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Abstract

This biennial review summarizes much of Particle Physics. Using data from previous editions, plus 2300 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,
monopoles, 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 Review.

tThe publication of the Review of Particle Properties is supported by the Director, Once of Energy Research, OKce of High Energy and
Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under Contract No. DE—AC03—76SF00098, and by the
U.S. National Science Foundation under Agreement No. PHY-9320551. Partial funding to cover the cost of this Review is also provided by
the European Laboratory for Particle Physics (CERN), the Italian National Institute of Nuclear Physics (INFN), and by an implementing
arrangement between the governments of Japan (Monbusho) and the United States (DOE) on cooperative research and development.
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INTRODUCTION

1. Overview

The Review of Particle Properties 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 "Full Listings. " These Listings include 2300 new
measurements from 700 papers, in addition to the 12,000
measurements from 3500 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 reviews, tables, and figures on a variety of topics. We
also give an extensive summary of searches for hypothetical
particles.

The Review and the Booklet are 'published in even-
numbered years. This edition is an updating through
December 1993 (and, in some areas, well into 1994). As
described in the section "Using Particle Physics Databases"
following this introduction, the content of this Review is
available on the World-Wide Web, and there is a public
access database allowing user-designed searches.

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 Full Listings 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 Full Listings also
give information on unconfirmed particles and on particle
searches, as well as short "minireviews" on subjects of
particular interest or controversy.

The Full Listings 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 five categories:
Gauge and Higgs bosons
I eptons and quarks
Mesons
Baryons
Searches for free quarks, monopoles,

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

In addition to the compilations of measurements and
best values, we give a long section of "Reviews, Tables, and
Plots, " a quick reference for the practicing particle physicist.

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 brie8y
the naming scheme for hadrons. In Sec. 4, we discuss our
procedures for choosing among measurements of particle

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 Laboratory
Berkeley, CA 94720, USA

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

Technical Information Division, MS 50B-2265
Lawrence Berkeley Laboratory
Berkeley, CA 94720, USA

From all other areas, write to

CERN Scientific Information Service
CH-1211 Geneva 23
Switzerland

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

C. Grab, C.G. Wohl*

D.E. Groom*
D.E. Groom* R.E. Shrock
R.M. Barnett, * C. Caso,

G. Conforto, A. Gurtu
R.M. Barnett, ' K. Hikasa,

H. Murayama
K. Hikasa, T.G. Trippe*
R.M. Barnett, * K. Hikasa,

H. Murayama, K. Olive

Ieptons and quarks

Neutrinos

e, p
V~) 'T

Quarks
Top quark

D.E. Groom, * K. Olive,

R.E. Shrock
C. Grab, C.G. Wohl'
D.E. Groom, * K.G. Hayes
R.M. Barnett, ' A. Manohar
K. Hikasa, S. Kawabata,

T.G. Yrippe'

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

Particle Data Group, MS 50—308
Lawrence Berkeley Laboratory
Berkeley, CA 94720, USA

Or send them via computer mail to

PDGLBL. GOV on INTERNET or
LBL::PDG on HEPNET, or
PDGLBL on BITNET.
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Mes ons

Unstable mesons

K (stable)
D (stable)

B (stable)

Baryons

Stable baryons

Unstable baryons

D.E. Groom, C. Grab, C.G. Wohl*

M. Aguilar-Benitez, C. Casa,
S. Eidelman, J.J. Hernandez,
L. Montanet, F.C. Porter,
M. Roos, * N.A. Tornqvist

C. Grab, T.G. Trippe'
R.J. Morrison, R.H. Schindler,

C.G. Wohl*

R.J. Morrison, R.H. Schindler,

T.G. Yrippe*

C. Grab, R.H. Schindler,

C.G. Wohl*

R.L. Crawford, G. Hohler,
D.M. Manley, C.G. Wohl*,
R.L. Workman

Miscellaneous searches
Quark &'. monopole D.E. Groom, ' J. Stone
Supersymmetric R.M. Barnett, * K. Hikasa,

H. Murayama, K. Olive

Compositeness K. Hikasa, T.G. Trippe*
Other 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, K. Gieselmann, P. Lantero, G.S. Wagman

We have also relied on the expertise of the following

people for advice on particular topics:

~ L. Addis (SLAC)
~ M. Artuso (Syracuse University)
~ V. Balakin (Novosibirsk)
~ V.I. Balbekov (Serpukhov)
~ T. Barnes (University of Tennessee)
~ O. Beibel (RWTH, Aachen)
~ D. Besson (Cornell University)
~ S. Bethke (RWTH, Aachen)
~ V. Bharadwaj (Fermilab)
~ S. Bilenky (Joint Inst. for Nuclear Research, Dubna)
~ M. Billing (Cornell University)
~ G. Brianti (CERN)

E. Browne
~ J.N. Butler (Fermilab)
~ R.N. Cahn (LBL)
~ M. Chanowitz (LBL)
i A. Chao (SSC)
~ Z. Chuang (IHEP, Beijing)
~ E.D. Commins (University of California, Berkeley)
~ COMPAS Group (IHEP, Serpukhov)
~ O. Dahl (LBL)
~ R.H. Dalitz (Oxford University)
~ J. Donoghue (University of Massachusetts, Amherst)
~ J. Dorfan (SLAC)
~ S. Ecklund (SLAC)

y)

Cruz)

nst. )

. of Tokyo)

ruz)

Barbara)

~ J. Ellis (CERN)
~ J. Erler (University of Pennsylvania)
~ L. Evans (CERN)
~ V.V. Ezhela (Serpukhov)
~ W. Fetscher (ETH, Ziirich)
~ V. Flaminio (University of Pisa)
~ R. Flores (University of Minnesota)
~ W. Frazer (University of California, Berkele
~ S. Freedman (LBL and UC, Berkeley)
~ R. Frosch (ETH, Ziirich)
~ A. Garren (UCLA)
~ J. Gasser (University of Bern)
~ S. Geer (Fermilab)
~ H.-J. Gerber (ETH, Ziirich)
~ F.J. Gilman (SSC)
~ H. A. Gould (LBL)
~ N. A. Greenhouse (LBL)
~ H. E. Haber (University of California, Santa
~ R. Hagstrom (ANL)
~ I. Hinchliffe (LBL)
~ H. Hirayama (KEK)
~ P. Ivanov (Novosibirsk)
~ Yu. M. Ivanov (Petersburg Nuclear Physics I
~ J.D. Jackson (LBL)
~ F. James (CERN)
~ D. Karlen (Carleton University)
~ R.W. Kenney (LBL)
~ M. Klein (DESY)
~ K. Kleinknecht (Universitat Dortmund)
~ S. Kurokawa (KEK)
~ R. Kutschke (Cornell University)
~ P. Langacker (University of Pennsylvania)
~ D. Lanske (RWTH, Aachen)
~ H. Leutwyler (University of Bern)
~ M. Luty (LBL)
~ G.R. Lynch (LBL)
~ W.C. Martin (NIST)
~ G. Moneti (Syracuse University)
~ D. Morgan (Rutherford Appleton Lab)
~ T. Nakada (PSI)
~ K. Nakamura (Inst. Cosmic Ray Research, U
~ W.R. Nelson (SLAC)
~ Y. Oyanagi (University of Tsukuba, Japan)
~ S.I. Parker (University of Hawaii)
~ M.R. Pennington (University of Durham)
~ M. Perl (SLAC)
~ M. Peskin (SLAC)
~ J. Primack (University of California, Santa C
~ I. Protopopov (Novosibirsk)
~ H.S. Pruys (Ziirich University)
~ H. Quinn (SLAC)
~ B. Renk (Universitat Mainz)
~ J. Richman (University of California, Santa
~ B.L. Roberts (Boston University)
~ B.P. Roe (University of Michigan)
~ N. A. Roe (LBL)
~ M. Ronan (LBL)
~ L. Rosenberg (Stanford University)
~ S. Rudaz (University of Minnesota)
~ D. Schaile (CERN)
~ D. Schramm (University of Chicago)
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~ V. Serbo (Novosibirsk State University)
~ Yu. Shatunov (Novosibirsk)
~ J.G. Smith (University of Colorado)
~ E.M. Standish, Jr. (Jet Propulsion Lab. , Pasadena)
~ S. Stone (Cornell University)
~ M. Suzuki (LBL)
~ Y. Takaiwa (KEK)
~ B.N. Taylor (U.S. National Bureau of Standards)
~ G.H. Trilling (LBL)
~ R.D. Tripp (LBL)
~ M.S. Turner (Fermilab)
~ G. Vignola (Frascati)
~ M. Virchaux (Saclay)
~ P. von Handel (DESY)
~ R. Voss (CERN)
~ H. Wahl (CERN)
~ S.R. Wasserbaech (University of Washington)
~ S. Willenbrock (University of Illinois)
~ M.S. Witherell (University of California, Santa Barbara)
~ L. Wolfenstein (Carnegie-Mellon University)
~ B.N. Taylor (NIST)

In addition, 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 Review. 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 1993 committee were:

W. Toki (Colorado State University), Chair
D. Schaile (CERN)
P. Kreitz (SLAC)
P. Langacker (University of Pennsylvania)
M. Turner (Fermilab)

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 s
quarks. Otherwise, the only important change to known
hadrons was that the I'+ became the D~+. None of the
lightest pseudoscalar or vector mesons changed names, nor
did the cc or bb mesons (we do, however, now use X, for the
cc X 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. 1323) of this Revieu.

We give here our conventions on type-setting style.
Particle symbols are italic (or slanted) characters: e, p,
A, ~, 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: r+, K . Otherwise, distinct
antiparticles are indicated by a bar (overline): P&, t, p, K,
and Z (the antiparticle of the Z ).

4. Procedures

4.1. Selection and treatment of data: The Full List-
ings 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 Full Listings, we clearly separate measurements
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.

~ 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 Full
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 Full 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 Full Listings all reported
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states that, in our opinion, have suKcient 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 Full Listings.

4.2. Averuges 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"
6x means that the range z + 6z is intended to be a 68.3%
confidence interval about the central value x. We treat
this error as if it were Gaussian. Thus when the error is
Gaussian, 6'x is the usual one standard deviation (lo ). 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 (6z) for a measurement z, 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 —(6x), we use (6'x); when it is greater than x+ (6z)+, we
use (6z)+. 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; + cr; + 6 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, + (0; + b,, ) /, where 6; = o';6[+(1/o'z) j

i .
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 6; 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. , mi, m2, and 6 = m2 —my.
We cannot enter all of my, m2 and 6 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, mg and 6 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.

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

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 X2 = Put;(z —z;)2 and compare it
with N —1, which is the expectation value of X if the
measurements are from a Gaussian distribution.

If X2/(N —1) is less than or equal to 1, and there are no
known problems with the data, we accept the results.

If X2/(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 Xs/(N —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, 6z in Eq. (1), by a
scale factor S defined as

(2)

Our reasoning is as follows. The large value of the X 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 X2 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

60 ——3N i bx,

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 X,
and the contribution of the high-precision experiments thus
tends to be obscured. Note that if each experiment has the
same error 6x, , then 6'x is 6x, /N~i2, so each 6x, 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 6 x is
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Figure 1: A typical ideogram. The "data point" at
the top shows the position of the weighted average,
while the width of the error bar (and the shaded
pattern beneath it) shows the error in the average
after scaling by the factor S. The column on the right
gives the X2 contribution of each of the experiments.
Note that the next-to-last experiment, denoted by
the incomplete error fiag (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 z;, error 6x;, and area
proportional to 1/bz;. The choice of 1/bz; for the area is
somewhat arbitrary. With this choice, the center of gravity
of the ideogram corresponds to an average that uses weights
1/bx; rather than the (1/b2;;) 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 (1/b2:;), 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.

approximately half the interval between the two discrepant
values.

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

(b) If the number M of experiments with an error smaller
than 60 is at least three, and if X2/(M —1) is greater than
1.25, we show in the Full 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.

WEIGHTED AVERAGE
0.00620.018 (Error scaled by 1.3)

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 ~, where, e.g. , Ri = Pi/P2, R2
= Pi/Ps, etc. [We can handle any ratio R of the form

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

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

N„ N&

~) .~fR„l,—'R„)
r=l k=1

(3)

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

In addition to the fitted values P, , we calculate an error
matrix (bP, bP&). We tabulate the diagonal elements of
6 P; = (b P; 6 P;) i/2 (except that some errors are scaled as
discussed below). In the Full 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 Full 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 X2. According to Eq. (3), the
double sum for X~ is first summed over experiments k = 1
to NI„ leaving a single sum over ratios X2 = P X2. One
is tempted to define a scale factor for the ratio r as S2 =
X„/(X2).However, since (X„)is not a fixed quantity (it is
somewhere between Ni, and Nk i), we do not know how to
evaluate this expression. Instead we define

(R., R„)—
(bR„g)2—(6'R„)2 '

where 6R„is the fitted error for ratio r With this def.inition
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
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and often larger errors bP, are obtained. The scale factors

we finally list in such cases are defined by 8; = 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—II
error (hP; ) is calculated on the low side by requiring

the area under the Gaussian between P, —(bP, ) and P,
to be 68.3% of the area between zero and P, . A similar
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. Diaeuaeion: 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 difIicult 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 Full 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 funda, mental constants
like h, ett.". 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 reQect 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.

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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Revised by G.S. Wagman and B. Armstrong, June 1994

The Full Listings in this Review of Particle Properties,
as well as other particle physics databases, are computer
accessible. Some of the databases help find papers of interest,
while others contain actual numerical data. Here we describe
some databases maintained at LBL, SLAC, CERN, Durham,
IHEP, KEK, and Yukawa, and how to start using them.

1. High-Energy Physics Databases

This section describes publicly accessible databases
of interest to high-energy physicists. See Table 1 for
availability, contacts, and user guides. For databases that
are derived from other databases, see also the description of
the originating database. See Section 2 for information on
accessing these databases.

RPP contains the Full I istings from this Review

of Particle Properties. Through user-friendly menus,
users may query by paper, particle, mass range,
quantum numbers, or detector, and can select specific
properties or classes of properties like masses or
decay parameters. All other relevant information
(e.g. , footnotes and references) is included. Complete
instructions are available online. The database is

completely updated in the Summer of even-numbered
years before publication of the Review, and is less
thoroughly updated in the Summer of odd-numbered
years.

The Particle Data Group provides, through the
World-Wide Web (see Section 2.2), full-text PostScript
of the Review of Particle Properties, excluding the Full
Listings. For example, users may access the articles,
tables, figures, and formulae.

Other High-Energy Physics Databases:
~ BOOKS contains bibliographic summaries of more than

20,000 textbooks, conference proceedings, lecture-notes,
monographs, and serials covering high-energy physics
and related subjects.

~ CONE (CERN), a subset of LIB, contains forthcom-
ing conferences of interest for high-energy physics and
accelerator research and contains past conferences back
to 1986,

~ CONE (SLA C) contains almost 5,000 listings of con-
ferences, schools, and meetings of interest to high-energy
physicists. Information on forthcoming conferences is
entered regularly, with detailed descriptions and links to
further World-Wide Web information when available.

~ CS, regularly updated from the REACTIONS
database, contains data from CERN-HERA, UCRL,
and LBL cross-section compilations covering 1950 to the
present.

DIR, the Directory of Research Institutes in High
Energy Physics, contains addresses, telephone, fax,
and telex numbers, and e-mail nodes, as well as brief
information on research programs and accelerators.
To obtain DIR in a Filemaker PRO format for Macintosh
computers, contact the SIS Secretariat at CERN or
Wolfgang Simon (ISIICERNVM. CERN. CH).

~ DOCUMENTS contains two groups of keys:

(1) Bibliographic: ID, references, year of preprinting
or publication, authors and afBliations, document title,
experiment number, collaboration name, and related
references.

(2) Topical: beam particle, target particle, reactions,
particles in the final states of reactions, momenta in
initial states, types of data obtained, particles whose
property has been measured, accelerator and/or detector,
and initial state polarization.

It covers 1895 to the present, with coverage since
1950 being more complete, and is updated monthly. The
report "A Guide to Experimental Elementary Particle
Physics Literature" [1) is produced from it.

~ E-MAIL IDS, derived from HEPNAMES, contains
e-mail addresses of many people working in high-energy
physics.

EXPERIMENTS contains summaries of approved ex-
periments at major laboratories. It covers approximately
1975 to the present, with coverage since 1980 being more
complete. It is searchable by experiment number, au-
thor, accelerator, detector, reaction, beam momentum,
journal paper, and other items. The report "Current
Experiments in Elementary Particle Physics" [2] is
produced from it.

~ HEP-PREPRINT is a collection of bulletin board
archives reserved for high-energy physics preprints. It in-
cludes HEP-EX for experimental HEP preprints (since
April 1994), HEP-LAT for lattice/computational
preprints (since December 1991), KEP-PH for parti-
cle phenomenology preprints (since March 1992), and
HEP TH for st-ring/conformal/field theory preprints
(since August 1991). Other archives are described in the
HELP facility of these archives.

~ HEP (SPIRES-HEP), a joint project of the SLAC
and DESY libraries, contains 270,000 bibliographic
entries on particle physics papers (journal articles,
preprints, reports, theses, etc.). It covers 1974 to the
present and is updated daily. It is searchable by author,
institution, title, topic, report number, citation, bulletin
board number, and other bibliographic items. It is an
indexing and access tool (via the World-Wide Web)
to more than 12,000 full-text PostScript documents,
including bulletin board articles processed jointly by the
SLAC and DESY libraries and the CERN publication
group.

~ HEPNAMES contains 23,000 e-mail addresses of
many people working in high-energy physics.

~ INS TITUTIONS contains 3,000 addresses and, often,
phone and fax numbers of high-energy physics-related
institutions.

~ LIB contains the CERN library's catalogue of books,
reports, preprints, and other information.

~ PP contains information on particle properties derived
from the Summary Tables in this Review of Particle
Properties.
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Table l. Summary of High-Energy Physics Databases

NAME SYSTEM

AVAILABILITY

RESPONSIBILITY*
USER

CONTACT GUIDE

CONE (CERN) i

CONZ (SSXC)'
CS~

DOCUMENTS3

E-MAIL IDS4

EXPERIMENTS5
EXPERIMENTS5
EXPERIMENTS5
HEP-PREPRINT
HEP (SPIRES-HEP)
HEPNA MES
INS TITUTIONS7

LIB
PP'
PREP
REA CTION DATA~

REA CTIONSi0

SLA CPPF/CITA TIONS i 2

VOCAB ULARYi3

SPIRES

ALICE

SPIRES

PPDS

ALICE

PPDS

BDMS

BDMS

PPDS

SPIRES

SPIRES

SPIRES

Sr IRES

ALICE

PPDS

ALICE

BDMS

PPDS

MENU-DRIVEN

BDMS

PPDS

WWW, QSPIRES,SLAC, Yukawa

WWW, CERN

WWW, QSPIRES,SLAC, Yukawa

IHEP, LBL

WWW, CERN

IHEP, LBL

WWW, DURHAM, CERN

WWW, DURHAM, CERN

IHEP

WWW, QSPIRES,SLAC, Yukawa

WWW, FTP,EMAIL

WWW, QSPIRES,SLAC, DESY,KEK,Yukawa

WWW, QSPIRES,SLAC, Yukawa

WWW, QSPIRES,SLAC, Yukawa

WWW, CERN

IHEP, LBL

WWW, CERN

WWW, DURHAM, CERN

IHEP, LBL

WWW, LBL

WWW, DURHAM, CERN

IHEP, LBL

k, b

t

n, o,p, b

q, b

)}2

)}2

g}2

' Institutions listed in BOLD are responsible for the content of the database.
(continued)
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Table 1 (continuation)

CONF (CERN) and CONF (SLA C) are similar in nature, but are not identical.

Updated mainly from REACTIONS and maintained by the IHEP COMPAS Group.

Maintained by the IHEP COMPAS Group with input from the LBL Particle Data Group, !TEP, and JINR.
Bibliographic data is extracted from SPIRES-HEP and LIB.
Derived from HEPNA MES.
Maintained by SLAC, transferred to other institutions. (Ref. 2).
Maintained by SLAC in collaboration with the DESY HEP Index Group, transferred to other institutions nightly.

7 Maintained by SLAC in collaboration with the LBI Particle Data Group.
s Derived from the Summary Tables in this Review of Particle Properties; maintained by the IHEP COMPAS Group.
9 Maintained by the HEP Database Group at Durham; data exchanged twice yearly with IHEP.

Maintained by the IHEP COMPAS Group with input from ITEP; data exchanged twice yearly with Durham.
~~ Derived from the Full Listings in this Review of Particle Properties

A subset of SPIRES-HEP.
Maintained by the IHEP COMPAS Group with input from RPP and EXPERIMENTS.

a: LIBRARYeSLAC. STANFORD. EDU (SLAC Library, MS-82, P.O. Box 4349, Stanford, CA 94309, USA)

b: AOKItlHEP. S.KANAZAWA-U. AC. JP (Ken-Ichi Aoki, Yukawa Inst. , Kyoto Univ. , Kyoto 606, Japan)
c: TECHPUBOSLAC. STANFORD. EDU (Order: "Guide to QSPIRES and the Particle Physics Databases on SLACVM, "

SLAC-393 Report, by Hrvoje Galic)

d: MALICEOVXLIB. CERN. CH

e: LIBDESKeCERN. CH

f: CONFOSLAC. STANFORD. EDU (Georgia Row, SLAC Library, MS-82, P.O. Box 4349, Stanford, CA 94309, USA)

g: ALEKHINOMX. IHEP. SU or EZHELAOMX. IHEP. SU (Sergey Alekhin or Vladimir Ezhela, IHEP, Protvino, Moscow
Russian Federation, RU-142284)

h: PDGQLBL. GOV (Particle Data Group, LBL, 50-308, Berkeley, CA 94720, USA)

i: ANTONOCERNVM. CERN. CH (Anna Anton, CERN Library, CH-1211 Geneva 23 Switzerland)

j:M. R. WHALLEYODURHAM. AC. UK (Mike Whalley, Durham Univ. , South Rd. , Durham City, DH1 3LE, UK)
or RGROV2. RL. AC. UK (Dick Roberts, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon. OX11 OQX, UK)

k: EXPBASEeSLAC. STANFORD. EDU (Hrvoje Galic, SLAC, MS-82, P.O. Box 4349, Stanford, CA 94309, USA)

/: HEP-EXOXXX. LANL. GOV, HEP-LATFTP. SCRI.FSU. EDU, HEP-PHOXXX. LANL. GOV, or HEP-THOXXX. LANL. GOV

(Send e-mail with subject COMMENT)

m: HEP-EXOXXX. LANL. GOV, HEP-LATOFTP. SCRI.FSU. EDU, HEP-PHOXXX. LANL. GOV, or HEP-THOXXX. LANL. GOV

(Send e-mail with subject HELP and no message. )
n: HEPOSLAC. STANFORD. EDU (SLAC Library, MS-82, P.O. Box 4349, Stanford, CA 94309, USA)

o: LOOHTPODSYIBM. DESY. DE (Hartmut Preissner, DESY, Notkestrasse 85, D-22603 Hamburg, Germany)

p: MIURAQKEKVAX. KEK. JP (Yasuko Miura, KEK, 1-1 Oho, Tsukuba-shi, Ibaraki-ken 305, Japan)

q: HEPNAMESOSLAC. STANFORD. EDU (Hrvoje Galic, SLAC, MS-82, P.O. Box 4349, Stanford, CA 94309, USA)

r. LIRYGOSLAC. STANFORD. EDU (Robert Gex, SLAC, MS-82, P.O. Box 4349, Stanford, CA 94309, USA)

Region,
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~ PREP, a subset of LIB, contains entries for preprints,
reports, conference papers, theses, etc. It covers all

preprints and reports received in the CERN Library
since 1980. It also has publication details for all papers
published with CERN as an affiliation and for many
conference papers published in proceedings since about
1987.
REACTION DATA is a compilation of numerical ex-
perimental particle physics reaction data, including data
from 2-body (and quasi-2-body) scattering, e e annihi-

lation, and inclusive hadron, photon, and lepton physics
such as total and differential cross sections, fragmen-
tation functions, structure functions, and polarization
measurements.

REACTIOlVS, in conjunction with REACTIOlV
DATA, contains numerical data on reactions: differ-
ential and total cross sections, structure functions,
polarization measurements, and other quantities. It
covers 1952 to the present and is updated approximately
quarterly.

~ SIA CPPE/CITATIONS, a subset of the SPIRES-
HEP literature-searching guide, contains references to
papers and preprints since 1980, being comprised of
the SLAC PPF (preprint) records with PPA (published
references to PPF) updates compiled by the SLAC
library. Many journal publications compiled by the
DESY library are also included.

~ VOCABULARY controls usage of particle names,
accelerator names, detector names, and data descriptors
in all PPDS databases.

2. Accessing the High-Energy Physics Databases

2.1. Menu-Driven RPP Database at LBL
To access the RPP database on INTERNET: TELNET

MUSE. LBL.GOV (131.243.48. 11)or on DECNET: SET
HOST MUSE (42062). Then login to the captive account
PDGDUBLIC (a password is not required).

2.2. Databases on the INTERNET/Wor ld- Wide
Web
Many databases, including several of the high-energy physics
databases discussed above, are accessible via the World-Wide
Web (W3 or WWW) (see Table 1), which is an INTERNET-
based wide-area hypermedia information retrieval system.
There are several browsers available (WWW line-mode
browser, NCSA's Mosaic browser for X Windows, SLAC's
MidasWWW browser for X Windows, Cello browser for
MSDOS, etc. .) that may already be installed at your
institution; if not, try TELNET INFO. CERN. CH, which will

connect you to WWW and will explain how to acquire the
browsers.

2.3. Libre' Databases on ALICE at CERN
The CERN Library ALICE databases are accessible through
the World-Wide Web link

http: //www. cern. ch/

This link and the subsequent "Preprints" link also
provide access to full-text preprints received since 1994 from
bulletin board archives and from scanned papers.

To access ALICE on INTERNET: TELNET ALICE. CERN. CH

(128.141.201.44) or on DECNET: SET HOST VXLIB

(22748). Then login to account ALICE (a password is
not required) and select the terminal type according to the
menu. ALICE is a full-screen system using the DEC inter-
national character set, which can be displayed on suitable
terminals. Simple searching can be done by using a menu
system or by using the full power of the ISO Common
Command Language; HELP displays are provided to guide
searching. With the MAIL command, the results of searches
can be sent to any e-mail address for printing.

People without login access to CERN can use QALICE.

Typical messages from OpenVMS to QALICE:

msg VXLIB /ALICE base prep; f black hole?;
msg VXLIB /ALICE base and 1991--)1992/yr; show

msg VXLIB /ALICE base dir; f org=cern; show full
Alternately, send a blank e-mail message to

/ALICEVXLIB. CERN. CH

and put the query in the subject field. For further informa-
tion, send the subject HELP to QALICE.

Regular weekly or monthly searches of the CERN
databases can be arranged according to a personal search
'profile', with the results sent automatically by e-mail.
For details on this Selective Dissemination of Information
(SDI) service on QALICE, contact David Dallman, Scientific
Information Service (SIS), CERN, CH-1211 Geneva 23,
Switzerland (DALLMANOCERNVM. CERN. CH).

2.4. Databases on SPIRES at SLAC
SLAC encourages the high-energy physics community to
access its databases through the World-Wide Web link
http: //www-slac. slac. stanford. edu/find/spires. html

leading to SPIRES-HEP, BOOKS, CO1VE,
HEPNAMES, INS TITUTIOlVS, EXPERIMENTS,
and other SLAC databases.

People without login access or World-Wide Web access
to SLAC can use QSPIRES. QSPIRES, as described in the
1992 edition of the Review of Particle Properties, is a remote
server which enables e-mail access to SPIRES databases.
Effective March 1994, registration or authorization is no
longer needed to access QSPIRES. For further information
on QSPIRES, contact gSPIOSLAC. STANFORD. EDU.

Much of this Revievj of Particle Properties can be
accessed through the World-Wide Web link

http: //www-pdg. lbl. gov/
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2.5. Online Access to KEP at DESY
DESY o6'ers accounts for remote login from Europe re-
stricted to SPIRES-KEP. Contact Hartmut Preissner
(LOOHTPIDSYIBM. DESY.DE).

2.6. Databases on SPIRES at Yukama Institute
The Yukawa Institute provides Gopher access
(GOPHER. YUKAWA. KYOTO-U. AC. JP) and /SPIRES ac-
cess (JPNYITP. YUKAWA. KYOTO-U. AC. JP) from the Far
East to SPIRES databases. Contact Ken-Ichi Aoki
(AOKIIHEP. S.KANAZAWA-U. AC. JP).

2.7. IIigh-Energy Physics Bulletin Board Pmprint
Archives
E-mail listings of high-energy physics preprint titles and
abstracts submitted to the archives can be received daily by
sending a blank e-mail message to the appropriate archive
(HEP-EX@XXX.LANL. GOV, HEP-LATOFTP. SCRI. FSU. EDU,

HEP-PHIXXX. LANL. GOV, or HEP-THOXXX. LANL. GOV) with
the subject:

SUBSCRIBE your name

To receive detailed instructions on submitting and recovering
papers, send a blank e-mail message with the subject:

HELP

The listings and papers can also be accessed through the
World-Wide Web link

http: //xxx. lani. gov/

2.8. IHEP-LBL Particle Physics Data System
(PPDS) at LBL
The databases maintained by the IHEP Protvino COMPAS
Group under the Berkeley Database Management System
(BDMS) with input from the world-wide Particle Data Group
collaboration can be accessed interactively on INTERNET:
TELNET MUSE. LBL.GOV (131.243.48. 11) or on DECNET:
SET HOST MUSE (42062). Then login to the captive account
PPDSXUBLIC (a password is not required).

Otherwise, remote interactive access can be achieved
from other OpenVMS computers with DECNET access to
MUSE. The remote software (20,000 blocks) can be obtained
from LUGOVSKYMX. IHEP. SU or PDGOLBL. GOV and can then
be initialized by the system manager or by having each user
type:

edisk: [directory. COMPAS. BDMS. COM] BDMSINI

In the following description, words in Typewriter Font
must be typed as given. Only the letters in UPPER CASE
are necessary and these must be entered in upper case.
Italic words are variables for which the user substitutes an
appropriate value, again in upper case.

~ To enter the system and obtain general information,
type:

PPDS

or, to open a particular database, type:
PPDS database name

(e.g. , PPDS DOCuments)

~ For an explanation of a particular BDMS command,
type:

?command tUof d

(e.g. , ?FInd, ?HELpbas e, ??)
~ To see the record structure and names of keys for

searching, type:
FDT

~ To browse the index of a key, type:

INDex, key name

(e.g. , INDex, AC)

~ To search an index, type:
FInd key name=key value; ++

Note the use of '++' to terminate each search
statement and the use of '; ' to separate data elements.

The following examples typify the FIND search
command.

FInd AC=BNL; ++

FInd AC=BNL; OR AC=BONN; ++

Each successful search produces a list of all previous
searches and labels them with a 'set number. ' A previous
search result can then be combined with a current search
by use of set numbers:

FInd (1) and RE=PI+ P —& PI+ P; ++

FInd (1) and (2) ++

Note that ' is not used in searches that only use 'sets'.

Enter DIR to get a list of these set numbers and search
commands.

~ To do a truncated search, use a slash after the key value:

FInd DE=HBC/; ++

This finds all detectors that begin with HBC.

~ To do a string search, use /C after the key name:

FInd DE/C=BC;*~

This finds all detectors that have BC anywhere in the
name.

~ The following examples are WRONG:

f ind ac=bnl; ++ (Error: uses lowercase)

FInd AC BNL; ++ (Error: no '=')

FInd AC=BNL ++ (Error: no '; ')

FInd AC=BNL OR BONN; ++ (Error: no ' 8c no 'AC=')

~ To see the results of a search with key names, type:
LISt

~ Or to restrict data elements shown, append the desired
key names. For example:

LISt, AC, RE, SC.
The leading comma and terminal period are required.

Or for an attractive listing, type:
DOcument then

LOokfile

a For a short explanation of the database, type:
HELpbase

For a list of BDMS commands, type:
?
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~ Remote users may save the result of a search in a file by
typing one of the following:

DOcument

DUmp

PRInt

The results are stored in the files DOC. DOC, DOC. DUM, or
DOC. PRN. The first file contains a user-friendly listing, the
second contains a highly compressed dump of each record
(with data element and value), and the third contains a
line-by-line decompressed version of the second file. Another
file automatically created, DOC. AUD, contains a history of
your commands.

2.9. Durham-RA. I Databases on BDMS at
Durham arr,d CERN
Databases running under the Berkeley Database Manage-
ment System (BDMS) that are menu driven with on-line help
information are available on the CERN IBM/VM system and
on the Durham OpenVMS system. To access the VM system
on INTERNET: TELNET CERIVN. CERN. CH (128.141.2.4)
and enter GIME UDISK followed by HEPDATA. To access
the Durham OpenVMS system on INTERNET: TELNET

DURPDG .DUR. AC .UK (129 .234 .8 . 100) or on DECNET: SET
HOST DURPDG (19788). A guest account PDG, password
HEPDATA, is available on this machine.

Retrieve data by using simple keyword-based searches;
resulting data records can be listed on the terminal or
transferred to the user's own host machine.

References:

2.

S.I. Alekhin et al. , "A Guide to Experimental Elementary
Particle Physics Literature, " LBL-90 (revised 1993).
H. Galic et al. , "Current Experiments in Elementary
Particle Physics, " LBL-91 (revised 1994).
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Gauge 8c Higgs Boson Summary Table

SUMMARY TABLES OF PARTICLE PROPERTIES

JH17 1994

Particle Data Group
M. Aguilar-Benitez, R.M. Barnett, C. Caso, G. Conforto, R.L. Crawford,

S. Eidelman, C. Grab, D.E. Groom, A. Gurtu, K.G. Hayes,
J.J. Hernandez, K. Hikasa, G. Hohler, S. Kawabata, D.M. Manley,
A. Manohar, L. Montanet, R.J. Morrison, H. Murayama, K. Olive,

F.C. Porter, M. Roos, R.H. Schindler, R.E. Shrock, J. Stone,
N.A. Tornqvist, T.G. Trippe, C.G. Wohl, and R.L. Workman

Technical Associates: B. Armstrong, K. Gieselmann, P. Lantero,
G.S, Wagman

(Approximate closing date for data: January 1, 1994}

GAUGE AND HIGGS BOSONS

l(JPC) 0 1(1
——

)

Charge = 0
Mass m = 91.187 + 0.007 GeV [ )

Full width l = 2.490 + 0.007 GeV

I (f+f ) = 83.84 + 0 27. MeV Ial

I (invisible) = 498.2 + 4.2 MeV iul

I (hadrons) = 1740.7 + 5.9 MeV

I (P+P )/I (e+e ) = 1.000 6 0.005
I (r+ r )/I (e+ e ) = 0.998 6 0.005 Is}

g = -0.0377 + 0.0016

~ ———0.5008 + 0.0008

Asymmetry parameters

Ae = 0.161 + 0.012 (r} (S = 1.7)
Ar = 0.141 6 0.021 iri (S = 1.2)

Charge asymmetry at Z pole

A(FB —(1.59 6 0.18}x 10

AF8 ——(5.8 6 2.2) x 10 r

AF8
——(lb.7 6 1.3) x 10

Massm( 3x10 eV

Chargeqg 2x10 e
Mean life r = Stable

l(JP) = 0(1 )

Mass m = 0 [')

SU(3) color octet

IN+ DECAY MODES
P

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

e+v
p,+v
r v
e+v
hadrons
n'+ 7

(10.8+0.4) %
(10.6+0.7) %
(10.8+1.0) %

bl (1Q 7+0 5)
(67.8+1.5) %

5 x10 4

40100
40100
40100
40100

95% 40110

Charge = +1 e
Mass m = 80.22 6 0.26 GeV

mz —mw ——10.96 + 0.26 GeV

mW+ W- = 0.2 6 0.6 GeV

Full width l = 2.08 6 0.07 GeV

W modes are charge conjugates of the modes below.

Z DECAY MODES

e+e

r+r
e+e-
invisible

hadrons

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

bb

(d7
rj(958)7
77
777
~+ w+
p+ W+
KQX

K'(892}+X
AX

X
Z 1385)+X
=(1530)oX
Q X
J/1P 15)X
Xci 1P)X
(Do/~D) X
o~x
D'(2010)+X
BGX

anomalous 7+ hadrons
e+e 7

IJ
r+r 7
e+e-77
qq77
vv77
e~ p~
e+r+
I+r~

LF
LF
LF

Fraction (I I/I )
P

Confidence level (MeV/c)

45600
45600
45600

45600
45600

95%
9S%
9S%
9S%

9S%
9S%
9S%
95%

45600
45600
45600
45600
45600
45600
10300
10300

95%
95% 45600
95% 45600
95% 45600
95% 45600
9S%
95% 45600

9S% 4S6OO

95% 45600

95% 45600

3 366+0 008

( 3.367+0.013) %

( 3.360+0.015) %

[b) ( 3.367+0.006) %

(20.01 +0.16 ) %
(69.90 +0.15 ) %

( 97 +18 )
(16.8 +1.2 ) %
(i1.9 +1.4 )%
(15.45 +0.21 ) %

5.5 x 10
5.1 x 10

( 6.5 x iO-4
4.2 x io-5
5.5 x io-5
1.7 x 10

x 10

[g) & 8.3 x io-5
(61.5 +0.6 ) %
(51 +5 ) %
(20.9 +0.6 ) %

( 1.42 +0 14 ) o/

( 2.6 +0.4 ) %

( 4.4 +i.O ) x 1O-3

( 3.S +1.0 ) x 1O-3

( 3.8 +O.S ) x iO-3

( 7.S +3.0 ) x iO-3

(28 k4 ) %
(13.9 +2.1 ) %

[g) (12.5 61.3 ) %
seen

[h) g 3.2
[h) ( 5.2
[h) & s.6
[h) & 7.3

P) ( 6.8
[I) & 5.5
[i) & 3.1

[g) ( 6

[g) ( 1.3

[g) & 1.9
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Gauge Jk Higgs Boson Summary Table

Searches for Hilsm Bosons —H and H+

8 Mass m & 5S.4 GeV, CL = 95%

H~ in Supefsrymmetrlc Models (mffe &mHs) i/i

1
Mass m & 44 GeV, CL = 95% for tanj8&1

Ao Pseud~~lar Higgs Boson in Supeeymmetrlc Modeis &~

Mass m & 22 GeV, CL = 95% for 50&tanj9 &1

H+ Mass m & 41.7 GeV, CL = 95%

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

Searches for Heavy Bosons
Other Than Hi~ Bosons

Additional N Bosons

WR —right-handed W'

Mass m & 406 GeV, CL = 90%
(assuming light right-handed neutrino)

Mf' with standard couplings decaying to ev, pv
Mass m & 520 GeY, CL = 95%

Addltjonal Z Basons

Z&M with standard couplings

Mass m & 412 GeV. CL = 95% (p p direct search)
Mass m & 779 GeV, CL = 95% (electroweak rit)

Ztn of SU(2)LxSU(2)nxU(1)
(wl'th gt = gir}
Mass m & 310 GeV, CL = 95% (pp direct search)
Mass m & 389 GeV, CL = 95% (electroweak fit)

Zk of SO(10) ~ SU(5)x U(l)~
(coupling constant derived from G.U.T.)
Mass m & 340 GeV, CL = 95% (p p direct search)
Mass m & 321 GeV, CL = 95% (eiectroweak fit)

Zu of Ee ~ SO(10)xU(1}&
{coupling constant derived from G.U.T.)
Mass m & 320 GeV, CL = 95% (pp direct search}
Mass m & 160 GeV, CL = 95% (electroweak fit}

Zz of Ee -+ SU(3)xSU(2)xU(1)xU(1)z
(coupling constant derived from G.U.T.;
charges are Q„=~3/8g~ — Vr5/sgu}
Mass m & 340 GeV, CL = 95% (pp direct search)
Mass m & 182 GeV, CL = 95% (electroweak fit}

Scalar Leptoquarks

Mass m & 120 GeV, CL = 95% (1st generation, pair prod. )
Mass m & 181 GeV, CL = 95% (1st gener. , single prod. )
Mass m & 44.5 GeV, CL = 95% (2nd gener. , pair prod. )
Mass m & 73 GeV, CL = 95% (2nd gener. , single prod. )
Mass m & 45 GeV. CL = 95% (3rd gener. , pair prod. )

(last four limits are for charge —1/3, weak isoscalar}

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 = VrXa/{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 Full 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] i! indicates each type of lepton (e, p, and 7 },not sum over them.

[c]The Z-boson mass listed here corresponds to a Breit-Wigner resonance
parameter. lt lies approximately 34 MeV above the real part of the
position of the pole (in the energy 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 r mass.

[f] Here A —= 2gvgq/(gy+gA).

[g] The value is for the sum of the charge states indicated.

[h] See the Z Full Listings for the p energy range used in this measurement.

[r] For m„=(60+ 5) Gev.

[j] The limits assume no invisible decays.

Searches for Axions (An} and
Other Very Light Bosons

The standard Peccei-Quinn axion is ruled out. Yariants with reduced

couplings or much smaller masses are constrained by various data. The
Full l istings 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 10a~ years {CL = 90%).
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Lepton Jk Quark Summary Table

LEPTONS
pa DECAY MODES

P
Fraction (l I/C) Confidence level (MeV/c)

p+ modes are charge conjugates of the modes below.

Neutrinos

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

Mass m: The formal upper limit, as obtained from the m av-

erage {see the Full Listings), is 5.1 eV at the 95% CL. Cau-

tion is urged in interpreting this result, since the m average

is positive with only a 3.5% probability. lf the weighted av-

erage m were forced to zero, the limit would increase to 7.0
eV.

Mean life/mass, r/m„) 300 s/eV, CL = 90%
Magnetic moment p, & 1.08x10 pg, CL = 90%

Mass m ( 0.27 MeY, CL = 90%
Mean life/mass, r/m„) 15.4 s/eV, CL = 90%

Magnetic moment p, & 7.4x10 p.g, CL = 90%

Mass m & 31 MeV, CL = 95%
Magnetic moment p & 5.4 x 10 pg, CL = 90%

e vev&
8 Ve V~/

e vev&e+ e

8 ve PIg

e
e e+e
8 2 ir

100%

fe] (1.4 +0.4) %

[f] (3.4+0.4) x 10

Lepton Famlllr number (LF) violating modes
LF fg] ( 1.2 o/o

LF &. 4.9 x 10
LF & 1.0 x 10—12

lF & 72 x 10—11

90%

90%
9O%

90%

Mass m = 1777,1+05 MeV

Mean lifer = (295.6 + 3.1) x 10 's s

cr = 88.6 pm
Electric dipole moment d & 5 x 10 ecm, CL = 95%
Weak dipole moment & 3.7 x 10 ecm, CL = 95%

Decay parameters

See the r Full Listings for a note concerning r-decay parameters.

pr{e or Ir) = 0 74 + 0.04.
pr(e) = 0.72 6 0.04

p (Il) = 0.76 + 0.05

( (e orIr) = 0.90 6 0.18
W rcouplings 2-gAgy/(gA+gy) 1 25+a'at

r+ modes are charge conJugates of the modes below. "h+" stands for
2r+ or K+. "P stands for e or p. "Neutral" means neutral hadron whose

decay products include y's and/or x 's.

53

53

53

53
53
53

1

Mass m = 0.51099906 + 0.00000015 MeV ~a]

= (5.48579903 6 0.00000013}x 10 e u

(m+ —m )/m& 4x10 e, CL=90%
~q,+ + q ~/e & 4 x 10 s

Magnetic moment p, = 1.0011596521936 0.000000000010 pg
(ge+ ge )/ gevereee-= ( + )
Electric dipole moment d = (—0.3 + 0.8) x 10 as ecm
Mean life 7 & 2.7 x10 yr, CL = 68% ~ ]

1

Mass m = 105.658389+ 0.000034 MeV la]

= 0.113428913+ 0.000000017 u

Mean life r = (2.19703 + 0.00004) x 10 4 s

r„+/r = 1.00002 + 0.00008
cr = 658.654 m

Magnetic moment Ir = 1.001165923 + 0.000000008 et'/2m„
(g + gp )/ geverase = ( 2 6 + 1 6)-x 10

Electric dipole moment d = (3.7 + 3.4} x 10 ts ecm

Decay parameters ~']

p = 0.7518 + 0.0026

g = —0.007 6 0.013
b = 0.749 + 0.004
(P = 1 003 + 0 008 ~d]

$P&b/p & 0.99682, CL = 90% ~ ]

(' = 1.00 4 0.04
("= 0.7+ 0.4
rr/A=(0+4)x10 S

or/A = (0 + 4) x 10

P/A =(4+6) x10
I3r/A=(2+6)x10 s

g = 0.02 + 0.08

r DECAY MODES

Modes with one
particle & 0 neutrals v

("1-prong")
p vpv~

P Vp V~+
(E, & 37 MeV)

e ve v7-

h & 0 neutrals v~
h v~

7C V~

K & 0 neutrals v~
K v~

K & I neutrals v

h & 1 neutrals v~
h-prov,

0
P~

h- & 2nov,
h-2~0 V.
h- & 3+ov,

h-3n-0 v

h-4~0 v,

chagi~ particle
(85.49+0.24) %

(17.65+0.24) %

( 2.3 +1.1 ) x 10

(18.01+0.18) %
(49 83+0 35) %
(12.88+0.34) %
(11.7 +0.4 ) %

( 1.68+0.24) %

( 6.7 +2.3 ) x 10

( 1 2 +OS5
) 4/—0.6

(36.9 +0.4 ) %
(25.7 +0.4 ) %
(25.2 +0.4 ) %
(11.2 +0.4 ) %

( 9.6 +0.4 ) o%%d

( 1.48+0.26) %

( 1.28+0.24) %

( 1 9 +1.1
) x 10

5=1.5

5=1~ 1

5=1.1
S=1.3
S=1.2
S=1.3

5=1.3

5=1.3
5=1.7
5=1.7
5=1.5
5=1.5
5=1.7
5=1.7
5=1.6

885

889

883

820

878

Modes with thrie
2h h+ & 0 neutrals v

("3-prong")
h h h+v
h h h+ & I neutrals v

h h h+2x v~
& 0 neutrals v

v~
h-~~ov

K h+h & 0 neutrals v

K x+x & 0 neutrals v

K K+z v

chagIfaa particles
(14.38+0 24)

( 8.42+0.31) %

( 5.63+0.30) %

( 4.9 +0.5 ) x 10—3

( 1.6 +0.4 ) %

( 1.6 +0.5 ) %

( 4.O +0.6 ) x 1O
—3

6 x 10

(2.2+ ' )x10

( 2.2 +
) x 10

5=1.5

5=1.3
5=1.2

CL=90%

708

685

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

Modes with Ivs chargeu partIcles
3h 2h+ & 0 neutrals v ( 1.25+0.24) x 10

("5-prong")
3h 2h+ v~ ( 5.6 +1.6 )x10 4

3h 2h+x v~ ( 5.1 +2.2 ) x 10 4
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Mlscellaneoils other alla- modes
4h 3h+ & 0 neutrals v~ 1.9 x 10 4

("7-prong" }
K'(892) & 0 neutrals v ( 1.43+0.17)

K'(892) v ( 1.45+0.18)
K'{892) K & 0 neutrals v~ ( s.a +t.4 }
K"(892)on & 0 neutrals v~ ( 3.8 +1.7 )
K h & 0 neutrals v ( 1.30+0.30) /o

K Ko & 0 neutrals v 8 x10
Ko K v~ 26 x 10

K K & 1 neutrals v 2.6 x 10

K h+h h &0neutralS v & 1.7 x1O-3
Ka(1430) v~ 3 x 10

& 0 neutrals v 1.3
g X V9- 3.4 x 10

fj 7C 7f V7. ( 1.70+0.28) x 10

g 1C 7C 7f V 4.3 x 10

gK v~ 4.7 x 10 4

pm+~ ~ & 0 neutrals v 3 x 10

ggx & 0 neutrals v~ 5 x 10
'ri'g 7I V~ 1.1 x 10
'g 7) X 7f' V~ 2.0 x 10

0/

0/

x 10

x 10

CL=90%

CL=90%
CL=95%
CL=95%
CL=95%
CL=95%

CL=95%
CL=95%

CL=95%
CL=95%
CL=90%
CL=9o%
CL=95%
CL=95%

Lepton Family number (LF},Lepton number {L),
or Baryon number (B}vfotatlng modes

(In the modes below, 8 means a sum aver e and rs modes}

665

737

314

798
778

746

720

637
559

Number of Light Neutriro Types

(including ver v&, and v~)
Number N = 2.983 + 0.025 (Standard Model fits to Z data)
Number N = 2.97 + 0.17 (Direct measurement of invisible 2

width)

Heavy Lepton Seardtes

L+ —chari~ lepton

Mass m & 44.3GeV, CL = 95% m = 0

L+ —stable chagiod heavy lepton

Mass m & 42.8 GeV, CL = 95%

Lo - stable neutral heavy lepton

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

Neutral heavy lepton

Mass m & 19.6 GeV, CL = 95% (all lUrjla} Dirac}
Mass m & 457 GeV or m & 25, CL = 95% (

Ursula

& 10
(Dirac)

tion (e.g.
ton family vio

).
( 1.2

4.2
1.4
4.4
1.3
1.0
6.3

( 7.3
1.9
2.9
3,8

4.5
2.8
3.7

[h] ( 3.4
1.3

( 2.7

( 1.9
1.6

( 2.7
1.4
1.4
1.7

[h I] & 63
fr] & 6o

2.7
1.7

[r] & 3.9
3.6
3.9

fh, l] &

7.7

[I] & 5.8
2.9
5.8
2.0
7.7

[I] & 7.7
7.7

( 7.7
4.0
2.9
6.6

( 1.30
3.2
6

ber viola
cans lep

e yr+

L mean
commo
violation

s lepto
n usage

{e.g. ~

n num

, LFm

LF
LF

LF
LF
LF

LF
LF
LF

LF
LF
LF
LF
L

L

LF
LF

LF

LF

LF
LF
LF
LF
LF

LF,L

LF,L

LF

L

LF,L

LF

L

LF,L

LF,L

LF
LF
LF
L

LF,L

LF
LF
LF
L

L,B
L,B
L,B
LF
LF

e

Pe- pro

P 7F'

e- Ko
p- Ko

e
P
e- po

V P
e K"(892)e
p K'(892)o
7r 'y

e- e- e+
e e+e
(er p)

P
e p, p

(v ee)
p, e+e
@+e e

e+ ~-
e~m~x-

e sr+a
e+m

P.+ 7I 1l

P, 7f' 7l'

p,+x-~
e~~+ K-
(en K), all charged

e-~~ K+
e vr+K
e vr K+

(vier K},all charged

p ++K+
p, ++K
p, 7r K+

p+x K
P'7
P7l

p'ri
e light spinless boson
p, light spinless boson

e+ yr yr ). Following
lation and not lepton number

x10 4

x,o-e
x1O—4

x 10
x 10

x 10

x lo
x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x10 4

x 1O-4

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 10
x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 10
x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-4

x 1O-5

x 1O-5

x 10
x 1O-5

x1O—5

x1O—5

x1O—5

x 1O-5

x 10
x 1O

—5

10 4

x 1O
—4

x 10
x 10
x 10

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

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

CL=9O%

CL 90o

CL 90o/

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

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

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL =90%
CL=9o%
CL=90o/o

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

CL=90%
CL=90%
CL=90%
CL=90%
CL=90/o

CL=9O%

CL=900/

CL=90%
CL=90%
CL 90o/

CL=95%
CL=95%

889
885

883
880
819
815
804

800
723
718
665

660

883
878

8&9

882

882

882

885

885

885
873

877

877

877

866

866

866

814
814

814
814
814
800

800

800
800
800
641

632
476

Seardils for Massive Neutrinos
and Lepton Mixing

For excited leptons, see Compositeness Limits below.

See the Full 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:

v oidllatlon: Pz + P+

i5(m2) & 0.0083 eva, CL = 90% (if sina28 = 1)
sina28 & 0.14, CL = 68% (if h(ma) is large)

v ascllbrthn: v„-+ve {8= mbdng angle}

h(ma) & 0.09 eVa, CL = 90% (if sina28 = 1)
sina28 & 2.5 x 10 s, CL = 90% {if6(ma} is large)
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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 b-quark masses are estimated
from charmoniurn, bottomonium, 0, 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.

NOTES

In this Summary Table:

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

enlarged by the "scaie factor" S, defined as S = gH/(h( —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 Full Listings an ideogram of the measurements.
For more about S, see the Introduction.

Mass m = 2 to 8 MeV ~~

m„/md = 0.25 to 0.70

((J') =,'(,'+)

Charge = ~2 e l~ =+&~

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.

Mass m = 5 to 15 MeV ~~

m, /md = 17 to 25

((J') = 2(2+)

Charge = -~~ e l~ = -~~

((J ) =0('+)

Mass m = 1.0 to 1.6 GeV Charge = ~ e Charm = +1

((JP) —0( +)

Mass m = 4.1 to 4.5 GeV Charge = -~ e Bottom = -1

Searches for t Quark ((J') = 0(2+)

((J') = 0(2+)

Mass m = 100 to 300 MeV tl~ Charge = —
~ e Strangeness = -1

(m, —(m„+md)/2}/(md —mu} = 34 to 51

[a] The masses of the e and (i are most precisely known in u (unified atomic
mass units). The conversion factor to MeV, 1 u = 931.49432(28) MeV,
is less well known than are the masses in u.

[b] This is the best "electron disappearance" limit. The best limit for the
mode e ~ v7 is & 2.35 x 10zs yr (CL=68%).

[c] See the "Note on Muon Decay Parameters" in the (i Full Listings for
definitions and details.

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

standard V—A theory, P„=1 and p = 5 = 3/4.

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

[f] See the (i Full Listings for the energy limits used in this measurement.

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

[h]f means a sum over e and p modes.

[i] The value is for the sum of the charge states indicated.

p] The ratios m„/md and ms/mu 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.

Charge = ~2 e Top =+1

Mass m & 62 GeV, CL = 95% (ali decays)
Mass m & 131 GeV, CL = 95% (assumes t ~ Wb decay)
Mass m = 174 6 10+ ttszGeV (top candidate events)

Mass m = 169+ttsa+zt GeV (Standard Model eiectroweak fit)
The first result is from a CDF I (W) measurement; the second

is from a Dg direct search; the third is from a CDF observation

of top candidate events. COF observes a 2.8o effect which is not

sufficient to firmly establish the existence of top but which, if in-

terpreted as top, yields the third result. The fourth result is from

a Standard Model electroweak fit to Z, W, and v N data not in-

cluding direct mq measurements. The central value assumes mH
= 300 GeV while the second upper (lower} error corresponds to
mH = 1000 (60}GeV.

Searches for b' (4+ Generation} Quark

Mass m & 85 GeV, CL = 95% (pp, charged current decays}
Mass m & 46.0 GeV. CL = 95% (e+ e, all decays)
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LIGHT UNFLAVORED MESONS
(S= C= 8=0)

For I = 1 (n, bp, , a): ud, (uu d—d)/+2d, u;
for I = 0 (rI, rI', h, h', ~, p, f, r'): ct(uu + dd) + c2(ss)

IG(JP) = 1 (0 )

Mass m = 139.56995 + 0.00035 MeV [']
Mean life r = (2.6030 + 0.0024) x 10 s s

c7- = 7.804 m

m+ ~ W s p form factors [ ]

Fv = 0017 6 0.008
F4 = 0.0116 6 0.0016 (S = 1.3)
R = 0 059+o.oo9

—0.008

modes are charge conjugates of the modes below.

x+ DECAY MODES
P

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

P Vi4

Vig l'
e+v,

e Ve }I

e+ v, 7ro

e+vee+e
e+vevv

Lepton Family

)LL Ve

P + V

p.-e+e+v

[c] (99.98770 +0.00004) %

[d] ( 1.24 +0.25 ) x 10

[c] ( 1.230 +0.004 ) x 10

[d] ( 1.61 +0.23 ) x 10

( 1.025 +0.034 ) 10—8

( 3.2 +0.5 ) x 1.0—9

5 x 10 90/o

number (LF) or Lepton number (L) vhdating modes
L [e] & 1.5 x 10 90%
LF [e] & 8.0 x10 3 90%
LF ( 16 x 10 90/o

30

30

70

70

4

70

70

30

30

30

IG(JPC) = 1 (0 +)

Mass m = 134.9764 6 0.0006 MeV [']
m + —m ()

——4.5936 + 0.0005 MeV

Mean life r = (8.4 6 0.6) x 10 tr s (S = 3.0)
cr = 25.1 nm

6 DECAY MODES
Scale factor/ p

Fraction (I i/I ) Confidence level {MeV/c)

27
e+e

p positronium
e+e+e e
e+e

VV

ve ve

Vjg Vp

V7 V7'

(98.798+0.032) %

( 1.198+0.032) %

( 1.82 +0.29 ) x 10

( 3.14 +0.30 ) x 10

( 75 y20 )„lo—8

x 10
x 10

1.7 x10 6

3,1 x 10 6

2. i. x 10—6

S=1.1
S=l..l

CL=90%
CL=90%
CL=90%
CL=90%

CL=90/0

67

67

67

67

67

67
67

67

67

Charge conjugathm

31
@+e + e p+

{C}or Lepton Family number (LF) violating modes

C 3.1 x 10 CL=90% 67

LF 1.72 x 10-8 CL=90o/0 26

IG(lPC) = 0+(0 +)

Mass m = 547.45 + 0.19 MeV (S = 1.6)
Full width i = 1.20 6 0.11 keV [g] (S = 1.8)

C-nonconierv|nl ciecay parameters ["]

sr+ n so Left-right asymmetry = (0.09 + 0.17) x 10
7r+7r 7r Sextant asymmetry = (0.18 + 0.16) x 10
++w no Quadrant asymmetry = (—0.17 + 0.17) x 10 2

n+n p Left-right asymmetry = (0.9 + 0.4) x 10 ~

7r+7r p p (0-WaVe) = 0.05 + 0.06 (S = 1.5)

q DECAY MODES Fraction (I;/I )

Scale factor/ p
Confidence level (MeV/c)

neutral modes

27
37ro

charged modes
7r+ ~-7rp
sr ~ vr-,
e~e
P i-L

e" e

jg /.l

e+ e

-„'7r 2p
7I 7r 7r

7r iE ILL

(7o.s +0.8 )
[g] (38.8 +o.s }

(31.9 50.4 )
( 7.1. ~1.4 )
(29.2 +0.8 )
(23.6 +0.6 }
( 4.88+0.15)
(50 +12)
( 3.l. )-0.4 )

( 5.7:&0.8 )

( 1 3 -I- 1.3
)—0.8

2.l
c'

0/

'/0

'/o

0/

x 10
x 10

x lo-4
x 10-6

x 10

x 10

x 1.O-4

xlp 6

S=1.2
S=-l..2
S=-1..2

C L=-90%

CL=9O%

C L=900/o

236
175

211

7r+ 7r

37
ape~ e-

iLL P,

236
274

258

211

p{770} I G(gPC) 1+(1—-)

Mass m = 769.9 + 0.8 MeV (S = 1.8)
Full width I = 151.2 + 1.2 MeV

I = 6.77 6 0,32 keV

p(770) DECAY MODES
Scale factor/ p

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

100 0/ 359

p{770)+ decays

( 4.5 +0.5 ) x10 4

6 x 10
2.0 x 10

5=2.2
CL=84%
CL-...-84%

372
147

250

~l&

P
e+e
7r+7r 7r

~+~- ~+~-
7ro pro

p{770}odecays

( 99 +1.6 )

( 7.9 +2.0 )

( 3,8 +0.7 )

[j] ( 4,60 +0.28)

[j] ( 4.46+0.21)
1.2

C

x 10

x10 4

x 10 4

x 10
x lp-5
x10 4

x lo —4

x 10

CL=90%
CL=90%
CL=90%

359
373

190

370

385

320

247

253

tu(782) ( G(gPC ) 0
—

(1
—-)

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

ee = 0 60 6 0.02 keV

~(Vu) DECAY MODES

~+~-~0

7r+ 7r

neutrals (excluding 7r p)
711
~o e+ e-

P
e+e
~+ ~- ~p~o

7r+
w~

sr+ 7r

P P

Fraction (I i/I )
P

Confidence level {MeV/c)

{88.8 +0.7 )
( s.s +o,s }
( 2.21+0.30}(»' )—3.5

( 8.3 ~ 2. l )

( 5.9 + 1,9 )

( 9.6 +2.3 )
( 7.15*0.19)

2

1

0/

x 10

x lo
x lp-4
x lp-5
x 1.0-5
oyro

10

x lo
x 10-4
x lp-4

90 'o

9S%
9O0/

9O0/0

90%

327

379
365

199
379
349
391
261
365
256

367
376

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

PCP c 15 x 10

C 5 x lo 4 CL 950/

C [i] (. 4 x 10 5 CL=-90%

C [i] & 5 x 10 6 CL=90%
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t)'(958) i (i ) =o+(o-+)

g(%0) DECA

n'+ x
P 7
~0+0@
ld7
7y
3xo

7
~+~-~0
~0 po
x+r
woe+ e-
ge+e
~+ ~+ Tr

~+ x+~- ~- neutrals
~+~+~- ~-~0
6x
x+~ e+ e

~'77
4~0
37
I+a ~0

P
a+ a p(including

pop�}

e+e

(43.7 +1.5 )
(3O.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

(27.9 +2.3 )
2.1

0/

4/o

4/4

x 10
x 10
'/o

4/o

4/4

4/

/4

x 10
x10 4

x 10 4

x 10 4

x10 4

x 10
x 1O-5

x 1O-7

S=1.2

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

CL=90%
CL=90%
CL=90%
CL=95%
CL=90%
CL=904/4

CL=90%
CL=9O%

CL=90%
CL=9O%

CL=90%
CL=90%
CL=90%

CL=904/4

fp(980)
was $(075)

iG(yPC) p+(p++)

Mass m = 957.77 6 0.14 MeV
Full width i = 0.201 + 0.016 MeV (S = 1.3)

Scale factor/
Y MODES Fraction (I f/I ) Confidence level

P
(MeV/c)

232

169
239
160
479
430
467
427

118
458
469
322

372

298
189
458
459
469

379
479

445

274

479

4l7
P7
x+x 7
fp(980) p

x+x ~++
q'(958) p
x+~+~ n

roe+ e
x'97
ap(980}p

5

( 2

7
2

1
8.7
4.1
1.5
1.2
2.5
5

x 10
x 10
x 10
x10 4

x 1O
—4

x 10 4

x10 4

x 10

x 10

CL=84%
CL=84%
CL=90%
CL=9O%

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

CL—95%
CL=90%
CL=9O%

CL=90%

210
219
490
39

492
410
60

341
501
346
36

Q(llTO) i'(~") = o-(1+-)
Mass m = 1170 + 20 MeV

Full width I = 360 6 40 MeV

Q(1170) DECAY MODES Fraction (I I/O) p (MeV/c)

310

Q(1235) iG(gPC) 1+(1+—
)

g(&~) DECAY MODES
P

Fraction (I ~/l ) Confidence level (MeV/c)

[D/S amplitude ratio
x~7
'rip
n+~+n
(KK)+so

K~s Kls e+

dominant
0.26 + 0.041

( 1.6+0.4) x 1O-3

seen

& 50
8

( 6

2

1.5

90%
90%

90%

348

608

536
248

238

238

146

Mass m = 1231 6 10 MeV ~"j

Fuil width i = 142 + 8 MeV (S = 1.1)

Mass m = 980+ 10 MeV

Full width l = 40 to 400 MeV

Ib(940) DECAY MOORS

KK
'y7
e+e

(78.1 +2.4 )%
(21.9 +2.4 )%
( 1.19+0.33) x 10

x 1O-7

470

490
490

gti(980}~ a(ceo)
iG(gPC) 1-(p++)

P
Fraction (I f/I ) Confidence level (MeV/c)

at(1260) i G(yPC) 1
—(1++)

Il(&~) DECAY MODES

px
r'y
& («)s-wave

Fraction (Pf/I )

dominant

seen

)a) &0.7 4/4

P
Confidence level (MeV/c)

90%

356
607
575

Mass m = 1230 6 40 MeV ~"j

Full width l 400 MeV

Mass m = 982.4 6 1.4 MeV

Full width l = 50 to 300 MeV
ltt(12TO} (G(gPC) p+(2+ +)

~(940) DECAY MOORS

9r
KK
'y'y

Fraction (I I/I )

dominant

p (MeV/c)

319

491

i (~ ) = o (1 )

Mass m = 1019.413 + 0.008 MeV

Full width I = 4.43 6 0.06 MeV

1~ = 1.37 + 0.05 keV

Scale factor/ p
Fraction (I f/l ) Confidence level (MeV/c)+1020) DECAY MODES

K+K
Ki K5
pX
~+~-~0
97

e+e
u+s
ye+ e

5=1.3
S=1.2

S=1.1
5=1.2

S=1.5

(49.1 +0.9 ) %
(34.3 +0.7 ) 4/

(12.9 +0.7 ) %

( 2.s +0.9 )%
( 1.28+0.06) %

( 1.31+0.13) x 10

( 3.09+0.07) x 10 4

( 2.48+0.34) x 10 4

( 1.3 + ) x 10

(8 + )x10

127

110
181
462

363
501
510
499

490

Mass m = 1275 6 5 MeV ~"j

Full width f = 185 6 20 IVleV ~"~

$(1%0) DECAY MODES

-2 0

KK
2'+ 2m'

9Tr Tr

KO K Tr++ C.C.
e+e

(84.9 + ) 0/

69 +15 )o/

( 4,6 +0.5 )%
( 2.8 +0.4 ) %

( 4.s +1.0 ) x 1o—3

( 3.0 +1.0 ) x 10

( 1.32+ ) 1O
—5

8 x10
3.4 x 10
9 x 1O

—9

S=1.3

5=1.4

S=2.8
S=1.2
S=2.4

S=1.1

CL=95%
CL=95%
CL=90%

622

562

403
559
327
564

637

475

293
637

Scale factor/ p
Fraction (I I/I ) Confidence level (MeV/c)
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fj{1285) IG(J C) = 0+(1++) fj(1420) "' t G(gPC ) O+(1 +. +)

Mass m = 1282 + 5 MeV ~"~

Full width l = 24 + 3 MeV t"~

Mass m = 1426.8 + 2.3 MeV (S = 1.3)
Full width I =—52 + 4 MeV

fj (1285) DECAY MODES

4m'

~0+0~+ ~-
2'+ 2n'

p0~+ ~-
4~0

rl'Ir Ir

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

rirrx [excluding ap(980}n J

K K7r
K K*(892)

'Yp

(29 + 6 )

(» ' ', )'/.

(15 +e)%
dominates 2m+ 2x

7 x 10-4
(54 +15 }%

(44

S=1.1

CL =90%

S=1.1

563

563
340

568
479
234

(10 +
67 ) o/o

( 9,7 + 1.6) %
not seen

( 66+ 13)o/

( 8.0+ 3.1}x 10 4

S=1.1

S=1.2

S=1.5

308

410
236

Scale factor/ p
Fraction (I;/I ) Confidence ievel (MeV/c) f1(1420) DECAY MODES

KKvr
'r7 vr 7f

Fraction (C;/I )

dominant

possibly seen

pr(1420) ™} fGPPC} = 0 (S -)

(u(1420) DECAY MODES Fraction (C;/I )

dominant

ji(1440) i"i

was a(1440)
r G(gPC) 0+(0 —+)

Mass m = 1419 + 31 MeV

Full width l = 174 + 60 MeV

p (MeV/c)

439
571

p (MeV/c)

g{1295)

Mass m = 1295 6 4 MeV

Full width I = 53 + 6 MeV

i (~ ) =o+(o +)
Mass m = 1420 + 20 MeV (&1

Full width l = 60 k 30 MeV r"~

+12SS) DECAY MODES

9~+x
ap(980)rr

Fraction (C;/I )

seen

seen

p (MeV/c)

488

245

g(1440) DECAY MODES

KKx
rl'Ir 7r

ap (980) rr

4x

Fraction (I;/I )

seen

seen

seen

seen

p (MeV/c)

433
567

350
640

fo(1300)~ ~o(we)
was e(me}

lG(gPC) 0+(0++)

f0(1300) DECAY MODES

KK

Fraction (I;/I )

(93.6+ '9) %

7 5+0 9) o/

seen

seen

not seen

Mass m = 1000-1500 MeV

Full width I = 150 to 400 MeV

I » —5.4+ 2.3 keV

ee ( 20eV, CL=90%

p (MeV/c)

p{1450) [o} l G(gPC) j+(j ——
)

Mass m = 1465 y 25 Mev ~"~

Full width l = 310 6 60 MeV ~"I

p(1lSO) DECAY MODES

&7p

KK

seen

seen

seen

&4 '/o

«"2,0 '/o

&1 '/o

&1.6 x 10

95'/o

95%

719
665

732

317
512
358

541

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

fj(1510) l'(~") = 0+(j+ )

jr(1300)

+1300) DECAY MODES Fraction (I &/C)

lG(~PC) = j-(o-+)
Mass m = 1300 6 100 MeV I"~

Full width I = 200 to 600 MeV

p (MeV/c)

f1{1510)DECAY MODES

K K*(892)+ c.c.

Fraction (I;/I )

seen

Mass m = 1512 6 4 MeV

Full width I = 35 6 15 MeV

p (MeV/c)

292

px
rr («)s-wave

seen

seen

406

612
fq(1525) ]G(gPC) {)+(2++)

og(1m) I'(~") = 1-(2+ )

an +
s

( 05 and rim modes)

Scale factor/ p
Fraction (I;/I ) Confidence level (MeV/c)~(AS) DECAY MODES

p7l
f7'rr

KK
rr'(988) x
sr+ p
'Y y

~+~
e+e

(70.162.7)
(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/

x 10
x 10
x 10 6

'/o

x 10

S=1.2

S=1.3

CL=90 /o

CL=90%

419
535
362
43?
287

652

659

621

659

Mass m = 1318.4 + 0.6 MeV (S = 1.1}
modes}

Full width l = 107 6 5 Mev f") K+ K f~(1525) DECAY MODES Fraction (I &/C)

(712 + ' )0/—2.5

(279 ' ) /o—2.0

( 8.2 +1.6 ) x 10

( 1.23+0.22) x 10

Mass m = 1525 + 5 Mev I"I

Full width I =- 76 + 10 MeV ~"I

p (MeV/c)

581

750
763
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fp(1590) IG(aPc) = o+(o++) pj(1690) I G(gPC) 1+(3 )

Seen by one group only.
Mass m = 1581 + 10 MeV

Full width I = 180 + 17 MeV (S = 1.2)

from the 27r and K K modes.
Mass m = 1691 + 5 MeV I"I (2s, KK, and KKs modes)
Full width I = 215 + 20 MeV I"I (2x, KK, and KKs modes)

fy(1590) DECAY MODES

qn'{958)

4~0

tu(1600) IPI

Fraction (I ~/I )

dominant

large

large

IG(JPC) = 0 (1 )

p (MeV/c)

234

S?0
732

~(1690) DECAY MODES

4n
~+~+~-~0

(d 1l'

K K7r
KK
g7r+ 7r

Fraction (I I/l )

(?i.& + S.9 )%
67 +22 ) 4/

(23.6 4 1.3 ) %
(16 k 6 )4/4

( 3.8 + 1.2 ) %

( 1.58+ 0.26) %
seen

1.2

788
788
834
656
628
686
728

P
Scale factor (MeV/c)

Mass m = 1662 6 13 MeV

Full width I = 280 + 24 MeV p(1700) I'I I (~ )=1+(1 )

at(1500) DECAY MODES

pX
4P 7I' 7r

e+e

Fraction (I ~/I )

seen

seen

seen

p (MeV/c)

644

610
831

Mass m = 1700 + 20 MeV I"I (0po and mixed modes)
Full width I = 235 6 50 MeV I"I (tipe, s+s, and mixed

modes)

~(1670) I (~ )=o(3 )

at3(1670) DECAY MODES

px

bg (1235}w

Fraction (I I/C)

seen

seen

possibly seen

Mass m = 1668 + 5 MeV

Full width C = 1?3 + 11 MeV [kJ

p (MeV/c)

647

614
359

p(1700) DECAY MODES

pal' 1c

p07r+x-
p~x~xo

2(x+x )
++A
K K'{892}+c.c.
9p
KK
e+ e-

Fraction (I I/I )

dominant

large

[q) large

large

seen

p (MeV/c)

640
640
642
792
838
479
533
692
850

sr2(1670) I'(~") = 1-(2-') 6(1710)
ms 0(1690)

I G {JPC } 0+(even + +)

Mass m = 1670 + 20 MeV ["~

Full width I = 240 + 15 MeV I"I {5= 1.1}
C~ = 1.35 6 0.26 keV

Mass m = 1709 6 5 MeV

Full width l = 140 6 12 MeV

rg(1670) DECAY MODES

fa 1270)x
m+x+7r
pT
fo(1300)n

K K'(892)+ c.c.

97r
~2 +2—

Fraction (I ~/I )

(S6.2+3.2) %
(s3 +4 )%
(3i +4 )%
( 8.?+3.4) %

( 4.2 + i,4) %

( 5.6+1.1) x 10 6

5

5

p (MeV/c)

325

453
835
738
734

fg(1710) DECAY MODES

KK

Fraction (I I/I )

seen

Q(1850) I G(gPC) p
—

(3
—-)

Mass m = 1854 6 7 MeV

Full width I = 87+&s MeV (S = 1.2)

p (MeV/c)

697
843

I)}(1680) (G(gPC) li
—

(1
——

)

Q(1$50) DECAY MODES

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

Fraction (r'I/I )

seen

p (MeV/c)

785
602

Not a well-established resonance.
Mass m = 1680 + 50 MeV ["j
Full width C = 150 6 50 MeV ["~

g(2010) IG(gPC) p+(2++)

+1680) DECAY MODES

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

Fraction (I i/C)

dominant

seen

seen

not seen

p (MeV/c)

462

619
680
840
621

Q(2010) DECAY MODES

44

Fraction (I I/C)

seen

Seen by one group only.

Mass m = 2011+80 MeV

Full width I = 202 + 60 MeV

p (MeV/c)
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f4(2050} (r ) = o (4++) K modes are charge conjugates of the modes below.

f4(2050) DECAY MODES

gal
4~0

Fraction (I;/I )

(26 +6 ) %

(17,0+ 1.5) %

( 6.8+, 8) X 10—

( 2.1+0.8) x 10
1.2

lft(2300} fG(gPC) p+(2++)

Mass m = 2297 6 28 MeV

Full width I = 149 6 40 MeV

f2(2300) DECAY MODES Fraction (I;/r)

seen

fa(2340} l G(gPC) p+(2 + +)

Mass m = 2044 + 11 MeV (S = 1 4)
Full width I = 208 + 13 MeV {S= 1 2)

p (MeV/c)

658
1012

863

977

p (MeV/c)

529

X+ DECAY MODES

P Vp

e+v,
7+~0
x+ x+ vr

~+ xo xo
7r p v@

Called K+3.
~oe+ v,

Called K
0ÃOe+ v

m+~ e+ v,
vr+7r- p+vP

oboe+ ve
~+p~
~+ 3p
e+ vevv
p v~vv
p+v e+eP
e+ vee+e
p+ v„p+p

Fraction (I;/I )

Scale factor/
Confidence level

(63.51+0.18) %

( 1.55+0.07) x 10

(21.16*0.14) /0

( 5 59 y 0 05) o/o

( 1.73+0.04) %

( 3.18+0.08) %

S=1.1
S=1.9
S=1.2
S=1.5

( 4.82+0,06) '/o S=1,3

( 2.1 +04 )
( 3.91+0.17)

( 1.4 +0.9 )
3.5

[tl& 1

[t] & 1.o
6
6.0

( 1.06+0.32)

(21+ )

4.1

x 10
x 1O-5

x 10

x 1O-6

x 10 6

x10 4

x 10
x 1O-6

x 1O-6

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

CL=90%
CL=90%

x 10

x 10 7 CL=90%

(Mev/c)

247

205

125

133
215

206

203
151

135
227

227

247

236

236

247

185

Mass m = 2339 + 60 MeV

Full width l = 319+78oo MeV

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

seen

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

p (MeV/c)

573

p vp'Y
+pro

rr+ rro p(DE)
~+~+~-~
~+ x07rop

p v~ "f

oe+v,
rro e+ ver(SD)
7l x e ve

[t,u] ( 5.50+0.28)

[t,u] ( 2.75+0.15)
ft, v] ( 1.8 +0.4 )
[t,u] ( 1.04+0.31)

ftu] ( 74 2'9 )

ft, u] ( 6.1

[t,u] ( 2.62+0.20)

[w] & 5.3
5

x 10

x1O—4

x 10
x10 4

x «O-6

x 1O-5

x 1O-4

x 10
x 10

CL=90%

CL=90%
CL=90%

205

205

125

133

228

228

206

K+

K+ = us, K = ds, K = ds, K = us, similarly for K"s

f(~ )=2(0 )

Mass m = 493.677 + 0.016 MeV (5 = 2.8)
Mean life 7. = (1.2371+ 0.0029) x 10 s s (S = 2.2)

cT. = 3.709 m

Slope parameter g ["]

(See Fuil Listings for quadratic coefficients)

K+ ~ s'+s'+rr = —0.2154 6 0.0035 (S = 1.4}
K ~ n' s' s'+ = —0.217 6 0.007 (5 = 2.5)
K+ ~ rr+ rro rro = 0.S94 6 0.019 (5 = 1 3)

K+ decay form factors [ ']
K+3 A+ ——0.0286 6 0.0022

K+s A+ ——0.033 6 0.008 (S = 1.6)

K„+3 Ap
——0.004 + 0.007 (5 = 1.6)

K+s lfs/f+l = 0.084 6 0.023 (S = 1.2)

K+s lf7/f+l = 0.38+ 0.11 (s = 1.1)
K+, If&/f+ I

= 0.02 + 0.12

K+ ~ e+veg FA + EV ——0.148 + 0.010
K+ ~ y+ v„y Fz + Fvl & 0.23, CL = 90%
K+ ~ e+ve& FA —Ev & 0
K+ ~ p+ v&p FA —Fv ——2.2 to 0.3

Lepton Family number (LF)~ Lepton number (L},CLS = Rg} (SQ}
violating modes, or 6S = 1 weak neutral current (S1) modes

7r+x+ e v, Sq & 12 x 10 CL=90%
7r+ 7r+ p

—
v Sq ( 30 x 10 6 CL=95%

7r+ e+ e 51 ( 2,74+0.23) x 10
a+p+ p 51 2.3 x 10 7 CL=90%
7i VV 51 5,2 x 10 9 CL=90%

p ve+ e+ LF & 20 x 10 CL=90%
p+ v LF [e] & 4 x 10 3 CL=90%
m+ p+ e- LF 2, 1 x 1o—10 CL=90%
sr+ p e+ LF & 7 x 10 9 CL=90'/o

vr p+ e+ L 7 x 10 9 CL=900/o
vr- e+ e+ L 1.0 x 10 8 CL=90o/o

~—p+ p+ L 1.5 x 10 4 CL=90o/
p+ v L [e] & 33 x 1O-3 CL=9O/.

e ve el & x 10 3 CL=90%

f(~ )=&(0 )

50% KS, 50% KL

Mass m = 497.672 6 0.031 MeV

m&0 —mK~ ——3.995 6 0.034 MeV (5 = 1.1}

203

151

227

172

227

236

236
214

214

214
227

&72

236
228
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Mean life r = (0.8926 + 0.0012) x 10 to s
c7. = 2.676 cm

CP-violation parameters ["]

Im(II+ p)a & 0.12, CL = 90'/o

Im(ripen) & 0.1, CL = 90'/o

Q DECAY MODES

7r+7r

'y'y
~+~-~0
3no
~+e+v
m+ p+v

Scale factor/ p
Fraction (f f/C) Confidence level (MeV/c)

(68.61k 0.28)
(31.39+0.28)

[uoy) ( 1.78+0.05)

( 2.4 +1.2 )
8.5
3.7

[z) ( 6.68+0.10)

[z] ( 4.66+0.07)

4/o

4/o

x 10
x 10
x 1O-5

x 1O-5

x 1O-4

x 1O-4

S=1.2
S=1.2

CL=9Q/4

CL=904/4

S=1.3
S=1.2

206

209
206

249

133
139
229
216

p p
e+e
woe+ e-

hS = 1. weak neutral current {S2)modes

Sl & 3.2 x 10
Sl & 1.0 x 10

Sl & 1.1 x 10

CL=904/o

CL=904/4

CL=90/4

225

249

231

(5 = 1.2)

f(i )=Z(0 )

mx, —mic = (0.5333 6 0.0027) x 10 Ti s

= (3.510 + 0.018) x 10 ta MeV

Mean life r = (5.17 6 0.04) x 10 e s
cr = 15.49 m

Slope parameter g [']

(See Full Listings for quadratic coefficients}

Kt ~ or+or or = 0.670+ 0.014 (S = 1.6)

KL decay form factors [s]

KPB A+ ——0.0300 6 0.0016 {S= 1.2)

KPB A+ ——0.034 6 0.005 (5 = 2.3)

K„B Ap = 0.025 + 0.006 (S = 2.3)

K,B ifS/f+~ «0.04, CL = 68'/o

i
fr/f+

i
& 0.23, CL = 68'/o

K B i fr/f+i = 0.12 6 0.12

KL e+e p: Q. K. ——0.28 + 0.08

Q DECAY MODES

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

Called Ko~.
x~e~v

Called Ke3.
27
n02p
~0~+ e~ v
(Irioatom) v
n.+e+ v, p
n+x

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

(21.6 +0.8 ) /4

(12.38+0.21) /o

[9] (27.0 +0.4 ) /0

S=1.5
S=1.5
S=1.3

139
133
216

[q] (38.7 +0.5 ) / S=1.4 229

( 5.73+0.27) x 10 4

[bb] ( 1.70+0.28) x 10

[q] ( 5.18+0.29) x 10

( 1.05+0.11) x 10

[q,u, bb] ( 1.3 +0,8 ) /4

[u,bb) ( 4.61+0.14) x 10
5.6 x 10

S=2.0 249
231
207
216
229
206

~+w

p+p
p p
e+e
e+e p
e+e
x+x e+ e
p+p e+e
e+e e+e
~op+ p,

—

roc+ e-
lf' v v
e+ p~

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) mass m = 896.10 + 0.28 MeV (S = 1.4)
K'(892)+ full width I = 49.8 + 0.8 MeV

K'(892)P full width I = 50.5 6 0.6 MeV (S = 1.1)

Ki($%) DECAY MODES

Kx

Kxx

Fraction (01/I )
P

Confidence level (MeV/c)

100 4/o

( 2.30+0.20) x 10

( 1.01+0.09) x 10
7 x10 4 954/4

291
310
309
224

Charge coil}ugatkni x Parity (Cp) or Lepton Family number (LF)
idolatlng modes, or lLS = 1 ewak neutral current (S2) modes

CPV ( 2.03+0.04) x 10 $=1.2
CPv ( 9.14+0.34) x 10
51 ( 7.4 +0.4 ) x 1O-9

Sl ( 2.8 +2.8 ) x 10
51 & 4.1 x 10 11 CL 90o/4

Sl ( 9.1 +0.5 ) x 10 6

51 [bb) ( 6.6 k3.2 ) x 10
51 2.5 x 10 6 CL=904/4

51 4.9 x 10-6 CL=904

Sl [cc] ( 3.9 +0.7 ) 10
CP,S1[dd) & 5.1 x 10 CL=90/o

CP, S1[dd) & 4.3 x 10 9 CL=904/4

CP,51 [ee] & 2.2 x 10 4 CL=90%
LF [q] & 3.3 x 10 11 CL=904/4

CR-vlolatlon parameters [")

if = 0.327 + 0.012}/o

iripp
—(2,259 6 0.023) x 10 B (S = 1.1)

iri+ i
= (2.269 6 0.023) x 10 B (S = 1.1)

iripo/rf+ i
= 0.9955 6 0.0023 I I (S = 1.8)

o /E = (1.5 + 0.8) x 10 I I (S = 1.8)
——(44.3 6 0.8)o

dIpp
——(43.3 6 1.3)o

CLS = -Lhq ln K+ decay

Re x = 0.006 + 0.018 {S= 1.3)
Im x = —0.003 6 0.026 (S = 1.2)

Kt(1270) f(i') = 2(1+)

IVlass m = 1273 6 7 MeV [")

FUII wjdth I = 90 + 20 MeV [")

K1(1270) DECAY MODES

Kp
Ki'I (1430)Ir

K'(892) 1I

K~
K fii(1300)

Fraction (CI/I )

(42 k6 ) 4/4

(28 k4 ) /4

(16 k5 ) 4/4

(110 y2 0) o/4

( 3.0+2.0) 4/.

Kt(1400) f(i ) = '(1+)

Mass m = 1402 6 7 MeV

Full width I =174+ 13 MeV (S =1.6)

p (MeV/c)

76

301

K1(140) DECAY MODES

K'(892) n.

Kp
K fp(1300)
K~

Fraction (C;/i)

(94 +6 ) 4/4

( 3.0+3.0) 4/4

( 2.0+2.0) /o

( 1.0+1.0) 4/4

p (MeV/c)

401
298

285
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K'(1410) I(~') = &(1-)

K~(1419) DECAY MODES

K'(892) 7r

K7r

Kp

Fraction (f;/I )

& 40 o/o

( 6 6+1 3) o/o

7 0/

P
Confidence level {MeV/c)

95o/o 408

611
30995%

Ko{1430) i(~') = &(0+)

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

K,(1770) I'I
was L(D70)

i(ap} = ~1(2-)

Kg(177@3 DECAY MODES

K7r 7r

Ka(1430)x
K'(892) s'

K fa(1270)
K (I5

K~

Fraction (f;/I )

dominant

seen

seen

seen

Mass m = 1773 + 8 MeV

Full width I = 186 6 14 MeV

p (MeV/c)

653

441

608

Mass m = 1429 + 6 MeV

Full width I = 287 + 23 MeV
K8{1780} I(~ )=Z(3 )

KZ'(143O) DECAY MODES

K7r

Fraction {l I/f )

{93+10)o/

p (MeV/c)

621
Mass m = 17TO 6 10 MeV (S = 1.7)
Full width I = 154 + 1T MeV (5 = 1.1)

K~2(1430} l(~') = '(2+)

K2(1430) DE

K7r
K"(892)a
K'(892) a a

Kp
K~
K+p

Kg
Ku7r
KQ~

Ka(1430)+ mass m = 1425.4 + 1.3 MeV (S = 1.1)
Ka(1430)a mass m = 1432.4 6 1.3 MeV

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

Kz(1430)a full width I = 109 + 5 MeV (5 = 1.9)

Scale factor/
CAY MODES Fraction (l;/l ) Confidence level

(49 7+1 2

(25 2+1 7

(13.0+2.3)
( 8.8+0.8) %

( 2.9+0.8) %

( 2.4+0.5) x 10

4+2.8) x ]0

72 x 10 4

9 x10 4

S=1.2

S=1.1

CL=95/o

CL =90%

P
(MeV/c)

622

423

375
331
319
627

492

110
631

K3~(1780) DECAY MODES

Kp
K*(892)w

K7r

Kq
Ka(1430)vr

Fraction (C;/I )

{4S +4 ) o/

(27.3+3.2) %
(19 3+ 1 0) o/o

( 80+15) o/

& 21

K2(1820) I(~ ) = '(2 )

Mass m = 1816 6 13 MeV

Full width I = 276 6 35 MeV

Kg(1C@) DECAY MODES

K ft)

Ka (1430)x
K'(892) m

K fa (1270)
K~

Fraction (f;/l )

possibly seen

seen

seen

seen

seen

Scale factor/ p
Confidence level (MeV/c)

S=1.4
S=1.5

S=1.4
CL=95%

612
651
810
715
284

p (MeV/c)

481

325

680

186
638

K'(1680) l(~ )='(1 )

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

K4'(2045) I(~ ) = 2(4+)

Mass m = 2045 + 9 MeV (S = 1 1)
Full width l = 198 + 30 Mev

K'(1680) DECAY MODES

K7r

K"(892) 71

Fraction (f;/f )

(38.762.5) o/o

(314+ '
)

(299+ ) /

p (MeV/c)

779

571

615

K4~(2Q4S) DECAY MODES

K7r
K*(892)a a
K'(892) s a ~
p K7r
~K7r
QK7r

4 K'(892)

Fraction (f ~/f )

(9.9+1.2) o/.

(9 +5 ) '/o

(7 +5 )%
(5.7 4 3.2) %

(5.0+ 3.o) '/.

(2,8+1 4) /o

(1.4+0.7) %

p (MeV/c)

958
800
764

742

736
591

363
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'(~ )=k(0 )

Mass m = 1869.4+ 0.4 MeV

Mean life r = (1.057 6 0.015) x 10 s

cr = 317 pm

D modes are charge conjugates of the modes below.

D+ DECAY MODES
Scale factor/ p

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

e+ anything
K anything
~Kanything+ K anything
K+ anything

ri anything

Inclusive modes
(17.2 +1.9 )%
(24.2 +2.8 ) %

(s9 +7 ) %

( 5.8 +1.4 ) %

(sg] &»

S=1.4

CL=90%

Leptonic and semileptonic modes
7.2 x 10 CL=90%

[hh) ( 6.7 +0.8 ) %

( 6.6 +0.9 )%
+3.0

) o/

( 6.7 +3.5 ) o/.

(42 +0' )

( 3.2 +0.33)%

p+v
Kp ss +st

ve
Koe+v

K P vp

KP l+ vg

K ~+e+ve
K"(892)o e+ ve

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

K- ~+p+ v„
K'(892)o p+ v„

x B(K*o ~ K n+)
K x+ p+ v„nonresonant

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

{K e n )o e+ ve non- K'(892)
K x 7c P v~
7c E vg

7 x 10 3 CL=90%

( 3.2 +1.7 ) %

( 3.0 +0.4 ) %

( 2.7

1.2
9
1.4

tii] ( 5,7

+1.1 ) x 10

x 10

x 10

k2.2 ) x 10

CL=90%
CL=90%
CL=90%

932

868

868

863

720

863

851

715

851

714

846

825

Fractions of some
appeared above as

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

ppe+v,

P P Vi4

4e+ve
QP V~

0'(958) p+ v&

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

hh) ( 48 +04 )o/

( 4.8 +0.5 ) %

( 4.5 +0.6 ) % S=1.1
3.7 x 10 3 CL=90%

(20+ ' )xlp
2 09 o/o CL=90%
3,72 CL 90o/

9 x 10 3 CL=90%

720

720

715

776

772

657

651

684

Hadronic modes with one or three K's
( 2.74+0.29) %

[jj] ( 9.1 +0.6 ) %

( 1.5 +0.3 ) %

~K ~+
K- ~+~+

K*(892)on+
x B(K'o -+ K n+)

Kp(1430)0 sr+
x B(K'{1430) ~ K n.+)

K*{1680}oe+
x B(K*(1680}o~ K e+}

K n-+ m+ nonresonant
Kp x+ xp

Kop+
K'(892}oe+

x e(K*O Kp~o)
KP ~+ ~0 nonresonant

( 2.3 +0.3 ) %

( 2.6 +1.3 ) x 10

( 7.3 +1.4 ) %

[tj] ( 9.7 +3.0 ) %

( 6.6 +2.5 ) o/.

( 07 +02 )o/o

( 1.3 +1.1)%

S=1.1

862

845

712

368

65

845

845

680

712

CHARMED MESONS
(C=+1)

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

K-~+~+~0
K'(892)o p+ tota I

x B(K'o ~ K e+)
Kt(1400)o e+

x B(Kt(1400) ~ K n+e )
K p+ m+ total
K'(892)o e+ n.o total

x B{K'o~ K n. +)
K*(892}on.+ eo 3-body

x B(K'o ~ K e+}
K'(892} e+ e+ 3-body

x B(K' ~ K no)
K x+ m+ m nonresonant

KP~+~+~-
~K at (1260)+

x B(aq(1260)+ ~ e+e+e )
Kt (1400}oe+

x B(K,{1400}o Ken+a-)
K"(892) e+e+3-body

x B(K' ~ Kon )
~Kp x+total
~K sr+ sr+ vr nonresonant

K- ~+ ~+~+ ~-
K'(892}Oe+ e+ n

x B(K'o ~ K n+}
K'(892) p n+

x B(K'o ~ K e+)
K-x+n+mpmp

(kk]

Sl

Kp~+ ~+~- ~o

Ko~+~+~+~- ~-
K- ~+~+~+~-~0
KOKP K+

( 6.4

( 1.4
+1.1 ) /o

+0.9 )

( 2 2 yo 6 ) o/o

3.1 +1.]. )
( 4.S +0.9 )%

( 2.8 +0.9 ) %

( 1.4 +0.6 ) %

( 1.2 +0.6 ) %

( 7O +1.0 )%
( 4.O +0.8 )%

( 2.2 +0.6 ) %

( 1.4 +0.6 ) %

( 4.2 +0.9 ) %

(8 +4 )x103
( 8.2 +1.4 ) x 10

( 6.8 +1.8 ) x 10

( 5.1 +2.2 ) x 10

(22+ '0 )o/-0.9
( 5.4 +1'4 )%
(8 +7 )x10-4
( 2.0 +1.8 ) x 10

( 3.1 +0.7 )%

Kop+
K at(1
K a2(l
K'(892)
K'(892)

K'(89
K'(89
K* 89
K" 89) p g

dinal
K t (1270)oe+
Kt(1400}on+
K*(1410)on+
Ko (1430)o e+
K'(1680)on+
K'(892} e+e total

K'(892) e+e 3-body
K'(892) e+ e+ 3-body
K- p+~+ total

K p+ m+ 3-body
K p m+total

~K po ~+ 3-body
Ko fo(980) e+
K'(892) e+e+e
K*(892) p x+

CL=90%x 10

x 10

7

( s.o +1.3 )
7

( 3.4 +0.4 )

( 1.0 +0.5 )

( 6.7 +1.4 )
( 4.2 +1.4 )
( 2.1 +0.9 )
( 3.1 +1.1 )
( 1.1 +0.4 )
( 4.2 +0.9 )
(s +5 )

5

( 1.02+0.27)

( 7.7 +3.3 )

CL=90%

CL 90o

x 10
x 10

x 10

CL=90%

~+ mp

x+m+x
pox+
m+ m+ x nonresonant

x+x+~-~p
tfvr+ x B{n~ e+e—eo)
(re+ x B((u ~ e+e eo)

~+~+m+~- ~-

~+~+~+~-~-~p

Pionic modes
( 2.S +0.7
( 3.2 +06

1.4

( 2.S +0.7

(, 9 +1.S—1.2
( 1.8 +0.6

6

( 10 +0.8—0.7

( 29 +2.9

)x10
)xlp

x 10

)xlp
) o/o

)xlp
x 10

)x10

)x10

CL=90%

CL=90o/o

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

( 6.6 +2.5 )%
260)+ ( 8.1 +1.7 )%
320}+ 3 x 10 3 CL=90%
px+ ( 2.2 +0.4 )%
0 p+ total ( 2.1 +1.4 ) %
2)o p+ 5-wave [kk] ( 1.7 +1.6 ) %
2)o p+ p wave- 1 x 10 CL=90%
2)o p+ D.wave (10 +7 ) x10—3

2 + D-wave ion itu- x 10 CL=90%

816
423

390

616
687

687

688

816
814
328

390

688

614
814
772
642

242

714
718
545

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

883

848
764

845

799
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Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes.

1.4 x 10 3 CL=90/o

( 7.5 +2.5 ) x 1O
—3

7 x 10 3 CL=90o/o

1,2 0/ CL=90/o
9 x 10 CL=90%
1.5 CL =90%

po~+
qx+
jd X

'QP

0'(958) s+
0'(958)P+

Hadronlc mades with two K's
{ 7.8 +1.7 ) x 10

( 1.13+0.13) %

) { 3.3 +0.4 ) x 1O-3

( 3.4 +0.7 ) x 1O-3

~K K+
K+ K- ~+

sic+ x B(d ~ K+K
K (892)PK+

x B{K'o~ K e+)
K+ K x+ nonresonant

K+ K- ~+~0
oia+ao x B(ri ~ K+K )

Sip+ x B(q'& ~ K+K )
K+ K 7r+m non-P

K+ Kon+ vr

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

x Ba(K' ~ Kw+)
Ko K ~+ x+ non-K'+ K'0

K+ K-~+~+m-
y~+~+~-

x B(d~ K+K )
K+ K x+ x+ ~ nonresonant

( 4.6 +0.9 ) x 10

1 2 go 5 ) o/o

7 x 10

( 1 5 +07
)—0.6

2 o/o

( 1.0 +0.6 ) %

( 1.2 +05 ) %

CL =90%

CL=90%

x 10 CL=90%7.9

x 10 3 CL=90%

CL=goo/3

y~+
K'(892)o K+
y~+ ~0

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

Lepton
K+ ~+ ~-
K+ K+ K-
PK+
~+e+e
~+~+p-
K+ e+ e-
K+ p+ p-
m+ e+I{ +

x+e+ p,
x+ e p+

K+ 8+p,
K+ e p+

e+ e+
p+ p+
e+ p+

K e+ e+
K- P,+ ILL+

K- e+ rLL+

Doubly Cablbbo suppr=~ (DC) modes,
lLC = 1 weak neutral current (Cl ) modes, or

Family number (LF) or Lepton number (L) vkdatlng modes

DC & 5 x 10 3 CL=90%
OC ( 5.2 +2.0 ) x 10—

DC (39+ ' )xlo
Cs 2.5 x 10 CL=90%
CS 2.9 x 10 CL=90%

[II] & 4.8 x 10 3 CL=90%

[II] & 9.2 x 10 3 CL=90%
LF [q] & 3.8 x 10 3 CL=9O%

LF 3.3 x 10 3 CL=90%
LF 3.3 x 10 CL=90%
LF 34 x 10 3 CL=90%
LF & 34 x 10 3 CL=90%
L 4.8 x 10 3 CL=90o/o

L 6.8 x lo 3 CL=90o/o

L 3.7 x lo-3 cL=90o/.

L 9,1 x 10 CL=90%
L 4.3 x 10 CL=90%
L 4.0 x 10 3 CL=90%

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

( 6.7 +0.8 ) x 10

( 5.1 +1.0 ) x 10-3

( 2.3 +1.0 ) %
1.5 CL =90%

( 2.6 +1.1 ) %
2 x 10 3 CL=90%

769

848

764

658
680

355

792

744

647

610

744

682

619
268

682

678
678
273

678

eoo

566

600

647

610
619
268

273

566

845
550

929
917
870

856

926
926
926

86e

866

929
917
926
870

856
866

D DECAY MOOES

e+ anything

p,
+ anything

K anything
~Kanything + Koanything

K+ anything

g anything

Fraction (I I/I )

Inclusive modes
( 7.7 + 1.2 ) %

(lo.o + 2.6 }%
(53 + 4 )/.
(42 + 5 ) %

(34 )%

[gs] &»

Scale factor/ p
Confidence level (MeV/c)

S=l.1

S=1.3

CL=90%

~4 +ra
e

K e+ ve
K P vI

K- roe+ v,

Kon.—e+ v,
K' (S92) e+ ve

x B(K' ~ ~Ka+)
K'(892)o s' e+ ve
K ir 7l" p VIl

(K'(892) e) p+ vv

7r e Ve

Semileptonk mades
[hh] ( 3.68+ 0.21) %

( 3.80+ 0.22) %

( 3.2 + O.4 ) %

[nn] ( 1,6 +
053) o/o

] ( 2 +
0*g ) "

{ 1.3 + O, 3 ) %

[oo] & 1.3
1,2

1.4

0/

x 10

x 10

( 3g + 23 } 10

S=1.1
5=1.1

CL=90%
CL=90%

CL=9Oo/

867

867

864

861

860

709
821

694

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

K'(892) e+ ve { 20+ 04)o/

Hadronk modes with one or three K's
( 4.01+ 0.14) %

( 2.05+ 0.26) %

{ 5.3 ~ O.e)%
{ 1.10+ 0.18) %
(24+ 1.0)xlo

K- ~+
Ko ~0
K'~+ ~-

Ko po
Ko fp(980)

x B{fo ~ ~+a )
K fa(1270)

x B(fa ~ s+w )
~K fp(1300)

x B{fo~ s+s )
K'(892) a +

x B(K' ~ Koa )
Ko(1430) e+

x B(Ko(1430) ~ Koa )
Ko sr+ x nonresonant

K- ~+ ~0
K p+
K'(S92)- ~+

x B(K' K—
pro)

K'(S92) s'

x B(K'0 K-~+)
K sr+ no nonresonant

Ko~o~0
K'(892)o vro

x B(K*O- KO~O)
~K xo pro nonresonant

( 2.6 + 1.2 )xlo

( 4.3 k 1.7 )xlo

(33 k 04)o/

{ 7 + 3 )xlO3

( 1 43 + 0 26) o/o

Lti] (13.8 4 1.0 ) o/

(10.4 + 1.3 ) %

( 1.6 * o.2 ) %

{ 2.0 + 0.3)/o

( 6.0 + 2.7 )xlo

( 1.0 4 0.2)/o

{ 7.6 + 2.1)xlo

S=l.l
S=1.2

S=1.1.

861
860
842

676
549

263

223

364

842

844

678

711

843
?09

843

l(~ )=2(0 )

Mass m = 1864.6 + 0.5 MeV

moo —mool ( 20 x 10~P Tis, ' CL = 90'/ I

mug —moo ——4.78 + 0.10 MeV

Mean life 7 = (0.415 6 0.004) x 10 ' s

cw = 124,4 p, m

~sop — sop~/zoo ( 0.17, CL = 90%™
l 2

I (K+s (via D ))/I (K a.+) ( 0.0037, CL = 90o/o

I (p X (via D ))/I (p+ X) ( 0.0056, CL = 90%
[I (D K+K )—I (D K+K )j/sum ( 0.45, CL = 90%

~D modes are charge conjugates of the modes below.
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K-~+~+~-

Ui1

K ~+ po total
K sr+ po 3-body
K'(892) p

x B(K"o ~ K n+)
K at (1260)+

x B(a,(1260)+ ~+ v+ n-
K*(892) ~+ 7r total

x B(K"o ~ K 7r+)
K*(892)on+ 7r 3-body

x B(K'o ~ K n+)
Kt (1270) s +

x B(Kt(1270) ~ K a+s )
K x+ ~+ x nonresonant

K'~+~-~0 Uij
Ko ri x B(ri ~ 7r+ n s P)

K ur x B(ur -+ n+n' s'P)
K"(892) p+

x B(K" ~ ~K7r )
K'(892) p

x B(K' ~ K rr)
Kt (1270) s'+ [klr[

x B(Kt(1270) ~ ~Kn no)
K'(892)o n+ s 3-body

x B(K o Kos.o)
K ~+~ m nonresonant

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

K*(892}o~+~ ~o
x B(K*o ~ K s+)
K (892}o&

x B{K'P ~ K s+}
x B(p ~ s+s no)

K rr+ru x B(ru ~ s+s no)
K' (892)o (u

x B{K'o K—s,+)
x B(~ ~ s+s so)

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

Kod, x B(d ~ K+K )
~K K+ K non-(t

Ks Ks Ks
K+ K-Ko~o

( 8.1 + 0.5 ) %

( 6.8 + 0.5 ) %

( 5.1 + 2.3 ) x 10

( 1.1 + 0.3 ) %

( 3.9 + 0.6 ) %

( 1.6 0.4 ) %

( 1.011 0.22) %

( 3.S 1.1 )x10

( 1.89+ 0.28) %

( 9.8 6 1.4 ) %

( 1.61+ 0.26) x 10

( i.8 + o.4 ) %

( 3.9 + 1.6 ) %

( S.3 1.4 ) x10

( s.o 1.5 ) x 10

( 5.1 1.1 )xlo

( 2.1 6 2.1 ) %
(is + s )%
( 4.3 + O.4 ) %

( 1.3 6 0.6 ) oj

( 3.O 0.8 ) x 10

( 2.8
(7

o.s )%
3 )xlo

( s.s

(10.6

( e.i
( 4.2

( 4.e

( 8.6

( 7.2

1.7 )x 10

3o)/
1.2 )x10
0.6 ) x 10

0.9 ) x10
25 )x10 4

48
) io—3

S=1.1

KO po
K- p+
~K u)

Ko q'(958)
~K fp(980)
Ko tt[

K at (1260)+
K at(1260)
K fa(1270)
Ko fp(1300)
K az(1320)+
K'(892) m+

K'{892}ono
K"{892)P n+ a. tot a I

K'(892)on+ n 3-body
K n.+ po total

K x+ p03-body
K'(892)o p'

K*(892)o po transverse
K'(892)0 po 5-wave
K'(892) p S-wave long.
K'(892)o po Pwave-
K*(892)opo Dwave-

K"(892) p+
K"(892) p+ longitudinal
K"(892) p+ transverse
K' {892) p+ P wave-

(6.8 +
( 1.10+
(10.4

( 2.0 6
( 1.66+
(4s +
(83 +
(7e +

1.9
(46 +
(se +

2

( 4.9

( 3.0 +
(2.4 +
( 1.52+
( 6.8 6
( 5.1

( i.s +
( 1.6 k
( 3.O +

3

3

( 2.1 +
( 5.9 1
( 2.8 1
( 3.1 +

1.5

1.1 )xlo
0.18) %
1.3 ) %
O.4 ) %
0.29) %
2.0 ) x 10
1.2 )xlo
1.2 ) %

0/

2.1 )xlo
2.7 ) x 10

x 10
o.s )%
O.4 )%
0.6 ) %
0.33) %
0.5 }%
2.3 )x 10
O.4 ) o/

05 )%
o.s )%

x 10

x 10
o.s )%
2.4 ) %
1.2 ) %
1.8 ) %

S=1.2

S=1.1

CL=90%

CL=90%
5=1.3

CL=eo%
CL=90%

CL=eO%

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 uppe~ limits and K~(892)p submodes only appear
below. )

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

435

772

676
679
670
565

549

520

327

322

263

223

197
711
709

683

683

612
612
418
418
418
418
418
418
422

422

422

422

K a+ fp(980)
K'(892} fp(980)

Kt {1270} n+
Kt(1400) w+

Kt(1400) n
K'(1410) s.+

Kp(1430) a+
K2(1430) x+
K2(1430) s
K'(892} w+s.

K'(892)o q
K n+~

K"(892) LI

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

[I(kj (

(

(
(
(
(
(

1.1
7

1.04+ 0.31)
1.2
3.7
1.2
1.1 1 0.4 )
8

4

1.9 k 0.9 )
1.9 + 0.5 }
3.1 + 0.6 )
1.1 1 0.5 )
7.5 + 2.0 )
1.1

x 10

0/

x 10

x 10

x 10
x 10

CL=90%
CL=eo%

CL=90%
CL=90%
CL=eo%

CL=90%

CL=90%

CL=90%

n.+ x
~0 ~0
~+ n.—mo

x+x+x-x
~+ ~+~- ~- ~0
r+~+ ~+~- ~- ~-

Plontc modes
( 1.59+ 0.12) x

( 8.8 6 2.3 ) x

( 1.6 + 1.1 ) /o

( 8.3 + 0.9 ) x

( i.e + o.4 ) %

( 4.0 6 3.0 ) x

10
io—4

10

io-4

S=2.7

Hadronlc modes with two K's
( 4.54+ 0.29) x

( i.i + O.4 ) x

( 6.3 + 1.1 ) x
1.0 x

K+ K-
KOKO

Ko K-~+
K'(892) K

x B(K"o ~ K s+)
K*(892)+K

x B(K'+ + Kos.+)
K K x+ nonresonant

K'K+ ~-
K'(892 }o~K

x B(K"o ~ K+s )
K"(892) K+

x B(K' ~ KP7r )
~K K+ n nonresonant

K+ K-~+~-
Ps+rr x B(d ~ K+K )

dpo x B(s[ ~ K+K )
K'(892)o K s++ c.c. x

B(K'o ~ K+s )
K'(892) K'(892)

x Ba{K'o ~ K+
K+K n+x non P
K+ K m+ x nonresonant

K+ K-~+~-~0

10
10
10
10

S=1.2
CL=eo%

( 2.3 + O.S }x 1O
—3

( 2.4 + 2.4 ) x 10

( 4.9 + 1.0 ) x 10
5 x 10 CL=90%

( 1.2 + 0.7 ) x 10

(40 ' )x10 3

( 2.4 + 0.5 ) x 10

( 1.3 6 0.4 ) x 10

( 1.0 + 0.25} x 10

(S +9 )xiO 4

( 1.3 + 0'6 ) x 10

( 1.7 + 0.5)x10-
(8 +

8 )xlo
(3.1 + 2.0)x10

K+ ~-
K+ x (via ~D)
K+~+~-~-

anything (via ~D)
e+e
p+ p-
Koe+ e-
poe+ e

p p p
p~ e+

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

K'(892) K 1.5 x 10 CL=90%
K'(892)+ K (3.4 + 0.8)x10
K'(892)o Ko 8 x 10 CL=90%
K'(892) K+ ( 1.8 6 1.0 ) x 10
y~+~- ( 2.S + O.7 ) x iO-3

Op' ( i.e ~ O.S)xiO-3
K'(892)o K s++ c.c. (8 +'3 )xiO 4

K {892}oK{892}o (2e+ 16) io—3

Doubly Ceblbbo supp ~t (DC) modes,
4C = 2 forbidden vie mbdng (C2M) modes,
4C = 1 week neutral cunnnt (CI) modes, or
Lepton Family number (LF) vh[ntlng modes

DC ( 3.1 4 1.4 )x10 4

C2M & 1.5 x 10 4 CL=eoo/o

DC & 15 x 10 3 CL=90/o

C2M & 6 x 10 4 CL=904/o

C1 1.3 x 10 4 CL=90%
C1 1.1 x 10 CL=90%

1.7 x 10 CL=90%
CZ 4.5 x 10 CL=90%
CZ 8.1 x 10 4 CL=90%

[ql & x 10 4 CL—90%

459

483

386
387
378
364

367

363

641
580
605
406
479
100

922
922

907
880
844

795

791
788
739
605

610

739
739
605

610

739

677
614
260

528

257

677

677

600

605
610
605
610
614
260

528

257

861
861
812

932
926
866
773
756
929
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D'(2007)o

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

D (~y)0 DECAY MODES

Do~0
Do~

Fraction (I;/C)

(63.6+2.8) %

(36.4 +2.8) %

i(aP) = ~1(1-)
t, J, P need confirmation.

Mass m = 2010.0 6 0.5 MeV

( )+ = 0. 6 . MeV

D'(2010)+ mDp = 145.42 + 0.05 MeV

Full width I & 0.131 MeV, CL = 90%

D'( 2010)+

D'(2010) modes are charge conjugates of the modes below.

D'(ma)+ DECAY VODES

Oo~+
D+ ~0

D+p

Fraction (I ~/I )

(68.1+1.3) %

(30.8+0.8) %

( 1 1+1.4) 0/

f(~ )='(1 )
I, J, P need confirmation.

Mass m = 2006.7 + 0.5 MeV

mD, p
—mDp

——142.12 6 0.07 MeV

Full width I ( 2.1 MeV, CL = 90%

p (MeV/c)

43
137

p (MeY/c)

39

38

136

CHARMED, STRANGE MESONS
(C= S= +1)

D+ = cs, D, = cs, similarly for 0*'s

f(~p) = 0(0-)

Dg+ DECAY MODES Fraction (f;/C)
Scale factor/ p

Confidence level (Me Y/c)

Mass m = 1968.5 6 0.7 MeV (5 = 1.2)
mo~ —ma+ ——99.1 + 0.6 Mev (S = 1.1)

Mean life r = (0.467 + 0.017) x 10 ~a s

cw = 140 p, m

Branching fractions for modes below with a resonance in the final state
include all the decay modes of the resonance. D modes are charge
conjugates of the modes below.

Nearly all other modes are measured relative to the /fr+ mode. However,
none of the determinations of the $7r+ branching fraction are direct mea-

surements: all rely on calculated relations between D+ and D+ decay5
widths, on estimates of D+ cross sections, or on other model-dependent

assumptions. Thus a better determination of the tt fr+ branching fraction
could cause the other branching fractions to slide up or down, all together.

Dt(2420)0 f(~') = '(1+)
I, J, P need confirmation.

Mass m = 2422.8 6 3.2 MeV (S = 1.6)
Full width I = 18+4 MeV

D1(2420) modes are charge conjugates of modes below.

Q(2I20)o DECAY MODES

D' (2010)+s'
o+~-

Fraction (PI/I )

seen

not seen

Dge(2460) f(~ ) = '(2+)

D~(2440) DECAY INODES Fraction (l t/I )

Da(2460)o ~ D+ n

Da(2460)o ~ D'(2010)+ vr

Dq(2460)+ ~ Doe+

seen

seen

seen

= 2+ assignment strongly favored (ALBRECHT 89B).

D'(246o)o
—2457.7 + 1.9 MeV2' o'

Mass mo. (paso)~
——2456 + 6 MeV (S = 2.0)2""

o'(2&so)+ o"(24so)o 2 + 5 MeV (S = 1.4)
2 2

Full width I D 2460)p
—21 + 5 MeV

2'(

Full width I D.,2460)+
—23 6 10 MeV

2L

D2~(2460) modes are charge conjugates of modes below.

p (MeV/c)

355

474

p (Mev/c)

503

387

505

K anything

Koanything + K anything

K+ anything

non- K K anything
e+ anything

Inclusive modes

(13 + 14

(39 +28

(20 + 18
—14

(64
( 20

)%
)%

) /o

) 0/

0/ CL=90%

Leptonic and semiieptonic modes

{ 5.9 6 2.2 )x 10

{pp] ( 1.88+ 0.29) %
V 74 + 32 }o/o

S=1,1

0/ CL=9O/

(including from p's)
+ O7 }4/
+ 0.7)%
+ O4}%

0.5 )%
+ 3.2 )x10

K+ Kp

K+ K m+

(t) x+
K+ K'(892)o
K+ K z+ nonresonant

Ko Ko~+
K*(892)+Ko

K+ K x+mo
4~+~0

'lP
pm+ n03-body

K+ K ~+ ~0 non-P
K+ Ko~+m
KQK-~+~+

K'(892)+ K'(892)
Ko K ~+ m+ non-K'+ K'0

K+ K x+7r+n
p~+ ~+ ~-
K+ K or+ ~+ ~ non- P

{ 4.2 + 1.O ) %

4 ) '/0

1.6 o
18 )/.

'/o

0/

1.1 )%
21 ) '/o

CL 90o/0

CL=9O%

CL=90%

2.5
8

2,7

( 4,2 +
( 5.6 +

2.8 CL=9O%

( 1.8 + 0.5 ) %

30 + 30 )x102.0

P Vp

PE+ Vg

r)/l vv + r) (958)p
'g p VIj,

r)'(958) p+ vq 3.0

Hsdronic modes with two K'I

( 3.5

[qq] ( 48
( 3.5
{ 3.3

( 8.7

981

747

850

805
712

682

805

802

683
748

687

687
748

744

744

412

744

673
640

673



Other hidronic modes
( 1.35+ 0.31) %

2.8 x 10 CL=90%

(10 6 4 ) x 10

( 1.011 0.35) %
( 12

( 1.9 + O.4 ) %
1.7

(30+ '
) 103.0

~+ ~+~-
po~+
fo(980)~+
x+ x+ x nonresonant

~+~+~ ~o
gx+
~++

~+ ~+ ~+ ~-7r-
~+ ~+~- ~0~0

np+
go+ ~o 3-body

~+~+~+~-~-~0
O'(968) n+

x+n.+m+n. x nomO

ri'(958) p+
rr'(968) s+ s O3-body

Ko~+
K+~+~-
K+ K K+

yK+

CL=9O%

CL=90%

(10.0 + 2.2 ) %
2.9

( 4.9 + 3.2 ) %
(4.7 6 1.4)%

CL=90%

(12.o + 3.o )%
3.0 CL=90%
7 x 1O-3 CL=9O%

(3.0+ 3'0 )x10

x 1O-3 CL=9O%2.5

D'+ f(i ) ='(')
Mass m = 2110.0 6 1.9 MeV (S = 1.2)
mo, + —mo~ —141.6 6 1.8 MeV (S = 1.2)

S S

Full width I ( 4.5 MeV, CL = 90%

D modes are charge conjugates of the modes below.

D + DECAY MODES

D+~

Fraction (I I /I )

dominant

D 1(2536)+ l(~ ) =o(1+)
I, i, P need confirmation.

Mass m = 2535.35 6 0.34 MeV

Full width l ( 2.3 MeV, CL = 90%

Ds1(2536) modes are charge conjugates of the modes below.

Dsi~~g'~~+ DECAY MODES

D'(2010)+ Ko

D'(2007}oK+
D+ Ko
Do K+
D'+~

5

Fraction (I i/I )

seen

seen

not seen

not seen

possibly seen

959
827

732

959
935
902
822

899

902

727

787

856

743

803
470

720

916

900

628

607

p (MeV/c)

137

p (MeV/c)

150

169
382

392

389
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BOTTOM MESONS
(B= +1)

B+ = ub, B = db, ~B = db, B = ub, similarly for B"s

f(~ ) = Z(0 )

I, i, P need confirmation. Quantum numbers shown are guark-model
predictions. Measurements which do not identify the charge state of
B also appear here.

Mass m B+ ——5278.7 + 2.0 MeV

Mean life r = (1.54 + 0.11) x 10 ia s
Mean life r (avg over B hadrons) = (1.637 + 0.021) x 10 ia s (a}

cr = 388 p, m

B modes are charge conjugates of the modes below.

Only data from T(4S) decays are used for branching fractions, with
rare exceptions. The branching fractions listed below assume a 50:50
B 7J:B+B production ratio 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, Dz, D~, and Q branching
ratios to current values whenever this would effect our averages and best
limits signlAca ntly.

Indentation Is used to Indicate a subchannel of a previous reaction. All

resonant subchannels have been corrected for resonance branching frac-
tions to the Anal state so the sum of the subchannel branching fractions
can exceed that of the Anal state.

Scale factor/ p
Confidence level (MeV/c)8+ DECAY MODES Fraction (I t/I )

Semlleptonlc modes
[b) (1.6 + o.r )
[bj ( 6.6 + 2.2 )( 2.2

[bj ( 2.1
seen

[b) ( 2.1

B+ ~De+ v
By -+ D (2007}o
B ~ x e ve
B+ -+ (uE+vg

B ~ ld p v~
B+ ~ po~+ vc

CL=90%
CL=9O%

x 10
x 10 4

2638

2580

x 10 4 CL=90%

O', or &e modes

( 5.3 6 0.5 )
( 1.34+ 0.18)
(1.1 + 0.4)

so- (s +4 )

B+ Do~+
B+ ~ ~Dp+
B+ 9 ~Dx+n+x

B+ ~ ~D~+~+x nonre
nant

B+ -+ ~Dm+po
B+ ~ ~De&(1260)+

B+ -+ D'(2010) s+n+
B+ D- ~+~+
B+ D'(2007)o s+
B+ ~ D'(2007)o p+
B+ ~ D'(2007)O rr+ s + s
B+ ~ D'(2010 s+s+so
B+ ~

D'(2010} a+s+s+s
B+ ~ Di(2420)os+
B+ -+ Di(2420)o p+
B+ ~ Da(2460}os+
B+ ~ Da(2460)oP+
B+ ~ ~DD+

5
B+ ~ ~DD'+

S
B+ ~ D'(2007)o D+
B+ ~ D*(2007)o D'+
B+ D+~0

S
B+ D'+~0

5
B+ ~ D+gs
B+ —9 D'+ g5
B+ ~ D+po

S
B+ -+ D'+ po

S
B+ ~ D+u

5
B+ —+ D'+ ~5
B+ ~ D+ a1(1260)

x 10

x 10

2308
2237

2289

2289

3.0 ) x10
4 )x10
0.6 ) x10

x 10
0.8 ) x 10
0.31) %
2.6 )x10
o.r )%

0/

(4.2 +
(s
( 2, 1 +

1.4

( S.2 +
( 1.55+
( 9.4 +
( 1.5 +

1

2208

2123
2247

CL=90% 2299
2255

2182
2236

2235
CL=90% 2217

( 1.1
1.4
1,3

4.r

( 1.7

( 1.2

( 1.0

( 2.4

2.1

j 0.5)x10
x 10

x 10

x 10

2081

CL=90% 1996

CL=90% 2064

CL=90% 1979

+ O.6 )%
+ 1.O ) %

+ 0.7 ) %

+ 1.3 ) %

x10 4

x1O—4

x10 4

x10 4

x10 4

x10 4

x 10

x10 4

x 10

1814

1735

1737

1652

CL=90% 2270

CL=90% 2215

CL=90% 2235

CL=90% 2178

CL=90% 2197

CL=90% 2139

CL=90% 2195

CL=90% 2137

CL=90% 2079

3.4
5

4

5

5

7

2.3
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g+ ~
g+
B+
B+
g+
B+ ~
B+ ~
g+
g+
g+
B+ ~

B+ ~
B+ ~
g+ ~
g+
B+ ~
B+
B+ ~
B+ ~

D'+ a (1260)e
0+ y
D,'+ P
0+ KQ

s0'+ K'
s

D+ K'(892)e
D'+ K'(892)e
D ~+K+

s
0,'-~+ K+
D rr+ K*(892)+
D' rr+ K'(892)+

1.7

3.3

1.2

1.2

Charmonium modes

10

10

1O
—4

10

10

10
1O-4

1O-4

x 10

x 1Q

x 10

( 1.02+ O. 14) x 1O-3

( 1.4

( 1.7

( 6.e
3.0

{ l.e
( 1.O

2.1

0,6)xlo
0.5 )x 10

+ 3.1 ) x 10
x 10

+ 1.2 ) x 10
0.4 )xlo

x 10

J/@(1S}K+
J/S'r (1S)K+ rr+ rr

J/r/ (1S)K'(892)+
y(2S) K+
rr'r(2S) K'(892)+
@(2S)K'(892)+ n + rr

X„(1P)K+
Xcr (1P)K*(892)+

cL=eo/
CL=90%

CL =90%

CL=90/0

CL=90/o

CL=eOo/

CL=eo/

CL =90%

CL=90%

CL =900/o

CL=eo%

5=1.3
CL=eO%

C L=90%

2015

2140

2080

2241

2185

2171

2111

2222

2165

213?

