BASSO MP I E

71B HBC
69 HBC

3.9,4.6 K p
0 5K+p

TECN CHG COMMENT
I (K'(892)trtr)/I total
VAL UE DOCUMENT ID

0.130+0.023 OUR FIT
0.12 +0.04 GOLDBERG 76 HBC — 3 K p —a p K

r(K'(s92)«) jr(K~)
r(K p) jr(K~)
VAL UE DOCUMENT ID TECN CHG

0.178+0.018 OUR FIT Error includes scale factor of 1.2.
COMMENT

I 4/I
TECN CHG COM MEN TVAL UE DOCUMENT ID

0.26+0.05 OUR FIT
0.2160.08 13,15 JONGEJANS 78 HBC — 4 K p —t p~K sr vrw

0153+ ' OUR AVERAGE—0.018
0.18 + 0.05

o.o2 +0'0—0, 02
0.16 + 0.05

I (Kp)/I (K'(892)tr)

ASTON

DEHM

AGUILAR-. ..

84B LASS 0 11 K p ~ K 2am

74 DBC 0 4.6 K+ N

71B H BC 3.9,4.6 K p

VAL UE DOCUMENT ID TECN CHG COMMENT

0.351+0.032 OUR FIT Error includes scale factor of 1.5.
0.354+0.033 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

0.293+0.032+0.020 ASTON 87 LASS 0 11 K p ~ K ~++ n

0.38 2 0,09 BAUBILLIER 82B HBC 0 8.25 K p -~ N KS avr

0,39 2 0.03 DAUM 81C CNTR 63 K p ~ K 27rp

rs/rI (K~tr)/I tota(
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

COMI'CLIENT

JONGEJANS 78 HBC 4 K p — p K 4'

K2a(1430) REFERENCES

BIRD
ASTON
ASTON
ASTON
CAR LSMITH
ASTON
BAU BILLIER
BAU 8 IL LIER
CIHANGIR
CL ELAND
ASTON
DAUM
TOAFF
ETK IN

ESTAB ROOK
Also

JONGEJANS
MARTIN
BOWLER

89
88
88B
87
87
84B
84B
82B
82
82
81C
81C
81
80

S 78
78B
78
78
77

SLAC-332
NP B296 493
PL B201 169
NP B292 693
PR D36 3502
NP B247 261
ZPHY C26 37
NP B202 21
PL 117B 123
NP B208 189
PL 106B 235

P B187 1

PR D23 1500
PR D22 42
NP B133 490
PR D17 658
NP B139 383
NP 8134 392
NP B126 31

(SLAC)
+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+Awaji, Bienz+ (SLAC, NAGO, CINC, INUS)
+Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS)
+Bernstein, Bock, Coupal, Peyaud, Turlay+ (EFI, SACL)
+Carnegie, Dunwoodie+ (SLAC, CARL, OTTA)
+ (BIRM, CERN, GLAS, MICH, CURIN)
+ (BIRM, CERN, GLAS, MSU, CURIN)
+Berg, Biel, Chandlee+ (FNAL, MINN, ROCH)
+-Delfosse, Dorsaz, Gloor (DURH, GEVA, LAUS, PITT)
+Carnegie, Dunwoodie+ (SLAC, CARL, OTTA) JP
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXFy)
+Musgrave, Ammar, Davis, Ecklund+- (ANL, KANS)
+Foley, Lindenbaum, Krarner+ (BNL, CUNY) JP
+Carnegie+ (MCGI, CARL, DURH, SLAC)

Estabrooks, Carnegie+ (MCGI, CARL, DURH+)
+Cerrada+ (ZEEM, CERN, NIJM, OXF)
yShimada, Baldi, Bohringer~ (DURH, GEVA)
+Dainton, Drake, Williams (OXF)

&0.72 95 0

From phase shift analysis.
Restated by us.
ASTON 88B quote & 0.0092 at CL=95%. We convert this to a central value and 1 sigma
error in order to be abe to use it in our constrained fit.

15Assurning vrvr system has isospin 1, which is supported by the data.
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Meson Particle Listings
K2(1430), K(1460), K2(1580), K1(1650)

GOLDBERG
HENDRICK
LAUSC HER
MCCU BBIN
DEHM
LINGLIN
AGUILAR-. . .
BARNHAM
CORDS
BASSOMP I E...
BISHOP
CRENNELL
DAV IS
L IND
S C HWE IN G. ..

Also
BASSANO
FIELD
BADIER

76 LNC 17 253
76 NP B112 189
75 NP B86 189
75 NP B86 13
74 NP B75 47
73 NP BSS 408
71B PR D4 2583
71C NP B28 171
71 P R D4 1974
69 NP B13 189
69 NP B9 403
69D PRL 22 487
69 PRL 23 1071
69 NP B14 1
68 P R 166 1317
67 Thesis
67 PRL 19 968
67 PL 24B 638
65C PL 19 612

(HA IF)
(MONS, SACL, PARIS, BELG)

(ABCLV Collab. ) JP
(OX F)

(MPIM, BRUX, MONS, CERN)
(CERN)

(BNL)
(BIRM, GLAS)

RD, UCD, IUPU)
(CERN, BRUX) JP

(WISC)
(BNL)
(LRL)
(LRL) JP

(ANL, NWES)
(NWES, NWES)

(BNL, SYRA)
(UCSD)

L, SACL, AMST)

+Vignaud, Burlaud+
+Otter, Wieczorek+
+Lyons
+Goebel, Wittek+

Aguilar-Benitez, Eisner, Kinson
+Colley, Jobes, Griffiths, Hughes+
+Carmony, Erwin, Meiere+ (PU

Bassom pierre+
+Goshaw, Frwin, Walker
+Karshon, Lai, O'Neall, Scarr
+Derenzo, Flatte, Garnjost, Lynch, Solmitz
+Alexander, Firestone, Fu, Goldhaber

Schweingruber, Derrick, Fields+
Schweingruber

+Goldberg, Goz, Barnes, Leitner+
+Hendricks, , Piccioni, Yager
+Demoulin, Goldberg+ (EPO

K2(1580) I(") = l(2-)

K2(1580) MASS

VALUE (MeV) DOCUMENT ID CHG COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1580 OTTER 79 — 10,14,16 K p

OMITTED FROM SUMMARY TABLE
Seen in partial-wave analysis of the K 7r+ 7r system. Needs con-
firm ation.

OTHER RELATED PAPERS K2 {1580)WIDTH

ATKINSON
BA U 8 IL LIER

CHUNG
FOCARDI
HAQUE
HARDY

86 ZPHY C30 521
82B NP B202 21
65 PRL 15 325
65 PL 16 351
65 PL 14 338
65 PRL 14 401

+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+ (BIRM, CERN, GLAS, MSU, CURIN)
+Dahl, Hardy, Hess, Jacobs, Kirz (LRL)
+Ranzi, Serra+ (BGNA, SACL)

Hague+
+Chung, Dahl, Hess, Kirz, Miller (LRL)

VALUE (MeV) DOCUMENT ID CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

OTTER 79 — 10,14,16 K p

K2(1580) DECAY MODES

K(1460) I(I ) = Z(0 ) Mode Fraction (I;/I )

OMITTED FROM SUMMARY TABLE
Observed in K zr 7r partial-wave analysis. Not seen by VERGEEST 79.
Needs confirmation.

I
K"(892) 7r

K2 {1430)x
seen

possibly seen

Kp(1580) BRANCHING RATIOS

K{1460) MASS

VALUE (MeV) DOCUMENT ID TECN CHG COMM EN T

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

~ 1460 DAUM 81C CNTR — 63 K p ~ K 2' p
1400 BRANDENB. .. 76B ASPK + 13 K+ p ~ Kvrzr N

Coupled mainly to K f0(1370). Decay into K*(892)~ seen.

I (K'(892)m)/I g~g, (

VAL LIE

I (Kq{1430)m)/I gogg[
VAL UE

posstbiy seen

DOCUMENT ID

OTTER

DOCUMENT ID

OTTER

TECN CHG COM MEN T

79 H BC — 10,14,16 K p

TECN CHG COMMENT

79 HBC — 10,14,16 K p

K(1460) WIDTH K2(1580} REFERENCES

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

OTTER 79 NP 8147 1 +Rudolph+ (AACH3, BERL, CERN, LOIC, WIEN) JP

260 DAUM 81C CNTR — 63 K p —+ K 2' p
250 BRANDENB. .. 76B ASPK + 13 K+ p ~ K~~N

Coupled mainly to K f0(1370). Decay into K*(892)~ seen.

K, (1650) I(~') = l(~+)

Mode

K(1460} DECAY MODES

OMITTED FROM SUMMARY TABLE
This entry contains various peaks in strange meson systems (K+ P,
K7r7r) reported in partial-wave analysis in the 1600—1900 mass re-

gion.

K' {892)~
Kp
Ko {1430)m

K(1460} PARTIAL WIDTHS

VALUE (MeV)

1650+50
~ ~ o Wedo

Kg(1650) MASS

DOCUMENT ID TECN

FRAME 86 OMEG
not use the following data for averages,

CHG COMMENT

13 K+ p P K+ p
fits, limits, etc. ~ ~ o

I (K {892}vr)
VALUE (MeV) DOCUMENT ID TECN COMM EN T

1840
1800

ARMSTRONG 83 OMEG — 18.5 K p -~ 3K p
DAUM 81C CNTR — 63 K p ~ K 27r p

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~ Kg(1650} WIDTH
109 DAUM 81C CNTR 63 K p ~ K 2wp

r(Kp)
VALUE (Mev)

o ~ ~ We do not use the

34

I (Ko(1430)n)
VALUE (MeV)

DOCUMENT ID TECN COM MEN T

following data for averages, fits, limits, etc. ~ ~ ~

DAUM 81C CNTR 63 K p ~ K 2~p

DOCUMENT ID TECN COMMENT

250 DAUM 81C CNTR — 63 K p ~ K 2ap

Kg{1650) DECAY MODES

Mode

VALUE (MeV) DOCUMEN T ID TECN CHG COMMEN T

150+50 FRAME 86 OMEG + 13 K+ p ~ PK+ p
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

117 DAUM 81C CNTR 63 K p ~ K 27rp

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~
C1 K7r 7r

I 2 KP

DAUM 81C NP B187 1
VERGEEST 79 NP B158 265
BRANDENB. .. 76B PRL 36 1239

K{1460) REFERENCES

+Hertzberger+- (AMST, CERN, CRAC, MPIM, OXF+)
+Jongejans, Dionisi+ (NIJM, AMST, CERN, OXF)

Brandenburg, Carnegie, Cashmore+ (SLAC) JP
FRAME 86 NP 8276 667
ARMSTRONG 83 NP B221 1

DAUM 81C NP B187 1

Kg(1650) REFERENCES

+Hughes, Lynch, Minto, McFadzean+ (GLAS)
(BARI, BIRM, CERN, MILA, CURIN+)

+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXFt-)

OTHER RELATED PAPERS

BARNES
TANIMOTO
VERGEEST

82 PL B116 365 +-Close
82 PL 116B 198
79 NP B158 265 +Jongejans, Dionisi+

(RHEL)
(BIEL)

(NIJM, AMST, CERN, OXF)
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K*(1680), K, (1770)

K*(1680) &(-I') = &(1 )

K'(1680} MASS

I (Ksr)/I (K (892}sr)
VALUE

1.30+ OUR FIT-0.14
2.8 +1.1

DOCUMENT ID

ASTON

TECN CHG COMMENT

84 LASS 0 11 K p ~ K 27m

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

1714+20 OUR AVERAGE Error includes scale factor of 1.1.
1678+64 BIRD 89 LASS — 11 K p ~ ~K7r p
16774 10+32 ASTON 88 LASS 0 11 K p ~ K 7r+ n

1735+10+20 ASTON 87 LASS 0 11 K p ~ K 7r+~ n

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1800+70 ETK IN 80 MPS 0 6 K p ~ ~K7r+7r n

~ 1650 ESTABROOKS 78 ASPK 0 13 K+ p ~ K+7r+ n

K'(1680}WIDTH

r(Kp)/r(K~)
VAL UE

0.81+ OUR FIT-0.09
1.2 +0.4

I (Kp)/I (K'(892}sr)
VALUE

1.05+ OUR FIT—0.11

o.97+0.09+0I—0.10

DOCUMENT ID

ASTON

DOCUMENT ID

ASTON

TECN CHG COMMENT

84 LASS 0 11 K p ~ K 27m

TECN CHG COMMENT

87 LASS 0 11 K p ~ ~K7r+~ n

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

323+110OUR AVERAGE Error includes scale factor of 4.2. See the ideogram below.

454+270 BIRD 89 LASS — 11K p ~ K ~ p
205+ 16+34 ASTON 88 LASS 0 11 K p ~ K 7r+ n

423+ 18+30 ASTON 87 LASS 0 11 K p ~ K 7r+7r n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ o

ETKIN 80 MPS 0 6 K p ~ ~K7r+7r n

ESTABROOKS 78 ASPK 0 13 K+ p ~ K+2r+ n

8 I R D 89
ASTON 88
ASTON 87
ASTON 84
ET KIN 80
ESTA 8 ROOKS 78

SLAC-332
NP 8296 493
NP 8292 693
PL 1498 258
PR D22 42
NP 8133 490

K'(1680} REFERENCES

(SLAC)
+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS)
+Carnegie, Dunwoodie+ (SLAC, CARL, OTTA) JP
+Foley, Lindenbatjm, Kramer+ (BNL, CUNY) JP
+Carnegie+ (MCGI, CARL, DURH, SLAC) JP

WEIGHTED AVERAGE
323+110 (Error scaled by 4.2) K, (1770) i(lp) = 2t(2 )

THE K2(1770) AND THE Ks(1820)

BIRD
ASTON
ASTON

200 400 600 800

K*(1680) width (MeV)

K'(1680) DECAY MODES

x'
89 LASS 0 2
88 LASS 9.9
87 LASS 8 2

18.3
(Confidence Level 0.001)

I

1000

A partial-wave analysis of the K w system based on about

100,000 K p —+ K cup events (ASTON 93) gives evidence for

two qq D-wave states near 1.8 CeV. A previous analysis based

on about 200,000 diffractively produced K p ~ K sr+sr p
events (DAUM 81) gave evidence for two J+ = 2 states in this

region, with masses 1780 MeV and 1840 MeV and widths

200 MeV, in good agreement with the results of ASTON 93.
In contrast, the masses obtained using a single resonance do not

agree well: ASTON 93 obtains 1728 + 7 MeV, while DAUM

81 estimates 1820 MeV. We conclude that there are indeed

two K2 resonances here.

We list, under the K2(1770) other measurements that, do

not resolve the two-resonance structure of the enhancement.

Mode Fraction (I l /I )
K2(17?0} MASS

I1 K7r

l2 KP

K'(892) tr

(38.7+ 2.5) %

(31.4+2 1) %

(29.9+ '
) %—4.7

X2

X3

—36
—39 —72

X1 X2

CONSTRAINED FIT INFORMATION

An overall fit to 4 branching ratios uses 4 measurements and one

constraint to determine 3 parameters. The overall fit has a X2=
2.9 for 2 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

(bx, bx )/tbx, "bx.i, in percent, from the fit to the branching fractions, x;

I, /l total The fit constrains the x, whose labels appear in this array to sum to
one.

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

1773+ 8 ASTON 93 LASS 11K p ~ K urp
~ 1780 DAUM 81C CNTR — 63 K p ~ K 22r p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1810+20 FRAME 86 OMEG + 13 K+ p ~ @K+p
~ 1730 ARMSTRONG 83 OMEG — 18.5 K p —~ 3K p

1710+15 60 CHUNG 74 HBC — 7 3 K p ~ K ~ p
1767+ 6 BLIEDEN 72 MMS — 11—16 K p
1730+20 306 FIRESTONE 728 DBC -+ 12 K+ d

1765+40 4 COLLEY 71 HBC + 10 K+ p ~ K27r/V

1740 DENEGRI 71 DBC — 12.6 K d ~ K27r d

1745+20 AGUILAR-. .. 70C HBC — 4.6 K p
1780+15 BARTSCH 70C HBC — 10.1 K p
1760+15 LUDLAM 70 HBC — 12.6 K p

From a partial wave analysis of the K I system.
2 From a partial wave analysis of the K 27r system.
3 Produced in conjunction with excited deuteron.
4Systematic errors added correspond to spread of different fits.

K'{1680}BRANCHING RATIOS

DOCUMENT ID

I (Ksr)/I tot, i

VAL UE

0.387+0.026 OUR FIT
0.388+0.014+0.022 ASTON

TECN CHG COMMEN T

88 LASS 0 11 K p ~ K 7r+n



See &ey on page F99

K2(1770) WIDTH

306

K2(1770) DECAY MODES

Mode

K7r 7r

K2*(i43O) ~
I 3 K*(892)~
I 4 K f2(1270}
l5 KP
I6 K~

Fraction (I;jl )

dominant

seen

seen

seen

seen

K2(1770) BRANCHING RATIOS

For discussion of the experimental evidenc th de on o er ecay modes, see
HUGHES 71, SLATTERY 71, EISNER 74.

r(K2(1430}n)/I (Kn'x)

VALUE (MeV) EVTS

&86+1a
DOCUMENT ID TECN CHG COMMEN T

~ 210 6 DAUM

ASTON 93 LASSS 11K p ~ K wp
81C CNTR — 63 K p ~ K 27rp

o ~ o We do not use the following data for averages, fits, limits, etc. o ~ ~

140+40 FRAME 86 OMEG + 13 K+ ~ PK+
~ 220 A

110+50
RMSTRONG 83 OMEG — 18.5 K ~ K

60 CHUNG 74 HBC — 7.3 K
p~ 3Kp

100+ 26 BLIEDEN 72 MMS — 11—16 K
.3K p~ K ~p

210+30 7 FIRESTONE 728 DBC + 12 K+ d
p

90+70 8

130
COLLEY 71 HBC + 10 K+ ~ K2 N

100*50
DENEGRI 71 DBC — 12.6 K d ~ K
AGUILAR-. .. 70C HBC — 4.6 K

K27r d

138+40 BARTSCH 70C HBC — 10.1 K
p

50+40
p

—20 LUDLAM 70 HBC — 12.6 K

5

p

From a partial wave analysis of the K ~ system.
From a partial wave analysis of the K 27r system.
Produced in conjunction with excited deuteron.
Systematic errors added correspond to spread of different fits.
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K2(»70), K3(&780)

BERLINGHIERI 67
CARMONY 6f
JOBES 67
BAR TSCH 66

OTHER RELATED PAPFRS

PRL 18 1087
PRL 18 615
PL 268 49
PL 22 357

+Farber, Ferbel, Forman
+Hendricks, Lander
+Bassornpierre, DeBaere+
+Deutschm ann+

(ROCH) I

(UCSD)
(BIRM, CERN, BRUX)

(AACH, BERL, CERN')

K,*(1780) I(I ) = k(3 )

K3i(1T80) MASS

11K p~ K 7)p
8.25K p~

KO 7r
—

p
825K p~

S27r N

0 K+p ~ KQS~+p

11K p~ K 7r+n
65K p~ ~K7r p
6 K p ~ K07r+7r
10K p —+

l~—
n

K 7r+ n

1790+15 BAUBILLIER 828 HBC 0

1784+ 9
1786+15
1762 + 9
1850+50
1812+28

82 SPEC
81D LASS 0
81 HBC
80 MPS 0
78 0MEG

CL ELAND
5 ASTON

TOAFF
ET KIN

BEUSCH

2060

190

17864 8
1

CHUNG 78 MPS 0 6 K p

2
From a partial wave amplitude analysis.
From energy-independent partial-wave analysis.
From a fit to Y6 moment. J = 3 found.

4CConfirmed by phase shift analysis of ESTABROOKS 78, yields J~ = 3
From a fit to the Y moment.6

VALUE (MeV) EVTS DOCUMEN TNT ID TECN CHG COMMENT

1770+10 OUR AVERAGE Error includE Error includes scale factor of 1.7. See the ideogram below.

1720+10+15 6111 BIRD 89 LASS — 11 K
17816 8+ 4 2

11 K p~ K07r p

1740+ 14+ 15 2
ASTON 88 LASS 00 11K p~ K 7r+n
ASTON 87 LASS 0 11 K p ~

1779+11 3 BALDI 76 SPEC
K 7r 7r n0 +

1776+ 26 4
10 K p~ K 7r+p+

BRANDENB. .. 76D ASPK 0 13 K+ ~ K+
~ 0 0 Wedonnot use the following data for averages, fits, limits, etc. o ~ o

p ~ K- 7r N

1749+ 10 ASTON 888 LASS
1780+ 9 300 BAUBILLIER 848 HBC

( K2 (1430) ~ K 7r )
VAL UE DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.0 9
DAUM 81C CNTR 63 K ~ Kp —+ K 27I p
FIR ESTO NE 728 D BC + 12 K+ d

(1.0 COLLEY 71 HBC 10 K+
0, 2 + 0.2 AGUILAR-. . . 70C HBC

p
4.6 K p

BARTSCH 70C H BC — 10.1 K
1.0 BARBARO-. . . 69 HBC + 12.0 K+

p
p

Produced in conjunction with excited deuteron.

I (K'(892)n)/I (Ken)
VAL UE DOCUMEN T ID TECIV COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits etc. ~ ~ ~I

DAUM 81C CNTR 63 K p ~ K 27rp

r (K f, (1270})/r (K~~)
(I2(1270) —~ 7r)

VAL UE DOCUMEIV T ID TECN COMMEIV T

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

DAUM 81C CNTR 63 K p ~ K 27rp

WEIGHTED AVERAGE
1770+10 (Error scaled by 1.7)

17001650 1750 1800 1850

(Confidence Level

1900

B I R D 89 LASS
ASTON 88 LASS
ASTON 87 LASS
BALDI 76 SPEC
BRANDENB. .. 76D ASPK

x'
7.6
1.6
2.1

0.7
0.1

12.1
= 0.017)

r(KA)/robot i

VAL UE

r(K~)/r, .„i
VAL UE

ASTON 93
FRAME 86
ARMSTRONG 83
DAUM 81C
OTTER 81
CHUNG 74
EISNER 74
BLIEDEN 72
FIRESTONE 728
COLLEY 71
DENEGRI 71
HUGHES 71
SLATTERY 71
AGU ILA R-.. . 70C
BART SC H 70C
LUDLAM 70
BARBARO-. . . 69

DOCUMEN T ID

OTTER
CHUNG

TECN CHG COMMENT

81 HBC + 8.25, 10,16 K+ p
74 HBC — 73K p~ K wp

K2(1770) REFERENCES

PL 8308 186
NP 8276 667
NP 8221 1
NP 8187 1

NP 8181 1

PL 518 413
Boston Conf. 140
PL 398 668
PR D5 505
NP 826 71
NP 828 13
Bologna Conf. 293
U R-875-332
PRL 25 54
PL 338 186
PR D2 1234
PRL 22 1207

+Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+Hughes, Lynch, Minto, McFadzean+ (GLAS)

(BARI, BIRM, CERN, MILA, CURIN+)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)

(AACH3, BERL, LOIC, VIEN, BIRM, BELG, CERN+)
+Eisner, Protopopescu Samios StrandI BNL)

+ inocchiaro, Bowen, Earles+Fin (STON, NEAS
(BNL)

+Goldhaber, Lissauer, Trilling
+ obes, Kenyon, Pathak, Hughes+ (BIRM, GLAS)Jo
+Antich, Callahan, Carson, Chien, Cox+

(GLAS)

A uilaf-
(ROC H)

gui af-Benitez, Barnes, Bassano, Chung+ (BNL)
+ Deutschm ann+ (AAC H, BERE, CERN, LOIC, VIEN)
+Sandweiss, Slaughter (YAYALE

Barbaro-Galtieri, Davis Flatte+I (LRL)

r, /r
DOCUMENT ID TECN CHG COMMENT

ARMSTRONG 83 OMEG — 18.5 K p —~ K PN

K3(1780) mass (MeV)

Ki~(1780) WIDTH

VALUE (MeV) EV TS

164+17 OUR AVERAGE

187+31 +20 6111
203+30+ 8
171+42+20

DOCUMENT ID TECN CHG

Error includes scale factor of 1.1.
6 BIRD 89 LASS

ASTON 88 LASS 0
7 ASTON 87 LASS 0

193+—37
99-k 30 300

ASTON 888 LASS

BAUBlt LIER 848 HBC

130 BAUBILLIER 828 HBC 0

191+24
225 4 60

2060 CLELAND
9 ASTON

82 SPEC
81D LASS 0

135+ 22 8 BALDI 76 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

11 K p ~ K07r p
11K p~ K 7r+n
11K p~

KQ 7r+ 7r n
10 K+ p K07r+ p

etc. e ~ ~

11K p~ K 7IP

825K p~
K07r p

8.25 K p ~
KS2~N

50 K+ p ~ K0 7r+ ps
11K p ~ K 7r+n
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K3 (1780), K2(1820)

65K p~ K07r p
6 K p ~ ~K7r+7r
10K p~

~K7+ ~—
n

6K p~ K 7r+n
13 K+p ~ K+7r+N

81 HBC
80 M PS 0
78 OMEG

TOAFF
ET K IN

10 BEUSCH

80
240+50
181+44

CHUNG 78 MPS 0
11 BRANDENB. .. 76D ASPK 0

96+ 31
2?0+70

From a partial wave amplitude analysis.
7 From energy-independent partial-wave analysis.

From a fit to Y moment. J = 3 found.

From a fit to Y moment.6
Errors enlarged by us to 4I /v N; see the note with the K*(892) mass.
ESTABROOKS 78 find that BRANDENBURG 76D data are consistent with 175 MeV
width. Not averaged.

BI R D 89
ASTON 88
ASTON 88B
ASTON 87
ASTON 84B
BAUBILLIER 84B
BAUBILLIER 82B
CLELAND 82
ASTON 81D
TOAFF 81
ETKIN 80
BEUSCH 78
CHUNG 78
ESTABROOKS 78

Also 78B
BA LDI 76
BRANDENB. . . 76D

SLAC-332
NP B296 493
PL B201 169
NP B292 693
NP B247 261
ZPHY C26 37
NP B202 21
NP B208 189
PL 99B 502
PR D23 1500
PR D22 42
PL 74B 282
PRL 40 355
NP B133 490
PR D17 658
PL 63B 344
PL 60B 478

K~~(1780) REFERENCES

(SLAC)
+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+Awaji, Bienz+ (SLAC, NAGO, CINC, INUS) JP
+Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS)
+Carnegie, Dunwoodie+ (SLAC, CARL, OTTA)
+ (BIRM, CERN, GLAS, MICH, CURIN)
+ (BIRM, CERN, GLAS, MSU, CURIN)
+Delfosse, Dorsaz, Gloor (DURH, GEVA, LAUS, PITT)
+Dunwoodie, Durkin, Fieguth+ (SLAC, CARL, OTTA') JP
+Musgrave, Ammar, Davis, Ecklund+ (ANL, KANS)
+Foley, Lindenbaum, Kramer+ (BNL, CUNY) JP
+Birman, Konigs, Otter+ (CERN, AACH3, ETH) JP
+Etkin+ (BNL, BRAN, CUNY, MASA, PENN) JP
+Carnegie+ (MCGI, CARL, DURH, SLAC) JP

Estabrooks, Carnegie+ (MCGI, CARL, DURH+)
+Boehringer, Dorsaz, Hungerbuhler+ (GEVA) JP

Brandenburg, Carnegie, Cashmore+ (SLAC) JP

l1
I2
I3
l4
I5

Mode

Kp
K*(892)~
K7r

Kg
K2*(143O)~

K~(1780) DECAY MODES

Fraction (I;/I )

(45 S4 )%
(27.3+3.2) %
(19.3+1.0) %

( 8.0+ 1.5) %
( 21

CONSTRAINED FIT INFORMATION

Scale factor/
Confidence level

S=1.4
S=1.5

S=1.4
CL=95%

OTHER RELATED PAPERS

AGU�ILA-. ..
RWA�L�
CARMONY
FIRESTONE

73 PRL 30 672
73 PR D8 2837
71 PRL 27 1160
71 PL 36B 513

Aguilar-Benitez, Chung, Eisnery
+Flatte, Friedman
+Cords, Clopp, Erwin, Meiere+
+Goldhaber, Lissauer, Trilling

(BNL)
(LBL)

(PURD, UCD, IUPU)
(LBL)

K, (1820) t(~') = &(2-)

Observed by ASTON 93 from a partial wave analysis of the K
system. See mini- review under K2 (1770). Needs confirmation.

An overall fit to 4 branching ratios uses 5 measurements and one

constraint to determine 4 parameters. The overall fit has a X2=
2.2 for 2 degrees of freedom.

x2 —84

x3 —33 —4

x4 —35 —14 26

X1 X2 X3

I (Kp)/I (K (892)tr)

K3i(1780} BRANCHING RATIOS

The following off-diagonal array elements are the correlation coefficients

bx, bx&)/i6x, 6'x&i, in percent, from the fit to the branching fractions, x,

r, /I-total The fit constrains the x, whose labels appear in this array to sum to
one.

K2(1820) MASS

TECN COMMEN T

93 LASS 11K p ~ K cup

81C CNTR 63 K p —a K 27I p

K2(1820) WIDTH

VALUE (MeV) DOCUMEIVT /D

276+ 35 3 ASTON
~ 230 DAUM

Fron a partial wave analysis of the K cu system.
4 From a partial wave analysis of the K 27r system.

TECN COMMENT

93 LASS 11K p -~ K bu p
81C CNTR 63 K p —~ K 27r p

K2(1820} DECAY MODES

VALUE (MeV) DOCUMENT ID

1816+13 1 ASTON
~ 1840 2 DAUM

Fron a partial wave analysis of the K ~ system.
From a partial wave analysis of the K 27r system.

VALUE DOCUMEIV T ID TECN CHG

1.66+0.31 OUR FIT Error includes scale factor of 1.5.
1.52+0.21+0.10 ASTON 87 LASS 0

I (K'(892)tr)/I (Ktr)
VALUE DOCUMEIV T ID TECAI CHG

1.42+0.19 OUR FIT Error includes scale factor of 1.4.
1.09+0.26 ASTON 84B LASS 0

I (K n')/I totai

COMMENT

11 K p ~ K07r+7r n

I 2/I 3

11K p ~ K 27m

I1
l2

r4
I5
r6

Mode

KP
K7r 7r

K2*(1430)~
K'(892) tr

K r2(1270)
Kw

Fraction (I;/I )

possibly seen

seen

seen

seen

seen

DOCUMENT IDVALUE

0.193+0.010 OUR FIT
0.188+0.010 OUR AVERAGE

0.187+0,008 60.008 AS TO N 88 LASS 0

0.19 +0.02 ESTABROOKS 78 ASPK 0

TECN CHG COMME/V T

11K p —+

13 K+p ~

r (K9)/r (K~)
VALUE DOCUMEAIT ID TECIV CHG COMMENT

0.41+0.07 OUR FIT Error includes scale factor of 1.5.
0.41+0.050 12 BIRD 89 LASS — 11 K p ~
e e e We do not use the following data for averages, fits, limits, etc. e e

K07r p

Kg(1820} BRANCHING RATIOS

I (K~2(1430)sr)/I (Ksrsr)
VALUE DOCUMENT ID TECIV COMME/V T

0.77

r (K'(892) ~)/r (K~ ~)
VALUE

DAUM 81C CNTR 63K p ~ K27r p

DOCUMENT ID TECN COMMENT

I 4/r2

e e e We do not use the following data for averages, fits, limits, etc, e ~ e

~ ~ e We do not use the following data for averages, fits, limits, etc, ~ e ~

0,50 6 0.18 ASTON 88B LASS — 11 K p ~ K 7/ p

This result supersedes ASTON 88B.

I (K2(1430)tr)/I (K'(892}sr)

0.05

I (K f (1270))/I (Ksrn')
VAL UE

DAUM 81C CNTR 63K p ~ K27r p

DOCUMENT ID TECN COMMENT

VALUE

(0.78
CL%

95

DOCUMENT ID

ASTON

TECN CHG COMMENT

87 LASS 0 11 K p —+

K0~+ ~ —
n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ e

DAUM 81C CNTR 63K p —~ K27r p

K2(1820) REFERENCES

ASTON
DAUM

93 PL B308 186
81C NP B187 1

+Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)
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K(1830), Ko(1950), K2(1980), K4(2045)

K(1830) I{i )=2(0 ) K*(1980) I(I ) = -'(2+)

OMITTED FROM SUMMARY TABLE
Seen in partial-wave analysis of K P system. Needs confirmation.

OMITTED FROM SUMMARY TABLE
Needs confirmation.

K(1830}MASS K2(1980) MASS

~ 1830 ARMSTRONG 83 OMEG — 18.5 K p ~ 3K p

K(1830) WIDTH

VALUE (Mev) DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

VALUE (MeV) EVTS

1975+22 OUR AVERAGE

1978+40 241 +
47

1973+ 8 + 25

DOCUMENT ID

BIRD

ASTON

TECN CHG COMMENT

89 LASS

87 LASS 0

11 K p ~ ~K' p

11K p~
~K~+~—

n

VALUE (Mev) DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~
K2(1980) WIDTH

250

Mode

ARMSTRONG 83 OMEG — 18.5 K p ~ 3K p

K(1830) DECAY MODES

DOCUMENT IDEVTSVALUE (MeV)

373+33+60

TECN CHG COMMEN T

ASTON 87 LASS 0 11 K p —+

K0~+ ~—
n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

398 +47 241+ BIRD 89 LASS — 11 K p ~ K 2r p
47

l1 KP

ARMSTRONG 83 NP 8221 1

Ko(1950)

K(1830) REFERENCES

(BARI, BIRM, CERN, MILA, CURIN+) JP

I(i ) = 2(0+)

Mode

K'(892) vr

I2 KP

K2(1980) DECAY MODES

K2(1980) BRANCHING RATIOS

OMITTED FROM SUMMARY TABLE
Seen in partial-wave analysis of the K &+ system. Needs confir-
mation.

r(Kp)/I (K (892)n)
VAL LIE,

1.49+0.24+0.09
DOCUMENT ID

ASTON

r2/rl
TECN CHG COM MEN T

87 LASS 0 11 K p ~ K vr+x n

Ko(1950) MASS

VALUE {MeV) DOCUMENT ID TECN CHG COMMENT

1945+10+20 1ASTON 88 LASS 0 11 K p ~ K w+n

We take the central value of the two solutions and the larger error given.

BIRD
ASTON

89 SLAC-332
87 NP B292 693

K2(1980) REFERENCES

+Awaji, O'Amore+
(SLAC)

(SLAC, NAGO, CINC, INUS)

Ko(1950) WIDTH

VALUE (Mev) DOCUMENT ID TECN CHG COMMENT

201+34+79 2ASTON 88 LASS 0 11 K p ~ K ~+n
2 We take the central value of the two solutions and the larger error given.

K„*(2045) ( } — ( )

K4(2045} MASS

Mode

I 1 Kvr

KG(1950) DECAY MODES

Fraction (I 1/I }

(52+ 14}%

VALUE (MeV) EVTS DOCUMEN T ID TECN CH G COM MEN T

2045+ 9 OUR AVERAGE Error includes scale factor of 1.1.
2062 + 14+ 13 1 ASTON 86 LASS 0 11 K p ~
2039+ 10 400 CLELAND 82 SPEC + 50 K+ p ~
2070+ 40

4 ASTON 81C LASS 0 11 K p ~
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

K vr+n
K0~~pS
K—~+n

r (K lr) /rlolai

Ko(1950) BRANCHING RATIOS

Ko(1950) REFERENCES

VAL UE DOCUMENT ID TECN CHG COMMENT

052+008+012 ASTON 88 LASS 0 11 K p ~ K ~+ n

We take the central value of the two solutions and the larger error given.

2079+ 7
2088+ 20

431
650

TORRES 86 MPSF
BAU BILLIER 82 H BC

2115+ 46 488 CARMONY 77 HBC 0

From a fit to all moments.
From a fit to 8 moments.
Number of events evaluated by us.

4 From energy-independent partial-wave analysis.

400 pA ~ 4KX
8.25 K p —+

KSK p
0

9 K+d ~ K+m'sX

ASTON 88 NP B296 493 +Awaji, Bienz, Bird+ (SLAC, NAGO, C!NC, INUS)
Kq+(2045) WIDTH

TECN CHG COMMEN T

11K p~ K zr+n
50 K+n KO~+p

etc. ~ ~ ~

400 pA —~ 4KX

8.25K p~
KSm p0

11K p~ K zr+n

9 K+d ~ K+~'sX
240 + 500—100
300+200

From a fit to all moments.
From a fit to 8 moments.
Number of events evaluated by us.

8 From energy-independent partial-wave analysis.

ASTON 81C LASS 0

CAR MONY 77 H BC 0

VALUE (Mev) EVTS DOCUMENT ID

198+ 30 OUR AVERAGE

221+ 48 +27 5 ASTON 86 LASS 0
189+ 35 400 CLELAND 82 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

61+ 58 431 TORRES 86 MPSF

170+ 650 BAU BILLIER 82 H BC
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K4(2045), K2(2250), K3(2320), K*,(2380)

K@(2045) DECAY MODES K2(2250) WIDTH

I1
I2
l3
l4
l5
I 6
l7

Mode

K7r
K' (892) x x
K*(892)~~sr
p K7r
~ K7r
QK7r
(t K*(892)

Fraction (I t/f )

(9.9+1.2) %

(9 +5 )%
(7 +5 ) %

(5.7+3.2) %

(5.0+3.0) %
(2.8+ 1.4) %
(1.4+0.7) %

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

180+30 OUR AVERAGE Error includes scale factor of 1.4.
150+30 ARMSTRONG 83C OIVlEG — 18 K p ~ ApX
210+30 2 CLELAND 81 SPEC + 50 K+ p ~ /lpX

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

200 BAUBILLIER 81 HBC — 8 K p ~ /l pX
40 37 CHLIAPNIK. .. 79 HBC + 32 K+ p ~ ApX
80+ 20 20 LISSAUER 70 H BC 9K+p

= 2 from moments analysis.

I (Km)/I totg

K4~(2045} BRANCHING RATIOS

Mode

K2(2250) DECAY MODES

VAL UE

0.09960.012
DOCUMENT ID

ASTON

TECN CHG COMMENT

88 LASS 0 11 K p ~ K zr+n
I 1 K7rx
I 2 PA

I (K'(892) n n)/I (Km)
VAL UE

0.89+0.53

I (K'(892)n n n)/I (Kx)
VAL UE

0.75+0.49
DOCUMENT ID TECN CHG COMMENT

BAUBILLIER 82 HBC 8'2 K p p KS 3

DOCUMENT ID TECN CHG COMMENT

BAUBILLIER 82 HBC — 8.25 K p ~ pK 3'S ARMSTRONG 83C NP 8227 365
BAUBILLIER 81 NP 8183 1
CLELAND 81 NP 8184 1
CHLIAPNIK. .. 79 NP 8158 253
LISSAUER 70 NP 818 491

OTHER RELATED PAPERS

K2(2250) REFERENCES

+ (BARI, BIRM, CERN, MILA, CURIN+)
+ (BIRM, CERN, GLAS, MSU, CURIN) JP
+Nef, Martin+ (PITT, GEVA, LAUS, DURH) JP

C hlia pnikov, Gerdyukov+ (CERN, BELG, MONS)
+Alexander, Firestone, Goldhaber (LBL)

I (pK~)/I (Kw) r4/r, ALEXANDER 688 PRL 20 755 +Firestone, Goldhaber, Shen (LRL)
VAL UE

0.58+0.32

r(~K~)/r(K~)
VAL LIE

0.50+0.30

I (PKn)/I t(g~(

DOCUMENT ID TECN CHG COMMEIVT

BAUBILLIER 82 HBC — 8.25 K p ~ p K 3~S

DOCUMENT ID TECN CHG COMMENT

BAUBILLIER 82 HBC — 8 25 K p ~ pK 3~S

K, (2320) t(~)=g(3 )

OMITTED FROM SUMMARY TABLE
Seen in the J = 3+ wave of the antihyperon-nucleon system.P

Needs confirmation.

VAL UE DOCUMENT ID TECN COMMENT

0.02860.014 9 TORRES 86 MPSF 400 pA ~ 4KX
9 Error determination is mode! dependent.

I (pK'(892))/I gagg
VAL UE DOCUMEIV T ID TECN COMMENT

0.01460.007 TORRES 86 MPSF 400 pA ~ 4KX

Error determination is model dependent.

K4'(2045) REFERENCES

K3(2320) MASS

TECN CHG COMMENT

18K p~ ApX
50 K+p ~ ApX

K3(2320) WIDTH

VALUE (MeV) DOCUMENT ID

2324+24 OUR AVERAGE

2330 +40 1 ARMSTRONG 83C OMEG
2320 +30 1 CLEI AND 81 SPEC

= 3+ from moments analysis.

ASTON
ASTON
TORRES
BAUBILLIER
CLELAND
ASTON
CARMONY

88 NP 8296 493
86 PL 8180 308
86 PR 34 707
82 PL 1188 447
82 NP 8208 189
81C PL 1068 235
77 PR D16 1251

+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+A wa ji, D'A m ore+ (SLAC, NAGO, CINC, INUS)
+Lai+ (VPI, ARIZ, FNAL, FSU, NDAM, TUFTS+)
+Burns+ (BIRM, CERN, GLAS, MSU, CURIN)
+Delfosse, Dorsaz, Gloor (DURH, GEVA, LAUS, PITT)
+Carnegie, Dunwoodie+ (SLAC, CARL, OTTA) JP
+Clopp, Lander, Meiere, Yen+ (PURD, UCD, IUPU)

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

150+30 ARMSTRONG 83c OMEG — 18 K p ~ A pX
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 250 CLELAND 81 SPEC + 50 K I p ~ A pX

= 3+ from moments analysis.

OTHER RELATED PAPERS K3(2320) DECAY MODES
ASTON 87 NP 8292 693
BROMBERG 80 PR D22 1513
CARMONY 71 PRL 27 1160

+Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS)
+Haggerty, Abrarns, Dzierba (CIT, FNAL, ILLC, IND)
+Cords, Clopp, Erwin, Meiere+ (PURD, UCD, IUPU)

Mode

r, pA

K (2250)
OMITTED FROM SUMMARY TABLE

This entry contains various peaks in strange meson systems reported
in the 2150—2260 MeV region, as well as enhancements seen in the

antihyperon-nucleon system, either in the mass spectra or in the J
= 2 wave.

ARMSTRONG 83C NP 8227 365
CLELAND 81 NP 8184 1

KB(2380)

K3(2320) REFERENCES

+
+Nef, Martin+

'(I ) =
~ (5 )

(BARI, BIRM, CERN, MILA, CURIN+)
(PITT, GEVA, LAUS, DURH)

K2(2250) MASS
OMITTED FROM SUMMARY TABLE

Needs confirmation.

VALUE (MeV)

2247+17 OU

2200+40
2235+50
2260+20
o o ~ We do

TECN CHG COMMENTDOCUMENT IDEV TS

R AVERAGE
18K p—
8K p~
50 K+p~

etc. ~ ~ e

1 ARMSTRONG 83C OMEG
BAUBILLIER 81 HBC

1 CLELAND 81 SPEC
not use the following data for averages, fits, limits,

/tpX
/I pX

Apx

Ks(2380} MASS

VALUE (Mev) DOCUMENT ID TECN CHG COMMENT

2382+14+19 1ASTON 86 LASS 0 11 K p ~ K zr+n

From a fit to all the moments.

2147 + 4
2240+20

1gP

37
20

from moments analysis.

CHLIAPNIK. .. 79 HBC +
LISSAUER 70 HBC

32 K+ p ~ ilpX
9K+p
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KS(2380), K4(2500), K(3100)

Ks(2380) WIDTH

VALUE (MeV) DOCUMENT ID

178+3?+32 2 ASTON

From a fit to all the moments.

KB(2380) DECAY MODES

TECN CHG COMMENT

86 LASS 0 11 K p ~ K 7r+ n

4-BODY DECAYS
VAL UE (MeV)

3059+1a OUR AVERAGE

3067 + 6+20
3060 + 8 +20
3055 6 7+20
3052 + 8+20
~ e ~ We do not use the following

DOCUMENT ID TECN COM MEN T

K(31oo)—
K(3100) —+

K(3100)
K(31oo)
etc. ~ ~ ~

1 ALEEV 93 BIS2
1 ALEEV 93 BIS2
1 ALEEV 93 BIS2
1 ALEEV 93 BIS2
data for averages, fits, limits,

n p~+~+
np~+~-
Apzr
n p~ —~+

Mode

I (Km)/I gag@

Fraction (I;/I )

(6,1+1.2) %

K~(2380} BRANCHING RATIOS

3105+30
3115+30

BOURQUIN 86 SPEC K(3100) ~ A pm'+ sr+
BOURQUIN 86 SPEC K(3100) ~ A p7r+ 2r

5-BODY DECAYS
VALUE(MeV) DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

3095 +30 BOURQUIN 86 SPEC K(3100) ~
Ap~+~+~—

VALUE

0.061+0.012
DOCUMENT ID

ASTON

TECN CHG COMMENT

88 LASS 0 11K p ~ K ~+n K(3100) WIDTH

ASTON
ASTON

88 NP B296 493
86 PL B180 308

K (2500)

+Awaji, Bienz, Bird+
+Awaji, D'Amore+

(SLAC, NAGO, CINC, INUS)
(SLAC, NAGO, CINC, INLIS)

1(I ) = z(4 )

Ks{2380) REFERENCES 3-BODY DECAYS
VAL UE (MeV)

~ ~ ~ We do not use the following

42+ 16
36+ 15
50+ 18
30+ 15

Supersedes ALEEV 90.

DOCUMENT ID TECN COM MEN T

etc. o ~ ~

K(3100) ~
K(3100) ~
K(3100) ~
K(3100) ~

data for averages, fits, limits,

ALEEV 93 BIS2
2 ALEEV 93 BIS2
2 ALEEV 93 BIS2
2 ALEEV 93 BIS2

n p~+
Ap~
np~-
np~+

OMITTED FROM SUMMARY TABLE
Needs confirmation.

K4(2500) MASS

VALUE (MeV) DOCUMENT ID TECN CHG COMMEN T

2490+ 20 1 CLELAND 81 SPEC + 50 K+ p Ap

= 4 from moments analysis.

K4{2500}WIDTH

22+ 8
28k 12
32+15
30+ 15

&30
&80

90
90

5-BODY DECAYS

4-BODY DECAYS
VALUE(MeV) CL%

~ ~ ~ We do not use the following

DOCUMENT ID TECN

data for averages, fits, limits,

ALEEV 93 BIS2
ALEEV 93 BIS2

2 ALEEV 93 BIS2
2 ALEEV 93 BIS2

BOURQUIN 86 SPEC
BOURQUIN 86 SPEC

COMMENT

etc. o ~ ~

K(3100) -+
K(3100) —+

K(3100)
K(3100) —+

K(3100) ~
K(3100) ~

np~+~+
n p~+~-
Apx
A p7r 2r+
np~+ ~+
np~+~—

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 250 2 CLELAND 81 SPEC j 50 K+ p ~ A p

J = 4 from moments analysis.

&30 90 BOURQUIN 86 SPEC K(3100) ~
np++w+w—

VALUE (MeV) CL% DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

K4(2500} DECAY MODES K(3100) DECAY MODES

Mode

I1 PA

CLELAND 81 NP B184 1

K4{2500}REFERENCES

+Nef, Martin+ (PITT, GEVA, LAUS, DURH)

f2
l3
I4
I5

Mode

K(3100)D ~ /Iprr+
K(3100) ~ /I p z
K(3100) ~ /Iprr+vr
K(3100)+ ~ Aprr+~+
K(3100)D ~ A per+ sr+ ~
K(3100)D ~ Z(1385)+ p

K(3100) (I ) ='(' )
I (Z(1385)+p)/I (A pm+)

OMITTED FROM SUMMARY TABLE
Narrow peak observed in several (Ap + pions) and (Ap + pions)

states in Z Be reactions by BOURQUIN 86 and in np and nA re-

actions by ALEEV 93. Not seen by BOEHNLEIN 91. If due to strong
decays, this state has exotic quantum numbers (B=O,Q=+1,S=—1

fOr Ap7r+7r+ and l & 3/2 fOr Aper ). See alSO under nOn-qq

candidates. Needs confirmation.

K(3100) MASS

VALUE

&0.04

ALEEV

BO EH N LE IN

ALEEV
BOURQUIN

93

91
90
86

CL%

90
DOCUMENT ID

ALEEV

K{3100}REFERENCES

PA N 56 1358
Translated from YA F
NP B21 174 (suppl)
ZPHY C47 533
PL B172 113

+ Bala ndin+
56 100.

+C hung+
+Arefiev, Balandin+
+Brown+ (GEVA,

(BIS-2 Collab. )

(FLOR, BNL, IND, RICE, MASD)
(BIS-2 Collab. )

RAL, HEIDP, LAUS, BRIS, CERN)

TECN COM MEN T

93 BIS 2 K(3100)
X (1385)+p

VALUE(MeV)

m 3100 OUR ESTIMATE
DOCUMENT ID

3-BODY DECAYS
VAL UE (MeV)

3054+11 OUR AVERAGE

3060+ 7+20
3056+ 7+20
3055+ 8 + 20
3045+ 8 4 20

Supersedes ALEEV 90.

DOCUMENT ID

1 ALEEV
1 ALEEV
1 ALEEV
1 ALEEV

TECN COMM EN T

93 BIS 2

93 BIS2

93 BIS 2

93 BIS2

K(3100) ~ A p++
K(3100) ~ A p~
K(3100) ~ A per

K(3100) A p 7r+
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0 MESONS

CHARMED MESONS
(c= +i)

D+ = cd, D = cu, D = cu, D = cd, similarly for D*'s

NOTE ON D MESONS

(by P.R. Burchat, Stanford University)

The new experimental results on charm meson decays re-

ported in this edition are predominantly from CLEO II at the
e+e storage ring CESR and from fixed-target experiments,

especially photoproduction experiment E687 at Fermilab. The

first results from the BES experiment, operating at an e+e
center-of-mass energy of 4.0 GeV, also appear in this edition.

BES has measured the branching fractions for the purely lep-

tonic decay D+ ~ p+v~ and for D+ ~ quan+, albeit with large

statistical uncertainties.

Semileptanic decays
For a detailed discussion of experimental measurements

and theoretical predictions for leptonic and semileptonic decays

of both charm and bottom hadrons, see the recent review

by J.D. Richman and P.R. Burchat [1]. Also see the "Note

on Semileptonic Decays of D and B Mesons, Part I," by

R.J. Morrison and J.D. Richman, in our 1994 edition [2].
In this edition, we have added to the Particle Listings the

measurements of the form-factor ratios for D+ —& K E+vg and

D~+ —+ Pl+vr. The form factors At(q ), A2(q ), and V(q ) are

defined in the "Note on Semileptonic Decays of B Mesons"

in the R-meson Particle Listings. The ratios A2(0)/At(0) and

V(0)/At(0) have been measured by Fermilab fixed-target ex-—+0
periments E691, E687, and E653 for the mode D+ ~ K E+vg,

and by E687, E653, and CLEO for the mode D+ —& QE+vr

For each semileptonic mode, the averages of the measured

form-factor ratios can be combined with the measured decay

rate to extract the values of the form factors themselves [3].
The results are At(0) = 0.55+ 0.03, Aq(0) = 0.40+ 0.08, and

V(0) = 1.0 + 0.2 for D+ ~ K I+vr and At(0) = 0.62+ 0.06,

A2(0) = 1.0 + 0.3, and V(0) = 0.9 + 0.3 for D+ —+ Pl+vs.
The measured decay rate for D + K/+ vg can be used to
extract the single vector form factor f+(0). The result is

f+(0) = 0.74 + 0.03. Recent quark-model predictions are in

good agreement with the D measurements. Lattice gauge cal-

culations are in good agreement with the vector form factors
but predict axial form factors that are somewhat higher than

the measured values.

Measurements of the ratio I'(D —& K f+v~)/I'(D —+ Kf.+vr)

confirm the initial experimental result that the ratio is only a
little over one half, whereas initial theoretical expectations were

that it would be about one. By taking into account effects

originally ignored, such as relativistic corrections, theorists

have managed to accommodate the observed ratio of rates in

quark-model calculations. Lattice gauge calculations are also in

reasonable agreement with the measured ratio. In contrast to

semileptonic B decays, no evidence for higher-mass resonances
or nonresonant final states has been observed in semileptonic D
decays.

Although the experimental results are statistically limited,
the semileptonic decays D+ ~ PI+vs and D+ —+ (rl or q')f+vg

appear to follow the pattern of D decays, both in terms of
form-factor ratios and of the relative decay rates to vector and

pseudoscalar mesons.

Searches for Do Dm—ixing
There have been a number of papers published recently con-

cerning both the sensitivity of D D mixing to new physics and

the validity of various assumptions made in existing searches [4].
We have reorganized the mixing limits in the Listings and have

added more detailed comments regarding the assumptions made

in various searches.

Absolute branching fractions for D+
Two model-independent measurements of the absolute

branching fraction for D+ ~ Pa+, from BES and CI.FO,
appear in this edition. All previous measurements depended

on theoretical models or on estimates of D+ production cross

sections. We no longer use these older results when calculat-

ing the average and fit values for B(DB+ ~ qivr+). The BES
collaboration (BAI 95C) uses e+e ~ D+D, events in which

one or both of the D+, decays are reconstructed to obtain a
measurement of the D+ ~ qiw+ branching fraction without

assumptions on the cross section for D+, production. However,

with only two events in which both D, decays are recon-

structed, the result, B(DB+ ~ /vs+) = (3.9+st &+I't)%, has a

very large statistical uncertainty. For their new measurement„
the CLEO collaboration (ARTUSO 96) measures the branching

ratio B(D+ —+ P~+)/B(D" ~ K sr+) —0.92 + 0.20 + 0.11—0
by partially reconstructing the decay B ~ D*+D;, They
then use their measured value of B(D" ~ K ~+) to determine

B(D+ ~ qivr+) = (3.59+ 0.77+ 0.48)%.
In the past, we of necessity relied heavily on est, imates

of B(D+ —+ tt w+) based on measurements of I (D+,

PE+vs)/I (D+ ~ qix+), combined witt& theoretical predict, ious

for F = I'(D+, PI+vs)/I" (D+ K f+vg) and n&easurc-—*0
ments of B(D+ ~ K E+vr) and the relative D+ and D+ life-

times. Although we include the measured values of I'(D+,

PE+vs)/I'(D+ ~ Pn+) in the Listings, we no longer use the
individual estimates of B(D+ ~ Pa+) since they are each based

on different (and sometimes obsolete) estimates of the measured

and theoretical correction factors. Here we apply the current

best estimates of the correction factors to the current, world

average, I (D+ ~ Pf+v~)/I'(D+ ~ Pw+) = 0.54 j0.05. When

we use the world averages B(D+ ~ K f+vp) = (4.8+ 0.4)%
and r(D+)/r(D+) = 0.442+0.017, we calculate B(D+ ~ qiw+)

to be (3.9+ 0.5)% F Theoretical estimate. s for F are near

1.0 with a theoretical uncertainty conservatively estimated to
be about 25%. Therefore, this estimate for B(D~+ ~ q'tw+)

is in good agreement with the two new model-independent

measurements.
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17+ and 17+ decay constants
For the leptonic decays D+ ~ E+vg and D+ —+ E+vg only

one parameter for each, called the decay constant, is required

to describe the nonperturbative physics. (See also the "Note

on Pseudoscalar-Meson Decay Constants" in the sr+ Particle

Listings. ) Decay constants are also used to describe other

processes, such as D"D and B"B" mixing, and hence are quite

important. Unfortunately, leptonic decays of heavy mesons

have small branching fractions and are diKcult to reconstruct.

However, observations of leptonic D+ decays have now been

published by WA75 (AOKI 93), CLEO II (ACOSTA 94), and

BES (BAI 95). The systematic and statistical uncertainties

on the D+ decay constant are still large. The branching

fractions for leptonic B decays are expected to be so small

that observation will not be experimentally feasible for some

time. Therefore, as the errors on the D+ decay constant

decrease with larger data samples, we would benefit from more

theoretical work relating the B decay constant to the more

easily measured D+ and D+ decay constants.

D+ MEAN LIFE

Measurernentswith an error ) 0.1x 10 2 s are omitted from the average,
and those with an error ) 0.2 x 10 s have been omitted from the
Listings.

TECN COM M EN TVALUE (10 s) EVTS

1.05?+0.015 OUR AVERAGE

1.048+0.015+0.011 9k
1.075+0.040+0.018 2455

DOCUMENT ID

200 ALVAREZ 90 NA14

317 2 BARLAG 90C ACCM

1 12 +0.14 149—0.11

p9 +0.19—0.15
1.14 +0.16 +0.07 247 CSORNA
1.09 +0.14 74 3 PALKA

0 86 +0.13 + ' 48 ABE—0.03

BARLAG 90C estimates the systematic error to be negligible.
PALKA 878 observes this in D+ ~ K*(892)ev.

AGUILAR-. .. 87D HYBR 7r p and pp

59 BARLAG 87B ACCM K and 7r 200 GeV

87 CLEO e+ e 10 GeV
87B S IL I 7r Be 200 GeV

86 HYBR p p 20 GeV

D+ DECAY MODES

D modes are charge conjugates of the modes below.

FRABETTI 94D E687 D+ ~ K 7r+ 7r+
FRABETTI 91 E687 p Be, D+ ~

K—~+ ~+
1.03 +0.08 +0.06 ~, D+ - K- ~+ ~+

p5 + 0 ~ 077—0.072 7r Cu 230 GeV

1 05 +0.08 +0.07 363 ALBRECHT Ssl ARG e+ e 10 GeV
1.090+0.030+0.025 2992 RAAB 88 E691 Photoproduction
0 0 ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

References Mode Fraction (I I/I )

Scale factor/
Confidence level

1(1 ) = p(o )

D+ MASS

The fit includes D+, Dp, D, D*+, D*, and D* mass and mass
difference measurements.

VALUE (MeV) EVTS DOCUMENT ID TECN

1869.3+ 0.5 OUR FIT Error includes scale factor of 1.1.
1869.4+ 0.5 OUR AVERAGE

1870.0+ 0.5+1.0 317 BARLAG 90C ACCM

1863 + 4 DERRICK 84 HRS

1869.4+ 0.6 1 TRILLING 81 RVUE
~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

7r Cu 230 GeV
e+ e 29 GeV
e+e 377 GeV

etc. ~ ~ ~

1875 + 10 9 ADAMOVICH 87 EMUL Photoproduction
1860 + 16 6 ADA MOVICH 84 EMUL Photoproduction
1868.4+ 0.5 SCHINDLER 81 MRK2 e+ e 3,77 GeV

1874 + 5 GOLDHABER 77 MRKl D, D+ recoil spectra
1868.3 4 0.9 PERUZZI 77 MRKl e+ e 3,77 GeV

1874 -6 11 PICCOLO 77 MRK1 e+ e 4,03, 4.41 GeV

1876 +15 50 PERUZZI 76 MRKl K+ 7r+ 7r+

PERUZZI 77 and SCHINDLER 81 errors do not include the 0.13% uncertainty in the
absolute SPEAR energy calibration. TRILLING 81 uses the high precision I/Q(1S) and

Q(2S) measurements of ZHOLENTZ 80 to determine this uncertainty and combines the
PERUZZI 77 and SCHINDLER 81 results to obtain the value quoted.

1. J.D. Richman and P.R. Burchat, Rev. Mod. Phys. 67, 893
(1995).

2. Review of Particle Properties, Phys. Rev. D50, 1173 (1994).
3. See, for example, J.G. Korner, K. Schilcher, M. Wirbel,

Y. L. Wu, Z. Phys. C48, 663 (1990).
4. G. Blaylock, A. Seiden, Y. Nir, Phys. Let t. B355, 555

(1995);
L. Wolfenstein, Phys. Rev. Lett. 75, 2460 (1995);
3.L. Hewett, presented at LAFEX International School on
High-Energy Physics, (Feb. 6—22, 1995), hep-phi9505246,
SLAC Report No. SLAC-PUB-95-6821;
T.E. Hrowder, S. Pakvasa, P reprint No. U H511-828-95-
REV, 1995.

ll
r2
l3
I4
l5
r,
l7

Inclusive modes
(17,2 +1.9 ) %
(24.2 +2.8 ) %

1ng (59 k7 ) o/

( 5S +14 )%
[a] ( 13

e+ anything
K anything
K anything + K anyth
K+ anything

g anything
p, + anything
p, + p anything

Leptonic and semileptonic modes
7.2 x 10

[b] ( 6.7 +0.8 ) %

( 6.6 +0.9 ) %

( 7.o +30 )%—2.0

( 4.2 + '
) %—0.7

( 3.2 +0.33) %

p +
KoE

K'e+ v,
Kop+v

V

rs
l9
r 10

r 11

K 7r+ e+ v,
K* (892)p e+ v

x B(K0 K +)
I 14 K 7r+ e+ ve nOnreSOnant

I 15 K 7r /.L V

In the fit as 3I 27 + I 17, where
K' (892) y. v,

x B(K*p ~ K sr+)
I 17 K 7r+ )Lc+ v„nOnreSOna nt

I 18 K 7r+7r e+ve
I 19 K 7r+7r e+ ve+ o +
I 2p ( K*(892)vr ) e+ ve
I qi (K~n) e+ ve npn-K*(892)

K il 7r p VIt
-+ 0 +

I 23 7l E Vg

r24 7r+7r- e+ v,

7 x 10

( 3 2 +0 4 ) ohio

2
3 r27 —r16.

( 3,0 + 0,4 ) %

( 2.7 +1.1 ) x 10

( 1.2 0/

9 x 10
1.4 x 10

[c] ( 5.7 +2.2 ) x 10

Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes.

I 25 K*(892) E+ vg [tr] ( 4.s +0.4 ) %
K"(892) e v, ( 4.s + o.5 ) %

I 27 K*(892) iLI,
+ v« ( 4.5 +0.6 ) %

l28 p e v 3,7 x 10

29 P P V ( p + ~ 5
) p

—3

l30 fe ve 2.09
I 31 Q/L+ vp 3,72

I 32 7j'(958) p+ VIc 9 x 10

C L =90%

CL=9O%

C L=90%
S=1.1

C L =90%
CL=9O%

C L =90%

S=1.l
C L=90%

C L=90%
C L =90%
C L =90%
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I 34
I 35

I 38
I 39
I 40
~41

I 42
l43
I 44

I 45

I 46
I 47
I 48

I 49

Iso

~51
I52

I54

Iss

Ise
I57
I 58
lsg
I 60

I64
I 65

lee

Hadronic modes with a R or RKF
2 74+0 29

[d] ( 9.1 + o.e ) %

( 1.28 + 0.13) /o

Ko ~+
K- 7r+ 7r+

K*(892)07r+
x B(K*o K —~+)

Ko*(1430)'7r+
x B(Ko(1430)o ~ K a.+)

K*(1680)orr+
x B(K'(1680)o ~ K 7r+)

K 7r+ 7r+ nOnreSOnant
Ko 7r+ 7ro

Kop+
K*(892)orr+

x B(K' ~ K a )
K 7r+ 7r nOnreSOnant

K- 7r+ 7r+ 7ro

K*(892) p+ tota I

x B(K*o ~ K 7r+)
K i (1400)o rr+

x B(K, (1400)o ~ K rr+~o)
K- p+7r+ tOtal

K p+ 7r+ 3-bOdy
K*(892)o~+~ototal

x B(K*o ~ K ~+)
K* (892)o rr+ ~o 3-body

x B(K*o ~ K vr+)
K*(892) a+ a.+ 3-body

x B(K* —~ K ~o)
K 7r+ 7r+ 7r nOnreSOna nt

Ko ~+ 7r+ ~-
Ko a& (1260)+

x a(a, (1260)+ 7r+ 7r+ ~-)
K (1400) 7r+

x B(K, (1400)o - Ko~+~-)
K*(892) 7r" 7r+ 3-body

x B(K* ~ Kosr )
K' po ~+ total

K p 7r+3-body
K 7r+ 7r+ 7r nOnreSOnant

K- 7r+ 7r+ 7r+ ~-
K*(892)07r+ 7r+ ~—

x B(K*O ~ K rr+)
K*(892)o po rr+

x B(K'o ~ K ~+)
0 0

( 2.3 +0.3 ) %

) x 103.7 4 0.8

( 8.6 +0.9 ) %

( 97 +30 )o/

( 66 +25 )%
( 6.4 +0.6 ) x 10

[d]

(1.3 +1,1)%
( 64 +1,1 )%
(14 +0.9 ) /

[d]

{ 2.2 *0.6 )%

( 31 +11 )%
( 1.1 +0.4 )%
( 4.s +0.9 )%

( 2.s +0.9 ) %

)x10

[e]
[d]

( 1.2 +0.6 ) %

(7o +1.0)%
40 +09 )0/

)%2.2 +0.6

)%1.4 j0.6

)%
)x10
)x10
)xlp
)xlo

4.2 +0.9
5 +5
8 +4
8.2 9 1.4
6.8 + 1.8

)xlp5.1 +2.2

2.2 +'0—0.9

s.4 +30—1.4
8 +7
2.0 + 1.8
1.8 +0.8

) 0/

) 0/

)xlp
)x10
)%

K 7r+ 7r+ 7r 7r

Ko 7r+ 7r+7r+ T- 7r-
K- ~+~+~+~- 7ro

Ko Ko K+

Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes.

I 67 Kop+ ( 6.6 +2.5 ) %
I ea K at(1260)+ ( S.1 + 1.7 ) %

C69 K a2 (1320) 3 x10
I 7p K (892) 7I ( 1.92+0.19) %

K*(892) p+ tota I ( 2.1 + 1.4 ) %
I r2 K'(892) p+ S-wave [e] ( 1.7 +1.6 ) %
I 73 K'(892) p+ F-wave 1 x10
I 74 K'(892) p+ D-WaVe (1O +7 ) x 1O—

I 75 K (892) p+ D-wave Iongitud I- & 7 x 10
nal

Kt (1270)o ~+ 7 x 10

Kt(1400) sr+ ( 50 +13 )
K*(1410) ~+ 7 x 10

I 79 K() (1430 ) 7r+ ( 3.7 + 0.4 ) %

I sp K*(1680) 7r+ ( 1.45+0.31) %
K*(892)'7r+ 7r

0 tOtal ( 67 +14 ) 0/o

82 K*(892) 7r+7r 3-body ( 4, 2 + 1.4 ) %
I 83 K*{892) 7r+ 7r+ tota I

S=1.1

C L=90%

C L=90%

Cl =9O0/

C L=90 /o

C L=90%

l84
Iss
Ise
I87
Iss
~89
I go
I 91

K'(892) ~+ a+ 3-body
K p+ 7r+ total

K p+ 7r+ 3-bOdy
K' po~+ total

K p 7r+3-body
K'r (980)~+
K'(892) a+a+~

K'(892)o po rr+

Pionic modes

( 21 +09 )o/

( 3, 1 + 1,1 ) %

( 11 +0.4 )%
(42 +09)
(S +5 )x1O 3

5 x 10

( 1.02+0.27) %

( 7.7 +3.3 ) x 10

C L=90%

C L=90%

I g2 7r+7r+ 0

I g3 7r+ 7r+ 7r

I 94 p'7r+
rgs 7r+ ~+ 7r nOnreSOnant

rge &+7r+ &-7r+ +r„&+x B(& + — ')
I aa we+ x B(rv ~ 7r+7r xo)

I gg 7r+7r+7r+7r- 7r

I 100 7r 7r+ 7r+ 7r+ + +

( 2.5 +0.7

( 3.2 +0.6
1.4

( 2.S +0.7

( 1g +1.5—1.2

( 1.s woe
6

( 1p +0.8—0.7

( 2g +2.9—2.0

)x10
)x10

x 10

)x10
)%
)x10

x 10

)x10

)x10

CL 900

C L=90 /0

Fractions of some
appeared above as

Io n+
I102 p ~+0 +
I 103 Ld 7r

~104 9P
rtos 9'(»8)~+
r toe rI'(968) p

of the following modes with resonances have al

submodes of particular charged-particle modes.

( 7.s j2.5 ) x 1o—3

1.4 x 10
7 x 10
1.2 0/

9 x 10

1.5

ready

C L gpo/

C L=90%
CL=9O%

C L=90o/0

C L=90%

Hadronic modes with a KK pair

( 7.2 j1.2 ) x 10

[d] ( 8.9 +0.8 ) x 10—
K+ K-) 3.0 +0.3 ) x 10

(2,8 +0.4 }x10

I 107 K+K
I 1ps K+ K 7r+

I too Qrr+ x B($ ~
I o K+ K'(892)o

x B(K*o ~ K vr+)
K+ K 7r+ nOnreSOnant

I 112 K K
I 113 K*(892)+K

x B(K*+ ~ Kerr+)
I 114 K+K
I tto P7r+ vr x B(ei ~ K+ K )

gp+ x B(P —+ K+K )
K+ K 7r+7r nOn-p

K+ K 7r+7r

I 11g K K 7r+ 7r+

K'(892)+ K"(892)o
x Ba(K* ~ Kvr+)

K K 7r+ 7r+ non-K*+ K*
I,» K+ K 7r+ 7r+

p7r+ 7r+ 7r

x B(P~ K+K )
I 124 K+ K 7r+ 7r+ 7r nOnreSOnant

( 4.6 jp.g ) x 10

{ 20 +09 ) %

( 11 +05 ) %
7 x10

+07
) o/—0.6

+0.6 )%
+0.5 )%

( 1.S

2

( 1.0

x 107.9

x 10

CL=90%

C L=90%

CL=90%

CL=9O%

CL=9O%

Fractions of the following modes with resonances have a
above as submodes of particular charged-particle modes.

~125 ( 6.1 +0.6
I 126 ( 2.3 + 1.O

1.5
I-»8 y~+~+~- 2

I 129 K+ K*(892) ( 4.2 +0.5
I tao K (892) K ( 3.0 + 1.4

K'(892)+ K'(892)o ( 2.6 + 1.1

lready appeared

)xlp
) 0/

0/

x 10

}xlp
) 0/

) 0/

CL=90%
C L =90'/o

C L=90o/

C L =90%
C L =90%

Doubly Cabibbo suppressed (DC) modes,
EC = 1 weak neutral current (Cl ) modes, or

Lepton Family number (LF) or Lepton number (L) violating modes
I 132 K 7r+ 7r DC ( 6.5 +2.6 ) x 10

K+p DC & 6 x 10
I 134 K*(892) 7r+ DC & 19 x 10
I 135 K+ K+ K DC & 15 x 1O

—4
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I 137 /r+ e+ e
l 138 /r p p
i 139 P P i-I

l 14p K+ e+ e
V141 K P iL

I 142 'Ir e p+
l 143 /r e p
I 144 71 e p

145 K+ e+
l,46 K+e-&+
I 147 7r e+ e+
l 148 & iI l/

l 149 7r e p
l 150 p l-/

K e+e
i152 K l+S+
C153 K e+

lL
+

rtsa K*(892) y+ p+

DC
C1

C1

C1

LF
LF
LF
LF
LF
L

L

L

L

L

L

L

1.3
6.6
1.8
5.6

[f] & 4.8

[f] & 3.2
[g] & 3.8

( 3.3
( 3.3

3.4
3.4
4.8

( 2.2
3.7
5.6
9.1
3.2
4.0
8.5

x1O—4

x 10
x1O—5

x 10 4

x 10
x 10 4

x 10
x 10
x 10
x 10
x 10
x 10
x10 4

x 10
x10 4

x 10
x 10 4

x 10
x10 4

CL=90%
CL=90%
CL=90%
C L=90%
CL=9O%
CL=90%
CL=90%
CL=90%
C L=90%
C L=90%
C L=90%
C L=90%
C L=90%
C L=90%
CL=9O%

CL=90%
CL=9O%

C L=90%
CL =90%

A dummy mode used by the fit. 36 +5 ) ohio

[a] This is a weighted average of D* (44%) and Do (56%) branching frac-
tions. See D+a"ndDo ~ (rianything) / (total D+ and Do)" under
"0+ Branching Ratios" in these Particle Listings.

[b) This value averages the e+ and rr+ branching fractions, after making a

small phase-space adjustment to the p+ fraction to be able to use it as
an e+ fraction; hence our E+ is really an e+.

[c] f indicates e or p, mode, not sum over modes.

[d] The branching fractions for this mode may differ from the sum of the
submodes that contribute to it, due to interference effects. See the
relevant papers.

[e] The two experiments determining this ratio are in serious disagreement.
See the Particle Listings.

[f] This mode is not a useful test for a BC=1 weak neutral current because
both quarks must change flavor in this decay.

[g] The value is for the sum of the charge states of particle/antiparticle states
indicated.

CONSTRAINED FIT INFORMATION

An overall fit to 23 branching ratios uses 37 measurements and
one constraint to determine 14 parameters. The overall fit has a

X = 13.8 for 24 degrees of freedom.

X12 4.

X17 4 2

x26 15 29

x27 12 7

x33 41 6

x34 27 17

X39 0 0

X43 6 4

X52 8 5

X7p 18 11

X77 4 3

X84 2 1

x155 —33 —27

X10 X12

8

31 26

5 20

14 57

0 0

3 13
4 17
9 37

2 9

1 5

16

45 35

0 0

10 8

14 10

30 23

23 0

30 0 18

65 0 15 20

7 5 15 0 31 37

9 0 29 134 3
-12 -40 —33 -29 —52 —60 —46 —45

X17 X26 X27 X33 X34 X39 X43 X52

x77 10

X84 6 12

x155 —36 —47 —33

7p 77 X84

The following off-diagonal array clem ents are the correla tion coefficients

(bx, 6x&)/(bx,"bx&), in percent, from the fit to the branching fractions,

I, /I «tal. The fit constrains the x; whose labels appear in this array to sum to
one.

D+ BRANCHING RATIOS

See the "Note on D Mesons" above. Some now-obsolete measurements
have been omitted from these Listings.

Inclusive modes

r (e+ anything) /r„t,l

VAL LIE EVTS DOCUMENT ID

0.172+0.019 OUR AVERAGE

0 ~ 20 p'p7 AGUILAR-. .. 87E HYBR

0.170+0.019+0.007 158 BALTRUSAIT. .95B MRK3
0.168+0.064 23 SCHINDLER 81 MRK2
e ~ ~ We do not use the following data for averages, fits, limits,

220 +0.044—0.022 BAC I NO 80 D L CO

TECN COM MEN T

ap, pp 360, 400 GeV

e+e 377 GeV
e+ e 3.771 GeV
etc. ~ ~ o

e+ e 3.77 GeV

i (K anything)/i totai
VAL UE EVTS DOCLIMENT ID TECN COMMENT

0.242+0.028 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

0.278+—0.031 BARLAG 92C ACCM n Cu 230 GeV

0.271 +0,023+0.024 COFFMAN 91 MRK3 e+ e 3.77 GeV
0.17 +0.07 AGUILAR-. .. 87E HYBR 2rp, pp 360, 400 GeV

0.19 +0.05 26 SCHINDLER 81 MRK2 e+ e 3.771 GeV

0.10 +0.07 3 VUILLEMIN 78 MRK1 e+ e 3 772 GeV
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.16 +0 07 AGUILAR-. .. 86B HYBR See AGUILAR-
BENITEZ 87E

9BARLAG 92C computes the branching fraction using topological normalization.

WEIGHTED AVERAGE
0.242+0.028 (Error scaled by 1.4)

-0.1 0. 1 0.2 0.3

x'
92C ACCM 1.4
91 MR K3 0.8
87E HYBR 1.0
81 MRK2 1.1
78 MR K1 4.1

8.4
(Confidence Level = 0.079)

[

0.5

RLAG
FFMAN
UI LAR-. ..
HINDLER
LLEMIN

0.4

I (K anything)/I tata~

D+andD a (e+anything) / (total D+ and D )
lf measured at the Q(3770), this quantity is a weighted average of D+ (44%) and D
(56%) branching fractions. Only experiments at Ecm —3.77 GeV are included in the
average here.

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.110+0.011 OUR AVERAGE Error includes scale factor of 1.1.
0.1174 0.011 295 BALTRUSAIT. .85e MRK3 e+ e 3.77 GeV
0.10 +0.032 4 SCHINDLER 81 MRK2 e+ e 3 771 GeV
0.072 4 0.028 FELLER 78 MRK1 e+ e 3.772 GeV
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.134+0.01560.010 5 ABE 93E VNS e+ e 58 GeV

0.098+0.009+ ' 240 ALBRECHT 92F ARG e+ e = 10 GeV—0.005
0.096 +0.007+ 0,015 7 ONG 88 MRK2 e+ e 29 GeV

p 116+0.011—0.009
7 PAL 86 DLCO e+ e 29 GeV

0.091+0.009+0.013 AIHARA 85 TPC e+ e 29 GeV

0.092 6O. 022+ 0.040 7 ALTHOFF 84J TASS e+ e 34.6 GeV
0.091+0.013 7 KOOp 84 DLCO See PAL 86
0.08 +0.015 BACINO 79 DLCO e+ e 3.772 GeV

Isolates D+ and D ~ e+ X and weights for relative production (44%—56%).
ABE 93E also measures forward-backward asymmetries and fragmentation functions for
c and b quarks.

6 ALBRECHT 92F uses the excess of right-sign over wrong-sign leptons in a sample of
events tagged by fully reconstructed D*(2010)+ ~ D ~+ decays.
Average BR for charm ~ e+X. Unlike at Ecm = 3.77 GeV, the admixture of charmed
mesons is unknown.
Not independent of BACINO 80 measurements of [ (e+ anything) jf total for the D+
and D separately.
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VAL UE EVTS
0.59 +0.07 OUR AVERAGE

0.612 4 0,065 4 0.043
0.52 4 0.18 15
0.39 2 0.29 3

DOCUMENT ID TECN COMM EN T

COFFMAN 91 MRK3 e+ e 3.77 GeV

SCHINDLER 81 MRK2 e+ e 3.771 GeV

VUILLEMIN 78 MRK1 e+ e 3 772 GeV

[I (K anything) + I (Ko anything)j/I tot, l
I (K e+vo)/I total
VAL UE

0.066+0.009 OUR FIT

O.O6 + +0 OO7—0.013

EVTS

13

r~K e+ v, )/r ~Ke+)

DOCUMENT ID

BAI

TECN COM MEN T

rto/r

rto/rag

91 MRK3 e+ e = 3,77 GeV

I (K+ anything) /I total
VAL UE EVTS
0.058+0.014 OUR AVERAGE

0.055 + 0,013+ 0.009

O.O8 ~ 006—0.05
0.06 + 0.04 12
0.06 +0.06 2

DOCUMENT ID TECN COMM EN T

COFFMAN 91 MRK3 e+ e 3.77 GeV

AGUILAR-. .. 87E HYBR 7rp, pp 360, 400 GeV

SCI-IINDLER 81 MRK2 e+ e 3.771 GeV

VUILLEMIN 78 MRK1 e+ e 3.772 GeV

D+ and Do -+ (rr anything} / (totai D+ and Do)
If measured at the g(3770), this quantity is a weighted average of D+ (44%) and D

(56%) branching fractions. Only the experiment at Ecm —3.77 GeV is used.
VAL UE DOCUMENT ID TECN COMMENT

g0.13 PARTRIDGE 81 CBAL e+ e 3.77 GeV
o ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

&0.02 BRANDELIK 79 DASP e+ e 4.03 GeV

The BRANDELIK 79 result is based on the absence of an 7I signal at Ecm —4.03 GeV.
PARTRIDGE 81 observes a substantially higher 7) cross section at 4, 03 GeV.

I (c/c ~ p+anything)/I (c/c ~ anything)

ONG

BARTEL

I (c/c ~ e+e anything)/I (c/c ~ anything)
VALUE CL%o EVTS DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. o ~ o

&2.2 x 10 90 0.1 HAAS 88 CLEO e+ e 10 GeV

The normalization uses a continuum charm production estimate.

I (c/Z* ~ e+p anything)/I (c/V ~ anything)
VALUE CL% EVTS DOCUMENT ID TECN COMMENT

o o ~ We do not use the following data for averages, fits, limits, etc. o o ~

&3.7 x 10 90 0.2 HAAS 88 CLEO e+ e 10 GeV

The normalization uses a continuum charm production estimate.

I (c/c ~ p+ p anything)/I (c/c ~ anything)
VALUE CL% EVTS DOCUMENT ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&0.018 90 0.3 14 HAAS 88 CLEO e+ e 10 GeV

&0.007 95 15 ALTHOFF 84G TASS e+ e 34 5 GeV

The normalization uses a continuum charm production estimate.
Average BR for charm ~ p+ It X. The mixture of charmed particles is unknown and
may actually contain states other than 0 mesons.

Leptonic and semileptonic modes

r (rt vv) /rtotsl
See the "Note on Pseudoscalar-Meson Decay Constants" in the 7r+ Listings for the
limit inferred on the D+ decay constant from the limit here on I (It+ v, )/I tot I.

VALLIE CL% EVTS DOCUMEN T ID TECN COM MEN T

(0.00072 90 ADLER 88B MRK3 e+ e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ o

&0.02 90 0 1 AUBERT 83 SPEC /t+ Fe, 250 GeV

AU BERT 83 obtains an upper limit 0.014 assuming the final state contains equal amounts

of (D+,D ), (0+,0 ), (D,D ), and (D,~O). We quote the limit they get under
more general assumptions.

r(K & vt)/rtotal
We average our Kpe+ ve and K It+ v, branching fractions, after multiplying the

latter by a phase-space factor of 1.03 to be able to use it with the K e+ ve fraction.

Hence our E+ here is really an e+.
DOCUMENT IDVALUE

0.067+0.008 OUR AVERAGE

0.066+ 0.009

p p72+ 0.031—0.021

96 Our I (K e+ ve)/ tota
96 1.03 x our I {K I. ~)/f t

PDG

PDG

This is the average branching ratio for charm ~ @+X. The mixture of charmed
particles is unknown and may actually contain states other than D mesons.

VAL LIE EVTS DOCUMEN T ID TECN COMM EN T

0.081+ OUR AVERAGE—0.009

0.086+0.017+ ' 69 11 ALBRECHT 92F ARG e+ e = 10 GeV—0.007
0.078 4 0.0092 0.012 88 MRK2 e+ e 29 GeV

0.078 6 0.015+0.02 87 JA D E e+ e 34.6 GeV

O +0O' —OO1 ALTHOFF 84G TASS e+ e 34.5 GeV

~ o o We do not use the following data for averages, fits, limits, etc. o ~ o

0.089+0.018+0.025 BARTEL 85) JADE See BARTEL 87

ALBRECHT 92F uses the excess of right-sign over wrong-sign leptons in a sample of
events tagged by fully reconstructed D*(2010)+ ~ D 7r+ decays.

r~Ke+v, )/r(K-e+e+)
VAL UE

0.72+0.10 OUR FIT
0.6660.0960.14

DOCUMENT ID

ANJOS

TECN COMMENT

rto/r34

91c E691 p Be 80—240 GeV

r~K p+ v„)lr„.„,
VAL UE

0.07 + ' +0.012—0.016

EVTS

14

DOCUMEIVT ID

BAI

TECN COM MEN T

91 MRK3 e+ e = 3.77 GeV

r(K p+v„)/r(p+anything)
VALUE EVTS DOCUMENT ID COMMENT

o o ~ We do not use the following data for averages, fits, limits, etc. ~ o o

0.76+ 0.06 84 18 AOK I 88 7r emulsion

From topological branching ratios in emulsion with an identified muon.

r(K &+e+vo)/rtotal

rll/r6

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

0.042+ ' OUR FIT—0.007

0 035+ ' +0.004 14 BAI 91 MRK3 e+ e = 3.77
GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

90 AGUILAR-. .. 87F HYBR 7rp, pp 360, 400
GeV

BAI 91 finds that a fraction 0.79 ' ' of combined D+ and D decays to

K 7r e+ ve (24 events) are K*(892)e+ ve.
AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion.

& 0.057

I (K'(892}oE+ vc) /I total
We average our K* e+ve and K* @+v branching fractions, after multiplying the

tatter by a phase-space factor of 1.05 to be able to use it with the K* e+ ve fraction.

Hence our E+ here is really an e+.
DOCUMENT IDVALUE

0.048 +0.004 OUR AVERAGE

0.048 j0.005
0.047 +0.006

Our I (K* e ve)/I tota
96 1.05 x our I (K* /t v )/I total

PDG
PDG

I (K (892}oe+vo)/I (K +e+trv )o
Unseen decay modes of the K*(892) are included.

VALUE EVTS DOCUMENT ID TECN COMMEN T

rag/rta

1 16+ ' OUR FIT—0.24

1.0 +0.3 35 ADAMOVICH 91 OMEG 7r 340 GeV

r(K'(892)o e+ v, ) /r (K- n+ ~+)
Unseen decay modes of the K*(892) are included.

VALUE EVTS DOCUMENT ID TECIV COMMEIV T

0.53+0.05 OUR FIT
0.54+0.05 OUR AVERAGE

0.67+ 0.09 +0.07 71p 21 BEAN 93c CLEO e+ e = T(4S)
0.62 j0.1540,09 35 ADAMOVICH 91 OMEG 7r 340 GeV

0.55 4 0.08+ 0.10 880 ALBRECHT 91 ARG e+ e = 10.4 GeV
0.49+ 0.04+ 0.05 ANJOS 89' E691 Photoproduction

BEAN 93c uses K*o/t+v as well as K* e+ ve events and makes a small phase-space

adjustment to the number of the p+ events to use them as e+ events.

I (K tr+ e+ vo nnnreSOnant)/I total
VALUE CL% DOCUMENT ID TECN COMMENT

&0.007 90 ANJOS 898 E691 Photoproduction

ANJOS 898 assumes a I (D+ K 7r+7r+)/I total
—9.1 k 1.3 + 0.4%.

r(K tr+ p+v„)/rtotal
VAL UE DOCUMENT ID

0.032+0.004 OUR FIT Error includes scale factor of 1.1.

rlo/r = (rt7+'3 r27)lr

EVTS TECN COMM EN TVAL UE DOCUMENT ID

2.39+0.33 OUR FIT
2.60+0.35+0.26 186 BEAN 93C CLEO e+ e = T(4S)

17 BEAN 93c uses K p+ v as well as K e+ v events and makes a small phase-spacee

adjustment to the number of the y+ events to use them as e+ events.
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r(K'(892}o~+~„)/rt t, rarlr
Unseen decay modes of the K"{892) are included.

VAL UE EVTS DOCUMENT ID TECN COMM EN T

0.045 +0.006 OUR FIT Error includes scale factor of 1.1.
0.0325+0.0071+0.0075 224 KODAMA 92c E653 rr emulsion 600 GeV

KODAMA 92C measures l (D+ ~ K*Q p+ v )/I (D ~ K p+ v ) = 0.43+ 0.09 +
0.09 and then uses I (D ~ K p+ v ) = (7.0 + 0.7) x 10 s to get the quoted

I-4

branching fraction. See also the footnote to KODAMA 92c in the next data block.

r (I6p+ ~~)/rtotai I 21/I

I (7/(958) Ia+ v&) /I (K'(892)o Ia+ v&) r$2/r27
Decay modes of the rII(958) not included in the search are corrected for.

CL% DOCUMENT ID TECN COM MEN T

90 KODAMA 93e E653 rr ernulSiOn 600 GeV

VAL UE

&0.20

Decay modes of the P not included in the search are corrected for.
VAL UE CL% DOCUMENT ID TECN COMM EN T

g0.0372 90 BAI 91 MRK3 e+ e = 3 77 GeV

I (K'(892)oIa+ v&)/l (K a+e+) r27lraa Hadronic modes with a K or KKK
Unseen decay modes of the K*(892) are included.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.49+0.06 OUR FIT Error includes scale factor of 1.1.
0.53+0.06 OUR AVERAGE
0.56 +0.04+ 0.06 875 FRABETTI 93E E687 p Be E 200 GeV

0.46 +0.07+ 0.08 224 KODAMA 92C E653 x emulsion 600 GeV

KODAMA 92C uses the same K* /1+v events normalizing instead with DP
K /1+ v events, as reported in the preceding data block.

FRABETTI 93E E687 & 0.12 (90% CL)

I (K 2+Ia+v& nonresonant)/I (K tr+Ia+v&) I 17/I 1s= I 17/(I 17+iI 27)
VAL UE DOCUMENT ID TECN COMMENT

0.083+0.029 OUR FIT
0.08360.029

r ~K n+)/rt», r»/r
TECN COMMENT

r (We+)/r(K- ~+~+) r»/raa

VAL UE EVTS

0.0274+0.0029 OUR FIT
0.032 +0.004 OUR AVERAGE

0.032 +0.005 +0.002 161 ADLER 88C MRK3 e+ e 3.77 GeV
0033 +0009 36 30 SCHINDLER 81 MRK2 e+ e 3771 GeV
0.033 +0.013 17 PERUZZI 77 MRK1 e+ e 3.77 GeV

SCHINDLER 81 (MARK-2) measures ~(e+e ~ g(3770)) x branching fraction to
be 0.14 + 0.03 nb. We use the MARK-3 (ADLER 88C) value of IT = 4.2 6 0.6 + 0.3 nb.
PERUZZI 77 (MARK-1) measures o.(e+ e ~ Q(3770)) x branching fraction to be
0.14+ 0.05 nb. We use the MARK-3 (ADLER 88C) value of o. = 4.2 + 0.6 + 0.3 nb.

r~Wn+e-e+~, )/r„„,
EVTSVAL UE DOCUMENT ID TECN COMMEN T

rtslr 0.302+0.031 OUR FIT
0.274 60.030+0.031 264 ANJOS

TECN COMMENT

90C E691 Photoproduction

VAL UE EVTS DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.044 p'01~+0.007 2 AGUILAR-. .. 87F HYBR rr p, p p 360, 400 GeV

AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion.

I ((K'(892)n ) e+va)/I total
Unseen decay modes of the K*(892) are included.

CL% DOCLIMENT ID

90 ANJOS

TECAI COMMENT

92 E691 Photoproduction

VAL UE

(0.012

I 2o/I

I ((Krra)oe+ vanon-K'(892))/I tot+
VAL UE CL% DOCUMENT ID

&0.009 90 ANJOS

TECN COMM EN T

92 E691 Photo production

I 21/I

I (K rr+rroIa+v„)/I (K rr+ p+v„)
VAL UE

(0.042
CL%

90
DOCUMENT ID

F RAB ETTI

r22/rls = r22/(rtr+I r27)
TECN COM M EN T

93E E687 p Be E = 200 GeV

r(noe+~, )/r~Ke+~, ) r22/I o
VALUE EVTS DOCUMENT ID TECN COMMENT

0.085+0.027+0.014 53 27 ALAM 93 CLEO e+ e = T(45)
ALAM 93 thus directly measures the product of ratios squared of CKM matrix elements
and form factors at q =0: ~Vcg/Vcs~ If~ (0)/f (0) = 0.085 6 0.027+ 0.014.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0 022 0'006 +0 004 1 AGUILAR 87F HYBR rr p, p p 360, 400 GeV

AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion.

I (K n+ tro e+ v, )/I totg

DOCUMENT ID

I (K'{892} +)/I (K + +) rrolr24
Unseen decay modes of the K*(892) are included.

CL %o DOCUMENT ID TECN COM MEN TVALUE

0.212+0.016 OUR FIT
0.210+0.015 OUR AVERAGE
0.206+ 0.009+0.014
0.255 +0.014+0.050
0.21 4 0,06 + 0.06
0.20 + 0.02 + 0.11

a ~ ~ We do not use the following

FRABETTI 94G E687

AN JOS 93 E691
ALVAREZ 91B NA14

ADLER 87 MRK3
data for averages, fits, limits,

pBe, E = 220 GeV

p Be 90—260 GeV
Photoproduction
e+ e 3.77 GeV

etc. ~ ~ ~

r(K-e+ e+)/rt»,
VALUE EVTS TECN COMMEN T

0.091+0.006 OUR FIT
0.091+0.007 OUR AVERAGE

0.093+0.006+0.008 1502 BALEST 94 CLEO e+ e = T(4S}
0.091+0.013+0.004 1164 ADLER 88C MRK3 e+ e 3.77 GeV

0.091+0.019 239 SCHINDLER 81 MRK2 e+ e 3 771 GeV
0.086 +0.020 85 PERUZZI 77 MRK1 e+ e 3.77 GeV
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.064+0 015
—0.014 BARLAG 92C ACCM 7r Cu 230 GeV

0.063+&'&14+0.011 8 AGUILAR-. .. 87F HYBR rr p, p p 36Q, 400 GeV

BALEST 94 measures the ratio of D+ ~ K 7r+rr+ and D ~ K rr+ branching
fractions to be 2.35 + 0.16 + 0.16 and uses their absolute measurement of the D
K rr+ fraction (AKERIB 93).
SCHINDLER 81 (MARK-2) measures eT(e+ e ~ vj(3770)) x branching fraction to
be 0.38 + 0.05 nb. We use the MARK-3 (ADLER 88C) value of o = 4.2 + 0.6 + 0.3 nb.

4PERUZZI 77 (MARK-1) measures o-(e+ e 717(3770)) x branching fraction to be
0.36 + 0.06 nb. We use the MARK-3 (ADLER 88C) value of o = 4.2 4 0.6 + 0.3 nb.
AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction by topolog-
ica I norm a liza tion.

I (rr+2 e+t o)/I totg I 24/I &0.053 90 SCHINDLER 81 MRK2 e+ e 3.771 GeV

r (po e+ t'a) /rtota~ I 2s/I

VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.057 90 2 AGUILAR-. .. 87F HYBR rrp, pp 360, 400 GeV

AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion.

r (K;{1430}'n+)/r (K- ~+ n+) rrslraa

TECN COM MEN TVAL UE

0.41 +0.04 OUR AVERAGE
0.458+ 0.035 +0.094
0.400+ 0,031+0.027

FRABETTI 94G E687
A N JOS 93 E691

pBe, E = 220 GeV

p Be 90—260 GeV

Unseen decay modes of the K*(1430) are included.0
DOCUMENT ID

VALUE

«0.0037
CL%

90
DOCUMENT ID

BAI

TECN COMM EN T

91 MRK3 e+ e = 3.77 GeV
I (K'(1680} tr+)/I (K rr+w+) rso/raa

I (poIa+v&)/I (K (892)oIa+v&) r2a/r27
VALUE EVTS DOCUMENT ID TECN COMM EN T

r(4'e t'e)/rtotal rso/r
Decay modes of the @ not included in the search are corrected for.

VAL UE CL ohio DOCUMENT ID TECN COMM EN T

«0.0209 90 BAI 91 MRK3 e+ e = 3.77 GeV

0.044+ +0.014 4 29 KODAMA 93C E653 rr emulSiOn 600 GeV—0.025

This KODAMA 93C result is based on a final signal of 4.0+ +1.3 events; the estimates—2.3
of backgrounds that affect this number are somewhat model dependent.

COMMENT

pBe, E = 220 GeV

p Be 90—260 GeV

I ss/rs4
VAL UE

0.95 +0.07 OUR AVERAGE
0.998+0.037+0.072
0.838 +0.088 +0.275
0.79 +0.07 +0, 15

DOCUMENT ID TECN COMMEN T

FRABETTI 94G E687 pBe, E = 220 GeV

ANJOS 93 E691 pBe 90—260 GeV
ADLER 87 MRK3 e+ e 3.77 GeV

Unseen decay modes of the K*(1680) are included.
VALUE DOCUMENT ID TECN

0.160+0.032 OUR AVERAGE Error includes scale factor of 1.1.
0.182 +0.023 +0.028 FRABETTI 94G E687

0.113+0.015+ 0.050 ANJOS 93 E691

I (K rr+e+ nonresonant)/I (K n+a+)
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r(KKl~+ ~o) /r, .„, rss/r r(K- p+~+3-body)/r(K-&+&+~a) res/r4s

r(W p+)/r(M~+ ~o)
VALUE

0.68+0.08+0.12

r(K'(892)on+)/r(W + o)

DOCUMENT ID

ADLER

rso/rss
TECN COM MEN T

87 MRK3 e+ e 3 77 GeV

rro/ras
Unseen decay modes of the K (892) are included.

VAL UE DOCUMENT ID

0.20+0.06 OUR FIT
0.57+0.18+0.18 ADL. ER

TECN COMM EN T

87 MRK3 e+ e 3.77 GeV

I (K n+rro nonresonant)/I (K e+rro) r4s/rss
VAL UE

0.13+0.07+0.08
DOCUMENT ID

ADLER

TECN COMMENT

87 MRK3 e+ e 377 GeV

I (K e+e+e.n)/I t„,l

VAL UE EVTS TECN COMM EN T

0.064+0.011 OUR FIT
0.058+0.012*0.012 142 COFFMAN 928 MRK3 e+ e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

DOCUMENT ID

p p34+ 0 ~ 056—0,070

0.022+ ' 6 0.004—0.006

0.063 ' +0.012—0.013

AGUILAR-BENITEZ
ica I normalization.

BARLAG 92C ACCM 7r Cu 230 GeV

1 7 AGUILAR-. .. 87F HYBR vr p, pp 360, 400 GeV

175 BALTRUSAIT. .86E MRK3 See COFFMAN 928

87F and BARLAG 92C compute the branching fraction by topolog-

r(K-~+~+~a)/r(K-n+~+) rss/rs4
TECN COMM EN TEVTS DOCUMENT IDVAL UE

0.71+0.12 OUR FIT
0.76+0.11+0.12 91 ANJOS 92C E691
~ ~ e We do not use the following data for averages, fits, limits,

0.69 +0.10k 0.16 ANJOS 89E E691

0.57+—0.17 1 AGUILAR-. .. 838 HYBR

p Be 90—260 GeV
etc. ~ ~ e

See ANJOS 92c

p, 360 GeV

r(K (S92)' p+total)/I (K m+n+m. ) rrt/r4s
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMENT ID

0.33+0.16560.12 ANJOS

TECN COMMENT

92C E691 p Be 90—260 GeV

I (K'(892)op+s-wave)/r(K-a+&+so)
Unseen decay modes of the K*(892) are included. The
severely here.

VAL UE DOCUMENT ID TECN

0.26 +0.25 OUR AVERAGE Error includes scale factor of 3.1.
0.15 + 0.075+ 0.045 ANJOS 92C E691
0.833+0.116+0.165 COFFMAN 929 MRK3

I nlrss
two experiments disagree

COMM EN T

pBe 90—260 GeV
e+ e 3.77 GeV

VAL UE EVTS DOCUMENT ID TECN COMMEN T

0.097+0.030 OUR FIT Error includes scale factor of 1.1.
0.107+0.029 OUR AVERAGE

0.102+0.025*0.016 159 ADLER 88C MRK3 e+ e 3.77 GeV
0.19 +0.12 10 6 SCHINDLER 81 MRK2 e+ e 3 771 GeV

SCHINDLER 81 (MARK-2) measures IT(e+ e ~ g(3770)) x branching fraction to
be 0.78 + 0,48 nb. We use the MARK-3 (ADLER 88C) value of o = 4.2 + 0.6 J: 0.3 nb.

VAL UE

0.17 +0.06 OUR AVERAGE
0.18 +0.08 +0.04
0.159+0.065 +0.060

DOCUMENT ID TECN COMMENT

ANJOS 92C E691 pBe 90—260 GeV
COFFMAN 928 MRK3 e+ e 3,77 GeV

r(K (892}o~+~ototal)/I (K m+n+no) rst/rss
This includes K*(892) p+, etc. The next two entries gives the specifically 3-body
fraction. Unseen decay modes of the K*(892) are included.

VAL UE DOCUMENT ID TECN COMMENT

1.0560.11+0.08 ANJOS 92C E691 p Be 90—260 GeV

I (g'(892)o e+ eo 3-body) /I t»l
Unseen decay modes of the K*(892) are included.

VAL UE CL% DOCUMENT ID TECN COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e e

(0.008 90 3 COFFMAN 928 MRK3 e+ e 3.77 GeV

See, however, the next entry: ANJOS 92C sees a large signal in this channel.

rss/r

I (K'(892) n+eo3-body)/I (K rr+e+so) rss/rss
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMEN T ID

0.66+0.0960.17 ANJOS
TECN COMMEN T

92C E691 p Be 90—260 GeV

r(K'(892)-n+~+3-body)/I (K n+n+n ) I s4/res
Unseen decay modes of the K*(892) are included.

VALUE DOCUMENT ID

0.32+0.14 OUR FIT Error includes scale factor of 1.1.
0.24 +0.12+0.09 ANJOS 92C E691

TECN COMMENT

p Be 90—260 GeV

I (K ++e.+so nonresonant)/I q»~ rst/I
VALUE CL% DOCUMENT ID TECN COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.002 90 ANJOS 92C E691 pBe 90—260 GeV

39Whereas ANJOS 92C finds no signal here, COFFMAN 928 finds a fairly large one; see
the next entry.

I (K a+a+so nonresonant)/I (K rr+e+~o)
VALUE DOCUMENT ID TECN COMMENT

0.18460.070+0.050 COFFMAN 928 MRK3 e+ e 3,77 GeV

rsl/r4s

DOCUMENT ID

r~K~+~+e-)/r, .„, rss/r
VALUE EVTS TECN COMMENT

0.070+0.010 OUR FIT
0.071+0.016 OUR AVERAGE

0.066+0.015+0.005 168 ADLER 88C MRK3 e+ e 3.77 GeV
0.12 +0.05 21 " SCHINDLER 81 MRK2 e+ e 3 771 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

—O O17
41 BARLAG 92c ACCM ~ Cu 230 GeV

0.243+0 041+0.041 11 AGUILAR-. .. 87F HYBR ~ p, p p 360, 400 GeV

SCHINDLER 81 (MARK-2) measures rT{e+ e -~ g(3770)) x branching fraction to
be 0.51 + 0.08 nb. We use the MARK-3 (ADLER 88C) value of rT = 4, 2 4 0,6 + 0,3 nb.

41AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction by topolog-
ical normalization.

I (K'(892)o p+ P-wave) /I t»l r»/r r(~K~+ ~+n-)/r(K-~+~+) rss/rsI

COMM EN T

p Be 90—260 GeV
etc. ~ e ~

(0.005 90 COFFMAN 928 MRK3 e+ e 3.77 GeV

I (K'(892)o p+ Dwave)/r(K rr+-rr+rro)-
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMENT ID

0.15+0.09+0.045 ANJOS
TECN COMMENT

92C E691 p Be 90—260 GeV

Unseen decay modes of the K*(892) are included.
VAL UE CL% DOCUMENT ID TECN

(0.001 90 ANJOS 92C E691
e e ~ We do not use the following data for averages, fits, limits,

VALUE EVTS

0.78+0.10 OUR FIT
0.77+0.07+0.11 229

DOCUMENT ID

ANJOS

TECN COMMEN T

92C E691 pBe 90-260 GeV

I (K a (1260}+)/r(K a+s+e.-) rss!rss
Unseen decay modes of the a1(1260)+ are included.

VALUE DOCUMENT ID TECN COMMENT

1.15 +0.19 OUR AVERAGE Error includes scale factor of 1.1.
1,66 +0.28 +0.40 ANJOS 92C E691 p Be 90—260 GeV
1.078 +0.1 14+0.140 COFFMAN 928 MRK3 e+ e 3.77 GeV

I (K'(892)o p+ D-wave longltudlnal)/I t»~
Unseen decay modes of the K*(892)p are included.

VAL UE CL% DOCUMENT ID TECN

&0.007 90 COFFMAN 928 MRK3

COMMENT

e+ e 3.77 GeV

r(K aa(1320)+)/rtotal
Unseen decay modes of the a2(1320)+ are included.

VALUE CL% DOCUMENT ID TECN

&0.003 90 ANJOS 92C E691
~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

p Be 90—260 GeV
etc. e ~ ~

I ss/f

I (Kt(1400)o s+) /I (K s+ a+ so) rrr/r4s &0.008 90 COFFMAN 928 MRK3 e+ e 3.77 GeV

TECN COMMENTVAL UE

0.77 +0.20 OUR FIT
0.907+0.218+0.180 COFFMAN 928 MRK3 e+ e 3.77 GeV

I (K p+n+total)/I (K n+n+rro) rss/r4s

Unseen decay modes of the K1(1400) are included,
DOCUMENT ID

I (K (1270} +)/I
Unseen decay modes of the K1(1270) are included.

VALUE CL% DOCUMENT ID TECN

&0.007 90 ANJOS 92C E691
~ ~ e We do not use the following data for averages, fits, limits,

COMMENT

p Be 90—260 GeV
etc. ~ e e

This includes K*(892) p+, etc. The next entry gives the specifically 3-body fraction.
VAL. UE DOCUMENT ID TECN COMM EN T

0.48+0.1360.09 ANJOS 92C E691 pBe 90-260 GeV

(0.011 90 COFFMAN 928 MRK3 e+ e 3.77 GeV
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I (Ft(1400}err+)/I tota/
Unseen decay modes of the K1(1400) are included.

VAL UE CL/ DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

&0.009 90 4 AN JOS 92c E691 pBe 90—260 GeV

AN JOS 92C sees no evidence for K1(1400) ~+ in either the K ~+ ~+ vr or

K ~+~++ channels, whereas COFFMAN 92B finds the K1(1400) 7r+ branching
fraction to be large; see the next entry.

raa/rI (K a+a'+e e' )/I t(gg
VAL UE EVTS DOCUMENT /D TECN COMMENT

0 022 0'008+0 004 1 AGU I LAR-. .. 87F HYBR ~ p, p p 360, 400 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&0.015 44 BARLAG 92C ACCM m- Cu 230 GeV

AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction by topolog-
ica I norm a lization.

I (K&(1400}no+)/I (K w+e+ I rr/raa rgb ~+ ~+ ~-~')/r«„(
VAL UE EVTS DOCUMENT ID TECN COMMENT

rea/r

Unseen decay modes of the K1(1400) are included.
VAL UE DOCUMENTID TECN

0.70 +0.17 OUR FIT
0.623+0.106+0.180

COMMEN T

COFFMAN 92B MRK3 e+ e 3.77 GeV

I (K (1410)na'+)/I tota~
Unseen decay modes of the K*(1410) are included.

VALUE CL% DOCUMENT /D TECN COMMENT

&0.007 90 COFFMAN 92B MRK3 e+ e 3 77 GeV

r»/r

I (K'(892) a+a+total}/r(K a+a+a }
Unseen decay modes of the K*(892) are included.

VAL UE EVTS DOCUMENT ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

r»/I aa

0.41+0.14 14 ALEEV 94 BIS2 nN 20—70 GeV

I (K'(892) rr+e+3-body)/I «ta~
Unseen decay modes of the K~(892) are included.

CL% DOCUMEN T /D TECN COMMENTVAL UE

0.021+0.009 OUR FIT
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.013 90 COFFMAN 92B MRK3 e+ e 3.77 GeV

raa/I

I (K'(892} a+a+3-body)/I (K e+e+e ) raa/raa
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMENT ID

0.29+0.13 OUR FIT Error includes scale factor of 1.1.
0.50+0.09+0.21 ANJOS 92C E691

TECN COMMENT

p Be 90—260 GeV

I (K pea+total)/I (K a+a+a ) ra7/raa

VALUE

0.6060.1060.17
DOCUMENT /D

ANJOS
TECN COMM EN T

92C E691 g Be 90—260 GeV90

I (K pea+3-body)/I «ta~ raa/I

This includes K a1(1260)+. The next two entries gives the specifically 3-body reac-
tion.

CL%

92C ACCM vr Cu 230 GeV

r ~K~+ ~+~+~- ~-)/r«„,
VAL UE DOCUMEN T /D TECN COMMENT

0.000860.0007 BARLAG 92C ACCM vr Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

r(K- ~+~+~+~-~') /r, .„,
VAL UE DOCUMENT ID TECN COMMENT

0.0020+0.0018 7 BARLAG 92C ACCM ~ Cu 230 GeV

47BARLAG 92C computes the branching fraction using topological normalization.

I ea/r

I ea/I

r ~K~~ K+)/r(K n+~+)- res/raa
VALUE EVTS DOCUMENT /D TECN COMMENT

0.20+0.09 OUR AVERAGE Error includes scale factor of 2.4.
0.14+0.04 +0.02 39 ALBRECHT 94I ARG e+ e = 10 GeV
0.34+ 0.07 70 AMMAR 91 CLEO e+ e = 10.5 GeV

PiOniC mOdeS

r(x+mo)/I (K n+m+)
VALUE EVTS

0.028+0.006+0.005 34

r(~+~+~-)/r(K-~+~+)

DOCUMENT /D

SELEN

TECN COMMENT

93 CLEO e+ e = T(4S)

r»/raa
VAL UE EVTS
0.035+0.006 OUR AVERAGE

0.032 +0.011+0.003 20
0.035:60.00760.003
0.042+ 0.0164 0.010 57

DOCUMENT /D TECN COM MEN T

ADAMOVICH 93 WA82 ~ 340 GeV
ANJOS 89 E691 Photoproduction
BALTRUSAIT. .SSE MRK3 e+ e 3.77 GeV

0 054 0'014 OUR AVERAGE

0 099+0 ~ 036—0.070
45 BARLAG

0.044+(}'()13+0.007 2 AGUILAR-. .. 87F HYBR vr p, p p 360, 400 GeV

AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction by topolog-
ical norm alization.

VAL UE CL% DOCUMENT /D TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.004 90 COFFMAN 92B MRK3 e+ e 3.77 GeV VAL UE

(0.015
CL%

90

r(pa~+)/r(K-~+~+)
DOCUMENT ID

ANJOS

re4/raa
TECN COMMENT

89 E691 Photo production
I (K p rr+3-body)/I (K a+a+a ) raalr, 2
VALUE

0.07+0.0460.06
DOCUMENT /D TECN COMMENT

ANJOS 92c E691 ~ Be 90—260 GeV

I (e+e+n nanresonant)/I (K e+e+)
VAL UE DOCUMENT /D

0.02760.00760.002 ANJOS

ran/raa
TECN COMMENT

89 E691 Photoproduction

VALUE

&0.005
CL%

90

I (K fn(980}rr+)/I «ta~
DOCUMENT ID TECN COMMEN T

ANJOS 92C E691 y Be 90—260 GeV

I aa/I r(e+rr+n en)/r, o,g
VAL UE DOCUMENT /D TECN COM MEN T

raa/r52
TECN COM MEN T

ANJOS 92C E691 p Be 90—260 GeV
COFFMAN 92B MRK3 e+ e 3,77 GeV

I (K a+a+a nonresonant)/I (K a+a+rr )
VALUE DOCUMENT /D

0.12+0.06 OUR AVERAGE
0.10+0.04 40.06
0.17+0.056 +0.100

r(~+ ~+~- ~')/r(K- ~+~+)
VAL UE CL% DOCUMENT /D TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

roe/raa

0.019+ BARLAG 92C ACCM m Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

r(K-~+~+ ~+n-)/r, .„,
VAL UE DOCUMENT ID TECN COMMENT

raa/r &0.4 90 ANJOS 89E E691 Photoproduction

VAL UE

0.09 +0.01 +0.01
EVTS

113
DOCUMENT ID

ANJOS

TECN COMMEN T

9QD E691 Photoproduction

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

Q QQ37 + 0,0012 BARLAG 92c ACCM ~ Cu 230 GeV

43 BARLAG 92c computes the branching fraction using topological normalization.

r(K- + +~+~-)/r(K-~+~+)

r(q~+)/r (K- ~+ ~+)
Unseen decay modes of the q are included.

VALUE CL% EVTS DOCUMENT ID

0.083+0.023+0,014 99 DAOUDI

~ e ~ We do not use the following data for averages, fits,

&0.12 90 ANJOS

r(~~+) /r (K- ~+~+)

r101/r34

TECN COMMEN T

92 CLEO e+ e = 10.5
GeV

limits, etc. ~ ~ ~

89E E691 Photoproduction

rlna/raa

VALUE

0.75+0.17+0.19
DOCUMENT /0 TECN

ANJOS 90D E691

r(K'(882}n ~+ ~+~-) /r (K- ~+ &+ &+~-)
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMENT /D TECN

1.25 +0.12+0.23 ANJOS 90D F691

I (K (892) pea+)/r(K (892) a'+a'+e' )

reo/I aa

COMM EN T

Photoproduction

rex/ran
COMMENT

Photo production

Unseen decay modes of the ~ are included.
VALUE CL% DOCUMENT /D

(0.08 90 AN JOS
TECN COM MEN T

89E E691 Photoproduction

r(n+rr+~+a a )/rto, g
VAL UE DOCUMENT lD TECN COM MEN T

92C ACCM ~ Cu 230 GeV0 0010+0e 0008—0.0007
49 BARLAG

4 BARLAG 92C computes the branching fraction using topological normalization.
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r (~+~+~+ n- n-) lr (K- n+ ~+) I 89/r34
VALUE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.019 90 ANJOS 89 E691 Photoproduction

r(yp+)/r(/r-~+n+)

VALUE

&0.16

Unseen decay modes of the P are included.
CL% DOCUMENT ID

90 DAOUDI

r127/r34

TECN COMMEN T

92 CLEO e+ e = 10.5 GeV

r(q p+) /r(/r- ~+ ~+)
Unseen decay modes of the q are included.

VALUE CL% DOCUMENT ID

&0.13 90 DAOUDI

r104/r34

TECN COMM EN T

92 CLEO e+e = 105 GeV

rtoolrr(sr+sr+sr+sr sr sro)/rtotai
VAL UE DOCUMENT ID TECN COMMENT

Oe0029 O'0020 BARLAG 92C ACCM 7r Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

I (K+ K sr+sronOn-p)/I tot, l

VALUE DOCUMENT ID TECN COM MEN T

92C ACCM 7r Cu 230 GeV

r(X+/~- ~+~onnn-@)/r(~-n+ ~+)
VALUE CL% DOCUMENT ID TECh/ COMMENT

~ e e We do not use the following data for averages, fits, limits, etc. e ~ ~

r117/r34

&0.25 90 ANJOS 89E E691 Photoproduction

0 015+Oe007—0.006
53 BARLAG

BARLAG 92C computes the branching fraction using topological normalization.

r(er(esa) p+)/r(K n+x+)
Unseen decay modes of the q'(958) are included.

CL% DOC UM EN T ID TECN

90 DAOUDI 92 CLEO

VALUE

&0.17

r (nr(ess) ~+) /r (/r- n+ n+)
Unseen decay modes of the 7//(958) are included.

VAL UE CLY DOCUMENT ID TECN

&0.1 90 DAOUDI 92 CLEO
&0.1 90 ALVAREZ 91 NA14

~ e ~ We do not use the following data for averages, fits, limits,

&0.13 90 ANJOS 91B E691

rtos/r34

COMM EN T

e+ e = 10.5 GeV

Photoproduction
etc. e ~ e

pBe, E = 145 GeV

rtos/r34

COM MEN T

e+e = 105 GeV

r(K+~Ksr+sr )/I t
VALUE

&0.02
CL%

rile/r
DOCUMENT ID TECN COMMENT

ALBRECHT 92B ARG e+ e 10.4 GeV

r (N V- ~+~+)/rtotal r119/r

I (K'(Se2)+ K'(Se2)0) /I total r131/I

VALUE DOCUMENT ID TECN COMMENT

0.01 +0.005+0.003 ALBRECHT 92B ARG e+ e = 10.4 GeV
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.003 54 BARLAG 92C ACCM 7r Cu 230 GeV

BARLAG 92c computes the branching fraction using topological normalization,

r(/r+~v)/r(& n+)

Hadronic modes with a K K pair

r107/r33

Unseen decay modes of the K*(892)'s are included.
VAL UE DOCUMENT ID TECN

0.02660.008+0.007 ALBRECHT 92B ARG

COMMENT

e+ e = 10,4 GeV
VALUE EVTS
0.263+0.035 OUR AVERAGE
0.25 +0.04 +0.02 129
0.271+0.065 +0,039 69
0.317+0.086+ 0.048 31
0.25 +0.15 6

DOCUMENT ID TECN COM MEN T

FRABETTI 95 E687 p Be E = 200 GeV

ANJOS 90C E691 pBe
BALTRUSAIT. .85E MRK3 e+ e 3.77 GeV

SCHINDLER 81 MRK2 e+ e 3.771 GeV

( (K0K sr+sr+ nnn-K'+/r'0)/I total
VAL UE' CL% DOCUMENT ID TECN

&O.OOT9 90 ALBRECHT 92B ARG

r(4 sr+sr+sr )/rtotai

r121/r
COMMENT

e+ e = 10.4 GeV

r12slr
r (/r+ ~- n+) /r (K- n+ n+)
VAL UE

0.0976+0.0042+0.0046

rtos/r34
DOCUMENT ID TECN COMMEhl T

FRABETTI 95B E687 Dalitz plot analysis

Unseen decay modes of the P are included.
VAL UE CL 0%0 EVTS DOCUMEhlT ID

&0.002 90 0 ANJOS

TECN COMMENT

88 E691 Photoproduction

r(yn+)/r(/r-~+~+)
Unseen decay modes of the

VAL UE EVTS
0.068+0.005 OUR AVERAGE

0.058 +0.006 6 0.006
0.062 +0.017+0.006 19
0.077 +0.011+0.005 128
0.098+0.032+ 0.014 12
0.071 +0.008+ 0.007 84
0.084 +0.021 6 0,011 21

@ are included.
DOCUMENT ID

FRABETTI 95B
ADAMOVICH 93
DAOUDI 92
ALVAREZ 90C
ANJOS 88
BALTRUSAIT. .85E

r125/r34

TECN COMMEN T

E687
WA82
CLEO
NA14
E691
MRK3

Dalitz plot analysis

7r 340 GeV
e+ e = 10.5 GeV

Photoproduction

Photopro duction
e+ e 3.77 GeV

r(yn+n+n )/r(V ~+~+)-
Unseen decay modes of the P are included.

VAL UE CL% DOCUMENT ID TECN

~ ~ e We do not use the following data for averages, fits, limits,

COMMENT

etc. ~ ~ ~

r128/r34

&0.031 90 ALVAREZ 90c NA14 Photoproduction

r(4 n+ n+ ~-) /r(yn+) r128/r125
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.6 90 FRABETTI 92 E687 p Be

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

r (V+ Ã'(Se2)0) /r (/r- n+ n+) r129l r34

[ (K+ K sr+ nonresonsnt)/I (K n+fr+)
VAL UE EVTS DOCUMENT /D

0.050+0.009 OUR AVERAGE
0.049 + 0.008+ 0.006 95
0.059+ 0.026+ 0.009 37

rlltlr34
TECN COM MEN T

ANJOS 88 E691 Photoproduction
BALTRUSAIT. .35E MRK3 e+ e 3.77 GeV

Unseen decay modes of the K*(892)0 are included.
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.047+0.005 OUR AVERAGE Error includes scale factor of 1.2.
0,044+ 0.003+ 0,004 FRABETTI 955 E687 Dalitz plot analysis

0.058 + 0.009+0.006 73 AN JOS 88 E691 Photoproduction

0.048+0.021+0.011 14 BALTRUSAIT. .95E MRK3 e+ e 3,77 GeV

See FRABETTI 955 for evidence also of K*(1430)K+ in the D+ — K+ K rr+ Dalitz
0

plot.

l (K+ K sr+sr+sr nonresonant)/I tot, i

VAL UE CL% EVTS DOCUMENT ID

&0.03 90 12 AN JOS
TECN COMMEN T

88 E691 Photoproduction

I 124/r

Rare or forbidden modes

r(~+ n+n-)/r(V-n+n+) r132/r34

r (/r+ po)/r (/r- n+ n+) r133/r34
A doubly Cabibbo-suppressed decay with no simple spectator process possible.

VAI. UE CL% DOCUMENT ID TECN COMMENT

&0.0067 90 FRABETTI 95E E687 p Be, E = 220 GeV

A doubly Cabibbo-suppressed decay with no simple spectator process possible.
VAL UE EVTS DOCUMENT ID TECN COMMEN T

0.0072+0.0023+0.0017 21 FRABETTI 95E E687 p Be, E = 220 GeV

r(K (se2)+~K)/I (K sr+)
Unseen decay modes of the K*(892)+ are included.

VAL UE EVTS DOCUMENT ID TECN

1.1+0.3+0.4 67 F RAB ETTI 95 E687

( (rlrsr+zr0)/I total

r130lr33

COMM EN T

pBe E = 200 GeV

r126/r

r (it'(se2)0~+) lr(x- &+~+) r134/r34

TECN COMMENT

95E E687 y Be, E = 220 GeV

VAL UE

&0.0021

A doubly Cabibbo-suppressed decay with no simple spectator process possible. Unseen

decay modes of the K*(892) are included.
CL% DOCUMENT ID

90 FRA BETT I

r(gy~+no)/r(V- n+n+)
Unseen decay modes of the P are included.

VAL UE CLl DOCUMENT ID TECN

e ~ ~ We do not use the following data for averages, fits, limits,

&0.58 90 A LVA R EZ 90' NA14
&0.28 90 ANJOS 89E E691

COMMENT

etc. ~ ~ ~

Photoproduction
Photoproduction

Unseen decay modes of the P are included.
VAL UE DOCUMENT ID TECN COM M EN T

0.023+0.01Q 52 BAR LAG 92C ACCM 7r Cu 230 GeV

BARLAG 92c computes the branching fraction using topological normalization.

r(~+ ~+ ~ )lr(X n+n+)-- r138/r34

0.057 6 0,020 + 0.007 13 ADAMOVICH 93 WA82 7r 340 GeV

Using the ssrr+ mode to normalize, FRABETTI 95F gets I (K+ K+ K )/I (rirrr+)(
0.025.

A doubly Cabibbo-suppressed decay with no simple spectator process possible.
VAL UE CL% EVTS DOCUMENT ID TECN COMMEhl T

&0.0016 90 55 FRABETTI 95F E687 n Be, E = 220
GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e e
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r(f K+)jr(f e+) r136/r125 r(st is+Is+) jrtotai rtoe/r
A doubly Cabibbo-suppressed decay with no simple spectator process possible.

VAL UE CL% EV TS DOCUMENT ID TECN COMMENT

&0.021 90 FRABETTI 95F E687 7Be, E = 220
GeV

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

A test of lepton-number conservation.
VALUE CL% EVTS DOCUMENT ID TECN

&2.2 x 10 4 90 0 KODAMA 95 E653
o e e We do not use the following data for averages, fits, limits,

&68x 10 3 90 WEIR 908 MRK2

COM MEN T

n emulsion 600 GeV
etc. woo
e+ e 29 GeV

0.058+0 032 +0 00—0.026 4 ANJOS 92D E691 pBe, E = 145t'

GeV r (st
—e+ Is+) /rtotai I 149/I

The evidence of ANJOS 92D is a small excess of events (4.5+ ' ).—2,0 '

r(~+ e+ e-) jr,.„i r137jr

A test of lepton-number conservation.
VALUE CL% DOCUMENT ID

&3.7 x 10 90 WE IR

TECN COMM EN T

908 MRK2 e+ e 29 GeV

A test for the h, C = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL UE CL% EVTS DOCUMENT ID 7ECN COMMENT

&6.6 x 10 90 AITALA 96 E791 7r N 500 GeV
~ ~ e We do not use the following data for averages, fits, limits, etc. e o ~

&25x10 3 90 WEIR 908 MRK2 e+e 29 GeV

&2 6 x 10 90 39 7 HAAS 88 CLEO e+ e 10 GeV

The branching ratios are normalized to D ~ K 7r+, D+ ~ K 7r+7r+, and D*+ ~
D 7r+ uSing ADI ER 88C.

r(P P Ia )/rtotai
A test of lepton-number conservation.

VALUE CL% EVTS DOCUMENT ID

&5.6 x 10 4 90 0 KODAMA

I (K e+e+)/I total
A test of lepton-number conservation.

VALUE CL% DOCUMENT ID

&9.1 x 10 90 WEIR

rls0/r

TECN COM MEN T

95 E653 n emulsion 600 GeV

"1st/r
TECN COM MEN T

908 MRK2 e+ e 29 GeV

r(~+I+~ )/rtotai r138/r r(K ia IS )/"total rts2/r
A test for the h, C = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

&1.8 x 10 5 90 AITALA 96 E791 7r N 500 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2 2 x 10 90 0 KODAMA 95 E653 2r emulsion 600 GeV

&5,9x 10 3 90 WEIR 908 MRK2 e+ e 29 GeV

&29x 10 90 36 5 HAAS 88 C L EO e+ e 10 GeV

The branching ratios are normalized to D ~ K 7r+, D+ ~ K fr+7r+, and D*+ ~
D 7r+ uSing ADLER 88C.

COMMEN T

emulsion 600 GeV
etc. ~ ~ ~

e+ e 29 GeV

I 1ss/r
A test of lepton-number conservation.

CL org DOCUMENT IDVAL UE

(4.0 x 10 90 WEIR

TECN COMMEN T

908 MRK2 e+ e 29 GeV

A test of lepton-number conservation.
VALUE CL%o EVTS DOCUMENT ID TECN

&3.2 x 10 4 90 0 KODAMA 95 E653
o ~ o We do not use the following data for averages, fits, limits,

&4.3 x 10 3 90 WEIR 908 MRK2

r(K e+Is+)/rt t, i

r(p Is Is )jitotal
A test for the AC =
interactions.

VAL UE

(5.6 x 10 4
TECN COMM EN T

95 E653 n emulsion 600 GeV

CL% EVTS DOCUMENT ID

KODAMA90 0

I 139/r
1 weak neutral current. Allowed by higher-order electroweak

I (K (892) Is+Is+)/I 1 t I

A test of lepton-number conservation.
VALUE CL% EVTS DOCUMENT ID

&8.5 x 10 4 90 0 KODAMA

I 1s4/r

TECN COMMEN T

95 E653 n emulsion 600 GeV

I (K+e+e )/r„t,i r140/r
0+ CP-VIOLATING DECAY-RATE ASYMMETRIES

VALUE

&4.8 x 10

r(K+I+I )irtotai

CL%

90
DOCUMENT ID

WEIR

TECN COMM EN T

908 MRK2 e+ e 29 GeV

I 141/I
COMMEN T

emulsion 600 GeV

eic. o ~ ~

e+ e 29 GeV

I 142/r

COMMENT

e+ e 10 GeV

K 7r+ ~+, and D*+ ~

VALUE CL% EVTS DOCUMENT ID TECN

&3 2 x 10 4 90 0 KODAMA 95 E653
~ ~ ~ We do not use the following data for averages, fits, limits,

&92x 10 3 90 WEIR 908 MRK2

r(e+ e+&+)jrtot, l

A test of lepton-family-number conservation.
VA L LIE CL% EVTS DOCUMENT ID TECN

&3.8 x 10 90 58 HAAS 88 C LEO

The branching ratios are normalized to D ~ K 7r+, D+ ~
D 7r+ uSing AD L ER 88C.

Acp(K+K st+) in D+ ~ K+K
This is the diff'erence between D+ and D partial widths for these modes divided by
the sum of the widths.

VALUE DOCUMENT ID TECN COMMENT

0031+ 68 FRABETTI 94I E687 0 14 &Acp & +0 081 (90% cL) I
FRABETTI 941 measures N(D+ ~ K K+7r+)/N(D+ ~ K 7r+7r+), the ratio of
(efficiency-corrected) numbers of events observed, and similarly for the D

ACp(K+K' ) in D+ -s K+K' and D s K K'
This is the difference between D+ and D partial widths for these modes divided by
the sum of the widths.

VAL UE DOCUMENT ID TECN COMM EN T
—0.12+0.13 FRABETTI 941 E687 —0.33 &ACp & +0.094 (90% CL)

FRABETTI 94I meaSureS N(D+ ~ K+ K*(892) )/N(D+ ~ K 7r+7r+), the ratiO

of (efficiency-corrected) numbers of events observed, and similarly for the D

r( + e+Is )/r, „,
A test of lepton-family-number conservation.

CL%o DOCUMENT IDVAL LIE

&3.3 x 10 90 WEIR

I (st+ e Is+ )/I t t I

VALUE

&3.3 x 10 90 WElR

r(K+e+I -)jr,.„i
A test of lepton-family-number conservation.

CL% DOCUMENT IDVALUE

&3.4 x 10 90 WEIR

r(K+e-I+) jr,.„,
A test of lepton-family-number conservation.

CL% DOCUMENT IDVAL UE

&3.4 x 10 90 WEIR

I (a e+e+)/I total
A test of lepton-number conservation.

CL% DOCUMENT IDVAL UE

&4.8 x 10 90 WEIR

A test of lepton-family-number conservation.
CL%o DOCUMENTID

TECN COMMEN T

908 MRK2 e+ e 29 GeV

TECN COMMEN T

908 MRK2 e+ e 29 GeV

TECN COMMEN T

908 MRK2 e+ e 29 GeV

TECN COMMEN T

908 MRK2 e+ e 29 GeV

TECN COM MEN T

908 MRK2 e+ e 29 GeV

r143/r

I 144/r

r145/r

r146/r

I 147/r

Acp(fs77+) In D+ ~ 4)st+
This is the difference between D+ and D partial widths for these modes divided by
the sum of the widths.

VAL UE DOCUMENT ID TECN COMMENT

+0.066+0.086 FRABETTI 94I E687 —0.075 &Acp & +0.21 (90% CL)

FRABETTI 94i meaSureS N(D+ ~ @7r+)/N(D+ ~ K 7r+7r+), the ratiO Of

(efficiency-corrected) numbers of events observed, and similarly for the D

D+ PRODUCTION CROSS SECTION AT tP(3770)

A compilation of the cross sections for the direct production of D mesons
at or near the g(3770) peak in e+ e production.

VAL UE (nanobarns) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

4.2 4 0.6 +0.3 63 ADLER 88C MRK3 e+ e 3.768 GeV
5.5 + 1.0 64 PARTRIDGE 84 CBAL e+ e 3 771 GeV
6.00 +0.724 1.02 65 SCHINDLER 80 MRK2 e+ e 3 771 GeV
9.1 +2.0 66 PERUZZI 77 MRK1 e+ e 3.774 GeV

This measurement compares events with one detected D to those with two detected D
mesons, to determine the the absolute cross section. ADLER 88C measure the ratio of
cross sections (neutral to charged) to be 1.36 + 0.23 4 0.14. This measurement does
not include the decays of the @(3770) not associated with charmed particle production.
This measurement comes from a scan of the g(3770) resonance and a fit to the cross
section. PARTRIDGE 84 measures 6.4 + 1.15 nb for the cross section. We take the
phase space division of neutral and charged D mesons in Q(3770) decay to be 1.33,
and we assume that the @(3770) is an isosinglet to evaluate the cross sections. The
noncharm decays (e.g. radiative) of the Q(3770) are included in this measurement and
may amount to a few percent correction.
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D+ ~ Ke(892}ot+v& FORM FACTOR

r2 ——A2{0}/At{0) in 0+ ~ K'(892} Z+ vg
VAL UE EVTS DOCUM EAI T ID

0.73+0.15 OUR AVERAGE
0.78 k 0.18+0.10 874 FRABETTI 93E E687

0.82 0 23 +0.11 305 KODAM A 92 E653

0.0 4 0.5 +0.2 183 68 ANJOS 90E E691

FRABETTI 93E and KODAMA 92 use D+ ~ K*(892) p+
ANJOS 90E uses D+ ~ K'(892) e+ e decays.

TECN COMM EN T

220 GeV p Be

600 GeV zr N

gBe 90—260 GeV

v decays.

r„=—i/{0}/At(0) in D+ ~ K'{892) t+vg
VAL UE EVTS DOCUMEAIT ID TECN COMM EN T
1.90+0.25 OUR AVERAGE
1.74 +0.27 +0.28 874 FRABETTI 93E E687 220 GeV p Be

2.00+ ' 4 0.16 305 KODAMA 92 E653 600 GeV ~ N

2.0 +0.6 4 0.3 183 ANJOS 90E E691 pBe 90—260 GeV

FRABETTI 93F and KODAMA 92 use D+ ~ K*(892) p+ v, decays.

ANJOS 90E uses D+ ~ K*(892) e+ e decays.
I-I

i t /I y in D+ -a K'(892)nt vt
VAL UE EVTS DOCUMENT ID

1.23+0.13 OUR AVERAGE
1.20+ 0.13+0.13 874 FRAB ETT I 93E
1.184 0.18+0.08 305 71 KODAMA 92

1.8 + ' +0.3—0.4 183 72 ANJOS 90E

FRABETTI 93E and KODAMA 92 use D+ ~ K*
evaluated for a lepton mass of zero.
ANJOS 90E uses D+ ~ K*(892) e+ e decays.

TECN COMMEN T

E687 220 GeV p Be
E653 600 GeV zr N

E691 p Be 90—260 GeV

(892l p.+v decays. i t/I T is

I+/I in D+ -+ K'(892} Z+vg
VAL UE EVTS DOCUMEIVT ID

0.16+0.04 OUR AVERAGE

0.16+0.05+0.02 305 KODAMA 92

015+ ' +003—0.05 183 74 ANJOS 90E

KODAMA 92 uses D+ K*(892) I/, + v decays.P
mass of zero.
A N J OS 90E uses D+ ~ K*(892) e+ e decays.

TECN COMMEIV T

E653 600 GeV x N

E691 p Be 90-260 GeV

i+/r is evatoated for a lepton

5This measurement comes from a scan of the Q(3770) resonance and a fit to the cross
section. SCHINDLER 80 assume the phase space division of neutral and charged D
mesons in g(3770) decay to be 1.33, and that the g(3770) is an isosinglet. The noncharm
decays (e.g. radiative) of the oft(3770) are included in this measurement and may amount
to a few percent correction.

6This measurement comes from a scan of the Q(3770) resonance and a fit to the cross
section. The phase space division of neutral and charged D mesons in Q(3770) decay
is taken to be 1.33, and Q(3770) is assumed to be an isosinglet. The noncharm decays
(e.g. radiative) of the g(3770) are included in this measurement and may amount to
a few percent correction. We exclude this measurement from the average because of
uncertainties in the contamination from ~ lepton pairs. Also see RAPIDIS 77.

COFFMAN
FRABETTI
A LVA RE Z

ALVAREZ
AN JOS
AN JOS
AN JOS
BARLAG
WEIR
ANJOS
ANJOS
ANJOS
ADLER
ADLER
ALBRECHT
ANJOS
AOKI
HAAS
ONG
RAAB
ADAMOVICH
ADLER
AGUILAR-. ..

Also
AGUILAR-. ..

Also
AGUILAR-. ..

Also
BARLAG
BARTEL
CSORNA
PALKA
ABE
AGUILAR-. ..
BALTRUSAIT
PAL
AIHARA
BALTRUSAIT
BA LTRUSAIT
BARTEL
ADA MOVICH
ALTHOFF
ALTHOFF
DERRICK
KOOP
PA RTR IDG E
AGUILAR-. ..
AU BERT
PARTRIDGE
SCHINDLER
TR ILL IN G

BACINO
SCHINDLER
ZHOLENTZ

Also

91
91
90
90C
90C
90D
90E
90C
90B
89
89B
89E
SSB
SSC
881
88
88
88
88
88
87
87
87D
SSB
87E
SSB
87F
88
87B
87
87
87B
86
86B
86E
86
85
85B
85E
85J
84
84G
84J
84
84
84
83B
83
81
81
81
80
80
80
81

R I C H MA N 95
ROSNER 95

0

BACINO 79
B RAND ELIK 79
FELLER 78
VUILLEMIN 78
GOLDHABER 77
PERUZZI 77
P I CCOLO 77
R A P I D I S 77
P ERUZZI 76

Collab. )
Colla b. )
Colla b. )
Coll a b. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Colla b. )
Collab. )
Colla b, )
Collab, )
Collab. )
Colla b. )
Colla b. )
Colla b. )
Collab. )
Coll a b. )
Coll a b. )
Coll a b. )
Coll a b.)
Coll a b.)
Collab. )
Colla b. )
Colla b.)
Colla b.)

PL B263 135
PL B263 584
ZPHY C47 539
PL B246 261
PR D41 2705
PR D42 2414
PRL 65 2630
ZPHY C46 563
PR D41 1384
PRL 62 125
PRL 62 722
PL B223 267
PRL 60 1375
PRL 60 89
PL B210 267
PRL 60 897
PL B209 113
PRL 60 1614
PRL 60 2587
PR D37 2391
EPL 4 887
PL B196 107
PL B193 140
ZPHY C40 321
ZPHY C36 551
ZPHY C40 321
ZPHY C36 559
ZPHY C38 520
ZPHY C37 17
ZPHY C33 339
PL B191 318
ZPHY C35 151
PR D33 1
ZPHY C31 491
PRL 56 2140
PR D33 2708
ZPHY C27 39
PRL 54 1976
PRL 55 150
PL 163B 277
PL 140B 119
ZPHY C22 219
PL 146B 443
PRL 53 1971
PRL 52 970
T hesis CA LT-6S-
PL 123B 98
NP B213 31
PRL 47 760
PR D24 78
PRPL 75 57
PRL 45 329
PR D21 2716
PL 96B 214
SJNP 34 814
Translated from
PRL 43 1073
PL 80B 412
PRL 40 274
PRL 41 1149
PL 69B 503
PRL 39 1301
PL 70B 260
PRL 39 526
PRL 37 569

Colla b.)
Col la b.)
Collab. )
Colla b. )
Colla b. )
Collab. )
Coll a b.)
Collab. )
Collab. )
Colla b. )
Colla b.)
Colla b.)
Colla b.)
Colla b.)
Coll a b.)
Colla b. )
Colla b, )
Col la b. )
Collab. )
Coll a b. )
Coll a b, )
Coll ab. )

L, UCB) J
Col la b.)
C olla b.)

(NOVO)
(NOVO)

+Ferguson+
+Siegrist, Alam, Boyarski+
+Kurdadze, Lelchuk, Mishnev+

Zholentz, Kurdadze, Lelchuk+
YAF 34 1471.

+Ferguson, Nodulman+
+Braunschweig, Martyn, Sander+
+Litke, Madaras, Ronan+
+Feldman, Feller+
+Wiss Abrams Ala m+
+Piccolo, Feldman+
+Peruzzi, Luth, Nguyen, Wiss, Abrams+
+Gobbi, Luke, Barbaro-Galtieri+
+Piccolo, Feldman, Nguyen, Wiss+

(DELCO
(DASP

(Mark I

(Mark I

(Mark I

(Mark I

(Mark
(Mark I

(Mark I

Coll a b.)
Collab. )
Coll a b.)
Collab. )
Coll a b.)
Collab. )
Coll ab. )
Colla b.)
Colla b.)

OTHER RELATED PAPERS
RMP 67 893
CNPP 21 369

+Burchat (U CS B, STA N)
(CHIC)

l(J } = z(0

+DeJongh, Dubois, Eigen, Hitlin+ (Mark III

+Bogart, C he ung, C uly+ (FNAL E687
+Barate, Bloch, Bonamy+ (CERN NA14/2
+Barate, Bloch, Bonamy+ (CERN NA14/2
+Appel, Bean+ (FNAL E691
+Appel, Bean, Bracker+ (FNAL E691
+Appel, Bean, Bracker+ (FNAL E691
+Becker, Boehringer, Bosman+ (ACCMOR
+Klein, Abrams, Adolphsen, Akerlof+ (Mark II

+Appel, Bean, Bracker+ (FNAL E691
+Appel, Bean, Bracker+ (FNAL E691
+Appel, Bean, Bracker+ (FNAL E691
+Becker, Blaylock+ (Mark III

+Becker, Blaylock+ (Mark III
+Boeckmann, Glaeser+ (ARGUS
+Appel+ (FNAL E691
+Arnold, Baroni+ (WA75
+Hempstead, Jensen+ (CLEO
+Weir, Abrams, Amidei+ (Mark II

+Anjos, Appel, Bracker+ (FNAL E691
+Alexandrov, Bolta+ {Photon Emulsion
+Becker, Blaylock, Bolton+ (Mark III

Aguilar-Benitez, Allison+ (LEBC-EHS
Aguilar-Benitez, Allison, Bailly+ (LEBC-EHS
Aguilar-Benitez, Allison+ (LEBC-EHS
Aguilar-Benitez, Allison, Bailly+ (LEBC-EHS
Aguilar-Benitez, Allison+ (LEBC-EHS

erratum
+Becker, Boehringer, Bosman+ (ACCMOR
+Becker, Feist, Haidt+ (JADE
+Mestayer, Panvini, Word+ {CLEO
+Bailey, Becker+ {ACCMOR
+ (SLAC Hybrid Facility Photon

Aguilar-Benitez, Allison+ (LEBC-EHS
Baltrusaitis, Becker, Blaylock, Brown+ (Mark III

+Atwood, Barish, Bonneaud+ (DELCO
+Alston-Garnjost, Badtke, Bakken+ (TPC

Baltrusaitis, Becker, Blaylock, Brown+ (Mark III
Baltrusaitis, Becker, Blaylock, Brown+ {Mark III

+Becker, Cords, Feist+ (JADE
+Alexandrov, Bolta, Bravo+ (CERN WA58
+ Braunschweig, Kirschfink+ (TASSO
+Branschweig, Kirschfink+ (TASSO
+Fernandez, Fries, Hyrnan+ (HRS
+Sakuda, Atwood, Baillon+ (DELCO

1150 (Crystal Ball
Aguilar-Benitez, Allison+ (LEBC-EHS

+Bassompierre, Becks, Best+ (EMC
+Peck, Porter, Gu+ (Crystal Ball
+Alam, Boyarski, Breidenbach+ (Mark II

(LB
(DELCO
(Mark II

A ITA LA

PDG
FRABETTI
FRABETTI
FRABETTI
FRABETTI
KODAMA
ALBRECHT
ALEEV

BALEST
FRABETTI
FRABETTI
FRABETTI
ABE
A DA MOV I C H

AKERIB
ALAM
ANJOS
BEAN
FRABETTI
KODAMA
KODAMA
SELEN
ALBRECHT
ALBRECHT
ANJOS
ANJOS
ANJOS
BAR LAG

Also
COFFMAN
DAOUDI
FRABETTI
KODAMA
KODAMA
ADAMOVICH
ALBRECHT
ALVAREZ
ALVAREZ
AMMAR
ANJOS
ANJOS
BAI

96 PRL 76 364
96 PR D54 1
95 P L B346 199
95B PL B351 591
95E PL B359 403
95F P L B363 259
95 PL B345 85
94! ZPHY C64 375
94 PAN 57 1370

Translated from
g4 PRL 72 2328
94D PL B323 459
94G PL B331 217
941 PR D50 R2953
93E PL B313 288
93 PL B305 177
93 PRL 71 3070
93 PRL 71 1311
93 PR D48 56
93C PL B317 647
93E P L B307 262
93B PL B313 260
93C PL 8316 455
93 PRL 71 1973
92B ZPHY C53 361
g2F PL B278 202
92 P R D45 R2177
92C P R D46 1941
92D PRL 69 2892
92C ZPHY C55 383
90D ZPHY C48 29
92B PR D45 2196
92 PR D45 3965
92 PL B281 167
92 PL B274 246
92C PL B286 187
91 PL B268 142
gl PL B255 634
91 PL B255 639
91B ZPHY C50 11
91 P R D44 3383
91B PR D43 R2063
91C PRL 67 1507
91 PRL 66 1011

D+ REFERENCES

+Amato, Anjos+ (FNAL E791 Collab. )

(FNAL E687
(FNAL E687
(FNAL E687
(FNAL E687
(FNAL E653

(ARGUS
(Se r p uk ho v B I S-2

Coll a b. )
Collab. )
Collab. )
Coll a b. )
Col(a b. )
Colla b. )
Collab. )

Collab. )
Coll a b. )
Coll a b. )
Collab. )
Collab. )
Collab, )
Collab. )
Collab. )
Coll a b. )
Colla b. )
Colla b.)
Coll a b. )
Colla b. )
Collab. )
Collab. )
Coll a b. )
Coll a b, )
Coll a b. )
Colla b. )
Coll ab. )
Coll a b. )
Col!a b. )
Colla b.)
Collab. )
Collab. )
Collab, )
Coll a b. )
Colla b. )
Collab. )
Collab. )
Colla b. )
Colla b.)
Coll a b.)
Colla b. )

(CLEO
(FNAL E687
(FNAL E687
(FNAL E687

(VENUS
(CERN WA82

(CLEO
{CLEO

(FNAL E691
(CLEO

(FNAL E687
(FNAL E653
(FNAL E653

(CLEO
+ (ARGUS

(ARGUS
(FNAL E6gl
(FNAL E691
(FNAL E691

(ACCMOR
man+ (ACCMOR

(Mark III

(CLEO
(FNAL E687
(FNAL E653
(FNAL E653

(WA82
+ (ARGUS

(CERN NA14/2
(CERN NA14/2

(CLEO
(FNAL E691
(FNAL-TPS

(Mark III

+Cheung, Cumalat+
+Cheung, Cumalat+
+Cheung, Cumalat+
+Cheung, Curn alat+
+Ushida, Mokhtarani+
-i-Hamacher, Hofmann+
+Balandin+

YF 57 1443.
+Cho, Daoudi, Ford+
+Cheung, Cumalat+
+Cheung, Cumalat+
yCheung, Cumalat+
+Amako, Arai, Arima, Asano+
+Alexandrov, Antinori+
+Barish, Chadha, Chan+
+Kim, Nemati, O'Neill+
+Appel, Bean, Bracker+
+Gronberg, Kutschke, Menary+
-+Grim, Paolone, Yager+
+Ushida, Mokhtarani+
+Ushida, Mokhtarani+
+Sadoff, Ammar, Ball+
yEhrlichmann, Hamacher, Krueger
+Ehrlichmann, Hamacher+
+Appel, Bean, Bracker+
+Appel, Bean, Bracker+
+Appel, Bean, Bediaga+
+Becker, Bozek, Boehringer+

Barlag, Becker, Boehringer, Bos
+DeJongh, Dubois, Eigen+
+Ford, Johnson, Lingel+
+Bogart, Cheung, Culy+
+Ushida, Mokhtarani+
+Ushida, Mokhtarani+
+Alexandrov, Antinori, Barberis+
+Ehrlichmann, Hamacher, Krueger
+Barate, Bloch, Bonamy+
+Barate, Bloch, Bonarny+
+Baringer, Coppage, Davis+
+Appel, Bean, Bracker+
+Appel, Bean, Bracker+
+Bolton, Brown, Bunnell+

D0 MASS

The fit includes D, D, D, D*+, D*, and D* mass and mass
difference measurements.

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1864.5+ 0.5 OUR FIT Error includes scale factor of 1.1.
1864.1+ 1.0 OUR AVERAGE

1864.6+ 0.3+1,0 641 BARLAG 90C ACCM 7r Cu 230 GeV
1852 + 7 16 ADA MOVICH 87 EMUL Photoproduction
1861 + 4 DERRICK 84 HRS e+ e 29 GeV
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1856 + 36 22 ADAMOVICH 84B EMUL Photoproduction
1847 + 7 1 FIORINO 81 EMUL p N ~ D +
1863 8+ 0 5 1 SCHINDLER 81 MRK2 e+ e 3.77 GeV
1864.?+ 0.6 1 TRILLING 81 RVUE e+ e 3.77 GeV

1863.0 + 2.5 238 ASTON 80E OMEG p p ~ ~D

1860 k 2 143 2 AVERY 80 SPEC p N ~ D*+
1869 + 4 35 AVERY 80 SPEC pIV ~ D*+
1854 + 6 2 AT I YA 79 SPEC p N ~ D0~D

1850 4 15 64 BALTAY 78C HBC v N ~ K
1863 + 3 GOLDHABER 77 MRK1 D D+ recoil spectra
1863.3 6 0.9 PERUZZI 77 MRK1 e+ e 3.77 GeV

1868 + 11 PICCOLO 77 MRK1 e+ e 4.03, 4.41 GeV
1865 + 15 234 GOLDHABER 76 MRK1 K7r and K 3~

PERUZZI 77 and SCHINDLER 81 errors do not include the 0.13% uncertainty in the
absolute SPEAR energy calibration. TRILLING 81 uses the high precision J/@(1S) and
g(2S) measurements of ZHOLENTZ 80 to determine this uncertainty and combines the
PERUZZI 77 and SCHINDLER 81 results to obtain the value quoted. TRILLING 81
enters the fit in the D mass, and PERUZZI 77 and SCHINDLER 81 enter in the
mD+ —mD0, below.

2 Error does not include possible systematic mass scale shift, estimated to be less than 5
MeV.
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I
IBtea

—Ill taa I

The D and D are the mass eigenstates of the D meson.1 2

fOgy —mgp

The fit includes D+, D, D, D*, D*, and D* mass and mass
difference measurements.

TECN COMM EN TVAL UE (MeV}

4.78+0.10 OUR FIT
4.74+0.28 OUR AVERAGE

4.7 +0.3 SCHINDLER 81 MRK2 e+ e 3.77 GeV
5.0 6 0.8 7 PERUZZI 77 MRK1 e+ e 3 77 GeV

See the footnote on TRILLING 81 in the D and D+ sections on the mass.

D0 MEAN LIFE

VALUE(10 0 4 5 } CL % DOCUMEN T ID TECN COM MEN T

21 90 3~4 ANJOS 88C E691 Photoproduction
~ a e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 40 90 ALBRECHT 87K ARG e+ e 10 GeV

& 24 90 5 LOUIS 86 SPEC 7r W 225 GeV
&106 90 3 6 YAMAMOTO 85 DLCO e+ e 29 GeV

& 99 90 BODEK 82 SPEC 7r, pFe ~ D

Limit inferred from the D - D mixing ratio I (K+ 7r or K+ 7r 2r+ 7r (via
D ))/I (K 7r+or K 7r+7r+2r ) near the end of the D Listings.

Calculated by us using Am = (2r/(1 —r)) / Fi/4. 15 x 10 s, where r is the D -~D

mixing ratio. See the data on r = I (K+7r or K+7r 7r+7r (via ~D))/I (K 7r+or
K 7r+7r+7r ) near the end of the D Listings.

Limit inferred from the D -~D mixing ratio I (Iu, anything (via Dp))/I (p+ anything)

near the end of the D Listings.
YAMAMOTO 85 gives Dm/I & 0.44. We use I = Ti/4. 15 x 10 s.

Mode Fraction (I;/I )

I2
I3
l4

I5

f6

Inclusive modes
( 77

[a] ( 6.8
(53
(42

( 3.4

[a) & i3

e+ anything
p+ anything
K anything
K anything + K anything

K+ anything

g anything

12 )%
10 )

+4 )%
+5 )%
+06

) og—0.4
0/

Semileptonic modes

[c] ( 3.48 +0.16) %

( 3.64+0,20) o/o

( 3 23+0 19)

( 16 +1'3 )o—0.5

( 28 + )o/—0.9

( 1.34+0,22) %

I 7 K E+vg

s K- e+v,
l9 K p v~

1p K vr e+ ve

f 11 K vr e ve0

I t2 K'(892) e+ v,
x B(K* ~ Ko~ )

K'(892) E+ vr
K ~ (vr )e+v,

I ta Koa (pro) e+ v,
K*(892)o vr e+ v,

I 17 K + P,

I ta ( K*(892)rr ) p+ v&

l 19 + e+ ve

x 10

x 10

1.2

1.4

( 38 +1.2
) x 10—1.0

D0 DECAY MODES

~D modes are charge conjugates of the modes below.

Scale factor/
Confidence level

S=1.1

S=i.3

C L=90%

S=1.1
S=1.1

C L=90%

C L=90%

Measurements with an error ) 0.05 x 10 s are omitted from the aver-
age, and those with an error ) 0.1 x 10 s or that have been superseded
by later results have been removed from the Listings.

VALUE (10—12 6} EVTS DOCUMENT ID

0.415+0.004 OUR AVERAGE

0.413+0.004+0.003 16k FRABETTI 94D E687 K 7r+, K 7r+ 7r+ 7r

0.424+0.011+0007 5118 FRABETTI 91 E687 K 7r+, K 7r+7r+ 7r

0,417+0,018+0.015 890 ALVAREZ 90 NA14 K 7r+, K 7r+ 7r+ 7r

0 ~ 388 + '

p2 1 641 BARLAG 90C ACCM 7r Cu 230 GeV

0.48 +0.04 +0.03 776 ALBRECHT 88( ARG e+ e 10 GeV
0.422 + 0.008 +0.010 4212 RA A B 88 E691 Photoproduction
0.42 +0.05 90 BARLAG 87B ACCM K and 7r 200 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

TECN COMMEN T

p 34 +0 06—0.05

o.46 +—0.05
0,50 +0.07
0.61 4 0.09

p 47 -+ 0.09—0.08

0 43 + 0,07—0.05

O.37 +0'0—0.07
8 BARLAG

+0.03 58 AMENDOLIA 88 SPEC Photoproduction

145 AGUILAR-. ..

CSORNA
ABE

+0.04 317
+0 03 50

+005 74 GLADNEY

87D HYBR

87 C LEO
86 HYBR

86 MRK2

p and pp
e+ e 10 GeV

pp 20 GeV

e+e 29 GeV

+-0.01 58—0.02 US H IDA

26 BAIL EY

86B EMUL v wideband

85 SILI 7r Be 200 GeV

90C estimate systematic error to be negligible.

~

I &4
—

I op I/I taa MEAN LIFE DIFFERENCE/AVERAGE
1 2

The D and D are the mass eigenstates of the D meson.1 2

VAL UE CL% DOCUMENT ID TECN COMMENT

&0.17 9o 9» ANJOS 88C E691 Photoproduction
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.21 90 LOU IS 86 SPEC 7r W 225 GeV
&0.8 90 YAMAMOTO 85 DLCO e+ e 29 GeV
&0.55 90 BODEK 82 SPEC 7r, pFe ~ D

This limit is inferred from the Do-0 mixing ratio I (K+7r or K+7r 7r+7r (via
D ))/r(K ~+or K ~+~+& ) near the end of the D Listings.

Calculated by us using Al /I = [sr/(1+r)] /, where r is the D -D mixing ratio. See
the data on r = I (K+7r or K+7r 7r+7r (via D ))/f (K 7r+or K 7r+7r+7r )
near the end of the D Listings.
Limit inferred from the D -D mixing ratio I (p anything (via D ))/I (p+ anything)
near the end of the Dp Listings.

r23
l24
f25

l26

2S

f29

"3O

i 36

f38
f39
l40
f41
l42

l44

i 45

Hadronic modes with a K or KKK
( 3.83+0,12) %

( 2.11+0.21) %

[d] ( 5.4 6 0.4 ) %

( 1.20+0.17) %

( 3.0 +0.8 ) x 10

K- ~+
Ko~0
K'~+ ~-

Ko pp
Ko fp(980)

x B(fo ~ a+rr )
Ko f2 (1270)

x B(r, - a+~-)
Ko fo(1370)

x B(fp ~ rr+rr )
K*(892) 7r+

x B(K* ~ Koa )
Ko(1430) x+

x B(Ko(1430) ~ Korr

K ~+ vr nonresonant
K- ~+ ~0

K p+
K*(892) rr+

x B(K* ~ K 7ro)
K'(892)o ~o

x B(K'o ~ K sr+)
K x+ vr nonresonant

%0~0~0
K'(892) rr

x B(K* ~ K x )
K ~ ~ nonresonant

K- ~+~+~-
K ~+ po tota I

K sr+ pp 3-body
K'(892) p

x B(K'o ~ K rr+)
K at (1260)+

x B(aq(1260)+ ~ rr+
K'(892)err+ rr total

x B(K*o ~ K rr+)
K*(892)orr+ rr 3-body

x B(K"' K-~+)

( 2.3 +0.9 ) x 10—

( 4.3 +1.3 ) x 10

( 3.3 +0.3 ) %

( 6.4 +1.6 ) x 10

( 1.46+0.24) %

[d] (13.9 +0.9 ) %
(10.8 +1.0 ) jo

( 17 +02 )%

( 2.1 +0.3 ) %

( 69 +25 )xlp

( 1,0 +02 )%

( 78 +20 )x10
[d) ( 75 +04 )

( 63 +04 )%
( 4.7 +2.1 ) x 10

( 9.8 +2,2 )xlp

( 3.6 +0.6 ) %

( 15 +04 )%

( 9.5 +2.1 ) x 10

A fraction of the following resonance mode has already appeared above as
a submode of a charged-particle mode.

K'(892) e+ v 2 01+0 33) o

S=1.1
S=1.2

S=1.3

S=1.1
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C46

C47

C4s

C49

Cso

Csi

Cs2

Cs3

Cs4

Css
Cse
C57

Css

Ceo

C61

C64

Ces
Cee

C67

Ces

Ceg

C70

C74

C7s

C76

C79

Cso

Csi
Cs2

Cs3
I 84

C85

Cse
Cs7

Css
I sg
Cgo
I gi
C92

C93
I 94
Cgs

Cge

C97

Cgs

C99

Cioo
C101

Kt(1270) a+ Iel

x B(Kt(1270) ~ K rr+rr )
K 7r+ 7r+ 7r nanreSOnant

Ko~+ ~- 7ro [dl
KP n x B(n ~+ ~- ~P)
Korv x B(rv —+ rr+a rr )
K*(892) p+

x B(K* ~ Koa )
K'(892) p

x B(K' ~ K 7r)
Kt (1270) a + Iel

x B(Kr(1270) ~ Koa ao)
K'(892)o 7r+ a 3-body

x B(K'P Koao)
K07r+ 7r 7rO nOnreSOnant

K- 7r+ 7r07ro
K- 7r+ 7r+ ~- 7ro

K*(892)Prr+ z a P

x B(K'o ~ K a.+)
K*(892)p rl

x B(K*o ~ K rr+)
x B(rI ~ a'+a' a )

K rr+rv x B(rv ~ 7r+rr zo)
K'(892) ~

x B(K' K-~+)
x B(~ ~ 7r+7r 7ro)

Ko~+7r+ ~- ~-
Ko~+~-~P~P (~P)
Ko K+ K-

ln the fit as & I 76 + I 66, where ~C76 ——

Kog x B(P ~ K+K )
KQ K+ K non-P

K+ K K 7r+

K+ K- K07ro

( 3.6 + i.O )x10

( 1.75+0,25) /0

(10 0 + 1 2 ) %

( 1.6 +0.3 ) x 10

( 1.9 +04)%
( 4.o +i,e ) /.

)x10( 4.9 + 1.1

) x10( 5.1 +1.4

)x10( 4.7 4 1.1

(21 +21)/0
(is +5 ) %

( 4.0 +0.4 ) %

{ 1.2 +0.6 ) %

)xlo( 3.O +0.8

( 2.7 +0.5
(7

) 0/

)x10

( s.s + 1.6

(1O,e +7 3—3.0

( 9.3 +1,0
Ces

( 4.2 4 0.5

( s.o + o.s

( 9.7 +2.3
( 2.i +0.5

( 72 +48—3.5

)x10
) 0/

) x 10

)xio
)x10
)x10 4

) x iO-4

)xio

Fractions of many of the foilowing modes with resonances have already

appeared above as submodesof particular charged-particle modes. (Modes

for which there are only upper limits and K~(892) p submodes only appear
below. )

Ko 0

K p+
K (47

K g'(958)
Ko fo(980)
Kof
K a 1 (1260)+
Koa (1260)0
KP fg (1270)
Ko fp(1370)
K a, (1320)+
K*(892) a+
K"(892)
K"(892)P rr+ rr total

K'(892)P rr+ a. 3-body
K 7r+ po total

K 7r+ po 3-bOdy
K'('892) po

K*(892) p transverse
K*(892) po S-wave
K*(892) p S-wave long.
K*(892) po P-wave
K*(892)opo D-wave

K"(892) p+
K*(892) p+ longitudinal
K*(892) p+ transverse
K'(892) p+ P vvave-

K rr+ fp(980)
K*(892) fp(980)

Kt (1270) rr+

Ki (1400) 7r+

( 7.o + i.o )

( 1.20+0.17)
(10.8 + 1.0 )

( 2.1 +0.4 )
( 1.70+0.26)

( s, 7 + i.e )

( 8.5 + 1.0 )

( 7.3 + 1.1 )
1.9

x 10

0/

0/

x 10
x 10
0/

x 10

x 10
x 10

( 4.1 +1.5 )

( 6.9 +2, 1 )( 2

0/( so +04 )

( 3.1 +0.4
( 2.3 +0.5 )

( 1.42+ 0.32)

( 6.3 +0.4 )

( 4, 7 +2.1 )

( 1.47+0.33)

( 1.5 +0.5 )

( 2.8 +0.6 )
3

3

( 1.9 +0,6 }
(60 +24)
( 2.9 + i.2 )

( 3.2 + 1.8 )

x 10

'/0

x 10
x 10

0/

0/

1.5
1,1

7

[e] ( 1.06+0.29)

x 10
0/

( 1.2

S=1.2

CL=go%

C L=90%
S=1.2

CL=90%
C L =90%

CL=gO0/

C L=90%
C L=90%

C L=90%

r t pa Kt (1400)
I tpa K (1410)
I tpe Kp(1430)
I tps K&(1430) a+
I tps Ka (1430)r„,K (892)o~+~-~P
I tpa K'(892)
I 109 K 7l Cc7

I ttp K'(892)
K rr+rI (958)

K*(892) rl'(958)

Pionic modes

3,7

1.2

( 1.04+0.26)

8

4

( i.s + o.g )
( 1.9 +0.5 )

( 30 +06 )
( 1.1 +0.4 )

( 7.o + i.s )
1.1

0/

0/

0/

x 10

x 10

0/

0/

0/

x 10
x 10

C L=90%
C L =90/0

C L=90%
C L=90%

CL=9O%

I 113 7r+ 7r

I 114 7r 7rQ Q

I 115 7r+ 7r 7r

+ +
I 117 7l 7l 7l 7l 7I

iiS 7r

( 1.52+0, 11)
8.4 6 2.2 )

( 1.6 + 1.1 )

( 7.4 + 0.6 )

( i.g +o,4 )
(40 +30 )

x 10
x 10 4

0/

x 10

x 10 4

S=2.7

Hadronic modes with a KK pair

( 4.33+0.27)
1.3 +0.4 )

( 6.4 +1.0 )
1.1

I iig K K
C»0 K'K'

K K 7r+

I 122 K*(892) K
x B(K'P ~ K sr+)

K (892)+ K
x B(K*+ ~ K a+)

I 124 K K 7r+ nOnreSOnant

I 125 K K+7r
K*(892) K

x B(K*P ~ K+rr )
]27 K'(892) K+

x B(K* ~ Koa )
I 128 K K 7r nonreSOnant

I 12g K+K
I ap de+a x B(P~ K+K )

Ppo x B(P~ K+K )
I 132 K K p 3body

K'(892) K sr+

x B(K*' K+~-)
ta4 K*(892) K+ rr

x B(K*P ~ K a.+)
I 135 K*(892) K*(892)

x B (K' ~ K+ a.

K+ K 7r+ 7r non- p
I 137 K+ K 7r+ 7r nOnreSOnant

C 138 K K
I 13g K K 7r+7l 7r

x 10
x 10

x 10
x 10

( 2.3 +0.5 ) x 1O
—3

( 2.3 +2.3 ) x 10

( 4.9 +1.0 ) x 10
5 x 10

( 1.2 +0.7 ) x 10

(38 + ' )x10—1.9

[fj ( 2.58+0.28) x 10

( 5.3 +1.4 ) x 10

5.3 +1.4 ) x 10

( 9.0 +2.3 ) xio 4

( 2. 1 +0.9 ) x 10

11 +0.8 ) x 10

( 6 +2 )xio

( i.7 +0.5 ) x io —3

8 x 10 4

( 68 +27 ) x 10

( 3, 1 +2,0 ) x 10

Fractions of most of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes.

K*(892)o Ko 1.6 x 10

K*(892)+K ( 3.5 +0.8 ) x 10

K*(892) K 8 x 10 4

K'(892) K+ ( 18 +10 ) x 10

I 144 1.4 x 10

C145 2.8 x 10

C146 2, 1 x 10

C147 y + 7r ( 1.07+0.29) x 10

C148 ( 1.07+0.29} x 10
I 1 49 tlat

7r+ 7r 3-body 5 x 10

K (892) K a++ c.c.
K*(892) K ( 3.2 +1.3 ) x 10

I 152 K*(892) K ( 1.7 +1.2 ) x 10
K*(892)o K*(892)P ( i.4 +0.5 ) x iO

—3

S=1.1
C L=90%

C L =90'/0

C L=90%

C L =90%

C L =90%

C L =90%
C L =90%
C L=90%

CL=90%
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0

"154
~155
~156

I 158
~ 15'9

I 160
I 161
I 162
I 163
r164
1165
I 166
~167
I 168
I 169
~170

171

I 174
"175
~176
I 177
"178
I 179
~180
I 181
"182
I 183

Doubly Cabibbo suppressed {DC) modes,
EC = 2 forbidden via mixing C2M) modes,
EC = 1 weak neutral current (Cl }modes, or
Lepton Family number (LF}violating modes

DC ( 2.9 +1.4)x10 4

C2M & 1.9 x 10 4

DC & 14 x 10
C2M & 4 x 10 4

C2M & 4 x 10
CI 1.3 x 1O

—5

CI 7.6 x 10 6

CI 4.5 x 10
CI 1.8 x 1O

—4

CI 1.1 x 10
CI 5.3 x 10 4

CI 1.0 x 10 4

CI 2.3 x 1O
—4

CI 1,8 x 10 4

CI 8.3 x 10
CI 5.2 x 10
CI 4.1 x 10 4

[g] & 1.1 x 1Q

[g] & 2, 6 x 10

[gl & 14 x 10

[g] & 1.18 x 10
CI 8, 1 x 1O

—4

LF [h] & 19 x 10
LF [h] & 8.6 x 10
L.F [h] & 1.0 x 10
LF [h] & 4.9 x 10
LF [h] & 12 x 10
LF [h] & 34 x 10
LF [h] & 10 x 10
LF [h] & 10 x 10

K+ ~-
K+ sr (via Do)
K+~- ~+~-
K+x x+rr (via Do)

p anything (via Do)
e+ e

P
~pe+ e-
'7r p p
ye+ e
'QP
poe+ e

P
~e+e
~P P
ye+ e
4»'~+ v
Koe+e-
Ko~+ p
K*(892)o e+ e
K'(892)o p+ p
~+~ pro p+ p
p+ e+
~pe+I +
pe+ p,

~e+ p, +
ti/7 e+ P, +
K'e* p+
K"(892)o e+ pT

CL=eo%
C L=90%
CL=9O%

CL=eo%
C L=90%
C L epo/

CL 90o/

CL=90o

C L=90%
CL=eo%
CL=90%
CL=eo%
CL goo/

CL=90/o
CL=eo%
C L=90%
CL 90o/o

CL=eo%
C L=90'/o

C L=90 /o

CL=eo%
CL=90%
C L=90%
CL=90%
CL=eo%
C L=90%
C L=90%
CL=90%
CL=90%

~184 A dummy mode used by the fit. (23.8 k3.5 ) %

[a] This value is calculated from the ratio I (K p+r p)/I (p+ anything) in

these Particle Listings.

[b) This is a weighted average of D* (44%) and Do (86%) branching frac-
tions. See "D+ and Do ~ (qanything) / (total D+ and D ) under"
"D+ Branching Ratios" in these Particle Listings.

[c] This value averages the e+ and p+ branching fractions, after making a

small phase-space adjustment to the p+ fraction to be able to use it as
an e+ fraction; hence our E+ is really an e+.

[d] The branching fractions for this mode may differ from the sum of the
submodes that contribute to it, due to interference effects. See the
relevant papers.

[e] The two experiments determining this ratio are in serious disagreement.
See the Particle Listings.

[f] The experiments on the division of this charge mode amongst its sub-
modes disagree, and the submode branching fractions here add up to
considerably more than the charged-mode fraction.

[g] This mode is not a useful test for a BC=1 weak neutral current because
both quarks must change flavor in this decay.

[h] The value is for the sum of the charge states of particle/antiparticle states
indicated.

CONSTRAINED FIT INFORMATION

An overall fit to 49 branching ratios uses 114 measurements and
one constraint to determine 27 parameters. The overall fit has a

= 60.3 for 88 degrees of freedom.

Xg

Xl9

X2p

X21

X22

X23

X31

X39

X48

X57

X66

X7p

X73

X76

X82

x83

X85

Xs9

xlop

X1OS

x119
xl20

X121

X125

x141

x184

33
10

10
59

8

10
19
21

5

14

5

5

6

9

9

5

3

3

5

3

5

56

6

8

17
20

4

13

4

4

3

5

7

8

3

2

5

—29 -26

1

6

1

1

2

2

1

1

0

1

0

1

1

1

0

0

0

1

3

0

1

0

0
—6

9
24

36
8

3
18

2

16

17

13
22

31
7

1

2

7

2

5

6

14

11
11

—36

11
14

31
36

8

23

7

7

5

9
13
15

8

5

4

9

52

5

9

8

4
—40

66

18 19
4 6 11

34 51 10
3 4 7

30 46 9

58 47 11
24 37
40 60

56 84

25 19
1 1

3 5

13 20

4 5

6 8

12 17

26 39
20 30

20 30
-55 —72

12

20

44

2

2

4

24

16

—54

34 2

3 23

3 24

3 43

4 30
5 43

5 10
22 1

12 9

4 40

3 2

19 4

2 9

3 20

3 15

2 15
—31 —69

Xs Xg Xlg X2p X21 X22 X23 X31 X39 X48

X7{)

X73

22

17

X76

x82

x83

Xs5

Xsg

xlpp

X1OS

Xl 1g

x120

x121

x125

x141

X184

7

39
9

1

2

9

28

40

15

1

2

10

12

18

14

14

14

14

-25 —34 —39

X57 X66 x7O

22

31
7

1

4

17

15

—45

X73

50

12 18
1 1 1

3 4 1 3
12 17 4

3 5 10 1 1 1

5 7 8 4 2 2

10 15 4 0 1 4

24 33 8 1 2 8

18 25 6 1 2 6

18 26 6 0 2 6
—44 —66 —41 —16 —24 —35

x76 x82 x83 x85 x89 xl 00

The following off-diagonal array elements are the correlation coefficients

(bx, bx )/(b. x, bx )", in percent, from the fit to the branching fractions, x,
I, /I total. The fit constrains the x, whose labels appear in this array to sum to

one.

Xllg 5

X120 1 7

X121 2 5

x125 2 4

X141 1 2

x184 —26 —22

Xl Qs Xl 19 X120

12

12
—32

x121

—25 —24

x125 x141
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0

I (e+anything)li total
VAL UE EVTS DOCUMENT ID TECN

0.077+0.012 OUR AVERAGE Error includes scale factor of 1.1.
0.15 +0.05 AGUILAR-. .. 87E HYBR

0.075+ 0.01160.004
0.055 + 0.037

137
12

BALTRUSAIT. .95B MRK3
SCHINDLER 81 MRK2

COMMENT

n. p, pp 360, 400
GeV

e+ e 3.77 GeV
e+ e 3.771 GeV

I (K anything)/I tot, i

VALUE EVTS
0.53 +0.04 OUR AVERAGE

0.546+ 0.039—0.038
0.609 +0.032 6 0.052
0.42 +0.08
0.55 +0.11 121
0.35 +0.10 19

BARLAG 92C computes the

DOCUMENT ID TECN COMMEN T
Error includes scale factor of 1.3. See the ideogram below.

12 BARLAG 92C ACCM vr Cu 230 GeV

COFFMAN
AG UILAR-. ..
SCHINDLER
V U I L LE M IN

91 MRK3 e+ e 3.77 GeV
87E HYBR ~p, pp 360, 400 GeV
81 MRK2 e+ e 3.771 GeV

78 M R K1 e+ e 3,772 GeV

branching fraction using topological normalization.

WEIGHTED AVERAGE
0.53+0.04 (Error scaled by 1.3)

D BRANCHING RATIOS

See the "Note on D Mesons" in the D+ Listings.

Some older now obsolete results have been omitted from these Listings.

Inclusive modes

r(K- e+ ve)/r(K-e+) rs/r21
DOCUMENT ID

r(K I.+ v„-)/r(K e+)- ra/I ai
VALUE EVTS
0.84 +0.04 OUR FIT
0.84 +0.04 OUR AVERAGE
0.852+0.034J=0.028 1897 FRABETTi 950 E687 &Be E = 220 GeV

0.82 +0.13 +0.13 338 FRABETTI 93( E687 p Be E = 221 GeV'Y

0,79 +0.08 +0.09 231 CRAWFORD 91B CLEO e+ e = 10.5~~me'x

FRABETTi 950 extracts the ratio of form factors f (0)/f+(0) = —1.3+3 4
3- 0.6, and

measures a pole mass of 1.87+ ' + ' GeV/c from the q2 dependence of the decay
rate.
FRABETTi 93I measures a pole mass of 2. 1 0'3 0'3 GeV/c from the q dependence
of the decay rate.
CRAWFORD 91B measures a pole mass of 2.00 + 0.12 + 0.18 GeV/c from the q
dependence of the decay rate.

TECN COM MEN T

VAL UE EVTS
0.95 +0.04 OUR FIT
0.95 +0.04 OUR AVERAGE

0.978 4 0.027 +0,044 2510 BEA N 93C CLEO e+ e = T(4S)
0.90 +0.06 +0,06 584 15 CRAWFORD 91B CLEO e+ e = 10.5 GeV
0.91 k 0.07 k 0.11 250 A N JOS 89F E691 Photoproduction

BEAN 93C uses K @+v as well as K e+ v events and makes a small phase-spacee
adjustment to the number of the /J+ events to use them as e+ events. A pole mass of
2.00 4 0.12 4 0.18 GeV/c is obtained from the q dependence of the decay rate.
CRAWFORD 918 uses K e+ v and K fr+ v candidates to measure a pole mass ofe /4

t
2.1+0'2 0'2 GeV/c from the q dependence of the decay rate.

ANJOS 89F measures a pote mass of 2.1 ' J: 0.2 GeV/c from the q dependence—0.2
of the decay rate.

r(K fa+vp)/r(is+anything) r9/r2

0 0.2
I

0.4 0.6

x'
RLAG 92C ACCM 0.2

OFFMAN 91 MRK3 1.7
UILAR-. .. 87E HYBR 1.9
HINDLER 81 MRK2 0.0
ILLEMIN 78 MRK1 3 2

7.0
(Confidence Level = 0.135)

10.8

r4/r
VALUE EVTS

0.42 +0.05 OUR AVERAGE

0.455 +0.050+ 0.032
0.29 ~ 0.11 13
0.57 +0.26 6

DOCUMENT ID TECN COMMEN T

COFFMAN 91 MRK3 e+ e 3.77 GeV
SCHINDLER 81 MRK2 e+ e 3.771 GeV
VUILLEMIN 78 MRK1 e+ e 3.772 GeV

I (K+ anything)/I tot, i

VAL UE EVTS DOCUMENT ID TECN COMMEN T

i (K anything)/Ftotai

LI ~Kanything) + I (K anything)]/I total

VAL UE EVTS DOCUMEN T ID TECN COMMEN T

0.472d=0.051+0.040 232 KODAMA 94 E653 rr emulsion 600 GeV
o o o We do not use the following data for averages, fits, limits, etc. o o o

0.32 +0.05 +0.05 124 KODAMA 91 EMUL pA 800 GeV

DOCUMENT ID

I (K ff e+ve)/I total
VAL UE DOCUMENT ID TECN COMMENT

0.028+ ' +0.003 6 21 BAI—0.008 91 MRK3 e+ e = 3.77 GeV

1BAI 91. finds that a fraction 0.79+ ' + ' of combined D+ and D decays to

K ~ e+ ve (24 events) are K*(892)e+ v .

EVTS

I (K'(892) e+ve)/I (K a+ve) r20/rs
Unseen decay modes of the K*(892) are included.

VAL UE DOC UM EN T ID

0.55+0.09 OUR FIT
0.5160.1860.06

TECN COMM EN T

CRAWFORD 91B CLEO e+ e = 10 5 GeV

I (K srs e+ ve) /I total riP/I
VAL UE EVTS TECN COMMENT

0.016+ +0.002 4 BA I—0.005 91 MRK3 e+ e = 3.77 GeV

BAI 91 finds that a fraction 0.79 ' of combined D+ and D decays to

K~e+ ve (24 events) are K*(892)e+ ve. BAI 91 uses 56 K e+ ve events to measure
a pole mass of 1.8 + 0.3 + 0.2 GeV/c from the q dependence of the decay rate.

0.034+ ' OUR AVERAGE

p p34 I 0.007—0.005
0,028+ 0.009+ 0.004

p 03 I 0.05—0.02
0.08 6 0.03 25

BARLAG 92C computes the

13 BARLAG 92C ACCM ~ Cu 230 GeV

COFFMAN 91 MRK3 e+ e 3.77 GeV

AGUILAR-. .. 87E HYBR ~p, pp 360, 400 GeV

SCHINDLER 81 MRK2 e+ e 3.771 GeV

branching fraction using topological normalization.

Semileptonic modes

I (Ke(892) e+ve)/I (K st+st ) r20/ras

r(K'(892) f.+v&)/r+Ke+-e ) ia/ 23

Unseen decay modes of the K*(892) are included.
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.37+0.06 OUR FIT
0.3860.0660.03 152 22 BEAN 93C CLEO e+ e = T(4S)

BEAN 93C uses K* /f+ v, as well as K* e+ ve events and makes a small Phase-sPace

adjustment to the number of the p+ events to use them as e+ events.

r(K- C+ v, )/r, .„i I 7/I
We average our K e+ v and K /J+ v branching fractions, after multiplying thee
latter by a phase-space factor of 1.03 to be able to use it with the K e+ ve fraction.
Hence our E+ here is really an e+.

VAL UE DOCUMENT ID COMMENT

0.0349+0.0016 OUR AVERAGE Error includes scale factor of 1.1.
0,0364 +0.0020 PDG 96 Our C(K e+ ve)/I total
0.0333+0.0020 PDG 96 1.03 x our I (K p+ v, )/I tot~i

I (K 770(sto)e+ve)/rtotai I 14/I

This an average of the K*(892) e+ ve and K*(892) p+ v ratios. Unseen decay

modes of the K"(892) are included.
VAL UE EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,24+ 0,07 4 0.06 137 ALEXANDER 90B CLEQ e+ e 10.5—11 GeV

ALEXANDER 90B cannot exclude extra 7r 's in the final state. See nearby data blocks
for more detailed results.

r(K e ve)lrtotai
VAL UE EVTS DOCUMENT ID TECIV COMMENT

0.0364+0.0020 OUR FIT Error includes scale factor of 1.1.
0.034 +0.005 +0.004 55 ADLER 89 MRK3 e+ e 3.77 GeV

I sli VAL UE EVTS DOCUMENT ID TECN COMMEIV T

o o ~ We do not use the foliowing data for averages, fits, limits, etc. ~ ~ o

0.023+0.0 o+0 001 1 24AGUILAR ... 87F HYBR ~p, pp 360, 400 Gev—p. 006

24AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion. Does not distinguish presence of a second ~
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I pPe (eO)e+Ve)/rtotai r1slr I(K e+e )/I&»i r23/r
VALUE EVTS DOCUMENT ID TECN COMMENT

I (K'{892)On e+ve)/I (K'{892) e+ve) r18/r20
Unseen decay modes of the K4 (892) are included.

VAL UE CL% DOCUMENTID TECN COMM EN T

fs ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.64 90 CRAWFORD 91B CLEO e+ e = 10.5 GeV

The limit on (K*(892)7r) p+ v below is much stronger.

~ ~ e We do not use the following data for averages, fits, limits, etc. o ~ ~

0 ~ 079+Q Q23+0.005 3 AGUILAR-. .. 87F HYBR 7rp, pp 360, 400 GeV

AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion. Does not distinguish presence of a second x

r(K e+~-)/r(K-e+) rsslr21

VAL UE EVTS DOCUMENT ID TECN COMMENT
0.054 +0.004 OUR FIT Error includes scale factor of 1.2.
0.055 +0.005 OUR AVERAGE

0.050320.0039+0.0049 284 ALBRECHT 94F ARG e+ e = T(4S)
0.064 +0.005 +0.010 ADLER 87 MRK3 e+ e 3.77 GeV
0.052 40 016 32 SCHINDLER 81 MRK2 e+ e 3 771 GeV
0.079 +0.023 28 PERUZZI 77 MRK1 e+ e 3.77 GeV

See the footnote on the ALBRECHT 94F measurement of i (K e+)/I &o&ai for the
method used.
SCHINDLER 81 (MARK-2) measures cr(e+ e ~ g(3770)) x branching fraction to
be 0.30 + 0.08 nb. We use the MARK-3 (ADLER 88C) value of f7 = 5.8 + 0.5 + 0.6 nb.
PERUZZI 77 (MARK-1) measures o.(e+ e ~ Q(3770)) x branching fraction to be
0.46 + 0.12 nb. We use the MARK-3 (ADLER 88C) value of FT = 5.8 4 0.5 + 0,6 nb.

I(K m+e I+v„)/I(K f+v„)
VAL UE

&0.037
CL%

90

DOCUMENT ID

KODAMA

I ((K'(892)n) I+vv)/I (K I+vv)

TECN COMMENT

r„/r9

rls/r9

93B E653 7r emulSiOn 600 GeV

TECN COMMEN T

FRABETTI 94J E687 p Be E =220 GeV

AVERY 80 SPEC p N ~ D+
PICCOLO 77 MRK1 e+ e 4.03, 4.41 GeV

35
116

1.7 +0.8
2.8 + 1.0

VALUE EVTS DOCUMENT ID

1.41+0.11 OUR FIT Error includes scale factor of 1.2.
1.65+0.17 OUR AVERAGE
1.61 +0.10+0.15 856

CL%VAL UE DOCUMENT ID TECN COMMENT

(0.043 90 KODAMA 93e E653 ~ emulsion 600 GeV

KODAMA 93B searched in K ~+ ~ p+ v, but the limit includes other (K~(892) 7r)
charge states.

I (n e+ve)/rtotai
VAL UE EVTS DOCUMENT ID TECN COMMEN T

0.0038+ ' OUR FIT—0.0010

0 0039+ ' +0.0004 7 28 ADLER—0.0011 89 MRK3 e+ e 3 77 GeV

28 This result of ADLER 89 gives
~

cd, + I' =- O O57 '."' + O OO5
f"(0) 2

Vc s f (0)
' —0.015

r(w e+v, )/r(K-e+v, ) r19/rs
VALUE EVTS DOCUMENT ID TECN COMMEN T

0 105+ OUR FIT—0.028
0.103+0.03960.013 95 CLED &0.156(90% CL)

BUTLER 95 has 87+33 n e+v events. The result gives " + =0.052+v f (0)
e fK(o)

0.020 + 0.007.

87 BUTLER

Hadronic modes with a K Or KKK

r(K &+)/r1ogai r21/r
DOCUMENT ID

r(K ~0)/r(K-~+)
VALUE EVTS DOCUMENT ID

0.55+0.06 OUR FIT Error includes scale factor of
1.36+0.23+0.22 119 AN JOS

r(K ~0)/r(K~+~-)

TECN COMMENT

r22/r21

1.1.
92e E691 p Be 80—240 GeV

r22/r23

VAL UE

0.0383+0.0012 OUR FIT
0.0386+0.0014 OUR AVERAGE

0.045 +0.006 +0.004 ALBRECHT 94 ARG e+ e = T(4S)
0.0341+0.0012+0.0028 1173 1ALBRECHT 94F ARG e+ e T(4S)
0.0391+0,0008+0.0017 4208 AKERIB 93 CLEO e+ e = T(4S)
0.0362 + 0.0034 + 0,0044 DECAMP 91) ALEP From Z decays
0.045 +0.008 +0.005 56 31 ABACHI 88 HRS e+ e 29 GeV
0.042 +0.004 40.004 930 ADLER 88C MRK3 e+ e 3.77 GeV
0.041 +0.006 263 SCHINDLER 81 MRK2 e+ e 3.?71 GeV
0.043 60.010 130 PERUZZI 77 MRK1 e+ e 3.77 GeV

0ALBRECHT94usesD mesonsfromB D*+7 vfdecays. ThisisadifFerentser
of events than used by ALBRECHT 94F.
ABACHI 88, DECAMP 91j, AKERIB 93, and ALBRECHT 94F use D*(2010)+
D ~~ decays. The ~+ is both slow and of low pT with respect to the event thrust0

axis (= D*+ direction). The excess number of such ~+'s over background gives the
number of D*(2010)+ ~ D ~+ events, and the fraction with D ~ K 7r+ gives
the Do ~ K ~+ branching fraction.
Radiative corrections increase this AKERIB 93 value to 0,0395 + 0.0008 + 0.0017.
SCHINDLER 81 (MARK-2) measures o(e+ e ~ g(3770)) x branching fraction to
be 0.24 + 0.02 nb. We use the MARK-3 (ADLER 88C) value of o- = 5.8 4 0.5 + 0.6 nb.
PERUZZI 77 (MARK-1) measures a(e+ e ~ g(3770)) x branching fraction to be
0.25 + 0.05 nb. We use the MARK-3 (ADLER 88C) value of FT = 5.8 4 0.5 + 0.6 nb.

l(K po)/I(K 8+m ) r24/r23
VALUE

0.223+0.027 OUR AVERAGE
0.350+0.028+ 0.067

COM MEN TDOCUMENT ID TECN

Error includes scale factor of 1.2.
FRABETTI 94G E687 pBe, E = 220 GeV

e+e = 10 GeV
pBe 90-260 GeV
pBe E = 221 GeV

e+ e 3.77 GeV

ALBRECHT
ANJOS
FRA 8ETTI
ADLER

0.227 4 0.032 +0.009
0.215 4 0.051+0.037
0.20 +0.06 +0.03

93D ARG
93 E691
92B E687

0.12 + 0,01 +0.07

r(K fO(980))/I (K 8+m' )

87 MRK3

r78/r23
Unseen decay modes of the fo(980) are included.

DOCUMENT IDVAL UE

0.105+0.029 OUR AVERAGE
0.131+0.031+0.034

0.088+ 0.035 +0,012

TECN COMMENT

FRABETTI 94G E687 pBe, E = 220 GeV

ALBRECHT 93D ARG e+ e = 10 GeV

I (K f2(1270))/I (K w+n ) I 79/I 23
Unseen decay modes of the f2(1270) are included.

DOCUMENT ID TECN COMMENTVAL UE

0.076+0.028 OUR AVERAGE
0.065+ 0.025+ 0.030 FRABETTI 94G E687 p Be, E = 220 GeV

ALBRECHT 93D ARG e+ e = 10 GeV0.088 +0.037+0.014

I (K fo(1370))/I (K a+ n ) rsa/r23
Unseen decay modes of the fp(1370) are included.

VAL UE DOCUMENT ID

0.13 +0.04 OUR AVERAGE
0.123+ 0.035+0.049

TECN COMMEN T

FRABETTI 94G E687 p Be, E = 220 GeV

ALBRECHT 93D ARG e+ e = 10 GeV0.131+0.045 4 0.021

I (Ke(892) x+)/I (K n+n ) I 82/I 23
Unseen decay modes of the K*(892) are included.

VALUE EVTS DOCUMENT ID

0.93 +0.04 OUR FIT Error includes scale factor of 1.1.
0.96 +0.04 OUR AVERAGE
0,938 4 0.054 4 0.038

TECN COMMENT

FRA BETTI

ALBRECHT
ANJOS
F RA BETTI

ADLER

94G E687

93D ARG
93 E691
92e E687

pBe, E = 220 GeV

e+e = 10 GeV

y Be 90—260 GeV
pBe E = 221 GeV

e+ e 3.77 GeV

1.08 +0.063+0.045
0.720 4 0.145+0.185
0.96 +0.12 +0.075

87 MRK30.84 +0.06 +0.08

1 p5 +0.23 +0.07—0.26 —0.09 SCHINDLER 81 MRK2 e+ e 3.771 GeV25

r(Ko{1430)-~+)/r(K ~+~-) rlo4/r23

VALUE

0.19 +0.05 OUR AVERAGE
0.176j0.044+ 0.047

0.208 + 0.055 +0,034
p Be, E = 220 GeV

e+e = 10 GeV

FRABETTI 94G E687

ALBRECHT 93D ARG

I (K2(1430) m+)/I (K n+ w )
Unseen decay modes of the K2(1430) are included.

CL% DOCUMENT ID TECN

90 ALBRECHT 93D ARG

VAL UE

g0.15

r105/r23

COMMENT

e+e = 10 GeV

Unseen decay modes of the Ko(1430) are included.

DOCUMENT ID TECN COM MEN T

DOCUMENT IDVALUE EVTS

0.390+0.031 OUR FIT
0.378+0.033 OUR AVERAGE
0 44 +0 02 +0 05 1942 PROCARIO
0 34 +0 04 60 02 92 ALBRECHT
0.36 +0.04 +0.08 104 KINOSHITA

This value is calculated from numbers in Table 1

TECN COMMEN T

93B CLEO e+ e 10.36—10.7 GeV
92P ARG e+ e = 10 GeV
91 CLEO e+ e 10.7 GeV

of ALBRECHT 92P.

I(K m+w nonresooant)/I(K n+w ) I M/r23
VAL UE

0.27 +0.04 OUR AVERAGE
0.263 +0.024+0.041
0.26 +0.08 +0.05

0.33 +0.05 +0,10

DOCUMENT ID TECN COMMENT

ANJOS 93 E691 p Be 90—260 GeV
F RA BETTI 92B E687 p Be E = 221 GeV

ADLER 87 MRK3 e+ e 3.77 GeV
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I 31/I

I (K st+sfo)/I-(K —st+) r31lr21
TECN COM M EN TVALUE EVTS DOCUMENT ID

3.62+0.24 OUR FIT Error includes scale factor of 1.4.
3.47+0.30 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below.

3.81 +0.07+ 0.26 10k BABISH 96 CLEO e+ e = T(4S)
3.04+ 0.16+0.34 931 ALBRECHT 92P ARG e+ e = 10 GeV

4.0 +0.9 + 1.0 69 ALVAREZ 91B NA14 Photoproduction

2.8 +0.14+0.52 1050 KINOSHITA 91 CLEO e+ e 10.7 GeV

4.2 + 1.4 41 SUMMERS 84 E691 Photoproduction

This value is calculated from numbers in Table 1 of ALBRECHT 92P.

WEIGHTED AVERAGE
3.47+0.30 (Error scaled by 1.5)

Values above of weighted average, error,
ale factor are based upon the data in

ogram only. They are not neces-
he same as our 'best' values,
ed from a least-squares constrained fit

g measurements of other (related)
Ies as additional information.

0 2 4

r(K-~+~0)/r(K-~+)

x'
96 C LEO 1.6
92P ARG 1.3
91B NA14 0.2
91 CLEO 1.5
84 E691 0 3

4.9
(Confidence Level = 0.300)

10

. BARISH
- ALBRECHT
- ALVAREZ
. KINOSHITA
. SUMMERS

I (K sr+ten)/I totai
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.139+0.009 OUR FIT Error includes scale factor of 1.3.
0.131+0.016 OUR AVERAGE

0.133+0.012+0.013 931 ADLER 88C IVIRK3 e+ e 3.77 GeV

0.117+0.043 37 SCHINDLER 81 MRK2 e+ e 3?71 GeV

SCHINDLER 81 (MARK-2) measures o(e+ e ~ 3/7(3770)) x branching fraction to
be 0.68+ 0.23 nb. We use the MARK-3 (ADLER 88C) value of o = 5.8+ 0.5+ 0.6 nb.

res/raar(K'(892)o no) /r~K ~0)
Unseen decay modes of the K*(892) are included.

VALUE EVTS DOCUMENT ID TECN COMMENT

1.49+0.23 OUR FlT Error includes scale factor of 1.1.

1.65+0 39+0.20—0.31 122 PROCARIO 93B CLEO K vr ~ Dalitz plot

I (Ks(1430)o 0) /r (K (892)0 0)
Unseen decay modes of the K*(1430) and K*(892) are included.

2
VALUE CL% DOCUMENT ID TECN COMMENT

&0.12 90 PROCARIO 93B CLEO ~K ~ ~ Dalitz plot

r106/rss

I ~Ksrosro nonresonant)lI +Keen) rss/raa
VAL UE

0.37+0.08+0.04

EVTS

76

DOCUMENT ID TECN COMMENT

PROCARIO 93B CLEO K ~ Tr DalitZ plOt

N/EIGHTED AVERAGE
0.075+0.006 (Error scaled by 1.3)

ues above of weighted average, error,
scale factor are based upon the data in

ideogram only. They are not neces-
y the same as our 'best' values,
ined from a least-squares constrained fit

zing measurements of other {related}
ntities as additional information.

r(K- n+ ~+ ~-) /r, .„„

VALUE EVTS DOCUMENT ID TECN COMMEN T

0.075 +0.004 OUR FIT Error includes scale factor of 1.1.
0.075 +0.006 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram

below.
0.079 +0.015 *0.009 41 ALBRECHT 94 ARG e+ e = T(4S)
0.0680+0.0027+0 0057 . 1430 " ALBRECHT 94F ARG e+e = T(4S)
0.091 +0,008 +0.008 992 ADLER 88C MRK3 e+ e 3.77 GeV

0.117 +0.025 185 43 SCHINDLER 81 MRK2 e+ e 3,771 GeV

0.062 +0.019 44 44 PERUZZI 77 MRK1 e+ e 3.77 GeV

ALBRECHT 94 uses D mesons from 8 — D +7 vf decays. This is a different set
of events than used by ALBRECHT 94F.
See the footnote on the ALBRECHT 94F measurement of i IK rr+)/I torsi for the
method used.
SCHINDLER 81 (MARK-2) measures f7(e+ e ~ g(3770)) x branching fraction to
be 0.68 + 0,11 nb. We use the MARK-3 (ADLER 88C) value of a = 5.8 + 0.5 + 0.6 nb.

44PERUZZI 77 (MARK-1) measures fT(e+ e ~ Q(3770)) x branching fraction to be
0.36 + 0.10 nb, We use the MARK-3 (ADLER 88C) value of o. = 5.8 4 0.5 + 0,6 nb.

0 31 +0 ~ 20—0.14
+0.11 +0.09—0.15 —0.10

13

31

r (K- P+)/r (K- n+ ~0)
VAL UE EVTS

0.78 +0.05 OUR AVERAGE

0.765 + 0,041 + 0.054

0.647+ 0.039+0, 150
0,81 + 0.03 + 0.06
~ o o We do not use the following

DOC UM EN T ID TECN COMMEN T

rsa/I 31

FRABETTI 94G E687

AN JOS 93 E691
ADLER 87 MRK3

data for averages, fits, limits,

p Be, E = 220 GeV

pBe 90—260 GeV
e+ e 377 GeV

etc. a ~ ~

SUMMERS 84 E691 Photoproduction

SCHINDLER 81 MRK2 e+ e 3.771 GeV

0.05 0. 1 0.15

ALBRECHT
ALBRECHT
ADLER
SCHINDLER
PER UZZI

0.2

x'
94 ARG 0 1

94F ARG 1.2
88C MRK3 2.0
81 MR K2 2.8
77 MR K1 0.5

6.6
(Confidence Level = 0.160)

0.25

r(K'(892) 3+)/I (K fr+are) I ea/rst
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMENT ID

0.362+0.035 OUR FIT Error includes scale factor of 1.3.
0.28 +0.04 OUR AVERAGE

0,444 k 0.084 +0.147

0.252 k 0.033' 0.035
0.36 + Q. 06 i 0.09

TECN COMM EN T

FRABETTI 94G E687 p Be, E = 220 GeV

ANJOS 93 E691 p Be 90—260 GeV

ADLER 87 MRK3 e+ e 3 77 GeV

I (K (892) )/I (K +
)

Llnseen decay modes of the K*(892) are included.
VALUE DOCUMENT ID

0.227+0.027 OUR FIT
0.221+0.029 OUR AVERAGE
0.248+ 0.047 +0.023
0.213+0.027 2 0.035
0.20 + 0.03 +0.05

I ss/r31

TECN COMMEN T

FRABETTI 94G E687 pBe, E = 220 GeV

ANJOS 93 E691 pBe 90—260 GeV

ADLER 87 MRK3 e+ e 3.77 GeV

COM MEN T

rss/rs1

pBe, E = 220 GeV

y Be 90—260 GeV
e+ e 3.77 GeV
etc. ~ ~ ~

Photoproduction

I (K sr+ 3 nonresonant)/I (K sr+ sro)
VALUE EVTS DOCUMENT ID TECN

0.049+0.018 OUR AVERAGE Error includes scale factor of 1.1.
0.1014 0.033+0.040 FRABETTI 94G E687

0.036+0.004+ 0,018 ANJOS 93 E691
0.09 + 0.02 + 0.04 ADLER 87 MRK3
o ~ ~ We do not use the following data for averages, fits, limits,

0.51 +0.22 21 SUMMERS 84 E691

r(K- + + —)/r„„i
r(K- ~+~+n-)/r (K- ~+)
VAL UE EVTS

1.97+0.10 OUR FIT
2.01+0.13 OUR AVERAGE

1.7 +0.2 +0,2 1745
1.90 +0.25+0.20 337
2.12 + 0.164 0.09
2.0 4 0.9 48
2.17k 0.28+ 0.23
2.0 + 1.0
2.2 + 0.8

10
214

DOCLIMENT ID TECN COM ME/V T

r39/r31

ANJOS 92C E691
ALVAREZ 91B NA14

BORTOLETTO88 CLEO
BAILEY 86 ACCM

ALBRECHT 85F ARG

BAILEY 83B SPEC
PICCOLO 77 MRK1

q Be 90-260 GeV
Photoproduct ion

e+ e 10.55 GeV

Be fixed target
e+ e 10 GeV

7r Be ~ 00

e+ e 4.03, 4.41 GeV

r{K-++pototaI)/r(K x+n+n ) r40/r39
This includes K a1(1260)+, K*(892) p, etc. The next entry gives the specifically
3-body fraction. We rely on the MARK III and E691 full amplitude analyses of the
K ~+~+a- channel for values of the resonant substructure.

VALUE DOCUMENT ID TECN COMMENT

0.835+0.035 OUR AVERAGE

0.80 +0.03 +0.05 ANJOS 92C E691 pBe 90—260 GeV

0.855+ 0.032+ 0.030 COFFMAN 92B MRK3 e+ e 3.77 GeV

e e e We do not use the following data for averages, fits, limits, etc. ~ o o

0.98 +0.12 + 0.10 ALVAREZ 91B NA14 Photoproduction
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I (K tr+po3-body)/I (K a+s+tr ) I 41/I sg r(K'(1410) tr+)/I tatai I Ms/r
We rely on the MARK III and E691 full amplitude analyses of the K rr+~+rr
channel for values of the resonant substructure.

VALUE EVTS DOCUMENT ID TECN COMMEN T
0.063+0.028 OUR AVERAGE
0,05 +0.03 4 0.02 ANJOS 92C E691 p Be 90—260 GeV

0,084 +0,022+0.04 COFFMAN 92B MRK3 e+ e 3,77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.77 2 0.06 +0.06 ALVAREZ 91B NA14 Photoproduction

O.85 +0'1—0.22 180 PICCOLO 77 M RK1 e+ e 4.03, 4.41 GeV

This value is for p (K sr+)-nonresonant. ALVAREZ 91B cannot determine what frac-
tion of this is K a1(1260)+.

I (K (892)ops)/I (K tr+a'+s' ) I I/rsg

I (K'(892)o potransverse)/I (K tr+tr+a ) rsg/rsg
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMEIV T ID

0.20 +0.07 OUR FIT
0.213+0.024+ 0.075

TECN COM MEN T

COFFMAN 92B MRK3 e+ e 3.77 GeV

I (K (892) po S-wave)/I (K tr+tr+tr ) rgo/r»
Unseen decay modes of the K*(892) are included.

DOCUMENT ID

AN JOS
TECN COM MEN T

92C E691 pBe 90—260 GeV

VAL LIE

0.375+0.045+0.06

I (K'(892) p S-wave long. )/I t ta~

Unseen decay modes of the K*(892) are included.
CL% DOCUMENT ID TECN COMM EN T

90 COFFMAN 92B MRK3 e+ e 3.77 GeV

VAL UE

g0.003

I (K'(892)o po P-wave)/I tatai
Unseen decay modes of the K*(892)o are included.

VAL UE CL% DOCUMEIV T ID TECN COMMEN T

g0.003 90 COFFMAN 92B MRK3 e+ e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o o

&0.009 90 ANJOS 92C E691 pBe 90—260 GeV

rgt/r

I (K'(892) p Dwave)/I (K s-+tr+tr ) rgslrsg
Unseen decay modes of the K*(892)o are included.

DOCUMENT ID

ANJOS

TECN COMMENT

92C E691 pBe 90—260 GeV

VAL UE

0.255 +0.045+0.06

Unseen decay modes of the K*(892) are included. We rely on the MARK III and

E691 full amplitude analyses of the K rr+rr+ ~ channel for values of the resonant
substructure.

VAL UE EV TS DOCUMENT ID TECN COMMEN T

0.195+0.03+0.03 A N J OS 92C E691 p Be 90—260 GeV
o ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,34 +0.09+0.09 ALVAREZ 91B NA14 Photoproduction
0.75 +0.3 5 BAILEY 83B SPEC rr Be ~ D

015 +—0.15 20 PICCOLO 77 MRK1 e+ e 4.03, 4.41 GeV

VAL UE

(0.012
CL%

90
DOCUMENT ID TECN COMMENT

COFFMAN 92B MRK3 e+ e 3.77 GeV

I (K'(892)err+a total)/I (K a+tr+tr ) rsa/rsg

VAL UE

0.30+0.06+0.03
TECN COMMENT

92C E691 p Be 90—260 GeV

I (K (892)otr+a. 3-body)/I (K tr+tr+a. )
Unseen decay modes of the K*(892) are included.

DOCUMENT ID TECh/ COMMENTVAL UE

0.19 +0.04 OUR FIT
0.18 +0.04 OUR AVERAGE
0.165+0.03 +0.045
0,210 +0.027 +0.06

ANJOS 92C E691 pBe 90-260 GeV
COFFMAN 92B MRK3 e+ e 3.77 GeV

res/rsg

I (K a+ fo(980})/I tata] I gs/I
VAL UE

&0.011
CL%

90
DOCUMENT ID TECN COMMENT

ANJOS 92C E691 p Be 90—260 GeV

I (K tr+tr+rr —nonresonant)/I (K tr+a+a. )
VAL UE DOCUMENT ID

0.233+0.032 OUR AVERAGE
0.23 + 0.02 +0.03
0.242 +0,025 +0.06

rar/r»
TEChl COMMENT

ANJOS 92C E691 p Be 90—260 GeV
COFFMAN 92B MRK3 e+ e 3.77 GeV

I ~Ktr+tr tr )/I t t J

DOCUMENT ID TECN COMMEN TVAL UE EVTS

0.100+0.012 OUR FIT
0.103+0.022+0.025 140 COFFMAN 92B MRK3 e+ e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

() 134-l-0.032
—0.033 BARLAG 92C ACCM rr Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

ras/r

I (K tr+tr trO)/I (K tr+tr )
VAL UE

1.85+0.20 OUR FIT
1.86+0.23 OUR AVERAGE

1.80 + 0, 20 +0,21 190 47 ALBRECHT
2.8 +0.8 +0.8 46 ANJOS
1.85 + 0.26 +0.30 158 K IN OS H I TA

This value is calculated from numbers in Table 1

DOCUMEN T IDEVTS

ran)/r(K-~+)
Unseen decay modes of the q are included.

VALUE CL% DOCUMENT ID

TECN COMMENT

r4s/ras

92P ARG e+ e = 10 GeV
92c E691 p Be 90—260 GeV
91 CLEO e+ e 10.7 GeV

of ALBRECHT 92P.

rro/r21

TECN COMM EN T

~ o We do not use the following data for averages, fits, limits, etc. o o o

&O.64 90 ALBRECHT 890 ARG e+ e 10 GeV

ran)/r(K mo) rro/rss

This includes K*(892) p, etc. The next entry gives the specifically 3-body fraction.
Unseen decay modes of the K*(892) are included.

DOCUMENT ID

ANJOS

I (K (892) fo(980))/I tatat

I (K at(1260)+)/I (K a+tr+tr )
Unseen decay modes of the a1(1260)+ are included.

DOC UM EN T ID TECN COMM EN TVALUE

0.97 +0.14 OUR AVERAGE
0.94 90.13 +0.20
0.984 +0.048 +0.16

ANJOS 92C E691 pBe 90-260 GeV

CQFFMAN 92B MRK3 e+ e 3.77 GeV

Unseen decay modes of the K*(892) and f~(980) are included.

VAL UE CL% DOCUMENT ID TECN COMMENT

&0.007 90 ANJOS 92C E691 p Be 90—260 GeV

I gg/I
Unseen decay modes of the r) are included.

VALUE EVTS DOCLIMENT ID

0.33+0.04 OUR FIT
0.32+0.04+0.03 225

TECN COMMENT

PROCARIO 93B CLEO q ~

r(Wn)/r~K~+ ~-)
TECN COMMEIV T

PROCARIO 93B CLEO r) rr+ rr

Unseen decay modes of the rI are included.
VALUE EVTS DOC UMEN T ID

0.130+0.017 OUR FIT
0.14 +0.02 +0.02 80

rro/ras

rrslrst

I (K as(1320) )/I tata~
Unseen decay modes of the a2(1320)+ are included.

VALUE CL% DOCUMENT ID TECN

&0.002 90 ANJOS 92C E691
~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

p Be 90—260 GeV
eic. ~ ~ ~

rst/r

&0.006 90 COFFMAN 92B MRK3 e+ e 3,77 GeV

I (Kt(1270} tr+)/I (K tr+tr+tr ) I too/rsg
two experiments disagree

TECN COMMENT

e+ e 3,7? GeV
etc. ~ ~ ~

pBe 90-260 GeV

I (Kt(1400) tr+) /rtotai

Unseen decay modes of the K1(1270) are included. The
considerably here.

VALUE CL% DOCUMEhIT ID

0.14 +0.04 OUR FIT
0,194+0.056+0.088 COFFMAN 92B MRK3

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.013 90 ANJOS 92C E691

Unseen decay modes of the ~ are included.
VALUE DOCUMENT ID

0.54+0.10 OUR FIT
1.00+0.36+0.20

TECN COMMEN T

ALBRECHT 89D ARG e+ e 10 GeV

r (KKt ~)/r (KKt ~+~-) rrs/I ss

r~K~)/r~K~+~-~o) rrs/ras
Unseen decay modes of the ~ are included.

VALUE DOCUMENT ID

0.21 +0.04 OUR FIT
0.220+ 0.048+0.0116

TECN COM MEN T

COFFMAN 92e MRK3 e+ e 3.77 GeV

Unseen decay modes of the ur are included.
VALUE EVTS DOCUMENT ID TECN COM MEN T
0.38+0.07 OUR FIT
0.33+0.09 OUR AVERAGE Error includes scale factor of 1.1.
0.29 +0.08 +0.05 16 48 ALBRECHT 92P ARG e+ e = 10 GeV

0.54+ 0.14+0.16 40 KINOSHITA 91 CLEO e+ e 10.7 GeV

This value is calculated from numbers in Table 1 of ALBRECHT 92P.

VALUE

&0.012
CL%

90

DOCUMEIVT ID TECN COMM EN T

COFFMAN 92B MRK3 e+ e 3.77 GeV
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r (KKl0'(958)) /r ~K ~+~-)
Unseen decay modes of the r/'(958) are included.

DOCUMEN T /D TECN COMMEN T

0.32+0.04 OUR AVERAGE
00.31+0.02+ 0.04 PROCARIO 93B CLEO r/ —+ err rr, p594

49 ALBRECHT 92P ARG e+ e = 10 GeV0.37+0.13+0.06 18

This value is calculated from numbers in Table 1 of ALBRECHT 92P.

Unseen decay modes of the K*(892} are included.
DOCUMENT ID TECN COMMENTVALUE

0.606+0.188+0.126 COFFMAN 92B MRK3 e+ e 3.77 GeV

I (K'(892) p+ lonllitodinal)/I (K tr+tr tr )+ — 0 rss "as
Unseen decay modes of the K*(892) are included.

DOCUMENT ID TECN COMMENTVAL UE

COFFMAN 92B MRK3 e+ e 3.77 GeV0.29060.111

95/ras

rra/r23

I (K'(892) p+ transverse)/I (K tr+tr rr )+ — 0 I

Unseen decay modes of the K*(892) are included.
DOCUMENT ID TECN COMMENT

COFFMAN 92B MRK3 e+ e 3.77 GeV

VAL UE

0.31760.180

r (K'(892) p+ P'-tvave) /r total
Unseen decay modes of the K*(892) are included.

DOCUMENT ID TECN COMMENTVAL UE CL%

g0.01.5 90 COFFMAN 92B MRK3 e+ e 3.77 GeV

h K*(892) P-wave limits and isospin relations.Obtained using ot er
& p

r(K (892)OpOtranSVerae)/I (K tr+3 rrO)

Unseen decay modes of the K*(892) are included.
DOCUMENT ID TECN COMMENTVAL UE

0.15 +0.06 OUR FIT
0.12660.111

I sr/I

rsa/ras

COFFMAN 92B MRK3 e+ e 3.77 GeV

I (K a1(1250) )/I total
Unseen decay modes of the a1(1260} are included.

CL% DOCUMENT ID TECN COMMENTVAL UE

(0.019 90 COFFMAN 92B MRK3 e+ e 3.77 GeV

I (K1(1270) tr+)/I (K tr+tr rro)
Unseen decay modes of the K1(1270) are included.

DOCUMENT ID TECN COMMENTVAL UE

0.106+0.028 OUR FIT
0.10 +0.03

I 1M/ras

COFFMAN 92B MRK3 e+ e 3.77 GeV

I (K (1400)oao)/rt
CL% DOCUMENT ID TECNVAL UE

&0.037 90 COFFMAN 92B MRK3

I (K'(892)0tr+tr 3-body)/I (K tr+x tro)
Unseen decay modes of the K*(892} are included.

DOCUMENT ID TECNVAL UE

1.1.0.14 +0.04 OUR FIT Error includes scale factor of
0.191+0.105 COFFMAN 92B MRK3

I (K tr+tr trononresonant)/I (K tr+9 pro)
DOCUMENT ID TECNVAL UE

0.210+0.147+0.150 COFFMAN 92B MRK3

COMMENT

e+ e 3.77 GeV

rto2/r

rss/ras

COMM EN T

e+ e 3.77 GeV

rss/ras
COMMENT

e+ e 3.77 GeV

rss/r

DOCUMENT ID

I Br/I 39

KINOSHITA 91 CLEO e+ e —10.7 GeV

ANJOS 90D E691 Photoproduction

I (K ++groan)/It, t, l

DOCUMENT /D TECN COMMENTVAL UE

K3 e+ e 3.77 GeV037+0.030 24 51 ADLER 88c MRK3 e e0.149+0.
i s limits, etc. ~ ~ ~~ ~ ~ We do not use the following data for averages, fits, i

BAR LAG 92c ACC M rr Cu 230 GeV0.177+0.029

0.209+ ' +0.012 9.074 AGLIILAR-. .. 87F HYBR rrp, pp 360, 400 GeV—0.043

hod findin this decay channel opposite51 ADLER 88C uses an absolute normalization rnetho i
'

g
D ~ K+ rr in pure D D events.a detected

m ute the branching fraction using topo-AGUILAR-BENITEZ 87F and BARLAG 92C compu e e a

logical normalization. They do not distinguish the presence of a third rr, and thus are
-not included in the average.

r(K- ~+ ~+~-~0) /r(K- ~+)
VAL UE EVTS
1.06+0.10 OUR FIT
0.98+0.11+0.11 225 ALBRECHT 92P ARG e+ e = 10 GeV

This value is calculated from numbers in Table 1 of ALBRECHT 92P.

DOCUMENT ID TECN COMMENTVALUE EVTS
0.54+0.05 OUR FIT
0.56+0.07 OUR AVERAGE

0.55+ 0,0?+ 167

0.57 + 0.06 +0.05 180

I (R (892)err+9 tro)/r(K rr+tr+x trs)
Unseen decay modes of the K*(892)0 are included

DOCUMENT ID

ANJOS

rtor/rsr

VAL UE

0.45+0.15+0.15
TECN COMMEN7

90D E691 Photoproduction

I (K'(892) rl)/I (K +)
Unseen decay modes of the K*(892) and r) are included.

VAL UE EVTS DOCUMEN T ID TECN COM MEN T
0.49+0.12 OUR FIT

0.58+0.19+028 46

I 103/I 21

KINOSHITA 91 C LEO e+ e 10.7 GeV

r(K (892)Otr)/r(K tr+trO)
Unseen decay modes of the K*(892) and r/ are included.

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.134+0.034 OUR FIT
0.13 +0.02 +0.03 214

ries/r31

PROCARIO 93B CLEO K* r/ —+ K 7r+ /y p

I 109/I 21r(K ~+~)/r(K ~+)
Unseen decay modes of the ~ are included.

EVTS DOCUMEN T ID TECN COM MEN TVAL UE

0.?8+0.12+0.10 99 54 ALBRECHT 92P ARG e+ e = 10 GeV

54This value is calculated from numbers in Table 1 of ALBRECHT 92F.

I (K'(892) lo) /I (K n+)
Unseen decay modes of the K*(892) and ~ are included.

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.28+0.11+0.04 17 ALBRECHT 92P ARG e+ e = 10 GeV

This value is calculated from numbers in Table 1 of ALBRECHT 92P.

Unseen decay modes of the K*(892) and ~ are included.
VAL UE CL%

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ o ~

ANJOS 90D E691 Photoproduction&0.44 90
56 Recovered from the published limit, l (K ( } ~ total,892 ur I, in order to make our nor-

m alization consistent.

I (K tr+ 1I'(958))/I (K tr+ tr+ tr )
Unseen decay modes of the q'(958) are included.

VAL UE EVTS DOC UMEN T ID

0.093+0.01460.019 286 P R OCA Rl 0

I (K (892) rl'(958))/I (K +rl'(958))
Unseen decay modes of the K*(892) are included.

VAL UE CL oy0 DOCUMENT ID TECN

g0.15 90 PROCARIO 93B CLEO

r+K~+~+~-~-)/r~K~+~-) rs2/r23
DOCUMENT /D TECN COMMENTVAL UE

. . See the ideogram below.0.10?+0.029~ OUR AVERAGE Error includes scale factor of 1.8. See e i g
0.07 +0,02 +0.01 11 ALBRECHT 92P ARG e+ e = 10 GeV

56 AMMAR 91 CLEO e+ e = 10.5 GeV0.149+0.026
0.18 +0.07 +0.04 6 ANJOS 90D E691 Photoproduction

This value is calculated from numbers in Table 1 of AL BRECHT 92P.

rile/r21

TECN COM MEN T

+ — 093B CLEO q ~ err+ rr, p

WEIGHTED AVERAGE
0.107+0.029 (Error scaled by 1.8)

-01 0 01 02 03

r(K ~+~+~ m )/I (K'~+~ )

x'
92P ARG 2.7
91 CLEO 2 6
90D E691 0.8

6.2
(Confidence Level = 0.046)

0.5

LBRECHT
MMAR
NJOS

I

0.4

t 63/lI K tr+3' 9'os'0(xo))/I t t l

VAL UE EVTS DOCUMENT ID TECN COMMENT

OI 106+0'029 +0+006 40.073 AGUILAR-. .. 87F HYBR rr p, pp 360, 400 GeV

AGIJILAR-BENITE2 87F computes the branching fraction '
g p g'ion usin to ological normaliza-

tion and does not distinguish the presence of a third rrr
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0

r~vK+K )l-r(K ~+~ )-
VALUE E IITS

0.172+0.014 OUR FIT
0.178+0.019 OUR AVERAGE

0.20 +0.05 +0.04 47

0.170k 0.022
0.24 +0.08
0.185+0.055

I (K 4I)/I (K w+n )

136

DOCUMENT ID

FR ABETTI

AMMAR
BEBEK
ALBRECHT

rs4/r23 = (rss+prrs)/r23
TECN COMMEN T

92B E687 p Be E = 221 GeV
y

91 CLEO e+e = 10.5 GeV

86 CLEO e+ e near T(45)
85B ARG e+ e 10 GeV

rrs/r23
Unseen decay modes of the P are included.

VALVE EVTS DOCUMENT ID

0.158+0.016 OUR FIT
0.156+0.017 OUR AVERAGE

0.13 +0.06 +0.02 13

TECN COMM EN T

pBe E = 221 GeV

e+ e = 10.5 GeV
e+ e 10 GeV
e+ e near T(4S)
etc. ~ ~ ~

FRABETTI 92B E687

0.163+0.023 63 AMMAR 91 CLEO

0.155+0.033 56 ALBRECHT 87E ARG

0.14 +0.05 29 BEBEK 86 CLEO

~ ~ ~ We do not use the following data for averages, fits, limits,

0.1864 0.052 26 ALBRECHT 85B ARG See ALBRECHT 87E

I (K K+ K non-4I) /I (K n+ rr ) rss/r22
VALUE EVTS

0.093+0.014 OUR FIT
0.088+0.019 OUR AVERAGE

0.11 +0.04 +0.03 20

0.084 + 0.020

I (Ko&Ko&Ko)/r(K n+n
VAL UE EVTS

0.018+0.004 OUR AVERAGE

0.035 + 0.012+ 0,006 10

0.016+0.005 22

0.017+0.007 J:0.005 5

DOCUMENT ID TECN COMM EN T

F RA 8 ETTI 92B E687 p Be E = 221 GeV

ALBRECHT 87E ARG e+ e 10 GeV

rsr/r22
DOC UM EN T ID TECN COMMENT

FRABETTI 94& E687 pBe E =220 GeV

AMMAR 91 CLEO e+e = 10,5 GeV

ALBRECHT 90C ARG e+ e = 10 GeV

I (K+K K rr+)/I (K n+s+a )
VAL UE

0.0028+0.0007+0.0001
EVTS

20

DOCUMENT ID TECN

FRABETTI 95C E687

rss/rss
COMMENT

/Re, E& 200
GeV

I (K+K ~K1rO)/I qoq, ~

VAL UE DOCUMENT ID TECN COMM EN T

0 0072+o. 59 BARLAG 92c ACCM ~ Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

Pionic modes

r (~+~-)/r(K- ~+)
VAL UE EVTS

0.0396+0.0027 OUR AVERAGE

0.043 +0.007 +0.003

0.0348+ 0.0030+ 0.0023
0.048 +0.013 + 0.008
0.055 4 0.008 + 0.005
0.040 + 0,007 + 0.006
0.050 + 0.007 4 0.005

0.033 4 0.010 + 0.006
0.033 +0.015

r(~0 ~0)/r(K-~+)

227
51

120
57

110

39

DOCUMENT ID

r112/r21
TECN COMMEN T

FRABETTI 94c E687

SELEN 93 C LEO

ADA MOVIC H 92 0MEG

ANJOS 91D E691
ALBRECHT 90C ARG

ALEXANDER 90 CLEO

BALTRUSAIT. .85E MRK3

ABRAMS 79D MRK2

pBe E = 220
GQV

e+e—= T(4S)
340 GeV

Photoproduction
e+e = 10 GeV
e+ e 10.5—11

GeV
e+ e 3.77 GeV
e+ e 3.77 GeV

I 114/I 21
VAL UE

0.022 +0.004+0.004

r(n+ n-no)/r, o,a,

EVTS

40

DOCUMENT ID

SELEN

TECN COM MEN T

93 CLEO e+ e = T(4S)

r(~+~+~ ~ )/r(K ~+~+~)--I 1ls/I 39
VAL LIE EVTS DOCUMEN T ID

0.098+0.006 OUR AVERAGE

0.095+0.007+0.002 814 FRABETTI 95C E687 p Be, E = 200 GeV

0, 115+ 0.023+0.016 64 ADA MOVICH 92 OMEG 2r 340 GeV

0.108+0.024 +0.008 79 FRABETTI 92 E687 p Be

0.102+0.013 345 62 A M MAR 91 C LEO e+ e = 10.5 GeV

0.096+0.018+ 0.007 66 AN JOS 91 E691 p Be 80—240 GeV

AMMAR 91 finds 1.25 + 0.25 + 0.25 p 's per 7r+7r+~ rr decay, but can't untangle

the resonant substructure (p p, a1 7r+, p rr+~ ).

PAL UE EVTS DOCUMENT /D TECN COMMENT

0.016 +0.011 OUR AVERAGE Error includes scale factor of 2.7.

0 0390 —0 0095 BARLAG 92c ACCM ~ Cu 230 GeV

0,011 +0.004 +0.002 10 BALTRUSAIT. .85E MRK3 e+ e 3.77 GeV

BARLAG 92C computes the branching fraction using topological normalization. Possible

contamination by extra rr 's may partly explain the unexpectedly large value.

All the BALTRUSAITIS 85E events are consistent with p

r(x+m+2 n-sO)/I„1,(

VAL UE DOCUMENT ID TECN COMMENT

0.0192+-0.0038

BARLAG 92C computes the branching fraction using topological normalization.

BARLAG 92C ACCM 2r Cu 230 GeV

I (n+n+n+n s n )/I 101' r11s/r
VAL UE DOCUMENT ID TECN COMMENT

0.000460.0003 BAR LAG 92C AC C M rr C u 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

Hadronic modes with a KK pair

r(K+ K-)/r(K- ~+)
VALUE

0.113+0.006 OUR FIT
0.113+0.006 OUR AVERAGE

0.109+0.007+ 0.009

0.1074 0.029+ 0.015
0.138+0.027+0.010
0.16 +0,05
0.107+0.010+0.009
0.10 + 0.02 k 0,01
0.117+0.010+0.007

0.122 + 0.018+0.012
0.113+0,030

r(K+ K-)/r(~+~-)

EVTS

581

103
155
34

193
131
249

118

DOCUMENT ID

r119/r21
TECN COMM EN T

FRABETTI 94C E687

OMEG
E687
NA14
E691
ARG

CLEO

ADAMOVICH 92
F RAB ETTI 92
Al VAR EZ 91B
ANJOS 91D
ALBRECHT 90C

ALEXANDER 90

BALTRUSAIT. .85E MRK3
ABRAMS 79D MRK2

pBe E = 220
GeV

340 GeV

pBe
Photoproduction
Photoproductjon
e+e = 10GeV
e+ e 10,5—11

GeV
e+ e 3.77 GeV
e+ e 3.77 GeV

r119/r113

I (K ~K)/I (K rr+2 )
EVTSVALUE

0.023+ OUR FIT—0.007

DOCUMENT ID TECN COMMENT

r120/r22

0.025+0.010 OUR AVERAGE—0.008
0.039 +0.013+0.013 20 FRABETTI 94j E687 p Be E =220 GeV

ALEXANDER 90 CLEO e+ e 10.5—11 GeV0.021 ' +0,002—0.008 5

r(Ko~~)/r (K+ K-) r120/r119
DOCUMENT IDVALUE

0.29+ ' OUR FIT—0.08
0.24 60.16 4 5 CUMALAT 88 SPEC n N 0—800 GeV

Includes a correction communicated to us by the authors of CUMALAT 88.

r(KoK ~+)/r(K-~+) r121lr21
VALUE DOCUMENT ID TECN COMMENT

0.167+0.026 OUR FIT Error includes scale factor of 1.1.
0.16 +0.06 ANJOS 91 E691 p Be 80—240 GeV

The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted.

I-(KoK—n+)/r(K n+ r121/r23
PAL L/E EVTS DOCUMENT /D

0.119+0.018 OUR FIT Error includes scale factor of 1.1.
0.119+0.021 OUR AVERAGE Error includes scale factor of 1.3.
0.108+0.019 61 AMMAR 91 CLEO e+ e = 10.5 GeV

0.16 +0.03 +0.02 39 ALBRECHT 90c ARG e+ e = 10 GeV

r(K'(Se2)o K')lr(K-~+)
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMENT ID TECN CO M MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

r140/r21

67 ANJOS 91 E691 p Be 80—240 GeV

67The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted.

I (K (892) K )/I (K + )
Unseen decay modes of the K*(892) are included.

VAL UE CL% DOCUMENT ID TECN

&0.029 90 AMMAR 91 CLEO
e ~ o We do not use the following data for averages, fits, limits,

r140/r23

COMMENT

e+e = 10.5 GeV

etc. ~ ~ ~

&0.03 90 ALBRECHT 90C ARG e+ e = 10 GeV

The unused results here are redundant with I (K+ K )//t (K rr+) and

I (~+ x )/I (K rr+) measurements by the same experiments.
VALUE EVTS DOC UMEN T ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.53+0.46+ 0.19 FRABETTI 94C E687 p Be E = 220 GeV

2.23 +0.81 +0,46 ADAMOVICH 92 OMEG ~ 340 GeV

1.95 + 0.34 +0.22 ANJOS 91D E691 Photoproduction

2.5 +0.7 ALBRECHT 90c ARG e+ e = 10 GeV

2.35 +0.37 k 0.28 110 ALEXANDER 90 CLEO e+ e 10.5-11 GeV
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DO

r141/r21

68 ANJOS

I 125/I 21
DOC UM EN T ID

DOC UM EN T ID

AMMAR

r142/r21

r142/I 23

VAL UE

(0.015

I (K'(892} K+)/I (K sr+)
of the K*(892) are included.Unseen decay modes of t e

DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data or gfor avera es, fits, limits, etc. ~ ~ e

+0.03 72 ANJOS 91 E691 p Be 80—240 GeV0.00 p'pp

The factor a able I of ANJOS 91 should be omitted.The factor 100 at the top of column 2 of Table o

I (K'(892} K+)/I (K sr+sr )
the K*(892) are included.Unseen decay modes of e

TECN COM MEN TEVTS DOCUMENT IDVAL UE

0.03460.019 12 AMMARAMMA 91 CLEO e+ e = 10,5 GeV

I (K K+sr nonresonant)/I (K sr+)
COMMENTDOCUMENT ID TECN COMMENVAL UE

+0.06 73 ANJOS 91 E691 p Be 80—240 GeV0.10—0 05

Table I of ANJOS 91 should be omitted.The factor 100 at the top of column 2 of Table I of A

rt43/r21

rt43/r23

I 128/I 21

r (9)~') lr,.„,
VAL UE

(0.0014

r (4 t)) /rtotai
VAL UE

(0.0028

CL%

90

CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 94I ARG e e+e = 10 GeV

DOCUMENT ID TECN COMMEN T

ALBRECHT 94I ARG e e+e = 10 GeV

r144/r

rlealr

r (d'ld) /rtotai
VAL UE

(0.0021

r(K+ K-~+~-)/r(K-~+n+n-)
EVTS DOCUMENT IDVAL UE

0.0342+0.0033 OUR AVERAGE
0.035 +0.004 +0.002 244 FRABETTI

0.007 +0.005 114 ALBRECHT
MMAR0.0314+0.010

+0.0080.028 0 007

r145/r
DOCUMENT ID TECN COM M EN T

ALBRECHT 94I ARG e e+e = 10 GeV

r129lr39
TECN COMM EN T

95c E687 p Be, E = 200 GeV

94I ARG e+ e = 10 GeV

91 CLEO e+ e = 10,5 GeV

91 E691 p Be 80-240 GeVANJOS

I (K'(892}+K )/I (K 5+)
Unseen decay modes of the K*(892)+ are Included.

DOCUMENT ID TVAL UE

0.090+0.020 OUR FIT

1 Be 80—240 GeV+0.08 91 E691 p Be 80—0.16

Table I of ANJOS 91 should be omitted.The factor 100 at the top of column 2 of Table I of AN

r141 r23I (K'(892}+K )/I (K sr+sr )

EVTS DOCUMENT IDVAL UE

ale factor of 1.1.0.064 +0.014 OUR FIT Error includes sca
0.058+0.014 OUR AVERAGE

AMMAR 91 CLE e eEO e+ e = 10.5 GeV0.064 +0.018
ALBRECHTALB CHT 90C ARG e+e = 10 GeV0,05 +0.02 k 0.01 15

I K 124/ 21I (K K sr+ nonresonant)/I (K sr )
DOCUMENT ID TECN COMMENTVAL UE

69 ANJOS 91 E691 p Be 80-240 GeV0.06+0.06

Table I of ANJOS 91 should be omitted.The factor 100 at the top of column 2 of Table I of A

I (K K+sr )/I (K sr+)
TECN COMMEN TVAL UE

0.129+0.025 OUR FIT
ANJOS 91 E691 p Be 80—240 GeV0.10 +0.005

Tab NJOS 91 should be omitted.The factor 100 at the top of column 2 of TabTable I of A

I 125 I 23I (K K+sr )/r(K sr+sr )
TECN COMM EN TVAL UE EVTS

0.091+0.018 OUR FIT
91 CLEO e+ e = 10.5 GeV0.098+0.020

I (K (892} ~K)/I (K sr+)
s of the K*(892) are included.Unseen decay modes o e

DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data or gfor avera es, fits, limits, etc. ~ ~ ~

+ 0.04 71 ANJOS 91 E691 p Be 80—240 GeVoo —o.oo

The factor 1 a of Table I of ANJOS 91 should be omitted.The factor 100 at the top of column 2 of Tab e o

I (K'(892}o~K)/I (K sr+sr )
f the K*(892) are included.Unseen decay modes of the

N COMMENTCL oL% DOCUMENT ID TECN

V90 AMMAR 91 CLEO e+ e = 10.5 Ge

WEIGHTED AVERAGE
0.014+0.004 (Error scaled by 1.5)

X'
1.2
0.5
2.6
4.4

= 0.113)

95C E687
94I ARG
91 CLEO

FRAB ETTI
ALBRECHT
AMMAR

(Confidence Level

0.06P P, P1 0.02 0.03 0.04 0.05

i (dtr+n )/I (K tr+tr+tr )

I 148/I39
i ded. E ryone Ithro h 1995) agrees that Opoes of the are included. Everyone (throug+, for now we equate the two branc ing radOminateS pvr+2r SO fOr nOW W q

EVTS DOCUMENT ID TECN COMMENTVAL UE

ata for averages, fits, limits, etc. ~ ~ ~~ o ~ We do not use the following data or averag

FRABETTI 95C E687 p Be E = 2 e0.005+0.003
HT 94I ARG e+ e = 10 GeV0.020+0.006+0.005 28 ALBRECHT

VALUE

90 FRABETTI c95 E687 g Be, E = 200 GeV
y

(0.006

r149/r39

I (K+K fsrn3-body)/I (K sr+sr+fr )
DOCUMENT IDVAL UE

FRABETTI0.012 +0.003
TECN

95C E687

r132l r39
COMMENT

pBe, E = 200 GeV

I (K (892}oK 5++ c c)/r(K-sr+sr+sr-)
the K* 892 are included.Unseen decay modes of the

COMMENTCL%o DOCUMENT ID TECNVAL UE

or avera es, fits, limits, etc. ~ ~ ~e ~ ~ We do not use the following data for averag

FRABETTI 95C E687 p Be, E = 200 e(0.017

0.010+0.016 ANJOS 91 E691 p Be 80—240 GeV—0.010

o
' ' '

th next two data blocks.FRABETTI 95C upper limit is in coonflict with values in e nThis ' ' ' '
o n

+ r151/ 39I

d s distin uished h the cha ge of the pion

— + I K-~+~ x-

f KQ( )
+ deca s. Unseen decay modes o t ein D*(2010) ~ D ~ ecay .

TECN COMMEN TEVTS DOCUMENT IDVAL UE

HT 94I ARG e+ e = 10 GeV0.043+0.014+0.009 55 ALBRECHT

r152lr39

in + eca s. f he K (892) are included.in D*(2010)+ ~ D ~ decays.
EVTS DOCUMENT ID TECN COMMENTVAL UE

ALBRECHTALBR T 94I ARG e+ e = 10 GeV0.023+0.013+0.009 30

I (K (892} K (892}8)/I (K sr+sr+sr )

CL oy EVTS DOCUMENT IDVAL UE CL o

Error includes scale factor of 1.2.0.018+0.007 OUR AVERAGE Error in

FRABETTI 95c E687 q e,Be E = 200 GeV0.016+0.006

91 E691 pBe 80—240 GeV0.036 +0.020 11 ANJOS—0.016
o ' fits limits, etc. ~ ~ ~followin data for averages,~ ~ ~ We do not use the o '

g

+e = 10,5 GeV76 AMMAR 91 CLEO e e(0.033 90

i rivate communication).A corrected value (G. Moneti, p
'

rtso/r39

I 153/I 39

r14&/ 39
Llnseen ecay rn

'
ed. Ever one (through 1995) agrees that thisUnseen decay modes of the P are included. Everyone ro

0mode is dominated by Pp .
T ID TECN COMMEN TEVTS DOCUMENT ID

1.5. See the ideogram0.014 +0.004 OUR A
VAL UE

VERAGE Error includes scale factor of 1.5. See t e i e
below.

E = 200 GeVFRABETTI 95C E687 pBe, E0,011 +0.003
94 ARG e+ e = 10 GeV0,020 +0.006 +0.005 28 ALBRECHT 941 A

91 CLEO e+ e = 10.5 GeV34 74 AMMAR0.024 +0.006
d ta for averages, fits, limits, etc. ~ e ~~ ~ ~ We do not use the following a a or

0.0076 + 0.0066 3 ANJOS 91 E691 pBe 80—240 GeV—0.0049

no~es + ~ . We put the mea-notes that Pp dominates $7r ~ . e4AMMAR 91 measures ft p, but notes
+0 than @~ 2rsurement here to keep from having more $p
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0

r(K+ K- e+e- non-SI}/r««t I tss/r r(K+ e-e+ e-(~a ZP))/r(K-e+~+e-) rtsr/rsg
VAL UE DOCUMENT ID TECN COMMEN T

0.0017+0.0005 BARLAG 92C ACCM vr Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization,

I (K+ K sr+sr nonresonant)/I (K sr+ sr+ sr }
VAL UE

&0.011
CL%

90
DOCUMENT ID TECN

FRABETTI 95C E687

o ~ ~ We do not use the following data for averages, fits, limits,

r137/rsg
COM MEN T

p Be, E 200 GeV

etc. ~ ~ ~

0.001+0 0"—0.001 ANJOS 91 E691 p Be 80—240 GeV

I (K est+sr )/I (K sr+sr )
VAL UE

0.126+0.038+0.030
EVTS

25

DOCUMEN T ID TECN

ALBRECHT 94I ARG

rtss/r23
COMMEN T

e+ e = 10 GeV

r(K+ n-) /r (K-e+) rts4/r21
The D ~ K+ n mode is doubly Cabibbo suppressed.

CL% EVTS DOCUMENT ID TECN COMMENT

19 79 CINABRO 94 CLEO e+ e
T(4S)

VAL UE

0.00?7+0.0025+0.0025

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.011 90 AMMAR 91 CLEO e+e = 105
GeV

&0.015 90 1 + 6 ANJOS 88C E691 Photoproduc-
tion

&0.014 ALBRECHT 87K ARG e+ e 10 GeV

&0.04 ABACHI 86D HRS e+ e 29 GeV

&0.07 0 BAILEY 86 ACCM ~ Be fixed
target

&0.11 2 ALBRECHT 85F ARG e+ e 10 GeV

&0.081 YAMAMOTO 85 DLCO e+ e 29 GeV

&0.23 81,83 ALTHOFF 848 TASS e+ e 34.4
GeV

&0.11 90 81,83 AVERY 80 SPEC p N ~ D*+
&0,16 90 FELDMAN 778 MRK1 e+ e 4 GeV

&0.18 90 GOLDHABER 77 MRK1 e+ e 4 GeV

These experiments cannot distinguish between doubly Cabibbo-suppressed decay and
DO- D mixing.
ANJOS 88C uses decay-time information to distinguish doubly Cabfbbo-suppressed (DCS)
decays from D -D mixing. However, the result assumes no interference between the
DCS and mixing amplitudes. When interference is allowed, the limit degrades to 0.049.

1 In these measurements, the charge of the pion in D*+ ~ (D or ~D) ~+ is used to
tell whether a D or a D was born. None of the measurements can distinguish between
double Cabibbo suppression and mixing for the decay.
BAILEY 86 searches for events with an oppositely charged e K pair. The limit is actually

for C(D ~ K++ or K+~ 7r+vr )jl (D ~ K 7r+or K m+x+& ).
3The results are given as I (K+ sr )/[I (K n-+)+I (K+m )] but do not change signif-

icantly for our denominator.

90
90
90

90
90
90

I (K+sr {via~D))/I (K sr+) rlsslr21
This is a D -D mixing limit.

VALUE CL% EVTS DOCUMENT ID TECN COMMENT

&0.005 90 1 4 4 ANJOS 88C E691 Photoproduction

ANJOS 88C uses decay-time information to distinguish doubly Cabibbo-suppressed (DCS)
decays from D -D mixing. However, the result assumes no interference between the
DCS and mixing amplitudes. When interference is allowed, the limit degrades to O.Q19.
Combined with results on K+ ~+ ~+ vr, the limit is, assuming no interference, 0.0037.
See also the data on ~m o

—m o~ and on ~l o
—r o~rrf near the beginning of the

1 2 1 2
DO Listings.

r(K+n n+n )/r(K n+-n+n -)--
Doubly Cabibbo suppressed

VAL UE CL Jo EVTS

&0.018 90
&0.018 90 5+

DOCUMENT ID

85 AIVIIVIAR
86 ANJOS

rtss/rsg

TECIV COMMEN T

91 CLEO e+ e 10.5 GeV
88C E691 Photoproduction

12
AMMAR 91 cannot distinguish between doubly Cabibbo-suppressed decay and D D-
mixing.

6 ANJOS 88C uses decay-time information to distinguish doubly Cabibbo-suppressed (DCS)
decays from D -D mixing. However, the result assumes no interference between the
DCS and mixing amplitudes. When interference is allowed, the limit degrades to 0,033.

I (K+ K sr+sr sr )/It rtsg/I
VALUE DOCUMENT ID TECN COMMEN T

0.0031+0.0020 BARLAG 92C ACCM vr Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

Rare or forbidden modes

This is a D -~D mixing limit.
VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

&0.005 t900 + 4 "ANJOS 88C E691 Photoproduction

ANJOS 88C uses decay-time information to distinguish doubly Cabibbo-suppressed (DCS)
decays from D -~D mixing. However, the result assumes no interference between the
DCS and mixing amplitudes. When interference is allowed, the limit degrades to 0.007.
Combined with results on K+~+, the limit is, assuming no interference, 0.0037. See
also the data on ~mDo

—mDo~ and on I Dn
—

I Do~/I near the beginning of the D0
1 2 1 2

Listings.

I (is anything (via ~D)) /I (ra+ anything)
This is a D -~D mixing limit. See the somewhat better
K+n and D ~ K++ ~+~ (via ~D).

VAL UE CL% DOCUMEN T ID TECN

&0.0056 90 LOUIS 86 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

&0.012 90 BENVENUTI 85 CNTR
&0.044 90 BODEK 82 SPEC

I (e e )/ltotai

rise/r2
limits above from D

COMMENT

W 225 GeV
etc. ~ ~ o

p, C, 200 GeV

, pFe~ 00

rtsglr
A test for the DC = 1 weak neutral current. Allowed by first-order weak interaction
combined with electromagnetic interaction.

VAL UE CL% EVTS DOCUMENT ID TECN COMMEIV T

&1.3 x 10 90 0 FREYBERGER 96 CLEO e+ e = T(4S)
~ o ~ We do not use the following data for averages, fits, limits, etc. a ~ o

&1.3 x 10 4 90 ADLER 88 MRK3 e+ e 3 77 GeV

&1 7 x 10 4 90 7 ALBRECHT 88G ARG e+ e 10 GeV

&2.2 x 10 4 90 8 HAAS 88 CLEO e+ e 10 GeV

r(is rs )lrtotai rtso/I
A test for the DC = 1 weak neutral current. Allowed by first-order weak interaction
combined with electromagnetic interaction.

VAL UE CL% EVTS DOCUMEN T ID TECN COMMEIV T

&7.6 x 10 6 90 0 ADAMOVICH 95 BEAT vr Cu, W 350 GeV
~i ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

&3.4 x 10 5 90 1 FREYBERGER 96 CLEO e+ e T(4S)
&4 4 x 10 5 90 0 KODAMA 95 E653 n emulsion 600 GeV

&3.1 x 10 90 MISHRA 94 E789 —4.1 + 4.8 events

&7.0 x 10 90 3 ALBRECHT 886 ARG e+ e 10 GeV

&1.1 x 10 5 90 LOUIS 86 SPEC n W 225 GeV

&3.4 x 10 90 AUBERT 85 EMC Deep inelast. p N

Here MISHRA 94 uses "the statistical approach advocated by the PDG." For an alternate
approach, giving a limit of 9 x 10 at 90% confidence level, see the paper.

r(sroe+e )/I „t,l

A test for the h, C = 1
interactions.

VAL UE CL% EVTS

&4.5 x 10 90 0

I (sr ls p )/rtotai

I 1st/r
weak neutral current. Allowed by higher-order electroweak

DOCUMENT ID TECN COMMENT

FREYBERGER 96 CLEO e+ e = T(4S)

rts2/r

I (fie+e )/I totai
A test for the b, C = 1 weak
interactions.

VAL UE CL% EVTS

&1.1 x 10 4 90 Q

r(rlls is )lrtot i

rtsslr
neutral current. Allowed by higher-order electroweak

DOCLIMEIV T ID TECN COMMEIV T

FREYBERGER 96 CLEO e+ e = T(4S)

r164lr
A test for the INC = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL UE CL% EVTS

&5.3x 10 4 90 0

DOCUMENT ID TECN COMMENT

FREYBERGER 96 CLEO e+ e = T(4S)

r(p'e+ e-)/rt. „i I tss/I
A test for the AC = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL UE CL% EVTS DOCUMENT!D TECN COMM EN T

&10 x 10 4 90 2 FREYBERGER 96 CLEO e+ e = T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&4.5 x 10 4 90 2 HAAS 88 CLEO e+ e 10 GeV

9This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes
to & 1.8 x 10 using a photon pole amplitude model.

A test for the AC=1 weak neutral current. Allowed by higher-order electroweak inter-

actions.
VAL UE CL% EVTS DOCUMENT ID TECN COMMEIV T

(l,a K 10 4 90 2 KODAMA 95 E653 rr emulsion 600 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

t&5.4 x 10 4 90 3 FREYBERGER 96 CLEO e+ e = T(4S)
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r (su e e )/rtotai r16?/r
A test for the AC = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

(18x 10 4 90 1 91 FREYBERGER 96 CLEO e+ e = T(4S)
This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes
to & 2, 7 x 10 4 using a photon pole amplitude model.

r(~p p )/rtotai rtss/r
A test for the DC = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

(8.3 x 10 4 90 0 FREYBERGER 96 CLEQ e+ e = T(4S)
This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes
to & 6.5 x 10 using a photon pole amplitude model.

r(Pe e )/I tots( r169/r
A test for the ZC =- 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL UE CL% EVTS DOCUMENT ID TECN COM MEN T

(5.2 x 10 90 2 9 FREYBERGER 96 CLEO e+ e = T(4S)
3 This FREYBFRGER 96 limit is obtained using a phase-space model. The limit changes

to ( 7.6 x 10 5 using a photon pole amplitude model.

r(4'?4 ps )/rtotal rt?o/r
A test for the AC = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

&4.1 x 10 4 90 0 94 FREYBERGER 96 CLEO e+ e = T(4S)
"This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes

to & 2.4 x 10 using a photon pole amplitude model.

I (K e+e )/I totai I 1?1/I
Allowed by first-order weak interaction combined with electromagnetic interaction.

VAL UE CL% EVTS DOCUMENT ID TECN COMMEN T

&1.1 x 10 90 0 FREYBERGER 96 CLEO e+ e = T(4S)
e o ts We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.7 x 10 90 ADLER 89c MRK3 e+ e 3.77 GeV

r(K p+p )/rtot. i

Allowed by first-order weak interaction combined with elect
VAL UE CL% EVTS DOCUMENT ID TECN

(2.6 x 10 4 90 2 KODAMA 95 E653
e o e We do not use the following data for averages, fits, limits,

&6.7 x 10 90 1 FREYBERGER 96 CLEO

rt?2/r
romagnetic interaction.
COM MEN T

?r emulsion 600 GeV
etc. ~ ~ ~

e+ e = T(4S)

I (K'(892)o e+ e ) /r, .„l rt?s/r
Allowed by first-order weak interaction combined with electromagnetic interaction.

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

(14x 10 90 1 9 FREYBERGER 96 CLEO e+ e = T(4S)
This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes
to & 2.0 x 10 using a photon pole amplitude model.

r(K'(892)o p+ p-)/I „„i I 1?4/r
Allowed by first-order weak interaction combined with electromagnetic interaction.

VALUE CL% EVTS DOCUMENT ID TECN COMMEN T

&118x 10 3 90 1 FREYBERGER 96 CLEO e+ e = T(4S)
This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes
to & 1.0 x 10 using a photon pole amplitude model.

r(~+e-en'+ p-)/r„„,
A test for the ACi 1 weak neutral current. Allowed
actions.

VALUE CL%o EVTS

&Slx10 4 90 1 95

DOCUMENT ID

KQDAMA

I I?5/I
by higher-order electroweak inter-

TECN COMMEN T

E658 e emulsion 6DD GeV

I (p IS IS )/rtotal rtss/r
A test for the AC =- 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL LIE CL% EVTS DOCUMENT /D TECN COMMENT

&2.3 x 10 90 0 KODAMA 95 E658 ne.mulsion 600 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o e

I&4,9 x 10 4 90 1 90 FREYBERGER 96 CLEO e+ e = T(4S)
(81 x 10 4 90 5 HAAS 88 CLEO e+ e 10 GeV

This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes
to & 4.5 x 1Q 4 using a photon pole amplitude model.

r(st e+ Is+)/rtotal I 1??lr
The value is for the sum of the twoA test of lepton family number conservation.

charge states.
VALUE CL%o EVTS

&8.6x10 5 90 2

DOCUMENT ID TECN COMMENT

FREYBERGER 96 CLEO e+ e = T(4S)

I (SIe p+)/rtota(
A test of lepton family number conservation.
charge states.

VAL UE CL% EVTS

(1.0x10 4 90 0

DOCUMENT ID

FREYBERGER

r(p'e+ p+)/rtotai
A test of lepton family number conservation.
charge states.

VALUE CL% EVTS

(4.9x10 5 90 0

This FREYBERGER 96 limit is obtained using a

to & 5.0 x 10 5 using a photon pole amplitude

DOCUMENT ID

FREYBERGER

r1?s/"
The value is for the sum of the two

TECN COMMENT

96 CLEO e+ e = T(4S)

I 1?9/r
The value is for the sum of the two

TECN COMMENT

e96 CLEO e+ e = T(4S)
phase-space model. The limit changes
model.

r (~ e+/+) /rt. t.i rtso/r
A test of lepton family number conservation. The value is for the sum of the two
charge states.

CL~i EVTSVAL UE DOCUMENT ID TECN COMMENT

(1.2 x 10 4 90 0 9 FREYBERGER 96 CLEQ e+ e = T(4S)
This FREYBERGER 96 limit is obtained using a phase-space model. The same limit is
obtained using a photon pole amplitude model.

I (Pe+IS+)/I total
A test of lepton family number conservation.
charge states.

VAL UE CL% EVTS DOCUMENT /D

(3.4 x 10 90 0 FREYBERGER

This FREYBERGER 96 limit is obtained using a

to & 3.3 x 10 using a photon pole amplitude

r 191/r
The value is for the sum of the two

TECN COM MEN T

96 CLEO e+ e = T(4S) I
phase-space model. The limit changes
model.

raze+ pT-)/r„„, rts2/r
The value is for the sum of the twoA test of lepton family number conservation.

charge states.
VAL UE CL% EVTS

&10x 10 4 9O O

DOCUMENT ID TECN COMMENT

FREYBERGER 96 CLEO e+ e = T(4S)

r(K (892) e /+)/rtotal
A test of lepton family number conservation.
charge states.

VAL UE CL% EVTS DOCUMENT ID

(10 x 10 4 90 0 101 FREYBERGER

This FREYBERGER 96 limit is obtained using a
obtained using a photon pole amplitude model.

rtss/r
The value is for the sum of the two

TECN COM MEN T

96 CLEO e+ e = T(4S)
phase-space model. The same limit is

Do CP VIOLATING DECAY-RATE ASYMMETRIES

Acp(K+K ) in Do, ~D ~ K+K
This is the difference between D and ~D partial widths for these modes divided by
the sum of the widths.

VALUE DOCUMEN T /D TECN COMMEN T

0.06 +0,05 OUR AVERAGE

+ 0.080 +0.061 BARTELT 95 C LEO —0.022 &ACP & -+ 0.18 (90%CL)
+ 0,024+ 0.084 FRA BETTI 94i E687 —0, 11 & A Cp & + Q. 16 (90% C L)

FRABETTI 941measures N(D ~ K+ K )fN(D ~ K x+), the ratio of (efficiency-
corrected) numbers of events observed, and similarly for the D

Acp(Ko 4) in Do ~D ~ Koz

This is the difFerence between D and ~D partial widths for these modes divided by
the sum of the widths.

VALUE DOCUMEN T ID TECN COMMENT

—0.028+0.094 BARTELT 95 CLEO —0.182 &ACR & +0.126 (90%CL)

Acp(KD&sso) in Do ~D Kozeo
This is the difference between D and ~O partial widths for these modes divided by
the sum of the widths.

VAI UE DOCUMENT ID TECN COMMENT

—0.018+0.030 BARTELT 95 CLEO 0 De? &ACP & +0 031 (909'CL) I

r (p+ e+)/r, .„,
A test of lepton family number conservation.

VALUE CL% EVTS DOCUMENT ID TECN

( 1.9 x 10 5 90 2 FREYBERGER 96 CLEQ
o o o We do not use the following data for averages, fits, limits,

1.0 x 10 90 4 ALBRECHT 88G ARG
2.7 x 10 4 90 9 HAAS 88 C LEO
1.2 x lo 4 90 BECKER 87C MRK3
9 x lo 4 90 PALKA 87 S ILI

&21 x 10 4 90 0 97 RILES 87 MRK2

RILES 87 assumes B(D ~ K?r) = 3.0% and has production

r1?s/r

COMMEN T

e+e —= T(4S)
etc. o e ~

e+ e 10 GeV
e+ e 10 GeV
e+ e 3.77 GeV
200 GeV 7rp
e+ e 29 GeV

model dependency.

VALUE (nanobarns) DOCUMENT ID TECN

o ~ ~ We do not use the following data for averages, fits, limits,

5.8 +0.5 + 0.6 03 ADLER 88C MRK3
7.3 + 1.3 104 PARTRIDGE 84 CBAL
8.00 +0.95+ 1.21 105 SCHINDLER 80 MRK2

11.5 +2.5 106 PERUZZI 77 MRK1

COMMENT

~ ~ ~

e+ e 3.768 GeV
e+ e 3.771 GeV
e+ e 3.771 GeV
e+ e 3.774 GeV

D PRODUCTION CROSS SECTION AT $(3770)

A compilation of the cross sections for the direct production of DQ mesons
at or near the g(3770) peak in e+ e production.
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DO REFERENCES

BARISH
FREYBERGE
PDG
ADAMOVIC
BARTELT
BUTLER
FRABETTI
FRABETTI
KODAMA
ALBRECHT
ALBRECHT
ALBRECHT
CINA BRO
F RA BETT I

F RABETTI
FRABETTI
FRABETTI
FRABETTI
KODAMA
M I 5HRA
AKERIB
ALBRECHT
AN JOS
BEAN
FRABETTI
KODAMA
PROCARIO
SELEN
ADAMOVICH
ALBRECHT
AN JOS
AN JOS
BAR LAG

Also
COFFMAN

Also
FRABETTI
F RABETTI
ALVAREZ
AMMAR
AN JOS
AN JOS
BAI
COFF MAN
CRAWFORD
DECAMP
FRABETTI
K INOSHITA
KODAMA
ALBRECHT
ALEXANDER
ALEXANDER
ALVAREZ
ANJOS
BARLAG
ADLER
ADLER
ALBRECHT
ANJOS
A BAC HI

ADLER
ADLER
ALBRECHT
ALBRECHT
AMENDOLIA
ANJOS
BORTOLETT

Also
CUMALAT
HAAS
RAAB
ADAMOVICH
ADLER
AG U I LA R-. ..

A Iso
AGUILAR-. . .

A lso
AGUILAR-. . .

Also
ALBRECHT
ALBRECHT
BARLAG
BECKER

A Iso
CSORNA
PALKA
RILES
ABACHI
ABE

96
R 96

96
H 95

95
95
95C
95G
95
94
94F
941
94
94C
94D
94G
941
94J
94
94
93
93D
93
93C
93I
938
938
93
92
92P
928
92C
92C
90D
928
90
92
928
918
91
91
91D
91
91
918
91J
91
91
91
90C
90
908
90
90D
90C
89
89C
89D
89F
88
88
SSC
88G
881
88
88C

0 88
89D
88
88
88
87
87
87D
888
87E
888
87F
88
87E
87K
878
87C
87D
87
87
87
86D
86

+Chadha, Chan, Eigen+
+Gibaut, Kinoshita+

P L 8373 334
PRL 76 3065
PR D54 1
P L 8353 563
PR D52 4860
PR D52 2656
P L 8354 486
P L 8364 127
PL 8345 85
PL 8324 249
PL 8340 125
ZPHY C64 375
PRL 72 1406
P L 8321 295
PL 8323 459
PL 8331 217
P R D50 R2953
P L 8340 254
PL 8336 605
PR D50 R9
PRL 71 3070
PL 8308 435
PR D48 56
PL 8317 647
PL 8315 203
PL 8313 260
PR D48 4007
PRL 71 1973
PL 8280 163
ZPHY C56 7
PR D46 Rl
PR D46 1941
ZPHY C55 383
ZPHY C48 29
PR D45 2196
PRL 64 2615
PL 8281 167
PL 8286 195
ZPHY C50 11
PR D44 3383
PR D43 R635
PR D44 R3371
PRL 66 1011
PL 8263 135
PR D44 3394
PL 8266 218
PL 8263 584
PR D43 2836
PRL 66 1819
ZPHY C46 9
PRL 65 1184
PRL 65 1531
ZPHY C47 539
PR D42 2414
ZPHY C46 563
PRL 62 1821
PR D40 906
ZPHY C43 181
PRL 62 1587
PL 8205 411
PR D37 2023
PRL 60 89
PL 8209 380
PL 8210 267
EPL 5 407
PRL 60 1239
PR D37 1719
PR D39 1471 e
PL 8210 253
PRL 60 1614
PR D37 2391
EPL 4 887
PL 8196 107
PL 8193 140
ZPHY C40 321
ZPHY C36 551
ZPHY C40 321
ZPHY C36 559
ZPHY C38 520
ZPHY C33 359
PL 8199 447
ZPHY C37 17
PL 8193 147
PL 819S 590 er
PL 8191 318
PL 8189 238
P R D35 2914
P L 8182 101
PR D33 1

(CLEO Collab. )
(CLEO Collab. )

Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Coll a b.)
Collab. )
Coll a b. )
Collab. )
Collab. )
Collab. )
Coll ab. )
Collab. )
Coll a b. )
Coll a b, )
Coll a b. )
Coll a b. )
Collab. )
Colla b. )
Colla b. }
Colla b. )
Colla b. )
Colla b. )
Colla b. )
Colla b. )
Colla b. )
Colla b. )
Colla b. )
Colla b. )
Collab. )
Collab. )
Collab. )
C olla b. )
Collab. )
Colla b. )
Colla b. )
C oil a b, )
C oil a b. )
C oil a b. )
Colla b, )
Colla b. }
Colla b. )
Coll a b, )
Colla b. )
Colla b. )
Colla b. )
Col la b. )
Colla b. )
Colla b. )
Colla b. )
Colla b. )
Colla b. )
Collab. )
Collab. )
Colla b. )
Collab. )
Collab. )
Collab. )
Colla b. )
Colla b. )
C oil a b. )
C oil a b. )
Coll a b. }
Collab. )

(CERN BEATRICE
(CLED
(CLED

(FNAL E687
(FNAL E687
(FNAL E653

(ARGUS
(ARGUS
(ARGUS

(CLEO
(FNAL E687
(FNAL E687
(FNAL E687
(FNAL E687
(FNAL E687
(FNAL E653
(FNAL E789

(CLEO
(ARGUS

(FNAL E691
(CLED

(FNAL E687
(FNAL E653

(CLEO
(CLED

(CERN WA82
(ARGUS

(FNAL E691
(FNAL E691

(ACCMOR
osman+ (ACCMOR

(Mark III

(Mark III
. (FNAL E687

(FNAL E687
(CERN NA14/2

(CLED
(FNAL-TPS
(FNAL-TPS

(Mark III

n+ (Mark III

(CLED
(ALEPH

(FNAL E687
(CLED

(FNAL E653
(ARGUS

(CLED
(CLED

(CERN NA14/2
(FNAL E691

(ACCMOR
(Mark III

(Mark III

(ARGUS
r+ (FNAL E691

(HRS
(Mark III

(Mark III

(ARGUS
(ARGUS

(NA1
(FNAL E691

Moneti+ (C LEO

+Adinolfi, Alexandrov+
+Csorna, Egyed, Jain+
+Fu, Nernati, Ross, Skubic+
+Cheung, Cumalaty
+Cheung, Cumalat+
+Ushida, Mokhtarani+
+Ehrlichmann, Hamacher+
+Hamacher, Hofmann+
+Hamacher, Hofmann+
+ Henderson, Liu, Sa u!nier+
+Cheung, Cumalat+
+Cheung, Cumalat+
+Cheung, Cumalat+
+Cheung, Cumalat+
+Cheung, Cumalat+
+Ushida, Mokhtarani+
+Brown, Cooper+
+Barish, Chadha, Chan+
+Ehr lie hm a nn, Ha m a cher+
+Appel, Bean, Bracker+
+Gronberg, Kutschke, Menary+
+Bogart, Cheung, Culy+
+Ushida, Mokhtarani+
+Yang, Akerib, Barish+
+Sadoff, Ammar, Bally
+Alexandrov, Antinori+
+Cronstroem, Ehrlichmann+
+Appel, Bean, Bracker+
+Appel, Bean, Bracker+
+Becker, Bozek, Boehringer+

Barlag, Becker, Boehringer, 8
+DeJongh, Dubois, Eigen+

Adler, Blaylock, Bolton+
+Bogart, Cheung, Culy+
+Bogart, C he ung, C uly+
+Barate, Bloch, Bonamy+
+Baringer, Coppage, Davis+
+Appel, Bean, Bracker+
+Appel, Bean, Bracker+
+Bolton, Brown, Bunnell+
+DeJongh, Dubois, Eigen, Hitli
+Fulton, Gan, Jensen+
+Deschizeaux, Goy, Lees+
+Bogart, Cheung, Culy+
+Pipkin, Procario, Wilson+
+Ushida, Mokhtarani, Paolone+
+Glaeser, Harder, Kruegery
+Artuso, Bebek, Berkelman+
+Artuso, Bebek, Berkelman+
+Barate, Bloch, Bonamy+
+Appel, Bean, Bracker+
+Becker, Boehringer, Bosman+
+Becker, Blaylock, Bolton+
+Bai, Becker, Blaylock, Bolton+
+Boeckmann, Glaeser, Harder+
+Appel, Bean, Bracker, Browde
+Akerlof, Baringer+
+Becker, Blaylock+
+Becker, Blaylock+
+Boeckmann, Glaeser+
+Boeckmann, Glaeser+
+8agliesi, Ba tigna ni+
+Appel+
+Goldberg, Horwitz, Mestayer,

rratum
+Shipbaugh, Binkley+
+Hempstead, Jensen+
+Anjos, Appel, Bracker+
+Alexandrov, Bolta+
+Becker, Blaylock, Bolton+

Aguilar-Benitez, Allison+
Aguilar-Benitez, Allison, Bailly+
Aguilar- Benitez, Allison+
Aguilar-Benitez, Allison, Bailly+
Aguilar-Benitez, Allison+

erratum
+Binder, Boeckmann, Glaser+
+Andam, Binder, Boeckmann+
+Becker, Boehringer, Bosman+
+Blaylock, Bolton, Brown+

ratum Becker, Blaylock, Bolton+
+Mestayer, Panvini, Word+
+Bailey, Becker, Belau+
+Dorfan, Abrams, Arnidei+
+Akerlof, Baringer, Ballamy
+ (SLAC Hy

Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Colla b.)
Colla b. )
Collab. )
Collab. )

(E-400
(CLEO

(FNAL E691
(Photon Emulsion

(Mark III

(LEBC-EHS
(LEBC-EHS
(LEBC-EHS
(LEBC-EHS
(LEBC-EHS

(ARGUS
(ARGUS

(ACCMOR
(Mark III
(Mark III

(CLEO
(ACCMOR

(Mark II

(HRS
brid Facility Photon

Collab. )
Collab. )
Collab. )
Collab. )
Colla b. )
Coll a b. )
Coll a b. )
Collab. )
Collab, )
Coll a b. )

This measurement compares events with one detected D to those with two detected D
mesons, to determine the the absoiute cross section. ADLER 88C find the ratio of cross
sections (neutral to charged) to be 1.36 + 0.23 + 0.14.
This measurement comes from a scan of the Q(3770) resonance and a fit to the cross
section. PARTRIDGE 84 measures 6.4 + 1,15 nb for the cross section. We take the
phase space division of neutral and charged D mesons in Q(3770) decay to be 1.33,
and we assume that the Q(3770) is an isosinglet to evaluate the cross sections. The
noncharm decays (e.g. radiative) of the g(3770) are included in this measurement and
may amount to a few percent correction.
This measurement comes from a scan of the Q(3770) resonance and a fit to the cross
section. SCHINDLER 80 assume the phase space division of neutral and charged 0
mesons in Q(3770) decay to be 1.33, and that the g(3770) is an isosinglet. The noncharm
decays (e.g. radiative) of the 7t (3770) are included in this measurement and may amount
to a few percent correction.
This measurement comes from a scan of the Q(3770) resonance and a fit to the cross
section. The phase space division of neutral and charged D mesons in Q(3770) decay
is taken to be 1.33, and Q(3770) is assumed to be an isosinglet. The noncharm decays
(e.g. radiative) of the g(3770) are included in this measurement and may amount to
a few percent correction. We exclude this measurement from the average because of
uncertainties in the contamination from 7 lepton pairs. Also see RAPIDIS 77.

BAILEY 86
BEBEK 86
GLADNEY 86
LOUIS 86
US HIDA 868
ALBRECHT 858
ALBRECHT 85F
AUBERT 85
BAILEY 85
BA LT R USA IT... 858
BA LT R USA IT... 85E
BENVENUTI 85
YA MA MOTO 85
A DA MOVICH 848
A LTH OFF 848
DERRICK 84
PARTRIDGE 84
SUMMERS 84
BA I L EY 838
BODEK 82
F IORI NO 81
SCHINDLER 81
TR ILLIN G 81
ASTON 80E
AVERY 80
SCHINDLER 80
ZHOLENTZ 80

Also 81

A 8RA MS 79D
ATIYA 79
BA LTAY 78C
VUILLEMIN 78
FELDMAN 778
GOLDHABER 77
PERUZZI 77
P IC COLO 77
RA P ID IS 77
GOLDHABER 76

ZPHY C30 51
PRL 56 1893
PR D34 2601
PRL 56 1027
PRL 56 1771
PL 1588 525
PL 1508 235
PL 1558 461
ZPHY C28 357
PRL 54 1976
PRL 55 150
PL 1588 531
PRL 54 522
PL 1408 123
PL 1388 317
PRL 53 1971
Thesis CALT-68-1150
PRL 52 410
PL 1328 237
PL 1138 82
LNC 30 166
PR D24 78
PRPL 75 57
PL 948 113
PRL 44 1309
PR D21 2716
PL 968 214
SJNP 34 814
Translated from YAF
PRL 43 481
PRL 43 414
PRL 41 73
PRL 41 1149
PRL 38 1313
PL 698 503
PRL 39 1301
PL 708 260
PRL 39 526
PRL 37 255

+Belau, Boehringer, Bosman+ (ACCMOR Collab. )
+Berkelrnan, Blucher, Cassel+ (CLEO Collab. )
+Jaros, Ong, Barklow+ (Mark II Collab. )
+Adolphsen, Alexander+ (PRIN, CHIC, ISU)
+Kondo+ (AICH, FNAL, KOBE, SEOU, MCGI+)
+Binder, Harder, Philipp+ (ARGUS Collab. )
+Binder, Harder, Philipp+ (ARGUS Collab. )
+Bassom pierre, Becks, Benchouk+ (EMC Collab. )
+Belau, Boehringer, Bosman+ (ABCCMR Collab. )

Baltrusaitis, Becker, Blaylock, Brown+ (Mark III Collab. )
Baltrusaitis, Becker, Blaylock, Brown+ (Mark III Collab. )

+Bollini, Bruni, Camporesi+ (BCDMS Collab. )
+Yamamoto, Atwood, Baillon+ (DELCO Collab. )
+Alexandrov, Bravo+ (CERN WA58 Collab. )
+Braunschweig, Kirschfink+ (TASSO Collab. )
+Fernandez, Fries, Hyman+ (HRS Collab. )

(Crystal Ball Collab. )
+ (UCSB, CARL, COLO, FNAL, TNTO, OKLA, CNRC)
+Bardsley, Becker, Blanar+ (ACCMOR Collab. )
+Breedon+ (ROCH, CIT, CHIC, FNAL, STAN)
+ (Photon-Emulsion and Omega-Photon Collab. )
+Alarn, Boyarski, Breidenbach+ (Mark II Collab. )

(LBL, UCB) J
+ (BONN, CERN, EPOL, GLAS, LANC, MCHS+)
+Wiss, Butler, Gladding+ (ILL, FNAL, COLU)
+Siegrist, Alam, Boyarski+ (Mark II Collab. )
+Kurdadze, Lelchuk, Mishnev+ (NOVO)

Zholentz, Kurdadze, Lelchuk+ (NOVO)
34 1471.

+Alam, Blocker, Boyarski+ (Mark II Collab. )
+Holmes, Knapp, Lee+ (COLU, ILL, FNAL)
+Caroumbalis, French, Hibbs, Hylton+ (COLU, BNL)
+Feldm a n, Feller+ (Mark I Collab. )
+Peruzzi, Piccolo, Abrams, Alam+ (Mark I Collab. )
+Wiss, Abrams, Alam+ (Mark I Collab. )
+Piccolo, Feldman+ (Mark I Collab. )
+Peruzzi, Luth, Nguyen, Wiss, Abrams+ (Mark I Collab. )
+Gobbi, Luke, Barbaro-Galtieri+ (Mark I Collab. )
+Pierre, Abrams, Alam+ (Mark I Collab. )

OTHER RELATED PAPERS

RICHMAN
ROSNER

95 RMP 67 893
95 CNPP 21 369

+Burchat (UCSB, STAN)
(CHIC)

D*(2007)'
I, J, P need confirmation.

J consistent with 1, value 0 ruled out (NGUYEN 77).

D~(2007)0 MASS

The fit includes D+, D, D, D*+, D*, and D* mass and mass
difference measurements.

VAL UE (MeV) DOCUMENT ID

2006.7+0.5 OUR FIT Error includes scale factor of 1.1.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

2006 + 1.5 1 GOLDHABER 77 MRK1 e+ e

From simultaneous fit to D*(2010)+, D*(2007), D+, and 0

mg. (~7)0 —m ~
The fit includes 0-+, D, D, D*+, D*, and D* mass and mass
difference m easurements.

DOCUMENT ID

D'(2007) WIDTH

VALUE (MeV) CL o/o DOCUMENT ID TECN COMMEN T

g2.1 90 ABACHI 888 HRS D* ~ D+ 7r

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&5 GOLDHABER 768 MRK1 e+ e ~ 0~ 0~

Assuming m0, 0
—2007.2 + 2.1 MeV/c

D'(2007)~ DECAY MODES

D*(2007) modes are charge conjugates of modes below.

Mode

r, O0~0
i 2 00

Fraction (I;/I )

(61.9 + 2.9) /0

(38,1+2.9) /o

VAL UE (MeV} EVTS TECN COM MEN T

142.12+0.07 OUR FIT
142.12+0.07 OUR AVERAGE

142,2 +0.3 +0.2 145 ALBRECHT 95F ARG e+ e ~ hadrons
142.12+0.05+0.05 1176 BORTOLETTO928 CLE2 e+ e ~ hadrons
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

142.2 + 2.0 SADROZINSKI 80 CBAL 0* ~ D
142.7 + 1.7 2 GOLDHABER 77 MRK1 e+ e

From simultaneous fit to D*(2010)+, D*(2007), D+, and 0
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D*(2007)', D*(2010)+

CONSTRAINED FIT INFORMATION

An overall fit to a branching ratio uses 3 measurements and one

constraint to determine 2 parameters. The overall fit has a X

0.5 for 2 degrees of freedom.

x2 —100

X1

I (Dasro)/I totai

D'(2007}o BRANCHING RATIOS

TECN COMM EN TDOCUMENT IDEVTSVALUE

0.619+0.029 OUR FIT
~ ~ o We do not use the following data for averages, fits, limits,

0.596+0.035 60.028 858 A LBR EC HT 95F A RG

0.636+0.0239 0.033 1097 4 BUTLER 92 CLE2

etc. ~ ~ ~

e+ e ~ hadrons
e+ e ~ hadrons

r(D "l)lrtotai
TECN COMM EN TEVTSVALUE

0.381+0.029 OUR FIT
0.381+0.029 OUR AVERAGE

0.404+0.035+0.028 456 ALBRECHT 95F ARG

0.364+ 0.023 +0.033 621 4 BUTLER 92 CLE2

0.37 +0.08 6 0.08 ADLER 88D MRK3
~ o ~ We do not use the following data for averages, fits, limits,

0.47 +0.23 LOW 87 HRS

0.53 +0.13 BARTEL 85G JADE
0.47 +0.12 COLES 82 MRK2

0.45 +0.15 GOLDHABER 77 MRK1

4The BUTLER 92 branching ratios are not independent, they
the authors to sum to 100%.

DOCUMENT ID

e+ e ~ hadrons
e+ e ~ hadrons
e+ e

etc. o ~ ~

29 GeV e+ e
e+ e, hadronse+�-
ee+—
have been constrained by

D'(2007}o REFERENCES

ALBRECHT 95F ZPHY C66 63
I3ORTOLETTO 92B PRL 69 2046
BUTLER 92 PRL 69 2041
ABACHI 88B PL B212 533
ADLER 88D PL B208 152
LOW 87 PL B183 232
I3ARTEL 85G PL 1618 197
COLES 82 PR D26 2190
SADROZINSKI 80 Madison Conf. 681
GOl DHABER 77 PL 69B 503
NGUYEN 77 PRL 39 262
GOLDHABER 76B SLAC Conf. 379

Available as LBL-5534,

+ Ehr lie hrn a nn+ (ARGUS Collab. )
+Brown, Dominick+ (CLEO Collab. )
+Fu, Kalbfleish+ (CLEO Collab. )
+Akerlof+ (ANL, IND, MICH, PURD, LBL)
+Bee ker+ (Mark III Collab, )
+Abachi, Akerlof, Baringer+ (HRS Collab, )
+Dietrich, Ambrus+ (JADE Collab, )
+Abrams, Blocker, Blondel+ (LBL, SLAC)
+ (PRIN, CIT, HARV, SLAC, STAN)
+Wiss, Abrams, Alam+ (Mark I Collab. )
+Wiss, Abrams, Alam, Boyarski+ (LBL, SLAC) J

(LBL, SLAC)

The following off-diagonal array elements are the correlation coefficients

(bx, be)/(bx, be), "in percent, from the fit to the branching fractions, x,
I, /I t~t~l. The fit constrains the x; whose labels appear in this array to sum to

one.

D {2010)+ ™DD
The fit includes D+, D, D, D*+, D*, and D* mass and mass
difference measurements.

VALUE (MeV) EVTS

145.42+0.05 OUR FIT
145.42+0.04 OUR AVERAGE

145.39+0.064 0.03
145.40+0.05 60.10
145.46+0.07 +0.03
145.8 + 1.5 16
145.1 +1.8 12
145.5 +0.3 28
145.1 +0.5 14
145.5 +0.5 14
145.5 +0.3 60
145.2 +0.6 2

145.3 4 0.5 30
~ ~ ~ We do not use the following

145.4 +0.2 48
145.5 +0.2 115
145.30+0.06

~ 145.5

Systematic error not evaluated.

BARLAG 928 ACCM

ABACHI 888 HRS
ALBRECHT 85F ARG

AHLEN 83 HRS
BAILEY 83 SPEC
BAILEY 83 SPEC
BAILEY 83 SPEC
YELTON 82 MRK2
FITCH 81 SPEC
BLIETSCHAU 79 BEBC
FELDMAN 77B MRK1

data for averages, fits, limits,

DERRICK 95 ZEUS
ALEXANDER 918 OPAL

3 DECAMP 91J ALEP
AVERY 80 SPEC

230 GeV
D*k DO 7r

D*k D07r+
D*+ —+ D07r+
D*+ DO

D*+ DO ~+
D++ DO ~+
29 e+e ~ K 7r+

7r A

VP
D*+ ~ 007r+

etc. ~ ~ ~

D*+ ~ D07r+
D*+ DO

D*+ - DO~+
pA

VAL UE (MeV)

g0.131
o o ~ We do not

&1.1
(2,2

(2.0

D'(2010}+ WIDTH

CL% EVTS DOCUMEN T ID TECN COM MEN T

90 110 BARLAG 92B ACCM 7r 230 GeV
use the following data for averages, fits, limits, etc. o o o

90 ABACHI 88I3 HRS D*+ ~ D
YELTON 82 MRK2 e+ e ~ K 7r+ 7r

30 FELDMAN 778 MRK1 D*+ ~ D 7r+90

D'(2010)+ DECAY MODES

D*(2010) modes are charge conjugates of the modes below.

Mode Fraction (I;/f )

D'(2010)+ D (2007)

VALUE(MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.6+ 1.8 4 PERUZZI 7? MRK1 e+ e

Not independent of FELDMAN 778 mass difference above, PERUZZI 77 D mass, and

GOLDHABER 77 D*(2007) mass.

OTHER RELATED PAPERS

+Xu

+Pierre, Abrams, Alam+

KAMAL 92 PL B284 421
TRILl ING 81 PRPL 75 57
FELDMAN 77C Banff Sum. Inst. 75
GOLOHABER 76 PRL 37 255

(ALBE)
(LBL, UCB)

(SLAC)
(Mark I Collab, )

i, 00~+
l 2 D+7rO

r3 D+~

(68.3+1.4) %

(30 6+2 5)

( 1 1 + 2. 1
) 0/'—0.7

CONSTRAINED FIT INFORMATION

O*(2010)+ r(~ )=&(1 }
I, J, F' need confirmation.

An overall fit to 2 branching ratios uses 3 measurements and one

constraint to determine 3 parameters. The overall fit has a X2

0.0 for 1 degrees of freedom.

D'(2010}+ MASS

The fit includes D+, D, D, D*+, D*, and D* mass and mass
difference measurements.

TECN CHG COMMEN T

~D (2010)+ D+

The fit includes D+, D, D, D*+, D*, and D mass and mass
difference measurements.

VAL UE (Mev) DOCUMENT ID

2010.0+0.5 OUR FIT Error includes scale factor of 1.1.
o ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

2008 +3 1 GOI DHABER 77 MRK1 4 e+ e

2008.6 + 1.0 PERUZZI 77 MRK1 + e+ e

From simultaneous fit to D*(2010)+, D*(2007), D+, and D; not independent of
FELDMAN 778 mass difFerence below.
PERUZZI 77 mass not independent of FELDMAN 77B mass difference below and PE-
RUZZI 77 D mass value.

X2

X3

—55

0 —83

X1 X2

r(D'~+) lrtotai

D'(2010)+ BRANCHING RATIOS

TECN COMM EN TVAL UE DOCLIMENT ID

0.683+0.014 OUR FIT
0.683+0.014 OUR AVERAGE

0.688 +0.024+ 0.013 ALBRECHT 95F ARG

0.681 +0.01Q+0.013 BUTLER 92 CLE2
~ ~ o We do not use the following data for averages, fits, limits,

e+ e ~ hadrons
e+ e ~ hadrons
etc. ~ o ~

The following off-diagonal array elements are the correlation coefficients

(bx, bx )/(bx, "bx I, in percent, from the fit to the branching fractions, x,
I

& / Ctotal, The fit constrains the x; whose la bels a ppea r in this array to sum to
one.

VAL UE (Mev)

140.64+0.09 OUR FIT
140.64+0.08+0.06

EVTS

620

DOCUMENT ID TECN COMMEN T

BORTOLETTO92B CLE2 e+ e ~ hadrons

0.57 +0.04 +0.04 ADLER 88D MRK3
0,44 6 0.10 COLES 82 MRK2

0.6 +0.15 5 GOLDHABER 77 MRK1

5Assuming that isospin is conserved in the decay.

e+e-
e+ e
e+e—



Seekeyon page 199
469

Meson Particle Listings
D*(2010)+,D1(2420), D1(2420)

r (D+ ~') /r„„t
TECN COMM EN TEVTSVAL UE

0.306+0.025 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits,

DOCUMENT ID

etc. ~ ~ ~

Dt(2420) DECAY MODES

D1 (2420) modes are charge conjugates of modes below.

0.312+0.011+0.008 1404
0.308+0.004 +0.008 410
0.26 +0.02 +0.02
0.34 4 0.07

ALBRECHT 95F ARG

BUTLER 92 CLE2
ADLER 88D MRK3
COLES 82 MRK2

e+ e ~ hadrons
e+ e ~ hadrons
e+e
e+e

Mode

D'(201 0) +sr

I 2 D+7r

Fraction (I;/I )

seen

not seen

I (D 7)/I total
VAL UE CL% EVTS DOCUMEN T ID TECN COMMENT

0.011+ OUR FIT—0.007
0.011+0.014+0.016 12 7 BUTLER 92 CLE2 e+ e

hadrons
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.052 90 ALBRECHT 95F ARE e+e
hadrons

0.17 +0.05 +0.05 ADLER 88o MRK3 e+ e
0.22 +0.12 6 COLES 82 MRK2 e+ e

Not independent of I (D 7r )y/I total and I (D+7r )il total measurement.

The BUTLER 92 branching ratios are not independent, they have been constrained by
the authors to sum to 100%.

Dt(2420) BRANCHING RATIOS

I (D'(2010}+st )/I total
VALUE

I (D+sr )/I (De(2010}+st )
VAL UE

(0.24

CL%

90
DOCUMENT ID

AVERY

TECN COM MEN T

90 CLEO e+ e ~ D+7r X

Dt(2420)o REFERENCES

DOCUMENT ID TECN COMMENT

AVERY 90 CLEO e+ e ~ D*+ 7r X
ALBRECHT 89H ARG e+ e ~ D*7r X
ANJOS 89C TPS pN ~ D*+7r X

ALBRECHT
DERRICK
BAR LAG
BORTOLETTO
BUTLER
ALEXANDER
DECAMP
ABACHI
ADLER
ALBRECHT
AHLEN
BAILEY
COLES
YELTON
F I TC H

AVERY
BLIETSCHAU
FELDMAN
GOLOHABER
PERUZZI

D'(2010)+ REFERENCES

95F ZPHY C66 63
95 PL B349 225
92B PL B278 480
92B PRL 69 2046
92 PRL 69 2041
91B PL B262 341
91J PL B266 218
88B PL B212 533
88D PL B208 152
85F PL 150B 235
83 PRL 51 114?
83 PL 132B 230
82 P R D26 2190
82 PRL 49 430
81 PRL 46 761
80 PRL 44 1309
79 PL 86B 108
77B PRL 38 1313
77 PL 69B 503
77 PRL 39 1301

OTHER RELATED PAPERS

+E hrlichm ann+ (ARGUS Collab. )
+Krakauer, et al (ZEUS Collab. )
+Becker, Bozek+ (ACCMOR Collab. )
+Brown, Dominick+ (CLEO Collab. )
+Fu, Kalbfleish+ (CLEO Collab. )
+Allison, Allport, Anderson, Arcelli+ (OPAL Collab. )
+Deschizeaux, Goy, Lees+ (ALEPH Collab. )
+Akerlof+ (ANL, IND, MICH, PURD, LBL)
+Becker+ (Mark III Collab. )
+Binder, Harder, Philipp+ (ARGUS Collab. )
+Akerlof+ (ANL, IND, LBL, MICH, PURD, SLAC)
+Bardsley+ (AMST, BRIS, CERN, CRAC, MPIM+)
+Abrams, Blocker, Blondel+ (LBL, SLAC)
+Feldman, Goldhaber+ (SLAC, LBL, UCB, HARV)
+Devaux, Cavaglia, May+ (PRIN, SACL, TORI, BNL)
+Wiss, Butler, Gladding+ (ILL, FNAL, COLU)

(AACH3, BONN, CERN, MPIM, OXF)
+Peruzzi, Piccolo, Abrams, Alam+ (Mark I Collab. )
+Wiss, Abrams, Alam+ (Mark I Collab. )
+Piccolo, Feldman+ (Mark I Collab. )

AVERY
FRABETTI
AVERY
ALBRECHT
ANJOS

94C PL 8331 236
94B PRL 72 324
90 PR 041 774
89H PL B232 398
89C PRL 62 1717

+Freyberger, Rodriguez+
+Cheung, Cumalat+
+Besson
+Glaser, Harder+
+Appel+

(CLEO Collab. )
(FNAL E687 Collab. )

(CLEO Collab. )
(ARGUS Collab. ) JP

(FNAL E691 Collab. )

D, (2420)+ I(l } = '(')
t needs confirmation.

OMITTED FROM SUMMARY TABLE
Seen in D*(2007) 7r+, J = 0+ ruled out.

Dt(2420)+ MASS

COMMENT

e+ e ~ D 07r+X
pN ~ D07r+X0

VALUE (MeV) EVTS DOCUMENT ID TECN

242T+5 OUR AVERAGE Error includes scale factor of 2.0.
2425+2+2 146 BFRGFELD 94B CLE2
2443 +7+ 5 190 AN JOS 89C TPS

KAMAL
ALTHOFF
BEBEK
TRILLING
PERUZZI

92 PL B284 421
83C PL 126B 493
82 PRL 49 610
81 PRPL 75 57
76 PRL 37 569

+Xu (ALBE)
+Fischer, Burkhardt+ (TASSO Collab. )

(HARV, OSU, ROCH, RUTG, SYRA, VAND+)
(LBL, UCB)

+Piccolo, Feldman, Nguyen, Wiss+ (Mark I Collab. )

VAL UE (MeV)

4+ +3

D
g (2420) 01(2420)

DOCUMENT ID TECN COMMENT

BERGFELD 94B CLE2 e+ e ~ hadrons

D, (2420)' Ili'l = B1+l
I, J, P need confirmation.

Dt(2420)+ WIDTH

Seen in D*(2010)+7r . J = 1+ according to ALBRECHT 8c)H.

Dt(2420)o MASS

VALUE(MeV)

28+ 8 OUR AVERAGE

26 k47
41 + 19+8

EVTS

146

190

DOCUMENT ID TECN COMMENT

BERGFELD 94B CLE2 e+ e ~ D* 7r+ X

ANJOS 89C TPS pN ~ D 7r+X
VAL UE (MeV) EVTS

2422.2+1.8 OUR AVERAGE

2421 2 +2 286

2422 +2 +2
2428 +3 +2
2414 +2 +5
2428 +8 +5

AVERY

FRABETTI
AVERY
ALBRECHT
ANJOS

94C CLE2

94B E687
90 C LEO
89H ARG

89c TPS

D, (2420}o WIDTH

DOCUMENT ID TECN

Error includes scale factor of 1.2.
COMM EN T

e+e- - D'+ —
X

pBe ~ D*+7r X
e+ e ~ D*+7r X
e+ e ~ D*+7r X

pN ~ D+7r X

Dt(2420)+ DECAY MODES

Mode

I t D*(2007)9sr+

I2 007r+

Fraction (C;iI )

seen

not seen

D*(2420) modes are charge conjugates of modes below.
1

VAL UE (MeV) EVTS

18.9+ ' OUR AVERAGE3.5

58 +14 +10 171

20 5 + 3 286

15 + 8 + 4 51
+ 8 +10 2796 — 3

13 + 6 + 171

~ ~ ~ We do not use the following

DOCUMENT ID TECN COMMENT

AVERY 94C CLE2 e+ e Dv+ rr X

FRABETTI 94B E687 p Be ~ D*+ 7r X

AVERY 90 CLEO e+ e ~ D+ 7r X

ALBRECHT 89H ARG e+ e ~ D +7r X

data for averages, fits, limits, etc. ~ ~ ~

ANJOS 89C TPS pN ~ D*+7r X

Dt(2420)+ BRANCHING RATIOS

I (D'(2007)osc+)/r, t
VA L IUE

r(Doer+)/I (D (2007)on+)

DOCUMENT ID

ANJOS

TECN COMM EN T

89C TPS pN D 7r+X

Dt(2420)+ REFERENCES

VALUE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.18 90 BERGFELD 94B CLE2 e+ e ~ hadrons

BERGFELD 94B PL B340 194
ANJOS 89C PRL 62 1717

+Eisenstein, Golliny
+Appel+

(CLEO Collab. )
(FNAL E691 Collab, )
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D,*(2460), D*,(2460)+

~(i') = —,'-(2+)O,*(2460)'
RECHT 89B .= 2+ assignment strongly favored (ALBREC

D2(2460)+ t(~') = &(2+)

D2(2460)+ MASS
D42(2460)0 MASS

DOCUMENT ID TECNVALUE ( e )MeV EVTS

E Error includes scale factor of 1. ..2.2458.9+2.0 OUR AVERAGE Error inc u e
94C CLE2486 AVERY2465 +3 +3

FRABETTI 948 E6872453 + 3 +2 128
AVERY 90 CLEO2461 +3 +1 440
ALBRECHT 898 ARG2455 +3 j5 337
ANJOS 89c TPS2459 3 +2 153 AN

data for averages, fits, limits,~ ~ ~ We do not use the following a a r

1 ASRATYAN 95 BEBC2466 +7

COMM EN T

4+ 4 D+ rrX
pBe ~ D+~ X
e+e ~ D+~ X
e+e ~ D+7r X
-/N - D+~ —

X

etc. ~ o ~

53,40 rr Ivl p + X,
d+ X

EVTS DOCUMENT ID TECNVAL UE (MeV)

es scale factor of 1.?. See2459+4 OUR AVERAGE Error includes sca e

3 310 BERGFELD 948 CLE22463+3+
185 FRRABETTI 948 E6872453 +3+2

ALBRECHT 89F ARG2469 +4+ 6

WEIGHTED AVERAGE
2459+4 (Error scaled by 1.7)

COMMEN T

the ideogram below.
e+ e ~ D02r+ X

pBe ~ D vr X0

e+ e ~ D0zr+ X

D2(2460)o WIDTH

VALUE (MeV)

23+ 5 OUR AVERAGE

28+ + 67
25+10+ 5

20+ 9+- 9—12 —10

15+13+ 5—10 —10
20+10+ 5

EVTS

486

128

440

337

153

DOCUMENT ID TECN COMMEN T

AVERY

FRABETTI

AVERY

94C CLE2

948 E687

90 C LEO

e+e ~ D+vr X

gBe ~ D+~ X

e+ e ~ D*+vr X

ALBRECHT 898 ARG

89c TPSANJOS

e+ e ~ D+zr X

pN ~ D 7r X+

O,'(2460)' DECAY MODES

D*(2460) modes are charge conjug'u ates of modes below.
2

24
2440 2450 2460 2470 2480

D2(2460) mass (MeV)

GFELD 94B CLE2
BETTI 94B E687
RECHT 89F ARG

2490

X'
1.0
2.5
2.0
5.6

(Confidence Level = 0.062)
I

2500

Mode Fraction (I;jl )

l 1 0+7r
r, 0"(2oio)+ ~-

r(o+4r )/rto~ai
VALUE

seen

seen

EVTS

337
DOCUMENT ID TECN

ALBRECHT 898 ARG

ANJOS 89C TPS

D'(2460)o BRANCHING RATIOS

COMMEN T

e+ e —~ D+7r X

pN ~ D+m X

VAL UE (MeV)

0.9+3.3 OUR

2 k4 k4
0 k4

14 +5 +8

VAL UE (MeV)

COMMENT

e+ e -~ hadrons
pBe ~ D7rx
e+ e ~ D07r+ X

D2 (2460)+WIDTH

EVTS DOCUMENT ID TECN COMMENT

D'(2460)+ D2(2460)02

DOCUMENT ID TECN

AV ERAGE Error includes scale factoctor of 1.1.
BERGFELD 948 CLE2
FRABETTI 948 E687
ALBRECHT 89F ARG

I (D (2010)+4r )/I totai
VAL UE

seen

DOCUMENT ID TECN COM MEN T

e+e D +7r XAVERY 90 CLEO e e

ALBRECHT 89H ARG ee+e ~ D*~ X

25+ OUR AVERAGE7

27-t 11g58
23k 9+5

310

185

BERGFELD

FRABETTI

+ —-- D0~+X948 CLE2 e+ e —~ D

948 E687 g Be ~ D0~+x

VALUE

2.3+0.6 OUR AVERAGE

2, 2+ 0.7 J:0.6
2.3+0.8
3.0 + 1.1 + 1.5

AVERY
AVERY
ALBRECHT

I (D+x )/I ( 'D(2 100)+ 4r)

DOCUMENT ID TECN COMM EN T

94' CLE2 e+ e D rr X-x
90 CLEO e+ e

+ ~ D 7r X89H ARG e+e ~ D 7r
Mode Fraction (I I jl )

'D( 426 )0+ DECAY MODES2

con'u ates of modes below.D2
* 2460) modes are charge conjug

D2(2460)o REFERENCES
I

D0 7r+1
I

0*07r+2

seen

seen

ASRATYAN
AVERY
FRABETTI
AVERY
ALBRECHT
ALBRECHT
ANJOS

95 ZPHY C68 43
94C P L 8331 236
948 PRL 72 324
90 P R D41 774
898 PL 8221 422
89H PL 8232 398
89C PRL 62 1717

+ (BIRM, BELG, CERN,
+Freyberger, Rodriguez+
+Cheung, Cumalat+-
+Besson
+Boeckm ann+
+-Glaser, Harder~
+Appel+

SFRP, ITEP, MPIM, RAL)
(CLEO Collab. )

(FNAL E687 Collab. )
(CLEO Collab. )

(ARGUS Collab. ) JP
(ARGUS Collab. ) JP

(FNAL E691 Collab. )

D' 2460)+ BRANCHING RATIOS2

r(o' 4)/r~. ~.i
VAL UE

SC8h

r (o'~+) /r (o'~+)

DOCUMENT ID TECN COMMEN T

e+ e —~ D0zr+ XALBRECHT 89F ARG e e

ri/r2
VAL UE

1.9+1.1+0.3
DOCUMENT ID TECN COMMENT

BERGFELD 948 CLE2 e+ e ~ hadrons

BERGFELD 948 PL 8340 194
FRABETTI 948 PRL 72 324
ALBRECHT 89F PL 8231 208

'D(24 )6+0REFERENCES2

+Eisenstein, Gollin+
+Cheung, Cumalat+
+Glaeser+

(CLEO Collab. )
(FNAL E687 Collab. )

(ARGUS Collab. )
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D+ MEAN LIFE

+
S

was F+
l(JP) = 0(0 )

0The angular distributions of the decays of the tt and K (892) in

the P~+ and K+ K*(892) modes strongly indicate that the spin
is zero. The parity given is that expected of a cs ground state.

D+ MASS

The fit includes 0+, Do, D, 0*+, D*, and D mass and mass

difference measurements. Measurements of the D mass with an error
greater than 10 MeV are omitted from the fit and average. A number of
early measurements have been omitted altogether.

VALUE (MeV) EVTS DOCUMENT ID

1968.5+ 0.6 OUR FIT Error includes scale factor of 1.1.
1969.0+ 1.4 OUR AVERAGE Error includes scale factor of 1.5. See

1967.0 4 1.0 + 1.0 54 BARLAG 90C ACCM

1969.3 + 1.4+ 1.4 ALBRECHT 88 ARG

1972.7+ 1.5 2 1.0 21 BECK ER 87B SILI

1972.4+ 3.7 + 3.7 27 BLAYLOCK 87 MRK3
1963 + 3 + 3 30 DERRICK 85B HRS

1970 + 5 + 5 104 CHEN 83c CLEO
e o ~ We do not use the following data for averages, fits, limits, etc.

1968.3+ 0,7+ 0.7 290 AN JOS 88 E691
6 USHIDA 86 EMUL

1973.6+ 2.6 + 3.0 163 ALBRECHT 85D ARG

1948 +28 + 10 65 AIHARA 84D TPC
1975 + 9 + 10 49 ALTHOFF 84 TASS

3 BAILEY 84 ACCM

TECN COM MEN T

the ideogram below.

Cu 230 GeV
e+ e 94—10.6

GeV
200 GeV 2r, K,p
e+ e 4.14 GeV
e+ e 29 GeV
e+ e 10.5 GeV
~ ~ ~

Photo production
v wideband
e+ e 10 GeV
e+ e 29 GeV
e+ e 14—25 GeV
hadron+ Be ~

@~+x

CHARMED, STRANGE MESONS
(C= S= +1)

D+ = cs, D = c s, similarly for D, 's
s

Measurements with an error greater than 0.2 x 10 s are omitted from
the average.

DOCUMENT ID TECN COMMEN T

pBe, D+ ~ $2r+

~, D+ y2r+

FRA BETTI

ALVA REZ

90c ACCM 7r Cu 230 GeV

pBe, $2r+
e+ e 10 GeV

F RABETTI

88I ARG144

RAAB

3 BECKER

Photoproduction

200 GeV 2r, K,p

ANJOS See RAAB 88

BRAUNSCH e+ e 35—44 GeV

e+ e 10 GeVCSORNA

JUNG See AVERILL 89

hadron+ Be ~ $2r+ XBAILEY

See USHIDA 86US HIDA

D+ DECAY MODES

Branching fractions for modes with a resonance in the final state include

all the decay modes of the resonance. D modes are charge conjugates
of the modes below.

Mode Fraction (I;/I ) Confidence level

VAL LIE (10 12 5) EVTS

0.467+0.01? OUR AVERAGE

0.475 +0.020 ~ 0.007 900 93F E687

033 ' +003 15 90 NA14—0.08

0 469+0.102 54 2 BARLAG—0.086
0.50 +0.06 +0.03 104 90 E687

o.56 + ' +0.08 ALBRECHT—0.12
0.47 +0.04 ~0.02 228 88 E691

p 33 +0.10 21 87B SILI—0.06

6 +0.16 6 USHIDA 86 EMUL v wideband02 009
~ e e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0 20
+ +0 Q5 18 AVERILL 89 HRS e+ e 29 GeV

0,48 + ' + 0.02 99 87B E691—0.05

057 + ' +009 9 87 TASS—0.26
0.47 +0.22 +0.05 141 87 C LEO

0 35 ' +0.09 17 86 HRS—0.18

o 32 +0.30 3 84 ACCM—0.13
+ 0.13 4 83 EMUL—0.07

2 BARLAG 90c estimates the systematic error to be negligible.
3BECKER 87B estimates the systematic error to be negligible.

ANJOS 88 enters the fit via m + —mD~ (see below).0

WEIGHTED AVERAGE
1969.0+1.4 (Error scaled by 1.5)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

1950 1960

D mass (MeV)

1970 1980

BAR LAG
ALBRECHT
BECKER
BLAYLOCK
DERRICK
CHEN

90C ACCM
88 ARG
87B SILI
87 MRK3
85B HRS
83C CLEO

(Confidence Level
I

1990 2000

x'
2.0
0.0
4.2
0.4
2.0
0.0
8.7

= 0.123)

m ~ —m&~

TECN COMMENTVALUE(MeV) EVTS DOCUMENT ID

99.2+0.5 OUR FIT Error includes scale factor of 1.1.
99.2+0.5 OUR AVERAGE

99.5+ 0.6+ 0.3 BROWN
98.5+ 1.5 555 CHEN
99.0+ 0.8 290 ANJOS

94 CLEO e+ e = T(4S)
89 CLEO e+ e 10.5 GeV
88 E691 Photoproduction

The fit i~eludes 0+, D, D, D*+, D*, and 0* mass and mass
difference measurements.

I3
l4
I5

Inclusive modes

(13K anything

K anything + K anything

K+ anything

non- K K anything
e+ anything

(39

(2O

(64
( 20

+14—12

+28 )%
+18 )%—14
+17 )%

0/

I,
I7
ls
r9
I 10

( 9

( 6.7+
( 2.6

9
2.8

( 4.3+
( 5.8+

2.9

Leptonic and semileptonic modes
+ (9 + 4 )x1o—3p v~

PE+ v [a] ( 1,9+ 0.5) %
9f+ vr + n'(958) f+ vr ( 3.3+ 1.0) %

gE+ vvg ( 2.5 2 0.7) %

rI'(958) f+ vr ( 8,7+ 3.4) x 10

Hadronic modes with a KK pair (including from a si)
r K+F011 ( 3.6 + 1.1) %
r K+ K-~+12 [b] ( 46+ 1 2) %
r y~+13 3.6 + 0.9) %
i i4 K+ K'(892)D ( 3.4+ O.9) 0/

fo(980)sr+ { 1.1+ O.4)%
K+ K*(1430)o (7 + 4 )xlp16 p —3

I 17 fg( 1710)7r+ —+ K+ K Ir+ [c] ( 15+ 20) x 10
I 18 K "K sr+ nonresonant (9 + 4 )x10
r„KQKQ~+
I p K*(892) K ( 43' 14) 0/

K+ K vr

22 5 )%
I 23 2.3) %
I 24 p~+~ 3-body
I K+ K sr+ 7ro non-P25
I K+ Ko~+~-26
I KoK 1.5) %27
i 2s K'(892)+ K*(892)o 2 5) o/o

I 29 K K Ir+ Ir+ non-K*+ K'
I p K+ K sr+sr+~
I- y~+ ~+ ~-31 ( 18+ 06)%
I K+ K sr+ ~+ ~ non- P ( 3 0 2'Q) x 10+ 3.0 —3

32

90%

90%
90o/0

9O%

900/
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C34
i 35
f36

I 38
I 39

I 40

i 41
I 42
"43
I 44
I 45
I 46
~47

"48
I 49
f50
I 51
I 52
]53
l54

K's)
O.4) %

x 10
O.5) %
o.4) /.

0/

O.6) %
0/

) x 10

~+ ~+ ~-
po ~+
fo (980)~+
~+ ~+ ~ nonresonant

~+~+~
Tier+

Lcf Il

~+ sr+ ~+~-.—
~+ ~+ ~—~0~0

'OP

«+ ~0 3-body
~+~+ ~+ ~—~—~0

~'(958) x+
~+ ~+ sr+ ~- vr- vrOvro

tf'(958) P+
rf'(958) fr+ fro 3-body

Ko~+
K+~+~

K+/0
K ' (892)o fr+

K+ K+ K-
yK+

(10.3+ 3.2) %
30 oi

( 4.9+ 3.2) 0/

( 4.9+ 1.8) %

(12
3.1
8

( 1.0+
2.9

( 6.5+
6

5

4 )%
0/

x 10
O.4) %

x 10
2.8) x 10

x10 4

x 10 4

Other hadronic modes {0, 1, or 8

( 1.4+
2.9

( 1.2+
( 1.0+
12

( 2.0+
1.8

( 3.O+

90%

90o

90%

90o

90%
90%

90o/

90%
9O%

[I (K anything) + I (Koanything)]/I tot i

VAL UE

0 39+ +0.04—0.27

I (K+ anything)/I total
VAL UE

0.20+ +0 04-0.13

DOCUMENT ID TECN COM MEN T

COFFMAN 91 MRK3 e+ e 4 14 GeV

DOCUMENT ID TECN COMMENT

COFFMAN 91 MRK3 e+ e 4.14 GeV

I s/I

I (non-K)c'anything)/I total
VAL UE DOCUMENT ID TECN COMMENT

4 COFFMAN 91 MRK3 e+ e 4 14 GeV

I (e+ anything)/I tot i I s/I
VAL UE DOCUMENT ID TECN COMMENT

(0.20 90 5 BAI 90 MRK3 e+ e 4, 14 GeV

Expressed as a value, the BAI 90 result is I (e+ anything)/Ctotal —0.05 + 0.05 + 0.02.

CL%

Leptonic and semileptonic modes

r (fs vfs) /r tata I rs/r
See the "Note on Pseudoscalar-Meson Decay Constants" in the Listings for the n-+.

\/A L UE EVTS DOCUMENT ID TECN COMMENT

0.64+0.17+0.03
4COFFMAN 91 uses the direct measurements of the kaon content to determine this non-

KK fraction. This number implies that a large fraction of D+ decays involve TI, T)I,

and/or non-spectator decays.

i 55

~57
l58
~59
l60

etC = 1 weak neutral current {Ce) modes, or
Lepton number (L) violating modes

[d] & 4.3
C2 5.9
C2 1.4
L 4.3
L 5.9
L 1,4

~+p+ ~—
K+@+@
K*(892)+p+ y,

~—p+ p+
K p+ p+
K*(892) fs+ fs+

x 1O-4

x 10 4

x 10
x 1O-4

x 10 4

x 10

9O%

90%
900/0

90%
90%
900/

I 61 A dummy mode used by the fit. (s2 +4 )%

[a] For now, we average together measurements of the Pe+ v, and Pp+ v„
branching fractions. This is the average, not the sLJm.

[b] The branching fractions for this mode may diff'er from the sum of the
submodes that contribute to it, due to interference effects. See the
relevant papers.

[c] This value includes only K+ K decays of the fu(1710), because branch-

ing fractions of this resonance are not known.

[d] This mode is not a useful test for a et C=1 weak neutral current because
both quarks must change flavor in this decay.

CONSTRAINED FIT INFORMATION

An overall fit to 10 branching ratios uses 18 measurements and

one constraint to determine 8 parameters. The overall fit has a

X = 8.3 for 11 degrees of freedom.2=

x9 87

X10 67

X12 84

X13 92

X14 86

X35 55

x61 —94

57

73 56

80 61 91
74 57 92 93
48 37 55 60 56

—86 —67 —95 —97 —95 —65

X9 X10 X]2 X13 X]4 X35

D BRANCHING RATIOS

A few older, now obsolete results have been omitted. They may be found
in earlier editions.

Inclusive modes

The following off-diagonal array elements are the correlation coefficients

(6x, hx )/(6x,"cx ), in percent, from the fit to the branching fractions, x,
C '/ I tota I

The fit constrains the x, whose labels appear in this array to sum to
one.

r(„+„)/F(& +) Fe/Fas
See the "Note on Pseudoscalar-Meson Decay Constants" in the Listings for the 2r+.

VAL UE EVTS DOC UMEN T ID TECN COMMENT

0.245+0.052+0.074 39 9 ACOSTA 94 CLEO e+ e = T(4S)
ACOSTA 94 obtains fD —(344 4 37+ 52 + 42) MeV from this measurement, using

5

I (D+ ~ Px+)/C(total) = 0.037 + 0.009.

r(Sic+ vc)/r(ps+) rr/rta
of the I (pe+ ve)/l (@Tr+) and

D Listings for measurements of
5

For now, we average together measurements

C(pp+v )/C($2r+) ratios. See the end of the
Ic

D ~ PE+ v form-factor ratios.
S

EVTS DOCUMENT ID TECN COMMENTVAL UE

0.54+0.05 OUR FIT
0.54+0.05 OUR AVERAGE

0.54+ 0.05+0.04 3
0.58+0, 17+0.07

67 BUTLER 94 CLEO e+ e = T'(4S)
97 FRABETTI 93G E687 p Be E = 220 GeV

04 ALBRECHT 91 ARG e+ e = 10.4 GeV

54 1 ALEXANDER 90B CLEO e+ e 10 5—11 GeV

0,57+0.15+0.15 1

0.49+ 0.10+0.10—0.14

BUTLER 94 uses both pe+ ve and p/c+ v events, and makes a phase-space adjustment

to the latter to use them as Pe+ ve events.

FRABETTI 93G measures the f (pp+ v )/I ($2I.+) ratio.
I-t

ALBRECHT 91 measures the I (pe+ ve)/I ($2r+) ratio.
ALEXAN-
DER 90e measures an average of the C(pe+ ve)/C(@2r+) and C(@@+vI, )/C(@2r+)
ratios.

r(0e+ vC)/r(sic+ vC) I 9/Ir
EVTSVALUE

1.27+0.19 OUR FIT
1.24+0.12+0.15 440 14 BRANDENB. .. 95 CLEO e+ e = T(4S)

4 BRANDENBURG 95 uses both e+ and /c+ events and makes a phase-space adjustment
to use the Ic+ events as e+ events.

DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0 015+0.013 +0.003 3 6 BAI 95 BES a+e D+D—0.006 —0.002 S S

0004+ ' + ' 8 7AOKI—0.0014 —0.0019 93 WA75 2r emulsion 350 GeV

&0.03 0 AUBERT 83 SPEC Itc+ Fe 250 GeV

BAl 95 uses one actual D V+v event together with two D ~+v events
S /L S T

and assumes y.-v universality. This value of I (v+ v i/I t~t~l gives a pseudoscalar decay

i
constant of (430 130 + 40) MeV.

AOKI 93 assumes the ratio of production cross sections of the D and D is 0.27. TheS
value of I (@+v )/I tot~i gives a pseudoscalar decay constant fD —(232 + 45 + 52)

5
MeV.
AUBERT 83 assume that the D production rate is 20% of total charm production rate.

I (K anything)/I t~t~l
VAL UE

0 13+ ' +0.02—0.12

DOCUMENT ID TECN COMM EN T

COFFMAN 91 MRK3 e+ e 4.14 GeV
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I (rff(958) t+ vt) /I (rift+ vt) rap/rr
Unseen decay modes of the resonances are included.

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

0.44+0.13 OUR FIT
0.43+0.11+0.07 29 8RANOENB. .. 95 CLED e+ e = T(4S)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.6 90 KODAMA 938 E653 1r emulSiOn 600
GeV

BRANDENBURG 95 uses both e+ and p+ events and makes a phase-space adjustment
to use the /1+ events as e+ events.
KODAMA 938 uses //,

+ events.

[I (f)t+vt) + I (g'(958)t+vt)]/I (drt+vt) I 8/I y = (I g+I gp)/I y
Unseen decay modes of the resonances are included.

VAL UE EVTS DOCUMENT ID TECN COMM EN T
1.72+0.23 OUR FIT
3.9 +1.6 13 17 KODAMA 93 E653 gr emulsion 600 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

1.67 +0.17+0.17 BRANDENB. .. 95 CLEO e+ e T(4S)
17 KODAMA 93 uses p+ events.

This BRANDENBURG 95 data is redundant with data in previous blocks.

Hadronic modes with a KK pair.

r(K+ KK))/r(4) ~+) rll/r13
VALUE EVTS

1.01+0.16 OUR AVERAGE
1.15+0.31+0.19 68
0.92 +0.32+0.20
0.99+0.17+0.10

TECN COMM EN TDOC UM EN T ID

ANJOS
ADLER
CHEN

90C E691 p Be
898 MRK3 e+ e 4.14 GeV

89 CLEO e+ e 10 GeV

r (4( sf+) /rtotai I ta/I
For the first time, we have model-independent measurements of this branching fraction,
and so we no longer use the earlier, model-dependent results. See the "Note on D
Mesons" in the D+ Listings for a discussion.

VALUE CL% EVTS DOCUMENT ID TECN COMMENT

0.036 +0.009 OUR FIT
0.036 +0.009 OUR AVERAGE

0.0359+0.0077+ 0.0048 19 ARTUSO 96 CLEO e+ e at T'(4S)

p p39 +0.051 +0.018—0.019 —0.011 BAI 95C BES e+ e 4.03 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.051 +0.004 +0.008 21 BUTLER 94 CLEO e+ e T(4S)
&0.048 90 MUHEIM 94

0.046 6 0.015 22 MUHEIM 94
0.031 +0.009 22 MUHEIM 94
0.031 +0.009 +0.006 FRABETTI 93G E687 p Be E = 220 GeV'Y

0.024 4 0.010 ALBRECHT 91 ARG e+ e 10.4 GeV

&0.041 90 0 0 ADLER 908 MRK3 e+ e 4.14 GeV

0031 +0006 +oo—0.009 AL EXA ND E R 908 C L EO e+ e 10.5—11 GeV

0.048 60.017 4 0.019 ALVAREZ 90C NA14 Photoproduction)0.034 90 21 ANJOS 90e E691 p Be, E = 145
GeV

0.02 +0.01 405 CHEN 89 CLEO e+ e 10 GeV

0.033 +0.016 +0.010 9 24 BRAUNSCH. .. 87 TASS e+ e 35—44 GeV

0.033 +0.011 30 DERRICK 858 HRS e+ e 29 GeV

tgARTLISO 96 uses partially reconstructed B0 D~+ D decays to get a model-
S

independent value for I (D rhn )/I (D K n+) of 0.92+ 0.20+ 0.11.
BAI 950 uses e+e D D events in which one or both of the D are observed toS S S
obtain the first model-independent measurement of the D sirr+ branching fraction,

S

without assumptions about o.(D ). However, with only two "doubly-tagged" events, the
statistical error is too iarge for the result to be competitive with indirect measurements.
ADLER 908 used the same method to set a limit.
BUTLER 94, FRABETTI 93G, ALBRECHT 91, ALEXANDER 908, and ANJOS 908
measure the ratio I (D+ //+vs)/I (D+ Pm-+), where /f = e and/or p, , and

then use a theoretical calculation of the ratio of widths I (D+ @8+vI)/C(D+
K*01+v). Not everyone uses the same value for this ratio.
The two MUHEIM 94 values here are model-dependent calculations based on distinct
data sets. The first uses measurements of the D2(2460) and Ds1(2536)+, the second

uses B-decay factorization and I (D ~ p+ v )/I (D+ Pl!+v~). A third calculation

using the sernileptonic width of D+ ~ @/+ vtf is not independent of other results listedS
here. Note also the upper limit, based on the sum of established D+ branching ratios.

ALVAREZ 90C relies on the Lund model to estimate the ratio of D+ to D+ cross sections.
S

Values based on crude estimates of the D production level. DERRICK 858 errors are
S

statistica I only.

r(4)~+)/r(K+ K- ~+) rta/rt2
Unseen decay modes of the P are included.

VAL UE DOCUMEN T ID

0.79 +0.09 OUR FIT
0.807+0.067+0.096

TECN COM MEN T

FRABETTI 958 E687 Dalitz plot analysis

Meson Particle Listings

I (K+X (892}p)/I (K+K sf+) I 14/I 12
Unseen decay modes of the K~(892) are included.

VA L LIE DOCUMENT ID

0.74 +0.08 OUR FIT
0.717+0.069+0.060

TECN COM MEN T

FRABETTI 958 E687 Dalitz plot analysis

I (K+ K'(892}P)/I (grrsf+) r14/r13
Unseen decay modes of the resonances are included.

VALUE EVTS DOC UM EN T ID

0.93+0.09 OUR FIT
0.95+0.10 OUR AVERAGE
0.85 +0.34+0.20 9
0.84+0.30+0.22
1.05 +0.17+0.12
0.87 +0.13+0.05 117
1.44 +0.37 87

TECN COMMEN T

90C NA14 Photoproduction
898 MRK3 e+ e 4.14 GeV
89 CLEO e+ e 10 GeV
88 E691 Photoproduction
87F ARG e+ e 10 GeV

I (fp(980)sf+)/I (K+ K sf+) I 38/rt2
Unseen decay modes of the fp(980) are included.

DOCUMENT ID TECN COMMEN TVAL UE

0.25+0.09 OUR FIT
1.00+0.3260.24 FRABETTI 958 E687 Dalitz plot analysis

I (fy(1710)sf+ —s K+ K sr+)/I (K+ K sf+) I 17/I 12
This includes only K+ K decays of the f~(1710), because branching ratios of this
resonance are not known.

VAL UE DOCUMENT ID TECN COMMENT

0.034+0.023+0.035 FRABETTI 958 E687 Dalitz plot analysis

I (K+ Rp(1430) )/I (K+ K sf+) I 16/I 12
Unseen decay modes of the K*(1430) are included.0

VAL UE DOCUMEN T ID TECN

0.150+0.052+0.052 FRABETTI 958 E687
COMMENT

Dalitz plot analysis

I (K+ K sr+ nonraaonant)/I (/sf+) I 18/I 13
EVTS

48
TECN COMM EN T

88 E691 Photoproduction

VAL UE

0.25+0.07+0.OS

DOCUMENT ID

ANJOS

I (K'(892}+~K)/I (f/ref+) I 20/I 13
Unseen decay modes of the resonances are included.

VAL UE DOCUMENT ID TECN COMM EN T

89 CLEO e+ e 10 GeV1.20+0.21+0.13

I (K'(892)+~K)/I (K+~K)

CHEN

r20/rl 1
Unseen decay modes of the K*(892)+ are included.

VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.9 90 FRABETTI 95 E687 p Be E 200 GeV

r(4)~+ ~0)/r(dn+) r22/rta
VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

2.4+1.0+0.5 11 ANJOS 89E E691 Photoproduction
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

ALVAREZ 90C NA14 Photoproduction&2.6 90

r(&/+)/r(&n+)
VALUE

1.86+0.26+0 29—0.40

r23/I xa
TECN COM MEN TEVTS DOCUMENT ID

AVERY 92 CLEO e+ e = 10 5 GeV253

I (dsf+sf03-body)/r(ysf+) r24/rta
CL%VAL UE

&0.71
TECN COM MEN T

92 CLEO e+ e = 10.5 GeV

DOCUMENT ID

DAOUDI90

I (K+K sr+sfonon-4))/I (Par+) r28/rta
TECN COM MEN T

89E E691 Photoproduction

VAL UE CL% DOCUMENT ID

(2.4 9p ANJOS

Total minus P corn ponent.

r(K+~~~+~-)/r(4)~+) r26/r13
CLi DOCUMEN T ID

ALBRECHT

VAL UE

&0.77
TECN COMMENT

928 ARG e+ e = 10.4 GeV90

I-(Kp K—sf+ sf+) /I (4)sf+)
VAL UE

1.2 +0.2 +0.2

ray/rta
DOCUMENT ID TECN COMMENT

ALBRECHT 928 ARG e+ e 10.4 GeV

I (K'(892)+ K'(892)P)/I (Qx+) r28/r13
Unseen decay modes of the resonances are included.

VAL UE DOCUMENT ID TECN COMMENT

e+ e 10.4 GeV1.6+0.4+0.4 ALBRECHT 928 ARG

I (K K sf+ sf+ non-K'+ K' ) /I (r)r sf+) r2g/r&3
CL%VAL UE

(0.80
DOCUMENT ID TEEN

ALBRECHT 928 ARG

COMMENT

e+ e 10.4 GeV90
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r(y + + -)/r(d) +)
VA L LIE CL % EVTS

0.51+ps 12 OUR AVERAGE
0.58 4 0.21 +0.10 21
0.42 +0.13+0.07 19
1 .11 +0.37 +0.28 62

~ ~ ~ We do not use the following data

&0.24 90

DOCUMENT ID

r31lrl3
TECN COMMENT

FRABETTI 92 E687
AN JOS 88 E691
ALBRECHT 85D ARG

for averages, fits, limits, etc. ~

ALVAREZ 90C NA14

p Be
Photoproduction
e+ e 10 GeV

Photoproduction

TECN COMMEN T

92C ACCM 7r 230 GeV

rsa/rI (K+ K Sr+Sr+sr npn-43)/I totei
VALUE DOCUMENT ID

0 oo3 +0.003—0.002 BA R LAG

I (rj(958)sr+)/I (/sr+)
Unseen decay modes of the resonances are included.

VALUE CL % EVTS DOCUMEN T ID TECN COMMENT

1.4 +0.4 OUR AVERAGE Error includes scale factor of 2.1. See the ideogram below.

1.20+ 0.15+0.11 281 ALEXANDER 92 CLEO q ~ gn + n

P 'Y

2.5 4 1.0 +0'4 22 A LVA R EZ 91 N A 14 P hotoprodu etio n

2,5 +0.5 +0.3 215 ALBRECH T 90D ARG e+ e = 10.4 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 1.3 90 AN JOS 91B E691 g Be, E = 145
GeV

WEIGHTED AVERAGE
1 .4+0.4 (Error scaled by 2.1 )

r (K+ K 77+ sr-+ 77 non d-s)/r (-dssr+)
VALVE CL % EVTS DO CUMEN T ID TECN COMMEN T

~ ~ la We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I 32/r13

&0.32 90 10 AN JOS 88 E691 P hotopro duction

Other hadronlc modes (0, 1, or 3 K's}

r (sr+ sr+ sr-) /r (4)sr+) rss/r„
VAL UE EVTS

0.39+0.08 OUR AVERAGE

0.3360.10+0.04 29
0.44 +0.10+0.04

r (pe sr+ )lr (9Isr+)

DOCUMEN 7 ID TECN COMMEN T

ADAMOVICH 93 WA82 ~ 340 GeV
AN JOS 89 E691 Photoproduction

rs4/I 13
VAL UE CL % DOCUMEN T ID TECN COMMEN T

(0.08 90 AN JOS 89 E691 Photoproduction
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.22 90 ALBRECHT 87G ARG e+ e 10 GeV
0 1

ALEXANDER 92 CLEO
ALVAREZ 91 NA1 4
ALBR ECHT 90D ARG

(Confidence Level

x'
0.7
1.1

3.9
5.7

0.058)

I (fp(980) sr+) /I (4)sr+) rss/I 13
Unseen decay modes of the resonances are included.

VAL UE DOCUMENT ID

D.32 +Oslo OUR FIT
0.28 +0.1060.03 AN JOS

TECN COMMEN T

89 E691 Photoproduction

I (sr+ sr+ sr nonresonant)/I (4)sr+)
VALUE DOCUMENT ID

0.2960.09+0.03 AN JOS

r (sr+ sr+ sr- sro)/r (4)sr+)

I M/r13
TECN COMMEN T

89 E691 Photoproduction

r37lr1s
VALUE

(3.3

r(7)77+) lr (slsr+)

CL%

90
DOCUMENT ID

AN JOS
TECN COMMENT

89E E691 Photoproduction

I se/r13
Unseen decay modes of the resonances are included.

CL % EVTS DO CUM EN T ID TECN

165 ALEXANDER 92 CLEO
VALUE

0.54+0.0960.06
COMMENT

Y'Ys

~+ ~- ~0
~ ~ ~

& 1.5 90 AN JOS 89E E691 Photoproduction

~ ~ i We do not use the following data for averages, fits, limits, etc.

r (si'(958) n.+) /r (9i ss+)

r (7/(958}p+) /r (Issr+)
Unseen decay modes of the resonances are included.

VAL UE EVTS DOCUMENT ID

3A4 k 0.62+ 68 AVERY

TECN COMMENT

92 CLEO q ~ qn+ ~

I 47/I 13

I (7/(958) sr+ sro 3-body) ll

(Per+�)

r43/r13
Unseen decay modes of the resonances are included.

VALUE CL% DOCUMENT ID

(0.85 90 DAO UD I

TECN COMM EN T

92 CLEO e+ e = 10.5 GeV

r(K sr+) lr(ysr+)
VALUE

&0.21

I (Kosr+)/I (K+~K

CL%

90
DOCUMENT ID

ADLER

r49/r1s
TECN COMMENT

898 MR K 3 e+ e 4.14 GeV

r49lrll
VALUE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.53 90 FRABETTI 95 E687 p Be E = 200 GeV

r (sss 77+)l r (4)sr+ )
Unseen decay modes of the resonances are included.

VALUE CL% DOCUMENT ID TECN

(0.5 90 AN JOS 89E E691

r39/I 13

COMMEN T

P hotopro duction

VALUE

0.28 +0.06+0.05
EVTS

85

r(K+ sr+77-)/r(ysr+) rso/I 13
DOCUMENT ID TECN COMMENT

FRABETTI 95E E687 p Be, E = 220 GeV

r (sr+ sr+ sr+ sr- sr-) /r, .„,
VALUE

0 pp3 +0.004—0.003

DOCUMENT ID

BA R LAG

TECN COMMEN T

92C ACCM 7r 230 GeV

I 40/l r(K+ po) /r(dssr+)
VALUE

(0.08
CL%

90

I 51/r13
D0CUM EN T ID TECN COMMENT

FRABETTI 95E E687 p Be, E = 220 GeV
y

r( + + + — -)/r(4I +)
VALUE CL% DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

r40/r13
I (K'(892)Per+)/I (slsr+

Unseen decay modes o the resonances are included.
VAL UE EVTS DOCUMENT ID TECN

0.18+0.05+0.04 25 FRABETTI 95E E687

rss/r1s

COMM EN T

p Be, E = 220 GeV
y

&0.29

r(rI p+)/r(psr+)

90 AN JOS 89 E691 Photoproduction

r42/r13
Unseen decay modes of the resonances are included.

EVTS DOCUMENT ID TECNVALUE

2.86+0.38+—0.38 217 AVERY 92 CLEO

I (rlsr+7703-body)/I (4)rr+)

COMMEN T

7I ~ y y s 7r Tr 7I

r43/rts

TECN COMMEN T

92 CLEO e+ e = 10.5 GeV90 DAO U D I&0.82

Unseen decay modes of the resonances are included.
VALUE CL% DOCUMENT ID

I (K+ K+ K )ll (Per+) I 53/i q3
VALUE

&0.016

r(yK+)/r(ysr+)

CL%

90
DOCUMENT ID TECN COMMENT

FRABETTi 95F E687 TBe, E = 220 GeV

r54/r13
VALUE CL% DOCUMENT ID TECN COMMENT

&0.013 90 FRABETTi 95F E687 TBe, E 220 GeV

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.071 90 ANJOS 92D E691 p Be, E = 145 GeV

Rare or forbidden modes

r (sr+ sr+ sr+ sr- sr- srp) /r„,el
VALUE

p49+0s033—0.030

DOCVMENT ID

BAR LAG

TECN COMMEN T

92C AC C M 7r 230 GeV

r44/r

COMMENT

emulsion 600 GeV

r (sr+ Is+ Is )/r„„i I ss/I
This mode is not a useful test for a EC=1 weak neutral current because both qu arks
m ust change flavor in this decay.

VALUE CL % EVTS DOCUMENT ID TECN

&4.3 x 10 4 90 0 KODAMA 95 E653
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0+ 0'+

s ~ s

r(&+I+f )/rtotai
A test for the h, C=1 weak
actions.

VAL UE CL% EVTS

+5.9x10 4 90 0

r(&'(8»)+w+v )lrtotal
A test for the AC=1 weak
actions

DOCUMENT ID TECN COMMENT

KODAMA 95 E653 rr emulsion 600 GeV

I 5y/I
neutral current. Allowed by higher-order eiectroweak inter-

VAL UE

&1.4 x 10
CL% EVTS

90 0

DOCUMENT ID TECN COMMENT

KODAMA 95 E653 rr emulsion 600 GeV

r(~ f+f+ lrtotai
A test o lepton-number conservation.

VALUE CL% EVTS DOCUMENT ID

(4.3 x 10 4 90 0 KODAMA

r{IC Is+as+ /rtotaf
A test o lepton-number conservation.

VALUE CL% EVTS DOCUMENTID

(5.9 x 10 4 90 0 KODAMA

r(&'(8») I+I+)/rtotai
A test of lepton-number conservation.

VALUE CL% EVTS DOCUMENT ID

(14 x 10 3 90 0 KODAMA

TECN COMM EN T

95 E653 a emulsion 600 GeV

I 59/I

TECN COMMEN T

95 E653 rr emulsion 600 GeV

r60/I

TECN COMM EN T

95 E653 rr emulsion 600 GeV

I 56/I
neutral current. Allowed by higher-order electroweak inter-

ALEXANDER
ALVAREZ
ALVAREZ
AN JOS
ANJOS
BAI
BARLAG
FRABETTI
ADLER

Also
ANJOS
ANJOS
AVE RILL
CHEN
ALBRECHT
ALBRECHT
ANJOS
RAAB
ALBRECHT
ALBRECHT
ANJOS
BECK ER
BLAYLOCK
BRAUNSCH. ..
CSORNA
JUNG
US HIDA
ALBRECHT
DERRICK
A IHARA
ALTHOFF
BAILEY
AU BERT
CHEN
USHIDA

908 PRL 65 1531
90 ZPHY C47 539
90C PL 8246 261
908 PRL 64 2885
90C PR D41 2705
90 PRL 65 686
90C ZPHY C46 563
90 PL 8251 639
898 PRL 63 1211
89D PRL 63 2858 erratum
89 PRL 62 125
89E PL 8223 267
89 PR D39 123
89 PL 8226 192
88 PL 8207 349
88I PL 8210 267
88 PRL 60 897
88 PR D37 2391
87F PL 8179 398
87G PL 8195 102
878 PRL 58 1818
878 PL 8184 277
87 PRL 58 2171
87 ZPHY C35 317
87 PL 8191 318
86 PRL 56 1775
86 PRL 56 1767
85D PL 1538 343
858 PRI 54 2568
84D PRL 53 2465
84 PL 1368 130
84 PL 1398 320
83 NP 8213 31
83C PRL 51 634
83 PRL 51 2362

+Artuso, Bebek, Berkelman+
+Barate, Bloch, Bonamy+
+Barate, Bloch, Bonamy+
+Appel, Bean, Bracker+
+Appel, Bean+
+ Blaylock Bolton Brient+
+Becker, Boehringer, Bosman+
+Bogart, Cheung, Coteus+
+Bai, Becker, Blaylock, Bolton+

+Appel, Bean, Brackerp
+Appel, Bean, Bracker+
+Blockus, Brabson+
+Mcllwain, Miller, Ng, Shibata+
+Binder, Boeckmann+
+Boeckmann, Glaeser+
+A ppel+
+Anjos, Appel, Bracker+-
+Binder, Boeckmann, Glaeser+
+Andarn, Binder, Boeckmann+
+Appel, Bracker, Browder+
+Boehringer, Bosman+
+Bolton, Brown, Bunnell+

Braunschweig, Gerhards+
+Mestayer, Panvini, Word+
+Abachi+
+Kondo, Tasaka, Park+
+Drescher, Binder, Drews+
+Ferna ndez, Fries, Hyrn a n+
+Alston-Garnjost, Badtke, Bakke
+Braunschweig, Kirschfink+
+Belau, Bohringer, Bosman+
+Bassom pierre, Becks, Best+
+Alam, Giles, Kagan+
+Kondo, Fujioka, Fukushima+

(CLEO
(CERN NA14/2
(CERN NA14/2

(FNAL E691
(FNAL E691

(Mark ill
(ACCMOR

(FNAL E687
(Mark III

(FNAL E691
(FNAL E691

(HRS
(CLEO

(ARGUS
(ARGUS

(FNAL E691
(FNAL E691

(ARGUS
(ARGUS

(FNAL E691
(NA11 and NA32

(Mark Ill

(TASSO
(CLED

(HRS
(FNAL E531

(ARGUS
(HRS

n+ (TPC
(TASSO

(ACCMOR
(EMC

(CLEO
(FNAL E653

Coll ab. )
Coll a b.)
Collab. )
Collab. )
Collab. )
Collab. )
Colla b.)
Colla b. )
Colla b. )

Colla b.)
C olla b.)
C olla b.)
Colla b.)
C olla b.)
C olla b.)
C olla b.)
Collab. )
Colla b. )
Colla b. )
Collab. )
Collab. )
Coll a b. )
Coll a b. )
Collab. )
Coll a b. )
Coll a b.}
Coll a b. )
Collab. }
Coll a b. )
Coll a b. )
Colla b. )
Colla b. )
Colla b. )
Col la b. )

D —+ Pt+vg FORM FACTORS

TECN COMM EN T

308 26 AVERY 948 CLFO e+ e 10 GeV
90 FRABETTI 94F E687 p Be, E = 220 GeV

19 KODAM A 93 E653 600 GeV zr N

r„—:V(0)/At(0) in D+ ~ rlaZ+vg

VAL UE EVTS DOCUMENT ID

1.5+0.5 OUR AVERAGE

0.9 4 0.6+0.3
1.8+0.9+0.2
23+ ' 404—0.9

AVERY 948 uses D+ ~ pe+ ve decays.

FRABETTI 94F and KODAMA 93 use D+ ~ $/z+ v, decays.

TECN COMM EN T

308 AVERY 948 CLEO e+ e 10 GeV
90 FRA BETT I 94F E687 p Be, E = 220 GeV'y

19 KODAMA 93 E653 600 GeV ~ N

r2 —=A2(0)/At(0) in D+ rlaZ+vg

VALUE EVTS DOCUMENT ID

1.6+0.4 OUR AVERAGE

1,4 +0.5+ 0.3
1,1+0.8+0.l
21+ +02—0.5

AVERY 948 uses D+ ~ pe+ v decays.
S e

FRABETTI 94F and KODAMA 93 use D ~ p/z+ v, decays.

OTHER RELATED PAPERS

RICHMAN 95 RMP 67 893 +Burchat (UCSB, STAN)

f(f ) = '(' )

D + MASS

VALUE (MeV)

2112.4+0.7 OUR FIT
2106.6+2.1+2.7

DOCUMENT ID

Error includes scale factor of 1.1.
1 BLAYLOCK 87 MRK3 e+ e ~ D —pXS

TECN COM MEN T

Assuming D mass = 1968.7+ 0.9 MeV.S

The fit includes D+-, D, D, D +, D*, and D* mass and mass
difference measurements.

DOCUMENT ID

I L/I 7in D+ ~-pz+ vs
VAL UE EVTS
0.72+0.18 OUR AVERAGE

1,0 +0.3 + 0.2 308 30 AVERY
1.0 +0.5 +0.1 90 31 FRABETTI
0.54 + 0.21 + 0.10 19 31 KODAMA

AVERY 948 uses D -~ pe+ v decays,

FRABETTI 94F and KODAMA 93 use D+
S

a lepton mass of zero.

TECN COMM EN T

948 CLEO e+ e 10 GeV
94F E687 pBe, E = 220 GeV

t93 E653 600 GeV n N

VALUE (MeV)

143.8 + 0.4 OUR FIT
143.9 + 0.4 OUR AVERAGE

143.76 + 0.39+0.40
144.22+ 0.47 +0.37
142.5 + 0.8 + 1.5

DOCUMENT ID

GRONB ERG
BROWN

2 ALBRECHT

TECN COMMENT

e4e-
e+e—
e+e—

95 CLE2
94 CLE2

88 ARG

139.5 + 8.3 4 9.7 60 AIHARA 84D TPC
~ o ~ We do not use the following data for averages, fits, limits,

e+e
etc. ~ ~ ~

D pXS
hadrons

The fit inciudes D, D, D, D*-+, D*, and D mass and mass
difference measurements.

D+ REFERENCES 143.0 + 18.0
110 4 46

8 ASRATYA N 85 H L BC
BRANDELIK 79 DASP

FNAL 15-ft, v- H

e+e ~ D pX
ARTUSO
BAI
BAI
BRANDEN 8.. .
FRABETTI
FRABETTI
FRABETTI
FRABETTI
KODAMA
ACOSTA
AVERY
BROWN
BUTLER
FRABETTI
MU HEIM
ADAMOVICH
AOKI
FRABETTI
FRABFTTI
KODAMA
KODAMA
ALBRECHT
ALEXANDER
ANJOS
AVERY
BARLAG

Also
DAO U Dl
FRABETTI
ALBRECHT
ALVAREZ
ANJOS
COFFMAN
ADLER
ALBRECHT

96 PL 8378 364
95 PRL 74 4599
95C PR D52 3781
95 PRL 75 3804
95 PL 8346 199
958 PL 8351 591
95E PL 8359 403
95F PL 8363 259
95 P L 8345 85
94 PR D49 5690
948 PL 8337 405
94 PR D50 1884
94 PL 8324 255
94F PL 8328 187
94 PR D49 3767
93 PL 8305 177
93 PTP 89 131
93F PRL 71 827
93G PL 8313 253
93 PL 8309 483
938 PL 8313 260
928 ZPHY C53 361
92 PRL 68 1275
92D PRL 69 2892
92 PRL 68 1279
92C ZPHY C55 383
90D ZPHY C48 29
92 P R D45 3965
92 P L 8281 167
91 P L 8255 634
91 PL 8255 639
918 PR D43 R2063
91 PL 8263 135
908 PRL 64 169
90D PL 8245 315

(CLEO
(BES
(BES

(CLED
(FNAL E687
(FNAL E687
(FNAL E687
(FNAL E687
(FNAL E653

(CLEO
(CLEO
(CLEO
(CLED

(FNAL E687

(CERN WA82
(CERN WA75

(FNAL E687
(FNAL E687
(FNAL E653
(FNAL E653

(ARGUS
(CLEO

(FNAL E691
(CLED

(ACCMOR
a n+ (ACCMOR

(CLEO
(FNAL E687

+ (ARGUS
(CERN NA14/2

(FNAL E691
(Mark III

(Mark III

(ARGUS

+Efimov, Gao, Goldberg+
+Bardon, Blum, Breakstone+
+Bardon, Blum, Breakstone+

Brandenburg, Cinabro, Liu+
+Cheung, Cumalat+
+Cheung, Cumalat+
+Cheung, Cumalat+
+Cheung, Cumalat+
+Ushida, Mokhtarani+
+Athanas, Masek, Paar+
+Freyberger, Rodriguez+
+Fast, Mcllwain, Miao+
+Fu, Kalbfleisch, Ross+
+Cheung, Cumalat+
+Stone
+Alexandrov, Antinori+
+Baroni, Bisi, Breslin+
+Cheung, Cumalat, Dallapiccola+
+Cheung, Cumalaty
+Ushida, Mokhtarani+
yUshida, Mokhtarani+
+Ehrlichmann, Hamacher, Krueger
+ Bebek, Berkelm an, Besson+
+Appel, Bean, Bediaga+
+ Freyberger, Rodriguez, Yelton+
+Becker, Bozek, Boehringer+

Barlag, Becker, Boehringer, Bosrn
+Ford, Johnson, Lingel+
+Bogart, Cheung, Culy+
+ Ehrlichm ann, Hamacher, Krueger
+Barate, Bloch, Bonamy+
+Appel, Bean, Bracker+
yDeJongh, Dubois, Eigen, Hitlin+
+Bai, Blaylock, Bolton+
+Ehrlichrnann, Glaeser, Harder+

Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Colla b.)
Colla b, )
Colla b. )
Colla b. )
Collab. )
Colla b.)
Colla b.)
Colla b.)
Colla b. )
(SYRA)
Col!a b.)
Colla b. )
Colla b. )
Colla b. )
Collab. )
Colla b. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Colla b. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )

Result includes data of ALBRECHT 848.

D'+ WIDTH

VALUE(MeV}

& 1.9
& 4.5

~ ~ ~ We do not use the

& 4.9
&22

CL%

90
90
following

90
90

DOCUMEAI T ID TECN COMMENT

GRONBERG 95 CLE2 e+ e
ALBRECHT 88 ARG Eceme = 10.2 GeV

data for averages, fits, limits, etc. ~ ~ ~

BROWN 94 CLE2 e+ e
BLAYLOCK 87 MRK3 e+ e ~ D gXS

D + DECAY MODES

Mode

I 1 0+P
I 2 D+7r0

Fraction (I;/I )

seen

seen

D* modes are charge conjugates of the modes below.
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D,*+, 0,1(2536)+, D,J(2573)+

I (D+ r)/I goya'

+ BR NCH 6 IoS Day(2536)+ BRANCHING RATIOS

I (D+K )ll (D (2010)+Ko)
VAL UE

dominant OUR ESTIMATE
~ ~ ~ We do not use the following

seen

seen

seen
seen
seen

DOCUMENT ID TECN COMM EN T

data for averages, fits, limits, etc. ~ ~ ~

AS RATYA N 91 HLBC v Ne

ALBRECHT 88 ARG e+ e D pXs
A I HARA 84D
ALBRECHT 848
BRANDELIK 79

VAL UE

&0.40
&0.43

r(D,'+7) lr~oaai
VAL UE

possibly seen

CL%

90
90

DOCUMENT ID TECN COMMENT

ALEXANDER 93 CLEO e+ e ~ D*+ K X
ALBRECHT 89E ARG 0*1 —+ D*(2010)K

DOCUMENT ID TECN COMMENT

ASRATYAN 88 HLBC v N —+ DsppX

r (D+ wo) /r (D+ 7)
VAL UE

0.062+ ' +0.022—0.018

DOCUMENT ID TECN COMM EN T

GRONBERG 95 CLE2 e+ e

VAL UE

&0.12
CL%

90

I (D +&)/I (D (2007)0 K+)

I (D K+)/I (De(2007) K+)
DOCUMENT ID TECN COMMENT

ALEXANDER 93 CLEO e+ e ~ D* K+ X

0 + REFERENCES
VAL UE

(0.42
CL%

90
DOCUMENT ID TECN COMMENT

ALEXANDER 93 CLEO e+ e ~ D* K+ X

GRON BERG
BROWN
ASRATYAN
ALBRECHT
BLAYLOCK
ASRATYAN
AI HARA
ALBRECHT
BRANDELIK

95 PRL 75 3232
94 PR D50 1884
91 PL 8257 525
88 P L 8207 349
87 PRL 58 2171
85 P L 1568 441
84D PRL 53 2465
848 PL 1468 111
79 PL 808 412

+Korte, Kutschke+
+Fast, Mcllwain, Miao+
+Marage+(ITEP, BEI G, SACL, SERP,
+Binder, Boeckmann+
+Bolton, Brown, Bunnell+
+Fedotov, Ammosov, Burtovoy+
+Alston-Garnjost, Badtke, Bakken+
+Drescher, Heller+
+Braunschweig, Martyn, Sander+

OTHER RELATED PAPERS

(CLEO Collab. )
(CLEO Collab. )

CRAC, BARI, CERN)
(ARGUS Collab. )

(Mark III Collab. )
(ITEP, SERP)
(TPC Collab. )

(ARGUS Collab. )
(DASP Collab. )

ASRATYAN
FRA BETTI

ALEXANDER
ALBRECHT
AVERY
ALBRECHT
ASRATYAN

94 ZPHY C 61 563
948 PRL 72 324
93 PL 8303 377
92R PL 8297 425
90 PR D41 774
89E PL 8230 162
88 ZPHY C40 483

+Aderholz+ (BIRM, BELG,
+Cheung, Cumalat+
+Bebek+
+Ehr lich m a nn+
+Besson
+Glaser, Harder+
+Fedotov+

Day(2536)+ REFERENCES

CERN, SERP, ITEP, RAL)
(FNAL E687 Collab. )

(CLEO Collab. )
(ARGUS Collab. )

(CLEO Collab. )
(ARGUS Collab. )

(IT E P, 5 ERP)

KAMAL
BRANDELIK
BRANDELIK

92 PL 8284 421
78C PL 768 361
778 PL 708 132

+Xu
+Cords+
+Braunschweig, Martyn, Sander+

(ALBE)
(DASP Collab. )
(DASP Collab. ) D, (2573)+ I(1 ) = '(' )

D„(2536)+ I (JP
) = 0(1+)

I, J, P need confirmation.

Day(2536)+ MASS

TECN COMM EN TVALUE(MeV) EVTS

2535.35+ 0.34 OUR AVERAGE
2534.2 + 1.2 9

DOCUMENT ID

vN ~
D~ KOX D*OK+X

pBe ~ D*+ KOX,
D OK+X

e+e ~ D OK+X
e+ e ~ D*+ KOX

10.4 e+ e
D*O K+ X

+e D +KOX
D* ~ D*(2010)KOsl

etc. ~ ~ o

ASRATYAN 94 BEBC

FRABFTTI 948 E687752535 + 0.6 +1

134 ALEXANDER 93 CLE2
44 ALEXANDER 93 CLE2
28 ALBRECHT 92R ARG

2535.3 + 0.2 +0.5
2534.8 + 0.6 +0.6
2535.2 k 0.5 4 1.5

AVERY 90 CLED
ALBRECHT 89E ARG

the following data for averages, fits, limits,
1 ASRATYAN 88 HLBC

2536,6 + 0.7 +0.4
2535.9 + 0.6 +2.0
~ ~ e We do not use

vN ~ DsppX2535 + 28

Not seen in D* K.

Seen in O*(2010)+ K . Not seen in 0+ K or 0 K+. J = 1+
assignment strongly favored.

is natural, width and decay modes consistent with 2+.

Deg(2573)+ MASS

VALUE (MeV) EVTS

2573.5+1.7 OUR AVERAGE

2574.5+3.3+ 1.6
2573 2+ . +0 9 217—1.6

DOCUMENT ID TECN CHG COM M EN T

ALBRECHT 96 ARG e+e OoK+X
KUBOTA 94 CLE2 + e+ e 10.5 GeV

Deg(2573)+ WIDTH

VALUE (MeV) EVTS

15 +4 OUR AVERAGE

DOCUMENT ID TECN CHG COM MEN T

10.4 +8.3+3.0

16 4 k3 217

Al BRECHT 96 ARG e+e OoK+X

KUBOTA 94 CLE2 + e+ e 10.5 GeV

Deg(2573)+ DECAY MODES

D J(2573) modes are charge conjugates of the modes below.

VAL UE (MeV)

424+28

0»(2536)+ 0,'(2111)

DOCUMENT ID TECN COMM EN T

ASRATYAN 88 HLBC D 7

Dai(2536)+ WIDTH

Mode

l 1 DO K+
l 2 D*(2007) K+

Fraction (I;/I )

seen

seen

Day(2573)+ BRANCHING RATIOS

&3.9 90 ALBRECHT 92R ARG

&5.44
&4.6

90
90

AVERY 90 CLEO
ALBRECHT 89E ARG

VALUE (MeV) CL% EVTS DOCUMENT ID TECN

(2.3 90 ALEXANDER 93 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

&3.2 90 75 FRABETTI 948 E687

COMMEN T

e+e ~ DOK+X
etc. ~ ~ ~

pBe ~ D*+ KOX,
D*O K+ X

10.4 e+ e
D*O K+ X

e+e ~ D +KOX
D*1 D*(2010)KO

r(D K+)/rtotai
VAL UE EVTS

217
DOCUMENT ID

K U BOTA

TECN CHG COMMENT

94 CLE2 + e+ e 10.5 GeV

I (D (2007) K+)/I (D K+)
VAL UE

(0.33
CL%

90
DOCUMENT ID

KUBOTA

Deg(2573)+ REFERENCES

TECN CHG COMM EN T

94 CLE2 + e+ e 10.5 GeV

Day(2536)+ DECAY MODES

Ds1(2536) modes are charge conjugates of the modes below.

ALBRECHT 96 ZPHY C69 405
KUBOTA 94 PRL 72 1972

+Hamacher, Hofrnann+
+Lattery, Nelson, Patton+

(ARGUS Collab. )
(CLEO Collab. )

l2
l3
l4
I5

Mode

D*(2010)+KO

D*(2007)o K+
D+ Ko
DO K+
D,*+~

Fraction (I;/I )

seen

seen

not seen

not seen

possibly seen
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BOTTOM MESONS
(8 = +1)

8+ = ub, 8 = db, 8 = db, 8 = ub, similarly for 8*'s

8-particle organization

Many measurements of 8 decays involve admixtures of 8 hadrons.

Previously we arbitrarily included such admixtures in the 8 section„
but because of their importance we have created two new sections:
"8+/8 Admixture" for T(4S) results and "8+/8 /B~/b-baryon
Admixture" for results at higher energies. Most inclusive decay
branching fractions are found in the Admixture sections. 8 -8
mixing data are found in the 8 section, while Bs-B~ mixing data

and B-B mixing data for a 8 /Bs admixture are found in the B~
section. CP-violation data are found in the 8 section. b-baryons0

are found near the end of the Baryon section.

The organization of the 8 sections is now as follows, where bullets
indicate particle sections and brackets indicate reviews.

[Production and Decay of b-flavored Hadrons]

[Semileptonic Decays of 8 Mesons]

~ 8
mass

mean life

branching fractions

~ 80
mass

mean life

branching fractions

polarization in B decay

8 -8 mixing

[8 -8 Mixing and CP Violation in 8 Decay]

CP violation

~ 8 8 Admixture

branching fractions

~ 8+/8 /8~/b-baryon Admixture

mean life

production fractions

branching fractions
8*

mass

~ B~(5732)
mass

width

~ 80
S

mass

mean life

branching fractions

polarizaton in B decay

B~-B~ mixing

8-8 mixing (admixture of 8, 8~)
o 8*

mass

~ B*„(585O)
mass

width

At end of Baryon Listings:

~ nb
mass

mean life

branching fractions
—0—b' —b

mean life

PRODUCTION AND DECAY OF 6-FLAVORED
HADRONS

K. Honscheid, Ohio State University, Columbus

In the two years since the last edition of this review

our understanding of the physics of B mesons and 6-flavored

baryons has significantly improved. 1995 was another record

setting year for the CLEO experiment as well as the Cornell
e+e storage ring (CESR) which reached an instantaneous

luminosity of 3.3 x 1032 cm s . More than 4 fb have been

logged by the CLEO Collaboration. At CERN, the Z program
has been completed and each of the four LEP experiments has

recorded data samples containing about 3 million Z decays,

corresponding to approximately 0.7 x 106 produced bb quark

pairs. The FNAL pp collider run continued throughout most of
1995 and the CDF and D0 experiments have collected close

to 100 pb of new data. SLD has begun to contribute to B
physics. Using the excellent resolution of their vertex detector

they have obtained precise measurements of B-meson lifetimes.

New results in this edition include;

~ The first observation of exclusive semileptonic 6 ~ u

transitions.
~ The determination of the decay rate for inclusive

b —+ 8p transitions.

Updated lifetimes and masses for b-flavored hadrons.
~ Improved measurements of B —B and B,—B, os-o ~ o

—0

cillations.
~ A new set of inclusive branching rat, ios for B mesons.
~ Updated limits on rare B decays including new

results on b —+ s gluon.

Weak decays of heavy quarks test, the Standard Model

and can be used to determine its parameters, in particular the

weak-mixing angles of the Cabibbo-Kobayashi-Maskawa matrix.
Experiments with B mesons may lead to the first precise de-

termination of the fourth CKM parameter, the complex phase.
While the underlying decay of the heavy quark is governed

by the weak interaction, it is the strong force that is respon-

sible for the formation of the hadrons that are observed by

experimenters. Hence, in order to extract, the Standard Model

parameters from the experimental data, an understanding of
the interplay of the weak and strong interaction is needed.

Production and spectroscopy
Elementary particles are characterized by their masses,

lifetimes, and internal quantum numbers. The bound st, ates

with a 6 quark and a u or d antiquark are referred to as the

Bd (B") and the B„(B) m. sons, respectively. The first radial

excitation is called the B* meson. B** is the generic name

for the four orbitally excited (I = 1) B meson states that
correspond to t, he P-wave mesons in the charm system, D**,

Experimental studies of b decay are performed at the T(4S)
resonance near the production threshold as well as at higher

energies in proton-antiproton collisions and Z decays. For quan-

titative analyses of B decays the initial composition of the data
sample must be known. At the threshold experiments this is
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determined by the ratio of charged to neutral decays of the
2"(4S). This ratio is denoted

f~ T(4S) ~ B+B

T(4S) ~ B"B

The T(4S) resonance decays only to B"B and B+B
pairs, while heavier stat, es such as B, or B, are not accessible.

The current experimental limit for non-BB decays of the 1 (4S)
is less than 4% at the 95%%un confidence level [1]. CLEO has

measured the production ratio using semileptonic B decays and

found [2]

1.13 + 0.14 + 0.13 + 0.06 (2)

where the last error is due to the uncertaint, ies in the ratio of
B0 and B+ lifetimes. This is consistent with equal production

0
—0

of B+B and B B pairs and unless explicitly stated otherwise

we will assume f+ jfe = 1. This assumption is further supported

by the near equality of the B+ and B0 masses.

At high energy collider experiments the 6 quarks hadronize

as Bd, B„,B„andB, mesons or as baryons containing 6 quarks.

The composition of the initial sample is not very precisely

known although over the last year significant improvements

have been achieved. Several methods have been developed to
determine f~ and f,g„the fractions of B, mesons, and b

flavored baryons produced in Z ~ 66 decays. ALEPH use

their measurement of the product branching fraction, f~, x

B(B, ~ D+, / PI anything) = 0.62 +0.09+e 14%% [3]. Under the

assuniption of equal semileptonic partial widths for 6-flavored

hadrons results from the T(4S) experiments can be used to—0
obtain an estimate for B(B, —+ D+I Pr) Using these result. s

ALEPH [4] extract, the fraction of b quarks that hadronize t;o

B,, mesons tot

Table 1: Fractions of weakly decaying 6-hadron
species in Z ~ 66 decay.

b-hadron Fraction [%]

B+
BO

B,

37.8 + 2.2
37.8+ 2.2
11.2+1 8

—1.9
13.2 + 4.1

—0
To date, the existence of four b-flavored mesons (B, B,

B*, B,, ) has been established. The LEP experiments have pro-

vided evidence for excited B"* and B*,* states. The B, is still

not observed. The Ag baryon has been exclusively reconstructed

by CDF and the LEP experiments. First indications of Zg and

production have been presented by the LEP collabora-

tions [7]. DELPHI has measured the Z& —Zg hyperiine splitting
to 56 + 16 Mev [6].

1
I tot = I hadronic + I sc;milcptonio

7 g

In the naive spectator model the heavy quark can decay only via

the external spectator mechanism and thus the lifetimes of all

mesons and baryons containing 6 quarks would be equal. Non-

spectator effects such as the interference between contributing

amplitudes modify this simple picture and give rise to a lifetimes

hierarchy for 6-flavored hadrons similar to the charm sector.
However, since the lifetime differences are expected to scale as

1/m&, where mq is the mass of the heavy quark, the variation

in the 6 system should be significantly smaller, of order 10'pp or

less [9]. For the b system we expect

I ifetirnes
The lifetime of a 6-flavored hadron is given by its hadronic

and semileptonic decay rates

fB = 11.1 (3) r(B ) ) 7(B ) = r(B,)
.) r(r1)) (9)

A similar procedure is followed to obtain an estimate for the

fraction of b baryons [5]:

fg, = 13.2 + 2.4 6 3.3%%un (4)

An alternative methods to determine f~, starts with the time

integrat, ed mixing parameter

Y. = fB,X, + flank, g

f~, = 11.3~2s%%un (6)

Averaging the two measurements of f~, with correlated sys-

tematics taken into account yields

( f~, ) = 11 2+I'g%%un (7)

Assuming that f&n = f~~ and f~n + f~+ + f~ + f~, = 1 we

obtain the r. esults listed in Table 1.

Assuming X, = 0.5 and using the measured value for X,g the

fraction of B, mesons can be extracted [6]

Measurements of lifetimes for the various 6-flavored hadrons

thus provide a means to determine the importance of nonspec-

tator mechanisms in the 6 sector.
The experimental errors on individual B-lifetime measure-

ments are approaching the 5—10'Pp level. However, in order t, o

reach the precision necessary to test theoretical predictions, the

results from difTerent experiments need to be averaged. Using

the conventional approach of weighting the measurements ac-

cording to their error does not take into account t, he underlying

exponential lifetime distribution. If a measurement fluctuates

low then its weight, in the average will increase, leading to
a bias towards low values. Combining lifetime measurements

correctly is a difBcult task that requires detailed knowledge

of common systematic uncertainties and correlations between

the results from different experiments. The average lifetimes for

6-flavored hadrons given in this edition have been determined

by L. Di Ciaccio (DELPHI) and the LEP B Lifetimes Working

Group. Among other things, they considered uncertainties in

the composition of the 6 sample and background, correlation
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6 Hadron Lifetimes

the small extrapolation to zero lepton momentum. Using this

method, CLEO II finds

Bs

6-hadron

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

1.62 + 0.06

1.56 + 0.06

61
+ 0 10
—0.09

1.14+ 0.08

1.549 + 0.020

B,r
= (10.49 + 0.17 + 0.43) Fo (10)

B„(r(4S))= "' = r„x(
I tot 2

while

B,r(Z) = I,I x ra (12)

Using the world averages for the B lifetimes and the CLEO
semileptonic branching fraction this gives

consistent with the conventional single lepton analysis.

Assuming the semileptonic decay width is the same for all

b-flavored hadrons, the semileptonic branching ratio should be

slightly different at LEP since other b particles are produced:

1.0 1.5
& (ps)

2.0 B,I(Z) = x B,I(T(4S)) = 10 2+ 0.4'Fo (13)
(rg+ + rgo)

Figure 1: Summary of lifetime measurements
for individual b hadrons and for the b-hadron
admixture at high energy (LEP and CDF).

in the b momentum estimation and common errors in b and c

branching fractions. A detailed description of their procedures

and the treatment of correlated and uncorrelated errors can be

found in [10]. The experimental papers used in this calculation

are given in the Particle Listing sections on b-flavored mesons

and baryons. A summary of the average b-hadron lifetimes is

shown in Fig. 1. The pattern of measured lifetimes follows the

theoretical expectations outlined above and nonspectator effects

are observed to be small. However, the Ag baryon lifetime is

unexpectedly short. As has been noted by several authors, the

observed value of the Ag lifetime is quite difFicult to accommo-

date theoretically [11,12].

Semileptonic decays and mixing
Measurements of semileptonic B decays are important for

the determination of the weak couplings [Vor, and V a[ and

test our understanding of the dynamics of heavy quark decay.

A measurement technique using events with two leptons was

introduced by the ARGUS experiment [13] which significantly

reduces the model dependence associated with the subtraction

of the b —+ c —+ 8 cascade component. A high momentum lepton

is selected (pr ) 1.4 Gev) which tags a, bb event. This primary

lepton is then combined with an additional lepton candidate

which has a momentum above 0.5 GeV. In the absence of

mixing, if t, he second lepton has a charge opposite to the

tagging lepton it is a primary lepton from the b decay, while if

the second lepton has the same sign as the tag it is a cascade

lepton. Models of semileptonic B decay are only needed for

Note that the contribution of other hadrons reduces the expected
average semileptonic branching fraction at the Z. This is below

the experimental average from LEP, B,I(Z) = 10.9 + 0.1 + 0.3,
but the errors are still too large to draw any conclusions.

It is interesting to compare the inclusive semileptonic

branching fraction t,o the sum of branching fractions for ex-

clusive modes. CLEO and the LEP collaborations have up-

dated their measurements of B(B —+ D/vr) and B(B —+ D*Evr).
Including the recent observat, iona of B —+ D**(242 0) rtvg and

B —+ D**(2460) by OPAL and ALEPH the sum of exclusive

semileptonic branching fractions amounts to 8.81+ 0.1'70. The
remaining decays may correspond to B ~ D"*Evg where D** de-

notes a p-wave charmed meson with a large width (e.g. the very

broad but as of now unobserved lsPr(2490) and lsPrr(2440)
states). It is also possible that the other missing decays are

B —+ DvrE vg where the D~ system is nonresonant or originates

from the decay of a broad excited charm meson. These possibil-

ities are difFrcult to check experimentally. It is also conceivable

that the difference between the sum of the exclusive modes and

the inclusive semileptonic rate is due to a systematic error in

the D meson absolute branching fraction scale.

The ALEPH, DELPHI, OPAL, and CDF experiments have

performed explicit measurements of Prob(B ~ B") as a, f'unc-

tion of time to obtain the parameter zg = Am, r jI' [6]. The
initial state b quark flavor is tagged either using leptons or jet
charge, while the flavor of the final state b quark is tagged using

either B,g —+ D*+E X, B,g —+ D*+X, or Bd ~ I. A. If the final

state is not fully reconstructed, as is the case for the analy-

ses using dileptons, then the decay time must be determined

using a topological vertexing technique where t, he lepton from

the B decay and the other tracks in the same jet hemisphere

are combined. The boost is determined using the observed en-

ergy, missing momentum and a correction factor determined

from a Monte Carlo simulation. Averaging these results gives

Amd = 0.458+ 0.020 ps which is statistically superior to
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the results obtained from time integrated measurements by

experiments at t, he T(4S).
The measurement of the mixing parameter z, = Am, /I'

for the B, meson combined with the results on B —B os-0 ~
cillations allows the determination of the ratio of the CKM
matrix elements ]Vip] /]V&, ]

with significantly reduced theoret-

ical uncertainties. Experimentally the measurement of x, is a

challenge. For large values, as expected for the B, meson, time

integrat, ed measurements of B, mixing become insensitive to x,
and one must make time dependent measurements in order to
extract this parameter, These are very dificult because of the

rapid oscillation rate of the B, meson. Using an event sample

with a lepton and a tag based on a jet charge technique where

each track is weighted by its rapidity, ALEPH has searched

for a high frequency component in their fit to the proper time

distribution. They find Am, ) 6 ps or x, ) 8.8 at the 95%
confidence level [6].

Hadronic decays
CLEO has presented a set of new measurements of inclusive

B-meson decay rates that can be used t, o test, the parton

level expectation that most B decays proceed via a b —+ c
transition. If we neglect the small contributions from b ~ u

and penguin transitions, we expect about 1.15 charm quarks

to be produced per B decay. The additional 15% is due to
the fact that the virtual W forms a sc quark pair with a
probability of approximately 0.15. This expectation can be

verified experimentally by adding all inclusive b ~ c branching

fractions. Using t, he world averages for the b ~ c branching

fractions we find [14]:

+ 2 x B(B~ gX) + 2 x B(B~ Q'X)

+ 2 x B(B ~ X,iX) + 2 x B(B~ X„2X)

+ 2 x B(B ~ ri, X (incl. other cc))

= 1.15+ 0.05 (14)

The factor of 2 which multiplies B(B ~ ccX) accounts

for the two charm quarks produced in b —+ ccs transitions.

Wherever possible the branching fractions for direct production

are used. The contribution of B ~ g,X and other charmonia is

generously taken to be at the CLEO 90% confidence level upper

limit B(B~ rlqX) ( 0.90%.
Another interesting quantity is the fraction of B decays

in which two charm quarks are produced. In a parton level

calculation, Palmer and Stech [15] find that B(B —+ X,-„)
19+ 1% where the theoretical error is the uncertainty due to

Charm yield = B(B —+ D"X) + B(B ~ D+X) + B(B ~ D,X),
+ B(B ~ A„X)+ B(B ~:-+X)+ B(B ~:-aX)

the choice of quark masses. This can be compared to the sum

of the experiment, al measurements [14]

B(B~ X„-„)= B(B~ D,X) + B(B ~ QX) + B(B~ i/'X)

+ B(B~ X„iX)+ B(B~ X„2X)+ B(B~:-„X)
+ B(B~ rl, X (incl. other c))

= (15.8 + 2.8)% (15)

where the direct B ~ g and B ~ X,i branching fraction have

been used. The contribut, ion from B ~:-„Xis reduced by 1/3
to take into account the fraction that is not produced by the
b ~ ccs subprocess but by b ~ cud + ss quark popping.

A possible contribution of B —+ DDKX decays, which

corresponds to the quark level process b ~ ccs wit, h popping
of a light quark pair, is not included in the sum calculated
above, Buchalla, Dunietz, and Yamamoto have recently sug-

gested that the latter mechanism may be significant [16]. This

possibility leads to wrong sign D—E correlations and is cur-

rently under investigation at CLEO. Preliminary results [17]
indicate a significant branching fraction on the order of 10% for

B ~ Duppcr vorgcxX

The charm yield per B-meson decay is related to an in-

triguing puzzle in B physics: the experimental value for the
semileptonic branching ratio of B mesons is significantly below

the theoretical lower bound B ) 12.5% from @CD calculations
within the parton model [18]. An enhanced hadronic decay

rate would resolve this discrepancy and several explanat, ions

have been proposed. The t, heoretically preferred solution calls

for an enhancement of the 6 ~ ccs channel [19]. Increasing

the b —+ ccs component, , however, would increase the average

number of c quarks produced per b-quark decay and lead t, o

another interesting problem: the predicted number of charm

quarks per b decay would rise to 1.3 while the current, experi-

mental value for this number is 1.15 + 0.05. Moreover, as not, ed

above, B(B~ X,-„)= 15.8 6 2.8 is far below the required 30%.
A systematic study of inclusive hadronic B decays to niesons

and baryons and more precise measurements of charm meson

branching fractions will be required to resolve t, his problem.

Measurements of exclusive hadronic B decays have reached

sufFicient precision to challenge our understanding of the dy-

namics of these decays. The factorization hypothesis has been

experimentally confirmed for decays with large energy release.—0
By comparing hadronic B and B decays, the relative contri-

butions from external and internal spectator decays have been

disentangled. For all decay modes studied the B branching ra-—0
tio was found to be larger than the corresponding B branching

ratio indicating constructive interference between t,he external
and internal spectator amplitudes. This came as a surprise since
destructive interference was observed in hadronic charm decay.

However, the B modes analyzed so far comprise only a small

fraction of the total hadronic rate. Further experiment, al st, udy

is required to determine at what, level constructive interference

is present in the remainder of hadronic B decays.
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Rare decays
All B meson decays that do not occur through the usual

b —+ c transition are known as rare B decays. The simplest

diagram for a rare B decay is obtained by replacing the
6 —+ c transition by a CKM suppressed 6 —+ u transition.
These decays probe the small CKM matrix element V„b, the

magnitude of which sets bounds on the combination p + g in

the Wolfenstein parameterization of the CKM matrix. So far the

only measurement of the magnitude of V„g has been obtained
from measurements of inclusive semileptonic B decays [20]. Last
year CLEO reported the observation of exclusive semileptonic

transitions. Using their large data sample and employing the
excellent hermiticity of the CLEO II detector they were able to
measure (using the BSW model) B(B —+ 7r f+vt) = (1.63 +
0.46+0.34) x 10 and B(B"~ p f+vt) = (3.88+0.54+0.34) x
10 4 [21].

While the errors are still large these results are an important

step towards establishing a reliable value of [V„g[.
Exclusive hadronic 6 ~ u transitions still await experimen-

tal discovery. CLEO sees a significant signal in the combined
B"~ sr+sr, K+m channels but detector resolution and statis-
tics are not sufficient to separate the two modes.

The observation of the decay B ~ K*(892)p, reported
in 1993 by the CLEO II experiment, provided first evidence

for the 1-loop penguin diagram [22]. The observed branching

fractions were used to constrain a large class of Standard
Model extensions [23]. However, due to the uncertainties in

the hadronization, only the inclusive 6 —+ Sp rate can be

reliably compared with theoretical calculations. This rate can

be measured from the endpoint of the inclusive photon spectrum

in B decay. CLEO found B(b ~ sp) = (2.32+0.54+0.35) x10
A larger total rate is expected for gluonic penguins, the

counterpart of b —+ Sp with the photon replaced by a gluon.

However, it is a major experimental challenge to measure the
inclusive b ~ Sg rate, where the virtual gluon hadronizes as a

qq pair. Since the coupling of gluons to quark-antiquark pairs is

flavor independent, it is expected that except for modifications

due to phase space 6 ~ sss will be comparable to 6 ~ Suu,

b —+ Sdd. A recent CLEO search revealed no signal for exclusive

b ~ sss decays such as B ~ PK(*l nor did they find an excess

in the endpoint of the P momentum spectrum for inclusive

B —+ P transitions.

Outlook
With the end of the Fermilab collider run and the change

of the LEP beam energies CLEO and SLD will be the only

collider experiments in the next few years to collect data. While

this might slow down the current rate of rapid progress in

our understanding of heavy flavor physics there are still many

answers hidden in the large data samples collected by CDF and

the LEP collaborations. This combined with the ever-growing

CLEO data sample will provide many new insights into all

aspects of B physics.
The one exception is a measurement of the complex phase

in CKM matrix. Data samples at least one order of magnitude

larger than those available at present are needed to observe CP
asymmetries in the B-meson system and to perform one of the
most fundamental consistency check of the Standard Model.
This is the justification for the construction of high luminos-

ity e+e storage rings (PEP II/BaBar, CESR III/CLEO III,
TRISTAN II/BELLE) as well as a dedicated fixed t, arget exper-
iment at the HERA ring at DESY. Hadron collider experiments

dedicated to the study of CP violation have also been proposed
at Fermilab and at CERN.
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SEMILEPTONIC DECAYS OF R MESONS

(by 3.D. Richman, University of California, Santa Barbara)

Here GF is the Fermi decay constant, V«q is the relevant CKM
matrix element, kI I is the momentum of P' in the rest frame of
the parent meson, and f+(q2) is a vector form factor. (Eq. (1)
assumes massless charged leptons, which is almost exact for

electrons and a very good approximation for rnuons, but it is

not correct for w's. ) The dominant q dependence comes from

the p-wave factor k&„which can be written in terms of q and

the particle masses. This factor increases the rate at low q,
which is opposite to the q dependence of the form factor f+

The exclusive decay rate for P ~ VEvg can be expressed

in terms of three q -dependent helicity amplitudes, H~(q2) and

Ho(q ), where the subscripts indicate the helicity of either the

virtual W or the vector meson. The rate is given by

dI 3G~&]Uq q]~ kv q2

dq~ d cos 9g d cos~ dX S(4a)4M2

In this section, we discuss some of the key questions related

to semileptonic decays of B mesons: the inclusive semileptonic

branching fraction, the determination of V~] and ]V ~] from

inclusive and exclusive measurements, recent progress in exclu-

sive semileptonic decays, and form factor measurements and

tests of heavy-quark effective theory. We emphasize the un-

certainties that arise in extracting V~] and ]V„~] from data.
Further discussions of these and related issues are given in the

references [1,2, 3]. Before addressing the experimental progress,

we review t, he formalism of form factors for both D and B
exclusive semileptonic decays. Measurements of form factors in

semileptonic D decays are included in the D meson Particle

I.istings.

Form-factor formalism for exclusive semileptonic decays
The amplitude for an exclusive semileptonic process can be

constructed from the available four-vectors in the decay and

from form factors, which are Lorentz invariant functions of q-,

the square of the mass of the virtual W. Because these func-

tions describe the effect of strong interact, ions, nonperturbative

techniques such as lattice QCD are needed to calculate them.

Form factors are generally largest at the maximum value of q,
where the daughter meson has the smallest recoil velocity and

the overlap between the parent- and daughter-meson wave func-

tions is largest. Studies of form factors in D semileptonic decays

have focused on the modes D ~ KE+vg and D —+ K*I+vg,

which dominate the inclusive semileptonic rate. In B de-

cays, the analogous modes, B —+ DE+vs and B —+ D'I+vp,

account for about two-thirds of the inclusive semileptonic

rate. The decay B ~ DE+vs has a large background from

B ~ D*E+vp, so in B decays, form factor measurements have

focused mainly on B ~ D*E+vp. In this section, we discuss

the formalism used in form-factor measurement, s for the decays

P ~ P'IvI, where P and P' are pseudoscalar mesons, and

P ~ VIvp, where V is a vector meson.

The differential decay rate for P(Qq) ~ P'(q'q) fop is

dI' G~F]U q k~ f+(q')l'
dq2 24vr3

Figure I: Definition of the angles Og, 0~, and
X. The decay B + D*E+vg is used as an ex-
ample. The polar angles Og and kg are defined
in the rest frames of the virtual W and the
D*, respectively, and X is the azimuthal angle
between the projections of the lepton a id the D
momentum vectors in the plane perpendicular
to z.

Ifp(q ) =(M+ m)Ar(q ) ~ U(q )(M+ m)

He(q ) = (M —m —
q )(M +m)Ar(q )

2m q

4M k
A(q)(M+ m)

(3)

](I + rl costi&) ]H+(q ) + (1 —rI

casing)

H (q )] ] sin Ov.

+4 sin Ogcos Ot ]Ho(q )

—2 sin 9g sin Ov- cos(2X)H+(q )H (q )

—4rl sin Op(1+ 71 cos Or) sin Oy cos Oy cos X H~(q )He(q )

+4q i 6(Ii —q 9g) i 9v ttv x ( H)Hqn(q2)) (2)

Here M is the mass of the parent meson, k~ is the momentum

of the vector meson and is a function of q, and the factor
rl=+I (rl = —1) applies to B (D) decays. The angles Og, Oy,

and X are defined in Fig. 1. The helicity amplitudes Hy and

Ho can be expressed in terms of two axial-vector form factors,

A&(q ) and A2(q ), and a vector form factor U(q ):
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where m is the mass of the daughter meson. The form factors

f+, At, A2, and V are dimensionless.

The V —A coupling results in a larger amplitude to produce

a negative-helicity vector meson in cq or bq decay than one

of positive helicity: [H [
) [H+[. This difference produces a

forward-backward asymmetry for the charged lepton in the

virtual-W rest frame, since the net angular momentum along

the decay axis of the initial heavy meson must be zero. For

D(cq) decays, a posit, ively charged (right-handed) lepton is

produced in association with a left-handed daughter s or d

quark, resulting in a softer energy spectrum for the charged

lepton than for the neutrino after boosting the lepton energy

into the D rest, frame. (A similar argunxent shows that the

shape of the spectrum is the same for a D decay. ) For B(bq)
decays, a negatively charged (left-handed) lepton is produced

in association with a left-handed daughter quark, giving a
harder energy spectrum for the charged lepton than for the

neutrino in the B rest frame. In P —+ P'Ivy decays, there

is no asymmetry, since the P' meson can only have helicity

zero. Thus, the efI'ect of V —A is t, o soften the inclusive lepton

spectrum in D decays and to harden it in B decays. It is

useful to define rates for decays into specific helicity states:

G2 V [2

96~3

2

dq kv [K(q ) [ (4)

Experiments extract various ratios of these rates, including

r+/r, r, /r, = ro/(r + I+), the lepton forward-backward

asymmetry AF~ = (3rl/4)(r —I'+)/I', and the polarization

parameter o = 2 r/o( r++ I' ) —1. Because the form factor At

appears in all three helicity amplitudes, the ratios of form factors

V/At and A2/At, can be obtained by fitting the measured shape

of the distribution of variables q, Op, 0~, and X. The actual

values of the form factors can be extracted from these form-

factor ratios and the measured total decay rate.

Table 2: Measurements from LEP experiments of
the inclusive 6-hadron semileptonic branching frac-
tion, B(X& —+ XI+vs), where Xt, is a hadron con-
taining a b-quark. At the Z, t, he population of 6
hadrons includes not only B" and B+ mesons, but
also a small fraction of B, mesons and 6 baryons.
The three errors are statistical, systematic, and the
uncertainty due to model dependence.

Expt.

ALEPH
DELP HI
LS (prelim. )
OPAL

LEP Avg.

Ref.

11
12
13
14

B(X( ~ XE+vg)'K

11.39 + 0.33 + 0.33 + 0.26
11.06 + 0.39 + 0.12 + 0.19
11.73 + 0.48 + 0.28 + 0.31

10.5 + 0.6 + 0.4 + 0.3

11.2 + 0.4

Table 3: Measurements from CLEO and
ARGUS experiments of the inclusive B-
meson semileptonic branching fraction, us-
ing the dilepton method, which reduces
the model dependence of the result.

Expt.

ARGUS
CLEO II

Ref.

[15]
[16]

B(B ~ XE+vr)%

9.6 + 0.5 + 0.4
10.49+ 0.17 + 0.43

The inclusive semileptonic branching fraction
The b-hadron inclusive semileptonic branching fraction,

Bsl„has been measured both at the 7'(4S), where the 5

hadrons are a mixture of B+ and B mesons, and at the Z,
where B, mesons and b baryons are produced as well. Here

Bsl. is the branching fraction to either electrons or muons, not

their sum. Semileptonic decays to w leptons are suppressed by

phase space and have been observed, within large errors, at the
expected level [4,5]. Measurements of Hsi, are given in Table 1

for single-lepton measurements at the T(4S), in Table 2 for the
LEP experiments, and in Table 3 for dilepton measurements at
the 7 (4S).

Average 10.19+ 0.37

Table 1: Measurements of the inclusive semileptonic branching fraction (%), Bsg = B(B ~ XI+van), averaged
over the B mesons produced at the T(4S) (B+ and B").These results are based on analyses of the inclusive
single-lepton spectrum. Results are given separately for each of the models used t, o extract Bsi, . In the ARGUS
measurement, the first error combines both statistical and systematic uncertainties; the second error in the
ARGUS ACCMM value is due to the extra free parameters present in this model. The fi.t of the CLEO data
using the unmodified ISGW model is poor, so the results from that fit are less reliable. The table also gives the
CI.EO inclusive branching fraction to charm final states (X—,) only, which is extracted from the same fit, . (Sources
of error in these measurements are discussed in the text. )

Expt. (1E method)

ARGUS [6]
CRYSTAL BALL [7]
CUSB-II [S]
CLEO-I [9]
CLEO-II (prelim. ) [10]

Average

ACCMM

10.2 + 0.5 + 0.2
12.0+ 0.5+ 0.7
10.0 + 0.4 + 0.3
10.5 + 0.2 + 0.4

10.65 + 0.05 + 0.33

10.51 + 0.21

ISGW

9.8 + 0.5
11.9 + 0.4+ 0.7
10.0 + 0.4 + 0.3
9.9 + 0.1 + 0.4

10.42 + 0.05 + 0.33

10.22 + 0.20

ISGW**

11.2 + 0.3 + 0.4
10.98+ 0.10 + 0.33

11.05 + 0.28

CLEO-II (prelim. ) [10]
B ~ X-,E+vg

10.48 + 0.07+ 0.33 10.41+ 0.07+ 0.33 10.87+ 0.10+ 0.33
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The challenge for inclusive measurements is to determine

what part of the observed lepton momentum spectrum is due

to leptons from 5-hadron decay (primary leptons) and what

part is due to leptons from charm decay (secondary leptons)

or to other sources (misidentified hadrons, photon conversions,

J/g(IS) decays, etc.). The standard technique is to fit the

observed lepton momentum spectrum to a sum of the shapes

expected for primary and secondary decays, after subtracting

out backgrounds from other sources. Thus, a large part of the

effort (and uncertainty) in the analysis is in the determination

of these shapes.

Experiments at the T(4S) (ARGUS and CLEO) use theo-

retical models to describe the primary lepton spectrum. Some

of these models have free parameters that are determined from

the fit. The ACCMM model [17), for example, is based on an

inclusive calculation of b-quark decay, and it has parameters

corresponding to t, he c-quark mass and the Fermi momentum of

the spectator quark, among others. A commonly used exclusive

model is ISGW [18], in which the dominant contributions to the

primary spectrum are from B ~ DE+vs and B —+ D*I+vg, with

some B ~ D E+vg. Here, D** refers to a mixture of p-wave

and radially excited charm mesons. CLEO finds [9,10] that the

amount of B ~ D E+vg in this model is too low to adequately

describe the lept, on momentum spectrum, so a modified version

of the ISGW model, ISGW**, has been created. In ISGW**, the
D*' fraction is allowed to vary, but the D*-to-D ratio is fixed at

the value (2.3) predicted by ISGW. The fit to the CLEO data

using ISGW** is significantly better than that using ISGW.
The shape used to describe the secondary lepton spectrum

in these fits, although somewhat more complicated to obtain, is

based on data. The DELCO charm-decay lepton spectrum [19]
is fit to a theoretical model (ACCMM) and then boosted accord-

ing to the inclusive D-meson momentum spectrum measured

at the T(4S). Future measurements should be able to use a

charm lepton spectrum obtained by summing the spectra for

the known exclusive charm semileptonic modes, which account

for n1ost of the inclusive rate.
LEP experiments (ALEPH, DELPHI, L3, and OPAL) mea-

sure HgI, by fitting the spectra of p and pT (the momentum

t, ransverse to the jet axis) in single lepton and dilepton events.

The shape of the primary spectrum is taken from CLEO or AR-

GUS, so that model-related uncertainties in these experiments

are propagated into the LEP results.

The extraction of the B semileptonic branching fraction

from the momentum spectrum of single leptons, therefore,

relies on models. In CLEO, which currently has the largest

data sample, the spread of values obtained using different

models is con1parable to the experin1ental errors. The don1inant

experimental errors are due to tracking and lepton identification

uncert aint, ies.

The ARGUS collaboration [15] has introduced a second

met, hod, using dilepton events, that substantially reduces the

need for models. One lepton (the "tagging lepton" ) is required

to have high momentum and is thus nearly always primary.

The analysis then examines the momentum spectrum of the

second lepton in the event. By requiring that both leptons be

in the same hemisphere, events in which the two leptons come

from the decay chain of a single B meson (produced nearly

at rest at the T(4S)) are effectively removed. Thus, (1) the

tagging lepton is primary, and (2) the leptons are from different

B mesons. Then, unless mixing occurs, a lepton whose charge

is opposite to that of the tagging lepton must be primary,

while one with the same charge as the tagging lepton must, be

secondary. One corrects for mixing by using the known mixing

probability, The relative charges of the two leptons, therefore,

can be used to separate the primary and secondary spectra of

the second lepton. There is a lower momentum cutoff due to

experiment, al acceptance, however, and a small extrapolation,

based on models, is required to obtain the total semileptonic

rate. The ARGUS and CLEO measurements based on this

technique are listed in Table 3. This method also very much

reduces the sensitivity to any possible non-BB decays of the

T(4S), which are assumed to be negligible in the single-lepton

method.

The values of SgI. given in Table 1, Table 2, Table 3 are

lower than most of the theoretical predictions, which give [20]

BsI, & 12.5%. Such calculations, however, are dificult partly

because they must determine the total hadronic rate, which

has uncertainties associated with both perturbative and non-

perturbative QCD effects. In particular, enhancements to the

b —+ ccs rate have been discussed as a possible explanation

for the low value of Bsr, . For example, a recent analysis by

Bagan, et aL [21] predicts values of ggr, in the range 11% to

12% (with large uncertainties), as well as a somewhat larger

average number, n„ofcharm quarks per decay than is found by

experiment [1]. The problem of Hgr, is perhaps best rephrase&1

as the joint problem of understanding BgI, and n, .

The semileptonic branching fraction can be used to calculate

V„&] using I:"p+I, = p&hz V&] 7~, where qthv is a constant prc-2

dieted by theory and w~ is the appropriate B-hadron lifetil11e.

Whereas the model dependence in the determination of Bgy, is

associated with the predicted shapes of momentum spect, ra, the

extraction of ]V„~[is also sensitive to the uncertainty in p&h„. It

is difIicult t, o assign errors to rate predictions based on quark-

model calculations. Quit, e often, a nominal theoretical error of

20% in the rate is assumed, leading to a 10% t, heoretical error on

[V„~,[. For example, the value of [Vcg[ using the ACCMM model

and the average of all experiments performing a single-lepton

analysis at the X(4S) is ]V g l

.= 0.041+0.001 (expt) +0.004 (thy)
(assuming the value r~ = 1.55 + 0.06 ps used in Sec. 11, "The

Cabibbo-I(obayashi-Maskawa Mixing Matrix" ). However, some

of the calculations based on heavy-quark expansions suggest,

that this theoret, ical uncertainty may be overestimated by a

factor of two. HQET-based calculations have been presented by

Shifman et al. [22], Luke and Savage [23], and Ball et al. [241;

this subject is controversial and is reviewed by Richman and

Burchat [1], who assign a theoretical uncertainty of +0.003.
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The lepton endpoint region and determination of ]V pl

The determination of ]V~b is one of the most important and

challenging measurements in B physics. For ]V„p/V„g[—0.1,
the rate for B —+ X—„E+vg, where X—

„
is a charmless hadronie

system, is expected to be only about 1% of the inclusive

semileptonic rate. By working in the region at and beyond

the lepton-momentum-spectrum endpoint for B ~ X—,I+vg

processes, however, one gains enormously in sensitivity to
B ~ X—„I.+vg decays.

Although the advantages of working in this endpoint region

(2.3 ( pr ( 2.6 GeV/c) are decisive, there are also disadvan-

tages. A major difliculty is the need to convert the measured

rate for this tiny portion of phase space into a value of ]V ~[.

This calculation can be performed using either inclusive or

exclusive models, but both have substantial uncertainties in

predicting the rate in the endpoint region. Inclusive models are

expected to be fairly reliable, if one considers a large enough

part of phase space, but they may not be reliable in the end-

point region, which some theorists argue [18] is dominated by

a small set of exclusive channels (B ~ pI+vr, B+ ~ wI+vr,

and B ~ vrE+vr). Alternatively, exclusive models can be used

to predict the sum of contributions of individual modes in this

region. However, large uncertainties exist in the calculations

of the rates for exclusive modes, and some of the observed

rate may be due to nonresonant final states [25]. The exclusive

calculations here are more difIicult than t,hose for B + X-,E+vt.

because the u-quark mass is small, the kinematic configuration

in which the final-state hadron has zero recoil velocity does

not provide a reliable place to normalize t, he form factors, as it
does in b —+ c decays. Furthermore, the range of recoil velocities

available to the light final-state mesons in a B —+ X—„E+vgtransi-

tion is much larger than for the charm mesons in a B —+ X-,E+vg

decay. One therefore expects a much larger variation in the

form factors. As a result, measurements of ]V„g]are currently

quite model dependent, and there is substantial variation among

values obtained using different models.

The analysis of the endpoint region, although an "inclusive"

measurement, is quite different from the measurement of Bgl.
described in the previous section: at the T(4S), nonresonant

(continuum) processes produce high-momentum leptons that
constitute an enormous background (relative to a B ~ X„E+vg-
signal) unless suppressed by kinematic cuts. The signal effi-

ciency of these cuts is model dependent, unlike the very loose

cuts used in the analysis of t, he inclusive lepton spectrum. In

particular, the efIiciency depends on the q2 distribution of the

signal events, so the value obtained for the rate in the endpoint

region depends on the shape assumed for this distribution. The
most important sensitivity to models, however, arises when one

converts the rate to [V„~,].

Table 4 lists the measurements of ]V„b/V~] from CLEO
and ARGUS. The CLEO-II studies, which are based on about

five times as much data as either the original ARGUS or the
CLEO-I analyses, yield values of V„g/V,~, ]

significantly lower

than the earlier measurements.

Table 4: Measurements of ]V„b/V,t, ]
using the inclu-

sive rate in the endpoint region. The ARGUS and
CLEO-I results are each based on about 200, 000 bb

events, and the CLEO-II results are based on about
955, 000 bb events.

Model ARGUS CLEO-I CLEO-II
[26] [»l [28]

ACCMM 0.11 + 0.012 0.09 + 0.01 0.076 + 0.008
ISGW 0.20+ 0.023 0.15+ 0.02 0.101 + 0.010

Progress on exclusive semileptonic decays
In the past year, substantial progress has been made in

understanding the exclusive semileptonic decays of B mesons.

In particular, the observation of B —+ ~/+vs and B —+ pE+vg by
CLEO represents a milestone for these studies. In this section,
we give an overview of the exclusive modes, focusing primarily

on recent progress.
Measurements of exclusive semileptonic decays of B mesons

are less precise and less complete than those for D mesons.

Unlike D decays, where D —+ KE+vg and D —+ K*E+vg come

close to saturating the Cabibbo-favored rate, the analogous

modes B ~ DE+vs and B —+ D E+vg account for only 60/&

to 70% of the rate for b —+ cEvp. The only well measured

semileptonic decay is B —+ D*E+vg, which has the largest

branching fraction of all B decays, accounting for about 45% of
the semileptonic rate. Recently, there has been some progress
in improving the measurement for B ~ D(+vg [29], which

has a large background due to feed down from B ~ D 8+vp.

Another contrast with D semileptonic decays is that the ratio of
B —+ D E+vp to B ~ DE+vs is about 2.3, whereas in D decays
the analogous vector-to-pseudoscalar ratio is about 0.6. LEP
experiments [30,31] have made significant progress in observing

the decays B —+ DiE+vg and B ~ D2E+vg, where the use of
high-precision vertex detectors has proved to be a powerful

technique for reducing combinatorial background.

The most significant recent development has been the ob-

servat, ion [32] of exclusive charmless semileptonic decays, which

should eventually lead to better determinations of ]V~t, ]. For
these decays, unlike B ~ X,E v +mrodel pred-ictions [18] indi-

cate that the rate should be distributed over many exclusive

channels, with no dominant modes. The decays with the largest

expected branching fractions are B ~ p E+vg, B+ + p"E+vg,

and B+ —+ aE+vg, which in the quark model are predicted to oc-

cur in the ratio 2:1:1.The branching fractions for B" ~ vr E+vg

and B+ ~ x"E+vg are expected to be roughly one-third to one-

half of those for the corresponding decays to p mesons. For
reasons that are largely independent of models, , the lepton

spectra for the decays to vector mesons are expected to be
harder than those for the decays to pseudoscalars. CLEO has

now obtained preliminary branching fractions for B ~ 7rE+vg

and B —+ pE+vg, which are listed in Table 5. These branch-

ing fractions are consistent with predictions based on models,

assuming the value of [V„t,] obtained from the analysis of the

lepton spectrum endpoint.
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Table 5: Preliminary CLEO II branching fractions for
exclusive B semileptonic decays to final st, ates without
charm. These results assume efficiencies obtained from
the ISGW model [18]; if the WSB model [33] is used,
the branching fractions are somewhat higher. The first
error is statistical and the second systematic. The third
error on the B ~ p E+vg branching fraction is due to
a possible non-resonant 7r7r contribution.

the subject of many investigations. The results are generally

expressed in terms of a function j(w) that can be derived

from the form factors and which determines the differential rate

through [35]

1 dB(B" ~ D* I+vg) GF
7 g de 48~3 m~. (mg —mg )'

Mode

Bo ~ p E+vg

B ~ 7T' E vg

Ref Branching fraction

[32] (2.28+ 0.36+ 0.59+a'4s) x 10
[321 (1 34 + 0.35+ 0.28) x 10

1 —2tU7" + f'
x gwz —1(ur + 1) 1+ m+1 1 —r2

x [V,b['x(~)', (6)

Measurement of ]V,a] from R ~ D"I+vg
Three types of measurements can be used to determine ]Vd, ]:

(1) the inclusive. semileptonic rate (discussed above), (2) the

rates for B ~ Df+v~ or B —+ D*E+vg, and (3) the partial rate

for B ~ D*E+vg for the region of phase space in which the
D* recoils slowly. The B ~ D*E+vg mode is especially well

suited to measuring [V,g . With HQET, the rate for this process

can be accurately predicted (as a function of ]V,~, ) for the

kinematic configuration in which the D* is produced at rest

(with the lepton and neutrino back to back in the B rest frame).

This configuration occurs when q = q = (m~ —m~ ) . The

light constit, uents of the initial B meson are then essentially

undisturbed by the B ~ A-,E+vg transition, at least in the limit

where the 6 and c quark masses are taken to be very large

compared with Aq( D.

In this heavy-quark symmetry (HQS) limit, all of the

B —+ D*E+vg form factors are related to a single form factor,

t, he Isgur-Wise function, which depends only on the relative

four-velocities of the initial and final hadrons: ( = ((vg v~*).
Note that v@ v~ = p~, where the relativistic factor p~* is

measured in the B-meson rest frame. The quantity v v', where

v is the initial and v' is the final meson four-velocity, is often

called m or y in the literature. It is linearly related to q by

M2+ m2 —q~
YO=V V

2Mm

where M and m are the masses of the parent and daughter

meson s.

At, zero recoil (~ = 1 or q = q ), the normalization of

( is known in the HQS limit, ((I) = 1, which means that the

decay rat, e in this configuration can be accurately predicted

as a function of V,b[ . Corrections to this picture arise from

hard-gluon corrections and because the masses of the 6 and c

quarks are not truly infinite. However, the HQS-limit prediction

for B —+ D*E+vp is partly protected by Luke's theorem [34],
v hich states t, hat at zero recoil there are no leading order

(1/mq) nonperturbative corrections at ve = 1, where mq is

the mass of a heavy quark (c or b). As a consequence, the

leading nonperturbative corrections to the zero-recoil decay-

rate prediction arise at, order 1/m . The calculation of theseQ'

corrections, which introduces some model dependence, has been

where r = m~*/m~ The rat. e at zero recoil is determined

by X(1), which is predicted to be in the range 0.89 to

0.96 [36,37,22]. These predictions can be used to determine

]Vd, [
from the measured rate at zero recoil. Strictly speaking,

there is no phase space for this configuration, so in practice one

has to measure the rate in a small region near m = 1.
Current experiments have difficulty in measuring the rate

in this region due to limited statistics. The rate at zero recoil

is therefore obtained by measuring the rate as a function of

vu and then extrapolating to m = 1. This procedure introduces

some model dependence because HQET does not predict the m

dependence of the form factors, which involves nonperturbative

QCD physics. (Several groups are using lattice QCD and QCD
sum rules to predict the m dependence and are beginning to

obtain interesting results [38,3].) Because the w range is small,

however, the form factors are expected to have only mod-

est variation, which is approximately linear. CLEO, ARGUS,

ALEPH, and DELPHI use a variety of functional forms to

parametrize the m dependence. The different extrapolations to

w = 1 lead to a range of values for U, t, . This method leads

to U, ~,
= 0.041+ 0.003+ 0.002, as discussed in Sec. 11, "The

Cabibbo-Kobayashi-Maskawi Mixing Matrix. " Thus, the inclu-

sive and zero-recoil methods agree well. It, should be noted that

[Vg[ can also be obtained from the total rates for B ~ DE+u~

and B ~ D*E+vg These values tend to. be somewhat lower [1].
However, the theoretical predictions for the full decay rate are

expected to be less reliable than those for the zero-recoil config-

uration of B ~ D*8+vg, since the form factors must be known

over the full q range.

Form factor measurements
Both CLEO and ARGUS have used measurements of kine-

matic distributions to obtain information on the form factors

for B —+ D*E+vg. In contrast to D-meson semileptonic decays,

however, one expects the predictions of heavy quark effective

theory to be applicable to B —+ X—,E+vg. Here, both the initial-

and final-state quarks are heavy compared with the typical

hadronic scale set by AqcD. —0
The differential decay rate for B —+ D'+I+vs, D'+

D"z.+ can be expressed in terms of three form factors Ar (q ),
A~(q ), and V(q2), as discussed at the beginning of this article.
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In the heavy-quark symmetry limit, the form factors are related

to the Isgur-Wise function (:

v( Ag(q2)

1—
(mg+mD*)

(m~ + m~. )
2+m@m@

(7)

This limit motivates the choice of form factor ratios [3]

Q
2

1—
(mg + m~*)

Q
2

1—
(mB + mD')

U(q')
Ar (q2)

A2(q2)

Ar(q2)
' (8)

which are predicted to be unity, independent of va, in the heavy-

quark symmetry limit. For finite heavy-quark masses, By and

Bg are expected to have a mild dependence on ~. Note that
these quantities differ from the traditional form-factor ratios

(A2/Ar and U/Ar) used to describe charm semileptonic decays,

where heavy-quark symmetry is not expected to be a good

approximation. To consider departures from the heavy-quark

symmetry limit but still express the form factors in a manner

that makes this limit transparent, one can use

m~ + m~*
2v'm~m~*

gf
2

1— hA, (w),
(m~ + m~. )2

2gmgmD.

2gmgmy. (9)

By = 1.18 + 0.30 + 0.12,

B2 = 0.71+ 0.22 + 0.07,

p~, ——0.91 + 0.15 + 0.06 . (10)

The values of Ry and B2 are in good agreement with predictions
based on HABET with corrections [3,40]. The results for Rr and

R2 are rather insensitive both to the form assumed for hg, (va)

and to the mild n~ dependence of B~ and B2 suggested by these
theoretical calculations. However, the value of p& is sensit, ive to

1

the form of hg, . Functions with curvature, such as exponentials
or pole forms, give somewhat larger values of p& .

1

where hg, (w) ~ ((ve) in t, he heavy-quark symmetry limit.

Departures from this limit produce two effects: deviations of

Rr(1) and R2(1) from unity and a slight variation of Rr and R2
with m.

To measure the form factors, CLEO has performed [39]
a four-dimensional fit, including correlations, to the kinematic
variables q, cos Og, cos //v, and X. (The angles are defined at the

beginning of this article. ) In this fit, Rr and R2 were assumed to
be constant, while hg, was assumed to have a linear dependence
on vo, with slope p& .. hg, (w) = hg, (1)(I —

p& (ur —1)). The

preliminary fit results are
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1(1 ) = p(0 )

Quantum numbers not measured. Values shown are quark-model
predictions.

See also the B /B ADMIXTURE and B /B /Bs/b-baryon AD-
MIXTURE sections.

B+ MASS

B+ MEAN LIFE

See B /B /B /b-baryon ADMIXTURE section for data on B-hadron
mean life averaged over species of bottom particles.

"OUR EVALUATION" is an average of the data listed below performed by the LEP
B Lifetimes Working Group as described in our review "Production and Decay of b-
flavored Hadrons" in the B+ Section of the Listings. The averaging procedure takes
into account correlations between the measurements and asymmetric lifetime errors.

VAL UE (10 s) EV TS DOCUMENT 1D TECN COMMENT

1.62+0.06 OUR EVALUATION
1.56+0.13+0.06 5 ABE 96c CDF pp at 1.8 TeV
1.58+0.09+0.04 BUSKULIC 96G ALEP e+ e ~ Z

94 6 BUSKULIC 96G ALEP e+ e ~ Z

1.61+0.16+0.12 ABREU 95Q DLPH e+ e Z
1.72 +0.08 +0.06 8 ADAM 95 Dl PH e+e ~ Z
1,52+ O. 144 0.09 5 AKERS 95T OPAL e+ e ~ Z
1,61+0.16+0.05 148 6 ABE 94D CDF pp at 1.8 TeV
a ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.58+0.09 +0.03 9 BUSKULIC 96G ALEP e+ e Z
1.70+0.09 10 ADAM 95 DLPH e+ e ~ Z

1,30+0'2g +0, 16 92 5 ABREU 93D DLPH Sup. by ABREU 95Q

1,56+0.19+0.13 134 ABREU 93G DLPH Sup. by ADAM 95

1 51+0 28 0 14 59 5 ACTON 93c OPAL Sup. by AKERS 95T

147-o 19-o 14 77 5 BUSKULIC 93D ALEP Sup. by BUSKULIC 96G

5 Data analyzed using D/ D*8X event vertices.
Measured mean life using fully reconstructed decays.
ABREU 95Q assumes B(B D** E+vg) = 3.2 + 1.7%.
Data analyzed using vertex-charge technique to tag B charge.

9Combined result of D/D*EX analysis and fully reconstructed B analysis.
Combined ABREU 95Q and ADAM 95 result.

B+ DECAY MOOES

B modes are charge conjugates of the modes below. Modes which do not
identify the charge state of the B are listed in the B+/B ADMIXTURE
section.

The branching fractions listed below assume 50% B B and 50% B+ B
production at the T(4S). We have attempted to bring older measurements
up to date by rescaling their assumed T(4S) production ratio to 50:50
and their assumed D, Ds, D*, and 7' branching ratios to current values
whenever this would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All

resonant subchannels have been corrected for resonance branching frac-
tions to the final state so the sum of the subchannel branching fractions
can exceed that of the final state.

The fit e B+' mB —mB+ ' mB ' and (m 0 mB+ + B )/2)
5 5

to determine mB+, mBo, mB&, and the mass differences.
5

Mode Fraction (I;/I )

Scale factor/
Confidence level

TECN COMM EN T

I1

l3
C,
C,
I,
C7

C8

I9
Clo

C11

C,4

C15

C16
C„
C18
C19

2O

C22

C24

C2s

C26

VAL UE (Mev) EVTS DOCUMENT ID

52T8.9+1.8 OUR FIT
5278.9+1.5 OUR AVERAGE
5279.1+1.7 +1.4 147 ABE l96BCDF pp at 1.8 TeV
5278.8 + 0.54+ 2.0 362 ALAM 94 CLE2 e+ e ~ T(4S)
5278.3+0.4 + 2.0 2 BORTOLETTO92 CLEO e+ e ~ T(4S)
5280.5 + 1.0 6 2.0 ALBRECHT 90j ARG e+ e T(4S)
5278, 6 +0.8 4 2.0 2 BEBEK 87 CLEO e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

5275.8+1.3 +3.0 32 ALBRECHT 87c ARG e+ e ~ T(4S)
5278.2+ 1.8 +3.0 12 4 ALBRECHT 87D ARG e+ e ~ T(4S)

t Excluded from fit because it is not independent of ABE eee Be mass and Be Bmass-s s
difference.
These experiments all report a common systematic error 2.0 MeV. We have artificially
increased the systematic error to allow the experiments to be treated as independent
measurements in our average. See "Treatment of Errors" section of the Introductory
Text. These experiments actually measure the difference between half of Ecm and the
B mass.
ALBRECHT 90' assumes 10580 for T(4S) mass. Supersedes ALBRECHT 87c and
ALBRECHT 87D.
Found using fully reconstructed decays with J/g(1S). ALBRECHT 870 assume m T(4S)
= 10577 MeV.

E+ vg anything
Dot+ vg

D(2 070) Ee+

7roe+ v

(dE Vg

MP, V~

P l Vg

e Ve

(~+ V

j V

[a] &

1.5
2, 1

1.8

x 10 4

x 1O
—5

x 10

x 10

0, 0', or O~ modes

( s.3 +0.5 )

( 1.34+0.18)

( 1.1 +0.4 )
(5 +4 )

( 42 +30 )
(s +4 )

( 2.1 + O. 6 )
1.4

( 5.2 +0.8 )

( 1.55+0.31)
( 9.4 +2.6 )

( 1.9 +0.5 )

( 1.5 + 0.7 )
1

( 1.5 +0.6 )
1.4
1.3

Do~+
Do +
D'T+ ~+ ~-

D sr+ 7r+ 7r nOnreSOnant
Do~+ p'

De at(1260)+
D* (2010) 7r+ 7r+

D ~+ ~+
D*(2007) 7r+

D*(2007) p+
D* (2007) 7r+ 7r+ 7r

D*(2007) a1(1260)+
D*(2010) sr+ sr+ sr

D*(201o)-~+ ~+ ~+ ~-
D t (2420)e sr+

D1(2420) p+
D'(2460)' ~+

x 10

0/

x 10
x 10
x 10

x 10

x 10
x 10
0/

x 10
0/

x 10

x 10

x 10

Semileptonic and leptonic modes
[a] (10,1 + 2.3 ) %

fa] ( 16 +07 ) %

Vg [a] ( S.3 +0.8 ) %
( 22 x10

[a] & 2.1 x 10
CL =90%
C L=—90%

C L=90%
C L=90%
C L=-90%

C L=90%

CL=9O%

CL=90%
S=1.3

CL=90 /0

C L=90%
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I 28
I 29
I 30

C32

I 35

6
I 37
I 38
I 39
I 40

~41
I 42
I 43
I 44
I 45

I 47
I 48
I 49

Isor„
I52

I53
I54
"ss
lse
I 57
I58
Isg
leo
I61

I62

I 64
I es
lee

I68
leg

7o
~71

I 73
r74
I 75
I 76
I 77
~78
I 79
I 80
I 81
I 82
I 83
I 84
I 85
I 86
I 87
I 88

I 89
I 90
~91
I92
I93
I94
Igs

D2(2460)o p+
D'O+

S
D' D'+

S
D' (2007) D+

D'(2007)o D*+
D+ ~0

5
D*+~0

S
D+~
D*+

Tl

D+ 0
S

D4+ 0
S

D+~
S

D (ds
D+ at (1260)o
D;+ a, (i260)'
D+P
D*+ PS
g+ Ko
D*+ Ko

S
D+ K'(892)o
D*+ K'('892)o
D ~+ K+

S

D,
*—~+ K+

D rr+ K'(892)+
D* z+ K*(892)+

a/g (iS)K+
J/g(1S) K+ sr+ ~
J/g(1S) K*(892)+
a/y(is) ~-
g(2S) K+
@(2$)K'(892)+
@(2S)K'(892)+ n+ n

X,t(lP) K+
Xct {1P}K'(892)+

4.7

( 1.7

( 1.2

(1O

( 2.3

2.0

3.3

2.2

1.6

Charmonium modes
( 1.01

( 1.4

( 1.7

( 4.4

( 6.9
3.0

( 1.9

( 1.0
2.1

K or K' modes

+0.6 )

+1.0 )
)

1.4 )

0.14)
+0.6 )
+0.5 )

2.4 )
+3.1 )

+1.2 )
0.4 )

x 10
0/

0/

x 10

x10 4

x 10

x 10 4

x1O—4

x 10 4

x 10

x10 4

x1O—4

x 10

x 10

x10 4

x10 4

x 10

x 10

x 10 4

x 10 4

x10 4

x 10

x 10

x 10

x 10
x 10
x 10
x 10
x10 4

x 10
x 10
x 10
x 10

Ko~+
K+ ~0
K* (892)n rr+
K*(892)+ '
K+n n+(no charm)
Kt(1400)os +

K2(1430) 7r+

K+ po
Ko
K*(892)+sr+ ~

K'(892)+ po

Kt(1400)+ p
K,*(i430)+p'
K+ K K+

K+y
K*(892)+ K+ K

K*(892)+d

Kt(1400)+ $
Ka(1430)+ gs

K+ fp(980)
K*(892)+ n
Kt(1270)+ n

Kt(1400)+ n
K*,(i430)+ ~
K*(1680)+p
K3(1780)+g
K4(2045)+ p

4.8
1.4
4.1

1.9
2.6
6.8
1.9
4.8
1,1

9,0

7.8
1.5
3.1
1.2
1.6
7.0
1.1
3.4

5.7
7.3
2.2
1.4
1.9
5.5

9.9

x 10
x 10
x 10
x1O—5

x 10 4

x 10
x 1O

—4

x 10
x 10
x 10
x 10 4

x 10 4

x 10

x 10 4

x 1O-5

x 10
x 10
x 10
x 10

x 10

)xlo
x 10
x 10
x 10

x 10

x 10

x 10

~+ ~0
~+~+~

po~+
~+ fp(980)
~+ f2(j.270)

~+~0~0
p+ ~o

modes
1.7
1.9
4.3
1.4
2.4
8.9

x1O—5

x 10 4

x1O—5

x 10
x 10 4

x 10 4

x 1O
—5

Light unflavored meson

CL=90%

CL=9O%

CL=90%

CL=90 lo

C L=90%

C L=90%

C L =90%
CL=90%

CL =90%
C L=90%
CL=9O0/.

CL=9O%

C L=90%

C L=90%

C L=90'/o

C L=90%
CL=90%

C L=90%
CL. 900/

C L=90%

C L =90%

S=1.3
CL=.90/0

C L =90%

C L=90%
CL=9O%

CL=90%
C L =goo/o

C L =90%
CL=90%
C L 90o/

C L=90%
CL=9O%

C L=90%
C L=90'lo

C L =90%
CL=9OP/.

C L=90%
C L =90%
CL=gO%

C L=90'/p

C L =90'/o

CL=9O%

C L =90'/p

CL=9O0/

Cl =9O%
CL=90/0

CL=go%
C L =90%
C L =90%

C L=90%
C L=900/0

C L =90%
CL=gO%

C L =90%
CL=gO%
CL=9OP/.

I 96 7l.+ 7l. 7l.+ 7T

97 P P
I ga at(1260)+ ~o
I gg at(1260)ocr+
I 1pp
I 101
I 102r„, p' a, {i260)+
I tp4 p a2(1320)+

7r+ 7r+ 7r+++
rtos at(1260)+ a, (1260)

~107 PP+
I 108 p p ~+ ~+ ~
I 1pg PA
I 110 PAa
~111 + P

P

4.0
1.0
1.7
9.0
4.0
7.0
8.6
6.2

( 7.2
6.3
1.3

Baryon modes
1.6
5.2
6

2.0
3.8
1.5

x 10
x 10
x 10
x10 4

x 10 4

x1O —4

x 10 4

x 10 4

x 10 4

x 10
0/

x 10 4

x 10 4

x 10
x 10
x1O —4

x10 4

C L=90%
C L=90%
CL=90%
C L=90%
CL=90%
C L=90%
CL=90 lo

C L=90%
CL=9O%

C L=90%
C L=90o/0

C L =90%
C L =90%
C L =90%
cL=gool
C L =90%
C L=90%

Lepton Family number (LF)
6,8= 1 weak

e e
I 114 7r

I 115 K+e+e

K"(892)+ e+ e
K*(892)+p,

+
p,

e p,

I 12O 7r e
K+e+ p

I 122 K+e p, +
I ]23 7I e+ e+
I124 ~ V+V+
I 125 & e+p, +

K e+ e+
@+p

or Lepton number (L) violating modes, or
neutral current (82) modes

Bl 3.9 x 10
Bl g. 1 x 10
Bl
Bl
Bl
Bl
LF
LF

LF
L

L

L

L

C L=90%
C L=90%

C L =900/o1.7
6.9
1.2
6.4
6.4
6.4
6.4
3.9
9.1
6.4
3.9
9.1
6.4

CL=90/o
C L =90%
CL=9O%

C L=-90%

CL=9O%
C L=90%
CL=90%
CL=9O%
C L =90%
CL=90 lp

CL=90%
CL=gO%

[a] C indicates e or y, mode, not sum over modes.

8+ BRANCHING RATIOS

r(Z+ vcanytbing)/rtot, i

VAL UE

0.101+0.018+0.015

r(D ~+ vc)/rtotai

DOCUMENT ID

ATHA NAS

TECN COM MEN T

94 CLE2 e+ e ~ T(45)

r(s e+ve)/rtotai
VAL UE

&0.0022
CL%

90

DOCUMENT /D TECN COMMENT

ANTREASYAN 90E) CBAL e+ e ~ T(45)

E = e or /c, , not sum over e and /c modes.
VAL UE DOCUMENT JD TECN COM MEN T

0.016+0.006+0.003 11 FULTON 91 CLEO e+ e ~ 7"(45)

FULTON 91 assumes equal production of 8 8 and 8+ 8 at the T(45).

I (D'(2007)0C+ vc)/I totai
8 = e or p. , not sum over e and p, modes.

VAL UE EVTS DOCUMENT JD TECN COMM EN T

0.053 +0.008 OUR AVERA6E

0.0513+0.0054+0.0064 302 BARISH g5 CLE2 e+ e ~ T(45)
0 066 +0.016 +0.015 ALBRECHT 92C ARG e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

seen 398 1 SANGHERA 93 CLF2 e+ e ~ T(45)
0.041 3-0.008 +0 009

15 FULTON 91 CLEO e+ e ~ T(45)
0.070 + 0.018 +0.014 16 ANTREASYAN 908 CBAL e+ e g T(45)

BARlSH 95 use B(D K 7r+) = (3.91 + 0.08 + 0.17)% and B(D* D 7r )
= (63.6 + 2.3 4 3.3)'/.
ALBRECHT 92C reports 0.058+0.014+ 0.013. We rescale using the method described in

STONE 94 but with the updated PDG 94 B(D ~ K 7r+). Assumes equal production

of 8 8 and 8+ 8 at the T(45).
Combining D* 8+v~ and D* /+ v~ SANGHERA 93 test V —A structure and fit the

decay angular distributions to obtain AFB —3/4*(f —
I +)/I = 0.14 + 0.06 + 0.03.

Assuming a value of Vc~, they measure V, A1, and A2, the three form factors for the
D*/!vt decay, where results are slightly dependent on model assumptions.

Assumes equal production of 8 8 and 8+ 8 at the T(45). Uncorrected for D and
D* branching ratio assumptions.
ANTREASYAN 90B is average over 8 and D*(2010) charge states.
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I (~C+ t'c)/rtotai I s/I
E = e or Ic, not sum over e and Ic modes.

VAL UE CL% DOCUMENT ID TECN COMMENT

(2.1 x 10 90 BEAN 93B CLE2 e+ e — T(4S)
BEAN 93B limit set using ISGW Model. Using isospin and the quark model to combine
I (ppE+v~) and I (p E+v~) with this result, they obtain a limit &(1.6—2.7) x 10 at

90% CL for 8+ ~ ~E+ vg. The range corresponds to the ISGW, WSB, and KS models.
An upper limit on

~
Vub/Vcb~ & 0.8W. 13 at 90% CL is derived as well.

r(~I +~„)/rtota~
VAL UE DOCUMENT ID TECN

r(s+ v, )/rto„(
VAL UE

(1.5 x 10

r (Ia &n) /rtotai
VAL UE

(2.1 x 10

r(~+ ~,)/r„„,

CL%

90

CL%

90

DOCUMENT ID

ARTUSO

DOC UM EN T ID

ARTUSO

TECN COMMENT

95 CLE2 e+ e ~ T(4S)

TECN COMM EN T

95 CLE2 e+ e ~ T{4S)

rs/r

I g/I

VAL UE CL% DOCUMENT ID TECN COMMENT

g1.8 x 10 90 BUSKULIC 95 ALEP e+ e ~ Z
o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.O4 x 1O
—2 90 ALBRECHT 95D ARG e+ e ~ T(4S}

&2.2 x 10 90 ARTUSO 95 CLE2 e+ e T{4S)
BUSKULIC 95 uses same missing-energy technique as in b ~ ~+ v X, but analysis is
restricted to endpoint region of missing-energy distribution.
ALBRECHT 95D use full reconstruction of one 8 decay as tag.

r(D ~+)/rtotai
TECN COMM EN TVAL UE EVTS

0.0053+0.0005 OUR AVERAGE

0.0055 +0.0004+ 0.0005 304 A LA M 94 CLE2 e+ e ~ T(4S)
0,0050+0,0007+0.0006 54 BORTOLETTO92 CLEO e+ e ~ T(4S)
P P054+0.0018+0.0012 14 24 BEBEK 87 CLEO e+ e —~ T{4—0.0015 —0,0009
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0020+0.0008+0.0006 12 ALBRECHT 90J ARG e+ e ~ T(4S)
0.0019+0.0010+0.0006 7 Al BRECHT 88K ARG e+ e ~ T(4S)

2ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

absolute B{D ~ K sr+) and the PDG 1992 B(D ~ K ~+7r )/B(D -~ K sr+}
and B(DO ~ K ~+ ~+ ~ )/B(D ~ K 7r+}.
Assumes equal production of 8+ and 8 at the T(4S) and uses the Mark III branching
fractions for the D.
BEBEK 87 value has been updated in BERKELMAN 91 to use same assumptions as
noted for BORTOLETTO 92.
ALBRECHT 88K assumes 8 8:8+8 ratio is 45:55. Superseded by ALBRECHT 90J.

DOCUMENT ID

r(D P )/rtotal
VAL UE EVTS

0.0134+0.0018 OUR AVERAGE

0.01354 0,0012 + 0.0015 212 A LA M 94 CLE2 e+ e T(4S)
0.013 +0.004 +0.004 19 27 ALBRECHT 9OJ ARG e+ e ~ T(4S)
~ ~ ~ We do not use the f'ollowing data for averages, fits, limits, etc. o o ~

0.021 +0,008 +0.009 10 ALBRECHT 88K ARG e+ e ~ T(4S)
ALAM 94 assume equal production of 8+ and 8 at the T(45) and use the CLEO Il

absolute B(D ~ K ~+) and the PDG 1992 B(D ~ K ~+ 7r )/B(D ~ K ~+)
and B(D0 ~ K ~+ sr+~ )/B(Dp ~ K sr+).
Assumes equal production of 8+ and 8 at the T(4S) and uses the Mark III branching
fractions for the O.
ALBRECHT 88K assumes B 8:8+8 ratio is 45:55.

TECN COMMEN TDOCUMEN T ID

r ~On+ a+ n-) /r, .„, r„/r
VAL UE DOCUMENT ID TECN COMM EN T

0.0115+0.0029+0.0021 BORTOLETTO92 C LEO e+ e ~ T(4S)
BORTOLETTO 92 assumes equal production of 8+ and B at the T(4S) and uses
Mark III branching fractions for the D.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o ~

seen 18 ALBRECHT 91C ARG

In ALBRECHT 91C, one event is fully reconstructed providing evidence for the b ~ u

tra nsition.

r(u c+&c)/rtot i

E = e or Ic,. not sum over e and Ic modes.
VAL UE CL% DOCUMENT ID TECN COM M EN T

(2.1 x 10 4 90 BEAN 93B CLE2 e+ e ~ T(4S)
BEAN 93B limit set using ISGW Model. Using isospin and the quark model to combine
f {ur I+vg) and I (p E+vg} with this result, they obtain a limit &(1.6—2.7) x 10

at 90% CL for 8+ ~ p E+ v~. The range corresponds to the ISGW, WSB, and KS
models. An upper limit on

~
Vub/Vcb~ & 0.8-0.13 at 90% CL is derived as well.

I (D tr+tr+tr nonrssonsnt)/I toto~
VAL UE DOCUMENT ID TECN COMMENT

0,0051+0.0034+0.0023 BORTOLETTO92 C LEO e+ e ~ T(4S)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(4S) and uses
Mark III branching fractions for the D.

r(D tr+u )/rtotai I ts/I

r(D st(1260)+)/I tot+ rts/r
VAL UE DOCUMENT ID TECN COMMENT

0.004560.0019+0.0031 BORTOLETTO92 CLEO e+ e ~ T(4S)
BORTOLETTO 92 assumes equal production of 8+ and 80 at the T(4S) and uses
Mark III branching fractions for the D.

r(D (2010) n+ +)/I t t,
VAL UE CL% EVTS

0.0021+0.0006 OUR AVERAGE

0.0019+0.0007 +0.0003

DOCUMENT ID TECN COMMEN T

e+ e
T{,;~,

e+e
T(4s)

e+e—
T(4S)

94 CLE214 ALAM

11 ALBRECHT 90J ARG0.0026+ 0.0014+0.0007

0 0024+0.0017+0.0010—0.0016 —0.0006 3 35 BEBEK 87 C LEO

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.004 90 6 BORTOLETTO92 CLEO e+ e
T(4S)

0.005 + 0,002 +0.003 7 ALBRECHT 87C ARG e+ e
T(45)

ALAM 94 assume equal production of 8+ and 8 at the T(45) and use the CLEO II

B(D*(2010)+ ~ D ~+) and absolute B(D —+ K sr+) and the PDG 1992 B(D
K &+ ~ )/B(D ~ K sr+) and B(D —+ K x+ sr+sr )/B(D K ~+).
Assumes equal production of B+ and 8 at the T(45) and uses the Mark III branching
fractions for the D.
BEBEK 87 value has been updated in BERKELMAN 91 to use same assumptions as
noted for BORTOLETTO 92.
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(4S) and uses

Mark ill branching fractions for the D and D*(2010). The authors also find the product

branching fraction into O**~ followed by D** —a D*(2010)~ to be 0.0014++0.0008—0.0006
0.0003 where D** represents all orbitally excited D mesons.

7ALBRECHT 87C use PDG 86 branching ratios for D and O*(2010) and assume

B(T(4S) ~ 8+ 8 ) = 55% and B(T(4S) ~ 8 80) = 45%. Superseded by AL-
BRECHT 90J.

I (D tr+ tr+)/I tota~
VALUE

&0.0014

rts/r
TECN COMMEN T

94 CLE2 e+ e
T(4S)

CL% EVTS DOCUMENT ID

ALAM90

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.007 90 BORTOLETTO92 CLEO e+ e
T(4s)

p pp25+ 0,0041 + 0,0024 87 CLEO eI e—0.0023 —0.0008

ALAM 94 assume equal production of B+ and 8 at the T(4S) and use the Mark III

B(O+ - K —~+~+).
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(4S) and uses

Mark III branching fractions for the D. The product branching fraction into Do(2340) vr

followed by DO(2340) D~ is & 0.005 at 90%CL and into D2(2460) followed by

D2(2460) ~ Der is & 0,004 at 90%CL.

BEBEK 87 assume the T(45) decays 43% to B 8 . B(D ~ K+ ~ m ) = (9.1 +
1.3 4 0.4)% is assumed.

1 0 BEBEK

I (D'(2007) +)/I t t, (
I tg/I

VALUE EVTS

0.0052+0.0008 OUR AVERAGE

0.0052+0.0007+0.0007 71 41 ALAM 94 CLE2 e+ e ~ T(4S)
0.0072 +0.0018+0.0016 BORTOLETTO92 CLEO e+ e ~ T(4S)
0.0040+0,0014+0.0012 9 42 ALBRECHT 90J ARG e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0027+ 0.0044 BEBEK 87 CLEO e+ e T(4S)
ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(D*(2007) ~ D 7r ) and absolute B(D ~ K 2r+) and the PDG 1992 B(D
K sr+ vr )/B(D K 2r+) and B(D ~ K n+ sr+ 7r )/B(D -~ K ~+).
Assumes equal production of B+ and B at the T(4S) and uses Mark ill branching

fractions for the D and D*(2010).
This is a derived branching ratio, using the inclusive pion spectrum and other two-body
8 decays. BEBEK 87 assume the T(4S) decays 43% to B B

DOCUMENT ID

VAL UE DOCUMENT ID TECN COMMENT

0.0042+ 0.0023+0.0020 31 BORTOLETTO92 CLEO e+ e —~ T(4S)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(4S) and uses
Mark III branching fractions for the D.
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rP'(2M7) u+)/rtntai rao/r rg 2(2460) P )/rtotai
DOCLIMENT ID TECN COMMEN TVAL UE EVTS

0.0155+0.0031 OUR AVERAGE

0.0168+0.0021+0.0028 86 44 ALAM 94 CLE2 e+ e T(4S)
0.010 +0.006 +0.004 7 45 ALBRECHT 90J ARG e+ e ~ T(4S)

4ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(D*(2007) ~ D 7r ) and absolute B(D ~ K 7r+) and the PDG 1992 B(D
K 7r+ 7r )/B(D ~ K 7r+) and B(D h K 7r+ 7r+ 7r )/B(D ~ K 7r+). The

nonresonant 7r+7r contribution under the p+ is negligible.
Assumes equal production of 8+ and 8 at the T(4S) and uses Mark III branching

fractions for the D and D*(2010).

I (D'(2007)oaf+sf+sf )/I «tal I 21/r
VALUE EVTS DOCUMENT ID TECN COMMENT

0.0094+0.0020+0.0017 48 " A LA M 94 CLE2 e+ e T(4S)
ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(D*(2007) ~ D 7r ) and absolute B(D ~ K 7r+) and the PDG 1992 B(D
K 7r+7r )/B(D ~ K 7r+) and B(D ~ K ~+7r+7r )/B(D ~ K 7r+).
The three pion mass is required to be between 1.0 and 1.6 GeV consistent with an a1
meson. (If this channel is dominated by a+, the branching ratio for D* a is twice

that for D~07r+7r+7r .)

I (D'(2007)oa (1260)+)/I I 22/I
VAL UE DOCUMENT ID TECN COMMENT

0.0188+0.0040+0.0034 4 s ALAM 94 CLE2 e+ e —+ T(4S)
ALAM 94 value is twice their I (D*(2007) 7r+7r+7r )/I tot I

value based on their
observation that the three pions are dominantly in the at(1260) mass range 1.0 to 1.6
GeV.
ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(D*(2007) ~ D 7r ) and absolute B(D ~ K 7r+) and the PDG 1992 B(D
K 7r+ 7r )/B(D ~ K 7r+) and B(D ~ K 7r+ 7r+ 7r )/B(D —+ K 7r+).

I (D'(2010) tt+tf+tfo)/rt t I r»/r
VALL!E EVTS DOCUM EN T ID TECN COMMENT

0.0150+0.0070+0.0003 26 ALBRECHT 901 ARG e+ e ~ T(4S)
a ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.043 +0.013 +0.026 24 ALBRECHT 87C ARG e+ e ~ T(4S)
ALBRECHT 90J reports 0.018 4 0.007 -+ 0.005 for B(D'(2010)+ ~ D 7r+) = 0.57 +
0.06. We rescale to our best value B(D*(2010)+ ~ D 7r+) = (68.3 + 1.4) x 10
Our first error is their experiment's error and our second error is the systematic error

from using our best value. Assumes equal production of B+ and 8 at the T(4S) and
uses Mark III branching fractions for the D.
ALBRECHT 87C use PDG 86 branching ratios for D and D~(2010) and assume

B(T(4S) ~ B+ 8 ) = 55% and B(T(4S) ~ 8 B ) = 45%. Superseded by AL-
BRECHT 90J.

I (D'(2010) st+ sr+ st+ st ) /I total r24/I
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.01 90 5 ALBRECHT 90j ARG e+ e ~ T(4S)
Assumes equal production of B+ and 8 at the T(4S) and uses Mark III branching

fractions for the D and D'(2010).

I (D (2420)oaf+)/r«„I r26/r
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.0015+0.0006 OUR AVERAGE Error includes scale factor of 1.3.
0.0011+0.0005 + 0.0002 8 A LA M 94 CLE2 e+ e ~ T(4S)
0.0025+ 0.0007+ 0.0006 ALBRECHT 940 ARG e+ e T(4S)

ALAM 94 assume equal production of 8+ and B at the T(4S) and use the CLEO II

B(D*(2010)+~ D 7r+) and absolute B(D ~ K 7r+ ) and the PDG 1992 B(D
K 7r+ 7r )/B(D ~ K 7r+) and assuming B(D1(2420) —y D*(2010)+7r ) = 67%.

64ALBRECHT 94o assume equal production of' B+ and S at the T(4S) and use the

CLED II B(D (2010)+ D rr+) assuming B(D1(2420} D*(2010)+rr )
67%.

r (Dt(2420) f1+)/r total
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0014 90 55 ALAM 94 CLE2 e+ e ~ T(4S)
ALAM 94 assume equal production of B+ and B at the T(4S) and use the CLEO II

B(D*(2010)+ ~ D 7r+) assuming B(D1 (2420) ~ D*(2010)+7r ):67%.

I 26/I

r (D;(246o)'~+)/r, .„, I 27/I
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0013 90 56 ALAM 94 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

&0.0028 90 57 ALAM 94 CLE2 e+ e ~ T(4S)
&0.0023 t90ALBRECHT 940 ARG e+ e ~ T(4S)

ALAM 94 assume equal production of B+ and B at the T(4S) and use the Mark III

B(D+ — K 7r+7r+) and B(D2(2460) D+ Tr ) = 30%.
ALAM 94 assume equal production of B+ and B at the T(4S) and use the Mark III

B(D+ K 7r+7r+), the CLEO II B(D*(2010)+ ~ D 7r+) and B(D2(2460)
D*(2010)+7r ) = 20~/o

ALBRECHT 940 assume equal production of B+ and B at the T(4S) and use the
CLED II B(D*(2010)+ D rr+) and B(D2(2460) D*(2010)+rr ) = 30%.

VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0047 90 59 ALAM 94 CLE2 e+ e ~ T(4S)
&0.005 90 60 ALAM 94 CLE2 e+ e ~ T(4S)

ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the Mark III

B(D+ ~ K 7r+7r+) and B(D2(2460) ~ D+7r ) = 30%.
ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the Mark III

B(D+ ~ K 7r+7r+), the CLEO II B(D*(2010)+ ~ D 7r+) and B(D2(2460)
D*(2010)+7r ) = 20%.

rP D,+)/rtotai I 29/I
TECN COMM EN TDOCUMENT ID

I (D D, )/I totai
VAL UE DOCUMENT ID TECN COMMENT

0.01260.00960.003 ALBRECHT 92G ARG e+ e ~ T(4S)

ALBRECHT 92G reports 0.016 + 0.012 + 0.003 for B(D+ ~ $7r+) = 0.027. We
S

rescale to our best value B(D ~ @7r+) = (3,6 + 0,9) x 10 . Our first error is their
S

experiment's error and our second error is the systematic error from using our best value.

Assumes PDG 1990 D branching ratios, e.g. , B(D —+ K 7r+) = 3.71 6 0.25%.

I (D (2007)oD+)/I tot
VAL UE DOCUMENT ID TECN COMMENT

0.010+0.007 +0.002 ALBRECHT 92G ARG e+ e ~ T(4S)
ALBRECHT 92G reports 0.013 + 0.009 + 0.002 for B(D+ ~ $7r+) = 0.027. We

S
rescale to our best value B(D+ ~ @7r+) = (3.6+ 0.9) x 10 . Our first error is their

S
experiment's error and our second error is the systematic error from using our best value.
Assumes PDG 1990 D and D~(2007) branching ratios, e.g. , B(DO ~ K 7r+) =
3.71 + 0.25% and B(D*(2007)0 ~ D07rO) 55 + 6%.

r (D'(2007)' o;+)/rtotai I g2/I
VAL UE DOCUMENT ID TECN COMMENT

0.023+0.013+0.006 ALBRECHT 92G ARG e+ e ~ T(4S)
ALBRECHT 92G reports 0.031 + 0.016 + 0.005 for B(D ~ @7r+) = 0.027. We

rescale to our best value B(D ~ $7r+) = (3.6 + 0.9) x 10 . Our first error is their
S

experiment's error and our second error is the systematic error from using our best value.
Assumes PDG 1990 D and D*(2007) branching ratios, e.g. , B(D ~ K 7r+) =
3.71 + 0.25% and B(D*(2007)0 ~ D07rO) 55 + 6%.

r(D,+sf )/rtotai
CL ohioVAL UE DOCUMENT ID TECN COMMENT

&0.00020 90 ALEXANDER 93B CLE2 e+ e ~ T(4S)
ALEXANDER 93B reports & 2.0 x 10 for B(D+ —+ $7r+) = 0.037. We rescale to

S

our best value B(D+ $7r+) = 0.036.

[r(D+ ')+r(D,'+ ')j/rt ( s3+ aa)/
CL%VAL UE DOCUMENT ID TECN COMMENT

&0.0007 90 7 ALBRECHT 93' ARG e+ e ~ T(4S)
ALBRECHT 93E reports & 0.9 x 10 for B(D ~ $7r+) = 0.027. We rescale to our

5
best value B(D+ $7r+) = 0.036.

S

I (D, tfo)+/I total I 34/I
VALUE DOCUMENT ID TECN COMMENT

&0.00033 90 ALEXANDER 93B CLE2 e+ e ~ T(4S)

ALEXANDER 93B repOrtS & 3.2 X 10 fOr B(D+ ~ $7r+) = 0.037. We reSCale tO
S

our best value B(D+ ~ tt)7r+) = 0,036.
S

CL%

r (D,+ t)) /rtotai
CL%VALUE DOCUMENT ID TECN COMMENT

&0.0005 90 ALEXANDER 93B CLE2 e+ e ~ T(4S)
ALEXANDER 93B repOrtS & 4.6 X 10 fOr B(D ~ @7r+) = 0.037. We reSCale tOS
our best value B(D+ ~ @7r+) = 0.036.

S

VAL UE EVTS

0.017+0.006 OUR AVERAGE

0.0184 0.0094 0.004 ALBRECI-IT 92G ARG e+ e —h T(4S)
0.016+0.007+0.004 5 BORTOLETTO90 CLEO e+ e ~ T(4S)

ALBRECHT 92G reports 0.024 + 0.012 + 0.004 for B(D ~ $7r+) = 0.027. We

rescale to our best value B(D+ ~ $7r+) = (3.6 4 0.9) x 10 . Our first error is their
5

experiment's error and our second error is the systematic error from using our best value.
Assumes PDG 1990 D branching ratios, e.g. , B(D ~ K 7r+) = 3.71 + 0.25%.
BORTOLETTO 90 reports 0.029 + 0.013 for B(D+ ~ $7r+) = 0.02. We rescale to our

S

beSt Value B(D ~ $7r+) = (3.6 + 0.9) X 10 . Our firSt errOr iS their eXperiment'S
S

error and our second error is the systematic error from using our best value.
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r(O,'+9) lrtotal rl/r
VALUE CL% DOCUMEIVT ID TECIV COMMENT

&0.0008 90 ALEXANDER 93B CLE2 e+ e ~ T(4S)
0ALEXANDER 93B reports & 7.5 x 10 for B(D+ ~ $7r+) = 0.037. We rescale to

5
our best value B(D ~ P~+) = 0.036.5

r(D, p )/rt»l r»/r
CL/VAL UE DOCUMENT ID TECN COMMENT

&0.0004 90 7 ALEXANDER 93B CLE2 e+ e ~ T(4S)
71ALEXANDER 93B reports & 3.7 x 10 for B(D+ ~ p~+) = 0.037. We rescale to

5
our best value B(D ~ Px+) = 0.036.5

[I (D+ ps) + I (D+ K'(892)s)]/I t {r»+I4r}!r
VAL UE DOCUMENT ID TECN COMMENT

&0.0025 90 ALBRECHT 93E ARG e+ e T(4S)

ALBRECHT 93E reports & 3.4 x 10 for B(D+ ~ P~+) = 0.027. We rescale to our5
best value B(D+ $7r+) = 0.036.

CL%

r (O,'+ P') /rtotal
CL%VAL UE DOCUMENT ID TECN COMMENT

&0.0005 90 3 ALEXANDER 93B CLE2 e+ e ~ T(4S)
ALEXANDER 93B reports & 4.8 x 10 for B(D ~ per+) = 0,037. We rescale to

5
our best value B(D+ ~ P~+) = 0.036.5

[r(o',+p') + r(o,'+K'{892)')]/r„„l {rss+ras)/r
CL%VAL UE DOCUMENT ID

&0.0015 90 74 ALBRECHT

4ALBRECHT 93E reports & 2.0 x 10 for B(D+
5

best value B(D ~ $7r+) = 0.036.
5

TECN COMMENT

93E ARG e+ e ~ T(4S)

Per+) = 0.027. We rescale to our

r(o+~)lr„„,
VAL UE CL % DOCUMEN T ID TECN COMM EN T

&0.0005 90 75 ALEXANDER 93B CLE2 e+ e T(4S)
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0025 90 76 ALBRECHT 93E ARG e+ e ~ T(4S)
ALEXANDER 93B reports & 4.8 x 10 for B(D+ ~ $7r+) = 0.037. We rescale to5
our best value B{D ~ P~+) = 0.036.5
ALBRECHT 93E reports & 3.4 x 10 for B(D ~ $7r+) = 0.027. We rescale to our

best value B(D+ ~ @~+) = 0.036.
5

r(o;+~)lr„„l rao/r
VAL UE CL% DOCUMEN T ID TECN COMM EN T

&0.0007 90 ALEXANDER 93B CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0014 90 ALBRECHT 93E ARG e+ e ~ T(4S)
7ALEXANDER 93B reports & 6.8 x 10 for B(D+ ~ p~+) = 0.037. We rescale to

our best value B(D -~ $7r+) = 0.036.

ALBRECHT 93E reports & 1.9 x 10 for B{D+~ p~+) = 0.027. We rescale to our
5

best value B(D ~ P~+) = 0.036.
5

r(D+st(1260} )/I tot~i I 4t/r
CL% TECN COMM EN T

ARG e+ e ~ T(4S)

~t ~+) = 0.027. We rescale to our

DOCUMEIV T ID

79 ALBRECHT 93E

VAL UE

&0.0022 90

ALBRECHT 93E reports &

best value B(D+ ~ $7r+
5

3.0 x 10 for B(D5

) = 0.036.

I (D;+st(1260) )/I total I 42/I
CL% DOCUMENT ID

80 ALBRECHT 93

22x10 for B(D+ ~
5

) = 0.036.

VAL UE

&0.0016 90

ALBRECHT 93E reports &

best value B(D ~ Per+

TECN COMM EN T

ARG e+ e ~ T(45)
P~+) = 0.027. We rescale to our

r(o, 4)/r«ta, I 4s/I
VAL UE CL% DOCUMENT /D TECN COMMENT

&0.00032 90 81 ALEXANDER 93B CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0013 90 ALBRECHT 93E ARG e+ e ~ T(4S)
ALEXANDER 93B reports & 3,1 x 10 " for B(D ~ per+) = 0.037. We rescale to

5
our best value B(D tl/~+) = 0.036.

ALBRECHT 93E reports & 1.7 x 10 for B(D ~ p~+) = 0.027. We rescale to our
5

best value B(D ~ $7r+) = 0.036.5

r (O;+ SI) lrtotal
VAL UE CL% DOCUMEN T /D TECIV COM MEN T

&0.0004 90 ALEXANDER 93B CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0016 90 ALBRECHT 93E ARG e+ e ~ T(4S)
ALEXANDER 93B reports & 4.2 x 10 for B(D ~ p~+) = 0.037. We rescale to5
our best value B(D ~ Per+) = 0.036.5

"ALBRECHT 93E reports & 2.1 x 10 for B(D+ ~ pm+) = 0.027. We rescale to our5
best value B(D+ ~ Per+) = 0.036.

r(o,+K )/r„„, res/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0011 90 ALEXANDER 93B CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0019 90 86 ALBRECHT 93E ARG e+ e ~ T(4S)
ALEXANDER 93B reports & 10.3 x 10 for B(D+ ~ p~+) = 0.037. We rescale to

5
our best value B(D+ ~ Pm+) = 0.036.5
ALBRECHT 93E reports & 2.5 x 10 for B(D ~ $~+) = 0.027. We rescale to our5
best value B(D+ ~ P~+) = 0.036.5

r(o;+ K )/rtotal
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0011 90 ALEXANDER 93B CLE2 e+ e
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0023 90 88 ALBRECHT 93E ARG e+ e

ALEXANDER 93B reports & 10.9 x 10 for B(D+ ~ pm+) = 0.037.
5

our best value B(D ~ 4 m+) = 0.036.
5

ALBRECHT 93E reports & 3.1 x 10 for B{D+~ P++) = 0.027. We5
best value B(D+ ~ $7r+) = 0.036.

res/r

T(4s)

T(4s)
We rescale to

rescale to our

I (D+ K'(892)s) /I t~t~l
VAL UE DOCUMENT ID TECN COMMENT

&0.0005 90 ALEXANDER 93B CLE2 e+ e

ALEXANDER 93B reports & 4.4 x 10 for B(D+ ~ @7r+) = 0.037.
5

our best value B(D ~ 4~+) = 0.036.5

CL%

T(4s)
We rescale to

I (D +K (892)s)/I total I as/I
CL%VAL UE DOCUMEN T ID TECIV COM MEN T

&0.0004 90 ALEXANDER 93B CLE2 e+ e

ALEXANDER 93B reports & 4.3 x 10 for B(D+ p~+) = 0.037.
5

our best value B(D ~ P~+) = 0.036.5

T(4s)
We rescale to

r(o; ~+ K+) lr,.„,
VALUE CL% DOCUMENT ID

&0.0008 90 ALBRECHT

ALBRECHT 93E reports & 1.1 x 10 for B(D+
5

best value B(D ~ $7r+) = 0.036.5

r4, /r
TECN COM MEN T

93E ARG e+ e ~ T(4S)

P~+) = 0.027. We rescale to our

r (o',—~+ K+)/r„„,
VAL UE CL% DOCUMENT ID

&0.0012 90 ALBRECHT

ALBRECHT 93E reports & 1.6 x 10 for B(D5
best value B{D+ ~ Px+) = 0.036.

5

TECN COM MEN T

93E ARG e+ e ~ T(4S)

@~+) = 0.027. We rescale to our

I (D a+ K {892}+)/It tal I st/I
CL%VALUE DOCUMENT ID

&0.006 90 ALBRECHT

ALBRECHT 93E reports & 8.6 x 10 for B(D+
best value B(D+ ~ @w+) = 0.036.5

TECN COMMEIV T

93E ARG e+ e ~ T(4S)

@&+) = 0.027. We rescale to our

I (D tt+K"(892}+)/I t t l rsq/I
CL%VALUE DOCUMEIVT ID

&0.008 90 94 ALBRECHT

ALBRECHT 93E reports & 1.1 x 10 for B(D5
best value B(D+ ~ Q~+) = 0.036.

5

TECN COMMENT

93E ARG e+ e ~ T(4S)

@sr+) = 0.027. We rescale to our

I (2/t/(1S) K+)ll total I ss/I
VALUE (units 10 4) EVTS DOCUMENT ID

10.1 + 1.4 OUR AVERAGE
11.0 + 1.5 +0.9 59 ALAM 94
9.16+ 3.01 +0.30 BQRTQLETTQ92
8.0 + 3.5 +0.3 6 ALBRECHT 90J

TECN COMMEN T

CLE2 e+ e ~ T(4S)
CLEQ e+ e ~ T(4S)
ARG e+ e ~ T(4S)
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~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

22 +10 +2 BUSKULIC 92G ALEP e+ e ~ Z
7 + 4 3 ALBRECHT 87D ARG e+ e a T(4S)

10 + 7 +2 3 BEBEK 87 CLEO e+ e ~ T(4S)
9 + 5 3 ALAM 86 CLEO e+ e ~ 7 (4S)

Assumes equal production of 8+ and 8 at the T(4S).
BORTOLETTO 92 reports 8+ 2 4 2 for B(J/g(1S) ~ e+e ) = 0.069 6 0.009. We
rescale to our best value B(l/Q(1S) ~ e+e ) = (6.02 + 0, 19) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value. Assumes equal production of 8+ and 8 at the T(4S).
ALBRECHT 90J reports 7 6 3 + 1 for B(J/2tf(1S) ~ e+e ) = 0.069+ 0.009. We
rescale to our best value B(J/g(1S) ~ e+e ) = (6.02 + 0.19) x 10 . Our first
error is their experiment's error and our seCond error is the systematic error from using
our best value. Assumes equal production of 8+ and 8 at the T(4S).
ALBRECHT 87D assume 8+ 8 /8 8 ratio is 55/45. Superseded by ALBRECHT 90J.
BEBEK 87 value has been updated in BERKELMAN 91 to use same assumptions as
noted for BORTOLETTO 92.
ALAM 86 assumes 8+/8 ratio is 60/40.

r(i/y(1s) K+ ~+~-) /r, .„,
VAL UE CL% EVTS

0.0014 +0.0006 OUR AVERAGE

0.00137+0.00081+0.00004

DOCUMENT ID TECN COMM EN T

BORTOLETTO92 CLEO e+ e
T(4S)

0.00137+0.00090+0.00004 6 ALBRECHT 87D ARG e+ e
V (4S)

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ a

&0.0018 90 ALBRECHT 90J ARG e+ e
X(4S)

BORTOLETTO 92 reports 0,0012 + 0.0006 4 0.0004 for B(J/Q(1S) ~ e+e ) =
0.069 + 0.009. We rescale to our best value B(J/2/2(1S) ~ e+ e ) = (6.02 4 0.19) x
10 . Our first error is their experiment's error and our second error is the systematic
error from using our best value. Assumes equal production of 8+ and 8 at the T(4S).
ALBRECHT 87D reports 0.0012 6 0.0008 for B(J/2/2(1S) ~ e+ e ) = 0.069 4 0.009.
We rescale to our best value B(l/ttf(1S) ~ e+ e ) = (6.02 + 0.19) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value. They actually report 0.0011 + 0.0007 assuming 8+ 8 /8 8 ratio is

55/45. We rescale to 50/50. Analysis explicitly removes 8+ ~ Q(2S) K+.
ALBRECHT 90J reports & 0,0016 for B(J/p(1S) e+ e ) = 0.069. We rescale to
our best value B(J/g(1S) ~ e+ e ) = 0.0602. Assumes equal production of 8+ and

8 at the 7 (4S).

I (1/@(1S}K'(892}+)/I total

I (J/@(1S)fr )/I (j/sIr(1S) K+) I aa/I 53
VALUE EVTS DOCUMEN T ID TECN COMMEN T

0.04360.023 5 ALEXANDER 95 CLE2 e+ e ~ T(4S)
Assumes equal production of 8+ 8 and 8 8 on T(4S).

I (fIr(2S) K+) /I total r»/r

For polarization information see the Listings at the end of the "8 Branching Ratios"
section.

VAL UE EVTS DOCUMENT ID TECN COMMENT
0.001'l +0.0005 OUR AVERAGE
0.00178+0.00051 +0.00023 13 A LA M 94 CLE2 e+ e ~ T(4S)
0.00149+0.00107+0.00005 BORTOLETTO92 CLEO e+ e ~ T(4S)
0.0018 +0,0013 +0.0001 2 ALBRECHT 90J ARG e+ e T(4S)

Assumes equal production of 8+ and 8 at the T(4S).
BORTOLETTO 92 reports 0.0013 + 0.0009 + 0.0003 for B(J/g(1S) ~ e+e ) =
0.069+ 0.009. We rescale to our best value B(J/2t2(1S) ~ e+ e ) = (6.02+ 0.19) x
10 2. Our first error is their experiment's error and our second error is the systematic
error from using our best value. Assumes equal production of 8+ and 8 at the T(4S).
ALBRECHT 90J reports 0.0016 + 0.0011 + 0.0003 for B(J/Q(1S) ~ e+ e ) = 0.069 +
0.009. We rescale to our best value B(J/g(1S) e+ e ) = (6.02 + 0.19) x 10
Our first error is their experiment's error and our second error is the systematic error
from using our best value. Assumes equal production of 8+ and 8 at the T(4S).

r(tI(2s) K'(892)+n+w )/I t
VAL UE EVTS DOCLIMEN T ID TECN

0 0019+0 0011+00004 3 ALBRECHT 90J ARG

Assumes equal production of 8+ and 8 at the T(4S).

r (2fct(1P) K+) /I total

COMM EN T

e+ e ~ T(4S)

VAL UE EVTS

0.0010 +0.0004 OUR AVERAGE

0.00097+0.00040 + 0.00009 6 112 A LA M 94 CLE2
0.0019 +0.0013 +0.0006 113ALBRECHT 92F ARG

Assumes equal production of 8+ and 8 at the T(4S).
ALBRECHT 92E assumes no &c2(1P) production and B(T'(4S)

TECN COM MEN T

e+ e T(4S)
e+ e —~ X(4S)

8+8 ) = 50'/

I (Xct(1P}K'{892)+)/I total
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0021 90 114 ALAM 94 CLE2 e+ e ~ T'(4S)

Assumes equal production of 8+ and 8 at the T(4S).

I (Kofr+)/I tot, l

VAL UE CL% DOCUMENT ID

&4.8 x 10 90 ASNER 96
~ ~ ~ We do not use the following data for averages, fits

&1.9 x 10 4 90 ALBRECHT 918
&1.0 x 10 4 90 115 AVERY 898
&6.8 x 10 4 90 AVERY 87

AVERY 898 reports & 9 x 10 assuming the T(4S)
to 50%.

r(K+ ~0)/r„„,

I 42/I
TECN COMMENT

CLE2 e+ e ~ T(4S)
, limits, etc. ~ ~ ~

ARG e+ e ~ T(4S)
CLEO e+ e ~ T(4S)
CLEO e+ e ~ T(4S)
decays 43% to 8 8 . We rescale

VAL UE

&1.4 x 10

r (K'(892)0 fr+) /rt

CL%

90

DOCUMENT ID

ASNER

TECN COM MEN T

96 CLE2 e+ e ~ T(4S)

raa/r

VAL UE

&9.9 x 10
CL%

90
DOCUMENT ID

ASNER

TECN COM MEN T

96 CLE2 e+ e T(4S)

I (K+ fr fr+ (no charm))/I total
VALUE CL% DOCUMEN T ID TECN COMMENT

&1.9 x 10 4 90 AVERY 898 CLEO e+ e ~ T(4S)
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

&4.0 x 10 t90ABREU 95N DLPH e+ e ~ Z
&3,3 x 10 90 ALBRECHT 91E ARG e+ e ~ T(4S)

AVERY 898 reports & 1.7 x 10 assuming the T(4S) decays 43% to 8 8 . We
rescale to 50%.
Assumes a B, B production fraction of 0.39 and a Bs production fraction of 0.12.

I (Kt {1400)0fr+) /I total I »/I
VALUE

&2.6 x 10
CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 918 ARG e+ e ~ T(4S)

VAL UE CL% DOCUMENT ID TECN COMMENT

&4.1 x 10 I90ASNER 96 CLE2 e+ e ~ T(4S)
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4.8 x 10 4 90 6 ABREU 95N DLPH e+ e ~ Z t
&1.7 x 10 90 ALBRECHT 918 ARG e+ e ~ T(4S)
&1.5 x 10 4 90 AVERY 898 CLEO e+ e ~ T(4S)
&2 6 x 10 4 90 AVERY 87 CLEO e+ e ~ T(4S)

Assumes a B, B production fraction of 0.39 and a Bs production fraction of 0.12.
AVERY 898 reports & 1.3 x 10 assuming the T(4S) decays 43% to 8 8 . We
rescale to 50%.

I (K (892)+sr )/I total

TECN COMM EN T

CLE2 e+ e
r(4S)

90J ARG e+ e
T'(4S)

108 ALBRECHT18 + 8 +4

VALUE (Ijnits 10 ) CL% EVTS DOCUMEN T ID

6.9+ 3.1 OUR AVERAGE Error includes scale factor of 1.3
6.1 + 2.3 + 0.9 108 ALAM 94

VALUE

&6.8 x 10

r (K+ fa') /rtotai

CL%

I (Kae(1430)0 sr+) /I total
DOCUMENT ID TECN COMMENT

ALBRECHT 918 ARG e+ e T(4S)

r (ti' (2S)K'(892)+) /rtotai
VAL UE CL% DOCUMENT ID TECN

&0.0030 90 110 ALAM 94 CLE2
~ ~ ~ We do not use the following data for averages, fits, limits,

&0.0035 90 BORTOLETTO92 C LEO

&0.0049 90 ALBRECHT 90J ARG

Assumes equal production of 8+ and 8 at the T(4S).

COMM EN T

e+ e
—~ T'(4S)

etc. ~ ~ ~

e+ e ~ T(4S)
e+ e ~ T(4S)

rss/r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 5 90 BORTOLETTO92 CLEO e+ e
T(4S)

22 +17 3 ALBRECHT 87D ARG e+ e
T(4S)

Assumes equal production of 8+ and 80 at the T(4S).
ALBRECHT 87D assume 8+ 8 /8 80 ratio is 55/45. Superseded by ALBRECHT 90J.

r(K'f +)/rtotai
VAL UE

&4.8 x 10
CL%

90
DOCUMENT lo

ASNER

r»/r
TECN COM MEN T

96 CLE2 e+ e ~ T(4S)

VALUE CL% DOCUMENT ID TECN COMMENT

&1.9 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S) I
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.9 x 10 4
t90ABREU 95N DLPH e+ e ~ Z

&1.8 x 10 90 ALBRECHT 918 ARG e+ e ~ T'(4S)
&8 x 10 90 AVERY 898 CLEO e+ e ~ T(4S)
&2.6 x 10 90 AVERY 87 CLEO e+ e T(4S)

Assumes a BBproduction fract, ion of 0.39 and a Bs production fraction of 0.12.
AVERY 898 reports & 7 x 10 assuming the T(4S) decays 43% to 8 8 . We rescale
to 50%.



Meson Particle Listings

VALUE

&1.1 x 10
CL%

90

r (K'(882)+ p') /r, .„,
r(K (882)+~+~-)/rt.„,

DOCUMENT ID TECN COMMENT

ALBRECHT 91E ARG e+ e T(4S)

rr2/r

r (Kt (1400)+V) /rtotai
VALUE CL% DOCUMENT ID TECN COMMENT

&0.0022 90 1 ALBRECHT 89G ARG e+ e ~ T(4S}
ALBRECHT 89G reports & 0.0020 assuming the T(4S) decays 45% to B B . We
rescale to 50%.

VAL UE

&9.0 x 10
CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 91L2 ARG e+ e ~ T(4S) I (K2(1430)+'r)ll tot i

I (K1(1400)+p )/I totai
VAI. UE

&7.8 x 10 90

r(K;(1430)+p') /r„„,
DOCUMENT ID TECN COMMENT

ALBRECHT 91EI ARG e+ e ~ T(4S)

rra/r

rra/r

CLlVALUE DOCUMENT ID TECN COMMENT

&0.0014 90 Al BRECHT 89G ARG e+ e ~ T(4S)
ALBRECHT 89G reports & 0.0013 assuming the T(4S) decays 45% to B B . We
rescale to 50%.

r (K'(1880)+&) /rtot, i

VAL UE

&1.5 x 10

I (K+ K K+)/It, t, i

CL%

90

DOCUMENT ID TECN

ALBRECHT 91B ARG

COMMENT

e+ e -~ T(4S)

rrslr

CL%VAL UE DOCUMENT ID TECN COMMENT

&0.0019 90 ALBRECHT 89G ARG e+ e ~ T(4S}
ALBRECHT 89G reports & 0.0017 assuming the T(4S} decays 45% to B B . We
rescale to 50%.

VAL UE CL% DOCUMENT ID TECN COMMENT

&3.1 x 10 4 90 2 ABREU 95M DLPH e+ e ~ Z
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

&3.5 x 10 4 90 ALBRECHT 91E ARG e+ e ~ T(4S)
122 Assumes a 80, 8 production fraction of 0.39 and a Bs production fraction of 0.12.

I (K3(1780)+r)/I tot i rsr lr
CL%VALUE DOCUMENT ID

'

TECN COMMENT

&0.0055 90 3 ALBRECHT 89G ARG e+ e ~ T(4S)
ALBRECHT 89G reports & 0.005 assuming the T(4S) decays 45% to B B . We rescale
to 50%.

r (K+ tel) /rtotai rralr r (K4(2048)+7)/rtot i rgg/r

VALUE

&1.6 x 10
CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 91E ARG e+ e —~ T(4S)

VAL UE CL% DOCUMENT ID TECN COMMEN T

&1.2 x 10 90 AsNER 96 cLE2 e+ e r(4s)
~ e o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&44 x 10 i123ABREU 95N DLPH e+ e ~ Z

&1.8 x 10 4 90 ALBRECHT 91' ARG e+ e ~ T(4S)
&9 x 10 90 124 AVERY 898 CLEO e+ e ~ T(4S)
&2.1 x 10 4 90 AVERY 87 CLFO e+ e ~ T(4S)

Assumes a 8, 8 production fraction of 0.39 and a Bs production fraction of 0.12.

AVERY 89' reports & 8 x 10 assuming the T(4S) decays 43% to B B . We rescale
to 50%.

I (K'(892)+ K+ K ) /I tote i

CLl

r (sf+ sf0) /rtotai r»/r
VAL UE CL% DOCUMEN T ID TECN COMMENT

&1.7 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

&2.4 x 10 4 90 135 ALBRECHT 908 ARG e l e -~ T(4S)
&2.3 x 10 90 6 BEBEK 87 CLEO e+ e ~ T(4S)

ALBRECHT 908 limit assumes equal production of B B and B+ B at T(4S).
BEBEK 87 assume the T(4S) decays 43% to B B

VAL UE DOCUMEN T ID TECN COMMEN T

&0.0099 90 ALBRECHT 89G ARG e+ e —+ T(4S)
ALBRECHT 89G reports & 0.0090 assuming the T{4S) decays 45% to B B . We
rescale to 50%.

VALUE

&1.1 x 10
CL%

90

r (K'(882)+ 4I) lrtotai
VALUE CL%

&7.0 x 10 90
~ o ~ We do not use the following

&1.3 x 10 90

I (K1(1400)+ tl) /I total

DOCUMENT ID TECN COMMENT

ASNER 96 CLE2 e+ e ~ T(4S)
data for averages, fits, limits, etc. ~ ~ o

ALBRECHT 91B ARG e+ e ~ 7'(4S)

DOCUMENT ID TECN COMMENT

ALBRECHT 918 ARG e+ e ~ T(4S)

rrg/r

r(~+ ~+~-)/r, .„, rgo/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&1.9 x 10 4 90 137 BORTOLETTO89 CLEO e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e e

&2.2 x 10 4 90 ABREU 95N DLPH e+ e ~ Z I
&4.5 x 10 4 90 ALBRECHT 90B ARG e+ e ~ T(4S)

BORTOLETTO 89 reports & 1.7 x 10 assuming the T(4S} decays 43% to B B
We rescale to 50%.
Assumes a 8, 8 production fraction of 0.39 and a Bs production fraction of 0.12.
ALBRECHT 908 limit assumes equal production of B B and B+ B at 7 (4S).

I (K2(1430)+gl)/I totai rg0/r r(p sf+) lrtotai I g1/I
VALUE

&3.4 x 10

r(K+ ro(M0))/rtotai

CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 91e ARG e" e ~ T(4S)

CL%

r (K'(882)+ &)/r„„i
VALUE CL% EVTS DOCUMENT ID

(5.7+3.1+1.1) x 10 5 5 126 AMMAR

I g2/I
TECN COM MEN T

93 CLE2 e+ e
T (4S)

~ ~ ~ We do not use the following data

& 5.5 x 10 4 90

for averages, fits, limits, etc. o o ~

127 ALBRECHT 89G ARG e+ e
V (4S)

128 AVERY 898 CLEO e+ e
X(4S)

AVERY 87 CLEO e+ e
T'(4S)

x10 4 90

x10 3 90

& 5.5

& 1.8

VAL UE DOCUMENT ID TECN COMMEN T

&Bx 10 90 AVERY 898 CLEO e+ e ~ T(4S)

AVERY 898 reports & 7 x 10 assuming the T(4S) decays 43% to B B . We rescale
to 50%.

r (~+ f0(880)) lr,.„, rg2/r
CL%VAL UE DOCUMENT ID TECN COMMENT

&14x10 4 90 BORTOLETTO89 CLEO e+ e ~ T(4S)
BORTOLETTO 89 reports & 1.2 x 10 assuming the T(4S) decays 43% to B B
We rescale to 50%.

r(~+ f2(12r0))l "total I g3/I

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

&4.3 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
~ e o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.6 x 10 4 90 ABREU 95N DLPH e+ e ~ Z
&15x 10 4 90 141 ALBRECHT 90B ARG e+ e ~ T(4S)
&1.7 x 10 90 BORTOLETTO89 CLEO e+ e ~ T(4S)
&23 x 10 90 BEBEK 87 CLEO e+ e ~ T(4S}
&6 x 10 90 0 GILES 84 CLEO Repl. by BEBEK 87

Assumes a B, B production fraction of 0.39 and a Bs production fraction of 0.12.

ALBRECHT 908 limit assumes equal production of B B and B+ B at T(4S).
Papers assume the T(4S) decays 43% to B B . We rescale to 50%.

AMMAR 93 observed 4.1 + 2.3 events above background.
Assumes the T(4S}decays 45% to B B

128 Assumes the T{4S)decays 43% to BQ BQ.

r (K,(12r0)+~)/r„„, rs3/r

CL%VAL UE DOCUMENT ID TECN COMMENT

&24 x 10 4 90 144 BORTOLETTO89 CLEO e+ e ~ T(4S)
BORTOLETTO 89 reports & 2.1 x 10 assuming the T(4S) decays 43% to B B
We rescale to 50%.

CLlVAL UE DOCUMENT ID TECN COMMENT

&0.0073 90 ALBRECHT 89G ARG e+ e ~ T(4S)

ALBRECHT 89G reports & 0.0066 assuming the T(4S) decays 45% to B B . We
rescale to 50%.

I (sf+sf ff )/I t tai I 94/I
VALUE CL% DOCUMENT ID TECN COMMENT

&8.9 x 10 4 90 145 ALBRECHT 90B ARG e+ e ~ T(4S)

ALBRECHT 908 limit assumes equal production of B B and B+ B at T(4S).
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r(P Sf )/rtotai r»/r I (PPff+st+st-)/rtotat I 103/r
VAL UE CL% DOCUMENT ID TECN COMM EN T

&7.7 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&5.5 x 10 4 9Q 146 ALBRECHT 908 ARG e+ e ~ T(4S)
ALBRECHT 90B limit assumes equal production of 8 8 and 8+ 8 at T(4S).

r(sf+ sf fr+ sfo)/rtotat
VALUE CL% DOCUMENT ID TECN COMMEN T

&4.0 x 10 90 ""ALBRECHT 90B ARG e+ e T(4S)
ALBRECHT 90B limit assumes equal production of 8 ~B and 8+ 8 at T(4S).

I »/I

r (p+ po) /rtotai I g7/I
VALUE CL%o DOCUMENT ID TECN COMMENT

&1.0 x 10 90 ALBRECHT 90B ARG e+ e ~ T(4S)
ALBRECHT 908 limit assumes equal production of 8 8 and 8+ 8 at T(4S).

I (at{1260}+sf)/I total I ga/I
VALUE CL o%t, DOCUMENT ID TECN COMMENT

&1.7 x 10 90 ALBRECHT 90B ARG e+ e ~ T(4S)
9ALBRECHT 90B limit assumes equal production of 8 8 and 8+ 8 at T(4S).

I (31{1260}off+)/Itotal rgg/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&90x10 4 90 ALBRECHT 90B ARG e+ e ~ T(4S)
ALBRECHT 908 limit assumes equal production of 8 8 and 8+ 8 at T{4S).

I (of sf+)/I t,tat
VAL UE CL% DOCUMENT ID TECN COMMEN T

&4.0 x 10 90 1 ALBRECHT 90B ARG e+ e ~ T(4S)
ALBRECHT 90B limit assumes equal production of 8 8 and 8+ 8 at T(4S).

r (oe+) /rtotai r 101/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&7.0 x 10 90 152 ALBRECHT 90& ARG e+ e ~ T(4S)
ALBRECHT 90B limit assumes equal production of 8 8 and 8+ 8 at T(4S).

r (e+e+ ~+e- e-)/r„„,
VAL UE CL% DOCUMENT ID

&8.6 x 10 4 90 ALBRECHT

ALBRECHT 90e limit assumes equal production

(P al(126o)+) /rtotai

I 102/r
TECN COMMENT

90B ARG e+ e ~ T(4S)
of 8 8 and 8+ 8 at T(4S).

rm3/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&6.2 x 10 4 90 154 BORTOLETTO89 CLEO e+ e ~ T(4S)
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6.0 x 10 4 90 ALBRECHT 90' ARG e+ e ~ T(4S)
&3.2 x 10 90 154 BEBEK 87 CLEO e+ e ~ T(4S)

BORTOLETTO 89 reports & 5.4 x 10 assuming the T(4S) decays 43% to BQ8
We rescale to 50%.
ALBRECHT 90B limit assumes equal production of 8 8 and 8+ 8 at T(4S).

r (p a2(1320) ) /rtotal r104/r
VALUE CL ohio DOCUMENT ID TECN COMMENT

&7.2 x 10 90 BORTOLETTO89 CLEO e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.6 x 10 90 BEBEK 87 CLEQ e+ e ~ T(4S)
BORTQLETTO 89 reports & 6.3 x 10 assuming the T(4S) decays 43% to 8 80.
We rescale to 50%.
BEBEK 87reports & 2.3 x 10 assuming the T(4S) decays 43% to 8 8 . We rescale
to 5O%.

I (sf+sf+fr+sf sf sfo)/I «tat
VAL UE CL% DOCUMENT ID TECN COMMEN T

&6.3 x 10 90 ALBRECHT 90' ARG e+ e ~ T(4S)
158ALBRECHT 90B limit assumes equal production of 8 8 and 8+ 8 at T(4S).

rlos/"

I (al(1260)+al(1260) )/I t tat rloa/r
VAL UE CL% DOCUMEN T ID TECN COMM EN T

&1.3 x 10 2 90 ALBRECHT 90B ARG e+ e ~ T(4S)
ALBRECHT 90B limit assumes equal production of 8 BO and 8+ 8 at T(4S).

r(PPsf )/rtotal I 107/I
VAL UE CL% DOCUMENT ID TECN COMMENT

& 1.6 x ]0—4 90 160 BEBEK 89 ( LEQ e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

& 5.0
Ix

10 90 61 ABREU 95N DLPH e+ e ~ Z
(5.7+1.5+2.1) x 10 ALBRECHT 88F ARG e+ e ~ T(4S)

BEBEK 89 reports & 1.4x 10 assuming the T(4S) decays 43% to 8 8 . We rescale
to 50%.

"Assumes a Bo, B production fraction of 0.39 and a Bs production fraction of 0.12.
ALBRECHT 88F reports (5.2 + 1.4 + 1.9) x 10 assuming the T(4S) decays 45% to
8 8 . We rescale to 50%.

VALUE CL% DOCUMENT ID TECN COMMENT

&5.2x 10 4 90 63 ALBRECHT 88F ARG e+ e T(4S)
ALBRECHT 88F reports & 4.7 x 10 assuming the T(4S) decays 45% to 8 ~B. We
rescale to 50%.

r (P n )Irtotat I log/r

r(Pnsf+sf-)/r, o,al rllo/r
CL%VAL UE DOCUMEN T ID TECN COMM EN T

&2.0 x 10 4 9Q 166 ALBRECHT 88F ARG e+ e ~ T(4S)
ALBRECHT 88F reports & 1.8 x 10 assuming the T{4S)decays 45% to 8 8 . We
rescale to 50%.

r (& P) /rtotal
VAL UE DOCUMENT ID TECN COMMENT

&3.8 x 10 4 90 BORTOLETTO89 CLEO e+ e ~ T(4S)
BORTOLETTO 89 reports & 3.3 x 10 assuming the T(4S) decays 43% to 8 8
We rescale to 50%.

CL%

r(&++ P)/rtotai
CL%VALUE DOCUMENT ID TECN COMMENT

&1.5 x 10 4 90 6 BORTOLETTO89 CLEO e+ e ~ T(4S)
BORTOLETTO 89 reports & 1.3 x 10 assuming the T(4S) decays 43% to 8 8
We rescale to 50%.

r(sf+e+e )/r„„l
Test for 2 8 = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VAL UE CL% DOCUMENT ID TECN COM MEN T
'69 WEIR 90' MRK2 e+ e 29 GeV&0.0039 90

WEIR 90B assumes 8+ production cross section from LUND.

r(st P its )/rtotal r114/r
Test for AB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VAL UE CLI DOCUMENT ID TECN COMMENT

WEIR 908 MRK2 e+ e 29 GeV&0.0091 90

WEIR 90' assumes 8+ production cross section from LUND.

r(K+e+e )/r, o„, r„,/r
Test for AB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VAL UE CL% DOCUMENT ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&9.9 x 10 90 171 ALBRECHT 91E ARG e+ e ~ T(4S)
&6.8 x 10 90 7 WEIR 90B MRK2 e+ e 29 GeV
&6 x 10 90 173 AVERY 89B CLEO e+ e ~ T(4S)
&2.5 x 10 4 90 174 AVERY 87 CLEO e+ e ~ T(4S)

ALBRECHT 91E reports & 9.0 x 10 assuming the T(4S) decays 45% to 8 8 . We
rescale to 50%.
WEIR 908 assumes 8+ production cross section from LUND.
AVERY 898 reports & 5 x 10 assuming the T(4S) decays 43% to 8 8 . We rescale
to 50%
AVERY 87 reports & 2. 1 x 10 assuming the T(4S) decays 40% to 8 8 . We rescale
to 5O%.

r(I~+ p+ p-)/r, .„l
Test for /t. B = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL oyo DOCUMENT ID TECN COMMENT

&1.7 x 10 4 9o 175 AVERY 89B CLEO e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.4 x 10 4 90 176 ALBRECHT 91E ARG e+ e ~ T(4S)
&6.4 x 10 9o 177 WEIR 90B MRK2 e+ e 29 GeV
&3.8 x 10 4 9o '78 AVERY 87 CLEO e~ e ~ T(4S)

AVERY 89B reports & 1.5 x 10 assuming the T(4S) decays 43% to B 8 . We
rescale to 50%.
ALBRECHT 91E reports & 2.2 x 10 assuming the T(4S) decays 45% to 8 8 . We
rescale to 50%.
WEIR 90B assumes 8+ production cross section from LUND.
AVERY 87 reports & 3.2 x 10 assuming the T(4S) decays 40% to B 8 . We rescale
to 50%.

VALUE CL% DOCUMENT ID TECN COMMENT

&6 x10 90 1 AVERY 89B CLEO e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&9.3 x 10 90 ALBRECHT 88F ARG e+ e a T(4S)
AVERY 898 reports & 5 x 10 assuming the T(4S) decays 43% to 8 8 . We rescale
to 50%.
ALBRECHT 88F reports & 8.5 x 10 assuming the T{4S)decays 45% to 8 8 . We
rescale to 50%.
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B+, 8'
I (K'(8»)+e+e )/I t~«~ 8+ REFERENCES

r(~+e+~ )/r«toi
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

&0.0064 90 WEIR

WEIR 90B assumes B+ production cross section

r(e+e I+)/rtotoi
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

&0.0064 90 182 WEIR

WEIR 90B assumes B+ production cross section

r(v+ e+ &-) /r«te,
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID

&0.0064 90 183 WEIR

WEIR 90B assumes B+ production cross section

r(v+ e- &+)/r„„,
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

(0.0064 90 184 WEIR

WEIR 90B assumes B+ production cross section

r (e e+ e+) /rtote(
Test of total lepton number conservation.

VAL UE CL% DOCUMENT ID

(0.0039 90 185 WEIR

5WEIR 90B assumes B+ production cross section

TECN

90B MRK2

from LUND.

TECN

90B MRK2

from LUND.

TECN

90B MRK2

from LUND.

TECN

90B MRK2

from LUND.

TECN

90B MRK2

from LUND.

COMM EN T

e+ e 29 GeV

COMMENT

e+ e 29 GeV

COMMENT

e+ e 29 GeV

COMM EN T

e+ e 29 GeV

COMM EN T

e+ e 29 GeV

r119/ r

I 123/I

Test for EB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VAL UE CLo DOCUMENT ID TECN COMM EN T

&6.9 x 10 4 90 " ALBRECHT 91E ARG e+ e ~ T(4S)
ALBRECHT 91E reports & 6.3 x 10 assuming the T(4S}decays 45% to B B . We
rescale to 50%.

r(&'(8»)+ I + l )/rtotsl
Test for ZB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VAL UE CLo DOCUMENT ID TECN COMMEN T

g1.2 x 10 90 ALBRECHT 91E ARG e+ e ~ T(4S)
ALBRECHT 91E reports & 1.1 x 10 assuming the T(4S) decays 45% to B B . We
resca le to 50%.

P R D53 3496
PRL (to be publ. )
OM/PU B/3492
PR D53 1039
ZPHY C (submitted)

ABE
ABE

CDF/PUB/
ASNER
BUSKULIC

CERN-PPE
ABREU
ABREU
ADAM
AKERS
ALBRECHT
ALEXANDER

Also
ARTUSO
BARISH
BUSKULIC
ABE
ALAM
ALBRECHT
ATHANAS

Also
PDG
STONE
ABREU
ABREU
ACTON
ALBRECHT
ALEXANDER
AMMAR
BEAN
BUSKULIC

Also
SANGHERA
ALBRECHT
ALBRECHT
ALBRECHT
BORTOLETTO
BUSKULIC
ALBRECHT
ALBRECHT
ALBRECHT
BERKELMAN

"Decays of
FULTON
ALBRECHT
ALBRECHT
ANTREASYAN
BORTOLETTO

Also
WEIR
ALBRECHT
AVERY
BEBEK
BORTOLETTO
ALBRECHT
ALBRECHT
ALBRECHT
ALBRECHT
AVERY
BEBEK
ALAM
PDG
GILES

96B
96C
BOTT
96
96G

/96-14
95N
95Q
95
95T
95D
95
95C
95
95
95
94D
94
94D
94
95
94
94
93D
93G
93C
93E
93B
93
93B
93D
94H
93
92C
92E
92G
92
92G
918
91C
91E
91
B M

91
90B
90J
90B
90
92
90B
89G
89B
89
89
88F
88K
87C
87D
87
87
86
86
84

PL B357 255
ZPHY C68 13
ZPHY C68 363
ZPHY C67 379
PL B353 554
PL B341 435
PL B347 469 (erratum)
PRL 75 785
PR D51 1014
PL B343 444
PRL 72 3456
PR D50 43
PL B335 526
PRL 73 3503
PRL 74 3090 (erratum)
PR D50 1173
HEPSY 93-11
ZPHY C57 181
PL B312 253
PL B307 247
ZPHY C60 11
PL B319 365
PRL 71 674
PRL 70 2681
PL 8307 194
PL B325 537 (errata)
PR D47 791
PL B275 195
PL B277 209
ZPHY C54 1
PR D45 21
PL B295 396
PL B254 288
PL B255 297
PL B262 148
ARNPS 41 1

esons"
PR D43 651
PL B241 278
ZPHY C48 543
ZPHY C48 553
PRL 64 2117
PR D45 21
PR D41 1384
PL B229 304
PL B223 470
PRL 62 8
PRL 62 2436
PL B209 119
PL 8215 424
PL B185 218
PL B199 451
PL B183 429
PR D36 1289
PR D34 3279
PL 170B
PR D30 2279

+Albrow, Amendolia, Arnidei+
+Akimoto, Akopian, Albrow+

+Athanas, Bliss, Brower+
+De Bonis, Decamp, Ghez+

(CDF Collab. )
(CDF Collab. )

(CLEO Collab. )
(ALEPH Collab. )

Collab. )
Coll a b.)
Collab. )
Coll a b, )
Coll a b.)
Coll a b. )
Coll a b. )
Coll a b. )
Coll a b.)
Collab. )
Collab. )
Coll a b.)
Collab, )
Colla b.)
Colla b. )
IF I C+)

+Adam, Adye, Agasi, Alekseev+
+Adam, Adye, Agasi, Ajinenko+
+Alexander, Allison, Allport, Anderson+
+Ehrlichmann, Hamacher, Hofrnann+
+Bebek, Berkelman, Bloom, Browder+
+Ball, Baringer, Coppage, Copty+
+Gronberg, Kutschke, Menary, Morrison+
+Decamp, Goy, Lees, Minard+

(DELPHI Collab, )
(DELPHI Collab, )

(OPAL Collab. )
{ARGUS Collab. )

(CLEO Collab. )
{CLEO Collab. )
{CLEO Collab. )

(ALEPH Collab. )

+Skwarnicki, Stroynowski, Artuso, Goldberg+(CLEO
+Ehrlichmann, Hamacher, Krueger, Nau+ (ARGUS
+Ehrlichmann, Hamacher, Krueger, Nau+ (ARGUS
+Ehrlichrnann, Hamacher, Krueger, Nau+ (ARGUS
+Brown, Dominick, Mcllwain+ (CLEO
+Decamp, Goy, Lees, Minard+ (ALEPH
+Glaeser, Harder, Krueger, Nippe+ (ARGUS
+Ehrlichmann, Glaeser, Harder, Krueger+ (ARGUS
+Glaeser, Harder, Krueger, Nippe+ (ARGUS
+Stone (CORN,

Coll a b, )
Coll a b.)
Coll a b.)
Coll ab. )
Coll a b. )
Collab. )
Collab. )
Collab. )
Colla b. )
SYRA)

+Jensen, Johnson, Kagan, Kass+
+Glaeser, Harder, Krueger, Nilssona
+ Ehrlichm a nn, Harder, Krueger+
+Bartels, Bieler, Bienlein, Bizzeti+
+Goldberg, Horwitz, Jain, Mestayer+

Bortoletto, Brown, Dominick, Mcllwai
+Klein, Abrams, Adolphsen, Akerlofl-
+Glaeser, Harder, Krueger+
+Besson, Garren, Yelton+
+Berkelman, Blucher+
+Coldberg, Horwitz, Mestayer+
+Boeckmann, Glaeser+
+-Boeckmann, Glaeser+
+Binder, Boeckmann, Glaser+-
+Andam, Binder, Boeckmann+
+Besson, Bowcock, Giles+
+Berkelman, Blucher, Cassel+
+-

K at aya m a, K im, Sun+
Aguilar-Benitez, Porter+

+Hassard, Hem pstead, Kinoshita+

(CLEO Collab. )
(ARGUS Collab. )
(ARGUS Collab. )

(Crystal Ball Collab. )
(CLEO Collab. )

n+ (CLEO Collab, )
(Mark II Collab. )
(ARGUS Collab. )

(CLEO Collab. )
(CLEO Collab. )
(CLEO Collab. )

(ARGUS Collab. )
(ARGUS Collab. )
(ARGUS Collab. )
(ARGUS Collab. )

(CLEO Collab. )
(CLED Collab. )
(CLEO Collab. )
(C E RN, C

IT+�)

(CLEO Collab. )

+Ada m, Adye, Agasi+ (DELPHI
+Adam, Adye, Agasi+ (DELPHI
+Adye, Agasi, Ajinenko+ (DELPHI
+Alexander, Allison, Ametewee+ (OPAL
+Hamacher, Hofmann, Kirchoff+ (ARGUS
+Bebek, Berkelman, Bloomy (CLEO

Alexander, Bebek, Berkelrnan, Bloom+ (CLEO
+Gao, Goldberg, He+ (CLEO
+Chadha, Chan, Cowen+ (CLEO
+Casper, De Bonis, Decamp, Ghez, Goy+ (ALEPH
+Albrow, Amidei, Anway-wiese, Apollinari (CDF
+Kim, Nemati, O' Neill, Severini+ (CLEO
+Hamacher, Hofmann, Kirchhoff, Mankel+ (ARGUS
+Brower, Masek, Paar, Gronberg+ (CLEO

Athanas, Brower, Masek, Paar+ (CI EO
Montanet+ (CERN, LBL, BOST,

r(tr 8 9 )/ttotol
Test of total lepton number conservation.

VAL UE CL% DOCUMENT ID

(0.0091 90 186 WEIR

WEIR 90B assumes B+ production cross section

r(e e+I+)/rtotoi
Test of total lepton number conservation.

VAL UE CL% DOCUMENT ID

&0.0064 90 187 WEIR

WEIR 90B assumes B+ production cross section

TECN

90B MRK2

from LUND.

TECN

90B MRK2

from LUND.

COMMENT

e+ e 29 GeV

COMM EN T

e+ e 29 GeV

r„4/r
OTHER RELATED PAPERS

0 I(ap) = ~1(O
—

)

+StoneBERKELMAN 91 ARNPS 41 1
"Decays of B Mesons"

MILLER 90 MPL A5 2683
"Recent Results in B Physics"

SCHINDLER 88 High Energy Electron-Positron Physics 234
Editors: A. Ali and P. Soeding, World Scientific, Singapore

SCHUBERT 87 IHEP-HD/87-7
EPS Conference — Uppsala, Proc. , Vol. 2, p. 791

(CORN, SYRA)

(SLAC)

(HEIDH }

r (K
—e+ e+) /rtotg

Test of total lepton number conservation.
VALUE CL% DOCUMENT ID

(0.0039 90 188 WEIR

WEIR 90B assumes B+ production cross section

TECN

90B MRK2

from LUND.

COMM EN T

e+ e 29 GeV

rt2e/r Quantum numbers not measured. Values shown are quark-model
predictions.

See also the 8 /8 ADMIXTURE and B /8 /8 /b-baryon AD-

MIXTURE sections.

r(& I+~+)/rtotoi
Test of total lepton number conservation.

VALUE CL% DOCUMENT ID

(0.0091 90 WEIR

WEIR 90B assumes B+ production cross section

I (K e+p+)/ft t, ~

Test of total lepton number conservation.
VAL UE CL% DOCUMENT ID

(0.0064 90 '90 WEiR

WEIR 90B assumes B+ production cross section

TECN COM MEN T

90B MRK2 e+ e 29 GeV

from LUND.

TECN COMMEN T

90B MRK2 e+ e 29 GeV

from LUND.

r128/r

See the Notes "Experimental Highlights of 8 Meson Production and
Decay" and "Semileptonic Decays of 8 Mesons" at the beginning

of the 8 Particle Listings and the Note on "8 -8 Mixing and CP
Violation in 8 Decay" near the end of the 8 Particle Listings.

8' MASS

The fit uses mB+' B B+) 0, and (mB0 B+ + mB0)/2)
s s

to determine mB+, mB0, mB0, and the mass differences. mB0 data are
5

excluded from the fit because they are not independent.

EVTS TECN COMMEN TVALUE(MeV)

5279.2+1.8 OUR FIT
52?9.8+1.6 OUR AVERAGE
5281.3+2.2 +1.4 51 ABE 96B CDF
5279,2 +0.54 4 2.0 340 A LA M 94 CLE2
5278.0+0.4 +2.0 2 BORTOLETTO92 CLEO
5279.6 +0.7 + 2.0 40 ALBRECHT 90J ARG

5280,6+0.8 + 2.0 BEBEK 87 CLEO
e ~ ~ We do not use the following data for averages, fits, limits,

p p at 1.8 TeV
e+ e T(4S)
e+ e— T(4S)
e+ e ~ T(4S)
e+ e — T(4S)
etc. ~ o e



See key on page 199 Meson Particle Listings
0

5278.2 k 1.0 6 3.0 40 ALBRECHT 87c ARG e+ e ~ T(4S)
5279.5 + 1.6 +3.0 7 4 ALBRECHT 870 ARG e+ e T(4S)

t Excluded from fit because it is not independent of ABE 969 Bp mass and Bp B-masss S
diffe ren ce.
These experiments all report a common systematic error 2.0 MeV. We have artificially
increased the systematic error to allow the experiments to be treated as independent
measurements in our average. See "Treatment of Errors" section of the Introductory
Text. These experiments actually measure the difference between half of Ecm and the
8 mass.
ALBRECHT 90) assumes 10580 for T(4S) mass. Supersedes ALBRECHT 8?C and
ALBRECHT 87D.
Found using fully reconstructed decays with I/@. ALBRECHT 87D assume m 7.(4&)—
10577 MeV.

m@0 —mgo
H L

See the 8 -8 MIXING section near the end of these B Listings.

Bo MEAN LIFE

See 8+/B0/8 /b-baryon ADMIXTURE section for data on 8-hadron
S

mean life averaged over species of bottom particles.

"OUR EVALUATION" is an average of the data listed below performed by the LEP
8 Lifetimes Working Group as described in our review "Production and Decay of b-

flavored Hadrons" in the 8+ Section of the Listings. The averaging procedure takes
into account correlations between the measurements and asymmetric lifetime errors.

VALUE {1P 5) EVTS DOCUMENT ID TECN COMMENT

1.56+0.06 OUR EVALUATION
1.54+ 0.08+0.06 ABE 96c CDF p p at 1,8 TeV

1.614 0.07+0.04 6 BUSKULIC 96G ALEP e+ e ~ Z

1.25+ ' +0.05 121 7 BUSKULIC 96G ALEP e+ e Z

1 49+ 0.17+0.08—0.15 —0.06

1.61+ ' + 0.08—0.13 ABREU 95' DLPH e+ e ~ Z

1.63 +0.14+0.13 10 ADAM 95 DLPH e+ e ~ 2
1.534 0.12+0.08 AKERS 95T OPAL e+ e ~ 2
1.57 + 0.184 0.08 121 A BE 94D CDF pp at 1.8 TeV
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.55 +0.06+0.03 12 BUSKULIC g6G ALEP e+ e ~ 2
1.62 +0.12 13 ADAM 95 DLPH e+ e ~ Z

1.17 {)'23 +0.16 96 ABREU 93D DLPH Sup. by ABREU 95'
1.55 + 0,25 +0.18 76 ABREU 93G DLPH Sup. by ADAM 95

1.51+0.24+ 0.12 78 6 ACTON 93C OPAL Sup. by AKERS 957

8 BUSKULIC 96G ALEP e+ e ~ Z

0.23 0.14

1 52+0.20+0,07—0.18 —0.13
6 BUSKULIC

20 +0.52 + 0.16—0.36 —0.14 90 MRK2 Eee = 29 GeVcrn

0.82 0'37 +0.27 AVERILL 89 HRS Ec = 29 GeV

Data analyzed using D/D*EX event vertices.
7 Measured mean life using fully reconstructed decays.

Measured mean life using partially reconstructed D* fr+X vertices.
ABREU 95C) assumes B(B D* 8+v~) = 3.2 4 1.7%.
Data analyzed using vertex-charge technique to tag B charge.
AKERS 95T assumes B(8 ~ Ds(*) D (*)) = 5.0 + 0.9% to find 8+/B yield.

Combined result of D/D*Ex analysis, fully reconstructed 8 analysis, and partially

reconstruced D* m. + X analysis.
13 Combined ABREU 95' and ADAM 95 result.

WAGNER 90 tagged B mesons by their decays into D* e+v and D* It+v where

the D* is tagged by its decay into ~ D
AVERILL 89 is an estimate of the 8 mean lifetime assuming that 80 ~ D*++ X
a Iways.

93D ALEP Sup. by BUSKULIC 96G

15 14 WA G N E R

m80 —m@+

The mass difference measurements are not independent of the 8+ and
8 mass measurement by the same experimenters. The fit uses mB+,0

8 8+ ' mBp, and (mBp 8+ + mBp)/2) to determine
5 5

mB+, mBp, mBp, and the mass differences.
5

TECN COMMENTVALUE (MeV) DOCUMENT ID

0.35+0.29 OUR FIT Error includes scale factor of 1.1.
0.14+0.32 OUR AVERAGE Error includes scale factor of 1.2.
0.41 +0.25 +0.19 ALAM 94 CLE2 e+ e ~ T(4S)

—0.4 *0.6 +0.5 BORTOLETTO92 CLEO e+ e ~ T(4S)
—0.9 6 1.2 +0.5 ALBRECHT 90) ARG e+ e ~ r(4S)

2.0 6 1.1 +0.3 5 BEBEK 87 CLEO e+ e ~ T(4S)
BEBEK 87 actually measure the difference between half of Ecm and the 8+ or B
mass, so the mBp —mB+ is more accurate. Assume m ~(4~)

—10580 MeV.

1.O3+0.06 OUR EVALUATioN
1.01 +0.11+0.02 16 ABE 96C CDF
0.98+0.08 60.03 16 BUSKULIC 96G ALEP

1 27+ 0.23+ 0.03—0.19 —0.02 BUSKULIC 96G ALEP

1.00+ 0'15 +0.10 16,18 ABREU 95') DLPH

106+ ' 6010—0.10
19 ADAM

0.99+0.14 —0.04
16t20 AKERS g5T OPAL

1.02+0.16+0.05 26g 17 ABE 940 CDF
~ ~ ~ We do not use the following data for averages, fits, iimits,

1.03+0.08+0.02 21 BUSKULIC 96G ALEP

1.11+ ' +0.11—0.39 188 16 ABREU 93D DLPH

101+0. 9+012—0.22 253 ABREU

1.0 +0'25 +0.08 130 ACTON

0 96+0.19+0.18—0.15 —0.12 154 16 BUSKULIC 93D ALEP

6 Data analyzed using D/D*lX vertices.
7 Measurement using fully reconstructed decays.

ABREU 95g assumes B(B ~ D** E+vg) = 3.2 + 1.7%.
Data analyzed using vertex-charge technique to tag 8 charge
AKERS 95T assumes B(B ~ Ds( ) D (*)) = 5.0 + 0.9%
Combined result of D/D*/y X analysis and fully reconstructed

95 DLPH

93G DLPH

93C OPAL

pp at 1.8 TeV
e+e— z
e+e— z
e+e ~ Z

e+e ~ Z

e+e— z
pp at 1.8 TeV
etc. ~ o ~

e+ e- z
Sup. by ABREU 95C}

Sup. by ADAM 95

Sup. by AKERS 95T

Sup. by BUSKULIC 96G

to find 8+/8 yield.

8 analysis.

TB+/TBp {inferred from branching fractions)
These measurements are inferred from the branching fractions for semileptonic decay
or other spectator-dominated decays by assuming that the rates for such decays are
equal for B0 and 8+. We do not use measurements which assume equal production
of 8 and 8+ because of the large uncertainty in the production ratio.

VALUE CL% EVTS DOCUMEN T ID TECN COMMEN T
The data in this block is included in the average printed for a previous datablock.

0.93+0.18+0.12 2 ATHANAS 94 CLE2 e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

0.9160.27+0.21 ALBRECHT 92C ARG e+ e 7 (4S)
1.0 +0.4 29 23t24 ALBRECHT 92G ARG e+ e ~ T(4S)
0.89+0.19+0.13 FULTON 91 CLEO e+ e ~ T(45)
1.00 4 0.23+ 0.14 ALBRECHT 89L ARG e+ e ~ T(4S)
0.49 to 2.3 90 25 BEAN 87' CLEO e+ e ~ T(4S)

ATHANAS 94 uses events tagged by fully reconstructed B decays and partially or fully

reconstructed B decays.
Assumes equal production of 8 and B+.
ALBRECHT 92G data analyzed using B ~ Ds D, Ds D*, D* D, D* D* events.

BEAN 87B assume the fraction of 8 B events at the T(4S) is 0.41.

Bo DECAY MODES

8 modes are charge conjugates of the modes below. Reactions indicate
the weak decay vertex and do not include mixing. Modes which do not
identify the charge state of the 8 are listed in the B+/8 ADMIXTURE
section.

The branching fractions listed below assume 50% B 8 and 50% B+ B
production at the T(4S). We have attempted to bring older measurements
up to date by rescaling their assumed T(4S) production ratio to 50:50
and their assumed D, Ds, D*, and Q branching ratios to current values
whenever this would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All

resonant subchannels have been corrected for resonance branching frac-
tions to the final state so the sum of the subchannel branching fractions
can exceed that of the final state.

Mode Fraction (I I /I )

Scale factor/
Confidence level

I1
I2
I3
f4
r5

Semiieptonlc and leptonic modes
[a] (103 +10 )%
[a] ( 1.9 +0.5 )%

&e [a] ( 4.56+0.27) %

[a] ( 4.1 x 10

E+ vg anything
D E+ vg

o'(2oj.o)- s+
P & &e

If P VI

C L=90%

MEAN LIFE RATIO TB+/rBp

TB4./TBp {average of direct and inferred)
VALUE DOCUMENT ID

1.02+0.05 OUR AVERAGE Includes data from the 2 datablocks that follow this one.

TB+/Tep {direct measurements)
"OUR EVALUATION" is an average of the data listed below performed by the LEP
8 Lifetimes Working Group as described in our review "Production and Decay of b-

flavored Hadrons" in the 8+ Section of the Listings. The averaging procedure takes
into account correlations between the measurements and asymmetric lifetime errors.

VALUE EVTS DOCUMENT ID TECN COMMENT
The data in this block is included in the average printed for a previous datablock.
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I6
I7
I8
r9
I 10

I 14
~15

6

~18
~19
I 20

I 24
I 25
I 26

I 28
I 29

3O

I 34
I 35

I 38
I 39
I 40

~41
I 42
I 43
I 44

I 46
I 47
I 48
I 49
I sp

I 51
I52
I53
I54
lss
I56
I57
I58

D, D', or D~ modes

( 3.O

( 7.8
1.6

( 2.6

( 8.O

resonant ( 3.9

( 1.1
( 6.o

( 1.S

( 7.6
non- ( o.o

+0.4 ) x 10
1.4 ) xlo

x 10
+0.4 ) x 10
+2.5 ) x 10
+1.9 ) x 10
+1.0 ) x 10
k3.3 ) x 10

+0.5 )%
+1.5 ) x 10
+1.7 ) x 10
+2.5 ) x 10

( S.7

( 1.3O

( 3.4
2.2

4.9

(7
( 1.2

( 2.O

( 1.9
2.8

+3.1 )
+0.27)
+ 1.8 )

10
0/

0/

x 10

x 10

x 10+4 )
+0.6 )
+1.5 )
+1.2 )

0/

x 10 4

10

10 4

1O-4

102.6

102.2

1O
—42.4

1O
—4

10

1.7
9.9

10

10

103.1
10

102.0
1O

—4

10
4.8
5.5
6.8
8.6
6.3
9.7
1.17
6.9
2.7
2.1

10
10 4

1O
—4

1O
—4

10
10 4

10

10

J/q(1S) Ko

a/q(iS) K+ ~-
J/r1 (1S)K*(892)o

i/q(i S)~0

q(2S) K'
q(2S) K+ ~-

g(2S) K*(892)
Xrt(1P) Ko

Xrt(1P) K'(892)o

Charmonium modes
( 7.S

( 1.1

( 1.58
6.9
8

1

( 1.4
2.7
2.1

+2.1 )
+0.6 )
+O.27)

+0.9 )

K or K' modes

10 4

10
10
10
10
10
10
10
10

D- ~+
D—p+
Oo~+ ~-

D'(2010) x+
D- 7r+7r+7r-

(D vr+n. +n ) non
D-~+ p'

D at(1260)+
D' (2010) x+ rr

D*(2010) p+
D*(2010) sr+ ~+ rr

( D*(2010) s+ sr+ rr )
resonant

D*(2010) x+ po
D* (2010) at (1260)+

D'(2010) x+ s+ rr

D2 (2460) sr+

D& (2460) p+

D D+
D'(2010) 0~+

D D*+
S

0*(2010)- 0,*+

D" ~-
S

D4+

D+

D sr-+

s
D+ at(1260)
D*+ at (1260)
D K+

D,
'- K+

D,
—K*(892)+

D' K*(892)+
D ~+Ko
D*- +K'

, 7r+ K*(892)
D* sr+ K*(892)o
Op~0
Do 0

Don
Dp~'
D (d

0*(2007)
0'(2007) p
D'(2007)o q

0'(2007)o q'

D*(2007)

CL=90%

S=1.3

C L=90%
CL=9O%

CL=9o%

C L=90%

CL=90%

CL=90/o

CL=9O%

Ct =9o%

C L=90%
C L=90%

C L=90%

CL=90/o

C L=90%

CL=9O%

C L=90%

C L=90%

C L=90%
CL=9O%

CL=9O%

C L=90%
CL=9O%

C L=90%
CL=9O%

C L=90%
C L=90%
C L=90 /0

CL=9O%

CL=9O%

CL=9o%

C L=-90%

C L =90%

4.6
1.7
1.1
3.9
6.1
4.3
3,0

5,0
1.1

10 4

1O
—4

10
10 4

10 4

10
10
10
10

10

10
10

10
10 4

10

K'(892)o po

K*(892)o fo(980)
Kt(1400)+ rr

K a1(1260)+
K*(892)oK+ K

K*(892)oP
Kt (1400) p
Kt(1400)o 4t

K2 (1430) p

K2 (1430)o p
K'(892)o p
Kt (1270)o p
Kt (1400)op
Ka(1430)o p
K*(1680)
Ks(1780)o p
K4(2045)o p

I 75
I 76

I 78
~79
I 80
I 81
I 82
I 83
I 84
I 85
I 86
I 87
I 88
I 89
I 90

~91

1.4 x

(40 +1.9)x
7.0 x

4.3 x

4.0 x

2.0
1.0
4.3 10

1O
—53.9

modesLight unflavored meson

[c]

[c]
[c]

Baryon modes

Lepton Family number (LF) viol

h, B = 1 weak neutral current

7r+ 7r

gT'
rl fl
~+7 -~0

po ~0
p+~~

~+.—~+7r-
po po

at (1260)+ ~+
a2(1320)+ ~+

~+~- ~0~0

p p
a1(1260) 7r

Ld 7l

7r+ X+7r-7r- ~0
at(1260)+ p
at(1260)o po

7r+ 7r+ 7r+ 7r

at (1260)+ at (1260)„+++

I 92
I 93
I 94
I 95
I 96
I 97
I 98

I 100
I 101
I 102
I 103
"1O4
I 105
I 106
"1O7
~108
~109
~110
~111
~112

2,0

9.1
2, 5

4.1

7, 2

2.4
8.8
2.8
2.8
4.9
3.0
3.1
2.2
1.1
4.6
9.0
3.4
2.4
3.0
2.8
1.1

x 10
x 10 6

x 10 4

x 10 4

x 10 4

x 10

x 10

x10 4

x1O —4

x 10 4

x1O —4

x 10
x 10
x 10
x 10 4

x 10
x 10
x 10
x 10
x 10

10
10 4

10

10

1O
—4

10

~113
~114
I 115

~118

3.4pp
p p7r 7r

P fl7r
go go
~++ g ——

~——~++
C

2.5
1.8
1.5

1.2

ating modes,
(Bl) modes
3.9 x

5.9 x

5.9 x
3.0 x
3.6 x

2.9 x

2, 3 x
5.9 x
5.3 x
8.3 x

or

1O
—5

10—6

10—6

1O
—4

1O
—4

1O
—4

1O
—5

1P
—6

1O
—4

1O
—4

I 119 Y'Y

I12p e+e
I»1V V

K e+e
I 123 K P )U,

I 124 K*(892) e e
K*(892) p+ y,

C 126 e p

I 128 P

Bl
Bl
Bl
BI
Bl
Bl
Bl
I F [c] &

LF [c] &

LF [c] &

CL=9O%
CL=9O%
CL=9O%
C L=90%
C L=90%
C L=90%
CL=9O%

CL=9O%

C L=90%
C L=90 /o

CL 90o/o

C L 900/

C L=90%

C L=90%
CL=9O%

C L=90%

C L=90%

C L=900/

C L —.—90%
CL=90%
C L=900/

C L=90%
C L=90%
C L=90%
C L=90%
C L=90%
C L=90%
C L=90%
CL=90%
CL=9O%
C L=90 /o

C L=90%
Cl =90%
C L=90%
C L=90%
C L=90%
C L=90%
CL=9o%

CL=90%
C L=90%
C L=90%
C L=90%
CL=9O%

Ct =9O%

C L=90%
C L =90%
CL=90%
C L =90%
CL=90o
CL=90%
C L =90%
C L =-90%

CL=90%
CL=90%

[a] E indicates e or p, mode, not sum over modes.

tbj Bo and Bo contributions not separated. Limit is on weighted average of
the two decay rates.

[c] The value is for the sum of the charge states of particle/antiparticle states
indicated.

I 60
~61
I 62

I 65

I 68
~69
I 70
~71

K+ ~-
Ko 7ro

K+K
K+p
Ko~+ ~—

Ko po
Ko f (980)
K*(892)+7r

K*(892) 7r

K,*(i430)+~—
KOK+ K

K- ~+~+~-
K*(892) 7r+ 7r

1.7
4,0

4

3.5

3.9
3.6
7.2
2.8
2.6

1.3
8.8
2.1

1.4

10
10
10—6

10

10
1O

—4

1O
—5

10
10

10
10
10 4

10

C L=90%
C L=90%
C L=90%
Ct =9O%

C L=90%
C L=90%
C L=90%
C L=90%
C L=90%
CL=90%
C L=90%
C L 90o/0

CL=90/o

I (t+vganything)/i tots~
VAL UE

0.103+0.010 OUR AVERAGE

0.093 60.011+0.015
0.109+0.007+ 0.011
0.099 +0.030 60.009

DOCUMENT ID

A LBR ECHT 94
ATH AN AS 94
HENDERSON 92

TECN COM MEN T

ARG e+ e ~ T(4S)
CLE2 e+ e ~ 7 (4S)
CLED e+ e ~ T(4S)

B0 BRANCHING RATIOS

For branching ratios in which the charge of the decaying B is not deter-
mined, see the B+ section.
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r (D ~vl) /rtotal
E denotes e or p, , not the sum.

VAL UE TECN COMMENT

0.019+0.005 OUR AVERAGE

0.018+0.006+ 0.003 FULTON 91 CLEO e+ e ~ T(4S)
0,020 +0.007 +0.006 ALBRECHT 89J ARG e+ e ~ T(45)

6FULTON 91 assumes assuming equal production of B and B+ at the T(4S) and uses

Mark III D and D* branching ratios.
ALBRECHT 89J reports 0.018 + 0.006+ 0.005. We rescale using the method described

in STONE 94 but with the updated PDG 94 B(00 ~ K ~+).

DOCUMENT ID

I (D'{2010) t+ vl)/I total
TECN COMMENTDOCUMENT ID

r(p t+Vt)/rtotal r4/r
E = e or p„not sum over e and p, modes.

VAL UE CL% DOCUMENT ID TECN COMMENT

(4.1 x 10 4 90 BEAN 938 CLE2 e+ e ~ T(4S)
BEAN 93' limit set using ISGW Model. Using isospin and the quark model to combine

I (p 8+v~} and I (~I!+v~) with this result, they obtain a limit &(1.6—2.7) x 10 at

90% CL for B+ (~or p )8+vg. The range corresponds to the ISGW, WSB, and

KS models. An upper limit on
~
V„b/Vcb~ & 0.8—0.13 at 90% CL is derived as well.

r(~ p+v, )/rto~l
VAL UE DOCUMENT ID TECN

~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

seen 39 ALBRECHT 91C ARG

In ALBRECHT 91C, one event is fully reconstructed providing evidence for the b ~ u

t ra nsition.

r(D 77+)/I total IG/r
VAL UE EVTS

0.0030+0.0004 OUR AVERAGE

0.0029 -6 0.0004+ 0.0002 81 A LA M 94 CLE2 e+ e ~ T(4S)
0.0027 4 0.0006 6 0.0005 BORTOLETTO92 CLEO e+ e ~ T(4S)
0.0048+0.0011+0.0011 22 ALBRECHT 90J ARG e+ e ~ T(4S)
0,0051+ + ' 4 3 BEBEK 87 CLEO e+ e ~ T(4S)—0.0025 —0.0012
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

0.0031+0.0013+0.0010 7 42 ALBRECHT 88K ARG e+ e ~ T(4S)
ALAM 94 reports [B(B ~ D sr+) x B(D+ ~ K sr+a+)] = 0.000265 4
0.000032 + 0.000023. We divide by our best value B(D+ -~ K ~+ 7r+)
(9.1 + 0.6) x 10 . Our first error is their experiment's error and our second error

is the systematic error from using our best value. Assumes equal production of B+ and

B at the T(4S).

TECN COMM EN TDOCUMENT ID

VAL UE EV TS

0.0456+0.0027 OUR AVERAGE

0.0449+0.0032+0.0039 376 BARISH 95 CLE2 e+ e ~ T(4S)
0.0518+0.0030+0.0062 410 BUSKULIC 95N ALEP e+ e ~ Z

0.045 +0.003 + 0.004 ALBRECHT 94 ARG e+ e ~ T(4S)
0.047 +0.005 +0.005 235 ALBRECHT 93 ARG e+ e ~ T(4S)
0.040 +0.004 +0.006 BORTOLETTO89B CLEO e+ e ~ T(4S)
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ o ~

seen 398 SANGHERA 93 CLE2 e+ e ~ T(4S)
0.070 +0.018 +0.014 ANTREASYAN 90EI CBAL e+ e T(4S)

ALBRECHT 89C ARG e+ e ~ T(4S)
0.060 +0.010 +0.014 ALBRECHT 89J ARG e+ e ~ T(4S)
0.070 +0.012 +0.019 47 ALBRECHT 87J ARG e+ e ~ T(4S)

28 BARISH 95 use B(D K rr+) = (3.91 + 0.08 + 0 17)% and B(D*+ D rr+) I= (68.1 + 1.0 + 1.3)%.
29 BUSKULIC 95u assumes fraction (B+) = fraction (B ) = 38.2 + 1.3 + 2.2% and cBo

= 1 58+ 0 06 ps. i (D" f+vf)/total = (5 18 —0 13(fraction(B )—38 2) —1 5(cBo—
1.58)]%.
ALBRECHT 94 assumes B(D*+ -~ D ~+) = 68.1+ 1.0+ 1.3%. Uses partial recon-

struction of D*+ and is independent of D branching ratios.
ALBRECHT 93 reports 0.052 + 0.005 + 0.006. We rescale using the method described

in STONE 94 but with the updated PDG 94 B(D0 ~ K n.+). We have taken their

average e and IG value. They also obtain n= 2*f /(I + I +)—1 = 1.1 + 0.4 + 0.2,

AAF
—3/4*(l —

I +)/I = 0.2 k 0.08 2 0.06 and a value of
~ Vcb~ = 0.036M.045

depending on model assumptions.
We have taken average of the the BORTOLETTO 89L2, values for electrons and muons,
0.046 +- 0.005 + 0.007. We rescale using the method described in STONE 94 but with

the updated PDG 94 B(D ~ K ~+). The measurement suggests a D* polarization
parameter value ~t = 0.65 + 0.66 + 0.25.
Combining D* E+vg and D E+vL7 SANGHERA 93 test V —A structure and fit the

decay angular distributions to obtain AFB = 3/4*(l —
I +)/I = 0.14 + 0.06 + 0.03.

Assuming a value of Vcb, they measure V, A1, and A2, the three form factors for the

D*EvLf decay, where results are slightly dependent on model assumptions.

tANTREASYAN 90B is average over B and D*(2010) charge states.
The measurement of ALBRECHT 89C suggests a D* polarization pL/gT of 0.85 4 0.45.
or rt. = 0,7 4 0.9.
ALBRECHT 89J is ALBRECHT 87J value rescaled using B(O*(2010} ~ D ~ ) =
0.57 4 0.04 + 0.04. Superseded by ALBRECHT 93.
ALBRECHT 87J assume p,-e universality, the B(T(4S) ~ B B }= 0.45, the B(D
K ~+}= (0.042 + 0.004 + 0.004), and the B(D*(2010) ~ D 7r ) = 0.49+ 0.08.
Superseded by ALBRECHT 89J.

BORTOLETTO 92 assumes equal production of B+ and B at the T(4S) and uses
Mark III branching fractions for the D.
ALBRECHT 88K assumes B ~B:B+B production ratio is 45:55. Superseded by AL-
BRECHT 90J which assumes 50:50.
BEBEK 87 value has been updated in BERKELMAN 91 to use same assumptions as
noted for BORTOLETTO 92.

r(o p+)/r-t. .i

DOCUMENT ID TECN COMM EN T

I (D sf+sf )/I total
VALUE CL% EVTS DOCUMENT ID TECN COMMENT

(0.0016 90 ALAM 94 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

&0.007 90 BORTOLETTO92 CLEO e+ e ~ T(45)
&0.034 90 BEBEK 87 CLEO e+ e ~ T(4S)

0.07 +0.05 5 49 BEHRENDS 83 CLEO e+ e ~ T(4S)
Assumes equal production of B+ and B at the T(4S).
BORTOLETTO 92 assumes equal production of B+ and B at the T(4S) and uses

Mark III branching fractions for the D. The product branching fraction into D&(2340)vr

followed by D0(2340) ~ D n- is & 0.0001 at 90% CL and into D2(2460} followed by

D2(2460) D ~ is & 0.0004 at 90% CL.

BEBEK 87 assume the T(4S) decays 43% to B B, We rescale to 50%. B(D
K x+}= (4.2 + 0.4 + 0.4)% and B(D ~ K ~+~+2r ) = (9.1 + 0.8 + 0.8)%
were used.

4 Corrected by us using assum ptions: B(D ~ K ~+) = (0.042 + 0.006)
and B(T(4S) ~ B B ) = 50%. The product branching ratio is B(B
D 7r+7r )B(D ~ K+ sr ) = (0.39+ 0.26) x 10

rs/r

I (D'{2010) sf+)/rtotal
VALUE EVTS

0.0026 +0.0004 OUR AVERAGE

0.0026 *0,0003 +0,0004 82 ALAM 94 CLE2 e+ e ~ T(4S)
0.0033 +0.0010 +0.0001 51 BORTOLETTO92 CLEO e+ e ~ T(4S)
0.00234+0.00087+0,00005 12 ALBRECHT 90J ARG e+ e ~ T(4S)
0 ~ 00234+ 0'00109 +0 ~ 00005 5 BEBEK 87 C LEO e e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.010 + 0.004 +0.001 8 54 A K ERS 94J OPAL e+ e ~ Z
0.0027 +0.0014 +0.0010 5 ALBRECHT 87C ARG e+ e T(4S)
0.0035 + 0.002 +0.002 ALBRECHT 86F ARG e+ e ~ T(4S)
0.017 +0.005 +0.005 41 GILES 84 CLEO e+ e ~ T(4S)

ALAM 94 assume equal production of B+ and B at the T(4S) and use the CLEO II

B(D*(2010)+ -~ D sr+) and absolute B(D ~ K ~+) and the PDG 1992 B(D
K n+~ )/B(D ~ K ~+) and B(D ~ K ~+~+~ )/B(O ~ K sr+).

1 BORTOLETTO 92 reports 0.0040 + 0.0010 4 0.0007 for B(D*(2010)+ ~ D m+) =
0.57 + 0.06. We rescale to our best value B(D*(2010)+~ D sr+} = (68.3 + 1.4) x
10 . Our first error is their experiment's error and our second error is the systematic
error from using our best value. Assumes equal production of B+ and B at the T(4S)
and uses Mark III branching fractions for the O.
ALBRECHT 90J reports 0.0028 + 0.0009 + 0.0006 for B(D*(2010)+ ~ D w+) =
0.57 4 0.06. We rescale to our best value B(D*(2010)+ —~ D sr+} = (68,3 + 1.4) x
10 2. Our first error is their experiment's error and our second error is the systematic
error from using our best value. Assumes equal production of B+ and B at the T(4S)
and uses Mark III branching fractions for the D.
BEBFK 87 reports 0.0028+ ' + for B(D*(2010)+ ~ D ~+} = 0.57 +—0.0012 —0.0006
0.06. We rescale to our best value B(D (2010)+ ~ D 7r+) = (68.3+ 1.4) x 10
Our first error is their experiment's error and our second error is the systematic error
from using our best value. Updated in BERKELMAN 91 to use same assumptions as
noted for BORTOLETTO 92 and ALBRECHT 90J.
Assumes B(Z ~ bb) = 0.217 and 38% B~ production fraction.

ALBRECHT 87C use PDG 86 branching ratios for D and D (2010) and assume

B(T(4S) ~ B+ B ) = 55% and B(T(4S) -~ B B ) = 45%. Superseded by AL-
BRECHT 90J.
ALBRECHT 86F uses pseudomass that is independent of D and D+ branching ratios.
Assumes B(D*(2010)+ —9 D 7r+) = 0.60+0'15. Assumes B(T(4S) ~ B B ) =
0.40 + 0.02 Does not depend on D branching ratios.

DOCUMENT ID TECN COM MEN T

I (D fr+sf+sf )/(total rto/r
VAL UE DOCUMENT ID TECN COMMENT

0.0080 +0.0021+0.0014 BORTOLETTO92 CLEO e+ e ~ T(4S)
BORTOLETTO 92 assumes equal production of B+ and B at the T(4S) and uses
Mark III branching fractions for the D.

VALUE EVTS

0.0078+0.0014 OUR AVERAGE

0.0078+0.0013+0.0005 79 44 ALAM 94 CLE2 e+ e ~ T(4S)
0.009 +0.005 +0.003 9 45 ALBRECHT 90J ARG e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. 0 ~ ~

0.022 +0.012 +0,009 6 ALBRECHT 88K ARG e+ e ~ T(4S)
4 ALAM 94 reports [B(B ~ D p+) x B(O+ ~ K sr+ m+)] = 0.000704 +

0.000096 + 0.000070. We divide by our best value B(D+ ~ K w+++)
(9.1 + 0.6) x 10 . Our first error is their experiment's error and our second error

is the systematic error from using our best value. Assumes equal production of B+ and

B at the T(4S).
ALBRECHT 88K assumes B0B:B+B—

production ratIo Is 45:55. Superseded by AL-
BRECHT 90J which assumes 50:50.
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VAL UE CL% EVTS DOCUMENT !D
0.0076+0.001? OUR AVERAGE Error includes scale factor of

below.
49 69,70 A L 940.0063+ 0.0010+ 0.0011

0.0133k 0.0036 +0.0003

0.0100+0.0040+ 0.0002

BORTOLETTO92

26 ALBRECHT 90J

TECN COMM EN T

1.3. See the ideogram

CLE2 e+ e
T(4S)

CLEO e+ e
T(4S)

ARG e+ e —+

T(4S)
~ I ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

0.033 +0.009 +0.016 27 ALBRECHT 87C ARG e+ e
T(4S)

(0.042 74 BEBEK 87 CLEO e+ e
T(4S)

ALAM 94 assume equal production of 8+ and 8 at the T(45) and use the CLEO II

B(D*(2010)+~ D sr+) and absolute B(D ~ K ~+}and the PDG 1992 B(D
K w+ m )/B(D K 7r+) and B(D K 7r+ sr+ vr )/B(D K m+).
The three pion mass is required to be between 1.0 and 1.6 Gev consistent with an a1

meson. (If this channel is dominated by a1, the branching ratio for D* a1 is twice

that for D* vr+7r+7r .)
BORTOLETTO 92 reports 0.0159 + 0.0028 + 0.0037 for B(D*(2010)+ ~ D ~+}=
0.57 + 0.06. We rescale to our best value B(O*(2010)+ ~ D ~+) = (68.3+ 1.4) x
10 . Our first error is their experiment's error and our second error is the systematic
error from using our best value. Assumes equal production of 8+ and 8 at the T(4S)
and uses Mark III branching fractions for the D.

90

I ((D sr+sr++ ) nonraaonant)/I t t, i

VALUE DOCUMEN T ID TECN COMMENT

0.0039+0.0014+0.0013 BORTOLETTO92 C LEO e+ e ~ T(4S)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(4S) and uses
Mark III branching fractions for the D.

r(D-~+ po)/r, .„,
VALUE DOCUMENT ID TECN COMMENT

0.0011+0.0009+0.0004 BORTOLETTO92 CLEO e+ e T{4S)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(4S) and uses
Mark III branching fractions for the D.

r (D at(1260)+) lrtotai
VALUE DOCUMENT ID TECN COMMENT

0.0060+0.0022+ 0.0024 61 BORTOLETTO92 CLEO e+ e ~ T(4S)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(4S) and uses
Mark III branching fractions for the D.

I (D (2010) sr+ em) /I totai
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.0150+0.0051+0.0003 51 ALBRECHT 90J ARG e+ e T(4S)
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.015 +0.008 4 0.008 8 ALBRECHT 87C ARG e+ e ~ T(4S)
ALBRECHT 90J reports 0.018 + 0.004 6 0.005 for B(D*(2010)+ ~ D ++) = 0.57 k
0.06. We rescale to our best value B(D*(2010)+ ~ D 7r+) = (68.3 + 1.4) x 10
Our first error is their experiment's error and our second error is the systematic error

from using our best value. Assumes equal production of 8+ and 8 at the T(4S) and
uses Mark III branching fractions for the D.
ALBRECHT 87C use PDG 86 branching ratios for D and D*(2010) and assume

B(T(4S) ~ 8+ 8 ) = 55% and B(T(4S) ~ 8 ~B) = 45%. Superseded by AL-
BRECHT 90J.

r (D'(2o1o) p+) /rtotai
TECN COMMEN TDOCUMENT IDVAL UE EVTS

0.0073+0.0015 OUR AVERAGE

0.0074+ 0.00104 0.0014 76 & ALA M 94 CLE2 e+ e ~ T(4S)
0.0159+0.0112+0.0003 66 BORTOLETTO92 CLEO e+ e - T(4S)
00058+00035+00001 19 6 ALBRECHT 90J ARG e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.081 ~0.029 + ' 19 68 CHEN 85 CLEO e+ e T(4S)

ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(D*(2010)+~ D ~+) and absolute B(D ~ K ~+) and the PDG 1992 B(O
K x+ m )/B(O ~ K a+) and B(D h K a+ m+ 7r )/B(D h K sr+).
This decay is nearly completely longitudinally polarized, I I/I .= (93 + 5 + 5)%, as

expected from the factorization hypothesis (ROSNER 90). The nonresonant ~+~
contribution under the p+ is less than 9% at 90% CL.
BORTOLETTO 92 reports 0.019 + 0.008 + 0,011 for B(D*(2010)+ ~ D ~+) =
0,57 + 0.06. We rescale to our best value B(D*(2010)+ ~ D ~+) = (68.3 k 1.4) x

10 2. Our first error is their experiment's error and our second error is the systematic
error from using our best value. Assumes equal production of 8+ and 8 at the T(4S)
and uses Mark III branching fractions for the D.
ALBRECHT 90J reports 0.007 + 0.003+ 0.003 for B(D*(2010)+ ~ D ~+) = 0.57 +
0.06. We rescale to our best value B(D*(2010}+ D 7r+) = (68.3 + 1.4) x 10
Our first error is their experiment's error and our second error is the systematic error

from using our best value. Assumes equal production of 8+ and 80 at the T(4S) and
uses Mark III branching fractions for the D.

8 Uses B(D* ~ D sr+) = 0.6 + 0.15 and B(T(4S) ~ 8 8 ) = 0.4. Does not depend
on D branching ratios.

I (D (2010) sr+sr+sr )/I totai

ALBRECHT 90J reports 0,012+ 0.003+ 0.004 for B(D*(2010)+~ D ~+) = 0.57 +
0.06. We rescale to our best value B(D*(2010)+ ~ D n+) = (68.3+ 1.4) x 10
Our first error is their experiment's error and our second error is the systematic error
from using our best value. Assumes equal production of 8+ and 8 at the T(4S) and
uses Mark III branching fractions for the O.
ALBRECHT 87C use PDG 86 branching ratios for D and D (2010) and assume

B(T(4S) ~ 8+ 8 ) = 55% and B(T(4S}~ 8 ~B) = 45%. Superseded by AL-
BRECHT 90J.

74BEBEK 87 value has been updated in BERKELMAN 91 to use same assumptions as
noted for BORTOLETTO 92.

WEIGHTED AVERAGE
0.0076+0.0017 (Error scaled by 1.3)

I (D'(2010) sr+ po)/I totai I ta/I
VALUE DOCUMEN T ID TECN COMMEN T

0.005?+0.0031+0.0001 6 BORTOLETTO92 CLEO e+ e ~ T(4S)
76 BORTOLETTO 92 reports 0.0068 + 0.0032 + 0.0021 for B(D*(2010)+ D ~+) =

0.57 + 0.06. We rescale to our best value B(D*(2010)+ D 7r+) = (68.3+ 1.4) x

10 . Our first error is their experiment's error and our second error is the systematic
error from using our best value. Assumes equal production of 8+ and 8 at the T(4S)
and uses Mark III branching fractions for the D.

I (D'(2010) at(1260)+) lrtotai
DOCUMENT IDVALUE

0.0130+0.0027 OUR AVERAGE

0.0126+0.0020+ 0.0022 A LA M 94 CLE2 e+ e ~ T(4S)
0.0150+ 0.0069 + 0.0003 BORTOLETTO92 CLEO e ~ e ~ T(4S)

ALAM 94 value is twice their I (D*(2010) ~+w+7r )/I tot I
value based on their

observation that the three pions are dominantly in the at(1260) mass range t.Q to 1.6
GeV.
ALAM 94 assume equal production of 8+ and 80 at the T(4S) and use the CLEO II

B(D*(2010)+~ D sr+) and absolute B(D ~ K ~+) and the PDG 1992 B(D
K sr+ 7r )/B(D ~ K or+) and B(D —+ K ++ a+ 7r )/B(D ~ K sr+).
BORTOLETTO 92 reports 0.018 4 0.006 + 0.006 for B(D*(2010)+ ~ D x+) =
0.57 + 0,06. We rescale to our best value B(D*(2010)+ D ~+) = {68.3 4 1.4) x
10 . Our first error is their experiment's error and our second error is the systematic
error from using our best value. Assumes equal production of 8+ and 8 at the T(4S)
and uses Mark ill branching fractions for the D.

I (D'(2010) sr+ rr+ rr tro) ll totai r2o/r
VAL UE DOCUMENT ID TECN COMMENT

0034+0018+0001 28 ALBRECHT 90J ARG e+ e ~ T(4S)
ALBRECHT 90J reports 0.041+ 0.015 6 0.016 for B(D*(2010)+ ~ D 7r+) = 0.57+
0.06. We rescale to our best value B(D*(2010)+ ~ D 7r+) = (68.3 6 1.4) x 10
Our first error is their experiment's error and our second error is the systematic error

from using our best value. Assumes equal production of 8+ and 8 at the T(4S) and
uses Mark III branching fractions for the D.

r(D;(2460)- +)/rt
VAL UE CL% DOCUMENT ID TECN COMM EN T

(0.0022 90 8 ALAM 94 CLE2 e+ e ~ T{4S)
ALAM 94 assumes equal production of 8+ and 8 at the T(4S) and use the CLEO II

absolute B(D ~ K ~+) and B{D2(2460)+ -~ D sr+) = 30%

x'
ALAM 94 CLE2 0 8
BORTOLETTO 92 CLEO 2.5
ALBRECHT 90J ARG 0.4

3.6
(Confidence Level = 0.168)

I I

0 0005 001 0015 002 0025 003

r(D*(2OtO)- ~+ ~+ ~-) /I t

I ((D'(2010) sr+sr+sr ) nonresonant)/I tot, i I tr/I
VALUE DOCUMENT ID TECN COMMEN T

0.0000+0.0019+0.0016 BORTOLETTO92 CLEO e+ e ~ T(4S)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(4S) and uses

Mark III branching fractions for the D and D*(2010).
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I (D2(2460) p+)/I t t ~
I (D'+a )/I total r2s/r

VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0049 90 ALAM 94 CLE2 e+ e ~ T(4S)
ALAM 94 assumesequal production of B+ and B at the T(4S) and use the CLEO II

absolute B(D0 ~ K ~+) and B(D2(2460)+ ~ D sr+) = 30%.

r (o- o+) /r«ta,
TECN COMMEN TDOCUMENT IDVAL UE EVTS

0.007+0.004 OUR AVERAGE

0.013+0.011+0.003 ALBRECHT 926 ARG e+ e ~ T(4S)
0.007 +0.004 k 0.002 BORTOLETTO92 CLEO e+ e ~ T(4S)
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.012 4 0.007 3 BORTOLETTO90 CLEO e+ e ~ T(4S)

ALBRECHT 92G reports 0.017 6 0.013 + 0.006 for B(D ~ p~+) = 0.027. We
5

rescale to our best value B(D+ ~ P~+) = (3.6 + 0.9) x 10 . Our first error is their
5

experiment's error and our second error is the systematic error from using our best value.

Assumes PDG 1990 D+ branching ratios, e.g. , B(D+ ~ K 2r+~+) = 7.7+ 1.0%.
BORTOLETTO 92 reports 0.0080+ 0.0045 + 0.0030 for B(D+ ~ P~+) = 0.030+

5

0.011. We rescale to our best value B(D+ ~ @sr+) = (3.6+ 0.9) x 10 . Our first5
error is their experiment's error and our second error is the systematic error from using

our best value. Assumes equal production of B+ and B0 at the T(4S) and uses Mark III

branching fractions for the D.
BORTOLETTO 90 assume B(Ds ~ p~+) = 2%. Superseded by BORTOLETTO 92.

I (D'(2010) D+)/I totai I aa/I
TECN COMM EN TDOCUMENT IDVALUE EVTS

0.012+0.006 OUR AVERAGE

0.010+0.008 +0.003 86 ALBRECHT 92G ARG e~ e ~ T(4S)
0.013+ 0.008+ 0.003 87 BORTOLETTO92 C LEO e+ e ~ T(4S)
o ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ e

0.024 + 0.014 3 BORTOLETTO90 CLEO e+ e T(4S)

ALBRECHT 92G reports 0.014 4 0.010 6 0.003 for B(D ~ @~+) = 0.027. We

rescale to our best value B(D+ ~ P~+) = (3.6 4 0.9) x 10 2. Our first error is their5
experiment's error and our second error is the systematic error from using our best value.

Assumes PDG 1990 D+ and D~(2010)+ branching ratios, e.g. , B(D0 ~ K ~+) =
3.71 + 0.25% B(D+ ~ K x+~+) = 7.1 + 1.0%, and B(D (2010)+ ~ D sr+)
= 55 +4%.
BORTOLETTO 92 reports 0.016 + 0.009 6 0.006 for B(D ~ p~+) = 0.030+ 0.011.

We rescale to our best value B(D+ ~ Q~+) = (3.6 + 0.9) x 10 . Our first error
5

is their experiment's error and our second error is the systematic error from using our

best value. Assumes equal production of B+ and B at the T(4S) and uses Mark III

branching fractions for the D and D*(2010).
BORTOLETTO 90 assume B(OS ~ @~+) = 2%. Superseded by BORTOLETTO 92.

r(O D;+)/rtotai
VALUE DOCUMENT ID TECN COMMENT

0.020+0.014+0.005 ALBRECHT 92G ARG e+ e ~ T(4S)
ALBRECHT 92G reports 0.027 + 0.017 + 0.009 for B(D ~ P~+) = 0.027. We

5

rescale to our best value B(D ~ @~+) = (3.6+ 0.9) x 10 . Our first error is their5
experiment's error and our second error is the systematic error from using our best value.

Assumes PDG 1990 D+ branching ratios, e.g. , B(D+ ~ K x+'~+) = 7.7 + 1,0%.

[I (D'(2010) D+) + I (D (2010} D +)]/I «ta( (I 24+[ 2a)/r
VALUE (units 10 )

4.15+1.11+—1.02

EVTS DOCUMENT ID TECN COMM EN T

22 BORTOLETTO90 CLEO e+ e —+ T(4S)

BORTOLETTO 90 reports 7.5 + 2.0 for B(D+ ~ Per+) = 0.02. We rescale to our
5

best value B(D ~ @~+) = (3.6 4 0.9) x 10 . Our first error is their experiment's
5

error and our second error is the systematic error from using our best value.

r(o'(2010) D +)/r„„, I 26/I
VALUE DOCUMENT ID TECN COMMENT

0.019+0.01140.005 ALBRECHT 92G ARG e+ e ~ T(4S)

ALBRECHT 92G reports 0.026 + 0.014 + 0.006 for B(D+ ~ pm. +) = 0.027. We
5

rescale to our best value B(D ~ Q~+) = (3.6+ 0.9) x 10 . Our first error is their
5

experiment's error and our second error is the systematic error from using our best value.

Assumes PDG 1990 D+ and D*(2010)+ branching ratios, e.g. , B(D ~ K 7r+) =
3.71 + 0,25%, B(D+ ~ K ~+ x+) = 7.1 + 1.0%, and B(D (2010)+ ~ D sr+)
= 55+ 4%.

r(o,+tt )/rtotai
VALUE CL% DOCUMENT ID TECN COMMENT

&0.00028 90 ALEXANDER 938 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0013 90 BORTOLETTO90 CLEO e+ e ~ T(4S)

ALEXANDER 938 reports & 2.7 x 10 for B(D+ ~ $7r+) = 0.037. We rescale to5
our best value B(D+ ~ Per+) = 0.036.5
BORTOLETTO 90 assume B(Ds @a+) = 2%.

CL%VALUE DOCUMEN T ID TECN COMMENT

&0.0005 90 ALEXANDER 938 CLE2 e+ e ~ T(4S)
ALEXANDER 938 reports & 4.4 x 10 for B(O+ ~ p~+) = 0.037. We rescale to5
our best value B(D+ ~ Per+) = 0.036.

5

[I (D+a ) + I (D K+)]/I totg (I ay+I a3}/I
CLoVAL UE DOCUMENT ID TECN COMMENT

&0.0013 90 ALBRECHT 93E ARG e+ e ~ T(4S)
ALBRECHT 93E reports & 1.7 x 10 for B(D ~ P~+) = 0.027. We rescale to our

5
best value B(D+ ~ P~+) = 0.036.

5

[r(o,'+~-)+r(D K+)]/r„,t [ (r2s+r3g)/r

VALUE CL% DOCUMENT ID TECN COMMENT

&0.0008 90 ALEXANDER 938 CLE2 e+ e
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0019 90 ALBRECHT 93E ARG e+ e

ALEXANDER 938 reports & 7.4 x 10 for B(D+ ~ p~+) = 0.037.

our best value B(D+ ~ Per+) = 0.036.
5

ALBRECHT 93E reports & 2.5 x 10 for B(D+ ~ P~+) = 0.027. We
5

best value B(D ~ @sr+) = 0.036.
5

I (Da at(1260) )/I tota~

T(4s)

T(4S)
We rescale to

rescale to our

CL%VALUE DOCUMENT ID

&0.0026 90 0 ALBRECHT

ALBRECHT 93E reports & 3,5 x 10 for B(D+5
best value B(D ~ $7r+) = 0.036.

5

I (Da+ at(1260) ) /I tota)
VALUE CL% DOCUMENT ID

&0.0022 90 102 ALBRECHT

ALBRECHT 93E reports & 2.9 x 10 for B(D+
5

best value B(D+ ~ @++) = 0.036.
5

r(o; K+)/r, .„,

TECN COM MEN T

93F ARG e+ e ~ T(4S)
@~+) = 0.027. We rescale to our

TECN COMMENT

93E ARG e+ e ~ T(4S)
Qw+) = 0.027. We rescale to our

VAL UE CL% DOCUMENT ID TECN COMMENT

&0.00024 90 ALEXANDER 938 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0013 90 BORTOLETTO90 CLEO e+ e ~ T(4S)
ALEXANDER 938 reports & 2.3 x 10 for B(D+ ~ @m.+) = 0.037. We rescale to5
our best value B(D ~ P~+) = 0.036.

5
4BORTOLETTO 90 assume B(D5 —~ @sr+) = 2%.

r(O,' K+)lrtotai raa/r
VALLIE DOCUMENT ID TECN COM MEN T

&0,00017 90 105 ALEXANDER 938 CLE2 e+ e ~ T(4S)
ALEXANDER 938 reports & 1.7 x 10 for B(D+ ~ pa+) = 0.037. We rescale to

our best value B(D+ ~ $7r+) = 0.036.
5

CL%

I (D K (892)+)ll total
VALUE CL% DOCUMENT ID TECN COMMEN T

&0.0010 90 6 ALEXANDER 938 CLE2 e+ e —a T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0034 90 7 ALBRECHT 93E ARG e+ e ~ T(4S)
ALEXANDER 938 reports & 9,7 x 10 for B(D+ ~ pm+) = 0.037. We rescale to5
our best value B(D+ ~ @n-+) = 0.036.5
ALBRECHT 93E reports & 4.6 x 10 for B(D+ ~ P~+) = 0.027. We rescale to our

5
best value B{D+ ~ P~+) = 0.036.

5

VALUE CL% DOCUMENT ID TECN COMMENT

&0.0009 90 9 ALBRECHT 93E ARG e+ e ~ T(4S)
ALBRECHT 93E reports & 1.2 x 10 for B(D+ ~ Per+) = 0.027. We rescale to our

5

best value B(D+ ~ P~+) = 0.036.
5

I (D+ p )/I tata[
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0007 90 ALEXANDER 938 CLE2 e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

&0,0016 90 ALBRECHT 93E ARG e+ e ~ T(4S)
ALEXANDER 938 repOrtS & 6.6 X 10 fOr B{D+ ~ tt 2r+) = 0.037. We reSCale tO5
our best value B(D+ ~ $7r+) = 0.036.5
ALBRECHT 93E reports & 2.2 x 10 for B(D ~ p~+) = 0.027. We rescale to our

5
best value B(D P~+) = 0.036.

5

r(o,'+p )/rtotai
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r(o, a+ Ko)l r«~ai
CL%VAL UE DOCUMENT /D

&0.005 9P ALBRECHT

ALBRECHT 93E I'eports & 7.3 x 10 for B(D+
S

best value B(D+ ~ P~+) = 0.036.
S

I (D' a+K )/I «gg
VALUE CL% DOCUMENT /D

&0.0031 9Q 111ALBRECHT

ALBRECHT 93E reports & 4.2 x lp for B(D+
S

best value B(D ~ @~+) = 0.036.
S

r (o;~+ K'(892)') /r«„,
CL%VALUE DOCUMENT /D

&0.004 90 ALBRECHT

ALBRECHT 93E reports & 5.0 x 10 for B(D+
S

best value B(D+ ~ $~+) = 0.036.

I (D' a+ K'(892)o)/I «tg
CL%VAL UE DOCUMENT ID

&0.0020 9Q 113 ALBRECHT

ALBRECHT 93E reports & 2.7 x 10 for B(D+
S

best value B(D ~ @~+) = 0.036.
S

r(o ~')/r«„~

TECIV

93E ARG

COMM EN T

e+e— T(45)

r»/r

@++) = 0.027. We rescale to our

TECN

93E ARG

COMMENT

e+e—

r38lr

T(4S)

P~+ ) = 0.027. We rescale to our

TECN

93E ARG

COMMENT

e+e— r(45)

P ~+ ) = 0.027. We res ca le to our

TECN

93E ARG

COMMEN T

e+e— T(4S)

Qw+) = 0.027. We rescale to our

CL%VAL UE DOCUMENT ID TECN COMMEN T

&0.00048 90 '14 ALAM 94 CLE2 e+ e T(4S)
4ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

absolute B(D ~ K ~+) and the PDG 1992 B(D ~ K ~+7r )/B(D ~ K 7r+)
and B(D ~ K ~+ ~+ a )/B(D ~ K sr+}.

r(o I& )/rt ~ i r4, /r
VAL UE CL% EVTS DOCUMENT ID TECN COMMEN T

&0.00055 90 115 ALAM 94 CLE2 e+ e T(45)
o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&0.0006 90 116 BORTOLETTO92 CLEO e+ e ~ T(4S)
&0.0027 90 4 117 ALBRECHT 88K ARG e+ e ~ T{4S)

ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

absolute B(OQ ~ K 7r+) and the PDG 1992 B(D K ~++ )/B(D K ~+)
and B(DQ ~ K sr+sr I vr }/B(D —~ K ~+).
BORTOLETTO 92 assumes equal production of 8+ and B at the T(4S) and uses
Mark III branching fractions for the D.
ALBRECHT 88K reports & 0,003 assuming 8 8:8+8 production ratio is 45:55.
We rescale to 50%.

I (D' K'(892)+)/I «tai
VALUE CL% DOCUMENT ID TECN COMM EN T

&0.0011 90 ALEXANDER 93B CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e o ~

&0.004 90 9 ALBRECHT 93E ARG e+ e ~ T(4S)

ALEXANDER 93B reports & 11,0 x 10 for B(D+ ~ $7r+) = 0.037. We rescale to
5

our best value B(D+ ~ @~+) = 0.036.
S

9ALBRECHT 93E reports & 5.8 x 10 for B(D+ ~ @sr+) = 0.027. We rescale to our
S

best value B(D+ ~ @w+) = 0.036.
S

r (o'(2007)0~) /r&»~ rsolr
VAL UE CL% DOCUMENT /D TECN COMMENT

&0.0021 90 ALAM 94 CLE2 e+ e —& T(4S)
1 5ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(D*(2007) ~ D ~ ) and absolute B(D ~ K sr+) and the PDG 1992 B(D
K ~+~ )/B(D ~ K 7r+) and B(D ~ K m+~+2r )/B(D —+ K ~+).

I (2/@(1S)Ko)/I go/a/

VALUE (units 10 ) CL% EVTS

7.5 +2.1 QUR AVERAGE

7.5 +2.4 4 0.8

DOCUMENT ID TECN COMMENT

10 126 ALAM 94 CLE2 e+ e
r(45)

126 BORTOLETTO92 CLEO e+ e
T(45)

2 127 ALBRECHT 90J ARG e~ e
T(45)

6.87+ 4.03 + 0.22

9.2 + 7.1 :60.3

e o o We do not use the following data for averages, fits, limits, etc. ~ ~ o

&50 90 ALAM 86 C LEO e+ e
T(45)

BORTOLETTO 92 reports 6 + 3 + 2 for B(J/g(15} ~ e+ e ) = 0,069 + 0,009. We

rescale to our best value B(J/g(15) ~ e+ e ) = (6.02 + 0.19) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using

our best value. Assumes equal production of 8+ and 8 at the T(45).
ALBRECHT 90J reports 8 6 6 + 2 for B(J/g(15) ~ e+ e ) = 0,069 4 0.009. We

rescale to our best value B(J/g(15) ~ e+ e ) = (6.02 + 0.19) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using

our best value. Assumes equal production of 8+ and 8 at the T(4S).

I (2/@(1S)K+a )/I ~o«~
VALUE CL% EVTS

0.00115+0.00055+0.00004

I g2/I
DOCUMENT ID TECN COMMEN T

128 BORTOLETTO92 CLEO e+ e
T(45)

I (D'(2007) ao)/I «tg
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.00097 90 121 ALAM 94 CLE2 e+ e T(4S)
ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(D*(2007) ~ D ~ ) and absolute B(D ~ K ~+) and the PDG 1992 B(D
K w+ ~ )/B(D ~ K a+) and B(D & K w+ m+ m )/B(DQ —& K m+).

r(O'(2M7) /& )/r«~ai
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.00117 0 122 ALAM 94 CLE2 e+ e ~ T(4S)
ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(D~{2007) ~ D ~ ) and absolute B(D ~ K ~+) and the PDG 1992 B(DQ ~
K a+ 7r )/B(D ~ K sr+) and B(O —~ K 7r+ n+ 7r )/B(D ~ K w+).

I (D'(2007) &I)/I «gg raa/r
VAL UE CL% DOCUMENT ID TECN COMMEN T

&0.00069 90 123 ALAM 94 CLE2 e+ e ~ T(4S)
ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(D*(2007) ~ D ~ ) and absolute B(D ~ K ~+) and the PDG 1992 B(D
K ~+ ~ )/B(D ~ K ~+) and B(D ~ K ~+ x+ ~ )/B(D ~ K ~+}.

r(o'(20o7) &I')/r«iai
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0027 90 ALAM 94 CLE2 e+ e ~ T(4S)
ALAM 94 assume equal production of 8+ and 8 at the T(4S} and use the CLEO II

B(O~(2007) -~ D ~ ) and absolute B(D ~ K w+) and the PDG 1992 B(D
K a+ vr )/B(D -~ K x+) and B(D & K x+ 7r+ vr )/B(D ~ K sr+).

r(o 9)lr««i
CL%

I (D &I )/r«tat
VAL UE DOCUMENT ID

&0.00086 90 " ALAM 94

ALAM 94 assume equal production of 8+ and 8
absolute B(D ~ K ~+) and the PDG 1992 B(D
and B(D ~ K sr+ ~+ x )/B(O ~ K sr+).

r(o o&)/r«~ai
CL%VAL UE DOCUMENT ID

&0.00063 90 ALAM 94

ALAM 94 assume equal production of B+ and B
absolute B(D —~ K ~+) and the PDG 1992 B(D
and B(DQ — K ~+ ~+ ~—)/B(DQ K

—~+)

VAL UE DOCUMENT /D

&0.00068 9Q ALAM 94

ALAM 94 assume equal production of 8+ and B
absolute B(DQ ~ K ~+) and the PDG 1992 B(D
and B(D ~ K ~+ ~+ x )/B{D ~ K ~+).