2076

1683

1612
1571

1284

1115
909

1411
1265

Lepton Family number {LF)
bB= 1 weak

B+ — ~+ e+ e 81
8+ 7r+p+ p, 82
8+ ~ K+ 8+e Bs
8+ K+ p+ p B~
B+ —K'(892)+ e+ e Bi
8+ ~ K*(892)+p+ p, Bl
g+ ~ ~+e+p, LF
B+ ~ ~+e—~+ EF
B+ ~ K+e+p LF
8+ ~ K+8 p+ LF
8+ ~ e+ e+ E

B ~ /r $l jL L

B+ ~ e+ p+ L

B+ -~ K e+e+ L

B+ ~ K—p+ p+ L

g+ K —e+ ++ L

or Lepton number {L)violating modes,
neutral current {B2}modes

3.9 x 10 3 CL —. 90oio

9.1 x 10 '3 CL=90%
x 10 5 CL=90'/0

1.7 x 10 CL=-. 900/o

6.9 ~ 10 " CL=-90/o

1 ~ 2 x 1O 3 CL—eO/

6.4 x 10 3 CL=-eO/

x 10 CL=-90''o

6.4 x 10-3 CL=eOo/.

6.4 x 10 3 CL=90%
3.9 x 10 3 CL=cce0%

9.1 x 10 3 CL=90'/o

x lo 3 CL=90'/o

x 10 CL=-90/o

x 10 3 CL=-90'/o

x 10 CL=-90'/o

B DECAY MODES

8 modes are charge conjugates of the modes below.

2636

2636
2615
2615
2638

2633

2636

2616
2612

2615

modes
1.0
1.5
1.9
2.6

6.8
8

1.1
9.0
7.8
1.5

3.5
9
1.6
1.3
1.1
3.4

8

{ 5.7
7,3

2.2
1.4

1.9
5.5

9.9

Kor K'
B+ ~ Kon+
B+ ~ K*(892)e rr+
B+ ~ K+rr rr+(no charm)
B+ -+ Kr(1400)err+
B+ Ka(1430) rr+
B+ ~ K+po
B+ ~ K*(892)+rr+ rr

B+ ~ K'(892)+ pn

B+ Kr (1400)+p
B+ ~ Ka(1430}+Pe

B+ ~ K+K K+
B+ —+ K+ P

B+ ~ K'(892)+ K+ K
B+ ~ K*(892)+P

B+ ~ Kg{1400)+P
B+ ~ Ka(1430)+ ei

B+ ~ K+ fe(980)
B+ ~ K'(892)+ p
B+ ~ Kr (1270)+p
B+ ~ Kr {1400)+p
B+ ~ Ka(1430)+p
B+ ~ K'(1680)+ p
B+ ~ Ka(1780)+ p
B+ ~ Ka(2045)+ p

Light unflavored
g+ ~+ ~o
B+ ~ x+n+n.

g+ po ~+
B+ ~ rr+ fp(980)
B+ ~ rr+ fa{1270}

B+ ~+ ~0~0
g+ p+ ~0

B+ ~+ ~- ~+ ~0
g+ ~ p+po
B+ ~ ar(1260)+rre
B+ ~ ag(1260)err+
B+ ~ w7r+
B+ g~+

8+ ~+~+~+~
B+ p al(1260}+
B+ ~ pe aa(1320)+

B+ ~ ~+~+~+~-~-~0
B+ a& {1260}+az(1260)

meson

2.4

1.9
1.5
1.4
2.4
8.9
5.5
4.0
1.0
1.7
9.0
4.0

8.6
6.2
7.2
6.3
1.3

Baryon modes
1.6
5.2
6

2.0
3.8
1.5

p p'lr+

p pe+ sr+ n

pal
p/l~+ vr

Qo p
g++ p

B+ ~
B+
B+ ~
B+ —+

B+ ~
B+

1O-4

1{)
—4

1O-4

10
1O-4

1O-5

10
1O-4
1O-4

10
1O-4
1O-5

10
10

10

10
1O-5
1O-5

10

10

10

10

10

10

3,3)x

1O-4
1O-4
1O-4
1O-4
1O-4

10
10 4

10

10

10
1O-4

1O
—4

10 4

10 4

10

10 4

10
0/

x 10 4

x 10 4

x 10

x 10 4

x 1O-4

x 1O-4

CL=eOo/

CL=90%
CL =90%
C L=90%
CL=eO%

CL =90%
CL =90%
CL=90/o

C L=eoo/0

CL =90%

CL =90o/

CL=90%
CL=90%
CL=90%
CL=eo%
CL=90%

CL =90%

CL=90%
CL=eo%
CL=90%

CL=eOo/

C L =900/o

CL=90%

CL=eo%
CL=90%
CL=90/o

C L=90%
Cl =90%
CL=90%
CL =90%
CL=90%
CL=90%
CL=90%
cL=eo/.
CL=90%
C L=90%
CL=eOo/

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

CL =90%
CL=90%
CL =900/o

CL =90%
CL=eO%

CL 9Qo/

2614

2561

2609

2451

2443

2559

2556

2505

2388

2382

2522

2516
2466

2460

2339

2332

2524

2564

2486

2453

2447

2361

2343

2243

2636

2630

2581
2546

2483

2631
2581

2621

2525

2494

2494

2580

2609
2608

2433

2411

2592

2335

2438

2369
2430
2367

24Q2

2402

Semileptonic and leptonic modes

[c] (10.4 + 0.4 ) %
(70+ 23)

1.6 x 10

fc] (10.3 + 0.5 ) %

[b,c] (10.43+ 0.24) %

g [b] ( 2.7 + o.8 ) %

{b] ( 7.o + 1.4 ) %

[b,d] ( 2.7 + o.? ) %

g fb] & 9 x 10

ny- [b] & 6 x 10

B ~ e ~ ve anything
B ~ D*(2010}e+re
B ~ pe+ v, anything

B ~ p,
+ v„anything

B ~ 1+v~anything
B ~ D E+ vganythin
B ~ DQE+vt anything
B ~ 0'*8+v
B ~ D, E+ vganythin

B ~ D, g+veK+a
thing

B ~ D, E+ vg Ko anything

B ~ K+ E+ vg anything
B K E+ vg anything
B ~ K /K E+vgany-

thing
b ~ 7.+v anything

CL=eo%

CL =90%

C L=90%

fb]& 9 x 1O-3 CL=eO%

fb] { 5.6 k 1.0 } o/o

b] (10+ 06
[b] (4.1 + 0.8 )%

[e] ( 4.1 + l.o }%

D,
B ~ D anything
B ~ ~Danything
B ~ D'(2010) anything
B ~ D, anything

B~ DsD D 0 DsD*, or
0*0*

s
B ~ D*(2010}p
B ~ 0+v, 0'+7r

0+ p 0*+p D+~0

0,*+~0, 0+9, 0*,+

0+ 0 De+ po 0+~
Ds

D', or Ds modes

(26 6 4 ) o/o

(54 ~ 6 }%
(23 ~ 4 )

[f] ( 8.9 + 1.1 ) %

[f] ( 5.0 + 0.9 ) %

5=1.4

x 10 CL=90%
x 10 4 CL=90%

B ~ J/@(1S)anything
B ~ rr'r(2S) anything
B ~cl (1P)anything

Charmonium modes
1 30+ 0 17}o/o

(4.6 4 2.0 }xlo
( ll y 04 )o/o

B ~ K+ anything
B Ko //~K anything
b~ sp
B ~ K*(892}y
B + Kl(1400) P
B K, (1430)~
B ~ K2(1770}P
B ~ K3(1780)P
B ~ K4*(2045)~

K or K' modes
[f] (85

(63 4 8

[g] & 1.2
2.4
4.1
8.3
1.2
3.0
1.0

)%
}%

x 10
x 10 4

x 1O-4

x 1O-4

x 10
x 10

x 10

C L=900/o

CL=90/o

CL=90%
CI =90'/o

CL=90%
C L=90%

CL=90%

B ~ /anything
Light unflavored meson modes

( 2.3 + 0.8 } '/o

For the following modes, the charge of B was not determined. The mea-
surements are for an admixture of B mesons at the T(4S) unless otherwise
indicated by a footnote and a "b" instead of "B" in the initial state,
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Baryon modes

(64 +
( 4.8 +

1.1

( 5.3 +
1.7

( 8.O +
( s.6 +

1.1 ) %
2.5 ) x10

2.5 )x10
x 10 3 CL=90%

os )%
0.7 )%

8 ~ charmed-baryon anything
8 E anything

8 ~ E anything

8 ~ ~Eanything
8 ~ EN'(N = p or n)
8 ~ panything + panything
8 ~ p(direct) anything +

p(direct) anything
8 ~ Aanything + Aanything
8 ~:— anything + =+ any-

thing
8 ~ baryons anything
8 ~ ppanything
8 ~ Apanything+ Apany-

thing
8 ~ AAanything

( 4.0 k 0.5 ) %

( 2.7 + 0.6 ) x 10

( 6.8 + 0.6 ) %

( 2.47+ 0.23) %

( 2.5 + 0.4 ) %

x 10 3 CL=90%

dB = 1mak neutral current (81) modes

b ~ e+e anything Bz [g] & 2.4

$ ~ p+ p, anything B1 [gj & x 10 5 CL=90%

r(~ ) = 2(0 )

I OECAY MOOEI Fraction (I I/I )
p

Confidence level (MeV/c)

lr+ vi anything
D E+vg
D'(2010) f+ vr

p 8+v
7l' p v~

Semlleptonk and leptonlc modes
[b] (9.s +1.6 )%
[b] (1.9 +0.5 ) %

[b] (4.4 +0.4 ) %

[b] & 4.1 x10 4

seen

9O%

2636

D, D', or D~ modes
(3.0 +0.4 ) x 10

(7.8 +1.4 ) x 10

& 16 x10
(2.6 +0.4 ) x 10

(8.0 +2.5 ) x 10
nt (3.9 +1.9 ) x10

(1.1 +1.0 ) x 10

(6.o +3.3 ) x 1o-3
(15 F05)
(7.3 +1.5 ) x1o—3

(1.19+0.27) %
n- (0.0 +2.5 ) x 10

o-~+
D p+
Do&+&-

D'(2010) x+
o-~+~+~-

(D ~+ n.+~ ) nonresona
D-~+ po

D a, {1260+
D'(2010) rr+rr

D'(2010} p+
D'(2010) rr+ rr+ rr

{0'{2010) x+x+x ) no
resonant

D'(2010) x+ po

D'(2010) a& (1260)+
(S.7 k3.1 ) x1O—3

(1.5 +0.7 ) %

2306

2236

90% 2301
2254

2287

2287

2207

2121
2247

2181
2235

2235

2151
2061

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass mBO ——5279.0 6 2.0 Mev

mrra —m&+ ——0.34 + 0.29 Mev (5 = 1.1)
Mean life r = (1.50 + 0.11) x 10 ia s

cr = 449 p.m

rB+/rBp = 0.98 6 0.09

8 -P' mlxlni parameters

Xgf ——0.156 + 0.024

r5mrrs ——mes —m&s = (0.51 + 0.06} x 10ta Fi s
H L

xd = hmiro/I ap = 0.71 6 0.06 l l

~B modes are charge conjugates of the modes below. Reactions Indicate
the weak decay vertex and do not include mixing. Decays in which the
charge of the B is not determined are in the B+ section.

Only data from T(45) decays are used for branching fractions, with

rare exceptions. The branching fractions listed below assume a 50:50
B ~B:B+B production ratio at the T(45). We have attempted to
bring older measurements up to date by rescaling their assumed T(45)
production ratio to 50:50 and their assumed D, Ds, D*, and @ branching
ratios to current values whenever this ~ould effect our averages and best
limits slgnNcantly.

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.

D'(2010) x+ x+ x rre

D;(2460) x+-

0&(2460) p+
D- D+

D'(2010} 0+
D-O'+

5
D'(2010) D*+
D+~-

5D*+—
5

D+ p-
D*+—

s
D+a (1260)
D'+

a& {1260)
D, K+
D'- K+

5
D K"(892}+
D' K*(892)+
D- ~+Ko

s
D,'-~+ Ko

D rr+ K'(892)O
D' x+ K'(892}e
~D~0
DO po
~D rI
~o&'
~D~
D'{2007) x
D*(2007) p
D"{2007)arr
D'(2007}O rr'

D'(2 00)7 ou

l/vP(1S) Ko

l/|P (1S)K+ x
l/rP(1S) K'(892) o

@(2S)Ko

ri(2S) K+x-
@{2S}K'(892)

Xct(1P)Ko

X„(1P)K'(892)'

K+~-
K+ K-
Ko~+~-

Kopo
Ko fo(980)
K*(892)+rr

Ka(1430)+ rr

Ko K+ K-
Ko tpi5

K'(892)o n+ rr

K'(892) p
K*(892) fo(980)
Kg(1400)+ n'

K'(892)o K+ K
K'(892)o ei

Kt(1400) p
K (1400 04
K2(1430 p
Ka(1430)o ri

K'(892)0 p
Kt(1270)op
Kt(1400)op
K2 {1430}op
K'(1680)o p
Ks {1780)o
K4(2045)o p

) 0/

x 10

x 10

)x10
)%
)

)%
x 10 4

x 10

x10 4

x10 4

x 10

x 10

x 10 4

x 10 4

x 10

x 10

x 10

x 10

x 10

x 10

10 4

x10 4

x10 4

x10 4

x 10 4

x10 4

x 10
x10 4

x 10
x 10

(7.5 +2.1 )
(1.2 +0.6 )
(1.58+0.28)

& 8

& 1

(1.4 +0.9 )
& 2.7
& 2.1

x10 4

x 10
x 10
x10 4

x 10
x 10
x 10
x 10

modes
2.6
7
4.4
3.2
3.6
3.8
2.6

1.3
4.2
1.4
4.6
1.7
1.1
6.1
3.2
3.0
5.0
1.1
1.4
4.0 +1.9 )
7.0
4.3
4.0
2.0
1.0
4.3

x 10
x10 6

xlo 4

x10 4

x10 4

x 10
x 10

x 10
x10 4

x 10
x 10 4

x1O—4

x 10
x10 4

x10 4

x 10
x 10
x 10

x 10

x 10
x 10
x 10
x 10 4

x 10

x 10

(3.4 +1.8
& 2.2

& 4.9

(8 +4
(1.2 +0.6
(2.1 +1.S
(2.0 4 1.2

& 2.9

&5
&7
& 8

& 2.7

& 2.2

& 2.4

& 1.8

& 1.0
& 1.2

& 6

& 3.2

&4
& 2.1

& 4.8
& 5.5
& 6.8
& 8.6
& 6.3
& 9.7
& 1.17

& 6.9
& 2.7
& 2,1

Charmonium modes

90%

90%

90%

90%

90%

90%

90%

9O%

90%

90%

90%

90%

90%

9O%

9O%

90%

90%
90%
9O%

90%
90%
90%
9O%

90%
90%
90%

9O%

90%

9O%

9O%

9O%

9O%

90%
90%
90%
9O%

90%

90%
9O%

9O%

9O%

90%
9O%

9O%

90%
9O%

90%
90%

9O%

90%
9O%

9O%

90%
9O%

90%

2218

2065

1980

1812

1735

1733

1650

2270

2215

2198

2140

2079

2015

2242

2186

2172

2113

2221

2164

2136

2075

2308

2238
2274

2197
2235
2256

2182

2220

2140
2180

1682
1652

1569
1283
1238
1113
1410
1263

2615
2593
2609
2559
2523

2562

2445

2522

2516
2556

2504

2467

2451

2465

2459

2388
2339
2380

2330

2563

2486

2453

2445

2361
2343

2243
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x+ x-
~+~- xo

pp~o

p+ 'jr

x+x x+ vr

po po

81(1260)+x+
B2(1320)+~

n+~- up~0

p+p
at (1260)o s o

gx'
~+~+~- ~-~0

az(1260)+ p
at (1260)o po

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

at (1260)+at (1260)
~+n+n+vr-m-~-pro

Light unflavored meson

& 2.9
& 7.2
& 4.0

[c] &5
& 6.7
& 2.8

c] & 4.9

[c] & 3.0
& 3.1
& 2.2

& 1.1
& 4.6
& 1.8
& 9.0
& 3.4
& 2.4

& 3.0
& 2.8

& 1.1

modes
x 10

x 10 4

x 10 4

x 10 4

x 10

x 10 4

x 10 4

x 10 4

x 10

x 10

x 10

x 10
x 10

x 10
x 10
x lp

x 10

x 10
0/

90%
90%
90%
g0%

90%

gp

90%
9O%

90%
90%
90'/o

900/o

90%
90'/0

9Oo/.

gp

9O%

90%
goo/

2636

2631

2582

2581
2621

2525

2494

2473

2622

2525

2494

2580

2609

2609
2433

2433

2591

2335

2572

BOTTOM, ST'RANGE MESONS
(B= k1, S=pl)

8 = sb, 8 = sb, similarly for 8*'s

80
S I(&') = &(0-)

I, 2, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass m, = 5375 + 6 MeV (S = 1.3)
5

Mean life r = (1.34+t'&r) x 10 ta s (S = 1.4)

B -P~ mhdng parameters

Ys = 0.62 6 0.13

hmBp —
mBp mBp & 1 8 X 10' h s ', CL = 95%

5 SH SL

xs =—kmBp/'I B() ) 2.0, CL =- 95%
5 5

PP
p pal' 7C

PAm
apZO
6++6--

Q++c

Baryon modes

( 3.4
& 2.5

& 1.8
( 1.5
& 1.1
& 1.2

x 1O-5

x 10 4

x 1O-4

x 10

x 1O
—4

x 10

9O%

90%

90%
90%
90%
gp

e+e
P P
Ko e+ e-
KOI +I-
K'(892)o e+ e
K'(892)o p+ y,

e+I ~
e+~+
p+~+

90%
9O%

90%
9O%

90%

90%
gp

90%

gp

Lepton Family number (LF}violating modes,
1kB = 2 forbidden decay via mhdng (82M} modes, or

1KB = 1 weak neutral current (81}modes
BI &59 x 10

B1 (59 x 10 6

B1 &30 x 1O-4

B1 &36 x 10 4

B1 & 2.9 x 1O-4

B1 & 2.3 x 1O-5

LF [c] ( 5.9 x 10
LF [c] & 5.3 x 10

LF [c] & 8.3 x 10

2467

2406

2401

2334
2334

1839

2639
2637

2616
2612

2563

2559

2638

2340

2339

8 DECAY MODES

D anything

D, &+&eanything
(1 means sum of e and p)

D, ~+
ljd(15)d
ra(25) P

Fraction (i;/i )

seen

seen

seen

seen

seen

p (MeV/c)

2325

HEAVY QUARK SEARCHES

Scarc:hes for Top and
Fourth Generation Hadrons

See the sections "Searches for t Quark" and "Searches for b' (4r"
Generation) Quark" at the end of the QUARKS section.

l(gP) t (1
—

) cc MESONS

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass mB, ——5324.8 + 2.1 MeV

mB. —mB ——46.0 + 0.6 MeV

ric(&&)
~„(mo) f G(gPC) 0+(ii —+)

Mass m = 2978.8 6 1.9 MeV (S = 1.8)
Full width l = 10.3+34 MeV

g (1S) DECAY MODES
p

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

n'(958) rr m

pp
K'(892)o K rr++ c.c.
K*(892)K*(892)

ao(980) rr

B2(1320)~
K'(892) K+ c.c.
f2(1270)~~

Decays involving hadronic resonances
{4.1 +1 7

(2.6 +0.9) /o

(2.0 +0.7) '/0

(8,5 +3.1) x 10

{7.1 +2.8) x lo-3
"2 0/

2

( 1.28 /o

( l. l
3.1 x 10

1319

1273
1193
1086

goo/0 1323
90% 1193
90% 1307
900/0 1142
9004 1268

?7 lr 1r

~+~-Kt K

2(~+~-)
pp
KKq

pp
nn

Decays into stable hadrons

(6.6 +1.8) /o

(4.9 +1.8) /o

(2 (} +0.7)—0.6
(1.2 +0.4) %

(1.2 +0.4) x 10

( 3.1
( 1,2

( 2 x 10

Radiative decays

(6 +5 ) x 10

1378
1425

1457

1157
90% 1262

go% lo23
goo/o 987

1489
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J/$(1S)
or J/+3097)

I (~ )=o (1 )

d/$(IS) DECAY MODES

hadrons
virtual' ~ hadrons

e+e
P

(86.0 +2.0 ) o/o

17 0 +2 0 ) o/o

( 5.99+0.25) o/o

( 5.97+0.25) o/o S=i.i

Decays Involving hadronlc glances
( 1.28+0.10) /o

( 4.2 +0.5 ) x iO
—3

( 1 09+0 22) o/

( 8.s +3.4 ) x io—3

( 7.2 +1.0 ) x 10

( 6.7 k2.6 ) x 10

( 5.3 +2.0 ) x 10

( 4.3 +0.6 ) x 10

( 5.0 +0.4 ) x 10

( 4.2 +0.4 ) x 10

( 3.4 +0.8 ) x 10

[g] ( 3.0 +0.5 ) x 10

[g] ( 3.0 +0.7 ) x 10

( 2.3 +0.6 ) x 10

( 2.04+0.28) x 10

( i.9 +0.4 ) x iO-3

( 4.8 +1.1 ) x 10

( 1.60+0.32) x 10

( 1.6 +0.5 ) x 10

( 1.58+0.16) x 10

( 1.48+0.22) x 10

( 3.6 +0.6 ) x 10

( 1.30+0.25) x 10

( 1.10+0.29) x 10

[g] ( 1.03+0.13) x 10

(9 k4 )xlo 4

(8 +4 )xlo 4

(8.0 +1.2)x10 4

[g] ( 7.2 +0.9 ) x 10 4

( 6.8 +2.4 )xlo 4

( 6.5 +0.7 )xlo 4

( 5.9 +1.5 ) x 10 4

( 5.1 +3.2 ) x 10 4

( 4.2 +0.6 ) x 10 4

(3.3 +0.4)xlo 4

(3.2 +0.9)xio 4

(3.2+1.4)x10 4

[g] ( 3.1 +0.5 ) x 10 4

( 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 1O-4

( 4.5 +1.5 ) x 10

[g] & 4.3 xiO-3
4.0 x 10

( 2.9 x 10

5 x 10 4

3.7 x 10 4

3.1 x 10 4

2.5 x 10 4

2.2 x 10 4

2 x 10 4

1 x 10 4

9 x 10
6.8 x 10 6

P7C

po ~0

a2(1320)p
u)x+x+x ~
~~++
K'(892)o K2(1430) + c.c.
ru K"(892)K+ c.c.
ur f2(1270)
K+ K'(892) + c.c.
K K'(892) + c.c.

by(1235 n+
K+ Ks~+

bg(1235) n
Si K'(892) K+ c.c.
u) KK

mfa(1710} ~ u)KK
&2(n+rr }
d(1232)++ pe
(d g
PKK

Q fr{1710)-+ si K K
pp~
it(1232)++3(1232)
Z(1385) Z(1385)+ (or c.c.)
PP'9 (958)
p fI2(1525)
y&+ &-

P K+ Kosx+

tufj(1420)
4n
:-(i530)-:-+
p K Z(1385)o

P rr'(958)
Si fo(980)

1530}o:-o
Z'(1385) Z+ (or c.c.)
sifj(1285)
pQ
u 9'(958)
ufo 980)
pg'(958)
pp4
a2(1320}+x+
K K2(1430)+ c.c.
K2(1430) K2(1430)
K*(892) K'(892)
Q f2(1270)
ppp
$9(1440}~ sioww
urf2(1525)
Z(1385)o A

LL(1232)+p
Zon

S=i.3

5=1.7
S=2.7

S=1.4

S=1.9

S=l ~ 1

CL=9Oo/.

CL=90o/o

CL=9O/o

CL=90o/o

CL=90o/o

CL=90o/o

CL=90o/o

CL=90o/o

CL=9Po/

CL=90o/

CL=90o/o

CL=90o/

Mass m = 3096.88 + 0.04 MeV

Full width I = 88 6 5 keV

I « ——5.26 + 0.37 keV (Assuming I « ——I »)
Scale factor/

Fraction (l;/I ) Confidence level
P

(MeV/c)

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

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

911
1100
1032
1377

~9,(iS)
p~+ x-2n.o

po(1440) -+

P9(1440) -+
'7 PP
~n'(958)
p2~+2~
p f4(2050}

pri{1440) ~
p f2(1270)
p fg(1710) ~

pfj(1420) ~
p fj(1285
p f2(1525)
&44
'7PP
7rr(2225)
pg 1760 -+

p p pal' 7c

pAA
37

pKKx
"f"fP

pKK

pKKx

'Yp p

2(s+n )wo

3(s+ s ) xO

x+ x- xo
n.+x +0K+ K
4(~+~-}wo
~+~- K+ K-
KKx
p pn-+ x-
2(s+s )
3(a+a )
nnn+x-
zT
2(x+ s ) K+ K
p ply 7l' 7C

pp
PPrl
pnn
nn

AA

p pic
AE s+(or c.c.)
pK A

2(K+K )
pK ~E

K+ K-
An~o
7r+ x
K05 K~~

AZ+ c.c.
Ks Ks

Dec Iym into stable hadrons

( 3.37+0.26) o/o

29 +06 )o/

( 1.50+0.20) /o

( 1.20+0.30) o/o

( 9.0 +3.0 ) x 10—3

( 7.2 +2.3 ) x 10

( 6.1 +1.0 ) x 10

( 6.0 +0.5 ) x 10

( 4O +10 ) x iO-3

( 4.0 +2.0 ) x 10

(4 +4 )xiO-3
( 3.8 +0.5 ) x 1O-3

( 3.1 +1.3 ) x 10

[xx] ( 2.3 +0.9 ) x 10

( 2.14+0.10) x 10

( 2.09+0.18) x 10

( 2.00+0.10) x 10

( 1.9 +0.5 ) x iO
—3

( 1.8 +0.4 ) x 10

( 1.35+0.14) x 10

( 1.09+0.09) x 10

[g] ( 1.06+0.12) x 10

( 8.9 +1.6 ) x 10 4

(7.0 +3.0)xio 4

( 2.9 +0.8 ) x 10 4

( 2.37+0.31) x 10 4

( 2.2 +0.7 ) x 10 4

( 1.47+0.23) x 10 4

( 1.08+0.14) x 10 4

1.5 x 1O
—4

( 5.2 x 10 6

Radlathe decays

( i.3 +0.4 ) o/.

( 8.3 +3.1 ) x 10

( 6.1 +1.0 ) x 10

[n] ( 9.1 +1.8 ) x 10 4

( 6.4 ~ i.4 ) x iO-5

( 4.5 +0.8 ) x 10

( 4.31+0.30) x 10

( 2.8 +0.5 ) x iO-3

( 2.7 +0.7 ) x 10

( 1.59+0.33) x 10

( 1.4 +0.4 ) x 10

( 1.38+0.14) x 10

( 9.7 +1.2 )xlo 4

( 8.6 +0.8 ) x 10 4

( 8.3 +1.5 ) x 10 4

( 6.5 +1.0 ) x lo 4

( 6.3 +1.0 ) x 10 4

(4.0 +1.2)x10 4

( 3.8 +1.0 ) xlo 4

( 2.9 +0.6 ) x 10 4

( 1.3 +0,9)xlo 4

( 3.9 +1.3 ) x 10
7.9 x 10 4

5 x iO-4
1.3 x 10 4

5.5 x 10

S=1.3

S=1.9

S=1.8
S=i 2

CL=90o/

CL=90o/o

S=1.9

5=2.1

CL=90o/o

C L=90o/o

CL=90%
CL=90o/o

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
1220
1283
1173

1166
1232
834

1048

1546
1107
1548
1074
1548
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xco(l P)
or X~(34XS)

IG(JPC) 0+(0++) &(»)
or y(SSaS)

lG(~PC) =o-(1 -)

Mass m = 3415.1 6 1.0 MeV

Full width I = 14 + 5 MeV

Xco{1P)DECAY MODES

2(rr+ rr )
~+~- K+ K-
pox+ vr-

3(e+x )
K+K'(892)nn + c.c.
7r+ 7r

K+ K
'/r 7l p p

'9 rl

PP

Hadronlc decays
3 7+0 7) o/o

3 0+0 7} o/

(1.6 +0.5) %

(1.5+o.s) %

(1.2 +0.4) %
(7.5+2.1) x 10

(7.1+2.4) x lo-3
(5.0+2.0) x 10

(3.1+0.6) x 10

(2.5+1.1}x 10

&90 xlo 4

1679

1580

1608

1633
1522

1702

1635
1320

1702

1617
90% 1427

p
Fraction (i f/t ) Confidence level (MeV/c)

/{25) DECAY MODES

hadrons

virtual' ~ hadrons
e+e
P

(98.10*0.30) %

( 2.9 +04 ) %

( 8.8 +1.3 }x 10

( 7.7 +1,7 }x 10

2/g(1S) anything

2/g(1$) neutrals

J/r/(1$) rr+ rr

J/r/(lS) rrnrrn

2/r/ (1$)ri

J/g(1$) rrn

Decays into J/st(1$) and anything

(57 k4 )
{23.2 6 2.6 ) %
(32.4 k2.6 ) /o

(18.4 +2.? ) %

( 27 F04 )o/o

{ 9.7 +2.1 )xlo 4
S=1.7

Mass m = 3686.00 + 0.09 MeV

Full width I = 277 6 31 keV (S = 1.1}
= 2.14 + 0.21 keV (Assuming I = I »}

Scale factor/
F~action (f';/C) Confidence level (Me V/c)

1843
1840

477

481

200

527

»/@(1$)
Radtathfe decays

(6.6+1.8) x 10

(4.0+2.3}x 10 4

x,1(1P)
or XC1(8510)

Xc1{1P)DECAY MODES Fraction (I;/I )

3(rr+rr )
2(rr+n )~+~- K+ K-
po~+ m-
K+ K"(892)n rr + c.c.
7r 7t' p p
PP
~+a. + K+ K

Hadronic d~ys
( 2.2+0.8)

{ 1.6 + 0.5)

(9 +4)
( 3.9+ 3.S)

( 3.2 + 2.1)

( 1.4 +0.9)
( 8.6 + 1,2)

( 2.1

x 10
x 10
x 10

x 10
x 1O-5

x 10

p J/g(1$)
Radlatlve decays

(27.3+1.6) %

xeg(lP)
or g~(sag a)

/G(JPC) 0+(2 + +)

Mass m = 3510.53 6 0.12 MeV

Full width C = 0.88 6 0.14 MeV

303
1708

p (MeV/c)

1683
1727

1632

1659
1576

1381
1483

389

3(rr+e )nn
2(rr+ rr ) en
~+~- K+ K-
~+m pp
K+ K'(892)err + c.c.
2[rr+rr )
p x 7c

PP
3(rr+ rr- )
Pp&
K+ K
~+~- ~o

/ln

p7r
K+ K-no
K+ K'(892) + c.c.

pXcn(1P)
qx„(1P)
p Xca(1P)
"/ ric (1S)

p r7'(958)

pri(1440) ~ 7KKn

Hadrontc decays

( 3.5 +1.6
( 3.1 +0.7
{ 1.6 +0.4
( 80 +20
( 6.7 +2.5
( 4.5 +1.0
( 4.2 + 1.5

( 1.9 + O.S

( 1.5 + 1.0

( 1.4 +0.5
( 1.0 +0.?
( 9 9-5

(8 +5
4

( 8.3
2.96
1.79

Radiative decays

( 9.3 +0.8
( 8.7 +0.8
( 7.8 +08
( 2.8 +0.6

5.4
1.1
1.6

fnj & 1.2

)x 10

)xlo
)xlo
)x10 4

)xlo 4

)xlo 4

)xlo 4

)xlo
)xlo 4

)xlo
)xlo
)xlo
) x 10-5

x10 4

x 1O-4

x 10
x 10
x 10

)
)%
)%
)xlo

x 10

x 10

x 10 4

x 10 4

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

CI =90%

CL=9S%
CL=90%
CL=90%
CL=90%

1746

1799
1726
1491
1673

1817
1751
1586

1774

1543
1776
1830
1838
1467

1285
1760
1754
1698

261

171
12?
639

1841
1719
1843

1569

Mass m = 3556.17 + 0.13 MeV

Full width I = 2.00 6 0.18 MeV s/r(3770) l (&")=-' (1- )

X~{1P)DECAY MODES

2(n+ n-)
7r+~- K+ K-
3(e+n-)
pox+ n-
K+ K'(892)err + c.c.

pp
~+ ~-
K+ K-
PP

'rI'rI

a/@(1S)~+ ~- ~0

Hadron@ decays
( 2.2 +0.5 )

( 1.9 +0.5 )
( 1.2 +o.s }
(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

0/

0/

x 10
x 10

x 10
x 10
x 10

x 1O-5

x 10
x 1O

—4

0/ 9O%

1751

1656

1707
1683
' 601

1410
1773
1708

1510
1773

1692
185

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

{3T?9) DECAY MODES

DD
e+e

Fraction (f ~/f')

dominant

(1.12+0.17) x 10

y(40m) ( )

Mass m = 4040+ 10 MeV

Full width I = 52 + 10 MeV

I ee = 0.75 + 0.15 keV

Mass m = 3769.9 + 2.5 MeV (S = 1.8)
Full width I = 23.6 6 2.7 MeV (S = 1.1}
I « ——0 26 6 0 04 keV (S = 1 2)

P
Scale factor (MeV/c)

242

1.2 1885

pl/g(1$)
Radlatlve decays

(135 +11 )o/

( 1.6 +0.5 )xlo 4
430

1778

+{4Ml) DECAY MODES

e+ e-
DO Do

D*(2007)e~D+ c.c.
D*(2007) D'(2007)

Fraction (I / jl )

{1.4+0.4) x 10

seen

seen

seen

p {MeV/c}

2020

777
578

232
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t/r(41ts0} {ry} f (~ )='(1 )

Mass m = 4159 + 20 MeV

Full width I = 78 + 20 MeV

I = 0.77 + 0.23 keV

X41(lP} ' i

or Xy1(%90)
f (~ ) ='(1++)
2 needs confirmation.

Mass m = 9891.9 + 0.7 MeV

Q(4160) DECAY MODES

e+ e-
Fraction (I f/I )

(10+4) x 10 6

p (MeV/c)

2079

Xy1(1P) DECAY MODES

p T(1S)

Fraction (I ~/0)

(35+8) %

p (MeV/c)

422

Q(4415) {yyi I (J ) = 7?(1 )
X42(lP) i i

or Xba(9915}
f (~ ) ='(2++)
J needs confirmation.

f(441$) DECAY MODES

hadrons
e+e

Fraction (I ~/I )

dominant

(1.1+0.4) x 10

bb MESONS

Mass m = 4415 + 6 MeV

Full width I = 43 + 15 MeV (5 = 1.8)
l ee = 0.47 6 0.10 keV

p (MeV/c)

2207

Mass m = 9913.2 + 0.6 MeV

X~(1P) DECAY MODES

7 T(1S)

Fraction (I I/I )

(22+4) %

T(2S)
or 7'(a0023)

Mass m = 10.02330 6 0.00031 GeV

Full width I = 44 6 7 keV

p (MeV/c)

443

T(1S) DECAY MODES

r+ r-
e+ e

P

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

(2.97+0.35) %
(2.52+0.17) %
(2.48+0.07) % S=1.1

4384

4730
4729

l/@(1S)anything
P7C
m+n-
K+K
PP

Hadronic decays
(1.1 +0.4 )( 2

&5
&5
( 9

x 10
x 1O-4

x 10
x 1O-4

x10 4

CL=90%
CL=90%
CL=90%
CL=9o%

4223

4698
4728

4704

4636

p2h+ 2h
p3h+ 3h
p4h+ 4h
~&+r- K+ K
p2~+ 27r

p3x+ 3~
p2n+ 2m K+ K
y7c+r pp

p 2'+ 2'' p p
p2K+ 2K
p rf'(958)

p fa(1525)
p fa(1270)
p g(1440)
yfg{1710) ~ pKK
pf4(2220) ~ pK+K

Radiative decays
(7.0 +1.5 )
(5.4 +2.0 )
(7.4 +3.5 )
(2.9 +0.9 )
(2.5 +0.9 )
(2.5 +1.2 )
(2.4 +1.2 )
(1.5 +0.6 )
(4 +6 )
(2.0 +2.0 )

& 1.3
& 3.5
& 1,4

& 1.3
( 8.2
& 2.6
& 1.5

x10 4

x 1O-4

x 10 4

x10 4

x10 4

x10 4

x 1O-4

x 10
x 10
x 10
x 10
x10 4

x 10 4

x 1O-4

x 10
x10 4

x 10

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

CL=904/

CL=90%
CL=9O%

CL=90%

4720

4703
4679

4686

4720

4703

4658

4604

4563
4601

4682

4714
4607

4644

4624

4576

4469

x„(1P){-i
o X(ISO)

f G(JPC) =?.(0 preferred++)
J needs confirmation.

Mass m = 9859.8 6 1.3 MeV

T(1S)
or 7'(See)

Mass m = 9460.37 + 0.21 MeV (5 = 2.7)
Full width I = 52.5 6 1.8 keV

l ee = 1.32 + 0.03 keV

7(2S) DECAY MODES

T(1S)a+ n
T(1S)no rro

r+r-
}+v
e+e
T(1S)no
T(1S)ri
J/@(1S)anything

p
Fraction (I ~/I ) Confidence level (MeV/c)

(18.5 +0.8 ) %

( s.s +1.1)%
( 1.7 +1.6 ) %

( 1.31+0.21) %
seen

8

( 2

6

x 10
x 10
x 10

9O%

904lo

9O%

475
480

4686
5011
5012
531
127

4533

yXbt 1P)
pXba 1P)
pxbn(1P)
p fy(1710)
y fa(1525)
p fa {12?0)

Radiative decays

( 6.7 +0.9
( 6.6 +0.9
( 4.3 +1.0

5.9
5.3

( 241

)%
)%
)%

x10 4

x10 4

x10 4

131
110
162

90% 4866

90% 4896

90% 4931

X40(2P) i"i
or X~(i0235)

f GPPC} ??(0 preferred++)
J needs confirmation.

Mass m = 10.2321 6 0.0006 GeV

Xg)(2P) DECAY MODES

7 T(2S)
7 T(1S

Fraction (I I/I )

(4.6+2 1) 4/

(9 +6 ) x 1O-3

p (MeV/c)

210
746

X41(2P) {"i
or Xq1(10255)

I G(JPC) ?7(1 prafarrad++}
2 needs confirmation.

Xy1(2P) DECAY MODES

0 T(2S)
7 T(1S)

Fraction (I ~/I )

(21 +4 ) %

( 8.5+1.3) %

p
Scale factor (MeV/c)

1.5
1.3

229
764

(2P) [zz]

o X(imam)
(J ) = ~ {2preferred+ )

J needs confirmation.

Mass m = 10.2552 6 0.0005 GeV

my, (2p)
—my (2p) ——23.5 6 1.0 MeV

Xg)(1P) DECAY MODES

7 T(1S) (6% 904/~ 391

p
Fraction (I ~/I ) Confidence level (MeV/c) Mass m = 10.2685 + 0.0004 GeV

my»(2p) —my»(2p)
——13.5 + 0.6 MeV

X~(2P) DECAY MODES

7 T{2S)
0 T(1S)

Fraction (I;/I )

(16.2+2.4) %
7 1y1 0) 4/

p (MeV/c)

242

776



1214

Meson Summary Table

T(M)
or T(1NSS)

ln this Summary Table:

NOTES

T(3$) DECAY MODES

T(2S}anything

T(2S)rr+ 7r

T.(25) ' '
T(2S)pp

T(15)x+ x
T(lS) ir 7r

e+e

Fraction (I;/I )

(10.6 +0.8 ) %

( 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 6 3.5 keV

2.2
296

177
190

814
816

5177
5177

p
Scale factor (MeV/c)

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

been enlarged by the "scale factor" 5, defined as S = vrXz/(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 in-

consistent. When S & 1.25, we also show in the Full 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.

qX»(2P)
bt {2P')

p Xbo(2 P)

Radlatlve decays
(114 F08 )
(11.3 +0.6 ) %

54 +06 )oj

1.3 87

100

123

T(45)
or T(10580)

(G(gPC) p7(t ——
)

Mass m = 10.5800 k 0.0035 GeV

Full width I = 23.8 6 2.2 MeV

I « ——0.24 + 0.05 keV (5 = 1.7}

T(4S) DECAY MODES

e+e
D*+anything + c.c.
/anything
T(15)anything

Fraction (I I/I ) Confidence level

(1.01+0.21) x 10

( 7.4 Oj

& 2.3 x10
&4 x 10

90%
90%
90%

(MeV/c)

5290
5099
5240

1053

T(10Bts0)

Mass m = 10.865 + 0.008 GeV (S = 1.1)
Full width I = 110 6 13 MeV

I « ——0.31 + 0.07 keV (S = 1.3)

7'(16459) DECAY MODES

e+e
Fraction (I ~/I )

(2,8+0.7) x 10 6

p (MeV/c)

5432

T(11020)
Mass m = 11.019 + 0.008 GeV

Full width I = 79 6 16 MeV

"ee =0

T(11020) DECAY MODES

e+e
Fraction (I I/I )

(1.6+0.5) x 10

p (MeV/c)

5509

Searches for Top and
Fourth Generation Hadrons

See the sections "Searches for t Quark" and "Searches for b' (4'"
Generation} Quark" at the end of the QUARKS section.

[a] The ir+ mass. has increased by three (old) standard deviations since our
1992 edition, and the n0 mass, which is determined using the mass
difference (m ~ —m, }, has increased accordingly. See the "Note on

the Charged Pion Mass" in the ~+ Full Listings for a discussion.

[b] See the "Note on ir+ ~ /+vs and K+ ~ /+vs Form Factors" in the
x+ Full Listings for definitions and details.

[c] Measurements of I (e+ u, )/I (p+ v„}always include decays with p's, and

measurements of I (e+ ver) and I (y+ v&p) never include low-energy p'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, )
+ (p+~, )]/rtotai = 10o'~'

[dj See the ir+ Full Listings for the energy limits used in this measurement;
low-energy p's are not included.

[e) Derived from an analysis of neutrino-oscillation experiments.

[f) Astrophysical and cosmological arguments give iimits of order 10 's; see
the ~0 Full Listings.

[g] See the "Note on the Decay Width i (rr ~ pp)" in the ri Full Listings.

[h] See the "Note on rI Decay Parameters" in the rr Full Listings.

[i] C parity forbids this to occur as a single-photon process.

[jj The e+ e branching fraction is from e+ e ~ ir+n experiments only.

The ~ p interference is then due to ~p mixing only, and is expected to
be small. If ep universality holds, l(po ~ ii+ri ) = I (po ~ e+e )
x 0.99785.

[k] This is only an educated guess; the error given is larger than the error on

the average of the published values. See the Full Listings for details.

[I] See the "Note on the ft(1420)" in the ft(1420) Full I istings.

[m] See also the iv(1600) Full Listings.

[n] See the "Note on the ii{1440)" in the ri(1440) Full Listings.

[o] See the "Note on the p(1450) and the p(1700)" in the p(1700) Full

Listings.

[pj See also the iv(1420) Full Listings.

[q) The value is for the sum of the charge states indicated.

[r] The definition of the slope parameter g of the K ~ 3ir Dalitz plot is as
follows (see also "Note on Dalitz Plot Parameters for K ~ 3n Decays"
in the K+ Full Listings):

[Mjz = 1+ g(ss —so)/mz+ +

[s] For more details and definitions of parameters see the Fuil Listings.

[t] See the K+ Full Listings for the energy limits used in this measurement.

[u] Most of this radiative mode, the low-momentum p part, is also included

in the parent mode listed without p's.

Ivj Direct-emission branching fraction.
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[w] Structure-dependent part.

[x] The CP-violation parameters are defined as follows (see also "Note on

CP Violation in K5 ~ 3n" and "Note on CP Violation in K& Decay"
in the Full Listings}:

A(KaL ~ s+s )[e'&+- = +
A(KPs ~ x+s )

A(KL s )
npa = [qpa[e* "= = 6 —26

A(Ks s n)
I (KL ~ s 8+v) —I (KL ~ n+4 v)

II) =
I-(KO s-8+v) + I-(Kat n+f v

I (Ka ~ n+n' & )C vlo.$7C X 7l

Im(q+ p}z =
I (Kat n+n wa)

r(KPs no~a sa)
Im (rippp)

I-{KP naxaso)

where for the last two relations CPT is assumed valid, i e Re.{r.f,+ p)
0 and Re(rippp} 0.

[y] See the Ks Full Listings far the energy limits used in this measurement.

[z] Calculated from Kpt semileptonic rates and the Kps lifetime assuming IkS
= hQ.

[aa] s'/s is derived from [ripp/rip [
measurements using theoretical input on

phases.

[bb] See the KL Full Listings for the energy limits used in this measurement.

[cc] m + &470 MeV

[dd] Allowed by higher-order electroweak interactions.

[ee] 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.

[ff] See the note in the L(1770) Full Listings in Reviews of Modern Physics
56 No. 2 Pt. II (1984), p. 5200.

[gg] This is a weighted average of D+ {44%}and Dp (56%}branching frac-
tions. See "D+andDp ~ (rlanything} / (total D+ and Dp}" under
"D+ Branching Ratios" in the Full Listings.

[hh) This value combines the e+ and p+ branching fractions, making a small
phase-space adjustment to the )M.

+ fraction to be able to use it as an e+
fraction; hence the "e+." In fact, some of the e+ measurements already
use p,+ events in this way.

[ii] E indicates e or p mode, not sum over modes.

[11'] 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 Full Listings.

[kk] The two experiments determining this ratio are in serious disagreement.
See the Full Listings.

[/I] This mode is not a useful test for a INC=1 weak neutral current because
both quarks must change flavor in this decay.

[mm] The Dpt-Dpz limits are inferred fram the limit on Dp ~ ~D ~ K+n .
[nn) See the "Note on Semileptonic Decays of D and B Mesons" in the D+

Full Listings for a comparison of inclusive and summed-inclusive branch-
ing fractions.

[oo] The limit on {K"(892)n) p+ v„just belaw is much stronger.

[pp] For naw, we average together measurements of the de+vs and du+ v&
branching fractions.

[qq] This branching fraction is calculated from appropriate fractions of the
next three branching fractions.

[rr] For admixture of B hadrons at LEP and Tevatron energies.

[ss) These values are model dependent. See note on "Semileptonic Decays"
in the B+ Full Listings.

[tt] D" stands for the sum of the D(1 P&), D(1 Pp), D{1 Pt), D(1 Pz},
D(2 Sp), and D(2 'St) resonances.

[uu] Bp, B+Bpand B bar, yon ,states not separated.

[vvj B, B+, and B not separated.

[ww) Derived from measurements of Xu and of Ikm&p times B mean life.

[xx] includes ppx+x p and excludes pprI, pprv, pprl'.

[yy) JPC known by production in e+e via single photon annihilation. I
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.

[zz] Spectroscopic labeling for these states is theoretical, pending experimen-
tal information.
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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 J given is preferred, but needs confirmation.

ox0
~ 'g

~ p(770)
~ ~(782)
~ ~'(958)
~ fp(980}
~ ap(980}
~ P(1020)
~ h, (11?O)
~ bt(1235)
~ at(1260)
~ f2(1270)
~ ft(1285)
~ g(1295)
~ fp(1300)
~ 7r(1300)
~ a7(1320)

fp(1370)
ht (1380)
p(1405)

~ ft(1420)
~ ~(1420)

f2(1430)
~ r?(1440)
~ p(1450)
~ ft(1510)

f2(1520)
~ f2(1525)

fo(1525)
~ fp(1590)
~ ur(1600)

X(1600)
f2(1640)

FLAVORED
= 8=0)

LIGHT UN

{S=C

(G(JPC)

1-(o-)
1-(o-')
o'(o-+)
1+(1—-)
0 (1 )
p+(p —+)
0+(0+ +)
1 (0+ +)
o
—

(1
—-)

o-(1+-)
1+(1+-)
1 (1++)
0+(2+ +)
P+(1+ +)
o+(o —+)
p+(0 + +)

(o
—+)

1
—(2+ +)

0+(p + +)
'-(1 )
1 (1 +)
P+(1+ +)
o
—

(1
——

)
P+(2++)
o+(o —+)
1+(1—-)
P+(1+ +)
P+(2+ +)
P+(2+ +)
p+(p++)
p+(p++)
0-(1- -)
2+(2+ +)
0+(2+ +)

IG(JPC)

o-(3- -)
1 (2 +)
o(1 )
1+(3 )
1+(1—-)
even+(? +)
0+(even + +)
0+(even + +)
o+(o -+)
1-(o-+)

+)
P+(2 + +)
1 ('+)
o(3 )
0+(2 +)
p+(7. +)
0+(even + +)
0+(2+ +)
1
—(4+ +)

1-(3++)
p+(4+ +)
1 (2 +)
0+(2 + +)
1+(1 )
? (even + +)
1+(1—-)
p+(4+ +)
o+(0 —+)
1(3 )
P+(2+ +)
p+(4+ +)
0+(2+ +)
1+(5 —-)
1
—(6+ +)

0+(6 + +)
? ~ (7 ~

)

~ ~s(1670)
~ rr2(1670)
~ oi(1680)
~ ps(1690)
~ p(1?00)

X(1700)
~ fJ(1710)

X(1740)
g(1760)
7I (1770)
X(1775)
f2(1810)
X(1830)

~ Ois(1850)

g2(1870)
X(1910)
X(1950)

~ f7(2010)
a4(2040)
as(2050)

~ f4(2050)
7r2(2100)

f2(2150)
p(2150)
X(2200)
p(2210)
f4(2220)

r}(2225)
ps(2250)

~ f2(2300)
f4(2300)

~ f2(2340)

ps(2350)
as(2450)
fs(2510)
X(3250)

OTHER LIGHT UNFLAVORED
(S= C= B=0)

e+e (1100-2200) ? (1 )
N N(1100-3600)
X(1900-3600)

STRANGE
(S= +1, C= 8=0)

i(JP)

1/2(o )
1/2(o-)
1/2(o-)
1/2(o )
1/2(1 )
1/2(1+)
1/2(1+)
1!2(1-)
»2(o+)
1/2(2+)
1/2(o-)
1/2(2 )

1/2(1+)
1/2(1-)
1/2(2 )
1/2(3 )
1/2(2 )
1/2(0 )
1/2(o+)
1/2(2+)
1/2(4+)
1/2(2 )
1/2(3+)
1/2(5-)
1/2(4 )
77(777)

~ K~

~ K
~ K0~

~ KL
~ K*(892)
~ Kt(1270)
~ Kt(1400)
~ K'(1410)
~ Ko(1430)
~ K2(1430)

K(1460)
K2(1580)

Kt (1650)
~ K*(1680)
~ K2(1770)
~ Ks (1780)
~ K2(1820)

K(1830)
Kp(1950)
K2(1980)

~ K4(2045)
K2(2250)

K, (232O)

KB(2380)

K4(2500)
K(3100)

CHARMED
{C= +1}

~ D+

~ OO

~ D*(2007}o
~ D'(2010)+

~ Dt (2420) o

DJ(2440)+
~ D2(2460)

1/2(0 )
1/2(0 )

1/2(1 )

1/2(1 )
1/2(1+)
1/2(' )
1/2(2+)

ok
S

op+5

~ D,t(2536)+
DBJ(2573)

CHARMED, STRANGE
{C=S = +1}

0(0 )
7(7 )

o(1,')
7(7 )

~ BO
5

B,*

~ g, (1S) =
rI, (2980)

~ J/g(1S) =
J/@(3097)

~ Xco(1P) =
X,p(3415)

~ x,t(lP) =
X,t (3510)
h, (1P)

~ x„(1P)=
X,2(3555)
rl, (2S) =
rI, (3590)

~ g(2S) =
t/(3685)

~ @(3770)
~ @(4040)
~ Q(4160)
~ Q(4415)

CC

1/2(0 )
7(7 }

0+(0 —+)

o
—

(1
—-)

Q+(Q + +)

P+(1++)

7 ' (7 ' ~ )
0+(2+ +)

7 (7+)

o-(1 —-)

'(1 )
'(1 )

',(1--)
'(1 )

~ T(1S) =
T(9460)

~ xbp(1P) =
Xpo(9860)

~ xpt(1P) =
Xpt (9890)

~ xp2(lP) =
Xp7(9915)

~ 7(2S) =
T(10023)

~ Xpo(2P) =
XBp(10235)

~ xpt(2P) =
Xpt (10255)

~ xp2(2P) =
Xp2(10270)

~ T(3S) =
T(10355)

~ T(4S) =
T(10580}

~ T(10860)
~ T(11020)

'(1 )

'(o. +)t

77(1+ +)

7?(2+ +)

'(1 )

"(o++)t
77(1+ +)t

7 ~ (2+ +)t

'(1 )

' (1--)

BOTTOM, STRANGE
(S= +1, Ccc 8=0)

~G (JPC )

~ B+
~ BO

~ B*

BOTTOM
(e = +~)

1/2(o
—

)
1/2(0 )
1/2(1-)

NON-qq CANDIDATES

Non-qq Candidates



1217

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 2 baryons (KN resonances).

P
n

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)

p
p
p
D„
S„
D

F
D„
p
p

F
F
D

Sll
Pll

D

G

I

6(1232) P33

LL(1600) Ps3

d(1620) Sag

D(1700) D33

A(1750) Psg

6(1900) Sat
8(1905} Fss

LL(1910) Pat
6(1920) Pss

6(1930) Dss

LL(1940) D33

d(1950) F37

LL(2000) Fss

d(2150) Sat
d(2200) Gs7

d(2300) Hag

d(2350) Dss

d(2390) F37

6(2400) Gag

d(2420) Hs gg

c1(2750) Iz ys

d(2950} Ks ys

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)

Pol

Sol

Dos

Pol

Dos

S01

Pol

Fos

oos

pos

F07

Go7

Fos

Dos

Hoe

p+
go

Z(1385)
Z(1480)
Z(1560)
Z(1580)
Z(1620)
Z(1660)
Z(1670)
Z(1690)
Z(1750)
Z(1770)
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)

p
p
p
p

D„
S
p
D

Sll
P11

Dls

Pll
Fls

Dls
Sll
F17

Fls
P1S

G

=(1530)
:-(1620)
:-(1690)
= (1820)
:-(1950)
=-(2030)
:-(2120)
= (2250)
= (2370)
= (2500)

0
Q(2250)
0(2380)
0(2470)

n+
C

A ~(2625)+
Z, (2455)
Z, (2530)
«+

C—0
C

ao
C

p
p
p

Q

Existence is certain, and properties are at least fairly well 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
(S = 0, I = 1/2)

p, N+ =uud; n, No=udd

f(~ ) = z(k+)

IVlass m = 938.27231 + 0.00028 MeV ~ ]

= 1.0072?6470 6 0.000000012 u

m p/m p
—0.99999998 + 0 00000004

qp + qp /e ( 2 x 10 5

q +q, /e & 1.0x10 z' i"i

Magnetic moment p. = 2.79284739 + 0.00000006 p, N

Electric dipole moment d = (—4 6 6) x 10 zs ecm
Electric polarizability cr = (10.2 6 0.9) x 10 4 fms

Magnetic polarizability p = (4.0 6 0.9) x 10 4 fms

Mean life 7 ) 1.6 x 10zs years (independent of mode)
10st —6x 10 years i'i (modedependent)

For N decays, p and n distinguish proton and neutron partial lifetimes.
See also the "Note on Proton Mean Life Limits" in the Full Listings.

p- e'7
P
n ~ vQ'

e+~~

p e+e+e-
p- e+v+v
p~ e VV

n~ e+e v

n —a p e v
n —+ P+ rLf, v

p p+e+e
p ~ p p p
p~ p, vv
p~ e pp,
n~ 3v

N ~ e+anything
N ~ p, +anything
N ~ e+~oanything

Antilepton + photon{s)
460

& 380

& 24

) 100

Three leptons
& 510

& 81

& 11

& 74

& 47

& 42

) 91
& 190

& 21

& 6

) 0.0005

Inclushe modes
& 0.6 (n, p)
&12(n, p)
& 0.6 (n, p}

90o/o

cool

90o/o

90o

eOo/o

90/o

eoo/o

9O/
90o/

90'/o

90o/o

90o/o

90%
eo%
90o/o

eoo/o

90o/o

90%

469
463
470

469

469
457

469
470

464

458

464

439
463
457

470

p DECAY MODES
Partial mean life
(1030 years) Confidence level

N ~ e+~
N ~ )(c+x
N a ver

p ~ e+r/
P~ P
n a vq
N~ e+p
N —+ @+p
N —+ vp
p —+ e+w

p
n —+ vw
N~ e+K

p e+Ko
p- e+K&

N ~ @+K
p @+Ko

p~pKc
N~ vK
p ~ e+K'(892)e
N ~ v K"(892)

p ~ e+vr+vr

p e+ ~0~0
n e+m

p ~ p+vr+x
p~ p 7r

p, 7c 7r

n e+ Kom-

Antilepton + meson
130 (n), ) 550 (p)
100 (n), ) 270 {p)
100 (n), & 25 (p}
14Q

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 (R), & 120 (p)
64

44

86 {n), & 1OO (p)
52

22 (n), & 20 (p)

Antilepton + mesons

& 21

) 38

) 32

& 17

) 33

) 33

& 18

90%
90%
eo%
eo%
90%
90%

90%
90%

eo%
90%

eo%
90o/

eo%
90%

90%

eo%
eo%

90%

eo%
eo%
90%

90%
90/
90%
90o/

90%

90%
go

n —+

n —+

n~
n~
n —+

n ~

e 7r+

p
e p+

p p
e K+
p K+

lepton + meson

& 65

) 49

& 62

&7
& 32

& 57

90%
90%
90%

90%
90%

p e m+ sr+

n e- ~+~0
p —+ p, x+ x+
n —a p
p ~ e m. +K+
p~ p, m+K+

Lepton + mesons
& 30

& 29

& 17

& 34

& 20

& 5

90%
90%
90o/o

eoo/

90/o

90%

The "partial mean life" limits tabulated here are the limits on ~/BI, where
q. is the total mean life and Bf 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

ha = 2 dinucleon modes

PP~
pn —9

nn~

PP~
pp~
PP~
pn~
pn~
nn~

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 OECAY MODES

The following are

x+ m+

sr+ mo

x+ vr

e+ e+
e-k- @+
p+ k~+

e+v
p +

ve ve

v@ v~

eo%
90%
90%
90%
goo/o

eo%

eo%
90o

eo%
eao/o

90 /o

Partial mean life

(years) Confidence levelp DECAY MODES

95%
95%
95'lo

95%

e5'/.

) 1848

& 554

& 171

& 29

p —+

p
p
p —+

p —+

e
e-~0
e
e

—Ko
e- Kbt

i(~') = 2(2+)

Mass m = 939.56563 6 0.00028 MeV ]']
= 1.008664904 + 0.000000014 u

m„—m p: 1 293318 + 0.000009 Mev
= 0.001388434 6 0.000000009 u

Mean life r = 887.0+ 2.0 s (5 = 1.3)
c~ = 2.659 x 108 km

Magnetic moment p, = —1.9130428 6 0.0000005 p, N

Electric dipole moment d ( 11 x 10 ecm, CL = 95%
Electric polarizability cr = (1.16+a zs) x 10 s fms

Charge q = (—0.4 + 1.1) x 10 z' e
Mean time for nn oscillations ) 1.2 x 108 s, CL = 90% [d]

Decay parameters ~']

pe ve gp/gy ———1.2573 + 0.0028
It A = —0.1127 + 0.0011
Ir 8 = 0.997 + 0.028
Ir a = —0.102 + 0.005
tt

&Ay = (180.07 + 0.18)' ~ ]
II 0 = (-O.6 + 1.4) x 1O-'

I DECAY MODES

pe ve

Fraction (C;/f )

100 o/o

Confidence level

Charge conservation (q) violating mode

q & ex10 eo%pve ve

(Mev/c)

469

459

309
337

837

(Me V/c)
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Baryon Summary Table

N(1440) P11 i(~ ) = '('+) N(1675) ~ l(~ ) =2(Z )

Mass m = 1430 to 1470 (= 1440) MeV

Full width I = 250 to 450 (= 350) MeV

pbe, m = 0.61 GeV/c 4vrh = 31.0 mb

Mass m = 1670 to 1685 (= 1675) MeV

Full width I = 140 to 180 (= 150}MeV

I7ae» = 1.01 GeV/c 47rha = 15.4 mb

N(1440) DECAY MODES

N7r

Nvr7r

Np
N («)7s=o,„,

P'Y

np

Fraction (I ~/I )

60-7O%
30MO %
2O-3O o/.

&8%
5-10 %

0.04M.07 %
o.oo w.o %

p (MeV/c)

397
342

143

t

414
413

N(1675) DECAY MODES

Nx
AK
N~~

Np
O'Y

h ')7

Fraction (I ~/I )

4O-SO%

&1 o/o

sowo o/o

SO-6O%

& 1-3%
O.OOSE).014%
0.07M.11 %

p (MeV/c)

563
209
529
364

t
575
574

N(1520) 013 (IMP) 1(3 ) N{1680}Ftg Iu') = '('+)

Mass m = 1515 to 1530 (= 1520) MeV

Full width C = 110 to 135 (=120) MeV

pbeam = 0.74 GeV/c 4~& = 23.5 mb

Mass m = 1675 to 1690 (- 1680}MeV

Full width I = 120 to 140 (= 130}MeV

Fb,» —1.01 GeV/c 477' = 15.2 mb

N(1520) DECAY MODES

N7r

N+7r
6vr
Np
N(7777)sI=,

„

P'Y

np

Fraction (I;/I )

50-60 %
40-50 %
15-25 %
15-25 %
&8%
0.45-0.53%
0.34-0.48 %

p (MeV/c)

456

410
228

470

470

N(16IO) DECAY MODES

Nx
Nn n.

Lier

Np
N(«)';-o,„,

P'Y
h'Y

Fraction (I ~/C)

6O-7O%

30MO %
S-1S%
3-15 %
S-2O%

0.21&.35 /o

0.02&.04 %

567
532

369

t

578
577

N(1555) S11 i(~ )='(' ) N(1700) ~ l(~ )=k(Z )

Mass m = 1520 to 1555 (= 1535) MeV

Full width I = 100 to 250 (= 150) MeV

pbeam = 0.76 GeV/c 4vrh = 22.5 mb

Mass m = 1650 to 1750 (- 1700) MeV

Full width I = 50 to 150 {-100}MeV

pbeam = 1.05 GeV/c 4+A = 14.5 mb

N(1535) DECAY MODES

N7r

Ng
Nsr7r

Np
N(«) =

Is,„oe
N (1440)7I'

P'Y

h'Y

N{1650) S11

Fraction (I ~/I )

35-55 %
3&55 o/

1-10%

&4%

0.45M.53 %
034 048 o/

l(~ )=2(2 )

p (MeV/c)

467

182

422

242

t

t
481

N(1700) DECAY MODES

Nx
AK
N7rx

Np
P7

Fraction (I I/C')

5-15 %
&3%
8S-9S%
&3S %
~ 0.01%

N(1710) P11 l(~') =,'(&+)

Mass m = 1680 to 1740 (= 1710}MeV

Full width I = 50 to 25D (= 10D} MeV

Fh„~= 1.07 GeV/c 47Iha = 14.2 mb

p (MeV/c)

580
250
547

591

N(1650) DECAY MODES

Nsr
AK
N7rx

Np
N( )';-„',„,
N(1440) 7I.

P'Y

np

Fraction (C;/C)

60-80 %
3-11 %
5—20 %
3 7o/o

4—14%
&4%

0.10-0.18 %
0.03M.18 o/

Mass m = 1640 to 1680 (= 1650) MeV

Full width I = 145 to 190 (= 150) MeV

pbeam = 0.96 GeV/c 47' = 16.4 mb

p (MeV/c)

547

161
511
344

t

147

558
557

N(1710) DECAY MODES

Nx
AK
N7r 7r

Np
N( )s=„,„,

Fraction (I ~/I )

10-20 %
5-25 %
4O-9O %
15WO %
5-25 %
10WO %

N(1720} P13 I(~ ) = 2(2+)

Mass m = 1650 to 1750 {=1720} MeV

Full width I = 100 to 200 {=150) MeV

pbeam = 1.09 GeV/c 4+A = 13.9 mb

p (MeV/c)

587
264

554

393
48

N(1720) DECAY MODES

Nx
AK
Nxx

Np
P'Y

Fraction (I I/I )

10-20 %
1-15%
&70 o/o

7O-SS %
0.01M.06 o/o

p (MeV/c)

594
278
561
104
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Baryon Summary Table

N(2190) 617 l(~ )=p(p ) d(1620) 5'31 I(~ )='(' )

Mass m = 2100 to 2200 (= 2190) MeV

Full width I = 350 to 550 (= 450) MeV

Pbeam = 2.07 GeV/c 4~4 = 6.21 mb

Mass m = 1615 to 1675 (= 1620) MeV

Full width I = 120 to 180 (= 150) MeV

pbe, m
——0.91 GeV/c 4~% = 17.7 mb

N(2190) DECAY MODES

Nn.

Fraction (I;jf )

10-20 o/o

N(&HO) 819 l(~ ) = 2(2+)

Mass m = 2180 to 2310 (= 2220) MeV

Full width I = 320 to 550 (= 400) MeV

pbeam ——2.14 GeV/c 4~A = 5.97 mb

p (MeV/c)

888

4(1520) DECAY MODES

N~
N ~sr

Np
Ny

d(1700}D~

Fraction (f;/I )

20 30 o/

70-80 o/

30&0 o/o

7-25 o/.

0.02&.06 '/o

l(~ )='(' )

p (Mev/c)

526

488

318

538

N(2220) DECAY MODES

N7r

Fraction (I;jl )

10-20 %

p (MeV/c)

905

Mass m = 1670 to 1770 (= 1700) MeV

Full width I = 200 to 400 (= 300) MeV

pb, am
——1.05 GeV jc 4~% = 14.5 mb

N(%50} +9 l(~ )=2(2 )

N(2250} DECAY MODES

Nn.

Fraction (Cf jl )

5-15 %

Mass m = 2170 to 2310 (= 2250) MeV

Full width I = 290 to 470 (= 400) MeV

Pb„m = 2.21 GeV/c 4nh = 5.74 mb

p (MeV/c)

923

4(1700) DECAY MODES

Nn
Nun.

Np
Np

4(1900) Sg

Fraction (l f/f )

10-20 %
80WO %
30&0 %
30-55 %
0 16M 28 o/o

p (MeV/c)

580
547

385

591

N(2600} Ig 11, ~(gp) 1(11—
)

Mass m = 2550 to 2750 (= 2600) MeV

Full width I = 500 to 800 (= 650) MeV

pb„m —3.12 GeV/c 4nW = 3.86 mb 4(1900) DECAY MODES

Nx

Fraction {f;/I )

10-30 %

Mass m = %850 to 1950 {=1900) MeV

Full width I = 140 to 240 (- 200) MeV

pbeam = 1.44 GeV/c 4~%2 = 9.71 mb

p (MeV/c)

710
N(RQS) DECAY MODES

Nx

Fraction (CI/I )

5-10 /o

p (MeV/c)

1126
A(1905} F88 l(~') = &(&+)

B(1232) P33 l(~') = &(&+)

Mass m = 1230 to 1234 (= 1232) MeV

Full width I = 115 to 125 (= 120) MeV

pbeam = 0.30 GeV/c 4+A = 94.8 mb

4(1232) DECAY MODES

N+
Np

Fraction (I I/I )

&99%
0.55M.61 %

4 BARYONS
(S = 0, I = 3/2)

8++ = uuu, 8+ =uud, 8 =udd, 8 =ddd

p (MeV/c)

227

259

Mass m = 1870 to 1920 (= 1905) MeV

Full width I = 280 to 440 (= 350) MeV

pq„=1.45 GeV/c 4sl = 9.62 mb

4(190$) DECAY MODES

Nn
N7r vr

c5 7r

Np
Np

Fraction (I I/I )

S-1S %
SS-9S o/

(25 o/o

)60 /o

0 01M 04 o/o

d(1910) P31 l(~') = &(&+)

Mass m = 1870 to 1920 (= 1910) MeV

Full width I = 190 to 270 (= 250) MeV

pbeam ——1.46 GeV/c 4' = 9.54 mb

p (MeV/c)

713
687
542

421

721

4(1600}P83 iu') = &(&+)

Mass m = 1550 to 1700 (= 1600) MeV

Full width l = 250 to 450 (= 350) MeV

pbeam = 0.87 GeV/c 4+4' = 18.6 mb

4(1910)DECAY MODES

Nx

d(1920) P83

Fraction (I f/C)

15-30 %

l(~ ) = 2(2+)

p (MeV/c)

716

4(1500) DECAY MODES

Nm

Nmx

Np
N(1440) ~

PY

Fraction (I I/I )

10-25 /o

75 90 o/

40-70 %
(25 /
10-35 %

0%

p (MeV/c)

512
473

301

74

4(1920) DECAY MODES

Nx

Fraction (I;jf )

5—20 %

Mass m = 1900 to 1970 (= 1920) MeV

Full width I = 150 to 300 (= 200) MeV

pbeam = 1.48 GeV/c 4~% = 9.37 mb

p (MeV/c)

722



1221

Baryon Summary Table

4(1930) Q5 /(J ) = 2'(2 ) A(1520) Q3 /(J ) =0(2 )

Mass m = 1920 to 1970 {~1930) MeV

Fuii width r = 25O to 450 (= 350} MeV

pbeam = 1.50 GeV/c 47' = 9.21 mb

Mass m = 1519.5 + 1.0 MeV ~'~

Full width I = 15.6 + 1.0 MeV ~~j

pe„~= 0.39 GeV/c 4+23 = 82.8 mb

4(1930) DECAY MODES

N~

Fraction (I &/I )

10—20 %

4(1950) F37 /(J') = &(&+)

Mass m = 1940 to 1960 (= 1950) MeV

Full width I = 290 to 350 (= 300) MeV

puca~ = 1.54 GeV/c 4sX = 8.91 mb

p (MeV/c)

729
A(1520) DECAY MODES

NK
E~
Axe.
E~x
Ap

A(1600) P01

Fraction (C;/I )

45 + 1%
42 +1%
10 + 1%
0.9 + 0.1%
08+02%

/(J ) =0(2+)

p (MeV/c)

244

267
252

152

351

4(1950) DECAY MODES

Nx
Nsr~

Np
Np

4(2420) H8, 11

Fraction (I;/I )

35WO %

20-30 %
(10 %
0.1~.15 %

/(JP) 3(11+)

p (MeV/c)

741

716
574

469

749
A(1600) DECAY MODES

NK
Err

Fraction (I;/I )

15-30 %
10-60 %

Mass m = 1560 to 1700 (= 1600) MeV

Full width I = 50 to 250 (- 150) MeV

puca~ = 0.58 GeV/c 4ega = 41,6 mb

p (MeV/c)

343
336

4(2420) DECAY MODES

Nx

Fraction (I ~/I )

5-15 %

A BARYONS
(S= —1, I = O)

Mass m = 2300 to 2500 (- 2420) MeV

Full width I = 300 to 500 (- 400) MeV

puca~ = 2.64 GeV/c 4s23 = 4.68 mb

p (MeV/c)

1023

A(1670) S01 /(J ) = 0(2 )

A(1670) DECAY MODES

NK
Zr
Ag

Fraction (I;/I )

15-25 %
2060%
15-35 %

Mass m = 1660 to 1680 (= 1670) MeV

Full width I = 25 to 50 (-35) MeV

phea~ = 0 74 GeV/C . 4sga = 28.5 mb

p (MeV/c)

414
393

64

AO = uds A(1690) 4)8 /(J ) =0(z )

/(J') = 0(&+)

= 0.642 i 0.013
= (—6.5 6 3.5)

= 076 ~&~

= (8 + 4}' (&I

nO ——+0.65 6 0.05

8A/8~ = —0.718 + O.O15 {ei

nxO

pe ve

Mass m = 1115.684 6 0.006 MeV

Mean life r = (2.632 + 0.020) x 10 s (5 = 1.6}
cr = 7.89 cm

Magnetic moment p = —0.613 6 0.004 p,g
Electric dipole moment d ( 1.5 x 10 ecm, CL = 95%

Decay parameters

px

A(1690) DECAY MODES

NK
Zx
Ann
E~sr

Fraction (I I/I )

20-30 %
20WO %

25%
20%

A(1800) S01 /(JP) —0( )

Mass m = 1720 to 1850 (= 1800) MeV
Full width I = 200 to 400 (= 300) MeV

pb,» ——1.01 GeV/c 4sla = 17.5 mb

Mass m = 1685 to 1695 (= 1690) MeV

Full width I = 50 to 70 (= 60) MeV

pbearn = 0.78 GeV jc 4m% = 26.1 mb

p (MeV/c)

433
409
415
350

A DECAY MODES

np
px
pe ve

pp vp

Fraction (C~/I )

(63.9 +0.5 ) %
(35.8 +0.5 ) %

( 1.75+0.15) x 10

(hj( 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

A(1800) DECAY MODES

NK
En.
X(1385}e
N K"(892)

A(1810) P01

Fraction (I ~/I )

25WO %
seen

seen

seen

/(J') = o(,'+)

p (MeV/c)

528
493
345

t

A(1405) S01 /(J ) =0(2 )

A(14L%) DECAY MODES

Ex
Fraction (I ~/C)

100 %

Mass m = 1407 6 4 MeV
Full width l = 50.0 + 2.0 MeV

Below K N threshold

p (MeV/c)

152

A(1810) DECAY MODES

NK
Ex
K(1385)e
N K'(892)

Fraction (I ~/I )

20WO %
10-40%
seen

30-60%

Mass m = 1750 to 1850 (= 1810) MeV
Full width I = 50 to 250 (= 150) MeV

pbearn = 1.04 GeVt/'c 4+A = 17.0 mb

p (MeV/c)

537
501
356
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A(1820} Fos l(~') = 0(2s+)

Mass m = 1815 to 1825 (= 1820} MeV

Full width f = 70 to 90 (= 80) MeV

pbearn
——1.06 GeV/c 4' = 16.5 mb

Z+ = uus, Zo= uds, Z =dds

Z BARYONS
(S= —1, I = 1)

A(120) DECAY MODES

NK
Zx
Z(1385) rr

Fraction (l I/f )

55Ws o/o

8-14 %
5-10 o/o

A(18M) Pyg I(~ ) =0(Z )

A(1830) DECAY NODES

NK
Zm

Z(1385)rr

Fraction (i I/f )

3-10 %
35-75 %
&15 %

A(1890) Pog f(~ )=0(2 )

Mass m = 1810 to 1830 (- 1830) MeV

Full width I = 60 to 110 (= 95) MeV

plea = 1.08 GeV/c 4rrW = 16.0 mb

p (MeV/c)

545

50S

362

p (MeVtc)

553
515
371

1(~p) —&(~ )

o'0: 0.980 0'0 15
+ 0.017

dp ——(36 + 34)'
~o = 0.16 ~&I

hp —(187 + 6)o Isl

a+ ——0.068 + 0.013
——(167+ 20)0 (S = 1.1)
~+ —-0.97 ~&j

73+ 133)o [sl

ct~ ———0.76 k 0.08

Mass m = 1189.37 + 0.07 MeV (S = 2.2)
Mean life r = (0.799 6 0.004) x 10 'P s

cr = 2.396 cm

Magnetic moment rr = 2.458 + 0.010 pN (S = 2.1)
f(Z+ ~ nf+v)/I (Z ~ nf v) ( 0.043

Decay parameters

p~o

A(1NO) DECAY NODES

NK
Zm

Z(1385) rr

N K'(892)

Fraction (l I/f )

20-35 %
3-1O %

seen

A(2100) 607 f(~ ) =0(2 )

Mass m = 1850 to 1910 {=18g0) MeV

Full width I = 60 to 200 (= 100) MeV

pbearn ——1.21 GeV/c 4nA = 13.6 mb

p (MeV/c)

599
559
420

233 ne+ v,
np+v„
pe+ e

hS= hQ
hS= 1 veak

Sq
Sq
SS

Z+ DECAY MODES

ply
n~+
p&
nn+p
Ae+ ve

Fraction (I ~/I )
p

Confidence level (MeV/c)

189
185

225

185
71

5

3.0
x 10 6

x 10

x 1O-6

90'/0

9O%

224

202

225

(51.57+0 30) o/o

(48 30+0 30) /o

( 1.25+0.07) x 10

[h] ( 4.5 +0.5 ) x 10 4

( 2.0 +0.5 ) x 10

(SQ) violating modes or
nesltral cunent ($1) modes

A(2100) DECAY MODES

NK
Zx
Ag
:-K
Ace

N K'(892)

Fraction (f I /f )

25-35 %
5%

(3 /o

(3 o/o

(8%
10-20 %

Mass m = 2090 to 2110 (= 2100) MeV

Full width I = 100 to 250 (-200) MeV

pbearn ——1.68 GeV/c 4~4 = 8.68 mb

p (MeV/c)

751

704

617
483

443

514
d DECAY MODES

p
Fraction (f;/i) Confidence level (MeV/c}

I(~') = 1(,'+)

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&, —4.88 + 0.08 MeV (S = 1.2)
m&o —mq = 76 87 + 0 08 MeV (S = 1 2}
Mean life ~ = (74 + 07) x 10 s

cr =2.22x10 m

Transition magnetic moment ~p~n~ = 1.61 + 0.08 pN

A(2110} Fog l(~ ) =0(y+)

Mass m = 20g0 to 2140 (= 2110}MeV

Full width I = 150 to 250 (=200) MeV

pbearn
——1.70 GeV/c 4~% = 8.53 mb

100 %
3 '/o

P] 5 x 10

1(~') = 1(&')

90'ro

A(2110) DECAY MODES

NK
Z~
Ace

Z(1385)rr

N K'(892)

Fraction (I f/I )

5-25 %
10MO o/o

seen

seen

10-60 %

A(2350) Hog l(JP) = 0(,'+)

A(~) DECAY MODES

NK
Zx

Fraction (I;/f )

12%
10%

Mass m = 2340 to 2370 (= 2350) MeV

Full width I = 100 to 250 (= 150) MeV

pbearn = 2.29 GeV/c 4+A = 5.85 mb

p (MeV/c)

757

711
455

589
524

p (MeV/c)

915
867

= —0.068 6 0.008
= (10 6 15)

= 0.98 t&~

= (249+ ")' Isl

gA/gl/
—0.340 + 0.017 t ~

f2(0) /fr {0)= 0.97 + 0.14
0 = 0.11 4 0.10

g~/gA = 0.01 ~ 0.10 ~'~ (S = 1.5)
gM/'M/gA

—2.4 6 1.7
Ae ve

Mass m = 1197.436 + 0.033 MeV (S = 1.2)

m~ —m~ ——8.07 + 0.08 MeV (S = 1.9)
m& —mq = 81.752 6 0.034 MeV (S = 1.2)
Mean life r = (1.479 + 0.011) x 10 '0 s (5 = 1.3)

cr = 4.434 cm

Magnetic moment p = —1.160 + 0.025 pg (S = 1.7)

Decay parameters

nm
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E DECAY MODES Fraction (Ci/i ) p (MeV/c) Z(1915) F18 fu') = 1(2s+)

n7r

ne
np VI

Ae ve

(99.848+O.OO5) %

[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 fu') = 1(&+)

(5 = 2.0)
(5 = 1.4)
(S = 2.2)

(5 = 1.7)

Z(1385)+mass m = 1382.8 6 0.4 MeV

Z(1385)o mass m = 1383.7 + 1.0 MeV

Z'(1385) mass m = 1387.2 6 0.5 MeV

Z(1385)+full width I = 35.8 + 0.8 MeV

Z(1385) full width I = 36 + 5 MeV

Z(1385) full width I = 39.4 + 2.1 MeV

Below KN threshold

193
193
230
210

79
E(191S)DECAY MODES

NK
Ax
Zx
Z(1385)s'

Fraction (I I/I )

5-15 %
seen

seen

&5%

Z(1940) ~ fu') = 1(2s-)

Mass m = 1900 to 1950 (- 1940) MeV

Full width I = 150 to 300 (= 220) MeV

fh„»——1.32 GeV/c 4sZa = 12.1 mb

Mass m = 1900 to 1935 (= 1915) MeV

Full width I = 80 to 160 (= 120) MeV

%earn = 1.26 GeV/c 4nA = 12.8 mb

p (MeV/c)

618
622
577
440

E(135) DECAY MODES

An.

Zn.

Fraction (I ~/I )

88+2 %
12j2%

Z(1660) P11 f(i') = 1('+)

Mass m = 1630 to 1690 (- 1660) MeV

Full width I = 40 to 200 (=100) MeV

~e» = 0.72 GeV/c 4s2 = 29.9 mb

p (MeV/c)

208

127

E(1940) DECAY MODES

NK
An

Zn
Z(1385)e
A(1520)s.
d(1232) K
NK'(892)

FraCtiOn (I I/r)

&20 %
seen

seen

seen

seen

seen

seen

p (MeV/c)

637
639
594
460
354
410
320

E(1660) DECAY MODES

NK
n~
Zx

Fraction (I i/f )

10-30 %
seen

seen

p (MeV/c)

405
439
385

Z(2030) F17 f(~') = 1(27+)

Mass m = 2025 to 2040 (= 2030} MeV
Full width I = 150 to 200 (= 180) MeV

pbeam = 1.52 GeV/c 4nh = 9.93 mb

Z(1670) Q3 f(i ) =1(Z )

E(1670) DECAY MODES

NK
A7r

Zn

Fraction (I i/r)

7-13 %
5-15 %
3O-6O %

Mass m = 1665 to 1685 (= 1670} MeV

Full width I = 40 to 80 (=60) MeV

fh, e» = 0.74 GeV/c 4s2a = 28.5 mb

p (MeV/c)

414
447

393

E(2%%) DECAY MODES

NK
An
Zn.
=K
Z(1385}s
A(1520) K

6(1232)K
N K'(892)

Z(2250}

Fraction (I ~/I )

17-23 %
17 23 o/

5-10 %

5-15 %
10-20 %
1O-2O o/

&5%

f(i ) =1(')

p (MeV/c)

702

700

657
412
529
430
498
438

Z(1750) S11 fu') = 1(&-)

E(17M) DECAY MODES

NK
A7r

Zn.
Zg

Fraction (C~/C)

10WO %
seen

&8%
15-55 %

Mass m = 1730 to 1800 (= 1750) MeV

Full width I = 60 to 160 (- 90) MeV

~e,~ = 0.91 GeV/c 4s2a = 20.7 mb

p (MeV/c)

486
507
455
81

E(22SO) DECAY MODES

NK
Ax
En

Fraction (I t/I )

&10 /o

seen

seen

Mass m = 2210 to 2280 (= 2250) MeV

Full width I = 60 to 150 (= 100) MeV

fh,„~= 2.04 GeV/c 4sla = 6.76 mb

p (MeV/c)

851
842

803

Z(1775}~ f(i ) =1(Z )

Mass m = 1770 to 1780 (= 1775}MeV
Full width I = 105 to 135 {=120)MeV

pbeam = 0.96 GeV/c 4~A = 19.0 mb

E(1775) DECAY MODES

NK
An.

Zn.
Z(1385)s'

A(1520) s

Fraction (I i/f )

37M3o

14-20%
2-5'/o

8-12%
17-23%

p (MeV/c)

508
525
474

324

198
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= BARYONS
(5= —2, I= 1/2)

= ASS) — = dSS

:-(1530)P13

=(1530) mass m = 1531.80 k 0.32 MeV

:-(1530) mass m = 1535.0 6 0.6 MeV

=(1530)a full width I = 9.1 + 0.5 MeV

:-(1530) full width I = 9.9+19 MeV

{S= 13)

I(~') = &(,'+)
:-(1530)DECAY MODES

P
Fraction (l;/f) Confidence level (MeV/c)

Ap
go

P 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 ' s

c~ = 8.71 cm

Magnetic moment p, = —1.250 + 0.014 p, ~
Decay parameters

As n. = -0.411 6 0.022 (5 = 2.1)
II $ = (21 6 12)'
II p = 085 ~gl

II 6 = (218+ )' (sl

n = 0.4+0.4
i1 = 0.20 6 0.32

1OO%

&4%

= (1590) i(~') = &(' )

:-(1690)DECAY MODES

AK
ZK

Fraction (l;/I )

seen

seen

possibly seen

Mass m = 1690 + 10 MeV I'l

Full width I & 50 MeV

9Oo/ 200

p (MeV/c)

240
51

214

DECAY MODES
P

Fraction (I;/l ) Confidence level (MeV/c) =(1820) +3 l(i') = &(~&-)

Ay
~o+
Z+e v
Z+ v

Z e+v
Z p, V~

p Ir

pe ve

pp vp,

(99.s4 +o.os) %

( 1.06+0.16) x 10

( 3.5 +0.4 ) x 10
1.1 x 10
1.1 x 10' 3

I5 S = Ckq {Sq}violating modes or
ZLS = 2 forbidden {S2}modes

SQ & 9 x 1O-4

SQ & 9 x 10

52 & 4 x 10

S2 & 13 x 10
52 & 1.3 x 10

I( I ) = '('+)

9O%

9O%

90%

90%

9O%

135
184

117
120

64

112

49

299
323

309

Mass m = 1823 6 5 MeV ~'l

Full width I = 24+10 MeV '

=(1820) DECAY MODES

AK
ZK

=(1530)7r

Fraction (l;/l )

large

smali

small

small

:-(1950) l(i ) = 2('r)

Mass m = 1950 + 15 MeV t'l

Full width I = 60 + 20 MeV ~'l

p (MeV/c)

400

320

413
234

n = —0.456 6 0.014 (5 = 1.8)
4 = (4 6 4)0

~ = 0.89 i&i

6 = (188 6 8)' (s)

8e/tv = —0.25 6 0.05 relAe ve

DECAY MODES
P

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

Ap, v~
Foe- v
Z P, V~

e ve

(99.887+0.035) %

( 1.27 +0.23 ) x 10 4

( 5.63 +0.31 ) x 10 4

( 35 +35 )x10 4—2.2

( 8.7 +1.7 ) x 10
8 x 10

2.3 x 10

9O%

9O%

139
118
190

163

122

70

P is not yet measured; + is the quark model prediction.

Mass m = 1321.32 + 0.13 MeV

Mean life 7. = (1.639 + 0.015) x 10 s

c~ = 4.91 cm

Magnetic moment p, = —0.6507 + 0.0025 pN

Decay parameters

Avr-

=(1950) DECAY MODES

AK
ZK

Fraction (I |/l )

seen

possibly seen

seen

=(2030) i(JP) = I() s
)

:-(2030) DECAY MODES

AK
ZK

=(1530)x
AKx
ZK7r

Fraction (I;/l )

20%
80%

small

srn all

sm all

small

Mass m = 2025 + 5 MeV i'l

Full width l = 20+ 5 MeV I'l

p (MeV/c)

522

460

518

p (MeV/c)

589
533
573
421

501

430

Oe ve
np v&

P 'll 7f

px e ve

p ir p v~

pp

6S = 2 forbidden {S2}
52 & 19
52 & 32
52 & 15
52 & 4

52 & 4

52 & 4

L & 4

modes
x 10

x 10

x10 4

x 10 4

x 10

x 10 4

90
90%
90%

90%
9Oo/.

90%

90%

303
327

314

223

304
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Q BARYONS
(5= —3, I= 0)

0 = sss

0 DECAY MODES

AK

= (1530)on'

p
Fraction (I ~/I ) Confidence level (MeV/c)

(67.8+0.7) %
(23.6+0.7) %

( 8.6+0.4) %

( 4.3+1'3) x 10

( 6.4+5') x 1O-4

( 5.6+2.8) x 1O-3

2.2 x 10 90%

211
294

290

190

17

319
314

hS = 2 ibfbldden (S2) modes
S2 ( 1.9 x 10 9O%

Q(~%) f(~ ) =o(")
Mass m = 2252 6 9 MeV

Full width I = 55 + 18 MeV

Q(~"0) DECAY MODES

=-~+ K-
=(1530)oK

Fraction (I I/I )

seen

p (MeV/c)

531
437

CHARMED BARYONS
(C=+ 1)

f(~ ) =0(2+)

J is not yet measured; &+ is the quark model prediction.

Mass m = 1672.45 6 0.29 MeV

Mean life r = (0.822 + 0.012}x 10 I s
c7. = 2.46 cm

Magnetic moment p, = —).94 6 0.22 p, hI

Decay parameters

AK n = —0.026 6 0.026
e = 0.09 + 0.14
a = 0.05 6 0.21

pK-~+~0
pK'(892} rr+

p(K rr )nonrenonnnt rr

r5(1232) K'(892)
pK m+~+~
pK- m+ moro

p K- sr+

~ozone-0

seen

( 3.2 + 0.7) %
seen

(10 + 7 )x10
( 7.0+ 3.5) x 10

( 4.4+ 2.S) x1O—3

pe+ x
p fp(980)

pm+x+x n

pK+K
p4

n~+
A~+~0

Apo
A~+~+~-
Xo~+
V~+~0
D~+~+~-
Z+~0
E+~+~-

g+ po
z-~+~+
Z+x+x-xo

Z+or
z+~+~+~-~-
g+K+K

Q+ P
Z+ K+�-
-~o
=- K+~+

= (1530)oK+

p anything

p anything (no A)
n anything

n anything (no A}
A anything
Z+ anything
e+ anything

p e+ anything
A e+ anything
A p,

+ anything

Hadronk modes with a
( 7.9+
( 3.2+

4

( 2.7+
( 8.7+
( 1.6+
( 9.2+
( 8.7+
( 3.0+

1.2

( 1.6+

hyperon
1.8) x 10
O.9) %

0.6) %
2.0) x 10
0.6) %
3.3) x 10
2.2) x 10
o.6) o/

O.6) %

[k] ( 2.4+ O.7) %

( 2.6 1'8) x 10

( 3,1+ 0.8) x 10

[k] ( 3.0+ 1.3) x 10

( s7+ 53) 1o—3

( 3.4~ O.9) x 1O-3

( 3.8+ 1.2) x 10

fk] ( 2.3+ 0.9) x 10

Inclusive modes
(so +16 )%
(12 +19 ) %

(50 +16 ) %
(29 +17 )%
(35 +11 ) %

[I] (1o + s )%
4 5 y 1 7) o/

( 1.8+ 0.9) %

( 1.4+ 0.5) %
lsd 09)

CL=95%

CL=95%

S=1.4

Kadronlc modes with a p and zero or two K'I

( 3.0+ 1.6) x 10

[k] ( 2.4k 1.6) x 10

( 1.6+ 1.0) x 10

( 3.0+ 1.1) x 10

[k] & 1.7 x 10-3 CL=90%

758
579
758
417
670
676
573

926
621
851
615
589

863
843
639
806
824
802
762

826
803
579
798
569
569

707

346
292

668

652
564
471

A+ = udc, Z++ = uuc, Z+ = udc, Z = ddc,c ' c ' c ~ c
=+ = usc, = = dsc, 0 =ssc-c ' -c ' c Ae(2625)+ l =0

n+
C f(")= 0(&+)

J not confirmed; ~ is the quark model prediction.

Mass m = 2285.1 6 0.6 IVleV

Mean life r = (0.200+a o~o) x 10 ta s
er = 60.0 p,m

Decay asymmetry parameteri

Avr+ n = —1.03 4 0.29
ne+~, ~ = -0.89+'"

il (KK)+ DECAY MODES

A+++w-
c
Zn(2455)++ rr +

Zn(2455}err+
A+ n.+~ nonresonantc

Fraction (I I/I )

seen

seen

seen

Mass m = 2625.6 + 0.8 MeV

m —m„+——340.6 6 0.6 MeV
C

Full width i & 3.2 MeV, CL = 90%

p (MeV/c)

182

99

182

A+ DECAY MODES
Scale factor/ p

Fraction (I I/r ) Confidence level (MeV/c)
Ze(2455) f(~ ) =1('+)

p~K

pK x+
p K'(892}o
LL(1232)++K

A{1520}n +

p K ~+ nonresonant

p~K x+ x

Hadronlc modes with a p and one K
( 2.1+ 0.4) %

( 441 0 6) o/0

[k] ( 1.6+ 0.4) %
(7 +4 )x1O—3

[k] ( 39+ ) x lo

( 2.4+ ' )%
( 2.4 + 0.8) % S=1.3

872
822

681
709

822

753

Zc{245S~ DECAY MODES

A+~c

Fraction (I ~/f )

100 4/y

J not confirmed; ~+ is the quark model prediction.

Zn{2455)++mass m = 2453.1 6 0.6 MeV

Zc(2455)+ mass m = 2453.8 + 0.9 MeV

Zn(2455) mass m = 2452.4 + 0.7 MeV (5 = 1.1)

p (MeV/c)

91
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f(~ ) = '('+)

l(J ) not confirmed; &t(&t+) is the quark model prediction.

Mass m = 2465.1 + 1.6 MeV

Mean life r = (0 35+ '

4) x 10 t s

cT = 106 pm

=+ DECAY MODES

AK- ~+~+
Z+ K- ~+
Z0K- ~+~+

x+ n'+

Fraction (I;/I )

seen

seen

seen

seen

p (MeY/c)

785

808

733

850

f(i ) = z(z+)

l(i ) not confirmed; &t(&t+) is the quark model prediction.

Mass m = 2470.3 + 1.8 MeV (S = 1.3)
m, —m +

—5.2 6 2.2 MeV (S = 1.1)
C

Mean life r = (0.098+no ots) x 10 ta s
c7. = 29 pm

A few branching ratios but no absolute branching fractions have been
measured.

~ DECAY MODES

e+ anything
+

vr+ r+ 7r

p K K*(892)o
0 K+

Fraction (I;/I )

[m] seen

seen

seen

seen

seen

p (MeY/c)

875

816
406

522

BO OM (BEAUTY) BARYON
(e= -i)

A =udb

f(~') = 0(&+)

4II DECAY MODES

J/@(1S)A

pD0
A+ 7r+ vrc
Ae-X
A+e x

Fraction (r

seen

seen

seen

seen

1756

2383

2336

l(l ) not yet measured; 0(2+} is the quark model prediction.

Mass m = 5641 6 50 MeV

Mean life r = (1.07+o ts) x 10 ta s

NOTES

This Summary Table only includes established baryons. The Full Listings in-

clude evidence for other baryons. The masses, widths, and branching fractions
for the resonances in this Table are Breit-Wigner parameters. The Full Listings
also give, where available, pole parameters. See, in particular, the Note on N

and B 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 Full Listings review the partial-wave analyses.

When a quantity has "(5 =. . .}"to its right, the error on the quantity has been

enlarged by the "scale factor" S, defined as S = VXa/(iV —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 Full 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 ("f") 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 limit assumes the dominant decay modes are among those inves-

tigated. For antiprotons the best limit, inferred from the observation of
cosmic ray p's is ~ 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 r&/B(p ~ e p) ) 1848 yr.

[d] There is some controversy about whether nuclear physics and model

dependence comphcate the analysis for bound neutrons (from which the
best limit comes). For reactor experiments with free neutrons, the best
limit is & 107 s.

[e] The parametersgA, gv, and gvirM for semileptonic modesare defined by

Br[ rA(gv + g4 rs) + i(gwM/me;) +Av q ]BI a "d O'Air is defi "e'd by

g4/ger = [g4/gv[e'«v. See the "Note on Baryon Decay Parameters"
in the neutron Full Listings.

[f] Time-reversal invariance requires this to be 0' or 180'.

[g] The decay parameters p and d are calculated from a and 4 using

p = V 1 o2 cos4, — tan6 = ——y'1 —a2 sin@.

See the "Note on Baryon Decay Parameters" in the neutron Full Listings.

[h) See the Full Listings for the pion momentum range used in this measure-

ment.

[i] The error given here is only an educated guess, It is larger than the error
on the weighted average of the published values.

[j] A theoretical value using QED.

[k] The branching fraction includes all the decay modes of the final-state
resonance.

[/] The value is for the sum of the charge states indicated.

[m] e indicates e or p mode, not sum over modes.
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Searches Summary Table

SEARCHES FOR
FREE QUARKS, MONOPOLES,

SUPERSYMMETRY,
COMPOSITENESS, etc.

Free Quark Searches

All searches since 1977 have had negative results.

Magnetic Monopole Searches

Isolated candidate events have not been confirmed. Most experiments
obtain negative results.

Supersymmetric Particle Searches

[if m~ = 0]
[if m~ & 5 GeV]

[if m& & 41 GeV]
1

p —scalar muon (smuon)

Mass m & 45 GeV, CL = 95% [if m& & 41 GeV]
1

[if m& ( 38 GeV]
1

r —scalar tau {stau}
Mass m & 45 GeV, CL = 95%

q —scalar quark (squark}

These limits include the effects of cascade decay, for a partic-
ular choice of parameters, p,=—250 GeV, tanP=2. The limits
are weakly sensitive to these parameters over much of pararn-
eter space. Limits assume GUT relations between gaugino
masses and the gauge coupling; in particular that for ]p] not
small, m& = m&/6.

1

Mass m & 90 GeV, CL = 90% [any ms &410 GeV]
Mass m & 218 GeV, CL = 90% [if m- = m-]s

g —gluino

There is some controversy about a low-mass window (1 &
ms & 4 GeV). Several experiments cast doubt on the exis-

tence of this window.

These limits include the effects of cascade decay, for a partic-
ular choice of parameters, p= —250 GeV, tanP=2. The limits
are weakly sensitive to these parameters over much of param-
eter space. Limits assume GUT relations between gaugino
masses and the gauge coupling; in particular that for ]p] not
small, m& - m&/7.

1

Mass m & 100 GeV, CL = 90% [any me]
Mass m & 218 GeV, CL = 90% [if m-„& ms]

Limits are based on the Minimal Supersymmetric Standard Model.

Assumptions include: 1) A'o~ (or p) is lightest supersymmetric particle;

2) R-parity is conserved; 3) mr ——mr, and all scalar quarks (except tL
L R

and tn) are degenerate in mass.

See the Full Listings for a Note giving details of supersymmetry.

P, —neutralinos (mixtures of p, Zo, and Hor)

Mass m~ & 15 GeV, CL = 90'/o [if mr ——100 GeV

(from cosmology)]
Mass m& & 18 GeV, CL = 90% [GUT relations assumed]

1

Mass m& & 45 GeV, CL = 95% [GUT relations assumed]
2

Mass m& & 70 GeV, CL = 95% [GUT relations assumed]
3

Mass m& & 108 GeV, CL = 95% [GUT relations assumed]
4

A:i+ —charginos (mixtures of W+ and Hi )
Mass m-o & 45 GeV, CL = 95% [all m&)

1 1
Mass mAo & 99 GeV, CL = 95% [GUT relations assumed]

2
v —scalar neutrino {sneutrino)

Mass m & 37.1 GeV, CL = 95'/o [one flavor]

Mass m & 41.8 GeV, CL = 95% [three degenerate flavors)
e —scalar electron (selectron}

Mass m & 65 GeV, CL = 95%
Mass m & 50 GeV, CL =-95%
Mass m & 45 GeV, CL = 95%

Seardtes for Quark and

Lepton Compositeness

Scale Llmltl A for Contact lnteracthns
{the lo

—~ dlmenslonel interectbns with four fermkms}

If the Lagrangian has the form

2A2 ~L~P~L~L~ pgi

(with ga/4or set equal to 1},then we define A
—= A+zz. For the

full definitions and for other forms, see the Note in the Listings
on Searches for Quark and Lepton Compositeness in the full Re-
view' and the original literature.

At+t(eeee) & 1.6 TeV, CL = 95%

Act(eeee} & 3.6 TeV, CL = 95'/o

At+t(eerop) & 2.6 TeV, CL = 95%

Act(eerop) & 1.9 TeV, CL = 95%

At+t(eerr) & 1.9 TeV, CL = 95%

AtL(eerr) & 2.9 TeV, CL = 95%

At+t(tttt) & 3.5 TeV, CL = 95%

AtL(tttt) & 2.8 TeV, CL = 95%

A+tt(eeqq) & 1.7 TeV, CL = 95%

AtL(eeqq) & 2.2 TeV, CL = 95%

At+L(foroqq} & 1.4 TeV, CL = 95'/o

Act(pfoqq) & 1.6 TeV, CL = 95%

Atn(v„vo pe) & 3.1 TeV, CL = 90%

Att(qqqq) & 1.4TeV, CL = 95%

Excited Leptons

(from e'+e' )
(if Az & 1)

(if A~ = 1)

p'+ —excited muon

Mass m & 46.1 GeV, CL = 95%
Mass m & 91 GeV, CL = 95%

(from p'+fo' }
(if Az & 1)

r*+ —excited

Mass m &

Mass m &

tau

46.0 GeV, CL = 95% {from r'+r' )
90 GeV, CL = 95% (if Az & 0.18)

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 & 540 GeV, CL = 95%

Color Sextet and Octet Partldes

Color Sextet Quarks (qs)
Mass m & 84 GeV, CL = 95%

Color Octet Charged Leptons (ta)
Mass m & 86 GeV, CL = 95%

Color Octet Neutrinos (ve)
Mass m & 110 GeV, CL = 90%

(from v* v')
(if Az & 1)

(from q'q )
(if Az & 1)

(p p q'x)

{Stable qs}

(Stable Ee)

(va ~ vg)

The limits from E'+E' do not depend on A (where A is the
tt' transition coupling}. The A-dependent limits assume chiral
coupling, except for the third limit for e' which is for nonchiral
coupling. For chiral coupiing, this limit corresponds to A~ = v/2.

e'+ —excited electron

Mass m & 46.1 GeV, CL = 95%
Mass m & 91 GeV, CL = 95%
Mass m & 127 GeV, CL = 95%
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Tests of Conservation Laws

TESTS OF CONSERVATION LAVVS

Revised by L. Wolfenstein and T.G. Trippe, 3une 1994.

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
Properties, 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 Full Listings in the Renie~. A discussion of these tests
follows.

C'I T 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 limit—0
on the mass difI'erence between K and K . Any such difference

contributes to the CP-violating parameter f. Assuming CPT
invariance, gi„the phase of e should be very close to 44'. (See
the "Note on CP Violation in K&P Decay" in the Full Listings. )
In contrast, if the entire source of CP violation in K decays

were a Kp —K mass difference, p, would be 44' + 90'. It is

possible to deduce that [1]

2(mao —mao) ]rf] (s4'+- + supp —4 )
at-w —mgp ~

sin P,

Using our best values of the CP-violation parameters, we get

](m o —m~o)/mao] & 10 (CL = 90%). Limits can also be
K

placed on specific CPT-violating decay amplitudes. Given the
small value of (1 —]rfpp/rf+ ]), the value of gipp —p+ provides

a measure of CPT violation in KL —+ 2x 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+, goo, and the semileptonic decay

charge asymmetry for K1„e.g. , ]rf+ ]

= ]A(KI, 7r+7r )/A(K~
~ z+z. )] = (2.269+ 0.023) x 10 and [I'(Klp ~ z' e+v)—
I'(K&~ —+ z+e v)]/[sum] = (0.333 6 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

processes allowed by the strong or electromagnetic interac-
tions. In class (a) the most sensitive is probably the search

for an electric dipole moment of the neutron, measured to be
& 1.1 x 10 e cm (95% CL). A nonzero value requires both P
and T violation. Class (b) includes the search for C violation in

g decay, believed to be an electromagnetic process, e.g. , as mea-
sured by I (rf ~ y+p zP)/I'(rl —+ all) & 5 x 10, 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 I„muon number

I», and tau number IT. Searches for violations are of the fol-

lowing types:

a) AL = 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 tq~2 & 1.4 x

10 yr (CL=90%) for" Ge.

b) Conversion of one lepton type to another. For

purely leptonic processes, the best limits are on p, ~ f p and

p, ~ 3e, measured as F(y, ~ ep)/I'(p, -+all) & 5 x 10 ~ and
I'(p ~ 3e)/I'(p ~ all) & 1.0 x 10 . 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 I'(p, Ti e Ti)/I'(p. Ti all) & 4 x 10 ~~. Of
special interest is the case in which t,he hadronic flavor also

changes, as in KI, ~ ep and K+ ~ ~+a p, +, measured as
I'(Kl, ep)/I'(Kl. -+ all) & 3.3 x 10 and I'(K+
s'+e p, +)/I'(K+ —& all) & 2.1 x 10 . Limits on the conversion

of w into e or p, are found in v. decay and are much less stringent
than those for p ~ e conversion, e.g. , I'(r —& pp)/I'(r ~ all) &

4.2 x 10 s and I'(r -+ ep)/F(r -+ all) & 1.2 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 I'(p, Ti ~ e+Ca)/
r(& Ti ail) & 9 x Io ".
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, ~ f-:~

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 7r, + v„give measured limits

A(m ) & 0.0083 eV for sin (28) = 1, and sin (28) & 0.14 for

large A(m ), where 8 is the neutrino mixing angle. Searches
for v& ~ v, set limits A(m ) & 0.09 eV for sin (28) = 1, and

sin (28) & 0.0025 for large A(m2). For larger neutrino masses

()) 1 keV), lepton-number violation is searched for by looking

for anomalous decays such as x ~ 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 t,ype.

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 t,ested 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+v)/I'(E+ —+ all) & 5 x 10, and from a detailed

analysis of KI, ~ vrev, which yields the parameter x, measured
to be (Re x, Im x) = (0.006 + 0.018, —0.003 + 0.026). Corre-

sponding rules are AC = EQ 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 Ko —K mixing, which is directly mea-

sured bv m(Ks) —m(KL, ) = (3.510+0.018) x 10 MeV. There
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TESTS OF DISCRETE SPACE-TIME SYMMETRIES

CHARGE CONJUGATION (C)

&)/ total
I ((e+ e )g p ~ 3p)/

I((e+e )~ p ~ 2p)

r((e e )y=l &)/
I((e+e )y 1 3p)

g C-nonconserving decay parameters
Tr+ 7r 7r left-right asymmetry

parameter
++ R R sextant asymmetry

parameter
Tr+ 7r x quadrant asymmetry

parameter

Tr+7r y left-right asymmetry
parameter

7r+ Tr y parameter p (D-wave)

&)/ total
l(g ~ zoe+e )/I total
r(~ ~ ~0~+~—

)/rtotai

&3.1 x 10 CL = 90%

[a] &1 x 10 5, CL = 90%

[a] &1 x 10,CL = 90%

(0.09 + 0.17) x 10

(0.18 6 0.16) x 10

(-0.17 6 0.17) x 10

(0.9 6 0.4) 10

0.05 6 0.06 (S = 1.5)
&5 x 10, CL = 95%

[b] &4 x 10, CL = 90%

[b] &Sx 10 6, CL =90%

PARITY (P)

e electric dipole moment

y, electric dipole moment
T. electric dipole moment

I (p ~ ~+ Tr )/I total
p electric dipole moment

n electric dipole moment

A electric dipole moment

(—0.3 4 0.8) x 10 26 ecm

(3.7 + 3.4) x 10 19 ecm

&5 x 10 ecm, CL = 95%
&1.5 x 10

(—4 4 6) x 10 ecm
&11 x 10 ecm, CL = 95%
&1.5 x 10 ecm, CL = 95%

is now evidence for B —B mixing (hB = 2), with the corre-

sponding mass difference between the eigenstates (mBo —mBO)
H L

= (0.71+0.06) I'a = (3.1+0.4) x 10 s MeV. No evidence ex-

ists for D —D mixing, which is expected to be much smaller
in the Standard Model.
c) Flavor-changing neutral currents. In the Standard
Model the neutral-current interactions do not change fIavor. The
low rate I'(KL, p+p )/I'(Kl. all) = (7.4+0.4) 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 E+ -+ ++vv,
which occurs in the Standard Model only as a second-order weak

process with a branching fraction of (1 to 8) x 10 ~o. The current
limit is I'(K+ ~ s.+vv)/I'(K+ ~ all) & 5.2 x 10 s. Limits for
charm-changing or bottom-changing neutral currents are much

less stringent: I'(Do -+ IJ+p )/I'(Do ~ all) & 1.1 x 10 s and
I'(Bo -+ II+IJ, )/I'(Bo ~ all) & 5.9 x 10 s. One cannot isolate
ffavor-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 FCNC 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.

References
1. R. Carosi et aL, Phys. Lett. B237, 303 (1990).
2. M. Karlsson et al. , Phys. Rev. Lett. 64, 2976 (1990);

L.K. Gibbons et al , Phys. Rev.. Lett. 70, 1199 (1993).

TIME REVERSAL (T}

e electric dipole moment

p, electric dipole moment

ltt decay parameters

transverse e+ polarization normal to
plane of y, spin, e+ momentum

a'/A
P'/A

T. electric dipole moment

Im(lt') in K decay (from transverse p, pol. )p3
lm(() in K 3 decay (from transverse p pol. )p3
p electric dipole moment

n electric dipole moment

n ~ pe v decay parameters

/Ay, phase of gA relative to gy
triple correlation coefficient D

A electric dipole moment

triple correlation coefficient D for Z
ne ve

(—Q.3 + 0.8) x 10 26 ecm

(3.7 + 3.4) x 10 19 ecm

0.007 + 0.023

(O+4) x 1O-3

(2 + 6) x l0
&5 x 10 ecm, CL = 95/o
—0.017 6 0.025

-0.007 + 0.026

(-4 + 6) x 10-23 ecm

&11 x 10 26 ecm CL 9

[c] (180.07 4 0.18)
(-0.5 + 1,4) x 10

&1.5 x 1Q ecm, CL = 95%
0.11 + 0.10

CHARGE CONJUGATION TIMES PARITY (CP)

T weak dipole moment

I (q ~ x+x )/I total
K+ ~ Tr+ Tr+ Tr rate difFerence/average
K+ ~ Tr+~ 7r rate difference/average
K+ ~ Tr+Tr p rate differenCe/aVerage

(g+ —g )/(g++g )««+-.+.+.—
CP-violation parameters in KS decay

Im(g+ p)2 = I (KQS ~ Tr+x

CP-violating) / I (KL ~
~+~-~0)

Im(gpoo)2 I (KQS 3

( )
charge asymmetry j for K ~ ~+~

n+ pl
= IA(KL Tr Tr r)/A(Ks

-+--.)I
4+ —phase of ri+

I (KL ~ R IJ+ IJ )/I total
I (KL z e+e )/rtotal
I (KL ~ R v v)/ total

0 0

[r(DQ K+ K-)-
I (~D K+ K )]/sum

R.(,,0)l

[a (A) + a+(A)] / [a (A) —a+(A)]

&3.7 x 10 ecm, CL = 95%
&1.5 x 10

0 07 y 0 12)o/o

(0.0 + 0.6)%
(O.9 + 3.3)%
(-o.7 + o.5)%

&0.12, CL = 90%

&0.1, CL = 90%

0.0011 + 0.0008

(2.15 + 0.26 + 0.20) x 10

(72 + 23 + 17)o

&0.3, CL = 90%

[d] &5.1 x 10 9, CL = 90%

[d] &4.3 x 10, CL = 90%

[e] &2.2 x 10,CL = 90%

&0 45 CL = 90/o

&0.045

-0.03 j 0.06

charge asymmetry in KZ3 decays

S(~) = [r(~-~+v„)
—r(7r+ y, v~)]/sum

b(e) = [I (x e+ve)
—I (Tr+ e ve)]/Sum

parameters for K ~ 2R decayL

I17ppl = IA(KL 2' ) /

(Ks- 2~ )I

Iq+ I
= IA(KPL ~+~-) /

"( s- «+» )I

6 /E Re(E'/E) = (1 I pop/ri+ -
I )/

P+, phase of g+
ppp, phase of goo

I (KL ~ Tr+ a )/I total
I (KL Tr x )/rtotal

(0.304 4 0.025)%

(0.333 6 0.014)%

(2.259 + 0.023) x 10 3 (S = 1.1)

(2.269 + 0.023) x 10 3 (S = 1.1)

[f] (1.5 + 0.8) x 10 3 (S = 1.8)
(44.3 + 0.8)o

(43.3 + 1.3)
(2.03 + 0.04) x 10 3 (S = 1.2)

(9.14 + 0.34) x 10 4 (S = 1.8)

CHARGE CONJUGATION TIMES PARITY (CP) VIOLATION OBSERVED

Limits are given at the 90% confidence level, while errors are given as +1 standard deviation.
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(m~+ —m~ ) I maverage

+ m -}I average

lq, + + q,- I/e

(:,.—,'-) /"--..
r +/r mean life ratio

+ —} / average

(& + & -}I gaverage

~+ m~- }I average

{ &+ „-}I average

K+ mK- } / average

(r K+ rK-) I raverage
K+ p, + v rate difference/averageP
K+ z+ xo rate difference/average

ImKO m~ I I maverage

phase difference $00 —p+
{mp —mp} / maverage

lqp + qpl/e

(&p l&pl } / l&averagel

n n} I average

(mA mA) / m

( A g} / average

(&g+ II'g- I} / l&laverage

(m —m=+) / maverage

(r =— r:-+}I average

(m &
—my+ ) / m average

—0.002 + 0.007

&4 x 10 CL = 90%

(4x 10

(-0.5 4 2.1) x 10

1.00002 + 0.00008

(2 + 8) x 1O-5

(—2.6 + 1.6) x 10

(2 4 5) x 10 4

(6 + 7) x 10

(—0.6 + 1.8) x 10

(0.11 6 0.09)% (S = 1.2)

(-o.5 + o.4)%

(0.8 4 1.2)%
(9x10 19

(-1.o + 1.o)'
(2 + 4) x 10 8

&2x 10

(-2.6 + 2.9) x 10

(9 + 5) x 1O-5

( —1.0 4 0.9}x 10

0.04 + 0.09

0.014 + 0.015

(1.1 + 2.7) x 10 4

0.02 k 0.18

{0+ 5} x 10 4

TESTS OF NuMSER CONSERVATION UWS

LEPTON FAMILY NUMBER

Lepton family number conservation means separate conservation
ofeach of Le, L&, Lr.

I (Z ~ e+ P+)/f tptal
f (Z ~ e+ r+)/I tptal

}I"total
limit on p ~ e conversion

~(~
—32S ~ e—32S) /
e(p- 32S v 32P4 )P

rr(p Ti e Ti) /
a(gs Ti ~ capture)

limit on muonlum ~ antimuonium
conversion R& GC / GF

ve +gi)I "total

r{p' e r)/rtotal
I (p e e+ e )/Ctotal
r(I" e 2r)/rtotal
r(r e r)/rtptal

&)/rtotal
I (r e ~0}/I total

'}I totai
f (r ~ e K )/I total
C{r ~ p, KQ)/I tptal

i)/ "total
«r - ~ ~)«total

p }I to~a~

p }I total
I (r e K (892) )/l total
I (r p K (892)0)/Ctotal

)I total
f (r ~ e e+ e )/I tota
r{r- —(e~~) )/Ctotai
r(r e u W )/ total
r(r e+ p V )/rtotal

U]

[k]

&6x10, CL = 95%

&1.3 x 10, CL = 95%

&1.9 x 10,CL = 95%

x 10-11 CL —90

&4.3 x 10—12 CL = 90

&0.13, CL = 90%

&1.2 x 10, CL = 9Q%

&4.9 x 10-11 CL = 90%

&1.0 x 1Q-12 CL 904/

(7 2 x 1Q-11, CL = 90%

&1.2 x 10,CL = 90%

&4.2 x 10 6, CL = 90%

&1.4 x 10 4, CL = 90%

&4.4 x 10, CL = 90%

&1.3 x 10,CL = 90%
&1.0 x 10,CL = 90%

&6.3 x 10 5, CL = 90%

&7.3 x 10,CL = 90%

&1.9 x 10 5, CL = 90%

&2.9 x 10,CL = 90%

&3.8 x 10 5, CL = 904/4

&4.5 x 10 5, CL = 90%

&3.4 x 10 5, CL = 904/4

(1.3 x 10,CL = 90%

&2.7 x 10, CL = 90%

&1.9 x 10, CL = 90%

&1.6 x 10, CL = 90%

Limits are given at the 90% confidence level, while errors are given as +1 standard deviation.

r( - (~«} )/rt, t, l

I (r ~ p e+e }/f total

}/ total
I ( Z ~+ n )/f tptal
I (r e+ x+ n. }/I total
C(r- - e- + )/rtotal
f (r ~ p+ x+ n }/Ctotal
C(r p, n+ n }/Ctptal
I {r E ~+ K }/f total
C{r (e~ K), all charged)/I tptal
I (r ~ e e+ K+}/I
f (r ~ e ~+ K }/I total
f {r e 7r K+)/I total
C(r (p,«), all charged)/I tptal
I (r ~ P ~+ K+)/f total
r(r- - ~-~+K-)/r„„i
I (7 ~ P m K+)/I total
C{r e light splnless boson)/Ctotal
I (r P light sPinless boson)/l total
v pscfllatfons. (For other lepton mixing effects

e + e
D(m ) for sin (28) = 1

sln2(28) for "Large" D(m2}

ve ~ vr
D(m2) for sin2{28} 1

sin (28) for "Large" 6(m )

ve ~ vr
sln2 {28) for "Large 8 (m2}

v ~ veP
4(m ) for sin2(28) = 1

sin (28) for "Large" 6(m2)

v~ ~ ve

D(m2) for sin (28) = 1

sin (28) for "Large" h, (m2}

v~(v~) ~ ve(ve)
b(m2) for sin2(28)

sin (28) for "Large" 4(m )

vp ~ vr

m2) for sln2(28)

sin2(28) for "Large" E(m )
v ~ vr

D{m2) for sin (28) = 1

sin2(28) for "Large" Q(m2}
v (v ) ~ vr(vr}

m2) for sln2(28)

sin (28) for "Large" 4(m }
ve + ve

(m2) fpr sin2{28) = 1

sin2(28) fpr "Large ~(m2}

D(m } for sfn (28) = 1

sin (28) for Lh, (m ) = 100eV

V~ + V~

&(m ) for sln2(28) = 1

sin (28) for 190 eV & b, (m }
320 eV2

C(&+ -' &+ve)/rtotai
C(~+ - ~ e+e+»«total
I (~0 - p,+e + e p+)/rtotal
I (K+ p v e+ e+}/l total

( + —&+ e}«total
C(K+ ~ x+ p+ e )/Ctotal
I (K+ a+ P e+)/I total
I (KL e &+)/Ctotai
I (0+ x+ e+ p+)/I total
I (0+ x+ e+ p, )/f tptal
I (0+ ~ ++e p+)/Ctotal
r(0+ - K+e+~-)/r«t
I {0+~ K+e P+)/I total
«0 - &+e+)/Ctotai
I (8+ ~ x+ e+ P }/Ctotal
I (8+ x+ e p+)/I total
C(8+ ~ K+ e+ P, }/Ctptal

[i,k]

[i]

[i,k]

[m]

tn]

[n]

[i]

V]

&2.7 x 10—5 CL 90o/

&1.4 x 10 5, CL = 904/o

&1.7 x 10, CL = 90%

&6,3x 10 5, CL = 90%

&6.0 x 10 5, CL .= 90%

&27x10 5, CL =90%
&3.9 x 10 5, CL = 90%

&3.6 x 10 5, CL = 90%

&1.2 x 10
—4 CL = 90/4

&7.7 x 10 5, CL ——90'/4

&5.8 x 10, CL = 90%

&2.9 x 10, CL = 90%

&5.8 x 10, CL = 90'/4

&7.7 x 10, CL = 90%

&7.7 x 10 5, CL = 90%

&?,7 x 10 5, CL = 90%

&7.7 x 10, CL .= 90%

&3.2 x 10, CL = 95%

&6x 10,CL =95%
Icle decays, see the Full Listings. )

&0.0083 eV2 CL 904/

&0,14, CL = 68%

&9 eV, CL = 90%
&0.12, CL = 90%

&0.7, CL = 904/4

&0.09 eV2, CL = 90%
&2.5 x 10 3, CL = 90%

&0,14eV, CL = 90%

(0,004, CL = 95%

&0.075 eV2, CL = 90%
&3x10 3, CL=90%

&0.9 eV2, CL = 90%
&0.004, CL = 90%

(2.2 eV, CL = 90%
&4,4 x 10 CL = 90%

&15ev2 CL 90/
&8 x 10,C L = 90/4

&2.3 eV

&7 x 1O-2, CL = 9O%

&0.23 or &1500 eY

002 CL = 90

&7 or &1200 eV

&0,02, CL = 90%

&8,0 x 10 3, CL = 904/4

&1.6 x 10 6, CL = 904/4

&1.72 x 10 8, CL = 90%

&2.0 x 10, CL = 90%

&4 x 10,CL = 90%

&2.1 x 10—10, CL = 90%

&7 x 10 9, CL 904/

&3.3 x 10 11 CL = 90%

&3.8 x 10 3, CL = 90%

&3.3 x 10 3, CL = 90/4

&3.3 x 10, CI = 90%

&3.4 x 10 3, CL = 90%

&3.4 x 10 3, CL = 904/4

&1.0 x 10, CL = 90/4

&6.4 x 10 3, CL = 90'/

&6.4 x 10, CL = 90%

(6.4 x 10, CL = 90%



Tests of Conservation Laws

I (B+ ~ K+e y,+)/I total- e+p~)/ total
I (B ~ e+ r+)/I total
I (B ~ p+ r+)/I total

&6.4 x 10,CL = 90%

[i] &5.9 x 10,CL = 90%

[i] &5.3 x 10,CL = 90%

[i] &8.3 x 10,CL = 90%

TOTAL LEPTON NUMBER

limit on p ~ e+ conversion

o(p S ~ e+ Sl') /
n(p 32S v 32P*)

~(p
—127I ~ e+ 127sbo') /

cr(p 127l anything)

o(p Tl ~ e+Ca) /
IT(p Ti ~ capture)

I (T ~ x 7)/I total

( ~ ~ )/ total
p+ )/rtotal

l(r ~ E+x+x )/I total
I (T ~ e+~+x )/I total
I (r e+ ~ ~ )/I total
r(r ~ p+ ~+ ~ )/I total
I (T ~ p 1I 7C )/I total
r(r- s+ ~+ K-)/rtotal
r(r ~ (e~K), all charged)/I total
r(r e+ & K )/I total
r(r ~ (p&K), all charged)/rtotai
I (r -+ P,+~ K )/I total- »)/ total
I (T ~ p1l' )/I total

~ i)/ total
ve ("e)L

aZL(m2) for sln2(2y)

a2sin2(2g) for I arge ~(m2)

vp ~ (ve )g
all, (m ) for sin (28) = 1

a2sin2(2g) for Large ~(m2)
«+ - P+&e)/ ~o~al

l(K+ ~ n P+e+)/I total
I(K+ ~ n e+e+)/I total
I (K+ ~ x p+ p+)/I total
I (K+ p+Pe)/I total
I (K+ ~ ~ e+ve)/ tota
I (D+ ~ 7r e+e+)/I total
I (D+ ~ ~ p+p+)/I total
I (D+ ~ ~ e+p+)/'I total
I (D+ ~ K e+e+)/I total
I (D+ ~ K p+ p+)/I total
r(D+ ~ K e+ p+)/rtotal
I (B+ ~ ~ e+e+)/rtotal
I (B+ ~ n p+ p+)/I total
I (B+ ~ ~ e+p, +)t'I total
I (B+ ~ K e+e+)/I total

p+ p+)«total
I (B+ ~ K e+P+)/I total

)/ total

9 x 10—10 CL = 90o/

&3 x 10,CL = 90%

&8.9 x 10 1, CL = 90%

&2.8 x 10,CL = 90%

&3.7 x 10,CL = 90%

&1.4 x 10 5, CL = 90%

[i,k] &6.3 x 10,CL = 90%

[i] &6.0 x 10 5, CL = 90%

&1.7 x 10,CL = 90%

[i] &3.9 x 10,CL = 90%

&3.9 x 10 5, CL = 90%

[i,k] &1.2 x 10,CL = 90%

&7.7 x 10,CL = 90%

&2.0 x 1O-, CL = 9O%

&7.7 x 10,CL = 90%

&4.0 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 eV CL = 90%
&0.032, CL = 90%

&0.16 eV CL = 90%
&0.001, CL = 90%

[n] &1.5 x 10 3, CL = 90%

&7x10 9, CL =90%
&1.0 x 10,CL = 90%

&1.5 x 10 4, CL = 90%

[n] &3.3 x 10 3, CL = 90%

[n] &3 x 10,CL = 90%

&4.8 x 10 3, CL = 90%

&6.8 x 10, CL = 90%

&3.7 x 10, CL = 90%

&9.1 x 10, CL = 90%

&4.3 x 10,CL = 90%

&4.0 x 10 3, CL = 90%

&3.9 x 10 3, CL = 90%

&9.1 x 10 3, CL = 90%

&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%

&4 x 10,CL = 90%

Violation of total lepton number conservation also implies violation
of lepton family number conservation.

BARYON NUMBER

p7)/ total
I (T ~ px )/I total- p&)/ total
p mean IIfe

A few examples of proton or bound neutron decay
decay channels, see the Baryon Summary Table.

T(N e+ x)

7(N p+n)

T(N ~ e+ K)

r(N p,+ K)

mean time for nn transition in vacuum

&2.9 x 10,CL = 90%

&6.6 x 10,CL = 90%

&1.30 x 10,CL = 90%

&1.6 x 1025 y

follow. For limits on many other nucleon

& 130 (n), & 550 (p) x 10 years,
CL = 90%

& 100 (n), & 270 (p) x 10 years,
CL = 9O%

& 1.3 (n), & 150 (p) x 10 years,
CL = 90%

& 1.1 (n), & 120 (p) x 10 years,
CL = 9O%

[o] &1.2 x 10 s, CL = 90%

ELECTRIC CHARGE (Q)

e mean life / branching fraction

I (n ~ P ve ve)/I total

[p] &2.7 x 10 yr, CL = 68%
&9 x 10 24, CL = 90%

6S= CLQ RULE

Allowed in second-order weak interactions.

I (K+ ~ x+x+e ve)/I total
I (K+ -+ x+x+P Pp)/I total

x = A(~K -+ n' l+ v)/A(K -+ x C+ v)
real part of x
imaginary part of x

r (z+ ns+ v) /r(Z nz v)
I (Z+ ~ ne+ve)/I total
I (X'+ np+" )/ total

ve)/ total
I (:- —+ Z p+ vp)/rtotai

&1.2 x 10 CL = 90%

&3.0 x 10, CL = 95%

A(hS=-h q)/A(dS=hq)
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%

&9 x 10,CL = 90%

&9 x 10,CL = 90%

bS = 2 FORBIDDEN

Allowed in second-order weak interactions.

r(:-o
r(:-0
r(:-o

I (:-
I (:-
I (=
r(=--
I (=
I(=

)/ total

~e)/rtotal
~ pp vp)/rtOtal

nx )/rtot
"e)/ total

np v )/I total
~ px x )/I total
~ p~ e ve)/ total

"p)/ total- n~-)/r«tai

&4 x 10,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 2, CL = 90%

&4 x 10,CL = 90%

&4 x 10,CL = 90%

&4x10, CL = 90%

&1.9 x 10 4, CL = 90%

LES = 2 VIA MIXING

m 0 —mKp
L 5

m 0
—m

L 5

(p.5333 + p.pp27) x 1p10 il s-1 (S
= 1.2)

(3.510 + 0.018) x 10 12 MeV (S =
1.3)

Allowed in second-order weak interactions, e.g. mixing.

!KC= 2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

0 —m
1 2

r(K+ x (via ~D))/I (K x+)
I (p anything (via ~D))/l (p+ anything)

[q] &20 x 10 Fi s, CL = 90%

&0.0037, CL = 90%

&0.0056, CL = 90%

Limits are given at the 90% confidence level, while errors are given as +1 standard deviation.
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hB= 2 VIA MIXING NOTES

Allowed in second-order weak interactions, e.g. mixing.

Xd

Bp mBp m p
BL

xd —aftkmBo/I Bo

~S
Am p

—m p
—m

5 SH sL

xs +m Bp/r Bp
5 5

0.156 + 0.024

(0.51 6 0.06} x 1012 h s

0.71 4 0.06

0.62 + 0.13

&1.8 x 1012 h, s 1 CL = 95'/0

2 0 CL = 950/0

CLS = 1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

r(K~-
I (K+ -~

r(K+-
I (K05

r(K0-
I (K0~

r(KL--
f(K0 ~

L
I-(KO

L

r(KL —.

r(K0-
L

r(K0
L

r(K0-
L

r(K0L —.
r(K0--

L

I (K0 -~
L

r(K0 —.
L

r(z-t--

.-~ e+e )/itota[
~+ ~' ~ )jrtota[
7T vv)/I total

)j tota[
'+e )jrtotal

e+ e )/I total

}j total

&}j total
e+ e—

)/rtot,
''e &)/rtotai

' »)«tota]
7F + 2r e+ e )/I total

)j"total
e' e e+e )jl tota

)jrtotal
e+ e )/I total

vv)//total
0

P e+ e )jl total

{2.74+ 0.23) x 10

&2.3 x 10 ", CL = 90%

(5.2 x 10 9, CL = 90%

&3.2 x 10, C L = 90%

&1.0 x 10, CL = 90%

&1.1 x 10 6, CL = 90%

(7.4 + 0,4) x 10

(2.8+ 2.8) x 10

&4,1 x 10—11 CL = 90/o

{9.1 + 0.5) x 10—6

[r] (6.6+ 3.2) x 10

(2.5 x 10 CL = 90%

(4,9 x 10—6 CL 900/

[s] (3.9 6 0.7) x 10

&5.1 K 10 9, CL = 90%

(4,3 x 10, CL = 90%

(2.2 x 10, CL = 90%

&7x 10 6

Allowed by higher-order electroweak interactions.

I (0+
r(o+-
r(00
r(o0-
r(D0-
r(oo—

e" e )jl total

)j total' )j totai

)j total
p'e+e )jrtotal

}jrtotai

&25x 10,CL=90%
(2.9 x 10, CL = 90%

(1.3 x 10, CL = 90%

(1 1 x10, CL=90%
&4,5 x 10, CL = 90%

&8 1 x 10—4, CL = 90%

h, C = 1 WEAK NEUTRAL CURRENT FORBIDDEN

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/k'a/(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 Full Listings an ideogram of the measurements.
For more about S, see the Introduction.

[a] Positronium data are from A. P. Mills and S. Berko, Physical Review
Letters 18 420 (1967); and K. Marko and A. Rich, Physical Review
Letters 33 980 (1974). Values for 90% confidence level, are from A. P.
Mills, private communication.

[b] C parity forbids this to occur as a single-photon process.

[c] Time-reversal invariance requires this to be 0' or 180'.

[d] Allowed by higher-order electroweak interactions.

[e[ 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.

[f] r'/» is derived from [rrpp/rr+ measurements using theoretical input on

phases.

[g] Neglecting photon channels. See, e.g. , A. Pais and S.B. Treiman, Phys.
Rev. D12, 2744 (1975).

[h] Derived from measured values of 4+, happ, [rr], r Ko, and [mrco—
S L

mK, [, as described in the introduction to this Table.
S

[i] The value is for the sum of the charge states indicated.

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

[k] f means a sum over e and fc modes.

[/[h(ma) = 100 eV .

[m] 190 eVa & D(m ) ( 320 eV .

[n] Derived from an analysis of neutrino-oscillation experiments.

[o] There is some controversy about whether nuclear physics and model

dependence complicate the analysis for bound neutrons (from which the
best limit comes). For reactor experiments with free neutrons, the best
limit is & 107 s.

[p] This is the best "electron disappearance" limit. The best limit for the
mode e ~ r p is & 2.35 x 10 s

yr (CL=68%).

[q] The Dot-Dao limits are inferred from the limit on Do — Do ~ K+ ir

[r] See the Kz Full Listings for the energy limits used in this measurement.

[s] m, , & 470 MeV.

[t] Bo, B+, and Bo not separated.

LLB = 1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

I (8+ 7T e e }jl total
r{8+- &+~+~ )j'total
I {8+ K+ e+ e )l I tota]
I {8+~ K+ltt+y, )/I tota[
r(B K*(892) e e )/rtotal
r(8 - K*(892)+~ l )/ total
r(b e+ e anything) jl tota]
I (b P+ P anything) jl total
I (8 - e+ e )/I total{8'- ~+~ )j tot. l

I (8 ~ K e+ e )/I total
l(8 K P, P )/ft t I

I (80 K*(892)0e+ )/I total
r(8 K (892) p+ ltg )/rtotal

(3,9 x 10, CL = 90%

&9.1 x 10, CL = 90/0

(6 x 10 5, CL = 900/o

&1.7 x 10, CL = 90%

&6.9 x 10, CL = 90%

(12x10 3, CL =90%
[t] &2.4 x 10 3, CI = 90%

jt] &5.0 x 10,CL: 90~/o

&5.9 K 10 CL = 90%

&5.9 K 10, CL = 90%

&3.0 x 10, CL = 90%

&3.6 x 10, CL = 90%

&2.9 x 10, CL = 90/o

&2.3 x 10, CL = 90%

Limits are given at the 90'/o confidence level, while errors are given as +1 standard deviation.
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17.
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20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

Physical constants (revised)
Astrophysical constants (revised)
Big-bang cosmology (revised)
Dark matter (revised)
International System of units (SI)
Atomic and nuclear properties of materials (revised)
Periodic table of the elements (revised)
Electronic structure of the elements
High-energy colhder parameters (revised)
Passage of particles through matter (revised)
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1.PHYSICAL CONSTANTS
Table 1.1. Reviewed 1993 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 fine-structure constant e, 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 e. 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 1993
Part 2, BG9. In general, the new results give uncertainties for the affected constants that are 5 to 7 times smaller than the 1986 uncertainties,
but the changes in the 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 be incorporated with the 1986 values. Until the next complete adjustment of the constants, the
1986 CODATA set, given (in part) below, remains the set of choice.

Quantity Symbol, equation Value Uncert. (ppm)

speed of light in vacuum
Planck constant
Planck constant, reduced

electron charge magnitude
conversion constant
conversion constant

electron mass

proton mass

deuteron mass
unified atomic mass unit (u)

permittivity of free space
permeability of free space

fine-structure constant
classical electron radius
electron Compton wavelength
Bohr radius (muucieus = oo)
wavelength of 1 eV/c particle
Rydberg energy
Thomson cross section

Bohr magneton
nuclear magneton
electron cyclotron freq. /field

proton cyclotron freq. /field

C

h

h = h/2x

hc

(hc) 2

me

mp

md
(mass C atom)/12 = (1 g)/(Ng mol)

t.'p

po
sppp = 1/c

n = e2/4rrsphc

r, = e2/4xspm, c2

A'e = h, /mec = reci
—1

oeu —4%sph /mee = 'recs2 2= —2

hc/e
hcRue = mee4/2(4xsp) h = mec2ir2/2

o2 = gxre2/3

lip = eh/2me

pN = eh/2m'
ui;„,i/B = e/m,

~,„„/B=./m„

299 792 458 m s
6.626 075 5(40) x10 J s

1.054 572 66(63)x10 34 J s
= 6.582 122 0(20) x10 MeV s

1.602 177 33(49)x10 C = 4.803 206 8(15)x10 esu
197.327 053(59) MeV fm

0.389 379 66(23) GeV2 mbarn

0.510 999 06(15) Me V/c2 = 9.109 389 7(54) x10 kg
938.272 31(28) MeV/c2 = 1.6?2 623 1(10)x10 27 kg
= 1.007 276 470(12) u = 1836.152 701(37) m,

1875.613 39(57) MeV/c
931.494 32(28) MeV/c2 = 1.660 540 2(10)x 10 kg

8.854 187 817.. . x10-12 F m-1

4~ x 10 N A = 12.566 370 614. . . x10 N A

1/137.035 989 5(61)t
2.817 940 92(38)x10 is m

3.861 593 23(35)x10 is m

0.529 177 249(24) x 10 m

1.239 842 44(37)x10 s m

13.605 698 1(40) eV
0.665 246 16(18) barn

5.788 382 63(52)x10 ii MeV T
3.152 451 66(28) x10 i4 MeV T
1.758 819 62(53) x1011 rsd s

—1 T—1

9.578 830 9(29)x107 rad s i T

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

0.045
0.13
0.089
0.045
0.30
0.30
0.27

0.089
0,089
0.30

0.30

gravitational constant +N

standard grav. accel. , sea level g

6.672 59(85)x10 11 m3 kg
—1 s

—2

= 6.707 11(86)x10 hc (GeV/c )
9.806 65 m s

128
128

exact

Avogadro constant
Boltzmann constant

molar volume, ideal gas at STP
Wien displacement law constant
Stefan-Boltzmann constant

Fermi coupling constant~
weak mixing angle
R'+ boson mass
Zo boson mass
strong coupling constant

NA
k

Ngk(273. 15 K)/(101 325 Pa)
& = &mmT
ir = ir2k /60h c

GF/(hc) 3

sin2 e(MZ) (Ms)
mW
mZ
os(mZ)

6.022 136 7(36)x10 mol

1.380 658(12)x10 23 J K
= 8.617 385(73)x 10-' ev K-'

22.414 10(19)x 10 3 ms mol

2.897 756(24)x10 3 m K
5.670 51(19)x10 s W m 2 K 4

1.166 39(2)x10 GeV
0.2319(5)
80.22(26) GeV/c2
91.187(7) GeV/c2
0.116(5)

0.59
8.5
8.4
8.4
8.4

34

20
2200
3200

77
43000

~ = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 p = 0.577 215 664 901 532 861

1 eV = 1.602 177 33(49) x 10 J kT at 300 K = [38.681 49(33)] eV

1 eV/c = 1.782 662 70(54) x 10™Mkg O' C —= 273.15 K

2.997 924 58 x 10 esu = 1 C 1 atmosphere = 760 torr =—101 325 Pa

1 in = 0.0254 m

1 A. =10nm
1 barn = 10 28 m2

1G=10 T
1 dyne—:10 N

1 erg = 10 J
' The meter is defined to be the length of path traveled by light in vacuum in 1/299 792 458 s. See B.W. Petley, Nature 303, 373 (1983).
t At Q2 = 0. At Q2 m2~ the value is approximately 1/128.
~ See discussion. in Sec. 26 "Standard Model of electroweak 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
figures 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

Symbol, equation

C

AU

Jy

ij'hc/Gh

pc

ly

2Glv Mg/c~

Mo
I,o
Ro
Rg
M@

Value

299792458 m s

6.67259(85) x 10 m kg s

1.4959787066(2) x 10ii m

31 556 925.2 s

31558149.8 s

23" 56 04'. 090 53

10 26 Wm 2Hz —1

1.221047(79) x 10 GeV/c
= 2.17671(14) x 10 kg

3.0856775807(4) x 10is 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

6 96 x 108 rn

6.378140 x 10 m

5.973?0(76) x 10 kg

x 1028 x 10—0.4 Mb

Reference

defined [1]

[2]

[3,4]

[3]

[31

[3]

uses [2]

[6]

[7]

[8]

[3]

[9]

[»1

flux conversion

vo around center of Galaxy

solar distance from galactic center

Hubble constant t

o
Ro

Hp

normalized Hubble constant t

critical density of the universe~

hp

pc = 3Hoz /8rrapr

local disk density

local halo density

density parameter of the universet

scaled cosmological constant t

scale factor for cosmological constantt

age of the universet

P disk

P halo

&o =— po/pe

Ao = Acz /3Hz

cs/3Hz

Ophp2

To

number density of CBR photons

entropy density/Boltzmann constant

t Subscript 0 indicates present-day values.

s/k

cosmic background radiation (CBR) temperaturet

solar velocity with respect to CBR
energy density of CBR

(Mg = absolute bolometric magnitude

= bolometric magnitude at 10 pc)
252x10 x10 4~b Wm

(mi, = 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-'
= 1.878 82(24) x 10 h g cm
= 1.05394(13) x 10 s

hzo GeV cm

3—12 x 10 4
g crn —3—7 GeV/c cm

3—7 xlo g cm s —0.2—0.4 GeV/cz cm

01&00&2
—1&Ap&2
2.853 x 10 h m

15(5) Gyr

& 2.4 for tp ) 10 Gyr

& 1 far 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)4 eV cm

410.89 (T/2. 726) cm

2892.4 (T/2. 726)s cm

from above

[12]

[»]
[14,15]

[16]

[17]

[18]

[19,20]

[lo]

[10]

[»]
[21]

[22]

[10]

[1o]

[lo]
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References:
1.
2.

3.

4.
5.
6.

7.

8.

9
10.

11.

12.

13.
14.
15.

16.
17.

18.
19.

20.

21.
22.

23.

24.

25.

26.

27.

28.
29.

B.W. Petley, Nature 303, 373 (1983).
E.R. Cohen and B.N. Taylor, Rev. Mod. Phys. 59, 1121 (1987). The set of constants resulting from this adjustment has been recommended
for international use by CODATA (Committee on Data for Science and Technology).

The Astronomical Almanac for the year 199/, U.S. Government Printing Office, Washington, and Her Majesty s Stationary Office, London
(1993). Where possible, the values as adjusted for the fitting of the ephemerides to all the observational data are used.

JPL Planetary Ephemerides, E. Myles Standish, Jr. , private communication (1989).
1 AU divided by v/648000; quoted error is from the JPL Planetary Ephemerides value of the AU [4].
Heliocentric gravitational constant from Ref. 3 times 2/c . The given 9-place accuracy appears to be consistent with uncertainties in

actually defining the earth's orbital parameters.

Obtained from the heliocentric gravitational constant [3] and G& [2]. The error is the 128 ppm standard deviation quoted for GN.

It is surprisingly difIicult to find a definitive value for this important constant. In all cases, the solar luminosity is calculated as 4x x (1 AU)2
times the solar constant (or total solar irradiance, TSI). The luminosity given is reduced from TSI = 1367.51 + 0.01 W m, obtained
from SMM/ACRIMI spacecraft measurements during the interval 2/80 —6/89 [23]. While the time constant for energy production by the
sun is very long, radiation from the surface might be modulated or otherwise modified by sunspots; this has apparently not been taken
into account. Accordingly, we quote 4-place accuracy. We do not know the actual error, but suppose it might be 5 or 10 in the last place.
Sackmann et aL [24] use TSI = 1370 + 2 W m, but conclude that the solar luminosity (L~ = 3.853 x 10 J s ) has an uncertainty
of 1.5%. Their value is based on three 1977—83 papers, and they comment that the error is based on scatter among the reported values,
which is substantially in excess of that expected from the individual quoted errors. The conclusion of the 1971 review by Thekaekara and
Drummond [25] (1353+ 1%%uo W m 2) is often quoted [26], and a luminosity based on this value was tabulated in the lest two editions of
this Review. The conversion to luminosity is not given in the Thekaekara and Drummond paper, and we cannot exactly reproduce the solar
luminosity given in Ref. 26. Finally, a value based on the 1954 spectral curve due to Johnson [27] (1395+ 1% W m, or Lg = 3.92 x 102

J s i) has been used widely, and may be the basis for higher value of the solar luminosity and corresponding lower value of the solar
absolute bolometric magnitude (4.72) still common in the literature [10].
Obtained from the geocentric gravitational constant [3] and G~ [2]. The error is the 128 ppm standard deviation quoted for G~.
E.W. Kolb and M.S. Turner, The Early Universe, Addison-Wesley (1990).
F.J. Kerr and D. Lynden-Bell, Mon. Not. R. Astr. Soc. 221, 1023—1038 (1985). "On the basis of this review these [Ro ——8.5 + 1.1 kpc and
8&& ——220 + 20 km s i] were adopted by resolution of IAU Commission 33 on 1985 November 21 at Delhi".

M.J. Reid, Annu. Rev. Astron. Astrophys. 31, 345—372 (1993). Note that eo from the 1985 IAU Commission 33 recommendations is

adopted in this review, although the new value for Ro is smaller.

Conversion using length of tropical year.

P.J.E. Peebles, Principles of Physical Cosmology, Princeton University Press (1993.).
Kolb and Turner [10] give the more conservative limits 0.4 & ho & 1. For other conclusions, see the recent reviews by Jacoby et al. [28], who

say "Using the weighted or unweighted Virgo distances to bootstrap to the Coma cluster, we find the Hubble constant to be either 80 + 11
or 73 + 11 km s i Mpc i, respectively, " and Huchra [29], who concludes that "Values are still clustered about two numbers, but these
numbers are now 50 and 85. A preponderance of the newest local estimates favors the higher value of 85 km s Mpc

G. Gilmore, R.F.G. Wyse, and K. Kuijken, Annu. Rev. Astron. Astrophys. 27, 555 (1989).
J.N. Bahcall, M. Schmidt, and R.M. Soneira, Astrophy. J. 265, 730 (1983);
E. Gates and M.S. Turner, Phys. Rev. Lett. 72, 2520 (1994) state that ".. . in plausible CDM models the local CDM density is at least
10 25g cm
The value 0.3 GeV/cS has been taken as "standard" in several papers setting limits on WIMP mass limits, e.g. in M. Mori et al. , Phys.
Lett. B289, 463 (1992).
Tonry gives 0.2 & Op & 2 [19]. We extend the lower limit so as not to exclude the absence of nonbaryonic dark matter.

J. L. Tonry, in Proc Texas/PASC. OS gg: Relativistic Astrophysics and Particle Cosmology, ed. C.W. Akerlof and M. Srednicki (Ann. N. Y.
Aced. Sci. 688, 113 (1993).
S.M. Carroll and W. H. Press, Annu. Rev. Astron. Astrophys. 30, 499 (1992).
J. C. Mather et al. , Astrophy. J. 420, 439 (1994). Error quoted here is 1o.
A. Kogut et al. , Astrophy. J. 419, 1 (1993).
R.C. Willson, pp 5—18 in Atlas of Satellite Observations Related to Global Change, ed. J.L. Foster and C.L. Parkinson, Cambridge University
Press, (1993).
I.-J. Sackmann, A.I. Boothroyd, and K.E. Kraemer, Astrophy. J. 418, 457 (1993).
M.P. Thekaekara and A.J. Drummond, Nature Phys. Sci. 229, 6 (1971).
K.R. Lang, Astrophysical Formulae, Springer-Verlag (1974);
K.R. Lang, Astrophysical Data: Planets and Stars, Springer-Verlag (1992).
F.S. Johnson, J. Meterol. 11, 431 (1954).
G.H. Jacoby et aL, J. Astron. Soc. Pacific 104, 599—662 (1992).
J.P. Huchra, Science 256, 321—325 (1992).
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3.BIG-BANG COSMOLOGY

Revised November 1993 by K.A. Olive.

At early times, and today on a sufficently 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]:

t&
ds2 = dt —R (t) +r (dg +sin Hdqrs)

1 —ter 2

R(t) is a scale factor for distances in comoving coordinates. With
appropriate rescaling of the corrdinates, K can be chosen to be +1,
—1, or 0, corresponding to closed, open, or spatially flat geometries.
Einstein's equations lead to the Friedmann equation

where E is the distance to the source.

Energy conservation implies that

p = -3(RIR)(p+ p):

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 r/R~ in the Friedmann equation can be
neglected at early times when R is small. If the Universe expands
adiabatically, the entropy per comoving volume (—:RSs) 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

i ~ ) 2(R
[

gxGNP r A

(R/ 3 R2 3 ' (3.2)

p, = —N(T)(kT)
30

C3.10)

where N(T) counts the effectively massless degrees of freedom of
bosons and fermions:

as well as to

R A 4' G~

R 3 3 (p+ 3p), (3 3)
N(T) = pgB+ —,pgF

7

B F
(3.11)

r/Ro = Ho (Ap —1), AO = po/pc i (3.4)

and the critical density is deflned as

302
pc= =1.88x10 h gcm8' G~

(3 3)

where H(t) is the Hubble parameter, p is the total mass-energy
density, p is the isotropic pressure, and A is the cosmological constant,
(For limits on A, see the Table of Astrophysical Constants; we will

assume here A = 0.) The Friedmann equation serves to define the
density parameter Ap (subscript 0 indicates present-day values):

For example, for mii & kT & m„N(T) = g& + 7/8(ge + 3g„)=
2+ 7/8 [4+ 3(2)] = 43/4. For mv & kT & mii, N(T) = 57/4. At
temperatures less than about 1 MeV, neutrinos have decoupled from
the thermal background, i.e. , the weak interaction rates are no longer
fast enough compared with the expansion rate to keep neutrinos
in equilibrium with the remaining thermal bath consisting of p, e+.
Furthermore, at temperatures kT & m„by entropy conservation, the
ratio of the neutrino temperature to the photon temperature is given

by (T./T~)' = g~/(g~ + g g.) = 4/»
In the early Universe when p —p„,then R oc 1/R, so that R oc t" i2

and Ht —+ 1/2 as t ~ 0. The time-temperature relationship at very
early times can then be found from the above equations:

with

Hp = 100 ho km s Mpc = hp/(9. 78 Gyr) . (3.6) gv(r) ( tr } (3.12)

Observational bounds give 0.4 & hp & 1. The three curvature
signatures ~ = +1,—1, and 0 correspond to Ap & 1, & 1, and = 1.
Knowledge of Op is even poorer than that of hp. Luminous matter
(stars and associated material) contribute Ai„~& 0.01. There is no
lack of evidence for copious amounts of dark matter: rotation curves of
spiral galaxies, virial estimates of cluster masses, gravitational lensing

by clusters and individual galaxies, and so on. The minimum amount
of dark matter required to explain the flat rotation curves of spiral
galaxies only amounts to Ap ~ 0.1, while estimates for Ap based upon
cluster virial masses suggests Op 0.2 —0.4. The highest estimates
for the mass density come from studies of the peculiar motions of
galaxies (including our own}; estimates for Ao obtained by relating
peculiar velocity measurements to the distribution galaxies within a
few hundred Mpc approach unity. A conservative range for the mass
density is: 0.1 & Ap & 2. The excess of Ap over Oi„m leads to the
inference that most of the matter in the Universe is nonluminous dark
matter.

In an expanding universe, the wavelength of light emitted from a
distant source is shifted towards the red. The redshift z is defined
such that 1+ z is the ratio of the detected wavelength (A) to emitted
(laboratory) wavelength (Ae) of some electromagnetic spectral feature.
It follows from the metric given in Eq. (3.1) that

1+ z = A/A, = Ro/R,

where Re is the value of the scale factor at the time the light was
emitted. For light emitted in the not too distant past, one can expand
Re and write Re Ro+ (te —to)Ro. For small (compared to Ho )
dt = (t, —tp), Eq. (3.7) takes the form of Hubble's law

At later times, since the energy density in radiation falls off as
R 4 and the energy density in non-relativistic matter falls off asR, the Universe eventually became matter dominated. The epoch
of matter-radiation density equality is determined by equating the
matter density at t«, p~ = App, (Ro/R«) to the radiation density,

p„=(x /30)[2 + (21/4)(4/11) / ](kTp) (Ro/R«)4 where Tg is the
present temperature of the microwave background (see below). Solving
for (Rp/R«) = 1+z«gives

zeq + 1 = Aphii/4. 2 x 10 = 2.4 x 10 Aoho, .

kTeq ——5.6 Aphp eV;

t,q = 0.39(ApHci) / (1+z,q}

= 3.2 x 10' (Aoho) sec . (3.13)

Ho
—1

1 —1 1i
1 —Oo+ Apz dx .

Prior to this epoch the density was dominated by radiation
(relativistic particles; see Eq. (3.10)), and at later epochs matter
density dominated. Atoms formed at z 1300, and by zg«1100
the free electron density was low enough that space became essentially
transparent to photons and matter and radiation were decoupled.
These are the photons observed in the microwave background today.

The age of the Universe today, tp, is related to both the Hubble
parameter and the value of Ao (still assuming that A = 0). In the
standard model, tp )) t«and we can write

z Qt— EHp,
Rp

Rp
(3.8)

Constraints on tp yield constraints on the combination Ophp. For
example, tp ) 13 x 10 yr implies that Ophp & 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

Aphid & 0.8 for hp ) 0.5& or Aphid
& 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)/s2)(kTp)S 411 cm s. The energy density
in photons (for which g = 2) is p&

——(s2/15)(kTp)4. 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 = manB
with nB oc R, so that for most of the history of the Universe

ng/s is constant. Today, the entropy density is related to the photon
density by s = (4/3)(s~/30)[2 + (21/4)(4/11)](kTo)s = 70rL&. Big
Bang nucleosynthesis calculations limit rl = ng/nz to 2.8 x 10
rl & 4.0 x 10 . The parameter rt is also related to the portion of 0
in baryons

References:
1. S. Weinberg, Gravitation and Cosmology, John Wiley and Sons

(1972).
2. G, Borner, The Early Universe: Facts and Fiction, Springer-

Verlag (1988).
3. E.W. Kolb and M.S. Turner, The Early Universe, Addison-Wesley

(1990).
4. J.C. Mather et al. , Astrophys. J. 420, 439 (1994). Error quoted

here is 10.

Ag = 3.66 x 10 ri ho (Tp/2. 726 K) (3.15)

so that 0.010 & Op hp & 0.015, and hence the Universe cannot be
closed by baryons.



4. DARK MATTER
Written September 1989 by R. Flores and K.A. Olive. Revised
November 1991 and November 1993.

Table 4.1: Dark Matter Candidates

Type Candidate Possible mass

Hot neutrino
Cold neutralino: photino, Higgsino, or bino
Cold axion

1—10 eV
20—350 GeV
10 5—10 3eV

Regardless of the exact identity of the dark matter (DM), its
kinetic energy at the time when dark-matter domination begins

There is increasing evidence for the existence of large qua. ntities of
dark matter in the Universe. The most direct evidence comes from the
astronomical observation of the motion of visible matter (stars and
regions of neutral hydrogen gas) in galaxies. The observed velocities
due to rotational motion in spiral galaxies are measured to be largely
independent of the distance to the center of these galaxies [1](they are
said to have "flat rotational curves"). In the absence of any unseen
component, we would expect that the velocity falls off with increasing
distance, v2 —G~ M„;,/r In co.ntrast, a flat rotation curve implies
a total mass Mtot —G& v &,r [- 10 Mo (v„b,/200 km s )
(r/10 kpc)] in excess of the visible mass M«, . It can be inferred
from these observations that there exists a dark matter component
distributed in a (roughly) spherical halo about the galaxy. The
dynamics of groups of galaxies and clusters, as well as the presence
of very hot gas in elliptical galaxies require large quantities of unseen
matter as well [2]. More recent observations of hot x-ray emitting
gas in clusters of galaxies [3], and of gravitational lensing of high
redshift background galaxies by foreground clusters [4) (which do not,

require the cluster to be relaxed), also indicate the presence of dark
matter on cluster scales, In addition, theories of cosmological inflation
predict that the density parameter of the Universe At, ot, ——1, whereas
standard Big Bang nucleosynthesis requires IIbs,»„+0.1 [6]. This
implies the existence of nonbaryonic dark matter. Further indirect
evidence comes from our theoretical understanding of the growth
of density perturbations as seeds for galaxy formation. Without the
presence of dark matter, it is very difHcult to reconcile the existence
of galaxies (and quasars) at high redshifts with the new measurements
by COBE of the anisotropy of the microwave background radiation [6].
Perturbations in baryon density can grow only after the time of
recombination, i.e. when the baryons decouple from the microwave
background. When Otog ——1 due to dark mat, ter, matter domination
occurs much earlier and dark matter perturbations grow for a longer
period, thus avoiding a conflict with the magnitude of the microwave
background anisotropy.

In our own galaxy, the distribution of the visible matter and its
observed circular motion determine the local (solar neighborhood)
dark matter density p 0.3 GeV cm 3 [7]. Regardless of the
nature of' the dark matter, it must behave as a collisionless ga8, with
a broad velocity distribution (typically assumed to be Maxwellian);

(v) Ev —300 km s

We do not know the identity of the dark matter nor whether there is
more than one type of dark matter. Baryons are diflicult to conceal [8]
and in the standard Big Bang model cannot make up all of the
dark matter if A~ot ——1. By the same token, by comparing the lower
limit of flbs, &o„&0.01 from nucleosynthesis [6], it is very likely that
some of t, he baryons are dark. Though it is theoretically unlikely that
galactic halos could be made of very dim objects, such as low-mass
stars with masses 0.1MO, recent gravitational microlensing searches
for such objects may have a positive detection [9] (these objects are
sometimes referred to as MACHOS, massive compact halo objects).
There are several theoretical elementary particle candidates (WIMPs,
weakly interacting massive particles) that could explain the existence
of dark matter, of which the most commonly discussed are: a neutrino
(if massive), a neutralino (from supersymmetry), and the axion (from
the strong CP problem). These are summarized in Table 4.1.

I'lx h —1.6 x 10 NF (Tx/T~)

x a+ —be f e (4.1)

with a and b determined from the (velocity averaged) annihilation cross
section, expanded in powers of momentum, (v o'XX ) = a+ b(v )-f,6
at freezcout temperature Tf ((v )f = 6Tf/Mx) at which the X's drop

from thermal equilibrium (typically Tf —M~). In Eq. (4.1), NF is
20

the total number of relativistic degrees of freedom at Tf and (Tg/T&)
is the ratio of the temperatures of X's and photons at Tf. In the
halo of our galaxy (v ) 10, thus (voxx )halo and IIX are closely
related.

Several proposals or experiments exist to detect cold dark rnatter
candidates. For the case of heavy (M & 1 GeV) particles, elastic
scattering from nuclei would produce nuclear recoils with energies of
& 1 keV, and several techniques have been proposed to detect these
recoils. The expected collision rate for a target nucleus mass m~ is:

R=43 kg d y

(Ivzl)
0.3 GeV cm 3~ ~300 km s

(4.2)

where ([v@[) is the average velocity at which they strike the detector.
Since crossing symmetry relates o,~

to o&x, R is closely related to
II~. Dirac neutrinos (and sneutrinos) with masses 0.012—4.7 TeV
have already been excluded by searches done using double-P decay
detectors [12). Axions could be detected by their expected coherent
conversion to microwave photons in a tuned cavity. Products of DM
annihilation in the halo (e.g. , cosmic ray p's, e+'s, p's) and the core of
the Sun (v's) would indirectly signal the existence of particle DM. The
absence of a signal in high energy solar-v searches using underground
detectors rules out sneutrinos whereas cosmic ray searches do not
constrain theory so far. Experimental limits concerning a number of
dark matter candidates are given in the Full Listings. See the index
under "Dark matter limits. "

Recent LEP results when combined with the above experimental
constraints now completely eliminate massive 4th-generation neutrinos
or sneutrinos as dark matter candidates. Sneutrinos and additional
Dirac and Majorana neutrinos with masses & 40 GeV are excluded
by LEP. This alone eliminates a Majorana neutrino, since the
relic abundance for the neutrinos with masses Q 40 GeV would be
Ah + 2 x 10, making them cosmologically uninteresting. In the
case of Dirac neutrinos, if' there were a density asymmetry between
v and v, it would in principle be possible to have a cosmologically
interesting density even though m~ & 40 GeV. However, as described

determines the subsequent evolution. of the density perturbations
that seed galactic and large structures [10]. If the dark matter is
relativistic (hot dark matter, HDM) only the largest (supercluster)
structures survive and they must fragment to form galactic structure,
whereas if it is nonrelativistic (cold dark matter, CDM), structure
on all scales is preserved. The large-scale distribution of matter in
n-body simulations of a HDM-dominated universe is not compatible
with observations (unless there are point-like density perturbations),
whereas a Hat CDM-dominated universe requires that the visible
matter be predominantly concentrated in the denser regions of the
DM distribution (biased galaxy formation). In point of fact, both the
HDM- and CDM-dominated universes have some degree of difBculty
with the size of the microwave background anisotropy measured
by COBE. A mixture of cold and hot dark matter may provide a
better solution to the problem of generating large scale structures. An
example of such a mixture would be a v7. with a mass of order a few
eV and a more massive neutralino.

For a cold dark matter particle species with equal particle (X)
and antiparticle (X) densities (except for the axions), its cosmological
densify st present is [11]
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in the previous paragraph, Dirac neutrinos (and sneutrinos) below
4.7 TeV are ruled out by direct cold dark matter searches.
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5. INTERNATIONAL SYSTEM OF UNITS (SI)
Scc "The International System of Units (SI)," NIST special publication 330, B.N. Taylor, cd. (USGPO, Washington, DC, 1991).

Physical
quantity

length

mass

time

electric current

thermodynamic
temperature

amount of substance

Name
of unit

Base units

meter

kilogram

second

ampere

kelvin

mole

Symbol

A

K

mol

SI prefixes

1024 yotta (Y)

10" zetts, (Z)

10 exa (E)
10t peta (P)
10rz tera (T)

I Os giga (G)

10s mega (M)

kilo (k)

10 hecto (h)
luminous intensity candela

10 deca (da)

plane angle

solid angle

Supplementary units

radian

steradian

frequency

energy

force

prcssure

power

electric charge

electric potential

electric resistance

electric conductance

electric capacitance

magnetic flux

inductance

magnetic flux density

luminous flux

illumin ance

celsius temperature

activity (of a
radioactive source) *

absorbed dose (of
ionizing radiation)'

dose equivalent*

hertz

joule

newton

pascal

watt

coulomb

volt

ohm

siemens

farad

weber

henry

tesla

lumen

lux

degree celsius

becquerel

gray

sievert

Derived units urith special names

rad

sr

Hz

N

Pa

'C

Bq

Gy

Sv

10 deci (d')

10 z centi (c)

10 s milli (m)

10 S micro (p, )

10 s nano (n)

10 tz pico (p)

femto (f)

10 at to (a)

10 ' zepto (z)

10 yocto (y)

*See our section 13, on "Radioactivity and radia-
tion protection, " p. 1268.
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6. ATOMIC AND NUCLEAR PROPERTIES QF MATERIALS
Table 6.1. Table revised June 1994. Gases sre evaluated at 20'C, 1 atm, (in parentheses) or at STP [square brackets).

Material A Nuclear ~

total
cross

section

ol [barn]

Nuclear ~

inelastic
cross

section

~r [b~n]

Nuclear
collision

length

AT

[g/cm ]

Nuclear C

interaction
length

[g/cm )

dE/dx[;~Radiation length '

[g/cm2] [cm]

() is for gas
is for gas

Density f Refractive

[g/cm ] index nf
() is for gss() is (n—1)x 10S

[g/t] for gas

Hg gas
Hg (B.C., 26K)
Dg
He
Li
Be

1 1.01
1 101

2.01
2 4.00
3 6.94
4 9.01

0.0387 0.033
0.0387 0.033
0.073 0.061
0.133 0.102
0.211 0.157
0.268 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

(2.052)
(1.937)
1.639
1.594

61.28
61.28

122.6
94.32
82.76
65.19

865
865
757
755
155
35.3

(0.0838)[0.090] [140]
0.0708 1.112

0.162 0.177] 1.128
0.125[0.178] 1.024[35]

0.534
1.848

C
N2

Og
Ne
Al
Si
Ar
Tl

Fe
CU

Ge
Sn
Xe
W
Pt
Pb
U

6 12.01
7 14.01
8 16.00

10 20.18
13 26.98
14 28.09
18 39.95
22 47.88

26 55.85
29 63.55
32 72.59
50 118.69
54 131.29
74 183.85
?8 195.08
82 207.19
92 238.03

0.331 0.231
0.379 0.265
0.420 0.292
0.507 0.347
0.634 0.421
0.660 0.440
0.868 0.566
0.995 0.637

1.120 0.703
1.232 0.782
1.365 0.858
1.967 1.21
2.120 1.29
2.767 1.65
2.861 1.708
2.960 1.77
3.378 1.98

60.2
61.4
63.2
66.1
70.6
70.6
76.4
79.9

82.8
85.6
88.3

100.2
102.8
110.3
113.3
116.2
117.0

86.3
87.8
91.0
96.6

106.4
106.0
117.2
124.9

131.9
134.9
140.5
163
169
185
189.7
194
199

1.745
(1.825)
(1.801)
(1.724)
1.615
1.664

(1.519)
1.476

1.451
1.403
1.371
1.264

(1.255)
1.145
1.129
1.123
1.082

42.70
37.99
34.24
28.94
24.01
21.82
19.55
16.17

13.84
12.86
12.25
8.82
8.48
6.76
6.54
6.37
6.00

18.8
47.0
30.0
24.0
8.9
9.36

14.0
3.56

1.76
1.43
2.30
1.21
2.77
0.35
0.305
0.56
0.32

2.265 &

0.808[1.25]
1.14[1.43]

1.207[0 9001
2.70
2.33

1.40[1.782]
4.54

7.87
8.96
5.323
7.31

3.057[5.858)
19.3

21.45
11.35
18.95

1.205 [300
1.22 [266

1.092[67]

1 233[2831

[705]

Air, (20 C, 1 atm. ), [STP]
HgO
CO2
Shielding concrete"
Borosilicate glass (Pyrex)
Si02 (fused quartz) m

Methane (CH4)
Ethane (CzHs)
Propane (CsHs)
Isobutane ((CHs)sCHCHs)
Octane, liquid (CHs(CH2)sCHs)
Paraff wsx (CHs(CH2)„CHs, (n) 25)

Nylon, type 6
Polycarbonate (Lexan)
Polyethylene terephthlate (Mylar) (CsH402)
Polyethylene (monomer CH2 =CH2)
Polyimide film (Kapton)
Polymethylmethacralate (Lucite, Plexiglas)

(monomer (CH2 =C(CHs)COzCHs))
Polystyrene, scintillator (monomer Cs Hs CH=CHg)
Polytetrafluoroethylene (Teflon) (monomer CFz =CFz)
Polyvinyltolulene, scintillstor (monomer 2-CHsCsH4CH=CHz)

Barium fluoride (BaFs)
Bismuth germanate (BGO) (Bi4GesOy2)
Cesium iodide (CsI)
Lithium fluoride (LiF)
Sodium fluoride (NaF)
Sodium iodide (NaI)

Silica Aerogel
NEMA G10 plate&

62.0
60.1
62.4
67.4
66.2
67.0

54.7
55.73

56.3

60.2
56.9

59.2

58.4

92.1
97.4

62.00
66.78
94.8

65.5
62.6

90.0
84.9
90.5
99.9
97.6
99.2

74.0
75.71

77.4

85.7
78.8

83.6

82.0

146
156

88.24
97.57

152

95.7
90.2

(1.815)
1.991

(1.819)
1.711
1.695
1.697

(2.417)
(2.304)
(2.262)
(2.239)
2.123
2.087

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

36.66
36.08
36.2
26.7
28.3
27.05

46.5
45.66

45.2

[30420)
36.1

[18310]
10.7
12.7
11.7

648M
[34035)

[16930]

39.95
44.8

28.7
47.9

43.8 42.4

9.91
7.98

39.25
29.87
9.49

29.85
33.0

2.05
1.12

14.91
11.68
2.59

150
19.4

40.55 34.4

(1.205) [1.29]
1.00

[1.977]
2.5
2.23

2.32 m

(273)[293]
1.33

[410]

1.474
1.458

1.14
1.200
1.39

0.92—0.95
1.420

1.16-1.20 1.49

1.032
2.20
1.032

4.89
7.1
4.51
2.632
2.558
3.67

0.1-0.3
1.7

1.581

1.56
2.15

1.392
1.336
1.775

1.0+0.25p

0.423[0.717) [444)
0.509(1.356) n (1.038)

(1.879)
[2.67] [1900]

0.703
0.93
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Material

Hg
He
Li
Be

C
Ng

02
Ne
Al
Si
Ar
Tl

Fe
CQ
Ge
Sn
Xe

Pt
Pb
U

Dielectric
constant (n = e/eo)

() is (r—l)x10s
for gas

(253.9)
(64)

(548.5)
(495)
(127)

11.9
(517)

16.0

Young's

modulus

[10 ps 1]

0.?

10
16

16.8

28.5
16

50
21
2.6

CoefF. of
thermal

expansloIl

[10 scm/cm-'C]

56
12.4

0.6—4,3

23.9
2.8-7,3

8.5

11.7
16.5
5.75

20

44
8.9

29.3
36.1

Specific

heat

[csl/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(0')

1375(0 )

0.17
0.38

0.057

2.65 (20')
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

[pflcm(O'C)] [cal/cm-'C-sec]

OT, ai, 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«&sf at 80—240 GeV for neutrons ( o for protons) from Murthy et al. , NucL Phys. B92, 269 (1975). This scales approximately ss AO' ".
b o;„ef~t;.c ——ototsf —oef~t;c —oa„~,ef~t;c, for neutrons at 60—375 GeV from Roberts et al. , Nucl. Phys. B159, 56 (1979). For protons snd

other particles, see Carroll et aL, Phys. Lett. SOB, 319 (1979); note that oI(p) ol(n) or scs. les approximately as AO

c. Mean free path between collisions (A7) or inelastic interactions (Al), calculated from 1 = A/(N x o), where N is Avogadro's number.
d. For minimum-ionizing heavy particles (muons, pions, protons, etc.). Minimum dE/dz calculated in 1994, using density effect correction

coefBcients from R. M. Sternheimer, M. J. Berger, and S. M. Seltzer, Atomic Data and Nuclear Data Tables 30, 261—271 (1984). For
electrons and positrons see S.M. Seltzer snd M.J. Berger, Int. J. Appl. Rsdist. 35, 665—676 (1984). Ionization energy loss is discussed in
Sec. 10.

e. From Y.S. Tsai, Rev. Mod. Phys. 46, 815 (1974); Xp data for all elements up to uranium may be found here. Corrections for molecular
binding applied for Hs and D2. Parentheses refer to gaseous form st STP (0 C, 1 atm. ).

f. Values for solids, or the liquid phase at boiling point, except as noted. Refractive index given for sodium D line,

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%, Fe 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. Density may vary about +3%, depending on operating conditions,
j. Values for typical working conditions with H2 target: 50 mole percent, 29 K, 7 atm.
k. Typical scintillator; e.g. , PILOT B snd NE 102A have sn atomic ratio H/C = 1.10.
8. Main components: 80% Si02 + 12% B203 + 5% NagO.

m. For typical fused quartz; density may vary. The specific gravity of crystalline quartz is 2.64.
n. Solid ethane density at —60 C; gaseous refractive index at 0 C, 546 mm pressure.
o. n(SiOz) + 2n(HzO) used in Cerenkov counters, p = density in g/cm . From M. Csntin et aL, Nucl. Instr. snd Meth. 118, 177 (1974).
p. G10-plate, typical 60% Si02 and 40% epoxy.
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T. PERIODIC TABLE OF THE ELEMENTS
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1244 8. E/ectronic structure of the elements

S. ELECTRONIC STRUCTURE OF THE ELEMENTS
Table 8.1. Reviewed 1993 by W.C. Martin, NIST. The electronic configurations and ionization energies here are taken from the CRC Handbook
of Chemistry and Physics, 74" Edition, ed. D.R. Lide (CRC Press, Boca Raton, FL, 1993). The electron configuration for, say, iron indicates
au argon electronic core (see argon) plus six 3d electrons and two 4s electrons. The ionization energy is the least energy necessary to remove to
infinity one electron from an atom of the element.

Element
Electron configuration

(Sd = five 3d electrons, etc.)

Ground
state

2S+1L,

Ionization
energy

(eV)

3

4
5

6
7

8
9

10

12
13
14
15
16
17
18

19
20

21

22
23

24
25

26
27

28
29

30

32
33
34
35
36

37
38

39
40
41
42
43
44
45

46
4?
48

H

He

Li

Be
B
C
N

0
F
Ne

Mg
Al

Si
P
S
Cl

Ar

K

Ca

Sc

V

Cr
Mn

Fe
Co

Ni

CU

Zn

Ge
As

Se
Br
Kr

Sr

Zl

Nb

Mo
Tc
Ru
Rh

Pd
Ag

Cd

Hydrogen

Helium

Lithium

Beryllium
Boron

Carbon
Nitrogen

Oxygen
Fluorine

Neon

Sodium

Magnesium

Aluminum

Silicon
Phosphorus

Sulfur

Chlorine

Argon

Potassium

Calcium

Scandium

Titanium
Vanadium

Chromium

Manganese

Iron
Cobalt

Nickel

Copper
Zinc

Gallium

Germanium
Arsenic

Selenium

Bromine

Krypton

Rubidium

Strontium

Yttrium
Zirconium
Niobium

Molybdenum
Technetium

Ruthenium
Rhodium

Palladium
Silver

Cadmium

18

18

(He) 2s

(He) 2sz

(He) 2s2 2p

(He) 2s 2p2

(He) 2s2 2p3

(He) 2s2 2p4

(He) 2s2 2p5

(He) 2s2 2p

(Ne) 3s

(Ne) Ss2

(Ne) Ssz 3p

(Ne) Ssz 3p2

(Ne) Ssz Spz

(Ne) Ssz Sp4

(Ne) Ssz 3p5

(Ne) Ss2 Spe

(Ar) 4s

(Ar) 4s2

(Ar) M 4s2

(Ar) Sdz 4s2

(Ar) 3d3 4sz

(Ar) 3d 4s

(Ar) 3d5 4s2

(Ar) Sd 4s

(Ar) Sdr 4sz

(Ar) 3d8 4s2

(Ar) Sd'o4s

(Ar) 3dio4

(Ar) 3d 4s

(Ar) Sdio4s2

(Ar) Mi 4s2

(Ar) Sdi04s2

(Ar) Sdio4sz

(Ar) Sd104s2

(Kr) 5s

(Kr) 5s2

(Kr) 4d 5sz

(Kr) 4d 5s

(Kr) 4ds 5s

(Kr) 4d5 5s

(Kr) 4d5 5sz

(Kr) 4dr 5s
(Kr) 4d 5s

(Kr) 4d"
(Kr) 4dio 5s

(Kr) 4dio 5sz

4p
4p2

4p3

4 4

4p5

4p6

r
e

a
n

e
s

m
l

e
t

n

t
0

s
n

a
]

n
e

s
m

t

t
0

s
n

1S

lS
Pl j2

3p

3p
2p
lS

lS

3p
'S3(2
3p
2p
lS

'So

'D3]2
3F2

7S

'S5(2
50
'Fg)2
3p

lS

'po
'S3(2
3p

1So

'So

'D3(2
3F
6

7S3

'S5)2
5F
'F9]2
lS

13.5984
24.5874

5.3917
9.3226
8.2980

11.2603
14.5341
13.6181
17.4228

21.5645

5.1391
7.6462
5.9858
8.1517

10.4867

10.3600
12.9676
15.7596

4.3407

6.1132

6.5614
6.8282
6.7463

6.7666
7.4340

7.9024
7.8810
7.6398
7,7264

9.3941

5.9993
7.900
9.8152
9.7524

11.8138
13.9996

4.1771

5.6948

6.21?
6.6339
6.7589
7.0924
7.28

7.3605
7.4589
8.3369
7.5762

8.9937
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49

50
51
52
53
54

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

La
Ce
Pr
Nd

Pm

Sm
Eu
Gd
Tb
Dy
Ho

Er
Tm
Yb
Lu

Hf
Ta
W
Re
Os
Ir
Pt
Au

Hg

Pb
Bi
Po
At

Ac

Th
Pa
U

Np

Pu
Am

Cm
Bk
Cf
Es
Fm
Md

No

Lr

Rf

Indium

TlIl

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
Bismuth

Polonium
Astatine

Radon

Francium

Radium

Actinium

Thorium
Protactinium

Uranium

Neptunium

Plutonium
Americium

Curium
Berkelium

Californium
Einsteinium

Fermium

Mendelevium

Nobelium
Lawrencium

Rutherfordium

(Kr) 4d Ss Sp

(Kr) 4dloSs2 Sp2

(Kr) 4d Ss 5p

(Kr) 4d Ss 5p
(Kr}4d 5s 5p

(Kr) 4d 5s Sp

(Xe) 6s

(Xe) 6s

(Xe) 5d 6s

(Xe)4f 5d 6s2

(Xe)4f Qs

(Xe)4f4 6s2

(Xe)4f5 6s2

(Xe)4fe 6s2

(Xe)4f" Qs2

(Xe)4f7 Sd 6s2

(Xe)4fo 6s2

(Xe)4f 10 Qs2

(Xe)4fll 6s2

(Xe)4f12 6s2

(Xe)4f Qs

(Xe)4f '4 Qs'

(Xe)4f145d Qs2

(Xe)4f 5d 6s
(Xe)4f145d2 6s2

(Xe)4f145d4 6s2

(Xe)4f 45d 6s

(Xe)4f145d 6s2

(Xe)4f 145d7 Qs2

(Xe)4f1 5d 6s
(Xe}4f 5d Qs

(Xe)4f145dloQs2

(Xe)4f145dloQs2

(Xe)4f Sd 6s
(Xe)4f145d106s2

(Xe)4f 5dlo6s2

(Xe)4f 145dlo6s

(Xe)4f145dloQs2

(Rn) 7s

(Rn) 7s2
W

(Rn) 6d 7s2

(Rn) 6d 7s
(Rn)5f2 Qd 7s2

(Rn)Sfs Qd 7s2

(Rn)5f4 6d 7s2

(Rn)5f0 7s2

(Rn)5f7 7s2

(Rn)5f7 6d 7s2

(Rn)Sfs 7s2

(Rn)5f 7s
(Rn)5f 7s2

(Rn)5f 2 7s2

(Rn)5f 7s

(Rn)5f 14 7s2

(Rn)5f 6d 7s

(Rn) 5f14Qd2 7s2

6p
6p2

6p3

6p4

6p5

6p6

a
n

m

0

2

3p
4

S3/2
P

'P3/2
1S

1S

D3/2
lg
4

I9/2
'I4

H5/2
7Fp

S7/2
9D
6
+15/2

5I
4

I15/23'
F7/2

'Sp
2

D3/2

3F

F3/2
5D

'S5/2
5D

'F9/2
3D3

2S1/2
1S

W W

3p

S3/2
3p
'P3/2
1S

Sl/2
1S

D3/2
3F
4

5L
6

7Fp

S7/2
9D
6
015/2

5I8
4

I15/23'
F7/2

lS
D3/2.

5.7864

7.3438
8.64

9.0096
10.4513
12.1299

5.2117

5.5770
5.5387
5.464

5.5250
5.55

5.6437
5.6704

6.1500
5,8639
5.9389
6,0216
6.1078
6.1843
6.2542
5.4259

6.8251
7.89
7.98
7.88

8.7
9.1
9.0
9.2257

10.4375

6.1083
7.4167
7.289
8.4167

10.7485

5.2789

5.17
6.08
5.89
6.1941
6.2657
6.06
5.993
6.02
6.23
6.30
6.42

6.50
6.58
6.65



1246 9. High-energy collider yaremeter s

9.HIGH-ENERGY COLLIDER PARAMETERS: e+e Colliders (I)
The numbers here were received from representatives of the colliders in 1993 or early 1994. Quantities are, where appropriate, r.m.s. 0 and V
indicate horizontal and vertical directions. Many of the numbers of course change over the lifetime of a collider; only the latest values are given
here.

Physics start date

Physics end date

Maximum beam energy (GeV)

Luminosity (10 cm s )

Time between collisions (ps)

Crossing half angle (p rad)

Energy spread (units 10 )

Bunch length (crn)

Beam radius (10 m)

Free space at interaction
point (m)

Luminosity lifetime (hr)

Filling time (min)

Acceleration period (s)

Injection energy (GeV)

Transverse emittance
(10-9~ r&-m)

P', amplitude function at
interaction point (m)

Beam-beam tune shift
per crossing (units 10 4)

RF frequency (MHz)

Particles per bunch
(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)

Phase advance per cell (deg)

SPEAR
(SI,AC)

1972

1990

10 at 3 GeV

0.75

H: 700
V: 50

15

& 100

H 430

H: 1.2
V: 0.08

300

358

30

0.234

18

2,35

11.4

H: 79
V: 90

DORIS
(DESY}

1973

33 at 5.3 GeV

0.965

1.2 at 5 GeV

cr 2at5GeV

H: 740 pat 5
V: 30 fGeV

+1.2

1.0-1.5

up to 5.6

H: 500 /at 5
V: 5—50 jGeV

H: 0.59/12. 3
V: 0.04/0. 79

& 280 (space charge
limit at 5.3 GeV)

500

45 at 53 GeV

0.2892

3.2/1. 1

13.2

H: 140
V: 50

CESR [CESR+ (phase2)]
I (Cornell}

1979 [1995]

290 at 5.3 GeV
[600 in 1995]

0.36
C0.028 in 19951

0
[2500 in 1995]

0.6 at 5.3 GeV

1.7

H: 500
V: 11

~2.2 (+0.6
to REC quads)

10

H: 240
V: 8

H: 1.0
V: 0.018

420
[300 in 1995]

500

24
[1»n 1995]

7
I27 in 1995]

110
[300 in 19951

0.768

16

45—90 (no
standard cell)

PETRA
(DESY)

1978

1986

24 at
17,5 GeV

1.1 at 17.5 GeV

o 1.3 at 17.5 GeV

H; 430 tat 17.5
V: 13 f GeV

4 at 17.5 GeV

H: 140

H: 1.3
V: 0.08

H: 160 ~at17.5
V: 400 I GeV

500

26

11 at
17.5 GeV

2.304

14.4

H: 47
V: 40

PEP
(SLAC)

1980

2 44

oz —2

H: 340
V: 14

H = 120

H: 1.0
V: 0.05

550

35

2a

14.35

H: 56
V: 33

Dipoles in ring

Quadrupoles in ring

Peak magnetic field (T)

68 106

0.3 normal
0.8 high field

at 8 GeV

360

0.4 at
23 GeV
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HIGH-ENERGY COLLIDER PARAMETERS: e e Colliders (II)
The numbers here were received from representatives of the colliders in 1993 or early 1994. Numbers are subject to change. Quantities are,
where appropriate, r.m. s. H, V, and, s.c. indicate horizontal and vertical directions, and superconducting.

Physics start date

Maximum beam energy (GeV)

Luminosity (10SOcm zs t)

Time between collisions (ps)

Crossing angle (p rad)

Energy spread (units 10 S)

Bunch length (cm)

Beam radius (10 S m)

BEPC
(China)

1989

2.2

10

0.8

0.58

H: 926
V: 61

VEPP-4M
(Novosibirsk)

1994

50

0.6

H 1000
V 30

TRISTAN
(KEK)

1987

2,3

1.5

H: 280
V: 8

SLC
(SLAC)

1989

0.35

8300

0.1

H: 2.5
V: 0.8

LEP
(CERN)

1989

22

1.0

1.8

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 err rad-m)

P*, amplitude function at
interaction point (m)

Beam-beam tune shift
per crossing (units 10 s)

RF frequency (MHz)

Particles per bunch
(units 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)

Dipoles in ring

+2.5

7—12

30

120

1.3

H 660
V: 43

H: 1.3
V: 0.085

420

199.53

20 at 2 GeV

40 at 2 GeV

0.2404

1.6

= 60

40
+ 4 weak

15

150

H: 400
V: 20

H: 0.75
V: 0.05

500

180

40

0.366

78

+2.51

40

300

H: 25.5
at 29 GeV

H: 1.0
V: 0.04

340

508.5808

22

3.02

5.86

16.1

60

264
+8 weak

k2.8

50

H: 0.6
V: 0.6

H: 0.01
V: 0.006

3.0

0.0006

e: 62

1.45 +1.47

2.5

5.2

108

460+440

+3.5

20

90

320

20

H 36
V:2

H: 1.00
V: 0.04

420

352.2

41.6

4e+ + 4e
8e+ + 8e

26.66

11.66/pair

60+90

3280+24 inj.
+ 64 weak

Quadrupoles in ring 68 150 392 520+288
+ 8 s.c.

Peak magnetic field (T) 0.9028 0.6 0.41
at 30 GeV

0.597 0.135
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HIGH-ENERGYCOLLIDERPARAMETERS: e e Colliders (III)
Proposed e+e colliders. The numbers here were received from representatives of the colliders in 1993 or early 1994. Numbers are subject to
change and many are only estimates; those in parentheses are for later upgrades. Quantities are, where appropriate, r.m.s. H and V indicate
horizontal and vertical directions.

Physics start date

Maximum beam energy (GeV)

Luminosity (10Mcm zs i)

Time between collisions (ps)

Crossing angle (p rad)

Energy spread (units 10 S)

Bunch length (cm)

Beam radius (10 s m)

KEKB
(KEK)

1998

8x 3.5

2000 (-+10000)

0.01 (~0.002)

+2800 (~ +10,000)

0.7

0.5

H 140
V: 1.4

PEP-II
(SLAC)

1999

e xe: 9x31
(6.5 Gev c.rn. max)

3000

0.0042

e /e+: 0.61/0.81

H: 155
V: 62

VLEPP, INP
(Serpukhov)

250

3000

0.075

H:1
V: 0.007

Free space at interaction
point (m), angular spread

Luminosity lifetime (hr)

Filling time (min)

Acceleration period (s)

Injection energy (GeV)

Transverse emit tance
(10 Sir rad-m)

P*, amplitude function at
interaction point (m)

Beam-beam tune shift
per crossing (units 10 4)

RF frequency (MHz)

Particles per bunch
(units 10' )

Bunches per ring
per species

Average beam current
per species (mA)

Circumference or length (km)

Interaction regions

Utility insertions

Magnetic length of dipole (m)

Length of standard cell (m)

Phase advance per cell (deg)

Dipoles in ring

Quadrupoles in ring

Peak magnetic field (T)

+0.2,
(+300/ —500) mrad cone

6 (~13) topping up

H 19
V: 0.19

H: 1.0
V: 0.01

500

508

1.3/3. 2

1024 (~5120)

220/520 (~1100/2600)

2.56/0. 42

90

224

343/341

0.3/0. 85

+0.2,
+300 mrad cone

3 (topping up)

2.8—12

e: 48 (H), 1.9 (V)
e+: 64 (H), 2.6 (V)

e: 0.50 (H), 0.02 (V)
e+: 0 375 (H)., 0.015 (V)

300

4?6

e /e+: 2.7/5. 9

1658

e /e+: 990/2140

1 (2 possible)

e /e+: 5.4/0. 45

e je+: 60/90

e /e+: 192/192

e /e+: 282/282

e /e+: 0.18/0. 75

+1,2

0.0033

3.5

H: 02
V:3x10—4

H 5x10
V: 10-'

1.4x104

10-20

0.003

2x3

1.2

20-90

20,000
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HIGH-ENERGY COLLIDERPARAMETERS: e e Colliders (IV)
The numbers here were received from representatives of the colliders in 1993 or early 1994. Numbers are subject to change. Quantities are,
where appropriate, r.m.s. H, V, and, s.c. indicate horizontal and vertical directions, and superconducting.

Physics start date

Maximum beam energy (GeV)

Luminosity (10socm zs ~)

Time between collisions (ps)

Crossing angle (p rsd)

Energy spread (units 10 )

Bunch length (cm)

Beam radius (10 m)

VEPP-2M

1992

0.7

0.03

0.6

H: 400
V: 10

DA4NE

1996

2 x 0.510
(1.5 c.m. max. )

135(~540)

0.0108(~0.0027)

(1.0 to 1.5) x 104

0.40

3.0

H: 2100
V: 21

4 FACTORY
(UCLA)

0.18 x 1.5

10

P FACTORY
(Novosibirsk)

1997

0.55

1000

0.06

0.5

H: 65
V:65

Free space at interaction
point (m)

Luminosity lifetime (hr)

Filling time (min)

Acceleration period (s)

Injection energy (GeV)

Transverse emit tance
(10 sz rad-m)

P*, amplitude function at
interaction point (m)

Beam-beam tune shift
per crossing (units 10 4)

RF frequency (MHz)

Particles per bunch
(units 10'o)

Bunches per ring
per species

Average beam current
per species (mA)

Circumference or length (m)

Interaction regions

Utility insertions

Magnetic length of dipole (m)

Length of standard cell (m)

Phase advance per cell (de@)

Dipoles in ring

Quadrupoles in ring

Peak magnetic field (T)

0.3

continuous

H: 400
V:4

H: 0.48
V: 0.04

500

200

100

18

4.5

280

20

1.8

+0.46

3.0

( 2 (topping up)

0.510

H: 1000
V: 10

H: 4.5
V: 0.045

400

368.25

8.9

30(-+120)

1313(~5250)

97.7

2x2

1.21/0.99

8(+4 wigglers)

51

1.2(~1.76) dipoles
1.8 wigglers

Lo E: H/V: 312/13
Hi E: H/V: 156/6. 2

Lo E: H/V: 0.50/0. 02
Hi E: H/V: 1.00/0. 04

Lo E/Hi E~212/500

Lo E/Hi E=l/3

Lo E/Hi K=180/43

Lo E/Hi E=8.5/25. 5

Lo E/Hi E=1.0/7. 0

continuous

continuous

H: 400
V: 400

H: 0.01
V: 0.01

1000

700

16

200

36

0.9

548

16

28

2.2
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HIGH-ENERGY COLLIDER PARAMETERS: p, pp, and ep Colliders
The numbers here vrere received from representatives of the colliders in 1993 or early 1994. Numbers are subject to change, and many are only
estimates. Quantities are, where appropriate, r.m. s. H, V, and, s.c. indicate horizontal and vertical directions, and snperconducting.

Physics start date

Particles collided

Maximum beam energy
(TeV)

Spp&
(CERN)

1981

0.315 (0.45 in

pulsed mode)

TEVATRON
(Fermilab}

1987

0.9-1.0

HERA
(DESY)

1990

e: 0.030
p: Q.82

UNK

{Serpukhov)
LHC

(CERN)

2002

Pb Pb

0.4 (3) 7.0
l

SSG
(USA)

Terminated

pp

20

Luminosity
(10 ocm-2s- )

Time between collisions (p,s)

Crossing angle (p rad)

Energy spread (units 10 3)

3.8

0.35

7.5 (1993)
10 (1994)

3.5

0.15 e: 0.91
p: 0.2

100Q

0.165

+1 (+0.3)

1.0 x 104

0.025

200

O. l

0.002

0.135

& 100

1000

0.016678

100 to 200
(135 nominal)

0.055

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 9x rad-m)

P', amplitude function at
interaction point (m)

Beam-beam tune shift
per crossing (units 10 4)

20

p: 73(H), 36(V)
P: ss(H), 27(v)

15

0.5

10

0,026

p: 9
p:5

o.6 (H)
o.is (v)

50

50

10-40

120

86

0.15

p: 2.6
p: 2.6

0.5-+0.25

p: 20
p: 70

e: 0.83
p: 8.5

e: 28O(H), 37(V)
p: 265(H), 84(V)

10

e: 30
p: 20

e: 0.014
p: 0.040

e: 39(H}, 2(V}
p: 10(H), 10(V)

e: 2(H), 0.7(V)
p: 7(H},0.7(V)

e: 190(H), 210(V)
i2(H), 9(V)

7o (4o)

70

10

20

100

0.065 (0.4)

18 (2.3)

0.2 (1.5)

50

10 10

7 16

1200

0.450

0.5 0.5

0.5 0.5

16
I

15

1500

0.047

0.5

8 head on
13 long range

RF frequency (MHz)

Particles per bunch
(units 10 )

Bunches per ring
per species

Average beam current
per species (mA)

Circumference (km)

Interaction regions

Utility insertions

100+200

p: 15
p: 8

p: 6
p: 3

6.911

p: 15
p: 4.5

p: 6.9
p: 2.0

6.28

2 high W

e: 499.7
p: 208.2/52. 05

e: 3.65
p: 10

210

e: 58
p: 158

6.336

200

30

348

240

20.772

400

10

2835

536

26.659

2 high W

2

200+
400

0.009

496

6.9

359.75

0.8

17,424

87.12

Magnetic length
of dipole (m)

Length of standard cell (m}

Phase advance per cell (deg)

Dipoles in ring

Quadrupoles in ring

Magnet type

Peak magnetic 6eld (T}

p source accum. rate (hr ~)

Max. no. j5 in accum. ring

6.26

64

90

744

232

H type with

bent-up
coil ends

14 (2 in

pulsed mode)

6 x 10io

12 x 1012

59.5

67.8

774

216

s.c.
cos 8

warm. iron

5x1010

012

e: 9,185
p: 8.82

e: 23.5
p: 47

e: 60
p: 90

e: 396
p: 416

e: 580
p: 280

e: C-shaped

p: s.c., collared,
cold iron

e: 0.274
p: 4.65

5.8

91.8

82.5

2204 (2192)

560 (474)

H type (s.c.)

0.67 (5)

Mostly 13.50

102.04

90

1296
24 crossing dipoles

538

s.c.
2 in 1

cold iron

8.65

Mostly 14.928

180

90

H: 8336
in 2 rings

2084 j 2 rings

s.c.
cos 8

cold iron
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1Q. PASSAGE OF PARTICLES THROUGH MATTER
Revised June 1994.

10.1. Notation

0~0 iiiil1 ~i i i i iiiil5
I

20.0-

I i I I IIIII

p-5/3

[I 2

i i i I IIIII l I I I illl( I 'j::.g

m*on Cu
I = 322 eV

:.':'s

Table 10.1: The notation and values given in Table 1.1 are
used. The kinematic variables P and p have the usual meanings.
Definitions of other variables used in this section are summarized
below.

Symbol

M
E
T

m~c
e

NA
ze
z
A

K/A

Definition Units or Value

Fine structure constant, 1/137.035 989 5(61)
Incident particle mass MeV/c2
Incident particle energy pMc~ MeV
Kinetic energy MeV
Electron mass x c2 0.51099906(15) MeV
Classical electron radius e /4xepcS 2.81794092(38) fm
Avogsdro's number 6.022 136 7(36) x 102s mol
Charge of incident particle
Atomic number of medium
Atomic mass of medium g mol
4xNAr m, c /A

() For pingcm

for A=1 gmol
b Density effect correction to ionization energy loss

fiur& Plasma energy i//4vrN, rez m~c /ir = 28.816'/p(Z/A) eVl l

Fraction by weight of the jth element in a compound or mixture

n& fx number of jth kind of atoms in a compound or mixture

Xo Radiation length MeV g cm
E~ Critical energy MeV
Es Scale energy i/4ii/rr mecz 21.2052 MeV
R~ Moliere radius MeV g cm

8
10.0—

bo

5.0-
IO—

shel
2 0 corr

I

Radiative effects
become important

Approx T~~=.":.:::,::,:::::::

dE/dx without 5
imum
zation

= 0.5 MiP:...-2
1.0 —"[„[I-5/8

0. „„I. . . , ,
'l

I . . . ,„„I
0.1 1.0

omplete dE]dx

i i i iiiiil

10 100 1000 10000
[37 = pc/M

10

6
8

bQ

Figure 10.1: Energy loss rate in copper. The function without
the density effect correction is also shown, as is the shell
correction and two low-energy approximations.

dE 2Z 1 1 2m~cP

GATI~

g b

P2 2 I2 2
(10.1)

Here Tm~ is the maximum kinetic energy which can be imparted to a
free electron in a single collision, and the other variables are defined
in Table 10.1. The units are chosen so that dx is measured in mass
per unit area, e.g. , in g cm . The function as computed for pions
on copper is shown by the solid curve in Fig. 10.1, and for pions on
other materials in Fig. 10.2. A minor dependence on M at the highest
energies is introduced through Tm~, but for all practical purposes
in high-energy physics dE/iLr in a given material is a function only
of /9. Except in hydrogen, particles of the same velocity have very
similar rates of energy loss in different materials; there is a slow
decrease in the rate of energy loss with increasing Z. The qualitative
difference in stopping power behavior at high energies between a gas
(He) and the other materials shown in Fig. 10.2 is due to the density
effect correction, b, discussed below. The stopping power functions are
characterized by broad minima whose position drops from Pp = 3.5 to
3.0 as 2 goes from 7 to 100.

In practical cases, most relativistic particles (e.g. , cosmic-ray
muons) have energy loss rates close to the minimum, and are said to
be minimum ionizing particles, or mip s.

Eq. (10.1) may be integrated to find the total range R for a particle
which loses energy only through ionization. Since dE/dz depends
only on P, R/M is a function of E/M or pc/M. In practice, range is
a useful concept only for low-energy hadrons (R Q Ay, where Al is
the nuclear interaction length), and for muons below a few hundred

10.2. Ionization energy loss by heavy particles [1-5]

Moderately relativistic charged particles other than electrons lose
energy in rnatter primarily by ionization. If the incident particle
velocity Pc is larger than that of orbital electrons ( Zcrc) and small
enough that radiative effects do not dominate (for example, pion
energy smaller than 100-200 GeV in iron), then the mean rate of
energy loss (or stopping power) is given by the Bethe-Bloch equation,

i i iiiii1 i i « i i iil i i i i i ii I i i i iiiiil i i i iliii
0.1 1.0

i i i iii»l
0.1

10 100
[iy =pc/M

1.0 10

1000 10000

I i 1 I i I III i

100 1000

0.1

Muon momentum (GeV/c)

1.0 10 100 1000

I i i i iiiiil
0.1 1.0

Pion momentum (GeV/c)

10 100 1000 10000
Proton momentum (GeV/c)

Figure 10.2: Energy loss rate in liquid (bubble chamber)
hydrogen, gaseous helium, carbon, aluminum, tin, and lead.

(10.2)

GeV (above which radiative effects dominate). R/M as a function of
P7 = pc/M is shown for a variety of materials in Fig. 10.3.

For a point-like charged particle with mass M and momentum
M/7, Tm~ is given by

2m c~P~p2

1+2pm, /M + (m, /M)z

It is usual [1,2] to make the low-energy approximation Tmsx =
2m~c P27z, valid for 27m~/M (( 1; this, in fact, is done implicitly
in many standard references. For pion in copper, the error thus
introduced into dE/dz is greater than 6% at 100 GeV. The correct
expression should be used.

At such energies, the maximum 4-momentum transfer to the
electron can exceed 1 GeV/c, where structure efFects significantly
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Figure 10.3: Range of heavy charged particles in liquid (bubble
chamber) hydrogen, helium gas, carbon, iron, and lead. For
example: For s K+ whose momentum is 700 MeV jc, Pp = 1.42.
For lead we read R/M 396, and so the range is 195 g cm

modify the cross sections. This problem has been investigated by J.D.
Jackson [6], who concluded that corrections to dE/dz are negligible
below energies where radiative efFects dominate. While the cross
section for rare hard collisions is modified, the average stopping power,
dominated by many softer collisions, is almost unchanged.

The mean excitation energy I is 10+ 1 eV for elements heavier than
oxygen. The values adopted by the ICRU for the chemical elements [7]
are now in wide use; these are shown in Fig. 10.4. Machine-readable
versions can also be found [8]. Given the availability of these constants
and their variation with atomic structure, there seems little point to
depending upon approximate formulae, as was done in the past.

A shell correction is often included in the square brackets of
Eq. (10.1) [3,5,7], to correct for atomic binding having been neglected
in calculating some of the contributions to Eq. (10.1). We show the
Bsrkss form [3] in Fig. 10.1. For copper it contributes about 1%
at Pp = 0.3 (kinetic energy 6 MeV for s pion), and the correction
decreases very rapidly with energy. While it is negligible for high-
energy physics applications, this and other low-energy corrections must
be taken into account at lower energies, such as those encountered in
medical physics.

As the particle energy increases, its electric field flattens and
extends, so that the distant-collision contribution to Eq. (10.1)
increases as ln Pp. However, real media become polarized, limiting the
Beld extension and efFectively truncating this part of the logarithmic
rise [4,9—13]. At very high energies,

Figure 10.4: Excitation energies (divided by Z) as adopted by
the ICRU [7]. Those based on measurement are shown by points
with error flags; the interpolated values are simply joined, The
solid point is for liquid H2, the open point at 19.2 is for Hg gas.
Also shown are curves based on two approximate formulae,

without the density effect correction is shown in Fig. 10,1. Since the
plasma frequency scales as the square root of the electron density, the
correction is much larger for a liquid or solid than for a gas, as is
illustrated by the examples in Fig. 10.2.

The remaining relativistic rise can be attributed to large energy
transfers to a few electrons. If these escape or are otherwise accounted
for separately, the energy deposited in an absorbing layer (in contrast
to the energy lost by the particle) approaches a constant value, the
Fermi plateau (see Sec. 10.3 below). The curve in Fig. 10.1 labelerl
"T«t, ——0.5 MeV" illustrates this behavior. At extreme energies
(e.g. , 400 GeV for muons or pions in iron), radiative effects become
important. These are especially relevant for high-energy muons, as
discussed in Sec. 10.9.

For particles moving more slowly than atomic electrons, the above
discussion is inapplicable. At velocities ez&P&10 ~ or slightly
lower, the total energy-loss rate is proportional to P, and non-ionizing
nuclear recoil energy loss contributes substantially to the total [14].
For protons in silicon, [dE/dz] = 61.2p GeV cm g

r for p ( 0.005;
the peak occurs at P = 0.0126, where [dE/dz[ = 522 MeV cm g . In
neutron-scattering experiments, light output in scintillator has been
observed for recoil protons with energies as low as M eV [15].

It is often stated that for P & z/137, ]dE/dz[ falls as P 2 before
reaching the broad minimum at Pp 3.0—3.5. In fact, the slope
is nowhere this great, and ]dE/dx] cc P j provides a very good
approximation to the actual function out to pp & 1. This behavior is
shown in Fig. 10.1, along with the traditional P ~ proportionality.

The quantity (dE/dz)bz is the mean energy loss via interaction
with electrons in a layer of the medium with thickness bx. For finitc
bx, there are fluctuations in the actual energy loss. The distribution
is skewed toward high values (the Landau tail) [1,16]. Only for a thick
layer [(dEjdx)bx » 2m, c2 psp2] is the distribution nearly Gaussian.
The large fluctuations in the energy loss are due to the small number
of collisions involving large energy transfers. The fluctuations are
smaller for the so-called restricted energy loss rate, as discussed in
Sec. 10.3 below.

A mixture or compound can be thought of as made up of thin
layers of pure elements in the right proportion (Bragg additivity). In
this case,

b/2 ~ In(htd&/I) + ln Pp —1/2, (10.3)

where b/2 is the density effect correction introduced in Eq. (10.1)
and h~& is the plasma energy defined in Table 10.1. A comparison
with Eq. (10.1) shows that ]dE/dx] then grows as lnPp rather than
lnP p, and that the mean excitation energy I is replaced by the
plasma energy M&. The stopping power as calculated with and

(10.4)

where dE/dz(z is the mean rate of energy loss (in MeV g cm )
in the jth element. Eq. (10.1) can be inserted into Eq. (10.4) to
find expressions for (Z/A), (I), and (b); for example, (Z/A) =
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pvj& ZI/AI ——pn&Z&/pn&AI However, (I) as defined this way is

an underestimate, because in a compound electrons are more tightly
bound than in the free elements, and (5) as calculated this way has
little relevance, because it is the electron density which matters.
If possible, one uses the tables given in Refs. 13 and 12, which
include effective excitation energies and interpolation coefficients for
calculating the density effect correction for the chemical elements and
nearly 200 mixtures and compounds. If a compound or mixture is not
found, then one uses the recipe for 5 given in Ref. 10 (or Ref. 8), and
calculates (I) according to the discussion in Ref. 11. (Note the "13%"
rule! )

Ionization losses by electrons and positrons [12] are not discussed
here. Above the critical energy, which is a few tens of MeV in most
materials, bremsstrahlung is the dominant source of energy loss.
This important case is discussed below. The contributions of various
electron energy-loss processes in lead are shown in Fig. 11.4.

dE gZ 1 1 2mec P 7 Tupper
2 2 2

p2
(10.5)

where Tupper = MIN(Tcutt T~sx) ~ This form agrees with the equation
given in previous editions of this Review [17) for T«t « T|u»
but smoothly joins the normal Bethe-Bloch function (Eq. (10.1)) for

Tcut & Tmax

10.4. Energetic knock-on electrons (6 rays)
The distribution of secondary electrons with kinetic energies T » I

is given by [1]

10.3. Restricted energy loss rates for relativistic
ionizing particles

Fluctuations in energy loss are due mainly to the production of a
few high-energy knock-on electrons. Practical detectors often measure
the energy deposited, not the energy lost. When energy is carried ofF

by energetic knock-on electrons, it is more appropriate to consider the
mean energy loss excluding energy transfers greater than some cutofF

T«t. The restricted energy loss rate is

rms rms1
H plane ~ Hspace '

V2
(10.7)

then it is sulcient for many applications to use a Gaussian approxi-
mation for the central 98'F0 of the projected angular distribution, with
a width given by [24,25]

Hp = z gz/Xp 1+0.038ln(x/Xp)
13.6 MeV

Pcp
(10.8)

Here p, Pc, and z are the momentum, velocity, and charge number
of the incident particle, and x/Xp is the thickness of the scattering
medium in radiation lengths (defined below). This value of Hp is from
a fit to Moliere distribution [23] for singly charged particles with P = 1
for all Z, and is accurate to 11% or better for 10 s & x/Xp & 100.

Eq. (10.8) describes scattering from a single material, while the
usual problem involves the multiple scattering of a particle traversing
many different layers and mixtures. Since it is from a flt to a Moliere
distribution, it is incorrect to add the individual Hp contributions in
quadrature; the result is systematically too small. It is much more
accurate to apply Eq. (10.8) once, after finding x and Xo for the
combined scatterer.

Lynch and Dahl have extended this phenomenological approach,
fitting Gaussian distributions to a variable fraction of the Moliere
distribution for arbitrary scatterers [25], and achieve accuracies of 2%
or better.

10.6. Multiple scattering through small angles
A charged particle traversing a medium is deflected by many

small-angle scatters. Most of this deflection is due to Coulomb
scattering from nuclei, and hence the efFect is called multiple Coulomb
scattering. (However, for hadronic projectiles, the strong interactions
also contribute to multiple scattering. ) The Coulomb scattering
distribution is well represented by the theory of Moliere [23]. It is

roughly Gaussian for small deflection angles, but at larger angles
(greater than a few Ho, defined below) it behaves like Rutherford
scattering, having larger tails than does a Gaussian distribution.

If we define

d N 1 2Z 1 F(T)
dTdz 2 A P2 T2 (10.6)

for I « T & True„, where Tmex is given by Eq. (10.2). The factor F is
spin-dependent, but is about unity for T &( Tmax. For spin-0 particles
F(T) = (1 —PZT/Treex); forms for spine 1/2 and 1 are also given

by Rossi [1]. When Eq. (10.6) is integrated from T«t to Tmex, one
obtains the difference between Eq. (10.1) and Eq. (10.5). For incident
electrons, . the indistinguishability of projectile and target means that
the range of T extends only to half the kinetic energy of the incident
particle. Additional formulae are given in Ref. 18. Equation (10.6) is
inaccurate for T close to I: for 2I & T & 10I, the 1/T dependence
above becomes approximately T ", with 3 & ri & 5 [19].

Figure 10.5: Quantities used to describe multiple Coulomb
scattering. The particle is incident in the plane of the figure.

The nonprojected (space) and projected (plane) angular distribu-
tions are given approximately by [23]

10.5. Ionization yields

Physicists frequently relate total energy loss to the 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
electrons, see Ref. 20. The mean local energy dissipation per local ion
pair produced, W, while essentially constant for relativistic particles,
increases 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 influenced by such
factors as subsequent recombination [22].

1 Hspace
2 exp

2x Hp 2Hp

2
1 plane

dHplane ~

V2& Hp 28p

(10.9)

(10.10)

where H is the deflection angle. In this approximation, Hspace

(H
&

+ H
& „),where the x and y axes are orthogonal to theplane, x plane, y

direction of motion, and dO dHplane z dHplane y Deflections into

Hplane ~ and Hplane &
are independent and identically distributed.

Figure 10.5 shows these and other quantities sometimes used to
describe multiple Coulomb scattering. They are

rms
H

rms~ plane ~ planeV3 V3
(10.11)
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rms g rms g~ plane j—+ ~ plane (10.12) 200

rms g rms gplane ~ + plane4g3 4y'3
(10.13)

100

All the quantitative estimates in this section apply only in the
limit of small 8'l 'n and in the absence of large-angle scatters. The
random variables s, Q, y, and 8 in a given plane are distributed in
a correlated fashion (see Sec. 16.1 of this Repiets for the definition
of the correlation coefficient). Obviously, y zt/~. In addition, y and
8 have the correlation coefficient p&s = ~3/2 0.87. For Monte
Carlo generation of a joint (y&t»e, 8&t»e) distribution, or for other
calculations, it may be most convenient to work with independent
Gaussian random variables (zi, z2) with mean zero and variance one,
and then set

70

g~ 50
x 40

30

20

yet», =zi z8p(1 —p &)' /v 3+ zz psez8p/V3

=zi z 8p/i/12+ z2 z 8p/2;

t plane =~2 |0 ~

(10.14)

(10.15)

10'
2 10 20 50

Electron energy (MeV)
100 200

Figure 10.6: Two definitions of the critical energy E,.

Note that the second term for y &t», equals z 8&t», /2 and represents
the displacement that would have occurred had the deflection Oplane
all occurred at the single point z/2.

For heavy ions the multiple Coulomb scattering has been measured
and compared with various theoretical distributions [26].

10.7. Radiation length and associated quantities

In dealing with electrons and photons at high energies, it is

convenient to measure the thickness of the material in units of the
radiation length Xo. This is the mean distance over which a high-

energy electron loses all but 1/e of its energy by bremsstrahlung, and is
the appropriate scale length for describing high-energy electromagnetic
cascades. Xp has been calculated and tabulated by Y.S. Tsai [27]:

400 p

200

100—

50

20

10

i I

[
I I I i I I

)
I I i I

= 4or, (Z [L,sd —f(Z)j + ZL', s~), (10.16)

f(Z) = a [(1+a ) + 0.20206

—0.0369 a + 0.0083 a —0.002 a ], (10.17)

where Lrsd and L',
&

are given in Table 10.2. The function f(Z) is an
infinite sum, but for elements up to uranium can be represented to
4-place accuracy by

10
z

20
I, i

50 100

Figure 10.V: Critical energy for the chemical elements, using
Rossi's definition [1]. The fits shown are for solids and liquids
(solid line) and gases (dashed line). The rms deviation is 2.2'%%uo

for the solids and 4.0% for the gases.

where a = nZ [28]. The radiation length in a mixture or compound may be approxi-
mated by

Table 10.2: Tsai's Lr~ and L', &, for use in calculating the
radiation length in an element using Eq. (10.16). 1/Xp = Q w~/Xq, (10.19)

Element Z Lrad

H
He
Li
Be

Others

1
2

3
4

)4

5.31
4.79
4.74
4.71

ln(184. 15 Z / )

I

6.144
5.621
5.805
5.924

ln(1194 Z z/s)

716.4 g cm ~A

Z(Z + 1) In(287/y Z)
(10.18)

Results obtained with this formula agree with Tsai's values to better
than 2.5% for all elements except helium, where the result is about
5% low.

Although it is easy to use Eq. (10.16) to calculate Xp, the functional
dependence on Z is somewhat hidden. Dahl provides a compact fit to
the data [29]:

where m& and X& are the fraction by weight and the radiation. length
for the ith element.

An electron loses energy by bremsstrahlung at a rate nearly
proportional to its energy, while the ionization loss rate varies only
logarithmically with the electron energy. The critical energy E~
is sometimes defined as the energy at which the two loss rates
are equal [30]. Berger and Seltzer [30] also give the approximation
E, = (800 MeV)/(Z+ 1.2). This formula has been widely quoted,
and has been given in previous editions of this Reeiets [17]. Among
alternate definitions is that of Rossi [1], who defines the critical
energy as the energy at which the ionization loss per radiation length
is equal to the electron energy. Equivalently, it is the same as the
first definition with the approximation [dE/ifz[b«ms —E/Xp These.
definitions are illustrated in the case of copper in Fig. 10.6 [31].

The accuracy of approximate forms for E~ has been limited by the
failure to distinguish between gases and solid or liquids, where there
is a substantial difFerence in ionization at the relevant energy because
of the density efFect. %e distinguish these two cases in Fig. 10.7. Fits
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were also made with functions of the form a/(Z+ b), but a was
essentially unity.

The transverse development of electromagnetic showers in difFerent
materials scales fairly accurately with the Moliere rudius RM, given
by [32,33]

Rst = Xo Ea/Ec (10.20)

1 1 ~j Ecj
RM E ~ Xa

(10.21)

For very high-energy photons, the total e+e pair-production cross
section is approximately

a = gr(A/XpNA), (10.22)

where A is the atomic weight of the material and Ng is Avogadro's
number. Equation Eq. (10.22) is accurate to within s few percent
down to energies as low as 1 GeV. The cross section decreases at
lower energies, as shown in Fig. 11.4 of this Review. As the energy
decreases, a number of other processes become important, as is shown
in Fig. 11.3 of this Review.

10.8. Electromagnetic cascades
When a high-energy electron or photon is incident on a thick

absorber, it initiates an electromagnetic cascade as pair production
and bremsstrahlung generate more electrons and photons with lower

energy. The longitudinal development is governed by the high-energy
part of the cascade, and therefore scales as the radiation length in the
material. Electron energies eventually fall below the critical energy,
and then dissipate their energy by ionization and excitation rather
than by the generation of more shower particles. In describing shower
behavior, it is therefore convenient to introduce the scale variables

t = z/Xp

p = E/Ec, (10.23)

where E, = 21 MeV (see Table 10.1), snd the Rossi definition of Ec is
used.

In a material containing a weight fraction m& of the element with
critical energy E,& and radiation length X&, the Moliere radius is
given by

dE (bt)' ie aa—= Epb
dt I'(a) (10.24)

The maximum tmax occurs at (a —1)/b. We have made fits to shower
profiles in elements ranging from carbon to uranium, at energies from
1 GeV to 100 GeV. The energy deposition profiles are well described
by Eq. (10.24) with

tmax = (a —1)/b = 1.0 x (in y + C&), (10.25)

where C~ = -0.5 for electron-induced cascades and C& ——+0.5 for
photon-induced cascades. To use Eq. (10.24), one finds (a —1)/b
from Eq. (10.25) snd Eq. (10.23), then finds a either by assuming
b 0.5 or by finding a more accurate value from Fig. 10.9. The results
are very similar for the electron number profiles, but there is some
dependence on the atomic number of the medium. A similar form for
the electron number maximum was obtained by Rossi in the context
of his "Approximation B," [1] (see Fsbjan's review in Ref. 34), but
with Ct: = -1.0 and C& ——-0.5; we regard this as superseded by the
EGS4 result.

Longitudinal profiles for sn EGS4 [8] simulation of s 30 GeV
electron-induced cascade in iron are shown in Fig. 10.8. The number
of particles crossing s plane (very close to Rossi's II function [1])
is sensitive to the cutofF energy, here chosen as a total energy of
1.5 MeV for both electrons and photons. The electron number falls ofF

more quickly than energy deposition. This is because, with increasing
depth, a larger fraction of the cascade energy is carried by photons.
Exactly what a calorimeter measures depends on the device, but it
is not likely to be exactly any of the profiles shown. In gas counters
it may be very close to the electron number, but in glass Cerenkov
detectors and other devices with "thick" sensitive regions it is closer
to the energy deposition (total track length). In such detectors the
signal is proportional to the "detectable" track length Tg, which is
in general less than the total track length T. Practical devices are
sensitive to electrons with energy above some detection threshold Eg,
snd Td = T F(Ed/E ). An analytic form for F(Ed/E ) obtained by
Rossi [1] is given by Fabjsn [34]; see also Amaldi [35].

The mean longitudinal profile of the energy deposition in an
electromagnetic cascade is reasonably well described by a gamma
distribution [36]:

so that distance is measured in units of radiation length and energy in
units of critical energy.
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Figure 10.8: An EGS4 simulation of a 30 GeV electron-
induced cascade in iron. The histogram shows fractional energy
deposition per radiation length, and the curve is a gamma-
function fit to the distribution. Circles indicate the number of
electrons with total energy greater than 1.5 MeV crossing planes
at Xo/2 intervals (scale on right) and the squares the number of
photons with E ) 1.5 MeV crossing the planes (scaled down to
have same ares as the electron distribution).

Figure 10.9: Fitted values of the scale factor 5 for energy
deposition profiles obtained with EGS4 for a variety of elements
for incident electrons with 1 & Ep & 100 GeV. Values obtained
for incident photons are essentially the same.

The "shower length" X, = Xo/b is less conveniently parametrised,
since b depends upon both Z and incident energy, as shown in
Fig. 10.9. As a corollary of this 8 dependence, the number of electrons
crossing a plane near shower maximum is underestimated using Rossi's
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approximation for carbon and seriously overestimated for uranium.
Essentially the same b values are obtained for incident electrons and
photons. For many purposes it is sufBcient to take b 0,5.

The gamma distribution is very flat near the origin, while the
EGS4 cascade (or a real cascade) increases more rapidly. As a result
Eq. (10.24) fails badly for about the first two radiation lengths; it was
necessary to exclude this region in making fits.

Because lluctuations are important, Eq. (10.24) should be used only
in applications where average behavior is adequate. Grindhammer
et at. have developed fast simulation algorithms in which the variance
and correlation of a and b are obtained by fitting Eq. (10.24) to
individually simulated cascades, then generating pro6les for cascades
using a and 5 chosen from the correlated distributions [37].

Measurements of the lateral distribution in electromagnetic
cascades are shown in Refs. 32 and 33. On the average, only 10%
of the energy lies outside the cylinder with radius RM. About
99% is contained inside of 3.5RM, but at this radius and beyond
composition effects become important and the scaling with RM fails.
The distributions are characterized by a narrow core, and broaden as
the shower develops. They are often represented as the sum of two
Gaussians, and Grindhammer [37] describes them with the function

i i i I illil i I l I illil l i i I iiii
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Figure 10.10: Contributions to the fractional energy loss by
muons in iron due to e+e pair production, bremsstrahlung, and
photonuclear interactions, as obtained from Lohmann et aL [39].

2r R2

( z+Rz)z (10.26) 1000

where R is a phenomenological function of z/Xo and ln E

10.9. Muon energy loss at high energy
At sufBciently high energies, radiative processes become more

important than ionization for all charged particles. For muons and
pions in materials such as iron, this "critical energy" occurs at
several hundred GeV. Radiative effects dominate the energy loss of
energetic muons found in cosmic rays or produced at the newest
accelerators. These processes are characterized by small cross sections,
hard spectra, large energy fluctuations, and the associated generation
of electromagnetic and (in the case of photonuclear interactions)
hadronic showers. As a consequence, at these energies the treatment
of energy loss as a uniform and continuous process is for many
purposes inadequate.

It is convenient to write the average rate of muon energy loss
as [38]

100
8

I

bo
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H. to

0..1 i i»il
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dE/dz = a(E—) + b(E) E . (10.27)

Here a(E) is the ionization energy loss given by Eq. (10.1), and

b{E) is the sum of e+e pair production, bremsstrahlung, and
photonuclear contributions. To the approximation that these slowly-

varying functions are constant, the mean range xo of a muon with
initial energy Eo is given by

&o = (1/b) ln(o+ bEo) . (10.28)

Figure 10.10 shows contributions to b(E) for iron. Since s(E) 0.002
GeV g cmz, b(E)E dominates the energy loss above several hundred
GeV, where b(E) is nearly constant. The rate of energy loss for muons
in hydrogen, uranium, and iron is shown in Fig. 10.11 [39].

/ED calculations of cross sections for bremsstrahlung and e+e
pair production have long been known, but were much improved
around 1970 to meet the needs of cosmic ray physics [40-44].
Rozental showed that the screened atomic electron contribution
could be included by replacing Zz with Z(Z+ 1.2) in the nuclear
bremsstrahlung cross sections and by Z(Z+ 1.3) in the case of e+e
pair production [45], and that other corrections might reduce the cross
section by as much as 5%. We take this as the present uncertainty.
Cross sections for both processes have been evaluated independently
by Tsai [27].

A comparison of various improvements to the Bethe-Heitler formula
is given by Wright [46]. For muon energies above 100 GeV, p+p pair
production is also possible. This process is potentially troublesome
because it can lead to charge misassignment, but it contributes less
than 0.01% to the the total energy loss [39].

Figure 10.11: The average energy loss of a muon in hydrogen,
iron, and uranium as a function of muon energy. Contributions
to dE/dz in iron from ionization and the processes shown in

Fig. 10.10 are also shown.

Photonuclear interactions account for about 5% of the total energy
loss of high-energy muons in iron, and for about 2% in uranium [47].
The losses are concentrated in rare, relatively hard events,

These radiative cross sections are expressed as functions of the
fractional energy loss v. The bremsstrahlung cross section goes
roughly as 1/v over most of the range, while for the pair production
case the distribution goes as il s to v 2 (see Ref. 48). "Hard"
losses are therefore more probable in bremsstrahlung, and in fact,

energy losses due to pair production may very nearly be treated as
continuous. The momentum distribution of an incident 1 TeV/c muon
beam after it crosses 3 m of iron is shown in Fig. 10.12. The most
probable loss is 9 GeV, or 3.8 MeV g cm . The full width at haÃ
maximum is 7 GeV/c, or 0 7%%uo The radia.tive . tail is almost entirely
due to bremsstrahlung; this includes most of the 10% that lost more
than 2.8% of their energy. Most of the 3.3% that lost more than 10%
of their incident energy experienced photonuclear interactions. The
latter can exceed nominal detector resolution [49], necessitating the
reconstruction of lost energy. Electromagnetic and hadronic cascades
in detector materials can obscure muon tracks in detector planes and
reduce tracking efficiency [50].
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Here N, is the electron density in the medium, r, is the classical
electron radius, and aoo is the Bohr radius. For styrene and similar
materials, /4vrN, a~~ - 0.8, so that fuego

--20 eV. The typical emission
angle is 1/p.

The radiation spectrum is logarithmically divergent at low energies
and decreases raPidly for fiur/7hddo & 1. About half the energy is
emitted in the range 0.1 & hdd/7hdo& & 1. For a particle with p = 10S,
the radiated photons are in the soft x-ray range 2 to 20 eV. The p
dependence of the emitted energy thus comes from the hardening of
the spectrum rather than from an increased quantum yield. For a
typical radiated photon energy of pfi~o/4, the quantum yield is

1 az2phu)p phd)y

2 3 4

0
JI

z 0.5%x z (10.34)

940 960 980
Final momentum (GeV/c)

1000
More precisely, the number of photons with energy ~ & hap is

given by [55]

Figure 10.12: The momentum distribution of 1 TeV/c muons
after traversing 3 m of iron, as obtained with Van Ginniken's
TRAMU muon transport code (48).

az2 phd
N7(fddd & fisc) = — ln "—1 +-

~p 12
(10.35)

Vd 2(1 —1/nP) for small gs i e.g. in gases. (10.29)

The threshold velocity Pt is 1/n, and 7t = 1/(1 —Pt2)i/2. Therefore,

ptgt = 1/(2b + 8 ) /, where b = n —1. Values of 8 for various
commonly used gases are given as a function of pressure and
wavelength in Ref. 53. For values at atmospheric pressure, see
Table 6.1. Data for other commonly used materials are given in
Ref. 54.

The number of photons produced per unit path length of a particle
with charge ze and per unit energy interval of the photons is

d2N az2 2 +2z
sin Hc = 1—

dzd* d ', , d dd d(Z))

370sin gd. (E) eV cm (z = 1), (10.30)

or, equivalently,

d2N 2xez2 1
dd. d[,)) (10.31)

The index of refraction is a function of photon energy E, as is the
sensitivity of the transducer used to detect the light. For practical use,
Eq. (10.30) must be multiplied by the the transducer response function
and integrated over the region for which pn(E) & 1. Further details
are given in the discussion of Cerenkov detectors in the Detectors
section (Sec. 12 of this Review).

Transition Radiation. The energy radiated when a particle with
charge ze crosses the boundary between vacuum and a medium with
plasma frequency ~& is

I = drz ph~q/3,

where

(10.32)

hcu& —— 4+N~r3 m~c n

4~N, a3~ 2 x 13.6 eV . (10.33)

10.10. Cerenkov and transition radiation [4,51,52]

A charged particle radiates if its velocity is greater than the
local phase velocity of light (Cerenkov radiation) or if it crosses
suddenly from one medium to another with different optical properties
(transition radiation). Neither process is important for energy loss,
but both are used in high-energy physics detectors.

Cerenkov Radiation. The half-angle 8~ of the Cerenkov cone for a
particle with velocity Pc in a medium with index of refraction n is

gc = arccos(1/nP)

within corrections of order (hdsp/77idoy)
2 The nu.mber of photons above

a fixed energy himp « phiso thus grows as (lnp)2, but the number
above a fixed fraction of 7huro (as in the example above) is constant.
For examPle, for fit & Phd/10, Nz ——2.519az2/x = 0.59% x z2.

The yield can be increased by using a stack of plastic foils with
gaps between. However, interference can be important, and the soft
x rays are readily absorbed in the foils. The Erst problem can be
overcome by choosing thicknesses and spacings large compared to the
"formation length" D = pc/~y, which in practical situations is tens
of p,m. Other practical problems are discussed in Sec. 12.
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Figure 11.1: The photon mass attenuation length A = I/(p/p) (also known as mfp, mean free path) for various sbsorbers ss a function of
photon energy, where p, is the mass attenuation coefBcient. For a homogeneous medium of density p, the intensity I remaining after traversal of
thickness t is given by the expression I = Io exp( —tp/A). The accuracy is a few percent. Interpolation to other Z should be done in the cross
section cr = A/ANA cm /atom, where A is the atomic weight of the absorber material in grams and NA is the Avogadro number. For s chemics
compound or mixture, use (I/A)es P m, (1/A), , accurate to a few percent, where w; is the proportion by weight of the it" constituent. T e
processes responsible for attenuation are given in Fig. 11.4. Not all of these processes necessarily result in detectable attenuation. For examp e,
coherent Rayleigh scattering off an atom may occur at such low momentum transfer that the change in energy and momentum of the photon
may not be significant.

(a) Low-energy region.

(b) The photon mass attenuation length, high-energy range (note that ordinate is linear scale). The attenuation length is constant beyond the
range shown for at least two decades in energy.

From Hubbell, Gimm, snd Sverbe, J. Phys. Chem. Ref. Data 9, 1023 (80). See also J.H. Hubbell, Int. J. of Applied Rad. snd Isotopes $8,
1269 (82). Data courtesy J.H. Hubbell.
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interaction will result in conversion to an e+e
pair. Except for a few-percent contribution from
photonuclear absorption around 10 or 20 MeV,
essentially all other interactions result in Compton
scattering ofF an atomic electron. For a photon
attenuation length A (g/cm2) (Fig. 11.1), the
probability that a given photon will produce an
electron pair (without first Compton scattering) in
thickness t (cm) of absorber of density p (g/cmS) is
P[1 —exp( —tp/A)].
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Figure 11.4: Fractional energy loss per radiation
length in lead as a function of electron or positron
energy. Electron (positron) scattering is considered
as ionization when the energy loss per collision is
below 0.255 MeV, and as Moiler (Bhabha) scattering
when it is above. Adapted from Fig. 3,2 from Messel
and Crawford, , Electron-Photon Shower Distribution
Ehnction Tables for Lead, Copper, and /fir Absorbers,
Pergamon Press, 1970. Messel and Crawford use

Xo(Pb) = 5.82 g/cms, but we have modified the
fi t Hect the value given in the Table of Atomicgures ore ec

l XX Pband Nuclear Properties of Materials, name y Xo( )
= 6.4 g/cms. The development of electron-photon
cascades is approximately independent of absor er
when the results are expressed in terms of inverse
radiation lengths (i.e., scale on left of plot).
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12.PARTICLE DETECTORS

Detector Type Accuracy (rms)
Resolution

Time
Dead
Time

Bubble chamber
Streamer chamber
Proportional chamber
Drift chamber
Scintillator
Emulsion

Silicon strip

Silicon pixel

10 to 150 pm
300 pm

& 300 gamb,
c

50 to 300 pm

1 pm
pitch '
3 to 7
2 p,m&

1 ms
2 ps

50 ns
2 ns

150 ps

50 ms~

100 ms
200 ns
100 ns

10 ns

Multiple pulsing time.
~ 300 p,m is for 1 mm pitch.
~ Delay line cathode readout can give +150 p,m parallel to anode

wire.
" For two chambers.
' The highest resolution ("7") is obtained for small-pitch detectors

( & 25 tim) with pulse-height-weighted center finding.
f Limited at present by properties of the readout electronics. (Time

resolution of & 15 ns is planned for the SDC silicon tracker. )
& Analog readout of 34 pm pitch, monolithic pixel detectors.

12.1. Plastic scintillators
The photon yield in the frequency range of practical photomultiplier

tubes is 1 photon per 100 eV of charged particle ionization energy
loss in plastic scintillator [2]. One must take into account the light
collection etficiency (&10% for typical 1-cm-thick scintillator), the
attenuation length (1 to 4 m for typical scintillators [5]), and the
quantum efFiciency of the photomultiplier cathode ( & 25% when folded
with a typical scintillator emission spectrum).

12.2. Inorganic scintillators
Table 12.2 gives a partial list of commonly-used inorganic

scintillators in high-energy and nuclear physics [4—11]. These
scintillating crystals are generally used where high density and good
energy resolution are required, In a crystal which contains nearly
all of the energy deposited by an incident particle, the energy
resolution is determined largely, but not totally, by the light output.
The table gives the light output of the various materials relative
to NaI, which has an intrinsic light output of about 40000 photons
per MeV of energy deposit. The detected signal is usually quoted in
terms of photoelectrons per MeV produced by a given photodetector.
The relationship between photons/MeV produced and p.e.'s/MeV
detected involves factors for light collection etficiency (typically
10—50%, depending on geometry) and the quantum efficiency of
the detector (~ 15—20% for photomultiplier tubes and ~ 70% for
silicon photodiodes for visible wavelengths ). The quantum etficiency
of the detector is usually highly wavelength dependent and should
be matched to the particular crystal of interest to give the highest
quantum yield at the wavelength corresponding to the peak of the
scintillation emission. The comparison of' the light output given in
Table 12.2 is for a standard photomultiplier tube with a bialkali
photocathode. For scintillators which emit in the UV, a detector with
a quartz window should be used.

Updated 1992 by D.G. Coyne, R.W, Fast, R,D. Kephart, B.Mansoulie,
H.F.W. Sadrozinski, H.G. Spieler, and C.L. Woody

In this section we give various parameters for common detector
components. The quoted numbers are usually based on typical devices,
and should be regarded only as rough approximations for new designs.
A more detailed discussion of detectors can be found in Ref. 1.
In Table 12.1 are given typical spatial and temporal resolutions of
common detectors.

Table 12.1: Typical detector characteristics.

Table 12.2: Properties of several inorganic crystal scintillators.

NaI(T1) BGO BaFz CsI(Tl) CsI(pure)

Density (g/cms)
Radiation length (cm)
Moliere radius (cm)
dE/dz (MeV/cm)

(per mip)
Nucl. int. length (cm)
Decay time (ns)

3.67 7.13 4.89
2.59 1.12 2.05
4.5 2.4 3.4
4.8 9.2 6.6

4.53
1.85
3.8
5.6

41.4 22.0
250 300

36.5
1000

29.9
0.7f
620
220f 565
310
1.56 1.80

0.05f 0.40
0.20

slightly somewhat

Peak emission A (nm) 410 480

Refractive index
Relative light output

2.20
0.15

1.85
1.00

Hygroscopic very no

4.53
1.85
3.8
5.6

36.5
10,36f

1000~
305f

480'
1.80

0.10f
0.028

somewhat

2Z2
Np, e, = L s scoii(E) egest(E) sin Hc(E)dE

~e mec
(12.1)

where L is the path length in the radiator, E'gpll is the efBciency
for collecting the Cerenkov light, Ides is the quantum efBciency of
the transducer (photomultiplier or equivalent), and a /(rs msc ) =
370 cm eV . The quantities Knoll 6dgg, and 8, are all functions of
the photon energy E, although in typical detectors Hs (or, equivalently,
the index of refraction) is nearly constant over the useful range of
photocathode sensitivity. In this case,

Npe LNp sin Hc (12.2)

with

Z
+0 =

2 &coll ~det~~ .
Tg mec

(12.5)

We take z = 1, the usual case in high-energy physics, in the following
d1scuss1on.

Threshold Cerenkov detectors make a simple yes/no decision based
on whether the particle is above/below the Cerenkov threshold velocity
Pi = 1/n Careful des. igns give (scoii) & 90%. For a photomultiplier
with a typical bialkali cathode, f sd tdE 0.27, so that

N&s /L 90 cm (sin H, ) (i e , Np = 90. c.m i) . (12.4)

Suppose, for example, that n is chosen so that the threshold for species
a is pt, that is, at this momentum species o has velocity Po = 1/n. A
second, lighter, species b with the same momentum has velocity Pg, so
cos Hc = Pa/Ps, and

2 2ape, m —m~90 cm
p~ + m~2

(12.5)

For K/m. separation at p = 1 GeV/c, N& s /L —16 cm i for m's and
(by design) 0 for K's.

f= fast component, s = slow component

12.3. Cerenkov detectors
Cerenkov detectors utilize one or more of the properties of Cerenkov

radiation discussed in the Passages of Particles through Matter section
(Sec. 10 of this Review): the existence of a threshold for radiation;

the dependence of the Cerenkov cone half-angle 8~ on the velocity
of the particle; the dependence of the number of emitted photons on
the particle's velocity. The presence of the refractive index n in the
relations allows tuning these quantities for a particular experimental
application (e.g. , using pressurized gas and/or various liquids as
radiators) .

The number of photoelectrons (p.e. 's) detected in a given device or
channel is
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For limited path lengths N&e can be small, and some minimum
number is required to trigger external electronics. The overall
efficiency of the device is controlled by Poisson Huctuations, which can
be especially critical for separation of species where one particle type
is dominant [12].

A related class of detectors uses the number of observed
photoelectrons (or the calibrated pulse height) to discriminate between
species or to set probabilities for each particle species [13].

Differential Cerenkov detectors exploit the dependence of 8c on P,
using optical focusing and/or geometrical masking to select particles
having velocities in a speci6ed region. With careful design, a velocity
resolution of sp/P 10 —10 s can be obtained [12,14].

Rina-Imaging Cerenkov detectors use all three properties of
Cerenkov radiation in both small-aperture and 4~ geometries.
They are principally used as hypothesis-testing rather than yes/no
devices; that is, the probability of various identification possibilities
is established from 8, and N&.e. for a particle of known momentum.
In most cases the optics map the Cerenkov cone onto a circle at the
photodetector, often with distortions which must be understood.

The 4x devices [15,16] typically have both liquid (CsFy4, n = 1.276)
and gas (CsFrs, n = 1.0017) radiators, the light from the latter being
focused by mirrors. They achieve 3 o' separation of e/rr/K/p over wide

ranges, as shown in Table 12.3. Great attention to detail, especially
with the minimization of UV-absorbing impurities, is required to get
(e,oil) & 50%.

Table 12.3: Momentum range for 30 separation in the SLD
ring-imaging Cerenkov detector.

12.4. Transition radiation detectors (TRD's)
It is evident from the discussion in the Passages of Particles

Through Matter section (Sec. 10 of this Review) that transition
radiation (TR) only becomes useful for particle detectors when the
I.orentz factor p & 10 . In practice, TRD's are used to provide e/vr

separation when p & 1 GeV/c. (The momentum is usually measured
elsewhere in the detector. ) Since a soft x ray is radiated with about
1% probability per boundary crossing, practical detectors use radiators
with several hundred interfaces, e.g. foils of lithium or plastic in a
gas. Absorption inside the radiator and interference eKects between
interfaces are important [18,19].

A practical detector is composed of several similar modules, each
consisting of a radiator and an x-ray detector. The radiator is made of
foils or fibers of a Iow-Z material (for low absorption) in a low-Z gas
such as helium. The x-ray detector is usually a wire chamber operated
with a xenon-rich mixture in order to obtain a high conversion
efficiency. As transition radiation is emitted at small angles, the
chamber usually detects the sum of the ionization of the particle and
of converted TR photons. The discrimination between electrons and
pions can be based on the charges measured in each set, or on 'more

sophisticated methods using pulse-shape analysis. The TRD in the
DS experiment serves as an example [20,21].

The major factor in the performance of a TRD is its overall length.
Very roughly, the pion rejection factor for a detector with 90/0 electron
eIFiciency is 10 (L/20 cm), where L is the overall length of a radiator
with foils. Radiators with 6bers are easier to build, but generally
provide a rejection factor which is at least a factor of two lower.

12.5. Silicon photodiodes and particle detectors

Particle pair

e/x
x/K
K/p

Mom. range for 3 o separation

p & 5 GeV/c
0.23& p&20 GeV/c
0.82 & p & 30 GeV/c

2e(V+ Vsi) = Q2 (V+ V;),
ne

(12.6)

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 Beld that sweeps charge liberated by radiation to the
electrodes. The thickness of the depleted region is

The phototransducer is typically a TPC/wire-chsmber combination
sensitive to single photoelectrons and having charge division or
pads. This construction permits three-dimensional reconstruction
of photoelectron origins, which is important for transforming the
Cerenkov cone into a ring. Single photoelectrons are generated by
doping the TPC gas (for instance, ethane/methane in some proportion)
with 0.05% TMAE [tetrakis(dimethylamino)ethylene] [17], leading
to photon absorption lengths along the Cerenkov cone of 30 mm.
The readout wires must be equipped with special structures (blinds
or wire gates) to prevent photon feedback from avalanches generating
cross-talk photoelectrons in the TPC. Drift-gas purity must be
maintained to assure mean drift lengths of the order of meters without
recombination (i.e. , lifetimes of 100 ps at typical drift velocities
of 4 cm/pts). The net (edot)'s reach 30%, with the limitation being
the TMAE quantum efficiency.

Photon energy cutolfs are set by the TMAE (E & 5.4 eV), the
UV transparency of fused silica glass (E & 7.4 eV), and the CsFr4
(E & 7.1 eV). With efFort one gets 50 & No & 100 for complete rings
using liquid or gas. This includes losses due to electrostatic shielding
wires and window/mirror reflections, but not gross losses caused by
total internal reBection or inadequate coverage by the TPC's.

Such numbers allow determination of ring radii to ~0.5% (liquid)
and 2% (gas), leading to the particle species separations quoted
above. Since the separation efficiencies may have "holes" as a function
of p, detailed calculations are necessary.

or

W = 0.5 pm x y p(V+ Vb;) for n-type material, (12.7)

W = 0.3 pm x v p(V+ Vs;) for p-type material, (12.8)

where V is in volts and p is in 0 cm.

The corresponding capacitance per unit area is

(12.9)

where V = external bias voltage

Vs; = "built-in" voltage ( 0.8 V for resistivities typically used
in detectors

n = doping concentration

e = electron charge

e = dielectric constant = 11.9 eo = 1 pF/cm

p = resistivity (typically 1—10 kA cm)

JLf, = charge carrier mobility

= 1350 cms V r s r for electrons (n-type material)
= 450 cms V r s r for holes (p-type material)

In strip detectors the capacitance is dominated by the strip-to-strip
fringing capacitance of 1—1,5 pF cm of strip length at a strip
pitch of 25—50 pm.

About 3.6 eV is required to create an electron-hole pair. For
minimum-ionizing particles, the most probable charge deposition in a
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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, L e., particle type and energy. The
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 effects of charge build-up are
strongly dependent on the device structure and on fabrication
details. Since the damage is determined directly by the absorbed
energy, the dose should be specified in these units (rad or Gray).

The increase in leakage current due to bulk damage is 4i = 0;P
per unit volume, where P is the particle fluence and a the damage
coeiflcient (o 2 x 10 i A/cm for minimum ionizing protons and
pions after long-term annealing; roughly the same value applies for
1 MeV neutrons). The doping concentration in n-type silicon changes
as n = npexp( —bg) —PP, where np is the initial donor concentration,

6 x 10 cm determines donor removal, and P 0.03 cm
describes acceptor creation. This leads to an initial increase in
resisitivity until type-inversion changes the net doping from n to p.
At this point the resistivity decreases, with a corresponding increase
in depletion voltage. The safe operating limit of depletion voltage
ultimately limits the detector lifetime. Strip detectors have remained
functional at fluences beyond 10 cm for minimum ionizing
protons. At this damage level, charge loss due to recombination and
trapping also seems to become significant.

12.6. Proportional and drift chambers
Proportional chamber wire instabilitv. The limit on the voltage V

for a wire tension T, due to mechanical effects when the electrostatic
repulsion of adjacent wires exceeds the restoring force of wire tension,
is given by (SI units) [22]

V & i/4xepT, —
EC

(12.10)

where 8, 8, and C are the wire spacing, length, and capacitance per
unit length. An approximation to C for chamber half-gap t and wire
diameter d (good for s & t) gives [23]

300 p, m thick silicon detector is about 4 fC (25000 electrons). Readily
available photodiodes have quantum efficiences ) 70% for wavelengths
between 600 nm and 1 pm. UV extended photodiodes have useful
efficiency down to 200 nm. In applications in which photodiodes
detect light from scintillators, care must be taken so that signal from
the scintillator is larger than that produced by particles going through
the photodiode.

Collection time decreases with increased depletion voltage, and can
be reduced further by operating the detector with "overbias, " i.e, a
bias voltage exceeding the value required to fully deplete the device.
The collection time is limited by velocity saturation at high fields; at
an average field of 10 V/cm, the collection times is about 15 ps/pm
for electrons and 30 ps/tsm for holes. In typical strip detectors of
300 Iw, m thickness, electrons are collected within about 8 ns, and holes
within about 25 ns.

Position resolution is limited by transverse diffusion during charge
collection (typically 5 pm for 300 pm thickness) and by knock-on
electrons. Resolutions of 3—4 tom (rms) have been obtained in beam
tests. In magnetic fields, the Lorentz drift can increase the spatial
spread appreciably (see "Hall effect" in semiconductor textbooks).

Radiation damage occurs through two basic mechanisms:

around an array of parallel line charges q (coul/m) along z and located
at y = 0, x = 0, +8, +28, . . . ,

(12.12)

Errors from the presence of cathodes, mechanical defects, TPC-type
edge effects, etc. , are usually small and are beyond the scope of this
review.

12.7. Calorimeters

Table 12.4: Resolution of typical electromagnetic calorimeters.
E is in GeV.

Detector Resolution

NaI(Tl) (Crystal Ball [26]; 20 Xp)

Lead glass (OPAL [27])

Lead-liquid argon (NA31 [28]; 80 cells: 27 Xp, 1.5 mm Pb
+ 0.6 mm Al + 0.8 mm G10+ 4 mm LA)

Lead-scintillator sandwich (ARGUS [29], LAPP-LAL [30])

Lead-scintillator spaghetti (CERN test module) [31]

Proportional wire chamber (MAC; 32 cells: 13 Xp,
2.5 mm typemetal + 1.6 mm Al) [32]

2.7%/E'/4

5%/V E
7.5%/v E

9%/~E
13%/v E
23Fo/V E

Hadronic calorimeters [33,34]. The length scale appropriate for
hadronic cascades is the nuclear interaction length, given very roughly
by

35g cm (12.13)

Electromagnetic calorimeters. The development of electromagnetic
showers is discussed in the "Passage of Particles Through Matter"
section (Sec. 10 of this Bevieis). Formulae are given for the
approximate description of average showers, but since the physics
of electromagnetic showers is well understood, detailed and reliable
Monte Carlo simulation is possible. EGS4 has emerged as the
standard [24].

The resolution of sampling calorimeters (hadronic and electro-
magnetic) is usually dominated by sampling fluctuations, leading to
fractional resolution rr/E scaling inversely as the square root of the
incident energy. Homogenous calorimeters, such as solid NaI(T1), will

in general not have resolution varying as 1/~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
o/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 12.4 we 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 be proportional
to Qt for t (= plate thickness) & 0.2 radiation lengths [25].

Given sufficient transverse granularity early in the calorimeter,
position resolution of the order of a millimeter can be obtained.

V(59T i —+ —ln
e

where V is in kV, and T is in grams-weight equivalent.

(12.11)
Longitudinal energy deposition profiles are characterized by a sharp
peak near the first interaction point (from the fairly local deposition
of EM energy resulting from wo's produced in the first interaction),
followed by a more gradual development with a maximum at

Proportional and drift chamber potentials The potential distribu-
tions and fields in a proportional or drift chamber can usually be
calculated with good accuracy from the exact formula for the potential as measured from the front of the detector.

(12.14)
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The depth required for containment of a fixed fraction of the
energy also increases logarithmically with incident particle energy.
The thickness of iron required for 95'%%uo (99%%uo) containment of cascades
induced by single hadrons is shown in Fig. 12.1 [35]. Two of the sets
of data are from large neutrino experiments, while the third is from
a commonly used parametrization. Depths as measured in nuclear
interaction lengths presumably scale to other materials. From the
same data it can be concluded that the requirement that 95% of the
energy in 95%%uo of the showers be contained requires 40 to 50 cm (2.4 to
3.0 Al) more material material than for an average 95'%%uo containment.

and 0 44./v E were obtained for these cases (E in GeV). The former
was shown to be linear to within 2% over three orders of magnitude
in energy, with approximately Gaussian signal distributions.

dE/dr resolution in arson. Particle identification by dE/dx is
dependent on the width of the distribution. For relativistic incident
particles with charge e in a multiple-sample Ar gas counter with no
lead [40],
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where N = number of samples, z = thickness per sample (cm), p =
pressure (atm. ). Most commonly used chamber gases (except Xe) give
approximately the same resolution.

Free electron drift velocities in liauid ionization chambers [41—44].
Velocity as a function of electric field strength is given in Fig. 12.2.

10

5p i ilail

5 10
I I I I I I III I I I I I I ill

50 100 500 1000
Single Hadron Energy (GeV)

Figure 12.1: Required calorimeter thickness for 95% and 99%
hadronic cascade containment in iron, on the basis of data from
two large neutrino detectors and the parametrization of Bock
et aL [35].

a) A skewed signal distribution;

b) A response ratio for electrons and hadrons (the "e/rr ratio")
which is different from unity and depends upon energy;

c) A nonlinear response to hedrons (the response per GeV is

proportional to the reciprocal of e/vr);

d) A constant contribution to detector resolution, almost propor-
tional to the degree of noncompensation. The coeKcient relating
the constant term to [1 —e/h[ is 14%%uo according to FLUKA
simulations, and 21%%uo according to Wigman's calculations [33].