TECN COMM EN T

CLE2 e+ e ~ T(45)
at the T(4S) and use the CLEO II

—& K 7r+ 7r )/B(D —& K 7r+)

TECN COMMENT

CLE2 e+ e — T(45)
at the T(4S) a nd use the C LEO I I

K x+ ~ )/B(D ~ K a+)

TECN COMMEN T

CLE2 e+ e ~ T(45)
at the T(4S) and use the CLEO II

K n. + +0)/B(OQ —& K sr+ }

90

I (J/t/&(1S) K'(892)o)/I ««(
VALUE EVTS

0.0015860.00027 QUR AVERAGE

0.00169+0.00031+0.00018 29
0,00126+0.00065+ 0.00004
0.00126+0,00059+ 0,00004 6

0.0040 6 0.0018 4 0.0001 5

DOCUMENT ID TECN COMM EN T

rs3/r

ALAM 94 CLE2
131 BORTOLETTO92 CLEO
132 ALBRECHT 9QJ ARG
133 BEBEK 87 CLEO

e+ e —& T(45)
e+ e r(45)
e+ e T(45)
e+ e ~ r(4S)

~ o o We do not use the following data for averages, fits, limits, etc. o ~ ~

&0.0013 90 129 ALBRECHT 87p ARG e+ e
T{4S)

&0.0063 2 GILES 84 CLEO e+ e
T(45)

BORTOLETTO 92 reports 0.0010 + 0.0004 + 0.0003 for B(J/Q(15) —& e I e ) =
0.069 + 0.009. We rescale to our best value B(J/~(15) ~ e+ e ) = (6.02 -I: 0.19) x
10 2. Our first error is their experiment's error and our second error is the systematic
error from using our best value. Assumes equal production of 8+ and 8 at the T(4S).
ALBRECHT 87p assume 8+ 8 /B 8 ratio is 55/45. Kx system is specifically se-
lected as nonresonant.
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~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

ALBRECHT 94G ARG e+ e ~ T(4S)
0.0040 +0.0030 ALBAJAR 91E UA1 Ecm= 630 GeV

0.0033 4 0.0018 136 Al BRECHT 87D ARG e+ e ~ T(4S)
0.0041 +0.0018 5 ALAM 86 CLEO Repl. by BEBEK 87

0The neutral and charged 8 events together are predominantly longitudinally polarized,
l I /I =0.080 + 0.08 + 0.05. This can be compared with a prediction using HQET, 0.73

(KRAMER 92). This polarization indicates that the B ~ QK* decay is dominated by

the CP = —1 CP eigenstate. Assumes equal production of 8+ and 8 at the T(4S).
BORTOLETTO 92 reports 0.0011 + 0,0005 + 0.0003 for B(J/Q(15) ~ e+ e ) =-

0.069+ 0.009. We rescale to our best value B(J/g(15) ~ e+ e ) = (6.02+ 0.19) x
10 . Our first error is their experiment's error and our second error is the systematic
error from using our best value. Assumes equal production of 8+ and 8 at the T(4S).
ALBRECHT 90J reports 0.0011+0.0005 +0.0002 for B(J/Q(15) ~ e+ e ) = 0.069+
0.009. We rescale to our best value B(J/1t(15) ~ e+ e ) = (6.02 + 0.19) x 10
Our first error is their experiment's error and our second error is the systematic error

from using our best value. Assumes equal production of 8+ and 80 at the T(4S).
BEBEK 87 reports 0.0035+0.0016+0.0003 for B(J/Q(15) ~ e+ e ) = 0.069+0.009.
We rescale to our best value B(J/@(15) ~ e+ e ) = (6.02 + 0.19) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value. Updated in BORTOLETTO 92 to use the same assumptions.
ALBRECHT 94G measures the polarization in the vector-vector decay to be predominantly
longitudinal, C7-/I = 0.03 + 0.16 + 0.15 making the neutral decay a CP eigenstate when

the K*P decays through K5
ALBAJAR 91E assumes Bd production fraction of 36%.
ALBRECHT 87D assume 8+ 8 /8 8 ratio is 55/45. Superseded by ALBRECHT 90J.
ALAM 86 assumes 8+/8 ratio is 60/40. The observation of the decay 8+
J/Q K*(892)+ {HAAS 85) has been retracted in this paper.

r(K ttD)/r total
VAL UE

&4.0 x 10
CL%

90

DOCUMEN T ID

ASNER

TECN COMMEN T

96 CLE2 e+ e ~ T(4S)

I st/I

[r(K+~-) + r(~+~-)]lr„„, (rso+ r92)/r
VALUE EVTS DOCUMEN T ID TECN COMMENT

(1 8+0 &+04) x 10 17 2 ASNER 96 CLE2 e+ e -~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

{2.4+0'7+0.2) x 10 BATTLE 93 CLE2 e+ e ~ T(4S)

BATTLE 93 assumes equal production of 8 8 and 8+ 8 at T(4S).

I (K+K )/I total I s2/I

VALUE

&3.5 x 10

I (Koan+fr )/I total

CL%

90
DOCUMENT ID

ASNER

TECN COM MEN T

96 CLE2 e+ e ~ T(4S)

I sa/I

VAL UE CL% DOCUMENT ID TECN COMMENT

&0.4 x 10 i90ASNER 96 CLE2 e+ e ~ T(45)
~ a ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

&1.2 x 10 4 90 ABREU 95N DLPH e+ e ~ Z i
&0.7 x 10 90 BATTLE 93 CLE2 e+ e T(4S)
149Assumes a BDBpr,oduction fraction of D.39 and a Bs production fraction of D. 12.

Contributions from 8 and 8 decays cannot be separated. Limits are given for the
S

weighted average of the decay rates for the two neutral 8 mesons.
BATTLE 93 assumes equal production of 8 8 and 8+ 8 at T(4S).

I (K+ la ) /I total

VAL UE CL% DOCUMENT ID TECN

&0.0008 90 ALAM 94 CLE2
~ ~ ~ We do not use the following data for averages, fits, limits,

&0.0015 90 BORTOLETTO92 CLEO
(0.0028 90 ALBRECHT 90J ARG

Assumes equal production of 8+ and 8 at the T(4S).

I (Ilr(2S) K+ st )/I total
VAL UE CL% DOCUMENT ID TECN

&0.001 90 ALBRECHT 90J ARG

Assumes equal production of 8+ and 8 at the T(45).

I (tlr(2S} K'(892}0)ll total

COMM EN T

e+ e
—~ T(45)

etc. o ~ ~

e+ e — T(45)
e+ e ~ T(45)

COMM EN T

e+ e ~ T(4S)

I (J/@(1S}ttD)/I t,t, l

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

&6.9 x 10 90 1 " ALEXANDER 95 CLE2 e+ e ~ T(4S)
Assumes equal production of 8+ 8 and 8 8 on T(4S).

r(II'(2S) K )/rtotai

I sa/I

I ss/I

rss/r

I s7/I

VALUE CL% DOCUMENT ID TECN COM MEN T

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&44x 10 4 90 ALBRECHT 91E ARG e+ e T(4S)

r(K'ip') /rtotai I ss/I

I (KD fD(980))/I total rss/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&36x 10 4 90 AVERY 898 CLEO e+ e ~ T(4S)
AVERY 89B reports ( 4.2 x 10 assuming the T(4S) decays 43% to 8 80. We
rescale to 50%.

VAL UE CL% DOCUMENT ID TECN COMMENT

&3.9 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

x10—4 90 ALBRECHT 91L2, ARG e+ e T(4S)
&50 x 10 4 90 151 AVERY 89B CLEO e+ e ~ T(4S)
&0.064 90 AVERY 87 CLEO e+ e ~ T(45)

AVERY 89B reports & 5.8 x 10 assuming the T(4S) decays 43% to 8 8 . We
rescale to 50%.
AVERY 87 reports & 0.08 assuming the T(4S) decays 40% to 8 8 . We rescale to
50%.

VALUE CL% DOCUMENT ID TECN COMMENT

0.0014+0.0008+0.0004 BORTOLETTO92 C LEO e+ e ~ T(4S)
o ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&0.0019 9p 141 ALAM 94 CLE2 e+ e ~ T(4S)
&0.0023 90 141 ALBRECHT 90J ARG e+ e ~ T(4S)

Assumes equal production of 8+ and 8 at the T(4S).

r(Xct(1P) KD)/rto„i
VALUE CL% DOCUMENT ID TECN COMMENT

&0.0027 gp 142 ALAM 94 CLE2 e+ e ~ T(4S)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(4S).

I (K'(892)+sf )/I total I sy/I
VAL UE CL% DOCUMENT ID TECN COMMENT

&7.2 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6.2 x 10 4 90 ALBRECHT 91' ARG e+ e ~ T(4S)
&3.8 x 10 4 90 AVERY 898 CLEO e+ e ~ T(4S)
&5.6 x 10 4 90 AVERY 87 CLEO e+ e ~ T(4S)

AVERY 898 reports & 4.4 x 10 assuming the T(45) decays 43% to 8 8 . We
rescale to 50%.
AVERY 87 reports & 7 x 10 assuming the T(4S) decays 40% to 8 8 . We rescale
to 50%.

r(Xct(1P) K (892) )/I total
VALUE CL% DOCUMENT ID TECN COMMEN T

&0.0021 gp 143 ALAM 94 CLE2 e+ e ~ T(4S)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(45).

rsa/I
I (K'(892}Der )ll total
VAL UE

&2.8 x 10
CL%

90

I (K2(1430)+st ) /I total

DOCUMENT ID

ASNER

TECN COMMENT

96 CLE2 e+ e ~ T(4S)

rss/I

rsa/r

I (K+st )/I t
VALUE

&2.6 x 10
CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 91B ARG e+ e -~ T(4S)
VALUE CL% DOCUMENT ID TECN COMMEN T

&1.7 x 10 90 ASNER 96 CLE2 e+ e T(4S)
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&9 x 10 gp 144 ABREU 95N DLPH e+ e ~ Z
&81 x 10 gp 145 AKERS 94L OPAL e+ e ~ Z
&2.6 x 10 90 146 BATTLE 93 CLE2 e+ e ~ T(4S)
&18 x 10 90 ALBRECHT 91' ARG e+ e —~ T(4S)
&9 x 10 90 AVERY 89B CLEO e+ e ~ T(4S)
(3.2 x 10 90 AVERY 87 CLEO e+ e -~ T(4S)

"Assumes a B, B production fraction of 0.39 and a Bs production fraction of 0.12.
Contributions from 80 and B decays cannot be separated. Limits are given for the

S
weighted average of the decay rates for the two neutral 8 mesons.

t
Assumes B(Z bb) = 0.217 and 8& (8 ) fraction 39.5% (12%).
BATTLE 93 assumes equal production of 8 8 and 8+ 8 at T(4S).
Assumes the T(45) decays 43% to 80 8

I-(KDK+ K—)/I-
VAL UE

&1.3 x 10

r(K 4)lrtotai

CL%

90

DOCUMEIV T ID TECIV COMMENT

ALBRECHT 91E ARG e+ e —~ T(4S)

VAL UE CL% DOCUMEIV T ID TECN COMMEIV T

&8.8 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&7.2 x 10 4 90 ALBRECHT 91' ARG e+ e ~ T(4S)
&4.2 x 10 4 p 156 AVERY 89B CLEO e+ e —a T(4S)
&1.0 x 10 9P AVERY 87 CLEO e+ e ~ T(4S)

AVERY 89B reports & 4.9 x 10 assuming the T(4S) decays 43% to 8 8 . We
rescale to 50%.

"AVERY 87 reports & 1.3x 10 assuming the T(4S) decays 40% to 8 B . We rescale
to 50%.
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r(K-~+~+~-)/r, .„, I (Ka(1270) p)/I totai I ss/I
CL% DOCUMENT ID TECN COMM EN T

9Q ABREU 95N DLPH e+ e ~ Z

I (K'(892)ger+st )/I totai r73/I
CL%VAL UE

(1.4 x 10 90

I (K'(892) p ) /I totai

DOCUMENT ID TECN COMMENT

AL8RECHT 91E ARG e+ e ~ T(4S)

VAL UE CL% DOC UMEN T ID TECN COMM EN T

(4.6 x 10 90 ALBRECHT 91B ARG e+ e ~ T(4S)
~ e ~ We do not use the following data for averages, fits, iimits, etc. e ~ ~

&5.8 x 10 4 90 5 AVERY 89B CLEO e+ e ~ T(4S)
&9.6 x 10 4 90 160 AVERY 87 C LEO e+ e T(4S)

AVERY 89B reports & 6.7 x 10 assuming the T(4S) decays 43% to 8 8 . We
rescale to 50%.
AVERY 87 reports & 1.2 x 10 assuming the T(4S) decays 40% to 8 8 . We rescale
to 50%.

I (K (892)s fj(980})/I total I 7s/I
CL%VAL UE DOCLIMENT ID TECN COMMENT

&1.7 x 10 90 161 AVERY 89B CLEO e+ e —+ T(4S)
AVERY 89B reports & 2.0 x 10 assuming the T(4S) decays 43% to 8 8 . We
rescale to 50%.

I (Kt{1400)+sf )/I totai
VAL UE

(1.1 x 10
CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 91B ARG e+ e ~ T(4S)

I (K at(1260)+)/I totai
CL% DOCUMENT ID TECN COM M EN T

0 162 ABREU 95N DLPH e+ e -~ Z

VAL UE

t&3.9 K 10 4

Assumes a 8, 8 production fraction of 0.39 and a Bs production fraction of 0.12.
Contributions from 8 and 8 decays cannot be separated. Limits are given for the5
weighted average of the decay rates for the two neutral 8 mesons.

r(K"(892)s K+K )/I I 7s/I
VAL UE

(S.l x 10 4

I (K'(892)s $) /I total

CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 91E ARG e+ e ~ T(4S)

I 7g/I
VAL UE CL% DOCUMENT ID TECN COMMENT

&4.3 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.2 x 10 90 ALBRECHT 91B ARG e+ e ~ T(4S)
&3,8 x 10 90 163 AVERY 89B CLEO e+ e ~ T(4S)
&3.8 x 10 90 AVERY 87 CLEO e+ e ~ T(4S)

AVERY 89B reports ( 4.4 x 10 assuming the T(4S) decays 43% to 8 8 . We
rescale to 50%.
AVERY 87 reports & 4.7 x 10 assuming the T(4S) decays 40% to 8 8 . We rescale
to 50%.

I (Kt(1400)o ps)/I total
VAL UE

(3 0 x 10
CL%

90

DOCUMENT ID

ALBRECHT

TECN COMMENT

91B ARG e+ e ~ T(4S)

VAL UE

t(2.1 x 10
133Assumes a BO, 8 production fraction of 0.39 and a Bs production fraction of 0.12.

Contributions from 8 and 8 decays cannot be separated. Limits are given for the5
weighted average of the decay rates for the two neutral 8 mesons.

VALUE CL% DOCUMENT ID TECN COMMENT

(0.0070 90 "ALBRECHT 89G ARG e+ e ~ T(4S)
ALBRECHT 89G reports & 0.0078 assuming the T(4S) decays 45% to 8 80. We
rescale to 50%.

I (Kt(1400}sp) /I total rse/I

I (K2(1430)Sn) /I total I s7/I
VALUE DOCUMENT ID TECN COMMENT

(4.0 x 10 90 6 ALBRECHT 89G ARG e+ e ~ T(4S)
ALBRECHT 89G reports & 4,4 x 10 assuming the T(4S) decays 45% to 80 8 . We
rescale to 50%.

CL%

I (K'(1680)Sp) /I total I ss/r
CL%VALUE DOCUMEN T ID TECN COM MEN T

(0.0020 90 ALBRECHT 89G ARG e+ e ~ T(4S)
ALBRECHT 89G ~eports & 0.0022 assuming the T(4S) decays 45% to 8 8 . We
rescale to 50%.

I (Ks(1780) 'Y)/I totai rsg/r
VALUE CL% DOCUMENT ID TECN COMMENT

&0.010 90 171 ALBRECHT 89G ARG e+ e ~ T(4S)
ALBRECHT 89G reports & 0.011 assuming the T(4S) decays 45'/f3 to 8 8 . We rescale
to 50/o.

I (Ka {2045)sp) /I, o„i I gti/I
VAL UE DOCUMENT ID TECN COMMENT

&0.0043 90 172 ALBRECHT 89G ARG e+ e -~ T(4S)
ALBRECHT 89G reports ( 0.0048 assuming the T(4S) decays 45% to 8 8 . We
rescale to 50%.

CL %o

r (4I4) /rtotai
VAL UE

(3.9 x 10

r (x+ w-) /rtotai

CL%

90

DOCUMENT ID

ASNER

TECN COM MEN T

96 Cl E2 e+ e T(4S)

I ga/I
VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

(20K 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
~ ~ e We do not use the following data for averages, fits, iimits, etc. ~ ~ ~

&5.5 x 10 5 90 1'3 ABREU 95N DLPH e+ e — Z
&4.7 x 10 5 90 AKERS 94L OPAL e+ e —~ Z
&2.9 x 10 90 BATTLE 93 CLE2 e+ e ~ T(4S)
&13x 10 4 90 175 ALBRECHT 90B ARG e+ e T(4S)
&7.7 x 10 5 90 176 BORTOLETTO89 CLEO e+ e ~ T(4S)
&2.6 x 10 4 90 176 BEBEK 87 CLEO e+ e ~ T(4S)
&5 x 10 90 4 GILES 84 CLEO e+ e — T(4S)

Assumes a 8, 8 production fraction of 0.39 and a Bz production fraction of 0.12.
Assumes B(Z ~ bb) = 0.217 and Bd (8 ) fraction 39.5% (12%).

5Assumes equal production of 8 8 and 8+ 8 at T(4S).
Paper assumes the T(4S) decays 43% to 8 8, We rescale to 50%.

r(sf sf )/r„„i I g3/I

CL%VAL UE DOCUMENT ID TECN COMMENT

(0.0043 90 ALBRECHT 89G ARG e+ e ~ T(4S)
ALBRECHT 89G reports & 0.0048 assuming the T(4S) decays 45% to 8 ~B. We
rescale to 50%.

r(K1(1400) OI)/rtotai
CL%VAL UE

&5.0 x 10 90

VAL UE

&1.1 x 10
CL%

90

I (K2(1430)sps) /I totai

DOCUMENT ID

ALBRECHT

DOCUMENT ID TECN

ALBRECHT 91B ARG

COMMENT

e+ e ~ T(4S)

TECN COMM EN T

91B ARG e+ e ~ T(4S)

I st/I

I sa/I

VALUE CL% DOCUMENT ID TECN COMMENT

(0.91 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
~ e ~ We do not use the following data for averages, fits, iimits, etc. ~ ~ e

&6.0 x 10 90 7 ACCIARRI 95H L3 e+ e ~ Z

7ACCIARRI 95l-I assumes fBp —39.5+ 4, 0 and fB = 12.0 6 3,0%.
5

r(fltf )/rtotai I 94/l

r(K2(1430) fit)/rtotai I ss/I
VAL UE

&1.4 x 10

I (K (892}S'Y)/I totai

CL%

90

DOCUMENT ID

ALBRECHT

TECN COMMEN T

91B ARG e+ e ~ T(4S)

VALUE {Ijnits 1P )

4.0+1.7+0.8
CL% EVTS DOCUMENT ID

8 165 AMMAR

TECN COMM EN T

93 CLE2 e+ e
T(4s)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

42 90 ALBRECHT 89G ARG e+ e
T(4S)

90 166 AVFRY 89B CLEO e+ e
T(4s)

90 AVERY 87 CLEO e+ e
T(4S)

24

&210

5AMMAR 93 observed 6,6 + 2.8 events above background.
AVERY 89B reports & 2.8 x 10 assuming the T(4S) decays 43% to 8 8 . We
rescale to 50%.

r (99)/rtotai
CL o%VALUE

(41 x 10 4 90

180ACCIARRI 95H assumes f

I ge/I
DOCUMENT ID 7ECN COMMENT

ACCIARRI 95H L3 e+ e —t Z

= 39.5 + 4.0 and fB —12.0 + 3.0%.
5

r (x+~-~')/r, .„,
VALLIE CL% DOCUMENT ID TECN COMMENT

(72 x 10 4 9Q 181 ALBRECHT 90B ARG e+ e ~ T(4S)
ALBRECHT 90B limit assumes equal production of 8 8 and 8+ 8 at T(4S).

rge/r

VALUE CL% DOCUMENT ID TECN COMMENT

(2.5 x 10 4 90 178 ACCIARRI 95H L3 e+ e
—~ Z

~ ~ e We do not use the following data for averages, fits, limits, etc. e ~ e

&1.8 x 10 90 ALBRECHT 90B ARG e+ e ~ T(4S)
ACCIARRI 95H assumes fBp

—39,5 + 4.0 and f8 —12.0 + 3.0%.
5

ALBRECHT 90B limit assumes equal production of 8 8 and 8+ 8 at T(4S).
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r (p'»') lrtotai I g7/I I (a1(1260) p )/l 1 tai I tog/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&2.1 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4.0 x 10 90 ALBRECHT 908 ARG e+ e ~ T(45)
ALBRECHT 908 limit assumes equal production of 8 ~B and 8+ 8 at T(4S).

r(p+ ')/rt. i rgs/r

r (a1(1260)+»+)/I total rlol/r
VALUE CL% DOCUMENT ID TECN COMMENT

&4.9 x 10 4 90 BORTOLETTO89 CI EO e+ e ~ T(4S)
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6.3 x 10 4 90 ALBRECHT 908 ARG e+ e ~ T(4S)
&1.0 x 10 90 BEBEK 87 CLEO e+ e ~ T(4S)

Paper assumes the T(45) decays 43% to 8 8 . We rescale to 50%.
ALBRECHT 908 limit assumes equal production of 8 8 and 8+ 8 at T(4S).

r(a2(1320)+»+)/I total
VALUE CL% DOCUMENT ID TECN

&30x10 4 9Q BORTOLETTO89 CLEO
~ ~ o We do not use the following data for averages, fits, limits,

&14 x 10 9Q 191 BEBEK 87 CLEO

1Paper assumes the T(4S) decays 43% to 8 8 . We rescale

r102/r
COMMENT

e+ e ~ T(4S)
etc. ~ ~ ~

e+ e ~ T(4S)
to 50%

r(»+»- »'»ll)/r, .„,
VALUE CL% DOCUMENT ID

&3.1 x 10 90 ALBRECHT

ALBRECHT 908 limit assumes equal production

r(P P )/rtotal

rloS/r
TECN COMM EN T

908 ARG e+ e ~ T(4S)
of 808 and B+ 8 at T(4S).

rlo4/r
VALUE CL% DOCUMEIV T ID TECIV COMMEN T

&2.2 x 10 90 ALBRECHT 908 ARG e+ e ~ T{4S)
ALBRECHT 908 limit assumes equal production of 8 8 and 8+ 8 at T(4S).

I (a1(1260)o»o)/I total
VALUE CL% DOCLIMENT ID

&1.1 x 10 90 '94 ALBRECH T

ALBRECHT 908 limit assumes equal production

r (fd»') /rtotai

rtos/r
TECN COMM EN T

908 ARG e+ e T(4S)
of 8 8 and 8+ 8 at T(4S).

I 106/I
VALUE CL% DOCUMENT ID TECN COMMEN T

&4.6 x 10 90 ALBRECHT 908 ARG e+ e ~ T(4S)
ALBRECHT 908 limit assumes equal production of 8 8 and 8+ 8 at T(4S).

VAL UE CL% DOCUMENT ID TECN COMMENT

&8.8 x 10 90 ASNER 96 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&5.2 x 10 4 90 ALBRECHT' 908 ARG e+ e -~ T(4S)
&52 x 10 90 BEBEK 87 CLEO e+ e ~ T(4S)

ALBRECHT 908 limit assumes equal production of 8 8 and 8+ 8 at T(4S).
BEBEK 87 reports & 6.1 x 10 assuming the T(45) decays 43% to 8 8 . We rescale
to 50%.

r(»+»-»+»-) /r„„, rgg/r
VALUE CL% DOCUMENT ID TECN COMMENT

&2.8 x 10 t90

5 ABREU 95N DLPH e+ e ~ Z
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6.7 x 1Q 4 9p 186 ALBRFCHT 9Q8 ARG e+ e
——s T(45)

Assumes a BBprodu, ction fraction of 0.39 and a Bs production fraction of 0.12.
6ALBRECHT 908 limit assumes equal production of 8 8 and 8+ 8 at T(4S).

r (P'P') /rtotai
VALUE CL%o DOCUMENT ID TECN COMMEN T

&2.8 x 10 4 90 ALBRECHT 908 ARG e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.9 x 10 gp 188 BORTOLETTO89 CLEO e+ e ~ T(4S)
&4.3 x 10 4 90 188 BEBEK 87 CLEO e+ e ~ T(4S)

ALBRECHT 908 limit assumes equal production of 8 ~B and 8+ 8 at T(4S).
Paper assumes the T(4S) decays 43% to 8 8 . We rescale to 50%.

VAL UE CL% DOCUMENT ID TECN COMMENT

&24x 10 90 ALBRECHT 908 ARG e+ e ~ T(4S)
ALBRECHT 908 limit assumes equal production of 8 8 and 8+ 8 at T(4S).

r(»+»+»+»-»-»-)/r„„i
VAL UE CL% DOCUMENT ID TECN COMMENT

&3.0 x 10 90 ALBRECHT 908 ARG e+ e ~ T(45)
ALBRECHT 908 limit assumes equal production of 8 ~B and 8+ 8 at T(4S).

rllolr

r (a1(1260)+a1(1260) ) /I total
VAL UE CL % DOCUMEIV T ID TECN COMMENT

&2.8 x 10 90 BORTOLETTO89 CLEO e+ e a T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6.0 x 10 90 ALBRECHT 908 ARG e+ e ~ T(4S)
BORTOLETTO 89 reports & 3.2 x 10 assuming the T(4'S) decays 43% to 8 ~B

We rescale to 50%.
ALBRECHT 908 limit assumes equal production of 8 8 and 8+ 8 at T(45).

r (»+»+»+»-»-»- »')/rt~„
VAL UE CL% DOCUMENT ID TECN COMMENT

&11x10—2 90 ALBRECHT 908 ARG e+ e ~ T{4S)
ALBRECHT 908 limit assumes equal production of 8 8 and 8+ 8 at T(4S).

I 112/I

r (p p) Irtota I r113/r

r(pp»+» )lrtot. i r114/r
VALUE (units 10 4) CL% DOCUMENT ID TECN COMMENT

&2.5 90 BEBEK 89 CLEO e+ e -~ T(4S)
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&9.5 t90ABREU 95N DLPH e+ e ~ Z
5.4 + 1.8+ 2.0 208 ALBRECHT 88F ARG e+ e ~ T(4S)

BEBEK 89 reports & 2.9 x 10 assuming the T(4S) decays 43% to 8 ~B. We rescale
to 50%.
Assumes a B, B production fraction of 0.39 and a Bs production fraction of 0.12.
ALBRECHT 88F reports 6.0 + 2.0 + 2.2 assuming the T(4S) decays 45% to 8 8
We rescale to 50%.

r(P~» )lrtotai rlls/r
CL%VAL UE DOCUMENT ID TECN COMMENT

&1.8 x 10 4 90 ALBRECHT 88F ARG e+ e ~ T(4S)
ALBRECHT 88F reports & 2.0 x 10 assuming the T(4S) decays 45% to 8 8 . We
rescale to 50%.

r(& & )/rtotai r 116/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0015 90 BORTOLETTO89 CLEO e+ e ~ T(4S)
BORTOLETTO 89 reports & 0.0018 assuming T(4S) decays 43% to 8 8 . We rescale
to 50%.

r(a++ a—
)lr„„,

VAL UE DOCUMENT ID TECN COMMENT

&1.1 x 10 4 90 2 BORTOLETTO89 CLEO e+ e ~ T(4S)
BORTOLETTO 89 reports & 1.3 x 10 assuming T(4S) decays 43% to 8 ~B. We
re".9cale to 50%.

CL%

r(T;—~++)/r, .„, rU.s/"
CL%VAL UE DOCUMENT ID TECN COMMENT

&0.0012 9P 212 PROCARIO 94 CLE2 e+ e —~ T(4S)
PROCARIO 94 reports & 0.0012 for B(A+ ~ pK sr+) = 0.043. We rescale to our

C

best value B(A+ ~ pK 7r+) =. 0.044.

VAL UE CL% DOCUMENT ID TECN COMMENT

&3.4 x 10 90 BORTOLETTO89 CLEO e+ e -~ T(4S)
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.5 x 10 t90ABREU 95N DLPH e+ e ~ Z
&1.2 x 10 4 90 ALBRECHT 88F ARG e+ e ~ T(4S)
&1.7 x 10 4 90 2 BEBEK 87 CLEO e+ e ~ T(45)

Paper assumes the T(4S) decays 43% to 8 8 . We rescale to 50%.
Assumes a B, B production fraction of 0.39 and a Bs production fraction of 0.12.
ALBRECHT 88F reports & 1.3 x 10 assuming the T(4S) decays 45% to 8 8 . We
rescale to 50%.

I (»+»+»»»0)/rtotal
VAL UE CL% DOCUMEN T ID

&9.0 x 10 90 196 ALBRFCHT

ALBRECHT 908 limit assumes equal production

I (a1(1260)+P )/rtotai
VAL UE CL% DOCUMENT ID

&3.4 x 10 90 197 ALBRECHT

ALBRECHT 908 limit assumes equal production

rotor/r

TECN COMMEN T

908 ARG e+ e ~ T(4S)
of 8 8 and 8+ 8 at T(4S).

rtos/r
TECN COMMEN T

908 ARG e+ e ~ T(4S)
of 8 ~B and 8+ 8 at T(4S).

r(77}/rtotal rllg/r
Test for 8, 8 = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL% DOCUMEN T ID TECN COMMENT

&3.9 x 10 90 213 ACCIARRI 95i L3 e+ e ~ Z

ACCIARRI 951 assumes fBO ——39.5 + 4.0 and fB —12.0 + 3.0%.
5
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r(e+ e-)/r, .„, r12o/r
Test for DB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL% DOCUMENT ID TECN COMMENT

&5.9 x 10 6 90 AMMAR 94 CLE2 e+ e ~ T(45)
~ o e We do not use the following data for averages, fits, limits, etc. ~ ~ o

&2.6 x 10 90 AVERY 89e CLEO e+ e ~ T(45)
&7.6 x 10 90 ALBRECHT 87D ARG e+ e ~ T(45)
&64 x 10 90 AVERY 87 CLEO e+ e ~ T(45)
&3 x 10 90 GILES 84 CLEO Repl. by AVERY 87

AVERY 89B reports & 3 x 10 assuming the T(45) decays 43% to 8 8 . We rescale
to 50%.
ALBRECHT 87D reports & 8.5 x 10 assuming the T{45)decays 45% to 80~B. We
rescale to 50%.
AVERY 87 reports & 8 x 10 assuming the T(45) decays 40% to 8 8 . We rescale
to 50%.

I (p+ p )/rao~, I 121/I

I (Koe+e )/I1o1g I 122/I

Test for EB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL% DOCUMENT ID TECN COMMENT

&5.9x 10 6 90 AMMAR 94 CLE2 e+ e ~ T(45)
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

83x10—6 90 ALBAJAR 91c UA1 Ecm= 630 GeV

&1.2 x 10 90 ALBA JA R 91C UA1 Ecmp —630 GeV

&4.3 x 10 90 1 AVERY 89B CLEO e+ e ~ T(45)
&45 x 10 90 0 ALBRECHT 87D ARG e+ e ~ T(45)
&7.7 x 10 90 AVERY 87 CLEO e+ e ~ T(45)
&2 x10 4 90 GILES 84 CLEO Repl. by AVERY 87

8 and 8 are not separated.
S

Obtained from unseparated 8 and 8 measurement by assuming a 8:8 ratio 2:1.S S
AVERY 898 reports & 5 x 10 assuming the T(45) decays 43% to 8 ~B. We rescale
to 50%.
ALBRECHT 87D reports & 5 x 10 assuming the T(45) decays 45% to 8 8 . We
rescale to 50%.
AVERY 87 reports & 9 x 10 assuming the T(45) decays 40% to 8 8 . We rescale
to 50%.

r(e '+)/raotai
Test of lepton

VALUE

&5.3x 10 4

r(p+'+)/rao1. i

Test of lepton
VALUE

(8.3 x 10

family number conservation.
CL% DOCUMENT ID

90 AMMAR

family number conservation.
CL% DOCUMENT ID

90 AMMAR

r 122/r

TECN COMMENT

94 CLF2 e+ e ~ T(45)

r12s/r

TECN COMMENT

94 CLE2 e+ e -~ T(45)

I1/I InBo~ D' p+
VALUE EVTS

0.9360.0560.05 76

DOCUMENT ID

ALAM

TECN COMMENT

94 CLE2 e+ e T(45)

80-~B MIXING

For a discussion of 8 -8 mixing see the note on "8 -8 Mixing and CP
Violation in 8 Decay" below.

Xd
This 8 -8 mixing parameter is the the probability (integrated over time) that a
produced 8 (or 8 ) decays as a 8 (or 8 ), e.g. for inclusive lepton decays

~d = r(8o e
—

X {via 8 ))/r(8 e+X)
= I (80 — e+ X (via 80) ) /I (~B — e+ X)

Where experiments have measured the parameter r = &j(1—&), we have converted to
X. Mixing violates the AB g 2 rule.

POLARIZATION IN 80 DECAY

I 1/I In Bo ~ i/@{15}K'{892}o
I ~/f = 1[0] would indicate that 8 ~ l/Q(15) K*{892) followed by K*(892)
K vr is a pure CP eigenstate with CP = —1[+1].5

VALUE EVTS DOCUMENT ID TECN COMMENT

0.76+0.07 OUR AVERAGE
0.65 +0,10+0.04 65 ABE 95Z CDF pp at 1.8 TeV
0.80 40.08 +0.05 42 8 ALAM 94 CLE2 e+ e —a T(45)
0.97+0.16+0.15 13 228 ALBRECHT 94G ARG e+ e ~ T(45)

Averaged over an admixture of 8 and 8+ decays.

Test for AB =
tions.

VALUE

&30x10 4
o ~ ~ We do not use

&5.2 x 10 4

222 AVERY 87 reports
to 50%.

1 weak neutral current. Allowed by higher-order electroweak interac-

CL% DOCUMENT ID TECN COMMENT

90 ALBRECHT 91E ARG e+ e ~ T(45)
the following data for averages, fits, limits, etc. ~ ~ ~

90 AVERY 87 CLEO e+ e ~ T(45)
& 6.5x10 assuming the T(45) decays 40% to 8 8 . We rescale

Note that the measurement of X at energies higher than the T(45) have not separated

&d from Xs where the subscripts indicate 8 (bd) or 8 (bs). They are listed in the0

8 -8 MIXING section.
S S

The experiments at T(45) make an assumption about the 8 8 fraction and about
the ratio of the B and 8 semileptonic branching ratios (usually that it equals one).

OUR EVALUATION includes &d calculated from DmBp and rBp.

r(Ko~+ p )/r1o1. ( r122/r
Test for 6, 8 =
tions.

VALUE

&3.6 x 10
~ o ~ We do not use

&52 x 10 4

AVERY 87 reports
to 50%

1 weak neutral current. Allowed by higher-order electroweak interac-

CL% DOCUMENT ID TECN COMMENT

90 AVERY 87 CLEO e+ e ~ T{45)
the following data for averages, fits, limits, etc. ~ ~ ~

90 ALBRECHT 91E ARG e+ e ~ T(45)
& 4.5x10 assuming the T(45) decays 40% to 8 8 . We rescale

I (K'(892) e+e )/I aoaa~ I 12a/r
Test for AB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL%

&2.9 x 10 4 90

DOCUMENT ID TECN COMMENT

ALBRECHT 91E ARG e+ e ~ T(45)

r(K (8»)'p+W )/r1o1ai
VALUE CL% DOCUMENT ID TECN

&2.3 x 10 90 ALBAJAR 91C UA1

~ ~ ~ We do not use the following data for averages, fits, limits,

&3.4 x 10 4 90 ALBRECHT 91E ARG

Al BAJAR 91C assumes 36% of b quarks give 8 mesons.

r(e+ p+)/raotal

r126/r
COMMENT

Ecrn —630 GeV

etc. ~ ~ ~

e+ e- -- r(45)

I 126/I
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID TECN COMMENT

&59x10 6 90 AMMAR 94 CLE2 e+ e ~ T(45)
o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

&3,4 x 10 90 AVERY 89B CLEO e+ e ~ T(45)
&4.5 x 10 90 226 ALBRECHT 87D ARG e+ e ~ 7 (45)
&7.7 x 10 90 AVERY 87 CLEO e+ e ~ T(45)
&3 x 10 90 GILES 84 CLEO Repl. by AVERY 87

Paper assumes the T(45) decays 43% to 8 8 . We rescale to 50%.
ALBRECHT 87D reports & 5 x 10 assuming the T(45) decays 45% to 8 8 . We
rescale to 50%.
AVERY 87 reports & 9 x 10 assuming the T(45) decays 40% to 8 8 . We rescale
to 50%.

TECN COMMENTVALUE CL%

0.175+0.016 OUR EVALUATION
0.156+0.024 OUR AVERAGE

0.16 +0.04 +0.04 ALBRECHT 94 ARG e+ e ~ T{45)
0.149+0.023 +0.022 BARTELT 93 CLE2 e+ e -~ T(45)
0.1714 0.048 ALBRECHT 92L ARG e+ e ~ %(45)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

0.24 +0.12 ELSEN 90 JADE e+ e 35—44 GeV

0.158 0 059 ARTUSO 89 CLEO e+ e -~ T(45)
0.17 +0.05 ALBRECHT 871 ARG e+ e ~ T(45)

&0.19 90 3 BEAN 878 CLEO e+ e ~ r(45)
&0.27 90 AVERY 84 CLEO e+ e ~ T(45)

ALBRECHT 94 reports r=0.194 + 0.062 + 0.054. We convert to & for comparison. Uses

tagged events (lepton + pion from O*).
BARTELT 93 analysis performed using tagged events (lepton+pion from 0*). Using

dilepton events they obtain 0.157 + 0.016—0.028'
ALBRECHT 92L is a combined measurement employing several lepton-based techniques.
It uses all previous ARGUS data in addition to new data and therefore supersedes AL-
BRECHT 871. A value of r = 20.6 + 7.0% is directly measured. The value can be used
to measure x= DM/f = 0.72+ 0.15 for the Bd meson. Assumes f+ /f0 —1.0 3: 0,05
and uses r By/rBp —{0.95 + 0.14) (f~ /f0).
These experiments see a combination of Bs and Bd mesons.

ALBRECHT 871 is inclusive measurement with like-sign dileptons, with tagged 8 decays
plus leptons, and one fully reconstructed event. Measures r=0.21 + 0.08. We convert
to X for comparison. Superseded by ALBRECHT 921.
BEAN 87EI measured r & 0.24; we converted to X.
Same-sign dilepton events. Limit assumes semileptonic BR for 8+ and 8 equal. If

8 /8+ ratio &0.58, no limit exists. The limit was corrected in BEAN 87B from r
0.30 to r & 0.37. We converted this limit to X'.
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h, mgo —
m@0 —mgo8 L

DmBp is the B -B oscillation frequency in time-dependent mixing experiments.

OUR EVALUATION includes DmBp calculated from &~ and 7Bp.

\IALUE (10 It s ) EVTS DOCUMENT ID TECN COMM EN T

0.474+0.031 OUR EVALUATION
0.50 +0.04 OUR AVERAGE

0.496 +0.046 236 AKERS 95j OPAL

0.50 +0.12 +0.06 237 ABREU 94M DLPH

0 50 +0 07 +0 ~ 11—0.06 —0.10
238 BUSKULIC 94' ALEP

0 52 +0.10 +0.04—0.11 —0.03 BUSKULIC 93K ALEP

~ ~ ~ We do not use the following data for averages, fits, limits,

e+e— z
e+e— z
e+e — Z

e+e— z
etc. ~ ~ ~

() 462+ 0.040 +0.052—0.053 —0.035
238 AKERS 95j OPAL e+ e ~ Z

0.508 4 0.075 +0.025 AKERS 94C OPAL e+ e ~ Z

0.57 +0.11 +0.02 153 AKERS 94H OPAL e+ e ~ Z

6This AKERS 95) value combines the jet charge measurement, D*+ lepton correlation
measurement, and dilepton measurement from OPAL taking into account common sys-
tematic errors.
ABREU 94M uses D*+ and hemisphere charges.

8 Uses dileptons.
9Uses D*+ lepton correlations.

AKERS 94C uses D*+E+ events and jet charge.

B —B MIXING AND CP VIOLATION IN B DECAY

(by H. Quinn, SLAC)

The neutral B meson system is like the neutral kaon system,

in that two CP-conjugate states exist. For early work on CP
violation in the B system see Ref. 1. The mass eigenstates are

not CP eigenstates, but are mixtures of the two CP-conjugate
quark states, the mixing being due to box diagrams, shown in

Figure 1. The two mass eigenstates can be written

l&r. ) =pl&") + v B"),
@0) =pl&') —vl&')

Here H and I stand for Heavy and Light, respectively.

xy = Bm8p/I gp
This section combines results from the previous two sections.

Time integrated mixing measurements of X determine this quantity directly via

Atty p

(
x )~/2

while time-dependent mixing measurements determine EmBp —m p
—m p which

H L

are combined with r Bp to give

(m&P ™&P)rEIP
BP H L

l p Fi,

(b)

u, c, t

EE, c, t

u, c, t

DOCUMENT ID

The averaging takes into account the common systematic errors on the LEP experi-
ments due to ~Bp.

VAL UE TECN COMMEN T

0.73+0.05 OUR AVERAGE

0.77 +0.07+ 0.03 241 AKERS 95) OPAL e+e ~ Z
0.78+ 0.21 +0.03 ABREU 94M DLPH e+ e Z
0.69+0.18 242 ALBRECHT 94 ARG e+ e ~ T(4S)
0.78+ ' +0 03—0.18 BUSKULIC 94B ALEP e+ e ~ Z

0.65+ 0.10 242 BARTELT 93 CI E2 e+ e ~ T(45)
0.81+ ' +0.03—0.18 BUSKULIC 93K ALEP e+ e ~ Z

0.72+ 0.15 242 ALBRECHT 92L ARG e+ e ~ T(45')

Value is their DmBp measurement combined with 7 Bp —(1.56 + 0.06) ps, the average

from this edition. The systematic error on ~B and is common to experiments bearing
this footnote. The averaging takes this into account.
Derived from time-integrated mixing parameter &.

u, c, t

Figure 1: Mixing Diagrams.

r = (r~+ r,)/2, ar = r„—r, . (2)

Whereas in the kaon case the lifetimes of the two eigenstates

are significantly different and the difference in masses between

t,hem is small, in the B syst, em it is t,he mass differences that

dominate the physics, and the two states have nearly equal

predicted widths (and thus lifetimes).

The difference between the widths of the two eigenst, ates is

produced by the contributions from channels to which both B"
and Be can decay. These have branching; ratios of G(10 ) [2j.
Furthermore there are contributions of both signs to the differ-

ence, so there is no reason that the net effect should be much

larger than the individual terms. Conservatively, one expects

Ar/r & 10 2. Experimentally no eff'ect of a difference in life-

times has been observed. In what, follows, we neglect any effect, s

from AI, except where explicitly stated. We define also

M —= (MH + Mi, )/2, AM—:M~ —Mz,
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The proper time evolution of an initially (t = 0) pure Bo or

B is given by

B,&„.,(t)) =

respectively decaying to the observed mode. If we assume that
X, = 0.5 and 8d/(8) = 8,/(8) = 1, Eq. (7) can be used to
determine f, as discussed in the note on Production and Decay
of b-I"lavored Hadrons. "

exp( —I' t/2) exp( —iMt)

x {cos(AMt/2)[B ) + i,(q/p) sin(AMt/2)[B )}

IB,'h, .(t)) =

exp( —I' t/2) exp( —iMt)

x {i(p/q) sin(AMt/2)[B") + cos(AMt/2) [B")) . (4)

The probability that an initial B" (B") decays as a B" (B") is

thus

P(t) = 2e '(1 —cos(AMt)) (5)

where we have used [p/q[ = 1 which is true when we neglect

the effects of AI'. Time-dependent mixing measurements are

now being done; earlier experiments measured only the time-

integrated mixing, which is parameterized by a parameter Xd

for B~ (i e. , B") an.d X,, for B, (i.e. , B, ) The quant. ity X

measures the total probability that a created B" decays as a
B"; it is given by

oo

P, (t)dt =
2 I+z2~

Bd 8,~B:frl (8)
~d + fs (8)

+8 (7)

Here fd and f, are the fractions of b hadrons that are produced

as B" and B", mesons respectively, and Bd, 8„and (8) are

branching fractions for Bd, B„and the b-hadron admixture

where q = d, 8 and x& —— &, the ratio of the B" —B"
oscillation frequency to the decay rate. The value of xg is about
0.7, not very different from the similar quantity for the K"
which is 0.48. The value of x, is expected to be much larger, so

that the quantity X, will be close to its upper limit of 0.5. This

means that one cannot determine x, accurately by measuring

X, . It will require excellent time resolution to resolve the time-

dependent, mixing of the B", system, and thereby determine

AM~n [3].
In the B —B mixing section of the B" Particle Listings,

we list the X,g measurements, most of which come from T(4S)
data, and the Am&o measurements, which come from Z data,
We average these sections separately, but then include the

results from both sections in "OUR EVALUATION" of g, and

AM&o. We convert both of these sets of measurements and list

them in the x,g section. The xd values obtained from AmBo

measurements have a con&mon syst, ematic error due to t, he error

on r~o. The averaging takes this common systematic error into

account.
In the B",—B", mixing section of the B", Particle Listings,

we give measurements of Xg, the mixing parameter for a
high-energy admixture of b-hadrons

CP violationin R decays —Standard Model predictions:
There are three symmetries of the strong interactions t, hat are
not conserved in weak processes. These are the symmetries C,
charge conjugation, which relates particle to antiparticle, P,
parity, which relates a left-handed particle to a similar right-

handed one, and T, time-reversal invariance, which relates a
process or state to the time-reversed process or state. In all

field theories the product of these three operations, CPT, is

an exact symmetry of the equations of motion. All weak decays
violate P and C, and a very small part of the weak decays also

violate the product CP (and thus T). In the Standard Model

this CP violation occurs because there is a single phase that
remains in the Cabibbo-Kobayashi-Maskawa (CKM) matrix
after all possible field redefinitions that can remove such phases
have been made. In a minimal two-generation Standard Model

no such phase occurs. The presence of CP-violating effects in

K decays was interpreted by Kobayashi and Maskawa in 1973 to

suggest a third quark generation. Other extensions beyond the
minimal Standard Model, such as theories with additional Higgs

multiplets, give further ways to introduce CP violation into the
theory. Hence it is of great interest to study whether the pattern
of CP-violating effects that can be observed in B decays follows

the predictions of the minimal Standard Model, or instead

requires the introduction of beyond Standard Model effects. In

what follows we first discuss the predictions of the minimal

Standard Model. Cosmologists attempting to understand the

process by which the matter-antimatter asymmetry of the
universe arose suggest that additional sources of CP violation

may be needed to give the observed baryon to photon ratio of
the universe [4]. Many models which go beyond the Standard

Model indeed introduce such possibilities; a few of these are

discussed in the final section of this review.

The CKM matrix is the matrix of weak couplings in t, he

three generation Standard Model, expressed in the basis of

quark mass eigenstates. This matrix, which must be unit, ary if

the three generations are the complete t,heory, is discussed in

some detail in a separate article in this Aerie~. Here we need

only remind ourselves of some notation that, is commonly used

in this context. The matrix can be written

V= Vd
V„, V„b)
V, , V,g

Vg,, Vgg )

( 1 —A2/2 A

—A 1 —A2/2

(AA'(1 —p —zg) —AA'

AA (p —irl) )
AA2

1 )
+ O(A') .

The second expression here is a parameterization due to
Wolfenstein [5] with A = sin(0c b;bb„),which is frequently used

in discussing CP-violating efFects. It is given here up to terms
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of order A3, since higher order terms in A are negligible in most

situations. For a way to include higher order terms see Ref. 6.
The unitarity triangle is a simple geometrical representation

of a relationship which results from the unitarity of the three-

generation CKM matrix V:

V„dV„*g+ VcdV, ~ + VgdV)~
——0,

(In fact there are nine such relationships given by the unitarity

of the CKM matrix, but only three are independent conditions

and of those the other two will be more difricult to test because

they have one term that is of order A relative to the others. )

The three complex quantities UdV& form a triangle in the

complex plane. The three angles of this triangle are labeled

td gg cd

p=arg (10)

In terms of t, he Wolfenstein parameters we can also write

fl
tan(o. ) = 2, tan(P) =

( )

tan(p) = — .
P

Uud

Ucd

(0,0) (X,o)

Figure 2: The (rescaled) Unitarity Triangle.

Notice that the sign as well the magnitude of these angles is

meaningful and can be measured.

Figure 2 shows the unitarity triangle, as it is usually drawn,

rescaled by VcdU, &. This makes the base of the triangle real and

of unit, length and the apex of the triangle is then the point(p, q)
in the complex plane. A major aim of CP-violation studies of

B decays is to make enough independent measurements of the

sides and angles that this triangle is overdetermined and thus

to check the validity of the Standard Model. Already a number

of constraints can be made on the basis of present data on

xd, V„~/V,~„and e in K decays. These constraints have been

discussed in many places in the literature; for a recent summary

see Ref. 7. Their exact form depends on the mass of the top

quark and on the range of values allowed for t, he B~ parameter

in 4 decays and the parameter combination B~f& in B decays.

The CKM phases, that is the phases in decay amplitudes

which arise because of the phase in the CKM matrix, are often

called weak phases, in contrast to the phases which arise from

final state rescattering effects, which are referred to as strong

phases. When one compares the amplitude for decay to a CP
eigenstate to that for the related CP conjugate process, the

weak phase P; of each contribution changes sign, while the

strong phase 6, is unchanged:

Direct CP violation is a difference in the direct decay rate
between B ~ f and B ~ f without any contribution from

mixing effects. This requires ~A~ g ~A~, which occurs only if

there is more than one term in the sum Eq. (12), and only if the

two terms have both different weak phases and different strong

phases. A nonzero result for Re e' in K decay is a direct CP-
violation effect. Direct CP violation can occur both in charged

channels and in neutral channels.

In the Standard Model direct CP violation occurs when

there are two sets of diagrams with different weak phases that
contribute to the same decay. There are two major classes of

diagrams that contribute to weak decays, tree diagrams and

penguin diagrams, examples of which are shown in Figure 3.
Tree diagrams are those in which the W does not reconnect to

the quark line from which it was emitted. Penguin diagrams are

loop diagrams in which the W is reabsorbed on the same quark

line, producing a net change of flavor, and a gluon, photon or

Z is emitted from the loop. There may be several different tree

diagrams for a given process, namely emission from the heavy

quark line accompanied by W decay, W exchange between the

initial valence quarks, and/or valence quark-antiquark annihi-

lation to produce the W. However all such contributions which

enter a given transition do so with the same CKM (weak)

phase. Thus, in the Standard Model, direct CP violation oc-

curs because of interference between tree diagrams and penguin

diagrams when these have different weak phases, or, in channels

where there are no tree contributions, it can also arise because

of different weak phases of different penguin contributions, This

latter can be a significant effect for b ~ ssd decays, as is

discussed below.

To calculate the size of expected CP-violation effects one

begins from the relevant quark decay diagrams. In general weak-

decay amplitudes for 6 quarks can be divided into two factors:
a CKM factor given by the CKM-matrix elements that enter

at each W vertex, and a Feynman amplitude from evaluating

the diagram. In addition to the suppression from being loop

diagrams, penguin diagrams for B decay require the emission

of a hard gluon (or photon) from the loop to account for the

mass difference between the 6 quark and the s or d quark

produced when the W is reabsorbed. The Feynman amplitude

of the penguin diagram is thus suppressed relative to tree

diagrams by a factor of order o, (mt)/4n. It, is diKcult to make

firm predictions based on this argument for the strength of
the CP-violating effects in exclusive charged B-decay channels
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(a)

(b)

of semileptonic decays there are no penguin diagram cont, ribu-

tions, and hence, in the approximations used throughout the
discussion above, the CP-conjugate decay rates are equal. An

indirect CP-violating asymmetry would be seen as an charge
asymmetry in the same-sign dilepton events produced via mix-

ing from an incoherent state that initially contains a B B"
pair. This asymmetry vanishes with 6I'; it is expected to be no

larger than 1% in Bg decays. [9].
A simple way to distinguish the three types of CP violation

is to note that direct CP violation occurs when [A/A] g 1,
indirect CP violation requires [q/p[ g 1, but CP violation due

the interference between direct decay and decay after mixing

can occur when both quantities have unit absolute value; it

requires only that their product have a, nonzero weak phase

[1O].

Figure 3: Quark level processes for 6 ~ ccs:
(a) Tree diagram; (b) Penguin diagram. In the
case of elelectroweak penguin contributions, the
gluon is replaced by a Z or a

Neuter a/ H decays ta C'R eigens tates: The decays of neutral
B's into CP eigenstates is of particular interest because many
of these decays allow clean theoretical interpret at ion in terms
of the parameters of the Standard iVlodel [11].We denote such

a state by fop, for example fcp = J/g(IS)Kg or fcI = 7rrt,

and define the amplitudes

because the relationship between the free-quark decay diagrams

and the exclusive meson-decay amplitudes is model dependent.

Furthermore one cannot reliably predict the strong phases that
contribute to the asymmetry.

There are additional CP-violating effects in neutral B
decays which arise from interference between the two paths to
a given fina, l state f

B~ f orB~B~ f
This CP violation in the interference between the mixed and

unmixed decay pat, h s is sonletinles called CP violation due to
interference between mixing and decay. It is similar to the effect

measured by the parameter Im r in K decay. The interference

between the two contributions can produce rate differences

between the decay and its CP conjugate. These effects are of

particular interest because they do not depend upon strong

phases and hence t, he measured asymmetries can be directly
related to the CKM phases. In some channels there can be

direct CP violation in addition to this effect. In such channels

f = (fop ) f = (fcp]B')

For convenience let us introduce the quant ity r fcp,

&fc~
~fez

fcp

In the limit of no CP violation, r fc~ —+1, where t, he sign

is given by the CP eigenvalue of the particular state fcF
(Note that in the literature the quantity rfcp is frequently

denoted by A, but we have chosen to avoid this notation as

it introduces a confusion with the A = sin(6c~~, ;~&b») in the
Wolfenstein parameterization of the CKM matrix. )

The time-dependent rates for initially pure B" or B states
to decay into a final state fop at time t is then given by:

(fcp[B,'hr ,(t))=.
A1cp exp( —I' t/2) exp( —iMt)

x [cos(AMt/2) + ir foe sin(AMt/2)]

the relationship between the measured asymmetry and the

CKM parameters is more complicated. We will briefly discuss

techniques to separat, e such contributions later in this review.

A third type of CP violation, referred to as indirect CP
violation, or CP violation in the mixing, would arise from any

difference in the widths AI of the two mass eigenstates, or more

precisely from complex mixing effect, s that would also give a
nonvanishing lifetinle difference for the two B mass eigenst ates.
Such effects are expected to be tiny in the Bd system. For B, a
small difference in the widths is possible, due to the fact that a
nunlber of the simplest two-body channels contribute only to a
single CP. The difference in widths could be as much as 2O /p

of the total width in the B, system [8]. In the particular case

(f- B;.„(t))=
Afcp exp( —I' t/2) exp( —iMt)(p/p)

x [i sin(AMt/2) + ry cos(AMt/2)]

Thus

r(B,'„„(t)-f„)=
s —rt + lrfcp I' I —&fez

'
A- '

2
+

x cos(AMt) —Im rfcp sin(AMt)

(15)
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r( phd. (t) fcp) =

~2,-rt 1+ ~~for
2 2

Af e
2 2

x cos(AMt) + Im rfc sin(AMt)

The time-dependent CP asymmetry is

r(B ., (t) f ) r(B „., (t) fcI')
r(B,"„,(t) -f„)+ r(Bo,„„,(t) - y )

(17)

and thus

(1 —tr fop ~ ) cos(AMt) —2Im (rfor) sin(AMt)
a t . Igfcp 1+If

When the small difference in width of the two Bd states is

ignored we can write

(V„;Vd)('/") '= (v„,'v,„)'
and thus

q/p
—e»&&M (20)

where 2$&tr denotes the CKM phase of the B Bmixing di—agram.

Further, when there is no direct CP violation in a channel, that

is when all amplitudes that contribute have the same CKM

decay-phase, &t&~, then Afcr/Afop~ = 1. In that case

depends on CKM-matrix parameters only, without hadronic

uncertainties, and can be written rj~p: +e '~»+&~~. Then

Eq. (18) simplifies to

afoot (t) = ~I&n (rfcp) sin(AMt)

= + sin(2(&|&~ + PD)) sin(AMt) (21)

where the overall sign is given by the CP eigenvalue, +1,
of the final state fop The mixing . phase tt&&tt and the decay

phase &t&~ are each convention dependent, that is their value

can be changed by redefining the phases of some of the quark

fields. However Im r f~p depends on convention-independent

combinations of CKM parameters only, and thus from Eq. (21)
one can directly relate the measured CP-violating asymmetry

to the phase of particular combination of CKM-matrix elements

in the Standard Model.

In an e+e B collider running at the 2"(4S) resonance, the

initial B system is produced in a definite CP-eigenstate state
which evolves coherently and thus remains B"B"until such time

as one of the particles decays. The time evolution of the second

particle to decay thus begins at the time of the first decay.

Events where one B decays to a flavor-tagging mode while the

other decays to a CP-study mode can be used to reconstruct the

dependence of the asymmetry on the time between the tagging

decay and the CP-study mode decay. The tagging decay noway

be lat, er, in which case the event is assigned a negative time.

Note that the measurement of time dependence is essential at

such a machine since, in the interesting cases where Eq. (21)
applies, the time-integrated CP asymmetry vanishes.

Hadron machines on the other hand produce uncorrelated

B and B mesons. In that case the time in the above equations

is the time between production and decay, which is always

positive, so time-integrated asymmetries do not vanish. Both
the tagging particle and the particle decaying to the CP-study
mode evolve through mixing, beginning from the time of pro-

duction. Such machines produce many more B's than will an

e+e B factory but the necessity of triggering selections to
isolate B events reduces the effective signal somewhat. In

addition there are significant backgrounds to contend with in

purely hadronic channels, so those channels with leptonic signa-

tures are more readily studied in this environment. The results

from the two types of machines will have many complementary

features.

Extracting CKM parameters from measured asymme
tries: In order to relate the measured asymmetries to the

CKM-matrix parameters one looks at the CKM elements that

appear in the relevant decay amplitudes and in the mixing

diagrams. If the final state of the decay includes a Kg, an addi-

tional contribution from the K-mixing phase must be included

in relating the measured asymmetry to the CKM parameters.

Table 1 gives the CKM factors for the various 6-quark decay

channels. For penguin diagrams the table gives the CKM factor

of the dominant contributions. Unitarity of the CKM matrix

is used to re-express the three different up-type quark loop

contributions as a sum of two terms, one of which dominates the

contribution. In the case of 6 ~ d processes the subdominant

term is suppressed by a term which vanishes with the difference

between charm and up quark masses. In the case of b —+ 8

decays the subdominant penguin amplitudes are suppressed by

two powers of A relative to the dominant term given here.

The columns labeled "Sample B,~ Modes" and "Sample

B, Modes" list some of the simplest CP-study modes for

each case. (These are either CP eigenstates, or modes from

which CP-eigenstate contributions can be isolated, for exam-

ple by angular analysis. ) The columns labeled "Angle" show

the particular combination of CKM phases tt&~ + 4'&~ that is

measured by the CP-violating asymmetry in these decays,

given as an angle of the unitarity triangle. For most chan-

nels the measured asymmetry in a time-dependent measure-

ment is + sin(2(&f&~ + tt&~)) sin(AMt). For a time-integrated

measurement (uncorrelated production) the asymmetry is

+(xv/(I + z )) sin(2(tt&~ + &t&~)). The sign is given by the
CP eigenvalue of the particular final state studied. (The excep-

tion t, o these statements is the channel DK discussed below. )

In obtaining the results given in the table several simplifying

approximations have been used. Terms of higher order in A =
sin(9~, h;~&h„) have been dropped. Penguin diagrams that occur

at the same order of A as the corresponding tree diagrams are

neglected in stating the relationship of the asymmetry to angles

in the unitarity triangle. The comments below the table state
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where these assumptions are used. Even with these assumptions

there are cases where the tree and penguin diagrams are

expected to give comparable contributions with different CKM

phases. For these decays, as with other direct CP-violating
processes, there is no simple relationship between the measured

asymmetry and a CKM phase, and thus no entry in the "Angle"

columns in Table 1.
The mode D"K"(892) is listed even though it is not a CP

eigenstate because it has been shown that an analysis of this

mode can be used to extract the angle p [12]. The same type of

analysis can also be applied to charged B decays [13]. However

the relationship between the decay asymmetry and the angle is

not as simple as Eq. (21) in this case. The result will require

accurate measurements of a number of branching ratios.
In the case of the 6 ~ uud + ddd, the penguin con-

tributions occur at the same order in A as the tree di-

agrams and are thus are expected to be small compared
to them because of the cr(mb)/n suppression factor. The

result given in Table 1 makes this approximation. If how-

ever this expectation proves false, so that the contribu-

tions are comparable, one still may be able to extract a measure-
ment of sin(2n) from the vr+x asymmetry. This is achieved by
measuring the rates in several isospin-related channels and using

a multiparameter fit to separate tree and penguin contributions
to the amplitudes [14]. The impact of electroweak penguins,
which will not be removed by this analysis [15] is quite small in

this channel. [16] The isospin analysis will require measuring
the decay rate for channel 7r 7r", which will be a challenge. For
the pw decays, if penguins are not negligible, the restrictions
due to isospin can again be used to make a mult, iparameter
fit t, o the p-regions of the Dalitz plot for a+a vr distribu-

t, ion [17]. The interference between different p-charge channels

is significant and may provide suKcient information to allow

the separation of tree and penguin effects and thus extraction of
the parameter n. Such analyses at the very least can be used to
test whether the penguin contributions are indeed small enough

to be neglected in the determination of o. .

In the case 6 —+ ssd there are no tree graph contribut, ions,

The phase of t, he dominant penguin contribution is such that,
combined with mixing effects, it gives a zero asymmetry for

Table 1: B decay modes for CP studies.

Q11ark Process Tree CKM Leading Penguin CKM Sample B~ Modes Bg Angle Sample B, Mod. es B, Angle Comments

6 —+ ccs V V' =AA
Cb r-8 V,~U„*,= AA ,J/y(1S) Ks J/q(1S)~', D, D,,

6 —+ sss V, t, v,*, = AA2

6 ~ Il'lLs v„,v„*,= AA4(p —
&&) V,~V„*,= AA s~0; Ksp y~0, K+K-

6 ~ dds V„~v,*, = AA- Ks~0, Ks p0 KsKs

6~ ccd VFbv'8 ———AA V V* = AA (1 —p+ ig) D+D, ,J/g(1S)~o D0D (t) ,J/g (1S)Ks (d)

6~ ssd V»V, &
——AA3(1 —p+ ig) sKs (c)

v, ,v„*,= AA'(p —i~}
U«U, &

——AA3(1 —p + iq) 0K OK

6 —
& cFJs

V„gvc. = AA3(p —ig)
D~spK*(892) Dcp&

V,~v ~
——AA2

v, ,v,*„=AA4(p —g)
Dcp~ Dc pp

0 0 0 0 D~0pKs

(a, ) Tree and penguin contribute with same weak phase.

(6) Penguin on]y. rare decays.

(c) TrPP, and penguin compete. Isospin a.nalysis may allow extraction of o. , p, for Bg channels, p, 0 for B„where thPSP. angles come from tree and

peng»in contributions respectively. KsKs penguin only, except 0 asymmetry.

(d) Ignoring penguin relative to tree.

(c) Ignoring penguin relative to tree, or using isospin analysis.

(f) Self-tagging K*(892) decay modes can give p when data from Bg ~ D&p, i.e. decays to CP eigenstates, and D — or D identified modes are
combined. Similar results for charged B ~ DK.

(g) Asymmetry in D~p& D~pKs etc. modes is di%cult to relate to CKM anglPS.

(t) D D from rescattering only, rate expected to be small.0—0
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Bd decays and an asymmetry proport, ional to P for B, decays.

However, Gerard and Hou [18] have pointed out that the

sub-dominant penguin terms, proportional to V„gV*&can give

significant direct CP-violation asymmetries for such channels.

Fleischer [19] has estimated that this asymmetry is possibly as

large as 50'Po. While the sub-dominant term in this case would

vanish if the masses of the up quark and the charm quark

were equal, these estimates, based on the actual quark mass

values and operator matrix elements estimated using models,

cannot be excluded. Thus, contrary to some comments in the

literature, observation of CP-violating asymmetries in channels

such as Bd —+ Pz" or K"K" would not necessarily require

beyond-Standard-Model effects to explain them. The B, decays

6 —+ pcs and b ~ s88 are not affected by this argument. In the

first of these the tree terms dominate and the dominant penguin

contributions have the same weak phase as those, so the doubly

Cabibbo-suppressed sub-dominant, penguin contributions are

truly negligible. Even in the second case, where there are no

tree contributions, the sub-dominant penguin terms are again

doubly Cabibbo-suppressed (V„gV*, compared to V,~V,*,) and

thus the possible Standard Model asymmetry is less than a few

percent.
There are some common decay channels of the Bo and

B" which are not CP eigenstates. For example the channel

J/g(IS)K'(892) where the K*(892) ~ Ksir", the final state is

not a CP eigenstate because both even and odd relative angular

momenta between the J/g(IS) and the K*(892) are allowed. If

there is su%cient dat, a one can use angular analysis to separate

the different CP final states and measure the asymmetry in

each [21]. The same applies in many quasi-two-body decays,

such as other vector-vector channels, or those with higher-spin

particles in final states. The branching ratio to these channels

can be significantly larger than the CP-eigenstate (vector-

scalar or scalar-scalar) channels with the same quark content.

Such angular analyses may therefore be important in achieving

accurate values for the parameters n and P.
Additional ways to extract CKM parameters by relation-

ships between rates for channels such as sruti, xK that can

be extracted using SU(3) invariance have received considerable

recent attention in the literature. [20] While these relationships

will be interesting to investigate, the uncertainties introduced

by SU(3) corrections may be significant. The review by Buras

cited above gives a good summary of these ideas.

Beyond Standard -Model efl-'ects: The predictions given

above are all for the Standard Model. Models beyond the

Standard Model may introduce additional contributions to
the mixing amplitudes and thereby destroy the relationships

given here; in addition they may introduce further direct CP
violation.

One model often used as a "straw man" in evaluating the

potential of experimental tests of Standard Model predictions

is the superweak model, which was one of the earliest proposals

for the mechanism of CP violation; in fact it predates the

Standard Model [22]. In the modernized version of this model

it is assumed that the CKM matrix is real and that all CP-
violating eff'ects arise from a contribution to the mixing that
comes from beyond the Standard Model. In this case all the

CP-eigenstate channels for B decay would have the same CP-
violating asymmetry (up to a sign which differs for CP odd a-nd

CP even -channels) [23]. This applies even to those channels

predicted to have zero asymmetry in the Standard Model,

as well as those for which the Standard Model prediction
is complicated by the competition between tree and penguin

contributions. Observation of significantly different asymmetries

in any two neutral B decay CP-eigenstate channels would rule

out such a model. In addition the observation of any asymmetry

in a charged B decay or in a neutral B decay t,o a flavor-tagging

final state would be evidence for direct CP violation [24] and

would exclude the superweak model.

Many other models for the physics beyond the Standard

Model have been discussed in the literature [25]. The most com-

mon additional CP-violating efFect is a new contribution to the

mixing process, due for example to charged Higgs contributions.

The appearance of such contributions in K mixing is already

severely restricted by the neutral-K mass difFerence, However

this does not rule out additional contributions to B mixing

that would destroy the relationship between the mixing phase

and the CKM-matrix elements. This in turn would lead

to violations of the predictions given in Table 1 which are

based on this relationship. Models with additional (exotic or

fourt, h generation) quarks would remove the constraints of the

three-generation mixing matrix and hence lead to the failure of

Eq. (9) and would allow new contributions to B" —B" mixing

and hence lead to the failure of Eq. (19) [26]. Any observed

deviations from the relationships predicted by the Standard

Model will provide a, window on the nature of physics beyond

the Standard Model.

While the discussion above stresses those channels in which

there is a simple relationship between an observed asymmet, ry

and the parameters of the CKM matrix in the Standard Model,

this does not mean that other channels are entirely without

interest. To date CP violation has only been observed in the

neutral K system. Any observation of CP violation in B decays

would be excit, ing. The Standard Model prediction is that direct

CP-violating asymmetries are likely to be at, most a few percent,
so large efFects in these channels would suggest beyond Standard

Model effects. On the other hand, even within the Standard

Model the asymmetries due to the interference between decays

with and without, mixing in the neutral B system can be quite

large; current constraints do not rule out, cases where Im (rj )
is 1. It is likely that study of the many common decay channels

of the B" and the B" will greatly expand our understanding of
the sources of CP violation.
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dilepton events at the T(4S).

Re y a ] N(e e )—N(e e )' '~' = 7f'« =
& N(e+ e+)+N(e- e- )

VAL UE DOCUMENT ID TECN COMMENT

&0.045 BARTELT 93 CLE2 e+ e ~ 7 (4S)
4 BARTELT 93 finds aee —0.031 + 0.096 2 0.032 which corresponds to )aeej ( 0.18,

which yields the above Re(e+0).
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OTHER RELATED PAPERS

+WolfensteinWINSTEIN 93 RMP 65 1113
"The Search for Direct CP Violation"

BERKELMAN 91 ARNPS 41 1 +Stone
"Decays of B Mesons"

M]LLER 90 MPL AS 2683
"Recent Results in B Physics"

SCH]NDLER SS High Energy Electron-Positron Physics 234
Editors: A. Ali and P. Soeding, World Scientific, Singapore

SCHUBERT 87 IHEP-HD/87-7
EPS Conference — Uppsala, Proc. , Vol. 2, p. 791

(CORN, SYRA)

(SLAC)

(HEIDH)

8+/O' ADMIXTURE

B DECAY MODES

Mode Fraction (I;/I )

Scale factor/
Confidence level

Ii
C2

I3
l4
ls
I,

C8

I9
Cio
Cil

C

C14

C15

Cis
I 17
Ci8
C19

Semileptonic and leptonic modes
[a] ( 10.4 +0.4 ) %

g 1.6 x 10

[a] ( 10.3 y0 5 ) o/

[a, b] ( 10.43+0 24) o/o

ing [b] ( 2.7 + 0.8 ) %

ing [b] ( 7.0 + 1,4 )

e+ ve anything

p e+ v, anythin

p, + v&, anything
E+ v~ anything

D E+ vg anyth
Do E+ v~ anyth
D* /+ vg anything
D*0E+ vg anything
D 8+v

D (1)(2420)o f+ vr a nyt hing
D (2)*(2460)o f+ vr anything
D* 7r+ E+ vg anything

D, E+ v~anything

D, E+ v~ K+ anything

D, 1+ v~K anything
E+ vg noncharmed
K+ E+ v~ a n ythin g
K E+ v~ anything
K /K 8+v~anything

[b,c] ( 2.7 + O, 7 )
seen

not seen

( 1.00 +0.34)

[b] & 9

[b] &

[b] & 9

[b]

[b] ( 6.0 +0.5 )
[bl (» +4 )

[b] ( 4.4 +o.s )

x 10

x 10

x 10

0/

x 10

S=i.3
C L=90o/

C L=90%

CL=90%

CL=9O%

O, O, or

C20 D — anything
I 21 D / Do a nything

D*(2010)+anything
I 23 D anything

C24 Ds D, Ds D, Ds D*, or Ds D

(D2010) p
I26 D+7r, D' 7r, D p

D,*+~-, 0,"- ~0, D,*+~0

D,' 9, D,*+~/, D+/0

D,*+po, D+ ~, D,*' ~

0, modes

( 24.2

( S8

( 23. i
[d] ( 8 6

[d] ( 4.9

1.1

+3.3 )
+5 )
+3.3 )
1L1.6 )

+1.1 )

0/

0/

0/

0/

0/

x 10- 3

x10 4

S:1.1
S=1.1

CL=9O%

C L=90%

Charmonium modes
( i.14+o.os)

thing ( 8.0 S 0.8 )

( 3.5 +0.5 )

( 4.2 +0.7 )
thing ( 37 +07 )

3.8

27 J/I/7(1S) anything

J/tt (1S)(direct) any
I 29 Q(2S) anything
I 30 &ci(1P)anything
I 31 Xci(lP) (direct) any

')(.',2(1i ) a~ythi~g
C 33 Sic ( 1S ) a nyt h i n g 9

x 10
x 10
x 10
x 10

x 10

x 10
C L=90%
CL=90%

The branching fraction measurements are for an admixture of B mesons at
the T(4S). The values quoted assume that B(T(4S) ~ BB) = 100%.

For inclusive branching fractions, e.g. , B ~ D+ anything, the treatment
of multiple D's in the final state must be defined. One possiblity would be
to count the number of events with one-or-more D's and divide by the total
number of B's. Another possibility would be to count the total number of
D's and divide by the total number of B's, which is the definition of average

multiplicity. The two definitions are identical when only one of the specified
particles is allowed in the finai state. Even though the "one-or-more"
definition seems sensible, for practical reasons inclusive branching fractions
are almost always measured using the multiplicity definition. For heavy
final state particles, authors call their results inclusive branching fractions
while for light particles some authors call their results multiplicities. In the
B sections, we list all results as inclusive branching fractions, adopting a

multiplicity definition. This means that inclusive branching fractions can
exceed 100% and that inclusive partial widths can exceed total widths,
just as inclusive cross sections can exceed total cross sections.

B modes are charge conjugates of the modes below. Reactions indicate
the weak decay vertex and do not include mixing.

K or K' modes
[d] ( 78.9

( 66

{ 13

[d] ( 64

( i8
hing [d] ( 14.6

+2.5 ) %
+5 )%
y4 )%
+4 )%

)%
+2.6 )%

I 34 K anything
I 35 K+ a nything
I 36 K anything
I 37 K / K anything

K*(892)+anything
K*(892)o / K'(892)o a nyt

I 4o K'(892) p
I 4t Kt(1400) n'

I 42 Ka (1430)p
K2(1770) p

I 44 Ks (1780)p
I 4s K4(2045)p
l46 b~ sy
I 47 b ~ s glLIon

xiO —4

xiO —4

x 10
x 10

x 10

)xio 4

4.1

8.3
1.2
3.0
1.0

( 2.3 +0.7

CL=9O%
CL=90%

CL=9O%

C L=90%
C L=90%

C48

C49

Cso
Csi

7r
+ anything

po anything
~ anything

/anything

Light unflavored meson modes
[d, e] (359 +7 ) %

( 21 +5 )
81

( 3.5 +0.7 ) %

CL=9O%
S=1.8

Cs2

Cs3

Cs4

Css

Css

C57

Cs8

C59

Cso

Csi
Ce2

Ce3

C64

charmed-baryon anything
Z anything

Z anything

Z anything
Z'o /I/(/I/. = p or n)

p/ panything

p/ p(direct) anything
rI/rt anything

/=+ anything
baryons anything

p panything
A p/A panything
/l 8 anything

Baryon modes

(

(

(

[d] (

[d] (

[d] (

[d] (
(

(

[d] (

64 F11 )o/

4.8 +2.5 ) x

1.1
5.2 +2.5 ) x

1.7 x

8.O +0.4 ) %
s.s +0.5 )%
4.0 +0.5 ) %
2.7 +0.6 ) x
6.8 +0.6 ) %
2.47+0.23) %
2.5 +04 ) /o

5 x

10

10

10

10

10

C L=90%

C L =90%

C L =90%

dB = 1 weak neutral
e+ e anything Bl

I 66 p,
+ p, anything Bl

current (81) modes
2.4
2.4

10
10

C L 90o/

CL=9O%

[a] These values are model dependent. See 'Note on Semileptonic Decays'
in the 8+ Particle Listings.

[b] f indicates e or /r mode, not sum over modes.

[c] D** stands for the sum of the D(1'P, ), D(1 ape), D(l sp, ), D(1 sp2),
D(2 'So), and D(2 St) resonances.

[d] The value is for the sum of the charge states of particle/antiparticle states
indicated.

[e] Inclusive branching fractions have a multiplicity definition and can be

greater than 100%.

8+/8 ADMIXTURE BRANCHING RATIOS

I (g+vganything)/I tot l r4/r
These branching fraction values are model dependent. See the note on "Semileptonic
Decays of B Mesons at the beginning of the B+ Particle Listings.

VAL UE DOCUMENT ID TECN COMMENT

0.1043+0.0024 OUR AVERAGE Includes data from the 2 datablocks that follow this
one.

0.108 4 0.002 4 0.0056 HENDERSON 92 CLEO e+ e ~ T(4S)
1 HENDERSON 92 measurement em ploys e and /f, . The systematic error contains 0.004 in

quadrature from model dependence. The authors average a variation of the Isgur, Scora,
Grinstein, and Wise model with that of the Altarelli-Cabibbo-Corbo-Maiani-Martinelli
model for sernileptonic decays to correct the acceptance.

I (e+veanything)/I total
These branching fraction values are model dependent. See the note on "Semileptonic
Decays of B Mesons at the beginning of the B+ Particle Listings.

VAL UE DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

0.104+0.004 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

0.097 +0.005 2 0,004 ALBRECHT 93H ARG e+ e ~ T(4S)
0.1004 0.004+ 0,003 YANAGISAWA 91 CSB2 e+ e ~ T(4S)
0.1034 0.006 2 0.002 4 ALBRECHT 90H ARG e+ e T(4S)
0.117+0.004 +0.010 WACHS 89 CBAL Direct e at T(4S)
0.120 +0.007+0.005 CHEN 84 CLEO Direct e at T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.132+0,008+0,014 KLOPFEN. .. 83B CUSB Direct e at T(4S)
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ALBRERECHT 93H analysis performed usin ta eg gg po y o

( )

4
meson species.

sumptions about the relative prod t'sum tions a
'

uc ion of different B

ALBRECHT 90H uses the muses e model of ALTARELLI 82 to c
+ 0.006 is obtained using ISGUR 89B.

o correct over all lepton momenta.

Using data above p(e) = 2.4 GeV, WACHS 8 /

Ratio o.(b ~ evu avup)/a(b ~ evcharm) &0.055 at CL = 90'/.L = 90%.

WEIGHTED AVERAGE
0.104+0.004 (Error scaled by 1.3)

. ALBRECHT 93H ARG 1.1
x'

YANAGISAWA 91 CSB2 0.6
. ALBRECHT 90H ARG 0.0

WACHS 89 CBAL 1.5
. CHEN 84 CLEO 3 6

6.8
(Confidence Level = 0.149)

0.160.140.120.08 0.18

i (e Ireanything)/I+
total

These branching fraction values are model dependent. Se
I 5/I

D y ofBM o h ba e eginning of the B+ Particlearticle Listings.

The data in this block is includ d
'

DOC UM EN T ID TECN COMM EN T
'

c u e in the avera e ring p ted for a previous datablock.

0.103+0.005 OUR AVERAGE

0.100+ 0.006 +0.002 BRE
0.108+0.006+

ALBRE
0.01 CHEN

BRECHT

0.112+0.009+ 0.01 LEVMAN

ALBRECHT 90H LIuses the model of ALTARELLI
0.097 + 0.006 is obtained using ISGUR 89B.

I (pe+ veanything)/I «tai
VAL UE CL%

(0.0016

90H ARG e+ e r(4S)
84 CLEO Direct p at T(4S)
84 CUSB Direct p at T(4S)

82 to correct over all lepton momenta.

I 2/I
DOCUMENT ID COMM EN T

ALBRECHT 90H ARG +e e -~ T(4S)

I (D tr+ vg anything)/I (g+ vg anything)
8 =eor/c, .

I I

VAL UE

5 4

0.26+0.07+0.04
DOCUMENT ID TECN COMMENT

8

8 FULTON 91 CLEO e+ e

( +- =(K ~ 2r ) =(91+13+K = ( . . +0.4)/0 as measuredby MARK III.

I (D E+vganything)/I (g+vganything)
I=corp, .

I I

VAL UE

6 4

0.67+0.0940.10
DOCUMENT ID TECN COMMENT

9
FUI TON 91 CLEO e+ e

) = (42 + 04 + 0.+ 0.4)% as measured by MARK III.

I (D' l+vganything)/I «tai
VALUE (units 10 Z) 7ECN CO

r, /r
DOCUMENT ID

~ ~ e We do not use the follow'

7 ECN COMMENT

e e o owing data for averages, fits I'

0.6+0.3+0..1 10
e e o ow' s, is, imits, etc. o ~ o

10
BARISH 95 CLE2 e+ e

BARISH 95 use B(D K rr+ = 3.91) =(. +oo +o )% (D*
0 ~

D rr )

I (D 0II+ vcanything)/I totai
VALUE (units 10 2) N C

r, /r
DOCUMENT ID TECN C

~ ~ ~ We do not use the follow'

N COMMENT

e o owing data for averages, fits I'

0.6+ 0.6+ 0..1 11
e o ow', i s, imits, etc. ~ ~ ~

11
BARISH 95 CLE2 e+ e

BARISH 95 use B(D K + —. . . *(-""."}%.(.'- "~-K x ) = (3.91 + 0.08 + 0.1
D vr ) = (63.6 + 2.3 4 3.3)%.

r(o"&+vi)/rtotai

D(2 1S )
CL% EVTS

nces. 8 = e or p, , not sum over e and p modo es.

12
DOCUMENT ID TECN COM MEN T

63 ALBRECHT 93 ARG +
VAL UE

0.027+0.005+0.005

r(D E+vganything)/I t t, t

VAL UE

g0.009
CL% DOCUMENT ID

90 ALBRECHT

'7ALBRBRECHT 93E reports & 0.012 for B(D+ ~
value B(D+ ~ I7I~+) = 0.036.

TECN COM MEN T

93E ARGE ARG e+ e ~ T(4$)
@~+ = 0.027. We rescale to our best

I (D g+ vg K+ anything)/I totai
DOCUMENT ID

90 ALBRECHT

18 ALBRECBRECHT 93E reports & 0.008 for B(D+

value B(D Px+) = 0.036.

TECN COMMENT

93E ARG e+ e ~ T(4S)
@~+) = 0.027. We rescale to our best

I 15/II (D g+vf Knanything)/I t
VAL UE CL% DOCUMEN T ID

g0.009

o NT ID TECN COMMENT

ALBRECHT 93E ARG e+ e ~ T 4S

ALBRECHT 93E reports & 0.012 + ~ ~ ) = p.p27.for B(D ~ p~+) = 0.027.

value B(D+ ) = 0.036.+
) = 0.027. We rescale to our be ts

I (t+ vqnoncharmed)/I (g+ v anythin
E denotes etes e or Ic, , not the sum. These experiments
momentum intervals.

ese experiments measure this ratio in very limited

0VALUE DOCUMENT IID

20
TECN COM MEN T

ALBRECHT 94C ARG e+ e
107 21 BARTELT

e e ~ T'(4S)

77 22
T 93B CLE2 e+ e ~ T' 4S

ALBRECHT 91C ARG e+ e
76 3 FULTON 90

e e —s T'(4S)

aI o o We do not use the folioe o owing data for averages fit, ' ', . ~ oes, i s, limits, etc. o ~ o

41 ALBRECHT 9
&0.04 90

T 90 ARG e+ e T(4S

&0.04
BEHRENDS 87 CLEO e+

90 CHEN 84
e e ~ T(4S)

&0.055 90
84 CLEO Direct e at T(4S)

KLOPFEN. .. 83e CUSB

ALBRECH T 94C find l (b ~ c)/f (b ~ all

3B CUSB Direct e at T(4S)

21 BARTELT 93B (CLEO II m

momentum interval 2 3—2 6 G V
II measures an excess of 1

e c which is attributed to b -~ ul v .
ia ranching ratio AB between l.

'

g e model (KOERNER 88, and
~

( 93). The corresponding values of V

RECHT 91C

b I cbl

RE C result supersedes ALBRECHT 9 .
fr

' ' '
e —+ u transition. Usin

y reconstructed

23 F
~

V /V
I
= 011+0012 from 77 leptons in the 2.3—2.

, they

ULTON 90 observe 76 + 20 excess e
e ..—2.6 GeV momentum range.

and p, (lepton) eve t
e signaling the presence of the b u tr g b

v = .2 6 0.2 + 0.7%.

e e

e ~ ~ We do not use the folle ollowing data for averages fit

&0.028

e oil
'

ges, its, limits, etc. ~ ~ ~

95 13 BARISH 95 CLE2 +

ALB

e e

ALBRECHT 93 assumes the GISW m

V (4S)

mode
e model to correct for unseen

del, t he result becom e 0.02
een modes. Using the BHKT

.00. A B D*+ +s . 3 + 0.006 6 0.

a en their average e and p, value.
K 2r ~ ~+) = 7.5%. We have

BARISH 95 use B(D ~ K n+
cha

K n ) =(391+008+017
c annels are zero, and use GISW model

0, assum e a II nonreson ant
model for relative abundances of D~* states.

I (D(1}(2420)nt+ anything)/I „, I

S88h

DOCUMENT ID TECN CODOC COM MEN T

14 BUSKU

14 BUSKULIC

ULIC 95B re or

95B ALEP e+ e ~ Z

U ports fB x B(B ~ Dl(2420) 8+v an thin

D*( 0 o) +) = (2.04 6 0.58 d= B " Po.58 + 0.34 10 w

I (D(2)'(2460)at+ anything)/I
VAL UE

l K total
DOCUMENT ID

I 11/I

nOt SCCh

TECN COMM EN T

BUSKULIC 95B ALEP +
BUSKULIC 95B re

ALEP e+ e ~ Z t
95B reports fB x B(B D (2460 8+v ythi g) B(D*( 60)

& 0.81 x 10 3 at CL=95'/ '
uc

'

single B charge state.
5 o, where fB is the product' fuc ion rection for a

Includes resonant and nonresnonresona nt contributions.
r„/r

10 0+2 7+2 1 16
DOCUMENT ID TECN COMM EN T

16 BUSKU

16 BUSKULIC 95

LIC 95B re or

16 e ALEP e+e ~ Z

ports fB x B(B D*(2010) rr+f+ rr anythin g) (3 7 6 0 k
mes B

—0.37 + 0,03.
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4ALBRECHT 90 observes 41 + 10 excess e and /4 (lepton) events in the momentum
interval p = 2.3—2.6 GeV signaling the presence of the b ~ u transition. The events
correspond to a model-dependent measurement of

I ub/ cbl —0.10 + 0.01.
The quoted possible limits range from 0.018 to 0.04 for the ratio, depending on which
model or momentum range is chosen. We select the most conservative limit they have
calculated. This corresponds to a limit on

] Vub(/( Vcb) & 0.20. While the endpoint
technique employed is more robust than their previous results in CHEN 84, these results
do not provide a numerical improvement in the limit.

I (K+ C+ vg anything) /r (e+ vg anything) I 17/I 4
E denotes e or p, , not the sum.

VAL UE DOCUMENT ID TECN COMM EN T

0.58 +0.05 OUR AVERAGE

0.594 +0.021+0.056 ALBRECHT 94c ARG e+ e ~ T(4S)
0.54 +0.07 +0.06 ALAM 87B CI EO e+ e y T(4S)

ALAM 87B measurement relies on lepton-kaon correlations.

I (K C+ vg anything)/I (E+ vganything)
E denotes e or p, , not the sum.

rta/I 4

DOCUMENT ID TECN COMMEN TVAL UE

0.092+0.035 OUR AVERAGE

0.0864 0.011+0.044 ALBRECHT 94c ARG e+ e T(4S)
0.10 +0.05 +0.02 27 ALAM 87B CLEO e+ e ~ T(4S)

ALAM 8?B measurement relies on lepton-kaon correlations.

I (Ko/~Kt+ vganything)/I (tr+ vganything) I 19/I 4
E denotes e or y, , not the sum. Sum over K and K states.

VAL UE DOCUMENT ID TECN COMMEN T

0.42 +0.05 OUR AVERAGE

0.452 +0.038+0.056 ALBRECHT 94c ARG e+ e ~ T(4S)
0,39 +0.06 +0.04 29 ALAM 87B CLEO e+ e ~ T'(4S)

ALBRECHT 94C assume a K /K multiplicity twice that of KS'
ALAM 87B measurement relies on lepton-kaon correlations.

r (C/~) /rtotai
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

0.98+ 0.166 0, 12 30 ALAM 87B CLEO e+ e ~ T(4S)
From the difference between K and K+ widths. ALAM 87B measurement relies on
lepton-kaon correlations. It does not consider the possibility of BB mixing. We have
thus removed it from the average.

DOCUMENT ID

I (Do /~D anything) /I tota( rat/r
VALUE EVTS DOCUMENT ID TECN COMMENT

0.58+0.05 OUR AVERAGE Error includes scale factor of 1.1.
0.61:k0.05+0.02 BORTOLETTO92 CLEO e+ e ~ T(4S)
0.51+0.08+0.02 ALBRECHT 91H ARG e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.55+ 0.07+ 0.02 21k 6 BORTOLETTO87 CLEO e+ e ~ T(4S)
0.63 +0.19+0.02 GREEN 83 CLEO Repl. by BORTO-

LETTO 87
BORTOLETTO 92 reports [B(B D /D anything) x B{D K rr+)] = 0.0233+
0.0012+0.0014. We divide by our best value B(D —4 K sr+) = (3.83+0,12}x10
Our first error is their experiment's error and our second error is the systematic error from
using our best value.
ALBRECHT 91rr reports [B(B D /D anything) x B(D K rr+)] = 0.0194 6 (
0.001540.0025. We divide by our best value B(D ~ K 7r+) = (3.83+0,12) x10
Our first error is their experiment's error and our second error is the systematic error from
using our best value.
BORTOLETTO 87 reports [B(B D /~D anything) x B(D0 K rr+)] = 0.0210+
0.0015+0.0021. We divide by our best value B(D — K 7r I ) = (3.83 + 0.12}x 10
Our first error is their experiment's error and our second error is the systematic error from
using our best value.
GREEN 83 reports [B(B D0/D0 anything) x B(D0 K rr+)] = 0 024+ 0 006+
0.004. We divide by our best value B(D ~ K 2r+) = (3.83 4 0.12) x 10 . Our
first error is their experiment's error and our second error is the systematic error from
using our best value.

I (D+ a ythni g)n/l totai rao/r
VAL UE EVTS TECN COMMEN T
0.242+0.033 OUR AVERAGE

0.25 + 0.04 + 0 02 BORTOL ETTO92 C LEO e+ e ~ T(4S)
0.23 +0.05 ~0 02 ALBRECHT 91H ARG e+ e ~ T(4S)
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

t0.21 +0.05 +0.01 20k BORTOLETTO87 CLEO Sup. by BORTO-
LETTO 92

BORTOLETTO 92 reports [B(B D anything) x B(D+ K rr+~+)] =0.0226+
0.0030+ 0.0018. We divide by our best value B(D+ ~ K ~+~+) = (9.1+ 0.6) x
10 . Our first error is their experiment's error and our second error is the systematic
error from using our best value.
ALBRECHT 91rr reports [B(B D+ anything) x B(D+ K rr+rr+)] = 0.0209+
0.0027 + 0.0040. We-divide by our best value B(D+ --y K 2r+~+) = (9,1 + 0.6) x
10 2. Our first error is their experiment's error and our second error is the systematic
error from using our best value.
BORTOLETTO 87 reports [B{B D+ anything) x B(D+ K rr+rr+)] = 0.019+
0.004 + 0.002. We divide by our best value B(D+ ~ K 7r+ ~+) = (9.1+0.6) x 10
Our first error is their experiment's error and our second error is the systematic error from
using our best value.

I (D'(2010)+ anything)/I tata] r22/r
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.231+0.033 OUR AVERAGE Error includes scale factor of 1.1.
0.209+ 0.035 +0.004 BORTOLETTO92 CLEO e+ e ~ T(4S)
0.28 +0.05 +0,01 ALBRECHT 91H ARG e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,22 +0,04 +0'04 5200 BORTOLETTO87 CLEO e+ e ~ T(4S)

0.27 +0.06 +0'06 510 " CSORNA 85 CLEO Repl. by BORTO-
LETTO 87

8BORTOLETTO 92 reports 0.25+ 0.03+ 0.04 for B(D*(2010)+ ~ D n.+) = 0,57 +
0.06. We rescale to our best value B(D*(2010)+ ~ D ~+) = (68.3 + 1.4) x 10
Our first error is their experiment's error and our second error is the systematic error from
using our best value. They also use the Mark III B(D0 ~ K n+) branching fraction.
ALBRECHT 91H reports 0.348 + 0.060+ 0.035 for B(D*(2010)+~ D ~+) = 0.55 +
0.04. We rescale to our best value B(D*(2010)+ ~ D ~+}= (68.3+ 1.4) x 10
Our first error is their experiment's error and our second error is the systematic error
from using our best value. Uses the PDG 90 B(D ~ K ~+) =0.0371+ 0.0025.
BORTOLETTO 87 uses old MARK tll (BALTRUSAITIS 86E) branching ratios B(D0 ~
K sr+) = 0.056 6 0.004 4 0.003 and also assumes B(D*(2010)+ ~ D ++) =
0.60 0'15. The product branching ratio for B(B ~ D*(2010)+) B(D*(2010)+ ~
D ~+) is 0.13 + 0.02 + 0.012. Superseded by BORTOLETTO 92.
V —A momentum spectrum used to extrapolate below p = 1 GeV. We correct the value

assuming B(D0 ~ K n+) = 0.042+0.006 and B(D*+~ D ~+}= 0.6+ ' . The—0.15'
product branching fraction is B(B ~ D~+X) B(D*+ ~ 2r+ D ) B(D ~ K 2r+)
= (68 6 15 + 9) x 10 4.

I (D+ anything)/I tot, i I 23/I
VAL UE EVTS TECN COMMENT

0.086+0.016 OUR AVERAGE

0,081+0.014—0.020

0 085 + 0 013 0'02 1 257 BO RTO LETTO90 C LEO e+ e ~ T(4S)

0.105+0.028 0 026
44 HAAS 86 CLEO e+ e T(4S)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.116k 0.03060.028 ALBRECHT 87H ARG e+ e ~ T(4S)
4 ALBRECHT 92G reports [B(B ~ D anything) x B(D+ ~ pm+)] = 0.00292 +

0.00039+0.00031. We divide by our best value B(D ~ Per+) = (3.6+ 0.9) x 10
Our first error is their experiment's error and our second error is the systematic error
from using our best value.

BORTOLETTO 90 reports [B(B ~ D anything) x B(D ~ P~+)] = 0.00306 +
0.00047. We divide by our best value B(D+ ~ $7r+) = (3.6 + 0.9) x 10 . Our firsts
error is their experiment's error and our second error is the systematic error from using
our best value.
HAAS 86 reports [B(B - D anything) x B(D @~+)]= 0.0038 + 0.0010. We

divide by our best value B(D+ ~ $2r+) = (3.6 + 0.9) x 10 . Our first error is their5
experiment's error and our second error is the systematic error from using our best value.
64 + 22% decays are 2-body.

ALBRECHT 8?H reports [B(B ~ D anything) x B(D+ ~ p~+)] = 0.0042 +
0.0009+ 0.0006. We divide by our best value B(D ~ P~+) = (3.6+ 0.9) x 10S
Our first error is their experiment's error and our second error is the systematic error
from using our best value. 46 + 16% of B ~ DsX decays are 2-body. Superseded by
A LBR EC HT 92G.

DOCUMENT ID

ALBRECHT 92G ARG e+ e ~ T(4S)

I (D, D, D;D, DsD', or D'D')/I (D+anything)
Sum over modes.

VALUE DOCUMENT ID TECN COMMENT

0.57+0.08 OUR AVERAGE

0.58 60.0? + 0,09
0.56 + 0.10

I 24/r23

ALBRECHT 92G ARG e+ e —~ T(4S)
BORTOLETTO90 CI EO e+ e T(4S}

I (D'(2010) p)/I totat I 28/r
CL%VALUE DOCUMENT ID TECN COMMENT

~ 1.1 x 10 90 " LESIAK 92 CBAL e+ e ~ T(4S)
LESIAK 92 set a limit on the inclusive process B(b ~ sp) & 2.8 x 10 at 90% CL
for the range of masses of 892—2045 MeV, independent of assumptions about s-quark
hadronization.

r(D+~ , D;+n , D+p ,-D'+p, D+n', D +xo, D+n, D'+q, D+p,
Da+p, Da 07, Da rd)/I total r26/r

Sum over modes.
VAL UE CL% DOCUMENT ID TECN COM MEN T

&0.0005 90 47 ALEXANDER 93B CLE2 e+ e ~ T(4S)
ALEXANDER 93B reports & 4.8 x 10 for B(D+ ~ r/2m+) = 0.037. We rescaleS
to our best value B(D ~ P~+) = 0.036. This branching ratio limit provides aS
model-dependent upper limit

I Vub /~ Vcb & 0.16 at CL=90%.
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8+/80 ADMIXTURE

I (2/sjf(1S}anything)/I t~t~l

TECN COM MEN TVALUE (LInits 10 ) EVTS DOCUMENT ID

1.14+0.06 OUR AVERAGE

1.11+0.05+0.04 1489 BALEST 95B CLE2 e+ e
1,28+ 0.44 +0.04 27 49 MASCHMANN 90 CBAL e+ e

1.23+0.27+0.04 120 50 ALBRECHT 87D ARG e+ e
l.34+0.24 +0.04 51 ALAM 86 CLEO e+ e
o ~ ta We do not use the following data for averages, fits, limits, etc. e

r(4s)
r(4s)
r(4s)- r(4s)

r27/r

14 +0,6—0.5 7 ALBRECHT 85H ARG e+ e ~ T(4S)
1.1 +0.21 +0.23 46 53 HAAS 85 CLEO Repl. by ALAM 86

BALEsT 955 reports 1.12 + 0.04 6 D. 05 for B(Jjd (ts) e+ e ) = 0.0599+ 0.0025.
We rescale to our best value B(J/Q(1S) -~ e+ e ) = (6.02 + 0.19) x 10 . Our
first error is their experiment's error and our second error is the systematic error from

using our best vaiue. . They measure J/g(1S) ~ e+ e and p+ p and use PDG 1994
values for the branching fractions. The rescaling is the same for either mode so we use
e+ e—.
MASCHMANN 90 reports 1.12+0.33+0.25 for B(J/Q(1S) ~ e+ e ) = 0.069+0.009.
We rescale to our best value B(J/g(1S) ~ e+ e ) = (6.02 + 0.19) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value.
ALBRECHT 87D reports 1.07 + 0.16+0.22 for B(J/g(1S) ~ e+ e ) = 0.069 + 0.009.
We rescale to our best value B(J/g(1S) ~ e+ e ) = (6.02+ 0.19) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value. ALBRECHT 87D find the branching ratio for J/g not from Q(2S) to be
0,0081 + 0.0023.
ALAM 86 reports 1.09 + 0,16+ 0.21 for B(J/g(1S) ~ p+ p ) = 0.074 + 0.012. We

rescale to our best value B(J/Tt(1S) ~ p+ p, ) = (6.01 + 0, 19) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value.
Statistical and systematic errors were added in quadrature. ALBRECHT 85H also report
a CL = 90% limit of 0.007 for 8 ~ J/g(1S)+ X where mx &1 GeV.

Dimuon and dielectron events used.

I (2/t(f(1S) (direct) anything)/I total r»/r
VAL UE DOCUMENT ID TECN COMMENT

0.0080+0.0008 BALEST 95B CLE2 e+ e ~ T(4S)
BALEST 95B assume PDG 1994 values for sub mode branching ratios. J/Q(1S) mesons

are reconstructedin J/g(1S) ~ e+e and J/tt'f(1S) -~ p+ p . The 8 ~ J/Q(1S)X
branching ratio contains J/Tj~(1S) mesons directly from 8 decays and also from feeddown
through g(2S) J/Tt (15), Xcl(1P) J/Q(1S), or Xc2(1P) J/Q(1S). Using
the measured inclusive rates, BALEST 95B corrects for the feeddown and finds the B ~
J/g(1S) (direct) X branching ratio.

I (t(r(2S) anything) /I tot, l I »/I
VAL UE EVTS DOCUMENT ID

0.0035+0.0005 OUR AVERAGE

0.00343-0.0004+0.0003 240 55 BALEST 959 CLE2 e+ e T(4S)
0.0046+0,0017+00011 8 ALBRECHT 87D ARG e+ e ~ T(4S)

BALEST 95B assume PDG 1994 values for sub mode branching ratios. They find B(B ~
Q(2S) X, Q(2S) ~ E+ E ) = 0.30 + 0.05 + 0.04 and B(B ~ Qf(2S) X, g(2S) ~
J/g(1S) Tr+ 7r ) = 0.37+0.05+0.05. Weighted average is quoted for B(B ~ g(2S) X).

TECN COMM EN T

I (Xct{1P}anything)/I total rM/r
VALUE EVTS TECN COMM EN T

0.0042+0.0007 OUR AVERAGE

0.0040+ 0.0006+ 0.0004 112 BA L EST 95B CL E2 e+ e ~ T(4S)
0.0105+0.0035 +0.0025 ALBRECHT 92E ARG e+ e ~ T'(4S)

BALEST 95B assume B(Xcl(1P) ~ J/~I'f(1S)p) = (27.3 + 1.6) x 10, the PDG 1994
value. Fit to Q-photon invariant mass distribution allows for a Xcl(1P) and a Xc2(1P)
corn ponent.
ALBRECHT 92E assumes no XC2(1P) production.

DOCUMENT ID

r (Xct (1P)(direct) anything) /rtotal rat/i
VALUE DOCUMENT ID TECN COMMENT

0.0037+0.0007 BALEST 958 CLE2 e+ e T(4S)
BALEST 955 assume PDG 1994 values. J/dr(1S) mesons are reconstructed in the e+ e

and jt+It modes. The 8 ~ Xcl(1P)X branching ratio contains Xc&(1P) mesons
directly from B decays and also from feeddown through Q(2S) ~ XcltlP)p. Using
the measured inclusive rates, BALEST 95B corrects for the feeddown and finds the 8 ~
Xcl(1P) (direct) X branching ratio.

r (&ca {1P)anything) /I total I 32/I
VALUE CL% EVTS DOCUMENT ID TECN COMMENT

&0.0038 90 35 BALEST 95B CLE2 e+ e ~ T(4S)
BALEST 95B assume B(Xc2(1P) ~ J/g(1S)p) = (13.5+ 1.1) x 10, the PDG 1994
value. J/g(1S) mesons are reconstructed in the e+e and IL+ p, modes, and PDG
1994 branching fractions are used. If interpreted as signai, the 35+ 13 events correspond
to B(B ~ Xc2(1P)X) =(0.25 + 0.10 + 0.03) x 10

I (rfc(1S)anything)/I total I 33/I
VALUE CL% DOCUMENT ID TECN COMMENT

(0.009 90 BALEST 95B CLE2 e+ e ~ T(4S)
BALEST 95B assume PDG 1994 values for sub mode branching ratios. J/Tt (1S) mesons

are reconstructed in J/Q(1S) ~ e+ e and J/Q(1S) ~ jt+ p . Search region 2960

1S) &3010 MeV/c

I (K+ anything)/I tot, i r34/r
VAL UE DOCUMENT ID

0.789+0.025 OUR AVERAGE

0.82 i0.01 +0.05 ALBRECHT 94C ARG e+ e ~ T(4S)
0.775 +0.015+0.025 ALBRECHT 93I ARG e+ e ~ T(4S)
0.85 +0.07 +0.09 ALAM 87B CLEO e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

seen BRODY 82 CLEO e+ e ~ T(4S)
seen GIANNINI 82 CUSB e+ e ~ T(4S)

ALBRECHT 93' value is not independent of the sum of B K+ anything and B61

K anything ALBRECHT 94C values.
Assuming T(4S) ~ 8 8, a total of 3.38+ 0.34+ 0.68 kaons per T(4S) decay is found
(the second error is systematic). In the context of the standard 8-decay model, this
leads to a value for (b-quark ~ c-quark)/(b-quark ~ all) of 1.09 + 0.33 + 0.13.
GIANNINI 82 at CESR-CUSB observed 1.58+ 0.35 K per hadronic event much higher
than 0.82 6 0.10 below threshold. Consistent with predominant b ~ cX decay.

TECN COMM EN T

I (K+ anything)/I total
VAL UE DOCUMENT ID TECN COMMENT

0.66 +0.05 64 ALBRECHT 94C ARG e+ e ~ T(4S)
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.620 4 0.013+0.038 65 ALBRECHT 94c ARG e+ e ~ T(4S)
0.66 +0.05 +0.07 65 ALAM 87B CLEO e+ e —+ T(4S)

Measurement relies on lepton-kaon correlations. It is for the weak decay vertex and does
not include mixing of the neutral 8 meson. Mixing effects were corrected for by assuming
a mixing parameter r of (18.1+ 4.3)%.
Measurement relies on lepton-kaon correlations. It includes production through mixing
of the neutral 8 meson.

r(K anything)/rtotal ra6/r
VALUE DOCUMENT ID TECN COMMENT

0.13 +0.04 66 ALBRECHT 94C ARG e+ e ~ T(4S)
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

0.165 +0.011+0.036 ALBRECHT 94( ARG e+ e ~ T(4S)
0.19 +0.05 +0.02 67 ALAM 87B CLEO e+ e ~ T(4S)

Measurement relies on lepton-kaon correlations. It is for the weak decay vertex and does
not include mixing of the neutral 8 meson. Mixing effects were corrected for by assuming
a mixing parameter r of (18.1 + 4.3)%.
Measurement relies on lepton-kaon correlations. It includes production through mixing
of the neutral 8 meson.

I (K /~Kanything)/I total
VALUE DOCUMENT ID

0.64 +0.04 OUR AVERAGE

0.642 +0.010+0.042 68 ALBRECHT 94C ARG e+ e ~ T(4S)
0.63 +0.06 +0.06 ALAM 87B CLEO e+ e ~ T(4S)

ALBRECHT 94C assume a K /K0 multiplicity twice that of KS'

TECN COMM EN T
ray/r

I (K'(892) W) li total r40/r
VALUE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1,5 x 10 90 6 LESIAK 92 CBAL e+ e ~ T(4S)
&2.4 x 10 90 ALBRECHT 88H ARG e+ e ~ T(4S)

LESIAK 92 set a limit on the inclusive process B(b ~ sp) & 2.8 x 10 at 90% CL
for the range of masses of 892—2045 MeV, independent of assumptions about s-quark
hadronization.

I (K1(1400) r)/i totai I 41/r
VAL UE CL% DOCUMENT ID TECN COMMENT

(4.1 x 10 4 90 ALBRECHT 88H ARG e+ e ~ T(4S)
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&1.6 x 10 90 LESIAK 92 CBAL e+ e -~ T(4S)
LESIAK 92 set a limit on the inclusive process B(b —a sp) & 2.8 x 10 at 90% CL
for the range of masses of 892—2045 MeV, independent of assumptions about s-quark
hadronization.

r (Ka(1430)7) /rtotal
VAL UE

(8.3 x 10

I (K2(1770)7) /I total

CL%

90

I 42/I
DOCUMENT ID TECN COMMENT

ALBRECHT 88H ARG e+ e ~ T(4S)

I 43/I
CL%VALUE DOCUMENT ID TECN COMMENT

(1,2 x 10 90 71 LESIAK 92 CBAL e+ e ~ T(4S)
1LESIAK 92 set a limit on the inclusive process B(b ~ sp) & 2.8 x 10 at 90% CL

for the range of masses of 892—2045 MeV, independent of assumptions about s-quark
hadronization.

I (K'(892)+ anything)/I total I aa/I
VALUE DOCUMENT ID TECN COMMENT

0.18260.054+0.024 ALBRECHT 941 ARG e+ e T(4S)

I (K'(892)0/ K'{892}eanything)/I tot, l I ag/I
VAL UE DOCUMENT ID TECN COMMENT

0.1465=0.016+0.020 ALBRECHT 94& ARG e+ e T(4S)
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I (Ks(1780)p)/I t»t I 44/I I (T N (N = p or n)) /I total
VAL UE

(3.0 x 10

r (K4(2048) 7) /rtotal

CL%

90

DOCUMENT ID TECN COMM EN T

ALBRECHT 88H ARG e+ e ~ T(4S)

VAL UE CL% DOCUMENT ID TECN COMMENT

(1.0 x 10 90 LESIAK 92 CBAL e+ e ~ T(4S)
LESIAK 92 set a limit on the inclusive process B(b ~ sp) & 2.8 x 10 at 90% CL
for the range of masses of 892—2045 MeV, independent of assumptions about s-quark
hadronization.

r(b s7)/r, .„,
VAL UE

(2.32+0.57+0.35) x 10

I {b~ sgloon)/I total

DOCUMENT ID

ALAM

TECN COMM EN T

95 CLE2 e+ e ~ r(4S)

I 4s/I

r4r/I
VALUE EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.08 2 ALBRECHT 95D ARG e+ e ~ T(4S)
ALBRECHT 95D use full reconstruction of one B decay as tag. Two candidate events
for charmless B decay can be interpreted as either b ~ sgluon or b ~ u transition.
If interpreted as b ~ sgluon they find a branching ratio of 0.026 or the upper limit
quoted above. Result is highly model dependent.

I (fr+anything)/I total I 4a/I
VALUE DOCUMENT ID TECN COMMEN T

3.585+0.025+0.070 r4 ALBRECHT 93' ARG e+ e T(4S)
r4 ALBRECHT 93 excludes rr+ from KO& and A decays. if included, they find 4.105 +

0.025 + 0.080.

r(P anything) lrtotai
VAL UE

0.20860.042 +0.032
DOCUMENT ID TECN COMMEN T

ALBRECHT 94J ARG e+ e ~ T(4S)

r49lr

I (of anything)/I total
VAL UE

(0.81
CL%

90

rsft/r
DOC UMEN T ID TECN COM M EN T

A LBR EC HT 94) A RG e+ e ~ T(4S)

I (dranything)/I t~t~l
VAL UE

0.035 +0.007 OUR AVERAGE

0.0390+0.00306 0.0035
0.023 4 0.006 +0.005

I st/I
DOCUMENT ID TECN COMMENT

Error includes scale factor of 1.8.
ALBRECHT 94J ARG e+ e ~ T'(4S)
BORTOLETTO86 CLEO e+ e ~ T(4S)

I (T~ anything)ll totai I sa/I
VALUE EVTS DOCUMENT ID TECN COMMENT

0.0048+0.0024+0.0006 77 PROCARIO 94 CLE2 e+ e ~ T(4S)
PROCARIO 94 reports [B(B~ Z anything) x B(A ~ p K sr+)] = 0.00021 +
0,00008 + 0.00007. We divide by our best value B(/I ~ pK 7r+) = (4.4 + 0.6) x

C

10 . Our first error is their experiment's error and our second error is the systematic
error from using our best value.

r(Zc anything)/I total
VALUE CL% DOCUMENT ID TECN COMMEN T

(0.011 90 PROCARIO 94 CLE2 e+ e ~ T(4S)
PROCARIO 94 reports [B(B X anything) x B(A+ pK rr+)] = & 0.00048.

C C

We divide by our best value B(A+ ~ pK rr+) = 0.044.
C

I (Z anything)/I totai rss/r
VAL UE EVTS DOCUMENT ID TECN COMMEN T

0.0052+0,0024+0.0007 76 PROCARIO 94 CLE2 e+ e ~ T(4S)
PROCARIO 94 reports [B(B ~ Z anything) x B(A+ ~ pK 7r+)] = 0.00023 +
0.00008+ 0.00007. We divide by our best value B(A+ ~ pK sr+) = (4.4+ 0.6) x

10 . Our first error is their experiment's error and our second error is the systematic
error from using our best value.

I (charmed-baryon anything) /I t»f I sa/f
VAL UE CL% DOCUMEN T ID TECN COMM EN T

0.064+0.008+0.008 75 CRAWFORD 92 CLEO e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.14 +0.09 ALBRECHT 88E ARG e+ e ~ T(4S)
&0.112 90 ALAM 87 CLEO e+ e ~ T(4S)

CRAWFORD 92 result derived from lepton baryon correlations. Assumes all charmed
baryons in B and B+ decay are /Ic.
ALBRECHT 88E measured B(B ~ /I+X) B(A ~ pK 7r+) = (0.30+0,12+0.06)%

C C

and used B(/I+ ~ p K ~+) = (2.2+1.0)% from ABRAMS 80 to obtain above number.

Assuming all baryons result from charmed baryons, ALAM 86 conclude the branching
fraction is 7.4 4 2.9%. The limit given above is model independent.

VALUE DOCUMENT ID TECN COMMENT

&0.0017 90 1 PROCARIO 94 CLE2 e+ e T(4S)
PROCARIO 94 reports & 0.0017 for B(A+ ~ pK ~+) = 0.043. We rescale to our

C

best value B(/I+ ~ pK sr+) = 0.044.
C

CL%

I (p/ panything)/I «tal rsr/r
Includes p and p from A and /I decay.

VAL UE EVTS DOCUMENT ID TECN COMMENT
0.080+0.004 OUR AVERAGE

0.080+0.005+ 0.005 ALBRECHT 93I ARG e+ e ~ T(4S)
0.080 +0.005 +0.003 CRAWFORD 92 C LEO e+ e ~ T'(4S)

0.082+0.005+0'010 2163 ALBRECHT 89K ARG e+ e ~ T(4S)
o o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

)0.021 ALAM 838 CLEO e+ e ~ T(4S)
ALBRECHT 89K include direct and nondirect protons.
ALAM 838 reported their result as ) 0.036 + 0.006 + 0.009. Data are consistent with
equal yields of p and p. Using assumed yields below cut, B(B ~ p+ X) = 0.03 not
including protons from /l decays.

I (p/ p(direct) anything)/I total
VAL UE EVTS DOCUMENT ID
0.055 +0.005 OUR AVERAGE

0.055+0.005+ 0.0035 ALBRECHT 931 ARG e+ e ~ T(4S)
0.056+ 0.006 + 0.005 CRAWFORD 92 CLEO e+ e ~ T(4S)
0.055+0.016 1220 ALBRECHT 89K ARG e+ e y T(4S)

ALBRECHT 89K subtract contribution of /\ decay from the inclusive proton yield.

TECN COM MEN T

I (A/Aanything)ll total
VAL UE EVTS TECN COMMEN T

0.040+0.005 OUR AVERAGE

0.038+0.004+0.006 2998 CRAWFORD 92 CLEO e I e ~ T(4S)
0.042+0.005+0.006 943 ALBRECHT 89K ARG e+ e T(4S)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)0.011 ALAM 83B CLEO e+ e ~ T(4S)
ALAM 83B reported their result as ) 0.022 + 0.007 + 0.004. Values are for
(B(AX)+B(AX))/2. Data are consistent with equal yields of p and p. Using assumed
yields below cut, B(B ~ AX) = 0.03.

DOCUMENT ID

r (=- /=+ anything) /I «tal
VALUE EVTS
0.0027+0.0006 OUR AVERAGE

0,0027+ 0.0005+ 0,0004 147
0.0028+ 0.0014 54

r(baryons anything)/rtotal

DOCUMENT ID TECN COM MEN T

I so/I

CRAWFORD 92 CLEO e+ e ~ T(4S)
ALBRECHT 89K ARG e+ e ~ T(4S)

rst/r

r (PP»ythlng)/rtotal
Includes p and p from A and A decay.

VAL UE EVTS DOCUMENT ID

0.0247+0.0023 OUR AVERAGE

0.024 +0.001 +0.004
0.025 4 0.002 +0.002

rsa/r

TECN COMMENT

CRAWFORD 92 CLEO e+ e —a T(4S)
918 ALBRECHT 89K ARG e+ e ~ T(4S)

I (ppanything)/I (p/panything) rsa/rsr
Includes p and p from /I and /I decay.

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,30 + 0.02+0.05 88 CRAWFORD 92 CLEO eg- e
— T(4S)

CRAWFORD 92 value is not independent of their I (ppanything)/I total value.

r(A p/Apanything)/rtotat
Includes p and p from A and /1 decay.

VAL UE EVTS DOCUMENT ID
0.025+0.004 OUR AVERAGE

0.029+0.005 4 0.005
0.023 +0.004 +0.003

TECN COMM EN T

CRAWFORD 92 CLEO e+ e
165 ALBRECHT 89K ARG e+ e

I (Ap/Apanything)/I (A/Aanything)
Includes p and p from A and A decay.

VALUE DOCUMENT ID TECN COM MEN T
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.76 + 0.11+0,08 CRAWFORD 92 CLEO e+ e

CRAWFORD 92 value is not independent
[f (/IPanything)+f (/IPanything)]/l total value.

I ss/I

V (4S)
T(4S)

I 63/I 59

V(4S)
of their

VAL UE DOCUMENT ID TECN COM MEN T

0.068+0.005+0.003 86 ALBRECHT 92o ARG e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,076+0.014 ALBRECHT 89K ARG e+ e ~ T(4S)
ALBRECHT 920 result is from simultaneous analysis of p and /I yields, p p and /I p corre-
lations, and various lepton-baryon and lepton-baryon-antibaryon correlations. Supersedes
ALBRECHT 89K.
ALBRECHT 89K obtain this result by adding their their measurements (5.5 + 1.6)% for
direct protons and (4.2 k 0,5 + 0.6)% for inclusive A production. They then assume
(5.5 4 1.6)% for neutron production and add it in also. Since each B decay has two
baryons, they divide by 2 to obtain (7.6 + 1.4)%.
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8~/8o ADMIXTURE, 8+/8'/8, '/b b-aryon ADMIXTURE

I {ATIanything)/I tot, i

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

&0.005 90 CRAWFORD 92 CLEO e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

&0.0088 90 12 ALBRECHT 89K ARG e+ e ~ T(4S)

rss/r 8+/8'/8, '/b b-aryon ADMIXTURE

8+/8 /Bo/bbary-on ADMiXTURE MEAN LIFE

I (AAanything)/I {A/Tlanything) I sI/rsa
VAL UE CL% DOCUMENT ID TECN COMMEN T

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ e ~

&0.13 90 CRAWFORD 92 CLEO e+ e ~ T(4S)
CRAWFORD 92 value is not independent of their I (AAanything)/I total value.

I (e+ e anything) /I toto[
Test for &B = 1 weak neutral current.

VALUE CL% DOCUMEN T /D TECN COMMEN T

e e e We do not use the following data for averages, fits, limits, etc. ~ e e

&0.05 90 BEBEK 81 CLEO e+ e ~ T(4S)

I (p+ p anything)/I totai
Test for DB = 1 weak neutral current.

VAL UE CL% DOCUMENT /D TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.017 90 CHADWICK 81 CLEO e+ e ~ T'(4S)

I ss/I

I ss/r

8+/8 ADMIXTURE REFERENCES

ALAM 95
ALBRECHT 95D
BALEST 95B
BARISH 95
BUSKULIC 95B
AL BREC HT 94C
ALBRECHT 94J
PROCARIO 94
ALBRECHT 93
ALBRECHT 93E
ALBRECHT 93H
ALBRECHT 931
ALEXANDER 93B
ARTUSO 93
BARTELT 93B
ALBRECHT 92E
ALBRECHT 92G
ALBRECHT 920
BORTOLETTO 92
CRAWFORD 92
HENDERSON 92
LE 5 I A K 92
Al BRECHT 91C
ALBRECHT 91H
F ULTON 91
YANAGISAWA 91
ALBRECHT 90
ALBRECHT 90H
BORTOLETTO 90

A Iso 92
FULTON 90
MASCHMANN 90
PDG 90
ALBRECHT 89K
ISGUR 89B
WACHS 89
ALBRECHT 88E
ALBRECHT 88H
KOERNER 88
ALAM 87
ALAM 87B
ALBRECHT 87D
ALBRECHT 87H
BEAN 87
BEHRENDS 87
BORTOLETTO 87
ALA M 86
BA LT R U SA IT. .. 86E
BORTOLETTO 86
HAAS 86
ALBRECHT 85H
CSORNA 85
HAAS 85
AVERY 84
CHEN 84
LEVMAN 84
ALAM 83B
GREEN 83
KLOPFEN. .. 83B
ALTARELLI 82
BRODY 82
GIANNINI 82
BEBEK 81
CHADWICK 81
ABRAMS 80

PRL 74 2885
P L B353 554
P R D52 2661
PR D51 1014
P L B345 103
ZPHY C62 371
ZPHY C61 1
PRL 73 1306
ZPHY C57 533
ZPHY C60 11
PL B318 397
ZPHY C58 191
P L B319 365
P L B311 307
PRL 71 4111
P L B277 209
ZPHY C54 1
ZPHY C56 1
PR D45 21
PR D45 752
P R D45 2212
ZPHY C55 33
PL B255 297
ZPHY C52 353
PR D43 651
PRL 66 2436
P L B234 409
PL B249 359
PRL 64 2117
PR D45 21
PRL 64 16
ZPHY C46 555
PL B239
ZPHY C42 519
PR D39 799
ZPHY C42 33
PL B210 263
P L B210 258
ZPHY C38 511
PRL 59 22
PRL 58 1814
PL 8199 451
PL 8187 425
PR D35 3533
PRL 59 407
PR D35 19
PR D34 3279
PRL 56 2140
PRL 56 800
PRL 56 2781
PL 162B 395
PRL 54 1894
PRL 55 1248
PRL 53 1309
PRL 52 1084
PL 141B 271
PRL 51 1143
PRL 51 347
PL 130B 444
NP B208 365
PRL 48 1070
NP B206 1
PRL 46 84
PRL 46 88
PRL 44 10

(CLEO Collab. )
(ARGUS Collab. )

(CLEO Collab. )
(CLEO Collab. )

(ALEPH Collab. )
(ARGUS Collab. )
{ARGUS Collab. )

(CLEO Collab. )
(ARGUS Collab. )
(ARGUS Co!lab. )
(ARGUS Collab. )
(ARGUS Collab. )

(CLEO Collab. )
(SYRA)

+Csorna, Egyed, Jain, Akerib+ (CLEO Co!lab. )
+Ehrlichmann, Hamacher, Krueger, Nau+ (ARGUS Collab. )
+Ehrlichmann, Hamacher, Krueger, Nau+ (ARGUS Collab. )
+Cronstroem, Ehrlichmann+ (ARGUS Collab. )
+Brown, Dominick, Mcllwain+ (CLEO Collab. )
+Fulton, Jensen, Johnson+ (CLEO Collab. }
+Kinoshita, Pipkin, Procario+ (CLEO Collab. )
+Antreasyan, Bartels, Besset, Bieler+ (Crystal Ball Collab. )
+Ehrlichrnann, Glaeser, Harder, Krueger+ (ARGUS Collab. )
+Ehrlichmann, Hamacher, Harder+ (ARGUS Collab. )
+Jensen, Johnson, Kagan, Kass+ (CLEO Collab. )
+Heintz, Lee-Franzini, Lovelock, Narain+ (CUSB II Collab. )
+Glaeser, Harder, Krueger+ (ARGUS Collab. )
+Ehrlichmann, Glaeser, Harder, Krueger+ (Argus Collab. )
+Goldberg, Horwitz, Jain, Mestayer+ (CLEO Collab. )

Bortoletto, Brown, Dominick, Mcllwain+ (CLEO Collab. )
+Hempstead, Jensen, Johnson+ (CLEO Collab. )
+Antreasyan, Bartels, Besset+ (Crystal Ball Collab. }

Hernandez, Stone, Porter+ (IFIC, BOST, CIT+)
+Boeckmann, Glaeser, Harder+ (ARGUS Collab. )
+Scora, Grinstein, Wise (TNTO, CIT)
+Antreasyan, Bartels, Bieler+ (Crystal Ball Collab. )
+Boeckmann, Glaeser+ (ARGUS Collab. )
+Boeckmann, Glaeser+ (ARGUS Collab, )
+Schuler (MANZ, DESY)
+Kituka m a, Kim, Li-I- (CLEO Collab. )
+Katayarna, Kirn, Sun+ (CLEO Collab. )
+Andam, Binder, Boeckmann+ (ARGUS Collab. )
+Binder, Boeckmann, Glaser+ (ARGUS Collab. )
+ Bobbink, Brock, Engler+ (CLEO Collab. )
pMorrow, Guida, Guida+ (CLEO Collab. )
~Chen, Garren, Goldberg+ (CLEO Collab. )
+Katayarna, Kim, Sun+ (CLEO Collab. )

Baltrusaitis, Becker, Blaylock, Brown+ (Mark III Collab. )
+Chen, Garren, Goldberg+ (CLEO Collab. )
+Hempstead, Jensen, Kagan+ (CLEO Collab. )
+Binder, Harder+ (ARGUS Collab. )
+Garren, Mestayer, Panvini+ (CLEO Collab. )
+Hernpstead, Jensen, Kagan+ (CLEO Collab. )
+Bebek, Berkelman, Cassel+ (CLEO Collab. )
+Goldberg, Horwitz, Jawahery+ (CLEO Collab. )
+Sreedhar, Han, Imlay+ {CUSB Collab. )
+Csorna, Garren, Mestayer+ (CLEO Collab. )
+Hicks, Sannes, Skubic+ (CLEO Collab. )

Klopfenstein, Horstkotte+ {CUSB Collab. )
+Cabibbo, Corbo, Maini, Martinelli (ROMA, INFN, FRAS}
+Chen, Goldberg, Horwitz+ (CLEO Collab. )
+Finocchiaro, Franzini+ (CUSB Collab. )
+Hag ge rty, izen, Long u em are+ (CLEO Collab. )
+Ganci, Kagar, Kass+ (CLEO Collab. )
+Alam, Blocker, Boyarski+ (SLAC, LBL)

LI (e+e anything) + I (p+p anything)]/I t t i (rss+rss)/r
Test for AB = 1 weak neutral current.

VAL UE CL% DOCUMENT ID TECN COMMEN T

&0.0024 90 9 BEAN 87 CLEO e+ e ~ T'(4S)
~ ~ e We do not use the following data for averages, fits, limits, etc. e ~ ~

&0.0062 90 AVERY 84 CLEO Repl. by BEAN 87

BEAN 87 reports r(p+ p, )+(e+ e )]/2 and we converted it.
Determine ratio of B+ to B semileptonic decays to be in the range 0.25—2.9.

These measurements of the B mean life are averages over bottom particles
produced, weighted by their semileptonic branching ratios, unless otherwise
stated. Only the measurements at high energy are averaged since it is

expected that the admixtures of b hadrons from Z decay and 1.8 TeV pp
collisions should should not difFer significantly.

"OUR EVALUATION" is an average of the data listed below performed by the LEP
B Lifetimes Working Group as described in our review "Production and Decay of b-
flavored Hadrons" in the B+ Section of the Listings. The averaging procedure takes
into account correlations between the measurements and asymmetric lifetime errors.

VAL UE (10 s) EVTS DOCUMENT ID TECN COMMENT

1.549+0.020 OUR EVALUATION

1.582 +0.011+0.027 ABREU 96E DLPH e+ e ~ Z
1.533+0.013*0.022 19.8k 2 BUSK ULIC 96F ALEP e+ e ~ 2
1.564 60.030 +0.036 ARE, K 95B SLD e+e ~ Z
1.542+ 0.021 +0.045 4 ABREU 94I DLPH e+ e Z
1.46 +0.06 +0.06 5344 ABE 93J CDF pp at 1.8 TeV
1.523+0.034+0.038 5372 6 ACTON 93L OPAL e+ e Z
1.535+0.035+0.028 7357 6 ADRIANI 93K L3 e+ e ~ Z
1.511+0.022 +0.078 BUSKULIC 930 ALEP e+ e ~ Z
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

1.575+0.010+0.026 ABREU 96E DLPH e+ e Z

1.50 + ' 6 0.03—0.21 ABREU 94P DLPH e+ e ~ Z

1.23 0'13 +0.15 188 ABREU 93D DLPH Sup. by ABREU 94L

1.49 +0.11 +0.12 253 ABREU 93G DLPH Sup. by ABREU 94L

1.51 + ' *0.11 130 12 ACTON 93C OPAL e+ e ~ Z—0.14
1.28 +0, 10 ABREU 92 DLPH Sup. by ABREU 94L
1.37 j0.07 +0.06 1354 14 ACTON 92 OPAL Sup. by ACTON 93L
1.49 +0.03 k 0.06 15 BUSKULIC 92F ALEP Sup. by BUSKULIC 96F

1.35 + ' + 0.05—0.17 BUSKULIC 92G ALEP e+ e ~ Z

1,32 +0.08 *0.09 1386 ADEVA 91H L3 Sup. by ADRIANI 93K

1.32 + ' +0.15 37 ALEXANDER 91G OPAL e+ e ~ Z—0.25
1 29 +006 +010 2973 DECAMP 91C ALEP Sup. by BUSKULIC 92F

1.36 +0
02253 HAGEMANN 90 JADE Ecm —35 GeV

1.13 +0.15 21 LYONS 90 RVUE

1.35 +0.10 *0.24 BRAUNSCH. .. 89B TASS E = 35 GeV

0,98 4 0.12 +0.13 ONG 89 MRK2 Eceme 29 GeV

+0 27 +0 17—0.22 —0.16 KLEM 88 DLCO E = 29 GeVcm=

1.29 +0,20 +0.21 ASH 87 MAC E = 29 GeV

1.02 + 301 23 BROM 87 HRS E —. 29 GeV

Uses inclusively reconstructed secondary vertices.
BUSKULIC 96F analyzed using 3D impact parameter.
ABE, K 95B uses an inclusive topological technique.
ABREU 94L uses charged particle impact parameters. Their result from inclusively re-
constructed secondary vertices is superseded by ABREU 96E.
ABE 93J analyzed using 3/g(1S) ~ p, p, vertices.
ACTON 93L and ADRIANI 93K analyzed using lepton (e and It) impact parameter at Z.
8 U SK U L I C 93O analyzed using dipole method,
Combines ABREU 96E secondary vertex result with ABREU 94L impact parameter result.
From proper time distribution of b ~ J/g(1S)anything.

0ABREU 93D data analyzed using D/D*Zanything event vertices.
ABREU 93G data analyzed using charged and neutral vertices.
ACTON 93C analysed using D/D*Eanything event vertices.
ABREU 92 is combined result of muon and hadron impact parameter analyses. Hadron

tracks gave (12.7 + 0.4 + 1.2) x 10 s for an admixture of B species weighted by pro-
duction fraction and mean charge multiplicity, while muon tracks gave (13.0+ 1.0+ 0.8) x

10 s for an admixture weighted by production fraction and sernileptonic branching
fraction.
ACTON 92 is combined result of muon and electron impact parameter analyses.
BUSKULIC 92F uses the lepton impact parameter distribution for data from the 1991
run.
BUSKULIC 92G use J/g(1S) tags to measure the average b lifetime. This is comparable
to other methods only if the i/vP(1S) branching fractions of the difFerent b-flavored
hadrons are in the same ratio.
Using Z ~ e+ X or p+ X, ADEVA 91H determined the average lifetime for an admixture
of B hadrons from the impact parameter distribution of the lepton.
Using Z ~ J/Q(1S)X, J/vp(1S) ~ I+8, ALEXANDER 91G determined the average
lifetime for an admixture of B hadrons from the decay point of the J/f(1S).
Using Z ~ eX or pX, DECAMP 91C determines the average lifetime for an admixture
of B hadrons from the signed impact parameter distribution of the lepton.
HAGEMANN 90 uses electrons and muons in an impact parameter analysis.
LYONS 90 combine the results of the B lifetime measuresments of ONG 89, BRAUN-
SCHWEIG 89B, KLEM 88, and ASH 87, and JADF data by private communication.
They use statistical techniques which include variation of the error with the mean life,
and possible correlations between the systematic errors. This result is not independent
of the measured results used in our average.
We have combined an overall scale error of 15% in quadrature with the systematic error
of +0.7 to obtain +2.1 systematic error.
Statistical and systematic errors were combined by BROM 87.
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8+/8'/8, '/b b-aryon ADMIXTURE

CHARGED b-HADRON ADMIXTURE MEAN LIFE

VALUE (10—12 s) DOCUMENT ID TECN COMMENT

1.72+0.08+0.06 24 ADAM 95 DLPH e+ e ~ Z

ADAM 95 data analyzed using vertex-charge technique to tag b-hadron charge.

NEUTRAL 5-HADRON ADMIXTURE MEAN LIFE

VALUE (10 12 «) DOCUMENT ID TECN COMMENT

1.58+0.11+0.09 25 ADAM 95 DLPH e+ e ~ Z
ADAM 95 data analyzed using vertex-charge technique to tag b-hadron charge.

MEAN LIFE RATIO s charged b—hadron/s neutral b hadron-

I 18
I 19

I20 b h SP
I » b —~ K anything
I 22 b K& anything

I 23 b ~ p/ panything
I 24 b ~ A//Aanything

K or K' modes
1.2 x 10

( ss +19 )%
( 290 + 29 )%

Baryon modes
(14 + 6 )%
( 5.9 + 1.1 ) %

Charmonium modes
l/rI (1S)anything ( 1 16' 010) o

rI (2S) anything ( 4.8 + 2.4)x10
Xct(1P)anything ( 1.8 + 0.5 ) %

90%

VAL UE DOCUMENT ID TECN COMM EN T

b PRODUCTION FRACTIONS AND DECAY MODES

The branching fraction measurements are for an admixture of 8 mesons
and baryons at energies above the T(4S). Only the highest energy results
(LEP, Tevatron, SppS) are used in the branching fraction averages. The
production fractions give our best current estimate of the admixture at
LE P.

For inclusive branching fractions, e.g. , 8 ~ D+ anything, the treatment
of multiple D's in the final state must be defined. One possiblity would be
to count the number of events with one-or-more D's and divide by the total
number of 8's. Another possibility would be to count the total number of
D's and divide by the total number of 8's, which is the definition of average
multiplicity. The two definitions are identical when only one of the specified
particles is allowed in the final state. Even though the "one-or-more"
definition seems sensible, for practical reasons inclusive branching fractions
are almost always measured using the multiplicity definition. For heavy
final state particles, authors call their results inclusive branching fractions
while for light particles some authors call their results multiplicities. In the
B sections, we list all results as inclusive branching fractions, adopting a
multiplicity definition. This means that inclusive branching fractions can
exceed 100% and that inclusive partial widths can exceed total widths,
just as inclusive cross sections can exceed total cross sections.

The modes below are listed for a b initial state. b modes are their charge
conjugates. Reactions indicate the weak decay vertex and do not include
mixing.

Mode Fraction (I I/I )

PRODUCTION FRACTIONS

Confidence level

The production fractions for weakly decaying b-hadrons at the Z have
been calculated from the best values of mean lives, mixing parameters,
and branching fractions in this edition by O. Hayes (CERN) and M. Jimack
(U. Birmingham) as described in the note "Production and Decay of b-

Flavored Hadrons" in the 8 Particle Listings. Values assume

B(b ~ 8+) = B(b ~ 80)
B(b~ 8+)+ B(b~ 8 )+B(b~ 8 )+ B(b~ /Ib) =100%.

The notation for production fractions varies in the literature (f80, f(b ~
8 ), Br(b ~ 8 )). We use our own branching fraction notation here,

B(b ~ Bo)

I1

l3
l4

b~ 8+
b~ 8
b 8o

S

b

( 37.8 + 2.2 ) %

( 37.8 6 2.2 ) %

(112 + )%1.9
(13.2 4 4.1)%

DECAY MODES

Semileptonic and
b ~ e+ ve anything
b ~ p+ v„anything
b —~ E+ v~ anything

b ~ D E+ v~ anything
b ~ D0E+ vg anything
b ~ D' E+ vt anything
b ~ 001+v~anything

b ~ D. 8+v~anythingJ
b D2(2460) E+ vg any-

thing
b D2(2460) f+ vr any-

thing
b h r+ v anything

I 16 b b c I v~ anything

leptonic modes

[a] ( 1 1.1 + 1.0 ) %

[a] ( 10.7 6 0.7 ) %

[a, b] ( 11.13+ 0.29) %

[b] ( 2.01+ 0.29) %

[b] ( 6.6 + O.6 )%
[b] ( 2.76+ O.29) %

[b,c] seen

[b,c] seen

seen

seen

( 2.7 + 0.4 ) %

[b] ( 7.9 + O. s ) %

1.09+ ' +0.08—0.10
26 ADAM 95 DLPH e+ e ~ Z

ADAM 95 data analyzed using vertex-charge technique to tag b-hadron charge.

Other modes
I 25 b ~ charged anything [d] (584 +40 ) %

I 26

I 28

B,B = 1 weak neutral current (Bl) modes
e+ e anything Bl
p, + p anything Bl & 5.0
v v anything 81 ( 3.9

x 10
x10 4

9O%

[a) These values are model dependent. See 'Note on Semileptonic Decays'
in the 8+ Particle Listings.

[b] f. indicates e or p, mode, not sum over modes.

[c] D& represents an unresolved mixture of pseudoscalar and tensor D** (P
wave) states.

[d] Inclusive branching fractions have a multiplicity definition and can be
greater than 100%.

B+/B /Ba/bbaryon AD-MIXTURE BRANCHING RATIOS

I (l+ vg anything)/l t»r
These branching fraction values are model dependent. See the note on "Semileptonic
Decays of D and 8 Mesons, Part II" at the beginning of the 8+ Particle Listings.

VALUE DOCUMENT ID TECN COMMEN T
0.1113+0.0029 OUR AVERAGE Includes data from the 2 datablocks that follow this

one.
0.1106+ 0.0039+0.0022 ABREU 95D DLPH e+ e ~ Z
0.114 4 0.003 +0,004 28 BUSKULIC 94G ALEP e+ e ~ Z

ABREU 950 give systematic errors +0.0019 (model) and 0.0012 (Rc). We combine
these in quadrature.
BUSKUI IC 946 uses e and p, events. This value is from a global fit to the lepton p and
pT (relative to jet) spectra which also determines the b and c production fractions, the
fragmentation functions, and the forward-backward asymmetries. This branching ratio
depends primarily on the ratio of dileptons to single leptons at high pT, but the lower

pr portion of the lepton spectrum is included in the global fit to reduce the model
dependence. The model dependence is +0.0026 and is included in the systematic error.

I (e+ ve anything) /I toter
These branching fraction values are model dependent. See the note on "Semileptonic
Decays of D and 8 Mesons, Part II" at the beginning of the 8+ Particle I istings.

VAL UE EVTS DOCUMENT ID TECN COMMENT
The data in this block is included in the average printed for a previous datablock.

0.111+0.010 OUR AVERAGE

0.107+0.015+0.007 260 29 ABREU 93C DLPH e+ e ~ Z

0.109+ ' +0.0055 2719 AKERS 93B OPAL e+ e -~ Z—0.013
0.138+0.032+ 0.008 ADEVA 91C L3 e+ e ~ Z
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.086 +0.027 +0.008 32 ABE 93E VNS E = 58 GeV

0.111+0.028+0.026 BEHREND 90D CELL Eceem= 43 GeV

0.150+0.011+0.022 BEHREND 90D CELL Ec ——35 GeV

0.112+0,009+ 0.011 ONG 88 MRK2 Eceme 29 GeV

0.149 PAL 86 DLCO Eceem 29 GeV

0.110+0.018+0.010 AIHARA 85 TPC Eceem = 29 GeV

0.111+ 0.034 + 0.040 ALTHOFF 84j TASS Eceme 34 6 GeV

0.146+0.028 KOOP 84 DLCO Repl. by PAL 86
0.116+ 0.021+0,017 NELSON 83 MRK2 E = 29 GeV

ABREU 93C event count includes ee events. Combining ee, p, p, , and e/4 events, they
obtain 0.100 + 0.007 + 0.007.
AKERS 93B analysis performed using single and dilepton events.
ADEVA 91C measure the average B(b ~ eX) branching ratio using single and double
tagged b enhanced Z events. Combining e and Ig results, they obtain 0,113 + 0.010 +
0.006. Constraining the initial number of b quarks by the Standard Model prediction
(378+ 3 MeV) for the decay of the Z into bb, the electron result gives 0.112+ 0.004 +
0.008. They obtain 0.119+ 0.003 4 0.006 when e and p results are combined. Used to
measure the bb width itself, this electron result gives 370+ 12+ 24 MeV and combined
with the muon result gives 385 + 7 2 22 MeV.
ABE 93E experiment also measures forward-backward asymmetries and fragmentation
functions for b a nd c.
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B+/B'/B0/b b-aryon ADMIXTURE

I (/4+vVanything)/I total I 5/I
These branching fraction values are model dependent. See the note on "Semileptonic
Decays of D and B Mesons, Part II" at the beginning of the B+ Particle Listings.

VAL UE EVTS DOCUMEN T ID TECN COMMEN T
The data in this block is included in the average printed for a previous datablock.

0.107+0.007 OUR AVERAGE

0.110+0.012+0.007 656 ABREU 93C DLPH e+ e ~ Z

0.101+ ' +0.0055 4248 AKERS 938 OPAL e+ e ~ Z—0.009
0.113+0.012+0.006 35 ADEVA 91C L3 e+e ~ Z
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.104+0.023 k O.016 BEHREND 90D CELL Eceem= 43 GeV

0.148+0.010+0.016 BEHREND 90D CELL E = 35 GeV

0.118+0.0124 0,010 ONG 88 MRK2 E~~ = 29 GeV

0.1174 0.016+0.015 BARTEL 87 JADE Eceem= 34.6 GeV

0.114+0.018+0.025 BARTEL 85j JADE Repl. by BARTEL 87
0.117+0.028 +0,010 ALTHOFF 84G TASS Eceem= 34.5 GeV

0, 105+0.015+0.013 ADEVA 83e MRKJ Eeeem= 33—38,5 GeV

0.155 FERNANDEZ 83D MAC E = 29 GeV

ABRELI 93C event count includes p, p events. Combining ee, p p, , and e p, events, they
obtain 0.100 + 0.007 + 0.007.
AKERS 93B analysis performed using single and dilepton events.
ADEVA 91C measure the average B(b ~ eX) branching ratio using single and double
tagged b enhanced Z events. Combining e and p, results, they obtain 0.113 + 0.010 +
0.006. Constraining the initial number of b quarks by the Standard Model prediction
(378+3 MeV) for the decay of the Z into bb, the muon result gives 0.123+0.003+0.006.
They obtain 0.119+0.003+ 0.006 when e and p results are combined. Used to measure
the bb width itself, this muon result gives 394 + 9 + 22 MeV and combined with the
electron result gives 385 4 7 + 22 MeV.

I (D l+ vt anything)/I totai ra/ r
VALUE DOCUMENT ID TECN COMMENT

I0.0201+0.0026+0.0013 A KERS 95Q OPAL e+ e ~ Z
36 AKERS 950 reports [B(b — D f+ rrf anything) x B(D+ K rr+ rr+)] = (1.82 +

0.20-k0. 12) x10 . We divide by our best value B(D+ ~ K ~+7r+) = (9.1+0.6) x
10 . Our first error is their experiment's error and our second error is the systematic
error from using our best value.

I (s.+ v anything)/I tot, i

VAL UE (units 10 2) EVTS DOCUMENT ID

2.7 +0.4 OUR AVERAGE

2.75 + 0.30+0.37 405 BUSKULIC 95 ALEP e+ e ~ Z
2.4 +0.7 +0.8 1032 44 ACCIARRI 94C L3 e+ e- Z
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.08 +0.?6+0.62 BUSKULIC 938 ALEP Repl. by BUSKULIC 95

BUSKULIC 95 uses missing-energy technique.
44This is a direct result using tagged bb events at the Z, but species are not separated.

I 15/I
TECN COM MEN T

TECN COMMENT

I (l/@(1S)anything) /rt»i
VALUE (Llnits 10 ) CL% EVTS DOCUMENT ID

1.16+0.10 OUR AVERAGE

1.12+O. 12+0.10 t47ABREU 94P DLPH e+ e ~ Z
1.16+0.16+0.14 121 48 ADRIANI 93J L3 e+ e ~ Z
1.21+0.134 0.08 BUSKULIC 92G ALEP e+ e ~ Z

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.3 + 0.2 60.2 49 ADRIANI 92 L3 e+ e ~ Z
(49 90 MATTEUZZI 83 MRK2 Eceem 29 GeV

42 ABREU 94p is an inclusive measurement from b decays at the Z. Uses y/r/r(1S)
e+ e and p+/g channels. Assumes I (Z ~ bb)/i hadron

—0.22. t
ADRIANI 93J is an inclusive measurement from b decays at the Z. Uses J/@(1S) ~
It+/f, and J/g(1S) ~ e+ e channels.
ADRiANI 92 measurement is an inclusive result for B(Z ~ J/g(1S)X) = (4.1 + 0.7+
0.3) x 10 which is used to extract the b-hadron contribution to J/tc'(1S) production.

TECN COMMEN T

I (b ~ V —s i pganything)/l tot I I ts/r
VAL UE DOCUMENT ID

0.079 +0.008 OUR AVERAGE

0.0770 +0.0097+0.0046 45 ABREU 95D DLPH e+ e -~ Z
0.082 +0.003 +0.012 BUSKULIC 94G ALEP e+ e ~ Z

ABRELI 950 give systematic errors +0.0033 (model) and 0.0032 (Rc). We combine

these in quadrature. This result is from the same global fit as their I (b f+ vf X)
data.
BLISKLILIC 94c uses e and Ir events. This value is from the same global fit as their

tI (b I+ vg anything)/I total data.

I (D l+ vg anything)/rtotai r, /r
VALUE DOCUM EN T ID TECN COM MEN T

0.066+0.006+0.002 AKERS 95Q OPAL e+ e Z I
AKERS 950 reports [B(b D f+ rrf anything) x B(D K rr+)] = (2.52 + 0.14 +
0.17) x 10 . We divide by our best value B(D ~ K &+) = (3.83 6 0.12) x 10
Our first error is their experiment's error and our second error is the systematic error
from using our best value.

I (1( (2S)anything) /I tot, i

VAL UE DOCUMENT ID

0.0048+0.0022+0.0010 50 ABREU

ABREU 94P is an inclusive measurement from

J/tI/(1S)~+7r, J/t//(1S) ~ p+ p, channels.

I (Xct(lp) anything)/I total

rts/r
TECN COMMENT

t94P DLPH e+ e ~ Z

b decays at the Z. Uses r/r(25)
Assumes I (Z bb)/I hadron

—0.22,

I tg/I

I (D' E+ vg anything) /I total r»/r
VALVE DOCUMENT ID TECN COMMENT

0.0276+0.002760.0011 8 AKERS 95Q OPAL e+ e ~ Z

AKERS 95Q reports [B(b ~ D*l+ vL X) x B(D*+ ~ D07r+) x B(D ~ K 7r+)]
= ((7.53 + 0.47 + 0.56) x 10 ) and uses B(D~+ ~ D ~+) = 0.681 + 0.013 and

B(D ~ K 7r+) = 0.0401 + 0.0014 to obtain the above result. The first error is the

experiments error and the second error is the systematic error from the D*+ and D
branching ratios.

I (Di l+ vt anything) /I total I 11/I
D represents an unresolved mixture of pseudoscalar and tensor D** (P-wave) states.

VALUE DOCUMENT ID TECN COMM EN T

seen AKERS 95Q OPAL e+ e ~ Z

9AKERS 95Q quotes the product branching ratio B(b ~ D. /+AX) B(D. ~ D*+~ )j
= ((6.1 + 1.3 + 1.3) x 10 ).

DOCUMENT ID TECN COMMENT

I (X t(lP)anything)/I (l/t( (15)anything)
EVTS DOCUMENT ID TECN COMMENT

rlglrtT

~ e ~ We do not use the following data for averages, fits, limits, etc. o e s

1.92 J:0.82 121 5 ADRIANI 93J L3 e+ e ~ Z

ADRIANI 93j is a ratio of inclusive measurements from b decays at the Z using only the
J/qf//(1S) ~ p+ p, channel since some systematics cancel.

VAL UE EVTS

0.018+0.005 OUR AVERAGE

0.014+0.006+—0.002
t51 ABREU 94p DLPH e+ e ~ Z

0.024+0.009+0.002 19 ADRIANI 93j L3 e+ e ~ Z

ABREU 94n is an inclusive measurement from b decays at the Z. Uses Xct(1P)
y/r/r(1S)y, y/r/r(tS) p+fr channels. Assumes no X 2(1P)cand I (Z
bb)/I hadron —-0,22.
ADRIANI 93J is an inclusive measurement and assumes &c1 come from b decays at Z.
Uses J/ttf(1S) ~ p+ p channel.

I (Di i+ vt anything) /I total I 12/I
D. represents an unresolved mixture of pseudoscalar and tensor D** (P-wave) states.J

VAL UE DOC UMEN T ID TECN COMMENT

seen iAKERS95Q OPAL e+ e ~ Z
40 AKERS 950 quotes the product branching ratio B(b D f+ v anything) B(D. .i ' i

DO~—
) = ((?.0 + 1.9+, 3) x 10—3).

i

I (D'(2460} E+ tanything)/I t tai rtalr
VALUE DOCUMENT ID 7 ECN COMMENT

seen 41 AKERS 95Q OPAL e+ e ~ Z I
AKERS 950 quotes the product branching ratio B(b — D*(2460) f+ rrf anything)2
B(02(2460) ~ D+ m ) = (1.6 + 0.7 6 0.3) x 10

t

I (D2(2460) If+ vt anything)/rtotai r„/r
VALUE DOC UMEN T ID TECN COM MEN T

seen AKERS 95Q OPAL e+ e ~ Z t
AKERS 950 quotes the product branching ratio B(b D2(2460)f+vf anything)

B(D2(2460) ~ D /r ) = 4.2 + 1.3 —1 2' t

COMMENT

e+e——z

I (K anything)/I tot, i

VALUE

0.88+0.05+0.18

I (ICns anything)/rtot i

VAL UE

0.290+0.011+0.027

r(P/Panything)/I tot, i

VALUE

0.14160.018+0.056

I (A//I anything) /I total
VALUE

0.05960.007+0.009

DOC UM EN T ID

ABREU

DOCUMENT ID

ABREU

DOCUMENT ID

ABREU

DOCUMENT ID

ABREU

TECN COMMENT

95c DLPH e+ e ~ Z

TECN COM M EN T

95C DLPH e+ e ~ Z

TECN COM M EN T

95C DLPH e+ e ~ Z

TECN COMMENT

95C DLPH e+ e ~ Z

r(~~) «t. .i

VAL UE CL% DOC UM EN T ID TECN

(0.0012 90 54 ADRIANI 93L L3

54ADRIANI 93L result is for b ~ sp is performed inclusively.

I 21/r

I 22/I

r23/r

I 24/I
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B+/B'/Bo/b b-aryon ADMIXTURE, B*

I (charged anything) /I totai
VALUE

5.84+0.04+0.38

I (p+ p anything)/I total

DOCUMENT ID

ABREU

TECN COMM EN T

95C DLPH e+ e ~ Z

I aa/I 'P )=k(I )

l, 3, P need confirmation. Quantum numbers shown are quark-
model predictions.

&0.02

&0.007

&0.007

95

95

ALTHOFF

A DEVA

BART EL

84G TASS

83 MRKJ

838 JADE

Test for DB = 1 weak neutral current.
VAL UE CL% DOCUMENT ID TECN

&5.0 x 10 90 ALBAJAR 91C UA1

~ ~ ~ We do not use the following data for averages, fits, limits,

COMMEN T

E~~~~= 630 GeV

etc. ~ ~ ~

Eceem= 34.5 GeV
Eee 30—38 GeV
Eee 33—37 GeV

Bo MASS

VAL UE (MeV)

5324.8+1.8 OUR FIT
DOCUMENT ID

From mass difference below and the average of our B masses
(m Bg+m B0)/2.

[I (e+e anything)+I (p+p anything)]/Itatai
Test for AB = 1 weak neutral current.

VALUE CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.008 90 MATTEUZZI 83 MRK2

(I aairar)/r
COM MEN T

etc. ~ ~ ~

Eceem= 29 GeV

I (vv anything)/I tati'
Test for /t B = 1 weak neutral current.

VALUE DOCUMENT ID TECN COM MEN T

&3.9 x 10 GROSSMAN 96 RVUE e+ e ~ Z

raa/r

B+/Bo/B~/bbaryon ADM-IXTURE REFERENCES

ABREU
8 US KULIC
GROSSMAN
ABE,K

ABREU
ABREU
ADAM
AKERS
BUSKULIC
ABREU
ABREU
ACCIARRI
BUSKULIC
ABE
ABE
ABREU
ABREU
ABREU
ACTON
ACTON
ADRIANI
ADRIANI
ADRIANI
AKERS
BUSK ULIC
BUS K ULIC
ABREU
ACTON
AD RIANI
BUSKULIC
BUSKULIC
ADEVA
ADEVA
ALBAJAR
ALEXANDER
DECAMP
BEHR END
HAGE MANN
LYONS
BRAUNSCH. ..
ONG
KLEM
ONG
ASH
BARTEL
BROM
PAL
A I HA RA
BARTEL
ALTHOFF
ALT HOFF
KOOP
A DEVA

ADEVA
BARTEL
FERNANDEZ
MATTE U ZZI
NELSON

96E PL 8377 195
96F PL 8369 151
96 NP 8465 369
958 PRL 75 3624
95C PL 8347 447
95D ZPHY C66 323
95 ZPHY C68 363
95Q ZPHY C67 57
g5 PL 8343 444
94L ZPHY C63 3
94P PL 8341 109
94C PL 8332 201
94G ZPHY C62 179
93E PL 8313 288
93J PRL 71 3421
93C PL 8301 145
93D ZPHY C57 181
93G PL 8312 253
93C PL 8307 247
93L ZPHY C60 217
93J PL 8317 467
93K PL 8317 474
93L PL 8317 637
938 ZPHY C60 199
938 PL 8298 479
930 PL 8314 459
92 ZPHY C53 567
92 PL 8274 513
92 PL 8288 412
92F PL 8295 174
92G PL 8295 396
91C PL 8261 177
91H PL 8270 111
91C PL 8262 163
91G PL 8266 485
91C PL 8257 492
90D ZPHY C47 333
90 ZPHY C48 401
90 P R D41 982
898 ZPHY C44 1

89 PRL 62 1236
88 PR D37 41
88 PRL 60 2587
87 PRL 58 640
87 ZPHY C33 339
87 PL 8195 301
86 P R D33 2708
85 ZPHY C27 39
85J PL 1638 277
84G ZPHY C22 219
84J PL 1468 443
84 PRL 52 970
83 PRL 50 799
838 PRL 51 443
838 PL 1328 241
83D PRL 50 2054
83 PL 12gB 141
83 PRL 50 1542

+Adam, Adye, Agasi+
+Casper, De Bonis, Decamp+
+Ligeti, Nardi

Abe, Abt, Ahn, Akagi+
+Adam, Adye, Agasi+
+Adam, Adye, Agasi+
+Adye, Agasi, Ajinenko+
+Alexander, Allison, Ametewee+
+Casper, De Bonis, Decam p, Ghez, Goy
+Adam, Adye, Agasi, Aleksan+
+Adam, Adye, Agasi, Ajinenko+
+Ada m, A dria ni, Aguil ar- Benitez, A hl en

+Casper, De Bonis, Decamp, Ghez+
+Amako, Arai, Arima, Asano+
+A l brow, A rnidei, A n way-Wiese+
+Adam, Adye, Agasi, Aleksan+
+Adam, Adye, Agasi, Alekseev+
+Adam, Adye, Agasi, Ajinenkoa
+Alexander, Allison, Allport, Anderson+-
+Akers, Alexander, Allison, Anderson+
+Aguilar-Benitez, Ahlen, Alcaraz+
+Aguilar-Benitez, Ahlen, Alcarez+
+Aguilar-Benitez, Ahlen, Alcaraz+
+Alexander, Allison, Anderson, Arcelli-+
+Decamp, Goy, Lees, Minard+
+De Bonis, Decamp, Ghez, Goy+
+Adam, Adami, Adye+
+Alexander, Allison, Allport, Anderson+
+Aguilar-Benitez, Ahlen, Akbari+
+Decamp, Goy, Lees, Minard+
+Decamp, Goy, Lees, Minard+
+Adriani, Aguilar-Benitez, Akbari+
+Adrani, Aguilar-Benitez, Akbari, Alcara
-+Albrow, Allkofer, Ankoviak, Apsimon+
+Allison, All port+
+Deschizeaux, Goy, Lees, Minard+
+C riegee, Field, Franke, J ung+
+Ramcke, Allison, Ambrus, Barlow+
+Martin, Saxon

Braunschweig, Gerhards, Kirschfink+
+Jaros, Abrams, Amidei, Baden+
+Atwood, Barish+
+Weir, Abrams, Amidei+
+ Band, Bloom, Bosm a n+
+Becker, Feist, Haidt+
+Abachi, Akerlof, Baringer+
+Atwood, Barish, Bonneaudy
+Alston-Garnjost, Badtke, Bakken-+
-FBecker, Cords, Feist+
+Braunschweig, Kirschfink+
+ Branschweig, Kirschfink+
+Sakuda, Atwood, Baillon+
+Barber, Becker, Berdugo+
+Barber, Becker, Berdugo+
+Becker, Bowdery, Cords+
+Ford, Read, Smith+
+Abrams, Amidei, Blocker+
+Blondel, Trilling, Abrams+

C olla b. )
Colla b. )
0, CIT)
Collab, )
Colla b. )
Colla b. )
Colla b. )
Coll a b. )
Colla b. )
Collab. )
Collab. )
Colla b. )
Colla b. )
Colla b. )
Colla b. )
Coll a b. )
Colla b. )
Collab. )
Collab. )
C oil a b. )
Colla b. )
Colla b. )
Colla b. )
Colla b. )
Collab. )
Collab. )
C olla b. )
Coll a b. )
Coll a b, )
Colla b. )
Collab. )
Collab. )
Collab. )
Colla b. )
Collab. )
Colla b. )
Coll a b. )
Coll a b. )
, RAL)

Colla b. )
Colla b.)
Colla b. )
Coll a b. )
Collab. )
Collab. )
Collab. )
Coll a b. )
Collab. )
Colla b. )
Col!a b.)
Coll a b. )
Collab. )
Collab. )
Collab. )
Coll a b. )
Collab. )
Collab. )
Colla b. )

(DELPHI
(ALEPH

(REH
(SLD

(DELPHI
(DELPHI
(DELPHI

(OPAL
(ALEPH

(DELPHI
(DELPHI

(L3
(ALEPH
(VENUS

(CDF
(DELPHI
(DELPHI
(DELPHI

(OPAL
(OPAL

(L3
(L3
(L3

(OPAL
(ALEPH
(ALEPH

(DELPHI
(OPAL

(L3
(ALEPH
(ALEPH

(L3
z+ (L3

(UA1
(OPAL

(ALEPH
(CELLO

(JADE
(OXF, BRIS

(TASSO
(Mark II

(DELCO
(Mark II

(MAC
(JADE

(HRS
(DELCO

(TPC
(JADE

(TASSO
(TASSO
(DELCO
(Mark-J
(Mark-J

(JADE
(MAC

(Mark II

(Mark II

GROSSMAN 96 limit is derived from the ALEPH BUSKULIC 95 limit B(B+ ~ ~+ v )
& 1.8 x 10 at CL=90% using conservative simplifying assumptions.

Idge, —fPg

DOCUMENT ID TECN COMMENTVAL UE (MeV) EVTS

45.7+0.4 OUR FIT
45.7+0.4 OUR AVERAGE

45.3+0.35+0.87 4227

45.5+ 0.3 +0.8
46.3+ 1.9 1378
46.4+0.3 +0.8
45.6 +0.8
45.4 + 1.0
~ ~ ~ We do not use the following

E,"= 88-94 GeV
Eee = 88—94 GeV

Ecm ——88—94 GeV

e+e pX
e+e ~ pX, pEX
e+ e—~ T'(5S)
etc. ~ ~

BUSKULIC 96D ALEP
1 ABREU 95R DLPH
1 ACCIARRI 958 L3
2 AKERIB 91 CLE2
2WU 91 CSB2

LEE-FRANZINI 90 CSB2
data for averages, fits, limits,

4 HAN 85 CUSB e+e ~ peX

mg + ~8+ ~8% ~go

VALUE(MeV)

&6

CL%

95

DOCUMENT ID TECN COMMENT

ABREU R DLPH Eceem 88—94 GeV

B' DECAY MODES

Mode

l1 BP

Fraction (C;/I )

dominant

B' REFERENCES

BUSKULIC 96D
ABREU 95R
ACCIARRI 958
AKERIB 91
WU 91
LEE-FRANZINI 90
HAN 85

ZPHY C69 393
ZPHY C68 353
PL 8345 589
PRL 67 1692
PL 8273 17?
PRL 65 2947
PRL 55 36

+Casper, De Bonis, Decamp' (ALEPH
+Adam, Adye, Agasi+ (DELPHI
+Adam, Adriani, Aguilar-Benitez+ (L3
+Barish, Cown, Eigen, Stroynowski+ (CLEO
+Franzini, Kanekal, Tuts+ (CUSB II

+Heintz, Lovelock, Narain, Schamberger+ (CUSB II

+Klopfenstein, Mageras+ (COLU, LSU, MPIM,

Coll ab. )
Coll a b.)
Coll a b. )
Coll a b. )
Coll a b.)
Collab. )
STON)

52 +2 +4 1400

u, d, s flavor averaged.
These papers report E& in the B* center of mass. The mB. —mB is 0.2 MeV higher.

Ecm —10.61—10.7 GeV. Admixture of B and B+ mesons, but not Bs.
LEE-FRANZINI 90 value is for an admixture of B and B+. They measure 46.7 + 0,4+
0.2 MeV for an admixture of B0, B+, and Bs, and use the shape of the photon line to
separate the above value.

4 HAM 85 is for Ecm = 10.6—11,2 GeV, giving an admixture of B, B+, and Bs.
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B*,B,*(5732)

B*,(5732) I(~ ) ='(')
I, J, P need confirmation.

OIVIITTED FROM SUMMARY TABLE
Signal can be interpreted as stemming from several narrow and broad
resona nces. Needs confirm ation.

VAL UE (Mev) EVTS

128+18 OUR AVERAGE

145+28 2157
116+24 1738

Bi(5732) WIDTH

DOCUMENT ID TECN COMMEN T

ABREU

AKERS

95B DLPH E = 88—94 GeV

95E OPAL Ec —88—94 GeV

B~~(5732) MASS

VAL UE (Mev) EVTS DOCUMENT ID TECN COMMENT

5698+12 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.

5704+ 4k 10 1944 BUSKULIC 96D ALEP Ee = 88—94 GeV

5732 + 5+ 20 2157 ABREU 95B D LP H Ec —88—94 GeV

5681 + 11 1738 AKERS 95E OPAL Ec = 88—94 GeV

Using mg —mB —424 + 4 4 10 MeV.

WEIGHTED AVERAGE
5698+12 (Error scaled by 1.6)

Mode

B*~ + B~
Fraction (I;/I )

dominant

Bi~(5732) REFERENCES

BUSKULIC 96D ZPHY C69 393
ABREU 95B PL B345 598
AKERS 95E ZPHY C66 19

+Casper, De Bonis, Decamp+
+
+Alexander, AIIIson+

B~(5732) DECAY MODES

(ALEPH Collab. )
(DELPHI Collab. )

(OPAL Collab. )

5600 5650 5700 5750

BUSKULIC
ABREU
AKERS

5800

x'
96D ALEP 0.4
95B DLPH 2.8
95E OPAL 2.3

5.4
(Confidence Level = 0.067)

I

5850

B&(5732) mass (MeV)
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0
S

BOTTOM, STRANGE MESONS
(B= +1, 5= ~1)

8 = sb, B~ = s b, similarly for 8,*'s

f(f ) = o(o )

Bs DECAY MODES

These branching fractions all scale with B(b ~ 8 ), the LEP 8 pro-S S
duction fraction. The first four were evaluated using B(b ~ 8 ) =

S
(11.2 1'9)% and the rest assume B(b ~ 8 ) = 12%.

The branching fraction B(8 ~ D E+ v~ anything) is not a pure mea-
S S

surement since the measured product branching fraction B(b ~ 8 ) x
S

B(B ~ D E+vganything) was used to determine B(b ~ 8 ), asS, $ S
described in the note on "Production and Decay of b-Flavored Madrons. "

l, J, P need confirmation. Quantum numbers shown are quark-
model predictions.

Mode Fraction (I;/I ) Confidence level

Bo MASS

The fit uses mB+' mBp mB+), mBp, and (mBp mB+ + mBp)/2)
5 5

to determine mB+, mBp, mBp, and the mass differences.
5

VAL UE (Mev) EVTS
5369.3+ 2.0 OUR FIT
5369.6+ 2.4 OUR AVERAGE
5369.9+ 2.3 + 1.3 32 1 ABE
5374 +16 +2 3 ABREU
5359 +19 k7 1 1 AKERS
5368.6 6 5.6 + 1.5 2 BUSK ULIC
o ~ ~ We do not use the following data for averages,

5370 +40 2 AKERS
5383,3 6 4.5 +5.0 14 ABE

From the decay Bs — J/Q(1S)P.
From the decay 8 ~ D ~+.S S

DOCUMENT ID TECN COMM EN T

968 CDF pp at 1.8 TeV
940 DLPH e+ e ~ Z
94' OPAL e+ e ~ Z
93G ALEP e+ e ~ Z

fits, limits, etc. ~ ~ ~

943 OPAL e+ e -~ Z
93F CDF Repl by ABE 968

mBp mB

m 8 is the average of our 8 masses (m 8++m Bp)/2. The fits uses m 8+,
(m Bp

—m 8+), m Bp, and m Bp
—m 8 to determine m 8+, m Bp, m Bp,

5 5 5
a nd the m ass differences.

TECN COMMENTVALUE(MeV)
90.2+2.2 OUR FIT
89.7+2.7+1.2 ABE 968 CDF pp at 1.8 TeV
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

80 to 130 68 LEE-FRANZINI 90 CSB2 e+ e T(55)

CL%

map —mgp
sH sL

See the 8 -8 MIXING section near the end of these 8 Listings.
S S S

1.56+ 0.29+- 0.08 3 ABREU e ~ Z—0.26 —0.07

1.65 ~ ' +0.12—0.31 ABREU e —+ Z

1.76+ 0.20+—0.10
5 ABREU e ~ Z

1 60+0 26+0.—0.15
6 ABREU e ~ Z

+0.30 +0.18
—0.29 —0.16 90 4 BUSKULIC e ~ Z

1.42 0'23 +0.11 76 95R CDF pp at 1.8 TeV

1.74 ' +0.07 8 7ABE 95R CDF pp at 1.8 TeV

1.54+ ' +0.06 AKERS 95G OPAL e+ e ~ Z

159 ' +003—0.15 134 3 BUSKULIC 95o ALEP e+ e ~ Z

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.67 + 0.14 ABREU 96F DLPH e+ e ~ Z
0.96+0.37 41 ABREU 94E DLPH Sup. by ABREU 96F

1 92+ ' +004 31 BUSKULIC 94C ALEP Sup. by BUSKULIC 950

0 pg+0 22 93H OPAL Sup. by AKERS 95G

3 Measured using D )g+ vertices.
S

Measured using Ds hadron vertices.
Measured using @E vertices.

6 Measured using inclusive Ds vertices.
Exclusive reconstruction of Bs ~
Combined result for the four ABREU 96F methods.
ABREU 94E uses the flight-distance distribution of Ds vertices, p-lepton vertices, and

Ds It vertices.

96F DLPH e+

96F DLPH e+

96F DLPH e+

96F DLPH e+

96E ALEP e+

3 ABE

79

3 ACTON

0 M

"OUR EVALUATION" is an average of the data listed below performed by the LEP
8 Lifetimes Working Group as described in our review "Production and Decay of b-

flavored Hadrons" in the 8 Section of the Listings. The averaging procedure takes
into account correlations between the measurements and asymmetric lifetime errors.

VALUE (1P 5) EVTS DOCUMENT ID TECN COMMEN T

1.61+ ' OUR EVALUATION—0.09

I2
I3
l4
I5
I6
I7
I8
Ig

1O

0, anything

0 E+ v~ anything

0 ~+
S

l/sir (15) ri)

tb(25) 9)

fl'9
~+ K-
K+ K

(87 +31 ) %

[a] ( 7.6 + 2 4) ohio

12

6 x 10
seen

( 2.1
1.0
1.5
2.6
1,4

x 1O
—4

x 10
x 10
x1O —4

x1O —4

9O%

90%
9O%

go%

90%

I 11 Y-f

hB = 1 weak neutral current (Bl) modes
81 1. .48 x1O—4 go%

[a] Not a pure measurement. See note at head of Bo Decay Modes.

Bo BRANCHING RATIOS

I (Da anything)/I totai

VALUE EVTS

0.87+0.31 OUR AVERAGE

0.76+ 0.23 +0.23 t90

1 BUSKULIC 96E ALEP e+ e ~ Z
1.46 +0.54 +0.44 147 11 ACTON 92N OPAL e+ e —+ Z

BLISKULIC 965 separate cc and bb sources of D mesons using a lifetime tag, subtract

generic b Irlr+ O+ events, and obtain B(b B ) x B(B D anything)
S S S S

= 0.088+ 0.020 + 0.020 assuming B(Ds ~ @7r) = (3.5 k 0.4) x 10 and PDG 1994
values for the relative partial widths to other Ds channels. We evaluate using our current

values B(b B ) = 0.112 o'o19 and B(Ds d x) = 0.036+ 0.009. our first error0 +0 018

is their experiment's and our second error is that due to B(b B ) and B(Ds @x).
ACTON 92N assume that excess of 147 + 48 D events over that expected from 8
8+, and cc is all from 8 decay. The product branching fraction is measured to be

( )B( anything) x B(D p~ ) = (5.9 + 1.9 6 1.1) x 10

We evaluate using our current values B(b ~ 8 ) = 0.112 0'019 and B(Ds ~ @n)0 +0 018

= 0.036 + 0.009. Our first error is their experiment's and our second error is that due
to B(b 8 ) d B(DS $7r). t

TECN COMMENTDOCUMENT ID

I (Da E+vr anything)/I total I 2/I
The values and averages in this section serve only to show what values result if one
assumes our B(b ~ 8 ). They cannot be thought of as measurements since the

S

underlying product branching fractions were also used to determinine B(b —s 8 ) as0
S

described in the note on "Production and Decay of b-Flavored Hadrons. "

DOCUMENT IDVALUE EVTS TECN COM MEN T

0.076+0.024 OUR AVERAGE

to.071 &'012+0.021 134 BUSKULIC 950 ALEP e+ e Z

0.14 +0.06 +0.04 7 ABREU 92M DLPH e+ e ~ Z
0.097+0.034+0.029 18 14 ACTON 92N OPAL e+ e ~ Z
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.13 +0.04 +0,04 27 BUSKULIC 92E ALEP e+ e ~ Z
12 BLISKULIC 95O use Dsf correlations. The measured product branching ratio is B(b

Bs) x B(Bs ~ D l+ vganything) = (0.82 4 0.09 0'14)% assuming B(DS ~ pm)

= (3.5 + 0.4) x 10 and PDG 1994 values for the relative partial widths to the six
other Ds channels used in this analysis. Combined with results from T(45) experiments

this can he used to extract B(b — Bs) = (11.0 + 1.2 2 6)%. We evaluate using our+2.5 o

current values B(b B ) = 0.112 O'O19 and B(Ds SSrr) = 0.036 + 0.009. Our

first error is their experiment's and our second error is that due to B(b B ) and
S

B(D, - @~).
ABREU 92M measured muons only and obtained product branching ratio B(Z ~ bor
b) B(b s) ( s 9 s p+ v anything) x B(Ds @~) —(18+ 8) 10

We evaluate using our current values B(b ~ 8 ) = 0.112 0 019 and B(Ds ~ @x)0 +0.018

= 0.036 2 0.009. Our first error is their experiment's and our second error is that due
to B(b B ) and B(D drxs). We use B(Z ~ bor b) = 2B(Z bb) =
2 x (0.1546 + 0.0014).
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0

r (@(25)8})/rtotai
VALUE EVTS DOC UM EN T 1D TECN COM MEN T

BUSKULIC 93G ALEP e+ e ~ Z

I 5/I

I (tf ff ) /I t,t, l

CL% DOCUMENT ID TECN

90 ACCIARRI 95H L3

COMMENT

e+e —
Z

VAL UE

&2.1 x 10

ACCIARRI 95H assumes fBO
—39.5 + 4,0 and fB —12.0 + 3.0%.

5

r (fj frp) /rt. tai
VALUE CL% DOCUMENT fD TECN COMMENT

&1.0 x 10 90 ACCIARRI 95H L3 e+ e —y Z

ACCIARRI 95H assumes fBO
—39.5 + 4.0 and fB —12.0 3: 3.0%.

5

r (no) /rtotai
VALUE CL% DOCUMENT ID TECN COMMENT

&1.5 x 10 90 ACCIARRI 95H L3 e+ e ~ 2
ACCIARRI 95H assumes fBO

—39.5 + 4.0 and fB —12.0 + 3.0%.
5

r(~+ K-)/r„„i
VALUE CL% DOCUMENT ID TECN COMMENT

&26x 10 4 9o 23 AKERS 94L OPAL e+ e ~ Z

Assumes B(Z bb) = 0.217 and 8& (8 ) fraction 39.5% (12%).

I (IC+ K ) /I total
VALUE CL % DOCUMENT ID TECN COMMEN T

&1.4 x 10 90 24 AKERS 94L OPAL e+ e ~ 2
Assumes B(Z bb) = 0.217 and B& (B ) fraction 39.5% (12%).

r('7'7) /rtotai

I 7/I

I 1P/I

Test for AB = 1 weak neutral current. Allowed by higher-order electroweak interac-

tionss.

VALUE CL% DOCUMENT ID TECN COMM EN T

&14.8 x 10 90 ACCIARRI 95( L3 e+ e ~ Z

ACCIARRI 95( assumes fBO
—39.5 4 4.0 and fB —12.0 4 3.0%.

5

POLARIZATION IN B0s DECAY

I L/I In BP ~ I/Q(1S)P
VALUE EVTS

0.56+0.21 19

DOCUMENT ID

ABE

TECN COM MEN T

95Z CDF pp at 1.8 TeV

ACTON 92N is measured using Ds ~ pa+ and K*(892) K+ events. The product

branching fraction measured is measured to be B(b ~ 8 )B(B ~ D E+ v anything)s s s
xB(D rfrrr ) = (3.9+ 1.1 + 8.8) x 10 ".We evaluate using our current values

S

B(h Su) = P.112 p'p19 and B(D4 rhrr) = 0.036 + 0.009. Our first error is

their experiment's and our second error is that due to B(b ~ Bp) and B(D ~4drrr).
BUSKULIC 92E is measured using Ds ~ /jr+ and K*(892) K+ events. They use

2.7 + 0.7% for the (I/~+ branching fraction. The average product branching fraction is

measured to be B(b ~ 8 )B(8 ~ D E+ vganything) =0.020 + 0.0055+p pp6.
We evaluate using our current values B(b ~ 8 ) = 0.112 p'p19 and B(DS ~ per)p +0 018

= 0.036 6 0.009. Our first error is their experiment's and our second error is that due

t
to B(b ~ 8 ) and B(Ds ~ pn). Superseded by BUSKULIC 95o.

I (D tf+) /I total
VALUE EVTS DOCUMENT /D TECN COMMEN T

&0.12
I6

16 AKERS 94J OPAL e+ e Z
o ~ e We do not use the following data for averages, fits, limits, etc. ~ o ~

seen 1 BUSKULIC 93G Al EP e+ e ~ Z

AKERS 941 sees & 6 events and measures the limit on the product branching fraction

f(h — B ) B(8 D rr+) & 1.3% at CL = 90%. We divide by our current value
S S S

B(b ~ 80) = 0.112.
S

r (~/0'(&S) 0) /rtotai

VALUE EVTS DOCUMENT ID TECN COMMENT

&0.006
i1

17 AKERS 94J OPAL e+ e -~ Z
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

seen 14 ABE 93F CDF pp at 1.8 TeV
seen 1 ACTON 92N OPAL Sup. by AKERS 94J

AKERS 941 sees one event and measures the limit on the product branching fraction
f(b — B }B(B y/dr(1S)rp) & 7 x 10 at CL = 90%. We divide by our current

value B(b 8 ) = 0.112.
ABE 93F measured using f/Q(1S) —h p+/6 and @ ~ K+ K
In ACTON 92M a limit on the product branching fraction is measured to be

f(b ~ 8 ) B(B ~ l/g/'7(15)$) & 0.22 x 10

B0 ~B MIXING

For a discussion of 8 -~B mixing see the note on "8 -~S Mixing and CPS S
Violation in 8 Decay" in the B Particle Listings above.

Xs
This 8 -8 mixing parameter measures the probability (integrated over time) that

a produced B (~B) decays as a ~B (8 ). It cannot exceed 0.50. Mixing violatesS S S S
DB g 2 rule.

VAL UE CL% DOCUMENT ID TECN COM MEN T

)0.49 95 26 BUSKULIC 95J ALEP e+ e ~ Z
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.74+ 0.27 95 7 ABREU 94F RVUE e+ e ~ Z

0 43+ o. 28 ACCIARRI 94D RVUE

0.46+ 0.21 ADEVA 92C RVUE Sup. by ACCIARRI 94D
0.53+0.15 ALBAJAR 91D RVUE

26 BUSKULIC 95J is their EmBO measurement combined with ~ o
—1.61 ps, our central

5 5
value. Assumes fs = 11.2%.
From a combination of DELPHI (ABREU 94F), CLEO (ARTUSO 89), and ARGUS
(ALBRECHT 92L). Estimated from ABREU 94F figure 7.

28 Uses BARTELT 93 to remove Bd mixing contribution and assuming fd
—0.375 + 0.05

and fs —0.15 + 0.05.
From combination of L3 (ADEVA 92c), CLEO (ARTUSO 89), and ARGUS (AL-
BRECHT 92L). Corresponding limit is & 0.16 at 90%CL.
From combination of UA1 (ALBAJAR 91D), CLEO (BEAN 87B), ARGUS (AL-
BRECHT 87l), ALEPH (DECAMP 91), and L3 (ADEVA 90P). Corresponding limits
are & 0.23 at 95% CL and & 0.27 at 90% CL.

X~ at high energy
This is a B-8 mixing measurement for an admixture of 8 and 8 at high energy.S

XB = f~Xd + 'sXs
where fd and fs are the production fractions of 8& and B mesons relative to all b-

S
flavored hadrons. Only the measurements at the Z and higher energy pp are averaged.

VAL UE CL% EVTS DOCUMENT /D TECN C0M M EN T
0.126+0.008 OUR AVERAGE

0.121*0,016+0.006 ABREU - 94J DLPH e+ e ~ Z
P.123+0.012+0.008 ACCIARRI 94D L3 e+ e ~ Z
0.114+0.014+0.008 BUSKULIC 94G ALEP e+ e

0.143 0 021 +0.007 AKERS 93B OPAL e+ e ~ Z

0.129+0.022 BUSKULIC 92B ALEP e+ e ~ Z
0.17660,031k 0.032 1112 ABE 91G CDF pp 1.8 TeV
0.148+0.029+ 0.017 ALBAJAR 91D UA1 p p 630 GeV

a ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.144+0.014—0 011 ABREU 94F DLPH

0.1314 0.014 38 ABREU 94J DLPH
0.157+0.020+ 0.032 Al BAJAR 94 UA1

0.121+ ' +0.017—0.040 1665 ABREU 93C DLPH

Sup. by
ABREU 94J

e+e — Z
~s = 630 GeV

Sup. by
ABREU 94J

e+e — z0.145+ ' +0.018—0.035
0.121+0.017+ 0.006

41 ACTON

42 ADEVA

92C OPAL

92C L3

91 ALEP

90P L3

Sup. by AC-
CIARRI 94D

e+e — Z0.132+0.22 +—0.012

0.178+ ' +0.020—0.040

o.17 +0'5—0.08

p 21 +0 ~ 29
—0, 15

&0.02

0.121+0.047

823 DECAMP

e+e — Z44 ADEVA

45 46 WEIR 90 MRK2 e+ e 29 GeV

45 BAND

45 BAND

ALBAJAR

90

88 MAC Eceem= 29 GeV

88 MAC Ecem —29 GeV

87C UA1 Repl. by AL-
BAJAR 91D

&0.12 90 SCHAAD 85 MRK2 E = 29 GeV

This ABREU 941 result is from 5182 ff and 279 rtf events. The systematic error includes
0,004 for model dependence.

tBUSKULIC 94G data analyzed using ee, e p, , and p, p events.
AKERS 93B analysis performed using dilepton events.
BUSKULIC 92B uses a jet charge technique combined with electrons and muons.
ABE 91G measurement of X is done with e/f. and ee events.
ALBAJAR 91D measurement of X is done with dimuons.

7ABREU 94F uses the average electric charge sum of the jets recoiling against a b-quark
jet tagged by a high pT muon. The result is for X = f&Xd+0.9fsXs.

38 This ABREU 941 result combines f i/If, and jet-charge ,7 (ABREU 945) analyses. It is
for X = fd Xrj + 0.96fsXs
ALBAJAR 94 uses dimuon events. Not independent of ALBAJAR 91D. I
ABREU 93C data analyzed using ee, ep, , and p, p events.
ACTON 92C uses electrons and muons. Superseded by AKERS 93B.
ADEVA 92C uses electrons and rnuons.
DECAMP 91 done with opposite and like-sign dileptons. Superseded by BUSKULIC 92B.

4 ADEVA 90P measurement uses ee, p, p, and ep events from 118k events at the Z.
Superseded by ADEVA 92C.
These experiments are not in the average because the combination of Bs and B~ mesons
which they see could differ from those at higher energy.

6The WEIR 90 measurement supersedes the limit obtained in SCHAAD 85. The 90% CL
a re 0.06 a nd 0.38.4"ALBAJAR 87C measured X = (B ~ B ~ p+ X) divided by the average production
weighted semileptonic branching fraction for 8 hadrons at 546 and 630 GeV.
Limit is average probability for hadron containing 8 quark to produce a positive lepton.
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80, 8,*, 8,*~(5850)

+~go ™go™go
sH sL

Dm is a measure of the B -~B oscillation frequency in time-dependent mixingBp s s
5

exp crim ents.
VALUE (1p12 76 5 1) CL% DOCLIMENT ID TECN COMMENT

&5.9 t95

49 BUSKULIC 95J ALEP e+ e ~ Z
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.2 95 AKERS 95J OPAL e+ e ~ Z i
&1.8 95 BUSKULIC 948 ALEP e+ e ~ Z

BUSKULIC 95J determine Km p from time dependence of B mixing using a jet charge
s

technique to tag initial quark state and a lepton tag to determine flavor of the decaying

b quark, They find Em& & 5.6 [) 6.1] 5 ps 1 when fz ——10% [12%]. We interpolate
to our central value fz

—11.2%.
Uses dileptons.

x, = am8p/r8ff
S $

This section combines the results from the previous two sections.

Time integrated mixing measurement of & determine this quantity directly via

B*, f(f ) = '(' )
I, J, P need confirmation.

OMITTED FROM SUMMARY TABLE
Needs confirmation.

B' MASS

From mass difference below and the B mass.s

VALUE (Mev)

5416.3+3.3 OUR FIT
DOCUMENT ID

Al 8» —mB
5

TECN COMMEN TVA L UE (Me V) DOCUMENT ID

47.0+2.6 OUR FIT
47.0+2.6 1 LEE-FRANZINI 90 CSB2 e+ e ~ T(5S)

LEE-FRANZINI 90 measure 46.7 4 0.4 + 0.2 MeV for an admixture of B, B+, and
Bs. They use the shape of the photon line to separate the above value for Bs.

ma» —Nle — IBg» —tBB

while time-dePendent mixing measurements determine Am p
—m p

—m 0 which
s sH sL

are combined with T Bp to give
s

BO 0 ™Bp Bp
s sH sL s

I p Fi

s

CL % DOCUMEN T ID TECN COMMENT

95 51 BUSKULIC 95J ALEP e+ e ~ Z

VAL UE

g9.5
51 BUSKULIC 95J is their AmBO measurement combined with r Bp —1,61 ps, our central

s s
value. Assumes fz

—11,2%.

VALUE(MeV}

&6

Mode

CL% DOCUMENT ID TECN COMMENT

ABREU 95R DLPH E = 88—94 GeV

B' DECAY MODES

Fraction (I t/I )

dominant

Bi REFERENCES

Bs REFERENCES
ABREU 95R ZPHY C68 353
LEE-FRANZINI 90 PRL 65 2947

+Adam, Adye, Agasi+ (DELPHI Collab. )
+Heintz, Lovelock, Narain, Scharnberger+ (CUSB II Collab. )

968
96F

P P E/96-32
96E
95R
95Z
95H
95l
95G
95J
95J
950
94D
94E
92M
94F
94J
94D
g4J
94L
g4
948
94C
g4G
93F
93C
93H
938
93
93G
92M
92C
92N
92C
92L
928
92E
91G
91D
91
90P

INI 90
90
89
88
87C
87I
878
85

ABE
ABREU

CERN-
BUSKULIC
ABE
ABE
ACC IARRI
ACC IA R R I

AKERS
AKERS
BUSKULIC
BUS KULIC
ABREU
ABREU

Also
ABREU
ABREU
ACCIARRI
AKERS
AKERS
ALBAJAR
BUSKULIC
BUSKULIC
BUSKULIC
ABE
ABREU
ACTON
AKERS
BARTELT
BUS KUI IC
ABREU
ACTON
ACTON
A DEVA

ALBRECHT
BUSKULIC
BUSKULIC
ABE
ALBAJAR
DECAMP
ADEVA
LEE-F RANZ
WEIR
ARTUSO
BAND
ALBAJAR
ALBRECHT
BEAN
SCHAAD

ZPHY C69 585
PRL 74 4988
PRL 75 3068
PL 8363 127
P L 8363 137
PL B350 2?3
ZPHY C66 555
PL 8356 409
P L 8361 221
P L 8324 500
ZPHY C61 407
P L 8289 199
PL 8322 459
P L 8332 488
PL 8335 542
PL 8337 196
PL 8337 393
ZPHY C61 41
PL 8322 441
PL 8322 275
ZPHY C62 179
PRL 71 1685
PL 8301 145
P L 8312 501
ZPHY C60 199
PRL 71 1680
PL 8311 425
P L 8289 199
PL 8276 379
PL 8295 357
PL 8288 395
ZPHY C55 357
PL 8284 177
PL 8294 145
PRL 67 3351
PL 8262 171
PL B258 236
PL B252 703
PRL 65 2947
PL 8240 289
PRL 62 2233
PL 8200 221
P L 8186 247
PL 8192 245
PRL 58 183
PL 1608 188

P R D53 3496
ZPHY C (submitted)

+Albrow, Amendolia, Amidei+
+Adam, Adye, Agasi+

(CDF Collab. )
(DELPHI Collab. )

(ALEPH
(CDF
(CDF

(L3
(L3

(OPAL
(OPAL

(ALEPH
(ALEPH

(DELPHI
(DELPHI
(DELPHI
(DELPHI
(DELPHI

(L3
(OPAL
(OPAL

(UA1
(ALEPH
(ALEPH
(ALEPH

(CDF
(DELPHI

(OPAL
(OPAL
(CLED

(ALEPH
(DELPHI

(OPAL
(OPAL

(L3
(ARGUS
(ALEPH
(ALEPH

(CDF
(UA1

(ALEPH
(L3

(CUSB II

(Mark II

(CLEO
(MAC
(UA1

(ARGUS
(CLEO

(Mark II

Coll a b, )
Coll a b, )
Colla b. )
Coll a b. )
Collab. )
Collab. )
Collab. )
Coll a b. )
Colla b. )
Collab. )
Colla b.)
Colla b.)
Collab. )
Collab. )
Collab. )
Coll a b, )
Coll a b, )
Coll a b. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Colla b. )
Colla b. )
Colla b.)
Coll a b. )
Coll a b. )
Colla b. )
Collab. )
Collab. )
Collab. )
Collab. )
Coll a b. )
Coll a b. )
Colla b. )
C oil ab. )
Collab. )
Colla b. )
Colla b. )
Col]a b.)
Collab. )
Coll a b.)
Co]la b. )
Colla b. )
Collab. )

+Casper, De Bonis, Decamp+
+Albrow, Amendolia, Amidei+
+Albrow, Amendolia, Arnidei+
~Adam, Adriani, Aguilar-Benitez+
+Adam, Adriani, Aguilar-Benitez+
+Alexander, Allison, Ametewee+
+Alexander, Allison, Ametewee+
+Casper, De Bonis, Decamp+
+Casper, De Bonis, Decamp+
+Adam, Adye, Agasi, Aleksan+
+Adam, Adye, Agasi, Aleksan+

Abreu, Adam, Adye, Agasi, Alekseev+
+Adam, Adye, Agasi, Ajinenko+
+Adam, Adye, Agasi, Ajinenko+
+Adam, Adriani, Aguilar-Benitez, Ahlen+
+Alexander, Allison, Anderson, Arcelli+
+-Alexander, Allison, Anderson, Arcelli+
+Ankoviak, Bartha, Bezaguet, Boehrer+
+De Bonis, Decamp, Ghez, Goy, Lees+
+De Bonis, Decamp, Ghez, Goy, Lees+
+Casper, De Bonis, Decamp, Ghez+
+Albrow, Amidei, Anway-Wiese+
+Adam, Adye, Agasi, Aleksan+
+Akers, Alexander, Allison, Anderson+
+Alexander, Allison, Anderson, Arcelli+
+Csorna, Egyed, Jain, Sheldon+
+De Bonis, Decamp, Ghez, Goy, Lees+
+Adam, Adye, Agasi, Alekseev+
+Alexander, Allison, Allport, Anderson+
+Alexander, Allison, Allport, Anderson+
+Adriani, Aguilar-Benitez, Ahlen+
+Ehrlichmann, Hamacher, Krueger, Nau+
+Decamp, Goy, Lees, Minard+
+Decamp, Goy, Lees, Minard+
+Amidei, Apollinari, Atac, Auchincloss+
+A]brow, Allkofer, Ankoviak, Apsimon+
+Deschizeaux, Goy, Lees, Minard+
+Adriani, Aguilar-Benitez, Akbari, Alcaraz
+Heintz, Lovelock, Narain, Schamberger+
yAbrams, Adolphsen, Alexander, Alvarez+
+Bebek, Berkelman, Blucher+
+Camporesi, Chadwick+
+Albrow, Allkofer, Arnison+
+Andam, Binder, Boeckmann+
+Bobbink, Brock, Engler+
+Nelson, Abrams, Amidei+

B*,J(5850) f(~ ) ='(')
I, 2, P need confirmation.

8;~(5850) MASS

VA L UE (Me V)

5853+15

EVTS

141

DOCUMENT ID

AKERS

TECN COM MEN T

95E OPAL Ec~—88—94 GeV

S ~(5850) WIDTH

VALUE (Mev)

47+22
EVTS

141

DOCUMENT ID

AKERS

TECN COMMENT

95E OPAL Ecm —88—94 GeV

8;J(5850) REFERENCES

AKERS 95E ZPHY C66 19 +Alexander, Allison+ (OPAL Collab. )

OMITTED FROM SUMMARY TABLE
Signai can be interpreted as coming from bs states. Needs confir-
mation.

OTHER RELATED PAPERS

ALI 93 JPG 19 1069 +London

"Prospects for measuring the B -~B mixing ratio xs"
(DESY, MONT)
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Charmonium, Tj,(15)

MESO NS

IG(~pc) = o+(o —+)

g~(1S) MASS

2982.6 + 2.7

2980.2+ 1.6
2984 4 2.3 + 4.0

WEIGHTED AVERAGE
2979.8+2.1 (Error scaled by 2.1)

TECN COM MEN T
S th 'd b I

VAL UE (MeV)
AGE Error includes scale factor of 2.1. ee29?9.8+ 2.1 OUR AVERA

88388 3+ ' ARMSTRONG 95F SPEC p p ~
ELLO 91 DM2 J/Q ~ qcBISELLO2974.4+ 1.9

BAI 90B MRK3 J/Q —+2969 + 4 + 4 80 BAI

pK+K K+K
12 BAGLIN 87B SPEC pp ~

BALTRUSAIT. .86 MRK3 J/g ~ icy
GAISER 86 CBAL J/g ~ yX, Q(2S) ~

y X
HIMEL 80B MRK2 e+ e2982 6 8 18

II
' data for averages, fits,

'
llm)ts, etc. ~ ~ ~o ~ e We do not use the following a

BAI 90B MRK3 J/g ~
+ — 0 KO

2956 + 12 6 12
pK K K~KL

BALTRUSAIT. .&4 MRK3 J/@ —+2976 + 8
2 PARTRIDGE 808 CHAL e+ e2980 + 9

A erage of several dec y
Mass adjusted by us to corre p

v

s ondto J
3ec 4'&.

gq(lS) WIDTH

VAL UE (MeV) CL% EVTS

132+ 3.8 OUR AVERAGE—3.2

23 9+ 12.6
7.1

+ 7.5

DOCUMENT lD TECN COM MEN T

ARMSTRONG 95F SPEC pp ~
BAG L IN 87B SPEC p p ~12

q~(lS) DECAY MODES

Mode Fraction (I;/I ) Confidence level

Decays involving hadronic resonances

2 6 + 0 9) olo

(2.0 +0.7) lo

(8.5 +3.1) x 1O——3

(7.1 +2,8) x 10—3

2

( 2

1.28 lo

& 1.1
& 3.1 x 10—3

q'(958) x vr

K'(892)P K ~++ c.c
K*(892)K*(892)

ap(980) ~
ap (1320)vr

K*(892)K+ c.c.
r, f, (i270) ~
I 10 COCA

9O%

90%
9O%

9O%

90%

7.0
+33.0 23 BA LTRUSAIT. .96 MRK3 J/Q ~ p p p10.1 8 2

GAISER 86 CBAL J/Q —+ pX, @(2S) ~11.5 + 4.5
pX

data for averages, fits, limits, etc. ~ ~ ~~ ~ ~ We do not use the following a a

HIM EL 808 MRK2 e+ e90 18
e+e—

(40
PARTRIDGE 80e CBAL e e20 90(2

ond to 90% confidence level.4 ' '
d negative errors correspon to 0PosItIve an

2950 2960 2970

qc(1S) mass (MeV)

x'
7.6
8.0
3.6
1.5
0.1

0.8
0.1

21.7
= 0.001)(Confidence Level

30102980 2990 3000

MSTRONG 95F SPEC
SELLO 91 DM2

90B MRK3
GLIN 87B SPEC

ALTRUSAIT. .. 86 MRK3
AISER 86 CBAL
MEL 80B MRK2

I KKz
I 12 Ttvrx

I 13 ~+sr K+ K

I ~5 2(~++ )
I 16 PP
I 7 KKq
I 18 7l 7c Pp
I 19 A/l

I 20

Decays into stable hadrons

(5.5 +1.7) %

(4.9 +1.8) %

(20 + ~

) ol

(2.1 +1.2) %

(1.2 +0.4) %

(1.2 +0.4) x 10—3

& 3.1

& 1.2
( 2 x 10—3

Radiative decays
(3.0 + 1.2) x 10

90%
90%
90ol

THE CHARMONIUM SYSTEM

q (2S)

hadrons

y(2S)

XC2(1P)

drons

ha

q (1S)

hadrons hadrons y* radiative

gPC p —+ p++ 1++ 2++

t d by the charmoniums stem and transi i
'

ions as interpre e
eca rocessesT}1 t t' * f t d

The current state of know e ge o
d'cated by dashed lines. e noes and transitions are in ica e

+ — +
moodel. U face a
involving intermediate vir ua
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71,(1S)
tlc(1S}PARTIAL WIDTHS I (aa(1320) tt) /I «tai

VA L UE (keV) CL% EVTS DOCUMENT ID TECN COMM EN T

VAL UE

&0.02
CL%

90
DOCUMENT ID TECN COMMENT

BALTRUSAIT"86 MRK3 J/g + 7Ic

7 5+ ' OUR AVERAGE

6.7+ 24~2.31.7
11.3+ 4.2
8.0 + 2.3 +2.4 17

59+ ' +191.8
6,+ 5.0

3.4
28 +15

~ ~ ~ We do not use the following

&11 90
5 Re-evaluated by AIHARA 88D.

ARMSTRONG 95F SPEC pp ~
ALBRECHT 94H ARG

ADRIANI 93N L3 e+ e

CHEN 90B CLEO e+ e

AIHARA 88D TPC e+ e
5 BERGER 86 PLUT

data for averages, fits, limits, etc. ~ ~ ~

BLINOV 86 MD1 e+ e

e+e
e+e—

q

e+e X

KKx

e+e—
X

I (KKtt) x r(7 f)/I t

0,(1S) I (I)l (PP)jl (total)

rttrao/r
VALUE (keV) CL% EVTS

0.94+0.18 OUR AVERAGE

0.84+ 0.21
1.06+0.41 +0.27 11.

15 ' +03—0.45 7

~ ~ ~ We do not use the following

&0.63 95
&4.4 95

~+ corrected to K K ~S

DOCUMENT ID TECN COMM EN T

6 ALBRECHT 94H ARG

BRAUNSCH. .. 89 TASS

BERGER 86 PLUT

x+xo ~+S
KKvr

KKx

data for averages, fits, limits, etc. o ~ ~

6 BEHREND 89 CELL ~~ ~ KO KS
ALTHOFF 85B TASS pp ~ KK7r

by factor 3.

I (tI'(958) a tt) /I totai

tlc(1S}BRANCHING RATIOS

HADRONIC DECAYS

VALUE

0.041+0.017

r(PP) jrtotai

EVTS

14
DOCUMENT ID TECN COMMEN T

BALTRUSAIT. .86 MRK3 J/Q 7)c &

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

26 + 9 OUR EVALUATION (Treating systematicerrors as correlated. )
25 + 8 OUR AVERAGE

26.0 + 2.4 4 8.8 113 7 BISELLO 91 DM2 J/Q —9 pp p
23.6 + 10.6 + 8,2 32 7 BISELI 0 91 DM2 J/Q —9 p p+ p

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&140 90 BALT R USAIT" 86 MR K3 J/Q 7)c

r(fa(12?0) tI)/r««i
VAL UE

&0.011

I (tohl)/I totai

CL%

90
DOCUMENT ID TECN COMMENT

BALTRUSAIT. .86 MRK3 J/@ 71c &

I to/I
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0031 90 BALTRUSAIT. .86 MRK3 J/Q ~c &
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0063 BISELLO 91 DM2 J/@ ~ pm'

r(K R~)/r«„,

DM2 J/g ~
pK+ K

DM2 J/Q ~
pK+vr+ KpS

MRK3 J/Q
MRK2 Q(2S) ~ 71c

etc. ~ ~ ~

68 7 BISELLO0.0543 +0.0094 +0.0094

BALTRUSAIT. .86
10 HIMEL 80B

0.048 +0.011 95
+0.092—0.073

~ ~ ~ We do not use the following data

&0.107 90

for averages, fits, limits,
7 PARTRIDGE 80B CBAL J/Q ~ ~c

I (tla tt) /I total
VALUE EVTS

0.049+0.018 OUR EVALUATION
0.047+0.015 OUR AVERAGE

0.054 +0.020 75
0.037+0.013+0.020 18

I (tt+ a K+ K )jl totg
VALUE EVTS

0.020+0.007 OUR AVERAGE—0.006
0.021 +0.007 110

p p14+0 ~ 022—0.009

DOCUMENT ID TECN COMMENT

BALTRUSAIT. .86 MRK3 J/Q ~
7 PARTRIDGE 80B CBAL J/@ ~ t)m+ m

DOCUMENT ID TECN COMMEN T

BALTRUSAIT. .86 MRK3 J/Q ~
HIMEL 80B MRK2 Q(2S) ~

r»/r

I (2(tt+ tt })/I totai
VALUE EVTS

0.012 +0.004 OUR EVALUATION
0.0120+0.0031 OUR AVERAGE

0.01054 0.0017+0.0034 137

0.013 +0.006

0 020 + 0 ~ 015
—0.010

25

DOCUMENT ID TECN COMM EN T

BISELLO 91 DM2 J/g —+

p2m. + 2n
BALTRUSAIT. .86 MRK3 J/Q ~ TIc P

10 HIMEL 80B MRK2 ajar(2S) ~

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

0.055 +0.017 OUR EVALUATION (Treating systematic errors as correlated. )
0.055 +0.008 OUR AVERAGE

0.0690+0.0142+0.0132 91

I (K (892) K tt++ c.c.)/I toto[
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.02 +0.007 63 BALTRUSAIT. .86 MRK3 J/@ 7)c

I (2(K+ K ))/I t
VALUE

0.021+0.010+0.006
DOCUMENT ID TECN COMMENT

ALBRECHT 94H ARG pp K+ K K+ K

I (K (892}K (892))/I t
VALUE (units 10 ) EVTS

85+31 OUR AVERAGE

82 +28+ 27 14

90+50

I (K'(892) K+ c.c.) /I totai

DOC UM EN T ID TECN COMMENT

" BISELLO 91 DM2 e+ e
qK+ K—~+~—

BALTR USA IT..86 MR K3 J/Q

r (PP) /r toto I

VALUE (units 10 )
12+ 4 OUR AVERAGE
10+ 3+4
11+ 6

29+—15

EVTS

18
23

DOCUMENT ID TECN COMMENT

BISELLO 91 DM2 J/Q ~ p p p
BALTRUSAIT" 86 MRK3 JjQ ~ t)c

HIMEL 80B MRK2 $(2S) ~ 71c

VAL UE

&0.0128
&0.0132

CL%

90

90

DOCUMENT ID TECN COMMENT

BISELLO 91 DM2 J/Q pK K+ 7r+S
7 BISELLO 91 DM2 J/Q -~ pK+ K

r(KÃ0)/r«tai
VALUE

&0.031
CL%

90
DOCUMENT ID TECN COMMEN T

BALTRUSAIT. .86 MRK3 J/@ ~
r(44)/rtotai

J/g —+

~K+
J/Q ~

pK+
etc. ~ ~

90B MRK3
K K+K

7 BAI67+214 24 90B MRK3
K KP KP

S L

o ~ ~ We do not use the following data for averages, fits, limits,

31+ 7+10 19 7 BISELLO 91 DM2 J/@ ~
pK+

J/g —+

pK+

K K+K
" BISELLO30+ + 10—12 91 DM2

K KP KPS L

r(ao(980}m) /I totai
VAL UE

&0.02
CL% DOCUMENT ID TECN COMMENT

90 BALTRUSAIT. .86 MRK3 J/Q 7}cP

VALUE (units 10 4) EVTS DOCUMENT ID TECN COMMENT

71+28 OUR EVALUATION (Treating systematic errors as correlated. )
71+22 OUR AVERAGE
74+18+24

r(tt+a' PP)lrtotal
VALUE

&0.012
CL%

90
DOCUMENT ID TECN COMMENT

HIMEL 80B MRK2 g(2S) ~

rta/I

I (Age/rtotai
VAL UE

&0.002
CL%

90
DOCUMENT ID

7 BISELLO

TECN COM MEN T

91 DM2 e+ e ~/I/I

r„r,/r'r,r,jr,'„„IR py 0,(1s)
VALUE (units 10 S) DOCUMENT ID TECN COM MEN T

4.0+3'2 BAGLIN 89 SPEC p p ~ K+ K K+ K

The quoted branching ratios use B(J/Q(1S) ~ yt)c(1S)) = 0.0127 + 0.0036. Where
relevant, the error in this branching ratio is treated as a common systematic in computing
averages.
We are assuming B(ap(980) ~ qm) )0.5.
Average from K+ K x and K+ K 's~+ decay channels.
Estimated using B(g(2S) ~ p71c(1S)) = 0,0028 + 0.0006.
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,(1S),l/g(1S)

r(~~)/r~o~li

RADIATIVE DECAYS

I 2p/I

VALUE(units 10 ) CLo DOCUMENT ID

3.0 +1.2 OUR AVERAGE

2 80+0 +10—0.58 ARMSTRONG 95F SPEC

6 +3 +4 BAGLIN 87B SPEC

~ ~ ~ We do not use the following data for averages, fits, limits,

& 9 90 BISELLO 91 DM2

&18 90 11 BLOOM 83 CBAL

Using B(J/g(1S) ~ pic(1S)) = 0.0127 + 0.0036.

TECN COM MEN T

PP~ (I
PP ~ & "I

etc. ~ ~ ~

I r I f/I to&~i in p p ~ Oc(1S)~ 7p
VA L UE (units 10 6) EVTS DOCUMENT ID TECN COMM EN T

r16r2p/r

ARMSTRONG 95F SPEC p p ~
87B SPEC p p ~

i7c(15) REFERENCES

ARMSTRONG 95F
ALBRECHT 94H
ADRIA NI 93N
BISELLO 91
BAI 90B
CHEN 90B
BAG LIN 89
BEHREND 89
BRAUNSCH. .. 89
AIHARA 88D
BAG LIN 87B
BALTRUSAIT. .. 86
BERGER 86
BLI NOV 86

Proc. XXIII Int.
GA IS ER 86
ALTHOFF 85B
BALTRUSAIT. .. 84
BLOOM 83
HIMEL 80B
PARTRIDGE 80B

P R D52 4839
P L 8338 390
PL B318 575
NP B350 1
PRL 65 1309
P L B243 169
PL 8231 557
ZPHY C42 367
ZPHY C41 533
PRL 60 2355
PL B187 191
PR D33 629
PL 167B 120

HE P Co nf. , Be rkeley,
PR D34 711
ZPHY C29 189
PRL 52 2126
ARNS 33 143
PRL 45 1146
PRL 45 1150

+Betto ni+ (FNAL, FERR, GENO, UCI, NWES+)
+Hamacher, Hofmann+ (ARGUS Collab. )
+Aguilar-Benitez, Ahlen+ (L3 Collab. )
+Busetto+ (DM2 Collab. )
+B I ayloc k+ (Mark III Collab. )
+Mcllwain+ (CLEO Collab. )
+Baird, Bassompierre (R704 Coll ab. )
+C riegee+ (CELLO Collab. )

Braunschweig, Bock+ (TASSO Collab. )
+A I sto n- G a r nj ost+ (TPC Collab. )
+Baird, Bassompierre, Borreani+ (R704 Coll ab. )

Baltrusaitis, Coffman, Hauser+ (Mark III Collab. )
+Genzel, Lackas, Pielorz+ (PLUTO Collab. )
+Blinov, Bondar, Bukin+ (NOVO)

CA (1986); World Scientific, Singapore, 1987, ed. S.C. Loken
+Bloom, Bulos, Godfrey+ (Crystal Ball Collab. )
+-Braunschweig, Kirschfink+. (TASSO Collab. )

Baltrusaitis+ (CIT, UCSC, ILL, SLAC, WASH) JP
+Peck (SLAC, CIT)
+Trilling, Abrams, Alam+ (SLAC, LBL, UCB)
+Peck+ (CIT, HARV, PRIN, STAN, SLAC)

OTHER RELATED PAPERS

ARMSTRONG 89
BLOOM 79

PL B221 216
Ferrnilab Symp, 92

+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+)
(CIT, HARV, PRIN, SLAC, STAN)

l/g(1S)

i/|Ir(1S) MASS

VALUE (MeV) EVTS DOCUMENT ID

3096.88+0.04 OUR AVERAGE

3096.87 +0,03+0.03 ARMSTRONG
3096.95+0.1 +0.3 193 BAGLIN

3098,4 +2.0 38k LEMOIGNE

3096.93+0.09 502 ZHOLENTZ
3097.0 +1 BRANDELIK

1From a simultaneous fit to e+ e, p+ p and

= I (P+I.c —).

TECN COMM EN T

93B SPEC pp -~ e+ e

87 SPEC pp ~ e+e X

82 GOLI 190 GeV 7r Be ~ 2p
80 REDE e+ e
79C DASP e+e

hadronic channels assuming I (e+ e )

J/|Ir(ls) WIDTH

VAL UE (keV)

87 6 5 OUR AVERAGE

84.4 9 8.9
99 +12 +6
8S.S+ 5.8

Using data from COFFMAN
BRANDELIK 79C.

DOCUMENT ID TECN COMM EN T

BAI 95B BES e+e
ARMSTRONG 93B SPEC p p ~ e+ e

2 HSUEH 92 RVUE See T mini-review

92, BALDINI-CELIO 75, BOYARSKI 75, ESPOSITO 75B,

Mode

l/Q(lS) DECAY MODES

Fraction (I;/I )

Scale factor/
Confidence level

C1

I2
I3
l4

hadrons
virtual p ~ hadrons

e+e

(87.7 +0.5 ) %
(17.o +2.0 ) %

( 6.02+0.19) %

( 6.01+0.19) %

0 36 p py OUR AVERAGE Error includes scale factor of 1.1.

0 336+0.080—0.070

o.e8 + ."—O.31 12 BAGLIN

Cs

Ce

l7
C8

I9
C1o

Cll

C14

C15
I 16
C17

C18
I 19
C2o

C24

C2s

C26

C28

C29

C3o

C34

C3s

38

C4o

C41

C42

C43

C44

C45

C4e

C4,
C48

C49

Cso

C51

Cs2

Cs3

Cs4

Css
Cse
I 57
Cs8

Cs9

Ceo

Ce3

Ce4

Ces
Cee

C68

C69

C7o

C74

C7s

ic resonances

( 1.28+0.10) %

Decays involving hadron

p 'Ir

po ~0

a2(1320) p
u 7r+ 7r+ 7r 7r

a7r+ 7r

K*(892)o K2(1430)o+ c.c.
~ K*(892)K+ c.c.
a f2(1270)
K+ K'(892) + c.c.
K K*(892) + c.c.

bi (1235)+ ~+
~ K+ Ko sr+S
b&(1235)orro
QK*(892) K+ c.c.
~ K K

wfg(1710) ~ ~K K
rt 2(~+ rr )
ZI(1232)++ p~
cc7 'g

PKK
Q fg(1710) —+ P K K

PP~
ZI(1232)++ ZI(1232)
Z(1385) Z(1385)+ (or c.c.)
p pq'(958)
y f', (1S2S)
$7r+ 7r-
pK+ Ko 7r+S
~ fi (1420)

= (1530):+
p K j(1385)o
Lc7 7r

Pq'(958)
P fo(980)
= (1530)o:o

Z(1385) Z+ (or c.c.)
P fj(1285)
PTt
~ r/(958)
~ fo(980)
p~'(958)
PPW
a2(1320)+ 7r+

K K2(1430)+ c.c.
K~(1430) K~(1430)
K (892)o K*(892)o
$ f2(1270)
PPP
Pri(1440) ~ ciri~rr
w f2(1525)
Z(1385)o A

ZI(1232)+ p
ron

( 4.2 +0.5 ) x 10

( 1 09+0 22) o/0

( 8.5 +3,4 )xlo—
( 7.2 +1.0 ) x 10

( 6.7 +2.6 ) x 10

( 5.3 +2.0 ) x 10

( 4.3 +0.6 ) x 10

( S.O +0.4 ) x 1O
—3

( 4 2 +0.4 ) x 1O
—3

( 3.4 +0.8 ) x 1o—3

(3O +0.5 )x10—3

( 3.0 +0.7 ) x 10

( 2.3 +0.6 ) x 10

( 2.04+0.28) x 10

( 1.9 +0,4 )xlo
( 4.8 +1.1 )xlo 4

( 1.60+0.32) x 10

( 1.6 +0.5 ) x 1O
—3

( 1.58 j0.16) x 10

( 1.48+0.22) x 10

( 3.6 +0.6 ) x10 4

( 1.30+0.25) x 10

( 1.10+0.29) x 10

[a] ( 1.03+0.13) x 10

(9 +4 )x10 4

(8 +4 )xlo 4

( 8.0 +1.2 ) x 10 4

[a] ( 7.2 +0.9 ) x 10

( 6.8 +2.4 )xlO 4

( 6.5 +0,7 ) x 10 4

( 5.9 +1.5 )xlo 4

( 51 +32 ) x 10

(42 +06)x10
(3.3 +0.4 )x10 4

( 3.2 +0,9 )x10 4

( 3.2 +1.4 )x10 4

[a] ( 3.1 +0.5 ) x 10

( 2.6 +0.5 ) x 10 4

( 1.93+0.23) x 10 4

( 1.67+0.25) x 10 4

( 1.4 +0.5 ) x 10 4

( 1.05+0.18) x 10 4

( 4.5 +1.5 ) x 10

[a] & 4.3 x 10

4.0 x 10

2,9 x 10

5 x 10 4

3.7 x 10 4

3.1 x 10 4

2.5 x1O—4

2.2 x 1O-4

2 x 10 4

1 x1O—4

9 x 10

6.8 x 10 6

2(sr+ rr ) ~
3(sr+ 7r-) pro.+sr-pro
~+~-~0K+ K-
4( +~-) '
~+7r K+ K-
K K7r

p p7I 7r

2(7r+ 7r-)
3(v+ vr-)
nn7r+~
ZZ
2(m+ rr ) K+ K

P P7r 7r 71

PP

0/

x 10
x 10
x 10
x 10
x 10
x 10
x 10
x 10
x 10

x 10
x 10

Decays into stable hadrons

( 3.37 + 0.26)

( 2.9 +0.6 )
( 1.50+ 0.20)

( 1.20+0.30)

( 9.0 + 3.0 )

( 7.2 +2.3 )
( 6.1 + 1.0 )

( e.o +0.5 )
(4,0 +1,0)
( 4.0 +2.0 )
(4 +4 )

( 3.8 +0.5 )

( 3.1 +1.3 )

[n] ( 23 +09 )

( 2.14+0.10)

S=1.3

S=1.7
S=2.7

S=1.4

S=1.9

S=1.1

C L 90o/

C L=90%
C L=90%
C L =90/o

CL=90%
CL=90%
C L=90'/o

C L=90%
CL=90%
CL=90%
C L=90%
CL=90%

S=1.3

5=1.9
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s/q(is)

r ga Y jrc (1S)
I 93 per+~ 2~0

I 94 &'9~~
I gs Yrj(1440) ~

Yrf(1440) ~
~97 Y PP
I gs 'Yrr'(958)
I 99 p2vr+ 2'
f1op Y f4(2050)
I 101
I"tp2 p rf (1440 )

Y fa(1270)
fgp4 Y fg(1710)
I 105
I &ps p f (14t20) ~
r] pj Y ft (1285)
I tps p f&(1525)
"109 ~ 4'4'
I 110 'YPP

farl(2225)
Yp(1760) ~

~113 Y Ir 0

I 114 'Y PP Ir

~115 Y Y

I 116 PAA

f tas 'Y fp(2200)
I ttg p fu(2220)
I 12p p fp(1370)
I tat Y fp(1500)

pKKvr
'Y'Y P

'YP P

pKK

yK KTr

'YP P

PP
I 77 pn~
I 78 nn
I 79
I 80 AA

I 81 PP'Il
A Z x (or c.c.)

I 83 pK A

I s4 2(K+K )
I 85 PK X

86 K~K
I 87 AAvr

I 88 ~+
I 89 KSKL
I 90 AZ+ c.c.
I 9, KsKs

( 2,09+0.18)

( 2.00+0.10)

( 1.9 +0.5 )

( 1.8 +0.4 )
( 1.35+0.14)

( 1.09+0.09)
[a] ( 1.06+0.12)

( 8.9 +1.6 )

( 7.0 +3.0 )

( 29 +08 )
( 2.37+0.31)
( 2.2 +0.7 )

( 1.47+0.23)

( 1.08+0.14)
1.5
5.2

x 10
x 10
x 10
x 10
x 10
x 10
x 10
x10 4

x10 4

x 10 4

x 10 4

x 10 4

x10 4

x10 4

x 10 4

x10 6

Radiative decays

(

(
(

[cl (

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(
(

(

(

1.3 +0.4 ) %
8.3 +3.1 ) x 10
6.1 +1.0 ) x 10
91 +18 ) x 10 4

6.4 +1.4 ) x 10
4.5 +0.8 ) x 10
4.31+0.30) x 10

2.8 +0.5 ) x 10
2.7 +0.7 ) x 10

1.59+0.33) x 10
1.7 +0.4 ) x 10
1.38+0.14) x 10
97 +12 ) x 10 4

8,6 +0.8 )xlo 4

8.3 +1.5 ) x 10 4

6.5 +1,0 )x 10 4

6.3 +1.0 ) x 10 4

4.0 +1.2 ) x 10 4

3.8 +1.0 ) x 10 4

2.9 +0.6 ) x 10 4

1.3 +0.9 ) x 10 4

3.9 +1.3 ) x 10
79 x 10 4

5 x1O—4

1.3 x 1O-4

5.5 x 1O-5

3.4 +0.7 ) x 10 4

82 +15 ) x10 4

S=1.8
S=1.2

C L =90%
C L=90%

S=1.9

S=1.3

S=2.1

C L=90%
C L=90%
C L=90%
CL=90%

r(p'p )
VAL UE (keV}

~ ~ ~ We do

5.13+0.52
4.8 +0.6
5 +1

DOCUMENT ID TECN COMM EN T

not use the following data for averages, fits, limits, etc. ~ ~ ~

BAI 958 BES e+ e
BOYARSKI 75 MRK1 e+ e
ESPOSITO 758 FRAM e+ e

f4

VAL UE (eV)

&5.4
CL%

90

DOCUMENT ID TECN COMMENT

BRANDELIK 79c DASP e+ e

i/t/r(1S) I (i)I(e+e )/I (total)

This combination of a partial width with the partial width into e+ e
and with the total width is obtained from the integrated cross section into
channell in the e+ e annihilation.

I (hadrons) x I (e+e )/I total
VAL UE (keV) DOCUMENT ID TECN

~ ~ o We do not use the following data for averages, fits, limits,

BALDINI-. .. 75 FRAG

ESPOSITO 758 FRAM
4 +0.8
3,9+0.8

I (e+e ) x I (e+e )/I t»l
VAL UE (keV} DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

COM MEN T

etc. ~ o ~

e+e
e+e

COMMEN T

etc. ~ ~ ~

I sl s/I

0.35+0.02
0.32+ 0.07
0.34+ 0, 14
0.34+0.09
0.36+0.10

I (p+p ) x I (e+e )/It

BRAN D EL I K

7 BALDINI-. ..
BEMPORAD

7 ESPOSITO
7 FORD

79c DASP
75 FRAG

75 FRAB
758 FRAM

75 SPEC

e+e
e+e
e+�-
ee+
e+e—

I 4I s/I
VAL UE (keV)

o ~ ~ We do not use the following

DOCUMEN T ID TECN COM MEN T

data for averages, fits, limits, etc. ~ ~ ~

r(e+ e-)
TECN COMMEN TVALUE (keV)

5.26+0.37 OUR EVALUATION
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5.14+0.39 BAI 958 BES e+ e

5 36 028
4 HSUEH 92 RVUE See T mini-review

4.72 j0.35 ALEXANDER 89 RVUE See T mini-review

4.4 +0.6 4 BRANDELIK 79c DASP e+ e
4.6 +0.8 5 BALD INI-. .. 75 FRAG e+ e
4.8 +0.6 BOYARSKI 75 MRK1 e+ e
4.6 +1.0 ESPOSITO 758 FRAM e+ e

4From a simultaneous fit to e+ e, p+ p, and hadronic channels assuming I (e+ e )
= I (I+I ).

5 Assuming equal partial widths for e+ e and /1+ p,

[a] The value is for the sum of the charge states of particle/antiparticle states
indicated.

[b] Includes pprr+a Y and excludes pprr, pp~, pprl'

[c] See the "Note on the rl(1440)" in the ri(1440) Particle Listings.

0.31+0.09
0.51 +0.09
0.38+0.05
0.46 +0.10

I (pp) x I (e+e )/I total

BEMPORAD 75 FRAB
DASP 75 DASP

7 ESPOSITO 758 FRAM
7 LIBERMAN 75 SPEC

e+e
e+e
e+e-
e+ e

I jsl a/I

I (hadrons)

l/tIr(1S) PARTIAL WIDTHS

VALUE (keV)

~ ~ o We do not use the following

DOCUMENT ID TECN COM MEN T

data for averages, fits, limits, etc. ~ ~ ~

DOCUMENT ID TECN COMMENT

ARMSTRONG 938 SPEC p p ~ e+ e

VAL UE (keV)

9.7k 1.7
6 +6 1

Using I total
—85.5 —5.8 MeV.

Data redundant with branching ratios or partial widths above.

74.1 4 8.1
59 +24
59 +14
50 +25

BAI

BA L D I N I-...
BOYARS K I

ESPOS I TO

958 BES e+e
75 FRAG e+ e
75 MRK1 e+ e
758 FRAM e+ e

J/tb(1S) BRANCHING RATIOS

For the first four branching ratios, see also the partial widths, and (partial

widths) x F(e+ e )/I total above.

I (virtual' ~ hadrons)
VALUE (keV}

12 +2
Included in I (hadrons).

DOCUMENT ID

3 BOYARSKI

TECN COMMEN T

MRK1 e+ e

l2 I (hadrons)/I total
VAL UE

0.877+0.005 OUR AVERAGE

0.878+0.005
0.86 +0.02

I (virtual' ~ hadrons)/rtotal
VAL UE

0.17 +0.02

included in I (hadrons)/I total.

DOCUMENT ID TECN COMMEN T

BAI 958 BES e+ e
BOYA RS K I 75 M R K1 e+ e

DOCUMENT ID TECN COMMENT

BOYARSKI 75 MRK1 e+ e
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J/q(is)
r (& ~ ) /rtotal
VAL UE

0.0602+0.0019 OUR AVERAGE

0.0609 60.0033
0,0592 +0.0015+0.0020
0.069 +0.009

r(I+I )/rt»i
VAL UE

0.0601+0.0019 OUR AVERAGE

0.0608 +0.0033
0.0590 +0.0015+0.0019
0.069 k 0.009

DOCUMENT ID TECN COMMEN T

DOCUMENT ID TECN COMM EN T

BAI 95B BES e+ e
COFFMAN 92 MRK3 g(2S) ~ J/gn+2r
BOYARSK I 75 MR K 1 e+ e

BAI 95B BES e+ e
COFFMAN 92 MRK3 Q(2S) —+ J/gati sr+ m

BOYARSK I 75 MR K 1 e+ e
~ ~ ~ We do not use the following

2.6 +0,6 24
3,2 +0.6 48

4.1 +1,2 39

r(K K'(892}P+c.c.)/I tptgi

I (K+ K'{892} + c.c.) /I b,tgi

VALUE (units 10 ) EVTS

5.0 +0.4 OUR AVERAGE
4.57+0.1760.70 2285
5.26+ 0.13+0.53

DOCUMENT ID TECN COM MEN T

JOUSSET 90 DM2
COFFMAN 88 MRK3

J/Q ~ hadrons

K+ K vr0
etc. ~ ~ ~

J/Q ~ K+K x0
J/Q ~ K+ K0 sr+S
J/@ K+ X

data for averages, fits, limits,

FRA NK L IN 83 MR K2
VANNUCCI 77 MRK1

BRAUNSCH. .. 76 DASP

COMMENT

etc. ~ ~ ~

e+�-
ee+—
e+e-
e+ e

VAL UE EV TS

0.0128+0.0010 OUR AVERAGE

0.0142 +- 0.0001+0.0019
0.013 +0.003 150
0.016 60.004 183
0.0133k 0.0021
0.010 +0.002 543
0.013 +0.003 153

DOCUMENT ID

COFF MAN

FRANKLIN

ALEXANDER
BRANDELIK
BARTEL
J EA N- MARIE

TECN COMM EN T

88 MRK3 e+ e
83 MRK2 e+ e
78 PLUT e+ e
78B DASP e+ e
76 CNTR e+ e
76 MRK1 e+ e

r(polyp) /r(p~)
VALUE DOCUMENT ID TECN

0.32860.005+0.027 COFFMAN 88 MRK3
~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

e+e
etc. ~ ~ ~

0.36 +0.03
0.35 +0.08
0.32 +0.08
0.39 +0.11
0.37 +0.09

SCHARRE 79B MRK1
ALEXANDER 78 PLUT
BRANDELIK 78B DASP
BARTEL 76 CNTR
JEAN-MARIE 76 MRK1

e+�-
ee+—
e+�-
ee+—
e+e—

r(e p )/r(I' & )
VAL UE DOCUMENT ID TECN

~ ~ e We do not use the following data for averages, fits, limits,

1.00 +0.07 BAI 95B BES
1.00+0.05 BOYARSK I 75 MR K 1

0.91+0.15 ESPOSITO 75B FRAM

0.93+0.10 FORD 75 SPEC

HADRONIC DECAYS

r (pg ) /rt, tgi

VALUE (units 10 ) EVTS

4.2 +0.4 OUR AVERAGE
3.96+0.15+0.60 1192
4.33+0.12+0.45
~ o ~ We do not use the following

2.7 +0.6 45

DOCUMEN T /D TECN COMMENT

JOUSSET 90 DM2

COFFMAN 88 MRK3
data for averages, fits, limits,

VANNUCCI 77 MRK1

J/@ ~ hadrons

J/@ ~ K+ K0 sr+S
etc. o ~ ~

J/Q ~ K+ K0 sr+S

DOCUMEN T ID TECN COMMEN T

COFFMAN 88 MRK3 J/Q ~
K K*(892)+c.c.

VAL UE

0.82 +0.05+0.09

r (~~p~p)/rt. „,
VALUE (units 10 )

3.4+0.360.7
EVTS

509

DOCUMENT ID TECN COMMENT

AUGUSTIN 89 DM2 J/@ —+ 7r+ 7r 3m

I (Q(1235)+x+)/rt»,
VAL UE (units 10 ) EVTS

30+5 OUR AVERAGE

31+6
29+7

r(~ K+ Kp ~+)/r, .„,
DOCUMENT ID TECN COMM EN T

AUGUSTIN 89 DM2 J/Q —+ 2(~+ + ) 7r

BURMESTER 77D PLUT e+ e

VALUE (units 10 ) EVTS

29.5+1.4+7.0 879+
41

I (Q(1235)pgp)/I tatli

DOCUMENT ID

BECKER

TECN COM MEN T

87 MRK3 e+ e ~ hadrons

VALUE (units 10 )

23+3+5
EVTS

229

DOCUMENT ID TECN COMMENT

AUGUSTIN 89 DM2 e+ e

I (Kp Ki(892)p+ c.c.) /I (K+ Ki{892} + c.c.)

I (a2(1320)p)/I totgi
VALUE (units 10 ) EVTS

10.9+2.2 OUR AVERAGE

11.7 +0.7 + 2.5 7584
8.4 +4.5 36

DOCUMENT ID TECN COMM EN T

AUGUSTIN 89 DM2 J/Q ~ p p+ x+
VANNUCCI 77 MRK1 e+ e ~ 2(n+ vr ) ~ 155+

20

I (4I K'{892}K+ c.c.) /I totai
VALUE (units 10 ) EVTS

20.4+2.8 OUR AVERAGE
20,7+2.4+ 3.0
20 +3 +3

DOCUMENT ID

FALVARD

BECKER

TECN COMMEN T

I tg/I

88 DM2 J/Q hadron s
87 MRK3 e+ e ~ hadrons

r((ug+tt+g w )/I tptgi

VALUE (units 10 ) EVTS

85+34 140

r ((u~+ x-) /rtptgi
VALUE (units 10 ) EVTS

7.2+1.0 OUR AVERAGE

7.0+ 1,6 18058
7,8+ 1.6 215
6.8 + 1.9 348

I ( w+x )/r(2(g+g )ttp)

DOCUMENT /D TECN COMMENT

VANNUCCI 77 MRK1 e+ e ~ 3(~+ 7r ) ~0

I g/I
DOCUMENT ID TECN COMM EN T

AUG USTIN 89 DM2 J/Q ~ 2(7r+ vr ) x
BURMESTER 77D PLUT e+ e
VANNUCCI 77 MRK1 e+ e ~ 2(~+ vr ) 7r

rg/rgt
VALUE DOCUMENT /D TECN COMMENT

~ o e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.3 JEAN-MARIE 76 MRK1 e+ e

9Final state (7r+7r )7r under the assumption that vr2r is isospin 0.

I (uKK)/I tptgi

VALUE (units 10 4) EVTS DOCUMEN T ID

19 + 4 OUR AVERAGE
19.8 + 2.1+3.9 FALVARD 88 DM2 J/g ~ hadrons

16 +10 22 FELDMAN 77 MRK1 e+ e

Addition of ~ K+ K and ~ K K branching ratios.

TECN COM MEN T

I ((u fg(1?10)~ u KK)/rtotgi

r(gl2(~+g ))/rtatai
VALUE (units 10 4)

16.061.0+3.0
DOCUMENT ID

FALVARD

TECN COM MEN T

88 DM2 J/g hadrons

VALUE (units 10 ) DOCUMENT ID TECN COMMENT

4.8+1.1+0.3 FALVARD 88 DM2 J/g hadrons

Includes unknown branching fraction fJ(1710) ~ K K.
Addition of fJ(1710) ~ K+ K and fJ(1710) ~ K K branching ratios.

I 2p/I

I (K'(892)p K2(1430)p+ c.c.) /I tatgi
VALUE (units 10 )

67+26

I (wK (892}K+c.c.)/I tptgi

EVTS DOCUMEN T ID TECN COMMENT

40 VANNUCCI 77 MRK1 e+ e
~+~—K+ K—

I tp/I
I (B(1232)++pw )/I t
VALUE (units 10 ) EVTS

1.58k 0.2360.40 332

r (roti) /rtotai

DOCUMENT ID

EATON

TECN COMMEN T

84 MRK2 e+ e

VALUE (units 10 )

53+14+14

I (rg f2(1270))/I tatli

EVTS

530 4
140

DOCUMENT ID

BECK ER

TECN COM M EN T

87 MRK3 e+ e ~ hadrons

I 12/I
TECN COMMENT

e+�-
ee+
etc. ~ ~ ~

e+ e ~ 2(~+~ )~01.9+0.8

VALUE (units 10 ) EVTS DOCUMENT ID

4,3+0.6 OUR AVERAGE

4.3 +0.2 4 0.6 5860 AUG USTIN 89 D M2

4.0 6 1.6 70 BURMESTER 77D PLUT
e ~ ~ We do not use the following data for averages, fits, limits,

81 VANNUCCI 77 MRK1

VALUE (units 10 ) EVTS

1.58+0.16 OUR AVERAGE
1.43 +0.10+0.21 378
l.71 +0.08 +0.20

I (tt K+K/I t(&tli

DOCUMENT /D TECN COM MEN T

JOUSSET 90 DM2 J/Q ~ hadrons

COFFMAN 88 MRK3 e+ e ~ 3vrg

DOCUMENT /DVALUE (units 10 4) EVTS TECN COMM EN T

14.8+2.2 OUR AVERAGE
14.6 +0.8 + 2.1 FALVARD 88 DM2 J/g ~ hadrons

18 k8 14 FELDMAN 77 MRK1 e+ e

Addition of PK+ K and PK ~K branching ratios.

I 25/l
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(is)
I (gtfg(1710} PKK)/I t t i

TECN COMMENT

88 DM2 J/@ ~ hadrons

VALUE (units 10 ) DOCUMENT ID

3.6+ .2+0.6 14i15 FALVARD

Including interference with f' (1525).2
Includes unknown branching fraction fJ(1710) ~ KK.

r (pp~) lrto«i
VAL UE (units 10 3) EVTS DOCUMENT ID TECN COMMEN T

1.30+0.25 OUR AVERAGE Error includes scale factor of 1.3.
1.1040.17+0.18 486 EATON 84 MRK2 e+ e
1.6 +0.3 77 P ERUZZI 78 MRK1 e+ e

I (6(1232}++Z(1232} )/I t t i

VALUE (units 10 )

1.10+0.09+0.28

EVTS

233

DOCUMENT ID

EATON

TECN COM M EN T

84 MRK2 e+ e

I (Z(1385} Z{1385}+{orc.c.})/I totai I 2g/r
VALUE (units 10 ) EVTS

1.03+0.13 OUR AVERAGE
1.00 +0.04+ 0.21 6316

25
?54 +

27
56
68

l.19+ 0.04 +0.25

0.86 +0.18+0.22
1.03+0.24 4 0.25

r (p p r/{958})/rtotai

DOCUMENT ID

HENRARD

HENRARD

EATON

EATON

TECN COMM EN T

87 DM2 e+ e ~ X*

87 DM2 e+ e ~ X*+

84 MRK2 e+ e ~ X*
84 MRK2 e+ e ~ Z*+

VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

0.9 +0.4 OUR AVERAGE Error includes scale factor of 1.7.
0.68 +0.23+ 0.17 19 EATON 84 MRK2 e+ e
1.8 + 0.6 19 PERUZZI 78 MRK1 e+ e

r(4~+~ )/rtotai
VALUE (units 10 ) EVTS

0.80+0.12 OUR AVERAGE
0.78 k 0.03 +P. 12
2. 1 +0.9 23

DOCUMENT ID TECN COMMEN T

FALVARD 88 DM2 J/g ~ hadrons
FELDMAN 77 MRK1 e+ e

I (4I f2(1525))/I total
VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

8 +4 OUR AVERAGE Error includes scale factor of 2.7.
12.3+0.6+ 2.0 16 17 FALVARD 88 OM2 J/g ~ hadrons
4.8 + 1.8 46 16 GIDAL 81 MRK2 J/@ ~

K+K K+K
Re-evaluated using B(f2(1525) ~ KK) = 0.713.
Including interference with fJ(1710).

I (4Ir/(958)) lrtotai
VALUE (units 1.0 3) CL% EVTS

0.33 +0.04 OUR AVERAGE
0.41 +0.03 +0,08

0.308+0.0346 0.036

DOCUMENT ID

JOUSSET 90

COFFMAN 88

~ ~ ~ We do not use the following data for averages, fits, limits,

TECN COMM EN T

DM2 J/vjr ~
hadrons

MRK3 e+ e
K+ K- ~'

etc. ~ ~ ~

(1.3
I (Pfp{980))/I total

90 VANNUCCI 77 MRK1 e+ e

I 4o/I
VALUE (units 10 4) EVTS DOCUMENT ID TECN

3.2+0.9 OUR AVERAGE Error includes scale factor of 1.9.
4.6 +0.4 4 0.8 FALVARD 88 DM2
2.6+ 0.6 5p 18 GIDAL 81 MRK2

Assuming B(fp(980) ~

crier)

= 0.78.

r(=(153o) = )/rtotai

COM MEN T

J/Q ~ hadrons

J/Q ~
K+K K+K

I 4i/I
VA L UE (uni ts 10 )

0.3260.12+0.07
EVTS

24 +
9

DOCUMENT ID TECN COMMENT

HENRARD 87 DM2 e+ e

I (Z(1385) T+ (or c.c.))/I tot, i ra2lr
VAL UE (units 10 ) EVTS

0.31+0.05 OUR AVERAGE

0.30+0.03+0.07 74 +
8

0.34 +0.04+ 0.07 77 +
9

26
28

0.29+0.11+0.10
0.31+0.11+0.11

DOCUMENT ID

HENRARD

HENRARD

EATON

EATON

TECN COMMEN T

87 DM2 e+ e ~ Z"

87 OM2 e+ e ~ Z+
84 MRK2 e+ e ~ Z*
84 MRK2 e+ e ~ Z+

r (4I fi(1285))/rtotai I 43/I

r (Pit) /r«tai
VALUE (units 10 ) EVTS

0.193+0.023 OUR AVERAGE
0.194+0.017+0.029 299
0.193+0.013+0.029

DOCUMENT ID TECN COM MEN T

JOUSSET 90 DM2 J/@ ~ hadrons
COFFMAN 88 MRK3 e+ e ~ ~+ ~

r44/r

VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

2.6+0.5 OUR AVERAGE Error includes scale factor of 1.1.
3.2+0.6+0.4 JOUSSET 90 DM2 J/Q —+ P2(m+ 7r )
2.1 +0.5 + 0.4 25 19 JOUSSET 90 DM2 J/Q ~ pg~+2r
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.6+0.2 + 0.1 16 + BECKER 87 MRK3 J/g ~ PKKm
6

We attrribute to the fl(1285) the signal observed in the ~+ 1r q invariant mass distri-
bution at 1297 Mev.

163+
15

r(~ ri(142O)) /I totai
VALUE (units 10 4) EVTS

I (4IK+ Kosrr+)/I «tai
VALUE (units 10 ) EVTS

7.2+0.9 OUR AVERAGE
7.4 +0.9 k 1,1

7 +0,6+ 1.0

DOCUMEN T ID

FALVARD

BECK ER

DOC UM EN T ID

TECN COMM EN T

r»/r

TECN COMM EN T

I 34/I

88 DM2 J/Q ~ hadrons
87 MRK3 e+ e ~ hadrons

r (~9'{958))/rtotai
VALUE (units 10 ) EVTS

0.167+0.025 OUR AVERAGE

0.18 + +0.03—0.08 6

0.166+0.017+0.019

r (~ fp (980))/ rt» i

DOCUMEN T ID TECN COM MEN T

JOUSSET 90 DM2 J/g ~ hadrons

COFFMAN 88 MRK3 e+ e ~ 3+q'

I ag/I

r44/r

6.8+'9~1.7—1.6

r (4'rI) lrtotai

111+ BECK ER—26 87 MR K3 e+ e ~ hadrons
VALUE (units 10 4) DOCUMENT ID TECN

1.41+0.27+0.47 20 AUGUSTIN 89 DM2

Assuming B(fp(980) ~ 7rsr) = 0.78.

COMMENT

J/@ ~ 2(~+ vr )harp

VALUE (units 10 ) EVTS

0.65 +0.07 OUR AVERAGE
0.64 +0.04 +0.11 346
0.661 4 0.045 4 0.078

r(=(1530) =+)/rtotai

DOCUMENT ID TECN COM MEN T

JOUSSET 90 DM2 J/g ~ hadrons
COFFMAN 88 MRK3 e+ e ~ K+ K

I (prr (958))/I totai
VALUE (units 10 ) EVTS

0.105+0.018 OUR AVERAGE
0.083+0.030 + 0.012 19
0, 114+0.014+0.016

DOC UM EN T ID TECN COM MEN T

JOUSSET 90 DM2 J/g ~ hadrons
COFFMAN 88 MRK3 J/@ ~ ~+ m

VALUE(units 10 3)

0.59+0.09+0.12

EVTS

75 +
11

DOCUMENT ID TECN COMMENT

HENRARD 87 DM2 e+ e

r(pK &(1385) )lrtotai
VA L UE (units 10

0.51+0.26+ 0.18

r(~rr )/rtotai

EVTS

89

DOCUMENT ID

EATON

TECN COMMEN T

84 MRK2 e+ e

VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

0.42 +0.06 OUR AVERAGE Error includes scale factor of 1.4.
0.360+0.028+0.054 222 JOUSSET 90 DM2 J/@ ~ hadrons
0.482+ 0.019+0.064 COFFMAN 88 MRK3 e+ e ~ 7r m+ x 7r

r (pTfy) /r„„,
VALUE (units 10 )

0.4560.13k 0.07

r (a2 (1320)+w+) /I totai

DOCUMENT ID TECN COMMENT

FALVARD 88 DM2 J/Q ~ hadrons

I 4g/r

r4, /r
VALUE (units 10 )

(43
CL%

90

DOCUMENT ID TECN COMMENT

BRAUNSCH. .. 76 DASP e+ e

(66 90 BRAUNSCH. .. 76 DASP

COMMENT

e+e-
etc. ~ ~ ~

e+e—

KO K*p
2

I (K Ka(1430)+ c.c.) /I totai
VA L UE (units 10 4

) CLo DOCUMENT ID TECN

(40 90 VA NNU CC I 77 MR K1
~ ~ ~ We do not use the foilowing data for averages, fits, limits,
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J/g(1S)
I (Kz(1430)P K2(1430)P)/I «tai I (K Ksr)/I totai rer/r
VA L UE (units 10 ) CL%

90

I (K'(892) Ka(892) )/I totai

DOCUMENT ID TECN COM MEN T

VANNUCCI 77 MRK1 e+ e
~+~—K+ K-

VALUE (units 10 ) EVTS

61 +10 OUR AVERAGE

55.2 + 12.0 25
78.0 + 21.0 126

DOCUMENT ID TECIV COM MEN T

FRANKLIN 83 MRK2 e+ e ~ K+ K rr

VANNUCCI 77 MRK1 e+ e ~ K K+ ++S

VALUE (units 10 ) CL%

90

DOCLIMENT ID TECN COMMENT

VANNUCCI 77 MRK1 e+ e
rr+a K+ K

r (g r2(&2~0)) / "total
VALUE (units 10 )

&3.7
CL% DOCUMENT ID TECN

90 VANNUCCI 77 MRK1

I g3/I
COMM EN T

e+e—
~+~—K+ K—

etc. ~ ~ ~

90 FALVARD 88 DM2 J/g -~ hadrons

~ e ~ We do not use the following data for averages, fits, limits,

r(pptn rr )lrtotai
VALUE (units 10 ) EV TS

6.0 +0.5 OUR AVERAGE Error

6.46+0.17+0,43 1435
3,8 4 1.6 48
5.5 +0,6 533

WEIGHTED AVERAGE
6.0+0.5 (Error scaled by 1.3)

rag/r
DOCUMENT ID TECN COM MEN T

includes scale factor of 1.3. See the ideogram below.

EATON 84 MRK2 e+ e

BESCH 81 BONA e+ e
PERUZZI 78 MRK1 e+ e

r (P P P) / "totai
VA L UE (units 10 )

(0.31
CL%

90

DOCUMENT ID

EATON

TECN COMM EN T

84 MRK2 e+ e ~ hadronsp

I (~ra{1525))/rt t, i

VALUE (units 10 4) CL% DOCUMENT ID TECN

90 VANNUCCI 77 MRK1

o ~ o We do not use the following data for averages, fits, limits,

(2.8 90 FALVARD 88 DM2

Re-evaluated assuming B(f2(1525) ~ KK) = 0.713.

I (4rl{1440)~ Prlsrtr)/i totai
VALUE (units 10 ) CL% DOCUMENT ID TECN

&2.5 90 FALVARD 88 DM2

Includes unknown branching fraction rI(1440) ~

COMMEN T

J/rt ~ hadrons

COMMENT

e+e-
rr+ rr rr0 K+ K

etc. o ~ ~

J/Q ~ hadrons

TON
SCH
R UZZI

x'
84 MR K2 1.0
81 BONA 1.9
78 MRK1 0.7

3.6
(Confidence Level = 0.167)

I

10

I (Z(1385)PA)ll total
VALUE (units 10 )

(0.2
CL%

90

DOCUMENT ID TECN COMM EN T

HENRARD 87 DM2 e+ e

r(pps n )/i total {units 10 )

I (2(sr+st ))/I totai I ag/l

I (LL(1232)+ 'P) ll totai
VALUE (units 10 )

&O.l

r(& Q~/rtotai
VALUE (units 10 )

&0.9

r(4a )/rtotai
VALUE (units 10 )

(0.068

CL%

90

CL%

CL %o

90

DOCUMENT ID TECN COMMENT

HENRARD 87 DM2 e+ e

DOCUMENT ID TECN COMMENT

HENRARD 87 DM2 e+ e

DOCUMENT ID TECN COMMENT

COFFMAN 88 MRK3 e+ e ~ K+ K

rsslr

I gg/I

rap/r

VALUE

0.004 +0.001

r(3(n+~ ))/rtotai
VALUE (units 10 )

40+20

I (nnsr+sr )/I t,t, i

VA L UE (units 10 )

3.8*3.6

r (&T)/rto«i

EVTS

76

EVTS

32

EVTS

DOCUMENT ID TECN COMMENT

JEAN-MARIE 76 MRK1 e+ e

DOCUMENT ID

BESCH

TECN COMMENT

81 BONA e+ e

DOCUMENT ID TECN COMMENT

JEAN-MARIE 76 MRK1 e+ e

r (2(n+ n-) nP) /r, .„,
VAL UE EVTS

0.0337+0.0026 OUR AVERAGE

0.0325 k 0.0049 46055
0.0317+0.0042 147
0.0364+ 0.0052 1500
0.04 +0.01 675

DOCUMENT ID TECN COM MEN T

AUGUSTIN 89 DM2 J/Q —a 2(w+ + ) vr0

FRANKLIN 83 MRK2 e+ e ~ hadrons

BURMESTER 77D PLUT e+ e
JEAN-MARIE 76 MRK1 e+ e

VALUE (units 10 )

3.8 +0.5 OUR AVERAGE

3.18+0.12+0.69

4.74 2 0.48 6 0.75
7.2 + 7.8
3.9 4 1.2

EVTS

884 +
30
90

3
52

r(2{n+n-) K+ K-)/r„„i

DOCUMENT ID

PALLIN

EATON

BESCH
PERUZZI

TECN COMMEN T

87 DM2 e+ e

84 MRK2 e+ e —~ X X
81 BONA e+e ~ Z+ Z
78 MRK1 e+ e —a Z Z

r(3(~+ n-) ~P) lrtot. i

VAL UE EVTS

0.029+0.006 OUR AVERAGE

0.028 +0.009 11
0.029 +0.007 181

r(~+n-np)/r, t

DOCUMENT ID TECN COM MEN T

FRANK LIN 83 MR K2 e+ e ~ hadrons

JEAN-MARIE 76 MRK1 e+ e

0.0149+0.0022 EINSWEILER 83 MRK3

COM MEN T

e+e—
eic. ~ ~ ~

e+e—

VALUE EVTS DOCUMEN T ID TECIV

0.015 +0.002 168 FRANKLIN 83 MRK2

o ~ ~ We do not use the following data for averages, fits, limits,

VALUE (units 10 )

31+13
EVTS

30

DOCUMENT ID TECN COMMENT

VANNUCC I 77 MR K1 e+ e

I (ppn+m' sr )/I t ti'
Including p prr+ rr p and excluding cu, r), rI'

VALUE (units 10 ) EVTS DOCUMENT ID TECN COM MEN T

2.3 +0.9 OUR AVERAGE Error includes scale factor of 1.9.
3.36 +0.65+0.28 364 EATON 84 MRK2 e+ e

1.6 + 0.6 39 PERUZZI 78 MRK1 e+ e

r (P P) /rtotai

rra/I

l y5/I

VALUE (units 10 )

90+30
EVTS

13

I (a.+sr K+K )/I totai

r(~+n-~P K+ K-) lr,.„i
VAL UE EVTS

0.012 +0.003 309

I (4(++sr )rt )/I totai

DOCUMENT ID TECN COMMENT

VANNUCCI 77 MRK1 e+ e

DOCUMENT ID TECN COMMENT

JEAN-MARIE 76 MRK1 e+ e

rag/r

1420
133

VALUE (units 10 ) EVTS

2.14+0.10 OUR AVERAGE

2,0 +0.3 48
1.91+0.04 +0.30
2.16+0.07 +0.15
2.5 + 0.4
2.0 +0.5
2.2 + 0.2 331

Assuming angular distribution

DOCUMENT ID

A NTONELLI

PALLIN

EATON

BRANDELIK
BESCH

23 PERUZZI

(1+cos20).

93 SPEC
87 DM2
84 MRK2
79C DASP
78 BONA
78 MRK1

e+�-
ee+—
e+ e-
e+e
e+ e
e+e

TECN COMMENT

VAL UE (units 10 )

72 +23
EVTS

205

DOCUMENT ID TECN COM M EN T

VANNUCCI 77 MRK1 e+ e
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J/@(1S)

TECN COMM EN T

75 PLUT e+ e

r (P ffrl) l rtotai
VALUE (units 10 )

—3 EVTS

2.09+0.18 OUR AVERAGE

2.03+0.13+0.15
2.5 + 1.2
2.3 +0.4 197

DOCUMENT ID TECN COMM EN T

EATON 84 MRK2 e e+e-
BRANDELIK 79C DASP e e+e-
PERUZZI 78 MRK1 e e+e—

r(pp)/r(la+la )
VAL UE

20 WI IK0.051+0.02

Assuming angular distribution (1+cos 0).

I rs/I

I (PK ~)/lqoqai
VALUE (units 10 )

—3

0.8960.07+0.14

I (2(K+ K })/I go«i
VALUE (units 10 )

—4

7 +3

r(p& T')/r«~ai
VALUE (units 10 )

—3

0.29+0.06+0.05

EVTS

307

EVTS

90

DOCUMENT ID

EATON

TECN COMM EN T

84 MRK2 e+ e

DOCUMENT ID

EATON

TECN COM MEN T

84 MRK2 e+ e

DOCUMENT ID TECN COMCOMMENT

VANNUCCI 77 MRK1 e+ e

I ss/I

rsa/r

I ss/I

r (p nn )/r«to i

VALUE (units 10 )
—3 EVTS

2.00+0.10 OUR AVERAGE

2.02 4 0.07 +0.16 1288
1.93+0.07+ 0.16 1191
1.7 4 0.7
1.6 4 1.2
2.16+0.29
2.04 +0.27

DOCUMENT ID

EATON

EATON

BESCH
BESCH
PERUZZI
PERUZZI

TECN COMM EN T

84 MRK2 e+ e
84 MRK2 e+ e
81 BONA e+ e
81 BONA e+ e
78 MRK1 e+ e
78 MRK1 e+ e

p rr

p~+
prr
p~+
prr
p~+

VALUE (units 10 )
—3

0.22 40.05+0.05

EVTS

19 +
4

I (K+ K ) /I t tai
VALUE (units 10 )

4 EVTS

2.37+0.31 OUR AVERAGE

2.39+ 0.24 +0.22
2.2 +0.9

I (/lAaTO) ll «tai

DOCUMENT ID TECAI COM MEN T

+eBALTRUSAIT. .85o MRK3 e e
+BRANDELIK 79C DASP e e

DOCUMENT ID TECN COMMENT

+HENRARD 87 DM2 e e

rss/r

rsrlr

r(= Q/r«, g
VALUE (units 10 )

—3

1.S +0.4 OUR AVERAGE

1.40 +0.12 +0.24

2.28 4 0.16+0.40
3.2 + 0, 8

EVTS

Error

132+
11

194
71

DOCUMENT ID

includes scale factor
HENRARD

EATON
PERUZZI

I rg/I
TECN COMM EN T

of 1.8. See the ideogram below.
+ — =—:-+87 DM2 e+ e

+ — =—:-+84 MRK2 e+ e
78 MRK1 e+ e

I (++a )/l&a&, i

VALUE (units 10 )
—4 EVTS

1.47+0.23 OUR AVERAGE

1.58+0.20 +0, 15
1.0 +0.5
1.6 + 1,6

DOC UM EN T ID TECN COM MEN T

+BALTRUSAIT. .85D MRK3 e e
+BRANDELIK 78B DASP e e
+eVANNUCCI 77 MRK1 e e

I ss/I

WEIGHTED AVERAGE
1.8+0.4 (Error scaled by 1.8)

I (Ks Kf.)/rtotai
VALUE(units 10 )

4 EVTS

1.08+0.14 OUR AVERAGE
1.18+0.12+0.18
1,014 0.16+0.09

DOCUMENT ID TECN COMMENT

JOUSSET 90 DM2 J/Q ~ hadrons

BALTRUSAIT. .85D MRK3 e e+e—

I sg/I

I (AT+ c.c.)/I aors, i

VALVE (units 10 )
—3

(0.15

r (f~s f~s) lr total

CL%

90

DOCUMENT ID

PERUZZI

TECN COMM EN T

78 MRK1 e+ e ~ AX

rgo/f

I gi/I

0 1 2 3

—3
I (= =)/i &o&ai (units 10 )

ARD 87 DM2
N 84 MRK2
ZZ I 78 MR K1

x'
1.8
1.4
3.2
6.5

(Confidence Level = 0.039)

6

VAL UE (units 10 )
—4

(0.052

Forbidden by CP.

CL%

90

DOCUMENT ID TECN COMMENT

BALTRUSAIT. .85C MRK3 e ee+e—

RADIATIVE DECAYS

TECN COMMENTVAL UE

GAISER 86 CBAL J/Q ~ pX0.012760.0036
f r averages, fits, limits, etc. ~ ~ ~~ ~ ~ We do not useuse the following data for averag, ', ' ', . ~ ~ ~

BALT R USA IT..84 MRK3 J/Q ~ 2~IIiyseen

r(pa++ 2ao)/r««i

rg2lr

I gs/I
I (nn)ll «&i
VALUE (units 10 }

—2 EVTS

0.19 +0.05 OUR AVERAGE

0.190+0.055
0.18 + 0.09

DOCUMENT ID TECN COMMEN T

ANTONELLI 93 SPEC e e+e-
BESCH 78 BONA e e+e—

rrslr VALUE (units 10 )
—3

8.3+0.2+3.1
4~ mass less than 2.0 GeV.

I (7TfTTs)/I «tai

DOCUMENT ID TECAI COMMENT

6 BALTRUSAIT. .86B MRK3 J/Q ~ 4' p

rga/r

r(p p~o) lrto~. i

VAL UE (units 10 )
—3 EVTS

1.09+0.09 OUR AVERAGE

1.13+0.09+0.09
1.4 +0.4
1.00 +0.15 109

I (AT n+(orc. c.})/I «aai
VALUE (units 10 }

—3 EV TS

1.06+0.12 OUR AVERAGE

0.90+0.06 +0.16

l.11+0.06 + 0.20

1.53 +0.17+ 0.38
1.38+0.21 +0.35

15
342 +

18
135
118

I (A+A/f ««i
VALUE (units 10 )

—3 EV TS

1.35+0.14 OUR AVERAGE Error

1.38 +0.05 +0.20 1847
1.58+0.08 +0.19
2, 6 + 1.6
1.1 +0.2

DOCUMENT ID TECN

includes scale factor of 1.2.
PALLIN 87 DM2
EATON 84 MRK2
BESCH 81 BONA

PERUZZI 78 MRK1

COMMEAI T

e+ e
e+ ee+�-
ee+—

rso/r

DOCUMEN T ID TECN COM MEN T

rsi/r

DOCUMENT ID

HENRARD

HENRARD

TECN COMMEN T

87 DM2 e+ e

87 DM2 e+ e—

rsa/r

EATON

EATON
84 MRK2 e+ e ~ AX +~-

+84 MRK2 e+ e ~ /1Z

EATON 84 MRK2 e e+e
BRANDELIK 79c DASP e e+e-
PERUZZI 78 MRK1 e e+e—

TECAI COM MEN TDOCUMENT ID

83e CBAL J/j +~—
083B CBAL J/g ~ q27r

rgslr
TECN COMMENT

J/g —a

J/g ~
etc. ~ ~

J/g —+

J/g —+

J/Q —+

J/g —+

J/g —+

e+e—

pKK~

pKK~
pKK~

SK0 K+ rr+

K Krrp
K+ K rr0p

VALUE (units 10 }
—3

6.1 +1.0 OUR AVERAGE
27 EDWARDS5.85 +0.3+ 1.05
27 EDWARDS7.8 + 1.2 + 2.4

27 Broad enhancement at 1700 MeV.

I (PTI(1440}~ PKKx)/I «aai
DOCLIMENT IDVALUE (units 10 )

0.91+0.18 OURR AVERAGE
28, 29 AUGUSTIN 92 DM20.83 +0.13+0.18

03+0.21 +0.0.26 28,30 BAI 90C MRK3—0.19—0.18—
data for averages, fits, limits,~ ~ ~ We do not use the following a a

0 33 AUGUSTIN 92 DM21.78 4 0.21+0.33
28 AUGUSTIN 90 DM23.8 + 0.3 +0.6

0 66+0'l7+0'24 28,32 BAI 90C MRK3—0.16 —0.15
28 WISNIEWSKI 87 MRK36.3 4 1.4
28 EDWARDS 82E CBAL4.0 +0.7 + 1.0

28 33 SCHARRE 80 MRK24.3 i 1.7
d known branching fraction q 1440 ~ K Kx.Includes un now

From fit to the K*(892)K 0 + partial wave.
From K*(890)K final state.
From fit to the a0(980)~ 0 + partial wave.
From a (980)~ final state.
Corrected for spin-zero hypothesis foCorrecte or

'
—

'
r 1440 .
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J!4(1S)
r(7n(1440) 77p ) /rtotai
VALUE (units 10 S) DOCUMENT ID TECN COMMENT

6.4+1.2+0.7 34 COFFMAN 90 MRK3 J/Q ~ pp2r+2r

Includes unknown branching fraction g(1440) ~ p p

r (7P P) /rtotai
VALUE (units 10 CL% DOCUMENT ID

4.5 +0.8 OUR AVERAGE
4.7 +0.3 6 0.9 5 BALTRUSAIT. .86B MRK3 J/Q ~ 47rp
3.75 + 1.05+ 1.20 36 BURKE 82 MRK2 J/g ~ 47rp

~ ~ a We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.09 90 Bl SEL LO 89B J/g ~ 47rp

3542r mass less than 2.0 GeV.
4' mass less than 2.0 GeV, 2p corrected to 2p by factor of 3.
42r mass in the range 2.0—25 GeV.