The transverse dimensions of hadronic showers also scale as Al,
although most of the energy is contained in a narrow core.

The energy deposit in a hadronic cascade consists of a prompt EM
component due to x production and a slower component mainly due
to low-energy hadronic activity. In general, these energy depositions
are converted to electrical signals with diiferent efficiencies [36]. The
ratio of the conversion efficiencies is usually called the intrinsic e/h
ratio. If e/h = 1.0 the calorimeter is said to be coinpensating. If it
difFers from unity by more than 5% or 10%, detector performance is
compromised because of fluctuations in the x content of the cascades.
Problems include:

~ yw 5

4
C
4

0 . . . , I. . . , I. . . , I. . . , I. . . , I. . . , I. . . , l. . . ,

0 2 4 6 8 10 12 14 16
Field Strength (kV cm 1)

Figure 12.2: Electron drift velocity as a function of field
strength for commonly used liquids.

12.8. Measurement of particle momenta in a uni-
form magnetic Beld [45]

The trajectory of a particle with momentum p (in GeV/c) and
charge ze in a constant magnetic field 8 is a helix, with radius
of curvature R and pitch angle A. The radius of curvature and
momentum component perpendicular to B are related by

p cos A = 0.3 z BR, (12.16)

where B is in tesla and R is in meters.

The distribution of measurements of the curvature k = I/R is

approximately Gaussian. The curvature error for a large number of
uniformly spaced measurements on the trajectory of a charged particle
in a uniform magnetic field can be approximated by

(bk) = (bkrps) + (bkms) (12.17)
In most cases e/h is greater than unity, particularly if little

hydrogen is present or if the gate time is short. This is because much
of the low-energy hadronic energy is "hidden" in nuclear binding
energy release, low-energy spallation products, etc. Partial correction
for these losses occurs in a sampling calorimeter with thick plates,
because a disproportionate fraction of electromagnetic energy is
deposited in the inactive region. For this reason, it is very unlikely
that a fully sensitive detector such as BGO or glass can be made
compensating.

Compensation has been demonstrated in calorimeters with 2.5
mm scintillator sheets sandwiched between 3 mm depleted uranium
plates [38] or 10 mm lead plates [39]; resolutions o/E of 0 34/vE. 720

I'~ N+4 ' (12.18)

where N = number of points measured along track

where bk = curvature error

bk«s ——curvature error due to finite measurement resolution

bkIII& ——curvature error due to multiple scattering.

If many () 10) uniformly spaced position measurements are made
along a trajectory in a uniform medium,
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L' = the projected length of the track onto the bending plane

e = measurement error for each point, perpendicular to the
trajectory.

If a vertex constraint is applied at the origin of the track, the
coefficient under the radical becomes 320.

The contribution due to multiple Coulomb scattering is approxi-
mately

8 I I I I I I I

~ZEUS o CDF

TOPAZ

~ CLEO II

ACALEPH

~ Hl
~ DELPHI

(0.016)(GeV/c)z L
LpPcos A Xo

' (12.19) ~VENUS

where p = momentum (GeV/c)

z = charge of incident particle in units of e

L = the total track length

Xp = radiation length of the scattering medium (in units of
length; the Xp defined elsewhere must be multiplied by
density)

P = the kinematic variable v/c.

More accurate approximations for multiple scattering may be found
in the section on Passage of Particles Through Matter (Sec. 10
of this Reeiew). The contribution to the curvature error is given
approximately by bk~, = 8s™i'„/L, where s™i' is defined there.

12.9. Superconducting solenoids for collider detec-
tors

12.9.1. Basic (approairnatej eq«atioris: In all cases SI units are
assumed, so that B is in tesla, E is in joules, dimensions are in
meters, and p,o = 4m x 10

Magnetic field. The magnetic field at the center of a solenoid of
length L and radius R, having N total turns and a current I is

p p
p p NI

v'Lz + 4Rz
(12.20)

Stored energv. The energy stored in the magnetic field of any
magnet is calculated by integrating B2 over all space:

E= B~dV .1

2p,p
(12.21)

E - (x/2' p) B R L . (12.22)

For a solenoid with an iron flux return in which the magnetic field is
& 2T, the field in the aperture is approximately uniform and equal to
ppNI/L If the thickness .of the coil is small, (which is the case if it is
superconducting), then

0
10

I I I I I I I I I

20 50 100 200
Stored energy (MJ)

500

Figure 12.3: Ratio of stored energy to cold mass for existing
thin detector solenoids.

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 B~R.

2. Approximately another 25% of the thickness of the 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 the material of which
it is fabricated. When designing this shell to a typical standard,
the real thickness is

t = P,Dzs[(L/D) —0.45(t/D)P s]/2. 6Y
'

(12.24)

where 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 within a few percent is given by [49]

t = P~D (L/D)/2. 6Y' (12.25)

Experiment-Lab Field Bore Dia Length Energy Thickness

(T) (m) (m) (MJ) (Xp)

12.9.3. Properties of collider detector solenoids: The physical
dimensions, central field, stored energy and thickness in radiation
lengths normal to the beam line of the superconducting solenoids
associated with the major colliders are given in Table 12.5.

Table 12.5: Properties of superconducting collider detector
solenoids.

Cost of a sunerconductine solenoid [46]:

Cost (in M$) = 0.523 [(E/(1 MJ)) ' (12.23)

Magnetostatic computer programs. It is too difficult to solve the
Biot-Savart equation for a magnetic circuit which includes iron
components and so iterative computer programs are used. These
include POISSON, TOSCA [47], and ANSYS [48].

CDF-Fermilab
Topaz —KEK
Venus —KEK
Cleo II—Cornell
Aleph —CERN
Delphi —CERN
H1—DESY
Zeus —DESY

1.5
1.2
0.?5
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

12.9.2. Scaling laws 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 are two major contributers to the
thickness of a thin solenoid:

The ratio of stored energy to cold mass (E/M) is a useful
performance measure. One would like the cold mass to be as small
as possible to minimize the thickness, but temperature rise during
a quench must also be minimized. Ratios as large as 8 kJ/kg may
be possible (final temperature of 80 K after a fast quench with
homogenous energy dump), but some contingency is desirable. This
quantity is shown as a function of total stored energy for some major
collider detectors in Fig. 12.3.
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12.10. Radiation levels in detectors at hadron col-
lider s

An SSC Central Design Group task force made a study of radiation
levels to be expected in SSC detectors [50). Its model assumed

~ The machine luminosity at v s = 40 TeV is M = 10 cm s

and the pp inelastic cross section is o;„e~——100 mb. This
luminosity is efFectively achieved for 10 s yr . The interaction
rate is thus 10 s, or 10 yr

~ All radiation comes from pp collisions at the interaction point;

~ The charged particle distribution is (a) flat in pseudorapidity
for ~r/~ ( 6 and (b) has a momentum distribution whose
perpendicular component is independent of rapidity, which is
taken as independent of pseudorapidity:

Quantity A/(100 cm) Units (p )

Neutron flux

Dose rate from photons
Dose rate from hadrons

1.5 x 10i cm yr 0.6 GcV/c 0.67
124 Gy yr i 0.3 GeV/c 0.93
29 Gy yr i 0.6 GeV/c 0.89

Table 12.7: A rough comparison of beam-collision induced
radiation levels at the Tevatron, UNK, high-luminosity LHC,
and SSC.

Table 12.6: 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
8 from the interaction point the annual fluence or dose is
A/(r~ sin2+ 8).

d~N = H f(pi) (12.26) Tevatron LHC SSC

(where pg = psin8). Integrals involving f(pL) are simplified

by replacing f(pg) by 6(p~ —(p~)); in the worst case this
approximation introduces an error of less than 10%,

~ Gamma rays from m. decay are as abundant as charged particles.
They have approximately the same rI distribution, but half the
mean momentum;

~ At the SSC (vs = 40 TeV), H 7.5 and (p~) 0.6 GeV/c;
assumed values at other energies are given in Table 12.7. Together
with the model discussed above, these values are thought to
describe particle production to within a factor of two or better.

It then follows that the flux of charged particles from the interaction
point passing through a normal area da located a distance r~ from
the beam line is given by

dN, h 1.2 x 10 s

da rL
(12.27)

In a typical organic material, a relativistic charged particle flux of
3 x 10 cm produces an ionizing radiation dose of 1 Gy, where
1 Gy = 1 joule kg 1 (= 100 rads). The above result may thus be
rewritten as dose rate,

~ 0.4 MGy yr

(r~/I cm)2
(12.28)

Dose or fluence* = —cosh +
r2 r2 sin2+a g

(12.29)

The constant A contains the total number of interactions a;„eiI Wdt,
so the ionizing dose or neutron fluence at another accelerator scales as
a.;„,i f Wdt H(p~)

The dose or fluence in a calorimeter scales as 1/r2, as does the
neutron fluence inside a central cavity with characteristic dimension r.

Under all conditions so far studied, the neutron spectrum shows
a broad log-normal distribution peaking at just under 1 MeV. In a
2 m radius central cavity of s detector with coverage down to ~r/~

= 3,
the average neutron flux is 2 x 10 cm yr, including secondary
scattering contributions.

Values of A and e are given in Table 12.6 for several relevant
situations. Examples of scaling to other accelerators are given in
Table 12.7. It should be noted that the assumption that all radiation
comes from the interaction point does not apply to the present
generation of accelerators.

If a magnetic fleld is present, "loopers" may increase this dose rate by
a factor of two.

In a medium in which cascades can develop, the ionizing dose
or neutron fluence is proportional to d/Veh/da multiplied by (E)
where (E) is the mean energy of the particles going through da and
the power rr is slightly less than unity. Since E = p = p~/sin8 snd
r~ = r sin 8, the above exPression for d/Vch/da becomes

+s (TeV)
anom (cm s )

+inel
H

(p ) (GeV/c)
Relative dose rate~

1.8
2 x 103o

59 mb

4.1

0.46

5xl0 4

6
4 x 1032

80 mb

0.52

0,2

16
4 x 1034

86 mb

6.3
0.55

27

40
1 x 10~~

100 rnb

7.5
0.60

1

High-luminosity option.
6 Proportional to anom aiuei H (pg}

~ 0.7

The constant A includes factors evaluated with cascade simulation
programs as well as constants describing particle production at the
interaction point. It is felt that each could introduce an error as large
as a factor of two in the results.
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13.RADIOACTIVITY & RADIATION PROTECTION

Table 13.1: Radiation weighting factors.

Radiation

X- and p-rays, all energies

Electrons and muons, all energies

Neutrons ( 10 keV

10—100 keV

) 100 keV to 2 MeV

2—20 MeV

& 20 MeV

Protons (other than recoils) ) 2 MeV

Alphas, 6ssion fragments, Q heavy nuclei

1

1

5

10

20

10

5

5

20

Revised Sept. 1991 with assistance from N.A. Greenhouse.

The International Commission on Radiation Units and Measure-
ments (ICRU) recommends the use of SI units. Therefore we list SI
units first, followed by cgs (or other common) units in parentheses,
where they di8'er.

~ Unit of activity = becquerel (curie):
1 Bq = 1 disintegration s i [= 1/(3.7 x 10 ) Ci]

~ Unit of absorbed dose = gray (rad):
1 Gy = 1 joule kg i (= 10 erg g

i = 100 rad)
= 6.24 x 10 MeV kg deposited energy

~ Unit of exposure, the quantity of x- or p- radiation at a point in
space integrated over time, in terms of charge of either sign produced
by showering electrons in a small volume of air about the point:

= 1 coul kg i of air (roentgen; 1 R = 2.58x10 coul kg )
= 1 esu cm S(= 87.8 erg released energy per g of air)

Implicit in the definition is the assumption that the small test volume
is embedded in a sufficiently large uniformly irradiated volume that
the number of secondary electrons entering the volume equals the
number leaving. This unit is somewhat historical, but appears on
many measuring instruments.

~ Unit of equivalent dose (for biological damage) = sievert [= 100
rem (roentgen equivalent for man)]: Equivalent dose in Sv = absorbed
dose in grays x tott, where iott (radiation weighting factor, formerly
the quality factor Q) expresses long-term risk (primarily cancer and
leukemia) from low-level chronic exposure. It depends upon the type
of radiation and other factors, as follows [1]:

~ Natural annual background, all sources: Most world areas,
whole-body equivalent dose rate (0.4—4) mSv (40—400 millirems).
Can range up to 50 rnSv (5 rema) in certain areas. U.S. average
= 3.6 mSv, including 2 mSv ( 200 mrem) from inhaled natural
radioactivity, mostly radon and radon daughters (0.1—0.2 mSv in open
areas. Average is for a typical house and varies by more than an order
of magnitude. It can be more than two orders of magnitude higher in
poorly ventilated mines).

~ Cosmic ray background in counters (Earth's surface):
1 min cm sr. For more accurate estimates and details,

see the Cosmic Rays section (Sec. 14 of this Revieio.

~ Fluxes (per cm ) to deposit one Gy, assuming uniform irradiation:

—(charged particles) 6.24x10 /(dE/ds:), where dE/da (MeV
g

i cm~), the energy loss per unit length, may be obtained from the
Mean Range and Energy Loss figures.

3.5 x 10 cm minimum-ionizing singly-charged particles in
carbon.

—(photons) 6.24x10s/[Ef/A], for photons of energy E (MeV),
attenuation length A (g cm s) (see Photon Attenuation Length
figure), and fraction f & 1 expressing the fraction of the photon's
energy deposited in a small volume of thickness && A but large enough
to contain the secondary electrons.

—2 x 10 i photons cm 2 for 1 MeV photons on carbon (f 1/2).
(Quoted fluxes are good to about a factor of 2 for all materials. )

~ Recommended hmits to exposure (whole-body dose)
CERN: 15 mSv yr

U.K.: 15 mSv yr

U.S.: 50 mSv yr " (5 rem yr i)t
i Lethal dose: Whole-body dose from penetrating ionizing radiation
resulting in 50% mortality in 30 days (assuming no medical treatment)
2.5—3.0 Gy (250—300 rads), as measured internally on body longitudinal
center line. Surface dose varies due to variable body attenuation and
may be a strong function of energy.

For a recent review, see E. Pochin, Nuclear Radiation: Risks and
Benefits (Clarendon Press, Oxford, 1983).

The ICRP recomendation [1] is 20 mSv yr i averaged over
5 years, with the dose in any one year & 50 mSv.

Many laboratories in the U.S. and elsewhere set lower limits.

Reference:
1. ICRP Publication 60, 1990 Recommendation of the International

Commission on Radiological Protection Pergamon Press (1991).
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14. COSMIC RAY FLUXES
The fluxes of particles of difFerent types depend at the 10% level

on the latitude, their energy, and the conditions of measurement.
Some typical sea-level values [1] for charged particles are given below:

I~ flux per unit solid angle per unit horizontal area about vertical
direction

= j(8 = 0, Si) [8 = zenith angle, Si = azimuthal angle);

Jy total flux crossing unit horizontal area from above

j(8, 4i) cos 8 dA [dA = sin 8 d8 dP];
e&~/2

Jz total flux from above (impinging on a sphere of unit cross-

sectional ares)

j(8,$) dA .
8&+/2

Total Hard Soft
Intensity Component Component

I~ 1.1x 102 0.8 x 102 0.3 x 102 m 2 s ~ sterad

Jq 1.8x10 1.3x10 0.5x102 m 2 s

J2 2.4 x 102 1.7 X 102 0.7 x 102 m
—2 s

—1

Very approximately, about 75% of all particles at sea level are
penetrating, and are muons (the dominant portion of the hard

component at sea level). The sea-level vertical flux ratio for protons to
muons (both charges together) is about 3.5% at 1 GeV/c, decreasing
to about 0.5% at 10 GeV/c.

The muon flux at sea level has a mean energy of 2 GeV and a
difFerential spectrum falling as E, steepening smoothly to E
above a few TeV. The angular distribution is cos2 8, changing to sec8 at
energies above a TeV, where 8 is the zenith angle at production. The
+ charge ratio is 1.25—1.30. The mean energy of muons originating in
the atmosphere is roughly 300 GeV at slant depths & a few hundred
meters. Beyond slant depths of ~ 10 km water-equivalent, the muons
are due primarily to in-the-earth neutrino interactions (roughly 1/8
interaction ton year for E„&300 MeV, ~ constant throughout
the earth) [2]. Muons from this source arrive with a mean energy of
20 GeV, and have a flux of 2 x 10 m s sterad in the vertical
direction and about twice that in the horizontal [3], down at least as
far as the deepest mines.

Updated April 1986.

References:
1. B. Rossi, Rev. Mod. Phys. 20, 537 (1948). See also C. Grupen,

"News from Cosmic Rays at High Energies, " Siegen University
preprint SI-84-01, and Allkofer and Grieder, Cosmic Rays on
Earth, Fachinformationszentrum, Karlsruhe (1984); flux ratio for
protons at sea level from G. Brook and A.W. Wolfendale, Proc.
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15.COMMONLY USED RADIOACTIVE SOURCES

Photon

Nuclide
~iNa11

Type of Energy Emission
Half-life decay (MeV) prob.
2.603 y P+, EC 0.545 90%

Energy Emission
(MeV) prob.

0.511 Ann. ih.
1.275 100'Fo

'4Mnn

'5Fe
26

'7Co
27

60Co
27

0855 y EC

273 y EC

0.744 y EC

5271 y P 0316 100%

0.835 100%
Cr K x rays 26%

Mn K x rays:
0.00589 25 Fo

0.00649 3.4%

0.014 9Fo

0.122 86 Fo

0.136 11%
Fe K x rays 58%

1.173 100%
1.333 100%

Table 15.1. Updated November 1993 by E. Browne.

Particle

"Emission probability" is the probability per decay of a given emission;
because of cascades these may total more than 100%. Only principal
emissions are listed. EC means electron capture, and e means
monoenergetic internal conversion (Auger) electron. The intensity of
0.511 Mev 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, energies, and intensities are from E. Browne and
R.B. Firestone, Table of Radioactive Isotopes (John Wiley 3r Sons,
New 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 (Pergamon Press, 1983).

32
68Ge

90sr38

Ga31

0.742 y EC

P+, EC 1.899

28.5 y P- 0.546

90%

100%

Ga K x rays 44%

0.511 Annih.
1.077 3'Fo

90Y
39

106Ru
44

P 2.283

1.020 y P 0.039

100%

100%

109Cd
48

113sn
50 n

137C~55

Rh45

1.267 y

0.315 y

30.2 y

P 3.541

EC 0.063 e
0.084 e
0.087 e

EC 0.364 e
0.388 e

P 0514 e

1.176 e

79%

41%
45%
9%

29%
6%

94%
6%

0.512 21%
0.622 10%

0.088 3.6%
Ag K x rays 100%

0.392 65%
In K x rays 97%

0.662 85%

133'B
56 0.081 34%

0,356 62%
Cs K x rays 121'Fo

2% 0.569 98%
7% 1.063 75%
2% 1.770 7%

Pb K x rays 78%

0.239 44%
0.583 31%
2.614 36%

216P 212Pb 212Bi ~ 212Po)
84 o 82 83 ' 84 o

a 5.443 13% 0.060 36%
5.486 85% Np L x rays 38%

6 x 10 S neutrons (4—8 MeV) and
4 x 10 sp's (4.43 MeV) per Am decay

n 5.763 24% Pu L x rays 9'Fo

5.805 76%

10.54 y EC 0.045 e
0.075 e

207Bi
83 31.8 y EC 0.481 e

0.975 e
1.047 e

228Th
90 1.912 y 6n: 5.341 to 8.785

3P: 0.334 to 2.246

( Ra 2 Rn8S 86
241Am 432.7 y

241Am/Be 432.2 y

'44Cm
96 m

252Cf
98

18.11 y

15%
82'Fo

2.645 y cr (97%) 6.076
6.118

Fission (3.1%)
= 20 p's/fission; 80% ( 1 MeV
—4 neutrons/fission; (En) = 2.14 MeV
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16.PROBABILITY
Revised June 1994.

16.1. General [1-6]

Let x be a possible outcome of an observation. The probability of
x is the relative frequency with which that outcome occurs out of
a (possibly hypothetical) large set of similar observations. If z can
take any value from a continuous range, we write f(z; 8) dz as the
probability of observing z between z and z+ dz. The function f (z; 8)
is the probability density function (p.d.f.) for the random variable

x, which may depend upon one or more parameters 8. If x can take
on only discrete values (e.g. , the non-negative integers), then f(z; 8)
is itself a probability, but we shall still call it a p.d.f. The p.d.f. is
always normalized to unit area (unit sum, if discrete). Both z and 8
may have multiple components and are then often written as column
vectors. If 8 is unknown and we wish to estimate its value from a
given set of data measuring z, we may use statistics (see Sec. 17).

The cumulative distribution function F(a) is the probability that
x& a:

Let z and y be two random variables with a joint p.d.f. f(z, y)
The marginal p.d.f. of z (the distribution of x with y unobserved) is

fi(*) = f f(* ii) "ii (16.5)

f3(ylz) fi(z) = f (z y) (16.6a)

Similarly, the conditional p.d.f. of y, given fixed x, is

f4(zly) f~(y) = f(z, y) (16.6b)

From these definitions we immediately obtain Bayes' theorem [2]:

fs(ylz) fi(z) fs(yl*) fi(*)
f~(y) f fs(ylz) fi(*)dz

(16.7)

and similarly for the marginal p.d.f. f2(y). We define the conditional
p.d.f. of x, given fixed y, by

a
F(a) = f(z) dz. (16.1) The mean of x is

&l (*))=f .(*)f(*)~*, (16.2)

Here and below, if x is discrete-valued, the integral is replaced by
a sum. The endpoint a is expressly included in the integral or sum.
Then 0 & F(x) & 1, F(z) is nondecreasing, and Prob(a & z & b) =
F(b) —F(a) If z is .discrete, F(z) is flat except at allowed values of
z, where it has discontinuous jumps equal to f(z)

Any function of random variables is itself a random variable, with

(in general) a different p.d.f. The ezpectatioa value of any function
'll x 1S

p = x x, y dxCy= x y x dx, (16.8)

and similarly for y. The correlation between x and y is a measure of
the dependence of one on the other:

p,v = E [(z —ii, ) (y —p„)]/o, (r„=Cov(z, y)/o, (r„, (16.9)

where (rv and ov are defined in analogy with Eq. (16.4b). It can be
shown that —1 & p» & 1. Here "Cov" is the covariance of x and y, a
2-dimensional analogue of the variance.

Two random variables are independent if and only if

(16.3a)

and the nth moment about the mean of x, ay, is

= EI( — i)") = f (
— i)"f(*)~* (16.3b)

assuming the integral is finite. For u(z) and v(z) any two functions
of z, E(u+ v) = E(u) + E(v). For c and k constants, E(cu+ k) =
cE(u) + k.

The nth moment of a distribution is

f(»y) = fi(z) f2(y) (16.10)

If x and y are independent then p» ——0; the converse is not
necessarily true except for Gaussian-distributed x and y. If x and

y are independent, E[u(z) v(y)] = E[u(z)] E[v(y)], and Var(z+ y)
= Var(z)+Var(y); otherwise, Var(z + y) = Var(z)+Var(y)+
2Cov(z, y), and E(u v) does not factor.

In a change of continuous random variables from x—:(zi, . . . , z„),
with p.d.f. f(z) = f(zi, . . . , z„),to y = (yi, . . . , y„),a one-to-one
function of the z, 's, the p.d.f. g(y) = g(yi, . . . , y„)is found by
substitution for (zi, . . . , z„)in f followed by multiplication by the
absolute value of the Jacobian of the transformation; that is,

The most commonly used moments are the mean p and variance 02:
g(y) =f [~i(y)" ~ (y)]IJI (16.11)

o = Var(z) = m2 = (r2 —p

(16.4a)

(16.4b)

The mean is the location of the "center of mass" of the probability
density function, and the variance is a measure of the square of its
width. Note that Var(cz+ k) = c~Var(z).

Any odd moment about the mean is a measure of the skewness
of the p.d.f. The simplest of these is the dimensionless coefBcient of
skewness pi = ms/(r .

Besides the mean, another useful indicator of the "middle"
of the probability distribution is the median xmed, defined by
F(zoned) = 1/2; i.e. , half the probability lies above and half lies below

x~~d. For a given sample of events, xmeg is the value such that
half the events have larger x and half have smaller z (not counting
any that have the same x as the median). If the sample median lies
between two observed x values, it is set by convention halfway between
them. If the p.d.f. for x has the form f (z —p) and p is both mean
and median, then for a large number of events N, the variance of the
median approaches I/[4Nf~(0)], provided f(0) & 0.

The functions v), express the inverse transformation, z, = v);(y) for
i = 1, . . . ,

n
i and

l
Jl is the absolute value of the determinant of the

square matrix J,
&

——Bz;/lly&. If the transformation from z to y is
not one-to-one, the situation is more complex and a unique solution
may not exist. For example, if the change is to m ( n variables, then
a given y may correspond to more than one x, leading to multiple
integrals over the contributions [1].

To change variables for discrete random variables simply substitute;
no Jacobian is necessary because now f is a probability rather than a
probability density.

If f depends upon a parameter set 8, a change to a diEerent
parameter set (b; = (b, (8) is made by simple substitution; no Jacobian
is used.
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d'(u) = &(e ) = e'"*f(x)dx . (16.12)

It is often useful, and several of its properties follow [1].
It follows from Eqs. (16.3a) and (16.12) that the nth moment of

the distribution f(z) is given by

16.2. Characteristic functions
The characteristic function gi(u) associated with the p.d.f. f(z) is

essentially its (inverse) Fourier transform, or the expectation value of
exp(iux):

16.3.2. Poisson distribution: The Poisson distribution f(r; ti)
gives the probability of finding 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 average rate of p per the given interval. The
variance fr equals p. It is the limiting case p ~ 0, n ~ oo, np = p

2

of the binomial distribution. The Poisson distribution approaches the
Gaussian distribution for large p.

Two or more Poisson processes (e.g. , signal + background, with
parameters ps and lib) that independently contribute amounts n~ and
ng to a given measurement will produce an observed number n =
n, + ng, which is distributed according to a new Poisson distribution
with parameter p, = p,, + p$.

z"f(x)dz = a„. (16.13)

t( ) = f4( I*) fi(*)&*

Suppose we can write p2 in the form

(16.14)

Thus it is often easy to calculate all the moments of a distribution
defined by tb(u), even when f(x) is diFicult to obtain.

If fl(z) and f2(y) have characteristic functions gal(u) and tb2(u),
then the characteristic function of the weighted sum ax+ by is

$1(au)tb2(bu). The addition rules for common distributions (e.g. ,
that the sum of two numbers from Gaussian distributions also has a
Gaussian distribution) easily follow from this observation.

Let the (partial) characteristic function corresponding to the
conditional p.d.f. f2(z[z) be $2(u[z), and the p.d.f. of z be fr(z). The
characteristic function after integration over the conditional value is

F(x; 0, 1) = 1 1 + erf(z/v 2) (16.19)

16.3.3. Informal or Gaussiari dist& bution: T. he normal (or
Gaussian) probability density function f(x; p, o ) given in Table 16.1
has mean x = p, and variance o . Comparison of the characteristic
function P(u) given in Table 16.1 with Eq. (16.17) shows that all
semi-invariants K„beyond K2 vanish; this is a unique property of the
Gaussian distribution. Some properties of the distribution are:

rms deviation = o

probability x in the range p + o = 0.6827

probability x in the range p, +0.6745o = 0.5
expection value of ~x —p, ~, E(~z —ti~) = (2/ir) / o = 0.7979o

half-width at half maximum = (2 in 2)1/2o = 1.177o

The cumulative distribution, Eq. (16.1), for a Gaussian with ti = 0
and o2 = 1 is related to the error function erf(g) by

d2(u/x) = A(u)e'g("&' .

Then

d (u) = A(u)d i(g(u))

(16.13)

(16.16)

The error function is tabulated in Ref. 6 and is available in computer
math libraries and personel computer spreadsheets. For a mean p and
variance o, replace z by (z —p)/o. The probability of x in a given
range can be calculated with Eq. (17.29).

For x and y independent and normally distributed, z = ax+ by

obeys f(x; atix + bti&, a o + b o ); that is, the weighted means and
variances add.

The semi-invariants K„arede&ned by

p(u) = exp
~ p —(iu)" = exp ialu —-K2u +. . .) . (16.17)

n!

Kl = col (= y„the mean)

K2 = m2 = Q2 Ql (= o', the variance)

&3 = 3 = cl3 o'la2+ 2 2 (16.18)

The K„'sare related to the moments n„and m„,The first few

relations are

f(* t V) = 1
(16.20)

The Gaussian gets its importance in large part from the central limit
theorem: If a continuous random variable x is distributed according to
any p.d.f. with finite mean and variance, then the sample mean, x„,
of n observations of x will have a p, d. f. that approaches a Gaussian as
n increases. Therefore the end result P"z, = nz„ofa large number
of small Ructuations x, will be distributed as a Gaussian, even if the
x, themselves are not.

For z a set of n (not necessarily independent) Gaussian random
variables x, arranged into a column vector, the joint p.d.f. is the
multivariate G'aussian:

16.3. Some probability distributions
Table 16.1 gives a number of common probability density functions

and corresponding characteristic functions, means, and variances.
Further information may be found in Refs. 1—6; Ref. 6 has particularly
detailed tables. Monte Carlo techniques for generating each of them
may be found in our Sec. 18.3. We comment below on all except the
trivial uniform distribution.

x exp --(x- p) V (x- ti), [V~ g 0 .

Here V is the cooariance matrix of the x's, with V,; = Var(z, ) and Vi
= E[(z; —y,;)(z& —ti&)] = p,& o; o&, and [V~ is the determinant of V.
(If V is singular, there is a linear relation among some of the variables,
and so one should eliminate dependent variables and work with an
independent set. ) The quantity p;& is the correlation coefficient for z,
and zr, and ~p;r[ ( 1. For n = 2, f(x; p„V)is

16.3.1. Hinamial distributian: A random process with exactly
two possible outcomes is called a Bernoulli process. If the probability
of obtaining a certain outcome (a "success") in each trial is p, then
the probability of obtaining exactly r successes (r = 0, 1, 2, . . . , u) in
n trials, without regard to the order of the successes and failures,
is given by the binomial distribution f(r; n

1 p) in Table 16.1. If r
successes are observed in n„trials with probability p of a success, and
if s successes are observed in n, similar trials, then t = r + s is also
binomial with ng ——n„+ns.

—1

2(1 —p2)
(xl Pl ) 2P(xl Pl)(x2 ti2)

CTy 0'l 0'2

(*2 —t 2)'+ 2
F2

1f(xll z2 i Pl & ti2& ol & o2) P)
2ira 1o2 1 —p

(16.21)
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in evaluating the consistency of dat, a with a model (see Sec. 17): The
CL is the probability that a random repeat of the given experiment
would observe a greater X2, assuming the model is correct. It is also
useful for confidence intervals for statistical estimators (see Sec. 17.5),
in which case one is interested in the unshaded area of Fig. 16.2.

where y = V2X2 —V'2n —1. This approximation was used to draw
the dashed curves in Fig. 16.1 (for n = 20) and Fig. 16.3 (for
CL = 5'). Since all the functions and their inverses are now readily
available in standard mathematical libraries (such as IMSL, used
to generate these figures, and personal computer spreadsheets, such
as MicrosoftExcel [8]), the approximation (and even figures and
tables) are seldom needed.

I ~ ~

!
I I I I

]
I 1 ~0 25~ ~~ ~

}
t ~ s y

!
s i s

16.3.5. Student's t dist&bution: Suppose that x and xy, . . . , x„
are independent and Gaussian distributed with mean 0 and variance 1.
We then define

0.20—
z=~ x2, and2

z/n
(16.24)

~ 0.15

~ 0.10

0.05

0.00
0 10 15

X2

20 25 30

Figure 16.2: Illustration of the confidence level integral given
in Eq. (16.22). This particlar example is for n = 10, where the
area above 15.99 is 0.1.

The variable z thus belongs to a X2(n) distribution. Then t is

distributed according to a Student's t distribution with n degrees of
freedom, f (t; n), given in Table 16.1.

The Student's t distribution resembles a Gaussian distribution with
wide tails. As n ~ ao, the distribution approaches a Gaussian, If
n = 1, the distribution is a Cauchy or Breit-8'igner distribution. The
mean is finite only for n & 1 and the variance is finite only for n & 2,
so for n = 1 or n = 2, t does not obey the central limit theorem.

As an example, consider the sample mean z = P z, /n and the
sample variance s2 = P(z, —z)~/(n —1) for normally distributed
random variables x, with unknown mean p, and variance o2. The
sample mean has a Gaussian distribution with a variance o /n, so
the variable (z —

l)z/go 2/nis normal with mean 0 and variance l.
Similarly, (n —1) s2/o is independent of this and is X2 distributed
with n —1 degrees of freedom. The ratio

2.5 I I I I I I I I I I

Since the mean of the X2 distribution is equal to n, one expects in a
"reasonable" experiment to obtain X2 n. While caution is necessary
because of the width and skewness of the distribution, the "reduced
X2" —= X2/n is a sometimes useful quantity. Figure 16.3 shows X2/n
for useful CL's as a function of n.

(z —p)/V o~/n z —iz

g(n —1) s /o (n —1) Qs /n
(16.25)

is distributed as f(t; n —1). The unknown true variance o cancels,
and t can be used to test the probability that the true mean is some
particular value p.

In Table 16.1, n in f(t;n) is not required to be an integer. A
Student's t distribution with nonintegral n & 0 is useful in certain
applications.

2.0

1.5

g /n

1.0

0.5

1%
5%—0»=

32%

16.3.6. Gamma distribution: For a process that generates events
as a function of z (e.g. , space or time) according to a Poisson
distribution, the distance in x from an arbitrary starting point
(which may be some particular event) to the kt" event belongs to
a gamma distribution, f(z; A, k). The Poisson parameter Is is A per
unit z. The special case k = 1 (i.e. , f(z; A, 1) = Ae "*) is called the
exponential distribution. A sum of k' exponential random variables
z; is distributed as f(P z, ; A, k').

The parameter k is not required to be an integer. For A = 1/2 and
k = n/2, the gamma distribution reduces to the X~(n) distribution.
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For large n, the CL is approximately given by [1,7]

1CL(X)= e */ dz,
27I v

(16.23)

Figure 16.3: Confidence levels as a function of the "reduced
X2"—:X2/n and the number of degrees of freedom n Curves are.
labeled by the probability that a measurement will give a value
of X2/n greater than that given on the y axis; e.g. , for n = 10, a
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Varm;„= [1+Bb/Ba] /I(a); (17.1)

17.1. General [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 we have the opposite problem of estimating the
parameters of the p.d.f. from a set of actual observations.

We refer to the true p.d.f. as the 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 the unknown
parameters. A statistic is a random variable if the data have random
errors. An estimator is any statistic whose value is intended as a
meaningful guess for the value of an unknown parameter; we denote
estimators with hats, e.g. , o;.

Often it is possible to construct more than one reasonable estimator.
Let n represent the true value of a parameter to be estimated; a is a
vector cx if there is more than one parameter. Then if 8 is an estimator
for a, desirable properties for a are: (a) Unbiased; bias b = E(a) —a,
where the expectation value is taken over a hypothetical set of similar

experiments in which 6 is constructed the same way. The bias may
be due to statistical properties of the estimator or to 8yatematic errors
in the experiment. If we can estimate the average bias b we usually
subtract it from a. to obtain a new 8' = 8 —b. However, b may
depend upon e or other unknowns, in which case we usually try to
choose an estimator which minimizes its average size. (b) Minimum
variance; the minimum possible value of Var(a) is given by the
Rao-Crammer-Frechet bound:

17.2. Data arith a common mean

Suppose we have a set of N independent measurements y; assumed
to be unbiased measurements of the same unknown quantity p with a
common, but unknown, variance 02 resulting from measurement error.
Then

(17.2)

(17.3)

are unbiased estimators of ls and os. The variance of ls is o/N 'If th. e
common p.d.f. of the y; is Gaussian, these statistics are independent.
Then, for large N, the variance of oS is 2o /N. If the y; are Gaussian
or N is large enough that the central limit theorem applies, then p,

is an efficient estimator for p, . Otherwise p, is sometimes subject to
large fluctuations, e.g. , if the p.d.f. for y; has long tails. In this case
the median of the y; may be a more robust estimator for p, , provided
the median and mean are expected to lie at the same point in the
p.d.f. for y. For Gaussian y, the median has asymptotic (large-N)
ealciency 2/z 0.64. Student's t-distribution provides an example in
which there are large tails. In this case, for large N the efficiency of
the sample median relative to the sample mean is (oo, co, 1.62, 1.12,
0.96, 0.80, 0.64) for (1, 2, 3, 4, 3, 8, oo) degrees of freedom.

If rr is known, P as given in Eq. (17.2) is still the best estimator
for ls; if ls is known, substitute it for is in Eq. (17.3) and replace N —1
by N, to obtain a somewhat better estimator &2.

If the y; have difFerent, known, variances 0;, then

(17.4)

(Compare with Eq. (17.6) below. ) The sum is over sll data and b

is the bias, if any; the z; are assumed independent and distributed
as f(z,", a), and the allowed range of z must not depend upon
a. The ratio e = Varm;n/Var(a) is the egciency. An scient
estimator (with e = 1) exists only for certain cases. The square
root of the variance expresses the expected spread of a about its
average value, as would be observed in a large number of repeats
of the same measurement. (c) Minimum mean squared error (mse);
mse = E[(a —a)z] = V(a) + b2 The mse co. mbines the error due
to any bias quadratically with the variance, which expresses only the
spread about E(a ), as distinct from a, the 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. due to such factors as noise.

These criteria (and others) allow us to evaluate any procedure for
obtaining a.. In many cases these criteria conflict. The bias, variance,
and mse may depend on the unknown e. In this case the optimum
prescription for 8 may depend on the range in which we assume n to
lie.

Following are techniques in common use for obtaining estimators
and their standard errors o ( a ) = /Var( a ). When the conditions
of the central limit theorem are satisfied, the interval a + n(a)
forms a 68.3% conjidence internal This is a random .interval in that
its endpoints depend upon the randomly sampled data; its meaning
here wiI1 be taken to be that in 68.3% of all similar experiments the
interval will include the true value a. One should be aware that in
most practical cases the central limit theorem is only approximately
satisfied and accordingly confidence intervals which depend on that are
only approximate. Confidence intervals are discussed in Section 17.5
below.

is an unbiased estimator for y, with smaller variance than Eq. (17.2),
where w; = I/n; and w = P w;. The variance of P is 1/w.

(17.6)

where W is called the likelihood. It is usually easier to work with
ln&, and since both are maximized for the same set of n, it is
sufficient to solve the likelihood equation

8ln&
l9C17b

(17.6)

The solution is called the maximum likelihood estimate of n. The
importance of the approach is shown by the following proposition,
proved in Ref. 1:

If an eQcient estimate n of n ezists, the hkelihood equation will
have a unique sole, tion equal to 6.
In evaluating M, it is important that any normalization factors

in the f's which involve n be included. However, we will only be
interested in the maximum of W and in ratios of W at difFerent n's;
hence any multiplicative factors which do not involve the parameters

17.3. The method of maximum likelihood

17.3.1. Generul:
"From a theoretical point of view, the most important general

method of estimation so far known is the method of muzimurn
likelihood" [1]. We suppose that a set of independently measured
quantities z, came from a p.d.f. f(z; n), where n is an unknown set
of parameters. The method of maximum likelihood consist of finding
the set of values, 6,, which maximizes the joint probability density for
all the data, given by
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17.3.2. Error estimates:
The covariance matrix V may be estimated from

(17.7)

If Bin&/Bau is linear, the "expectation" operation in Eq. (17.7) has
no effect because the second derivative of ln& is constant. Otherwise,
it may be approximated by taking the average of the quantity in square
brackets over a range of n„and e~ near the solution. For complex
cases it may be more practical to evaluate s-standard-deviation errors
from the contour

inW(n) = in&~» —s /2, (17.8)

where inMms„ is the value of lnM at the solution point (compare
with Eq. (17.27), below). The extreme limits of this contour parallel
to the a„axisgive an approximate s-standard-deviation confidence
interval in a„.These intervals may not be symmetric and they may
even consist of two or more disjoint intervals. This procedure gives
one-standard-deviation errors in nu equal to i/Vuu (not summed) of
Eq. (17.7) if the estimator is efFicient. If it is not efficient, the level of
confidence implied by the value of s is only approximate.

we want to estimate may be dropped; this includes factors which
depend on the data but not on cx.

If the solution to Eq. (17.6) is at a maximum, 8 in&/ Ba„will have

negative slope in its vicinity. In many practical problems, one often
uses nonlinear algorithms for finding the maximum, and must be alert
to various possibilities for error: (a) Eq. (17.6) may yield a minimum,
therefore one must check the second derivative; (b) there may be
more than one maximum —one must try to find the global maximum;

(c) the global maximum may lie at a boundary of the physical region,
in which case Eq. (17.6) will not find it.

If an unbiased, efficient estimator exists, this method will find it. If
8ln&/Ba„ is linear in the vicinity of the root, an efficient estimator
is guaranteed; other efficient cases are discussed in the literature. For
large data samples, the central limit theorem will usually assure this
condition in some significant neighborhood of zero; hence the estimator
is usually efFicient in that case, provided certain conditions are met
(e.g. , that the solution does not lie on a boundary). In this case,
in the neighborhood of the maximum ln& is a downward-curving
paraboloid and W is proportional to a multivariate Gaussian.

The results of two or more experiments may be combined by

forming the product of the H's, or the sum of the ln&'s.
Under a one-to-one change of parameters from cr to P = P(cz),

the maximum likelihood estimate is simply P(cr), given the solution
a for rz. That is, the maximum likelihood solution for P is found

by simple substitution of n into the transformation equation. It is
possible that the new solution P will be a biased solution for the true
value of P even if cx is not biased, and vice-versa. In the asymptotic
limit (of large amounts of data) both cz and i3 will (usually) converge
to unbiased solutions, but at different rates.

Except in special cases like the least-squares method, the value
of the likelihood function at the solution does not necessarily tell us
whether the final fit was a sensible description of the data or not. In
special cases such as the one discussed in Sec. 17.3.3, one can define
a quantity which approaches the X'2-distribution in the limit of a
large number of counts in the experiment, but in general some other
strategy must be used. For example, data generated by Monte Carlo
simulations of the experiment can be analyzed by the same method.
If the experimental likelihood is lower than that of some agreed-upon
fraction of these results, one should question the appropriateness of
the p.d.f. At the same time one can check for bias in the solution.

17.3.3. A pplication to Poisson-distributed data:
In the case of Poisson-distributed data in a counting experiment,

the unbinned maximum likelihood method (where the index i in

Eq. (17.5) labels events) is preferred if the total the number of events
is very small. If there are enough events to justify binning them
in a histogram, then one may alternatively maximize the likelihood
function for the contents of the bins (so i labels bins). This is
equivalent to minimizing (7)

y2 P 2(~th ~obs) + 2Nobs ln(~obs/li7tb)
't

(17.9)

where Mobs and Ntb are the observed and theoretical (from f)
contents of the ith bin. In bins where ¹ ' = 0, the second term
is zero. This function asymptotically behaves like a classical X2 for
purposes of point estimation, interval estimation, an, d goodness of jit--
It also guarantees that the area under the fitted function f is equal to
the sum of the histogram contents (as long as the overall normalization
of f is effectively left unconstrained during the fit), which is not
the case for X2 statistics based on a least-squares procedure with
traditional weights.

= —21n&+ constant =2= [y, —F(x,", rx)12

1

(17.10)

Finding the set of parameters of which maximizes W is equivalent to
finding the set which minimizes X2,

In many practical cases one further restricts the problem to the
situation in which F(x,", a) is a hnear function of the izm s,

F(x,", n) = Qiz„f„(x), (17.11)

where the f„arek linearly independent functions (e.g. , 1, x, x2, . . . ,

or Legendre polynomials) which are single-valued over the allowed
range of 2;. We require k & N, and at least k of the z; must be
distinct. We wish to estimate the linear coeKcients a„.Later we will

discuss the nonlinear case.

If the point errors e, = y; —F(x, ; ct) are Gaussian, then the
minimum X2 will be distributed as a X2 random variable with
n = K —k degrees of freedom. We can then evaluate the goodness-
of-fit (confidence level) from Figs. 16.1 or 16.3, as per the earlier
discussion. The confidence level expresses the probability that a
morse Rt would be obtained in a large number of similar experiments
under the assumptions that: (a) the model y = Q au f„is correct
and (b) the errors e; are Gaussian and unbiased with variance
oz. If this probability is larger than an agreed-upon value (0.001,
0.01, or 0.05 are common choices), the data are consistent with the
assumptions; otherwise we may want to find improved assumptions.
As for the 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
(6x10 S or 6x10 S; see Sec. 17.5.1). If the e; are not Gaussian, the
method of least squares still gives an answer, but the goodness-of-fit
test would have to be done using the correct distribution of the
random variable which is still called "X2."

Finding the minimum of X in the linear case is straightforward:

y'I gu fl fTL( t)
2 BQ!m ( o' ~

/

17'.4. Method of least squares
The method of least squares can be derived from the maximum

likelihood theorem. We suppose a set of N measurements at points
x, . The ith measurement y, is assumed to be chosen from a Gaussian
distribution with mean F(x;;rx) and variance o, . Then
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With the definitions

gm= yj m 23 (17.13)

(V. ) „=Pf(z*) f (*')/a,'
g

the k-element column vector of solutions n, for which BX /Ba~ = 0
for all m, is given by

a=Vugg.

(17.14)

(17.15)

by

&[(~ -~ )(a —~ )] =(V6) (17.16)

Even when the y, 's are independent (diagonal Vs), a„snd a~ may
not be (nondiagonal V6). For the model function y = Pa„f„(z},the
estimated variance of an interpolated or extrapolated value of y at a
point x is

E (y - y )' = a'(y)

= P(Vs)am fa(*) fm(*) .
n,m

(17.19)

Example: straight-line St
For the case of a straight-line fit, y(z) = ay + a2 z, one obtains, for

independent measurements y;, the following estimates of ej and e2,

&1 = (gl B22 g2 B12)/Ii i (i7.20)

&2 = (g2 Bll gl B12)/D
where

(Bll) 812) S22) = Q(1~ z;) z, )/a~

(gl g2) P(1 z&)y&/ai

respectively, and

D = S&i S22 —Sg2 ~

2

The covariance matrix of the fitted parameters is:

V12 V22 D —S12 S11

The estimated variance of an interpolated or extrapolated
y at point x is:

1 Sy S~ ]

( y ytrue) = +
est Sy D Sy )

(i7.21)

(17.22a)

(i7.22b)

(17.23)

(17.24)

value of

(17.25)

Non-independent y s
More generally, the measured y s are not independent. Then the

set of u2's must be replaced by the N x N covariance matrix V&.

Then, if H is the N x b matrix with element H;„=f„(z;},the
solution a is given by the solution to the normal equation

(H+Vs ~H)n=H Vs ty, (17.16a)

or, formally,

cr=(H Vs
r H} ~H

V& y:—Dy, (17.16b)

where y is the ¹lement vector of measured y s. The normal
equations may be solved by numerical methods much more computa-
tionally efficient than brute application of Eq. (17.16b). In particular,
H V& H is sometimes singular or nearly singular. In such cases
there is at least one f„which may be expressed ss s linear combination
of others (or nearly so) when evaluated st the data points. The best
procedure is usually to drop such functions from the expansion (or
set a„=0). See Press [8], Maindonald [9], or Bssilevsky [10] for
dlscusslons.

In terms of the k x N matrix D, the standard covariance matrix for
the a is estimated by

V —D Vy D+ (17.i7)

If the measured y s are independent, V& is diagonal with ii~" element
o 2 snd Vs is obtained from Eq. (17.14) above.

The expected covarisnce [see Eq. (16.9)] of R„snda~ is estimated

(17.26a)

and

(g2y2
Vs = 2

i 8&
(17.26b)

where BX2/Ba is a b-element vector whose nt" element is BX2/Ba„,
B2X2/Bo2 is a k x k matrix with rant" element B X /(Bo.~ Baa),
and all derivatives are to be evaluated at the points indicated. If
"X " is a true X, the second-derivative matrix is independent of a;
therefore the shape of the X2 as a function of a is a paraboloid and
Eq. (17.26a) will give the solution immediately. Otherwise one msy
need to iterate Eq. (17.26a) to arrive st a solution (Newton-Raphson
method). The CERN program MINUIT [11] ofFers several iteration
schemes for solving such problems.

Note that, in Eq. (17.16b), one needs only a matrix proportional
to V& to find a. Hence, for example, if the variances o2 of the errors
sre unknown but assumed equal snd independent, snd E(e,) = 0,
one can still solve for a. One cannot, however, solve for Vg or
evaluate goodness-of-fit. These can be estimated from the residuals,
r; = y (z;) —y, , where y (x;) is the fitted curve st z, , because study
of the r; enables one to estimate V&. In addition, the residuals can
be used to look for evidence of bias such as trends in the data not
incorporated in the model [4].

The errors on the solution a are independent of the value of X2

at minimum —they depend only upon the shape about the minimum.
Eq. (17.26b) implies that s-standard-deviation limits on the elements
of a are given by the set of a' such that

(Xa2'} = X2;„+s2; (i7.27)

(This is s special case of Eq. (17.8).) This equation, which defines
a contour in a-space, is often convenient for estimating errors in
applications of least-squares techniques to nonlinear cases, where the
second derivative [Eq. (17.26b)] may be a rapidly varying function of
a. If the problem is highly nonlinear, all such contours are, at best,
only approximations to desired exact confidence regions which would
have some given probability of covering the true value of a. It may
be that Eq. (17.27) will define a set of disjoint regions. In addition,
iteration of Eq. (17.26a) msy require sophisticated techniques [8,11] to
reach convergence in a practical amount of computation. For example,
~n cases involving many variables in a, especially if the correlations
are large, simplex or other techniques which do not involve explicit
calculation of derivatives are often to be preferred. Such techniques
are designed to find their way through complicated nonlinear problems
without diverging to infinite cr (unless the minimum is actually st
infinity).

The method of least squares is sometimes used in cases where the
distribution is not Gaussian or not known to be Gaussian. In such
cases it can still be used, but it is then not a special case of the
maximum-likelihood method, and the theorems having to do with
that approach no longer apply. However, if (a) the distribution of
y; —pabfb(x;) hss an expectation value of zero (unbiased) and

(b) has s finite, known, fixed variance a2 (does not depend on n),
then estimates of a obtained by minimizing X2 will be unbiased and
have the smallest possible variance of all linear unbiased estimates
(Gauss-Msrkov theorem). This statement is more general than the
least-squares method as a special case of the maximum likelihood
method in that the distributions do not have to be Gaussian, but more
restrictive in that it applies only when the fitting function is linear in
the ag's.

17.4.1. Generel comments:

If y is not linear in the fitting parameters nn, or if the errors n;
depend upon y and therefore on an, the solution vector may have
to be found by iteration of Eqs. (17.13)—(17.15) or Eq. (17 16.b) The
same results may be obtained by numerical techniques from the sum
of squares, X2, directly, if we have a reasonable first guess ~ for the
solution vector:
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For example, in counting experiments one often groups the data in
bins in order to associate a Poisson error mith each bin. In this case

y; is the bin height and the error depends on the expectation value
of the theory in each bin, as estimated by the best fit of the model.
Since the variances are functions of the fitting parameters, neither
the conditions of the Gauss-Markov theorem nor the assumption of
Gaussian distributions (with or without fixed variances) in the context
of the maximum likelihood approach are valid without a large-number
approximation, and so an unbiased or efficient least-squares fit is not
guaranteed, In such cases it seems more sensible to use one of the
approaches discussed in Sec. 17.3.3.

17.5. Errors and conMence intervals

I3
05

8

C4

Cl

Q

O

' Unphysical.
. region for e

We measure a mass, lifetime, or other physical quantity under
the assumption that a "true answer" a exists. The conditions of
the measurement introduce a random element, and our measurement
(or combination of measurements) cr~p samples s distribution with
p.d.f. f(rr; rr). The unknown constant a appears as s parameter. We
suppose that for every value of a we csn find two values pi(a, e) and

p2(a, e) such that repeated experiments would produce results in the
interval py & 8 ( pg a fraction 1 —

I of the time, where

Physical quantity a

Figure 17.1: Confidence intervals for a single unknown
parameter a. One might think of the p.d.f. f(B;a) as being
plotted out of the paper as a function of R along each vertical
line of constant rr The. domain D(e) contains a fraction 1 —e of
the area under each of these functions.

'y2

1 —e= f(a;a)dB.
'7l

(17.28)

17.5.1. Gauasian e~r s:
This situation is shown in Fig. 17.1 (ignore the "unphysical region"
part of the graph for now), where the region between the curves

7i(a, e) snd p2(cr, e) is indicated by the domain D(e). It can be
argued that since the point (Q~tuai&Bezp) belongs to D, then our
statement that repeated experiments would produce values of 0. in the
interval pi & n & ps is equivalent to the statement that the confidence
interval ci & rr & cg includes aact„siwith probability 1 —e [1,6]. (We
will call e the confidence coefficient )In this . "confidence interval"
or frequentist approach, a is a parameter, not a statistical variable.
Instead, cy and c2 vary from experiment to experiment and are
statistical variables. It is very diFerent to say that a lifetime v is to
be found in the interval vo + Or with 6870 probability than to say that
the interval ro + or (which can vary from experiment to experiment)
includes the actual, fixed, value of the lifetime with 68'Fo probability.

The actual choice of pi and ps, such that j~s f(G; ot) dR = 1 —e,
can be made in an infinite number of ways, but in practical situations
there are usually additional criteria. For a Gaussian distribution, for
example, choosing the limits symmetric about the mean minimizes the
length of the interval. The area of the excluded tail on either side is
then e/2. For a Poisson distribution negative values cannot occur, so

7(a, ir) (with ix an integer snd a the Poisson mean) might be taken ss
the curve below which e of the ares under the distribution lies. (In
this case the curve really consists of discrete points, since 0, can have
only discrete values. ) For e = 0.05 the curve starts at (cr, ci) = ($.0, 0).
If in a given experiment no decays to a certain final state are seen,
we might then conclude that a ( 3.0 excludes the actual value of o,

with 95 Jo probability. This statement can be converted to a similar
statement about the branching fraction.

In Sec. 16 we discussed such confidence limits for a X2 distribution
(where e wss called CL). Here we discuss confidence intervals for the
Gaussian and Student s t-distribution, and confidence limits for the
Poisson case. We then discuss the much more contentious situation
in which the horizontal line at ordinate u in Fig. 17.1 enters D(e)
at a boundary for unphysical values of o., so that at least cy is
undefined —for example, if we find m = —30 + 50 eV .

Extensive tables and graphs were once used to find confidence
intervals and limits, but by now their main function is to confirm that
software is working. FORTRAN mathematical libraries (IMSL, NAG,
CERNLIB) are readily available, and a wide range of distributions
are available in personal computer spreadsheet applications such as
Microsoft Excel [12]. Its built-in functions CHIDIST, NORMDIST,
and TDIST (Student's t-distribution), along with "Solver, " were used
to produce or check the numbers given in this section.

If the data are such that, the distribution of the estimator(s)
satisfies the central limit theorem discussed in Sec. 16.3.3, the
Gaussian distribution is the basis of the error analysis. If there is
more than one parameter being estimated, the multivariate Gaussian
is used. For the univariate case with known cr,

++8
1 —e = f(x; p, cr ) dx = erf

P—$2 o'
(17.29)

f(x; p,,a)

—1 0
(x—p,)/a

1 2 3

Figure 1'F.2: Illustration of a symetric 90% confidence interval
(unshaded) for s measurement of a single quantity with Gaussian
errors. Integrated probabilities, defined by e, are as shown.

is the probability that the true value of p will fall within
+b (b ) 0) of the measured P. This interval will cover p in a
fraction 1 —e of all similar measurements. Fig. 17.2 shows a b = 1.64o
confidence interval unshaded. The choice b = +Var( p) = o gives an
interval called the standard error which has 1 —e = 68.27% if cr is
known. Confidence coefficients c for other frequently used choices of b
are given in Table 17.1.

For other b, find e as the ordinate of Fig. 16.1 on the n = 1 curve
st Xs = (b/cr)s. We csn set a one-sided (upper or lower) limit by
excluding above P + 6 (or below P —b); e's for such limits sre 1/2 the
values in the table above.

We have increased confidence that the interval covers the true value
as 1 —e increases, or X increases. We must be careful to distinguish
this case from the other major use of Fig. 16.1, evaluation of
goodness-of-fit (Sec. 17.4.0). In that case we have increased confidence
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Table 17.1: Area of the tails e outside +b from the mean of a
Gaussian distribution.

e (%) 5 b

31.73 1.28cr

e (%%uo)

20

10

5

1

0.1
0.01

1'
20 1.64cr

1.96cr

2.580

3.29o

3.89~r

4.55

0.27

6.3x10 3

5 7x10 5

2.0 x 10

4o

5o

6o

in the fit as X~ decreases. In an attempt to reduce possible confusion
in this discussion, we will use the e notation (which corresponds to
notation used in hypothesis testing [4]) when discussing confidence
intervals and CL notation when discussing goodness-of-fit. Elsewhere
in this Review, where the confusion between fit confidence level and
interval (usually an upper or lower limit) confidence level does not
arise, we follow the common practice of using "CL" to refer to the
confidence level of the interval. This CL is understood to represent
1 —e.

If the variance sr~ of the estimator is not known, but must be
estimated from the data, then we need to incorporate the error in o
into our confidence interval using Student's t distribution. If we have
N data points with which we estimate k parameters, the Gaussian
approximation is adequate for N —k » 1. Otherwise replace b by a
factor To, T being defined by

T
1 —e = f(t;N —k) dt,

—T
(17.30)

where f for the Student's t-distribution is defined in Table 16.1. T is
tabulated in Ref. 13 and in Table 17.2.

In& = ln&~» —1/2. The angle of the major axis of the ellipse is

given by

17.5.2. Poisson @recesses—upper limits:
Because the outcome of a Poisson process is an integral number

of events, np, it is usually not possible to set confidence intervals for
the true Poisson parameter y, at a certain exact e. For large np an
approximate interval can be set using the Gaussian approximation,
in our section on Probability, Sec. 16.3.2, and the techniques of
Sec. 17.5.1.

For small np we can define an upper limit N for p, as being that
value of p, such that it would be at least 1 —e (e.g. , 90% or 95%)
probable that a random observation of n would then lie above the
observed np. Thus

OO TLp

1 —e= Q f(n N); e=Qf(n N).
n=np+1 n=p

(17.32)

tan2$ = (17.31)
0 —a

For non-Gaussian or nonlinear cases, one may construct an analogous
contour from the same X~ or ln& relations. Any other parameters
ng, E g m, n must be allowed freely to find their optimum values for
every trial point.

For any unbiased procedure (e.g. , least squares or maximum
likelihood) being used to estimate io parameters cI, , i = 1, . . . , A„ the
probability 1 —e that the true values of all A: lie within the s-standard
deviation ellipsoid may be found from Fig. 16.1. Read the ordinate as
e; the correct value of e occurs on the n = k curve at X = s . For
example, for k = 2, the probability that the true values of o.y and

eg simultaneously lie within the one-standard-deviation error ellipse

(s = 1), centered on ay and o.2, is 39%. This probability only assumes
Gaussian errors, unbiased estimators, and that the model describing
the data in terms of the n; is correct.

Table 17.2: t limits containing 1 —e of the area of Student's
t-distribution f (t; N —k) 0.20

~ ee ~ 1.0

N —k

1

2

3
4

5

10
20

1.32

1.20

1.14

1.05

1.03
1.00

2.92 4.30
2.35 3.18
2.13 2.78

2.01 2.57

1.81 2.23

1.72 2.09
1.64 1.96

e ('%%uo)

31.67 10.00 5.00

1.84 6.31 12.71 13.97 63.66

4.53 9.92

3.31 5.84

2.87 4.60

2.65 4.03
2.28 3.17
2.13 2.85

2.00 2.58

235.78

19.21

9.22

6.62

5.51

3.96

3.42

3.00

4.55 1.00 0.27
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For multivariate n we must consider pairwise correlations.
Assuming a multivariate Gaussian, Eq. (16.20), and subsequent
discussion the standard error ellipse for the pair (om, R„)may be
drawn as in Fig. 17.3.

Cn

CXn

0.00

ee e

II\e

0 2 4 )(6 8—p,=5.32

& ' o.o
10 12

'

Figure 17.4: Illustration of Eq. (17.32) Poisson probabilities
for an assumed mean of N. With an observed count np = 2,
N = 5.3 as shown gives summed probability 1 —c = 90%. The
dotted summmed probability curve (scale on right) has been
displaced by —0.5 for clarity.

Cm

Figure 17.3: Standard error ellipse for the estimators 6~ and
a.7g. In this case the correlation is negative.

The minimum X or maximum likelihood solution is at
( Rm, Rn). The standard errors ooI and on are defined ss shown,
where the ellipse is at a constant value of X = X,„+1 or

Fig. 17.4 illustrates the case with np = 2 and 1 —e = 90%, for
which it may be shown that N = 5.3. For any given np and desired
c we can obtain N from the X2 Confidence Level figure because of a
relation between the Poisson and the X~: read the ordinate as e, find
X2 on the curve for n = 2(no + 1); then N = X2/2. Some useful values
are given in Table 17.3.

The meaning of these upper limits is that, for a given true p, , the
probability is at least 1 —e that one will observe np which will result
in N which is & p, . The probability for that to occur may be higher
than 1 —e; for example, if y, & 2.30 a "90%" upper limit will actually
exceed p loo%%uo of the time. Note from Eq. (17.32) that for no = 0,
N = —lne.
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Table 17.3: Poisson upper limits N for np observed events.

no

0

1

2

3

4

5

10% 5%
2.30
3.89
5.32

6.68

7.99
9.27

3.00
4.74

6.30
7.75

9.15
10.51

no 10% 5%
6 10.53 11.84

7 11.77

8 13.00

9 14 21

10 15.41

11 16 60

13.15

14.44

15.71

16.96

18.21
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Figure 17.5: The situation near a physical boundary. In
Fig. 17.1 the horizontal line for a given Re» crossed the domain
D(s), bounded by pi(n, e) and pz(a, e) entirely in the physical
region, entering at cy and leaving at c2. The limits py and pg
cannot be defined in a region where a is not defined, so the
functions cannot be continued into the unphysical region. As a
result ci (for experiment A) or ci and cs (for experiment B)
cannot be defined. Options 1, 2, and 3 label the ways one might
define confidence intervals, as described in the text.

17.5.3. Boun, ded phyaical myion, *:
The measurement of a physical constant e results in an estimator

6, together with some knowledge of experimental error and therefore
knowledge of f(a;n), the parsmeterized p.d.f. that allows us to
state the probability with which repeated experiments would produce
results in a given range. It does not permit us to comment about n
itself, which in this language is a constant, not a statistical variable.
At the beginning of this section we introduced the confidence interval,
or frequentist, approach to the problem, and were able to say that with
a given probability the unknown parameter could be found between
(statistical) limits ci and c2. But what if a physical boundary exists?
Although polarization should be less than one and mass or its square
should be greater than zero, experimental results do not always fall
inside such a physical boundary because of statistical fluctuations.

However one might set a limit, there is little question about how to
report and combine data [14]. A given experiment finds an unbiased
estimator a = —6 + 10 for a physical constant (e.g. the square of
the mass of s neutrino, in eV2). This value should be reported as
the primary result. In case the true value is zero, for example, this
"unphysical" result would not be unlikely. It can be combined with
the results of other such experiments by forming the appropriately
weighted average of unbiased results, including negative ones, to find
an unbiased estimator which expresses our best knowledge of the
parameter.

What if .we wish to extend our concept of confidence limit to
such a situation'? The question of how to calculate an upper limit
in the vicinity of a physical boundary is one of the most divisive in

high-energy physics. We present two main approaches: The confidence
interval, or frequentist, method, and the Bayesian method. "Classical
method" is applied to one or the other by various writers, so we avoid
the term.

The method of conltidence intervals [1,16]. This is the approach
described in the introduction, and requires little further explanation.
It is presently the method in favor [1,6,14]. For a Gaussian distribution
it gives the same result as the Bayesian approach with a flat prior
distribution (see below) if the region containing n with the stated
probability is far from an unphysical region, as in Fig. 17.1. Two cases
in which this is untrue are shown in Fig. 17.5, where as a matter of
convenience we assume that o. must be positive. As before, we can
define limits py and pg for each value of the unknown parameter o, ,

such that we can expect that a fraction 1 —c of repeated experiments
to produce results between these Limits. Since this can be done for
each value of a, the limits are described by the functions pi(n, s) and

72(a, s). However, these cannot be extended into a region in which n
makes no sense. Experimental result Re»g, indicated in Fig. 17.5,
is positive, but if the true value is ~~,t,„~~a significant fraction of
repetitions of the experiment would produce negative R. In these cases
there is no horizontal intercept cy, so without further assumptions
we cannot make a statement about the region which would cover

+~et,„~~in a given fraction of experiments. Experimental result 'Rpxp 8
presents a more serious problem, since it is so negative that there
is no physical n for which the point (a, n) lies in the domain D(e)
The reason why the frequentist method gives no confidence interval is

clear: This measured value of o. would be unlikely no matter what the
true value of n tvas.

There are several ad hoc ways to set confidence limits in such cases,
although many frequentists would prefer to stop with the w'eighted

average of unbiased results —if the outcome is exceedingly unlikely,
one should look to the experiment, not to the statistics, The methods
we list below all involve placing cy on the physical boundary, which in
our example is at a = 0.

l. If ae„&) pi(0, s), ss in Experiment A, cz is defined. Use it for the
upper limit, whether or not O, exp ) 0.

2 ~ If Rpxp & 0 as in Experiment B, use the c2 corresponding to
&exp = 0

3. If ci is not defined, "lift up" a to p2(0, s), where ci = 0. Usc the
corresponding cg as the upper limit.

These three options are shown in in Fig. 17,5; note that there are
regions where more than one of them can be used, with di8'ercnt
results. The third option is certainly the most conservative. For
Gaussian f(n; n) the upper limit c2 is a one-sided Gaussian confidence
limit; read the tables for a 90% two-sided limit to obtain 95% one-sided
limit. Alternatively, read the intercepts of the dotted lines in Fig. 17,7.
(The horizontal axis is incorrectly labeled for this application. )

g. The Bayesian approach [3]. This is the approach favored in the
older literature, and has (unfortunately and incorrectly) been referred
to as the "PDG method" in certain papers. To begin with, it is argued
that while a is not a statistical variable, our knowledge of a is less than
complete, and it is fair to describe our uncertainty by treating 0, as
a statistical variable. The parameterized p.d. f. f(n; a) is replaced by
the conditional p.d.f. f(a]a) The confidence. limit question can then
be rephrased: Our measurements provide f(n[a), that is, information
about a. for a fixed and unknown value of a, while we really want to
know g(a]a), which tells us that, given our measurement n, the "true
answer" n lies between a snd n+ da with probability g(n[a) dn. The
connection is provided by Bayes' theorem (Eq. (16.7):

f(nla) x(n)
J' f(n[a) m(n) dn. (17.33)

Here ir(a) represents our "advance knowledge" of the value of n.
In the usual ease we claim no prior knowledge, so that before the
experiment all physically reasonable values of o. are equally probable:
x(n) is s constant over the region of interest and zero in the unphysical
region. This assumption leads to the conclusion that

f(a[a)/ jf(n[a) da if a is in the physical region;
0 otherwise;

(17.34)
where this time the integral is over the physical region. In Fig. 17.6 ere

assume that an ensemble of experiments would produce values for o.
which distribute as shown, with a signifieant probability of obtaining
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Unphysical Physical
region region

aora
Confidence limit 1 —e

Figure 17.6: An example of a bounded physical region, in
which a measurement a can fall in an unphysical region with
significant probability. If we assume that e, the quantity we
are trying to measure, cannot lie in the unphysical region (0
probability) but can lie anywhere in the physical region ("no
prior knowledge" ), then Bayes' theorem says that our new
knowledge of the distribution of n, given our measurement 8, is
given by the shaded function after appropriate renormalization.

1.0

0)

8

0

O

0-3 0
a/v

0.9

0.8 ~
~o

0.7 ~
O

0.6 Q

0.5 ~
+o

0.4 ~
0.3 ~g

02&
0.1 5
0.0

3

Figure 17.7: Application of the Bayesian scheme shown in
Fig. 17.6 to the case of Gaussian f(rr[a) For example, i.f our
measurement a is 1.0 standard deviations negative, then we
conclude that e & 1.150 with 90% probability —however, there
is only a 31% probability that an experimental result as low as
this would occur. Note that these are upper limits, so that the
asymptote for large a/o corresponds to a one-sided confidence
interval, e.g. , the asymptote for a 95% confidence level is
n ( 6+ 1.64o., corresponding to a 90% confidence interval for
a two-sided distribution. The dashed lines show the frequentist
limit; if Option 3 is used, these are extended horizontally to the
right for negative ir/o.

results with unphysical values. With our assumed step function x(ir),
the efFect of Eq. (17.33) or (17.34) is to replace this distribution with
the function shown by the shaded region, except that it is renormalized
to unit area. By stating our confidence at the 90% level that n lies
below the beginning of the dark shaded region, we mean that 90% of
the area in the physical region is in the light shaded region.

unphysical region becomes unimportant. It is also greater than any
of the limits shown in Fig. 17.5. With a small modification (exclusion
of that portion of the negative tail inside the physical region in
the confidence interval definition), it smoothly approaches the usual
two-sided confidence interval for Gaussian distributions.

Even so, it is not a valid confidence limit. If it were, the interval
would include the true value of o. with exactly 1 —e probability
no matter what the true value was. If the true answer is zero,
our procedure, by guaranteeing a limit greater than zero for any
experiment, also guarantees that the confidence interval for any c
includes n~~t, „~~with 100% probability. Only as n increases does the
probability decrease toward the e-independent Gaussian result.

The error function corresponding to the right axis of Fig. 17.7
shows the probability that a/o at or below the given value should
occur. If the experimental value is exceeding improbable, then the
formal confidence limit obtained by this or any other method means
very little.

What about the arbitrariness of n (a)? If the square of the neutrino
mass is measured (a = ni~2), then should we not take the prior
knowledge distribution as proportional to ~a?t There are other
attractive options. Jeffreys points out that if n'(ir) ikr = da/a, then
the distributions for rr and a" are proportional [16], but there are
practical difficulties with this approach. Lynch has investigated prior
distributions that are constant in a

i a2, and ~a in the context of
Gaussian f(a[a), and has observed that assuming a prior distribution
that is flat in n gives results that are much more satisfactory than one
gets from the others [17]: All three methods have the property that
the probability that the calculated limit contains the correct answer is
100% when n = 0 and approaches the proper value when a &) cr, but
the approach to the proper value as n increases is much faster when
the prior distribution is taken to be flat in n. In this case the approach
is also monotonic, giving it the "conservative" property that for no
value of a will the method produce a limit that has a probability of
being correct that is less than the stated confidence limit. Although
there is nothing unique about the limit calculated with a constant
rr(a), it has desirable features and no obvious replacement.

Summary: If there is a significant probability of obtaining an
estimator corresponding to an unphysical value for a parameter, there
is no universally accepted way way to make a statement of the sort "n
is less that c2 with probability 1 —e." A variety of upper limits can be
defined, but no method is entirely satisfactory. The Bayesian method
with a flat prior distribution gives a reasonable upper limit which
combines everything we know about the unknown quantity e into a
physically reasonable value, but it does not give a complete summary
of the information contained in the experiment.

17 5 4 Po. is. s.on processes uiith bachgrorsnd [18]:
If we observe np events in a Poisson process which has two

components, signal and background, estimating a limit on the signal
is more complicated. Let p,3 be the unknown mean (the Poisson
parameter) for the signal and» be the mean for the sum of all
backgrounds. Assume p,g is known with negligible error; however
we don't know ng, the actual number of events resulting from the
background. We do know that ng & np. If pg + pg is large, the
Gaussian approximation to the Poisson distribution (see Sec. 16.3.2) is
usually adequate, and one can define confidence intervals or limits as
above, assuming ng p~ and therefore p,g ——no —p~ with variance
equal to np (larger than pg to allow for the error in nB).

Otherwise an upper limit can be defined by extension of the
argument of the preceding section. Let N be the desired upper limit
on pg with confidence coefficient e. Set N to be that value of pg such
that any random repeat of the current experiment with pg = N and
the same p~ would observe more than np events in total and would
have ng & np, all with probability 1 —c. For any assumed N and p.~
we can calculate this probability:

In most cases of interest in this Review, 6 is assumed to be a random
value from a Gaussian distribution. Application of the procedure
sketched in Fig. 17.6 then leads to the family of curves shown in
Fig. 17.7. The confidence limit set by this method is always greater
than the [one-sided] confidence interval set without the restriction of
an unphysical region, and approaches it from above as the tail in the

(~B+N) W (»+-
n!n=p

fL0

PB Pg
n!n=p

(17.35)
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18.MONTE CARLO TECHNIQUES

Revised June 1994 with the help of T. Adye, O. Dahl, and H.-J. Trost.

Monte Carlo techniques are used to simulate on a computer random
behavior which is too complex to be derived analytically. Most
calculations are based upon pseudorandom numbers, a reproducible
sequence of numbers generated on the open interval (0,1) in such a way
that they satisfy various statistical tests for a uniform distribution,
with independent numbers. (Caution: some commercial random
number generators fill the closed interval [0,1]. The occurrence of 0
or 1 can sometimes cause problems for the algorithms below). No
such numbers are truly uniform and independent. Many commercial
random number generators sacrifice randomness in favor of speed. It
is not rare that unforeseen correlations will introduce non-negligible
errors in the results. A useful test for this is to recompute the same
results with a different algorithm for the pseudorandom numbers. To
improve the performance of an existing generator one may use the
Bays-Durham algorithm [see Ref. 1 for discussion]: (a) Initialize by
generating and storing N (e.g. , N = 97) random numbers in an array
v, using the available generator. Generate a new random number u
and save it. (b) On the next call, use this u as an address j = 1+
(integer part of Nu) to select u& as the random number to be returned.
Also save this v& as u for the next call. Replace v& in the array with a
new random number using the available generator. On the next call,
go to (b).

A second problem sometimes encountered in computations requiring
long sequences of random numbers is that all pseudorandom number
generators will eventually begin over and repeat the same sequence.
One may choose algorithms which minimize the number used. One
may also use two or three different generators in different parts of the
program.

Monte Carlo simulations of complex processes break them down
into a sequence of steps. At each step a particular outcome is chosen
from a set of possibilities according to a certain p.d.f. To do this we

must transform our uniform random numbers into random numbers
sampled from different distributions on different ranges.

Two techniques are in wide use to do this. We will discuss only
single variable cases; multiple variable cases use straightforward
extensions of these techniques. We assume we are in possession of a
random number u chosen from a uniform distribution on (0,1).

E(x)
nuous
ution

1
(b)

x=F 1(u)

Discrete
distribution

I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~EC

+k +4+1

Figure 18.1: Use of a random number u chosen from a uniform
distribution (0,1) to find a random number z from a distribution
with cumulative distribution function F(z)

o~o~e~~e
I

~C h(x)

18.2. 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. (18.2) is
impractical. We suppose that for any given value of x the probability
density function f(z) can be computed and further that enough is
known about f (z) that we can enclose it entirely inside a shape which
is C times an easily generated distribution h(z) as illustrated in
Fig. 18.2.

18.1. Inverse transform method
If the desired probability density function is f(z) on the range

—oo & z & oo, its cumulative distribution function (expressing the
probability that z & a) is given by Eq. (16.1). If a is chosen with
probability density f(a), then the integrated probability up to point
a, F(a), is itself a random variable which will occur with uniform
probability density on [0, 1]. If z can take on any value, and ignoring
the endpoints, we can then find a unique z chosen from the p.d.f. f(s)
for a given u if we set

(
ro~e~o~eme — erne~ ~e~o

I

I

I

I

I

I

I

I

C h(x)

o~\~o» ~

I

u = F(z),

provided we can find an inverse of F, defined by

z = F i(u) .

(18.1)

(18.2)

Figure 18.2: Illustration of the acceptance-rejection method.
Random points are chosen inside the upper bounding figure, and
rejected if the ordinate exceeds f(z). Lower figure illustrates
importance sampling.

Ig

F(zg r) & u & F(zg)—:Prob (z & zg) = P f(z;); (18.3)

then xA, is the value we seek (note: F(zp) = 0). This algorithm is
illustrated in Fig. 18.1b.

This method is shown in Fig. 18.1a.
For a discrete distribution, F(z) will have a discontinuous jump of

size f(xy) at each allowed z~, h = 1, 2, Choose u from a uniform
distribution on (0,1) as before. Find zy such that

Frequently h(z) is uniform or is a normalized sum of uniform
distributions. Note that both f(z) and h(z) must be normalized
to unit area and therefore the proportionality constant C ) 1.
To generate f(z), first generate a candidate z according to h(z).
Calculate f(z) and the height of the envelope Ch(x); generate u and
test if uC h(z) & f(x). If so, accept z; if not reject x and try again. If
we regard z and uCh(x) as the abscissa and ordinate of a point in a
two-dimensional plot, these points will populate the entire area Ch(z)
in a smooth manner; then we accept those which fall under f(z). The
efficiency is the ratio of areas, which must equal I/O; therefore we
must keep 0 as close as possible to 1.0. Therefore we try to choose
C h(z) to be as close to f(z) as convenience dictates, as in the lower

part of Fig. 18.2. This practice is called importance sampling, because
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18.3. Algorithms

Algorithms for generating random numbers belonging to many
different distributions are given by Press [1], Ahrens and Dieter [2],
Rubinstein [3], Everett and Cashwell [4], Devroye [5], and Walck (6].
For many distributions alternative algorithms exist, varying in

complexity, speed, and accuracy. For time-critical applications, these
algorithms may be coded in-line to remove the significant overhead
often encountered in making function calls. Variables named "u" are
assumed to be independent and uniform on (0,1).

In the examples given below, we use the notation for the variables
and parameters given in Table 16.1.

18.3.1. Sine and cosine of random angle:

Generate ut and uz. Then vi = 2ui —1 is uniform on (—1,1), and

v2 = uz is uniform on (0,1). Calculate r = vt + vz. If r & 1, start
over. Otherwise, the sine (S) snd cosine (G) of a random angle are
given by

S = 2stvz/r and G = (vt —vz)/r (18.4)

we generate more trial values of x in the region where f(x) is most
important.

Case 1: v2 & 1. Define 2: = v2 . If u2 & e *.
, accept x ands/I

stop, else restart by generating new u~, u2.
Case 2: v2 & 1. Define x = —In([vi —v2]/k). If uz & x"
accept x and stop, else restart by generating new uy, u2.
Note that, for k & 1, the probability density has a pole at
x = 0, so that return values of zero due to underflow must be
accepted or otherwise dealt with.

~ Otherwise, if k & 1, initialize with c = 3k —0.75. Generate
ui and compute vi = ul(1 ui) snd v2 = (ut 0 5)gc/vl
x = k + v2 —1 & 0, go back and generate new uy, otherwise
generate uz and compute vs = 64vtus. If vs & 1 —2vz/x or if
Invs & 2([k —1] ln[x/(k —1)] —v2), accept x and stop; otherwise
go back and generate new uy.

18.3.5. Binomial distribution:
If p & 1/2, iterate until a successful choice is made: begin with

k = 1; compute Pk = q" [for k g 1 use Pk = f (rk; n, p), and store Pk
into B; generate u. If u & B accept rI, = k —1 and stop; otherwise
increment k by 1 and compute next Pg and add to B; generate a new
u and repeat. If we arrive at k = n+ 1, stop and accept r„+y= n, If
p & I/2 it will be more eflicient to generate r from f(r; n, q), i e. , with.
p and q interchanged, and then set rI, = n —r.

18.3.2. Gaussian distribution:
If ut and u2 sre uniform on (0,1), then

zt = sin2trutv —21nuz snd z2 = cos2truti/ —21nuz (18.5)

are independent and Gaussian distributed with mean 0 and cr = 1.
There are many faster variants of this basic algorithm. For example,

construct vt = 2ut —1 and vz = 2us —1, which are uniform on (-1,1).
Calculate r = v&+v2, and if r & 1 start over. If r & 1, it is uniform
on (0,1). Then

zl = vl
—2lnr 2

r2 and z2 = v2
—2lnr 2

r2 (18.6)

are independent numbers chosen from a normal distribution with
mean 0 and variance 1. z,' = p, + oz; distributes with mean p, and

variance 0'

For a multivariate Gaussian, see the algorithm in Ref. 7.

18.3.3. X (n) distribution:
For n even, generate n/2 uniform numbers u;; then

("/'
y = —2ln llu,

)
is X2(n) . (18.7)

/'(o —t)/2

y= —21n II u, +z is x (n).
/

(18.8)

For n & 30 the much faster Gaussian approximation for the
may be preferable: generate z as in Sec. 18.3.2 and use

y = [z+ i/2n —1 j /2; if z & i/2n —1 reject—and start over.

For n odd, generate (n —1)/2 uniform numbers v., and one Gaussian z
as in Sec. 18.3.2; then

18.3.6. 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 & exp( —p),
where p, is the Poisson parameter, accept nI„=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 (snd much faster) to approximate the
Poisson distribution by a Gaussian distribution (see our Probability
chapter, Sec. 16.3.3) and generate z from f(z;0,1); then accept
x = max(0, [li+ z~p+ 0.5]) where ( ] signifies the greatest integer

the expression.

18.3.7, Student 's t distribution:
For n & 0 degrees of freedom (n not necessarily integer), generate x

from a Gaussian with mean 0 and o2 = 1 according to the method of
18.3.2. Next generate y, an independent gamma random variate with
k = n/2 degrees of freedom. Then z = x ~2n/~y is distributed as a t
with n degrees of freedom.

For the special case n = 1, the Breit-Wigner distribution, generate
uy and u2, set vy = 2uy —1 and v2 = 2u2 —1. If v& + v2 & 1 accept
z = vi/v2 as a Breit-Wigner distribution with unit area, center at 0.0,
and FWHM 2.0, Otherwise start over. For center Mo and FWHM I,
use W = zI'/2 + Mo.

References:
1. W.H. Press et al. , Numerical Recipes (Cambridge University

Press, New York, 1986).
2. J.H. Ahrens and U. Dieter, Computing 12, 223 (1974).
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5. L. Devroye, Non Uniform Random V-ariate Generation (Springer-
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6. Ch. Walck, Random, Number Generation, University of Stockholm

Physics Department Report 1987-10-20 (Vers. 3.0).
7. F. James, Rept. on Prog. in Phys. 43, 1145 (1980).

18.3.4. Gamma distribution:
All of the following algorithms are given for A = 1. For A g 1,

divide the resulting random number x by A.

~ If k = 1 (the exponential distribution), accept z = —(lnu).

~ If 0 & k & 1, initialize with vi = (e + k)/e (with e = 2.71828...
being the natural log base). Generate ui, u2. Define vz = viui.



19.ElectrIonaagnetic relations 1285

19.ELECTROMAGNETIC RELATIONS

Quantity

Charge:

Electron charge e:

Potential:

Magnetic field:

Lorentz force:

Gaussian CGS

2.997 924 58 x 10 esu

4.803 206 8 x 10 esu

(1/299.792 458) statvolt (ergs/esu)

10 gauss = 10 dyne/esu

F = q(E+ —x B)
C

SI

=1 C =1 As
= 1.602 17733 x 10 C

=1V=1JC
=1T=1NA Im

F =q(E+v x B)

Maxwell equations: V D =4%p
1OD
c Ot

V B=0
1OBVxE+-—
c Ot

4x= —J
C

=0

ViD= p

VxH — = J
Ot

V B=0
OBVxE+ —=0
Ot

Materials:

Permitivity of free space:

Permeability of free space:

Fields from potentials:

Static potentials:
(coulomb gauge)

Relativistic transformations:
(v is the velocity of the
primed frame as seen
in the unprimed frame)

D=eE, H=B/lt
1

1OAE= —VV ——
c Ot

B=VxA

ps f p(") ~s,
ct,srSes

I p I; lf J)')
currents

E& ——7(Eg + -v x B)
C

B()
——B(f

B& ——p(B~ ——v x E)I 1

C

D=eE, H=B/lt
gp = 8.854 187. . . x 10 12 F m-1

pp = 4~ x 10 7 N A

E= —VV ———OA

Ot
B=VxA

~ q*. 1 p(r) ds r

4n'eo ~ r; 4rrso Ir —r'I
charges

yo ~ & Iso J(r )A=- G X
4rr ~ r, 4rr Ir —r'I

currents

Eii
——Eii

E& ——7(E~+ v x B)

Bii = BJ/

B& ——p(B~ — 2v x E)I 1

C

1 =c x10- NA =8.98755. . . x10 m F '
4m&p

—=10 NA
4m'

1
C = = 2.997 924 58 x 10 m s

Qlsoso
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19.1. Impedances (SI units) where o = ez/hc is the fine-structure constant and

p = resistivity at room temperature in 10 0 m:
1.? for Cu 5.5 for W
2.4 for Au ?3 for SS 304
2.8 for Al 100 for Nichrome

(Al alloys may have double the Al value. )

3Q C
~c =

2R

9
F(y) = —~3y8' Ks/3 (z) dz,

is the critical frequency. The normalized function F(y) is

(19.12)

(19.13)
For alternating currents, instantaneous current I, voltage V,
angular frequency ~:

V=Vo =ZI
where Ks/3 (z) is s modified Bessel function of the third kind. For
electrons or positrons,

(19.1)

Impedance of self-inductance L: Z =j~L .

Impedance of capacitance C: Z = 1/j~C .

Impedance of free space: Z = V'p&&/eo = 376.7 fl .

h~, (in keV) 2.22 [E(in GeV)] /R(in m) .

Fig. 19.1 shows F(y) over the important range of y.

(19.14)

Impedance per unit length of a flat conductor of width tv (high
frequency, v): 0.6 I I l I I I I I I I I I I I 1

Z= (1+j)p where b = effective skin depth;
mb

b= p 6.6 cm
for Cu.

i/v (Hz)

(19.2)

(19.3)

0.5

0.4

19.2. Capacitance C and inductance L per unit
length (SI units)
Flat rectangular plates of width m, separated by d &( m:

tUC=e —;
—= 2 to 6 for plastics; 4 to 8 for porcelain, glasses.
6p

(19.4)

(19.5)

+ 0.3

0.2

0.1

O.
II 0.1 10

i

100

Coaxial cable of inner radius ry, outer radius r2.

27K 6

ln (rz/rt)
'

Figure 19.1: The normalized synchrotron radiation spectrum F(y)19.6

Transmission lines (no loss):

Impedance: Z = V I/C .

Velocity: v = 1/V L C = 1/i/li s .

(19.?)

(19.8)

For p )) 1 and ~ &g (u, ,

3.3o (urR/c) /

whereas for

(19.15)

19.3. Synchrotron radiation (CGS units)
For .a particle of charge e, velocity v = Pc, and energy E = pmc,2
traveling in a circular orbit of radius R, the energy loss per revolution
bE is

p )) 1 and v & 3~, ,

dI
d(hei)

55 ttIc
1j2 e- /' ~ 1+——+. . .

c ?2 (d
(19.16)

4me 3 4
2

bE= ——P3 R (19.9)

The radiation is conFined to angles & I/p relative to the instantaneous
direction of motion.

For high-energy electrons or positrons (P —1), this becomes

bE (in MeV) —0.0885 [E(in GeV)] /R(in m) . (19.10)

See J.D. Jackson, Classical Electrodynamics, 2e~ edition (John Wiley
&. Sons, New York, 1975) for more formulae snd details. In his book,
Jackson uses a de6nition of ~~ that is twice as large as the customary
one given above.

For p )& 1, the energy radiated per revolution into the photon energy
interval d(hid) is

Sx
dI = —ir p F(ai/uc) d(hu),9

(19.11)
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20. CLEBSCH-GORDAN COEFFICIENTS,
SPHERICAL HARMONICS, AND d FUNCTIONS

Note: A ~ is to be understood over every coefficient, e.g. , for —8/15 read —/8/15.
J J

Notation:
~ ~ ~

PQ 1 7@2

Coefficients
1/2 x 1/2

I+1/2 +1/2 1 0 0

+1/2 —1/2 1/2 1/2 1
—1/2 +1/2 1/2 —1/2 —1

-1/2 -1/2 1

yp
1 cos 8 2x 1/2

)+2 1/2 1
+2 —1/2
+1 +1/2

5/2 3/2
3/2 +3/2

sin 8 e'4'y1
1 5/2 3/2

+1/2 +1/2
2/5 3/5
3/5 -2/5

0 -1/2
-1 +1/2

1/5 4/5
4/5 -1/5
+1 -1/2

0 +1/2
5/2 3/2

-1/2 —1/2
3/5 2/5
2/5 -3/5
—1 —1/2
—2 +1/2

yp
2

—cos 8 ——
lxl 2

+3/2 3/2 1/2
(+1 +1/2 1 +1/2 +1/2

+1 -1/2 1/3 2/3
0 +1/2 2/3 —1/3

0 —1/2
-1 +1/2

5/2 3/2
-3/2 -3/2

4/5 1/5 5/2
1/5 -4/5 -5/2

I—2 —l/2 l

sin 8 cos 8 e'4'Y2 ———1
23/2xl/2 +2

)+3/2 +1/2 1 +1 +1
+3/2 -1/2 1/4 3/4
+1/2 +1/2 3/4 -1/4

3/2 1/2
-1/2 -1/2

Y
1

2 4
sin'He"&2/3 1/3 3/2

1/3 -2/3 -3/2 2 1
0 0

2X1
+3 3 2

)+2 +1 1 +2 +2
+2 0 1/3 2/3 3

+1 +1 2/3 -1/3 +1
+2 -1 1/15
+1 0 8/15

0 +1 6/15

-1-1/2 1 5/2
+5/2 5/2 3/2

I+3/2 +1 1 +3/2 +3/2
+3/2 0 2/5 3/5
+1/2 +1 3/5 -2/5

+3/2 —1
+1/2 0
-1/2 +1

+1/2 —1/2 1/2 1/2 2 1
-1/2 +1/2 1/2 -1/2 -1 —1

-1/2 —1/2 3/4 1/4 2

-3/2 +1/2 1/4 —3/4 -2
I-3/2 -1/2 1

2 1
+1 +1

5/2 3/2 1/2
+1/2 +1/2 +1/2

1/10 2/5 1/2
3/5 1/15 -1/3

3/10 —8/15 1/6
+1/2 -1
-1/2 0
-3/2 +1

1/3 3/5
1/6 -3/10 3 2 1

-1/2 1/10 0 0 0

+1 —1 1/5 1/2 3/10
0 0 3/5 0 -2/5

—1 +1 1/5 —1/2 3/10

21X1 +2 2 1
)+1 +l l +1 +l

+1 0 1/2 1/2
0 +1 1/2 -1/2

5/2 3/2 1/2
-1/2 —1/2 -1/2
3/10 8/15 1/6

3/5 -1/15 -1/3
1/10 -2/5 1/2

-1/2 -1
—3/2 0

2 1 0
0 0 0

3 2 1
—1 -1 -1

5/2 3/2
-3/2 -3/2

3/5 2/5 5/2
2/5 -3/5 -5/2

+1 -1 1/6 1/2 1/3
0 0 2/3 0-1/3

—1 +1 1/6 —1/2 1/3
2 1

-1 —1 -3/2 -1 1

0 -1 6/15 1/2 1/10
-1 0 8/15 -1/6-3/10 3 2
-2 +1 1/15 -1/3 3/5 -2 -2

ra
(

1)rnY'roe
0-1

-1 0
1/2 1/2 2

1/2 -1/2 -2
I -1 -1 1

-1 -1 2/3 1/3 3
-2 0 1/3-2/3 -3

Ym e
—imt)ei

m, p

(jljimtm3 1jlj3&M)
= (-1) &r ~s(j3jlm2ml~j2j 1JM)

3/2 x 3/2
I+3/2 +3/2 1 +2 +2

+3/2 +1/2 1/2 1/2
+1/2 +3/2 1/2 -1/2

+3/2 -1/2
/2 +1/2 +1/2
/2 —1/2 +3/2

=~—1~m mdm'm & ' mm' d1(2 1)2
= cos—

1/2, —1/2

2x3/2
+7/2

1+2+3/2 1
+2+1/2
+1+3/2

sin 8
1,0

1+cosH
1,1

3 2 1
+1 +1 +1

1/5 1/2 3/10
3/5 0 -2/5
1/5 -1/2 3/10

+3/2 —3/2
+1/2 —1/2
-1/2 +1/2
-3/2 +3/2

7/2 5/2
+5/2 +5/2

3/7 4/7 7/2 5/2
4/7 -3/7 +3/2 +3/2
+2 —1/2 1/7 16/35
+1 1/2 4/7 1/35

0 3/2 2/7 -18/35
+2
+1

2 0
+2 —1

3
+3

2/5
7/2 5/2

+1/2 +1/2

1/35 6/35
12/35 5/14
18/35 -3/35

4/35 -27/70

3 2 1 0
0 0 0 0 1 —cos 8

1 —11/20 1/4 9/20 1/4
9/20 1/4 -1/20 -1/4
9/20 -1/4 -1/20 1/4
1/20 -1/4 9/20 -1/4

+1/2 -3/2
1/2 -1/2
3/2+1/2

-2/5
2X2 1/5

/+2 +2 1 +3 +3
+2 +1 1/2 1/2 4 3 1/2
+1 +2 1/2 -1/2 +2 +2 3/2

+2 0 3/14 1/2 2/7
+1 1 4/7 0 -3/7 4 3 2 1

0 2 3/14 -1/2 2/7 +1 +1 +1 +1
+2 —1 1/14 3/10 3/7 1/5
+1 0 3/7 1/5 -1/14 -3/10

0 1 3/7 -1/5 -1/14 3/10
d3/2 1 + cos 8 8 -l 2 1/14 -3/10 3/7 -l/5

3/2 3/2 2 2
1+cos8 . 8 +1 -1

a,/, ,/, ——~3 sin- 0 0
-1 1
—2 2

3/&, —l/2 2 2 & 1+cos 8)
~

d22 ——

1 —cos8 . 8 2
3/2, —3/& 2 2 2 1+cos8

sin 8
3cos8+ 1 8

l/2, l/2 2 2 3 v 5
3cos8+ 1 . 8

d2 = —sin2 8

1/2, —1/2
2

i()t2
1 —cos 8

sin 8

4 3
0 0

1/70 1/10
8/35 2/5

18/35 0
8/35 -2/5
1/70 —1/10

1,0
2

3/2 1/2
+1/2 +1/2

2/5 2/5
0 -3/10

-1/5 1/5
2/5 -1/10

+1 -3/2
0 -1/2

-1 1/2
-2 3/2

1
—1 dpp = cos81

5

3/10
-2/5 3 2
3/10 -2 -2

3 2
-1 -1

1/5 1/2
3/5 0
1/5 -1/2

7/2 5/2 3/2 1/2
-1/2 -1/2 -1/2 -1/2
4/35 27/70 2/5 1/10

18/35 3/35 -1/5 -1/5
12/35 -5/14 0 3/10 7/2

1/35 -6/35 2/5 -2/5 -3/2

-1/2 -3/2 1/2 1/2 3
-3/2 -1/2 1/2-1/2 -3

-3/2 -3/2 1
5/2 3/2

-3/2-3/2
0 -3/2 2/7 18/35 1/5

-1 -1/2 4/7 -1/35-2/5
-2 1/2 1/7-16 /35 2/5

-1-3/2
-2 -1/2

2 1 0
0 0 0

7/2 5/2
-5/2 -5/2

4/7 3/7 7/2
3/7 -4/7 -7/2

2/7 2/5 1/5
1/14 -1/10 -1/5
-2/7 0 1/5
1/14 1/10 -1/5

2/7 -2/5 1/5
4 3 2 1

—1 —1 —1 —1
-2 -3/2 1

+1 —2 1/14 3/10 3/7 1/5
0 —1 3/7 1/5 —1/14 -3/10

—1 0 3/7 —1/5 —1/14 3/10 4
—2 1 1/14 —3/10 3/7 —1/5 —2

3 2
—2 —2

0 -2 3/14
'-1 -1 4/7
-2 0 3/14

1/2 2/7
0 —3/7

—1/2 2/7
—1 -2
—2 -1

4 3
—3 —3

1/2 1/2 4
1/2-1/2 -4sinH cos8

1 —cos 8 dl l —— (2cos8+ 1)
2

Figure 20.1: Sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The
Theory of Atomic Spectru, Cambridge Univ. Press, New York, 1953), Rose (Elementar7/ Theory of /lnyular Momentum, Wiley, New York, 1957),
snd Cohen (Tables of the Clebsch Gorrtan Goejfici-cuts, North American Rockwell Science Center, Thousand Oaks, Calif. , 1974). The signs snd
numbers in the current tables have been calculated by computer programs written independently by Cohen and at LBL.



1288 21. SU(8) isoscalar factors and representation matrices

21.SU(3) ISOSCALAR FACTORS AND REPRESENTATION MATRICES
The most commonly used SU(3) isoscalar factors, corresponding

to the singlet, octet, and decuplet content of 8 8 and 10 8, are
shown at the right. The notation uses particle names to identify the
coefBcients, so that the pattern of relative couplings may be seen
at a glance. We illustrate the use of the coeKcients below. See 3.3
de Swart, Rev. Mod. Phys. $5, 916 (1963) for detailed explanations
and phase conventions.

A ~ is to be understood over every integer in the matrices; the
exponent 1/2 on each matrix is a reminder of this. For example, the
= -+ QK element of the 10 ~ 10 4' 8 matrix is —+6/y 24 = —1/2.

Sy ~ S8
(x)

Z
A

t, =-)

iifv Ii~ ZK dK
NK Zx Ax Zg "K

NK Zn Ag =K
ZK WK =-x =-~ )

(2 3is

(9 —1 —9
—6 0 4 4
2 —12 —4

(9 —1 —9

1 )
1!2

—6
-2
-i)

I' (0' ~:-K) 12= —x (phase space factors) . (21.1)

Intramultiplet relative decay strengths may be read directly from
the matrices. For example, in decuplet ~ octet + octet decays, the
ratio of 0* —+ =K and 8 ~ Nx partial widths is, from the 10 ~ 8 x 8
matrix,

8~ ~8(38
(Xl ( &x&nZK&K l ( 3 3 3

Z NK Z'vr An Zg "K 1 2 8 0 0 —2
A NK Zsr Art =K ~yg 6 0 0 6

ZK AK:"sr =ri ) 3 3 3 —3

Including isospin Clebsch-Gordan coefBcients, we obtain, e.g. ,

I'(0*:-oK ) 1/2 12 3

r(~. ...) =2/3" 6
"p'f =2 "p-'f (21.2)

10 —+ 88
(~] ( Xv life

Z NKZ~ Am Zg =K 1 —2
ZK AK:-v:-ri ~jg 3

I O) ( =-K )

—6 6
2 —3 3 2
—3 3 3

)

8 ~ 10@8

gr+
2

g2 (21.3)

Partial widths for 8 —+ 8 8 involve a linear superposition of 8I
(symmetric) and 82 (antisymmetric) couplings. For example,

(x)
Z '

A

l
dK Zn.

Zn.

( ZK:-sr

ZK
Zg =K
:-K
:-q OK)

—12
1 8 —2

~15
l 3 -3

)
1/2

—3 2
6

-s 6)

10~10' 8

The relations between gr and g2 (with de Swart's normalization)
and the standard D and I' couplings that appear in the interaction
Lagrangian,

(~]
Z '

E, D)

( ~x ~~ZK
dK Zn. Zg =K
ZK:"~:-g 0K

:-K Ort

1 8 8 0 —8
12 3 —3 —6

12 -12 )

M = —V 2 D Tr ({B,B)M) + v 2 F Tr ([B,B]M),

~30
40

I' = —g2.
24

Thus, for example,

I'(:"' ~:-sr) (F —D) 2 (1 —2cr)

where a—:D/(D+ F)

where [B,B]—:BB—BB and {B,B):—BB+BB, are

(21.4)

(21.5)

(21.6)

abc fo,gc

123 1

14V i/2
156 -1/2
246 1/2

25V i/2
345 1/2

36V -i/2
458 +3/2
678 ~3/2

abc

118 I/+3
146 1/2

157 1/2

228 1/~S
247 -1/2
256 1/2

338 1/~3
344 1/2

abc dobe

355 1/2

366 -1/2
377 -1/2
448 -1/(2~3)
558 -I/(2v 3)
668 —1/(2 ~3)
778 -1/(2~3)
888 -1/~3

When acting upon a representation of dimension d, the generators
of SU(3) transformations, Aa (a = 1, 8), are d x d matrices that obey
the following commutation and anticommutation relationships:

In the fundamental 3-dimensional representation, the 441, 's are

(0 1 0) (0 io) (1-0 0)
Ar=[ 1 0 0

[ A2=[ i 0 0
[ As=[ 0 —1 0

&0 0 o) &0 o o) qo 0 o)
[Aa, Ab] = AaAb —AbAa = 2i fabcAc

4
{Aa, Ab) =—AaAb+ AbAa = babf + 2dab. A-c,G

(21.7)

(21.8)

(0 0 1 l (0 0 —i l (0 0 0)
A4=[ 0 0 0

[
As=[ 0 0 0 As=[ 0 Q 1

i, i 0 0) i, i 0 0) (0 1 0)

where I is the d x d identity matrix, and b~ is the Kronecker delta
symbol, The f~b are odd under the permutation of any pair of
indices, while the d~~ are even. The nonzero values are

(0 0 0'l i (1 0 0'l
A, =[0 0-i

[
A, =—[o 1 0[

&0 0/ ~& l 0 O -2)



M. SU(n) rnultijrleta rsrsd Yossrsg dirsgrrsrns 1289

22. SU(N) MULTIPLETS AND YOUNG DIAGRAMS
This note tells (1) how SU(n) particle multiplets sre identified or

labeled, (2) how to find the number of particles in s multiplet from its
label, (3) how to draw the Young diagram for a multiplet, snd (4) how
to use Young diagrams to determine the overall multiplet structure of
a composite system, such as a 3-quark or a meson-baryon system.

In much of the literature, the word "representation" is used where
we use "multiplet, " and "tableau" is used where we use "diagram. "

22.1. Multiplet labels
An SU(n) multiplet is uniquely identified by s string of (n —1)

nonnegative integers: (a, P, p, . . .). Any such set of integers specifies
a multiplet. For an SU(2) multiplet such as an isospin multiplet, the
single integer e is the number of stela from one end of the multiplet
to the other (i.e., it is one fewer than the number of particles in the
multiplet). In SU(3), the two integers ci and P are the numbers of
steps across the top and bottom levels of the multiplet diagram. Thus
the labels for the SU(3) octet and decuplet

22.3. Young diagrams
A Young diagram consists of sn array of boxes (or some other

symbol) arranged in one or more left ju-stified rows, with each row
being at least as long as the row beneath. The correspondence between
a diagram and a multiplet label is: The top row juts out a boxes to
the right past the end of the second rows the second row juts out P
boxes to the right past the end of the third row, etc. A diagram in

SU(n) has st most n rows. There csn be any number of "completed"
columns of n boxes buttressing the left of a diagram; these don't affect
the label. Thus in SU(3) the diagrams

I, I I I I

represent the multiplets (1,0), (0,1), (0,0), (1,1), snd (3,0). In sny
SU(n), the quark multiplet is represented by a single box, the
antiquark multiplet by s column of (n—1) boxes, snd a singlet by s
completed column of n boxes.

are (1,1) and (3,0). For larger n, the interpretation of the integers
in terms of the geometry of the multiplets, which exist in an
(n —1)-dimensional space, is not so readily apparent.

The label for the SU(n) singlet is (0, 0, . . . , 0). In a flsvor SU(n),
the n quarks together form s (1,0, . . . , 0) multiplet, snd the n
antiqusrks belong to a (0, . . . , 0, 1) multiplet. These two multiplets
are conjugate to one another, which means their labels are related by

Ckr r ~ ~ ~ ~ ~ ~ j r Cl I

22.2. Number of particles
The number of particles in a multiplet, N = N(n, P, . . .), is given

ss follows (note the pattern of the equations).

In SU(2), N = N(rr) is

(22.1)

In SU(3), N = N(ci, P) is

( + 1) (&+ I) ( + P+ 2)
1 1 2

(22.2)

In SU(4), N = N(a, P, p) is

(a+1) (P+1) (p+1) (a+P+2) (P+p+2) (rr+P+p+3)
1 1 1 2 2 3

(22.3)

22.4. Coupling multiplets together

la,
a

Ia
a

a a

(c) Use the 5's to further enlarge the diagrams already obtained,
subject to the same rules, Then throw away any diagram in which
the sequence of letters formed by reading right to left in the first row,
then the second row, etc. , is not admissible.

(d) Proceed ss in (c) with the c's (if sny), etc

The final result of the coupling of the two octets is:

{3 aa
b

The following recipe tells how to find the multiplets that occur
in coupling two multiplets together. To couple together more than
two multiplets, first couple two, then couple a third with each of the
multiplets obtained from the first two, etc.

First a definition: A sequence of the letters a, b, c, . . . is admissible
if at any point in the sequence at least as many a's have occurred as
b's, at least as many b's have occurred as c's, etc. Thus abed and aabcb
are admissible sequences and abb and acb are not. Now the recipe:

(s) Draw the Young diagrams for the two multiplets, but in one of
the diagrams replace the boxes in the first row with a' s, the boxes in
the second row with 6's, etc. Thus, to find the multiplets that occur
in the coupling of two SU(3) octets (one might be the x-meson octet,
the other the baryon octet), we draw l and a a. The unlettered

b
diagram forms the upper left hand comer-of all the enlarged diagrams
constructed below.

(b) Add the a's from the lettered diagram to the right-hand ends
of the rows of the unlettered diagram to form all possible legitimate
Young diagrams that have no more than one a per column. In general,
there will be several distinct diagrams, and all the a's appear in each
diagram. At this stage, the calculation of the coupling of the two

SU(3) octets look ss follows:

Iaa I.

Note that there is no factor with (a+ p+ 2): only s consecutive
sequence of the label integers appears in any factor. One more
example should make the pattern clear for any SU(n). In SU(5), N =
N(a, P, p, b) is

(a+1) (P+1) (p+1) (5+1) (a+P+2) (P+p+2)
1 1 1 1 2 2

(q+5+2) (a+P+q+3) (P+q+&+3) (a+P+q+&+4)
2 3 3 4

From the symmetry of these equations, it is clear that multiplets that
are conjugate to one another have the same number of particles, but
so can other multiplets. For example, the SU(4) multiplets (3,0,0) snd
(1,1,0) each have 20 particles. Try the equations snd see.

[a a g [a a g )a g ~a g3 la g
b a b a b a

b b a a b

Here only the diagrams with admissible sequences of a's and b's and
with fewer than four rows (since n = 3) have been kept. In terms of
multiplet labels, the above may be written

(1, 1) g (1,1) = (2, 2) (3,0) fa (0, 3) fa (1,1) (1, 1) @(0, 0) .

In terms of numbers of particles, it may be written

88 = 2V'10 10881 .

The product of the numbers on the left here is equal to the sum on
the right. (See also the section on the Quark Model. )
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23. KINEMATICS

Revised June 1994.

Throughout this section units are used in which h = c = 1. The
following conversions are useful: frc = 197.3 MeV fermi, (hc)
0.3894 (GeV)2 mb.

(23.1)

where p/ = (1 —Pf) / and pz (p~~) are the components of p
perpendicular (parallel) to Pf. The scalar product of two 4-vectors

Pl p2 = EIE2 —pl p2 is invariant (frame independent).

In the collision of two particles of masses my and m2 the total
center-of-mass energy can be expressed in the Lorentz-invariant form

2 2- S/2
Ecm = (El+ E2) —(pl+ P2)

2 2
- S/2

ml + m2 + 2E1E2(1 —plp2 cos 8) (23.2)

where 8 is the angle between the particles. In the frame where one
particle (of mass m2) is at rest (lab frame),

Ecm = (ml + m2 + 2EIIsb m2)2 2 S/2 (23.3)

The velocity in the lab of the center-of-mass frame is

/lcm Plab!(EI lab + m2) ~ (23.4)

and

'Ycm = (El lab + 2)/Ecm . (23.5)

23.2. Center of mass energy and momentum

23.1. Lorentz transforrnations

The energy E and 3-momentum p of a particle of mass m form a
4-vector p = (E,p) whose square p2 = E2 —lpl2 = m2. The velocity of
the particle is P = p/E The e. nergy and momentum (E*,p') viewed
from a frame moving with velocity P/ are given by

23.4. Particle decays
The partial decay rate of a particle of mass M into n bodies in its

rest frame is given in terms of the Lorentz-invariant matrix element
M by

don (PI pl) I pn)i
(2rr)4

where d@„is an element of n-body phase space given by

pidc-(P; p, , p. ) = ~' (P Pp;-) Il ...";,
~=1 i=1

This phase space can be generated recursively, viz.

dc'e(» p» pa) = dc'g(q p» pg)

(23.12)

(23.13)

x dc'~ qual (PI q, p, +1, . . . , P~)(2rr) dq, (23.14)
2

where q2 = (Q; 1E;)2 —Q, 1 p; . This form is particularly useful

in the case where a particle decays into another particle which
subsequently decays.

23.4.1. Surviva/ probability: If a particle of mass M has mean
proper lifetime r (= 1/I') and hss momentum (E,p), then the
probability that it lives for a time to or greater before decaying is
given by

p(t )
—le I'/q —Mtp I'/F (23.15)

and the probability that it travels a distance xo or greater is

p(T ) e™*oI'/I pl

23.3. Lorentz-invariant amplitudes
The invariant amplitude —iM for a scattering or decay process is

determined in perturbation theory by a set of Feynman diagrams. The
convention of Bjorken and Drell is used except that fermion spinors
are normalized so that uu = 2m. As an example, the S-matrix for
2 ~ 2 scattering is related to M by

(plp2 l~l plp2) = I —r(2x)' &'(pl + p2 —p'1 —p2)

X
~(P»P2 Pl P2) 23.10

(2EI)1/2 (2E2)1/2 (2Er)l/2 (2Er)1/2

The state normalization is such that

(p'lp) = (2x)'&'(p —p') (23.11)

A beam of particles with mass m and momentum p beam is incident
on a fixed target consisting of particles with mass M. The energy of
the beam particles E beam, the total center-of-mass energy Ecm, and
center of mass momentum of one of the particles pcm are given by

23.4.2. Two- body decays:

P1p m1

E beam Q P beam ™ (23.6) P, M

Ecm: m + 2E beamM + M (23.7)

M
Pcm = Pbeam ~Ecm

(23.8) Figure 23.1: Variable definitions for two-body decays.

For example, if a 0.80 GeV/c kaon beam is incident on s proton
target, the center of mass energy is 1.699 GeV and the center of mass
momentum of either particle is 0.442 GeV/c. It is also useful to note
that (23.17)

In the rest frame of a particle of mass M, decaying into 2 particles
labeled 1 and 2,

M —m2+ m)2 2 2

1

M dE beam M /3 beam dp beam ~ (23.9) lpll = lp2I

(23.18)
[(I' —(ml + m2)') (I —(ml —m2) )]

2M

327r2

where dfi = dqild(cos HI) is the solid angle of particle l.

(23.19)
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P1) m1

P, M p2) m2

p3, m3

Figure 23.2: Variable definitions for three-body decays.

23.4.3. Three-body decaya:

Defining pij ——p;+ pj, m,j ——p;j) then m~2+ m23+ mis ——2 2 2

M2 p m2 + m2 + m2 and m2 (P ps)2 M2 + m23 2ME3
The relative orientation of the three final-state particles is fixed if
their energies are known. Their momenta can therefore be specified
by giving three Euler angles ((x, p, 7) which specify the orientation of
the final system relative to the initial particle. Then

10 & i i 1

I
I

- (m&+m2) 2
I

[

I

I

l

I

4

(m,+m, )—

0 i, 1 I s

0 1

~ I ~

I

I

L

I I ~ I

3
(GeV2)

I l I I

I
I I I I

m )2

I I I I I I I I

dI' = ]W[ dE1 dE2 d(x dcosP dp .

Alternatively

(23.20)
Figure 23.3: Dalitz plot for a three-body final state. In this
example, the state is ~Kx+p at 3 GeV. Four-momentum
conservation restricts events to the interior of the closed curve.

l~l I pll I psl d» dfll df13 (23.21)

where ([pl [, f11) is the momentum of particle 1 in the rest frame of
1 and 2, and 03 is the angle of particle 3 in the rest frame of the
decaying particle. [pl[ and ]ps] are given by

23.4.4. Kinematic limits: In a three-body decay the maximum
of lpsl, [given by Eq. (23.22)], is achieved when m12 = ml + m2,
i.e., particles 1 and 2 have the same vector velocity in the rest
frame of the decaying particle. If, in addition, m3 & mi, m2, then

IPs lmsx ) IP1 [maxi IP2 lmsx.

l pl[ = [(m12 —(ml+ m2) ) (m12 —(rnl —m2) )]

[(M —(m»+m3) ) (M {m12 m3) )]
Ipsl =

2M

(23.22a)

(23.22b)
mijk. .. = p ijk. .. ) (23.25)

23.4.5. Meltibody decaye: The above results may be generalized
to final states containing any number of particles by combining some
of the particles into "efFective particles" and treating the final states
as 2 or 3 "effective particle" states. Thus, if p;jIg = p;+pj+py+. ~ .,
then

[Compare with Eq. (23.18).]
Integrating over the angles in Eq. (23.20) (this is only possible if

the decaying particle is a scalar or we average over its spin states;
otherwise M depends on (x, p, and 7) gives

and mijn may be used in place of e.g. , mi2 in the relations in
Sec. 23.4.3 or 23.4.3.1 above.

dF = ]W[ dE1 dE2
1 1

2z 38M

1 1 ~2d 2 d 2-(2.)332M3[ l
' »' »

This is the standard form for the Dalitz plot.

(23.23)

P1) m1

p2, m2

P'1 m'1

p2, m2

I I
n' n

23.4.3.1. Dalitz plot: If m&2 is fixed then the range of m&3 is
determined by its values when pi is parallel or antiparallel to p3.

(m13)max =2

Figure 23.4: Variable definitions for production of an n-body
final state.

2

(Zi + Es( (/E(™i—(/Ei

(m13)min =2

2
(El+E3)'-

[ gE 2-m2, +gE 2-m23

(23.24a)

(23.24b)

23.5. Cross sections
The difFerential cross section is given by

(2z )4]A'[2
do' =

pl p2 2 m21m2

x d4n(pl + p2, ps, . . . , p„+2). (23.26)

where E~ ——(M —
m~2

—ms)/(2m12) and
El' = (m12 + ml —m2)/(2m12). The scatter plot in m12 and mls has
uniform phase space density [see Eq. (23.23)] and is called a Dalitz
plot.

A nonuniformity in the plot gives immediate information on
[M[ . For example, in the case of D -+ Kxx, bands appear when

m(~~) ——m~~(892), reflecting the appearance of the decay chain
D -+ K'(892)x ~ Kxx.

[See Eq. (23.13).] In the rest frame of rn2(lab),

(pl ' p2) mlm2 ™2pllab
2 2 2—

while in the center-of-mass frame

(pl p2) —mlm2 = plcmv

(23.27a)

(23.27b)
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/PE) TAg p3) F63

23.5.2. Irzclzzsive reactiorzs: Choose some direction (usually the
beam direction) for the z-axis; then the energy and momentum of a
particle can be written as

P2) F62 gP4) ?Q4

Figure 23.5: Variable definitions for a two-body final state.

23.5.1. Two-body factions:
Two particles of momenta py and p2 and masses my and m2 scatter
to particles of momenta p3 and p4 and masses m3 and m4, the
Lorentz-invariant Mandelstam variables are defined by

E = m coshy p~ p& p~ = m& sinhy

where m& is the transverse mass

m m + p + p

and the rapidity y is defined by

E+ pz

(23.37)

(23.38)

s = (Pl + P2) = (P3+ P4)

2= m~+ 2EyE2 —2py p2+ m 2

t = (Pl P3) —(P2 P4)

2= m] 2E]E3 + 2p] ' p3 + m3
2

u = (Pi -P4)' = (P2 - P3)'

2= mg —2EyE4+ 2p~ p4+ m4,2

and they satisfy

s+ t+u = m&+m2+m3+m42 2 2 2

The two-body cross section may be written as

ln
' tan h (23.39)

(23.29)
d3o d3o d2o

dsp dPdy p~dp~ ir dyd(p2 )
(23.40)

(23.30) The second form is obtained using the identity dy/dpz = 1/E, and the
third form represents the average over P.

Feynman's z variable is given by

(23.31)
pz E+ pz

pzm~ (E+pz)m~
' (23.41)

(23 28) Under a boost in the z-direction to a frame with velocity P,
y ~ y+ tanh l P. Hence the shape of the rapidity distribution dN/dy
is invariant. The invariant cross section may also be rewritten

64&s IPlcml'

In the center-of-mass frame

in the center-of-mass frame,

2ps cm 2mT sinh ycm
(23.42)

t = (Eicm E3cm) (Plcm P3cm)
2 2

4plcm pscm sin (8cm/2)

~ 2= to 4Plcm Pscm sin (8cm/2) 1 (23.33)

For yc~ such that e &'~&& 1

m & &Qcm

and

(23.43)

where 8c~ is the angle between particle 1 and 3. The limiting values

to (8,m = 0) and tl (8cm = n) for 2 ~ 2 scattering are (ycm)max = ln (V s/m) (23.44)

2 2 2 2-2
to(ti) = mi m3 m2 + m4 The definition of rapidity [Eq. (23.39)] may be expanded to obtain

(
('+ l- l)

- i/2
1 cos2(8/2) + m2/4p2 +. . .

y = —ln
2 sjn2(8/2) + rn2/4p2 +

- —ln tan(8/2)—:il (23.45)

s+ m3 —m4
- S/2

(23.34)

s+ my —m22 2
Ecm =

2
(23.35)

[( —( + 2)') ( —( l — 2)')I "'
pcrn =

2

Note that ty is always negative. In the literature the notation t~;„
(tmsx) for to (tl) is sometimes used. This usage should be discouraged
since to & t~. The center-of-mass energies and momenta of the
incoming particles are sinhg = cot8

coshil = 1/sin8

tanhg = cos8 .

(23.46)

(23.47)

(23.48)

if the particle has zenith angle 8. The pseudorapidity q defined by
the second line is approximately equal to the rapidity y for p && m
and 8 » 1/p, and in any case can be measured when the mass and
momentum of the particle is unknown. From the definition one can
obtain the identities

Pl labm2 (23.36)

Here the subscript lab refers to the frame where particle 2 is at rest.
[For other relations see Eqs. (23.2)—(23.4).]
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23.5.3. Partial waves: The amplitude in the center of mass for
elastic scattering of spinless particles may be expanded in Legendre
polynomials

23.5.3.1. Resonances: The Breit-Wigner form for an elastic
amplitude ag with a resonance at c.m. energy ER, elastic width I'e~,

and total width I't t is

f(k, 8) = —P (2f + 1)arPg (cos 8),1

e

(23.49)
r„/2

ag =
ER —E iI't—t/2

(23.55)

q~
= If(»8)l'. (23.50)

The optical theorem states that

4'
o'tot = —Im f(k, 0), (23.51)

and the cross section in the E~" partial wave is therefore bounded:4x, 4x(2e+ 1)or= —
2 +1 ar (23.52)

where k is the c.m. momentum, 8 is the c.m. scattering angle, ag
= (tire ' r —1)/2i, 0 & tlr & 1, and 6r is the phase shift of the ft"
partial wave. For purely elastic scattering, qg

——1. The differential
cross section is

where E is the c.m. energy. As shown in Fig. 23.?, in the absence of
background the elastic amplitude traces a counterclockwise circle with
center iz, t/2 and radius z,t/2, where the elasticity z, t = I et/r«t.
The amplitude has a pole at E = ER —t'rtot/2.

The Breit-Wigner cross section for a spin-J resonance produced in
the collision of particles of spin Sy and S2 is

(2J+ 1) x B;„Bo„trtot
(2St + 1)(2' + 1) k2 (E —ER)2 + r~ /4

where k is the c.m. momentum, E is the c.m. energy, and B;„and
Bp~t are the branching fractions of the resonance into the entrance
and exit channels. The 28+ 1 factors are the multiplicities of the
incident spin states, so they are replaced by 2 for photons, etc. This
expression is valid only for a particle of narrow width. If the width

The evolution with energy of partial-wave amplitude ag can be
displayed as a trajectory in an Argand plot, as shown in Fig. 23.6. ImA

ImA
1

I

-1/2
I Re A

I

—1/2
Re AI Figure 23.7: Argand plot for a resonance.

Figure 23.6: Argand plot for the display of a partial-wave
amplitude as a function of energy.

M = —Sir~a f(k, 8), (23.53)

The usual Lorentz-invariant matrix element M (see Sec. 23.3
above) for the elastic process is related to f(k, 8) by —mr, &ag= 2s —m + imI'g~t;

(23.57)

is not small I'gpg cannot be treated as a constant independent of E.
There are many other forms for crJ3gr, all of which are equivalent to
the one given here in the narrow-width case. Some of these forms may
be more appropriate if the resonance is broad.

The relativistic Breit-Wigner form corresponding to Eq. (23.55) is:

so

1
ot, t = — ImW(t = 0),2kgs

(23.54)

A better form incorporates the known kinematic dependences,
replacing mrtot by i/s rtot(s), where rtot(s) is the width the resonance
Particle would have if its mass were +s, and corresPondingly mret by

v s ret(s) where ret(s) is the partial width in the incident channel for
a mass s:

where s and t are the center-of-mass energy squared and momentum
transfer squared, respectively (see Sec. 23.4.1). vr()&e= 2s —m + iv s rtot(s)

(23.58)

For the Z boson, all the decays are to particles whose masses
are small enough to be ignored, so on dimensional grounds
I't t(s) = ~sro/mz, where I'o defines the width of the 2, snd
ret(S)/rtot(S) iS COnStant. A full treatment Of the line Shape requireS
consideration of dynamics, not just kinematics. For the Z this is done
by calculating the radiative corrections in the Standard Model.
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24. CROSS-SECTION FORMULAE FOR SPECIFIC PROCESSES
24.1. Leptoproduction

P, M

Figure 24.1: Kinematic quantities for description of lepton-
nucleon scattering. k and k' are the four-momenta of incoming
and outgoing leptons, P is the four-momentum of a nucleon with
mass M. The exchanged particle is a p, TV+, or Z; it transfers
four-momentum q = k —k' to the target.

24.1.3. The QCD parton model: In the @CD parton model„ the
structure functions defined above can be expressed in terms of parton
distribution functions. The quantity f, (z, Q )dz is thc probability
that a parton of type i (quark, antiquark, or gluon), carries a
momentum fraction between z and x+ dx of the nucleon's momentum
in a frame where the nucleon's momentum is large. For the cross
section corresponding to the neutraL-current process ep ~ eX, we have
for s » M (in the case where the incoming electron is either left- (I~)
or right- (R) handed):

Q(z fq (» Q') + z fq (z, Q')

x Aq + (1 —y) I3&

Invariant quantities:

q. P
v = = E —E'is the lepton's energy loss in the lab (in earlier

literature sometimes v = q P) Here, E .and E' are the
initial and final lepton energies in the lab.

Q = —q = 2(EE' —7 k ') —mt —mi, where mt(mt') is the initial

(final) lepton mass. If EE'sin (8/2) » mt, mt„then

4EE'sin (8/2), where 8 is the lepton's scattering angle in the
lab.

Q2
x = In the parton model, x is the fraction of the target nucleon's

2Mv momentum carried by the struck quark. See section on
@CD.

q P v .
y = = —is the fraction of the lepton's energy lost in the lab.

W2 = (P + q) = M + 2Mv —Q2 is the mass squared of the system
recoiling against the lepton.

Q2
s = (lr+P)2 = —+M'

ay

24.1.1. Ieptoproduction cress sections:

der du 2vrMv der
dz dy dv dQ2 E' dIIt, b dE'

Here the index q refers to a quark liavor (i.e. , u, d, s, c, b, or t), and

( 2

q
=

I qq gLq-gLe q2+M2 I I qq gRqgRe q2+M2Z

(24.5)

q2 l' / q2
qq+ gR& q-Le

q2 M2 + qq+ gLq g-Re
q2 M2Q +Ms/ Q +Mz)

(24.6)

Here q& is the charge of flavor q. For a left-handed electron, gR, = 0
and gLe = (—1/2+ sin28tir)/(singtv cosgit ), while for a right-handed
one, gLs = 0 and gR, = (sin gtv)/(singtt cosgit ). For the quarks,

gLq
——(Ts qqsin g8r)/( isngtt csogt)t, and gR&

——( quasi 28niv—) /
(singing cosg~).

For neutral-current neutrin (antineutrino) scattering, the same for-
mula applies with gL,, replaced by gl, „

1/(2 sin gttr cos 8~) (gLv = 0) and gRe replaced by gR„=0

[gRv = —1/(2 sin 8~ cos 8~ )j.
In the case of the charged-current processes e&p ~ vX and

vp -+ e+X, Eq. (24.3) applies with

F2 =2zFr =2z f„(z,Q )+ f,(x, Q )

d2cr
( — ')

„

(24.1) + ft(*,Q')+fd(, Q')+f (* Q')+fb-(* Q') (247)

Fs = 2 f.(*,Q')+ f.(*,Q')
24.1.2. Electroyrodection st~cttare functions: The neutral-
current process, eN —+ eX, is parity conserving at low Q2 and
can be written in terms of two structure functions FP (z, Q ) and
FNC( q2).

d2o 4x cr2(s —M2)
dx dy q4

+ fi(* Q') —fd (* Q') —f (Q') —f-l (* Q') (243)

For the process vp ~ e X:

F2=2zFr =2z fg(z, q )+f,(z, Q )

x (1 —y)F2 + y zFp —
2 zyF2 (24.2) + fb(z Q')+fu(z Q')+fc(»Q')+ft(z Q') (240)

The charged-current processes, e N —+ vX, vN ~ e X, and
vN ~ e+X, are parity violating and can be written in terms of three
structure functions Fr (z, Q ), F2 (z, Q ), and Fs (z, Q ):

Fs =2 f~(z Q')+f. (* Q')

+ fb(z, q') —fu(x, Q') —f (* Q') —ft(z q-) (2 ' )

d2a G2F (s —M2) M~4

dz dy 2x (Q2 + M2 )2

2 2 2
1 —y — F2 + —2zF, +(y ——) zF2cc y cc y cc

(s —M2) 2 2

(24.3)

where the last term is positive for the e and v reactions and negative
for vN ~ e+X.
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24.2. 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
f (z) = 1+ -'z ln -' —-'(I —z)(3+ z);

2 z 2

(24.22)

dO' A2—= —p 1+ cos 8+ (1 —p ) sin 8 Q&,
2 ~ 2 2

dO 4s
(24.11)

where P is the velocity of the 6nal state fermion in the center of mass
and Qf is the charge of the fermion in units of the proton charge. For
P~1,

The quantity (—q2)m» depends on properties of the produced
system X, in particular, (—q2)m» mp for hadron production

(X = h) and (—q2)m» W2 for lepton pair production (X = t+t
t=e, p, r)

For production of a resonance of mass mR and spin J g 1

4~~2 86.8 Qf nbo= Q3s f s(GeV2)
(24.12) 2

oc+, c+ -R(s) = (2J+1)
8n I'R~~~

mR

At higher energies the Zo (mass Mz and width I'z) must be
included, and the diiferential cross section for e+e ~ ff becomes

sm ) 2

x f(mR/s) ln 2 2
—1

]

——(In 2 )m mR ) 3 mR
(24.23)

2

P Qy[1+cos 8+(1 —P ) sin 8]
dA 4s

—2Qf Xy VVf 1 + cos 8 + 1 — sin 8 —2af p cos 8

where mv is the mass that enters into the form factor of the yp —+ R
transition: my m& for R = x, p, ~, p, . . ., my mR for R = cc0 0

or bb resonances.

24.4. Inclusive hadronic reactions

+ ~2 V2 1+V2 1+cos28+ 1 —p2 sin28

+ P af(1+ V ) [1+cos 8] —8P VVf af cos8 (24.13)

One-particle-irtclusive cross sections EdSo/dsp for the production
of a particle of momentum p are conveniently expressed in terms of
rapidity (see above) and the momentum pr transverse to the beam
direction (defined in the center-of-mass frame)

1 MZ2

16 sin2 8ttr cos2 8ttr (s —Mg)2+ I'gMz
(24.14)

d~0 d30

dsp d(t) dy pr dp&
(24.24)

1 s2

256 sin 8ttr coss 8ttr (s —M&~)2 + I'&M&~

In the case of processes where p& is large or the mass of the produced
(24 15) particle is large (here large means greater than 10 GeV), the parton

model can be used to calculate the rate. Symbolically

V = —1+4sin28w,

Gf = 2T3f

Vf ——2T3f —4Qf sin 8w,

(24.16)

(24.17)

(24.18)

Ts = +1/2 for v~r v&, vr, u, c, t,

Ts= —1/2 fore, y, , r, d, s, b

(24.19a)

(24.19b)

where the subscript f refers to the particular fermion and

oh(tdronic = ~ ft(xli Q ) fj (x21~ Q ) dxr dx2 (rpartonic ~

2 . 2

U

(24.25)

do' GF rrv 2

dp 3

where f;(x, Q ) is the parton distribution introduced above and Q
is a typical momentum transfer in the partonic process and 0 is
the partonic cross section. Two examples will help to clarify. The
production of a W+ in pp reactions at rapidity y in the center-of-mass
frame is given by

24.3. Two-photon process at e+e colliders

When an e+ and. an e collide with energies Ey and E2, they emit
dny and dn2 virtual photons with energies uy and ~2 and 4-momenta

qy and q2. In the equivalent photon approximation, the cross section
for e+e ~ e+e X is related to the cross section for pp ~ X by
(Ref. 1)

xr cos 8~ u gy, Mw d z2, Mw

+ "(*~ ))rt)r(s it)rw))

+ sin 8. ~ ~q, Mw»2, Mw

do+c+c ~ '(s) = dni dn2 da&& ~ (W )

where s = 4E~E2, W = 4~y(d2 and

(24.20)
+ s(x2, Mttr) tt (xr, Mttr) (24.26)

A 1 +
where xi = ~r e", x2 = t/r e s, and r = Mttr/s. Similarly the

(24.21) production of a jet in pp (or pp) collisions is given by

After integration (including that over q2 in the region
mc2(d2/E, (E, —(d;) & —

q; & (—q )m»), the cross section is

.+.--.+.-x(*)=p —f(*) ) 2
—')

rr dz ( q)m»
zth mez

CP cT = Pf f'(*i, r') f, (*~,r')s»4
do.

s = dxi dx2 b(s+ t + u),
dt i2

(24.27)

ln — o zs
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where the summation is over quarks, gluons, and antiquarks. Here

s = (pi + p2)
2

t = (pi —pi«)
2

"= (p2 pj«)
2

(24.28)

(24.29)

(24.30)

pi and pg are the momenta of the incoming p and p (or p) and s, t,
and u are s, t, and u with pi —+ zipi and p2 x2p2. The partonic
cross section s [(dP)/(dt ) ] can be found in Ref. 2. Example: for the
process gg ~ qq,

If the contributions of the Z boson and three-jet events are
neglected, the cross section for producing a hadron h in t.+t-.

annihilation is given by

1 do Q, e2 D," (z, Q )
dz P,. e,

(24.33)

where e, is the charge of quark-type i, oh~d is the total hadronic cross
section, and the momentum of the hadron is zZ«e/2.

In the case of deep inelastic muon scattering, the cross section for
producing a hadron of energy Fh is given by

do 2 (~t+u~) 4 1
(24.31)

1 do Q, e2 q, (z, Q2) D,"(z, QS)

«ot dz P, e, q, (z, Q )
(24.34)

The prediction of Eq. (24.27) is compared to data from the UA1 and
UA2 collaborations in Fig. 32.7 in the Plots of Cross Sections and
Related Quantities section of this Review.

24.5. One-particle inclusive distributions

In order to describe one-particle inclusive production in
e+e annihilation or deep inelastic scattering, it is convenient
to introduce a fragmentation function D," (z, Q )/z which is the
probability that a parton of type i and momentum p will fragment into
a hadron of type h and momentum zp. The Q~ evolution is predicted
by QCD and is similar to that of the parton distribution functions [see
section on Quantum Chromodynamics (Sec. 25 of this Review)]. The
D,"(z,Q ) are normalized so that

where Eg = vz. (For the kinematics of deep inelastic scattering,
see Sec. 23.4.2 of thc Kinematics section of this Review. ) The
fragmentation functions for light and heavy quarks have a difFerent
z dependence; the former peak near z = 0. They are illustrated in

Fig. 32.12 in the section on Plots of Cross Sections and Related
Quantities (Sec. 33 of this Review).
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M. Quantum chromodyqtamics 1297

25. QUANTUM CHROMODYNAMICS

25.1. The +CD Lagrangian

Prepared January 1994 by I. Hinchliffe.

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 flavor (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)

2Pi ln [ln(ts /A )] 4Pi2

p2 ln (p2/A2) p41n2(~2/A2)

Sp&Q 5
x ln ln p A —— +

2 P1 4

The last term in this expansion is

&
'

I& 0'i&'N)
lns (ts&/A2)

(25.5a)

(25.5b)

LqcD = Fqv —F— " +i PQq'y (Du)si tbq4
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g

Fpv = Bis A„—Bv Aa + gs fabc Aa Av r

(~) a a b c

(25.1)

(25.2)

(D„),s= 5;s 8„—ig, Q "~A'„,
2

(25.3)

25.2. The /CD coupling and renormalization scheme

The renormalization scale dependence of the efFective QCD coupling
as = gs/4x is controlled by the, 8-function:

where g, is the QCD coupling constant, and the fab are the structure
constants of the SU(3) algebra (the A matrices and values for fob can
be found in Sec. 21 of this Review). The 1tiqs(z) are the 4-component
Dirac spinors associated with each quark field of (3) color i and flavor q
and the A&(a) are the (g) Yang-Mills (gluon) fields. A complete list of
the Feynman rules which derive from this Lagrangian, together with
some useful color-algebra identities, can be found in Ref. 1.

The principle of "asymptotic freedom" (see below)

determines that the renormalized QCD coupling is small only
at high energies, and it is only in this domain that high-precision
tests~imilar to those in QED—can be performed using perturbation
theory. Nonetheless, there has been in recent years much progress
in understanding and quantifying the predictions of QCD in the
nonperturbative domain, for example in soft hadronic processes and
on the lattice [2]. This short review will concentrate on QCD at short
distances (large momentum transfers), where perturbation theory
is the standard tool. It will discuss the processes that are used to
determine the coupling constant of QCD. Other recent reviews of
the coupling constant measurements may be consulted for a different
perspective [3).

and is usually neglected in the definition of A. We choose to include
it even though its effect on os(ts) is smaller than the experimental
errors. For a fixed value of as(Mz), the inclusion of this term shifts
the value of A by 15 MeV.

This solution illustrates the asymptotic freedom property: as ~ 0
as p, —k oo. Alternative definitions of A are possible. We adopt this as
the standard. Values given by experiments using other de6nitions are
adjusted as needed to meet our definition.

In the above discussion we have ignored quark-mass effects, i.e., we
have assumed an idealized situation where quarks of mass greater than
p are neglected completely. In this picture, the P-function coefficients
change by discrete amounts as flavor thresholds are crossed when
integrating the differential equation for n, . It follows that, for a
relationship such as Eq. (25.5) to remain valid for all values of ts,
A must also change as flavor thresholds are crossed. This leads to
the concept of a different A for each range of p corresponding to
an efFective number of massless quarks: A ~ A nf . There is some
arbitrariness in how this relationship is set up. As an idealised case
consider QCD with nf —1 massless quarks and one quark of mass
M. Now imagine an experiment at energy scale p, ; for example, this
could be e+e + hadrons at center of mass energy p, . If p )) M, the
mass M is negligible and the process well described by QCD with nf
massless flavors and its parameter A "f) up to terms of order M2/tsz.
Conversely if p (& M, the heavy quark plays no role and the process
well described by QCD with nf —1 massless flavors and its parameter

A "1 up to terms of order tss/M2. If p, M the effects of the
quark mass are process dependent and cannot be absorbed into the
running coupling.

A mass scale p' is chosen where the relationship between A

and A nf will be 6xed. p' should be of order M and the relationship
should not depend on it. A prescription has been given [4] which
has this property. We use this procedure choosing p' = Mq, where

Mq is the mass of the value of the running quark mass de6ned in the
Ms scheme (see the note on quark masses for more details) ie. where

MMs(Mq) = Mq. Then [4]

pz s
64+3

p&s po 2
P ——A

Bp 2x

2
pp

——11 ——nf,3
19

p1 = 51 ——nf,3
5033 325

p2 = 2857 — nf — nf )9 27

(25.4a)

(25.4b)

(25.4c)

(25.4d)

nf nf —1

here nf is the number of quarks with mass less than the energy scale
p. In solving this difFerential equation for n~, a constant of integration
is introduced. This constant is the one fundamental constant of QCD
that must be determined from experiment. The most sensible choice
for this constant is the value of a~ at a 6xed-reference scale pp, but
it is more conventional to introduce the dimensional parameter A
since this provides a parametrization of the p dependence of a, . The
definition of A is arbitrary. One way to define it (adopted here) is

to write a solution of Eq. (25.4) as an expansion in inverse powers
of ln (tsz):

4x"'"'= ».("/")

nf —1 nf —1
0 0

(25.6)

'(p-' ), (,'-. — '-, —) '- -(.-')'
0 0 Pp

1 2pi & 2pi & 2pz 2p2 14
&nf nf nf 1 nf + nf 1. 9

Pp ] 0 Pp

"(,-')'
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This result is valid to order a, (or alternatively to terms of order

1/ln [(M /A "&
) ])

In the previous edition of this note an alternative matching
was used [5]. This procedure required the equality ci~(p)("f 1

o~(p) & for p = Mq. This matching is somewhat arbitrary;

a difFerent relation between A "f and A "f would result if
p = Mq/2 were used. In practice the differences between the new

and old procedures are very small. A( ) = 200 MeV corresponds to
A( ) = 289 MeV in the old scheme and A( ) = 280 MeV in the one
now adopted. Note that these 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, and LEP(4)

(5)
quote a value of A~& since these data are in an energy range where
the bottom quark is light compared to the available energy. We have

(4)
converted it to A~& as required. A few measurements, including the
lattice gauge theory values from the @ system and from ~ decay are

(3)at suSciently low energy that AMs is appropriate,

We turn now to a discussion of renormalization-scheme dependence
in @CD. Although necessarily rather technical, this discussion is
vital to understanding how crs (or A) values can be measured and
compared. See the review by Duke and Roberts [6] for further details.

Consider a "typical" /CD cross section which, when calculated
perturbatively, starts at G(iza):

0 = Ay as+ A2 as+2 (25.7)

The coefBcients Ay, A2 come from calculating the appropriate Feynman
diagrams. In performing such calculations various divergences arise,
and these must be regulated in a consistent way. This requires a
particular renormalization scheme (RS). The most commonly used one
is the modified minimal subtraction (Ms) scheme [7]. This involves
continuing momentum integrals from 4 to 4—2e dimensions and then
subtracting off the resulting 1/e poles and also (ln 4x —pg), which
is another artifact of continuing the dimension. (Here pg is the
Euler-Mascheroni constant. ) To preserve the dimensionless nature
of the coupling, a mass scale p must also be introduced: g —+ p, 'g.
The finite coefFicients A; thus obtained depend implicitly on the
renormalization convention used and explicitly on the scale p.

The first two coefFicients (Po, Pi) in Eq. (25.4) are independent of
the choice of RS's. In contrast, the coeKcients of terms proportional
to na for n & 3 Ore RS-dependent. The form given above for p2 is in
the Ms scheme. It has become conventional to use the Ms scheme for
calculating /CD cross sections beyond leading order.

The fundamental theorem of RS dependence is straightforward.
Physical quantities, in particular the cross section, calculated to all
orders in perturbation theory, do not depend on the RS. It follows
that a truncated series does exhibit RS dependence. In practice, @CD
cross sections are known to leading or to next-to-leading order or, in
a very few cases, to next-to-next-to-leading order, and it is only the
latter two eases, which have reduced RS dependence, that are useful
for precision tests. At second order the RS dependence is completely
given by one condition which can be taken to be the value of the
renormalization scale p. One therefore has to address the question of
what is the "best" choice for p, . There is no definite answer to this
question —higher-order corrections do not "fix" the scale, rather they
render the theoretical predictions less sensitive to its variation.

One could imagine that choosing a scale p characteristic of the
typical energy scale (E) in the process would be most appropriate.
In general a poor choice of scale generates terms of order ln (E/p, )
in the A s. More byzantine choices are the scale for which
the next-to-leading-order correction vanishes ("Fastest Apparent
Convergence [8]"), the scale for which the next-to-leading-order
prediction is stationary [9] (i e. the value of p where d. a/dti = 0), or
that dictated by the effective charge scheme [10].

An important corollary is that if the higher-order corrections are
naturally small, then the additional uncertainties introduced by the p,

dependence are likely to be less than the experimental measurement
errors. There are some processes, however, for which the choice of
scheme (i.e. the value of ii) can influence the extracted value of Aitts.
There is no resolution to this problem other than to try to calculate
even more terms in the perturbation series.

In the cases where the higher-order corrections to a process are
known and are large, some caution should be exercised when quoting
the value of 0, In what follows we will attempt to indicate the size
of the theoretical uncertainties on the extracted value of n, . There
are two simple ways to determine this error. First, we can estimate it
by comparing the value of a, (ii) 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 the typical energy scale in the process). The corresponding
A's are then obtained by evolving rr, (it) to ti = tnz using Eq. (25.4)
to the same order in a, as the fit, and then converting to A( ) using
Eq. (25.6). Alternatively, we can vary the value of ii 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
judgement. In either case, if the perturbation series is well behaved,
the resulting error on A will be small.

Fxs F'=P(q +q) (25.8)

The nonsinglet structure functions have nonzero values of flavor
quantum numbers such as isospin or baryon number. The variation
with Q2 of these is described by the so-called Altarelli-Parisi
equations [11]:

o.(IQI) pq, , F~s
QQ2 2x

cl /Fs 1,(IQI) P«2, Pqg (F& l
'Q' i'r

where ~ denotes a convolution integral:

(25.9a)

(25.9b)

dg xf ~g = —f(v) q (25.10)

The leading-order Altarelli-Parisi splitting functions are

4 1+x'Pw + 26(1 —z),
3 1 —x -+

(25.11a)

Pqg z+(1 )2
2

g 4 1 + (1 —z)z
3

(25.11b)

(25.1lc)

1 —x x 11P» =6 +z(1 —z)+ + —b(1 —z)
x 1 —x + 12

(25 11d).
Here the gluon distribution G(z, Qz) has been introduced and

1/(1 —z)+ means

f(*)
(1 —z)+

'd, f(*)—f(1)
(1 —x)

(25.12)

25.3. +CD in deep-inelastic scattering
The original and still one of the most powerful quantitative tests of

perturbative @CD is the breaking of Bjorken scaling in deep-inelastic
lepton-hadron scattering. In the leading-logarithm approximation
the measured structure functions F;(z, Q2) are related to the quark
distribution functions q, (z, Q ) according to the naive parton model
by the formulae in Sec. 24 of this Review (In t.hat section, q, is
denoted by the notation fq) In descri.bing the way in which scaling is
broken in @CD, it is convenient to define nonsinglet and singlet quark
distributions:
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The precision of contemporary experimental data demands that
higher-order corrections also be included [12]. The above results are for
massless quarks. Algorithms exist for the inclusion of nonzero quark
masses [13]. At low qz values there are also important "higher-twist"
(HT) or nonperturbutive contributions of the form:

+(eT)
F.(z Q2) F(LT)

( q&) + i (25.13)

Leading twist (LT) indicates a term whose behavior is predicted by
perturbative QCD. These corrections are numerically important only
for qz (G(10GeVz) except for z very close to 1.

A detailed review of the current status of the experimental data
can be found, for example, in [14], [15] and only a brief summary
will be presented here. Since the last version of this ReIIieIs [16]
appeared, the discrepancies between different experiments have mostly
been resolved. We shall only include determinations of A from the
recently published results; the earlier editions of this Review should
be consulted for the earlier data. In any event, the recent results will
dominate the average since their errors are smaller.

From Eq. (25.9), it is clear that a nonsinglet structure function
offers in principle the most precise test of the theory, since the QZ

evolution is independent of the unmeasured gluon distribution. The
CCFRR collaboration fit to the Gross-Llewellyn Smith sum rule [17]
is known to order nsS [18]

1
d (F&'"(,q')+F,""( q')) =

0

(1 ——(1+3 58—+ 19.0(—)2) —dHT
7r 7r 7r

(25.14)

Where the higher-twist contribution BHT = 0.032 + 0.016 [18] Using
the CCFRR data [19] this gives cr, (1.73 GeV) = 0.320+0.043(expt. ) 6
0.029(theory). The error from higher-twist terms dominates the
theoretical error, the higher-twist term being approximately 50%
larger than the a~ term. Recently a measurement of A has
been made using Fs in neutrino scattering [20]. The result is

(4)
AMs

——179 + 36 + 41 MeV. The errors are statistical and systematic
but do not include (theoretical) errors arising from the choice of
p,2. Measurements involving singlet-dominated structure functions

such as I"2 result in correlated measurements of AMs and the gluon
(4)

distribution. By utilizing high-statistics data at large z () 0.25) and
large Q2, where F2 behaves like an nonsinglet and Fs at smaller z
a nonsinglet fit can be performed with better statistical precision

and hence the error on the measured value of AMS is much reduced.
(4)

CCFRR gives AMs
——210 + 28 + 41 MeV [20) from F2(vN) and

(4)

Fs(vN). There is an additional uncertainty of +59 MeV from the
choice of scale. The NMC collaboration [21] gives Iis(7 GeV ) =
0.264+0.018(stat. )+0.070(syst. ) +0.013(higher-twist). The systematic
error is larger than the CCFRR result, partially because the data are
at smaller values of z and the gluon distribution is more important.
A reanalysis [22] of EMC data [23] gives AMs ——211 6 80 6 80 MeV(4)

from F2(vN) Finally a combi. ned analysis [24] of SLAG [25] and

BCDMS [26] data gives AMs ——263+42+55 MeV. Here the systematic
(4)

error is an estimate of the uncertainty due to the choice of Q~ used in
the argument of e, and in the scale at which the structure functions
(factorization scale) used in the QCD calculation are evaluated.

The results from [20—22] and [24] can be combined to give n, (Mz) =
0.112+ 0.002 + 0.004 or equivalently A Ms

——234 + 26 + 50 MeV. Here
(4)

the former 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. The scale error which is common to all is then reapplied to the
average.

Typically, A is extracted from the data by parametrizing the
parton densities in a simple analytic way at some Qo, evolving to
higher Q2 using the next-to-leading-order evolution equations, and

fitting globally to the measured structure functions to obtain AMs.
(4)

Thus an important by-product of such studies is the extraction of
parton densities at a fixed-reference value of QII. These can then
be evolved 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 Q~ values. A package
is available in the from the CERN computer library that includes
an exhaustive set of fits [27]. Some of these fits are 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 QCD perturbation theory. In such a case
there is an additional scheme dependence; this scheme dependence is
reflected in the g(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 e, corrections in the formula for Fz(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 the partonic rates.

A (in MS scheme, in GeV)
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I I I I I I I I I I

x decay

GLS sum rule

QQ Lattice

Deep inelastic

T decay

B(e+e )

p,(W)

e+e event shape

Z width

AVERAGE
I I I I I I I I I I I I I I I I

0.10 0.12 0.14
I

0.16

Figure 25.1: Summary of the values of n, (Mz) and A(s) from
various processes ordered from top to bottom by increasing
energy scale of the measurements. The values shown indicate
the process and the measured value of n, extrapolated up to
p = Mz. The error shown is the total error including theoretical
uncertainties. The weighted average is obtained from the above
values using the method discussed in the text.
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Since the scale involved is low, one must take into account
nonperturbative (higher-twist) contributions which are suppressed by
powers of the tau mass.

Rr ——3 058 1+ 5 2( ) + 26 4( )
m' m@@

25.4. QCD in decays of the tau lepton
The semi-leptonic branching ratio of the tau (Rr) is an inclusive

quantity. It is related to the contribution of hadrons to the imaginary
part of the W self energy (II(s)), just as R (see below, Sec. 25.7) is
related to the imaginary part of the photon self energy. However it is
more inclusive than R since it involves an integral
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Herc a, b, and c are dimensionless constants and m is a light quark
mass. The term of order 1/mr is a kinematical effect due to the light
quark masses and is consequently very small. The nonperturbativc
terms are estimated using sum rules [28]. In total they are estimated
to be —0.007 + 0.004 [29]. This estimate relies on there being no term

of order Az/m (note that
n, (mr) 0.5 GeV,- ( )-). The o, b snd i:

ji mT.
can be determined from the data [30] by fitting to moments of thc
II(s). The values so extracted [31] are consistent with the theoretical
estimates. If the nonperturbativc terms are omitted from the fit. thc
extracted value of o, (mr) decreases by 0.02.

For cr, (mr) = 0.36 the perturbative series for Rr is Rr
3.058(1+ 0.114+ 0.073+ 0.043). The size (estimated error) of the
nonperturbativc term is 20% (7%) of the size of the order os, term.
The perturbation series in not very well convergent; if the order
a~z term is omitted the extracted value of o(m~) increases by
0.05. Using the experimental average [32] for Rr of 3.6174 6 0.034
gives n, (m~) = 0.360 6 0.031 using the experimental error alone.
We assign a theoretical error equal to 1/2 of thc contribution
from the order n3 and nonperturbativc contributions. This then

gives n, (mr) = 0.360 + 0.041 for the final result. Note that, thc
experimental errors are dominant. The small theoretical errors have
been criticised [33]. Here it is claimed that the presence of hadronic
resonances limits the applicability of perturbativc QCD and that, thc
theoretical errors are underestimated by at least a factor of 2. If
this argument is correct the agreement with values of n; from other
processes is accidental.

25.5. /CD in high-energy hadron collisions

There are many ways in which perturbative QCD can be tested in

high-cncrgy 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 thc 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 QCD calculations of the jet rates [34]
and shapes are in impressive agreement with data [35]. As an example,
Fig. 32.7 in this Review shows the inclusive jet cross section at zero

pscudorapidity as a function of the jet transverse momentum for pp
collisions. Data are also available on the angular d.istribution of jets;
these are also in agreement with QCD expectations [36,37].

QCD corrections to Drell-Yan type cross sections (i.e. , thc
production in hadron collisions by quark-antiquark annihilation of
lepton pairs of invariant mass q from virtual photons, or of real W or
Z bosons) are known [38]. These O(o, ) QCD corrections are sizable
at small values of Q.

It is interesting to note that the corresponding correction to R' and
Z production, as measured in pp collisions at i/s = 0.63 TeV and

+s = 1.8 TcV has essentially the same theoretical form and is of order
30%.

The production of lV and Z bosons and photons at large transverse
momentum can also be used to determine e, , The leading-order QCD
subprocesses are qq ~ pg and qg —+ pq. If the parton distributions

(4)
are taken from other processes and a value of AMs assumed, then an
absolute prediction is obtained. Conversely, the data can be used to
extract information on quark and gluon distributions and on the value

(4)of AMs. The next-to-leading-order QCD corrections corrections are
known [39,40] (for photons) and for W/Z production [41], and so
a precision test is possible in principle. The UA2 collaboration [42]
has extracted a value of a~(M1v) = 0.123 + 0.018(stat. ) + 0.017(syst. )

a'(W+ 1j et)
from thc measured rat, io Riv = . The result depends

o W+Ojet
on the algorithm used to define a jet, and the dominant systematic
errors due to fragmentation and corrections for underlying events are
connected to the algorithm (the former causes jet energy to be lost,
the latter causes it to be increased). The scale at which o, (M) is to
be evaluated is not clear. A change from M = Miv to M = Mrv/2

causes a shift of 0.01 in the extracted n, The quoted error has bccrl
inrrcascd to take this into account.

I'(7' ~ hadrons)
Ry =

P(7' t +t )

10( ~ —9) ~(M) ., ~ 3' 2M})1 + —' —19.4 + 1.162 + ln

Data are availablc for the T, 7', 2" and Q. The result is very sensitive
to o, and the data arc sufficiently precise (R&(7 ) = 32.5 + 0.9) [44]
that the theoretical errors will dominate. There are theoretical
corrections to this simple formula duc to the relativistic nature of
the Qq system; c /c 0.1 for the 7' They a.re more severe for the
i/. There are also nonperturbative corrections of the form AZ/rrP&,

again these arc more severe for thc tb. A fit to 7', 7', and 7'" [45]
gives o, (Mz) = 0.108 + 0.001(cxpt. ). The results from each state
scparatcly and also from thc P arc consistent with each other. There
is an uncertainty of order w0. 005 from the choice of scale; the error
from vz/c corrections is a little larger. n, (Mz) = 0.108 + 0.010 is

a fair representation of the total error including the possibility of
nonpcrturbativc corrections.

25.7. Perturbative +CD in e+e collisions

The total cross section for e+e ~ hadrons is obtained (st low

values of i/s) by multiplying the muon-pair cross section by thc factor
R —3Zqeq . Thc higher-order QCD corrections to this quantity have

been calculated, and thc results can be expressed in terms of thc
far, tor:

a( ) 1+ +c2 +@3 + (25.15)

where Cz = 1.411 and Cs = —12.8 [46].

R( ) can be obtained from the formula for do/dfI for e+e ~ ff
by integrating over A. The formula is given in Sec, 24.2 of this Revie~L, .
This result is strictly only correct in the zero-quark-mass limit. The
O(o, ) corrections are also known for massive quarks [47].

A comparison of the theoretical prediction of Eq. (25.15) (corrected
for the b-quark mass) with all the available data at values of ~s
between 20 and 65 GcV gives [48] a8(35 GeV) = 0.146+ 0.030 . The
principal advantage of determining n, from R in e+e annihilation is

that, there is no dependence on fragmentation models, jet algorithms,
etc. Thc size of the order o.~3 term is of order 40'Po of that of the order

e, and ~Fo of the order o, , If the order o,~ term is not included a
fit to the data yields o, (34 GeV) = 0.142 6 0.03, indicating that the
theoretical uncertainty is smaller than the experimental error.

Measuremcnts of the ratio of hadronic to leptonic width of the Z
at I EP 1'b/I'& probe the same quantity as R. Using the average of
I'b/I'& ——20.781+0.049 gives n (Mz) = 0.124 + 0.007 [49]. There arc
theoretical errors arising from the values of the top quark and Higgs
masses which enter due to electroweak corrections to the Z width
and from the choice of scale. The dominant error is the first of these
(+0.005).

An alternative method of determining a~ in e e annihilation is

from measuring quantities that are sensitive to the relative rates of
two-, three-, and. four-jct events. In addition to simply counting jets,
there are many possible choices of such "shape variables": thrust [50],
energy-energy correlations [51], planar triple-energy correlations [52],
average jet mass, etc. All of these are infrared safe, which means they
can be reliably calculated in perturbation theory. The starting point

25.6. @CD in heavy quarkonium decay
Under thc assumption that the hadronic and leptonic decay widt, hs

of hcavy QQ resonances can bc factorizcd into a nonpcrturbativc
part- —dcpcndcnt on thc confining potential —and a, calculable pcrtur-
hativc part, thc ratios of partial decay widths allow mcasurcmcnts of
e, at the heavy quark mass scale. Thc most precise data come from
the decay widths of the 1 J/i/~(IS) and 7 resonances. The total
decay width of the 7' is predicted by perturbative QCD [43]
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for all these quantities is the multijet cross section. For example, at
order o.8, for the process e+e ~ qqg:

1 d cr 2+8 &1++2
o dzidx2 3ir (1 —xi)(1 —X2)

(25.16)

where

2E;
(25.17)

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 as2 corrections to this process have been computed as well as the
4-jet final states such as e+e ~ qqgg.

There are many methods used by the LEP groups [53—56] to
determine n, from the event topology. The jet-counting algorithm
originally introduced by the JADE collaboration [57] has been used
by the LEP 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 yo+s. The process is then iterated until no more
pairs of particles or pseudo-particles remain. The remaining number
is then defined to be the number of jets in the event and can be
compared to the QCD prediction.

There are theoretical ambiguities in the way that this process is
carried out; quarks and gluons are massless whereas the observed
hadrons are not. So that the massive jets that result from th'is scheme
cannot be 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, and these result in the same data giving a
slightly different value [58] of a, . These difFerences can be used to
determine a systematic error. In addition, since what is observed is
hadrons rather than quarks and gluons, a model is needed to describe
the evolution of a partonic final state into one involving hadrons so
that detector corrections can be applied. The second-order matrix
elements are combined with a parton-fragmentation model. This
model can then be used to correct the data for a direct comparison
with the parton calculation. The difFerent hadronization models
that are used [59—62] model the dynamics that are controlled by
nonperturbative QCD effects which we cannot yet calculate. The
fragmentation parameters of these Monte Carlos are tuned to get
agreement with the observed data. The difFerences between these
models contribute to the systematic errors. The systematic errors
from recombination schemes and fragmentation effects dominate over
the statistical and other errors of the LEP experiments.

The scale M at which ir, (M) is to be evaluated is not clear.
The invariant mass of a typical jet (or gsyo) is probably a more
appropriate choice than the e+e center of mass energy. If the value
is allowed to float in the fit to the data, the data tend to prefer
values of order i/s/10 [63]; the exact value depends on the variable
that is fitted. The dominant uncertainties arise from the choice of
M and from the freedom in the fragmentation Monte Carlos. An
average of many variables and all the LEP experiments [65] gives
o, (Mz) = 0.119+0.006. The dominant error is theoretical. The
situation might improve if complete perturbative calculations to order
a~ became available.

The perturbative QCD formulae can break down in special
kinematical configurations. For example, the thrust distribution
contains terms of the type o, ln (1 —T) The higher orde.rs in
the perturbation expansion contains terms of order rrs ln (1 —T)
For T 1 (the region populated by 2-jet events) the perturbation
expansion is unreliable. The terms with n & m can be summed to
all orders in n, [66]. The resummed results give better agreement
with the data at large values of T [67]. Such resummed results are
not available for all of the shape variables [69), but fits using those
available yields a LEP average of os(Mz) = 0.124 + 0.006 [65]. Some
caution should be exercised in using these resummed results because
of the possibility of overcounting; the showering Monte Carlos that
are used for the fragmentation corrections also generate some of these

leading log corrections. The errors in the values of n, (Mz) from these
shape variables are totally dominated by the theoretical uncertainties
associated with the choice of scale and the effects of hadronization
Monte Carlos. It is gratifying that the shift from the result using the
unresummed formulae is less than the error. Since the data fitted to
the resummed and not-resummed formulae are the same. We will use
the average of n, (Mz) = 0.121 + 0.006. Since the error is dominantly
theoretical, it does not reduce in the average.

Similar studies on event shapes have been undertaken at TRISTAN
and at PEP/PETRA. A combined result from various shape
parameters by the TOPAZ collaboration gives n, (58 GeV) =
0.125 6 0.009 using the fixed order QCD result and ir, (58 GeV) =
0.132 6 0.008 using the resummed result [70]. We average these
and use n, (58 GeV) = 0.128 + 0.009. The AMY group has fitted a
next to leading order QCD Monte Carlo [68] to the single particle
momentum distribution inside jets. The analysis is analogous to
the fitting of moments in deep-inelastic scattering. They quote
a, (58 GeV) = 0.134 + 0.006 [71]. Jets are selected so that they are
dominantly quark jets since the Monte Carlo does not well describe
gluon jets. No systematic error is included for the contribution of
gluon jets to the result. The errors could be understated therefore
and we have chosen to use as(58 GeV) = 0.134 + 0.008 in order to be
conservative.

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 as(34 GeV) =
0.14 6 0.02 [72] Since the errors in the event shape measurements
are dominantly systematic, the results from PEP/PETRA, TRISTAN
and LEP are combined to give ns(Mz) = 0.121 6 0.006. This result is
then used in forming the final average value of n& ~

There are many other ways in which QCD can be tested in
electron-positron collisions. Mention should be made in particular of
the interesting and important results from "two-photon" processes.
See the previous edition of this Reideis [16] for more information.
There are no new results and the data do not contribute significantly
to the average.

25.8. Lattice +CD
Lattice gauge theory calculations can be used to calculated

the energy levels of a qQ system and then extract a, . The FNAL
group [73] uses the splitting between the 1S and 1P in the charmonium
system [mf„—(3m~ + m&, )/4 = 456.6 + 0.4 MeV]. to determine iss.
The result quoted is n, (Mz) = 0.108+ 0.006. The splitting is almost
independent of the charm-quark mass and is therefore dependent
only on A. The calculation does not rely on perturbation theory
or on nonrelativistic approximation. The main errors are systematic
associated with the finite lattice spacing (a), the matching to the
perturbatively defined o,„and quenched approximation used in the
calculation. The extrapolation to zero-lattice spacing produces a
shift in A of order 5% and is therefore quite small. The quenched
approximation is more serious. No light quarks are allowed to
propagate and hence the extracted value of A corresponds to the case
of zero flavors. ix, (M) is evolved down from the scale ( 2.3 GeV)
of the lattice used to the scale of momentum transfers appropriate
to the charmonium system ( 700 MeV). The resulting coupling is
then evolved back up with the correct number of quark flavors. This
produces a shift in n, (5 GeV) of order 25'yii, with a claimed uncertainty
of 7%. This error dominates and could be an underestimate as the
perturbative running of n, (M) has to be used at small M. In addition
a recent calculation [74) using the strength of the force between two
heavy quarks computed in the quenched approximation obtains a
value of o, (5 GeV) that is consistent with this result. Calculations
based on the T' spectrum using non-relativistic lattice theory give
as(Mz) = 0.112+0.004 [75). Here again the dominant error arises
from the quenched approximation. We average the two results since
they have a common systematic error and use as(Mz) = 0.110+ 0.006
in the final average.
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Figure 25.2: Summary of the values of n, (tt) at the values of
p where they are measured. The lines show the central values
and the +lo. limits of our average. The figure clearly shows the
decrease in n, (tt) with increasing p, .

25.9. 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 and the importance
of polarized scattering data, the interface of soft and hard QCD as
manifest, for example, by minijet production and hard difFractive
processes, and QCD efFects in hadron spectroscopy.

In this short review we have focused on those high-energy processes
which currently offer the most quantitative tests of perturbative
QCD. Emphasis has been given to the recent data from LEP and
deep-inelastic scattering. Figure 25.1 shows the values of ns(M3)
deduced from the various experiments. Figure 25.2 shows the values
and the values of Q where they are measured. This figure clearly
shows the experimental evidence for the variation of n, (q) with Q.

An average of the values in Fig. 25.1 gives ns(Ms) = 0.117
with a total X2 of 5.9 for nine fitted points. The error on the
average assuming that all of the errors in the contributing results
are uncorrelated is +0.0023 and is surely an underestimate. Since,
in most cases the dominant error is systematic (mainly theoretical),
a more reasonable estimate is to use the smallest of the individual
errors on the experimental results i.e. +0.005. Our value is then
n, (M, ) = 0.117+0.005 which corresponds to A(s) = 195+65—50 MeV.

The prospects for improvement in the error are controlled mainly
by the potential improvements in the theoretical errors. Lattice
calculations that do not resort to the quenched approximation ofFer

one of the best opportunities. On the experimental side, the direct
determination of the top quark mass and a smaller error on the
hadronic width of the Z should result in a significantly reduced error
on n, .
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26. STANDARD MODEL OF ELECTROWEAK INTERACTIONS
This section prepared May 1994 by P. Langacker and J. Erler.

The standard electroweak model is based on the gauge group [1]
SU(2) x U(l), with gauge bosons W&, i = 1, 2, 3, and B& for
the SU(2) and U(1) factors, respectively, and the 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&. d&, and V is 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 P =
&p

y+

After spontaneous symmetry breaking the Lagrangian is

26.1. Renormalization and radiative corrections
The Standard Model has three parameters (not counting MH and

t,he fcrmion masses and mixings). A particularly useful set, is:

(o,) The fine structure constant o = 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 thc process with e ~ 137 appropriate at
low energy. At energies of order Mz, o. ~ 128. For example,
in the modified minimal subtraction (Ms) scheme, one has

a(Mg) =- 127.9 + 0.1 [7], with the uncertainty due to the
low-energy hadronic contribution to vacuum polarization.

(b) The Fermi constant, GF = 1.16639(2) x 10 GeV, determined
from the muon lifetime formula [8]:

GF '„ /, 'I I'

192m.s Il m2)l t 5M

2 2 P Tt~; Pi' (1 —y')(T+ W~+ + T W„)lb; (26.5a)

—epiI; lb, w

where

F(z) = 1 —8z+ 8z —z —12z lnz (26.5b)

8 Qtbi I (gv gA7 ) tti Zii . (26.1)
and

ix(m~) = o ——in + ——136 .] 2 mp, 1

3' me 6m'
(26.5c)

8~ = tan i(g'/g) is the weak angle; e = gsin8~ is the positron
electric charge; and A = Bcos8~+ W singt4 is the (massless)
photon field. W+ = (Wi p iW2) /~2 and Z—: Bsin 8~+ W— s cos 8~
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

g'v =t3L, (i) —2q, sin 8~

g'A —=tsI, (i)

(26.2)

(26.3)

e
W& e pt'(1 —p )v+ W&+ pp" (1 —p )e . (26.4)

2i/2 sin 8'
For momenta small compared to M~, this term gives rise to
the effective four-fermion interaction with the Fermi constant
given (at tree level, i.e. , lowest order in perturbation theory) by
GF/+2 = g /8M~. CP violation is incorporated in the Standard
Model by a single observable phase in V&. The third term in WF
describes electromagnetic interactions (QED), and the last is the weak
neutral-current interaction.

In Eq. (26.1), m, is the mass of the it" fermion ib, . For the
quarks these are the current masses. For the light quarks, a typical
estimate [3] gives m„-5.6 + 1.1 MeV, mg = 9.9 + 1.1 MeV,
m,, = 199 6 33 MeV, and m~ = 1.35 + 0.05 GeV (these are running
masses evaluated at 1 GeV). For the heavier quarks ms = 4.7 GeV
(the "pole" mass), and mi ) 131 GeV [4]. (The CDF Collaboration
has reported [5] evidence for top events with mi = 174 + 16 GeV. ) See
"The Note on Quark Masses" in the Full 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 Q;, which is flavor diagonal in the minimal model, is

gm, /2M~. The H mass is not predicted by the model. Experimental
limits are given in the Higgs section. In nonminimal models there are
additional charged and neutral scalar Higgs particles [6].

where tsr, (i) is the weak isospin of fermion i (+1/2 for u, and v;;
—1/2 for d, and e, ) and q, is the charge of g, in units of e.

The second term in WF represents the charged-current weak
interaction [2]. For example, the coupling of a W to an electron and a
neutrino is Table 26.1: Notations used to indicate

thc various schemes discussed in the text.
Each definition of sin8~ leads to values
that differ by small factors depending on
mt and M

Scheme Notation

On-shell

NOV

MS

MS zVD

Effective angle

= sin&~
= sin8~
= sin 0~

s~o ——sin Ogr

Sf

(i) The on-shell scheme promotes the tree-level formula
sin 8gr = 1 —M1t, /M& to a definition of the renormalized

sin 8~ to all orders in perturbation theory, i.e. , sin 8~ ~
s~~ —= 1 —Mt22, /M$. This scheme is simple conceptually.
However, M~ is known much less precisely than Mz and in
practice one extracts s2~ from Mg alone using

Ap
M~ =

Bg/(I —Ar)'/
(26.6u)

The uncertainty in GF from the input quantities is 1.1 x 10
GeV . The quoted uncertainty of 2 x 10 is dominated by
second order radiative corrections, estimated from the magnitude
of the known rr In(m&/m, ) term to be ~ 1.8 x 10 I (alternately,
one can view Eq. (26.5) as the exact definition of Gp; then
the theoretical uncertainty appears instead in the formulae for
quantities derived from GF).

(c) sin28~, determined from the Z mass and other Z-pole
observables, the W mass, and neutral-current processes [9]. The
value of sin28g depends on the renormalization prescription.
There are a number of popular schemes [10—15] leading to sin 8~
values which differ by small factors which depend on mt and MH,
The notation for these schemes is shown in Table 26,1. Discussion
of the schemes follows the table.

(26.6b)
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where sw = sin 8w, cw = cos 8w, Ap = (xn/v 2Gp) s/a

37.2802 GeV, and Ar includes the radiative corrections
relating a, n(Mz), Gp, Mw, and Mz One finds br
b,ro —pi/ tan2 8w, where pro = 1 —a/a(Mz) = 0.07 is
due to the running of a and pi = 3GF m&~/Si/2x~ = 0.0031
(mi/100 GeV)~ represents the dominant (quadratic) mi
dependence. There are additional contributions to Ar from
bosonic loops, including those which depend logarithmically
on the Higgs mass MH. For example, Ar = 0.0475+ 0.0009
for (mr, MH) = (150,300), while Ar = 0.0327+ 0.0009 for

(190,300), where the 0.0009 uncertainty is from a(Mz).
Thus the value of sw extracted from Mz includes a large
uncertainty ( 0.002) from the currently allowed range of
mq.

(ii) A more precisely determined quantity s~ can be obtainedMz
from Mz by removing the (mt, MH) dependent term from
Ar [11],ie. ,

s cz z +2GpM
(26.7)

s z —c(mt, MIf)sw —c(mr, MH) sM (26.8)

where c = 1.025 (1.041) for mi = 150 (190) GeV and MH =
300 GeV. Similarly c(150,300) = 1.006 and c(190,300) =
1.0003. The quadratic mg dependence is given by c
1+pi/tan28w. The expressions for Mw and Mz in the Ms

scheme are

where n i = a(Mz) i = 128.87+0.12. [This is defined using
the conventional QED renormalization, and differs by finite
constants from n(Mz) i.

] This yields s2M ——0.2312+0.0003,M2
with most of the uncertainty from n rather than Mz.
Scheme (ii) is equivalent to using Mz rather than sin 8w
as the third fundamental parameter. However, it recognizes
that s2M is still a useful derived quantity. The smallMg
uncertainty in sM compared to other schemes is because the2
mg dependence has been removed by definition. However, the
mr uncertainty reemerges when other quantities (e.g. , Mw
or other Z-pole observables) are predicted in terms of Mz.
Both sw and sM depend not only on the gauge couplings

Z
but also on the spontaneous-symmetry breaking, and both
definitions are awkward in the presence of any extension
of the Standard Model which perturbs the value of Mz
(or Mw). Other definitions are motivated by the tree-level
coupling constant definition 8w = tan (g'/g).

(iii) In particular, the modified minimal subtraction (Ms) scheme
introduces the quantity sin28w(p) —= g'2(p)/[g (p) +
8' (ii)j, where the couplings g and g~ are defined by
modified minimal subtraction and the scale p is conveniently
chosen to be Mz for electroweak processes. The value of
s z ——sin 8w(Mz) extracted from Mz is less sensitive than

sw to mt (by a factor of tan 8w), and is less sensitive to
most types of new physics than sw or sM . It is also very

Z
useful for comparing with the predictions of grand unification.
There are actually several variant definitions of sin 8w(Mz),
differing according to whether or how finite aln(mi/Mz)
terms are decoupled (subtracted from the couplings). One
cannot entirely decouple the nin(mt/Mz) terms from all
electroweak quantities because mi )& mb breaks SU(2)
symmetry. The scheme that will be adopted here decouples
the el (nm /rMz) terms from the p —Z mixing [7,12],
essentially eliminating any 1n(mt/Mz) dependence in the
formulae for asymmetries at the Z pole when written in
terms of s z. The various definitions are related by

One predicts Arw = 0.0703(0.0708) + 0.0009 for mt =
150 (190) GeV and MH = 300 GeV. Drw has no quadratic
mg dependence, because shifts in Mw are absorbed
into the observed GF, so that Arw is dominated by
Arp = 1 —n/a(Mz) Sim. ilarly, p 1+pr. Including bosonic
loops, p = 1.0072(1.0118) for mr = 150(190) GeV.

(iv) A variant Ms quantity s ND (used in the previous edition of
this Revieui) does not decouple the min(mi/Mz) terms [13].
It is related to s z by

s z —s ND/(I + —d) (26.10a)

8 R, m& 15K,
d = — ——— (1+—) ln — ', (26.10b)

3 s2 3 x Mz

Pt ~ Pi[1+ R(Mlf/mt)Pt/3], (26.11)

where R is strongly dependent om Mff/m~, with R(0) = 19—2m~.

Similarly, mixed (air, ra&) /CD-electroweak loops [17] multiply
pi by 1 —n, (mt)(x~ + 3)/9x 0.9, increasing the predicted value
of mr by 5%. Analogous mixed terms modify the Z ~ bb

vertex [18). Recently, there has been discussion of threshold or
higher-order corrections to this term, which have been estimated
by both dispersion relation and perturbative methods [19,20].
One estimate [20] suggests that o.,(mt) should be replaced by
n, (0.15 mi), raising the predicted mt by 3 GeV. However, these
threshold effects are still uncertain and are therefore not included
here.

26.2. Cross section and asymmetry formulas

It is convenient to write the four-fermion interactions relevant to
v-hadron, ve, and parity-violat&ng e-hadron neutral-current processes
in a form that is valid in an arbitrary gauge theory (assuming massless
left-handed neutrinos). One has

~PHsdroli — ii (1 S)GF

mhere 8, is the QCD coupling at Mz. Thus, sz —sND ~
—0.0001(—0.0002) for inr = 150(190) GeV and MH = 300
GeV.

(ii) Yet another definition, the efi'ective angle [14,15] s~& for
Z coupling to fermion f, is described below.

Experiments are now at such a level of precision that complete
Q(ir) radiative corrections must be applied. These corrections are
conveniently divided into two classes:

1 ~ QED diagrams involving the emission of real photons or the
exchange of virtual photons in loops, but not including vacuum
polarization diagrams. These graphs yield finite and gauge-
invariant contributions to observable processes. However, they
are dependent on energies, experimental cuts, etc. , and must be
calculated individually for each experiment.

2. Electroweak corrections, including pp, pZ, ZZ, and WW vacuum
polarization diagrams, as mell as vertex corrections, box graphs,
etc. , involving virtual W's and Z's. Many of these corrections
are absorbed into the renormalized Fermi constant defined in
Eq. (26.5). Others modify the tree-level expressions for Z-pole
observables and neutral-current amplitudes in several ways [9].
One-loop corrections are included for all processes. In addition,
certain two-loop corrections are also important. In particular,
two-loop corrections involving the top-quark [16] modify pr in p,
4r, and elsewhere by

Ap
Mw =

sz(1 —&rw)'j' (26.9a) x ~L, ~ q; p„1—p q;+~~ i q; p„1+p q;, 26.12

Mw
Z ~y /g~p cz

(26.9b)
GF- "i '7"(I —'7 )i'ii e '7i (&v —87'7 )e
g2

(26.13)
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(for v~e or v~e, the charged-current contribution must be included),
and

~eHadron

where

gi = el, (u) +eg (d) = ——sin 8iv+ —sin 8iv2:— 2 2 1 ~ 2 5 ~ 4
2 9

(26.16u)

xP Ci, ep&p eq;p" q, +C2;ep&eq, p" p q, (2614)
2

(One must add the parity-conserving @ED contribution. )

The Standard Model expressions for ei, R(i), gv'&, and C;i are given

in Table 26,2. Note that g&'A and the other quantities are coefficients
of effective four-fermi operators, which differ from the quantities
defined in Eq. (26.2) and Eq. (26.3) in the radiative corrections and in
the presence of possible physics beyond the Standard Model,

A precise determination of the on-shell s~~, which depends
only very weakly on mg and MH, is obtained from deep inelastic
neutrino scattering from (approximately) isoscalar targets. The ratio
Rv = o'» /o» of neutral- to charged-current cross sections hasNC CC

been measured to I/o accuracy by the CDHS [21] and CHARM [22]
collaborations [23,24] at CERN, and the CCFR collaboration at
Fermilab [25] has recently reported an even more precise result,
so it is important to obtain theoretical expressions for Rv and
Rv = o„-iv/o„-& (as functions of sin 8tv) to comparable accuracy.NC CC 2

Fortunately, most of the uncertainties from the strong interactions
and neutrino spectra cancel in the ratio.

Table 26.2: 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
d'(iz) in the on-shell scheme, p &

——1.0083, irvN = 1.0330,

A„z———0.0032, A~z ———0.0026, and A„R——1/2 Ass
——3.6 x 10

for mg ——169 GeV, MH = 300 GeV, Mz ——91.187 GeV, and
(q~) = 20 GeV2. For ve scattering, rv, = 1.0332 and

p„,= 1.0131 (at (Q ) = 0.). For atomic parity violation,

Peq 0 9874 and K« ——1 .033. For the SLAC Polarized electron

exPeriment, Peq 0 978& Keq 1 031& Peq = 1 001, and

Keq ——1.06 after incorporating additional QED corrections, while

A2„=—0.013, A2g = 0.003. The dominant mg dependence is

given by p 1+ pt t while ~ 1+ p&/tan 81v (on-shell) or
K ~ 1(MS).

2 5 4
8R = es (u) + eR (d) = —sin 8iv,

9
(26.166)

d+vp vp GFIe Ev2

dg 27K

x (qv' ~.q7)'+(8v' + 8~')'(I —p)'

ve2 ve2) q m~
&~V ~A Ev

(26.17)

and r—:cr„&/a & is the ratio of v and v charged-current cross
sections, which can be measured directly. [In the simple parton model,
ignoring hadron energy cuts, r = (—+ e)/(1+ —e), where e 0.125
is the ratio of the fraction of the nucleon's momentum carried by
antiquarks to that carried by quarks. ] In practice, Eq. (26.15) must
be corrected for quark mixing, the s and c seas, c-quark threshold
effects, nonisoscalar target effects, W-Z propagator differences, and
radiative corrections (which lower the extracted value of sin~ 8' by

0.009). Details of the neutrino spectra, experimental cuts, x and
Q2 dependence of structure functions, and longitudinal structure
functions enter only at the level of these corrections and therefore
lead to very small uncertainties. The largest theoretical uncertainty
is associated with the c threshold, which mainly affects oCC. Using
the slow rescaling prescription [9] the central value of sin28~
varies as 0.013 [mc(GeV) —1.3], where mc is the effective mass.
For m, = 1.31 6 0.24 GeV (determined from v-induced dimuon
production [25]) this contributes +0.003 to the total theoretical
uncertainty csin 8W +0.004. This would require a high-energy
neutrino beam for improvement. (The experimental uncertainty
is +0.003). The CCFR group quotes st ——0.2218 + 0.0059 for

(mt, MH) = (150, 100), but this result is insensitive to (mt, MH).
Combining all of the precise deep-inelastic measurements, one obtains
s12v

——0.2260 6 0.0048 for (mr, MH) in the allowed range.

The laboratory cross section for v&e ~ v&e or v&e ~ v&e elastic
scattering is

Quantity

ei, (u)

eR(u)

eR(d)

~ve

~ve

Standard Model Expression

PvN 2 3KvN sin ~W+ ~ L
NC 1 2 ~ 2

p N
——+ -KvN ssn HW + ~dL

p N
—-KvN sin OW + A~R

NC 2 ~ 2

P N 3KvN Sin ~W+ ~dR

Pve -+ 2Kve S&n
1 2
2

-(-l)
I 1 4 I 2g

Peq + Keq Sln

1 2
Peq 2 3 Keq Sln HW

Peq + 2Keq s» ~w + &2u
1 2

peq ——2Keq Sin OW + A2g

(26.18)

The most accurate leptonic measurements [26—28] of sins 8' arc
from the ratio R—:irv„,/irv„e in which many of the systematic
uncertainties cancel. Radiative corrections (other than mt efFects)
are small compared to the precision of present experiments and
have negligible effect on the extracted sin28W. The most precise
(CHARM II) experiment [28] determined not only sin28iv but g&~&

as well. The cross sections for vee and vee may be obtained from

Eq. (26.17) by replacing gv & by gv& + 1, where the 1 is due to the
charged-current contribution.

The Sl AC polarized-electron experiment [29] measured the
parity-violating asymmetry

oR —oL
OR+ &L

(26.19)

where the upper (lower) sign refers to v&(v&), and y = E,/E„[which
runs from 0 to (1+m, /2Ev) ] is the ratio of the kinetic energy of
the recoil electron to the incident v or v energy. For Ev )) me this
yields a total cross section

A simple zero~"-order approximation is

Rv =gL+gRf2 2

where CTRL is the cross section for the deep-inelastic scattering of
a right- or left-handed electron: eR LN ~ eX. In the quark parton

(26 15u) model

2

R„=gL+ —,~R (26.155)
A 1 —(1 —y)z

Q' ' 1+(1—u)' ' (26.20)
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where Q ) 0 is the momentum transfer and y is the fractional energy
transfer from the electron to the hadrons. For the deuteron or other
isoscalar target, one has, neglecting the s quark and antiquarks,

3GF 1 3GF 3 5
1 +1 +Id + ~W](26 && )

5 2xa 2 5 2xa 4 3

3GF 1 9GF . 2 1
C2~ C2g sin g~ —— . (26.21b)

5 2xa 2 5 2xa 4

Radiative corrections (other than mt etfects) lower the extracted value
of sin Hw by ~ 0.005.

Experiments measuring atomic parity violation [30] are now quite
precise, and the uncertainties associated with atomic wave functions
are relatively small (especially for cesium, for which the theoretical
uncertainty is 1% [31]). For heavy atoms one determines the "weak
charge"

q~ = —2 [Cy„(2Z+N) + Ct4(Z+ 2N)]

&l. + &R
(26.29)

where oL(oR) is the cross section for a left- (right)-handed incident
electron. AL, R has been measured precisely by the SLD collaboration
at SLC [34] and has the advantages of being extremely sensitive
to sin ew and insensitive to QED radiative corrections. Other

asymmetries are the forward-backward asymmetries AFB for f = e,(o,f)

p, r, b, c (AFR, AFR, Ap& are consistent with lepton-family(0,~) (o,w) (0,~)

universality, allowing an average value AF& ), the jet-charge(0,8)

asymmetry, the 7. polarization P~, and its angular distribution.
Further details, including references to the data from the LEP
experiments (ALEPH, DELPHI, LS, OPAL) may be found in the Full
Listings in the 'Note on the Z Boson. ' At tree level and neglecting
/ED efFects and terms of order (Fz/Mz), one has

There are also measurements of various asymmetries. These include
the polarization or left-right asymmetry

Z(1 —4sin gg ) —N . (26.22)

Radiative corrections increase the extracted sin28w by 0.008.
The forward-backward asymmetry for e+e -+ 6', 8 = p or r, is

defined as

(0 f) 3 A~+ P,
FB 4 f 1+PA

AI, R AePe 3

where P, is the initial e polarization and

(26.30)

(26.31)

aF —oB
AFB =

0'F + cTB
(26.23) 2gV gA

f f
f2 f2

gV +gA
(26.32)

R=Fy

AFR = SF2/4',

(26.24)

(26.25)

where

F1 = 1 —2XO gV gV cos6R+XO gV +gA gV +gA 26.26a

where oF(oR) is the cross section for t to travel forward (backward)
with respect to the e direction. AFB and R, the total cross section
relative to pure @ED, are given by

Similarly, A2- is given by the negative total v. polarization, and A, can
be extracted from the angular distribution of the polarization.

It has become customary for the experimental groups to present
corrected asymmetries A, in which photon exchange and p-Z
interference, /ED corrections, and corrections for +s g Mz are
removed from the data, leaving the pure electroweak asymmetries.
Ignoring negligible electroweak boxes, these corrected asymmetries are

expressed using effective tree-level expression e.g. , AFB ——-Af A,(o f) 3
4

(for Ps = 0) and ALR
——Ae~ where

where

2~0 gA gA cos ~R + 4~0 gA gA gv gv 3 (26.26b) 2gV gA
-f -f

f2 f2 '
gV gA

(26.33u)

MzI'z
tan6R =

M2 —sz

GF sMz2
Xo

2~2@'a [(M2 s)2 + M2F2 j
~/2

(26.27}

(26.28)

-f (f)
g~ = ~pf (t3L 2qf Kf sin gW)

gA
——

V Pf tsL
(f)

(26.33b)

(26.33c)

and ~s is the CM energy. Eq. (26.26) is valid at tree level. If the
data are radiatively corrected for /ED efFects (as described above),
then the remaining electroweak corrections can be incorporated [32]
{in an approximation adequate for existing PEP, PETRA, and
TRISTAN data, which are well below the Z pole} by replacing Xp by
X(s) = (1+pt)Xp(s)a/a(s}, where a(s) is the running @ED coupling,
and evaluating gV in the Ms scheme. Formulas for e+e -+ hadrons
may be found in Ref. 33.

At LEP and SLC, there are high-precision measurements of various
Z-pole observables. These include the Z mass and total width I'z,
and partial widths I'(ff) for Z ~ ff for fermion f (f = e, p, r,
hadrons, b, c, and v). The data is consistent with lepton-family
universality I'(e+e ) = F(p+p, ) = I'(r+r ), so one may work
with an average width F(tt) It is convenient to use th. e variables
M~, Fz, R—:I'(had)/F(ft), g~sd = 12 x(eFe+)F(h d)/Ma& F2&,2

Rb = I'(bb)/I'(had), and R = F(cc)/I'(had), which are weakly
correlated experimentally. (I'(had) is the partial width into hadrons. )
R is insensitive to mt (except for Z -+ bb vertex corrections) and is
especially useful for constraining n6 ~ The width for invisible decays,
I'(inv) = Fz —SF(8) —F(had) = 498.2 + 4.2 MeV, can be used
to determine the number of neutrino Savors lighter than Mz/2,
N„=I';„„/I'(vv} 2.98 + 0.03.

Si2- s~z+00«2 (26.34)

using Ref. 15, or st2 s2&+ 0.00028 from Ref. 14 (the small difference
is an indication of theoretical uncertainties from higher-order terms,
etc.). In any case, the asymmetries determine values of st and s 2&

almost independent of mg, while the N"s for the other schemes are mg
dependent.

The electroweak-radiative corrections have been absorbed into
corrections pf —1 and Kf —1, which depend on the fermion f and on
the renormalization scheme. In the on-shell scheme, the quadratic mg
dependence is give by pf 1+pt, ref lr,f' 1+ pt/tan
while in Ms, pf ~ p, ~f —= kf ~ 1. In practice, additional bosonic
loops, vertex corrections, etc. , must be included. For example, in
the Ms scheme one has, for (mt, Mft) = (169,300), pt = 1.0045
and Pcg = 1.0009. It is convenient to define an effective angle

sf =—sin'ewf = Kfs z = Kf'Sw in terms of which gv and gA are

given by ~pf times their tree-level formulae. Because gv is very

sm~ll, not only ALR AF&, and P, but also AFB, AFB, and theo (0 &) o (o,b) (o,c)

jet-charge asymmetry are mainly sensitive to s&. One finds that kf is
almost independent of (mt, MH), so that
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26.3. W and Z decays
The partial decay width for gauge bosons to decay into massless

fermions fy f2 is

0.25

GFMI33I'(W+ e v, ) = —227+ 1 MeV (26.35o)
0.24

CGFMz . ,2
3

F(Z @ii/, ) = gv + gA6 2vr
(26.35c)

CG M3
1'(W+ u, d, ) = ]Vi. ]

—(707 + 3) [Vi] MeV (26.355)
6 2x &~ 023

~ tK

167.1 + 0.3 MeV (vv), 83.9 6 0.2 MeV (e+e ),
298.0 6 0.6 MeV (uu), 384.5+ 0.8 MeV (dd),
375.2 p 0.4 MeV (bb).

0.22—
CDF

I z 2 493+ 0.004 GeV

I'~ —2.09 + 0.01 GcV

(26.36)

(26.37)

The numerical values for the widths assume Mz = 91.187 + 0.007
GeV, M~ = 80.29 + 0.1i GeV, n, = 0.120, and mg ——169+&& GcV,
where the Mgr, n„and mg values are predicted by the global fits
for MH = 300 GeV. The uncertainties for I gr and I'z are dominated
hy AM~ and Amp, respectively. The uncertainty in n„+0.007,
introduces an additional uncertainty of 0.2'Po in the hadronic widths,
corresponding to +4 MeV in I'z.

These predictions are to be compared with the experimental results
I'z = 2.490+0.007 GeV and I ~ = 2.08 +0.07 GeV.

26.4. Experimental results
The values of the principal Z-pole observables are listed in

Table 26.3, along with the Standard Model predictions for Mz ——

91.187 + 0.007, mi = 169+is GeV (for MH = 300 GeV), 60 GeV
& MH ( 1 TeV, and n, = 0.120 + 0.007. The values and predictions
of M~, Mgr/Mz, the Q~ for cesium [30,31], and recent results from

deep inelastic and v~e scattering are also listed. The agreement is

generally excellent, although I's = I'(bb)/1'(h d) is a1.8a above the
Standard Model prediction, and the left-right A&& is 2o. above the
Standard Model prediction. There is also an experimental difFerence
of 2o between the SLD value of A, = AL& and the LEP value

A&&Ep 0.1434 + 0.0073 obtained from AFB, A, (Pr), A~~(P~)
assuming lepton family universality. The observables in Table 26.3
(including correlations on the LEP observables), as well as all
low-energy neutral-current data [9], are used in the global fits
described below. The parameter sin2 ega can be determined from the
Z-pole observables and M~, and from a variety of neutral-current
processes spanning a very wide Qs range. The results [9], shown in
Table 26.4, are in impressive agreement with each other, indicating
the quantitative success of the Standard Model. The one discrepancy
is the value s z ——0.2292+ 0.0010 from AL& which is 2.4o. below the

For leptons C = 1, while for quarks C = 3 1++, My n +1.409o., vr

—12.77cr, /irS), where the 3 is due to color and the factor in parentheses

is a QCD correction. Corrections to Eq. (26.35) for massive fermions
are given in Refs. 10 and 35 and the mass/Yukawa effects in

the QCD corrections in Refs. [18,36]. Expressing the widths in
terms of GFM~z incorporates the bulk of the low-energy radiative
corrections [10,35]. The Z ~ ff widths have an additional QED
correction 1+3a q&2/4x. The electroweak corrections are incorporated

by replacing g&& by g&&. Hence, the widths are proportional to

p, 1+pr. There is additional (negative) quadratic mt dependence in

the Z ~ bb vertex corrections [37] which causes I'(bb) to decrease with
mi. The dominant effect is to multiply I'(55) by the vertex correction

m2
1+ bp&&, where 6p&& 10 (——

2 + —). In practice, the corrections

are included in pb and Kg.

For 3-fermion families the total widths are predicted to be

50 100 150 200
m, (Gev)

250 300

Figure 26.1: One-standard-deviation uncertainties in sin28~
as a function of mg, the direct constraint mg & 131 GeV, the
CDF range 174+16 GeV, and the 90Fo CL region in sin Her —m~
allowed by all data, assuming MH = 300 GeV.

value (0.2319 + 0.005) from the global fit to all data and 2.8&r below
the value 0.2323 6 0.0005 obtained from all data other than AOL R.

The data allow a simultaneous determination of sin2 8~, mg, and
the strong coupling o( Mz) The .latter is determined mainly from
I'z and R, and is almost uncorrelated f'rom the other variables. Thc
global fit to all indirect data yields

s z ——0.2319 + 0.0005 + 0.0002

m = 169+ + GeV-]8-20

oa (Mz) = 0.120 + 0.007 + 0.002, (26.38)

where the central values are for a Higgs mass of 300 GeV, and the
second error bars are for MH ~ 1000(+) or 60(—) GeV. In all fits, thc
errors include full statistical, systematic, and theoretical uncertainties.
The s z error is dominated by mg, and s z and m~ have a, strong
negative correlation of —0.85, In the on-shell scheme onc has

s~ ——0.224? + 0.0019, the larger error due to the stronger sensitivity
to m~. The extracted value of e,, is based on a formula which has
almost no theoretical uncertainty, and is in excellent agreement
with the values 0.121 + 0,006 from jet-event shapes, at the Z pole,
and 0.116 6 0.005 extracted from low-energy and jet data (see thc
section on Quantum Chromodynamics). Including the latter value as
a separate constraint in the fits has negligible effect on sin28~ and
774g .

The value of mg predicted by the precision data is in remarkable
agreement with the value mg ——174 + 16 GeV suggested by the
CDF candidate top events. (The indirect prediction is for the pole
mass, which should correspond approximately to the kinematic mass
extracted from the CDF events. ) One can carry out a combined fit of
the indirect and direct (CDF) data, with the result mt = 172+i&
GeV, with little change in the sin 8@r and a8 values. 'The results of
fits to various combinations of the data are shown in Table 26.5 and
the relation between s z and mg for various observables in Fig. 26.1.

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 ~ bb vertex. The latter favor a smaller mg and
therefore a smaller MH. The difference in X for the global fit is
EX2 = X (M~ = 1000 GeV) —X (MH = 60 GeV) = 2.9. However,
this sensitivity is reduced to AX 2.1 when the direct CDF va, lue
of mg is included. Hence, the data favor a small value of MH, as in
supersymmetric extensions of the Standard Model, and mp on the
lower side of the allowed range; but the efFect is marginal statistically:
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Quantity

Mz (GeV)

I z (GeV)

~had(n5)

Rg

Rc

FB
Ao (Pr)

A(0,b)
FB

FB
"I.R0

—2(Alo sl)

I'(lt) (MeV)

I'(hsd) (MeV)

I'(inv) (MeV)

Mw (GeV)

Mw/Mz

Qw

Value

91.187 + 0.007

2.490 + 0.007

20.76 + 0.05

41.55 + 0.14

0.2210 + 0.0029

0.171 + 0.020

Standard Model

input

2.493 + 0.001 + 0.004

20.74 + 0.01 + 0.005

41.48 + 0.01 6 0.01

0.2157 + 0 + 0.0004

0.171+0+0
0.0159 + 0.0018 0.0151 + 0.0005 + 0.0010

0.141 + 0.021

0.127 + 0.025

0.107 + 0.013

0.058 6 0.022

0.1637+ 0.0075

0.142 6 0.003 + 0.005

0,142 + 0.003 + 0.005

0.0995 + 0.002 + 0.003

0.071 6 0.002 + 0.003

0.142 + 0.003 + 0.005

0.2320 + 0.0016 0.2322 + 0.0003 + 0.0006

83.84 + 0.27

1740.7 + 5.9

498.2 + 4.2

80.22 + 0.26

83.90+ 0.02 + 0.16

1739.8 + 1 + 3

501.3 + 0.4 + 0.8

80.29 + 0.02 + 0.11

0.8798 + 0.0028 0.8805 + 0.0002 + 0.001
—71.04 + 1.58 + 0.88 —72.92 + 0.07 + 0.07

including the direct constraint MH & 60 GeV, the best fit is for
MH = 60 GeV, with the weak limit MH ( 840 GeV at 90% CL.
The value of s z ——0.2319 + 0.0005 is in striking agreement with the
prediction 0.233+0.003 of grand unified theories based on the minimal
supersymmetric extension of the Standard Model, but disagrees with
the prediction 0.210 + 0.003 of nonsupersymmetric unified theories.

One can also determine the radiative correction parameters
Ar: including the CDF data, one obtains Ar = 0.040 + 0.004 and
Arw = 0.068+0.003, where the error includes mg and MH, in excellent
agreement with the predictions 0.041 6 0.007 and 0.0705 + 0.0003.

Table 26.3: Principal LEP and other recent observables,
compared with the Standard Model predictions for Mz =
91.187 + 0.007 GeV, 60 GeV & MH ( 1 TeV, the global
best fit value mt = 169+Is GeV (for MH = 300 GeV), and
n, = 0.012+ 0.007. The LEP averages [38] of the ALEPH,
DELPHI, L3, and OPAL results include common systematic
errors and correlations [38]. sr(A+& ) is the effective angle

(0 ~)

extracted from the quark-charge asymmetry. AIR includes both
1992 and 1993 data. The more accurate 1993 run only yields
0.1656 6 0.0076. In the fits, the values of Aee(Pr) and A&R are
combined to give 0.161 + 0.012, including a scale factor of 1.7.
The values of I'(tf), I'(had), and I'(inv) are not independent
of I'z, R, and o'had. The Mw and Mw/Mz values are from
the PDG fit. In the fits shown here the (uncorrelated) values
from the individual experiments are used. The two values of
sw from deep-inelastic scattering are from CCFR [25] and the
global average, respectively. The g~v'& are from CHARM II [28].
The second error in Qw (for cesium) is theoretical [31]. 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 mg and MH. The An~ = 0.007
uncertainty leads to additional errors of 0.004 (I'z), 0.05 (R),
0.04 (o), 3.7 (I'(had)).

Table 26.4: Values obtained for s2w (on-shell) and s 2z(Ms) from

various reactions assuming the global best fit value mg ——169+18
GeV (for MH = 300 GeV), and n, = 0.120 6 0.007. The
uncertainties include the effect of 60 GeV & M~ ( 1 TeV.

Reaction Sz

Mz

Mw Mw/Mz

I'z, R,
A(o,~)

FB
LEP asymmetries

AL, R
0

Deep inelastic
(isocalar)

vp (vp)p ~ vp (vp)p

v„(v„)e~ v„(v„)e
atomic parity

violation
SLAC eD

All data

0.2247 + 0.0021 0.2320 + 0.0006

0.2264 + 0.0025 0.2338 6 0.0022

0.2250 + 0.0018 0.2322 + 0.0006

0.2243 + 0.0018 0.2315 + 0.0011

0.2245 6 0,0017 0.2317 + 0.0008

0.2221 + 0,0017 0.2292 + 0.0010

0.2260 + 0.0048 0.233 + 0.005

0.205 + 0.031 0.212 + 0.032

0.224 + 0.009 0.231 6 0.009

0.216 + 0,008 0.223 + 0.008

0.216 + 0.017 0.223 + 0.018

0.2247 + 0.0019 0.2319+ 0.0005

Table 26.5: Values of s2z and s2w (in parentheses), n„and
mg for various combinations of observables. The central values
are for MH ——300 GeV, and the second set of errors is for
MH ~ 1000(+), 60(—).

Data 'z (sw)

All indirect 0.2319(5)(2)
(0.2247 + 0.0019)

Indirect + CDF direct 0.2319(4)(3)
(0.2244 + 0.0013)

0.2322(6)(2)

(0.2256 + 0.0023)

SLD+ Mz 0.2294 (9)(1)
(0.2154 + 0.0032)

0.2318(5)(2)
(0.2241 + 0.0021)

All LEP

a, (Mz) mt (GeV)

0.120(7)(2) 169

0.120(6)(2) 172+I2+s

0.121(7)(2) 163+ +

238+20+17—23—20

0.120(7)(2) 175+ +

ssz = Aso/Mw(1 —+rw) (26.39)

26.5. Deviations from the Standard Model
The Z pole, W mass, and neutral-current data can be used to

search for and set limits on deviations from the Standard Model. For
example, the relation between M~ and Mz is modified if there are
Higgs multiplets with weak isospin ) 1/2 with significant vacuum
expectation values. In order to calculate to higher orders in such
theories one must define a set of four fundamental renormalized
parameters. It is convenient to take these as a, GF, Mz, and Mw,
since Mw and Mz are directly measurable. Then 8z and p0 can be
considered dependent parameters defined by

Mw
Mz

0.2218 + 0.0059
0.2260 + 0.0048

0.2247 + 0.0003 + 0.0021 and

po =—Mw2/(Mz2 c 2z p) (26.40)
~me

A

~ve

—0.503 + 0.018
—0.025 + 0.019

—0.506+ 0+ 0.001

—0.037 + 0 + 0.001 Provided that the new physics which yields p0 g 1 is a
small perturbation which does not significantly afFect the radiative
corrections, p0 can be regarded as a phenomenological parameter
which multiphes GF in Eqs. (26.12)—(26.14), (26.28), and Fz in
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Eq. (26.35). (Also, the expression for Mz is divided by ~po, the

Mti/ formula is unchanged. ) There is now enough data to determine

pp, sin 8~, mt, and o,& simultaneously. In particular, Rg and the
CDF events yield mt independent of pp, the asymmetries yield s z, R
gives n„and Mz and the widths constrain pp. From the global 6t
(including CDF),

Table 26.6: Values of the model-independent neutral-current
parameters, compared with the Standard Model prediction
using Mz = 91.187 GeV for mt = 169+18 GeV and MH = 300
GeV. There is a second g&& solution, given approximately

by g~' +-+ g~', which is eliminated by e+e data under the
assumption that the neutral current is dominated by the exchang»
of a single Z. t/, , i = L or R, is defined as tan [ e(u)/ e(d)1.

Pp = 1.0004+ 0.0022 + 0.002

s z ——0.2318 + 0.0005

n8 = 0.120 + 0.007

mt = 170+16

(26.41)

(26.42)

(26.43)

(26.44)

where the second error on pe is from Mtf (the other parameters are
insensitive to MH). This is in remarkable agreement with the Standard
Model expectation pp = 1, and constrains any higher-dimensional

Higgs representation to have vacuum expectation values of less than
a few percent of those of the doublets. The allowed regions in the

pp —sz plane are shown in Fig. 26.2.

Quantity

eI.(u)

'I. (d)

e//(u)

s/t(d)

2

2
ga
Hg

Experimental
Value

Standard Model
Prediction

0.332 +0.016 0.345+0.001

—0.178 +0.013

0026 + '-0.048

-0.155

0.078

0.3017+0,0033 0.303+0.001

0.0326+0.0033 0.030

4.58

+0.035
+0.46
—0.28 5.18

—0.438 +0.012 —0.429+0.001

Correlation

non-

Gaussian

small

1.02

1.01—

po 1.00-

I
~ I
i.
/

'I

, I

I.
7 r

r r r rqr r
/ 'e r r r

/ r / + / //

I

I

\

!

I

I

l

0.99—

r rr // // / /
r /

~. . .
,
'. ' ', '.. .~r r /r / r /r r /r r

~
' ' ' ' '

~ ~/ // / / + / /
~, ', ,

' . . . ', ' ' ~~ / r/ y /

asymmetries ~. ':. . . widths, m

I

~
' ' ', , ', '. ', ', ' ', ~

I.

0.229 0.230 0.231 0.232 0.233 0.234 0.235
sin Ow(Mz) (MS)

Figure 26.2: The allowed regions in sin2 8~ —pp at 90% CL.
mt is a free parameter and MH = 300 GeV is assumed. (Varying
MH in the range 60—1000 GeV moves the contour down or up by
0.002.)

Most of the parameters relevant to v-hadron, ve, e-hadron, and
e+e processes are determined uniquely and precisely from the data
in "model independent" fits (i.e. , fits which allow for an arbitrary
electroweak gauge theory). The values for the parameters defined in

Eqs. (26.12)—(26.14) are given in Table 26.6 along with the predictions
of the Standard Model. The agreement is excellent. The low-energy
e+e results are difBcult to present in a model-independent way
because Z-propagator effects are non-negligible at TRISTAN, PETRA,
and PEP energies. However, assuming e-p,-~ universality, the lepton
asymmetries imply [33] 4(g&)z = 0.99 6 0.05, in good agreement
with the Standard Model prediction 1. The much more precisely
measured Z-pole parameters in Table 26.3 are in excellent agreement
with the Standard Model.

Constraints on V are discussed in the section on the Cabibbo-
Kobayashi-Maskawa mixing matrix.

References:
1. S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967);

A. Salam in Elementary Particle Theory, ed. N. Svartholm
(Almquist and Wiksells, Stockholm, 1969) p. 367;

~Ve

qVC

&1u

C2„—-C2g1

—0.506 +0.015 —0.506+0.001 —0.04

2.

3.

4

5.

6.

?.

8.
9.

10.

11.

—0.039 +0.017 —0.037+0.001

—0.214 +0.046 —0.189+0.001 —0.995 —0.79

0.341+0.002
—0.051+0.002

+0.041

+0.13

0.359

S.L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D2, 1285
(1970).
For reviews, see G. Barbiellini and C. Santoni, Riv. Nuovo
Cimento 9(2), 1 (1986);
E.D. Commins and P.H. Bucksbaum, Weak Interactions of
Leptons and Quarks (Cambridge Univ. Press, Cambridge, 1983).
C.A. Dominguez and E. de Rafael, Ann. Phys. 174, 3?2 (1987);
3. Gasser and H. Leutwyler, Phys. Reports 87, 77 (1982);
S. Narison, Phys. Lett. B216, 191 (1989);
3.F. Donoghue, Ann. Rev. Nucl. and Part. Sci. 39, 1 (1989).
Df/: S. Abachi et al. , Phys. Rev. Lett. 72, 2138 (1994).
CDF: F. Abe et a/. , Fermilab-Pub-94/097-E.

For reviews, see J, Gunion et al. , "The Higgs Hunter's Guile, "

(Addison-Wesley, Redwood City, 1990);
M. Sher, Phys. Reports 179, 2?3 (1989).
S. Fanchiotti, B. Kniehl, and A. Sirlin, Phys. Rev. D48, 307
(1993) and references therein.

W.3. Marciano and A. Sirlin, Phys. Rev. Lett. 61, 1815 (1988).
The results given here are updated from U, Amaldi et al. , Phys.
Rev. D36, 1385 (1987):
P. Langacker and M. Luo, Phys. Rev. D44, 817 (1991);
Very similar conclusions are reached in an analysis by G. Costa
et a/. , Nucl. Phys. B297, 244 (1988);
Deep inelastic scattering is considered by G.L. Fogli and D. Haidt,
Z. Phys. C40, 379 (1988).
A. Sirlin, Phys. Rev. D22, 971 (1980); D29, 89 (1984);
W. Hollik, Fortsch. Phys. 38, 165 (1990);
D.C. Kennedy et o/. , Nucl. Phys. B321, 83 (1989);
D.C. Kennedy and B.W. Lynn, Nucl. Phys. B322, 1 (1989);
D.Yu Bardin et al. , Z. Phys. C44, 493 (1989);
For recent reviews, see the articles by W. Hollik and W. Marciano,
in "Precision Tests of the Standard Electroweak Model, "
ed. P. Langacker (World, Singapore, 1994) Extensive references
to other papers are given in Ref. 9.
V.A. Novikov, L.B. Okun, and M.I. Vysotsky, Nucl. Phys. 8397,
35 (1993).



M. Staztdazd Model of electrotoeafs interectiona 1311

12.
13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

W.J. Marciano and J.L. Rosner, Phys. Rev. Lett. 65, 2963 (1990).
G. Degrassi, S. Fanchiotti, and A. Sirlin, Nucl. Phys. B351, 49
(1991).
P. Gambino and A. Sirlin, Phys. Rev. D49, 1160 (1994).
Zfitter: D. Bardin et aL, CERN-TH. 6443/92, and references
therein.

R. Barbieri et al. , Phys. Lett. 8288, 95 (1992);
Nucl. Phys. 8409, 105 (1993).
A. Djouadi and C. Verzegnassi, Phys. Lett. 8195, 265 (1987);
A. Djouadi, Nuovo Cimento 100A, 357 (1988).
J. Fleischer et al. , Phys. Lett. 8293, 437 (1992);
K.G. Chetyrkin et al. , Mod. Phys. Lett. A8, 2785 (1993).
S. Fanchiotti et aL, (see Ref. 7 above);

A. Sirlin, Brookhaven preprint BNL-60161 (1994).
B.H. Smith and. M.B, Voloshin, Minnesota preprint UMN-TH-
1241/94.
CDHS: H. Abramowicz et al. , Phys. Rev. Lett. 57, 298 (1986);
A. Blondel et al. , Z. Phys. C45, 361 (1990).
CHARM: J.V. Allaby et al. , Z. Phys. C36, 611 (1987).
BEBC:D. Allasia et al. , Nucl. Phys. 8307, 1 (1988).
Previous Fermilab results are CCFR:P.G. Reutens et al. , Z. Phys.
C45, 539 (1990);
FMM: T.S. Mattison et al. , Phys. Rev. D42, 1311 (1990).
CCFR: C.G. Arroyo et aL, CCFR preprint (1994).
CHARM I: J. Dorenbosch et aL, Z. Phys. C41, 567 (1989).
BNL E734: L.A. Ahrens et aL, Phys. Rev. D41, 3297 (1990).
CHARM II: P. Vilain et al. , Phys. Lett. 8281, 159 (1992).
C.Y. Prescott et aL, Phys. Lett. 848, 524 (1979).

30.

31~

32.

33.

34.

35.

36.

37.

38.

Boulder: M.C. Noecker et al. , Phys. Rev. Lett. 61, 310 (1988).
For reviews of earlier work, see M.A. Bouchiat L. Pottier, Science
234, 1203 (1986);
M, A. Bouchiat, 18" International Atomic Physics Conference,
(Ann Arbor, MI, July 1990).
S.A. Blundell, W.R. Johnson, and J. Sapirstein, Phys. Rev. Lett.
65, 1411 (1990);
V.A. Dzuba et aL, Phys. Lett. 141A, 147 (1989).
B.W. Lynn and R.G. Stuart, Nucl. Phys. 8253, 216 (1985);
Physics at LEP, ed. J. Ellis and R. Peccei, CERN 86—02, Vol. I.
R. Marshall, Z. Phys. C43, 607 (1989);
C. Kiesling, Tests of the Standard Theory of Electromeak
Interactions (Springer-Verlag, NY, 1988);
Y. Mori et aL, Phys. Lett. 8218, 499 (1989).
SLD: K. Abe et al. , SLAC-PUB-6456.

D. Albert et aL, Nucl. Phys. 8166, 460 (1980);
F. Jegerlehner, Z. Phys. C32, 425 (1986);
W. Beenakker and W. Hollik, Z. Phys. C40, 141 (1988);
A. Djousdi et al. , Z. Phys. C46, 411 (1990);
A.A. Akhundov et aL, Nucl. Phys. 8276, 1 (1986);
A. Borrelli et aL, Nucl. Phys. 8333, 357 (1990).
B.A. Kniehl and J.H. Kuhn, Nucl. Phys. 8329, 547 (1990);
K.G. Chetyrkin et al. , Phys. Lett. 8305, 285 (1993);
K.G. Chetyrkin and O.V. Tarasov, Bielefeld TTP-93-38.
W. Beenakker and W. Hollik, Z. Phys. C40, 141 (1988);
A.A. Akhundov et aL, NucL Phys. 8276, 1 (1986);
J. Bernabeu, A. Pich, and A. Santamaria, Nucl. Phys. BM3, 326
(1991).
See the Z-Boson Listings, and the LEP Collaborations,
CERN/P PE/93-157.



1312 27. Conatreinta on new phyaica from electromealc anatyaea

27. CONSTRAINTS ON NEW PHYSICS FROM ELECTROWEAK ANALYSES

Mgr
Z ~1/2~

p cZ

decreases rapidly for large mi. In Eq. (27.1) p 1+pi, where

3GFmy mg

(27 1)

(27.2)

and cz = cosew(Mz), the cosine of the weak angle in the MS
scheme evaluated at Mz [2]. In addition to Mz itself, neutral current
amplitudes and. the coefBcient of GFM& in the expression for I"z are
multiplied by p. There is additional logarithmic mg dependence in
these quantit, ies and in M~. Vertex and box diagrams also introduce
large (quadrstic) mi dependence, which is especially important in
quantities involving external b quarks (in order to avoid mixing angle
suppressions), such as in the Z bb partial width or in B —B
mixing. Finally, in the on-shell renormalization scheme, significant
but somewhat artificial mg dependence is introduced inta Z vertires
through the definition [2] szw = 1 —Mwz/Mzz.

The CDF collaboration has recently presented [3] a number of
candidate top quark events, with a mass mq ——174+16 GeV. However,

they have not yet claimed a definite discovery. Therefore, the indirect
constraints on mg fram precision experiments will first be summarized,
and then the results when the CDF value is combined with the indirect
constraints.

As discussed in the section on the Standard Model of Electroweak
Interactions (see especially Figure 1 of that section), the consistency
of the various observables allows a prediction for mg. A global fit to
all data (see Table 26.5 of the Standard Model Section) yields

m = 169+ + GeV-18-20 (27.3)

where the central value is for a Higgs mass MH = 300 GeV and the
second uncertainty is from varying MH in the range 60 GeV (—) to
1000 GeV (+). One can also use the indirect data to set upper limits
on mi. Taking the DS lower limit mi ) 131 GeV [4] into account, one
finds mi & 205 (210) GeV at 90 (95)% CL for MH & 1000 GeV.

The upper limit on mt is unchanged or strengthened in the presence
of many types af new physics. For example, nondegenerate multiplets
of heavy fermions or scalars break the vector part of weak SU(2) and
lead to a decrease in the value of Mz/Mw. A nondegenerate SU(2)
doublet ( i) yields a positive contribution to pt of [1]fs

This section prepared May 1994 by P. Langacker and J. Erler.

Precision electroweak experiments are sensitive to loop effects,
allowing a prediction of the top quark mass mg, 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 m~,

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 MIIe~ )) Mz in an
expansion in Mz/M«w. 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 pg.

A large value of [mt —mb[ breaks vector SU(2) symmetry and
significantly affects many precision electroweak observables. The
major sensitivity for processes involving light external fermions is

through t- and b-quark loop contributions to the R' and Z self-

energies [1]. Most of the shift in Mw is absorbed into the measured
value of the Fermi constant GF, while the prediction for Mzi

and C = l (3) for color singlets (triplets). Thus, to a good first
approximation (i e ., except for I'(Z ~ bb) and logarithmic eficcts) thc
90% CL upper limit mg & 205 GeV in the Standard Model ran be
reinterpreted as

m, + p —'Amz & (205 GeV)z,

pc = Mw'/(Mz'c'zf) (27.7)

which describes new sources of SU(2) breaking that cannot l&c

accounted for by Higgs doublets or mp effects. It has previously been
difBcult to distinguish p0 from p 1+ pp experimentally, though
some separation could be done utilizing Rb [8]. Using the CDF mi
value as an independent constraint, however, one can calculate p
and thus obtain the precise value [2] pe = 1.0004 + 0.0022 + 0.002,
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 Am2 from
nondegenerate SU(2) multiplets, as defined in Eq. (27.5). That is, in
the presence of such multiplets, one has

3GF Ci
8+2vr2

—'Dm, = p0 —1, (27.8)

implying

P —'Am; & (95 GeV), (111 GeV), (128 GeV)
C';

(27.9)

for MH = 60, 300, or 1000 GeV at 90'5 CL.

As discussed in the Standard Model of Electroweak Interactions
section, the indirect data exhibit a moderate preference for a smaller

Higgs mass. The best fit to mg as a function of MH is roughly

tl
where the sum includes fourth-family quark or lepton doublets, (&i)

@0 tor (E ), and scalar doublets such as (&) in supersymmetry (in the
absence of L —R mixing). Similarly, heavy Z' bosons decrease the
prediction for Mz due to mixing and generally strengthen the mg

limit [5]. Additional Higgs doublets which participate in spontaneous
symmetry breaking [6], heavy lepton doublets involving Majorana
neutrinos [7], and the presence of heavy degenerate chiral multiplets
(the S parameter, to be discussed below) can weaken the limits
on mp, though the effect is usually small for reasonable parameter
ranges. The only known way to significantly weaken the limits is
to allow for the presence of Higgs triplets (or higher-dimensional
representations), whose vacuum expectation values can cancel all of
the quadratic mp dependence except for the bb vertex. Even in that
case one has an upper limit of 220 (237) GeV at 90 (95)% CL, mainly
from Rb = I'(Z ~ bb)/I'(Z —+ had) [2,8].

All of these constraints become much tighter when ane incorporates
the mass mi = 174 6 16 GeV of the CDF candidate events [3], which is
remarkably consistent with the prediction in Eq. (27.3). (The indirect
prediction is for the pole mass, which should approximately coincide
with the kinematic mass determined by CDF.) The joint fit to indirect
and direct data yields [2] mi = 172+I&+& GeV, again with the central
value for MH = 300 GeV.

As discussed in Ref. 2, the combination of indirect data with
the CDF value for mt allows stringent limits on new physics. In
particular, many extensions of the Standard Model are described by
the p0 parameter:

cGF
,nm i, (27.4)

mt 169+18+13 ln
300 GeV

(27.10)

where

2 2 2 4ml m2 ml2 2
2Am:—mi + mz — ln —) (mi —mz)2 2 m21 2

(27.5)

without the direct CDF constraint or

l
300 GeV

(27.11)
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with it. The X2 for MH = 60 GeV is lower by 2.9(2.1) than that
for MH = 1000 GeV for the two cases, implying MH (840 GeV at
90% CL. While not compelling statistically, this result is consistent
with the minimal supersymmetric extension of the Standard Model,
which acts much like the Standard Model with a light Higgs as far as
precision experiments are concerned. Of course, the conclusions for
MH could be invalidated if other new physics modifies the precision
observables significantly.

A number of authors [9—14] have considered the general efFects
on neutral current and Z and W-pole observables of various types
of heavy (i.e. , M & Mz) physics which contribute to the W and Z
self-energies but which do not have any direct coupling to the ordinary
fermions. In addition to nondegenerate multiplets, which break the
vector part of weak SU(2), these include heavy degenerate multiplets
of chiral fermions which break the axial generators. The effects of one
degenerate chiral doublet are small, but in technicolor theories there
may be many chiral doublets and therefore significant effects [9].

All such effects can be described by just three parameters, S, T,
and U. T is proportional to the difFerence between the W and Z
self-energies at Q2 = 0 (i.e. , vector SU(2)-breaking), while S (S+ U)
is associated with the difFerence between the Z (W) self-energy
at Q2 = MZ2 w and Q2 = 0 (axial SU(2)-breaking). In the MS
scheme [10]

Hww(0) Hzv(0)
M2 M2w z

rrzz (Mz) —IIZ'z (0)
4s 2Zc2Z Mz2

(Mz —Mw2) ln(MFF/MJf")
4 2o,x2

1
tkS = cs In(mt/mt ) + —ln(MH/MH )6x

hU = cp In(mt/m, "}, (27.16)

where the coefficients cg and cp depend on the renormalization
scheme. Various authors use different reference values for mg and
MH when determining S, T, and U from the data. In the following

MH ——300 GeV and the global best fit value m&
——169 GeV will

be used when the CDF constraint is not imposed. The allowed ranges
of the parameters will then represent both the efFects of new physics
and of values of mg and MH difFerent from the reference values, Le.,
S = Snew + ~S1 T = Tnew+ &» U = Unew + 6U. For later use, note
that ES = AS' + ESH;~ and similarly for AT.

The Standard Model expressions for observables are replaced by

to models of walking technicolor, for which S can be smaller or
even negative [16]. Supersymmetric extensions of the Standard Model
generally give very small efFects [17]. Most simple types of new physics
yield U = 0, although there are counter-examples, such as the effects
of anomalous triple-gauge vertices [12].

It is also possible to parametrize the efFects of large mg )) Mz
(except for the bb vertex} or M~ && Mz in terms of S, T, and U.
If one takes mg ——m&, MH = MH as a reference point, then other
values of mt and MH can be expressed for large mt i MH as [11]

pt(mt) —pt(mt't)

"ww(Mw} —"w'w(0}
4s2

S+U —=

Mw2
(27.12)

1 —OfT 1

po 1 —GFMz2o S/2~2x

T = hlr = ei/ri

S = hAz = Sz = 4s zes/a2

U = hAw hAZ = Sw Sz = 4s z&2/o' ~

2 (27.13)

A heavy nondegenerate multiplet of fermions or scalars contributes
toTas

1
pp= ~ 1+0!T,

1 —nT (27.14)

where po is given in Eq. (27.8). If there are non-doublet Higgs
representations, their vacuum expectation values also contribute to
pp, The effects of such nonstandard Higgs representations cannot be
separated from heavy nondegenerate multiplets unless the new physics
has other consequences, such as vertex corrections.

A multiplet of heavy degenerate chiral fermions yields

2
S = Cp(t3L, (i) —tstt(i)) /3m', (27.15)

where tsL, ~(i) is the third component of weak isospin of the left-
(right-) handed component of fermion i and G is the number of colors.
For example, a heavy degenerate family would contribute 2/3x to
S. In technicolor models with /CD-like dynamics, one expects [9]
S 0.45 for an isodoublet of technifermions, assuming NTg =4
technicolors, while S 1.62 for a full technigeneration with NTg
=4; T is harder to estimate because it is model dependent. In these
examples one has S ) 0, However, it is possible to find situations
in which S & 0 [15]. In particular, these estimates do not apply

where IIww and IIzz are respectively the contributions of the new

physics to the W and Z self-energies, s 2Z
——sin2&w(MZ), c2Z ——1 —s 2Z,

and a is the running coupling evaluated at Mz. S, T, and U are
defined with a factor of a removed, so that they are expected to be of
order unity in the presence of new physics. S, T, and U are related to
other parameters (e;, h, , S,) defined in [10—12] by

1 —GFMwo(S + U)/2~2x
(27.17)

I'w = MwPw3

PpA;= Ap, (27.18)

where Pz and Pw are the Standard Model expressions for the reduced
widths I'zo/Mio and I'wo/Mwo, Mz and Mw are the physical
masses, and A, (A;o) is a neutral current amplitude (in the Standard
Model).

The Z b bb vertex is sensitive to certain types of new physics which
primarily couple to heavy families [18,19]. It is useful to introduce an
additional parameter 7b by [20]

r(Z bb) = I'o(Z bb)(1+ Pb), (27.19)

where I'O is the Standard Model expression (or the expression modified
by S, T, U, and po). Experimentally, Rb = I'(Z -+ bb)/I'(had) is about
1.8' above the Standard Model expectations, favoring a positive pg.
Extended technicolor models generally yield negative values of pg of
a few percent [18], while supersymmetry can yield (typically small)
contributions of either sign [19].

The indirect data allow a simultaneous determination of s z (e.g. ,
from the Z-pole asymmetries), S (from Mz), U (from Mw), T (e.g. ,

from the Z-decay widths), n (from I'(Z ~ had)/I'(8), and pb (from
Rb) with little correlation. For the reference values for mt and M~,
one obtains

S = —0.42 + 0.36

T = —0.37+ 0.39

U = —1.3 + 1.3

0.032 + 0.016, (27.20a)

where Mzp and Mwp are the Standard Model expressions in the MS
scheme. Furthermore,

I'z = MZPZ
PO
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and st ——0.2311+0.0007, o.a = 0.099+ 0.013. Combining with the
CDF direct value of mg, one does not need to introduce a reference
value for mg. That is, one can determine Snew, T„ew, U„ew, and pb
directly, in a simultaneous fit with s&, a„and mg. One obtains

Snew = —0.42 + 0.36+p'y7
—0.08

~new = —035+044 p gg

Unew =

pb = 0.032+ 0.017, (27 20b.)

r
~ p'r

e
~p

and the allowed region in S„'ew T„'ew—is shown in Figure 1. (S„'ew
includes the MH dependence explicitly, S„'ew:—Snew + &SHjggs&
similarly for T„'ew, see Eq. (27.16).) The values in Eq. (27.20b) are
almost identical to those in Eq. (27.20a) except for a small increase
in the errors due to the variation of mg around the best fit value
175 + 16. The second error bars represent the uncertainty due to MH
ranging from the reference value of 300 GeV to 1000 (upper) or 60
(lower) GeV. From Eq. (27.20b) one obtains S«w & 0.09 (+0.23), and
T & 0 27 (0.4. 3) at 90 (95)%%uo CL. If one requires the constraint S„ew& 0
then (as in @CD-like technicolor models) S«w & 0.38 (0.46). Allowing
arbitrary S„ew, only one heavy generation of ordinary fermions is
allowed at 95'Fa CL. The favored value of S„ew is problematic for
technicolor models with many techni-doublets and QCD-like dynamics,
as is the value of pb. Although Snew is consistent with zero, the
electroweak asymmetries, especially the SLD left-right asymmetry,
favor Snew & 0. The simplest origin of S„ew( 0 would probably be
an additional heavy Z' boson [5], which could mimic S«w & 0.

There is no simple parametrization that is powerful enough to
describe the effects of every type of new physics on every possible
observable. The S, T, and U formalism describes many types of
heavy physics which affect only the gauge self-energies, and it can
be applied to all precision observables. However, new physics which
couples directly to ordinary fermions, such as heavy Z' bosons or
mixing with exotic fermions cannot be fully parametrized in the S, T,
and U framework. It is convenient to treat these types of new physics
by parametrizations that are specialized to that particular class of
theories (e.g. , extra Z' bosons), or to consider specific models (which
might contain, e.g. , Z' bosons and exotic fermions with correlated
parameters). An alternate formalism [21] defines parameters, ei, e2,
e3 eb in terms of the specific observables Miv/Mg, the leptonic Z

width Ptt, the forward-backward asymmetry [2] at the Z pole, AFB
(p,e)

and Rb. The definitions coincide with those for e, in Eqs. (27.12)
and (27.13) for physics which affects gauge self-energies only, but
the e's now parametrize arbitrary types of new physics and can
also incorporate all of the effects of mg and MH on the four basic
observables. However, the e's are not related to other observables
unless additional model-dependent assumptions are made. Another
approach [22] parametrizes new physics in terms of gauge-invariant
sets of operators. It is especially powerful in studying the effects of
new physics on nonabelian gauge vertices. The most general approach
introduces deviation vectors [24]. Each type of new physics defines
a deviation vector, the components of which are the deviations of
each observable from its Standard Model prediction, normalized to
the experimental uncertainty. The length (direction) of the vector
represents the strength (type) of new physics.
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28. THE CABIBBO-KOBAYASHI-MASKAWA MIXING MATRIX

rd') r v„, v„, vb) rd)
S'

I

= Vcd Vcs Vcb S

(6') ( Vt& Vt, Vib) (b)
(28.1)

The values of individual matrix elements can in principle all be
determined from weak decays of the relevant quarks, or, in some
cases, from deep inelastic neutrino scattering. Using the constraints
discussed below together with unitarity, and assuming only three
generations, the 90% confidence limits on the magnitude of the
elements of the complete matrix are:

r 0.974? to 0.9759 0.218 to 0.224 0.002 to 0.005
0.218 to 0.224 0.9738 to 0.9752 0.032 to 0.048 . (28.2)

l, 0.004 to 0.015 0.030 to 0.048 0.9988 to 0.9995)

The ranges shown are for the individual matrix elements. The
constraints of unitarity connect different elements, so choosing a
specific value for one element restricts the range of the others.

There are several parametrizations of the Cabibbo-Kobayashi-
Maskawa matrix. In view of the need for a "standard" parametrization
in the literature, we advocate:

12 13
i613'12as '12'23'13',

i613
12 23 12 23 13

12 13
i613

12 23 12 23 13
i6

12 23 12 23 13

s13e 13)
s23c» l

(28.3)
23 13

proposed by Chau and Keung [3]. The choice of rotation angles follows
earlier work of Maiani [4], and the placement of the phase follows that
of Wolfenstein [5]. The notation used is that of Hsrari and Leurer [6]
who, along with Fritzsch snd Plankl [7], proposed this parsmetrization
as a particular case of a form generalizable to an arbitrary number
of "generations. " The general form was also put forward by Botella
and Chau [8]. Here c, = cosH;

&
and 3, = sinH, &, with i and j being

"generation" labels, (i,j = 1, 2, 3). In the limit 823 = 813 = 0 the
third generation decouples, and the situation reduces to the usual
Cabibbo mixing of the first two generations with 8y2 identified with
the Cabibbo angle [2]. The real angles 812, 823, 813 can all be made to
lie in the first quadrant by an appropriate redefinition of quark field
phases. Then all 3, and c, sre positive, [V„,l

= 312cis, lV„bl = sis,
and [Vcbl = 323cis. As cis is known to deviate from unity only in the
fifth decimal place, [V„,l

= s,2, lV„b[ = s,s, and [Vbl = s23 to sn
excellent approximation. The phase b13 lies in the range 0 & 613 ( 2x,
with non-zero values generally breaking CP invariance for the weak
interactions. The generalization to the n generation case contains
n(n —1)/2 angles and (n —1)(n —2)/2 phases [6,7,8]. The range
of matrix elements in Eq. (28.2) corresponds to 90% CL limits
on the angles of s12

——0.218 to 0.224, 823 ——0.032 to 0.048, and
813 ——0.002 to 0.005.

Kobayashi and Maskswa [1] originally chose a parametrization
involving the four angles, 8I, 82, 83 6:

S = S1C2
&b')

S1C3

C1 C2 C3 $2 S38i6

C1 S2 C3 +C2 S38i6

—si ss
ic2 3+s2 3"

l l
(28.4)

ciszss —czcse ) ( b)i6)

Updated 1993 by F.J. Gilman, K. Kleinknecht, and B. Renk.

In the Standard Model with SU(2) x U(1) ss the gauge group of
electroweak interactions, both the quarks and leptons are assigned to
be left-handed doublets and right-handed singlets. The quark mass
eigenstates are not the same as the weak eigenstates, and the matrix
relating these bases was defined for six quarks and given an explicit
psrsmetrization by Kobaysshi and Maskswa [1) in 1973. It generalizes
the four-quark case, where the matrix is parametrized by a single
angle, the Csbibbo angle [2).

By convention, the three charge 2/3 quarks (u, c, snd t) are
unmixed, and all the mixing is expressed in terms of a 3 x 3 unitary
matrix V operating on the charge —1/3 quarks (d, 3, 5):

identified (up to a sign) with the Cabibbo angle [2]. Slightly difi'erent

forms of the Kobayashi-Maskawa parametrization are found in the
literature. The CKM matrix used in the 1982 Rem, em of Particle
Properties is obtained by letting 81 —b s1 and b —+ b+ x in
the matrix given above. An alternative is to change Eq. (28.4) by
81 ~ s1 but leave b unchanged. With this change in 81, the angle
Hi becomes the usual Cabibbo angle, with the "correct" sign (s.e.
d' = d cos 81 + s sin 81) in the limit 82 = 83 = 0. The angles 81, 82, 83
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 b lies is under discussion.

Other psrametrizations, mentioned above, sre due to Maisni [4]
and to Wolfenstein [5]. The latter emphasizes the relative sizes of
the matrix elements by expressing them in powers of the Cabibbo
angle. 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 ss long ss 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) Nuclear beta decay, when compared to muon decay, gives [10-13]

l V„d[= 0.9744 + 0.0010 . (28.5)

This includes refinements in the analysis of the radiative corrections,
especially the order Za~ effects, which have brought the ft-values from
low and high Z Fermi transitions into good agreement.

(2) Analysis of Kes decays yields [14]

I Ves[ = 0 2196 + 0 0023 (28.6)

(The notation K+3 refers to K+ ~ iree+vs and K 3 refers to
Kl -+ ir+e+ve. ) The isospin violation between Kez snd K,3 decays
hss been taken into account, bringing the values of )V„,[ extracted
from these two decays into agreement at the 1% level of accuracy. The
analysis of hyperon decay data has larger theoretical uncertainties
because of first order SU(3) symmetry breaking effects in the axial-
vector couplings, but due account of symmetry breaking [15] applied
to the WA2 data [16) gives a corrected value [17] of 0.222 + 0.003.
We average these two results to obtain:

lV„,[ = 0.2205 + 0.0018 . (28.7)

(3) The magnitude of [Vc~[ may be deduced from neutrino and
antineutrino production of charm off valence d quarks. The dimuon
production cross sections of the CDHS group [18] yield Bc )Vcd[
0.41 + 0.07 x 10, where Bc is the semileptonic branching fraction
of the charmed hadrons produced. The corresponding value from a
recent Tevatron experiment [19] is B, [Vcd[2 = 0.534+a'o?3 x 10
Averaging these two results gives B, [Vcd[2 = 0.47+ 0.05 x 10
Supplementing this with measurements of the semileptonic branching
fractions of charmed mesons [20], weighted by a production ratio of
Do/D+ = (60 + 10)/(40 p 10), to give B, = 0.113+ 0.015, yields

lVcd) = 0.204 + 0.017 (28.8)

(4) Values of [V„lfrom neutrino production of charm are dependent
on assumptions about the strange quark density in the parton-sea.
The most conservative assumption, that the strange-quark sea does
not exceed the value corresponding to sn SU(3) symmetric sea, leads
to a lower bound [18], [Vcs [ ) 0.59. It is more advantageous to proceed
analogously to the method used for extracting [V„,[ from Kes decay;
namely, we compare the experimental value for the width of Dc3
decay with the expression [21] that follows from the standard weak
interaction amplitude:

where ci = cos8; and si = sin8; for i = 1,2, 3. In the limit
82 = 83 = 0, this reduces to the usual Cabibbo mixing with 8y I'(D Ke+v ) = [f+ (0)[ [V, [ (1.54 x 10 s ) . (28.9)
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Here f+ (q ), with q = p~ —p8. , is the form factor relevant
to Dg3 decay; its variation has been taken into account with
the parsmetrizstion f++(t)/f++(0) = M /(Mz —t) and M =
2.1 GeV/c, a form snd mass consistent with Mark III and E691
measurements [22,23]. Combining data on branching ratios for Drs
decays from Mark III, E687, E691, snd CLEO experiments [22—24]
with accurate values [25] for ro+ and rDe, gives the value

(0.762 + 0.055) x 10 s for I'(D -+ Ke+v ). Therefore

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 thf.
first row require that any additional element in the first row have a
magnitude )V„bi)( 0.07. When there are more than three generations
the allowed ranges (at 90Fo CL) of the matrix elements connecting thc
first three generations are

[f+ (0)] [V, )
= 0.495 + 0.036 . (28.10)

A very conservative assumption is that ]f+D(0)) ( 1, from which
it follows that )V~, )

) 0.62. Calculations of the form factor either
performed [26,27] directly at qZ = 0, or done [28) at the maximum
value of q = (mD —m~) and interpreted at q = 0 using the
measured q2 dependence, yield f++(0) = 0.7 6 0.1. It follows that

)v„[= I.ol + 0.18 . (28.11)

]V„b/V,b) = 0.08 + 0.02 . (2S.12)

The constraint of unitarity when there are only three generations gives
a much tighter bound (see below).

('5) The ratio [V„b/Vb) esn be obtained from the semileptonic decay
of B mesons produced on the T(4S) bb resonance by measuring the
lepton energy spectrum above the endpoint of the b —+ c/v spectrum.
There the b + uEv decay rate can be obtained by subtracting
the background from nonresonant e+e reactions. This continuum
background is determined from auxiliary measurements off the
7'(4S). Both the CLEO [29) and ARGUS [30) collaborations have
reported evidence for b ~ u transitions in semileptonic 8 decays.
The interpretation of the result in terms of )V„b/Vb) depends fairly
strongly on the theoretical model used to generate the lepton energy
spectrum, especially for b ~ u transitions [27,28,31]. Combining the
experimental and theoretical uncertainties, we quote

/'0. 9728 to 0.9757 0.218 to 0.224 0.002 to 0.005
0.180 to 0.228 0.800 to 0.975 0.032 to 0.048
0 to 0.13 0 to 0.56 0 to 0.9995

)
(28.15)

U»d, V»b + Vcd Vcb + Vgd, Vgb = 0 . (28.16)

The unitarity triangle is just a geometrical presentation of this
equation in the complex plane [38]. We can always choose to orient
the triange so that Vcg V,b is horizontal; in the parametrization we

have chosen, Vd, is real, and Vcg is real to a very good approximation
in any ease. Setting cosines of small angles to unity, Eq. (28.16)
becomes

where we have used unitarity (for the expanded matrix) and Eqs. 28.5,
28.7, 28.8, 28.11, 28.12, and 28.14.

Further information on the angles requires theoretical assumptions.
For example, Bg —Bg mixing, if it originates from short distance

contributions to AMg dominated by box diagrams involving virtual
t quarks, gives information on V~b V&& once hadronic matrix elements
and the t quark mass are known. A similar comment holds 'for Ufb V&*,

and 8, —88 mixing.

Direct and indirect information on the CKM matrix is neatly
summarized in terms of the "unitarity triangle. " The name arises
since unitarity of the 3 x 3 CKM matrix applied to the first and third
columns yields

(6) The magnitude of V,b itself csn be determined if the measured
semileptonic bottom hadron partial width is assumed to be that of a b

quark decaying through the usual V —A interaction:

V„*b+V]d = sg2v, b,

which is shown as the unitarity triangle in Fig. 28.1(a). Rescsling thc
triangle by a factor [I/)sr2 V~b)], the coordinates of the vertices become

I'(5 ~ cf PI) = B(b ~ cf Pg) G2F mbb

Z F(mc/mb) )V b)
2

192m 3 (28 3) A(Re(V„b)/)sr2 Vb), —Im(V„b)/)stan V~b)), B(1,0), C(0, 0), (28.18)

) V~b) = 0 040 + 0 005 (2s.i4)

that is deduced using a B-lifetime of (1.49 + 0.04) ps [37]. The central
value and the error are now comparable to what is obtained from
the inclusive semileptonic decays, but ultimately, with more data,
exclusive semileptonic decays should provide the most accurate value
of ]vb].

The results for three generations of quarks, from Eqs. 28.5, 28.7,
28.8, 28.11, 28.12, and 28.14 plus unitarity, are summarized in the
matrix in Eq. (28.2). The ranges given there sre difFerent from those
given in Eqs. (28.5)—(28.14) (because of the inclusion of unitarity),
but are consistent with the one standard deviation errors on the input
matrix elements.

The data do not preclude there being more than three generations.
Moreover, the entries deduced from unitarity might be altered when

where rb is the b lifetime and F(m, /mb) is a phase space factor that
is approximately one-half. Most of the error on [V,b) derived from

Eq. (28.13) is not from t,he experimental uncertainties, but in the
theoretical uncertainties in choosing a value of mb and in the use of
the quark model to represent inclusively semileptonic decays which,
at least for the 8 meson, are dominated by a few exclusive channels.
Instead we use the nearly model-independent treatment in the heavy
quark effective theory [32], where, in the case of B ~ D" transitions,
the decay rates at zero recoil are fixed by a normalization condition,
with vanishing 1/m& corrections [33]. From data of the ARGUS [34]
and CLEO [35] experiments, we quote s value [36] derived from the
decay of 8 b D*Evg of

In the approximation of the Wolfenstein parametrization [5], with
matrix elements expressed in powers of the Cabibbo angle, A sy2.

V»s-&

V„b A A(p —irt)

U„b- a'A

Vtg A A(1 —p —irt), (28.19)

the coordinates of the vertex A of the unitarity triangle are simply

(p, ti), as shown in Fig. 28.1(b).
CP-violating processes will involve the phase in the CKM matrix,

assuming that the observed CP violation is solely related to a
nonzero value of this phase. This allows additional constraints to
be imposed. More specifically, a necessary and suKcient condition
for CP violation with three generations can be formulated in a
parametrization-independent manner in terms of the non-vanishing
of the determinant of the commutator of the mass matrices for the
charge 2e/3 and charge —e/3 quarks [39]. GP violating amplitudes
or differences of rates all are proportional to the CKM factor in
this quantity. This is the product of factors s~& s J 3 $/3 c]Q i3 23 span

in the parametrization adopted above, and is s $2$3c~c&c3$& in that
of Ref. 1. With the approximation of setting cosines to unity, this is

just twice the area of the unitarity triangle. While hadronic matrix
elements whose values are imprecisely known generally now enter, the
constraints from CP violation in the neutral kaon system are tight
enough to very much restrict the range of angles and the phase of
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2Vcb

(b

C = (0,0) B= (1,0)

Figure 28.1: (a) Representation in the complex plane of the
triangle formed by the CKM matrix elements V„*&, V~g, and
srs Vcs. (b) Rescsled triangle with vertices A(p, ri), B(1,0), and
C(0, 0).

the CKM matrix. For CP-violating asymmetries of neutral B mesons
decaying to CP eigenstates, there is a direct relationship between
the magnitude of the asymmetry in s given decay and sin 2P, where

P = cr, P, p is an appropriate angle of the unitsrity triangle [38].
The combination of all the direct and indirect information can be

used to find the overall constraints on the CKM matrix and thence
the implications for future measurements of CP violation in the
B system [40].
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29. CP VIOLATION

This section prepared April 1994 by L. Wolfenstein.

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 the product CP was a good symmetry. Then CP
violation was observed in K decays at a level given by the parameter
~ = 2.3 x 10 . Larger CP-violation effects are anticipated in B
decays.

The eigenstates of the K —K system can be written

I"~ e "' 1+ lr~ + 1 —r~ cos AMt

p 2p~lm r, sin(AMt)), (29.5)

where the top sign is for B and the bottom for B, rl~ is the CP
eigenvalue and

The most clearcut experiments would be those that measure
asymmetries between B and Bp decays. The time-dependent rate to
a CP eigenstate a is given by

IKs& = plK'& + pl K'&, IKI.&
= plK'& —qlK &

. (29.1) r. = (qa jpa) A. /A. (29.6)

p (1+~)

(1— (29.2)

CP violation can also occur in the decay amplitudes

A(K ~ 7rx(I)) = Are' r, A(K ~ xx(I)) = Ate' ~, (29.8)

If CP invariance held, we would have q = p so that Kg would be CP
even and Kl, CP odd. (We define lKP) as CP lKP)). CP violation
in K —K mixing gives

The quantity (qB/pg) comes from the analogue for B of Eq. (29.1).,
however, for B the eigenstates have a negligible lifetime difference
and are distinguished only by the mass difference bM; also as a
result lqg/pal 1 so that sg is purely imaginary. A~ (Aa) are
the decay amplitudes to o for BP (~B). If only one quark weak
transition contributes to the decay lAs/Asl = 1 so that lral = 1

and the cos(AMt) term vanishes. The basic goal of the B factories
is to observe the asymmetric sin(AMt) term For .B (B ) ~ QK,
from the transition b ~ ccs, one finds in the Standard Model the
asymmetry parameter

where I is the isospin of xx, bl is the final-state phase shift, and Al
would be real if CP invariance held. The ratios of CP-violating to
CP-conserving amplitudes rt+ = A(K& -+ vr+x )/A(K&P ~ +

and rtpp = A(KI ~ xpn'p)/A(K&~ ~ vrpxp) can be written as

—2Im re = sin 2P . (29.7)

I
'happ —6 —26

tt

r/+ = E+f

7r
The asymmetry is given directly in terms of a CKM phase with no
hadronic uncertainty and is expected to be between 0.2 and 0.8. For
BP (~B) -+ x+x from the transition b ~ uud

(29.46)

e = e + i (Im Ap/Re Ap), (29.4b)
—2Im r~ = sin2(P+ p) . (29.8)

lv 2e'l = (Re A2/Re Ap) (Im A2/Re A2 —Im Ap/Re Ap) . (29.4c)

If CP violation is confined to the mass matrix, as in a superweak
theory, s' is zero and ii+ = iipp = e = e. The measurement of s'/s has
as its goal finding an effect that requires CP violation in the decay
amplitude; this corresponds to a relative phase between Ag and Ap as
seen in Eq. (29.4c).

In the Standard Model CP violation arises as a result of a
single phase entering the CKM matrix (q.v.). As a result in what
is now the standard phase convention, two elements have large
phases, V„b e '&, Vgd e '~. Because these elements have small

magnitudes and involve the third generation, CP violation in the
K system is small. A definite nonzero value for e'/e is expected
but hadronic uncertainties allow theoretical values between 10 and
3 x 10 . On the other hand, large effects are expected in the B
system, which is a major motivation for B factories.

(This result has some hadronic uncertainty due to penguin con-
tributions, but these should be able to be estimated from other
observations. ) While either of these asymmetries could be ascribed
to B —B mixing (q~/pg or ett), the difference between the two

asymmetries is evidence for direct CP violation. From Eq. (29.6)
(with A~/A~ = 1) it is seen this corresponds to a phase difference
between A@~ and A„+ . Thus this is analogous to e'. In the
standard phase convention 2P in Eq. (29.7) and (29.8) arises from

B —B mixing whereas the 2p comes from Vb„ in the transition
b —+ uud.

CP violation in the decay amplitude is also revealed by the
cos(AMt) in Eq. (29.5) or by a difference in rates of B+ and
B to charge-conjugate states. These effects, however, require two
contributing amplitudes to the decay (such as a tree amplitude plus
a penguin) and also require final-state interaction phases. Predicted
effects are very uncertain and are generally small.

For further details, see the notes on CP violation in the KL, K&,
and 8 Full Data Listings of this Review.
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30. QUARK MODEL

30.1. Quantum numbers of the quarks

Each quark has spin 1/2 and baryon number 1/3. Table 30.1 gives
the additive quantum numbers (other than baryon number) of the
three generations of quarks. Our convention is that the favor of a
quark (Ie, 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.y. , the strangeness of the K+ is +1, the bottomness of
the B+ is +1, and the charm and strangeness of the D, are each —1.

By convention, each quark is assigned positive parity. Then each
antiquark has negative parity.

(a)
D+

Table 30.1: Additive quantum numbers of the quarks.