TECN COMMENT

r (7n'(958)) /I total

raa/r

r97/I

DOCUMENT IDVALUE (units 10 ) EVTS

4.31+0.30 OUR AVERAGE

4.50 +0.14+0.53

TECN COMMEN T

~~+ ~—
~, ~--

y y

J/1/t —+ p7r+ 2r 2), 2I ~
~+~- ~0

~~~+ ~-
J/Q ~ pp~+~e+�-

ehadrons
etc. ~ ~ ~

BOLTON

BO LTON

92B MRK3

92B MRK34.30k 0.31+0.71

622
2420

4.04 k 0.16+0.85
4.396 0.09 6 0.66
4.1 +0.3 +0.6

AUG USTIN

AUG USTIN

BLOOM

90 DM2

90 DM2
83 CBAL

~ o We do not use the following data for averages, fits, limits,

2.9 + 1.1 6 BRANDELIK 79C DASP
3.8 6 1.3 38 SCHARRE 79B MRKl
34 +07 SCHARRE 79B MRK1
2.4 6 0.7 57 BARTEL 76 CNTR

From the inclusive p decay spectrum.

e+�-
ee+—
e+�-
ee+—

-+ 37
pX
22r 2r
2Yp

I 99/I

WEIGHTED AVERAGE
2.8+0.5 (Error scaled by 1.9)

I (720+2tt )/r, o,ai

VALUE (units 10 ) DOCUMENT ID TECN COMMENT

2.8 +0.5 OUR AVERAGE Error includes scale factor of 1.9. See the ideogram below.

4.32 +0.14+0.73 BISELLO 89B DM2 J/Q ~ 4' p
2.08 +0.134 0,35 BISELLO 89B DM2 J/Q —a 47r p
3.05+0.08 +0.45 BAl TRUSAIT. .86B MRK3 J/2/2 ~ 4vr q
4.85 k 0.45 k 1.20 41 BURKE 82 MRK2 e+ e

4' mass less than 3.0 GeV.
404m mass less than 2.0 GeV.

4~ mass less than 2.5 GeV.

DOCUMENT ID

45 AUGUSTIN 87 DM2
45 BALTRUSAIT. .87 MRK3

EDWARDS 82B CBAL
ALEXANDER 78 PLUT 0

46 BRANDELIK 78B DASP

J/g ~ p2r+2r

J/@ ~ yvr+2re+�-
ee+—
e+e—

~+~—
p

EStimated uSing B(f2(1270) ~ 7r2r)=0. 843 + 0.012. The errOrS
uncertainty in the f2(1270) decay.
Restated by us to take account of spread of El, M2, E3 transitions.

I (7'(1710)~ 7K+K/I total

do not contain the

rtoa/r
VALUE (units 10 4

) CL% DOCUMENT ID

9.7+1.2 OUR AVERAGE

9,2 6 1.4 + 1.4 47 AUGUSTIN 88 DM2 J/Q ~ p K+ K
10.4 + 1. .2+ 1.6 AU GUST IN 88 DM2 J/2|i K KS S
9.6 + 1.2i 1.8 47 BALTRUSAIT. .87 MRK3 J/g ~ p K+ K

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

( 0.8 90 4 BISELLO 89B J/g ~ 4vrg

1.6 +0.4 +0.3 BALTRUSAIT. .87 MRK3 J/g ~ p2r+ 2r

3.8+ 1.6 EDWARDS 82D CHAL e+ e

Includes unknown branching fraction to K+ K or K K . We have multiplied K+ KS S'
measurement by 2, and KS KS by 4 to obtain KK result.0 0

Includes unknown branching fraction to p p
491ncludes unknown branching fraction to 7r+ 2r

Includes unknown branching fraction to t)q.

TECN COMMENT

r (7n) /rtotai
VALUE (units 10 ) EVTS

0.86+0.08 OUR AVERAGE

0.88 +0.08 +0.11
0.82 +0.10
1,3 +0.4 21

I (7ft(1420) 7KKtt)/I t t, i

DOCUMEN T ID TECN COM MEN T

BLOOM 83 CBAL e+ e
BRANDELIK 79C DASP e+ e
BARTEL 77 CNTR e+ e

rtoa/r

rtos/r
TECN COM MEN TVALUE (units 10 ) DOCUMENT ID

0.83+0.15 OUR AVERAGE
0.76+0.15+0,21 AUGUSTIN

0.87+0 14+—0.11
5' BAi

Included unknown branching fraction fl(1420) ~ KK7r.
From fit to the K*(892)K 1+ + partial wave.

92 DM2 J/Qi -~ g K K2r

90C MRK3 J/g ~ y K0 K+ 2rsF
S

r(7n(1440) ~ 7p'p )/rtotai r„,/r
VALUE (units 10 ) DOCUMENT ID TECN COMMENT

1.7 +0.4 OUR AVERAGE Error includes scale factor of 1.3.
2.1 +0.4 BUGG 95 MRK3 l/4 pa+ a sr+a.
1.36+0.38 4 BISELLO 89B DM2 J/g —+ 4' y

Estimated by us from various fits.
Includes unknown branching fraction to p p .

r (7 f2(1270)) / "totai rtos/r
VALUE (units 10 ) EVTS TECN CH6 COMM EN T

1.38+0.14 OUR AVERAGE

1.334 0.05 +0.20
1.36+0.09+0.23
1.48 +0.25+ 0.30 178
2.0 +0.7 35
1,2 +0.6 30

I (7ft(1285))/I total r107/I

0 2 4 6

x'.
SELLO 89B DM2 4.2
SELLO 89B DM2 3.7
LTRUSAIT. ..86B MRK3 0.3
RKE 82 MRK2 2 5

10.8
(Confidence Level = 0.013)

I

10

TECN COMMENTVALUE (units 10 ) DOCUMENT ID

0,65 +0.10 OUR AVERAGE
0.625 +0.063+0.103 BOLTON 92 MRK3 J/2iLi & f1 (1285)
0.70 + 0.08 +0.16 BOLTON 92B MRK3 J/2/i —+ p2) 7r+ 2r

Obtained summing the sequential decay channels

B(J/g ~ nfl(1285), f1(1285) ~ 7rvr~vr) = {1.44 + 0,39 + 0.27) x 10

B(J/g ~ nfl(1285), fl(1285) -~ 6~, 6 ~ q~) = (3.90 4 0.42 4 0.87) x 10

B(J/2' ~ nfl(1285), fl(1285) ~ 62r, 6 ~ KK) = (0.66 + 0.26 + 0.29) x 10

B(J/Q ~ p fl (1285), fl (1285) ~ p p ):(0,25 + 0.07 4 0.03) x 10
Using B(fl(1285) ~ a0(980)2r) = 0.37, and including unknown branching ratio for
a0(980) ~ 2)n.

i (p2a+2a )/i total (units 10 3i r(7f'(1525))/I t t i rloa/r

rtoo/r

r (7ui u') /rtotai
VALUE (units 10 )

1.59+0.33 OUR AVERAGE
1.41+0.2 +0.42

1.76+ 0.09+0.45

EVTS

120+
17

DOCUMENT ID TECN COMM EN T

BISELLO 87 SPEC e+ e, hadronsp

BALTRUSAIT. .85C MRK3 e+ e ~ hadronsp

I (7f4(2050))/I total
VALUE (units 10 ) DOCUMEN T ID TECN COMM EN T

2.7+0.5+0.5 4 BALTRUSAIT. .87 MRK3 J/2/2 ~ p7r+ 7r

Assuming branching fraction f4(2050) ~ ~7r/ total = 0.167.

VALUE (units 10 ) CL% EVTS

0.63+0.10 OUR AVERAGE
0.70 + 0.17+0.11

0.56 6 0.06+ 0.11

0.84+ 0.20 k 0.17

DOCUMENT ID TECN COMMENT

AUGUSTIN 88 DM2 J/Q ~
qK+ K-

AUGUSTIN 88 DM2 J/2/

KSKS0 0

BALTRUSAIT. .87 MRK3 J/g
&K+ K—

(0.23 90 ALEXANDER 78 PLUT

Using B(f2(1525) KK) = 0.713.
6Assuming isotropic production and decay of the f' (1525) and isospin.2

J/Q ~ pKK
e+e—

~+~—
ge+e-

K+ K

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

0.25 + 0.14 55 FRANKL, IN 83B MRK2
&0.34 90 4 56 BRANDELIK 79C DASP
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J/q(1S)
r(~yy)/rtota~ rtoo/r r (7fo(2200)) /I total rlls/r

3.1+0.7+ 0.4 57 BISELLO 868 DM2

VALUE (units 10 ) EVTS DOCUMENT ID TECN

4.0+1.2 OUR AVERAGE Error includes scale factor of 2.1. See
7.5+0.6 + 1.2 168 BAI 908 MRK3
3.4 +0.8 +0.6 33 + " BISELLO 90 DM2

7

COMM EN T

the ideogram below.

J/Q —+ p4K
J/@ —+

S L
K+K K0 K0

J/Q —+

p K+ K K+ K

VA L UE (units 10 ) DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.5 AUGUSTIN 88 DM2 J/g ~ p K KS S
Includes unknown branching fraction to K KS S'

r (Y fi(2220)) /I total

pp mass less than 2.9 GeV, 7)& excluded.

WEIGHTED AVERAGE
4.0+1.2 (Error scaled by 2.1)

VALUE (units 10 5)

o ~ ~ We do not use

( 2.3
& 1.6

12.4+ ' +2.8—5.2

8.4+ ' k 1.6—2.8

"Includes unknown

EVTS DOCUMENT ID TECN COM MEN T

the following data for averages, fits, limits,

95 64 AUGUSTIN 88 DM2
95 64 AUGUSTIN 88 DM2

23 BA LTR USA IT..86D MR K3

93 BALTRUSAIT. .86D MRK3

branching fraction to K+ K or K KS S'

etc. ~ ~ ~

J/g ~ yK+ K
J/& - &KS KS

SKS

J/Q ~ pK+ K

"('Yfo(1570))/rtotal rt20/r

10

r(n 4 P)/I tots~ lunits 10 )

I

15

BAI
BISE LLO

BISE LLO

x'
90B MRK3 6.9
90 DM2 0.3
86B DM2 1.2

8.4
(Confidence Level = 0.015)

20

COMMENT

J/@ —+ pq7r+ Yr

etc. ~ ~ ~

J/g ~q~+ ~—

r12llr
VALUE (units 10 4) DOCUMENT ID

8.2 +1.5 66 BUGG

Including unknown branching ratio for f0(1525)

TECN COM MEN T

96 MRK3 J/g ~ nm+s s+s

t~+ 7
—~+ 7 —.

i/@(1S) REFERENCES

VALUE (units 10 ) EVTS DOCUMENT ID TECN

3.3860.33+0.64 65 BOLTON 928 MRK3
o ~ ~ We do not use the following data for averages, fits, limits,

7.0 +0.6 + 1.1 261 AUGUSTIN 90 DM2

InCludeS unknOWn branChing fraCtiOn tO 777r+Yr

r ('Y fo(1500))/r total

r (7pl) /rtotai
VALUE (units 10 } CL% EVTS

0.3860.0760.07 49
~ ~ ~ We do not use the following data for

&0.11 90

I 110/I
DOCUMENT ID TECN COMMENT

EATON 84 MRK2 e+ e
averages, fits, limits, etc. ~ ~ ~

PERUZZI 78 MRK1 e+ e

I (77I(2225)) /I toto)
VA L UE (units 10 )
0.29+0.06 OUR AVERAGE
0.33+0.08+0.05

0.27+ 0.06+0.06

DOCUMENT ID

58 BAI

58 BAI

TECN COMM EN T

908 MRK3 J/g —+

pK+K K+K
908 MRK3 J/Q ~

S L
K+K K K

898 DM2 J/Q ~ 47rp

TECN COMMEN T

898 DM2 J/@ ~ 47rp

rt12/r

VA L UE (units 10 EVTS

0.039+0.013 OUR AVERAGE

0.036+0.011+ 0,007
0.073+0.047

DOCUMENT ID TECN COMMEN T

BLOOM 83 CBAL e+ e
BRANDELIK 79c DASP e+ e

r(vppa'+sr )/rtotai
VALUE (units 10 3)

g0.79

r(w Y) lrtotat
VALUE (units 10 )

g0.5

CL 9'

90

CL%

90

DOCUMENT ID

EATON

DOCUMENT ID

BARTEL

TECN COMMEN T

84 MRK2 e+ e

TECN COMM EN T

77 CNTR e+ e

I 1to/r

I (7AQA/I total
VALUE (units 10 )

g0.13

r (&v)/rtotai
VALUE (units 10 )

g0.055

CL%

90

CL%

90

DOCUMENT ID TECN COMMEN T

HENRARD 87 DM2 e+ e

DOCUMENT ID TECN COMMENT

PARTRIDGE 80 CBAL e+ e

I 117/r

0 24+ 0.15—0, 10
59 60 BISELLO

58 Includes unknown branching fraction to PP.
Estimated by us from various fits.
Includes unknown branching fraction to p p

I (7tI(1760)~ Yp p )/I totat
VALUE (units 10 3) DOCUMENT ID

0.13+0.09 6' 6' BiSELLO

Estimated by us from various fits.
Includes unknown branching fraction to p p

r (~sr')/rt. tai

BAI 958
BUGG 95
ANTONFLLI 93
ARMSTRONG 938
AUGUSTIN 92
BOLTON 92
BOLTON 928
COFFMAN 92
HSUEH 92
AUGUSTIN 90
BAI 908
BAI 90C
BISELLO 90
COFF MAN 90
JOUSSET 90
ALEXANDER 89
AUGUSTIN 89
BISELLO 898
AUGUSTIN 88
COFFMAN 88
FALVARD 88
AUGUSTIN 87
BAGLIN 87
BALTRUSAIT. .. 87
BECK ER 87
BISELLO 87
HENRARD 87
PAL LIN 87
WISNIEWSKI 87
BALTRUSAIT. .. 868
BALTRUSAIT. .. 86D
BISE LLO 868
GA IS ER 86
BALTRUSAIT. .. 85C
BALTRUSAIT. .. 85D
BALTRUSAIT. .. 84
EATON 84
BLOOM 83
EDWARDS 838
EINSWEILER 83
FRANK LIN 83
FRANKLIN 838
BURKE 82
EDWARDS 828
EDWARDS 82D

Also 83
EDWARDS 82E
LEMOI(, NE 82
BESCH 81
G IDAL 81
PARTRIDGE 80
SCHARRE 80
ZHOLENTZ 80

Also 81

BRANDELIK 79C
SCHARRE 798

Also 79
ALEXANDER 78
BESCH 78
BRANDELIK 788
P ER UZZI 78
BARTEL 77
BURMESTER 77D
FELDMAN 77
VANNUCCI 77
BARTEL 76
BRAUNSCH. .. 76
JEAN-MARIE 76
BALDINI-. .. 75
BEMPORAD 75
BOYA RSK I 75

PL 8355 374
PL 8353 378
PL 8301 317
PR D47 772
PR D46 1951
PL 8278 495
PRL 69 1328
PRL 68 282
PR D45 R2181
PR D42 10
PRL 65 1309
PRL 65 2507
PL 8241 617
PR D41 1410
PR D41 1389
NP 8320 45
NP 8320 1
PR D39 701
PRL 60 2238
PR D38 2695
PR D38 2706
ZPHY C36 369
NP 8286 592
PR D35 2077
PRL 59 186
PL 8192 239
NP 8292 670
NP 8292 653
Hadron 8? Conf.
PR D33 1222
PRI 56 107
PL 8179 294
PR D34 711
PRL 55 1723
PR D32 566
PRL 52 2126
PR D29 804
ARNS 33 143
PRL 51 859
Brighton Conf. 348
PRL 51 963
Thesis SLAC-0254
PRL 49 632
PR D25 3065
PRL 48 458
ARNS 33 143
PRL 49 259
PL 1138 509
ZPHY C8 1
PL 1078 153
PRL 44 ?12
PL 978 329
PL 968 214
SJNP 34 814
Translated from YAF
ZPHY Cl 233
SLAC-PU 8-2321
LBL-9502
PL 728 493
PL 788 347
PL 748 292
PR D17 2901
PL 668 489
PL 728 135
PRPL 33C 285
PR D15 1814
PL 648 483
PL 638 487
PRL 36 291
PL 588 471
Stanford Symp. 113
PRL 34 1357

+Chen, Chen+ (BES Collab. )
+Scott Zoli+ (LOQM, PNPI, WASH)
+ Ba Idini+ (FENICE Collab. )
+Bettoni, Bharadwaj+ (FNAL E760 Collab. )
+Cosme (DM2 Collab. )
+Brown, Bunnell+ (Mark III Collab. )
+ Brown, Bunnell+ (Mark III Collab. )
+DeJongh, Dubois, Hitlin+ (Mark III Collab. )
+Palestini (FNAL, TORI)
+Cosme+ (DM2 Collab. )
+Blayloc k+ (Mark III Collab. )
+Blaylock+ (Mark II! Collab. )
+Bu setto+ (DM2 Collab. )
+De Jongh+ (Mark III Collab. )
+Ajal touni+ (DM2 Collab. )
+Bonvicini, Drell, Frey, Luth (LBL, MICH, SLAC)
+Cosme (DM2 Collab. )

Busetto+ (DM2 Collab. )
+Calcaterra+ (DM2 Collab. )
+ Dubois, Eigen, Hauser+ (Mark III Collab. )
+Aja ltouni+ (CLER, FRAS, LALO, PADO)
+Cosme+ (LALO, CLER, FRAS, PADO)

(LAPP, CERN, GENO, LYON, OSLO, ROMA+}
Baltrusaitis, Coffrnan, Dubois+ (Mark III Collab. )

+Blaylock, Bolton, Brown+ (Mark III Collab. }
+Ajaltouni, Baldini+ (PADO, CLER, FRAS, LALO)
+Ajaltouni et al (CLER, FRAS, LALO, PADO)
+Ajaltouni+ (CLER, FRAS, LALO, PADO)

(Mark III Collab. )
Baltrusaitis Coffm an Ha user+ (Mark III Coilab. }
Baltrusaitis (CIT, UCSC, ILL, SLAC, WASH)

+Busetto, Castro, Limentani+ (DM2 Collab. )
+Bloom, Bulos, Godfrey+ (Crystal Ball Collab. )

Ba Itrusa itis+ (CIT, UCSC, ILL, SLAC, WASH)
Baltrusaitis, Coffman+ (CIT, UCSC, ILL, SLAC, WASH)
Ba itrusattts+ (CIT, UCSC, ILL, SLAC, WASH)

+Goldhaber, Abrams, A!am, Boyarski+ (LBL, SLAC)
+Peck (SLAC, CIT}
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)

(Mark III Collab, )
+Franklin, Feldman, Abrams, Alam+ (LBL, SLAC)

(STAN)
+Trilling, Abrams, Alarn, Blocker+ (LBL, SLAC)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)
+-Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)

Bloom, Peck (SLAC, CIT)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)
+Barate, Astbury+ (SACL, LOIC, SHMP, IND)
+Eisermann, Lohr, Kowalski+ (BONN, DESY, MANZ)
+Goldhaber, Guy, Millikan, Abrams+ (SLAC, LBL)
+Peck+ (CIT, HARV, PRIN, SLAC, STAN)
+Trilling, Abrams, Alarn, Blocker+ (SLAC, LBL)
+Kurdadze, Lelchuk, Mishnev+ (NOVO)

Zholentz, Kurdadze, Lelchuk+ (NOVO)
34 1471.

+Cords+ (DASP Collab. )
(SLAC, LBL)

Abrams, Alarn, Blocker, Boyarski+ (SLAC, LBL)
+Criegee+ (DESY, HAMB, SIEG, WUPP)
+Eisermann, Kowalski, Eyss+ (BONN, DESY, MANZ)
+Cot'ds+ (DASP Collab. )
+Piccolo, Alarn, Boyarski, Goldhaber+ (SLAC, LBL)
+Duinker, Olsson, Heintze+ (DESY, HEIDP)
+Criegee+ (DESY, HAMB, SIEG, WUPP)
+Perl (LBL, SLAC)
+Abrams, Alarn, Boyarski+ (SLAC, LBL)
+Duinker, Olsson, Steffen, Heintze+ (DESY, HEIDP)

Braunschweig+ (DASP Collab. )
+Abrams, Boyarski, Breidenbach+ (SLAC, LBL) IG

Baldini-Celio, Bozzo, Capon+ (FRAS, ROMA)
(PISA, FRAS)
(SLAC, LBL) JPC
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l/q(iS), X„(iP)
DASP
ESPOSITO
FORD
LI BE R MAN

WI IK

75 PL 56B 491
75B LNC 14 73
75 PRL 34 604
75 Stanford Symp. 55
75 Stanford Symp. 69

Braunschweig, Konigs+ (DASP Collab. )
+Bartoli, Bisello+ (FRAS, NAPL, PADO, ROMA)
+Beron, Hilger, Hofstadter+ (SLAC, PENN)

(STA N)
(DESY)

r(~+~ K-+ K )l-r„„,
VALUE

0.030+0.007
DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 Q(2S) ~ &Xcp

BAGLIN
LEE
BARATE
ABRAMS
ASH
AUBERT
AUGUSTIN
BACCI

Also
BALDINI-. ..
BARBIELLINI
BRAUNSCH. . .
CHRISTENS. ..

OTHER RELATED PAPERS

85 SLAC Summer Inst.
85 SLAC 282
83 PL 121B 449
74 PRL 33 1453
74 LNC 11 705
74 PRL 33 1404
74 PRL 33 1406
?4 PRL 33 1408
74B PRL 33 1649
74 LNC 11 711
74 LNC 11 718
74 PL 53B 393
70 PRL 25 1523

609 (LAPP, CERN, GENO, LYON, OSLO, ROMA+)
(SLAC)

+Bareyre, Bonamy+ (SACL, LOIC, SHMP, IND)
+Briggs, Augustin, Boyarski+ (LBL, SLAC)
+Zorn, Bartoli+ (FRAS, UMD, NAPL, PADO, ROMA)
+Becker, Biggs, Burger, Chen, Everhart (MIT, BNL)
+Boyarski, A bra m s, Briggs+ (SLAC, LBL)
+Bartoli, Barbarino, Barbiellini+ (FRAS)

Bacci
Baldini-Celio, Bacci+ (FRAS, ROMA)

+8em porad+- (FRAS, NAPL, PISA, ROMA)
Bra unschweig+ (DASP Collab. )
Christenson, Hicks, Lederman+ (COLU, BNL, CERN)

r(r'~+~ )/rtotai
VALUE

0.016+0.005

r (a{tr+a -})/rtota(
VAL UE

0.015+0.005

DOCUMEN T ID TECN COMM EN T

TANENBAUM 78 MRK1 $(2S) ' &Xcp

DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 Q(2S) &Xcp

I (K+ K'(892)o tr + c.c.)/I to«i
VALUE DOCUMENT ID TECN COMMENT

0.012+0.004 TANENBAUM 78 MRK1 Q(2S) ~ y Xcp

I (tr+tr )/rtotai

X„(iP)
Xco(1P) MASS

VALUE (units 10 )
75+21 OUR AVERAGE
70+30
80+30

DOCUMENT ID TECN COMMENT

BRANDELIK 79B DASP Q(2S) &Xcp
TANENBAUM 78 MRK1 Q(2S) &Xcp

TECN COMMEN TVALUE (MeV) EVTS

3415.1+ 1.0 OUR AVERAGE
3417.8 4 0.4+ 4 1 GAISER 86 CBAL g(2S) ~ pX
3414.8 6 1.1 t3 HIMEL 79 MRK2 e+ e ~ hadrons
3422 +10 2 BARTEL 78B CNTR e+ e ~ l/Q2p
3416 6 3 k4 2 TAN EN BAUM 78 MR K 1 e+ e
3415 + 9 BIDDICK 77 CNTR e+ e ~ pX
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3407 + 8 2 WI IK 75 DASP e+ e ~ l/Q2p
Using mass of vP(2S) = 3686,0 MeV.
Mass value shifted by us by amount appropriate for g(2S) mass = 3686 MeV and
l/Q(1S) mass = 3097 MeV.
Systematic error added linearly by us.

40nly two events; this mass apparently never published.

I (K+K )/I t»~
VALUE (units 10 )

71+24 OUR AVERAGE
60+30
90+40

r(~+~- pTt)/r«ta,
VAL UE

0.005 +0.002

r (tro tro) /rtotg
VAL UE (units 10 )

3.1k 0.4+0.5

r(tItI) lrtot I

DOCUMENT ID TECN COM MEN T

DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 Q(2S) ~ &Xcp

DOCUMENT ID

6 LEE

TECN COMMEN T

85 CBAL Q' ~ photons

8 RAN DEL I K 79B DASP Q(2S) ~ P Xcp
TANENBAUM 78 MRK1 Q(2S} p Xcp

r7/r

I g/I

rio/r

Xco(1P}WIDTH
VALUE (units 10 )

2.5+0.8+0.8
DOCUMENT ID

6 LEE

TECN COMMENT

85 CBAL Q' ~ photons

VAL UE (MeV)

13.5+3.3+4.2

Mode

DOCUMENT ID

GAISER

Xco(1P) DECAY MODES

Fraction (C;/I ) Confidence level

TECN COMM EN T

86 CBAL Q(2S) —+ pX, p2r 7r
r(P P) /rtotai
VALUE (units 10 ) CL%

&9.0 90

Calculated using B(g(2S) ~
tainty in the @(2S}decay.
Calculated using B(g(2S) ~

DOCUMENT ID TECN COMMENT

BRANDELIK 79B DASP Q(2S) ~ pXcp

pXcp(1P)) = 0.094; the errors do not contain the uncer-

Xcp(1P)} —0 093 + 0 008

li
l2
I3
l4
l5

l7
I8
I9
I 10
I 11

rl rl

pp

r» &a/q(is)

2(a.+a. )
?r+?r- K+ K

p ?r+ ?r

3(7r+rr )
K+ K*(892)0rr + c.c.
7r+ ?r

K+K
Ir ?r p p

Hadronic decays
{3.7 +0.7)
(3.0 +0.7)

{1.6 +0.5)
(1.5 + 0.5)
(1.2+0,4)
(7.5 + 2.1)
(7.1+2.4)
(5.0 + 2.0)
(3.1 +0.6)
(2.5+ 1.1)

& 9,0

0/

0/

0/

x 10
x 10
x 10
x 10

x 10
x 10 4

Radiative decays
(6.6+1.8) x 10

(4.0+2.3) x 10 4

90%

RADIATIVE DECAYS

r(~~/tO(»)) /rtotal
VALUE(units 10 4)

66+ 18 OUR AVERAGE

60+ 18
320+210
150+ 100
210+210

r (ve) /rtotal

DOCUMENT ID TECN COMMENT

GAISER 86 CBAL g(2S) ~ pXcp
BRANDELIK 79B DASP g(2S) ~ pXcp
BARTEL 78B CNTR g(2S) ~
TA NEN BAUM 78 M RK 1 g(2S) ~ p Xcp

VALUE(units 10 ) CL% DOCUMENT ID TECN COMMENT

4.0+2.0+1.1 6 LEE 85 CBAL g' ~ photons
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&15 90 YAMADA 77 DASP e+ e ~ 3p

Calcuiated using B(g(2S}~ pXcp(1P)) = 0.094; the errors do not contain the uncer-
tainty in the Q(25) decay.

VAL UE (keV)

& 6.2
4.0+2.8

~ o ~ We do

&17

Xco(1P) PARTIAL WIDTHS

CL%

Xco(1P}BRANCHING RATIOS

HADRONIC DECAYS

DOCUMENT ID TECN COMMENT

95 CHEN 90B CLED e+ e e+ e
LEE 85 CBAL @' ~ photons

not use the following data for averages, fits, limits, etc. ~ ~ ~

95 AIHARA 88D TPC e+ e ~ e+ e X

I 13 CHEN
AIHARA
GAISER
LEE
BRANDELIK
HIMEL

Also
BARTEL
TANEN BAUM

Also
B I DDIC K
YAMADA
WIIK

Xco(1P) REFERENCES

90B PL B243 169
88D PRL 60 2355
86 PR D34 711
85 SLAC 282
79B NP B160 426
79 Thesis SLAC-0223
82 Private Comm.
78B PL 79B 492
78 PR D17 1731
82 Private Comm.
77 PRL 38 1324
77 Hamburg Conf. 69
75 Stanford Symp. 69

+M c I lwa in+
+Alston-Garnjost+
+Bloom, Bulos, Godfrey+

+Cords+

Trilling
+DIttmann, DuInker, Olsson, 0 NeIII+
+Alam, Boyarski+

Trilling
+Burnett+ (UCSD, UMD, PAVI,

OTHER RELATED PAPERS

(CLEO Collab. )
(TPC Collab. )

(Crystal Ball Collab. )
(5LAC)

(DASP Collab. )
(SLAC)

(LBL, UCB)
(DESY, HEIDP)

(SLAC, LBL)
(LBL, UCB)

PRIN, SLAC, STAN)
(DASP Collab. )

(DESY)

r(2{~+~-})/rt»~
VAL UE

0.03760.007
DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 Q(2S) ~ gXcp

OREGLIA 82 PR D25 2259
FELDMAN 75B PRL 35 821

Also 75C PRL 35 1189
Erratum.

TANENBAUM 75 PRL 35 1323 +Whitaker, Abrams+ (LBL, SLAC)

+Partridge+ (SLAC, CIT, HARV, PRIN, STAN)
+Jean-Marie, Sadoulet. Vannucci+ (LBI, SLAC)

Feldman
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X„(1P)

X„(1P) I G(gPC) P+(g + +) r(p'~+ ~-)/rto„(
VALUE (units 10 )

39+35
DOCUMEAIT ID TECN COMMEN T

TANENBAUM 78 MRK1 g(25) ~
Xct(lP) MASS

DOCUMENT ID

Xct(iP) WIDTH

VALUE (MeV) EVTS

3510.53+ 0.12 OUR AVERAGE

3510.53+ 0,04+0.12 513 ARMSTRONG 92 SPEC pp ~ e+ e
3511.3 + 0.4 +0.4 30 BAGLIN 868 SPEC pp ~ e+e X
3512.3 + 0.3 +4.0 GAISER 86 CBAL @(25) a pX
3507.4 + 1.7 91 2 LEMOIGNE 82 GOLI 190 GeV ~ Be ~ p2p,
3510.4 + 0.6 OREG LIA 82 CBAL e+ e ~ J/@ 2p
3510.1 + 1.1 254 HIMEL 80 MRK2 e+ e ~ J/Q2p
3509 + 11 21 BRANDELIK 798 DASP e+ e ~ J/Q2p
3507 k 3 BARTEL 788 CNTR e+ e ~ J/t/) 2p
3505.0 + 4 +4 TANENBAUM 78 MRK1 e+ e
3513 + 7 367 3 BIDDICK 77 CNTR vP(25} pX
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3510 + 20 BARTEL 768 CNTR e+ e -~ J/g2p
3500 + 10 40 TANENBAUM 75 MRKl Hadrons p
3507 + 7 7 WI I K 75 DASP e+ e ~ J/Q2p

Using mass of g(25) = 3686.0 MeV.
2 J/Q(15} mass constrained to 3097 MeV.

Mass value shifted by us by amount appropriate for g(25) mass = 3686 MeV and
J/@(15}mass = 3097 MeV.
From a simultaneous fit to radiative and hadronic decay channels.

I (K+ K'(892) ott- i c.c.) /I total
VALUE (units 10 ) DOCUMENT ID TECN COMMENT

32+21 "TANENBAUM 78 MRK1 g(25) PXcl

r(~+~- p/t)/r„„,
VALUE (units 10 )

14+9

r (PP) /rtotai

DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 Q(25} —a

VAL UE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

0.86+Oa12 513 ARMSTRONG 92 SPEC pp ~ e+ e
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

) 0.54 95 BAGLIN 868 SPEC
(12.0 90 BRANDELIK 798 DASP

Restated by us using B(Xcl(1P) ~ J/g(15)p}B(J/g(15}
0.0011.

[r(~+~-) + r(K+ K-)]/r«ta,

pp e+e —X
@(25) ~ yXcl

e+e } = 0.0171 +

VALUE (units 10 4) CL% DOCUMENT ID TECN COMMENT

(21 FELDMAN 77 MRK1 @(25) ~
o i ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(38 90 BRANDELIK 798 DASP Q(25} ~ &X&1

Estimated using B(g(25) ~ pX&1(1P)) = 0.087. The errors do not contain the
uncertainty in the @(25) decay.

VALUE (MeV) CL% EVTS

0.88+0.11+0.08 513
e ~ ~ We do not use the following data for

DOCUMENT ID TECN

ARMSTRONG 92 SPEC
averages, fits, limits, etc. o

COMMENT

pp e+e
~ ~ I (7J/$(1S)) /I toto(

RADiATIVE DECAY5

(1.3
&3.8

r2
I3
l4
r5
r6

l8

95
90

HAGI IN

GAISER
868 SPEC pp ~ e+ e X
86 CBAL g(25) g X

Mode Fraction (I;/f )

3(~+~-)
2(~+ 7r-)
~+~- v+ ~-
p0~+ ~-
K+ K*(892)Oa.—+ c c

pp
pp
7r+7r + K+ K

Had ronic decays
(

(

(

(

(

(
(

2.2 +0.8) %
1.6 +0.5) !
9 +4 )x10
3.9+3.5} x 10
3,2+2.1) x 10
1.4+0.9) x 10
8,6+1.2) x 10
2, 1 x 10

Xct(lP) DECAY MODES

VAL UE EVTS

0.273+0.016 OUR AVERAGE
0.284 +0.021
0.274 k 0.046 943
0.28 +0.07
0.19 +0.05
0.29 4 0.05
0.28 +0.09
~ ~ ~ We do not use the following

0.57 60.17

r (77) /rtotai
VAL UE CL%

e ~ ~ We do not use the following

&0.0015 90

Estimated using B(g(25) ~
uncertainty in the @(25) decay.

TECN COMMENTDOCUMENT ID

Q(25) p X

Q(25)
Q(25) ~ p Xc1
@(25) ~
@(25) ~ PX 1
q(25)
etc. ~ ~ ~

Q(25) —+ p X

GAIS ER 86 CBA L
8 OREGLIA 82 CBAL
8 HIMEL 80 MRK2
8 BRANDELIK 798 DASP
8 BARTEL 788 CNTR
8 TANENBAUM 78 MRK1
data for averages, fits, limits,

8 BIDDICK 77 CNTR

DOCUMENT ID TECN COMMEN T

data for averages, fits, limits, etc. ~ ~ ~

YAMADA 77 DASP e+ e ~ 3p

pX&1(1P)) = 0.087. The errors do not contain the

I o p J/g(ls)
l10

Radiative decays
(27.3+ 1.6) %

r(p p)

Xct(1P) PARTIAL WIDTHS

f7
TECN COM MEN T

pp e e

pp ~ e+e X

e+e ) = 0.0171 +

Xot(1P) BRANCHING RATIOS

HADRONlC DECAYS

VAL UE (eV) EVTS DOCUMENT ID

74+ 9 OUR AVERAGE

76+ 10+5 513 ARMSTRONG 92 SPEC

69+~~+4 5 BAGLIN 868 SPEC

Restated by us using B(Xcl(1P) J/g(15)p}B(J/g(15)
0.0011.

ARMSTRONG 92
Also 928

BAGLIN 868
GAISER 86
LEMOIGNE 82
OREGLIA 82

Also 828
HI MEL 80

Also 82
BRANDELIK 798
BART EL 788
TA MEN BAU M 78

Also 82
BIDDICK 77
FELDMAN 77
YAMADA 77
BARTEL 768
TANENBAUM 75
WI I K 75

Xct(1P) REFERENCES

NP 8373 35
PRL 68 1468
PL 8172 455
PR D34 711
PL 1138 509
PR D25 2259
Private Comm.
PRL 44 920
Private Comm.
NP 8160 426
PL 798 492
PR D17 1731
Private Comm.
PRL 38 1324
PRPL 33C 285
Hamburg Conf. 69
Tbilisi Conf. N75
PRL 35 1323
Stanford Symp. 69

OTHER RELATED PAPERS

+Bettoni+ (FNAL, FERR, GENO, UCI, NWES+)
Armstrong, Bettoni+(FNAL, FERR, GENO, UCI, NWES+)

(LAPP, CERN, GENO, LYON, OSLO, ROMA+)
+Bloom, Bulos, Godfrey+ (Crystal Ball Collab. )
+Barate, Astbury+ (SACL, LOIC, SHMP, IND)
+.Partridge+ (Sl AC, CIT, HARV, PRIN, STAN)

Oreglia (EFI)
+A bra m s, A la m, Blocker+ (LBL, SLAC)

Trilling (LBL, UCB)
+Cords+ (DASP Collab. )
+Dittmann, Duinker, Olsson, O'Neill+ (DESY, HEIDP)
+Alam, Boyarski+ (SLAC, LBL)

Trilling (LBL, UCB)
+Burnett+ (UCSD, UMD, PAVI, PRIN, SLAC, STAN)
+Perl (LBL, SLAC)

(DASP Collab. )
+Duinker, Olsson, Heintze+ (DESY, HEIDP)
+Whitaker, Abrams+ (LBL, SLAC)

(DESY)

I (3(a+ a ))/I totai
VAL UE

0.022+ 0.008

r(2(~+~-))/r„„,
VALUE

0.016+0.005

r(a+a K+K )/I totals

VALUE (units 10 )

90+40

DOCUMENT /D TECN COMMEN T

TANENBAUM 78 MRK1 Q(25) ~

DOCUMENT ID TECN COMMEN T

TANENBAUM 78 MRK1 @(25)

DOCUMEN T /D TECN COM MEN T

TANENBAUM 78 MRK1 Q(25) ~

BARATE 83
BRAUNSCH. .. 758
FELDMAN 75
HEINTZE 75
SIMPSON 75

PL 1218 449
PL 578 407
Stanford Symp. 39
Stanford Symp. 97
PRL 35 699

+Bareyre, Bonamy+
BraunschweIg, KonIgs+

(SACI ~ LOIC, SHMP, IND)
( DAS P Col)a b.)

(SLAC)
(HEIDP)

(STAN, PENN)+Beron Ford Hilger Hofstadter+
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h, (1P), x,2(1P)

h, (1P)
Mode

Xe2(1P} DECAY MODES

Fraction (I;/I ) Confidence level

OMITTED FROM SUMMARY TABLE
Needs confirmation.

he(1P) MASS

TECN COMM EN T

he(1P) WIDTH

VALUE (MeV) EVTS

3526.14+0.24 OUR AVERAGF

3526.20+0.15+0.20 59 ARMSTRONG 92D SPEC p p J/@ m

3525.4 +0.8 +0.4 5 BAGLIN 86 SPEC p p ~ J/@X
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

3527 +8 42 ANTONIAZZI 94 E705 300 7r+, pLi ~
J/Q2ro X

r,
l2

I4
Is
r6
f7
Is
C9
I 10

2(«+«)
~+~- K+ K-
3(7r+ 7r )
po~+ ~-
K+ K*(892) «+ c.c.
7r 7l p p
sr+ 7r

K+ K-
PP

J/ri (ls) «+ «

Hadronic decays
( 2.2 +o.s )
( 1.9 +0.5 )

1.2 +0.8 )
(7 +4 )
( 4.8 +2.8 )
( 3,3 + 1.3 )
( 1.9 + 1.0 )
( 1.5 + 1.1 )
(1o.o + 1.0 )
( 1.10+0.28)
(8 +5 )

1.5

0/

0/

0/

x 10
x 10
x 10
x 10
x 10
x 10
x 10
x1O—4

0/ 900/

VALUE (MeV)

Mode

CL% EVTS

90 59

DOCUMENT ID TECN COMMENT

ARMSTRONG 92D SPEC pp —+ J/$2ro

hc(1P) DECAY MODES

Fraction (I;/I )

r» ~~/y(is)
I 14

Radiative decays
(13 5 +1.1 )

( 1.6 +0.5 ) x 10 4

Xc2(1P}PARTIAL WIDTHS

r,
I2
I3

l/g(ls)«
l/yr(ls) «'«

PP

VALUE

(0.18
CL%

90

r (a/y(is) ««)/r(s/@(is) «0)

seen

not seen

DOCUMENT ID TECN COMMENT

ARMSTRONG 92D SPEC pp ~ J/$2r

I9
TECIV COM MEN TDOCUMENT ID

pp e+e
pp e+e —

X

e+ e ) = 0.0085 +

I 14

VALUE (eV) EVTS

206+22 OUR AVERAGE

197+18+16 585 7 ARMSTRONG 92 SPEC

2S2+4s 7 BAGLIN 86B SPEC

Restated by us using B(Xc2(1P) ~ J/g(1S)p)B(J/g(1S)
0.0007.

ANTONIAZZI 94 PR D50 4258
ARMSTRONG 92D PRL 69 2337
BAGLIN SS PL B171 135

he(1P) REFERENCES

+Arenton+ (E705 Coliab. )
+Bettoni+ (FNAL, FERR, GENO, UCI, PENN, TORI)
+Baird+ (LAPP, CERN, TORI, STRB, OSLO, ROMA+)

x„(1P) IG(gPC) 0+(2++)

Xe2{1P}MASS

VALUE (Mev) EVTS

3556.17+ 0.13 OUR AVERAGE

3556.15+ 0.07+0.12 585 ARMSTRONG 92 SPEC
3556.9 + 0.4 +0.5 50 BAGLIN 86B SPEC
3557,8 + 0.2 + 4 1 GAISER 86 CBAL
3553.4 + 2.2 66 2 LEMOIGNE 82 GOLI

3555,9 + 0.7 3 OREGLIA 82 CBAL
3557 + 1.5 69 4 HIMEL 80 MRK2
3551 + 11 15 BRANDELIK 79B DASP
3553 + 4 4 BARTEL 78B CNTR
3553 + 4 +4 4es TANENBAUM 78 MRK1
3563 + 7 360 4 BIDDICK 77 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits,

TECN COMM EIV T

pp e+e—
p

pp e+e —
X

g(2S) ~ px
190 GeV 2r Be p2Iu
e+ e ~ J/g2p
e+ e ~ J/Q2p
e+ e —+ J/@ 2p
e+ e ~ J/g2y
e+e-
e+ e

—
pX

etc. o ~ ~

e+ e ~ hadronsp
e+ e ~ J/Q2p

TR ILL IN G 76 MR K1
WHITA K ER 76 MR K1

Xe2(1P) WIDTH

VAL UE (Mev) EVTS

2.00+0.18 OUR AVERAGE

1.98+0.176 0.07 585 ARMSTRONG 92 SPEC

26 +' 50 86B SPEC

+2.1—2.0 86 CBAL

Errors correspond to 90% confidence level; authors give only

TECN COM M EN T

pp e e Y

pp ~ e+e —
XBAG LIN

6 GAISER g(2S) p X

width range.

3550 + 10
3543 + 10 4

Using mass of @(2S) = 3686.0 MeV.
2 J/g(1S) mass constrained to 3097 MeV.

Assuming g(2S) mass = 3686 MeV and J/g(1S) mass = 3097 MeV.
4 Mass value shifted by us by amount appropriate for g(2S) mass = 3686 MeV and

J/g(1S) mass = 3097 MeV.
5 From a simultaneous fit to radiative and hadronic decay channels.

e+e-X„
e+ e Xc2

e+e —x
e+ e

—
Xc2

e+e X

37
0.18 MeV,

I (2(«+«))/I tote~
VAL UE

0.022+0.005

Xc2(1P) BRANCHING RATIOS

HADRONIC DECAYS

DOCUMEIVT ID TECN COMMENT

TANENBAUM 78 MRK1 Q{2S) ~

I («+«K+K )/rq~q, ~

VALUE

0,019+0.005

r (2{«+«-})/rgotl,
VAL UE

0.012+0.008

r(n «+«)/r~otai
VALUE (units 10 )

68+40

DOCUMENT ID TECIV COMMENT

TANENBAUM 78 MRK1 Q{2S) ~

DOCUMEIV T ID TECIV COMMEIV T

TANENBAUM 78 MRK1 g(2S) ~

DOCUMENT ID TECN COMMENT

TA MEN BAUM 78 MRK1 g(2S) ~ P Xc2

I (K+ K'(892)0«+ c.c.)/I qeq, ~

VALUE (units 10 ) DOCUMENT ID TECN COMMENT

48+28 TANENBAUM 78 MRK1 g(2S) ~

VA L UE (keV) CL% DOCUMENT ID TECN COMMEN T

0.37 +0.1? OUR AVERAGE Error includes scale factor of 1.9.
1.08 +0.30 +0.26 DOMINIC K 94 C LE2 e+ e
0.321+0.0784 0.054 ARMSTRONG 93 SPEC p p —+

3.4 + 1.7 k 0.9 BAUER 93 TPC e+ e

2,9 1'(} 4 1 ~ 7 BAGLIN 87B SPEC p p ~
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ o

(4.2 95 UEHARA 91 VNS e+ e
(1.0 95 CHEN 90B CLEO e+ e
(4.2 95 AIHARA 88D TPC e+ e
(1.6 90 YAMADA 77 DASP e+ e

Using B(Xc2(1P) ~ pp) = (1.00 4 0.23) x 10 and I total
—2.00 +
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X,2(1P), 7I,(2S)

r(x+~- pp)/r„„i
VAL UE (units 10 )

33+13

r(a+a )/I totai
VALUE (units 10 )

1.9+1.0

DOCUMENT ID TECN COMMEN T

TANENBAUM 78 MRK1 Q(2S) ~ PXc2

EVTS DOCUMENT ID TECN COMMEN T

4 BRANDELIK 79C DASP $(2S) ~ PXc2

[r(~+~-) + r(lc+ x-)]/r„„,
VALUE (units 10 )

24+10
DOCUMENT ID TECN

TANENBAUM 78 MRK1

r(&+& )/rtotai

(I r+I a)/I
COMM EN T

Q(2S) y Xc2

ra/r
VALUE (units 10 )

1.5+1.1

r (p p) /rtotai

EVTS DOCUMEN T ID TECN COM MEN T

2 BRANDELIK 79C DASP g(2S) ~ PXc2

TECN COMMENTVALUE (units 10 ) CL% EVTS DOCUMENT ID

1.00+0.10 QUR AVERAGE

1.00 +0.11 585 ARMSTRONG 92 SPEC p p ~ e+ e

0.97 ' +0.08 BAGLIN 868 SPEC pp ~ e+ e X

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&9.5 90 BRANDELIK 798 DASP Q(2S) ~
Restated by us using B(Xc2(1P) ~ J/Q(ls)p)B(J/g(ls) ~ e+e ) = 0.0085 +
0.0007.

Xoa(1P} REFERENCES

DO Ml N I C K 94
ARMSTRONG 93
BAUER 93
ARMSTRONG 92

Also 928
UEHARA 91
CHEN 908
A IHARA 88D
BAG L IN 878
BA G L IN 868
GAIS ER 86
LEE 85
LEMOIGNE 82
OREGLIA 82

Also 82B
BARATE 81
HIMEL 80

Also 82
BRAND ELIK 798
BRANDELIK 79C
BARTEL 788
SPITZER 78
TANENBAUM 78

Also 82
BIDDI CK 77
YAMADA 77
TRILLING 76
WHITAKER 76

PR D50 4265
PRL 70 2988
PL 8302 345
NP 8373 35
PRL 68 1468
PL 8266 188
PL 8243 169
PRL 60 2355
PL 8187 191
PL 8172 455
PR D34 711
SLAC 282
PL 1138 509
PR D25 2259
Private Comin.
PR D24 2994
PRL 44 920
Private Comm.
NP B160 426
ZPHY C1 233
PL 798 492
Kyoto Sum. Inst, 47
PR D17 1731
Private Comm,
PRL 38 1324
Hamburg Conf. 69
Stanford Sym p. 437
PRL 37 1596 +Tanenbaum, Abrams, Alam+

OTHER RELATED PAPERS

83 PL 1218 449
758 PRL 35 821
75C PRL 35 1189

BA RATE
FELDMAN

Also
Erratum.

TANEN BAU M 75 PRL 35 1323

+Bareyre, Bonamy+ (SACL, LOIC, SHMP, IND)
+Jean-Marie, Sadoulet, Vannucci+ (LBL, SLAC)

Feldman

+Whitaker, Abra ms+ (LBL, SLAC)

+Sanghera+ (CLED Colla b.)
+Bettoni, Bharadwaj+ (FNAL E760 Collab. )
+Belcinski+ (TPC Collab. )
+Bettoni+ (FNAL, FERR, GENO, UCI, NWES+)

Armstrong, Bettoni+(FNAL, FERR, GENO, UCI, NWES+)
+Abc+ (VENUS Collab. )
+Mcllwain+ (CLEO Collab. )
-i-A Iston-Garnjost+ (TPC Collab. )
+Baird, Bassompierre, Borreani+ (R704 Collab. )

(LAPP, CERN, GENO, LYON, OSLO, ROMA+)
+Bloom, Bulos, Godfrey+ (Crystal Ball Collab. )

(SLAC)
+Barate, Astbury+ (SACL, LOIC, SHMP, IND)
+Partridge+ (SLAC, CIT, HARV, PRIN, STAN)

Oreglia (EFI)
+Astbury+ (SACL, LOIC, SHMP, CERN, IND)
+Abrams, Alam, Blocker+ (LBL, SLAC)

Trilling (LBL, UCB)
+Cords+ (DASP Collab. )
+Cords+ (DASP Collab. )
+Dittmann, Duinker, Olsson, O'Neill+ (DESY, HEIDP)

(HAM 8)
+Alarn, Boyarski+ (SLAC, LBL)

Trilling (LBL, UCB)
+Burnett+ (UCSD, UMD, PAVI, PRIN, SLAC, STAN)

(DASP Collab. )
(LBL)

(SLAC, LBL)

I iI r/I totai In pp ~ Xoa(1P) -+ 77
VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

0.160+0.039+0.016 ARMSTRONG 93 SPEC pp ~
099 -035 6 BAGLIN 878 SPEC pp ~

I gl t4/r2

,(2S) I'(~"}= "("+)
OMITTED FROM SUMMARY TABLE

Needs confirmation.

I (aoaP)/I totai
VALUE (units 10 )

1.1 +0.2 +0.2

r (rirr)lrtotai
VALUE (units 10 4)

7.9+4.1k2.4

DOCUMENT ID

LEE

DOCUMENT ID

LEE

TECN COMM EN T

85 CBAL g' ~ photons

TECN COMM EN T

85 CBAL g' ~ photons

rio(2S} MASS

VALUE(MeV) DOCUMEN T ID TECN COMMENT

3594+5 1 EDWARDS 82C CBAL e+ e ~ pX

Assuming mass of tI'j(2S) = 3686 MeV.

tro(2S) WIDTH

I (J/tI(1S)a+a xP)/I totai
TECN COMMENTCL% DOCUMENT ID

BARATE

VALUE

&0.015

RADIATIVE DECAYS

81 SPEC 190 GeV x Be ~
21r 2IM

Estimated using B(g(2S) pXc2(1P)) = 0.078; the errors do not contain the uncer-
tainty in the g(2S) decay.
Assuming isotropic Xc2(lP) ~ pp distribution.

LEE 85 result is calculated using B(@(2S)~ pXc2(1P)) = 0.078 + 0.008.

rio(2S} DECAY MODES

Mode

I 1 hadrons

Fraction (I;/I )

seen

VALUE (MeV) CL % DOC UMEN 7 ID TECN COM MEN T

~ a ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&8.0 95 EDWARDS 82C CBAL e+ e ~ pX

r (7~/@(»)) /rtotai
TECN COMM EN TVALUE EVTS

0.135+0.011 QUR AVERAGE
0.124 +0.015 GAISER 86 CBAL
0.162 +0.028 479 OREG LIA 82 CBAL
0.14 +0.04 Hl M EL 80 MRK2
0.18 4 0.05 BRA N D E L I K 798 DAS P
0.13 +0.03 BARTEL 788 CNTR

0.11 +—0.07 SPITZER 78 PLUT

0.13 +0.08 TANENBAUM 78 MRK1
a ~ o We do not use the following data for averages, fits, limits,

0.28 +0, 13 B ID DI C K 77 CNTR

Estimated using B(vjr(2S) ~ pXc2{1P)) = 0.078; the errors
tainty in the Q(2S) decay.

r(~~)lr„„,

y(2s) ~x
g(2S) -~ 7Xc2
@(2S) ~ yXc2
y(2s) - ~x„
@(2S) ~ 7Xc2

e(2S) - ~Xc2

@(2S) &X 2
etc. o ~ ~

g(2S) ~ yX

do not contain the uncer-

I (hadrona)/I tot, i

VALUE

tran(2S} BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

EDWARDS 82C CHAL e+ e ~ pX

rb7)lrtotai
VALUE

&0.01

CL%

90

DOCUMENT ID

LEE

TECN COMMEN T

85 CBAL @' ~ photons

rio(2S) REFERENCES

LEE
EDWARDS

85 SLAC 282
82C PRL 48 70

OTHER RELATED PAPERS

(SLAC)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)

VALUE (units 10 ) DOCUMENT ID TECN

1.60+0.39+0.23 14 ARMSTRONG 93 SPEC

Using B(Xc2(1P) ~ p p) = (1.00 + 0.23) x 10

COMMEN T

PP~ wW

OREGLIA
PORTER
BARTEL

82 PR D25 2259 +Partridge+ (SLAC, CIT, HARV, PRIN, STAN)
81 SLAC Summer Inst, 355I-Edwards+ (CIT, HARV, PRIN, STAN, SLAC)
788 PL 798 492 +Dittmann, Duinker, Olsson, O'Neill+ (DESY, HEIDP)
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q(2S)

q(2S) IG(JPC) = 0 (1 )
Mode needed for Rtting purposes

I 39 1~
—other fit modes (30 j4 )

tIr(25} MASS

TECN COMM EN TVA L UE (Me V) EVTS

$686.00+0.09 OUR AVERAGE

3686.02+ 0.09+0.27 ARMSTRONG 93B SPEC
3686.00 4 0.10 413 ZHOLENTZ 80 OLYA

~ ~ e We do not use the following data for averages, fits, limits,

77 ANTONIAZZI 94 E7053683 4 5

pp e e
e+e—
etc. ~ ~ ~

300 7r-, pLi ~
l/Q~+ ~ X

CONSTRAINED FIT INFORMATION

An overall fit to 7 branching ratios uses 13 measurements and one
constraint to determine 6 parameters. The overall fit has a X2=
6.9 for 8 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

(bx, 6x&)/(bx, "6x&), in percent, from the fit tp the branching fractions, x,
I j / l tota I

~ The fit constrains the x, whose la bels a ppea r in t his array to sum to
one.

my(25) mg/y(15)

VALUE (MeV)

589.07+0.13 OUR AVERAGE

589.7 +1.2 LEMOIGNE
589.07 +0.13 1 ZHOLENTZ
588.7 +0.8 LUTH

Redundant with data in mass above.

DOCUMENT ID TECN COMM EN T

82 GOLI 190 GeV 2I- Be ~ 2/J,

80 OLYA e+ e
75 MRK1

Xs

Xg

X30

X31

X3g

X7 Xs Xg X30 X31

Q(25} PARTIAL WIDTHS

35
0 —11
1 —7 0

0 —3 0 0

-80 -78 —4 —14 —16

t/r(25} WIDTH

VALUE (keV) DOCUMENT ID TECN COMMENT

277+31 OUR AVERAGE Error includes scale factor of 1.1.
306+36+ 16 ARMSTRONG 93B SPEC p p ~ e+ e
243 6 43 2 PDG 92 RVUE

Llses I (ee) from ALEXANDER 89 and B(ee) = (88+ 13) x 10 "from FELDMAN 77.

I (hadrons)
VAL UE (keV) DOCUMENT ID TECN COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

224+56 LUTH 75 MRK1 e+ e

r(e+e ) l3

C2

I3
I4

Mode

hadrons
virtual' ~ hadrons

e+e

Fraction (I;/I )

(98.10+0.30)

( 2.9 +0.4 )

( 8,8 + 1.3 )
( 7.7 +1.7 )

tIr(25} DECAY MODES

0/

0/

x 10
x 10

Scale factor/
Confidence level

VAL UE (keV) DOCUMENT ID TECN COMMENT

2.14+0.21 ALEXANDER 89 RVUE See T mini-review
e ~ ~ We do not use the following data for averages, fits, limits, etc. e e ~

2, 0 +0.3 BRANDELIK 79C DASP e+ e
2.1 +0.3 3 LUTH 75 MRK1 e+ e

From a simultaneous fit to e+ e, IJ+/r, , and hadronic channels assuming I (e+ e )
= I(/+I )

I 37

Decays

J/g(15) anything
I 6 J//g(lS) neutrals

J/g(15) x+ rr

J/ti(15)~P '
I 9 J/tI (15)rf
I tp J/g(15) 7rP

into J/iIr(15} and anything

(57 +4 )

(23.2 k2.6 )
(32.4 +2.6 )
(18.4 +2.7 )

( 2.7 +0.4 )

( 9.7 +2.1 )

0/

0/

0/

0/

x10 4
S=1.7

VAL UE (eV)

(43
CL%

90

DOCUMENT ID TECN COMMENT

BRANDELIK 79c DASP e+ e

@(25}I (i)l (e+ e }/I (total}

This combination of a partial width with the partial width into e+ e
and with the total width is obtained from the integrated cross section into
channell in the e+ e annihilation. We list only data that have not been
used to determine the partial width F(l) or the branching ratio I (I)/total.

8(~+
2(sr+ 7r ) rrPr„~+~-K+ K-

I 14 ~ PP
I 5 K+ K*(892) ~ + C.C.

2(Tr+ ~ )
I,7 Po~+ ~—
I 18 PP
r19 3(~+~ )
I 20 PP&
I 21 K+K
r» ~+~- ~0

r» ~+ ~-
I 24 AA:—:+
I 26 f7'Ir

I 27 K+K
K+ K*(892) + c.c.

I 2g pX 0(1P)
I 30 /Xc1 (1P)
I 3] Y~c2(1P)
I 32 ~q, (1S)
F33 P 0 (25)
I 34 per 0

pn'(958)
I 36 Wn

r38 ~ q(1440) ~ KK~

Madronic decays

(

(

(

(

(

(

(

(

(

(

(

(

(

3.5 +1.6 ) x 10

3.1 +0.7 ) x 10
1.6 +0.4 ) x 10
8.0 +2.0 ) x 10 4

67 +25 ) x10 4

4, 5 +1.0 ) x 10
42 +15 )xlo 4

1.9 +0.5 ) x 10 4

15 +10 ) x10 4

1.4 +0.5 ) x 10

10 +07 ) x10 4

9 +5 )xlo
8 k5 )xlo
4 x10 4

2 x 10
8.3 x 10
2.96 x 10
5.4 x 10

0.8 ) %
0.8 ) %

+0.8 ) %
+0.6 ) x 10

5.4
1.1

x 10
x 10 .

3

1,6
1.2

x 10 4

x1O —4

Radiative decays

( 9,3

( S.7

( 7.8

( 2.S

CL=90%
CL =90%
C L=90%
C L=90%
C L=90%

CL=95%
CL=90%

CL=go%
C L=90%

I (hadrons) x I (e+e )/I tot, i

VAL UE (keV) DOCUMENT ID TECIV COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.2+ 0.4 ABRAMS 75 MRK1 e+ e

I tl s/I

@(25}BRANCHING RATIOS

I (hadrons) /I tots i

VAL UE

0.981 +0.003
DOCUMENT ID

4 LUTH

TECN COMMENT

75 MRK1 e+ e

I (virtttalp ~ hadrons)/I totai
VAL UE DOCUMENT ID

0.029+0.004 5 LUTH

TECN COMMENT

75 MRK1 e+ e

I (e+e )/I totai
VALUE (units 10 )

88+ 13

r(I+i -)/r„„i
VALUE (units 10 )

77+17

r(p+ p-)/r(e+ e—
)

DOCUMEIV T ID TECN COMMENT

FELDMAN 77 RVUE e+ e

DOCUMEIVT ID

7 HILGER

TECN COM MEN T

75 SPEC e+ e

r4/r,
VAL UE DOCUMENT ID TECN COMMENT

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.89+0.16 BOYARSKI 75C MRK1 e+ e
4 Includes cascade decay into J/tiJ(1S).

Included in I {hadrons)/I total.
6From an overall fit assuming equal partial widths for e+ e and p+IJ, . For a mea-

surement of the ratio see the entry I {p+p )/l {e+e ) below. Includes LUTH 75,
HILGER 75, BURMFSTER 77.
Restated by us using B(tiJ(2S) ~ J/ttJ(1S)anything) = 0.55.
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@(2S)

BRANDELIK 79c DASP e+ e ~ p+ p X
ABRAMS 75B MRK1 e+e ~ p+I1 X

I (J/f(1S}neutrals)/I total
I s/I = (0.976ll s+0.708I g+0.273I M+0.135I s )/I

VAL UE

0.232+0.026 OUR FIT
DOCUMENT ID

DECAYS INTO J/@(1S)AND ANYTHING

I (2/tp(1S)anything)/I total I s/I = (I &+I s+I g+0.273I su+0.135I st)/I
VAL UE DOCUMENT ID TECN COMMENT

0.57+0.04 OUR FIT
0.55+0.07 OUR AVERAGE

0.51 k 0.12
0.57+ 0,08

r(~/tt(1S)» )/rtotai rzo/r
TECN COM MEN TEVTS DOCUMENT IDVALUE (units 10 )

9.7+2.1 OUR AVERAGE

15 +6
9 k2 +1

7
23

Hl M EL 80 MRK2 e+ e
OR EG L IA 80 C BA L Q(2S) ~

J/g 2p

The ABRAMS 75B measurement of I 6/I 5 and the TANENBAUM 76 result for I 6/I 7
are not independent. The TANENBAUM 76 result is used in the fit because it includes
more accurate corrections for angular distributions.
Not independent of the TANENBAUM 76 result for I 6/I 7.
Ignoring the J/Q(1S) 7I and J/Q(1S) pp decays.
Low statistics data removed from average.

VAL UE

0.72+0.08 OUR FIT
0.73+0.09

DOCUMENT ID TECN COMMEN T

TANENBAUM 76 MRK1 e+ e

I (J/g(1S}neutrals)/I (J/Q(1S)anythlnlI) I e/I s = {0.9761I s+
0.708I g+0.273I I+0.135I st)/(I 7+I s+I g+0.273l I+0.135I at)

DOCUMENT IDVAL UE TECN COMM EN T
0.409+0.026 OUR FIT
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0.44 +0.03 ABRAMS 75B MRKI e+ e ~ J/@X

I (J/g(1S) neutrals) /I (J/tI (1S)tr+ s )
I s/I 7 = 0 9761I s.+0 708I g+. 0 273I M.+0 135I st.)/I 7

I (3(tr+tr ) trn)/I tot, i

VALUE (units 10 )

35+16
EVTS

I (s+ tr K+ K )/I tot, i

I (2(tr+s )tru)/I tot, l

VALUE (units 10 ) EVTS

31+ 7 OUR AVERAGE

30+ 8 42
35+ 15

HADRONIC DECAYS

DOCUMENT ID TECN COMMEN T

FRANKLIN 83 MRK2 e+ e
ABRAMS 75 MRK1 e+ e

rts/r

DOCUMENT ID TECN COMMENT

FRANKLIN 83 MRK2 e+ e ~ hadrons

r(l/II {1S)s+tr )/r„„,
VALUE

0.324+0.026 OUR FIT
0.332+0.033 OUR AVERAGE

0,32 +0.04
0.36 + 0.06

DOCUMENT ID

ABRAMS
WI IK

TECN COMMEN T

75B MRK1 e+ e ~ J//~+ 7r

75 DASP e+ e ~ J//~+77

VALUE (units 10 )

16+4

I (tr s' p p) /rtotal
VALUE (units 10 )

8 k2

DOCUMENT ID TECN COMMEN T

TANENBAUM 78 MRK1 e+ e

DOCUMENT ID TECN COMMENT

12 TANENBAUM 78 MRK1 e+ e

r(a/II (1s)~'~') /r, .„, I s/I I (K+ K'(892)str + c.c.)/I total I 15/I
VALUE

0.184+0.027 OUR FIT
0.18 +0.06

DOCUMENT ID

WI I K

TECN COMMEN T

75 DASP e+ e ~ J/Q 27r

VAL UE (units 10 )

6.7+2.5
DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 e+ e

I (l/$(1S)truss)/I (J/@(1S)a+s ) rs/r7 r(2(~+n-)) irtotai
DOCUMENT ID TECN COMMEN TVAL UE

0.57+0.08 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.53 +0.06 9 TANENBAUM 76 MRK1 e+ e
0.64+ 0.15 10 HILGER 75 SPEC e+ e

I (l/tI'(1S) rl) /I total I g/I
TECN COM MEN T

e+�-
ee+—

J/Q 2p
e+e—

0.025 +0.006
0.0218+0.00144 0.0035

80 MRK2
80 CHAL

0.036 +0.005 164 BARTEL 78B CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e

0.035 +0.009 17 1 1 BRAN DELIK 79B DASP e+e—
~/42&

e+e—44 11 TANENBAUM 76 MRK10.043 S0.008

WEIGHTED AVERAGE
0.027+0.004 (Error scaled by 1.6)

ve of weighted average, error,
tor are based upon the data in

m only. They are not neces-
me as our 'best' values,
m a least-squares constrained fit
surements of other (related)
additional information.

VAL UE EVTS DOCUMENT ID

0.027 +0.004 OUR FIT Error includes scale factor of 1.7.
0.027 +0.004 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram

below.
HIMEL

OREGLIA

VALUE (units 10 )

4.5+1.0

r(p'n+ ~-)/r„„,
VALUE (units 10 )

4.2+1.5

r(PP) lrtotal
VALUE (units 10 ) EVTS

1.9+0.5 OUR AVERAGE

1,4+0.8 4
2.3+0.7

DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 e+ e

DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 e+ e

DOCUMENT ID TECN COMMENT

BRANDELIK 79C DASP e+ e
FELDMAN 77 MRK1 e+ e

r(3(~+n ))/rtotai
VALVE (units 10 )

1.5+1.0

r(pp& )lrtotai
VALUE (units 10 )

1.4+0.5

I (K+K )/It»i
VALUE (units 10 )

1.0+0.7
~ ~ ~ We do not use the

&0.5

EVTS DOCUMENT ID TECN COMMENT

FRANKLIN 83 MRK2 e+ e

CL% DOCUMENT ID TECN

BRANDELIK 79c DASP
following data for averages, fits, limits,

90 FELDMAN /7 MRK1

COMMENT

e+e—
etc. ~ ~ ~

e+e—

DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 e+ e

rts/r

0 0.01 0.02

r (a/g(zs) ~)/r„„,

L

GLIA
EL

80 MRK2
80 CBAL
78B CNTR

(Confidence Level
I

0.03 0.04 0.05 0.06

x'
0.1

1.6
3.6
5.2

= 0.073)

I (tr+w )/I total
VALVE (units 10 4) CL% DOCUMENT ID TECN COMMENT

e+e-
etc. ~ ~ o

I as/r

&0.5 90 FELDMAN 77 MRK1 e+e—

r(~+ n- ~s) /r«ta,
VALUE (units 10 ")
0.8560.46

r(nn)/r„„,
VALUE (units 10 )

&4

EVTS

CL%a

90

DOCUMENT ID TECN COMMENT

FRANKLIN 83 MRK2 e+ e ~ hadrons

DOCUMENT ID TECN COMMENT

FELDMAN 77 MRK1 e+ e

raa/r

0,8+0.5 BRANDELIK 79c DASP
~ ~ ~ We do not use the following data for averages, fits, limits,



Meson Particle Listings

g(2S), g(3770)

I(= = )/rtotai @(2S) REFERENCES
VALUE (units 10 )

&2

CL%

90

DOCUMENT /D TECN COMMENT

FELDMAN 77 MRK1 e+ e

& 0.83
o ~ ~ We do not

&10
&10

90 1 FRANK LIN 83 MRK2
use the following data for averages, fits, limits,

90 BARTEL 76 CNTR
90 13 ABRAMS 75 MRK1

e+ e
etc. ~ ~ ~

e+ e
e+ e

r(K+K no)/I total
VA l UE (units 10 ) CL% EVTS

&2.96 90 1

r(K+ K'(892) +c.c.)/I tata'
VALUE (units 10 ) CL%

&5.4 90

Assuming entirely strong decay.
Final state p 7r

DOCUMENT /D TECN COMMENT

FRANK LIN 83 MR K2 e+ e ~ hadrons

DOCUMENT /D TECN COMMENT

FRANKLIN 83 MRK2 e+ e ~ hadrons

r(~x~(»)) lrtotai

RADIATIVE DECAYS

r(pw)/I total
VAL UE (units 10 ) CL% EVTS DOCUMENT /D TECN COMMENT

ANTONIAZZI
ARMSTRONG
PDG
ALEXANDER
GAISER
FRANKLIN
EDWARDS
LEMOIGNE
HIMEL
OREGLIA
SCHARRE
ZHOLENTZ

Also

BRANDELIK
BRAND ELIK
BARTEL
TANEN BAUM
BIDDICK
BRAUNSCH. ..
BURMESTER
FELDMAN
YAMA DA
BARTEL
TANENBAUM
WHITAKER
ABRAMS
ABRAMS
BOYARSKI
HILGER
LIBERMAN
LUTH
WIIK

94 PR D50 4258
93B PR D47 772
92 PR D45, 1 June, Pa
89 NP B320 45
86 PR D34 711
83 PRL 51 963
82C PRL 48 70
82 PL 113B 509
80 PRL 44 920
80 PRL 45 959
80 PL 97B 329
80 PL 96B 214
81 SJNP 34 814

Translated from YAF
79B NP B160 426
79C ZPHY C1 233
78B PL 79B 492
78 PR D17 1731
77 PRL 38 1324
77 PL 67B 249
77 PL 66B 395
77 PRPL 33C 285
77 Hamburg Conf. 69
/6 PL 64B 483
76 PRL 36 402
76 PRL 37 1596
75 Stanford Symp. 25
75B PRL 34 1181
75C Palermo Conf, 54
75 PRL 35 625
75 Stanford Symp. 55
75 PRL 35 1124
75 Stanford Symp. 69

+Arenton+ {E705 Collab. )
+Bettoni, Bharadwaj+ (FNAL E760 Collab. )

rt II Hikasa Barnett Stone+ (KEK, LBL, BOST+)
+Bonvicinh Drell, Frey, Luth (LBL, MICH, SLAC)
+Bloom, Bulos, Godfrey+ (Crystal Ball Collab. )
+Franklin, Feldman, Abrarns, Alam+ (LBL, SLAC)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)
+Barate, Astbury+ (SACL, LOIC, SHMP, IND)
+Abrams, Alarn, Blocker+ (LBL, SLAC)
+Partridge+ (SLAC, CIT, HARV, PRIN, STAN)
+Trilling, Abrarns, Alarn, Blocker+ (SLAC, LBL)
+Kurdadze, Lelchuk, Mishnev+ (NOVO)

Zholentz, Kurdadze, Lelchuk+ (NOVO)
34 1471.

+Cords+ (DASP Collab. )
+Cords+ (DASP Collab. )
+Dittmann, Duinker, Olsson, O'Neill+ (DESY, HEIDP)
+Alam, Boyarski+ (SLAC, LBL)
+Burnett+ (UCSD, UMD, PAVI, PRIN, SLAC, STAN)

Braunschweig+ (DASP Collab. )
+Criegee+ (DESY, HAMB, SIEG, WUPP)
+Perl (LBL, SLAC)

(DASP Collab. )
+Duinker, Olsson, Steffen, Heintze+ (DESY, HEIDP)
+Abrams, Boyarski, Bulos+ (SLAC, LBL) IG
+Tanenbaum, Abrarns, Alarn+ (SLAC, LBL)

(LBL)
(LBL, SLAC)
(SLAC, LBL)

(STAN, PENN)
(STAN)

+Boyarski, Lynch, Breidenbach+ (SLAC, LBL) JPC
(DESY)

+Briggs, Chinowsky, Friedberg+
+Breidenbach, Bulos, Abrams, Briggs+
+Beron, Ford, Hofstadter, Howell+

VALUE (units 10 )

9.3+0.8 OUR AVERAGE

9.9+0.5 +0.8
7.2 + 2.3
7.5 +2.6

r(~Xct(1e))/rtota[
VALUE(units 10 2)
8.7+0.8 OUR FIT
8.7+0.8 OUR AVERAGE

9.0+0.5+0.7
7.1 + 1.9

r{'YXc2(1~))/rtotal

DOCUMENT /D TECN COMMENT

DOCUMENT /D TEC/V COMME/VT

15 GAISER
16 BIDDICK

86 CBAL e+e ~ yX
77 CNTR e+e ~ pX

GAISER 86 CBAL e+ e ~ pX
14 BIDDICK 77 CNTR e+ e . pX
14 WHITAKER 76 MRK1 e+ e

LEE 85
BA RATE 83
FRANKLIN 83B
AU BERT 75B
BRAUNSCH. . . 75B
CAMERINI 75
FELDMAN 75B
GRECO 75
JACKSON 75
S IMP SON 75
ABRAMS 74

SLAC 282
PL 121B 449
Thesis SLAC-0254
PRL 33 1624
PL 57B 407
PRL 35 483
PRL 35 821
PL 56B 367
NIM 128 13
PRL 35 699
PRL 33 1453

(SLAC)
{SACL, LOIC, SHMP, IND)

(STAN)
(MIT, BNL)

(DASP Collab. )
(WISC, SLAC)

(LBL, SLAC)
(FRAS)

(LBL)
(STAN, PENN)

(LBL, SLAC)

+Bareyre, Bonamy+

+Becker, Biggs, Burger, Glenn~
Braunschweig, Konigs+

+Learned, Prepost, Ash, Anderson+
+Jean-Marie, Sadoulet, Vannucci+
+Pancheri-Srivastava, Srivastava
+Scharre
+Beron, Ford, Hilger, Hofstadter+
+Briggs, Augustin, Boyarski+

Q(3770) /(~ )='(1 )

- OTHER RELATED PAPERS

VALUE (units 10 )
7.8+0.8 OUR FIT
7.8+0.8 OUR AVERAGE

8.0+ 0.5+ 0, 7
7.0 + 2.0

r{7rlc(1S))/I totai
VALUE {units 10 )

0.28+0.06

r(Pic(2S))/ "total

DOCUMENT /D

17 GAISER
16 BIDDICK

DOCUMENT /D

GAISER

TECN COMM EAIT

86 CBAL e+e ~ /X
77 CNTR e+e ~ yX

TEC/V COMMENT

86 CBAL e+e ~ yX

0.2 to 1.3

r(v~ )/rto~i

95 EDWARDS 82C CBAL

VALUE(units 10 4) CL% DOCUMENT /D TECN

& 54 95 18 LIBERMAN 75 SPEC
~ ~ We do not use the following data for averages, fits, limits,

COMME/VT

etC. ~ ~ o

e+ e
—

/X

COMME/VT

e+e-
etc. o ~ ~

&100

r(qq~(9sa)) /rt

90 Wl IK 75 DASP e+ e—

VAL UE (units 10 ) CL% DOCUMENT /D TECN

90 BARTEL 76 CNTR
use the following data for averages, fits, limits,

9P BRAUNSCH. . . 77 DASP

COMME/VT

e+e-
etc. o ~ ~

&0.11
~ ~ a We do not

e+ e—(0,6

r(~~) lr ..i

VALUE(units 10 2) CL% DOCUME/VT /D TEC/V

~ o o We do not use the following data for averages, fits, limits,

g(3770) MASS

VALUE (Mev) DOCUMENT /D TECN COMMENT

3769.9+2.5 OUR EVALUATION Error includes scale factor of 1.8. From mg(3685) and

mass difFerence below.
~ o ~ We do not use the following data for averages, fits, limits, etc. o o ~

3764 + 5 SCHINDLER 80 MRK2 e+ e
3770 4 6 1 BACINO 78 DLCO e+ e
3772 + 6 1 RAPID IS 77 MRK1 e+ e

Errors include systematic common to all experiments.

~g(3770) ~g(2S)

VALUE (MeV) DOCUMENT /D TECA/ COMMENT

83.9+2.4 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

80 k2 SCHINDLER 80 MRK2 e+ e

86 +2 2 BACINO 78 DLCO e+ e

88 k3 RAPIDIS 77 MRK1 e+ e

SPEAR g(2S) mass subtracted (see SCHINDLER 80).

WEIGHTED AVERAGE
83.9+2.4 (Error scaled by 1.8)

VALUE(units 10 2) CL% DOCUMENT /D TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.02 90 YAMADA 77 DASP

r(p0(1440) ~ pKKm)/rtota'
VALUE (units 10 ) CL% DOCUME/VT /D TECN

&0.12 9P SCHARRE 80 MRK1

"Angular distribution (1-+cos 0) assumed.
Angular distribution (1—0.189 cos 0) assumed.

6Valid for isotropic distribution of the photon.
Angular distribution (1—0.052 cos 0) assumed.
Restated by us using B(7/'(2S) ~ /L+ p, ) = 0.0077.

9The value is normalized to the branching ratio for I (J/g(1S)
Restated by us using total decay width 228 keV.
Includes unknown branching fraction 7/(1440) ~ K K7r.

COMMENT

etC. ~ o ~

e+ e — 3 r

COMMENT

e+ e—

q) /Vtota I

x'
SCHINDLER 80 MRK2 3.8
BAG I NO 78 D LCO 1.1
RAPIDIS 77 MRK1 1.9

6.8
(Confidence Level = 0.034)

I I

70 75 80 85 90 95 100 105

m&(377P)
—m~(2S) (MeV)
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@(3770),Q(4040), Q(4160)

t/r(3770) WIDTH

TECN COMMENT

SCHINDLER 80 MRK2 e+ e
BACINO 78 DLCO e+ e
RAP IDIS 77 MRK1 e+ e

VALUE (MeV) DOCUMENT ID

23.6+2.7 OUR FIT Error includes scale factor of 1.1.
25.3+2.9 OUR AVERAGE

24 +5
24 +5
28 +5

r(e+e )
VALUE (keV)

0.75+0.15

t/r(4040) PARTIAL WIDTHS

DOCUMENT ID TECN COMMENT

BRANDELIK 78c DASP e+ e

tIr(4040) BRANCHING RATIOS

tIr(3770} DECAY MODES
r(e+e )/rtot, (

VALUE (units 10 5) DOCUMENT ID TECN COMM EN T

Mode

l1 OO
r2 e+ e-

Fraction (I I. /I )

dominant

(1.12+0.17) x 10

Scale factor

1.2

1.0 FELDMAN 77 MRK1 e+ e

r(DoZP) /r(D'(2007)'lF+ c.c.)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

r(e+ e-)
@{3770)PARTIAL WIDTHS

I (DQD/I total

tIr{3770} BRANCHING RATIOS

VALUE (keV) DOCUMENT ID TECN COMMENT

0.26 +0.04 OUR FIT Error includes scale factor of 1.2.
0.24 +0.05 OUR AVERAGE Error includes scale factor of ]..2.
0.276 +0.050 SCHINDLER 80 MRK2 e+ e
0.18 +0.06 BACINO 78 DLCO e+ e
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.37 +0.09 RAPIDIS 77 MRK1 e+ e

See also I (e+ e )/I total below.

I2

BRANDELIK 78C PL 76B 361
Also 79C ZPHY Cl 233

FELDMAN 77 PRPL 33C 285
GOLDHABER 77 PL 69B 503

tIr(4040) REFERENCES

+Cords+
Brandelik, Cords+

+Perl
+Wiss, Abrams, Alam+

(DASP Collab. )
(DASP Collab. )

(LBL, SLAC)
(Mark I Collab. )

OTHER RELATED PAPERS

VAL UE DOCUMENT ID TECN COMMENT

0.05 +0.03 1 GOLDHABER 77 MRK1 e+ e

Phase-space factor (p ) explicitly removed.

I (D (2007) D (2007) )/I (D (2007) ~D+c.c.)
VAL UE DOCUMENT ID TECN COMMENT

32.0612.0 GOLDHABER 77 MRK1 e+ e

Phase-space factor (p ) explicitly removed.

VALUE

dominant

DOCUMENT ID

PERLIZZI

TECN COM MEN T

77 MRK1 e+ e ~ DD

r(e+e )/rtotoi
TECN COM MEN TVALUE (units 10 5) DOCUMENT ID

1.12+0.17 OUR FIT Error includes scale factor of 1.2.
1.3 +0.2 RAPIDIS 77 MRK1 e+ e

H EIK K I LA
ONO
SIEGRIST
AUGUSTIN
BACCI
BOYA RSK I

ESPOSITO

84 PR D29 110
84 ZPHY C26 307
82 PR D26 969
75 PRL 34 764
75 PL 58B 481
75B PRL 34 762
75 PL 58B 478

+Tornqvist, Ono

+Schwitters, Alam, Chinowsky+
+Boyarski, Abrams, Briggs+
+Bidoli, Penso, Stella+
+Breidenbach, Abrarns, Briggs+
+Felicetti, Peruzzi+ (FRAS,

(HELS, AACHT)
(ORSAY)

(SLAC, LBL)
(SLAC, LBL)

(ROMA, FRAS)
(SLAC, LBL)

NAPL, PADO, ROMA)

tIr{3770}REFERENCES
@(4160) (~ ) = ' (1 )

SCHINDLER 80 PR D21 2716
BACINO 78 PRL 40 671
PERUZZI 77 PRL 39 1301.
RAPIDIS 7? PRL 39 526

+Siegrist, Alam, Boyarski+
+Baumgarten, Birkwood+
+Piccolo, Feldman+
+Gobbi, Luke, Barbaro-Galtieri+

(Mark II Collab. )
(SLAC, UCLA, UCI)

(Mark I Collab. )
(Mark I Collab. ) VAL UE (Mev)

4159+20

g(4160) MASS

DOCUMENT ID TECN COMMENT

BRANDELIK 78c DASP e+ e

@(404o) I'{~")= '(1--)
IIr(4160) WIDTH

tIr(4040) MASS
VAL UE (Mev)

78*20
DOCUMENT ID TECN COMMENT

BRANDELIK 78C DASP e+ e

VAL UE (Mev)

4040+ 10
DOCUMENT ID TECN COMMENT

BRANDELIK 78c DASP e+ e
tIr(4160) DECAY MODES

VAL UE (Mev)

52+10

Mode

g(4040) WIDTH

DOCUMENT ID TECN COMMENT

BRANDELiK 78c DASP e+ e

@{4040)DECAY MODES

Fraction (I;/I )

Mode

I 1 e e

r(e+ e-)
VALUE (keV)

0.77+0.23

Fraction (I I. /I )

(10+4) x 10

tIr(4160) PARTIAL WIDTHS

DOCUMENT ID TECN COMMENT

BRANDELIK 78C DASP e+ e

I p

I3
l4

l6

e+e
OO OO

D'(2007) 0 + c.c.
D*(2007)0 D'(2007)
J/P(ls) hadrons

P

(1.4+0.4) x 10
seen

seen

seen

@{4160}REFERENCES

BRANDELIK 78C PL 76B 361

OTHER RELATED PAPERS

(DASP Collab. )

+C riegee+

(0RSAY)
(SLAC)

(DESY, HAMB, SIEG, WUPP)

ONO 84 ZPHY C26 307
KIRKBY 79B Fermilab Symp, 107
BURMESTER 77 PL 66B 395
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q(4415)

q(4415) I G(gPC) P7(1 ——
)

r(e+e )

Q(4415) PARTIAL WIDTHS

r2

tP(4415) MASS

DOCUMENT ID

$(4415) WIDTH

VALUE {MeV)

4415+ 6 OUR AVERAGE

4417+ 10 BRANDELIK 78c DASP e+ e
4414 + 7 SIEGRIST 76 MRK1 e+ e

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4400 K NI ES 77 PLUT e+ e ~ p+ p

VAL UE (keV)

0.47+0.10 OUR AVERAGE

0.49+0.13
0,44 2 0.14

DOCUMENT ID TECN COMMENT

BRANDELIK 78c DASP e+ e
SIEGRIST 76 MRK1 e+ e

r(hadrons)/I getai
VALUE

dominant

DOCUMEIVT ID

SIEGRIST

TECN COMMEN T

76 MRK1 e+ e

tP(4415) BRANCHING RATIOS

r, /r

VAL UE (Mej/) DOCUMEIV T ID TECN COMMENT

43+15 OUR AVERAGE Error includes scale factor of 1.8.
66+ 15 BRANDELIK 78c DASP e+ e
33+10 SIEGRIST 76 MRK1 e+ e

Q(4415) REFERENCES

+Cords+

+Abrams, Boyarski, Breidenbach+

OTHER RELATED PAPERS

BRANDELIK 78C PL 76B 361
K NI ES 77 Hamburg Symp. 93
SIEGRIST 76 PRL 36 700

(DASP Collab. )
(PLUTO Collab. )

(LBL, SLAC)

Mode

I 1 hadrons
t. + e-

$(4415) DECAY MODES

Fraction (CI /I )

dominant

(1.1+0.4) x 10

BURMESTER 77
LUTH 77

PL 66B 395
PL 70B &20

+C rIegee+ (DESY, HAMB, SIEG, WUPP)
+Pierre, Abrams, Alam, Boyarski+ (LBL, SLAC)
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Meson Particle Listings
Bottom oni Llm

bb MESONS
The electronic partial width I'„is also not directly measur-

able at e+e storage rings, only in the combination I'„I'hg/1,
where I'h g is the hadronic partial width and

WIDTH DETERMINATIONS OF
THE T STATES

I'h g+ 3I'„=I' . (3)

I' = I'gg/Bpg,

where rgg is one leptonic partial width and Bgg is the cor-

responding branching fraction (I, = e, p„or r) One th. en

assumes e-p-r universality and uses

rse = ree

Bgg ——average of Bee1 B&,» and B7-r . (2)

As is the case for the J/Q(1S) and g(2S), the full widths

of the bb states T(1S), T(2S), and T(3S) are not directly

measurable, since they are much narrower than the energy

resolution of the e+e storage rings where these states are

produced. The common indirect method to determine I' starts
from

This combination is obtained experimentally from the energy-

integrated hadronic cross section

o(e+e —+ T —+ hadrons)dE

6~ r„r»d 6~ r„r»„2 (o)

M2 I M2 (4)

where M is the T' mass, and C„andC„areradiative correction
factors. C„is used for obtaining F,~ as defined in Eq. (1), and

contains corrections from all orders of QED for describing

(bb) ~ e+e . The lowest order QED value 1,~, relevant for

comparison with potential-model calculations, is defined by the
lowest order QED graph (Born term) alone, and is about 7%
lower than I«.

THE BOTTOMONIUM SYSTEM

T (11020)

T (10860)

'r (4S)

BB threshold

W % W W W & W W 0

qb(3S)

hadrons

W W W \ W & W a

qb(2S)
(1P)

W W & ES W \ H W

qb(1S)
T (1S)

gPC 0 + 0++

The level scheme of the bb states showing experimentally established states with solid lines. Singlet states are
called gg and h~„ triplet states T' and Xg J. In parentheses it is su%cient to give the radial quantum number and
the orbital angular momentum to specify the states with all their quantum numbers. E g , ht, (2P) means 2 P~. .
with n = 2, I = 1, S = 0, J = 1, PC = +—. If found, D-wave states would be called rig(nD) and TJ(nD),
with J = 1,2,3 and n = 1, 2, 3, 4, . For the Xg states, the spins of only the Xp2(1P) and Xsq(1P) have been
experimentally established. The spins of the other Xg are given as the preferred values, based on the quarkonium
models. The figure also shows the observed hadronic and radiative transitions.
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I'(1 —3Bgi)

The total width 1 is then obtained from Eq. (1). We do not

list I „andI values of individual experiments. The I'„values
in the Meson Summary Table are also those defined in Eq. (1).

T(15) I G(JPC) 0 (1

T(lS) MASS

VAL UE (MeV) DOCUMENT ID TECN COMMENT

9460.$7+0.21 OUR AVERAGE Error includes scale factor of 2.7. See the ideogram
below.

9460.60+0.09+0.05 1 BARU 928 REDE e+ e ~ hadrons
9460.6 +0.4 2 ARTAMONOV 84 REDE e+ e ~ hadrons
9459.97+0.11+0.07 MACKAY 84 REDE e+ e —~ hadrons
~ o sa We do not use the following data for averages, fits, limits, etc. ~ ~ ~

86 REDE e+ e ~ hadrons9460.59+0.12 BARU

Superseding BARU 86.
Value includes data of ARTAMONOV 82.

WEIGHTED AVERAGE
9460.37+0.21 (Error scaled by 2.7)

9459.5 9460 9460.5

x'
ARU 92B REDE 5.1

RTAMONOV 84 R EDE 0.3
MACKAY 84 REDE 9.3

1 4.7
(Conftdence Level 0.001)

I

9461 9461.5 9462

T(15) mass (MeV)

The I istings give experimental results on B«, B&» B«,
and I'„Ih d/I'. The entries of the last quantity have been

re-evaluated consistently using the correction procedure of
KURAEV 85.The partial width I « is obtained from the average

values for I „I'had/I' and Bff using

Radiative decays
(7.O

(5,4

{7.4
(2.9
(2.5
(2.5
(2.4
(1.5
(4
(2.O

& 1.3
& 3.5
& 1.4
& 1.3
& 8.2

2.6
2

1.5
3
3

I 10 p2h 2h

C» &3h+ 3h-
I 12 P4h 4h

p~+~ K+ K
I 14 p2x+ 2'
I 15 p 3m+ 3'
I 16 p2~+2vr K+ K
C17 p'Ir+'/r PP
I 18 p2 2 pp
I lg P2K+ 2K
I ap pr/(958)

p f2(1525)
p f2(1270)

I a4 err(1440)
-if (1710) pKK

r2s i fp(2200) ~ r K+ K
27 7 fg(2220) ~ r K+ K

res Yrr(2225) ~
C2g PX

X = psetrdoscalar with m( 7.2 GeV)
I 30 pXX

XX = vectors with m( 3.1 GeV)

+1.5 ) x 1Q 4

+20 )xlo 4

+35 ) xlo 4

+0.9 ) x 10 4

+09 ) x 10 4

+1.2 ) x 10 4

+1.2 ) x 10 4

0.6 ) xlo 4

+6 ) x 10
+2.0 ) x 10

x 10
x 10 4

x 10 4

x 1O-4

x 1O
—5

x 10 4

x 1O
—4

x 10
x 10
x 10

x 10

CL=90%
C L=90%
C L=90%
C L=90%
CL=90%
C L 900/

C L=90%
C L=90%
CL=90%
C L=90%

C L=90%

T(1S) I (I)l (e+ e )/I (total)

r(e+e-) x r(P+Is-)/rtota,
VALUE (ev)

31.2+1.6+1.7

I (hadrons) x I (e+e )/It t, l

DOCUMENT ID

KOBEL

TECN COMMENT

92 CBAL e+ e ~ p+ p

I oI a/I
TECN COMMEN T

r(e+ e-)
T(1S) PARTIAL WIDTHS

VAL UE (keV) DOCUMENT ID

1.32 k 0.04+0.03 6 ALBRECHT

Applying the formula of Kuraev and Fadin.

TECN COMMENT

95E ARG e ' e —~ hadrons

VAL UE (keV)

1.216+0.027 OUR AVERAGE
l.18760.023 +O.031 3 BARU 928 MDl e+ e ~ hadrons
1.23 +0.02 +0.05 JAKUBOWSKI 88 CBAL e+ e ~ hadrons
1.37 +0.06 +0.09 4 GILES 84B CLEO e+ e ~ hadrons
1.23 +0.08 +0.04 4 ALBRECHT 82 DASP e+ e ~ hadrons
1.13 +0.07 +Q.ll 4 NICZYPORUK 82 LENA e+ e ~ hadrons
1.09 +0.25 BOCK 80 CNTR e+ e ~ hadrons
1,35 +0.14 5 BERGER 79 PLUT e+ e hadrons
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.17 +006 jo.lo 4 TUTS 83 CUS8 e+ e ~ hadrons

Radiative corrections evaluated following KURAEV 85.
"Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 85.

Radiative corrections reevaluated by ALEXANDER 89 using B(p/t) = 0.026.

T(1S) WIDTH

VALUE (keV) DOCUMENT ID

52.5+1.8 OUR EVALUATION See T mini-review.

T(1S) DECAY MODES

Fraction (I I
/fI )

(267 ' )%—0.16

(2.52+0, 17) %

(2.48+ 0,07) %

Mode

rl
l2
l3

Hadronic decays
(1.1
2

& 5

& 5

& 5

2j@(1S)anything

p 7r

vr+~-
K+ K
PP
D*(2010)+anything

r,
f5
r,
l7
l8
Cg

+0.4 ) x 10
x 10 4

x 10 4

x10 4

x 10

Scale factor/
Confidence level

5=1.l

C L=90%
C L=90%
C L =goo'

CI =9O%

T(1S) BRANCHING RATIOS

I (~+s )/rtotai
VALUE EVTS DOCUMENT ID TECN COMMEN T

0.0267+ ' OUR AVERAGE-0.0016

0.0261 +0.0012 —0.0013 948 CLE2 e+ e ~ r+ r25k CINABRO

7 ALBRECHT

r (q+ p-) /r«ta~
VALUE EVTS DOCUMENT ID TECN

0.0248+0.0007 OUR AVERAGE Error includes scale factor of 1.1.
0.0212+ 0.0020 60.0010 8 BARU 92 MD1

0.0231+0.0012+0.0010

0.0252+ 0.0007+ 0.0007

0.0261+0,00092 0.0011

0.0230+ 0.0025+ 0.0013

0.029 +0,003 + 0.002

8 KoBEL

CHEN

92 CBAL

89B CLEO

KAARSBERG 89 CSB2

ALBRECHT 87 ARG

84 CLEOBESSON

COMMENT

I a/I

e+e
s+ v-

e+e
I+I

e+ e——.
V+I

e+e
St+ I

T(2S}—
—

I +I,—
T(25}-

7r+ 7r I.t+ I.t

0.027 +0,004 +0.002 85C ARG T(25) ~
~+ n-

—r+ T—
0.034 +0,004 +0,004 GILES 83 CLEO e+ e ~ r+r

Using B(T(15) -~ ee) = B(T(1S)~ /tp} =—0.0256; not used for width evaluations.
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T(iS)

0.027 +0.003 +0.003

0.032 +0.013 +0.003

0.038 +0.015 +0.002

0.014 +—0.014

0.022 +0.020

ANDREWS 83 CLEO e+ e
u+s

ALBRECHT 82 DASP e+ e
I+/

NICZYPORUK 82 LENA e+ e
I+S

BOCK 80 CNTR e+ e
v+/

BERGER 79 PLUT e+ e
I+/

VAL UE (units 10 4)

2,4+0.9+0.8
EVTS

18+
7

r(72m+2w pff)/I total
VALUE (units 10 ) EVTS

0.4+0.4+0.4 7+6

I (72a.+2a K+ K )/f'«tal
DOCUMENT ID

FULTON

DOCUMENT ID

FULTON

I te/I
TECN COM MEN T

908 CLEO e+ e ~ hadrons

rte/r
TECN COMMEN T

908 CLEO e+ e ~ hadrons

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.027 ' 6 0.003 +0.003 TUTS 83 CUSB e+ e
P+ /4

Taking into account interference between the resonance and continuum.

I (72h+2h )/I total
VALUE (units 10 )

?.0+1.1+1.0
EVTS

80+
12

DOCUMENT ID

FULTON

I gp/I
TECN COM MEN T

908 CLEO e+ e ~ hadrons

r(e+ e-) /rtotal
VAL UE EVTS

0.0252+0.001? OUR AVERAGE
0.0242 +0.0014+0.0014 307

0,028 +0.003 + 0.002

0.051 4 0.030

826

I (2/tp(1S) anything) /I tot, l

DOCUMENT ID TECN COMM EN T

ALBRECHT 87 ARG T(2S) ~
~+7 —e+ e—

BESSON 84 CLEO T(2S) ~
~+7 —e+e—

BERGER 80C PLUT e+ e
e+e

CL%VALUE (units 10 )

& 0.68
DOCUMENT /D TECN COMMEN T

e+e
e+e

e+e—

ALBRECHT 92J ARG90

etc. ~ o ~

e+e—1,7 90 MASCHMANN 90 CBAL
&20 90 NICZYPORUK 83 LENA

Using B((J/ttl) ~ p, + p ) = (6.g + 0.9}%.

e+e X,
/+I —

X
@+p X

hadrons

1.1 +0.4+0.2 9 FULTON 89 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

I (73h+3h )/I total
VAL UE (units 10 )

5.4+1.5+1.3

r(74h+4h )/I total
VALUE (units 10 )

?.4+2,5+2.5

r(Pn) lrtotal
VALUE (units 10 )

EVTS

39 +
11

EVTS

36 +
12

CL%

( 2 90
e ~ ~ We do not use the following

&10
&21

90
90

I (0'(2010)+anythIng)/I t~t~l

DOCUMEN T ID

FULTON

TECN COMMENT

908 CLEO e+ e ~ hadrons

DOCUMEN T ID TECN COMMENT

FUI TON 90e T(1S) ~
data for averages, fits, limits, etc. ~ ~ ~

BLINOV 90 MD1 T(lS) ~
NICZYPORUK 83 LENA T(is) ~

pp~o

polyp
pp~p

re/r

I g/I

DOCUMENT ID TECN COMMENT

FULTON 908 CLEO e+ e ~ hadrons

r (a+ a ) /rt„al
VAL UE (units 10 ) CL%

90

DOCUMENT ID

BARU

TECN COMM EN T

g2 Moi r(is) - ~+~-

re/r
VALUE(units 10 )

&19
13For x ) 0 2.

p

CL 9' DOCUMENT ID TECN COMMENT

ALBRECHT 92J ARG e+ e ~ D 7r+ X

r(K+ K-)/r«ta,
VALUE (units 10 )

(5
r (PP) /rtota l

CL%

90

DOCUMENT ID

BARU

VALUE(units 10 ) CL% DOCUMENT ID

&5 90 BAR U

Supersedes BARU 92 in this node.

I (7X)/I total

TECN COMM EN T

92 MD1 r(1S}—+ K+ K

TECN COMM EN T

96 MD1 T(is) ~ pp

I e/I

rag/I

raa/r

pK+7r+ KP
S

rap/r
VALUE (units 10 )

(1.3
r (7tf) /rtotal

CL%

90

DOCUMENT /D TECN COMMENT

SC HMITT 88 C BA L T(1S) p X

r (7tI(1440)) lrtotal
VALUE (units 10 S) CL% DOCUMENT ID TECN COMMENT

(8.2 90 14 FULTON 90e CLEO T(1S) ~
includes unknown branching ratio of q(1440) —~ K+ x+ KS'

r(7e'(~50))/rtotal

(X = pseudoscalar with m& 7,2 GeV)

VA L UE (units 10 S ) CL% DOCUMENT ID

(3 90 BAL EST 95

For a noninteracting pseudoscalar X with mass & 7,2

TECN

CLEO

GeV.

COMMENT

e+e ~ p+ X

VALUE (units 10 4)

&3.5

I (7 f&(1525))/rtotal

CL%

90
DOCUMENT ID TECN COMMENT

SCHMITT 88 CBAL T(1S) ~ pX

TECN

CLEO

COMMENT

e+e ~ p+ XX

VALUE (units 10 4)

2.5+0.?+0.5
EVTS

26+
7

DOCUMENT ID

FULTON

TECN COMMEN T

908 Cl EO e+ e ~ hadrons

I (7n+n K+K )/I total
VALUE (units 10 )

2.9+0.?+0.6
EVTS

29 +
8

r(7+ ~ PP)/rtotal
EVTSVALUE (units 10 )

1.5+0.5+0.3 22 +
6

r(72K+2K )lrtotal

DOCUMENT ID

FULTON

DOCUMENT /D

FULTON

TECN COMMEN T

908 CLEO e+ e ~ hadrons

TECN COMMEN T

908 CLEO e+ e ~ hadrons

I tg/r
VALUE (units 10 )

0.2 +0.2

r (73~+3n-)/r, .„,
VALUE (units 10 )

2.5+0.9+0.8

EVTS

2+2

EVTS

17 +
5

DOCUMENT /D

FULTON

DOCUMENT ID

FULTON

TECN COMM EN T

908 CLEO e+ e ~ hadrons

rta/r
TECN COMMENT

908 CLEO e+ e ~ hadrons

I (7XX)/I total
(XX = vectors with m& 3.1 GeV)

VALUE (units 10 ) CL% DOCUMENTID

(1 90 BALEST 95

For a noninteracting vector X with mass & 3.1 GeV.

I (72a+ 2a )/rtotal
VALUE (units 10 )

( 2.6
~ ~ ~ We do not use the

6.3
&19

8
&24

Assuming B(f~(1710)
Ass um ing B( f~ (1710)
Assuming B(fy(1710)

CL % DOCUMENT ID TECN

90 ALBRECHT 89 ARG
following data for averages, fits, limits,

9P FULTON 908 CLEO
go FULTON 908 CLEO

90 i7 ALBRECHT 89 ARG
90 SCHMITT 88 CBAL

K K) = 0.38.
~~) = o.o4.
f)f/) = 0.18.

r (7f,(1270))/rtotal
VALUE (units 10 S) CLo DOCUMENT /D TECN

90 ALBRECHT 89 ARG

following data for averages, fits, limits,

FULTON 908 CLEO
SC HMITT 88 C BA L

(13
o ~ ~ We do not use the

&21
&81

Using B(f2(12'70)

90
90

«) = O.84.

VALUE (units 10 S) C DOCUMENT ID TECN

(14 90 i5 FULTON 908 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

&19,4 9P ALBRECHT 89 ARG

Assuming B(f2(1525) ~ KK) = 0.71.

r(7'(1710) 7KK)/rtotal
COMMENT

T(1S) p K+ K
etc. ~ ~ ~

rae/r

r(is)
r(is}-
T (is)—
T(is)-

pK+ K

KS KS0 0

p~+~-
px

COMMENT

r(is)
etc. ~ ~ ~

I aa/I

r(is) q ~+ ~—
r(is) —&x

COMMENT

r(is) ~ K+ K-
etc. ~ ~ ~

T(1S) ~ pK+ K
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T(15),y„,(1P),y„(1P)
I (7'(2220) ~ 7K+ K )/I g~gg

VALUE (units 10 5) CL% DOCUMENT ID TECN

( 1.5 90 20 FULTON 908 CLEO
~ ~ o We do not use the following data for averages, fits, limits,

2.9 90 ALBRECHT 89 ARG

&20 90 BAR U 89 MD1

Including unknown branching ratio of fi(2220) ~ K+ K

COMMENT

T(1S) ~ pK+ K
etc. ~ ~ o

V'(1S) ~ K+ K

r(1S) & K+ K

ybp(1P) I G(JPC) p+(p+ +)
J needs confirmation.

Xpp(1P) MASS

Observed in radiative decay of the T(2S), therefore C = +. Branch-
ing ratio requires E1 transition, M1 is strongly disfavored, therefore
P=+

I (70(2225) ~ 744)/rgo~zi hs/r
VAL UE

(0.003
CL% DOCUMENT ID

» BARU

TECN COMM EN T

89 MD1 T(1S) ~
qK+K K+K

ASSuming that the TI(2225} deCayS Only intO ~tIQ.

I (7fp(2200) 7K+K )/I g g i

VAL UE CL% DOCUMENT ID TECN COMMENT

(0.0002 90 BAR U 89 MD1 |f(1S)~ pK+ K

Assuming that the f0(2200) decays only into K+ K

TECN COMM EN TVALUE(MeV) DOCUMENT ID

9859.8+1.3 OUR AVERAGE
9860.0 +0.5+ 1.4 ALBRECHT 85E ARG T'(2S) ~ conv. pX
9858.3 k 1.6+ 2.7 NERNST 85 CBAL T'(2S) ~ pX
9864.1 4 7 + 1 1 HAAS 84 CLEO 7'(2S) ~ conv. p X
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

9872.8 +0.7 + 5.0 1 KLOPFEN. . . 83 CUSB T(2S) ~ pX
1From p energy below, assuming T(2S) mass = 10023.4 MeV.

7 ENERGY IN T{2S)DECAY

BARU 96
ALBRECHT 95E
BA LEST 95
CINABRO 948
ALBRECHT 92J
BARU 92
BARU 928
KOBEL 92
BLINOV 90
FULTON 908
MASCHMANN 90
ALBRECHT 89
ALEXANDER 89
BARU 89
CHEN 898
F ULTON 89
KAARSBERG 89
BUCHMUEL. .. 88

Editors: A. Ali

JAKUBOWSKI 88
SCHMITT 88
ALBRECHT 87
BARU 86
ALBRECHT 85C
KURAEV 85

ARTAMONOV 84
BESSON 84
GILES 848
MAC KAY 84
ANDREWS 83
GILES 83
NICZYPORUK 83
TUTS 83
ALBRECHT 82
A RTAMONOV 82
NICZYPORUK 82
BERGER SOC
BOCK 80
BERGER 79

COOPER 86
KOENIGS. . . S6
ALBRECHT 84
ARTAMONOV 84
A RTA M ONOV 82
BERGER 78
BIENLEIN 78
DARDEN 78
GA RELIC K 78
KAPLAN 78
YOH 78
COBB 77
HERB 77
INNES 77

T(1S) REFERENCES

+Blinov, Blinov, Bondar+
+Hamacher+
+Cho, Ford, Johnson+
+Liu, Saulnier, Wilson+
+Ehrlichmann, Hamacher+
+Beilin, Blinov+
+Blinov, Blinov, Bondar+
+Antreasyan, Bartels, Besset+
+Bondar+
+Hempstead+
+Antreasyan, Bartels, Besset+
+Boeckmann, Glaeser, Harder+
+Bonvicini, Drell, Frey, Luth
+Beilin, Blinov, Blinov+
+Mcllwain, Miller+
+Haas, Hempstead+
+ I-Ieintz+

412 Buchmueller, Cooper
Scientific, Singapore

+Antreasyan, Bartels+
+Antreasyan+
+Binder, Boeckmann, Glaeser+
+Blinov, Bondar, Bukin+
+Drescher, Heller+
+Fadin

41 733.
+Baru, Blinov, Bondar+
+Green, Hicks, Narnjoshi, Sannes+
+Hassard, Hempstead, Kinoshita+
+Hasard, Giles, Hempstead+
+Avery, Berkelrnan, Cassel+
+ (HARV, OSU, ROCH,
+Ja kubowski, Zeludziewicz+

(NOVO)
(ARGUS Collab. )

(CLEO Collab. )
(CLEO Collab. )

(ARGUS Collab. )
(NOVO)
(NOVO)

(Crystal Ball Collab. )
(NOVO)

(CLEO Collab. )
(Crystal Ball Collab. )

(ARGUS Collab. )
(LBL, MICH, SLAC)

(NOVO)
(CLEO Collab. )
(CLEO Collab. )
(CUSB Collab. )

(HANN, DESY, MIT)

PRPL 267 71
ZPHY C65 619
PR D51 2053
PL 8340 129
ZPHY C55 25
ZPHY C54 229
ZPHY C56 547
ZPHY C53 193
PL 8245 311
PR D41 1401
ZPHY C46 555
ZPHY C42 349
NP 8320 45
ZPHY C42 505
PR D39 3528
PL 8224 445
PRL 62 2077
HE e~ e Physics

and P. Soeding, World
ZPHY C40 49
ZPHY C40 199
ZPHY C35 283
ZPHY C30 551
PL 1548 452
SJNP 41 466
Translated from YAF
PL 1378 272
PR D30 1433
P R D29 1285
PR D29 2483
PRL 50 807
PRL 50 877
ZPHY C17 197
Cornell Conf, 284
PL 1168 383
PL 1188 225
ZPHY C15 299
PL 938 497
ZPHY C6 125
ZPHY C1 343

(Crystal Ball Collab. ) !GJPC
(Crystal Ball Collab. )

(ARGUS Collab. )
(NOVO)

(ARGUS Collab. )
(NOVO)

(NOVO)
(CLEO Collab, )
(CLEO Collab. )
(C US 8 C olla b. )
(CLEO Collab. )

RUTG, SYRA, VANDAL)
(LENA Collab. )
(CUSB Collab. )

, HEIDH, LUND, ITEP)
hev+ (NOVO)

(LENA Collab. )
(P LU TO Colla b. )

MPIM, DESY, HAMB)
(P LU TO Colla b, )

+Hofmann+ (DESY, DORT
+Baru, Blinov, Bondar, Bukin, Gros
+Folger, Bienlein+
+La ckas, Ra u pa ch+
+Blanar, Blum+ (HE IDP,
+Alexander+

OTHER RELATED PAPERS

Berkeley Conf, 67
DESY 86/136
PL 1348 137
PL 1378 272
PL 1188 225
PL ?68 243
PL 788 360
PL 768 246
PR D18 945
PRL 40 435
PRL 41 684
PL 728 273
PRL 39 252
PRL 39 1240

(MIT)
Koenigsm ann (DESY)

+Drescher, Heller+ (ARGUS Collab. )
+Baru, Blinov, Bondar+ (NOVO)
+Baru, Blinov, Bondar, Bukin, Groshev+ (NOVO)
+Alexander, Daum+ (PLUTO Collab. )
+Glawe, Bock, Blanar+ (DESY, HAMB, HEIDP, MPIM)
+Hofmann, Schubert+ (DESY, DORT, HEIDH, LUND)
+Gauthier, Hicks, Oliver+ (NEAS, WASH, TUFTS)
+Appel, Herb, Hom+ (STON, FNAL, COLU)
+Herb, Hom, Lederman+ (COLU, FNAL, STON)
+Iwata, Fabjan+ (BNL. CERN, SYRA, YALE)
+Horn, Lederman, Appel, Ito+ (COLU, FNAL, STON)
+Appel, Brown, Herb, Hom+ (COLU, FNAL, STON)

VALUE(MeV) DOCUMENT ID

162.3+1.3 OUR AVERAGE
162.1+0.5+ 1.4 ALBRECHT 85E ARG
163.8 +1.6+ 2.7 NERNST 85 CBAL
158.0+ 7 + 1 HAAS 84 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

149.4+0.7 k 5.0 KLOPFEN. .. 83 CUSB

TECN COM MEN T

T(2S) ~ conv. gX
T(2S) pX
T(2S) ~ conv. p X

etc. o ~ o

T(2S) ~ pX

Xpp{1P) DECAY MODES

Mode

I i 7 T(ls}
Fraction (l I. if )

&6%

Confidence level

90%

I (7 T(1S))/rtoea&

Xpp(1P) BRANCHING RATIOS

Xpp(1P) REFERENCES

WALK
ALBRECHT
NERNST
HAAS
KLOPFEN. ..
PAUSS

86 PR D34 2611
85E PL 1608 331
85 PRL 54 2195
84 PRL 52 799
83 PRL 51 160
83 PL 1308 439

+Zsc horse h+
+Drescher, Heller+
+Antreasyan, Aschman+
+Jensen, Kagan, Kass, Behrends+

Klopfenstein, Horstkotte+
+Dietl, Eigen+ (MPIM, COLU,

(Crystal Balt Collab. )
(ARGUS Collab. )

(Crystal Ball Collab. )
(CLEO Collab. )
(CUSB Collab. )

CORN, LSU, STON)

X»(1P) I G(gPC) 0+(1 + +)
J needs confirmation.

Observed in radiative decay of the T(2S), therefore C = +. Branch-
ing ratio requires El transition, M1 is strongly disfavored, therefore
P = +. J = 1 from SKWARNICKI 87.

Xpg(1P) MASS

VALUE (MeV) DOCUMENT ID

9891.9+0.7 OUR AVERAGE

9890.8 +0.9+ 1.3
9890.8 4 0.3 + 1.1 1 ALBRECHT
9892.0+ 0.8 + 2.4 1 NERNST
9893.6+ 0.8+ 1.0 HAAS

9894.4 +0.4+ 3.0 1 KLOPFEN. ..
9892 + 3 1 PAUSS

From p energy below, assuming T'(2S) mass =

TECN COMMENT

86 cBAL T(2s) ~ ppe+e
85E ARG T(2S) conv. ~X
85 CBAL T(2S) ~ pX
84 CLEO T(2S) ~ conv. p X
83 CUSB T'(2S) ~ pX
83 cUsB T'(2s) ape+ e

10023.4 MeV.

VALLIE CL% DOCUMENT ID TECN COMMENT

(0.06 90 WALK 86 CBAL T(25) ~ ape+ e

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&0.11 90 PAUSS 83 CUSB 7(2S) ~ p-Ie+e—

7 ENERGY IN T(2S) DECAY

VALUE(MeV)

130.6+0.7 OUR AVERAGE

131,7 +0,9 4 1.3
131.7+0.3+ 1.1
130.6 +0.8 +2, 4
129 +0.8+ 1

128.1 40,4 6 3.0
130.6+3.0

DOCUMENT ID

WALK
ALBRECHT
NERNST
HAAS
KLOPFEN. ..
PAUSS

86 CBAL
85E ARG
85 CBAL
84 C LEO
83 CUSB
83 CUSB

T(2S)
7'(2S)
7'(2S)
T(2S) ~
7(2S) ~
T'(2S) ~

TECN COMMENT

-r&e+e-
conv. p X
gX
conv. pX
pX
-y~e+ e-
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&hi(1P), g/, 2(1P), T(2S)

Mode

I-, q T(1S)

Xbt(1P) DECAY MODES

Fraction (I;/I )

(35+8) %

/G(l C) = 0 (1 )

T(2S} MASS

I (7 T(1S))/I total

Xbt{1P}BRANCHING RATIOS

VAL UE

0.35+0.08 OUR AVERAGE

0.32+ 0.06+ 0.07
0.47+ 0.18

DOCUMENT ID TECN COMMENT

WALK 86 CBAL T(2S) ppe+e
KLOPFEN. .. 83 CUSB T(2S) ape+ e

DOCUMENT ID TECN COMMENT

86B REDE e+ e ~ hadrons
84 REDE e+ e ~ hadrons

T(2S) WIDTH

VAL UE (GeV)
10.02330+0.00031 OUR AVERAGE

10.0236 4 0.0005 1 BARU

10.0231 +0.0004 BARBER

Reanalysis of ARTAMONOV 84.

Xbt(1P) REFERENCES VA L UE (keV) DOCUMENT ID

44+7 OUR EVALUATION See T mini-review.

SKWARNICKI 87
WALK 86
ALBRECHT 85E
NERNST 85
HAAS 84
KLOPFEN. . . 83
PAUSS 83

PRL 58 972
PR D34 2611
PL 160B 331
PRL 54 2195
PRL 52 799
PRL 51 160
PL 130B 439

+Antreasyan, Besset+
+Zschorsch+
+Drescher, Heller+
+Antreasyan, Aschman+
+Jensen, Kagan, Kass, Behrends+

Klopfenstein, Horstkotte+
+ Diet l, Eigen+ (MPI M, COLU,

(Crystal Ball Collab, ) J
(Crystal Ball Collab. )

(ARGUS Collab. )
(Crystal Ball Collab. )

(CLEO Collab. )
(CUSB Collab. )

CORN, LSU, STON)

yb2(1P) I G(gPC) Ii+(2+ +)
J needs confirmation.

Observed in radiative decay of the T(2S), therefore C = +. Branch-
ing ratio requires El transition, M1 is strongly disfavored, therefore
P = +. J = 2 from SKWARNICKI 87.

l2
l3
l4
I5
f6
I7
I8

Mode

T(iS)a+ z

T(iS) ~P ~P
T+ 7-

P
e+e
T(1S)a.P

T(iS)g
l/g(1S) anything

T(2S) DECAY MODES

Fraction (I;/I )

(18.5 +0.8 )

( 8.8 + 1.1 )

( 1.7 S 1.6 )

( 1.31+0.21)
seen

8

( 2

6

0/

0/

x 10
x 10
x 10

Confidence level

90%
90%
900/

Xba(1P) MASS

VAL UE (MeV) DOCLIMENT ID

9913.2+0.6 OUR AVERAGE

9915.8+ 1.1+1.3 1 WALK
9912.2 +0.3+0.9 ALBRECHT
9912.4+ 0.8+ 2.2 1 NERNST
9913.3 +0.7 + 1.0 HAAS

9914.6+ 0.3 + 2.0 1 KLOPFEN. ..
9914 +4 1 PAUSS

From p energy below, assuming T(2S) mass =

TECN COM MEN T

86 CBAL T(2S) ~
85E ARG T(25)
85 CBAL T(2S) ~
84 C LEO T(2S)
83 CUSB T(2S) ~
83 CUSB T(2S) ~

10023.4 MeV.

~~e+ e-
conv. p X

pX
conv. pX
pX
ape+ e-

I 9 7XQ] (iP}
I iP 7Xb2(1P}

7&bp (1P)
I y2 7 fy(1710}

7 f2(152s)
I i4 7 f2(1270)
I is 7 fg(2220)

Radiative decays

( 67 +09 )

( 6.6 +0.9 )

( 4.3 + 1.0 )
5.9
5.3

2.41

T{2S) I {I}i(e+ e )/I {total)

0/

0/

x10 4

x10 4

x10 4

90%
90%

90%

7 ENERGY IN T(2S} DECAY r(e+e ) X r(P+I-)/rtota, I sl a/I

VAL UE (MeV)

109.6+0.6 OUR AVERAGE

107.0 + 1.1+1.3
110.6+ 0.3*0.9
110.4 4 0.8+ 2.2
109.5 4 0.7+ 1.0
108,2+ 0.3+2.0
108.8 + 4.0

DOCUMENT ID

WALK
ALBRECHT
NERNST
HAAS

KLOPFEN. ..
PAUSS

TECN COMM EN T

86 CBAL
85E ARG
85 CBAL
84 CLEO
83 CUSB
83 CUSB

T(25) ~ ppe+e
T(2S) ~ conv. pX
T(25) pX
T(2S) ~ conv. p X

T(2S) ~ pX
T(2s) ~~ e+ e—

Xba(1P) DECAY MODES

Mode

7 T(is}
Fraction (I;/I )

(»+4) 0/

r (7 T(is))/rtotai

Xba(1P) BRANCHING RATIOS

VAL UE (eV)

6.5+1.54 1.0

r(hadrons) x I (e+e )/I tata]

DOCUMENT /D

KOBEL

TECN COMMENT

92 CHAL e+ e —a p, + p,

TECN COMMENT

T(2S} PARTIAL WIDTHS

VAL UE (keV} DOCUMENT /D

0.553+0.023 OUR AVERAGE

0.552 +0.031+0.017 2 BARU 96 MD1 e+ e ~ hadrons

0.54 +0.04 +0.02 JAKUBOWSKI 88 CHAL e+ e ~ hadrons
0.58 + 0.03 4 0.04 3 GILES 84B CLEO e+ e ~ hadrons
0.60 +0.12 +0.07 ALBRECHT 82 DASP e+ e ~ hadrons

0.54 +0.07 NICZYPORUK 81C LENA e+ e ~ hadrons

0.41 +0.18 3 BOCK 80 CNTR e+ e ~ hadrons
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

0.59 +0.03 +0.05 TUTS 83 CUSB e+ e —a hadrons
2 Radiative corrections evaluated following KURAEV 85.

Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 85.

VALUE

0.22+0.04 OUR AVERAGE

0.27+ 0.06+ 0.06
0.20 +0.05

DOCUMENT ID TECN COMMEN T

Xba(1P) REFERENCES

WALK 86 CBAL T(2S) ape+ e

KLOPFEN. .. 83 CUSB T(2S) ape+ e

r(e+ e—
)

DOCUMENT IDVAL UE (keV)

0.52 +0.03 OUR ESTIMATE
0.52 +0.03 +0.01 4 ALBRECHT

Applying the formula of Kuraev and Fadin.

TECN COMM EN T

95E ARG e+ e hadrons

I5

SKWARNICKI
WALK
ALBRECHT
NERNST
HAAS
KLOPFEN. . .
PAUSS

87 PRL 58 972
86 P R D34 2611
85E PL 160B 331
85 PRL 54 2195
84 PRL 52 799
83 PRL 51 160
83 PL 130B 439

+Antreasyan, Besset+
+Zschorsch+
+ Drescher, Heller+
+Antreasyan, Aschman+
+Jensen, Kagan, Kass, Behrends+

Klopfenstein, Horstkotte+
+Dietl, Eigen+ (MPIM, COLU,

(Crystal Ball
(Crystal Ball

(ARGUS
(C rysta I Ba II

(CLEO
(CUSB

CORN, LSU,

Collab. ) J
Coll ab. )
Collab. )
Coll a b. )
Collab. )
Colla b. )
STON)

T(2S) BRANCHING RATiOS

I (J/tb(1S) anything)/I totai
CL%

90
DOCUMENT ID TECN COMMENT

MASCHMANN 90 CBAL e+ e ~ hadrons

VAL UE

(0.006

I (T(ls)tr+w )/I totai

ra/r

VAL UE EVTS
0.185+0.008 OUR AVERAGE

0.181+0.005+0.010 11.6k

0.169+0.040

0.191+0.012+0.006
0.189+0.026

0.21 +0.07

DOCUMENT /D TECN COMM EN T

ALBRECHT 87 ARG e+ e
sr+ vr- MM

GELPHMAN 85 CBAL e+ e
e+ e —~+~—

BESSON 84 C LEO 7r+ 2r M M

FONSECA 84 CUSB e+ e
e+e —~+ ~—

NICZYPORUK 81B LENA e+ e
e+e —~+~—
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T(2S), y»(2P)
I (T(15)t(Pt(P)/I tota(
VALUE EVTS

0.088+0.011 OUR AVERAGE

0.095+0.019+0.019 25
0.080 +0.015
0, 103+0.023

DOCUMENT ID TECN COM M EN T

ALBRECHT 87 ARG e+ e 7r 7r e+S
GELPHMAN 85 CBAL e+ e ~ 8+ 8

FONSECA 84 CUSB e+ e E+ E 7r07r0

I (7 fg(2220))/I tota(
VAL UE (units 10 5) CL% DOCUMENT ID TECN COMMENT

~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(6.8 90 ALBRECHT 89 ARG T(2S) ~ pK+ K

11includes unknown branching ratio of f~(2220) ~ K+ K

I (r+r )/Itota(
VALUE

0.01760.01560.006
DOCUMENT ID

HAAS

TECN COMMEN T

848 CLEO e+ e ~ 7-+T

r{P+P )irtot (

TECN COMMEN7

r{T(1S)~P)/r, ot, (

VAL UE

&0.008

I (T(1S)tI)/rtota(

CL%

90

DOCUMENT ID

LURZ

TECN COMMEN T

87 CBAL e+ e ~ E+l

VAL UE CL% DOCUMENT ID TECN

&0.002 90 FONSECA 84 CUSB
~ ~ o We do not use the following data for averages, fits, limits,

COMM EN T

etc. ~ ~ ~

VALUE CL %a

0.0131+0.0021 OUR AVERAGE

0.0122+ 0.0028 +0.0019 KOBEL 92 CBAL e+ e
0.0138+0.0025 +0.0015 KAARSBERG 89 CSB2 e+ e
0.009 +0,006 +0.006 6 ALBRECHT 85 ARG e+ e
0.018 +0.008 6 0.005 HAAS 848 CLEO e+ e

o o o We do not use the following data for averages, fits, limits, etc. ~ o ~

(0.038 90 NICZYPORUK 81C LENA e+ e

5Taking into account interference between the resonance and continuum.

Re-evaluated using B(T(1S)~ p+ p, ) = 0.026.

BARU 96
ALBRECHT 95E
KOBEL 92
MASCHMANN 90
ALBRECHT 89
KAARSBERG 89
BUCHMUEL. .. 88

Editors: A. Ali
JAKUBOWSKI 88
ALBRECHT 87
LURZ 87
BARU 868
ALBRECHT 85
ALBRECHT 85E
GELPHMAN 85
KURAEV 85

NERNST 85
ARTAMONOV 84
BARBER 84
8ESSON 84
FONSECA 84
GILES 848
HAAS 84
HAAS 848
KLOPFEN. .. 83
TUTS 83
ALBRECHT 82
NICZYPOR UK 818
N ICZYPOR UK 81C
BOCK 80

T(2S) REFERENCES

(NOVO)
(ARGUS Collab. )

(Crystal Ball Collab. )
(Crystal Ball Collab. )

(ARGUS Collab. )
(CUSB Collab. )

(HANN, DESY, MIT)

PRPL 267 71
ZPHY C65 619
ZPHY C53 193
ZPHY C46 555
ZPHY C42 349
PRL 62 2077
HE e+e Physics 412

and P. Soeding, World Sc
ZPHY C40 49
ZPHY C35 283
ZPHY C36 383
ZPHY C32 622
ZPHY C28 45
PL 1608 331
PR D11 2893
SJNP 41 466
Tra nsla ted from YA F 41
PRL 54 2195
PL 1378 272
PL 1358 498
PR D30 1433
NP 8242 31
PR D29 1285
PRL 52 799
PR D30 1996
PRL 51 160
Cornell Conf. 284
PL 1168 383
PL. 1008 95
PL 998 169
ZPHY C6 125

(Crystal Ball Collab. ) IGJPC
(ARGUS Collab. )

(Crystal Ball Collab. )
(NOVO)

(ARGUS Collab. )
(A R GUS C oil a b. )

(Crystal Ball Collab. )
{NOVO)

(Crystal Ball Collab. )
(NOVO)

., Crystal Ball Collab. )
(CLEO Collab. )
(CUSB Collab. )
(CLEO Collab. )
(C LEO C olla b. )
(CLEO Collab. )
(CUSB Collab. )
(CUSB Collab. )

HEIDH, LUND, ITEP)
(LENA Collab, )
(LENA Collab. )

MPIM, DESY, HAMB)

+Hofmann+ (DESY, DORT,
+Chen, Folger, Lurz+
+Chen, Vogel, Wegener+
+Blanar, Blum+ (HE IDP,

+Blinov, Blinov, Bondar+
+Hamacher+
+Antreasyan, Bartels, Besset+
+Antreasyan, Bartels, Besset+
+Boeckmann, Glaeser, Harder+
+Heintz+

Buchmueller, Cooper
ientif(c, Singapore
+Antreasyan, Bartels+
+Binder, Boeckmann, Glaeser+
+Antreasyan, Besset+
+Blinov, Bondar, Bukin+
+Dreschell, Heller+
+Drescher, Heller+
+L u rz, A nt r easy a n+
+Fadin
733.

+Antreasyan, Aschman+
+Baru, Blinov, Bondar+

(DESY, ARGUS Collab
+Green, Hicks, Namjoshi, Sannes+
+Mageras, Son, Dietl, Eigen+
+Hassard, Hempstead, Kinoshita+
+Jensen, Kagan, Kass, Behrends+
+Jensen, Kagan, Kass, Behrends+

Klopfenstein, Horstkotte+

&0.005

(0.007

&0.010

90

90

90

r(7XOl(1P)) /rtota(
VAL UE

0.067+0.009 OUR AVERAGE

0.091+0,018+0.022
0.065+ 0.007+ 0.012
0.080+ 0.017+0.016
0.059+0.014

A LBRECHT 87 ARG

LURZ

8ESSON

87 CHAL

84 C LEO

e+ e~+~-e+S- MM
e+ e — E+e—

(qq,

DOCUMENT ID TECN COMMEN T

ALBRECHT
NERNST
HAAS

KLOPFEN. ..

85E ARG e+ e ~ pconv. X

85 CBAL e+ e ~ pX
84 CLEO e+ e ~ pconv. X

83 CUSB e+ e ~ pX

At EXANDER 89
COOPER 86
WALK 86
ALBRECHT 84
ARTAMONOV 84
ANDREWS 83
GREEN 82
8l EN LE IN 78
DARDEN 78
KAPLAN 78
YOH 78
COBB 77
HERB 77
INNES 77

OTHER RELATED PAPERS

NP 8320 45
Berkeley Conf. 67
PR D34 2611
PL 1348 137
PL 1378 272
PRL 50 807
PRL 49 617
PL 788 360
PL 768 246
PRL 40 435
PRL 41 684
PL 728 273
PRL 39 252
PRI 39 1240

+Bonvicini, Drell, Frey, Luth (LBL, MICH, SLAC)
(MIT)

+Zschorsch+ (Crystal Ball Collab. )
+Drescher, Heller+ (ARGUS Collab. )
+Baru, Blinov, Bondar+ (NOVO)
+Avery, Berkelman, Cassel+ (C LEO C olla b. )
+Sannes, Skubic, Snyder+ (CLEO Collab. )
+Glawe, Bock, Blanar+ (DESY, HAMB, HEIDP, MPIM)
+Hofmann, Schubert+ (DESY, DORT, HEIDH, LUND)
+Appel, Herb, Hom+ (STON, FNAL, COLU)
+Herb, Horn, Lederman+ (COLU, FNAL, STON)
+Iwata Fabjan+ (BNL, CERN, SYRA, YALE)
+Horn, Lederman, Appel, Ito+ (COLU, FNAL, STON)
+Appel, Brown, Herb, Hom+ (COLU, FNAL, STON)

I {7Xp2(1P))/I total
VAL UE

0.066+0.009 OUR AVERAGE

0.098 +0.021 6 0.024
0.058 +0,007+ 0.010
0.102'+ 0.018+0.021
0.061 +0.014

r {7Xpp(1P))/rtota(
VAL UE

0.043+0.010 OUR AVERAGE

0.064 6 0.014+0.016
0.036 +0.008 +0.009
0.044 +0.023 k 0.009
~ ~ ~ We do not use the following

0.035+ 0.014

I {7'(1710))/I toto(

DOCUMENT ID TECN COMM EN T

I tp/I

DOCUMENT ID TECN COMMENT

ALBRECHT 85E ARG

NERNST 85 CBAL
HAAS 84 C LEO

data for averages, fits, limits,

K LOPFEN ... 83 CUSB

e+ e ~ pconv. X
e+ e — px
e+e ~ pconv. X
etc. o ~ o

e+e ~ pX

ALBRECHT 85E ARG e+ e ~ pconv. X
NERNST 85 CBAL e+ e ~ pX
HAAS 84 CLEO e+ e ~ pconv. X

KLOPFEN. . . 83 CUSB e+ e —a pX

y»(2P) IG{gPC) 0+(0++)
J needs confirmation.

Observed in radiative decay of the T(35), therefore C = +. Branch-
ing ratio requires E1 transition, M1 is strongly disfavored, therefore
P=+

Xt(p(2P) MASS

TECN COMMENTVAL UE (GeV)

10.2321+0.0006 OUR AVERAGE

10.2312 +0.0008+ 0.0012 FINTZ 92 CSB2 e+ e — ~X, ~+ ~

10.2323 60.0007 2 MORRISON 91 CLE2 e+ e ~ pX

From the average photon energy for inclusive and exclusive events and assuming T{3S)
mass = 10355.3 + 0.5 Mev. Supersedes HEINTZ 91 and NARAIN 91.
From p energy below assuming T(3S) mass = 10355.3 + 0.5 MeV. The error on the
T(3S) mass is not included in the individual measurements. It is included in the final
average.

VALUE(units 10 5) CL% DOCUMEIVT ID TECN

&59 90 7 ALBRECHT 89 ARG
o ~ ~ We do not use the following data for averages, fits, limits,

& 5.9 90 ALBRECHT 89 ARG

Re-evaluated assuming B(f~(1710) ~ K+ K ) = 0, 19.
Includes unknown branching ratio of fy(1710) ~ zr+7r

I (7 f2(1525))/I tota(
VALUE (units 10 5) CL oi DOCUMENT ID TECN

&53 90 9 ALBRECHT 89 ARG

Re-evaluated assuming B(f2(1525) ~ K K) = 0,71.

COMM EN T

|"(2S) ~ pK+ K
etc. ~ ~ ~

Y(2S) - ~~+~-

COMMENT

T(2S) ~ p K+ K

7 ENERGY IN T(3S) DECAY

TECN COMMEN T

of 1.1.
CSB2 e+ e ~ pX
CSB2 e+ e E+ E

CLE2 e+ e ~ pX
0.9% not included. Supersedes

0.9% not included. Su persedes

Xpp(2P) DECAY MODES

VALUE {MeV) EVTS DOCUMENT ID

122.8+0.5 OUR AVERAGE Error includes scale factor
123.0+0.8 4959 HEI NTZ 92
124.6+ 1.4 17 4 HEINTZ 92
122.3 +0.3*0.6 9903 MORRISON 91

A systematic uncertainty on the energy scale of
NARAIN 91.
A systematic uncertainty on the energy scale of
HEINTZ 91.

I {7f2(1270))/I toto(
VA L UE {units 10 CL% DOCUMENT !D TECN COMMEIVT

(24.1 90 ALBRECHT 89 ARG T(2S) ~ per+ 7r

Using B(f2(1270) ~ 7rzr) = 0.84.

Mode

7 T(2S)
& T(1S)

Fraction (I;/l )

(4.6+2.1) %

(9 +6 ) x10
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Xbp(2P), Xb, (2P), Xb, (2P)

X~)(2P) BRANCHING RATIOS

r (7 +(iS))/r tata I

VALUE DOCUMENT ID
'

TECN COMMENT

(0.025 90 7 CRAWFORD 928 CLE2 e+ e ~ Z+ 8

0.009+0.00660.001 HEINTZ 92 CSB2 e+ e ~ l+ E

Using B(T(1S)~ p+ p, ) = (2.57+0.07)%, B(T(3S)~ pp T(IS))x2 B(T(1S)~
@+p ) & 0.63 x 10 ", and B(T(3S) X~p(2P)p) = 0,049.
Using B(T(1S) p+ p ) = (2.57 + 0.07)%, B(T(3S) pXyp(2P)) = (6.0 +
0.4 + 0.6)% and assuming e p, universality. Supersedes HEINTZ 91.

CL%

X~(2P) REFERENCES

I (7 T{2S))/I total
VAL UE CL% DOCUMENT ID TECN COMMENT

(0.089 90 CRAWFORD 928 CLE2 e+ e e+ S- ~~
0.04640.020+0.007 6 HEINTZ 92 CSB2 e+ e E+ 8

Using B(T(2S) ~ p+ p, ) = (1.37+0.26)%, B(T(3S) ~ pp T(2S))x2 B(T(2S) ~
@+p, ) ( 1.19 x 10, and B(T(3S) X~p(2P)p) = 0.049.
Using B(T(2S) ~ Iu,

+ p ) = (1.44 + 0.10)%, B(T(3S) ~ pXt, p(2P)) = (6.0 +
0.4 + 0.6)% and assuming ep universality. Supersedes HEINTZ 91.

r (7 T{2S))/rtota,

Xyt(2P) BRANCHING RATIOS

VALUE DOCUMENT ID TECN COMMENT

0.21 +0.04 OUR AVERAGE Error includes scale factor of 1.5.
0.356+0.042 +0.092 6 CRAWFORD 928 CLE2 e+ e ~ E+/
0.199+0.020+0.022 HEINTZ 92 CSB2 e+ e E+ 8

Using B(T(2S) ~ tu,
+ p, ) = (1.37+0.26)%, B(T(3S) ~ pp T(2S))x2 B(T(2S) ~

p+ p ) = (10.23+1.20+1.26) x 10,and B(T(3S)~ pXg1(2P)) = 0.105+0 pp2
0.013.
Using B(T(2S) ~ Iu+ p, ) = (1.44 + 0.10)%, B(T(3S) —+ pX~1(2P)) = (11.5 +
0.5 6 0.5)% and assuming e p universality. Supersedes HEINTZ 91.

r(7 &(& ))/ total
VAL UE DOCUMENT ID TECN COMMENT

0.085+0.013 OUR AVERAGE Error includes scale factor of 1.3.
0.120+0.021+0.021 CRAWFORD 928 CLE2 e+ e 8+e—

~q
0.080 +0.009+0.007 9 HEINTZ 92 CSB2 e+ e E+ E

Using B(T(1S)~ Iu+ p ) = (2.57+ 0.07)%, B(T(3S)~ pp T(1S))x2 B(T(1S)~
p+ p, ) = (6.47+ 1.12 + 0.82) x 10 and B(T(3S) pXg1(2P)) = 0.105+p'pp2 +
0.013.
Using B(T(1S) p+ iu, )=(2.57 4 0.07)%, B(T(3S) pXt, 1(2P)) = (11.5 + 0.5+
0.5)% and assuming e p, universality. Supersedes HEINTZ 91.

CRAWFORD
HE INTZ
HEINTZ
MORRISON
NARAIN

TUTS
El GEN

HAN

928 PL 8294 139
92 P R D46 1928
91 PRL 66 1563
91 PRL 67 1696
91 PRL 66 3113

+ Fulton
+Lee, Franzini+
+ Kaarsberg+
+Schmidt+
+Lovelock+

83 Cornell Conf. 284
82 PRL 49 1616
82 PRL 49 1612

+Bohringer, Herb+
+Horstkotte, Imlay+

OTHER RELATED PAPERS

(CLEO Collab. )
(CUSB II Collab. )

(C US 8 Coll a b.)
(CLEO Collab. )
(CUSB Collab. )

(CUSB Collab. )
(CUSB Collab. )
(CUSB Collab. )

CRAWFORD
HE INTZ
HEIM TZ
MORRISON
NARAIN

Xgt{2P}REFERENCES

928 PL 8294 139
92 PR D46 1928
91 PRL 66 1563
91 PRL 67 1696
91 PRL 66 3113

+Fulton
+Lee, Franzini+
+Kaarsberg+
+Schmidt+
+Lovelock+

OTHER RELATED PAPERS

(CLEO Collab. )
(C US 8 I I Colla b.)

(CUSB Collab. )
(CLEO Collab. )
(CUSB Collab. )

Xbi(2P) I G(gPC) p+(t + +)
I needs confirmation.

TUTS
E IGE N

HAN

83 Cornell Conf. 284
82 PRL 49 1616
82 PRL 49 1612

+Bohringer, Herb+
+Horstkotte, Imlay+

(CUSB Collab. )
(CUSB Collab. )
(CUSB Collab. )

Observed in radiative decay of the T(3S), therefore C = +. Branch-
ing ratio requires E1 transition, Ml is strongly disfavored, therefore
P = +.

Xb, (2P) I G(gPC) P+(2 + +)
J needs confirmation.

Xyt(2P) MASS

TECN COMM EN TVAL UE (GeV)

10.2552+ 0.0005 OUR AVERAGE

10.2547+ 0.0004 6 0.0010 NTZ 92 CSB2 e+ e ~X,~+
10.2553 4 0.0005 MORRISON 91 CLE2 e+ e ~ pX

From the average photon energy for inclusive and exclusive events and assuming T(3S)
mass = 10355.3 + 0.5 MeV. Supersedes HEINTZ 91 and NARAIN 91.
From p energy below assuming T(3S) mass = 10355.3 + 0.5 MeV. The error on the
T(3S) mass is not included in the individual measurements. It is included in the final
evaluation.

7 ENERGY IN t(3S) DECAY

m~ (2p)
—mg (2p)

VA L UE (Me V) DOCUMENT ID TECN COMMENT

23.5+0.7+0.7 3 HEINTZ 92 CSB2 e+ e pX, E+ 8

From the average photon energy for inclusive and exclusive events. Supersedes
NARAIN 91.

Observed in radiative decay of the T(3S), therefore C = +. Branch-
ing ratio requires E1 transition, M1 is strongly disfavored, therefore
P=+.

Xy2{2P}MASS

DOCUMEN T IDVAL UE (GeV)

10.2685+0.0004 OUR AVERAGE

10.2681 + 0.0004 +0.0010 " HEINTZ 92 CSB2 e+ e pX, E'+ E

10.2685+ 0.0004 MORRISON 91 CLE2 e+ e ~ pX
From the average photon energy for inclusive and exclusive events and assuming T(3S)
mass = 10355.3 + 0.5 MeV. Supersedes HEINTZ 91 and NARAIN 91.
From p energy below, assuming T(3S) mass = 10355.3 + 0.5 MeV. The error on the
T(3S) mass is not included in the individual measurements. It is included in the final
average.

my (2p)
—mg (2p)

VALUE (MeV) DOCUMENT ID TECN COMMENT

13.5k 0.4+0.5 3 HEINTZ 92 CSB2 e+ e pXe+ ~
—

~~
From the average photon energy for inclusive and exclusive events. Supersedes
N A RA I N 91.

VALUE (MeV) EV TS

99.90+0.26 OUR AVERAGE

99 +1 169
100.1 +0.4 11147
100.2 +0,5 223
99.5 +0.1 +0.5 25759

A systematic uncertainty on
NARAIN 91.
A systematic uncertainty on
HEINTZ 91.

DOCUMENT ID TECN COM MEN T

CRAWFORD
4 HEINTZ

HEINTZ
MORRISON

928 CLE2
92 CS82
92 CSB2
91 CLE2

e+e
e+�-
ee+
e+e—

a+e- &~
pX- e+e-&~
pX

Xyt(2P) DECAY MODES

the energy scale of 0.9% not included. Supersedes

the energy scale of 0.9% not included. Supersedes

VA L UE (Mev)

86.64 +0.23 OUR

86 41
86.7 4 0.4
86.9 +0.4
86.4 +0,1 +0.4

A systematic
NARAIN 91.
A systematic
HEINTZ 91.

7 ENERGY IN T(3S) DECAY

EVTS

AVERAGE

101
10319

157
30741

DOCUMENT ID TECN COMMENT

CRAWFORD 928 CLE2
4 HEINTZ 92 CSB2
5 HEINTZ 92 CSB2

MORRISON 91 CLE2

e+�-
ee+
e+e
e+e

- e~- ~
—

~~
pX
e+e-»
pX

uncertainty on the energy scale of 0.9% not included. Supersedes

uncertainty on the energy scale of 0.9% not included. Supersedes

Mode

l-, ~ T(2S)
p T{1S)

Fraction (I;/I )

(21 +4 )%
( 8.5+1.3) %

Scale factor

1.5
1.3

Mode

r, &rlzsl
r2 ~ T'(iS)

Xg2(2P) DECAY MODES

Fraction (I;/I )

(16.2 k 2.4) %
7.1+1.0) %



554

Meson Particle Listings

ybz(2P), T(3S)

I (p T{2S))/I totals

Xba{2P} BRANCHING RATIOS T{3S}BRANCHING RATIOS

I (T{2S)anything)/I tot, ~

DOCUMENT ID TECN COM MEN T

I (p T{1S))/I total
DOCUMENT ID TECN COM MEN TVALUE

0.071+0.010 OUR AVERAGE

0.072+ 0.014+0.013 CRAWFORD 92B CLE2 e+ e e+ e

0.070 +0.010+0.006 9 HEINTZ 92 CSB2 e+ e e+ e

8Using B(T(15)~ IL+ p,
—

) (2 57+0 07)%, B(T(35)~ pp T(25))x2 B(T(15)~
IL+ IL ) = (5.03+0.94+ 0.63) x 10, and B(T(35) p&y2(2P)) = 0.135+0.003+
0.017.
Using B(T(15) ~ p+IL ) = (2.57 + 0.07)%, B(T(35) ~ p&~2(2P)) = (11.1 6
0.5 + 0.4)% and assuming e/L universality. Supersedes HEINTZ 91.

Xb2{2P}REFERENCES

VAL UE

0.162+0.024 OUR AVERAGE

0.135+0.025+ 0.035 6 CRAWFORD 92B CLE2 e+ e ~ e+e
0.173+0.021+0.019 HEINTZ 92 CSB2 e+ e ~ e+ e

Using B(T(25) ~ p+IL ) = (1.37+0.26)%, B(T(35) ~ pp T(25))x2 B(T(25) ~
IL+IL ) = (4.98+0.94+0.62) x10, and B(T(35) pX~2(2P)) = 0.135+0.003+
0.017.
Using B(T(25) ~ IL+IL ) = (1.44+ 0.10)%, B(T(35) —+ p&y2(2P)) = (11.1 +
0.5 + 0.4)% and assuming eIL universality. Supersedes HEINTZ 91.

VAL UE EVTS

0.106 +0.008 OUR AVERAGE

0.1023+0.0105 4625» BUTLER
0.111 +0.012 4891» BROCK

DOCUMENT ID TECN COMM EN T

94B CLE2 e+ e e+e X
91 CLEO e+ e ~ 7r+~ X,

~+~-e+e-

I (T{2S}&t+e )/I totai
VALUE EVTS

0.028 +0.006 OUR AVERAGE Error
DOCUMEN T ID TECN COMMEN T

includes scale factor of 2.2. See the ideogram
below.

3&7 BUTLER e+e—
~+~-e+e—

V (35)
~+ ~- e+ e-

e+e—
~+w —

X,
~+ ~—e+e-

~ ~

0.031260.0049

0.0482 +0.0065 +0.0053

0.021360.0038

980 94B CLE2

]38 6 WU

974 6 BROCK

93 CUSB

91 CLEO

r(35)
~+~- e+e—

WEIGHTED AVERAGE
0.028+0.006 (Error scaled by 2.2)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

0.031 +0.020 5 MAGERAS 82 CUSB

CRAWFORD
HEINTZ
HEINTZ
MORRISON
NARAIN

92B PL B294 139
92 P R 046 1928
91 PRL 66 1563
91 PRL 67 1696
91 PRL 66 3113

+Fulton
+Lee, Franzini+
+Kaarsberg+
+Schmidt+
+Lovelock+

(CLEO Collab. )
(CUSB II Collab. )

(CUSB Collab. )
(CLEO Collab. )
(CUSB Collab. )

OTHER RELATED PAPERS

TUTS
EIGEN
HAN

83 Cornell Conf. 284
82 PRL 49 1616
82 PRL 49 1612

+Bohringer, Herby
+Horstkotte, Imlay+

(CUSB Collab. )
(CUSB Collab. )
(CUSB Collab, )

V (3S) IG(JPC) = 0 (1 )

T{3S)MASS

TECN COM M EN T

86B REDE e+ e ~ hadrons

VALUE (GeV) DOCUMENT ID

10.355360.0005 1 BARU

Reanalysis of ARTAMONOV 84.

0 002 0.04

r(T(2s) +~-)/rtbta~

0.06

BUTLER
. WU
. BROCK

I

0.08

x'
94B CLE2 0.5
93 CUSB 6 0
91 CLEO 2 8

9.3
(Confidence Level = 0.009)

0.1

T{3S)WIDTH

VALUE (keV) DOCUMENT ID

26.3+3.5 OUR EVALUATION See T mini-review.

T{3S)DECAY MODES

I (T{2S)&tP&tP)/I totai
VAL UE EVTS

0.0200+0.0032 OUR AVERAGE

0.0216+0.0039
0.017 +0.005 4 0.002 10

r(T{2S)7V)/rtotal

DOCUMENT ID

BUTLER
9 HEINTZ

TECN COMMENT

94B CLE2 e+ e ~ e+ e

92 CSB2 e+ e e+ e

Il

I3
I4
l5

I7

10 f~b2( )
V&O1(2P)

r12 I~bp(2P)"

Mode

T(2S) anything
T(2S)~+ a.

T(2S)~
T(2S)n p

T(1S)sr+ &t.

T(1S)a.pao

T(1S)»
/L /L

e+e

Fraction (I;/I )

(10.6 +0.8 ) %

( 2.8 +0.6 ) %

( 2.00+0.32) %

( 5.o +o.7 ) %
4 48+0 21

( 2.06+0.28) %

( 1.81+0.17) %
seen

Radiative decays
(11.4 +0.8 ) %

(11.3 +0.6 ) %

( 54 +06 )%

Scale factor

2.2

1.3

VALUE

0.0502+0.0069

I (T{1S)&r+&t )/I totai

DOCUMENT ID

7 BUTLER

TECN COM MEN T

94B CLE2 e+ e e+ e 2y

DOCUMENT ID TECN COMMENTVAL UE EVTS

0.0448+0.0021 OUR AVERAGE

0.0452+ 0.0035 11830 4 BUTLER e+ e
~+~—
~+~—

T(35)
n+ vr

e+e—
~+~—
~+x-

~ ~

94B CLE2

451 4 WU 93 CUSB

91 CLEO

0.0446 k 0.0034*0.0050

0.0446+ 0.0030 11221 4 BROCK

X,
e+ e-

x,
e+ e-

0.049 +0.010

0.039 +0.013

22

26

GREEN 82 CLEO

MAGERAS 82 CUSB

T(35) ~
7r+ 2r

T(35) ~
a+a

e+�-
ee+—

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~

T(3S) I {I)l (e+ e )/I {tt&tel)

I (hadrong) x r(e+e )/I totai I pl g/l
VAL UE (keV') DOCUMENT ID TECN COMMENT

0.15+0.0360.03 2 GILES 84B CLEO e+ e & hadrons
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.39+0.02+ 0.03 2 TUTS 83 CUSB e+ e ~ hadrons
2 Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 85.

DOCUMENT ID

I (T{1S)&I}/I totai
VALUE

(0.0022

CL%

90
DOCUMENT ID

BROCK

I (T{1S)&rP &tP) /I totai
VALUE EVTS

0.0206+0.0028 OUR AVERAGE

0.0199+0.0034 56 BUTLER
0.022 +0.004 +0.003 33 HEINTZ

TECN COMMENT

94B CLE2 e+ e e+ e
—

7r

92 CSB2 e+ e e+ e vr 7r

TECN COMMENT

91 CLEO e+ e
~+ ~

—~oe+ e-



See key on page 199
555

Meson Particle Listings
T(3S), T(4S)

I (p P )/rtotai
VALUE EVTS

0.0181+0.001? OUR AVERAGE

0.0202+ 0.0019+0.0033

0.0173+0.0015+0.0011

0.033 +0.013 +0.007 1096

I (7Xp2(2P)) /rtptai

DOCUMENT ID TECN COMM EN T

898 CLEO e+ e
p p

KAARSBERG 89 CSB2 e+ e
P+I

ANDREWS 83 CLEO e+ e
p p

rs/r

TECN COMM EN TVAL UE EVTS DOCUMENT ID

0.114+0.008 OUR AVERAGE Error includes scale factor of 1.3.
0.1116 0.005+ 0.004 10319 HEINTZ 92 CSB2
0.135+0.003+0.017 30741 MORRISON 91 C LE2

e+e—~ p
e+e px

r (7&pt (2P)) /rtotai
VAL UE

0.113+0.006 OUR AVERAGE

0.115+0.005 +0.005

0.105+ ' +0.013—0.002

EVTS DOCUMENT ID TECN COM MEN T

47 11 HEINTZ 92 CSB2 e+ e

25759 MORRISON 91 CLE2 e+ e ~ yX

I (7Xpp(2P))/rtotai
TECN COMMENT

T(3S) REFERENCES

BUTLER
WU
HEINTZ
BROCK
HEINTZ
MORRISON
NA RAIN
CHEN
KAARSBERG
BUCHMUEL. ..

Editors: A

BARU
KURAEV

A RTA M ON OV

GILES
ANDREWS
TUTS
GREEN
MAGERAS

(CLEO Collab. )
(C US 8 Colla b. )

(CUSB II Collab. )
(CLEO Collab. )
(CUSB Collab. )
(CLEO Collab. )
(CUSB Collab. )
(CLEO Collab. )
(CUSB Collab. )

(HANN, DESY, MIT)

948 PR D49 40 +Fu, Kalbfleisch, Lambrecht+
93 PL 8301 307 +Franzini, Kanekal+
92 PR D46 1928 +Lee, Franzini+
91 PR D43 1448 +Ferguson+
91 PRL 66 1563 +Kaarsberg+
91 PRL 67 1696 +Schmidt+
91 PRL 66 3113 +Lovelock+
898 PR D39 3528 +Mcllwain, Miller+
89 PRL 62 2077 +Heintz+
88 HE e+ e Physics 412 Buchmueller, Cooper
Ali and P. Soeding, World Scientific, Singapore
868 ZPHY C32 622 +Blinov, Bondar, Bukin+
85 SJNP 41 466 +Fadin

Translated from YAF 41 733.
84 PL 1378 272
848 PR D29 1285
83 PRL 50 807
83 Cornell Conf. 284
82 PRL 49 617
82 PL 1188 453

(NOVO)
(NOVO)

+Baru, Blinov, Bondar+ (NOVO)
+Hassard, Hempstead, Kinoshita+ (CLEO Collab. )
+Avery, Berkelman, Cassel+ (CLEO Collab. )

(CUSB Collab. )
+Sannes, Skubic, Snyder+ (CLEO Collab. )
+Herb, Imlay+ (COLU, CORN, LSU, MPIM, STON)

OTHER RELATED PAPERS

ALEXANDER
A RTA MONOV
GILES
HAN
PETERSON
KA PLAN
YOH
COBB
HERB
INNES

89 NP 8320 45
84 PL 1378 272
848 PR D29 1285
82 PRL 49 1612
82 PL 1148 277
78 PRL 40 435
78 PRL 41 684
77 PL 728 273
77 PRL 39 252
77 PRL 39 1240

+Bonvicini, Drell, Frey, Luth (LBL, MICH, SLAC)
+Baru, Blinov, Bondar+ (NOVO)
+Hassard, Hempstead, Kinoshita+ (CLEO Collab. )
+Horstkotte, Imlay+ (CUSB Collab. )
+Giannini, Lee-Franzini+ (CUSB Collab. )
+Appel, Herb, Hom+ (STON, FNAL. COLU)
+Herb, Hom, Lederman+ (COLU, FNAL, STON)
+Iwata, Fabjan+ (BNL, CERN, SYRA, YALE)
+Horn, Lederman, Appel, Ito+ (COLU, FNAL, STON)
+Appel, Brown, Herb, Hom+ (COLU, FNAL, STON)

VALUE EVTS DOCUMENT ID

0.054+0.006 OUR AVERAGE Error includes scale factor of 1.1.
0.060+0.004+ 0.006 4959 HEINTZ 92 CSB2 e+ e

0.049+0 pp4 +0.006 9903 MORRISON 91 CLE2 e+ e ~ pX

3Using B(T(2S) ~ T(lS)yp) = (0.038 6 0.007)%, and B(T(2S) ~ T(1S)7r ~ ) =
(1/2)B(T(2S) ~ T(1S)7r+ 7r ).
Using B(T(1S)~ p+ p. ) = (2.48 + 0.06)%. With the assumption of ep universality.

Using B(T(2S) —+ T(1S)zr+7r ) = (18.5 + 0.8)%.
Using B(T(2S) p+ p, ) = (1.31 6 0.21)%, B(T(2S) T(1S)pp)x2B(T(1S)
p+ p ) = (0.188 + 0.035)%, and B(T(2S) —+ T(1S)7r harp)x2B(T(1S) —+ p+ p, )
= (0.436 + 0.056)%. With the assumption of ep, universality.

From the exclusive mode.
B(T(2S) ~ p+ p ) = (1.31 + 0.21)% and assuming ep, universality.

B(T(2S) ~ p+ p, ) = (1.44 + 0.10)% and assuming ep, universality. Supersedes
HEINTZ 91.
Using B(T(lS) ~ p+ p, ) = (2.57+0.07)% and assuming ep, universality. Supersedes
HEINTZ 91.

11Supersedes NARAIN 91.

T(4S)
or T(10580)

1(~ )='(' )

7'(4S) MASS

VAL UE (GeV) DOCUMENT ID TECN

10.5800+0.0035 BEBEK 87 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

10.5774 +0.0010 LOVELOCK 85 CUSB

Reanalysis of BESSON 85.
No systematic error given.

COMMENT

e+ e ~ hadrons
etc. ~ ~ ~

e+ e ~ hadrons

T(4S) WIDTH

WEIGHTED AVERAGE
21+4 (Error scaled by 2.3)

-10 0 10 20 30

. ALBRECHT
BESSON
LOVELOCK

95E ARG
85 CLEO
85 CUSB

I

40

(Confidence Level
I

50

x'
7.3
0.0
3.2

10.5
= 0.005)

T(4S) width (MeV)

T(4S) DECAY MODES

l1
f2
f3
l4
l5
l 6
l?

Mode

BB
e+e
l/@(309r) anything
0*+anything + c.c.
/anything
t(ls) anything
non- BB

Fraction (I;/l )

dominant

(2.8+0.7) x 10
(2.2+0.?) x 10

( 7.4
(2.3 x 10
(4 xlp
( 4

Confidence level

90%
90%
90%
95%

r(e+ e-)
T(4S) PARTIAL WIDTHS

VAL UE (keV) DOCUMENT ID TECN

0.248+0.031 OUR AVERAGE Error includes scale factor of 1.3.
0.28 +0.05 +0.01 4 ALBRECHT 95E ARG

0.192+0.007+0.038 BESSON 85 CLEO
0.283 +0.037 LOVELOCK 85 CUSB

Using LEYAOUANC 77 parametrization of I (s).

COMMENT

See the ideogram below.
e+ e ~ hadrons
e+ e ~ hadrons
e+ e ~ hadrons

VAL UE (MeV) DOCUMEN T ID TECN COMMENT

21 +4 OUR AVERAGE Error includes scale factor of 2.3. See the ideogram below.

10.0 +2.8+2.7 ALBRECHT 95E ARG e+ e ~ hadrons
20 +2 +4 BESSON 85 CLEO e+ e ~ hadrons
25 +2.5 LOVELOCK 85 CUSB e+ e ~ hadrons

Using LEYAOUANC 77 parametrization of I (s).
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T(4S), T(10860), T(11020)
WEIGHTED AVERAGE
0.248+0.031 (Error scaled by 1.3) T(10860) ' (~ ) = ' (1 )

T(10860) MASS

VALUE (Gev) DOCUMENT !D TECN COMMENT

10.865+0.008 OUR AVERAGE Error includes scale factor of 1.1.
10.868 +0.006+0.005 BESSON 85 CLEO e+ e ~ hadrons
10.845+ 0.020 LOVELOCK 85 CUSB e+ e ~ hadrons

0.1

I (e+e ) (kev)

0.2 0.3

ALBRECHT
BESSON
LOVELOCK

I

0.4 0.5

x'
95E ARG 0.4
85 CLEO 2.1

85 C US B 0.9
3.4

(Confidence Level = 0.184)
I

0.6

VAL UE (MeV)

110+13OUR AVERAGE

112+17+23
1104 15

Mode

]1 e+e

T(10860) WIDTH

DOCUMENT ID TECN COM MEN T

T(10860) DECAY MODES

Fraction (I;/I )

{2.8+0.7) x 10-6

BESSON 85 CLEO e+ e ~ hadrons
LOVELOCK 85 CUSB e+ e ~ hadrons

I (e+e )/ltotai

T(4S) BRANCHING RATIOS

r(e+e )

T(10860) PARTIAI. WIDTHS

VALUE (units 10 ) DOCUMENT ID TECN

2.77+0.5060.49 5 ALBRECHT 95E ARG

Using LEYAOUANC 77 pararnetrlzation of I (s).

COMMEN T

e+ e ~ hadrons
VAL UE (keV) DOCUMENT ID TECN COMMENT

0.31 +0.07 OUR AVERAGE Error includes scale factor of 1.3.
0.22 +0.05 +0.07 BESSON 85 CLEO e+ e ~ hadrons
0.365+0.070 LOVELOCK 85 CUSB e+ e ~ hadrons

I (i/|I (3097)anything)/I t t, i

VAL UE

0.0022 +0.0006+0.0004
DOCUMENT ID TECN COMMENT

ALEXANDER 90C CLEO e+ e

I a/I
T(10860) REFERENCES

[I (D'+anything) + I (c.c.)]/I tote
BESSON 85 PRL 54 381
LOVELOCK 85 PRL 54 377

+Green, Namjoshi, Sannes+
+Horstkotte, Klopfenstein+

(CLEO Collab. )
(CUSB Collab. )

VAL UE

&0.074
6 For x ) 0,473.

CL% DOCUMENT ID TECN COMMENT

90 ALEXANDER 90C CLEO e+ e T(11020) (i ) = ' (1 )

I (oianything)/I totai
VAL UE

g0.0023
7 For x ) 0.52.

CL%

90

VAL UE

g0.004

I (non-BQB/I toto'
VAL UE

&0.04

CL%

90

CL%

95

r(T(1S)anything)/I tata,
DOCUMENT ID TECN COMM EN T

ALEXANDER 90C CLEO e+ e

DOCUMENT ID

BARISH

TECN COMMEN T

96B CI EO e+ e

T(4S} REFERENCES

DOCUMENT ID TECN COMMENT

"ALEXANDER 90c CLEO e+ e

I a/I

ra/r

VAL UE (GeV)

11.019+0.008 OUR AVERAGE

11.019+0.005+0.007
11.020+ 0.030

VAL UE (Mev)

79+16 OUR AVERAGE

61+13+22

90+20

T(11020) MASS

DOCUMENT ID TECN COMMENT

BESSON 85 CLEO e+ e ~ hadrons
LOVELOCK 85 CUSB e+ e ~ hadrons

T(11020) WIDTH

DOCUMENT ID TECN COMMENT

BESSON 85 CLEO e+ e hadrons

LOVELOCK 85 CUSB e+ e hadrons

BAR ISH
ALBRECHT
ALEXANDER
BEBEK
BESSON
LOVELOCK
LEYAOUANC

96B PRL 76 1570
95E ZPHY C65 619
90C PRL 64 2226
87 PR D36 1289
85 PRL 54 381
85 PRL 54 377
77 PL B71 397

+Chadha, Chan, et al

+Hamacher+
+Artuso+
+Berkelman, Blucher, Cassei+
+Green, Namjoshi, Sannes+
+Horstkotte, KlopfensteinF
+Oliver, Pene, Raynal

(CLEO Collab. )
(ARGUS Collab. )

(CLEO Collab. )
(CLEO Collab. )
(CLEO Collab. )
(CUSB Collab. )

(ORSAY)

Mode

l1 e+e

T(11020}DECAY MODES

Fraction (f;/I )

(1.6+0.5) x 10 6

OTHER RELATED PAPERS T(11020) PARTIAL WIDTHS

HENDERSON 92 PR D45 2212
ANDREWS 80B PRL 45 219
FINOCCHI. .. 80 PRL 45 222

+Kinoshita, Pipkin, Procario+
+Berkelman, Cabenda, Cassel+

Finocchiaro, Gia nnini, Lee- Fra nzini+

(CLEO Collab. )
(CLEO Collab. )
(CUSB Collab. )

r(e+e )
VAL UE (keV)

0.130+0.030 OUR AVERAGE

0.095 +0.03 +0.035
0.156+0.040

DOCUMENT ID TECN COMMENT

BESSON 85 CLEO e+ e ~ hadrons
LOVELOCK 85 CUSB e+ e ~ hadrons

T(11020) REFERENCES

BESSON 85 PRL 54 381
LOVELOCK 85 PRL 54 377

+Green, Namjoshi, Sannes+
+Horst kotte, K la pfen stein+

(CLEO Collab. )
(CUSB Collab. )
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Non-qq Candidates

NON-qq CANDIDATES
We include here mini-reviews and reference lists on gluonium and

other non-qq candidates. See also NN(1100-3600) for possible
bound states.

NON-qq MESONS

The existence of gluon sell' coupling in /CD suggests that

gluonia, (or gluel&alls) and hybrids (qqq) might, exist. Another

possible kind of non-qq mesons is muItiquark states. For de-

tailed reviews, see HFUSCH S6, CLOSF. 87, TOKI SS, and

BURNETT 90. Among the signatures naive]y expected for

glueballs are (i) no place in qq nonets, (ii) flavor-singlet cnu-

plings, (iii) enhanced pro&luction in gluon-rich channels such as

,I/&r&(IS) decay, an&1 (iv) re&1&rcc&1 g7 coupling. However, mix-

ing efTects wit}i qq states, a,nd other dynamic. 'al cfTccts such as

f'orm factors, may obsc»re these simple signat»rcs. If' mixing is

large, only the finding of morc states than arc preclicted by the

qq quark model remains as a, rlcar signal for non-exotic non-qq

stat, es.
Lattice gauge theory ralculations in thc qIIcnchcd approx-

imation (without quark loops) predict thc lightest glueball to

be a scalar with a, mass of typically 1550+95 MeV (HAI I 93).
Thc sarnc ralculations find a, tensor glucball mass of' 2270+100
MeV, and glueballs wit}i other spin-parities arc predicted to

be still heavier. A more recent, lattice calculation (SFXTON
95) predicts a. slightly higher mass, 1740 + 71 MeV. Including

c]ynamica] quarks will, however, rhangc t}ic predicted masses.

Hy}acrid mesons are qq states combined with a, gluonic

excitation (BARNES 82, CHANOV&&'ITZ 83, ISGITR 85, CI,OSE

95). Hybri&ls span flavor nonets, may have exotic (non-qq)

quantum numbers (a. ,J = 1 + state is expected in all

models), an&1 are pre&licte&l to have characteristic: decay modes

(LFYAOUANC 85, CLOSE 95). Tllp. masses of the lightest

}iybrids arc typirally predicted to be in thc range 1500 to 2000

MeV. Charm hybri&ls (ccq) arc attractive experimentally since

they may appear as s»pernumcrary states in the prcdictablc
charmoni&&m spectrum. The ii~(4040) and t'&(4160) are possibly

mixtures of &c and ccg states (CI OSF 96).
T}ic .third class of non-qq states, the multiquark states,

can bc either baglike or clusters ol' mesons (VOLOSHIN 76,

JAFFE 77„GUTBROD 79). A s»bclass of the latter are the

deuteronlikc meson-meson bound states, or dcusons, where

the long-range pion exchange is the major source ot' binding

(TOR.NQVIST 91 and 94, ERICSON 93, MANOHAR 93).
Many of t}ie best non-qq canc]idates disc»sscd below lic rlose

to important, t}ires}iolc]s, w}iich suggests that they mig}it bc
boun&1 states of a. meson pair. Fxamples inclu&le the fo(980)
and cr&&(980) (close to thc I&.I&. threshold), the f& (1420) (above
t}ie Ix Ix t}ires}io]d, t}i»s not a, bound sta, te but, perhaps a,

threshold enhancement), the fa(1500) and f2(1520) (& o& an&1

p!&), the fJ(1710) (Ii'Ix ), and the &/&(4040) (D"D ). Many

sIIggestions for such mesonium candidates, involving bot}i lig}it

and }icavy quarks and binding mechanisms, have appcarcd
(EVEINSTEIN 90, DOVER 91, BARNES 9'2, DOOT, FY 92).

Thc candiclates wc disc»ss below are chosen because t})cy
arc difIicII]t to interpret as conventional qq states. VVe do not

see it as our task to disr»ss theorctiral interpretations of thc

candidates, b»t merely to catalog»c the observations of possible

re]evan ce.

Scalar mesons: There arc four known isosra]ars wit}i,J
0++: the fa(400 —1200) a very l&roa&1 structure arnun&1 800

McV, the fn(980)1 the f&&(1370), an&1 tl&c fn(1500); the spin ol'

another cstal&lished isoscalar, thc f !(1 710), may bc. 0 nr 2. In

the quark model, onc expects two I' Po st, atcs anc] onc 2' Pg

(uV, + dd) like -state below 1.8 GR'. Thus, there. arc tno many

sralars to fine] a, place in the q»ark model.

However, for scalar resonances, naive quark model expecta-

tions, in particII]ar ideal mixing, co»]c] bc strong]~ }broken by

t}ie opening of' inc]astic: t}ircs}iolds. T}ius, t}ic physical sc:alar

qq spec. .trum may }&c very mIIc}i distorted from naive expecta, —

tions. For a, detailed discussion of t}iis sector, sec our Note

under the f&&(1370).

In this e&lition, we have merged the f (1r&590) ol&serve&1 in &r p
interactions at high energies with the f (0l 52)5obscrvc&l in pp
annihilations, under the new name f (10500). Thc &rrr an&1 &T&T S-
waves 1&ave. a, T-matrix pole at m —iT'/2 1500—i60 MeV, which

corresponds to the physical mass an&1 wi&]th (AMST, FR. 95H,
AMSI, ER 95C), while a. simple Hreit, -KVigner &lcscription gives a,

slightly higher mass and width (AMST, FR. 9'2, AI, DF, 88). For

consistency, wc average the mass and widt}i dctcrminccl by t}ie
T-matrix poles. A couplccl-channc] analysis taking»nitarity
constraints into account, has been perl'ormc&1 in pp (AlvfSI, FR
95D) 1&ut, not, in rr p. Tl&»s, wc do not view the apparent

discrepancies in t]ie decay branc}iing ratios to w w", gg, and gg'

between t}ic pp and x p experiments to bc serious.

In t}ie model of AMSI FR, 95E ancl AKISI ER, 96, t}ic
(nearly i&leally mixe&1) ground state s&.alar qq nonet, &onsists

of the ao(1450), the I~&& (1430), thc fa(1370), and thc still

missing isoscalar, ss state, &vhich cannot, be the f (15&&00) &luc tn

its romparativcly narrow widt}i and low Ix Ix clccay branching

ratio. The fa(1500) is interpreted as a. scalar glueball mixe&1

wi t h t }ie t wo nca rby qq i sos cal a rs.

The fJ(1710) (whose spin is uncertain) has been scen

mainly in the l og&&rinhcJ/ (1&S) ra&1,iativc. &Iccay, vvhcrc it, is

copiously prod&&ced. Before Igg 1, the spin of thc f!(1710)was

bclicvcd to bc 2, and thc sIIbseq»ent, spin-0 c]ctcrmination in

,I/y'(1S) ra&liative &lccay (CHFN '9l) has not, l&ecn conf'irmcd.

In central prn&luction, the WA76 experiment, (AR1VISTRONG

89D) on 300 GeV/c pp interactions secs a, str»ct»rc at, thc same

mass, b»t, tavors spin 2. Thc f!(1710) 1&as not been scen in

hadronic production (Ii p —+ IiIi!1) (ASTON 88D), nnr in pg
fusion. The ratio of the t&ranching frartinns in, J/&!'&(I S) & o&f!
and J/s!~(l S) —+ &/&f! suggests tl&at nonstrange an&1 strange

components arc bot}i important in this state. Its mass aI«]

wicket}I are consistent wit}i t}le prcdiction for t}ic groiind-state

glucbal], according to t}Ic most rcccrlt lattice gauge ca]c:ulations

(SFXTON 95), if one assumes that, thc. spin is in&iced zero.
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I seudoscalar mesons: T}ic established isoscalars wit}i

,J = 0 + are the &I, the r&'(958), the &j(1295), and the &j(1440)

[&vj&ich mav j&e two pseuclnscalar resonances, an rj(1410) an&1 an

&j(1490); see the Note un&ler the &I( 1440)]. In the qq model, one

expect, s two 1 So and two 2 So pseudoscalars between 500 and

1S00 McV.

I&lentifying tj&e. &I(1280) with the '2 So (u» + dd) state is

natiiral, biit, it is more problematic to identify onc of thc two

peaks in the g(l440) region &vjtj& the'2 So ss state. The&j(1440)

is observecj in s,s-&jepjete&j reactions like &r p —+ &j&r&r», (ANDO

86), pp annihilation (BAII I.ON 67, AMSI. FB 95F, BERTIN

95), an&1 &r p —+ &&&&(980)&rp (CHIJNG 85, BIRjcfAN 88), an&1 is

&lot, sppn in the s)-enriched channels like I'c p ~ I~ "(89' )Ic iI

(;ASTON 87). The 1'act, that ANDO 86 sees the &j(1440) an&1

&j(j '280) with similar intensities argues that, these states are ol'

a, similar natnre, e. q. , radial excitatinns of the &I ancl &I (958).
However, as tl&ere are suggestions t'hat, the &j(1440) is in 1'act

two g's, t}ie situa, tion rcma, ins confused.

Tl&e &r(1770) (BFRDNIIiOV 94, AMEI, IN 95B) has a sur-

prisingly narrow width (if interpretecl as the second radial

exc:itation ol' the &r), a large coupling to Ii Ii, and decays to a.

pair ol' mesons, one with &!(qq) =- 0, the other with P(qq) = 1.
This is the signature expected for a, hybrid meson (CI,OSF, 95).

Axial-vector mesons: T}ie qq model predicts a, nonet that,

inrludcs two isoscalar 1'"Py st, ates with masses below about

1.6 GeV. Three such 1++ states are known, the f&(1285), tl&e.

f& (14'20), and the f&(1530), vvj&icj& suggests that one of tl&ese

is a, non-qq meson. The f&(1420) is the most, likely candidate:

see C, '&I.DcVFI.I. 90 and the Note under the f&(1420). The

proximity of the A Ix threshold suggests t}iis may bc a, domi-

nantly Ix Ix mcsonium rcsorjance or a, threshold enhancement

(I,ONGACR. F, 90, TORNQVIST 91).

Tensor rnesons: The two 1' P~ qq states are very likely t}ie

well-knnwn f&(1'270) and f~(15'25). There are several other

st, ates w}iic}i }iavc been suggested as,J = 2++ non-qq can-

&I i &1 ates: t l&e f ( s1 4)3, 0f (j 5220), f g (1 710), f (I 8&1 0), f (2021 0),
f& (2 1 50), fz ( 23)0, 0and f& (2340).

The f&(1520) is observe&1 l&y the ASTERIX Collaboration

(MAY 89) in pp P wave annihilation -in tj&e &r+&r &r channel

an&i l&y the Crystal Barrel Cnllal&nratinn (ANISOVICH 94,
AX'ISI ER 95B) in 3&r", close to the pp an&1 & &

' threshnl&ls.

It, }ias no place in a, qq sc}icme, since all nearby qq states

are alrea&ly account;e&l for. Similarly, the fJ(l 710) could be

compose&1 nf Ii*Ii ancl & &&& (DOOI, EY 92), since it lies close to

t, }icsc t, }ircsliolds.
Ol' tl&e heavier states, the f2(1810) is likely to l&e the

O' P2, and among t}lose above ' GcV one expects the ' P2 ss,
1' F&,s.~, and 3 P~ ss, hist, a, gliioniiim interpretation of onc of

the four states is nnt excln&le&j. These three f2 resonances have

been observed in thc OXI-rulc forbidden proress 7t.p ~ chan

(FTKIN 88)&, &vt&icj& has been claimed as favoring the glunnium

i ntcrprctat, ion.

A similar &j&$ mass spectrum is seen by ARMSTRONG 89B
in the 0 spectrometer. The DM2 and MARK-III collabora-

tions see threshold ct&&&& production, but, favor J = 0, not
2+

In pp —+ 4&r near the pp threshold, TASSO (BRANDE-
Llli 80B, AI,THOFF 82), MARK2 (BURKF. 81), CFI, I,O

(BFHREND 84E), PI,UTO (BERGER 88B), SLAC TPC
(AIHARA 88), and ARGUS (AI.BRFCHT 91F) observe a.

resonance-like strurture. This is dominated by p p, and t, hc

cross section peaks a little above the f (~1520). This process

has rjot been explained by models in which only conventional

resonances dominate. The fact that the pg —+ p+p is small

(AI BRFCHT 91F quotes 1/4 for the p+p /p" p ratio) requires

both isospin 0 and 2 for thc pp system. A resonance inter-

pretation in terms of q"q- states thus requires the presence

of a, flavor exotic I = 2 resonance (ACHASOV 82, 87, 90).
The 2++ pa, rtia, l wave is found to domina, tc t}ic pp structure

(BERGER 88B, ALBRFCHT 91F), with some 0++ at, the low-

energy end, while J = 0 and 2 contribute very little.
In 7p —+ wp and &t p, there are also broad enhancements

that peak near 1.7 GeV. Thc dominant partial wave is 2++ in

~p, while 2 + is favored in q'&p (AI.BRFCHT 94Z).

Oth, er exotic or non-qq candidates: An isovertor Qw" res-

onance at 14S0 MeV has been reported by BITYUKOV S7 in

p —& &&»r" » (listed under the p(1450)). Preliminary indica, —

tions favor t}ie nonexotic J = 1 but t, hc large OXI-rule

violating branching ratio &t»r:w&r seems peculiar fnr a (u». -d&I)

I= 1 qq object. However, ACHASOV SS s}iows t}iat t}ic t}ircs})-

old etTect, from the two-step process p(1600) ~ IiIi —»r&j& can

violate the rule, esp cci ally near t })res}iold. No sign of t}jis

can&lidate is seen in &rw (FUIsUI 91). In ad&jition, the small

coupling to the photon makes an identification with the p(1450)
difficult (CLFGG 88). More recently DONNACHIF, 93, ana-

lyzing e+r. -annihilation and difTractive-photoproduction data, ,

suggests there may be 4-quark states near 1100 and 1300 McV.
Another exotic candidate is the p(1405) (ALDF. 88B, ID-

DIR 88), seen in the GAMS experiment un&ler the c&2(1320) in

p —+ qx n with the exotic quantum numbers J ' = 1

The analysis of AI DF SSB has, however, been questioneR

by PROKOSHEiIN 95B, 95C. Although thc forward-})ackward

asymmetry demands an gz P-&vive, it may bc diie to a nonrcso-

nant, amplitude. The Crystal Barrel Collaboration }ias reported

results on the corresponding P-wave in g~ seen in pp —+ gw7r;

they see a, much broader eAcct, whic}i can bc explained as noii-

resonant or as a, resonance with I' —600 IvfeV (AMSLFR 94D).
AOYAGI 93 also notes the qw P-wave, biit its interpretation is

iin clea, r.
Another possible 1 + candidate is the isosinglet, X(1910)

(AI DF, 89), which seems to decay to &jq' but not, to &r" &r or

&j&j (AI, DF. 89). An enhancement with quantum numl&ers 1

decaying to f&(1285), has also been reported around 1900 MeV

(LEF, 94).
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Non-qq Candidates
OMITTED FROM SUMMARY TABLE

NON-yq CANDIDATES REFERENCES

AMSLER
CLOSE
A M EL IN

AMSLER
AMSLER
AMSLER
AMSLER
AMSLER
8 ERTIN
CLOSE
PROKOSHKIN

P R0KOS HK IN

SEXTON
ALBRECHT
AMSLER
A N IS OV I C H

8 ERDNIKOV
LEE
T OR N QV I ST
ALEEV

AOYAG I

BALI
DONNACHIE
ERICSON

96 P R D53 295
96 P L 8366 323
958 P L 8356 595
958 P L 8342 433
95C P L 8353 571
95D P L 8355 425
95E P L 8353 385
95F P L 8358 389
95 P L 8361 187
95 NP 8443 233
958 PAN 58 606

Translated from YAF
95C PAN 58 853

Translated from YAF
95 PRL 75 4563
94Z PL 8332 451
94D PL 8333 277
94 PL 8323 233
94 PL 8337 219
94 PL 8323 227
94 ZPHY C61 525
93 PAN 56 1358

Translated from YAF
PL 8314 246
P L 8309 378
ZP C60 187
PL 8309 426

93
93
93
93

+Close
+Page
+Berdnikov, Bityukov+
+Armstrong, Brose+
+Armstrong, Hackman+
+Armstrong, Spanier+
+C!ose
+Armstrong, Urner+
+ Bruschi+
+Page
+Sadovski

58 662.
+Sadovski

58 921.
+Vaccarino, Weingarten+
+ Ehrlic hm a nn+
+Anisovich, Spanier+
+Armstrong+
+Bityukov+
+Chung, Kirk+

Tornquist
+Bafandin+

56 100.
+Fukui, Hasegawa+
+Schilling, Hulsebo, Irving, Micha«l+
+Kalashnikova, Clegg
+ Karl

(ZURI, RAL)
(RAL)

(SERP, TBIL)
(Crystal Barrel Colfab. )
(Crystal Barrel Collab, )
(Crystal Barrel Collab. )

(ZURI, RAL)
(Crystal Barrel Collab. )

(OBELIX Collab. )
(RAL)

(SERP)

(SERP)

(fBM)
(ARGUS Collab. )

(Crystal Barrel Collab. )
(Crystal Barrel Collab. )

(SERP, TBIL)
(BNL, IND, KYUN, MASD, RICE)

(HELS)
(BIS-2 Collab. )

(BKEI Collab. )
(L IVP)
(BNL)

(CERN)

A narrow resonance, listed under the Itg(3100), has been

reported at, about 3100 MeV (BOURQUIN 86, ALFFV 93) in

several sip+ pions and Ap+ pions states. The observation of
thc doubly-charged states s1pw and z1px+ implies, assuming

the decay is strong, I = 3/2, clearly not a qq state. In addition,
a, narrow peak is observed at about 3250 MeV, listed under the
X(3' 50), in the hidden strangeness combinations containing

a. baryon-antibaryon pair (ALFFV 93). However, all these
observations need confirmation.

93
92
92
92
91F
91

8-5669
91
91
91
90
90
90
90
90
90
89
898
89D
89
88
88
88
888
88D
888
88

88
88
88
87
87
87
87
86
86
86
85
85
85
84E
83
838
82
82
82
81
808
79
77
76

BAIL LON 67

ACHASOV 82

MANOHAR
AMSLER
BAR NES
DOOLEY
ALBRECHT
CHEN

SLAC-P U

DOVER
FUKUI
TORNQVIST
ACHASOV
BREAKSTON
BURNETT
CALDWELL
LONGACRE
WE INSTEIN
ALDE
ARMSTRONG
ARMSTRONG
MAY
ACHASOV
AIHARA
ALDE
ALDE
ASTON
BERGER
8IRM AN

CLEGG
ETKIN
ID D IR
TOKI
ACHASOV
ASTON
8 ITYU KOV
CLOSE
ANDO
BOURQUIN
HEUSCH
CHUNG
ISGUR
LEYAOUANC
BEHREND
BINON
WEINSTEIN
AIHARA
ALTHOFF
BAR NES
BURKE
BRANDELIK
GUTBROD
JAFFE
VOLOSHIN

NP 8399 17
P L 8291 347
P R D46 131
P L 8275 478
ZPHY C50 1
Hadron 91 Conf.

+Wise
+Augustin Baker+
+Swanson
+Swa nson, Barnes
+Appuan, Pauline, Funk+

(MIT)
(Crystal Barrel Collab. )

(ORNL)
(ORNL)

(ARGUS Collab. )
(Mark III Collab. )

(BNL)
(SUGI, NAGO, KEK, KYOT, MIYA)

(HELS)
+5 hestakov (NOVM)
+ (ISU, BGNA, CERN, DORT, HEIDH, WARS)
+Sharpe (RAL)

p 127 (UCS8)

P R C43 379
PL 8257 241
PRL 67 556
TF 20 (178)
ZPHY C48 569
ARNPS 46 332
Hadron 89 Conf.
PR D42 874
P R D41 2236
PL 8216 447
P L 8221 221
PL 8227 186
PL 8225 450
PL 8207 199
PR D37 28
PL 8201 160
PL 8205 397
NP 8301 525
ZPHY C38 521
PRL 61 1557
ZPHY C40 313
P L 8201 568
P L 8205 564
A IP Conf.
ZPHY C36 161
NP 8292 693
P L 8188 383
RPP 51 833
PRL 57 1296
P L 8172 113
Seewinkel Sympo
PRL 55 779
PRL 54 869
ZPHY C28 309
ZPHY C21 205
N C 78A 313
P R D27 588
PR D37 28
ZPHY C16 13
P L 8116 365
P L 8103 153
P L 897 448
ZP C1 391
P R D15 267,281
JETPL 23 333
Translated from
NC 50A 393

(BNL)
+ Isgur (TNTO)
+Binon, Bricman, Donskov+ (SERP, BELG, LANL, LAPP)
+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+)
+ Benayoun (ATHU, BARI, BIRM, CERN, CDEF)
+ D uch, H eel+ (ASTERIX Collab. )
+ Kozhevnikov (NOVM)
+Alston, Avery, Barbaro-Galtieri+ (TPC-2p Collab. )
+Bellazzini, Binon+ {SERP, BELG, LANL, LAPP, PiSA)
+ Bin on, Boutem cur+ (SERP, BELG, LANL, LAPP)
+Awaji, Bienz+ (SLAC, NAGO, CINC, INUS)
+Klovning, Burger+ (PLUTO Collab. )
+Chung, Peaslee+ (BNL, FSU, IND, MASD)
+ Donnachie (MCHS, LANC)
+Foley, Lindenbaum+ (BNL, CUNY)
+Le Yaouanc, Ono+ (ORSAY, TOKY)

(SLAC)
+Karnakov, Shestakov (NOVM)
+Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS)
+ Dzhelyadin, Dorofeev, Golovkin+ (5ER P)

(RHEL)
+Imai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+)
+Brown+ (GEVA, RAL, HEIDP, LAUS, BRIS, CERN)

+ Fernow, Boehnlein+ (BNL, FLOR, IND, MASD)
+ Kokorski, Patou (TNTO)
+Olivek, Pent, Raynal, Ono (0RSAY)
+Achenberg, Deboer+ (CELLO Collab. )
+Donskov, Duteil+ (BELG, LAPP, SERP, CERN)
+ Isgur (TNTO)
+Alston, Avery, Barbaro-Ga itieri+ (TPC Collab. )
+Boerner, Burkhardt+ (TASSO Collab. )
+Close (RHEL)
+Abrams, Alam, BLocher+ (Mark II Collab. )
+ Boerner, 8 urk hard+ (TASSO Collab. )
+Kramer, Rumpf (D ESY)

(MIT)
(ITEP)+Okun

ZETFP 23 369.
+Edwards, D'Andlau, Astier+ (CERN, CDEF, IRAD)

P L 8108 134 +Devyanin Shestakov (NOVM)

sium on Multiparticle Dynamics (SLAC)
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N BARYONS
(S= O, I= 1/2)

p, N+ = uud; n, N0 = udd

l(lp) = '('+) Status:

p MASS

p MAGNETIC MOMENT

See the "Note on Baryon Magnetic Moments" in the A Listings.

VALUE (PN) DOCUMENT ID TECN COMMENT

2.79284?386+0.000000063 COHEN 87 RVUE 1986 CODATA value
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.7928456 +0.0000011 COHEN 73 RVUE 1973 CODATA value

p MAGNETIC MOMENT

A few early results have been omitted.

The mass is known much more precisely in u (atomic mass units) than
in MeV; see the footnote. The conversion from u to MeV, 1 u

931.49432+0.00028 MeV, involves the relatively poorly known electronic
charge.

VALUE (PN)
—2.800 +0.008 OUR AVERAGE
—2.8005+0.0090
—2.817 +0.048
—2.791 60.021

DOCUMENT ID TECN COMMENT

KREISSL 88 CNTR p 8Pb 11—+ 10 X ray
ROBERTS 78 CNTR
HU 75 CNTR Exotic atoms

VALUE (Mev) DOCUMENT ID TECN COMMEN T

938.27231+0.00028 COHEN 87 RVUE 1986 CODATA value
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

938.2796 +0.0027 COHEN 73 RVUE 1973 CODATA value

The mass is known much more precisely in u: m = 1.007276470 + 0.000000012 u.

(Iap IIs'pl) / Iiseveregel

A test of CPT invariance. Calculated from the p and p magnetic moments,
above.

VA L UE (MeV)

~ ~ ~ We do not use the following

938.30 +0.13
938.229+ 0.049
938.179+0.058
938.3 +0.5

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ ~

ROBERTS 78 CNTR
ROBERSON 77 CNTR
HU 75 CNTR Exotic atoms
BAMBERGER 70 CNTR

p/p CHARGE-TO-MASS RATIO, IP.I/(~)
A test of CPT invariance. Listed here are measurements involving the
inertial masses. For a discussion of what may be inferred about the ratio
of p and p gravitational masses, see ERICSON 90; they obtain an upper
bound of 10 —10 for violation of the equivalence principle for p's.

p MASS

See, however, the next entry in the Listings, which establishes the p mass
much more precisely.

VAL UE DOCUMENT ID

(-2.6+2.9) x 10 OUR EVALUATION

p ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance.

VALUE (10 ecm) EVTS DOCUMENT ID TECN COMMENT

3.7+ 6.3 CHO 89 NMR Tl F molecules
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

400 DZUBA 85 THEO Uses Xe moment
130 + 200 6 WILKENING 84
900 +1400 WIL K E Nl NG 84
700 + 900 1G HARRISON 69 MBR Molecular beam

This WILKENING 84 value includes a finite-size effect and a magnetic effect.
This WILKENING 84 value is more cautious than the other and excludes the finite-size
effect, which relies on uncertain nuclear integrals.

VAL UE DOCUMENT ID TECN COMMENT

ls0000000015+0.0000000011 2 GABRIELSE 95 TRAP Penning trap
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.000000023 +0,000000042 GABRIELSE 90 TRAP Penning trap
2 Equation (2) of GAB RIELSE 95 should read M(p)/M(p) = 0.999 999 9985 (11)

(G. Gabrielse, private communication).
GABRIELSE 90 also measures rnp/m = 1836.152660 + 0.000083 and mp/me— P e-
= 1836.152680 + 0.000088. Both are completely consistent with the 1986 CODATA
(COHEN 87) value for mp/m of 1836,152701 4 0.000037. We use the CODATAc-
values of the masses (they come from an overall fit to a variety of data on the fundamental
constants) and don't try to take into account more recent measurements involving the
masses.

(I ttttr I m )/I latrerege

A test of CPT invariance. Taken from the p/p charge-to-mass ratio,
above.

VAL UE DOCUMEN T ID

(1.5+1.1) x 10 9 OUR EVALUATION

lap+ el/
A test of CPT invariance. Note that the p/p charge-to-mass ratio, given
above, is much better determined. See also a similar test involving the
electron.

VAL UE DOCUMEN T ID TECN

(2 x 10 4 HUGHES 92 RVUE
4 HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra-

tios.

lq. +q I/e
See DYLLA 73 for a summary of experiments on the neutrality of matter.
See also "n CHARGE" in the neutron Listings.

p ELECTRIC POLARIZABILITY exp

VALUE(10 fm ) DOCUMEN T ID TECN COMMENT

12.1 +0.8 +0.5 tMACGIBBON95 RVUE global average
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

12.5 +0.6 +0.9 MACGIBBON 95 CNTR n p Compton scattering I
9.8 +0.4 + 1.1 HALLIN 93 CNTR p p Compton scattering

10.62 ZIEGER 92 CNTR p p Compton scattering

10.9 +2.2 +1,3 FEDERSPIEL 91 CNTR pp Compton scattering

MACGIBBON 95 combine the results of ZIEGER 92, FEDERSPIEL 91, and their own
experiment to get a "global average" in which model errors and systematic errors are
treated in a consistent way. See MACGIBBON 95 for a discussion.

9 FEDERSPIEL 91 obtains for the (static) electric polarizablity ap, defined in terms of the

induced electric dipole moment by D = 4~e0~p E the value (7.0 + 2.2 4 1.3) x 10 fm

p MAGNETIC POLARIZABILITY Igp

The electric and magnetic polarizabilities are subject to a dispersion sum-
rule constraint K + p = (14.2 + 0.5) x 10 fm . Errors here are
anticorrelated with those on Kp due to this constraint.

VALUE(10 fm ) DOCUMENT ID TECN COMMENT

2.1 +0.8 +0.5 t10MACGIBBON 95 RVUE global average
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.7 6 0.6 +0.9 MACGIBBON 95 CNTR n p Compton scattering
4.4 4 0.4 + 1.1 HALLIN 93 CNTR p p Com pton scattering

—125 —107 ZIEGER 92 CNTR p p Com pton scattering

3.3 + 2.2 + 1.3 FEDERSPIEL 91 CNTR p p Compton scattering

MACGIBBON 95 combine the results of ZIEGER 92, FEDERSPIEL 91, and their own
experiment to get a "global average" in which model errors and systematic errors are
treated in a consistent way. See MACGIBBON 95 for a discussion.

VAL UE DOCUMENT ID COMMENT

(10 x 10—21 5 DYLLA 73 Neutrality of SF6
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

(0.8 x 10 MARINELLI 84 Magnetic levitation

Assumes that qn = q +qe.



562

Baryon Particle Listings

p MEAN LIFE

A test of baryon conservation. See the "p Partial Mean Lives" section below for limits
that depend on decay modes. p = proton, n = bound neutron.

LIM!T
(years) PARTICLE DOCUMENT ID TECN

)1.6 x 10 p, n EVANS 77
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)3 x 1023 p
2 DIX 70 CNTR

)3 x 1023 p, n 1
~ FLEROV 58

Mean lifetime of nucleons in Te nuclei.
Converted to mean life by dividing half-life by In(2) = 0.693.
Mean lifetime of nucleons in Th nuclei.

p MEAN LIFE

35
736
737
738

39
740

741

42
'T4 3
'T44

p ~ e ~+7r+
n e

p ~ p sr+a+
n~ p x x
p ~ e-~+K+
p —+ p 7r K+

p~ e+y
P~ P '7

n~ vp
p~ e

Lepton + mesons
& 30

& 29

& 17
& 34

& 20

&5

Antilepton y photon {s)
& 460

& 380

& 24

& 100

90%
90o/

9O%

90o/

9O%

90%

90%
90%
9O%

90%

The best limit by far, that of GOLDEN 79, relies, however, on a number of
astrophysical assumptions. The other limits come from direct observations
of stored antiprotons. See also "p Partial Mean Lives" after "p Partial
Mean Lives, " below.

L IMIT
(years) CL% EVTS DOCUMENT ID TECN COMMEN T

&0.28
&0.08
&1 x 107
&3.7 x 10

90
GAB RIELSE
BELL
GOLDEN
BREGMAN

90 TRAP Penning trap
79 CNTR Storage ring

79 SPEC p/p, cosmic rays

78 CNTR Storage ring

~ e e We do not use the following data for averages, fits, limits, etc. ~ ~ e

745
746

47
748
749
750
751
752
753
754
755

p e+e+ e—

P ~ e+P+ILI

p + e vv
n~ e+e v

n~ p+e v
n ~ p ILI, v

p ~ p+e+e
p v v
P ~ iLI, VV

p ~ e ILI, +p,
n~ 3v

Three Ieptons
510

74

47

42

91
190
21

6
0.0005

9O%

9O%

90%
9O%

90%
9O%

9O%

90%
9O%

90%
9O%

p DECAY MODES

Below, for M decays, p and n distinguish proton and neutron partial life-

tirnes. See also the "Note on Nucleon Decay" in our 1994 edition (Phys.
Rev. 050, 1673) for a short review.

The "partial mean life" limits tabulated here are the limits on ~/B;, where
~ is the total mean life and B; is the branching fraction for the mode in

question.

756
757
758

59
760

N ~ e+ anything
N ~ p+ anything
N ~ vanything
N ~ e+ ~oanything
N ~ 2 bodies, v-free

Inclusive modes
&O.6 (n, p)
)12(n, p)

) 0.6 (n, p)

9O%

9O%

9O%

71
72
'T3

74

75
'76

'77

78
79
710
711

12

13
714

715

716
17

19
720
721

Mode

N ~ e+~
N ~ p+vr
N ~ ver

e

p p '9

n ~ v'g

N~ e+p
N~ p+p
N~ vp
p ~ e

p ~ p
n~ vw
N~ e+K

p e+ K'
S

p e+ Ko
L

N~ p+K
p ~ p+Kos

p ~ p+KL
N~ vK
p ~ e+ K*(892~0
N ~ v K*(892)

Partial mean life
(1030 years)

Antilepton + meson
& 130 (n), & 550 (p)
& 100 (n), & 270 (p)
& 100 (n), & 25 (p)
& 140

& 69

& 54

& 58 (n), & 75 (p)
) 23 (n), & 110 (p)
& 19 (n), & 27 (p)
& 45

& 57

) 43

& 1.3 (n), & 150 (p)
& 76

& 44

& 1.1 (n), & 120 (p)
& 64

& 44

& 86 (n), & 100 (p)
& 52

& 22 (n), & 20 (p)

Confidence level

90o

9O%

9O%

9O%

9O%

9O%

9O%

90%
9O%

9O%

9O%

9O%

90%
9O%

90%

90%
9O%

9O%

90%
9O%

9O%

761
762
763
764
765
766
767
768
769
770
771

72
773
774
775

76

h, B = 2 dinucleon modes

The following are lifetime

pp ~ ~+7r+
pn ~ 7t 7r

nn ~ sr+sr
nn ~070

pp ~ e+e+
PP e+ ILI

pp v
pn ~ e+v
pn~ p v

nn ~ veve
nn —

& v&vf

Mode

p
p
p —+

p

p —+

e
e Ko
e- K',

& 1848

& 554

& 171
& 29

&9

p PARTIAL MEAN LIVES

limits per iron nucleus.

& 0.7
& 2

& 0,7

& 3.4
& 5.8
& 3.6
& 1.7
& 2.8
& 1.6
& 0.000012

& 0,000006

p DECAY MODES

Partial mean life

(years)

9O%

9O%

90%
9O%

9O%

90%
90%
9O%

90%
9O%

90%

Con fi d e n ce I eve I

95%
95%
95%
95%

95%

722
723

24
725
726
727
728

729
730
731
732
733

34

p
p
n~
p
p
n~

n~
n~
n~
n~
n~
n~

e+~+~
e+ ~0~0
e+ ~—~0
p+ 7r+ x
p, + ~0~0
/.L 7r 71

e+ Ko~-

e- sr+

Il

e—p+
p

e K+
K+

Antilepton + mesons
) 21

& 38

& 32

17

) 33

& 33

& 18

Lepton + meson

& 65

& 49
) 62

& 7

) 32

& 57

90%
9O%

9O%

9O%

9O%

90%
90ogo

9O%

9O%

90ogo

90%
90o/

90%

~(N e+~)
LIMIT
(10 0 years) PARTICLE

&)550 p
&130 n

CL% EVTS BKGD EST

0 0.7
0 (0.2

DOCUMENT ID TECN

14 BECKER-SZ. . . 90 IMB3
HIRATA 89C KAMI

The "partial mean life" limits tabulated here are the limits on ~/B;, where
~ is the total mean life for the proton and 8; is the branching fraction for
the mode in question.

Decaying particle: p = proton, n = bound neutron. The same event may
appear under more than one partial decay mode. Background estimates
may be accurate to a factor of two.
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70 p 90
&70 n 90
)260 p 90
&310 p 90
)100 n 90

1.3 n 90) 13 p 90
&250 p 90) 31 n 90

64 p 90
&26 n 90
& 82 p (free) 90
&250 p 90

25 n 90
15 p, n 90) 0.5 p 90) 0.5 n 90
5.8 p 90
5.8 n 90
0.1 n 90

This BECKER-SZENDY 90 result includes data fr
Limit based on zero events.
We have calculated 90% CL limit from 1 confined
We have converted half-life to 90% CL mean life.

0 0.5
0 & 0.1
0 &0.04
0 0.6
0 1.6
0
0
0 0.3
8 9
0 &04
0 &0.7
0 0.2
0 0.2
4 4
0
1 0.3
1 0.3
2
2

r(N ~ /4+1'}

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BERGER
BERGER
HI RATA

SEIDEL
SEIDEL
BARTELT
BARTELT
HA INES
HA INES
ARISAKA
ARISAKA
BL EWITT
BL EWITT
PARK
BATT ISTON I

15 BARTELT
15 BARTELT
16 KRISHNA. ..
16 KRISHNA. ..
17 GURR

om SEIDEL 88.

event.

88
88
87
87
86
86
85
85
85
85
85
84
83
83
82
82
67

IMB
IM8
SOUD
SOUD
IMB
IMB
KAMI
KAMI
IMB
IM8
IM8
NUSX
SOUD
SOUD
KOLR
KOLR
CNTR

91 FREJ
91 FREJ
89C KAMI

r(p~ p+n)
LIMI T
(10 years) PART(CL E CL% EVTS BKGD EST

&69 p 90 1 &0.08
~ ~ ~ We do not use the following data for averages,

DOCUMENT ID

H I RATA

fits, limits, etc. ~ ~ ~

TECN

89c KAMI

&26
1,3

&34
&46
&26
&17
&46

p
p

p
p
P
p (free)
p

90
90
90
90
90
90
90

0.8
0.7
1.5
6
&0.8

8

BERGER
PHILLIPS
SEIDEL
HAINES
ARISAKA
BLEWITT
8LEWITT

91
89
88
86
85
85
85

FREJ
HPW
IMB
1MB
KAMI
IMB
IMB

r(N~ vg)
LIMIT
(10 0 years) PARTICLE

&54 n
~ ~ ~ We do not use the

CL% EVTS BKGD EST DOCUMENT ID TECN

T6

&29 n

&16 n

&25 n

&30 n

&18 n

& 0.6 n

We have converted 2

90
90
90
90
90
90

0.9
2.1
6
0.4
3

possible events to 90% CL limit.

BERGER
SEIDEL
HA INES
KA J ITA
PARK

22 CHERRY

89
88
86
86
85
81

FREJ
IMB
1MB
KAMI
IMB
HOME

90 2 0.9 HIRATA 89C KAMI
following data for averages, fits, limits, etc. ~ ~ ~

LIMIT
(10 years) PARTICL E

&100 n

&270 p
~ ~ ~ We do not use the

81
& 35
&230
& 63
& 76

23
46
20

& 59
&100

38
& 10) 1.3

p
n

p (free)
p
ri

p, n

p, n

r(N~ ve)

CL% EVTS BKGD EST

90 0 g0.2
90 0 0.5
following data for averages,

90 0 02
90 1 10
90 0 &0.07
90 0 05
90 2 1
90 8 7
90 0 &0.7
90 0 &0 4
90 0 02
90 1 04
90 1 4
90 0
90 0

DOCUMENT ID

HIRATA
SEIDEL

fits, limits, etc. ~ ~ ~

BERGER
BERGER
H I RATA

SEID EL

HA INES

H A INES

ARISAKA
ARISAKA
BLEWITT
BLEWITT
PARK
BATT ISTO N I

ALEKSEEV

LIMIT
(10 years) PARTICLE

&25 p
&100 n

~ ~ ~ We do not use t

CL% EVTS BKGD EST

90 32 32.8
90 1 3

he following data for averages,

90 1 1.2
90 11 14
90 73 60
90 16 13
90 0 1

90 28 19
90 0
90 &3
90 1
90 2
90

DOCUMENT ID

HI RATA

H I RATA

fits, limits, etc. e ~ ~

BERGER
BERGER
HA INES
KAJITA
KA J ITA

PARK
BATT I STO N I

BATT I STO N I

18 KRISHNA. ..
CHERRY

20 GURR

13 n) 10 p
6 n) 2 p

&40 n

7 n) 7 n

2 p
5.8 p
0.3 p
0.1 p

We have calculated
We have converted
We have converted

90% CL limit from 1 confined event.
2 possible events to 90% CL limit.
half-life to 90% CL mean life.

r(p~ e+g)

DOCUMENT ID

HI RATA

limits, etc. ~ ~ ~

BERGER
SEIDEL
HA INES
ARISAKA
8LEWITT
BL EWI TT

21 CHERRY

) 44 p
&100 p
&200 p

64 p
& 64 p (free)
)200 p) 12 p

We have converted 2

0 0.1

0 0.6
5 3.3
0 &0.8
5 6.5
5 4.7
2

90
90
90
90
90
90
90

possible events to 90% CL limit.

L IMI T
(10 years} PARTICLE CL% EVTS BKGD EST

&140 p 90 0 &0.04
o ~ ~ We do not use the following data for averages, fits,

TECN

89C KAMI
88 IMB

88
86
86
85
85
85
85
85
84
81

IMB
IMB
IMB
KAMI
KAMI

IMB
IMB
IMB
NUSX
BAKS

TECN

89C KAMI
89C KAMI

89
89
86
86
86
85
84
84
82
81
67

FREJ
FREJ
IMB
K AMI

KAMI

IM8
NUSX
NUSX
KOLR
HOME
CNTR

TECN

89C KAMI

91
88
86
85
85
85
81

FREJ
IMB
IMB
KA Ml

IMB
IMB
HOME

91 FREJ
91 FREJ
89c KAMI

TECN

89C KAMI
89c KAMI

)29 p
&41 n

&38 n

1.2 p
& 1.5 n

&17 p
&14 n

&12 p
6 n) 6.7 p (free)

)17 p
&12 n) 0.6 n) 0.5 p

9.8 p
& 0.8 p

90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90

2.2 BERGER 91
1.4 BERGER 91
4.1 SEIDEL 88

BARTELT 87
BA RTE LT 87

7 HAIN ES 86
4 HAIN ES 86
&1.2 ARISAKA 85
&1 A RISAKA 85
6 8LEWITT 85
7 BLEWITT 85
2 PARK 85
0.3 BART ELT 83
0.3 BARTELT 83

24 KRISHNA. .. 82
25 CHERRY 81

FREJ
FREJ
IM8
SOUD
SOUD
IMB
1MB
KAMI
KAMI
1MB
IM8
1MB
SOUD
SOUD
KOLR
HOME

Limit based on zero events
We have calculated 90% CL limit from 0 confined events.
We have converted 2 possible events to 90% CL limit.

r(N~ p+p)
LIMIT
(10 years) PARTICL E

&110 p
&23 n

~ ~ o We do not use the

CL% EVTS BKGD EST

90 0 1.7
90 1 1.8
following data for averages,

DOCUMENT ID

H I RATA

H I RATA

fits, limits, etc. ~ ~ ~

TECN

89C KAMI
89C KAMI

12
) 22

4.3
& 30

11
& 16

7
12
5
5.5

& 16
9

p
n

p
p
n

p
n

p
n

p (free)
p
n

90
90
90
90
90
90
90
90
90
90
90
90

0.5
1.1
0.7
0.5
1.1
4.5
5
&0.7
& 1.2
5
5
2

BERGER
BERGER
P H ILL IPS
SEIDEL
SEID EL

HAINES
HAINES
ARISAKA
A RISAKA
BLEWITT
BLEWITT
PARK

91
91
89
88
88
86
86
85
85
85
85
85

FREJ
FREJ
HPW
IMB
IMB
IMB
1MB
KA Ml

KA Ml

IMB
IMB
1MB

r(N~ vp)
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID

&27 p 90 5 1.5 H I RATA
&19 n 90 0 0.5 SEIDEL

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

TECN

89C KAMI
88 IMB

r(N e+ p}
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID

&?5 p 90 2 2.7 HI RATA

&58 n 90 0 1.9 H IRATA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~
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& 9
&24
&13
&13

8) 2

&11
4

& 4.1
& 8.4) 2

& 0.9
0.6

26 We

p

p (free)
p
n

90
90
90
90
90
90
90
90
90
90
90
90
90

4
0
4
1
6

15
2
2
6
6
7
2

2

2.4
0.9
3.6
1.1
5
10
1
2
7
5
3

have converted 2 possible events to 90% CL limit.

BERGER
BERGER
H I RATA

SEIDEL
HAIN ES
HAINES
KAJITA
KA J ITA
8LEWITT
BLEWITT
PARK

26 CHERRY
26 CHERRY

&17
&26
& 1.5
&37
&25
&12
&37
& 0.6
& 9.8

2.8
2" Lim
28 We
29 We

p
p

p
p
P
p (free)
p
p
p
p

90
90
90
90
90
90
90
90
90
90

1.1
1.0

5.3
&1.4
7.5
5.7
0.3 27

28
29

BERGER
SEID EL
BARTELT
H A INES

ARISAKA
BL EWITT
BL EWITT
BARTELT
K RIS HNA. ..
CHERRY

it based on zero events.
have calculated 90% CL limit from 0 confined events.
have converted 2 possible events to 90% CL limit.

r(p ~ /l ld)

r(p~ e+~)
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID

&45 p 90 2 1.45 H I RATA

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

89 FREJ
89 FREJ
89C KAMI

88 IMB
86 IMB
86 IM8
86 KAMI
86 KA MI

85 IMB
85 IM8
85 1MB
81 HOME
81 HOME

TECN

89C KAMI

91 FREJ
88 IMB
87 SOUD
86 IMB
85 K AMI

85 IMB
85 1MB
83 SOU D

82 KOLR
81 HOME

LIMIT
(10 years) PARTICLE

&64 p

r(p~ p+Ko~)
L IM I T
(10 0 years) PA RTICL E

&44 p

r(N ~ vK)

CL%

90

CL%

EVTS

0

EVTS

BKGD EST

1.2

BKGD EST

& 0.1

r(N p+K}
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

&120 p 90 1 0.4
1.1 n 90 0

e ~ ~ We do not use the following data for averages,

)54 p 90 0) 3.0 p 90 0 07
19 p 90 3 25) 1.5 p 90 0

)40 p 90 7 6
19 p 90 1 &11) 6.7 p (free) 90 11 13

&40 p 90 7 8
6 p 90 1) 0.6 p 90 0
04 n 90 0
5.8 p 90 2) 2.0 p 90 0) 02 n 90

BARTELT 87 limit applies to p ~ p, + KS'
Limit based on zero events.
We have calculated 90% CL limit from 1 confined
We have converted half-life to 90% CL mean life.

r(p~ p+K~}

DOCUMENT ID

H I RATA

BARTELT
fits, limits, etc. e ~ ~

BERGER
PHILLIPS
SEIDEL

31 BARTELT
HAIN ES
ARISAKA
BL EWI TT
BL EWITT
BATTISTON I

32 BARTELT
BART ELT
KRISHNA. . .
CHERRY

34 CURe

event.

DOCUMENT ID

BERGER

DOCUMENT ID

BERGER

91
89
88
87
86
85
85
85
84
83
83
82
81
67

FREJ
HPW
1MB
SOUD
IMB
KAM I

IMB
IMB
NUSX
SOUD
SOUD
KOLR
HOME
CNTR

&17

91
TECN

FREJ

718

91
TECN

FREJ

TECN

89C KAMI
87 SOUD

LIMIT
(10 years) PARTICLE

&57 p
~ ~ ~ We do not use the

CL% EVTS BKGD EST DOCUMENT ID TECN

&11
& 4.4
&10
)23
& 6.5
)23

p

p
p
p
p (free)
p

90
90
90
90
90
90

1.0
0.7
1.3
1
8.7
7

BERGER
PHILLIPS
SEIDEL
H A INES

BLEWITT
BLEW ITT

91 FREJ
89 HPW
88 IMB
86 IMB
85 IMB
85 IMB

7 ll~ VGP

LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

&43 n 90 3 2.7
~ o ~ We do not use the following data for averages, fits,

DOCUMENT ID TECN

HIRATA 89C KAMI

I I m I t s, et c. ~ ~ ~

12

&17 n

6 n

&12 n

&18 n

&16 n

) 20 n

We have converted 2

r(N e+K)

90
90
90
90
90
90

0.7
1.3
6
2
2

possible events to 90% CL limit.

BERGER
SEIDEL
H A INES
KA J ITA
PARK
CHERRY

89 FREJ
88 IMB
86 IMB
86 KAMI

85 IMB
81 HOME

LIMI T
(10 years) PAR TICL E

&150 p
13 n

~ ~ ~ We do not use the

CL% EV TS BKGD EST DOCUMEN T ID

90 0 &0.27 H I RATA

90 0 ALEKSEEV
following data for averages, fits, limits, etc. ~ ~ ~

TECN

89C KAMI
81 BAKS

& 60
& 70
& 77
& 38
& 24
& 77
) 1.3

P
p
p
p
p (free)
p
p

90
90
90
90
90
90
90

1.8
4.5
&0.8
8.5
4

BERGER
SEIDEL
HA INES
ARISAKA
BLEW ITT
BLEWITT
ALEKSEEV

91 FREJ
88 IMB
86 1MB
85 KAMI
85 1MB
85 1MB
81 BAKS

r(p~ e+Ko)
L IM IT
(1030 years)

&76
PARTICL E CL% EVTS

90 0
BKGD EST

0.5
DOCUMENT ID

BERGER

TECN

91 FREJ

r(p~ e+Ko)
LIMIT
(10 years)

&44

PA RTICL E CL% EVTS

90 0

BKGD EST

& O.l
DOCUMENT ID

BERGER

TECN

91 FREJ

90 2 1.9 HIRATA 89C KAMI

following data for averages, fits, limits, etc. ~ ~ ~

DOCUMENT ID

H I RATA

H I RATA
its, etc. ~ ~ ~

BERGER
BERGER
P H I L LIP S
BARTELT
BARTELT
HA INES
HA INES

K A J ITA

KA J ITA

BLEWITT
BLEWITT
PARK
BATTISTONI
BATT I STO NI

BARTELT
BARTELT
KRISHNA. ..
CHERRY

r(p ~ e+ K'(892) )
LIMIT
(10 years) PARTICL E

&52 p
~ ~ ~ We do not use the

)10 p
&10 p

r(N~ vK'(892)}

CL% EV TS BKGD EST DOCUMENT ID

90 2 1.55 H I RATA

following data for averages, fits, limits, etc. ~ ~ ~

90 0 08 BERGER
90 1 &1 ARISAKA

LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

&22 n 90 0 2.1
&20 p 90 5 2.1

~ ~ ~ We do not use the following data for averages, fits,

&17 p
&21 n

&10 p
& 5 n

8 p
& 6 n

& 5.8 p (free)) 9.6 p) 7 n

) 21 p

90
90
90
90
90
90
90
90
90
90

0
4
7
8
3
2

10
7
1
1

2.4
2.4
6
7
2

1,6
16
6
4

We have converted 1 possible event to 90% CL limit.

DOCUMENT ID

BERGER
H IR ATA

limits, etc. ~ o ~

BERGER
H I RATA

HAINES
HAINES
KA J ITA

KAJITA
BLEWITT
BLEWITT
PARK
BATTISTONI

LIMI T
(10 years) PARTICLE CL% EVTS BKGD EST

&100 p 90 9 7.3
&86 n 90 0 2.4

~ ~ o We do not use the following data for averages, fits, lim

)15 n 90 1 18
15 p 90 1 18
0.28 p 90 0 07
0.3 p 90 0
075 n 90 0 35

10 p 90 6 5
15 n 90 3 5) 28 p 90 3 3
32 n 90 0 1.4

1.8 p (free) 90 6 11) 9.6 p 90 6 5
10 n 90 2 2

5 n 90 0) 2 p 90 0) 0.3 n 90 0 36

0.1 p 90 0 36

5.8 p 90 1 37

0.3 n 90 2 38

BARTELT. 87 limit applies to n ~ vK 5'
Limit based on zero events.
We have calculated 90% CL limit from 1 confined event.
We have converted 2 possible events to 90% CL limit.

89
89
89
87
87
86
86
86
86
85
85
85
84
84
83
83
82
81

FREJ
FREJ
HPW
SOUD
SOUD
1MB
1MB
KAM I

KA Ml

IMB
IMB
IM8
NUSX
NUSX
SOUD
SOUD
KOLR
HOME

TECN

89C KAMI

91
85

FREJ
KAMI

TECN

89 FREJ
89C KAMI

89 FREJ
89C KAMI
86
86
86
86
85
85
85
82

IMB
IMB
K AMI
KAMI
IMB
IMB
1MB
NUSX

TECN

89C KAMI
89C KAMI
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r(p~ e+n+~ )
L IM IT.

(10 years) PARTICLE

)21 p

r(p~ e+n n )

CL% EVTS BKGD EST

90 0 2.2
DOCUMENT ID TECN

BERGER 91 FR EJ

2.0 P 90 0 0.7 P HILLIPS

r(p~ e x+x+)
LIMIT
(10 years) PAR TICL E CL% EVTS BKGD EST DOCUMENT ID

)30 p 90 1 2.50 BERGER
~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

TECN

918 FREJ

89 HPW
LIMIT
(10 years) PARTICLE

&38 p

r(n~ e+n-ne)

CL% EVTS BKGD EST

90 1 0.5
DOCUMENT ID TECN

BERGER 91 FREJ
r n~ e-m+m0
LIMIT
(10 years) PARTICLE

)29 n

CL% EVTS BKGD EST

90 1 0.78
DOCUMENT ID TECN

BERGER 918 FREJ
L IM IT
(10 years)

&32
PARTICLE

r(p~ p+n+e )
L IM I T
(10 years) PARTICLE

&17 p
~ ~ ~ We do not use the

3.3 p

r(p~ p+nene)

CL% EVTS BKGD EST

90 1 0.8
DOCUMENT ID

BERGER

CL% EVTS BKGD EST DOCUMEN T ID

90 1 2.6 BERGER
following data for averages, fits, limits, etc. ~ ~ ~

90 0 0.7 P H I L LIPS

TECN

91 FREJ

TECN

91 FREJ

89 HPW

7.8 90 0 07

r(n~ p
—e+ne)

LIMIT
(10 years)

&34
PARTI CL E CL% EVTS BKGD EST

90 0 0.78

r(p~ p n+n+)
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

&17 p 90 1 1.72
~ ~ ~ We do not use the following data for averages,

DOCUMENT ID

BERGER
fits, limits, etc. ~ ~ ~

P HILL I PS

TECN

918 FREJ

89 HPW

DOCUMENT ID TECN

BERGER 918 FREJ

L!M I T
(10 years)

)33
PARTICLE

r(n e+Ken )

LIMIT
(10 years) PARTICLE

)33 p

r(n~ p+exe)

CL% EVTS BKGD EST

90 1 0.9

CL% EVTS BKGD EST

90 0 1.1

DOCUMENT ID TECN

BERGER 91 FREJ

DOCUMENT ID TECN

BERGER 91 FREJ

r(p~ e-n+K+)
LIMIT
(10 years) PARTICL E

&20 p

r(p~ p n+K+}
LIMIT
(10 years) PA RTICL E

&5 p

CL% EVTS BKGD EST

90 3 2.50

CL% EVTS BKGD EST

90 2 0.78

DOCUMENT ID

BERGER

DOCUMENT ID

BERGER

TECN

918 FREJ

TECN

918 FREJ
LIMIT
(10 years)

&18
PARTICLE

r n~e m+
L IM IT
(10 years) PARTICLE

)65 n
~ ~ ~ We do not use the

&55 n

&16 n

&25 n

CL% EVTS BKGD EST

90 1 0.2
DOCUMENT /D TECN

BERGER 91 FREJ

CL% EVTS BKGD EST DOCUMENT ID TECN

90
90
90

0 1.09
9 7
2 4

BERGER
HAINES
PARK

918 FREJ
86 IMB
85 IMB

90 0 1.6 SEIDEL 88 IM B
following data for averages, fits, limits, etc. ~ ~ ~

r(p~ e+p)
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

&460 p 90 0 0.6
~ ~ ~ We do not use the following data for averages,

&133 p 90 0 03
&360 p 90 0 03
& 87 p (free) 90 0 0.2
&360 p 90 0 02

0, 1 p 90

We have converted half-fife to 90% CL mean life.

DOCUMENT ID

SEIDEL
fits, limits, etc. ~ ~ ~

BERGER
HAINES
BLEW ITT
BL EWITT

40 GURR

r41

TECN

88 IM8

91 FREJ
86 IMB
85 IMB
85 IMB
67 CNTR

r(n~ p x+)
LIMIT
(10 years} PARTiCLE

&49 n

~ ~ ~ We do not use the

CL% EVTS BKGD EST DOCUMENT ID

90 0 0.5 SEID EL
following data for averages, fits, limits, etc. ~ ~ ~

TECN

88 IMB

&33 n

2.7 n

&25 n

&27 n

90
90
90
90

0 1.40
0 0.7
7 6
2 3

BERGER
PHILLIPS
H AINES
PARK

918 FREJ
89 HPW
86 IMB
85 IMB

DOCUMENT ID TECN

SEIDEL 88 IMB
fits, limits, etc. ~ ~ o

&12 n

&12 n

90 13 6
90 5 3

H A INES
PARK

86 1MB
85 1MB

r(n~ e p+)
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

)62 n 90 2 4.1
~ ~ ~ We do not use the following data for averages,

DOCUMENT ID

SEIDEL
fits, limits, etc. ~ ~ ~

BERGER
HA INES

BLEWITT
BLEWITT

41 GURR

LIMIT
(10 years) PARTICLE

&24 n
~ ~ ~ We do not use the

CL% EVTS BKGD EST DOCUMENT ID

90 10 6.86 BERGER
following data for averages, fits, limits, etc. ~ ~ ~

r(p p+~)
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

&380 p 90 0 0.5
~ ~ ~ We do not use the following data for averages,

&155 p 90 0 01
97 p 90 3 2

& 61 p (free) 90 0 0.2
&280 p 90 0 06

0.3 p 90

We have converted half-life to 90% CL mean life.

r(n~ v7)

r42

TECN

88 1MB

91 FREJ
86 IMB
85 IMB
85 IMB
67 CNTR

r43

TECN

918 FREJ

r(n~ p p+)
L IM IT
(10 years) PARTICLE

&7 n

~ ~ ~ We do not use the

&2.6 n

&9 n

&9 n

CL% EVTS BKGD EST DOCUMENT ID TECN

90
90
90

0 0.7
7 5
2 2

PHILLIPS
HA INES
PARK

89 HPW
86 IMB
85 IMB

90 1 1.1 SEIDEL 88 1MB
following data for averages, fits, limits, etc. ~ o ~

& 9 n

&11 n

r(p~ e+pp)
L IMI T
(10 years) PARTICL E

&100 p

r(p~ e+e+e )

90
90

73 60
28 19

CL% EVTS BKGD EST

90 1 0.8

HAINES
PARK

DOCUMENT /D

BERGER

86 IMB
85 IM8

TECN

91 FREJ

r45

& 0.23 n

r(n~ p K+)

90 0 07

r(n~ e K+)
L IMI T
(10 years) PARTICLE CL% EVTS BKGD EST

)32 n 90 3 2.96
~ ~ ~ We do not use the following data for averages,

DOCUMENT ID

BERGER
fits, limits, etc. ~ ~ ~

PHILLIPS

TECN

918 FREJ

89 HPW

LIMIT
(10 years) PARTICL E

&510 p
~ ~ ~ We do not use the

CL% EVTS BKGD EST DOCUMENT ID

&147
89

& 510

P
p (free)
P

90 0 01
90 0 05
90 0 07

BERGER
BLEWITT
BLEWITT

r (p ~ e+ q+ p-)

90 0 0.3 HA INES

following data for averages, fits, limits, etc. ~ ~ ~

TECN

86 IM8

91 FREJ
85 IMB
85 IM8

L IM IT
(10 0 years) PARTICLE

)57 n
~ ~ ~ We do not use the

CL% EVTS BKGD EST DOCUMENT ID TECN

90 0 2.18 BERGER 918 FREJ
following data for averages, fits, limits, etc. ~ ~ ~

LIMI T
(10 years) PARTICLE

&81 p
o ~ ~ We do not use the

DOCUMENT IDCL% EVTS BKGD EST

90 0 0.16 BERGER
following data for averages, fits, limits, etc. ~ ~ ~

TECN

91 FREJ

4,7 n 90 0 07 P HIL LIPS 89 HPW 5.0 p 90 0 0.7 PHILLIPS 89 HPW
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r(p~ e+vv)
LIMIT
(10 years) PARTICLE

&11 p

r(n~ e+e v}

CL% EVTS BKGD EST

90 11 6.08

&47

DOCUMENT ID TECN

BERGER 918 FREJ

r(N ~ e+xoanything)
LIMIT
(10 years) PA R TICL E CL%

&06 p, n 90

r (N ~ 2 bodies, v-free)

EVTS BKGD EST

0
DOCUMENT ID TECN

LEARNED 79 RVUE

L IMI T
(10 years) PARTICLE

&74 n
o ~ ~ We do not use the

&45 n

)26 n

CL% EVTS BKGD EST DOCUMENT ID

90 0 & 0.1 BERGER
following data for averages, fits, limits, etc. ~ ~ ~

90 5 5 HAINES
90 4 3 PARK

TECN

918 FREJ

86 1MB
85 IMB

LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN

r(pp~ n+e+)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.3 p, n 90 0 ALEKSEEV 81 BAKS

LIMIT
(10 years)

&47
PARTICLE

r(n~ p+e v)

CL% EVTS BKGD EST

90 0 ( 0.1

T49

DOCUMENT /D TECN

BERGER 918 FREJ

L IMI T
(10 yea rs) CL% EVTS

&0.7 90 4

r(pn~ e+eo)

BKGD ES T

2.34
DOCUMENT ID

BERGER

TECN COMMEN T

918 FREJ r per iron nucleus

&62

r(n~ p+p v)
LIMIT
(10 years)

&42
~ ~ ~ We

5.1

&16
&19

PARTICLE CL% EVTS BKGD EST

n 90 0 1.4
do not use the following data for averages, fits,

n 90 0 0.7
n 90 14 7
n 90 47

DOCUMENT /D

BERGER
limits, etc. ~ ~ 0

P HIL LIPS

HAINES
PARK

TECN

918 FREJ

89 HPW
86 1MB
85 1MB

LIMIT
(10 years)

&2.0
CL% EVTS BKGD EST

90 0 0.31

r(nn~ e+e )
LIMIT
(10 years) CL% EVTS BKGD EST

&0.7 90 4 2.18-

DOCUMENT ID

BERGER

DOCUMENT ID

BERGER

TECN COMMENT

918 FREJ r per iron nucleus

TECN COMMEN T

918 FREJ r per iron nucleus

r(p~ p+e+e )
LIMIT
(10 years) PA R TICL E

&91 p

CL% EVTS BKGD ES T

90 0 ( 0.1
DOCUMENT ID

BERGER

TECN

91 FREJ

T hh~ 1l 7l'

LIMIT
(10 years)

&3.4
CL% EVTS BKGD EST

90 0 0.78
DOCLIMENT ID

BERGER

TECN COMMEN T

918 FREJ r per iron nucleus

r(p~ p+p+p )
L/MI T
(10 years) PARTICLE

&190 p
~ ~ ~ We do not use the

&119 p
105 p) 44 p (free)

)190 p
2. 1 p

We have converted 1

r(p~ p+vv)

CL% EVTS

90 1
following data

90 0
90 0
90 1
90 1
90 1

BKGD EST DOCUMENT ID

HAINES
fits, limits, etc. ~ ~ ~

BERGER
P HILLIPS
BL EWITT
BLEWITT

42 BATTISTONI

0.1
for averages,

0.2
0.7
0.7
0.9

possible event to 90% CL limit.

TECN

86 1MB

91 FREJ
89 HPW
85 IMB
85 IMB
82 NUSX

r(pp~ e+e+}
LIMI T
(10 years)

&5.8
CL% EVTS

90 0
BKGD EST

(0.1

r(pp e+ p+}
LIMIT
(10 years)

&3.6
CL% EVTS BKGD EST

90 0 F01

r(pp~ p+p+)
LIMIT
(10 years)

&1.7
CL% EVTS BKGD EST

90 0 0.62

DOCUMENT ID

BERGER

DOCUMENT /D

BERGER

DOCUMENT ID

BERGER

TECN COMMENT

918 FREJ r per iron nucleus

TECN COMMENT

918 FREJ r per iron nucleus

&67

TECN COMM EN T

918 FREJ r per iron nucleus

L IM I T
(10 yea rs) PA R TICL E

&21 p

r(p e- p+ p+)

CL% EVTS BKGD EST

90 7 11.23
DOCUMENT ID

BERGER

TECN

918 FREJ
r(pn~ e+r)
LIMIT
(1030 years)

&2,8
CL% EVTS BKGD EST

90 5 9.67
DOCUMENT ID

BERGER

TECN COM MEN T

918 FREJ r per iron nucleus

L IM I T
(10 years) PARTICLE

&60 p

r(n~ av)

CL% EVTS BKGD EST

90 0 0.7
DOCUMENT ID

PHILLIPS

TECN

89 HPW
r(pn~ p+v)
LIMI T
(10 0 years) CL%

&1.6 90
EVTS BKGD EST

4 4.37
DOCUMENT /D

BERGER

TECN COM MEN T

918 FREJ r per iron nucleus
L IM IT
(10 years) PARTICLE CL% EVTS BKGD EST

&0.00049 n 90 2 2
~ ~ o We do not use the following data for averages,

)0.00003 n 90 11 6 1

)0.00012 n 90 7 11.2
)0.0005 n 90 0

The SUZUKI 938 limit applies to any of ve vz v&,

The first BERGER 918 limit is for n ~ vz vz ve7

DOC UM EN T ID

43 SUZUKI
fits, limits, etc. ~ ~ ~

44 BERGER
44 BERGER

LEARNED

p p p r r r
the second is for n ~

TECN

938 KAMI

918 FREJ
918 FREJ
79 RVUE

r nn —+ v~vz
LIMIT
(10 years) CL%

&0.000012 90

nn —+ v&v&
LIMIT
(10 years) CL%

&0.000006 90

EVTS BKGD EST

5 9.7

EVTS BKGD EST

4 4.4

DOCUMENT ID

BERGER

DOCUMENT ID

BERGER

&0

TECN COMMENT

918 FREJ r per iron nucleus

TECN COMMENT

918 FREJ r per iron nucleus

r(N ~ e+ anything)
L IM I T
(10 years) PARTICLE CL% EVTS BKGD EST

&0.6 p, n 90
45 The electron may be primary or secondary.

r(N ~ p+anything)

DOCUMENT ID TECN

45 LEARNED 79 RVUE

p PARTIAL MEAN LIVES

The "partial mean life" limits tabulated here are the limits on r/B;, where
r is the total mean life for the antiproton and B; is the branching fraction
for the mode in question.

r(p~ e p)

81 HOME

L IM IT
(10 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN

&12 p, n 90 2 CHERRY
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.8 p, n 90 47 COWSIK 80 CNTR
) 6 p, n 90 LEARNED 79 RVUE

We have converted 2 possible events to 90% CL limit.
4 The muon may be primary or secondary.

VALUE (years)

&1848

r(p~ e—eo)
VALUE (years)

&554

r(p~ e n)

CL%

95

CL%

95

DOCUMENT /D

GEER

DOCUMENT ID

GEER

TECN COMMENT

94 CALO 8.9 GeV/c p beam

TECN COMMENT

94 CALO 8.9 GeV/c p beam

r(N -+ vanything)
Anything = 7r, p, K, etc.

L/MI T
(10 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)0.0002 p, n 90 0 LEARNED 79

TECN

RVUE

VALUE (years)

&171

(p e-/rs)
VAL UE (years)

&29

CLl

CL%

95

DOCUMENT ID

GEER

DOCUMENT ID

GEER

TECN COMMENT

94 CALO 8.9 GeV/c p beam

TECN COMM EN T

94 CALO 8.9 GeV/c p beam
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, n

GABRIELSE
MACGI BBON
GEER
HALI IN

SUZUKI
HUGHES
ZIEGER

Also
BERGER
BERGER
F EDERSPIEL
BECKER-SZ..
ERICSON
GA 8R I E LS E
BERGER
CHO
Hl RATA
PHILLIPS
K REISSL
SEIDEL
BARTELT

Also
COHEN
HAINES
KA JITA
AR ISA K A

BLEWITT
DZU BA
PARK
BATTI STONI
MARINELLI
WILK ENING
BARTELT
BATTISTONI
KRISHNA. ..
ALE KSEEV

95
95
94
93
938
92
92
928
91
918
91
90
90
90
89
89
89C
89
88
88
87
89
87
86
86
85
85
85
85
84
84
84
83
82
82
81

CHERRY
COWS I K

BELL
GOLDEN
LEARNED
BREGMAN
ROBERTS
EVAN S
ROBERSON
HU

COHEN
DYLLA
BAMBERGE
DIX
HARRISON
GURR
FLEROV

81
80
79
79
79
78
78
77
77
75
73
73

R 70
70
69
67
58

r(p~ e K-~~)

VA L UE (years)

&9
CL%

95

PRL 74 3544
P R C52 2097
PRL 72 1596
PR C48 1497
PL 8311 357
PRL 69 578
PL 8278 34
PL 8281 417 (e
ZPHY C50 385
PL 8269 227
PRL 67 1511
PR D42 2974
EPL 11 295
PRL 65 1317
NP 8313 509
PRL 63 2559
PL 8220 308
P L 8224 348
ZPHY C37 557
PRL 61 2522
PR D36 1990
P R D40 1701 er
RMP 59 1121
PRL 57 1986
JPSJ 55 711
JPSJ 54 3213
PRL 55 2114
PL 1548 93
PRL 54 22
PL 1338 454
PL 1378 439
PR A29 425
PRL 50 651
PL 1188 461
PL 1158 349
JETPL 33 651
Translated from
PRL 47 1507
PR D22 2204
PL 868 215
PRL 43 1196
PRL 43 907
PL 788 174
PR D17 358
Science 197 989
PR C16 1945
NP A254 403
JPCRD 2 663
PR A7 1224
PL 338 233
Thesis Case
PRL 22 1.263
PR 158 1321
DOKL 3 79

DOCUMENT ID

GEER

TECN COMMENT

94 CALO 8.9 GeV/c p beam

p REFERENCES

i(J~) = t(t+) status:

+Phillips, Quint+ (HARV, MANZ, SEOUL)
+Garino, Lucas, Nathan+ (ILL, SASK, INRM)
+Marriner, Ray+ (FNAL, UCLA, PSU)
+Am endt, Bergstrom+ (SAS K, BOST, IL L}
+Fukuda, Hirata, Inoue+ (KAMIOKANDE Collab. )
+Deutch (LANL, AARH)
+Van de Vyver, Christmann, DeGraeve+ (MPCM)

atum) Zieger, ..., Van den Abeele, Ziegler (MPCM)
+Froehlich, Moench, Nisius+ (FREJUS Collab. )
+Froehlich, Moench, Nisius+ (FREJUS Collab. )
+Eisenstein, Lucas, MacGibbon+ (ILL)

Becker-Szendy, Bratton, Cady, Casper+ (IMB-3 Collab. )
+Richter (CERN, DARM)
+Fei, Orozco, Tjoelker+ (HARV, MANZ, WASH, IBS)
+Froehlich, Moench+ (FREJUS Collab. )
+Sangster, Hinds (YALE)
+Kajita, Kifune, Kihara+ (Kamiokande Collab. )
+Matthews, Aprile, Cline+ (HPW Collab. )
+Hancock, Koch, Koehler, Poth+ (CERN PS176 Collab. )
+Bionta, Blewitt, Bratton+ (IMB Collab. )
+Courant, Heller+ (Soudan Collab. )

atum Bartelt, Courant, Heller+ (Soudan Collab. )
+Taylor (RISC, NBS)
+Bionta, Blewitt, Bratton, Casper+ (IMB Collab. )
+Arisaka, Koshiba, Nakahata+ (Kamiokande Collab. }
+Kajita, Koshiba, Nakahata+ (Kamiokande Collab. )
+Losecco, Bionta, Bratton+ (IMB Collab. )
+Flambaum, Silvestrov (NOVO)
+Blewitt, Cortez, Foster+ (IMB Collab. )
+Bellotti, Bologna, Campana+ (NUSEX Collab. )
+ Morpurgo (GENO)
+Ramsey, Larson (HARV, VIRG)
+Courant, Heller, Joyce, Marshak+ (MINN, ANL)
+Bellotti, Bologna, Campana+ (NUSEX Collab. )

Krishnaswamy, Menon+ (TATA, OSKC, INUS)
+Bakatanov, Butkevich, Voevodskii+ (P NPI)

ETFP 33 664.
+Deakyne, Lande, Lee, Steinberg+ (PENN, BNL)
+Narasimhan (TATA)
+Calvetti, Carron, Chancy, Cittolin+ (CERN)
+Horan, Mauger, Badhwar, Lacy+ (NASA, PSLL)
+Reines, Soni (UCI)
+Calvetti, Carron, Cittolin, Hauer, Herry (CERN)

(WILL, RHEL)
+Steinberg (BNL, PENN)
+King, Kunselman+ (WYOM, CIT, CMU, VPI, WILL)
+Asano, Chen, Cheng, Dugan+ (COLU, YALE)
+Taylor (RISC, NBS)
+King (MIT)
+Lynen, Piekarz+ (MPIH, CERN, KARL)

(CASE)
+Sandars, Wright (OXF)
+Kropp, Reines, Meyer (CASE, WITW)
+Klochkov, Skobkin, Terentev (AS C I)

m„—m&

VA L UE (M eV) DOCUMENT ID TECN COMMENT

1.293318 +0.000009 COHEN 87 RVUE 1986 CODATA value
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.2933328 +0.0000072 GREENE 86 SPEC np ~ dp
1.293429 +0.000036 COHEN 73 RVUE 1973 CODATA value

Calculated by us from the COHEN 87 ratio mn/mp —1.001378404 + 0.000000009. In

u, m„—m p: 0 001388434 + 0 000000009 u.

n MEAN LIFE

We now compile only direct measurements of the lifetime, not those in-

ferred from decay correlation measurements. (Limits on lifetimes for bound
neutrons are given in the section "p PARTIAL MEAN LIVES.")
For a review, see EROZOLIMSKII 89 and papers that follow it in an
issue of NIM devoted to the "Proceedings of the International Workshop
on Fundamental Physics with Slow Neutrons" (Grenoble 1989). For later
reviews and/or commentary, see FREEDMAN 90, SCHRECKENBACH 92,
and PENDLEBURY 93.

VALUE (s) DOCUMENT ID TECN COMMENT

887.0+ 2.0 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

882.6 + 2.7 MAMPE 93 CNTR Gravitational trap
888.4+ 3.1+ 1.1 NESVIZHEV. .. 92 CNTR Gravitational trap
893.6+ 3.8+ 3.7 BYRNE 90 CNTR Penning trap
878 +27 +14 KOSSAKOW. .. 89 TPC Pulsed beam
887.6+ 3.0 MAMPE 89 CNTR Gravitational trap
877 +10 PAUL 89 CNTR Storage ring

876 k 10 + 19 LAST 88 SPEC Pulsed beam
891 6 9 SPIVAK 88 CNTR Beam
903 +13 KOSVINTSEV 86 CNTR Gravitational trap
918 k 14 CHRISTEN SEN72 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

888.4 4 2.9 ALFIMENKOV 90 CNTR See NESVIZHEVSKI I 92
937 6 18 8 BYRNE 80 CNTR
875 + 95 KOSVINTSEV 80 CNTR
881 + 8 BONDAREN. .. 78 CNTR See SPIVAK 88

7IGNATOVICH 95 calls into question some of the corrections and averaging procedures
used by MAMPE 93. If MAMPE 93 is removed from the data averaged here, our new
average is 889.2 + 2.2 s, with a scale factor of 1.1.
This measurement has been withdrawn (J. Byrne, private communication, 1990).

WEIGHTED AVERAGE
887.0+2.0 (Error scaled by 1.3)

We have omitted some results that have been superseded by later
experiments. See our earlier editions.

n MASS

The mass is known much more precisely in u (atomic mass units) than
in MeV; see the footnotes. The conversion from u to MeV, 1 u

931.49432+0.00028 MeV, involves the relatively poorly known electronic
charge. The DIFILIPPO 94 value, in u, is by far the best, but when con-
verted to MeV differs only negligibly from the 1986 CODATA value, which,
for consistency, we stick with.

VAL UE (MeV') DOCUMENT ID TECN COMMENT

939.56563+0.00028 COHEN 87 RVUE 1986 CODATA value
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

939.56565 +0.00028 DIFILIPPO 94 Penning trap
939.56564 +0.00028 GREENE 86 SPEC np ~ dp
939.5731 + 0.0027 COHEN 73 RVUE 1973 CODATA value

The mass is known much more precisely in u: m = 1,008664904 + 0.000000014 u.
The mass is known much more precisely in u: m = 1.0086649235 + 0.0000000023 u.
We use the conversion factor given above to get the mass in MeV.
The mass is known much more precisely in u: m = 1.008664919+ 0.000000014 u.

4 These determinations are not independent of the m„—mp measurements below.

n MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMM EN T

939.485+0.051 59 5 CRESTI 86 HBC pp ~ nn

This is a corrected result (see the erratum). The error is statistical. The maximum
systematic error is 0.029 MeV.

MAMPE 93 CNTR
NESVIZHEV. .. 92 CNTR
BYRNE 90 CNTR
KOSSAKOW. .. 89 TPC
MAMP E 89 CNTR
PAUL 89 CNTR
LAST 88 SPEC
S PI VAK 88 CNTR
KOSVINTSEV 86 CNTR

ISTENSEN72 CNTR

(Confidence Level
!

840 860 880 900 920 940 960

x'
2.6
0.2
1.5

0.0
1.0
0.3
0.2
1.5
4.9

1 2.3
= 0.138)

neutron mean life (s)

n MAGNETIC MOMENT

VALUE (PN) DOCUMENT ID TECN COMMENT

—1.91304275+0.00000045 COHEN 87 RVUE 1986 CODATA value
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—1.91304277+0.00000048 GREENE 82 MRS

GREENE 82 measures the moment to be (1.04187564 + 0.00000026) x 10 Bohr
magnetons. The value above is obtained by multiplying this by m p/me —1836.152701+
0.000037 (the 1986 CODATA value from COHEN 87).

(mrr mg) I maverage

A test of CPT invariance. Calculated from the n and n masses, above.

VAL UE DOCUMENT ID

(9+5) x 10 OUR EVALUATION
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n ELECTRIC DIPOI E MOMENT

A nonzero value is forbidden by both T invariance and P invariance.
A number of early results have been omitted. See RAMSEY 90 and
GOLUB 94 for reviews.

VALUE (10 ecm) CL%

& 1.1 95
~ ~ ~ We do not use the

1.2
2.6
0.3+4.8
6

&16

95
95

90
90

DOC UM EN T ID TECN

ALTAREV 92 MRS
following data for averages, fits,

SMITH 90 MRS
ALTAREV 86 MRS
PENDLEBURY 84 MRS
ALTAR EV 81 MRS
ALTAR EV 79 MRS

COMMENT

(+0.26+ 0.42 + 0.16) x 10—25

limits, etc. o ~ ~

d= (—0.3+ 0.5) x 10
d = (—1.4 + 0.6) x 10
Ultracold neutrons

d = (2.1 + 2.4) x 10
d = (4.0 4 7.5) x 10

n ELECTRIC POLARIZABILITY a„
Following is the electric polarizability o.„defined in terms of the induced
electric dipole moment by D = 4~~0+„E.For a review, see SCHMIED-
MAYER 89.

VALUE (10 fm ) DOCUMENT ID TECN COMMEN T

0 98 0'23 OUR AVERAGE Error includes scale factor of 1.1.

0.0 +0.5 KOESTER 95 CNTR
1.20 6 0.154 0.20 SCHMIEDM. .. 91 CNTR

p7+ 0.33—1.07 ROSE 90B CNTR

0.8 + 1.0 KOESTER 88 CNTR
1.2 + 1.0 SCHMIEDM. .. 88 CNTR
~ ~ a We do not use the following data for averages, fits, limits,

n Pb, n Bi transmission
n Pb transmission

rd ~ "/np

n Pb, n Bi transmission
n Pb, n C transmission
etc. ~ ~ ~

1.17 ROSE 90 CNTR See ROSE 90B

KOESTER 95 uses natural Pb and the isotopes 208, 207, and 206. See this paper for a
discussion of methods used by various groups to extract ry„ from data.

n CHARGE

See also "~qp+ qe~/e" in the proton Listings.

VAL UE (10 e) DOCUMENT ID TECN COMMEN T

0.4+ 1.1 11 BAUMANN 88 Cold n deflection
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—15 +22 GAEHLER 82 CNTR Reactor neutrons

The BAUMANN 88 error +1.1 gives the 68% CL limits about the the value —0.4.
The GAEHLER 82 error +22 gives the 90% CL limits about the the value —15.

LIMIT ON nn OSCILLATIONS

n DECAY MODES

Mode

I1 Pe ve
hydrogen-atom v,

Fraction (I;/I )

100 %

Confidence level

"3 pve ve

Charge conservation (Q) violating mode

q & 9x10 24 90%

Mean Time for nn Transition in Vacuum
A test of NB=2 baryon number nonconservation. MOHAPATRA 80 and MOHAPA-
TRA 89 discuss the theoretical motivations for looking for nn oscillations. DOVER 83
and DOVER 85 give phenomenological analyses. The best limits come from look-

ing for the decay of neutrons bound in nuclei. However, these analyses require
model-dependent corrections for nuclear effects. See KABIR 83, DOVER 89, and
ALBERICO 91 for discussions. Direct searches for n ~ n transitions using reactor
neutrons are cleaner but give somewhat poorer limits. We include limits for both free
and bound neutrons in the Summary Table.

VAL UE (s) CL% DOCUMENT ID TECN COMM EN T

12x 108 90 BERGER 90 FREJ n bound in iron

&1.2 x 10 90 TAKITA 86 CNTR Kamiokande
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&8.6 x 10 90 BALDO-. .. 94 CNTR Reactor neutrons
&1 x 10 90 BALDO-. .. 90 CNTR See BALDO-CEOLIN 94
&4.9 x 10 90 B RESS I 90 CNTR Reactor neutrons
)4.7 x 10 90 BRESSI 89 CNTR See BRESSI 90
)1 x 10 90 FIDECARO 85 CNTR Reactor neutrons
&8.8 x 10 90 PARK 85e CNTR
&3 x 107 BATTISTONI 84 NUSX

& 2.7 x 10 -1.1 x 10 JONES 84 CNTR
&2 x 10 CHERRY 83 CNTR

n BRANCHING RATIOS

I (hydrOgen-atnm sr, )/rtot, t

VAL UE CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(3 10 95 GREEN 90 RVUE

GREEN 90 infers that 7.(hydrogen-atom ve) & 3 x 10 s by comparing neutron lifetime
measurements made in storage experiments with those made in P-decay experiments.
However, the result depends sensitively on the lifetime measurements, and does not of
course take into account more recent measurements of same.

(pr ar e)/rtotai
Forbidden by charge conservation.

VAL UE CL% DOCUMEN T ID TECN

(9 x 10 24 90 BARABANOV 80 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits,

(9.7 x 10—18 90 ROY 83 CNTR
&7.9 x 1p

—21 VAIDYA 83 CNTR
x 10-» NORMAN 79 CNTR

COMMENT

»Ga - 7'Gex
etc. ~ ~ ~

I s/I

113Cd ~ 113mlnneut.
8?Rb 87mSrneut.
87Rb ~ 87msrneut.

+f [ fi(r/')7i + t f2(rI')o~, g" + gi(g')7'a'7: + gs(g')7:g~ ] &, .

Here B, and Bf are spinors describing the initial and final

baryons, and q = p, —p/, while the terms in fi, fz, gi, and gs
account for vector, induced tensor ("weak magnetism"), axial

vector, and induced pseudoscalar contributions [1]. Second-class

current contributions are ignored here. In the limit of zero mo-

mentum transfer, fi reduces to the vector coupling constant gv,
and gy reduces to the axial-vector coupling constant gg. The
latter coefficients are related by Cabibbo's theory [2], general-

ized to six quarks (and three mixing angles) by Kobayashi and

Maskawa [3]. The gs term is negligible for transitions in which

an e is emitted, and gives a very small correction, which can

be estimated by PCAC [4], for p,
+ modes. Recoil effects include

weak magnetism, and are taken into account adequately by

considering terms of first order in

mj —mj6= m+ f

where m, and mf are the masses of the initial and final baryons.

The experimental quantities of interest are the total decay

rate, the lepton-neutrino angular correlation, the asymmetry

coefficients in the decay of a polarized initial baryon, and t, he

polarization of the decay baryon in its own rest frame for an

unpolarized initial baryon. Formulae for these quantities are

derived by standard means [5] and are analogous to formulae

for nuclear beta decay [6]. We use the notation of Ref. 6 in the

Listings for neutron beta decay. For comparison with experi-

ments at higher q, it is necessary to modify the form factors

at q = 0 by a "dipole" q dependence, and for high-precision

comparisons to apply appropriate radiat, ive correct, ions [7].
The ratio gg/gv may be written as

NOTE ON BARYON DECAY PARAMETERS

(by E.D. Commins, University of California, Berkeley)

Baryon semileptonic decays

The typical spin-1/2 baryon semileptonic decay is described

by a matrix element, the hadronic part of which may be written

as:

g~/gv =
] g~/gv e'~"'
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n

The presence of a "triple correlation" term in the transition

probability, proportional to Im(gg/gi ) and of the form

oi"(Pt x Pv)

for initial baryon polarization or

a.
y (Pt x Pv)

for final baryon polarization, would indicate failure of time-

reversal invariance. The phase angle P has been measured

precisely only in neutron decay (and in sNe nuclear beta

decay), and the results are consistent with T invariance.

In the Baryon Summary Table, we give n, P, and 4 (defined

below) with errors, and also give the value of q without error.
Time-reversal invariance requires, in the absence of final-

state interactions, that 8 and p be relatively real, and therefore
that P = 0. However, for the decays discussed here, the final-

state interaction is strong. Thus

s = Isle' ' and p = ]pie' ",
where 6, and 6& are the pion-baryon s- and p-wave strong
interaction phase shifts. We then have

Hyperon nonleptonic decays

The amplitude for a spin-1/2 hyperon decaying into a
spin-1/2 baryon and a spin-0 meson may be written in the form

M = GF m By (A —Bps) B, ,

One also defines 6 = —tan (P/n). If T invariance holds,
= b, —6&. For A —+ p7r decay, the value of 6 may be

compared with the 8- and p-wave phase shifts in low-energy

p scattering, and the results are consistent with T invariance.

where A and B are constants [1]. The transition rate is propor-

tional to

R = 1+ pwy w;+ (1 —p)(ioy n)(io; n)

+ n(wy n+ w, n) + Pn (ioy x w),

where n is a unit vector in the direction of the final baryon

momentum, and w, and wf are unit vectors in the directions of
the initial and final baryon spins. (The sign of the last term in

the above equation was incorrect in our 1988 and 1990 editions. )
The parameters o., P, and p are defined as

a = 2 Re(s*p)/(
I

s 2 + p ]2),

P = 2™(s*p)/(
I
s

I
+

I p I ),
~ = ( s I' —

I» I')/( s I' + I» '),
where s = A and p =

I py I B/(Ey + ray); here Fy and py are

the energy and momentum of the final baryon. The parameters

n, P, and p satisfy

+Lf +p

If the hyperon polarization is Py, the polarization PB of the

decay baryons is

(n+ Pi n)n+ P(Pr- x n) + pn x (Py x n)PB =
1+oPy n

Here PB is defined in the rest system of the baryon, obtained

by a Lorentz transformation along n from the hyperon rest

frame, in which n and Py are defined.

An additional useful parameter g is defined by

P = (1 —o. )'I sing .

Radiative hyperon decays

For the radiative decay of a polarized spin-1/2 hyperon,

B ' ~ Bfp, the angular distribution of the direction p of the
final spin-1/2 baryon in the hyperon rest frame is

dI ~ I'q~ (1+o~p P,),
dA

where P; is the hyperon polarization and the asymmetry pa-

rameter n& is

2Re [gi(0) fM(0)]
lgl(0) '+ lf (0) I'

'

Here fM = '
I(m, + my) f2 —fi], where fi(q ),

rue + my
f&(qz), and gi(q ) are the AQ = 0 analogs of the IRAQI = 1

form factors defined above.
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n ~ pe v DECAY PARAMETERS

See the above "Note on Baryon Decay Parameters. " For discussions of re-

cent results, see the references cited at the beginning of the section on the
neutron mean life. For discussions of the values of the weak coupling con-
stants gA and g~ obtained using the neutron and asymmetry parameter A,
comparisons with other methods of obtaining these constants, and impli-
cations for particle physics and for astrophysics, see DUBBERS 91 and
WOOLCOCK 91. For tests of the V —A theory of neutron decay, see
EROZOLIMSKI I 91B.

EA /Ev
VAL UE
—1.2601+0.0025
—1.266 +0,004
—1.2544+ 0,0036
—1.262 +0.005
—1.261 +0.012
—1.259 +0.017
—1.258 +0.015
~ ~ o We do not

DOCUMENT ID TECN COMMENT

OUR AVERAGE Error includes scale factor of 1.1.
SCHRECK. .. 95 TPC e mom-n spin corr.
EROZOLIM. .. 91 CNTR e mom-n spin corr.
BOPP 86 SPEC e mom-n spin corr.
EROZOLIM. .. 79 CNTR e mom-n spin corr.
STRATOWA 78 CNTR proton recoil spectrum
KROHN 75 CNTR e mom-n spin corr.

use the following data for averages, fits, limits, etc. a ~ ~

—1.226 +0.042 MOSTOVOY 83 RVU E
—1.263 +0,015 EROZOLIM. .. 77 CNTR See EROZOLIMSKII 79
—1.250 +0.036 DOBROZE. . . 75 CNTR See STRATOWA 78
—1.263 +0.016 KROPF 74 RVUE n decay alone
—1.250 +0.009 KROPF 74 RVUE n decay + nuclear ft

These experiments measure the absolute value of gA/glV only.14

15KROHN 75 includes events of CHRISTENSEN 70.
KROPF 74 reviews all data through 1972.

WEIGHTED AVERAGE
-0.1139+0.0011 (Error scaled by 1.3)

I I

-0.125 -0.12 -0.115 -0.11

x'
2.1

2.8
0.1

0.0
0.0
5.0

(Confidence Level = 0.283}

-0.095

SCHRECK. .. 95 TPC
EROZOLIM. .. 91 CNTR
BOPP 86 SPEC
EROZOLIM. .. 79 CNTR
KROHN 75 CNTR

-0.1 05 -0.1

8 ASYMMETRY PARAMETER A

v ASYMMETRY PARAMETER B
This is the neutron-spin antineutrino-momentum correlation coefficient.

VALUE DOCUMEN T ID TECN COM M EN T

0.990 +0.008 OUR AVERAGE
0.9894 4 0.0083
0.995 +0.034
1.00 j0.05

KUZNETSOV 95 CNTR Cold polarized neutrons
CHRISTENSEN70 CNTR
EROZOLIM. .. 70c CNTR

e-v ANGULAR CORRELATION COEFFICIENT a
VALUE DOCUMENT ID TECN COMMENT
—0.102 +0.005 OUR AVERAGE
—0, 1017+0,0051
—0.091 6 0.039

STRATOWA 78 CNTR Proton recoil spectrum
G RIGOR EV 68 SPEC Proton recoil spectrum

P ASYMMETRY PARAMETER A
This is the neutron-spin electron-momentum correlation coefficient. Unless otherwise
noted, the values are corrected for radiative efFects and weak magnetism.

VAL UE DOCUMENT ID TECN COM MEN T
—0.1139+0.0011 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram

below.
—0.1160+0,0009 + 0.0011 SCHRECK. .. 95 TPC e mom-n spin corr.
—0.1116+0.0014 EROZOLIM. .. 91 CNTR
—0.1146+0.0019 BOPP 86 SPEC
—0.114 +0.005 EROZOLIM. .. 79 CNTR
—0, 113 +0.006 17 KROHN 75 CNTR

These results are not corrected for radiative effects and weak magnetism, but the cor-
rections are small compared to the errors.

Av PHASE OF ga RELATIVE TO gv
Time reversal invariance requires this to be 0 or 180

VALUE ( ) DOCUMENT ID TECN COMM EN T

180.07+0.18 OUR EVALUATION Using the average value for quantity D given in the
next data block and A = gA/gy in sin@A~—
D(].+342)/2A.

180.09+0.18 OUR AVERAGE
179.714 0.39 EROZOLIM. .. 78 CNTR Polarized neutrons
180.35+0.43 EROZOLIM. .. 74 CNTR Polarized neutrons
180.14+0.22 STEINBERG 74 CNTR Polarized neutrons
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

181.1 + 1.3 KROPF 74 RVUE n decay

KROPF 74 reviews all data through 1972.

n REFERENCES

We have omitted some papers that have been superseded by later experi-
rnents. See our earlier editions.

IGNATOV ICH 95

KOESTER 95
KUZNETSOV 95
SCHRECK. .. 95
BALDO-. .. 94
DIF ILIPPO 94

Also 93
GOLU B 94
MAMPE 93

PENDLEBURY 93
ALTAREV 92
NESVIZHEV. .. 92

SCHRECK. . . 92
ALBERICO 91
DUBBERS 91

Also 90
EROZOLIM. .. 91

Also 90

EROZOLIM. .. 91B

SCHMIEDM. .. 91
WOOLCOCK 91
ALFIMENKOV 90

BALDO-. . . 90
BERGER 90
BRESSI 90
BYRNE 90
FREEDMAN 90
GREEN 90
RAMSEY 90
ROSE 90
ROSE 90B
SMITH 90
BRESSI 89
DOVER 89
EROZOLIM. .. 89
KOSSA KOW. . . 89
MAMPE 89
MO HA PAT RA 89
PAUL 89
SCHMIEDM. . . 89
BAUMANN 88
KOESTER 88
LAST 88
SCHMIEDM. . . 88

Also 88B
SP IVA K 88

COHEN 87
ALTAREV 86

BOPP 86
Also 88

CRESTI 86
Also 88

GREENE 86
KOSVINTSEV 86

TA K ITA 86
DOVER 85
FIDECARO 85
PARK 85B
BATT ISTONI 84
JONES 84
PENDLEBURY 84
CHERRY 83
DOVER 83
KABIR 83
MOSTOVOY 83

(JINR)JETPL 62 1
Translated from
PR C51 3363
PRL 75 794
PL B349 427
ZPHY C63 409
PRL 73 1481
PRL 71 1998
PRPL 237C 1

JETPL 57 82
Translated from
ARNPS 43 687
PL B276 242
JETP 75 405
Translated from
JPG 18 1
NP A523 488
NP A527 239c
EPL 11 195
PL B263 33
SJNP 52 999
Translated from
SJNP 53 260
Translated from
PRL 66 1015
MPL A6 2579
JETPL 52 373
Tra nsla ted from
PL B236 95
PL B240 237
NC 103A 731
PRL 65 289
CNPP 19 209
JPG 16 L75
ARNPS 40 1
PL B234 460
NP A514 621
PL B234 191
ZPHY C43 175
NIM A284 13
NIM A284 89
NP A503 473
PRL 63 593
NIM A284 1

ZPHY C45 25
NIM A284 137
PR D37 3107
ZPHY A329 22
PRL 60 995
PRL 61 1065
PRL 61 2509 er
JETP 67 1735
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RMP 59 1121
JETPL 44 460
Tra nsl a ted fro m
PRL 56 919
ZPHY C37 179
PL B177 206
PL B200 587 er
PRL 56 819
JETPL 44 571
Translated from
PR D34 902
PR C31 1423
PL 156B 122
NP B252 261
PL 133B 454
PRL 52 720
PL 136B 327
PRL 50 1354
PR D27 1090
PRL 51 231
JETPL 37 196
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ZETFP 62 3.
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Baldo-Ceolin, Benetti, Bitter+ (PADO, PAVI, HEIDP, ILLG)
+Froehlich, Moench, Nisius+ (FREJUS Collab. )
+Calligarich, Cambiaghi+ (PAVI, ROMA, MILA)
+Dawber, Spain, Williams+ (SUSS, NBS, SCOT, CBNM)
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Kossakowskh Grivot+ (LAPP, SAVO, ISNG, ILLG)

+Ageron, Bates, Pendlebury, Steyerl (ILLG, RISL, SUSS, URI)
(UMD)

+Anton, Paul, Paul, Mampe (BONN, WUPP, MPIH, ILLG)
Schrniedmayer, Rauch, Riehs (WIE N)

+Gaehler, Kalus, Mampe (BAYR, MUNI, ILLG)
9 +Waschkowski, Meier (MUNI, MUNT)

+Arnold, Doehner, Dubbers+ (HEIDP, ILLG, ANL)
Schmiedmayer, Rauch, Riehs (TUW)

ratum Schmiedmayer, Rauch, Riehs (TUW)
(K IA E)

ZETF 94 1.
+Taylor (RISC, NBS)
+Borisov, Borovikova, Brandin, Egorov+ (PNPI)

ZETFP 44 360.
+Dubbers, Hornig, Klemt, Last+ (HEIDP, ANL, ILLG)

Klemt, Bopp, Hornig, Last+ (HEIDP, ANL, ILLG)
+Pasquali, Peruzzo, Pinori, Sartori (PA DO)

ratum Cresti, Pasquali, Peruzzo, Pinori, Sartori (PA DO)
+Kessler, Deslat tes, Boe rner (NBS, ILLG)
+Morozov, Terekhov (KIAE)

ZETFP 44 444.
+Arisaka, Kajita, Kifune+ (KEK, TOKY+)
+Gal, Richard (BNL)
+La nceri+ (CERN, ILLG, PADO, RAL, SUSS)
+Blewitt, Cortez, Foster+ (IMB Collab. )
+Bellotti, Bologna, Campana+ (NUSEX Collab. )
+Bionta, Blewitt, Bratton+- (IMB Collab. )
+Smith, Golub, Byrne+ (SUSS, HARV, RAL, ILLG)
+Lande, Lee, Steinberg, Cleveland (PENN, BNL)
+Gal, Richards (BNL)

(HARV)
(KIAE)

ZETFP 37 162.

TRIPLE CORRELATION COEFFICIENT 0
These are measurements of the component of n spin perpendicular to the decay plane
in P decay. Should be zero if T invariance is not violated.

VAL UE DOCUMENT ID TECN COMMENT

(—0.5 +1.4 ) x 10 3 OUR AVERAGE

+ 0,0022 + 0.0030 EROZOLIM. .. 78 CNTR Polarized neutrons
—0.0027 +0.0050 EROZOLIM. .. 74 CNTR Polarized neutrons
—0.0011+0.0017 STEINBERG 74 CNTR Polarized neutrons

EROZOLIMSKII 78 says asymmetric proton losses and nonuniform beam polarization
may give a systematic error up to 0.003, thus increasing the EROZOLIMSKII 74 error
to 0.005. STEINBERG 74 and STEINBERG 76 estimate these systematic errors to be
insignificant in their experiment.
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ROY 83
VA IDYA 83
GAEHLER 82
GREENE 82
ALTA REV 81
BARABANOV 80

BYR NE 80
KOSVINTSEV 80

MOHAPATRA 80
ALTAREV 79

E ROZOL I M. .. 79

NORMAN 79
BONDAREN. . . 78

Also 82
E ROZOL I M. .. 78

ST RATOWA 78
EROZOLI M. .. 77

STEINBERG 76
DOBROZE. .. 75
KROHN 75
EROZOLI M. .. 74

KROPF 74
Also 70

STEINBERG 74
COHEN 73
CHRISTENSEN 72
CHRISTENSEN 70
EROZOLIM. .. 70C
GRIGOREV 68

PR D28 1770
PR D27 486
PR D25 2887
Metrologia 18 9
PL 102B 13
JETPL 32 359
Translated from
PL 92B 274
JETPL 31 236
Translated from
PRL 44 1316
JETPL 29 730
Translated from
SJNP 30 356
Translated from
PRL 43 1226
JETPL 28 303
Translated from
Smolenice Conf.
SJNP 28 48
Translated from
P R D18 3970
JETPL 23 663
Translated from
PR D13 2469
PR D11 510
PL 55B 175
JETPL 20 345
Tra nsl a ted from
ZPHY 267 129
NP A154 160
PRL 33 41
JPCRD 2 663
PR DS 1628
PR Cl 1693
PL 33B 351
SJNP 6 239
Translated from

ZETFP

ZETFP

ZETFP

YAF 30

ZETFP

YAF 28

ZETFP

ZETFP

YAF 63

(TATA)
(TATA)

(BAYR, ILLG)
ORNL, CENG)

(PNP I)
(PNP I)

+Vaidya, Ephraim, Datar, Bhatki+
+Roy, Ephraim, Datar, Bhattacherjee
+Kalus, Mampe
+ (YALE, HARV, ILLG, SUSS,
+Borisov, Borovikova, Brandin, Egorov+
+Veretenkin, Gavrin+

32 384.
+Morse, Smith, Shaikh, Green, Greene
+K ushnir, Morozov, Terekhov
31 257.
+Marshak
+Borisov, Brandin, Egorov, Ezhov, Ivanov+
29 794.

Erozolimskii, Frank, Mostovoy+
692.
+Seamster

Bondarenko, Kurguzov, Prokofev+
28 328.

Bond arenko
Erozolimskii, Mostovoy, Fedunin, Frank+

98.
+Dobrozernsky, Weinzierl

Erozolimskii, Frank, Mostovoy+
23 720.
+Liaud, Vignon, Hughes

Dobrozemsky, Kerschbaum, Moraw, Paul+
+Ringo

Erozolimskii, Mostovoy, Fedunin, Frank+
20 745.
+Paul

Paul
+Liaud, Vignon, Hughes
+Taylor
+Nielson, Bahnsen, Brown+
+Krohn, Ringo

Erozolirnskii, Bondarenko, Mostovoy, Obinyak
Grigor'ev, Grishin, Vladimirsky, Nikolaevskii+

29.

(SUSS, RL)
(J INR)

(CUNY, VPI)
(PNPI)

(KIAE)

(WASH)
(K IA E)

(K IA E)
(K IA E)

(SEI8)
(KIAE)

(YALE, ISNG)
(SEIB)
(ANL)

(LINZ)
(VIEN)

(YALE, ISNG)
(RISC, NBS)

(R ISO)
(ANL)

ov+ (K IA E)
(ITEP)

NOTE ON N AND D RESONANCES

I. Intr oduction

The excited states of the nucleon have been studied in

a large number of formation and production experiments. The

masses, widths, and elasticities of the N and 6 resonances in the

Baryon Summary Table come almost entirely from partial-wave

analyses of vs% total, elastic, and charge-exchange scattering
data (Sec. II). Partial-wave analyses have also been performed

on much smaller data sets to get Ng, AK, and ZK branching

fractions. Other branching fractions come from isobar-model

analyses of rrN —+ N7r7r data (Sec. III). Finally, many Np
branching fractions have been determined from photoproduction

experiments (Sec. IV).
Table I lists all the N and 0 entries in the Baryon Listings

and gives our evaluation of the status of each, both overall and

channel by channel. Only the "established" resonances (overall

status 3 or 4 stars) appear in the Baryon Summary Table. We

consider a resonance to be established only if it has been seen

in at least two independent analyses of elastic scattering and if
the relevant partial-wave amplitudes do not behave erratically

or have large uncertainties.

The Baryon Particle Listings give, in addition to the usual

Breit-signer parameters, the positions and residues of the

nearest poles of the resonant partial waves on the second sheet

of the complex energy plane. These come from 7r N ~ vr N
partial-wave analyses and from a vrN ~ ¹rz isobar-model

analysis (Sec. III).
The interested reader will find further discussions in two

extensive (but now somewhat, dated) reviews [1,2] and in the

Proceedings of the 6th International Symposium on Meson

Nucleon Physics and the Structure of the Nucleon [3].
(References for this Section are at the end of Sec. II.)

Table 1. The status of the N and 6 resonances. Only those with an
overall status of ***or ****are included in the main Baryon Summary
Table.

Status as seen in—
Overall

Particle L~12J status N~ Ng AK Z Jr: A~ N p Np

N(939)
N(1440)
N(1520)
N(1535)
N(1650)
N(1675)
N(1680)
N {1700)
N(1710)
N(172O)
N(1900)
N(199o)
N(2000)
N(2o8o)
N(2090)
N(2100)
N(219O)
N(22oo)
N(2220)
N(2250)
N(2600)
N(2700)

a(1232)
s(1600)
A(1620)
a(17oo)
A(175O)
a(1900)
D(1905)
A(1910)
a(1920)
6{1930)
A(1940)
A(1950)
A(2000)
A(2150)
A(2200)
A(2300)
6(2350)
A(2390)
d(2400)
8(2420)
a(275o)
a(2950)

P11
P11
D13
S11
S11
D15
F15
D13

P13

F17

F15
D13
S11

D15
H1g
G19
Il 11
+1 13

P33
P33

D33
P31
S31
F35

P33
D35
D33
F37
F35
S31
&37
H3g
D35
F37
&3g

13 13
~315

F
O

Existence is certain, and properties are at least fairly well explored.
Existence ranges from very likely to certain, but further confir-
mation is desirable and/or quantIIm numbers, branching fractions,
etc. are not well determined.
Evidence of existence is only fair.
Evidence of existence is poor.

II. Elastic partial-nave analyses and resonance param-
eters

(by R.L. Workman, Virginia Polytechnic Institute and State
University)

A general discussion was given in previous editions [4]. In

the following, we only consider new results.

New data: Experimental activity over the past two years has

mainly concentrated on the region below 600 MeV [5]. Some

of these data remain in preliminary form, The new pionic
atom measurement [6] from PSI is particularly interesting as

it has updated the vs% scattering lengths used in dispersion
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relations. An experiment at the ITEP accelerator has measured

spin-rotation parameters for 7r+p elastic scat tering at 1.43

GeV/c [7].The results are surprising, as they strongly contradict
predictions from the CMU-Berkeley (CMB) [8] and Karlsruhe-

Helsinki (KH) [9] analyses. More spin-rotation measurements

are planned for this energy region.

¹m PartiaL-Wave Analyses: The VPI group has updated

its resonance parameters [10].The new determinations are based

upon a partial-wave analysis with fixed-t dispersion relation

constraints. A search was made for 'small' structures, and two

new resonance candidates were found. Discrepancies between

this analysis and the CMB [8] and KH [9] analyses still exist.
Batinic et at. (11] have used a coupled-channel model to

describe the elastic 7r N amplitudes together with data for

vrN —+ gN. One variant of this model contains two additional

(Stt and Ptt) resonances with masses near 1750 MeV. The

extra Sii resonance is similar to one of the small structures

found in the VPI analysis. While there is other circumstantial

evidence [12] for this state, further verification is needed.

The Petersburg analysis [13] is now published. The asso-

ciated preprint was described in the 1992 review. While the

published version does not report some of the higher partial
waves, the partial-wave solutions are identical.

Resonance Parameters: Hohler has generated pole param-

eters for the KH solution using the speed-plot method. This

study is continuing (14]. Manley [15] has related and compared
the pole and Breit-Wigner parameters from the KSU [16],
CMB [8], KH [9], and VPI [10] analyses. Good agreement

was found for the A(1232) Pss, N(1520) Dts, N(1650) Str,
N(1675) Dt„,N(1680) Ft„,and A(1950) Fa7 pole parameters.

The most recent VPI analysis has added a small structure to
the high-energy shoulder of the N(1650) Stt. As a result, , the

associated parameters have changed significantly.

References for Section I and II
1. G. Hohler, Pion-Nucleon Scattering, Landolt-Bornstein

Vol. I/b2 (1983), ed. H. Schopper, Springer Verlag.

2. A. J.G. Hey and R.L. Kelly, Phys. Reports 96, 71 (1983).
3. Proceedings of the 6 " International Symposium on Pion-

Nucleon Physics and the Structure of the Nucleon, pub-
lished in 7rN Newsletters No. 10 and 11 (1995).

4. Review of Particle Properties, Phys. Rev. D45, 1 3une
1992, Part II;
Review of Particle Properties, Phys. Rev. D50, 1173
(1994).

5. B.A. Raue et aL, Phys. Rev. C53, 1005 (1996);
J.T. Brack et al. , Phys. Rev. C51, 929 (1995);
C. Joram et aL, Phys. Rev. C51, 2144 (1995); C51, 2159
(1995);
I.V. Lopatin et aL, Nucl. Phys. A567, 882 (1994).

6. D. Sigg et al. , Phys. Rev. Lett. 75, 3245 (1995).
7. I.G. Alekseev et aL, Phys. Lett. B351, 585 (1995).
8. R.E. Cutkosky et at. , Phys. Rev. D20, 2804 (1979); and

ibid. 2839 (1979);
R.L. Kelly et at. , Phys. Rev. D20, 2782 (1979);

and in Proceedings of the IV" International Conference on
Baryon Resonances (Toronto, 1980), ed. N. Isgur, p. 19.

9. R. Koch, in Proceedings of the IV" International Confer
ence on Baryon Resonances (Toronto, 1980), ed. N. Isgur,
p
G. Hohler et al , H.andbook of Pion Nuc-leon Scattering,
Physics Data 12—1 (1979) E. Pietarinen, Nucl. Phys. B107,
21 (1976).

10. R.A. Amdt et al , Phys. . Rev. C52, 2120 (1995).
11. M. Batinic et al. , Phys. Rev. C51, 2310 (1995).
12. Z. Li and R. Workman, Phys. Rev. C53, R549 (1996).
13. V.V. Abaev and S.P. Kruglov, Z. Phys. A352, 85 (1995).
14. More details are given in our 1994 edition and in G. Hohler,

Status of 7rN Resonances, TTP 95-38.
15. D.M. Manley, Phys. Rev. D51, 4837 (1995).
16. D.M. Manley and E.M. Saleski, Phys. Rev. D45, 4002

(1992).

III. Inelastic two-body and quasi-two-body reactions

(by D.M. Manley, Kent State University)

Since the last edition, no new data nor partial-wave analyses

have been published for the inelastic two-body reactions 7rN —+

AK and 7rN ~ ZK. However, new data have been measured

and a new analysis published for the ~N —+ Ng reaction. In

particular, an experiment [1] that measured t, he cross section

for vr p —+ nrt from threshold to p = 750 MeV/c (~s = 1527

MeV) was recently completed using the AGS at Brookhaven

National Laboratory. In addition, the same collaboration also

measured the cross section for K p ~ Arj. The data from these

measurements are currently being analyzed.

A new energy-dependent partial-wave analysis of the reac-

tion 7rN —+ Nrt has also been published [2]. The analysis used

a coupled three-channel model to describe reactions involving

the N~ and Ntt channels simultaneously. (The third channel

was an etfective nonphysical two-body N7rvr channel. ) The eight,

lowest I =
2 7rN —+ Ng partial waves were fitted up to a c.m.

energy of 2.5 GeV using the AN elastic amplitudes from the
Karlsruhe-Helsinki partial-wave analysis [3] as part of the input

data base.

Essentially all information on quasi-two-body reactions such

as xN ~ Avr and 7rN ~ Np comes from isobar-model analyses

of mN —+ ¹rvr reactions. Since the last edition, no new analysis

of these reactions has been published. A brief review of AN —+

N~vr analyses can be found in our 1992 edition; for a more

recent and extensive review, the interested reader should see

(4]

Since the last edition, two new narrow resonance candidates

were observed in experiments investigating the diffractive pro-

duction of hadrons by 70-GeV protons at the SPHINX facility

of the IHEP accelerator [5]. In the reaction on carbon nuclei,

p+0 ~ [Z(1385)"K+]+C, evidence was found for an N(2050)
with mass M = (2052 + 6) MeV and width I' = 35+a, MeV.

In the reaction, p+ C ~ [Z"K+] + C, evidence was found for

an N(2000) with M = 1999 + 6 MeV and I' = 91 j 17 MeV.
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The small decay widths and large branching ratios for de-

cays involving hyperons make these states candidates for exotic

qqqss baryons. Further evidence suggesting the possible exis-

tence of narrow exotic baryons was found by a recent analysis

of photographic data obtained during irradiation of the 2-meter

hydrogen bubble chamber at CERN by a 16-GeV/c ~ beam [6].
A narrow peak that may be due to the production of a neu-

tral baryon with M = 3521 + 3 MeV and I' = 6+6 MeV was

observed in the invariant mass spectrum of the K,"K+pvr

system.

References for Section III
1. Brookhaven experiment E909, "Eta Production at Thresh-

old in the Reactions a p ~ gn and K p ~ gA,
" spokesper-

sons W.3. Briscoe and W.B. Tippens.
2. M. Batinic, I. Slaus, A. Svarc, and B. M. K. Nefkens, Phys.

Rev. C 51, 2310 (1995);
see also, M. Batinic, I. Slaus, and A. Svarc, Phys. Rev. C
52, 2188 (1995).

3. G. Hohler, in Elastic and Charge Exchange Scattering of
Elementary Particles, edited by H. Schopper, Landolt-
Bornstein, New Series, Group X, Vol. 9, Part 2 (Springer-
Verlag, Berlin, 1983).

4. D.M. Manley, in Proceedings of the Fifth International
Symposium on Pion Nucleon P-hysics and the Structure of
the Nucleon, Boulder (Sept. 1993).

5. S.V. Golovkin et al. , Z. Phys. C68, 585 (1995);
Phys. At. Nucl. 57, 1376 (1994);
ibid 58, 1342 (1. 995).

6. [6] V.M. Karnaukhov, C. Coca, and V.I. Moroz, Phys. At.
Nucl. 58, 796 (1995).

IV. Electromagnetic interactions

(by R.L. Crawford, University of Glasgow)

Nearly all the entries in the Listings relating to electromag-

netic properties of the N and 0 resonances are Np couplings.

These couplings, the helicity amplitudes AI/2 and A3~2, have

been obtained in a large number of partial-wave analyses of

single-pion photoproduction, pN ~ AN, on protons and neu-

trons. The large amount of data has permitted an accurate eval-

uation of the coupli11gs for many of the resonances with masses

below 2 GeV, and has given at least qualitative information

about most of the others. Most photoproduction analyses take

as input the existence, masses, and widths of the resonances de-

rived from the ~N —+ ~N analyses, and only determine the Np
couplings. In addition to the pion photoproduction analyses,

a few couplings have been extracted from g photoproduction

and from Compton scattering. A brief description of the various

methods of analysis of photoproduction data may be found in

our 1992 edition [1].
Our Listings omit a number of analyses that are now ob-

solete. Most of the older results may be found in our 1982
edition [2]. The errors quoted for the couplings in the List-

ings are calculated in difFerent ways in different analyses and

therefore should be used with care. In general, the system-

atic differences between the analyses caused by using difFerent

parametrization schemes are probably more indicative of the
true uncertainties than are the quoted errors.

Probably the most reliable analyses are ARAI 80, CRAW-

FORD 80, AWA JI 81, FU JII 81, CRAWFORD 83, and

ARNDT 96. The Listings include our estimates of the cou-

plings, using the results of these analyses. The errors we give

are a combination of the stated statistical errors on the analy-

ses and the systematic difFerences between them. The analyses

are given equal weight, except ARNDT 96 is weighted, rather

arbitrarily, by a factor of two because its data set is at least

50fp larger than those of the other analyses and contains many

new high-quality measurements.

The Baryon Summary Table gives Np branching fractions
for those resonances whose couplings are considered to be
reasonably well established. The Np partial width I'& is given

in terms of the helicity amplitudes A1~2 and A3~2 by

k2 2M~ 2 2" = —.(2J+1)M, I "/' +]"/' I

Here M~ and Mg are the nucleon and resonance masses, J is

the resonance spin, and k is the photon c.m. decay momentum.

The Listings include results of several new analyses of
the N(1535) ~ Np couplings obtained using recent accurate
measurements of the reaction pN ~ Ng near threshold.

Burkert and Elouadrhiri [4] report the result of an analysis

of a" electroproduction on protons at a virtual photon mass

of Q = —3.2 (GeV/c) using data from DESY. They evalu-

ated the ratio of electric quadrupole and scalar quadrupole to
magnetic dipole amplitudes for the A(1232). Their values,

Et+/Mt+ ——0.06 + 0.02 + 0.03

and

St+/Mt+ ——0.07 + 0.02 + 0.03,

agree with typical quark model predictions and are qualita-

tively similar to those obtained from previous analyses for

smaller values of Q ]. They disagree with the predictions from

perturbative QCD that E~+/Mt+ ~ 1 and St+/Mt+ ~ 0 at

large ]Q
Mart, Bennhold, and Hyde-Wright [5] apply isobar models

developed for pp —+ K+Z" and pp —+ K+8 to pp —+ K"Z+
and pn ~ K Z+ and find that they can drastically overpredict
the measurements. Including the data for charged Z production

results in drastically reduced values for the Born-term couplings,

g~x~ and gKA~, to values well below the SU(3) predictions

and values obtained from hadronic processes. The resulting

description of the process is resonance dominated. They point
out the importance for future analyses of including data for all

channels. Their results are not included in the Listings because
of the scatter of the values obtained.

Additional information about recent results for the elec-

tromagnetic interactions may be found in our 1992 and 1994
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editions [1,3]. These include Compton scattering, Kil photo-

production, pion electroproduction, the E2/Ml ratio, and the

magnetic moment of the A(1232).

References for Section IV
1. Particle Data Group, Phys. Rev. D45, 1 June 1992, Part

II.
2. Particle Data Group, Phys. Lett. 111B(1982).
3. Particle Data Group, Phys. Rev. D50, 1173 (1994).
4. V.D. Burkert and L. Elouadrhiri, Phys. Rev. Lett. 75, 3614

(1995).
5. T. Mart, C. Bennhold, and C.E. Hyde-%'right, Phys. Rev.

C51, R1074 (1995).

V. Outlook

(by D.M. Manley, Kent State University)

Much new data related to the study of nucleon resonances

will soon come from experiments with electromagnetic probes

at CEBAF, which can provide beams of electrons to three

experimental halls (A, B, and C) with energies up to 4 GeV.
Experiments are now being carried out in Hall C and the

commissioning experiments for Hall A are expected to run