Quark
Property

Q —electric charge 1
3

+- —— +- —— +-2 1 2 1 2
3 3 3 3 3

(b)

I~ —isospin z-component 1
2

+-1
2

0 0 0 0

S —strangeness 0 0 0 0 0

C —charm 0 0 0 +1 0 0

8 —bottomness 0 0 0 0

T —topness 0 0 0 0 o +1

30.2. Mesons: qq states

Nearly all known mesons are bound states of a quark q and an
antiquark q' (the flavors of q snd q' may be difFerent). If the orbital
angular momentum of the qq' state is L, then the parity P is (—1)~+1.
A state qq of a quark and its own antiquark is also an eigenstate of
charge conjugation, with C = (—1)~+, where the spin S is 0 or 1.
The L = 0 states are the pseudoscalars, J = 0, and the vectors,
J = 1 . Assignments for many of the known mesons are given in
Table 30.2. States in the "normal" spin-parity series, P = (—1)
must, according to the above, have S = 1 and hence CP = +1. Thus
mesons with normal spin-parity and CP = —1 are forbidden in the
qq' model. The J = 0 state is forbidden as well. Mesons with
such J may exist, but would lie outside the qq' model.

The nine possible qq' combinations containing u, d, and 8 quarks
group themselves into an octet and a singlet:

Figure 30.1: SU(4) 16-plets for the (s) pseudoscslsr snd
(b) vector mesons made of u, d, s, snd c qusrks. The nonets of
light mesons occupy the central planes, to which the cc states
have been added. The neutral mesons at the centers of these
planes are mixtures of uU, dd, ss, and cc states.

g = g8 cos Hp —g1 sin Hp

q' = g8 sin8p+ g1 cosHp .

(30.3a)

(30.3b)

These combinations diagonalize the mass-squared matrix

(3o.4)

Neglecting this, the physical states g and g' are given in terms of a
mixing angle Hp by

3@3=8@1 (3o.l)
2 1

where Msss ———(4m'~ —m2s). It follows that
States with the same IJ and additive quantum numbers can mix.
(If they are eigenstates of charge conjugation, they must also have
the same value of C.) Thus the I = 0 member of the ground-state
pseudoscalar octet mixes with the corresponding pseudoscalar singlet
to produce the g and g'. These appear as members of a nonet, which is
shown as the middle plane in Fig. 30.1(a). Similarly, the ground-state
vector nonet appears as the middle plane in Fig. 30.1(b).

A fourth quark such as charm can be included in this scheme by
extending the symmetry to SU(4), ss shown in Fig. 30.1. Bottom
extends the symmetry to SU(5): to draw the multiplets would require
four dimensions.

For the pseudoscalar mesons, the Gell-Mann-Okubo formula is

M88
2 2

tan Hp =
m, —M887l

(30.5)

The sign of Hp is meaningful in the quark model. If

rlr = (su+ dd + ss)/v 3

ris = («+ dd —2ss)/v6,

(30.6a)

(30.6b)

then the matrix element M18, which is due mostly to the strange
quark mass, is negative. From the relation

ms ———(4m'. —m ),3 (30.2)
2 2

M88 —mq
tanHp = (30.7)

assuming no octet-singlet mixing. However, the octet gs and singlet
gy mix because of SU(3) breaking. In general, the mixing angle is
mass dependent and becomes complex for resonances of flnite width.

we find that Hp ( 0. However, caution is suggested in the use of the
rl-g' mixing-angle formulas, ss they are extremely sensitive to SU(3)
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Table 30.2: Suggested qq quark-model assignments for most of the known mesons. Some assignments, especially for the P++ 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 f r(1420), fp(1590), fg(1710), f2(2300), f2(2340), and the two peaks in the ri(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 rl(1440) peaks. See the
"Note on Non-qq Mesons" at the end of the Meson Listings.

~ 2S+lL, JPC
tl,d) tlt1.1 dG

I =1
'VtL, dG, S8 S8, 82

I = 0 i I = 1/2

CtI,, C8

I = 1/2

bu, bd

I = 1/2

1 'Sp p +

1 3Sl J/tb(1S) 'X(lS) K*(892) D'(2010) D;(2110) H*(5330)

1 Pl

1 3Po Q++

bt(1235) ht(1170), ht(1380) h, (1P)

ap(980) fp(1300), fp(980) X~p(lP) Xbp(lP) Kp(1430)

Dt(2420) D y(2536)

1 3Pl 1++ aq (1260) ft (1285), fq (1510) X,t (1P) Xbi (1P)

1 3P2 2 G2(1320) f2(1270), f2(1525) X,2(lP) Xb2(11 ) K2(1430) D2(2460)

1 'D2

1 3Dl

1 3D2

1 3D3

1 3F4

2'S, p
—+

rr2(1670)

p(1TOO) w(1600)

ps(1690) us(1670), pea(1850)

a4 (2040) f4 (2050), f4 (2220)

w(1300) rl(1295)

@(3770)

rf, (2S)

Ks (1770)

K*(1680)t

Ks (1820)

Ks(1780)

K4(2045)

K(1460)

3$ p(1450) u(1420), $(1680) t/r(2S) 1'(2S) K'(1410)t

2 3P2

Q + x(1770)

f2(1810), fm(2010)

11(1?60)

Xbm (2P) K2 (1980)

K(1830)

t The Kr~ and K~g are nearly equal (45') mixes of the Kr (12?0) and Kt(1400).

tThe K"(1410) could be replaced by the K*(1680) as the 2 sSr state.

tan bjp = 0.0319(1+176)

Hy = —10.1'(1+8.56)

(30.8)

(30.9)

breaking. If we allow Ms2s ———(4m2& —m~) (1 + 6), the mixing angle88
is determined by

Table 30.3: Singlet-octet mixing angles for several nonets,
neglecting possible mass dependence and imaginary parts. The
sign conventions are given in the text. The values of Hquad are
obtained from the equations in the text, while those for Hh„
are obtained by replacing m2 by m throughout. Of the two
isosinglets in a nonet, the mostly octet one is listed first.

,I + Nonet members

Q
—+ I

m, K, g, g

p, K'(892), P, ~
a2(1320), K2(1430), f2(1525), f2(1270)

ps(1690), Ks(1780), Qs(1850), ~s(1670)

1

2++
(30.10)

3
P = ~8cos8~ —(dl sin8~

~ = ~8 sin 8~ + ul cos HV . (30.11)

to first order in A. A small breaking of the Gell-Mann-Okubo relation
can produce a major modification of Hp.

For the vector mesons, m ~ p, K —+ K*, g ~ P, and q' ~ ~, so
that 390

—23'

28'

For "ideal" mixing, p = ss, so tan8~ = I/~2 and gt = 35.3O.

Experimentally, 8y is near 35, the sign being determined by a
formula like that for tanHP. Following this procedure we find the
mixing angles given in Table 3P.3.
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In the quark model, the coupling of neutral mesons to two photons
is proportional to P; q2, where q; is the charge of the i-th quark.
This provides an alternative characterization of mixing. For example,
defining

Amp [P ~ v(ky) 7(kz)] = M&"" &r& kl„&z kzp, (30.12) g++
C

where e;p is the A component of the polarization vector of the i "
photon, one finds

= —(cos 8p —2v 2 sin Hp)
M(ri ~ pg) 1

Mxo~pp 3

1.73 6 0.18
(30.13a)

p 0

M(ri' ~ pp) = 2/2/3 cosflp+
sin Hp

7~ 2 2

= 2/2/3 (0.78+ 0.04), (30.13b)

where the numbers with errors are experimental. These data favor

Hp —20, which is compatible with the quadratic mass mixing
formula with about 12% SU(3) breaking in Mss.

30.3. Baryons: qqq states
All the established bsryons are apparently 3-quark (qqq) states, and

each such state is an SU(3) color singlet, a completely antisymmetric
state of the three possible colors. Since the quarks are fermions,
the state function for any baryon must be antisymmetric under
interchange of any two equal-mass quarks (up and down qusrks in the
limit of isospin symmetry). Thus the state function may be written as

~ qqq)~ = [color)~ x [space, spin, flavor )g (30.14)

where the subscripts S and A indicate symmetry or antisymmetry
under interchange of any two of the equal-mass quarks. Note the
contrast with the state function for the three nucleons in H or He:

Figure 30.2: SU(4) multiplets of baryons made of u, d, s, and
c quarks. (a) The 20-piet with an SU(3) octet (b) Th.e 20-piet
with an SU(3) decuplet.

[NNN)g = [space, spin, isospin)g . (30.15)

This difference has major implications for internal structure, magnetic
moments, etc (For a nice d. iscussion, see Ref. 1.)

The "ordinary" baryons are made up of u, d, and s quarks. The
three flavors imply an approximate flavo SU(3), which requires that
baryons made of these quarks belong to the multiplets on the right
side of 68636 = 56' 870M 870M 6 20' . (30.17)

the "Note on Charmed Baryons" in the Baryon Full Listings. The
addition of a b quark extends the flavor symmetry to SU(5); it would
require four dimensions to draw the multiplets.

For the "ordinary" baryons, flavor and spin may be combined in an
approximate flavor-spin SU(6) in which the six basic states are d t',

d $, , s J, (t', $ = spin up, down). Then the baryons belong to the
multiplets on the right side of

3 (3 3(3 3 = 10' SSM 88M 81g (30.16) These SU(6) multiplets decompose into flavor SU(3) multiplets as
follows:

(see Sec. 22, on "SU(n) Multiplets and Young Diagrams"). Here the
subscripts indicate symmetric, mixed-symmetry, or antisymmetric
states under interchange of any two quarks. The 1 is a ud8 state
(Ay) and the octet contains a similar state (As). If these have the
same spin and parity they can mix. An example is the mainly octet
Dos A(1690) and mainly singlet Dos A(1520). In the ground state
multiplet, the SU(3) flavor singlet A is forbidden by Fermi statistics.
The mixing formalism is the same ss for q-r/ or +sr (see above),
except that for baryons the mass M instead of M2 is used. Section 21,
on "SU(3) Isoscalar Factors and Representation Matrices", shows how
relative decay rates in, say, 10 —+ 8 8 decays may be calculated. A
summary of results of fits to the observed baryon masses and decay
rates for the best-known SU(3) multiplets is given in Appendix II of
our 1982 edition [2].

The addition of the c quark to the light quarks extends the flavor
symmetry to SU(4). Figures 30.2(a) and 30.2(b) show the (badly
broken) SU(4) baryon multiplets that have as their "ground floors"
the SU(3) octet that contains the nucleons and the SU(3) decuplet
that contains the B(1232). All the particles in a given SU(4) multiplet
have the same spin and parity. The only charmed baryons that have
been discovered each contain one charmed quark. These belong to
the first floor of the multiplet shown in Fig. 30.2(a); for details, see

56 = 1088
70='10488'88 1

20= 8 1,

(30.18a)

(30.18b)

(30.18c)

where the superscript (28+ 1) gives the net spin S of the qusrks
for each particle in the SU(3) multiplet. The Jp = 1/2+ octet
containing the nucleon and the JP = 3/2+ decuplet containing the
6(1232) together make up the "ground-state" 56-piet in which the
orbital angular moments between the quark pairs are zero (so that
the spatial part of the state function is trivially symmetric). The
70 and 20 require some excitation of the spatial part of the state
function in order to make the overall state function symmetric. States
with nonzero orbital angular moments are classified in SU(6)qbO(3)
supermultiplets. Physical baryons with the same quantum numbers
do not belong to s single supermultiplet, since SU(6) is broken
by spin-dependent interactions, differences in quark masses, etc.
Nevertheless, the SU(6)gO(3) basis provides s suitable framework for
describing baryon state functions.

It is useful to classify the baryons into bands that have the same
number N of quanta of excitation. Each band consists of a number of
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supermultiplets, specified by (D, L&), 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: (56,0& ), (70,0& ),
(56,2z ), (70,2z+), snd (20,1z+). Bsryons belonging to the (20,1&+)

supermultiplet are not ever likely to be observed, since a coupling from
the ground-state baryons requires a two-quark excitation. Selection
rules are similarly responsible for the fact that many other baryon
resonances have not been observed [4].

In Table 30.4, quark-model assignments are given for many of the
established baryons whose SU(6)cgiO(3) compositions are relatively
unmixed. We note that the unestablished resonances Z(1480),
Z(1560), Z(1580), Z(1770), snd =(1620) in our Baryon Full Listings
are too low in mass to be accommodated in most quark models ]4,5].

Table 30.4: Quark-model assignments for many of the known

baryons in terms of a fiavor-spin SU(6) basis. Only the dominant
representation is listed, Assignments for some states, especially
for the A(1810), A(2350), :-(1820), and:-(2030), are merely
educated guesses.

i) A confining interaction, which is generally spin-independent.

ii) A spin-dependent, interaction, modeled after the efFects of gluon
exchange in QCD. For example, in the S-wave states, there is a
spin-spin hyperfine interaction of the form

HHF = rr—gM Q( a Aa)~( a &a)~ (30.19)

where M is a constant with units of energy, Aa (a = 1, , 8, )
is the set of SU(3) unitary spin matrices, defined in Sec. 21,
on "SU(3) Isoscalar Factors and Representation Matrices, " snd
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) mult, iplets.

iv) In the case of isoscalar mesons, an interaction for mixing qq
configurations of ditferent flavors (e.g. , uu ~ dd ~ ss), in a
manner which is generally chosen to be flavor independent.

30.4. Dynamics

Many specific quark models exist, but most contain the same basic
set of dynamical ingredients. These include:

J (D, LN) 8 Octet members Singlets
These four ingredients provide the basic mechanisms that determine
the hadron spectrum.

1/2+ (56,0t+) ) 1/2 N(939)
1/2+ (56,0z+) 1/2 N(1440)

1/2 (70,1i ) 1/2 N(1535)
3/2 (70,1i ) 1/2 N(1520)

1/2 (70,11 ) 3/2 N(1650)
3/2 (70,1i ) 3/2 N(1700)

5/2 (70,1i ) 3/2 N(1675)
1/2+ (70,0z+) 1/2 N(1710)
3/2+ (5612z+) 1/2 N (1720)
5/2+ (56,2z+) 1/2 N(1680)

7/2 (70,33 ) 1/2 N(2190)

9/2 (70,3s ) 3/2 N(2250)
9/2+ (56,44 ) 1/2 N(2220)

A(1116)

A(1600)

A(1670)

A(1690)

A(1800)

A(?)

A(1830)

A(1810)

A(1890)

A(1820)

A(?)

A(?)

A(2350)

Z(1193)
Z(1660)
Z(1620)
Z(1670)
Z(1750)

Z(')
Z(1775)
Z(1880)

Z(')
Z(1915)
Z(')
Z(')
Z(')

A(2100)

:-(1318)
:-(')
:-(?) A(1405)

:"(1820) A(1520)

:-(')
:-(')
=-(')
:-(') A(')
=-(')
:-(2030)
:-(')
:-(')
:-(')
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K.-T. Chao, N. Isgur, and G. Karl, Phys. Rev. D23, 155 (1981).

5. C.P. Forsyth and R.E. Cutkosky, Z. Phys. C18, 219 (1983).
6. A.J.G. Hey and R.L. Kelly, Phys. Reports 96, 71 (1983). Also

see S. Gasiorowicz and J.L. Rosner, Am. J. Phys. 49, 954 (1981).
7. N. Isgur, Int. J. Mod. Phys. El, 465 (1992);

G. Karl, Int. J. Mod. Phys. El, 491 (1992).

Decuplet members

3/2+ (56,0i+i)

(70,1, )

3/2 (70,1i )

5/2+ (56,2z+ )
7/2+ (56,2z+)

11/2+ (56,44+)

3/2 &(1232) Z(1385):"(1530)O(1672)

1/2 A(1620) Z(?) =(?) 0(?)
1/2 d(1700) Z('?):-(?) 0(?)
3/2 d(1905) Z(?):-('?) O(?)
3/2 d(1950) Z(2030):-(?) O(?)
3/2 &(2420) Z('):-(') O(')

The quark model for baryons is extensively reviewed in Ref. 6
and 7.
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31.NAMING SCHEME FOR HADRONS
Table 31.1: Symbols for mesons with the strangeness and all

heavy-flavor quantum numbers equal to zero.

JPC

qq content S+ 1LJ

ud, uu —dd, du (I = 1)

dd+uu I = o
and/or ss
CC

bb

1+—
3+—

0—+ 0++
2 + 2-- 1++

(L even) 1 (L odd)g (L even)g (L odd)g

7r b P a

hc

hb

ht

~C

Xb

~t

tThe J/tb remains the J/Q.

31.1. Introduction

We introduced in the 1986 edition [1] a new naming scheme for the
hadrons. Changes from older terminology afFected mainly the heavier
mesons made of the light (u, d, and s) qusrks. 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 mesons (we do, however, now use Xo for the cc X

states), nor did any of the established baryons. The Summary Tables
give both the new and old names whenever a change has occurred.

We follow custom snd use spectroscopic names such as T(1S) as the
primary name for most of those 1b, T, and X states whose spectroscopic
identity is known. We use the form T(9460) as an alternate, and ss
the primary name when the spectroscopic identity is not known.

angular-momentum state + LJ of the qq system being
(L even) J, (L odd)g, (L even)g, or (L odd)g. Here S, L,

and J are the spin, orbital, and total angular momenta of the qq sys-
tem. The relations between the quantum numbers are P = (—1)~+r,
C = (—1) +, and G parity = (-1)~+S+I, where of course the C
quantum number is only relevant to neutral mesons.

The entries in the Table give the particle symbols. The meson spin
J is added as a subscript except for pseudoscalar and vector mesons,
and the mass is added in parentheses for any meson that decays
strongly. However, for the lightest meson resonances, we sometimes
omit the mass, ss in p for p(770), P for P(1020), etc

Measurements of the mass, quark content (where relevant), and
quantum numbers I, J, P, snd C (or G) of a meson thus flx its
symbol. Conversely, these properties may be inferred unambiguously
from the symbol.

If the main symbol cannot be assigned because the quantum
numbers are unknown, X is used. Sometimes it is not known whether
a meson is mainly the isospin-0 mix of uU and dd or is mainly ss.
A prime (or symbol P) may be used to distinguish two such mixing
states.

31.2. "Neutral-Ravor" rnesons (S=C =B=T=0)
Table 31.1 shows the naming scheme for mesons having the

strangeness and all heavy-flavor quantum numbers equal to zero.
The scheme is designed for all rnesons, whether ordinary or exotic.
(This isn't quite true. We haven't proposed names for mesons whose
charge Q, strangeness S, or other additive quantum numbers can't be
matched by a qq state. For example, we have no name for a meson
with Q = 2, or for one with Q = —1 and S = +1.)

First, we assign names to those states with quantum num-

bers compatible with being qq states, The rows of the Ta-
ble give the possible qq content. The columns give the pos-
sible parity/charge-conjugation states, PC =
and ++; these combinations correspond one-to-one with the

Old name

H (1190)
B(1235)
Ar (1270)

f(1270)

New name

hr(1170)
br(1235)

ar(1260)

f, (1270)

Old name New name

Aq(1320) aq(1320)
f'(1525) f2(1525)
ur(1670) (us(1670)

Established mesons whose names changed

Old name New name

S(975) fp(980)

6(980) ap(980)

D(1285) fy(1285)

e(1200) fp(1300)
E(1420) fr(1420)
~(1440) rt(1440)

D(1530) fr (1510)
As(1680) x2(1670)

completely are:

Old name New name

g(1690) ps(1690)
g(1690) fg(1710)
X(1850) $3(1850)

g7 (2010) f2(2010)
h(2030) f4(2050)

gT(2300) f2(2300)

g7 (2340) fg(2340)

The old S(975), D(1285), e(1200), E(1420), D(1530), g(1690),
gT(2010), h(2030), g&(2300), and g&(2340) all became f mesons; the
new scheme revealed that they are all PC = ++, s(L odd)g states.

31.$. Mesons with nonzero S, C, B, and/or T
Since the strangeness or a heavy flavor of these mesons is nonzero,

none of them are eigenstates of charge conjugation, and in each of
them one of the quarks is heavier than the other. The rules are:

1. The main symbol is an upper-case italic letter indicating the
heavier quark as follows:

s~K c~D b~B t~T.
We use the convention that the flavor and the charge of a quark
have the same sign. Thus the strangeness of the s quark is
negative, the charm of the c quark is positive, and the bottom
of the b quark is negative. In addition, I3 of the u and d
quarks are positive and negative, respectively. The efFect 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 strangeness, charm, and bottom, respectively, and all
have positive I3. The D~+ has positive charm and strangeness.
Furthermore, the b.(flavor) = b,Q rule, best known for the kaons,
applies to every flavor.

2. If the lighter quark is not a u or a d quark, its identity is given
by a subscript. The D8+ is an example.

3. If the spin-parity is in the "normal" series, JP = 0+, 1,2+,
a superscript "*"is added.

4. The spin is added as a subscript unless the meson is a pseudoscalar
or a vector particle.

Names are assigned for tt mesons, even though the top quark is
evidently so heavy that it is expected to decay too rapidly for bound
states to form.

Gluonium states or other mesons that are not qq states are, if
the quantum numbers are not exotic, to be named just as are the

qq mesons. Such states will probably be difBcult to distinguish from

qq states and will likely mix with them, and we make no attempt to
distinguish those "mostly gluonium" from those "mostly qq.

"

An "exotic" meson with JP+ quantum numbers that a qq
system cannot have, namely J = 0,0+, 1 +,2+, 3
would use the same symbol as does an ordinary meson with all
the same quantum numbers as the exotic meson except for the C
parity. Then a caret or "hat" is added; for example, an isospin-1
0 meson would be a f, an isospin-0 1 + meson would be an Q.

The results of all this are as follows. Established mesons whose
names changed slightly in 1986 are:
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Thus the pseudoscalar and vector K, K*, D, D*, and B mesons
did not change names. Established mesons whose names did change
were:

Old name

Qt (1280)

Q2 (1400)

K(1350)

K"(1430)

New name

Kr (1270)

Kt (1400)

Ko (1430)

K2 (1430)

Old name

L(1?70)
K*(1780)
K*(2060)

F

New name

K2(1770)

Ks (1780)

K4 (2045)

D,

Most notably, the F (the cs state) became the D,

31.4. Baryons
The symbols N, 8, A, Z, :-, and 0 used for 30 years for the

baryons made of light quarks (u, d, and s quarks) tell the isospin and
quark content, and the same information is conveyed by the symbols
now used for the baryons containing one or more heavy quarks (c, b,

and t quarks). The rules are:

1. Baryons with three u and/or d quarks are N's (isospin 1/2) or
8's (isospin 3/2).

2. Baryons with two u and/or d quarks are A's (isospin 0) or Z's
(isospin 1). If the third quark is a c, 5, or t quark, its identity is

given by a subscript.

3. Baryons with one u or d quark are ='s (isospin 1/2). One or two
subscripts are used if one or both of the remaining quarks are
heavy: thus g1 441 b1 etc,

4. Baryons with no u or d quarks are 0's (isospin 0), and subscripts
indicate any heavy-quark content.

In short, the number of u plus d quarks together with the isospin
determine the main symbol, and subscripts indicate any content of
heavy quarks. A Z always has isospin 1, an 0 always has isospin 0,
etc.

Reference:
1. Particle Data Group: M. Aguilar-Benitez et al. , Phys. Lett. 170B

(1986).
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32. MONTE CARLO PARTICLE NUMBERING SCHEME
Written April 1988 by G.R. Lynch and T.G. Trippe.

Most particle physics Monte Carlo and analysis systems use a
numbering scheme to represent particles. The lack of standardization
of such schemes inhibits interfacing different programs. The following
table proposes a standard numbering scheme. Some of the properties
of this scheme are:

1. Quarks and leptons are ordered by family, and within the family,

by isospin. This puts the u and d in the opposite order than is
often used in other numbering schemes. In our scheme we call the
highest numbered quark the heaviest quark.

2. For multiple quark systems (mesons, baryons, and diquarks),
the rightmost digit is generally L = 2J+ 1. (The Kgo and KIP

are exceptions. ) Particles with J ) 4 have not been assigned
numbers.

3. Mesons are represented by the form NML and baryons by
NMKL, where N, M, and K are quark numbers.

4. For these systems the heaviest quark is usually on the left
and the quarks are in decreasing mass order from left to right.
One exception to this convention is the Kl-Ks pair. A second
exception is for the A's for which we invert the up and down
quarks to distinguish the A from the Z .

5 ~ The other exception to this mass order rule is for some N's and
/3's. For N's, the u and d quark are reversed for spine 3/2 and
7/2. For 8's, they are reversed for spine 1/2 and 5/2. The quarks
are in the normal decreasing order when I + J is odd.

6. Mesons, and only mesons, have the third digit nonzero and the
fourth digit zero. (We designate the rightmost digit as the 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.

11. 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 the 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. The fifth digit is used to differentiate different particles with the
same quark content and spin.

14. Although isospin is not manifest in this scheme, the 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 does
not have the normal decreasing quark order, it has I = 0.

More details about the motivation behind, and properties of,
this scheme can be found in Ref. 1. Although this scheme has the
advantage that a particle's number has considerable physics content,
it has the disadvantage that it is not compact. An algorithm that
translates this scheme into a more compact scheme is needed for its
implementation. Contact the Berkeley Particle Data Group for further
information on such an algorithm.

A list of particle numbers follows.

Reference:
1. T.G. Trippe and G.R. Lynch, "Particle I.D. Numbers, Decay

Tables, and Other Possible Contributions of the Particle Data
Group to Monte Carlo Standards, " LBL-24287, in Proceedings of
the Workshop on Detector Simulation for the SSC (August 1987).

QUARK S

'y

W
Z

ao
1

0o
2

H~
3

0+

LEPTONS
Vp 12

14

16

11
13
15

GAUGE AND
HIGGS BOSONS

22

24
23
21 and 9
25

35

36

37

DIQUARKS

(dd)r

(ud)p

(ud)r

(uu) r

(sd)p

(sd) g

(sn)p

(su)&

1103

2101

2103

2203

3101

3103

3201

3203

MESONS
r+

p(770)

4) (782)

1/'(958)

fp(980)

ap(980)

$(1020)

hr(1170)

br(1235)

ar(1260)

f2(1270)

fr (1285)

1/(1295)

fp(1300)

211
111
221

113, 213

223

331

10221

10111,10211

333

10223

10113, 10213

20113, 20213

225

20223

20221

30221

11(1300)

az(1320)

fr(1420)

4/(1420)

1/(1440)

p(1450)

fr(1510)

fs(1525)

fp(1590)

4/(1600)

4/s(1670)

/rz(1670)

si(1680)

ps(1690)

p(1700)

fg(1710)

Qs(1850)

fz(2010)

f4(2050)

fz(2300)

f2(2340)
K+
K'
Ks
Koi

20111, 20211

115, 215

30223

50223

40221

40113, 40213

40223

335

50221

60223

227

10115, 10215

10333

117, 217

30113, 30213

30113, 30213

337

20225

229

30225

40225

321
311
310

130

MESONS (Cont'd)
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MESONS (Cont'd) BARYONS (Cont'd)

K'(892)
Ky(1270)

Ky(1400)

K'(1410)
Kp(1430)

K2(1430)
K*(1680)

K2(1770)

K3(1780)

K2(1820)

K4 (2045)
0+
Do
D'(2007)P

D*(2010)+

Dy(2420)

D2(2460)

D~+
8

Day(2536)+
B+
Bo

Bo

Ti, (1S)
J/g(1S)
x,p(1P)
x y(1P)
x,2(1P)
0(2S)
g(3770)

@(4040)

Tit (4160)

@(4415)

r (1s)
xbp(1P)

Xbg(1P)

Xb2(1P)

r(2s)
xbp(2P)

XbT (2P)
Xb2(2P)

r(3s)
r(4s)
r(10860)
r(11020)

8ARYONS

p Pl 1

n Pl 1

N(1440) Pyy

N (1520) Dyg

N(1535) Si T

425, 415

433

10433

521
511
513,
531

441

443

10441

10443

445

20443

30443

40443

50443

60443

553

551

10553

555

20553

10551

70553

10555

30553

40553

50553

60553

523

2212

2112

12112, 12212

1214, 2124

22112, 22212

313, 323

10313, 10323

20313, 20323

30313, 30323

10311, 10321

315, 325

40313, 40323

10315, 10325

317, 327

20315, 20325

319, 329

411
421
423

413

10423

N (1650)

N(1675)
N (1680)

K(1700)
X(1?10)
W(1?20)

iV (2190)

d(1232)

d(1600)

c1(1620)

3(1700)

8(1900)
d(1905)
8(1910)
ll(1920)

d(1930)
3(1950)

A(1405)

A(1520)

A(1600)

A(1670)

A(1690)

A(1800)

A(1810)

A(1820)

A (1830)

A(1890)

A(2100)

A(2110)
g+
go

Z

Z(1385)

Z(1660)

Z(1670)

Z(1750)

Z(1775)

Z(1915)
Z (1940)

Z(2030)
~p

=-(1530)

= (1820)

Z, (2455)

o',

b

~11

D15

F15

Pl 1

~17

P33

P33

~31

D33

~31

F35

Pal

P33

D35

Pol

~01

~os

Pol

~01

Do3

~01

P01

F05

Dos

Po3

t"07

Fo5

Pl 1

P13

P11

Dla

015
~15

D13

P13

D13

3221232112

2116,

12116,

21214,

42112,

31214,

1218,

11.14,

31114,

1112,

11114,

11112,

1116,

21112,

21114,

11116,

1118,
3122

13122

3124

23122

33122

13124

43122

53122

3126

13126

23124

3128

23126

3222

3212

3112

3114,

13112,

13114,

23112,

3116,

13116,

23114,

3118,
3322

3312

3314,

13314,

3334
4122

2216

12216

22124

42212

2114,

32114,

1212

12114,

11212,

1216,

21212,

22114,

11216,

2118,

3214,

13212,

132l4,

23212,

3216,

13216,

23214,

3218,

3324

13324

2214, 2224

32214, 32224

2122, 2222

12214, 12224

12122, 12222

2126, 2226

22122, 22222

22214, 22224

12126, 12226

2218, 2228

3224

13222

13224

23222

3226

13226

23224

3228

4112, 4212, 4222

4322

4312

4332

5122
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33.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 32.1: The proton structure function F2 measured in
electromagnetic scattering of 26.7 GeV electrons on 820 GeV
protons by the HERA experiments, versus 2;, for fixed bins of Q .
The closed symbols show Hl and the open symbols ZEUS data
obtained with luminosities of 22.5 nb and 24.7 nb, respectively.
A QCD prescription for R = or, /oT wes used to extract the structure
function from the measured cross sections. The inner error bars are
statistical, the outer error bars are statistical and systematic errors
combined in quadrature. An overall normalization error of —8'Fo

is not shown in the figure. References: H1—I. Abt et aL, Nucl.
Phys. B407, 515 (1993) snd G. Bernardi, Proceedings International
Enrophysics Conference on High Energy Physics, (Marseille 1993),
ed. by J. Carr and M. Perrottet; ZEUS—M. Derrick et al. , Phys.
Lett. B316, 412 (1993). (Courtesy of M. Virchaux and R. Voss,
1994.)

Figure 32.2: The nucleon structure function Fg measured in
deep inelastic scattering of electrons (SLAG), muons (BCDMS,
NMC), snd neutrinos (CCFR) on deuterium (BCDMS, NMC,
SLAC), carbon (BCDMS C), snd iron (CCFR Fe) targets. The
data are shown versus Q2, for fixed bins of z, and have been
scaled by the factors shown in parentheses for convenience in
plotting. The error bars show statistical and systematic errors
combined in quadrature. The heavy target data were corrected for
nuclear effects and the neutrino data for electromagnetic quark
charges and the excess of the strange quark sea. The overall
normalization of the BCDMS, CCFR, and NMC data has been
adjusted by typically 1%. The solid line represents a perturbative
/CD fit which includes a parameterization of higher twist efFects
(M. Virchaux and A. Milsztajn, Phys. Lett. B274, 221 (1992)).
References: BCDMS—A.C. Benvenuti et al. , Phys. Lett. 8237,
592 (1990); BCDMS C—A.C. Benvenuti et al , Phys. Let.t.
B195, 91 (1987); CCFR—S.R. Mishra et al. , NEVIS-1465 (1992);
NMC —P. Amaudruz et aL, Phys. Lett. B295, 159 (1992);
SLAC—L.W. Whitlow et al. , Phys. Lett. B282, 475 (1992).
(Courtesy of M. Virchaux and R. Voss, 1994.)
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Structure Functions
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Figure 32.3: The deuteron structure function F& measured in electromagnetic scattering of electrons,d (SLAC) and muons (BCDMS, NMC) on
deuterium targets, versus Q, or xe ins o 2:. e a a vQ~, f fi d b' f Th d ta have been scaled by the factors shown in parentheses for convenience in plotting. The
error ars s ow s a is ica an sysb h t t' t' l d tematic errors combined in quadrature. A phenomenological parameterization of R = ai, o'T . . i ow

et aL, Phys. Lett. 8250, 193 (1990)) was used in the analysis of the SLAG snd the NMC data and a /CD prescrip ion or in
the BCDMS data. Where necessary, t e anth SLAC and BCDMS data were interpolated to the z bins of the NMC data; SLAC and BCDMS data at
z ) 0.5 are not s own in is gure.h

' th' fi . The solid lines represent a /CD inspired phenomenological fit. Re erences: —. . envenu i

et aL Ph s. Lett. 8237, 592 (1990);NMC —P. Amaudruz et aL, Phys. Lett. 8295, 159 (1992); SLAG—L.W. Whitlow e a., ys. e
475 1992 . Similar data sre available for the proton structure function F& (NMC and SLAC—s
et aL, Phys. Lett.

~ p —same references; BCDMS—A.C. Benvenuti
et al. , Phys. Lett. 8223, 485 (1989)). (Courtesy of M. Virchaux and R. Voss, 1994.)
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Figure 32.4: The spin-dependent structure function gy measured
in deep inelastic scattering of polarised electrons (b) and muons

(a,c) on polarised protons (a, EMC and SMC), neutrons (b, E142),
and deuterons (c, SMC). For the muon data, only statistical errors
are are shown with the data points and the size of the systematic
errors is indicated by the shaded bands. For the electron data,
statistical and systematic errors are combined in quadrature. The
data are shown versus x; for each of the four experiments, the Q2
of the data increases with increasing g. The average Q2 is also
different for each of the four experiments; all data in this plot are
at 1 QeV & Q & 60 GeV . References: E142—P.L. Anthony
et aL, Phys. Rev. Lett. 71, 959 (1993); EMC—J. Ashman et aL,
Nucl. Phys. B328, 1 (1989); SMC—B. Adeva et aL, Phys. Lett.
B302, 533 (1993); D. Adams et aL, CERN-PPE/94-57. (Courtesy

0 8 of M. Virchaux and R. Voss, 1994.)
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Jet Production in pp and pp Interactions Direct p Production in pp Interactions
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Figure 32.5: Differential cross sections for observation of a single
jet of pseudorapidity g = 0 as a function of the jet transverse
momentum. CDF—F. Abe et al. , Phys. Rev. Lett. 70, 1376 (1993);
UAl —G. Arnison et aL, Phys. Lett. B172, 461 (1986); UA2 —J.
Alitti et al. , Phys. Lett. B257, 232 (1991); R807—T. Akesson
et al. , Phys. Lett. B123, 133 (1983). (Courtesy of S. Geer, FNAL,
1994.)

Figure 32.6: Differential cross sections for observation of a
single photon of pseudorapidity g = 0 as a function of the photon
transverse momentum UA1—C. Albajar et al. , Phys. Lett. B209,
385 (1988); UA2 —J. Alitti et aL, Phys. Lett. B288, 386 (1992);
CDF—Fermilsb-CONF-94/148-E. (Courtesy of S. Geer, FNAL,
1994.)
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Figure 32.'F: Charge particle pseudorapidity distributions in

pp collisions for 53 GeV & +s & 900 GeV. The number per
pseudorapidity interval is about 10% higher if the rate is normalized
excluding singly diffractive events rather than to the total inelastic
rate. Spp& data are from G.J. Alner et al. , Z. Phys. C33, 1 (1986),
and ISR data are from K. Alpgard et al. , Phys. Lett. 112B,
193 (1982). CDF nonsingle-ditfrsctive results at vs = 630 and
1800 GeV are given in F. Abe et al. , Phys. Rev. D41, 2330 (1990).
(Courtesy of D.R. Ward, Cambridge Univ. , 1991.)
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Average Hadron Multiplicities in e e Annihilation Events

Particle ~s 10 GeV

Pseudoscalar mesons:
~+ 6.6 + 0.2

3.2 + 0.3
z+ 0.90 + 0.04
ZO 0.91 + 0.05

0.20 + 0.04

rli(958) 0.03 + 0.01
D+ 0.16 + 0.03
DO 0.37 + 0.06

B,BO

Scalar mesons:
fo(980) 0.024 + 0.006

Vector mesons:
p(770) o 0.35 + 0.04

K (892)+ 0.27 6 0.03

K'(892) 0.29 + 0.03

P(1020) 0.044 + 0 006

D'(2010)+ 0.22 + 0.04

l7'(2007)o 0.23 + 0.06

ur(782) 0.30 6 0.08

J/$(1S)
Pseudovector mesons:

Xey(1P)

~e = 29-35 GeV ~s = 91 GeV

10.3
5.6
1.48

1.48

0.61
0.26

0.17

0.45

+ 0.4
+ 0.3
6 0.09
+ 0.07

+ 0.07

+ 0.10

+ 0.03

+ 0.07

17.1 6 0.4
9.9 + 0.08~')

2.42 + 0.13
2.12 + 0.06

0.73 ~ 0.07~ )

Q.17 + 0.05~ )

0.20 + 0.03

0.40 + 0.06

0.34 + 0.06~')

0.11 + 0.04 0.14 + 0.06~ )

0.81 + 0.08

0.64 + 0.05

0.56 + 0.06

0.085 + 0.011
0.43 + 0.07

0.27 + 0.11

1.4 + 0.1(c)

0.78 6 0.08

0.77 6 0.09

0.086 + 0.018

0.17 + 0.02

0.0036 + 0.0006

0.008 + 0.003

Table 33.1: Average hadron multiplicity per e+e
annihilation event at ~s 10, 2g—35, snd 91 GeV.
The rates given include decay products from resonances
with c7 ( 10 cm, and include charge conjugated states.
(Updated April 1994 by S. Bethke and O. Biebel. )

References:
RPP, Phys. Rev. D45 (1992) and references therein

R. Marshall, Rept. on Prog. in Phys. 52, 1329 (1989)
A. De Angelis, J. Phys. G19, 1233 (1993) snd references therein

Ch. Bieler et aL, (Crystal Ball), Z. Phys. C49, 225 (1991)
H. Albrecht et aL, (ARGUS), Z. Phys. C46, 15 (1990)
D.D. Pietzl et aL, (JADE), Z. Phys. C46, 1 (1990)
H.J. Behrend et aL, (CELLO), Z. Phys. C47, 1 (1990)
H. Aihsra et al. , (TPC), Phys. Rev. Lett. 53, 2378 (1984)
H. Schellman et al. , (MARK II), Phys. Rev. D31, 3013 (1985)
M. Derrick et aL, (HRS), Phys. Rev. D35, 2639 (1987)
Ch. Berger et aL, (PLUTO), Phys. Lett. 104B, 79 (1981)
W. Bartel et al. , (JADE), Z. Phys. C20, 187 (1983)
H. Aihara et al. , (TASSO), Z. Phys. C27, 27 (1985)
H.J. Behrend et al. , (CELLO), Z. Phys. C46, 397 (1990)
P. Abreu et al. , (DELPHI), Z. Phys. C59, 533 (1993)
P. Abreu et al. , (DELPHI), Z. Phys. C57, 181 (1993)
H. Albrecht et al. , (ARGUS), Z. Phys. C58, 199 (1993)
S. Abschi et aL, (HRS), Phys. Rev. Lett. 57, 1990 (1986)
A. Albrecht et al. , (ARGUS), Z. Phys. C61, 1 (1994)
P.D. Acton et al. , (OPAL), Z. Phys. C56, 521 (1992)
O. Adriani et al. , (L3), Phys. Lett. B317, 467 (1993)
H. Albrecht et aL, (ARGUS), Z. Phys. C44, 547 (1989)
H. Albrecht et al. , (ARGUS), Phys. Lett. B230, 169 (1989)
R. Akers et al. , (OPAL), CERN PPE/g4-49 (1994)

Tensor mesons:
f2(1270) 0.09 + 0.02

K2 (1430)+

K2 (1430)o

0.14 6 0.04

0.09 6 0.03

0.12 + 0.06

0.31 + 0.12

Baryons:
p
A

g0
A(1232)++

:-(1530)
Z(1385)
Z(1385)+
Z(1385)+

0
w+

A~O

z++
A(1520)

0.253 + 0.016
0.080 + 0.007
0.023 + 0.008
0.040 + 0.010
0.0059 + 0.0007
0.0015+ 0.006

0.006 + 0.002

0.005 + 0.001

0.0106+ 0.0020

0.0007 + 0.0004

0 100 + 0030~")

0.014 + 0.007

O.QQ8 + 0.002

0.640 6 0.050
0.205 + 0.010

0.017
0.017
0.033
0.014
0.110

6 0.004

+ 0.004

+ 0.008

+ 0.007

+ 0.050

0.01766 0.0027

0.92 10.11
0.348 6 0.013

0.0238 + 0.0024

0.0063 + 0.0014

0.0380 + 0.0062

0.0051 + 0.0013

0.031 + 0.016

(s) Extrapolation to the unobserved region using the shape
predicted by JETSET.

(b) The Standard Model branching ratio B(Z ~ bb) = 0.220 was
used.

(c) Mass of p(770) determined to 757 + 2 MeV/c2. The reason
for that is possibly the Bose-Einstein effect afFecting the pions
from the p(770) decay.

(d) The value was taken from the cross section of the Ae+ -+ gnrK,
assuming the branching fraction to be (3.2 +0.7)% (RPP 1992).
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Fragmentation in e+e Annihilation

! 7 t I I

102—
S ~

1.0 =

o x+(~s=91 GeV)

~ n +—(~s= 29 GeV)

rt+(~s= 10 GeV)

0
~Ltd

Iy

1.0 =

o p, p ( ~s= 91 GeV)

~ p, p ( ~s= 29 GeV)

a p, p ( ~s= 10 GeV)

10-'—
10

10 2 s s I s I I ~ s ~ i s s I

0.01 0.02 0.05 0.1
x = 2El~s

0.2 0.5 1.0

10

0.02
s s s i I

0.05 0.1 0.2
x = 2E/~s

I I I I ~

0.5 1.0

Figure 32.8: Fragmentation into x+ in e+e annihilations:
Inclusive cross sections (I/aP)(do/dz), with z = 2E/+s. The
indicated errors are statistical and systematic errors added in
quadrature. A: rate at vs = 9.98 GeV; an overall uncertainty
of 1.8% [H. Albrecht et al (ARGU.S), Z. Phys. C44, 547 (1989)].

: rate at v s = 29 GeV [TPC—H. Aihara et aL, Phys. Rev.
Lett. 61, 1263 (1988)]. Q: rate for hadronic decays of the Z
at +s = 91.2 GeV [OPAL—R. Akers et al. , CERN PPE/94-49
(1994)]. (Courtesy of O. Biebel, S. Bethke, and D. Lanske, RWTH,
Aachen, 1994.)
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Figure 32.9: Fragmentation into pp in e+e annihilations:
Inclusive cross sections (I/oP)(do'/dz), with z = 2E/~s. The
indicated errors are statistical and systematic errors added in
quadrature. A: rate at +s = 9.98 GeV; an overall uncertainty of
1.8'Fo. This rate is obtained from the measured p rate by scaling
with a factor of two [H. Albrecht et aL (ARGUS), Z. Phys. C44, 547
(1989)]. : rate at +s = 29 GeV [TPC—H. Aihara et aL Phys.
Rev. Lett. 61, 1263 (1988)]. Q: rate for hadronic decays of the
Z at v s = 91.2 GeV [OPAL—R. Akers et al. , CERN PPE/94-49
(1994)]. (Courtesy of O. Biebel, S. Bethke, and D. Lanske, RWTH,
Aachen, 1994.)
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Figure 32.10: Fragmentation into K in e+e annihilations:
Inclusive cross sections (I/oP)(do/dz), with z = 2E/+s The.
indicated errors are statistical and systematic errors added in

quadrature. A: rate at v s = 9.98 GeV; an overall uncertainty of
1.8'%%uo [ARGUS—H. Albrecht et aL, Z. Phys. C44, 547 (1989)].

: rate at +s = 29 GeV [TPC—H. Aihara et al. Phys. Rev.
Lett. 61, 1263 (1988)]. Q: rate for hadronic decays of the Z
at ~s = 91.2 GeV [OPAL —R. Akers et al. , CERN PPE/94-49
(1994)]. (Courtesy of O. Biebel, S. Bethke, and D. Lanske, RWTH,
Aachen, 1994.)
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Heavy Quark Fragmentation in e e Annihilation
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Figure 32.12: Heavy quark fragmentation: Shown are the
CLEO (D. Bortoletto et al. , Phys. Rev. D37, 1719 (1988))
and ARGUS (H. Albrecht el al. , Z. Phys. C52, 353 (1991))
inclusive cross sections (o B dsr/dz&, with zss

—
p/pmms) for

the production of pseudoscalar D and vector D'+ in e+e
annihilations at +s -10 GeV. 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 al. , (Phys. Rev. D27, 105, (1983)) in terms of
just one variable ess (dN/dz& ——[zss(1 —1/zss —ess/(1 —zss)] 2)

has found the most use. Fits to the combined CLEO and
ARGUS D and D'+ data give e&(D ) = 0.135 + 0.010 and
ez(D") = 0.078 6 0.008; these are indicated by the solid curves.

Spin-dependent effects have been observed in, e.g. , the
polarization of D*+ mesons as a function of x&. Recent
measurements of e& for D** and D8g mesons by CLEO-
J. Alexander et aL, Phys. Lett. B303, 377 (1993) and
ARGUS —H. Albrecht et aL, Phys. Lett. B221, 422 (1989)
and Phys. Lett. B232, 398, (1989) also indicate that the
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 yet been fully determined. (Courtesy of D. Besson,
Univ. of Kansas, 1994.)
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Figure 32.13: Average multiplicity as a a function of 1/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 K& and A

decays. The pp2 and MARK I measurements contain a systematic
5% error. The five points at the Z resonance have been spread
horizontally for clarity [OPAL—P.D. Acton et al. , Z. Phys. C53,
539 (1992) and references therein].
p~p~: The values measured by UA5 exclude single diffractive
dissociation [J. Benecke et aL (bubble chamber), Nucl. Phys.
B'76, 29 (1976), W.M. Morse et al. (bubble chamber), Phys. Rev.
D15, 66 (1977), ISR—A. Breakstone et al. , Phys. Rev. D30, 528
(1984), UA5 —G.J. Alner et al. , Phys. Lett. 167B, 476 (1986),
UA5 —Ansorge et al. , Z. Phys. C43, 357 (1989)]. (Courtesy of
O. Biebel, S. Bethke, and D. Lanske, RWTH, Aachen, 1994.)
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Figure 32.14: Data from the Mark II, ALEPH, DELPHI, L3, and
OPAL Collaborations for the cross section in e+e annihilation into
hadronic final states as a function of c.m. energy near the Z. LEP
detectors obtained data at the same energies; some of the points
are obscured by overlap. The curves show the predictions of the
Standard Model with three species (solid curve) and four species
(dashed curve) of light neutrinos. The asymmetry of the 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 aL, Z. Phys. C52, 175 (1991).



1334 88. P/ota of cross sections and related quuntitiea

6
R in e+e Collisions
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Figure 32.11: Selected measurements of R—:o(e+e ~ hadrons)/o(e+e -+ Ii+p ), where the annihilation in the numerator proceeds vis
one photon or vis the Z. Measurements in the vicinity of the Z mass sre shown in the following figure. The denominator is the calculated QED
single-photon process; see the section on Cross-Section Formulae for Specific Processes. Radiative corrections and, where important, corrections
for two-photon processes and r production have been made. Note that the ADONE data (772 and MEA) is for ) 3 hsdrons. The points
in the @(3770) region are from the MARK I—Lead Glass Wall experiment. To preserve clarity only a representative subset of the available
measurements is shown —references to additional data are included below. Also for clarity, some points have been combined or shifted slightly
(( 4%) in Ec~, snd some points with low statistical significanc have been omitted. Systematic normalization errors sre not included; they
range &om 5—20%, depending on experiment. We caution that especially the older experiments tend to have large normalization uncertainties.
Note the suppressed zero. The horizontal extent of the plot symbols has no significance. The positions of the J/@(1S), tP(28), and the four
lowest T vector-meson resonances are indicated. Two curves are overlaid for Ecm ) 11 GeV, showing the theoretical prediction for R, including
higher order QCD [M. Dine and J. Sspirstein, Phys. Rev. Lett. 43, 668 (1979)] and electroweak corrections. The A values are for 5 flavors in

the Ms scheme and are AMs
——60 MeV (lower curve) and AMs ——250 MeV (upper curve). (Courtesy of F. Porter, 1992.) References (including

(5) (5)

several references to data not appearing in the figure and some references to preliminary data):

AMY: T. Mori et al. , Phys. Lett. 8218, 499 (1989);
CELLO: H.-J. Behrend et al. , Phys. Lett. 1448, 297 (1984);

and H.-J. Behrend et al. , Phys. Lett. 1838, 400 (1987);
CLEO: R. Giles et al. , Phys. Rev. D29, 1285 (1984);

snd D. Besson et aL, Phys. Rev. Lett. 54, 381 (1985);
CUSB: E. Rice et aL, Phys. Rev. Lett. 48, 906 (1982);
CRVSTAL BALL: A. Osterheld et al. , SLAC-PUB-4160;

and Z. Jakubowski et aL, Z. Phys. C40, 49 (1988);
DASP: R. Brandelik et aL, Phys. Lett. 768, 361 (1978);
DASP II: Phys. Lett. 1168, 383 (1982);
DCI: G. Cosme et al. , Nucl. Phys. 8152, 215 (1979);
DHHM: P. Bock et al. (DESY-Hamburg-Heidelberg-

MPI Miinchen Collsb. ), Z. Phys. C6, 125 (1980);
pp2: C. Bacci et al. , Phys. Lett. 868, 234 (1979);
HRS: D. Bender et aL, Phys. Rev. D31, 1 (1985);
JA.DE: W. Bartel et aL, Phys. Lett. 1298, 145 (1983);

and W. Bsrtel et al. , Phys. Lett. 1608, 337 (1985);
LENA: B. Niczyporuk et al. , Z. Phys. C15, 299 (1982).

MAC: E. Fernsndez et al. , Phys. Rev. D31, 1537 (1985);
MARK J: B. Adeva et al. , Phys. Rev. Lett. 50, 799 (1983);

and B. Adevs et al. , Phys. Rev. D34, 681 (1986);
MARK I: J.L. Siegrist et aL, Phys. Rev. D26, 969 (1982);
MARK I + Lead Glass Wall: P.A. Rapidis et aL,

Phys. Rev. Lett. 39, 526 (1977); and P.A. Rapidis, thesis,
SLAC-Report-220 (1979);

MARK II: J. Patrick, Ph. D. thesis, LBL-14585 (1982);
MEA: B. Esposito et aL, Lett. Nuovo Cimento 19, 21 (1977);
PLUTO: A. Bicker, thesis Gesamthochschule Siegen,

DESY F33-77/03 (1977); C. Gerke, thesis, Hamburg Univ. (1979);
Ch. Berger et al. , Phys. Lett. 818, 410 (1979);
snd W. Lackss, thesis, RWTH Aachen, DESY Pluto-81/11 (1981);

TASSO: R. Brandelik et al. , Phys. Lett. 1138,499 (1982);
snd M. Althoff et aL, Phys. Lett. 1388, 441 (1984);

TOPAZ: I. Adachi et aL, Phys. Rev. Lett. 60, 97 (1988); and
VENUS: H. Yoshids et aL, Phys. Lett. 1988, 570 (1987).
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Table 33.2: Regge theory provides a simple and
compact description of total cross sections. It is
sufhcient to write 0~~~~I ——Xs'+ Ys ", where the
first term arises from pomeron exchange and the
second from p, ~, f, a exchange. We list the results
of A. Donnachie and P.V. Landshoff, Phys. Lett.
B296, 227 (1992). Simultaneous fits were first made
to pp and pp data for +s ) 10 GeV, requiring the
same values of X, e, and g for both reactions. They
obtained

e = 0.0808 g = 0.4525 .
The same values of ~ and g were used in fits to other
reactions. For other pairs of reactions of the form ab
and ab, fits were made for a common value of X and
a value of Y, using data with ~s ) 6 GeV Th. ese
fits are shown by the gray background curves on the
following graphs.

Reaction

pp
pp
pn
pn

7r p
X+p
K p
K+p

'yp

X (mb)

21.70
21.70
21.70*
21.70'
13.63
13.63
11.82
11.82

0.0677

Y (mb)

98,39
56,08
92.71
54.77
36.02
27.56
26.36
8.15
0.129

*Requiring the same pomeron exchange
coeificient as for ir(pp) snd o(pp). Fits
without the constraint result in an almost
identical value, X = 22.15 mb.

Table 33.3: Extensively revised 1991 by A. Baldini, V. Flaminio, and O. Yushchenko. The CERN-HERA and COMPAS Groups have
made least-squares fits to many high-energy cross sections. The parsmetrizstion is o (p) = A+ Bp" + C ln (p) + D ln(p), where ir is in mb
and p is in GeV/c. The best-fit coefficients A, B, C, snd D, and the exponent n sre tabulated below; where indicated, not sll the terms in

rr(p) sre included in the fit. The errors on the parameters are highly correlated since the terms in o (p) are far from orthogonal. Also given
is the range of momentum over which the fit was done; extrapolation outside this range is likely to give incorrect results.

Reaction

pp total

pd total

vr+p total

7r+p elastic

7r p total

~ p elastic

~+d total

K+p total

K+p elastic

K+n total

K+d total

K p total

K p elastic

K n total

K d total

pp total

pp elastic

pn total

pd total

pd elastic

pp total

pp elastic

pn total

pn elastic

pd total

Momentum

range (GeV/c)

3.0—183

2.0—17.8

4.0—340

2.0—200

2.5—370

2.0—360

2.5—370

2.0—310

2.0—175

2.0—310

2.0—310

3.0—310

3.0—175

1.8-310

3.0—310

3.0-2100

2.0-2100

3.0—370

3.0—370

2.0—384

5.0—1.73 x 10~

5.0-1.73 x 10~

1.1-280

1.1—5.55

2.0—280

0.147 + 0.001

0.300 + 0.005

16.4 + 1.2

33.0 + 1.2

1.76 + 0.42

56.8+ 3.6

18.1 + 0.1

5.0 + 1.2

18.7 + 0.2

34.2 6 1.2

32.1 + 0.2

7.3 + 0.1

25.2 6 0.5

57.6 6 0.4

48.0 + 0.1

11.9 + 0.8

47.30 + 0.17

91.3 + 0.2

16.1 + 0.7

38.4 + 4.4

10.2 + 0.7

36.5 + 1.5

112+ 13

19.3 + 0.8

11.4 + 0.3

14.0 + 1.8

11.2 6 0.3

42.2 + 8.4

8.1 + 1.5

7.9 6 3.8

26.9+ 1.7

77.6+ 2.8

52.7 + 1.8

133.6 + 4.6

125+8

Fitted parameters

—0.42 + 0.05

—0.4+ 0.2

—1.36 + 0.29

—0.64 + 0.07

—1.45 + 0.38

—1.8 6 0.7

—2.1 + 1.1

—1.21 + 0.11

—0.64+ 0.07

—1.16 + 0.05

—0.70 + 0.03

—1.08 + 0.15

0.0022 + 0.0001

0.0095 + 0.0020

0.19 + 0.02

0.079 + 0.005

0.456 + 0.049

0.043 + 0.011

0.65 + 0.14

0.26 + 0.03

0.16 + 0.06

0.21 + 0.02

0.346 + 0.074

0.66 + 0.01

0.29 6 0.01

0.38 + 0.03

1.17+ 0.03

0.522 + 0.005

0.169 + 0.021

0.513 + 0.023

1.05 + 0.03

0.32 6 0.04

0.26 + 0.05

0.125 + 0.014

—1.22 + 0.13

1.14 6 0.49

—0.0170 + 0.0007

—0.057 + 0.007

—4.03 + 0.48

—5.39 + 1.43

—1.0 + 0.1

—1.3 + 0.5

—0.89 + 0.14

—0.99 + 0.61

—5.6 + 0.1

—2.40 + 0.09

—2.9 + 0.3

—9.5 + 0.2

—4.51 + 0.05

—1.85 + 0.26

—4.27 + 0.15

—8.8 + 0.2

—3.4 + 0.4

—1.2 + 0.9

—1.28 + 0.20

13.7 6 0.7

—11.9 + 1.8

—12.4 + 4.9
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Hadronic total and elastic cross sections vs. laboratory beam momentum and total center-of-mass energy. Data courtesy A. Baldini, V. Flarninio,
W.G. Moorhead, and D.R.O. Morrison, CERN; and COMPAS Group, IHEP, Serpukhov, Russia. See Total Cross Sections for Reactions of High
Energy Particles, Landolt-Bornstein, New Series Vol. I/12 a and I/12 b, ed. H. Schopper (1988). Gray curve shows Regge fit from Table 33.2 .
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Hadronic total and elastic cross sections vs. laboratory beam momentum and total center-of-mass energy. Data courtesy A. Baldini, V. Flaminio,
W.G. Moorhead, and D.R.O. Morrison, CERN; and COMPAS Group, IHEP, Serpukhov, Russia. See Total Cross Sections for Reactions of High
Energy Particles, Landoit-Bornstein, New Series Vol. I/12 a and I/12 b, ed. H. Schopper (1988). Gray curve shows Regge fit from Table 8$.2 .
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Hadronic total and elastic cross sections vs. laboratory beam momentum and total center-of-mass energy. Data courtesy A. Baldini, V. Flaminio,
W.G. Moorhead, and D.R.O. Morrison, CERN; and COMPAS Group, IHEP, Serpukhov, Russia. See Total Cross Sections for Reactions of High

Energy Particles, Landolt-Bornstein, New Series Vol. I/12 a and I/12 b, ed. H. Schopper (1988). Gray curve shows Regge fit from Table 83.2 .
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W.G. Moorhead, and D.R.O. Morrison, CERN; and COMPAS Group, IHEP, Serpukhov, Russia. See Total Cross Sections for Reactions of High
Energy Particles, Landolt-Bornstein, New Series Vol. I/12 a and I/12 b, ed. H. Schopper (1988). Gray curve shows Regge fit from Table 33.2 .
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Figure 32.20: Ap total and elastic cross sections vs. laboratory beam momentum and total center-of-mass energy. Data courtesy A. Baldini,
V. Flaminio, W.G. Moorhead, and D.R.O. Morrison, CERN; and COMPAS Group, IHEP, Serpukhov, USSR. See Total Cmas Sections for
Reactions of High Energy Particles, Landolt-Bornstein, New Series Vol. I/12 a and I/12 b, ed. H. Schopper (1988).
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W.G. Moorhead, and D.R.O. Morrison, CERN; COMPAS Group, IHEP, Serpukhov, USSR; and G.M. Lewis, Glasgow. See Total Cross Sections
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Abbreviations Used in the Full Listings

Indicator of Procedure Used to Obtain Our Result

OUR LIMIT

Measurement Techniques
(i.e., Detectors and Methods of Analysis)

ACCM
AEMS
ALEP
AMY
ARG
ARGD
ASP
ASPK
ASTE
ASTR
B845
BAKS
BC
BDMP
BEBC
BES
BIS2
BKEI
BONA
BPWA
CALO
CBAL
CBAR
CBOX
CC
CCFR
CDF
CDHS
CELL
CHER
CHM2
CHRM
CIBS
CLE2
CLEO
CMD
CNTR
COSM
CSB2

CUSB
Do
DASP
DBC
DLCO
DLPH
DM1
DM2
DPWA
E653
E68?
E691
E731
E761
E799
EHS
ELEC
EMC
EMUL
FBC
FIT
FMPS
FRAB
FRAG

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 845 detector
Baksan underground scintillation telescope
Bubble chamber
Beam dump
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 CERN-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
CHARM neutrino detector (marble) at CERN
CERN-IHEP boson spectrometer
CLEO II detector at CESR
Cornell magnetic detector at CESR
Cryogenic magnetic detector at VEPP-2M, Novosibirsk
Counters
Cosmology and astrophysics
Columbia U. - Stony Brook BGO calorimeter inserted in NaI
array
Columbia U. - Stony Brook segmented Nal 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
Fermilab E653 detector
Fermilab E687 detector
Fermilab E691 detect, or
Fermilab E731 Spectrometer-Calorimeter
Fermilab E761 detector
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

OUR AVERAGE From a weighted average of selected data.
OUR FIT From a constrained or overdetermined multipa-

rameter St of selected data.
OUR EVALUATION Not from a direct measurement, but evaluated

from measurements of other quantities.

OUR ESTIMATE 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.

FRAM
FREJ

GAM2
GAM4
GOLI
H1
HBC
HDBC
HEBC
HEPT
HLBC
HOME
HPW
HRS
HYBR
IMB
IMB3
INDU
IPWA
JADE
KAM2
KAMI
KOLR
L3
LASS
LEBC
LENA
MAC
MBR
MCRO
MD1
MDRP
MICA
MLEV
MMS
MPS
MPS2
MPSF
MPWA
MRK1
MRK2
MRK3
MRK J
MRS
NA14
NA31
NA32

NICE
NMR
NUSX
OBLX
OLYA
OMEG
OPAL
OSPK
PLAS
PLUT
PWA
REDE
RVUE
SAGE
SFM
SHF
SIGM
SILI
SLD
SOUD
SPEC
SPED
SPRK
SQID
STRC
TASS

ector
ector

AC

ADONE MEA group detector
FREJUS Collaboration —modular flash chamber detector
(calorimeter)
GAI LEX solar neutrino detector in the Gran Sasso Und
ground Lab.
IHEP hodoscope Cherenkov p calorimeter GAMS-2000
CERN hodoscope Cherenkov p calorimeter GAMS-4000
CERN Goliath spectrometer
Hl 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 det
Irvine-Michigan-Brookhaven underground Cherenkov det
Magnetic induction
Energy-independent partial-wave analysis
JADE detector at DESY
KAMIOKANDE-II underground Cherenkov detector
KAMIOKANDE underground Cherenkov detector
Kolar Gold Field underground detector
L3 detector at LEP
Large-angle superconducting solenoid spectrometer at SL
Little European bubble chamber at CERN
Nonmagnetic lead-glass NaI detector at DORIS
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 Fermilab
Model-dependent partial-wave analysis
SLAC Mark-I detector
SLAC Mark-II detector
SLAC Mark-III detector
Mark-J 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
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 detector
SLC Large Detector for e+ e colliding beams at SI AC
Soudan underground detector
Spectrometer
From maximum of speed plot or resonant amplitude
Spark chamber
SQUID device
Streamer chamber
DESY TASSO detector



Abbreviations Used in the Eull Listings (Cont'd)

THEO
THY
TOF
TOPZ
TPC
TPS
TRAP
UA1
UA2
UA5
VES
VNS
WA75
WA82
WIRE
XEBC
ZEUS

Theoretical or heavily model-dependent result
Theory
Time-of-flight
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 CERN
Vertex Spectrometer Facility at 70 GeV IHEP accelerator
VENUS detector at KEK-TRISTAN
CERN WA75 experiment
CERN WA82 experiment
Wire chamber
Xenon bubble chamber
ZEUS detector at DESY/HERA

PTP
PTRSL
RA
RMP
RNC
RPP
RRP
SCI
SJNP
SJPN
SPD
SPU
YAF
ZETF
ZETFP

ZNAT
ZPHY

Progress of Theoretical Physics
Phil. Trans. Royal Society of London
Radiochimica Acta
Reviews of Modern Physics
La Rivista del Nuovo Cimento
Reports on Progress in Physics
Revue Roumaine de Physique
Science
Soviet Journal of Nuclear Physics
Soviet Journal of Particles and Nuclei
Soviet Physics Doklady (Magazine)
Soviet Physics - Uspekhi
Yadernaya Fizika
Zhurnal Eksperimental'noi i Teoreticheskoi Fiziki
Zhurnal Eksperimental'noi i Teoreticheskoi Fiziki, Pis'ma v
Redakts
Zeitschrift fur Naturforschung
Zeitschrift fur Physik

Journals
AA
ADVP
AFIS
AJP
ANP
ANPL
ANYAS
AP
APAH
APJ
APP
ARNPS
ARNS
BAPS
BASUP
CJP
CNPP
CZJP
DANS
EPL
FECAY
HADJ
IJMP
JAP
JETP
JETPL
JINR
JPA
JPB
JPCRD
JPG
JPSJ
LNC
MNRA
MPL
NAT
NC
NIM
NP
NPBPS
PDAT
PL
PN
PPN
PPNP
PPSL
PR
PRAM
PRL
PRPL
PRSE
PRSL
PS

Astronomy and Astrophysics
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 Journal
Acta Physica Polonica
Annual Review of Nuclear and Particle Science
Annual Review of Nuclear Science
Bulletin of the American Physical Society
Bulletin of the Academy of Science, USSR (Physics)
Canadian Journal of Physics
Comments on Nuclear and Particle Physics
Czechoslovak Journal of Physics
Doklady Akademii nauk SSSR
Europhysics Letters
Fizika Elementarnykh Chastits i Atomnogo Yadra
Hadronic Journal
International Journal of Modern Physics
Journal of Applied Physics
English Translation of Soviet Physics ZETF
English Translation of Soviet Physics ZETF Letters
Joint Inst. for Nuclear Research
Journal of Physics, A
Journal of Physics, B
Journal of Physical and Chemical Reference Data
Journal of Physics, G
Journal of the Physical Society of Japan
Lettere Nuovo Cimento
Monthly Notices of the Royal Astronomical Society
Modern Physics Letters
Nature
Nuovo Cimento
Nuclear Instruments and Methods
Nuclear Physics
Nuclear Physics B Proceedings Supplement
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 Edinburgh
Proc. of the Royal Society of London, Section A
Physica Scripta

Conferences
Conferences are generally referred to by the location at which they were
held (e.g. , HAMBURG, TORONTO, CORNELL, BRIGHTON, etc.).

Institutions
AACH Phys. Inst. der Techn.

Hochschule Aachen (His-
torical, use for general Inst.
der Techn. Hochschule)

I Phys. Inst. der Techn.
Hochschule Aachen
III Phys. Inst. der Techn.
Hochschule Aachen
Institut fur Theoretische
Physik
Aarhus Univ.
A.bo Akademi University
Adelphi Univ.
The Univ. of Adelaide
Atomic Energy Research Es-
tab.
Armed Forces Radiobiology
Res. Inst.
Physical Research Lab.
Aichi Univ. of Education
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
Arizona Stat'e Univ.
Academy of Sciences
Inst. of Phys.

AACH1

AACH3

AACHT

AARH
ABO
ADEL
ADLD
AERE

AFRR

AHMED
AICH
AKIT
ALAH

ALAT

ALBA
ALBE
AMES
AMHT
AMST
ANIK
ANKA
ANL
ANSM
ARCBO
ARIZ
ARZS
ASCI
AST

ATHU
AUCK
BAKU
BANGB
BARC

BARI
BART

BASL

BAYR
BCEN

BELG

Univ. of Athens
Univ. of Auckland
Inst. of Physics
Bangabasi College
Univ. Autonoma de
Barcelona
Univ. di Bari
Univ. of Delaware; Bartol
Research Inst.
Inst. fur Physik der Univ.
Basel
Univ. Bayreuth
Centre d'Etudes Nucleaires de
Bordeaux-Gradignan
Inter-University Inst. for High
Energies (ULB-VUB)

ATEN NCSR "Demokritos"

Aachen, Germany

Aachen, Germany

Aachen, Germany

Aachen, Germany

Aarhus C, Denmark
A.bo (Turku), Finland
Garden City, NY, USA
South Australia, Australia
Didcot, United Kingdom

Bethesda, MD, USA

Ahmedabad, Gujarat, India
Aichi, Japan
Akita, Japan
Huntsville, AL, USA

Tuscaloosa, 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
Tucson, AZ, USA
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

Basel, Switzerland

Bayreuth, Germany
Gradignan, France

Bruxelles, Belgium
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BELL
BERG
BERL

BERN
BGNA
BGUN
BHAB

BHEP

BIEL
BING
BIRM

AT 5 T Bell Labs
Univ. of Bergen
DESY - Inst. fur 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
Univ. of Birmingham

BLSU
BNL
BOCH
BOHR
BOIS
BOMB
BONN
BORD
BOSE

BOSK
BOST
BRAN
BRCO
BRIS
BROW'
BRUX

BRUXT

BUCH
BUDA

BUFF
BURE

CAEN

CAGL
CAIR
CAIW

CALC
CAMB
CAMP
CANB
CAPE

CARA
CARL
CARLC
CASE
CAST

CATA
CATH
CAVE
CBNM
CCAC
CDEF
CEA

CENG
CERN

CFPA

CHIC
CINC
CINV

Univ. Central de Venezuela
Carleton Univ.
Carleton College
Case Western Reserve Univ.
China Center of Advanced
Science and Technology
Univ. di Catania
Catholic Univ. of America
Univ. of Cambridge
CBNM
Allegheny College
College de France
Cambridge Electron Accelera-
tor (Historical in Review)

Centre d'Etudes Nucleaires
CERN, European Laboratory
for Particle Physics
Univ. of California, Berke-
ley)
Univ. of Chicago
Univ. of Cincinnati
CINVESTAV-IPN, Centro de
Investigacion y de Estudios
Avanzados del IPN

Bloomsburg Univ.
Brookhaven National Lab.
Ruhr Univ. Bochum
Niels Bohr Inst.
Boise State Univ.
Univ. of Bombay
Univ. Bonn
Univ. de Bordeaux I
S.N. Bose National Centre
for Basis Sciences
"Rudjer Boskovic" Inst.
Boston Univ.
Brandeis Univ.
Univ. of British Columbia
Univ. of Bristol
Brown Univ.
Univ. Libre de Bruxelles;
Service de Physique des Par-
ticules Elementaires
Univ. Libre de Bruxelles;
Physique Theorique
Univ. of Bucharest
KFKI Research Inst. for Par-
ticle 8c Nuclear Physics
SUNY at Buffalo
Inst. des Hautes Etudes Scien-
tifiiques

Lab. de Physique Corpuscu-
laire, ISMRA
Univ. di Cagliari
Cairo University
Carnegie Inst. of Washing-
ton
Univ. of Calcutta
Univ. of Cambridge
Univ. de Campinas
Australian National Univ.
University of Capetown

Murray Hill, NJ, 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
Bingharnton, NY, USA
Edgbaston, Birmingham,
United Kingdom
Bloomsburg, PA, USA
Upton, NY, USA
Bochum, Germany
Copenhagen 8, Denmark
Boise, ID, USA
Bombay, India
Bonn, Germany
Gradignan, France
Calcutta, India

Za,greb, Croatia
Boston, MA, USA
Waltham, MA, USA
Vancouver, BC, Canada
Bristol, United Kingdom
Providence, RI, USA
Bruxelles, Belgium

Bruxelles, Belgium

Bucharest-Magurele, Romania
Budapest, Hungary

Buffalo, NY, USA
Bures-sur- Yvette, France

CAEN, France

Cagliari, Italy
Orman, Giza, Cairo, Egypt
Washington, DC, USA

Calcutta, India
Cambridge, United Kingdom
Campinas, SP, Brasil
Canberra, ACT, Australia
Rondebosch, Cape, South
Africa
Caracas, Venezuela
Ottawa, ON, Canada
Northfield, MN, USA
Cleveland, OH, USA
Beijing, The People's Republic
of China
Catania, Italy
Washington, DC, USA
Cambridge, United Kingdom
Geel, Belgium
Meadville, PA, USA
Paris, France
Cambridge, MA, USA

Grenoble, France
Geneve, Switzerland

Berkeley, CA, USA

Chicago, IL, USA
Cincinnati, OH, USA
Mexico, DF, Mexico

CIT
CLER
CLEV
CMNS
CMU
CNEA

CNRC

CNRS

COLO
COLU
CONC
CORN
COSU
CRAC

CRNL
CSOK

CSULB
CUNY
CURIN

CURIT

DALH
DARE
DARM
DELA

DELH
DESY

DOE
DORT
DUKE
DURH
DUUC
EDIN
EFI
ELMT
ENSP

EOTV
EPOL
ERLA
ETH
FERR
FIRZ
FISK
FLOR
FNAI
FOM

FRAN
FRAS

FREIB
FREIE

FSU
FSUSC
FUKI
FUKU
GENO
GEOR

GESC
GEVA
GIFU
GLAS
GMAS
GOET

California Inst. of Tech.
Univ. de Clerrnont-Ferrand
Cleveland State Univ.
Comenius Univ.
Carnegie Mellon Univ.
Comision Nacional de En-
ergia Atomica
Centre for Research in Part, i-
cle Physics
Centre National de la
Recherche Scientifique, Lu-
mlny
Univ. of Colorado
Columbia Univ.
Concordia University
Cornell Univ.
Colorado State Univ.
Krakow Inst, of Nuclear
Physics
Chalk River Labs.
Oklahoma Central State
Univ.
California State Univ.

City College of New York
Univ. Pierre et Marie
Curie (Paris VI), LPNHE
Univ. Pierre et Marie
Curie (Paris VI), I PTHE
Dalhousie Univ,

Daresbury Lab
Tech. Hochschule Darmstadt
Univ. of Delaware; Dept. of
Physics 4 Astronomy
Univ. of Delhi
DESY, Deutsches
Elektronen-Synchrotron
Department of Energy
Univ. Dortmund
Duke Univ.
Univ. of Durham
University College
Univ. of Edinburgh
Enrico Fermi Inst.
Elrnhurst College
1'Ecole Normale
Superieure
Eotvos University
Ecole Polytechnique
Univ. Erlangen-Nurnberg
Inst. for Hi,gh Energy Physics
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 Fl ibourg
Florida State University
Florida State Univ.
Fukui Univ,
Fukushima Univ.
Univ. di Genova
Georgian Academy of Sci-
ences
General Electric Co.
Univ. de Geneve
Gifu Univ.
Univ. of Glasgow
George Mason Univ.
Univ. Gottingen

Pasadena, CA, USA
Aubiere, France
Cleveland, OH, USA
Bratislava, Slovak Republic
Pittsburgh, PA. USA
Buenos Aires, Argentina

Ottawa. , ON, Canada

Marseille. France

Boulder, CO, USA
New York, NY, USA
Montreal, PQ, Canada
Ithaca, NY, USA
Fort Collins, CO, USA
Krakow, Poland

Chalk River, ON, Canada
Edmond. , OK, USA

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
Hamburg, Germany

Washington, DC, USA
Dortmund, Germany
Durham, NC, USA
Durham City, United Kingdom
Dublin, Ireland
Edinburgh, United Kingdom
Chicago, IL, USA
Elmhurst, IL, USA
Paris, Prance

Budapest, Hungary
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
Frihourg, Switzerland
Tallahassee, FL, USA
Tallahassee, FL, USA
Fukui, Japan
Fukushima, Japan
Genova, Italy
Tbilisi, Republic of Georgia

Schenectady, NY, USA
Geneve, Switzerland
Gifu, Japan
Glasgow, United Kingdom
Fairfax, VA, USA
Gottingen, Germany
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GRAN
GRAZ
GRON
GSCO

GSI

GUEL
GWU
HAIF

HAMB
HANN
HARC

HARV
HAWA
HEBR
HEID

HEIDH

HEIDP

HEIDT

HELS
HIRO
HOUS
HPC
HSCA

IAS
IASD

IBAR
IBM
IBMY
IBS
ICEPP

ICRR

ICTP

IFIC
IFRJ

IIT
ILL

ILLC
ILLG
IND
INEL
INFN

INNS
INRM
INUS

IOAN
IOFF

IOWA
IPN
IPNP

IRAD
ISNG

ISU
ITEP

ITHA

Univ. de Granada
Univ. Graz
Univ. of Groningen
Geological Survey of
Canada
Darmstadt Gesellschaft fur
Schwerionenforschung
Univ. of Guelph
George Washington Univ.
Technion —Israel Inst. of
Tech.
Univ. Hamburg
Univ. Hannover
Houston Advanced Re-
search Ctr.
Harvard Univ.
Univ. of Hawai'i
Hebrew Univ.
Univ. Heideiberg; (unspec-
ified division) (Historicai in
Reviser)
Univ. Heidelberg; Inst. fiir
Hoch energiephysik
Univ. Heidelberg; Physik
Inst.
Univ. Heidelberg; Inst. fiir.
Theoretische Physik
Univ. of Helsinki
Hiroshima Univ.
Univ. of Houston
Hewlett-Packard Corp.
Harvard-Smithsonian Cen-
ter for Astrophysics
Inst. for Advanced Study
Dublin Inst. for Advanced
Studies
Ibaraki Univ.
IBM Corp.
IBM
Inst. for Boson Studies
Univ. of Tokyo; Int. Cen-
ter for Elementary Particle
Physics (ICEPP)
Univ. of Tokyo; Inst. for
Cosmic Ray Research
Int'1 Centre for Theoretical
Physics
Univ. de Valencia —CSIC
Univ. Federal do Rio de
Janeiro
Illinois Inst. of Tech.
Univ. of Illinois at Urbana-
Champaign
Univ. of Illinois at Chicago
Inst. Laue-Langevin
Indiana Univ.
E G and G Idaho, Inc.
Ist. Nazionale di Fisica Nu-
clear (Generic INFN, un-
known location)
Univ. Innsbruck
INR, Inst. for Nucl. Research
Univ. of Tokyo; Inst. for
Nuclear Study
Univ. of Ioannina
A.F. Ioffe Phys. Tech. Inst.

Univ. of Iowa
IPN, Inst. de Phys. Nucl.
Univ. Pierre et Marie Curie
(Paris Vr)
Inst. du Radium (Historicai)
Inst. des Sciences Nucleaires
(ISN)
Iowa State Univ.
ITEP, Inst. of Theor. and
Exp. Physics
Ithaca College

Granada, Spain
Graz, Austria
Groningen, The Netherlands
Ottawa, ON, Canada

Darmstadt, Germany

Guelph, ON, Canada
Washington, DC, USA
Technion, Haifa, Israel

Hamburg, Germany
Hannover, Germany
The Woodlands, TX, USA

Cambridge, MA, USA
Honolulu, HI, USA
Jerusalem, Israel
Heidelberg, Germany

Heidelberg, Germany

Heidelberg, Germany

Heidelberg, Germany

Helsinki, Finland
Higashi-Hiroshima, Japan
Houston, TX, USA
Cupertino, CA, USA
Cambridge, MA, USA

Princeton, NJ, USA
Dublin, Ireland

Ibaraki, Japan
Palo Alto, CA, USA
Yorktown Heights, NY, USA
Pasadena, CA, USA
Tokyo, Japan

Tokyo, Japan

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, Japan

Ioannina, Greece
St. Petersburg, Russian Fed-
eration
Iowa City, IA, USA
Orsay, France
Paris, France

Paris, France
Grenoble, France

Ames, IA, USA
Moscow, Russian Federation

Ithaca, NY, USA

IUPU

JADA
JAGL
JHU
JINR

JULI
JYV
KAGO
KANS
KARL

KARLE

KARLK

KARLT

KAZA

KEK

KENT
KEYN

Indiana Univ. , Purdue
Univ. Indianapolis
Jadavpur Univ.
Jagiellonian Univ.
Johns Hopkins Univ.
JINR, Joint Inst. for Nucl.
Research
Julich, Forschungszentrum
Univ. of Jyvaskyla
Univ. of Kagoshima
Univ. of Kansas
Univ. Karisruhe; (unspec-
ified division) (Historicai in
Reviser)

Univ. Karlsruhe; Inst. fiir
Experimentelle Kernphysik
Univ. Karlsruhe; Inst. fiir
Kernphysik
Univ. Karlsruhe; Inst. fiir
Theoretische Teilchenphysik
Kazakh Inst. of High Energy
Physics
KEK, National Lab. for High
Energy Phys.
Univ. of Kent
Open Univ.

KFTI

KIAE

KIAM

KIDR

KINK
KNTY
KOBE
KOMAB
KONAN
KOSI
KYOT
KYOTY

LALO

LANC
LANL

LASL

LAUS
LAVL
LBL
LCGT
LEBD
LECE
LEED
LEHI
LEHM
LEID
LEMO
LEUV
LINZ
LISB

LISBT

LIVP
LLL

LLNL

LOCK

Kharkiv Inst. of Physics and
Tech. (KFTI)
Kurchatov, Inst. of Atomic
Energy
Keldysh Inst. of Applied
Math. , Acad. Sci., Russia
Inst. of Nuclear Sciences,
Vince (Formeriy Boris Kidric
Inst. )
Kinki Univ,
Univ. of Kentucky
Kobe Univ.
Univ. of Tokyo, Komaba
Konan Univ.
Inst. of Experimental Physics
Kyoto Univ.
Kyoto Univ. ; Yukawa Inst.
for Theor. Physics
LAL, Laboratoire de
1'Accelbrateur Lineaire
Univ. of Lancaster
Los Alamos National Lab.
(LANL)
LAPP, Lab. d'Annecy-le-
Vieux de Phys. des Particules
U.C. Los Alamos Scienti6c
Lah. (Oid name for LANL)
Univ. de Lausanne
Univ. Laval
Lawrence Berkeley 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
Cienti6ca
Univ. Tecnica de Lisboa, Inst.
Superior Tecnico
Univ. of Liverpool
Lawrence Livermore Lab.
(Old name for LLNL)
Lawrence Livermore Na-
tional Lab.
Lockheed Palo Alto Res.
Lab

Indianapolis, IN, USA

Calcutta, India
Krak', Poland
Baltimore, MD, USA
Dubna, Russian Federation

Julich, Germany
Jyvaskyla, Finland
Kagoshima-shi, Japan
Lawrence, KS, USA
Karlsruhe, Germany

Karlsruhe, Germany

Karlsruhe, Germany

Karlsruhe, Germany

Alma Ata, Kazakhstan

Ibaraki-ken, Japan

Canterbury, United Kingdom
Milton Keynes, United King-
dom
Kharkiv, Ukraine

Moscow, Russian Federation

Moscow, Russian Federation

Beograd, Serbia, Yugoslavia

Osaka, Japan
Lexington, KY, USA
Kobe, Japan
Tokyo, Japan
Kobe, Japan
Ko5ice, Slovak Republic
Kyoto, Japan
Kyoto, Japan

Orsay, France

Lancaster, United Kingdom
Los Alamos, NM, USA

Annecy-le-Vieux, France

Los Alamos, NM, USA

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 Netherlands
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
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LOIC

LOQM

LOUC
LOGIC

LRL

LSU
LUND
LVLN
LYON

MADE

MADR
MADU

MANI
MANZ
MARB
MARS

MASA
MASB

MASD

MCGI
MCHS
MCMS
MEIS
MELB
MEUD
MICH
MILA
MINN
MISS
MIT

MIU

MIYA
MONP
MONS
MONT

MONTC

MOSU
MPCM
MPEI

MPIH

MPIM

MSU
MTHO
MULH
MUNI
MUNT
MURA

NAAS

NAGO
NAPL
NASA
NBS

NCAR

Imperial College of Science
Tech. 8z Medicine
Univ. of London, Queen
Mary k Westfield College
University College London
Westfield College (Historical,
see I OQM (Queen Mary and
Westfield joined}}
U.C. Lawrence Radiation Lab.
(Old name for LBL)
Louisiana State Univ.
Univ, of Lund
Univ. Catholique de Louvain
Institute de Physique
Nucleaire de Lyon (IPN)
Inst. de Estructura de la Ma-
teria
C.I.E.M.A.T
Univ. Aut6noma de Madrid
C-XI
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
Dartmouth
McGill Univ.
Univ. of Manchester
McMaster Univ.
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 International
Univ.
Miyazaki Univ.
Univ. de Montpellier II
Univ. de Mons-Hainaut
Univ. de Montreal; Labora-
toire de physique nuclhaire
Univ. de Montreal; Centre
de recherches mathematiques
Moscow State Univ.
Max Planck Inst. fur Chemic
Moscow Physical Engi-
neering Inst.
Max-Planck-Inst. fur Kern-
physik
Max-Planck-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 in Review)
North Americal Aviation Sci-
ence Center (Historical in
Revietv)

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

London, United Kingdom

London, United Kingdom

London, United Kingdom
London, United Kingdom

Berkeley, CA, USA

Baton Rouge, LA, USA
Lund, Sweden
Louvain-la-Neuve, Belgium
Villeurbanne, Prance

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, PQ, Canada
Manchester, United Kingdom
Hamilton, ON, Canada
Tokyo, Japan
Parkville, Victoria, Australia
Meudon, France
Ann Arbor, MI, USA
Milano, Italy
Minneapolis, MN, USA
University, MS, USA
Cambridge, MA, USA

Fairfield, IA, USA

Miyazaki-shi, Japan
Montpellier, France
Mons, Belgium
Montreal, PQ, Canada

Montreal, PQ, Canada

Moscow, Russian Federation
Mainz, Germany
Moscow, Russian Federation

Heidelberg, Germany

Miinchen, Germany

East Lansing, MI, USA
South Hadley, MA, USA
Mulhouse, France
Garching, Germany
Garching, Germany
Stroughton, WI, USA

Thousand Oaks, CA, USA

Nagoya, Japan
Napoli, Italy
Greenbelt, MD, USA
Gaithersburg, MD, USA

Boulder, CO, USA

Boulder, CO, USA

NDAM
NEAS
NEUC
NICEA
NICEO
NIHO
NIIG
NIJM
NIRS

NIU
NMSU
NORD
NOTT
NOVO

NPOL

NWES
NYU
OBER
OHIO
OKAY
OKLA
OKSU
OREG
ORNL

ORSAY
ORST
OSAK
OSKC
OSLO
OSU
OTTA
OXF
OXFTP
PADO
PARIN

PARIS
PARM
PAST
PATR
PAVI
PENN
PGIA
PISA
PISAI
PITT
PLAT
PLRM
PNL
PNPI

PPA

PRAG
PRIN
PSI

PSLL
PSU
PUCB

PUEB

PURD
QUKI
RAL

REGE Univ. Regensburg

Univ. of Notre Dame
Northeastern Univ.
Univ. de Neuchatel
Univ. de Nice
Observatoire de Nice
Nihon Univ.

Niigata Univ.
Univ. of Nijmegen
Nat. Inst. Radiological Sci-
ences
Northern Illinois Univ.
New Mexico State Univ.
Nordita
Univ. of Nottingham
BINP, Budker Inst. of Nu-
clear Physics
Polytechnic of North Lon-
don
Naval Research Lab
National Science Founda-
tion
National Tech. Univ. of
Athens
Northwestern Univ.
New York Univ.
Oberlin College
Ohio Univ.
Okayama Univ.
Univ. of Oklahoma
Oklahoma State Univ.
Univ. of Oregon
Oak Ridge National Labora-
tory
Univ. de Paris Sud
Oregon State Univ.
Osaka Univ.
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, IN2P3/CNRS
Univ. de Paris (Historical)
Univ. di Parma
Institut 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 in Review)
Inst, of Physics, ASCR
Princeton Univ.
Paul Scherrer Inst. (Old name
for VILL)
Physical Science Lab
Penn State Univ.
Pontificia Univ. Cat6lica
do Rio de Janeiro
High Energy Physics Group,
Colegio de Fisica
Purdue Univ.
Queen's Univ.
Rutherford Appleton Lab.

Notre Dame, IN, USA
Boston, MA, USA
Neuchatel, Switzerland
Nice, France
Nice. France
Tokyo, Japan
Niigata, Japan
Nijmegen, The Netherlands
Chiba, Japan

De Kalb, II, USA
Las Cruces, NM, USA
Copenhagen 8, Denmark
Not tingham, United Kingdom
Novosibirsk, Russian Federa-
tion
London, United Kingdom

washington, DC, USA
Washington, DC, USA

Athens, Greece

Evanston, IL, USA
New York, NY, USA
Oberlin, OH, USA
Athens, OH, USA
Okayama, Japan
Norman, OK, USA
Stillwater, OK, USA
Eugene, OR, USA
Oak Ridge, TN, USA

Orsay, France
Corvallis, OR, USA
Osaka, Japan
Osaka-shi, Japan
Oslo, Norway
Columbus, OH, USA
Ottawa, ON, Canada
Oxford, United Kingdom
Oxford, United Kingdotn
Padova, Italy
Paris, France

Paris, France
Parma, Italy
Paris, Prance
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, Russian Federation

Princeton, NJ, USA

Prague, Czech Republic
Princeton, NJ, USA
Villigen PSI, Switzerland

Las Cruces, NM, USA
University Park, PA, USA
Rio de Janeiro, RJ, Brasil

Puebla, Pue, Mexico

Lafayette, IN, USA
Kingston, ON, Canada
Chilton, Didcot, Oxon. , United
Kingdom
Regensburg, Germany
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REHO
RHBL

RHEL

RICE
RIKEN

MKK
RIS
RISC
RISL

MSO
RL

RMCS

ROCH
ROCK
ROMA
ROMAI
ROSE

RPI

RUTG
SACL
SACLD
SAGA
SANG
SANI

SASK
SASSO

SAVO
SBER
SCIT
SCOT

SCUC
SEAT
SEIB

SEOU
SEOUL
SERP

SETO
SFLA
SFRA
SFSU
SHEF
SHMP
SIEG

SILKS
SIN

SISSA

SLAC

SLOV

SMU
SNSP
SOFI

SOFU
SPAUL
SPIFT
SSL

STAN
STEV

Weizmann Inst. of Science
Royal Holloway R Bedford
New College
Rutherford High Energy
Lab (Old name for RAL)
Rice Univ.
Riken Inst. (Physical k
Chemical Research)
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-
ence
Univ. of Rochester
Rockefeller Univ.
Univ. di Roma (Historical)
INFN, Sez. di Roma
Rose-Hulman Inst. of Tech-
nology
Rensselaer Polytechnic
Inst.
Rutgers Univ.
CE Saclay
CE Saclay; DAPNIA
Saga Univ.
Kyoto Sangyo Univ.
Physics Lab. , Ist. Superiore di
Sanity
Univ. of Saskatchewan
Lab. Naz. del Gran Sasso
dell'INFN
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 ss Ser-
pukhov)
Seton Hall Univ.
Univ. of South Florida
Simon Fraser University
California State Univ.
Univ. of SheHield
Univ. of Southampton
Univ. -Gesamthochschule-
Siegen
Univ. of Silesia
Swiss Inst. of Nuclear Re-
search (Old name for VILL)
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
Nuclear 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.

Rehovot, Israel
Egham, Surrey, United King-
dom
Chilton, Didcot, Oxon. , United
Kingdom
Houston, TX, USA
Saitama, Japan

Tokyo, Japan
Cambridge, MA, USA
Thousand Oaks, CA, USA
Risley, Warrington, United
Kingdom
Roskilde, Denmark
Chilton, Didcot, Oxon. , United
Kingdom
Swindon, Wilts. , United King-
dom
Rochester, NY, USA
New York, NY, USA
Roma, Italy
Roma, Italy
Terre Haute IN, USA

Troy, NY, USA

Piscataway, NJ, USA
Gif-sur- Yvette, France
Gif-sur- Yvette, France
Saga-shi, Japan
Kyoto-shi, Japan
Roma, Italy

Saskatoon, SK, Canada
Assergi (L'Aquila), Italy

Chambery, Prance
San Bernardino, CA, USA
Tokyo, Japan
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

Trieste, Italy

Stanford, CA, USA

Bratislava, Slovak Republic

Dallas, TX, USA
Pisa, Italy
Sofia, Bulgaria

Sofia, Bulgaria
Sao Paulo, SP, Brasil
Sao Paulo, SP, Brasil
Berkeley, CA, USA

Stanford, CA, USA
Hoboken, NJ, USA

STLO
STOH
STON
STRB

STUT

St. Louis Univ.
Stockholm Univ.
SUNY at Stony Brook
CRN, Centre des Recherches
Nucl.
Univ. Stuttgart

Univ. of Sussex
Univ. of Sydney
Syracuse Univ.
Acad. Sci., Tadzhik SSR
Texas A8cM Univ.
Tata Inst. of Fundamental
Research
Tbilisi State University
Tel-Aviv Univ.
Teledyne Broom Engineer-
ing
Temple Univ.
Univ. of Tennessee
Univ. of Texas at Austin
Tokyo Gakugei Univ.
Tohoku Gakuin Univ.
Univ. of Thessaloniki
Tokyo Inst. of T'echnology
Sagamihara Inst. of Space &
Astronautical Sci.
Inst. Nuclear Physics
Tokyo Metropolitan Coll.
Tech.
Tokyo Metropolitan Univ.
Univ. of Toronto
Toho Univ.
Tohoku Univ.
Tokai Univ.
Univ. of Tokyo; Meson Sci-
ence Laboratory
Univ. of Tokushima
Univ. of Tokyo; Physics
Dept.
Univ. degli Studi di Torino
Lab. of High Energy Phys.

SUSS
SYDN
SYRA
TAJK
TAMU
TATA

TBIL
TELA
TELE

TEMP
TENN
TEXA
TGAK
TGU
THES
TINT
TISA

TMSK
TMTC

TMU
TNTO
TOHO
TOHOK
TOKA
TOKMS

TOKU
TOKY

TORI
TPTI

TRIN
TMU
TRST
TRSTI
TRSTT
TSUK
TTAM
TUAT

TUBIN
TUFTS
TUW
UCB

UCD
UCI
UCLA

UCND
UCR

UCSB

UCSBT

UCSC

UCSD

UMD
UNC

Trinity College
TRIUMF
Univ. degli Studi di Trieste
INFN, Sez. di Trieste
Univ. di Trieste
Univ. of Tsukuba
Tamagawa Univ.
Tokyo Univ. of Agriculture
Tech.
Univ. Tubingen
Tufts Univ.
Technische Univ. W'ien
Univ. of California (Berke-
ley); Dept. oI Physics
Univ. of California (Davis)
Univ. of California (Irvine)
Univ. of California (Los
Angeles}
Union Carbide Corp.
Univ. of California (River-
side)
Univ. of California (Santa
Barbara); Physics Dept.
Univ. of California (Santa
Barbara); Institute of Theo-
retical Physics
Univ. of California (Santa
Crns)
Univ. of California (San
Diego}
Univ. of Maryland
Univ. of North Carolina

STUTM Max-Planck-Inst.
SUGI Sugiyama Jogakuen Univ.
SURR Univ. of Surrey

St. Louis, MO, USA
Stockholm, Sweden
Stony Brook, NY, USA
Strasbourg, France

Stuttgart, Germany
Stuttgart, Germany
Aichi, Japan
Guildford, Surrey, United
Kingdom
Brighton, United Kingdom
Sydney, NSW, Australia
Syracuse, NY, USA
Dushanbe, '7adzhikstan
College Station, TX, USA
Bombay, India

Tbilisi, Republic of Georgia
Tel Aviv, Israel
Huntsville, AL, USA

Philadelphia, PA, USA
Knoxville, TN, USA
Austin, TX, USA
Tokyo, Japan
Miyagi, Japan
Thessaloniki, Greece
Tokyo, Japan
Kanagawa, Japan

Tomsk, Russian Federation
Tokyo, Japan

Tokyo, Japan
Toronto, ON, Canada
Chiba, Japan
Sendai, Japan
Shimizu, Japan
Tokyo, Japan

Tokushima-shi, Japan
Tokyo, Japan

Torino, Italy
Tashkent, Republic of Uzbek-
istan
Dublin, Ireland
Vancouver, BC, Canada
Trieste, Italy
'trieste, Italy
Trieste, Italy
lbaraki-ken, Japan
Tokyo, Japan
Tokyo, Japan

Tiibingen, Germany
Medford, MA, USA
Vienna, Austria
Berkeley, CA, USA

Davis, CA, USA
Irvine, CA, USA
Los Angeles, CA, USA

Oak Ridge, 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
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UNCCH Univ. of North Carolina at
Chapel Hill
Union College
Univ. of Neer Hampshire
Univ. of Nem Mexico
Univ. of Occupational and
Environmental Health
Upsala College
Uppsala Univ.
Univ. of Puerto Rico
Univ. of Rhode Island
Univ. of Southern Califor-
ma
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
d. Osterr. Akademie d. Wis-
senschaften
Inst. for Particle Physics of
ETH Zurich (Was Paul Scher-
rer Institute)
Univ. of Virginia
Virginia Polytechnic Inst.
and State Univ.
Vrije Univ.

UNCS
UNH
UNM
UOEH

UPNJ
UPPS
UPR
URI
USC

USF
UTAH
UTRE
UTRO
UZINR
VALE
VALP
VAND
VASS
VICT
VIEN

VILL

VIRG
VPI

VRIJ

wesen
WARS Warsaw Univ.
WASCR Waseda Univ. ; Cosmic Ray

Division
WASH Univ. of Washington

Waseda Univ. ; Dept. of

WAYN
WESL
WIEN
WILL
WINR
WISC
WITW
WMIU
WONT

WOOD

WUPP
WURZ

Physics, High Energy Physics
Group
Wayne State Univ.
Wesleyan Univ.
Univ. W'ien
Coll. of William and Mary
Inst. for Nuclear Studies
Univ. of Wisconsin
Univ. of the Witwatersrand
Western Michigan Univ.
The Univ. of Western On-
tario
Woodstock College (No
longer in existence)
Univ, of Wuppertal
Univ, Wurzburg

WUSL Washington Univ.
WYOM Univ. of Wyoming
YALE
YCC

YERK
YOKO

Yale Univ.
Yokohama Coll. of Corn-
merce
Yerevan Physics Inst.
Yokohama National Univ.

YORKC York Univ.
ZAGR Zagreb Univ.
ZARA Univ. de Zaragoza
ZEEM Univ. van Amsterdam

Univ. Zurich

WABRNEidgenossisches Amt fur Mess-

Chapel Hill, NC, USA

Schenectady, NY, USA
Durham, NH, USA
Albuquerque, NM, USA
Kitakyushu, Japan

East Orange, NJ, USA
Uppsala, Sweden

Rio Piedras, PR, USA
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

Charlottesville, VA, USA
Blacksburg, VA, USA

HV Amsterdam, The Nether-
lands
Waber, Switzerland

Warsaw, Poland
Tokyo, Japan

Seattle, WA, USA
Tokyo, Japan

Detroit, MI, USA
Middletown, 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
Wiirzburg, Germany
St, Louis, MO, USA
Laramie, WY, USA
New Haven, CT, USA
Yokohama, Japan

Yerevan, Armenia
Yokohama-shi, Japan
North York, ON, Canada
Zagreb, Croatia
Zaragoza, Spain
TV Amsterdam, The Nether-
lands
Zurich, Switzerland



GAUGE AND HIGGS BOSONS

7 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~

g (gluon)
~ ~graviton

S"
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~ ~ ~

Z
Higgs Bosons —Ho and H+
Heavy Bosons Other than Higgs Bosons
Axions (Ao) and Other Very Light Bosons

~ ~

~ ~

~ ~

~ ~

0 ~

~ ~

1351
1351
1351
1351
1353
1365
1372
137?

Notes in the Gauge and Higgs Boson Listings

Note on the Z Boson
Note on the Higgs Boson .
Note on the 8'- Searches
Note on Axions
Invisible Ae (Axion) Mass Limits from

Cosmology .

~ ~ ~ ~ ~ ~ ~ ~

Astrophysics and

~ ~

~ ~

~ ~

~ ~

1353
1365
1372
1377

1382



See key on page1343
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Gauge Ec Higgs Boson Full Listings

p, g, graviton, W

GAUGE AND HIGGS BOSONS graviton

OMITTED FROM SUMMARY TABLE

p MASS

For a review of the photon mass, see BYRNE 77.

CLSVALUE (ev) DOCUMENT ID TECN COMMENT

&S x10 ~ CHIBISOV 76 Galactic magnetic field

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&(4.73+0.45) x 10 CHERNIKOV 92 SAPID Ampere-law null test
&(9.0 +8.1 ) x 10 2 RYAN 85 Coulomb-law null test
& 6 x 10 16 99.7 DAVIS 75 Jupiter magnetic field

& 7.3 x 10 16 HOLLWEG 74 Alfven waves

& 6 x 10 17 3 FRANKEN 71 Low freq. res. cir.
&1 x 10-14 WILLIAMS 71 CNTR Tests Gauss law

& 2.3 x10 15 GOLDHABER 68 Satellite data

& 6 x 10 3 PATEL 65 Satellite data
& 6 x 10-15 GINTSBURG 64 Satellite data

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).

3See criticism questioning the validity of these results in KROLL 71 and GOLDHABER 71.

gravtton MASS

All of the following limits are obtained assuming Yukawa potential in

weak field limit. VANDAM 70 argue that a massive field cannot ap-
proach general relativity in the zero-mass limit; however, see GOLD-
HABER 74 and references therein. hp is the Hubble constant in units

of 10p kms Mpc

VALUE (eV) DOCUMENT ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1 DAMOUR 91 Binary pulsar PSR 1913+16
&2x10 h0 GOLDHABER 74 Rich clusters

&7 x 10—28 HARE 73 Galaxy

&8 x 104 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)-blscalar theories.

gravtton REFERENCES

y CHARGE

DOCUMEN T ID TECN COMMENTVALUE (e)

&2x 10
~ ~ ~ We do not use the

&2 x 1p
—28

4 See COCCONI 92 for

COCCONI 88 TOF Pulsar f1—f2 TOF
following data for averages, fits, limits, etc. ~ ~ ~

COCCONI 92 VLBA radio telescope
resolution

less stringent limits in other frequency ranges.

TAYLOR 93 Nature 355 132
DAMOUR 91 APJ 366 501
GOLDHABER 74 PR D9 119
HARE 73 CJP 51 431
VANDAM 70 NP 822 397

+Wolszczan, Damour+
+Taylor
+Nieto

van Dam, Veltman

(PRIM, ARCBO, BURE, CARLC) J
(BURE, MEUD, PRIN)

(LANL, STON)
(SASK)
(UTRE)

7 REFERENCES

CHERNIKOV
Also

COCCONI
COCCONI
RYAN
BYRNE
CHIBISOV
DAVIS
HOLLWEG
FRANKEN
GOLDHABER
K ROLL
WILLIAMS
GOLDHABER
PATEL
GINTSBURG

92 PRL 68 3383 +Gerbe~, Ott, Gerber
92B PRL 69 2999 (erratum) Chernikov, Gerber, Ott, Gerber
92 AJP 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 PRL 32 961
71 PRL 26 115 +Am pulski
71 RMP 43 277 yNieto
71 PRL 26 1395
71 PRL 26 721 +Faller, Hill

68 PRL 21 567 +Nieto
65 PL 14 105
64 Sov. Astr. AJ7 536

+Goldhaber. Nieto

(ETH)
(ETH)

(CERN)
(CERN)
(PRIN)
(LOIC)

(LEBD)
(CIT, STON, LASL)

(NCAR)
(MICH)

(STON, BOHR, UCSB)
(5LAC)

(WESL)
(STON)
(DUKE)

(ASCI)

or gluon
1(~ ) =o(~ )

COMMENT

etc. ~ ~ ~

VALUE 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 80c TASS

Spin 1, not 0
Spin 1, not 0
Spin 1, not 0
Spin 1, not 0
Spin 1, not 0

ABREU 92E PL 8274 498
ALEXANDER 91H ZPHY C52 543
BEHREND 82D PL 8110 329
BERGER 80D PL 897 459
BRANDELIK 80C PL 897 453

+Adam, Adami, Adye, Akesson+
+Allison, Aliport, Anderson+
+Chen, Field, Guempel, Schroeder+
+Genzel, Grigull, Lackas+
+Braunschweig, Gather, Kadansky+

(DELPHI Collab. )
(OPAL Collab. )

(CELLO Collab. )
(PLUTO Collab. )
(TASSO Collab. )

SU(3) color octet

Ma~ m = 0. Theoretical value. A mass as large as a few MeV

may not be precluded.

W MASS

The fit uses the W and Z mass, mass difFerence, and mass ratio measure-
ments.

VALUE (Gev)

1022+ 0.26 OUR FIT
I0.1 6 OA OUR AVERAGE

80.84+ 0.22+0.83 2065

DOCUMENT IDEVTS TECN COMMENT

1 ALITTI 928 UA2

2 ABE 90G CDF

data for averages, fits, limits,

3 ALITTI 908 UA2

4 ABE 89I CD F

ALBA JAR 89 UA1

6 ALBAJAR 89 UA1

Ecm= 630 GeV

Ecm —1800 GeV

etc. ~ ~ ~

Ecm ——546,630 GeV

Ecm= 1800 GeV

Ec~m= 546,630 GeV

Ecm= 546,630 GeV

Ec~= 546 630 GeV

Repl. by ALITTI 908
Repl. by ANSARI 87

Repl. by ALBAJAR 89

79.91+ 0.39 1722

~ ~ ~ We do not use the following

80.79+ 0.31+0.84

80.0 + 3.3 +2.4 22

149

89 UA1

87 UA2

86 UA2

86 UA1

Repl. by ALBAJAR 89

Repl. by ALITTI 908
Repl ~ by ARNISON 83D
Repl. by ARNISON 86
Repl. by BAGNAIA 84

Repl. by ALITTI 908

82.7 + 1.0 +2.7

81.8 + ' +2.6 46

89 6 3 k6 32 7 ALBAJAR

80.2 + 0.6 +1.4 251 ANSARI
81.2 6 1.0 +1.4 119 APPEL

83 5 1'p k2 7 86 ARNISON

81. + 14 ARNISON 84D UA1

83.1 + 1,9 +1.3 37 BAGNAIA 84 UA2

81. 6 5. 6 ARNISON 83 UA1

80.9 + 2.9 27 ARNISON 83D UA1
81.0 + 28 BAG NAIA 83 UA2

80. +'0. 4 BANNER 838 UA2

ALITTI 928 result has two contributions to the systematic error (+0.83); one (+0.81)
cancels in m W/mZ 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.
ABE 90G result from W ~ eg is 79.91 + 0.35 + 0.24 + 0.19(scale) GeV and from
W ~ p, v Is 79.90 6 0.53 4 0.32 + 0.08(scale) GeV.
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 ln quadrature.

4ABE 89I systematic error dominated by the uncertainty in the absolute energy scale.
5ALBAJAR 89 result ls from a total sample of 299 W ~ ev events.
6ALBAJAR 89 result is from a total sample of 67 W ~ pv events.
7ALBAJAR 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.

9Thls is enhanced subsample of 172 total events.
10Using W+ ~ Is+v.
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Ifi//Z MASS RATIO

The fit uses the W and Z mass, mass difference, and mass ratio measure-
ments.

DOCUMENT IDEVTS TECN COMMEN TVALUE

O.NQB+O.M21 OUR FlT

0.8813+0.0N6+0.0019 156 ALITTI 928 UA2 EcPm —630 Ge V

~ ~ ~ We do not use the following data for averages, fIts, limits, etc. ~ ~ ~

0.8831+0.004860.0026 ' ALITTI 908 UA2 E,m= 546,630 Gev

Scale error cancels in this ratio.

mz —mvY

The fit uses the W and Z mass, mass difference, and mass ratio measure-
ments.

VALUE (GeV)

10.OS+0M OUR FIT

10.4 +lA +0.$ ALBA JAR 89 UA1 EcmP ——546,630 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

11.3 +1.3 +0.9 ANSARI 87 UA2 Ecm
—546,630 GeV

TECN COMMENT

VAL UE (GeV)

-0.19+0.51

EVTS

1722

m~+ —m
DOCUMENT ID

ABE

TECN COMMENT

cm= 1800 GeV

W WIDTH

The widths labelled "extracted value" are obtained by measuring R=
o(W ~ ev)/n(Z ~ e+e ) which is equal to (cr(W}/o(z)1 [I (W ~
ev)/C(Z ~ ee)] I (Z)/I (W). The bracketed quantities can be calcu-
lated with plausible reliability. I (W) is then extracted by using a value of
I (Z) measured at LEP. The Standard Model prediction ls 2.067 + 0.021
(ROSNER 94).

TECN COMM EN T

94B CDF Extracted value

&7

&6.5

VALUE (GeV) CL% EVTS

2.0e +0.07 OUR AVERAGE
2.063+0.061+0.060 12 ABE

2.10 +
0 13 +0.09 3559 ALITTI 92 UA2 Extracted value

2.18 + ' +0.04 14 ALBA JAR 91 UAl Extracted value

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

2.16 +0.17 15ABE 92i CDF Repl. by ABE 94Ei

2.12 +0.20 ABE 90 CDF Repl. by ABE 92i

2.30 +0.19 +0.06 17 ALITTI 90C UA2 Extracted value

&5.4 90 149 18 ALBA JAR 89 UA1 EPm= 546,630 GeV

2 8 + 1.4 + 1.3 149 18 ALBA JAR 89 UA1 Ecm~ —546,630 GeV

&7 90 251 ANSARI 87 UA2 EcmP = 546,630 GeV

90 119 APPEL 86 UA2 Ecm —546,630 GeV

90 86 ARNISON 86 UA1 Repl, by
ALBAJAR 89

&7 90 27 ARNISON 830 UAl Repl. by
ARNISDN 86

12ABE 94B measured R = 10.90 + 0.32 4 0.29. The values of o(Z) and o(W) come from

0{a ) calculations using m W
—80.24 + 0.10 GeV, and m Z

——91.188 + 0.007 GeV
5

along with the corresponding value of sin 8 W = 0.2325 k 0.005. They use o( W)/o(Z)
= 3.33 6 0,03, I (Z) = 2.492 6 0.007 GeV, and I (W eve)/I (Z e+e ) =
2.710 + 0.018.
ALITTI 92 measured R = 10.4+0'6 + 0.3. The values of o(Z) and o(W) come from

O{a ) calculations using mW = 80.14 + 0.27 GeV, and mz —91.175 4 0.021 GeV

along with the corresponding value of sin2OW —0.2274. They use cr{W)/o{Z) =
3.26 + 0.07 + 0.05 and I {Z) = 2.487 + 0.010 GeV.

ALBAJAR 91 measured R = 9 5 1'0 (stat. + syst. ). o(W)/o(Z) is calculated in QCD

at the parton level using m W
—80.18 + 0.28 GeV and mz —91.1?2 + 0.031 GeV

along with sin28W —0.2322 + 0.0014. They use o {W)/o(Z) = 3.23 + 0.05 and I (2)
= 2.498 + 0.020 GeV.
ABE 92i report 1216+38 31 W + pv and 106+ 10+1 Z s p+Ib events which

are combined with 2426 W ~ ev events of ABE 91C to derive the ratio brW B(W ~
fv)joZ B(Z ~ E+E )= 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 C( W) = 2.19+0.20 by using the value I (Z) = 2.57+0.07 GeY. 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 sln28W —0.229 + 0.007, and took predicted values o( W)jo{Z) =
3.23+ 0.03 and I (W ~ ev)/I (Z ~ ee) = 2.70+ 0.02. This yields I (W)/f(Z} =
0.85 + 0.08. The quoted error for I (W) includes systematic uncertainties. Ecm —1800
GeY.

1 ALITTI 90C used the same technique as described for ABE 90. They measured R =
9.38 0'72 4 0.25, obtained I (W)/I (Z) = 0.902 + 0.074 + 0.024. Using C(Z) =
2.546 + 0.032 GeV, they obtained the C(W) value quoted above and the limits C{W)

& 2.56 (2.64) GeV at the 90% (95%) CL. Ep~~ = 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 1'5 GeV. This is enhanced subsample of
172 total events.

W ANOMALOUS MAGNETIC MOMENT (lkrs)

The full magnetic moment is given by Ig W
—e{1+Fg+ A)/2m W. In the

Standard Model, at tree level, bg = 1 and A = 0. Some papers have defined
b, K =1—fg and assume that A=O. Note that the electric quadrupole
moment is given by —e{fg-A)/rn W. A description of the parameterlzation
of these moments and additional references can be found in HAGIWARA 87
and BAUR 88. The parameter fat 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.

VAL UE {ef/2fft I/I/) DOCUMENT ID TECN

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

ALITTI 92C UA2
21 SAMUEL 92 THEO
22 SAMUEL 9]. THEO

GR IFOLS 88 THEO
24 GROTCH 87 THEO
25 VANDERBI J 87 THEO
26 GRAU 85 THEO

SUZUKI 85 THEO
28 HERZOG 84 THEO

0ALITTI 92C measure fh; = 1+ ' and A = 0+ ' in pp ~ evp+ X at ~s = 630 GeV.2.6 1.7
—2.2 —1.8

At 95%CL they report —3.5 & ~ & 5.9 and —3.6 & A & 3.5.
SAMUEL 92 use preliminary CDF and UA2 data and find —2.4 & fg & 3.7 at 96%CL
and —3.1 & bt. & 4.2 at 95%CL respectively. They use data for Wp production and
radiative W decay.
SAMUEL 91 use preliminary CDF data for pp -- WpX to obtain —11,3
10.9. Note that their fg, = 1—b, fc,.

3GRIFOLS 88 uses deviation from p parameter to set limit Ar. ~ 65 {MW/A2).

"GROTCH 87 finds the limit —37 & Abc & 73.5 (90% CL) from the experimental limits

on e+ e ~ vvp assuming three neutrino generations and —19.5 & h, fg & 56 for
four generations. Note their h, fg has the opposite sign as our definition.
VANDERBIJ 87 uses existing limits to the photon structure to obtain (Dbg~ & 33
(m Lfv/A). In addition VANDERBIJ 87 discusses problems with using the p parameter of
the Standard Model to determine bf) bg.

6GRAU 85 uses the muon anomaly to derive a coupled limit on the anomalous magnetic
dipole and electric quadrupole (A} moments 1.05 ) B~ In(A/m W) + A /2 & —2.77. In

the Standard Model A = 0.
SUZUKI 85 uses partial-wave unitarity at high energies to obtain ~G~j + 190

(m W/A) . From the anomalous magnetic moment of the muon, SUZUKI 85 obtains

~yarsI & 22/In{A/mVVi. Finally SUZUKI 85 uses deviations from the p parameter and

obtains a very qualitative, order-of-magnitude limit tDrcl + 150 (rn W/A)4 if (b,~(
l.
HERZOG 84 consider the contribution of W-boson to muon magnetic moment including

anomalous coupling of W Wp. Obtain a limit —1 & b, ~ & 3 for A ~ 1 TeV.

N'+ DECAY MODES

W modes are charge conjugates of the modes below.

ll

l3
l4
I5
r6

Mode

e+ v

p v
T+V
E+v
hadrons
Q+ Ql

Fraction {I I jl )

(10.8+0.4) %

(10.6+0.7) %
(lO.8+1.O) 4/4

Ia) {10.7+0 5) %

{67.8+ 1.5) %
x 10

Confidence level

954/4

[a] b indicates each type of lepton (e, /s, and c), not sum over them.

CONSTRAINED FIT INFORMATION

An overall fit to 4 branching ratios uses 7 measurements and one

constraint to determine 4 parameters. The overall fit has a X
1.1 for 4 degrees of freedom.

x2 34

X3 43

xs (

—70

Xl

15
—64 -82

X2 X3

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 total The fit constrains the x; whose labels appear in this array to sum to

one.
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W BRANCHING RATIOS r(e+7)/r(e+ v) rs/rr

I (e+ v) /rheg
DOCUMENT ID

29 ABE

r(i v) /rtsts~
VAL UE

0.106+0.007 OUR FIT

0.10 +0.01 1216 A BE 92I CDF Ecm
—1.8 TeV

ABE 92I quote the inverse quantity as 9.9 6 1.2 which we have inverted.

TECN COMMENT

i (r+ v)/i tete(
VAL UE

0.101+0.010 OUR FIT
DOCUMENT ID

i s/i

r(&v)/rhe i r4/r = (sr,+sr,+s'rs)/r
E indicates average over e, p, , and r modes, not sum over modes.

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.107+0.005 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.104+0.008 3642 34 ABE 921 CDF Ecm —1.8 TeV

1216 6 38+31 W ~ p, v events from ABE 92I and 2426 W ~ ev events of ABE 91C.+27
ABE 92I give the inverse quantity as 9.6 6 0.7 and we have inverted.

VAL UE

0.101 +0.004 OUR FIT
0.109 +0.004 OUR AVERAGE

0.1094+0.0033+0.0031 94B CDF Ecm= 1800 GeV

0.10 +0.014 +p p3 248 ANSARI 87C UA2 Ecm —546,630 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.106 +0.0096 2426 ABE 91C CDF Repl. by ABE 94B

299 32 Al BAJAR 89 UA1 Ecm= 546,630 GeV

119 A P P EL 86 UA2 Ecm —546~630 GeV

seen 172 ARNISON 86 UA1 Repl. by ALBA-
JAR 89

ABE 94B result is from a measurement of oB(W ~ ev)/nB(Z ~ e+e ) =
10.90 6 0.32 6 0.29, the theoretical prediction for the cross section ratio, the exper-

imental knowledge of I (Z ~ e+ e ) = 83.33 + 0.30 MeV, and I (Z) = 2.492 + 0.007.
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: 0(546 GeV) = 4.7+0'7 nb and a(630 GeV) = 5,8 1'p nb.+ 1.8

See ALTARELLI 85B.
ABE 91C result is from a rneasurernent of oB(W ~ ev)/oB(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.

CL%VALUE DOCUMENT ID

( 7.5x10 95 ABE

( 4.$x10 3 95 38 ALITTI

(58 x 10 95 ALBA JAR

ALITTI 92D limit is 3.8 x 10 at 90%CL.
ALBAJAR 90 obtain ( 0.048 at 90%CL.

TECN

92K CDF

92D UA2

90 UA1

COMMENT

E~cm~ = 1.8 TeV

Ecm= 630 GeV

Ecm —546, 630 GeV

W REFERENCES

ABE 94B PRL (to be pub. )
Fermllab-PUB-94-051-E

ROSNER 94 PR D49 1363
ABE 92E PRL 68 3398
ABE 921 PRL 69 28
ABE 92K PRL 69 2160
ALITTI 92 PL B276 365
ALITTI 92B PL B276 354
ALITTI 92C PL B277 194
ALITTI 92D PL B277 203
ALITTI 92F PL B280 137
LEP 92 PL B276 247
SAMUEL 92 PL B280 124
ABE 91C PR D44 29
ALBAJAR 91 PL B253 503
ALITTI 91C ZPHY C52 209
SAMUEL 91 PRL 67 9

Also 91C PRL 67 2920 erratum
ABE 90 PRI 64 152

Also 91C PR D44 29
ABE 90G PRL 65 2243

Also 91B PR D43 2070
ALBAJAR 90 PL B241 283
ALITTI 90B PL B241 150
ALITTI 90C ZPHY C47 11
ABE 891 PRL 62 1005
ALBAJAR 89 ZPHY C44 15
BAUR 88 NP 8308 127
GRIFOLS 88 IJMP A3 225

Also 87 PL B197 437
ALBAJAR 87 PL B185 233
ANSARI 87 PL B186 440
ANSARI 87C PL B194 158
GROTCH 87 PR D36 2153
HAGIWARA 87 NP B282 253
VANDERBIJ 87 PR D35 1088
APPEL 86 ZPHY C30 1
ARNISON 86 PL 166B 484
ALTARELLI 85B ZPHY C27 617
GRAU 85 PL 154B 283
SUZUKI 85 PL 153B 289
ARNISON 84D PL 134B 469
BAGNAIA 84 ZPHY C24 1
HERZOG 84 PL 148B 355

Also 84B PL 155B 468 erratum
ARNISON 83 PL 122B 103
ARNISON 83D PL 129B 273
BAGNAIA 83 PL 129B 130
BANNER 83B PL 122B 476

+Albrow. Amidei, Anway-Wiese+ (CDF Collab. )

+Worah, Takeuchi
+Amidei, Apollinari, Atac+
+Amidei, Apollinari, Atac. Auchincloss+
+Amldei, Anway-Weiss+
+Ambroslnl, Ansarl, Autlero, Bareyre+
+Ambrosinl, Ansari, Autiero, Bareyre+
+Ambrosini, Ansari, Autiero, Bareyre+
+Ambrosinl, Ansarl, Autiero, Bareyre+
+Ambrosinl, Ansari, Autiero, Bareyre+
+ALEPH, DELPHI, L3, OPAL
+Li, Sinha, Sinha, Sundaresan
+Amidei, Apollinari, Atac, Auchincloss+
+Albrow, Allkofer, Ankoviak, Apsimon+
+Ambrosini, Ansari, Autiero+
+Ll, Slnha, Sinha, Sundaresan

(EFI, FNAL)
(CDF Collab. )
(CDF Collab. )
(CDF Collab. )
(UA2 Collab. )
(UA2 Collab. )
(UA2 Collab. )
(UA2 Collab. )
(UA2 Collab. )

(LEP Collabs. )
(OKSU, CARL)

(CDF Collab. )
(UA1 Collab. )
(UA2 Collab. )

(OKSU, CARL)

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)
+Peccel, Zeppenfeld, Hlkasa (KEK, UCLA, FSU)

van der Blj (FNAL)
+Bagnala, Banner, Battiston+ (UA2 Collab. )
+Albrow, Allkofer, Astbury+ (UAl Collab. ) J
+Ellis, Martlnelll (CERN, FNAL, FRAS)
+Grifols (BARC)

(LBL)
(UA1 Collab. )
(UA2 Collab. )

(WISC)
(WISC)

(UAl Collab. )
(UA1 Collab. )
(UA2 Collab. )
(UA2 Collab. )

i (hsdrens)/I he, ~

VAL UE

0.67$+0.016 OUR FIT

r(p+ v)/r(e+ v)

DOCUMENT ID

NOTE ON THE Z BOSON

TECN COM MEN TVALUE DOCUMENT ID

0.98+0.06 OUR FIT

1.02+0.08 1216 35 ABE 92I CDF EPmP —1.8 TeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.0060.14+0.08 67 ALBA JAR 89 UA1 Ecm —546,630 GeV

1.24 p'4 14 ARNISON 84D UA1 Repl. by ALBAJAR 89

ABE 92I obtain o WB( W ~ pv) = 2.21+ 0.07 6 0.21 and combine with ABE 91C ~W
B((W ~ ev)) to give a ratio of the couplings from which we derive this measurement.

i (r+ v)/i (e+v) i s/i g
DOCUMENT IDVAL UE TECN COMMENT

1.00 +0.08 OUR FIT
1.00 +0.08 OUR AVERAGE

0.94 +0.14 179 36 ABE 92E CDF Ecm= 1.8 TeV

1.04 +0.08 +0.08 754 ALITTI 92F UA2 Ecm —630 GeV

1.02 +0.20 +0.12 32 ALBAJAR 89 UAl Ecm= 546,630 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.995+0.112+0.083 198 ALITTI 91C UA2 Repl. 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 ~ rv 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 0 B(W ~ r v) = 2.05+ 0.27
nb. Combined with ABE 91C result on a 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.

Precision measurements at the Z-boson resonance using

electron-positron colliding beams began in 1989 at the SLC
and at LEP, During 1989—93, the four CERN experiments

have made high-statistics studies of the Z. The availability of

longitudinally polarized electron beams at the SLC in 1993 has

enabled a precision determination of the effective electroweak

mixing angle sin 8~ that is competitive with the CERN results

on this 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'(El) where

E= e, p, w, v;
~ The b- and e-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.



1354

Gauge Ec Higgs Boson Full Listings

Z-parumeter determination at IEP
LEP 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 the

peak, the width of the distribution, and the height of the peak,

determine respectively the values of Mz, I'g, and I'(e+e ) x

I'(ff), where I'(e+e ) and 1'(ff) are the electron and ferrnion

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 and p-Z interference are included, and the

large ( 30 'Fo) initial-state radiation (ISR) effects are taken into

account by convoluting the analytic expressions over a 'Radiator

Function [1,2]' H(s, s'). Thus for the process e+e ~ ff:

0f(s) = H(s) s ') oy(s ) ds

0() 0+ 0+ 0

127r I'(e+e )I'(ff) I ~z

r' (.—M ) + ~ I /M'(')

0
4s.n (s)o = fN, (4)

Details on Z-parameter determination and the study of

Z ~ bb, cc at LEP are given in this note.

The standard 'lineshape' parameters of the Z are deter-

mined with increasing precision from an analysis of the pro-

duction cross sections of these final states in e+e collisions

at LEP. The Z —+ vP(p) state is identified directly by detect-

ing 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&, of the i polarization, P(7), and its forward-backward(o,e)

asymmetry, P(7)fs, enables the separate determination of the

effective vector (gy) and axial vector (g~) couplings of the Z

to these leptons and the ratio (gv/g&) which is related to th'e

effective electroweak mixing angle sin28~ (see the Standard

Model review).

Determination of the b- and c-quark-related partial widths

and charge asymmetries involves tagging the b and c quarks.

Traditionally this was done by requiring the presence of a

prompt lepton in the event with high momentum and high

transverse momentum (with respect to the accompanying jet).
Precision vertex measurement with silicon detectors enables one

to do impact parameter and lifetime tagging. Lately, sophis-

ticated neural-network techniques have been used to classify

events as b or non-b on a statistical basis using event-shape

variables.

2 i/2n(s) fo z ——— (Qf GFN, gv, gi f)

(
—Mz2) Mz'

(s —Mz2)2 + s21 2z/Mz~
(5}

where Qy is the charge of the fermion, N„=3(l) for quarkf

(lepton) and gv& is the neutral vector coupling of the Z to the

fermion-antifermion pair ff
Since o'

& is expected to be much less than o&, the LEP
collaborations have generally calculated the interference term

in the framework of the Standard Model using the best known

values of gV. This fixing of cro& leads to a tighter constraint on

Mz and consequently a smaller error on its fitted value.

Defining

gVf gAf

(gvf + 9+f)
(6)

where 9&& 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] AFB ——(3/4)A, Af, P(i) = —Ar,
P(i-)f" = —(3/4)A„ALIt = A, . The full analysis takes into

account the energy dependence of the asymmetries. Experi-

mentally Al, lt is defined as (oL, —rrR)/(oL, + olt) where ol, t~)
are the e+e -+ Z production cross sections with left- (right)-

handed electrons.

In terms of gA and gv, the partial decay width of the Z to

ff can be written as

G M3
"(ff) = (gyp+ ggy) &. (1+~@ED)(1+~qcD) (7)

6 27r

where bqED = 3nQ&/47r accounts for final-state photonic cor-

rections and bqcD = 0 for leptons and bqgD = (n., /&} +
1.409(n, /x)2 —12.805(n, /s)s for quarks, n, being the strong

coupling constant at p = Mg.
In the above framework, the @ED radiative corrections

have been explicitly taken into account by convoluting over

the ISR and allowing the electromagnetic coupling constant

to run [4]: n(s) = n/(1 —An). On the other hand, weak

radiative corrections that depend upon the assumptions of t.he

electroweak theory and on the values of the unknown M&,p
and MH;&, are accounted for by absorbing them into the
couplings. which are then called the effective couplings gv and

g& (or alternatively the effective parameters of t.he * scheme of

Kennedy and Lynn [5]).

9-matman approach to the Z
While practically all experimental analyses of LEP/SLC

data have followed the 'Breit-signer' 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, Mg, and width, I'g, can be defined

in terms of the pole in the energy plane via. [6]

s = M2z —i M gI'z
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leading to the relations

Mz = Mz/ 1+ r'z/Mz'

Mz —34 MeV

I'z = I'z/ 1+I'/M'

I'z —0.9 MeV

(9)

(12)

Some authors [7) choose to define the Z mass and width via

s = (Mz —-I z)
2

(13)

~ 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, RF 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 ~Ãsii where

Nsii is the (luminosity weighted) efFective number

of fills at a particular energy point.

which yields Mz Mz —26 MeV, I'z I'z —1.2 MeV.

The L3 collaboration at LEP (ADRIANI 93H, ADRIANI

93M) have analyzed their data using the S-matrix approach

as defined in Eq. (8), in addition to the conventional one. As

expected, they observe a downward shift of 34 MeV in the Z
mass.

Kandling the large-angle e+e final state
Unlike other ff decay final states of the Z, the e+e final

state has a contribution not only from the 8-channel but also

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 'most reasonable' values of Mt, &, and

MH;I 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 unknown Mtop and MH;~, . 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 LEP energy determina-
tson [9]

The systematic errors related to the LEP energy measure-

ment can be classified as:

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, rr&o &, , R(lepton),

AFB, where R(lepton) = I'(hadrons)/I'(lepton),
12xr(e+e )r(hadrons)/Mz2rsz. 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,

o&~„,, R(e), R(p), R(r), A+&, AF&, A+& . Assumption0 (0 e) (0 ~) (0 &)

of lepton universality leads to a five-parameter fit deter-

mining Mz, I'z, o& &, , R(lepton), AFB . The use of only0 (og)

cross-section data leads to six- or four-parameter fits if lepton

universality is or is not assumed, Le. , A+B values are not(o,e)

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 ~ polarization studies at LEP and the

determination of AL,g at SLC.

Combining results from the four LEP experiments [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-s 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 obtained by minimizing X~ =
6 V 6, where 6 is the vector of residuals of the combined

parameter set to the results of individual experiments.

Study of Z —+ bb, cc at LEP
These studies lead to the experimental determination of the

ratios of the partial widths I'(bb)/I'(hadrons), I'(cc)/I'(hadrons),
and the forward-backward (charge) asymmetries AFB and(o,s)

AFB . Each LEP experiment has used more than one tech-(0,~)

nique of b,c tagging, and then used certain assumptions, some

model dependent, to extract the final numbers. This makes the

task of combining these LEP results quite daunting. A first

step in this direction was made recently [10] for a joint LEP
presentation for the 1993 summer conferences. In principle,

the task is the same as for combining results on the lineshape:

identification of the common systematic errors, which in

this case exist not only among different LEP experiments, but
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also within one collaboration if different (partially correlated)

methods are employed to extract the same quantity.

Extracti on of I'(bb)/T (hadrons)
Three methods have been used to tag a b quark: lepton

tagging, analysis of event shape, and lifetime tagging. The

latter includes impact-parameter or decay-length double tags,

or in combination with the lepton or event-shape tags, The

various sources of common systematic errors are:

Semileptonic decay model;

~ Semileptonic branching ratios of b and c quarks;

~ cc contamination, I'(cc)/I'(hadrons);

Variation of Monte Carlo parameters, in particular

t,he b-fragmentation function;

~ Hemisphere correlations.

Some other possible common errors due to charmed hadron

composition, b, c production in uds events, etc. are expected to

be small.

Extractionof F (cc,)/I' (hadrons)
In addition to the methods of lepton tagging, event-shape

analysis, and lifetime tags, D*(2010) tagging is also used to

identify c quarks. The common systematic errors are basi-

cally the same as for the b-tagging case, where instead of cc

contamination, it is bb contamination.

Extraction of Aza and Aza(O,b) (O,c)

For determining the asymmetry, it is essential to identify

the charge of the quark in addition to tagging an event as due

to bb or cc. Thus, asymmetry measurements have utilized a
lepton tag and a lifetime tag in combination with a jet-charge

measurement and a D (2010) tag. The values of AFB are(o b)

corrected for the efFect of B"B mixing, The common errors in

AF& are due to:(O,b)

~ Semileptonic decay model and branching ratios;

~ Fragmentation;

~ I'(bb) and I'(cc);
~ B B mixing;

(O,C)~ AFB

For AFB the first four common errors are the same as for(O, c)

AF& . The fifth error is due to AF&, the sixth is due to the(O,b) (O,b)

uncertainty in the probability of producing a D*(2010) in cc

and bb events and in the D*(2010) branching ratio.

References

1. R.N. Cahn, Phys. Rev. D36, 2666 (1987);
F.A. Berends et al. , "Z Physics at LEP 1", CERN Report
89-08 (1989), Vol. 1, eds. G. Altarelli, R. Kleiss, and C.
Verzegnassi, p. 89;
A. Borrelli et a/. , Nucl. Phys. B333, 357 (1990).

2. D. Bardin et al. , Nucl. Phys. B351, 1 (1991).
3. M. Consoli et al. ,

"Z Physics at LEP 1", CERN Report
89-08 (1989), Vol. 1, eds. G. Altarelli, R. Kleiss, and C.
Verzegnassi, p. 7;
M. Bohrn et al. , ibid, p. 203;
S. 3adach et al. , ibid, p. 235.

4. G. Burgers et al. , ibid, p. 55.

D.C. Kennedy and B.W. Lynn, SLAC-PUB 4039 I1986.
revised 1988'3.

6. R. Stuart, Phys. Lett. B262, 113 (1991);
A. Sirlin, Phys. Rev. Lett. 67, 2127 (1991);
A. Leike, T. Riemann, and 3, Rose, Phys. Lett. 8273, 513
(1991);
See also D. Bardin et GL, Phys. Lett. B206, 539 (1988).

7. S. Willenbrock and G. Valencia, Phys. Lett. 8259, 373
(1991).

8. XV. Beenakker, F.A, Berends, and S.C. van der Marek,
Nucl. Phys. B349, 323 (1991).

9. L. Arnaudon et IJL (Working Group on LEP Energy and
LEP Collaborations), Phys. Lett. 8307, 187 (1993);
I.. Arnaudon et GL (Working Group on LEP Energy).
CERN-PPE/92-1254 (1992);
L. Arnaudon et aL, Phys. Lett. B284, 431 (1992);
R. Baily et al. ,

'LEP Energy Calibration' CERN-SL 90-95.

10. The LEP Collaborations ALEPH, DELPHI, L3, OPAL,
and LEP Electroweak Working Group, CERN-PPE/93-
157, (26 Aug 1993).

Z MASS

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 asymmetries. We believe that this set is

the most free of correlations. Common systematic errors are taken into
account. For more details, see the 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 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
ADRIANI 93H for a detailed investigation of both these issues.

TEChl COMMENTVALUE (GeV) EVTS

01.1F +0.00? OUR FIT
01.1+0. 001 OUR AVERAGE

91.187+0.007 +0.006 1.15M

91,195+0.006 +0.007 1.2 M

91,1826 0,007+0.006 1.33M

91.187+0.007+0.006 1.2SM

DOCUMENT ID

1 ABREU 94 OLPI4 Eee .= 88-94 GeV

1ACCIARRI 94 L3 Eee = 88—94 GeV

AKERS 94 OPAL Ee~ —88-94 GeV
1 BUSKULIC 94 ALEP Eee =- 88—94 GeV

909 603 +02 188 A BE 89C CDF Ecm —1800 GeV

91.14 +0,12 480 ABRAMS 898 MRK2 Ec —89-93 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

91.181+0.007+0.006 512k ACTON 93D OPAL Repl. by AKERS 94
91.195+0.009 460k 5 ADRIANl 93F L3 Repl. by ACClARRI 94
91.160+0.010 463k ADRIANI 93H L3 E = 88-94 GeV

91.187k 0.009 520k "BUSKULIC 93J Al EP Repl. by BUSKULiC 94

91.187+0.007 2.2M 8 LEP 93 RVUE Eceme 88-94 GeV

91.187+0.007 9M 9 QUAST 93 RVUE Eee~= 88-94 Gev

91.74 +0.28 20.93 156 ALlTTI 92e UA2 E~~~~= 630 GeV

91.177+0.006+0.02 550k 2 BANERJEE 92 RVUE Eefe 88-94 GeV——
i91,182+0,009+0.02 190k 2 DECAMP 92B ALEP Repl. by LEP 93

91.175+0.021 650k 1 LEP 92 RVUE Repl. by LEP 93
91.177+0.010+0.02 150k 12 ABREU 91F DLPH Repl. by ABREU 94
91.181+0.010+0.02 125k 2 ADEVA 91E L3 Repl. by LEP 93
91.161+0.009+0.02 184k 2 ALEXANDER 91F OPAL Repl. by LEP 93

93.1 + 1.0 + 3.0 24 1 ALBA JAR 89 UAl EcP~~—=- 546,630 GeV

1 The second error of 6.3 MeV is due to a common LEP energy uncertainty. t
2 First error of ABE 89 is combination of statistical and systematic contributions; second

is mass scale uncertainty.
ABRAMS 89e uncertainty includes 35 MeV due to the absolute energy measurement.

The systematic error in ACTON 930 is from the uncertainty in the LEP energy calibration.

The error in ADEVA 91E includes 6 MeV due to the uncertainty in LEP energy calibration.

6ADRlANI 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 pararnetrization.

BUSKULIC 93j supersedes DECAMP 928. The error includes 6 MeV due to the uncer-

tainty in LEP energy calibration.
The LEP 93 error is due to the experiments is 4 MeV and the uncertainty due to the
absolute LEP energy scale is 6 MeV.

9 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 below. 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.
BANERJEE 92 is a combined analysis of the four LEP experiments as of March 1991.
The systematic error (0.02) is an error in common to the 4 LEP experiments.
LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.
Enters fit through Z-W mass difFerence below.

ALBAJAR 89 result is from a total sample of 33 Z ~ e+ e events.

Z WIDTH

EVTS

Z DECAY MODES

VAL UE (GeV) DOCUMENT ID TECN COMMENT

2A90+O.OOT OUR FIT
2.491+0.007 OUR AVERAGE

t2.483+0.011+0.0045 1.15M ABREU 94 DLPH E = 88-94 GeV

2 494+0 009+0 0045 1 2M 16 ACCIARRI 94 L3 Eceem= 88-94 GeV i
2.483+0.011+0.0045 1.33M AKERS 94 OPAL Ecm= 88-94 GeV t
2.501+0.011+0.0045 1.28M BUSKULIC 94 ALEP E = 88W4 GeV t
3.8 +0.8 + 1.0 188 ABE 89C CDF Ecm

—1800 GeV

2 42 +0.45 80 17 ABRAMS 89B MRK2 Eecem= 89-93 GeV

2.7 +1'0 +1.3 24 8 ALBAJAR 89 UA1 Ecm= 546,630 GeV

2.7 +2.0 +1.0 25 ANSARI 87 UA2 Ecm= 546,630 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.483+0.011+0.004 512k ACTON 93D OPAL Repl. by AKERS 94
2.490+0.011 460k ADRIANI 93F L3 Repl. by ACCIARRI 94
2.492 60.012 463k 22 ADRIANI 93H L3 Eee = 88-94 GeV

2.501+0.012 520k BUSKULIC 93j ALEP Repl. by BUSKULIC 94
2.490 +0.007 1.9M QUAST 93 RVUE E = 88-94 GeV

2.481 +0.010 550k BANERJEE 92 RVUE E = 88-94 GeV t
2.484+0.017+0.005 190k DECAMP 92B ALEP Repl. by BUSKULIC 93)
2.487 +0.010 650k LEP 92 RVUE Ec = 88-94 GeV

2.465+0.019+0.005 isok ABREU 91F DLPH Repl. by ABREU 94
2.501+0.017+0.005 125k ADEVA 91E L3 Repl. by ADRIANI 93F
2.492 +0.015+0.005 184k ALEXANDER 91F OPAL Rept. by ACTON 93D

The second error of 4.5 MeV is due to a common LEP energy uncertainty. t
ABRAMS 89B uncertainty includes 50 MeV due to the rniniSAM background subtraction
error.
ALBAJAR 89 result is from a total sample of 33 Z ~ e+ 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 P(W), CL = 90% or I (Z) = (0.82 0'&4+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.

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 error in BUSKULIC 933 includes 4 MeV due to the uncertainty in LEP energy
calibration.
QtJAST 93 is a combined analysis of LEP results as of Feb. 1993. A common systematic
error of 4 MeV is taken into account.
BANERJEE 92 is a combined analysis of the four LEP experiments as of March 1991.
The systematic error (0.005) is an error in common to the 4 LEP experiments.
LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.

C21 AX
I 22

= X
I 29 Z(1385)+X

F24 =(1530)PX
l25 O X
I 26 J/@(1S)X
I 22 Xct{1P)X

{DP/~D} X
C29 D+ X
i sp D"(2010}+X
I 31 B0X
l 32 anomalous p+ hadrons
I 33 e+ e
C34 ]{I P
C35 r+ ~

37 qqyy
l38 vvyy

e+ p+
C40 e+ ~+

P

LF
LF
LF

(20.9

( 1.42

( 2.6

( 4.4

( 3.S
( 3.8

( 7.S
(28
(i3.9

[b] (i2.s
seen

[c) & 3.2
[c] & 5.2

[c] & S.6

[c] & 7.3

[d] & 6.8
[61 & 5.5

[d] &

[b]& 6

[b] &

[b] & 1.9

+06 )%
+0.14 ) %
+04 )%
+1.0 ) x 10

+1.0 ) x 10
+0.5 ) x 10

30 ) x 10
+4 )%
+2.1 ) %
+13 )%

x 10
x 10 4

x10 4

x 10 4

x 10 6

x 10 6

xlo 6

x 10 6

x 1O-5

x 10

95%
9S%
95%
95%
95%
9S%
9S%
9S%
9So/,

95o/o

[a] I indicates each type of lepton {e, Js, and r}, not sum over them.

[b] The value is for the sum of the charge states indicated.

[c] See the Full Listings below for the y energy range used in this measure-
ment.

[d] For m~~ = (60 6 5} GeV.

Z PARTIAL WIDTHS

i (a+e-)
This parameter is not directly used in the overall ftt but is derived using the fit results;
see the 'Note on the Z Boson. '

VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT

N.M+0.30 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

83.31+0.54 31.4k ABREU 94 DLPH E = 88-94 GeV

83.43+0.52 8k ACCIARRI 94 L3 Ec~m = 88-94 GeV

83.63+0.53 42k AKERS 94 OPAL Eceme 88-94 GeV

84.6160.49 45.8k BUSKULIC 94 ALEP Ec —88-94 GeV

83.0360.66 17k ACTON 93D OPAL Repl. by AKERS 94
83.0 +0.6 16k ADRIANI 93M L3 Repl. by ACCIARRI 94
84.4360.60 BUSKULIC 93j ALEP Rept. by BUSKULIC 94
83.30+0.35 ok 28 QUAST 93 RVUE E~cm = 88-94 GeV

82.6 +0.7 16k 29BANERJEE 92 RVUE Ecee=88-94Gev
83.8 +0.9 6947 DECAMP 92B ALEP Repl. by BUSKULIC 93&

83.20+0.55 19k 30 LEP 92 RVUE Eee = 88-94 GeV

82.4 +1.1 +0.5 2772 ABREU 91F DLPH Repl. by ABREU 94
83.3 +1.1 4175 ADEVA 91E L3 Repl. by ADRIANI 93M
82.9 +1.0 5507 ALEXANDER 91F OPAL Rept. by ACTON 93D

QUAST 93 is a combined analysis of LEP results as of Feb. 1993.
9 BANERJEE 92 is a combined analysis of the four LEP experiments as of March 1991.

LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.

Mode Fraction (I I//I ) Confidence level r(f+1 -) C2

li

I3
l4
ls
C6

l7
C8

Clo

C14

C18

C19

2O

e+e
P
~+~-
e+e-
invisible

hadrons

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

bb

rl y

LLP y

~'(9S8)~
'y y

yyy
~+ w+
p+ A'+
Kox
K*(892)+X

( 3.366+0.008) %

( 3.367+0.013) %

( 3.360+0.015) %

fa) ( 3.367+0.006) %
(20.01 +0.16 ) %
(69.90 j0.15 ) %

( 97 +18 )
168 g12 ) o/

(11.9 +1.4 ) %

(15.45 +0.21 ) %
5.5 x 10
5.1 x iO-5
6.5 x 1O-4

4.2 x iO-5

5.5 x 10
1.7 x iO-5

fb] & 7 x iO-5

fb) & 8-3 x io-5
(61,5 +0.6 ) %

(51 +5 ) %

95%
9S%
95%
95%
9So/.

9S%
9S%
9So/

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

83.84+Oa39 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

84.15+0.77 6k ABREU 9 DLPH Eceme 88-94 GeV

83.20+0.79 3 k ACCIARRI 94 L Eceem 88-94 GeV

83.83+0.65 57k AKERS 94 OPAL Ec —88-94 GeV

83.62 +0.75 46.4k BUSKULIC 94 ALEP Ec~~m= 88-94 GeV

84.43+0.92 23k ACTON 93D OPAL Repl. by AKERS 94
828 +1.0 14k ADRIANI 93M L3 Rept. by ACCIARRI 94
83.66+0.95 BUSKULIC 933 ALEP Repl. by BUSKULIC 94
83.82 +0.52 70k QUAST 93 RVUE Ecm = 88-94 GeV

83.7 +1.1 16k 32 BANERJEE 92 RVUE Eee = 88-94 GeV

81.4 +1.4 6691 DECAMP 92B ALEP Repl. by BUSKULIC 93J
83.35+0.86 21k 33 LEP 92 RVUE Ec~m= 88-94 GeV

86.9 +1.9 +0.9 3428 ABREU 91F DLPH Rept. by ABREU 94
84.5 +2.0 3245 ADEVA 91E L3 Rept. by ADRIANI 93M
83.2 +1.5 7240 ALEXANDER 91F OPAL Repl. by ACTON 93D
3 QUAST 93 is a combined analysis of LEP results as of Feb. 1993.

BANERJEE 92 is a combined analysis of the four LEP experiments as of March 1991.
LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.
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r {~+7 )-
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 DOCUMENT ID

83.68+OA4 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

83.55+0.91 25k ABREU 94 DLPH Ecem —88—94 GeV

84.04+0.94 25k ACCIARRI 94 L3 Eceem = 88-94 GeV

82.90+0.?7 47k AKERS 94 OPAL Eceme = 88-94 GeV

84.18+0.79 45.1k BUSKULIC 94 ALEP Eee = 88-94 GeV

82.2 + 1.1 18k ACTON 93D OPAL Repl. by AKERS 94
84.6 4 1.2 10k ADRIANI 93M L3 Repl ~ by ACCIARRI 94
84.096 1.10 BUSKULIC 93J ALEP Repl. by BUSKULIC 94
83.54 +0.62 50k QUAST 93 RVUE Ecm —88-94 GeY

83.1 + 1.2 16k BANERJEE 92 RVUE EP~ = 88-94 GeV

82.4 +1.6 6260 DECAMP 92B ALEP Repl. by BUSKULIC 93J
82.76+ 1.02 1?k LEP 92 RVUE Ec —88-94 GeV

82.7 +2.1 +1.1 2345 ABREU 91F DLPH Repl. by ABREU 94
&4.0 +2.7 2540 ADEVA 91E L3 Repl. by ADRIANI 93M

82, 7 + 1.9 5559 ALEXANDER 91F OPAL Repl. by ACTON 93D

QUAST 93 is a combined analysis of LEP results as of Feb. 1993.
BANERJEE 92 is a combined analysis of the four LEP experiments as of March 1991.
LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.

TECN COMMENT

r(t+E-) r4
In our fit I (E+ 8 ) 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

S3.S4+Oe27 OUR FIT
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

83.56+0.45 102k ABREU 94 DLPH E = 88-94 GeV

83.49 +0.46 97k ACCIARRI 94 L3 Ec = 88-94 GeV

83.55 +0.44 146k AKERS 94 OPAL Ec = 88-94 GeV

84.40 +0.43 137.3k BUSKULIC 94 ALEP Ecee 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 QUAST 93 RVUE Ec —88-94 GeV

83.0 +0.4 50k BANERJEE 92 RVUE E = 88-94 GeV

83.1 +0.7 20k DECAMP 92B ALEP Repl. by BUSKULIC 93J
83.24+0.42 5?k 92 RVUE Ec = 88-94 GeV

83.4 +0.8 10k ABREU 91F DLPH Repl. by ABREU 94
83,6 +08 10k ADEVA 91E L3 Rept. by ADRIANI 93F
83.0 +0.7 18k ALEXANDER 91F OPAL Repl. by ACTON 93D

QUAST 93 is a combined analysis of LEP results as of Feb. 1993.
BANERJEE 92 is a combined analysis of the four LEP experiments as of March 1991.
LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.

I (invisible)
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.

VAL UE (MeV) EVTS DOCUMENT ID TECN COMMENT

49L2+ 4.2 OUR FIT
496 +29 OUR AVERAGE

450 +34 +34 258 BUSKULIC 93L ALEP EPm = 88-94 GeV

540 +80 +40 61 ADEVA 92 L3 E c88-94 GeV

524 +40 + 20 172 "OADRIANI 925 l.3 EPm = 89-94 GeV

500 +70 k 30 73 AKRAWY 91o OPAI. E = 88-94 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

509 4 6 7.0 ABREU 94 DLPH Eceem= SSW4 GeV

496.5 2 7.9 ACCIARRI 94 L3 EPm
—88-94 GeV

490.3+ ?.3 AKERS 94 OPAL EPm= 88-94 GeV I
501 + 6 BUSKULIC 94 ALEP EPm Sable 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 E = 88-94 GeY

491 + 13 DECAMP 92e ALEP Repl. by BUSKULIC 93J
498 + 8 42 LE& 92 RVUE EP~ —88W4 GeY
488 + 17 ABREU 91F DLPH Repl. by ABREU 94
508 +17 ADEVA 91E L3 Repl. by ADRIANI 93M
504 +15 Al EXANDER 91F OPAL Repl. by ACTON 93D

ADRIANI 925 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.

4 LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included. Assumes lepton universality.

I (hadrons) f6
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 DOCUMENT ID TECN COMMENT

1740.7+ 5.9 OUR FIT
~ ~ o We do not use the following data for averages, fits, limits, etc. a o ~

1723 4 10 1.05M ABREU 94 DLPH E e = 88-94 GeV

1748 4 10 1.iM ACCIARRI 94 L3 Eee = 88-94 GeV I
1?41 + 10 1.2M 43 AKERS 94 OPAL Eee = 88-94 GeV

1746 6 10 1.14M BUSKUI iC 94 ALEP Eceem= 88-94 GeV

1738 +.12 454k 44 ACTON 93D OPAL Rept ~ by AKERS 94
1747 + 11 420k ADRIANI 93F L3 Rept. by ACCIARRI 94
1751 +11 BUSKULIC 93J ALEP Repl. by BUSKULIC 94
1741 .+ ? 1.7M QUAST 93 RVUE Epm = 88-94 GeV

1?34 + 10 Soak 46 47 BANERJEE 92 RVUE Eceem= SS-94 GeV

1740 4 12 570k 48 LEP 92 RYUE Repl. by LEP 93
1726 + 19 124k ABREU 91F DLPH Repl. by ABREU 94

AKERS 94 assumes lepton universality. Without this assumption, It becomes 1742 6 11
Me Y.
ACTON 93o 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.

46Assuming lepton universality. Without this assumption it becomes 1741 6 15 MeV.
4? BANERJEE 92 is a combined analysis of the four LEP experiments as of March 1991.
4 LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-

tematic errors are included. Assumes lepton universality.

Z BRANCHING RATIOS

I (hadrons)/r(e+e ) fs/I 1
DOCUMENT ID TECN COMMEN T

70k

19k

2772
4175

r(hadrOna)/r(ra+ Is-) ls/la
TECN COMMEN TDOCUMENT IDVAL UE

20.76+0.07 OUR FIT
20.71+0.09 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

20.54 +0.14 45.6k ABREU 94 Dl PH EPm= SS-94 GeV

21,02 60.16 34k ACCIARRI 94 L3 EPm 88&4 GeV—
20.78 +0.11 57k AKERS 94 OPAL Eceem= 88-94 Gev

20,83+0.15 46.4k BUSKULIC 94 ALEP Eterne= 88-94 GeV

18.9 13 ABRAMS 89D MRK2 E = 89-93 GeV

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

20.65 4 0.17 23k ACTON 93D OPAL Repl. by AKERS 94
20.88+0.20 BUSKULIC 93J ALEP Repl. by

BUSKULIC 94
20.79+0.10 QuAST 93 RVuE EPm = 88-94 GeV

21.26 +0.29 iDECAMP92s ALEP Repl, by
BUSKULIC 93J

21k 56 LEP 92 RVUE Eceme 88-94 GeV

2475 5 ABREU 91 DLPH Repl. by ABREU 94
3428 ABREU 91F DLPH Repl. by ABREU 94
3245 ADEYA 91E L3 Repl. by ACCIA-

RRI 94
20.92+0.31 7240 6 ALEXANDER 91F OPAL Repl. by AC- I

TON 93D
54ABRAMS 89D have included both statistical and systematic uncertainties in their quoted

errors.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993.

6LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.

57 ABREU 91 also obtain if (e) I (Is)]1/ = 85,0 + 0.9 + 0.8 MeV, assuming mZ —91.181
GeV and i {Z) = 2.455 GeV.

70k

6691

20.88+0.18
19.89+0.40+0.19
20.08 +0.36+0.16
20.75+0.39+0.17

VAL UE EVTS

20.76+ D.oe OUR FIT
20.74 + 0,18 31.4k ABREU 94 DLPH EPm= See GeV

20.966 0, 15 38k ACCIARRI 94 L3 EPm
—88 94 GeV

20.83+ 0.16 42k AKERS 94 OPAL Eceem 88&4 GeV——
20.59+ 0.15 45.8k BUSKULIC 94 Al EP EPm= 88-94 GeV

27.0 + 8'8 12 9 ABRAMS 89D MRK2 Ecern —89&3 GeV

e o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

20.996 0.25 1?k ACTON 93D OPAL Repl. by AKERS 94
20.69+ 0.21 BUSKULIC 93J ALEP Repl. by

BUSKULIC 94
20.92+ 0.12 QUAST 93 RVUE EPm

—88-94 GeV

20.91+ 0.22 LEP RVUE Ec~m = 88-94 GeV

21.19+ 0.49+0.18 ABREU 91F DLPH Repl. by ABREU 94
21.01 5 0.40+ 0.22 ADEVA 91E L3 Repl. by ACCIA-

RRI 94
49ABRAMS 89D have included both statistical and systematic uncertainties in their quoted

errors.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993.

51LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.
ABREU 91F report f (ee) = 82.4 6 1.1 k 0.5 MeV and provided us with this branching
ratio from the same data and analysis.
ADEVA 91E report B(ee) = 3.33 6 0.04% and f(ee) = 83.3 + 1.1 MeV and provided
us with this branching ratio from the same data and analysis.
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ABREU 91F report I (pp) = 86.9 + 1.9 + 0.9 MeV and provided us with this branching
ratio from the same data and analysis.
ADEVA 91E report B(pp) = 3.38 + 0.08% and I (pp) = 84.5 + 2.0 MeV and provided
us with this branching ratio from the same data and analysis.
ALEXANDER 91F report I (p, ILS) = 83.2+ 1.5 MeV and provided us with this branching
ratio from the same data and analysis.

WEIGHTED AVERAGE
20.78~0.09 (Error scaled by 1.3)

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.

20.84 +0.29 10k ADEVA 91E L3 Repl. by ADRIANI 93M
20.95 60.22 18k ALEXANDER 91F OPAL Repl. by ACTON 930

QUAST 93 is a combined analysis of LEP results as of Feb. 1993. Assumes lepton
universality.
BANERJEE 92 is a combined analysis of the four I.EP experiments as of March 1991.
LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.

WEIGHTED AVERAGE
20.77+0.07 (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.

20.0

~V

20.5 21.0

F (hadrons) /I (Ir+ Ir )

r(hadrons)/I (r+r )

'ABREU
. - .ACCIARRI

AKERS
. BUSKULIC
ABRAMS

94 DLPH
94 L3
94 OPAL
94 ALE P
89D MRK2

2
X
2.9
2.3
0.0
0.1

21.5

I 6/rs

5.3
(Confidence Level = 0.151)

I

22.0

J'

VV

20.2 20.4 20.6 20.8

I (hadrons)/I ( rr+)

21.0

ABREU
~ ~ ACCIARRI

AKERS
BUSKULIC
ABRAMS

94 DLPH
94 L3
94 OPAL
94 ALEP
89B MRK2

X
2.2
2.6
0.6
0.8

6.2
(Confidence Level = 0.104)

21.2 21.4 21.6

TECN COMMENTDOCUMENT IDEVTS

21.02 40.23
21.14+0.4960.27
20.83+0.43+0.43

21.05 +0.44

I (hadrons)/I (Jr+ C ) rs/ra
8 indicates each type of lepton (e, p, , and T), not sum over them.

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 +0.10 102k ABREU 94 DLPH EP~= 88—94 GeV

20.93 +0.10 97k ACCIARRI 94 3 Ec~m= 88—94 GeV

20 835+0 086 1 6k AKERS 94 PAL Ec~m= 88—94 GeV

20.69 +0.09 137.3k BUSKULIC 94 ALEP EP~= 88—94 GeV

18.9 46 ABRAMS 89e MRK2 EP~= 89—93 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

20.88 +0.13 58k ACTON 930 OPAL Repl. by AKERS 94
21.00 +0.15 40k ADRIANI 93M L3 Repl. by ACCIARRI 94
20.78 +0.13 BUSKULIC 93J ALEP Repl. by BUSKULIC 94
20.87 +0.07 190k QUAST 93 RVUE EP~ = 88-94 GeV

20.90 +0.15 50k 68 BANERJEE 92 RVUE Ec~m= 88—94 GeV
21.00 +0.20 20k DECAMP 92e ALEP Repl. by BUSKULIC 93J
20.89 +0.13 57k 69 LEP 92 RVUE Ec~m= 88-94 GeV
20.70 +0.25 +0.14 10k ABREU 91F DLPH Repl. by ABREU 94

VAL UE

20.80+0.08 OUR FIT
20.81+0.08 OUR AVERAGE

20.68 +0.18 25k ABREU 94 DLPH EPm= 88-94 GeV

20.8060.20 25k ACCIARRI 94 L3 EPm= 88-94 GeV

21.01+0.15 47k AKERS 94 OPAL EPm 85&4 G——eV

20.70 +0.16 45.1k BUSKULIC 94 ALEP E = 88-94 GeV

15.2 +3'9 21 61 ABRAMS 89D MRK2 Eceem= 89-93 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

21.22 +0.25 18k ACTON 930 OPAL Repl. by AKERS 94
20.77 +0.23 BUSKULIC 93J ALEP Repl. by

BUSKULIC 94
20.86 60.13 50k 62 QUAST 93 RVUE EPm = 85-94 GeV

21.00 k 0.36 t6260DECAMP 92e ALEP Repl. by
BUSKULIC 93J

17k 63 LEP 92 RVUE E = 88-94 GeV

2345 ABREU 91F DLPH Repl ~ by ABREU 94
2540 6 ADEVA 91E L3 Repl. by ACCIA-

RRI 94
5559 ALEXANDER 91F OPAL Repl. by AC- t

TON 930
ABRAMS 89D have included both statistical and systematic uncertainties in their quoted
errors.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993. t
LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.
ABREU 91F report I (TT) = 82.7 + 2.1 + 1.1 MeV and provided us with this branching
ratio from the same data and analysis.
ADEVA 91E report B(TT) = 3.36 + 0.11% and I (7 T) = 84.0 + 2.7 MeV and provided
us with this branching ratio from the same data and analysis.
ALEXANDER 91F report I (TT) = 82.7 4 1.9 MeV and provided us with this branching
ratio from the same data and analysis.

I (hadrnns) /I total rs/r
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 EVTS TECN COMMEN T
0.6NO+OA$15 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.698360.0023 1.14M BUSKULiC 94 ALEP EPm= 88-54 GeV

0.6993+0.0031 570k 70 LEP 92 RVUE Ec~m= 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.

DOCUMENT ID

r(a+ a-) /rtotai I 1/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. '

VALUE EVTS DOCUMEN T ID TECN COMMENT
0.0&%5+0.0000$ OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.03383+0.00013 8k BUSKULIC 94 Al EP Eceme= 88W4 GeV

0.03345+0.00020 19k 71 LEP 92 RVUE Ep~= 88-94 GeV

LEP 92 is combined analysis by the four LEP experiinents as of December 1991. Sys-
tematic errors are included.

r(r+r-)/ran, i I 3/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. '

VALUE EVTS DOCUMENT ID TECN COMMENT
0.~8%9+0.00015 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.03366+0.00028 45.1k BUSK ULIC 94 ALEP EP~ = 88-94 GeV

0.03328+0.00040 2 RVUE Ec~m = 88-94 GeV

LEP 92 is combined analysis by the four LEP experiments as of December 1991. Sys-
tematic errors are included.

r(c+c-)/r»i
E indicates each type of lepton (e, p, and T), not sum over them.

Our fit result assumes lepton universality.

This parameter is not directly used
see the 'Note on the Z Boson. '

VALUE EVTS
0.~967+0.00006 OUR FIT
o ~ ~ We do not use the following data

0.03375+0.00009 137.3k

0.03347+0.00013 57k 74

74LEP 92 is combined analysis by the
tematic errors are included.

in the overall fit but is derived using the fit results;

DOCUMEN T ID TECN COMMEN T

for averages, fits, limits, etc. ~ ~ ~

BUSKULIC 94 ALEP EPm= 88-94 GeV

LEP 92 RVUE EP~= 88-94 GeV

four LEP experiments as of December 1991~ Sys-

r(r +r -)/ran, i I 2/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. '

VALUE EVTS DOCUMENT IO TECN COMMENT

0.9%57+0.0001$ OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.03344 d:0.00026 46.4k BUSKULIC 94 Al EP EPm 88-54 GeV—
0.0335160.00034 21k 72 LEP 2 RVUE EPm = 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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I (invtslbie) /I total
See the data, the note, and the fit result for the partial width, I 5, above.

VALUE DOCUMENT ID

0.2001+0.0016 OUR FIT

I 8/i

r(ra+ra-)/r(a+e ) l 2/rt
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 DOCUMEN T ID

1.000+0.005 OUR FIT

r(~+ ~-)/r(e+ e-) I 3/I 3
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

0.998+0.001 OUR FIT

I ({tray ci) /2) /I (hadrons) ry/rs
This quantity is the branching ratio of Z ~ "up-type" quarks to Z ~ hadrons.

VALUE DOCUMENT ID TECN COMMENT

0.139+0.026 ACTON 93F OPAL E e = 88-94 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.191+0.031+0.040 ALEXANDER 91E OPAL Repl. by ACTON 93F

ACTON 93F use the LEP 92 value of I (hadrons) = 1740 k 12 MeV.
ALEXANDER 91E result is from analysis of final state photons.

I ({diF+ el+ bli)/3) /I (hadrons) r, /r,
This quantity is the branching ratio of Z ~ "down-type" quarks to Z ~ hadrons.

VALLIE DOCUMEN T ID TECN COMMEN T

0.241+0.017 ACTON 93F OPAL E = 88-94 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.206 4 0.021 +0.028 ALEXANDER 91E OPAL Repl. by ACTON 93F

ACTON 93F use the LEP 92 value of I (hadrons) = 1740 + 12 MeV.
ALEXANDER 91E result is from analysis of final state photons.

I (bb)/l (hadrons) rto/rg
Following the procedure of the joint LEP effort to extract I (bb)//f (hadrons) (see the
'Note on the Z Boson' ), we have divided the measurements into 3 classes, based on

lepton tagging, event shapes, and lifetime tagging. For each group, the systematic
errors are split into those specific to an experiment (uncorrelated systematics) and
those in common between the results (common systematics). For the overall average,
the results from the three tagging techniques are assumed to be entirely uncorrelated.

VALUE EVTS DOCUMENT ID

0.2210+0.0029 OUR EVALUATION

0.218 +0.006 +0.010 85 AKERS

0 220 +0 002 +0 013 11893 86 ACTON

0.222 4 0.007 4 0.008 87 ACTON

0.222 +0.003 +0.007 88 ADRIANI

0.2187+0.0022+ 0.0031 89 BUSKULIC

0.228 +0.005 +0.005 90 BUSKULIC

0.232 +0.005 +0.017 91 ABREU

0.221 w0.004 +0.013 3893 ADEVA

0.251 +0.049 +0.030 32 93 JACOBSEN

0.215 +0.017 +0024 1383 DECAMP

0.23 +0'10 +0' 15 95 KRAL—0.08 —0.04

TECN COM MEN T

94D OPAL

931 OPAL

93M OPAL

93E L3

93M ALEP

93N ALEP

920 DLPH

91C L3

91 MRK2

90L ALEP

90 MRK2

Eee 88—94 Gev

Eceem = &8—94 GeV

E« = 88-94 GeV

Ec~~m = 88-94 GeV

Ecem 91.3 GeV

E = 88—94 GeV
Eee 88—94 GeV

E« = 88—95 Gev

c«m 91 GeV
Eee 88—94 GeV

E = 89—93 GeV

I (ci,') /I (hadrons) r, /r,
Our average consists of a simple weighted average assuming no common errors.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.171+0.020 OUR AVERAGE

0.18740.031+0.023 9 ABREU 93t DLPH Ecm .= 88-94 GeV

0.151+0.008+0.041 SS ABREU 920 Dl PH Eee = 88-94 GeV

0.186+0.035+0.020 115 8 ALEXANDER 918 OPAL E = 88—95 GeV

0.162 +0.030+0.050 381 ABREU 90H DLPH E = 91 GeV

0.148+0.044+&'038 1383 8 DECAMP 90L ALEP E = 88-94 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.223+0.032 +0.059 AKRAWY 91E OPAL E = 88-95 GeV

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.
ALEXANDER 918 (OPAL) obtains the result from an analysis of the D*+ momentum

distribution (c production is tagged via D*+ production). ALEXANDER 918 include
all errors due to their experiment in the first quoted error and all others in the second

( 60.020).
ABREU 90H use CLEO probability for cc ~ D*(2010)+X with D (2010)+ D
Systematic error includes +0.026 due to uncertainties in branching ratios.
DECAMP 90L find B(c -~ e)l (cc)/f (hadrons) = 0,0133 6 0.0040+0'0031. Assumes

B(c ~ e) = 0.090+0.013. Systematic error includes about +0.025 due to uncertainties
in branching ratios.
AKRAWY 91E (OPAL) performs a fit to the p and pT spectra of muon candidates, used
to tag heavy flavor semileptonic decays. AKRAWY 91E systematic error includes the un-

certainty from semileptonic branching ratios (+0.025) plus other systematics (+0.053).

VALUE

&5.5 x
&1.2 x

2.1

4;r

10
10
10-4
10

o o ~ We do not

CL% DOC UMEN T ID TECN

95 02 ABREU 948 DLPH

95 1 ADRIANI 928 L3

95 DECAMP 92 ALEP

95 AKRAWY 91F OPAL

use the following data for averages, fits, limits,

COMMENT

E« —88—94cm
Eee 88 94

Eceme &&—94
Ee —88-94cm--

etc. ~ 1 o

GeV

Gev I
Gev

. 1.3' 10

&1.5 x 10
&2.9 x' 10
&3.9 x 10

&4.9 x l0

95

95
95
95

95

BARDADIN-. .. 92 RVUE

ABREU 91E DLPH

ADEVA 90K L3

AKRAWY 90F OPAL

DECAMP 90& ALEP

E« —... 8&-94 GeV

Rept. by ABREU 948
Repl. by ADRIANI 928
Eee 88-95 Gev
Eee —88-95 GeV

ABREU 948 supersedes ABREU 91E.
This limit is for both decay modes Z0 --. ~0~/~-) which are
ANI 928.

r(n~) lrtotai

indistinguishable in ADRI-

VAL UE

&8.0 x 10

&1& x 10

(5.1 x 10
&2.0 x 10 4

o ~ ~ We do not

(1.9 x 10

&2.8 x 10
(4.1 x 10
&5.& x 10 4

&4.6 x' 10 4

CL ooo DOCUMENT ID TECN

95 4 ABREU 948 DLPH

95 ADRIANI 928 L3

95 DECAMP 92 ALEP

95 AKRAWY 91F OPAL

use the following data for averages, fits, limits,

95 BARDADIN-. .. 92 RVUE

95 ABREU 91E DLPH

95 ADEVA 90K L3

95 AKRAWY 90F OPAL

95 DECAMP 90J ALEP

E« = 88-94
E"= &&-94

CITY

E =- 88-94
Eee —&8 94cm

etc. coo
GeV

E« = 88—94 GeV

Repl. by ABREU 948
Repl. by ADRIANI 928
E« = 88-95 GeV

E« = 8&-95 Gev

04ABREU 948 supersedes ABREU 91E.

i (ur 7) /rtotal i ts/I
VALUE

&6.5 x 10 4
DOCUMENT ID

ABREU

TECN COMME% T

948 Oi PH E,'„' 88-94 GeV=

o o o We do not use the following data for averages, fits, limits, etc. o o ~

0.222 +-0.011 +0.007 98 AK EBS 938 OPAL Eee —. SS—94 GeV

0.222 + +.0.017—0.031
97 ABREU 92 DLPH E« = 88-94 GeVcm=—

0.219 +0.014 +0.019 ABREU 92K DLPH Ecm- —88—94 GeV

0.226 +0.008 +0.018 1180 9 ACTON 921 OPAL Repl. by ACTON 931

0.193 +0.006 +0.024 1494 00 AKRAWY 91E OPAL Repl. by ACTON 93i
0.204 +0.014 +0.024 171 101 ADEVA 90E L3 Bcpl. by ADRIANI 93E

5AKERS 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 (cc)/I (hadrons) uncertainty.

ACTON 931 use both electrons and muons to tag 8 semileptonic decays. The systematic
error includes components due to b and c quark fragmentation uncertainties, decay
branching ratios, and f(cc)/I {hadrons).
ACTON 93M tagged Z - bb events using the impact parameter technique.
ADRIANI 93E use a multidimensional analysis based on a neural network approach.
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 (for compatibility, we quote the result:
obtained with the Standard Model prediction I (cc)/f (hadrons) = 0.171).
BUSKULIC 93N Lise event shape and high pT lepton discriminators applied to both
hemispheres.

9 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.
ADEVA 91C report I (bb) = 3853:7211419MeV; we use their I (hadrons) —. 1742 ). 19
MeV to obtain the branching ratio. The systematic error includes the serT)ileptonir
branching ratio uncertainty (+0.011) pius other systematics {-3 0.006).

93 JACOBSEN 91 tagged bb events by requiring coincidence of & 3 tracks with significant
impact parameters using vertex detector. Systematic error includes lifetime and decav
uncertainties ( 9:0.014).
DECAMP 90L find B(b --. e}((bb)ll (hadrons) == 0.0219 -i.. 0.0017 2 0.0010. They
assume B(b — e) = 0.102 + 0,007 + 0.007. The quoted systematic error is dominated
by that from the sernileptonic branching ratio.
KRAL 90 used isolated leptons and found I (bb)/I (total) —. 0.17 0'06+0'03.
AKERS 938 use a simultaneous fit to single and dilepton events (electrons and muons)
to tag Z -- bb.

97ABREU 92 result is from an indirect technique. They measure the lifetime rg, but use

a world average of ~8 independent of I (bb) and compare to their I (bb) dependent
lifetime from a hadron sampie.

&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.

99ACTON 92i use high p (& 4 GeV), high pT (,. D.S GeV) electrons to tag Z -- otr
events.

100For AKRAWY 91E, the systematic error includes:he uncertainty from semileptonic
branching ratios (+0.021) plus other systematics {+ 0.011}.

101ADEVA 90E used isolated muons and found B(8 — p)l (bb) —41.7 a 2.9 t. 3.0 Mev.
The systematic error of +0.024 above includes 0,02 due to uncertainty in B{8
added in quadrature to:t-0,014 systematic.

r(sr 7)/rtotai
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I (r/(958}7) /I tsnai
VAL UE CL%

(4.2 x 10 95
o ~ ~ We do not use the following

&2.2 x 10 95

I 14/I
DOCUMENT ID TECN COMMENT

DECAMP 92 ALEP Eceem= 88—94 GeV

data for averages, fits, limits, etc. ~ o o

DECAMP 90J ALEP Eceem= 88—95 GeV

I (77 /rtotal I ts/r
his decay would violate the Landau-Yang theorem.

VAL UE CL% DOCUMENT ID TECN COMMENT

&5.5 x 10 95 ABREU 948 DLPH Ec —88-94 GeV

&1.2 x 10 4 95 tII5 ADRIANI 928 L3 Ecm
—88-94 GeV

&1.4 x 10 4 95 AKRAWY 91F OPAL E = 88-94 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.9 x 10 95 ADEVA 90K L3 Repl ~ by ADRIANI 92B

&3.7 x 10 4 95 AKRAWY 90F OPAL Ec = 88-95 GeV

1 5 This limit is for both decay modes 2 ~ n n/pp which are indistinguishable In ADRI-
ANI 92B.

r(777)/I total
VAL UE CL% DOCUMENT ID TECN

&1.7 x 10 g5 106 ABREU 94B DLPH

&3.3 x 10 95 ADRIANI 92B L3

&6.6 x 10 95 AKRAWY 91F OPAL

~ ~ ~ We do not use the following data for averages, fits, limits,

&2,4 x 10 95 BARDADIN-. .. 92 RVUE

&1.4 x 10 95 ABREU 91E DLPH

&1.2 x 10 95 ADEVA 90K L3

&2.8 x 10 4 95 AKRAWY 90F OPAL

ABREU 94B supersedes ABREU 91E.

I ts/r
COMMENT

Eceme 88-94 GeV

Eceem= 88-94 GeV

Eceem= 88-94 GeV

etc. ~ ~ ~

Eceem 88-94 GeV

Repl. by ABREU 94B
Repl. by ADRIANI 92B
Eceem = 88-95 GeV

r(»+ w+)/re, i
The value is for the sum of the charge states indicated.

VAL UE CL% DOCUMENT ID TECN COMMENT

(7x 10 5 95 DECAMP 92 ALEP Eee = 88-94 GeV

r(P+ W+)/rnnai
The value is for the sum of the charge states indicated.

VAL UE CL% DOCUMENT ID TECN COMMENT

&8.3 x 10 95 DECAMP 92 ALEP E = 88-94 GeV

I 18/I

I (K X)/I (hadrons) I 19/I 6
TECN COMMENTVAL UE DOCUMENT ID

0.879+0.008 OUR AVERAGE

0.880 +0.009 ABREU 92G DLPH E = 91.2 GeV

0.877 +0.017 107 ALEXANDER 91C OPAL E~c~m= 91.2 GeV

From multiplicity measurement in Z hadronic decays. The quoted value is summed over
particle plus antiparticle. We have calculated this value as the probability of producing
at least one particle of this kind in the final state, using as average the total yield
per hadronic event as measured by the authors. We have assumed Poisson statistics but
have not added a systematic error to account for possible particle/antiparticle production
correlation and for deviations from Poisson statistics.

I (K'(892}+X)/I (hadrons) ran/rs
VAL UE DOCUMENT ID TECN COMMENT

0.736+0.068 108 ABREU 92G DLPH Eecem= 91.2 GeV

From multiplicity measurement in Z hadronic decays. The quoted value is summed over
particle plus antiparticle. We have calculated this value as the probability of producing
at least one particle of this kind in the final state, using as average the total yield
per hadronic event as measured by the authors. We have assumed Poisson statistics but
have not added a systematic error to account for possible particle/antiparticle production
correlation and for deviations from Poisson statistics.

r(yIX) lr{hadmns) r21/rs
TECN COMMEN T

I (= X)/I (hadrons) r22/rs
VAL UE DOCUMENT ID
0.0203+0.0019 OUR AVERAGE

0.020 +0.005 ABREU 92G DLPH Epm= 91.2 GeV
0.0204 +0.0021 ACTON 92J OPAL Epm= 91.2 GeV

From multiplicity measurement in Z hadronlc decays. The quoted value is summed over
particle plus antiparticle. We have calculated this value as the probability of producing
at least one particle of this kind in the final state, using as average the total yield
per hadronic event as measured by the authors. We have assumed Poisson statistics but
have not added a systematic error to account for possible particle/antiparticle production
correlation and for deviations from Poisson statistics.

TECN COM MEN T

VAL UE DOCUMENT ID

0.298+0.009 OUR AVERAGE

0,3004 0.012 tABREU93L DLPH E = 91.2 GeV

0.29640.014 109 ACTON 92J OPAL Eee 9].2 GeV I
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.302 +0.049 ABREU 925 DLPH Repl. by ABREU 931
From multiplicity measurement in Z hadronic decays. The quoted value is summed over
particle plus antiparticle. We have calculated this value as the probability of producing
at least one particle of this kind in the final state, using as average the total yield
per hadronic event as measured by the authors. We have assumed Poisson statistics but
have not added a systematic error to account for possible particle/antiparticle production
correlation and for deviations from Poisson statistics.

I (Z(1385}+X)/I (hadrons) Ias/Is
The quoted value is summed over two charge states and over particle plus antiparticle.

VALUE DOCUMEN T ID TECN COMMENT

0.0373+0.0060 111ACTON 92J OPAL Eee = 91.2 GeV

From multiplicity measurement in Z hadronic decays. We have calculated this value as
the probability of producing at least one particle of this kind in the final state, using
as average the total yield per hadronic event as measured by the authors. We have
assumed Poisson statistics but have not added a systematic error to account for possible
particle/antiparticle production correlation and for deviations from Poisson statistics.

I (={1530}IIX)/I(hadrons) rag/rs
VALUE DOCUMENT ID TECN COMMENT

0.0063+0.0014 112 ACTON 92J OPAL Ecee gl.2 GeV

From multiplicity measurement in Z hadronic decays. The quoted value is summed over
particle plus antiparticle. We have calculated this value as the probability of producing
at least one particle of this kind in the final state, using as average the total yield
per hadronic event as measured by the authors. We have assumed Poisson statistics but
have not added a systematic error to account for possible particle/antiparticle production
correlation and for deviations from Poisson statistics.

I (i2 X)/I (hadrons) ras/rs
VALUE DOCUMENT ID TECN COMMENT

0.0050+0.0015 ACTON 92J OPAL Ec —91.2 GeV

From multiplicity measurement in Z hadronic decays. The quoted value is summed over
particle plus antiparticle. We have calculated this value as the probability of producing
at least one particle of this kind in the final state, using as average the total yield
per hadronic event as measured by the authors. We have assumed Poisson statistics but
have not added a systematic error to account for possible particle/antiparticle production
correlation and for deviations from Poisson statistics.

I (I/$(1S}X)/I total ras/r
DOCUMENT ID

I (Xct(1P}X)/I total
VALUE (units 10 ) EVTS DOCUMEN T ID TECN COMMENT

7.5+2.9+0.6 19 ADRIANI 931 L3 Ec = 88-94 GeV

ADRIANI 931 measure this branching ratio via the decay channel Xct ~ J/tr +
with J/Q ~ Ig+Ig

I ((Da/V'} X)/I (hadrons) la/Is
VAL UE EVTS DOCUMENT ID TECN COMMENT

OA03+0.038+0.044 369 ABREU 93I DLPH Ecm = 88-94 GeV

The (D /~O) StateS in ABREU 93I are deteCted by the K7r deCay mOde.

I (D+X)/I (hadrons) ra/re
VAL UE EVTS DOCUMENT ID TECN COMMENT

Oe199+0.019+0.02' 539 ABREU 93I DLPH Ecm = 88-94 GeV

The D+ StateS in ABREU 93I are deteCted by the K2r2r deCay mOde.

I (D'(2010}+X)/I (hadrons) ran/rs
The value is for the sum of the charge states indicated.

VALUE EVTS DOCUMEN T ID TECN COMMENT

0.179+0.018 OUR AVERAGE

0.171+0.012+0.016 358 119ABREU 93' DLPH Eceem = 88-94 GeV

0.21 +0.04 362 120 DECAMP 91J ALEP Eee = 88-94 GeV

D*(2010)+ in ABREU 93I are reconstructed from D 7r+, with DQ —+ K 2r+. The
new CLEO II measurement of B(Do+ ~ D 2r+) = (68.1+ 1.6) % is used.

QDECAMP 91J repOrt B(D (2010)+ ~ D 7r+) B(DQ ~ K 2r+) I (D*(2010)+X)
/ I (hadrons) = (5.11+ 0.34) x 10 . They obtained above number assuming B(D
K 7r+) = (3.62 + 0.34+ 044)% and B(D*(2010)+ ~ D «+) = (55 + 4)%. We
have rescaled their original result of Q.26 + Q.Q5 taking into account the new CLEO II

branching ratio B(D*(2010)+~ D 7r+) = (68.1 + 1.6)%.

I (BaX)/I (hadrons) I 31/I 6
VALUE DOCUMENT ID TECN COMMENT

~OCll ABREU 92M DLPH Ep~= 88—94 GeV

ABREU 92M rePOrted Value iS I (B X)*B(B ~ DZPv X) «B(DS ~ $2r)/I (hadrOnS)

=(18+8)x10

I (anemalnuS 7+ hadrOnS)/I total I sa/I
Limits on additional sources of prompt photons beyond expectations for final-state
bremsstrahlung.

VAL UE DOCUMENT ID TECN COMMENT

&3.2 x 10 95 122 AKRAWY 90J OPAL Eee = 88—95 GeV

AKRAWY 90J report I (yX) & 8.2 MeV at 95%CL. They assume a three-body pqq
distribution and use E(y) ) 10 GeV.

CLd

VALUE (units 10 ) EVTS TECN COMMENT

3.8+0.5 OUR AVERAGE

3.690.560.4 121 114 ADRIANI 931 L3 Eceem ——88-94 GeV

4.560.860.7 ALEXANDER 91G OPAL Ecm= 88-94 GeV

ADRIANI 931 combine p+ p, and e+ e channels and take into account the common
systematic errors.
ALEXANDER 91G systematic error includes 0.4 x 10 systematic plus 0.6 x 10 from

error on l/@(1S) ~ /f+// branching fraction. The value is obtained by multiplying
the value in ALEXANDER 91G by I (hadrons)/I (total).
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r(P+ pI 7)lrtotal
VALUE CL% DOCUMENT ID TECN

&5.6x 10 ~ g5 124 ACTON g18 OPAL

ACTON 918 looked for isolated photons with E&2% of beam

COMMEN T

Eceem —91.1 GeV

I 34/I

energy (& 0.9 GeV).

r(e+e q)/r~&l
VALUE CL% DOCUMENT ID TECN COMMENT

&5.2 x 10 95 123 ACTON 918 OPAL Eee = 91.1 GeV

ACTON 918 looked for isolated photons with E&2% of beam energy (& 0.9 GeV}.

~ ~ e Wedo

41.45 j:0.31
41.34-L 0.28
41.60 +0.27
41.33+0.23
41,84 9- 0.45
129 LEP 92 js

Z VECTOR COUPLINGS

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.

not use the following data for averages, fits, limits, etc. e o e

512k ACTON 93D OPAL Repl. by AKERS 94
460k ADRIANI 93M L3 Repl. by ACCIARRI 94
520k BUSKULIC 93J ALEP Repl. by BUSKULIC 94
650k 129 LEP 92 RVUE Eee =- 88—94 GeV

150k ABREU 91' DLPH Repl. by ABREU 94

a combined analysis by the four LEP experiments as of Dec 1991.

r(r+r 7)/rt-ey48I
VALUE CL% DOCUMENT ID TEChl COMMEhlT

&7.3x 10 ~ 95 125 ACTON 918 OPAL Eee = 91.1 GeV

ACTON 918 looked for isolated photons with E&2% of beam energy (& 0.9 GeV}.

i (l+i Py)/rtlebsl
The value is the sum over l = e, p, , 7.,

VALLIE CL% DOCUMENT ID

&6.8 x 10 95 6 ACTON

126 For m = 60 + 5 GeV.

r(qiIqq)/rse, l

VAL UE

&6.6x 10 6

12?For m = 60 4 5 GeV.'y'y

CL% DOCUMENT ID

95 '27 AC TON

r(~~7~)/r»I
CL% DOCUMENT ID

95 128 ACTON

VAL UE

&3.1 x 10

Form =60+5GeV.'y "y

r(e+i4+)/r(e+ e-)

rss/r

TECh/ COMMEhl T

93E OPAL Ec —88-94 GeV

r»/r
TECN COMMEN T

93E OPAL Ec —88-94 GeV

TECN COMMEN T

93E OPAL Eceem —88-94 GeV

DOCUMEN T ID TECN COMMEN T

Ai BAJAR 89 UA1 Ecm —546,630 GeV&0.07

r(e+i+)/r

90

Test of lepton family number conservation.
states indicated.

VALUE CL%

(3.2 x 10 95

&0.6 x 10 95

(2.6 x 10 95

(4.6 x 10 95

DOCUMENT ID

ABREU

ADRIANI

DECAMP

AKRAWY

The value is for the sum of the charge

TECN COMM EN T

938 DLPH Eee = 88-94 GeV

931 L3 E = 88-94 GeV

92 ALEP E = 88-94 GeV

918 OPAL E = 88—94 GeV

r(e+r+)/ree, l

Test of lepton family number conservation.
states indicated.

VAL UE CL%

(1.1 x 10 4 95

&1.3 x 10 95

(1.2 x 10 95

(7.2 x 10-5 95

DOCUMENT ID

ABREU

ADRIANI

DECAMP

AKRAWY

r(»+ +)«~i
Test of lepton family number conservation.
states indicated.

VAL UE CL%

(1.4 x 10 4 95

&1.9 x 10
(1.0 x 10 4

(3.5 x 10

DOCUMENT ID

ABREU

AD RIANI

DECAMP

AK RAWY

95
95
95

I 40/I
The value is for the sum of the charge

TECN COMMENT

938 DLPH E = 88-94 GeV

93i L3 Eee = 88-94 GeV

92 ALEP E = 88—94 GeV

918 OPAL Ec ——88-94 GeV

The value is for the sum of the charge

TECN COM MEN T

938 DLPH Eee = 88-94 GeV

93i L3 E = 88-94 GeV

2 ALEP Eceme 88—94 GeV

918 OPAL E« = 88-94 Gev

Z HADRONIC POLE CROSS SECTION

This quantity is defined as

0 12~ C(e+ e ) I (hadrons)
h ~M 1-2

Z Z

It is one of the parameters used in the 2 lineshape fit. (See the 'Note on

the Z Boson. ')

VAL UE (nb) EVTS

4M6+0.14 OUR FIT
41.40+0.10 OUR AVRRAGF

41.23+0.20 1.15M

41.39+0.26 1.2M

41.70+0.23 1.2 M

41.60+0.16 1.28M

42 +4 450

DOCUMENT ID

ABREU

ACCIARRI

AKERS

BUSKULIC

ABRAMS

TECN COMMENT

DLPH EPm —88W4 GeV

94 L3 Ec~m= 88-94 GeV

94 OPAL Eceme= 88-94 GeV

94 ALEP EPm —88-94 GeV

898 MRK2 Ec~m= 89 2 930 GeV

Test of lepton family number conservation. The value is for the sum of the charge
states indicated.

VALUE CL%

Within the current data set, the reason for the smallness of g& compared

to g& and g& 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 AFH
—0.75x Aex A&, a large val~e of

g& leads to a SMALL value of g&. Concerning the ~, its gV gets mainly
determined directly from A~ which is obtained from a measurement of the
-. polarization (see "Note on the Z boson").

VAL UE EVTS

-0.0396+0~i OUR FIT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

—0.0364+ ' 38k 30 ACCIARRI 94 L3 Eee = 88-94 GeV—0.0082 cm
—0.036 +0,005 45.8k 131 BUSKULIC 94 ALEP Ecee —88—94 GeV

—0.040 132 ADRIANI Repl. by ACCIARRI 94

0034 -I-0006
—0,005 BUSKULIC 93J ALEP

—0.035 20,005 70k QUAST 93 RVUE

0006 9 0 003
—0.004 16k 4 BANERJEE 92 RVUE

—0.045 + 694? 135 DECAMP—0.011
—0.035 + ' 694 136 DECAMP—0,014

The T polarization result has been included.
BUSKULIC 94 use the added constraint of 7. polarization.
ADRIANI 93M use their measurement of the ~ 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 7. polarization and the forward-backward ~ polarisation
asymmetry.
BANERJEE 92 is a combined analysis of the four LEP experiments as of March 1991.
Only forward-backward lepton asymmetries are used.
DECAMP 928 use their measurement of the ~ polarization in addition to the forward-
backward lepton asymmetries.
Using only forward-backward lepton asymmetries.

DOCUMENT /D

93M I 3

Repl. by BUSKULIC 94

Ep~ ss—94 Gev —. I
Ee =. 88-94 GeV

Repl. by BUSKULIC 931

Repl. by BUSKULIC 931

928 ALEP

928 ALEP

VAL UE DOCUMENT ID TEChl COMMEhlT

'37 BUSKULIC

'40 QUAST

141 BANERJEE

-0.0068-0.0273+ ' OUR FIT

i e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

-0.0402+ ' 34k 32 ACCIARRI 9-' L3 E e = 88-94 GeV—0.0211 cm

0 034 +0 013 46 4k 13s BUSKULIC 94 ALEP Eee ss—94 GeV I
0 048 + 0.021—0.033

139 ADRIAkll 93M L3 Repl. by ACCIARRI 94

-- 0.019 —0.019 931 ALEP Bcpl. by BUSKULIC 94

—0.029 i:0.010 ?Ok 93 RVUE Eee =. 88—94 GeV

+0 ~ 088—0.081 16k 92 RVUE E = 88—94 GeVcfn

—0.018 + ' 6691 4 DECAMP 928 ALEP Repl. by BUSKLILIC 931—0.026
—0.023 + ' 6691 3 DECAMP 928 ALEP Repl. by BUSKLILIC 931—0.03?

?The ~ polarization result has been included.
38BUSKULIC 94 use the added constraint of v polarization.

ADRIANI 93M use their measurement of the 7. polarization in addition to forwa~d-

backward lepton asymmet ries.
14 QUAST 93 is a combined analysis of LEP results as of Feb. 1993. QUAST 93 use

also the average LEP values for z polarization and the forward-backward v. polarlsation
asymmetry.
BANERJEE 92 is a combined analysis of the four LEP experiments as of Ma~ch 1991.
Only forward-backward lepton asymmetries are used.
DECAMP 928 use their measurement of the v polarization in addition to the forward-
backward lepton asyrnmet:ries.
Using only forward-backward lepton asymmetries.
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VALUE' EVTS

-OAO0+0. 0043 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.0384 40.0078 25k ACCIARRI 94 L3 E = 88-94 GeV

—0.038 +0.005 45.1k BUSKULIC 94 ALEP EPm= 88W4 GeV

0 037 +0 008 7441 146 ADRIANI 93M L3 Repl. by ACCIARRI 94
—0.039 +0.006 144 BUSKULIC 933 ALEP Repl. by BUSKULIC 94
—0.039 +0.004 50k QUAST 93 RVUE Ep~= 88W4 GeV

-O'O77 16k 148 BANERJEE 92 RVUE Ec~m= 88&4 GeV

—0.011
—0 045 ' 6260 DECAMP

-0.104 + 4 6260 0 DECAMP—0.066
144The r polarization result has been included.

5BUSKULIC 94 use the added constraint of ~ polarization.
ADRIANI 93M use their measurement of the ~ polarization in addition to forward-
backward lepton asymmetries.

147@VAST 93 ls a combined analysis of LEP results as of Feb. 1993. @VAST 93 use
also the average LEP values for ~ polarization and the forward-backward ~ polarisation
asymmetry.
BANERJEE 92 is a combined analysis of the four LEP experiments as of March 1991.
Only forward-backward lepton asymmetries are used.
DECAMP 928 use their measurement of the ~ polarization in addition to the forward-
backward lepton asymmetries.
Using only forward-backward lepton asyrnmetries.

DOCUMENT ID TECN COMMENT

928 ALEP Repl. by BUSKULIC 93J

928 ALEP RePI. by BUSKULIC 93J

DOCUMENT ID TECN COMMENT

Z AXIAL-VECTOR COUPLINGS

These quantities are the effective axial-vector couplings of the Z to charged
Ieptons. 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.

VALUE EVTS

-0.0377+0.0016 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0 039 +0 004 50 3k 151ABREU 94 DLPH EP~= 88-94 GeV

0 0378+0 0042 97k 152 ACCIARRI 94 L3 Ep~= 88-94 GeV I

0 034 +0 004 146k 151 AKERS 94 OPAL Ep~ 88-94 GeV

—0.038 +0.004 137.3k BUSKULIC 94 ALEP EP~—88-94 GeV

-0.027 +0.008 k 151 ACTON 930 OPAL Repl. by AKERS 94

0040 -ooos 152 ADRIANI 93M L3 Repl. by ACCIARRI 94

-0 034 + BUSKULIC 93J ALEP Repl. by BUSKULIC 94

—0.0355+0.0025 190k 153 OUAST 93 RVUE Ep~= 88-94 GeV

p p34 +0 I 009 50k BANERJEE 92 RVUE EP~= 88-94 GeV

p p41 +0.007 20k 152 DECAMP 928 ALEP Repl. by BUSKULIC 93J

-O OO7
20k 151 DECAMP 928 ALEP Repl. by BUSKULIC 93J

—0.034 +0.006 155 LEP 92 RVUE EP~= 88-94 GeV

-0.017 +0.029 9k ABREU 91F DLPH Repl. by ABREU 94

—0 012 10k 151 ADEVA 91E L3 Repl. by ADRIANI 93M

-0.024 +0.015 18k ALEXANDER 917 OPAL Repl. by AKERS 94

Using forward-backward lepton asymmetrles.
152The ~ polarization result has been included.

@VAST 93 is a combined analysis of LEP results as of Feb. 1993. @VAST 93 use
also the average LEP values for ~ polarization and the forward-backward r polarlsation
asymmetry. Assumes lepton universality.

54BANERJEE 92 is a combined analysis of the four LEP experiments as of March 1991.
Forward-backward lepton asymmetries are used.
LEP 92 is a combined analysis of the four LEP experiments as of December 1991.
Forward-backward lepton asymmetries are used.

DOCUMENT IDVALUE EVTS
-0.5015+0.0M9 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.0026
—0.4987+ ' 34k ACCIARRI 94 L3

—0.501 +0.002 46.4k 157 BUSKULIC 94 ALEP

-O.4968+ .—0.0037
157 ADRIANI 93M L3

—0.501460.0029 157 BUSKULIC 93~ ALEP
15 The ~-polarization constraint has been included.

TECN COMMEN T

etc. ~ ~ ~

Eeee~ 88M—4 GeV

Eee~~= 88-94 GeV

Repl. by ACCIARRI 94

Repl. by BUSKULIC 94

TECN COMMENTVALUE EVTS
-0.5005+OA$10 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.5014+0.0029 25k ACCIARRI 94 L3
—0.502 +0.003 45.1k 158 BUSKULIC 94 ALEP

0 5032 +0 0038 7441 158 ADRIANI 93M L3
—0.5016+0.0033 BUSKULIC 93J ALEP

The ~-polarization constraint has been included.

etc. ~ ~ ~

Eceem= 88-94 GeV

Eceme 88-94 GeV

Repl. by ACCIARRI 94
Repl. by BUSKULIC 94

TECN COMMENTDOCUMENT IDVALUE EVTS
-0.5008+0.0001 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.4999+0.0014 71k ABREU 94 DLPH Ec —88-94 GeV
—0.4998+0.00].4 97k ACCIARRI 94 L3 E = 88-94 GeV
—0.500 +0.001 146k AKERS 94 OPAL Eceme 88-94 GeV
—0.502 +0.001 137k 159 BUSKULIC 94 ALEP Ecee ——88W4 GeV
—0.4998+0.0016 58k ACTON 93D OPAL Repl. by AKERS 94
—0.498660.0015 ADRIANI 93M L3 Repl. by ACCIARRI 94
—0.5022 +0.0015 159 BUSKULIC 93i ALEP Repl. by BUSKUI.IC 94
-0.499 +0.001 57k 160 LEP 92 RVUE Ec = 88-94 GeV
—0.501 +0.003 9k ABREU 91F DLPH Repl. by ABREU 94

The ~-polarization constraint has been included.
LEP 92 is a combined analysis of the four LEP experiments as of December 1991.

Z ASYMMETRY PARAMETERS

For each fermion-antifermlon pair coupling to the Z these quantities are
defined as

A gvgA
f f

(g')'+ (g )'

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. '

4e
Using polarized beams, this quantity can also be measured as (e~ —o g)/ (a ~ + o g),
where a ~ and e p are the e+ e production cross sections for Z bosons produced with

left-handed and right-handed electrons respectively.
VALUE EVTS DOCUMENT ID TECN COMMEN T
0.161 +0.012 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram

below.

0.1656+0,0071+0.0028 49392 ABE 94C SLD Ep~ = 91.26 GeV

0.097 +0.044 +0.004 10224 162 ABE LD E'c~m= 91.26 GeV

0.120 +0.026 BUSKULIC 93P ALEP Epm= 88-94 GeV

0.29 +0.13 3245 ALEXANDER 910 OPAL Epm= 88-94 GeV

ABE 94C measured the left-right asymmetry in Z production. This value leads to sin HIIIf
= 0.2292 + 0.0009 6 0.0004.
ABE 93 measured the left-right asymmetry in Z production.
Derived from the measurement of forward-backward v polarization asymmetry,

WEIGHTED AVERAGE
0.161~0.012 (Error scaled by 1.7)

TECN COMMENTVALUE EVTS
-0.5007+0.OOM OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0 4998+0 0016 38k 156 ACCIARRI 94 L3 E~cm= 88-94 GeV
—0.503 +0.002 45.8k BUSKULIC 94 ALEP Ep~,

—88&4 GeV
—0.4980+0.0021 ADRIANI 93M L3 Repl. by ACCIARRI 94
—0.5029+0.0018 BUSKULIC 933 ALEP Repl. by BUSKULIC 94

The «-polarization constraint has been included.
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AF' CHARGE ASYMMETRY IN e+e ~ e+e
(including radiative corrections)

For the Z peak, we report the pole asymmetry defined by (3j4)A 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. "

ASYMMETRY (oyo

1.51+OAO OUR FIT
1.5 +OA 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 TECN

ABREU 94 DLPH
ACCIARRI 94 L3
AK ERS 94 OPAL
BUSKULIC 94 ALEP

Ap~+ CHARGE ASYMMETRY IN e+e -+ y+ p,

(including radiative corrections}

For the Z peak, we report the pole asymmetry defined by (3j4)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 (ohio)

1.33+ 0.26 OUR FIT
1.34+ 0.2l OUR AVERAGE
1.4 k 0.5
1.79+ 0.61
0.99+ 0.42
1.46+ 0.48

~ ~ ~ We do not use the following data for

290 48 +0.5 —32.1

18 + 8 +1
9.9 6 1.5 + 0.5 —9.2
0.05 + 0.22 0.026

—43.4 + 17.0 —24.9
—11.0 + 16.5 —29.4
—30.0 +12.4 —31.2
—46.2 +14,9 —33.0
—29 +13 —25.9
+ 5.3 + 5.0 6 0,5 —1.2
—10.4 4- 1.3 +0.5 —8.6
—12.3 k 5.3 +0.5 —10.7
—15.6 + 3.0 +0,5 —14.9

1.0 E 6.0 —1.2
9.1 ~ 2.3 +0.5 —8.6

—10 6 + 2'3 +05 —8.9

-17.6 '
43 +0.5 —15.2

4.8 6 6.5 + 1.0 —11.5
—18.8 + 4.5 +1,0 —15.5
+ 2.7 + 4.9 —1.2
—11.1 + 1.8 + 1.0 —8.6
—17.3 + 4.8 + 1,0 —13.7
—22.8 6- 5.1 5 1.0 —16.6

6,3 + 0.8 +0.2 —6.3
4.9 + 1.5 +0.5 —5,9
7.1 + 1.7 —5.7

—16.1 + 3.2 —9.2

ABE 90i measurements in the range 50
6 ABRAMS 89o asymmetry includes both

BACALA 89 systematic error is about 5

GeV) DOCUMENT ID TECN

91.2 ABREU
91.2 ACCIARRI
91.2 AKERS
91.2 BUSKULIC
averages, fits, limits, etc.

164 ABE

94 DLPH
94 L3
94 OPAL
94 AL EP

~ ~ ~

90i VNS

91.28

91.14
52.0
55,0
56,0
57.0
53.3
14.0
34.8
38.3
43,8
13.9
34.5

A DEVA 90o
HEGNER 90

165 ABRAMS 89O
166 BACALA 89
166 BACA LA 89
166 BACALA 89
166 BACA LA 89

ADAC HI 88C

ADEVA 88
ADEVA 88
ADEVA 88
ADEVA 88
BRA UN SCH ... 88o
BRAUNSCH. .. 88o

L3
JADE
MRK2
AMY
AMY
AMY
AMY
TOPZ
MRKJ
MRKJ
MRKJ
IVIRK J
TASS
TASS

35.0

43,6

BRAUNSCH. .. 88o TASS

BRAUNSCH. .. 88O TASS

39
44
13.9
34,4
41.5
44.8
29
29
29
34.2

9I+S

BEHREND 87C

BEHREND 87c
BARTEL 86C

BARTEL 86C

BART EL 86C

BARTEL 86C
ASH 85
DERRICK 85
LEVI 83
BRANDELIK 82C

60.8 GeV.
and 15 ~+ ~ events.

CELL
CELL
JADE
JADE
JADE
JADE
MAC

HRS
MRK2
TASS

A~ CHARGE ASYMMETRY IN e+ e
(including radiative corrections}

For the Z peak, we report the pole asymmetry defined by (3j4)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. "

5TD.
MODELASYMMETRY (%)

2.12+ 032 OUR FIT
2.13+ 0.$1 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 TECN

ABREU 94 DLPH
ACCIARRI 94 L3
AKERS 94 OPAL
BUSKULIC 94 ALEP

This quantity is derived from the measurement of the average ~ polarization.
VALUE EVTS DOCUMENT ID TECN COMMENT

0.1ll+0.021 OUR AVERAGE Error includes scale factor of 1.2.
0.132+0.033 10732 ADRIANI 93M L3 E = 88—94 GeV

0.143+0.023 BUSKULIC 93P ALEP Eee = 88—94 GeV

0.24 +0.07 2021 ABREU 92M DLPH E = 88—94 GeV

0.01 +0.09 3245 ALEXANDER 91o OPAL Eceem= 88—94 GeV

e o ~ We do not use the following data for averages, fits, limits, etc. o »
—32.8 6'2 ~ 1.56.4

8.1 x 2, 0 i:0.6
—18,4 +19.2
—17.7 ~ 26.1
—45.9 + 16 6
—49.5 + 18.0
—20 +14
—10.6 k: 3, 1 +1.5

8,5 + 6,6 5- 1.5
6,0 -~ 2.5 +-1.0

—11.8 k. 4.6 +1.0
5.5 4- 1.2 L-. 0.5
4, 2 .i 2.0

—103 -L 52
0.4:L- 6 6

16 ABE 90i measurements
BACALA 89 systematic

—32.1 56.9 6 ABE

—92 35
—24.9 52.0
—29 4 55.0
—31.2 56,0
—33.0 5?.0
—25.9 53.3
—8.5 34, 7
—15.4 43.8
8.8 34.6
14,8 43.0
—0.063 29.0
0.057 29
—9.2 34.2
-- 9.1 34,2

HEGNER
168 BACALA
168 BACALA
168 BACAI
168 BACALA

ADAC HI
AD EVA

ADEVA

BARTEL
BARTEL
FERNANDEZ
LEVI

BEHREND
BRA ND EL IK

in the range 50 & ~~s & 60,8 GeV.
error is about 5'lo.

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

A& CHARGE ASYMMETRY IN e+e ~ 1+8
(inciudlng radiative corrections)

For the Z peak, we report the pole asymmetry defined by (3j4)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+0.18 OUR AVERAGE

1.77+0.37
1.84 X- 0.45
1.28 k 0.30
1.71+0.33

STD.
MODEL

V5
(GeV)

91.2
91.2
91.2
9].2

DOCUMENT ID TECN

ABREU 94 DLPH
ACCIARRI 94 L3
AK ERS 94 OPAL
BUSKULIC 94 ALEP

AF8 CHARGE ASYMMETRY IN e+e ~ cZ'

Our estimate of the asymmetry is the value for the Z pole only. To esti-
mate this average pole asymmetry, the various systematic errors were split
into uncorrelated and correlated parts (model dependence, semileptonic

branching ratios, fragmentation, I (cc)/I (bb), and D* branching ratios).
QCD and QED corrections are aiso taken into account.

STD.
MODEL (Gev) DOCUMENT ID

AF8 CHARGE ASYMMETRY IN e+e ~ bb

Our estimate of the asymmetry is the value at the Z pole only and uses an

average LEP B -~B mixing parameter of (12.2 + 1.1)%. To estimate this
average pole asymmetry, the various systematic errors were split into un-

correlated and correlated parts (model dependence, semileptonic branching
ratios, fragmentation, C(cZ)/r(bb), mixing, and cc asymmetry). QCD
and QED corrections are also taken into account.

ASYMMETRY {%)
10.7+ 1.3 OUR ESTIMATE
9.2 + 1.8 + 0.8

13.9+ 9.7+ 4.9
16.1+ 60+ 2.1

9.7 + 1.7 + 0.7
12.6 + 2.8+ 1,2

STD.
MODEL (GeV)

91.24
91,28
91.2
91.24
91.2

DOCUMENT ID

173 ACTON
174 AKERS
175 ABREU
176 ADRIANI
177 DECAMP

TECN

93K OPAL
93o OPAL
92H DLPH
92o L3
91E ALEP

ASYMMETRY (~Z) TECh/

5.8+ 2.2 OUR ESTIMATE
1.4 9 3.0+2.0 5.6 91.24 ACTON 93K OPAL
5.2+ 2.8 + 1,2 5 4 91.28 170 AKERS 93O OPAL

8.3+ 3.8+2.7 5.6 91 24 171 ADRIANI 92O L3
6.4+ 3,9+3,0 172 DECAMP 91E ALEP

~ ~ e We do not use the following data for averages, fits, limits, etc. e ~ a

—14 114 t3 -2 89.75 170 AK EBS 93O OPAL

18 +12 k3 12 92,64 170 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+ 12.9 4-. 4,6 —23.2 44 ELSEN 90 JADE
—14.9 + 6.7 —13.3 35 OULD-SAADA 89 JADE

169AC TON 93K use the lepton tagging technique.
AKERS 93o identify the b and c decays using D*.

171ADRIANI 92o use both electron and muon semileptonic decays.
DECAMP 91E use the lepton-tagging technique.
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CHARGE ASYMMETRY IN e+e -+ qf
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.

STD. js
ASYMMETRY (%) MODEL (GeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3.93+0.65 9]..2 180 QUAST 93 RVUE
0.76+0.12+0.15 91.2 ABREU 921 DLPH
4.0 +0.4 +0.63 91 3 182 ACTON 92L OPAL
9.1 6 1.4 +1.6 57.9 ADACHI 91 TOPZ
0.84 +0.15+0.04 91 DECAMP 91B ALEP
8.3 +2.9 + 1.9 8 7 56 6 STUART 90 AMY

11.4 k2.2 +2.1 8.7 57 6 ABE 89L VNS
6.0 +1.3 5.0 34.8 GREENSHAW 89 JADE
8.2 k2.9 8.5 43.6 GREENSHAW 89 JADE

QUAST 93 is a combined analysis of LEP results as of Feb. 1993.
ABREU 92I 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 8 ~ to be 0.2321 + 0.0017 + 0.0028.W

4.0
9.0

CHARGE ASYMMETRY IN p p ~ Z -+ e+ e

STD. js
ASYMMETRY (%) MODEL (GeV) DOCUMENT ID

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5.2 4 5.9+0.4 91 ABE 91E CDF

TECN

~ ~ o We do not use the following data for averages, fits, limits, etc. o ~ o

7.1+ 5.4+ 0.7 5.2 89.66 '73 AC TON 93K or AL
13.1+ 4.7+ 1.3 10.8 92.75 173 ACTON 93K OPAL
9.3+ 1.1 91.2 178 QUAST 93 RVUE
8.6+ 1.5 + 0.7 8.2 91.24 ADRIANI 92D L3
2.5+ 5.1+ 0.7 5.3 89.67 176 ADRIANI 92D L3
6.2 4 4.2 + 0.7 10 8 92 81 176 ADRIANI 92D L3
9.7+ 5.7+ 1.4 9. 91 AKRAWY 91E OPAL

—71 +34 —8
—58 58.3 SHIMONAKA 91 TOPZ

—22.2+ 7.7+ 3.5 —26.0 35 BEHREND 90D CELL
—49.1+16.0+ 5.0 —397 43 BEHREND 90D CELL
—28 +11 -23 35 BRAUNSCH. .. 90 TASS
—16.6+ 7.7 + 4.8 —243 35 ELSEN 90 JADE
—33.6+22.2k 5.2 —39.9 44 ELSEN 90 JADE

3.4 6 7.0+ 3.5 —16.0 29.0 BAND 89 MAC
—72 +28 +13 —56 55.2 SAGAWA 89 A MY

ACTON 93x use the lepton tagging technique. The systematic error includes the uncer-
tainty on the mixing parameter.
AKERS 93D identify the b and c decays using D*,
B tagging via its seinimuonic decay. Experimental value corrected using average LEP
B -~B mixing parameter X = 0.143 4 0.023.
ADRIANI 92D use both electron and muon semileptonic decays. The quoted systematic
error is common to all measurements.
DECAMP 91E use the lepton-tagging technique.
QUAST 93 is a combined analysis of LEP results as of Feb. 1993." ADRIANI 92D use both electron and muon semileptonic decays. For this measurement
ADRIANI 92D average over all ~s values to obtain a single result,

ABREU
ABREU
ABREU
ABREU
ABREU
ABREU
ABREU
ABREU
ACTON
ACTON
ACTON
ADEVA
ADRIANI
ADRIANI
ADRIANI
ALITTI
BANERJEE
BARDADIN-. ..
DECAMP
DECAMP
LEP
ABE
ABREU
ABREU
ABREU
ACTON
ADACHI
ADEVA
ADEVA
AKRAWY
AKRAWY
AKRAWY
AKRAWY
ALEXANDER
ALEXANDER
ALEXANDER
ALEXANDER
ALEXANDER
ALEXANDER
DECAMP
DECAMP
DECAMP
JACOBSEN
SHIMONA KA
ABE
ABREU
A DEVA

A DEVA

A DEVA
AKRAWY
AKRAWY
BEHREND
8RAUNSCH. ..
DECAMP
DECAMP
ELSEN
HEGNER
KRAL
STUART
ABE
ABE
ABE
ABRAMS
ABRAMS
ALBA JAR
BACA LA

BAND
GREENSHAW
OULD-SAA DA
SAGAWA
ADACHI
ADEVA
BRAUNSCH. ..
ANSARI
BEHREND
BARTEL

Also
Also

ASH
BARTEL
DERRICK
FERNANDEZ
LEVI
BEHREND
BRANDELIK

92 ZPHY C53 567
92G PL B275 231
92H PL B276 536
92I PL B277 371
92K PL 8281 383
92M PL B289 199
92N ZPHY C55 555
920 PL B295 383
92I ZPHY C55 191
92J PL B291 503
92L PL B294 436
92 PL B275 209
92B PL B288 404
92D PL B292 454
92E PL B292 463
92B PL B276 354
92 IJMP A7 1853
92 ZPHY C55 163
92 PRPL 216 253
92B ZPHY C53 1
92 PL B276 247
91E PRL 67 1502
91 PL B260 240
91E PL 8268 296
91F NP B367 511
91B PL B273 338
91 PL 8255 613
91C PL B261 177
91E ZPHY C51 )79
91B PL B254 293
91D ZPHY C50 373
91E PL B263 311
91F PL B257 531
91B PL B262 341
91C PL B264 467
91D PL 8266 201
91E PL B264 219
91F ZPHY C52 175
91G PL B266 485
91B PL 8259 377
91E PL B263 325
91J PL B266 218
91 PRL 67 3347
91 PL B268 457
90I ZPHY C48 13
90H PL B252 140
90D PL B238 122
90E PL B241 416
90K PL B250 199
90F PL B241 133
90J PL B246 285
90D ZPHY C47 333
90 ZPHY C48 433
90J PL B241 635
90L PL B244 551
90 ZPHY C46 349
90 ZPHY C46 547
90 PRL 64 1211
90 PRL 64 983
89 PRL 62 613
89C PRL 63 720
89L PL B232 425
89B PRL 63 2173
89D PRL 63 2780
89 ZPHY C44 15
89 PL B218 112
89 PL B218 369
89 ZPHY C42 1
89 ZPHY C44 567
89 PRL 63 2341
88C PL B208 319
88 PR D38 2665
88D ZPHY C40 163
87 PL B186 440
87C PL B191 209
86C ZPHY C30 371
85B ZPHY C26 507
82 PL 108B 140
85 PRL 55 1831
85F PL 161B 188
85 PR D31 2352
85 PRL 54 1624
83 PRL 51 1941
82 PL 114B 282
82C PL 110B 173

Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Coltab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
(TATA)
(CLER)

ollab. )
ollab. )

olla bs.)
ollab. )
olla b.)
olla b.)
olla b.)
olla b.)
ollab. )
ollab. )
ollab. )
ollab. )
olla b.)
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
oilab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
olla b.)
olla b.)
olla b.)
olla b.)
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
ollab. )
olla b.)
olla b.)
olla b.)
ollab. )
ollab. )
ollab. )

(DELPHI
(DELPHI
(DELPHI
(DELPHI
(DELPHI
(DELPHI
(DELPHI
(DELPHI

(OPAL
(OPAL
(OPAL

(L3
(L3
(L3
(L3

(UA2

(ALEPH C
(ALEPH C

(LEP C
(CDF C

(DELPHI C
(DELPHI C
(DELPHI C

(OPAL C
(TOPAZ C

(L3 C
+ (L3 C

(OPAL C
(OPAL C
(OPAL C
(OPAL C
(OPAL C
(OPAL C
(OPAL C
(OPAL C
(OPAL C
(OPAL C

(ALEPH C
(ALEPH C
(ALEPH C
(Mark Il C
(TOPAZ C
(VENUS C

(DELPHI C
(L3 C
(L3 C

+ (L3 C
(OPAL C
(OPAL C

(CELLO C
(TASSO C
(ALEPH C
(ALEPH C

(JADE C
(JADE C

(Mark II C
(AMY C
(CDF C
(CDF C

(VENUS C
(Mark II C
(Mark II C

(UA1 C
(AMY C

+ (MAC C
(JADE C
(JADE C
(AMY C

(TOPAZ C
(Mark-J C
(TASSO C

(UA2 C
(CELLO C

(JADE C
(JADE C
(JADE C
(MAC C

(JADE C
(HRS C

(MAC C
(Mark II C
(CELLO C
(TASSO C

+Allison, Allport, Anderson+
+Allison, Allport+
+Allison, Allport, Anderson, Arcelli+
+Allison, Allport+
+Deschizeaux, Goy+
+Deschizeaux, Goy+
+Deschizeaux, Goy, Lees+
+Koetke, Adolphsen, Fujino+
+Fujii, Miyamoto+
+Amako, Arai, Asano, Chiba+
+Adam, Adami, Adye+
+Adriani, Aguilar-Benitez, Akbari+
+Adriani, Aguilar-Benitez, Akbari+
+Adriani, Aguilar-Benitez, Akbari, Alcarez
+Alexander, Allison, Allport+
+Alexander, Allison, Allport, Anderson+
+Criegee, Field, Franke, Jung+

Braunschweig, Gerhards, Kirschfink+
+Deschizeaux, Goy, Lees+
+Deschizeaux, Goy+
+Allison, Ambrus, Barlow, Bartel+
+Naroska, Schroth, Allison+
+Abrams, Adolphsen, Averill, Ballam+
+Breedon, Kim, Ko, Lander, Maeshima+
pAmidei, Apollinari, Ascori, Atac+
+Amidei, Apollinari, Atac, Auchincloss+
+Amako, Arai, Asano, Chiba+
+Adolphsen, Averill, Ballam, Barish+
+Adolphsen, Averill, Ballam, Barish+
+Albrow, Allkofer, Arnison, Astbury+
+Malchow, Sparks, Imlay, Kirk+
+Camporesi, Chadwick, Delfino, Desangro
+Warming, Allison, Ambrus, Barlow+
+Allison, Arnbrus, Barlow, Bartel+
+Lim, Abe, Fujii, Higashi+
+Aihara, Dijkstra, Enomoto, Fujii+
+Anderhub, Ansari, Becker+

Braunschweig, Gerhards, Kirschfink+
+Bagnaia, Banner, Battiston+
+Buerger, Criegee, Dainton+
+Becker, Cords, Feist, Haidt+

Bartel, Becker, Bowdery, Cords+
Bartel, Cords, Dittmann, Eichler+

+Band, Blume, Camporesi+
+Becker, Cords, Feist+
+Fernandez, Fries, Hyman+
+Ford, Qi, Read+
+Blocker, Strait+
+Chen, Fenner, Field+
+Braunschweig, Gather

+Adam, Adami, Adye+
+Adam, Adarni, Adye+
+Adam, Adami, Adye+
+Adam, Adami, Adye+
+Adam, Adami, Adye+
+Adam, Adye, Agasi, Alekseev+
+Adam, Adye, Agasi+
+Adam, Adami, Adye+
+Alexander, Allison, Allport+
+Alexander, Allison, Allport+
+Alexander, Allison, Allport+
+Adriani, Aguilar-Benitez+
+Aguilar-Benitez, Ahlen, Akbari, Alcaraz+
+Aguilar-Benitez, Ahlen, Akbari+
+Aguilar-Benitez, Ahlen, Akbari, Alcaraz+
+Ambrosini, Ansari, Autiero, Bareyre+
+Ganguli, Gurtu

Bardadin-Otwinowska
+Deschizeaux, Goy, Lees, Minard+
+Deschizeaux, Goy, Lees, Minard+
+ALEPH, DELPHI, L3, OPAL
+Amidei, A pollinari+
+Adam, Adami+
+Adam, Adami, Adye, Akesson+
+Adam, Adami, Adye, Akesson+
+Alexander, Allison, Allport, Anderson+
+Anazawa, Doser, Enomoto+
+Adriani, Aguilar-Benitez, Akbari+
+Adriani, Aguilar-Benitez, Akbari, Alcaraz
+Alexander, Allison+
+Alexander, Allison, Allport, Anderson+
+Alexander, Allison+
+Alexander, Allison, Allport, Anderson'
+Allison, Allport, Anderson, Arcelli+

ABE
ABREU
ABREU
ACCIARRI
AKERS
AKERS
BUSKULIC
ABE
ABREU
ABREU
ABREU
ACTON
ACTON
ACTON
ACTON
ACTON
ACTON
ADRIANI
ADRIANI
ADRIANI
ADRIANI
AD RIANI
AD RIANI

Also
AKERS
AKERS
BUSKULIC
BUSKULIC
BUSKULIC
BUSKULIC
BUSKULIC
LEP
QUAST

94C PRL (to be pub. )
94 NP B418 403
94B PL B327 386
94 ZPHY C62 551
94 ZPHY C61 19
94D ZPHY C61 357
94 ZPHY C62 539
93 PRL 70 2515
93B PL B298 247
93I ZPHY C59 533
93L PL 8318 249
93D ZPHY C58 219
93E PL B311 391
93F ZPHY C58 405
93I ZPHY C58 523
93K ZPHY C60 19
93M ZPHY C60 579
93E PL 8307 237
93F PL B309 451
93H PL B315 494
93I PL B316 427
93J PL B317 467
93M PRPL 236 1
92H PL B294 466
93B ZPHY C60 199
93D ZPHY C60 601
93J ZPHY C60 71
93L PL B313 520
93M PL B313 535
93N PL B313 549
93P ZPHY C59 369
93 PL B307 187
93 MPL A8 675

Z REFERENCES

(SLD Collab. )
(DELPHI Collab. )
(DELPHI Collab. )

(L3 Collab. )
(OPAL Collab. )
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(ALEPH Collab. )
(SLD Collab. )

(DELPHI Collab. )
(DELPHI Collab. )
(DELPHI Collab. )

(OPAL Collab. )
(OPAL Collab. )
(OPAL Collab. )
(OPAL Collab. )
(OPAL Collab. )
(OPAL Collab. )

(L3 Collab. )
(L3 Collab. )
(L3 Collab. )
(L3 Collab. )
(L3 Collab. )
(L3 Collab. )
(L3 Collab. )

(OPAL Collab. )
(OPAL Collab. )

(ALEPH Collab. )
(ALEPH Collab. )
(ALEPH Collab. )
(ALEPH Collab. )
(ALEPH Collab. )

(LFP Collabs. )
(DESY)

+Abt, Ash, Aston, Bacchetta, Baird+
+Adam, Adye, Agasi+
+Adam, Adye, Agasi+
+Adam, Adriani, Aguilar-Benitez+
+Alexander, Allison+
+Alexander, Allison+
+Casper, De Bonis, Decamp, Ghez, Goy+
+Abt. Acton+
+Adam, Adye, Agasi+
+Adam, Adye, Agasi+
+Adam, Adami, Adye+
+Alexander, Allison+
+Akers, Alexander+
+Alexander, Allison~
+Alexander, Allison+
+Akers, Alexander+
+Akers, Alexander+
+Aguilar-Benitez, Ahlen+
+Aguilar-Benitez, Ahlen+
+Aguilar- Benitez, Ahlen+
+Aguilar- Benitez, Ahlen+
+Aguilar-Benitez, Ahlen, Alcaraz+
+Aguilar-Benitez, Ahlen, Alcaraz, Aloisio+

Adriani, Aguilar-Benitez, Ahlen, Alcaraz+
+Alexander, Allison, Anderson, Arcelli+
+Alexander, Allison+
+Decamp, Goy, Lees, Minard+
+De Bonis, Decamp+
+De Bonis, Decamp+
+De Bonis, Decamp+
+Decamp, Goy+
+LEP Energy Group, LEP Collabs

Searches for Higgs Bosons H' and H+

NOTE ON THE HIGGS BOSON

(by I. Hinchlilfe, LBL)

The Standard Model [1] contains 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 to quarks and leptons of mass mf
with a strength gmI/2Mtt. 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

difBcult. An exception 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
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at LEP are now able to rule out a significant range of Higgs

masses.

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 perturbation 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 and that a boson of mass 1 TeV has a width of

500 GeV.
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]. Non-perturbative calculations using lattice [4]

gauge theory that can be used to compute at arbitrary values

of the Higgs mass indicate that MH & 750 GeV.
If the Higgs mass were small, then the vacuum (ground)

state with the correct value of Mgr would cease to be the true

ground state of the theory [5]. A theoretical constraint can

then be obtained from the requirement that this is not the case,

i.e. , that the our universe is in the true minimum of the Higgs

potential. The constraint can be parametrized approximately

as [6]

MH & 1.85 (mt &
—85 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. This constraint can be approximated

by [7,8]

MH & 5.9(mt, p
—170 GeV) .

Experiments at LEP are able to exclude a large range of

Higgs masses. They search for the decay Z —+ HZ*. Here Z*

refers to a virtual Z boson that can appear in the detector as

e+e, ts+p, , r+r, vv (i.e. , missing energy) or hadrons. The

experimental searches have considered both H + hadrons and

H ~ r+r . The best limits are shown in the listings below.

Precision measurement of electroweak parameters such as

Mpr and the various asymmetries at LEP and SLC are becoming

sensitive enough that they can in principle constrain the Higgs

mass through its effect in radiative corrections. Currently, the

precision tests allow the entire range from the direct LEP limit

(MH &60 GeV) to 1 TeV [9]. However, a measurement of the

top mass might enable a constraint on MH to be extracted.

Extensions of the standard model, such as those based on

supersymmetry [10],can have more complicat, ed spectra of Higgs

bosons. The simplest extension has two Higgs doublets whose

neutral components have vacuum expectation values ei and eg,

both of which contribute to the W and Z masses. The physical

particle spectrum contains one charged Higgs boson (H+), two

neutral scalars (Pre, H2o), and one pseudoscalar (A ) if CP is

conserved in the scalar sector [ll]. In the simplest version of

the supersymmetric model, there is an upper bound on the mass

of one of these scalars, The bound depends upon the top quark

mass; for m~ ——150 GeV, the bound is M&o & 110 GeV [12]. In

models where all fermions of the same electric charge receive

their masses from only one of the two doublets (vg gives mass

to the charge 2/3 quarks, while vr gives mass to the charged

leptons and the charge 1/3 quarks), there are, as in the standard

model, no flavor-changing neutral currents at lowest order in

perturbation theory. The II,. and Ao couplings to fermions

depend on v2/e~ 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 nz/Uq.

See the listings below on Hi, Mass Limits in Supersymmetric

Models.

Searches for charged Higgs bosons depend on the assumed

branching fractions to vr, cs, and cb. See the listings for H+

Mass Limit.
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These limits apply to the Higgs boson of the three-generation Standard
Model with the minimal Higgs sector. Limits that depend on the Htt
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.
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TECN COMMENT

95
95

95
99
95
95

95
95
90

none 0.846-0.987

Limits from Coupling to 2/W+
VALUE (GeV) CL PA DOCUMENT ID

p68.4 (CL = 95+) OUR LIMIT

&55.7 95 ABREU 94G DLPH Z ~ H Z*
&56.9 95 AKERS 948 OPAL Z -+ H Z*
&57.7 95 3ADRIANI 93C L3 Z ~ HOZ

&58.4 95 BUSKULIC 93H ALEP Z -+ H Z
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&60 95 GROSS 93 RVUE Z ~ H Z*
ABREU 920 DLPH Z ~ H

&38 7ABREU 92) DLPH Z ~ HOZ

&52 8ADEVA 928 L3 Z —+ HOZ*

9ADRIANI 92F L3 Z ~ HOy

&48 DECAMP 92 ALEP Z —+ H Z
0.21 ABREU 918 DLPH Z -+ H Z

&11.3 AC TON 91 OPAL H ~ anything

&41.8 13ADEVA 91 L3 Z ~ H Z»

ADEVA 910 L3 Z ~ HOp

none 3-44 AKRAWY 91 OPAL Z -+ H Zo

none 3-25.3 AKRAWY 91C OPAL Z ~ H Z*
none 0.21M).818 » ABE 90E CDF pp ~ (W+, Z) +

HO+ X
90 '7 ABE 90E CDF pp ~ (W+, Z) +

HO+ X
none 0.21-14 95 18ABREU 90C DLPH Z ~ H Z*
none 2-32 95 ADEVA 90H L3 Z —+ H Z*

2 99 ADEVA 90N L3 Z —+ H Z*
none 3.0-19.3 95 AKRAWY 90C OPAL Z ~ H Z*
& 0.21 95 22AKRAWY 90P OPAL Z ~ HOZ*

none 0.032-15 95 DECAMP 90 ALEP Z ~ HOZ*

none 11-24 95 DECAMP 90H ALEP Z —+ H Z
& 0.057 95 DECAMP 9OMALEP Z ~ H ee, H pp

none 11-41.6 95 DECAMP 90N ALEP Z ~ H Z*

ABREU 94G searched for Z ~ H + (e+e, p+p —,T+T, vv) with H ~ qq.
Four 8+I candidates were found (all yielding low mass) consistent with expected back-
gf'ounds.
AKERS 94s searched for Z ~ H + (e+e, p+y, —,vv) with H ~ qq. One vv
and one p+ p, candidate were found consistent with expected backgrounds.
ADRIANI 93C searched for Z ~ H + (vv. e+e, y+ p ) with H decaying hadroni-

cally or to TT. Two e+ e and one y+ p, candidates are found consistent with expected
background.
BUSKULIC 93H searched for Z ~ H vv (acoplanar jets) and Z ~ H + (e+e
p+y, ) (lepton pairs in hadronic events).
GROSS 93 combine data taken by four LEP experiments through 1991.
ABREU 92D give a(e+e ~ Z ~ H p).B(H ~ hadrons) &8 pb (95% CL) for
mHO &75 GeV and E& &8 GeV.

ABREU 92' searched for Z ~ H + (ee, p, p, TT, vv) with H ~ qq. Only one
candidate was found, in the channel ee + 2jets, with a dijet mass 35.4 + 5 GeV/c2,
consistent with the expected background of 1.0 4 0.2 events in the 3 channels e+ e
p+ p—,T+T, 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 918.
ADEVA 928 searched for Z ~ H + (VP, ee, pp, TT) with H ~ anything, Z ~
H + TT with H ~ qq, and Z ~ H + qq with H ~ TT. The analysis excludes
the range 30 & m~ & 52 GeV.

ADRIANI 92F give(r(e+e ~ Z ~ H 7) B(H -+ hadrons) &(2-10) pb (95% CL)
for m&0

—25-85 GeV. Using n(e+ e ~ Z) = 30 nb, we obtain B(2 -+ H p) B(H

hadrons) &(0.7-3) x 10 (95% CL).
DECAMP 92 searched for most possible final states for Z ~ H Z',

11ABREU 918 searched for Z ~ HO+ 87with missing HO and Z ~ H + (VV Z7

qg) with HO ~ ee.
ACTON9lsearchedfore+e ~ ZoH whereZa ~ e+e, p+p-, or VPand H
anything. Without assuming the minimal Standard Model mass-lifetime relationship, the
limit is mHO & 9.5GeV.

ADEVA 91 searched for Z ~ H + (pp, ee, vv). This paper only excludes 15 &
mHO & 41.8 GeV. The 0-15 GeV range is excluded by combining with the analyses of
previous L3 papers.
ADEVA 910 obtain a limit B(Z ~ HOp) 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 Z ~ H + (VP, ee, yp, TT) with H

qp, TT, and Z ~ H qg with H

AKRAWY91Csearched thedecay channels Z ~ H + (vv, ee, pp) with H ~ qg.
ABE 90E looked for associated production of H with W+ or Z in pP collisions at ~s
= 1.8 TeV. Searched for H decays into p+y, —,~+~-, and K+ K . Most of the
excluded region is also excluded at 95% CL.
ABREU 90C searched for the channels Z ~ H + (vv, ee, pp) and H + qq for
mH & 1GeV.

19ADEVA 90H searched for Z ~ HO + (p p„ee,VP).
ADEVA 90N looked for Z ~ H + (ee, pp) with missing H and with H ~ ee,
P,y„ f,+x-, K+K-.
AKRAWY 90C baSed On 825 nb . The deCay Z ~ H VP With H ~ TT Or qp
provides the most powerful search means, but the quoted results sum all channels.
AKRAWY90P looked for Z~ H + (ee, pp) (H missing) and Z-+ H vv, H
e+e—,pp.
DECAMP 90 limits based on 11,550 Z events. They searched for Z ~ H + (VP, ee,
p p, T T, q q) ~ The decay Z ~ H v v 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 mHO
—0.040-12

GeV.
DECAMP 90H limits based on 25,000 Z ~ hadron events.
DECAMP 90M looked for Z ~ H LC, where H decays outside the detector.
DECAMP 90N SearChed fOr the ChannelS Z ~ H + (vv, ee, pp, TT) With H
(hadrons, T T ).

Limits from Other TechniqIIeI

Mass Umlts from Electremak AnalysIs
CLS DOCUMENT ID TECN COMMENT

not use the following data for averages, fits, limits, etc. ~ ~ ~

27 ELLIS 94 RVUE

H Indirect
VALUE (GeV)

~ ~ ~ We do

+205
26

+178
13

10 + 25
8

10 + 60
8

28 BLONDEL 93 RVUE

ELLIS 938 RVUE

NOVIKOV 938 RVUE

31 DELAGUILA 928 RVUE
32 ELLIS 92 RVUE Electroweak

ELLIS 92E RVUE

68& 1.4
+275

19
+353

0
t34 RENTON 92 RVUE

SCHAILE 92 RVUE t
ELLIS 94 fit to LEP. SLO, W-mass, and neutrino data avasable In the summer of 1993.
The fit to mH, mt, and as yields mt —140—22 G V nd as(mZ) — .116—0.006
BLONDEL 93 perform two dimensional (mt —mH) fit to LEP electroweak data available
in the spring of 1993. as = 0.117 + 0.005 is used and m &108 GeV, mH & 62.5 GeV
imposed. mNe

—1Tev is compatible with the data with)a two standard deviations.

ELLIS 938 fit to LEP and neutrino data available in the summer of 1993. mt is adjusted

tominimizeX andes(mZ) =0.123+0.006is used. 95%CLllmitfor mN &250GeV
ls claimed.
NOVIKOV 930 use a subset of the most accurate and "gluon-free" data available In the
spring of 1993. They use m W. I (/C), and 4&&.
DELAGUILA 928 perform two dimensional (mt —mH) fit to various LEP, neutrino,
eH, and pj5' 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'YoCL with m t unconstrained.

ELLIS 92E perform fit to electroweak data available in the spring of 1992. mt ls adjusted

to minimize & and as(mz) = 0.118 + 0.008 Is used.
34RENTON 92 use eiectroweak data available In 1991 and re ulre mH &50 GeV. The

constraint as ——0.114 + 0.007 was used.
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SCHAILE 92 performs fit to LEP electroweak data (as of summer 1991) as well as m I/V
(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 & is not consistent from+ 192 2 ~

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.6
Therefore, the result is not considered to be significant.

none 0.21-5

From B Decay
VALVE (GeV) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ i ~

none 0.21-3.57 DAWSON 90 RVUE B ~ p+ p, X;
B -~ K(p, +p,
7r+n, K+K )

41 ALAM 89BCLEO B~ H K, (H
I +P,—,~+ ~-)

90 41 At AM 898 CLEO 8 HOX

(H ~ P+ Ii )
2 EILAM 89 RVUE 8 ~ HOX

(H —@+I )
43 RABY 89 RVUE 8 ~ /i+/i, X

mtop & 80 GeV

SNYDER 89 MRK2 B -~ H X
(HO- e+e —

}
CHIVUKULA 88 RVUE B H X,

m(top} & 80 GeV

GRINSTEIN 88 RVUE B ~ H X,
m(top) & 80 GeV

Based on ALTHOFF 84G, ALAM 898, and ALBRECHT 870. Some processes considered

require the assumption B(B H K)/B(B H X) & 0.01. Other processes require

theoretical assumptions regarding B(H ~ 7r+x ) when considering masses in the
interval 0.9-1.2 GeV.
ALAM 898 searched for inclusive and exclusive decays of B mesons into H and can

exclude the mass range 2m -2m~ with a wide margin provided mt ml/V, possibly

except for masses near Xo(3410), where the mixing efFect can reduce B(H —Ii+ Ii. )
significantly.
EILAM 89 assuage m«p & 90 GeV and vary

j
V» jVct, j

from 0 to 0.026.

I imits assume m(top) & 80 GeV and
j Vts V&&/iV'ct, j

= 1. CHIVUKULA 88 excludes

mHp between 2me and 2m~ from the limits on 8 ~ p,
+ p + X by taking the

B(H ~ p+ p, ) estimate of VOLOSHIN 86. GRINSTEIN 88 argues that this estimate
of VOLOSHIN 86 is unreliable, and excludes mHp between 2 GeV and 3.7 GeV where

perturbative QCD is used to estimate B(H ~ p+ Ii, ).
SNYDER 89 exclude the mass range 70-210 MeV with a wide margin provided that

mt ) ml/V. A limit B(B ~ H X) B(H ~ e+e ) & 22% (90% CL) is given for

mHp
—50 MeV.

90none 0.21—1.0

none 1.0—3,6

none 3.6—4.6

none 0.211-0.700

90none 0.07-0.21

none 0.00103-3.57

none 2—3.7

From K Decay
VALUE (Gev) CL% DOCUMEhlT ID TEChl

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.026 90 45 ATI YA 90 CNTR
46 ATI YA 90e CNTR

none 0.012-0.211 90 47 BARR 90 NA31

&Q.32
&0.3

48 DAWSON 90 RVUE
49 LEUTWYLER 90 RVUE

COMMENT

etc. ~ ~ ~

K+ ~+ Ho

K+ ~+ HO

KO ~0 Ho
L

(HO ~ e+e )
K decays
K+ ~+ HQ

From Quarkonium Decay
VAL UE (GeV) CL% DOCUMEN T ID TEChl COMMEhl T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&0.086 90 ANTREASYAN 90C CBAI T(1S) ~ H

none 0.29-0.57 90 ALBRECHT 89 ARG T(1S) H

(HO- ~+~-)
90 LEE-FRANZINI 88 CUSB T(1S,3S) ~ p H

DRUZHININ 87 ND P ~ pH
(Ho ~0 ~0)

ANTREASYAN 90C obtain B(T(1S)~ Hop) & 3.5x10 at 90% CL for mHp ( 2me
and similar limits for heavier Higgs masses. The listed limit assumes the QCD/relativistic
reduction factor for the width of 0.5. The limit is reduced to 39 MeV if 0.25 is used
instead.
ALBRECHT 89 give a limit B(T(1S) H p) B(H n+n ) & 3—4.5 x 10
for mHp

—290-570 MeV, which is lower than the predition including first order QCD

corrections and assuming B(H ~ ++~ ) & 45%.
LEE-F RAN ZINI 88 presents u pda ted results from the C USB experiment (see
FRANZINI 87 for more details). First order QCD correction included with cs
0.2 (A = 0.2 GeV and n(f) = 4). The order as correction reduced the rate for T(1S}~
H p by a factor of 2 (yielding these limits}. The impact of order a and of relativistic5
corrections are unknown. If they amounted to another factor of 2 suppression, the above
limit would be essentially eliminated.
DRUZHININ 87 sets limit B(it ~ yH ) B(H ~ x n ) & 8x 10 at CL=90% for

mHp
—0.6-1 GeV which is still far from the standard Higgs model prediction and does

not exclude the existence of light Higgs bosons.

0 ATIYA 89 CNTR K~ -- ~ ~- Ho

{H —-+ Ii, + li
CHENG 89 RVUE K+ -+ ~+ H

CHlVUKULA 88 RVUE K --~ ~+ HO

90 53 BAKER 87 CALO K+ -~ sr+ HO

(HO —~ e+ e )
54WILLEY 86 RVUE K+ --. ~~-HO

(Ho — e+ e )
45ATIYA 90 sets limits on B(K t - -, + HO) varying from ( 6.4 x 10 9 for mHp .-- 0

MeV to & 10 for mHp
—26 MeV.

ATIYA 90B give 90% CL iimits on B(K+ -~ ~~ H ) B(H —~ &&) for rnHp ( 100

MeV ranging from 10 to 10 depending on the mass.
BARR 90 set mHp-dependent limits on B(KL ~ ~ H ) in the region where B(H
e~ e ) = 1. The limit varies from B(KL ~ m. H ) & 10 at mHp

—12 MeV to

& 2 x 10 for 50 & mHp & 211 MeV. BARR 90 allow for nonzero H lifetime.

Based on ASANO 818, YAMAZAKI 84, BAKER 87, ATIYA 89, and BARR 90. DAW-
SON 90 used theoretical calculations and various assumptions such as mt & 8Q GeV

and lm Y&d Vts & 0.2 sin Oc.

LEUTWYLER 90 give a consistent analysis of the K 7r H amplitude based on chiral
theory and find that all contributions except the t-quark loop are unimportant numerically
provided the t-quark mass is of order or bigger than 100 GeV. Hence, a light Higgs can
probably be ruled out.
ATIYA 89 give a limit B(K+ — m+ H ).B(H p, +/i, }( 1.5 x 10 "(90%CL) for

mHp
—220-320 MeV, which is lower than the prediction unless there is an accidental

cancellation in the CP-conserving part of the amplitude and the CP-violating part is
unexpectedly small. See WILLEY 89 and CHENG 89.
CHENG 89 concludes even if real part of K+ ~ n+ H amplitude is cancelled accidentally,
the imaginary contribution alone rules out mH & 2m

CHIVUKULA 88 uses chiral perturbation theory to estimate K — ~+ H amplitudes
with a conservative sign assignment for the relative sign of the Ql = 1/2 term, and
exclude mHp below 0.36 GeV barring cancellation among terms, by using the limits

on K ++X with X = Ii+/i, e+ e, or missing particles. For a criticism see
DAWSON 90.
BAKER 87 sets limit 8{K~ — x~ H ) B(H e I e } & 8 x 10 at CL=90%
for mHp & 100 MeV if H travels much less than 1.4 cm in the lab frame (p(K I )

5.8 GeV). The expected lifetime of the standard HO is too long to be efi'ectively
detected by the experiment and their limit on the branching ratio is significantly weakened
accordingly. In view of the uncertainty in the theoretical prediction for B(K ~ 7r H), no
definite conclusion can be drawn from the result. See also DAWSON 90,
WILLEY 86 re-examined the theoretical estimate of the decay K+ ~:~- H rate via

the one-loop sd H coupling. The experimental bound B(K -+ ~/i, li) ( 2.4 x 10 is

not strong enough to rule out 2m, & mHp ( 2m p. For a criticism see DAWSON 90.

none 0.22—0, 32

&0.28

&0.36

none 0.05-0.211

From Coupling with Nucleons
Some of the experiments for a light Higgs utilize its coupling with nucleons. We
parameterize the Higgs-nucleon coupling (which is dominantly isoscalar) as gHNN

—.

i/HNN(y26F) / mN. The limits depend on the value of rIHNN used. Shifman et
al. [Physics Letters 78B 443 (1978)] obtained rIHNN

—0.22 assuming three heavy
flavors. More recently, T.P. Cheng [Physical Review 038 2869 (1988)], H.-Y. Cheng
tPhysics Letters B219 347 (1989)], and Barbieri and Curci [Physics Letters B210 503
{1989)]took into account the strange-quark content of the proton as well as the heavy
quark effects, and derived rIHNN

—0,56.

&0.0128
none 0.001-0.08

5" GRIFOLS» YEPES
&0.018

none 0.03-0.20

68
95

&0.010
none 0.003-0.012

none 0.00103-0.00584

VALUE (Gev) CL % DOCUMEN T ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

&0.0009 95 BLUEMLEIN 92 BDMP p N -+ H X,
HOZ — I'i I- Z
{S=e,p)

9Q 56 LEEB 92 RVUE nN ~ nN
95 BLUEMLEIN 91 BDMP p N H X

{HO --+ e i e, 2q)
89 RVUE irtotat {nPb)

pN -- HOX

(HO -- e l e-}
BELTRAMI 86 SPEC Muonic atoms
FREEDMAN 84 CNTR He* — He H

(HO — e+ e }
61 MUKHOPAD. .. 84 RVUE O~ —~ Q HO

{HO-~ e" e )
HOFFMAN 83 CNTR 7r p -~ n H

{HO -i eie )
&0.006 BARBIERI 75 RVUE n N ~ n N

BLUEMLEIN 92 exclude very light Standard Model Higgs using brernsstrahlung Higgs

production from beam dump followed by Bethe-Heitler production of lepton pairs by H
on nuclei. If combined with BLUEMLEIN 91, the range mH ( 0.08 GeV is excluded.

LEER 92 use the neutron-lead total cross section measurement by SCHMIEDMAYER 91
as well as neutron optics data to obtain bounds on new long-range neutron interactions.
The limit uses rIHN~ —0.56.
GRIFOLS 89 use the neutron-lead total cross-section measurement at kinetic energies of
50 eV —50 keV by SCHMIEDMAYER 88 and argue that the agreement of the measured
energy dependence with the prediction of a hard-core potential model is lost by light-
Higgs exchange. The limit of 18 MeV is obtained for rIHNN

—0.56 and is reduced to
12 MeV for gHNN = 0.22. LEEB 92 argue against the use of a hard-core potential and
obtain a weaker limit.
YEPES 89B reanalyzed a Fermilab experiment (BECHIS 78), which looked for a long-lived
neutral lepton and found none, and argues that their limit is many orders of magnitude
lower than expected from low-mass Higgs bremsstrahlung production followed by the
decay to e+e
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BELTRAMI 86 measured the wavelengths of the 3d5/2 —2p3/2 X-ray transitions in

muonic 4Mg and 8si and found the deviation from QED bA/A = (—0.2+3.1)x10
The listed limit uses TIHNN = 0.23. The experiment excludes mHp 1 MeV by more

than 3 s.d.
FREEDMAN 84 is ANL experiment with dynamitron proton bombarding tritium to form

He . TIHNN = 0.30 is used to derive the limit . They also reanalyze KOHLER 74 He*
data to find no mass region is excluded by that data. See also footnote for MUKHOPAD-
HYAY 84 below.
MUKHOPADHYAY 84 examine KOHLER 74 He* and C~ data. Claim that no mass
region can be excluded by 74 He* data since He* decay width to proton is large

I
B(He* ~

H He) = 3.4 x 10 is very smallj. Above limit is from KOHLER 74 0* decay data.

HOFFMAN 83 looked for e+e peak from Higgs produced in x p ~ H n at 300
MeV/c. Set CL = 90% limit dn/dt B(e+e ) & 3.5 x 10 3 cm2/GeV for 140

&mHp &160 MeV, which does not exclude H with the standard one-doublet-model

cou plings.
BARBIERI 75 studied Higgs boson exchange effect in neutron-lead scattering data of
ALEKSANDROV 66 and found limit (g O

/4x) (mHO/MeV) 3.4 x 10 for

mHp 1 MeV. ThiS giVeS the liSted limit fOr sIHNN
——0.2 and 10 MeV fOr TIHNN =

0.56. Lighter mass region mHp + 1 MeV would be incompatible with the measured

a ngular distribution.

From Other Techniques
VAL UE (GeV) CL S DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

none 0.001-0.072 95 BARABASH 92 BDMP
none 0.0012-0.052 90 DAVIER 89 BDMP

none 0.010-0.10

none 0.015-0.04

90 65 EGLI

66 LINDNER
67 YEPES90

89 CNTR

89 THEO
89 RVUE

68 DZHELYADIN 81

COMMENT

etc. ~ ~ ~

g'
e Z~ eH0Z

(H ~ e+e )
Tr+ ~ e+vH0

(H ~ e+e )
Vacuum stability

e+ vH0
(H0 e+ e-)

g' gH0
(H0 I+I -)

WITTEN 81 COSM
GUTH 80 COSM

69SHER 80 COSM

BARABASH 92 is a beam dump experiment that searched for H ~ e+e and pp
produced via the decays ~ ~ eve H, K ~ eveH, K ~ ~H, and g' ~ fIH .
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.
LINDNER 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.
67YEPES 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(sI' ~ TIIJ,+p, ) & 1.5 x 10 (CL = 90%), and argued

that it excludes H with the standard one-doublet-model couplings in y+ p channel
for mHp

—0.25&.409 GeV. However, the number 0.409 is not well-determined due to

theoretical uncertainties in B(H ~ p+ p ),
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) /(2mW+mZ)] / GeV when mt & 80
GeV. So for m& 80 GeV, there is no limit. If mt & 80 GeV, then vacuum stability
arguments may give bounds on mH, see LINDNER 89 above.