in mid 1996. The majority of experiments to study nucleon

resonances will be carried out in Hall B, which is expected
to be completed in late 1996. A very short summary of the

experimental program in Hall B can be found in our last

edition.

New experiments to study nucleon resonances at European
laboratories are already producing interesting results. For ex-

ample, measurements of total cross sections for the reaction

pp ~ pg at eight c,m. energies between 1487 and 1493 MeV

were performed at the ELSA electron facility at Bonn [1] by

solely detecting the recoil proton. In addition, very precise mea-

surements of total and differential cross sections for pp —+ pg
from threshold to 1537 MeV (c.m. energy) were performed using

the MAMI accelerator in Mainz [2] with the neutral meson spec-

trometer TAPS. Other facilities are or will be involved in such

programs using hadronic beams. For example, two experiments

were approved in 1995 to study baryon spectroscopy at the AGS

of Brookhaven National Laboratory. The processes, vr p —+ ng,
K p ~ Ag, and K p —+ Z"g, among others, will be studied by

using the Crystal Ball detector (formerly located at SLAC) to
identify multiphoton final states [3,4]. As by-products of these

investigations, new and improved data also will be obtained

for ~ p + n7r, and for the inverse photoproduction reactions,
K p~ Ap and K p —+ Z"p.

References for Section V

1. 3.W. Price et al , Phys. Rev. C. 51, R2283 (1995).
2. B. Krusche et al. , Phys. Rev. Lett. 74, 3736 (1995);

see also, Z. Phys. A351, 237 (1995).
3. Brookhaven experiment E913, "Baryon Spectroscopy with

the Crystal Ball, " spokespersons M.E. Sadler, H. Spinka,
and W.B. Tippens.

4. Brookhaven experiment E914, "Neutral Hyperon Spec-
troscopy, " spokespersons B.M.K. Nefkens, A. Efendiev, and
S. Kruglov.

VI. Non-qqq baryon candidates

The standard quark-model assignments for baryons are
outlined in Sec. 12.3 "Baryons: qqq states". As in the meson

spectrum (see the "Note on Non-qq mesons"), there have been

suggestions that some states fall outside this assignment scheme.
These include hybrid (qqqg) baryons and unstable meson-

nucleon bound states [1] (see the "Note on the A(1405)").
If non-qqq states exist, they will be more dificult to verify

than hybrid mesons. Hybrid baryons would not have the clean

signature of exotic quantum numbers. They should also mix

with ordinary qqq states. The identification of such states will

be based upon (a) characteristics of their formation and decay,
and (b) an over-population of expected qqq states.

Most investigations have focused on the properties of the

lightest predicted hybrids. If the first hybrid state lies below 2

GeU, as is suggested by bag-model calculations [2,3,4], it may

already exist in the Baryon Particle Listings. (Note, however,

that some estimates [5] put the light, est state significantly above

2 GeV. ) At present, there are actually not enough known

resonances to fill the known multiplets. This is the 'missing

resonance' problem. If an existing resonance is identified as a
hybrid, we must also account for the expected qqq state.

The Roper resonance, N(1440) Prr, has been considered as

a hybrid candidate based upon its quantum numbers [2] and

difficulties with its mass and electromagnetic couplings. If so,
this would alter our interpretation of the low-lying P~~, P~3,

Par, and Pss resonances [2,6]. In Ref. 6, both the N(1440) Prr

and z1(1600) P33 are hybrid candidates, and the N(1540) Prs
and A(1550) Par states are predicted. The Prs and Par (1-star)
states were listed in the 1990 RPP [7] but were removed from

the listings in 1992 [8].
Both photoproduction [6,9, 10] and electroproduction [10,11]

have been considered in the search for a unique hybrid signa-

ture. In Ref. 12, QCD counting rules were used to reveal a
charact, eristic of hybrid electroproduct, ion at high Q . If the

Roper is a hybrid, its transverse form factor is expected to fall

asymptotically O(1/Q ) faster than a pure qqq state. However,

mixing between qqq and qqqg states will make this identification

more difficult.

A number of recent experiments have searched for pen-

taquark (qqqqq) resonances and H-dibaryon (six-quark uuddss

states). Narrow structures found in proton-nucleus scatter-

ing [13] have been attributed to qqqss states (see Sec. III),
but these require confirmation. The H-dibaryon experiments,
while finding possible candidates, have generally quoted up-

per limits [14] for exotic resonance production. Searches for

narrow dibaryons in the nucleon-nucleon interaction are also

continuing [15].
For an extensive review of exotic hadrons, see Lands-

b«g [16]
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N's and A' s, N(1440)

N(1440) P11 t(2 ) = &(&+) Status:

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 111B (1982).
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REAL PART
VALUE (MeV)

1346
1385
1370
1375+30
~ ~ ~ We do not

1360
1381 or 1379
1360 or 1333

N{1440) POLE POSITION

DOCUMENT ID TECN
4 ARNDT 95 DPWA
5 HOEHLER 93 SPED

CUTKOSKY 90 IPWA
CUTKOSKY 80 IPWA

use the following data for averages, fits, limits,
6 ARNDT 91 DPWA

LON GAC RE 78 IPWA
2 LONGACRE 77 IPWA

COMMENT

~N ~ N7r

nN ~ AN
~N ~ AN
7rN —+ 7r N

etc. ~ ~ ~

7r N ~ 7r N Soln SM90
~N ~ IV~7r
7r N ~ N~vr

—2 x IMAGINARY
VAL UE (MeV)

176
164
228
180+40
~ ~ ~ We do not use

252
209 or 210
167 or 234

PART
DOCUMENT ID TECN

4 ARNDT 95 DPWA
5 HOEHLER 93 SPED

CUTKOSKY 90 IPWA
C UTKOSK Y 80 IPWA

the following data for averages, fits, limits,
6 ARNDT 91 DPWA
7 LONGACRE 78 IPWA

LONGACRE 77 IPWA

COMMENT

7rN ~ Mn

AN ~ 7rN

7rN ~ 7rN
7rN ~ 7rN

etc. ~ ~ ~

7r N ~ 7r N Soln SM90
7r N ~ N7r2r

7r N ~ N7r7r

MoDULUS lrl
VAL UE (MeV)

42
40
74
52 +5

~ ~ ~ We do not use

109

h!(1440) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

4 ARNDT 95 DPWA 2r N —+ N7r
HOEHLER 93 SPED 7r N —+ 2r N

CUTKOSKY 90 IPWA 2r N ~ 7r N

CUTKOSKY 80 IPWA 7r N —+ 7r N

the following data for averages, fits, limits, etc. ~ ~ ~

ARNDT 91 DPWA 7rN ~ 7r N Soln SM90

PHASE 8
VALUE( )

—101
84

—100+35
~ ~ ~ We do not use

DOCUMENT ID TECN COMMENT

4 ARNDT 95 DPWA 7r N —+ N7r

CUTKOSKY 90 IPWA 7r N ~ 7r N
CUTKOSKY 80 IPWA 7r N —+ 7r N

the following data for averages, fits, limits, etc. e ~ ~

ARNDT 91 DPWA 7rM ~ m N Soln SM90

N(1440) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

VAL UE (MeV)

1430 to 1470
1462 + 10
1440+30
1410+12
~ ~ ~ We do

1463+ 7
1467
1421 + 18
1465
1471
1411
1472
1417
1460
1380
1390

N(1440) MASS

DOCUMENT ID

(m 1440) OUR ESTIMATE
MANLEY
CUTKOSKY
HOEHLER

not use the following data for averages

ARNDT
ARNDT
BAT I NI C

LI

CUTKOSKY
CRAWFORD

1 BAKER
BARBOUR
BERENDS

2 LONGACRE
3 LONGACRE

TECN COMM EN T

7rN ~
7r N —~

7rN -~
etc. ~ ~

92 IPWA

80 I PWA

79 I P WA

, fits, limits,

96 IPWA
95 D PWA
95 DPWA
93 I P WA

90 I P WA

80 D PWA

79 D PWA
78 DPWA
77 I P WA

77 I P WA

75 I PWA

7r N gc N7r7r

7r N

7r N

pN ~
7rN ~
7rN ~
pN ~
7r N —+

pN ~
p ~

pN ~
pN —~

7rN ~
7rN ~

7r N
M7r

M7r, Nq
7r N

7r M

7r N

nzj
2r M

7r N

M7r 7r

N7r7r

Fraction ( I I / I )

60—70 '/0

30—40 %
20-30 %

(8%

5—10 %

0.035M.048 %
0 035M 048 0

0.009—0.032 %
0.009—0.032 /0

N(1440) BRANCHING RATIOS

Mode

C1 N7r

I 2 N7I
I 3 N7r7r

I 4 67r
ZI(1232) a. , P wave-

l6 Np
l7 Np, S=1/2, P-wave

C8 Np, S=3/2, P-wave

tv( ),'=',„,
C1o P "/
I » pp, helicity=l/2
C12 np
C13 np, helicity=1/2

VAL UE (MeV)

250 to 450 (~ 350) OUR

391+ 34
545+ 170
340+ 70
135+ 10
~ ~ ~ We do not use the

360+ 20
440
250+ 63
315
334
113
331
279
200
200

N{1440) WIDTH

TECN COMMENT

7rN —~ 7rN G M7r~
7rN ~ 7rM

7rN ~ 7rN

7rN ~ 7rN
etc. ~ ~ ~

7r M

N7r

N7r, MrI

7r M

7r M

pM ~
7rN ~
AN ~
pN ~
pN -~

p ~
pN ~
pN ~
7rM ~
7rM ~

nzI

7r M

AM
N7r 7r

N7r 7r

DOCUMENT ID

ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 90 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

following data for averages, fits, limits,

ARNDT 96 IPWA
ARNDT 95 DPWA
BATIN I C 95 D P WA
LI 93 I PWA
CRAWFORD 80 DPWA

1 BAKER 79 DPWA
BARBOUR 78 DPWA
BERENDS 77 IPWA

2 LONGACRE 77 IPWA
LONGACRE 75 IPWA

r (N &)/rtotai
VALUE

0.6 to 0.7 OUR ESTIMATE
0.69+0.03
0.68 + 0.04
0.51+o.o5
~ ~ ~ We do not use the following

0.68
0.56 2 0.08

DOCUMEN T' ID TECN COM MEN T

ARNDT
BATINI C

95 DPWA 7r N ~ N7r

95 DPWA 7r N ~ N7r, Nq

MANLEY 92 IPWA ~IV ~ 7r N Jk N7r7r

CUTKOSKY 80 IPWA m N ~ 7r N
HOEHLER 79 IPWA m N ~ 7r N

data for averages, fits, limits, etc. ~ ~ ~
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N(1440), N(1520)

(I /I p) /I tete/ in /V n ~ /V(1440) Nt/ (rtra) /r
VALUE DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BAKER 79 DPWA n p ~ nr/

FELTESSE 75 DPWA 1488—1745 MeV
seen

+0.328

Note: Signs of couplings from ~N ~ Nzr7r analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the H(1620) 531
coupling to Z(1232)~.

(r,r, )y /r{I /I /) '/I t te/ in Nw N(1440) Zl(1232)e, P wave-
VA I UE DOCUMENT ID TECN COMMENT

+0.37 to +0.41 OUR ESTIMATE
+0.39 +0.02
+0.41
+0.37

MANLEY 92 IPWA 7r N & Tr N gz N7r&
2&9 LONGACRE 77 IPWA 7r N & Nzr7r

LONGACRE 75 IPWA Tr N ~ Nzr7r

(I tl 7}~/I(I/I/)h/It t /in Ne N{1440} Np, S=1/2, P wave-
VAL UE DOCUMENT ID TECN COMMENT

+0.07 to +0.25 OUR ESTIMATE
2,9 LONGACRE

3 LONGACRE
77 IPWA zr N —& N srx
75 IPWA 7r N ~ Nvr~

—0.11
+0,23

(r t re) ~'/r(I /I f} /I tet /in Ne —+ N{1440}~ Np, 5=3/2, P wave-
VAL UE DOCUMENT ID TECN COM M EN T

+0.18 LONGACRE 77 IPWA zr M & N vr 7r

(r, r, )&*/r{I /I r) /I tote/in Ne ~ /V{1440) + N(e'e')5:~„e
VAL UE DOCUMENT ID TECN

+0.17 to +0.25 OUR ESTIMATE
+0.24 + 0.03 MANLEY
—0.18 LONGACRE
—0.23 LONGACRE

COMM EN T

92 IPWA vr N ~ zr M k N7ra
77 IPWA zr N ~ Nau
75 IPWA 7r N & Nzrvr

N(1440) PHOTON DECAY AMPLITUDES

N(1440) ~ pp, heiicity-1/2 amplitude At/a
VAL UE (Gev

—1/2) DOCUMENT ID

—0.065 +0.004 OUR ESTIMATE
—0.063 +0.005 ARNDT 96 IPWA
—0.069 + 0.018 CRAWFORD 83 IPWA
—0.063 + 0.008 AWA J I 81 D PWA
—0.069 4 0.004 ARAI 80 D PWA
—0.066 + 0.004 ARAI 80 DPWA
—0.079 + 0.009 BRATASHEV. .. 80 DPWA
—0.068 4 0.015 CRAWFORD 80 DPWA
—0.0584 +0,0148 IS H I I 80 DPWA
~ e ~ We do not use the following data for averages, fits, limits,

—0.085 + 0.003 LI 93 IPWA
—0.129 10 WADA 84 D PWA
—0.075 2 0.015 BARBOUR 78 DPWA
—0.125 NOELLE 78
—0.076 BERENDS 77 IPWA
—0.087 +0.006 FELLER 76 DPWA

TECN COMM EN T

pN ~ AN
pM ~ 7rN

pM ~ AN

p N & vc N ( fi t 1 )
p/V & vr N (fit 2)
pN ~ AN

pN ~ AN
Compton scattering
etc. ~ ~ ~

pN~ ~M
Compton scattering
pN & AM

pN ~ zrN

pN & AM

pN ~ ~/V

N(1440) ~ np, helicity-1/2 amplitude At/a
VALUE (GeV 1/2) DOCUMENT ID

+0.040+0.010 OUR ESTIMATE
0.045 k 0,015 ARNDT 96 IPWA

0.037 + 0,010 AWA J I 81 D PWA

0.030 + 0.003 FUJII 81 DPWA

0.023+ 0,009 ARAI 80 DPWA

0.0194 0.012 A RA I 80 DPWA
0.056+ 0.015 CRAWFORD 80 DPWA

—0.029 + 0,035 TAKEDA 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.085+ 0.006 LI 93 I P WA

+0.059+ 0.016 BARBOUR 78 DPWA
0.062 NOELLE 78

TECN COMMEN T

pN~ ~N
pN~ ~N
pN ~ 7rN

pN ~ zr N (fit 1)
pN ~ ~N (fit 2)
pN ~ AN
pN~ ~N
etC. ~ o ~

pN~ ~N
pN ~ aM
pN ~ AM

N(1440) FOOTNOTES
BAKER 79 finds a coupling of the N(1440) to the Nr/ channel near (but slightly below)
threshold.

2 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
firSt (SeCOnd) Value uSeS, in additiOn tO zr N ~ NTrzr data, elaStiC amplitudeS frOm a

Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.
From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a rn plitu des.
ARNDT 95 also finds a second-sheet pole with real part = 1383 MeV, —2ximaginary
part = 210 MeV, and residue with modulus 92 MeV and phase = —54

5See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and D resonances as determined from Argand diagrams of zr N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

N(1440) REFERENCES

For early references, see Physics Letters 111B70 (1982).

ARNDT 96
ARNDT 95
BATINIC 95
HOEHLER 93
LI 93
MANLEY 92

Also 84
ARNDT 91
CUTKOSKY 90
WADA 84
CRAWFORD 83
PDG 82
AWAJI 81

Also 82
FU JII 81
ARAI 80

Also 82
BRATASHEV. .. 80
CRAWFORD 80
CUTKOSKY 80

A Iso 79
ISHII 80
TAKEDA 80
BAKER 79
HOEHLER 79

Also 80
BARBOUR 78
LONGACRE 78
NOELLE 78
BERENDS 77
LONGACRE 77

A Iso 76
FELLER 76
FELTESSE 75
LONGAC RE 75

PR C53 430
PR C52 2120
PR C51 2310
AN Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
PR D42 235
NP B247 313
NP B211 1
PL 111B
Bonn Conf. 352
NP B197 365
NP B187 53
Toronto Conf. 93
NP B194 251
NP B166 525
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
NP B165 189
NP B168 17
NP B156 93
PDAT 12-1
Toronto Conf. 3
NP B141 253
PR D17 1795
PTP 60 778
NP B136 317
NP B122 493
NP B108 365
NP B104 219
NP B93 242
PL 55B 415

+Strakovsky, Workman
+Strakovsky, Workman, Pavan
+Slaus, Svarc, Nefkens

(VP I)
(VPI, BRCO)

(BOSK, UCLA)
(KARL)

(VP I)
(KENT) IJP

(VP I)
(VPI, TELE) IJP

(CMU)
( IN US)
(GLAS)

(HELS, CIT, CERN)
(NAGO)
(NAGO)

(NAGO, OSAK)
(INUS)
(INUS)
(KFTI)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(KYOT, INUS)
(TOKY, INUS)

(RHEL) IJP
(KARLT) IJP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(NAGO)
(LEID, MCHS) IJP

(SACL) IJP
(SACL) IJP

(NAGO, OSAK) IJP
(SACL) IJP

(LBL, SLAC) IJP

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Rope r, Work rn an, Ford
+Wang
+ Egawa, Im a nishi, Ishii, Kato, Uka i+
+Morton

Roos, Porter, Aguilar-Benitez+
+ KaJ/kawa

Fujii, Hayashii, Iwata, Kajikawa+
+Hayashii, Iwata, Kajikawa+

Arai, Fujii
Bratashevskij, Gorbenko, Derebchinskij+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Egawa, Kato, Miyachi+
+Arai, Fujii, Ikeda, Iwasaki+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+

+Donnachie
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Ayed, Bareyre, Borgeaud, David+
+Rosenfeld, Lasinski, Smadja+

N(1520) DI3 /(JP) — L(3 )

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 1118 (1982).

N(1520) MASS

VALUE (MeV)

1515 to 1530
1524+ 4
1525 + 10
1519+ 4

0 ~ ~ We do

1516+10
1515
1526 + 18
1510
1504
1503
1510
1510
1520

DOCUMENT ID

(m 1520) OUR ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

ARNDT 96 IPWA
ARNDT 95 DPWA
BATINIC 95 DPWA
LI 93 I PWA
CRAWFORD 80 DPWA
BARBOUR 78 DPWA
BERENDS 77 IPWA

1
I ONGACRE 77 IPWA

2 LONGACRE 75 IPWA

TECN COM M EN T

AN & 7rN 6 Narra

aN ~ AN
~M ~ 7rN

etc. ~ ~ ~

pN ~
TrM ~
AN ~
pM —~

pM ~
pM ~
pM ~
AN ~
AN ~

zr N

Nsr

Nsr, Ng
~N
~N
~N
zr M

Mzr7r

N ~sr

h/(1520) WIDTH

VAI UE (MeV)

110 to 135 (~ 120) OUR

124+ 8
120+ 15
114+ 7
~ ~ ~ We do not use the

106+ 4
106
143+32
120
124
183
135
105
110
150

TECN COMMENTDOCUMENT ID

ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

following data for averages, fits, limits,

ARNDT 96 IPWA

A RNDT 95 D PWA

BAT IN I C 95 D PWA

LI 93 IPWA
CRAWFORD 80 DPWA
BAKER 79 DPWA
BA R BOUR 78 D PWA
BERENDS 77 IPWA

1 LONGACRE 77 IPWA
2 LONGACRE 75 IPWA

w N 6 N7r7r

zr N

xN
~ ~ ~

~/V
N7r

N7r, Nq
zr N

~N
pN —~

pN ~
p —&

pM ~
pN ~
~N ~
AN ~

nq
7r N

zr N

M ~a.
Nzr Tr

6 ARNDT 91 (Soln SM90) also finds a second-sheet pole with real part = 1413 MeV,
—2 x imaginary part = 256 MeV, and residue = (78—153/) MeV.
LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to n N ~ N~7r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

8 An alternative which cannot be distinguished from this is to have a P13 resonance with
M = 1530 MeV, I = 79 MeV, and elasticity = +0.271.
LONGACRE 77 considers this coupling to be well determined.
WADA 84 is inconsistent with other analyses; see the Note on N and Z Resonances.
Converted to our conventions using M = 1486 MeV, I = 613 MeV from NOELLE 78.
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N(1520)

N(1520) POLE POSITION {IIl f) /I i in Ntt N{1520) No (I tl a)~/I
REAL PART
VAL UE (MeV)

1515
1510
1510+5
~ ~ ~ We do not use

1511
1514 or 1511
1508 or 1505

DOCUMEN T ID TECN

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

COMM EN T

7rN ~ N2r

AN ~ 2rN

AN ~ 7rN

etC. ~ ~ ~

2r N ~ AN Soln SM90
AN ~ N2r2r

2r N ~ NTrn

0.02
+ 0.011

BAKER 79 DPWA 2r p ~ n2)

FELTESSE 75 DPWA Soln A; see BAKER 79

Note: Signs of couplings from 2r N ~ N2r2r analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the H(1620) S3]
coupling to H(1232) 2r.

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—2 x IMAGINARY
VAL UE (MeV)

110
120
114+10
~ ~ ~ We do not use

108
146 or 137
109 or 107

PART
DOCUMENT ID TECh! COM M EN T

ARNDT 95 DPWA KN
HOEHLER 93 ARGD 2r N

CUTKOSKY 80 IPWA 2r N

the following data for averages, fits, limits, etc.

ARNDT 91 DPWA 2r N
4 LONGACRE 78 IPWA 2r N
1 LONGACRE 77 IPWA . 2r N

Nsr

2r N

2r N

2r N Soln SM90
N2r 2r

N7r 7r

N(1520) ELASTIC POLE RESIDUE

MODULUS
VALUE (MeV)

34
32
35+2
~ ~ ~ We do

DOCUMENT ID TECN COMMEN T

33 ARNDT 91 DPWA 2r N ~ 2r N Soln SM90

ARNDT 95 DPWA 2r N —+ N2r

HOEHLER 93 ARGD 2r N ~ 2r N

CUTKOSKY 80 IPWA 2r N ~ 2r N

not use the following data for averages, fits, limits, etc. ~ ~ ~

(r,r.)&/r

MANLEY 92 IPWA 2r N ~ 2r N 8c N2r2r
5 LONGACRE 77 IPWA 2r N ~ Nvr2r

LONGACRE 75 IPWA 2r N ~ N7r7r

(r, r, )//r(r, rf) /lt t ilnNv N(1520) Z(1232)n, D-wave
VAL UE DOCUMENT ID TECN COMMENT
—0.28 to -0.24 OUR ESTIMATE
—0.29 +0.03
—0.21
—0.30

MANLEY 92 IPWA 2r N ~ 2r N 6 Nvr2r
1&5 LONGACRE 77 IPWA 2r N ~ Nor

2 LONGACRE 75 IPWA 2r N ~ N7r2r

(r, r, )&/r(I I I p) /I tata i in hl tt ~ N(1520) ~ N p, S=3/2, S-wave
VAL UE DOCUMENT ID TECN COMMENT
—0.35 to —0.31 OUR ESTIMATE
—0.35+0.03
—0.35
—0.24

MANLEY 92 IPWA 2r N ~ 2r N 6 N7r2r
1 LONGACRE 77 IPWA 2r N Nsr 2r

LONGACRE 75 IPWA 2r N ~ N2r 2r

(I iI p) /I totai in Ntt N(1520) -+ Ll(1232) tt, 5-wave
VALUE DOCUMENT ID TECN COMMENT

-0.26 to -0.20 OUR ESTIMATE
—0.18+0.05
—0.26
—0.24

PHASE 8
VALUE ( )

7
8

—12+5
~ ~ ~ We do

—10

DOCUMENT ID TECN COMMENT

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

not use the following data for averages, fits, limits,

ARNDT 91 DPWA

2rN ~ N2r

AN ~ 2rN

AN ~ 2rN

etC. ~ ~ ~

2r N ~ 2r N Soln SM90

(I tl tt) /I
COMMENT

77 IPWA 2r N ~ N2r2r

75 IPWA 2r N ~ N2r2r

(rirr) /rtotai» hltt~ N(1520) ~ ill(tttt)g= „,
VAL UE DOCUMENT ID TECN
—0.22 to -0.06 OUR ESTIMATE
—0.13 1,5 LONGACRE
—0.17 2 LONGACRE

I1
C2

l3
l4
l5

6
l7
i8
lg
~10
~11

i 16
i. 17

Mode

Nsr

NTI
Nvrvr

Z(1232) ~, S-wave
21{1232)~, Dwave-

Np
N p, S=1/2, D-wave
N p, S=3/2, S-wave
N p, S=3/2, D-wave

}s=-'-.
P "f

pp, helicity=l/2
pp, helicity=3/2

np
np, helicity=l/2
np, helicity=3/2

Fraction (I;/I )

50—60 'lo

40—50 /o

15-25 /o

5-12 P/

10—14 /o

15—25 P/o

(8 '/o

0,46—0.56 '/p

0.001—0.034 lp

0 44M 53 o/o

0.30-4.53 /0

0.04—0.10 /p

0.25—0.45 '/p

N(1520) BRANCHING RATIOS

I (Ntt) /rtotal
TECN COMM EN TDOCUMENT IDVAL UE

0.5 to 0.6 OUR ESTIMATE
0.59 4 0.03
0.58 + 0.03
0.54+ 0.03
~ ~ ~ We do not use the following

0.61
0.46 +0.06

MANLEY 92 IPWA 7rN ~ 2r N 5 N2rvr

CUTKOSKY 80 IPWA 2r N ~ 2r N
HOEHLER 79 IPWA 7r N ~ 2r N

data for averages, fits, limits, etc. ~ ~ ~

95 DPWA 2r N —~ N~
g5 DPWA &N ~ Nx, Nq

ARNDT
BATINI C

N(1520} DECAY MODES

The following branching fractions are our estimates, not fits or averages.

N(1520) PHOTON DECAY AMPLITUDES

N(1520} ~ p7, helicity-1/2 amplitude At/z
VALUE (GeV

—1/2) DOCUMENT ID

—0.024 +0.009 OUR ESTIMATE
—0.020 +0.007 ARNDT 96 IPWA
—0.028 4 0.014 CRAWFORD 83 IPWA
—0.007 +0,004 AWA J I 81 DPWA
—0.032 + 0.005 ARAI 80 DPWA
—0.032 j0.004 ARAI 80 D PWA
—0.031 +0.009 BRATASHEV. .. 80 DPWA
—0.019 4 0.007 CRAWFORD 80 DPWA
—0.0430 +0.0063 IS H I I 80 D PWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.020 +0.002 LI 93 IPWA
—0.012 WA DA 84 DPWA
—0.016 + 0.008 BARBOUR 78 DPWA
—0.008 6 NOELLE 78
—0.021 BER EN DS 77 I PWA
—0.005 +0.005 FELLER 76 DPWA

TECN COM MEN T

pN ~ 7rN

pN ~ AN

pN ~ 2rN

pN ~ 2r N (fit 1)
pN ~ 2r N (fit 2)
pN ~ 2rN

pN ~ AN
Compton scattering
etc. ~ ~ ~

pN ~ 2rN
Com pton scattering
pN —+ 2rN

pN ~ 2rN

pN —+ srN

pN ~ AN

TECN COMM EN T

pN ~ 2rN

pN ~ 7rN

pN ~ 2rN

pN ~ 2rN (fit 1)
pN ~ 2rN (fit 2)
pN ~ 2rN

pN ~ 2rN
Com pton scattering
etc. ~ ~ o

&N ~ 2rN
Com pton scattering
pN ~ AN
pN ~ 2rN

pN ~ 2rN

pN ~ 2rN

N(1520) ~ pp, helicity-3/2 amplitude A&/z

VALUE (GeV DOCUMENT ID

+0.166 +0.005 OUR ESTIMATE
0.167 +0.005 ARNDT 96 IPWA
0, 156 + 0.022 CRAWFORD 83 IPWA
0, 168 4 0.013 AWA J I 81 D PWA
0.178 +0.003 A RAI 80 D PWA
0, 162 +0.003 ARAI 80 DPWA
0.166 +0.005 BRATASHEV. .. 80 DPWA
0.167 +0,010 CRAWFORD 80 DPWA
0.16954 0.0014 ISHI I 80 D PWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.167 4 0.002 LI 93 IPWA
0.168 WA DA 84 D PWA

+ 0.157 k 0,007 BARBOUR 78 DPWA
0.206 6 NOELLE 78

+ 0.075 BERENDS 77 IPWA

+0.164 +0.008 FELLER 76 DPWA

I (Ntl) I/total
VALUE DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

0.001+0.002 BATINIC 95 DPWA 2r N ~ N2r, Nq
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N(1520), N(1535)

N(1520) ~ n7, heIIcIty-1/2

VALUE (GeV 1/2)
—0.059+0.009 OUR ESTIMATE
—0.048+ 0.008
—0.066 6 0.013
—0.067+ 0.004
—0.076+ 0.006
—0.071 4 0.011
—0.056+ 0.011
—0.050 +0.014
~ ~ ~ We do not use the following

—0.058 4 0.003
—0.055 +0.014
—0.060

N(1520) -+ np, heIIcIty-3/2

VAL UE (GeV 1/2)
—0.139+0.011 OUR ESTIMATE
—0.140 60.010
—0.124+ 0.009
—0,158+0.003
—0.147+0.008
—0.148+0.009
—0.144 +0.015
—0.118+0.011
~ ~ ~ We do not use the following

—0, 131+0.003
—0.141+0.015
—0.127

amplitude A1i2
DOCUMENT ID TECN COM MEN T

pN~ ~N
pN~ mN

pN —+ 7rM

pN —+ 7r M (fit 1)
pN ~ ~N (fit 2)
pN —+ xN
pN~ ~N
etc. ~ ~ ~

ARNDT 96 IPWA

AWA J I 81 DPWA
FU J II 81 DPWA
ARAI 80 DPWA
ARAI 80 DPWA
CRAWFORD 80 DPWA
TAKEDA 80 DPWA

data for averages, fits, limits,

LI 93 IPWA
BARBOUR 78 DPWA

6 NOELLE 78

pN~ ~N
pM~ xN
pN ~ ~IV

amplitude A3i2
DOCUMENT ID TECN COMMEN T

A RNDT 96 IPWA
AWA J I 81 DPWA
FU JII 81 DPWA
A RAI 80 DPWA
A RAI 80 D PWA
CRAWFORD 80 DPWA
TAKEDA 80 DPWA

data for averages, fits, limits,

LI 93 IPWA

BARBOUR 78 DPWA
6 NOELLE 78

pM~ ~N
pM~ ~N
pN~ mN

pN ~ xN (fit 1)
pN ~ xN (fit 2)
pN~ +N
pM~ ~N
etc. ~ ~ ~

pN~ +N
pN ~ AN

pM ~ 7rN

N(1535) S11 1(i)= ~(~ ) Status g of: 0f: g

N(1535} MASS

VAL UE (MeV)

1520 to 1555
1534+ 7
1550+40
1526+ 7
~ ~ ~ We do

DOCUMENT ID TECN

(m 1535) OUR ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

COMMENT

aM ~ AN 8c N7r7r

~M~ ~N
~N ~ ~N
etc. e ~ ~

1549+ 2
1525+ 10
1535
1542 + 6
1537
1544+ 13
1518
1513
1511
1500
1547 + 6
1520
1510

ABAEV
ARNDT
ARNDT
8 AT IN I C

BAT IN I C

KRUSCHE
LI

CRAWFORD
BARBOUR
BERENDS
BHANDARI

1 LONGACRE
2 LONGACRE

96 D PWA
96 I PWA

95 DPWA
95 DPWA
95B DPWA
95 DPWA
93 I PWA

80 DPWA
78 DPWA
7? I PWA
77 DPWA
77 I PWA
75 I PWA

p~ t)n
pN ~ 7rN
7rN ~ N7r

~N ~ N7r, Nq
xM ~ M7r, Nq
fp ~ Pt)

pM ~ AN
pM~ ~M
pM ~ AN

pN ~ AN
Uses Nq cusp
7rM ~ Mam
7rlV ~ N~vr

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 111B (1982).

N(1520) REFERENCES

For early references, see Physics Letters 111B 70 (1982). For very early

references, see Reviews of Modern Physics 37 633 (1965).

ARNDT 96
ARNDT 95
BATINIC 95
HOEHLER 93
LI 93
MANLEY 92

Also 84
ARNDT 91
WA DA 84
C RAWFOR D 83
PDG 82
AWA JI 81

A I so 82
FUJII 81
ARAI 80

Also 82
BRATASHEV. „80
C RAWFORD 80
CUTKOSKY 80

Also 79
IS HI I 80
TAKEDA 80
BAKER 79
HOEHLER 79

Also 80
BARBOUR 78
LONGACRE 78
NOELLE 78
BERENDS 77
LONGACRE 77

Also 76
FELLER 76
F ELTESSE 75
LONGACRE 75

PR C53 430
PR C52 2120
PR C51 2310
7r N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
NP B247 313
NP B211 1
PL 111B
Bonn Conf. 352
NP B197 365
NP B187 53
Toronto Conf. 93
NP B194 251
NP B166 525
Toronto Conf. 107
Toronto Conf. 19
P R D20 2839
NP B165 189
NP B168 17
NP B156 93
PDAT 12-1
Toronto Conf, 3
NP B141 253
PR D17 1795
PTP 60 778
NP B136 317
NP B122 493
NP B108 365
NP B104 219
NP B93 242
PL 55B 415

+Strakovsky, Workman
+Strakovsky, Workman, Pavan
+Slaus, Svarc, Nefkens

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Egawa, Imanishi, Ishii, Kato, Ukai+
+- Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+
+H ayashii, Iwa ta, K ajika wa+

Arai, Fujii
Bratashevskij, Gorbenko, Derebchinskij+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Egawa, Kato, Miyachi+
+Arai, Fujii, Ikeda, Iwasaki+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosenfeld. Smadja+

+Donnachie
+Dolbeau

Dolbea u, Tria n tis, Neve u, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Ayed, Bareyre, Borgeaud, David+
+Rosenfeld, Lasinski, Smadja+

(V PI)
(VPI, BRCO)

(BOSK, UCLA)
(KARL)

(V P I)
(KENT) IJP

(V

PI�)

(VPI, TELE) IJP
(INUS)
(GLAS)

(HELS, CIT, CERN)
(NAGO)
(NAGO)

(NAGO, OSAK)
(INIJS)
(INIJS)
(KFTI)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(KYOT, IN U S)
(TOKY, INUS)

(RHEL) IJP
(KARLT) IJP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(N AGO)
(LEID, MCHS) IJP

(SACL) IJP
(SACL) IJP

(NAGO, OSAK) IJP
(SACL) IJP

(LBL, SLAC) IJP

N(1520} FOOTNOTES
LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to 7r N ~ Nvr~ data, elastic amplitudes from a

Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.

2 From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a rn plitudes.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and Z resonances as determined from Argand diagrams of vr N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

4LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to vr N ~ N~x data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

LONGACRE 77 considers this coupling to be well determined.
Converted to our conventions using M = 1528 MeV, I = 187 MeV from NOELLE 78.

N(1535) WIDTH

VAL UE (MeV)

100 to 250 (~ 150) OUR

151+27
240+80
120+ 20
e ~ ~ We do not use the

169+12
103+ 5
66

150+ 15
145
200 +40

84
136
180
132
57

139+33
135
100

COM MEN TTECNDOCUMENT ID

ESTIMATE
MANLEY
CUTKOSKY
HOEHLER

following data for average

ABAEV
ARNDT
ARNDT
BAT IN I C

BAT IN I C

KRUSCHE
LI

CRAWFORD
BAKER
BARBOUR
BERENDS
BHANDARI

1 LONGACRE
2 LONGACRE

92 IPWA m M ~ vr N 8c N~zr
80 IPWA ~N ~ ~M
79 IPWA ~N ~ ~M

s, fits, limits, etc. ~ ~ ~

p~ Tin

pN ~ TrM

7rN ~ N~
xN~ N~, Nq
~M~ N~, Mq

&P P'9

pM ~ TrN

pN ~ 7rN

p~ nq
pM ~ ~M
yN~ ~M
Uses Mq cusp
Tr M ~ Mwzr

7r N ~ Macr

96 DPWA
96 I P WA

95 DPWA
95 DPWA
95B DPWA
95 D PWA

93 I PWA

80 DPWA

79 DPWA
78 D PWA
77 I P WA

77 DPWA
77 I P WA

75 I P WA

REAL PART
VALUE

(MeV�)
1501
1487
1510+50
~ e ~ We do not use

1499
1496 or 1499
1519+ 4

1525 or 1527

N(1535} POLE POSITION

DOCUMENT ID TECN

ARNDT 95 DPWA
HOEHLER 93 SPED
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA
LONGACRE 78 I PWA

BHANDARI 77 DPWA
LONGACRE 77 IPWA

COMMENT

~M - Nn.

~N ~ 7rN

+N~ wN

etc. ~ ~ e

7r M ~ ~M Soln SM90
&N —~ IV7r~

Uses Nq cusp
7r N ~ /Ver~

PART—2x IMAGINARY
VAL UE (MeV)

124
260 + 80
~ ~ e We do not use

DOCUMENT ID TECN COM MEN T

~N ~ M7r

~M ~ AM

etc. ~ ~ ~

7r M ~ ~N Soln SM90
AM ~ Ma~
Uses Mq cusp
AN -~ N7ra

110
103 or 105
140+32
135 or 123

ARNDT 95 DPWA
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA
4 LONGACRE 78 IPWA

BHANDARI 77 DPWA
1 LONGACRE 77 IPWA

MODuLuS iri

N(1535) ELASTIC POLE RESIDUE

ARNDT 91 DPWA

VALUE (MeV) DOCUMENT /D TECN

31 ARNDT 95 DPWA
120 +40 CUTKOSKY 80 IPWA

e ~ e We do not use the following data for averages, fits, limits,

COMMENT

7rN ~ N7r

~N ~ TrN

etc. ~ ~ e

7r N ~ wN Soln SM90
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N(1535)

PHASE 8
VALUE( )
—12
+15+45
~ ~ ~ We do not use the following

—13

DOCUMENT ID TECN COMMENT

AN ~ N7r

7rN ~ AN
etc. ~ ~ ~

+N ~ 2r N Soln SM90

ARNDT 95 DPWA
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

(rlrto} /r
TECN COMM EN T

92 IPWA 7r N ~ ?r N & N7r?r

N(1535) PHOTON DECAY AMPLITUDES

(I II r)~/I totei In N» -+ N(1535) -+ N(1440)»
VAL UE DOCUMENT ID

+0.10+0.05 MANLEY

I3
l4

r,
I7
r8

l 10

I 14

Mode

N?r

Nq
N?r ?r

D?r
D(1232) 7r, 0-wave

NP
N p, S=l/2, S-wave
N p, S=3/2, D-wave

N {«}Is-=',„,
N(1440)»

P'7
pp, helicity=l/2

np
ng, helicity=l/2

Fraction (I;/I )

35-55 %
30-55 %
1-10 %

(4%

(3%
&7 !o

0.08M.27 %
0.08M.27 %
0.004&.29 %
0.004&.29 %

N(1535) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

N(1535) -+ p7
VAL UE (GeV 1/2)

+0.070 +0.012
0.060 +0.015
0.097 +0.006
0,095 +0.011
0.053 +0.015
0.077 +0.021
0.083 +0.007
0.080 +0.007
0.029 +0.007
0,065 +0.016
0,0704+ 0.0091

~ ~ ~ We do not u

TECN COM MEN T

yN -+ ~N
pN ~ Nq
yp ~ Pt?
yN ~ 7rN

pN —+ 7rN

pN —+ zr N (fit 1)
pN —+ +N (fit 2)
yN ~ 7rN

yN —+ nN
Com pton scattering
etc. ~ ~ ~

0.110 to 0.140
0.125 60.025
0.061 +0.003
0.055

+0.082 4 0.019
0.046

+ 0.034
+0.070 +0.004

&P~ Pv
yd —+ qN(N)
pN ~ 7rN

Compton scattering
pN~ ~N
pN~ nN
yN ~ 7rN
pN~ ~N

, heliclty-1/2 atnplltnde At/2
DOCUMENT ID

OUR ESTIMATE
ARNDT 96 IPWA
BENMERROU. .95 DPWA

5 BENMERROU. .91
CRAWFORD 83 IPWA
AWA J I 81 DPWA
ARAI 80 DPWA
ARAI 80 DPWA
BRATASHEV. .. 80 DPWA
CRAWFORD 80 DPWA
ISHII 80 DPWA

se the following data for averages, fits, limits,

KRUSCHE 95 DPWA
KRUSCHE 95C IPWA
LI 93 IPWA
WADA 84 DPWA
BARBOUR 78 DPWA

6 NOELLE 78
BERENDS 77 IPWA
FELLER 76 DPWA

N(1535) BRANCHING RATIOS

I (N»)/I totei
VALUE

0.35 to 0.55 OUR ESTIMATE
0,51 +0.05
0.50 +0.10
0.38 +0.04
~ ~ ~ We do not use the following

0.31
0.34 +0.09
0.297+ 0.026

DOCUMENT ID TECN COMM EN T

MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

data for averages, fits, limits,

ARNDT 95 DPWA
BATI Nl C 95 DPWA
BHANDARI 77 DPWA

~N ~ vr N & N7r~
7rN ~ ~N
?rN ~ AN
etc. ~ ~ ~

7rN ~ Nn
7r N —+ N?r, NrI
Uses NrI cusp

r( Nt)t/Itotal
VAL UE DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.59+0.02
0.63+0.07

ABAEV
BAT I NI C

96 DPWA 7r p ~ rIn
95 DPWA zr N ~ N7r, Nq

(r, r, )&/r

+0.33
+0.48

BAKER 79 DPWA n p~ nq
FELTESSE 75 DPWA 1488—1745 MeV

Note: Signs of couplings from vr N ~ Nn 2r analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the Z(1620) S3]
coupling to D(1232) 2r.

(r, r, )&/r(I II r} t/I tot+i in N» -+ N(1535) -+ Ll(1232)», Dwave-
VAL UE DOCUMENT ID TECN COMMENT
—0.04 to +0.06 OUR ESTIMATE
+0.00 4 0.04

0.00
+0.06

MANLEY 92 IPWA 7r N ~ 7r N & N7r?r
1 LONGACRE 77 IPWA 7r N ~ N7r?r

LONGACRE 75 IPWA 7r N ~ N7r1r

(I fl f) /I totaiin N» -+ N(1535) -+ Nrl
VAL UE DOCUMENT ID TECN COMMENT

+0.44 to +0.50 OUR ESTIMATE
+0.47+ 0.02 MANLEY 92 IPWA ~N ~ mN & N7rn
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

N(1535) -+ np, helicity-1/2

VALUE(Gev / )
—0.045+0.027 OUR ESTIMATE
—0.020 +0.035

0.035 +0,014
—0,062 +0.003
—0.075+0,019
—0.075 k 0,018
—0.098+0,026
—0.011+0.017
~ ~ ~ We do not use the following

—0.100k 0.030
—0.046+ 0.005
—0.112+0.034
—0,048

a~pit«de A,&2

DOCUMENT ID TECN COMMEN T

ARNDT 96 IPWA
AWA J I 81 D PWA
FUJII 81 D PWA
ARAI 80 D PWA
ARAI 80 D PWA
CRAWFORD 80 DPWA
TAKEDA 80 DPWA

data for averages, fits, limits,

KRUSCHE 95C IPWA
LI 93 IPWA
BARBOUR 78 DPWA

6 NOELLE 78

pN~ xN
pN ~ AN
pN ~ 7rN

pN ~ 7r N (fit 1)
yN ~ 7rN (fit 2)
pN ~ 7rN

~N ~ 7rN
etc. ~ ~ ~

pd ~ rIN(N)
pN ~ 7rN

pN ~ 7rN

pN —+ ?rN

N(1535) -+ Np, ratio Ant/2/APt/&

VAL UE (GeV 1/2) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

—0.84+ 0.15 MUKHOPAD. .. 95B IPWA

N(1535) REFERENCES

For early references, see Physics Letters 111870 (1982).

N(1535) FOOTNOTES
LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to 7r N ~ N7rzr data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.
From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a m plitudes.

3See HOFHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and Ll resonances as determined from Argand diagrams of 7r N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

4LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to ~N N~?r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

5 BENMERROUCHE 91 uses an effective Lagrangian approach to analyze tI photoproduc-
tion data.

6Converted to our conventions using M = 1548 MeV, P = 73 MeV from NOELLE 78.

(r,r, ) /r

MANLEY 92 IPWA ?r N ~ m N & Nvr~
LONGACRE 77 IPWA vr N ~ N2r~
LONGACRE 75 IPWA 2r N ~ N?r~

(r,r, )&/r(I II r) /I t tai in N» N(1535) N(»»)s
VALUE DOCUMENT ID TECN COMMENT

+0.03 to +0.13 OUR ESTIMATE
+0.07+ 0.04
+0.08
+ 0.09

MANLEY 92 IPWA ?r N ~ 7r N & N7r~
LONGACRE 77 IPWA 7r N ~ N7r7r

LONGACRE 75 IPWA 7r N ~ Nn ~

(III r) /It taiinN»~ N(1535)~ Np, 5=1/2, 5WaVe-
VALUE DOCUMEN T ID TECN COMM EN T
—0.14 to —0.06 OUR ESTIMATE
—0.10+0.03
—0.10
—0.09

ABAEV 96
ARNDT 96
ARNDT 95
BAT INIC 95
BAT INI C 95B
BENMERROU. ..95
KRUSCHE 95
KRUSCHE 95C
MUKHOPAD. .. 95B
HOEHLER 93
LI 93
MANLEY 92

Also 84
ARNDT 91
BENMERROU. . .91
WA DA 84
CRAWFORD 83
PDG 82
AWA JI 81

Also 82

PR C53 385
PR C53 430
PR C52 2120
PR C51 2310
PR C52 2188
PR D51 323?
PRL 74 3736
PL B358 40
PL B364 1
7r N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
PRL 67 1070
NP B247 313
NP B211 1
PL 111B
Bonn Conf. 352
NP B197 365

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford

Benrnerrouche, Mukhopadhyay
+Egawa, Imanishi, Ishii, Kato, Ukai+
+Morton

Roos, Porter, Aguilar- Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+

+Nefkens (UCLA)
+Strakovsky, Workman (VP I)
+Strakovsky, Workman, Pavan (VPI, BRCO)
+Slaus, Svarc, Nefkens (BOSK, UCLA)
+Slaus, Svarc (BOSK)

Benmerrouche, Mukhopadhyay, Zhang (RPI, SASK)
+Ahrens, Antony (GIES, MANZ, GLAS, BONN, DARM)
+Ahrens+ (GIES, MANZ, GLAS, BONN, DARM)

Mukhopadhyay, Zhang, Benmerrouche (RPI, SASK)
(KARL)

(V PI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(R PI)
( INUS)
(GLAS)

(HELS, CIT, CERN)
(NAGO)
(NAGO)
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N(1535), N(1650)

FUJII 81
ARAI 80

Also 82
BRATASHEV. .. 80
CRAWFORD 80
CUTKOSKY 80

Also 79
ISHII 80
TAKEDA 80
BAKER 79
HOEHLER 79

Also 80
BARBOUR 78
LONGACRE 78
NOELLE 78
BERENDS 77
BHANDARI 77
LONGACRE 77

Also 76
F ELLER 76
FELTESSE 75
LONGACRE 75

NP B187 53
Toro n to C o nf. 93
NP 8194 251
NP B166 525
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
NP B165 189
NP B168 17
NP B156 93
PDAT 12-1
Toronto Conf. 3
NP B141 253
PR D17 1795
PTP 60 778
NP B136 317
PR D15 192
NP B122 493
NP B108 365
NP B104 219
NP B93 242
PL 55B 415

N(1650) S„

(NAGO, OSAK)
(INUS)
(INUS)
(K FTI)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(KYOT, IN U S)
(TOKY, INUS)

(RHEL) IJP
(KARLT) IJP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(NAGO)
(LEID, MCHS) IJP

(CMU) IJP
(SACL) IJP
(SACL) IJP

(NAGO, OSAK) IJP
(SACL) IJP

(LBL, SLAC) IJP

l(J ) = &(&t ) Status:

+Hayashii, Iwata, Kajikawa+

Arai, Fujii
Bratashevskij, Gorbenko, Derebchinskij+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Egawa, K a to, Miyac hi+
+Arai, Fujii, Ikeda, Iwasaki+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+

+Donnachie
+Chao
+Dolbea u

Dolbeau, Triantis, Neveu, Cadiet
+Fukushirna, Horikawa, Kajikawa+
+Ayed, Bareyre, Borgeaud, David+
+Rosenfeld, Lasinski, Srnadja+

—2x IMAGINARY
VALUE (MeV)

82
192
163
150+ 30
~ ~ ~ We do not use

160
117 or 119
174 or 173

COM MEN T

+IV ~ Nw

7rN ~ IV~
~N~ ~N
~N~ xM
etc. ~ ~ ~

~N ~ ~N Soln SM90
~M ~ N~~
~N ~ N~7r

NIODuLus lrl

N(1650) ELASTIC POLE RESIDUE

VALUE (MeV)

22
72
39
60+ 10
~ ~ ~ We do not use the following

DOCUMENT ID TECN

ARNDT 95 DPWA
1 ARNDT 95 DPWA

HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

d a ta for a vera ges, fits, limits,

COMMENT

AM ~ Mx
~N ~ N~
nN ~ 7rN
~N~ ~N
etc. ~ e ~

PART
DOCUMEN T ID TECN

ARNDT 95 DPWA
1 ARNDT 95 DPWA
6 HOEHLER 93 ARGD

CUTKOSKY 80 IPWA
the following data for averages, fits, limits,

ARNDT 91 DPWA
LONGACRE 78 IPWA

4 LONGACRE 77 IPWA

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 111B (1982).

54

PHASE 8

ARNDT 91 DPWA Tr M ~ ~N Soln SM90

N(1650) MASS

VAL UE (MeV)

1640 to 1680
1659+ 9
1650+30
1670+ 8
~ ~ ~ We do

1677+ 8
1667
1712
1669+17
1713+27
1674
1688
1672
1680
1680
1694
1700+ 5
1680
1700
1675
1660

DOCUMENT ID

(at 1650) OUR ESTIMATE
MANLEY
CUTKOSKY
HOEHLER

not use the following data for average

ARNDT
ARNDT

1ARNDT
BAT I NI C

2 BATINIC
LI

CRAWFORD
MUSETTE
SAXON

BAKER
BARBOUR

3 BAKER
3 BAKER
4 LONGACRE

KNASEL
5 LONGACRE

TECN

92 I P WA

80 I PWA
79 I PWA

s, fits, limits,

96 I PWA
95 D PWA
95 DPWA
95 DPWA
95 DPWA
93 I P WA

80 DPWA

80 I P WA

80 DPWA

78 DPWA
78 D PWA

77 I PWA

77 DPWA
77 I PWA

75 DPWA
75 IPWA

COM MEN T

~N ~ AN Zc N~~
~N —+ ~M
~N ~ 7rN
etc. ~ ~ ~

pN -~ ~N
~N ~ N7r

xN ~ N7r
~N~ N+, Nq
~M ~ N7r, Nq
pN~ ~N
pN -~ mN

p-~ AK

p —~ AK 0

~
—

p nK0
pN~ ~N
7r p ~ AK0

~—p- nK0
~N ~ Nn. vr

~- p nK0
w N ~ N7r7r

N(1650) WIDTH

VAL UE (MeV)

145 to 190 (at 150) OUR

173+12
150+40
180+20
~ ~ e We do not use the

DOCUMENT ID

ESTIMATE
MANLEY
CUTKOSKY
HOEHLER

following data for averag

ARNDT
ARNDT
ARNDT
BAT I N I C

2 BATINIC
LI

CRAWFORD
MUSETTE
SAXON

BAKER
BARBOUR

3 BAKER
3 BAKER
4 LONGACRE

K NASEL
5 LONGACRE

160+12
90

184
215 4 32
279+54
225
183
179
120
90

193
130+10

90
170
170
130

TECN

92 I PWA
80 I PWA
79 I PWA

es, fits, limits,

96 I PWA
95 D PWA
95 DPWA
95 D PWA
95 DPWA
93 I PWA
80 D PWA

80 I PWA

80 DPWA

78 D PWA

78 D PWA

77 I PWA

77 DPWA
77 I PWA

75 DPWA
75 I PWA

COMM EN T

7r N ~ 7r N Ec. IV7rvr

7rN ~ AN
nN + AN
etc. ~ ~ ~

pN~ mN
AN ~ Na
7rN ~ N7r

AN ~ Nvr, Nq
7rN ~ N7r, Mq
pN~ ~N
pN~ ~N
~ —

p nK0
p~ AK0

p~ AK
pN ~ 7rN

Tr p ~ AK0

p —~ AK 0

AM ~ Neer
p~ AK

x N ~ Nsr7r

N(1650) POLE POSITION

REAL PART
VALUE (MeV)

1673
1689
1670
1640 +20
~ ~ ~ We do not

TECN COMMEN TDOCUMENT ID

7rN ~ Nx
7rN ~ Nvr

7rN ~ 7rM

nN —+ 7rN
et'C. ~ ~ ~

aM ~ 7r N Soln SM90
vr M ~ N~m.

vr N ~ N7rm

1657
1648 or 1651
1699 or 1698

ARNDT 95 DPWA
1 ARNDT 95 DPWA
6 HOEHLER 93 ARGD

CUTKOSKY 80 IPWA
use the following data for averages, fits, limits,

A RNDT 91 D PWA
7 LONGACRE 78 IPWA
4 LONGACRE 77 IPWA

VALUE ( )

29
—85
—37
—75+ 25
~ I ~ We do not use the following

—38

DOCUMENT ID TECN

ARNDT 95 DPWA
1 ARNDT 95 DPWA

HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

COMMENT

7rN ~ N~
AN ~ M~
~N ~ ~N
aM ~ ~N
etc. ~ ~ ~

~ N ~ ~ N Soln SM90

l2
l3
l4
l5
l6
I7
i8
r9
i 10

i 14
~15
~16

Mode

Nsr

Nq
/lK
ZK
N7r 7r

Z(1232) 7r, D-wave

Np
Np, S=1/2, 5-wave
N p, S=3/2, D-wave

N(~~)s=-'-.
N(1440) vr

p'7
pp, helicity=1/2

np
np, helicity=1/2

Fraction (I;/I )

55-90 %
3—10 %

10-20 %
1—7 %

(4%
(5%
004 018ogo

0.04M. 18 %
0.003—0.17 %
0 003M 17 %

N(1650) BRANCHING RATIOS

r(Nn)/I t&a, ~

VAL UE

0.65 to 0.90 OUR ESTIMATE
0.89+ 0.07
0.65+ 0.10
0.61 +0.04
~ ~ ~ We do not use the following

0.99
0.27
0.94+ 0.07
0.49+ 0.21

DOCUMENT ID TECN COM MEN T

MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

data for averages, fits, limits,

ARNDT 95 DPWA
1 ARNDT 95 DPWA

BATINIC 95 DPWA
2 BATINIC 95 DPWA

n N ~ 7r N 8c N7r7r

AN ~ ~N
mN ~ 7rN

etc. ~ ~ ~

7rN ~ Nvr

7rM ~ N~
7rN ~ N7r, NrI
7rN ~ N~, Nq

r (N tt) / rtata I

VAL UE

~ ~ ~ We do not

0.06+0.05
0.02 +0.03

DOCUMENT ID TECN

use the following data for averages, fits, limits,

BATINIC 95 DPWA
2 BATINI C 95 D P WA

COMMENT

etc. ~ ~ ~

TrN —+ Nvr, Nq
TrM ~ N~, M~)

(I Jl f) /I tatg~ in Ntt-+ N(1650) ~ Ntt (I tl 2) /I
VAL UE

~ o e Wedonot
—0.09

DOCLIMENT ID TECN

use the following data for averages, fits, limits,

8 BAKER 79 DPWA

COMMENT

etc. ~ ~ ~

a=p —+ ng

N(1650) DECAY MODES

The following branching fractions are our estimates, not fits or averages.



See key on page199 Baryon Particle Listings
N(1650)

(rtrs) /r(I gl r) /I tete~ in Ntr ~ N(1650) ~ A K
VAL UE . DOCUMENT ID
—0.27 to —0.17 OUR ESTIMATE
—0.22 BELL 83 DPWA
—0.22 SAXON 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.25 BAK ER 78 DPWA
—0.23+0.01 BAKER 77 IPWA
—0.25 BAK ER 77 DPWA

0.12 K NAS EL 75 DPWA

TECN COMM EN T

p~ AK0

p ~ !lK0
etc. ~ ~ ~

See SAXON 80
p~ 1IK

p ~ AK0
p~ AK

(III r) /lt «/inNtr~ N(1650)-+ EK' (I tl 4)~/I

Note: Signs of couplings from +N ~ NTr~ analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the Z(1620) S31
coupiing to K{1232)&.

(r,r, )&/r(I II r) /I tete[ in Ntr ~ N(1650) ~ B(1232)tr, Dwave-
VALUE DOCUMENT ID TECN COMMENT
+0.15 to 0.23 OUR ESTIMATE
+0.12+0.04
+0.29
+0.15

MANLEY 92 IPWA 7r N ~ x N Ec Nn vr

4 11 LONGACRE 77 IPWA 7r N ~ N~+
5 LONGACRE 75 IPWA n N ~ Nm2r

(r,r, )&/r(I (I r) t/I t takin Ns ~ N{1650)~ Np, S=l/2, 5-wave
VALUE DOCUMENT ID TECN COMMENT

+0.03 to +0.19 OUR ESTIMATE
—0.01+0.09 MANLEY
+0.17 4)11 LONGACRE
—0.16 LONGACRE

92 IPWA +N ~ xN Zc N7rTr

77 IPWA mN ~ N~~
75 IPWA mN ~ Naw

{I~l r) '/I tata~ in Ns N{1650) Np, S=3/2, Dwave-
VAL UE DOCUMENT ID TECN COMMENT
+0.17 to +0.29 OUR ESTIMATE
+0.16+0.06
+0.29

{I tl tp) /I

MANLEY 92 IPWA ~N ~ 7r N 4 Nzrx
4, 11 LONGACRE 77 IPWA aN ~ Nxx

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.254 LIVANOS 80 DPWA vr p ~ X K
0.066 to 0.137 DEANS 75 DPWA vr N ~ Z K
0.20 KNASEL 75 DPWA

N(1650) pp ~ AK+ AMPLITUDES

(I (I f) /I tat+ in pp ~ N(1650) ~ AK+ {En+ amplitude)
VALUE (units 10 3) DOCUMENT ID TECN

7.8 +0.3 WORK MAN 90 DPWA
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

8.13 TANABE 89 DPWA

pp ~ N(1650) ~ A K+ phase angle 8
VAL UE (degrees) DOCUMENT ID TECN

—107 +3 WORKMAN 90 DPWA
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—107.8 TANABE 89 DPWA

(En+ amplitude)

N(1650) REFERENCES

For early references, see Physics Letters 1118 70 (1982).

N(1650} FOOTNOTES
1ARNDT 95 finds two distinct states.

BATINIC 95 finds two distinct states. This second resonance was associated with the
N(2090) S11.
The two BAKER 77 entries are from an IPWA using the Barrelet-zero method and from
a conventional energy-dependent analysis.

4 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to xN ~ Nzr~ data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.
From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
am plitudes.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and R resonances as determined from Argand diagrams of 7r N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

"LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to 7r N ~ Nzr7r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.
BAK ER 79 fixed this coupling during fitting, but the negative sign relative to the N(1535)
is well determined.
The overall phase of BAKER 78 couplings has been changed to agree with previous
conventions. Superseded by SAXON 80.
The range given for DEANS 75 is from the four best solutions.
LONGACRE 77 considers this coupling to be well determined.

(r,r„)&/r

MANLEY 92 IPWA aN ~ aN Jh. N~~
4~11 LONGACRE 77 IPWA a N ~ N7ra

5 LONGACRE 75 IPWA w N ~ N ~~

(I tl t2)~/I{I~l r) '/I «ta~ in Ntt ~ N(1650) ~ N{1440)tt
VAL UE DOCUMENT ID

~0.11+0.06 MANLEY

TECN COMMENT

92 IPWA vr N ~ vr N 8c. Nvrvr

N(1650} PHOTON DECAY AMPLITUDES

N(1650) ~ pp, helicity-1/2 amplitude At/a
VALUE (GeV DOCUMENT ID TECN

+0.053+0.016 OUR ESTIMATE
0.069 +0.005 ARNDT 96 IPWA
0.033 +0.015 CRAWFORD 83 IPWA
0.050 +0.010 AWA J I 81 DPWA
0.065 +0.005 A RAI 80 DPWA
0.061+0.005 A RAI 80 DPWA
0.031+0.017 CRAWFORD 80 DPWA

e e o We do not use the following data for averages, fits, limits,

0.068 +0.003 LI 93 IPWA
0.091 WA DA 84 DPWA

+ 0.048+ 0.017 BARBOUR 78 DPWA
+ 0.068+ 0.009 FELLER 76 DPWA

pN~ ~N
pN~ ~N
pN~ ~N
pN ~ xN (fit 1)
pN ~ ~N (fit 2)
pN~ ~N
etc. o ~ ~

pN ~ 7rN

Compton scattering
yN ~ 7rN

pN -~ ~N

N{1650}~ np, helicity-1/2 amplitude At/a
VALUE(GeV / ) DOCUMENT ID
-0.015+0.021 OUR ESTIMATE
—0.015+0.005 ARNDT 96 IPWA
—0.008 4 0.004 AWA J I 81 DPWA

0.004+ 0.004 FUJII 81 D PWA
0.010+0.020 ARAI 80 DPWA
0.008 + 0.019 ARAI 80 DPWA

—0.068+ 0.040 CRAWFORD 80 DPWA
—0,011+0.011 TAKEDA 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,
—0.002+ 0.002 LI 93 IPWA
—0,045+ 0.024 BARBOUR 78 DPWA

TECN COMMENT

pN~ ~N
pN -~ ~N
pN ~ AN

pN ~ aN (fit 1)
pN ~ vr N (fit 2)
pN~ ~N
pN~ ~N
etc. ~ ~ ~

pN ~ AN

qN ~ AN

(rt r) / totals in Ntr-+ N(1650) -+ N(trtr)si=e
„

VAL UE DOCUMENT ID TECN COMMENT
+0.04 ta +0.18 OUR ESTIMATE
+ 0.12 +0.08

0.00
+0.25

ARNDT
ARNDT
BATINIC
HOEHLER
LI

MANLEY
Also

ARNDT
WORKMAN
TAN A BE

Also
WA DA
BELL
CRAWFORD
PDG
AWA JI

Also
FU JI I

ARAI
Also

CRAWFORD
CUTKOSKY

Also
LIVANOS
MUSETTE
SAXON
TAKEDA
BAKER
HOEHLER

Also
BAKER
BARBOUR
LONGACRE
BAKER
LONGACRE

A iso
FELLER
DEANS
KNASEL
LONGACRE

96
95
95
93
93
92
84
91
90
89
89
84
83
83
82
81
82
81
80
82
80
80
79
80
80
80
80
79
79
80
78
78
78
77
77
76
76
75
75
75

PR C53 430
PR C52 2120
PR C51 2310
vr N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
PR C42 781
PR C39 741
NC 102A 193
NP 8247 313
NP 8222 389
NP 8211 1
PL 1118
Bonn Conf. 352
NP 8197 365
NP 8187 53
Toronto Conf. 93
NP 8194 251
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
Toronto Conf. 35
NC 57A 37
NP 8162 522
NP 8168 17
NP 8156 93
PDAT 12-1
Toronto Conf, 3
NP 8141 29
NP 8141 253
PR D17 1795
NP 8126 365
NP 8122 493
NP 8108 365
NP 8104 219
NP 896 90
PR D11 1
PL 558 415

(VPI)
(VPI, BRCO)

(BOSK, UCLA)
(KARL)

(VPI)
(KENT) IJP

(VP I)
(VPI, TELE) IJP

(VPI)
(MANZ)
(MANZ)

(IN U S)
(RL) IJP

(GLAS)
(HELS, CIT, CERN)

(NAGO)
(NAGO)

(NAGO, OSAK)
(INUS)
(IN U 5)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(SACL) IJP
(BRUX) IJP

(RHEL, BRIS) IJP
(TO K Y, IN U S)

(RHEL) IJP
(KARLT) IJP
(KARLT) I JP

(RL, CAVE) IJP
(GLAS)

(LBL, SLAC)
(RHEL) IJP
(SACL) IJP
(SACL) IJP

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

WUSL, OSU, ANL) IJP
(LBL, SLAC) IJP

+Strakovsky, Workman
+Strakovsky, Workman, Pavan
+Slaus, Svarc, Nefkens

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford

+Kohno, Bennhold
Kohno, Tanabe, Bennhold

+Egawa, Imanishi, Ishii, Kato, Ukai+
+Blissett, Broome, Daley, Hart ~ I intern+
+Morton

Roos, Porter, Aguilar- Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+
+Hayashii, Iwata, Kajikawa+

Arai, Fujii

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baton, Coutures, Kochowski, Neveu

+Baker, Bell, Blissett, Bloodworth+
+Arai, Fujii, Ikeda, Iwasaki+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
yBIissett, Bloodworth, Broome+
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+
+Blissett, Bloodworth, Broome, Hart+
+ Dolbea u

Dolbeau, Triantis, Neveu, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Mitchell, Montgomery+
+Lindquist, Nelson+ (CHIC,
+Rosenfeld, Lasinski, Smadja+
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Baryon Particle Listings
N(1675)

N(1675) 015 I(~ )= &(& ) Status: N(1675) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

N(1675) MASS

VALUE(MeV)

1670 to 1685
1676+ 2
1675+10
1679+ 8
~ ~ ~ We do

1673+ 5
1673
1683+19
1666
1685
1670
1680
1650
1660

TECNDOCUMENT ID

{as 1675) OUR ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

AR NDT 96 IPWA
ARNDT 95 DPWA
BATINIC 95 DPWA
LI 93 IPWA
CRAWFORD 80 DPWA
SAXON 80 DPWA
BARBOUR 78 DPWA
LONGACRE 77 IPWA
LONGACRE 75 IPWA

COMMENT

7r N ~ 7r N &. N7r7r

7rN ~ 7rN

7rN ~ 7rN

etc. 0 ~ ~

pN ~ 7rN
7rN ~ N7r

mN ~ N7r, N7I

pN ~ AN

pN ~ 7rN

p ~ nKO

pN + 7rN
xN ~ N7r7r

7r N ~ N7r7r

N(1675) WIDTH

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 1118 {1982).

l2
I3
l4
ls
C6

C,

l9
C10

C14
C1s
C16
I 17
C18

Mode

Nx
lVg

AK
ZK
Nx~

Zvr
6(1232}a.

, Dwave-
LL(1232) rr, G-wave

NP
Np, S=1/2, D-wave

Np, S=3/2, 0-wave
Np, S=3/2, G-wave

N(
p "/

pp, helicity=1/2
pp, helicity=3/2

np
nq, helicity=l/2
np, heiicity=3/2

Fraction (I;/I )

4O-SO %

(1%

50-60 %
SO-6O%

( 1-3%

0.004M. 023 %
O.OW. 015 jn

0OW 011 %
0,02M. 12 /
O.OO6-O. O46 %
0.01M.08 %

VALUE (MeV)

140 to 180 (~ 150) OUR

159+ 7
160+20
120+ 15
~ ~ o We do not use the

154+ 7
1S4
142 k 23
136
191
40
88

192
130
150

TECNDOCUMENT ID

ESTIMATE

MA NLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHL ER 79 IPWA

following data for averages, fits, limits,

ARNDT 96 IPWA
ARNDT 95 DPWA
BAT I NIC 95 DPWA
LI 93 IP WA

CRAWFORD 80 DPWA
SAXON 80 DPWA

BAKER 79 DPWA
BARBOUR 78 DPWA

1 LONGACRE 77 IPWA
LONGACRE 75 IPWA

COMMEN T

aN + 2r N &. N7r7r

7rN ~ 7rN
7rN ~ 7rN

etc. ~ ~ ~

pN ~ 7rN
7rN ~ N7r

7r N ~ N7r, NTI

pN ~ 7rN

pN ~ 7rN
~-p- nKO

P ~ n7I

pN ~ 7rN

7r N —+ N7r7r

7r N ~ N7r7r

N(1675) BRANCHING RATIOS

I (Ntr)/I totai
VALUE

0.4 to 0.5 OUR ESTIMATE
0.47 +0,02
0.38+0,05
0.38+0.03
~ ~ ~ We do not use the following

0.38
0.31+0.06

DOCUMENT ID TECN COMMENT

M A NLEY 92 I PWA
CUTKOSKY 80 IPWA
HOE HLER 79 IPWA

data for averages, fits, limits,

ARNDT 95 D PWA
BAT IN I C 95 D P WA

7r N ~ 7r IV &. N7r7r

7rN ~ 7rN
7rN ~ 7rN

etc. ~ ~ ~

7rN ~ N7r

7rN ~ N7r, Nq

I (Ntl)/I toto~
VAL UE DOCUMENT ID TECN COM MEN T

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.00140.001 BATINIC 95 DPWA 7r N ~ N7r, Nq

N(1675) POLE POSITION

REAL PART
VALUE (Mev)

1663
1656
1660+10
~ o ~ We do not use t he fo llowin g

1655
1663 or 1668
1649 or 1650

DOCLIMENT ID TECN

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

DOCUMENT ID TECN

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

—2x IMAGINARY PART
VALUE (Mev)

152
126
140 + 10
~ ~ ~ We do not use the following

124
146 or 171
127 or 127

COMMENT

7rN ~ N7r

AN —+ 7rN
7rN ~ xN
etc. ~ ~ ~

xN ~ 7r N Soln SM90
7r N ~ N7r7r

2r N + N7r7r

COMM EN T

+N ~ N7r

xN ~ 7rN

AN -+ 7rN

etc. ~ o ~

7r N ~ 7r N Soln SM90
7r N ~ N7r7r

xN ~ N7r7r

(I irf) /I toto(in Ntr~ N(1675) ~ Nfl (I tea) /I
VAL UE DOC UM EN T ID TECN COMMENT

—0.07
+0.009

BAKER
FELTESSE

79 DPWA 7r p ~ nq
75 DPWA Soln A; see BAKER 79

(rirf) ll tote(in Nm N(1675) AK
VALUE DOCUMENT ID

+0.04 to +0.08 OUR ESTIMATE
—0.01 BELL 83 D PWA

+ 0.036 5 SAXON 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.034+ 0.006 DEVENISH 74B

(r, r, ) /r
TECN COM MEN T

7r p ~ nK0
—

p nKO

etc. ~ o ~

Fixed-t dispersion rel.

(rirf) /I total in Nm N(1675) ZK
VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

(0.003 6 DEANS 75 DPWA

(I tl 4) a/r
COMMEN T

etc. ~ ~ ~

7rN ~ ZK

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

N(1675) ELASTIC POLE RESIDUE

MODULUS
VALUE (Mev)

29
23
31+5
~ ~ ~ We do

28

DOCUMENT ID TECN

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

not use the following data for averages, fits, limits,

ARNDT 91 DPWA

COMMEN T

7rN ~ N7r

7rN ~ 7rN
7rN ~ mN

etc. ~ o ~

7r N ~ 7rN Soln SM90

PHASE |sl

VALUE ( )

6
—22
—30+ 10
~ ~ ~ We do

COMMENT

7rN ~ N7r

7rN ~ 7rN

7rN ~ 7rN

etc. ~ ~ ~

7r N ~ 7r N Soln SM90

DOCUMENT ID TECN

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

not use the following data for averages, fits, limits,

ARNDT 91 DPWA

Note: Signs of couplings from 7rN ~ N2r7r analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the Z(1620) S31
COupling tO H(1232) 7r.

(rlrf) /rtotal
VAL UE

+0.46 to +0.50
+0.496 k 0.003
+0.46
+ 0.50
~ ~ ~ We do not

+0.5

(r, r, )&/rin Ntr~ N(1675) -+ a3(1232)tr ~ Dwave
DOCUMEN T ID TECN COM MEN T

OUR ESTIMATE
MANLEY 92 IPWA 7r N ~ 7r N & N7r7r

1t7 LONGACRE 77 IPWA 7r N ~ N7r 7r

2 LONGACRE 75 IPWA 7r N ~ N7r7r

use the following data for averages, fits, limits, etc. ~ ~ ~

8 NOVOSELLER 78 IPWA 7r N ~ N7r7r

(rtrto)~/r(I II f} /I t t ~
in Ntr N(1675) N p, 5=1/2. D-wave

VAL UE DOCUMENT ID TECN COMMENT

+0.04+ 0.02 MANLEY 92 IPWA 7r N ~ 7r N 8c N7r7r
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N(1675), N(1680)

MANLEY 92 IPWA
1t7 LONGACRE 77 IPWA

rlrf) '/rt kiln N~ "(i6rs) N(n~)s=-', .
VAL UE DOCUMENT /D TECN

+0.03 1i7 LONGACRE 77 IPWA

(rtrta} /r
COM MEN T

7r N ~ N n zr

N(1675) PHOTON DECAY AMPLITUDES

N(1675) ~ pp, helicity-1/2 amplitude At/2
VAL UE (GeV 1/2) DOCUMENT /D

+0.019+0.008 OUR ESTIMATE
0.015+0.010 ARNDT 96
0.021 +0.011 C RAW FOR D 83
0.034 +0.005 AWA J I 81
0.006 +0,005 ARAI 80
0.006 +0.004 ARAI 80
0.023 +0.015 CRAWFORD 80

~ ~ ~ We do not use the following data for averages, fits,

0.0124 0.002 LI 93
+0,022 +0.010 BARBOUR 78
+0.034 +0.004 FELLER 76

TECN

I PWA
I PWA

DPWA
DPWA
DPWA
DPWA
limits,

I PWA

DPWA
DPWA

COMM EN T

pN ~
pN ~
pN ~
pN ~
pN ~
gN ~
etc. ~ ~

~N
~N
~N
~N (fit 1)
zr N (fit 2)
nN

pN ~ ~N
yN~ ~N
yN~ ~N

N(i675) ~ pp, helicity-3/2 amplitude Aa/a
VAL UE (GeV 1/2) DOCUMENT /D TECN

+0.015+0.009 OUR ESTIMATE
0.0104 0.007 ARNDT 96 IPWA
0.015+0.009 CRAWFORD 83 IPWA

0.024+ 0.008 AWA J I 81 DPWA
0.030 + 0.004 A RAI 80 DPWA

0.029+ 0.004 ARAI 80 DPWA
0.003 4 0,012 CRAWFORD 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.021 +0.002 LI 93 I P WA

+0.015+0.006 BARBOUR 78 DPWA

+ 0,019+0.009 FELLER 76 DPWA

N(1675) ~ n7, helicity-1/2 amplitude At/a
VAL UE (GeV 1/2) DOCUMEN T /D TECN

-0.043+0.012 OUR ESTIMATE
—0.049+ 0.010 ARNDT 96 IPWA
—0.057 +0.024 AWA J I 81 DPWA
—0.033+0.004 FU J II 81 DPWA
—0.039+0.017 A RA I 80 DPWA
—0.025+ 0.027 A RAI 80 D PWA
—0,059+0.015 CRAWFORD 80 DPWA
—0.021 4 0,011 TAKEDA 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.060 +0.003 LI 93 I P WA
—0.066+ 0.020 BARBOUR 78 DPWA

N(1675) ~ np, heHcity-3/2 amplitude Aa/a
VAL UE (GeV 1/2) DOCUMENT /D TECN
—0.058+0.013 OUR ESTIMATE
—0.051 +0.010 ARNDT 96 IPWA
—0,077+ 0.018 AWA J I 81 DPWA
—0.069 + 0.004 FU J I I 81 DPWA
—0.066+ 0.026 ARAI 80 DPWA
—0.071 2 0.022 ARAI 80 DPWA
—0.059+ 0,020 CRAWFORD 80 DPWA
—0.030 4 0.012 TAK EDA 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.074 +0.003 LI 93 I P WA
—0.073 +0.014 BARBOUR 78 DPWA

COM MEN T

pN ~
pN ~
pN ~
pN ~
pN ~
pN ~
etc. ~ ~

zr N

7rN

zr N

~N (fit 1)
zr N (fit 2)
zr N

pN ~ AN
pN ~ AN
pN ~ AN

COMM EN T

pN ~
pN ~
pN ~
yN ~
pN ~
pN ~
pN ~
etc. ~ ~

zr N

zr N

zr N

~N (fit 1)
zr N (fit 2)
zr /V

7r N

pN ~ 7rN

pN ~ AN

COMMEN T

pN ~
pN ~
pN ~
pN ~
pN ~
pN ~
pN —+

etc. o ~

zr N

zr N

7r N

zr N (fit 1)
zr N (fit 2)
zr N

zr N

pN ~ AN
pN ~ AN

N(1675) FOOTNOTES
LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to AN ~ N~7r data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.
From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a m plitudes.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and A resonances as determined from Argand diagrams of zr N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

4LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to zr N ~ Nzr~ data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.
SAXON 80 finds the coupling phase is near 90o.
The range given is from the four best solutions. DEANS 75 disagrees with zr+ p ~
Z'+ K+ data of WINNIK 77 around 1920 MeV.

7LONGACRE 77 considers this coupling to be well determined.
A Breit-Wigner fit to the HERNDON 75 IPWA.

(I ll p} /I total in Na'~ N(1675) ~ IVp, S=3/2, Dutave (I tl tt) /I
VALUE DOCUMENT ID TECN COMMENT
—0.12 to -0.06 OUR ESTIMATE
—0.03 +0.02 AN ~ AN 8c Neer
—0, 15 zr N ~ N~zr

N(1675) REFERENCES

For early references, see Physics Letters 111B70 (1982).

ARNDT
ARNDT
BATINIC
HOEHLER
LI

MANLEY
Also

ARNOT
BELL
CRAWFORD
PDG
AWA J I

Also
FUJII
A RA I

Also
CRAWFORD
CUTKOSKY

Also
SAXON
TAKEDA
BAKER
HOE HLER

Also
BARBOUR
LONGACRE
NOVOSELLE

Also
LONGACRE

Also
WIN NIK
FELLER
DEANS
FELTESSE
HERNDON
LONGACRE
D EVE NISH

96
95
95
93
93
92
84
91
83
83
82
81
82
81
80
82
80
80
79
80
80
79
79
80
?8
78

R 78
788
77
76
7?
76
75
75
75
75
74B

PR C53 430
PR C52 2120
PR C51 2310
AN Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
NP 8222 389
NP 8211 1
PL 1118
Bonn Conf. 352
NP 8197 365
NP 8187 53
Toronto Conf. 93
NP 8194 251
Toronto Conf. 107
Toronto Conf, 19
PR D20 2839
NP 8162 522
NP 8168 17
NP 8156 93
PDAT 12-1
Toronto Conf. 3
NP 8141 253
PR D17 1795
NP 8137 509
NP 8137 445
NP 8122 493
NP 8108 365
NP 8128 66
NP 8104 219
NP 896 90
NP 893 242
PR Dll 3183
PL 558 415
NP 881 330

+Strakovsky, Workman
+Strakovsky, Workman, Pavan
+Slaus, Svarc, Nefkens

(V PI)
(VPI, BRCO)

(BOSK, UCLA)
(KARL)

(V PI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(RL) IJP
(GLAS)

(HELS, CIT, CERN)
(NAGO)
(NAGO)

(NAGO, OSAK)
(IN US)
(IN US)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(RHEL, BRIS) IJP
(TOKY, INUS)

(RHEL) IJP
(KARLT) IJP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(CIT) IJP
(CIT) IJP

(SAC L) I J P
(SACL) IJP
(HAIF) I

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

(SACL) IJP
(LBL, SLAC)
(LBL, SLAC) IJP

(DESY, NORD, LOUC)

+Amdt, Roper, Workman
+Saleski

Ma nley, A md t, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Blissett, Broome, Daley, Hart, Lintern+
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii ~ Hayashii, Iwata, Kajikawa+
+Hayashii, Iwata, Kajikawa+

Arai, Fujii

+Forsyth, Babcock, Kelly, Hendrick
C ut kosky, Forsyt h, He ndrick, Kelly

+ Baker, Bell, Blissett, Bloodworth+
+Arai, Fujii, Ikeda, Iwasaki+
+Brown, C lark, Davies, De pagter, Eva ns+
+Kaiser Koch Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosenfeld, Srnadja+

Novoseller
+Dolbea u

Dolbeau, Triantis, Neveu, Cadiet
+Toaff, Revel, Goldberg, Berny
+Fukushima, Horikawa, Kajikawa+
+Mitchell, Montgomery+
+Ayed, Bareyre, Borgeaud, David+
+Longacre, Miller, Rosenfeld+
+ Rosenfeld, Lasinski, Smadja+
+Froggatt, Martin

N(1680) Fgs i(J ) = &(&+) Status:

N(1680} MASS

VAL UE (MeV)

1675 to 1690
1684+ 4
1680+ 10
1684+ 3
~ o ~ We do

TECN COMMEN TDOCUMENT ID

(m 1680) OUR ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

ARNDT 96 IPWA
ARNDT 95 DPWA
BAT IN I C 95 D PWA

CRAWFORD 80 DPWA
BARBOUR 78 DPWA

1 LONGACRE 77 IPWA

KNASEL 75 DPWA
LONGACRE 75 IPWA

7r N ~ zr N Jb. N7r~
AN ~ AN
AN ~ AN
etc. ~ ~ o

pN~ mN

AN ~ Nor

zr N ~ Nzr, Nz/

pN ~ AN
pN~ ~N
zr N ~ N7rzr

p ~ AK0
zr N ~ Nzr7r

1679+ 5
1678
1674+ 12
1682
1680
1660
1685
1670

N(1680) WIDTH

TECN COMMEN TVAL UE (MeV)

120 to 140 (m 130) OUR

139+ 8
120+ 10
128+ 8
~ ~ o We do not use the

DOCUMEN T /D

ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

following data for averages, fits, limits,

A R NDT 96 IPWA

, ARNDT 95 DPWA
BAT I N I C 95 D PWA

CRAWFORD 80 DPWA
BARBOUR 78 DPWA

1 LONGACRE 77 IPWA

K NAS EL 75 DPWA
LONGACRE 75 IPWA

AN ~ AN 6 N7r7r

AN ~ 7rN

AN ~ 7rN

etc. ~ o ~

pN ~ 7rN

7r N —+ Nsr
zr N ~ N7r, Nt)
pN ~ AN

pN ~ 7rN

xN ~ N7rzr

p —+ AK0
wN ~ N7rzr

124+ 4

126
126+ 20
121
119
150
155
130

N(1680) POLE POSITION

REAL PART
VALUE(MeV)

1670
1673
1667+5
~ ~ ~ We do not use the following

1670
1668 or 1674
1656 or 1653

DOCUMENT /D TECN

ARNDT 95 DPWA
3 HOEHI ER 93 ARGD

CUTKOSKY 80 IPWA
data for averages, fits, limits,

AR NDT 91 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

COMMENT

~N ~ N7r

~N~ ~N
7rN ~ ~N
etc. ~ ~ ~

m N ~ 7r N Soln SM90
AN ~ N7rzr

~N ~ Nzrzr

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 1118 (1982).
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N(1680)
—2x IMAGINARY PART
VALUE (MeV)

120
135
110+10
~ ~ ~ We do not use the following

116
132 or 137
145 or 143

DOCUMENT ID TECN

ARNDT 95 DPWA
3 HOEHLER 93 ARGD

CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA
4

i ONGACRE 78 IPWA
1 LONGACRE 77 IPWA

COMMENT

7r N ~ IV7r

~N ~ AN
~N - 7rN

etc. ~ ~ ~

~N ~ 7r N Soln SM90
vr N ~ Nerd
vr N ~ N+2r

r(Ng)/I (N»)
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.027 HEUSCH 66 RVUE m, r) photoproduction

(I (I f) /I tetg in N» -+ N(1680) -+ A K (r,r, ) /r
Coupling to AK not required in the analyses of BAKER 77, SAXON 80, or BELL 83.

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

N(1680) ELASTIC POLE RESIDUE 0.01
—0.009 4 0.009

KNASEL
D EVEN IS H

75 DPWA ~—
p nK0

74B Fixed-t dispersion rel.

MODULUS
VAL UE (MeV)

40
44
3442
~ ~ o Wedo

37

DOCUMENT ID TECN COMMEN T

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

not use the following data for averages, fits, limits,

ARNDT 91 DPWA

7rN ~ Nvr

AN —+ 7r N

nN ~ 7rN
e'tC. ~ ~ ~

vr N ~ AN Soln SM90

PHASE e
VALUE ( )

1
—17
—25+ 5
~ ~ ~ We do

—14

DOCUMENT ID TECN COMMENT

A RNDT 95 D PWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

not use the following data for averages, fits, limits,

ARNDT 91 DPWA

aN ~ Nsr

xN ~ AN
7rN ~ 7rN

etc. ~ o ~

vr N ~ 7r N Soln SM90

N(1680) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

(I err) /rt. taf
VAL UE

~ ~ ~ We do not

(0.001

in N» ~ N(1680) ~ Z K
DOCUMENT ID TECN

use the following data f'or averages, fits, limits,

6 DEANS 75 DPWA

(r,r, ) /r
COMMENT

etc. ~ ~ ~

~N~ ZK

Note: Signs of couplings from 7r N ~ Nsr~ analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase

ambiguity is resolved by choosing a negative sign for the A(1620) S31
coupling to A(1232) +.

(I tl y)~/I(r,rf} /It t, lnN~»N(1680)-+ B(1232)», P wave-
VAL UE DOCUMENT ID TECN COMMENT
—0.31 to —0.21 OUR ESTIMATE
—0.26+ 0.04 MANLEY 92 IPWA 7r IV ~ 7r N Ec N+7r
—0.27 LONGACRE 77 IPWA vr IV ~ IV7r a
—0.25 LONGACRE 75 IPWA x N ~ Nn2r
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.38 8 NOVOSELLER 78 IPWA 7r N N vr

l1
l2
I3
l4
r,
I6
I7
r8
I9
r10

I 13
r14
I 15
I 16

I 18
r19

Mode

N7r

NTI

AK
ZK
N~~

A{1232}»,P wave-
Z(1232) vr, F-wave

Np
N p, S=1/2, F-wave
N p, S=3/2, P-wave
N p, S=3/2, F-wave

}S=wave-
p'7

pp, helicity=1/2
pp, helicity=3/2

np
np, helicity=l/2
np, helicity=3/2

Fraction (I I/( )

60-70 %

30-40 %
5—15 %
6—14 %
(2%
3—15 %

&12 %

5 200

0.21-0.32 %
0.001—0.011 %

0.20-0.32 %
0.021M.046 %

0.004-0.029 %

0.01M.024 %

(r, r, )//r(I ll f) /I t t J in N» ~ N(1680) -+ LL(1232)», Fwave
VAL UE DOCUMENT ID TECh/ COMMENT

+0.03 to +0.11 OUR ESTIMATE
+ 0.07 +0,03 MANLEY 92 IPWA x IV ~ n N 6 IV7ra
-+ 0.07 LONGACRE 77 IPWA 7r N ~ N7r x
+ 0.08 LONGACRE 75 IPWA 7r N ~ N7r a
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

+0.05 NOVOSELLER 78 IPWA ~N ~ IV~~

(I (I p) /It t finN»-+ N(1680}~ Np, S=3/2, Fwave (I tl qa) '/I
VAL UE DOCUMENT ID TECN COMMENT

-0.18 to —0.10 OUR ESTIMATE
—0.13+0.03
—0, 15

(r(l p) /rt t /InN»-+ N(1680)-+ Np, S=3/2, P wave -(I ql tt) /I
VAL UE DOCUMENT ID TECN COMMENT
—0.30 to —0.10 OUR ESTIMATE
—0.20+ 0.05 MANLEY 92 IPWA xN ~ +N 8c /Vera
—0.23 LONGACRE 77 IPWA a N ~ N ma
—0.30 LONGACRE 75 IPWA x IV ~ N7r a
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.34 NOVOSELLER 78 IPWA vr N ~ IVvrm

N(1680) BRANCHING RATIOS

I (N»)/I tet@
VAL UE

0.6 to 0.7 OUR ESTIMATE
0.70 +0.03
0.62+ 0.05
0.65+ 0.02
o ~ ~ We do not use the following

DOCLIMENT ID TECN COMMENT

AN ~ ~N G N~7r
7rN ~ 7rN

AN ~ AN

etc. ~ ~ o

MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOE HLER 79 IPWA

data for averages, fits, limits,

(I (I f) /I t t ( in N» N(1680} N(»»}g=
VALUE DOCUMENT ID TECN

+0.25 to +0.35 OUR ESTIMATE
+ 0.29 +0.04 MANLEY 92 IPWA

+ 0.31 LO N GAC RE 77 I PWA

+ 0.30 2 LONGACRE 75 IPWA

~ o ~ We do not use the following data for averages, fits, limits,

+ 0.42 8 NOVOSELLER 78 IPWA

COMMENT

(i tl ta} /I

AN ~ ~N Zc /Ver~

AN ~ Ne'er

~N —~ N~7r
Ptc. ~ ~ ~

aN ~ Nrem

0.68
0.69 +0.04

ARNDT
BAT I N I C

95 DPWA 7r N ~ Na
95 DPWA 7r N ~ Nwc, Nr/ N(1680) PHOTON DECAY AMPLITUDES

(r,r, ) '/rta„[ in N» ~ N(1680) Nn (r, r, )&/r
VAL UE DOC UM EN T ID TECN COMM EN T

BAKER 79 DPWA vr p ~ nrInot seen

r (Nn) /rt. tg
VAL UE

~ o ~ We do not

COMMENT

etc. ~ o ~

DOCUMENT ID TECN

use the following data for averages, fits, limits,

BATINIC 95 DPWA
5 CARRERAS 70 MPWA
5 BOTKE 69 MPWA
5 DEANS 69 MPWA

aN ~ N~, NrI
t pole + resonance
t pole + reso n a nce
t pole + resonance

0.01 +0.004
0.0005 or 0.001
0.0004
0.003 k 0.002

~ o o We do not use the following data for averages, fits, limits, etc. e ~ ~

TECN COMMENT

7rN

vr N

AN
7r N (fit 1)
vr N (fit 2)
7rN

pN ~
pN ~
gN ~
pN ~
pN ~
pN ~
etc. ~ ~

pN ~ 7rN
pN~ ~N
pN~ aN

N(1680) ~ pp, helicity-1/2 amplitude At/z
VA L UE (GeV

—1/2 ) DOCUMENT ID

—0.015+0.006 OUR ESTIMATE
—0.010+0.004 ARNDT 96 IPWA
—0.017+0.018 CRAWFORD 83 IPWA
—0.009 +0.006 AWA Jl 81 D PWA
—0.028+ 0,003 ARAI 80 DPWA
—0.026 +0.003 ARAI 80 DPWA
—0.018+0,014 C RAW FO R D 80 D P WA

e ~ ~ We do not use the following data for averages, fits, limits,

—0.006 +0.002 LI 93 I PWA
—0,005+ 0.015 BARBOUR 78 DPWA
—0.009+0.002 FELLER 76 DPWA
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N(1680), N(1700)

TECN COMMEN T

pN~ ~N
pN —+ +N
pN ~ 7rN

pN ~ ~N (fit 1)
pN ~ yr N (fit 2)
pN ~ 7rN

etc. ~ ~ ~

pN ~ AN
pN~ xN
pN~ ~N

N(1680) ~ np, helicity-1/2 amplitude At/a
VAL UE (GeV 1/2) DOCUMEAIT ID

+0.029+0.010 OUR ESTIMATE
0.030 +0,005 ARNDT 96 IPWA

0.017+ 0.014 AWA J I 81 DPWA
0.032 +0.003 FU JI I 81 D PWA

0.026 +0.005 ARAI 80 DPWA
0.028 +0.014 A RA I 80 DPWA
0.044 + 0.012 CRAWFORD 80 DPWA
0.025 + 0.010 TAKEDA 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.022 +0.002 LI 93 IPWA

+0.037 +0.010 BARBOUR 78 DPWA

TECN COMM EN T

pN ~ n. N

pN ~ AN
pN~ ~N
gN ~ ~N (fit 1)
pN ~ nN (fit 2)
pN ~ n. N

pN~ +N
etc. ~ ~ ~

pN ~ AN
pN ~ AN

N{1680) -+ np, helicity-3/2 amplitude Aa/a

VALUE(GeV / ) DOCUMENT ID

—0.033+0.009 OUR ESTIMATE
—0.040 +0.015 ARNDT 96 IPWA
—0.033+ 0.013 AWA J I 81 DPWA
—0.023 +0.005 FU Jll 81 D PWA
—0.024 + 0.009 ARAI 80 DPWA
—0.029 +0.017 ARAI 80 DPWA
—0.033+0.015 CRAWFORD 80 DPWA
—0.035+0.012 TAKEDA 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

TECN COMMENT

pN~ ~N
pN~ ~N
pN~ xN
pN ~ ~N (fit 1)
pN ~ ~N (fit 2)
pN~ ~N
pN~ xN
etc. e ~ ~

—0.048 +0.002
—0.038+0.018

LI

BARBOUR
93 IPWA pN ~ mN
78 DPWA pN ~ aN

N(1680} ~ pp, helicity-3/2 amplitude Aa/a

VAL UE (GeV 1/2) DOCUMENT ID

+0.133+0.012 OUR ESTIMATE
0.145+0.005 ARNDT 96 IPWA

0.132+0.010 CRAWFORD 83 IPWA

0.115+0.008 AWA J I 81 DPWA
0.115+0.003 ARAI 80 DPWA
0.122+ 0.003 ARAI 80 DPWA
0.141+0.014 CRAWFORD 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.154+ 0.002 LI 93 IPWA

+0.138+0.021 BARBOUR 78 DPWA

+0.121*0.010 FELLER 76 DPWA

HOEHLER
Also

BARBOUR
LONGACRE
NOVOSELLE

Also
BAKER
LONGACRE

Also
WINNIK
FELLER
DEANS
HERNDON
KNASEL
LONGACRE
DEVENISH
CARRERAS
BOTKE
DEANS
HEUSCH

79
80
78
78

R 78
788
77
77
76
77
76
75
75
75
75
748
70
69
69
66

PDAT 12-1
Toron to Conf. 3
NP 8141 253
PR D17 1795
NP 8137 509
NP 8137 445
NP 8126 365
NP 8122 493
NP 8108 365
NP 8128 66
NP 8104 219
NP 896 90
PR Dll 3183
PR Dl1 1
PL 558 415
NP 881 330
NP 816 35
PR 180 1417
PR 185 1797
PRL 17 1019

(KARLT) IJP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(CIT) IJP
(C IT) I JP

(RHEL) IJP
(SACL) IJP
(SACL) IJP
(HAIF) I

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

(LBL, SLAC)
IC, WUSL, OSU, ANL) IJP

(LBL, SLAC) IJP
(DESY, NORD, LOUC)

(DARE, MCHS)
(UCSB)
(SFLA)

(C IT)

+Kaiser, Koch, Pietarinen
Koch

pCrawford, Parsons
+Lasinski, Rosenfeld, Smadja+

Novose lier
+Blissett, Bloodworth, Broome, Hart+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Toaff, Revel, Goldberg, Berny
+Fukushima, Horikawa, Kajikawa+
+Mitchell, Montgomery+
+Longacre, Miller, Rosenfeld+
yLindquist, Nelson+ (CH
+Rosenfeld, Lasinski, Smadja+
+Froggatt Martin
+ Donnachie

+Wooten
+Prescott, Dashen

N(1700) 013 I{J ) = &{& ) Status:

N(1700) MASS

VAL UE (MeV)

1650 to 1750
1737+44
1675+25
1731+ 15
~ ~ o Wedo

1791+46
1709
1650
1690 to 1710
1719
1670+ 10
1690
1660
1710

TECN COMM EN TDOCUMENT !0
(m 1700) OUR ESTIMATE

MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

BAT I N I C 95 D PWA

CRAWFORD 80 DPWA
SAXON 80 D P WA

BAKER 78 DPWA
BARBOUR 78 DPWA

1 BAKER 77 IPWA

BAKER 77 DPWA
2 LONGACRE 77 IPWA

LONGACRE 75 IPWA

2r N ~ 2r N 8c N7r7r

aN ~ 2rN
AN ~ AN
etc. ~ ~ ~

~N ~ N2r, Nq
pN ~ AN

p ~ AKQ

p AKO

pN ~ 2rN

p~ AKO

p~ AKQ

vr N ~ Nvr~
vr N ~ N2rvr

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 1118 (1982).

The various partial-wave analyses do not agree very well.

N(1680} REFERENCES

For early references, see Physics Letters 111B 70 (1982). For very early
references, see Reviews of Modern Physics 37 633 (1965).

ARNDT
ARNDT
BATINIC
HOEHLER
LI

MANLEY
Also

ARNDT
BELL
CRAWFORD
PDG
AWA J I

Also
FUJII
ARAI

Also
CRAWFORD
CUTKOSKY

A I so
SAXON
TAKE DA

BAKER

96
95
95
93
93
92
84
91
83
83
82
81
82
81
80
82
80
80
79
80
80
79

PR C53 430
PR C52 2120
PR C51 2310
7r N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
NP 8222 389
NP 8211 1

PL 1118
Bonn Conf. 352
NP 8197 365
NP 8187 53
Toronto Conf. 93
NP 8194 251
Toro nto Co n f. 107
Toronto Conf. 19
P R D20 2839
NP 8162 522
NP 8168 17
NP 8156 93

+Strakovsky, Workman
+Strakovsky, Workman, Pavan
+Slaus, Svarc, Nefkens

+Amdt, Roper, Workman
ySa leski

Manley, Amdt, Goradia, Teplitz
+ Li, Roper, Work m a n, Ford
+Blissett, Broome, Daley, Hart, Lintern+
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+
+Hayashii, Iwata, Kajikawa+

Arai, Fujii

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baker, Bell, Blissett, Bloodworth+
+Arai, Fujii, Ikeda, Iwasaki+
+Brown, Clark, Davies, Depagter, Evans+

(VPI)
(VPI, BRCO)

(BOSK, UCLA)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(RL) IJP
(GLAS)

(HELS, CIT, CERN)
(N AGO)
(NAGO)

(NAGO, OSAK)
(INUS)
(IN US)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(RHEL, BRIS) IJP
(TOKY, INUS)

(RHEL) IJP

N{1680) FOOTNOTES
LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to vr N ~ N~vr data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.

2 From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a m plitudes.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and H resonances as determined from Argand diagrams of ~N elastic partial-wave

amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.
4LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first

(second) value uses, in addition to 1r N ~ N~vr data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

5The parametrization used may be double counting.
The range given is from 3 of 4 best solutions; not present in solution 1. DEANS 75
disagrees with ~+ p ~ Z+ K+ data of WINNIK 77 around 1920 MeV.
LONGACRE 77 considers this coupling to be well determined.
A Breit-Wigner fit to the HERNDON 75 IPWA.

N(1TOO) WIDTH

TECN COM MEN TDOCUMENT ID

ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

following data for averages, fits, limits,

BAT I N I C 95 D PWA

CRAWFORD 80 DPWA

SAXON 80 D P WA

BAKER 78 DPWA
BARBOUR 78 DPWA

1 BAKER 77 IPWA
1 BAKER 77 DPWA
2 LON GAC RE 77 IPWA

LONGACRE 75 IPWA

VAL UE (MeV}

50 to 150 (~ 100) OUR

250 + 220
90+ 40

1104 30
~ ~ ~ We do not use the

a N ~ a N 8c N 2r n.

~N ~ 2rN

AN ~ n. N

etc. ~ ~ ~

xN ~ Nvr, Nq
pN ~ 7rN

p ~ AKQ

p~ AK
pN ~ AN

p —~ AKO

p~ AKO

xN ~ N~~
vr N ~ N7r~

215+ 60
166
70
70 to 100

126
90+ 25

100
600
300

N{1TOO) POLE POSITION

REAL PART
VAL UE (MeV)

1700
1660i 30
~ ~ ~ We do not

not seen
1710 or 1678
1616 or 1613

—2x IMAGINARY
VAL UE (MeV)

120
90+40

~ ~ ~ We do not use

not seen
607 or 567
577 or 575

PART
DOCUMENT ID TECN

4 HOEHLER 93 SPED
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA
5 LONGACRE 78 IPWA
2 LONGACRE 77 IPWA

COMMENT

7rN ~ nN
~N ~ AN
etc. ~ ~ ~

1r N ~ 7rN Soln SM90
AN ~ Nna
~N ~ Nsr~

DOCUMENT ID TECN COMMENT

4 HOEHLER 93 SPED aN ~ vr N
CUTKOSKY 80 IPWA x N + 7r N

use the following data for averages, fits, limits, etc. ~ ~ ~

ARNDT 91 DPWA vr N ~ vr N Soln SM90
LONGACRE 78 IPWA vr N ~ Nnrx
LONGACRE 77 IPWA n N ~ N~a
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N(1700)

MDDULUs lrl
VA L UE (Me V)

5
6+3

N(1700) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 SPED 7r N ~ 7r N

CUTKOSKY 80 IPWA 7r N ~ 7r N

(r, r, )h/r(I il p) /I totai in Nn ~ N(1700) ~ A(1232) n, Dwave-
VALUE DOCUMENT ID TECN COMMENT

+0.04 to +0.20 OUR ESTIMATE
+0.10+0.09 MANLEY 92 IPWA 7r M ~ 7r N 8c N7r7r
—0.12 2 LONGACRE 77 IPWA 7r N ~ IV7r

+0.14 LONGACRE 75 IPWA 7r M ~ N7rx

PHASE 8
VALUE ( )

0+ 50

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N —+ 7r N

N(1700) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

r,
l2
I3
r4
l5
I6

IS
I9
l10
~11

~14r„
i 16
C17r„

Mode

N7r

N7I

AK
ZK
N7r 7r

A(1232) 7r, S-wave
A{1232}vr, Dwave-

Np
N p, S=l/2, 0-wave
N p, S=3/2, S-wave
N p, S=3/2, D-wave

lv ( }5=,
p'Y

pp, helicity=l/2
pp, helicity=3/2

np
np, helicity=1/2
np, helicity=3/2

Fraction (Fl/I )

5—15 %

(3%

85-95 %

(35 %

0.01-0.05 %
0.0-0.024 %
0.002—0.026 %
0,01M.13 %
0.0—0.09 %
0.01M.05 %

N(1700) BRANCHING RATIOS

r(ly~) /rtotai
VAL UE

0.05 to 0.15 OUR ESTIMATE
0.01+0.02
0.116 0.05
0.08+ 0.03
~ ~ ~ We do not use the following

0.04+ 0.05

DOC UM EN T ID TECN COMMENT

MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

data for averages, fits, limits,

BATINIC 95 DPWA

7r N ~ 7r N Ec N7r7r

7rN ~ 7rN
7rN ~ 7rN

etc. ~ ~ ~

7rN ~ N7r, Nq

r (N 0) /r totals
VAL UE DOCUMENT ID TECN COMM EN T

0.104 0.06 BATINIC 95 DPWA 7r N ~ N7r, Nt}

(r,r,)&/r(Iil q} /rtotai in Nn-+ N(1700)-+ AK
DOCUMENT ID

OUR ESTIMATE
BELL 83 D PWA

SAXON 80 DPWA
use the following data for averages, fits, limits,

6 BAKER 78 DPWA
1 BAKER 77 IPWA
1 BAKER 77 DPWA

D EVEN ISH 74B

TECN COMM EN TVAL UE
—0.06 to +0.04
—0.012
—0.012
~ ~ e We do not

p~ nK0

p ~ nK0
etc. ~ o ~

See SAXON 80
7r

—p- nK0
Tr p nKO
Fixed- t dispersion rel.

—0.04
—0.03 + 0.004
—0.03
+0.026 +0,019

in Nn ~ N(1700) -+ ZK
DOCUMENT ID TECN

use the following data for averages, fits, limits,

LIVANOS 80 DPWA
DEANS 75 DPWA

(rlrr) '/rtot i

VAL UE

~ ~ e We do not

not seen
(0.017

COMM EN T

etc. o ~ ~

(rtl a)~a/I

7rp ~ XK
7rN ~ XK

Note: Signs of couplings from 7r N ~ M7r7r analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the H(1620) S31
coupling to H(1232)7r.

(r, r,)h/r(I il f)~/I tot, i in Nn ~ N(1700) ~ c1(1232)n, S-wave
VALUE DOCUMENT ID TECN COMMENT

0.00 to +0.08 OUR ESTIMATE
+0.02+ 0.03

0.00
—0.16

MANLEY 92 IPWA 7r N ~ m M 5. M7r7r
2 LONGACRE 77 IPWA 7r IV ~ N

LONGACRE 75 IPWA 7r IV ~ N7r7r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e

(r,r„)&/r(Itl r) /ftotalinNe ~ N(1700)-+ N(en)siva
VAL UE DOCUMENT ID TECN COMMENT

+0.02 to +0.28 OUR ESTIMATE
+0.02 +0.02 MANLEY 92 IPWA 7r N ~ 7r N Ec N7r7r

0.00 2 LONGACRE 77 IPWA 7r N ~ IV7r7r

+ 0.2 LONGACRE 75 IPWA 7r N ~ N7r 7r

N(1700) PHOTON DECAY AMPLITUDES

N(1700) ~ pp, helicity-1/2 amplitude At/a
VALUE (GeV / ) DOCUMENT ID TECN
—0.018+0.013 OUR ESTIMATE
—0.016*0.014 CRAWFORD 83 IPWA
—0.002+ 0.013 AWA J I 81 D PWA
—0.028+ 0.007 ARAI 80 DPWA
—0.029 +0.006 ARAI 80 D PWA
—0.024 +0,019 CRAWFORD 80 DPWA
o e ~ We do not use the following data for averages, fits, limits,

—0.033+0.021 BARBOUR 78 DPWA
—0.014+0.025 FELLER 76 DPWA

COMMENT

p/V ~ 7rN
-/N ~ 7rN

pN —+ 7rN (fit 1)
pN ~ nN (fit 2)
pN ~ 7rN

etc. ~ ~ ~

pM ~ 7rM

pN ~ 7rN

N{1700)~ pp, helicity-3/2 amplitude Aa/a
VAL UE (GeV 1/2) DOCUMENT ID

Q.002 +0.024 OUR ESTIMATE
—0.009+0,012 CRAWFORD 83 IPWA

0.029 +0.014 AWA J I 81 DPWA
—0.002+ 0.005 A RA I 80 DPWA

0.014+0.005 A RA I 80 DPWA
—0.017k 0.014 CRAWFORD 80 DPWA
~ e ~ We do not use the following data for averages, fits, limits,

—0.014+0.025 BARBOUR 78 DPWA
0.0 +0.014 FELLER 76 DPWA

TECN COM MEN T

pM ~ 7rN

pN ~ 7rN

pN ~ 7rN (fit 1)
pN ~ 7rN (fit 2)
pN —~ 7rlV

etc. ~ e e

pN ~ AM

pN ~ 7rN

N(1700) ~ np, helicity-1/2 amplitude At/a
VALUE(GeV / ) DOCUMENT ID

0.000+0.050 OUR ESTIMATE
0.006 +0.024 AWAJI 81 D PWA

—0.002+ 0.013 FU J I I 81 D PWA
—0.052 +0.030 A RA I 80 D PWA
—0.055+ 0.030 ARAI 80 D PWA

0.052 +0.035 CRAWFORD 80 DPWA
~ ~ e We do not use the following data for averages, fits, limits,

+ 0,050+ 0.042 BARBOUR 78 DPWA

TECN COMMEN T

q/V ~ 7rN

pN -~ 2rM

pN ~ 7rN (fit 1)
pN ~ 7r N (fit 2)
pN ~ 7rN

etc. ~ ~ ~

N{1700) ~ np, helicity-3/2 amplitude Aa/a
VAL UE (GeV

—1/2) DOCUMENT ID
—0.003+0.044 OUR ESTIMATE
—0.033+0.017 AWAJI 81 D PWA

0.01860.018 FU JI I 81 D PWA
—0.037+0.036 ARAI 80 D PWA
—0.035+0.024 ARAI 80 DPWA

0.041 +0.030 CRAWFORD 80 DPWA
~ ~ e We do not use the following data for averages, fits, limits,

-+ 0.035 +0.030 BARBOUR 78 DPWA

TECN COM MEN T

pM —~ 7rN

pN ~ 7rN

pN —~ 7r N (fit 1)
pN ~ 2r N (fit 2)
pN ~ 7rN

etc. ~ o ~

N{1700) 7p ~ AK+ AMPLITUDES

(I iI p) /I totai in pp ~ N{1700) ~ 1IK+ (Ea amplitude)
VALUE (units 10 ) DOCUMENT ID TECN

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.09 TANABE S9 DPWA

(I II f) /I total in pp -+ N(1700) -+ AK+ (Mq amplitude)
VALUE (units 10 3) DOCUMENT ID TECN

a ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—7.09 TANABE 89 DPWA

(rir~) /rtotaiinNa'~ N(17M}~ Np, S=3/2, S-wave {I tl tt} /I
VALUE DOCUMENT ID TECN COMMENT

+0.01 to +0.13 OUR ESTIMATE
—0.04 + 0.06 MANLEY 92 IPWA 7r N ~ 7r N 8c N7r7r
—0.07 2 LONGACRE 77 IPWA 7r N —a IV 7r 7r

+ 0.07 LONGACRE 75 IPWA 7r N -~ N7r 7r
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N(1700), N(1710)

p~ ~ N(1700} ~ A K+ phase angle ll (Ea amplitude} N(1710) WIDTH
VALUE (degrees) DOCUMENT ID TECN

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—35,9 TANABE 89 DPWA

N(1700) FOOTNOTES
1 The two BAKER 77 entries are from an IPWA using the Barrelet-zero method and from

a conventional energy-dependent analysis.
2 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the

first (second) value uses, in addition to m. N ~ Nm7r data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.
From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
am plitudes.

4 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and D resonances as determined from Argand diagrams of 2r N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

5LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to 2r N ~ Nvr7r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.
The overall phase of BAKER 78 couplings has been changed to agree with previous
conventions.

7The range given is from the four best solutions.

VALUE (MeV) DOCUMENT ID

50 to 250 (&s 100) OUR ESTIMATE

480+230 MANLEY
93+ 30 CUTKOSKY
90+ 30 CUTKOSKY

120+ 15 HOEHLER
~ ~ ~ We do not use the following data for average

1056 10 ARNDT
185+ 61 BATINIC
540 BELL
200 CRAWFORD
550 SAXON

97 BAKER
90 to 150 BAKER

167 BARBOUR
160+ 6 2 BAKER
95 2 BAKER

120 3 LONGACRE
174 KNASEL
75 4 LONGACRE

TECN

92 IPWA
90 IPWA
80 IPWA
79 IPWA

s, fits, limits,

96 IPWA
95 D PWA

83 DPWA
80 D PWA

80 DPWA
79 DPWA

78 D PWA
78 DPWA
77 IPWA

77 DPWA
77 IPWA

75 D PWA
75 IPWA

COMMEN T

mN ~ 2r N Er. N2r2r

AN -+ mN

AN ~ xN
AN —+ 2r N
etc. e ~ ~

pN —+ 7rN
AN ~ N~, Nr}

p AKO

pN ~ 2rN

p ~ AK0
2r p ~ nrI
2r p ~ AK0
pN ~ AN

p ~ AK0

p ~ AK0
7r N —+ Neer
2r p ~ AK0
2r N + Nurser

BATINIC
HOEHLER
MANLEY

Also
ARNDT
TANABE

Also
BELL
CRAWFORD
PDG
AWA Jl

Also
FUJII
A RAI

Also
CRAWFORD
CUTKOSKY

Also
LIVA NOS
SAXON
HOEHLER

Also
BAKER
BARBOUR
LONGACRE
BAKER
LONGACRE

Also
FELLER
DEANS
LONGACRE
DEVENISH

95 PR C51 2310
93 7r N Newsletter 9 1
92 PR D45 4002
84 PR D30 904
91 PR D43 2131
89 PR C39 741
89 NC 102A 193
83 NP B222 389
83 NP B211 1
82 PL 111B
81 Bonn Conf. 352
82 NP B197 365
81 NP B187 53
80 Toronto Conf. 93
82 N P B194 251
80 Toronto Conf. 107
80 Toronto Conf. 19
79 PR D20 2839
80 Toronto Conf. 35
80 NP B162 522
79 PDAT 12-1
80 Toronto Conf. 3
78 N P B141 29
78 NP B141 253
78 PR D17 1795
77 NP B126 365
77 NP B122 493
76 NP B108 365
76 NP B104 219
75 NP B96 90
75 PL 55B 415
74B NP B81 330

+Slaus, Svarc, Nefkens (BOSK, UCLA)
(KARL)
(KENT) IJP

(V PI)
(VPI, TELE) IJP

(MANZ)
(MANZ)

(RL) IJP
(GLAS)

(HELS, CIT, CERN)
(N AGO)
(N AGO)

(NAGO, OSAK)
(IN US)
(INUS)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(SACL) IJP
(RHEL, BRIS) IJP

(KARLT) IJP
(KARLT) IJP

(RL, CAVE) IJP
(GLAS)

(LBL, SLAC)
(RHEL) IJP
(SAC L) IJP
(SACL) IJP

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

(LBL, SLAC) IJP
(DESY, NORD, LOUC)

+Sa leski
Manley, Amdt, Goradia, Teplitz

+Li, Roper, Workman, Ford
+Kohno, Bennhold

Kohno, Tanabe, Bennhold
+Blissett, Broome, Daley, Hart, Lintern+
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+
+Hayashii, Iwata, Kajikawa+

Arai, Fujii

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baton, Coutures, Kochowski, Neveu
+Baker, Bell, Blissett, Bloodworth+
+Kaiser, Koch, Pietarinen

Koch
+Blissett, Bloodworth, Broome+
+Crawford, Parsons
+Lasinski, Rosenfeld, Srnadja+
+Blissett, Bloodworth, Broome, Hart+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Mitchell, Montgomery+
+Rosenfeld, Lasinski, Smadja+
+Froggatt, Martin

N(1700} REFERENCES

For early references, see Physics Letters 111B70 (1982). REAL PART
VAL UE (MeV)

1770
1690
1698
1690+20
~ ~ ~ We do not

1636
1708 or 1712
1720 or 1711

N(1710} POLE POSITION

COMMEN T

2rN ~ N2r
AN ~ 7rN
AN ~ AN
2rN —+ 2r N

etc, ~ ~ ~

2r N ~ 2r N Soln SM90
2r N ~ N7rn.

2r N ~ N2rn.

—2 x IMAGINARY
VAL UE (MeV)

378
200

88
80+20

~ ~ ~ We do not use

544
17 or 22

123 or 115

PART
DOCUMENT ID TECN

ARNDT 95 DPWA
5 HOEHLER 93 SPED

CUTKOSKY 90 IPWA
CUTKOSKY 80 IPWA

the following data f'or averages, fits, limits,

ARNDT 91 DPWA
6 LONGACRE 78 IPWA

LONGACRE 77 IPWA

COMMENT

~N ~ N7r

AN ~ AN
AN ~ 7rN

AN ~ AN
etc. ~ ~ ~

~N ~ AN Soln SM90
m N ~ N7r7r

2r N —+ Nvr2r

MODULUS lrl

N(1710) ELASTIC POLE RESIDUE

DOCUMENT ID TECN

ARNDT 95 DPWA
5 HOEHLER 93 SPED

CUTKOSKY 90 IPWA
CUTKOSKY 80 IPWA

use the following data for averages, fits, limits,

ARNDT 91 DPWA
6 LONGACRE 78 IPWA

LONGAC RE 77 IPWA

N(1710) P11 l(JP} = 2t(2t+) Status:

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 111B (1982).

COMM EN TVAL UE (MeV) DOCUMENT ID TECN

37 ARNDT 95 DPWA
15 HOEHLER 93 SPED
9 CUTKOSKY 90 IPWA
8+2 CUTKOSKY 80 IPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

149 ARNDT 91 DPWA

AN ~ N7r

AN 2rN
AN ~ AN
AN ~ 2rN

etC. ~ ~ ~

AN ~ 2rN Soln SM90

N(1710) MASS

VAL UE (MeV)

1680 to 1740
1717*28
1700+50
1723+ 9
~ o ~ We do

1720 + 10
1766+34
1706
1692
1730
1690
1650 to 1680
1721
1625+ 10
1650
1720
1670
1710

DOCUMENT ID

(a 1710) OUR ESTIMATE
MANLEY 92 IPWA

CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

ARNDT 96 IPWA
1 BATINIC 95 DPWA

CUTKOSKY 90 IPWA
CRAWFORD 80 DPWA
SAXON 80 DPWA

BAK ER 79 DPWA

BAKER 78 DPWA
BARBOUR 78 DPWA

2 BAKER 77 IPWA
2 BAKER 77 DPWA

LONGACRE 77 IPWA

K NASEL 75 DPWA
4 LONGACRE 75 IPWA

TECN COM MEN T

2r N ~ mN Jk N7r2r

AN ~ AN
AN ~ AN
etc. ~ ~ ~

pN ~ 7rN
nN ~ N7r, NrI
AN ~ 7rN

pN ~ AN

p~ AK0

p nq

p ~ AK0
pN ~ 7rN

p ~ AK0

p~ AK0
2r N + Na2r

p~ AK
AN ~ Nfrrr

The various partial-wave analyses do not agree very well.

N(1710) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

I2
l3
l4
C5

I6
I7

Mode Fraction (I;/f )

10—20 /oNsr

Ng
AK
ZK
N7r~

Ll(1232}~, P wave-
5 25 o/o

40—90 /o

15—40 /o

PHASE l5I

VALUE( ) DOCUMENT ID TECN COMMENT

—167 ARNDT 95 DPWA 2r N ~ N2r
—167 CUTKOSKY 90 IPWA 2r N —+ 2r N

175k 35 CUTKOSKY 80 IPWA vr N ~ 2r N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

149 ARNDT 91 DPWA 7r N ~ 2r N Soln SM90
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N(1710)

I8 NP
l9 N p, S=l/2, P-wave
I ze M p, S=3/2, P wave-

N(~ },'='„,
l12 P
l ]3 pp, helicity=1/2
l14 np
I 15 np, helicity=1/2

5-25 %

10 40 0/

0.002—0.05%
0.002—0 05/0

0 OW 02%
0.0—0.02 /u

N(1710) BRANCHING RATIOS

I (N~)/I totai
TECN COM M EN TVAL UE DOCUMENT ID

0.10 to 0.20 OUR ESTIMATE
0.09+0.04 MANLEY 92 IPWA

0.20+ 0.04 CUTKOSKY 80 IPWA

0.12 +0.04 HOEHLER 79 IPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.08 +0, 14 BAT IN I C 95 D P WA

7rN ~ 7rN 5 N7r7r

7rN ~ 7rN

7rN ~ 7rN

etC. ~ ~ ~

7r N ~ N7r, N7I

r (N fI) /r tots i

VAL UE DOCUMENT ID TECN COMM EN T

0.16+0.10 BATINIC 95 DPWA 7r N ~ N7r, N7I

{I il f} a/I totaiin Nm -+ N(1710)-+ Nfl (r, r,}&/r

o o o We do not use the following data for averages, fits, limits, etc. ~ o ~

N(1710) PHOTON DECAY AMPLITUDES

TECN COM M EN T

pN —+ 7r IV

pN ~ 7rN

pN ~ 7rN

pN ~ 7r N (fit 1)
p N ~ 7r N (fit 2)
pN ~ 7rN

etc. ~ ~ ~

pN ~ 7rN

pN ~ 7rN

plV ~ 7rN

N(1710) -+ n7, helicity-1/2 amplitude At/&
VALUE (GeV 1/2) DOC UM EN T ID
—0.002+0.014 OUR ESTIMATE
—0.002 +0.015 ARNDT 96 IPWA

0.000+0.018 AWA J I 81 DPWA
—0.001+0.003 FUJII 81 DPWA

0.005+ 0.013 A RAI 80 DPWA
0,011+0.021 ARAI 80 D PWA

—0.017+0.020 CRAWFORD 80 DPWA
~ ~ o We do not use the following data for averages, fits, limits,

0.052+ 0.003 LI 93 I PWA
—0,028+ 0.045 BARBOUR 78 DPWA

TECN COMM EN T

pN ~ 7rIV

pN ~ 7rN

pN ~ 7rN

qN ~N (fit 1)
pN ~ 7rN (fit 2)
pN ~ 7rN

etC. ~ ~ ~

pN ~ 7rN

pN ~ 7rN

N{1710}~ pp, hellcity-1/2 amplitude At/q
VALUE (GeV 1/2) DOCUMENT ID

+0.009+0.022 OUR ESTIMATE
0.007+0.015 ARNDT 96 IPWA
0.006+0.018 C RAWFOR D 83 IPWA
0.028+ 0.009 AWA J I 81 DPWA

—0.009+0.006 ARAI 80 DPWA
—0.012+0.005 ARAI 80 D PWA

0.015+0.025 C RAWFO R D 80 D PWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.037+0.002 LI 93 IPWA

+0.001 +0.039 BAR BOU R 78 D P WA

+0.053+0.019 FELLER 76 DPWA

VAL UE DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o N(1710) 7p ~ AK+ AMPLITUDES
0.22

+0.383
BAKER
FELTESSE

79 DPWA 7r p ~ nq
75 DPWA Soln A; see BAKER 79 (r,rf) /It t i in p7 N(1710) AK+ (Mt amplitude)

(rlrs)%/r(I (I f) '/I t i in N~ N(1710) AK
VAL UE DOCUMENT ID

+0.12 to +0.18 OUR ESTIMATE
+0.16 BELL 83 DPWA

+0.14 SAXON 80 D PWA
o o ~ We do not use the following data for averages, fits, limits,

—0.12 BAKER 78 DPWA
—0.05 +0.03 BAKER 77 IPWA
—0.10 BAK ER 77 D PWA

0.10 KNASEL 75 DPWA

TECN COM M EN T

p~ AKO

7r p AKO

etC. ~ ~ ~

See SAXON 80

p ~ AKO

7r p ~ AKO

p~ AKO

(Ill f} /lt t iinNn ~ N(1710) EK (I tl s)~'/f

Note: Signs of couplings from 7r N ~ N7r7r analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the A{1620) S31
coupling to A(1232) 7r.

(r, r, )&/r(I ~l f} /I totai in Nn —& N(1710) -+ lt(1232)n, P wave-
VAL UE DOCUMENT ID TECN COMMEIV T

+0.16 to +0.22 OUR ESTIMATE
—0.21 + 0,04 MANLEY
—0.17 3 LONGACRE

+ 0.20 4 LONGACRE

92 IPWA 7r IV ~ 7r N 8c. N7r7r

77 IPWA 7r IV ~ N7r7r

75 IPWA 7r N ~ N7r7r

VAL UE DOCUMENT ID TECN COMMENT

o ~ o We do not use the following data for averages, fits, limits, etc. o ~ ~

—0.034 LIVANOS 80 DPWA 7r p ~ Z K
0.075 to 0.203 DEANS 75 DPWA 7r N ~ Z K

VALLIE (units 10 ) DOCUMENT ID TECN

—10.6 +0.4 WORKMAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

7.21 TANABE 89 DPWA

(Mt amplitude)pp ~ N{1710)~ AK+ phase angle d
VAL UE (degrees) DOCUMENT ID TECN

215 +3 WORKMAN 90 DPWA
~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

176.3 TANABE 89 DPWA

N(1710) FOOTNOTES

iBATINIC 95 finds a second state with a 6 MeV rass difference.
2 The two BAKER 77 entries are from an IPWA using the Barrelet-zero method and from

a conventional energy-dependent analysis.
LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to 7r N ~ N7r7r data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.

4 From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a m plitu des.

5See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and H resonances as determined from Argand diagrams of 7r N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.
LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to 7rN ~ N7r7r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

7 The overall phase of BAKER 78 coupllngs has been changed to agree with previous
conventions.
The range given for DEANS 75 is from the four best solutions.

(r, r, )&/r

92 IPWA 7r IV ~ 7r N Ec N7r7r

77 IPWA 7r N ~ N7r7r

75 IPWA 7r N ~ N7r7r

trto) /r(I (I f) /I t taiin Nn-+ N(1710) —+ Np, S=3/2, P wave {I-
VAL UE DOCUMENT ID TECN COMM EIV T

-+ 0.31 LONGACRE 77 IPWA 7r IV ~ N7r7r

(r, r„)h/r{I(I f) /I totaiin Nn-+ N{1710}-+N(sn}si=u
VAL UE DOCUMENT ID TECN

+0.14 to +0.22 OUR ESTIMATE
-+ 0.04 4 0.05 MANLEY
—0.26 LONGACRE
—0.28 LONGACRE

COMM EIV T

92 IPWA 7r N ~ 7r N 5 N7r7r

77 IPWA 7r N ~ N7r7r

75 IPWA 7r IV ~ N7r7r

(Iil f) '/It taiinNv-+ N(1710)~ Np, S=l/2, Pwave-
VAL UE DOCUMENT ID TECN COMMEIV T

+0.09 to +0.19 OUR ESTIMATE
+ 0.05+ 0.06 MANLEY

+ 0.19 3 LONGACRE
—0.20 4 LONGACRE

ARNDT
ARNDT
BAT INI C
HOEHLER
LI

MANLEY
Also

ARNDT
CUTKOSKY
WORKMAN
TANABE

Also
BELL
CRAWFORD
PDG
AWA J I

Also
FU JI I

A RA!
Also

96
95
95
93
93
92
84
91
90
90
89
89
83
83
82
81
82
81
80
82

PR C53 430
PR C52 2120
PR C51 2310
7r N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
PR D42 235
PR C42 781
PR C39 741
NC 102A 193
NP B222 389
NP B211 1

PL 111B
Bonn Conf. 352
NP B197 365
NP B187 53
Toronto Conf. 93
NP 8194 251

+Strakovsky, Workman
+Strakovsky, Workman, Pavan
+Slaus, Svarc, Nefkens

+Afndt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Wang

+Kohno, Bennhold
Kohno, Tanabe, Bennhold

+Blissett, Broome, Daley, Hart, Lintern+
+Morton

Roos, Porter, Aguiiar-Benitez+
+Kajikawa

Fujii. Hayashii, Iwata, Kajikawa+
+Hayashii, Iwata, Kajikawa+

Arai, Fujii

N(1710) REFERENCES

For early references, see Physics Letters 111B70 (1982).

{VPI)
(VPI, BRCO)

(BOSK, UCLA)
(KARL)

(VP I)
(KENT) IJP

{VPI)
(VPI, TELE) IJP

(CMU)
(V PI)

(MANZ)
(MANZ)

(RL) IJP
(GLAS)

(HELS, CIT, CERN)
(NAGO)
(NAGO)

(NAGO, OSAK)
(INUS)
(INUS)
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N(1710), N(1720)

CRAWFORD
CUTKOSKY

Also
LIVANOS
SAXON
BAKER
HOEHLER

Also
BAKER
BARBOUR
LONGACRE
BAKER
LONGACRE

Also
FELLER
DEANS
FELTESSE
KNASEL
LONGACRE

80
80
79
80
80
79
79
80
?8
78
78
77
77
76
76
75
75
75
75

Toronto Conf. 107
Toronto Conf. 19
P R D20 2839
Toronto Conf. 35
NP 8162 522
NP 8156 93
PDAT 12-1
Toronto Conf. 3
NP 8141 29
N P 8141 253
P R D17 1795
NP 8126 365
NP 8122 493
NP 8108 365
NP 8104 219
NP 896 90
NP 893 242
PR D11 1
PL 558 415

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baton, Coutures, Kochowski, Neveu
+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Blissett, Bloodworth, Broome+
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+
+Blissett, Bloodworth, Broome, Hart+
+- Dolbea u

Dolbeau, Triantis, Neveu, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Mitchell, Montgomery+
+Ayed, Bareyre, Borgeaud, David+
+Lindquist, Nelson+ (CHIC,
+Rosenfeld, Lasinski, Smadja+

(GLAS)
(CMU, LBL) IJP
(CMU, LBL) IJP

(SACL) IJP
(RHEL, BRIS) IJP

(RHEL) IJP
(KARLT) IJP
(KARLT) IJP

(RL, CAVE) IJP
(GLAS)

(LBL, SLAC)
(RHEL) IJP
(SACL) IJP
(SACL) IJP

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

(SACL) IJP
WUSL, OSU, ANL) IJP

(LBL, SLAC) IJP

N(1720) P13 1(l ) = &(&+} Status:

N(1720} MASS

VALUE (MeV)

1650 to 1750
1717+31
1700+50
1710+20
~ ~ e Wedo

TECN COMM EN TDOCUMENT ID

i(m 1720) OUR ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

ARNDT 96 IPWA
ARNDT 95 DPWA
BAT I NIC 95 DPWA
LI 93 I P WA
CRAWFORD 80 DPWA
SAXON 80 DPWA
BAK ER 78 DPWA
BARBOUR 78 DPWA

1 BAKER 77 IPWA
1 BAKER 77 DPWA

LONGAC RE 77 IPWA

K NASEL 75 DPWA
LONGACRE 75 IPWA

7r N ~ 7r N Zc N7r7r

xN ~ AN
AN ~ 7rN

etc. e ~

pN ~ 7rN

7rN ~ N7r

7r N ~ N7r, N7I

pN ~ 7rN

pN ~ 7rN

7r p ~ AKO

~—p- AKO

pN ~ 7rN
—

p AKO

p ~ AKO

7r N ~ N7r7r

p~ AK
7rN ~ N7r7r

1713+10
1820
1711+26
1720
1785
1690
1710 to 1790
1809
1640+ 10
1710
1750
1850
1720

N(1720) WIDTH

VALUE (MeV)

100 to 200 (~ 150) OUR

380+ 180
125 + 70
190+ 30
~ o o We do not use the

153+ 15
354
235 + 51
200
308
120
447
300 to 400
285
200+ 50
500
130
327
150

DOCUMENT ID

ESTIMATE

MANLEY
CUTKOSKY
HOEHLER

following data for averag

ARNDT
ARNDT
BATI N I C

LI

CRAWFORD
SAXON
BAKER
BAKER
BARBOUR

1 BAKER
1 BAKER
2 LONGACRE

KNASEL
3 LONGACRE

TECN COMM EN T

92 I PWA

80 IPWA

79 IPWA

es, fits, limits,

7rN ~ 7rN 6 N7r7r

7rN ~ 7rN

7rN -~ 7rN

etc. ~ ~ o

96 IPWA
95 D PWA

95 D PWA
93 IPWA
80 DPWA
80 D PWA

79 DPWA

78 DPWA.
78 DPWA

77 IPWA

77 DPWA
77 I P WA

75 D PWA

75 IPWA

pN ~ 7rN
7rN ~ N7r

7r N ~ N7r, N7I

pN ~ 7rN

pN ~ 7rN

p~ AKO

7r P ~ n7I

p~ AKO

pN ~ 7rN

7r p ~ AKO

7r p ~ AKO

7r N ~ N7r7r

p ~ AKO

7r N ~ N7r7r

N(1720} POLE POSITION

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 1118 (1982).

—2 x IMAGINARY
VAL UE (MeV)

388
187
120+40
~ e ~ We do not use

114
124 or 126
135 or 123

PART
DOCUMEN T ID TECN

ARNDT 95 DPWA
4 HOEHLER 93 SPED

C UT K OS K Y 80 I P WA
the following data for averages, fits, limits,

ARNDT 91 DPWA
5 LONGACRE 78 IPWA

LON GAC R E 77 IPWA

COMMENT

7rN ~ N7r
mN ~ 7rN
7rN —+ 7rN
etc. ~ ~ ~

7r N ~ 7r N Soln SM90
7r N ~ N7r7r

7r N —+ N7r7r

MoDULUs lrl

N(1720) ELASTIC POLE RESIDUE

VAL UE (MeV)

39
15
8+2

~ o o We do not use the following

11

DOCUMENT ID TECN COMMEN T

ARNDT 95 DPWA
HOEHLER 93 SPED
CUTKGSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

7rN ~ N7r

7rN ~ 7rN
7rN ~ 7rN
etc. ~ ~ ~

7r N ~ 7r N Soln SM90

PHASE 8
VALUE ( ) DOCUMENT ID TECN COMMENT

70
—160+30
~ ~ ~ We do not use the following

—130

ARNDT 95 DPWA
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

7rN ~ N7r

7rN ~ 7rN
etc. ~ o ~

7r N ~ 7r N Soln SM90

l2
l3
f4
r,
r6
r,
r8
I9
r10
r11
r12

I 15

r17

Mode

Nsr

Nr)
AK
ZK
N ?r?r

21{1232)s, P wave-
Np

Np, S=l/2, P-wave

Np, S=3/2, P-wave
N(«)s=-'. ..

P'Y

pp, helicity=1/2
pp, helicity=3/2

np
n"~, heiicity=l/2
ny, helicity=3/2

Fraction (Ct//I )

10—20 %

i-i5 %

&70 %

70—85 %

0.003—0.10 %
0.003-0.08 %
0.001-0.03 %
0.002—0.39 %
00 0002ogo

0.001—0.39 %

N(1720) BRANCHING RATIOS

I (N e ) /I tata i

VALUE

0.10 to 0.20 OUR ESTIMATE
0.13+0.05
0.10+0.04
0.14+0.03
~ ~ ~ We do not use the following

0.16
0.184 0.04

r (Ntt)/rtatai

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

data for averages, fits, limits,

ARNDT 95 DPWA
BAT I N I C 95 D PWA

7r N ~ 7r N Zc N 7r 7r

7rN ~ 7rN
7rN ~ 7rN
etc. ~ ~ ~

7rN ~ N7r

7r N ~ N7r, N7I

VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.002+ 0.01 BAT IN IC 95 D P WA

COMMENT

etc. ~ ~ ~

7r N ~ N7r, NTI

N(1720) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

REAL PART
VALUE (MeV)

1717
1686
1680+30
~ ~ o We do not

1675
1716 or 1716
1745 or 1748

DOCUMENT ID TECN

ARNDT 95 DPWA
HOEHLER 93 SPED
CUTKOSKY 80 IPWA

use the following data for averages, fits, limits,

A R NDT 91 DPWA
5 LONGACRE 78 IPWA

LONGACRE 77 IPWA

COMM EN T

7rN ~ N7r

7rN ~ 7rN
7rN ~ 7rN
etc. ~ ~ ~

zr N —~ 7r N Soln SM90
7r N ~ N7r7r

7r N -~ N7r7r

(I tl2) /I

—0.08 BAKER 79 DPWA 7r p ~ n7I

(I tl a) '/I(I tI f) /I t )in N» N(1720) AK
VAL (IE DOCUMENT ID
—0.14 to —0.06 OUR ESTIMATE
—0.09 BELL 83 D PWA
—0.11 SAXON 80 D PWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.09 BAKER 78 DPWA
—0.06+ 0.02 BAK ER 77 IPWA
—0.09 1 BAKER 77 DPWA

TECN COMMENT

p -~ AKO

p~ AK
etc. ~ ~ ~

See SAXON 80
p~ AK

~—
p AKO

(I il f) /I tatai in Nn ~ N(1720) -+ Nrt
VAL UE DOCUMENT ID TECN COMMENT

~ e e We do not use the following data for averages, fits, limits, etc. ~ ~ ~



590

Baryon Particle Listings

N(1720)

(I (I r) /I tete/ in Nn -+ N(1720) -+ J:K N(1720) 7p ~ AK+ AMPLITUDES

VAL UE DOCUMENT ID TECN COM MEN T

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.051 to 0.087 7 DEANS 75 DPWA 7r N —+ ZK

Note: Signs of couplings from 7r N ~ N7r7r analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the B(1620) S3]
coupling to A(1232)7r.

(I tl 7)~/I(I II r)~/I t ts~ in Nv N(1720) B(1232}v,P-wave
VAL UE DOCUMEN T ID TECN COMMEN T

+0.27 to +0.37 OUR ESTIMATE
—0.17 LONGACRE 77 IPWA 7r N ~ N7r7r

(I tl s)~/I(I (I r)~/l ( in Nv N(1720) N p, S=1/2, Pwave-
VALUE DOCUMENT ID TECN COMMENT

+0.34+0.05 MANLEY 92 IPWA x N —+ 7r N 8c N7r7r
—0,26 LONGACRE 77 IPWA 7r N ~ N7r7r

+0.40 LONGACRE 75 IPWA 7r N ~ N7r7r

(I /I f} /I t t ~
in p r N(1720) AK+ (Eq+ amplitude)

VALUE (units 10 ) DOCUMENT ID TECN

10.2 +0.2 WORKMAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

9.52 TANABE 89 DPWA

(Eq+ am plitude)

(I (I r) /I tete~ in pp ~ N(1720) ~ A K+ (Mt+ aITl plltude)
VALUE (units 10 ) DOCUMENT ID TECN

—4.5 +0.2 WORK MAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ a ~

3.18 TANABE 89 DPWA

pp ~ N(1720) ~ A K+ phase angle 0
VAL UE (degrees) DOCUMENT ID TECN

—124 +2 WORKMAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

—103.4 TANABE 89 DPWA

(r,r„)&/r

(r,r„)&jr(I rI r) /I tete' in Nv N(1720) N(vv)&~~~
VALUE DOCUMENT ID TECN COMMENT

—0.19 2 LONGACRE 77 IPWA m N ~ N7r

N(1720) PHOTON DECAY AMPLITUDES

N(1720) ~ p7, helicity-1/2 amplitude Aq/q

VA L UE (GeV 1/2 ) DOCUMENT ID

+0.018+0.030 OUR ESTIMATE
—0.015+0.015 ARNDT 96 IPWA

0.044 +0.066 CRAWFORD 83 IPWA
—0.004+ 0.007 AWA J I 81 DPWA

0.051+0.009 ARAI 80 DPWA
0.071+0.010 ARAI 80 DPWA
0.038+0.050 CRAWFORD 80 DPWA

~ o o We do not use the following data for averages, fits, limits,

0.012 +0.003 LI 93 IPWA

+0.111+0.047 BARBOUR 78 DPWA

TECN COM MEN T

7r N

7r N

7r N

~N (fit 1)
7r N (fit 2)
7r N

pN ~
pN —+

pN ~
pN —+

pN ~
pN ~
etc. ~ ~

pN ~ 7rN

pN ~ 7rN

N(1720) ~ p7, helicity-3/2 amplitude As/2
VALUE (GeV 1/2 DOCUMENT ID

—0.019+0.020 OUR ESTIMATE
0.007 +0.010 ARNDT 96 IPWA

—0.024+ 0.006 CRAWFORD 83 IPWA
—0,040 6 0.016 AWA Jl 81 DPWA
—0.058+ 0.010 ARAI 80 DPWA
—0.011+ 0.011 ARAI 80 DPWA
—0.014+0.040 C RAWFOR D 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.022 +0.003 LI 93 I P WA
—0.0636 0.032 BARBOUR 78 DPWA

TECN COMMEN T

7r N

7r N

7r N

~N (fit 1)
7r N (fit 2)
7r N

pN ~
pN ~
pN ~
pN ~
yN ~
pN ~
etc. ~ ~

pN ~ 7rN

pN ~ 7rN

N(1720) ~ np, helicity-1/2 amplitude Az/q

VALUE (Ge V 1/2 ) DOCUMENT ID

+0.001+0.015 OUR ESTIMATE
0.007 +0.015 ARNDT 96 IPWA

0.002 +0.005 AWA J I 81 D PWA
—0.019+0,033 ARAI 80 D PWA

0.001 + 0.038 ARAI 80 D PWA
—0.003 +0.034 CRAWFORD 80 DPWA

~ o ~ We do not use the following data for averages, fits, limits,

0.050 +0.004 LI 93 I PWA

+0.007+ 0.020 BARBOUR 78 DPWA

TECN COMMENT

7r N

7r N

7r N (fit 1)
7r N (fit 2)
~N

gN ~
pN ~
pN ~
pN ~
pN ~
etc. ~ ~

pN ~ 7rN

pN —+ 7rN

N(1720) ~ n7, helicity-3/2 amplitude As/a
VAL UE (GeV 1/2) DOCUMENT ID

—0.029+0.061 OUR ESTIMATE
—0.005+ 0.025 A RNDT 96 I PWA
—0.015k 0.019 AWA J I 81 DPWA
—0.139+0.039 ARAI 80 DPWA
—0.134+0.044 ARAI 80 DPWA

0.018+0.028 CRAWFORD 80 DPWA
e ~ ~ We do not use the following data for averages, fits, limits,

—0.017+0.004 LI 93 IPWA

+0.051 k 0.051 BARBOUR 78 DPWA

TECN COMMENT

~N
7r N

7r N (fit 1)
7r N (fit 2)
7r N

pN ~
pN ~
pN ~
pN —+

pN ~
etc. ~ ~

pN ~ 7rN

pN ~ 7rN

(I (I r) /I t ts~ in Nv N(1720) N p, S=3/2, P-wave
VAL UE DOCUMEN T ID TECN COMM EN T

+0.15 LONGACRE 77 IPWA 7r N ~ N7r7r

N(1720) REFERENCES

For early references, see Physics Letters 111B70 (1982).

ARNDT
ARNDT
BAT INI C
HOEHLER
LI

MANLEY
Also

ARNDT
WORKMAN
TAN A BE

Also
BELL
CRAWFORD
PDG
AWA J I

Also
ARAI

Also
CRAWFORD
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also
BAKER
BARBOUR
LONGACRE
BAKER
LONGACRE

A Iso
WIN NI K

DEANS
KNASEL
LONGACRE

96 PR C53 430
95 PR C52 2120
95 PR C51 2310
93 ~ N Newsletter 9 1

93 PR C47 2759
92 PR D45 4002
84 PR D30 904
91 PR D43 2131
90 PR C42 781
89 PR C39 741
89 NC 102A 193
83 NP 8222 389
83 NP 8211 1
82 PL 1118
81 Bonn Conf. 352
82 NP 8197 365
80 Toronto Conf. 93
82 NP 8194 251
80 Toronto Conf. 107
80 Toronto Conf, 19
79 PR D20 2839
80 NP 8162 522
79 NP 8156 93
79 PDAT 12-1
80 Toronto Conf. 3
78 NP 8141 29
78 NP 8141 253
78 PR D17 1795
77 NP 8126 365
77 NP 8122 493
76 NP 8108 365
77 NP 8128 66
75 NP 896 90
75 PR D11 1
75 PL 558 415

(VP I)
(VPI, BRCO)

(BOSK, UCLA)
(KARL)

(VP I'I

{KENT) IJP
(VP I)

(VPI, TELE) IJP
(VP I)

(MAN Z)
(MANZ)

(RL) IJP
(GLAS)

(HELS, CIT, CERN)
(NAGO)
(N AGO)

(INUS)
(IN US)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(RHEL, BRIS) IJP
(RHEL) IJP

(KARLT) IJP
(KARLT) IJP

(RL, CAVE) IJP
(GLAS)

(LBL, SLAC)
(RHEL) IJP
(SACL) IJP
(SACL) IJP
(HAIF) I

(SFLA, ALAH) IJP
WUSL, OSU, ANL) IJP

(LBL, SLAC) IJP

+Strakovsky, Workman
+Strakovsky, Workman, Pavan
+Slaus, Svarc, Nefkens

+Amdt, Roper, Workman
+Sa leski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Work rn an, Ford

+Kohno, Bennhold
Kohno, Tanabe, Bennhold

+Blissett, Broome, Daley, Hart, Lintern+
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+

Arai, Fujii

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Blissett, Bloodworth, Broome+
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+
+Blissett, Bloodworth, Broome, Hart+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Toaff, Revel, Goldberg, Berny
+Mitchell, Montgomery+
+Lindquist, Nelson+ (CHIC,
+Rosenfeld, Lasinski, Smadja+

N(1720) FOOTNOTES
The two BAKER 77 entries are from an IPWA using the Barrelet-zero method and from
a conventional energy-dependent analysis.
LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to 7rN ~ N7r7r data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.
From method il of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a m plitu des.

4See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and D resonances as determined from Argand diagrams of 7r N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

5LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to 7r N ~ N7r7r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.
The overall phase of BAKER 78 copulings has been changed to agree with previous
conventions.

"The range given is from the four best solutions. DEANS 75 disagrees with 7r+ p
Z+ K+ data of WINNIK 77 around 1920 MeV.
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Baryon Particle Listings
N(1900), N(1990)

N(1900) P„ I(JP} = ~t(~s+} Status:
MODULUS lrl

N(1990) ELASTIC POLE RESIDUE

OMITTED FROM SUMMARY TABLE VAL UE (MeV)

9+3
DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA n N —+ m N

VAL UE (MeV)

es 1900 OUR ESTIMATE
1879+17

N(1900) MASS

DOCUMENT ID

MANLEY

TECN COMMENT

N(1900) WIDTH

92 IPWA aN ~ aN 8c Nm ~

PHASE 8
VALUE ( )
—60+ 30

Mode

DOCUMEN T ID TECN COMMEN T

CUTKOSKY 80 IPWA m N ~ m N

IV(1990) DECAY MODES

VAL UE (MeV)

498+78
DOCUMENT ID

MANLEY

TECN COMM EN T

92 IPWA 7rN ~ 7rN Ec Nnx

N(1900) DECAY MODES

Mode

I1 N~
I 2 Nvr~
I 3 N p, S = l/2, P-wave

I2

C4

C5

I6
I7
C8

I9

N7r

NTJ

AK
ZK
N~7r

pp, helicity=l/2
pp, helicity=3/2
ny, helicity=l/2
np, helicity=3/2

I (Ntr) /I toto~

N(1900) BRANCHING RATIOS

I (Nti)/I tota~

N(1990) BRANCHING RATIOS

VALVE

0.26 +0.06
DOCUMENT /D

MANLEY

TECN COMM EN T

92 IPWA m N ~ aN 6 Nerd

(r,r, )&/r

MANLEY
A Iso

92 P R D45 4002
84 P R D30 904

N(1900) REFERENCES

+Saleski
Manley, Amdt, Goradia, Teplitz

(KENT)
(V PI)

N(1990) F„ l(J ) = &(&+} Status:

(irl r) /I tote~ In Ntr~ N(1900)-+ Np, S=1/2, P wave-
VALUE DOCUMENT /D TECN COMMENT

—0.34 4 0.03 MANLEY 92 IPWA 7r N —+ 7r N 8c N7r7r

VALUE

0.06+ 0.02
0.06 +0.02
0.04 +0.02

(rrrr) /I tote, In
VALUE

—0.043

(rlrf) /rtotal I"
VALUE

+0.01
not seen

—0.021 +0.033

Ntr ~ N(1990}-+ Ntl
DOCUMENT ID

BAKER

(r, r, )&/r
TECN COM MEN T

79 DPWA ~ p ~ nr/

N tr N(1990) A K
DOCUMENT ID TECN

BELL 83 D PWA
SAXON 80 D PWA
DEVENISH 74B

(I tl a)~/I
COMMENT

p~ AK0

p —+ AK0
Fixed-t dispersion rel.

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA mN ~ mN 8c Nerd
CUTKOSKY 80 IPWA x N ~ ~ N

HOEHLER 79 IPWA n N —+ x N

OMITTED FROM SUMMARY TABLE
Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 1118 (1982).

The various analyses do not agree very well with one another.

(I r I f} /I totai in N tr ~ N(1990) ~ Z K
VAL UE DOCUMENT ID TECN

0.010 to 0.023 DEANS 75 DPWA
0.06 LANG BEIN 73 IPWA

(I rrr} '/I t ~i tN ntrN(1990) ~ Ntrtr

(r,r, ) /r
COMMEN T

~N~ XK
xN ~ Z K (sol. 1)

(r, r,} /r
N(1990) MASS

VAL UE

not seen

DOCUMENT ID TECN COMMENT

LONGACRE 75 IPWA 7r N ~ N7r 7r

VALUE (MeV)

m 1990 OUR ESTIMATE
2086 + 28
2018
1970+ 50
2005+ 150
1999

DOCUMENT ID TECN COM MEN T

MANLEY
CRAWFORD
CUTKOSKY
HOEHLER
BARBOUR

N(1990) WIDTH

92 IPWA aN ~ n'N Ec N7rsr

80 DPWA pN ~ ~N
80 IPWA AN ~ n N

79 IPWA AN ~ 7rN
78 DPWA pN ~ vr N

N(1990) PHOTON DECAY AMPLITUDES

0.040

N(1990) ~ pp, helicity-1/2 amplitude At/a
VAL UE (GeV 1/2) DOCUMENT /D TECN COMMENT

0.030 +0.029 AWA J I 81 DPWA pN ~ zr N

0.001+0.040 CRAWFORD 80 DPWA pN ~ m N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BARBOUR 78 DPWA p N ~ vr N

VALUE (MeV)

535 + 120
295
350+ 120
350+ 100
216

DOCUMENT ID

MANLEY
CRAWFORD
CUTKOSKY
HOEHLER
BARBOUR

TECN COMMENT

92 IPWA xN ~ xN 8c N~vr
80 DPWA pN ~ mN

80 IPWA xN ~ AN
79 IPWA ~N ~ vr N

78 DPWA pN ~ mN

+0.004

N(1990) ~ pp, helicity-3/2 amplitude Aa/2
VWL UE (Gev- »2) DOCUMENT ID TECN

0.086 60.060 AWA J I 81 D PWA
0.004 k 0.025 CRAWFORD 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

BARBOUR 78 DPWA

COMMENT

pN ~ AN
pN ~ TrN

etc. ~ ~ ~

pN ~ AN

N(1990) POLE POSITION

REAL PART
VAL UE (MeV) DOCUMENT ID TECN COMMEN T

1900+30 CUTKOSKY 80 IPWA vr N ~ a N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

not seen ARNDT 91 DPWA n N ~ mN Soln SM90

not seen ARNDT 91 DPWA m N ~ 7r N Soln SM90

—2x IMAGINARY PART
VAL UE (MeV) DOCUMENT ID TECN COMMENT

260+60 CUTKOSKY 80 IPWA aN ~ n N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

N(1990}~ np, helicity-1/2 amplitude At/q
VAL UE (GeV

—1/2) DOCUMENT ID TECN

—0.001 AWA J I 81 DPWA
—0.078+ 0.030 CRAWFORD 80 DPWA
~ o ~ We do not use the following data for averages, fits, limits,

—0.069 BARBOUR 78 DPWA

N(1990) ~ n7, helicity-3/2 amplitude As/q
VAL UE (GeV 1/2) DOCUMENT ID TECN

—0.178 AWA J I 81 D PWA
—0.116+0.045 C RAWFOR D 80 D PWA
~ o ~ We do not use the following data for averages, fits, limits,

—0.072 BARBOUR 78 DPWA

COMMENT

pN ~ vrN

pN ~ AN
etc. ~ ~ ~

pN ~ AN

COMMENT

pN ~ AN
pN~ ~N
etC. ~ ~ ~

pN —+ aN



592

Baryon Particle Listings

N(1990), M{2000), N(2080)

N(1990} FOOTNOTES
The range given for DEANS 75 is from the four best solutions.

N(1990) REFERENCES

(rlr f) /rtotal In
VALUE

not seen

Ntt~ N(2000) ~ /IK
DOCUMENT ID

SAXON

(I tl a) /I
TECN COMMEN T

80 DPWA zr p —+ A K0

MANLEY
Also

ARNDT
BELL
PDG
AWA Jl

Also
CRAWFORD
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also
BARBOUR
DEANS
LONGACRE
DEVENISH
LANGBEIN

92 P R D45 4002
84 PR D30 904
91 P R D43 2131
83 NP 8222 389
82 PL 1118
81 Bonn Conf. 352
82 NP 8197 365
80 Toronto Conf. 107
80 Toronto Conf. 19
79 P R D20 2839
80 NP 8162 522
79 NP 8156 93
79 P DAT 12-1
80 Toronto Conf. 3
78 NP 8141 253
75 NP 896 90
75 PL 558 415
748 NP 881 330
73 NP 853 251

(KENT) IJP
(VPI)

(VPI, TELE) IJP
(RL) IJP

(HELS, CIT, CERN)
(NAG O)
(N AGO)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(RHEL, BRIS) IJP
(RHEL) IJP

(KARLT) I JP
(KARLT) IJP

(GLAS)
(SFLA, ALAH) IJP

(LBL, SLAC) IJP
SY, NORD, LOUC)

(MUN I) I JP

+Sa leskl

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Blissett, Broome, Daley, Hart, Lintern+

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Mitchell, Montgomery+
+Rosenfeld, Lasinski, Smadja+
+Froggatt, Martin (DE
+Wagner

For early references, see Physics Letters lllS 70 (1982). (r, r,} /r, .„,ln N~ ~ N(2OOO) ~ ZK
VALUE DOCUMENT ID

0.022 2 DEANS
0,05 1 LANGBEIN

(rara) /r
TECN COMMEN T

75 DPWA AN ~ XK
73 IPWA zrN ~ ZK (sol. 2)

(I /I r) /I to»~ in
VALUE

+0.10+0.06

(I I e)~/Ibitt ~ N(2000) ~ ZI(1232)x, P wave-
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA zr N ~ zr N & Nzr~

{r/rr} /rtotai &n

VAL UE

+0.11+0.06

Nx -+ N(2000) ~ N p, S=a/2, Fwave-
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7r N —~ 7rN & Nzr~

(I tI e) /I

(I/I/) /It t ~inNx~ N{2000)~ N/t, S=3/2, P wave-(Itl7) /I
VAL UE DOCUMENT ID TECN COMMENT

—0.22+ 0.08 MANLEY 92 IPWA zr N ~ zr N & N+7r

N(2000) F„ /(3 } = a{a+} Status:

OMITTED FROM SUMMARY TABLE
Older results have been retained simply because there is little infor-

mation at all about this possible state.

(I /I f) ll total in py-+ N(2000) ~ AK (r, r, ) /r
VAL UE

0.0022

N(2000) FOOTNOTES

DOCUMENT ID TECN COMMENT

DEANS 72 MPWA p p ~ A K (sol. D)

VAL UE (MeV)

~ 2000 OUR ESTIMATE
1903+-87
1882+10
2025
1970
2175
1930

e e e We do not use the

1814

N(2000) MASS

DOCUMENT ID TECN COMMEN T

N(2000) WIDTH

MANLEY 92 IPWA aN ~ AN & N7r7r

HOEHLER 79 IPWA zr /V —~ zr N
AY ED 76 IPWA AN ~ AN
LANGBEIN 73 IPWA 7r N —~ X K (sol. 2)
ALMEHED 72 IPWA zr N ~ AN
DEANS 72 MPWA p p ~ AK (sol. D)

following data for averages, fits, limits, etc. e e e

ARNDT 95 DPWA AN ~ Nzr

N(2000) REFERENCES

ARNDT
MA NL. EY

Also
SAXON
BAKER
HOEHLER

Also
AYE D
DEANS
LANGBEIN
ALMEHED
DEANS

95
92
84
80
79
79
80
76
75
73
72
72

PR C52 2120
PR D45 4002
PR D30 904
NP 8162 522
NP 8156 93
PDAT 12-1
Toronto Conf. 3
Thesis CEA-N-1921
NP 896 90
NP 853 251
NP 840 157
PR D6 1906

+Strakovsky, Workman, Pavan
+Saleski

Manley, Amdt, Goradia, Teplitz
+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch

+Mitchell, Montgomery+
+Wagner
+Love lace
+Jacobs, Lyons, Montgomery

(VPI, BRCO)
(KENT) IJP

(VP I)
(RHEL, BRIS) IJP

(RHEL) IJP
(KARLT) !JP
(KARLT) IJP

(SACL) IJP
(SFLA, ALAH) IJP

(MUNI) IJP
(I UND, RUTG) IJP

(SFLA) IJP

Not seen in solution 1 of LANGBEIN 73.
2Value given is from solution 1 of DEANS 75; not present in solutions 2, 3, or 4.

VALUE (MeV)

4902310
95+ 20

157
170
150
112
e e e We do

176

DOCUMENT ID TECN

MANLEY 92 IPWA
HOEHLER 79 IPWA
AY ED 76 IPWA

1
I ANGBEIN 73 IPWA
ALMEHED 72 IPWA
DEANS 72 MPWA

not use the following data for averages, fits, limits,

ARNDT 95 DPWA

N(2000) DECAY MODES

COMMENT

zrN ~ AN & Nzr7r

AN ~ 7rN

AN ~ AN
AN X K (sol. 2)
AN ~ AN

p p ~ AK (sol. D)
etc. e ~ e

N(2080) D13 l(J ) = &(z ) Status:

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 1118 (1982).

N(2080) MASS

OMITTED FROM SUMMARY TABLE
There is some evidence for two resonances in this wave between
1800 and 2200 MeV (see CUTKOSKV 80). However, the solution
of HOEHLER 79 is quite different.

I1
l2
I3
l4

I?
l8
l9

Mode

N7r

Nr/
AK
ZK
N7r7r

ZI{1232}a, P wave-
Np, 5=3//2, P wave
N p, S=3j2, F-wave

PY

VAL UE (MeV)

m 2080 OUR ESTIMATE
1804+ 55
1920
18801100
2060 + 80
1900
2081 + 20

e e e We do not use the

1986+ 75
1880

DOCUMEN T ID TECN COMMEN T

MANLEY 92 IPWA

BELL 83 DPWA
1 CUTKOSKY 80 IPWA
1 CUTKOSKY 80 IPWA

SAXON 80 DPWA
HOEHL. ER 79 IPWA

following data for averages, fits, limits,

BATINIC 95 DPWA
BAKER 79 DPWA

~N -~ 7rN & New
zr p ~ AK0
AN ~ AN
zrN ~ AN

p ~ /lK0
aN ~ AN
etc. ~ ~ e

a /V ~ N zr, N t7

p nrI

r (N a) /rtotai

N(2000) BRANCHING RATIOS

VAL UE

0.08 +0.05
0.04 + 0,02
0.08
0.25
~ e ~ We do not use the following

DOCUMENT ID TECN

MA NLEY 92 IPWA
HOEHLER 79 IPWA

AY ED 76 IPWA
A L ME H ED 72 I PWA

data for averages, fits, limits,

COMMENT

nN ~ 7rN & N+7r
AN ~ AN
AN ~ 7rN

AN ~ 7rN

etc, ~ e ~

0.10 ARNDT 95 DPWA zr IV ~ Nzr

(I tl a)~/I
TECN COMMENT

79 DPWA zr p ~ r/rl

(I /I /) /I toto( ln N tt -+ N(2000) ~ N t/
VAL UE DOCUMENT ID

+0.03 BAKER

VAL UE (MeV)

450+ 185
320
180+ 60
300+ 100
240
265+ 40

~ e ~ We do

1050 -6 225
8?

N{2080) WIDTH

DOCUMENT ID

MANLEY 92
BELL 83

1 CUTKOSKY 80
1 CUTKOSKY 80

SAXON 80
HOEHLER 79

not use the following data for averages, fit

BAT IN I C 95
BAKER 79

TECN

I P WA

DPWA
IPWA
I PWA

DPWA
I P WA

s, limits,

DPWA zrN ~ N~, Nq
DPWA ~ p ~ nrI

COMMENT

aN ~ zr/V & N7rzr

p~ AK0
~N ~ ~N (lower m)
~/V ~ ~N (higher m)

p~ AK0
7rN ~ xN
etc. e ~ e
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Baryon Particle Listings
N(2QSQ)

N(2080) POLE POSITION

DOCUMENT ID TECN

1 CUTKOSKY 80 IPWA
1 CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

REAL PART
VALUE (MeV)

1880+ 100
2050 + 70
o ~ ~ We do not use the following

not seen

COMMEN T

7r N ~ TrN (lower m)
~ N ~ n N (higher m)
etc. ~ ~ o

7r N ~ ~ N Soln SM90

(I il f) /I toto( Io N n ~
VAL UE

+0.22 +0.07

(I II f) /I toto(in Nn-+
VAL UE

—0.24+ 0.06

{Igl y)~/IN(2080} -+ ii{1232)n ~ D-wave
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 2r N ~ 7r N 8c N~2r

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 2r N ~ 2r N &f. N7rvr

N(2080) -+ N p, 5=3/2, 5wave (I ( I a)~/I

MDDULUs lfl

N(2080) ELASTIC POLE RESIDUE

—2x IMAGINARY PART
VALUE (MeV) DOCUMENT ID TECN COMMEN T

1606 80 1 CUTKOSKY 80 IPWA Tr N ~ ~N (iOWer m)
200+80 CUTKOSKY 80 IPWA xN ~ mN (higher m)
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

not seen ARNDT 91 DPWA ~N ~ ~N Soln SM90

(I tl g)~/I

{Igl f) jl toto(in pp~ N(2080) ~ Nfl
VAL UE DOCUMENT ID

0.0037 HICKS

TECN COMMEN T

73 MPWA pp ~ ptI

(rxora)~ jr

N(2080) PHOTON DECAY AMPLITUDES

{III f) /I toto( ln Nn-+ N(2080) -+ N(nn)s ~ave
VAL UE DOCUMENT ID TECN COMMENT

+0.25 +0,06 MANLEY 92 IPWA mN + 2r N &c Nerd

VALUE (MeV)

10+ 5
30+20

PHASE 8
VALUE( )

100+ 80
0+ 100

Mode

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA x N —+ x N (lower m)
CUTKOSKY 80 IPWA m N ~ x N (higher m)

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA m N ~ a N (lower m)
CUTKOSKY 80 IPWA n N ~ wN (higher m)

N(2080) DECAY MODES

N{2080) -+ p7, helicity-3/2 amplitude As/a
VA L UE (GeV 1/2) DOCUMENT ID TECN

0.017+0.011 AWA J I 81 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.128+0.057 DEVENISH 74 DPWA

COMMENT

gN -+ ~N
etc. ~ ~ ~

N(2080) ~ pp, helicity-1/2 amplitude A~I&

VALUE (GeV 1/2) DOCUMENT ID TECN COMMENT

—0.020+ 0.008 AWA J I 81 DPWA pN ~ mN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.026 4 0.052 DEVENISH 74 DPWA pN —+ ~ N

rl
r2

l4
l5
r6
r,
r8
l9
l 10
r11

r14

N~
Ng
AK
ZK
Nvr~

A{1232}~,S wave-
D(1232}vr, 0wave-
N p, S=3/2, S-wave

N( )/=0

pp, helicity=l/2
pp, helicity=3/2
np, helicity=1/2
np, helicity=3/2
p "/

COMMENT

pN~ ~N
etc. ~ o ~

pN~ xN

COMMENT

pN ~ 7rN

etc. ~ ~ ~

pN~ ~N

N(2080} 7p -+ AK+ AMPLITUDES

N(2080) ~ n7, helicity-1/2 amplitude Azja
VALUE (GeV 1/2) DOCUMEN T ID TECN

0.007+0.013 AWAJI 81 D PWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.053+0.083 DEVENISH 74 DPWA

N(2080) ~ np, helicity-3/2 amplitude As/a
VALUE (GeV 1/2) DOCUMENT ID TECN

—0.053+ 0.034 AWA J I 81 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.100+0.141 DEVENISH 74 DPWA

r (Nn) /rtota(

N(2080) BRANCHING RATIOS

COMMENT

mN ~ nN5. Nn7r
7r N ~ &N (lower m)
~N ~ wN (higher m)
~N ~ AN
etc. ~ ~ e

VAL UE

0.23 4 0,03
0.10+0.04
0.14+0.07
0.06 2 0,02
~ ~ ~ We do not

n N —+ N7r, NTI0.09 6 0.02

r(Nn)/r„„,
VALUE DOCUMENT ID TECN COMM EN T

DOCUMENT ID TECN

MANLEY 92 IPWA
1 CUTKOSKY 80 IPWA
1 CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

use the following data for averages, fits, limits,

BATINIC 95 DPWA

(Eq am plitude}

(Ea amplitude)pp ~ N(2080} ~ AK+ phase angle 8
VAL UE (degrees) DOCUMENT ID TECN

—48 +5 WOR K MAN 90 D PWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—35.9 TANABE 89 DPWA

{i(ff) /I toto( in p7-+ N(2080) ~ AK+
VALUE (units 10 ) DOCUMENT ID TECN

5.5 +0.3 WORK MAN 90 DPWA
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ (8

4,09 TANABE 89 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~ (I (I f) /I t«a( in pp ~ N(2080) ~ A K+ (Mq am plitude)

0.07 60.04 BATINIC 95 DPWA AN ~ N7r, NrI

(r r.)~jr(I (I f) /I tot (in Nn~ N(2080)-+ Nf(

VALUE (units 10 ) DOCUMENT ID TECN

—6.7 +0.2 WORK MAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

VALUE

0.065
DOCUMENT ID

BAKER

TECN COMM EN T

79 DPWA 7r p ~ nq

—4.09 TANA BE 89 DPWA

N(2080) FOOTNOTES
(r,rf} /I t t,(in Nn N(2080) AK
VAL UE DOCUMENT ID

+ 0.04 BELL
+0.03 SAXON

(I /I f) /I toto( in Nff -+ N(2080) ~ ZK
VALUE DOCUMENT ID

0.014 to 0.037 2 DEANS

(I mrs) /I
TECN COMMEN T

83 DPWA n' p —+ /IK0
80 DPWA x p /\ K0

(I tl o)~/I
TECN COMM EN T

?5 DPWA mN —~ Z'K

1 CUTKOSKY 80 finds a lower mass 013 resonance, as well as one in this region. Both
are listed here.
The range given for DEANS 75 is from the four best solutions. Disagrees with ~+ p
Z+ K+ data of WINNIK 77 around 1920 MeV.

(I (I f} a/I t»( in Nff N(2080) B(1232)n, 5-wave (rare) '/r
VAL UE

—0.09+0.09
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA aN -~ 7r N &c Nerd
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N(2080), N(2090), N(2100)

BATINIC
MANLEY

Also
ARNDT
WORKMAN
TANA BE

Also
BELL
PDG
AWA JI

Also
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also
WINNIK
DEANS
DEVENISH
HICKS

95
92
84
91
90
89
89
83
82
81
82
80
79
80
79
79
80
77
75
74
73

P R C51 2310
PR D45 4002
PR D30 904
PR D43 2131
PR C42 781
PR C39 741
NC 102A 193
NP B222 389
PI 111B
Bonn Conf, 352
NP B197 365
Toronto Conf. 19
P R D20 2839
NP B162 522
NP B156 93
PDAT 12-1
Toronto Conf. 3
NP B128 66
NP B96 90
PL 52B 227
PR D7 2614

(BOSK, UCLA)
(KENT) IJP

(V PI)
(VPI, TELE) IJP

(V PI)
(MAN Z)
(MANZ)

(RL) IJP
(HELS, CIT, CERN)

(N AGO)
(N AGO)

(CMU, LBL) IJP
(CMU, LBL) IJP

(RHEL, BRIS) IJP
(RHEL) IJP

(KARLT) IJP
(KARLT) I JP

(HAIF) I

(SFLA, ALAH) IJP
SY, LANC, BONN) IJP
MU, ORNL, SFLA) IJP

+Slaus, Svarc, Nefkens
+Saleski

Manley, Amdt, Goradia, Teplitz
-F Li, Roper, Workman, Ford

+Kohno, Bennhold
Kohno, Tanabe, Bennhold

+Blissett, Broome, Daley, Hart, Lintern+
Roos, Porter, Aguilar-Benitezp

+K ajikawa
Fujii, Hayashii ~ Iwata, Kajikawa+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Toaff, Revet, Goldberg, Berny
+Mitchell, Montgomery+
+Lyth, Rankin (DE
+Deans, Jacobs, Lyons+ (C

N(2080) REFERENCES

For early references, see Physics Letters 111B70 (1982).

II/(2090} REFERENCES

MANLEY
Also

CUTKOSKY
Also

SAXON
HOEHLER

Also
LONGACRE

92
84
80
79
80
79
80
78

P R D45 4002
PR D30 904
Toronto Conf. 19
PR D20 2839
NP B162 522
PDAT 12-1
Toronto Conf. 3
PR D17 1795

+Saleski
Manley, Amdt, Goradia, Teplitz

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baker, Bell, Blissett, Bloodworth+
+Kaiser, Koch, Pietarinen

Koch
+Lasinski, Rosenfeld, Srnadja+

(KENT) IJP
(VPI)

(CMU, LBL) IJP
(CMU, LBL)

(RHEL, BRIS) IJP
(KARLT) I JP
(KARLT) IJP

(LBL, SLAC)

N(2100) P11 l(lP} = p(~t+i Status:

OMITTED FROM SUMMARY TABLE

IV(2090) FOOTNOTES
LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to ~N ~ N7r7r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

N(2090) 5„ l(J ) = &(& ) Status:

N(2090) MASS

OMITTED FROM SUMMARY TABLE
Any structure in the S11 wave above 1800 MeV is listed here. A

few early results that are now obsolete have been omitted.

h/(2100} MASS

TECN COM MEN TVAL UE (MeV) DOCUMENT ID

m 2100 OUR ESTIMATE
1885+30 MANLEY 92 IPWA vr N ~ Tr N 8c N~~
2125+75 CUTKOSKY 80 IPWA ~ N ~ 7r N

2050+20 HOEHLER 79 IPWA aN ~ 7r N

i i ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2203+70 BATINIC 95 DPWA 7r N ~ N7r, Nq

VAL UE (MeV)

m 2090 OUR ESTIMATE
1928+59
2180+80
1880+20

VAL UE (MeV)

414+ 157
350+ 100
95+ 30

DOCUMENT ID TECN COMMEN T

MANLEY 92 IPWA 7rN —~ vr N gz N~7r
CUTKOSKY 80 IPWA 7r N ~ vr N

HOEHLER 79 IPWA ~N ~ 7r N

N(2090) WIDTH

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA TrN ~ AN Ec N~7r
CUTKOSKY 80 IPWA Tr N ~ 7r N

HOEHLER 79 IPWA 7r N ~ x N

N(2100) WIDTH

DOCUMENT ID TECN

MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

data for a vera ges, fits, limits,

BATINIC 95 DPWA

N(2100) POLE POSITION

VALUE (MeV)

113+ 44
260+ 100
200 + 30
~ ~ o We do not use the following

418+ 171

COMMENT

~N ~ vr N Jk N7r~
7rN ~ 7rN
aN ~ AN
etc. ~ o ~

7rN ~ NTr, Nq

REAL PART
VALUE (MeV)

2150 +70
1937 or 1949

—2 x lMAG I NARY PART
VALUE (MeV)

350+ 100
139 or 131

N(2090} POLE POSITION

DOCUMENT /D TECN COMM EN T

CUTKOSKY 80 IPWA vr N ~ vr N
1 LONGACRE 78 IPWA ~ N ~ N~7r

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA vr N ~ a N
1 LONGACRE 78 IPWA a N —a IV vr m.

REAL PART
VA L UE ( Me V)

2120 +40
~ ~ o We do not use the following

not seen

—2x IMAGlNARY PART
VAL UE (MeV)

240+80
~ ~ ~ We do not use the following

not seen

DOCUMENT ID TECN COM MEN T

C UTKOSK Y 80 I P WA

data for averages, fits, limits,

~N ~ 7rN

etc. ~ ~ ~

DOCUMENT ID TECN COM MEN T

CUT KOS K Y 80 I PWA

data for averages, fits, limits,

~N -~ 7rN

etc. ~ ~ ~

ARNDT 91 DPWA ~N ~ ~N Soln SM90

ARNDT 91 DPWA Tr N ~ 7r N Soln SM90

MODULUS iri
VAL UE (MeV)

40+ 20

PHASE 8
VALUE (

0+90

Mode

DOCUMENT ID TECN COMM EN T

CUTKOSKY 80 IPWA 7r N ~ 7r N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N ~ m N

N(2090) DECAY MODES

M{2090}ELASTIC POLE RESIDUE
MODULUS lrl
VAL UE (MeV)

14+7

PHASE 8
VALUE( )

35+25

Mode

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ IV ~ ~ N

DOCUMENT ID TECN COM MEN T

CUTKOSKY 80 IPWA ~ N ~ ~ N

N(2100) DECAY MODES

N(2100) ELASTIC POLE RESIDUE

r, N~
!2 AK
I 3 N7r7r

N(2090} BRANCHING RATIOS

I1
I2
I3
I4

Nsr

NTI

N7r 7r

A(1232) 7r, P-wave

N(2100) BRANCHING RATIOS

r (/Vtr) /rtota)
VAL UE

0.10+0.10
0.18+0.08
0.09 +0.05

(I t I r) '/I tota( in Ntr ~ N(2090) ~ A K (I tl g)~/I
VAL UE

not seen

DOC UM EN T ID

SAXON

TECN COMMEN T

80 DPWA n. p ~ AK0

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7r N ~ xN 6 Nx~
CUTKOSKY 80 IPWA ~ IV ~ ~ N

HOEHLER 79 IPWA 7r N —+ m N

I (Ntr)/I total
VAL UE

0.15+0.06
0.12+0.03
0.10+0.04
~ a ~ We do not use the following

0.11+0.07

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA ~IV ~ ~N 8c N7rvr

CUTKOSKY 80 IPWA m N —+ m N

HOEHLER 79 IPWA a N ~ ~ N

data for averages, fits, limits, etc. ~ ~ ~

BATINIC 95 DPWA 7r N ~ N~, Nq
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N(2100), N(2190)

(I ~l p) /I u,t ~
in Ne ~ N(2100) ~ B{1232)e,Pwave- (r, r, )h/r

I (Ng)/I tote~
VAL UE DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.86 +0.07 BATINIC 95 DPWA n. N ~ Nn. , Nq

PHASE 8
VALUE ( )
—23
—30+50
~ ~ ~ We do not use the following

—44

DOCUMENT ID TECN COM MEN T

ARNDT 95 DPWA 7r N ~ N7r
CUTKOSKY 80 IPWA n N —+ ~ N

data for averages, fits, limits, etc. ~ ~ ~

ARNDT 91 DPWA 7rN ~ m N Soln SM90

VALUE

—0.194 0.08
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7r N —+ vr N & Nma

N(2100) REFERENCES

N(2190) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

BATINI C
MANLEY

Also
ARNDT
CUTKOSKY

Also
HOE HLER

Also

95
92
84
91
80
79
79
80

P R C51 2310
P R D45 4002
PR D30 904
P R D43 2131
Toronto Conf. 19
P R D20 2839
PDAT 12-1
Toronto Conf. 3

+Slaus, Svarc, Nefkens
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly
+Kaiser, Koch, Pietarinen

Koch

(BOSK, UCLA)
(KENT) IJP

(VP I)
(VPI, TELE) IJP
(CMU, LBL) IJP
(CMU, LBL)

(KARLT) IJP
(KARLT) I JP

N(2190) G,7
/(JP} — ~(7 )

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 111B(1982).

Mode

I 1 Nm.

I 2 Ng
I3 AK
l4 ZK
I 5 N7rsr

r6 Np
l? N p, S=3/2, 0-wave
I 8 pp, helicity=1/2
r, pp, helicity=3/2
I 10 np, helicity=l/2
I 11 np, helicity=3/2

Fraction (I I /f )

10—20 %

VALUE(MeV)

2100 to 2200
2127+ 9
2200+?0
2140+ 12
2140+40
~ o ~ We do

2131
2198+68
2098
2180
2140
2117

N(2190) MASS

TECN COMMENTDOCUMENT ID

(m 2190) OUR ESTIMATE
MANLEY 92 IPWA mN ~ 7r N & N+7r
CUTKOSKY 80 IPWA vr N ~ m N
HOEHLER 79 IPWA vr N ~ vr N

HENDRY 78 MPWA xN —+ 7r N

not use the following data for averages, fits, limits, etc. ~ ~ ~

ARNDT 95 DPWA vr N ~ N7r

BATINIC 95 DPWA n. N ~ Nn. , Nq
CRAWFORD 80 DPWA yN ~ n N

SAXON 80 DPWA vr p /lK0
BAKER 79 DPWA vr p ~ nq
BARBOUR 78 DPWA pN ~ vr N

N(2190} WIDTH

I (Nn ) /i tet+

N(2190) BRANCHING RATIOS

DOCUMENT ID TECN COM MEN T

vr N ~ 7r N & N~vr
~N ~ 7rN
AN ~ ~N
n. N ~ nN
etc. ~ ~ ~

~N ~ N~
AN ~ NTr, Nq

r(Nq)/r~&,
VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.00160.003 BAT I N I C 95 D PWA

COM MEN T

etc. ~ ~ ~

AN —+ Nn, Nq

VAL UE

0.1 to 0.2 OUR ESTIMATE
0.22+ 0.01 MANLEY 92 IPWA
0.12+0.06 CUTKOSKY 80 IPWA
0.14+0.02 HOEHLER 79 IPWA
0.16+0.04 HENDRY 78 MPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.23 ARNDT 95 DPWA
0.19+0.05 BAT IN I C 95 D PWA

VALUE(MeV)

350 to 550 (~ 450) OUR

550+ 50
500+ 150
390+ 30
270+ 50
~ o ~ We do not use the

476
805+ 140
238

80
319
220

DOCUMENT ID

ESTIMATE

MANLEY 92 IPWA 7r N ~ 7r N & NTrx
CUTKOSKY 80 IPWA vr N ~ 7r N

HOEHLER 79 IPWA 7r N ~ vr N

HENDRY 78 MPWA ~N ~ 7r N

following data for averages, fits, limits, etc. ~ ~ ~

ARNDT 95 DPWA vr N ~ N7r

BATINIC 95 DPWA vr N ~ N7r, Nq
CRAWFORD 80 DPWA pN ~ ~N
SAXON 80 DPWA 7r p ~ /IK
BAKER 79 DPWA ~ p'~ nq
BARBOUR 78 DPWA pN ~ ~N

N(2190) POLE POSITION

(ril f) /I tata~ In Ne -+ N(2190) ~ Nfl
VALUE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

etc. ~ ~ ~

(I tl a) /I

+0.052 BAKER 79 DPWA ~ p ~ nq

(I (I f) /I tata~ in Ne ~ N(2190) -+ AK
VAL UE DOCUMENT ID

—0,02 BELL
—0.02 SAXON

(I /I f) /Itgta/in Nm -+ N(2190)~ ZK

(r,r, )&/r
TECN COM MEN T

83 DPWA vr p + AK0
80 DPWA ~ p ~ AK0

(I tl 4)~/I
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.014 to 0.019 2 DEANS 75 DPWA m N ~ ZK

REAL PART
VAL UE (MeV) DOCUMENT ID TECN COMMEN T

2030 ARNDT 95 DPWA n N ~ Nvr

2042 1 HOEHLER 93 SPED mN ~ vr N

2100+50 CUTKOSKY 80 IPWA vr N ~ 7r N

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2060 ARNDT 91 DPWA ~N ~ n. N Soln SM90

MDDULUs lrl

N(2190) ELASTIC POLE RESIDUE

—2x IMAGINARY PART
VAL UE (MeV) DOCUMENT ID TECN COMMENT

460 ARNDT 95 DPWA vr N ~ N7r

482 HOEHLER 93 SPED ~N ~ ~N
400+ 160 CUTKOSKY 80 IPWA a N ~ m N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

464 ARNDT 91 DPWA ~N ~ ~N Soln SM90

(r,r,)&/r

N{2190}PHOTON DECAY AMPLITUDES

N(2190) ~ p7, helicity-1/2 amplitude At/a
VAL UE (GeV 1/2) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

—0.055 CRAWFORD 80 DPWA
—0.030 BARBOUR 78 DPWA

N{2190}~ pp, helicity-3/2 amplitude Aa/z
VAL UE (GeV 1/2) DOCUMENT ID TECN

e ~ ~ We do not use the following data for averages, fits, limits,

0.081 C RAW FO R D 80 D PWA

+0.180 BARBOUR 78 DPWA

COMMENT

etc. ~ ~ ~

pN~ ~N
pN ~ AN

COMMENT

etc. ~ ~ ~

pN~ mN
pN~ mN

{I(I f) /I t tg In Nm ~ N(2190) ~ N p, 5=3/2, D-wave
VAL UE DOCUMENT ID TECN COMMENT

—0.25+ 0.03 MANLEY 92 IPWA aN ~ m N & N7r7r

VA L UE (Me V)

46
45
25+ 10
~ ~ ~ We do not use the following

54

DOCUMENT ID TECN COMMEN T

mN ~ N~
7rN ~ n. N

~N ~ xN
etc. ~ o ~

~ N ~ ~N Soln SM90

ARNDT 95 DPWA
HOEHLER 93 SPED
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

N(2190) ~ np, hellcity-1/2 amplitude A~/z
VALUE(Gev / ) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

—0.042 CRAWFORD 80 DPWA
—0.085 BARBOUR 78 DPWA

COMMENT

etc. ~ ~ ~

pN~ mN

pN —+ m. N
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N(2190), N(2200)

N(2190) ~ np, helicity-3/2 amplitude Aa/a
VALUE (GeV 1/2) DOCUMEN T ID TECN COM M EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e e

—0.126 CRAWFORD 80 DPWA pN —+ vr N

+0.007 BARBOUR 78 DPWA pN —+ ~N

N(2190) pp ~ AK+ AMPLITUDES

VALUE (MeV)

130
400+ 100
220
310+ 50
e ~ ~ We do not use the following

761j139

N(2200) WIDTH

DOCUMENT ID TECN COMMENT

BEI L 83 DPWA ~ p ~ AK0
CUTKOSKY 80 IPWA vr N ~ ~ N

SAXON 80 DPWA 2r p ~ AK
HOEHLER ?9 IPWA ~N ~ ~N

data for averages, fits, limits, etc. e e ~

BATINIC 95 DPWA 7r N ~ N7r, Nq

(rrrf) /lt t, r in pp N(2190) AK+ (Ea amplitude)

2.04 TANABE 89 DPWA

pp -+ N(2190) -+ A K+ phase aniile II (Ea amplitude)
VAL UE (degrees) DOCUMENT ID TECN

4 +9 WORKMAN 90 DPWA
e ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

VALUE (units 10 ) DOCUMENT ID TECN

2.5 +1.0 WORKMAN 90 DPWA
e ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

REAL PART
VALUE (MeV)

2100+60

—2x IMAGINARY PART'
VALUE(MeV)

360 +80

N(2200) POLE POSITION

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA vr N ~ ~ N

DOCUMEN T ID TECN COMM EN T

CUTKOSKY 80 IPWA 2r N ~ m N

—27.5 TANABE 89 DPWA N(2200) ELASTIC POLE RESIDUE

{rrr,)&/I t „rin p7 N(2190} AK+ {Ma amplitude}
VALUE (units 10 3

) DOCUMENT ID TECN

—P.O +0.? WORKMAN 90 DPWA
e e e We do not use the following data for averages, fits, limits, etc. e ~ e

—5,78 TANABE 89 DPWA

N(2190} REFERENCES

For early references, see Physics Letters 1118 70 (1982).

hI(2190) FOOTNOTES
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and A resonances as determined from Argand diagrams of ~N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.
The range given for DEANS 75 is from the four best solutions. Disagrees with ~+ p
X+ K+ data of WINNIK 77 around 1920 MeV.

MODULUS lrl
VAL UE (MeV)

20+ 10

PHASE 8
VALUE( )
—90+ 50

Mode

I 1 M7r

Ng
AK

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 2r N ~ vr N

N(2200} DECAY MODES

N{2200) BRANCHING RATIOS

DOCUMEN T ID TECN COMMEN T

CUTKOSKY 80 IPWA 2r N ~ ~ N

ARNDT
BATINIC
HOEHLER
MANLEY

Also
ARNDT
WORKMAN
TANABE

A Iso
BELL
PDG
CRAWFORD
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also
BARBOUR
HENDRY

Also
WIN NIK
DEANS

95
95
93
92
84
91
90
89
89
83
82
80
80
79
80
79
79
80
78
78
81
77
75

PR C52 2120
PR C51 2310
~ N Newsletter 9 1

PR D45 4002
PR D30 904
PR D43 2131
PR C42 781
PR C39 741
NC 102A 193
NP B222 389
PL 111B
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
NP B162 522
NP 8156 93
PDAT 12-1
Toronto Conf. 3
NP B141 253
PRL 41 222
ANP 136 1

NP 8128 66
NP B96 90

+Strakovsky, Workman, Pavan
+Slaus, Svarc, Nefkens

+Sa leski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford

+Kohno, Bennhold
Kohno, Tanabe, Bennhold

~Blissett, Broome, Daley, Hart, Lintern+
Roos, Porter, Aguiiar-Benitez+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons

Hendry
+Toaff, Revel, Goldberg, Berny
+ivlitchell, Montgomery+

(VPI, BRCO)
(BOSK, UCLA)

(KARL)
(KENT) IJP

(V PI)
(VPI, TELE) IJP

(V PI)
(MAN Z)
(MAN Z)

(RL) IJP
(HELS, CIT, CFRN)

(GLAS)
(CMU, LBL) IJP
(CMU, LBL) IJP

(RHEL, BRIS) IJP
(RHEL) IJP

(KARLT) IJP
(KARLT) IJP

(GLAS)
(IND, LBL) IJP

(IND)
(HAIF) I

(SFLA, ALAH) IJP

0.08 + 0.04

r(Ntr)/I totai
VAL UE

BATINIC 95 DPWA vr N ~ N7r, Nq

DOCUMENT ID TECN COMM EN T

~ e ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

0.001+0.01 BATINIC 95 DPWA vr N ~ Nsr, Nz}

(rrrr) /rtotaiin Nrr ~ N(22M) ~ Ntr
VAL LIE DOCUMENT ID

0.066 BAKER

(r, r, ) /r
TECN COMM EN T

79 DPWA 7r p ~ nq

r(N~)/rtotar
VAL UE DOCUMENT ID TECN COMMENT

0.10+ 0.03 CUTKOSKY 80 IPWA ~ N ~ ~ N

0.07+ 0.02 HOEHLER 79 IPWA ~N ~ m N

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I

N(2200) 01s i(dp) =
2 (25 ) Status:

OMITTED FROM SUMMARY TABLE
The mass is not well determined. A few early results have been
omitted.

(r, r, ) /r
TECN COMMENT

83 DPWA 7r p ~ AK0
80 DPWA w p ~ AK0

N{2200} REFERENCES

(I rl r) /I totai in Ntr ~ N(2200) -+ AK
VALUE DOCUMENT ID

—0,03 BELL
—0.05 SAXON

N(2200) MASS

VAL UE (MeV)

m 2200 OUR ESTIMATE
1900
2180+80
1920
2228+30

e e e We do not use the

TECN COMMENTDOCUMENT ID

BELL 83 DPWA ~ p —~ AK
CUTKOSKY 80 IPWA ~N ~ 7r N

SAXON 80 DPWA ~ p —~ AK
HOEHLER 79 IPWA a N ~ vc N

following data for averages, fits, limits, etc. ~ e ~

BAT IN I C

BELL
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also

95
83
80
79
80
t9

79
80

PR C51 2310
NP B222 389
Toronto Conf. 19
PR D20 2839
NP B162 522
NP B156 93
PDAT 12-1
Toronto Conf. 3

+Slaus, Svarc, Nefkens
+Blissett, Broorne, Daley, Hart, Lintern+
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly
-+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Depagter, Evans+
yKaiser, Koch, Pietarinen

Koch

(BOSK, UCLA)
(RL) IJP

(CMU, LBL) IJP
(CMU, LBL)

(RHEL, BRIS) IJP
(RHEL) IJP

(KARLT) IJP
(KARLT) IJP

2240j65 BATINIC 95 DPWA 7r N -~ Nsr, NrI
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Baryon Particle Listings
N(2220), N(2250)

N(2220) Hj9 f(JP) = ~1(~9+) StatLIs:
I (Nn)/I totai

N{2220) BRANCHING RATIOS

N(2220) MASS

VALUE (Mev)

2180 to 2310
2230 + 80
2205 6 10
2300+ 100
e ~ ~ We do

2258
2050

TECN COM MEN TDOCUMENT ID

(m 2220) OUR ESTIMATE
CUTKOSKY 80 IPWA ~ N ~ ~ N

HOEHLER 79 IPWA ~N ~ n N

HENDRY 78 MPWA x N ~ ~N
not use the following data for averages, fits, limits, etc. ~ ~ ~

ARNOT 95 DPWA ~N ~ N~
BAKER 79 DPWA ~ p~ nq

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 111B (1982).

VALUE

0.1 to 0.2 OUR ESTIMATE
0.15+0.03
0.1860.015
0.12+0.04
~ ~ e We do not use the following

0.26

DOCUMENT ID TECN COM MEN T

CUTKOSKY 80 IPWA vr N —+ a tV

HOEHLER 79 IPWA 2r N ~ vr N

HENDRY ?8 MPWA AN + aN
data for averages, fits, limits, etc. ~ ~ ~

ARNDT 95 DPWA vr N ~ Nsr

(r,r,)&/r

0.034 BAKER 79 DPWA ~ p ~ nTI

(I iI r) /rtotaJ In Nsr -+ N(2220) ~ 1I K (r, r,)&/r

(I JI f) /I totai In Nsr -+ N(2220) ~ Ntt
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

N(2220) WIDTH
VAL UE

not required

not seen

DOCUMEN T ID

BELL
SAXON

TECN COMMENT

83 DPWA 7r p /IK0
80 DPWA ~ p ~ AK0

VAL UE (MeV) DOCUMEN T ID TECN COMMENT

320 to 550 (~ 400) OUR ESTIMATE
500+ 150 CUTKOSKY 80 IPWA ~ N ~ ~ N

365+ 30 HOEHLER 79 IPWA x N —+ x N

450+ 150 HENDRY 78 MPWA vr N —+ a N

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

334 ARNDT 95 DPWA ~N —+ N7r

N{2220) POLE POSITION

N(2220) FOOTNOTES
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and Z resonances as determined from Argand diagrams of n N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

N{2220) REFERENCES

For early references, see Physics Letters 1118 70 (1982).

REAL PART
VAL UE (Mev)

2203
2135
2160*80
~ e ~ We do not use

2253

—2 x I MAG I NARY
VAL UE (Mev)

536
400
480+ 100
~ e ~ We do not use

640

DOCUMENT ID TECN COMM EN T

ARNDT 95 DPWA
1 HOEHLER 93 ARGD

CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA

7rN ~ N~
AN ~ ~N
AN ~ AN

etc. e ~ e

7r N ~ vr N Soln SM90

PART
DOCUMEN T ID 7 ECN COMM EN T

~N~ N~
AN ~ nN
mN ~ AN
etc. ~ ~ ~

m. N ~ ~ N Soln SM90

ARNDT 95 DPWA
1 HOEHLER 93 ARGD

CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 D PWA

ARNDT
HOEHLER
ARNDT
BELL
PDG
CUTKOSKY

Also
SAXON
BAKER
HOE HLER

Also
HEND RY

Also

95
93
91
83
82
80
79
80
79
?9
80
78
81

PR C52 2120
7r N Newsletter 9 1
PR D43 2131
NP B222 389
PL 111B
Toronto Conf. 19
PR D20 2839
NP B162 522
NP B156 93
PDAT 12-1
Toro n to Con f. 3
PRL 41 222
ANP 136 1

N(»50) G„

+Strakovsky, Workman, Pavan

I pP) = '(a ) Status:

N(2250) MASS

(VPI, BRCO)
(KARL)

+Li, Roper, Workman, Ford (VPI, TELE) IJP
+Blissett, Broome, Daley, Hart, Lintern+ (RL) IJP

Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
+Forsyth, Babcock, Kelly, Hendrick (CMU, LBL) IJP

Cutkosky, Forsyth, Hendrick, Kelly (CMU, LBL) IJP
+Baker, Bell, Blissett, Bloodworth+ (RHEL, BRIS) IJP
+Brown, Clark, Davies, Depagter, Evans+ (RHEL) IJP
+-Kaiser, Koch, Pietarinen (KARLT) IJP

Koch (KA R LT) IJP
(IND, LBL) IJP

Hendry (I ND)

MoDULUs lrl

N(2220) ELASTIC POLE RESIDUE

VAL UE (Mev)

68
40
45+ 20
~ e ~ We do n ot u se the fo I I owing

85

DOCUMENT ID TECN COMMENT

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

AN —~ Na
AN ~ ~N
AN ~ AN
etc. e e e

~N ~ ~N Soln SM90

COMMENT

~N~ N~
7rN ~ AN
nN ~ vrN

etC. ~ ~ ~

—62 ARNOT 91 DPWA 7r N ~ 7rN Soln SM90

PHASE 8
VALUE ( ) DOCUMENT ID TECN

—43 ARNDT 95 DPWA
—50 HOEHLER 93 ARGD
—45 +25 CUTKOSKY 80 IPWA
e e e We do not use the following data for averages, fits, limits,

VAL UE (MeV) DOCUMENT ID TECN COMMENT

2170 to 2310 (~ 2250) OUR ESTIMATE

2250+ 80 CUTKOSKY 80 IPWA vr N ~ x N

2268+ 15 HOEHLER 79 IPWA aN ~ n IV

2200+ 100 HENDRY 78 MPWA ~N ~ 7r N

~ e e We do not use the following data for averages, fits, limits, etc. ~ ~ e

2291 ARNDT 95 DPWA n N ~ Na

N(2250) WIDTH

VALUE(MeV) DOCUMENT ID TECN COMMENT

290 to 470 (m 400) OUR ESTIMATE

480+ 120 CUTKOSKY 80 IPWA ~ N ~ ~N
300 + 40 HOEHLER 79 IPWA m N ~ m N

350+ 100 HENDRY 78 MPWA n N ~ ~N
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

N(2220) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

772 ARNDT 95 DPWA ~N ~ N~

N(2250) POLE POSITION

Mode

N7r

l2 Ng
AK

Fraction (I;/I )

10 20 o/o

REAL PART
VALUE (Mev) DOCUMENT ID TECN COMMENT

2087 ARNDT 95 DPWA ~N ~ N~
2187 HOEHLER 93 SPED w N —+ m N

2150+50 CUTKOSKY 80 IPWA ~ N ~ ~ N

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2243 ARNDT 91 DPWA mN ~ mN Soln SM90

—2x IMAGINARY PART
VAL UE (MeV) DOCUMENT ID TECN COMMENT

680 ARNDT 95 DPWA 7r N + N7r

388 HOEHLER 93 SPED vr N —+ a N

360+ 100 CUTKOSKY 80 IPWA ~ N ~ ~ N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

650 ARNDT 91 DPWA vr N ~ ~N Soin SM90
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Baryon Particle Listings
N(2250), N(26QQ), N(27QQ)

MoDULUs lrl

N(2250) ELASTIC POLE RESIDUE
N(2600) lt ti I(JP )

— 2t{~&& ) Statua.

VALUE (MeV) DOCUMEN T /D TECN

24 ARNDT 95 DPWA
21 HOEHLER 93 SPED
20+6 CUTKOSKY 80 IPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

47 ARNDT 91 DPWA

COMMEN T

7rN ~ N7r

7rN —+ 7rN
7rN ~ 7rN

etc. ~ o ~

7r N ~ 7r N Soln SM90

N(2250) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

PHASE 8
VALUE ( ) DOCUMENT ID TECN COMMENT

—44 ARNDT 95 DPWA 7r N ~ N7r
—50+20 CUTKOSKY 80 IPWA 7r N ~ 7r N

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

—37 ARNDT 91 DPWA 7r N ~ 7r N Soln SM90

N(2600) MASS

VALUE (MeV) DOCUMENT ID

2550 to 2750 (m 2600) OUR ESTIMATE

2577+ 50 HOEHLER
2700+ 100 HENDRY

TECN COMMENT

79 IPWA 7r N —+ 7r N

78 MPWA 7rN ~ 7rN

N(2600) WIDTH

TECN COMMEN T

79 IPWA 7rN ~ 7r N

78 MPWA 7r N —+ 7rN

N(2600) DECAY MODES

VAL UE (MeV) DOCUMENT ID

500 to 800 (w 650) OUR ESTIMATE

400+ 100 HOEHLER
900+ 100 HEND RY

Mode

I 1 N7r

I 2 NTl

I3 AK

Fraction (I l//I )

5—15%

Mode

I 1 N7r

Fraction (I l/I )

5—10 %

N(2600) BRANCHING RATIOS

r(N~)/r„„,
N(2250) BRANCHING RATIOS

TECN COMMENTDOCUMENT ID

7r N

7r N

7r N

~ ~ ~

N7r

VAL UE

0.05 to 0.15 OUR ESTIMATE
0.10+0.02 CUTKOSKY 80 IPWA 7r N

0.10+0.02 HOEHLER 79 IPWA 7r N

0.09+0.02 HENDRY 78 MPWA 7r N

o ~ ~ We do not use the following data for averages, fits, limits, etc.

0, 10 ARNDT 95 DPWA 7I. N

I (N~)/I tata[
VAL UE

0.05 to 0.1 OUR ESTIMATE
0.05 +0.01
0.08+0.02

DOCUMENT ID TECN COM MEN T

N(2600) REFERENCES

HOEHLER 79 PDAT 12-1
Also 80 Toronto Conf. 3

HENDRY 78 PRL 41 222
Also 81 ANP 136 1

+Kaiser, Koch, Pietarinen
Koch

Hen dry

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA 7r N ~ 7r N

(KARLT) I JP
(KARLT) I JP

(IND, LBL) IJP
(IN D)

(I t I p) /I tata] in Nx ~ N(2250) ~ N tl
VAL UE DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o ~

(rtr2) /r

N(2700) K,
„

l(JP) = ~~(~~+)Status:

—0.043 BAKER 79 DPWA 7r p ~ nr/ OMITTED FROM SUMMARY TABLE

(I I }y/I I N N{2250} lIK
VAL UE DOCUMENT /D

—0.02 BELL
not seen SAXON

(r, r, ) /r
TECN COMMENT

83 DPWA 7r p ~ AK0

80 DPWA 7r p /tK0

N(2250} REFERENCES

N(2250) FOOTNOTES
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and H resonances as determined from Argand diagrams of 7r N elastic partial-wave

amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

VAL UE (MeV)

m 2700 OUR ESTIMATE
2612+ 45
3000+100

VALUE(MeV)

350 + 50
900+ 150

N(2700) MASS

DOCUMENT ID TECN COM MEN T

N(2700) WIDTH

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA 7r N ~ 7r N

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA 7r N ~ 7r N

ARNDT
HOEHLER
ARNDT
BELL
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also
HENDRY

Also

95
93
91
83
80
79
80
79
79
80
78
81

PR C52 2120
7r N Newsletter 9 1
PR D43 2131
NP 8222 389
Toronto Conf. 19
PR D20 2839
NP B162 522
NP B156 93
PDAT 12-1
Toronto Conf. 3
PRL 41 222
ANP 136 1

+Strakovsky, Workman, Pavan

+Li, Roper, Workman, Ford
+Blissett, Broome, Daley, Hart, Lintern+
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly
+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch

Hendry

(VPI, BRCO)
(KARL)

(VPI, TELE) IJP
(RL) IJP

(CMU, LBL) IJP
(CMU, LBL) IJP

(RHE L, BR IS) I JP
(RHEL) IJP

(KARLT) IJP
(KARLT) !JP

(IND, LBL) IJP
(IN D)

Mode

I (Nm)II totai
VALUE

0.04+ 0.01
0.07 +0,02

N(2700) DECAY MODES

N(2700} BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA 7r N ~ 7r N

N{2700} REFERENCES

HOEHLER
Also

HEND RY
Also

79 PDAT 12-1
80 Toronto Conf. 3
78 PRL 41 222
81 ANP 136 1

+Kaiser, Koch, Pietarinen
Koch

Hendry

(KARLT) IJP
(KARLT) IJP

(IND, LBL) IJP
(IND)
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Baryon Particle Listings
N(2700), N( 3000)

N(- 3000 Region)
Partial-Wave Analyses

OMITTED FROM SUMMARY TABLE
We list here miscellaneous high-mass candidates for isospin-1/2 res-
onances found in partial-wave analyses.

Our 1982 edition had an N(3245), an N(3690), and an N(3755),
each a narrow peak seen in a production experiment. Since nothing
has been heard from them since the 1960's, we declare them to be
dead. There was also an N(3030), deduced from total cross-section
and 180 elastic cross-section measurements; it is the KOCH 80
Ll 15 state below.

VAL UE (Mev)

1300+200
1600+200
1900+300

Mode

I 1 Nvr

N( 3000) WIDTH

DOCUMENT ID

HENDRY

HENDRY

HENDRY

TECN COM MEN T

78 MPWA m. N mN Ll 15 wave
)

78 MPWA vr N mN Ml 17 wave

78 MPWA 7r N ~ m N Nl 19 wave
)

N(~ 3000) DECAY MODES

N( 3000) BRANCHING RATIOS

VA L UE (Me V)

w 3000 OUR ESTIMATE
2600
3100
3500
3500 to 4000
3500+200
3800+200
4100+200

DOCUMENT iD TECN COMM EN T

KOCH
KOCH

KOCH

KOCH

HENDRY

HENDRY

HENDRY

80 IPWA x N —+

80 IPWA x N —+

80 IPWA x N —+

80 IPWA ~ N —+

78 MPWA 7r N ~
78 MPWA ~N —+

78 MPWA ~N ~

7r N D13
aN Ll 1
'jr N Ml 17 wave

Jr N Nl 19 wa"e

7rN L115
~ N Ml 17 wave

'Jr N Nl lg wave

N( 3000) MASS r(e~) ~r»,
VAL UE

0.055 60.02

0.040+ 0.015
0.030 k 0.015

DOCUMENT ID

HENDRY

HEND RY

HENDRY

N( 3000) REFERENCES

KOCH 80 Toronto Conf, 3
HENDRY 78 PRL 41 222

Also 81 ANP 136 1 Hendry

(KARLT) IJP
(IND, LBL) IJP

(IND) I JP

TECN COMMENT

78 MPWA 7rN AN Ll 15 wave
1

78 MPWA n N ~ AN Ml 17 wave

78 MPWA 7rN ~ n N Nl 19 wave
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Baryon Particle Listings
n(1232)

& BARYONS
(S = 0, I = 3/2)

D++ = uuu, ZL+ = uud, A = udd, Z = ddd

dP-A++ WIDTH DIFFERENCE

VAL UE (MeV) DOCUMENT ID COMMENT

6.6 4 1.0 PEDRONI 78 See the widths

d(1232) POLE POSITIONS

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

n(1232) P„ l(l ) = &(&+) Status:

Most of the results published before 1977 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 1118 (1982).

REAL PART, MIXED CHARGES
VAL UE (MeV) DOCUMENT ID TECN

1211 ARNDT 95 DPWA
1209 HOEHLER 93 ARGO
1210+1 CUTKOSKY 80 IPWA
~ e e We do not use the foliowing data for averages, fits, limits,

1210 ARNDT 91 DPWA

COMMENT

nN —+ N~
7rN ~ ~N
nN~ ~N
etc. e ~ ~

~N ~ ~N Soln SM90
B(1232) MASSES

TECN COMM EN T

+N ~ 7r N 8c N7rvr

n. N ~ 7rN
~N~ ~N
etc. e ~ ~

B(1232)++ MASS
VAL UE (MeV)

1230.9+0.3
1231.1 +0.2

D(1232)™SS

DOCUMENT ID TECN COM MEN T

KOCH 808 IPWA vr N —+ xN
PEDRONI 78 ~ N —+ x N 70—370

MeV

VALUE (MeV)

1234.9+ 1.4
~ ~ ~ We do not use the following

1231.6
1231.2
1231.8

B(1232)0 MASS

DOCUMENT ID TECN

MIROSHNIC. .. 79
data for averages, fits, limits,

CRAWFORD 80 DPWA
BAR BOO R 78 D PWA
BERENDS 75 IPWA

COMMEN T

Fit photoproduction
etc. e ~ ~

pN~ nN
pN —+ xN
pp ~ 7rN

MIXED CHARGES
VAL UE (MeV) DOCUMENT ID

1230 to 1234 (at 1232) OUR ESTIMATE

1231+ 1 MANLEY 92 IPWA

1232+3 CUTKOSKY 80 IPWA
1233+2 HOEHLER 79 IPWA

e ~ ~ We do not use the following data for averages, fits, limits,

1233 ARNDT 95 DPWA

—IMAGINARY PART, MIXED CHARGES
VAL UE (MeV) DOCUMENT ID TECN

50 ARNDT 95 DPWA
50 HOEHLER 93 ARGO
50+1 CUTKOSKY 80 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

50 ARNDT 91 DPWA

COMMENT

nN —+ Nx
AN ~ ~N
7rN ~ 7rN

etc. e ~ ~

7r N ~ 7r N Soln SM90

REAL PART, B(1232)++
VAL UE (MeV) DOCUMENT ID COMMENT

1209.6 +0.5 3 VASAN 768 Fit to CARTER 73
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1210.5 to 1210.8 4 VASAN 768 Fit to CARTER 73

REAL PART, B(1232)+
VAL UE (MeV)

1206.9+0.9 to 1210.5 + 1.8
1208.0 + 2.0

DOCUMENT ID COMMENT

MIROSHNIC. .. 79 Fit photoproduction
CAMPBELL 76 Fit photoproduction

—IMAGINARY PART, 6{1232}++
VALUE(MeV) DOCUMENT ID COMMENT

50.4+ 0.5 3 VASAN 76e Fit to CARTER 73
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

49.9 to 50.0 4 VASAN 768 Fit to CARTER 73

VALUE (MeV)

1233.6 +0.5
1233.8 +0.2

DOCUMENT ID

KOCH
PEDRONI

TECN COMM EN T

808 IPWA mN ~ mN

78 ~ N —+ ~ N 70—370
MeV

—IMAGINARY PART, LL(1232)+
VAL UE (MeV) DOCUMENT ID COMMENT

55.6+ 1.0 to 58.3 + 1.1 MIROSHNIC. .. 79 Fit photoproduction
53.0 k 2.0 CAMPBELL 76 Fit photoproduction

m&0 —m&++

VALUE (MeV) DOCUMENT ID COMMENT

e ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ e

2,7+ 0.3 PEDRONI 78 See the masses

B(1232) WIDTHS

MIXED CHARGES
VALUE (MeV) DOCUMENT ID

115 to 125 (~ 120) OUR ESTIMATE

118+4 MA NLEY 92 IPWA

120+5 CUTKOSKY 80 IPWA

116+5 HOEHLER 79 IPWA

e ~ e We do not use the following data for averages, fits, limits,

114 ARNOT 95 DPWA

TECN COMMEN T

7rN ~ 7rN 8c N~~
7rN ~ 7rN

7rN ~ 7rN

etC. ~ ~ ~

AN ~ N~

A(1232)++ WIDTH
VALUE (MeV)

111.0 + 1,0
111,3+0.5

Z(1232)+ WIDTH

DOCUMENT ID TECN COMM EN T

KOCH 808 IPWA vr N ~ vr N

P ED RON I 78 vr N ~ ~ N 70—370
MeV

B(1232)0 WIDTH
VALUE (MeV)

113.0 + 1.5
117.9 60.9

DOCUMENT ID TECN COMMENT

KOCH 808 IPWA AN ~ m. N

PEDRONI 78 AN ~ n N 70-370
MeV

VALUE (MeV) DOCUMENT ID TECN COMMENT

131.1 +2.4 MIROSHNIC. .. 79 Fit photoproduction
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

111.2 CRAWFORD 80 DPWA pN ~ ~ N

111.0 BARBOUR 78 DPWA pN ~ m N

REAL PART, ll(1232)
VAL UE (MeV) DOCUMENT ID COMMENT

1210.75 +0.6 VASAN 768 Fit to CARTER 73
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1210.2 VASAN 768 Fit to CARTER 73

—IMAGINARY PART, Ll(1232)0
VAL UE (MeV) DOCUMENT ID COMMENT

52.8+ 0.6 VASAN 768 Fit to CARTER 73
~ e e We do not use the following data for averages, fits, limits, etc. e e ~

52.9 to 53.1 4 VASAN 768 Fit to CARTER 73

LL(1232) ELASTIC POLE RESIDUES

ABSOLUTE VALUE, MIXED
VAL UE (MeV)

38
50
53+2
~ ~ e We do not use the following

52

CHARGES
DOCUMENT ID TECN COMMEN T

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

~N ~ N7r

~N~ ~N
xN~ xN
etC. ~ ~ ~

7r N ~ 7r N Soln SM90

PHASE, MIXED CHARGES
VALUE( )
—22
—48
—47+ 1

~ e ~ We do not use the following

—31

DOCUMENT ID TECN

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

COMMENT

~N ~ Nsr
7rN ~ 7rN

7rN ~ ~N
etc. ~ ~ ~

~N ~ ~N Soln SM90

ABSOLUTE YALUE, 21(1232}++
VAL UE (MeV) DOCUMENT ID COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

52.4 to 53.2 3 VASAN 76e Fit to CARTER 73
52.1 to 52.4 4 VASAN 768 Fit to CARTER 73
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D(1232)

PHASE, Z(1232}++
VAL UE (rad) DOCUMEN T ID COMM EN T

~ e e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.822 to —0.833 VASAN 76e Fit to CARTER 73
—0,823 to —0.830 4VASAN 76e Fit to CARTER 73

ABSOLUTE VALUE, jl(1232}
VALUE(MeV) DOCUMENT ID COMMEN T

~ ~ e We do not use the following data for averages, fits, limits, etc. e ~ e

54.8 to 55.0 VASAN 768 Fit to CARTER 73
55.2 to 55.3 VASAN 768 Fit to CARTER 73

PHASE, lL(1232)o

6(1232) PHASE OF Ml~(3/2) PHOTOPRODUCTION
MULTIPOLE AMPLITUDE POLE RESIDUE

Information on the phase (and magnitude) of the Ml+(3/2) multipole
amplitude pole residue is contained implicitly in the paper of MIROSH-
NICHENKO 79. They find that the phase is consistent with being equal
to that of the elastic pole residue.

ll(1232)++ MAGNETIC MOMENT

The values are extracted from UCLA and SIN data on ++ p bremsstrahlung
using a variety of difTerent theoretical approximations and methods. Our
estimate is only a rough guess of the range we expect the moment to lie

within.

A(1232) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

Mode Fraction (I;/I )

VAL UE (rad) DOCUMENT ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

—0.840 to —0.847 VASAN 768 Fit to CARTER?3
—0.848 to —0.856 VASAN 768 Fit to CARTER 73

VALUE (@hi) DOCUMENT ID

3.7 to 7.5 OUR ESTIMATE
~ ~ ~ We do not use the following data

4.52 4 0.50+0.45 BOSSHAR D

3.7 to 4.2 LIN

4.6 to 4.9 L IN

5.6 to 7.5 WITT MAN

6.9 to 9.8 HELLER

4.7 to 6.7 NEFKENS

COMMENT

for averages,

91 x+p ~
918 a+ p —+

91e ~+p
88 a+p —+

87 ++ p —+

78 ~+p ~

fits, limits, etc. ~ ~ ~

~+ p p (SIN data)
~+ pp (from UCLA data)
sr+ pp (from SIN data)
m+ pp (from UCLA data)
~+ pp (from UCLA data)
~+ pp (UCLA data)

l2

l4

N7r

Np
N p, helicity=l/2
Np, helicity=3/2

&99 %
0.54M.61 %
0 12M 14%
0.41M.47 %

r(Ne}/rtotai

LL(1232} BRANCHING RATIOS

TECN COMMEN TDOCUMENT ID

Tr N 5. N n 2r

7r N

~N
~ ~ e

Nn.

VAL UE

0.993 to 0.995 OUR ESTIMATE
1.0 MANLEY 92 IPWA 7r N
1.0 CUTKOSKY 80 IPWA n. N

1.0 HOEHLER 79 IPWA n. N
~ ~ e We do not use the following data for averages, fits, limits, etc.
1.0 ARNDT 95 DPWA n. N

LL(1232) FOOTNOTES

Using a+ d as well, PEDRONI 78 determine (M —M++) + (M — M+)//3 =
4.6 6 0.2 MeV.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and H resonances as determined from Argand diagrams of 2r N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.
This VASAN 768 value is from fits to the coulomb-barrier-corrected CARTER 73 phase
shift.

4This VASAN 768 value is from fits to the CARTER 73 nuclear phase shift without
coulomb barrier corrections.
Converted to our conventions using M = 1232 MeV, C = 110 MeV from NOELLE 78.

ll(1232) REFERENCES

For early references, see Physics Letters 111B70 (1982).

rf(1232) PHOTON DECAY AMPLITUDES

Z(1232) -+ Np, helicity-1/2 amplitude At/2
DOCUMENT ID

ESTIMATE
VALUE (GeV 1/ )
—0.140+0.005 OUR
—0.141+0.005
—0.135+0.016
—0.145+0.015
—0.138+0.004
—0.147+0.001
—0.145 4 0.001
—0.136+0.006
~ ~ ~ We do not use

TECN COMM EN T

pN ~ AN

pN ~ 7rN

pN~ ~N
pN~ ~N
pN —+ ~N (fit 1)
pN ~ ~N (fit 2)
pN~ nN
etc. ~ e ~

A RNDT 96 IPWA

DAVIDSON 918 FIT
CRAWFORD 83 IPWA
AWA J I 81 D PWA
A RAI 80 DPWA
ARAI 80 D PWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

LI 93 IPWA
DAVIDSON 90 FIT
BARBOUR 78 DPWA

5 NOELLE 78
FELLER 76 DPWA

pN~ ~N
See DAVIDSON 918
pN~ ~N
pN ~ 7rN
pN~ ~N

—0.143+0.004
—0.140+0.007
—0.142+0.007
—0.140
—0.141+0.004

helicity-3/2 amplitude Aa/2
DOCUMENT ID

ESTIMATE

lL(1232} ~ N7,
VALUE (GeV 1/2)
—0.258+0.006 OUR
—0.261+0.005
—0.251 +0.033
—0.263+0,026
—0,259+0.006
—0.264+ 0.002
—0.261 +0.002
—0.247 +0.010
~ ~ ~ We do not use

TECN COM MEN T

ARNDT 96 IPWA

DAVIDSON 918 FIT
CRAWFORD 83 IPWA
AWA J I 81 DPWA
ARAI 80 DPWA
A RAI 80 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

LI 93 I PWA
DAVI DSO N 90 F IT
BARBOUR 78 DPWA

5 NOELLE 78
FELLER 76 DPWA

pN ~ 7rN

gN~ ~N
yN~ ~N
pN ~ AN

pN ~ 7r N (fit 1)
pN ~ ~N (fit 2)
pN ~ AN
etc. e ~ ~

pN ~ 7rN
See DAVIDSON 91B
pN ~ ~N
pN~ ~N
pN~ ~N

—0.262+ 0.004
—0.254 +0.011
—0.271 +0.010
—0.247
—0.256+ 0.003

TECN COM MEN T

pN -+ xN
pN~ xN
etc. ~ ~ ~

pN ~ m. N

pN ~ AN

pN ~ AN

A(1232) ~ N7, Ea/Mt ratio
VAL UE DOCUMENT ID
—0.015 +0.004 OUR AVERAGE
—0.015 +0.005 WORK MAN 92 IPWA
—0.0157 +0,0072 DAVIDSON 918 FIT
~ e ~ We do not use the following data for averages, fits, limits,

—0.0107+0.0037 DAV I DSO N 90 F IT
—0.015 +0.002 DAVIDSON 86 FIT
+0.037 +0.004 TANABE 85 FIT

ARNDT
ARNDT
HOE HLER
LI

MANLEY
Also

WORKMAN
ARNDT
BOSSHARD

Also
DAVIDSON
LIN

Also
DAVIDSON
WITTMAN
HELLER
DAVIDSON
TANA BE
CRAWFORD
PDG
AWA J I

Also
A RA I

Also
CRAWFORD
CUTKOSKY

Also
KOCH
HOEHLER

Also
MIROSHNIC. ..

BARBOUR
NEFKENS
NOELLE
PEDRONI
CAMPBELL
FELLER
VASAN

A Iso
BERENDS
CARTER

96 PR C53 430
95 PR C52 2120
93 AN Newsletter 9 1
93 PR C47 2759
92 PR D45 4002
84 PR D30 904
92 P R C46 1546
91 PR D43 2131
91 PR D44 1962
90 PRL 64 2619
918 PR D43 71
918 PR C44 1819
91 PR C43 R930
90 PR D42 20
88 PR C37 2075
87 P R C35 718
86 PRL 56 804
85 PR C31 1876
83 NP 8211 1
82 PL 111B
81 Bonn Conf. 352
82 NP 8197 365
80 Toronto Conf. 93
82 NP 8194 251
80 Toronto Conf. 107
80 Toronto Conf. 19
79 P R D20 2839
808 NP A336 331
79 PDAT 12-1
80 Toronto Conf. 3
79 SJ N P 29 94

Translated from YAF
78 NP 8141 253
78 PR D18 3911
78 PTP 60 778
78 NP A300 321
76 PR D14 2431
76 NP 8104 219
768 NP 8106 535
76 NP 8106 526
75 NP 884 342
73 NP 858 378

+Kumano, Martinez, Moniz
+Mukhopadhyay, Wittman
+Ohta
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Pietarinen
+Kaiser, Koch, Pietarinen

Koch
Miroshnichenko, Nikiforov, Sanin+

29 188.
+Crawford, Parsons
+Arrnan, Ballagh, Glodis, Haddock+

(GLAS)
(UCLA, CATH) IJP

(NAGO)
(SIN, ISNG, KARLE+) IJP

(BOIS, UCI, UTAH) IJP
(NAGO, OSAK) IJP

(CMU) IJP
(CMU) IJP

(LEID, MCHS)
(CAVE, LOQM) IJP

+Gabathuler, Domingo, Hirt+
+Shaw, Ball
+Fukushima, Horikawa, Kajikawa+

Vasan
+Donnachie
+Bugg, Carter

+Strakovsky, Workman (VPI)
+Strakovsky, Workman, Pavan (VPI, BRCO)

(KARL)
+Amdt, Roper, Work m a n (V PI)
+Saleski (KENT) I J P

Manley, Amdt, Goradia, Teplitz (VPI)
+Amdt, Li (VPI)
+Li, Roper, Workman, Ford (VPI, TELE) IJP
+Arnsler+ (ZURI, LBL, VILL, LAUS, UCLA, CATH)

Bosshard+ (CATH, LAUS, LBL, VILL, UCLA, ZURI)
+Mukhopadhyay, Wittman (RPI)
+Liou, Ding (CUNY, CSOK)

Lin, Liou (CUNY)
+Mukhopadhyay (R PI)

(TRIU)
(LANL, MIT, ILL)

(RPI)
(KOMA8)

(GLAS)
(HE LS ~ C IT, C ERN)

(NAGO)
(NAGO)

(IN US)
Arai, Fujii (INUS)

(GLAS)
(CMU, LBL) IJP
(CMU, LBL)

(KARLT) I JP
(KARLT) IJP
(KARLT) IJP

(KFTI) I JP
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ZL(1600)

A(1600} P33 l(l ) = &(&+) Status: ll(1600) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

ll(1600} MASS

VALUE (Mev)

1550 to 1TOO

1706+ 10
1600+50
1522+ 13
~ e ~ We do

1672+15
1706
1690
1560
1640

TECN COMM EN TDOCUMENT ID

(~ 1600) OUR ESTIMATE
MA NL EY 92 I PWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

ARNDT 96 IPWA
LI 93 IPWA
BARNHAM 80 IPWA

1 LONGACRE 77 IPWA
LONGACRE 75 IPWA

7r N ~ x N Ec. Nvr7r

~N ~ 2r/V

7rN -+ 7rN

etc. ~ ~ ~

2r N

2r N

N ~sr
N~7r
N7r vr

pN ~
pN ~
mN —+

~N —+

mN ~

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 111B (1982}.

The various analyses are not in good agreement.
I3
l4
C5

C,
I7
C8

C10
I 11

C14
I 15

Mode

N7r

ZK
N~~

6{1232)~,P wave-
D(1232) s.

, F wave-

Np
Np, S=1/2, P-wave

Np, S=3/2, P-wave

Np, S=3/2, F-wave

N(1440) 7I.

N(1440) ~, P wave-
Ny

Np, helicity=l/2
N p, helicity=3/2

Fraction (I l/I )

10-25 %

75—90 %
40-70 %

(25 %

10—35 /0

0.001M.02 %
0.0-0.02 %
0.001M.005 %

LL(1600) WIDTH Z(1600) BRANCHING RATIOS

VALUE (MeV)

250 to 450 (~ 350) OUR

430 + 73
300+ 100
220 + 40
~ ~ ~ We do not use the

315+ 20
215
250
180
300

TECN COM MEN T

~N ~ 7rN k Norm

mN~ mN

7rN ~ 7rN

etc. ~ ~ ~

pN ~
pN ~
~N ~
~N —+

~N ~

2r N

2r N

N7r 7r

Nurser

N+7r

LL(1600} POLE POSITION

DOCUMENT ID

ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

following data for averages, fits, limits,

ARNDT 96 IPWA
LI 93 IPWA
BARNHAM 80 IPWA

1 LONGACRE 77 IPWA
LONGACRE 75 IPWA

r (N &)/rtetai
VALUE

0.10 to 0.25 OUR ESTIMATE
0.12+0.02
0.18+0.04
0.21 +0.06

DOCUMENT ID TECN COMM EN T

MANLEY 92 IPWA vr N ~ 7r N Ec blam
CUTKOSKY 80 IPWA vr N —+ vr N
HOEHLER 79 IPWA vr N + 7r N

(r, r, )&/r(I f i f)~/I tote~ in N e ~ B(1600)~ Z K
VAL UE DOCUMENT ID TECN COMMENT
—0.3t3 to —0.28 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

0.006 to 0.042 DEANS 75 DPWA 2r N ~ Z K

REAL PART
VALUE (MeV)

1675
1550
1550+40
o ~ ~ We do not use

1612
1609 or 1610
1541 or 1542

DOCLIMENT ID TECN

ARNDT 95 DPWA
3 HOEHLER 93 SPED

CUTKOSKY 80 IPWA
the following data for averages, fits, limits,

ARNDT 91 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

COM MEN T

AN —+ Nm

AN ~ ~N
mlV ~ xN
etc. ~ ~ ~

~ N ~ ~ N Soln SM90
~N ~ N~~
+hi ~ N7r7r

—2x IMAGINARY
VALUE (MeV)

386
200+60
o ~ o We do not use

PART

230
323 or 325
178 or 178

COMMEN T

nN~ N~
~N ~ 7rN

etc. ~ ~ ~

+ IV ~ m N Soln SM90
7r N ~ Nerve

7r N ~ N~7r

ll(1600) ELASTIC POLE RESIDUE

DOCUMENT ID TECN

ARNDT 95 DPWA
C UTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

Note: Signs of couplings from 7r N ~ N7r n. analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the ch(1620) S3]
coupling to H(1232) 2r.

(r,r, )&/r(I fl f) /I t,t, ~
in Na LL(1600) Q(1232)e, P wave-

VAL UE DOCUMENT ID TECN COMMENT

+0.27 to +0.33 OUR ESTIMATE
+0.29+0.02 MANLEY
+0.24+0.05 BARNHAM

+0.34 1,6 LONGACRE

+0.30 2 LONGACRE

92 IPWA 2r N ~ ~N k N2r7r

80 IPWA 7r N ~ N+7r
77 IPWA vr N ~ Nvrx
75 IPWA aN ~ N+7r

(r, r, )&/r(r, rf) /rt, In Nm lL(1600) Ll(1232)n, Fwave
VAL UE DOCUMENT ID TECN COMMENT
—0.15 to -0.03 OUR ESTIMATE
—0.07 1~6 LONGACRE 77 IPWA 2r N ~ N2r x

(r, r, )h/r(If l f) /It ta~inNe ~ 6(1600)-+ Np, S=1/2, Pwave-
VAL UE DOCUMENT ID TECN COMMENT

+0.10 6 LONGACRE 77 IPWA 2r N ~ Nvrn.

MODULUS
VALUE (MeV)

52
17+4
o ~ ~ We do

PHASE 8
VALUE ( )

DOCUMENT ID TECN COM MEN T

7rN ~ N7r

~N -+ ~N
ptc. ~ ~ ~

~ IV ~ vr N Soln SM90

DOCUMENT ID TECN COMMEN T

ARNOT 95 DPWA
CUTKOSKY 80 IPWA

not use the following data for averages, fits, limits,

A RNDT 91 D PWA

(r,r,)&/r(I (I f) /I tetafin Nm LL(1600) Np, S=3/2, P wave-
VAL UE DOCUMENT ID TECN COMMENT

+0.10 1t6 LONGACRE 77 IPWA 7r N ~ Nvr 7r

(r,r„)&/r

MANLEY 92 IPWA 7r N ~ 2r N 4 N7r7r

BARNHAM 80 IPWA ~N ~ Nsr~

(I tl f) /It takin Na ~ B(1600)~ N(1440)e, P wave-
VAL UE DOCUMENT ID TECN COMMENT

+0.15 to +0.23 OUR ESTIMATE
+0.16+0.02
+ 0.23 +0.04

+ 14
—1506 30
~ ~ ~ We do

73

ARNDT 95 DPWA
CUTKOSKY 80 IPWA

not use the following data for averages, fits, limits,

A R NDT 91 DPWA

7rN ~ N7r

~N ~ 7rN

etc. ~ ~ ~

7r N ~ ~N Soln SM90

LL(1600) PHOTON DECAY AMPLITUDES

TECN COM MEN T

pN~ aN
pN ~ 2rN

pN ~ AN
pN~ aN
etc. ~ ~

pN ~ 7rN
Com pton scattering
pN -+ xN
pN~ xN

A(1600) ~ Ny, helicity-1/2 amplitude At/a
VAL UE (GeV

—1/2) DOCUMENT ID

—0.023+0.020 OUR ESTIMATE
—0.018+0.015 ARNDT 96 I PWA
—0.039+0.030 CRAWFORD 83 IPWA
—0.046+ 0.013 AWA J I 81 DPWA

0.005 +0.020 CRAWFORD 80 DPWA
o ~ ~ We do not use the following data for averages, fits, limits,

—0.026 4 0.002 LI 93 I PWA
—0.200 7 WADA 84 DPWA

0.000 k 0.030 BARBOUR 78 DPWA
0.0 +0.020 FELLER 76 DPWA
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A(1600), D(1620)

B(1600) ~ N7,
VALUE (GeV 1/2)
—0.009+0.021 OUR
—0.025 +0.015
—P.013+0.014

0.025 +0.031
—0.009+0.020
~ ~ ~ We do not use

—0.016+0.002
0.023
0.000+0.045
0.0 +0.015

helicity-3/2 amplitude AaIa
DOCUMENT ID

ESTIMATE
TECN COMMEN T

ARNOT 96 IPWA
C RAW FO R D 83 IPWA
AWA J I 81 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

LI 93 IPWA
WADA 84 DPWA
BARBOUR 78 DPWA
FELLER 76 DPWA

pN~ mN

pN —+ nN
pN ~ AN

pN ~ AN
etc. ~ o o

pN —+ nN
Compton scattering
pN ~ 7rN

pN ~ AN

B(1600) REFERENCES

Zt(1600) FOOTNOTES
LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to n N ~ N~~ data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.
From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a m plitudes.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and A resonances as determined from Argand diagrams of ~N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

4LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to zr N ~ Nzrzr data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

5The range given is from the four best solutions. DEANS 75 disagrees with ~+ p ~
Z+ K+ data of WINNIK 77 around 1920 MeV.
LONGACRE 77 considers this coupling to be well determined.

7 WADA 84 is inconsistent with other analyses —see the Note on N and D Resonances.

VAL UE (MeV}

120 to 180 (w 150)
154 +37
140 +20
139 +18
o ~ ~ We do not use

147 + 8
108
184
120
228.3 +18.0

30.0+ 6.4

161
180
120
150

REAL PART
VAL UE (MeV}

1585
1608
1600+ 15
~ ~ ~ We do not use

1587
1583 or 1583
1575 or 1572

B(1620) WIDTH

TECN COMMEN TDOCUMENT ID

OUR ESTIMATE
MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

the following data for averages, fits, limits,

ARNDT 96 IPWA
ARNDT 95 DPWA
LI 93 IPWA
BARNHAM 80 IPWA

1 CHEW 80 BPWA

' CHEW 80 BPWA

CRAWFORD 80 DPWA
BARBOUR 78 DPWA

2 LONGACRE 77 IPWA
LONGACRE 75 IPWA

A(1620) POLE POSITION

DOCUMENT ID TECN

ARNDT 95 DPWA
4 HOEHLER 93 SPED

CUTKOSKY 80 IPWA
the following data for averages, fits, limits,

ARNDT 91 DPWA
LONGACRE 78 IPWA
LONGACRE 77 IPWA

~N —+ xN 8c Neer
7rN ~ +N
mN~ mN

etc. ~ o ~

pN + &N
xN —+ N7r

pN —+ wN
vr N —+ N7r~
~+ p ~+ p (lower

mass)
~+ p ~ ~+ p (higher

mass)
pN -+ xN
pN —+ aN
2r N ~ N7rzr
m N —+ N7r~

COMMENT

7rN ~ N~
mN —+ &N
AN ~ +N
etc. ~ ~ ~

xN ~ mN Soln SM90
m'N —+ Ne'er
vr N —+ Nzrzr

ARNDT
ARNOT
HOEHLER
LI

MANLEY
Also

ARNDT
WADA
CRAWFORD
PDG
AWA JI

Also
BARNHAM
CRAWFORD
CUTKOSKY

Also
HOEHLER

Also
BARBOUR
LONGACRE
LONGACRE

Also
W INN I K

FELLER
DEANS
LONGACRE

96 PR C53 430
95 PR C52 2120
93 n. N Newsletter 9 1
93 PR C47 2759
92 P R D45 4002
84 P R D30 904
91 PR D43 2131
84 NP B247 313
83 NP B211 1
82 PL 111B
81 Bonn Conf. 352
82 NP B197 365
80 NP B168 243
80 Toronto Co nf. 107
SO Toronto Conf. 19
79 PR D20 2839
79 PDAT 12-1
80 Toronto Conf, 3
78 NP B141 253
78 P R D17 1795
77 NP B122 493
76 NP B108 365
77 NP B128 66
76 NP B104 219
75 NP B96 90
75 PL 55B 415

+Strakovsky, Workman
+Strakovsky, Workman, Pavan

+Amdt, Roper, Workman
+ Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Egawa, Imanishi, Ishii, Kato, Ukai+
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, H ayashii, Iwa ta, Kajikawa+
+Glickman, Micr-Jedrzejowicz+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Kaiser, Koch, Pietarinen
Koch

+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Toaff, Revel, Goldberg, Berny
+Fukushima, Horikawa, Kajikawa+
+Mitchell, Montgorn cry+
+Rosenfeld, Lasinski, Smadja+

For early references, see Physics Letters 111870 (1982).

(V PI)
(VPI, BRCO)

(KARL)
(V PI}

(KENT) IJP
(V PI)

(VPI, TELE) IJP
(INUS)
(GLAS)

(HELS, CIT, CERN)
(NAGO)
(NAGO)

(LOIC)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(KARLT) IJP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(SACL) IJP
(SACL) IJP
(HAIF) I

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

(LBL, SLAC) IJP

—2 x lMAGINARY
VAL UE (MeV)

104
116
120+20
~ ~ ~ We do not use

120
143 or 149
119 or 128

PART
DOCUMENT ID TECN

ARNDT 95 DPWA
4 HOEHLER 93 SPED

CUTKOSKY 80 IPWA
the following data for averages, fits, limits,

ARNDT 91 DPWA
5 LONGACRE 78 IPWA

LONGACRE 77 IPWA

COMMENT

AN ~ Nor

zrN ~ AN
AN —+ AN
etc. ~ ~ ~

~N ~ wN Soln SM90
AN ~ Nzrzr

vr N ~ N7r7r

MDDuLus lrl

Lt(1620) ELASTIC POLE RESIDUE

VAL UE (MeV)

14
19
15+2
~ ~ ~ We do not use the following

15

PHASE e

DOCUMENT ID TECN COMMENT

ARNDT 95 DPWA zr N ~ N~
HOEHLER 93 SPED a N —+ m N

CUTKOSKY 80 IPWA n N —+ a N

data for averages, fits, limits, etc. ~ o ~

ARNDT 91 DPWA ~N ~ vr N Soln SM90

D(1620) S„ I(JP) = -,'(-,' ) Status:

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 111B (1982).

VALUE ( )

—121
95

—110+20
~ ~ ~ We do not use the following

—125

DOCUMENT ID TECN COMMEN T

ARNDT 95 DPWA zr N -~ Nzr

HOEHLER 93 SPED zr N ~ 7r N

CUTKOSKY 80 IPWA n N ~ aN
data for averages, fits, limits, etc. ~ ~ ~

ARNDT 91 DPWA vr N ~ vr N Soln SM90

Zt(1620) MASS

TECN COMM EN T

mN + 7r N Zc Na7r
7rN ~ xN
~N —+ ~N
etC. ~ ~ e

pN ~ 7rN
aN —+ Nsr

pN~ aN
xN ~ N~7r
++p ~+p
~+p ~+p
pN~ aN
pN~ mN

xN ~ Nzrvr

vr N ~ N~vr

VALUE(Mev) DOCUMENT ID

1615 to 1675 (m 1620) OUR ESTIMATE
1672 + 7 MANLEY 92 IPWA
1620 +20 CUTKOSKY 80 IPWA
1610 4 7 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1672 + 5 ARNDT 96 I PWA

1617 ARNDT 95 DPWA
1669 LI 93 I P WA

1620 BAR NHAM 80 IPWA

1712.8 + 6.0 1 CHEW 80 BPWA

1786.7+ 2.0 1 CHEW 80 BPWA
1657 CRAWFORD 80 DPWA
1662 BARBOUR 78 DPWA
1580 LONGACRE 77 IPWA
1600 LONGACRE 75 IPWA

l2

r4
l5
I6
l7
r8
l9
"10

Mode

N7r

Nvr~
6vr

Zl(1232)vr, D wave-
Np

N p, S=1/2, S-wave
N p, S=3/2, 0-wave

N(1440) ~
Np

Np, helicity=1/2

Fraction (I;/I )

20—30 %
70 800
30-60%

7—25 %

0.004M. 044 %
p 004M p44 %

D(1620) DECAY MODES

The following branching fractions are our estimates, not fits or averages.
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Baryon Particle Listings
Z(1620), A(1700)

r (N ~}/rtotg

Zt(1620) BRANCHING RATIOS Zt(1620) REFERENCES

For early references, see Physics Letters 111B70 (1982).

TECN COMMEN TDOCUMENT IDVALUE

0.2 to 0.3 OUR ESTIMATE
0.09+0.02 MANLEY 92 IPWA

0.25 +0.03 CUTKOSKY 80 IPWA

0.35+0.06 HOEHLER 79 IPWA
o ~ o We do not use the following data for averages, fits, limits,

ARNDT 95 DPWA' CHEW 80 BPWA

7r N ~ 7r N G N7r7r

7rN ~ 7rN
7rN ~ AN
etc. o ~ o

7rN ~ N7r

7r+ p 7r+ p (lower
mass)

~+ p ~+ p (higher
mass)

0.29
0.60

1 CHEW 80 BPWA

Note: Signs of couplings from 7r N ~ N7r7r analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the Z(1620) S3]
coupling to H(1232) 7r.

(I tl 4)~/I

92 IPWA 7r N ~ 7r N 8c N7r7r

80 IPWA 7r N ~ N7r7r

77 IPWA 7r N ~ M7r7r

75 IPWA 7r N ~ /V7r7r

(r il f) /I totai in Ntt ~ Zt(1620) ~ Zt(1232) n, Dwave-
VALUE DOCUMENT ID TECIV COMMENT
—0.36 to —0.28 OUR ESTIMATE
—0.24+ 0.03
—0.33+0.06
—0.39
—0.40

ARNDT
ARNDT
HOEHLER
LI

MANLEY
Also

ARNDT
WADA
CRAWFORD
HOEHLER
PDG
AWAJI

Also
A RA I

Also
BARNHAM
CHEW
CRAWFORD
CUTKOSKY

Also
TAKEDA
HOEHLER

Also
BARBOUR
LONGACRE
LONGACRE

Also
FELLER
LONGACRE

96
95
93
93
92
84
91
84
83
83
82
81
82
80
82
80
80
80
80
79
80
79
80
78
78
77
76
76
75

PR C53 430
PR C52 2120
vr N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
NP 8247 313
NP B211 1
La ndolt-Boernstein
PL 111B
Bonn Conf. 352
NP B197 365
Toronto Conf. 93
NP B194 251
NP B168 243
Toronto Conf. 123
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
NP B168 17
PDAT 12-1
Toronto Conf. 3
NP B141 253
PR D17 1795
NP B122 493
NP B108 365
NP 8104 219
PL 55B 415

H(1700) 033

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Arai, Fujii, Ikeda, Iwasaki+
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosen feld, 5 rn adja+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Rosenfeld, Lasinski, Smadja+

(VP I)
(VPI, BRCO)

(KARL)
(VP I)

(KENT) IJP
(VP I)

(VPI, TELE) IJP
(INU 5)
(GLAS)

(KARLT)
(HELS, CIT, CERN)

(N AGO)
(NAGO)

(INUS)
(INUS)
(LOIC)
(LBL) IJP

(GLAS)
(CMU, LBL) IJP
(CMU, LBL) IJP

(TOKY, INUS)
(KARLT) IJP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(SACL) IJP
(SACL) IJP

(NAGO, OSAK) IJP
(LBL, SLAC) IJP

i(JP) = s{s ) Status:

+Strakovsky, Workman
+Strakovsky, Workman, Pavan

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Egawa, Imanishi, Ishii, Kato, Ukai+
+Morton

1/9B2
Roos, Porter, Aguilar-Benitez+

+Kajikawa
Fujii, Hayashii, Iwata, Kajikawa+

Arai, Fujii
+Glickman, Micr-Jedrzejowicz+

(I tre)~/f(i tl f) /i t t f in Ntt ~ it(1620) -+ N p, S=1/2, S-wave
VALUE DOCUMENT ID TECN COMMEN T

+0.12 to +0.22 OUR ESTIMATE
+0.154 0.02 MANLEY

+0.40 +0.10 BARNHAM

+ 0,08 2,6 LONGACRE
+0.28 3 LONGACRE

92 IPWA 7r N ~ 7r N Zc M7r7r

80 IPWA 7r N ~ N~7r
77 IPWA 7r N ~ M7r7r

75 IPWA 7r N ~ N7r7r

(r, r, )&/r(rtl p) '/itota[ in Ntt~ lh(1620) ~ Np, s=3/3, Dwave-
VAL UE DOCUMENT ID TECN COMM EN T
—0.15 to —0.03 OUR ESTIMATE
—0,06 4 0.02
—0.13

MANLEY 92 IPWA 7r N ~ 7r N Ec N7r7r
26 LONGACRE 77 IPWA 7r N ~ N

(I ti p) 2/I tot ( in Ntt ~ Lt(1620) -+ N(1440)n. (I tl a)~/I
VAL UE

0.11+0.05
DOCUMENT ID TECN COMMENT

BARNHAM 80 IPWA 7r N ~ N7r 7r

Zt(1620) PHOTON DECAY AMPLITUDES

helicity-1/2 amplitude At/a
DOCUMENT ID

ESTIMATE

rf(1620) ~ Np,
VALUE (GeV 1/2)

+0.027+0.011 OUR
0.035 +0.020
0.035+0,010
0,010+0.015

—0,022+ 0.007
—0.026 +0.008

0.021 +0,020
0.126+0,021

~ ~ ~ We do not use

TECN COMM EN T

pN ~ 7rN

pN ~ 7rN

pN -~ 7rN

pN ~ 7rN (fit 1)
pN ~ 7rN (fit 2)
pN ~ 7rN

pM ~ 7rN

etc. o ~ ~

ARNDT 96 IPWA
CRAWFORD 83 IPWA
AWA J I 81 DPWA
ARAI 80 D PWA

A RAI 80 DPWA
CRAWFORD 80 DPWA
TAKEDA 80 DPWA

the following data for averages, fits, limits,

LI 93 I P WA

WA DA 84 DPWA
BARBOUR 78 DPWA
FELLER 76 DPWA

pN ~ 7rN

Compton scattering
pM ~ 7rN

pN ~ 7rN

0.042+ 0.003
0.066

+0.034 +0.028
—0.005+0.016

Zt(1620) FOOTNOTES
' CHEW 80 reports two S31 resonances at somewhat higher masses than other analyses.

Problems with this analysis are discussed in section 2.1.11 of HOEHLER 83.
2 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the

first (second) value uses, in addition to 7r N ~ N7r7r data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.
From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
am plitudes.

4See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and Z resonances as determined from Argand diagrams of 7r N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

5LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(SeCOnd) Value uSeS, in additiOn tO 7r N ~ N7r7r data, elaStiC amplitudeS frOm a SaClay
(CERN) partial-wave analysis.

6LONGACRE 77 considers this coupling to be well determined.

B(1700) MASS

VAL UE (MeV) DOCUMEIVT ID

1670 to 1770 (~ 1700) OUR ESTIMATE

1762 +44 MANLEY 92 IPWA
1710 +- 30 CUTKOSKY 80 IPWA
1680 + 70 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1690 +15 ARNDT 96 IPWA
1680 ARNDT 95 DPWA
1655 LI 93 I PWA
1650 BARNHAM 80 IPWA

1718.4+—13.0
1 CHEW 80 BPWA

1622 CRAWFORD 80 DPWA
1629 BARBOUR 78 DPWA
1600 2 LONGACRE 77 IPWA
1680 LON GAC R E 75 I PWA

TECIV COM MEN T

7r N ~ 7r N Rr. N 7r 7r

7rN ~ 7rN
7rN ~ 7rN

etc. ~ o ~

pN ~ 7rM

7rN ~ N7r

pN ~ 7rN
7rN ~ N7r7r

~+p ~+p
pN ~ 7rN

pN ~ 7rN

7r N ~ N7r7r

7r N ~ N7r7r

B(1700) WIDTH

VALUE(MeV) DOCUMENT ID

200 to 400 (~ MO) OUR ESTIMATE

600 +250 MANLEY 92 IPWA
280 + 80 CUTKOSKY 80 IPWA

230 + 80 HOEHLER 79 IPWA
o ~ o We do not use the following data for averages, fits, limits,

285 + 20 ARNDT 96 IPWA

2?2 ARNDT 95 DPWA
348 LI 93 IPWA
160 BAR NHAM 80 IPWA

193.3 + 26.0 1 CHEW 80 BPWA
209 CRAWFORD 80 DPWA
216 BARBOUR 78 DPWA
200 LONGACRE 77 IPWA
240 3 LONGACRE 75 IPWA

TECN COMMENT

7r N ~ 7r N 6 N7r7r

7rN ~ 7rN
7rN ~ 7rN

etc. ~ ~ ~

pN ~ 7rN

7rN ~ N7r

pN ~ 7rM

7r N ~ N7r7r

7r+p ~ 7r+p
pN ~ 7rN

pM ~ 7rN
7r N ~ N7r7r

7r M ~ N7r7r

B(1700) POLE POSITION

REAL PARr
VALUE (MeV)

1655
1651
1675 +25
~ ~ ~ We do not

1646
1681 or 1672
1600 or 1594

DOCUMENT ID TECN

ARNDT 95 DPWA
4 HOEHLER 93 SPED

CUTKOSKY 80 IPWA

use the following data for averages, fits, limits,

ARNDT 91 DPWA
5 LONGACRE 78 IPWA
2 LONGAC RE 77 IPWA

COMMENT

7rN ~ N7r

7rM ~ 7rN
7rN ~ 7rN

etc. ~ ~ ~

7r N ~ 7r N Soln SM90
7r N ~ M7r7r

7r M ~ N777r

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters lllB (1982).
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A(1700)

—2x IMAGINARY
VAL UE (MeV)

242
159
220+40
~ ~ e We do not use

208
245 or 241
208 or 201

COMMEN T

7rN ~ N~
7rN ~ 7rN

7rN ~ 7rN

etc. ~ ~ ~

7r N ~ 7r N Soln SM90
7r N ~ N7r7r

7rN ~ N7r7r

ZI(1700} ELASTIC POLE RESIDUE

PART
DOCUMENT ID TECN

ARNDT 95 DPWA
4 HOEHLER 93 SPED

C U TKOS KY 80 I P WA

the following data for averages, fits, limits,

A R NDT 91 DPWA
5

I ONGACRE 78 IPWA
2 LONGACRE 77 IPWA

(I tl e)~/I

MANLEY 92 IPWA 7rN + 7rN k. N7r7r
BARNHAM 80 IPWA 7r N ~ N7r~
LONGAC RE 77 IPWA 7r N —+ N 7r 7r

LONGACRE 75 IPWA 7r N —+ N7r 7r

(I tI r} /I tetg In Ntr~
VAL UE

+0.17+0.05

(r,r, )&/rZI(1700}~ N p, S=l/2, D-wave
DOCUMENT ID TECN COMMENT

BARNHAM 80 IPWA 7r N ~ N7r ~

{I~I r} /I u,t ~
In Ntr ~ B(1700}-+ ZI{1232}tr~ D.wave

VAL UE DOCUMEN T ID TECN COMMENT
+0.05 to +0.11 OUR ESTIMATE
+0.08+0.03

0.14+0.04
+0.05
+0.10

MoDULUs lrl
VAL UE (Me V) DOCUMENT ID TECN

16 ARNDT 95 DPWA
10 HOEHLER 93 SPED
13+3 CUTKOSKY 80 IPWA
o ~ ~ We do not use the foilowing data for averages, fits, limits,

13 ARNDT 91 DPWA

COMMENT

7r N —+ N7r
7rN ~ 7rN

7rN ~ 7rN

etc. ~ ~ ~

7r N ~ ~N Soln SM90

PHASE 8
VALUE( ) DOCUMENT ID TECN COMMENT

—12
—20+25
~ e ~ We

—22

ARNDT 95 DPWA
CUTKOSKY 80 IPWA

do not use the following data for averages, fits, limits,

ARNDT 91 DPWA

7rN ~ N7r

7rN ~ 7rN

etC. + ~ ~

7r N ~ 7rN Soln SM90

Zt(1700} DECAY MODES

The following branching fractions are our estimates, not fits or averages.

f2
I3
I4
l5
r6
l?
I8
|9

0

Mode

Nsr
ZK
N7r 7r

Der
ZI(1232}a. , S-wave

ZI(1232)a, D wave.
Np

N p, S=1/2, 0-wave
N p, S=3/2, S-wave

Np, S=3/2, 0-wave
Np

N p, helicity=l/2
N p, helicity=3/2

Fraction (I;/I )

10-20 %

80—90 %
30—60 %
25-50 %

30—55 %

5-2O %

0.120.26 %
0.O8-O. 16 %
0.025—0.12 %

ZI(1700) BRANCHING RATIOS

I (Ntr)/I tetg
VAL UE

0.10 to 0.20 OUR ESTIMATE
0.14+0,06
0.12+0.03
0.20 +0.03
~ o ~ We do not use the following

0.16
0, 16

DOCUMENT ID TECN COMMEN T

MANLEY 92 IPWA
C UTKOS KY 80 I P WA

HOEHLER 79 IPWA

data for averages, fits, limits,

ARNDT 95 DPWA
1 CHEW 80 BPWA

7rN ~ 7rN 5 N7r7r

7rN ~ 7rN
7rN ~ 7rN

~ ~ ~

7rN ~ Nm.

~+ p ~+p

(I irr) /I tata( in Ntr ~ D(1700) ~ ZK (r, r, )&/r
VAL UE DOCUMENT ID TECN COMM EN T

0.002
0.001 to 0.011

LIVANOS 80 DPWA 7r p ~ ZK
6 DEANS 75 DPWA 7rN ~ Z'K

Note: Signs of couplings from 7r N ~ N7r7r analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the D(1620) S3]
coupling to D(1232) 7r.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(I I I f) /I tete~ in Nx ~
VAL UE

+0.11 to +0.19 OUR

+0.10+0.03
+0.04
—0.30

Zl(1700}~ N p, S=3/2, 5-wave
DOCUMENT ID TECN COMMENT

ESTIMATE
MANLEY

2 7 LONGACRE
3 LONGACRE

(I 1I 0) /I

92 IPWA mN ~ mN Jk N7r7r
77 IPWA mN ~ N7r7r
75 IPWA 7r N ~ N7r7r

(r,r„)&/r(I II r) /I tet ~
in Ne -+ Zt{1700)-+ Np, 5=3/2, DWaVe-

VAL UE DOCUMENT ID TECN COMMENT

0.18+0.07 BARNHAM 80 IPWA a N ~ N~7r

Zt(1700) PHOTON DECAY AMPLITUDES

helicity-1/2 amplitude At/a
DOCUMENT ID

ESTIMATE

6(1700) ~ N7,
VAL UE (GeV 1/2)

+0.104+0.015 OUR
0.090 +0,025
0.111+0.017
0.089+0.033
0.112+0.006
0.130+0.006
0.123+0.022

e ~ ~ We do not use

TECN COMMENT

A RNDT 96 IPWA
CRAWFORD 83 IPWA
AWA J I 81 DPWA
A RAI 80 DPWA
ARAI 80 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

LI 93 I PWA
BARBOUR 78 DPWA
FELLER 76 DPWA

7r N

~N
7r N

7r N (fit 1)
7r N (fit 2)
7r N

pN ~
pN ~
pN ~
pN ~
pN ~
pN ~
etc. ~ ~

0.1216 0,004
+0.130+0.037
+ 0.072 +0.033

pN ~ 7rN

pN ~ 7rN

pN ~ 7rN

21{1700}~ N7,
VAL UE (GeV 1/2)

+0.085+0.022 OUR
0.097 +0.020
0.107k 0.015
0.060 +0,015
0.047 60.007
0.050+0.007
0.102+0.015

~ ~ o We do not use

helicity-3/2 amplitude Aa/q

DOCUMENT ID

ESTIMATE
TECN COM MEN T

7r N

7r N
7r N

7r N (fit 1)
7r N (fit 2)
7r N

pN ~
pN ~
pN ~
pN ~
pN ~
pN ~
etc. ~ ~

ARNDT 96 IPWA
CRAWFORD 83 IPWA
AWA J I 81 DPWA
ARAI 80 DPWA
ARAI 80 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

LI 93 IPWA
BARBOUR 78 DPWA
FELLER 76 DPWA

pN ~ 7rN

pN ~ 7rN

yN —+ 7rN

0.115+0.004
+0.098 60.036
+0.087 60.023

Zt(1700) REFERENCES

6(1700}FOOTNOTES
Problems with CHEW 80 are discussed in section 2.1.11 of HOEHLER 83.
LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to 7rN N7r7r data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.
From method il of LONGACRE?5: eyeball fits with Breit-Wigner circles to the T-matrix
a m plitu des.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and Z resonances as determined from Argand diagrams of 7r N elastic partial-wave
amplitudes and from piots of the speeds with which the am plitudes traverse the diagrams.
LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(SeCOnd) Value uSeS, in additiOn tO 7r N ~ N7r7r data, elaStiC amplitudeS frOm a SaClay
(CERN) partial-wave analysis.
The range given is from the four best solutions. DEANS 75 disagrees with ~+ p ~
Z+ K+ data of WINNIK 77 around 1920 MeV.
LONGACRE 77 considers this coupling to be well determined.

(r, r.)&/r

92 IPWA 7r N ~ 7r N 8z N7r7r

80 IPWA xN ~ N7r7r

77 IPWA 7r N ~ N7r7r

75 IPWA 7r N ~ Na7r

(I Il f} /I tgtaf in Ntr ~ ZI(1700) ~ Lt(1232)v, S-wave
VALUE DOCUMENT ID TECN COMMENT

+0.21 to +0.29 OUR ESTIMATE
+0.32 +0.06 MANLEY

+0.18+ 0.04 BARNHAM

+0.30 2,7 LONGACRE
+0.24 3 LONGACRE

ARNDT
ARNDT
HOEHLER
LI

MANLEY
Also

ARNDT
CRAWFORD
HOEHLER
PDG
AWA J I

Also
A RAI

Also
BARNHAM

96
95
93
93
92
84
91
83
83
82
81
82
80
82
80

PR C53 430
PR C52 2120
AN Newsletter 9 1
PR C47 2759
P R D45 4002
PR D30 904
PR D43 2131
NP B211 1
Landolt-Boernstein
PL 111B
Bonn Conf. 352
NP B197 365
Toronto Conf. 93
NP B194 251
NP B168 243

+Strakovsky, Workman
+Strakovsky, Workman, Pavan

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Morton

1/9B2
Roos, Porter, Aguilar-Benitez+

+Kajikawa
Fujii, Hayashii, Iwata, Kajikawa+

Arai, Fujii
+Glickman, Micr-Jedrzejowicz+

For early references, see Physics Letters 111B70 (1982).

(V pl)
(VPI, BRCO)

(KARL)
(V PI)

(KENT) IJP
(V PI)

(VPI, TELE) IJP
(GLAS)

(KARLT)
(HELS, CIT, CERN)

(NAGO)
(NAGO)

(INUS)
(INUS)
(LO IC)
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D(1700), D(1750), D(1900)
CHEW
CRAWFORD
CUTKOSKY

Also
LIVANOS
HOEHLER

Also
BARBOUR
LONGACRE
LONGACRE

Also
WIN NIK
FELLER
DEANS
LONGACRE

80
80
80
79
80
79
80
78
78
77
76
77
76
75
75

Toronto Conf. 123
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
Toronto Conf. 35
PDAT 12-1
Toronto Conf. 3
NP B141 253
PR D17 1795
NP B122 493
NP B108 365
NP B128 66
NP B104 219
NP B96 90
PL 55B 415

D(1750) P31

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baton, Coutures, Kochowski, Neveu
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Toaff, Revel, Goldberg, Berny
+Fukushirna, Horikawa, Kajikawa+
+Mitchell, Montgomery+
+Rosenfeld, Lasinski, Smadja+

(LBL) IJP
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(SACL) IJP
(KARLT) IJP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(SACL) IJP
(SACL) IJP
(HAIF) I

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

(LBL, SLAC) IJP

l(l ) = &(&t+) Status:

A(1900) S3, i(JP) = 2a(2t
—

) Status:

LL(1900} MASS

TECN COMMENT

7r IV + 7r N 8c N7r 7r

7rN ~ 7rN
7rN ~ 7rN

etc. ~ ~ ~

~+ p ~+p
pN ~ 7rN

VAL UE (MeV) DOCUMENT ID

1850 to 1950 {as 1900) OUR ESTIMATE

1920 6 24 MANLEY 92 IPWA
1890 +50 CUTKOSKY 80 IPWA
1908 + 30 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1918.5+23.0 CHEW 80 BPWA
1803 CRAWFORD 80 DPWA

OMITTED FROM SUMMARY TABLE

B(1750) MASS

DOCUMENT IDVALUE (MeV)

as 1750 OUR ESTIMATE
1744 +36 MANLEY 92 IPWA 7r N ~ 7r N 8c N7r7r

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1715.2+ 21.0 1 CHEW 80 BPWA 7r+ p ~ 7r+ p
1778.4 + 9.0 1 CHEW 80 BPWA 7r+ p ~ 7r+ p

d(1900) WIDTH

TECN COMMENT

7r N ~ 7r N k. N7r7r

7rN ~ 7rN

7rN ~ 7rN

etc. ~ o ~

93.5 654.0
137

CHEW 80 BPWA 7r+ p ~ 7r+ p
CRAWFORD 80 DPWA p N —+ 7r N

VA L UE ( Me V) DOCUMENT ID

140 to 240 (as 200) OUR ESTIMATE

263 +39 MANLEY 92 IPWA

170 + 50 CUTKOSKY 80 IPWA

140 +40 HOEHLER 79 IPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

XI{1750}WIDTH

VALUE (MeV) DOCUMENT ID TECN COMMENT

300 + 120 MANLEY 92 IPWA 7r N ~ 7r N Ec N7r7r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o ~

93.3 + 55.0 CHEW 80 BPWA 7r+ p ~ 7r+ p
23.0+ 29.0 1 CHEW 80 BPWA 7r+ p ~ 7r+ p

jL(1750) DECAY MODES

REAL PART
VAL UE (MeV)

1780
1870+40
~ ~ ~ We do not

not seen
2029 or 2025

6{1900}POLE POSITION

DOCUMENT ID TECN

1 HOEHLER 93 SPED
CUTKOSKY 80 IPWA

use the following data for averages, fits, limits,

ARNDT 91 DPWA
LONGACRE 78 IPWA

COMMENT

7rN ~ 7rN

AN ~ 2rN

etc. ~ ~ o

7r N —~ 7r N Soln SM90
7r N ~ N7r7r

Mode

i1 N7r
I-, N ~sr

N(1440) a'

COMMENT

7rN ~ 7r/V

etc, ~ ~ ~

not seen
164 or 163

ARNDT 91 DPWA 7rN ~ 7r N Soln SM90
LONGACRE 78 IPWA 7r N ~ N7r7r

—2x IMAGINARY PART
VAL UE (MeV) DOCUMENT ID TECN

180+50 CUTKOSKY 80 IPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

r (IVn ) /rtotai
VAL UE

0.08 +0.03
~ o ~ We do not

0.18
0.20

DOC UM EN T ID TECN

MANLEY 92 IPWA

use the following data for averages, fits, limits,

' CHEW 80 BPWA' CHEW 80 BPWA

(I II ~} /I tata~ In Nn d(1700) N(1440)tt

COMMENT

7rN ~ 7rN 5 N7r7r

etc. ~ ~ ~

~+p ~+p
~+p n+p

(r,r, )&/r

MDDuLus ~rl
VAL UE (MeV)

10+3

PHASE 8
VALUE( )

+20+40

DOCUMENT ID TECN COM MEN T

CUTKOSKY 80 IPWA 7r N ~ 7r N

DOCUMENT ID TECN COM MEN T

CUTKOSKY 80 IPWA 7r N ~ 7r N

D(1900) ELASTIC POLE RESIDUE

VAL UE

+0.15+0.03
DOC UM EN T ID

MANLEY

LL(050} FOOTNOTES

TECN COMM EN T

92 IPWA 7r N ~ 7r N k N7r7r LL(1900) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

iL(1750} REFERENCES

MANLEY 92 PR D45 4002 +Saleski
Also 84 PR D30 904 Manley, Amdt, Goradia, Teplitz

HOEHLER 83 Landolt-Boernstein 1/9B2
CHEW 80 Toronto Conf. 123

(KENT)
(VPI)

(KARLT)
(LBL)

CHEW 80 reports four resonances in the P31 wave —see also the Q(1910). Problems
with this analysis are discussed in section 2.1.11 of HOEHLER 83.

r2
l3
l4
I5
le
l7
I8
l9
I 10

Fraction (I;/I )

10-30 %

Mode

N7r

ZK
Nvr7r

D(1232) vr, 0wave-
Np

N p, S=1/2, S-wave
N p, S=3/2, 0-wave

N(1440) 7r, S-wave
N y, helicity=1/2
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A(1900), A(1905)

r(N~)/rt»,

B(1900) BRANCHING RATIOS
A(1905) Fas /{Jp) — 3( +)

TECN COMM EN TDOCUMENT IDVALUE

0.1 & 0.3 OUR ESTIMATE
0.41 +0.04 MANLEY 92 IPWA

0.10+0.03 CUTKOSKY 80 IPWA
0.08+0.04 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

~N ~ AN & Nn. ~
7rN —+ 7rN

AN ~ ~N
etc. ~ ~ ~

0,28 CHEW 80 BPWA n+p ~ ~+p

(I II r) /I t ( in Ne' tl(1900) ZK
VALUE DOCUMENT ID . TECN

&0.03 CANDLIN 84 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.076 3 DEANS 75 DPWA
0.11 LAN GBEIN 73 IPWA
0.12 LANGBEIN 73 IPWA

(r,r, )&/r
COMMEN T

~+ p @+K+
etc. ~ ~ ~

nN~ ZK
~N ~ X'K (sol. 1)
+N ~ X'K (sol. 2)

(I II f) /I n,wf in Nx -+
VAL UE

+0.25+ 0.07

(I rI r) /I ~ta) in Ne ~
VAL UE

—0.14+0.11

B(1900)~ iL(1232)n, D-wave (I gl a)~/I
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA n. N —+ mN & N7rn.

d(1900) ~ N p, S=l/2, S-wave (I qI r)~/I
DOCUMENT ID TECN COMMEN T

MANLEY 92 IPWA ~N —+ mN & Nxn.

(r,r, )&/r(I rl r) /I t»~ in Ne ~ iL(1900}~ Np, S=3/2, 0wave-
VAL UE DOCUMEN T ID TECN COMMEN T

—0.37+0.07 MANLEY 92 IPWA ~N ~ n N & N~x

I n,w~ in iV +{~900) hr(1440), 5 wa e (I ~l a)~/I
VAL UE

—0.16+0.11
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA mN ~ aN & Nun

B{1900}PHOTON DECAY AMPLITUDES

iL(1900}~ N7, helicity-1/2 amplitude A, /a
VALUE (GeV 1/2) DOCUMENT ID TECN COMMENT

—0.004 +0.016 CRAWFORD 83 IPWA p N ~ ~ N

0.029 4 0.008 AWA J I 81 DPWA pN ~ m. N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.006 to —0.025 CRAWFORD 80 DPWA p N ~ x N

21{1900}REFERENCES

For early references, see Physics Letters 111870 (1982).

HOEHLER
MANLEY

Also
ARNDT
CANDLIN
CRAWFORD
AWA JI

Also
CHEW
CRAWFORD
CUTKOSKY

Also
HOEHLER

Also
LONGACRE
DEANS
LANGBEIN

93
92
84
91
84
83
81
82
80
80
80
7cI

7g
80
78
75
73

7r N Newsletter 9 1
PR D45 4002
PR D30 904
PR D43 2131
NP B238 477
NP B211 1
Bonn Conf. 352
NP B197 365
Toronto Conf. 123
Toronto Conf. 107
Toronto Conf. 19
P R D20 2839
PDAT 12-1
Toronto Conf. 3
PR D17 17cI5
NP B96 90
NP B53 251

+Saleski
Manley, Amdt, Goradia, Teplitz

+Li, Rope r, Wor km a n, Ford
+Lowe, Peach, Scotland+
+Morton
+-Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+

+Forsyth, Babcock, Kelly, Hendrick
CIItkosky, Forsyth, Hendrick, Kelly

+Kaiser, Koch, Pietarinen
Koch

+Lasinski, Rosenfeld, Smadja+
+Mitchell, Montgomery+
+Wagner

(KARL)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(EDIN, RAL, LOWC)
(GLAS)

(NAGO)
(NAGO)

(LBL) IJP
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(KARLT) IJP
(KARLT) IJP

(LBL, SLAC)
(SFLA, ALAH) IJP

(MUNI) I JP

6{1900)FOOTNOTES
1 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters

of N and 0 resonances as determined from Argand diagrams of x N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.
LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to vr N ~ N~7r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.
The value given is from solution 1; the resonance is not present in solutions 2, 3, or 4.

lh(1905) MASS

TECN COMMENTVAL UE (MeV) DOCUMENT ID

18?0 to 1920 (w 1905) OUR ESTIMATE
1881 + 18 MA NLEY 92 IPWA
1910 +30 CUTKOSKY 80 IPWA
1905 +20 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1895 + 8 ARNDT 96 IPWA
1850 ARNDT 95 DPWA
1960 +40 CANDLIN 84 DPWA

1787.0+ CHEW 80 BPWA

1880 C RAWFOR D 80 D PWA
1892 BARBOUR 78 DPWA
1830 1 LONGACRE 75 IPWA

mN ~ m. N & N~a
n'N ~ AN
~N~ mN

etc. ~ ~ ~

pN ~ AN
AN ~ N7r

~+p r+K+
~+ p ~ Jr+ p

pN ~ n. N

pN ~ n. N

n N —+ Nmn.

lL(1905) WIDTH

DOCUMENT ID

(gg 350) OUR ESTIMATE

MANI EY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

A R NDT 96 I PWA
ARNDT 95 DPWA
CANDLIN 84 DPWA

VAL UE (MeV)

280 to 440
327 + 51
400 + 100
260 + 20
~ ~ ~ We do

TECN COMMENT

AN —+ AN & Nmm

aN ~ AN
7r N —+ 7rN

etc. ~ ~ ~

354 + 10
294
270 + 40

66.0+ 16.0
193
159
220

pN ~ mN
AN ~ N~
~+ p Z+K+
~+p ~+pCHEW 80 BPWA

CRAWFORD 80 DPWA pN ~ n-N

BARBOUR 78 DPWA pN ~ AN
1 LONGACRE 75 IPWA n N + N~

X{1905}POLE POSITION

REAL PART
VA L UE (MeV)

1832
1829
1830+40
o ~ ~ We do not use the following

1794
1813 or 1808

—2x IMAGINARY PART
VALUE (MeV)

254
303
280+60
~ ~ ~ We do not use the following

230
193 or 187

DOCUMENT ID TECN

ARNDT 95 DPWA
2 HOEHLER 93 SPED

CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA
LON GAC R E 78 I PWA

DOCUMEN T ID TECN

ARNDT 95 DPWA
2 HOEHLER 93 SPED

CUTKOSKY 80 IPWA
data for averages, fits, limits,

ARNDT 91 DPWA
LONGACRE 78 IPWA

COMMENT

+N —+ Nvr

AN ~ AN
AN ~ nN
etc, ~ ~ ~

~N ~ AN Soln SM90
vr N —+ Nan

COMMENT

mN~ N~
mN~ nN
AN —+ vr N

etc. ~ ~ ~

7r N ~ n. N Soln SM90
7r N + N~~

MoDULUs lrl

ll(1905) ELASTIC POLE RESIDUE

VA L UE

(MeV�)
12
25
25+8
~ ~ ~ We do not use the following

14

DOCUMENT ID TECN COMMENT

ARNDT 95 DPWA
HOEHLER 93 SPED
CUTKOSKY 80 IPWA

da ta for a vera ges, fits, limits,

~N ~ N~
n'N ~ 7rN
n. N ~ n. N

etc. ~ ~ ~

ARNDT 91 DPWA ~N ~ n N Soln SM90

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 111B(1982).

PHASE 8
VALUE( )

4
—50+20
~ ~ ~ We do not use the following

—40

DOCUMENT ID TECN

ARNDT 95 DPWA
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

COMMENT

~N~ Nx
aN ~ AN
etc. ~ ~ ~

~N ~ ~N Soln SM90
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Z(1905), D(1910)

l1
r2
r3
l4
I5
r6
C7

8

I9
I ].0
i 11

Mode

Nsr
ZK
N7r 7r

D(1232) 7r, P wave-
Ll(1232) vr, F wave-

Np
N p, S=3/2, P-wave
N p, 5=3/2, F wave-
N p, S=1/2, F-wave

Np
N p, helicity=1/2
N p, helicity=3/2

Fraction (I;/I )

5—15 %

85—95 %

)60 lo

0 01—0 03 'lo

0.0-0.1%
0.004M.03 lo

a(1905) BRANCHING RATIOS

r (N e') /rtetai
VAL UE

0.05 to 0.15 OUR ESTIMATE
0.12+0.03
0.08 4 0.03
0.15+0.02
~ ~ ~ We do not use the following

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA xN ~ AN k N~x
CUTKOSKY 80 IPWA ~ N —+ m N

HOEHLER 79 IPWA vr N -~ m N

data for averages, fits, limits, etc. ~ e e

cf(1905) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

zL(1905) -+ N7,
VALUE (GeV

—1/2)
—0.045+0.020 OUR
—0.045+ 0.005
—0,056+0,028
—0.025+ 0.023
—0.029+0.007
—0.045+ 0.006
—0.072+ 0.035
~ e ~ We do not use

0,002+ 0.003
—0.055+0.019

helicity-3/2 amplitude Aa/a
DOCUMENT ID

ESTIMATE
TECN COMMENT

ARNDT 96 IPWA
CRAWFORD 83 IPWA
AWAJI 81 DPWA
ARAI 80 D PWA
A RAI 80 DPWA
CRAWFOR D 80 D PWA

the following data for averages, fits, limits,

LI 93 IPWA
BARBOUR 78 DPWA

pN ~ 7rN

pN ~ 7rN

pN ~ 7rN

~N ~N (fit 1)
pN ~ 7rN (fit 2)
pN —+ AN
etc. e e ~

pN~ +N
pN —+ xN

as(1905) REFERENCES

For early references, see Physics Letters 111B70 (1982).

B(1905) FOOTNOTES
1 From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix

a m plitudes.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and A resonances as determined from Argand diagrams of n N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.
LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to ~N ~ N~vr data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

4 The range given for DEANS 75 is from the four best solutions.
A Breit-Wigner fit to the HERNDON 75 IPWA.
A Breit-Wigner fit to the NOVOSELLER 78B IPWA.
A Breit-Wigner fit to the NOVOSELLER 78B IPWA; the phase is near 90

0.12
0.11

ARNDT
CHEW

95 DPWA &N —~ Nvr

80 BPWA x+p ~ w+p

(I II f} a/I tetaiin N~~ ZL(1905)-+ ZK
VAL UE DOCUMENT ID TECN

—0.015+0.003 CANDLIN 84 DPWA
~ e e We do not use the following data for averages, fits, limits,

—0.013 LIVANOS 80 DPWA
0.021 to 0.054 4 DEANS 75 DPWA

COMM EN T

~+ p — Z+ K+
etC. ~ ~ e

xP~ ZK
xN~ ZK

Note: Signs of couplings from zr N -~ N~~ analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the A(1620) S3]
coupling to Z(1232)m.

(rlrf) */rtor i
VAL UE

—0.04 +0.05

(I tl a) /Iin Nn ~ il(1905) ~ cl(1232)a, P wave-
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7r N ~ ~N 8c Nnx

(r,r, ) /r„„,'n N n(1905) Z(1232), F- (r, r,}&/r

ARNDT 96
ARNDT 95
HOEHLER 93
LI 93
MANLEY 92

Also 84
ARNDT 91
CANDLIN 84
CRAWFORD 83
PDG 82
AWA JI 81

Also 82
ARAI 80

Also 82
CHEW 80
CRAWFORD 80
CUTKOSKY 80

A Iso 79
LIVANOS 80
HOEHLER 79

Also 80
BARBOUR 78
LONGACRE 78
NOVOSELLER 78
NOVOSELLER 78B
DEANS 75
HER NDON 75
I ON GAC RE 75

PR C53 430
PR C52 2120
~N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
NP B238 477
NP B211 1
PL 111B
Bonn Conf. 352
NP B197 365
Toronto Conf. 93
NP B194 251
Toronto Conf. 123
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
Toronto Conf. 35
PDAT 12-1
Toronto Conf. 3
NP B141 253
PR D17 1795
NP B137 509
NP B137 445
NP B96 90
PR D11 3183
PL 55B 415

+Strakovsky, Workman
+Strakovsky, Workman, Pavan

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Lowe, Peach, Scotiand+
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+

Arai, Fujii

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baton, Coutures, Kochowski, Neveu
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+

+Mitchell, Montgomery+
+Longacre, Miller, Rosenfeld+
+Rosenfeld, Lasinski, Smadja+

(VPI)
(VPI, BRCO)

(KARL)
(VP I)

(KENT) IJP
(VPI)

(VPI, TELE) IJP
(EDIN, RAL, LOWC)

(GLAS)
(HELS, CIT, CERN)

(NAGO)
(NAGO)

(INUS)
(INUS}
(LBL) IJP

(GLAS)
{CMU, LBL) IJP
(CMU, LBL) IJP

(SACL) IJP
(KARLT) IJP
(KA R LT) I J P

(GLAS)
(LBL, SLAC}

{CIT}IJP
{CIT) IJP

(SFLA, ALAH) IJP
(LBL, SLAC)
(LBL, SLAC) IJP

VAL UE

+ 0.02 4 0.03
+0.20
~ e ~ We do not

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7r N ~ +N 4 Nm. ~
LONGACRE 75 IPWA ~ N ~ N~7r

use the following data for averages, fits, limits, etc. ~ ~ e

5 NOVOSELLER 78 IPWA vr N ~ N7rx
6 NOVOSELLER 78 IPWA aN -~ N~vr

+0.17
+0.06

(rirr) '/rtatai
VAL UE

+0.030 to +0.36
+0.33 +0.03
+0.33
~ e ~ We do not

+0.26
+0.11 to +0.33

lL(1905} PHOTON DECAY AMPLITUDES

ZL(1905) ~ N7,
VAL UE (GeV

—1/2)

+0.026+0.011 OUR
0.022 +0.005
0.021+0.010
0.043 +0.020
0,022 +0.010
0.031+0.009
0.024+ 0.014

~ ~ e We do not use

0.055 + 0.004
+0.0332 0.018

hellcity-1/2 amplitude At/a
DOCUMENT ID

ESTIMATE
TECN COMM EN T

ARNDT 96 IPWA
CRAWFORD 83 IPWA
AWA J I 81 DPWA
ARAI 80 DPWA
ARAI 80 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

LI '33 I PWA
BARBOUR 78 DPWA

vr N

vr N

xN
vr N (fit 1)
~ N {fit 2)
~ IV

pN ~
pN ~
pN ~
pN ~
pN ~
pN ~
'etc. e e

pN~ ~N
pN~ ~N

in Ne ~ LL(1905)-+ Np, S=3/2, P wave (I q-l e)
DOC UM EN T ID TECN COM M EN T

OUR ESTIMATE
MANLEY 92 IPWA 7r N -~ ~N Jk N7r~

1 LONGACRE 75 IPWA aN ~ N7rsr

use the following data for averages, fits, limits, etc. e ~ ~

5 NOVOSELLER 78 IPWA 7r N ~ N7r7r

NOVOSELLER 78 IPWA ~ N ~ N~x

2/r

Z(1910) P31 l(JP) = &(&t+) Status:

LL(1910) MASS

VALVE (MeV) DOCUMENT ID

1870 to 1920 (~ 1910) OUR ESTIMATE

1882 2 10 MANLEY 92 IPWA
1910 + 40 CUTKOSKY 80 IPWA
1888 + 20 HOEHLER 79 IPWA
e ~ e We do not use the following data for averages, fits, limits,

2152 ARNDT 95 DPWA

1960.1+21,0 CHEW 80 BPWA

2121.4+ 13 0 1 CHEW 80 BPWA—14,3
1921 CRAWFORD 80 DPWA
1899 BARBOUR 78 DPWA
1790 2 LONGACRE 77 IPWA

TECN COMMENT

zr N ~ AN Jh. N+7r
+N ~ ~N
xN ~ 7rN

etc. ~ ~ ~

7rN ~ Nm.

z+p vr+p

~+p ~+p
pN ~ 7rN

pN ~ AN
z N ~ N7r7r

ll(1910) WIDTH

VAL UE (MeV) DOCUMENT ID

190 to 270 (~ 250) OUR ESTIMATE

239 925 MANLEY
225 + 50 CUTKOSKY
280 +50 HOE HLER

TECN COMMENT

92 IPWA 7r N ~ vr N G Ne'er
80 IPWA 7r N ~ aN
79 IPWA mN ~ AN

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in otjr 1982 edition, Physics
Letters 1118 (1982).
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z(igloo)
~ Ia ~ We do not use the following data for averages, fits, limits, etc.

760 ARNDT 95 DPWA 2r N

152.9+60.0 ' CHEW 80 BPWA 2r+

172.2 +37.0 ' CHEW 80 BPWA sr+
351 CRAWFORD 80 DPWA pN
230 BARBOUR 78 DPWA 7N
170 LONGACRE 77 IPWA 2r N

0 ~ ~

Nn

p —+ Tr+ p
p ~ 'ir p

2r N

2r N
N~n.

{Igl a)~/I(I rl f) /I tete/ ln Nn ~ B(1910}-+ ZK
VAL UE DOCUMENT ID TECN COMMENT

0.03 CANDLIN 84 DPWA 2r+ p ~ Z+ K+
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.019 LIVANOS 80 DPWA

harp

~ E K
0.082 to 0.184 4 DEANS 75 DPWA TrN ~ ZK

B{1910)POLE POSITION

REAL PART
VA L UE (MeV)

1810
1874
1880+30
~ ~ ~ We do not use the following

1950
1792 or 1801

DOCUMENT ID TECN COMM EN T

ARMDT 95 DPWA 2r N —+ N~
3 HOEHLER 93 SPED Tr N —+ 2r N

CUTKOSKY 80 IPWA 2r N ~ 2r N

data for averages, fits, limits, etc. o ~ o

ARNDT 91 DPWA x N ~ mN Soln SM90
LONGACRE 77 IPWA 2r N ~ Nmz

Note: Signs of couplings from 2r N ~ Nerd analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity is resolved by choosing a negative sign for the D(1620) S31
coupling to A(1232) 2r.

(I gl a} /I

(III r)~/I tete~ in Ne ~ 6{1910)-+ Np, S=3/2, P wave (I tl 7)~/I

(I rl r} /I t ta~ in Nv -+ ZL(1910}~ d(1232)v, P wave
VAL UE DOCUMENT ID TECN COMMENT

+0.06 LONGACRE 77 IPWA 2r N —+ N vr 2r

—2 x IMAGINARY
VA L UE (Me V)

494
283
200+40
~ ~ ~ We do not use

398
172 or 165

PART
DOCUMENT ID TECN

ARNDT 95 DPWA
HOEHLER 93 SPED
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA
2 LONGACRE 77 IPWA

COMMEN T

2r N + N7r

AN -~ AN
2rN ~ 2rN

etc. ~ ~ ~

2r N ~ ~N Soln SM90
2r N ~ Norm

VALUE DOCUMENT ID TECN COMMENT

+0.29 LONGACRE 77 IPWA 7r N ~ Na2r
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

+0.17 NOVOSELLER 78 IPWA 2r N ~ N2r 2r

{Ipl e)~/I{Ill r) /I tat, ~
in Nv ~ Q(1910)~ N(1440)n, P wave-

VALUE DOCUMENT ID TECN COMMENT

—0.39+0.04 MANLEY 92 IPWA 2r N ~ mN Jk N~2r

Xi{1910)ELASTIC POLE RESIDUE ZL(1910} PHOTON DECAY AMPLITUDES

PHASE 8
VALUE( ) DOCUMENT ID TECN

—176 ARNDT 95 DPWA
90+30 C UTKOS K Y 80 IPWA

e ~ ~ We do not use the following data for averages, fits, limits,

COMMEN T

7rN ~ N2r

AN ~ AN
etc. ~ ~ ~

MODULUS lrl
VAL UE (MeV) DOCUMENT ID TECN COMMENT

53 ARNDT 95 DPWA 2rN ~ Nvr

38 HOEHLER 93 SPED 2r N ~ 2r N

20+4 CUTKOSKY 80 IPWA 2r N ~ 2r N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

37 ARNDT 91 DPWA 2r N ~ ~N Soln SM90

A(1910}~ N7,
VALUE(Gev / )

+0.003+0.014 OUR
—0.002+ 0.008

0.014+0.030
0.025+0,011

—0.012+0.005
—0.031+0.004
—0.005+0.030
~ ~ We do not use

0.032 4 0.003
—0.035+0,021

helicity-1/2 amplitude A& ja
DOCUMENT ID

ESTIMATE
TECN COM MEN T

pN ~
pN ~
pN ~
pN —+

pN ~
pN ~
etc. o ~

2r N

~N
2r N

2r N (fit 1)
2r N (fit 2)
2r N

pN ~ AN
pN ~ 7rN

ARNDT 96 IPWA
CRAWFORD 83 IPWA
AWA J I 81 D PWA
ARAI 80 DPWA
ARAI 80 D PWA
C RAWFORD 80 DPWA

the following data for averages, fits, limits,

LI 93 IPWA
BARBOUR 78 DPWA

91 ARNDT 91 DPWA 2r N 2r N SOln SM90 d(1910) FOOTNOTES

I2
l3
l4
I5
l6
l7
l8
I9
I 10
~11

Mode

N7r

ZK
N7r 7r

Der
6{1232)~, P wave-

Np
N p, S=3//2, P-wave

N(1440}7I

N{1440)x, P wave-
Np

N p, helicity=1/2

Fraction (I;/I )

15 30 0

0.0—0.2 %
0.0—0.2 %

ZL(1910) BRANCHING RATIOS

r (N n) /rto~ai
VALUE

0.15 to 0.3 OUR ESTIMATE
0.23+ 0.08
0.19+0.03
0.24 + 0.06
a o ~ We do not use the following

DOCUMENT ID TECN COMM EN T

MANLEY 92 IPWA 2r N ~ 2r N k N2r2r

CUTKOSKY 80 IPWA x N ~ rr N

HOEHLER 79 IPWA ~N ~ ~N
data for averages, fits, limits, etc. ~ ~ Ia

0.26
0.17
0,40

ARNDT' CHEW
1 CHEW

95 DPWA 2r N -~ N2r

80 BPWA 2r+ p —+ m+ p
80 BPWA 2r+ p ~ 2r+ p

B(1910)DECAY MODES

The following branching fractions are our estimates, not fits or averages.

6(1910) REFERENCES

For early references, see Physics Letters 111870 (1982).

ARNDT
ARNDT
HOEHLER
LI

MANLEY
Also

ARNDT
CANDLIN
CRAWFORD
HOEHLER
PDG
AWA Jl

Also
ARAI

Also
CHEW
CRAWFORD
CUTKOSKY

Also
LIVANOS
HOEHLER

Also
BARBOUR
NOVOSELLE

Also
LONGACRE

Also
DEANS

96
95
93
93
92
84
91
84
83
83
82
81
82
80
82
80
80
80
79
80
79
80
78

R 78
78B
77
76
75

PR C53 430
PR C52 2120
7r N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
NP B238 477
NP B211 1
La ndolt-Boernstein
PL 111B
Bonn Conf. 352
NP B197 365
Toronto Conf. 93
NP B194 251
Toronto Conf. 123
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
Toronto Conf. 35
PDAT 12-1
Toronto Conf. 3
NP B141 253
NP B137 509
NP B137 445
NP B122 493
NP B108 365
NP B96 90

+Strakovsky, Workman
+Strakovsky, Workman, Pavan

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Lowe, Peach, Scotland+
+Morton

1/9B2
Roos, Porter, Aguilar-Benitez+

+Kajikawa
Fujii, Hayashii, Iwata, Kajikawa+

Arai, Fujii

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baton, Coutures, Kochowski, Neveu
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons

Novoseller
+Dolbea u

Dolbeau, Triantis, Neveu, Cadiet
+Mitchell, Montgomery+

(VPI)
(VPI, BRCO)

(KARL)
(VP I)

(KENT) IJP
(VPI)

(VPI, TELE) IJP
(EDIN, RAL, LOWC)

(GLAS)
(KARLT)

(HELS, CIT, CERN)
(NAGO)
(NAGO)

(INUS)
(INUS)
(LBL) IJP

(GLAS)
(CMU, LBL) IJP
(CMU, LBL) IJP

(SACL) IJP
(KARLT) IJP
(KA R LT) IJ P

(GLAS)
(CIT) IJP
(CIT) IJP

(SACL) IJP
(SACL) IJP

(SFLA, ALAH) IJP

CHEW 80 reports four resonances in the P31 wave —see also the A(1750). Problems
with this analysis are discussed in section 2.1.11 of HOEHLER 83.
LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to 2r N —+ N~7r data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Breit-Wigner circles to the T-matrix amplitudes.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and A resonances as determined from Argand diagrams of 2r N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

4The range given for DEANS 75 is from the four best solutions.
5 Evidence for this coupling is weak; see NOVOSELLER 78. This coupling assumes the

mass is near 1820 MeV.
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D(1920), D(1930)

n(1920) P» l(l ) = &(&+) Status:

Most of the results published before 1975 are now obsolete and have

been omitted. They may be found in our 1982 edition, Physics
Letters 111B(1982).

(I lI r) /I tata)in Ntt-+ Zt(1920) -+ ZK
VAL UE DOCUMENT ID TECN

—0.052+0.015 CANDLIN 84 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.049 LIVANOS 80 DPWA
0.048 to 0.120 DEANS 75 DPWA

(rr) /r
COMMENT

~+ p @+K+
etc. o o ~

~p~ ZK
aN~ ZK

Zt(1920) MASS

TECN COMM EN TVAL UE (MeV) DOCUMENT ID

1900 to 19TO (m 1920) OUR ESTIMATE

2014 +16 MA NLEY 92 I PWA
1920 +80 CUTKOSKY 80 IPWA
1868 +10 HOEHLER 79 IPWA

o ~ ~ We do not use the following data for averages, fits, limits,

1840 +40 CANDLIN 84 DPWA

1955.0+ 13.0 1 CHEW 80 BPWA

2065.0+—12.9
1 CHEW 80 BPWA

~N ~ n N &. Al~~
AN —+ ~N
7rN ~ xN
etc. ~ ~ ~

++p ~ X+K+
++p —+ @+p

~+p ~+p

(r, r.)&/r

(r, r,)h/r(I li r)~/l tetal in Nx ~ Zt(1920) ~ N(1440)~, P wave-
VAL UE DOCUMENT ID TECN COMMENT

+ 0.06 60.07 MANLEY 92 IPWA 2r N ~ 2r N &. N7r7r

B(1920) PHOTON DECAY AMPLITUDES

(Ilir) /itotaiinNe ~ Zt(1920)~ Zi(1232)+, P wave
VAL UE DOCUMENT ID TECN COMMENT

—0.13+0.04 MANLEY 92 IPWA 2r N —+ 2r N &. N2r~
0.3 4 NOVOSELLER 78 IPWA 2r N ~ N2r~
0.27 5 NOVOSELLER 78 IPWA 2r N + N7rn'

VAL UE (MeV)

150 to 300 (~ 200)
152 + 55
300 + 100
220 + 80
~ ~ ~ We do not use

LL(1920) WIDTH

TECN COM MEN TDOCUMENT ID

OUR ESTIMATE
MA NLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

the following data for averages, fits, limits,

vr N ~ 7r N 8c N7rvr

7rN ~ 7rN

mN —+ ~IV
etC. ~ ~ ~

TECN COMMENT

81 DPWA pN ~ vr N

4(1920) ~ Np, helicity-3/2 amplitude Aa/a
VALUE (GeV 1/2) DOCUMENT ID

0,023 +0.017 AWA J I

TECN COMMENT

81 DPWA pN ~ AN

Zt(1920) ~ Np, helicitjj-1/2 amplitude A&/a

VAL UE (GeV 1/2) DOCUMENT ID

0.040+ 0.014 AWA J I

200 + 40
88.3+ 35 0
62.0 + 44, 0

CANDLIN' CHEW
1 CHEW

84 DPWA Tr+ p —+ Z+ K+
80 BPWA n+p ~ x+p
80 BPWA n+p ~ ~+p

Zt(1920) POLE POSITION

not seen

REAL PART
VAL UE (MeV) DOCUMENT ID TECN COMMENT

1900 2 HOEHLER 93 SPED +IV ~ 7r N

1900+80 CUTKOSKY 80 IPWA m N ~ 7r N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

ARNDT 91 DPWA Tr N ~ vr N SOln SM90

Zt(1920) FOOTNOTES
CHEW 80 reports two P33 resonances in this mass region. Problems with this analysis
are discussed in section 2.1.11 of HOEHLER 83.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and Z resonances as determined from Argand diagrams of ~N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.
The range given for DEANS 75 is from the four best solutions.

4A Breit-Wigner fit to the HERNDON 75 IPWA; the phase is near —90 .
A Breit-Wigner fit to the NOVOSELLER 788 IPWA; the phase is near —90 .

Zt(1920) REFERENCES

For early references, see Physics Letters 1118 70 (1982).

not seen

MDDuLus lrl
VAL UE (MeV)

24 +4

lt(1920) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N ~ n N

PHASE 8
VAL UE (
—150+30

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N ~ Tr N

—2x IMAGINARY PART
VAL UE (MeV) DOCUMENT ID TECN COMMEN T

300+ 100 CUTKOSKY 80 IPWA ~ N ~ ~ N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

ARNDT 91 DPWA 7r N ~ 7r N Soln SM90

HOEHLER 93
MANLEY 92

Also 84
ARNDT 91
CANDLIN 84
HOEHLER 83
PDG 82
AWA J I 81

Also 82
CHEW 80
CUTKOSKY 80

Also 79
LIVANOS 80
HOEHLER 79

Also 80
NOVOSELLER 78
NOVOSELLER 788
DEANS 75
HERNDON 75

7r N Newsletter 9 1
PR D45 4002
PR D30 904
PR D43 2131
NP 8238 477
La ndolt-Boernstein
PL 1118
Bonn Conf. 352
NP 8197 365
Toronto Conf. 123
Toronto Conf. 19
PR D20 2839
Toronto Conf. 35
PDAT 12-1
Toronto Conf. 3
NP 8137 509
NP 8137 445
NP 896 90
PR D11 3183

+Saleski
Manley, Amdt, Goradia, Teplitz

+Li, Roper, Workman, Ford
+Lowe, Peach, Scotland+

1/982
Roos, Porter, Aguilar-Benitez+

+Kajikawa
Fujii, Hayashii, Iwata, Kajikawa+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baton, Coutures, Kochowski, Neveu
+Kaiser, Koch, Pietarinen

Koch

+Mitchell, Montgomery+
+Longacre, Miller, Rosenfeld+

(KARL)
(KENT} IJP

(V PI)
(VPI, TELE) IJP

(EDIN, RAL, LOWC)
(KARLT)

(HELS, CIT, CERN)
(NAGO)
(NAGO)

(LBL}IJP
(CMU, I BL) IJP
(CMU, LBL) IJP

(SACL) IJP
(KARLT) IJP
(KARLT) IJP

(C IT)
(C IT)

(SFLA, ALAH) IJP
(LBL, SLAC)

I1
l2
l3
I4
l5
I6
l7

Mode

N7r
ZK
N7r 7r

D(1232) 7r, P-wave

N(1440}7r, P-wave
N p, helicity=1/2
N p, helicity=3/2

Fraction (I l/I )

5—20 /0

r (N tr}/rtetai

Q(1920) BRANCHING RATIOS

TECN COMMENTDOCUMENT IDVAL UE

0.05 to 0.2 OUR ESTIMATE
0.02 +0.02 MANLEY 92 IPWA

0.20+ 0.05 CUTKOSKY 80 IPWA
0.14+0.04 HOEHLER 79 IPWA

~ ~ o We do not use the following data for averages, fits, limits,

1 CHEW 80 BPWA' CHEW 80 BPWA

2rN ~ 7rN &. Nvr~
2rN —+ xN
7rN ~ ~hl
etc. ~ ~ ~

7r+p —+ a+p
m-+ p ~+ p

0.24
0.18

ll(1920) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

D(1930) D35 l(lp) = ~~(2s) Status:

VAL UE (Mev) DOCUMENT ID

1920 to 1970 (m 1930) OUR ESTIMATE
1956 + 22 MA NLEY 92 I PWA
1940 +30 CUTKOSKY 80 IPWA
1901 6 15 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1955 + 15 A R NDT 96 I PWA
2056 ARNDT 95 DPWA
1963 LI 93 I PWA

1910.0+ '5 0—17.2 CHEW 80 BPWA

2000
2024

TECN COM MEN T

7rN - ~N &. Nerd
~N~ nN
xN ~ AN
etc. ~ ~ ~

pN~ ~N
TrN ~ N7r

pN~ nN

~+p ~+p
CRAWFORD 80 DPWA
BARBOUR 78 DPWA

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 111B (1982).

The various analyses are not in good agreement.

ZI(1930) MASS
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D(1930),D(1940)

6(1930) WIDTH

VAL UE (MeV) DOCUMENT ID

250 to 450 (m 350) OUR ESTIMATE
530 6 140 MANLEY 92 IPWA
320 + 60 CUTKOSKY 80 IPWA
195 + 60 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

350 + 20 ARNDT 96 IPWA
590 ARNDT 95 DPWA
260 LI 93 IPWA

74.8+
16 0 CHEW 80 BPWA

442 CRAWFORD $.0 DPWA
462 BARBOUR 78 DPWA

TECN COMM EN T

7rN ~ 7rN Zc N~n
7rN ~ xN

7r N

etc. ~ ~ ~

pN ~ 7rN
~N ~ N7r

pN~ mN

~+p ~+p
pN~ nN
pN ~ m'N

—2x IMAGINARY PART
VALUE(MeV) DOCUMENT ID TECN COMMENT

246 ARNDT 95 DPWA AN —+ Nor
180 HOEHLER 93 SPED m N ~ aN
260+60 CUTKOSKY 80 IPWA ~ N ~ n. N

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

398 ARNDT 91 DPWA ~N ~ n. N Soln SM90

MDDULUs
Iran

LL(1930) ELASTIC POLE RESIDUE

cf(1930}POLE POSITION

REAL PART
VALUE (MeV) DOCUMENT ID TECN COMMENT

1913 ARNDT 95 DPWA +N ~ N~
1850 HOEHLER 93 SPED m N ~ m N

1890+50 CUTKOSKY 80 IPWA m N —+ vr N

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2018 ARNDT 91 DPWA vr N ~ ~N Soln SM90

(r, ra)&/r{I (I r) /I ( In N» A(1930) N»
DOCUMEN T ID TECN COMMENT

LONGACRE 75 IPWA ~N ~ N m ~
VAL UE

not seen

lL(1930) PHOTON DECAY AMPLITUDES

6(1930) -+ Np,
VAL UE (GeV 1/2)

-0.009+0.028 OUR
—0.007+0.010

0.009+0.009
—0.03060.047
~ ~ ~ We do not use

—0.019+0.001
—0.062+0.064

helicity-1/2 am plitude At/q
DOCUMENT ID

ESTIMATE
TECN COMMEN T

A R NDT 96 I PWA
AWA J I 81 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

LI 93 I PWA
BARBOUR 78 DPWA

pN ~ AN
gN~ ~N
pN -+ ~N
etc. ~ ~ o

pN —+ AN
pN —+ mN

11{1930}-+ N7,
VAL UE (GeV 1/2)

-0.018+0.028 OUR
0.005+0.010

—0.025+0.011
—0.033+0.060
~ ~ ~ We do not use

0.009+0.001
+0.019+0,054

helicity-3/2 amplitude Aa/q

DOCUMENT ID

ESTIMATE
TECN COMMENT

ARNDT 96 IPWA
AWA J I 81 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

LI 93 I PWA
BARBOUR 78 DPWA

yN -+ aN
pN —+ nN
yN —+ nN
etc. ~ ~ ~

ll(1930} REFERENCES

For early references, see Physics Letters 111B70 (1982).

B(1930)FOOTNOTES
See HOEHl ER 93 for a detailed discussion of the evidence for and the pole parameters
of N and c5 resonances as determined from Argand diagrams of m N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.
The range given for DEANS 75 is from the four best solutions.

VALUE(MeV)

8
20
18+6
~ ~ ~ We do not use the following

DOCUMENT ID TECN

ARNDT 95 DPWA
HOEHLER 93 SPED
CUTKOSKY 80 IPWA

data for averages, fits, limits,

COMM EN T

AN ~ N7r

nN~ ~N
mN ~ AN

etc. ~ ~ ~

15 ARNDT 91 DPWA n. N ~ vr N Soln SM90

PHASE 8
VALUE ( )

—47
—20 +40
~ ~ ~ We do not use the following

—24

DOCUMENT ID TECN

ARNDT 95 DPWA
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

COMMEN T

7rN ~ Nvr
n. N ~ 7rN

etc. ~ ~ ~

rr N ~ n N Soln SM90

D(1930) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

ARNDT
ARNDT
HOEHLER
LI

MAMLEY
Also

ARNDT
CANDLIN
PDG
AWAJI

Also
CHEW
CRAWFORD
CUTKOSKY

Also
L IVA NOS
HOEHLER

Also
BARBOUR
DEANS
LONGACRE

96
95
93
93
92
84
91
84
82
81
82
80
80
80
79
80
79
80
78
75
75

PR C53 430
PR C52 2120
~ N Newsletter 9 1

PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
NP B238 477
PL 111B
Bonn Conf. 352
NP B197 365
Toronto Conf. 123
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
Toronto Conf. 35
PDAT 12-1
Toronto Conf. 3
NP B141 253
NP B96 90
PL 55B 415

A(1940) 033

+Strakovsky, Workman
+Strakovsky, Workman, Pavan

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Lowe, Peach, Scotland+

Roos, Porter, Aguilar- Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baton, Coutures, Kochowski, Neveu
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Mitchell, Montgomery+
+Rosenfeld, Lasinski, Smadja+

(VP I)
(VPI, BRCO)

(KARL)
(VP I)

(KENT) IJP
(VP I)

(VPI, TELE) IJP
(EDIN, RAL, LOWC)
(HELS, CIT, CERN)

(NAGO)
(NAGO)

(LBL) I JP
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(SACL) IJP
(KARLT) IJP
(KARLT) I JP

(GLAS)
(SFLA, ALAH) IJP

(LBL, SLAC) IJP

i{I } = z(& } Status:

f2
f3
l4
f5
r6

Mode

Nsr

ZK
N7r 7r

Np
Np, helicity=1/2
N p, heficity=3/2

Fraction (C;/C)

10 20 0/0

0.0—0.02 %
O. OW. 01 %
0.0-0.01 %

Z(1930) BRANCHING RATIOS

OMITTED FROM SUMMARY TABLE

VAL UE (MeV)

w 1940 OUR ESTIMATE
2057 k 110
2058.1+ 34.5
1940 + 100

Z(1940) MASS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA vr N ~ vr N Rc. Nn vr

CHEW 80 BPWA x+ p ~ m+ p
CUTKOSKY 80 IPWA vr N ~ m N

r(iv») /rtotai
VAL UE

O. l to 0.2 OUR ESTIMATE
0.18+0.02
0.14+0.04
0.04+ 0.03
~ ~ ~ We do not use the following

0.11
0.11

DOCUMENT ID TECN COM MEN T

MANLEY 92 IPWA aN ~ vr N 8c Nxx
CUTKOSKY 80 IPWA ~ N ~ ~ N
HOEHLER 79 IPWA m N ~ x N

data for averages, fits, limits, etc. ~ ~ ~

ARNDT 95 DPWA 7r N —+ N~
CHEW 80 BPWA 7r+ p ~ m+ p

VAL UE (MeV)

460 +320
198.4 + 45, 5
200 + 100

21{1940}WIDTH

DOCUMENT ID TECN COMM EN T

cf(1940) POLE POSITION

MANLEY 92 IPWA n. N + mN Jk Ne'er
CHEW 80 BPWA 7r+ p ~ m. + p
CUTKOSKY 80 IPWA vr N ~ vr N

(r, r, )&/r(r, rf} /l to„,in N» B(1930) ZK
VAL UE DOCUMENT ID TECN COMMENT

0.015 CANDI IN 84 DPWA ~+ p —+ Z+ K+
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~

—0.031 LIVANOS 80 DPWA ~p ~ X K
0,018 to 0.035 DEANS 75 DPWA ~N ~ Z K

REAL PART
VAL UE (MeV)

1900+100
1915 or 1926

-2xIMAGINARY PART
VAL UE (MeV)

200+60
190 or 186

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA vr N —+ vr N
1 LONGACRE 78 IPWA ~ N —~ N ~ vr

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA vr N ~ vr N
1 LONGACRE 78 IPWA vr N ~ Nm m
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D(1940), A(1950)

MGDULUs lrl

21{1940}ELASTIC POLE RESIDUE
A(1950) F37 l{J ) = &s(&+) Status:

VALUE (MeV)

8+3

PHASE 8
VALUE ( )

135+45

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N ~ vr N

DOCUMENT ID TECN COMM EN T

CUTKOSKY 80 IPWA ~ N ~ N

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 1l.18 (1982).

6(1950) MASS

l2

l4
l5
I6
l7

8

Zt(1940} DECAY MODES

Mode

/V 7r

ZK
/V7r 7r

A(1232) ~, S wave-
ZI(1232) vr, Dwave-
/Vp, S=3/2, S-wave

/Vp, helicity= 1/2
/Vp, helicity=3/2

d(1940) BRANCHING RATIOS

TECN COM MEN T

~N —+ vr N Zc Mzr~
aN ~ 7rN

7rN ~ AN

etc. e ~ ~

pN - 7rN

vr N —+ NTr

pN~ ~N
~+p Z+K+
~+p ~ n+p
pN ~ n. N

pN~ ~M
vr N ~ M~vr

VALUE(MeV) DOCUMENT ID

1940 to 1960 (at 1950) OUR ESTIMATE
1945 6 2 MA NLEY 92 I PWA
1950 + 15 CUTKOSKY 80 IPWA
1913 + 8 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1947 + 9 ARNDT 96 IPWA
1921 ARNDT 95 DPWA
1940 LI 93 IPWA

1925 +20 CANDLIN 84 DPWA

1855'0+ 10 0 CHEW 80 BPWA

1902 CRAWFORD 80 DPWA
1912 BARBOUR 78 DPWA
1925 1 LONGACRE 75 IPWA

r(Nn)/r„„,
VALUE

0.18+0,12
0.18
0.05 +0.02

(I II r) /I tat, i in Nsr ~
VAL UE

(0.015

(I II r) /i tata( in Nsr ~
VALUE

+0.11+0.10

(I Il r) /I tata~ In Nm
VALUE

+0.27*0.16

DOCUMENT ID TECN COMMENT

MANLEY 92 ' IPWA m M ~ vr N 5. N7r7r

CHEW 80 BPWA 7r+ p ~ 7r+ p
CUTKOSKY 80 IPWA vr N ~ x N

Lt(1940) ~ ZK
DOCUMENT ID

CAN D LIN

(I tl a)~/I
TECN COMMENT

84 DPWA ~+ p Z+ K+

Zt(1940) ~ Zt(1232) n, S.wave (r,r.)&/r
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7r M ~ 7r N 5. Nmzr

zt(1940) ~ cl(1232)n, Dwave -(I tI a)Va/r
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA xN ~ ~N Ec N~~

D(1950}WIDTH

VALUE (Mev)

290 to $50
300
340 +50
224 + 10
e e ~ Wedo

302 + 9
232
306
330 +40
157.2+—19,0
225
198
240

DOCUMENT ID

(gg M0) OUR ESTIMATE

M ANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

ARNDT 96 IPWA
ARNDT 95 DPWA
LI 93 I PWA

CANDLIN 84 DPWA

TECN COMM EN T

7r N ~ vr N gz. M Tr x
AN —+ AM
7rN ~ 7rN
etc. ~ ~ ~

pM~ mM

xN ~ N7r

pN ~ AN

~+p - Z+V+
~+p ~+p80 BPWACHEW

C RAWFOR D

BARBOUR
1 LONGACRE

80 DPWA pN ~ +M
78 DPWA pN ~ 7rN

75 IPWA 7r N ~ N7rsr

it(1950}POLE POSITION

(I II r) /I tata) in Nn ~
VALUE

+0.25 60.10

zt(1940) N p, 5=3/2, s-wave (I tl e}V/I
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA ~N ~ Tr N 8c N~m.

Zt(1940} PHOTON DECAY AMPLITUDES

Zt(1940) ~ Np, helicity-1/2 amplitude At/a
VALUE (GeV

—1/2) DOCUMENT ID

—0.036 k 0.058 AWA J I

TECN COMM EN T

81 DPWA pN ~ ~N

25{1940}~ Np, helicity-3/2 amplitude Aa/a
VALUE (GeV

—1/2) DOCUMENT ID

—0.031+0.012 AWA J I

TECN COMM EN T

81 DPWA pN ~ xN

Zt(1940) REFERENCES

lt(1940) FOOTNOTES
LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to vr M ~ N7r7r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

REAL PART
VALUE (MeV)

1880
1878
1890+15
e e ~ We do not

1884
1924 or 1924

COMMENT

TrN ~ M7r

nN ~ AN
7rN ~ 7rN

etc. ~ ~ ~

7r N ~ x N Soln SM90
tr N ~ M7r~

—2 x IMAGINARY
VAL UE (MeV)

236
230
260+ 40
~ e ~ We do not use

238
258 or 258

PART
DOCUMEIV T ID TECN

ARNDT 95 DPWA
2 HOEHLER 93 ARGD

CUTKOSKY 80 IPWA
the following data for averages, fits, limits,

ARNDT 91 DPWA
LONGACRE 78 IPWA

COMMENT

AN ~ Nvr

AN ~ 7rN
~N ~ 7rN

etc. ~ ~ ~

~N ~ ~M Soln SM90
7rM ~ Mx~

MODULUS lrl

jL(1950) ELASTIC POLE RESIDUE

DOCUMEIV T ID TECIV

ARNDT 95 DPWA
2 HOEHLER 93 ARGD

CUTKOSKY 80 IPWA
use the following data for averages, fits, limits,

ARNDT 91 DPWA
LONGACRE 78 IPWA

MANLEY
Also

CANDLIN
AWA J I

Also
CHEW
CUTKOSKY

A!so
LONGACRE

92
84
84
81
82
80
80
79
78

P R D45 4002
PR D30 904
NP B238 477
Bonn Conf. 352
NP B197 365
Toronto Conf, 123
Toronto Conf. 19
P R D20 2839
PR D17 1795

+Sa leski
Manley, Amdt, Goradia, Teplitz

+Lowe, Peach, Scotland+
+ Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Lasinski, Rosenfeld, Smadja+

(KENT) IJP
(VP I)

(EDIN, RAL, LOWC)
(N AGO)
(N AGO)

(LBL) IJP
(CMU, LBL) IJP
(CMU, LBL)
(LBL, SLAC)

VALUE (MeV)

54
47
50+ 7
~ ~ ~ We do not use the following

61

PHASE 8
VALUE ( )

—17
—32
—33+8
~ ~ e We do not use the following

—23

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

7rM ~ M7r

7rN ~ nN
AN ~ nM
etc. ~ ~ ~

7r N ~ 7r N Soln SM90

DOCUMENT ID TECN

ARNDT 95 DPWA
HOEHLER 93 ARGD
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

COMMENT

7r N + M7r

7rM ~ nM
AN ~ AN
etc. ~ ~ ~

7r N ~ ~M Soln SM90

DOCUMEIV T ID TECN COMMENT
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Baryon Particle Listings
A(1950), Z(2000)

d(1950) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

f1
I2

l4

I6

8
l9
I 10

Mode

N7r

ZK
N7r 7r

B(1232}s, F wave-
6(1232)~, H wave-

Np
N p, S=l/2, F-wave

Np, S=3/2, F-wave

Np
N p, helicity=l/2
N p, helicity=3/2

Fraction (C;/C)

35-40 %

20-30 %

(10 %

0.08M. 13 %
0.03-0.055 %
0 05-0 075 %

D(1950) BRANCHING RATIOS

I (IVn)ll toui
VALUE

0.35 to OA OUR ESTIMATE
0.38*0.01
0,392 0.04
0.38+0.02
~ ~ ~ We do not use the following

0.49
0.44

DOCUMENT ID TECN COMM EN T

MANLEY 92 IPWA +N ~ &N 4 NTrsr

CUTKOSKY 80 IPWA aN ~ vr N

HOEHLER 79 IPWA zr N ~ 7r N
data for averages, fits, limits, etc. ~ e ~

ARNDT 95 DPWA m N ~ Nx
CHEW 80 BPWA sr+ p —+ sr+ p

(I Il f) /rtetai in Nn ~ Li(1950) ~ ZK (r,r,P'/r

Note: Signs of couplings from ~ N ~ Nsr~ analyses were changed in the
1986 edition to agree with the baryon-first convention; the overall phase

ambiguity is resolved by choosing a negative sign for the H(1620) S31
coupling to Z(1232) +.

VAL UE DOCUMENT ID TECN COMMEN T

—0.053 4 0.005 CANDLIN 84 DPWA 7r+ p + Z+ K+
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.022 to 0.040 4 DEANS 75 DPWA zr N ~ X K

H(1950) REFERENCES

ARNPT
ARNDT
HOEHLER
LI

MANLEY
Also

ARNDT
CANDLIN
PDG
AWA JI

Also
ARAI

Also
CHEW
CRAWFORD
CUTKOSKY

Also
HOEHLER

Also
BARBOUR
LONGACRE
NOVOSELLER
NOVOSELLER
WINNIK
DEANS
HERNDON
LONGACRE

96 PR C53 430
95 PR C52 2120
93 ~N Newsletter 9 1
93 PR C47 2759
92 PR D45 4002
84 PR D30 904
91 PR D43 2131
84 NP B238 477
82 PL 111B
81 Bonn Conf. 352
82 NP 8197 365
80 Toronto Conf. 93
82 NP 8194 251
80 Toronto Conf. 123
80 Toronto Conf. 107
80 Toronto Conf. 19
79 PR D20 2839
79 PDAT, 12-1
80 Toronto Conf. 3
78 NP B141 253
78 PR D17 1795
78 NP B137 509
788 NP B137 445
77 NP 8128 66
75 NP 896 90
75 PR D11 3183
75 PL 55B 415

+Strakovsky, Workman
+Strakovsky, Workman, Pavan

+Amdt, Roper, Workman
+Sa leski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Lowe, Peach, Scotland+

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+

Arai, Fujii

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Kaiser, Koch, Pietarinen
Koch

+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+

+Toaff, Revel, Goldberg, Berny
+ Mitchell, Montgom cry+
+Longacre, Miller, Rosenfefd+
+Rosenfeld, Lasinski, Smadja+

(VP I)
(VPI, BRCO)

(KARL)
(VP I)

(KENT) IJP
(VP I)

(VPI, TELE) IJP
(ED IN, RA L, LOW C)
(HELS, CIT, CERN)

(NAGO)
(NAGO)

(INUS)
(INU S)
(LBL) IJP

(GLAS)
(CMU, LBL) IJP
(CMU, LBL) IJP

(KA R LT) I JP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(CIT) IJP
(C IT) I JP

(HAIF) I

(SFLA, ALAH) IJP
(LBL, SLAC)
(LBL, SLAC) IJP

Z(2000) Fas l(l ) = 2(&+} Status:

OMITTED FROM SUMMARY TABLE

D(1950) FOOTNOTES
From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a m plitu des.
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and Z resonances as determined from Argand diagrams of ~N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.
LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to 2r N ~ N7rvr data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.
The range given is from the four best solutions. DEANS 75 disagrees with ++ p
Z+ K+ data of WINNIK 77 around 1920 MeV.
A Breit-Wigner fit to the HERNDON 75 IPWA; the phase is near —60
A Breit-Wigner fit to the NOVOSELLER 78B IPWA; the phase is near —60 .

7A Breit-Wigner fit to the HERNDON 75 IPWA; the phase is near 120o.
A Breit-Wigner fit to the NOVOSELLER 788 IPWA; the phase is near 120 .

(r, ra)&/r

(I tre)~~lr(I II f) /I tatai in Nn -+ 6(1950)-+ Np, 5=3/2, F wave
VAL UE POCUMENT fD TECN COMMENT

+0.24 LONGACRE 75 IPWA n N ~

Nurser

e ~ e We do not use the following data for averages, fits, limits, etc. e e e

0.24 7 NOVOSELLER 78 IPWA ~N ~ N~vr

0.43 8 NOVOSELLER 78 IPWA ~N N~vr

LI(1950) PHOTON DECAY AMPLITUDES

(I il f) /I t tai in Nn ~ ZI(1950) -+ 6{1232}n,Fwave
VAL UE DOCUMENT ID TECN COMMENT

+0.28 to +0.32 OUR ESTIMATE
+0,27 +0.02 MANLEY 92 IPWA n N ~ m N Zc.

Nurser

+0.32 1 LONGACRE 75 IPWA vr N —+ N7r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.21 5 NOVOSELLER 78 IPWA vr N ~ Nvr2r

0.38 6 NOVOSELLER 78 IPWA vr N Nvrzr

VAL UE (Mev)
w 2000 OUR ESTIMATE

1752 + 32
2200 6 125

VAL UE (Mev)

251+ 93
400+ 125

REAL PART
VAL UE (Mev)

2150*100

X(2000) MASS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA vr N ~ n N 8c N~x
CUTKOSKY 80 IPWA ~ N —+ vr N

B(2000) WIDTH

DOCUMENT ID TECN COMM EN T

D(2000) POLE POSITION

DOCUMENT fD TECN COMMENT

CUTKOSKY 80 IPWA vr N ~ m N

MANLEY 92 IPWA ~N ~ vr N 8c N~zr
CUTKOSKY 80 IPWA 2r N -~ ~ N

LL(1950) ~ N7,
I LIE' (GeV-1/2)

-0.076+0.012 OUR
—0.079+0.006
—0.068 +0.007
—0.091+0.005
—0.083+0.005
—0.067+0.014
~ ~ ~ We do not use

helicity-1/2 amplitude At/a
DOCUMENT ID

ESTIMATE
TECN COMMEN T

~N
~N
~N (fit 1)
vr N (fit 2)
~N

pN ~
pN ~
pN ~
yN ~
pN ~
etc. ~ ~

—0.102+0.003
—0.058 +0.013

yN~ ~N
pN ~ AN

helicity-3/2 amplitude Aa/a
DOCUMENT ID

ESTIMATE

B(1950)~ Np,
VALUE (Gev 1/2

}
—0.097+0.010 OUR
—0.103+0.006
—0.094 +0.016
—0.101+0.005
—0.100+0.005
—0.082 +0.017
~ e ~ We do not use

TECN COM MEN T

ARNDT 96 IPWA
AWA J I 81 D PWA
A RAI 80 DPWA
A RAI 80 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

LI 93 I P WA

BARBOUR 78 DPWA

vr N

~N
7r N (fit 1)
~ N (fit 2)
~N

pN ~
pN ~
gN ~
pN ~
pN ~
etc. ~ e

—0.115+ 0.003
—0.075 + 0.020

pN~ aN
pN~ xN

ARNDT 96 IPWA
AWA J I 81 D PWA

ARAI 80 DPWA
A RAI 80 DPWA
C RAWFOR D 80 D PWA

the following data for averages, fits, limits,

LI 93 IPWA
BARBOUR 78 DPWA

—2 x IMAGINARY PART
VAL UE (Mev'}

350+ 100

DOCUMEN T ID TECN COMMEN T

CUTKOSKY 80 IPWA a N —+ a N

MDDULUs lrl
VAL UE (MeV)

16+5
DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA vr N ~ 2r N

PHASE 8
VALUE ( )

150+90
DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA a N ~ n. N

cf(2000} DECAY MODES

I2
I3
l4
I5

Mode

N7r

N7r 7r

Z(1232) ~, P-wave
D(1232) 7r, F-wave
N p, 5=3/2, P-wave

LI(2000} ELASTIC POLE RESIDUE
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Baryon Particle Listings

D(2000), D(2150), A(2200)

I (Nrr) /I tetai
VAL UE

0.02+ 0.01
0.07 +0.04

lL(2000) BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA xN —+ xN & Nvr~
CUTKOSKY 80 IPWA x N x N

B(2150) FOOTNOTES
CHEW 80 reports two S31 resonances in this mass region. Problems with this analysis
are discussed in section 2.1.11 of HOEHLER 83.

6{2150)REFERENCES

(I IIr) /ItataiinNtr-+
VAL UE

+0.07+0.03

(I tl a)~/IZ1(2000) ~ Z1(1232)ir, Pwave-
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA aN —+ xN & N~~

CANDLIN
HOEHLER
CHEW
CUTKOSKY

Also

84
83
80
80
79

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

NP B238 477 +Lowe, Peach, Scotland+
Landolt-Boernstein 1/9B2
Toronto Conf. 123
Toronto Conf. 19
PR D20 2839

(EDIN, RAL, LOWC)
(KARLT)

(LBL) IJP
(CMU, LBL) IJP
(CMU, LBL)

(I il f) /I tot, i in Ne-+'
VAL UE

+0.09 60.04

il(2000) LL(1232}ir, Fwave (I tl g)~/I
DOCUMEN T ID TECN COMM EN T

MANLEY 92 IPWA xN ~ 7r N & Nm m

Z(2200) G37 l{JP) = &s(&7 ) Status:

(r,r, ) lr„„,inN~
VALUE

—0.06+ 0.01

ZI(2000) ~ Np, S=3/2, P wave -{Itl e)~/I
DOCUMENT ID TECN COM M EN T

MANLEY 92 IPWA 7r N —+ xN &. N7r~

OMITTED FROM SUMMARY TABLE
The various analyses are not in good agreement.

ZI{2200) MASS

il(2000) REFERENCES

MANLEY
Also

CUTKOSKY
Also

+Saleski
Manley, Amdt, Goradia, Teplitz

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

92 PR D45 4002
84 PR D30 904
80 Toronto Conf. 19
79 PR D20 2839

l(JP} = &(& ) Status:A(2150) S31

OMITTED FROM SUMMARY TABLE

(KENT) IJP
(V PI)

(CMU, LBL)
(CMU, LBL)

TECN COMMENT

d(2200) WIDTH

VALUE (MeV) DOCUMEhIT ID

m 2200 OUR ESTIMATE
2200+80 CUTKOSKY 80 IPWA 7r N ~ m. IV

2215+60 HOEHLER 79 IPWA 7r N ~ x N

2280 +80 HENDRY 78 MPWA 7r N ~ m. N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

2280+40 CANDLIN 84 DPWA m. + p ~ Z+ K+

VALUE (Mev)
m 2150 OUR ESTIMATE

2047.4+ 27.0
2203.2+ 8.4
2150 + 100

Z(2150) MASS

DOCUMENT ID TECN COMMEN T

CHEW 80 BPWA 7r+ p ~ ~+ p
CHEW 80 BPWA zr+ p ~ ~+ p
CUTKOSKY 80 IPWA 7r N —+ x IV

VAL UE (Mev)

450 + 100
400+ 100
400+ 150
o ~ e We do not use the following

400+ 50

Zt(2200} POI E POSITION

DOCUMEhIT ID TECN COMMENT

CUTKOSKY 80 IPWA zr N ~ ~ N

HOEHLER 79 IPWA ~ N ~ vr N

HENDRY 78 MPWA ~ N ~ ~ N

data for averages, fits, limits, etc. o ~ o

CANDLIN 84 DPWA x+ p ~ Z+ K+

VALUE (Mev)

121.6+ 62.0
120.5 + 45.0
200 + 100

Ll(2150) WIDTH

DOCUMENT ID TECN COMMENT

1CHEW 80 BPWA m+p ~ ~+p
1 CHEW 80 BPWA 7r+ p ~ m+ p

CUTKOSKY 80 IPWA 7r N ~ m N

REAL PART
VAL UE (Mev)

2100+ 50

—2 x IMAGINARY PART
VAL UE (Mev)

340+ 80

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA a N ~ ~ N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA a N ~ 7r N

REAL PART
VAL UE (Mev)

2140+80

—2x IMAGINARY PART
VALUE (Mev)

200 6 80

6(2150) POLE POSITION

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N ~ 7r IV

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 lPWA 7r N ~ 7r N

MODULUS lrl
VAL UE (Mev)

8+3

PHASE 8
VALUE (
—70+40

DOCUMENT ID TECN COM MEN T

CUTKOSKY 80 IPWA 7r N ~ ~ N

DOCUMENT ID TECN COM MEN T

CUTKOSKY 80 IPWA vr N ~ vr N

21{2200}ELASTIC POLE RESIDUE

MODULUS lrl
VAL UE (Mev)

7+2

PHASE 8
VALUE (

—60+90

Mode

I-, N vr

I2 ZK

6(2150) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N ~ 7r N

DOCUMEIVT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ N —+ vr N

LL(2150) DECAY MODES

Mode

I1 N7r

ZK

r (N &)/rtotai
VALUE

0.06 +0.02
0.05+0.02
0.09+0.02

ZI(2200) DECAY MODES

B(2200} BRANCHING RATIOS

DOCUMEhIT ID TECIV COMMENT

CUTKOSKY 80 IPWA 7r N ~ x N

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA x N ~ 7r N

I (Ne)/I t(&tai

ZI(2150) BRANCHING RATIOS (rirr) /rt t ilnNv B(2200) ZK
VAL UE DOCUMENT ID

—0.014+0.005 CANDLIN

(r&r&) lr
TECN COMMENT

84 DPWA x+ p ~ Z+ K+

VAL UE

0.41
0.37
0.08+0.02

DOCUMENT ID TECN COMMEIVT

1 CHEW 80 BPWA x+p ~ w+ p
1 CHEW 80 BPWA sr+ p ~ 7r+ p

CUTKOSKY 80 IPWA a N ~ 7r N

(rtr. )~/r
TECN COMM EN T

84 DPWA m. + p ~ Z'+ K+

(I ql r} '/It, t, iln N~ it{2150) ZK
VAL UE DOCUMENT ID

&0.03 CANDLIN

CAN DLIN
CUTKOSKY

Also
HOEHLER

Also
HENDRY

Also

84
80
79
79
80
78
81

A{2200}REFERENCES

NP 8238 477
Toronto Conf. 19
PR D20 2839
PDAT 12-1
Toronto Conf. 3
PRL 41 222
ANP 136 1

+Lowe, Peach, Scotland+
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly
+Kaiser Koch Pietarinen

Koch

Hendry

(EDIN, RAL, LOWC)
(CMU, LBL) IJP
(CMU, LBL) IJP

(KARLT) IJP
(KA R LT) IJP

(IND, LBL) IJP
(IND)
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Baryon Particle Listings
D(2300), A(2350)

Z(2300) H, 9, I(l ) = &(&+) Status: A(2350) 035 l(JP) = 2a{2s ) Status:

OMITTED FROM SUMMARY TABLE OIVIITTED FROM SUMMARY TABLE

LL(2300) MASS LL(2350) MASS

VAL UE (Mev)

m 2300 OUR ESTIMATE
2204.5+ 3.4
2400 + 125
2217 + 80
2450 +100

~ ~ ~ We do not use the following

2400

DOCUMENT ID TECN COMMEN T

CHEW 80 BPWA ~+ p —+ ~+ p
CUTKOSKY 80 IPWA x N ~ m N

HOEHLER 79 IPWA x N —+ a N

HEND RY 78 MPWA m N —+ x N

data for averages, fits, limits, etc. ~ ~ ~

CANDLIN 84 DPWA ~+ p ~ X+ K+

VAL UE (MeV)

w 2350 OUR ESTIMATE
2171+ 18
2400+125
2305 + 26

DOCUMENT ID TECN COM MEN T

B(2350) WIDTH

MANLEY 92 IPWA n N ~ 2r N 4 N2rn.

CUTKOSKY 80 IPWA xN ~ 2r N
HOEHLER 79 IPWA aN ~ 2r N

ll(2300) WIDTH

VAL UE (MeV)

32.3+ 1.0
425 4 150
300 =~;- 100
500 i.200
o ~ ~ We do

200

DOCUMENT ID TECN COMMENT

CHEW 80 BPWA ~+ p + ~+ p
CUTKOSKY 80 IPWA ~ N —+ x N

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA mN ~ xN
not use the following data for averages, fits, limits, etc. ~ ~ ~

CANDLIN 84 DPWA sr+ p —+ X+ K+

VAL UE (IVlev)

264 + 51
400+ 150
300 + 70

REAL PART
VAL UE (MeV)

2400+ 125

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA n N —+ srN 6 N2r~
CUTKOSKY 80 IPWA n N 7r N
HOEHLER 79 IPWA n. N ~ n. N

6(2350} POLE POSITION

DOCUMENT ID TECN COMMEN T

CUTKOSKY 80 IPWA vr N —+ Tr N

X(2300) POLE POSITION

—2x IMAGINARY PART
VAL UE (MeV)

400+ 150

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA vr N vr N

REAL PART
VAL UE (Mev)

2370+ 80

—2x IMAGINARY PART
VAL UE (Mev)

420+ 160

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ N ~ x N

DOCUMEN T ID TECN COMMEN T

CUTKOSKY 80 IPWA x N —+ x N

MDDuLus lrl
VAL UE (MeV)

15+8

c1(2350) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA x N —+ + N

MDDuLus lrl
VAI. UE (Mev)

10+4

PHASE 8
VALUE( )

—20+30

Mode

I 1 N7r

I 2
Z'K

il(2300) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ N ~ ~ N

DOCUMEN T ID TECN COMMEN T

CUTKOSKY 80 IPWA ~ N ~ x N

B(2300) DECAY MODES

LL(2300) BRANCHING RATIOS

PHASE 8
VALUE( )
—70+ 70

Mode

N7r

I 2 ZK

r (Nlr) /rtota[
VAL UE

0.020+ 0.003
0.20 4 0.10
0.04 60.02

DOCUMENT ID TECN COMMEhIT

CUTKOSKY 80 IPWA Tr N —+ n N

d(2350) DECAY MODES

6(2350) BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA n N ~ n N &. N7r7r

CUTKOSKY 80 IPWA n'N a vr N

HOEHLER 79 IPWA n N ~ n N

I (Na.)/I total
VAL UE

0.05
0.06+ 0.02
0.03+0.02
0.08+0.02

DOCUMEN T ID TECN COMMEN T

CHEW 80 BPWA ~+ p ~ 2r+ p
CUTKOSKY 80 IPWA vr N ~ aN
HOEHLER 79 IPWA ~ N —+ 2r N

HENDRY 78 MPWA 7r N ~ ~N

(I tl 2) /I
TECN COM MEN T

84 DPWA n+ p ~ Z+ K+

jL{2350}REFERENCES

(r,r, ) jl ~ta, In Nx LL(2350) ZK
VAL UE DOCUMENT ID

&0.015 CA ND LIN

(I t I r) a/I t»~ In Na ~ Q(2300) ~ ZK
VAL UE DOCUMENT ID

—0.017 CANDLIN

(rt ra) /I
TECh! COMMEN T

84 DPWA ~+ p ~ X+ K+

MANLEY
Also

CANDLIN
CUTKOSKY

Also
HOEHLER

Also

92
84
84
80
79
79
80

PR D45 4002
PR D30 904
NP B238 477
Toronto Conf. 19
PR D20 2839
PDAT 12-1
Toronto Conf. 3

+Saleski
Manley, Amdt, Goradia, Teplitz

+Lowe, Peach, Scotland+
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly
+Kaiser, Koch, Pietarinen

Koch

(KENT) IJP
(VP I)

(EDIN, RAL, LOWC)
(CMU, LBL) IJP
(CMU, LBL)

(KARLT) IJP
(KARLT) IJP

il(2300) REFERENCES

CANDLIN
CHEW
CUTKOSKY

Also
HOEHLER

Also
HENDRY

Also

84
80
80
79
79
80
78
81

NP B238 477
Toronto Conf. 123
Toronto Conf. 19
PR D20 2839
PDAT 12-1
Toronto Conf. 3
PRL 41 222
ANP 136 1

+Lowe, Peach, Scotland+

+Forsyth, Babcock, Kelly, Kendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Kaiser, Koch, Pietarinen
Koch

Hendry

(EDIN, RAL, LOWC)
(LBL) IJP

(CMU, LBL) IJP
(CMU, LBL)

(KARLT) IJP
(KARLT) IJP

(IND, LBL) IJP
(IN D)
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D(2390), D(2400)

Z(2390) F l(JP} = &(&+) Status: A(2400) G39 I(JP) = &(&~ ) Status:

OMITTED FROM SUMMARY TABLE OMITTED FROM SUMMARY TABLE

VALUE (MeV)

m 2390 OUR ESTIMATE
2350+ 100
2425+ 60

VALUE (MeV)

300+ 100
300 6 80

X{2390)MASS

DOCUMENT ID TECN COMMEN T

Ll(2390) WIDTH

DOCUMENT ID TECN COMMEN T

CUTKOSKY 80 IPWA ~ M -~ x N

HOEHLER 79 IPWA m N ~ a N

Xi{2390}POLE POSITION

CUTKOSKY 80 IPWA ~ N ~ 7r N

HOEHLER 79 IPWA a N ~ m N

VALUE(MeV)

w 2400 OUR ESTIMATE
2300+ 100
2468 + 50
2200+ 100

VALUE (MeV)

330+ 100
480+ 100
450+200

Q(2400) MASS

DOCUMENT ID TECN COMMENT

Z(2400) WIDTH

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ N ~ 7r N

HOEHLER 79 IPWA ~ N ~ ~ N

HENDRY 78 MPWA vr N ~ ~ N

CUTKOSKY 80 IPWA m N ~ vr N

HOEHLER 79 IPWA vr M ~ vr N

HENDRY 78 MPWA vr M ~ m. N

REAL PART
VALUE (MeV)

2350+ 100
DOCUMEN T ID TECN COM MEN T

CUTKOSKY 80 IPWA x N ~ ~N

—2x IMAGINARY PART
VALUE (MeV)

260+ 100

DOCUMEN T ID TECN COMMEN T

CUTKOSKY 80 IPWA ~ N -~ ~ N

ll(2390} ELASTIC POLE RESIDUE

REAL PART
VALUE (MeV)

2260+60

—2 x IMAGINARY PART
VALUE (MeV)

320+ 160

LL(2400} POLE POSITION

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA vr N —+ m N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA x N —+ x N

MDDuLus lrl
VALUE (MeV)

12+6

PHASE 8
VALUE ( )
—90+60

Mode

I 1 N7r

I2 ZK

r (Al») /r«„,

DOCUMEN T ID TECN COM MEN T

CUTKOSKY 80 IPWA ~ M ~ ~ N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ N ~ ~ M

Ll(2390) DECAY MODES

Ll(2390) BRANCHING RATIOS

MODULUS lrl
VAL UE (MeV)

8+4

PHASE 8
VALUE( )
—25+15

Mode

I 1 N7r

ZK

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA m N ~ m N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA vr N ~ 7r N

Lt(2400) DECAY MODES

d(2400) BRANCHING RATIOS

ll(2400) ELASTIC POLE RESIDUE

VALUE

0.08+ 0.04
0.07 +0.04

DOCUMENT ID TECN COMMEN T

CUTKOSKY 80 IPWA 7r N ~ x N

HOEHLER 79 IPWA ~ N ~ ~ M

(r, r, )&/r
TECN COM MEN T

84 DPWA ~+ p ~ X+ K+

Ll(2390} REFERENCES

{r,rr}&/r«„,in N» n(2390) ZV
VA L LIE DOCUMENT ID

&0.015 CA NDLIN

I (N»)/I «tai
VALLIE

0.05+ 0.02
0.06+ 0.03
0.10+0.03

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N —+ 7r N

HOEHLER 79 IPWA vr N ~ vr N

HENDRY 78 MPWA ~ N ~ ~ M

(r, r&}&/r
TECN COM M EN T

84 DPWA ~+ p ~ X+ K+

(I lI r) '/I «tai lil Al» + l1(2400}~ Z K
VAL UE DOCUMENT ID

(0.015 CANDLIN

CANDLIN
CUTKOSKY

Also
HOEHLER

Also

84
80
79
79
80

NP B238 477
Toronto Conf. 19
P R D20 2839
PDAT 12-1
Toronto Conf. 3

+Lowe, Peach, Scotland+
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly
+Kaiser, Koch, Pietarinen

Koch

(ED IN, RA L, LOWC)
(CMU, LBL) IJP
(CMU, LBL)

(KARLT) IJP
(KA R LT) I J P CANDLIN

CUTKOSKY
Also

HOEHLER
Also

HEN DRY
Also

B(2400) REFERENCES

84 NP B238 477
80 Toronto Conf. 19
79 PR D20 2839
79 PDAT 12-1
80 Toronto Conf. 3
78 PRL 41 222
81 ANP 136 1

+Lowe, Peach, Scotland+
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly
+Kaiser, Koch, Pietarinen

Koch

Hendry

(EDIN, RAL, LOWC)
(CMU, LBL) IJP
(CMU, LBL)

(KARLT) IJP
(KARLT) IJP

(IND, LBL) IJP
(I ND)
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A(2420), Z(2750), A(2950)

D(2420) H„, I(JP) — a
( tt+) Status

ll(2420) MASS

Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 1218 (1982).

HOEHLER
CANDLIN
PDG
CHEW
CUTKOSKY

Also
HOEHLER

Also
HENDRY

Also

93
84
82
80
80
79
79
80
78
81

8{2420) REFERENCES

7r N Newsletter 9 1
NP B238 477
PL 111B
Toronto Conf. 123
Toronto Conf. 19
PR D20 2839
PDAT 12-1
Toronto Conf. 3
PRL 41 222
ANP 136 1

+Lowe, Peach, Scotland+
Roos, Porter, Aguilar-Benitez+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Kaiser, Koch, Pietarinen
Koch

Hendry

(KARL)
(EDIN, RAL, LOWC)
(HELS, CIT, CERN)

(LBL) IJP
(CMU, LBL) IJP
(CMU, LBL)

(KARLT) IJP
(KA RLT) IJP

(IND, LBL) IJP
(IND)

TECN COMMEN T

7rN ~ 7rN

7rN -~ 7rN

7rN —+ 7rN

etc. ~ o ~

~+ p @+K+
7r+p ~+p

VAL UE (Mev) DOCUMENT ID

2300 to 2500 (m 2420} OUR ESTIMATE

2400 4 125 CUTKOSKY 80 IPWA

2416 + 17 HOEHLER 79 IPWA

2400 + 60 HENDRY 78 MPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

2400 CANDLIN 84 DPWA

2358,0 + 9.0 CHEW 80 BPWA

D(2750) l3 13
l{JP) = 2s(~ts )Status:

OMITTED FROM SUMMARY TABLE

B(2750) MASS

VALUE (Mev)

300 to 500 (a ee)
450 k 150
340 + 28
460 + 100
~ o ~ We do not use

400
202.2+ 45.0

REAL PART
VALUE(Mev)

2300
2360+ 100

jL(2420) WIDTH

TECN COMM EN TDOCUMENT ID

OUR ESTIMATE

CUTKOSKY 80 IPWA 7r N —+ 7r N
HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA 7r N —+ 7r N

the following data for averages, fits, limits, etc. ~ ~ e

CANDLIN 84 DPWA 7r+ p -~ X+ K+
CHEW 80 BPWA 7r+ p ~ 7r+ p

D(2420) POLE POSITION

DOCUMENT ID TECN COMMEN T

1 HOEHLER 93 ARGD 7r N ~ 7r N

CUTKOSKY 80 IPWA 7r N ~ 7r N

VAL UE (Mev)
w 2750 OUR ESTIMATE

2794+ 80
2650+100

VAL UE (MeV)

350+ 100
500+ 100

Mode

I1 N7r

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA 7r N —~ 7r N
HENDRY 78 MPWA 7r N —+ 7r N

LL(2750) WIDTH

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA 7r N —+ 7r N

d(2750) DECAY MODES

LL(2750) BRANCHING RATIOS

—2x IMAGINARY PART'
VALUE (Mev)

620
420+ 100

DOCUMEh!T ID TECN COMMENT

HOEHLER 93 ARGD 7r N —~ 7r N

CUTKOSKY 80 IPWA 7r N ~ 7r N

r (Nn) /I totat
VAL UE

0.04 +0.015
0,05+0.01

DOC UMEN T ID TECN COMMEN T

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA 7r N ~ 7r N

4{2420) ELASTIC POLE RESIDUE B(2750) REFERENCES

MDDuLus lrl
VA L UE (M ev)

39
18+6

DOCUMEhIT ID TECN COMMENT

HOEHLER 93 ARGD 7r N ~ 7r N

CUTKOSKY 80 IPWA 7r N ~ 7r N

HOEHLER 79 PDAT 12-1
Also 80 Toronto Conf. 3

HENDRY 78 PRL 41 222
Also 81 ANP 136 1

+Kaiser, Koch, Pietarinen
Koch

Hen dry

(KARLT) IJP
(KARLT) IJP

(IMD, LBL) IJP
(IMD)

PHASE 8
VALUE( )
—6o
—30+40

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD 7r N —+ 7r N

CUTKOSKY 80 IPWA 7r N —+ 7r N

D(2950) K3 ts l(JP} = ~a(~ts+) Status:

OMITTED FROM SUMMARY TABLE

Mode

l1 N7r

I 2 ZK

Fraction (I;/f )

5-15 %

LL(2420) DECAY MODES

The following branching fractions are our estimates, not fits or averages.
VAL UE (Mev)
m 2950 OUR ESTIMATE

2990+ 100
2850+100

B(2950) MASS

DOCUMENT ID TECN COMMEN T

Xi{2950)WIDTH

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA 7rN ~ 7rN

r (Nn ) /rtotai

jL(2420) BRANCHING RATIOS
VALUE (Mev)

330+100
700+200

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA 7r N ~ 7r N

TECN COMM EN TDOCUMENT IDVAL UE

0.05 to 0.15 OUR ESTIMATE
0.08+0.03 CUTKOSKY 80 IPWA

0.08+0.015 HOEHLER 79 IPWA

O. 11+0.02 HENDRY 78 MPWA

~ a ~ We do not use the following data for averages, fits, limits,

7rN ~ 7rN

7rN ~ 7rN

7rN ~ 7rN

etc. ~ ~ ~

Mode

6{2950}DECAY MODES

0.22 CHEW 80 BPWA 7r+ p 7r+ p Z(2950) BRANCHING RATIOS

(III r} /I t ta/ In Ntt d(2420) ZK (r, r, )&/r I (Ntr)/l tata~
VAL UE

—0.016
DOCUMENT ID

CANDLIN

TECN COMM EN T

84 DPWA 7r+ p ~ X+ K+
VALUE

0.04 + 0.02
0.03+0.01

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA 7r N ~ 7r N

HENDRY 78 MPWA 7r N ~ 7r N

Z{2420) FOOTNOTES
See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters
of N and H resonances as determined from Argand diagrams of 7r N elastic partial-wave
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams.

HOEHLER 79 PDAT 12-1
Also 80 Toronto Conf, 3

HENDRY 78 PRL 41 222
Also 81 ANP 136 1

A(2950) REFERENCES

+Kaiser, Koch, Pietarinen
Koch

Hendry

(KARLT) IJP
(KARLT) IJP

(IND, LBL) IJP
(I ND)
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A ( 3000)

A(- 3000 Region)
Partial-Wave Analyses Mode

B( 3000) DECAY MODES

OMITTED FROM SUMMARY TABLE
We list here miscellaneous high-mass ca n didates for isospin-3/2 res-

ona nces found in partial-wave analyses.

Our 1982 edition also had a A(2850) and a A(3230). The evidence
for them was deduced from total cross-section and 180 elastic cross-
section measurements. The D(2850) has been resolved into the
D (2750) /3 ] 3 a nd 6(2950) K3 15 The A (3230) is perhaps related
to the K3 13 of HENDRY 78 and to the L3 17 of KOCH 80.

B( 3000) MASS

r(N~)/r, »,
VAL UE

0.06 +0.02

0.045 +0.02

0.03 +0,01
0.025 +0.01
0.018+0.01

DOCUMEN T ID

HENDRY

HENDRY

HEND RY

HENDRY

HENDRY

TECN COMMENT

78 MPWA Ir N ~ 'fr N

78 MPWA 7r N ~ mN

78 MPWA mN ~ mN

78 MPWA 7rN ~ aN
78 MPWA aN —+ mN

lL( 3000) BRANCHING RATIOS

/3 11 Wave

K3 ] 3 wave

L3 17 wave

M3 19 wave

N3 21 wave

VAL UE ( MeV)

3000 OUR ESTlM ATE
3300
3500
2850 + 150
3200 +200
3300 +200

3700*200
4100+300

DOCUMENT /D

KOC H

1 KOCH

HEN DRY

HENDRY

HENDRY

HENDRY

HEN DRY

TECN COMMENT

rr N L3 17 wave

7r N M3 19 wave

'rr N /3 11 wave

& N K3 13 wave

~N L3 ]7 wave

7rN M3 ]9 wave

N3 2]

80 I PWA Ir N

80 IPWA ~ N

78 M PWA lr N

78 M PWA Jr N —+

78 MPWA r N

78 MPWA 7r N —+

78 MPWA rr N

ll( 3000) REFERENCES

KOCH
HE NDRY

Also

80 Toronto Conf. 3
78 PRL 41 222
81 ANP 136 1 Hendry

(KARLT) I JP
(IND, LBL) IJP

(IND)

Lh( 3000) FOOTNOTES
In addition, KOCH 80 reports some evidence for an S31 Ll (2700) a nd a P33 D(2800) .

B(~ 3000) WIDTH

VAL UE ( MeV)

700 +200
1000+300
1100+300
1300 +400
1600+ 500

DOCUMENT /D

HENDRY

HENDRY

H EN DRY

HENDRY

HENDRY

TECN COMMENT

78 MPWA 7r N + rr N

78 MPWA 7r N —+ 7r N

78 MPWA n. N ~ rrN

78 MPWA Ir N . lr N

78 MPWA ir N ~ 'rr N

/3 1] wave

K3 13 wave

L3 17 wave

M3 ] 9 wave

N3 2 1 wave
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A BARYONS
(S= —1, I=0)

n0 = udS

WEIGHTED AVERAGE
2.632+0.020 (Error scaled by 1.6)

i(di )
—0( +)

We have omitted some results that have been superseded by later
experiments. See our earlier editions.

il MASS

The fit uses A, Z+, Z, Z mass and mass-difference measurements.

TECN COMM EN TVALUE (Mev) EVTS

1115.684+0.006 OUR FIT
1115.683+0.006 OUR AVERAGE
1115.678 6 0.006+ 0.006 20k HARTOUNI 94 SPEC p p 27.5 GeV/c
1115.690 +0.008+0.006 18k HARTOUNI 94 SPEC p p 27.5 GeV/c
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1115.59 +0.08 935 HYMAN 72 HEBC
1115.39 +0.12 195 MAYEUR 67 EMUL
1115.6 +0.4 LONDON 66 HBC
1115.65 +0.07 488 2 SCHMIDT 65 HBC
1115.44 *0.12 BHOWMIK 63 RVUE

We assume CPT invariance: this is the A mass as measured by HARTOUNI 94. See
below for the fractional mass difference, testing CPT.
The SCHMIDT 65 masses have been reevaluated using our April 1973 proton and K+
and ~ masses. P. Schmidt, private communication {1974).
The mass has been raised 35 keV to take into account a 46 keV increase in the proton
mass and an 11 keV decrease in the 7r+ mass (note added Reviews of Modern Physics
39 1 {1967)).

(my —mz} mq

2.55 2.6 2.65

tl mean life (10 s)

2.7

ZECH
CLAYTON
POULARD

77 SPEC
75 HBC
73 HBC

2.75 2.8

(Confidence Level
I

2.85

x'
3.8
1.0
0.1

4.9
= 0.085)

(&A +g} l &average

A test of CPT invariance.

VAL UE

0.044+0.085
DOCUMENT /D

BAD IER

TECN COMM EN T

67 HBC 2.4 GeV/c pp

BARYON MAGNETIC MOMENTS

The figure shows the measured magnetic moments of the
stable baryons. It also shows the predictions of the simplest

quark model, using the measured p, n, and A moments as

input. In this model, the moments are [I]
A test of CP T inva ria nce.

VALUE (units 10 )
—1.0 + 0.9 OUR AVERAGE

1.08 + 0.90
—26 +13

4.5 4 5.4

DOCUMENT ID TECN COMMEN T

HARTOUNI 94 SPEC p p 27.5 GeV/c
BADIER 67 HBC 2.4 GeV/c p p
C H IEN 66 HBC 6.9 GeV/c pp

A MEAN LIFE

Measurements with an error ) 0.1 x 10 s have been omitted alto-
gether, and only the latest high-statistics measurements are used for the
average.

Pp = (4Pv Pd)/3
pZ+ = (4pu ps)/3
p=o =(4p. —p )/3
p~= p.

pg- = 3ps

and the Z" —+ A transition moment is

Pzo~ = (Pd —P.)/v3

(4Pd Pu) /3
(4Pd Ps)/3
(4Ps Pd)/3
(2P, + 2P,d

—P,,)/3

VAL UE (10 10 s) EVTS DOCUMENT ID TECN COMMENT

2.632+0.020 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.

2.69 + 0.03 53k ZECH 77 SPEC Neutral hyperon beam
2.611+0.020 34k CLAYTON 75 HBC 0.96—1.4 GeV/c K p
2.626 +0.020 36k POULARD 73 HBC 0.4—2.3 GeV/c K p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

2.69 +0.05 6582 ALTHOFF 73B OSPK sr+ n ~ A K+
2.54 + 0.04 4572 BALTAY 7le HBC K p at rest
2.535 +0.035 8342 GRIMM 68 HBC
2.47 +0.08 2600 HEPP 68 HBC
2.35 +0,09 916 BURAN 66 HLBC

452 +0.056—0,054 2213 ENGELMANN 66 HBC

2.59 +0.09 794 HUBBARD 64 HBC
2.59 +0.07 1378 SC HWA RTZ 64 H BC
2.36 + 0,06 2239 BLOCK 63 HEBC 1—

6
E
V

~ ~ 0

Experi-
ment

Simple
model

input p/+

input

2;

T —&A
X2

input



Baryon Particle Listings

The quark moments that result from this model are

ILI,„=+1.852 p~, pd ———0,972 p~, and p, = —0.613@~.The

corresponding effective quark masses, taking the quarks to be

Dirac point particles, where p = qh/2m, are 338, 322, and 510
MeV. As the figure shows, the model gives a good first approx-

imation to the experimental moments. For efforts to make a
better model, we refer to the literature [2].

References

1. See, for example, D.H. Perkins, Introduction to High Energy
Physics (Addison-Wesley, Reading, MA, 1987), or D. Grif-
fiths, Introduction to Elementary Particles (Harper 8z Row,
New York, 1987).

2. See, for example, J. Franklin, Phys. Rev. D29, 2648 (1984);
H. J. Lipkin, Nucl. Phys. B241, 477 (1984);
K. Suzuki, H. Kumagai, and Y. Tanaka, Europhys. Lett. 2,
109 (1986);
S.K. Gupta and S.B. Khadkikar, Phys. Rev. 036, 307
(1987);
M.I. Krivoruchenko, Sov. J. Nucl. Phys. 45, 109 (1987);
L. Brekke and 3.L. Rosner, Comm. Nucl. Part. Phys. 18,
83 (1988);
K.-T. Chao, Phys. Rev. D41, 920 (1990) and references
cited therein Also, see references cited in discussions of
results in the experimental papers. .

CONSTRAINED FIT INFORMATION

An overall fit to 5 branching ratios uses 20 measurements and one
constraint to determine 5 parameters. The overall fit has a X2=
10.5 for 16 degrees of freedom.

x2 —100

X3 —2 —1

X5 46 —46 —1

X6 0 0 0 0

X1 X2 X3 X5

r(p~-)/r(N~)

A BRANCHING RATIOS

rr/(rt+r2)
VALUE

0.641+0.005 OUR FIT
0.640 +0.005 OUR AVERAGE

0.646 +0.008 4572
0.635+0.007 6736
0.643 +0.016 903
0.624+ 0.030

r(n~')/r(N~)

DOCUMENT ID

BA LTAY

DOYLE
HUMPHREY
CRAWFORD

TECN COMMEN T

718 HBC
69 HBC
62 HBC
598 HBC

K p at rest
~

—p- nK0

p~ nK

I g/(I t~r2)
EVTSVAL UE

0.359+0.005 OUR FIT
0.310+0.028 OUR AVERAGE
0.35 +0.05
0.29160.034

DOCUMENT ID TECN

BROWN 63 HLBC
CHRETIEN 63 HLBC

The following off-diagonal array elements are the correlation coefficients

(bx, bx&)/(bx, "bx ), in percent, from the fit to the branching fractions, x;
f, /I «tal. The fit constrains the x, whose labels appear in this array to sum to

one.

A MAGNETIC MOMENT

See the "Note on Baryon Magnetic Moments" above. Measurements with
an error ) 0.15 p, g have been omitted.

I (n7) /I totai
DOCUMENT IDVALUE (units 10 ) EVTS TECN COMM EN T

1.75+0.15 OUR FIT
1.75+0.15 1816 LARSON 93 SPEC K p at rest
e ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I s/I

VALUE (PN) EVTS
—0.613 +0.004 OUR AVERAGE
—0.606 +0.015 200k
—0,6138+0.0047 3M
—0.59 +0.07 350k
—0.57 +0.05 1.2 M
—0.66 +0.07 1300

DOCUMENT ID TECN COMM EN T

COX 81 SPEC
SCHACHIN. .. 78 SPEC
HELLER 77 SPEC
BUNCE 76 SPEC
DAHL-JENSEN 71 EMUL 200 kG field

1.78 +0.24+—0.16

r(n7)/r(n~')

287 NOBLE 92 SPEC See LARSON 93

VALUE (units 10 ) EVTS DOCUMENT ID TECN COM MEN T

e e e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.86+ 0.74 +0.57 24 8IAGI 86 SPEC SPS hyperon beam

A ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance.

A DECAY MODES

f1
l2
I3
I4
r5
l6

Mode

p7r
n~0
np
p7r

Pe Ve

pp, v~

Fraction (I I/I )

(63,9 +0.5 ) %
(35.8 +0.5 )%
( 1.75+0.15) x 10

[a] ( 8.4 +1.4 ) x 10

( 8,32+0.14) x 10 4

( 1.57+ 0.35) x 10

VALUE (10 16 ecm) CLo DOCUMENT ID TECN

1.5 95 4 PONDROM 81 SPEC
~ e ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

&100 95 5 BARONI 71 EMUL
(500 95 Gl BSON 66 EMUL

"PONDROM 81 measures (—3.0 + 7.4) x 10 1 e-cm.
BARONI 71 measures (—5.9 + 2.9) x 10 e-crn.

r(p~-7)/r(p~-)
VALUE (units 10 )

1.32+0.22

r(pe p,)/r(p )

EVTS DOCUMENT ID TECN COMMENT

I 4/I t

BAGGETT 72c HBC 7r & 95 MeV/c

DOCUMENT IDVALUE (units 10 ) EVTS TECN COM MEN T

1.301+0.019 OUR FIT
1.301+0.019 OUR AVERAGE
1.335+0.056 7111 BOURQUIN 83 SPEC SPS hyperon beam
1,313+0.024 10k WISE 80 SPEC
1,23 4 0.11 544 LINDQUIST 77 SPEC 7r p ~ K n
1.27 +0.07 1089 KATZ 73 HBC
1.31 +0.06 1078 ALTHOFF 71 OSPK
1.17 +0.13 86 CANTER 71 HBC K p at rest
1.20 + 0.12 143 "MALONEY 69 HBC
1.17 +0.18 120 BAGLIN 64 FBC K freon 1.45 GeV/c
1.23 +0.20 150 7 ELY 63 FBC
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.32 60.15 218 LINDQUIST 71 OSPK See LINDQUIST 77

Changed by us from I (pe ve)/I (N7r) assuming the authors used I (p7r )/l total =
2/3.
Changed by us from I (pe ve)/I (N7r) because I (pe v}/I (p7r ) is the directly mea-
sured quantity.

[aj See the Particle Listings below for the pion momentum range used in this
measurement. r(p pu„) f/(Nsr)

EVTSVALUE (units 10 )
1.57+0.35 OUR FIT
1.57+0.35 OUR AVFRAGE

1.4 4 0.5 14
2.4 4 0.8 9
1.3 + 0.7 3
1.5 + 1,2 2

DOCUMENT ID

BAGGETT
CANTER
LIND

RONNE

TECN COM MEN T

I 4/(I t+I 2)

728 HBC K p at rest
718 HBC K p at rest
64 RVUE
64 FBC
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A DECAY PARAMETERS

See the "Note on Baryon Decay Parameters" in the neutron Listings. Some
early results have been omitted.

A REFERENCES

We have omitted some papers that have been superseded by later experi-
ments. See our earlier editions.

a FOR A-+ p~
VAL UE EVTS

0.642+0.013 OUR AVERAGE
0.584+ 0.046 8500
0.649+ 0.023 10325
0.67 +0,06 3520
0.645 10.01? 10130
0.62 k 0.07 . 1156

DOCUMENT ID

ASTBURY
CLELAND
DAUBER
OVERSETH
CRONIN

TECN COMM EN T

75 SPEC
72 OSPK
69 HBC From = decay
67 OSPK A from ~ p
63 CNTR A from n p

P ANGLE FOR A ~ pm
VALUE( ) EVTS
—6.5+ 3.5 OUR AVERAGE

7.0+ 4.5 10325
8.0 + 6.0 10130

13.0+ 17.0 1156

DOCUMENT ID

(»&=&/~)
TECN COMMEN T

CLELAND 72 OSPK A from z p
OVERSETH 67 OSPK A from x p
CRONIN 63 OSPK A from n. p

ae/a =a{A~ nxe)/a{A~ px )
VAL UE EVTS DOCUMENT ID TECN COMMENT

1.01 +0.07 OUR AVERAGE
1.000+0.068 4760 OLSEN 70 OSPK sr+ n ~ AK+
1.10 4 0.27 CORK 60 CNTR

8OLSEN 70 compares proton and neutron distributions from A decay.

[n (A) + a+(Z)] / [a (A) —n+(Z)]
Zero if CP is conserved.

VALUE EVTS DOCLIMENT ID

-0.03+0.06 OUR AVERAGE

+0.01+0.10 770 T I X I ER 88 D M2 I/Q A /I

—0.07+0.09 4063 BARNES 87 CNTR pp AA LEAR
—0.02 +0.14 10k CHAUVAT 85 CNTR pp, pp ISR

9CHAUVAT 85 actually gives a+(A)/n (A) = —1.04 + 0.29. Assumes polarization is

same in pp ~ AX and pp ~ AX. Tests of this assumption, based on C-invariance and
fragmentation, are satisfied by the data.

TECN COMMEN T

—0.63 +0.06 817 ALTHOFF 73 OSPK Polarized A

The tabulated result assumes the weak-magnetism coupling w = gw(0)/g„(0) to be
0.97, as given by the CVC hypothesis and as assumed by the other listed measurements.
However, DWORKIN 90 measures w to be 0.15 + 0.30, and then gA/glV

——0.731 +
0.016.
This experiment measures only the absolute value of g~/gV.

g~ /gv FOR A ~ pe ve
Measurements with fewer than 500 events have been omitted. Where necessary, signs
have been changed to agree with our conventions, which are given in the "Note on
Baryon Decay Parameters" in the neutron Listings. The measurements all assume that
the form factor g2

—0. See also the footnote on DWORKIN 90.
VALUE EVTS DOCUMENT ID TECN COMMENT
—0.718+0.015 OUR AVERAGE
—0.719+0.016+0.012 37k DWOR KIN 90 SPEC e v angular corr.
—0.70 + 0.03 7111 BOURQUIN 83 SPEC = ~ Ax
—0.734 +0.031 10k WISE 81 SPEC e v angular correl.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

HARTOUNI
Also

LARSON
NOBLE
DWORKIN
TIX IE R
BARNES
BIAGI
C HAU VAT
BOURQUIN
COX
PONDROM
WISE
WISE
SCHACHIN. ..
HELLER
LINDQUIST

Also
ZECH
BUNCE
ASTBURY
CLAYTON
A LTHOFF
ALTHOFF
KATZ
POULARD
BAGGETT
BAGGETT
CLELAND
HYMAN
ALTHOFF
BALTAY
BARONI
CANTER
CANTER
DAHL-JENSEN
LINDQU 1ST
OLSEN
DAUBER
DOYLE
MALONEY
GRIMM
HEPP
BADIER
MAYEUR
OVERSETH
PDG
BURAN
CHIEN
ENGELMANN
GIBSON
LONDON
SCHMIDT
BAGLIN
HUBBARD
L IN D

RONNE
SC HWA RTZ
BHOWMIK
BLOCK
BROWN
CHRETIEN
CRONIN
ELY
HUMPHREY
CORK
CRAWFORD

94
948
93
92
90
88
87
86
85
83
81
81
81
80
78
77
77
76
?7
76
75
75
73
738
73
73
728
72C
72
72
71
718
71
71
718
71
71
70
69
69
69
68
68
67
67
67
67
66
66
66
66
66
65
64
64
64
64
64
63
63
63
63
63
63
62
60
598

PRL 72 1322
PRL 72 2821 (e
PR D47 799
PRL 69 414
PR D41 780
PL 8212 523
PL 8199 147
ZPHY C30 201
PL 1638 2?3
ZPHY C21 1
PRL 46 877
PR D23 814
PL 988 123
PL 918 165
PRL 41 1348
PL 688 480
PR D16 2104
JPG 2 L211
NP 8124 413
PRL 36 1113
NP 899 30
NP 895 130
PL 438 237
NP 866 29
Thesis MDDP- T
PL 468 135
ZPHY 252 362
PL 428 379
NP 840 221
PR D5 1063
PL 378 531
PR D4 670
LNC 2 1256
PRL 26 868
PRL 27 59
NC3A1
PRL 27 612
PRL 24 843
PR 179 1262
Thesis UCRL 18
PRL 23 425
NC 54A 187
ZPHY 214 71
PL 258 152
U. Libr. Brux. Bul.
PRL 19 391
RMP 39 1
PL 20 318
PR 152 1171
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NC 35 977
PR 1358 183
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PR 120 1000
PRL 2 266
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+Filthuth, Alexander+ (HEID, REHO)
+Green (BRIS)
+Rau, Goldberg, Lichtman+ (BNL, SYRA)
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A AND X RESONANCES

Introduction: There are no new results at all on A and

Z resonances. The field remains at a standstill and will only be

revived if a kaon factory is built. What follows is a much abbre-

viated version of the note on A and Z Resonances from our 1990
edition. In particular, see that edition for some representative

Argand plots from partial-wave analyses.

Table 1 is an attempt to evaluate the status, both overall

and channel by channel, of each A and Z resonance in the

Particle Listings. The evaluations are of course partly subjec-

tive. A blank indicates there is no evidence at all: either the

relevant couplings are small or the resonance does not really

exist. The main Baryon Summary Table includes only the es-

tablished resonances (overall status 3 or 4 stars). A number of

the 1- and 2-star entries may eventually disappear, but there

are certainly many resonances yet to be discovered underlying

the established ones.

Sign conventions for resonance couplings: In terms of

the isospin-0 and -1 elastic scattering amplitudes Ap and A1, the—0
amplitude for K p ~ K n scattering is +(At —A0)/2, where

the sign depends on conventions used in conjunction with the
Clebsch-Gordan coefficients (such as, is the baryon or the meson

the "first, " particle). If this reaction is partial-wave analyzed

and if the overall phase is chosen so that, say, the Z(1775)D15
amplitude at resonance points along the positive imaginary axis

(points "up"), then any X' at resonance will point "up" and any

A at resonance will point "down" (along the negative imaginary

axis). Thus the phase at resonance determines the isospin. The
above ignores background amplitudes in the resonating partial

waves.

That is the basic idea. In a similar but somewhat more

complicated way, the phases of the KN —+ Avr and KN ~ Z7r

amplitudes for a resonating wave help determine the SU(3)
multiplet to which the resonance belongs. Again, a convention

has to be adopted for some overall arbitrary phases: which

way is "up"? Our convention is that of Levi-Setti [1] and is

shown in Fig. 1, which also compares experimental results with

theoretical predictions for the signs of several resonances. In the

Listings, a + or —sign in front of a measurement of an inelastic

resonance coupling indicates the sign (the absence of a sign

means that the sign is not determined, not that it is positive).
For more details, see Appendix II of our 1982 edition [2].

Er d'or s on m, asses and mi dths: The errors quoted on

resonance parameters from partial-wave analyses are often only

statistical, and the parameters can change by more than these

errors when a different parametrization of the waves is used.

Status as seen in

Particle

A(1116)
A(1405)
A(1520)
A(1600)
A(1670)
A(1690)
a(1800)
a(1810)
A(1820)
a(1830)
A(1890)
A(2000)
A(2020)
A(2100)
A(2110)
A(2325)
A(2350)
A(2585)

Z(1193)
Z(1385)
Z(1480)
Z(1560)
z(15so)
z(162o)
z(166o)
Z(1670)
Z(1690)
z(175o)
Z(1770)
Z(1775)
z(1s4o)
z(1sso)
Z(1915)
Z(1940)
Z(2000)
Z(2030)
Z(2070)
Z(2080)
Z(2100)
z(225o)
Z(2455)
Z(2620)
z(oooo)
z(317o)

Overall
L1.2J status NK

Pol
SOl

D03
Pol
~O1

Dos
S01

Pol
Foe
Do5

Po3

Fo7

Go7

Foe
Dos

P13

D13
Sl 1

Pl 1

S11
Pl 1

D15

Flq
Dlg

F17

G17

d
d
e

Other channels

¹r (weakly)

Avr~, AP

Ag
A~sr, Zero

NK, Z(1385)x
NK
Z(1385)7r

z(13s5)~
NK, Z(1385)7r
A~, NK

A~, NK
Aw, NK

Nor(weakly)

several others
A~sr

zg

several others

NK
z(13s5)~
quasi-2-body
NK . A(1520)ir
several others

multi-bod. y

Existence is certain, and properties are at least
Existence ranges from very likely to certain,
mation is desirable and/or quantum numbers,
etc. are not well determined. .
Evidence of existence is only fair.
Evidence of existence is poor.

fairly well explored.
but further confir-

branching fractions,

Table 1. The status of the A and Z resonances. Only those with an
overall status of +++ or ****are included in the main Baryon Summary
Table.



See key on page 199
623

Baryon Particle Listings
A, /I's and Z's, A(1405)

Furthermore, the different analyses use more or less the same

data, so it is not really appropriate to treat the difFerent

determinations of the resonance parameters as independent or

to average them together. In any case, the spread of the masses,

widths, and branching fractions from the different analyses is

certainly a better indication of the uncertainties than are the

quoted errors. In the Baryon Summary Table, we usually give a

range reflecting the spread of the values rather than a particular

value with error.
For three states, the A(1520), the A(1820), and the Z(1775),

there is enough information to make an overall fit to the various

branching fractions. It is then necessary to use the quoted

errors, but the errors obtained from the fit should not be taken

seriously.

Production ezperiment8: Partial-wave analyses of

course separate partial waves, whereas a peak in a cross section

or an invariant mass distribution usually cannot be disentangled

from background and analyzed for its quantum numbers; and

more than one resonance may be contributing to the peak.

Results from partial-wave analyses and from production ex-

periments are generally kept separate in the Listings, and in

the Baryon Summary Table results from production experi-

ments are used only for the low-mass states. The Z(1385) and

A(1405) of course lie below the KN threshold and nearly every-

thing about them is learned from production experiments; and

production and formation experiments agree quite well in the

case of A(1520) and results have been combined. There is some

disagreement between production and formation experiments in

the 1600—1700 MeV region: see the note on the Z(1670).

References

1. R. Levi-Setti, in Proceedings of the Lund International
Conference on Elementary Particles (Lund, 1969), p. 339.

2. Particle Data Group, Phys. Lett. 111B(1982).

n(1405) S„ /(gp) = O(p~ ) 5tatus:

THE A(1405)

(by R.H. Dalitz, Oxford University)

It is generally accepted that the A(1405) is a well-established
JP = 1/2 resonance. It is assigned to the lowest L = 1

supermultiplet of the 3-quark system and paired with the
J = 3/2 A(1520). Lying about 30 MeV below the NK
threshold, the A(1405) can be observed directly only as a
resonance bump in the (Z/r) subsystem in final states of

production experiments. It was first reported by ALSTON 61B
in the reaction K p —+ Z7r/r/r at 1.15 GeV/c and has since been

seen in at least eight other experiments. However, only two of
them had enough events for a detailed analysis: THOMAS 73,
with about 400 Z+vr+ events from /r p ~ Ko(Z/r)o at 1.69

GeV/c; and HEMINGWAY 85, with 766 Z+/r and 1106
Z /r+ events from K p —+ (Z/r/r)+/r at 4.2 GeV/c, after

the selections 1600 & M(Z/rsr)+ & 1720 MeV and momentum

transfer & 1.0 (GeV/c) to purify the A(1405) ~ (Zsr)" sample.

These experiments agree on a mass of about 1395—1400 MeV

and a width of about 60 MeV. (Hemingway's mass of 1391 + 1

MeV is from his best, but unacceptably poor, Breit-Wigner fit. )
The Byers-Fenster tests on these data allow any spin and

either parity: neither J nor P has yet been determined directly.

The early indications for JP = 1/2 came from finding Re A/

to be large and negative in a constant-scattering-length analysis

of low-energy NK reaction data (see KIM 65, SAKITT 65, and

earlier references cited therein). The first multichannel energy-

dependent K-matrix analysis (KIM 67) strengthened the case

for a resonance around 1400—1420 MeV strongly coupled to the

I = 0 S-wave NK system.
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Z (1385)

P13 ~ X X

(s) (s)
A(1670) A(1690)

Sol D03
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+05 Do5
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(8) (/l)

(s) (s)
Z(1750) Z(1775)
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Figure 1. The signs of the imaginary parts of resonating amplitudes in the KN —+ An and Z/r channels. The signs of the Z(1385)
and A(1405), marked with a ~, are set by convention, and then the others are determined relative to them. The signs required by the
SU(3) assignments of the resonances are shown with an arrow, and the experimentally determined signs are shown with an x.
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THOMAS 73 and HEMINGWAY 85 both found the A(1405)
bump to be asymmetric and not well fitted by a Breit-Wigner

resonance function with constant parameters. The asymmetry

involves a rapid fall in intensity as the NK threshold energy is

approached from below. This is readily understood as due to
a strong coupling of the A(1405) to the S-wave XK channel

(see DALITZ 81). This striking S-shaped cusp behavior at a

new threshold is characteristic of S-wave coupling; the other

below-threshold hyperon, the Z(1385), has no such threshold

distortion because its NK coupling is P wave -For th. e A(1405),
this asymmetry is the sole direct evidence that JP = 1/2

Following the early work cited above, a considerable litera-

ture has developed on proper procedures for phenomenological

extrapolation below the N K threshold, partly in order to
strengthen the evidence for the spin-parity of the A(1405), and

partly to provide an estimate for the amplitude f(iVK) in

the unphysical domain below the NK threshold; the latter is

needed for the evaluation of the dispersion relation for NK
and NK forward scattering amplitudes. For recent reviews,

see MILLER 84 and BARRETT 89. In most recent work, the

(Zvr)" production spectrum is included in the data fitted (see,
e.q. , CHAO 73, MARTIN 81).

It is now accepted that the data can be fitted only with an

S-wave pole in the reaction amplitudes below NK threshold

(see, however, FINK 90), but there is still controversy about

the physical origin of this pole (for a review, see DALITZ 81

and DALITZ 82). Two extreme possibilities are: (a) an I = 1

SU(3)-singlet uds state couplerl with the S-wave meson-baryon

systems; or (b) an unstable iVK bound state, analogous to

the (stable) deuteron in the %IV system. The problem with

(a) is that the A(1405) mass is so much lower than that of its

partner, the A(1520). This requires, in the QCD-inspired quark

model, rather large spin-orbit couplings, whether or not one

uses relativistic kinetic energies. ISGUR 80, CAPSTICK 86,
and CAPSTICK 89 conclude that a proper QCD calculation

leads only to small energy splittings, whereas LEINWEBER 90,
using QCD sum rules, obtains a good fit to this splitting.

On the other hand, the problem with (b) is that, then

another J = 1/2 A is needed to replace the A(1405) in the I =
1 supermultiplet, and it would have to lie close to the A(1520),
a region already well explored by NK experiment, s without

result. Intermediate structures are possible; for example, the

cloudy bag model allows the configurations (a) and (b) to mix

and finds the intensity of (a) in the A(1405) to be only 14%%uo

(VEIT 84, VEIT 85, JENNINGS 86). Such models naturally

predict, a second 1/2 A close to the A(1520).
The determination of the mass and width of the resonance

from (Zv)" data is usually based on the "Watson approxima-

tion, " which states that the production rate R(Z7r) of the (Zn)"
state has a mass dependence proportional to (sin b~~)/q, q be-

ing the Z7r c.m. momentum, in a Z7r mass range where hz~ is

not far from n/2 and only the Zx channel is open, i e. , between.
the Zv and the iVK thresholds. Then q R(Za) is proportional

to sin bz~, and the mass M may be defined as the energy at,

which sin bz~ ——1. The width I' may be determined from the
rate at which 6~~ goes through 7r/2, or from the FWHM; this

is a matter of convention.

This determination of M and I from the data sufI'ers from

the following defects:

(i) The determination of sin26~~ requires that R(Zvr) be

scaled to give sin b~~ = 1 at the peak for the best fit to the

data; i.e. , the bump must be assumed to arise from a resonance.

However, this assumption is supported by the analysis of t, he

low-energy NK data and its extrapolation below threshold.

(ii) Owing to the nearby XK threshold, the shape of the

best fit to the M(Zx) bump is uncertain. For energies below

this threshold at, F&&, the general form for bz is

Here o., P, and p are the (generally energy-dependent) XiV,

NZ, and ZZ elements of the I = 0 S-wave K-matrix for the

(Z7r, XK) system, and r is the magnitude of the (imaginary)

c.m. momentum k~ for the NK system below threshold. The

elements n, P, p are real functions of R; they have no branch

cuts at the Zx and NK thresholds, but they are permitted

to have poles in E along the real E axis. The resonance

asymmetry arises from the effect of v. on b~~. We note that

6~ = v. /2 when r = —I/o. .

Accepting this close connection of b~„with the low-energy

NK data, it is natural to analyze the two sets of data together

(e.q. , MARTIN 81), and there is now a large body of accurate

XK data for laboratory momenta between 100 and 300 MeV/c

(see MILLER 84). The two sets of data span c.m. energies

from 1370 Mev to 1490 MeV, and the K-matrix elements will

not be energy independent over such a broad range. For the

I = 0 channels, a linear energy dependence for K has been

adopted routinely ever since the work of KIM 67, and it is

essential when fitting the q R(Zvr) and NK data together.

However, q R(Zn) is not always well fitted in this procedure;

the value obtained for the A(1405) mass M varies a good

deal with the type of fit, not a surprising result when the Zvr

mass spectrum contributes only nine data points in a total
of about 200. The value of M obtained from an overall fit

is not necessarily much better than from one using only the

q R(Zvr) data; and M may be a function of the representation

K-matrix, K -matrix, relativistic-separable or nonseparable

potentials, etc.—used in fitting over the full energy range.

DALITZ 90 fitted the qR(Z+x ) Hemingway data with each

of. the first three representations just mentioned, constrained

to the I = 0 NK threshold scatt, ering lengt, h from low-energy

XK data. The (nonseparable) meson-exchange potentials of

MLTLLER-GROELING 90, fitted to the low-energy NK (and

WK) data, predicted an unstable KK bound state with mass

and width compatible with the A(1405).
The present status of the A(1405) thus depends heavily

on theoretical arguments, a somewhat unsatisfactory basis for

a four-star rating. Nevertheless, there is no known reason to
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n(&4OS)

A(1405) MASS

PRODUCTION EXPERIMENTS
VA L UE (Me V) EVTS DOCUMENT ID TECN

1406.5+ 4.0 1 DALITZ 91
~ e ~ We do not use the following data for averages, fits, limits,

1391 + 1 700 1 HEMINGWAY 85 HBC
1405 400 2 THOMAS 73 HBC
1405 120 BARBARO-. .. 688 DBC
1400 + 5 67 BIRMINGHAM 66 HBC
1382 + 8 ENGLER 65 HDBC
1400 + 24 MUSG RAVE 65 H BC
1410 ALEXANDER 62 HBC
1405 A LSTON 62 H BC
1405 ALSTON 618 HBC

COMMEN T

M-matrix fit
etc. ~ ~ ~

K p 4.2 GeV/c

p 1.69 GeV/c
K d 2.1—2.7 GeV/c
K p 3.5 GeV/c

p, n+ d 1.68 GeV/c
pp 3—4 GeV/c

p 2.1 GeV/c
K p 1.2—0.5 GeV/c
K p 1.15 GeV/c

EXTRAPOLATIONS BELOW
VAL UE (MeV)

~ ~ o We do not use the following

1411
1406
1421
1416 +4
1403 4 3
1407.5 4 1,2
1410.7 + 1.0
1409.6+ 1.7

N K THRESHOLD
DOCUMEN T ID TECN

data for averages, fits, limits,
3 MARTIN 81
4 CHAO 73 D PWA

MARTIN 70 RVUE
MARTIN 69 H BC
KIM 67 HBC

5 KITTEL 66 HBC
K IM 65 HBC

5 SAKITT 65 HBC

COMMENT

etc. ~ ~ ~

K-matrix fit
0—range fit (sol. B)
Constant K-matrix
Constant K-matrix
K-matrix fit
0—efFective-range fit
0—effective- ra nge fit
0—effective-range fit

A{1405}WIDTH

PRODUCTION EXPERIMENTS
VAL UE (MeV) EVTS DOC UMEN T ID TECN

50 +2 1 DALITZ 91
o o ~ We do not use the following data for averages, fits, limits,

32 k 1 700 1 HEMINGWAY 85 HBC
45 to 55 400 2 THOMAS 73 HBC
35 120 BARBARO-. .. 688 DBC
50 +10 67 BIRMINGHAM 66 HBC
89 +20 ENGLER 65 HDBC
60 +20 MUSGRAVE 65 HBC
35 6 5 ALEXANDER 62 HBC
50 A LSTON 62 H BC
20 ALSTON 618 HBC

COMMENT

M-matrix fit
etc. ~ ~ ~

K p 4.2 GeV/c
7r p 1.69 GeV/c
K d 2.1—2.7 GeV/c
K p 3.5 GeV/c

EXTRAPOLATIONS BELOW NK THRESHOLD
VALUE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

30 3 MARTIN 81
55 4~6 CHAO 73 DPWA
20 MA RTIN 70 RVUE
29 +6 MARTIN 69 HBC
50 k5 K IM 67 HBC
34.1 +4.1 5 KITTEL 66 HBC
37.0+ 3,2 K IM 65 HBC
28.2 4 4.1 5 SAKITT 65 HBC

COMMEN T

etc. ~ ~ ~

K-matrix fit
0—range fit (sol. B)
Constant K-matrix
Constant K-matrix
K-matrix fit

doubt its existence or quantum numbers. A measurement of
the energy-level shifts and widths for the atomic levels of kaonic

hydrogen (and deuterium) would give a valuable check on

analyses of the (Zx, NK) amplitudes, since the energy of the

K p atom lies roughly midway between those for the two sets

of data. The three measurements of (AE —il'/2) for kaonic

hydrogen are inconsistent with one another and require that
the sign of Re(Ay —e + Ai —t) be opposite that deduced from

NK reaction data (see BATTY 89). Accurate measurements

of (AE —if'/2) values for kaonic hydrogen are badly needed,

but may not be possible until the KAON factory becomes

operational.
To definitively settle the nature of the A(1405) will require

much further work, both experimental and theoretical. Higher-

statistics experiments on the production and decay of the

A(1405) are needed, but suitable K beams will not be available

until KAON. The low-energy reaction cross sections, especially

for the K p interactions, last studied 25 years ago, need to be

better determined.

A(1405) DECAY MODES

Mode

l1 X7r
f2 AP
I-, Fop
l4 NK

Fraction (I I/I )

100 %

A(1405) PARTIAL WIDTHS

VAL UE (keV)

~ ~ e We do not

27+8

DOCUMENT ID COMMENT

use the following data for averages, fits, limits, etc. ~ ~ e

BURKHARDT 91 Isobar model fit

VAL UE (keV)

~ ~ ~ We do not

10+4or23+7

DOCUMENT ID COMMENT

use the following data for averages, fits, limits, etc. ~ ~ ~

BURKHARDT 91 Isobar model fit

I (NQK/I (Es)
A(1405} BRANCHING RATIOS

VAL UE CL% DOCUMEN T ID TECN COMMENT

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(3 95 HEMINGWAY 85 HBC K p 4.2 GeV/c

A(1405) REFERENCES

BURKHARDT 91
DALITZ 91
HEMINGWAY 85
MARTIN 81
CHAD 73
THOMAS 73
MARTIN 70
MARTIN 69

Also 698
BARBARO-„. 688
KIM 67
BIRMINGHAM 66
K ITTEL 66
ENGLER 65
KIM 65
MUSGRAVE 65
SAKITT 65
ALEXANDER. 62
ALSTON 62
ALSTON 618

PR C44 607
JPG 17 289
NP 8253 742
NP 8179 33
NP 856 46
NP 856 15
NP 816 479
PR 183 1352
PR 183 1345
PRL 21 573
PRL 19 1074
PR 152 1148
PL 21 349
PRL 15 224
PRL 14 29
NC 35 735
PR 1398 719
PRL 8 447
CERN Conf. 311
PRL 6 698

+Lowe (NOTT, UNM, BIRM)
+Deloff (OXFTP, WINR)

(CERN) J
(DURH)

(RHEL, CMU, LOUC)
(CMU) J

(DURH)
(LOU C, BNL)
(LOUC, BNL)
(LRL, SLAC)

(YALE)
(BIRM, GLAS, LOIC, OXF, RHEL)

+Otter, Wacek (VIEN)
+Fisk, Kraemer, Meltzer, Westgard+ (CMU, BNL) IJ

(COL U)
+Petmezas+ (BIRM, CERN, EPOL, LOIC, SACL)
+Day, Glasser, Seeman, Friedman+ (UMD, LRL)
+Kalbfleisch, Miller, Smith (LRL) I

+Alvarez, Ferro-Luzzi+ (LRL) I

yAlvarez, Eberhard, Good+ (LRL) I

+Kraemer, Thomas, Martin
+Engler, Fisk, Kraemer
+Ross
+Sakitt

Martin, Sakitt
Barbaro-Galtieri, Chadwick+

OTHER RELATED PAPERS

PR C41 2720
ANP 198 203
NP A513 557
NC 102A 179
NC 102A 255
Excited Baryons '88, p
NC 102A 167
PRL 63 1352
PR C38 2221
PR D37 3117
PRL 58 1719
PR D34 2809
PL 8176 229
PR D34 1372
PL 8171 471
NP A440 653
PR D32 1765
PR D31 1033
PR C30 1638

(IBMY, ORST, ANSM)
(MCMS)

th ( JUL I)
(SURR)

(RAL, HEBR)
(GUEL)
( 8 IR M)

, BNL, CASE, BUDA, TRIU)
(REGE)
(TRIU)

(OR ST)
(TNTO)

(TRIU)
(LANI, TNTO)

(ADLD, TRIU, SURR)
(NOTT, BIRM, WMIU)

(YORKC, TNTO)
(TRIU, ADLD, SURR)

(DALH, MCMS)
(LOU C)

FINK 90
LEINWEBER 90
MUELLER-GR. .. 90 Mueller-Groeling, Holinde, Spe
BARRETT 89
BATTY 89 +Gal
CA P ST I C K 89 32
LOWE 89
WHITEHOUSE 89 + (BIRM, BOST, BRCO
SIEGEL 88 +Weise
WORKMAN 88 +Fearing
SCHNICK 87 +Landau
CA PS TICK 86 +Isgur
JENNINGS 86
MALT MAN 86 + Isgur
ZHONG 86 +Thomas, Jennings, Barrett
BURKHARDT 85 +Lowe, Rosenthal
DAREWYCH 85 +Koniuk, Isgur
VEIT 85 +Jennings, Thomas; Barrett
K IANG 84 +Kumar, Nogami, VanDijk
MILLE R 84

Conf. Intersections between Particle and Nuclear Physics, p. 783
VANDIJK 84 PR D30 937
VEIT 84 PL 1378 415 +Jennings, Barrett, Thomas
DA LI TZ 82 +M cGin Icy, 8elyea, Ant ho ny

Heidelberg Conf. , p. 201
DALITZ 81 +McGin icy

Low and Intermediate Energy Kaon-Nucleon Physics, p.381
MARTIN 818 Low and Intermediate Energy Kaon-Nucleon Phys. , p. 97
OADES 77 NC 42A 462 +Rasche
SHAW 73 Purdue Conf. 417
BARBARO-. .. 72 LBL-555 Barbaro-Galtieri
DOBSON 72 PR D6 3256 +McElhaney
RAJASEKA. . . 72 PR D5 610 Rajasekaran

Earlier papers also cited in RAJASEKARAN 72,
C LINE 71 PRL 26 1194 +Laumann, Mapp
MARTIN 71 PL 358 62 +Martin, Ross
DALITZ 67 PR 153 1617 +Wong, Rajasekaran
DONALD 66 PL 22 711 +Edwards, Lys, Nisar, Moore
KADYK 66 PRL 17 599 +Oren, Goldhaber, Goldhaber, Trillin
ABRAMS 65 PR 1398 454 +Sechi-Zorn

+He, Landau, Schnick

(MCMS)
(TRIU, SURR, CERN)

(OXFTP)

(OXFTP)

(DURH)
(AARH, ZURI)

(UCI)
(LBL)

(HAWA)
(TATA)

(WI5C)
(DURH, LOUC, RHEL)

(OXFTP, BOMB)
(LIVP)

g (LRL)
(UMD)

A{1405) FOOTNOTES
DALITZ 91 fits the HEMINGWAY 85 data.
THOMAS 73 data is fit by CHAO 73 {see next section).
The MARTIN 81 fit includes the K+ p forward scattering amplitudes and the dispersion
relations they must satisify.

4See also the accompanying paper of THOMAS 73.
5 Data of SAKITT 65 are used in the fit by KITTEL 66.

An asymmetric shape, with I /2 = 41 MeV below resonance, 14 MeV above.
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A(1520)

A(1520) DP3 l(l ) = 0(& ) Status:

Discovered by FERRO-LUZZI 62; the elaboration in WATSON 63
is the classic paper on the Breit-Wigner analysis of a multichannel
reson a nce.

The measurements of the mass, width, and elasticity published be-
fore 1975 are now obsolete and have been omitted. They were last
listed in our 1982 edition Physics Letters 111B(1982).

Production and formation experiments agree quite well, so they are
listed together here.

0.47 +0.01
0.42

r(~ )/rtot i

GOPA L

MAST
77 DPWA See GOPAL 80
76 HBC K p ~ ~Kn

TECN COMMENTVAL UE DOCUMENT ID

0.42 +0.01 OUR ESTIMATE
0.421+0.007 OUR FIT Error includes scale factor of 1.2.
0.423+0.011 OUR AVERAGE

0.426+ 0.014 CORDEN 75 DBC
0.41860.017 BARBARO-. .. 69e HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

0.46 K IM 71 D PWA

K d 1.4—1.8 GeV/c
K p 0.28—0.45 GeV/c

etc. ~ ~ ~

K- m at rix a na lysis

A(1520) MASS I (Err)/f (NQK r2/rt

4k

VAL UE (MeV) EVTS
1519.5 +1.0 OUR ESTIMATE
1519.50+0.18 OUR AVERAGE

1517.3 + 1.5 300
1519 + 1

1517.8 + 1.2 5k
1520.0 +0.5
1519.7 +0.3
1519 + 1

1519,4 +0.3 2000

DOCUMENT ID

BARBER
GOPAL

BARLAG
ALSTON-. ..
CAMERON
GOPAL

CORDEN

TECN COMM EN T

80o SPEC
80 D PWA

79 HBC
78 D PWA

77 HBC
77 D PWA

75 DBC

p p ~ A(1520) K+
K/V —+ K/V

K p 4.2 GeV/c
KN~ KN
K p 0.96-1.36 GeV/c
K N multichannel

K d 1.4—1.8 GeV/c

VAL UE

0.940+0.026
0.95 +0.04
0.98 +0.03
0.82 +0.08
1.06 + 0.14
0.96 +0.20
0.73 +0.11
~ ~ e Wedo

1.06 +0.12
1.72 + 0.78

DOCUMENT ID

OUR FIT Error includes scale factor of 1.3.
OUR AVERAGE Error includes scale factor of 1.7. See the ideogram below.

GOPAL 77 DPWA KN multichannel
BURKHARDT 69 HBC K p 0.8—1.2 GeV/c
SCHEUER 68 DBC K N 3 GeV/c
DAHL 67 HBC n- p 1.6—4 GeV/c
DAUBER 67 HBC K p 2 GeV/c

not use the following data for averages, fits, limits, etc. ~ ~ ~

BERTHON 74 H BC Quasi-2-body o.

MUSGRAVE 65 HBC

2000

VAL UE (MeV) EVTS
15.6 +1.0 OUR ESTIMATE
15.59+0.2? OUR AVERAGE

16.3 6 3.3 300
16 +1
14 +3 677
15.4 +0.5
16.3 +0.5 4k
15.0 4 0.5
15.5 k 1.6

A(1520) WiDTH

DOCUMENT ID TECN COM M EN T

BARBER
GOPA L

1 BARLAG
ALSTON-. ..
CAMERON
GOPAL
CORDEN

80o SPEC
80 DPWA
79 HBC
78 DPWA

77 HBC
77 DPWA

75 DBC

p p ~ A(1520) K+
KN —+ KN
K p 4.2 GeV/c
KN~ KN
K p 0.96—1.36 GeV/c
K N multichannel

K d 1.4-1.8 GeV/c

WEIGHTED AVERAGE
0.95+0.04 (Error scaled by 1.7)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

I1
r2
l3
l4
r5
l6
I7
i8
I9

A(1520) DECAY MODES

Mode

NK
Z~
Ax~

Z(1385) rr

X'(1385)rr( ~ /ttrrr)
rt(«)s-wave

Zvr~
Ap
~0+

F ra etio n ( I;/ I )

45+ 1%
42+ 1%
10+ 1/

09+ 010/

0.8 + 0.2/0

CONSTRAINED FIT INFORMATION

An overall fit to 9 branching ratios uses 24 measurements and one

constraint to determine 6 parameters. The overall fit has a X2=
16.5 for 19 degrees of freedom.

i
I

I

I

I

0.4 0.6 0.8

i (Z rr) /I (N K)

I (Atrtr)/l totai

1.2

x'
GOPAL 77 DPWA 1.0
BURKHARDT 69 HBC 2.7
SCHEUER 68 DBC 06
DAHL 67 H BC 0.0

BER 67 HBC 4 0
8.3

(Confidence Level = 0.083)

1.4 1.6

DOCUMENT ID TECN COM MEN T

K d 1.4—1.8 GeV/c
K p ~ A~n.

VAL UE

0.10 +0.01 OUR ESTIMATE
0.095+0.005 OUR FIT Error includes scale factor of 1.2.
0.096+0.008 OUR AVERAGE Error includes scale factor of 1.6.
0.091 +0.006 CORDEN 75 DBC
0.11 +0.01 3 MAST 73e IPWA

X2

X3

X7

X8

X9

—32 —33

—8 —4 0
—24 —21 —10 —1 —2

The following off-diagonal array elements are the correlation coefficients

(bx, 6'x&)/(bx, "bx&), in percent, from the fit to the branching fractions, x,
I, /I t~t~l. The fit constrains the x, whose labels appear in this array to sum to

one.

I (Atrtr)/I (NK) ra/rt
VAL UE

0.21360.012
0.202 +0.021
0.22 +0.03
0.19 +0.04
0.17 +0 05
0.21 +0.18
e ~ ~ We do

K p 0.8—1.2 GeV/c
K IV 3 GeV/c

p 1.6—4 GeV/c
K p 2 GeV/c
etc. ~ ~ ~

BURKHARDT 69 HBC
SCHEUER 68 DBC
DAHL 67 HBC
DAUBER 67 HBC

not use the following data for averages, fits, limits,

BERTHON 74 HBC
KIM 71 D PWA

0.27 +0.13
0.2

Quasi-2-body fT

K-matrix analysis

DOCUMEN T ID TECN COMMEN T

OUR FIT Error includes scale factor of 1.2.
OUR AVERAGE

X1 X2 X3 X7 X8 r(z~)/r(n~~)

A(1520) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Reson a nces.

I (NQK /I totai

TECN COM MEN T

UHLIG 67 HBC K p 09 10 GeV/c
BIRMINGHAM 66 HBC K p 3.5 GeV/c
ARMENTEROS65C HBC

VAL UE DOCUMENT ID

442+0.25 OUR FIT Error includes scale factor of 1.2.
3.9 +0.6 OUR AVERAGE

3,9 +1,0
3.3 + 1.1
4.5 + 1.0

TECN COMM EN TVAIL UE

0.45 +0.01 OUR ESTIMATE
0.448+0.007 OUR FIT Error includes scale factor of 1.2.
0.455+0.011 OUR AVERAGE
0.47 +0.02 GOPAL 80 DPWA
0,45 +0.03 ALSTON-. .. 78 DPWA
0.448 +0.014 COR DEN 75 DBC
~ o ~ We do not use the following data for averages, fits, limits,

KN~ KM
KN~ KM
K d 1.4—1.8 GeV/c

etc. ~ ~ ~

r (Z (1385)tr) / i total
VAL UE

0.041+0.005
DOCUMENT ID

CHAN

TECN COMMENT

72 HBC K p ~ Ann.
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A(1520), A(1600)

VAL UE

0.20+0.08
DOCUMENT /D

CORDEN

TECN COMM EN T

75 DBC K d 1.4—1.8 GeV/c

r(Ztr n )/rtotg
VAL UE

0.009 +0.001 OUR
0.008660.0005 OUR
0.0086+0.0005 OUR

0.007 +0.002
0.0085 60.0006
0.010 40.0015

ESTIMATE
FIT
AVERAGE

DOCUMENT ID TECN COMMENT

CORDEN 75 DBC K d 1.4—1.8 GeV/c
7 MAST 73 MPWA K p ~ Zxx

BARBARO-. .. 69B HBC K p 0.28—0.45 GeV/c

r(A7) /I tote~
VAL UE

0.008 +0.002 OUR
0.0079+0.0014 OUR
0.0080+0.0014

EVTS

ESTIMATE
FIT

238

DOCUMENT ID

MAST

TECN COMMENT

ra/r

68B H BC Using I (N K) /I total
0.45

r(& 7)/rtotai
VAL UE

0.0195+0.0034 OUR FIT
0.02 +0.0035

DOCUMENT ID

8 MAST

TECN COMM EN T

68B HBC Not measured; see note

I (E'(1385)a ( ~ Aa'a'))/r(Atra)
The Azr~ mode is largely due to X(1385)~. Only the values of (E(1385)~) / (A2~)
given by MAST 73B and CORDEN 75 are based on real 3-body partial-wave analyses.
The discrepancy between the two results is essentially due to the different hypotheses
made concerning the shape of the (zr~)5 wave state.

VAL UE DOCUMENT tD TECN COMMENT

0.58 +0.22 CORDEN 75 DBC K d 1.4—1.8 GeV/c
0.82 +0.10 4 MAST 73B IPWA K p + A7r7r

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.3960.10 5 BURKHARDT 71 HBC K p + (A~a)m

r(A(&a' )s-wave)/I (Aa n)

n(1600) P„ l{l~) = 0(&t+) Status:

A(1600) MASS

VALUE (MeV)

1560 to 1700
1568+ 20
1703+ 100
1573+ 25
1596+ 6
1620+ 10
~ ~ ~ We do

1572 or 1617
1646+ 7
1570

TECN COMMEN TDOCUMENT ID

(at 1600) OUR ESTIMATE
GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA
KANE 74 DPWA
LANG BEIN 72 IPWA

not use the following data for averages, fits, limits,
1 MARTIN 77 DPWA

CARROLL 76 DPWA
KIM 71 DPWA

KN~ KN
KN~ KN
K N multichannel

K p~ Z~
K N multichannel

etc. ~ ~ ~

K N multichannel
Isospin-0 total IT

K-matrix analysis

A(1600) WIDTH

VALUE(MeV)

50 to 250 (aI 150) OUR

1164 20
593+200
147+ 50
175+ 20
60+ 10

~ ~ ~ We do not use the

247 or 271
20
50

DOCUMENT /D

ESTIMATE

GOPAL 80 DPWA
WLSTON-. .. 78 DPWA
GO PA L 77 DPWA

KANE 74 DPWA
LANGBEIN 72 IPWA

following data for averages, fits, limits,

1 MARTIN 77 DPWA
CARROLL 76 DPWA
K IM 71 DPWA

TECN COM MEN T

KN —+ KN
KN~ KN
K N multichannel

K p —+ X' zr

K N multichannel
etc. ~ o ~

K N multichannel
Isospin-0 total rT

K- m a trix a na lysis

See also the A(1810) P0]. There are quite possibly two P01 states
in this region.

A(1520) FOOTNOTES
1From the best-resolution sample of A7rm events only.

The K N ~ Zzr amplitude at resonance is +0.46 + 0.01.
Assumes C (N K) /I t~t~l

—0.46 + 0.02.
Both Z(1385)7r DS03 and Z(zr~) DP03 contribute.

The central bin (1514—1524 MeV) gives 0.74 + 0.10; other bins are lower by 2-to-5
standard deviations.
Much of the Z7rzr decay proceeds via Z(1385)zr.
Assumes I (NK)/I t t I

—0 46.
Calculated from i (Ay)/I total assuming SU(3). Needed to constrain the sum of all the
branching ratios to be unity.

A(1520) REFERENCES

A(1600) DECAY MODES

Mode Fraction (I;/I )

I1 NK 15—30 /0

f 2 Z7r 10 60 0/

The above branching fractions are OLlr estimates, not fits or averages.

A(1600) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

I (N K)/I tata(

PDG 82
BARBER 80D
GOPAL 80
BARLAG 79
ALSTON-. . . 78

Also 77
CA ME RON 77
GOPAL 77
MAST 76
CORDEN 75
BERTHON 74
MAST 73
MAST 73B
CHAN 72
BURK HA RDT 71
K I M ?1

Also 70
BAR BA RO-. .. 69B

Also 70
BLIRKHARDT 69
MAST 68B
SCHEUER 68
DAHL 67
DAUBER 67
UHLIG 67
BIRMINGHAM 66
ARMENTEROS 65C
MUSGRAVE 65
WATSON 63
FERRO-LUZZI 62

PL 111B
ZPHY C7 17
Toronto Conf. 159
NP B149 220
PR D18 182
PRL 38 1007
NP B131 399
NP 8119 362
PR D14 13
NP B84 306
NC 21A 146
PR D7 3212
PR D75
PRL 28 256
NP B27 64
PRL 27 356
Duke Conf. 161
Lund Conf. 352
Duke Conf. 95
NP B14 106
PRL 21 1715
NP B8 503
PR 163 1377
PL 24B 525
P R 155 1448
PR 152 1148
PL 19 338
NC 35 735
P R 131 2248
PRL 8 28

+Ferro-Luzzi+
+Petm ezas+
+Ferro-Luzzi, Tripp
+Tripp, Watson

(HELS, CIT, CERN)
(DARE, LANC, SHEF)

(RHEL) IJP
+Blokzijl, Jongejans+ (AMST, CERN, NIJM, OXF)

Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP
Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP

+Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Alston-Garnjost, Bangerter+ (LBL)
+Cox, Dartnell, Kenyon, O'Neale+ (BIRM)
+Tristram+ (CDEF, RHEL, SACL, STRB)
+Bangerter, Alston-Garnjost+ (LBL) IJP
+ Bangerter, Alston-Garnjost+ (LBL) IJP
+Button-Shafer, Hertzbach, Kofler+ (MASA, YALE)
+Filthuth, Kluge+ (HEID, CERN, SACL)

(HARV) IJP
Kim (HARV) IJP
Barbaro-Galtieri, Bangerter, Mast, Tripp (LRL)
Tripp (LRL)

+Filthuth, Kluge+ (HEID, EFI, CERN, SACL)
+Alston-Garnjost, Bangerter, Galtieri+ (LRL)
+Merrill, Verglas, DeWitt+ (SABRE Collab. )
+Hardy, Hess, Kirz, Miller (LRL)
+Malamud, Schlein, Slater, Stork (UCLA)
+Charlton, Condon, Glasser, Yodh+ (UMD, NRL)

(BIRM, GLAS, LOIC, OXF, RHEL)
(CERN, HEID, SACL)

(BIRM, CERN, EPOL, LOIC, SACL)
(LRL) IJP
(LRL) IJP

VALUE

0.15 to 0.30 OUR ESTIMATE
0,23+ 0.04
0.14+0,05
0.25 +0.15
~ ~ ~ We do not use the following

0.24+ 0.04
0.30 or 0.29

DOCUMENT ID TECN COM MEN T

GOPA L 80 DPWA
ALSTON-. .. 78 DPWA
LANG BEIN 72 IPWA

data for averages, fits, limits,

GO PA L 77 DPWA
1 MARTIN 77 DPWA

KN~ KN
KN~ KN
K N multichannel

etc. o ~ ~

See GOPAL 80
K N multichannel

(rlrf) /rtotal
VALUE

—0.16+0.04
—0.33+0.11

0.28 +0.09
~ ~ ~ We do not

—0.39 or —0.39
not seen

In N K ~ A(1600) ~ Za
DOCUMENT ID TECN

GOPAL 77 DPWA
KANE 74 DPWA
LANGBEIN 72 IPWA

use the following data for averages, fits, limits,

1 MARTIN 77 DPWA
HEPP 76B DPWA

(rt ra) ~/r
COM MEN T

K N multichannel

K p~ X7r
K N multichannel

etc. ~ o ~

K N multichannel

K N ~ Z7r

A{1600}FOOTNOTES
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.
A total cross-section bump with (1+1/2) Fel / I total

—0.04.

A{1600}REFERENCES

GOPAL
ALSTON-. ..

Also
GO PAL
MARTIN

Also
Also

CARROLL
HEPP
KANE
LANGBEIN
K IM

80 Toronto Conf. 159
78 PR D18 182
77 PRL 38 1007
77 NP B119 362
77 NP B127 349
77B NP B126 266
77C NP B126 285
76 PRL 37 806
76B PL 65B 487
74 L BL-2452
72 NP B47 477
71 PRL 27 356

(LBL,
(LBL,

+Wagner

Alston-Garnjost, Kenney+
Alston-Garnjost, Kenney+

+Ross, VanHorn, McPherson+
+Pidcock, Moorhouse

Martin, Pidcock
Martin, Pidcock

+Chiang, Kycia, Li, Mazur, Michael+
+Braun, Grimm, Strobele+ (CFRN,

(RHEL) IJP
MTHO, CERN) IJP
MTHO, CERN) IJP
(LOIC, RHEL) IJP

(LOUC, GLAS) IJP
(LOU C)
(LOUC) IJP

(BNL) I

HEIDH, MPIM) IJP
(LBL) IJP

(MPIM) IJP
(HARV) IJP
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/l(1670) S, l{JP} = 0{& ) Status:

A(1670) MASS

The measurements of the mass, width, and elasticity published be-
fore 1974 are now obsolete and have been omitted. They were last
listed in our 1982 edition Physics Letters 1118 (1982).

{III r) /I tota~ In N K A{1670) E'(1385}m.
VALUE DOCUMENT ID TECN COMMENT

—0.18+0.05 PREVOST 74 DPWA K N ~ X (1385)7r

{Itl 4} /I

A(1670) FOOTNOTES
1MARTIN 77 obtains identical resonance parameters from a T-matrix pole and from a

Breit-Wigner fit.

TECN COM MEN TVALUE (MeV) DOCUMENT ID

1660 to 1680 (w 1670) OUR ESTIMATE

1670.8+ 1.7 KOISO 85 DPWA
1667 +5 GOPAL 80 DPWA
1671 +3 ALSTON-. .. 78 DPWA
1670 +5 GOPAI 77 DPWA

1675 +2 HEPP 76B DPWA

1679 +1 KANE 74 DPWA

1665 +5 PREVOST 74 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

1669 +2 A BAEV 96 DPWA
1664 1 MARTIN 77 DPWA

A(1670) WIDTH

K p~ X7r
KN~ KN
KN~ KN
K N multichannel

K N~ X7r
K p~ X7r
K N ~ Z(1385)77
etc. ~ ~ ~

7r P ~ 7}n
K N multichannel

ABAEV
KOISO
PDG
GO PAL
ALSTON-. ..

Also
GO PAL
MART IN

Also
Also

HEPP
LONDON
KANE
PREVOST
BAXTER
K IM

Also
ARMENTEROS

Values are
BERLEY

A(1670) REFERENCES

96 PR C53 385
85 NP A433 619
82 PL 111B
80 Toronto Conf. 159
78 PR D18 182
77 PRL 38 1007
77 NP B119 362
77 NP B127 349
77B NP B126 266
77C NP B126 285
76B PL 65B 487
75 NP B85 289
74 LBL-2452
74 NP B69 246
73 NP B67 125
71 PRL 27 356
70 Duke Conf. 161
69C Lund Paper 229
quoted in LEVI-SETTI 69.
65 PRL 15 641

+Nefkens
+Sai, Yamamoto, Kofler

Roos, Porter, Aguilar-Benitez+

Alston-Garnjost, Kenney+
Alston-Garnjost, Kenney+

+Ross, VanHorn, McPherson+
+Pidcock, Moorhouse

Martin, Pidcock
Martin, Pidcock

+Braun, Grimm, Strobele+
+Yu, Boyd+ (BNL, CER

+Barloutaud+
+Buckingham, Corbett, Dunn+

Kim
+Baillon+

(UCLA)
(TOKY, MASA)

(HELS, CIT, CERN)
(RHEL) IJP

(LBL, MTHO, CERN) IJP
(LBL, MTHO, CERN) IJP

(LOIC, RHEL) IJP
(LOUC, GLAS) IJP

(LOU C)
(LOU C) I JP

(C ER N, H E ID H, M PI M) I J P
N, EPOL, ORSAY, TORI)

(LBL) IJP
(SACL, CERN, HEID)

(OXF) IJP
(HARV) IJP
(HARV) I JP

(CERN, HEID, SACL) IJP

(BNL) IJP+Connolly, Hart, Rahm, Stonehill+

VALUE (MeV)

25 to 50 (m 35)
34.1+ 3.7
29 + 5
29 + 5
45 +10
46 + 5
40 k 3
19 + 5
~ o ~ We do not

DOCUMENT ID TECN COMM EN T

OUR ESTIMATE

KOISO 85 D PWA

GOPAL 80 DPWA
A LSTON-. .. 78 D PWA

GOPAL 77 DPWA
HEPP 76B DPWA

KANE 74 D PWA

PREVOST 74 DPWA

use the following data for averages, fits, limits,

p —+ X7r
KN —+ KN
KN —+ KN
K N multichannel

K N~ X~
K p~ X7r
K N —+ X (1385}7r

etc. ~ o ~

A(1690) Do3 i{IF}= O{~a ) Status:

A(1690) MASS

The measurements of the mass, width, and elasticity published be-
fore 1974 are now obsolete and have been omitted. They were last
listed in our 1982 edition Physics Letters 111B (1982).

21 + 4
12

ABAEV
1 MARTIN

96 DPWA 7r p ~ 7In

77 DPWA K N multichannel

A(1570) DECAY MODES

Mode Fraction (I I. /I )

A(1570) BRANCHING RATIOS

C1 NK 15-25 %
l-, Zvr 20-60 %

I3 Ag 15-35 %

I 4 Z(1385)~
The above branching fractions are our estimates, not fits or averages.

TECN COM MEN TVALUE (MeV) DOCUMENT ID

1685 to 1695 (~ 1690) OUR ESTIMATE

1695.7+ 2.6 KOI SO 85 DPWA
1690 + 5 GOPAL 80 DPWA
1692 + 5 A LSTON-. .. 78 D PWA
1690 + 5 GOPAL 77 DPWA
1690 + 3 HEPP 76B DPWA

1689 + 1 KANE 74 DPWA
~ ~ o We do not use the following data for averages, fits, limits,

1687 or 1689 MARTIN 77 DPWA
1692 + 4 CARROLL 76 DPWA

A(1690) WIDTH

K p~ X7r
KN~ KN
KN~ KN
K N multichannel

K N~ X7r
K p~ X7r

etC. o ~ ~

K N multichannel
Isospin-0 total a-

I (NK)/I t()tg
VAL UE

0.15 to 0.25 OUR ESTIMATE
0.18+0,03
0.17+0.03
~ ~ ~ We do not use the following

0.20 +0.03
0.15

DOCUMENT ID TECN COM MEN T

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA

data for averages, fits, limits,

GOPAL 77 DPWA
1 MARTIN 77 DPWA

KN~ KN
KN~ KN
etc. ~ o ~

See GOPAL 80
K N multichannel

See "Sign conventions for resonance couplings" in the Note on /t and X
Resonances.

VAL UE (MeV)

50 to 70 (~ 60)
67.2 + 5.6
61 + 5
64 +10
60 + 5
82 + 8
60 + 4
~ ~ o We do not

62 or 62
38

OUR ESTIMATE
DOCUMENT ID TECN COM MEN T

KOISO 85 DPWA
GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA

HEPP 76B DPWA
KANE 74 DPWA

use the following data for averages, fits, limits,
1 IVIARTIN 77 DPWA

CARROLL 76 DPWA

K p~ X7r
KN —+ KN
KN~ KN
K N multichannel

K N~ X7r
K p~ X7r

etc. ~ ~ ~

K N multichannel
Isospin-0 total o-

(rirr) '/ro i
VAL UE

In NK~ 8{1670}~Zx
DOCUMENT ID TECN

KO I SO 85 D PWA

GOPAL 77 DPWA

HEPP 76B DPWA

LONDON 75 HLBC
KANE 74 DPWA

use the following data for averages, fits, limits,

1 MARTIN 77 DPWA

—0.26 +0.02
—0.31+0.03
—0.29 +0.03
—0.23+ 0.03
—0.27 +0.02
~ 4 0 We do not

—0.13

(I I I r) 2/I tata( In N K ~ A(1570) ~ A 9
VAL UE DOCUMENT ID TECN

+0,20+0.05 BAXTER 73 D PWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.06 ABAEV 96 DPWA
0.24 K IM 71 D PWA
0.26 ARMENTEROS69C HBC
0.20 or 0.23 BERLEY 65 HBC

COMMEN T
(r r )'*«

K p~ X7r
K N multichannel

K N~ X7r
K —

p X 07r0

K p~ X~
etc. ~ ~ ~

K N multichannel

(I tl a)~/I
COMMEN T

K p ~ neutrals
etc ~ ~ ~ ~

P~ 7}n
K-m atrix a na lysis

A(1690} DECAY MODES

Fraction (I;/I )

20—40 %

20%

Mode

NK 20-30 %

C2 Z~
A7r 7r 25 0

l 4 Z7r7r
Ag

I 6 Z(1385) 7r, 5-wave

The above branching fractions are our estimates, not fits or averages.
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r (N Ã)/rtotai
VALUE

0.2 to 0.3 OUR
0.23 +0.03
0.22 +0.03
~ ~ ~ We do not

0.24 +0.03
0.28 or 0.26

(r,r, ) /rt
VAL UE

—0.34 +0.02
—0.25 k 0.03
—0.29+ 0,03
—0.28 +0.03
—0.28 +0.02
~ ~ ~ We do not

—0.30 or —0.28

ESTIMATE
DOCUMENT ID TECN COMM EN T

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA

use the following data for averages, fits, limits,

GOPAL 77 DPWA
1 MA RT IN 77 D PWA

KN~ KN
KN~ KN

etC. ~ ~ ~

See GOPAL 80
K N multichannel

in NK ~ A(1690) ~ Ze.
DOCUMENT ID TECN

KOISO 85 D PWA
GOPAL 77 DPWA

HEPP 76B DPWA

LONDON 75 HLBC
KANE 74 D PWA

use the following data for averages, fits, limits,

1 MARTIN 77 DPWA

(r r )~l/r
COMMENT

K p —+ X2r
K N multichannel

K N ~ Z2r
K- p Z0~0
K p~ X2r

etc. ~ ~ ~

K N multichannel

(I f I f) /I tote~ in NK ~ A{1690}-+ Afi
VALUE DOCUMENT /D

0,00+ 0,03 BAXTER

(r,r.) lr
TECN COMMEN T

73 DPWA K p ~ neutrals

A{1690) BRANCHING RATIOS

The sum of all the quoted branching ratios is more than 1.0. The two-

body ratios are from partial-wave analyses, and thus probably are more
reliable than the three-body ratios, which are determined from bumps in

cross sections. Of the latter, the Z2r2r bump looks more significant. (The
error given for the A2r2r ratio looks unreasonably small. ) Hardly any of
the Z2r2r deCay Can be Via Z(1385), fOr then SeVen timeS aS muCh A2r2r

decay would be required. See "Sign conventions for resonance couplings"
in the Note on A and Z Resonances.

A(1800) SP1 i{J ) = 0(2t ) Status:

A(1800) MASS

VAL UE (Mev)

1720 to 1850
1841+ 10
1725+20
1825+20
1830+20
~ ~ ~ We do

1767 or 1842
1780
1872+ 10

DOCUMENT ID

(w 1800) OUR ESTIMATE

GOPA L 80 D PWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA
LANGBEIN 72 IPWA

not use the following data for averages, fits, limits,
1 MARTIN 77 DPWA

KIM 71 DPWA
BR I C M A N 70B D PWA

TECN COMMENT

KN~ KN
KN~ KN
K N multichannel
K N multichannel

et,c. ~ ~ ~

K N multichannel
K- m at rix a na lysis
KN~ KN

A(1800) WIDTH

VAL UE (MeV)

200 to 400 (w 300) OUR

228+20
185+20
230 +20
70+15

~ ~ ~ We do not use the

435 or 473
40

100+20

DOCUMENT ID

ESTIMATE
GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA
LA N G BEIN 72 I PWA

followirig data for averages, fits, limits,
1 MARTIN 77 DPWA

K IM 71 DPWA
BRICMAN 70B DPWA

TECN COMMEN T

KN~ KN
KN~ KN
K N multichannel
K N multichannel

etc. ~ ~ ~

K N multichannel
K-matrix analysis
KN~ KN

This is the second resonance in the S01 wave, the first being the
A(1670).

(rfl f)~/I tote( in N K ~ A(1690) ~ A tr sr (r,r, )&/r
A(1800) DECAY MODES

VALUE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.25 +0.02 BARTLEY 68 HDBC

(r,rf) /rto„, ln NK A(1690) Zmx
VALUE DOCUMENT ID TECN

0.21 ARMENTEROS68C HDBC

COMMEN T

etc. ~ ~ ~

K p ~ A2r2r

(I tl a)~/I
COMM EN T

K N ~ Z2r2r

{Itl e}~/I(I fI f) /I t ta~ in NK A{1690} Z(1385}e ~ 5-wave
VALUE DOCUMENT ID TECN COMMENT

+0.27+ 0.04 PREVOST 74 DPWA K N ~ Z(1385) 2r

A(1690} REFERENCES

KOI SO 85
PDG 82
GOPAL 80
ALSTON-. . . 78

Also 77
GOPAL 77
MARTIN 77

Also 77B
Also 77C

CARROLL 76
HEPP 76B
LONDON 75
KANE 74
PREVOST 74
BAXTER 73
PREVOST 71
ARMENTEROS 68C
BARTLEY 68

NP A433 619
PL 111B
Toronto Conf. 159
PR D18 182
PRL 38 1007
NP B119 362
NP B127 349
NP B126 266
NP B126 285
PRL 37 806
PL 65B 487
NP B85 289
LB L-2452
NP B69 246
NP B67 125
Amsterdam Conf.
NP B8 216
PRL 21 1111

+Sai, Yamamoto, Kofler (TOKY, MASA)
Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)

(RHEL) I JP
Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP
Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP

+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP

+Chiang, Kycia, Li, Mazur, Michael+ (BNL) I

+Braun, Grimm, Strobele+ (CERN, HEIDH, MPIM) IJP
+Yu, Boyd+ (BNL, CERN, EPOL, ORSAY, TORI)

(LBL) IJP
+Barlouta ud+ (SAC L, C ER N, H EI D)
+Buckingham, Corbett, Dunn+ (OXF) IJP

(CERN, HEID, SACL)
+Baillon+ (CERN, HEID, SACL) I

+Chu, Dowd, Greene+ (TUFTS, FSU, BRAN) I

A(1690) FOOTNOTES
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.
Another D03 A at 1966 MeV is also suggested by MARTIN 77, but is very uncertain.

BARTLEY 68 uses only cross-section data. The enhancement is not seen by PRE-
VOST 71.

Fraction (I;/I )

seen

A(1800) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

I (NQK/I totg
VAL UE

0.25 to 0.40 OUR ESTIMATE
0.36+0.04
0.28 k 0.05
0.35+0.15
~ ~ ~ We do not use the following

0.37+ 0.05
1.21 or 0.70
0.80
0.18+0.02

DOCUMENT /D TECN COM MEN T

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
LA N G BEIN 72 I PWA

data for averages, fits, limits,

GOPAL 77 DPWA
1 MARTIN 77 DPWA

K I M 71 D PWA
BRICMAN 70B DPWA

KN~ KN
KN~ KN
K N m u Itic ha nn el

etc. ~ ~ ~

See GOPAL 80
K N multichannel
K-m a trix a na lysis
KN~ KN

{I f I f) '/I totg in N K ~ A(1800) ~ Ze.
VAL UE DOCUMENT ID TECN

—0,08 +0.05 GOPAL 77 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

—0.74 or —0.43 1 MARTIN 77 DPWA
0.24 K IM 71 DPWA

(r, r, )&/r
COMMEN T

K N multichannel

etc. ~ ~ ~

K N multichannel
K-matrix analysis

Mode

I1 NK 25-40 %
I 2 Z7r

Z(1385) a. seen

r4 N K*(892) seen

rs N K*{892},S=l/2, S wave-
I s NK'(892), S=3/2, D wave-

The above branching fractions are OLIr estimates, not fits or averages.

(r/rf) /rtotaJ in NK ~Va

VAL UE

+ 0.056 2 0.028

(I II f) /I tota( in N K ~
VALUE

—0.17+0,03

A(1800}~ K{1385}tr {r,r3) /I
DOCUMENT ID TECN COMMENT

CAMERON 78 DPWA K p ~ X (1385)2r

A(1800) ~ N K'(892), S=l/2, 5-wave (I tl a)~/I
DOCUMENT ID TECN COMMENT

CAMERON 78B DPWA K p —+ N K*

(I fI f) /I totals in N K -+
VAL UE

—0.13+0.04

A{1800) NK {892) S=3/2 Dwa"e (I tl e)/a/r
DOCUMEN T ID TECN COM MEN T

CAMERON 78B DPWA K p ~ NK'
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A(1800), A(1810), A(1820)

A(1800) REFERENCES

GOPAL
ALSTON-. ..

Also
CAMERON
CAMERON
GOPAL
MARTIN

Also
Also

LANGBEIN
K IM

Also
BRIC MAN

80 Toronto Conf. 159
78 PR D18 182
77 PRL 38 1007
78 NP 8143 189
788 NP 8146 327
77 NP 8119 362
77 NP 8127 349
778 NP 8126 266
77C NP 8126 285
72 NP 847 477
71 PRL 27 356
70 Duke Conf. 161
708 PL 338 511

Alston-Garnjost, Kenney+ (LBL,
Alston-Garnjost, Kenney+ (LBL,

+Franek, Gopal, Bacon, Butterworth+
+Franek, Gopal, Kalmus, McPherson+
+Ross, Va n Horn, Mc Phe rson+
+Pidcock, Moorhouse

Martin, Pidcock
Martin, Pidcock

+Wagner

Kim
+Ferro-Luzzi, Lagnaux

(RHEL) IJP
MTHO, CERN) IJP
MTHO, CERN) IJP

(RHEL ~ LOIC) IJP
(RHEL, LOIC) IJP
(LOIC, RHEL) IJP

(LOUC, GLAS) IJP
(LOU C)
(LOUC) IJP
(MPIM) I JP
(HARV) IJP
(HARV) IJP
(CERN) IJP

A(1810) P, l(JP) = 0(&t+) Status:

Almost all the recent analyses contain a P01 state, and sometimes
two of them, but the masses, widths, and branching ratios vary
greatly. See also the A(1600) P01.

A(1810) MASS

A(1800) FOOTNOTES
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.
The published sign has been changed to be in accord with the baryon-first convention.

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ o o

0.21 +0.04 GOPAL 77 DPWA See GOPAL 80
0.52 or 0.49 MARTIN 77 DPWA K N multichannel
0.30 K IM 71 DPWA K-matrix analysis
0.15 ARMENTEROS70 DPWA K N ~ K N

Q.55 BAILEY 69 DPWA K N ~ K N
0.4 ARMENTEROS688 DPWA K N ~ K N

(I ll f) /I tetal In NZ
VAL UE

—0.24 +0.04
o ~ ~ We do not use the

+0.25 or +0.23
0.01
0.17

+ 0.20
—0.13+0.03

-+ A(1810) ~ Ze
DOCUMENT ID TECN

GOPAL 77 DPWA
following data for averages, fits, limits,

1 MARTIN 77 DPWA
LANGBEIN 72 IPWA
K I M 71 DPWA
ARMENTEROS70 DPWA
BARBARO-. .. 70 DPWA

{r,r, ) /r
COMMENT

K N multichannel
etc. ~ ~ o

K N multichannel
K N multichannel
K- m atrix a na lysis
KN~ Za
KN ~ Z'~

(r,r,)~/r„„IInNF A(1810) Z(1388)~ (I tl a)~/I
VALUE DOCUMENT tD TECN COMMENT

+0.18+0.10 PREVOST 74 DPWA K N —+ Z(1385) 7r

(I ll p) /I t t I In NR A(1810) -+ NF'(892), S=l/2, P wave -(I tl e)~/I
VAL UE DOCUMEN T ID TECN COM MEN T

—0, 14+0.03 CAMERON 788 DPWA K p —& N K*

VAL UE (MeV)

1750 to 1850
1841+20
1853+20
1735* 5
1746+ 10
1780+20
~ o ~ We do

1861 or 1953
1755
1800
1750
1690+10
174Q
1745

TECN COMMEN T

KN~ KN
K N multichannel
Isospin-0 total cr

K N —+ Z (1385)m

K N multichannel

etC, ~ ~ la

KN
K-m

KN
KN
KN
KN
KN

multichannel
atrix analysis

KN
Z7r
X~
KN
KN

A(1810) WIDTH

VAL UE (MeV)

50 to 250 (~ 150) OUR

164+20
90+20

166+20
46+ 20

120+ 10
~ ~ ~ We do not use the

535 or 585
28
35
30
70
22

300
147

DOCUMENT ID

ESTIMATE
GOPAL 80 DPWA
CAMERON 788 DPWA
GOPAL 77 DPWA

PREVOST 74 DPWA
LANGBEIN 72 IPWA

following data for averages, fits, limits,

1 MARTIN 77 DPWA
CARROLL 76 DPWA
K IM 71 DPWA
ARMENTEROS70 H BC
ARMENTEROS70 HBC
BAR BARO-. .. 70 HBC
BAILEY 69 DPWA
ARMENTEROS688 HBC

TECN COMM EN T

KN~ KN
K p~ NK*
K N multichannel

K N ~ Z(1385)7r
K N multichannel

etc. ~ o ~

K N multichannel
Isospin-0 total o.

K-m at rix a na lysis

KN~ KN
KN ~ Xzr
KN ~ Z7r
KN~ KN

DOCUMENT ID

(~ 1810) OUR ESTIMATE
GOPAL 80 DPWA
GOPAL 77 DPWA
CARROLL 76 DPWA

PREVOST 74 DPWA
LANGBEIN 72 IPWA

not use the following data for averages, fits, limits,

MARTIN 77 DPWA
K IM 71 DPWA
ARMENTEROS70 HBC
ARMENTEROS70 HBC
BARBARO-. .. 70 HBC
BAILEY 69 DPWA
ARMFNTEROS688 HBC

PAL UE

+0.35+0.06

DOCUMEN T ID TECN COM M EN T

CAMERON 788 DPWA K p ~ N K*

A(1810) FOOTNOTES
1 The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.
2 The published sign has been changed to be in accord with the baryon-first convention.

A(1810) REFERENCES

GOPAL 80
CAMERON 788
GO PAL 77
MARTIN 77

Also 778
Also 77C

CARROLL 76
P REVOST 74
LANGBEIN 72
K IM 71

Also 70
ARMENTEROS 70
BARBARO-. .. 70
BAILEY 69
ARMENTEROS 688

Toronto Conf. 159
NP 8146 327
NP 8119 362
NP 8127 349
NP 8126 266
NP 8126 285
PRL 37 806
NP 869 246
NP 847 477
PRL 27 356
Duke Conf. 161
Duke Conf. 123
Duke Conf. 173
Thesis UCRL 50617
NP 88 195

(RHEL) IJP
+Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP

+Chiang, Kycia, Li, Mazur, Michael+ (BNL) I

+Barloutaud+ (SACL, CERN, HEID)
+Wagner (MPIM) IJP

(HARV) IJP
(HARV) IJP

(CERN, HEID, SACL) IJP
(LRL) IJP
(LLL) IJP

+Baillon+ (CERN, HEID, SACL) IJP

Kim
+Baillon+

Barbaro-Galtieri

A(1820) Fos l(l ) = 0(&s+) Status:

This resonance is the cornerstone for all partial-wave analyses in this
region. Most of the results published before 1973 are now obsolete
and have been omitted. They may be found in our 1982 edition
Physics Letters 111B (1982).

Most of the quoted errors are statistical only; the systematic errors
due to the particular parametrizations used in the partial-wave anal-
yses are not included. For this reason we do not calculate weighted
averages for the mass and width.

(I ll f) /I tet lln NK A(1S10) NK'(892), S=3/2, P wave (I -I e) '/I

A(1810) DECAY MODES

Mode Fraction (I;/I )

seen

l1 NK 20 50 0/

Z7r 10 40 ohio

I 3 Z( 1385)7r

I 4 N K'(892) 30 60 oA

I s NK*(892}, S=l/2, P wave-
N K*{892),5=3/2, P wave-

The above branching fractions are OLlr estimates, not fits or averages.

VALUE (MeV)

1815 to 1825
1823+3
1819+2
1822+2
1821+2
o e ~ Wedo
1830
1817 or 1819

A(1820) MASS

TECN COM MEN T

KN~ KN
KN~ KN
K N multichannel

K p~ X~
etc. ~ o ~

KN~ KN
K N multichannel

A{1820)WIDTH

DOCUMENT ID

(w 1820) OUR ESTIMATE
GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA
KANE 74 D PWA

not use the following data for averages, fits, limits,

D EC LA I S 77 D PWA
1 MARTIN 77 DPWA

r(AI+K/r„„l
VAL UE

0.2 to 0.5 OUR ESTIMATE
0.24+ 0.04
0.36+0.05

DOCUMENT ID TECN COMMENT

GOPAL 80 DPWA KN ~ KN
LANGBEIN 72 IPWA K N multichannel

A(1810) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resona nces.

DOCUMENT /D TECN COMMENTVA L UE

(MeV�)
70 to 90 (as 80) OUR ESTIMATE
77+ 5
72+5
81+5
87+ 3
~ e ~ We do not use the following

82
76 or 76

GOPAL 80 DPWA K N ~ K N

ALSTON-. .. 78 DPWA K N ~ K N

GOPAL 77 DPWA K N multichannel
KANE 74 DPWA K p ~ Zn.

data for averages, fits, limits, etc. o ~ ~

DECLAIS 77 DPWA K N ~ K N
1 MARTIN 77 DPWA K N multichannel
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Baryon Particle Listings
/l(1820), /l(1830)

A(1820) DECAY MODES
/l(1830) 005 l(J ) = 0(& ) Status:

l2
l3
l4
I5
I6
I7

Mode

NK
Z7r
Z(1385)a.

X{1385)vr, P wav-e

Z(1385)~, F wave-
Ag
Z7r7r

Fraction (I;/I )

55—65 0!

8-14 %
5-10 %

The above branching fractions are our estimates, not fits or averages.

A{1820}BRANCHING RATIOS

Errors quoted do not include uncertainties in the parametrizations used in

the partial-wave analyses and are thus too small. See also "Sign conven-
tions for resonance couplings" in the Note on /l and Z Resonances.

A(1830) MASS

TECN COM MEN TVALUE (Mev) DOCUMENT /D

1810 to 1830 (at 1830) OUR ESTIMATE
1831+10 GOPAL 80 D PWA
1825+ 10 GOPAL 77 DPWA
1825+ 1 KANE 74 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1817 or 1818 1 MARTIN 77 DPWA

KN~ KN
K N multichannel
K p —+ X2r
etc. ~ ~ ~

K N multichannel

A(1830) WIDTH

For results published before 1973 (they are now obsolete), see our
1982 edition Physics Letters 1118 (1982).

The best evidence for this resonance is in the Z7r channel.

I (NgK/I totals
VALUE

0.55 ta 0.65 OUR ESTIMATE
0.58+ 0.02
0.60 +0.03
~ ~ ~ We do not use the following

0.51
0.57 +0.02
0.59 or 0.58

DOCUMENT ID TECN COMM EN T

KN~ KN
KN~ KN

etC. ~ ~ ~

KN —+ KN
See GOPAL 80
K N multichannel

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA

data for averages, fits, limits,

DEC LAIS 77 DPWA
GOPAL 77 DPWA

1 MARTIN 77 DPWA

TECN COM MEN TVAL UE (Mev) DOCUMENT ID

60 to 110 (~ 95) OUR ESTIMATE

100+ 10 GOPAL 80 DPWA K N ~ K N

94+ 10 GOPAL 77 DPWA K N multichannel

119+ 3 KANE 74 DPWA K p ~ Xm
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

56 or 56 MARTIN 77 DPWA K N multichannel

A(1830) DECAY MODES

(I II p) /rtotai
VALUE

—0.28 +0.03
—0.28 +0.01
~ ~ ~ We do not

—0.25 or —0.25

in NK-+ A(1820}~ Ze
DOCUMENT ID TECN

GOPAL 77 DPWA

KANE 74 DPWA

use the following data for averages, fits, limits,

MARTIN 77 DPWA

(I (I r) /I totals In NK A(1820) Arl

(r, r, )&/r
COMMENT

K N multichannel

K p~ Xx
etc. ~ ~ ~

K N multichannel

{Itl e}~/I

Mode Fraction (I &/I )

I1 NK 3-10 %
f 2 Z7r 35-75 %

Z(1385) s )15 %
I 4 Z(1385) a. , Dwave-
I 5 ATI

The above branching fractions are our estimates, not fits or averages.

VAL UE

p p96+ 0 ~ 040—0.020

r(Z~~)/rt ta/
VALUE

no clear signal

(I II p) /I toto( in N K ~
VALUE

—0.167+0.054
+0.27 +0.03

DOCUMENT ID

RADER

TECN

73 MPWA

DOCUMENT /D TECN COMMENT

ARMENTEROS68C HDBC K N ~ X vrvr

(r,r, )&/rA{1820)~ Z(1385)e, Pwave-
DOCUMEN T /D TECN COMM EN T

CAMERON 78 DPWA K p ~ X(1385)x
PREVOST 74 DPWA K N ~ X (1385)+

TECNVAL UE

0.03 to 0.10 OUR ESTIMATE
0.08+ 0.03 GOPAL 80 DPWA

0.02 +0.02 ALSTON- ... 78 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.04+ 0.03 GOPAL 77 DPWA

0.04 or 0.04 MARTIN 77 DPWA

COMMENT

KN~ KN
KN~ KN

etc. ~ ~ ~

See GOPAL 80
K N multichannel

A(1830) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on /l and X
Resonances.

r(NQK/I toto~

{rprp) /l toto( in NK~ A(1820) Z(1385)e, Fwave (I &la)~/I
VALUE DOCUMENT tD TECN COMMENT

+0.065+ 0.02cr CAMERON 78 DPWA K p ~ X(1385)~

A(1820) FOOTNOTES

The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.
There is a suggestion of a bump, enough to be consistent with what is expected from
X(1385) ~ X ~ decay.
The published sign has been changed to be in accord with the baryon-first convention.

(I II p) /I t tg in NK
VAL UE

—0.044 +0.020

A(1830) ~ Arl
DOCUMENT ID

RADER

TECN

73 MPWA

(I II p} /I t tg in NF A{1830} Ze
VAL UE DOCUMENT ID TECN

—0.17+0.03 GOPAL 77 DPWA
—0.154 0.01 KANE 74 D PWA
~ ~ e We do not use the following data for averages, fits, limits,

—0.17 or —0.17 MARTIN 77 DPWA

{Igl a}~/l
COMMENT

K N multichannel

K p —+ X2r
etc. ~ ~ ~

K N multichannel

(r, r,)&/r

PDG 82
GOPAL 80
ALSTON-. . . 78

A Iso 77
CAMERON 78
DECLAIS 77
GOPAL 77
MARTIN 77

Also 77B
Also 77C

KANE 74
PREVOST 74
RA DER 73
ARMENTEROS 68C

A(1820} REFERENCES

PL 111B
Toronto Conf. 159
PR D18 182
PRL 38 1007
N P B143 189
CERN 77-16
NP B119 362
NP B127 349
NP B126 266
NP B126 285
LB L-2452
NP B69 246
NC 16A 178
NP B8 216

+Barloutaud+
+Barloutaud+
+Baillon+

Roos, Porter, Aguiiar-Benitez+ (HELS, CIT, CERN)
(RHEL) IJP

Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP
Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP

+Franek, Gopal, Bacon, ButteNvorth+ (RHEL, LOIC) IJP
+Duchon, Louvel, Patry, Seguinot+ (CAEN, CERN) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP

(LBL) IJP
(SACL, CERN, HEID)

(SACL, HEID, CERN, RHEL, CDEF)
(CERN, HEID, SACL) I

(I frf)~/I toto~ in NK ~ A(1830) ~ Z{1385)e
VAL UE DOCUMENT ID TECN

+0.141+0.014 CAMERON 78 DPWA

+0.13 +0.03 P REVOST 74 DPWA

(rlra)%/r
COMMENT

K p ~ X(1385)n-
K N —+ X (1385)~

A(1830) REFERENCES

A(1830) FOOTNOTES
1The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.

The CAMERON 78 upper limit on G-wave decay is 0.03. The published sign has been
changed to be in accord with the baryon-first convention.

PDG
GO PAL
ALSTON-. ..

Also
CAMERON
GO PAL
MARTIN

Also
Also

KANE
PREVOST
RADER

82 PL 111B
80 Toronto Conf. 159
78 PR D18 182
77 PRL 38 1007
78 NP B143 189
77 NP B119 362
77 NP B127 349
77B NP B126 266
77C NP B126 285
74 LBL-2452
74 NP B69 246
73 NC 16A 178

+Barloutaud+
+Barloutaud+

Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
(RHEL) IJP

Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP
Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP

+Franek, Gopal, Bacon, Butterworth+ (RHEL, LOIC) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP

(LBL) IJP
(SACL, CERN, HEID)

(SACL, HEID, CERN, RHEL, CDEF)
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Baryon Particle Listings
/l(1890), A(2000)

/l(1890) P l(J ) = 0(&+) Status:

A(1890) MASS

For results publishecl before 1974 (they are now obsolete), see our
1982 edition Physics Letters 111B(1982).

The J = 3//2+ assignment is consistent with all available dataP

(including polarization) and recent partial-wave analyses. The dom-
inant inelastic modes remain unknown.

(I tI r) /I takin NK-+ A(1890)-+ NK'(892) (r, r, ) /r
VAL UE DOCUMENT ID TECN COMMENT

—0.07 + 0.03 3t4 CAMERON 78B DPWA K p ~ N K*

A(1890) REFERENCES

A{1890}FOOTNOTES
1 The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.

Found in one of two best solutions.
The published sign has been changed to be in accord with the baryon-first convention.

4 Upper limits on the P3 and F3 waves are each 0.03.

TECN COMMENTVA L UE (Me v)

1850 to 1910
1897+ 5
1908+10
1900+ 5
18943:10
o ~ ~ We do

1856 or 1868
1900

DOCUMENT ID

(w 1890) OUR ESTIMATE
GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA

HE MIN GWAY 75 D PWA

not use the following data for averages, fits, limits,
1 MARTIN 77 DPWA
2 NAKKASYAN 75 DPWA

A(1890) WIDTH

KN~ KN
KN~ KN
K N multichannel

K p~ KN
etc. e e e

K N multichannel

K p ~ Acu

PDG 82
GOPAL
ALSTON 78

Also 77
CAMERON 78
CAMERON 78B
BACCARI 77
GOPAL 77
MA RTIN 77

Also 77B
Also 77C

HEMINGWAY 75
NAKKASYAN 75

PL 111B
Toronto Conf. 159
PR D18 182
PRL 38 1007
NP B143 189
NP 8146 327
NC 41A 96
NP 8119 362
NP B127 349
NP B126 266
NP B126 285
NP B91 12
NP B93 85

Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
(RHEL) IJP

Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP
A Isto n-Ga rnjost, Kenney+ (LBL, MTHO, CERN) IJP

+Franek, Gopal, Bacon, Butterworth+ (RHEL, LOIC) IJP
+Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJP
+Poulard, Revel, Tallini+ (SACL, CDEF) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP

+Eades, Harmsen+ (CERN, HEIDH, MPIM) IJP
(CERN) IJP

VA L UE (M eV)

60 to 200 (~ 100) OUR

74+10
119+20
72+10

107+10
~ ~ ~ We do not use the

191 or 193
100

TECAI COMMEN TDOCUMEAIT ID

ESTIMATE
GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA

HEMINGWAY 75 DPWA
following data for averages, fits, limits,

1 MARTIN 77 DPWA
2 NAKKASYAN 75 DPWA

KN~ KN
KN~ KN
K N multichannel

K p~ KN
etc. ~ ~ e

K N multichannel

K p~ A~

/l(2000) l(JP) = 0(? ) Status:

OMITTED FROM SUMMARY TABLE
We list here all the ambiguous resonance possibilities with a mass
around 2 GeV. The proposed quantum numbers are 03 (BARBARO-
GAI TIERI 7Q in Z~), O3+F5, P3+05, or P1+O3 (BRANDSTET-
TER 72 in A~), and S1 (CAMERON 78B in NK*). The first two
of the above analyses should now be considered obsolete. See also
NAKKASYAN 75.

A(1890} DECAY MODES

Mode Fraction (I;/l )

3—10%

A(1890) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on /l and X
Resona nces.

I1 NK 20—35 %

I2 Z7r
Z (1385)» seen

I 4 Z(1385)», P wave-
Z(13SS)», F wave-

M K*{892) seen

I 7 M K*(892), S=l/2, P wave-
t8

The above branching fractions are OLlr estimates, not fits or averages.

VALUE (Mev)
~ 2000 OUR ESTIMATE

2030+ 30
1935 to 1971
1951 to 2034
2010+30

VAL UE (Mev)

125 +25
180 to 240
73 to 154

130+ 50

A(2000) MASS

DOCUMEAIT ID TECN COMMEAIT

CAMERON 78B DPWA K p ~ N K*
BRANDSTET. ..72 DPWA K p ~ Aux

BRANDSTET. ..72 DPWA K p ~ A~
BARBARO-. .. 70 DPWA K p ~ X vr

A(2000) WIDTH

A(2000} DECAY MODES

g OCUMENT ID TECN COMMENT

CAMERON 78B DPWA K p ~ N K*
BRA N DST ET...72 D PWA (lower m ass)

1 BRANDSTET. ..72 DPWA (higher mass)
BARBARO-. .. 70 DPWA K p ~ X 7r

I (NÃ) /I tata(
VAL UE

0.20 to 0.35 OUR ESTIMATE
0.20 +0.02
0.34+0.05
0.24 +0.04
e ~ ~ We do not use the following

0.18+0.02
0.36 or 0.34

DOCUMEN T ID TECN COMM Ehl T

KN~ KN
KN~ KN
K p —+ KN
etc. ~ ~ ~

See GOPAL 80
K N multichannel

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA

HE MIN GWAY 75 D PWA

data for averages, fits, limits,

GOPAL 77 DPWA
1 MARTIN 77 DPWA

I2

I4

Mode

NK
Z7r

M K*{892),S=l/2, S wave-
M K*(892), S=3/2, Dwave-

A(2000) BRANCHING RATIOS

(I il r) /rtotai
VALUE

—0.09+0.03
~ e ~ We do not

+0.15 or +0.14

(r,r, ) '/r„„,
VALUE

seen
0.032

in N K ~ A(1890) ~ Z»
DOCUMENT ID TECN

GOPAL 77 DPWA
use the following data for averages, fits, limits,

1 MARTIN 77 DPWA

ln NK n(189O)
DOCUMENT ID TECN

BACCARI 77 IPWA
2 NAKKASYAN 75 DPWA

(I tl a)~/I
COMMENT

KN multichannel
etc. e o ~

K N multichanne!

(r,r, )&/r
COMMENT

K p~ A~
K p~ Aw

(I tI r} /Itatg in NK +A(2000)-+ -Z» (I tl a) /I
VALUE

—0.20j0.04

{I t I r} /I tete[ in N K ~
VALUE

0.17 to 0.25
0.04 to 0.15

DOCUMENT ID TECAI COMMENT

BARBARO-. .. 70 DPWA K p ~ X 7r

(r, ra) '/rA(2000) ~ Afu
DOCUMENT ID TECAI COMMEAIT

1 BRANDSTET. ..72 DPWA (lower mass)
1 BRANDSTET. ..72 DPWA (higher mass)

See "Sign conventions for resonance couplings" in the Note on A and X
Resonances.

(r,r, ) '/r, .„,In NK n(1S9O) Z(1388}»,Pwave-
VALUE DOCUMEN T ID TECN COMM EAI T

&0.03 CAMERON 78 DPWA K p ~ X (1385)vr

(I tl a)~a/I(I rI r) '/I t ta~ in NK A(1890) Z(1385)»,Fwave-
VALUE DOCUMEN T ID TECN COMMEAI T

—0.126+0.055 CAMERON 78 DPWA K p ~ X(1385)m

VAL UE

—0,12 +0.03

DOCUMENT ID TECN COMMEAIT

2 CAMERON 78B DPWA K p ~ N K"

(I tI r) '/I tata(inNK-+ A(2000} ~ NK'(892}, S=3/2, Dwave (I tl a) /I-
VALUE

-+ 0.09+0.03

DOCUMENT ID TECN COMMENT

CAMERON 78B DPWA K p ~ M K*

(I tI r) /I tete~ in N K~ A(2000) ~ NK'(892), S=l/2, Swave (I tr4) '/I
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Baryon Particle Listings
A(2000), A(2020), A(2100)

A(2000} FOOTNOTES
The parameters quoted here are ranges from the three best fits; the lower state probably
has 3 & 3/2, and the higher one probably has J & 5/2.
The published sign has been changed to be in accord with the baryon-first convention.

A(2000) REFERENCES

A(2100) G„ I(f ) = 0(& ) Status:

Discovered by COOL 66 and by WOHL 66. Most of the results
published before 1973are now obsolete and have been omitted. They
may be found in our 1982 edition Physics Letters 1118 (1982).

CAMERON 78B NP B146 327
NAKKASYAN 75 NP B93 85
BRANDSTET. . . 72 NP B39 13
BARBARO-. .. ?0 Duke Conf. 173

A(2020) F
„

+Franek, Gopal, Kalmus, McPherson+ (RHEL, Leuc) IJP
(CERN) IJP

Brandstetter, Butterworth+ (RHEL, CDEF, SACL)
Barbaro-Galtieri (LRL) IJP

I(J~) = 0(~+) Status:

This entry only includes results from partial-wave analyses. Param-
eters of peaks seen in cross sections and in invariant-mass distribu-
tions around 2100 MeV used to be listed in a separate entry immedi-
ately following. It may be found in our 1986 edition Physics Letters
170B (1986).

OMITTED FROM SUMMARY TABLE
In LITCHFIELD 71, need for the state rests solely on a possibly
inconsistent polarization measurement at 1.784 GeV/C. HEMING-
WAY 75 does not require this state. GOPAL. 7? does not need it

in either N KorZm. With new K n angular distributions included,
DECLAIS 77 sees it. However, this and other new data are included
in GOPAL 80 and the state is not required. BACCARI 77 weakly

supports jt.

VAL UE (MeV)

20C0 ta 2110
2104+ 10
2106+30
2110+10
2105+ 10
2115+10
i ~ ~ We do

TECN COMMEN T

KN~ KN
KN —+ KN
K N multichannel
K p~ KN
K p~ X2r

etc. e ~ ~

DOCUMENT ID

(at 2100) OUR ESTIMATE

GOPAL 80 DPWA
DEBELLEFON 78 DPWA
GOPAL 77 DPWA
HEMINGWAY 75 DPWA

KANE 74 DPWA
not use the following data for averages, fits, limits,

VAL UE (MeV)

at 2020 OUR ESTIMATE
2140
2117
2100+30
2020+20

VAL UE (Mev)

128
167
120+30
160+30

A{2020) MASS

DOCUMENT ID TECN COMMENT

A(2020) WIDTH

DOCUMENT ID TECN COM M EN T

BACCARI 77 DPWA K p ~ Aur

DECLAIS 77 DPWA K N ~ K N

LITCHFIELD 71 DPWA K p ~ K N

BARBARO-. .. 70 DPWA K p ~ X 9r

A(2020} DECAY MODES

BACCARI 77 DPWA K p Aw

DEC LAIS 77 DPWA K N —+ K N

LITCHFIELD 71 DPWA K p ~ K N

BARBARO-. .. 70 DPWA K p ~ X 2r

2094
2094
2110 or 2089

VALUE(MeV)

100 to 250 (at 200) OUR

157+40
250 + 30
241 +30
152+ 15
~ o ~ We do not use the

98
250
244 or 302

BACCARI 77 DPWA
DECLAIS 77 DPWA

1 NAKKASYAN 75 DPWA

K p —+ Aw

KN~ KN
K p ~ A(u

A(2100) WIDTH

TECN COM MEN T

KN —~ KN
K N multichannel
K p~ KN
K p~ Z7r
etc. ~ ~ ~

K p ~ Au2

KN~ KN
K p ~ Ao2

A{2100) DECAY MODES

DOCUMENT ID

ESTIMATE
DEBELLEFON 78 DPWA
GOPAL 77 DPWA
HEM IN GWAY 75 D PWA

KANE 74 D PWA

following data for averages, fits, limits,

BAC CA R I 77 D PWA

DEC LA IS 77 D PWA
1 NAKKASYAN 75 DPWA

Mode

NK
l2 Z~
I 3

A{2020) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

I (NQK /I tete'

Fraction (I;/f )

&3%
&3%
&8%
10—20 0/o

Mode

I1 NK 25-35 %

f2 Z7r 5%
f 3 A7j

I 4 =K
I 5 /l~
I e MK" {892)
I 7 NK*(892), S=l/2, G wave-
I a NK*(892), 5=3/2, 0 wave-

The above branching fractions are our estimates, not fits or averages.
VAL UE

0.05
0.05 +0.02

DOCUMENT ID TECN COMMENT

DECLAIS 77 DPWA K N ~ K N

LITCHFIELD 71 DPWA K p —+ K N

A(2100) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Reson an ces.

(r, r, ) /r

(I II r} /I tetafin NK~ A(2020)~ Au&

VAL UE' DOCUMENT ID

&0,05 BACCARI

(rtr3)&/r
TECN COMM EN T

77 DPWA K p ~ Au)

A(2020} REFERENCES

(I II f) /Itata~inNK~ A(2020)-+ Ztr
VAL UE DOCUMENT ID TECN COMMENT

—0.15+0.02 BARBARO-. .. 70 DPWA K p Z vr

I (NÃ)/I tata(
VAL UE

0.25 to 0.35 OUR ESTIMATE
0.34 +0.03
0.24 4 0.06
0.314 0.03
~ ~ ~ We do not use the following

0.29
0.30+0.03

DOCUMENT ID TECN COMM EN T

KN~ KN
KN~ KN
K p~ KN

etc. 0 ~ ~

KN~ KN
See GOPAL 80

GOPAL 80 DPWA
DEBELLEFON 78 DPWA

HEMINGWAY 75 DPWA
data for averages, fits, limits,

DECLAIS 77 DPWA
G0 PA L 77 D PWA

GOPAL
BACCARI
D EC LAIS
GOPAL
HEMiNGWAY
LITCHFIELD
BARBARO-. ..

80
77
77
77
75
71
70

Toronto Conf. 159
NC 41A 96
CERN 77-16
NP B119 362
NP B91 12
NP B30 125
Duke Conf. 173

+Poulard, Revel, Tallini+
+Duchon, Louvel, Patry, Seguinot+
+Ross, VanHorn, McPherson+
+Eades, Harmsen+
+... , Lesquoy+

Barbaro-Galtieri

(RHEL)
(SACL, CDEF) IJP

(CAEN, CERN) IJP
( L0 I C, R HE L)

(CERN, HEIDH, MPIM) IJP
(RHEL, CDEF, SACL) IJP

(LRL) IJP

{I rI r) /I tata~ in N K ~ A(2100) ~ Zn.
VAL UE DOCUMENT ID

+0,12+0.04 GOPA L

+0, 11*0.01 KANE

(I tl a)~/I
TECN COMMENT

77 DPWA KN multichannel
74 DPWA K p ~ Z~

(I I I f) /I total in N K ~
VAL UE

—0.050 60.020

A(2100) -+ Ari
DOCUMENT ID TECN

RADER 73 MPWA

(rtr3) /r
COMMENT

K p ~ ATI
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/l(2100), A(2110), /l(2325)

(iri r) /ItatafinNK~ A{2100}~=K {r,r,}&/r A(2110) DECAY MODES
VALUE DOCUMENT ID TECN COMM EN T

0.003
0.05

MULLER
TRIPP

69B DPWA K p —+ =K
67 RVUE K p ~ =K

(I lrf) Irtotal
VALLIE

—0.070
+0.011
+0.008

0.122 or 0.154

in NK~ A(2100)-+ A~
DOCUMENT ID

2 BACCARI 77
2 BACCARI 77
2 BACCARI 77
1 NAKKASYAN 75

(r, r, )&/r
TECN COMM EN T

DPWA GD37 wave

DPWA GG17 wave

DPWA GG37 wave

DPWA K-p A~

(rrrf) /rt tal
VALUE

+0.21+0,04

in N K ~ A(2100) -+ NK'(892), 9=3/3, D.wave (I ti a)~/I
DOCUMENT ID TECN COMMENT

CAMERON 78B DPWA K p ~ NK*

0.035+0.018 LITCHFIELD 71 DPWA K p ~ = K
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

Mode Fraction (I;/I )

seen

A(2110) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and X
Resonances.

I (iVK)/I tytai

I1 NK 5—25 %
Z?r 10-40 %

r3 n~ seen

I 4 K{1385}~
I s Z(1385)vr, P wave-

N K'(892) 10WO '/

r, N K*(892},S=1/2, P wave-

The above branching fractions are oLlr estimates, not fits or averages.

VAL UE

—0.04 +0.03

A{2100} N+ {893},5=1/2, 6 (i tf I}It/I
DOCUMENT ID TECN COMMENT

CAMERON 78B DPWA K p ~ N K*

A(2100) FOOTNOTES

DOCUMENT IDVALUE

D.D5 to D.25 OUR ESTIMATE
0.07+ 0.03 GOPAL 80 DPWA
0.27+ 0.06 DEBELLEFON 78 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.07+ 0.03 GOPA L 77 D PWA

COMMENT

KN —+ KN
KN~ KN

etC. ~ o ~

See GOPAL 80

A(2100) REFERENCES

PDG
PDG
GOPAL
CAMERON
DEBELLEFON
BACCARI
DECLAIS
GOPAL
HE MIN GWAY
NAK KASYAN
KANE
RADER
L ITC HF IE L D
MULLER
TRIPP
COOL
WOHL

86 PL 170B
82 PL lllB
80 Toronto Conf. 159
78B NP B146 327
?8 NC 42A 403
77 NC 41A 96
77 CERN 77-16
77 NP B119 362
75 NP B91 12
75 NP B93 85
74 L BL-2452
73 NC 16A 178
71 NP B30 125
69B Thesis UCRL 19372
67 NP B3 10
66 PRL 16 1228
66 PRL 17 107

(CERN, CIT+)
(HELS, CIT, CERN)

(RHEL) IJP
(RHEL, LOIC) IJP
(CDEF, SACL) IJP
(SACL, CDEF) IJP

(CAEN, CERN) IJP
(LOIC, RHEL) IJP

ERN, HEIDH, MPIM) IJP
(CERN) IJP

(LBL) IJP
+Barloutaud+ (SACL, HEID, CERN, RHEL, CDEF)
+..., Lesquoy+ (RHEL, CDEF, SACL) IJP

(LRL)
+I eith+ (LRL, SLAC, CERN, HEID, SACL)
+Giacomelli, Kycia, Leontic, Lundby+ (BNL)
+Solrnitz, Stevenson (LRL) IJP

+Franek, Gopal, Kalmus, McPherson+
De Bellefon, Berthon, Billoir+

+Poulard, Revel, Tallini+
+Duchon, Louvel, Patry, Seguinot+
+Ross, VanHorn, McPherson+
+Ea des, H a rrn sen+ (C

The NAKKASYAN 75 values are from the two best solutions found. Each has the
A(2100) and one additional resonance (P3 or F5).
Note that the three for BACCARI 77 entries are for three different waves.
The published sign has been changed to be in accord with the baryon-first convention.
The upper limit on the G3 wave is 0.03.

(I rrr) II totai
VALUE

+0.14+0.01
+0.20+0.03
~ ~ ~ We do not

+0.10+0.03

(rrrr) lrtotal
VAL LIE

&0.05
0.112

in N K ~ A(2110) ~ Zx
DOCUMENT ID TECN

DEBELLEFON 77 DPWA

KANE 74 DPWA
use the following data for averages, fits, limits,

GOPAL 77 DPWA

in Nt +A{2110)--+ A~
DOCUMENT ID TECN

BACCA R I 77 DPWA
1 NAKKASYAN 75 DPWA

COMMENT
(rtra) /r

K p —+ Zsr
K p~ X7r

etc. e ~ ~

K N multichannel

COMMENT
(r,r, ) /r

K p~ Au
K p~ Au

(rrrf) /rtotai in N K ~
VALUE

+0,071+0.025

A{2110)~ K{1385)tr
DOCUMEN T ID TECN COMMEN T

CAMERON 78 DPWA K p ~ Z'(1385) x

{Itl 4) /r

VALUE

—0.17+0.04

DOCUMENT ID TECN COMMEN T

CAMERON 78B DPWA K p ~ NK*

(I il r) /I tatai in N K -+ A(2110) ~ N K (892) (r,r, ) Ir

/l(2110) Fps I{gP) p( +)

For results published before 1974 (they are now obsolete), see our
1982 edition Physics Letters 1118 (1982). All the references have
been retained.

A(2110) MASS

VALUE (MeV)

2090 to 2140
2092 +25
2125+25
2106+50
2140+20
2100+50
2112k 7
~ ~ ~ We do

DOCUMENT ID

(m 2110) OUR ESTIMATE
GOPAL 80 DPWA

CAMERON 78B DPWA
DEBELLEFON 78 DPWA
DEBELLEFON 77 DPWA
GOPAL 77 DPWA

KANE 74 D PWA

not use the following data for averages, fits, limits,

BACCAR I 77 DPWA
1 NAKKASYAN 75 DPWA

TECN COMMEN T

KIV ~ KN
K p~ NK*
KN~ KN
K p~ X~
K IV multichannel

K p~ Z~
etc. ~ ~ ~

K p ~ A(u

K p ~ Au&

2137
2103

A(2110) WIDTH

VALUE (MeV)

150 to 250 (w 200) OUR

245+25
160+30
251+50
140+ 20
200 + 50
190+30
~ ~ ~ We do not use the

132
391

TECN COMMENTDOCLIMENT ID

ESTIMATE
GOPAL 80 DPWA
CAMERON 78B DPWA
DEBELLEFON 78 DPWA
DEBELLEFON 77 DPWA
GOPAL 77 DPWA
KANE 74 DPWA

following data for averages, fits, limits,

BACCARI 77 DPWA
1 NAKKASYAN 75 DPWA

KN~ KN
K p~ NK*
KN~ KN
K p~ Zx
K IV multichannel

K p~ Z~
etc. o ~ ~

K p ~ A(u

K p~ A~

This resonance is in the Baryon Summary Table, but the evidence
for it could be better. A(2110) REFERENCES

PDG 82
GOPAL 80
CAMERON 78
CAMERON 78B
DEBELLEFON 78
BACCARI 77
DEBELLEFON 77
GOPAL 77
NAKKASYAN 75
KANE 74

PL 111B
Toronto Conf. 159
NP B143 189
NP B146 327
NC 42A 403
NC 41A 96
NC 37A 175
NP B119 362
NP B93 85
LBL-2452

Roos, Porter, Aguilar-Benitez+

+Franek, Gopal, Bacon, Butterworth+
+Franek, Gopal, Kalmus, McPherson+

De Bellefon, Berthon, Billoir+
+Poulard, Revel, Tallini+

De Bellefon, Berthon, Billoir+
+Ross, VanHorn, McPherson+

(HELS, CIT, CERN)
(RHEL) IJP

(RHEL, LOIC) IJP
(RHEL, LOIC) IJP
(CDEF, SACL) IJP
(SACI, CDEF) I JP
(CDEF, SACL) IJP
(LOIC, RHEL) IJP

(CERN) IJP
(LBL) IJP

/l(2325) Opa l(JP) = p{&s ) Status:

OMITTED FROM SUMMARY TABLE
BACCARI 77 finds this state with either J = 3/2 or 3/2+ in a

energy-dependent partial-wave analyses of K p ~ /l~ from 2070
to 2436 MeV. A subsequent semi-energy-independent analysis from

threshold to 2436 MeV selects 3/2 . DEBELLEFON 78 (same
group) also sees this state in an energy-dependent partial-wave anal-

ysis of K p ~ K N data, and finds 2 = 3/2 or 3/2+. They

again prefer J = 3/2, but only on the basis of model-dependentP

considerations.

VALUE(MeV)
m 2325 OUR ESTIMATE

2342 +30
2327+20

A(2325} MASS

DOCUMENT ID TECN COM MEN T

DEBELLEFON 78 DPWA K N ~ K N

BACCARI 77 DPWA K p ~ A~

A(2110) FOOTNOTES
Found in one of two best solutions.
The published error of 0.6 was a misprint.
The CAMERON 78 upper limit on F-wave decay is 0.03. The sign here has been changed
to be in accord with the baryon-first convention.

4 The published sign has been changed to be in accord with the baryon-first convention.
The CAMERON 78B upper limits on the P3 and F3 waves are each 0.03.
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A(2325), /t(2350), /l(2585) Bum ps

VAL UE (Mev)

177+40
160+40

A(2325} WIDTH

DOCUMENT ID TECN COMMENT

DEBELLEFON 78 DPWA K N ~ K N

BACCARI 77 IPWA K p ~ /l~

A{2350}BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and X
Resonances.

I (NZ)/I tots)

Mode

f1 NK
I2

A{2325}DECAY MODES
VAL UE

~ O.l2 OUR ESTIMATE
0.1260.04

(I II r) /I totai in NF ~
VAL UE

—0.11+0.02

DOCUMENT ID TECN COMM EN T

DEBELLEFON 78 DPWA KN ~ KN

A(2350) ~ Zx (r, r, )&/r
DOCUMENT ID TECN COMMENT

DEBELLEFON 77 DPWA K p —+ Zx

A(2325) BRANCHING RATIOS
(I tI r}~/Itotg in NK ~ A{2350}-+Atu (I gl a) /I

I (NgK /I total
VAL UE

0.19+0.06
DOCUMENT ID TECN COMMENT

DEBELLEFON 78 DPWA K N ~ K N

VAL UE

&0.05

DOCUMENT ID

BACCARI

TECN COMMENT

77 DPWA K p ~ Aux

(I trr) /r, th) in NK A(2325) A~
VALUE DOCUMENT ID

0.06 +0.02 1 BACCARI
0.05 6 0.02 1 BACCARI
0.08 4 0.03 1 BACCARI

TECN COMM EN T

77 IPWA DS33 wave

77 DPWA DD13 wave
77 DPWA DD33 wave

A{2325) FOOTNOTES
1 Note that the three BACCARI 77 entries are for three different waves.

(rtra) /r
DEBELLEFON 78
BACCARI 77
DEBELLEFON 77
LASINSKI 71
BRICMAN 70
COOL 70

Also 66
LU 70
BUGG 68
DAUM 68

NC 42A 403
NC 41A 96
NC 37A 175
NP B29 125
PL 31B 152
PR D1 1887
PRL 16 1228
PR D2 1846
P R 168 1466
NP B7 19

A(2350) REFERENCES

De Bellefon, Berthon, Billoir+ (CDEF, SACL) IJP
+Poulard, Revel, Tallini+ (SACL, CDEF) IJP

De Bellefon, Berthon, Billoir+ (CDEF, SACL) IJP
(EFI) IJP

+Ferro-Luzzi, Perreau+ (CERN, CAEN, SACL)
+Giacomelli, Kycia, Leontic, Li+ (BNL) I

Cool, Giacomelli, Kycia, Leontic, Lundby+ (BNL) I

+Greenberg, Hughes, Minehart, Mori+ (YALE)
+Gilrnore, Knight+ (RHEL, BIRM, CAVE) I

+Erne, Lagnaux, Sens, Steuer, Udo (CERN) JP

A{2325}REFERENCES A(2585) Bum ps l{l ) = O(? ) Status:

DEBELLEFON 78
BACCARI 77

NC 42A 403
NC 41A 96

De Bellefon, Berthon, Billoir+
+Poulard, Revel, Tallini+

(CDEF, SACL) IJP
(SACL, CDEF) IJP OMITTED FROM SUMMARY TABLE

A(2350) Hog 1(JP) = O(2s+) Status:

DAUM 68 favors J = 7/2 or 9/2+. BRICMAN 70 favors 9/2+.
LASINSKI 71 suggests three states in this region using a Pomeron

+ resonances model. There are now also three formation experi-
ments from the College de France-Saclay group, DEBELLEFQN 77,
BACCARI 77, and DEBELLEFON 78, which find 9/2+ in energy-
dependent partial-wave analyses of KN ~ Z~, fl~, and NK.

VAL UE (Mev)

m 2585 OUR ESTIMATE
2585+45
2530+25

A(2585} MASS
(BUMPS)

DOCUMENT ID TECN COMMENT

ABRAMS
LU

A(2585) WIDTH
(BUMPS)

70 CNTR K p K d total
70 CNTR pp ~ K+ Y*

VA L UE (Me v)

2340 to 2370
2370+50
2365+20
2358+ 6
~ ~ ~ We do

2372
2344+ 15
2360+20
2340 k 7

A{2350}MASS

TECN COMMEN TDOCUMENT ID

(w 2350) OUR ESTIMATE
DEBELLEFON 78 DPWA

DEBELLEFON 77 DPWA
BRICMAN 70 CNTR

not use the following data for averages, fits, limits,

BACCARI 77 DPWA

COOL 70 CNTR
LU 70 CNTR
BUGG 68 CNTR

A(2350) WIDTH

KN~ KN
K p ~ Zvr
Total, charge exchange
etc. ~ o o

K p ~ Aux

K p, K d total

pp~ K+Y
K p, K dtotal

VAL UE (Mev)

300
150

Mode

I1 NK

DOCUMENT ID

ABRAMS
LU

TECN COM MEN T

70 CNTR K p, K d total
70 CNTR pp ~ K+ Y*

A(2585) DECAY MODES
(BUMPS)

A(2585) BRANCHING RATIOS
(BUMPS)

VALUE (Mev)

100 to 250 (~ 3.50) OUR

204+50
110+20
324+ 30
~ ~ ~ We do not use the

257
190
55

140+20

TECN COMMEN T

KN~ KN
K p~ X~
Total, charge exchange
etc. ~ ~ ~

K p ~ /lur

K p, K d total

pp K+ Y*
K p, K d total

A(2350) DECAY MODES

DOCUMENT ID

ESTIMATE
DEBELLEFON 78 DPWA

DEBELLEFON 77 DPWA
BRIC MAN 70 CNTR

following data for averages, fits, limits,

BACCARI 77 DPWA

COOL 70 CNTR
LU 70 CNTR
BUGG 68 CNTR

(J+2t)x I (N K)/I tat+

VAL UE

1

0.12+0.12

A{2585}FOOTNOTES
(BUMPS)

The resonance is at the end of the region analyzed —no clear signal.

A(2585} REFERENCES
(BUMPS)

J is not known, so only (J+&) x I {NK)/I total can be given.

DOCLIMENT ID TECN COMMENT

ABRAMS 70 CNTR K p, K d total
1 BRICMAN 70 CNTR Total, charge exchange

Mode

I1 NK
I 2 Z7r
I3 A~

Fraction (I;/I )

12 0

10

ABRAMS
Also

BRICMAN
LU

70 PR D1 1917
66 PRL 16 1228
70 PL 31B 152
70 PR D2 1846

+Cool, Giacomelli, Kycia, Leontic, Li+ (BNL) I

Cool, Giacomelli, Kycia, Leontic, Lundby+ (BNL) I

+Ferro-Luzzi, Perreau+ (CERN, CAEN, SACL)
+Greenberg, Hughes, Minehart, Mori+ (YALE)

The above branching fractions are our estimates, not fits or averages.
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Z BARYONS
(S= —1, (=1)

Z+ =uus, Zo=uds, Z =dds

l(J } = 1(&+} Status:P

We have omitted some results that have been superseded by later
experiments. See our earlier editions.

Z+ MASS

The fit uses Z+, Z Z n, and A mass and mass-difference measurements.

Z+ MA6NETIC MOMENT

See the "Note on Baryon Magnetic Mome t " ' th A L'n s in e istings. Measure-
ments with an error & 0.1 p, N have been omitted.

VALUE (IsN) EVTS

2 458 +0.010
S DOCUMEN T ID TECN COMM EN T

OUR AVERAGE Error includes scale factor of 2.1. See the ideogram
below.

2.4613+0.0034+0.0040 250k MORELOS 9
2.428 +0.036 +0.007 12k MORELOS 9

S 93 SPEC pCu 800 GeV

2.479 +0.012 +0.022
3 SPEC pCu 800 GeV

2.4040 +0.0198
0.022 137k WILKINSON 87 SPEC p Be 400 G V

5
e e

44k ANKENBRA. .. 83 CNTR pCu 400 GeV

4We assume CPT invariance: this is minus the Zs e Z magnetic moment as measured by

5A
3. ee below for the moment difference testing CPT.

ANKENBRANDT 83 gives the value 2.38 + 0.02 . M
h o t d h I

to the revised value given here.
an c anne and claims to determine the field integral bett I

d'e er, ea ing

VALUE (MeV) EVTVTS DOCUMENT ID TECN COMMENT

11S9.37+0.07 OUR FIT Error includes scale factor of 2.2.
1189.37+0.06 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram

below.
189.33+0.04 607 1 BOHM
189.16+0.12 HYMAN

189.61+0.08 SCHMIDT 65 HBC See note with A m

189.48 +0.22 2 BHOWMIK 64 EMUL
189.38+0.15 2 BARKAS

4205
58

144

WEIGHTED A VERAGE
1189.37+0.06 (Error scaled by 1.8)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

1
1

1

1

ass

1 63 EMUL

1 BOHM 72 is updated with our 1973 K, m, and x m

Physics 45 No. 2 Pt. II (1973)).
, an x masses (Reviews of Modern

These masses have been raised 30 keV to take into account a 46 keV increase in the
proton mass and a 21 keV decrease in the vr mass Inote added 1

I

I

2.35 2.4 2.45 2.5

Z magnetic moment (iu, lV)
+

WEIGHTED AVERAGE
2.458+0.010 (Error scaled by 2.1)

I

2.55

x'
MORELOS 93 SPEC 0 4
MORELOS 93 SPEC 0 7
Wl LK INSON 87 SPEC 0.7
ANKENBRA. .. 83 CNTR 7.4

9.2
(Confidence Level = 0.027)

I

2.6

1189

Z+ mass (MeV)

1189.4 1189.8

BOHM
- HYMAN
- SCHMIDT
. BHOWMIK

BAR KAS

72 EMUL
67 HEBC
65 HBC
64 EMUL
63 EMUL

(Confidence Level

1190.2

x'
1.0
3.1

8.9
0.3
0.0

13.3
= 0.010)

VAL UE (10 s) EVTS DOCUMENT ID

0.799+0.004 OUR AVERAGE

0.798+0.005 30k MARRAFFINO 80
0.807 +0.013 5719 CO NFORTO 76
0.83 + 0.04 526 BAK KER
0.795 +0.010 20k EISELE
0.803 +0.008 10664 BARLOUTAUD69
0.83 +0.032 1300 3 CHANG
0.80 +0.07 381 COOK
0.84 +0.09 181 BA LTAY 65
0.76 6 0.03 900 CA RAYA N ~ .. 65

0 749+—0.052 192 GRARD 62

0.765 k 0.04 456 HUMPHREY 62

3WWe have increased the CHANG 66 error of 0.018;
Modern Physics 42 No. 1 (1970).

TECN COMM EN T

HBC
HBC
DBC
HBC
HBC
HBC
OSPK
HBC
HBC

HBC

HBC

K p 0.42—0.5 GeV/c
K p 1—1.4 GeV/c
K n ~ Z'+sr 7r

K p at rest
K p 0.4—1.2 GeV/c

see our 1970 edition, Reviews of

Z+ MEAN LIFE

Measurements with an error & 0.1 x 10 h bs ave been omitted.

Z+ DECAY MODES

Mode Fraction {I;/I ) Confidence level

I 1 P~o
r2 n7r+

P
r4 n~+ p
l 5 Ae+ve

r6 ne+ v,
I 7 np+v„
l 8 pe+ e

(51.57+0.30) %
(48.31+0.30) %

( 1.23+0.05) x 10

[a] ( 4.5 +0.5 ) x 1O
—4

( 2.0 +0.5 ) x 10

ES = EQ {SQ}violating modes or
b S = 1 weak neutral current (Sl}modes

SQ ( 5 x 1O-6

SQ & 30 x 1O-5

SS ( 7 x 10 6

9O%

9O%

[a] See the Particle Listings below for the pion momentum range used in this
measurement.

CONSTRAINED FIT INFORMATION

An overall fit to 2 branching ratios uses 14 measurements and one

constraint to determine 3 parameters. The overall fit has a X
7.7 for 12 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

x, x )/ibx, "6x ), in percent, from the fit to the branching fractions, x,
;/l t~t~l. The fit constrains the x, whose labels appear in this array to sum to

one.

(~~+ —l~g- l} / l~l.~ass
A test of CPT invariance.

VAL UE DOCUMENT ID TECN COMMENT

0.014+0.015 6

This is our caicul

MORELOS 93 SPEC p Cu 800 GeV

This is our calculation from the MORELOS 93 measurements of the Z+ and
magnetic moments given above. The t t'e s a istical error on p& dominates the error here.

x2 —100

x3 12 —14

X1 X2
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Z+ BRANCHING RATIOS l (Z+ ~ nIs+vts)/I (Z ~ nIs vts)

r(nn+)/r(hler)
DOCUMENT IDVALUE EVTS

OA836+0.0030 OUR FIT
OA836+0.0030 OUR AVERAGE

0.4828 +0.0036 10k 7 MARRAFFINO 80
0.488 +0.008 1861 N OWA K 78
0.484 +0.015 537 TOVE E 71
0.488 +0.010 1331 BAR LOUTAU D 69
0.46 k 0.02 534 CHANG 66
0.490 +0.024 308 HUMPHREY 62

7MARRAFFINO 80 actually gives I (pm )/l (total) =

r(»)«( ')

TECN COMMEN T

l 2/{I t+I 2)

HBC K p 0.42-0.5 GeV/c
HBC
EMUL

HBC K p 0.4—1.2 GeV/c
HBC
HBC

0.5172 i 0.0036.

VAL UE EVTS DOCUMENT ID TECN COMMENT

&0.12 OUR LIMIT Our 90% CI limit, using I (np+v )/I (nor+) above.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

o.o6+ o.o45—0.03 2 EISELE 698 HBC K p at rest

r(Z+ ntI- v)/r(Z n-C v)-
Test of b, S = EQ rule.

VAL UE EVTS DOCUMEN T ID TECN

(P.Pa3 OUR LIMIT Our op% CL limit, using [I (ne+ve) + I (n V+v&)]/I (nn+).
~ o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&0.08 1 NORTON 69 HBC
&0.034 0 BAGGETT 67 HBC

VALUE (units 10 )
2.38+0.10 OUR FIT
2.38+0.10 OUR AVERAGE

2.32 +0.11+0.10 32k

2.81+0.39+—0.43 408

EVTS

2.52 60.28 190

2.46+0 30—0.35 155

2.11+0.38 46
2.1 40.3 45
2.76+0.51 31
3.7 +0.8 24

KOBAYASHI 87 actually gives

I (nsr+T)/I (nsr+)

DOCUMENT ID TECN COM MEN T

TI M M 95 E761 X+ 375 GeV

89 CNTRHESSEY

8 KOBAYASHI 87 CNTR

BIAG I 85 CNTR

MANZ 80 HBC
ANG 698 HBC
GERSHWIN 698 HBC
BAZ IN 65 H BC

I (pp)/f (total) = (1.30 + 0.1

K p —+ Z+7r at
rest

~+ p r+K+
CERN hyperon beam

K p ~ Z+m
K p at rest
K —p~ Z+~
K p at rest

5) x 10

The Tr+ momentum cuts differ, so we do not average the
latest value in the Summary Table.

VALUE (units 10 } EVTS DOCUMENT ID TECN

0.93+0.10 180 EBENHOH 73 HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

0.27 +0,05
~ 1.8

29 ANG

BAZIN

698 HBC
658 HBC

results but simply use the

COMMENT

Tr+ & 150 MeV/c
etc. ~ ~ ~

Tr+ & 110 MeV/c
Tr+ & 116 MeV/C

I (A e va) /rtotai
VA L UE (units 10 S} EVTS

2.0+0.5 OUR AVERAGE

1.6+0.7 5
2.9+1.0 10
2.0+0.8 6

r(ne+ v, )/r(nsr+)

DOCUMENT ID

BA LTAY

EISELE
BARASH

TECN COMM EN T

69 HBC K p at rest

69 HBC K p at rest
67 HBC K p at rest

r(pe+ e )/rtotai rs/r
VALUE (units 10 ~) DOCUMENT ID TECN COMMEN T

(7 ANG 698 HBC K p at rest

ANG 698 found three pe+ e events in agreement with p ~ e+ e conversion from
Z+ ~ pp. The limit given here is for neutral currents.

I (Z+~ ne+ve)/l (Z ~ ne va)
VALUE CL% EVTS DOCUMENT ID TECN COMMEN T

(0.009 OUR LIMIT Our 90% CL limit, using I (ne+ ve)/I (nor+) above.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

Test of AS = h, Q rule. Experiments with an effective denominator less than 100,000
have been omitted.

EFFECTIVE DENOM. EVTS DOCUMEN T ID TECN COMMENT

g 1.1 x 10 OUR LIMIT Our 90% CL limit = (2.3 events)/(effective denominator
sum). [Number of events increased to 2.3 for a 90%
confidence level. ]

111000 0 EBENHOH 74 HBC K p at rest

105000 0 SECHI-ZORN 73 HBC K p at rest

Effective denominator calculated by us.

I (nls+ v„)/f (nsr+)
Test of h, S = AQ rule.

EFFECTIVE DENOM. EVTS DOCUMENT ID TECN

(6.2 x 10 OUR LIMIT Our 90% CL limit = (6.7 events)/(effective denominator
sum). [Number of events increased to 6.7 for a 90%
confidence level. )

33800 0 BAGGETT 698 HBC
62000 2 EISELE 698 HBC
10150 0 COURANT 64 HBC
1710 0 NAUENBERG 64 HBC

120 1 GALTIERI 62 EMUL

Effective denominator calculated by us.
Effective denominator taken from EISELE 67.

Z+ OECAY PARAMETERS

0 FOR Z+ ~ pm.
VAL UE EVTS

-0.015-0.980+ ' OUR FIT

DOCV MEN T ID TECN COM MEN T

-0.013—0.980+ ' OUR AVERAGE

0 945 +0 ~ 055—0.042 1259 13 LIPMAN 73

—0.940+0.045 16k BELLAMY 72

—0.98 +—0.02 1335 14 HARRIS 70

—0.999+0.022 32I& BAN GERTER 69

Decay protons scattered off aluminum.
4 Decay protons scattered off carbon.

OSPK ~+ p ~ Z+
ASPK m+ p a X+ K+

OSPK Tr+ p ~ X+ K+

HBC K p 0.4 GeV/c

Q ANGLE FOR E+ -+ pm0
VALUE( ) EVTS

36 +34 OUR AVERAGE

38 1 +35.7 1259 15 LIP MAN—37.1
22 +90 HARRIS

Decay proton scattered off aluminum.
Decay protons scattered off carbon.

DOCUMENT ID

{tan Iitp = p/7)
TECN COM MEN T

73 OSPK x+ p —+ Z+ K+

70 OSPK ~+ p ~ X+ K+

a+ / ap
Older results have been omitted.

VALUE EVTS DOCUMENT ID

-0.069+0.013 OUR FIT
—0.073+0.021 23k

TECN COMM EN T

MARRAFFINO 80 HBC K p 0.42—0.5 GeV/c

n+ FOR Z+ ~ no+
VALVE EVTS

0.068+0.013 OUR FIT
0.066+0.016 OUR AVERAGE

0.037+0.049 4101
0.06960.017 35 I&

DOCUMENT ID TECN COM MEN T

BERLEY 708 HBC
BANGERTER 69 HBC K p 0.4 GeV/c

P+ ANGLE FOR Z+ —+ n~+
VALUE( ) EVTS DOCUMENT ID TECN

167+20 OUR AVERAGE Error includes scale factor of 1.1.
184 +24 1054 17 BERLEY 708 HBC
143+29 560 BANGERTER 698 HBC

Changed from 176 to 184 to agree with our sign convention ~

{»&+= &/7)
COMMEN T

K p 0.4 GeV/c

a~ FOR Z+ ~ pp
VAL UE EVTS DOCUMENT ID
—0.76 +0.08 OUR AVERAGE
—0.720+0.086+0.045 35k 18 FOU( HER
—0.86 +0.13 +0.04 190 KOBAYASHI

053 —o 36 46 MANZ 80 HBC

—1.03 + 61 GERSHWIN 698 HBC

See TIMM 95 for a detailed description of the analysis.

TECN COMM EN T

Z'+ 375 GeV
~+ p @+K+
K p —+ Z+ Tr

92 SPEC
87 CNTR

See the "Note on Baryon Decay Parameters" in the neutron Listings. A

few early results have been omitted.

&0.019
&0.018
&0.12
&0.03

90
90
95
90

EBENHOH 74 HBC
SECHI-ZORN 73 HBC
COLE 71 HBC
EISELE 698 HBC

K p at rest
K p at rest
K p at rest
See EBENHOH 74
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z+ z'

Z+ REFERENCES

TIMM
MORELOS
FOUCHER
HESSEY
KOBAYAS HI

WILKINSON
8 I AGI
ANKEN BRA. .

ANZ
MARRAFFIN
NOWA K
CONFORTO
EBENHOH
EBENHOH
LIPMAN
PDG
SECHI-ZORN
BELLAMY
BOHM

Also
BAKKER
COLE
TOVEE
BERLEY
EISE LE

HARRIS
PDG
ANG
BAGGETT
BA LTAY
BANGERTER
BANGERTER
BARLOUTAU
EISELE

Also
EISELE
GERSHWIN

Also
NORTON
BAGGETT

Also
Also

BARASH
EISELE
HYMAN
PDG
CHANG

Also
COOK
BA LTAY
BAZ IN

BAZIN
CARAYAN ...
SCHMIDT
BHOWMIK
COURANT
NAUENBERG
BARKAS

Also
GALTIERI
GRARD
HUMPHREY

95
93
92
89
87
87
85
83
80

O 80
78
76
74
73
73
73
73
72
72
73
71
71
71
708
70
70
70
698
698
69
e9
698

D 69
69
64
698
698
69
69
67
68
688
67
67
67
e7
ee
65
66
65
65
658
65
65
64
e4
64
63
61
62
62
62

P R D51 4638
PRL 71 3417
PRL 68 3004
ZPHY C42 175
PRL 59 868
PRL 58 855
ZPHY C28 495
PRL 51 863
PL 968 217
PR D21 2501
NP 8139 61
NP 8105 189
Z P HY 266 367
ZPHY 264 413
PL 438 89
RMP 45 No. 2 Pt. Ii

PR DS 12
PL 398 299
NP 848 1
I IHE-73.2 Nov
LNC 1 37
PR D4 631
NP 833 493
PR D1 2015
ZPHY 238 372
PRL 24 165
RMP 42 No. 1
ZPHY 228 151
Thesis MDDP-TR-973
PRL 22 615
Thesis UCRL 19244
P R 187 1821
NP 814 153
ZPHY 221 1
PRL 13 291
ZPHY 221 401
P R 188 2077
Thesis UCRL 19246
Thesis Nevis 175
PRL 19 1458
Vienna Abs. 374
Private Comm.
PRL 19 181
Z P HY 205 409
PL 258 376
RMP 39 1
PR 151 1081
Thesis Nevis 145
PRL 17 223
P R 1408 1027
PRL 14 154
P R 1408 1358
PR 1388 433
P R 1408 1328
NP 53 22
P R 1368 1791
PRL 12 679
PRL 11 26
Thesis UCRL 9450
PRL 9 26
PR 127 607
P R 127 1305

+Albuquerque, Bondar+ (FNAL E761 Collab. )
+Albuquerque, Bondar, Carrigan+ {FNAL E761 Collab. )
+Albuquerque, Bondar+ (FNAL E761 Collab. )
+Booth, Fickinger, Gall+ (BNL-811 Collab. )
+Haba, Hornma, Kawai, Miyake+ (KYOT)
+Handler+ (WISC, MICH, RUTG, MINN)
+Bourquin+ (CERN WA62 Collab. )

Ankenbrandt, Berge+ (FNAL, IOWA, ISU, YALE)
+Re ucroft, Settles, Wolf+ (MPIM, VAND)
+Reucroft, Roos, Waters+ (VAND, MPIM)
+Armstrong, Davis+ (LOUC, BELG, DURH, WARS)
+Gopal, Kalmus, Litchfield, Ross+ (RHEL, LOIC)
+Eisele, Engelmann, Filthuth, Hepp+ (HE IDT)
+Eisele, Filthuth, Hepp, Leitner, Thouw+ (HE IDT)
+Uto, Walker, Montgomery+ (RHEL, SUSS, LOWC)

Lasinski, Barbaro-Galtieri, Kelly+ (LBL, BRAN, CERN+)
+Snow (UMD)
+Anderson, Crawford+ (LOWC, RHEL, SUSS)
+ (BERL, KIDR, BRUX, IASD, DUUC, LOUC+)

Bohm (BERL, KIDR, BRUX, IASD, DUUC, LOUC+)
+Hoogland, Kluyver, Massard+ (SABRE Collab. )
+Lee-Franzini, Loveless, Baltay+ (STON, COLU)
+ (LOUC, KIDR, BERL, BRUX, DUUC, WARS)
+Yamin, Hertzbach, Kofler+ (BNL, MASA, YALE)
+Filthuth, Hepp, Presser, Zech (HEI D)
+Overseth, Pondrorn, Dettm ann (MICH, WISC)

Barbaro-Galtieri, Derenzo, Price+ (LRL, BRAN ~ CERN+)
+Ebenhoh, Eisele, Engelmann, Filthuth+ (HEID)

(UMD)
+Franzini, Newman, Norton+ (COLU, STON)

(LRL)
+Alston-Garnjost, Galtieri, Gershwin+ (LRL)
+DeBellefon, Granet+ (SACL, CERN, HEID)
+Engelmann, Filthuth, Fohlisch, Hepp+ (HEID)

Willis, Courant~ (BNL, CERN, HEID, UMD)
+Engelmann, Filthuth, Fohlisch, Hepp+ {HEID)
+Alston-Garnjost, Bangerter+ (LRL)

Gershwin (LRL)
(COLU)

+Day, Glasser, Kehoe, Knop+ (UMD)
Baggett, Kehoe (UMD)
Baggett (UMD)

+Day, Glasser, Kehoe, Knop+ (UMD)
+ Engelmann, Filthuth, Folish, Hepp+ {HEID)
+Loken, Pewitt, McKenzie+ (ANL, CMU, NWES)

Rosenfeld, Barbaro-Galtieri, Podolsky+ (LRL, CERN, YALE)
(COLU)

Chang (COLU)
+Ewart, Masek, Orr, Platner (WASH)
+Sandweiss, Culwick, Kopp+ (YALE, BNL)
+Blumenfeld, Nauenberg+ (PRIN, COLU)
+Piano, Schmidt+ (PRIN, RUTG, COLU)

Carayannopoulos, Tautfest, Willmann (PURD)
(COLU)

+Jain, Mathur, Lakshmi (DELH)
+Filthuth+ (CERN, HEID, UMD, NRL, BNL)
+M a ra tee k+ {COLU, RUTG, PRIN)
+Dyer, Heckman (LRL)

Dyer (LRL)
+Barkas, Heckrnan, Patrick, Smith (LRL)
+Smith (LRL)
+Ross (LRL)

We have omitted some papers that have been superseded by later experi-
ments. See our earlier editions.

Z MEAN LIFE

These lifetimes are deduced from measurements of the cross sections for
the Primakoff process A ~ Z0 in nuclear Coulomb fields. An alterna-
tive expression of the same information is the ZO-A transition ma netic
moment given in the following section. The relation is (O~p/rrNi
1.92951 x 10 s (see DEVLIN 86).

IIs(z -v A)i TRANSITIGN MAGNETIc MGMENT

See the note in the Z mean-life section above. Also, see the "Note on
Baryon Magnetic Moments" in the A Listings.

DOCUMENT IDVALUE (/tN) TECN COMMENT

1.61+0.08 OUR AVERAGE

1.72 DEVLIN 86 SPEC Primakoff effect

1.594 0.05 +0.07 4 PETERSEN 86 SPEC Primakoff effect
~ a e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.82+—0.18 DYDAK 77 SPEC See DEVLIN 86

DEVLIN 86 is a recalculation of the results of DYDAK 77 removing a numerical approx-
imation made in that work.
An additional uncertainty of the Primakoff formalism is estimated to be & 2.5%.

Z DECAY MODES

Mode

Ap
I2 APg
I 3 Ae+e

Fraction (I;/l )

100 0/

Ia] 5x10

Confidence level

90%

[a] A theoretical value using QED.

Z BRANCHING RATIOS

r (~v7) /rtotai

VALUE (10—20 s) DOCUMENT ID TECN COMMENT

7.4+0.7 OUR EVALUATION Using p. ~A (see the above note).

6,5 1 1
1 DEVLIN 86 SPEC Prirnakoff effect

7.6+0,5+0.7 PETERSEN 86 SPEC Primakoff efFect
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5.8+1.3 DYDAK 77 SPEC See DEVLIN 86
1 DEVLIN 86 is a recalculation of the results of DYDAK 77 removing a numerical approx-

imation made in that work.
An additional uncertainty of the Primakoff formalism is estimated to be & 5%.

0 I(JP] = I.(&+] Status: VAL UE

(0.03
CL% DOCUMENT ID TECN

COLAS 75 HLBC

The spin and parity have not been measured directly. They are of
course assumed to be the same as for the X+ and Z

Zo MASS

The fit uses X+, Z', Z, and A mass and mass-difference measurements.

I (vt e+ e )/I total
VAL UE

0.00545

I a/I
DOCUMENT ID COMMENT

FEINBERG 58 Theoretical @ED calculation

Z REFERENCES

VALUE (MeV) DOCUMENT ID

1192.55+0.08 OUR FIT Error includes scale factor of 1.2.

TECN COMMENT

See note with A mass

VALUE(MeV} EVTS DOCUMENT ID

4.88+0.08 OUR FIT Error includes scale factor of 1.2.
4.86+0,08 OUR AVERAGE Error includes scale factor of 1.2.
4.87 +0.12 37 DOSC H 65 H BC
5.01+0.12 12 SCHMIDT 65 HBC
4.75+ 0.1 18 BURNSTEIN 64 HBC

DEVLIN
PETERSEN
DYDAK
COLAS
DOSCH
SCHMIDT
BURNSTEIN
FEINBERG

86
86
77
75
65
65
64
5S

PR D34 1626
PRL 57 949
NP 8118 1

NP 891 253
PL 14 239
PR 1408 1328
PRL 13 66
PR 109 1019

+Petersen, Beretvas (RUTG)
+Beretvas, Devlin, Luk+ (RUTG, WISC, MICH, MINN)
+Navarria, Overseth, Steffen+ (CERN, DORT, HEIDH)
+Farwell, Ferrer, Six (0RSAY)
+Engelmann, Filthuth, Hepp, Kluge+ (HEID}

(COLU)
(UMD)
(BNL)

TECN COMMEN T

COLAS 75 HLBC ZO A

SCHMIDT 65 HBC See note with A mass

VALUE (MeV) EVTS DOCUMENT ID

76.87+0.08 OUR FIT Error includes scale factor of 1.2.
76.55+0.25 OUR AVERAGE
76.23+ 0.55 109
76.63 +0.28 208
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l(J ) = 1(&+) Status:

We have omi e'tt d some results that have be pen su erseded by later
experim enriments. See our earlier editions.

Z MASS

+, and A mass and mass-difference measurements.The fit uses X,X, X, an

DOCLIMENT ID TECN COMMEN TVALUE (Mev) EVTS DOC

OUR FIT Error includes scale factor ofrof 12.1197.436+0.033 0
Error includes scale factor of 1.2.1197.45 +0.04 OUR AVERAGE Error inc u es sca

X C atom, crystal dlfF.1197.417+0.040
88 CNTR X Pb, X W atoms1197.532+ 0.057 GALL

mass3000 SCHMIDT 65 HBC See note with A ma1197.43 +0.08
for averages, fits, limits, etc. ~ ~ ~e do not use the following data or avera, ,

' ', . ~ ~ ~~ ~ ~ We do no

1 DUGAN 75 CNTR Exotic atoms1197.24 +0.15

GAN 75 mass needs to be reevaluated.1GALL 88 concludes that the DUGAN ma

EVTS DOCUMENT IDVALUE (Ish/)

+0 025 OUR AVERAGE Error includes ses scale factor of 1—1.160+0.
below.
HERTZOG 88

TECN COM MEN T

.7. See the ideogram

CNTR X Pb X' W
atoms

ne v nn de-
cays

pCu ~ X' X
~ ~

—1.105+0.029+0.010

ZAPA LAC 86 SP EC—1.16660.014+0.010 671k

WAH 85 CNTR—1.23 +0.03 +0.03
data for averages, fits, limits, et .aa, , C. ~~ ~ ~ We do not use the following a a

516k DECK 83 SPEC—0.89 +0.14 pBe —+ X X

WEIGHTED AVERAGE
-1.160+0.025 (Error scaled by 1.7)

)I

Z MAGNETIC MOMENT

oments" in the A Listings. Measure-See the "Note on Baryon Magnetic Momen s
have been omitted.ments with an error & 0.3 pN

VAL UE (Mev)
8.07+0.08 OUR
8.09+0.16 OUR
7.91+0.23
8.25 +0.25
8.25+ 0.40

m~ —
tlat ~+

TECN

86
2500

87

BOHM
DOSCH
BAR KAS

72 EMUL
65 HBC
63 EMUL

EVTS DOCUMENT ID

FIT Error includes scale factorr of 1.9.
AVERAGE

EVTSVAL UE (Mev)

81.752+0.034 OUR FIT Error
81.69 +0.07 OUR AVERAGE
81.64 +0.09 2279
81.80 +0.13
81.70 +0.19

DOCUMENT ID TECN COCOMMENT

includes scale factor of 1.2.

HEPP 68 HBC
SCHMIDT 65 HBC See note with A mass
BURNSTEIN 64 HBC

Z MEAN LIFE

-1.2

Z magnetic moment (pN}

HERTZOG
ZAPALAC

. WAH

x'
88 CNTR 3 2
86 SPEC 0.1

85 CNTR 2.7
6.1

(Confidence Level = 0.048)
I

-0.9

r ) 0.2 x 10 s have been omitted.Measurements with an error ) 0.2 x

TECN COMMEN TVAL UE (10 s) EV ENT IDTS DOCUMENT ID

f 1.3. See the ideogram below.1.479+0.011 OUR AVERAGE rrError includes scale factor o

16k MARRAFFINO 80 HBC pK 0.42-0.5 GeV/c1.480 4 0.014
FORTO 76 HBC K p 1—1.4 GeV/c1.49 + 0.03

2400 ROBERTSON 72 HBC K p 0.25 e /1.463 4 0.039
1383 BAK KER 71 DDBC K N ~ X ver1.42 + 0.05

TOVEE 71 EMUL41 +0 ~ 09—0.08
E 70 HBC K p at rest1.485 +0.022 100k EISELE

. -1.2 GeV c10k BAR LOLOLITAUD69 HBC K p 0.4— .1.472+ 0.016
506 WHITESESIDE 68 HBC K p at rest1,38 + 0.07

3267 ANG 66 HBC K p at restCHANG1.666+ 0.075
MPHREY 62 HBC K p at rest1.58 + 0.06 1208 HUMPH

r 1970 edition, Reviews ofG 66 error of 0.018; see our2 We have increased the CHAN
Modern Physics 42 No. 1 (1970).

f2
l3
r4
r5

Z DECAY MODES

Mode

n7r

ne ve
np, v

Ae ve

Fraction (I;/I )

(99.s48 +o.oo5) %

[aj ( 4.6 +0.6 ) x

( 1.017+0.034) x

( 4.5 +0.4 ) x

( 5.73 +0.27 ) x

10 4

10
10 4

10

CONSTRAINED FIT INFORMATION

measurements and oneerali fit to 3 branching ratios uses 16 m
2constraint to determine 4 para meters. T e o

8.7 for 13 degrees of freedom.

the ion momentum range used in this[a] See the Particle Listings below for t e pi

measurement.

WEIGHTED AVERAGE
1.479+0.011 (Error scaled by 1.3)

are the correlation coefficientsoff-dia onal array elements are eThe following o - i g
f t the branching fractions, x;(

els a ear in this array to sum to
in ercent, from the fit to e

The fit constrains the x; whose labels appear inI /~total
one.

x'
HBC 0.0
HBC 0.1

HBC 0.2
DBC 1.4
EMUL 0 6
HBC 0.1

HBC 02
HBC 2.0
HBC 62
HBC 2.8

13.6
(Confidence Level = 0.136)

I

1.9

X3

X4

—64
—77

1.2 1.3 1.4 1.5

Z mean life (10 s)
—10

MARRAFFINO 80
CONFORTO 76
ROBERTSON 72

. - BAKKER 71
TOVEE 71

ELE 70
RLOUTAUD 69
ITESI DE 68

ANG 66
MPHREY 62

(

1.6 1.7 1.8

X5

X1 X3 X4

Z BRANCHING RATIOS

I 2/I tr(nx p)/r(ne )-
the results but simply use theThe ~+ momentum cuts difFer, so we do not average t e resu

latest value for the Sum yma r Ta ble.
TECN COMM EN T0 3 EVTS DOC UM EN T ID TECNVALUE (tjnits 10 )

3 HBC ~+ ( 150 MeV/c0.46+0.06
'n data for averages, fits, limits, etc. ~ ~ ~~ We do not use the following data for average,~ 0 ~

69B HBC zr ( 110 Me c0.104 0.02 23 ANG

BAZIN 65 HBC vr & 166 MeV/cB~ 1.1
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VALUE (units 10 )
0.45+0.04 OUR FIT
0.45+0.04 OUR AVERAGE

0.38+0.11 13
0.43+0.06 72
0.43 +0.09 56
0.56+0.20 11
0.66 +0.15 22

EVTS DOCUMENT ID TECN COMMENT

COLE
ANG

BAGGETT
BAZIN
COURANT

71 HBC
69 HBC
69 HBC
65B HBC
64 HBC

K p at rest

K p at rest

K p at rest

K p at rest

r(ne r, )/r(ne )
Measurements with an error & 0.2 x 10 have been omitted.

VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMEN T

1.019+0.034 OUR FIT

1.019+ QU R AVERAGE-0.036
096 60 05 2847 BOURQUIN 83C SPEC SPS hyperon beam

1.09 +0 08 601 EBENHOH 74 HBC K p at rest

105 +—0.13 455 SECHI ZORN 73 HBC K p at rest

0.97 4 0.15 57 COLE 71 HBC K p at rest
1.11 +0.09 180 BIERMAN 68 HBC

3 An additional negative systematic error is included for internal radiative corrections and
latest form factors; see BOURQUIN 83C.

r(ny v„)/r(nn )

TRIPLE CORRELATION COEFFICIENT Ofor Z ~ ne v~
The coefficient 0 of the term 0 P (/ex' ) in the Z ~ ne v decay angular
distribution. A nonzero value would indicate a violation of time-reversal invariance.

VALUE EVTS DOCUMENT ID 7ECN COMMENT

0.1160.10 50k HSUEH 88 SPEC X 250 GeV

gy/gp FOR Z ~ Ae 'Pe
For the sign convention, see the "Note on Baryon Decay Parameters" in the neutron
Listings. The value is predicted to be zero by conserved vector current theory. The
values averaged assume CVC-SU(3) weak magnetism term.

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.01 +0.10 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram
below.

—0.034 k 0.080 1620 BOURQUIN 82 SPEC SPS hyperon beam
—0.29 4 0.29 114 THOMPSON 80 ASPK BNL hyperon beam
—0.17 +0.35 55 TANENBAUM 75B SPEC BNL hyperon beam
+0.45 +0.20 186 ~ FRANZINI 72 HBC

9The sign has been changed to agree with our convention.
The FRANZINI 72 value includes the events of earlier papers.

WEIGHTED AVERAGE
0.01+0.10 (Error scaled by 1.5)

r(~e-y, )/r(nn-)
VALUE (units 10 ) EVTS

0.574+0.027 OUR FIT
0.574+0.027 OUR AVERAGE
0.561+0.031 1620
0.63 +0.11 114
0.52 +0.09 31
0.69 +0.12 31
0.64 +0.12 35
0.75 +0.28 11

The value is from BOURQUIN
ta nce.

DOCUMENT ID TECN COMM EN T

BOURQUIN 82 SPFC SPS hyperon beam
THOMPSON 80 ASPK Hyperon beam

BALTAY 69 HBC K p at rest

EISEI E 69 HBC K p at rest

BARASH 67 HBC K p at rest

COURANT 64 HBC K p at rest

83B, and includes radiation corrections and new accep-

Z DECAY PARAMETERS

See the "Note on Baryon Decay Parameters" in the neutron Listings.
Older, outdated results have been omitted.

-0.5

x'
BOURQUIN 82 SP EC 0.2

. THOMPSON 80 ASPK 1.0
TANENBAUM 75B SPEC 0.3
FRANZINI 72 k BC 4.9

6.5
onfidence Level = 0.091)

0.5

a FOR Z -+ nn
VALUE EVTS
—0.068+0.008 OUR AVERAGE
—0.062 +0.024 28k
—0.067+ 0.011 60k
—0.0714 0.012 51k

DOCUMENT ID TECN COM MEN T

HANSL 78 HBC K p ~ Z ~+
BOGERT 70 HBC K p 0.4 GeV/c
BANGERTER 69 HBC K p 0.4 GeV/c

(tang = P / p)
DOC UM EN T ID

QANGLEFORZ ~ nx
VALUE ( ) EVTS TECN COMMEN T

ao+15 OUR AVERAGE

+ 5+23 1092 BERLEY 70B HBC n rescattering
14+ 19 1385 BANGERTER 69B HBC K p 0.4 GeV/c
5 BERLEY 70B changed from —5 to +5 to agree with our sign convention.

gV/gA for Z' ~ Ae ve

gwM/g~ FOR& ~ «
The values quoted assume the CVC prediction gy —0.

VAL UE EVTS DOCUMENT ID TECN

2.4 +1.7 OUR AVERAGE

1.75 +3.5 114
3.5 +4,5 55
2.4 +2.1 186

COMMENT

THOMPSON 80 ASPK BNL hyperon beam
TANENBAUM 75B SPEC BNI hyperon beam
FRANZ INI 72 H BC

Z REFERENCES

We have omitted some papers that have been superseded by later experi-
ments. See our earlier editions.

0.29 +0.07 25k HSUEH 85 SPEC See HSUEH 88

0.17 519 DECAMP 77 ELEC Hyperon beam

6 The sign is, with our conventions, unambiguously positive. The value assumes, as usual,
that g2

—0. If g2 is included in the fit, than (with our sign convention) g2
——0.56 +

0.37, with a corresponding reduction of g~/g~ to +0.20 4 0.08.
7 BOURQUIN 83C favors the positive sign by at least 2.6 standard deviations.

TANENBAUM 74 gives 0.435+ 0.035, assuming no q dependence in g~ and g~. The

listed result allows q dependence, and is taken from HSUEH 88.

f2(0)/fj(0) FOR Z ~ ne
The signs have been changed to be in accord with our conventions, given in the "Note
on Baryon Decay Parameters" in the neutron Listings.

VAL UE EVTS DOCUMENT ID TECN COMMEN T

0.97+0.14 OUR AVERAGE

+0.96 +0.07+0.13 50k
+ 1.02+ 0.34 4456

HSUEH 88 SPEC Z 250 GeV
BOURQUIN 83C SPEC SPS hyperon beam

gp/gy FOR Z- ~ ne v, -
Measurements with fewer than 500 events have been omitted. Where necessary, signs
have been changed to agree with our conventions, which are given in the "Note on

Baryon Decay Parameters" in the neutron Listings. What is actually listed is ~g1/f1—
0.237g2/f1 ~. This reduces to g~/gIV = g1(0)/f'1(0) on making the usual assumption
that g2 ——0. See also the note on HSUEH 88.

VALUE EVTS DOCUMENT ID TECN COMMEN T

0.$40+0.017 OUR AVERAGE

+0.327+0.007+0.019 50k 6 HSUEH 88 SPEC Z' 250 GeV

+0.34 60.05 4456 7 BOURQUIN 83C SPEC SPS hyperon beam

0,385+0.037 3507 8 TANENBAUM 74 ASPK
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

GUREV 93

GALL 88
HERTZOG 88
HSUEH 88
ZAPALAC 86
HSUEH 85
WAH 85
BOURQUIN 83B
BOURQU IN 83C
DECK 83
BOURQU IN 82
MARRAFFINO 80
THOMPSON 80
HANS L 78
DECAMP 77
CONFORTO 76
DUGAN 75
TANENBAUM 75B
EBEN HOH 74
TANENBAUM 74
EBENHOH 73
SECHI-ZORN 73
BOHM 72
F RA NZ IN I 72
ROBERTSON 72
BAKKER 71
COLE 71

Also 69
TOVEE 71
BERLEY 70B

JETPL 57 400
Translated from ZETFP
PRL 60 186
PR D37 1142
PR D38 2056
PRL 57 1526
PRL 54 2399
PRL 55 2551
ZPHY C21 27
ZPHY C21 17
PR D28 1
ZPHY C12 307
PR D21 2501
PR D21 25
NP B132 45
PL 66B 295
NP B105 189
NP A254 396
PR D12 1871
ZPHY 266 367
PRL 33 175
ZPHY 264 413
PR D812
NP B48 1

PR D6 2417
Thesis UMI 78-00877
LNC 1 37
PR D4 631
Thesis Nevis 175
NP B33 493
PR D1 2015

Gur'ev, Denisov, Zhelamkov, ivanov+ (P NP I)
57 389.
+Austin+ (BOST, MIT, WILL, CIT, CMU, WYOM)
+Eckhause+ (WILL, BOST, MIT, CIT, CMU, WYOM)
+ (CHIC, ELMT, FNAL, IOWA, ISU, PNPI, YALE)
+ (FFI, ELMT, FNAL, IOWA, ISU, PNPI, YALF)
+Muller+ (CHIC, ELMT, FNAL, ISU, PNPI, YALE)
+Cardello, Cooper, Teig+ (FNAL, IOWA, ISU)
+ (BRIS, GEVA, HEIDP, LALO, RL, STRB)
+ (BRIS; GEVA, HEIDP, LALO, RL, STRB)
+Beretvas, Devlin, Luk+ (RUTG, WISC, MICH, MINN)
+Brown+ (BRIS, GEVA, HEIDP, LALO, RL, STRB)
+Reucroft, Roos, Waters+ (VAND, MPIM)
+Cleland, Cooper, Dris, Engels+ (PITT, BNL)
+Manz, Matt, Reucroft, Settles+ (MPIM, VAND)
+Badier, Bland, Chollet, Gaillard+ (LALO, EPOL)
+Gopal, Kalmus, Litchfield, Ross+ (RHEL, LOIC)
+Asano, Chen, Cheng, Hu, Lidofsky+ (COLU, YALE)
+Hungerbuhler+ (YALE, FNAL, BNL)
+Eisele, Engelrnann, Filthuth, Hepp-+ (HE IDT)
+Hungerbuhler+ (YA LE, F NA L, 8NL)
+Eisele, Filthuth, Hepp, Leitner, Thouw+ (HEIDT)
+Snow (U iVI D)
+ (BERL, KIDR, BRUX, IASD, DUUC, LOUC+)
+ (COLU, HEID, UMD, STON)

( I IT)
+Hoogland, Kluyver, Massard+ (SABRE Collab. )
+Lee-Franzini, Loveless, Baltay+ (STON, COLU)

Norton (COI U)
+ (LOUC, KIDR, BERL, BRUX, DUUC, WARS)
+Yamin, Hertzbach, Kofler+ (BNL, MASA, YALE)
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BOG ERT
EISELE
PDG
ANG
ANG
BAGGETT
BALTAY
BANGERTER
BANGERTER
BARLOUTAUD
EISELE
BIERMA N

HEPP
WHITESIDE
BARASH
CHANG
BAZ IN
DOSCH

Also
SCHMIDT
BURNSTEIN
COURANT
BARKAS
HUMPHREY

70 PR D26
70 ZPHY 238 372
70 RMP 42 No. 1
69 ZPHY 223 103
698 ZPHY 228 151
69 PRL 23 249
69 PRL 22 615
69 Thesis UCRL 19244
698 PR 187 1821
69 NP 814 153
69 ZPHY 221 1
68 PRL 20 1459
68 ZPHY 214 71
68 NC 54A 537
67 PRL 19 181
66 PR 151 1081
658 PR 1408 1358
65 PL 14 239
66 PR 151 1081
65 PR 1408 1328
64 PRL 13 66
64 PR 1368 1791
63 PRL 11 26
62 PR 127 1305

+Lucas, Taft, Willis, Berley+ (BNL, MASA, YALE)
+Filthuth, Hepp, Presser, Zech (HEI D)

Barbaro-Galtieri, Derenzo, Price+ (LRL, BRAN, CERN+)
+Eisele, Engelmann, Filthuth+ (HEI D)
+Ebenhoh, Eisele, Engelmann, Filthuth+ (HE ID)
+Kehoe, Snow (UMD)
+Franzini, Newman, Norton+ (COLU, STON)

(LRL)
+Alston-Garnjost, Galtieri, Gershwin+ (LRL)
+DeBellefon, Granet+ (SACL, CERN, HEID)
+Engelmann, Filthuth, Fohlisch, Hepp+ (HEID)
+Kounosu, N a uenb erg+ (PRIN)
+Schleich (HEI D)
+Gollub (OBER)
+Day, Glasser, Kehoe, Knop+ (UMD)

(COL U)
+Piano, Schmidt+ (PRIN, RUTG, COLU)
+Engelmann, Filthuth, Hepp, Kluge+ (HEID)

Chang (COL U)
(COL U)

+Day, Kehoe, Zorn, Snow (UMD)
+Filthuth+ (CERN, HEID, UMD, NRL, BNL)
+Dyer, Heck rn an (LRL)
+Ross (LRL)

Z(1385) P, /(gp) —1(3+) Stgtgg

Discovered by ALSTON 60. Early measurements of the mass and

width for combined charge states have been omitted. They may be
found in our 1984 edition Reviews of Modern Physics 56 No. 2 Pt.
I I {1984).

We average only the most significant determinations. We do not
average results from inclusive experiments with targe backgrounds
or results which are not accompanied by some discussion of ex-
perimental resolution. Nevertheless systematic diff'erences between
experiments remain. (See the ideograms in the Listings below. )
These differences could arise from interference effects that change
with production mechanism and/or beam momentum. They can
also be accounted for in part by differences in the parametriza-
tions employed. (See BORENSTEIN 74 for a discussion on this
point. ) Thus BORENSTEIN 74 uses a Breit-Wigner with energy-
independent width, since a P-wave was found to give unsatisfactory
fits. CAMERON 78 uses the same form. On the other hand HOLM-
GREN 77 obtains a good fit to their A7r spectrum with a P-wave
Breit-Wigner, but includes the partial width for the Zn- decay mode
in the parametrization. AGUILAR-BENITE2 81D gives masses and
widths for five different Breit-Wigner shapes. The results vary con-
siderably. Only the best-fit S-wave results are given here.

WEIGHTED AVERAGE
1382.8+0.4 (Error scaled by 2.0)

1375 1380

Z(1385)+ mass (MeV)

Z(1385}0 MASS

1385

x'
3.5

11.7
0.3
8.8
3.2
0.7
0.2
2.6
0.6
1.3

32.8
(Confidence Level 0.001)

I

1390

AUBILLIER 84 HBC
GUILAR-. .. 81D HBC
GUILAR-. .. 81D HBC
AME RON 78 H BC
ORENSTEIN 74 HBC
AB I BI 73 H BC
GUILAR-. .. 72B HBC
IEGEL 67 HBC
RMENTEROS65B HBC
UWE 64 HBC

VAL UE (Mev) EVTS DOCUMEN T ID TECN

1383.7+1.0 OUR AVERAGE Error includes scale factor of 1.4.
1384.1 +0.8 5722 AGUILAR-. .. 81D H BC

1380 + 2 3100 5 BORENSTEIN 74 HBC

COMMENT

See the ideogram below.

K p ~ A3n- 4.2
GeV/c

K p A3n. 2.18
GeV/c
p —+ An0 K0

etc. ~ o ~

K p 8.25 GeV/c

WEIGHTED AVERAGE
1383.7+1.0 (Error scaled by 1.4)

V

1385.1 k2, 5 240 4 THOMAS 73 HBC
~ o ~ We do not use the following data for averages, fits, limits,

1389 +3 500 BAUB ILLIER 798 H BC

Z(1385)+ MASS
VALUE (MeV) EVTS

1382.8+OA OUR AVERAGE

1384.1+0.7 1897
1384.5 + 0,5 5256

1383.0 +0.4 9361.

6900
6846
2300

400
1260
750
859

not use the follow

1381.9+0.3
1381 + 1

1383.5+ 0.85
1382 +2
1384.4 4 1.0
1382 j1

1381.0+ 1.6
~ ~ o We do

1385.1+1.2
1383.2 + 1.0
1381 +2
1391 +2
1390 + 2

1385 + 3
1385 + 1

1380 + 2

1382 4 1

1390 + 6

600
750

7k

2k

100
22k

2594

3740
46

1383 + 8
1378 k 5

1384.3 + 1.9
1382.6+ 2, 1

1375.0+ 3.9
1376.0 +3.9

62
135
250
250
170
154

Z(1385} MASSES

DOCUMENT ID TECN

Error includes scale factor of 2.0
BAU BILL IER 84 H BC
AGUILAR-. .. 81D HBC

AGUILAR-. .. 81D HBC

CAMERON 78 HBC
BORENSTEIN 74 HBC
HABIBI 73 HBC
AGUILAR-. .. 728 HBC
SIEG EL 67 HBC
ARMENTEROS658 HBC
HUWE 64 H BC

ing data for averages, fits, limits

BAKER 80 HYBR
BAKER 80 HYBR

1 BAUBILLIER 798 HBC
CAUTIS 79 HYBR
SUGAHARA 798 HBC

1 2 BARREIRO 778 HBC
HOLM GREN 77 HBC

1 BARDADIN-. .. 75 HBC
3 BERTHON 74 HBC

AGUILAR-. .. 708 HBC

4 BIRMINGHAM 66 HBC
LONDON 66 HBC

4 SMITH 65 HBC
4 SMITH 65 HBC

COOP ER 64 H BC
4 ELY 61 HLBC

COMMEN T

. See the ideogram below.

K p 8.25 GeV/c
K p~ Ann 42

GeV/c
K p~ A3n 42

GeV/c
K p 0.96—1.36 GeV/c
K p 2.18 GeV/c
K p ~ An. n.

K p ~ An's
K p 2.1 GeV/c
K p 0.9—1.2 GeV/c
K p 1.22 GeV/c

, etc. ~ o ~

n. + p 7 GeV/c
K p 7 GeV/c
K p 8.25 GeV/c
~+ p/K p 11.5 GeV

p 6 GeV/c
K p 4.2 GeV/c
See AGUtLAR 81D
K p 14.3 GeV/c
K p 1263—1843 MeV/c
K p ~ Zn's4

GeV/c
K p 3.5 GeV/c
K p 2.24 GeV/c
K p 1.8 GeV/c
K p 1.95 GeV/c
K p 1.45 GeV/c
K p 1.11 GeV/c

x'
0.3
3.3
0.3
4.0

(Confidence Level = 0.136)
I

1400

AGUILAR-. .. 81D HBC
BOR ENSTEIN 74 HBC
THOMAS 73 H BC

1375 1380 1385 1390 1395

Z(1385) mass (MeV)

Z(1385) MASS
VALUE (MeV) EVTS DOCUMEN T ID TECN

1387.2+0.5 OUR AVERAGE Error includes scale factor of 2.2
1388.3+ 1.7 620 AGUILAR-. .. 81D HBC

81D HBCAGUILAR-. ..1384.9+0,8 3346

1387.6 + 0.3
1383 k 2

1390.7+ 1.2
1387.1+1.9
1390.7 + 2, 0
1384 2 1

1385.3 4 1.9
o e ~ Wedo

1383 + 1

1380 4 6
1387 +3
1391 +3
1383 2 2

1389 + 1

1389 k 9
1391.5 +2.6
1399.8 + 2.2
1392.0+ 6.2
1382 + 3
1376.0 +4.4

9720 CAMERON 78 HBC
2303 BORENSTEIN 74 HBC
1900 HA B I Bl 73 H BC
630 4 THOMAS 73 HBC
370 SIEGEL 67 H BC

1380 ARMENTEROS658 HBC
1086 4 HUWE 64 HBC

not use the following data for averages, fits, limits,

4.5k 1 BAUBILLIER 798 HBC
150 1 SUGAHARA 798 HBC
12k 1~2 BARREIRO 778 HBC
193 HOLMGREN 77 HBC

1 BARDADIN-. .. 75 HBC
3060 3 BERTHON 74 HBC

15 LONDON 66 H BC
120 4 SMITH 65 HBC
58 4 SMITH 65 HBC

200 COOPER 64 H BC
93 DAHL 61 DBC

224 4 ELY 61 HLBC

COMMENT

See the ideogram below.

K p —+ Ann 42
GeV/c

K p ~ A3n. 4.2
GeV/c

K p 0.96—1.36 GeV/c
K p 2.18 GeV/c
K p ~ An~

p —+ A7r K+
K p 2.1 GeV/c
K p 0.9—1.2 GeV/c
K p 1.15—1.30 GeV/c

etc. e ~ ~

K p 8.25 GeV/c

p 6 GeV/c
K p 4.2 GeV/c
See AGUILAR 81D
K p 14.3 GeV/c
K p 1263—1843 MeV/c
K p 2.24 GeV/c
K p 1.8 GeV/c
K p 1.95 GeV/c
K p 1.45 GeV/c
K d 0.45 GeV/c
K p 1.11 GeV/c
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WEIGHTED AVERAGE
1387.2+0.5 (Error scaled by 2.2)

I

1375 1380 1385

Z(1385) mass (MeV)

1390

AGUILAR-. .. 81D HBC
AGUILAR-. .. 81D HBC
CAMERON 78 HBC
BORENSTEIN 74 HBC
HABIBI 73 HBC
THOMAS 73 HBC
Sl EG EL 67 HBC
ARMENTEROS 65B HBC
HUWE 64 HBC

(Confidence Level

1395 1400

x'
0.4
8.1

1.9
44
8.6
0.0
3.1

10.1
1.0

37.7
0.001)

VALUE (MeV)

~ ~ ~ We do

2 to+6
7.2 6 1.4
6,3 +2.0

ll +9
9 k6
2.0 + 1,5
7.2 +2.1

17.2 + 2.0
17 k7
4.3 +2.2
0.0+4.2

E(1SS5)- r(13S5)+

CL% DOCUMENT ID TECN

not use the following data for averages, fits, limits,

95 BORENSTEIN 74 HBC
7 HABIBI 73 HBC
7 SIEGEL 67 HBC

LONDON 66 HBC
LONDON 66 HBC
ARMENTEROS65B HBC

"SMITH 65 HBC
7 SMITH 65 HBC
7 CoopER 64 HBC
7 HUWE 64 HBC
7 ELY 61 HLBC

COMMENT

etc. o i ~

K p 2.18 GeV/c
K p ~ A~7r

K p 2.1 GeV/c
K p 2.24 GeV/c
A37r events
K p 0.9—1.2 GeV/c
K p 1.8 GeV/c
K p 1.95 GeV/c
K p 1.45 GeV/c
K p 1.22 GeV/c
K p 1.11 GeV/c

~Z(1385' ™Z(1SS5)+
VALUE (MeV) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

—4 to+4 95 BORENSTEIN 74 HBC K p 2.18 GeV/c

Z(1385)o WIDTH
VAL UE (MeV) EVTS

36 + 5 OUR AVERAGE

34.8+ 5,6 5722

DOCUMENT ID TECN COM MEN T

AGUILAR-. .. 81D HBC K p ~ A3n. 4.2
GeV/c

~- p A~0K0
etc. ~ ~ ~

39.3+10.2 240 9 THOMAS 73 HBC
~ ~ o We do not use the following data for averages, fits, limits,

53 + 8 3100 BORENSTEIN 74 HBC K p —+ A3~ 218
GeV/c
p 1.5 GeV/c63 OSPKCURTIS10630 + 9

3346

44 + 4
58 + 4
45 + 5
35 +10
47 + 6
40 4 3
29.2 6 10.6
17.1 + 8.9
88 +24
40
66 +18

WEIGHTED AVERAGE
39 4+2.1 (Error scaled by 1.7)

Z{1385) WIDTH
VAL UE (MeV) EVTS DOCUMENT ID TECN COMMENT

39.4+ 2.1 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram below.

38.4 + 10.7 620 AGUILAR-. .. 81D HBC K p ~ A~a 4 2
GeV/c

AGUILAR-. .. 81o HBC K p ~ A3~ 42
GeV/c

39,2+ 1,7 9720 CAMERON 78 HBC K p 0.96—1.36 GeV/c
35 6 3 2303 BORENSTEIN 74 HBC K p 2.18 GeV/c
51.9+ 4.8 1900 HABIBI 73 HBC K p ~ Amer

48.2+ 7.7 630 9 THOMAS 73 HBC 7r p A~ K0

31.0+ 6.5 370 SIEGEL 67 HBC K p 2.1 GeV/c
38.0 6 4.1 1382 ARMENTEROS65B HBC K p 0.95—1.20 GeV/c
62 +7 1086 HUWE 64 HBC K p 1.15—1.30 GeV/c
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.5k BAUBILLIER 79B HBC K p 8.25 GeV/c
150 SUGAHARA 79B HBC 7r p 6 GeV/c
12k ~ BARREIRO 77B HBC K p 4 2 GeV/c
193 HOLMGREN 77 HBC See AGUILAR 81D

1 BARDADIN-. .. 75 HBC K p 14.3 GeV/c
3060 BERTHON 74 HBC K p 1263—1843 MeV/c

120 SMITH 65 HBC K p 1.80 GeV/c
58 SMITH 65 HBC K p 1 95 GeV/c

200 COOPER 64 HBC K p 1 45 GeV/c
DAHL 61 DBC K d 0.45 GeV/c

224 ELY 61 HLBC K p 1.11 GeV/c

Z(1385) WIDTHS

Z(1385)+ WIDTH
VALUE(MeV) EVTS
35.8+ 0.8 OUR AVERAGE

37.2 k 2.0 1897
35.14 1.7 5256

DOCUMENT ID TECN COM MEN T

BAUBILLIER 84 HBC
AG UILAR-. .. 81D H BC

K p 8.25 GeV/c
K p + A~7r 4.2

GeV/c
K p ~ A3~42

GeV/c
K p 0.96—1.36 GeV/c
K p 2.18 GeV/c
K p ~ A~7r

K p ~ A7r's

K p 2.1 GeV/c
K p 0.95—1.20 GeV/c
K p 1.15—1.30 GeV/c
eic. ~ ~ ~

++ p 7 GeV/c
K p 7 GeV/c
K p 8.25 GeV/c
7r+ p/K p 11.5 GeV

vr p 6 GeV/c
K p 4.2 GeV/c
See AGUILAR 81D
K p 14.3 GeV/c
K p 1263—1843 MeV/c
K p ~ X7r's4

GeV/c
K p 3.5 GeV/c
K p 1.8 GeV/c
K p 1.95 GeV/c
K p 1.45 GeV/c
K p 1.11 GeV/c

AGUII AR-. .. 81o HBC936137.5+ 2.0

35.5+ 1.9
34.0 + 1.6
38,3+ 3.2
32,5+ 6.0
36 + 4

32.0+ 4.7
46.5+ 6.4
o ~ ~ We do

6900 CAMERON 78 HBC

6846 BORENSTEIN 74 HBC

2300 H A BIB I 73 H BC
400 AGUILAR-. .. 72B HBC

1260 9 SIEGEL 67 HBC

750 9 ARMENTEROS65B HBC
859 9 HUWE 64 HBC

not use the following data for averages, fits, limits,

600 BAK ER 80 HYBR
750 BAK ER 80 HYBR

7k BAUBILI IER 79B HBC
2k CAUTIS 79 HYBR

100 1 SUGAHARA 79B HBC
22k 1 2 BARREIRO 77B HBC

2594 HOLMGREN 77 HBC
1 BARDADIN-. .. 75 HBC

BERTHON 74 HBC
AGUILAR-. .. 70B HBC

40 + 3
37 + 2

37 + 2

30 + 4

30 + 6
43 + 5
34 + 2

40.0 + 3.2
48 + 3
33 +20

3740
46

9 BIRMINGHAM 66 HBC
9 SMITH 65 HBC

SMITH 65 HBC
COOP ER 64 H BC

9 ELY 61 HLBC

62
250
250
170
154

25 +32
30,3+ 7.5
33.1 + 8.3
51 +16
48 +16

Z(1385) Z(1385)

VA L UE (M eV) DOC UM EN T ID TECN COM M EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.0 +2.4 THOMAS 73 HBC m p ~ Avr K+

. AGLIILAR-. .. 81D HBC
AGUILAR-. .. 81D HBC
CAMERON 78 HBC
BOR ENSTE IN 74 H BC

. HABIBI 73 HBC
- THOMAS 73 HBC

SIEGEL 67 HBC
ARMENTEROS65B HBC
HUWE 64 HBC

20 40 60
I

80

(ConfIdence Level

100

Z(1385) width (MeV)

Z(1385)+ REAL PART
VAL UE

1379k 1

Z(1385) POLE POSITIONS

DOCUMENT ID COMMENT

LICHTENBERG74 Extrapolates HABIBI 73

VAL UE

1383+1

DOCUMENT ID COMMENT

LICHTENBERG74 Extrapolates HABIBI 73

Z{1385) —IMAGINARY PART
VALUE DOCUMENT ID COMMENT

22.5 + 1.5 LICHTENBERG74 Extrapolates HABIBI 73

Z(1385)+ —IMAGINARY PART
VAL UE DOCUMENT ID COMMENT

17.5 + 1.5 LICHTENBERG74 Extrapolates HABIBI 73

Z(1385) REAL PART

x'
0.0
1.3
0.0
2.2
6.7
1.3
1.7
0.1

10.4
23.8

= 0.002)
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Z(1385), Z(1480) Bumps

Z(1385) DECAY MODES Z(1385) REFERENCES

Mode

l1 A~
Z7r

I 3 /ly
r4 Z&

NK

Fraction (I;/I )

88+2 %
12+2 %

The above branching fractions are our estimates, not fits or averages.

Z(1385) BRANCHING RATIOS

r(z~) /r (nw)
VAL UE

0.135+0.011 OUR AVERAGE

0.20 +0.06
0.16 +0.03

DOCUMENT ID TECN CHG COMMENT

DIONISI 788 HBC
BERTHON 74 H BC

K p ~ Y*KK
+ K p 1.26-1.84

GeV/c
K p 1.26-1.84

GeV/c
K p~

A~+ ~-,
Z0~+ ~-

K p~
A~+ ~-,
Z0~+ ~—
p ~ AK?r,
ZKm

+ K p 3.9, 4.6
GeV/c

—0 K N 1.5 GeV/c
+ ?r+ p ~ AK?r,

Z K?r
+ K p 2.24 GeV/c

K p 0.95—1.20
GeV/c

K p 1.2—1.7 GeV
etc, ~ ~ ~

BERTHON 74 H BC

BORENSTEIN 74 HBC

0.11 +0.02

0.21 +0.05

MAST 73 MPWA0.18 +0.04

73 HBCTHOMAS0.10 +0.05

0.16 +0.07

0.13 +0.04
0.13 +0.04

AGUILAR-. .. 728 HBC

COLL EY
PAN

718 DBC
69 HBC

LONDON 66 HBC
ARMENTEROS658 HBC

0.08 +0.06
0.163+0.041

0,09 *0.04 HUWE 64 H BC
~ ~ ~ We do not use the following data for averages, fits, limits,

(0.04
0.04 +0.04

ALSTON
BASTIEN

62 HBC
61 HBC

+0 K p 1.15 GeV/c

r(n7)/rtatai
VAL UE EVTS DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

0.17+0.17

r(n7)/r(n~)
VALUE CL%

MEISNER 72 HBC 1 event only

DOCUMENT ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ i
(0.06

r (z7)/r (n~)
VALUE

90

CL%

COLAS 75 HLBC K p 575—970 MeV

DOCUMENT ID TECN COMM EN T

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.05 90 COLAS 75 HL BC K p 575—970 M eV

(I(I p) /ltotailn IVK~ Z(1385) ~ nm (I sl t)~/I
VAL UE

+0.586 +0.319
DOCUMENT ID CHG COMMENT

DEVENISH 748 0 FIxed-t dispersion rel.

E(1385) FOOTNOTES
From fit to inclusive Ax spectrum.

2 includes data of HOLMGREN 77.
The errors are statistical only. The resolution is not unfolded.
The error is enlarged to I /~N. See the note on the K*(892) mass in the 1984 edition.
From a fit to A?r with the width fixed at 34 MeV.
From fit to inclusive A?r spectrum with the width fixed at 40 MeV.
Redundant with data in the mass Listings.
Results from A?r+?r and A?r+?r ?r combined by us.
The error is enlarged to 4I /~N. See the note on the K*(892) mass in the 1984 edition.
Consistent with +, 0, and —widths equal.
An extrapolation of the parametrized amplitude below threshold.

BAU 8 I L LIE R 84
PDG 84
AGUILAR-. .. 81D
BAKER 80
BAUBILLIER 798
CAUTIS 79
SUGAHARA 798
CAMERON 78
D IONI SI 788
BARREIRO 778
HOLMGR EN 77
BAR DA DIN-. .. 75
COLAS 75
BERTHON 74
BORENSTEIN 74
D EVE NI 5 H 748
LICHTENBERG 74

Also 748
HABI Bl 73

Also 73
MAST 73

Also 738
THOMAS 73
AGUILAR-. .. 728
MEISNER 72
COLLEY 718
AGU ILA R-.. . 708
PAN 69
SIEGEL 67
BIRMINGHAM 66
LONDON 66
ARMENTEROS 658
SMITH 65
COOPER 64
HUWE 64

Also 69
CURTIS 63
ALSTON 62
BASTIEN 61
DAHL 61
ELY 61
ALSTON 60

ZPHY C23 213
RMP 56 No. 2 Pt
AFIS A77 144
NP 8166 207
NP 8148 18
NP 8156 507
NP 8156 237
NP 8143 189
PL 788 154
NP 8126 319
NP 8119 261
NP 898 418
NP 891 253
NC 21A 146
PR D9 3006
NP 881 330
PR D10 3865
Private Comm.
Thesis Nevis 199
Purdue Conf. 387
PR D7 3212
PR D7 5
NP 856 15
PR D6 29
NC 12A 62
NP 831 61
PRL 25 58
PRL 23 808
Thesis UCRL 18041
PR 152 1148
PR 143 1034
PL 19 75
Thesis UCLA
PL 8 365
Thesis UCRL 11291
PR 180 1824
PR 132 17/1
CERN Conf. 311
PRL 6 702
PRL 6 142
PRL 7 461
PRL 5 520

+ (BIRM, CERN, GLAS, MSU, CURIN)
fl Wohl, Cahn, Rittenberg+ (LBL, CIT, CERN)

Aguilar-Benitez, Salicio (MA DR)
+Chima, Dornan, Gibbs, Hall, Miller+ (LOIC)
+ (BIRM, CERN, GLAS, MSU, CURIN)
+Ballam, Bouchez, Carroll, Chadwick+ (SLAC)
+Ochiai, Fukui, Cooper+ (KEK, OSKC, KINK)
+Franek, Gopal, Bacon, Butterworth+ (RHEL, LOIC)
+Arrnenteros, Diaz (CERN, AMST, NIJM, OXF)
+Berge, Ganguli, Blokzijl+ (CERN, AMST, NIJM)
+Aguilar-Benitez, Kiuyver+ (CERN, AMST, NIJM)

Bardadin-Otwinowska+ (SACL, EPOL, RHEL)
+Farwell, Ferrer, Six (OR SAY)
+Tristra m+ (CDEF, RHEL, SACL, STRB)
+Kalbfleisch, Strand+. (BNL, MICH)
+Froggatt, Martin (DESY, NORD, LOUC)

(I ND)
Lichtenberg (I ND)

(COL U)
Baltay, Bridgewater, Cooper+ (COLU, BING}

+Bangerter, Alston-Garnjost+ (LBL) IJP
Mast, Bangerter, Alston-Garnjost+ (LBL) IJP

+Engler, Fisk, Kraemer (CMU) JP
Aguilar-Benitez, Chung, Eisner, Samios (BNL)

(UNC, LBL)
+Cox, Eastwood, Fry+ (BIRM, EDIN, GLAS, LOIC)

Aguilar-Benitez, Barnes, Bassano+ (BNL, SYRA)
+Forman (PENN) I

(LRL)
(BIRM, GLAS, LOIC, OXF, RHEI )

+Rau, Goldberg, Lichtrnan+ (BNL, SYRA) J
+ (CERN, HEID, SACL}

(UCLA)
+Filthuth, Fridman, Malamud+ (CERN, AMST)

(LRL) JP
Huwe (LRL}

+Coffin, Meyer, Terwilliger (MICH) J
+ A Iv arez, Ferro-L uzzi+ (LRL)
+Ferro-Luzzi, Rosenfeld (LRL)
+Horwitz, Miller, Murray, White (LRL)
+Fung, Gidal, Pan, Poweli, White (LRL) J
+Alvarez, Eberhard, Good, Graziano+ (LRL) I

Z(1480) Bumps l(J ) = 1(?.) Status:

Z(1480) MASS
(PRODUCTION EXPERIMENTS)

VA L UE (Me V) EVTS

m 1480 OUR ESTIMATE
1480

1485+ 10

1479+10

1465 + 15

DOCUMENT ID TECN CHG COMMENT

ENGELEN 80 HBC +

C LINE 73 MPWA—

70 HBC +PAN

PAN 70 HBC

K p ~
(p~v}~—

K d —+

(A?r ) p
?r+ p —+

(A~+) K+
?r+p ~

(Z~) K+

E'(1480) WIDTH
(PRODUCTION EXPERIMENTS)

OMITTED FROM SUMMARY TABLE
TheSe are peakS Seen in A?r and Z7r SpeCtra in the reaCtiOn 7r+ p ~
(Y7r) K+ at 1.7 GeV/c. Also, the Y polarization oscillates in the
same region.

MILLER 70 suggests a possible alternate explanation in terms of a
reflection of N(1675) ~ AK decay. However, such an explanation

for the (Z+x ) K+ channel in terms of D(1650) ~ ZK decay
seems unlikely (see PAN 70). In addition such reflections would also
have to account for the oscillation of the Y polarization in the 1480
MeV region.

HANSON 71, with less data than PAN 70, can neither confirm nor

deny the existence of this state. MAST 75 sees no structure in this

region in K p ~ Aw .

ENGELEN 80 performsa multichannel analysis of K p ~ pK
at 4.2 GeV/c. They observe a 3.5 standard-deviation signal at 1480
MeV in p K which cannot be explained as a reflection of any com-
peting channel.

VAL UE (Mev)

80+ 20

40+ 20

31+15

30+20

EVTS

120

DOCUMENT ID TECN CH G COM MEN T

C LINE

PAN

PAN

73 MPWA—

70 HBC

70 HBC

K p ~
(p~K}?r

K d ~
(A?r ) p

~+p
(A~+) K+

?r+p ~
(r ~) K+

ENGELEN 80 HBC +



Baryon Particle Listings
Z(1480) Bumps, Z(1560) Bumps, Z(1580)

Mode

I1 NK
l 2 /l7r
I-, Zvr

Z(1480} DECAY MODES
(PRODUCTION EXPERIMENTS}

Z(1480) BRANCHING RATIOS
(PRODUCTION EXPERIMENTS}

VAL UE

0.35+0.12

DOCUMENT ID

DIONISI

TECN

78B HBC

r2/(rt+ra)
CHG COMM EN T

K p ~
(Y7E) KK

r (~a ) /rtotai
VAL UE DOCUMENT ID TECN CHG COMMENT

LOCKMAN 78 SPEC + p p ~ A7r+ vr X

Z{1560)BRANCHING RATIOS
(PRODUCTION EXPERIMENTS}

r(z~)/[r(n~) + r(z~)j

r(z~)/r(A~)
VAL UE

0.82 +0.51

r (IvÃ)/r (~~)
VAL UE

0.72+ 0.50

DOCUMENT ID

PAN

DOCUMENT ID

PAN

TECN CHG

70 HBC

TECN CHG

70 HBC +

Z(1560) FOOTNOTES
(PRODUCTION EXPERIMENTS)

The width observed by LOCKMAN 78 is consistent with experimental resolution.

Z(1560) REFERENCES
(PRODUCTION EXPERIMENTS)

I (IV K)/I totai
VAL LIE

sm a II

DOCUMENT ID

CLINE

TECN COMMENT

73 MPWA K d ~ (Aa )p

MEADOWS
D IO NISI

LOCKMAN
CARROLL

80 Toronto Conf. 283 (CINC)
78B PL 78B 154 +Armenteros, Diaz (CERN, AMST, NIJM, OXF) I

78 Saciay DPHPE 78-01 +Meyer, Rander, Poster, Schlein+ (UCLA, SACL)
76 PRL 37 806 +Chiang, Kycia, Li, Mazur, Michael+ (BNL) I

Z(1480) REFERENCES
(PRODUCTION EXPERIMENTS) Z(1580) D13 /{1 j = ti& j Status:

ENGELEN
MAST
CLINE
HANSOM
MILLER
PAN

A!so
A Iso

80 NP B167 61
75 PR D11 3078
73 LNC 6 205
71 P R D4 1296
70 Duke Conf. 229
70 PR D2 49
69 PR(. 23 808
69B PRL 23 806

+Jongejans, Dionisi+
+Alston-Garnjost, Bangerter+
+Laumann, Mapp
+Kalmus, Louie

(NIJM,

+Forman, Ko, Hagopian, Selove
Pan, Forman
Pan, Forman

AMST, CERN, OXF)
(LBL)

(WISC) IJP
(LBL) I

(PURD)
(PENN)
(PENN) I

(PENN) I

OMITTED FROM SUMMARY TABLE
Seen in the isospin-1 K N cross section at BNL (LI 73, CARROLL 76)
and in a partial-wave analysis of K p ~ A7r for c.m. energies

1560—1600 MeV by LITCHFIELD 74. LITCHFIELD 74 finds J
3/2 . Not seen by ENGLER 78 or by CAMERON 78C (with larger

statistics in KL p A7r and Z 7r+).

Z(1560) Bumps l(J ) = t(? ) Status: Z(1580) MASS

OMITTED FROM SUMMARY TABLE
This entry lists peaks reported in mass spectra around 1560 MeV
without implying that they are necessarily related.

DIONISI 78B observes a 6 standard-deviation enhancement at
1553 MeV in the charged A/Z7r mass spectra from K p ~
(A/Z)7r KK at 4.2 GeV/C. In a CERN ISR experiment, LOCK-
MAN 78 reports a narrow 6 standard-deviation enhancement at 1572
MeV in A7r frOm the reaCtiOn pp ~ A7r+~ X. TheSe enhanCe-
ments are unlikely to be associated with the Z(1580) (which has not
been confirmed by several recent experiments —see the next entry
in the Listings).

VAL UE (MeV)

m 1580 OUR ESTIMATE
1583+4
1582+4

VAL UE (MeV)

15
11+4

DOCUMENT ID TECN COM MEN T

Z(1580) WIDTH

DOCUMENT ID TECN COMMENT

CARROLL 76 DPWA Isospin-1 total cr

LITCHFIELD 74 DPWA K p ~ A vr

Z(1580) DECAY MODES

CARROI L 76 DPWA Isospin-1 totai cr

2 LITCHFIELD 74 DPWA K p A 0

CARROLL 76 observes a bump at 1550 MeV (as well as one at
1580 MeV) in the isospin-1 K N total cross section, but uncertain-
ties in cross section measurements outside the mass range of the
experiment preclude estimating its significance.

See also MEADOWS 80 for a review of this state.

Z(1560) MASS
(PRODUCTION EXPERIMENTS)

Mode

l1 NK
I 2 A7r

l, Zvr

Z{1580) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and X
Resonances.

EVTS

121

1572+4

VALUE (MeV)

m 1560 OUR ESTIMATE
1553+7

DOCUMENT ID TECN CHG COMMEN T

D I ON IS I 78B HBC + K p~
(V&) KK

LOCKMAN 78 SPEC 4 pp ~ A7r+~ X

r (IV+K /rtotai
VAL UE

+0.03+0,01
DOCUMEN T ID TECN COM MEN T

LITCHFIELD 74 DPWA K N multichannel

VALUE (MeV)

79+30

15+ 6

Mode

Z(1560) WIDTH
(PRODUCTION EXPERIMENTS)

EVTS DOCUMENT ID TECN CHG COMMEN T

121

40

DION ISI

Z(1560} DECAY MODES
(PRODUCTION EXPERIMENTS}

Fraction (I I/I )

78B HBC k K p
(v7r) K K

LOCKMAN 78 SPEC + pp ~ Aa+ 7r X

("irr) / "totai
VAL UE

not seen

not seen

+0,10+0.02

(I irr) /rtot. i

VAL UE

not seen

not seen

+0,03+0.04

in N K ~ Z(1580) ~ An.
DOCUMENT ID

CAMERON

ENGLER
2 LITCHFIELD

in NK -+ Z(1580}~ Zn.
DOCUMENT ID

CAMERON

ENGLER

L ITCH F I E L D

TECN

78C HBC

78 HBC

74 DPWA

TECN

78C HBC

78 HBC

74 D PWA

{Itfa) /I
COMMENT

K0 p ~ Avr+

K~ p A~+
L

K p ~ A7r0

(r, r,} /r
COM MEN T

K0 p Z0~+
K~ p zovr+

L
K N multichannel

A7r

I2 Z7r
seen Z(1580) FOOTNOTES

CARROLL 76 sees a total-cross-section bump with (1+1/2) I el / ( total
—0.{)6.

The main effect observed by LITCHFIELD 74 is in the A~ final state; the KN and
X vr couplings are estimated from a multichannel fit including total-cross-section data of
LI 73.



See key on page 199 Baryon Particle Listings
Z(1580), Z(1620), Z(1620) Production Experiments

Z(1580) REFERENCES

CAMERON 78C NP B132 189
ENGLER 78 PR D18 3061
CARROLL 76 PRL 37 806
LITCHFIELD 74 PL 51B 509
LI 73 Purdue Conf. 283

+ Ca pilu p pi+ (BGNA, EDIN, GLAS, PISA, RHEL) I

+Keyes, Kraemer, Tanaka, Cho+ (CMU, ANL)
+Chiang, Kycia, Li, Mazur, Michael+ (BNL) I

(CERN) IJP
(BNL) I

Z(1620) S» l{l } = 1(& } Status:

VAL UE (Mev)

as 1620 OUR ESTIMATE
1600+ 6
1608+ 5
1633+10
1630+10
1620

DOCUMENT ID

1 MORRIS
2 CARROLL
3 CARROLL

LANG BEIN
K IM

TECN COMMEIV T

78 DPWA K n~ Aw

76 DPWA Isospln-1 total o-

76 DPWA Isospin-1 total o.

72 IPWA K N multichannel
71 DPWA K-matrix analysis

OMITTED FROM SUMMARY TABLE
The S11 state at 1697 MeV reported by VANHORN 75 is tentatively
listed under the Z(1750). CARROLL 76 sees two bumps in the
isospin-1 total cross section near this mass.

Production experiments are listed separately in the next entry.

Z(1620) MASS

Z(1620) Production Experiments

Z(1620) MASS
(PRODUCTION EXPERIMENTS)

VAL UE (MeV) EVTS

as 1620 OUR ESTIMATE
1642 k 12 AMMANN 70 DBC
16184 3 20 BLUMENFELD 69 HBC +
1619+ 8 CRENNELL 69B DBC

~ ~ ~ We do not use the following data for averages, fits, limits, etc.

1616+ 8 CRENNELL 68 DBC +

TECN CHG COMMEN TDOCUMENT ID

K N 4.5 GeV/c
K0p

L
K N —+ Anvr~

See CREN-
NELL 69B

I{-I ) = 1(' )
OMITTED FROM SUMMARY TABLE

Formation experiments are listed separately in the previous entry.

The results of CRENNELL 698 at 3.9 GeV/c are not confirmed by
SABRE 70 at 3.0 GeV/c. However, at 4.5 GeV/c, AMMANN 70
sees a peak at 1642 MeV which on the basis of branching ratios they
do not associate with the X(1670). See MILLER 70 for a review of
these conflicts.

VALUE(Mev)

87+ 19
15
10
65+ 20
40

Z(1620) WIDTH

DOCUMENT ID

1 MORRIS
2 CARROLL
3 CARROLL

LANGBEIN
KIM

TECN COMMEN T

78 DPWA K n ~ A~
76 DPWA lsospln-1 total o.

76 DPWA Isospin-1 total o.

72 IPWA K N multichannel
71 DPWA K-matrix analysis

Z{1620) DECAY MODES

VAL UE (MeV)

55+ 24
30+ 10

72+ 22—15
~ ~ ~ We do

66+16

Z(1620) WIDTH
(PRODUCTION EXPERIMENTS}

EVTS DOCUMENT ID TECN CHG COMMEN T

20
AMMANN 70 DBC K N 45 GeV/c
BLUMENFELD 69 HBC

CRENNELL 69B DBC

not use the following data for averages, fits, limits, etc. ~ ~ ~

CRENNELL 68 DBC + See CREN-
NELL 69B

Mode

I1 NK
I 2 A7r

Z7r

I (NF)/I tat, i

VAL UE

0.22 +0.02
0.05

Z(1620) BRANCHING RATIOS

DOCUMEIV T ID TECN COMMEN T

LAN GBEIN 72 IPWA K N multichannel
K IM 71 DPWA K-matrix analysis

I1
I2
l3
l4
r5
I6

Mode

NK
A7r

Z7r
A«
Z(1385) vr

n(1405)s

Z(1620) DECAY MODES
(PRODUCTION EXPERIMENTS)

(I i I r ) /I tgtai In N K ~ Z(1620) -+ A 3
VALUE DOCUMENT ID

0.12+0.02 1 MORRIS
not seen BAIL LON

0.15 K I M

TECIV COMMEN T
(rtra) lr

78 DPWA K n ~ A~
75 IPWA KN ~ A7r

71 DPWA K-matrix analysis

(I il r)~/I t»i in N K +Z(1620) ~-Zn
VALUE DOCUMENT ID TECN COMMENT

not seen HEPP 76B DPWA K N ~ Z~
0.40 +0.06 LANGBEIN 72 IPWA K N multichannel

0.08 K IM 71 DPWA K-matrix analysis

(I 1I 3) /I

Z(1620} FOOTNOTES
MORRIS 78 obtains an equally good fit without including this resonance.
Total cross-section bump with (J+1/2) I el / I total is 0.06 seen by CARROLL 76.
Total cross-section bumP with (1+1/2) I el / I total is 0.04 seen by CARROLL 76.

r(n~~)/r(n~)
VAL UE

~ 2.5

r(NQK/r(n~)
VAL UE

0.4+0.4
0.0+0.1

I (An)/I tatai
VAL UE

large

I (Z(1385)n)/I (An' )

Z(1620) BRANCHING RATIOS
(PRODUCTION EXPERIMENTS)

I 4/I 3
EVTS

14
DOCUMENT ID TECN CHG

BLUMENFELD 69 HBC +

DOCUMENT ID TECN CHG

CRENNELL 68 DBC

DOCUMENT ID TECN CHG COMMEN T

AMMANN 70 DBC K p 4.5 GeV/c
CRENNELL 68 DBC + See CREN-

NELL 69B

Z{1620}REFERENCES
VAL UE

&0.3
0.2+0.1

CL%

95

DOCLIMENT ID TECN CHG COMMENT

AMMANN 70 DBC K p 4.5 GeV/c
CRENNELL 68 DBC

MORRIS
CARROLL
HEPP
BAIL LON

VANHORN
Also

LANGBEIN
K IM

Also

78 PR D17 55
76 PRL 37 806
76B PL 65B 487
75 NP B94 39
75 NP B87 145
75B NP B87 157
72 NP B47 47?
71 PRL 27 356
70 Duke Conf. 161

+Albright, Colleraine, Kimel, Lannutti
+Chiang, Kycia, Li, Mazur, Michael+
+Braun, Grimm, Strobele+ (CERN,
+Litchfield

VanHorn

+Wagner

Kim

(FSU) IJP
(BNL) I

HEIDH, MPIM) IJP
(CERN, RHEL) IJP

(LBL) IJP
(LBL) IJP

(MPIM) IJP
(HARV) IJP
(HARV) IJP

r(z~)/r(n~)
VAL UE

&1.1

r(A{1405)~)/r(n~)
VAL UE

0.7 +0.4

CL%

95

DOCLIMENT ID TECN COMMENT

AMMANN 70 DBC K N 4.5 GeV/c

DOCUMEN T ID TECN COMMEN T

AMMANN 70 DBC K p 4.5 GeV/c

ra/ra



646

Baryon Particle Listings
Z(1620) Production Experiments, Z(1660), Z(1670)

AMMANN
Also

MILLER
SABRE
BLUMENFELD
CRENNELL

Results are
Also

CRENNELL

70 PRL 24 327
73 PR D7 1345
70 Duke Conf. 229
70 NP B16 201
69 PL 29B 58
69B Lund Paper 183
quoted in LEVI-SETTI 69C.
69C Lund Conf.
68 PRL 21 648

+Garfinkel, Carmony, Gutay+
Ammann, Carmony, Garfinkel+

Barloutaud, Merril, Schever+
+K a lbf le isc h

+Karshon, Lai, O' Neil, Scarr+

Levi-Setti
+Delaney, Flaminio, Karshon+

Z(1620) REFERENCES
(PRODUCTION EXPERIMENTS}

(PURD, IND)
(PURD, IUPU)

(PURD)
(SABRE Collab. )

(BNL) I

(BNL, CUNY) I

(EFI)
(BNL, CUNY) I

(rirr) /rtotai
VAL UE

—0.13+0.04
—0.16+0.03
—0.11+0.01
~ ~ ~ We do not

—0.34 or —0.37
not seen

in NK~ Z(1660)~ Z~
DOCUMEN T ID TECN

1 KOISO 85 DPWA
GOPAL 77 DPWA

KANE 74 DPWA
use the following data for averages, fits, limits,

MARTIN 77 DPWA

HEPP 76B DPWA

Z(1660) FOOTNOTES

COMMENT
{rtrs) /r

K p ~ Z7r
K N multichannel

K p~ Zx
etc. ~ ~ ~

K N multichannel

K N ~ Z7r

Z(1660) P„ l(J ) = 1(&+) Status:

Z(1660) MASS

TECN COMMENTVAL UE (MeV) DOCUMENT ID

1630 to 1690 (w 1660) OUR ESTIMATE

1665.1+11.2 1 KOISO 85 DPWA
1670 + 10 GOPAL 80 DPWA

1679 + 10 ALSTON-. .. 78 DPWA

1676 +15 GOPAL 77 DPWA

1668 +25 VANHORN 75 DPWA

1670 +20 KANE 74 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

1565 or 1597 2 MARTIN 77 DPWA

1660 +30 3 BAII LON 75 IPWA

1671 + 2 4 PONTE 75 DPWA

K p ~ X'7r

KN~ KN
KN~ KN
K N multichannel

K p —+ A7r0

K p~ Z7r
etc. ~ o ~

K N multichannel
KN ~ A7r

K p ~ A7r0

For results published before 1974 (they are now obsolete), see our
1982 edition Physics Letters 1118 (1982).

Z(1660) REFERENCES

KOISO
PDG
GOPAL
ALSTON-. . .

Also
GOPAL
MARTIN

Also
Also

HEPP
BAILLON
PONTE
VANHORN

Also
KANE

85 NP A433 619
82 PL 111B
80 Toronto Conf. 159
78 PR D18 182
77 PRL 38 1007
77 NP B119 362
77 NP B127 349
77B NP B126 266
77C NP B126 285
76B PL 65B 487
75 NP B94 39
75 PR D12 2597
75 NP B87 145
75B NP B87 157
74 L8L-2452

+Sai, Yamamoto, Kofler
Roos, Porter, Aguilar-Benitez+

Alston-Garnjost, Kenney+
AI sto n-G a rnjost, Ke nn ey+

+Ross, VanHorn, McPherson+
+Pidcock, Moorhouse

Martin, Pidcock
Martin, Pidcock

+Braun, Grimm, Strobele+
+Litchfield
+Hertzbach, Button-Shafer+

VanHorn

(TOKY, MASA)
(HELS, CIT, CERN)

(RHEL) IJP
(LBL, MTHO, CERN) IJP
(LBL, MTHO, CERN) IJP

(LOIC, RHEL) IJP
(LOUC, GLAS) IJP

(LOU C)
(LOUC) IJP

(CERN, HEIDH, MPIM) IJP
(CERN, RHEL) IJP

(MASA, TENN, UCR) IJP
(LBL) I JP
(LBL) IJP
(LBL) IJP

THE X(1670) REGION

1The evidence of KOISO 85 is weak.
2The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.

From solution 1 of BAILLON 75; not present in solution 2.
4From solution 2 of PONTE 75; not present in solution 1.

VALUE (MeV)

to 2oo (~ 100)
81.5+ 22.2

152 + 20
38 + 10

120 + 20

230 + 165
60

250 + 110
o o ~ We do not use

202 or 217
80 + 40
81 + 10

Mode

l1 MK
l 2 A7r

I 3 Z7r

Z{1660)WIDTH

DOCUMENT ID

OUR ESTIMATE
' KOISO

GOPAL
ALSTON-. ..
G0PAI

TECN COMM EN T

85 D PWA

80 DPWA
78 DPWA
77 DPWA

K p ~ Z7r
KN~ KN
KN~ KN
KN multichannel

VANHORN 75 DPWA K p + A7r

K p ~ Z7r
etc. ~ ~ ~

K N multichannel
KN ~ A7r

K p ~ A7r

Z(1660} DECAY MODES

Fraction (I;/f )

10—30 lo

seen

seen

Z(1660) BRANCHING RATIOS

KANE 74 DPWA
the following data for averages, fits, limits,

2 MARTIN 77 DPWA
BAILLON 75 IPWA

4 PONTE 75 DPWA

Production exper irnents: The measured Z~/Zrrrr
branching ratio for the Z(1670) produced in the reaction

K p —+ rr Z(1670)+ is strongly dependent, on momentum

transfer. This was first discovered by EBERHARD 69, who

suggested that there exist two Z resonances with the same

mass and quantum numbers: one with a large Zrrrr (mainly

A(1405)rr) branching fraction produced peripherally, and the

other with a large Z7r branching fraction produced at
larger angles. The experimental results have been confirmed

by AGUILAR-BENITEZ 70, ASP ELL 74, ESTES 74, and

TIMMERMANS 76. If, in fact, there are two resonances,

the most likely quantum numbers for both the Zvr and the

A(1405)rr states are Dts. There is also possibly a third Z in

this region, the Z(1690) in the Listings, the main evidence

for which is a large Aa/Zrr branching ratio. These topics
have been reviewed by EBERHARD 73 and by MILLER 70.

I (NR)/I t()tai
TECN COMM EN TDOCUMENT IDVALUE

0.1 to 0.3 OUR ESTIMATE
0.12 +0.03 GOPAL 80 DPWA

0.10+0.05 ALSTON-. .. 78 DPWA

~ o ~ We do not use the following data for averages, fits, limits,

(0.04 GOPAL 77 DPWA
0.27 or 0.29 2 MARTIN 77 DPWA

KN~ KN
KN~ KN
etc. o ~ ~

See GOPAL 80
K N multichannel

See "Sign conventions for resonance couplings" in the Note on A and Z'

Resonances.

Eormation experiments: Two states are also observed

near this mass in formation experiments. One of these, the

Z(1670)Dts, has the same quantum numbers as those observed

in production and has a large Zrr/Zrrrr branching ratio; it

may well be the Z(1670) produced at larger angles (see TIM-

MERMANS 76). The other state, the Z(1660)Pt t, has different

quantum numbers, its Zvr/Zrrrr branching ratio is unknown,

and its relation to the produced Z(1670) states is obscure.

(I il r) '/I «&tai in N K ~ Z(1660) -+ Atr
VALUE DOCUMENT ID TECN

0.04 GOPAL 77 DPWA

0 12+—0.04 VAN HORN 75 DPWA

o ~ o We do not use the following data for averages, fits, limits,

—0.10 or —0.11 MARTIN 77 DPWA
—0.04+ 0.02 BAIL LON 75 IPWA

+0.16+0.01 4 PONTE 75 DPWA

(I tl2) /I
COM MEN T

K N multichannel

K—p- A~0

etc. o o ~

K N multichannel
KN ~ A7r

K p ~ A7r0



See key on page 199 Baryon Particle Listings
Z(1670)

Z(1670) Di3 l(J } = 1(& ) Status:

For most results published before 1974 (they are now obsolete), see
our 1982 edition Physics Letters 111B(1982).

~ ~ ~ We do not use the following data for averages, fits, limits,

+0.08 or +0.08 MARTIN 77 DPWA

+0.05 DEBELLEFON 76 IPWA

0.08 +0.01 PONTE 75 DPWA

0.17 +0.01 PONTE 75 DPWA

etc. ~ ~ ~

K N multichannel
K p —+ Azr0

K p ~ Avr0 (sol. 1)
K p ~ An0 (sol. 2)

Z(1670) MASS

TECN COMMENTVAL UE (MeV) DOCUMENT ID

1665 to 1685 (w 16') OUR ESTIMATE

1665.1+ 4.1 KO I SO 85 D PWA

1682 + 5 GOPAL 80 D PWA

1679 k 10 ALSTON-. .. 78 DPWA
1670 + 5 GO PAL 77 DPWA

1670 + 6 HEPP 768 DPWA
1685 +20 BAILLON 75 IPWA

1659 + VANHORN 75 DPWA

1670 * 2 KANE 74 D PWA
~ ~ e We do not use the following data for averages, fits, limits,

1667 or 1668 MARTIN 77 DPWA

1650 DEBELLEFON 76 IPWA

1671 + 3 PONTE 75 DPWA

1655 + 2 PONTE 75 DPWA

K p~ Zvr
KN —+ KN
KN~ KN
K N multichannel

K N~ Za
KN —+ A2r

K p~ A~

K p ~ Zzr
etc. ~ ~ ~

K N multichannel

K p ~ Avr0

K p ~ A+0 (sol. 1)
K p ~ A~0 (sol. 2)

Z(1670) WIDTH

VAL VE (MeV)

40 to 80 (w 60) OUR ESTIMATE

65.0 + 7.3 KOI SO 85 D PWA
79 +10 GOPAL 80 DPWA
56 +20 ALSTON-. .. 78 DPWA
50 + 5 GOPAL 77 D PWA

56 + 3 HEPP 768 DPWA
85 +25 BAILLON 75 IPWA

32 +11 VANHORN 75 DPWA
79 + 6 KANE 74 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

46 or 46 1 MARTIN 77 DPWA

80 DEBELLEFON 76 IPWA

44 +11 PONTE 75 DPWA

76 6 5 PONTE 75 DPWA

TECN COMM EN T

K p~ Zn
KN —+ KN
KN~ KN
K N multichannel

K N~ X7r
KN ~ A7r

K p ~ A~0
K p ~ Zzr

etC. o ~ ~

K N multichannel

K p ~ A~0
K p ~ Avr0 (sol. 1)
K p ~ A2r0 (sol. 2)

Results from production experiments are listed separately in the next

entry. {IIl r} /I ~~~ in N K Z(1670) Zn''
VAL UE DOCUMENT ID TECN

+0.20+ 0.02 KOiSO 85 DPWA
+0.21+0.02 GOPAL 77 DPWA

+0.20 4 0.01 HEPP 768 DPWA

+0.21 6 0.03 KANE 74 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

+0.18 or +0.17 MARTIN 77 DPWA

r(~..)/r~,
VAL UE DOCUMENT ID TECN

e ~ o We do not use the following data for averages, fits, limits,

COMMENT

(r,r,)&/r

K p ~ Zzr
K N multichannel

K N~ Zx
K p~ Zn.

etc. ~ ~ ~

K N multichannel

COM MEN T

etc. ~ ~ ~

I 4/i

&0.11 AR IVI E NTEROS68E H BC K p ( I ]:0.09)

(I II r)~/I tpta~ in NK ~ Z(1670}~ Z(1385)n, 5 wave (rxrr)/a/r

0.1760.02

I (Zn n)/I tpta~
VAL UE

o ~ ~ We do not use the

&0.14

DOCUMENT /D TECN COMMENT

following data for averages, fits, limits, etc. ~ ~ ~

ARMENTEROS68E HBC K p, K d (I 1—0.09)

r (w(t405}~) /rtptai
VAL UE DOC UM EN T ID TECN COM MEN T

rs/r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.06 ARMENTEROS68E HBC K p, K d (f 1—0.09)

r&rr/r~t, in N K Z(1670) h(1405) n

VAL UE DOCUMENT /D TECN

0.007+ 0.002 5 BRUCKER 70 DBC
~ ~ ~ We do not use the following data for averages, fits, limits,

COM MEN T

K N —+ Paar
etc. ~ ~ ~

&0.03

r(vt(i405}n)/r(Z(Z385}~)

BERLEY 69 HBC K p 0.6—0.82 GeV/c

rs/rn

VALUE DOCUMEN T ID TECN COMMEN T

+0.11+0.03 PREVOST 74 DPWA K N —+ Z(1385)a
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3 SIMS 68 DBC K N —+ ATrzr

Z{1670}DECAY MODES
VALUE

0.23 +0.08

DOCUMENT ID TECN COMMEN T

BRUCKER 70 DBC K N ~ Z7rzr

Mode Fraction (I;/I ) {I(I r) /I t t ~
I NKnZ(1670} A(1520}n. (r, r, ) /r

I1 NK 7—13 /
5—15 %

I-3 Zsr 30—60 %

i4
r5 Z~~

Z(1385) rr

Z(1385) rr, S-wave

lt(1405)a
A(1520)vr

The above branching fractions are our estimates, not fits or averages.

Z(1670) BRANCHING RATIOS

VALUE

0.081 +0.016
DOCUMENT /D TECN COMMENT

CAMERON 77 DPWA P-wave decay

Z(1670) REFERENCES

Z(1670} FOOTNOTES
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.
Results are with and without an S11 X(1620) in the fit.
SIMS 68 uses only cross-section data. Result used as upper limit only.
Ratio only for Z2~ system in I = 1, which cannot be Z(1385).
Assuming the A(1405)~ cross-section bump is due only to 3/2 resonance.
The CAMERON 77 upper limit on F-wave decay is 0.03.

I (N jK/It t i

TECN COMM EN TVALUE

0.07 to 0.13 OUR ESTIMATE
0.10+0.03 GOPAL 80 DPWA
0.11+0.03 ALSTON-. .. 78 DPWA
e ~ o We do not use the following data for averages, fits, limits,

0.08+ 0.03 GOPAL 77 DPWA
0.07 or 0.07 1 MARTIN 77 DPWA

DOCUMENT ID

KN~ KN
KN~ KN
etc. ~ ~ ~

See GOPAL 80
K N m ul tie ha nnel

{r,r, )//r„„,in N K
VAL UE

0, 17 +0.03
0.13 +0.02

+0.10 +0.02
+0.06 +0.02

+0.09 +0.02
-+ 0.018+0.060

Z(1670) -+ An
DOCUMENT ID

2 MORRIS
2 MORRIS

GOPAL
BAIL LON

VANHORN
D EVEN IS H

TECN

78 DPWA

78 DPWA
77 DPWA
75 IPWA

75 DPWA
748

COMMEN T
(r&r&) /r

K n~ A~
K n~ A~
K N multichannel
KN ~ Avr

K p —+ A~
Fixed-t dispersion rel.

See "Sign conventions for resonance couplings" in the Note on A and Z'

Resona nces.

KO ISO 85
PDG 82
GOPAL 80
ALSTON-. . . 78

Also 77
MORRIS 78
CAMERON 77
GO PAL 77
MARTIN 77

Also 778
Also 77C

DEBELLEFON 76
HEPP 768
BAILLON 75
PONTE 75
VANHORN 75

Also 758
DEVE NISH 748
KANE 74
P REVOST 74
BRUCKER 70
BERLEY 69
ARMENTEROS 68E
5 I MS 68

NP A433 619
PL 1118
Toronto Conf. 159
PR D18 182
PRL 38 1007
PR D17 55
NP 8131 399
NP 8119 362
NP 8127 349
NP 8126 266
NP 8126 285
NP 8109 129
PL 658 487
NP 894 39
PR D12 2597
NP 887 145
NP 887 157
NP 881 330
LBL-2452
NP 869 246
Duke Conf. 155
PL 308 430
PL 288 521
PRL 21 1413

+Sai, Yamamoto, Kofler (TOKY, MASA)
Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)

(RHEL) IJP
Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP
Alston-Garnjost, Kenney+ (LBI, MTHO, CERN) IJP

+Albright, Colleraine, Kimel, Lannutti (FSU) IJP
+Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJP
+Ross, VanHorn, McPherson+ (LQIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP
De Bellefon, Berthon (CDEF) IJP

+Braun, Grimm, Strobele+ (CERN, HEIDH, MPIM) IJP
+Lite hfie ld (CERN, RHEL) IJP
+Hertzbach, Button-Shafer+ (MASA, TENN, UCR) IJP

(LBL) IJP
VanHorn (LBL) IJP

+Froggatt, Martin (DESY, NORD, LOUC)
(LBL) IJP

+Barloutaud+ (SACL, CERN, HEID)
+Harrison, Sims, Albright, Chandler+ (FSU) I

+Hart, Rahm, Willis, Yarnamoto (BNL)
+Ba illon+ (CERN, HEID, SACL) I

+Albright, Bartley, Meer+ (FSU, TUFTS, BRAN)



Baryon Particle I istings

Z(1670} Bumps

Z(1670} Bumps III ) = 1('- )

OMITTED FROM SUMMARY TABLE
Formation experiments are listed separately in the preceding entry.

r(A«)/r(r«)
VALUE

0.76+ 0.09

0.45+ 0.15

EVTS DOCUMENT ID

ESTES

BARN ES

TECN

74 HBC

69E HBC

CHG COMMENT

K p 2.1,2.6
GeV/c

K p39—5
GeV/c

Probably there are two states at the same mass with the same quan-
tum numbers, one decaying to Z7r and A7r, the other to A(1405}7r.
See the note in front of the preceding entry.

0.15+0.07 HUWE 69 HBC
0.11+0.06 33 BUTTON-. .. 68 HBC +

e o e We do not use the following data for averages, fits, limits, etc. e
K p 1.7 GeV/c

Z(1670) MASS
(PRODUCTION EXPERIMENTS)

VALUE (MeV) EVTS

~ 1670 OUR ESTIMATE
1670+ 4
1675+10

1665+ 1

1688+ 2 or 1683 + 5 1200
1670+ 6

1668+10

1660+10

DOCUMENT ID

1CARROLL
2 HEPP

APSELL

BERTHON
AGUILAR-. ..

AGUILAR-. ..

ALVAREZ

TECN CH G COM M EN T

76 DPWA

76 DBC

74 HBC

74 HBC 0
70B HBC

70B k BC

63 HBC

Isospin-1 total o.

K N 1.6—1.75
GeV/c

K p 2.87
GeV/c

Q ua si-2-body cr

K p ~ X7r7r
4 GeV

K p~ X37r
4 GeV

K p 1.51
GeV/c

1655 to 1677
1665+ 5
1661+ 9

1685

70

TIMMERMANS76 HBC +
BUGG 68 CNTR
P RIMER 68 H BC +

AL. EXANDER 62C HBC —0

p 9,12
GeV/c

K p 4.2 GeV/c
K p, d total a
See

BARNES 69E
7r p 2—2.2

GeV/c

Z(1670) WIDTH
(PRODUCTION EXPERIMENTS)

VA L UE (MeV)

67.0 + 2.4
110 +12

135 +40—30

EVTS DOCUMENT ID TECN

APSELL 74 HBC

AGUII AR-. .. 70B HBC

AGUILAR-. .. 70B HBC

40 +10
~ ~ ~ We do not use the

90 +20
52
48 to 63
30 +15
60 +20
45

ALVAREZ 63 HBC +
following data for averages, fits, iimits, etc.

150 FERRERSORIA81 OMEG
1 CARROLL 76 DPWA

TIMMERMANS76 HBC
BUGG 68 CNTR

70 PRIMER 68 HBC +
ALEXANDER 62C HBC —0

COMMEN T

K p 2.87 GeV/c
K p ~ Z7r7r4

GeV

K p~ Z37r4
GeV

p 9,12 GeV/c
lsospin-1 total o.

K p 4.2 GeV/c

See BARNES 69E

Z(1670) DECAY MODES
(PRODUCTION EXPERIMENTS}

I2
I3

I5
I6

Mode

NK
n~
Zsr
A7r 7r

Z7rw
Z(1385)«
a(i4os}~

r(NQK/r(z«)

K(1670}BRANCHING RATIOS
(PRODUCTION EXPERIMENTS)

o ~ ~ We do not use the following data for averages, fits, limits, etc.

1668+ 10 150 FERRERSORIA81 OMEG

& 0.45+0.07
0.55+ 0.11
0

&0.6
1.2
1.2

I (A««)/r(Z«)

130

TIMMERMANS76 H BC
BERTHON 74 H BC
PRIMER 68 HBC
LONDON 66 HBC
ALVAREZ 63 HBC
SMITH 63 HBC

+
0
+
+
+
—0

K p 4.2 GeV/c
Quasi-2-body o.

See BARNES 69E
K p 2.25 GeV/c
K p 1.15 GeV/c

r4/rs
VALUE

&0.6
0.56
0.17

EVTS

90

DOCUMENT ID TECN CHG

LONDON 66 HBC +
ALVAREZ 63 HBC +
SMITH 63 HBC —0

COMM EN T

K p 2.25 GeV/c
K p 1.15 GeV/c

r (r««)/r (z«)
VALUE

largest at small angles

;;/r,
CHG COMMEN IDOCUMENT ID

ESTES
EVTS TECN

74 HBC 0 K p 2.1,2.6
GeV/c

etc. o ~ ~o ~ e We do not use the following data for averages, fits, limits,

&0.2 2 HEPP 76 DBC K N 1.6—1.75
GeV/c

K p 1.15 GeV/cALVAREZ 63 HBC +1800.56

r (z(1406)«) lr (z«)
VAL UE CHG COMMEN T

K p 4.2 GeV/c

EVTS DOCUMENT ID TECN

3~4 TIMMERMANS76 HBC1.8 +0.3 to 0.02 +
0,07

largest at small angles K p 2.1,2.6
GeV/c

K p 2.25 GeV/c

ESTES 74 H BC +

+
etc. e

+ See BARNES 69E

r(z«)/r(z««)
VALUE

varies with prod. angle
1.39+0.16
2.5 to 0.24

&0.4
0.30+0.15

r(n{1405)«)/r(z««)

DOCUMENT ID

5 APSELL 74
BERTHON 74

4 EBERHARD 69
BIRMINGHAM 66
LONDON 66

7ECN CHG COMMENT

H BC + K p 2.87 GeV/c
HBC 0 Quasi-2-body o

HBC K p 2.6 GeV/c
HBC + K p 3.5 GeV/c
HBC + K p 2.25 GeV/c

rr/rs
VAL UE

0.97+0.08
1.00 4 0.02

0 90+0.10—0.16

DOCUMENT ID TECN

TIM M ERMANS76 H BC
APSELL 74 H BC

EBFRHARD 65 HBC

CHG COM MEN T

K p 4.2 GeV/c
K p 2.87 GeV/c

K p 2.45 GeV/c

r(w(wos) «) /r(r(1sss) «)
VAL UE

&0.8

r (a««) lr (z««)
VAL UE

0.35 + 0.2

r(~«)/r(z««)
VAL UE

&0.2

r(n«)/[r(n«) + r(z«)]

DOCUMENT ID TECN CHG COMMENT

EBERHARD 65 HBC + K p 2.45 GeV/c

DOCUMENT ID TECN CHG COMMENT

BIRMINGHAM 66 HBC + K p 3.5 GeV/c

DOCUMENT ID TECN CHG COMMENT

BIRMINGHAM 66 HBC + K p 3.5 GeV/c

r, /(r, +r, )
VALUE

&0.6
DOCUMENT ID

AGUII AR-. ..
TECN

7OB HBC

3.0 + 1.6 50 LONDON 66 H BC
e ~ ~ We do not use the following data for averages, fits, limits,

0.58 +0.20 17 P RIM ER 68 H BC

VALUE

&0.03
&0.10
&0.2
&0.26

0,025
&0.24

&0.6
&0,19

& 0.5 + 0.25

EVTS

BUGG
PRIMER

68 CNTR 0

68 HBC +

LONDON

A LVAR EZ
SMITH

66 HBC
63 HBC
63 HBC —0

DOCUMENT ID TECN CHG

TIMMERMANS76 HBC +
BERTHON 74 HBC 0
AGUILAR-. .. 70e HBC
BARNES 69E HBC +

COMMENT

K p 4.2 GeV/c
Quasi-2-body o.

K p 3 9—5
GeV/c

Assuming J = 3/2
K p 4.6—5

GeV/c
K p 2.25 GeV/c
K p 1.15 GeV/c

I (Z(1385}«)/I (Z«)
VAL UE

& 0.21 +0.05

Z(1670) QUANTUM NUMBERS
(PRODUCTION EXPERIMENTS)

VAL UE

Jp = 3/2+

EVTS

400

DOCUMENT ID TECN

BUTTON-. .. 68 H BC
EBFRHARD 67 HBC
LEVEQUE 65 HBC

CHG COMM EN T

+ Zo~
n(1405) ~
A(1405) n

DOCUMENT ID TECN COMMENT

TIMMERMANS76 HBC K p 4.2 GeV/c



See key on page199 Baryon Particle Listings
Z(1670) Bumps, Z(1690) curn ps, Z(1750)

Z(1670) REFERENCES
(PRODUCTION EXPERIMENTS)

FERRERSORIA 81
CARROLL 76
HEPP 76
TIMMERMANS 76
APSELL 74
BERTHON 74
ESTES 74
AGUILAR-. .. 70B
BAR NES 69E
EBERHARD 69
HUWE 69
BUGG 68
BUTTON-. .. 68
PRIMER 68
EBERHARD 67
BIRMINGHAM 66
LONDON 66
EBERHARD 65
LEVEQUE 65
ALVAREZ 63
SMITH 63
ALEXANDER 62C

NP B178 373
PRL 37 806
NP B1].5 82
NP B112 77
PR D10 1419
NC 21A 146
Thesis LBL-3827
PRL 25 58
BNL 13823
PRL 22 200
PR 180 1824
P R 168 1466
PRL 21 1123
PRL 20 610
PR 163 1446
PR 152 1148
P R 143 1034
PRL 14 466
PL 18 69
PRL 10 184
Athens Conf. 67
CERN Conf. 320

+Treille, Rivet, Volte+ (CERN, CDEF, EPOL, LALO)
+Chiang, Kycia, Li, Mazur, Michael+ (BNL) I

+Braun, Grimm, Stroebele+ (CERN, HEID, MPIM) I

+Engelen+ (NIJM, CERN, AMST, OXF) JP
+Ford, Gourevitch+ (BRAN, UMD, SYRA, TUFTS) I

+Tristram+ (CDEF, RHEL, SACL, STRB)
(LBL)

Aguilar-Benitez, Barnes, Bassano+ (BNL, SYRA)
+Chung, Eisner, Flaminio+ (BNL, SYRA)
+Friedman, Pripstein, Ross (LRL)

(LRL)
+Gilmore, Knight+ (RHEL, BIRM, CAVE) I

Button-Shafer (MASA, LRL) JP
+Goldberg, Jaeger, Barnes, Dornan+ (SYRA, BNL)
+Pripstein, Shively, Kruse, Swanson (LRL, ILL) IJP

(BIRM, GLAS, LOIC, OXF, RHEL)
+Rau, Goldberg, Lichtrnan+ (BNL, SYRA) IJ
+Shively, Ross, Siegal, Ficenec+ (LRL, ILL) I

+ (SACL, EPOL, GLAS, LOIC, OXF, RHEL) JP
+Alston, Ferro-I uzzi, Huwe+ (LRL) I

(LRL)
+Jacobs, Kalbfleisch, Miller+ (LRL) I

Z(1690) Bumps i(l ) = 1(? } Status:

OIVIITTED FROM SUMMARY TABLE
See the note preceding the Z(1670) Listings. Seen in production
eXperimentS Only„ IT}ainly in A7r.

Z{1890)MASS
(PRODUCTION EXPERIMENTS)

VAL UE (MeV) EVTS

&s 1690 OUR ESTIMATE
1698+20 70
1707+ 20 40
1698+20 15
1682+ 2 46

1700+20
1694424 60

17004 6
1715+12 30

DOCUMENT ID TECN CHG CQMMEN T

1GODDARD 79
2 GODDARD 79

ADERHOLZ 69
BLUMENFELD 69
MOTT 69

3 PRIMER 68

HBC

HBC
HBC
HBC

HBC
HBC

4SIMS
COLL EY

68 HBC
6? HBC

7r+ p 10.3 GeV/C
n-+ p 10.3 GeV/c
7r+ p 8 GeV/c
Kop

L
K p 5.5 GeV/c
K p 4.6—5

GeV/c
K N ~ 87r7r

K p 6 GeV/c

Z(1890) WIDTH
(PRODUCTION EXPERIMENTS)

Z(1670) FOOTNOTES
Total cross-section bumP with (1+1/2) I el / f total

—0.23.
2 Enhancements in X 7r and Z7r7r cross sections.
3 Backward production in the A7r K+ final state.
"Depending on production angle.
5APSELL 74, ESTES 74, and TIMMERMANS 76 find strong branching ratio dependence

on production angle, as in earlier production experiments.

r(Zn)/r(An)
VALUE

sm all

(0.4
0.3+0.3

CL%

90

DOCUMEN T IO TECN CHG COMMEN T

GODDARD 79 HBC + 7r+ p 10.2 GeV/c
MOTT 69 HBC + K p 5.5 GeV/c
COLLEY 67 HBC + 4/30 events

r(Z(X38S)n)/r (A~)
VAL UE

&0.5
DOCUMENT ID TECN

MOTT 69 H BC

CHG COMMEN T

+ K p 5.5 GeV/c

I (An n (IncludtngZ(1388)n ))/I (An)
VAL UE

2.0+0.6
0.5 +0.25

DOCUMEIVT ID TECN

BLUMENFELD 69 HBC
COLLEY 67 H BC

I (Z(1385)n) /I (Ann (includtng Z(1385)n ))

rs/r2
CHG COMMENT

+ 31/15 events
+ 15/30 events

VAL UE

large

sm all

DOCUMEIVT ID

SIMS
COLL EV

TECN CHG COMMEN T

68 HBC — K N ~ A7r 7r

67 HBC + K p 6 GeV/c

Z(1690) REFERENCES
(PRODUCTION EXPERIMENTS}

GODDA R D 79
AGUILAR-. . . 70B
ADERHOLZ 69
BLUMENFELD 69
MOTT 69

Also 67
PRIMER 68
SI MS 68
COL LEY 67

PR D19 1350
PRL 25 58
NP Bl 1 259
PL 29B 58
PR 177 1966
PRL 18 266
PRL 20 610
PRL 21 1413
PL 24B 489

+Key, Luste, Prentice, Yoon, Gordon+ (TNTO, BNL) I J
Aguilar-Benitez, Barnes, Bassano+ (BNL, SYRA)

+Bartsch+ (AACH3, BERL, CERN, JAGL, WARS) I

+Kalbfleisch (BNL) I

+Ammar, Davis, Kropac, Slate+ (NWES, ANL) I

Derrick, Fields, Loken, Ammar+ (ANL, NWES) I

+Goldberg, Jaeger, Barnes, Dornan+ (SYRA, BNL) I

+Albright, Hartley, Meer+ (FSU, TUFTS, BRAN) I

(BIRM, GLAS, LOIC, MUNI, OXF, RHEL) I

r(1750) S» /(l } = 1(& ) Status:

For most results published before 1974 (they are now obsolete), see
our 1982 edition Physics Letters 1111(1982).

There is evidence for this state in many partial-wave analyses, but
with wide variations in the mass, width, and couplings. The latest
analyses indicated significant couplings to NK and A7r, as well as
to Zg whose threshold is at 1746 tvteV (JONES 74).

Z(1690) FOOTNOTES
(PRODUCTION EXPERIMENTS}

From n+ p -~ (/l7r+) K+. I )1/2 is not required by the data.
From 7r+ p ~ (A7r+)(K7r)+. J )1/2 is indicated, but large background precludes a
definite conclusion.
See the X(1670) Listings. AGUILAR-BENITEZ 70B with three times the data of'
PRIMER 68 find no evidence for the Z(1690).
This analysis, which is difficult and requires several assumptions and shows no unam-
biguous Z(1690) signal, suggests 2 = 5/2+. Such a state would lead all previously
known Y trajectories.

VAL UE (MeV)

240+ 60

130 60
142+ 40
25+ 10

130+ 25
105+ 35

62+ 14
100+ 35

EVTS

70

40

15
46

60

30

DOCUMENT ID

1 GODDARD 79
2 GODDARD 79

ADERHOLZ 69
BLUMENFELD 69
MOTT 69

3 P RIMER 68

4SIMS
COLL EY

68
67

TECN CH G COMM EN T

HBC + n+ p 10.3 GeV/c

HBC + 7r+ p 10.3 GeV/c

HBC + 7r+ p 8 GeV/c
HBC + KLp
HBC + K p 5.5 GeV/c
HBC + K p46 5

GeV/c
HBC — K N —+ A7r7r

HBC + K p 6 GeV/c

C1

I2
I3
I4
C5

Mode

NK
fl 7r

Z7r
Z(1385)~
A7r 7r (inclIJding Z (1385)7r )

Z(1890) BRAMCHIMG RATIOS
(PRODUCTION EXPERIMENTS)

Z(1890} DECAY MODES
(PRODUCTION EXPERIMENTS)

Z(1780) MASS

VAL UE (MeV)

1730 to 1800
1756+ 10
1770+10
1770+ 15
e ~ ~ We do

COM MEN TDOCUMENT ID TECN

(as 1750}OUR ESTIMATE

G 0PA L 80 D P WA

A LSTON-. .. 78 D PWA
GOPAL 77 DPWA

not use the following data for averages, fits, limits,
1 MARTIN 77 DPWA

CARROLL 76 DPWA

DEBELLEFON 76 IPWA
BAILLON 75 IPWA
BAILLON 75 IPWA

KN —+ KN
KN ~ KN
K N multichannel
etc. o ~ o

1800 or 1813
1715+10
1730
1780+30
1700+30
1697+—10
1785+12
17604 5
1739+10

K N multichannel
lsospin-I total o.

K p ~ A7r0

KN ~ A7r (sol. 1)
KN ~ A7r (sol. 2)

K —
p n~0VANHORN 75 DPWA

Z{1780)WIDTH

VAL UE (MeV)

60 to 160 (~ 90) OUR ESTIMATE
64+10

161+20
60+ 10

DOCUMEIVT ID

GOPAL
ALSTON-. ..
GOPAL

TECN COMMENT

80 DPWA KN ~ KN
78 DPWA KN ~ KN
77 DPWA K N multichannel

CHU 74 DBC Fits o-(K n ~ X 7I)
3 JONES 74 HBC Fits a(K p ~ Z 7))

PREVOST 74 DPWA K N ~ X (1385)7r

I (NQK/I (A~)
VAL UE

sm a il

(0.2
0.4+ 0.25

EV TS

18

DOCUMENT ID TECN

GODDARD 79 HBC
MOTT 69 HBC
COLL EY 67 HBC

rl/r2
CHG COMMEN T

+ n+ p 10.2 GeV/c
+ K p 5.5 GeV/c
+ 6/30 events
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Z(1750), Z(1770)
~ ~ ~ We do not use the following

117 or 119
10

110
140+30
160+50
66+ 14—12
89+33
92+ 7

108+20

data for averages, fits, limits,
1 MARTIN 77 DPWA

CARROLL 76 DPWA
DEBELLEFON 76 IPWA
BAIL LON 75 IPWA
BAil LON 75 IPWA

VANHORN 75 DPWA

etc. ~ ~ ~

K N multichannel
Isospin-1 total 0.

K p ATrp

KN ~ Ax (sol. 1)
KN Ax (soi. 2)

K—
p A~p

Z(1?50) DECAY MODES

Mode Fraction (I //I )

CHU 74 DBC Fits o.(K n ~ X q)
JONES 74 HBC Fits a(K p ~ X T/)

PREVOST 74 DPWA K N ~ X (1385)m

PDG
GOPAL
ALSTON-. ..

Also
CAMERON
GOPAL
MARTIN

Also
Also

CARROLL
DEBELLEFO
BAILLON
VANHORN

Also
CHU
DEVENISH
JONES
PREVOST
LAN GBE IN
CLINE

82
80
78
77
77
77
77
778
77C
76

N 76
75
75
758
74
748
74
74
72
69

Z(1750) REFERENCES

PL 1118
Toronto Conf. 159
PR D18 182
PRL 38 1007
NP 8131 399
NP 8119 362
NP 8127 349
NP 8126 266
NP 8126 285
PRL 37 806
NP 8109 129
NP 894 39
NP 887 145
NP 887 157
NC 20A 35
NP 881 330
NP 873 141
NP 869 246
NP 847 477
LNC 2 407

(HELS, CIT, CERN)
{RHEL) IJP

A Iston-Ga rnjost, Kenney+ (LBL, MTHO, CERN) IJP
Alston-Garnjost Kenney+ (LBL MTHO CERN) IJP

+Franek, Gopal, Kalmus, McPherson+ {RHEL, LOIC) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse {LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP

+Chiang, Kycia, Li, Mazur, Michael+ (BNL) I

De Beliefon, Berthon (CDEF) IJP
+Litchfield (CERN, RHEL) IJP

(LBL) IJP
VanHorn (LBL) IJP

+Ba rt Icy+ (PLAT, TUFTS, BRAN) IJP
+Froggatt, Martin (DESY, NORD, LOUC)

(CHIC) I JP
+Barloutaud+ (SACL, CERN, HEID)
+Wagner (MPIM) I JP
+Laumann, Mapp (WISC)

seen

(8%

Z(1750) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and X
Resona nces.

l1 NK 1p-4p %
I-, Avr

f, Zvr
f 4 Z7/ 15-55 %

Z(1385)s
rs A(t 820) vr

The above branching fractions are our estimates, not fits or averages.

,

Z(1770) Pi I
l{J~) = 1{&+) Status:

Z(1770) MASS

OMITTED FROM SUMMARY TABLE
Evidence for this state now rests solely on solution 1 of BAILl ON 75,
{see the footnotes} but the A7r partial-wave amplitudes of this solu-
tion are in disagreement with amplitudes from most other /L7r anal-
yses.

r (N K) /rtotai
TECN COMM EN TDOCUMENT lDVALUE

0.1 to 0.4 OUR ESTIMATE
0.14+0.03
0,33+0.05
~ ~ ~ We do not use the following

0.15+0.03
0.06 or 0.05

GOPAL 80 DPWA KN ~ K N

ALSTON-. .. 78 DPWA K N ~ K N

data for averages, fits, limits, etc. ~ ~ ~

77 DPWA See GOPAL 80
7? DPWA KN multichannel

GOPAL
1 MARTIN

(rt r2)~/I
COMMENT

K N multichannel
etc. ~ ~ ~

VALUE

0.04 +0,03
~ ~ o We do not

—0.10 or —0.09
—0.12
—0.12 +0.02
—0.13 +0.03
—0.13 +0.04
—0.120+0.077

K N multichannel

K p ~ Avrp

KN ~ A7r (sol. 1)
K N A~ (sol. 2)
K p ~ A2rp

Fixed-t dispersion rel.

in N K ~ Z(1750) -+ Atr
DOCUMENT ID TECN

GOPAL 77 DPWA
use the following data for averages, fits, limits,

1 MARTIN 77 DPWA
DEBELLEFON 76 IPWA
BAILLON 75 IPWA
BAILLON 75 IPWA

VANHORN 75 DPWA
DEVENISH 748

VALUE(MeV)

m 1?70 OUR ESTIMATE
1738+10
1770+20
1772

VA L UE (Me V)

72+10
80+ 30
80

Mode

I1 NK
f 2 A7r

r3 Z~

DOCUMENT ID TECN COMMENT

1 GOPAL
2 BAILLON
3 KANE

77 DPWA K N multichannel
75 IPWA KN - A~
72 DPWA K p~ X~

Z(1770) WIDTH

DOCUMENT ID

1 GOPAL
2 BAILLON
3 KANE

TECN COM MEN T

77 DPWA K N multichannel
75 IPWA KN ~ Aa
72 DPWA K p ~ X~

Z(1770) DECAY MODES

(r, r, )&/r(rirf) /rtot i

VALLIE

In N K ~ Z(1750) ~ Ztr
DOCUMENT ID TECN

GOPA L 77 D PWA
use the following data for averages, fits, limits,

1 MARTIN 77 DPWA
LANGBEIN 72 IPWA

COMMENT

K N multichannel
etc. o ~ ~

—0.09+0.05
o ~ ~ We do not

K N multichannel
K N muitichannel

+0.06 or +0.06
0.13+0.02

(I ii r} /rt»i
VAL UE

(r, r,)h/r
COMMEN T

Fits o.(K p ~ XPg)
etc. ~ ~ o

0.23*0.01
o ~ ~ We do not

Threshold burn pseen

in NK~ Z{1750}~ Zti
DOCUMENT /D TECN

3 JONES 74 HBC
use the following data for averages, fits, limits,

CLIME 69 DBC

VAL UE

0.14+ 0.04
DOCUMENT /D

1 GOPAL

TECN COMMENT

77 DPWA K N multichannel

(I ri r) /I tatai in N K ~
VAL UE

( 0.04
—0.08+0.02

Z(070) -+ Atr
DOCUMENT /D

GOPAL
2 BAILLON

(rtr2) lr
TECN COMMEN T

77 DPWA K N multichannel
75 IPWA KN ~ A~

Z(1770) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and X
Resonances.

I (N K)/I totai

(I iI r) a/I tataiin NK ~ Z(1750}~ Z{1385)ir (rtra)~/r (I II f) /I t t iin NK Z(1770) Zx (r,r, )&/r
VAL UE

+0.18+0.15
DOC UM EN T ID TECN

PREVOST 74 DPWA

COMM EN T

K N ~ X(1385)7r

(I I )y /I, I NK Z{1?50) A(1520}
VAL UE DOCUMENT ID TECN

~ e ~ We do not use the following data for averages, fits, limits,

0.032 +0.021 CAMERON 77 DPWA

(r,r,} lr
COMMENT

etc. o ~ o

P-wave decay

Z{l?SO) FOOTNOTES
1 The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.

A total cross-section bump wit" (~+1/2) I el / total-
An S-wave Breit-Wigner fit to the threshold cross section with no background and errors
statistical only.

VAL UE

0.04
—0.108

DOCUMENT /D

GOPAL
3 KANE

TECN COM MEN T

77 DPWA KN multichannel
72 DPWA K p ~ X'x

Z(1.770) REFERENCES

GOPAL
GOPAL
CARROLL
BAILLON
KANE
KANE

80
77
76
75
74
72

Toronto Conf. 159
NP 8119 362
PRL 37 806
NP 894 39
LBL-2452
PR D5 1583

+Ross, VanHorn, McPherson+
+Chiang, Kycia, Li, Mazur, Michael+
+Litchfield

(RHEL)
(LOIC, RHEL) IJP

(BNL) I

(CERN, RHEL) IJP
(LBL) IJP
(LBL)

Z(1770) FOOTNOTES
Required to fit the isospin-1 total cross section of CARROLL 76 in the K N channel. The
addition of new K p polarization and K n differential cross-section data in GOPAL 80
find it to be more consistent with the X(1660) P11.
From solution 1 of BAILLON 75; not present in solution 2.
Not required in KANE 74, which supersedes KANE 72.
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X (1775)

Z(1775) D15 l(ip} = 1(~6 ) Status:

Discovered by GALTIERI 63, this resonance plays the same role as
cornerstone for isospin-1 analyses in this region as the /l(1820) does
in the isospin-0 channel.

For most results published before 1974 (they are now obsolete), see
our 1982 edition Physics Letters 111B(1982).

Z(1775) MASS

VALUE (MeV)

1?70 to 1780
1778+ 5
1777+ 5
1774+ 5
1775+ 10
1774+ 10
1772 4 6
~ ~ ~ We do

1772 or 1777
1765

TECN COMMEN TDOCUMENT ID

(w 1775) OUR ESTIMATE
GOPAL 80 DPWA
ALSTON-. .~ 78 DPWA
GOPAL 77 DPWA
BAILLON 75 IPWA

VANHORN 75 DPWA

KANE 74 D PWA
not use the following data for averages, fits, limit. ,

1 MARTIN 77 DPWA

DEBELLEFON 76 IPWA

KN~ KN
KN —+ KN
K N multichannel
KN ~ A7r

K p —+ A7r0

K p~ X~
etc. ~ ~ ~

K N m ul tie ha nnel

K p ~ A7r0

VALUE (MeV)

105 to 135 (m 120) OUR

137+10
116+10
130+10
125+ 15
146+ 18
154+ 10
~ ~ ~ We do not use the

102 or 103
120

Z(1775) WIDTH

TECN COMM EN TDOCUMENT ID

ESTIMATE
GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
G0 PA L 77 D PWA

BAIL LON 75 IPWA

VANHORN 75 DPWA

KANE 74 DPWA
following data for averages, fits, limits,

1 MARTIN 77 DPWA

DEBELLEFON 76 IPWA

KN ~ KN
KN —+ KN
K N multichannel
KN —+ A7r

K p ~ A7r

K p~ X7r
etc. ~ ~ ~

K N multichannel

K p —h A7r 0

Z{1775) DECAY MODES

Mode Fraction (I;/I )

I1 NK 37—43%
I 2 /l~ 14—20%

t3 Z7r 2 5%

Z(1385}rr S-12%
I s Z(1385}rr, Dwave-

A(1520)rr 17—23%

l7 Z~~
The above branching fractions are our estimates, not fits or averages.

(I fI r} /Itotat In NK Z(1775} Asr
VAL UE DOCUMENT /D TECN

0.305+0.018 OUR FIT Error includes scale factor of 2.4.
—0.262+0.015 OUR AVERAGE
—0.28 +0.03 GOPAL 77 DPWA
—0.25 +0.02 BAILLON 75 IPWA

—02s +004—0.05 VANHORN 75 DPWA

—0.259+0.048 DEVENISH 74B
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.29 or —0.28 MARTIN 77 DPWA
—0.30 DEBELLEFON 76 IPWA

COMMENT

(I tl 2)~/I

K N multichannel
KN ~ A7r

K p ~ A+0

Fixed- t dispersion rel.
etc. ~ ~ ~

K N multichannel

K—
p, ~ Aa0

{IfI r} /I tot, t in NF~ Z(1775}~ Zsr (r, r,} /r
VAL UE DOCUMEN T ID TECN COMMENT

0.105+0.025 OUR FIT Error includes scale factor of 3.1.
0.098+0.016 OUR AVERAGE Error includes scale factor of 1.8.

+0.13 +0.02 GOPAL 77 DPWA K N multichannel

0.09 +0.01 KANE 74 DPWA K p + X'7r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

+0.08 or +0.08 MARTIN 77 DPWA K N multichannel

(I fl r)~/I totai In N K ~ Z(1775}~ A(1520) sr
VALUE DOCUMENT ID TECN COMMENT

0.315+0.010 OUR FIT Error includes scale factor of 1.5.
0.303+0.009 OUR AVERAGE Signs on measurements were ignored.

—0.305 60.010 CAMERON 77 DPWA K p A(1520) 7r

0,31 +0.02 BARLETTA 72 DPWA K p ~ A(1520) 7r

0.27 +0.03 ARMENTEROS65C HBC K p A(1520) 7r0

(rtrs) /r

I (hfr)/I (NK)
TECN COM MEN TVAL UE DOCUMENT /D

0.46+0.09 OUR FIT Error !ncludes scale factor of 2.9.
0.33+0.05 UHLIG 67 HBC K p 0.9 GeV/c

I (Zfrsr) /I totai
VALUE DOCUMENT ID TECN

o ~ ~ We do not use the following data for averages, fits, limits,

0.12 4 ARMENTEROS68C HDBC

COMMENT

etc. ~ ~ ~

K N ~ X7r7r

(I fl r)/a/I t t in NK E(1775) Z(1385)sr (r, r, )&/r
VAL UE DOCUMENT /D TECN COMMENT

0.211+0.022 OUR FIT Error includes scale factor of 2.8.
0.188+0.010 OUR AVERAGE Signs on measurements were ignored.

—0.184+0.011 CAMERON 78 DPWA K p ~ Z(1385)7r

+0.20 +0.02 P R EVOST 74 DPWA K N —+ X (1385)7r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,32 +0.06 SIMS 68 DBC K N —+ A7r7r

0.24 4 0.03 ARMENTEROS67C HBC K p ~ A7r7r

CONSTRAINED FIT INFORMATION

An overall fit to 8 branching ratios uses 16 measurements and one
constraint to determine 5 parameters. The overall fit has a X
63.9 for 12 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

(6'x, bx )/(bx; 6x i, in percent, from the fit to the branching fractions, x,
I '/I total ~ The fit constrains the x, whose labels appear in this array to sum to

one.

r(z(1385)m)/r(NÃ)
TECN COM MEN TVAL UE DOCUMENT ID

0.22+0.07 OUR FIT Error includes scale factor of 3.6.
0.25+0.09 UHLIG 67 HBC K p 0.9 GeV/c

r(n(1520) m)/I (NK)
VAL UE DOCUMENT ID

0.49+0.11 OUR FIT Error includes scale factor of 3.5.
0.28 +0.05 UHLIG 67 HBC K p 0 9 GeV/c

r4/r,

x2 —30

x3 —17 —21

x4 —37 —49 —14

xe l
—81 6 8 16

X1 X2 X3 X4

E'(1775) BRANCHING RATIOS

Z(1775} FOOTNOTES
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.

2This rate combines P-wave- and F-wave decays. The CAMERON 77 results for the
separate P-wave- and F-wave decays are —0.303 + 0.010 and —0.037 + 0.014. The
published signs have been changed here to be in accord with the baryon-first convention.
The CAMERON 78 upper limit on G-wave decay is 0.03.
For about 3/4 of this, the X ~ system has I = 0 and is almost entirely A(1520). For the
rest, the X 7r has l = 1, which is about what is expected from the known X(1775) ~
X(1385)7r rate, as seen in A7r7r.

I (NQ/I totai
DOCUMENT ID TECN COMMENT

OUR ESTIMATE
OUR FIT Error includes scale factor of 3.1.
OUR AVERAGE

VAL UE

0.37 to 0.43
0.45 +0.04
0.391+0.017
0.40 +0.02
0.37 +0.03
~ ~ ~ We do

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA

not use the following data for averages, fits, limits,

GOPAL 77 DPWA
1 MARTIN 77 DPWA

KN~ KN
KN~ KN

etc. o ~ ~

0.41 +0.03
0.37 or 0.36

See GOPAL 80
K N multichannel

See "Sign conventions for resonance couplings" in the Note on A and X
Resonances. Also, the errors quoted do not include uncertainties due to
the pararnetrization used in the partial-wave analyses and are thus too
small.

PDG
GO PAL
ALSTON-. ..

Also
CAMERON
CAMERON
GOPAL
MA RTIN

Also
Also

DEBELLEFON
BAILLON
VA NHORN

Also

Z(1775) REFERENCES

82 PL 111B
80 Toronto Conf, 159
78 PR D18 182
77 PRL 38 1007
78 NP B143 189
77 NP B131 399
77 NP B119 362
77 NP B127 349
77B NP B126 266
77C NP B126 285
76 NP B109 129
75 NP B94 39
75 NP B87 145
75B NP B87 157

Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
(RHEL) IJP

Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP
Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP

+Franek, Gopal, Bacon, Butterworth+ (RHEL, LOIC) IJP
+Franek, Gopal, Kalrnus, McPherson+ (RHEL, LOIC) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) lJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP
De Bellefon, Berthon (CDEF) IJP

+Litchfield (CERN, RHEL) IJP
(LBL) IJP

VanHorn (LBL) !JP
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Z(1775), Z(1840), Z(1SSO)

DEVENISH
KANE
PREVOST
BAR I ETTA

Also
ARMENTEROS
SIMS
ARMENTEROS
UHLIG
ARMENTEROS
GALTIERI

748 NP 881 330
74 LBL-2452
74 NP 869 246
72 NP 840 45
66 PRL 17 841
68C NP 88 216
68 PRL 21 1413
67C ZPHY 202 486
67 PR 155 1448
65C PL 19 338
63 PL 6 296

+Froggatt, Martin

~Barloutaud+

Fenster, Gelfand, Harmsen+
+Baillon+
+Albright, Bartley, Meer+
+Fe rro- Lu zzi+
+Charlton, Condon, Glasser, Yodh+
+Ferro-Luzzi+
+Hussain, Tripp

(DESY, NORD, LOUC)
(LBL) IJP

(SACL, CERN, HEID)
(EFI) IJP

(CHIC, ANL, CERN) IJP
(CERN, HEID, SACL) I

(FSU, TUFTS, BRAN)
(CERN, HEID, SACL)

(UMD, NRL)
(C ER N, HE ID, SACL) IJP

(LRL) IJ

Z(1SSO) P» i(J ) = l(2t+) StatUs:

Z(1880) MASS

OMITTED FROM SUMMARY TABI E
A P11 resonance is suggested by several partial-wave analyses, but
with wide variations in the mass and other parameters. We list here
all claims which lie well above the P11 Z(1770),

Z(1840) P„ l{JP) = l(&a+) Status:

Z(1840) MASS

VAL UE (MeV)

w 1840 OUR ESTIMATE
1798 or 1802
1720+ 30
1925+200
1840+ 10

DOCUMENT ID

1 MARTIN
2 BAILLON

VANHORN
LANGBEIN

TECN COM MEN T

77 DPWA K N multichannel
75 IPWA K N —+ Acr

75 DPWA K p —+ A2r0

72 IPWA K N multichannel

OMITTED FROM SUMMARY TABLE
For the time being, we list together here all resonance claims in the

P13 wave between 1700 and 1900 MeV.

VAL UE (MeV)

m 1880 OUR ESTIMATE
1826+20
1870+10
1847 or 1863
1960+30
1985+50
1898

~ 1850
1950+50
1920+30
1850
1882 +40

DOCUMENT /D

GOPAL 80
CA MERO N 78B

1 MARTIN 77
2 BAILLON 75

VANHORN 75
3 LEA 73

A RMENTEROS70
BARBARO-. .. 70
LITCHFIELD 70
BAiLEY 69
SMART 68

Z(1880) WIDTH

TECN COMMENT

DPWA

DPWA
DPWA
I PWA

DPWA
DPWA
I PWA

DPWA

DPWA
DPWA
DPWA

KN~ KN
K p~ NK"
K N multichannel
KM ~ A2r

K p —+ An0
Multichannel K-matrix
KN ~ K/V

K N ~ A2r

K N ~ Acr

KM~ KN
K N ~ A7r

VALUE (MeV)

93 or 93
120+30
65+50—20

120+10

Mode

Z(1840}WIDTH

DOCUMENT ID

1 MARTIN
2 BAILLON

VANHORN

LANGBEIN

TECN COMMENT

77 DPWA K N multichannel
75 IPWA KN ~ Acr

75 DPWA K p —+ A2r0

72 IPWA K N multichannel

Z(1840) DECAY MODES

VA L UE (Me V)

86+ 15
80+ 10

216 or 220
260 6 40
220+ 140
222
30

200+ 50
170+ 40
200
222+ 150

DOCUMENT ID

GOPAL 80
CAMERON 788

1 MARTIN 77
2 BAILLON 75

VANHORN 75
3 LEA 73

ARMENTEROS70
BARBARO-. .. 70
LITCHFIELD 70
BAILEY 69
SMART 68

TECN

DPWA

DPWA
DPWA
I PWA

DPWA
DPWA
I PWA

DPWA

DPWA
DPWA

DPWA

COMMEIV T

KN~ KN
K p~ NK*
K N multichannel
KN ~ A2r

K p~ An0
Multichannel K-matrix
KN~ KM
K N ~ A2r

K M —+ A2r

KN —+ KN
K N ~ Avr

I1 NK
I 2 A7r
I-, Zvr

Mode

Z{1880) DECAY MODES

Z(1840) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

r(NR) lr,.„,
r,
I2
I3
I4
I5

NK
A7r

X7r
5 K"(892), S=l/2, P wave-
N K'(892), S=3/2, P wave-

VAL UE

0 or 0
0.37+0.13

DOCUMENT /D TECN COMME/V T

MARTIN 77 DPWA K N multichannel
LANGBEIN 72 IPWA K N multichannel

Z(1880) BRANCHING RATIOS

(I tI p) /I totai in N K ~
VAL UE

+0.03 or +0.03
+0.11 +0.02
+0.06 +0.04
+0.122+ 0.078

0.20 +0.04

Z{1840)~ Aa
DOCUMENT ID

1 MARTlN
2 BAILLON

VANHORN
DEVENISH
l ANGBEIN

(I Il i) /l «&i ln N K ~ Z{1840)~ Za.

TECN

77 DPWA
75 IPWA

75 DPWA
748
72 I PWA

(rtra) lr
COMME/V T

K N multichannel
KN ~ Avr
K- p A~0
Fixed-t dispersion rel.
K N multichannel

(I tl a) /I

r (N K) /rtotai
VALUE

0.06+0.02
0.27 or 0.27
0.31
0.20
0.22

DOCUMENT ID

GOPAL 80
1 MARTIN 77
3 LEA 73

ARMENTEROS70
BAIL EY 69

TECN

DPWA
DPWA
DPWA
I PWA
DPWA

COMMENT

KM~ KN
K N multichannel
Multichannel K-matrix
KM~ KN
KN —+ K IV

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

VAL UE

—0.04 or —0.04
0.15+0.04

DOCUMENT /D TECN COMMENT

MARTIN 77 DPWA K N multichannel
LANGBEIN 72 IPWA K N multichannel

MARTIN
Also
Also

BAIL LON
VANHORN

ATso

DEVENISH
LANGBEIN

77 NP 8127 349
778 NP 8126 266
77C NP 8126 285
75 NP 894 39
75 NP 887 145
758 NP 887 157
748 NP 881 330
72 NP 847 477

Z(1840) REFERENCES

+Pidcock, Moorhouse
Martin, Pidcock
Martin, Pidcock

+Litchfield

VanHorn
+Froggatt, Martin
+Wagner

(LOUC, GLAS) IJP
(LOU C)
(LOUC) IJP

(CERN, RHEL) IJP
(LBL) IJP
(LBL) IJP

(DESY, NORD, LOUC)
(MPIM) I JP

Z(1840) FOOTNOTES
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.
From solution 1 of BAILLON 75; not present in solution 2.

(rl f) l total
VAL UE

—0,24 or —0.24
—0.12 +0.02

+0 05 +0.07
—0.02

—0.169+0.119
—0.30
—0.09 +0.04
—0.14 +0.03
—0.11 $0.03

In N K +Z(1880) -+ Att-
DOCUMEIV T ID TECN

1 MARTIN 77 DPWA
BAILLON 75 IPWA

(rtra) /r
COMME/V T

K M multichannel
K/V ~ An.

VANHORN 75 DPWA K p —+ A7r

D EVEN IS H 748
3 LEA 73 D PWA

BARBARO-. .. 70 DPWA
LITCHFIELD 70 DPWA

SMART 68 DPWA

Fixed-t dispersion rel.
Multichannel K-m atrix
K M ~ A2r

K N ~ An.

K N ~ A2r

(r,r,} '/r
TECN COMMENT

77 DPWA K N multichannel
73 DPWA Multichannel K-matrix

(r, r f) /I gi oNKnZ(1880) Zm.
VALUE DOCUMENT ID

+0.30 or -+0.29 1 MARTIN
not seen 3 LEA

(I(Ip) /It tailnNK~ Z(1880)~ NK'(892), S=l/2, P wave (ftla) /I-
VALUE DOCUMENT ID TECN COMMENT

—0.05+0.03 CAMERON 788 DPWA K p —+ N K
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Baryon Particle Listings
Z(1880), Z(1915)

(I Irr) /I t I In NK Z(1880) NK'(892), 5=3/2, P wa-ve (I tl a) /I Z(1915) BRANCHING RATIOS

VAL UE

+0.11+0.03
DOCUMENT ID TECN COMMENT

CAMERON 788 DPWA K—
p ~ NK*

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

Z(1880) REFERENCES

GOPAL 80
CAMERON 788
MARTIN 77

Also 778
Also 77C

BAILLON 75
VANHORN 75

Also ?58
DEVENISH 748
LEA 73
ARMENTEROS 70
BARBARO-. .. 70
LITCHFIELD 70
BAILEY 69
SMART 68

Toronto Conf. 159
NP 8146 327
NP 8127 349
NP 8126 266
NP 8126 285
NP 894 39
NP 887 145
NP 887 157
NP 881 330
NP 856 77
Duke Conf. 123
Duke Conf. 173
NP 822 269
Thesis UCRL 50617
PR 169 1330

(RHEL) IJP
(RHEL, LOIC) IJP

(LOUC, GLAS) IJP
(LOU C)
(LOUC) IJP

(CERN, RHEL) IJP
(LBL) IJP
(LBL) IJP

(DESY, NORD, LOUC)
(RHEL, LOUC, GLAS, AARH) IJP

(CERN, HEID, SACL) IJP
(LRL) IJP

(RHEL) IJP
(LLL) IJP
(LRL) IJP

+Franek, Gopal, Kalmus, McPherson+
+Pidcock, Moorhouse

Martin, Pidcock
M a rtin, Pid cock

+Litch field

VanHorn
+Froggatt, Martin
+Martin, Moorhouse+
+ 8 aill on+

Barbaro-Galtieri

Z(1915) F15 l(JP) = l(&s+) Status:

Discovered by COOL 66. For results published before 1974 (they are
now obsolete), see our 1982 edition Physics Letters 1118 (1982).

This entry only includes results from partial-wave analyses. Parame-
ters of peaks seen in cross sections and invariant-mass distributions
in this region used to be listed in in a separate entry immediately
following. They may be found in our 1986 edition Physics Letters
1708 (1986).

Z(1915) MASS

VAL UE (MeV)

1900 to 1935
1937+ 20
1894+ 5
1909+ 5
1920+ 10
1900+ 4
1920+30
1914+10

1920+ '5—20
1920+ 5
~ ~ ~ We do

not seen
1925 or 1933
1915

TECN COMMEN TDOCUMENT ID

(w 1915) OUR ESTIMATE
ALSTON-. ..

1CORDEN
1CORDEN

GOPAL
2 CORDEN

BAIL LON

HEMINGWAY

78 DPWA

77C

77C
77 DPWA

76 DPWA
75 IPWA

75 D PWA

KN~ KN
K n~ Xx
K n —+ Zx
K N multichannel

K n~ A~
KN~ A~
K p~ KN

K p —+ AxVANHORN 75 DPWA

KANE 74 DPWA
not use the following data for averages, fits, limits,

DECLAIS 77 DPWA
3 MARTIN 77 DPWA

DEBELLEFON 76 IPWA

K p~ Z~
etc. ~ ~ o

KN —& KN
K N multichannel

K p~ A~

Z(1915) WIDTH

VALUE (MeV)

80 to 160 (~ 120) OUR

161+20
107+14
85+13

130+10
75+14
70+ 20
85+ 15

102+ 18
162+25
~ ~ ~ We do not use the

171 or 173
60

TECN COMMEN TDOCUMENT ID

ESTIMATE
ALSTON-. .. 78 DPWA

1 CORDEN 77c
1 CORDEN 77C

GOPAL 77 DPWA
CORDEN 76 DPWA
BAILLON 75 IPWA

HEMINGWAY 75 DPWA

VANHORN 75 DPWA

KANE 74 DPWA
following data for averages, fits, limits,

MARTIN 77 DPWA

DEBELLEFON 76 IPWA

KN~ KN
K n ~ Zvr

K n ~ Zvr
K N multichannel

K n~ Ax
KN ~ A7r

K p~ KN
K —

p A&0

K p ~ Zvr
etc. ~ ~ ~

K N multichannel

K p —+ Ax

Z(1880) FOOTNOTES
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.
From solution 1 of BAILLON 75; not present in solution 2.
Only unconstrained states from table 1 of LEA 73 are listed.
The published sign has been changed to be in accord with the baryon-first convention.

r(NF)/r„„I
VALUE

0.05 to 0.15 OUR ESTIMATE
0.03+0.02
0.1.4 60.05
0.11+0.04
~ ~ ~ We do not use the following

0.05 j0.03
0.08 or 0.08

DOCUMENT ID TECN COM MEN T

4 GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
HEMINGWAY 75 DPWA

data for averages, fits, limits,

GOPAL 77 DPWA
3 MARTIN 77 DPWA

KN~ KN
KN~ KN
K p —+ KN

etc. ~ ~ e

See GOPAL 80
K N multichannel

(rirr) /rtotaI
VAL UE

—0.09 +0.03
—0.10 +0.01
—0.06 +0.02
—0.09 +0.02
—0.087+0.056
~ e ~ We do not

—0.09 or —0.09
—0.10

inNK~ Z(1915)~ An
DOCUMENT ID TECN

GOPAL 77 DPWA
CORDEN 76 DPWA
BAIL LON 75 IPWA
VA NH OR N 75 D PWA
DEVENISH 748

use the following data for averages, fits, limits,

MARTIN 77 DPWA
DEBELLEFON 76 IPWA

(I tl a)~/I
COMMENT

K N multichannel
K n —+ Ax
KN + Am

K p ~ Am0

Fixed- t dispersion rel.
etc. ~ ~ ~

K N multichannel
K —

p A~0

(I II r) /I totaI
VAL UE

—0.17+0.01
—0.15+0.02
—0.19+0.03
—0.164 0.03
~ ~ ~ We do not

—0.05 or —0.05

in N K ~ Z(1915)~ Ze.
DOCUMENT ID TECN

1CORDEN 77C
1CORDEN 77C

GOPAL 77 DPWA

KANE 74 DPWA
use the following data for averages, fits, limits,

MARTIN 77 DPWA

COM MEN T
(r,r, )&/r

K n ~ Zvr
K n ~ Zn.
K N multichannel

K p~ Xvr
etc. ~ ~ ~

K N multichannel

(r,r, )&/r(rrrr) /rtataI in N K Z(1915) Z(1385)n, P wave-
VAL UE DOCUMENT ID TECN COMMENT

(0.01 CAMERON ?8 DPWA K p ~ Z(1385) 71.

(I tl e)~/I(I Il r) /I tot, I In N K ~ Z'(1915)~ Z(1385)s, Fwave-
VAL UE DOCUMENT ID TECN COMMENT

+0.0394 0.009 5 CAMERON 78 DPWA K p ~ Z(1385)m

Z(1915) REFERENCES

PDG 86
PDG 82
GOPAL 80
ALSTON-. .. 78

Also 77
CAMERON 78
CORDEN 77C
DECLAIS 77
GOPAL 77
MARTIN ?7

Also 778
Also 7?C

CORDEN 76
DEBELLEFON 76
BAILLON 75
HE MI N GWAY 75
VANHORN 75

Also 758
D EVE NISH 748
KAME 74
COOL 66

PL 1708
PL 1118
Toronto Conf. 159
PR D18 182
PRL 38 1007
NP 8143 189
NP 8125 61
CERN 77-16
NP 8119 362
NP 8127 349
NP 8126 266
NP 8126 285
NP 8104 382
NP 8109 129
NP 894 39
NP 891 12
NP 887 145
NP 887 157
NP 881 330
LBL-2452
PRL 16 1228

Aguilar- Benitez, Porter+
Roos, Porter, Aguilar-Benitez+

(CERN, CIT+)
(HELS, CIT, CERN)

(RHEL) IJP
Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP
Alston-GarnJost, Kenney+ (LBL, MTHO, CERN) IJP

+Franek, Gopal, Bacon, Butterworth+ (RHEL, LOIC) IJP
+Cox, Kenyon, O'Neale, Stubbs, Sumorok+ (8 IRM) I JP
+Duchon, Louvel, Patry, Seguinot+ (CAEN, CERN) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOU C) I JP

+Cox, Dartnell, Kenyon, O'Neale+ (BIRM) IJP
De Bellefon, Berthon (CDEF) IJP

+Litchfield (CERN, RHEL) IJP
+Eades, Harmsen+ (CERN, HEIDH, MPIM) IJP

(LBL) IJP
VanHorn (LBL) IJP

+Froggatt, Martin (DESY, NORD, LOUC)
(LBL) IJP

+Giacomelli, Kycia, Leontic, Lundby+ (BNL)

Z(1915) FOOTNOTES
The two entries for CORDEN 77C are from two difFerent acceptable solutions.

2 Preferred solution 3; see CORDEN 76 for other possibilities.
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.

4The mass and width are fixed to the GOPAL 77 values due to the low elasticity.
5The published sign has been changed to be in accord with the baryon-first convention.

Z(1915) DECAY MODES

Mode Fraction (f I/l )

seen

(5%

I1 NK 5—15 %
I 2 A?r

C3 Z?r seen

I 4 Z(1385)~
Z(1385)~, Pwave-

I 6 Z(1385)7r, F-wave

The above branching fractions are OLIr estimates, not fits or averages.
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Baryon Particle Listings

Z(1940), Z(2000)

Z(1940) 0„ l(l } = l(2
—

) Status:

Z(1940} MASS

VALUE(Mev)

1900 to 1950
1920+50
1950+30
1949+40—60
1935+80
1940+20
1950+20
~ ~ ~ We do

1886 or 1893
1940

TECN COMMEN TDOCUMENT ID

(m 1940) OUR ESTIMATE

GOPAL 77 DPWA
BAILLON 75 IPWA

K N multichannel
KN~ A~

VANHORN 75 DPWA K p ~ A2r

KANE 74 D PWA

LITCHFIELD 748 DPWA
LITCHFIELD 74C DPWA

not use the following data for averages, fits, limits,
1 MARTIN 77 DPWA

DEBELLEFON 76 IPWA

K p~ Zx
K p —+ A(1520) vr

K p ~ H(1232) K
etc. ~ o o

K N multichannel

K p~ Avr, F170
wave

Z(1940) WIDTH

VAL UE (MeV)

150 to 300 (M 220) OUR

170+25
300+80
150+75

16o+70—40
330+80
60+20
70+ 30—20

~ e ~ We do not use the

157 or 159

DOCUMENT ID

ESTIMATE

CAMERON
GOPAL
BAILLON

TECN COMMENT

788 DPWA K p ~ NK*
77 DPWA K N multichannel
75 IPWA K N —+ Ax

VANHORN 75 DPWA K p ~ A+

KANE 74 D PWA

LITCHFIELD 748 D PWA

LITCHFIELD 74C DPWA

K p~ Xvr

K p ~ A(1520) 7ro

K p ~ D(1232) K

following data for averages, fits, limits,

1 MARTIN 77 DPWA

etc. 4t ~ ~

K N multichannel

For results published before 1974 (they are now obsolete), see our
1982 edition Physics Letters 1118 (1982).

Not all analyses require this state. lt is not required by the GOYAL 77
analySiS Of K n ~ (Z7r) nOr by the GOPAL 80 analySiS Of

K n ~ K n. See also HEMINGWAY 75.

{IrI r) /I tetal in NK Z(1940) Ze (r, r, ) /r
VAL UE

—0.08 +0.04
—0.14+0.04
e e ~ We do not

+0.16 or +0.16

DOCUMENT /D TECN COMMENT

GOPA L 77 DPWA KN multichannel
KANE 74 DPWA K p ~ Z zr

use the following data for averages, fits, limits, etc. ~ ~ ~

MARTIN 77 DPWA K Itj multichannel

(I rl r) /It(&taiinNK-+
VAL UE

0.03
—0.11+0.04

(I(l r) /ltetailn NK~
VAL UE

0.062 +0.021
—0.08 +0.04

(I tI r) /I e,t i In N K ~
VAL UE

—0.16+0.05

(r, r,)h/rZ(1940) -+ A(1520)sr, P wave-
DOCUMENT ID TECN COMMENT

CAMERON 77 DPWA K p ~ A(1520)2r
LITCHFIELD 748 DPWA K p —+ A(1520) ~

Z(1940} A(1520)e', F wave {I tl a)~/I
DOCUMEN T ID TECN COM MEN T

CAMERON 77 DPWA K p ~ A(1520) vr

LITCHFIELD 748 DPWA K p A(1520) vr

Z(1940) B(1232)K, Swave -(I t I &n)~/f
DOCUMENT /D TECN COMMENT

LITCHFIELD 74C DPWA K p ~ D(1232) K

DOCUMENT /D TECN COMMENT

LITCHFIELD 74C DPWA K p —+ Z(1232) K

VAL UE

—0.1460.05

(r, r, )&/r(I rl r) /I totaiin NK~ Z(1940) ~ Z(1385)e
VAL UE DOCUMENT ID TECN COMMENT

+0.066+0.025 2 CAMERON 78 DPWA K p ~ Z(1385) 7r

(I tl r) /rt, takin NF ~ Z(1940) ~ NR'(892) (I trt2) /I
VALUE

—0.09+0.02

DOCUMENT ID TECN COMMENT

CAMERON 788 DPWA K p ~ N K*

Z{1940)FOOTNOTES
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.
The published sign has been changed to be in accord with the baryon-first convention.

3 Upper limits on the 01 and D3 waves are each 0.03.

(I il r) /I tetg in NK ~ Z(1940) ~ X{1232)K,D-wave (I tl tt)~/I

Z(1940} DECAY MODES Z{1940}REFERENCES

l1

I3
l4
I5
l6
f7
i8
I9
~10

C12

Mode

NK
A7r

Z7r
Z(1385)~

Z(1385)w, S wave-
A (1520)vr

ll(1520) a, P wave-
A(1520) ~, Fwave-

Zt(1232) K
Zt(1232) K, S wave-
Zt(1232) K, Dwave-

N K"(892)
NK*(892), S=3//2, S-wave

Fraction (I;/I )

(20 %
seen

seen

seen

seen

seen

seen

PDG 82
GOPAL 80
CAMERON 78
CAMERON 788
CAMERON 77
GOPAL 77
GOYA L 77
MARTIN 77

Also 778
Also 77C

DEBELLEFON 76
BAILLON 75
HEMINGWAY 75
VANHORN 75

Also 758
DEVENISH 748
KANE 74
LITCHFIELD 748
LITCHFIELD 74C

PL 1118
Toronto Conf. 159
NP 8143 189
NP 8146 327
NP 8131 399
NP 8119 362
PR D16 2746
NP 8127 349
NP 8126 266
NP 8126 285
NP 8109 129
NP 894 39
NP 891 12
NP 887 145
NP 887 157
NP 881 330
LBL-2452
NP 874 19
NP 874 39

Z(2000) S»

Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
(RHEL)

(RHEL, LOIC) IJP
(RHEL, LOIC) IJP
(R H EL, LOI C) I J P
(LOIC, RHEL) IJP

(DELH)
(LOUC, GLAS) IJP

(LOU C)
(LOUC) IJP
(CDEF) IJP

(CERN, RHEL) IJP
ERN, HEIDH, MPIM) IJP

(LBL) IJP
(LBL) IJP

(DESY, NORD, LOUC)
(LBL) IJP

(CERN, HEIDH) IJP
(CERN, HEIDH) IJP

VanHorn
+Froggatt, Martin

+Hemingway, Baillon+
+Hemingway, Baillon+

l(J ) = 1(2 ) Status:

+Franek, Gopal, Bacon, Butterworth+
+Franek, Gopal, Kalmus, McPherson+
+Franek, Gopal, Kalmus, McPherson+
+Ross, VanHorn, Mcpherson+
+Sodhi
+Pidcock, Moorhouse

Martin, Pidcock
Martin, Pidcock
De Bellefon, Berthon

+Litchfield
+Eades, Harmsen+ (C

Z(1940} BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

I (NgK/I t t i

OMITTED FROM SUMMARY TABLE
We list here all reported 511 states lying above the X(1750) S11.

Z(2000) MASS

VAL UE

(0.2 OUR ESTIMATE
(0.04

0.14 or 0.13

DOCUMENT ID

GOPAL
1 MARTIN

TECN COMM EN T

77 DPWA K N multichannel
77 DPWA KN multichannel

(rtrr) '/rtet i
VAL UE

—0.06 +0.03
—0.04 +0.02

—o.o5 +—0.02
—0.153+0.070
~ ~ ~ We do not

—0, 15 or —0.14

in NK ~ Z(1940}-+ Asr
DOCUMENT ID TECN

GOPAL 77 DPWA
BAILLON 75 IPWA

(I tl a}~/I
COMMENT

K N multichannel
KN ~ Ax

VANHORN 75 DPWA K p ~ Acr

Fixed-t dispersion rel.
etc. ~ ta ~

K N multichannel

DEVENISH 748
use the following data for averages, fits, limits,

1 MARTIN 77 DPWA

VALUE (MeV)

m 2000 OUR ESTIMATE
1944+15
1955+15
1755 or 1834
2004+40

VA L UE ( Me V)

215+25
170+40
413 or 450
116+40

DOCUMEN T JD TECN COMMENT

GOPA L

GOPA L
1 MARTIN

VANHORN

80 DPWA KN ~ KN
77 DPWA K N multichannel
77 DPWA K N multichannel

75 DPWA K p A~

Z(2000) WIDTH

DOCUMENT ID TECN COMMENT

GOPAL 80 DPWA KN ~ K N

GOPAL 77 DPWA KN multichannel
MARTIN 77 DPWA K M multichannel
VANHORN 75 DPWA K —

p A7ro
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Baryon Particle Listings
Z(2000), Z(2030)

Z(2000) DECAY MODES
Z(2030) F» l(J ) = 1(&+) Status: 4 &I& 4 4

I1
r2
l3
l4
I5
r6

Mode

NK
A7r

Z~
A(1520}x
N K'(892), S=l/2, S wave-

N K*(892), S=3/2, 0wave-

Z(2000) BRANCHING RATIOS

Discovered by COOL 66 and by WOHL 66. For most results pub-
lished before 1974 (they are now obsolete), see our 1982 edition
Physics Letters 111B(1982).

This entry only includes results from partial-wave analyses. Parame-
ters of peaks seen in cross sections and invariant-mass distributions
around 2030 MeV may be found in our 1984 edition, Reviews of
Modern Physics 56 No. 2 Pt. ll (1984).

Z(2030) MASS
See "Sign conventions for resonance couplings" in the Note on A and Z
Resona nces.

r(NQK/rtotaI
VALUE

0,51+0.05
0.44 +0.05
062 or 057

(I rl r) /I tot I in NK~
VALUE

0.08+0.03
—0.19 or —0.18

not seen

+0.07+ 0.02—0.01

DOCUMENT ID

GOPAL
GOPAL

1 MARTIN

Z(2000} -+ Ae.
DOCUMENT ID

GOPAL
1 MARTIN

BAIL LON

VANHORN

TECN COMM EN T

80 DPWA KN ~ KN
77 DPWA See GOPAL 80
77 DPWA KN multichannel

(r, r,)h/r
TECIV COMMEN T

77 DPWA KN multichannel
77 DPWA K N multichannel
75 IPWA K N —+ An.

75 DPWA K p ~ An. 0

(Irlr} /It»IinNK~
VALUE

+0.20 +0.04
+0.26 or +0.24

Z(2000) ~ Ze
DOCUMENT ID

GOPAL
1 MARTIN

(r, r,)&/r
TECIV COMMEN T

77 DPWA K N multichannel
77 DPWA K N multichannel

(I rI f) /I tptai in NK
VALUE

+0.081+0.021

Z(2000) -+ A{1520}e.
DOCUMENT ID

2 CAMERON 77

{Itl a)~/I
TECN COMM EN T

DPWA P-wave decay

(I rI r) /I t»I in NK ~
VAL UE

+0,10+0.02

Z(2000) ~ N K'(892), S=l/2, S-wave (I il a)~/I
DOCUMENT ID TECN COMMENT

CAMERON 788 DPWA K p ~ NK*

(I rI r) /I t takin NK Z(2000) hlK'(892), S=3/2, Dwave

(r, r.)&/r
VAL UE

—0.07+0.03

DOCUMENT ID TECN COMMENT

CAMERON 788 DPWA K p ~ N K*

Z(2000) FOOTNOTES
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.
The published sign has been changed to be in accord with the baryon-first convention.

VA L UE (MeV)

2025 to 2040
2036+ 5
2038+ 10
2040+ 5
2030+ 3
2035+ 15
2038+ 10
2042 + 11
2020 + 6
2035+ 10
2020+30
2025+ 10
~ ~ ~ We do

2027 to 2057
2030

TECN COM MEN T

KN —+ KN
K N~ NK
K N multichannel

K n + An.

KN~ An

K p~ KN
K p ~ An0
K p~ X7r
K p ~ A(1520) n

K p ~ A(1232) K
K p ~ A(1820) n.0

etc. e ~ ~

K N —+ Zn.
K p + Avr0

Z(2030) WIDTH

VAL UE (MeV)

150 to 200 tm 180) OUR

172 410
137+40
190+10
201+ 9
180+20
172+15
178+13
111+ 5
160+20
200 + 30
e ~ ~ We do not use the

260
126 to 195
160
70 to 125

TECN COM MEN TDOCUMENT ID

ESTIMATE
GOPAL 80 DPWA
CORDEN 778
GOPAL 77 DPWA

1 CORDEN 76 DPWA
BAILLON 75 IPWA

HEMINGWAY 75 DPWA
VANHORN 75 DPWA
KANE 74 DPWA
LITCHFIELD 748 DPWA
LITCHFIELD 74c DPWA

following data for averages, fits, limits,

D EC LA IS 77 DPWA

GOYA L 77 DPWA
DEBELLEFON 76 IPWA

LITCHFIELD 74D DPWA

KN —+ KN
K N —+ NK~
K N multichannel

K n~
KN ~ An.

K p~ KN
K —

p
K p~ X7r
K p ~ A(1520) 7r0

K p ~ ZL(1232) K
etc. ~ ~ ~

KN~ KN
K N ~ Z2r
K p~ An0

K p ~ A(1820) n 0

Z(2030) DECAY MODES

DOCUMENT ID

(w 2030) OUR ESTIMATE

GO PA L 80 DPWA

CORD EN 778
GOPAL 77 DPWA

1 CORDEN 76 DPWA
BA ILLON 75 I P WA

HEMINGWAY 75 DPWA

VANHORN 75 DPWA

KANE 74 DPWA

LITCHFIELD 748 DPWA
LITCHFIELD 74c DPWA
LITCHFIELD 74D DPWA

not use the following data for averages, fits, limits,

GOYAL 77 DPWA

DEBELLEFON 76 IPWA

Z(2000) REFERENCES Mode Fraction (I;//f )

GOPAL
CAMERON
CAMERON
GOPAL
MARTIN

Also
Also

BAIL LON
VANHORN

Also

80 Toronto Conf. 159
788 NP 8146 327
77 NP 8131 399
77 NP 8119 362
77 NP 8127 349
778 NP 8126 266
77C NP 8126 285
75 NP 894 39
75 NP 887 145
758 NP 887 157

+Franek, Gopal, Kalrnus, McPherson+
+Franek, Gopal, Kalrnus, McPherson+
+Ross, VanHorn, McPherson+
+Pidcock, Moorhouse

Martin, Pidcock
Martin, Pidcock

+Litchfield

Van Horn

(RHEL) IJP
(RHEL, LOIC) IJP
(RHEL, LOIC) IJP
(LOIC, RHEL) IJP

(LOUC, GLAS) IJP
(LOU C)
(LOUC) IJP

(CERN, RHEL) IJP
(LBL) IJP
(LBL) IJP

5—15 %

10—20 %

NK 17-23 %
I 2 A7r 17—23 %
f 3 Zvr 5-10 %

l4 =K
I s Z(1385) vr

Z(1385}~, Fwave-
A(1520) x 10-20 %

A(1520) vr, D wave-
A(1520) ~, G wave-

tp A(1232}K
I tt A{1232}K, Fwave-

A(1232) K, H wave-
N K'(892)

N K'(892), S=l/2, Fwave-
f 15 N K*(892), S=3/2, F-wave

A(1820) ~, P wave-
The above branching fractions are our estimates, not fits or averages.
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Z(2030), Z (2070)

Z(2030} BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and X
Resona nces.

I (N K)/I tetai

(r, r,.)&/r
VALUE

+0.04 6 0.03
—0.12 +0.02

DOCUMENT ID TECN COMMENT

6 CAMERON 788 DPWA K p —i N K
CORDEN 778 K d~ NNK

(I ~l p) ll/I «tai in IV K ~ Z(2030) ~ N K'(892), S=3/2, Fwav-e

VALUE

0.17 to 0.23 OUR
0.19+0,03
0.18+0.03
~ ~ e We do not

0.15
0,24 +0.02

(rirr) /rte«i
VALUE

+0.18 +0.02
+0.20 +0.01
+0.18 +0.02
+0.20 +0.01
+0.195+-0.053
~ o ~ We do not

0.20

(rII f) lrtatai
VALUE

—0.09 +0.01
—0,06 +0.01
—0.15 +0.03
—0.10 +0.01
e ~ o We do not

—0.085+ 0.02

(rirr) '/rta«i
VAL UE

0.023
(0.05
(0.05

ESTIMATE
DOCUMENT ID TECN COMMEN T

GOPAL 80 DPWA
HEMINGWAY 75 DPWA

use the following data for averages, fits, limits,

DECLAIS 77 DPWA
GOPAL 77 DPWA

in N K ~ Z(2030}~ A»
DOCUMENT ID TECN

GOPAL 77 DPWA
1 CORDEN 76 DPWA

BAIL LON 75 IPWA

VA NHO RN 75 D PWA

DEVENISH 748
use the following data for averages, fits, limits,

DEBELLEFON 76 IPWA

inNK~ Z(2030)~ Z»
DOCUMENT ID TECN

2 CORDEN 77C
2 CORDEN 77C

GOPAL 77 DPWA

KANE 74 DPWA
use the following data for averages, fits, limits,

3 GOYAL 77 DPWA

inNK-+ Z(2030)~ =K
DOCUMENT ID TECN

MULLER 698 DPWA

BURGUN 68 DPWA

TRIPP 67 RVUE

KN —+ KN
K p~ KN
etc. ~ o o

KN —+ KN
See GOPAL 80

(r, r, )&/r
COMMENT

K N multichannel

K n ~ A7r

KN ~ A7r

K p ~ A7r0

Fixed-t dispersion rel.

etc. o e ~

K p ~ A7r0

(r, r, )&/r
COMMENT

K n~ X7r
K n~ X7r
K N multichannel

K p~ X7r
etc. ~ ~

K N ~ X'7r

(Itla) /I
COMMENT

K p~
K p ~
K p ~

Z(2030) REFERENCES

PDG
PDG
GOPAL
CAMERON
CAMERON
CAMERON
CORD EN
CORDEN
DECLAIS
GOPAL
GOYAL
CORDEN
DEBELLEFON
BAILLON
CORDEN
HEMINGWAY
VANHORN

Also
DEVENISH
KANE
LITCHFIELD
LITCHFIELD
LITCHFIELD
MULLER
BURGUN
TRIPP
COOL
WOHL

84 RMP 56 No. 2 Pt.
82 PL 1118
80 Toronto Conf. 159
78 NP 8143 189
788 NP 8146 327
77 NP 8131 399
778 NP 8121 365
77C NP 8125 61
77 CERN 77-16
77 NP 8119 362
77 PR D16 2746
76 NP 8104 382
76 NP 8109 129
75 NP 894 39
758 NP 892 365
75 NP 891 12
75 NP 887 145
758 NP 887 157
748 NP 881 330
74 LBL-2452
748 NP 874 19
74C NP 874 39
74D NP 874 12
698 Thesis UCRL 19372
68 NP 88 447
67 NP 83 10
66 PRL 16 1228
66 PRL 17 107

II Wohl, Cahn, Rittenberg+
Roos, Porter, Aguilar-Benitez+

(LBL, CIT, CERN)
(HELS, CIT, CERN)

(RHEL) IJP
+Franek, Gopal, Bacon, Butterworth+ (RHEL, LOIC) IJP
+Franek, Gopal, Kalrnus, McPherson+ (RHEL, LOIC) IJP
+Franek, Gopal, Kalinus, McPherson+ (RHEL, LOIC) IJP
+Cox, Kenyon, O'Neale, Stubbs, Sumorok+ (8 IBM) I JP
+Cox, Kenyon, O'Neale, Stubbs, Sumorok+ (8IRM) I JP
+Duchon, Louvel, Patry, Seguinot+ (CAEN, CERN) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Sodhi (DELH) IJP
+Cox, Dartnell, Kenyon, O'Neale+ (BIRM) IJP

De Bellefon, Berthon (CDEF) IJP
+Litchfield (CERN, RHEL) IJP
+Cox, Dartnell, Kenyon, O'Neale+ (BIRM) IJP
+Eades, Harmsen+ (CERN, HEIDH, MPIM) IJP

(LBL) IJP
VanHorn (LBL) IJP

+Froggatt, Martin (DESY, NORD, LOUC)
(LBL) IJP

(CERN, HEIDH) IJP
(CERN, HEIDH) IJP
(CERN, HEIDH) IJP

(LRL)
+Meyer, Pauli, Tallini+ (SACL, CDEF, RHEL)
+Leith+ (LRL, SLAC, CERN, HEID, SACL)
+Giacomelli, Kycia, Leontic, Lundby+ (BNL)
+Solmitz, Stevenson (LRL) IJP

+Hemingway, Baillon+
+Hemingway, Baillon+
+Hemingway, Baillon+

Z(2030} FOOTNOTES
Preferred solution 3; see CORDEN 76 for other possibilities.
The two entries for CORDEN 77C are from two different acceptable solutions.
This coupling is extracted from unnormalized data.
The published sign has been changed to be in accord with the baryon-first convention.

5 An upper limit.
The upper limit on the G3 wave is 0.03.

(I tl te} /I

{I tl e) /I(r~rr) /rta«i
VALUE

in N K ~ Z{2030)~ A(1520)», Dwave-
DOCUMEN T ID TECN COMM EN T

4 CAMERON 77 DPWA K p —~ A(1520) 7r

LITCHFIELD 748 DPWA K p ~ A(1520) 7r

use the following data for averages, fits, limits, etc. o ~ 8i

5 CORDEN 758 DBC K n ~ MK~

+ 0.114+0.010
0.14 +0.03

o ~ e We do not

0.10 +0.03

(rirf) '/rte«i
VALUE

in N K ~ Z(2030) ~ A(1520)», 6wave (-I tl e) /I
DOCUMENT ID TECN COMMEN T

4 CAMERON 77 DPWA K p ~ A(1520) 7r

LITCHFIELD 748 DPWA K p ~ A(1520) 7r

+0.146+0,010
0.02 2 0.02

(I il f) '/I «&iin NK~ Z(2030}~ A(1820}», P-wave
VALUE DOCUMENT ID TECN COMMENT

0.14+0.02 CORDEN 758 DBC K n ~ N K7r

0.18+0.04 LITCHFIELD 74D DPWA K p ~ A(1820)7r

Z(2070) F» I(J ) = 1{&+) Status:

Z(2070) MASS

VAL UE (MQV)

m 20TO OUR ESTIMATE
2051 +25
2057
20?0+10

DOCUMENT ID TECN COMMENT

GOPAL 80 DPWA K N ~ K N

KANE 72 DPWA K p ~ X7r
BERTHON 708 DPWA K p ~ X 7r

Z(2070) WIDTH

OMITTED FROM SUMMARY TABLE
This state suggested by BERTHON 70B finds support in GopAL 80
with new K p polarization and K n angular distributions. The
very broad state seen in KANE 72 is not required in the later
(KANE 74) analysis of K N ~ Z7r.

(r,r, )y /r, .„, (I tl tt) /I
VALUE

0.16+0.03
a e ~ We do not

0.17+0.03

(rirr) '/rte«i (rtrta) lrin N K -+ Z{2030)-+ B(1232)K, Hwave-
DOCUMENT ID TECN COMMENT

LITCHFIELD 74C DPWA K p ~ H(1232) K
VALUE

0.00 +0.02

in NK ~ Z(2030) ~ A(1232)K, Fwave-
DOCUMENT ID TECN COMMENT

LITCHFIELD 74C DPWA K p ~ B(1232)K
use the following data for averages, fits, limits, etc. e ~ ~

CORDEN 758 DBC K n ~ N K7r

VALUE(MeV)

300+ 30
906
140+20

Mode

f1 MK
X 7r

DOCUMENT ID TECN

GOPAL 80 DPWA

KANE 72 DPWA

BERTHON 708 DPWA

Z(2070) DECAY MODES

COMMENT

KN~ KN
K p ~ X'7r

K p —+ X7r

(r~rf) /rta«i
VALUE

+0.153+0.026

in NK~ Z(2030) ~ Z(1385)»
DOCUMENT ID TECN COMMENT

CAMERON 78 DPWA K p ~ X-(1385)7r

(I tl s) /I

VALUE

g-0.06+0.03
—0.02 +0.01

DOCUMENT ID TECN COMMENT

4 CAMERON 788 DPWA K p ~ /VK"

CORDEN 778 K d ~ NNK*

(r, rp) /It «iinNK Z(2030) NK'(892), S=l/2, Fwave

(r,r,.)&/r r (N K) lrtotai
VALUE

0.08+0.03
DOCUMENT ID

GOPAL

TECN COM MEN T

80 DPWA KN —+ KN

Z(2070) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and X
Resona nces.

(Ill p) /I teltaiNnK~
VALUE

+0.104
+0, 12 + 0.02

Z{2070)~ Z» (I tl a) /I
DOCUMENT ID TECN COMMEN T

KANE 72 DPWA K p ~ X7r
BERTHON 708 DPWA K p ~ X 7r
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Z(2070), Z(2080), Z(2100), Z(2250)

Z(20?0) REFERENCES
Z(2100) G» l(JF) = 1(&? } Status:

GOPAL 80 Toronto Conf. 159
KANE 74 LB L-2452
KANE 72 PR Ds 1583
BERTHON 70B NP B24 417 +Vrana, Butterworth+

(RHEL) IJP
(LBL)
(LBL)

(CDEF, RHEL, SACL) IJP
OMITTED FROM SUMMARY TABLE

Z(2100) MASS

E(2080) P13 l(l ) = 1(&+) Status:

OMITTED FROM SUMMARY TABLE
Suggested by some but not all partial-wave analyses across this re-

gion.

VALUE (Mev)

m 2100 OUR ESTIMATE
2060+20
2120 +30

DOCUMENT ID TECN COM MEN T

Z(2100) WIDTH

BARBARO- 70 DPWA K p An. 0

BARBARO-. .. 70 DPWA K p ~ En.

VAL UE (Mev)

m 2080 OUR ESTIMATE
2091 + 7
2070 to 2120
2120+40
2140 *40
2082 + 4
2070+30

Z(2080) MASS

DOCUMENT ID

1 CORDEN 76
DEBELLEFON 76
BA I L LO N 75
BA I L LO N 75
COX 70
LITCHFIELD 70

Z(2080} WIDTH

TECN COMM EN T

DPWA

I PWA
IPWA
IPWA
DPWA

D PWA

K n~ An

K p ~ An0
KN ~ An. (sol. 1)
KN ~ An- (sol. 2)
See CORDEN 76
K N ~ A?r

VALUE (MeV)

70+ 30
135+30

Mode

I1 NK
I 2 A?r

I3 Z~

DOCUMENT ID TECN COMMENT

BARBARO-. .. 70 DPWA K p A?r

BARBARO-. .. 70 DPWA K p ~ En

Z(2100) DECAY MODES

VAL UE (Mev)

186+48
100
240+50
200+ 50
87+ 20

250+40

DOCUMENT ID

1CORDEN 76
DEBELLEFON 76
BAILLON 75
BA I L LO N 75
COX 70
L IT C HF I EL D 70

TECN

DPWA

IPWA
IPWA

IPWA
DPWA

DPWA

COMM EN T

K n ~ A?r

K p~ An

KN ~ A?r (sol. 1)
KN ~ A?r (sol. 2)
See CORDEN 76
K N ~ A?r

(I II r} /I ~taiin NK~ Z{2100} An. {I tl a}~/I
VAL UE

—0.076 0.02

DOCUMENT ID TECN COMMENT

BARBARO-. .. 70 DPWA K p ~ An

Z(2100) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and E
Resonances.

Mode

l1 NK
I-, /ter

Z(2080} DECAY MODES
(I sf a) /I

Z(2100) REFERENCES

{Iter} /I~taiinNK-+ Z(2100)-+ Za
VAL UE DOCUMENT ID TECN COMMENT

+0.13+0.02 BARBARO-. .. 70 DPWA K p ~ E7r

Z(2080) BRANCHING RATIOS BARBARO-. . . 70 Duke Conf. 173 Barbaro-Galtieri (LRL) IJP

See "Sign conventions for resonance couplings" in the Note on A and E
Resona nces.

(I II f) /I tatai in NK -+ Z(2080) ~ An.
VALUE DOCUMENT ID

—0.10+0.03 CORDEN 76
—0.10 DEBELLEFON 76
—0.13+ 0.04 BA IL LON 75

TECN

DPWA

I PWA
I P WA

—0.16+0.03
—0.09 +0.03

COX 70 DPWA

LITCHFIELD 70 DPWA

COMM EN T
(I tl a)~/I

K n ~ A?r
K- p A~0
KN ~ A?r (sol. 1 and

2)
See CORDEN 76
K N~ An

CORDEN
DEBELLEFON

Also
BAIL LON
COX
LITCHFIELD

76
76
75
?5
70
70

NP B104 382
NP B109 129
NP B90 1
NP B94 39
NP B19 61
NP B22 269

Z(2080) REFERENCES

+Cox, Dartnell, Kenyon, O'Neale+
De Bellefon, Berthon
De Bellefon, Berthon, Brunet+

+Litchfield
+Islam, Colley+ (BIRM,

(BIRM) IJP
(CDEF) IJP

(CDEF, SACL) IJP
(CERN, RHEL) IJP

EDIN, GLAS, LOIC) IJP
(RHEL) IJP

Z(2080) FOOTNOTES
Preferred solution 3; see CORDEN 76 for other possibilities, including a D15 at this
m ass.

E(2250) l{j ) = 1(?.) Status:

Z(2250) MASS

VALUE(MeV) DOCUMENT ID

2210 to 2280 (m 2250) OUR ESTIMATE
2270 +50 DEBELLEFON 78 DPWA
2210+30 DEBELLEFON 78 DPWA
2275+20 DEBELLEFON 77 DPWA
2215+20 DEBELLEFON 77 DPWA
2300+30 1 DEBELL EFON 75B H BC

2251+20 VANHORN 75 DPWA

2280 +14 AGUILAR-. .. 70B HBC
2237+11 BRICMAN 70 CNTR
2255+ 10 COOL 70 CNTR
2250+ 7 BUGG 68 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits,

2260 DEBELLEFON 76 IPWA
2215 DEBELLEFON 76 IPWA

2250+20 LU 70 CNTR
2245 BLANPIED 65 CNTR
2299+ 6 BOCK 65 HBC

TECN COMMENT

D5 wave

G9 wave

D5 wave

G9 wave

K p —+ =*0K0

K p A?r0, F5 wave

K p 3.9, 4.6 GeV/c
Total, charge exchange
K p, K d total
K p, K d total

etc. ~ ~ ~

D5 wave

G9 wave

pp~ K+Y*
pp~ K+Y*
pp 5.7 GeV/c

Results from partial-wave analyses are too weak to warrant sep-
arating them from the production and cross-section experiments.
LASINSKI 71 in KN using a Pomeron + resonances model, and
DEBELLEFON 76, DEBELLEFON 77, and DEBELLEFON 78 in

energy-dependent partial-wave analyses of KN ~ An, Zn-, and
NK, respectively, suggest two resonances around this mass.
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Z(2250), Z(2455) Bumps

VALUE (MeV)

60 to 150 (at 100) OUR

120+40
80+ 20
70+ 20
60+20

130+20
192+30
100+20
164+50
230+20
o ~ ~ We do not use the

100
140
170
125
150
»+»—21

Mode

Z(2250) WIDTH

TECN COMM EN TDOCUMENT ID

ESTIMATE
DEBELLEFON 78 DPWA
DEBELLEFON 78 DPWA

DEBELLEFON 77 DPWA

DEBELLEFON 77 DPWA
1 DEBELLEFON 75B HBC

VANHORN 75 DPWA

AGUILAR-. .. 70B HBC
BRICMAN 70 CNTR
BUGG 68 CNTR

following data for averages, fits, limits,

DEBELLEFON 76 IPWA

DEBELLEFON 76 IPWA

COOL 70 CNTR
LU 70 CNTR
BLANPIED 65 CNTR

D5 wave

G9 wave

D5 wave

G9 wave

K
—

p
K p~ A~, Fs wave

K p 3.9, 4.6 GeV/c
Tota I, charge exch a nge
K p, K dtotal

etc. ~ ~ o

D5 wave

G9 wave

K p, K d total

p p a K+ Y*

pp a K+ Y*

Z(2250) DECAY MODES

Fraction (I;/Il )

BOCK 65 HBC pp 5.7 GeV/c

Z(2250} REFERENCES

DEBELLEFON 78
DEB EL LEFON 77
DEBELLEFON 76

Also 75
DEBELLEFON 75B
VANHORN 75

Also 75B
LASINSKI 71
AGUILAR-. „70B
BAR BARO-. .. 70
BRICMAN 70
COOL 70

Also 66
LU 70
BARN ES 69
BUGG 68
BLANPIED 65
BOCK 65

NC 42A 403
NC 37A 175
NP B109 129
NP B90 1
NC 28A 289
NP B87 145
NP B87 157
NP B29 125
PRL 25 58
Duke Conf. 173
PL 31B 152
PR Dl 1887
PRL 16 1228
PR D2 1846
PRI 22 479
PR 168 1466
PRL 14 741
PL 17 166

De Bellefon, Berthon, Billoir+
De Bellefon, Berthon, Billoir+
De Bellefon, Berthon
De Bellefon, Berthon, Brunet+
De Bellefon, Berthon, Billoir+

(CDEF, SACL) IJP
(CDEF SACL) IJP

(CDEF) IJP
(CDEF, SACL) IJP
(CDEF, SACL)

(LBL) IJP
VanHorn (LBL) IJP

(EFI) I JP
Aguilar-Benitez, Barnes, Bassano+ (BNL, SYRA)
Barbaro-Galtieri (LRL) IJP

+Ferro-Luzzi, Perreau+ (CERN, CAEN, SACL)
+Giacomelli, Kycia, Leontic, Li+ (BNL) I

Cool, Giacomelli, Kycia, Leontic, Lundby+ (BNL) I

+Greenberg, Hughes, Minehart, Mori+ (YA LE)
+Flaminio, Monta net, Samios+ (BNL, SYRA)
+Gilmore, Knight+ (RHEL, BIRM, CAVE) I

+Greenberg, Hughes, Kitching, Lu+ (YALE, CEA)
+Cooper French Kinson+ (CERN, SACL)

Z(2455) Bumps l(J ) = 1(? ) Status:

Z(2455} MASS

OMITTED FROM SUMMARY TABLE
There is also some slight evidence for Y* states in this mass region

from the reaction p p ~ K+ X —see GREENBERG 68.

seen
l1 NK &10 %

/17r

C3 Z7r seen

l 4 NK7r
=(1530)K

The above branching fractions are our estimates, not fits or averages.

VAL UE (MeV)

at 2455 OUR ESTIMATE
2455+ 10
2455 + 7

DOCUMENT ID TECN COMM EN T

ABRAMS
BUGG

Z(2455) WIDTH

70 CNTR K p, K d total
68 CNTR K p, K d total

K{2250}BRANCHING RATIOS

VAL UE (MeV)

140
100+20

DOCUMENT ID

ABRAMS
BUGG

TECN COMMENT

70 CNTR K p, K d total
68 CNTR

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances. Z(2455) DECAY MODES

r(NK)/r, .„,
VAL UE

&0.1 OUR ESTIMATE
0.08 +0.02
0.02 6 0.01

(1+21)xl (NÃ)/I total
VALUE

o ~ ~ We do not use the following

0.16+0.12
0.42
0,47

DOCUMENT ID TECN COMM EN T

DEBELLEFON 78 DPWA D5 wave

DEBELLEFON 78 DPWA G9 wave

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ ~

BRICMAN 70 CNTR Total, charge exchange
COOL 70 CNTR K p, K d total
BUGG 68 CNTR

Mode

I1 NK

(i+21)xl (NQK/I tata/
VAL UE

0.39
0.05+ 0.05
0.3

Z(2455) BRANCHING RATIOS

DOCUMENT ID TECN COM MEN T

ABRAMS 70 CNTR K p K d total
BRICMAN 70 CNTR Total, charge exchange
BUGG 68 CNTR

(I II r) /I tota) in NK K{2250) An.
VALUE DOCUMENT ID TECN

—0.16+0.03 VANHORN 75 DPWA

e ~ ~ We do not use the following data for averages, fits, limits,

+0.11 DEBELLEFON 76 IPWA
—0.10 DEBELLEFON 76 IPWA

—0.18 BARBARO-. .. 70 DPWA

(rtr2) /r
COMMENT

K p A~, F5 wave0

etc. ~ ~ ~

D5 wave

G9 wave

K p ~ Avr, G9 wave0

Z(2455) REFERENCES

ABRAMS 70 PR D1 1917
Also 67E PRL 19 678

BRICMAN 70 PL 31B 152
BUGG 68 PR 168 1466
GREENBERG 68 PRL 20 221

+Cool, Giacomelli, Kycia, Leontic,
Abrams, Cool, Giacomelli, Kycia,

+Ferro-Luzzi, Perreau+
+Gilm ore, K night+
+Hughes, Lu, Minehart+

Li+ (BNL) I

Leo ntic+ (BNL)
(CERN, CAEN, SACL)
(RHEL, BIRM, CAVE) I

(YALE)

Z(2455} FOOTNOTES

Fit of total cross section given by BRICMAN 70 is poor in this region.

(I rl r) /I tota( in
VALUE

+ 0.06 +0.02
—0.03+0.02

+0.07

N K +Z{2250}-+ Zn. -
DOCUMENT ID TECN

DEBELLEFON 77 DPWA

DEBELLEFON 77 DPWA

BAR BA RO-. .. 70 DPWA

COMMENT

(rtr&) /I

D5 wave

G9 wave

K p ~ Z2r, G9 wave

I (NK)/I (Zn)
VAL UE

~ ~ ~ We do not use the following

&0.18

r(n~)/r(zn)

DOCUMENT ID TECN

data for averages, fits, limits,

BARNES 69 HBC

COM MEN T

etc. ~ ~ ~

1 standard dev. limit

VALUE

~ ~ ~ We do not use the following

&0.18

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ ~

BARNES 69 HBC 1 standard dev. limit

(r, r, ) /r(I tl r)~/l total in NK ~ Z(2250) -+ =(1530)K
VAL UE DOCUMENT ID TECN COMMEN T

0.18+0.04 DEBELLEFON 75B HBC K p ~ =* K

Z(2250) FOOTNOTES
Seen in the (initiai and final state) D5 wave. Isospin not determined.
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Z(2620) Bumps, Z(3000) Bumps, Z(3170) Bumps

Z(2620) Bumps l(JP) = 1(? ) Status: Z(3170) Bumps l(f ) = 1(? } Status:

Z(2620) MASS

VALUE (MeV)

at 2620 OUR ESTIMATE
2542+22
2620+ 15

DOCUMENT ID TECN COM MEN T

DIBIANCA 75 DBC K N ~ = Ktr
ABRAMS 70 CNTR K p, K d total

OMITTED FROM SUMMARY TABLE OMITTED FROM SUMMARY TABLE
Seen by AMIRZADEH 79 as a narrow 6.5-standard-deviation en-

hancement in the reaction K p ~ Y*+7r using data from in-

dependent high statistics bubble chamber experiments at 8.25 and
6.5 GeV/c. The dominant decay modes are multibody, multistrange
final states and the production is via isospin-3/2 baryon exchange.
lsospin 1 is favored.

VAL UE (MeV)

221+81
175

Mode

I1 NK

Z(2620) WIDTH

DOCUMENT ID TECIV COMMEN T

Z{2620}DECAY MODES

DIBIANCA 75 DBC K N —+ =K7r
ABRAMS 70 CNTR K p, K d total VAL UE (MeV) EVTS

w 3170 OUR ESTIMPTE
3170+5 35

DOCUMENT ID TECN COMM EN T

AMIRZADEH 79 HBC K p —+ Y + 7r

Z{3170}WIDTH
{PRODUCTION EXPERIMENTS)

Not seen in a K p experiment in LASS at 11 GeV/c (ASTON 858).

Z(3170) MASS
(PRODUCTION EXPERIMENTS)

(l+&t)xl (NF)/I total
VAL UE

0.32
0.36+0.12

Z(2620) BRANCHING RATIOS

DOCUMEIV T ID TECN COMMEN T

ABRAMS 70 CNTR K p, K d total
BRICMAN 70 CNTR Total, charge exchange

VALUE (MeV)

(20

Mode

EVTS DOCUMENT ID TECN COMMENT

35 1 AMIRZADEH 79 HBC K p ~ Y*+7r

Z(3170}DECAY MODES
(PRODUCTION EXPERIMENTS)

Fraction (I I /I )

D I BIANCA
ABRAMS

Also
BRICMAN

75 NP B98 137
70 PR D1 1917
67E PRL 19 678
70 PL 31B 152

Z'(2620) REFERENCES

+Endorf (CMU)
+Cool, Giacomelli, Kycia, Leontic, Li+ (BNL) I

Abrams, Cool, Giacomelli, Kycia, Leontic+ (BNL)
+Ferro-Luzzi, Perreau+ (CERN, CAEN, SACL)

I2
C3

AKKvr's
ZK K7r 's

= K7r's

seen

seen

seen

Z(3170) BRANCHING RATIOS
(PRODUCTION EXPERIMENTS)

Z(3000) Bumps l(i ) = 1(? } Status:

Z(3000) MASS

OMITTED FROM SUMMARY TABLE
Seen as an enhancement in A7r and KN invariant mass spectra and

in the missing mass of neutrals recoiling against a K .

I (AKKx's)/I total
VALUE

r(ZKK» s)/r«ta,
VALUE

DOCUMEN T ID TECN COMMENT

AMIRZADEH 79 HBC K p + Y+ 7r

DOCUMEN T ID TECN COM MEN T

AMIRZADEH 79 HBC K p ~ Y*+7r

VAL UE (Mev)

m 3000 OUR ESTIMATE
3000

DOCUMENT ID

EHRLICH

TECN CH G COMM EN T

66 HBC 0 7r p 7.91 GeV/c

I (= Ks 's)/I total
VAL UE DOCUMENT ID TECN COMMENT

AMIRZADEH 79 HBC K p + Y~+ 7r

Mode

I 1 NK
I 2 /l7r

Z(3000) DECAY MODES Z(3170}FOOTNOTES
(PRODUCTION EXPERIMENTS)

Observed width consistent with experimental resolution.

Z{3170) REFERENCES
(PRODUCTION EXPERIMENTS)

EHRLICH 66 PR 152 1194

Z{3000) REFERENCES

+Selove, Yuta (PENN) I

ASTON 85B PR D32 2270 +Carnegie+ (SLAC, CARL, CNRC, CINC)
AMIRZADEH 79 PL 89B 125 + (BIRM, CERN, GLAS, MSU, CURIN, CAVE+) I

Also 80 Toronto Conf. 263 Kinson+ (BIRM, CERN, GLAS, MSU, CURIN) I
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=0 = L/SS, = dss

l(f P) ( +)

= BARYONS
(S = —2, I = 1/2)

l6

I8
I9
I 10

Z e+ ve
Z p v~

p Ir

pe ve
pi/ vp

b S = b Q (SQ}violating modes or
b,S = 2 forbidden (S2}modes

SQ & 9
SQ & 9

S2 & 4

S2 & 13
S2 & 13

CONSTRAINED FIT INFORMATION

x1O—4

x1O—4

x1O—5

x 10
x 10

9O%

90
90%

The parity has not actually been measured, but + is of course ex-
pected.

=0 MASS

The fit uses the =, =, and =+ mass and mass difference measure-

mentss.

An overall fit to 2 branching ratios uses 2 measurements and one
constraint to determine 3 parameters. The overall fit has a X2=
0.0 for 0 degrees of freedom.

The following ofF-diagonal array elements are the correlation coefficients

(6x;bx&)/(h'x, "6x&.), in percent, from the fit to the branching fractions, x;
I '/I total, The fit constrains the x, whose labels appear in this array to sum to

one.
VAL UE (Mev)

1314.9+0.6 OUR FIT
1314.8+0.8 OUR AVERAGE
1315.2+ 0.92 49
1313.4 + 1.8 1

DOCUMENT ID TECN

WILQUET 72 HLBC
PALMER 68 HBC

X2

X3

—35
—94 0

X1 X2

BRANCHING RATIOS

The fit uses the =, =, and =+ mass and mass difference measure-
m ents.

VAL UE (Mev)

6.4+0.6 OUR FIT
6.3+O.l OUR AVERAGE
6.9+2.2
6.1 +0.9
6.8 + 1.6
e ~ ~ We do not use the

6.1+1.6

EVTS DOCUMENT ID TECN COMM EN T

29 LONDON 66 HBC
88 PJERROU 65B HBC
23 JAUNEAU 63 FBC

following data for averages, fits, limits, etc. ~ o ~

45 CARMONY 64B HBC See PJERROU 65B

MEAN LIFE

VALUE (10-'0 s) EVTS DOCUMENT ID

2.90+0.09 OUR AVERAGE
2.83+0.16 6300 ZECH

2 88+0—0.19 652 BA LTAY

2.90+ 157 2 MAYEUR—0.27

—0 20 DAUBER 69 HBC

3.0 +0.5 80 PJERROU 65B HBC
+0.4—0.3 HUBBARD 64 HBC"-O8 24 JAUNEAU 63 FBC

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

TECN COMMENT

77 SPEC Neutral hyperon beam

74 HBC 1.75 GeV/c K p

72 HLBC 2.1 GeV/c K

340

101

=0 MAGNETIC MOMENT

See the "Note on Baryon Magnetic Moments" in the A Listings.

3.5 +—0.8 45 CARMONY 64B HBC See PJERROU 65B

The ZECH 77 result is ~ 0
—[2.77—(r~ —2.69)] x 10 s, in which we use ~~

2.63 x 10—10
The MAYEUR 72 value is modified by the erratum.

8
&65

90
90 0—1

r(Z+ e-v, )/r(neo)
VA L UE (units 10 ) CL% EVTS

g1.1 90 0
~ o ~ We do not use the following

&1.5
&7

I (Z+Is v„)/I (Asro)

VALUE (units 10 ) CL% EVTS

(1.1 90 0
o ~ ~ We do not use the following

&1.5
&7

r(z-e+v, )/r(n~o)
Test of AS = AQ rule.

VAL UE (units 10 ) CL% EVTS

&0.9 90 0
~ ~ ~ We do not use the following

&1.5
&6

r(w7)/r(w~')
VALUE (units 10 3) EVTS

1.06+0.16 OUR FIT
1.06+0.12+0.11 116
~ ~ ~ We do not use the following

5 +5

r(&7)/r (n~o)
VALUE (units 10 ) CL% EVTS

3.6 +0.4 OUR FIT
3.56+0.42 +0.10 85

o ~ o We do not use the following

DOCUMENT ID TECN COM MEN T

JAMES 90 SPEC FNAL hyperons
data for averages, fits, limits, etc. ~ ~ ~

YEH 74 HBC Effective denom. =200

DOCUMENT /D TECN COM MEN T

la/I t

TEIGE 89 SPEC FNAL hyperons
data for averages, fits, limits, etc. ~ ~ e

BENSINGER 88 MPS2 K W 6 GeV/c
YEH 74 H BC Effective de-

nom. =60

DOC UM EN T ID TECN COMMENT

YEH 74 HBC Effective denom. =2100
data for averages, fits, limits, etc. e ~ ~

DAU BER 69 H BC
HUBBARD 66 HBC

DOCUMENT ID TECN COMM EN T

rs/I i
DOCUMENT ID TECN COM MEN T

YEH 74 H BC Effective denom. =2500
data for averages, fits, limits, etc. ~ ~ ~

DAUBER 69 HBC
HUBBARD 66 HBC

YEH 74 HBC Effective denom. =2100
data for averages, fits, limits, etc. ~ ~ ~

DAUBER 69 HBC
HUBBARD 66 HBC

VALUE (/sN) EVTS
—1.250+0.014 OUR AVERAGE
—1.253+ 0.014 2?Ok
—1.20 +0.06 42k

DOCUMENT ID TECN

COX
BUNCE

81 SPEC
79 SPEC

~ DECAY MODES

r(Z- I + v„)/r(~ne)
Test of AS = DQ rule.

VAL UE (units 10 3) CL% EVTS

&0.9 90 0
~ e ~ We do not use the following

DOCUMENT ID TECN COM MEN T

YEH 74 HBC Effective denom. =2500
data for averages, fits, limits, etc. ~ ~ ~

Mode Fraction (l;/I ) Confidence level
&1.5
&6

DAUBER
HUBBARD

69 HBC
66 HBC

I2

I5

n~o
Ap
~0
Z+e v
Z+p v

(99.54+0.05) %

( 1.06+0.16) x 10

( 3.5 +04 ) x10
1.1 x 10
1.1 x 10

90%
90%

r(/r~-)/r(z~o)
KS=2. Forbidden in first-order weak interaction.

VAL UE (units 10 ) CL% EVTS DOCUMEN7 /D TECN

3.6 90 GEWENIGER 75 SPEC
~ o ~ We do not use the following data for averages, fits, limits,

&180 90 0 YEH 74 HBC
& 90 DAU BER 69 H BC
&500 HUBBARD 66 HBC

le/I t

COMMENT

etc. ~ ~ ~

Effective denom. =1300
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0

r{pe p )/I {Atro)
AS=2. Forbidden in first-order weak interaction.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

&1.3 DAUBER 69 HBC
e ~ ~ We do not use the following data for averages, fits, limits,

&3,4 90 0 YEH 74 HBC

&6 HUBBARD 66 HBC

r(p& p„-/r(n~o)
AS= . Forbidden in first-order weak interaction.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

&1.3 DAUBER 69 HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

&3.5 90 0 YEH 74 HBC
&6 HUBBARD 66 HBC

COMMEN T

etc. ~ o o

Effective denom. =670

COMMEN T

etc. e ~ ~

Effective denom. =664

BALTAY
YEH
MAYEUR

Also
WILQUET
DAUBER
PALMER
BERGE
HUBBARD
LONDON
PJERROU

Also
CARMONY
HUBBARD
JAUN EAU

Also

74 PR D9 49
74 PR D10 3545
72 NP B47 333
73 NP B53 268 erratum
72 PL 42B 372
69 PR 179 1262
68 PL 26B 323
66 PR 147 945
66 Thesis UCRL 11510
66 PR 143 1034
65B PRL 14 275
65 Thesis
64B PRL 12 482
64 PR 135B 183
63 PL 449
63C Siena Conf. 1 1

+Bridgewater, Cooper, Gershwin+ (COLU, BING) J
+Gaigalas Smith Zendle Baltay+ (BING, COLU)
+VanBinst, Wilquet+ (BRUX, CERN, TUFTS, LOUC)

Mayeur
+Fliagine, Guy+ (BRUX, CERN, TUFTS, LOUC)
+Berge, Hubbard, Merrill, Miller (LRL)
+Radojicic, Rau, Richardson~ (BNL, SYRA)
+Eberhard, Hubbard, Merrill+ (LRL)

(LRL)
+Rau, Goldberg, Lichtman+ (BNL, SYRA)
+Schlein, Slater, Smith, Stork, Ticho (UCLA)

Pjerrou (UCLA)
+Pjerrou, Schlein, Slater, Stork+ (UCLA)
+Berge, Kalbfleisch, Shafer+ (LRL)
+ (EPOL, CERN, LOUC, RHEL, BERG)

Jauneau+ (EPOL, CERN, LOUC, RHEL, BERG)

j(Jp) — ~(~+) statUg Q OJC Q g

DECAY PARAMETERS

See the "Note on Baryon Decay Parameters" in the neutron Listings.

a(~) a (A)

The parity has not actually been measured, but + is of course ex-
pected.

We have omitted some results that have been superseded by later
experiments. See our earlier editions.

—0,260 +0.004+ 0.005
—0.317+0.027
—0.35 +0.06

—0.28 +0.06 739 DAUBER 69

WEIGHTED AVERAGE
-0.264+0.013 (Error scaled by 2.1)

VALUE EVTS DOCUMENT ID
—0.264+0.013 OUR AVERAGE Error includes scale factor of

below.
HANDLER 82
BUNCE 78
BALTAY 74

TECN COMM EN T
2.1. See the ideogram

SPEC FNAL hyperons
SPEC FNAL hyperons

HBC K p 175
GeV/c

HBC K p17 26
GeV/c

VAL UE (MeV) EVTS DOCUMENT ID

1321.32+0.13 OUR FIT
1321.34+0.14 OUR AVERAGE

1321,46+ 0.34 632 D I B I A N CA 75
1321.12+0,41 268 WILQUET 72
1321,87 4 0.51 195 1 GOLDWASSER 70
1321.67+0.52 6 CHIEN 66
1321.4 4 1.1 299 LONDON 66
1321.3 +0.4 149 PJ ERROU 65B
1321.1 +0.3 241 BA DIER 64
1321.4 k 0.4 517 JAUNEAU 63D
1321.1 +0.65 62 SCHNEIDER 63

1GOLDWASSER 70 uses mA = 1115.58 MeV.

2These masses have been increased 0.09 MeV because

TECN COMMENT

DBC 4.9
HLBC
H BC 5.5
HBC 69
HBC
HBC
HBC
FBC
HBC

GeV/c K d

GeV/c K p
GeV/c pp

the A mass increased.

The fit uses the =, =+, and:— mass and mass difference measure-
ments. It assumes the = and:-+ masses are the same.

-0.4 -0.35

n(= )a (A)

-0.3 -0.25

. HANDLER
BUNCE
BALTAY
DAUBER

-0.2

x'
82 SPEC 0.4
78 SPEC 3.8
74 HBC 2 0
69 HBC 0.1

6.4
(Confidence Level = 0.095)

I

-0.15

VALUE(MeV)

1321.32+0.13 OUR FIT
1321.20+0.33 OUR AVERAGE

1321.6 4 0.8 35
1321.2 +0.4 34
1320.69+0.93 5

DOCUMENT ID TECN COM MEN T

VOTRUBA 72 HBC 10 GeV/c K+ p
STONE 70 H BC
CHIEN 66 HBC 6.9 GeV/c pp

:-+ MASS

The fit uses the =, =+, and:— mass and mass difference measure-
ments. It assumes the = and =+ masses are the same.

(tang = p/p)P ANGLE FOR = -+ Ax
VALUE ( ) EVTS DOCUMENT ID

21+12 OUR AVERAGE

16+17 652 BALTAY 74 HBC 1 75 GeV/c K p
38+ 19 739 3 DAUBER 69 HBC
8+30 146 4 BERGE 66 HBC

DAUBER 69 uses czar
= 0.647 + 0.020.

4 The errors have been multiplied by 1.2 due to approximations used for the = polarization;
see DAUBER 69 for a discussion.

TECN COMMENT

a FOR ~ —+ Ap
VAL UE

+0.43+0.44
EVTS

87
DOCUMENT ID

JAMES
TECN COMMENT

90 SPEC FNAL hyperons

aFOR~~ Z p

+0.20+0.32+0.05 85
DOCUMENT ID

TEIGF
TECN COMMEN T

89 SPEC FNAL hyperons

REFERENCES

JAMES
TFIGE
BENSINGER
HANDLER
COX
BUNCE
BUNCE
ZECH
GEWENIGER

90
89
88
82
81
79
78
77
75

PRL 64 843
PRL 63 2717
P L B215 195
PR D25 639
PRL 46 877
PL 86B 386
PR D18 633
NP B124 413
PL 57B 193

+Heller, Border, Dworkin+ (MINN, MICH, WISC, RUTG)
+Beretvas, Caracappa, Devlin+ (RUTG, MICH, MINN)
+Fortner, Kirsch, Piekarz+ (BRAN, DUKE, NDAM, MASD)
+Grobel, Pondrom+ (WISC, MICH, MINN, RUTG)
+Dworkin+ (MICH, WISC, RUTG, MINN, BNL)
+Overseth, Cox~ (BNL, MICH, RUTG, WISC)
+Handler, March, Martin+ (WISC, MICH, RUTG)
+Dydak, Navarria+ (SIEG, CERN, DORT, HEIDH)
+Gjesdal, Presser+ (CERN, HEIDH)

a FOR ~~ A+0
The above average, n(= )~ (A) = —0.264 4 0.013, where the error includes a
scale factor of 2.1, divided by our current average a (A) = 0.642 + 0.013, gives the

following value for ~(= ).
VAL UE DOCUMENTID
—0.411+0.022 OUR EVALUATION Error includes scale factor of 2.1.

VALUE DOCUMENT ID

(1.1+2.?) x 10 4 OUR EVALUATION

MEAN LIFE

Measurements with an error ) 0.2 x 10 s or with systematic errors
not included have been omitted.

VA L UE (10 s)

1.639+0.015 0
1.652 +0.051
1.665 4 0,065
1,609 4 0.028
1,67 +0.08
1,63 +0,03

+0.08—0.07
1.61 +0.04
1.80 +0, 16
1.70 +0,12
1,69 +0.07

+0.15—0, 14

EVTS

UR AVERAGE
32k
41k

4286

4303

680

2610
299
246
794

517

DOCUMENT ID TECN COMMENT

BOURQUIN 84 SPEC
BOURQUIN 79 SPEC
HEMINGWAY 78 H BC
D I BIA N CA 75 D BC
BALTAY 74 H BC

MAYEUR 72 HLBC

Hyperon beam
Hyperon beam
4.2 GeV/c K p
4.9 GeV/c K d
1.75 GeV/c K p

2.1 GeV/c K

DAUBER
LONDON
PJERROU
HUBBARD

JAUNEAU

69 HBC
66 HBC
65B H BC
64 HBC

63D FBC

(m —m-+) / m,~~~
A test of CPT invariance. We calculate it from the average = and =+
masses above.
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=+ MEAN LIFE

VALUE (10—10 s) EVTS DOCUMENT ID TECN COMMENT

1.6 +0.3 34 STONE 70 HBC
e e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

CONSTRAINED FIT INFORMATION

An overall fit to 4 branching ratios uses 5 measurements and one
constraint to determine 5 parameters. The overall fit has a &2=
1.0 for 1 degrees of freedom.

1 ss+0 35 35—0.20

1.9 +—0.5 12

1.51+0.55 5

The error is statistical only.

3 SHEN

3 CHIEN

67 HBC

66 HBC 6.9 GeV/c pp

VOTRUBA 72 HBC 10 GeV/c K+ p
The following off-diagonal array elements are the correlation coefficients

(bx, bx )/{bx, bx ), "in percent, from the fit to the branching fractions, x,
i, /l t~t~l. The fit constrains the x; whose labels appear in this array to sum to

one.

X2

(s =- s -+) l s average

A test of CPT invariance. Calculated from the = and =+ mean lives,
a bove.

X3

X4

Xs

—99

X1

0 —1

0 0

X2 X3 X4

VAL UE

0.02+0.18 OUR EVALUATION
DOCUMENT ID

BRANCHING RATIOS

VALUE (P,N) EVTS

—0.6507+0.0025 OUR AVERAGE
—0.6505 60.0025 4.36M
—0.661 k 0.036 +0.036 44k
—0.69 +0.04 218k
~ e ~ We do not use the following data for

—0.674 +0.021 +0.020 122k
—2.1 +0.8 2436
—0.1 +2.1 2724

DOCUMENT ID TECN COMM EN T

DURYEA 92 SPEC
TROST 89 SP EC
RA ME I K A 84 SP EC

averages, fits, limits, etc. ~

HO 90 SPEC
COOL 74 OSPK
BIN GHAM 70B OSPK

800 GeV p Be
250 GeV

400 GeV pBe
~ ~

See DURYEA 92
1.8 GeV/c K p
1.8 GeV/c K p

=+ MAGNETIC MOMENT

See the "Note on Baryon Magnetic Moments" in the A Listings.

MAGNETIC MOMENT

See the "Note on Baryon Magnetic Moments" in the A Listings.

A number of early results have been omitted.

r(z-&)/r(n~-)
DOCUMENT ID

r(ne- v, )/r(ne-) rs/ra
VALUE (units 10 ) EVTS TECN COMM EN T

0.564+0.031 OUR FIT
0.564 +0.031 2857 BOURQUIN 83 SPEC SPS hyperon beam
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.30 60.13 11 THOMPSON 80 ASPK Hyperon beam

DOCUMENT ID

VALUE (units 10 ) EVTS TECN COMMENT

1.27+0.24 OUR FIT
1.27+0.23 OUR AVERAGE

1.22+0, 23+0.06 211 4 DUBBS 94 E761 = 375 GeV
2.27 + 1.02 9 BIAGI 87B SPEC SPS hyperon beam

4 DUBBS 94 also finds weak evidence that the asymmetry parameter o. is positive (~
= 1.0 + 1.3).

VAL UE (p, Nr) EVTS

+0.657k 0.028+0.020 70k

DOCUMENT ID

HO

TECN COMMEN T

90 SPEC 800 GeV p Be

r(nfs r„)/r(nfr )
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

r4/r,

I2

r4

Is
r,
I7

r8
I9
r10r„
r14

Mode

A~
Z
/le ve

AP, V~

Z0e- v

Z ILI, VI:0e Ve

ne
fig V/

p 7l 7l

Per e Ve

P Il P Vp

PP

DECAY MODES

Fraction (I;/I )

(99.887+ 0.035)

( 1.27 +0.23 )

( 5 63 +031 )

( 3.s + )—2.2

( 8.7 + 1.7 )
8

( 2.3

(S2) modes
1.9
3.2
1.5
4

4

4

4

h, S = 2 forbidden
S2
S2
S2
S2
S2
S2

0/

x10 4

x 10

x10 4

x 10
x 10

x 10

90
90%

x 10

x 10

x10 4

x10 4

x10 4

x10—4

90%
90%
90%

90%
90%
90%

90%

Confidence level

VALUE (units 10 EVTS

0.087+0.017 OUR FIT
0.087+0.017 154

r(E~Is r„)/r(nsr )

DOCUMENT ID TECN COMMENT

BOURQUIN 83 SPEC SPS hyperon beam

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

(0.76 90 0 YEH 74 HBC Effective denom. =3026
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(5 BFRGE 66 HBC

[f (Ae r,)+I (E e V )j/r(nsr-) (I s-hl s)/I t
VALUE (units 10 3) EVTS

e ~ e We do not use the following

0.651+0.031 3011
0.68 k 0.22 17

5See the separate BOURQUIN

I (Aw ) above.

DUCLOS 71 cannot distinguish
is about a factor 6 smaller than

r(=-'e- v,)lr(n~-)

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. e ~ e

BOURQUIN 83 SPEC SPS hyperon beam
DUCLOS 71 OSPK

83 values for I (Ae ve)/I (Avr ) and I (X e ve)/

Z 's from A' s. The Cabibbo theory predicts the Z rate
the A rate.

035+0'~ OUR FIT—0.22

0.35+0.35 YEH 74 HBC Effective denom. =2859
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

( 2.3 90 0 THOMPSON 80 ASPK Effective denom. =1017
1.3 DAUBER 69 HBC

(12 BERGE 66 HBC

r(De-v, )/r(n~-)

VALUE (units 10 ) CL% EVTS

(2.3 90 0

DOCUMENT ID

YEH

TECN COM MEN T

74 HBC Effective denom. =1000
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I (nn )/r (nn-) rs/rx
AS=2. Forbidden in first-order weak interaction.

VAL UE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

(0.019 90 BIAG I 828 SPEC SPS hyperon beam
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(3.0 90 0 YEH 74 H BC Effective denom. =760
&1.1 DAU BER 69 H BC
&5.0 FERRO-LUZZI 63 HBC

r(ne-v, )/r (Zn-)
AS=2. Forbidden in first-order weak interaction.

VAL UE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMEAIT

( 3.2 90 0 YEH 74 HBC Effective denom. =?15
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&10 90 BINGHAM 65 RVUE

r(np v„)/I (Ae )
AS=2. Forbidden in first-order weak interaction.

VALUE (units 10 ) CL% EVTS DOCUMENT ID

(15.3 90 0 YEH

I 10/I 1

TECN COMMEN T

74 HBC Effective denom. =150

r(pn-n-)/r(Zn-)
ZS=2. Forbidden in first-order weak interaction.

VALUE (units 10 ) CL% EVTS DOCUMENT ID

(3.7 90 0 YEH

TECN COM M EN T

74 HBC Effective denom. =6200

r(pn- e-v, )/r(Zn-)
AS=2. Forbidden in first-order weak interaction.

VAL UE (units 10 ) CL% EVTS DOCUMENT ID

(3.7 90 0 YEH

TECN COM MEN T

74 HBC Effective denom. =6200

I (pn p v&)/I (An )
AS=2. Forbidden in first-order weak interaction.

VAL UE (units 10 ) CL% EVTS DOCUMENT ID

(3.7 90 0 Y EH

hs/rx

TECN COM MEN T

74 HBC Effective denom. =6200

r(pp
—

p )/r(An ) I 14/I I

DECAY PARAMETERS

See the "Note on Baryon Decay Parameters" in the neutron Listings.

~(= )~-(~)
VAL UE EVTS DOCUMENT ID TECN
—0.293+0.007 OUR AVERAGE Error includes scale factor of 1.8. See

below.
RAMEIKA 86 SPEC
ASTON 858 LASS

BENSINGER 85 MPS
BIAG I 82 SPEC

—0.303+0.004+ 0.004
—0,257+ 0,020
—0.260 +0.017
—0.299+0.007

—0.315+0.026

—0.239+0.021
—0.243+ 0.025

9046

6599
4303

CLELAND 80C ASPK

HEMINGWAY 78 H BC
BALTAY 74 H BC

—0.252 +0.032
—0.253+0.028

2436
2781

COOL
DAUBER

74 OSPK
69 HBC

COMMENT

the ideogram

400 GeV p Be
11 GeV/c K p
5 GeV/c K p
SPS hyperon

beam
BNL hyperon

beam
4.2 GeV/c K p
1.75 GeV/c

K p
1.8 GeV/c K p

WEIGHTED AVERAGE
-0.293+0.007 (Error scaled by 1.8)

A EL=2 decay, forbidden by total lepton number conservation.

VALUE (units 10 ) CL% DOCUMENT ID TECN COM MEN T

(3.7 90 LITTEN BERG 928 HBC Uses YEH 74 data

This LITTENBERG 928 limit and the identical YEH 74 limits for the preceding three
modes all result from nonobservance of any 3-prong decays of the = . One could as
well apply the limit to the sum of the four modes.

a FOR:— ~ Ax
The above average, cz(:— ) n (/l) = —0.293 + 0.00?, where the error includes a
scale factor of 1.8, divided by our current average a. (/l) = 0.642 + 0.013, gives the

following value for a(= ).
VALUE DOCUMENT ID
—0.456+0.014 OUR EVALUATION Error includes scale factor of 1.8.

(tsnP = P/7)P ANGLE FOR = -+ Ax
VALUE( ) EVTS DOCUMENT ID

4 6 4 OUR AVERAGE

5 +10 11k ASTON

14.7 + 16.0 21k 8 EN SINGER

11 + 9 4303 BA LTAY

5 +16 2436 COOL
—26 +30 2724 BINGHAM
—14 +11 2781 DAU BER

0 +12 1004 9 BERGE
0 +20.4 364 9 LONDON

54 +30 356 9 CARMONY

BENSINGER 85 used aA ——0.642 k 0,013.
The errors have been multiplied by 1.2 due to approximations
see DAUBER 69 for a discussion.

TECN COM MEN T

858 LASS
85 MPS
74 HBC
74 OSPK
708 OSPK
69 HBC
66 HBC
66 HBC
648 HBC

K p
5 GeV/c K p
1.75 GeV/c K p
1.8 GeV/c K p

Uses nn —0.647 +0.020

Using an —0.62

used for the = polarization;

REFERENCES

We have omitted some papers that have been superseded by later experi-
ments. See our earlier editions.

94
92
928
90
91
89
878
86
858
85
84
84
83
82
828
80C
80
79
78
75
74
74
72
74
72
72
72
71
708

R 70
70
69
67
66
66
66
65
658
65
64
648
64

I 63
63D
638
63

DUBBS
DURYEA
LITTENBERG
HO

Also
TROST
BIAG I

RAMEIKA
ASTON
BENSINGER
BOUR Q U IN

RAMEIKA
BOUR Q U IN

BIAGI
8IAGI
CLELAND
THOMPSON
BO URQ U IN

HEMINGWAY
DI 8 I AN CA

BALTAY
COOL

Also
YEH
MAYEUR
VOTRUBA
WILQUET
DUCLOS
BING HAM

GOLDWASSE
STONE
DAUBER
SHEN
BERGE
CHIEN
LONDON
BINGHAM
PJERROU

Also
BADIER
CARMONY
HUBBARD
FERRO-LUZZ
JAUNEAU

Also
SCHN EIDER

PRL 72 808
PRL 68 768
PR D46 R892
PRL 65 1713
PR D44 3402
PR D40 1703
ZPHY C35 143
PR D33 3172
PR D32 2270
NP 8252 561
NP 8241 1
PRL 52 581
ZPHY C21 1
PL 1128 265
PL 1128 277
PR D21 12
PR D21 25
PL 878 297
NP 8142 205
NP 898 137
PR D9 49
PR D10 792
PRL 29 1630
PR D10 3545
NP 847 333
NP 845 77
PL 428 372
NP 832 493
PR D1 3010
PR D1 1960
PL 328 515
PR 179 1262
PL 258 443
PR 147 945
PR 152 1171
PR 143 1034
PRSL 285 202
PRL 14 275
Thesis
Dubna Conf. 1 593
PRL 12 482
PR 1358 183
PR 130 1568
Siena Conf. 4
PL 5 261
PL 4 360

+Albuquerque, Bondar+ (FNAL E761 Collab. )
+Guglielmo, Heller+ (MINN, FNAL, MICH, RUTG)
+Shrock (BNL, STON)
+Longo, Nguyen, Luk+ (MICH, FNAL, MINN, RUTG)

Ho, Longo, Nguyen, Luk+ (MICH, FNAL, MINN, RUTG)
+McCliment, Newsom, Hseuh, Mueller+ (FNAL-715 Collab. )
+ (BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL)
+Beretvas, Deck+ (RUTG, MICH, WISC, MINN)

+Carnegie+ (SLAC, CARL, CNRC, CINC)
+ (CHIC, ELMT, FNAL, ISU, PNPI, MASD)
+ (BRIS, GEVA, HEIDP, LALO, RAL, STRB)
+Beretvas, Deck+ (RUTG, MICH, WISC, MINN)
+Brown+ (BRIS, GEVA, HEIDP, LALO, RL, STRB)
+ (BRIS, CAVE, GEVA, HEIDP, LAUS, LOQM, RL)
+ (LOQM, GEVA, RL, HEIDP, CAVE, LAUS, BRIS)
+Cooper, Dris, Engels, Herbert+ (PITT, BNL)
+Cleland, Cooper, Dris, Engels+ (PITT, BNL)
+ (BRIS, GEVA, HEIDP, ORSAY, RHEL, STRB)
+Armenteros+ (CERN, ZEEM, Nl JM, OXF)
+Endorf (CMU)
+Bridgewater, Cooper, Gershwin+ (COLU, BING) J
+Giacornelli, Jenkins, Kycia, Leontic, Li+ (BNL)

Cool, Giacomelli, Jenkins, Kycia, Leontic+ (BNL)
+Gaigalas, Smith, Zendle, Baltay+ (BING, COLU)
+VanBinst, Wilquet+ (BRUX, CERN, TUFTS, LOUC)
+Safder Ratcliffe (BIRM, EDIN)
+Fliagine, Guy+ (BRUX, CERN, TUFTS, LOUC)
+Freytag, Heintze, Heinzelmann, Jones+ (CERN)
+Cook, Humphrey, Sander+ (UCSD, WASH)
+Schultz (ILL)
+Berlinghieri, Bromberg, Cohen, Ferbel+ (ROC H)
+Berge, Hubbard, Merrill, Miller (LRL) J
+Firestone, Goldhaber (UCB, LRL)
+Eberhard, Hubbard, Merrill+ (LRL)
+Lach, Sandweiss, Taft, Yeh, Oren+ (YALE, BNL)
+Rau, Goldberg, Lichtman+ (BNL, SYRA)

(CERN)
+Schlein, Slater, Smith, Stork, Ticho (UCLA)

Pjerrou (UCLA)
+Demoulin, Barloutaud+ (EPOL, SACL, ZEEM)
+Pjerrou, Schlein, Slater, Stork+ (UCLA) J
+Berge, Kalbfleisch, Shafer+ (LRL)
+Alston-Garnjost, Rosenfeld, Wojcicki (LRL)
+ (EPOL, CERN, LOUC, RHEL, BERG)

Jauneau+ (EPOL, CERN, LOUC, RHEL, BERG)
(CERN)

gp/gv FOR= ~ Ae ve
VAL UE EVTS DOCUMENT ID TECN COMMENT

—0.25+0.05 1992 10 BOURQUIN 83 SPEC SPS hyperon beam

BOURQUIN 83 assumes that g2
—0. Also, the sign has been changed to agree with our

conventions, given in the "Note on Baryon Decay Parameters" in the neutron Listings.

-0.35 -0.3
I

-0.25

RAMEIKA
ASTON
BENSINGER
BIAGI
CLELAND
HEMINGWAY
BALTAY
COOL
DAUBER

86 SPEC
85B LASS
85 MPS
82 SPEC
80C ASPK
78 HBC
74 HBC
74 OSPK
69 HBC

-0.2

{Confidence Level
I

-0.15

x'
3.4
3.2
3.7
0.9
0.8
6.5
3.9
1.6
2.0

25.9
= 0.001)
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:- RESONANCES

The accompanying table gives our evaluation of the present

status of the " resonances. Not much is known about

resonances. This is because (1) they can only be produced as a

part, of a final state, and so the analysis is more complicated

than if direct formation were possible, (2) the production
cross sections are small (typically a few Itb), and (3) the
final states are topologically complicated and di%cult to study
with electronic techniques. Thus early information about

resonances came entirely from bubble chamber experiments,

where the numbers of events are small, and only in the 1980's

did electronic experiments make any significant contributions.

However, there has not been a single new piece of data on

resonances since our 1988 edition.

For a detailed earlier review, see Meadows [lj.

=(1530) P, t(l ) = &(&+) Status:

This is the only = resonance whose properties are all reasonably well

known. Spin-parity 3/2+ is favored by the data.

We use only those determinations of the mass and width that are
accompanied by some discussion of systematics and resolution.

=(1530}MASSES

=(1530}aMASS
VAL UE (Mev) EVTS DOCUMENT ID TECN COMMENT

1531.80+0.32 OUR FIT Error includes scale factor of 1.3.
15M.78+0.34 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram

below.
1532.2 +0.7 DEBELLEFON 758 HBC K p —+ = K2r
1533 + 1 ROSS 738 HBC K p ~ = K2r(vr)
1531,4 +0.8 59 BADIER 72 HBC K p 3 95 GeV/c
1532.0 +0,4 1262 BALTAY 72 H BC K p 1.75 GeV/c
1531,3 k 0.6 324 BORENSTEIN 72 HBC K p 2.2 GeV/c
1532.3 + 0.7 286 KIRSCH 72 HBC K p 2.87 GeV/c
1528.7 + 1.1 76 LONDON 66 HBC K p 2.24 GeV jc
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ o

Reference

1. B.T. Meadows, in Proceedings of the IV'" Interna
tional Conference on Baryon Resonances (Toronto, 1980),
ed. N. Isgur, p. 283.

Table 1. The status of the = resonances. Only those with an overall
status of ***or +*+* are included in the Baryon Summary Table.

1532.1 +0.4
1532.1 4 0.6
1530 + 1

1527 +6
1535 +4
1533.6 + 1.4

1244
2700
450

80
100
97

ASTON
1 BAUBILLIER

BIAGI

SIXEL
SIXEL
BERTHON

WEIGHTED AVERAGE
1531.78+0.34 (Error scaled by 1.4)

t'tI

858 LASS
818 HBC
81 SPEC
79 HBC
79 HBC
74 HBC

K p 11 GeV/c
K p 8.25 GeV/c
SPS hyperon beam
K p 10 GeV/c
K p 16 GeV/c
Quasi-2-body tr

:-(1318) P»
:-(1530)
:-(1620):—(1690)
:- (1820) D t s
:-(1950)
:-(2030)
:-(2120)
:-(2250)
:-(2370):—(2500)

Decays weakly

3-body decays
3-body decays
3-body decays

Existence is certain, and properties are at least fairly well explored.
Existence ranges from very likely to certain, but further confir-
mation is desirable and/or quantum numbers, branching fractions,
etc. are not well determined.
Evidence of existence is only fair.
Evidence of existence is poor.

Status as seen in
Overall

Particle L2r 2s status =s. AK ZK:-(1630)s Other channels

1526 1528 1530

=(1530) mass (MeV)

= (1530} MASS
VAL UE (MeV) EVTS

1535.0+0.6 OUR FIT
1535.2+0.8 OUR AVERAGE

1534.5 + 1.2
1535.3+ 2.0
1536.2+ 1.6 185
1535.7 +3.2 38
a o e We do not use the following

1540 + 3 48
1534.7 4 1.1 334

Values above of weightecl average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

x'
75B HBC 0.4
73B HBC 1.5
72 HBC 0 2
72 H BC 0.3
72 H BC 0.6
72 H BC 0.6
66 H BC 7.8

11.4
(Confidence Level = 0.077)

I

1538

DEBELLEFON
ROSS
BADI ER
BALTAY
BOR ENSTEIN
KIRSCH

ONDON

I !

1532 1534 1536

DOCUMENT ID TECN COMMENT

DEBELLEFON 758 HBC K p ~ = K7r
ROSS 738 HBC K p ~ = Kvr(7r)
KIRSCH 72 HBC K p 2.87 GeV/c
LONDON 66 HBC K p 2.24 GeV/c

data for averages, fits, limits, etc. ~ ~ o

BERTHON 74 H BC Quasi-2-body o.

BALTAY 72 HBC K p 1.75 GeV/c

VALUE(Mev)

3.2+0.6 OUR FIT
2.9+0.9 OUR AVERAGE

2.7+ 1.0
2.0+3.2
5.7+3.0
~ ~ ~ We do not use the

3.9+1.8
7 +4

BALTAY 72 HBC
MERRILL 66 HBC
PJERROU 658 HBC

following data for averages, fits, limits,

2 KIRSCH 72 HBC
2 LONDON 66 HBC

K p 1.75 GeV/c
K p 1.7—2.7 GeV/c
K p 1.8—1.95 GeV/c

etc. ~ ~ ~

K p 2.87 GeV/c
K p 2.24 GeV/c

Pt ~(y530) Ill ($53Q)

DOCUMENT ID TECN COMMENT
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= (1530),= (1620), = (1690)

=(1530) WIDTHS

=(1530} WIDTH
VALUE (MeV)

9.9+19 OUR AVERAGE

9,6 +2.8
8.3+3.6

7.8+"—7.8
16.2 64.6

DOCUMENT ID TECN COM MEN T

DEBELLEFON 758 HBC
ROSS 738 HBC
BADIER 72 HBC
BALTAY 72 HBC
BORENSTEIN 72 HBC

KIRSCH 72 HBC
BERGE 66 HBC
LONDON 66 HBC
SCHLEIN 638 HBC

data for averages, fits, limits,

BAUBILLIER 818 HBC
3 SIXEL 79 HBC
3 SIXEL 79 HBC

K p ~ = K?r
K—

p ~ =-K~(~)
K p 3.95 GeV/c
K p 1.75 GeV/c

+
+

K p 1.5—1.7 GeV/c
K p 2.24 GeV/c
K p 1.8, 1.95 GeV/c

etC. ~ ~ ~

K p 8.25 GeV/c
K p 10 GeV/c
K p 16 GeV/c

DOCUMENT ID TECN COMMEN T

DEBELLEFON 758 HBC
ROSS 738 HBC

K p —+ = K?r
K p ~ = K?r(?r)

BA LTAY

K IRSCH

72 HBC K p 1.75 GeV/c
0 =0?r ) ?r72 HBC

={1530}POLE POSITIONS

=(1530)o WIDTH
VALUE (MeV) EVTS

9.1+0.5 OUR AVERAGE

9.5 + 1.2
9.1 +2.4

11 +2
9.0 6 0.7
8.4 + 1.4

11.0+ 1.8
7 +7
8,5 +3.5
7 +2

~ ~ ~ We do not use the following

12.8 + 1.0 2700
19 +6 80
14 +5 100

OTHER RELATED PAPERS

MAZZUCATO 81
BRIEFEL 77
BRIEFEL 75
HUNGERBU. .. 74
BUTTON-. .. 66

NP 8178 1
PR D16 2706
PR D12 1859
PR D10 2051
PR 142 883

+Pe nnino+ (AMST, CERN, NIJM, OXF)
+Gourevitch, Chang+ (BRAN, UMD, SYRA, TUFTS)
+Gourevitch+ (BRAN ~ UMD, SYRA, TUFTS)

Hungerbuhler, Majka+ (YALE, FNAL, BNL, PITT)
Button-Shafer, Lindsey, Murray, Smith (LRL) JP

= (1620) l(J ) = &(? ) Status:
P need confirmation.

=(1620) MASS

VAL UE (MeV) EVTS

m 1620 OUR ESTIMATE
1624+ 3
1633+12
1606+ 6

DOCUMENT ID TECN COM MEN T

BRIEFEL 77 HBC K p 2.87 GeV/c
DEBELLEFON 758 HBC K p ~ = K?r
ROSS 72 HBC K p 3.1—3.7 GeV/c

VALUE (MeV)

22.5
40 +15
21 + 7

EVTS

31
34
29

=(1620) WIDTH

DOCUMENT ID TECN

1 BRIEFEL 77 HBC
DEBELLEFON 758 HBC
ROSS 72 HBC

COMMEN T

K p 2.87 GeV/c
K p —+ = K?r
K p —+

?r+ K* (892)

OMITTED FROM SUMMARY TABLE
What little evidence there is consists of weak signals in the
channel. A number of other experiments (e.g. , BORENSTEIN 72
and HASSALL 81) have looked for but not seen any effect.

=(1530}oREAL PART
VAL UE

1531.6 +0.4
DOCUMENT ID COMMENT

LICHTENBERG74 Using HABIBI 73
Mode

=(1620}DECAY MODES

= (1530) REAL PART
VAL UE

1534.4+ 1.1
DOCUMENT ID COMMENT

LICHTENBERG74 Using HABIBI 73

1530}o IMAGINARY PART
VAL UE DOCUMENT ID COMMENT

4.45+ 0.35 LICHTENBERG74 Using HABIBI 73

I 1 =7r

={1620}FOOTNOTES
The fit is insensitive to values between 15 and 30 MeV.

={1620)REFERENCES

={1530) IMAGINARY PART
VAL UE

3 9+ 1.75—3.9

DOCUMENT ID COMMENT

I ICHTENBERG74 Using HABIBI 73

HASSALL 81
BRIEFEL 77

Also 70
Also 75

DEBELLEFON 758
BORENSTEIN 72
ROSS 72

NP 8189 397
PR D16 2706
Duke Conf. 317
PR D12 1859
NC 28A 289
PR D5 1559
PL 388 177

+Ansorge, Carter, Neale+
+Gourevitch, Chang+ (BRAN,

Briefel+ (BRAN,
Briefel Gourevitch+ (BRAN
De Bellefon, Berthon, Billoir+

+Danburg, Kalbfleisch+
+Buran, Lloyd, Mulvey, Radojicic

(CAVE, MSU)
UMD, SYRA, TUFTS)
UMD, SYRA, TUFTS)
UMD, SYRA, TUFTS)

(CDEF, SACL)
(BNL, MICH) I

(OXF) I

=(1530) DECAY MODES
OTHER RELATED PAPERS

Mode Fraction {I;/I )

100 %
(4%

Confidence level

90%

HUNGERBU. .. 74
SCHMIDT 73
KALBFLEISCH 70
APSELL 69
BARTSCH 69

PR D10 2051
Purdue Conf. 363
Duke Conf. 331
PRL 23 884
PL 288 439

Hungerbuhler, Majka+ (YALE, FNAL, BNL, PITT)
(BRAN)

(BNL) I

+ {BRAN, UMD, SYRA, TUFTS)
+ (AACH, BERL, CERN, LOIC, VIEN)

r(= 7) /rtotai

=(1530) BRANCHING RATIOS :(1690) l(J } = ~t(? } Status:

VAL UE

(0.04
CL oZ

90

DOCUMENT ID TECN COMMENT

KALBFLEISCH 75 HBC K p 2.18 GeV/c

={1530}REFERENCES

ASTON 858
BAUBILLIER 818
BIAGI 81
SIX EL 79
DEBELLEFON 758
KALBFLEISCH 75
BERTHON 74
LICHTEN BERG 74

Also 748
HA BI BI 73
ROSS 738
BADIER 72
BALTAY 72
BORENSTEIN 72
K IRSC H 72
BERGE 66
LONDON 66
MERRILL 66
P JERROU 658
SCHLEIN 638

P R D32 2270
NP 8192 1
ZPHY C9 305
N P 8159 125
NC 28A 289
PR D11 987
NC 21A 146
PR D10 3865
Private Comm.
Thesis Nevis 199
Purdue Conf. 355
NP 837 429
PL 428 129
PR D5 1559
NP 840 349
PR 147 945
PR 143 1034
Thesis U C R L 16455
PRL 14 275
PRL 11 167

+Carnegie+ (SLAC, CARL, CNRC, CINC)
+ (BIRM, CERN, GLAS, MSU, CURIN)
+ (BRIS, CAVE, GEVA, HEIDP, LAUS, LOQM, RHEL)
+Bottcher+ (AACH3, HERL, CERN, LOIC, VIEN)

De Bellefon, Berthon, Billoir+ (CDEF, SACL)
+Strand, Chapman (BNL, MICH)
+Tristram+ {CDEF, RHEL, SACL, STRB)

( IND)
Lichtenberg ( IND)

(COL U)
+Lloyd, Radojicic (oxF)
+Barrelet, Charlton, Videau (EPOL)
+Bridgewater, Cooper, Gershwin+ (COLU, BING)
+Danburg, Kalbfleisch+ (BNL, MICH) I

+Schmidt, Chang+ (BRAN, UMD, SYRA, TUFTS) I

+Eberhard, Hubbard, Merrill+ (LRL) I

+Rau, Goldberg, Lichtman+ (BNL, SYRA) IJ
(LRL) JP

(UCLA)
(UCLA) IJP

+Schlein, Slater, Smith, Stork, Ticho
+Carmony, Pjerrou, Slater, Stork, Ticho

=(1530) FOOTNOTES
BAUBILLIER 818 is a fit to the inclusive spectrum. The resolution (5 MeV) is not
unfolded.
Redundant with data in the mass Listings.
SIXEL 79 doesn't unfold the experimental resolution of 15 MeV.

DIONISI 78 sees a threshold enhancement in both the neutral and
negatively charged ZK mass spectra in K p ~ (ZK) K?r at 4.2
GeV/c. The data from the ZK channels alone cannot distinguish
between a resonance and a large scattering length. Weaker evidence
at the same mass is seen in the corresponding A K channels, and a
coupled-channel analysis yields results consistent with a new =.

BIAGI 81 sees an enhancement at 1700 MeV in the diffractively

produced /1K system. A peak is also observed in the AK mass
spectrum at 1660 MeV that is consistent with a 1720 MeV resonance

decaying to Z K, with the q from the Z decay not detected.

BIAGI 87 provides further confirmation of this state in diffractive dis-

sociation of = into A K . The significance claimed is 6.7 standard
deviations.

1690}o MASS
VAL UE (MeV)

16994 5
1684+5

EVTS DOCUMENT ID

175 1 D ION ISI
2 DIONISI

TECN COMMENT

78 HBC K p 4.2 GeV/c
78 HBC K p 4.2 GeV/c

=(1690) MASSES

MIXED CHARGES
VAL UE (MeV) DOCUMENT ID

1690+10 OUR ESTIMATE This is only arI educated guess; the error given is larger than
the error on the average of the published values.
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Baryon Particle Listings
= (1690),= (1820)

=(1690) MASS
VAL UE (MeV)

1691.1+ 1.9+2.0
1700 +10
1694 + 6

MIXED CHARGES
VAL UE (MeV)

(50 OUR ESTIMATE

EVTS DOCUMENT ID

104 BIAGI

150 3 8 I AGI

45 4 D IONISI

=(1690) WIDTHS

DOCUMENT ID

TECN COMMEN T

87 SPEC = Be 116 GeV
81 SPEC:— H 100, 135 GeV

78 HBC K p 4 2 GeV/c

=(1820) 013 l(2~) = &t(&s ) Status:

=(1820) MASS

We only average the measurements that appear to us to be most significant
and best determined.

The clearest evidence is an 8-standard-deviation peak in AK seen
by GAY 76. TEODORO 78 favors J=3/2, but cannot make a par-
ity discrimination. BIAGI 87C is consistent with J=3/2 and favors
negative parity for this J value.

=(1690)a WIDTH
VALUE (MeV)

44+23
20+ 4

= (1690) WIDTH
VAL UE (MeV) CL% EVTS

8 90 104
47+14 150
26+ 6 45

DOCLIMENT ID

8IAGI
3 BIAGI
4 DIONisl

TECN COMMEN T

87 SPEC = Be 116 GeV

81 SPEC = H 100, 135 GeV

78 HBC K p 4.2 GeV/c

=(1690) DECAY MODES

l2
I3
l4
I5
I 6

Mode

AK
ZK:7r

= —~+ ~0
+'Ir Ir:(1530)7I.

Fraction (I I/I )

seen

seen

possibly seen

=(1690) BRANCHING RATIOS

I (n+K/I t~tai
VAL UE

r(zÃ)/r(nÃ)

EVTS

104
DOCUMENT ID

BIAGI

TECN CHG COMMEN T

87 SPEC —:— Be 116 GeV

EVTS DOCUMENT ID TECN COMMENT

175 DIONISI 78 HBC K p 4.2 GeV/c
183 D IONISI 78 HBC K p 4.2 GeV/c

VALUE(MeV) EVTS

1823 + 5 OUR ESTIMATE
1823.4+ 1.4 OUR AVERAGE

1819.4 + 3.1+2.0 280

1826 + 3 +1

1822 + 6

1830 + 6

54

300

1797 + 19
1829 + 9
1860 + 14
1870 6 9
1813 6 4

1807 + 27
1762 k 8
1838 k 5
1830 + 10
1826 +12
1830 + 10
1814 + 4
1817 + 7
1770

74
68
39
44
57

28
38
25

40
30
29

1823 + 2 130
~ ~ ~ We do not use the following

DOCUMENT ID TECN CHG COMMENT

1 BIAGI 87 SPEC 0

87c SPEC 0

Be ~
(AK ) X
Be (A~K)

X
K p~ K+

(MM)
SPS hyperon

beam
K p 4.2 GeV/c

8IAGI

JENK INS 83 MPS

81 SPECBIAGI

etc. ~ ~ ~

K p 2.87 GeV/c
= (1530)m

Z ~K

AK0

-0

AK
7r 7r $ 7l

=sr, = urn, YK
=x, =vrx, YK
3.6, 3.9 GeV/c
3.6, 3.9 GeV/c
A, ZK
A~K

AKO AK
K freon 3.5

GeV/c

—0
—0
—0
—0
—0

—0
—0

=(1820) WIDTH

GAY 76c HBC
data for averages, fits, limits,

BRIEFEL 77 HBC
BRIEFEL 77 HBC
BRIEFEL 77 HBC
BRIEFEL 77 HBC
BRIEFEL 77 HBC
D I BI A N CA 75 D BC

2 BADIER 72 HBC
BADIER 72 HBC
CRENNELL 70B DBC

4 CRENNELL 70B DBC
ALITTI 69 HBC
BAD IER 65 HBC
SMITH 65c HBC
HALSTEINSLID63 FBC

VAL UE

2.7 +0.9
3.1+ 1.4

r(=-~) /r(zÃ)
VAL. UE

&0.09

r (=--~+ ~')/r (z+K
VAL UE

&0.04

DOCUMENT ID

D I 0NISI

D I 0NISI

TECN CHG COMMEN T

78 HBC 0 K p 4.2 GeV/c
78 HBC — K p 4.2 GeV/c

DOCUMENT ID

D ION ISI

TECN CHG COMM EN T

78 HBC 0 K p 4.2 GeV/c

DOCUMENT ID TECN CHG COMMEN T

DIONISI 78 HBC 0 K p 4 2 GeV/c

TECN CH G COMM EN T

87 SPEC
(AK ) X

=- —Be (AH)
X

SPS hyperon
beam

K p 4.2 GeV/c

BIAGI 87c SPEC 012 +14 +1.7 54

81 SPECBIAGI30072 +20

7 130 GAY 76c HBC
We do not use the following data for averages, fits, limits,

21
etc. ~ ~ ~~ ~ 0

VALUE(MeV) EVTS DOCUMENT /D

24 + OUR ESTIMATE

24 + 6 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram
below.

1 BIAGI 0:— Be ~

I (= n+w )/I tatg
VAL UE

possibly seen

EVTS DOCUMENT ID

BIAGI

TECN CHG COMMEN T

87 SPEC —:— Be 116 GeV

r (=--~+~-) /r (rgb
VAL UE

&0.03

r (=-(1630)~)/r (zg/r
VALUE

&0.06

DOCUMENT ID

D ION ISI

DOCUMENT ID

D I 0NISI

rs/ra
TECN CHG COMMEN T

78 HBC — K p 4.2 GeV/c

TECN CHG COMMEN T

78 HBC — K p 4.2 GeV/c

=(1690) FOOTNOTES
From a fit to the Z+ K spectrum.
From a coupled-channel analysis of the Z+ K and AK spectra.
A fit to the inclusive spectrum from = N ~ AK X.
From a coupled-channel analysis of the Z K and AK spectra.

99
52
72
44
26
85
51
58

103

55

12
30
80

+57
+34
+17
+11
+11
+58
+13
+13
+38—24
+36—19
+40—20

4
7

74
68
39
44
57

BRIEFEL
BRIEFEL
BRIEFEL
BRIEFEL
BRIEFEL
D I BIA N CA

2 BADIER
2 BADIER

CRENNELL

77 HBC
77 HBC
77 HBC
77 HBC
77 HBC
75 DBC
72 HBC
72 HBC

70B DBC

4 CRENNELL 70B DBC

ALITTI 69 HBC

BA DIER 65 H BC
SMITH 65B HBC
HALSTEINSLID63 FBC

—0

—0
—0
—0
—0

—0

—0

K p 2.87 GeV/c
:-(1530)~
Z ~K

/I K0
AK

Lower m ass
Higher mass

3.6, 3.9 GeV/c

3.6, 3.9 GeV/c

A, ZK

/IK
K freon 3.5

GeV/c

BIAG I

BIAG I

DIONISI

87 ZPHY C34 15
81 ZPHY C9 305
78 PL 80B 145

=(1690) REFERENCES

+ (BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL) I

+ (BRIS, CAVE, GEVA, HEIDP, I AUS, LOQM, RHEL)
+Diaz, Armenteros+ (CERN, AMST, NIJM, OXF) I



See key on page g 99

WEIGHTED AVERAGE
24+6 (Error scaled by 1.5)

BIAGI
BIAGI
BIAGI
GAY

x'
87 SPEC 0 0
87C SPEC 0 8
81 SPEC 5.7
76C HBC 0.2

6.7
(Confidence Level = 0.083)

=(1820) width (MeV)

=(1820) DECAY MODES

Mode Fraction (I j/I }

I I I

0 20 40 60 80 100 120

Baryon Particle Listings
= (1820), =(].950)

I (=xx{ttot=(1530)x))/r (n+K
VAL UE DOCUMENT ID TECN

0.30+0.20 BIAG I 87 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

BADIER 65 HBC
SMITH 65c HBC

CHG COMMENT

Be 116 GeV
etc. ~ ~ ~

0 1 st. dev. limit
—0 K p 2.45-2.7

GeV/c

I (= s s (not=(1530)s ))/I (:-(1530}s)
VAL UE DOCUMENT ID TECN CHG

consistent with zero GAY 76c HBC
~ ~ o We do not use the following data for averages, fits, limits, etc. ~

0.3+0.5 8 APSELL 7p HBC p

Is/C4
COMMEN T

K p 4.2 GeV/c
~ ~

K p 2.87 GeV/c

={1820)FOOTNOTES
1 BIAGI 87 also sees weak signals in the in the = +

( = .0 6 1.5 MeV) and 1831.9 6 2.8 MeV (I = 9.6 6 9.9 MeV .r =6.
i e = ~ Tr channel at 1782 6 + 14 MeV

BADIER 72 add s all channels and divides the peak into lower and hi her
The data can also be fitted with a sin I

r a n ig er m ass regions.
wi a sing e Breit-Wigner of mass 1800 MeV and width 150

3
4

From a fit to inclusive = x = ~~ and AK
= ~n spec ra on y.From a fit to inclusive =7r and = ~n spect I .

Including = 2r~.
6DADAUBER 69 uses in part the same data as SMITH 65c.

For the deca mode = +
y mode = ~ ~ only. This limit includes =(1530)2r.

Or less. Upper limit for the 3-body deca .ecay.

I1
I2
I3
r4
I5

AK
ZK:(1530)n
= a. vr (n ot = (1530)7t. )

large

small

sm all

small

r (nÃ) /r, .„,
VALUE

0.30+0.15

r(= )/rtot i

DOCUMENT ID

A L ITTI

TECN CHG COMMEN T

69 HBC — K p 3.9—5
GeV/c

=(1820}BRANCHING RATIOS

The dominant modes seem to be AK and (perhaps) =(1530)+, but the
branching fractions are very poorly determined.

BIAGI
BIAG I

ASTON
J ENKINS
BIAG I

HASSALL
TEODORO
BRIEFEL

Also
GAY
GAY

D I BI AN CA

BA DIER
APSELL
CRENNELL
ALITTI
DAUBER
TRIPP
BA DIER
SMITH
SMITH
HALSTEINSL

87
87C
85B
83
81
81
78
77
69
76
76C
75
72
70
70B
69
69
67
65
65B
65C

ID 63

=(1820) REFERENCES

ZPHY C34 15
ZPHY C34 175
PR D32 2270
PRL 51 951
ZPHY C9 305
NP B189 397
PL 77B 451
PR D16 2706
PRL 23 884
NC 31A 593
PL 62B 477
NP B98 137
NP B37 429
PRL 24 777
PR Dl 847
PRL 22 79
PR 179 1262
NP B3 10
PL 16 171
Athens Conf. 251
PRL 14 25
Siena Conf. 1 73

+ (BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL)
+ (BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL) JP
+Carnegie+ (SLAC, CARL, CNRC, CINC)
+Albright, Diamond+ (FSU, BRAN, LBL, CINC, MASD)
+ (BRIS, CAVE, GEVA, HEIDP, LAUS, LOQM, RHEL)
+Ansorge, Carter, Neale+ (CAVE MS )
+Di+ iaz, Dionisi, Blokzijl+ (AMST, CERN, NIJM, OXF JP
+Gourevitch, Chang+ (BRAN, UMD, SYRA, TUFTS)

Apse ll+ (BRAN, UMD, SYRA, TUFTS)
+Jeanneret, Bogdanski+ (NEUC, LAUS, LIVP, CURIN)
+Armenteros, Berge+ (AMST, CERN, NIJM) IJ
+Endorf
+Barrelet, Charlton, Videau (EPOL)

(BRAN, UMD, SYRA, TUFTS) I

+Karshon, Lai, O'Neall, Scarr, Schumann (BN )
+ ames, Flaminio, Metzger+B BNL, SYRA I

L

+Berge, Hubbard, Merrill, Miller (LRL)
+Leith+ (LRL, SLAC ~ CERN, HEID, SACL)
+Dernoulin, Goldberg+ (EPOL, SACL, AMST) I

(LRL)
+Lindsey, Button-Shafer MurrayI LRL IJP

(BERG, CERN, EPOL, RHEL, LOUC) I

VAL UE

0.10+0.10

r(=-~)/r(ngv
VALUE

&0.36
0.2060.20

CL%

95

DOCUMENT ID

A L ITTI

DOCUMENT ID

GAY

BADIER

TECN CHG COMMEN T

69 HBC — K p 3.9—5
GeV/c

TECN CHG COMMEN T

76C HBC — K p 4.2 GeV/c
65 HBC 0 K p 3 GeV/c

TEODORO
BRIEFEL

SCHMIDT
MERRILL
SMITH

78 PL 77B 451
75 PR D12 1859
73 Purdue Conf. 363
68 PR 167 1202
64 PRL 13 61

(AMST, CERN, NIJM, OXF) JP
(BRAN, UMD, SYRA, TUFTS)

(BRAN)
(LRL)
(LRL) IJP

+Diaz, Dionisi, Blokzijl+
+Gourevitc h+

+Shafer
+Lindsey, Murray, Button-Shafer+

OTHER RELATED PAPERS

I (=m)/I (=(1530)a)
VAL UE

1 5+0.6—0.4

DOCUMEN T ID

APSELL

I q/r4
TECN CHG COMMEN T

70 HBC 0 K p 2.87 GeV/c

r (&Q&/rtotai
VAL UE

0.3060.15

~ o ~ We do not use the

(0,02

DOCUMENT ID

A LITTI

TECN CHG

69 HBC

following data for averages, fits, limits, etc. ~

TR IP P 67 RVUE

COM MEN T

K p 3.9—5
GeV/c

~ ~

Use SMITH 65C

I (ZK)/I (n+K
VAL UE

0.24+0.10

r(=(1530}n)/rt t„
DOCUMENT ID

GAY

TECN CHG COMMEN T

76c HBC — K p 4.2 GeV/c

VAL UE

0.30+0.15
DOCUMEN T ID TECN

ALITTI 69 HBC

I (=(1530}m)/r(ngv

CHG COMMENT

K p 3.9—5
GeV/c

etc. ~ ~ ~

K p 11 GeV/c
K p 6.5 GeV/c
K p 2.7 GeV/c

r4/rl

o ~ e We do not use the following data for averages, fits, limits,

seen ASTON 85B LASS
HASSALL 81 HBC

(0.25 6 DAUBER 69 HBC

l(lp) = &(? ) Status:

=(1950) MASS

VALUE (Mev) EVTS

1950+15OUR ESTIMATE
1944+ 9 129

1963+ 5 +2

1937+ 7
19616 18
1936+22
1964+10
1900+12
1952+ 11
1956+ 6
1955+14
1894+ 18
1930+20
1933+16

63
150
139
44
56

25
29
21
66
27
35

DOCUMENT ID

BIAG I

BIAG I

BIAG I

BRIEFEL
BRIEFEL
BRIEF EL

Dl BIAN CA

ROSS
BADIER
GOLDWASSER
DAUBER
ALITTI
BADIER

TECN COM MEN T

87 SPEC

87c SPEC
81 SPEC
77 HBC
77 HBC
77 HBC
75 DBC
73C
72 HBC
70 HBC
69 HBC
68 HBC
65 HBC

Be ~(:--~+)~- x
Be ~ (AK0} X

SPS hyperon beam

287K p~ = vr+X
287 K p~ =pn. X
:-(1530)~

= 7r, =arm, YK

We list here everything reported between 1875 and 2000 MeV. The
accumulated evidence for a = near 1950 M Ve seems strong enough
to include a =(1950) in the main Baryon Table, but not much can

e said about its properties. In fact, there may be more than one =
nea r t his m ass.

VAL UE

0.38+0.2? OUR AVERAGE Error

1,0 +0.3
0.26 +0.13

DOCUMEN T ID TECN

includes scale factor of 2.3.
GAY 76c HBC
5 M ITH 65c HBC

CHG COMMEN T

—0
K p 4.2 GeV/c
K p 2.45—2.7

GeV/c
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Baryon Particle Listings
= (1950),=(2030)

=(1950) WIDTH

VA L UE (Me V) EVTS

60+20 OUR ESTIMATE
100+31 129

25+ 15+1.2
60+ 8

159+57
87+26
60+39
63+78
38+ 10
35+ 11
56+26
98+23
80 +40

140+35

63
150
139
44
56

29
21
66
27
35

DOCUMENT ID

BIAG I

BIAG I

BIAG I

BRIEFEL
BRIEFEL
BRIEFEL
DIBIANCA
ROSS
BA DIER
G0L DWASS ER

DAUBER
ALITTI
BADIER

TECN COMM EN T

87 SPEC

87C SPEC
81 SPEC
77 HBC
77 HBC
77 HBC
75 DBC
73C
72 HBC
70 HBC
69 HBC
68 HBC
65 HBC

Be ~
{=--~+)~- x
Be ~ (A~K) X

SPS hyperon beam

2.87 K p ~ = vr+X
287 K p~ =07r X
= (1530)1r

=~, =~sr, YK

Mode Fraction (I I/I )

=(1950) DECAY MODES

WEIGHTED AVERAGE
2025.1+2.4 (Error scaled by 1.3)

JENKINS
HEMINGWAY
Dl BIANCA
ROSS
ALITTI
BARTSCH

83 MPS
77 HBC
75 DBC
73C HBC
69 HBC
69 HBC

(Confidence Level
I

2100
I I

2000 2020 2040 2060 2080

x'
0.2
0.3
5.6
0.8
0.2
3.8

10.8
= 0.055)

C1

I2
I3
r4
l5

AK
ZK:(1530)x
:-~n (not= (1530)n.)

seen

possibly seen

seen

=(1950}BRANCHING RATIOS

r(zg~/r(n+K
VALUE

&2.3
CL% EVTS

90 0

DOCUMENT ID

BIAG I

TECN COMM EN T

87C SPEC:— Be 116 GeV

EVTS TECN COMM EN T

81 HBC K p 6.5 GeV/c

TECN

70 HBC

TECN

70 HBC

I (Z}r)/I tota~
VALUE DOCUMENT ID

possibly scen 17 HASSALL

r (=-~)/r (=-(1530}~)
VALUE DOCUMENT ID

2 8+ 0.7 APSELL—0.6

I (=n n (not=(1530)w})/I (=(1530)tt)
VALUE DOCUMENT ID

0.0 4 0.3 APSELL

:—(2030) mass (MeV)

=(2030) WIDTH

TECN CH G COMM EN TVA L UE (MeV)

20+ OUR ESTIMATE

21+ 6 OUR AVERAGE

16+ 5
60+ 24
33+17

45+ 40—20

EVTS DOCUMENT ID

the ideogram below.

K p 4.2 GeV/c
—0 =2rx, =*n
—0 ZK

K p 3.9—5
GeV/c

—0 K p 10 GeV/cBARTSCH 69 HBC57+ 30

WEIGHTED A VERAGE
21+6 (Error scaled by 1.3)

Error includes scale factor of 1.3. See
200 HEMINGWAY 77 HBC

DIBIANCA 75 DBC
15 ROSS 73C HBC

ALITTI 69 H BC

:-(1950) REFERENCES

BIAGI
Bl AGI
BIAGI
HASSALL
BRIEFEL

Also
DIBIANCA
ROSS
BA DIER
APSELL
G0L DWASS E
DAUBER
ALITTI
BAD IER

87
87C
81
81
77
70
75
73C
72
70

R 70
69
68
65

ZPHY C34 15
ZPHY C34 175
ZPHY C9 305
NP B189 397
PR D16 2706
Duke Conf. 317
NP B98 137
Purdue Conf. 345
NP B37 429
PRL 24 777
PR Dl 1960
P R 179 1262
PRL 21 1119
PL 16 171

(BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL)
(BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL)

+ (BRIS, CAVE, GEVA, HEIDP, LAUS, LOQM, RHEL)
+Ansorge, Carter, Neale+ (CAVE, MSU)
+Gourevitch, Chang+ (BRAN, UMD, SYRA, TUFTS)

(BRAN, UMD, SYRA, TUFTS)
+Endorf (CMU)
+Lloyd, Radojicic (oxF)
+Barrelet, Charlton, Videau (EPOL)

(BRAN, UMD, SYRA, TUFTS) I

+Schultz (ILL)
+Berge, Hubbard, Merrill, Miller (LRL) I

+Flaminio, Metzger, Radojicic+ (BNL, SYRA) I

+Demoulin, Goldberg+ (EPOL, SACL, AMST) I

-50 50

=(2030) width (MeV)

100
I

150

(Confidence Levei
I

200

. HEMINGWAY 77 HBC

. DIBIANCA 75 DBC
ROSS 73C HBC
A LITT I 69 HBC
BARTSCH 69 HBC

x'
1.1

2.6
0.5
1.4
1.4
7.0

= 0.135)

:-(2030) l(J~) = &t( & &s ) Status: =(2030) DECAY MODES

The evidence for this state has been much improved by HEMING-
WAY 77, who see an eight standard deviation enhancement in ZK
and a weaker coupling to AK. ALITTI 68 and HEMINGWAY 77
ObSerVe nO SignalS in the = 7r7r (Or =(1530)7r) Channel, in COntraSt

to DIBIANCA 75. The decay (A/X) K~ reported by BARTSCH 69
is also not confirmed by HEMINGWAY 77.

A moments analysis of the HEMINGWAY 77 data indicates at a level

of three standard deviations that J & 5/2.

r2
r3
l4

l6
l7

Mode

AK
ZK

=(153O}~
= ~ sr (not = (1530)~)
AK~
ZK~

Fraction (I;/I )

20%
~ 80%
sm a II

small

sm a II

small

srn all

2024 + 2

2044 + 8
2019 + 7

2030 + 10

200

15
42

2058 +17

VALUE (MeV) EVTS

2025 + 5 OUR ESTIMATE
2025.1+ 2.4 OUR AVERAGE

2022 + 7

=(2030) MASS

DOCUMENT ID TECN CHG COMM EN T

HEMINGWAY 77 HBC
DIBIANCA 75 DBC
ROSS 73c HBC
A L ITTI 69 H BC

—0
—0

BARTSCH 69 HBC —0

the ideogram below.

K p~ K+
MM

K p 4.2 GeV/c
+ 7r I

ZK
K p 3.9—5

GeV/c
K p 10 GeV/c

Error includes scale factor of 1.3. See

3 ENK INS 83 M PS

VAL UE

&0.19
CL%

95
DOCUMENT ID TECN CHG COMMENT

HEMINGWAY 77 HBC — K p 4.2 GeV/c

=(2030} BRANCHING RATIOS

r(=-~)/[r(n+K+ r(z+K+ r(=-~)+ r(=-(1s3o)~)] r3/(I ]+I /+I 3+I )
VAL UE DOCUMENT ID TECN CHG COMMEN T

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

A LITTI 69 HBC — 1 standard dev.&0.30
limit

I (=w)/r(zK)



See ketrr on page199 Baryon Particle Listings
= (2030), = (2120), = (2250)

r(nK)/[r(n+K+ r(z+K+ r(=-~) + r(=-(1530)~)] rt/(r&+r2+rs+r&) ={2120}BRANCHING RATIOS
VAL UE

0.25+ 0.15

r(nÃ)/r (zÃ)

DOCUMENT ID TECN CHG COMMENT

ALITTI 69 HBC — K p 3 9 5
GeV/c

I (n+K/I ~(
VAL UE

sech
Sech

DOCUMENT ID TECN

1 CHLIAPNIK 79 HBC
GAY 76C HBC

COMMENT

K+ p ~ (AK+) X
K p 4.2 GeV/c

VAL UE

0.22+ 0.09
DOCUMENT ID TECN

HEMINGWAY 77 HBC

CHG COMMENT

K p 4.2 GeV/c =(2120) FOOTNOTES

VAL UE

0.75 +0.20
DOCUMENT ID TECN

ALITTI 69 HBC

CHG COMMEN T

K p 3.9—5
GeV/c

I (= (1530}m )/ [I (n+K + I (ZgK + I (=«) + I (= (1530)w)
I a I t+I 2+I a+I 4)

I (ZK) / [I (n+K + I (Z K) + I (= r) + I (=(1530)x)] I a/(I t+I a+I a+I 4)
CHLIAPNIKOV 79 does not uniquely identify the K+ in the (/IK+) X final state. It
also reports bumps with fewer events at 2240, 2540, and 2830 MeV.
GAY 76C sees a 4-standard deviation signal. However, HEMINGWAY 77, with more
events from the same experiment points out that the signal is greatly reduced if a cut is
made on the 4-momentum u. This suggests an anomalous production mechanism if the
=(2120) is real.

=(2120) REFERENCES

&0.15 A LITT I 69 HBC — 1 standard dev.
limit

VAL UE DOCUMENT ID TECN CHG COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~ CHLIAPNIK. .. 79 NP B158 253
HEMINGWAY 77 PL 68B 197
GAY 76C PL 62B 477

Chliapnikov, Gerdyukov+
+Armenteros+
+Arrnenteros, Berge+

(CERN, BELG, MONS)
(AMST, CERN, NIJM, OXF)

(AMST, CERN, NIJM)

[I (=(1530)m) + I (= xx(not=(1530)n'))] ll (ZQK (I 4+I s}/I 2
VAL UE

(0.11

I (nKs)/I t~tg
VAL UE

CL% DOCUMENT ID TECN

95 1 HE MIN GWAY 77 H BC

CHG COMM EN T

K p 4.2 GeV/c

DOCUMEN T ID TECN COMMEN T

seen BARTSCH 69 HBC K p 10 GeV

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

=(2250) l(J ) = &(? ) Status:
P need confirmation.

OMITTED FROM SUMMARY TABLE
The evidence for this state is mixed. BARTSCH 69 sees a bump
of not much statisticai significance in A K~, EKE, and = ~~ mass
spectra. GOLDWASSER 70 sees a narrower bump in = 7r7r at a
higher mass. Not seen by HASSAI L 81 with 45 events/p, b at 6.5
GeV/C. Seen by JENKINS 83. Perhaps seen by BIAGI 87.

I (nKm)/I (ZQK
VAL UE

(0.32
CL% DOCUMENT ID TECN CHG COMMENT

HEMINGWAY 77 HBC — K p 4.2 GeV/c

r(z K~)/rt»,
VAL UE DOCUMENT ID TECN COMMENT

seen

I (ZKw)/I (ZK)
VAL UE

&0.04

CL%

95

BARTSCH 69 HBC K p 10 GeV

DOCUMENT ID TECN CHG COMMENT

HEMINGWAY 77 HBC — K p 4.2 GeV/c

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

VALUE (MeV)

&s 2250 OUR ESTIMATE
21896 7

2214+ 5

2295 k 15
2244+52

EVTS

66

18
35

=(2250) MASS

DOCUMENT ID TECN CHG COMMENT

BIAGI 87 SPEC

GOLDWASSER 70 HBC
BARTSC H 69 H BC

Be ~(:-- + -)
X

K p —+ K+
MM

K p 5.5 GeV/c
K p 10 GeV/c

= (2250) WIDTH

JENKINS 83 MPS

={2030}FOOTNOTES
For the decay mode = ?r+~ only.
For the decay mode Z+ K ~+ only.

={2030)REFERENCES

VALUE (MeV)

46+27

30
130+80

EVTS DOCUMENT ID TECN CHG COMM EN T

BIAGI 87 SPEC Be ~
+

X
K p 5.5 GeV/cGOLDWASSER 70 HBC

BARTSCH 69 HBC

J ENKINS
HEMiNGWAY

Also
DIBIANCA
ROSS
ALITTI
BARTSCH
A L ITTI

83 PRL 51 951
77 PL 68B 197
76C PL 62B 477
75 NP B98 137
73C Purdue Conf.
69 PRL 22 79
69 PL 28B 439
68 PRL 21 1119

345

+Albright, Diamond+ (FSU, BRAN, LBL, CINC, MASD)
+Armenteros+ (AMST, CERN, NIJM, OXF) IJ

Gay, Arrnenteros, Berge+ (AMST, CERN, NIJM)
+Endorf (CMU)
+Lloyd, Radojicic (oxF)
+Barnes, Flaminio, Metzger+ (BNL, SYRA) I

+ (AACH, BERL, CERN, LOIC, VIEN)
+Flaminio, Metzger, Radojicic+ (BNL, SYRA)

f3

Mode:7r7r

AKvr
Z K7r

=(2250} DECAY MODES

= 2120) llJ ) = &(? ) Status:
J, P need confirmation.

OMITTED FROM SUMMARY TABLE

={2120)MASS

BIAGI 87
JENK INS 83
HASSALL 81
GOLDWASSER 70
BARTSCH 69

ZPHY C34 15
PRL 51 951
NP B189 397
PR D1 1960
PL 28B 439

=(2250) REFERENCES

(BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL)
+Albright, Diamond+ (FSU, BRAN, LBL, CINC, MASD)
+Ansorge, Carter, Neale+ (CAVE, MSU)
+Schultz (ILL)
+ (AACH, BERL, CERN, LOIC, VIEN)

VAL UE (MeV) EVTS

w 2120 OUR ESTIMATE
2137+4 18
2123+ 7

DOCUMENT ID TECN COMMEN T

CHLIAPNIK. .. 79 HBC K+ p 32 GeV/c
2 GAY 76c HBC K p 4.2 GeV/c

={2120)WIDTH

VALUE(MeV)

(20
25+ 12

EVTS DOCUMENT ID TECN COMMENT

18 1 CHLIAPNIK. .. 79 HBC K+ p 32 GeV/c
GAY 76C HBC K p 4.2 GeV/c

=(2120) DECAY MODES

Mode

f1 AK

Fraction (I;/I )

seen
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= (2370), = (2500)

= 2370) l(JP) = &~{?.) Status:
F' need confirmation.

OMITTED FROM SUMMARY TABLE

={2370)MASS

= 2500) l(J ) = &~('? ) Status:
P need confirmation.

OMITTED FROM SUMMARY TABLE
The ALITTI 69 peak might be instead the =(2370) or might be
neither the = (2370) nor the = (2500).

2370
2373+ 8
2392+27

50
94

VAL UE (MeV) EVTS

m 23?0 OUR ESTIMATE
2356 + 10

DOCUMENT ID TECN CH G COMM EN T

J ENK INS 83 MPS

—0
—0

K p —+ K+
MM

K p 6.5 GeV/c
K p 8.25 GeV/c
= 27r

=(2370) WIDTH

HASSALL 81 HBC
AMIRZADEH 80 HBC
DIBIANCA 75 DBC 2430+20

2500+ 10

30

VAL UE (MeV) EVTS

w 2500 OUR ESTIMATE
2505 4 10

=(2500) MASS

DOCUMENT ID

J ENK INS

A LITT I

TECN CHG COMMEN T

K p —+ K+
MM

K p 4.6—5
GeV/c

K p 10 GeV/c

83 MPS

69 HBC

BARTSCH 69 HBC —0

VALUE (MeV)

80
80+ 25
75+69

Mode

EVTS DOCUMEN T ID TECN CHG COMM EN T

50
94

HASSALL 81 HBC —0 K p 6.5 GeV/c
AMIRZADEH 80 HBC —0 K p 8.25 GeV/c
DIBIANCA 75 DBC :—27r

=(2370) DECAY MODES

Fraction (I I/I )

VAL UE (MeV)

150—40
59+27

= (2500}WIDTH

DOCUMEN T ID TECIV CHG

=(2500) DECAY MODES

ALITTI 69 H BC

BARTSCH 69 HBC —0

I1 AK~
Includes I 4 + I 6.

l2 ZK~
Includes I 5 + I 6.

l3 O K
A K*(892)
Z K'(892)

I e K{1385)K

seen

seen f1
l2
I3
l4
r5

6

Mode:'/r

AK
ZK:7r7r

= (1530)a.

AK7r + Z K7r

Fraction (I I/I )

seen

seen

I (AKo)/I totals
VALUE

r(z K~)/r, .„,
VALUE

={2370)BRANCHING RATIOS

DOCUMENT ID TECN CHG COMMENT

AMIRZADEH 80 HBC —0 K p 8.25 GeV/c

DOCUMENT ID TECN CHG COMMEN T

AMIRZADEH 80 HBC —0 K p 8.25 GeV/c

=(2500) BRANCHING RATIOS

r(=- )/[r(=- ) + r(ZQK ~ r(ZQK ~ r(=—(1530)~)] r&/{rt+ra+I 3+ra)
VALUE

&0.5
DOCUMENT ID TECN COMMEIV T

A LITTI 69 HBC 1 standard dev. limit

VALUE

0.5+ 0.2
DOCUMENT ID TECN CHG

ALITTI 69 HBC

r(w+K/[r(=-~)+ r(z+K+ r(z'gK+ r(=-(1sso)~)] r, /(r, +r,+ra+I s)

[r(AKm)+I (EKm)]/it t, (I t+I a)/I r(zK)/[r(=-~)+ r(ngx g r(zK) + r(=(1530)~)] ra/(I 1+I a+I 3+r,)
VAL UE EVTS

50

DOCUMENT ID

HASSALL

TECN CHG COMMENT

81 HBC —0 K p 6.5 GeV/c
VAL UE

0.5+0.2
DOCUMENT ID TECN CHG

ALITTI 69 H BC

r(17 K)/rtotai
VALUE

0.09 +0.04

DOCUMENT ID

1 KINSON

VALUE

0.22 +0.13
DOCUMEIVT ID

1 KINSON

[I (AK~(892)) + I (ZK~(892})]/I toto(

TECN CHG COMMEN T

80 HBC — K p 8.25 GeV/c

(I 4+I s)/I
TECN CHG COMMENT

80 HBC — K p 8.25 GeV/c

VAL UE

&0.2
DOCUMENT ID

ALITTI

TECN COMMENT

69 HBC 1 standard dev. limit

r (=-«)/rtotg
VAL UE DOCUMENT ID TECN CHG

BARTSCH 69 HBC —0

I (=(1530)x)/[I (= x) + I (A+K + I (ZK) + I (:-(1530)a)
I s (I 1+I a+I a+I s}

r(@{1385)F)/r„„,
VAL UE

0,12+0.08

DOCUMENT ID

1 KINSON

I e/I
TECN CHG COMMENT

80 HBC — K p 8.25 GeV/c
[r(AKx) + I (ZKm)]/I t
VAL UE DOCUMENT ID TECN CHG

BARTSCH 69 H BC —0

re/r

=(2370) FOOTNOTES

KINSON 80 is a reanalysis of AMIRZADEH 80 with 50% more events.

=(2370} REFERENCES
JENKINS 83 PRL 51 951
ALITTI 69 PRL 22 79
BARTSCH 69 PL 28B 439

= (2500) REFERENCES

+Albright, Diamond+ (FSU, BRAN, LBL, CINC, MASD)
+Barnes, Flaminio, Metzger+ (BNL, SYRA) I

+ (AACH, BERL, CERN, LOIC, VIEN)

JENKINS
HASSALL
AMIRZADEH
K INSON
D I BIA NCA

83
81
80
80
75

PRL 51 951
NP B189 397
PL 90B 324
Toronto Conf. 263
NP B98 137

+Aibright,
+Ansorge,
+
+
+Endorf

Diamond+ (FSU, BRAN, LBL, CINC, MASD)
Carter, Neale+ (CAVE, MSU)

(BIRM, CERN, GLAS, MSU, CURIN) I

(BIRM, CERN, GLAS, MSU, CURIN) I

(CMU)
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Q BARYONS
(s= —3, I = o)

O = sss

Q MAGNETIC MOMENT

VAL UE (P.N) EVTS

-2.02 +0.05 OUR AVERAGE
—2.024 60.056 235k
—1 94 +0 17 +0 14 25k

DOCUMENT ID

WALLACE
DIEHL

TECN COMMEN T

95 SPEC Q 300—550 GeV
91 SPEC Spin-transfer production

l(J ) = 0(2+) Status:
Mode

Q DECAY MODES

Fraction (I;/I ) Confidence level

The unambiguous discovery in both production and decay was by
BARNES 64. The quantum numbers'have not actually been mea-
sured, but follow from the assignment of the particle to the baryon

decuplet. DEUTSCHMANN 78 and BAUBILLIER 78 rule out J =
1/2 and find consistency with J = 3/2.

We have omitted some results that have been superseded by later
experiments. See our earlier editions.

Q MASS

The fit assumes the Q and Q+ masses are the same.

I5

I6
I7

:—(1530)oa.
—0 e ve

(67.8+0.7)
(23,6 +0.7}
( 8.6+0.4)

( 4 3+3 4)

( 6.4+ 5.1)

( 5.6+2.8)
4.6

b S = 2 forbidden (S2) modes
S2 ( 1.9

x10 4

x10 4

x 10
x10 4

x10 4

90%

90%

TECN COM MEN TDOCUMENT IDVA L UE (Mev)
1672.45+0.29 OUR FIT
1672.43+0.32 OUR AVERAGE

1673 + 1 100 HARTOUNI 85 SPEC 80—280 GeV K C
L

1673.0 +0.8 41 BAUBILLIER 78 HBC 8.25 GeV/c K p
1671.7 +0.6 27 HEMINGWAY 78 HBC 4.2 GeV/c K p
1673.4 +1.7 4 1 DIBIANCA 75 DBC 49 GeV/c K d
1673.3 + 1.0 3 PALMER 68 HBC K p 4.6, 5 GeV/c
1671.8 +0.8 3 SCHULTZ 68 HBC K p 5.5 GeV/c
1674.2 + 1.6 5 SCOTTER 68 HBC K p 6 GeV/c
1672.1 4 1.0 2 FRY 55 EMUL
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1671.43 +0.78 13 DEUTSCH. .. 73 HBC K p 10 GeV/c
1671.9 + 1.2 6 SPETH 69 HBC See

DEUT$CHMANN 73
1673.0 + 8.0 1 ABRAMS 64 HBC ~ =—~U

1670.6 + 1.0 2 FRY 558 EMUL
1615 1 EISEN BERG 54 EMUL

DIBIANCA 75 gives a mass for each event. We quote the average.
The FRY 55 and FRY 558 events were identified as Q by ALVAREZ 73. The masses
assume decay to AK at rest. For FRY 558, decay from an atomic orbit could Doppler
shift the K energy and the resulting Q mass by several MeV. This shift is negligible
for FRY 55 because the Q decay is approximately perpendicular to its orbital velocity,
as is known because the A strikes the nucleus (L.Alvarez, private communication 1973).
We have calculated the error assuming that the orbital n is 4 or larger.
Excluded from the average; the Q lifetimes measured by the experiments differ signif-
icantly from other measurements.

4The EISENBERG 54 mass was calculated for decay in flight. ALVAREZ 73 has shown

that the Q interacted with an Ag nucleus to give K:-Ag.

I (AK )/I totg
VAL UE EVTS

0.678+0.007 14k
~ ~ ~ We do not use the following

0.686 60.013

r ( + )/rtotai

1920

DOCUMENT ID TECN

BOURQUIN 84 SPEC
data for averages, fits, limits,

BOURQUIN 798 SPEC

COM MEN T

SPS hyperon beam
etc. ~ ~ ~

See BOURQUIN 84

VAL UE

0.236+0.00?
~ ~ ~ We do not use

EVTS DOCUMENT ID TECN

1947 BOURQUIN 84 SPEC
the following data for averages, fits, limits,

31.7 BOURQUIN 79e SPEC0.234 60.013

I (= s' )/I t t i

COMMENT

SPS hyperon beam
etc. ~ ~ ~

See BOURQUIN 84

I s/I
VAL UE EVTS

0.086+0.004 759
~ ~ We do not use the following

0,080 +0.008

I (=- tt+ tt—) /rto„i
VALUE (units 10

43+34—1.3

145

EVTS

DOCUMENT ID TECN

BOURQUIN 84 SPEC
data for averages, fits, limits,

BOURQUIN 798 SPEC

COMMENT

SPS hyperon beam
etc. ~ ~ ~

See BOURQUIN 84

DOCUMENT ID TECN COMMENT

ra/r

BOURQUIN 84 SPEC SPS hyperon beam

Q BRANCHING RATIOS

The BOURQUIN 84 values (which include results of BOURQUIN 798, a
separate experiment) are much more accurate than any other results, and
so the other results have been omitted.

Q+ MASS

The fit assumes the Q and Q+ masses are the same.

I (=(1530)est )/I totai
VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

I s/I

VA L UE (M eV) EVTS

1672.45+0.29 OUR FIT
1672.5 +0.? OUR AVERAGE

1672 + 1 72

1673.1 + 1.0 1

DOCUMENT ID TECN COMMEN T

HARTOUNI 85 SPEC 80—280 GeV K C
L

FIRESTONE 718 HBC 12 GeV/c K+ d

64+20 4 5 BOURQUIN 84 SPEC SPS hyperon beam

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 20 1 BOURQUIN 798 SPEC See BOURQUIN 84

5The same 4 events as in the previous mode, with the isospin factor to take into account
:-(1530) ~ = ~ decays included.

(m~- —m~) / maverase

A test of CPT invariance. Calculated from the average Q and Q+
m asses, a bove.

r(= e "e)/rtotal
VALUE (units l0 ) EVTS DOCUMEN T ID TECN

5.6+2.8 14 BOURQUIN 84 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

10 3 BOURQUIN 798 SPEC

COMMENT

SPS hyperon beam
etc. ~ ~ ~

See BOURQUIN 84
VALUE DOCUMENT ID

(0+5) x 10 4 OUR EVALUATION r(= 7)/rtotai
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

Q MEAN LIFE

Measurements with an error ) 0.1 x 10 s have been omitted.

& 4.6
~ ~ ~ We do not

&'22

&31

90 0 ALBUQUERQ. ..94 E761
use the following data for averages, fits, limits,

90 9 BOURQUIN 84 SPEC
90 0 BOURQUIN 798 SPEC

Q 375 GeV
etc. ~ ~ ~

SPS hyperon beam
See BOURQUIN 84

DOCUMENT IDVALUE (10 0 s) EVTS TECN COMMEN T

0.822+0.012 OUR AVERAGE
0.811+0.037 1096 LUK SS SPEC p Be 400 GeV
0.823 4 0.013 12k BOURQUIN 84 SPEC SPS hyperon beam
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.822+ 0.028 2437 BOURQUIN 798 SPEC See BOURQUIN 84

I (Ae )/I totai
DS=2. Forbidden in first-order weak interaction.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

& 1.9 90 0 BOURQUIN 84 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

ra/r

SPS hyperon beam
etc. ~ ~ ~

&13 90 0 BOURQUIN 798 SPEC See BOURQUIN 84
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O, Q(2250), O(2380), Q(2470)

Q DECAY PARAMETERS

TECN COMMEN T

LUK 88 SPEC pBe 400 GeV

BOURQUIN 84 SPEC SPS hyperon beam

aFORQ -+ AK
Some early results have been omitted.

VALUE EVTS DOCUMENT ID
—0.026+0.026 OUR AVERAGE
—0.034 +0.079 1743
—0.025+ 0.028 12k

O(2380)-
OMITTED FROM SUMMARY TABLE

Q(2380} MASS

Status:

a FORQ —+
VALUE EVTS

+0.09+0.14 1630
DOCUMENT ID TECN COMMENT

BOURQUIN 84 SPEC SPS hyperon beam

VALUE (MeV)

w 2380 OUR ESTIMATE
2384+9+8

EVTS

45

DOCUMENT ID

BIAG I

TECN COMMENT

868 SPEC SPS:— beam

a FORQ ~:— x0
VALUE EVTS

+0.05+0.21 614
DOCUMENT ID TECN COM MEN T

BOURQUIN 84 SPEC SPS hyperon beam

Q REFERENCES

VALUE (MeV)

26+23
EVTS

45

Q(2380} WIDTH

DOCUMENT ID

BIAGI

TECN COMM EN T

868 SPEC SPS = beam

We have omitted some papers that have been superseded by later experi-
ments. See our eariier editions.

Q(2380) DECAY MODES

WALLACE
ALBUQUERQ
DIE HL

LUK
HARTOUNI
BOURQUIN

Also
BOURQ U IN

BAU BILLIER
DEUTSCH. ..
HEMINGWAY
DIBIANCA
ALVAREZ
DEUTSCH. ..
FIRESTONE
SPETH
PALMER
SCHULTZ
SCOTTER
ABRAMS
BAR NES
FRY
FRY
EISEN BERG

95 PRL 74 3732
94 PR D50 R18
91 PRL 67 804
88 PR D38 19
85 PRL 54 628
84 NP 8241 1
79 PL 878 297
798 PL 888 192
78 PL 788 342
78 PL 738 96
78 NP 8142 205
75 NP 898 137
73 PR D8 702
73 NP 861 102
718 PRL 26 410
69 PL 298 252
68 PL 268 323
68 PR 168 1509
68 PL 268 474
64 PRL 13 670
64 PRL 12 204
55 P R 97 1189
558 NC 2 346
54 PR 96 541

+Border+ (MINN, ARIZ, MICH, FNAL)
Albuquerque, Bondar, Carrigan+ (FNAL E761 Collab. )

+Teige, Thompson, Zou+ (RUTG, FNAL, MICH, MINN)
+Beretvas, Deck+ (RUTG, WISC, MICH, MiNN)
+Atiya, Holmes, Knapp, Lee+ (COLU, ILL, FNAL)
+ (BRIS, GEVA, HEIDP, LALO, RAL, STRB)

Bourquin+ (BRIS, GEVA, HEIDP, ORSAY, RHEL, STRB)
+ (BRIS, GEVA, HEIDP, LALO, RAL)
+ (BIRM, CERN, GLAS, MSU, CURIN, PARIN) J

Deutschrnann+ (AACH3, BERL, CERN, INNS, LOIC+) J
+Armenteros+ (CERN, ZEEM, NIJM, OXF)
+Endorf (Cr CU)

(LBL)
Deutschmann, Kaufmann, Besliv+ (ABCLV Collab. )

+Goldhaber, Lissauer, Sheldon, Trilling (LRL)
+ (AACH, BERL, CERN, LOIC, VIEN)
+Radojicic, Rau, Richardson+ (BNL, SYRA)
+ (ILL, ANL, NWES, WISC)
+ (BIRM, GLAS, LOIC, MUNI, OXF)
+Burnstein, Glasser+ (UMD, NRL)
+Connolly, Crennell, Culwick+ (BNL)
+Schneps, Swami (Wl SC)
+Schneps, Swami (Wl SC)

(CORN)

I2
I3

:--7r+ K-
:-(1530)0K

K*(892)u

VALUE

&0.44

CL% EVTS

90 9

DOCUMENT /D

BIAGI

TECN COMMENT

868 SPEC:— Be 116 GeV/c

r{=--K'(882)')/I (= ++K )
VAL UE

0.5+0.3
EVTS

21

DOCUMENT ID

BIAG I

TECN COMMENT

868 SPEC:— Be 116 GeV/c

Q(2380} REFERENCES

Q(2380) BRANCHING RATIOS

I (=(1530)0K—
)/I {:——~+ K-)

BIAGI 868 ZPHY C31 33 + (LOQM, GEVA, RAL. HEIDP, LAUS, BRIS, CERN)

Q(2250) l(J ) = 0(? ) Status:

Q(2470) LIS:

VAL UE (MeV) EVTS

2252+ 9 OUR AVERAGE

2253+ 13
2251+ 9+8

Q(2250) MASS

TECN COMM EN T

ASTON
BIAGI

878 LASS K p 11 GeV/c
868 SPEC SPS:— beam

OMITTED FROM SUMMARY TABLE
A peak in the Q 7r+7r maSS SpeCtrum With a Signai SignifiCanCe

claimed to be at least 5.5 standard deviations. There is no reason to
seriously doubt the existence of this state, but unless the evidence
is overwhelming we usually wait for confirmation from a second ex-

periment before elevating peaks to the Summary Table.

Q(2250) WIDTH
Q(2470) MASS

VAL UE (MeV)

55+18 OUR AVERAGE

81+38
48 +20

EVTS

44
78

DOCUMENT ID

ASTON
BIAGI

TECN COMM EN T

878 LASS K p 11 GeV/c
868 SPEC SPS:— beam

VALUE (MeV)

2474+12
EVTS DOCUMENT ID

ASTON

Q(2470) WIDTH

TECN COMM EN T

88G LASS K p 11 GeV/c

Mode

Q(2250) DECAY MODES

Fraction (I;/I )

VAL UE (MeV)

72 +33
EVTS

59

DOCUMENT ID

ASTON

TECN COMMEN T

88G LASS K p 11 GeV/c

I-, =-- ~+ K-
= (1530)u K

seen

seen

Q(2250) BRANCHING RATIOS
Mode

I 1 0 7r+7r

Q(2470) DECAY MODES

I (=(1530)OK )/I {= ~+K )
VAL UE

1.0
0,70 +0.20

EVTS

44
49

DOCUMENT ID

ASTON
8 IAGI

TECN COMMENT

878 LASS K p 11 GeV/c
868 SPEC = Be 116 GeV/c ASTON 88G PL 8215 799

Q(2470} REFERENCES

+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)

Q(2250) REFERENCES

ASTON
BIAGI

878 PL 8194 579
868 ZPHY C31 33

+Awaji, Bienz, Bird+ (SLAC, N A GO, C I N C, IN U S)
+ (LOQM, GEVA, RAL, HEIDP, LAUS, BRIS, CERN)
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Charmed Baryons, A+

CHARMED BARYONS
(C = +1)

8+ =udc, Z ++
C

=+ = usc,
C

Ll UC,
—0

C

Z+ = udc, Z = ddc,
C

dsc, 0 = ssc

CHARMED BARYONS

Figure 1 shows t eh SU(4) multiplets that have as their

ls a the SU(3) octet that, contains the nucleon,

he 0 123and(b) t e eb) the SU(3) decuplet that contains the A 23 . e

es inandSU(4) multiplet have the same spin anparticles in a given

bar ons each contain onearit . The only known charmed bary

k d thus belong to the second leve ol of an SU, 4,charmed quark an us e

i let of2 h s this level for the SU(4) multiplet omultiplet. Figure 2 s ows is
~ ~ 3 multiplets, aTh l l splits apart into two SU 'p

th of which3 that contains the A, (2285) and the ",(2470), both of w ic

decay weakly, an a ad 6 that contains the Z, (2455), which decays

d t, he 0 (2710), which decays weakly. Astrongly to A,~, and t e

h tsecon =, rem
'

d = emains to be discovere~ t, od o fill out the 6, and a ost

ore charmed quarks are neededof other baryons wit, h one or more c ar

to fill out the full SU(4) multiplets. Furthermore, every X or

A b esonance "starts anot»erh r SU~4~ multiplet, so thearyon res e, '
no doubtwoods are full o c armef h ed baryons, most of which no ou

The only candidates so farwill forever remain undiscovered. e

to belong o morb l t ore massive multiplets aree the Jl (2593) and the

A„(2625),and perhaps a =,(2645);645~ see the Listings.
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1. 3.C. orner, . ra, M. Kramer and D. Pirjol, Prog.
'

. in Part. Nucl.
Phys. 33, 787 (1994).

n,+ /(J~) = 0(&1+) status:

red et. Results of a n a na lysis ofJ has not actually been measure ye .
' f

p K 7r decays J+ EZABEK 92) are consistent with the expected
= 1/2. The quark content is u d C.

We have omitted some resu ts aI that have been superseded by later
in earlier editions.experiments. e. Th omitted results may be found in earlier e itions.

Measurements with an error
obsolete have been omitted.

The fit also uses Zc-A and-+ nd

A+ MASS

greater t anth 5 MeV or that are otherwise

A*+-A+ mass-difference measurements.
C C

The states of the 3 multiplet in Fig, 2 are antisymmetric

un er in er
' t uarks the u, d, and s

quarks), whereas the states o ees of the 6 multiplet are symmetric

under interc ange oh f these quarks. Actually, there may be
some mixing e weenb t the pure 3 and 6 =, states they have

the h sicalthe same I, , an qu, J, d P uantum numbers) to form the physica
:-, states.

U a Fl ~ 1It need hardly e sai'd that the flavor symmetries Fig.
displays are very a y rob dl broken but the figure is the simplest

waytoseew a ch t harmed baryons should exist.
ef. 1.For a review o ef th ory and experiment, see Re .

VAL UE (Mev)

2284.9+0.6 OUR
2284.9+0.6 OUR
2284.7 +0.6+0.7
2281.7 +2.7+ 2.6
2285.8 +0.6+ 1.2
2284.7+2.3+0.5
2283, 1+1.7+ 2.0
2286.2 + 1.7 k 0.7
2281 +3
2283 +3
2290 +3

EVTS

FIT
AVERAGE

1134
29

101
5

628
97

2

3
1

DOCUMENT ID

AVERY
ALVAREZ

BARLAG
AGUILAR-. ..
ALBRECHT
ANJOS
JONES
BOSETTI
CALICCHIO

TECN COM MEN T

91 CLEO
90B NA14

89 NA32

88B LEBC
88C ARG

88B E691
87 HBC
82 HBC
80 HYBR

Six modes

pK —~+
pK

—~+
p K 7r+

pK 7r+, p~K, A37r

pK —~+
p K 7r+

pK
—~+

pK-7+

0
M

A+ MEAN LIFE

0.1 x 10 12 s or with fewer than 20Measurements with an error
events have been omitted.

F' . 1. SU(4) multiplets of baryons made of u, d, s,ig.
e — tetand c quarks. ~a~ e( ) The 20-piet with an SU(3) octe

on the lowest leve .l. (b) The 20-piet with an SU(3)
decuplet on t, he lowest level.

VAL UE (10 s)

0.206+0.012 OUR AVERAGE

0.215+0.016+0.008 1340

0.18 +0.03 +0.03 29

0.20 4 0.03 +0.03 90

0 196+0.023 101—0.020
0.22 +0.03 +0.02 97

DOCUMENT ID

FRABETTI

ALVAREZ

FRABETTI

BARLAG

ANJOS

TECN COMMEN T

930 E687

90 NA14

90 E687

89 NA32

88B E691

pBe, A+ ~ pK +
A+ ~ pK 7r+

C

Be, A+ pK ~+

pK 7r++ c c.

pK 7r++ c.c.

r ~0
C

~ 68C

Fig. 2. eTh SU(3) mult, ipleis on the second"ond level of the

SU(4) multiplet o i8. ,a .f F' . 1(a). The particles in dashed

circles have yet to be discovered.
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Mode

Ac DECAY MODES

Fraction (I;/I )
Scale factor/

Confidence level s8 PP P
Cs9 & p p

x 10 CL=90%
x 10 CL=90%

13.C = 1 weak neutral current (Cl) modes, or
Lepton number (L) violating modes

C2 & 3.4
L 7.0

I1
C2

l3
I4

Is

I 6

C7

I8
I9
C1o

C,4

C18

C19
C2o

C23

C24

26

28
C29

C3o

C33
I 34
C3s

6
C37

C38

C39

C4o

I 41

C44

C4s

C46

C47

C48
I 49
Cso

C51

Cs3
Cs4
Css
Cs6
C57

Hadronic modes with a p and one K
( 2.2 + 0.4 ) %

( 4.4 + O.6 ) %

[a] ( 1.6 + 0.4 ) %

(7 + 4 )x10
[a] (4.0 + j7 )x10

(25 + ' )%0.6

( 1.10+ 0.29) %

( 2.1 + 0.8 ) %
seen

[a] (9 + 5 )x10—
( 32 + 07 )
seen

(10 6 7 ) x 10 4

( 7.O + 3.S ) x1O—3

( 4.4 + 2.8 )x10

pKO
pK-m+

p K'(892)0
Ll(1232)++ K

A(1520) tr+

p K ~+ nonresonant

pKog
p Ko~+�v-
rp- ~+~0

p K'(892) s.+
+ 0p(K rr )nonresonantrr

Ll(1232) K*(892)
pK ~+sr+~
p K- vr+~0~0

p K- sr+ ~0~07r'

px
p fp(980)

p~+ ~+ ~ vr

pK+K
p4

A~+
n~+ ~0

npo
n~+ ~+ ~-
n~+~

z(is85)+ q
n K+F0
ZO~+
Z+ ~0
z+~
Z+ ~+ ~-

~+ po
z- ~+ ~+
Z'~+ ~0
Zo~+~+~-
Z+~+~-~0

Z+ u)

=-'K+
=- K+~+:(1530)o K+

Hadronic modes with a hyperon

( 7.9 k 1.8

{ 32 + 09
4

( 2.9 + O.6

{ 1.5 + 0.4
[a] ( 7.S + 2.4

( S.3 + 1.4

{ 8.8 + 2.0

( 8.8 + 2.2

( 4.8 + 1.7

( 3.0 + 0.6
1.2

( 1.6 + 0.6

( 1.6 + 0.6

( 9.2 + 3.4

[a] { 24

( 2.6

( 3.1
[a] ( 3.O

( S.7

( 3.4
( 4.3

[8] ( 23

0.7
+ 3.5

1.8
0.8
1.3

+ 5.3
3.2
0.9
1.1
0.7

)xlo
) 0/

)

)%
)xlo
)xlo
)x10
)xlo
)xlo
)

0/

}%
)%
)x 10

) 0/

)xlo
)x10
)xlo
)x10
}x10
) x10
) xlo

AE+ vg
e+ anything

p e+ anything
A e+ anything
A p+ anything
AE+ vg anything

Semlleptonic modes

[~] (23
( 4.s

( 1.8
{ 1.6
( 1.5

05 }0/0

17 )
o.9 ) %

+ O6)%
09 )%

p anything

p anything (no A)

p hadrons
n anything

n anything (no A)
A anything
Z+ anything

Inclusive modes
(so
(12

(so
(29
(3S

[c] (10

+16
+19

+16
+17
+11

5

)%
)

)

) 0/

) 0/

) 0/

Hadronic modes with a p and zero or two K's
{3.0 + 1.6)xlo

[a] { 2.4 6 1.6 ) x 10
(1.6+ 1.0)xlo
(2.0 6 0.6)xlo

[a] ( 1.06* 0.33) x 10

CL=95%

C L=95%

S=1.4

I 60 dummy mode used by the fit (92.7 + 1.0 ) %

[a] This branching fraction includes all the decay modes of the final-state
resonance.

[b] f indicates e or p, mode, not sum over modes.

[c] The value is for the sum of the charge states of particIe/antiparticle states
indicated.

CONSTRAINED FIT INFORMATION

An overall fit to 3 branching ratios uses 9 measurements and one
constraint to determine 3 parameters. The overall fit has a X2=
2.0 for 7 degrees of freedom.

X24

X60

61
—90 —89

X2 X24

A~+ BRANCHING RATIOS

Most of the modes are measured relative to the pK ~+ mode. A few
obsolete results have been omitted.

Hadronic modes with a p and one K

r(p Ko)/r (p K- ~+)
VAL UE EVTS

0.49+0.07 OUR AVERAGE

0.44 +0.07+ 0.05 133
0.55+0.1760, 14 45
0.62+ 0.15+0.03 73

r (p K-~+)/r„„,

DOCUMENT ID TECN COMM EN T

AVERY 91 CLEO e+ e 10.5 GeV
ANJOS 90 E691 p Be 70—260 GeV

ALBRECHT 88c ARG e+ e 10 GeV

Most of the other modes are measured relative to this mode.
VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

0.044 +0.006 OUR FIT
0.044 +0.006 OUR AVERAGE

0.0594+0.0031+0.0144 BERGFELD 94 CLEO e+ e = T(4S)
0.040 +0.003 +0.008 ALBRECHT 92o ARG e+ e = T'(4S)
0.043 +0.010 +0.008 3 CRAWFORD 92 CLEO e+ e 10.5 GeV
0.041 +0.024 208 4 ALBRECHT 88E ARG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)0.044 90 6 AGUILAR-. .. 88B LEBC p p 27.4 GeV

BERGFELD 94 measures I (pK 2r+)/f (Al+ v~) = 1.93 + 0.10 + 0.33 and calcu-

lates I (e+ anything)/I total = 0.034 + 0.004 from D-meson data, assuming that all
charmed hadrons have the same semileptonic width. Combined, these values give

(pK 2r+)/ total
—f x(6.67+0.35+ 1.35)%, where f—:I (Af+ vg)/r (I+ anything).

Since f ( 1, this gives an upper bound on I (pK 2r+)/Itotai, In the spectator model,

the quantity corresponding to fin D-meson decay is I (D ~ (K+K*)E+v~)/1(D ~
8+anything) = 0.89+ 0.12. This value of f leads to the value of I (pK sr+}/Ctota[
we give here.

ALBRECHT 92O uses B(B ~ A+X)xB{A+ ~ pK 7r+) = (0.28 + 0.05)% plus

B(B ~ A X) = (6.8 + 0.5 6 0.3)% and assumes that B ~ =CX and B ~ QcX
C

decays are suppressed and negligible.

CRAWFORD 92 uses B(B A+ X) x B(A+ p K 2r+) = (0.273 + 0.051 + 0.039)%
and estimates B(B ~ /I+X) = (6.4+ 0.8 + 0.8)%. If final states other than A NX

C C

o B d~~ay, the A pK 2r+ branching fiactio~ would increas

4 Al BRECHT 88E uses their result B(B A+ X) x B(A p K ~+) = (0.30 k 0.12+
0.06)% plus B(B~ A X) = (7.4+ 2.9)% from other measurements of inclusive proton

C
and A yields in B decays.
This AGUILAR-BENITEZ 88B limit assumes that r A

—1.2 x 10 s, and it "decreases
C

by 20% [to ) 0.035] assuming a lifetime of 1.7 x 10 s instead. " Our average for
rA is still higher (see the mean-life section), which would further reduce the limit.

C

The following off-diagonal array elements are the correlation coefficients

(bx;bx )/(bx;. bx ), ln percent, from the fit to the branching fractions, x,
I g/I total The fit constrains the x, whose labels appear in this array to sum to

one.
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I (pÃ (892)0)/I (p K tt+—) r(p~+ ~-)/r(p~-n+) res/ra

0 36+ OUR AVERAGE—0.07

0.35+ ' +0.03 39 BOZE K 93 NA32

0.42+ 0.24 12 BASILE 81B CNTR

~ ~ ~ We do not use the following data for averages, fits, limits,

0.35+0.11 BARLAG 90o NA32

l (B(1232)++K )/I (pK n+)
VALUE EVTS DOCUMENT ID TECN

0.16+0.10 OUR AVERAGE Error includes scale factor of 1.5.

0.12 14 BOZEK 93 NA32

0.40+0.17 17 BASILE 81B CNTR

I (n(1520)n+)/I (pK tt+)

7r Cu 230 GeV

pp~ A+e X
C

etc. ~ ~ ~

See BOZEK 93

COMMENT

Cu 230 GeV

pp ~ A+e X

Unseen decay modes of the A(1520) are included.
VALUE EVTS DOCUMENT ID TECN COMMEN T

0.09+ ' +0.02—0.03 12 BOZEK 93 NA32 ~ Cu 230 GeV

Unseen decay modes of the K*(892) are included.
VALUE EVTS DOCUMENT ID TECN COMMENT

I4/I 8

rs/ra

VAL UE EVTS

0.046+0.012 OUR AVERAGE

0,039+0.009+0.007 214
0.096 60.029+0.010 30

0,048 +0.027

DOCUMENT ID TECN COMMENT

Error includes scale factor of 1.2.
ALEXANDER 96C CLEO e+ e = T(4S)
FRABETTI 93H E687 p Be, E 220 GeV

BARLAG 90o NA32 ~ 230 GeV

I (pP)/I (pK 8+) ran/ra

0.040 60.027

r(py)/r(pv+v )- BARLAG 90o NA32 vr 230 GeV

r20/r 19
Unseen decay modes of the P are included.

VAL UE CL% DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.58 90 FRABETTI 93H E687 pBe, E 220 GeV

Hadronic modes with a hyperon

r(nn+)/r(p~ 8+)-

Unseen decay modes of the P are included.
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.024+0.006+0,003 54 ALEXANDER 96c C LEO e+ e = T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

VALUE

o.56+ +o.os—0.09

EVTS

71

DOCLIMENT ID

BOZEK

l (p K x+ nonresnnant)/I (p K x+)
TECN COMMEN T

93 NA32 n Cu 230 GeV

VALUE CL% EVTS

0.180+0.032 OUR AVERAGE

0.18 +0.03 +0.04
0.18 +0,03 +0.03 87

~ ~ o We do not use the following data

DOCUMENT ID TECN COM MEN T

e+ e 10.4 GeV
e+ e 10.5 GeV

ALBRECHT 92 ARG
AVERY 91 CLEO

for averages, fits, limits, etc.

r(p~~&)/r(pe n+)-
VALUE

0.25+0.04+0.04
EVTS

57
DOCUMENT ID

AMMAR

TECN COMMEN T

95 C LEO e+ e = T(4S)

rs/ra

I (p K tt+ nn) /I total
VALUE EVTS

44

DOCUMENT ID TECN COMMEN T

AMENDOLIA 87 SPEC p Ge- Si

I 8/I

l'(pK'(892) n+)/I (p~Kn+8 )
Unseen decay modes of the K*(892) are included.

VALUE EVTS DOCUMENT ID

0.44 +0.14 17 ALEEV
TECN COMMEN T

94 BIS2 n N 20-70 GeV

r(p(K tt )nonresonantn )/r(p tl )

r10/ra

VALUE

0.7360.12+0.05
EVTS

67

DOCUMENT ID

BOZEK

TECN COMMEN T

93 NA32 ~ Cu 230 GeV

I (rf(1232) K'(892))/I total r12/r
VAL UE EVTS

35
DOCUMENT ID TECN COMMENT

AMENDOLIA 87 SPEC p Ge- Si

r (p~V n+ n-)/r(p V- n+)
VALUE EVTS DOCUMEN T ID TECN COMMENT

0.49+0.17 OUR AVERAGE Error includes scale factor of 1.4.
0.43+ 0.12+ 0.04 83 AVERY 91 CLEO e+ e 10.5 GeV

0.98 6 0.36+0.08 12 BARLAG 90o NA32 x 230 GeV

&0.33
(0.16

90
90

AN JOS 90 E691
ALBRECHT 88C ARG

yBe 70—260 GeV
e+ e 10 GeV

r(nn+no)/r(p~-n+)
VAL UE EVTS

0.73+0.09+0.16 464

r(n po)/r(p~ n+)-
DOCUMENT ID

AVERY

TECN COMMENT

94 CLEO e+ e = T(3S),T(4S)

ras/ra
VAL UE

g0.95

r(nn+ n+ n-) /rtotal

CL%

95
DOCUMENT ID

AVERY

TECN COM MEN T

94 CLEO e+ e = T(3S),T(4S)

r24/r
DOCUMENT ID TECN COMMEAIT

r(nn+n+n-)/r(pV-n+)
VAL UE EVTS

0.66+0.10 OUR FIT
0.66+0.11 OUR AVERAGE

0.65 4 0.11+0.12 289
0.82+ 0.29 +0.27 44
0.94+ 0.41+0.13 10
0.614 0.16+0.04 105

DOCUMENT ID

AVERY
ANJOS
BARLAG

ALBRECHT

TECN COMMENT

91 C L EO e+ e 10.5 GeV
90 E691 y Be 70—260 GeV

90o NA32 ~ 230 GeV
88C ARG e+ e 10 GeV

I 84/ra

VAL UE

0.029+0.006 OUR FIT
0.028+0.007+0,011 70 6 BOWCOCK 85 CLEO e+ e 10.5 GeV

See BOWCOCK 85 for assumptions made on charm production and Ac production from
charm to get this result.

r(pV n+n+n )/r(p-X n+)-- rls/r2 r(p~V 8+~-) /r(nn+n+ n-) ra/ra4
VALUE

0.022 +0.015
DOCUMENT ID

BARLAG

TECN COMMEN T

90o NA32 ~ 230 GeV

VAL UE EV7S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I (p K—n+ tto m.o) /I (p K—n+)
VAL UE

0.16+0.07+0.03
EVTS

15

DOCUMENT ID

BOZEK

TECN COMMEN T

93 NA32 ~ Cu 230 GeV

I (pK + n )/I (pK n+)
VALUE

0.10+0.06+0.02
EVTS DOCUMENT ID TECN COMMENT

BOZEK 93 NA32 x Cu 230 GeV

Hadronic modes with a p and 0 or 2 K's

r&4/ra

rts/ra

4.3*1.2

r(nn+o)/r(pe n+)-130 ALEEV 84 BIS2 nC 40—70 GeV

ras/ra
VAL UE

0.35+0.05+0.06
EVTS

116
DOCUMENT ID

AMMAR

TECN COM MEN T

95 CLEO e+ e = T(4S)

ras/raI (X'(1385)+tl)/I (pK n+)
Unseen decay modes of the Z(1385)+ are included.

VAL UE EVTS DOCUMEhIT ID TECN COMMENT

0.1760.0460.03 54 AMMAR 95 CLEO e+ e = T(4S)

r(p~+n )/r(pit n+)--
VAL UE

0.069+0.036
DOCUMENT ID

BARLAG

TECN COMMEN T

90o NA32 ~ 230 GeV

rts/ra r(n~+~v)/r(p~ n+)-
VAL UE EVTS

0.12 +0.02 +0.02 59
DOCUMENT ID

AMMAR

TECN COMMEhIT

95 CLEO e+ e = T(4S)

I (pfp(980))/I (pK tt+)

VAL UE

0.05560.036
TEChl COMMEN T

90o NA32 x 230 GeV

r(pn+n+ n-n-)/r(pV-n+)

Unseen decay modes of the f0(980) are included.
DOCUMENT ID

BAR LAG

I 18/I 2

I (Z n+)/I (pK 8+)
VAL UE EVTS

0.20+0.04 OUR AVERAGE

0.21+0.02+ 0.04 196
0.17+0.06+0.04

DOCUMENT ID TECN COMMEN T
ras/ra

AVERY 94 Ci EO e+ e = T(3S),T(4S)
ALBRECHT 92 ARG e+ e = 10.4 GeV

VAL UE

0.03660.023
DOCUMENT ID

BAR LAG

TECN COM MEN T

90o NA32 ~ 230 GeV VAL UE

0.20+0.03+0.03
EVTS

93

I (Z+tto)/I (pK n'+)
DOCUMENT ID

K U BOTA

TECN COMMENT

93 CLEO e+ e = T(4S)

r29/r2
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I (Z+rl)/I (pK x+)
VAL UE EVTS

0.11+0.0360.02 26

I (Z+e+n )/I (pK e+)
VAL UE EVTS

0.68+0.09 OUR AVERAGE

0.74+ 0.07 +0.09 487

0.54+ 0'8—0.15 11

DOCUMENT ID

AMMAR

DOCUMENT ID

KUBOTA

BAR LAG

rsolrs
TECN COMMENT

95 CLEO e+ e = T(4S)

rst/rs
TECN COMM EN T

93 CLEO e+ e = T(4S)
92 NA32 ~ Cu 230 GeV

I (={1530)oK+)/I (pK-e+)

TECN COMMENT

ALBRECHT 95B ARG e+ e = 10.4 GeV
AVERY 93 CLEO e+ e = 10 5 GeV

Semileptonic modes

r(AZ+ ~c)/r(p K-n+) r4s/rs

Unseen decay modes of the =(1530) are included.
VALUE EVTS DOCUMENT ID

0.052 +0.014 OUR AVERAGE

0.05 +0.02 +0.01 11
0.053+0.016+0.010 24

r(Z+ p')lr(pK n+)- I ss/rs
VAL UE

0.518+0.027+0.089
DOCUMENT ID TECN COMMENT

BERGFELD 94 CLEO e+ e = T(4S)
VAL UE

(0.27
CL%

r(z- + +)«(z+ + -)

DOCUMENT ID TECN COMMENT

KUBOTA 93 CLEO e+ e = T(4S)

rsslrsx

r (e+ anything) /I t»~
VALUE

0.045+0.017
DOCUMENT ID

VELLA

I as/I
TECN COMMEN T

82 MRK2 e+ e 4.5—6.8 GeV
VAL UE

0.53+0.15+0.07
EVTS

56
DOCUMENT ID TECN COMMENT

FRABETTI 94E E687 p Be, E 220 GeV I (p e+ anything) /I tot, ~

VAL UE

0.21+0.05+0.05
EVTS

90

r(Z+ ~)/r (p K n+)-

Zoo+no)/I (pK-x+)
VAL UE EVTS

0.36+0.09+0.10 117

r(ZOe+e+ e-)/r(pK-n+)

DOCUMENT ID

AVERY

DOCUMEAIT ID

AVERY

rs4/r,
TECN COMMENT

94 CLEO e+ e T(3S),T(4S)

rss/rs
TECN COMMEN T

94 CLEO e+ e 7 (3S),T(4S)

rsrlra

VALUE DOCUMENT ID

0.018+0.009 7 VELLA

VELLA 82 includes protons from A decay.

I (he+ anything)/I too, ~

TECN COMMENT

82 MRK2 e+e 4 5—6 8 GeV

I aa/I
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.011+0.008 8 VELLA 82 MRK2 e+e 45—68 GeV

VEI LA 82 includes A's from Z decay.

Unseen decay modes of the ur are included.
VALUE EVTS DOCUMENT ID

0.54+0.13+0.06 107 KUBOTA

TECN COMMENT

93 CLEO e+ e = T(4S)

I (Ac+anything)/I (pK e+)
VALUE EVTS

0.37+0.1160.08 73

I 4a/rs
DOCUMENT ID TECN COMMENT

ALBRECHT 91G ARG e+ e = 10.4 GeV

VAL UE

0.06+0.08—0.04

EVTS DOCUMENT ID

BAR LAG

r(Z+K+ K )/r(pK e-+)-

r(Z+e+n+e-e-)/r(pK-e+)
TECN COMM EN T

92 NA32 rr Cu 230 GeV

rsa/rs

rsa/rs

I (Ap+anything)/I (pK e+)
VALUE EVTS

0.3560.18+0.09 30

r4a/ra
DOCUMENT ID TECN COMMENT

ALBRECHT 91G ARG e+ e = 10.4 GeV

Inclusive modes
VAL UE EVTS

0.070+0.011+0.011 59

I (z+ oI) /I (p K x+)

DOCUMEAIT ID

AVERY

VAL UE

0 13+OI12—0.07

EVTS DOCUMENT ID

BARLAG

Unseen decay modes of the P are included.
VAL UE EVTS DOCUMENT ID

0.069+0.023+0.016 26 AVERY

r (Z+ K+ e-) /r(p K- e+)

TECAI COMM EN T

93 CLEO e+ e —10,5 GeV

r4o/rs

TECN COMMENT

92 N A32 rr C u 230 GeV

I 4t/rq

TECN COMMENT

93 CLEO e+ e = 10 5 GeV

I (p anything)/I tgtaf
VALUE DOCUMENT ID TECN COMMENT

CRAWFORD 92 CLEO e+ e 10.5 GeV

I (p anything {noA)) /I totai
VALUE

0.12+0.10+0.16

I (n anything)/I «ta~

DOCUMENT ID TECN COMMENT

CRAWFORD 92 CLEO e+ e 10.5 GeV

I sa/l

rsa/r

0.5060.0860.14

This CRAWFORD 92 value includes protons from A decay. The value is model dependent,
but account is taken of this in the systematic error.

I-(-oK+)/I (pK
—e+)

VAL UE EVTS

0.078+0.013+0.013 56

DOCUMENT ID

AVERY

r4s/l a
TECN COMM EN T

93 CLEO e+ e 10.5 GeV

VALUE DOCUMENT ID TECN COMMENT

0.50+0.08+0.14 CRAWFORD 92 CLEO e+ e 10.5 GeV

This CRAWFORD 92 value includes neutrons from A decay. The value is model depen-
dent, but account is taken of this in the systematic error.

r (= K+ e+)lr (p-K-e+)-
VAL UE EVTS DOCUMENT ID

0.098+0.021 OUR AVERAGE Error includes scale

0.14 +003 +002 34 ALBRECHT
0.079+0.013+0.014 60 AVERY

0.15 +0 04 +0 03 30 AVERY

WElGHTED AVERAGE
0.098+0.021 (Error scaled by 1.3)

r4s/I s
TECN COMMENT

factor of 1.3. See the ideogram below

958 ARG e+ e = 10.4 GeV

93 CLEO e+ e 10 5 GeV

91 CLEO e+ e 10 5 GeV

r(n anything {noA})/I tot, ~

VALUE

0.2940.09+0.15

r(p hadrons)/rtota[

DOCUMENT ID TECN COMMENT

CRAWFORD 92 CLEO e+ e 10.5 GeV

VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o e ~

0.41 + 0.24 ADAMOVICH 87 EMUL pA 20—70 GeV/c

I ss/I

rss/r

I (A anything)/I tot+
VALUE EVTS DOCUMENT ID

0.35+0.11 OUR AVERAGE Error includes scale factor

0.59+0.10+0.12 C RAWFOR D 92
0.49+ 0.24 ADA MOVICH 87
0.23 + 0.10 8 11 ABE 86

ABE 86 includes A's from Z decay.

I ss/I
TECN COMMENT

of 1.4. See the ideogram below.

CLEO e+ e 10.5 GeV
EMUL pA 20—70 GeV/c
HYBR 20 GeV p p

x'
1.3
1.0
1.1
3.4

(Conf i dence Level = 0.1 80)
I

0.35

ALBRECHT 95B ARG
. AVERY 93 CLEO

AVERY 91 CLEO

r (=-- K+ ~+) /r (p K m+)

I

0 0.05 0.1 0.1 5 0.2 0.25 0.3
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A+, A, (2593)+

WEIGHTED AVERAGE
0.35+0.11 (Error scaled by 1.4)

A+ REFERENCES

me a ers that have been superseded by later exper-
(Piments. The omitted papers may be found in our

Review 045, 1 June, Part II) or in earlier editions.

I (A anything)/I total

0.5

x'
CRAWFORD 92 CLEO 2 3
ADAMOVICH 87 EMUL 0.3
ABE 86 HYBR 1.5

4.1

(Confidence Level = 0.126)
I

2
I

1.5

I (Z+ anything)/I total
VAL UE EVTS

0.1 +0.05 5

DOCUMENT ID

ABE
TECN COMM EN T

86 HYBR 20 GeV p p

I ay/I

Rare or forbidden modes

CL% EVTS

90 0

I aa/I
b higher-order electroweak inter-

TECN COMMENT

E653 e emulsion 600 GeV

r(& r+I+)/rtotai
A test of lepton-number conservation.

VAL UE CL og EVTS DOCUMENT IDD

(7.0 x 1010 4 90 0 KODAMA

I 59/r

TECN COMM EN T

95 E653 e emulsion 600 GeV

il+ DECAY PARAMETERS
C

("Pre Is )/rtotal
h ZC—1 weak neutral current. AllowedAtestfort e = w

actions.
DOCUMENT IDVAL UE

10-4 KODAMA(3.4 x 10

ALEXANDER
ALBRECHT
AMMAR
BISHAI
CRAWFORD
KODAMA
ALBRECHT
ALEEV

AVERY
BERGFELD
FRABETTI
AVERY
BOZEK
FRABETTI
FRABETTI
K UBOTA
ALBRECHT
ALBRECHT
BARLAG
CRAWFORD
JEZABEK
ALBRECHT
AVERY
ALVAREZ
ALVAREZ
ANJOS
AVERY
BAR LAG
FRABETTI
BAR LAG
AG U I LA R-. ,

Also
Also
Also

ALBRECHT
ALBRECHT
ANJOS
ADAMOVICH

Also

AMENDOLIA
JONES
ABE
BOWCOCK
ALEEV
BOSETTI
VELLA
BASIL E
CALICCHIO

96C PR D53 R1013
958 PL 8342 397
95 PRL 74 3534
95 PL 8350 256
95 PRL 75 624
95 PL 8345 85
948 PL 8326 320
94 PAN 57 1370

Translated from YF
94 PL 8325 257
94 PL 8323 219
94E PL 8328 193
93 PRL 71 2391
93 PL 8312 247
93D PRL 70 1755
93H PL 8314 477
93 PRL 71 3255
92 PL 8274 239
920 ZPHY C56 1
92 PL 8283 465
92 PR D45 752
92 PL 8286 175
91G PL 8269 234
91 PR D43 3599
90 ZPHY C47 539
908 PL 8246 256
90 PR D41 801
908 PRL 65 2842
90D ZPHY C48 29
90 PL 8251 639
89 PL 8218 374
888 ZPHY C40 321
87 PL 8189 254
878 PL 8199 462
88 SJNP 48 833

Tra nsla ted from YA
88C PL 8207 109
88E PL 8210 263
888 PRL 60 1379
87 EPL 4 887
87 SJNP 46 447

Translated from Y
87 ZPHY C36 513
87 ZPHY C36 593
86 PR D33 1
85 PRL 55 923
84 ZPHY C23 333
82 PL 1098 234
82 PRL 48 1515
818 NC 62A 14
80 PL 938 521

(C LEO Coll a b. )+Bebek, Berger+
(ARGUS Collab. )+Hamacher, Hofmann+

(C LEO Col la b. )+Baringer, Bean, Besson+
(CLEO Collab. )+Fast, Gerndt, Hinson+
(C LEO Collab. )+Daubenrnier, Fulton+

(FNAL E653 Collab. )+Ushida, Mokhtarani+
(ARGUS Collab. )+Ehrlichmann, Hamacher+

(Serpukhov - ov BIS-2 Collab. )+Balandin+
57 1443.

(CLEO Collab, )+Freyberger, Rodriguez+
On + CLEO C Ilab. )0+Eisenstein, Gollin, Ong

(FNAL E687 Collab. )+C heung, C um a la t+
(CLEO Collab. )+Freyberger, Rodriguez+

(CERN NA32 Collab. )
(FNAL E687 Collab. )+Cheung, Cumalat+
(FNAL E687 Collab. )+Cheung, Cumalat+

(CLED Collab, )+ ry, o, to+
(ARGUS Collab. )

( o o )+Becker, Bozek, Boehringer+
(CLEO Collab. )+Fulton, Jensen, Johnson+

(CRAC)+Rybicki, Rylko
(ARGUS Collab. )+Ehrlichmann, Hamacher+

(C LEO Collab. )+Besson, Garren, Yelton+
(CER N NA14/2 Collab. )+Barate, Bloch, y
CERN NA14/2 Collab. )+ t, Bo, o y+

(FNAL E Co I b )+Bogart, Cheung, Coteus+
(ACCMOR Collab. )

(LEBC-EHS CoII b )
Aguilar-Benitez, Allison, Bailly+

( EBC-EHS Collab. )Aguilar-Benitez, Alliso,
'

y
LEBC-EHS Collab. )Begalli, Otter, Schulte, Gensch+

F 48 1310.
(ARGUS Collab. )+

Glaeser+ (ARGUS Coilab. )+Boeckmann, Glaeser+
(FN A L E691 Coll a b.)

rov Bolta+ (Photon Emulsion Collab. )+Alexandrov, Bolta+
(Photon Emulsion Collab. )Viaggi, Gessaroli+

AF 46 799.
(CERN NA1 Collab. )

(CERN WA21 Coll b.
SLAC Hybrid Facility Photon Collab. )

Jones, Kennedy, O'Neale+

+Giles, Hassard, Kinoshita+
(BIS-2 Collab. )+'"""v "'"""""y h v+

MPIM OXF)AACH3, BONN, CERN,+Graessler+
(SLAC, LBL, UCB)

PGIA FRAS)(CERN, BGNA,
(BARI, BIRM, BRUX, CERN, EPOL, RHEL+)

meters" in the neutron Listings.See the "Note on Baryon Decay Parame ers" '

TECN COMMENT

e = T(4S)
e = 10.4 GeV

e = 10.6 GeV

errors at the physical

get unphysical values
values (or errors that

a FOR A+ -+ Ax+
EVTS DOCUMENT IDVAL UE

—0.98+0.19 OUR AVERAGE
12 BISHAI 95 CLEO +—0.94+ 0.21 +0.12 414 BISH

+ALBRECHT 92 ARG e—0.96+0.42
908 CLEO e+—1.1 +0.4 86 AVERY

4+ ' + ' chopping theBISHAI 95 actually gives ct= —0.94 p p6 p 06,
—1.0. However, for ct ——1.0, some pe ex eriments shouldlimit —1.0.

(n ( —1.0), and for averaging wi oith other measurements such
extend below —1.0) should not be chopped.

A, (2593)+ I(JP) = O(' —
) Status:

+ + b t not in A++, so this is indeed an excitedSeen in A vr x u no

Z+. Th A+a++ mode is largely, and perhapsA+ rather than a Z . e vr

entirely, Zc~, which is just a ret threshold; thus (assuming, as has
PJ =12+ the J hereno ye et t been proven, that the Zc has

. This result is in accord with the theois re
' ' eoret-is almost certainly 1 2 . is re

ran eical expectation that t is ish
' the charm counterpart of the strang

A(1405).

a FOR A+ -+ Z+x0
VAL UE EVTS

—0.45+0.31+0.06
DOCUMENT ID

BISHAI

TECN COMM EN T

95 CLEO e+ e T(4S)

An{2593}+ MASS

—m + mass-difference mea-The value is obtained from the mA (2593)+ m +

surement below.

om lete or sa me incom piete} M(A l+ ) ra nge, butThe experiments don't cover the complete (or same incom piete
we average them together anyway.

CN COMM EN TEVTS DOCUMENT ID TECVAL UE

—0.82+0.11 OUR AVERAGE-0.07
2+0.09+0.06 7pp 13 CRAWFORD 95 CLEO e+ e = T(4S}—0.06 —0.03

ALBRECHT 948 ARG e+ e = 10 GeV—0.91*0.42+ 0.25
ra es fits, limits, etc. o ~ ~~ ~ o We do not use the following data for averages, i s, i

RAWFORD 95—0.89+ ' + ' 350 BERGFELD 94 CLEO See CRAWFO—0.11 —0.05

r io R= f /f for A+ ~ Ae+ve events toWFORD 95 measures the form-factor ratio R =
2 1 orCRA

his calculates cr, averaged over q, to be the abb —0.25 6 0.14 6 0.08 and from this ca cu a es cr,
+ events in the mass range 1.85 (M(AE+)( 2.20ALBRECHT 948 uses Ae+ and Ap events

'

GeV.
15BERGFELD 94 uses Ae+ events.

DOCUMENT IDVAL UE (MeV)

le factor of 1.2.2593.6+1.0 OUR FIT Error includes scale factor o

AD{2593}+WIDTH

VAL UE (MeV)

3 9+1.4+2.0—1.2 —1.0

EVTS

112

DOCUMENT ID TECN COMMENT

EDWARDS 95 CLEO e+ e = 10.5 GeV

m~, (2 93)+ my+

TECN COMMENTEVTS DOCUMENT IDVALUE (MeV)

r of 1.3.308.6+0.8 OUR FIT Error includes scale factor o

1 FRABETTI 96 E687 pBe, E309.2 +0.7+0.3
2 EDWARDS 95 CLEO e+e = 10.5 GeEDW . V307.5+0.4 + 1.0 112

1FRABETTI 96 claims a signal of 13.9 6 4.5 events.
2 EDWARDS 95 claims a signal of 112.5 + 16.5 events in A ~+ ~

C
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A, (2593)+, A, (2625)+, Z, (2455)

n'(2593)+ DECAY MODES

A 2r~ and Zc(2455)vr —the latter just barely —are the only strong

decays allowed to an excited A+ having this mass; and the A+2r+n.
C C

m ode seem s to be largely via X++~ or Z x+.c c

ni(2625)+ DECAY MODES

A+~sr and Z(2455)~ are the only strong decays allowed to an excited
C

A having this mass.c

r,
l2
I 3
r4
I 5

r6

Mode

A+ 7r+ 7r-
c
X'c(2455)++ x
Z~(2455)ax+
A+ 7r+ 7r 3-body

n+ ~0
c

A+p

Fraction (I;/I )

seen

large

large

sm all

not seen

not seen

r,
I2
l3
l4
I5
I,

Mode

n+ &+~-
c
Z'(2455)++ x
Fi(2455)a x+
A+ 7r+ ~ 3-body

A+ &0
c

A+p

Fraction (I;/I )

seen

small

small

large

not seen

not seen

ni(2593)+ BRANCHING RATIOS

r(z, p4ss)++ ~-)/r(n+ ~+~-)
VALUE

0.36+0.0960.09

I (Z, (2455)am+)/r(n+n+x )
VAL UE

0.42 +0.0960.09

DOCUMENT ID TECN COMMENT

EDWARDS 95 CLEO e+ e = 10 5 GeV

DOCUMENT ID TECN COMMENT

EDWARDS 95 CLEO e+ e = 10 5 GeV

[r(z, (2455)++~-) ~ r(z, (2455)o~+)]/r(n+~+~-) (I a+ra)/I a

VAL UE

&0.98
CL%

90

DOCUMENT ID TECN COMMENT

EDWARDS 95 CLEO e+ e = 10.5 GeV

n'{2593)+ REFERENCES

VALUE CL% DOCUMENT ID TECN COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

&0.51 90 FRABETTI 96 E687 p Be, E = 220 GeV

The results of FRABETTI 96 are consistent with this ratio being 100%.

I-(n~+n.o)/I-(n~+~+
A+ vr decay is forbidden by isospin conservation if this state is in fact a Ac.

VAL UE CL% DOCUMENT ID TECN COMMENT

g3.53 90 EDWARDS 95 CLEO e+ e = 10.5 GeV

r(n+ T)/r(n+~+~-)

ni(2625)+ BRANCHING RATIOS

r(z (2455}+++ )/I (n+x+n )
VALUE

&0.08
CL%

90
DOCUMENT ID TECN COMMENT

EDWARDS 95 CLEO e+ e = 10 5 GeV

r(z, (2455)'~+)/r(n+~+~-)
VALUE

&0.07
CLl

90
DOCUMENT ID TECN COMMENT

EDWARDS 95 CLEO e+ e = 10 5 GeV

[r(Z, (2455}++@ )+ I (Z (2455}on+)]/l (n+m'+x ) (I 2+I s}/I t

21

I (n+s+x 3-body)/r(n+~+~-)
VAL UE EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,54 4 0.14 16 ALBRECHT 93F ARG e+ e = T(4S)

r(n+ ~')/r(n+~+~-)
A+2r decay is forbidden by isospin conservation if this state is in fact a Ac.

CL% DOCUMENT ID TECN COMMENT

90 EDWARDS 95 CLEO e+ e = 10 5 GeV

VAL UE

&0.91

r(n+7)/r(n+ ~+~-)

VALUE CL% EVTS DOCUMENT ID TECN COMMENT

e ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.36 90 FRABETTI 94 E687 pBe, E = 220 GeV

0.46+ 0.14 ALBRECHT 93F ARG e+ e = T(4S)

FRABETTl 96 PL B365 461
EDWARDS 95 PRL 74 3331

+Cheung, Cumalat+
+Ogg, Bellerive, Britton+

(FNAL E687 Collab. )
(CLEO Collab. )

VALUE

&0.52

CL%

90

DOCUMENT ID TECN COMMENT

EDWARDS 95 CLEO e+ e = 10.5 GeV

A, (2625)+ l(l ) = 0(? ) Status:

Seen in A+7r+Tr but not in A+sr so this is indeed an excited A+
c c C

rather than a Z+. The spin-parity is expected to be 3/2: this is

presumably the charm counterpart of the strange A(1520).

EDWARDS 95 PRL 74 3331
FRABETTI 94 PRL 72 961
ALBRECHT 93F PL B317 227

Z, (2455)

+Ogg, Bellerive, Britton+
+Cheung, Cumalat+
+Ehrlichmann, Hamacher+

(CLEO Collab. )
(FNAL E687 Collab, )

(ARGUS Collab, )

l(J ) = j-(&+) Status:

ni(2625)+ REFERENCES

n'(2625)+ MASS

The fit also uses the m A, 262»+
—m + mass-difference measurement

ct
C

below.

TECN COMMENTVAL UE (MeV) EVTS DOCUMENT ID

2626 4+0.9 OUR FIT Error includes scale factor of 1.3.
2626.6+0.5+1.5 42 ALBRECHT 93F ARG

ALBRECHT 93F claims a signal of 42.4 + 8.8 events.

e+ e = T(4S)

n'(2625)+ WIDTH

VAL UE (MeV) CL% EVTS DOCUMENT ID TECN COMMENT

&1.9 90 245 EDWARDS 95 CLEO e+ e = 10.5 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

(3,2 90 ALBRECHT 93F ARG e+ e = T(4S)

mp (2625)+ my+

VAL UE (MeV) EVTS DOCUMENT ID

341.5+0.8 OUR FIT Error includes scale factor of 1.9.
341.5+0.9 OUR AVERAGE Error includes scale factor of 2.1.
342.2 +0, 2 +0.5 245 EDWARDS 95 CLEO e+ e = 10 5 GeV
340.4 +0.6 60.3 40 FRABETTI 94 E687 p Be, E = 220 GeV

y

EDWARDS 95 claims a signai of 244.6+ 19.0 events in A+ w+x
C

FRABETTI 94 claims a signal of 39.7 + 8.7 events.

is not confirmed. 1/2+ is the quark model prediction.

Z'(2455) MASSES

The mass measurements in this section are redundant with the mass
difference measurements that follow. We get the masses by adding

m& (2455)
—mA+ to the Ac mass.+

C
C

Zi(2455)++ MASS
VAL UE (MeV) EVTS

2452.9+ 0.6 OUR FIT
~ ~ ~ We do not use the following

2449 + 3 2

2480 1
2454 + 5 1
2425 + 10 6

&2439 1
2426 +12 1

Zi(2455)+ MASS

DOCUMENT ID TECN CHG COMMEN T

data for averages, fits, limits, etc. ~ ~ ~

JONES 87 HBC ++ v p in BEBC
ADAMOVICH 84 EMUL ++ r A (OMEGA)
BOSETTI 82 HBC ++ See JONES 87
BALTAY 79 HLBC ++ v Ne-H in 15 ft
BARISH 77B DBC ++ vd in 12-ft
CAZZOLI 75 HBC ++ v p in BNL. 7-ft

EVTSVAL UE (MeV) DOCUMENT ID TECN CHG COMMENT

2453.5+0.9 OUR FIT
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2457 k4 1 CALICCHIO 80 HBC + v p in BEBC-TST



See key on page 199
679

Baryon Particle Listings
X;(2455), Z, (2530), =+

Z~(2455) MASS
TECN CHG COMMEN T

r (2455) p+

m~+ —m +
c "c

VA L UE (Me V) EVTS

167.95+ 0.25 OUR FIT
167.94+ 0.26 OUR AVERAGE
167.6 4 0.6 +0.6 56

168.2 + 0.3 +0.2
167.8 + 0.4 +0.3
168.2 + 0.5 +1.6
167.4 + 0.5 +2.0
167 + 1
168 + 3
~ ~ a We do not use the

166 + 1
166 k 15

126
54
92
46

2

6
following

DOCUMENT ID TECN CHG COMMENT

FRABETTI 96 E687 ++

CRAWFORD 93 CLEO ++
BOWCOCK 89 CLEO ++
ALBRECHT 88D ARG ++
DIESBURG 87 SPEC ++
JONES 87 H BC ++
BALTAY 79 HL BC ++

data for averages, fits, limits, etc. ~

BOSETTI 82 H BC ++
CAZZOLI 75 H BC ++

pBe, E7 --220 I
GeV

e+ e —T(4S)
e+e 10 GeV
e+e 10 GeV
nA 600 GeV

vp in BEBC
v Ne-H in 15-ft
~ ~

See JONES 87
vp in BNL 7-ft

VAL UE (MeV) EVTS

2452.1+ 0.7 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2462 +26 1 AMMAR 86 EMUL 0 vA
~ 2460 9 KNAPP 76 SPEC 0 pBe

Ee(2455) REFERENCES

FRABETTI
CRAWFORD
AN JOS
BOWCOCK
ALBRECHT
DIESBURG
JONES
AMMAR

A DA M OVI CH
BOSETTI
CALIC CHIO

BALTAY
BARISH
KNAPP
CAZZOLI

96 Pl B365 461
93 PRL 71 3259
89D PRL 62 1721
89 PRL 62 1240
88D PL B211 489
87 PRL 59 2711
87 ZPHY C36 593
86 JETPL 43 515

Translated from
84 PL 140B 119
82 PL 109B 234
80 PL 93B 521
79 PRL 42 1721
77B PR D15 1
76 PRL 37 882
75 PRL 34 1125

+Cheung, Cumalat+ (FNAL E687 Collab. )
+Daubenmier, Fulton+ (CLEO Collab. )
+Appel, Bean, Bracker, Browder+ (FNAL E691 Collab. )
+Kinoshita, Pipkin, Procario, Wilson+ (CLEO Collab. )
+Boeckm ann, Glaeser+ (ARGUS Collab. )
+Ladbury, Binkley+ (FNAL E400 Co!lab.)
+Jones, Kennedy, O'Neale+ (CERN WA21 Collab. )
+Ammosov, Bakic, Baranov, Burnett+ (ITEP)

ZETFP 43 401.
+Alexandrov, Bolta. Bravo+ (CERN WA58 Collab. )
+Graessler+ (AACH3, BONN, CERN, MPIM, OXF)
+ (BARI, BIRM, BRUX, CERN, EPOL, RHEL+)
+Caroumbalis, French, Hibbs+ (COLU, BNL) I

+Derrick, Dombeck, Musgrave+ (ANL, PURD)
+Lee, Leung, Smith+ (COLU, HAWA, ILL, FNAL)
+Cnops, Connolly, Louttit, Murtagh+ (BNL)

Z, (2530)
OMITTED FROM SUMMARY TABLE

Status:

Ze(2530) MASSES

VAL UE (MeV) EVTS DOCUMEN T ID TECN COMMEN T

2530+5+5 6 AMMOSOV 93 HLBC v p —+ p Xc(2530)++
AMMOSOV 93 sees a cluster of 6 events and estimates the background to be 1 event.

m&+ —m&+
C C

VALUE (MeV}

168.5+0.7 OUR FIT
168 +3
~ ~ ~ We do not use

168.5 +0.4+0.2
This result enters

EVTS DOCUMENT !D
Error includes scale factor of 1.1.

1 CALICCHIO 80 HBC + v p in BEBC-TST
the following data for averages, fits, limits, etc. ~ ~ ~

111 CRAWFORD 93 CLEO + e+ e = T(4S)
the fit through m + —m 0 below.

C C

Ze(2530) REFERENCES

AMMOSOV 93 JETPL 58 247 +Vasil'ev, Ivanilov, Ivanov+
Translated from ZETFP 58 241.

l(J~) = t(t+) status:

(SERP)

m~ —m +A

VAL UE (MeV) EVTS DOCUMENT ID

167.2+0.4 OUR FIT Error includes scale factor of 1.1.
167.2+0.9 OUR AVERAGE Error includes scale factor of 1.4.

TECN CHG COMMEN T

166.6+0.5+0.6 69 FRABETTI 96 E687 0 p Be, E~ — 220
GeV

168.4 + 1.0+ 0.3 14 AN JOS 89D E691 0 p Be 90—260 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

167.1 +0.3+0.2 124 2 CRAWFORD 93 CLEO 0 e+ e = T(4S)
167.9+0.5+ 0.3 48 BOWCOCK 89 CLEO 0 e+ e 10 GeV

167.0+0.5 + 1.6 70 ALBRECHT 88D ARG 0 e+ e 10 GeV
1?8.2 +0.4+2, 0 85 DIESBURG 87 SPEC 0 n A 600 GeV
163 +2 1 AMMAR 86 EMUL 0 vA

This result enters the fit through m ++ —m 0 given below.
C C

See the note on DIESBURG 87 in the m ++ —m&0 section betow.
C C

Ze(2455) MASS DIFFERENCES

m + —m~Z
VALUE (MeV)

1.4+0.6 OUR FIT
1 4+0.5+0.3

DOCUMENT ID TECN COMM EN T

CRAWFORD 93 CLEO e+ e = T(4S)

Z~(2455) DECAY MODES

A w is the only strong decay allowed to a Zc having this mass.+

m ++ —m~Z
VALUE (MeV) DOCUMEN T ID TECN COMMEN T

0.79+0.33 OUR FIT Error includes scale factor of 1.2.
0.8 +0.4 OUR AVERAGE Error includes scale factor of 1.2.
1.1 +0.4 +0.1 CRAWFORD 93 CLEO e+ e = T(45)
0.1 +0,6 +0.1 BOWCOCK 89 CLEO e+ e 10 GeV

+ 1.2 +0.7 k 0.3 ALBRECHT 88D ARG e+ e 10 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—10.8 +2.9 4 DIESBURG 87 SPEC nA 600 GeV

4 DIESBURG 87 is completely incompatible with the other experiments, which is surprising
since it agrees with them about m&, 2455,++ —m +. We go with the majority here.

c( I C

According to the quark model, the =+ (quark content use) and

=c form an isospin doublet, and the spin-parity ought to be J
1/2+. None of I, l, or P has actually been measured.

=-+ MASS

The ftt uses the =+ and = mass and mass-difference measurements.
C C

TECN COMMENT

=+ MEAN LIFE

VALUE (10 12 s) EVTS

0.35+0'04 OUR AVERAGE

0 41+ ' +0.02—0.08 30

0 2p+0 11 6—0.06

040 ' +P 10—0.12 102

0 48+0.21+0.20 53—0.15 —0.10

DOCUMENT ID

FRABETTI

BARLAG

COTE US

BIAGI

TECN COM MEN T

93B E687 p Be, E&
—220 GeV

89C ACCM 7r (K ) Cu 230 GeV

87 SPEC nA 600 GeV

85c SPEC Z Be 135 GeV

VAL UE (MeV) EVTS

2465.6+ 1.4 OUR FIT
2465.9+ 1.4 OUR AVERAGE

2467.0+ 1.6+ 2.0 147 EDWARDS 96 CLEO e+ e = T(4S)
2464.4k 2.0+ 1.4 30 FRABETTI 93B E687 pBe, E&

—220 GeV

2465.1+ 3.6+ 1.9 30 ALBRECHT 90F ARG e+ e at T{4S)
2467 4 3 6 4 23 ALAM 89 CLEO e+ e 10.6 GeV

2466.5+ 2.7 k 1.2 5 BARLAG 89C ACCM 7r Cu 230 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2459 + 5 +30 56 1 COTEUS 87 SPEC nA = 600 GeV

2460 + 25 82 BIAGI 83 SPEC Z Be 135 GeV

Although COTEUS 87 claims to agree well with BIAGI 83 on the mass and width, there
appears to be a discrepancy between the two experiments. BIAGI 83 sees a singte peak

{stated significance about 6 standard deviations) in the AK sr+sr+ mass spectrum.

COTEUS 87 sees two peaks in the same spectrum, one at the =+ mass, the other 75

MeV lower. The latter is attributed to = ~ Z K ~+a+ ~ (lip) K sr+~+,
with the p unseen. The combined significance of the double peak is stated to be 5.5
standard deviations. But the absence of any trace of a tower peak in BIAGI 83 seems to
us to throw into question the interpretation of the lower peak of COTEUS 87.

Mode

I, n+~
Fraction (I;/f )

10P %
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0

C ' C

=+ DECAY MODES

Fraction (I;/I )

r(=-(18SO)o~+)/r(~ ~+&o)
VALUE CL%

&0.3 90

ro/I xo
DOC UMEN T ID TECN COM M EN T

EDWARDS 96 CLEO e+ e = T(4S)

/lK x+ ~+
r, nK'(892)o~+

Z(1385)+ K x+
I4 K+K 7r+

Z+ K*(892)o
r6 Z0 K- ~+ ~+
r7 ='?r+
t8 = ~+~+
I 9 (1530) ?r+

rlo
—0~+ ~0

r„=0'+?r+?r
I 12 =0e+ V,

seen

not seen

not seen

seen

seen

seen

seen

not seen

seen

seen

seen

=+ BRANCHING RATIOS

r (z+ K- ~+)/r(=-- ~+~+)
VALUE EVTS

1.18+0.26+0.17 119
~ »» We do not use the following

0.09+0.13+0.03
—0,06 —0.02 5

DOCUMENT ID TECN COM MEN T

BERGFELD 96 CLEO e+ e = T(4S)
data for averages, fits, limits, etc. » ~ ~

BARLAG 89C ACCM 2 Z+K- ~+, 3
= —~+ ~+

ro/rs

I (Z+ K'(892)o)/I (= o+ o+)
Unseen decay modes of the K*(892) are included.

VALUE EVTS DOCUMEN T ID TECN

0.92+0.27+0.14 61 BERGFELD 96 CLEO
~ ~ » We do not use the following data for averages, fits, limits,

seen 59 AVERY 95 CLEO

COMMENT

e+ e = T(4S)
etc. ~ ~ ~

e+ e = T'(4S)

r(~oK ~+~+)lr(nK ~+~+)
VALUE EVTS DOCUMENT ID TECN COMMENT

0.84+0.36 47 COTEUS 87 SPEC n A 600 GeV

See, however, the note on the COTEUS 87:-+ mass measurement.

r (=-'~+) /r (=-- ~+~+)
VAL UE EVTS

0.55+0.13+0.09 39

r~/ra
DOCUMENT ID TECN COMMEN T

tEDWARDS 96 CLEO e+ e = T'(4S)

r (=-- ~+~+) /rto, g
VALUE EVTS

131
160
30
30
23

DOCUMENT ID

BERGFELD
AVERY
FRABETTI

ALBRECHT
ALAM

TECN

96 C LEO
95 CLEO
93B E687

90F ARG

89 CLEO

COMM EN T

e+ e —= r(4S)
e+ e = T(45)
yBe, E = 220 GeV

e+ e at T(4S)
e+ e 10.6 GeV

r (=.(15aO)o ~+)/r(=-- ~+~+)
Unseen decay modes of the =(1530) are included.

VALUE CL loo DOCUMEN T ID TECN

(0.2 90 BERGFELD 96 CLEO

COMMENT

e+ e = T(4S)

I-(=oo+ oo) /I-( ——o+~+)
VALUE EVTS

2.34+0.57+0.37 81

rxo/rs
DOCUMENT ID TECN COMMEN T

EDWARDS 96 CLEO e+ e T(4S)

r (n K- ~+ ~+) /r, .„,
VALUE EVTS DOCUMENT ID TECN COMMENT

seen
seen

56 COTEUS 87 SPEC nA = 600 G V
2

e
82 B I AG I 83 SPEC X Be 135 GeV

BIAGI 85B looks for but does not see the =+ ' ~ +e = in pK K w (I (pK ~K'+)
/ I (liK ~+~+) (0.08 with 90% CL), p2K 27r+ (I (p2K 2'+) / I (/1K ~+~+)

) + + * + ( )

r (nK- ~+ ~+)/r(=-- ~+&+)
VALLIE

o I t/I 8
DOCUMENT ID TECN COMMENT

0.58+0.16+0.07 61 BERGFELD 996 CLEO e e = T(4S)+

r(n K'(892)o ~+)/r (n K- ~+~+) r, /r,
Unseen decay modes of the K"(892) are included.

VALUE CL oyC lo DOCUMENT ID TECN COMMENT

g0.5 90 BERGFELD 96 CLEO e+ e = T(4S)

r (zp885)+ K- ~+) /r(n K-~+~+) I 8/I t
Unseen decay modes of the X (1385)+ are included.

VALUE CL% DOCUMENT ID TECN COMMENT

g0.7 90 BERGFELD 96 CLEO e+ e = T(4S)

DOCUMENT ID TECN COMMENT

ALEXANDER 95B CLEO e+ e = T(4S)

=+ REFERENCES

BERGFELD
EDWAR DS
ALEXANDER

Also
AVERY
FRABETTI
ALBRECHT
ALAM
BAR LAG
COTEUS
BIAGI
BIAGI
BIAGI

(CLED
(CLED
(CLED

96 PL B365 431 +Eisenstein, Ernst+
96 PL B373 261 +McLean, Ogg+
95B PRL 74 3113 +Bebek, Berkelrnan+
95E PRL 75 4155 (erratum)

93B PRL ?0 1381
95 PRL 75 4364 +Fre b rrey erger, Lingel+ (CLED

90F PL B247 121
?0 1381 +Cheung, Cumalat+ (FNAL E687

89 PL B226 401
+Ehrlichmann, Harder, Kruger Nau+ (ARGUSI I

89C PL B233 522
+Katayama, Kim, Li, Lou, Sun+

B
(CLEO

+ oehringer, Bosman+ {ACCMOR
87 PRL 59 1530 +Binkley+
85B ZPHY C28 175 B r

(FNAL E400

85C
3

PL 150B 230
+ ourquin, Britten+ (CERN WA62

8 PL 122B 455
+Bourquin, Britten+ (CERN WA62
+Bourquin, Britten+ (CERN WA62

Coll a b. )
Colla b, )
Colla b. )

Calla b, )
Colla b. )
Coll a b. )
Collab. )
Collah. )
Co" '~t.:,~
(.otI ' ' .)
Co)la b.)
C olla b. )

l(J ) = &(&+) status:p

According to the quark model, the =c (quark content dsc) and:-+
form an isospin doublet, and the spin-parity ought to be J = 1//2+.
None of I, J, or P has actually been measured.

=-', MASS

The fit uses the = and =+ mmass and mass-difference measurements.

VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT

2470.3+1.8 OUR FIT Error includes scale factor of 1.3.
2470.4+2.0 OUR AVERAGE Error includes scale factor of 1.4. See the i

2462.1+3.1+1.4
2469 k2 +3 9 HENDERSON 92B CLEO 0 K+

y

2472.1+2.7 + 1.6 54 ALBRECHT 90F ARG e+ e at T'(4S)
2473,3+ 1.94 1.2 4

2472 +3 +4
BARLAG 90 ACCM 2r (K ) Cu 230 G Vu e

19 ALAM 89 CLEO e" e 10.6 GeV
» ~ » We do not use the following data for averages, fits, limits, etc. » ~ ~

2471 +3 +4 14
1

AVERY 89 CLEO See ALAM 89

The FRABETTI 93C mass is well below the other measurements.

WEIGHTED AVERAGE
2470.4+2.0 (Error scaled by 1.4)

Values above of weighted average, error,
and scale factor are based upon the data in

this ideogram only. They are not neces-
sarily the same as our 'best' values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

2450 2460 2470 2480

x'
FRABETTI 93C E687 5.9
HENDERSON 92B CLEO 0.1

ALBRECHT 90F ARG 0.3
. BARLAG 90 ACCM 1.7

ALAM 89 C LEO 0.1

6.2
(Confidence Level = 0.086)

2490 2500

= c mass (MeV)

VALUE (Mev)

4.7+2.1 OUR FIT Error

6.3+2.3 OUR AVERAGE

+7.0 +4.5 +2.2
+6.8 4 3.3+0.5
+5 +4 +1

ma —m+
c c

DOCUMENT ID

includes scale factor of 1.2.
TECN COMMENT

ALBRECHT
BARLAG

ALAM

90F ARG e+e at T(4S)
90 ACCM ~ (K ) Cu 230 GeV

89 CLEO =0 ~ = 7r+, =+--
C:——~+ ~+

r(~~+ ~+ ~-)/r (=--~+~+)
VAL UE

1.74
EVTS DOCUMENT ID TECN COMM

60.42+0.27 57 EDWARDS 96 C +
ENT

96 CLEO e e = T(4S)

I (~o+t o)/I (= ~+o+)
VAL UE EVTS

rt2/rs

2.3+0,6+0.3 41
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~c MEAN LIFE :—,(2645) l(J ) = ?(? ) Status:

VAL UE (10 s) EVTS

0 098+0.023 OUR AVERAGE-0.015

0 101+ ' +0 005 42—0.017

0 082 +0 ~ 059 4—0.030

Mode

DOCUMENT ID TECN COMM EN T

BARLAG 90 ACCM ?r (K ) Cu 230 GeV

c DECAY MODES

Fraction (I;/I )

FRABETTI 93C E687 pBe, E = 220 GeV"/

A narrow peak seen in the =+2r mass spectrum. The natural

assignment is that this is the J = 3/2+ excitation of the =c in

the same SU(4) multiplet as the D(1232). We advance this to
the Summary Table since it has also been seen by CLEO in =c7r+
(CLNS 96/1394, submitted but not yet approved, so not reported
below).

=c(2645} MASS

I1
l2
f3
l4
l5
l 6

/l K0
7r+

= - 7r+ 7r+ 7r-

p K K"(892)0
0 K+

e+v
E+ anything

seen

seen

seen

seen

seen

seen

seen

VA L UE ( Me V)

2643.8+1.8 OUR FIT

VAL UE (MeV)

178.2+1.1 OUR FIT
178.2 +0.5+1.0

EVTS

55

DOCUMENT ID

IB (2545)0
—m

c

DOCUMENT ID

AVERY

TECN COM MEN T

95 CLEO e+ e = 7 (4S)

-c BRANCHlNG RATIOS =e(2645) WIDTH

r(lIKn)/r~„,
VAL UE EVTS

I (=—sr+)/I (= sr+sr+sr )
VAL UE

0.30+0.12+0.05
DOCUMENT ID TECN COMMENT

ALBRECHT 90F ARG e+ e at T(4S)

r2/rs

DOCUMENT ID TECN COMMENT

ALBRECHT 958 ARG e+ e = 10.4 GeV

VALUE (MeV)

(5.6
CL% EVTS

90 55

DOCUMENT ID

AVERY

TECN CHG COMMENT .

95 CLEO 0 e+e = T(45)

Mode Fraction (f I/I )

=c(2645) DECAY MODES

=c?r is the only strong decay allowed to a =c resonance having this mass.

I (PK R'(892}0)/It t l

VALUE DOCUMENT ID

BAR LAG

I 4/I
TECN COMM EN T

90 ACCM ?r (K ) Cu 230 GeV

seen

=c(2645) BRANCHING RATIOS

VAL UE

0.50+0.21+0.05
EVTS

r (t2- K+) /r(=-- ~+) re/r2
DOCUMENT ID TECN COMMENT

HENDERSON 928 CLEO e+ e = 10.6 GeV

r(=c+» )/rtotai
VALUE EVTS

55

DOCUMENT ID

AVERY

TECN CHG COM MEN T

95 CLEO 0 e+ e = T(45)

VAL UE

3.1+1.0+0.3—0.5

EVTS

r (=-- n+ ~,) lr(=-- ~+)
DOCUMENT ID TECN COMMENT

ALEXANDER 958 CLEO e+ e —T(4S)

re/r2

AVERY 95 PRL 75 4364

=e(2645} REFERENCES

+Freyberger, Lingel+ (CLED Collab. )

I (= C+ anything) /r (= sr+)
The ratio is for the average (not the sum) of the =
modes.

VAL UE EVTS DOC UMEN T ID

0.96+0.4360.18 18 ALBRECHT 938

I (= 8+anything)/I (= sr+sr+sf )

I?/I 2
e+ anything and = /e+ anything

TECN COMMENT

ARG e+e = 104 GeV

r?/ra

0
C

l(J ) = 0(z+) Status:

The quantum numbers have not been measured, but are simply

assigned in accord with the quark model, in which the Qc is the
ssc ground state.

e+ anything and:— Ie+ anything

DOCUMENT ID TECN COMMENT

ALBRECHT 938 ARG e+ e = 10.4 GeV

=0 REFERENCES

ALBRECHT
ALEXANDER

Also
ALBRECHT
FRABETTI
HENDERSON
ALBRECHT
BARLAG
ALAM
AVERY

958 PL 8342 397
958 PRL 74 3113
95E PRL 75 4155
938 PL 8303 368
93C PRL 70 2058
928 PL 8283 161
90F PL 8247 121
90 P L 8236 495
89 PL 8226 401
89 PRL 62 863

+Harnacher, Hofmann+
+Bebek, Berkelrn an+

(erratum)
+Cronstroem, Ehrlichmann j
+Cheung, C urn alat+
+Kinoshita, Pipkin, Saulnier+
+Ehrlichm a nn, Harder, K ru ger, N au+
+Becker, Boehringer, Bosman+
+Katayama, Kim, Li, Lou, Sun+
+Besson, Garren, Yelton, Bowcock+

(ARGUS Collab, )
(CLEO Collab. )

(ARGUS
(FNAL E687

(CLEO
(ARGUS

(ACCMOR
(CLEO
(CLEO

Coll a b. )
Coll a b. )
Collab. )
Collab. )
Colla b.)
Collab. )
Colla b. )

The ratio is for the average (not the sum) of the
modes.

VAL UE EVTS

0.29+0,1260.04 18

Qc MASS

VAL UE (Mev) EVTS DOCUMENT ID TECN COMMENT

2704 + 4 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.
2699.9+ 1.5+ 2.5 42 FRABETTI 94H E687 nBe, E = 221 GeV

2705.94 3.3j2.0 10 FRABETTI 93 E687 pBe, E = 221 GeV

2719.0 + 7.0 4 2.5 11 ALBRECHT 92H ARG e+ e = 10.6 GeV
2740 +20 3 BI AGI 858 SPEC Z Be 135 GeV/c

FRABETTI 94H claims a signal of 42.5 + 8.8 Z+ K K rr+ events. The background
is about 24 events.
FRABETTI 93 claims a signal of 10.3 k 3.9 0 ?r+ events above a background of 5.8
events.
ALBRECHT 92H claims a signal of 11.5 + 4.3:— K ?r+?r+ events. The background
is about 5 events.
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WEIGHTED AVERAGE
2704+4 (Error scaled by 1.8)

r(z+ x z-~+)/r«„,
Qc BRANCHING RATIOS

VALUE EVTS

42

DOCUMENT ID TECN COMMENT

FRABETTI 94H E687 p Be, E = 221 GeV

VAL UE

seen
seen

EVTS

11
3

DOCUMENT ID TECN COMMENT

ALBRECHT 92H ARG e+ e = 10.6 GeV
BIAGI 85B SPEC X Be 135 GeV/c

2680 2700 2720 2740 2760

FRABETTI
FRABETTI
ALBRECHT
BIAGI

I

2780

x'
94H E687 2.0
93 E687 0.2
92H ARG 4.1

85B SPEC 3.2
9.5

(Confidence Level = 0.023)
I

2800

r(«+) /rtotai
VALUE EVT5

10
DOCUMENT ID TECN COMMENT

FRABETTI 93 E687 p Be, E = 221 GeV

r(=--~-~+~+)/r(a-~+)
VAL LIE CL~i' DOCUMENT ID TECN COMMENT0

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(2.8 FRABETTI 93 E687 y Be, E = 221 GeV

0 mass (MeV)

VALUE(10-'2 s) EVTS

0.064+0.020 OUR AVERAGE

0 055+0.013+0.018 86—0.011—0.023

0 086+ +0.028—0.020

Qo MEAN LIFE

DOCUMENT ID TECN COMMENT

$20c DECAY MODES

ADAMOVICH 95B WA89 0 m x vr+ +
+ +

FRABETTI 95D E687 X+ K—K —~+

r(a-~-~+ ~+)/r(o-~+)
CL%VALUE

seen
o ~ o We do not use the following

(1.6 90

ADAMOVICH
FRA BETTI
FRABETTI
FRABETTI
ALBRECHT
Bl AGI

95B PL B358 151
95D PL B357 678
94H PL B338 106
93 PL B300 190
92H PL B288 367
85B ZPHY C28 175

COM MEN T

Z 340 GeV
etc. a ~ ~

pBe, E = 221 GeV

DOCUMENT ID TECN

ADAMOVICH 95B WA89
data for averages, fits, limits,

FRA BETT I 93 E687

Qc REFERENCES

+Albertson, Alexandrov+ (CERN WA89
+Cheung, Cumalat+ (FNAL E687
+Cheung, C um a Iat+ (FNAL E687
+Cheung, Cumalat, Dallapiccola+ (FNAL E687
+Cronstroem, Ehrlichmann, Hamacher+ (ARGUS
+Bourquin, Britten+

Collab. )
Collab. )
Colla b.)
Collab. )
Coll a b.)
Collab. )

I3
l4

Mode

Z+ K K 7r+

7l 7r
——K— + +
0—7r+

0—~—~+ ~+

Fraction (I;/I )

seen

seen

seen

seen
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A'„

BOTTOM (BEAUTY] BARYONS
(8 = —1)

A =udb = =usb = =dsbb ' b ' b

A~ DECAY MODES

These branching fractions are actually an average over weakly decaying
b-baryons weighted by their production rates in Z decay (or high-energy

p p), branching ratios, and detection efficiencies. They scale with the LEP
Ab production fraction B(b ~ Ab) and are evaluated for our value B(b ~
Ab) = (13.2 + 4.1)%.

0
6

E(l~) = 0( +) Status:

ln the quark model, a Ab is an isospin-0 udb state. The lowest Ab

ought to have J = 1/2+. None of I, J, or P have actually beenP
measured. Mode Fraction (I;/I )

The branching fractions B(Ab ~ AZ v~ anything) and B(Ab
A+I v~anything) are not pure measurements because the underlying

C
measured products of these with B(b ~ Ab) were used to determine
B(b ~ Ab), as described in the note "Production and Decay of b-Flavored
Hadron s."

These are actually measurements of the average lifetime of weakly decay-
ing b baryons weighted by generally unknown production rates, branching
fractions, and detection efficiencies. Presumably, the mix is mainly Ab,

with some =b and =b.
"OUR EVALUATION" is an average of the data listed below performed by the LEP
B Lifetimes Working Group as described in our review "Production and Decay of b-

flavored Hadrons" in the B+ Section of the Listings. The averaging procedure takes
into account correlations between the measurements and asymmetric lifetime errors.

VAL UE (10 s) EVTS DOCUMENT ID TECN COMMENT
1s14+0.08 OUR EVALUATlON

ABREU 960 DLPH Excess AE x+, decay
lengths

—0.17 ABREU 960 DLPH Excess Ap impact pa-
ra rn eters

960 DLPH Excess AcE, decay
lengths

1.156 0.12+0.06 AKERS 96 OPAL Excess AE, decay
lengths

1.21 ' +0.10—0.13 96 OPAL Excess AE, impact pa-
rameters

1.27 ' +0.09 ABREU 95S DLPH Excess py. , decay
lengths

AKERS 95x OPAL Excess /IcE, decay
lengths

290 BUSKULIC 95I ALEP Excess AE, impact pa-
rameters

44 BUSKULIC 951 ALEP Excess Acf, decay
lengths

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.25 +0.11+0.05 ABREU 96D DLPH Combined result
1.16k 0.11+0.06 AKERS 96 OPAL Combined result

1.04 0 38+0.10 ABREU 93F D LP H Excess A IE, decay
lengths

1.05+0'20 +0.08 157 8 AKERS 93 OPAL Excess AE, decay
lengths

1 ~ 12 ()'29+0 ~ 16 101 9 BUSKULIC 92[ ALEP Excess AE, impact pa-
rameters

5 Combined result of the three ABREU 96D methods and ABREU 95S.
Combined result of AKERS 96 impact parameter and decay length methods.
ABREU 93F superseded by ABREU 96D.
AKERS 93 superseded by AKERS 96.

9BUSKULIC 92[ superseded by BUSKULIC 95L.

ABREU

AKERS

69

AD~ MASS

VAL UE (Mev) EVTS DOCUMENT ID

5641+ 50 OUR AVERAGE

5640+ 50+30 16 ALBAJAR 91E UA1 pp 630 GeV

5640+—210 52 BARI 91 SFM A0 —+ pD0~
b

5650+'—200 90 BAR I 91 SFM A0 A+~+~-~-
b c

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

not seen 2 ABE 93B CDF pp 1.8 TeV
5750 4 ARENTON 86 FMPS A K 2'+ 27rS
5425+ 4 BASILE 81 SFM See BARI 91

ALBAJAR 91E claims 16+ 5 events above a background of 9 k 1 events, a significance
of about 5 standard deviations.
ABE 938 states that, based on the signal claimed by ALBAJAR 91E, CDF should have

found 30 + 23 Ab ~ J/@(1S)A events. Instead, CDF found not more than 2 events.

The decay of the Ab to the final state observed by ARENTON 86 is Cabibbo suppressed,

whereas the decay of a =b to this final state is aliowed. ARENTON 86 thus only claims

to have observed a baryon which probably has a b quark and has a D among the decay
products, not necessarily the Ab.0

"The first claim to have discovered the Ab was reported by BASILE 81. In contrast,

DRI JARD 82 reported no observation of Ab, and this led to some discussion in BASILE 82

and DRIJARD 82B. Further evidence for the Ab was again reported by the first authors

in BARI 91 (see above) in a second, upgraded experiment where two diff'erent Ab decay
modes were observed.

C2

l3
r4
l5
I6
I7

r8

J/tb(1S) A

p D0~-
A+~+~-~-

C

A K0 2m+ 2'
p p, v anything
AE vg anything
A+ E vg anything

A/ A anything

( 1.4+ 0.9) %
seen

seen

( 3.7+ 1.7) %

[a] ( 2.5 + 0.5) %

[aj (10.0 + 3.0) %

(17 + )I
[3] Not a pure measurement. See note at head of Aob Decay Modes.

A~ BRANCHING RATIOS

I (l/tI (1S)A)/I total
VALUE EVTS DOCUMENT ID TECN COMMENT

0.014d=0.00ad:0.004 16 ALBAJAR 916 UA1 J/@(1S) is+ p
ALBAJAR 916 rePorts 0.018 + 0.011 for B(b ~ Ab) = 0.10. We rescaie to our best

value B(b ~ Ab) = (13.2+ 4.1) x 10 . Our first error is their experiment's error and
our second error is the systematic error from using our best value.

r(It& )/rtot I

VALUE EVTS DOCUMENT ID TECN COMMEN T

SCOh 52 BARI 91 SF M D0 —h K a+
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

seen BASILE 81 SFM D h K ~+

I (A+sr+sr-sr-)/rt

I 2/I

VALUE EVTS

90

DOCUMENT ID

BARI

TECN COMMEN T

91 SFM A+ ~ pK ~+
C

I (AK 2sr+2sr )/I total
VALUE EVTS DOCIUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4 11 ARENTON 86 FMPS A K 2m+ 2xSseen

See the footnote to the ARENTON 86 mass value.

r4/r

DOCUMENT ID

I (A t s/E anythinII) /rtotal rs/r
The values and averages in this section serve only to show what values result if one
assumes our B(b ~ Ab). They cannot be thought of as measurements since the
underlying product branching fractions were also used to determinine B(b ~ Ab) as
described in the note on "Production and Decay of b-Flavored Hadrons. "

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.025+0.005 OUR AVERAGE

0.022+ 0.003 +0.007 AKERS 96 OPAL Excess of AE over AE+
0,023+0.005+0.007 262 ABREU 95s DLPH Excess of AE over AE+
0.046+0.009+0.014 290 15 BUSKULIC 95L ALEP Excess of A/J over A//+

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

seen 157 16 AKERS 93 OPAL Excess of AZ over A/+
0.053 3=0.016+0.016 101 1 BUSKULIC 92i ALEP Excess of AE, over AE+

AKERS 96 reports [B(Ab AE, vf anything) x B(b Ab)] = 0.00291 2 0.00023 6
0.00025. We divide by our best value B(b Ab) = (13.2 + 4.1) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value.

"ABREU 955 reports [B(APb AE vf anything) x B(b — Ab)] = 0.0030 3= 0.0006 3=

0.0004. We divide by our best value B(b ~ Ab) = (13.2 + 4.1) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value.

I (Pis t/anything)/I total I 0/I
VAL UE EVTS TECN COMM EN T

t0.037+ ' +0.012 125 12 ABREU 95s DLPH e+ e ~ Z

ABREU 955 rePorts [B(A PP, vanything) x B(b ~ /ib)] = 0.0049 +
0,0011 +()'gp1 1 We divide by our best value B(b Ab) = (13.2 + 4.1) x 10
Our first error is their experiment's error and our second error is the systematic error
from using our best value.
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n Q ~Q

b& —b& —b

] (A/Aattyth]ng)/I t»i
TECN COMMEN TVAL UE

O 17+0.09+0.OS—0.06
IABREU

ABREU 95C reports 0.28+0'12 for B(b Ab) = —0.08 6 0.02. We rescale to oor best+0.17

value B(b ~ A~) = (13.2 6 4.1) x 10 . Our first error is their experiment's error and
our second error is the systematic error from using our best value.

DOCUMENT !D

95C DLPH e+ e ~ Z

BUSKULIC 95L rePorts [B(Ab ~ Af vf anything) x B(b ~ Ab)] = 0.0061+0.0006+
0.0010. We divide by our best value B(b ~ A~) = (13.2+ 4.1) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value.

tAKERS 93 superseded by AKERS 96.
BLISKULIC 92I rePorts [B(Ab ~ Af vfanything) x B(b ~ Ab)] = 0.007D+0.0010+
0.0018. We divide by our best value B(b ~ A~) = (13.2 + 4.1) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value. Superseded by BUSKULIC 95L. t

] (y]+If- 1 gaftythiitg)/] totai ] 7/]
The values and averages in this section serve only to show what values result if one
assumes our B(b ~ A~). They cannot be thought of as measurements since the
underlying product branching fractions were also used to determinine B(b ~ A~) as
described in the note on "Production and Decay of b-Flavored Hadrons. "

VAL UE. EVTS DOCUMENT ID TECN COMMENT

0.100+0.030 OUR AVERAGE

0 089+0.0 +0 028 29 18 ABREU 95S DLPH e+ e —~ Z—0.025
I

0.11 +0.03 +0.04 55 BUSKULIC 95L ALEP e+ e ~ Z t
I ~ ~ We do not use the following data for averages, fits, limits, etc. o e ~

0.23 +0.09 +0.07 21 BUSKULIC 92E ALEP A+ h pK sr+ t
C

ABREU 955 reports [B(Ab ~ A f vf anything) x B(b Ab)] = D. 0118 6
0,0026 0'002 1 We divide by OL]r best value B(0 ~ Ap): (13 ~ 2 + 4 1) x 10
Our first error is their experiment's error and our second error is the systematic error
from using our best value.

19 BUSKULIC 951 rePorts [B(AD A+ 7 vf anything) x B(b Ab)] = 0.0151

0.0029 + 0.0023. We divide by our best value B(b ~ A~) = (13,2 4 4.1) x 10 . Our
first error is their experiment's error and our second error is the systematic error from
using our best value.

BUSKULIC 928 rePorts [B(Ab A f vf anything) x B(b ~ Ab)] = 0.030+0.007+
0.009. We divide by our best value B(b ~ A~) = (13.2 + 4.1) x 10 . Our first error
is their experiment's error and our second error is the systematic error from using our
best value. Superseded by BUSKUI IC 95L.

~Q
by ~ b

[(l~) = O(21+} StatuS:

ln the quark model, = & and =
&

are an isodoublet (us b, d s b) state;

the lowest =& and =& ought to have i = 1i2+. None of /, i, or
P have actually been measured.

:-y MEAN LIFE

This is actually a measurement of the average lifetime of b-baryons that
decay to a jet containing a same-sign =+e+ pair. Presumably the mix is

mainly =t, , with some A~.

VA L UE (10 12 s)

15+07+03—0.1

EVTS DOCUMENT /D

ABREU

TECN COMMENT

95V DLPH Excess = e, decay
lengths

=y DECAY MODES

Mode

I 1
=+ E+ ve anything

Fraction (I;/I )

seen

=y BRANCHING RATIOS

] (=+E+trgaityth]ng)/I tot, i

VALUE DOCUMENT ID

ABREU

TECN COMMENT

95V DLPH Excess = e over:--e+

ABREU 95V ZPHY C68 541

=y REFERENCES

+Adam, Adye, Agasi+ (DELPHI Collab. )

OMITTED FROM SUMMARY TABLE
ABREU 95V observe an excess of same-sign =+/+ events in jets,
which they interpret as =t, ~ = E ve X. They find that the prob-
ability for these events to come from non-b-baryon decays is less
than 5 x 10 and that At, decays can account for less than 10%
of these events.

Ao~ REFERENCES

ZPHY C (submitted) +Adam, Adye, Agasi+ (DELPHI Collab, )96D
P P E/96-21

96
95C
95S
95K
95L
938
93F
93
92E
92E
92l
92D
91E
91
86
82
82
828
81

ABREU
CERN-

AKERS
ABREU
ABREU
AKERS
BUSKULIC
ABE
ABREU
AKERS

Also
BUSK ULIC
BUSKULIC

Also
ALBAJAR
BARI
ARENTON
BASILE
DRIJARD
DRIJARD
BASI LE

Col]a b. )
Co]lab. )
Col]ab. )
Col]a b. )
Col]a b. )
Collab. )
Colla b. )
Collab. )
Col]a b. )
Coll a b. )
Coll a b, )
Collab. )
Col]ab. )
Co]lab. )
VAND)
Co]la b. )
WARS)
WARS)
Colla b. )

ZPHY C69 195
PL 8347 447
ZPHY C68 375
PL 8353 402
PL 8357 685
P R D47 R2639
PL 8311 379
PL 8316 435
PL 8281 394
PL 8294 145
PL 8297 449
PL 8278 209
PL 8273 540
NC 104A 1787
NP 8274 707
NC 68A 289
PL 1088 361
C E R N- E P /82-31
LNC 31 97

+Alexander, Allison, A]tekamp+ (OPAL
+Adam, Adye, Agasi+ (DELPHI
+Adam, Adye, Agasi+ (DELPHI
+Alexander, Allison, Aitekamp+ (OPAL
+Casper, De Bonis, Decamp+ (ALEPH
+Amidei, Anway-Wiese, Apollinari+ (CDF
+Adam, Adye, Agasi+ (DELPHI
+Alexander, Allison, Anderson+ (OPAL

Acton, Alexander, Allison, Allport+ (OPAL
+Decamp, Goy, Lees, Minard+ (ALEPH
+Decamp, Goy, Lees+ (ALEPH

Decamp, Deschizeaux, Goy+ (ALEPH
+-Albrow, Allkofer, Ankoviak+ (UA1
+Basile, Bruni, Cara Romeo+ (CERN R422
+Chen, Corrnell, Dieter]e+ (ARIZ, NDAM,
+Bonvicini, Romeo+ (CERN R415
+ (CERN, CDEF, DORT, HEIDH, LAPP,
+ (CERN, CDEF, DORT, HEIDH, LAPP,
+Bonvicini, Romeo+ (CERN R415
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SEARCHES FOR
MONOPOLES,

SUPERSYMMETRY,
COMPOSITENESS, etc.

Although the usual formulation of Maxwell's equations

suggests magnetic monopoles, no observed phenomenon requires

them for explanation [1]. A monopole anywhere in the universe

results in electric charge quantization everywhere, and leads to
the prediction of a least magnetic charge G = e/2o. , the Dirac

charge [2]. Recently monopoles have become indispensable in

many gauge theories, which endow them with a variety of

extraordinarily large masses.

Monopole detectors have predominantly used either induc-

tion or ionization. Induction experiments measure the mono-

pole magnetic charge and are independent of monopole electric

charge, mass, and velocity. Monopole candidate events (CABR-
ERA 82, CAPLIN 86) in single semiconductor loops have been

detected by this method, but no two-loop coincidence has been

observed. Ionization experiments rely on a magnetic charge

producing more ionization than an electrical charge with the

same velocity. However, the ability to distinguish a monopole

by ionization diminishes with velocity.

Cosmic rays are the most likely source of massive mono-

poles, since accelerator energies are insufhcient to produce

them. Evidence for such monopoles may also be obtained from

astrophysical observations.

This compilation is only a guide to the literature, since the

quoted experimental limits are often only indicative.

References

1. J.D. Jackson, CERN-77-17 (1977).
2. P.A. M. Dirac, Proc. Royal Soc. London A133, 60 (1931).

Monopole
X-SECT
(cm 2)

&3.E—37
&3.E—37
&7.E—35
&2.E—34
(1.2E —33
&1.E—37
&1.E—37
&1.E—38
&8.E—37
&1.3E—35
&9.E—37
&3.E—32
&3.E—38
&1.E—31
(4.E—38
&8.E—36
&9.E—37

Production
MASS
(ct-'v)

&510
&45.0
&41.6
&44.9
(850
(800
&29
&18
&17
&24
(22

&4
&800

&10
&20
&30

Cross S
CHG

(a)

1.0
2,0

0.2-1.0
& 0.5

& 1

1

2

&1
1

2

&0.15
& 1
&3
1,3
&6

&3

ection —Accelerator Searches
ENERGY

(GeV) BEAM EVTS

e+e
88 94 e+e 0
88—94 e+ e 0
89 93 e+e 0

1800 p p 0
1800 p p 0

50 61 e+e 0
50—61 e+ e 0

35 e+e 0
50 52 e+e 0
50—52 e+ e 0

10.6 e+ e 0
1800 p p 0

29 e+e 0
540 pp 0

34 e+ e 0
0

29 e+e 0

DOCUMENT ID

1 ACCIARRI

PINFOLD
P INFOL D

K I N OS H I TA
BE RTANI
PRICE
K INOSHITA

K I N OS H I TA

BRAUNSCH. ..
K I NOSH ITA

K I NOS H I TA

GENTILE
PRICE
FRYBERGER
AUBERT
MUSS ET

2 DELL
KI NOSH I TA

TECN

95C L3 I
93 PLAS
93 PLAS
92 PLAS
90 PLAS
90 PLAS
89 PLAS
89 PLAS
88B CNTR
88 PLAS
88 PLAS
87 C LEO
87 PLAS
84 PLAS
83B PLAS
83 PLAS
82 CMTR

82 PLAS

Magnetic Monopole Searches

MAGNETIC MONOPOLE SEARCHES

(by W. P. Trower, Virginia Polytechnic Institute and State
University)

&1.E—37
& l.E—37

&20
&30

&24
&3

&2

&10
&3

&24
&24

1

CARR IGAN 78
HOFFMANN 78

2 DELL 76
STEVFNS 76B

3 ZRELOV 76
2 BURKE 75
4 CARRIGAN 75

EBERHARD 75B
GIACO MELL I 75
CARR IGAN 74
CARRIGAN 73

3 BARTLETT 72
GUREVICH 72
AMALDI 63
PURCELL 63
F I D ECA RO 61
BRA DNER 59

10 (which is possible
cross section model.

0.8 x
limit via a

CNTR
PLAS
SPRK
SPRK
CNTR
OSPK
HLBC
IND U

PLAS
CNTR
CNTR
CNTR
EMUL
EMUL
CNTR
CNTR
EMUL

via a

Monopole
FL UX
(cm-2sr- 's-
&5.6E—15
(2.7E—15
&8.7E—15
&4.4E—12
&7.2E—13
&3.7E—15
&3.2E—16
&3.2E—16
&3.8E—13
&5.E—16
& 1.8E—14
&1E—18
&7.2E—13
&5.E—12
&1.E—13
&1.E—10
&2.E—13
&2.E—14
&2.E—14
&5.E—14
&2.E—13
&5.E—14
&5.E—12
&1.E—13
&7.E—11
&1.E—18
&5.E—12
&6.E—12
&6.E—10
&3.E—15
&2.E—21
&3.E—15
&5.E—12
&7.E—12
&7.E—13
&2.E—12
&6.E—13
&2.E—14
&4.E—13
&1.E—16
&1.E—13
&4.E—13

&4.E—13
&1.E—12
&3.E—13
&3.E—12
&4.E—11
&5.E—15
&8.E—15
&5.E—12
&2.E—12
&1.E—13
&2.E—12
6.E—10
&2.E—11
&2.E—15
&1.E—13

Flux—
MASS

I)(Gev)

Cosmic
CHG

(Ir)

1
1
1

1
1
1
1

23
1
1
1

& E12
&E10
&E10—E12

&E7

Ray Searches
COMM EN TS
(0 = v/c) EVTS

1.86—4 & j9 &3.E—3 0

P ~1x10 3 0
&2.E—3 0
all P 0
all P 0
P= l.E—4 0
P & 0.05 0

0
all P 0
P &1.E—3 0

P &1.1E—4 0
3.E—4 & P (15E—3 0
all P 0
3.E—4 & P &5.E—3
1.E—5&@&1
all P
1.E—4 & P &6.E—4
4.E—5 & P &2.E—4
1.E—3 &P &1
9.E—4 & P (1.E—2

4.E—4&/ &1
all P

7.E—4&@
all P
4.E—4 & P &1.E—3

5E—5&P&1E—3
P &1.E—3
1.E—3 & P (1.E—1
1.E—4&@&1

3.E—4 & t9

3.E—4 & P &1.E—1
5.E—4&@&1
1.E—3& P
6.E—4 ( P &2.E—3
3.E—4 & P &1.E—3
1.E—4&@
6.E—4 & P &2.E—3

1.E—2 & P (1.E—3
7E—3&@&1
1.E—3 ( P (4.E—1
5.E—4 & P &5.E—2

1.E—2 &@ &1
1.E—4 & P (1.E—1 0
1.E—4 & P &3.E—2
6.E—4&8 &1
@=3.E—3
7.E—3 & P (6.E—1
all P
1.E—2 & P (1.E—1
concentrator
1.E—3&@

DOCUMENT ID

5 AHLEN
6 BECKER-SZ

THRON
GARDNER
HUBER

7 ORITO
7ORITO
7 ORITO

HER MON
6 BEZRUKOV
8 BUCKLAND
9 GHOSH

HUBER
BARISH

6 BARTELT
EBISU
MASEK
NAKAMURA
NAKAMURA
SHEPKO
TSUKAMOT

94
94
92
91
91
91
91
91
90
90
90
90
90
87
87
87
87
87
87
87

0 87
10 CAPLIN

CRO MAR

HARA
INCANDELA

9 PRICE
BERMON
CA P L IN

EBISU
6 KAJITA

6,11 KAJITA
6 PARK

BATT ISTO N

INCANDELA
8 KA J INO

KAJINO
KAWAGOE

6 KRISHNA
LI SS

9 PRICE
PRICE
TAR LE

12 ANDERSON
BARTELT
BA RWI CK
BONA R EL L I

6 BOSETTI
CAB RERA
DOKE

6 ERREDE
GROOM
MASHIMO
ALEXEYEV
BONARELLI

13 CABRERA
M ASH I MO

BARTLETT
K I N OS H I TA

86
86
86
86
86
85
85
85
85
85
85B
84
84
84
84B
84
84
84
84
84B
84
83
83B
83
83
83
83
83
83
83
83
82
82
82
82
81
81B

TECN

MCRO
IMB
SOUD
INDU
IND U

PLAS
PLAS
PLAS
INDU
CHER
HEPT
MI CA

INDU
CNTR
SOUD
IND U

HEPT
PLAS
PLAS
CNTR
CNTR
INDU
IND U

CNTR
INDU
Ml CA
INDU
IND U

IND U

K AMI
KAMI
CNTR
NUSX
IND U

CNTR
CNTR
CNTR
CNTR
CNTR
MICA
PLAS
CNTR
EMUL
CNTR
PLAS
CNTR
CNTR
INDU
PLAS
IM8
CNTR
CNTR
CNTR
CNTR
IND U

CNTR
PLAS
PLAS

63 pp

(4.E—33 300 p
&1.E—40 &5 70 p
&2.E—30 300 n(l.E—38 8 v
(5.E—43 &12 400 p
(2.E—36 &30 60 pp
(5.E—42 &13 400 p
&6.E—42 &12 300 p
&2.E—36 .001
&1.E—41 &5 70 p
& l.E—40 &3 &2 28 p
&2.E—40 &3 &2 30 p(l.E—35 &3 &4 28 p
&2.E—35 &1 1 6 p

ACCIARRI 95C finds a limit B(Z ~ gpss)
monopole loop) at 95% CL and sets the mass
Multiphoton events.
Cherenkov radiation polarization.

4 Re-examines CERN neutrino experiments.
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&5.E—11 &E17 3.E—4 ( P &1.E—3 0 ULLMAN 81 CNTR
&2.E—11 concentrator 0 BARTLETT 78 PLAS
1.E—1 )200 2 14 PRICE 75 PLAS
&2.E—13 )2 0 FLEISCHER 71 PLAS
&l.E—19 &2 obsidian, mica 0 FLEISCHER 69C PLAS
&5.E—15 &15 &3 concentrator 0 CARITHERS 66 ELEC
&2.E—11 &1—3 concentrator 0 MALKUS 51 EMUL

5AHLEN 94 limit for dyons extends down to /=0. 9E—4 and a limit of 1.3E—14 extends
to P = 0,8E—4. Aso see comment by PRICE 94 and reply of BARISH 94. One loophole
in the AHLEN 94 result is that in the case of monopoles catalyzing nucleon decay,
relativisitic particles could veto the events. New electronics will remove this possibility.

6 Catalysis of nucleon decay; sensitive to assumed catalysis cross section.
ORITO 91 limits are functions of velocity. Lowest limits are given here.
Used DKMPR mechanism and Penning effect.

9Assumes monopole attaches fermion nucleus.
Limit from combining data of CAPLIN 86, BERMON 85, INCANDELA 84, and CABR-
ERA 83. For a discussion of controversy about CAPLIN 86 observed event, see GUY 87.
Also see SCHOUTEN 87.
Based on lack of high- energy solar neutrinos from catalysis in the sun.

2 Anomalous iong-range a ( He) tracks.
CABRERA 82 candidate event has single Dirac charge within +5'/p.
ALVAREZ 75, FLEISCHER 75, and FRIEDLANDER 75 explain as fragmenting nucleus.
EBERHARD 75 and ROSS 76 discuss conflict with other experiments. HAGSTROM 77
reinterprets as antinucleus. PRICE 78 reassesses.

E15

& E21
E19

Monopole Density —Matter Searches
CHG

DENSI TY (g) MATERIA L

&6.9E—6/gra m )1/3 Meteorites a nd other
&2.E—7/gra m )0.6 Fe ore)l.E—14/gram )1/3 iron aerosols
&6.E—4/gra m air, seawater
&5.E—1/gram )0.04 11 materials
&2.E—4/gram &0.05 moon rock
&6.E—7/gra m &140 seawater
&1.E—2/gram &120 manganese nodules

& 1.E—4/gra m &0 manganese
&2.E—3/gram &1—3 magnetite, meteor
&2.E—2/gra rn meteorite

18 Mass 1 x ]014 1 x ]Q17 G

EVTS

0
0

&1
0
0
0
0
0
0
0
0

DOC UM EN T ID

JEON
18 EBISU

M I K H A I LOV
CARRIGAN
CABRERA
ROSS
KOLM
FLEISCHER
FLEISCHER
GOTO
PETUKHOV

TECN

95 INDU

87 IN DU

83 SPEC
76 CNTR
75 INDU

73 INDU

71 CNTR
69 PLAS
69B PLAS
63 EMUL
63 CNTR

Monopole Density —Astrophysics
CHG

DENSITY (g) MA TERIA L

& l.E—9/gram 1 sun, catalysis
&6.E—33/nucl 1 moon wake

(2.E—28/nuc I earth heat
&2.E—4/prot 42cm absorption
&2.E—13/m 3 moon wake

Catalysis of nucleon decay.

EVTS DOCUMEN T ID

19 ARAFUNE
SCHATTEN
CARRIGAN
BRODERICK
SCHATTEN

TECN

83 COSM
83 ELEC
80 COSM
79 COSM
70 ELEC

REFERENCES FOR Magnetic Monopole Searches

ACCIARRI
JEON
AHLEN
BARISH
BECKER-SZ
PRICE
ADAMS
PINFOLD
K IN OS Hl TA
THRON
GARDNER
HUBER
ORITO
BERMON
BERTANI
BEZRUKOV

95C
95
94
94
94
94
93
93
92
92
91
91
91
90
90
90

PL 8345 609
PRL 75 1443
PRL 72 608
PRL 73 1306
PR D49 2169
PRL 73 1305
PRL 70 2511
PL B316 407
P R D46 R881
P R D46 4846
PR D44 622
PR D44 636
PRL 66 1951
PRL 64 839
EPL 12 613
SJNP 52 54
Translated from YAF

+Adam, Adriani, Aguilar-Benitez+ (L3 Collab. )
Jeon, Longo (MICH)

+Ambrosio, Antolini, Auriemma+ (MACRO Collab. )
+Giacomelli, Hong (CIT, BGNA, BOST)

Becker-Szendy, Bratton, Breault, Casper+ (IMB Collab. )
(UCB}

+Fatuzzo, Freese, Tarle+ (MICH, FNAL)
+Du, Kinoshita, Lorazo+ (ALBE, HARV, MONT, UCB)
+Du, Giacomelli, Patriziili+ (HARV, BGNA, REHO)
+Allison, Alner, Ambats+ (SOUDAN-2 Collab. )
+Cabrera, Huber, Taber (STAN)
+Cabrera, Taber, Gardner (STAN)
+Ichinose, Nakamura+ (ICEPP, WASCR, NIHO, ICRR)
+Chi, Tsuei+ (IBM, BNL)
+Giacomelli, Mondardini, Pal+ (BGNA, INFN)
+Belolaptikov, Bugaev, Budnev+ (INRM)

52 86.

Monopole Flux —Astrophysics
FLUX MASS CHG COMMENTS
(cm sr s ) (GeV) ~ (P = v/c) EVTS DOC UMEN T ID TECN

&1.E—16 E17 1 galactic field 0 1 ADAMS 93 COSM
& l.E—23 Jovian planets 16 ARAFUNE 85 COSM
&1.E—16 solar trapping 0 BRACCI 85B COSM
&1.E—18 1 0 16 HARVEY 84 COSM
&3.E—23 neutron stars KOLB 84 COSM
&7.E—22 pulsars 0 FREESE 83B COSM
&1.E—18 & E18 1 intergalactic field 0 16 REPHAELI 83 COSM
&1.E—23 neutron stars 0 DIMOPOUL. .. 82 COSM
&5.E—22 neutron stars 0 KOLB 82 COSM
&5.E—15 galactic halo SALPETER 82 COSM
&1.E—12 @=3.E—3 0 TURNER 82 COSM
(1.E—16 1 galactic field 0 PARKER 70 COSM

ADAMS 93 limit based on "survival and growth of a small galactic seed field" is

10 (m/10 GeV) cm s sr . Above 1Q GeV, limit 10 (10 GeV/rn)
cm s sr (from requirement that monopole density does not overclose the uni-
verse) is more stringent.
Catalysis of nucleon decay.
Re-evaluates PARKER 70 limit for GUT monopoles.
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SUP ERSYMMETRY

(by H. F. Haber, Univ. of California, Santa Cruz)

A. Introduction: Supersymmetry is a generalization of the

space-time symmetries of quantum fleld theory that transforms

fermions into bosons and vice versa. It also provides a frame-

work for the unification of particle physics and gravity, which

takes place at an energy of order the Planck scale ( 10

GeV) [1—3]. However, supersymmetry is clearly not an exact,

symmetry of nature, and therefore must be broken. In theories

of "low-energy" supersymmetry, the efFective scale of super-

symmetry breaking is tied to the electroweak scale [4—6]. In

this way, it is hoped that supersymmetry will ultimately ex-

plain the origin of the large hierarchy between the W and Z
masses and the Planck scale. At present, there are no un-

ambiguous experimental results that require the existence of
low-energy supersymmetry. However, if experimentation at fu-

ture colliders uncovers evidence for supersymmetry, this would

have a profound efFect on the study of TeV-scale physics and

the development of a more fundamental theory of mass and

symmetry-breaking phenomena in particle physics.

B. Structure of the MSSM: The minimal supersymrnetric

extension of the Standard Model (MSSM) consists of taking the

Standard Model and adding the corresponding supersymmetric

partners [7]. In addition, the MSSM contains two hypercharge
Y = +1 Higgs doublets, which is the minimal structure for

the Higgs sector of an anomaly-free supersymmetric extension

of the Standard Model. The supersymmetric structure of the

theory also requires (at least) two Higgs doublets to generate

mass for both "up"-type and "down"-type quarks (and charged

leptons) [8,9]. All renormalizable supersymmetric interactions
consistent wit, h (global) B I conservation (B —=baryon number

and L =lepton number) are included. Finally, the most general

soft-supersymmetry-breaking terms are added [10].
If supersymmetry is relevant for explaining the scale of elec-

troweak interactions, then the mass parameters that occur in

the soft-supersymmetry-breaking terms must be of order 1 TeV
or below [11]. Some bounds on these parameters exist due to
the absence of supersymmetric-particle production at current
accelerators (see the Particle Listings following this note). Ad-

ditional constraints arise from limits on the contributions of

virtual supersymmetric particle exchange to a variety of Stan-
dard Model processes [12]. The impact of precision electroweak
measurements at LEP and SLC on the MSSM parameter space
is discussed briefly at the end of this note.

As a consequence of B—L invariance, the MSSM possesses
a discrete R-parity invariance, where R = (—1)st+ ~)+2~ for a
particle of spin S [13]. Note that this formula implies that,

all the ordinary Standard Model particles have even R-parity,
whereas the corresponding supersymmetric partners have odd

R-parity. The conservation of R-parity in scattering and decay
processes has a crucial impact on supersymmetric phenomenol-

ogy. For example, starting from an initial state involving ordi-

nary (R-even) particles, it follows that supersymmetric parti-
cles must be produced in pairs. In general, these particles are

highly unstable and decay quickly into lighter states. However,

R-parity invariance also implies that the lightest supersymmet-
ric particle (LSP) is absolutely stable, and must eventually be

produced at the end of a decay chain initiated by the decay of
a heavy unstable supersymmetric particle.

In order to be consistent with cosmological constraints,
the LSP is almost certainly electrically and color neutral [14].
Consequently, the LSP is weakly-interacting in ordinary matter,
i.e. it behaves like a stable heavy neutrino and will escape
detectors without being directly observed. Thus, the canonical
signature for (R-parity conserving) supersymmetric theories is

missing (transverse) energy, due to the escape of the LSP.
Some model builders attempt to relax the assumption of

A-parity conservation. Models of this type must break B—L
and are therefore strongly constrained by experiment [15].
Nevertheless, it is still important to allow for the possibility of

R-parity violating processes in the search for supersymmetry.
In such models, the LSP is unstable and sup ersymmetric

particles can be singly produced and destroyed in association
with B or L violation, These features lead to a phenomenology

of broken-B-parity models that is very different from that of
the MSSM.

In the MSSM, supersymmetry breaking is accomplished by
including the soft-supersymmetry breaking terms mentioned
earlier. These terms parametrize our ignorance of the funda-

mental mechanism of supersymmetry breaking. If this breaking
occurs spont, aneously, then (in the absence of supergravity) a
massless Goldstone fermion called the goldstino (t ) must ex-

ist. The goldstino would then be the LSP and could play
an important role in supersymmetric phenomenology [16]. In

models that incorporate supergravity, this picture changes. If
supergravity is spontaneously broken, the goldstino is absorbed
("eaten") by the gravitino (gsi2), the spin-3/2 partner of the
graviton [17]. By this super-Higgs mechanism, the gravitino

acquires a mass (msg2). In many models, the gravitino mass
is of order the electroweak-symmetry-breaking scale, while its
couplings are gravitational in strength [1,18]. Such a grav-

itino would play no role in supersymmetric phenomenology at
colliders.
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at tree-level by supersymmetry-breaking). As a result, , tan P
[defined in Eq. (1)] and one Higgs mass determine: the Higgs

spectrum, an angle o. [which indicates the amount of mixing

of the original Y = +1 Higgs doublet states in the physical
CP even -scalars], and the Higgs boson couplings.

When one-loop radiative corrections are incorporated, ad-

ditional parameters of the supersymmetric model enter via

virtual loops. The impact of these corrections can be signif-

icant [22,23]. For example, at tree-level, the MSSM predicts

mHo & mz [8,9]. If true, this would imply that experiments to
1

be performed at LEP-2 operating at its maximum energy and

luminosity would rule out the MSSM if H& were not found.

However, this Higgs mass bound can be violated when the
radiative corrections are incorporated. For example, in Ref. 22,
the following approximate upper bound was obtained for m&0

1

(assuming m&o ) mz) in the limit, of mz « mt « M-, [where

top-squark (tI, tlat) mix—ing is neglected]

The parameters of the MSSM are conveniently described

by considering separately the supersymmetry-conserving sector
and the supersymmetry-breaking sector. A careful discussion

of the conventions used in defining the MSSM parameters can

be found in Ref. 19. Among the parameters of the super-

symmetry conserving sector are: (i) gauge couplings: g„g,
and g', corresponding to the Standard Model gauge group

SU(3) x SU(2) x U(1) respectively; (ii) Higgs-Yukawa couplings:

A„A~, and Ag (which are 3 x 3 matrices in flavor space); and

(iii) a supersymmetry-conserving Higgs mass parameter p.
The supersymmetry-breaking sector contains the follow-

ing set of parameters: (i) gaugino Majorana masses Ms, Mg

and Mi associated with the SU(3), SU(2), and U(1) sub-

groups of the Standard Model; (ii) scalar mass matrices for the

squarks and sleptons; (iii) Higgs-squark-squark trilinear inter-

action terms (the so-called "A-parameters") and corresponding

terms involving the sleptons; and (iv) three scalar Higgs mass

parameters —two diagonal and one oK-diagonal mass terms for

the two Higgs doublets. These three mass parameters can be

re-expressed in terms of the two Higgs vacuum expectation

values, v~ and v2, and one physical Higgs mass. Here, vp

(v2) is the vacuum expectation value of the Higgs field which

couples exclusively to down-type (up-type) quarks and leptons.

Note that vi + v22
——(246 GeV) is fixed by the W mass (or

equivalently by the Fermi constant GF), while the ratio

2 43g mz
mH mz+

1 ~mw

(2)™z
More refined computations (which include t, he eff'ects of top-

squark mixing, renormalization group improvement, and the

leading two-loop contributions) yield m&o & 125 GeV for mt ——
1

175 GeV and a top-squark mass of M- = 1 TeV [24]. Clearly,

the radiative corrections to the Higgs masses have a significant

impact on the search for the Higgs bosons of the MSSM at
LEP [25].

tail/ = vo/vi

is a free parameter of the model.

The supersymmetric constraints imply that the MSSM

Higgs sector is automatically CP-conserving (at tree-level).

Thus, tan P is a real parameter (conventionally chosen to

be positive), and the physical neutral Higgs scalars are CP
eigenstates. Nevertheless, the MSSM does contain a number of

possible new sources of CP violation. For example, gaugino-

mass parameters, the A-parameters, and p, may be complex.

Some combination of these complex phases must be less than

of order 10 2—10 s (for a supersymmetry-breaking scale of

100 GeV) to avoid generating electric dipole moments for the

neutron, electron, and atoms in conflict with observed data [20].
However, these complex phases have little impact on the direct

searches for supersymmetric particles, and are usually ignored

in experimental analyses.

D. Supersymmetric-particle spectrum: Consider next the

supersymmetric-particle sector of the MSSM. The supersym-

metric partners of the gauge and Higgs bosons are fermions,

whose names are obtained by appending "ino" at the end of the

corresponding Standard Model particle name. The gluino is the

color octet Majorana fermion partner of the gluon with mass
M- = IMsl. The supersymmetric partners of the electroweak

g

gauge and Higgs bosons (the gauginos and Higgsinos) can mix.

As a result, the physical mass eigenstates are model-dependent

linear combinations of these states, called charginos and neu-

tralinos, which are obtained by diagonalizing the corresponding

mass matrices. The chargino-mass matrix depends on M2, p, ,

tanP and miv [26].
The corresponding chargino-mass eigenstates are denoted

~+ ~+
by X& and X2, with masses

M2 1
p

2 + M2 2 + 2m2
Xl,X2

(Is I'+ IM21'+ 2m') —4ls I' M~I'

- 1/2
—4m' sin 2P + gmiv sin 2i3 Re(pM2), (3)

where the states are ordered such that M—+ & M-+. If CP-
X] X2

violating etfects are ignored (in which case, M2 and p are real

C. The Higgs sector of the MSSM: Before describing the

supersymmetric-particle sector, let us consider the Higgs sector

of the MSSM [21]. There are five physical Higgs particles in

this model: a charged Higgs pair (H+), two CP even neutral-
Higgs bosons (denoted by Hi and H2 where m&o & mrro) and

1 2

one CP odd neutral Higgs bo-son (Ao). The properties of the

Higgs sector are determined by the Higgs potential which is

made up of quadratic terms [whose squared-mass coefficients

were mentioned above Eq. (1)] and quartic interaction terms.

The strengths of the interaction terms are directly related to
t, he gauge couplings by supersymmetry (and are not aff'ected
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parameters), then one can choose a convention where tan P and

M2 are positive. (Note that the relative sign of M2 and p is

meaningful. The sign of p is convention-dependent; the reader

is warned that both sign conventions appear in the literature. )
The sign convention for p implicit in Eq. (3) is used by the LEP
collaborations [27] in their plots of exclusion contours in the M2~+vs. p plane derived from the non-observation of Z ~
The neutralino mass matrix depends on Mi, M2, p, tang,
mz, and the weak mixing angle 8iv [26]. The corresponding-0
neutralino eigenstates are usually denoted by X, (i = 1, . . . 4),
according to the convention that M 0 & M o & M 0 & M 0.

X] X2 X3 X4
If a chargino or neutralino eigenstate approximates a particular

gaugino or Higgsino state, it may be convenient to use the

corresponding nomenclature. For example, if M1 and M2 are
-0

small compared to mz (and p), then the lightest neutralino Xi
will be nearly a pure photino, p (the supersymmetric partner of
the photon).

It is common practice in the literature to reduce the su-

persymmetric parameter freedom by requiring that all three

gaugino-mass parameters are equal at some grand unification

scale. Then, at the electroweak scale, the gaugino-mass param-
eters can be expressed in terms of one of them (say, M2). The
other two gaugino-mass parameters are given by

Ms = (g,'/g')M2, Mi = (5g' /3g )M2 .

Having made this assumption, the chargino and neutralino

masses and mixing angles depend only on three unknown

parameters: the gluino mass, y, , and tan P. However, the

assumption of gaugino-mass unification could prove false and

must eventually be tested experimentally.

The supersymmetric partners of the quarks and leptons are

spin-zero bosons: the squarks, charged sleptons, and sneutrinos.
For a given fermion f, there are two supersymmetric partners fl,
and fir which are scalar partners of the corresponding left and

right-handed fermion. (There is no vii. ) However, in general,

fl, and fbi are not mass-eigenstates since there is fl, fir mixing-
which is proportional in strength to the corresponding element

of the scalar mass-squared matrix [28]:

md(Ad —p, tang), for "down"-type f
m~(A„—p, cot P), for "up"-type f, (5)

where mg (m„)is the mass of the appropriate "down" ("up")
type quark or lepton. Here, Ag and A are (unknown) soft-

supersymmetry-breaking A—parameters and p, and tang have

been defined earlier. The signs of the A parameters are also

convention-dependent; see Ref. 19. Due to the appearance of
the fermion mass in Eq. (5), one expects Ml, li to be small

compared to the diagonal squark and slepton masses, with the

possible exception of the top-squark, since m~ is large, and the
bottom-squark and tau-slepton if tang )) 1.

The (diagonal) L an-d R-type squark and slepton masses

are given by [2]

M- = M-+ m + mz cos 2P( ———sm 8gr)2 2 2 2 1 2 ~ 2
tt 2 3

M- = M-+ m + smzcos2Psin 8'
M = M + md —mz cos 2P( siii 8~)2 = 2 2 2 1 1 ~ 2

Q 2 3 (8)

M— = M- + m& —-mz cos 2P sin 8'2 2 2 1 2 ~ 2
d~ D 3 (9)

M- = M- + 2mz cos 2P2 2 1 2
L (1O)

M- = M- + m —mz cos 2P( ——sin 8~)2 2 2 2 1 2

eL, 2

M- = M-+ m, —mzcos2P sin 8' .2 2 2 2 ~ 2

&a (12)

The soft-supersymmetry-breaking parameters: M-, M-, M-,
M-, and M- are unknown parameters. In the equations above,
the notation of first generation fermions has been used and gen-

erational indices have been suppressed. Further complications
such as intergenerational mixing are possible, although there
are some constraints from the nonobservation of favor-changing
neutral currents (FCNC) [29].

E Reducin. g the MSSM parameter freedom: One way to
guarantee the absence of significant FCNC's mediated by virtual

supersymmetric-particle exchange is to posit that the diagonal

soft-supersymmetry-breaking scalar squared-masses are univer-

sal in flavor space at some energy scale (normally taken to be at
or near the Planck scale) [5,30,31]. Renormalization group evo-

lution is used to determine the low-energy values for the scalar
mass parameters listed above. This assumption substantially
reduces the MSSM parameter freedom. For example, super-

symmetric grand unified models with universal scalar masses

at the Planck scale typically give [32] M— M- ( M-—
L E QM- = M- with the squark masses somewhere between a factor

of 1—3 larger than the slepton masses (neglecting generational

distinctions). More specifically, t, he first two generations are

thought to be nearly degenerate in mass, while M- and
Q3M- are typically reduced by a factor of 1—3 from the other

U3

soft-supersymmetry-breaking masses because of renormalization

effects due to the heavy top quark mass.

As a result, four flavors of squarks (with two squark eigen-

states per flavor) and be will be nearly mass-degenerate and

somewhat heavier than six flavors of nearly mass-degenerate

sleptons (with two per flavor for the charged sleptons and one

per flavor for the sneutrinos). On the other hand, the bL, mass

and the diagonal tL and t~ masses are reduced compared to
the common squark mass of the first two generations. In ad-

dition, third generation squark masses and tau-slepton masses

are sensitive to the strength of the respective fl, fit mixing as-
discussed below Eq. (5).

Two additional theoretical frameworks are often introduced
to reduce further the MSSM parameter freedom [1,2, 33]. The
first involves grand unified theories (GUTs) and the desert
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hypothesis (i en.o new physics between the TeV-scale and the

GUT-scale). Perhaps one of the most compelling hints for low-

energy supersymmetry is the unification of SU(3) x SU(2) xU(1)
gauge couplings predicted by supersymmetric GUT mod-

els [5,34] (with the supersymmetry breaking scale of order

1 TeV or below). The unification, which takes place at an

energy scale of order 10 GeV, is quite robust (and depends

weakly on the details of the GUT-scale theory). For example, a

recent analysis [35] finds that, supersymmetric GUT unification

implies that o, (mz) = 0.129 + 0.010, not including threshold

corrections due to GUT-scale particles (which could diminish

the value of a, (mz)). This result is compatible with the world

average of n, (mz) = 0.118 + 0.003 as quoted by the Particle

Data Group. In contrast, gauge coupling unification in the sim-

plest nonsupersymmetric GUT models fails by many standard

deviations [36].
Grand unification can impose additional constraints through

the unification of Higgs-fermion Yukawa couplings (Ay). There

is some evidence that Ag = A leads to good low-energy phe-

nomenology [37], and an intriguing possibility that in the MSSM

(in the parameter regime where tan P = mt/mt, ) A~ = A = Ai

may be phenomenologically viable [38]. However, such uni-

fication constraints are GUT-model dependent, and do not

address the origin of the first and second generation fermion

masses and the CKM mixing matrix. Finally, grand unifica-

tion imposes constraints on the soft-supersymmetry-breaking

parameters. For example, gaugino-mass unification leads to

the relations given in Eq. (4). Diagonal squark and slepton

soft-supersymmetry-breaking scalar masses may also be unified

at the GUT scale (analogous to the unification of Higgs-fermion

Yukawa couplings).
In order to further reduce the number of independent soft-

supersymmetry-breaking parameters (with or without, grand

unification), an additional simplifying assumption is required.

In the minimal supergravity theory, the soft-supersymmetry-

breaking parameters are often taken to have the following simple

form. Referring to the parameter list given above Eq. (1), the

Planck-scale values of the soft-supersymmetry-breaking terms

depend on the following minimal set of parameters: (i) a

universal gaugino mass mt/~, (ii) a universal diagonal scalar-

mass parameter mo [whose consequences were described at

the beginning of this section]; (iii) a universal A-parameter,

Ao, and (iv) three scalar Higgs mass parameters —two com-

mon diagonal-squared masses given by [ye ]
+ m& and an

off-diagonal-squared mass given by Bopo (which defines the

Planck-scale supersymmetry-breaking parameter Bo), where po

is the Planck-scale value of the p,-parameter.

As before, renormalization group evolution is used to com-

pute the low-energy values of the supersymmetry-breaking pa-

rameters and determines the supersymmetric-particle spectrum.

Moreover, in this approach, electroweak symmetry breaking is

induced radiatively if one of the Higgs diagonal-squared masses

is forced negative by the evolution. This occurs in models

with a large Higgs-top quark Yukawa coupling (i e. large mi). .

As a result, the two Higgs vacuum expectation values (or
equivalently, mz and tan t9) can be expressed as a function of
the Planck-scale supergravity parameters. The simplest proce-

dure [32] is to remove pic and Bo in favor of mz and tan/I (the

sign of po is not fixed in this process). In this case, the MSSM

spectrum and its interactions are determined by mp, Ap, mi/2,
t, anP, and the sign of pti (in addition to the parameters of

t, he Standard Model). However, the minimal approach above

is probably too restrictive. Theoretical considerations suggest

that the universality of Planck-scale soft-supersymmetry break-

ing parameters is not generic [39]. In the absence of a fun-

damental theory of supersymmetry breaking, further progress

will require a detailed knowledge of the supersymmetric-particle

spectrum in order to determine the nature of the P lanck-scale

parameters. Of course, any of the theoretical assumptions de-

scribed in this section could be wrong and must eventually be

tested experimentally.

E. The MSSM and precision of electrouieak data: The
MSSM (with or without constraints imposed from the theory

near the Planck scale) provides a framework that can be tested

by precision electroweak data. The level of accuracy of the

measured Z decay observables at LEP and SLC is sufficient to
test the structure of the one-loop radiative corrections of the

electroweak model [40], and is thus potentially sensitive to the

virtual effects of undiscovered particles. Combining the most

recent, LEP and SLC electroweak results [41] with the recent top-

quark mass measurement at the Tevatron [42], a weak preference

is found [41,43] for a light Higgs boson mass of order mz, which

is consistent with the MSSM Higgs mass upper bound previously

noted. Moreover, for Z decay observables, the effects of virtual

supersymmetric-particle exchange are suppressed by a factor

of mz/Ms&&&, and therefore decouple in the limit of large

supersymmetric-particle masses. It follows that for M&USY )
mz (in practice, it, is sufficient to have all supersymmetric-

particle masses above 200 GeV) the MSSM yields an equally

good fit to the precision electroweak data as compared to the

Standard Model fit.

On the other hand, there are a few tantalizing hints in the

data for deviations from Standard Model predictions. Indeed,

if R~ =—I (Z ~ bb)/I'(Z ~ hadrons) is confirmed to lie above its

Standard Model prediction due to the presence of new physics,

then a plausible candidate for the new physics would be the

MSSM with some light supersymmetric particles (e.g. a light

chargino and top-squark and/or a light CP-odd scalar, A") close

in mass to their present LEP bounds [44,45]. Such a scenario

would be tested by the search for supersymmetric particles at
LEP-2 and the Tevatron.

. Beyond the MSSM: Nonminimal versions of low-energy

supersymmetry can also be constructed. These models add

additional matter and/or gauge super-multiplets to the MSSM

(at the TeV scale or below). Experimental and theoretical con-

straints place some restrictions on these approaches, although

no comprehensive treatment has yet appeared in the literature.
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MINIMAL SUP ERSYMMETRI C
STANDARD MODEL ASSUMPTIONS

All results shown below (except where stated otherwise) are based on the
Minimal Supersymmetric Standard Model (MSSM) as described in the
Note on Supersymmetry. This includes the assumption that R-parity is

conserved. In addition the following assumptions are made in most cases:

1) The & (or p) is the lightest supersymmetric particle (LSP).1
2) m- = m- where fI and fR refer to the scalar partners of left-and

fL fR
right- ha n ded ferm ions.

Limits involving different assumptions either are identified with comments
or are in the miscellaneous section.

When needed, specific assum ptions of the eigenstate content of neutralinos
and charginos are indicated (use of the notation p (photino), H (Higgsino),
W (w-ino), and Z (z-ino) indicates the approximation of a pure state was

made).

Pr (Lightest Neutraiino) MASS LIMIT

&1 is likely to be the lightest supersymmetric particle (LSP). See also the &&, &3 +4
section below.

We have divided the X listings below into three sections: 1) Accelerator limits for1
X

1 2) Bounds on &
1 from dark matter searches, and 3) Other bounds on &

1 from
astrophysics and cosmology.

Bounds on P1 from dark matter searches
These papers generally exclude regions in the M2 —p, parameter plane assuming that
X is the dominant form of dark matter in the galactic halo. These limits are based1
on the lack of detection in laboratory experiments or by the absence of a signal in

underground neturino detectors. The latter signal is expected if &1 accumlates in the
Sun or the Earth and annihilates into high-energy v's.

VAL UE DOCUMENT ID TECN

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ e ~

8 MORI 93 KAMI
9 BOTTINO 92 COS M

BOTT IN 0 91 RV U E
GELMINI 91 COSM
KA M I O NKOW. .91 RV U E

'3 MORI 918 KAMI

none 4—15 GeV 1 OLIVE 88 COSM
8 MORI 93 excludes some region in M2 —p, parameter space depending on tang and lightest

scalar Higgs mass for neutralino dark matter m-p &m W, using limits on upgoing muons

produced by energetic neutrinos from neutralino annihilation in the Sun and the Earth.
9 BOTTINO 92 excludes some region M2-p parameter space assuming that the lightest

neutralino is the dark matter, using upgoing muons at Kamiokande, direct searches by
Ge detectors, and by LEP experiments. The analysis includes top radiative corrections
on Higgs parameters and employs two different hypotheses for nucleon-Higgs coupling.
Effects of rescaling in the local neutralino density according to the neutralino relic abun-
dance are taken into account.

10 BOTTINO 91 excluded a region in M2 —Itt plane using upgoing muon data from Kamioka
experiment, assuming that the dark matter surrounding us is composed of neutralinos
and that the Higgs boson.
GELMINI 91 exclude a region in M2 —It plane using dark matter searches.

KAMIONKOWSKI 91 excludes a region in the M2 —p plane using IMB limit on upgoing
muons originated by energetic neutrinos from neutralino annihilation in the sun, assuming

that the dark matter is composed of neutralinos and that m p
+ 50 GeV. See Fig. 8

H
1

in the paper.
13 MORI 918 exclude a part of the region in the M2 —p, plane with m+ + 80 GeV using

1
a limit on upgoing muons originated by energetic neutrinos from neutralino annihilation
in the earth, assuming that the dark matter surrounding us is composed of neutralinos

and that m p
+ 80 GeV.H' ~

1

"OLIVE 88 result assumes that photinos make up the dark matter in the galactic halo,
Limit is based on annihilations in the sun and is due to an absence of high energy
neutrinos detected in underground experiments. The limit is model dependent.

Other bounds on P1 from astrophysics and cosmology
Most of these papers generally exclude regions in the M2 —p, parameter plane by

requiring that the & contribution to the overall cosmological density is less than1
some maximal value to avoid overclosure of the Universe. Those not based on the
cosmological density are indicated. Many of these papers also include LEP and/or
other bounds.

VAL UE

none 100 eV —15 GeV

DOCUMENT ID TECN COM MEN T

SREDNICKI 88 COSM $; m-=100 GeVf

Accelerator limits for P1
These papers generally exclude regions in the M2 —p parameter plane based on accel-
erator experiments. Unless otherwise stated, these papers assume minimal supersym-
metry and GUT relations (gaugino-mass unification condition).

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

)23 I95
ACCIARRI 95E L3 tang &3

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 0 FRANKE 94 RVUE X mixed with a singlet1
&20 95 DECAMP 92 ALEP tang )3
&18.8 4 BAER 91 RVUE tang ) 16
&18.4 90 5 HIDAKA 91 RVUE
& (10—13) 90 ROSZKOWSKI 90 RVUE tang & 1

&5 90 7 HEARTY 89 ASP p', for m- (55 GeV

ACCIARRI 95E limit for tang &2 is 20 GeV, and the bound disappears if tanp 1.
2FRANKE 94 reanalyzed the LEP constraints on the neutralinos in the MSSM with an

additional singlet.
DECAMP 92 limit for tang &2 is m)13 GeV.
BAER 91 limit obtained from LEP and preliminary CDF results assuming tang & 1.6.

5 HIDAKA 91 limit obtained from LEP and preliminary CDF limits on the gluino mass (as
analyzed in BAER 91).

6 ROSZKOWSKI 90 limit obtained from ALEPH and CDF/UA2 results assuming tang &
1.

7 HEARTY 89 assumed pure p eigenstate and m- = m- . There is no limit for m- &58e
GeV. Uses e+e ~ gpss. No GUT relation assumptions are made.
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~ ~ i We do not use the following data for averages, fits, limits,
15 FALK 95 COSM

DREES 93 COSM
FALK 93 COSM
KELLEY 93 COSM
MIZUTA 93 COSM
ELLIS 92F COSM
K AWASA K I 92 COS M

LOPEZ 92 COSM

eic. ~ ~ ~

CP-violating phases
Minim a I supergravity
Sfermion mixing
Minimal supergravity
Co-a nnihil ation
Minim al supergravity
Minimal supergravity,

mO
——A=O

Minimal supergravity,
mO

—A=O
MCDONALD 92 COSM
NO J IRI 91 COSM Minimal supergravity

16 OLIVE 91 COSM
ROSZKOWSKI 91 COSM
ELLIS 90 COSM
GR I EST 90 COSM

18 GRIFOLS 90 ASTR p', SN 1987A
K RAUSS 90 COSM

16 OLIVE 89 COSM
ELLIS 88B ASTR p; SN 1987A
SREDNICKI 88 COSM p, m-=60 GeVf
ELLIS 84 COSM p', for m-=100 GeVf
GOLDBERG 83 COSM
K RAUSS 83 COSM
VYSOTS K I I 83 COS M

Mass of the bino (=LSP) is limited to m- + 350 GeV for m&
—174 GeV.

Mass of the bino (=LSP} is limited to m- + 350 GeV for mf. & 200 GeV. Mass of

the higgsino (=LSP) is limited to m- + 1 TeV for m& & 200 GeV.

7 Mass of the bino (=LSP) is limited to m- + 550 GeV. Mass of the higgsino (=LSP)

is limited to m- + 3.2 TeV.
H

GRIFOLS 90 argues that SN1987A data exclude a light photino ( + 1MeV) if m- & 1,1
q

TeV, m- & 0.83 TeV.

ELLIS 88B argues that the observed neutrino flux from SN 1987A is inconsistent with

a light photino if 60 GeV + m- + 2.5 TeV. If m(higgsino) is O(100 eV) the same

argument leads to limits on the ratio of the two Higgs v.e.v. 's. LAU 93 discusses possible
relations of ELLIS 88B bounds.
KRAUSS 83 finds m- not 30 eV to 2.5 GeV. KRAUSS 83 takes into account the gravitino

. y.
decay. Find that limits depend strongly on reheated temperature. For example a new
allowed region m- = 4—20 MeV exists if mgravitino (40 TeV. See figure 2.

y

) 100 eV
none 100 eV —(5—7) GeV

none 100 eV—5 GeV

& 45

& 70

&108

90

95

95

Xao, Xos, Xos (Nett traiinos} MASS LIMITS
Neutralinos are unknown mixtures of photinos, z-inos, and neutral higgsinos (the su-

persyrnmetric partners of photons and of Z and Higgs bosons). The limits here apply

only to X, X3, and X4. Xl is the lightest supersymmetric particle (LSP); see Xl
Mass LimIts. It is not possible to quote rigorous mass limits because they are ex-

tremely model dependent; i.e. they depend on branching ratios of various X decay
modes, on the masses of decay products (e, p, q, g), and on the e mass exchanged
in e+ e ~ X. X. . Often limits are given as contour plots in the m- —m- plane0 0

I J xo
vs other parameters. When specific assumptions are made, e.g, the neutralino is a

pure photino (p), pure z-ino (Z), or pure neutral higgsino (H ), the neutralinos will

be labelled as such.
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

& 52 95 21 ACCIARRI 95E L3 XO, tanp )3
& 84 95 21 ACCIARRI 955 L3 X3, tanft &3

)127 95 21 ACCIARRt 955 L3 Xb, tantt &3
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ABACHI 96 DQ p p X X'1 2
95 23 DECAMP 92 ALEP X2' tanp )3

& 45 95 4 HIDAKA 91 RVUE 2
95 HIDAKA 91 RVUE X3
95 24 HIDAKA 91 RVUE X

4.

ABREU 90G DLPH Z ~ X X

AKRAWY 90N OPAL Z ~ X X

& 57 27 BAER 90 RVUE X3, I (Z); tanp ) 1
28 BARKLOW 9Q MRK2 Z ~ X X, X

DECAMP 90x ALEP Z x~x~
& 41 30 SAKAI 90 AMY e+ e HQ HO

1 2
(H ~ ffH )2 1) 31 95 BEHREND 87B CELL e+ e ~ pZ
(Z ~ qq$), m- (
70 GeV

& 30 BEHREND 87B CELL e+ e ~ pZ
(Z ~ qqg)

31.3

22

none 1-21

35

28

95

95

95

95

BEHREND 87B CELL

BEHREND 87B CELL

AKERLOF 85 HRS

36 BARTEL 85L JADE

BEHR END

A DEVA

85 CELL
84B MRKJ

39 BARTEL 84C JADE

e+e ~ H H1 2

(H2 —+ f f Hl)
e+ e — ppz

(Z ~ vv)
e+ e — pXO

(XO qW~)
e+e ~ HO HO

1 2'
H ~ ffH2 1

e+ e ~ monojet X
e+e— pZ

(z eI~)
e+ e — pz

(z f f~)

X1, X2 (Charginos) MASS LIMITS
Charginos (X+'s) are unknown mixtures of w-inos and charged higgsinos (the su-

persymmetric partners of W and Higgs bosons). Mass limits are relatively model
dependent, so assumptions concerning branching ratios need to be specified. When
specific assumptions are made, e.g. the chargino is a pure w-ino (W) or pure charged

higgsino (H+), the charginos will be labelled as such.
VA L UE (Gev) CLl DOCUMENT ID TECN COMMENT

&44.0 95 ADRIANI 93M L3 Z —+ X+ X, I (Z)
g45.2 95 DECAMP 92 ALEP Z ~ X+ X, all m-o

1

&47 42 DECAMP 92 ALEP Z ~ X+ X

mxo &41 GeV
1

95 " HIDAKA 91 RVUE X2
44 ABREU 90G DLPH Z ~ X'+ X

m- ( 20 GeV

&45 45 AKRAWY 90D OPAL e+ e ~ X+ X
m- & 20 GeV

y

95

&99
&44.5 95

95

40 ELLIS 84 COSM

ACCIARRI 95E limits go down to 0 GeV (X2), 60 GeV (X3), and 90 GeV (X04) for tanp= 1.
ABACHI 96 searches for 3-lepton final states. Efficiencies are calculated using mass
relations and branching ratios in the Minimal Supergravity scenario. Results are presented

as lower bounds on rr(X1 X2) x B(X1 f vf Xt) x B(XO2 f+f Xo) as a function
of m+. Limits range from 3,1 pb (m+ —45 GeV) to 0.6 pb (m+ —100 GeV).

1 1 1

For tanp &2 the limit is &40 GeV; and it disappears for tanp & 1.6.
24 HIDAKA 91 limit obtained from LEP and preliminary CDF limits on the gluino mass (as

analyzed in BAER 91).
25ABREU90Gexclude B(z- xolx02) ) 10-3and B(z- X20X02) ) 2x 10-3

assuming X' ~ X f f via virtual Z. These exclude certain regions in model parameter2 1
space, see their Fig. 5.
AKRAWY 90N exclude B(Z ~ X XO) + 3—5 x 10 assuming X ~ X f f or X

1 2 2 1 1
for most accessible masses. These exclude certain regions in model parameter space, see
their Fig. 7.
BAER 90 is independent of decay modes. Limit from analysis of supersymmetric param-
eter space restrictions implied by B I (Z) & 120 MeV. These result from decays of Z to
all combinations of X. and X. . Minimal supersymmetry with tanp & 1 is assumed.

I I

See Figs. 4, 5 in BARKLOW 90 for the excluded regions.
DECAMP 90K exclude certain regions in model parameter space, see their figures.

30 SAKAI 90 assume m+ —0. The limit is for m+.
1 2

Pure p and pure Z eigenstates. B(Z ~ qqp) = 0.60 and B(Z ~ e+ e p) = 0.13.
m- = m- ( 70 GeV. m- & 10 GeV.

Pure p and pure Z eigenstates. B(Z ~ qqg) = 1. m- = m- & 70 GeV. m- = 0.

Pure higgsino. The LSP is the other higgsino and is taken massless. Limit degraded if

not pure higgsino or if LSP not massless.
Pure p and pure Z eigenstates. B(Z ~ vv) = l. m- = m- = 26 GeV. m- = 10

eR y

GeV. No excluded region remains for m- )30 GeV.e
AKERLOF 85 is e+ e monojet search motivated by UAl monojet events. Observed

only one event consistent with e+ e ~ p+X where X ~ monojet. Assuming that
missing-pT is due to y, and monojet due to X, limits dependent on the mixing and m-
are given, see their figure 4.
BARTEL 85i assume I+ —0, I (Z ~ Hl H2) +

& I (Z ~ ve ve). The limit is
1

for m+.
2

BEHREND 85 find no monojet at Ecm —40—46 GeV. Consider X pair production via

Z . One is assumed as massless and escapes detector. Limit is for the heavier one,
decaying into a jet and massless X . Both X 's are assumed to be pure higgsino. For
these very model-dependent results, BEHREND 85 excludes m = 1.5—19.5 GeV.
ADEVA 84B observed no events with signature of acoplanar lepton pair with missing
energy. Above example limit is for m- &2 GeV and m- &40 GeV, and assumes

B(Z ~ p+ p p) = B(Z ~ e+e p) = 0.10. BR = 0.05 gives 33.5 GeV limit.
9BARTEL 84C search for e+e ~ Z+p with Z ~ p+e+e, @+p, , qq, etc. They

see no acoplanar events with missing-pT due to two g's. Above example limit is for m-e
= 40 GeV and for light stable $ with B(2 ~ e+e p} = 0.1.
ELLIS 84 find if lightest neutralino is stable, then m~ not 100 eV —2 GeV (for m- =

q
40 GeV). The upper limit depends on m- (similar to the p limit) and on nature of X

q
For pure higgsino the higher limit is 5 GeV.
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~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ i
ABACHI 96 DO pp X XP

1 2
DATTA 92 RVUE Z —+ X+X, X X0

90 48 DREES 91 RVUE X1
95 ABR'EU 90G DLPH Stable X+, X+ X

95 ADACHI 90C TOPZ Stable X+, X+ X

95 49AKESSON 908 UA2 pp ~ ZX
{Z ~ W+W —

)
90 50 BAER 90 RVUE I (Z); tan)9 & 1
95 51 BARKLOW 90 MRK2 Z —+ W+ W
95 BARKLOW 90 MRK2 Z ~ H+ H

95 5 DECAMP 90C ALEP e+e —+ X+X
m- & 28 GeV

&25.5 89 TOPZ e+ e ~ X+X
)44 898 L3 e+e ~ W+ W

W Ev or Ev~
90 ANSARI 87D UA2 p p ~ ZX

(z w+ w-,
W+ ~ e+v)

&40 878 RVUE pp ~ W/ZX
(w/z w, z,
i)

ADRIANI 93M limit from AI (Z)& 35.1 MeV. For pure wino, the limit is 45.5 GeV.
DECAMP 92 limit is for a general X+ (ail contents).
HIDAKA 91 limit obtained from LEP and preliminary CDF limits on the gluino mass (as
analyzed in BAER 91).
ABREU 90G limit is for a general X+. They assume charginos have a three-body decay
such as E+ vp.
AKRAWY 90D assume charginos have three-body decay such as E+ vp (i.e. m- & m- ),v X+
A two-body decay, X+ ~ Ev would have been seen by their search for acoplanar leptons.
The result is independent of the hadronic branching ratio. They search for acoplanar
electrom agnetic clusters a nd quark jets.
ABACHI 96 searches for 3-lepton final states. Efficiencies are calculated using mass
relations and branching ratios in the Minimal Supergravity sce'nario. Results are presented

as lower bounds on rr(Xt X2) x B(Xt fvf Xt) x B(X& f+f Xt) as a function

of m+. Limits range from 3.1 pb (m+ —45 GeV) to 0.6 pb (m-0 —100 GeV). See
1 1 1

Fig. 3 for some explicit mass limits as a function of parameters.
7 DATTA 92 exclude some regions in chargino-gluino mass plane from LEP experiments.

DREES 91 limit obtained from LEP results within minimal supersymmetry with gaugino-
mass unification condition. They make use of DECAMP 90C analysis plus additional
constraint from total Z width. The bound can only be evaded if the chargino mixes with
other charged singlets or with gauginos of a right-handed gauge group.
AKESSON 908 assume W ~ ev with B & 20% and m- = 0. The limit disappears if
m- & 30 GeV.

BAER 90 is independent of decay modes. Limit from analysis of supersymmetric param-
eter space restrictions implied by Al (Z) & 120 MeV. These result from decays of Z to
all combinations of X. and X. . Minimal supersymmetry with tan@ & 1 is assumed.l I

BARKLOW 90 assume 100% W ~ W" X1. Valid up to mXp + [m ——5 GeV].
1

BARKLOW 90 assume 100% H ~ H*X . Valid up to m- + [m- —8 GeV).1' H
1

DECAMP 90C assume charginos have three-body decay such as E+vp (i.e. m- &
m-+), and branching ratio to each lepton is 11%. They search for acoplanar dimuons,

dielectrons, and pe events. Limit valid for m- & 28 GeV.

ADACHI 89 assume only single photon annihilation in the production. The limit applies
for arbitrary decay branching ratios with B(X ~ eve) + B(X ~ pvp) + B(X ~
7-vy) + B(X ~ qqp) = 1 (lepton universality is not assumed). The limit is for m- =

y

0 but a very similar limit is obtained for m- = 10 GeV. For B(X ~ qqp) = 1, the limit'y

increases to 27.8 GeV.
ADEVA 898 assume for Evp (Ev) mode that B(e) = B()M) = B(~) = 11% (33%) and
search for acoplanar dimuons, dielectrons, and p, e events. Also assume m- & 20 GeV

and for Ev mode that mv = 10 GeV.

ANSARI 87D looks for high pT e+e pair with large missing pT at the CERN pp
collider at Ecm = 546—630 GeV. The limit is valid when m- + 20 GeV, B(W ~ eve)
= 1/3, and B(Z ~ W+ W ) is calculated by assuming pure gaugino eigenstate. See
their Fig. 3(b) for excluded region in the m ——m- plane.

W
BAER 878 argue that the charged heavy lepton mass limit of 41 GeV obtained by UA1
collaboration (ALBAJAR 878) corresponds to the mass limit of 40 GeV under the as-
sumptions that the LSP (photino) has a mass smaller than 8 GeV and that the gaugino-
higgsino mixing is parametrized by the three minimal supergravity model parameters. In

grand unified theories m- & 8 implies m- & 50 GeV. For larger gluino masses, this

limit can be evaded as discussed in BAER 88.

&43

&45
&28.2
&45

&37
&45
&42
&44.5

54 ADACHI

A DEVA

95
95

&45

57 BAER

DOCUMENT JD

58 ADRIANI
58 ADRIANI
59 DECAMP

ABREU
60 ABRFU
61 ALEXANDER

COMMEN T

I (Z ~ invisible); N(v)=3
I (Z ~ invisible); N(v)=1
I (Z ~ invisible); N(v)=3
I (Z ~ invisible); N(v)=1
r(Z); N(v)=1
I (Z ~ invisible); N(v)=1

t (Snetttrino) MASS LIMIT
The limit depends on the number, N(v), of sneutrinos assumed to be degenerate in

mass. Only vt (not vR) exist. It is possible that v could be the lightest supersymmetric
pa rtic le (LSP).

VAL UE {GeVi CL% TECN

& 41.8 95 93M L3
37.1 95 93M L3

& 41 95 92 ALEP
& 36 95 91F DLPH

32 95 91F DLPH
31.2 95 91F OPAL

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

) 46.0 95 BUSKULIC 95E ALEP N(v)=1, v ~ vvEE
none 20-25000 63 BECK 94 COSM Stable v, dark matter
&600 FALK 94 COSM v LSP, cosmic abundance

38.4 90 DREES 91 RVUE I {Z); N(v)=3
28,9 90 6 DREES 91 RVUE I (Z); N(v)=1

none 3—90 90 SATO 91 KAMI Stable ve or v

dark matter
none 4—90 90 SATO 91 KAMI Stable v~, dark matter
& 31.4 95 ADEVA 901 L3 I (Z ~ invisible); N{v)=1
& 39.4 95 ADEVA 901 L3 I (Z ~ invisible); N(v)=3

36.5 90 68 BAER 90 RVUE I (Z); N(v)=3
ADRIANI 93M limit from Al (Z)(invisible)& 16.2 MeV.
DECAMP 92 limit is from I (invisible)/I (EE) = 5.91 + 0.15 (N = 2.97 4 0.07).
ABREU 91F limit (&32 GeV) is independent of sneutrino decay mode.

1 ALEXANDER 91F limit is for one species of v and is derived from I (invisible, new)/I (EE)
0.38.

BUSKULIC 95E looked for Z ~ vv, where v ~ vX1 and X1 decays via R-parity
violating interactions into two leptons and a neutrino.
BECK 94 limit can be inferred from limit on Dirac neutrino using a(v) = 4a(v). Also
private communication with H.V. Klapdor-Kleingrothaus.
FALK 94 puts an upper bound on m- when v is LSP by requiring its relic density does
not overclose the Universe.
DREES 91 limits from Al (Z) (nonhadronic) & 38.3 MeV. Independent of decay modes.
Minimal supersymmetry assumed.
SATO 91 search for high-energy neutrinos from the sun produced by annihilation of
sneutrinos in the sun. Sneutrinos are assumed to be stable and to constitute dark matter
in our galaxy. SATO 91 follow the analysis of NG 87, OLIVE 88, and GAISSER 86.
ADEVA 901 limit is from h, N & 0.19.
BAER 90 limit from AI (Z) (nonhadronic) & 53 MeV. Independent of decay modes.
Mininal supersymmetry assumed. The 95%CL bound is 35.6 GeV.

e {Selectron) MASS LIMIT
Limits assume m- = m- unless otherwise stated.

DOCUMENT ID TECN

ADRIANI 93M L3

95 70 DECAMP

45.6
& 51.9

72.6

42

& 38

& 43.4
38.1

& 43.5
&830

SAKAI95

95

95

90

90 81 ALBAJAR
95 82,83 HEARTY

95 t HEARTY

95 HEARTY

90 85 86 BEHREND

95 85,87 BEHREND

90 BEHREND

VAL UE {GeV) CL% COMMENT

& 45 95 m+ &40 GeV, e+ e
1

& 45 92 ALEP m+ &41 GeV, e+ e
1

& 50 95 HEARTY 89 ASP m~ &5 GeV; gpss
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

95 BUSKULIC 95E ALEP e evEE
90 HOSODA 94 VNS m-=0; gpss

y

90 HOSODA 94 RVUE m-=0; pgp'y

95 ABREU 90G DLPH m- & 40 GeV; e+ e

95 AKESSON 908 UA2 m- = 0; p p ~ ZX
y

(Z ~ e+e )
95 74 AKRAWY 90D OPAL m- & 30 GeV; e+ e

90 75 BAER 90 RVUE eI, I (Z) tang & 1

95 DECAMP 90C ALEP m- & 36 GeV; e+ e

GRIFOLS 90 ASTR m- & 1 MeV

29.9 90 AMY m- & 20 GeV; e+ e'y

& 29 TAKETANI 90 VNS m- & 25 GeV; e+ e

60 ZHUKOVSKII 90 ASTR m- = 0'y

28 ADACHI 89 TOPZ m- & 0.85m-; e+ ee'
& 41 95 79 ADEVA 898 L3 m- & 20 GeV; e+ e

32 80 ALBAJAR 89 UA1 p p ~ W+ X
(W+ eL v)
(e~ - e=y)

& 14 89 UA1 Z e+ e
& 53 89 ASP m-=0; gpss

y

65 89 RVUE 'y

& 35 89 ASP m& &10 GeV; y y "y

& 51.5 888 CELL m&
—0 GeV; gpss

64 888 RVUE m- = 0 GeV; y y y

& 48 888 CELL m- & 5 GeV; gpss

ADRIANI 93M iimit is for m- )) m- using acolinear di-lepton events.

DECAMP 92 limit is for m- » m-; for equal masses the limit would improve. They
eL e&'

looked for acoplanar electrons.
BUSKULIC 95E looked for Z ~ e e where eR ~ eX and X decays via R-parityR R 1 1
violating interactions into two leptons and a neutrino.
HOSODA 94 combines the results of HOSODA 94, HEARTY 89, BEHREND 888, and
FORD 86.
AKESSON 908 assume m- = 0. Very similar limits hold for m- + 20 GeV.

y

AKRAWY 90D look for acoplanar electrons. For m- )) m-, limit is 41.5 GeV, for

m- & 30 GeV.'y

75BAER 90 limit from ZI (Z) (nonhadronic) & 53 MeV. Independent of decay modes.
Mininal supersymmetry and tang & 1 assumed.

6DECAMP 90C look for acoplanar electrons, For m- )& m- limit is 42 GeV, for
eL

m- & 33 GeV.
y

ZHUKOVSKII 90 set limit by saying the luminosity of a magnetized neutron star due to
massless photino emission by electrons be small compared with its neutrino luminosity.
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ADACHI 89 assume only photon and photino exchange and m- = m- . The limit for

the nondegenerate case is 26 GeV.
ADEVA 89B look for acoplanar electrons.
ALBAJAR 89 limit applies for eL when m- = m- and m- = 0. See their Fig. 55 for

vL y

the 90% CL excluded region in the m- —m- plane. For m- = m- = 0, limit is 50
vL v

GeV.
81ALBAJAR 89 assume m- = 0.

y

HEARTY 89 assume m- = 0. The limit is very sensitive to m-; no limit can be placed

for m- + 13 GeV.

The limit is reduced to 43 GeV if only one e state is produced (eL or eR very heavy).
Results of HEARTY 89, BEHREND 88B, ADEVA 87, and FORD 86 are combined. The
limit is reduced to 53 GeV if only one e state is exchanged (eL or eR very heavy).
BEHREND 88B limits assume pure photino eigenstate and m- = m- .
The 95% CL limit for BEHREND 888 is 47.5 GeV for m- = 0. The limit for m- ))

eL
m- is 40 GeV at gpo/o CL.

eR
7 BEHREND 88B combined their data with those from ASP (HEARTY 87), MAC

(FORD 86), and MARK-J (H. Wu, Ph. D. Thesis, University of Hamburg, 1986).

Ts (Smuon) MASS LIMIT
Limits assume m- = m- unless otherwise stated.

VALVE (GeV) CL% DOCUMEN T ID TECN COMMEN T

)45
1

&45 95 DECAMP 92 ALEP m+ &41 GeV, p+ p
1

&43 g5 90 AKRAWY 90o OPAL m- & 30 GeV; p+ p,

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

)45.6 » BUSKULIC 95E ALEP p pvee'
)36 95 ABREU 90G DLPH m- & 33 GeV; p+p
&38.1 9{) 92 BAER 90 RVUE pL, f (Z); tang & 1

&42.6 95 DECAMP 90C ALEP m- & 34 GeV; p+ p,

)27 95 SAKAI 90 AMY m- & 18 GeV; p+ p
&24.5 95 TAKETANI 90 VNS m- & 15 GeV; p+P
&24.5 95 4 ADACHI 89 TOPZ m- & 0.8m-; P+ p,P
&41 95 95 ADEVA 898 L3 m- & 20 GeV; p+ p

y

ADRIANI 93M limit is for m- » m- using acolinear di-lepton events.
PL PR

DECAMP 92 limit is for m- )) m-; for equal masses the limit would improve. TheyPR'
looked for acoplanar muons.
AKRAWY 90D look for acopianar muons. For m- )) m-, limit is 41.0 GeV, for

PLm- & 30 GeV.

BUSKULIC 95E looked for Z ~ p+ p, , where pR ~ pXQ and Xp decays via R-parityR R' 1 1
violating interactions into two leptons and a neutrino.
BAER 90 limit from Al (Z) (nonhadronic) & 53 MeV. Independent of decay modes.
Mininal supersymmetry and tanP ) 1 assumed.
DECAMP 90C look for acoplanar muons. For m- )& m- limit is 40 GeV, for m-
30 GeV.
ADACHI 89 assume only photon exchange, which gives a conservative fimit. m-

PLm- assumed. The limit for nondegenerate case is 22 GeV.

ADEVA 89' took for acoplanar muons.

s (Stau) MASS LIMIT
Limits assume m- = m- unless otherwise stated.rL rR

VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

)44 95 ADRIANI 93M L3 m-(I &38 GeV, r
1

&45 95 DECAMP 92 ALEP m-0 &38 GeV, r+ r
1)43.0 95 AKRAWY 90o OPAL m- & 23 GeV; r+r

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)45.6 95 BUSKULIC 95E ALEP r ~ rvll
)35 95 ABREU 90G DLPH m- & 25 GeV; r+ r
)38.1 90 BAER 90 RVUE rL, I (Z); tanI3 & 1)40.4 95 1 DECAMP gpc ALEP m- & 15 GeV; r+r
&25 95 SA KAI 90 AMY m- & 10 GeV; r+ r

Y)25.5 95 TAKETANI 90 VNS m- & 15 GeV r+ r'y

&21.7 95 ADACHI 89 TOPZ m-=0; T+ r
y

96 ADRIANI 93M limit is for m- )) m- .rR'
97 DECAMP 92 limit is for m- )) m-; for equal masses the limit would improve. They

L rR
looked for acoplanar particles.

98 AKRAWY 90D look for acoplanar particles. For m- )& m-, limit is 41.0 GeV, forrL rR
m- & 23 GeV.

y

BUSKULIC 95E looked for Z —+ rRrR, where rR rX1 and Xl decays via R-parity
violating interactions into two leptons and a neutrino.
BAER 90 limit from Al (Z) (nonhadronic) & 53 MeV. Independent of decay modes.
Mininaf supersymmetry and tan@ & 1 assumed.

101 DECAMP 90c look for acopfanar charged particle pairs. Limit is for m- = m- . For
rL rRm- & 24 GeV, the limit is 37 GeV. For m- &) rn- and m- & 15 GeV, the limit

L rR Y

is 33 GeV.

ADACHI 89 assume only photon exchange, which gives a conservative limit. m-
7L

m- assumed.rR

Stable t' {Slepton) MASS LIMIT
Limits on scalar leptons which leave detector before decaying. Limits from Z decays
are independent of lepton flavor. Limits from continuum e+ e annihilation are also
independent of flavor for smuons and staus. However, selectron limits from continuum
e+ e annihifation depend on flavor because there is an additional contribution from
neutralino exchange that in general yieids stronger limits. All limits assume m-
m- unless otherwise stated.

eR
VAL UE (Gev) CL% DOCUMENT ID TECN COMMENT

&40 95 ABREU 90G DLPH
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)26.3 95 ADACHI 90C TOPZ p, r)38.8 95 AKRAWY 900 OPAL ER)27.1 95 SAKAI 90 A MY)32.6 95 SODERSTROM90 MRK2)24.5 95 ADACHI 89 TOPZ

SAKAI 90 limit improves to 30.1 GeV for e if m- m-.e'
ADACHI 89 assume only photon (and photino for e) exchange. The limit for e improves
to 26 GeV for m- = m-.

q (Squark) MASS LIMIT

& 176

& 212

95 109 AHME& 135

93M L3

90 A BE

90 1 ABE

113 ROY

114 NOJIRI
115 ABREU

91 COSM
45 90F DLPH Z ~ qq,

m- & 20 GeV

95 1 ABREU 90F DLPH Z h d d,
m- & 20 GeV

95 1 ABREU 90F DLPH Z ~ uu,
m- & 20 GeV

95 ADACHI gpc TOPZ Stable u, u u

gP 118ALITTI 90 UA2 Any m-;q'
B(q ~ qgor qy)—1

gp 118ALITTI 90 UA2 m- = m-;
q g'
B(q~ qp) =1

90 9 BAER 90 RVUE dL,'I (Z)
g5 120t121 BARKLOW 90 MRK2 Z ~ qq
95 20,122 BARKLOW 9Q MRK2 Z ~ d d
g5 120,123 BARKLOW 90 MRK2 Z —+

GRIFOLS 90 ASTR m- & 1 MeV

24 95 SAKAI 90 AMY e+e ~ dd~ ddpp,
m- & 10 GeV

Y

26 90 AMY e+e ~ uu~ uupp
m- & 10 GeV

g5 124 ADACHI 89 TOPZ e+ e ~ q q ~
NATH 88 THEO r(p ~ v K) in super-

gravity GUT
45 87o UA1 Any m- ) m-

g
75 87D UA1 m- = m-

g
ABE 96o searched for production of gluinos and five degenerate squarks in final states
containing a pair of leptons, two jets, and missing ET. The two leptons arise from the
semileptonic decays of charginos produced in the cascade decays. The limit is derived for

43

42

27.0
74

& 106

39.2
45
40
39)1100

SAKAI95

26.3

gp 126 ALBAJAR

90»6 ALBA JAR

For m- ) 60—70 GeV, it is expected that squarks would undergo a cascade decay
via a number of neutralinos and jor charginos rather than undergo a direct decay to
photinos as assumed by some papers. Limits obtained when direct decay is assumed
are usually higher than limits when cascade decays are included. The limits from Z
decay do not assume GUT relations and are more model independent.

VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

& 224 g5 105 ABE 950 CDF m- & m-; with cas-
cade decays

95 0 ABACHi 95c DO Any m- &300 GeV;

with cascade decays
95 ABACHi 95C DO m- & m-; with cascade

decays
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ABE 95T CDF q —+ Xp —h Xpp t2 1
45, 3 95 108 BUSK ULIC 95E ALEP q ~ q v EE) 239 95 109AHMED 948 Hl ep ~ q; R-parity viola-

tion, A=0.30
94e Ht ep q; R-parity vioia-

tion, A=p. l
35.3 95 ADRIANI Z~ uu, l(Z)
36.8 95 110 ADRIANI 93ML3 Z ~ dd, ((Z)
90 9Q 111ABE 92L CDF Any m- &410 GeV;g

with cascade decay
218 92L CDF m- = m-; with cascadeg q'

decay
180 92L CDF m- & m-; with cas-

g
cade decay

& 100 92 RVUE p p ~ q q; R-parity vio-
lating
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t (Stop} MASS LIMIT
Limit depends on decay mode. In e+ e collisions they also depend on the mixing

angle of the mass eigenstate t1 —tLcos0t + tRsinot. Coupling to Z vanishes when

6)t ——0.98. In the Listings below, we use Em = m- —m-0. See also bound in "q
tg X

(Squark) MASS LIMIT."
VAL UE (GeV} CL% DOCUMENT ID

none 61 91 95 127 ABACHI

TECN COMM EN T

96B Do t ~ c&1,

94K OPAL t cX1,
GeV

94K OPAL t ~ c&1,
GeV

m-o &30 GeV
1

O, =O, Z(m) &2none 6.0-41.2 95 AKERS

Ot=o, ~( ) 5AKERSnone 5.0-46.0 95

fixed tang = 4.0, p, = —400 GeV, and mH+
—500 GeV, and with the cascade decays

of the squarks and gluinos calculated within the framework of the Minimal Supergravity
scen a rio.
ABACHI 95C assume five degenerate squark flavors with m- = m- . Sleptons areqR'
assumed to be heavier than squarks. The limits are derived for fixed tanP = 2.0 p, =
—250 GeV, and mH+

—500 GeV, and with the cascade decays of the squarks and gluinos

calculated within the framework of the Minimal Supergravity scenario. The bounds are
weakly sensitive to the three fixed parameters for a large fraction of parameter space.
No limit is given for mgl„;no &547 GeV.

01 yABE 95T looked for a cascade decay of five degenerate squarks into X which further2
decays into X and a photon. No signal is observed. Limits vary widely depending on

1
the choice of parameters. For Ig = —40 GeV, tang = 1.5, and heavy gluinos, the range
50&m- (GeV)&110 is excluded at 90% CL. See the paper for details.

q
BUSKULIC 95E looked for Z —+ qq, where q ~ q&1 and &1 decays via R-parity
violating interactions into two leptons and a neutrino.
AHMED 94B looked for squarks as s-channel resonance in ep collision via R-parity
violating coupling in the superpotential W = A L1 Q1 d1. The degeneracy of all squarks

Q1 and d1 is assumed. The squarks decay dominantly via the same R-violating coupling

into eq or vq if A + 0,2. For smaller A, decay into photino is assumed which subse-
quently decays into eqq, and the bound depends on m-. See paper for excluded region

on (m-„,A) plane.

ADRIANI 93M limit from Al (Z)& 35.1 MeV and assumes m- )) m- .

ABE 92L assume five degenerate squark flavors and m- = m- . ABE 92L includes the

effect of cascade decay, for a particular choice of parameters, p, = —250 GeV, tang =
2. Results are weakly sensitive to these parameters over much of parameter space. No
limit for m- & 50 GeV (but other experiments rule out that region). Limits are 10—20

q
GeV higher if B(q ~ qp) = 1. Limit assumes GUT relations between gaugino masses
and the gauge coupling; in particular that for ~p~ not small, m-0 —m-/6. This last

1

relation implies that as m- increases, the mass of &1 will eventually exceed m- so that0

no decay is possible. Even before that occurs, the signal will disappear; in particular no
bounds can be obtained for m- )410 GeV. mH+

—500 GeV.

2 ABE 921 bounds are based on similar assumptions as ABAcHI 95c. No limits for
m t, &410 GeV.

ROY 92 reanalyzed CDF limits on di-lepton events to obtain limits on squark production
in R-parity violating models. The 100% decay q ~ q& where X is the LSP, and the
LSP decays either into eqd or eee is assumed.
NOJIRI 91 argues that a heavy squark should be nearly degenerate with the gluino in

minimal supergravity not to overclose the universe.

ABREU 90F assume six degenerate squarks and m- = m- . m- & 41 GeV is excluded
qL qI4

'

at 95% CL for mLSP & m- —2 GeV.
q

ABREU 90F exclude m- & 38 GeV at 95% for mLSP & m- —2 GeV.
d d

ABREU 90F exclude m-„&36 GeV at 95% for mLSP & m- —2 GeV.

ALITTI 90 searched for events having ) 2 jets with ET & 25 GeV, ET ) 15 GeV,

0.85, and A@ & 160, with a missing momentum & 40 GeV and no electrons.

They assume q ~ qp (if m- & m-) or q ~ qg (if m- & m-) decay and m-
20 GeV. Five degenerate squark flavors and m- = m- are assumed. Masses below

qL
50 GeV are not excluded by the analysis.
BAER 90 limit from El (Z) & 120 MeV, assuming m- = m- = m- = m-. Inde-

uL eL v'

pendent of decay modes. Minimal supergravity assumed.
BARKLOW 90 assume 100% q ~ qp.
BARKLOW 90 assume five degenerate squarks (left- and right-handed). Valid up to
m- ( [m- —4 GeV].&0 ~ q

1

BARKLOW 90 result valid up to m+ ( [m- —5 GeV].
1

BARKLOW 90 result valid up to m+ ( [m-„—6 GeV].
1

ADACHI 89 assume only photon exchange, which gives a a conservative limit. The limit
is only for one flavor of charge 2/3 q. m- = m- and m- = 0 assumed. The limit

decreases to 26.1 GeV for m- = 15 GeV. The limit for nondegenerate case is 24.4 GeV.
y

NATH 88 uses Kamioka limit of ~(p ~ PK+) ) 7 x 10 yrs to constrain squark mass
m- & 1000 GeV by assuming that the proton decay proceeds via an exchange of a

q
color-triplet Higgsino of mass & 10 GeV in the supersymmetric SU(5) GUT. The limit

applies for m- = (8/3) sin OWm2 & 10 GeV (m2 is the SU(2) gaugino mass) and for
'y

a very conservative value of the three-quark proton wave function, barring cancellation
between second and third generations. Lower squark mass is allowed if m- as defined

above is smaller.
The limits of ALBAJAR 87D are from pp ~ qqX (q ~ qp) and assume 5 flavors of
degenerate mass squarks each with m- = m- . They also assume m- & m-. These

limits apply for m- ( 20 GeV.

none 11.2—25.5 95

none 7.9-41.2 95

none 7.6—28.0 95 128 SHIRAI

none 10-20

g (Glltjlto} MASS LIMIT
For m- ) 60—70 GeV, it is expected that gluinos would undergo a cascade decay

via a number of neutralinos and/or charginos rather than undergo a direct decay to
photinos as assumed by some papers. Limits obtained when direct decay is assumed
are usually higher than limits when cascade decays are included.

There is an ongoing controversy (reflected in these Listings) about whether very light

g's (1 ( m- ( 4 GeV) are ruled out. These papers sometimes make difFerent
g

assumptions and use difFerent calculational techniques.
VA L UE (GeV) CL% EVTS DOCUMENT ID TECN COMMENT

&224 95 ABE 96D CDF m- = m- with cascade ig'
decays

m —&m-; with cascade

decays
m- & m-; with cascade

decays
Any m-; with cascade

decays
etc. ~ ~ ~

g x0 xpn
2 1

Z decay into a long-lived

(gqq)+
quarkonia t
e+ e jet analyses
LEP
m- & m-; with cas-

cade decay
Any m-; with cascade

decay
ns running

pp ~ gg; R-parity vio-
lating

Cgs runn'ng

p N ~ missing energy

'32 ABE

ABACHI

33 ABACHI

~154 95 96D CDF

95C DO

95C Do

g212 95

95&144

~ ~ ~ We do not use the following data for averages, fits, limits,

ABE 95T CDF

AKERS 95R OPAL

CLAVELLI

HEBBEKER
138 LOPEZ

ABE

95 RVUE
93 RVUE
93C RVUE
92L CDF

0.7

not 3—5)218 90

139 ABE& 100 90 92L CDF

92 RVUE
92 RVUE

0 CLAVELLI
141 ROY

4
&100

142 ANTONIADIS
143 ANTONIADIS
144 HIDAKA
145 NOJIRi
146 ALITTI

91 RVUE
91 RVUE
91 RVUE
91 COSM
90 UA2

1

& 132 90

90& 79 Any m-;
B(g - qq$) = 1

m-= m-;
B(g - qq~) = 1

R- D++
Any m- & m-
m- = m—

m- ( 100 GeV
q

(350 GeV). IT —A
—

(35O GeV).
Ao. 72

T(1S) ~ p+ gluinon-
Ium

1x10—11 ( (
1x10 9s

1 x 10
1 x 10 7s

p p ~ gluino gluino
gluon

146 ALITTI 90 UA290&106

147 NAKAMURA
148 ALBAJAR
148 ALBAJAR

AN SARI

ARNOLD
ARNOLD

89 SPEC
87D UA1

87D UA1

87D UA2

87 EMUL
87 EMUL

90none 4-53

none 4—75

none 16—58

90

90

90
90

3.8
) 3,2

'5' TUTS 87 CUSB

0 ALBRECHT 86C ARG

none 0.6—2.2

none 1 —4.5 90

0 3 BADIER 86 BDMP90none 1-4

154 BARNETT 86 RVUEnone 3—5

AKERS 94K OPAL t ckt, 81=0.98, fk(m) &2
GeV

AKERS 94K OPAL t cHt, pt —0.98, t1(m) &5
GeV

94 VNS t ~ cXt, any pt, d (m) )10
GeV

95 1 SHIRAI 94 VNS t cHt, any pt, ya(m) ) 2.5
GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

t95 BUSKULIC 95E ALEP Ot
—0.98, t cvee

BAER 91B RVUE
DR EES 9O RVUE

ABACHI 968 searches for final states with 2 jets and missing E2- Lim. its on m- are
t

given as a function of m+. See Fig. 4 for details.
1

SHIRAI 94 bound assumes the cross section without the s-channel Z-exchange and the
QCD correction, underestimating the cross section up to 20% and 30%, respectively.
They assume mc —1.5 GeV.

BUSKULIC 95E looked for Z ~ t t, where t ~ c&1 and &1 decays via R-parity violating
interactions into two leptons and a neutrino.
BAER 91B argue that a top squark as light as 45 GeV may have escaped detection at
the CDF detector at the Tevatron Collider (45 GeV is the limit from LEP experiments).
DREES 90 argue that bounds from Z decay are not valid for t for a certain range of
tL-tR mixing angle.
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none 0.5-4

none 2-4
none 1-2.5
none 0.5-4.1

1

& 1-2

none VOLOSHIN 86 RVUE If (quasi) stable; g uud
none 0.5-2 6 COOPER-. .. 858 BDMP For m-=300 GeV

COOPER-. .. 85B BDMP For m- &65 GeV
q

none 0.5-3 COOPER-. .. 85B BDMP For m-=150 GeV
q157 DAWSON 85 RVUE r & 10 7 s

157 DAWSON 85 RVUE For m-=100 GeV
q

90 FARRAR 85 RVUE FNAL beam dump
GOLDMAN 85 RVUE Gluononium

160 HABER 85 RVUE
161 BALI 84 CALO
162 BRICK 84 RVUE

FARRAR 84 RVUE) 2 BERGSMA 83C RVUE For m- &100 GeV
q

CHANOWITZ 83 RVUE g u d, g u u d
)2—3 166 KANE 82 RVUE Beam dump
&1.5—2 FARRAR 78 RVUE R-hadron

ABE 96D searched for production of gluinos and five degenerate squarks in final states
containing a pair of leptons, two jets, and missing ET. The two leptons arise from the
semileptonic decays of charginos produced in the cascade decays. The limits are derived
for fixed tan p = 4.0, p, = —400 GeV, and m H+

—500 GeV, and with the cascade decays
of the squarks and gluinos calculated within the framework of the Minimal Supergravity
scenario. The bounds are weakly sensitive to the values of the three fixed parameters for
a large fraction of parameter space. See Fig. 2 for the limits corresponding to different
parameter choices.
ABACHI 95C assume five degenerate squark flavors with with m- = m- . Sleptons

are assumed to be heavier than squarks. The limits are derived for fixed tanp = 2.0 p =
—250 GeV, and mH+

—500 GeV, and with the cascade decays of the squarks and gtuinos

calculated within the framework of the Minimal Supergravity scenario. The bounds are
weakly sensitive to the three fixed parameters for a large fraction of parameter space.
ABE 95T looked for a cascade decay of gluino into X which further decays into X and a2 1
photon. No signal is observed. Limits vary widely depending on the choice of parameters.
For u = —40 GeV, tanfy = 1.5, and heavy squarks, the range 50&m- {GeV)&140 is

g
excluded at 90% CL. See the paper for details.
AKERS 95R looked for Z decay into qqgg, by searching for charged particles with dE/dx
consistent with g fragmentation into a state (gqq)+ with lifetime r & 10 sec. The
fragmentation probability into a charged state is assumed to be 25%.
CLAVELLI 95 updates the analysis of CLAVELLI 93, based on a comparison of the
hadronic widths of charmonium and bottomonium S-wave states. The analysis includes
a parametrization of relativisitic corrections. Claims that the presence of a light gluino
improves agreement with the data by slowing down the running of os.
HEBBEKER 93 combined jet analyses at various e+ e colliders. The 4-jet analyses
at TRISTAN/LEP and the measured as at PFP/PETRA/TRISTAN/LEP are used. A
constraint on eff'ective number of quarks N=6. 3 + 1.1 is obtained, which is compared to
that with a light gluino, N=8.
LOPEZ 93C uses combined restraint from the radiative symmetry breaking scenario within
the minimal supergravity model, and the LEP bounds on the (M2, p) plane. Claims that
the light gluino window is strongly disfavored.
ABE 92L bounds are based on similar assumptions as ABACHI 95C. Not sensitive to
mglu)no &40 GeV (but other exPeriments rule out that region).

CLAVELLI 92 claims that a light gluino mass around 4 GeV should exist to explain the
discrepancy between ns at LEP and at quarkonia (T), since a light gluino slows the
running of the QCD coupling.
ROY 92 reanalyzed CDF limits on di-lepton events to obtain limits on gluino production
in R-parity violating models. The 100% decay g ~ qqX where X is the LSP, and the
LSP decays either into Zqd or EZe is assumed.
ANTONIADIS 91 argue that possible light gluinos (& 5 GeV) contradict the observed
running of cps between 5 GeV and mZ. The significance is less than 2s.d.
ANTONIADIS 91 intrepret the search for missing energy events in 450 GeV/c pN colli-
sions, AKESSON 91; in terms of light gluinos.

4HIDAKA 91 limit obtained from LEP and preliminary CDF results-within minimal su-
persymmetry with gaugino-mass unification condition. HIDAKA 91 limit extracted from
BAER 91 analysis.
NOJIRI 91 argues that a heavy gluino should be nearly degenerate with squarks in minimal
supergravity not to overclose the universe.

ALITTI 90 searched for events having & 2 jets with ET ) 25 GeV, ET ) 15 GeV,

0.85, and AP & 160, with a missing momentum & 40 GeV and no electrons.

They assume g ~ qqp decay and m- + 20 GeV. Masses below 50 GeV are not

excluded by the analysis.

NAKAMURA 89 searched for a long-lived (r + 10 s) charge-(+2) particle with mass

1.6 GeV in proton-Pt interactions at 12 GeV and found that the yield is less than

10 times that of the pion. This excludes R-D++ (a guuu state) lighter than 1.6
GeV.
The limits of ALBAJAR 87D are from pp ~ ggX (g ~ qq$) and assume m-

m-. These limits apply for m- + 20 GeV and r(g) & 10 s.g'
The limit of ANSARI 87D assumes m- ) m- and m- = 0.

g
The limits assume m- = 100 GeV. See their figure 3 for limits vs. m-.q'

The gluino mass is defined by half the bound gg mass. If zero gluino mass gives a gg
of mass about 1 GeV as suggested by various glueball mass estimates, then the low-mass
bound can be replaced by zero. The high-mass bound is obtained by comparing the data
with nonrelativistic potential-model estimates.
ALBRECHT 86C search for secondary decay vertices from Xy1(1P) ~ ggg where g's
make long-lived hadrons. See their figure 4 for excluded region in the m- —m- and

m- —m- plane. The lower m- region below 2 GeV may be sensitive to fragmentationg
effects. Remark that the g-hadron mass is expected to be 1 GeV (glueball mass) in

the zero g mass limit.
BADIER 86 looked for secondary decay vertices from long-lived g-hadrons produced at
300 GeV ~ beam dump. The quoted bound assumes g-hadron nucleon total cross

section of 10pb. See their figure 7 for excluded region in the m- —m- plane for several

assumed tota t cross-section va lues.
BARNETT 86 rute out light gluinos (m = 3—5 GeV) by calculating the monojet rate
from gluino gluino gluon events (and from gluino gluino events) and by using UA1 data
from pp coliisions at CERN.
VOLOSHIN 86 rules out stable gluino based on the cosmological argument that predicts
too much hydrogen consisting of the charged stable hadron guud. Quasi-stable (r
1. x 10 7s) light gluino of m- &3 GeV is also ruled out by nonobservation of the stableg'

charged particles, guud, in high energy hadron collisions.
COOPER-SARKAR 85B is BEBC beam-dump. Gluinos decaying in dump would yield
p's in the detector giving neutral-current-like interactions. For m- &330 GeV, no limit

is set.
DAWSON 85 first limit from neutral particle search. Second limit based on FNAL beam
dum p experiment.
FARRAR 85 points out that BALL 84 analysis applies only if the g's decay before interact-
ing, i.e. m- &80m- . FARRAR 85 finds m- &0.5 not excluded for m- = 30—1000

q g g q
GeV and m- &1.0 not excluded for m- = 100—500 GeV by BALL 84 experiment.g q
GOLDMAN 85 use nonobservation of a pseudoscalar g-g bound state in radiative g
decay.
HABER 85 is based on survey of all previous searches sensitive to Iow mass g's. Limit
makes assumptions regarding the lifetime and electric charge of the lightest supersym-
metric particle.
BALL 84 is FNAL beam dump experiment. Observed no interactions of p in the calorime-
ter, where p's are expected to come from pair-produced g's. Search for long-lived y
interacting in calorimeter 56m from target. Limit is for m- = 40 GeV and production

q
cross section proportional to A . BALL 84 find no g allowed below 4.1 GeV at CL =
90%. Their figure 1 shows dependence on m- and A. See also KANE 82.

BRICK 84 reanalyzed FNAL 147 GeV HBC data for R-A(1232)++ with r ) 10 s

and plab &2 GeV. Set CL = 90% upper limits 6.1, 4.4, and 29 microbarns in pp, ~+ p,
K+ p collisions respectively. R-Ll++ is defined as being g and 3 up quarks. If mass =
1.2—1.5 GeV, then limits may be lower than theory predictions.
FARRAR 84 argues that m- &100 MeV is not ruled out if the lightest R-hadrons are

g
long-lived. A long lifetime would occur if R-hadrons are lighter than p's or if m- &100

q
GeV.
BERGSMA 83C is reanalysis of CERN-SPS beam-dump data. See their figure 1.
CHANOWITZ 83 find in bag-model that charged s-hadron exists which is stable against
strong decay if m- &1 GeV. This is important since tracks from decay of neutral s-

hadron cannot be reconstructed to primary vertex because of missed p. Charged s-hadron
leaves track from vertex.
KANE 82 inferred above g mass limit from retroactive analysis of hadronic collision and
beam dump experiments. Limits valid if g decays inside detector.

ABE

172 A DEVA 85 MRK J
BALL 84 CALO Beam dump

4 BARTEL 848 JADF
BEHREND 83 CELL

175 CABIBBO 81 COSM

BUSKULIC 95E looked for e+ e ~ X1X1, where X1 decays via R-parity violating in-

teraction into one neutrino and two opposite-charge leptons. The bound applies provided

that B(Z ~ X X )& 3 x 10 p, p being the final state X velocity.

BUSKULIC 95E looked for e+ e ~ pp, where p decays via R-parity violating interac-
tion into one neutrino and two opposite-charge leptons. They extend the domain in the
{m-,m-) plane excluded by ACTON 930 to m- &220 GeV/c {for m-=15 GeV/c )

and to m- )2 GeV/c (for m- &220 GeV/c ).
ACTON 93G assume R-parity violation and decays p ~ r+/+vg (E= e or p). They
exclude m- = 4—43 GeV for m- &42 GeV, and m- = 7—30 GeV for m- &100 GeV

eL y ei
(95% CL). Assumes eR much heavier than eL, and lepton family number violation but
Le- L conservation.

ABE 89j exclude m- = 0.15—25 GeV (95%CL) for d = (100 GeV) and m- = 40 GeV0

in the case p ~ p G, and m- up to 23 GeV for m- = 40 GeV in the case p ~ p H0
y e

BEHREND 87B limit is for unstable photinos only. Assumes B(p ~ p(Gor H )) =1,
m- -0 (( m- and pure p eigenstate. m- = m- & 100 GeV.

Gor Ho

ADEVA 85 is sensitive to p decay path &5 cm. With m- = 50 GeV, limit (CL = 90%)
is m- )20.5 GeV. Assume p decays to photon + goldstino and search for acoplanar

y

photons with large missing pr.
BALL 84 is FNAL beam dump experiment. Observed no p decay, where p's are expected
to come from g's produced at the target. Three possible p lifetimes are considered.
Gluino decay to goldstino + gluon is also considered.

Unstable 7 (Phot)no} MASS LIMIT
Unless stated otherwise, the limits below assume that the p decays either into p G (gold-

stino) or into p H (Higgsino).
VAi UE (Gev) Ci. % DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&40 95 BUSKULIC 95E ALEP e+ e —+ X X
1 1

(Xo, ee')
168 BUSKULIC 95E. ALEP e+ e

——+

(~ ~eÃ')
169 ACTON 93G OPAL e+ e

($ ~ r+E+v~, )
89J VNS e+ e

(p~ yGorpH )
&15 95 1 BEHREND 87B CELL e+ e

(p ~ pG or pH0)
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BEHREND 83 and BARTEL 848 look for 2p events from p pair production. With

supersymmetric breaking parameter d = (100 GeV) and m- = 40 GeV the excludede
regions at CL = 95% would be m- = 100 MeV —13 GeV for BEHREND 83 m- ='y .y

80 MeV —18 GeV for BARTEL 848. Limit is also applicable if the p decays radiatively
within the detector.
CABIBBO 81 consider p ~ p+ goldstino. Photino must be either light enough ((30
eV) to satisfy cosmology bound, or heavy enough ()0.3 MeV) to have disappeared at
early universe.
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Supersymmetry Miscellaneous Results
Results that do not appear under other headings or that make nonminimal assumptions.

VAL UE DOCUMENT /D TECN COMMENT

e ~ o We do not use the following data for averages, fits, limits, etc. o ~ ~

176 BARBER 848 RVUE
HOFFMAN 83 CNTR ~ p ~ n(e+ e )

BARBER 848 consider that p, and e may mix leading to p ~ epp. They discuss mass-

mixing limits from decay dist asym in LBL-TRIUMF data and e+ polarization in SIN
data.
HOFFMAN 83 set CL = 90% limit dry/dt B(e+ e ) ( 3.5 x 10 cm /GeV for

spin-1 partner of Goldstone fermions with 140 (m (160 MeV decaying ~ e+ e pair.

SATO
ABREU
ABREU
ADACHI
ADEVA
AKESSON
AKRAWY
AKRAWY
AK RAWY
A LITT I
BAER
BARKLOW
DECAMP
DECAMP
DREES
ELLIS
GRIEST
GRIFOLS
KRAUSS
ROSZKOWSKI
SAKAI

91
90F
90G
90C
90I
908
90D
90N
900
90
90
90
90C
90K
90
90
90
90
90
90
90

ABE
ADAC HI
ADEVA
ALBA JAR
HEARTY

Also
Also

NAKAMURA
OLIVE
BAER

Also
BEHREND
ELLIS
NATH
OLIVE
SREDNICKI
ADEVA
ALBA JAR
ALBA JAR
AN SARI
ARNOLD
BAER

Also
BEHR END
HEARTY
NG
TUTS
ALBRECHT
BA DIER
BARNETT
FORD
GAISSER
VOLOSHIN

A DEVA

Also
AKERLOF
BARTEL
BEHREND
COOPER-. ..
DAWSON
FAR RAR
GOLDMAN
HABER
ADEVA
BALL
BARBER
BARTEL
BARTEL
BRICK
ELLIS
FAR RAR
BEHREND
BERGSMA
CHANOWIT
GOLDBERG
HOFF MAN

KRAUSS
VYSOTSKII

89J
89
898
89
89
87
86
89
89
88
898
888
888
88
88
88
87
878
87D
87D
87
878
86
878
87
87
87
86C
86
86
86
86
86

85
84C
85
85L
85
858
85
85
85
85
848
84
848
848
84C
84
84
84
83
83C
83
83
83
83
83

KANE
CABIBBO
FAR RAR

Also

82
81
78
788

SODERSTROM 90
TAKETANI 90
ZHUKOVSKII 90

PR D44 2220
PL 8247 148
PL 8247 157
PL 8244 352
PL 8249 341
PL 8238 442
PL 8240 261
PL 8248 211
PL 8252 290
PL 8235 363
PR D41 3414
PRL 64 2984
PL 8236 86
PL 8244 541
PL 8252 127
PL 8245 251
PR D41 3565
NP 8331 244
PRL 64 999
PL 8252 471
PL 8234 534
PRL 64 2980
PL 8234 202
SJNP 52 931
Translated from YAF
ZPHY C45 175
PL 8218 105
PL 8233 530
ZPHY C44 15
PR D39 3207
PRL 58 1711
PRL 56 685
PR D39 1261
PL 8230 78
PR D38 1485
PR D39 989 erratum
PL 8215 186
PL 8215 404
PR D38 147g
PL 8205 553
NP 8310 693
PL 8194 167
PL 8185 241
PL 8198 261
PL 8195 613
PL 8186 435
PR D35 1598
PRL 57 294
ZPHY C35 181
PRL 58 1711
PL 8188 138
PL 8186 233
PL 1678 360
ZPHY C31 21
NP 8267 625
PR D33 3472
PR D34 2206
SJNP 43 495
Translated from YAF
PL 1528 439
PRPL 109 131
PL 1568 271
PL 1558 288
PL 1618 182
PL 1608 212
PR D31 1581
PRL 55 895
Physica 15D 181
PRPL 117 75
PRL 53 1806
PRL 53 1314
PL 1398 427
PL 1398 327
PL 1468 126
PR D30 1134
NP 8238 453
PRL 53 1029
PL 1238 127
PL 1218 429
PL 1268 225
PRL 50 1419
PR D28 660
NP 8227 556
SJNP 37 948
Translated from YAF
PL 1128 227
PL 1058 155
PL 768 575
PL 798 442

+Hirata, Kajita, Kifune, Kihara+ (Kamioka Collab. )
+Adam, Adami, Adye, Alekseev+ (DELPHI Collab. )
+Adam, Adami, Adye, Alekseev+ (DELPHI Collab. )
+Aihara, Doser, Enomoto+ (TOPAZ Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcarez+ (L3 Collab. )
+Alitti, Ansari, Ansorge+ (UA2 Collab. )
+Alexander, Allison, Allport+ (OPAL Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Ansari, Ansorge, Bagnaia, Bareyre+ ( UA2 C olla b. )
+Drees, Tata (FSU, CERN, HAWA}
+Abrams, Adolphsen, Averill, Ballarn+ (Mark II Collab, )
+Deschizeaux, Lees, Minard, Crespo+ (ALEPH Collab. )
+Deschizeaux, Goy, Lees+ (ALEPH Collab, )
+Hikasa (CERN, KEK)
+Nanopoulos, Roszkowski, Schramm (CERN, HARC, TAMU)
+Kamionkowski, Turner (UCB, CHIC, FNAL)
+Masso (BARC)

(YALE)
(TAMU, HARC)

+Gu, Low, Abe, Fujii+ (AMY Collab, )
+McKenna, Abrams, Adolphsen, Averill+ (Mark II Collab. )
+Oda ka, A be, Am a ko+ (VENUS Collab. )

+Amako, Arai, Fukawa+ (VENUS Collab. )
+Aihara, Dijkstra, Enomoto, Fujii+ (TOPAZ Collab. )
+Adriani, Aguilar-Benitez, Akbari+ (L3 Collab. )
+Albrow, Allkofer, Arnison, Astbury+ (UAl Collab. )
+Rothberg, Young, Johnson, Whitaker's (ASP Collab. )

Hearty, Rothberg, Young, Johnson+ (AS P Coll a b. )
Bartha, Burke, Extermann+ (ASP Collab. )

+Kobayashi, Konaka, Imai, Masaike+ (KYOT, TMTC)
+Srednicki {MINN, UCSB)
+Hagiwara, Tata (FSU, KFK, WISC)

Baer, Hagiwara, Tata (FSU, KEK, WISC)
+Criegee, Dainton, Field+ (C E LLO Coll a b.)
+Olive, Sarkar, Sciama (CERN, MINN, RAL, CAMB)
+Arnowitt (NEAS, TAMU)
+Srednicki (MINN, UCSB)
+Watkins, Olive (MINN, UCSB)
+Anderhub, Ansari, Becker+ (Mark-J Collab. )
+Albrow, Allkofer, Arnison+ (UA1 Collab. )
+Albrow, Allkofer+ (UA1 Collab. )
+Bagnaia, Banner+ (UA2 Collab. )
+Barth+ (BRUX, DUUC, LOUC, BARI, AICH, CERN+)
+Hagiwara, Tata {KEK, ANL, WISC)

Baer, Hagiwara, Tata (ANL, DESY, WISC)
+Buerger, Criegee, Dainton+ (CELLO Collab, )
+Rothberg, Young, Johnson+ {ASP Collab. )
+Olive, Srednicki (MINN, UCSB)
+Franzini, Youssef, Zhao+ (CUSB Collab. )
+Bind e r, H arder+ (ARGUS Collab. )
+Bemporad, Boucrot, Callot+ (NA3 Collab. )
+Haber, Kane (LBL, UCSC, MICH}
+Qi, Ready ( MAC Coll a b, )
+Steigman, Tilav (BART, DELA)
+Okun (ITEP)

43 779
+Becker, Becker-Szendy+ (Mark-J Collab. )

Adeva, Barber, Becker+ (Mark-J Collab. )
+Bonvicini, Chapman, Errede+ (HRS Collab. )
+Becker, Cords, Feist, Hagiwara+ (JADE Collab. )
+Burger, Criegee, Fenner+ (CELLO Collab, )

Cooper-Sarkar, Parke r, Sa rkar+ {WA66 Collab, )
+Eichten, Quigg (LBL, FNAL)

(RUTG)
+Haber (LANL, UCSC)
+Kane (UCSC, MICH)
+Barber, Becker, Berdugo+ (Mark-J Collab. )
+Coffin, Gustafson+ {MICH, FIRZ, OSU, FNAL, WISC)
+Shrock (STON)
+Becker, Bowdery, Cords+ (JADE Collab. )
+Becker, Bowdery, Cords+ (JADE Collab, )
+ (BROW, CAVE, IIT, IND, MIT, MONS, NIJM+)
+Hagelin, Nanopoulos, Olive, Srednicki (CERN)

(RUTG)
+Chen, Fenner, Gumpel+ (CELLO Collab. )
+Dorenbosch, Jonker+ (CHARM Collab. )
+Sharpe (UCB, LBL)

{NEAS)
(LANL, ARZS)

(HARV)
(ITEP)

Moir, Schardt

37 1597.
+Leveille
+Farrar, Maiani
+Fayet

Farrar, Fayet

(MICH)
(ROMA, RUTG)

(CIT)
(CIT)

+Eminov {MOSU)
52 1473.
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Quark and Lepton Compositeness,
Searches for

SEARCHES FOR QUARK AND
LEPTON COMPOSITENESS

+2m„@L~, WL W„~"C,
Chiral invariance provides a natural explanation why quark and

lepton masses are much smaller than their inverse size A. We

may determine the scale A unambiguously by using the above

form of the effective interactions; the conventional method [1]
is to fix its scale by setting g2/47r = g2(A)/47r = 1 for the new

strong interaction coupling and by setting the largest magnitude

of the coefIicients g~p to be unity. In the following, we denote

(qLL' rIRB' rlLB) (+1, 0, 0),
A=A+ for (rI, rI, rl ) =(0, +1, 0),
A = Avv for (tlLL rilt&, re&) = (+I, +1, +1),
A = Agg for (rILL, rlLtlt, tlL~) = (+1, +I, ~1), (2)

as typical examples. Such interactions can arise by constituent

interchange (when the fermions have common constituents, e.g. ,

for ee ~ ee) and/or by exchange of the binding quanta (when-

ever binding quanta couple to constituents of both particles).
Another typical consequence of compositeness is the appear-

ance of excit, ed lept, ons and quarks (l* and q*). Phenomeno-

logically, an excited lepton is defined to be a heavy lepton

which shares leptonic quantum number with one of the existing

leptons (an excited quark is defined similarly). For example,

an excited electron e* is characterized by a nonzero transition-

magnetic coupling with electrons. Smallness of the lepton mass

and the success of QED prediction for g—2 suggest chirality

conservation, i.e. , an excited lepton should not couple to both
left- and right-handed components of the corresponding lepton.

Excited leptons may be classified by SU(2) xU(l) quantum
numbers. Typical examples are:
1. Sequential type

(').
v& is necessary unless v* has a Majorana mass.

2. Mirror type

If quarks and leptons are made of constituents, then at the

scale of constituent binding energies, there should appear new

interactions among quarks and leptons. At energies much below

the compositeness scale (A), these interactions are suppressed

by inverse powers of A. The dominant effect should come from

the lowest dimensional interactions with four fermions (contact

terms), whose most general chirally invariant form reads [1]

2

rjLL O'L WP 4L O'L V" 4L + nLtlt 0„Vy.0„0~V" 0„

3. Homodoublet type

Similar classification can be made for excited quarks.
Excited fermions can be pair produced via their gauge

couplings. The couplings of excited leptons with Z are listed

in the following table (for notation see Eq. (1) in "Standard
Model of Electroweak Interactions" ):

Sequential type Mirror type Homodoublet type

UvD

A"D

U"M

——+ 2slIl Hgr
1 ~ 2
2

1
2

+ 1
2

+ 1
2

0
+1

——+ 2sin ]9w1 ~ 2
2

+ 1
2

+—1
2
1
2

0
—1

—1+2sln 8~
0

+1
0

(f')

2mf s

ze. ..(f')
+ f ~""(tlL' 2" + na'+2")f~~

2mf s

(~*)

E o." 'vsg
2m/+

~'*)g
v"~~"(~ '-»+~ '+»)swt

2m *

+ h.c. ,

where g = e/sine', F& ——D&A —8 A& is the photon field

strength, Z&
——0&Z —B~Z&, etc. The normalization of the

coupling is chosen such that

max(lml, lm I) =1

Chirality conservation requires

gl.g~ = 0. (4)

These couplings can arise from SU(2) xU(1)-invariant
higher-dimensional interactions. A well-studied model is the
interaction of homodoublet type E* with the Lagrangian [2,3]

Here vD (vM) stands for Dirac (Majorana) excited neutrino.

The corresponding couplings of excited quarks can be easily

obtained. Although form factor effects can be present for the

gauge couplings at, q g 0, they are usually neglected.

In addition, transition magnetic type couplings with a
gauge boson are expected. These couplings can be generally

parametrized as follows:

L(gf'2 W;„+g'f—'YB„)2»L+ h. c. ,
2A
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where L denotes the lepton doublet (rg, I), A is the compositeness

scale, g, g' are SU(2) and U(1)~ gauge couplings, and W&„
and B» are the field strengths for SU(2) and U(1)~ gauge

fields. The same interaction occurs for mirror-type excited

leptons. For sequential-type excited leptons, the E* and v*

couplings become unrelated, and the couplings receive the extra
suppression of (250 GeV)/A or mL /A. In any case, these

couplings satisfy the relation

7. DELPHI (charged lepton)

pDELPHI (14)

If leptons are made of color triplet and antitriplet con-

stituents, we may expect their color-octet partners. Transitions

between the octet leptons (Es) and the ordinary lepton (E) may

take place via the dimension-Bve interactions

Aw = —v 2 sin'Hw(Az cot Hw + A~) . Q (gg gg F'„(ggg„gg+g„gg)+ h. . ) (15)

Additional coupling with gluons is possible for excited

quarks:

2=—Q g'
g f», G. , +g'f.;W„;+g'f'YBg—)

x ' ~' Q + h.c. ,

ALEPH 1
Az" ———Az (1990 papers)

2
(8a)

(f» lcl = ldl)
A mr [orm l

2. ALEPH (quark)

(85)

ACALEPH

slii Hgr cos i9gr

1 2. 2 8. 4———sin 8~+ —sin 6I~
4 3 9

Az = 111Az (9)

3. L3 and DELPHI (charged lepton)

where Q denotes a quark doublet, g, is the @CD gauge coupling,

and G„ the gluon Beld strength.
Some experimental analyses assume the relation gl, = g~ =

1, which violates chiral symmetry. We encode the results

of such analyses if the crucial part of the cross section is

proportional to the factor gL + gR and the limits can be

reinterpreted as those for chirality conserving cases (rIL, rfp) =
(1,0) or (0, 1) after rescaling A.

Several different conventions are used by LEP experiments

to express the transition magnetic couplings, To facilitate com-

parison, we reexpress these in terms of Az and Az using the

following relations and taking sin2{9~ = 0.23. We assume chiral

couplings, i e. , lcl = ldl . in the notation of Ref. 2.

1. ALEPH (charged lepton and neutrino)

where the summation is over charged leptons and neutrinos.

The leptonic chiral invariance implies g& g = 0 as before.L R
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SCALE LIMITS for Contact Interactions: A{eeee)
Limits are for ALL only. For other cases, see each reference.

h{L(TeV) hl L
p'eV) CL% DOCUMENT ID TECN COMMEIVT

P1 6 95 . 1,2 BUSKULIC 93Q RVUE
&3.6 95 3 KROHA 92 RVUE

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.6 &2.0 95 BUSKULIC 93Q ALEP Ecm =88.25—94.25 GeV

)2.2 95 BUSKULIC 93Q RVUE
&1 3 95 KROHA 92 RVUE
&0.7 &2.8 95 BEHREND 91C CELL Ecm —35 GeV
&1.3 &1.3 95 KIM 89 AMY Ecm —50 57 GeV
&1.4 &3.3 95 BRAUNSCH. .. 88 TASS Ecm=12-46.8 GeV

&1.0 &0.7 95 FERNANDEZ 87B MAC Ecm=29 GeV

&1.1 )1.4 95 BARTEL 86C JADE Ecm =12—46.8 GeV

&1.17 )0.87 95 7 DERRICK 86 HRS Ecm —29 GeV

&1.1 )0.76 95 8 BERGER 85B PLUT Ecm —34,7 Gev

1This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRISTAN data re-
analyzed by KROHA 92.
BUSKULIC 93Q uses the following prescription to obtain the limit: when the naive 95%CL
limit is better than the statistically expected sensitivity for the limit, the latter is adopted
for the limit.
KROHA 92 limit is from fit to BERGER 85B, BARTEL 86C, DERRICK 86B, FERNAN-
DEZ 87B, BRAUNSCHWEIG 88, BEHREND 91B, and BEHREND 91C. The fit gives

rI/ALL
—+0.230 + 0.206 TeV

BRAUNSCHWEIG 88 assumed mZ —92 GeV and sin Hi/I/
—0.23.

FERNANDEZ 87B assumed sin OI/I/
—0.22.

BARTEL 86C assumed mZ —93 GeV and sin 0~ —0.217.
DERRICK 86 assumed mZ —93 GeV and gy: ( 1/2+2sin olri/) = 0.004.

BERGER 85B assumed mZ —93 GeV and sin 0I/I/
—0.217.

4. L3 (neutrino)

fz ——v 2Az

5. OPAL (charged lepton)

fOPAL

6. OPAL (quark)

= —1.56 (12)
cot 8~ —tan 0~ my~ my*

AL3 ADELPHI Az lpAz (lp)
cot 0~ —tan Her

SCALE LIMITS for Contact Interactions: A{eergIg}
Limits are for h&L only. For other cases, see each reference.

ht I
(TeV) hLI peV) CL% DOCUMENT ID TECN COMMENT

2 6 )19 95 9 10 BIJSKULIC 93Q RVUE
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.7 &2.2 95 VELISSARIS 94 AMY Ecm=57.8 GeV

&1.3 )1.5 95 BUSKULIC 93Q ALEP Ecm=88. 25-94.25 GeV

&2 3 )20 95 HOWELL 92 TOPZ Ecm=52 —61.4 GeV

7 95 11 KROHA 92 RVUE
&2.5 & 1.5 95 BEHREND 91C CELL Ecm —35—43 GeV

&1.6 )2.0 95 12 ABE 90' VNS Ecm —50 60.8 GeV

&1.9 &1.0 95 K IM 89 AMY Ecm —50-57 GeV

&2,3 )1.3 95 BRAUNSCH. .. 880 TASS Ecm —30—46.8 GeV

&4.4 &2.1 95 BARTEL 86c JADE Ecm=12-46.8 GeV

&2.9 )0.86 95 BERGER 85 PLUT Ecm=34. 7 GeV

fOPALc
(f» lcl = ldl) (13)
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9This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRISTAN data re-
analyzed by KROHA 92.
BUSKULIC 93Q and VELISSARIS 94 use the following prescription to obtain the limit:
when the naive 95%CL limit is better than the statisticaliy expected sensitivity for the
limit, the latter is adopted for the limit.
KROHA 92 limit is from fit to BARTEI 86C, BEHREND 87C, BRAUNSCHWEIG 88D,
BRAUNSCHWEIG 89C, ABE 90l, and BEHREND 91C. The fit gives fi/ALL

——0.155+
0.095 TeV
ABE 90( assumed mZ —91.163 GeV and sin Hyy

—0.231.
BARTEL 86c assumed mZ = 93 GeV and sin gay

—0.217.
BERGER 85 assumed mZ —93 GeV and sin 0~ —0.217.

SCALE LIMITS for Contact Interactions: A(eerr)
Limits are for ALL only. For other cases, spe each reference.

AL L(TeV)
ALL

(TeV) CL% DOCUMENT ID TECN COMMENT

&1.9 )2.9 95 15 K ROHA 92 RVUE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&1 4 )2 0 95 VELISSARIS 94 AMY Ecm
—57 8 GeV

)1.0 &1.5 95 BUSKULIC 93Q ALEP Ecm —88.25—94.25 GeV

&1.8 )2.3 95 16&17 BUSKULIC 93Q RVUE
&1.9 &1.7 95 HOWELL 92 TOPZ Ecm =52-61.4 GeV

)1 6 &2 3 95 BEHREND 91C CELL Ecm=35 —43 GeV

)1.8 )1.3 95 1 ABE 90t VNS Ecm =50—60.8 GeV

)2.2 )3.2 95 BARTEL 86 JADE Ecm =12—46.8 GeV

KROHA 92 limit is from fit to BARTEL 86C BEHREND 898, BRAUNSCHWEIG 89C,
ABE 90t, and BEHREND 91C. The fit gives TI/ALL

—+-0.095 + 0.120 TeV

BUSKULIC 93Q and VELISSARIS 94 use the following prescription to obtain the limit:
when the naive 95%CL limit is better than the statistically expected sensitivity for the
limit, the latter is adopted for the limit.

17This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRISTAN data re-
analyzed by KROHA 92.
ABE 90j assumed m Z =91.163 GeV and sin OIIII = 0.231.
BARTEL 86 assumed mZ —93 GeV and sin 0~ —0.217.

SCALE LIMITS for Contact Interactions: A(flf f)
Lepton universality assumed. Limits are for ALL only. For other cases, see each

reference.

ALL(TBV) ALL(TeV) CL% DOCUMENT ID TECN COMMENT

35 )28 95 20,21 BUSKULIC 93Q RVUE

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

)3.0 )2.3 95 21,22 BUSKULIC Q ALEP Ecm ——88.25—94.25 GeV

&2.5 )2.2 95 HOWELL 92 TOPZ Ecm —52—61.4 GeV

)3.4 &2.7 95 24 KROHA 92 RVUE

This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRISTAN data re-
a nalyzed by K ROH A 92.
BUSKULIC 93Q uses the following prescription to obtain the limit: when the naive 95%CL
limit is better than the statistically expected sensitivity for the limit, the latter is adopted
for the limit.

22From e+e ~ e+ e, p+ p, , and T+T.
HOWELL 92 limit is from e+e ~ Ig+ p. and r+T
KROHA 92 limit is from fit to most PEP/PETRA/TRISTAN data. The fit gives fT/ALL

= -0.0200 + 0.0666 TeV

SCALE LIMITS for Contact Interactions: A(eeqq)
Limits are for ALL only. For other cases, see each reference.

ALL(TeV) ALL(TeV) CL% DOCUMENT ID TECN COMMEN T

95

91C CELL
91c CELL
89L VNS

95
95
95

& 2.3 & 1.0 95 AID 95 Hl (eeqq} (u, d quarks)
& 1.7 ) 2.2 95 ABE 91D CDF (eeqq) (u, d quarks)
& 1.2 95 27 ADACHI 91 1OPZ (eeqq)

(flavor-universa I)
&1.7 8 ABE 89L VNS (eeqq)

(fIavor- universa I)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.6 95 7 ADACHI 91 TOPZ (eeqq)
(flavor-universa I)

&0.6 &1.7 » BEHREND (eecc)
&1.1 )1.0 29 BEHREND (eebb)
&0.9 8 ABE (eeq q)

(flavor- universa I)
)1.05 &1.61 95 HAGIWARA 89 RVUE (eecc)
&1.21 &0.53 95 31 HAGIWARA 89 RVUE (eebb)

AID 95 limits are from the Q spectrum measurement of e p ~ eX.
ABE 91D limits are from e+e rnassdistribution in pp ~ e+e X at Ecm

—1.8TeV.
ADACHI 91 limits are from difFerential jet cross section. Universality of A(eeq q) for five
flavors is assumed.
ABE 89L limits are from jet charge asymmetry. Universality of A(eeqq) for five flavors
is assumed.
BEHREND 91C is from data at Ecm = 35—43 GeV.

The HAGIWARA 89 limit is derived from forward-backward asymmetry measurements of
D/D* mesons by ALTHOFF 83C, BARTEL 84E, and BARINGER 88.

The HAGIWARA 89 limit is derived from forward-backward asymmetry measurement of
b hadrons by BARTEL 84D.

SCALE LIMiTS for Contact Interactions: A(jsisqq)
ALL(TeV) ALL(TeV) CL% DOCUMENT ID TECN COMMENT

&1.4 &1.6 95 ABE 928 CDF (IMP qq) (isosinglet)

SCALE LIMITS for Contact Interactions: A(tvtv)
VALUE (TeV} CL% DOCUMENT ID TECN COMMENT

)3.10 90 JODIDIO 86 SPEC ALR(v ve Ig e)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.8 DIAZ C R UZ 94 RVUE A LL(T vT e ve }
)8.1 DIAZCRUZ 94 RVUE ALL(T v~ eve)
&4.1 DIAZCRUZ 94 RVUE A L(T'v~ pv~)
)6.5 DIAZCRUZ 94 RVUE ALL(7 v p, v~)

JODIDIO 86 limit is from p+ ~ v e+ ve. Chirality invariant interactions L = (g /A )

fTLL ( pLw vL) (eLwn eL) + TII, R ( pL& eL (eRpnoR)] with g /4fr = 1 and

(fTLL, fTLR) = (0,+1) are taken. No limits are given for ALL with (fILL,rILR) = (+1,0).
For more general constraints with right-handed neutrinos and chirality nonconserving
contact interactions, see their text.
DIAZCRUZ 94 limits are from I (~ ~ evv) and assume flavor-dependent contact in-
teractions with A(Tv~ eve) (( A(p, v&eve).
DIAZCRUZ 94 limits are from I {~ ~ p, vv) and assume flavor-dependent contact
interaCtiOnS With A(~vT p, v&) (( A(p, v& eve).

SCALE LIMITS for Contact Interactions: A(qqqq)
I imits are for ALL with color-singlet isoscalar exchanges among uL's and dL's only.

See EICHTEN 84 for details.
VALUE (TeV} CL% DOCUMEN T ID TECN COMMEN T

5 ABE 96 CDF pp jets inclusive

&1.4 95 36 ABE 92D CDF pp ~ jets inclusive
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.3 95 37 ABE 93G CDF pp ~ dijet mass
&1.0 99 A BE 92M CDF pp + dijet angl.
&0.825 95 9 A LITTI 918 UA2 pp ~ jets inclusive

&0.700 95 36 ABE 89 CDF pp ~ jets inclusive

&0.330 95 40 ABE 89j-I CDF pp ~ dijet angl.
&0.400 95 ARNISON 86C UA1 pp ~ jets inclusive

&0.415 95 ARNISON 86D UA1 pp ~ dijet angl.
&0.370 95 3 APPEL 85 UA2 p p ~ jets inclusive

&0.275 95 44 BAGNAIA 84c UA2 Repl. by APPEL 85

ABE 96 finds that the inclusive jet cross section for EF &200 GeV is significantly higher

than the O(ct ) perturbative QCD prediction. This could be interpreted as the efFect of as
contact interaction with ALL 1.6 TeV. However, ABE 96 state that uncertainty in the
parton distribution functions, higher-order QCD corrections, and the detector calibration
may possibly account for the effect.
Limit is from inclusive jet cross-section data in pp collisions at Ecm = 1.8 TeV. The
limit takes into account uncertainties in choice of structure functions and in choice of
process scale.
ABE 93G limit is from dijet mass distribution in PP collisions at Ecm = 1.8 TeV. The
limit is the weakest from several choices of structure functions and renormalization scale.
ABE 92M limit is from dijet angular distribution for mdijet &550 GeV in pp collisions at
Ecm=1.8 TeV.

ALITTI 918 limit is from inclusive jet cross section in PP collisions at Ecm —630 GeV.
The limit takes into account uncertainties in choice of structure functions and in choice
of process scale.
ABE 89H limit is from dijet angular distribution for md;jet & 200 GeV at the Fermilab

Tevatron Collider with Ecm = 1.8 TeV. The QCD prediction is quite insensitive to choice
of structure functions and choice of process scale.
ARNISON 86C limit is from the study of inclusive high-p T jet distributions at the CERN
pp collider (Ecm = 546 and 630 GeV). The QCD prediction renormalized to the low-pT
region gives a good fit to the data.
ARNISON 86D limit is from the study of dijet angular distribution in the range 240 &
m(dijet) & 300 GeV at the CERN PP collider (Ecm —630 GeV). QCD Prediction using

EHLQ structure function (EICHTEN 84) with AQCD
—0.2 GeV for the choice of Q

pT gives the best fit to the data.
APPEL 85 limit is from the study of inclusive high-pT jet distributions at the CERN
pp collider (Ecm —630 GeV). The QCD prediction renormalized to the low-pT region
gives a good description of the data.
BAGNAIA 84C limit is from the study of jet pT and dijet mass distributions at the CERN
pp collider (Ecm ——540 GeV). The limit suffers from the uncertainties in comparing the
data with the QCD prediction.
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MASS LIMITS for Excited e (e')
Most e+e experiments assume one-photon or Z exchange. The limits
from some e+ e experiments which depend on A have assumed transition
couplings which are chirality violating (f)L

—fIR). However they can be
interpreted as limits for chirality-conserving interactions after multiplying
the coupling value A by ~2; see Note.

Excited leptons have the same quantum numbers as other ortholeptons.
See also the searches for ortholeptons in the "Searches for Heavy Leptons"
section.

Limits for Excited e (e') from Pair Production
These limits are obtained from e+ e ~ e*+e* and thus rely only on the (elec-
troweak) charge of e*. Form factor effects are ignored unless noted. For the case
of limits from Z decay, the e* coupling is assumed to be of sequential type. Possi-
ble t channel contribution from transition magnetic coupling is neglected. All limits
assume e* ~ ep decay except the limits from I (Z).
For limits prior to 1987, see our 1992 edition (Physical Review D45, 1 June, Part II

(1992)).
VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

&45,6 95 ADRIANI 93M L3 Z ~ e*e*
&45.6 95 ABREU 92C DLPH Z ~ e* e*
&46.1 95 DECAMP 92 ALEP Z —+ e* e*
&44.9 95 AKRAWY 90I OPAL Z ~ e*e*

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&29.8 95 45 BARDADIN-. .. 92 RVUE C(Z))26.1 95 6 DECAMP 92 ALEP Z e* e*; I (Z)
)33 95 ABREU 91F DLPH Z e*e*; I (Z)
&45.0 95 47 ADEVA 90F L3 Z ~ e*e*
&44.6 95 DECAMP 90G ALEP e+ e ~ e* e*
&30.2 95 ADACHI 89B TOPZ e+ e ~ e* e*
&28,3 95 K IM 89 AMY e+ e ~ e*e*
&27.9 95 49 ABE 88B VNS e+ e ~ e* e*

5BARDADIN-OTWINOWSKA 92 limit is independent of decay modes. Based on
ar{Z)(36 MeV.
Limit is independent of e* decay mode.

47 ADEVA 90F is superseded by ADRIANI 93M.
Superseded by DECAMP 92.
ABE 88B limits assume e+ e ~ e*+e* with one photon exchange only and e* ~
ep giving eepp.

Limits for Exdted e (e'} from Single Production
These limits are from e+e ~ e*e, W ~ e*v, or ep ~ e*X and depend on
transition magnetic coupling between e and e*. All limits assume e* ~ ep decay
except as noted. Limits from LEP, UA2, and H1 are for chiral coupling, whereas all

other limits are for nonchiral coupling, rIL
—f)R —. 1. In most papers, the limit is

expressed in the form of an excluded region in the A —m, plane. See the original
papers.

)86

95

95
95
95
95

95

none 23-54

For limits prior to 1987, see our 1992 edition (Physical Review D45, 1 June, Part ll

{1992)).
VRL UE (GeV) CL% DOCUMENT ID TECN COMMENT

&89 95 ADRIANI 93ivI L3 Z ~ ee*, AZ ) 0.5
)88 95 ABREU 92C DLPH Z ee*, AZ & 0.5
)91 95 DECAMP 92 ALEP Z ~ ee*, AZ &1
&87 95 AKRAWY 90I OPAL Z ~ ee*, AZ & 0.5

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

IDERRICK 95B ZEUS e p ~ e~ X
5' ABT 93 Hl ep ~ eX

95 ADRIANI 93M I 3 A~ & 0.04

DERRICK 93B ZEUS Superseded by DER-
RICK 95B

&86 ABREU 92C DLPH e+ e ~ ee*, A )
0.1

&88 ADEVA 90F L3 Z ~ ee*, AZ & 0.5
&86 ADEVA 90F L3 Z ~ ee*, AZ & 0.04
&81 4 DECAMP 90G ALEP Z ~ ee*, AZ &

&50 ADACHI 89B TOPZ e+ e ~ ee*, A

0,04
&56 K IM 89 AMY e+ e —h ee*, A

0.03
95 55 ABE 88B VNS e+ e ~ ee* A 'Y

0.04
&75 95 ANSARI 87D UA2 W a e* v; A W ) 0.7
&63 95 ANSARI 87D UA2 W e* v, A W ) 0.2
&40 95 ANSARI 87D UA2 W ~ e*v,'AW ) 0.09

DERRICK 955 search for single e* production via e' en coupling in e p collisions with

the decays e~ en, e2, vtrir. See their Fig. 13 for the exclusion plot in the m, —An

pla ne.
51ABT 93 search for single e* production via e*ep coupling in ep collisions with the

decays e* ~ ep, eZ, v W. See their Fig. 4 for exclusion plot in the I „—A plane.e*
DERRICK 93B search for single e* production via e*ep coupling in e p collisions with
the decays e* ~ ep, eZ, v W. See their Fig. 3 for exclusion plot in the m, —A plane.e*
Su persed ed by AD R I A N I 93M.
Superseded by DECAMP 92.
ABE 88B limits use e+ e ~ ee* where t-channel photon exchange dominates giving
ep(e) (quasi-real corn pton scattering).
A N SA RI 87D is at Ecm

—546—630 GeV.

Limits for Excited e (e'} from e+ e
These limits are derived from indirect effects due to e* exchange in the t channel and
depend on transition magnetic coupling between e and e*. All limits are for A = 1.
All limits except ABE 89J are for nonchiral coupling with t)L —f}R = 1.

For limits prior to 1987, see our 1992 edition (Physical Review D45, 1 June, Part II

(1992)).
VA L UE (Gev) CL% DOCUMENT ID TECN COMMENT

F146 95 ACCIARRI 95G L3
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

57 BUSKULIC 93Q ALEP
95 5 ADRIANI 92B L3
95 59 BARDADIN-. .. 92 RVUE
95 DECAMP 92 ALEP

60 SHIMOZAWA 92 TOPZ
& 100 95 ABREU 91E DLPH
& 116 95 AKRAWY 91F OPAL

83 95 ADEVA 90K L3
82 95 AKRAWY 90F OPAL
68 95 1 ABE 89J VNS f)g

—1, fIR=O
& 90.2 95 ADACHI 89B TOPZ
& 65 95 KIM 89 AMY

BUSKULIC 93Q obtain A+ &121 GeV (95%CL) from ALEPH experiment and h+ &135
GeV from combined TRISTAN and ALFPH data. These limits roughly correspond to
limits on m, .e'
ADRIANI 92B superseded by ACCIARRI 95G.
BARDADIN-OTWINOWSKA 92 limit from fit to the combined data of DECAMP 92,
A BR EU 91E, AD EVA 90K, AK RAWY 91F.
SHIMOZAWA 92 fit the data to the limiting form of the cross section with m, » Ecme*
and obtain m, &168 GeV at 95%CL. Use of the full form would reduce this limit by a
few GeV. The statistically unexpected large value is due to fluctuation in the data.
The ABE 89J limit assumes chiral coupling. This corresponds to A = 0.7 for nonchiral

coupling.

&127
& 114
& 99

Indirect Limits for Excited e (e'}
These limits make use of loop effects involving e* and are therefore subject to theo-
retica I uncertainty.

VALUE (GeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

DORENBOS, 89 CHRM v e ~ v e and
I-g Ig

v e ~ v e
G RIFOLS 86 THEO v e ~ v e

64 RENARD 82 THEO g—2 of electron

DORENBOSCH 89 obtain the limit A A t/m, ( 2.6 (95% CL), where Acut is thee*
cutoff scale, based on the one-loop calculation by GRIFOLS 86. If one assumes that Acut= 1 TeV and A = 1, one obtains m, & 620 GeV. However, one generally expects
A = „jcut n composite models.

GRIFOLS 86 uses v e ~ v e and v e ~ v e data from CHARM Collaboration to
derive mass limits which depend on the scale of compositeness.

4RENARD 82 derived from g—2 data limits on mass and couplings of e* and p,*. See
figures 2 and 3 of the paper.

MASS LIMITS for Excited Is (Is' )

Limits for Excited fa (fa'} from Pair Production
These limits are obtained from e+ e ~ p*+ILf" and thus rely only on the (elec-
troweak) charge of p,*. Form factor effects are ignored unless noted. For the case of
limits from Z decay, the p* coupling is assumed to be of sequential type. All limits
assume p~ ~ pp decay except for the limits from i {Z).
For limits prior to 1987, see our 1992 edition {Physical Review D45, 1 June, Part II

(1992)).
VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

&45.6 95 ADRIANI 93M L3 Z ~ p,
*p

&45.6 95 ABREU 92C DLPH Z —+ P Itg*

&46.1 95 DECAMP 92 ALEP Z ~ p* p*
&44.9 95 AKRAWY 901 OPAL Z ~ IL* P,

*

o ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&29.8 95 65 BARDADIN 92 RVUE I (Z)
&26.1 95 66 DECAMP 92 ALEP Z ~ p* p*; I (2)
&33 95 66 ABREU 91I= DLPH Z —a p,

*
p I (Z)

&45.3 95 ADEVA 90F L3 Z ~ @*It*
&44.6 95 68 DECAMP 90G ALEP e+ e ~ I.g* P,

*

&29.9 95 ADACHl 89B TOPZ e+ e ~ IM P~

&28.3 95 K I M 89 AMY e+ e ~ Is p,
*

5 BARDADIN-OTWINOWSKA 92 limit is independent of decay modes. Based on
Al (Z)(36 MeV.
Limit is independent of p,

* decay mode.
Superseded by ADRIANI 93M.

8 Superseded by DECAMP 92.



See key on page 199
703

Searches Particle Listings
Quark and Lepton Compositeness

Limits for Exdted fs (Is') from Single Production
These limits are from e+e ~ p¹ p, and depend on transition magnetic coupling
between p and Its¹. All limits assume p¹ ~ p, p decay. Limits from LEP are for chiral
coupling, whereas all other limits are for nonchiral coupling, fI~

—
TIp

—1. In most
papers, the limit is expressed in the form of an excluded region in the A —m, plane.

IJ
See the original papers.

For limits prior

(1992)).
VAL UE (GeV)

to 1987, see our 1992 edition (Physical Review D45, 1 June, Part II

CL% DOCUMENT ID TECN COMMENT

&89
&88
&91
&87
»»» Wedonotuse

&85
&75
&80
&50

)46

95 A D R IA Nl 93M L3

95 ABREU 92C DLPH

95 DECAMP 92 ALEP
95 A K RAWY 90I 0PA L

the following data for averages, fits, limits,

95 69 ADFVA 90F L3

95 DECAMP 90G ALEP
95 ADACHI 89B TOPZ

K IM 89 AMY

Z ~ light AZ
Z —+ IMP' ' AZ & 0'5
Z —+ Is@*, AZ &1
Z —+ Isp, , AZ )1
etc. » » »

Z ~ Itsy AZ
Z Isp, *, AZ & 01
e+ e ILL@, , AZ —1
8+ 8 —+ pp,

A~
—0.7
~ Is&

A =0.2

MASS LIMITS for Excited r (r')

Limits for Excited r {r') from Pair Production
These limits are obtained from e+ e ~ r*+r" and thus rely only on the (elec-
troweak) charge of T*

~ Form factor effects are ignored unless noted. For the case of
limits from Z decay, the T¹ coupling is assumed to be of sequential type. Ail limits
assume r* ~ rp decay except for the limits from I (Z}.
For limits prior to 1987, see our 1992 edition (Physical Review D45, 1 June, Part II

(»92))
VAL UE (GeV) CL% DOCUMENT ID TEChl COMMEN T

&45.6 95 ADRIANI 93M L3 Z —+ r* T*

&45.3 95 ABREU 92C DLPH Z —+ r¹ 7*
&46.0 95 DECAMP 92 ALEP Z —+

&44.9 95 AK RAWY 90) OPAL Z —+

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&29.8 95 BARDADIN-. .. 92 RVUE I (Z)
&26.1 95 DECAMP 92 ALEP Z —+ r 7*; I (Z)
)33 95 ABREU 91F DLPH Z —+ T*r*; I (Z)
&45.5 95 ADEVA 90L L3 Z T*r*
&41.2 95 75 DECAMP 90G ALEP e+ e ~ r¹ r*
&29,0 95 ADACHI 89B TOPZ e+ e ~ r¹ r¹

BARDADIN-OTWINOWSKA 92 limit is independent of decay modes. Based on
Df (Z)(36 MeV.
Limit is independent of T* decay mode.
Superseded by ADRIANI 93M.

75Superseded by DECAMP 92.

Limits for Excited r {r') from Single Production
These limits are from e+ e ~ T¹ T and depend on transition magnetic coupling
between r and r*. All limits assume r* ~ rp decay. Limits from LEP are for chiral
coupling, whereas all other limits are for nonchiral coupling, TIL

—f)p = l. In most
papers, the Ifmft is expressed in the form of an excluded region in the A —m, plane.
See the original papers.

VAL UE (GeV) CL % DOCUMEN T ID TECN COMM EN T

&88 95 ADRIANI 93M L3 Z h rr*, AZ & 05
&87 95 ABREU 92C DLPH Z Tr, AZ & 0.5
p90 95 DECAMP 92 ALEP Z ~ TT, AZ ) 0.18
&86.5 95 AKRAWY 90I OPAL Z ~ 7 r*, AZ &1

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&88 6 ADEVA 90L L3 Z TT ' AZ &1
&59 DECAMP 90G ALEP Z h rr, AZ

—1

)40 BARTEL 86 JADE e+ e ~ rr, A&
—1

95 BEHREND 86 CELL e+ e ~ rr*, A =1
95 BEHREND 86 CELL e+ e ~ T T*, A =0.7

95
95
95

&41.4
&40.8

6 Su perseded by
Superseded by
BARTEL 86 is

79 BEHREND 86

ADRIANI 93M.
DECAMP 92.
at Ecm —30—46.78 GeV.
limit is at Ecm —33—46.8 GeV.

69 Superseded by ADRIANI 93M.
Su perseded by D E CAMP 92.

Indirect Limits for Excited fs (fs')
These limits make use of loop effects involving p,

* and are therefore subject to theo-
retical uncertainty.

VAL UE (GeV) DOCUMEN T ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

71 RENARD 82 THEO g—2 of muon

RENARD 82 derived from g—2 data limits on mass and couptings of e* and p¹. See
figures 2 and 3 of the paper.

MASS LIMITS for Excited Neutrino {v')
Limits for Excited v (s ') from Pair Production

These limits are obtafned from Z ~ v*v* decay and thus rely only on the (elec-
troweak) charge of v¹. Form factor effects are ignored unless noted. The v¹ couplfng
fs assumed to be of sequential type. Limits assume v¹ ~ vp decay except for the
I (Z) measurement which makes no assumption about decay mode.

VAL UE (GeV} CL % DOCUMEhl T ID TEChl COMMEAI T

&47 95 80 DECAMP 92 ALEP
~ ~ » We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&43.7 95 BARDADIN-. .. 92 RVUE f (Z)
&42,6 95 DECAMP 92 ALEP I (Z)
&35.4 95 83 84 DECAMP 900 ALEP f (Z)
&46 95 s DECAMP 900 ALEP

80Limit is based on B(Z ~ v¹ v*)xB(v* ~ up) ( 5 x 10 5 (95%CL) assuming
Dirac v*, B(v* ~ vp) = l.
BARDADIN-OTWINOWSKA 92 limit is for Dirac v*. Based on Q, C(Z)(36 MeV. The
limit is 36.4 GeV for Majorana v*, 45.4 GeV for homodoublet v*.

2 Limit is for Dirac v*. The limit is 34.6 GeV for Majorana v*, 45.4 GeV for homodoublet
v*

~

DECAMP 900 limit is from excess h, f (Z) ( 89 MeV. The above value is for Dirac v*,
26.6 GeV for Majorana v*,' 44.8 GeV for homodoublet v*.

84Superseded by DECAMP 92.
DECAMP 900 limit based on B(Z ~ v*v*) B(u* ~ vp) ( 7 x 10 (95%CL),
assuming Dirac v*, B(v¹ ~ vp) = l.

&87
&74

MASS LIMITS for Excited q (q')

Limits for Excited q (q') from Pair Production
These limits are obtained from e+ e ~ q* q* and thus rely only on the (electroweak}
charge of the q*. Form factor effects are ignored unless noted. Assumptions about
the q* decay are given in the comments and footnotes.

VA L UE (GeV) CL % DOCUMEN T ID TECN COMMEN T

&45.6 95 94 ADRIANI 93M L3 u or d type, Z ~ q q*
&45 95 95 DECAMP 92 ALEP u or d type,

Z ~ q*q¹
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ » ~

96 ADRIANI 92F L3 Z ~ q" q¹
&41.7 97 BARDADIN-. .. 92 RVUE u-type, f (Z)
&44.7 97 BARDADIN-. .. 92 RVUE d-type, I (Z)
&40.6 DECAMP 92 ALEP u-type, C(Z)
&44.2 DECAMP 92 ALEP d-type, I (2)
&45 ABREU 91F DLPH u-type, I (Z)
&45 ABREU 91F DLPH d-type, I (Z)
&21.1 BEHREND 86C CELL e(q*) = —1/3, q* ~
)22, 3 BEHREND 86C CELL e(q*) = 2/3, q¹ ~ qg
&22.5 99 BEHREND 86c CELL e(q*) = —1/3, q¹ ~

qY
95 BEHREND 86C CELL e(q*) = 2/3, q* ~ qp

95
95
95
95
95
95
95

95
95

)23.2

Limits for Excited v (v') from Single Production
These limits are from Z ~ vv¹ or ep ~ v*X and depend on transition mag-
netic coupling between v/e and v*. Assumptions about v¹ decay mode are given in

footnotes.
VAL UE (GeV) CL% DOCUMEN T ID TECN COMMEN T

&91 95 ADRIANI 93M L3 AZ &1, v* ~ vp
&89 95 ADRIANI 93ML3 AZ &1 v* ~ eW
~91 95 86 DECAMP 92 ALEP AZ &1

» ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ »

iDERRICK 95B ZEUS ep ~ v*X
ABT 93 Hl ep ~ v X

95 ADRIANI 93M L3 AZ & 0.1, v* ~ vp
95 ADRIANI 93ML3 AZ & 0.1, v' ~ e W

89 BARDADIN- 92 RVUE
&74 95 DECAMP 92 ALEP AZ & 0 034
&91 95 ADEVA 90o L3 AZ &1
&83 95 9 ADEVA 900 L3 AZ & 0.1, v* —+ vp
&74 95 ADEVA 900 L3 AZ ) 01, v* ~ e W

&90 95 s DECAMP 900 ALEP AZ &1
&74.7 95 DECAMP 900 ALEP AZ & 0'06

DECAMP 92 limit is based on B(Z ~ v¹v)xB(v¹ ~ vp) ( 2.7 x 10 (95%CL)
assuming Dirac v*, B(v¹ ~ vp) = 1.
DERRICK 9SS search for singie v* production via v e W coupling in e p coliisions with
the decays v~ ~ vq, vZ, e W. See their Fig. 14 for the exclusion plot in the m, —Anv
plane.
ABT 93 search for single v* productfon via v¹ e W coupling in ep collisions with the
decays v¹ ~ vp, vZ, e W. See their Fig. 4 for exclusion plot in the m „—AW plane.

See Fig. 5 of BARDADIN-OTWINOWSKA 92 for combined limit of ADEVA 90o, DE-
CAMP 900, and DECAMP 92.
Limit is either for v* vp or v* ~ e W.
Superseded by ADRIANI 93M.
DECAMP 900 limit based on B(Z ~ vv*) B(v* ~ vp) ( 6 x 10 5 (95o/oCL),

assuming B(v ~ vg} = 1.
Su perseded by DECA MP 92.
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4ADRIANI 93M limit is valid for B(g* ~ qg)& 0.25 (0.17) for up (down) type.
Limit is for B(q* ~ qg)+B(q* ~ qp}=1.

6 ADRIANI 92F search for Z ~ q* q* followed with q* ~ qp decays and give the limit

aZ B(Z ~ q*q ) B (q* ~ qy) &2 pb at 95%CL. Assuming five flavors of
degenerate q* of homodoublet type, B(q* ~ qp) &4'/o is obtained for m, &45 GeV.

BARDADIN-OTWINOWSKA 92 limit based on AC(Z)&36 MeV.
These limits are independent of decay modes.

9BEHREND 86C search for e+ e ~ g*q* for m, )5 GeV. But m & 5 GeV excludedg*
by total hadronic cross section. The limits are for point-like photon couplings of excited
quarks.

Limits for Excited q {q') from Single Production
These limits are frofn e+ e ~ q~ q or pp ~ q*X and depend on transition
magnetic couplings between g and q*. Assumptions about q* decay mode are given
in the footnotes and comments.

VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

&570 (CL = 95%) OUR EVALUATION

none ~70 100 ABE 95N CDF *X

& 79

& 39

MASS LIMITS for Color Sextet Quarks {qs)
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

&84 95 10 ABE 89D CDF pp ~ q6q6
ABE 89D look for pair production of unit-charged particles which leave the detector
before decaying. In the above limit the color sextet quark is assumed to fragment into a
unit-charged or neutral hadron with equal probability and to have long enough lifetime
not to decay within the detector. A limit of 121 GeV is obtained for a color decuplet.

MASS LIMITS for Color Octet Charged Leptons {ra)
A = mg /A

8
VALUE (GeV) CL% DOCUMENT ID TECN

&86 95 ABE 89D CDF
~ ~ We do not use the following data for averages, fits, limits,

ABT 93 Hl
95 113 K IM 90 AMYnone 3.0-30.3

none 3.5—30.3

&19.8
none 5-23.2

95 1 KIM

114 KIM

95 115 BARTEL
95 115 BARTEL

116 BARTEL

90 AMY

90 AMY
87B JADE
87B JADE

85K JADE

COMMEN T

etc. ~ o o

es. ep~
's: '+'

jets
ps. e+ e

jets
eS.' e e

Ps
Ps. e+ e

jets
's: '+'

esX
ee +

—+ gg;R
e+e —;e

II +

—+ gg;R

I

&288 90 1 ALITTI 93 UA2 pp~ g X, q* ~ qg
& 88 95 02 DECAMP 92 ALEP Z qq*, AZ )1

& 86 95 10 AKRAWY 90J OPAL Z ~ qq*, AZ & 1.2
a o ~ We do not use the following data for averages, fits, limits, etc. ~ o o

tDERRICK 95B 2EUS ep ~ q*X
95 ABE 94 CDF pp ~ qX q* ~ qp,

qW
95 105 ADRIANI 93M L3 AZ(L3)& 0.06

106 ABREU 92D DLPH Z ~ qq+
107 ADRIANI 92F L3 Z ~ qg*

75 95 5 DECAMP 92 ALEP Z ~ qq*, AZ &1
108 ALBAJAR 89 UA1 p p ~ g* X,

q*~ qW
95 BEHREND 86C CELL e+ e ~ q* q (q* ~

qg, qp}, A =1
BABE 9Su assume a degenerate u* and d with fs f=f'=A/m, .——See their Fig. 4 forq*'

the excluded region in m, —f plane.g*
ALITTI 93 search for resonances in the two-jet invariant mass. The limit is for f~ = f
= f' = A/m, . u* and d* are assumed to be degenerate. If not, the limit for u* (d*}q*'
is 277 (247) GeV if md, » rn u, (rnu, )) rn&, ).
Assumes B(q* ~ gp) = 0.1.
DERRICK 95B search for single q* production via q*qp coupling in ep collisions with

the decays g* ~ q W, qZ, qg, qp. See their Fig. 15 for the exclusion plot in the
m —Ap plane.q4

"ABE 94 search for resonances in jet-p and jet-W invariant mass in pp collisions at Ecm
= 1.8 TeV. The limit is for fs = f = f' = A/m, and u* and d* are assumed to beq*
degenerate. See their Fig. 4 for the excluded region in m, -f plane.

g
Assum es B(q* ~ q g) = 1.

106ABREU 92D give o(e+e ~ Z ~ q*g or qq*)xB(q* ~ qp) &15 pb (95o/o CL
for m, &80 GeV.g*

7ADRIANI 92F search for 2 ~ qq" with q" ~ qp and give the limit oZ B(Z ~
qq*) . B(g* ~ qp} &(2—10) pb (95%CL) for m „=(46—82) GeV.

ALBA JAR 89 give o(q* ~ W+ jet)/o. ( W) & 0.019 (90'/o CL) for m, & 220 GeV.q'
9 BEHREND 86C has Ecm —42.5—46.8 GeV. See their Fig. 3 for excluded region in the

m, —(A /m, } plane. The limit is for A = 1 with fIL
—fI~ —1.q* 7 q' 'Y

MASS LIMITS for Color Octet Neutrinos {tfe)~= m, /n
8

VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

&ll0 90 117BARGER 89 RVUE v8: pp- vsvs
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

none 3.8-29.8 95 118 K IM 90 AMY vS'. e+ e ~ acoplanar
jets

95 9 BARTEL 87B JADE vS. e+ e + acoplanar
jets

BARGER 89 used ABE 89B limit for events with large missing transverse momentum.
Two-body decay vs ~ vg is assumed.

8KIM 90 is at Ecm —50-60.8 GeV. The same assumptions as in BARTEL 87B are used.
9BARTEL 87B is at Ecm = 46.3—46.78 GeV. The limit assumes the vS pair production

cross section to be eight times larger than that of the corresponding heavy neutrino pair
production. This assumption is not valid in general for the weak couplings, and the limit
can be sensitive to its SU(2)~xU(1) y quantum numbers.

none 9—21.9

MASS I IMITS for We {Color Octet W Boson)
VAL UE (GeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

120 ALBA JAR 89 UA1 p p W8 X
Ws Wg

ALBAJAR 89 give o(WS ~ W+ jet)/o(W} & 0.019 (90% CL) for m W & 220 GeV.

Limits on ZZp Coupling
Limits are for the electric dipole transition form factor for Z ~ pZ* parametrized
as f(s') = p(s'/mZ —1), where s is the virtual Z mass. In the Standaid Model

@~10
VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.80 95 ADRIANI 92J L3 Z ~ pvv
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ordinary theory with electronic chiral invariance.
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(CERN)

Other Particle Searches
OMITTED FROM SUMMARY TABLE

OTHER PARTICLE SEARCHES

We collect here those searches which do not appear in any

of the above search categories. These are listed in the following

order:

1. Concentration of stable particles in matter
2. Galactic WIMP (weakly-interacting massive parti-

cle) searches

3. Limits on neutral particle production at accelerators

4. Limits on jet-jet resonance in hadron collisions

5. Limits on charged particles in e+e collisions

6. Limits on charged particles in hadron reactions

7. Limits on charged particles in cosmic rays

Note that searches appear in separate sections elsewhere for

Higgs bosons (and technipions), other heavy bosons (including

Wjt, W', Z', leptoquarks, axigluons), axions (including pseudo-

Goldstone bosons, Majorons, familons), heavy leptons, heavy

neutrinos, free quarks, monopoles, supersymmetric particles,

and compositeness. We include specific WIMP searches in the

appropriate sections when they yield limits on hypothetical

particles such as supersymmetric particles, axions, massive

neutrinos, monopoles, etc.
We omit papers on CHAMP's, millicharged particles, and

other exotic particles. We no longer list for limits on tachyons

and centauros. See our 1994 edition for these limits.

CONCENTRATION OF STABLE PARTICLES IN MATTER

Concentration of Heavy (Charge +1) Stable Particles in Matter
VALUE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&4x 10 95 YAMAGATA 93 SPEC Deep sea water,
m=5-1600m P

&6x 10 VERKERK 92 SPEC Water, m= 105 to 3 x
1Q7 GeV

&7 x 1Q
—15 95 VERKERK 92 SPEC Water, m= 10, 6 x 10

GeV
&9x 10 15 VERKERK 92 SPEC Water, m= 10 GeV
&3x 10 HEMMICK 90 SPEC Water, m = 1000mp
&2x 10 HEMMICK 90 SPEC Water, m = 5000mp
&3x10—0 HEMMICK 90 SPEC Water, m = 10000mp
&1. x 10 SMITH 828 SP EC Water, m=30—400m P
&2. x 10 S MITH 828 SPEC Water, m=12-1000mP
&1. x 10 SMITH 828 SPEC Water, m &1000 mp
&(0.2-1.) x 10 SMITH 79 SPEC Water, m=6-350 mp

YAMAGATA 93 used deep sea water at 4000m since the concentration is enhanced in

deep sea due to gravity.
2VERKERK 92 looked for heavy isotopes in sea water and put a bound on concentration

of stable charged massive particle in sea water. The above bound can be translated into
into a bound on charged dark matter particle (5 x 10 GeV), assuming the local density„
p=0.3 GeV/cm, and the mean velocity (v)=300 km/s.

3 See HEMMICK 90 Fig. 7 for other masses 100—10000 m P

95

95
90
90
90

Concentration of Heavy (Charge -1) Stable Particles
VAL UE CL% DOCUMENT ID TECN

o o ~ We do not use the following data for averages, fits, limits, etc.

&4x 10 90 4 HEMMICK 90 SPEC

&8x10 90 4 HEMMICK 90 SPEC
x 1p

—16 90 4 HEMMICK 90 SPEC

&6x10 90 4 HEMMICK 90 SPEC

&1 x 1p —11 90 4 HEMMICK 90 SPEC

&6 x 10—14 90 4 HEMMICK 90 SPEC
&4x10 90 4 HEMMICK 90 SPEC

&4x 10 90 4 HEMMICK 90 SPEC

& 1.5 x 10 /nucleon 68 NORMAN 89 SPEC
& 1.2 x 10 /nucleon 68 NORMAN 87 SPEC

See HEMMICK 90 Fig. 7 for other masses 100—10000 m P'
Bound valid up to mX 100 TeV.

COMMENT

~ ~ ~

C, M = 100mp
C, M = 1QQQmP

C, M = 10000mP
Li, M = 1000mp
Be, M = 1000mP
B, M = 1000mp
0, M = 1000mp
F, M = lpppmp
206pb X—
56,58Fe X—

GALACTIC WIMP SEARCHES
Cross-Section Limits for Dark Matter Particles (Xo) on Nuclei

These limits are for weakly-interacting stable particles which may con-
stitute the invisible mass in the Galaxy with a local mass density of 0.3
GeV/cm . See each paper for assumptions on the velocity distribution.
In the papers the limit is given as a function of the X mass. Here we
list limits only for typical mass values of 20 GeV, 100 GeV, and 1 TeV.
Specific limits on supersymmetric dark matter particles may be found in

the Supersymmetry section.

For m~—
VALUE (nb}

~ ~ ~ We do

&0.35
&0.6
&3
&1.5 x 102
&4 x 102
&0.08
&2.5
&3
&0.9
&0.7

100 GeV
CL% DOCUMENT ID TECN

not use the following data for averages, fits, limits,

95 9 GARCIA 95 CNTR
95 QUENBY 95 CNTR
95 QUENBY 95 CNTR
90 SNOWDEN-. .. 95 MICA
90 SNOWDEN-. .. 95 MICA
90 BECK 94 CNTR
90 BACCI 92 CNTR
90 BACCI 92 CNTR
90 REUSSER 91 CNTR
95 CALDWELL 88 CNTR

COMM EN T

etc. ~ ~ ~

Natural Ge
Na
I

160
39K
76Ge
Na
I

Natural Ge
Natural Ge

For m~ ——20 GeV
VAL UE (nb) CL% DOCUMEN T ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 0.05 95 GARCIA 95 CNTR Natural Ge
0.1 95 QUEN BY 95 CNTR Na

&90 90 7 SNOWDEN-. .. 95 MICA 160
& 4 x103 90 SNOWDEN-. .. 95 MICA K

& 0,7 90 BACCI 92 CNTR Na
0, 12 90 REUSSER 91 CNTR Natural Ge
0.06 95 CALDWELL 88 CNTR Natural Ge

S GARCIA 95 limit is from the event rate. A weaker limit is obtained from searches for
diurnal and annual modulation.
SNOWDEN-IFFT 95 look for recoil tracks in an ancient mica crystal ~ Similar limits are

so given for 27AI and 28SI
REUSSER 91 limit here is changed from published (0.04) after reanalysis by authors.
j.L. Vuilleumier, private communication, March 29, 1996.
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GARCIA 55 limit is from the event rate. A weaker limit is obtained from searches for
diurnal and annual modulation.
SNOWDEN-IFFT 95 look for recoil tracks in an ancient mica crystal. Similar limits are

also given for 27AI and Si.
BECK 94 uses enriched Ge (86/0 purity).
REUSSER 91 limit here is changed from published (0.3) after reanalysis by authors.
J.L. Vuilleumier, private communication, March 29, 1996.

For m&0 —1 TeV
VALUE (nb) CL /0 DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

( 6 95 13 GARCIA 95 CNTR Natural Ge
8 95 QUENBY 95 CNTR Na

&50 95 QUENBY 95 CNTR I

& 7 x 102 9p 1 SNOWDEN 95 MICA 0
1 x 103 90 14 SNOWDEN-. .. 95 MICA 39K

0.8 9p 5 BECK 94 CNTR 76Ge

&30 90 BACCI 92 CNTR Na

&30 90 BACCI 92 CNTR I

&15 90 REUSSER 91 CNTR Natural Ge
6 95 CALDWELL 88 CNTR Natural Ge

GARCIA 55 limit is from the event rate. A weaker limit is obtained from searches for
diurnal and annual modulation.
SNOWDEN-iFFT 95 look for recoil tracks in an ancient mica crystal. Similar limits are

given for 27AI and 28SI

BECK 94 uses enriched Ge (86'/0 purity).
REUSSER 91 limit here is changed from published (5) after reanalysis by authors.
J.L. Vuilleumier, private communication, March 29, 1996.

LIMITS ON NEUTRAL PARTICLE PRODUCTION

Heavy Particle Production Cross Section
VALUE (cm /N) CL/0 EVTS DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 10 —10 90 GALLAS 95 TOF m= 0.5—20 GeV

((4-0.3) x 10 3 95 AKESSON 91 CNTR m = 0—5 GeV

&2 x 10 90 0 BADIER 86 BDMP r = (005 1) x 10 s

&2.5 x 10 0 GUSTAFSON 76 CNTR r & 10 s

GALLAS 95 limit is for a weakly interacting neutral particle produced in 800 GeV/c p N

interactions decaying with a lifetime of 10 -10 s. See their Figs. 8 and 9. Similar

limits are obtained for a stable particle with interaction cross section 10 —10 cm
See Fig. 10.
AKESSON 91 limit is from weakly interacting neutral long-lived particles produced in

pN reaction at 450 GeV/c performed at CERN SPS. Bourquin-Gaillard formula is used

as the production model. The above limit is for r & 10 s. For r & 10 s,
o & 10 cm /nucleon is obtained.
BADIER 86 looked for long-lived particles at 300 GeV x beam dump. The limit
applies for nonstrongly interacting neutral or charged particles with mass &2 GeV. The
limit applies for particle modes, p+~, p.+jM, sr+sr X, vr+7r ~+ etc. See their
figure 5 for the contours of limits in the mass-r plane for each mode.

0 GUSTAFSON 76 is a 300 GeV FNAL experiment looking for heavy (m &2 GeV) long-
lived neutral hadrons in the M4 neutral beam. The above typical value is for m = 3
GeV and assumes an interaction cross section of 1 mb. Values as a function of mass and
interaction cross section are given in figure 2.

Production of New Penetrating Non-a Like States in Beam Dump
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

21 LOSECCO 81 CALO 28 GeV protons

No excess neutral-current events leads to 0-(production) x fr(interaction)xacceptance
& 2.26 x 10 cm /nucleon (CL = 90'/0) for light neutrals. Acceptance depends on

models (0.1 to 4. x 10 ).

LIMITS ON JET-JET RESONANCES

Heavy Particle Production Cross Section in p p
Limits are for a particle decaying to two hadronic jets.

Units(pb) CL'/0 Mass(GeV) DOCUMENT ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

&2603 95 200 ABE 93G CDF 1,8 TeV pp ~ 2jets
44 95 400 ABE 93G CDF 1.8 TeV pp ~ 2jets

7 95 600 ABE 93G CDF 1.8 TeV pp ~ 2jets

ABE 93G gives cross section times branching ratio into light (d, u, s, c, b) quarks for I

= 0.02 M. Their Table II gives limits for M = 200—900 GeV and I = (0.02—0.2) M.

LIMITS ON CHARGED PARTICLES IN HADRONIC REACTIONS

Heavy Particle Production Cross Section
VALUE (nb) CL/0 EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o a ~

&0.05 95 30 ABE 92J CDF m=50 —200 GeV
&30—130 CARROLL 78 SPEC m=2 —2.5 GeV

& 100 0 LEIPUNER 73 CNTR m=3—11 GeV

ABE 92J look for pair production of unit-charged particles which leave detector before
decaying. Limit shown here is for m=50 GeV. See their Fig. 5 for difFerent charges and
stronger limits for higher mass.
CARROLL 78 look for neutral, S = —2 dihyperon resonance in pp 2K+X. Cross
section varies within above limits over mass range and plab

—5.1-5.9 GeV/c.
LEIPUNER 73 is an NAL 300 GeV p experiment. Would have detected particles with
lifetime greater than 200 ns.

Heavy Particle Production Difi'erential Cross Section
VAL UE
(cm sr Gev ) CL//0 EVTS DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.6 x 10 90 0 BALDIN 76 CNTR — Q= 1, m=2. 1—9.4
GeV

&2.2 x 10 90 0 ALBROW 75 SPEC + Q= +1, m=4 —15
GeV

&1 1 x 10 90 0 ALBROW 75 SPEC + Q= +2 m=6 27
GeV

&8. x 10 90 0 JOVANOV. .. 75 CNTR + m=15—26 GeV

&1.5 x 10 " 90 0 JOVANOV. .. 75 CNTR + Q= k2, m=3—10
GeV

&6. x 10 90 0 JOVANOV. .. 75 CNTR + Q= k2,
m=10—26 GeV

x 1p-31 0 74 CNTR + m=3. 2—7.2 GeV

&58 x 10 34 0 73 SPEC + m=1.5—24 GeV
&1.2 x 10 0 71B CNTR — Q= —,m=2, 2—2.8
&2,4 x 10 0 71C CNTR — Q= —,m=1.2—1.7,

2.1—4
&2.4 x 10 69 CNTR — Q= —,m=1 —1.8

GeV
0 DORFAN 65 CNTR Be target m=3—7

GeV
&3.0 x 1p

—36 65 CNTR Fe target m=3—7
GeV

BALDIN 76 is a 70 GeV Serpukhov experiment. Value is per Al nucleus at 0 = 0. For
other charges in range —0.5 to —3.0, CL = 90'/0 limit is (2.6 x 10 )/I(charge)~ for

mass range (2.1—9.4 GeV) x i(charge)~. Assumes stable particle interacting with matter
as do antiprotons.
ALBROW 75 is a CERN ISR experiment with Ecm —53 GeV. 0 = 40 mr. See figure 5
for mass ranges up to 35 GeV.

36 APPEL
ALPER

38 ANTIPOV
39 ANTIPOV

90
90
90
90

0 BINON90

&1.5 x 10

0 40 DORFAN

LIMITS ON CHARGED PARTICLES IN e+ e

Heavy Particle Production Cross Section in e+e
Ratio to cr(e+ e ~ p+ p ) unless noted. See also entries in Free Quark Search
and Magnetic Monopole Searches.

VALUE CL Jo EVTS DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2 x 10 5 95 AKERS 95R OPAL Q=l, m= 5—45 GeV

&1 x 10 5 95 AKERS 95R OPAL Q=2, m= 5—45 GeV

&2 x 10 3 90 24 BUSKULIC 93C ALEP Q=l, m=32 —72 GeV

&(10 —1) 95 25ADACHI 90C TOPZ Q = 1, m= 1—16, 18—27
GeV

&7 x 10 2 90 26 ADACHI 90E TOPZ Q = 1, m = 5—25 GeV

&1.6 x 10 95 0 KINOSHITA 82 PLAS Q=3—180, m &14.5 GeV
&5.0 x 10—2 9p p 28 BARTEL 80 JADE Q=(3,4,5)/3 2—12 GeV

AKERS 95R is a CERN-LEP experiment with Wcm mZ. The limit is for the

production of a stable particle in multihadron events normalized to a.(e+ e ~ hadrons).
Constant phase space distribution is assumed. See their Fig. 3 for bounds for Q = +2/3,
+4/3.
BUSKULIC 93c is a CERN-l EP experiment with Wcm

—mZ. The limit is for a pair or
single production of heavy particles with unusual ionization loss in TPC. See their Fig. 5
and Table 1.
ADACHI 90C is a KEK-TRISTAN experiment with Wcm

—52—60 GeV. The limit is for
pair production of a scalar or spin-1/2 particle. See Figs. 3 and 4.
ADACHI 90E is KEK-TRISTAN experiment with Wcm

—52-61.4 GeV. The above limit

is f'or inclusive production cross section normalized to 0.(e+ e ~ p+ p, ) P(3 —P )/2,
where p = (1 —4m /W ) / . See the paper for the assumption about the productioncm
mechanism.
KINOSHITA 82 is SLAC PEP experiment at Wcm

—29 GeV using lexan and 9Cr plastic
sheets sensitive to highly ionizing particles.
BARTEL 80 is DESY-PETRA experiment with Wcm = 27-35 GeV. Above limit is for

inclusive pair production and ranges between 1. x 10 and 1. x 10 depending on
mass and production momentum distributions. (See their figures 9, 10, 11).

Branching Fraction of Z to a Pair of Stable Charged Heavy Fermions
VAL UE CL/0 DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&Sx 10—6 95 AKERS 95R OPAL m= 40.4—45.6 GeV

&1x 10 95 AKRAWY 900 OPAL m = 29—40 GeV

AKERS 95R give the 95% CL limit o(XX)/o(pp) & 1.8x 10 for the pair production of
singly- or doubly-charged stable particles. The limit applies for the mass range 40.4—45.6
GeV for X+ and & 45.6 GeV for X++. See the paper for bounds for Q = +2/3, +4/3.
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JOVANOVICH 75 is a CERN ISR 26+26 and 15+15 GeV pp experiment. Figure 4
covers ranges Q = 1/3 to 2 and m = 3 to 26 GeV. Value is per GeV momentum.

6APPEL 74 is NAL 300 GeV pW experiment. Studies forward production of heavy (up
to 24 GeV) charged particles with momenta 24-200 GeV (—charge) and 40—150 GeV
(+charge). Above typical value is for 75 GeV and is per GeV momentum per nucleon.

ALPER 73 is CERN ISR 26+26 GeV p p experiment. p &0.9 GeV, 0.2 & P &0.65.
ANTIPOV 71B is from same 70 GeV p experiment as ANTIPOV ?lc and BINON 69.
ANTIPOV 71C limit inferred from flux ratio. 70 GeV p experiment.
DORFAN 65 is a 30 GeV/c p experiment at BNL. Units are per GeV momentum per
nucleus.

Long-Lived Heavy Particle Invariant Cross Section
VAL UE
(cm2/GeV2/N) CL% EVTS DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 5 x 10 —7 x 10 390 0 4 BERNSTEIN 88 CNTR

& 5 x 10 —7 x 10 90 0 BERNSTEIN 88 CNTR
&2.5 x 1p

—36 90 0 THRON 85 CNTR

COMMENT

Q= 1,
m=4-12
GeV

9Q 1 THRON 85 CNTR + Q= 1,
m=4 —12
GeV

90 0 A R M I TAG E m=1.87
GeV

90 0 43 ARMITAGE 79 SPEC m=1.5—3.0
GeV

0 44 BOZZOLI 79 CNTR + Q = (2/3,
1, 4/3,
2)

90 0 45 CUTTS m=4 —10
GeV

90 0 VIDAL m=4. 5-6
GeV

BERNSTEIN 88 limits apply at x = 0.2 and pT —0. Mass and lifetime dependence

of limits are shown in the regions: m = 1.5—7.5 GeV and r = 10 —2 x 10 s. First
number is for hadrons; second is for weakly interacting particles.
THRON 85 is FNAL 400 GeV proton experiment. Mass determined from measured

velocity and momentum. Limits are for r & 3 x 10 9 s.
ARMITAGE 79 is CERN-ISR experiment at Ecm = 53 GeV. Value is for x = O. l and

pT —0.15. Observed particles at m = 1.87 GeV are found all consistent with being
a ntideuterons.

44BOZZOLI 79 is CERN-SPS 200 GeV pN experiment. Looks for particle with r larger

than 10 s. See their figure 11—18 for production cross-section upper limits vs mass.
CUTTS 78 is pBe experiment at FNAL sensitive to particles of r & 5 x 10 s. Value
is for —0.3 (x &0 and pT —0.175.
VIDAL 78 is FNAL 400 GeV proton experiment. Value is for x = 0 and pT —0. Puts

lifetime limit of & 5 x 10 8 s on particle in this mass range.

(1. x 10

79 SPEC&6. x 10

&1.5 x 10

78 CNTR(1.1 x 10

78 CNTR&3.0 x 10

Long-Lived Heavy Particle Production
(tr(Heavy Particle) / tr(sr))
VAL UE EVTS DOCUMEN T ID TECN CHG COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(10—8 47 NAKAMURA 89 SPEC + Q= (—5/3 +2)
0 BUSSIERE 80 CNTR + Q= (2/3 1 4/3 2)

NAKAMURA 89 is KEK experiment with 12 GeV protons on Pt target. The limit applies

for mass + 1.6 GeV and lifetime + 10 s.
BUSSIERE 80 is CERN-SPS experiment with 200—240 GeV protons on Be and Al target.
See their figures 6 and 7 for cross-section ratio vs mass.

Production and Capture of Long-Lived Massive Particles
VALUE (10 36 cm2) EVTS DOCUMEN T ID TECN COMM EN T

e o o We do not use the following data for averages, fits, limits, etc. o a o

&20 to 800 0 ALEKSEEV 76 ELEC r=5 ms to 1 day
&200 to 2000 0 ALEKSEEV 76e ELEC r=100 ms to 1 day
&14 to 9 0 FRANKEL 75 CNTR r=50 ms to 10 hours

&0.1 to 9 0 FRANKEL 74 CNTR r=1 to 1000 hours

ALEKSEEV 76 and ALEKSEEV 76(3 are 61—70 GeV p Serpukhov experiment. Cross
section is per Pb nucleus.
FRANKEL 75 is extension of FRANKEL 74.
FRANKEL 74 looks for particles produced in thick Al targets by 300—400 GeV/c protons.

Long-Lived Particle Search at Hadron Collisions
Limits are for cross section times branching ratio.

VALUE
(pb/nijcleon) CL% EVTS DOCUMEN T ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

(2 90 0 BADIER 86 BDMP r = (0.05—1.) x 10 s

BADIER 86 looked for long-lived particles at 300 GeV yr beam dump. The limit
applies for nonstrongly interacting neutral or charged particles with mass &2 GeV. The
limit applies for particle modes, I.+~-, I +I.—,~+~-x, ~+~-~ etc. See their
figure 5 for the contours of limits in the mass-r plane for each mode.

Long-Lived Heavy Particle Cross Section
VAL UE (pb/sr) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&34 9s 53 RAM 94 SPEC 1015&mX++ &1085
MeV

9s 53 RAM 94 SPEC 920&m ~~ &1025
MeV

RAM 94 search for a long-lived doubly-charged fermion X++ with mass between mN
and mN+m and baryon number +1 in the reaction p p ~ X++ n. No candidate is
found. The limit is for the cross section at 15 scattering angle at 460 MeV incident

energy and applies for r(X++) » Q. l ps.

&75

LIMITS ON CHARGED PARTICLES IN COSMIC RAYS

Heavy Particie Flux in Cosmic Rays
VAL UE
(cm sr s ) CL% EVTS DOCUMENT ID TECN CHG COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

6 x 10 2 54 SAITO 90 Q 14, m
3?Qm p

m & 1 TeV
m 1 TeV

55 MINCER
56 SAKUYAMA
57 BHAT
58 MARINI

& 14 x10 12 90 85 CALO
838 PLAS
82 CC
82 CNTR

x 1O-" 99
x 10 9 90

& 1.7
& 1. Q= 1, m~

4.5m p
Q=1, m~

4.5m p
Fractionally

charged
m~4. 5 mp
m & 5 GeV
m &1 GeV

x 1O-9 3 59 YOCK

3 59 YOCK

81 SPRK +

81 SPRK

80 SPRK

79 ELEC
78 CNTR
76 ELEC
?s ELEC

60 YOCK

GOODMAN
61 BHAT

BRIATORE
YOCK

30 x 10

(4 y1) x 1p
—11

& 1.3 x10
& 1.0 x 10
& 7. x10 10

90

Q&7eor &
—7e

m &6 GeV

90

& 6. x10 62 YOCK 74 CNTR
&30 xlp 8 0 DARDO 72 CNTR

& 1.5 x10 0 TONWAR 72 CNTR m &10 GeV

& 30 x 10 0 BJORNBOE 68 CNTR m &5 GeV

& 5,0 x 10 90 0 JONES 67 ELEC m=s —15 GeV

54SAITO 90 candidates carry about 450 MeV/nucleon. Cannot be accounted for by con-
ventional backgrounds. Consistent with strange quark matter hypothesis.
MINCER 85 is high statistics study of calorimeter signals delayed by 20—200 ns. Cali-
bration with AGS beam shows they can be accounted for by rare fluctuations in signals
from low-energy hadrons in the shower. Claim that previous delayed signals including
BJORNBOE 68, DARDO 72, BHAT 82, SAKUYAMA 83B below may be due to this fake
effect.

56 SAK UYAMA 838 analyzed 6000 extended air shower events. Increase of delayed particles
and change of lateral distribution above 10 eV may indicate production of very heavy
parent at top of atmosphere.
BHAT 82 observed 12 events with delay & 2. x 10 8 s and with more than 40 particles. 1
eV has good hadron shower. However all events are delayed in only one of two detectors
in cloud chamber, and could not be due to strongly interacting massive particle.

58MARINI 82 applied PEP-counter for TOF. Above iimit is for velocity = 0.54 of light.
Limit is inconsistent with YOCK 80 YOCK 81 events if isotropic dependence on zenith
angle is assumed.
YOCK 81 saw another 3 events with Q = +1 and m about 4.5m as well as 2 events

p
with m &5.3mp, Q = +0.75 4 0.05 and m &2.8mp, Q = +0.70 6 0.05 and 1 event

with m = (9.3 4 3.)mp, Q = +0.89 + 0.06 as possible heavy candidates.

YOCK 80 events are with charge exactly or approximately equal to unity.

BHAT 78 is at Kolar gold fields. Limit is for r & 10 s.
YOCK 74 events could be tritons.

Superheavy Particle (Quark Matter) Flux in Cosmic Rays
VAL UE
(cm sr s ) CL% EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.8 x 10—12 90 ASTONE 93 CNTR m & 15 x 10 gram
&1.1 x 10—14 90 64 AHLEN 92 MCRO 10—10 &ny& 0 1 gram
&3.2 x 10 11 9Q p 65 NAKAMURA 85 CNTR m & 1.5 x 10 gram

(3.5 x 1Q 90 0 ULLMAN 81 CNTR Planck-mass 1Q GeV

&?. x 10 90 0 ULLMAN 81 CNTR m & 10 GeV

ASTONE 93 searched for quark matter ("nuclearites" ) in the velocity/c range = 10 —1.
Their Table 1 gives a compilation of searches for nuclearites.
AHLEN 92 searched for quark matter ("nuclearites"). The bound applies to velocity/c
& 2.5 x 10 . See their Fig. 3 for other velocity/c and heavier mass range.

5NAKAMURA 85 at KEK searched for quark-matter. These might be lumps of strange
quark matter with roughly equal numbers of u, d, s quarks. These lumps or nuclearltes
were assumed to have velocity/c of 10 —10
ULLMAN 81 is sensitive for heavy slow singly charge particle reaching earth with vertical
velocity 100—350 km/s,

Highly Ionizing Particle Flux
VALUE

(m 2yr 1) CL% EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.4 95 0 K INOSHITA 81E) PLAS Z/P 30—100
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AKERS
GALLAS
GARCIA
QUENBY
SNOWDEN-. ..
BECK
RAM
ABE
ASTONE
BUSKULIC
YAMAGATA
ABE
AHLEN
BACCI
VERKERK
AKESSON
REUSSER
A DACHI
ADAC HI
AK RAWY
HEMMICK
SAITO
NAKAMURA
NORMAN
BERNSTEIN
CALDWELL
NORMAN
BADIER
MINCER
NAKAMURA
THRON
SAKUYAMA

Also
Also
Also

BHAT
KINOSHITA
MARINI
SMITH

95R
95
95
95
95
94
94
93G
93
93C
93
92J
92
92
92
91
91
90C
90E
900
90
90
89
89
88
88
87
86
85
85
85
838
83
83D
83C
82
82
82
828

ZPHY C67 203
PR D52 6
PR D51 1458
PL 8351 70
PRL 74 4133
PL 8336 141
PR D49 3120
PRL 71 2542
P R D47 4770
PL 8303 198
P R D47 1231
P R D46 R1889
PRL 69 1860
PL 8293 460
PRL e8 111e
ZPHY C52 219
PL 8255 143
PL 8244 352
PL 8249 336
PL 8252 290
PR D41 2074
F Rl eS 2O94
PR D39 1261
PR D39 2499
PR D37 3103
PRL 61 510
PRL 58 1403
ZPHY C31 21
PR D32 541
PL 1618 417
PR D31 451
LNC 37 17
LNC 36 389
NC 78A 147
NC 6C 371
PR D25 2820
PRL 48 77
PR D26 1777
NP 8206 333

+Alexander, Allison, Ametewee, Anderson+ (OPAL Collab. )
+Abolins, Brock, Cobau+ (MSU, FNAL, MIT, FLOR)
+Morales, Morales, Sarsa+ (ZARA, SCUC, PNL)
+Sumner+ (LOIC, RAt, SHEF, BIRK, NOTT, RHBL)

Snowden-lfft, Freeman, Price (UCB)
+Bensch, Bockholt+ (MPIH, KIAE, SASSO)
+Abegg, Ashery, Frekers, Helmer+ (TELA, TRIU)
+Albrow, Akirnoto, Arnidei, Anway-Wiese+ (CDF Collab. )
+Bassan, Bonifazi, Coccia+(ROMA, ROMAI, CATA, FRAS)
+Decamp, Goy, Lees, Minard+ (ALEPH Collab. )
+Takamori, Utsunomiya (KONAN)
+Amidei, Anway-Weiss+ (CDF Collab. )
+Ambrosio, Antolini, Auriemma, Baker+ (MACRO Collab. )
+Belli, Bema bei+ (Beijing-Rom a-Saclay Collab. )
~rynberg, Pichard, Spiro, Zylberajch+(ENSP, SACL, PAST)
+Almehed, Angelis, Atherton, Aubry+ (HELIOS Collab. )
+Treichel, Boehrn, Broggini+ (NEUC, CIT, PSI)
+Aihara, Doser, Enomoto+ (TOPAZ Collab. )
+Anazawa, Doser, Enornoto, Fujii+ (TOPAZ Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Elmore+ (ROCH, MICH, OHIO, RAL, LANL, STON)
+Hatano, Fukada, Oda (ICRR, KOBE)
+Kobayashi, Konaka, Imai, Masaike+ (KYOT, TMTC)
+Chadwick, Lesko, Larimer, Hoffman (LBL)
+Shea, Winstein, Cousins, Greenhalgh+ (STAN, WISC)
+Eisberg, Grumm, Witherell+ (UCSB, UCB, LBL)
+ Gazes, Bennett (LBL)
+Bemporad, Boucrot, Callot+ (NA3 Collab. )
+Freudenreich, Goodman+ (UMD, GMAS, NSF)
+Horie, Takahashi, Tanirnori (KEK, INUS)
+Cardello, Cooper, Teig+ (YALE, FNAL, IOWA)
+Nuzuki (MEIS)

Sakuyama, Watanabe (ME IS)
Sakuyama, Watanabe (ME IS)
Sakuyama, Watanabe (ME IS)

+Gupta, Murthy, Sreekantan+ (TATA)
+Price, Fryberger (UCB, SLAC)
+Peruzzi, Piccolo+ (FRAS, LBL, NWES, STAN, HAWA)

+Bennett, Homer, Lewin, Walford, Smith (RAI)

REFERENCES FOR Other Particle Searches KINOSHITA
LOSECCO
ULLMAN
YOCK
BARTEL
BUSSIERE
YOCK
A RMITAG E
BOZZOLI
GOODMAN
SMITH
8 HAT

CARROLL
CUTTS
VI DAL
ALEKSEEV

ALEKSEEV

BAL DIN

BRIATO RE

GU STA F SON

ALBROW
FRANKEL
JOVANOV. ..
YOCK
APPEL
FRANKEL
YOCK
ALPER
LEIPUNER
DARDO
TONWAR
ANTIPOV
ANTI POV
BINON
BJORNBOE
JONES
DORFAN

818
81
81
81
80
80
80
79
79
79
79
78
78
78
78
76

768

76

76
76
75
75
75
75
74
74
74
73
73
72
72
718
71C
69
68
67
65

PR D24 1707
PL 1028 209
PRL 47 289
PR D23 1207
ZPHY C6 295
NP 8174 1
PR D22 61
NP 8150 87
NP 8159 363
PR D19 2572
NP 8149 525
Pramana 10 115
PRL 41 777
PRL 41 363
PL 778 344
SJNP 22 531
Translated from YAF
SJNP 23 633
Translated from YAF
SJNP 22 264
Translated from YAF
NC 31A 553
PRL 37 474
NP 897 189
PR D12 2561
PL 568 105
NP 886 216
PRL 32 428
PR D9 1932
NP 876 175
PL 468 265
PRL 31 1226
NC 9A 319
JPA 5 569
NP 831 235
PL 348 164
Pl 308 S1O
NC 853 241
PR 164 1584
PRL 14 999

+Price
+Sulak, Galik, Horstkotte+

(UCB)
(MICH, PENN, BNL)

(LEHM, BNL)
(AUCK)

+Canzler, Lords, Drumm+ (JADE Collab. )
+Giacomelli, Lesquoy+ (BGNA, SACL, LAPP)

(AUCK)
+Benz, Bobbink+ (CERN, DARE, FOM, MCHS, UTRE)
+Bussiere, Giacomelli+ (BGNA, LAPP, SACL, CERN)
+Ellsworth, Ito, Macfall, Siohan+ (UMD)
+Bennett (RHEL)
+Murthy (TATA)
+Chiang, Johnson, Kycia, Ki+ (BNL, PRIN)
+Dulude+ (BROW, FNAL, ILL, BARI, MIT, WARS)
+Herb, Lederman+ (COLU, FNAL, STON, UCB)

+Dardo, Piazzoli, Mannocchi+ (LCGT, FRAS, FREIB)
+Ayre, Jones, Longo, Murthy (MICH)
+Barber+ (CERN, DARE, FOM, LANC, MCHS, UTRE)
+Frati, Resvanis, Yang, Nezrick (PENN, FNAL)

Jovanovich+ (MANI, AACH, CERN, GENO, HARV+)
(AUCK, SLAC)

+Bourquin, Gaines, Lederman+ (COLU, FNAL)
iFratI, Resvanis, Yang, Nezrick (PENN, FNAL)

(AUCK)
(CERN, LIVP, LUND, BOHR, RHEL, STOH, BERG+)

+Larsen, Sessoms, Smith, Williams+ (BNL, YALE)
+Navarra, Penengo, Sitte (TOR I)
+Naranan, Sreekantan (TATA)
+Denisov, Donskov, Gorin, Kachanov+ (5ERP)
+Denisov, Donskov, Gorin, Kachanov+ (SERP)
+Duteil, Kachanov, Khromov, Kutyin+ (5ERP)
+Darngard, Hansen+ (BOHR, TATA, BERN, BERG)

(MICH, WISC, LBL, UCLA, MINN, COSU, COLO+)
+Eades, Lederman, Lee, Ting (COLU)

+Zaitsev, Ka linina, K ruglov+ (JINR)
22 1021.

+Zaitsev, Kalinina, Kruglov+ (JINR)
23 1190.

+Vertogradov, Vishnevsky, Grishkevich+ (JI NR)
22 512.
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OTHER COMPILATIONS OF INTEREST
1986 Adjustment of the Fundamental Physical
Constants

E.R. Cohen and B.N. Taylor
Rev. Mod. Phys. 59, 1121 (1987)

A Compilation of Structure Functions in Deep-
Inelastic Scattering (1985—1991)

R.G. Roberts and M.R. Whalley
J. Phys. G17, Dl (1991)

Compilation of Coupling Constants and Low-Energy
Parameters

O. Dumbrajs, R. Koch, H. Pilkuhn, G.C. Oades,
H. Behrens, J.J. de Swart, P. Kroll

Nucl. Phys. B216, 277 (1983)
Compilation of Drell- Yan Cross Sections

W.J. Stirling, M.R. Whalley (Durham Univ. )
J. Phys. G1O Data Review, Dl —D102 (1993)

Electroweak Interactions: Experimental Facts and
Theoretical Foundation

D. Haidt and H. Pietschmann (ed. H. Schopper)
Landolt-Bornstein, New Series Vol. I/10 (1988)

A Compilation of Data on e+ and e Interactions
O.P. Yushchenko, V.V. Ezhela, V. Flaminio,
D.R.O. Morrison, Yu. G. Stroganov, M.R. Whalley

to be issued as a CERN report and as a book in
the Landolt-Bornstein series (Spring '92)

A Compilation of Data of Inclusive Particle Produc-
tion in e+ e Annihilation

G.D. Lafferty (Manchester Univ. ),
P.I. Reeves (Glasgow Univ. ), M.R. Whalley (Durham Univ. )

Durham Univ. preprint DPDG-96-01 (Dec. 1995)
Compilation of Data on the Energy-Energy Correla-
tion and its Asymmetry in e+e Annihilation

W.3. Stirling and M.R. Whalley
RAL Report RAL-87-107 (1987)

A Compilation of Data on Two Photon Reactions
Leading to Hadron Final States

D. Morgan (Rutherford), M.R. Pennington,
M. R. Whalley (Durham Univ. )

J. Phys. G20 Suppl. 8A, Al —A147 (1994)
Compilation of Data on Single Prompt Photon
Production in Hadron-Hadron Interactions

P. Aurenche and M.R. Whalley
RAL Report RAL-89-106 (1989)

Total Cross Sections for Reactions of High Energy
Particles

A. Baldini, V. Flaminio, W.G. Moorhead,
D.R.O Morrison (ed. H. Schopper)

Landolt-Bornstein, New Series Vol. I/12 a and
I/12 b (1988)

Pion Nucleon Scattering: 1) Tables of Data,
2) Methods and Results of Phenomenological
Analyses

G. Hohler (ed. H. Schopper)
Landolt-Bornstein, New Series Vol. I/O bl (1982)
and I/O b2 (1983)

Compilation of Nucleon-Nucleon and Nucleon-
Antinucleon Elastic Scattering Data

M.K. Carter, P.D.B. Collins, and M.R. Whalley
RAL Report RAL-86-002 (1986)

Scattering of Elementary Particles: WN and KW
3. Bystricky, P. Carlson, C. Lechanoine, F. Lehar,
F. Monnig, K.R. Schubert (ed. H. Schopper)

Landolt-Bornstein, New Series Vol. I/O a (1980)
Compilation of Cross Sections IV: p, u, A, X, :-,and
K& Induced Reactions

S.I. Alekhin, A. Baldini, P. Capiluppi, et al. ,
CERN-HERA and COMPAS Groups

CERN-HERA Report 87-01 (1987)
Particle Physics: One Hundred Years of Discoveries

V.V. Ezhela, et al. ,

COMPAS and Berkeley Particle Data Groups
AIP Press (New York, 1996)

A Guide to Data in Experimental Elementary Particle
Physics Literature

S.I. Alekhin, V.V. Ezhela, et al. , COMPAS and Berkeley
Particle Data Groups

Lawrence Berkeley National Laboratory Report
LBL-90 revised (1993)

Current Experiments in Elementary Particle Physics
H. Galic, F.E. Armstrong, et al. ,

Lawrence Berkeley National Laboratory Report
LBL-91, revised (July 1994)

Major Detectors in Elementary Particle Physics
G. Gidal, B. Armstrong, A. Rittenberg

Lawrence Berkeley National Laboratory Report
LBL-91, supplement, revised (1985)

Table of Isotopes, 8 Edition
R.B. Firestone, V.S. Shirley, S.Y.F. Chu, C.M. Baglin,
J. Zipkin

John Wiley @ Sons, New York (1996)
Table of Radioactive Isotopes

E. Browne and R.B. Firestone (Editor: V.S. Shirley)
John Wiley 9 Sons, New York (1986)

Astronomical Almanac
(US Government Printing OKce, Washington, and Her
Majesty's Printing OHice, London) (annual)

Chart and Software of the Standard Model of
Fundamental Particles and Interactions

Contemporary Physics Education Project
(available from:)

Science Kit
777 East Park Drive
Tonawanda, NY 14150 USA

Chart of the Nuclides
F.W. Walker, J.R. Parrington, and F. Feiner

General Electric Co. , Nuclear Energy Operations,
175 Curtner Av. , M/C 397,
San 3ose, CA 95125 USA
(14~" edition, 1989)
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A(1680) or [nots called x2(1670)]
A(2100) [nots called 7r2(2100)]
ap (980) [toas b (980))

ap(1450)
ar (1260) [nras Ar (1270) or Ar]

ar(1260), note on
a2(1320) [was A2(1320)]
As [nors called xs(16?0)]
a4(2040) [was b4(2040)
ae(2450) [toas h'e(2450)]
Abbreviations used in Particle Listings
Accelerator-induced radioactivity
Accelerator parameters (colliders)
Acceptance-rejection method in Monte Carlo
Accessing the high-energy physics databases
Actinide series of elements
Activity, unit of, for radioactivity
Age of the universe
Air showers (cosmic ray)
Algorithms for Monte Carlo
ALICE database
a„@CDcoupling constant
Amplitudes, Lorentz invariant
Amu (atomic mass unit)
Anisotropy of cosmic background radiation
Argand diagram, definition
Argon, dE/dT resolution
Astronomical unit
Astrophysics
Asymmetries of Z-boson decay
Asymmetry formulae in Standard Model
Atmospheric cosmic rays
Atmospheric pressure
Atomic and nuclear properties of materials
Atomic mass unit
Atomic weights of elements
Attenuation length for photons
Attenuation, photon and electron
Authors and consultants
Average hadron multiplicities in e+e annihilation events
Averaging data, relations for
Averaging of data
Avogadro number
Axial vector couplings, g~, gg vector
Axion searches

Axion searches, note on .
Axion as dark matter
b (quark)
b quark lifetime and CKM matrix
by(1235) [was B(1235)]
b' quark (4" generation), searches for,
B (bottom meson)
B decay, CP violation in
B semileptonic decays, note on
B+ (bottom meson)
B+/BP admixture
B+/BP/BP/b baryon admixtur-e

BP, B (bottom meson)

B —B mixing, CP violation in B decay, note on

BH and BI, in B —B mixing, note on .
B*
BJ(5732)
no

S 0 ~ ~ ~ ~

B*
S 0

B;1(5850)

28, 371
387

26, 340
363

26, 345
~ . 345
27, 352
28, 371

385
391
200
151
128
168

~ . 15
69

150
66

125
168

~ . 16
~ 65, 77

175
65

119
178
147
66

107, 116
210
87

122
65
72
65
69

140
140

7
187
159
10
65
85

20, 238
238

107, 116
24, 308

95
26, 344
24, 315
36, 477

102
482

37, 488
39, 515
40, 520

38, 496
507
507

40, 523
524

40, 525
527
527

568
619

48, 561
55, 673

D45, Part II)
51, 619
53, 636
50, 600
49, 575
48, 561
55, 671
54, 660

395
59

100
109

~ , . . . 100
48, 561

nd =-b)
165

95, 102, 507
175

150
129
154
132
159
107
109
169
156
157
150
142
157
65
65
72
65

7
19, 207
57, 683

482
507

59
36, 477

477
24, 308

547
165
164

~ . . 134
169
158
178

16
59

24, 308
94
94

. 482, 507
145

Baryon decay parameters, note on
Baryon magnetic moments, note on
Baryons

Charmed baryons
Dibaryons

(see p. VIII.118 in our 1992 edition, Phys. Rev. D45, Part II)
Exotic resonances (Z* resonances)

(see p. VIII.58 in our 1992 edition, Phys. Rev.
Hyperon baryons (A baryons)
Hyperon baryons (Z baryons)
Nucleon resonances (8 resonances)
Nucleon resonances (N resonances)
N ucleons 0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

0 baryons ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

= baryons
Baryonium candidates
Baryon number conservation
Baryon resonances, SU(3) classification of
Baryon-to-photon ratio
Baryons in quark model
Baryons, stable

(see entries for p, n, A, Z, =, 0, Ac, :-c, Qc, hb, a
Bayesian approach
BB 0 ~B mixing ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~

Beam momentum, c.m. energy and momentum vs,
Beauty —see Bottom and B, B*,BJ, B„B,* B,*J
Becquerel, unit of radioactivity
BEPC (China) collider parameters
P-rays, from radioactive sources
Bethe-Bloch equation
Bias, definition of
Big-bang cosmology
Big-bang nucleosynthesis
Binomial distribution, Monte Carlo algorithm for
Binomial distribution, relations for
Bionomial distribution, table of
Biological damage from radiation
B k Iilr ks law I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Bivariate Gaussian
Bohr magneton
Bohr radius
Boiling points of cryogenic gases
Boltzmann constant
Booklet, Particle Physics, how to get
Bosons ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Bottom baryon ( Ab )
Bottom (B) semileptonic decays, note on

Bottom, B —B mixing, CP violation in B decay, note onp
—0

Bottom-changing neutral currents, tests for
Bottom mcsons (B, B*,B„B,")
Bottom mesons, note on highlights
Bottom quark (b)
Hot tomonium system, level diagram
Bounded physical region, Bayesian approach
Bounded physical region, frequentist approach
Bragg additivity
Breit-Wigner distribution, Monte Carlo algorithm for
Breit-Wigner probability density function
Breit-Wigner resonance, definition
Bulletin board preprints
C (charge conjugation), tests of conservation
C (quark) ~ ~

Cabibbo angle
Cabibbo-Kobayashi-Maskawa mixing
Cabibbo-Kobayashi-Maskawa mixing in B decay, note on
Calorimeters

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.
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Capacitance, formulas for
Cascade baryons (:- baryons)
Central limit theorem
Cepheid variables
Cerenkov detectors
Cerenkov radiation
CERN databases
CESR (Cornell) collider parameters
Change of random variables, relations for
Charge conjugation (C) conservation
Charge conjugation of qq states
Charge conservation
Charge conservation and the Pauli exclusion principle, note

(see p. VI.10 in our 1992 edition, Phys. Rev. D45)
Chargino searches
Charm-changing neutral currents, tests for
Charm quark (c)
Charmed baryons (Ae+, Ze, :-e, Qe )
Charmed, nonstrange mesons (D, D', Dg)
Charmed, strange mesons (D„D;,D,g]
Charmonium system, level diagram

confidence level vs. y for n degrees of freedom
distribution, Monte Carlo algorithm for
distribution, relations for
distribution, table of

Xbo (1P) = Xbo (9860)
Xbo(2P) = Xbo(10235)
Xbr(lP) = Xb&(9890)
Xbl(2P) = Xbl(10255)
Xb2(1P) = Xb2(9915)
Xb2(2P) = Xb2(10270)
X.o(1P) = X.o(3415)
X,r(1P) = X,r(3510)
X..2(») = X.2(3555)
CKM mixing elements in B decay, note on
CKM (Cabibbo-Kobayashi-Maskawa) mixing
Clebsch-Gordan coeKcients
c.m. energy and momentum vs. beam momentum
Collaboration databases
Collider parameters
Color octet leptons
Color octet quarks

Compensating calorimeters
Compilations, particle physics
Compositeness, quark and lepton, searches
Compositeness, quark and lepton, searches, note on
Compton scattering for N and 0 resonances,

photoproduction and (review)
Compton wavelength, electron
Conditional probability density function
Conference databases
Confidence coefficient, definition of
Confidence interval, definition of
Confidence intervals, normal distribution
Confidence intervals using Student's t
Confidence level, definition
Conservation laws
Constrained fits, procedures for
Consultants
Conversion probability for photons to e+e
Correlation coefIicicnt, definition
Cosmic background radiation (CBR)
Cosmic background radiation (CBR) temperature
Cosmic background radiation, deviations from isotropy
Cosmic ray background in counters
Cosmic ray air showers

~ ~

54,
~ ~

~ ~

~ ~

0 ~

~ ~

~ ~

~ ~

on

75
660
156
112
144
138

15
130
155
59
98
59

573
65

155
15

162
159, 162

163
163
163
59

~ . 12
8

140
155
118
66

119
150
125

693
59

24, 308
55, 673
31, 445
35, 471

528
157
169
158
157

43, 550
43, 552
43, 550
43, 553
43, 551
43, 553
42, 538
42, 539
42, 540

482, 507
94

172
175

15
128

58, 704
58, 704

146
709

58, 699
~ . 699

0

, K+n,

Cosmic ray composition
Cosmic ray fluxes
Cosmic rays
Cosmic rays in atomosphere
Cosmic rays, at surface of earth
Cosmic rays, primary spectra
Cosmic rays, secondary neutrinos
Cosmic rays, underground
Cosmological background radiation
Cosmological constant
Cosmology ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Coupling constant in @CD
Couplings for photon, W, Z
Coulomb scattering through small angles, multiple
Covariance, definition
CP, tests of conservation
CP violation, overview
CP violation and CKM matrix
CP violation in B decay
CP violation and B —B mixing in B decay, note on
CP violation in K& ~ 3~ decays, note on
CP violation in KI decay
CP-violation in KL decays, note on
CPT, tests of conservation
Critical density in cosmology
Critical energy, electrons
Critical energy, muons
Cross sections and related quantities, plots of

e+e, vN, vtV, Ap, pp, pd, vr+p, ared, K+p
pp, pn, pd, pp, pn, and pd cross sections

e+e annihilation cross section near Mz
Fragmentation functions

gamma production in pp interactions
3et production in pp and pp interactions
Nucleon structure functions
Pseudorapidity distributions

Cross sections, Regge theory fits to total, table
Cross sections, relations for
Cryogenic gases, boiling points
Cumulative distribution function, definition
Curie, unit of radioactivity
d (quark) ~ ~ ~ ~ ~ ~ t 4 ~ ~ ~ ~ ~ 0 ~ + ~ ~ ~

d functions
n+

~ ~ I

D mesons, note on
pD, D

D(1530) [nore called fy(1510)]
D t (2420) o

Dr (2420)+
D' (2007)
D'(2010) +

D~ (2460) o

D2 (2460) +
r+]D, 0

judas F ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 t t ~

D, r (2536)+
D,g(2573)+
Dalitz plot, relations for
Damage, biological, from radiation
DAC NE (Frascati) collider parameters
Dark matter
Dark matter limits:

Astrophysical limits on neutrino mass
Invisible axion mass limits
Ncutralinos mass limits
Sneutrino mass limits

107,

94,

66,

K+d,

122
123
122

122, 125
123
122
125
124
107
66

112, 116
. 65, 77

85
134
155
59

~ . 102
102, 507

~ . 102
507
414
102

~ . 422
~ . 59
107, 109

136
137
182

189
188

~ . 186
186
182
186
191

176, 179
72

155
150

24, 307
172

31, 445
444

33, 454
27, 366
34, 469

469
34, 467
34, 468
35, 470
35, 470
35, 471
36, 475
36, 476
36, 476

176
150
129
116

289
245
693
694

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.
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Part

note

Data, averaging and fitting procedures
Data, selection and treatment
Databases, availability online
Databases, high-energy physics
Databases, particle physics
Day, sidereal
dE/dx 4 0 ~ ~

Decay amplitudes (for hyperon decays)
(see p. 286 in our 1982 edition, Phys. Lett. 111B)

Decay constants of charged pseudoscalar mesons, note on
Decays, kinematics and phase space for
Deep-inelastic scattering
Definitions for abbreviations used in Particle Listings
b, CKM angle for CP violation
6--rays \

b'(980) [now called ap(980)]
by(2040) [now called a4 (2040)]
bs(2450) [now called ae(2450)]
0 resonances (scc also lV and 6 resonances)
AB = 1, weak neutral currents, tests for
AB = 2, tests for
AC = 1, weak neutral currents, tests for
AC = 2, tests for
AI = 1/2 rule for hyperon decays, test of

(see p. 286 in our 1982 edition, Phys. Lett. 111B)
AS = 1, weak neutral currents, tests for
AS = 2, tests for
AS = AQ rule in K decay, note on
AS= AQ, tests of
Density effect in energy loss rate
Density of materials, table
Density of matter, critical
Density of matter. local
Density paramctcr of the universe, Oo
DESY databases
Detector parameters
Deuterium abundance
Dcutcron mass
Dcutcron structure function
Deviations from isotropy, cosmic background radiation
Dibaryons

(sec p. VIII.118 in our 1992 edition, Phys. Rcv. D45,
Diclcctric constant of gaseous elements, table
Differential Ccrcnkov detectors
Dipole moment, cosmic background radiation
Dircctorics, online, people, and organizations
Disk density
Distributions, probability, definition
DORIS (DESY) collider parameters
Dose, radioactivity, unit of absorbed
Dose rate from gamma ray sources
Drift and proportional rhambcr potentials
Durham databases
e (natural log base), value of
e (electron)

Charge conservation and the Pauli exclusion principle,
(scc p. VI.10 in our 1992 edition, Phys. Rev. D45)

e+e annihilation, cross-section formulae
e+e annihilation cross section near Mz
e+e avcragc multiplicity, plot of
e+e avcragc multiplicity, table of
e+e (1100—2200)
e+e B function, plot of
e+e two-photon process, cross-section formula
E(1420) [now railed ft(1420)]
Early universe

10
9

15
15
15
66

132

319
175
78

200
94

134
26, 340

385
391

50, 600
59
59
59
59

59
59

427
59

133
72
66
66
66
16

142
109
65

184
119

73
144
119
16
66

155
128
150
151
145

15
65

21, 249
on

180
189
189
187
393
190
180

27, 358
109

Earth equatorial radius
J. '

ducation
Efficiency of statistical estimator, definition
Electrical resistivity of elements, table
Electric charge (Q) conservation

Electromagnetic calorimeters
Electromagnetic relations
Electromagnetic shower detectors, energy resolution
Electromagnetic showers, lateral distribution
Electromagnetic showers, longitudinal distribution
Electron ~ 0 ~ ~ ~ ~ ~ ~ ~ \ ~ ~ ~ ~ ~ ~ ~ ~ ~ + ~

Electron charge
Electron critical energy
Electron cyclotron frequency/field
Electron mass
Electron radius, classical
Electron volt
Electronic structure of the elements
Electroproduction structure functions, relations for
Electroweak analyses of new physics
Elcctroweak interactions, Standard Model of
Elements, electronic structure of
Elements, periodic table of
Energy and momentum (c.m. ) vs. beam momentum
Energy loss (fractional) for electrons and positrons in lead
Energy loss rate, form factor corrections
Energy loss rate for charged particles
Energy loss rate in compounds
Energy loss rate, restricted
Energy loss rate for muons at high energies
e(1200) [now called fo(400—1200)]
e(2150) [now called f2(2150)
e(2300) [now called f4(2300)
e (pcrmittivity) . . . . . . . . . . . . . . . . . . 6
ep (permittivity of free space)
~y, ~2, eg clcctrowcak variables
Equivalent photon approximation
Error ellipse for multivariate Gaussian
Error estimates in least-squares fitting
Error estimates in likelihood fitting
Error function
Error propagation
Error propagation, straight-line fit
Error procedure for masses and widths of meson resonances
Errors, treatment of
Established noncts for the mcsons
Estimator, definition of

meson . I ~ I . ~ ~ I ~ ~ ~ 1 ~ ~ ~ \ ~

on~btt(129oi 0 * ~ 0 ~ 0 5

tl(1440) [was (i&44 )0]

rt(1440), note on
tl(1760)
q(2225)

2 (1870)
f(ntt (958) ~ 0

rl„(IS)= ti„(2980)
q„(2S)= q, (3590)
Excitation energy
Excited lepton searches
Exotic baryons (Z* resonances)

(see p. VIII.58 in our 1992 edition, Phys. Rcv. D45, Part
Exotic meson resonances
Expectation value, definition
Expectation value, relations for
Expcrimcnt databases
Exponential distribution

66
18

159
73
59

145
74

145
~ . 137
, . 136
21, 249
. 65, 74

136
65

65, 21
65
65

~ . 70
179
103
85
70
69

175
141
133
132
133
134
137

25, 329
387
390

5, 73, 74
. 65, 74

104
180
163

161, 162
160
156
166
161
430

10
99

159
25, 325
27, 351
27, 361

361
381
389
383

26, 336
41, 528

541
133

58, 702

557
155
155

15
158

Grcck lett, crs arc alphabctizcd by their English-language spelling. Bold page numbers signify cntrics in thc Particle Properties Summary Tables.
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Exposure, radioactivity, unit of
fD+) fD+) fq) fq~1f~+, f~+, f~o
Fy, F2, Fg structure functions
F2 structure function, plots
F+ [now called D~+]
F*+ [now called D,*+]
fo (400—1200) [was e (1200)]

fo(980) [was S(975) or S*]
fp(1370)
fo (1500)
fp(2200)
ft (1285)
ft(1420) [was E(1420)]

f (1142 )0, note on

fr (1510) [wa»(1530)]
f2 (1270)
f2 (1430)
f2(1565)
f2(1640)
f2(1810)
fs(1950)

was gT(2010)]
was e(2150)]
was gT(2300)
was gT(2340)
was f'(1525)]
was h(2030)]
was e(2300)
was r(2510)
[was g(1690)

f2(2010) [

f2(215o) [

f2(2300)
fs (2340)
f2(1525) [

f4(2050)
f4(2300)
fs(2510)
fg(1710)

decay constants

182, 183,

for

0

otc on

posit, rons in lc

fJ(1710), note on
fg(2220) [was $(2220)]
Familon searches
Fermi coupling constant
Fermi plateau
Fcynman's x variable
Field equations, electromagnetic
Fine structure constant
Fit to Z clcctrowcak measurcrncnts
Fits to data
Fitting data, relations for
Flavor-changing neutral currents, tests
Forbidden states in quark model
Force, Lorcntz
Form factors, Kg3, note on
Form factors, vr —~ Evp and K —+ Evp, n
Fourth generation (b') searches
Fractional energy loss for electrons and
Fragmentation functions, relations for
Fragmentation, heavy quark

Fragmentation in e+ e annihilation
Free quark scarchcs
Friedmann equation
Friedman-Robertson-Walker metric
Particle Listings, key to reading
Particle Listings, organization of
g (gluon)
g(1690) [now called ps(1690)]
gT(2010) now called f2(2010)
g'T(2300) [now called f2(2300)]
gT(2340) [now called fg(2340)
g~, gg vector, axial vector couplings
p (Euler constant), value of
p (photon)
pp and pd cross sections, plots of
gamma production in pp interactions

150
319
179

184, 185
35, 471
36, 475
25, 329
26, 338
27, 355
27, 365

388
27, 349
27, 358

358
27, 366
26, 346

360
368
370
382
384

28, 385
387

28, 390
29, 391
28, 366
28, 386

390
392

28, 379
~ ~ 379

389
243

65
133
175
74

~ . 65
210

10
159, 160

59
76
74

408
322

24, 315
141
180
189
188

24, 316
107
107
199

7
19, 207
28, 373
28, 385
28, 390
29, 391

85
65

19, 207
198
186

iton)

p-rays, from radioactive sources
Gamma distribution, Monte Carlo algorithm for
Gamma distribution, relations for
Gamma distribution, table of
Gauge bosons

(see individual entries for p, W, Z, g, and grav
Gauge couplings
Gaussian distribution, Monte Carlo algorithm for
Gaussian distribution, multivariate
Gaussian distribution, multivariate, table of
Gaussian distribution, relations for
Gaussian distribution, table of
Gaussian distribution, upper limits
Gaussian ellipsoid
Gauss-Markov theorem
Gell-Mann-Okubo formula
Gluino searches
gluorl

~ g e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Gluonium candidates
Goldstone boson searches
Gravitational acceleration g
Gravitational constant G~
Gravitational lensing
graviton
Gray, unit of absorbed dose of radiation
h(2030) [now called f4(2050)]
hr(1170) [was H(1190)]
ht(1380)
h „(1P) ~ ~ ~ ~ P ~

Hadronic calorimetcrs
Hadronic colliders, radiation levels
Hadronic flavor conservation
Hadronic multiplicities in e+ e annihilation
Hadronic shower detectors
Half-lives of commonly used radioactive nuclides
Halo density
Heavy boson searches
Heavy lepton searches
Heavy particle searches
Heavy physics from precision experiments
Heavy quark fragmentation
Helium abundance
HERA (DESY) collider parameters
Higgs boson in Standard Model
Higgs boson mass in clcctrowcak analyses
Higgs, M~, constraints on
Higgs scarchcs

Higgs searches, note on
History of mcasurcmcnts, discussion
Hubble constant
Hubble parameter
Hyperon baryons (see A and Z baryons)
Hyperon decays, nonlcptonic decay arnplitudcs

(see p. 286 in our 1982 edition, Phys. Lett. 111B)
Hyperon decays, test of AI = 1/2 rule for

(see p. 286 in our 1982 edition, Phys. Lett. 111B)
ID particle codes for Monte Carlos
Ideal mixing in quark model
Ideograms, criteria for presentation
IHEP databases
Illustrative kcy to the Particle Listings
Impedance, relations for
Importance sampling in Monte Carlo calculations
Inclusive distributions, one-particle, relations for
Inclusive hadronic reactions
Inclusive reactions, kinematics for

85
169
156
157
156
157
163
157
162
98

58, 696
19, 207

557
243

65
65, 66

113
207
150

28, 386
26, 343

358
540

0

\

4

146
152
59

187
146
154
66

20, 231
22, 274

706
103
189
109
131

85, 225
103
103

20, 225
225

12
112
66

51, 619

170
99
11
15

199
75

168
181
180
177

154
169
158
157

19, 207

Grcck letters are alphabetized by their English-language spelling. Bold page numbers signify entries in thc Particle Properties Summary Tables.
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Inconsistent data, treatment of
Independence of random variables
Inductance, relations for
Inorganic scintillator parameters
Inorganic scintillators
Interactive Review of Particle Physics (RPP) system
International System (SI) units
INTERNET address for comments
Introduction
Inverse transform method in Monte Carlo
Invisible AO (Axion) searches

Invisible Ao mass limits, note on .
Ionization energies of the elements
Ionization energy loss at minimum, table
Ionization yields for charged particles
e(1440) [now called rt(1440)]
Jansky ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Jet production in pp and pp interactions, plot of
Jour nals ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

J/g(18) = J/Q(3097) or @(18)
K ~ 3' Dalitz plot parameters, note on
K ~ Evp form factors, note on
Kg3 form factors, note on

0 4

K mass, note on7 M+

K+p, K+n, and K+d cross sections, plots of
K p, K n, and K d cross sections, plots of

p
—0K, K 4 ~ ~ 4

K decay, note on AS = AQ rule in
sco'I ~ ~ \ ~ ~

K& decays, note on CP-violation in

Kl decay, CP violation in

S ~ ~ ~ ~ ~ ~

K& ~ 3' decay, note on CP violation in
K(1460) [was K(1400)]
K(1830)
K(3100)
K'(892)

K*(892) mass and mass differences, note on
K*(1410) [was K' (1410)
K*(1680) [was K'(1790)]
Ko (1430) [was ~(1350)]
Ko (1950)
Kr (1270) [was Q(1280) or Qr
K~(1400) [was Q(1400) or Qg
Ky (1650)
Ks(1580) [was L(1580)
Kp(1770) [was L(1770)

Kg(1770) and the Kp(1820), note on
Ks (1820)
Ks(2250) was K(2250))
K&(1430) [was K"(1430)]
K~ (1980)
Ks(2320) [was K(2320)]
K&(1780) [was K*(1780)]
K4(2500) [was K(2500)]
K4(2045) [was K'(2060)]
Ks (2380)
K/3 form factors, note on
Kaon (sec also K)
Kaon rare decay, note on
r(1350) [now ratted Ko(1430))
KEKB collider parameters
Kcy to the Particle Listings
Kinematics, decays, and scattering

11
155
75

142
143
15
68
7
7

168
245
243

~ . 70
72

134
27, 361

66
186
17

41, 530
406
322
408

29, 397
397
197
196

29, 412
427

29, 415
~ . 422

. 102
29, 412

414
437
441
443

30, 430
430

30, 434
31, 438
30, 434
~ . 441
30, 432
30, 433

437
437

31, 438
438

31, 440
442

30, 434
441
442

31, 439
443

31, 441
442
408

29, 397
399

30, 434
130
199
175

on

egion

ty

Knock-on electrons, energetic
Kobayashi-Maskawa (Cabibbo-) mixing matrix
L(1580) now called Ks(1580)]
I (1770) now called Ks(1?70)
Lagrangian, /CD
Lagrangian, standard electroweak

~ ~ ~ 0 \ 4 0 ~ ~ 0 0 ~ 0 4 i ~ ~ ~ 0 ~

3 and Z baryons
A(1405), note on .
Listings, A baryons
Listings, Z baryons
Status of (review)

Ap cross section, plot of
A, @CD parameter
' 6 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 0 ~ ~ ~

A+
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

A.(2625)+
A, (2593)+
Lagged-Fibonacci-based random number generator
Landau distribution
I anthanide series of elements
Lattice @CD
LBNL databases
Least-squares fitting with correlated data
Least-squares fitting, linear
Least-squares fitting, method of
Least squares fitting, nonlinear
Least-squares fitting, straight line
Lee-Sugawara relation
LEP (CERN) collider parameters
Lepton conservation, tests of
Lepton family number conservation
Lepton (heavy) searches
Lepton mixing, neutrinos (massive) and, search for
Lepton, quark compositeness searches
Lepton, quark substructure searches
Leptons \

(see individual entries for ve, e, v&, y, , vr, and r)
Leptons, weak interactions of quarks and
Leptoproduction cross sections, relations for
Leptoproduction kinematics
Leptoquark searches
I ethal dose from penetrating ionizing radiation
LHC (CERN) collider parameters
Light boson searches
Light element abundance
Light neutrino types, number of
Light neutrino types from colliders, number of, note
Light, speed of
Ligllt year i ~ 4 ~ ~ ~ ~ ~ ~ ~ ~ 4 ~ ~ ~ ~ ~ ~

Likelihood condition
Likelihood function
Limits (statistical) in presence of bounded physical r
Linear least-squares fitting
Lineshapc of Z boson
Liquid ionization chambers, free electron drift veloci
Listings, Full, keys to reading
Lorcntz force
Lorentz invariant amplitudes
Lorcntz transformations of four-vectors
Luminosity conversion
MACHOs (also sec dark matter limits)
Magnetic moments, baryon, note on
Magnetic monopole searches

Magnetic monopole scarchcs, note on .
Majoron searches

~ ~

~ ~

134
94

437
31, 438

77
85

51, 619
51, 619

~ ~

~ ~

~ ~

623
619
636
622
198
77

683
55, 673
56, 678
56, 677
~ ~

~ ~

~ ~

~ ~

168
133
69
82
15

161
160
160
161
161

85
179

~ 179
235
150
131
238
109

3, 286
286
65
66

159
159
164
160
210
148
199
74

175
175
66

116
619

8, 685
685
243

287]'
130
59
59

22, 274
23, 287
58, 699
58, 699
21, 249

Grcck letters arc alphabetized by their English-language spelling. Bold page numbers signify entries in thc Particle Properties Summary Tables.



7'16 Index

Fe, Sn,

\

nd B,)

0

t of

Mandelstarn variables
Marginal probability density function
Mass attenuation coefFicient for photons, defined
Massive neutrinos and lepton mixing, search for
Materials, atomic and nuclear properties of
Matter, passage of particles through
Maximum likelihood
Maxwell equations
Mean energy loss rate in H2 liquid, He gas, C, Al,

Pb, plots
Mean excitation energy
Mean range in H2 liquid. , He gas, C, Fe, Pb, plots
Median, definition
Median, variance of
Meson multiplets in quark model
Meson nonets (established)
M esons 4 ~ ~ 0 0 ~ 4 ~ ~ ~ ~

bb mesons
Bottom mesons
Charmed, nonstrange mesons
Charmed, strange mesons
Exotic mesons
Nonstrange mesons
Strange mesons

Mesons, stable
(sce individual entries for x, q, K, D, D8, B, a

Ms renormalization scheme (@CD)
Ms renormalization scheme (Standard Model)
Metric prefixes, commonly used
Michel parameter p
Microwave background
Minimal subtraction scheme in @CD
Minimum ionization
Minimum ionization loss, table
MIP (minimum ionizing particle)
Mixing angle, weak (sin2 9~)
Mixing, B —B, note on0 —0

Mixing, quark model, ideal
Mixing, singlet-octet in quark model
Molar volume
Moliere radius
Mornenta, measurement of, in a magnetic field
Momentum —c.m. energy and momentum

vs. beam momentum
Momentum transfer, minimum and maximum
Monopole searches

Monopole searches, note on
Monte Carlo particle numbering scheme
Mont, e Carlo techniques

p muon

p —+ e conversion
po (permeability of free space)
Multibody decay kinematics
Multiple Coulomb scattering through small angles
Multiplets, meson in quark model
Multiplcts, SU(n)
Multiplicities, average in e+e interactions, table
Multiplicity, average in e+e interactions, plot of
Multiplicity, average in pp and pp interactions, plo
Multivariate Gaussian distribution
Mulitvariate Gaussian distribution, table of
Muon

Muon decay parameters, note on .
Muon critical energy
Muon energy loss rate at high energies
Muon range/energy in rock

arid

23

0

177
155
140
287

72
132
159

74

132
133
133
155
155
98
99

25, 319
43, 547
36, 477
41, 528
35, 471

557
25, 319
29, 397
25, 319

77
85
68

21 272
107
77

132
72

132
, 65, 85

507
99
99
65

136
146

175
175

58, 685
685
170
168

21, 250
~ . 251
. 65, 74

176
134
98

174
187
189
189
156
157

21, 250
251
137
137
124

MW I

Mz e 4

n (neutron)
N and D resonances

Listings, 0 resonances
Listings, N resonances
Photoproduction and Compton scattering (review)
sr' —+ Xx7r channel (review)
Status of (review)
Two-body partial-wave analyses (review)¹ resonances (see N and z1 resonances)

WN(1100—3600)
n-body differential cross sections
n-body phase space
n —n oscillations
Names, hadrons
Nebulae, planetary
Neutral-current parameters, standard model expressions
Neutral-current parameters, values for
Neutralino searches
Neutralino as dark matter
Neutrino (see v)
Neutrino mass limits, note on .
Neutrino oscillation experiments, note on
Neutrino oscillation searches
Neutrino production structure functions, relations for
Neutrino, solar, experiments
Neutrino types (light), number of
Neutrino types (light) from colliders, number of, note on
Neutrinoless double beta decay, search for
Neutrinos as dark matter
Neutrinos from cosmic rays
Neutrinos (massive) and lepton mixing, search for
Neutrinos, note on
Neutron
Neutrons at accelerators
Neutrons, from radioactive sources
New physics from electroweak analyses
Newtonian gravitational constant G~
Nomenclature for hadrons
Nonets, meson (established)
Non-qq candidates
Normal distribution, confidence intervals for
Normal distribution, relations for
Normal distribution, table of

vP ~ 4 4 ~

vN and vN cross sections, plot of
(sec p. III.75 in our 1992 edition, Phys. Rcv. D45,

Nuclear collision length, table
Nuclear inelastic cross section, table
Nuclear interaction length, table
Nuclear magneton
Nuclear total cross section, table
Nucleon resonances (see N and z1 resonances)
Nucleon structure functions, plots of
Nuclid. ss, radioactive, commonly used
Numbering scheme for particles in Monte Carlos
Occupational radiation dose, U.S. maximum permissible
Octet-singlet mixing in quark model
Omega baryons (O baryons)
0 'I 'I

Q~c [urus T j

Ac, critical density
00, density parameter

for

Part

. 65, 91

. 65, 91
48, 567
49, 571

600
571
573
572
571
571

49, 571
393
176
175
568

9, 76
113

92
~ . 89

693
107, 116
21, 249

289
294

23, 287
179
294

23, 286
286
289
116
125

23, 287
275

48, 567
150
154
103

. 65, 66
9, 76

99
557
163
156
157

22, 280
22, 283
23, 284

II)
72
72
72
65
72

49, 571
182
154
170
150
99

55, 671
55, 671

681
66
66

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.



IA dRX 717

0 resonances
(d (782) 4

(d (1420) ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Ld (1600) 0

(ds(1670) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ \ ~ ~ ~ ~ ~ ~

One-particle inclusive distributions, relations for
Optical theorem
Organic scintillators
Organization of Particle Listings and Summary Tables
Other particle searches

Other particle searches, note on
P (parity), tests of conservation

p (proton)
p mean life, note on

pp average multiplicity, plot of
pp jet production
pp, pn, and pd cross sections, plots of
pp average multiplicity, plot of
pp gamma production
pp jet production
pp pscudorapidity
pp, pn, and pd cross sections, plots of
Parity of qq states
Parsec ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ 0 ~

Partial-wave analyses for N and 8 resonances (review)
Partial-wave expansion of scattering amplitude
Particle detectors
Particle ID numbers for Monte Carlos
Particle nomenclature
Particle symbol style conventions
Particle Physics Booklet, how to get
Passage of particles through matter
Pauli exclusion principle, charge conservation, note on

(sec. p. VI.10 in our 1992 edition, Phys. Rev. D45)
PEP (SLAC) collider parameters
PEP-II (SLAC) collider parameters
Periodic table of the elements
Pcrmcability po of free space
Pcrmittivity eo of free space
PETRA (DESY) collider parameters
Phase space, Lorentz invariant
Phase space, relations for
4i(1020)
$(1680)
d s (1850) [boas X(1850)]
4i-factory (Novosibirsk) collider parameters
Photino searches
Photon 0 ~ ~ ~ ~ ~ ~ ~ P ~ ~ ~

Photon and electron attenuation
Photon attenuation length
Photon attenuation length (high energy)
Photon collection cKcicncy, scintillators
Photon coupling
Photon cross section in carbon and lead, contributions to
Photon pair-production cross section
Photon to e+e conversion probability
Photoproduction and Compton scattering for N and 0

resonances (review)
Physical constants, table of

value of o ~ ~ ~ ~ ~ ~ ~ ~ o ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~

jr 4 0

p and a d cross sections, plots of
0

7r ~ . ~

vr ~ Evp form factors, note on
n(1300)
7r (1800) I

672
25, 333
27, 360
28, 369
28, 3?0

181
~ . 177

142
7

705
705
59

48, 561

189
186

93, 194
189
186
186
186

3, 194
98
66

571
177
142
170

9, 76
76

7
132

19

~ . 573
65
65

25, 320
195

25, 323
322

27, 352
381

128
130
69

. 65, 74

. 65, 74
128
175
175

26, 341
28, 372
28, 383

129
692

19, 207
140
140
140
142

~ . 85
141
136
140

rc2 (1670) toas A(1680) or As]
tc2(2100) [toas A(2100)]
rcN ~ Nor rechannel (review)
P ion
Planck constant
Planck mass
Planetary nebulae
Plasma energy
Plastic scintillators
Poisson distribution, Monte Carlo algorithm for
Poisson distribution, relations for
Poisson distribution, table of
Poisson distribution, upper limits for
Poisson processes with background, upper limits for
Potentials, electromagnetic
PPDS databases
Precision experiments, heavy physics
Prefixes, metric, commonly used
Preprints from bulletin boards
Primary spectra, cosmic rays
Primordial element abundance
Primordial microwave background

Probability
confidence level vs. y for n degrees of freedom

Probability density function, definition
Propagation of errors
Properties (atomic and nuclear) of materials
Proportional and drift chamber potentials
Proportional chamber wire instability
Proton (see p)
Proton cyclotron frequency/field
Proton mass
Proton structure function
Pscudorapidity g, defined
Pscudorapidity distribution in pp interactions, plot of
Pseudoscalar mcsons, decay constants of charged, note
g(IS) = J/t/(IS) = J/g(3097)
t/(2S) = t/(3685)
g(3770)
g(4040)
@(4160)
@(4415)
Q(1280) or Qi [noio called Jc'i(1270)]
Q(1400) or Q2 noio called Ki (1400)]

CD ~ ~ ~ ~ \

QCD parton model
Quadrupoldolc moment, cosmic background radiation
Quality factor for biological damage duc to radiation
Quantum numbers in quark model
Quark and. lepton compositcncss scarchc. s

Quark and lepton substructure scarchcs
Quark fragmentation in e+e annihilation, hcavy
Quark mass, note on
Quark model
Quark model assignmcnts
Quark model, dynamical ingredients
Quark parton model
Quark scarchcs, frcc
Quark scarchcs, note on

uarks ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 t ~ ~ ~

Quarks and lcptons, weak interactions of
Quarks, current masses of
Quarks, properties of
R function, e+e scattering, plot of
r(2510) [noio called fs(2510)]
Rad, unit of absorbed dose of radiation

on

28, 371
387
572

25, 320
65
66

113
132
142
169

. 156
157
164
166
74
15

103
68
16

122
109
118
155
157
155
166

72
145
145

48, 561
65

48, 65
182, 183

177
186
319

41, 530
42, 542
42, 544
42, 545
43, 545
43, 546
30, 432
30, 433

77
179
119
150
98

58, 699
58, 699

189
~ . 303

98
98

101
179

24, 316
316

24, 303
179, 85
303, 85

98
190
392
150

Grc.ck let ters are alphabctizcd by their English-language spelling. Bold page numbers signify c.ntrics in thc Particle. Propcrtics Summary Tables.



718 Index

Radiation, biological damage from chronic exposure
Radiation, Cerenkov
Radiation length
Radiation length, approximate algorithm
Radiation length of materials, table
Radiation, lethal dose from
Radiation levels at collider detectors
Radiation, long-term risk
Radiation weighting factor
Radiative corrections in Standard Model
Radioactive sources, commonly used
Radioactivity and radiation protection
Radioactivity at accelerators
Radioactivity, natural annual background
Radioactivity, unit of absorbed dose
Radioactivity, unit of activity
Radioactivity, unit of exposure
Radon, as component of natural background radioactivity
Random angle, Monte Carlo algorithm for sine and cosine of
Random number generators
Rao-Cramer-Frechet bound
Rapidity
Rcdshift
Refractive index of materials, table
Roggc theory Bts to total cross sections, table
Relativistic kinematics
Rclat, ivistic rise
Relativistic transformation of electromagnetic fields
Rem, roentgen equivalent for man
Rcnormalization in Standard Model
Rcnormalization schemes in QCD
Represc. ntations, SU(n)
Residuals, definition of
Resistivity, electrical, of elements, table
Resistivity of metals
Rosistivity, relations for
Rcsonancc, Brcit-Wigncr form and Argand plot for
Resonances (sec Mesons and Baryons)
Rcstrictcd cncrgy loss rate, charged projectiles
p pararnctcr in clcctrowcak analyses

p paramctc. r in electroweak analyses (Standard Model)

p parameter of clcctrowcak interactions
p(770)

p(770), note on
p(1405)
p(1450)

p(1450) and p(1770), note on
p(1700)
p(2150)
ps(1690) lroas g(1690)]
ps(2250)
ps(2850)
Ring-Imaging Cerenkov dctcct, ors
Robertson-Walker motric
Robustncss of statistical estimator, definition
Roentgen, measure of X or p radiation intensity
Rydbcrg cncrgy
s (quark)
S,T,U clcctrowcak variables
S = +1 baryons (Z* baryons)

(sec p. VIII.58 in our 1992 edition, Phys. Rev. D45, Part
S(975) or S* [noro called fo(980))
S-matrix approach to Z lincshapc
S-matrix for two-body scattering
Scalar mcsons, note on
Scale fact, or, definition of

150
138
135
135

72
150
152
150
150
85

154
150
151
150
150
150
150
150
168
168
159
175
107
72

191
175
133
74

150
85
77

174
162
73
75
75

178

134
103
91
92

25, 330
330
358

27, 364
376

28, 376
388

28, 373
389
391
144
107
159
150
65

24, 307
103

II)
26, 338

210
175
355

11

Scattering, relations for
Schwarzschild radius of sun
Scintillator parameters
Sea-level cosmic ray Huxes
Searches:

Axion searches
Baryonium candidates
Chargino searches
Color octet leptons
Color octet quarks
Compositeness, quark and lepton, searches
Excited lepton searches
Familon searches
Fourth generation (b') searches
Free quark searches
Gluino searches
Gluonium candidates
Goldstone boson searches
Heavy boson searches
Heavy lepton searches
Heavy particle searches
Higgs searches
Invisible A" (Axion) searches
Lepton (heavy) searches
Lepton mixing, neutrinos (massive) and, search for
Lepton, quark compositeness searches
Lepton, quark substructure searches
Lcptoquark searches
Light boson searches
Light neutrino types, number of
Magnetic monopole searches
Majoron searches
Massivo neutrinos and lepton mixing, searches
Monopole searches
Ncutralino searches
Neutrino oscillation searches
Neutrino, solar, experiments
Neutrino types, number of
Ncutrinolcss double beta decay searches
Neutrinos (massive) and lepton mixing, search for
Non-qq candidates
Other particle searches
Photino searches
Quark and lepton compositeness searches
Quark and lepton substructure searches
Quark searches, free
Slepton searches
Sncutrino scarchcs
Squark searches
Solar v cxpcrimcnts
Substructure, quark and lepton, searches
Supcrsymmctric partner searches
Tcchnipion scarchcs
Vector meson candidatos
Weak gauge boson scarchcs
Z' scarchcs, note on

Selection and treatment of data
Semilc. ptonic decays (B), note on
Shower dctcctor cncrgy resolution
Showers, clcctromagnctic, lateral distribution of
Showers, electromagnetic, longitudinal distribution of
SI units, complete sct
Sidcroal day
Sidereal year
Sicvcrt, unit of radiation dose cquivalcrit
Z baryons (sec also A and Z baryons)

179
66

142
1.22

20, 238
395
693

58, 704
58, 704
58, 699
58, 702

243
24, 315
24, 316
58, 696

557
243

20, 231
22, 274

706
20, 225

245
22, 274
23, 287
58, 699
58, 699

235
20, 238
23, 286
58, 685

243
23, 287
58, 685

693
23, 287

294
23, 286

289
23, 287

557
705
692

58, 699
58, 699
24, 316
58, 694
58, 694
58, 695

294
58, 699
58, 687
20, 230

393
20, 231

232
9

482
145
137
136
68
66
66

150
53, 636

Greek letters arc alphabctizcd by their English-language spelling. Bold page numbers signify cntrics in the Particle Properties Summary Tables.



719

~0
0

Z 0 4 4

Z(1670), note on
X', (2455)
Xe (2530)
Silicon strip detectors
sin 0~, weak mixing angle
Singlet-octet mixing in quark model
SLAC databases
SLC (SLAC) collider parameters
Slepton searches
Sneutrino searches
Software directories
Solar equatorial radius
Solar luminosity
Solar mass
Solar v experiments
Solar radius in galaxy
Solar velocity in galaxy
Sources, radioactive, commonly used
SPEAR (SLAC) collider parameters
Specific heats of elements, table
Spherical harmonics
Spin-d. ependent structure functions
SPIRES database
SppS (CERN) collider parameters
Squark searches
SSC collider parameters
Standard candles
Standard error, definitio of
Standard Model of elcctrowcak interactions
Standard particle numbering for Monte Carlos
Stat ist ic, definition of
Statistical procedures
Statistics
Stcfan-Boltzmann constant
Stopping power
Stopping power for hcavy charged projectiles
Straight-linc fit, , relations for
Strange baryons
Strange mcsons
Strange quark (s)
Strangeness-changing neutral currents, tests for
Strong coupling constant in @CD
Structure functions
Structure functions, clcctroproduction, relations for
Structure functions in quark parton model
Structure functions, lcptoproduction, relations for
Student's t distribution, Monte Carlo algorithm for
Student's t distribution, relations for
Student's t distribution, table of
SU(2) x U(1)
SU(3) classification of baryon resonances
SU(3) isoscalar factors
SU(3) multiplcts
SU(3) represent, ation matrices
SU(6) multiplcts
SU(n) multiplcts
Substructure, quark and lepton, searches
Substructure, quark and lepton, scarchcs, note on
Summary Tables, organization of
Sunyacv-Zcldovich efFect
Supcrconduct ing solcnoids
Supcrnovac, Type Ia
Supcrnovac, Type II

58,
0

0

4

694
18
66
66
66

294
66
66

154
128
73

172
185

16
131

58, 695
131
112
163
85

170
159

10
159
65

132
132
161

51, 619
29, 397
24, 307

59
. 65, 77

182
179
179
179
169
158
157
85

100
173
100
173
100
174

58, 699
699

7
113
147
112
113

53, 636
53, 638
53, 639

646
56, 678

679
145

. 65, 85
99
15

130
58, 694

Supersymmetric partner searches
Supersymmetry, electroweak analyses of
Superweak model of CP violation .
Survival probability, relations for
Synchrotron radiation
Systematic errors, treatment of
t (quark)
T (time reversal), tests of conservationj lepton ~ ~ ~ ~ 0

7-decay branching fractions, note on
r polarization in Z decay
Technicolor, electroweak analyses of
Technipion searches
TEVATRON (Fermilab) collider parameters
Thermal conductivity of elements, table
Thermal expansion coefmjcients of elements, table
8(1690) [nour called fg(1710)j
0~, weak mixing angle
Thomson cross section
Three-body decay kinematics
Three-body phase space
Threshold Cerenkov detectors
TMAE
Top quark mass from electroweak analyses
Top quark mass from the Standard Model
Top quark (t)
top, mg, constraints on
Total cross sections, table of fit parameters
Total cross sections, summary plot
Total lepton number conservation
Transformation of electromagnetic fields, relativistic
Transition radiation
Transition radiation detectors (TRD)
Transuranium elements
TRISTAN (KEK) collider parameters
Tropical year
Two-body decay kinematics
Two-body difFcrcntial cross sections
Two-body partial decay rate
Two-body scattering kinematics
Two-photon processes in e+e annihilation
Tully-Fisher method
Type Ia supcrnovac
Type II supcrnovac
u (quark)
Underground cosmic rays
Unified atomic mass unit
Uniform distribution, table of
Uniform probability density function
Unitarity triangle
Units and conversion factors
Units, clectromagnctic
Units, SI, complete sct
Universe, agc of
Universe, cosmological properties of
Universe, critical d.cnsity of
Universe, curvature of
Universe, density parameter of
Upper limits, Gaussian distribution
Upper limit s, Poisson dis tribut ion
T states, width determinations of, note on
T(1S) = T(9460)
T(2S) = T(10023)
7'(3S) = 7"(10355)
T(49) = T(10580)
7'(10860)

58, 687
103

422, 507
175
75
10

24, 309
59

21, 256
258
210
103

20, 230
131
73
73

28, 379
. 65, 85

I

24,

0

0

65
176
175
144
144
103
89

309
103
191
192
59
74

138
144
69

128
66

175
175
175
175
180
113
112
113

24, 307
124
65

157
156
95
65
74
68
66

107
66

107
66

163
164
547

43, 548
43, 551
44, 554
44, 555
44, 556

Greek lcttcrs are alphabetized by their English-language spelling. Bold page numbers signify cntrics in the Particle Propcrtics Summary Tables.



T20 Index

44, 556
94

155
155

~ . 393
129
129

19, 207

5, 89, 91
20, 231
. 85, 94
. 65, 85

59
~ ~ 159
. 65, 85

547
89
65

116
96
15

175
~ ~ 369

381
382

28, 383
395

~ . 384
385
392

54, 660
664

54, 660
54, 661

684
56, 679
57, 680

681
389

51, 623
66

~ . 66
174
174
73

19, 210
210
212

19, 65, 85, 91, 232
~ . . . . . 189

232

T(11020)
U„g,V„s,V„g,U~g, V~~, V~g, Vt,g, Vg„V
Variance, definition
Variance, relations for
Vector meson candidates
VEPP-2m (Novosibirsk) collider parameters
VEPP-4m (Novosibirsk) collider parameters
W gauge boson
W boson, mass, width, branching ratios,

and coupling to fermions. . . . . . . . . . 19, 65, 8
Weak boson searches
Weak interactions of quarks and leptons
Weak mixing angle (sin2 0~)
Weak neutral currents, tests for (AB = 1, EC = 1, AS = 1)
Weighted averaging, relations for
Weinberg angle (sin 0~)
Width determinations of T states, note on
Width of W and Z bosons
Wien displacement law constant
WIMPs (also see dark matter limits)
Wolfenstein parameterization
World-Wide Web information
a variable (of Feynman's)
X(1600)
X(1740)
X (1775)
X(1850) [nore called Ps(1850)]
X(1900-3600)
X(1910)
X(2000) [was A(2050)]
X(3250)
:" baryons
:" rcsonanccs, note on
~Q

\

~Q
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

(5108 ~4 ~ ~ ~

~Q
C

\ 4

:-„(2645)
((2220) [now called f~(2220)]
y'* resonances (see A and Z resonances)
Year, sidereal
Year, tropical
Young diagrams
Young tableaux
Young's modulus of solid elements, table
Z gauge boson

Z boson, note on
Z decay to hcavy flavors
Z boson, mass, width, branching ratios,

and coupling to fcrmions
Z width, plot
Z' searches, note on
Z* resonances (KN system)

(see p. VIII.58 in our 1992 edition, Phys. Rcv. D45, Part II)

Greek lcttcrs arc alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.