H {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 ~

95

Z ~ H0Z*

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.

VAL UE (GeV) CL% DOC UMEN T ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BRAHMACH. .. 93 RVUE

BUSKULIC 93I ALEP Z ~ H Z»

)65 BUSKULIC 93l ALEP Invisible H
LOPEZ-FERN ...93 RVUE

74 ADRIANI 92G L3

75 PICH
76 ACTON
77 DECAMP
78 DECAMP
79 AKRAWY
80 DAVIER

81 SNYDER

Ht {Higgs Boson) MASS LIMITS In Stfpersymmetrlc Modeht
The minimal supersymmetric model has two complex doublets of Higgs bosons. The
resulting physical states are two scalars [H1 and H2, where we define mHp & mHp],

1 2

a pseudoscalar (A ), and a charged Higgs pair (H+). There are two free parameters
in the theory which can be chosen to be mAp and tanp = v2/v1, the ratio of vacuum
expectation values of the two Higgs doublets. Tree-level Higgs masses are constrained

by the model to be mH — z' H — z' A — H ' H+ — I/I/

However, as describe in the "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 ~A DOCUMENT ID TECN COMMENT

&44 95 84 BUSKULIC 93t ALEP tanp &1
&29 95 ABREU 92J DLPH any tanp
&42 95 ADRIANI 92G L3 1&tanp &50

none 3-22 95 AKRAWY 91C OPAL tanp & 0.5
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

95 ABREU 921 DLPH tanp ) 0.6
95 ABREU 91B DLPH any tanp
95 ABREU 91B DLPH any tanp
95 AKRAWY 91C OPAL tanp & 6

BLUEMI EIN 91 BDMP pN ~ H X1
(H01 ~ e+ e, 2p)

95 91 DECAMP 91( ALEP tanp ) 1
95 ABREU 90E DLPH any tanp
95 ABREU 90E DLPH tanp & 1

&34
0.21

&28
none 3-38

&41
9

&13

t92 RVUE Very light Higgs

3.57 95 91 OPAL Z ~ H0Z
91F ALEP Z ~ H08+E
9ll ALEP Z decay

& 0.21 95 90P OPAL Z ~ H Zo

89 BDMP e Z~ eH Z
(H0 ~ e+e )

89 MRK2 B —+ H0 X
(H e+e )

none 0.6-6.2 82 FRANZINI 87 CIJSB T(1S) -+ & HO x=2
none 0.6-7.9 90 FRANZINI 87 CUSB T(1S) p H, x=4
none 3.7-5.6 90 83ALBRECHT 853 ARG T(1S) ~ yH0, x=2
none 3.7-8.2 90 83 ALBRECHT 85J ARG T(15) ~ yH0, x=4

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 93i 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 93l limit for H with the standard coupling to Z but decaying to weakly
interacting particles.
LOPEZ-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(H ~ SM-like)+B(H ~ invisible)=1. mH &50 GeV is obtained if the

H coupling strength to the Z Is greater than 0.2 times the Standard Model rate.
See Ffg. 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.

t
PICH 92 analyse H with mHp &2m& in general two-doublet models. Excluded regions

in the space of mass-mixing angles from LEP, beam dump, and ~+, sI rare decays are
shown in Figs. 3,4. The considered mass region is not totally excluded.

ACTON 91 limft 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 90N, they obtafn B(Z ~ H E+E )/B(Z ~
E+E ) & 2.5 x 10 (95%CL) for mHp & 60 GeV.

See Figs. 1, 3, 4, 5 of DECAMP 91I for excluded regions for the masses and mixing angles
in general two-doublet models.
AKRAWY 90P limit is valid for any H0 having I (Z ~ H Z*) more than 0.57 times
that for the Standard Higgs boson.
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, cr & 24 mm.
First order QCD correction Included with as = 0.2. Their figure 4 shows the limits vs.
X.
ALBRECHT 85' found no mono-energetic photons in both T(1S) and T(2S) radiative
decays in the range 0.5 GeV &E(y)&4.0 GeV with typically BR& 0.01 for T(1S) and
BR& 0.02 for 7'(2S) at 90% CL. These upper limits are 5-10 times the prediction of the

standard Higgs-doublet model. The quoted 90% limit B(T(lS) ~ H0p) & 1.5 x 10
at E(p) = 1.07 GeV contradicts previous Crystal Ball observation of (4.7 + 1.1) x 10
see their reference 3. Their figure 8a shows the upper limits of x as a function of E(p)
by assuaging no QCD corrections. We used mHp

—m ~ (1—2E(p)/m 7) / .
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&26 95 9 ADEVA 90R L3 tanp & 1

none 0.05—3.1 95 94 DECAMP 90E ALEP any tanp
none 0.05-13 95 9 DECAMP 90E ALEP tang & 0.6
none 0.006-20 95 DECAMP 90E ALEP tang ) 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 tang & 2

& 3.1 95 DECAMP 90M ALEP any tanP

BUSKULIC 93I search for Z ~ H Z* and Z H A . One-loop corrections are1 1
included with any m&, m- &m&. Assumes no invisible H or A decays.

ABREU 92j searched for 2 ~ H1Z* and 2 ~ H1A with H1, A ~ TT or jet-jet.
Small mass values are excluded by ABREU 91B.

86ADRIANI 92G search for Z ~ H1Z', Z ~ H1A 4b, bbTT, 4T, 6b (via Hp

A A ), and include constraints from I (Z). One-loop corrections to the Higgs potential
are included with 90&m~ &250 GeV, m& &m- &1 TeY.

AKRAWY 91C result from Z ~ H A ~ 4jet or T+T jj or 4T and Z H Z*
1 1

(H1 ~ q q, Z* ~ vP or e+ e or p+ p, ). See paper for the excluded region for the
case tan(8 & 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.
ABREU 91B result is based on negative search for Z ~ H f7 and the limit on invisible1
Z width I (Z H01A0) & 39 MeV (95&CL), assuming rr)AO & IT)MO

1

9ABREU 91B result obtained by combining with analysis of ABREU 901.
BLUEMLEIN 91 excluded certain range of tanp for m

Mo & 120 MeV, m Ap & 80 MeV.
1

DECAMP 91( searched for Z ~ H1Z*, and Z ~ H1A ~ 4jets or rvjj 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 ~ H1A and Z ~ H1Z*. m p & 210 MeV is not

1

excluded by this analysis.
ADEVA 90R result is from 2 ~ H A ~ 4jet or TTjj or 4T and Z ~ M Z . Some1 1
region of m p & 4 GeV is not excluded by this analysis.

1

DECAMP 90E look for Z H1A as well as Z H18+8, Z H1vv with 18610

Z decays. Their search includes signatures in which H1 and A decay to pp, e+ e

p+ p, T+ T, or qq. See their figures of m p vs, tang.
1

DECAMP 90H is similar to DECAMP 90E but with 25,000 Z decays.
DECAMP 90M looked for Z ~ H EE, where H1 decays outside the detector. This
excludes a region in the (mHO, tang) plane centered at mMO

—50 MeV, tanp = 0.5.
1 1

This limit together with DECAMP 90E result excludes m p & 3 GeY for any tanI9.
1

ADEVA 90R result is from Z ~ H A ~ 4jet or Tvjj or 4r and Z H Z*. Some1 1
region of mAO & 5 GeV is not excluded by this analysis.

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 t e
annihilation, e+ e H1 M2, is possible if H1 and H2 have opposite CP eigenvalues.

Limits are for the mass of the heavier Higgs H in two-doublet models,2
VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~

t106 ADRIANI 92G L3
&45 95 '07 DECAMP' 90H ALEP m„p .- 20 Gev

&37.5 10 DECAMP 90H ALEP m p & m p"1 "2
108 KOMAMIYA 90 MRK2 m p & 0 5 GeY,

H —+ qq or v+7
2

& 8 gp 109 KOMAMIYA 89 MRK2 Mp I(j+ I(j

H a qq 7 T

95 110 LOW 89 AMY m o
+ 20MeV,

1

H2 — qq
none 2-9 90 1 AKERLOF 85 HRS m p

—0,
1

HO — ff
2

none 4-10 85C MAC m p
——0,2 GeV,

1

Mp -- ~+T- cc
2 r

none 1.3-24, 7 85L JADE jTI
Mp

- 0.2 GeV, M2"1
ff or ffMO

1
95 BEHREND 85 CELL rn o

—.0,
1

Hp
2

none 1-11 90 111 FELDMAN 85 MRK2 m
O ' H20 a f f

H1
90 FELDMAN 85 MRK2 mMo =.. mHO

H1 "2
MO . ff

2

ADRIANI 920 excluded regions of the m u
—mAu plane for various decay modes with

1

limits B(Z ~ H H ) &(2-20) x 10 are shown in Figs. 2-5.
1 2 i0 DECAMp 90H search for Z H01 e+ e, H1 p+ p, H1 T+ T, H1 q q, low multiplicity

final states, ~-r-jet-jet final states and 4-jet final states.
KOMAMIYA 90 limits valid for cos (a —I9) = 1, They also search for the cases H1

p, + p, , ~+ T, and H2 H1 H1. See their Fig. 2 for limits for these cases.

KOMAMIYA 89 assume B(H p, +p, ) = 100%, 2m & m p & m . The limit
1

is for maximal mixing. A limit of mHO ) 18 GeV for the case H2 — H1H1 (M1-
H2

I(g+ p ) is also given. From PEP at Ecm
—29 GeV.

LOW 89 assume that H escapes the detector. The limit is for maximal mixing. A
1

reduced iimit of 24 GeV is obtained for the case M ~ H f f. Limits for a Higgs-triplet2 I
model are also discussed. Ecm —50-60.8 GeY.

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 5-45

)28

90 1 AS

111 BARTEL

none 1.2—13.6

none 1-9

& 0.21
&20
&34

H+ (Char+~ Higgs or Technl-pion) MASS LIMITS
Most of the following iimits assume B(H+ ~ T+v) + B(M~ --. cs) = 1. DE-

CAMP 90I, BEHREND 87, and BARTEL 86 assume 8(H+ -~ T+ v} + B(H f

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

&41 95 ADRIANI 92G L3 B(Tv) = 0—1

)41.7 95 1141115 DECAMP 92 ALEP B(Tv}= 0—1

i ~ ~ We do not use the following data for averages, fits, limits, etc. fa fa e

BARGER 93 RVUE b -- s q
117 BELANGER 93 RVUF b -~
116 HEWETT 93 RVUE
118 ALITTl g2F UA2 t —a bM',

M+= ~v
9 ALBAJAR 9]B QA1 L . bM+,

M+ -- T+v
95 YUZUK I 91 VNS B(Ev} = 0—1

95 114,121 ABREU gpB DLPH Q(T v} 0—1

95 114,122 ADACHI 90B TOPZ B(T v} 0—

g5 114,123 ADEVA gpM L3 B(Tv) = p

g5 114,124 AKRAWY 9pK OPAL B(Tv) = 0—1

95 DFCAMP 90l ALEP B(T v) = 0—1
126 SMITH 90B AMY B(Tv) ) 0.7
125 BEHREND 8? CELL B(7 v) = 0—1

95 BARTEL 86 JADE B(T v) =0.1-1.0
95 127 ADEVA &5 IVIRKJ B(z v} 0 25 1 0

&39

none 8.0—20.2
)29
&19
&36.5
&35
&35.4

none 10—20
)19
)18
&17

Ao (Pseudoscalar Higgs Boson) MASS LIMITS In Superslfmmetrlc Models
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

&21 t95

97 BUSKULIC 93( ALEP tan(9 &1
&34 95 ABREU 92' DLPH tanp & 3
+22 95 ADRIANI 92G L3 1&tan(8 &50 t

none 3-40.5 95 AKRAWY 91C OPAL tanp & 1, if 3 GeV &
mMO &™AP

1
&12 95 1 ABREU 90E DLPH tanP & 1

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

'02 ELLIS 93 RVUE Eiectroweak
95 BUSKULIC 92 ALEP tanP ) 1
95 DECAMP 91( ALEP tanp ) 1

95 101 ABREU 90E DLPH tani9 & 1,
mHO ™Ap

1
95 ADEVA 90R L3 tan(9 ) 1,

m P & mAO
1

9 BUSKULIC 93( search for Z ~ H Z* and Z ~ H A . One-loop corrections to the1 1
Higgs potential are included with any mt, mt &m&. For mt —140 GeV and mt

—1

TeV, the limit is mAO )45 GeV. Assumes no invisible H or A decays.
9 ABREU 92' searched for Z ~ H Z» and Z ~ H A with H, A ~ Tr or jet-jet.1 1 1'

Small mass values are excluded by ABREU 91B.
9 ADRIANI 92G search for Z ~ H1Zo, Z H1A 4b, bb7-r, 4T, 6b (via

H ~ A A ), and include constraints from C(Z). One-loop corrections are inciuded
with 90&mt &250 GeV, mt &m- &1 TeV. The region mAo &11 GeV is allowed if

42&mHO &62 GeV, but Is excluded by other experiments.
1

AKRAWY 91C result from Z H A 4let or v+ v jj or av. See paper for the1
excluded region for the case tanp & 1.
ABREU 90E searched Z ~ H A and Z ~ H Z'. m & 210 MeV is not excluded1 1 ' Ap
by this analysis.
El LIS 93 analyze possible constraints on the MSSM Higgs sector by electroweak precision
measurements and find that mAO is not constrained by the electroweak data.

BUSKULIC 92 limit is from l(Z), Z H0Z . and Z ~ H0A The limit is valid.
for any mHO below the the theoretical limit mMO &64 GeV which holds for mAO 0 in

1 1
the minimal supersymmetric model. One-loop radiative corrections are included.

4DECAMP 91I searched for Z ~ H1 Zo, and Z ~ H1A0 ~ 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. For mt —140 GeV and m- = 1 TeV, the limit is

mAO & 31 GeY.



See key on page1343

1371

Gauge Ec Higgs Boson Full Listings

Higgs Bosons H' and H+

113ADRIANI 92G limit improves to 44 GeV if B(rvr) & 0.4.
Studied H+ H ~ (rv) + (rv), H+H ~ (rv) + hadrons, H+H ~ hadrons.

115DECAMP 92 limit improves to 45.3 GeV for B(rv)=1.
HEWETT 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 mH+ in the type of model (model II) in which different Higgs are responsible

for up-type and down-type quark masses. HFWETT 93 give mH+ &110 (70) GeV for

mt &150 (120) GeV usi~g 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 sensltve to mb.
BELANGER 93 make an analysis similar to BARGER 93 and HEWETT 93 with an

Improved CLEO limit B(b ~ sy) & 5.4 x 10 (95%CL). For the Typell 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+ ~ rvr with r decaying hadronically In pp
collisions at Ecm ——630 GeV. mH+ between 40 and 65 GeV Is excluded if mt —mH

= ms+ ( + a rew-10 GeV). See Figs. s, 6 for the excluded region for B(H+ ~ su )
= 1, 0.5.
ALBAJAR 918 search for W ~ tb and t t production In pp collisions with the decay

chain t ~ H+b, H+ ~ r+v, in single muon plus jets and dimuon channels. For

mt —60 GeV, mH+ ( 47 GeV is excluded at 95%CL if tan(9 & 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,
pv, r v, q q with five flavors. For B(Ev) = 1, the limit improves to 25.0 GeV.

121ABREU 908 limit improves to 36 GeV for B(rv) = 1.
ADACHI 908 limit improves to 22 GeV for B(rv) = 0.6.
ADEVA 90M limit improves to 42.5 GeV for B(rv) = l.
AKRAWY 90K limit improves to 43 GeV for B(rv) = l.
If B(H+ ~ r+ v) = 100%, the DECAMP 90I limit improves to 43 GeV.
SMITH 908 limit applies for v2/vl & 2 in a model in which H2 couples to u-type quarks
and charged leptons.
Studied H+H ~ (rv) + (rv), H+H ~ (rv) + hadrons. Search for muon
opposite hadronic shower.
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MASS LIMITS for H++ (doubly-chasn~ Higgs boson)
VAL UE (GeV) CL fear DOCUMEN7' ID TECN COMMENT

&45.6 95 128 ACTON 92M OPAL
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&30.4 95 128 ACTON 92M OPAL T3(H++)—+1
&25.5 95 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++ ~ C+C+ or H++ does not decay in the detector.
Thus the region gag 10 7 is not excluded.

ACTON 92M from AI Z (40 MeV.

SWARTZ 90 assume H++ ~ 4+1+ (any flavor). The limits are valid for the Higgs-

lepton coupling g(HCZ) + 7.4 x 10 /[mH/GeVj / . The limits improve somewhat
for ee and p p decay modes.

N 90C
90
908

90

88

WILLEY
ADEVA
AKERLOF
ALBRECHT
ASH
ASH
BARTEL
BEHREND
FELDMAN
ALTHOFF
FREEDMAN
MUKHOPAD. .. 84
YAMAZAKI
HOFF MAN
ASANO
DZHELYADIN
WITTEN
GUTH
JACQUES
SHER

Also
8ECHIS
SHIF MAN
BARBIERI
KOHLER
ALEKSANDROV66

86
85
85
85J
85
85C
&SL
85
85
84G
84

&4

83
818
81
81
80
80
80
83
78

RENTON
SCHAILE
ABREU
ACTON
ADEVA
ADEVA
AKRAWY
AKRAWY
ALBA JAR
BLUEMLEIN
DECAMP
DECAMP
SCHMIEDM. ..
YUZUKI
ABE
ABREU
ABREU
ABREU
ABREU

CERN- P PE/90-1
ADACHI 908
A DEVA 90H
A DEVA 90M
A DEVA 90N
A DEVA 90R
AKRAWY 90C
AKRAWY 90K
AKRAWY 90P
ANTREASYA
ATIYA
ATIYA
BARR
DAWSON
DECAMP 90
DECAMP 90E
DECAMP 90H
DECAMP 90I
DECAMP 90M
DECAMP 90N
KOMA MIYA 90
LEUTWYLER 90
SMITH 908
SWARTZ 90
ALAM 898

Also 89C
ALBRECHT 89
ATIYA 89
BARBIERI 89
CAHN 89
CHENG 89
CHENG 898
DAVIER 89
DAWSON 89
EGLI 89
EILAM 89
GRIFOLS 89
KOMAMIYA 89
LINDNER 89
LOW 89
RA BY 89
5HER 89
SNYDER 89
WILLEY 89
YEPES 89
YEPES 898
CHENG 88
CHIVUKULA 88

Also 89
GRINSTEIN 88
LEE-FRANZINI 88
SCHMIEDM. .. 88

Also 888
ALBRECHT 87D
BAKER 87

Also
BEHREND
DRUZHININ
FRANZINI
RUSKOV
BARTEL
8ELTRAMI
EICHTEN
VOLOSHIN

(oxF)
(FREIE)

+Adam, Adarni, 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, Apslmon+ (UA1 Collab. )
+Brunner. Grabosch+ (BERL, BUDA, JINR. SERP)
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )

Schrniedrnayer, Riehs, Harvey, Hill {TUW, ORNL)
+Haba, Abe, AInako, Arai, Asano+ (VENUS Collab. )
+Amidei. Appollinari, Atac, Auchincloss+ (CDF Collab. )
+Adam, Adami, Adye, Alekseev+ (DELPHI Collab. )
+Adam, Adami, Adye, Alekseev+ (DELPHI Collab. )
+Adam, Adami, Adye, Alekseev+ (DELPHI Collab. )

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
PRL 66 1015
PL 8267 309
PR 041 1717
PL 8241 449
NP 8342 1
PL 8245 276

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
PL 8251 204
PRL 64 21
PRL 65 1188
PL 8235 356
PR 041 2844
PL 8236 233
PL 8237 291
PL 8241 141
PL 8241 623
PL 8245 289
PL 8246 306
PRL 64 2881
NP 8343 369
PR D42 949
PRL 64 2877
PR 040 712

+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. )
+Bartels, Besset, Bieler, Bienlein+ (Crystal Ball Collab. )
+Chiang, Frank, Haggerty, Ito, Kycia+ (BNL 787 Collab. )
+Chiang, Frank, Haggerty, Ito, Kycia+ (BNL 787 Collab. )
+Clark+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+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. )
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )
+Abrams, Adolphsen, Averill, Ballarn+ (Mark II Collab. )
+Shifman (BERN)
+McNeil, Breedon, Kim, Ko+ (AMY Collab. )
+AbraIns, Adolphsen, Averill, Ballarn+ (Mark II Collab, )
+Katayarna, Kim, Li, Lou, Sun+ (CLEO Collab. )

Alam, Katayama. Kirn, Li, Lou, Sun+ (CLEO Collab. )
+Boeckmann, Glaeser, Harder+ (ARGUS Collab. )
+Chiang. Frank, Haggerty, Ito, Kycia+ (BNL 787 Collab. )
+Curci

PR D40 3790 errat um

ZPHY C42 349
PRL 63 2177
PL 8219 503
RPP 52 389
PR 040 2980
PL 8219 347
PL 8229 150
PL 8222 143
PL 8222 533
PL 8231 184
PRL 63 1346
PR D40 721
PL 8228 139
PL S228 548
PR D39 828
PRPL 179 273
PL 8229 169
PR D39 2784
PL 8227 182
PL 8229 156
PR D38 2869
PL 8207 86

+Yu (AST)

(LALO)
(BNL)

+Engfer, Grab, Hermes, Kraus+ (SINDRUM Collab. )
+Nakada, Wyler (PSI, ZURI)
+Masso, Peris (BARC)
+Fordham, Abrams, Adolphsen, Akerlof+ (Mark II Collab, )
+Sher, Zaglauer (FNAL, WUSL)
+Xu, Abashian, Gotow, Hu, Mattson+ (AMY Collab. )
+West, Hoffman (LANL)

+Nguyen Ngoc

+Murray, Abrams, Adolphsen, Akerlof+ (Mark II Collab. )
(PITT)
(MCGI)
(MCGI)

+Manohar (BOST, MIT)
Chivukula, Manohar (SOST, MIT)

+Hall, Randall (LBL, UCB)
1432 (CUSB Collab. )

Schrniedmayer, Rauch, Riehs (TUW)
Schrniedrnayer, Rauch, Riehs (TUW)

+Andam, Binder, Boeckmann+ (ARGUS Collab. )
+Gordon, Lazarus+ (BNL, SIN, WASH, YALE)

Baker, Gordon+ (BNL, SIN. WASH, YALE)
+Buerger, Criegee, Dainton+ {CELLO Collab. )
+Dubrovin, Eidelrnan, Goiubev+ (Novo)
+Son, Tuts, Youssef, Zhao+ (CUSS Collab. )

(SOFI)
+Seeker, Feist, Haidt+ (JADE Collab. )
+Aas, Beer, Decharnbrier, Goudsmit+ (ETH, FRIB)
+Hinchliffe, Lane, Quigg+ (FNAL, LBL, OSU)

PL 8217 568 errat
PL 8211 363
Munich HEP Conf.

um

p

urn

PRL 61 1065
PRL 61 2509 errat
PL 8199 451
PRL 59 2832
PRL 60 472 erratu
PL 8193 376
ZPHY C37 1
PR D35 2883
PL 8187 165
ZPHY C31 359
NP A451 679
PR D34 1547
SJNP 43 495 pokun (ITEP)

F 43 779.Translated from YA
(PITT)

+Seeker, Becker-Szendy+ (Mark-J Collab. )
+Bonvicini, Chapman, Errede+ (HRS Collab. )
+Binder, Harder+ (ARGUS Collab. )
yBand, Blume, Camporesi+ (MAC Collab. )
+Band, Blurne, Camporesi+ (MAC Collab. )
+Becker, Cords, Feist, Hagiwaray (JADE Collab. )
+Burger, Criegee, Fenner+ (CELLO Collab. )
+Abrams, AInidei, Baden+ (Mark II Collab. )
+Braunschweig, Kirschllnk+ (TASSO Collab. )
+Napolitano, Camp, Kroupa (ANL, CHIC)

Mukhopadhyay, Goudsrnit+ (RPI, SIN, LISB)
+Ishikawa, Taniguchi. Yarnanaka+ {INUS, KEK)
+Frank, Mischke, Moir, 5chardt (LANL, ARZS)
+Kikutani, Kurokawa, Miyachi+(KEK, TOKY, INUS, OSAK)
+Golovkin, Konstantinov, Kubarovski+ (SERP)

(HARV)
(5LAC)

(RUTG. STEV, COLU)
(UCSC)

Flores, Sher (UCSC, UCI)
+Chang, Dornbeck, Ellsworth, Glasser, Lau+ (UMD)

+Ericson
+Watson, Becker
+Samosvat. Sereeter, Tsoi

PL 8173 480
PL 1528 439
PL 1568 271
ZPHY C29 167
PRL 55 1831
PRL 54 2477
PL 1558 288
PL 1618 182
PRL 54 2289
ZPHY C22 219
PRL 52 240
PR D29 565
PRL 52 1089
PR 028 660
PL 1078 159
PL 1058 239
NP 8177 477
PRL 45 1131
PR D21 1206
PR D22 2989
ANP 148 95
PRL 40 602
PL 7&B 443
PL 578 270
PRL 33 1628
JETPL 4 134

+Weinberg
+Kalelkar, Mille~, Piano+

(CERN)
(LOCK)

(JINR)
Translated from ZETF 4 196.

HEP-90 Singapore (unpuisgdam, Adarni, Adye, Alekseev+ (DELPHI Collab. )
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Limit on |Ilt~-IIILrg Mixing Angle 0
Lighter mass eigenstate W1 —WLcost —WRsinc. Light vR assumed unless noted.
Values in brackets are from cosmological and astrophysical considerations.

VALUE CL Pro DOCUMENT ID TECN COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

0.04 90 16 MISHRA 92 CCFR I N scattering
—0.0006 to 0.0028 90 AQUINO 91 RVUE

[none 0.00001-0.02] 18 BARBIERI 89e ASTR SN 1987A
0.040 90 19 JODIDIO 86 ELEC Ig decay

—0.056 to 0.040 90 19 JODIDIO 86 ELEC p. decay

16MISHRA 92 limit is from the absence of extra large-x, large-y v N —1 I X events at
Tevatron, assuming left-handed v and right-handed v in the neutrino beam. The result

gives I (1—2m W /m W )& 0.0015. The limit is independent of vR mass.
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 89B limit holds for m & 10 MeV.

19First JODIDIO 86 result assumes mW —..ac, second is for unconstrained IW .
R R

Searches for Heavy Bosons
Other Than Higgs Bosons

We list here various limits on charged and neutral heavy vector
bosons (other than W's and Z's), heavy scalar bosons (other than

Higgs basons), vector or scalar leptoquarks, and axigluons.

Wtr (Right-Handed W Boson} MASS LIMITS

MASS LIMITS for Wr (A Heavy Charged Vector Boson Other Than W}
In Hadron Collider Experiments

Couplings of W' 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. Experiments other than ABE 91F assume no new decay
channels (esp. tb) are open.

VALUE (Gev) CL,04 DOCUMENT ID TECN COMMENT

&520 95 20 ABF 91F CDF W -- ev, Iy, v

o ~ o We do not use the following data for averages, fits, limits, etc. a ~ o

&251 21 ALITTI 93 UA2 W —
& q q

none 260-600 95 22 RIZZO 93 RVUE W' -- qq
none 101-158 90 23 AL ITT I 91 UA2

220 90 24 ALBAJAR 89 UA1 W' —~ e ~~

&209 90 25 ANSARI 87D UA2 W' - v etz

&210 90 26 ARNISON 86B UA1 W ~ el.
&170 9(} 27 ARNISON 83D UA1 Wf --- ev

0ABE 91F assume leptonic branching ratio of 1/12 for each lepton flavor. The limit from

the ev (pv) 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 n . B & (1-10)pb is

given for mWr
—100-550 GeV; see Fig. 2.

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 -~ t b allowed. See their Fig. 4 for limits in
R

the mW, —B(qq) plane.

RIZZO 93 analyses CDF limit on possible two-jet resonances. The limit is sensitive to
the inclusion of the assumed K factor.

3ALITTI 91 search is based on two-jet invariant mass spectrum, assuming B(W' -- qq)
= 67.64/4. Limit on cr B as a function of two-jet mass is given in Fig. 7.
ALBAJAR 89 cross section limit at 630 GeV is ty(W') B(ev) & 4.1 pb (90% CL).

55ee Fig. 5 of ANSARI 87D for the excluded region in the raW, -!(gW, ) B(W'—W' ' W'q

ev)] plane. Note that the quantity (g, ) B(W' -- eI. I is normalized to unity forW'q
the standard W couplings.
ARNISON 86B find no excess at large pT in 148 W - ev events. Set Iifnit cr x B(ev)
&10 pb at CL 904&, at Ecm —546 and 630 GeV.

ARNISON 83D find among 47 W — e v candidates no event with excess p T. Also set
o xB(ev) &30 Pb with CL =- 90% at Ecm = 540 GeV.

90
90
90

90

95
95

MASS LIMITS for Z' (Heavy Neutral Vector Boson Other Than Z}

NOTE ON THE Z' SEARCHES

I'he mass bounds depend on the gauge group and the

gauge coupling of a Z' boson. The liniit, s listed belov are not,

exhaustive but include only typical Z' bosons that appear

frequently in the literature. The following not, ations are used

for t,hese Z' bosons.

+sM.'ZsM is a clone of t, he Z and is int, roduced as a,

convenient way to gauge the limits rather than with a theoretical

mot, ivation. It is assuined to have exactly the same couplings as

the Z but a different, mass.

Left-right symmetric bosons: Zl.p is the ext, ra neutral

boson which appears in left, -right symmetric models wit, h t, he

gauge group SU(2)r x SU(2)R x U(f)ty L, or SU(2)I x U(f)77 x

U(I )B I, where 'i('i)lt is the third component of SU('2)lt

and the weak hypercharge V =-= T~rt + 2(B —I). The ZLIL

Assuming a light right-handed neutrino, except for BEALL 82, LANGACKER 89B,
and COLANGELO 91. gR

—
gL assumed. [Limits ln the section MASS LIMITS for

W' below are also valid for WR if m„&& mW .] Some limits assume manifest
vR R

left-right symmetry, Le., the equality of left- and right Cabibbo-Kobayashi-Maskawa
matrices. For a comprehensive review, see LANGACKER 89B. Limits on the WL-WR
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 5 DOCUMEN T ID TECN COMMEN T

& 406 90 1 JODIDIO 86 ELEC Any 0
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 439 90 BHATTACH. .~ 93 RVUE Z-Z' mixing

& 225 90 3 SEVERIJNS 93 CNTR t9+ decay
4 IMAZATO 92 CNTR K+ decay

& 475 POLAK 928 RVUE p, decay

& 240 AQUINO 91 RVUE Neutron decay
& 496 6 AQUINO 91 RVUE Neutron and muon decay

& 700 COLANGELO 91 THEO m p
—m

& 477 POLAK 91 RVUE p, decay
[none 540-23000] BARBIERI 89B ASTR SN 1987A; light vR
& 300 90 LANGACKER 89B RVUE General

160 90 11BALKE 88 CNTR p ~ evv
& 482 90 1 JODIDIO 86 ELEC I = 0
& 800 MOHAPATRA 86 RVUE SU(2)Lx SU(2)R x U(1)
& 400 12 STOKER 85 ELEC Any (

& 475 STOK ER 85 El EC I &0.041
BERGSMA 83 CHRM v e ~ p ve

& 380 9(} 14 CARR 83 ELEC p+ decay
&1600 ' BEAI-L 82 THEO m 0 mK0

L 5
f& 4ooo] STEIGMAN 79 COSM Nucleosynthesis; light vR

1JODIDIO 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 Ic+.
BHATTACHARYYA 93 uses Z-Z' mixing limit from LEP '90 data, assuming a specific
Higgs secto~ of SU(2)L xSU(2)Rx U(1) gauge model. The limit is for mt

—200 GeV and
slightly improves for smaller m t.
SEVERIJNS 93 measured polarization-asymmetry correlation in ln P+ decay. The
value R/Ro —0.926 k 0,041 is 1,7 standard deviations away from the Standard Model

expectation, giving [mt/m2+ Cl = 0.087 6 0.051. The listed limit assumes zero LR-
mixing.
IMAZATO 92 measure positron asymmetry in K+ rr+v decay and obtain

Ig

(P& & 0.990 (90%CL}. If WR couples to uf with full weak strength (V„=l),the
result corresponds to mlIII &653 GeV. See their Fig. 4 for mW limits for general

5POLAK 92B limit is from fit to muon decay parameters and is essentially determined by

JODIDIO 86 data assuming I =0. Supersedes POLAK 91.
6AQUINO 91 limits obtained from neutron lifetime and asymmetries together with uni-

tarity of the CKM matrix. Ma~ifest left-right symfnetry assumed. Stronger of the two
limits also includes muon decay results.

7COLANGELO 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 92B.

t
9BARBIERI 89B limit holds for m„&10 MeV.t'R-
0LANGACKER 89B limit is for any vR mass (either Dirac or Majorana) and for a general

class of right-handed quark mixing matrices.
BALKE 88 limit is for m = 0 and I & 50 MeV. Limits come from preciseveR t'Ig R
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 m W /m W )1.9 at CL = 90%.

2 1

CARR 83 ls TRIUMF experiment with a highly polarized Ig+ 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 WR contribution to K —K mass difFerence is

L S
smaller than the standard one, neglecting the top quark contributions. Manifest left-right
symmetry assumed.
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couples to aTSR —(I/2or)(B —L) with the coupling strength
g' (the weak hypercharge gauge coupling). The parameter n is

model dependent. For left-right symmetric coupling gL = gR,
ct = (1—2 sin Httr) / / sin ettr 1.53, which is used for the limits

in the listing unless noted. Another typical case cx = (2/3) ~ is

identical to Zy (discussed below) with the coupling g~ = g'.

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)@ 1

SO(10):SU(5) x U(1)y .

One Z' is assumed to be relatively light, which in general is a
linear combination of the two:

Zp = Zy cos p + Zd, sin p .

The gauge quantum numbers of the ordinary quarks and leptons

are shown in the table:

TSR Y B L~24Q—g

VL, eL

eR

&L dL

dR

0 —— —11
2

+- 0 —11
2

—1 —11
2

0 +- +-1 1
6 3

+- +- +—1 2 1
2 3 3
1 1 1+-
2 3 3

+5

+1

+-16
+-56
+-1

3

1
3

+-13
1
6

ZQ )

which appears in a superstring-motivated model.

A reference gauge coupling for these bosons is g'

e/ cos Httr, 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 limits from hadron colliders, it is

often assumed that these new fermions are heavy and are not
produced in the decay of the Z'.

Lltnlts for Z~M
I

ZSM is assumed
those of Z.

VAL UE (Gev)

&412

to have couplings with quarks and leptons which are identical to

CL xd('e DOCUMENT ID TECN

ABE 92B CDF95

95 28I29 LANGACKER 92B RVUE

COMMENT
I

PP' SM
a+w

In particular, the X charge is related to others by ~24Qy =
4Y —5(B—L). Also notice that the Zd, coupling is pure axial

for all quarks and leptons.

Another typical case Z& is defined as

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&237 90 ALITTI 93 UA2 p p; ZSM qq
&119 90 ALLEN 93 CALO ve ~ ve

I
none 490-560 RIZZO RVUE pp' Z

M qq
&387 95 ABE 91D CDF pp; Z ~ e+e

34
SM

&307 90 GEIREGAT 91 CHM2 v&e ~ v&e and

v+e ~ v+8
&426 90 35 ABE 90F VNS e+e
&208 90 HAGIWARA 90 RVUE e+ e
&173 90 37ALBAJAR 89 UA1 pP Z ~ e+e

PM
&180 90 ANSARI 87D UA2 pp; Z ~ e+e

SM
&160 90 ARNISON 86B UA1 p p; ZSM e+ e

LANGACKER 92B fit to a wide range of electroweak data including LEP results available
early '91. m~ &89 GeV used.

LANGACKER 92B give 95%CL limits on the Z-Z mixing —0.0086 & 8 & 0.0005.
ALITTI 93 search for resonances in the two-jet invariant mass. The limit assumes B(Z' ~
qq)=0. 7. See their Fig. 5 for limits in the mz, -B(qq) plane.

31ALLEN 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 910 give gr(Z') B(e+e ) & 1.31pb (95%CL) for m» & 200 GeV at Ecm = 1.8
Tev Limits ranging from 2 to 30 pb are given for m Zl = 100-200 Gev

GEIREGAT 91 limit Is from comparison of g& from v&e scattering with I (Z ~ ee)
from LEP. Zero mixing assumed.
ABE 90F use data for R, Rgg, and A~g. They fix m

I/I/
—80.49 4 0.43 4 0.24 GeV and

mZ —91.13 + 0.03 GeV.

HAGIWARA 90 perform a fit to e+ e data at PEP, PETRA, and TRISTAN including
p+ p, ~+~, and hadron cross sections and asymmetrles.
ALBA JAR 89 cross section limit at 630 GeV is gr(Z') B(ee) & 4.2 pb (90% CL).

MSee Flg. 5 of ANSARI Sro for the excluded regton In the m»-((g» i B(Z' ~
e+e )] plane. Note that the quantity (gz, ) B(Z' ~ e+e ) is normalized to unity

for the standard Z couplings.
ARNISON 86B find no excess e+ e pairs among 13 pairs from Z. Set limit o x B(e+e )
&13 pb at CL = 90% at Ecm

—546 and 630 GeV.

90
90
90

L/mits for Zg g
Z~R is the extra neutral boson in leR-right symmetric models. g~ = 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.

VAL UE (GeV) CL 8 DOCUMENT ID TECN COMMENT

&$10 95 40 ABE 92e CDF pp
pSN 95 41,42 LANGACKER 92B RVUE

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&130 95 43 ADRIANI 93D L3 Z parameters

(& 1500) 90 44 ALTARELLI 93B RVUE Z parameters
none 490-560 95 RIZZO 93 RVUE p p: Z ~R q q
&230 95 46 ABE 92B CDF pp
(& 9oo) 90 47 DELAGUILA 92 RVUE

(& 1400) LAYSSAC 92B RVUE Z parameters

(& 564) 90 49 POLAK 92 RVUE p decay
&474 90 POLAK 92e RVUE Electroweak

(& 1340) 51 RENTON 92 RVUE

(& 8oo) ALTARELLI 91B RVUE Z parameters

(& 795) DELAGUILA 91 RVUE
&382 54 POLAK 91 RVUE Electroweak

[& 2000] WALKER 91 COSM Nucleosynthesis; light vR
[& soo] GRIFOLS 90 ASTR SN 1987A; light vR
(& 46o) 90 56 HE 90e RVUE

[& 240~800] BARBIERI 89B ASTR SN 1987A; light vR
&189 DELAGUILA 89 RVUE p p
[& 10000] RAFFELT 88 ASTR SN 1987A; light vR
&325 90 AMALDI 87 RVUE
&278 90 60 DURK IN 86 RVUE

&150 95 ADEVA 85e MRKJ e+e ~ p+y,

These limits assume that Z' decays to known fermions only.
41LANGACKER 92B fit to a wide range of electroweak data including LEP results available

early '91. m~ &89 GeV used.

LANGACKER 92B give 95%CL limits on the Z-Z' mixing —0.0025 & 8 & 0.0083.
ADRIANI 930 give limits on the Z-Z mixing —0.002 & 8 & 0.015 assuming the
ABE 92B mass limit.

44ALTARELLI 93B limit is from LEP data available in summer '93 and is for m~ —110
GeV. mH = 100 GeV and ns —0.118 assumed. The limit improves for larger mt (see
their Flg. 5). The 90%CL limit on the Z-Z mixing angle is in Table4.
RIZZO 93 analyses CDF limit on possible two-jet resonances. The limit is sensitive to
the inclusion of the assumed K factor.
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 92B 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.
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POLAK 928 limit is from a simultaneous fit to charged and neutral sector in

SU(2)~ xSU(2) R x U(1) model using Z parameters, m ~, and low-energy neutral current
data as of 1991. Light vR assumed and mt —mH —100 GeY used. Supersedes PO-
LAK 91~

RENTON 92 limits use LEP data taken up to '90 as well as m ~, vN, and atomic parity
violation data. Specfflc Higgs structure is assumed.
ALTARELLI 918 is based on Z mass, widths, and A~~. The limits are for superstring
motivated models with extra assumption on the Hfggs sector. mt & 90 GeV and

mHO & 1 TeY assumed. For large m&, the bound improves drastically. Bounds for

Z-Z mixing angle and 2 mass shift without this model assumption are also given in the
paper.
DELAGUILA 91 bounds have extra assumption of superstring motivated Higgs sector.
From v N neutral current data with mZ —91.10 k 0.04 GeV, mt & 77 GeV, mH0 & 1

TeV assumed.
POLAK 91 limit is from a simultaneous fit to charged and neutral sector in

SU(2) I xSU(2)R x U(1} model using m ~, mz, and low-energy neutral current data as
of 1995. Light vR assumed and m~ —mH —100 GeY used. Superseded by POLAK 928,

GRIFOLS 90 limit holds for mv + 1 MeY. 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.

DELAGUILA 89 limftis based on a(pp ~ 2') B(Z ~ e+e }& 1.8pbat CERN pp
collider.

9 A wide range of neutral current data as of 1986 are used in the fit.
6OA wide range of neutral current data as of 1985 are used in the fit.

ADEVA 858 measure asymmetry of p-pair production, following formalism of RIZZO 81.

90

90

Limits for Zg
ZX is the extra neutral boson in SO(10) ~ SU(5) x U(1)X. gX

—e/cos8~ is

assumed unless otherwise stated. We list limits with the assumption p = I 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.

VALUE (GeV} CLN DOCUMENT ID TECN COMMENT

)SM 95 ABE 928 CDF pp
)321 gs 63,64 LANGACKER 928 RVUE

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

65 BUSKULIC 94 ALEP Z parameters
&117 95 ADRIANI 93D L3 Z parameters

(&goo) 90 67 ALTARELLI 938 RVUE Z parameters
&280 95 ABE 928 CDF pp

(&6so) 90 DELAGUILA 92 RVUE

(&76o) LAYSSAC 928 RVUE Z parameters

& 148 gs 71 LEIKE 92 RVUE Z parameters

(&?oo) RENTON 92 RVUE

(& soo) ALTARELLI 918 RVUE Z parameters

(& s?o) 74 BUCHMUEL. .. 91 RVUE Z parameters

(& sss) 90 75 DELAGUILA 91 RVUE

[&1470] FARAGGI 91 COSM Nucleosynthesis; light vR
&320 77 GONZALEZ-G. .91 RVUE

&221 MAHANTHAP. .91 RVUE Cs

&231 go 90F YNS e+e
&206 80,81 ABE 90F RVUE e+e, v e

&335 82 BARGER 908 RVUE p p
(& 6so} 9O 83 GLASHOW 9O RVUE

[& 114O] GONZALEZ-G. .SOD COSM Nucleosynthesis; light vR
[& 21oo] GRIFOLS 90 ASTR SN 1987A; light vR
none &150 or & 363 90 86 HAGIWARA 90 RVUE e+ e
&177 87 DELAGUILA 89 RVUE p p
&280 gs 88 DORENBOS 89 CHRM gX = gZ
&352 go 89 COSTA 88 RVUE
&170 90 90 ELLIS 88 RVUE p p
&273 90 89 AMALDI 87 RVUE

&266 90 91 MARCIANO 87 RVUE
&283 90 92 DURKIN 86 RVUE

These limits assume that Z' decays to known fermions only.
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 —0.0048 & 8 & 0.009?.
BUSKULIC 94 give 95%CL limits on the Z-Z' mixing —0.0091 & 8 & 0.0023.

6 ADRIANI 93D give limits on the Z-Z mixing —0.004 & 8 & 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. i,~H

—100 GeV and as —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 their Fig. 2.
These limits assume that 2 decays to all E6 fermions and their superpartners.

9See Fig. 7a and 8 in DELAGUILA 92 for the allowed region in mz, -mixing plane and

mz, —m~ plane from electroweak fft Including '90 LEP data.
" LAYSSAC 928 limit is from LEP data available spring '92. Specfflc 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. Specmc Higgs structure ls assumed.

73ALTARELLI 918 is based on Z mass, widths, and A~8. The limits are for superstring
motivated models with extra assumption on the Hfggs sector, m~ & 90 GeV and
m Hp & 1 TeV assumed. For large m &, the bound improves drastically. Bounds for

2-Z' mixing angle and Z mass shift without this model assumption are also given fn 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, m& & 77 GeV, mHO & 1

TeV assumed
FARAGGI 91 limit assumes the nucleosynthesis bound on the effective number of neu-
trinos b.N & 0.5 and is valid for mv & 1 MeV.vR
GONZALEZ-GARCIA 91 limit is based on low-energy neutral current data, Z mass
and widths, m ~ from ABE 90G. 100 &m& & 200 GeV, mHO

—100 GeV assumed.

Dependence on mt is shown in Fig. 7.
MAHANTHAPPA 91 lfmit ls from atomic parity violation in Cs with m~, mz.
ABE 90F use data for R, Rgg, and A~~.
ABE 90F fix m ~ —80.49 + 0.43 + 0.24 GeV and mZ —91.13 + 0.03 GeV.

e+e data for R, R~~, A~~, and Ac~ below Z as well as v e scattering data of
GEIREGAT 89 ls used in the fit.

82BARGER 908 limit is based on CDF limit cr(pp ~ Z') B(Z' ~ e+e } & 1 pb

(Nodulman, EPS Conf. '89). Assumes no new threshold is open for Z' decay.
GLASHOW 90 model assumes a specffic Higgs sector. See GLASHOW 908.
These authors claim that the nucleosynthesis bound on the effective number of light

neutrinos (SN„&1}constrains 2' masses if vR is light ( 1 MeV).

GRIFOLS 90 limit holds for m„+1 MeV. See also GRIFOLS 90D, RIZZO 91.
HAGIWARA 90 perform a fit to e+ e data at PEP, PETRA, and TRISTAN including

ps+ p, ~+~, and hadron cross sections and asyrnmetrfes. The upper mass limit
disappears at 2.7 s.d.

8 DELAGUILA 89 limit is based on a(pp ~ Z') B(Z' ~ e+e ) & l.8pb at CERN pp
collider.
DORENBOSCH 89 obtain the limit (gX/gz) (mZ/mZ )2 & 0.11 at 95% CL from

X
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.
Z' mass limits from non-observation of an excess of 8+ E pairs at the CERN p p collider

[based on ANSARI 8?D and GEER Uppsala Conf. 87]. The limits apply when Z' decays
only into light quarks and leptons.

91MARCIANO 87 limit from unitarity of Cabibbo-Kobayashi-Maskawa matrix.
A wide range of neutral current data as of 1985 are used in the fit.

Limits for Q
Z~ is the extra neutral boson in E6 ~ SO(10) x U(l)~. g~

—e/cos8~ is assumed
unless otherwise stated. We list limits with the assumption p = 1 but with no for-
ther constraints on the Higgs sector. Values in brackets are from cosmological and

astrophysical considerations and assume a light right-handed neutrino.
VAL UE (GeV} CL 8 DOCUMENT ID TECN COMMENT

&320 95 93 ABE 928 CDF pp
)1M g5 LANGACKER 928 RVUE
i ~ e We do not use the following data for averages, flts, limits, etc. ~ ~ ~

&118 95 96 ADRIANI 93D L3 Z parameters
&180 95 97 ABE 928 CDF pp
&122 gs 98 LEIKE 92 RVUE 2 parameters

&105 90 99 100 ABE 90F VNS e+e
&146 gP 100,101 ABE 90F RVUE e+e, v„e
&320 102 BARGER 908 RVUE p p
[& 160] GONZALEZ-G. .90D COSM Nucleosynthesis: light vR
[& 200O] 4 GRIFOLS 90D ASTR SN 1987A; light vR
&136 90 1 5 HAGIWARA 90 RYUE e+ e
&154 go '«AMALDI 87 RVUE

&146 90 107 DURKIN 86 RVUE

These limits assume that Z' decays to known fermions only.
9 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 & 8 & 0.013.
ADRIANI 93D give limits on the Z-Z mixing —0.003 & 8 & 0.020 assuming the
ABE 928 mass limit,
These limits assume that Z' decays to all E6 fermions and their superpartners.

LEIKE 92 is based on '90 LEP data published in LEP 92.
99ABE 90F use data for R, Rig, and Agg.

ABE 90F flx m~ = 80.49 + 0.43 + 0.24 GeV and mZ —91.13 + 0.03 GeV.

e+e data for R, R~~, Agg, 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 ~(pp ~ 2') 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 (SNv & 1) constrains 2 masses if vR is light ( ( 1 MeV).
104GRIFOLS 90D limit holds for m + 1 MeY. See also RIZZO 91.

HAGIWARA 90 perform a fit to e+ e data at PEP, PETRA, and TRISTAN including

p+ p, 7-+~, and hadron cross sections and asymmetries.
A wide range of neutral current data as of 1986 are used in the flt.

7 A wfde range of neutral current data as of 1985 are used in the fit.

Limits fm Z„
2 fs the extra neutral boson in E6 models, co«esponding to Q&

—Vt3/8 QX—
~5/8 Q . . g = e/cos8~ is assumed unless otherwise stated. We list limits with

v 9:the assumption p = 1 but with no further constraints on the Higgs sector. Values in

parentheses assume stronger constraint on the Higgs sector motfvated by superstring
modefs. Values in brackets are from cosmologfcal and astrophysical considerations and

assume a lfght rfght-handed neutrino.
VAL UE (GeV } CL% DOCUMENT ID TECN COMMENT

&840 95 '«ABE 928 CDF p p
)182 95 109~110LANGACKER 928 RVUE
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Limits for other Z'
Zp —Z~ cosP + Z@ sinP

VAL UE (GBV) CL% DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

DELAGUILA 92 RVUE
&360 ALTARELLI 91 RVUE

COMMENT

etc. ~ ~ ~

Zp with tanP = ~3/5;
Cs

Zp with tanP = ~3/5;
Cs

&190 MAHANTHAP. .91 RVUE

136 GRIFOLS
DELAGUILA

gp 138,139COSTA

go '40 ELLIS

90C RVUE
89 RVUE p p
88 RVUE Zp with tan)9 = ~15
88 RVUE Zp (tan)9 = ~15), pp

&180

& 158

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&100 95 ADRIANI 93D L3 Z parameters
(&soo) 90 ALTARELLI 93B RVUE Z parameters
&230 95 ABE 92B CDF pp

(&4so) 90 DELAGUILA 92 RVUE
(&31s) LAYSSAC 92B RVUE Z parameters
&118 gS 116 LEIKE 92 RVUE Z parameters

(&47o) 117 RENTON 92 RVUE

(& 3oo) 90 ALTARELLI 91B RVUE Z parameters
&120 9Q 119 GONZALEZ-G. .91 RVUE

&125 gp 120,121 ABE gpF VNS e+ e
&115 gp 121,122 ABE 90F RVUE e+e, vie
&340 123 BARGER 90B RVUE pp

[& 820] GONZALEZ-G. .90D COSM Nucleosynthesis; light vR
[& 3300] 125 GRIFOLS 90 ASTR SN 1987A; light vR
&100 9P 126 HAG IWARA 90 RVUE e+ e
[& 1040] LOPEZ 90 COSM Nucleosynthesis; light vR
&173 DE pp
&129 90 128 COSTA 88 RVUE
&156 90 129 ELLIS 88 RVUE
&167 90 130 ELLIS 88 RVUE p p
&111 gp 128 AMALDI 87 RVUE
&143 131 BARGER 86B RVUE pp
&130 9Q 132 DURKIN 86 RVUE

[& 76o] »4 ELLIS 86 COSM Nucleosynthesis; light vR
[& soo] STEIG MAN 86 COSM Nucleosynthesis; light vR

These limits assume that Z' decays to known fermions only.
LANGACKER 92B fit to a wide range of electroweak data including LEP results available
early '91. mt &89 GeV used.

LANGACKER 92B give 95%CL limits on the Z-Z' mixing —0.038 & 8 ( 0.002.
ADRIANI 93D give limits on the Z-Z' mixing —0.029 ( 8 ( 0.010 assuming the
ABE 92B mass limit.
ALTARELLI 939 limit is from LEP data available In summer '93 and is for mf —110
GeV. mH —100 GeV and cgs = 0.118 assumed. The 90%CL limit on the Z-Z mixing
angle is in Fig. 2.
These limits assume that Z' decays to all E6 fermions and their superpartners.
See Fig. 7d in DELAGUILA 92 for the allowed region in m»-mixing plane from elec-
troweak fit including '90 LEP data.
LAYSSAC 92B 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 miff, v N, and atomic parity
violation data. Specific Higgs structure is assumed.
ALTARELLI 91B 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

mHp ( 1 TeV assumed. For large m&, the bound improves drastically. Bounds for

Z-Z' 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, mHO

—100 GeV assumed.
Dependence on m~ is shown in Fig. 8.
ABE 90F use data for R, Rg~, and A(pg.

ABE 90F fix m ~ —80.49 6 0.43 6 0.24 GeV and mZ —91.13 6 0.03 GeV.
e+e data for R, Rg~, Ag~, and Acc below Z as well as v e scattering data of
GEIREGAT 89 is used in the fit.
BARGER 90B limit is based on CDF limit 0(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 (6Nv ( 1) constrains Z masses if vR is light ( + 1 MeV).
GRIFOLS 90 limit holds for m„+1 MeV. See also GRIFOLS 90D, RIZZO 91.
HAGIWARA 90 perform a fit to e+ e data at PEP, PETRA, and TRISTAN including

p, + p, , 7-+ ~, and hadron cross sections and asymmetries.
DELAGUILA 89 limit is based on o(pp ~ Z') B(Z' ~ e+e ) ( 1.8pb at CERN pp
collider.
A wide range of neutral current data as of 1986 are used in the fit.
Z mass limits obtained by combining constraints from non-observation of an excess ofrl

l+ E 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 E+ E 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 86B limit is based on UA1/UA2 iimit on pp ~ Z', Z' ~ e+ e (Lepton
Photon Symp. , Kyoto, '85). Extra decay channels for Z' are assumed not be open.
A wide range of neutral current data as of 1985 are used in the fit.

Fig. 7c snd 7e iu DELAGUILA 92 give limits for taud= —1/v |6 and ~16 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 mw, mZ. See
Table III of MAHANTHAPPA 91 (corrected in erratum) for limits on various Z' models.
GRIFOLS gpc obtains a limit for Z' mass as a function of mixing angleP (his 8 =
)9 —x/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/cos8~ and p = 1 assumed.

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 8+L 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.

MASS LIMITS for Leptoquarks from Pair Production
These limits rely only on the color or electroweak charge of the leptoquark.

VAL UE (GeV) CL% EVTq'7 DOCUMENT ID TECN COMMENT

)120 95 141 ABACHI 94B Do First generation
& 80 95 142 ABE 93i CDF First generation
& 45.5 95 143 144 ABREU 93J DLPH First + second gen-

eration
95 ADRIANI 93M L3 First generation
95 ADRIANI 93M L3 Second generation
95 ADRIANI 93M L3 Third generation
95 145 DECAMP 92 ALEP First or second

generation
p 4% 95 145 DECAMP 92 ALEP Third generation
& 44.2 95 145 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. ~ ~ ~

& 42.1 95 7 ABREU 92F DLPH Second generation
& 74 95 ALITTI 92E UA2 First generation
& 43.2 95 145 ADEVA 91B L3 First generation
& 43.4 95 ADEVA 91B L3 Second generation

none 8.9-22.6 95 KIM 90 AMY First generation
none 10.2-23.2 95 KIM 90 AMY Second generation
none 5-20.8 95 BARTEL 87B JADE
none 7-20.5 95 2 151 BEHREND 86B CELL

ABACHI 94B search for eejj and evJJ events in PP collisions at E m=1.8 TeV. The
limit ts for scalar leptoquurks decaying with B(eq)=B(vq)=0.6 and (m proves to &133
GeV for B(eq)=1. This limit does not depend on the electroweak quantum numbers of
the leptoquark.
A BE 93i search for fbi J events In p p collisions at Ec —1.8 TeV. The limit is for B(eq)
= B(vq) = 0.5 aed improves to &113 GeV for B(eq = i. This limit does not depend
on electroweak quantum numbers of the leptoquark.
Limit is for charge —1/3 isospin-0 leptoquark with B(Eq) = 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 1)' 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 Eq is given in the paper.
ALITTI 92E search for EEJJ and Cvjj events in pp collisions at E m=630 GeV. The
limit is for B(eq) = S and Is reduced to 67 GeV for B(eq) = B(vs= 0.6. 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 (sp+ and cv). See paper for limits for specific branching ratios.
BARTEL 87B limit is valid when a pair of charge 2/3 spinless leptoquarks X is produced
with point coupling, and when they decay under the constraint B(X ~ cd) + B(X ~
sp+) =1.
BEHREND 86B assumed that a charge 2/3 spinless leptoquark, &, decays either into
sp+ or cv. B(X ~ sp+) + B(& ~ cv) = l.

& 44.4) 44.5
& 44.6
& 44

MASS LIMITS for Leptoquarks from Single Production
These limits depend on the q-lf-leptoquark coupling gLq. It is often assumed that

gL+/4n. =1/137. Limits shown are for a scalar, weak isoscalar, charge —1/3 lepto-

quark.
VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT) 73 95 ABREU 93J DLPH Second generation
&181 95 ABT 93 Hl First generation

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

65 95 ABREU 93J DLPH First generation
&168 95 154 DERRICK 93 ZEUS First generation

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.
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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.

172AKRAWY 903 give l (Z — &Xo) B(XO ~ hadrons) & 1.9 MeV (95%CL) for m

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 -~ pqq) & 8.2 MeV assuming three-body
phase space distribution.

MASS LIMITS for gA (axigitton)
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 240-640 95 158 ABE 93G CDF pp gAX, gA-
2jets

95 CUYPERS 91 RVUE a(e+ e — hadrons)
95 160 ABE 90H CDF p p — gA X, gA--

2jets
ROB INETT 89 THEO Partial-wave unitarity

95 ALBAJAR SSB UA1 pp ~ gAX, gA —4

2jets
&20 BERGSTROM SS RVUE pp TX via gAg
& 9 163 CUYPERS 88 RVUE T decay
&25 DONCHESKI SSB RVUE T decay

ABE 93G assume r(gA) = Nozmg /6 with N = 10.S gA

CUYPERS 91 compare ~gs measured in T decay and that from R at PEP/PETRA
energies.
ABE 90H assumes I (gA) = Nc zmg /6 with N = 5 (r(gA) = O.ogfrig ). 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 —9 tt scattering
amplitude and derives a limit mg & 0.5 mt. Assumes mt & 56 GeV.

gA

ALBAJAR SSB 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 ~ ggA)& I (T — ggg). A similar result is obtained by
DONCHESKI 88.
DONCHESKI SSB 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

&29
none 150—310

Xo (Heavy Boson) Searches In 2 Decays
Searches for radiative transition of 2 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 CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

165 ACTON 93E OPAL XO ~
166 ABRFU 92D DLPH Xo —s hadrons

ADRIANI 92F L3 X hadrons
168 ACTON 91 OPAL X ~ anything

&1.1 x 10 95 169 ACTON 91B OPAL Xo ~ e+ e-
&9 x 10 169 ACTON 91B OPAL X —k Ig+ Iz

&1.1 x 10 4 95 ACTON 91B OPAL X ~ ~+ T

&2.8 x 10 95 ADEVA 91D L3 Xo ~ e+ e
&2.3 x 10 4 95 170 ADEVA 91D L3 Xo Ig+ Ig

&4.7 x 10 4 95 171 ADEVA 91D L3 XO hadrons

&8 x 10 95 172 A K RAWY 90j OPAL Xo 4 h adrons

165ACTON 93E give ry(e+ e ~ XO&) B(XO ~ wp)& 0.4 pb (95o/oCL) for 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 oZ B(Z ~ px ) B(X ~ hadrons) &(3—10) pb for m

10-?8 GeV. A very similar limit is obtained for spin-1 Xo.
ADRIANI 92F search for isolated T in hadronic z decays. The limit rrz . B(z Tx )

B(X hadrons) &(2-10) Pb (95%CL) is given for mxp
—25—85 GeV.

ACTON 91 SearCheS fOr Z ~ Z*XO, Z* ~ e+ e, If+I6, Or vv. EXCludeS any
new scalar X with mXo ( 9.5 GeV/c if it has the same couPling to ZZ' as the MSM

Higgs boson.
9ACTON 91B limits are for m =- 60—85 GeV.xp—

ADEVA 91D limits are for m = 30—89 GeV.xo—
ADEVA 91D limits are for mXp: 30 86 GeV.

Indirect Limits for Leptoquarks
VALUE (TeV) DOCUMENT ID TECN COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

155 LEURER 93 RVUE FCNC

&350 DESHPANDE 83 RVUE Pati-Salam X-boson
1 157 SHANKER 82 RVUE PS leptoquark

&125 SHANKER 82 RVUE Vector-leptoquark

LEURER 93 gives bounds for generation-changing couplings of scalar leptoquark from

K -~K, 0 -~D, B -~B mixing. See her Fig. 1.
DESHPANDE 83 used upper limit on K ~ p, e decay with renormalization-group

L
equations to estimate coupling at the heavy boson mass, See also DIMOPOULOS 81.
From (fr ev)/(7r p, v) ratio.

&45
&46.6
&48

Search for Xo Resonance in e+ e Collisions
The limit is for r(X —k e+ e ) B(X -- f), where f is the specified final state.
Spin 0 is assumed for X .

VAL UE (keV) CL'io DOCUMENT ID TECN COMMENT

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&103 95 '"ABE 93c VNS r(ee).. (o.4-1o) 95 179 ABE 93c VNS f

&(0.3—5) g5 180,181 ABE g3D TOPZ f -- q&
&(2-12) 95 180,181 ABE 93D TOPZ f —.

- hadrons

&(4-200) 95 181,182 ABE 93D TOPZ f —.
- ee

&(0.1-6) 95 181,182 ABE 93D TOPZ f —. Itic
&(O.5-8) 90 STERNER 93 AMY f::- " ".;

Limit is for I (Xo —- e e ) m o
—56-63.5 GeV for I (Xo) —0.5 GeV.

Limit is for mxp
—56—61.5 GeV and is valid for I (X ) && 100 MeV. See their Fig. 5 for

limits for r = 1,2 GeV.
180 Limit is for rn = 57.260 GeV.XP-

Limit is valid for I (X ) && 100 MeV. See paper for iimits for I
— 1 GeV and those for

J —. 2 resonances.
Limit is for m =- 56.6-60 GeV.xo—
STERNER 93 limit is fo mxp

-- 57—59.6 GeV and is valid fo I {X ) .'100 MeV, 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 XO.

VAL UE (MeV) CL% DOCUMENT ID TECN COMMENT

e ~ e We do not use the following data for averages, fits, limits, etc. e e e

(2,6 18 ACTON 93E OPAL mxp
—60 -". 1 GeV

&2.9 95 BUSKULiC 93F ALEP mXp 60 GeV

184ACTON 93E limit for a J =- 2 resonance is 0.8 MeV.

Search for X Resonance in Z ~ ffX
The limit is for B(Z f f X ) B(X —+ F) where f
specified final state. Spin 0 is assumed for X .

VAL UE (MeV ) CL% DOCUMENT ID TECN

e e e We do not use the following data for averages, fits, limits,

&6.8 x 10 95 185 ACTON 93E OPAL

&5.5 x 10 185 ACTON 93E OPAL
--3.i ~ 10-6 185 ACTON 93E OPAL.=6.5 0-6 185 ACTON 93E OPAL

&71 x 10 95 1 ." BUSKULIC 93F ALEP
86 ADRIANI 92F L3

is a fermion and F is the

COMMEN T

etc. ~ e ~

f=e,If. ,T,'F:=--r

f=q; F-.--rq

f—v', F=qq
f --e, Iz', F-=I f. ,

f=e,If ,'F—I' l,
f—q'„F=~g

fZ V

MASS LIMITS for a Heavy Neutral Boson Coupling to e+ e
VALUE (GeV) CL%o DOCUMENT ID TECN COMMENT

e e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

none 55—61 173 ODAKA 89 VNS I (XO -- e ' e- )

B(XO, hadr
g. .2 MeV

95 1 DERRICK 86 HRS I (X" — e I e )-6 MeV

95 1 ADEVA 85 MRKJ «(X -- e I e )=-10 keV

95 175 ADEVA 85 MRKJ r(XO - e ' e ) —. 4 MeV
176 BERGER 858 PLUT

none 39.8-45.5 177 ADEVA 84 MRKJ r(XO --- e" e )1=10 keV

&47.8 95 177 ADEVA 84 MRKJ r(XO, eg e
—

) 4 MeV

none 39.8-45.2 77 BEHREND 84C CELL
&47 95 177 BEHREND 84c CELL r{XO ~ e ' e

—

)
—4 MeV

3ODAKA 89 looked for a narrow or wide scalar resonance in e' (" - hadrons at r=cm
= 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 p plane. Electronic chiral invarianceX
requires a parity doublet of X, in which case the limit applies for r(X ~ e ' e
3 MeV.
ADEVA S5 first limit is from 2q, If ~ Ig, hadrons assuming X is a scalar. Second!iiriit
is from e+ e channei. Ecm = 40-47 GeV. Supersedes ADEVA 84.
BERGER 858 lOOked fOr effeCt Of Spin-II bOSOn eXChange in e+ e -- e ' e

-
and rr. I rr

at Ecm
—34 TGeV, See Fig. . 5 for excluded region in the mXe —I (XO) Plane.

ADEVA 84 and BEHREND 84c have Ecm = 39.8—45.5 GeV. MARK-J searched X" in

e" e -- hadrons, 2p, If.
~ p, e+ e and CELLO in the same channels plus T 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 Xo 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.
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Heavy Particle Production in Quarkonium Decays
Limits are for branching ratios to modes shown.

VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(5.6 x 10 90 ANTREASYAN 90C CBAL T(1S) ~ X
m 0 ( 7.2GeVX188 ALBRECHT 89 ARG

"ANTREASYAN 90C assume that X does not decay in the detector.
8 ALBRECHT 89 give limits for B(T(lS), T(2S) ~ X p) B(X ~ x+~, K+K

pp) for mX0 & 3.5 GeV.

REFERENCES FOR Searches for Heavy Bosons Other Than Higgs Bosons

ABACHI
BUSKULIC
ABE
ABE
ABE
ABE
ABREU
ABT
ACTON
ADRIANI
ADRIANI
ALITTI
ALLEN
ALTARELLI
BHATTACH ...
BUSKULIC
DERRICK
LEURER
RIZZO
SEVERIJNS
STERNER
ABE
ABREU
ABREU
ADRIANI
ALITTI
DECAMP
DELAGUILA

Also
I MAZATO
LANGACKER
LAYSSAC
LAYSSAC
LE IK E
LEP
MIS HRA
POLAK
POLAK
RENTON
ABE
ABE
ACTON
ACTON
ADEVA
A DEVA
ALEXANDER
A LITT I

ALTARELLI
ALTARELLI

Also
AQUINO
BUCHMUEL. ..
COLANGELO
CUYPERS
DE LAG U ILA

FARAGGI
GEIREGAT
GONZALEZ-G.

Also
MAHANTHAP.

Also
POLAK
RIZZO
WALKER
ABE
ABE
ABE
AKRAWY
ALLEN
A NTR EA SYA N

BARGER
GLASHOW
GLASHOW
GONZALEZ-G.
GRIFOLS
GRIFOLS
GRIFOLS
HAG IWARA
HE

Also
K IM
LOPEZ
ALBAJAR
ALBRECHT
BARBIERI
DELAGUILA

Also
Also

DORENBOS. ..
GEIREGAT
LANGACKER

948
94
93C
93D
93G
93I
93J
93
93E
93D
93M
93
93
938
93
93F
93
93
93
93
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
91
91
91
91
91
90C
.91
918
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
89B

PRL 72 965
ZPHY C62 539
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
PR D47 R3693
PL 8308 425
PL 8306 173
PRL 71 1324
PR D48 4470
PRL 70 4047
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 B345 312
PR D43 3093
PR D44 1616 erratum
NP 8363 385
PR D44 202
AP J 376 51
PL 8246 297
PRL 65 2243
PR D41 1722
PL B246 285
PRL 64 1330
PL 8251 204
PR D42 152
PR D42 3224
PRL 64 725
PL 8240 163
NP 8331 244
MPL AS 2657
PR D42 3293
PR D41 815
PL 8240 441
PL 8244 580 erratum
PL 8240 243
PL 8241 392
ZPHY C44 15
ZPHY C42 349
PR D39 1229
PR D40 2481
PR D41 134
PR D42 262 erratum
ZPHY C41 567
PL 8232 539
PR D40 1569

+Abbott, Abolins, Acharya, Adam+ (DO Collab. )
+Casper, De Bonis, Decamp, Ghez, Goy+ (AI EPH Collab. )
+Amako, Arai, Arima, Asano, Chiba+ (VENUS Collab. )
+Adachi, Awa, Aoki, Belusevic, Emi+ (TOPAZ Collab. )
+Albrow, Akimoto, Arnidei, 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. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Chen. Doe, Hausammann+ (UCI, LANL, ANL, UMD)
+Casa lbuoni+ (CERN, FIRZ, GEVA, PADO)

Bhattacharyya+ (CALC, JADA, ICTP, AHMED, BOSE)
+De Bonis, Decamp, Chez, Goy, Lees+ (ALEPH Collab. )
+Krakauer, Magill, Musgrave, Repond+ (ZEUS Collab. )

(REHO)
(ANL)

+Gimeno-Nogues+ (LVLN, WISC, I EUV, ETH, MASA)
+Abashian, Gotow, Haim, 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, Riemann (BERL, CERN)
+ A LE P H, DE LP HI, L3, OPAL (LEP Collabs. )
+Leung, Arroyo+ (COLU, CHIC, FNAL, ROCH, WISC)
+Zralek (SILES)
+Zralek (SILES)

(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, Alcaraz+ (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)
+Nardulli (BARI)
+Falk, Frampton (DURH, HARV, UNCCH)

del Aguila, Moreno, Quiros (BARC, MADE, CERN)
+Na nopoulos (TAMU)
+Vilain, Wilquet, Binder, Burkard+ (CHARM II Collab. )

Gonza ez-Garcia, Valle (VALE)
Gonza ez-Garcia, Valle (VALE)
Mahanthappa, Mohapatra (COLO)
Mahanthappa, Mohapatra (COLO)

+Zralek (SILES)
(WISC, ISU)

+Steigrnan, Schramm, Olive+ (HSCA, OSU, CHIC, MINN)
+Amako, Arai, Asano, Chiba+ (VENUS Collab. )
+Amidei, Apollinari, Atac+ (CDF Collab. )
+Amidei, Apollinari, Ascoli, Atac+ (CDF Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Chen, Doe+ (UCI, LASL, UMD)
+Bartels, Besset, Bieler, Bienlein+ (Crystal Ball Collab. )
+Hewett, Rizzo (WISC, ISU)
+Sarid (HARV)
+Sarid (HARV)

Gonzalez-Garcia, Va lie (vALE)
+Masso (BARC)

(BARC)
+Masso, Rizzo (BARC, CERN, WISC, ISU)
+Najima, Sakuda, Terunuma (KEK, DURH, YCC, HIRO}
+Joshi, Volkas (ME LB)

He, Joshi, Volkas (ME LB)
+Breedon, Ko, Lander, Maeshima, Malchow+(AMY Collab. )
+Nanopoulos (TAMU)
+Albrow, Allkofer, Arnison, Astbury+ (UA1 Collab. )
+Boeckmann, Glaeser, Harder+ (ARGUS Collab. )
+Mohapatra (PISA, UMD)

del Aguila, Moreno, Quiros (BARC, MADE)
del Aguila, Moreno, Quiros (BARC, MADE)
del Aguila, Moreno, Quiros (BARC, MADE)
Dorenbosch, Udo, Allaby, Amaldi+ (CHARM Collab. )

+Vilain, Wilquet, Bergsma, Binder+ (CHARM II Collab. )
+Uma Sankar (PENN)

t
Limit is for IX0 around 60 GeV.

ADRIANl 92F give oZ B(Z qqX ) B(X &&)((0.75 I. ) pb (9 o/'CL) orIX0
—10—70 GeV. The limit is 1 pb at 60 GeV.

ODAKA
ROBINETT
Al BAJAR
BAGGER
BALKE
BERGSTROM
COSTA
CUYPERS
DONCHESK I

DONCHESK I

ELLIS
RAFFELT
AMALDI
ANSARI
BARTEL
MARCIANO
ARNISON
BARGER
BEHREND
DERRICK

Also
DURK IN

ELLIS
JODIDIO

Also
MOHAPATRA
STEIGMAN
ADEVA
ADEVA
BERGER
STOKER
ADEVA
BEHREND
ARNISON
BERGSMA
CARR
DESHPANDE
BEALL
SHANKER
DIMOPOUL. ..
RIZZO
STEIGMAN

89 JPSJ 58 3037
S9 PR D39 834
888 PL 8209 127
88 PR D37 1188
88 PR D37 587
88 PL 8212 386
88 NP 8297 244
88 PRL 60 1237
88 PL 8206 137
888 PR D38 412
88 PL 8202 417
88 PRL 60 1793
87 PR D36 1385
87D PL 8195 613
878 ZPHY C36 15
87 PR D35 1672
868 EPL 1 327
868 PRL 56 30
868 PL 8178 452
86 PL 1668 463
868 PR D34 3286
86 PL 1668 436
86 PL 1678 457
86 PR D34 1967
88 PR D37 237 erratum
86 PR D34 909
86 PL 8176 33
85 PL 1528 439
858 PRL 55 665
858 ZPHY C27 341
85 PRL 54 1887
84 PRL 53 134
84C PL 1408 130
83D PL 1298 273
83 PL 1228 465
83 PRL 51 627
83 PR D27 1193
82 PRL 48 848
82 NP 8204 375
81 NP 8182 77
81 PR D24 704
79 PRL 43 239

+Kondo, Abe, Amako+ (VENUS Collab. )
(PSU)

+Aibrow, Allkofer, Astbury, Aubert+ (UA1 Collab. )
+Schmidt, King (HARV, BOST)
+Gidal, Jodidio+ (LBL, UCB, COLO, NWES, TRIU)

(STOH)
+Ellis, Fogli+ (PADO, CERN, BARI, WISC, LBL)
+ Fram pton (UNCCH)
+Grotch, Robinett (PSU)
+Grotch, Robinett (PSU)

Ellis, Franzini, Zwirner (CERN, UCB, LBL)
+Seckel (UCB, LLL, UCSC)
+Bohm, Durkin, Langacker+ (CERN, AACH3, OSU+)
+Bagnaia, Banner+ (UA2 Collab. )
+Becker, Feist+ (JADE Collab. )
+Sirlin (BNL, NYU)
+Albrow, Allkofer+ (UA1 Collab. )
+Deshpande, Whisnant (WISC, OREG, FSU)
+Buerger, Criegee, Fenner, Field+ (CELLO Collab. )
+Gan, Kooijman, Loos+ (HRS Collab. )

Derrick, Gan, Kooijman, Loos, Musgrave+ (HRS Collab. )
+Langacker (PENN)
+Enqvist, Nanopoulos, Sarkar (CERN, OXFTP)
+Balke, Carr, Gidal, Shinsky+ (LBL, NWES, TRIU)

Jodidio, Balke, Carr+ (LBL, NWES, TRIU)
(UMD)

+Olive, Schramm, Turner (BART, MINN+)
+Becker, Becker-Szendy+ (Mark-J Collab. )
+Becker, Becker-Szendy+ (Mark-J Collab. )
+Deuter, Genzel, Lackas, Pielorz+ (PLUTO Collab. }
+Balke, Carr, Gidal+ (LBL, NWES, TRIU)
+Barber, Becker, Berdugo+ (Mark-J Collab. )
+Burger, Criegee, Fenner+ (CELLO Collab. )
+Astbury, Aubert, Bacci+ (UA1 Collab. )
+Dorenbosch, Jonker+ (CHARM Collab. )
+Gidal, Gobbi, Jodidio, Oram+ (LBL, NWES, TRIU)
+Johnson (OREG)
+Bander, Soni (UCI, UCLA)

(TRIU)
(STAN, MICH}

(BNL)
(BART', EFI)

Searches for Axions (A') and
Other Very Light Bosons

NOTE ON AXIONS

In this section we list limits for very light neutral (pseudo)

scalar bosons that couple weakly to stable matter. Typical
examples are pseudo-Goldstone bosons like axions (A ) [I),
familons [2], and Majorons [3], associated, respectively, with

spontaneously broken Peccei-Quinn [4], family, and lepton-

number symmetries.

Peccei-Quinn symmetry gives a natural solution to the

strong CP-violation problem. Axion mass and its coupling

to stable particles are inversely proportional to the scale of

the Peccei-Quinn symmetry breaking fA. The original axion

model [1,4] assumes f~ =v, where v = (y2Gp) ~2 = 247

GeV is the scale of the electroweak symmetry breaking, and

has two Higgs doublets as minimal ingredients. By requiring

tree-level flavor conservation, the axion mass and its couplings

are completely fixed in terms of one parameter, the ratio of
the vacuum expectation values of two Higgs fields. The result

of extensive experimental searches for such an axion have been

negative [5].
One way to avoid these experimental constraints is to make

A sufficiently massive. This is achieved by introducing a new

strong interaction (QC'D) with AQQ/D )) AQQD, whose anomaly

couples to the axion [7]. Ae can receive significant mass from

the QC'D sector if QC'D colored quarks are massive. However

one needs an explanation why [HQQD 8QQ D[ ( 10 in this

scenario.

Another way to save the Peccei-Quinn idea is to introduce

a new scale fA )) 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 [8,9]. Various invisible axion models can be
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constructed by identifying fA with other large mass scales

such as the Planck mass, the GUT scale, the SUSY-breaking

scale, and so on. It has been found, however, that invisible

axions are not completely elusive. Cosmological considerations

on the matter density of our universe suggest [10] fg ( O(10
GeV as a possible upper bound on the scale. Lower bounds of

fvt ) O(10 ) GeV are obtained from astroPhysics [11], where

axion emission from the center of stellar objects can speed

up their evolutionary time scales. The recent observation of

the supernova SN1987A improves the lower bound to fA )
O(10 0) GeV. Various terrestrial experiments to detect invisible

axions by making use of their coupling to photons have been

proposed [12], and the first result of such experiments appeared

recently.

Observation of a narrow-peak structure in positron spectra

from heavy ion collisions [13] suggested a particle of mass

1.8 MeV that decays into e+e . Variants of the original axion

model, which keep fA = v, but drop the constraints of tree-level

flavor conservation, were proposed [14]. Extensive searches for

this particle, A (1.8 MeV), ended up with another negative

result [6].
There is also a Note on invisible axions later in this section.
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A (Axlon) and Other Light Boson (X ) Searches In Stable Particle Decays
Limits are for branching ratios.

VALUE CL Yo EATS DOCUMEN T ID TECN COMMEN T

~ ~ o We do not use the following data for averages, fits, limits, etc. e e ~

g1.7 x 10-9 90 3 ATIYA 93 CNTR K — 7r ~ AG

&2 x10 90 4 ATIYA 938 CNTR K —~ fr ~ AG

(3 x 10 5NG 93 COSM 7rQ ' pXG

0
—8 90 6 ALLIEGRO 92 CALO K~ -- 7r ~ AG

(AG —~ e+ e )
&5 x 10 4 7 ATIYA 92 CNTR 7rG -, ~XO

(4 x 10 8 MEIJERDREES92 SPEC fr0 -, g XG

X -+ e+ e
m 0

—. 100 MeV

90 9 ATIYA 908 CNTR K-'

(A - -.'- )
90 10 KORENCHE. .. 87 SPEC 7r T -. e+ vAG

(AG -k e' e

90 0 11 EICHLER 86 SPEC Stopped 7r '

e+ vAQ

90 YAMAZAKI 84 SPEC For 160~m&260
MeV

90 YAMAZAKI 84 SPEC K decay' mAo '(
100 MeV

0 13 ASANO 82 CNTR Stopped K+

818 CNTR Stopped K "

~+ AG
15 ZHITNITSKII 79 Heavy axlon

ATIYA 93 looked for a peak in missing mass distribution. The limit is for massless stable

A particles and extends to mAo=80 MeV at the same level. See paper for dependence

on finite iifetime.
ATIYA 938 looked for a peak in missing mass distribution. The bound applies for stabie

A of mAe
—180-280 Mev, and the limit becomes stronger I10 ) for mAn

—180-2a0
MeV,
NG 93 studied the production of X via pp 7r —gX in the early universe at T= 1

MeV. The bound on extra neutrinos from nucleosyntheis 2 Nv ( Q. 3 (WALKER 91) is

employed. It applies to mX0 &( 1 MeV in order to be relativistic down to nucleosynthesis

temperature. See paper for heavier X .
6ALLIEGRO 92 limit applies for mA0

—150—340 MeV, and B{AQ — e' e ):L 100/o

assumed. Limit is ( 1.5 x 1Q at 99%CL.
ATIYA 92 looked for a peak in missing mass distribution. The limit applies to

m&n
—0-130 MeV in the narrow resonance limit. See paper for the dependence on

lifetime. Covariance requires X to be a vector particle.
MEIJEROREES 92 limit applies for 1Xn: 10 —10 sec. Limits between 2 x 10

and 4 x 10 are obtained form mX0
—25—120 MeV. Angular momentum conservation

requires that X has spin & 1.
9ATIYA 90EI limit is for B(K+ ~ 7r+ A ) B(A pp) and applies for mA0

—50 MeV,

10 s. Limits are also provided for 0 & mA0 ( 100 MeV, 7.
A0 c 10 s.

KORENCHENKO 87 limit assLlmes mA0
—1.7 MeV, 7A0 + 10 s, arid B(A

e+e ) = l.
EICHLER 86 looked for &+ e+vAG followed by AQ —+ e & e Liinits 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 I -~ 7r+ X. Sensitive to wide mass range

(5—300 MeV), independent of whether X decays promptly or not.

90
90

&.'1 x 10—7

&1.3 x 10

&1 x 10

(2 x 10

((1.5-4) x 10

0 14 ASANO

Ae (Axlon) MASS LIMITS from Astrophysics and Cosrnoktgy
These bounds depend on model-dependent assumptions (i.e. —on a combination of
axlon parameters).

VAL UE (Mev) DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. i ~ ~

&0.2 BARROSO 82 ASTR Standard Axion

&0.25 RAFFELT 82 ASTR Standard Axion

&0.2 2 DICUS ?8C ASTR Standard Axion

MIKAELIAN 78 ASTR Stellar emission

&0.3 2 SATO ?8 ASTR Standard Axion

&0.2 VYSOTSK I I 78 ASTR Standard Axion

Lower bound from 5.5 MeV p-ray line from the sun.
Lower bound from requiring the red giants' stellar evolution not be disrupted by axion
emission.
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ASANO 82 at KEK set limits for B(K+ ~ ++A ) for mAp (100 MeV as BR

(4.x10 forr(A ~ n7's) & l. x10 s, BR(1.4xl0 forr & l. x10 s.
ASANO 818 is KEK experiment. Set B(K+ ~ yr+AQ) & 3.8 x 10 8 at CL = 90%.
ZHITNITSKII 79 argue that a heavy axion predicted by YANG 78 (3 &m &40 MeV)
contradicts experimental muon anomalous magnetic moments.

18 DRUZHININ 87 ND
19 DRUZHININ 87 ND

&3.1 x 10 4 90

&8 x 10 4 90
&1.3 x 10 3 90

&2. x 10 3 90

Ao (Axlon} Searches In Quarhonlum Decays
Decay or transition of quarkonium. Limits are for branching ratio.

VALUE CL S EVTS DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4.Q x 10 5 90 ANTREASYAN 90C CBAL T(1S) A
16 ANTREASYAN 90C RVUE

&5 x 10 5 90 17 DRUZHlNIN 87 ND tI|r —h 7AQ

(A e+ e )
&2 x 10 3 90 7AQ (AQ 77)
&7 x 10-6 gQ 7AQ

(A ~ missing)
0 ALBRECHT &6D ARG T(1S) ~ 7A

(A e+e )
&4 x 10 90 0 ALBRECHT 86D ARG T(1S) ~ 7A

(A'- I+I-.
~+yr —,K+K—

)
1 ALBRECHT 860 ARG T(15) h 7AQ

0 ALBRECHT &60 ARG T(1S) h 7A
(A ~ e+e, 77)

BOWCOCK 86 CLEO T(2S) h T(lS) ~
AQ

&5. x 10 3 90 24 MAGERAS 86 CUSB T(15) h A

&3. x 10 4 90 25 ALAM 83 CLEO T(15) ~ A

&9.1 x 10 4 90 26 NICZYPORUK &3 LENA T(1S) ~ A

&1.4 x 10 5 90 "EDWARDS 82 CBAL J/g ~ A 7
&3,5x 10 4 90 8 SIVERTZ 82 CUSB T(1S) A07
&1.2 x 10 4 90 28 SIVERTZ 82 CUSS T(3S) h A

16The combined limit of ANTREASYAN 90c and EDWARDS 82 excludes standard axlon
with mAp & 2me at 90% CL as long as CTC&/@ & 0.09, where CV (V= T, J/ttr)

is the reduction factor for C(V ~ A 7) due to QCD and/or relativistic corrections.
The same data excludes 0.02 & x & 260 (90% CL) if CT —

C&/~
- 0.5, and further

combining with ALBRECHT 860 result excludes 5 x 10 & 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) oc x
gives a somewhat different excluded region 0.00075 & x & 44.
The first DRUZHININ 87 limit is valid when TAp/mAp ( 3 x 10 s/MeV and

mAp & 20 MeV.

The second DRUZHININ 87 limit is valid when rAp/mAp ( 5 x 10 s/MeV and

mAp & 20 MeV.

The third DRUZHININ 87 limit is valid when rAp/mAp & 7 x 10 s/MeV and

mAp & 200 MeV.

TAp & 1 x 10 5 and mAp & 1.5 GeV. Applies for A 77 when mAp & 100
MeV.

& 1 x 10 7s.
AP

IndePendent of T p.A
'

BOWCOCK 86 looked for A that decays into e+e in the cascade decay T(2S) ~
T(15)~+~ followed by T(1S) A 7. The limit for B(T(15) A 7)B(A
e+e ) depends on mAp and TAp. The quoted limit for mAp

—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 2me & mAp & 2m& when the results of this experiment are
combined with the results of ALAM 83.
MAGERAS 86 looked for T(15) ~ 7A (A ~ e+ e ), The quoted branching
fraction limit is for mAp

—1.7 MeV, at r(A0) 4. x 10 s where the limit is the
worst.
ALAM 83 is at CESR. This limit combined with limit for B(l/tt{r ~ A 7) (EDWARDS 82)
excludes standard axion.

26NICZYPORUK 83 is DESY-DORIS experiment. This limit together with lower limit
9.2 x 10 of B(T ~ A 7) derived from B(J/g(15) ~ A 7) limit (EDWARDS &2)
excludes standard axion.
EDWARDS 82 looked for l/Q ~ 7A decays by looking for events with a single
7 [of energy 1/2 the J/vp(15) mass], plus nothing else in the detector. The limit is
inconsistent with the axion interpretation of the FAISSNER 818 result.
SIVERTZ 82 is CESR experiment. Looked for T ~ 7A, A undetected. Limit for 1S
(35) is valid for mAp &7 GeV (4 GeV).

90 30 ASAI

90

&6.4 x 10

Ao {Axlon) Search In Photoproducthn
VALUE DOCUMEN T ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BASSOMPIE". 93 mAp= 1.8 MeV

BASSOMPIERRE 93 looked for a peak ln Invariant mass of e+ e at 1.8 MeV in pho-
toproduction on an aligned Ge crystal. They quote a bound on the portion of possible
resonance contribution of 10 for T~p & 4 x 10 s.

Ae {Axhn} ProductIon In Hadron Collhlons
Limits are for o (A ) / e(yr ).

VALUE CL S EVTS DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

BLUEMLEIN 92 BDMP
37 MEIJERDREES 92 SPEC

BLUEMLEIN 91 BDMP
39 FAISSNER 89 OSPK

x 10-11 90
&1, X 10 13 g0

0
0

24

40 DEBOER
4' EL-NADI
42 FAISSNER
43 BADIER
44 BERGSMA
44 BERGSMA
45 FAISSNER
46 FAISSNER
47 FRANK
48 HOFFMAN

88 RVUE

88 EMUL

88 OSPK
86 BDMP
85 CHRM

85 CHRM

83 OSPK
838 RVUE
838 RVUE

83 CNTR

1 x 10 8 90
&l. x 10—14 90

90
95
90
95
90
90
90

90

&1. x 10
&1. x 10
(1. x 1Q

&6. x 10
&1.5 x 10 8

&5.4 x 10

&4.1 x 10
1 x10 8

(0.5 x 10 8 90

12
15
8
0

49 FETSCHER
FAISSNER

51 FAISSNER
52 KIM
53 FAISSNER

54 JACQUES
JACQUES

55 SOUKAS
56 BECHIS
57 COTEUS
58 DI SHAW

ALIBRAN
ASRATYAN

59 BEt.LOTTI
59 BELLOTTI
59 BELLOTTI
60 BOSETTI
61 DONNELLY

HANSL
62 MICELMAC. ~.
63 VYSOTSKii

82 RVUE
81 OSPK
&le OSPK
81 OSPK
80 OSPK

80 HLBC
80 HLBC
80 CALO
79 CNTR
79 OSPK
79 CALO
78 HYBR
788 CALO
78 HLBC
78 HLBC

78 HLBC

788 HYBR
78
780 WIRE
78
78

COMMENT

etc. ~ ~ ~

AQNZ 9 Z+C NZ

p nA, A

e+ e-
e+ e-, 27

Beam dump,
AQ e+ e-

e+ e-
AQ e+ e-
Beam dump, AQ ~ 27
AQ e+ e-
CERN beam dump
CERN beam dump
Beam dump, AQ ~ 27
LAMPF beam dump
LAMPF beam dump

~p nA0

(A0 ~ e+e )
See FAISSNER 818
CERN PS I wideband
Beam dump. AQ ~ 27
26 GeV p N ~ AQ X
Beam dump,

e+ e-
28 GeV protons
Beam dump
2& GeV p beam dump

Beam dump
400 GeV pp
Beam dump
Beam dump
Beam dump

mAp
——1.5 MeV

mAp
—1 MeV

Beam dump

Beam dump

Ao (Axhn) Searches In Positronlum Decalis
Decay or transition of positronium. Limits are for branching ratio.

VALUE CL 5 DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.8 x 10
i90

AKOPYAN 91 CNTR o-Ps ~ A 7
(A - 77).
mAp & 30 keV

&1.1 x 10 91 CNTR o-Ps ~ A07,
mAp & 800 keV

&3.8 x 10 4 GNINENKO 90 CNTR o-Ps ~ A 7, mAp
30 k@V

&(1-5) x 10 4 95 TSUCHIAKI 90 CNTR oPs ~ A 7, mAp—
300-90Q.keV

90 32 ORITO 89 CNTR o-Ps ~ A"7,
mAp & 30 keV

AMALDI 85 CNTR Ortho-positronium
34 CARBONI 83 CNTR Ortho-posltronium

The AKOPYAN 91 limit applies for a short-lived A with v e & 10 m n [keV]s.
MASAI 91 limit translates to 8 n /4n & 1.1 x 10 (90%CL) for mAe & 800

AP e+ e-
keV.
The TSUCHIAKI 90 limit is based on inclusive photon spectrum and is independent of
AQ decay modes.
ORtTO 89 limit translates to 8 /4n & 6.2 x 10 . Somewhat more sensitive

AP ee
limits are obtained for larger mAp. B & 7.6 x 10 at 100 keV.

AMALDI 85 set limits B(A 7) / B(777) & (1-5) x 10 for mAp
—900-100 keV

which are about 1/10 of the CARBONI 83 limits.

CARBONI 83 looked for orthopositronium h A 7. Set limit for A electron coupling
squared, g(eeA ) /(4z) & 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.
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6BLUEMLEIN 92 is a proton beam dump experiment at Serpukhov with a secondary
target to induce Bethe-Heitler production of e+e or /g+ p, from the produce AO.

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.

Sr MEljERDREES 92 give i (rr p nA ) B(A e+ e )/I (n p aii) & 10
(90% cL) for mAa = 100 Mev, ~An = 10 1 —10 see. Limits ranging from 2.5 x

t
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=
tan)9 = v2/vl}. Standard axion is excluded for 0.2 & mAp ( 3.2 MeV for most
x & 1, 0.2-11 MeV for most x & l.
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.

"0DEBOER 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
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 x Dalitz
decay. DEBOER 89B is a reply which contests the criticism.
EL-NADI 88 claim the existence of a neutral particle decaying into e+ e with mass
1.60 + 0.59 MeV, lifetime (0.15 + 0.01) x 10 s, which is produced in heavy ion
interactions with emulsion nuclei at 4 GeV/c/nucleon.

42 FAISSNER 88 is a proton beam dump experiment at SIN. They found no candidate event

for A pp. A standard axion decaying to 2p is excluded except for a region x= l.
Lower limit on fAp of 10 -10 GeV is given for mAp = 0.1 1 MeV.

BADIER 86 did not find long-lived A in 300 GeV x Beam Dump Experiment that
decays into e+ e in the mass range mAp

—(20-200) MeV, which excludes the A

decay constant /tA ) in the interval (60-600) GeV. See their figure 6 for excluded region

on /|Ao)-mAp plane.

BERGSMA 85 look for A 2y, e+e, p, +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 and

T )0.037 s. (CL = 90%). For the axion of FAISSNER 81B at 250 keV, BERGSMA 85
expect 15 events but observe zero.

45FAISSNER 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.

46FAISSNER 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 )/d~ at 90 ]mAp/vAp ( 14 x 10 cm sr MeV ms . See
comment on FRANK 83B.

47FRANK 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/dkB(e+e ) & 3.5 x 10 3 cm /GeV2 for 140

&mAp (160 MeV. Limit assumes ~(A ) & 10 s.

49FETSCHER 82 reanalyzes SIN beam-dump data of FAISSNER 81. Claims no evidence
for axion since 2-p peak rate remarkably decreases if iron wall is set in front of the decay
region.

50FAISSNER 81 see excess p, e events. Suggest axion interactions.
51FAISSNER 81B is SIN 590 MeV proton beam dump. Observed 14.5 6 5.0 events of 2y

decay of long-lived neutral penetrating particle with m2 + 1 MeV. Axion interpreta-

tion with r/-A mixing gives mAp
——250 6 25 keV, ~(2 ~

—(7.3 k 3.7) x 10 s from27)
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 /+ = 5.5 x 10,obtained decay rate limit 20/(A mass)

MeV/s (CL = 90%), which is about 10 below theory and interpreted as upper limit
to mAp &2m

54 JACQUES 80 is a BNL beam dump experiment. First limit above comes from nonobserva-

tion of excess neutral-current-type events [~(production)a(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.
5SOUKAS 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.

57COTEUS 79 Is a beam dump experiment at BNL.
DISHAW 79 is a calorimetric experiinent 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 608 401 and quotes

e(production)0(interaction) & 10 cm .
BOSETTI 7&B quotes o(production)cr(interaction) & 2. x 10 cm

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 7S finds no evidence of axion existence in reactor experiments of
REINES 76 and GURR 74. (See reference under DONNELLY 78 below).

VYSOTSKII 7& derived lower limit for the axion mass 25 keV from lumir)osity of the s()n
and 200 keV from red supergiants.

Ao (Axlon) and Other Light Boson (Xo) Searches ln Nuclear Transitions
Limits are for branching ratio.

VAL UE CL 5 EVTS DOCUMENT ID

e o ~ We do not use the following data for average

1.2 x 10 6 95 68 MINOWA

x 10-4 9O 69 HICKS

& 1.5 xlo 9 95 70 ASANUMA

&(0.4-10) x 10 3 95 73 DEBOER

TECN COMMENT

etC, 0 I 0

139La*, 139La Ao
35S decay, AO --9

Am decay
SBe» 8BeA,

Ao e+ e-
16O* 16O Xo

Xo -- e+e-
Cu' CuA (A

2p, Aoe --. ge,
A Z -~ pZ)

12C. -- '2CA

16O» 16O xo
Xo — e+

2H*, Ao —+ e+ e
Nuclear decay (isovec-

tor)
Nuclear decay (isoscalar)

Li isovector decay

B isoscalar decays
14N isoscalar decays

Li» deut A
9 Nb*, deut» transition

Li*, deut' transition
A -- 2p0

Cu» -- Cu AO

{Ao --. »)
Li*, Nb* decay, n-capt.
Ba' - BaAO

(Ao - 2~)
Carbon

s, fits, limits,

93 CNTR
92 CNTR
90 CNTR
90 CNTR

» BiNI&(0.2-1) x 10 3 90 &9 CNTR

73 AVIGNONE 88 CNTR

74 DATAR

75 DEBOER

1 5 x 10 4 90 SS CNTR

SSC CNTR

SS SPEC
SS CNTR

x 10 3 90& 5

76 DOEHNER
77 SAVAGE

x 10 5 95
x 10 4 95

& 3,4
4

x 10 3 95
90
90
90

x 10 4 90

77 SAVAGE

HALLIN
78 HALLIN
78 HALLINo» SAVAGE
80 ANANEV
&1 CAVAIGNAC

88 CNTR

86 SPEC
86 SPEC
86 SPEC
86B CNTR
85 CNTR

83 CNTR

( 3
& 0,106
&10.8
( 2.2
& 4

2 ALEKSEEV 82B CNTR

83 LEHMANN 82 CNTR

84 ZEHNDER
85 ZEHNDER

82 CNTR
81 CNTR

86 CALAPRICE 79

MINOWA 93 studied chain process, Ce ~ La by electron capture and Ml
transition of La* to the ground state. It does not assume decay modes of Ao. The
bound applies for mAp & 166 keV.

9 HICKS 92 bound is applicable for ~Xp & 4 x 10 sec.

The ASANUMA 90 limit is for the branching fraction of X emission per 2"1Am a decay
and valid for TXp ( 3 x 10 s.

The DEBOER 90 limit is for the branching ratio Be* (1&.15 MeV, 1+) -s SBeAO,
Ao 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+) ~ 6OXO,

X ~ e+ e for mX —1.5-3.1 MeV. 7-Xp + 10 s is assumed. The spin-parity

of X is restricted to 0+ or 1
AVIGNONE &8 looked for the 1115 keV transition C» ~ CuAO, either from AO--

2y in-flight decay or from the secondary Ao 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 —~ e+ e
in the mass range 1.02-2.5 MeV and lifetime range 10 -10 s. The above limit is

for ~ = 5 x 10 3 s and m = 1.7 MeV; see the paper for the 7--m dependence of the
limit.

Ao (Ax)on) Searches In Reactor Experiments
VAL UE DOCUMENT ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. o o e

64 KETOV 86 SPEC Reactor, AO

65 KOCH 86 SPEC Reactor; AO —+

DATAR 82 CNTR Light water reactor
VUILLEUMIER Sl CNTR Reactor, AO -a 2q

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/mAp] x 10 per fission. In

the standard axion model, this corresponds to mAp &150 keY. Not valid for mAp
1 MeV.
KOCH 86 searched for AO ~ yp at nuclear power reactor Biblis A. They found an

upper limit on the A production rate of ~(A )/~(p(Ml)) & 1.5 x 10 {CL=95oo).
Standard axion with mAp

—250 keV gives 10 for the ~atio. Not valid for mAp &1022
keV.

6DATAR 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 .
VUILI EUMIER 81 is at Grenoble reactor. Set limit mAp &280 keV.
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The limit is for the branching fraction of O*(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 be

either 0+ or 1 . The limit at 1.7 MeV is translated into a limit for the X -nucleon
coupling constant: g p /47r & 2.3 x 10XP 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 J
2+ state in N, 17.64 MeV state J = 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 ~ 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))/C(xM1); 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 B and N

isoscalar decay data strongly reject PECCEI 86 model II and III.

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 deuteronh decay.

CAVAIGNAC 83 at Bugey reactor exclude axion at any m97Nb d
and axion with

Nb'decay
mAp 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 &mAp &2.2 MeV. (deuteron* decay).

LEHMANN 82 obtained A ~ 27 rate & 6.2 x 10 /s (CL = 95'/o) excluding mAp
between 100 and 1000 keV.
ZEHNDER 82 used Goesgen 2.8GW light-water reactor to check AQ production. No

27 peak in Li*, Nbo 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

Ao.
ZEHNDER 81 looked for Ba* ~ A Ba transition with A ~ 27. Obtained 27
coincidence rate & 2.2 x 10 /s (CL = 95%) excluding m p )160 keV (or 200 keV

A
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.

89 BJORKEN
90 BLINOV

none 1 x 10 14 1 x 10 10 90

none 1 x 10 1 -1 x 10 9Q

none 6 x 10 -9 x 10 95

none 3 x 10 -1 x 10 90

Ao (Axion) Limits from Its Electron Coltpllng
Limits are for T(A ~ e+ e ).

VALUE (s) CL% DOCUMEN T ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

none 4 x 10 -4.5 x 10 90 BROSS 91 BDMP eN ~ eA N
(AQ ~ ee)

GUO 90 BDMP eN ~ eAQN
(A ~ ee)

88 CALO A ~ e+e or 27
88 MD1 ee ~ eeAQ

(A ~ ee)
RIORDAN 87 BDMP eN ~ eA N

(A ~ ee)
BROWN 86 BDMP eN ~ eA N

(AQ ~ ee)
DAVIER 86 BDMP eN ~ eA N

(AQ ~ ee)
4KONAKA 86 BDMP eN ~ eA N

(AQ ~ ee)
The listed BROSS 91 limit is for mAp —1.14MeV. 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 (90o/oCL)
8 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 mAp & 200 MeV

from electron beam-dump experiment with production via Primakoff photoproduction,
bremsstrahlung from 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 ~ 77)B(A ~ e+ e ) & 2 eV (CL=90%).
Assumes A 77 coupling is small and hence Primakoff production is small. Their figure
2 shows limits on axions for mAp & 15 MeV.

Uses electrons in hadronic showers frofn an incident 800 GeV proton beam. Limits for

mAp & 15 MeV are shown in their figure 3.
93

mAp
—1.8 MeV assumed. The excluded domain in the TAp —mAp 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 77—AQe+ e coupling plane by assuming primakoff production.

Search for Ao (Axlon) Resonance in Bhabha Scattering
The limit is for I (A )fB(A ~ e+ e )] .

VALUE(10 3 ev) CL 5 DOCUMENT ID TECN COMMEN T

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.3 97 HALLIN 92 CNTR mAo
—1.75-1.88 MeV

none 0 0016.-0 47 . 90 HENDERSON 920 CNTR mAa
—1.5-1.86 MeV

2.0 90 97 WU 92 CNTR mAa
—1.56-1.86 MeV

0.013 95 TSERTOS 91 CNTR mAp = 1.832 MeV

none 0.19-3.3 95 WIDMANN 91 CNTR m 0= 1.78-1.92 MeV

5 97 BAUER 90 CNTR mAp = 1.832 MeV

none 0.09-1.5 95 JUDGE 90 CNTR mAp
—1.832 MeV,

elastic
97 TSERTOS 89 CNTR m 0

—1.82 MeV

97 TSERTOS 89 CNTR m p
—1.51-1.65 MeV

97 100 TSERTOS 89 CNTR mA0 1'80-1.86 MeV

95 LORENZ 88 CNTR mAp
—1.646 MeV

95 LORENZ 88 CNTR mAp = 1.726 MeV

95 LORENZ 88 CNTR mAp
—1.782 MeV

95 LORENZ 88 CNTR mAp
—1.837 MeV

97 TSERTOS 88 CNTR m Ap
—1.832 Me V

102 VANKLINKEN 88 CNTR
103 MAIER 87 CNTR

&2500 MILLS 87 CNTR mAp = 1.8 MeV
104 VONWIMMER. S7 CNTR

9 HALLIN 92 quote limits on lifetime, 8 x 10 4-5 x 10 sec depending on mass,
assuming B(AQ ~ e+e ) = 1Q0%. They say that TSERTOS 91 overstated their
sensitivity by a factor of 3.

9 HENDERSON 92C exclude axlon with IlfetIme TAp
—1.4 x 10 2-4.0 x 10 Qs,

assuming B(AQ ~ e+e )=100%. HENDERSON 92C also exclude a vector boson
with T=1.4 x 10—12 6 0 x 10—10

9 WU 92 quote limits on lifetime & 3.3 x 10 s assuming B(A ~ e+e )=100%.
They say that TSERTOS 89 overestimate the iimit by a factor of ~/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 eNciency varies substantially as I (A )total changes. See their Fig. 6.
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 mAp = 1.832 MeV. Comparable limits can be set for

mA(l
—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 888,
footnote 3.
VANKLINKEN 88 looked for relatively long-lived resonance (T = 10 -10 s). The
sensitivity ls 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 ih, Ecm 3 keV, whe~e R is the resonance cross section normalized

to that of Bhabha scattering, and I = I /I t~t~l. For a discussion Implying that
BEcm 10 keV, see TSERTOS 89.
VONWIMMERSPERG 87 measured Bhabha scattering for Ecm

——1.37-1.86 MeV and
found a possible peak at 1.73 with f odEc = 14.5 + 6.8 keV b. For a comment and
a reply, see VANKLINKEN 888 and VONWIIIMERSPERG 88. Also see CONNELL 88.

1.9
&(10-40)
&(1-2.5)

31

94

23

19
3.8

90

Search for A (Atdon) Resonance In a+e
The limit is for I (A e+e )'I (A 77)/I total

VALUE(10 ~ eV) CL eA DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 6.6 95 TRZASKA 91 CNTR mAp
—1.8 MeV

& 4.4 95 WIDMANN 91 CNTR mAo= 1.78-1.92 MeV
106 FOX 89 CNTR

& 0,11 95 107 MINOWA 89 CNTR mAp
—1.062 MeV

&33 97 CONNELL 88 CNTR mAp
——1.580 MeV

&42 97 CONNELL 88 CNTR mAp = 1.642 MeV

&73 97 CONNELL 88 CNTR mAp
—1.782 MeV

&79 97 CONNELL 88 CNTR mAp
—1.832 MeV

TRZASKA 91 also give limits in the range (6.6-30) x 10 eV (95%CL) for mAp—
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 5 of two-photon annihilation at
rest).
Similar limits are obtained for mAp

—1.045-1.085 MeV.

Search for X (Light Boson) Resonance in e+ e
The limit is for I (X ~ e+ e ).I (X ~ 777)/I total C invariance forbids spin-0
XQ coupling to both e+ e- and 777

VALUE(10 3 eV) CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.8
t95

0 SKALSEY 92 CNTR mXp
—1.5 MeV

SKALSEY 92 also give limits 4.3 for mXs = 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 (X )
(Including Horizontal Bosons and Majorons. ) Limits are for branching ratios.

VALUE CLi%%d EVTS DOCUMENT ID TECN COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

109 BOBRAKOV 91 Electron quasi-rn agnetic
interacgion

&3.3 x 10 95 ALBRECHT 90E ARG T ~ pX". Familon

&1.8 x 10 95 110ALBRECHT 90E ARG 7. —r eXQ. Familon

&6.4 x 10 9 90 111ATIYA 90 CNTR K+ ~ 7r+ XQ.
Familon

&1.1 x 10 9 90 112 BOLTON 88 CBOX y+ ~ e+ pXQ.
Familon

113CHANDA 88 ASTR Sun, Majoron
114 CHOI 88 ASTR Majoron, SN 1987A

90 115 PICCIOTTO 88 CNTR fr ~ evXO Majoron

90 116 GOLDMAN 87 CNTR p, epXQ. Familon

90 BRYMAN 868 RVUE It ~ eX . Familon

90 0 118 EICHLER 86 SPEC It+ ~ e+ X . Familon

90 JODIDIO 86 SPEC It+ ~ e+ X . Familon
120 BALTRUSAIT. .35 MRK3 ~ — EXQ. Famiion

DICUS 83 COSM v(hvy) ~ t (light)X

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 parametrized

as xe{GF /Sfr ~2)1/2
ALBRECHT 90E limits are for B(r ~ 8X )/B(7 ~ Cvv). Valid for mXp & 100
MeV. The limits rise to 7.1% (for Is), 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.
CHANDA 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.
114CHOI 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 L;„t—& IIITf p5g„rtrX. For several families of neutrinos, the limit applies for

(ph4) 1/4

PICCIOTTO 88 limit aPPlies when mXp & 55 MeV and 7Xp & 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 Lint
—(1/F)Tfp&pI {a+&f5}Qe8&QXp with a +b = 1.

This is not as sensitive as the limit F & 9.9 x 109 GeV derived from the search for Is+
e+ XQ by JODIDIO 86, but does not depend on the chirality property of the coupling.

Limits are for I (p eXQ)/f(Is et t ). Valid when mXp = 0-93.4, 98.1-103.5
MeV.
EICHLER 86 looked for p, + ~ 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 7Xp 3. x 10 s if the decays are kinematically allowed.

119JODIDIO 86 corresponds to F & 9.9 x 109 GeV for the family symmetry breaking scale

with the parity-conserving effective Lagrangian Lint
—(1/F) Tf»p Qer9 QXp.

BALTRUSAITIS 85 search for light Goldstone boson(X ) of broken U(1). CL = 95%
limitsare B(7 ~ @+XQ)/B{~ Is+vs) &0.125 and B(r ~ e+X )jB(7 ~ e+t v)
&0.04. Inferred limit for the symmetry breaking scale is m &3000 TeV.
The primordial heavy neutrino must decay into t and familon, f~, early so that the
red-shifted decay products are below critical density, see their table. In addition, K
7r f~ and Ic ~ e f~ are unseen. Combining these excludes mheavy p between 5 x 10

and 5 x 10 MeV {p, decay) and mhea~„between 5 x 10 and O. l MeV (K-decay).

&5 x 10
&1.3 x 10
&3 x 10 4

x 10-'0
&2.6 x 10 6

Majoron Searches ln Neutrtnoles[s Double P Decay
Limits are for the half-life of neutrinoless pp 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
DO I 88.

VALUE (years) CL% DOCUMENT ID TECN COMMENT

) 7.2 x 10 4 90 122 BERNATOW. .. 92 CNTR 128Te

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e o

) 1 7 x 10 90 BECK CNTR 76Ge

7.9 x 1020 68 123 TANAKA 93 SPEC 100MO

& 1.9 x 1020 68 BARABASH 89 CNTR 136Xe

& 1.p x 1Q21 9Q FISHER 89 CNTR 76Ge

) 3.3 x 10 90 ALSTON-. .. 88 CNTR QMo

(6 +1) x 10 AVIGNONE 87 CNTR Ge

) 1.4 x 1021 90 CALDWELL 87 CNTR Ge

) 4.4 x 1020 90 ELLIOTT 87 SPEC 82S

) 1.2 x 1021 90 FISHER 87 CNTR Ge
VERGA DOS 82 CNTR

122 BERNATOWICZ 92 studied double-p decays of 128Te and 130Te and fou

tio 7( Te)/~( Te) = (3.52 + 0.11) x 10 " in agreement with relatively stable
theoretical 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
year. We calculated 90% CL limit as (7.7—1.28 x Q.4=7.2) x 10
TANAKA 93 also quote limit 5.3 x 10 9 years on two Majoron emission.

1 4VERGADOS 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 t9

decay of 48Ca.

INVISIBLE Ao (AXION) MASS LIMITS FROM
ASTROPHYSICS AND COSMOLOGY

Limits on m(Ao) are obtained from the axion coupling to

electrons, nucleons, or photons. Quoted limits are often ex-

pressed in terms of the axion decay constant fg which can

be deGned in terms of the mass or axion-electron coupling by

m(Ae) = 3.5x10 egg, cos PeV = 7.2x10 (GeU/fg)(N/6) eV

[using the conventions detailed in Srednicki [1];for other conven-

tions take fg ~ 2' (Bardeen [2]) or fA ~ 4' (Kaplan [3])]
where N is the number of quarks with Peccei-Quinn charge

(usually the number of quark flavors) and cos2P = vt2/(vt2 + v22)

is determined by the vacuum expectation values of the two

Higgs doublets coupling to up and down quarks (and charged

leptons). For the coupling to photons m(Ao) = 6.9 x 10s

(gg&/GeV )eV and for the coupling to nucleons m(A") =
7.7 x 10 gyre/catv eU where cAiv depends on the details of t, he

coupling of axions to nucleons. These couplings are defined by

~int = 9A& 4'A Fpv F = 9A& tt'A E ' B t

~int = tgAe 4A 4g 'YsVe 1

~int = tgAJv 4'A O'N 5 O'N '

The factors in these equations are model dependent, in partic-

ular gg, = 0 in the KSVZ [4] models. In the comment for each

limit below, D indicates that t, he limit is specific to DFSZ [5]

axions, K to KSVZ axions (The limits quoted assume N = 6

and vt = v2. )

Invlslhle Ae (Arden) MASS LlMITS from Astrophysics and Cosmology
v1

—
v2 is usually assumed {vf —vacuum expectation values). For a review of these

limits, see RAFFELT 90C and TURNER 90.
VALUE (ev) DOCUMENT ID TECN COMMEN T

~ e We do not use the following data for averages, fits, limits, etc. e o

WANG 92 ASTR D, white dwarf

WANG 92C ASTR D, C-0 burning
125 BERSHADY 91 ASTR D, K,

intergalactic light
126 KIM 91C COSM D, K, mass density of

the universe, super-
symmetry

1 7 RAFFELT 91B ASTR D,K, SN 1987A
128 RESSELL 91 ASTR K, intergalactic light

BURROWS 90 ASTR D,K, SN 1987A
ENGEL 90 ASTR D,K, SN 1987A

0 RAFFELT 90p ASTR D, red giant
131 BURROWS 89 ASTR D, K, SN 1987A

&10

1 x 10
none 10 3-3

& 0.02
&1 xlp
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132 ERICSON
133 MAYLE

CHANDA

RAFFELT
134 RAFFELT

FRIEMAN
135 RAFFELT

TURNER
136 DEARBORN

RAFFELT
137 RAFFELT

RAFF ELT
138 KAPLAN

IWA MOTO
ABBOTT

89 ASTR D, K, SN 1987A
89 ASTR D, K, SN 1987A
88 ASTR D, Sun

88 ASTR D, K, SN 1987A
88B ASTR red giant

& 0.07 87 ASTR D, red giant

& 0.7 87 ASTR K, red giant
& 2—5 87 COSM K, thermal production

0.01 86 ASTR D, red giant
& 0.06 86 ASTR D, red giant

& 0.7 86 ASTR K, red giant
& 0.03 86B ASTR D, white dwarf

& 1 85 ASTR K, red giant

& 0.003M.02 84 ASTR D, K, neutron star
) 1 x10-5 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 FUKUGITA 82 ASTR D, stellar cooling
& 0.07 FUKUGITA 82B ASTR D, red giant

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 supersymrnetric models due to the entropy production of saxion (scalar
component in the axionic chiral multiplet) decay. Note that it is an upperbovnd 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.

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 gAg 10
RAFFELT 90D is a re-analysis of DEARBORN 86.
The region mAp

+ 2 eV is also allowed.

ERICSON 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 2W times weaker. The limit from
axion-electron coupling is weak: see HATSUDA 88B.

4 RAFFELT 88B 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 gA & 1 x 10 GeV

DEARBORN 86 also gives a limit g & 1.4 x 10 GeVAp
RAFFELT 86 gives a limit gA & 1.1x10 GeV from red giants and & 2.4x10
GeV 1 from the sun.
KAPLAN 85 says mA0 & 23 eV is allowed for a special choice of model parameters.

FUKUGITA 82 gives a limit gA & 2.3 x 10 GeV

&(1.4-10) x 10
& 3.6 x10
&12
&1 x10

& 0.04
1 x10

Search for Relic Invhlble Axlons
Limits are for (GA&&/mApj pA where GA denotes the axion two-photon coupling,

L;nt —— 4" OAF»F = GA&&ftpAE B, and pA is the axion energy density near
the earth.

VALUE CLS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

x ]0—41 HAGMANN 90 CNTR m

(5.4-5.9)10 6 eV
&1.3 x 10 42 95 141 WUENSCH 89 CNTR mAp 4'5 10 2)10—6

eV
95 141 WUENSCH 89 CNTR mA0

(11.3-16.3)10 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 Prlmakoff effect, fol-

lowing the proposal of SIKIVIE 83. The theoretical prediction with [GA&&/mAp)
2 x 10 MeV (the three generation DFSZ model) and pA = 300 MeV/cm that
makes up galactic halos gives (GA /mAp) pA

—4 x 10 . Note that our definition

of GA&& is (1/4') smaller than that of WUENSCH 89.

x 10-41

invhible Ao {Axlon) Limits from Photon Coupling
Limits are for the axion-two-photon coupling GA&& defined by L = GA&&r))AE. B.
Related limits from astrophysics can be found in the "Invisible A (Axion) Mass Limits
from Astrophysics and Cosmology" section.

VALUE {Gev ) CL S DOCUMENT ID COMMEN T

~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.6 x 10 142 CAMERON 93 m 0 & 10 3 eV,
optical rotation

&6.7 x 10 95 4 CAMERON 93 mA0 & 10
photon regeneration

&3.6 x 10 99.7 44 LAZARUS 92 m p & 0.03 eVAP
&7.7 x 10 99.7 LAZARUS 92 mA0

—0.03-0.11 eV

&7.7 x 10 99 RUOSO 92 mA0 & 10 eV

&2.5 x 10 6 SEMERTZIDIS 90 mAp & 7 x 10 eV

Experiment based on proposal by MAIANI 86.
Experiment based on proposal by VANBIBBER 87.

144 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'y 7

REFERENCES FOR Searches for Axlons {Ae) and Other Very Light Bosons

ATIYA 93
Also 93C

ATIYA 93B
BASSOMPIE. .. 93
BECK 93
CAMERON 93
MIN OWA 93
NG 93
TANAKA 93
ALLIEGRO 92
ATIYA 92
BERNATOW. .. 92
BLUEMLEIN 92
HALLIN 92
HENDERSON 92C
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Also 88
DEBOER 89B
ERICSON 89
FAISSNER 89
FISHER 89
FOX 89
MAYLE 89

Also 88
MINOWA 89
ORITO 89
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PR D42 977 +Goldblum, Ni, Gillies, Speake (VIRG)
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PL B203 188 Mayle, Wilson+ (LLL, CERN, MINN, FNAL, CHIC, OSU)
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Limit on Invisible Ao {Axlon) Electron Coupling
The limit is for GAeer9 rtrA~&y5e In GeV, or equivalenty, the dipole-dipole po-

G2
tential 4" ((sp1 r2) —3(e1 n) (e'2 n))/I where n=r/r.

The limits below apply to invisible axion of mA & 10 eV.

VALUE (GeV- 1) CL g DOCUMENT ID TECN COMMENT

~ ~ B We do not use the following data for averages, fits, limits, etc. ~ o o

&2.9 x 10 95 147 BOBRAKOV 91 Induced magnetism
&1.9 x 10 66 148 WINELAND 91 NMR

&8.9 x 10 4 66 149 RITTER 90 Torsion pendulum
&6.4 x 10 95 147 VOROBYOV 88 Induced magnetism

147These 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.
WINELAND 91 looked for an effect of bulk matter with aligned electron splns on atomic
hyperfine splitting using nuclear magnetic resonance." RITTER 90 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.
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LEPTONS

NOTE ON NEUTRINOS

(by R.E. Shrock, State Univ. of New York, Stony Brook)

In addition to the v„v&, and v~ sections, the Review of
Particle Properties includes sections on "Searches for Massive

Neutrinos and Lepton Mixing, " Number of Light Neutrino

Types, " "Heavy Lepton Searches, " and "Constraints from Cos-

mology and Astrophysics. "
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 lepton

family number and total lepton number conservation. (Some

early discussions of neutrino oscillations and lepton mixing

are given in Refs. 1 and 2). Indeed, even in the literature

of the 1970's, one will often find statements asserting that
in the standard SU(2) x U(1) electroweak theory (without

electroweak-singlet neutrinos) the known (electroweak-doublet)

neutrinos are massless.

In contrast, in the modern theoretical view based on the

standard electroweak theory (and its supersymmetric exten-

sions which stabilize the hierarchy), small but nonzero neu-

trino masses are expected on general grounds. The reason for

this is as follows. Given only the known left-handed neutrino

fields and the usual Higgs field(s) in the Standard Model (and

supersymmetric extensions thereof which stabilize the hierar-

chy), nonzero neutrino masses result generically from higher-

dimension operators which are strongly expected to occur at
a scale near to that of quantum gravity. This expectation is

based on the general consensus that pointlike theories of quan-

tum gravity are nonrenormalizable, and is borne out by explicit

calculations of the low-energy, field-theory limit of string the-

ories. Such higher-dimension operators would be suppressed

by associated inverse powers of the (reduced) Planck mass,

= Mp =
V hc/(87rG~) = 2.4 x 10is GeV. For example,

there would be a gauge-invariant dimension-5 operator consist-

ing of the weak I = 1, Y = —2 Majorana bilinear vL Cvt,
(where generation indices are suppressed) contracted with a

symmetric, I = 1 quadratic product of the usual I = 1/2,
Y = 1 Higgs, with a coefficient of the form a/M p, where a is a
dimensionless constant. From the vacuum expectation values

of the Higgs, this would give rise to (Majorana) neutrino masses

of order m„av /M~, where v = 250 GeV is the scale of
electroweak-symmetry breaking. (Here Mp is an approximate

upper bound on the mass which suppresses such operators; it
is possible that new physics occurs at some intermediate mass

scale v (( MI ( Mp in such a way that dimension-5 operators
of this type would give rise to neutrino masses of order av2/Ml. )

This not only leads one to expect nonzero neutrino masses but

explains why they are so small.

In retrospect, one sees that this change in theoretical per-

spective is associated with the change in viewpoint concerning

quantum field theory. For decades after the success of quan-

tum electrodynamics in the late 1940's, renormalizability was

taken as a necessary property for an acceptable fundamental

quantum field theory. It was this implicit theoretical assump-

tion which led to the oft-repeated statements in the 1970's that
in the standard electroweak theory (without electroweak-singlet

neutrinos) the known neutrinos are massless. More recently, 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 much

smaller than Mp (or possibly even some lower scale, MI), i.e.,

a consequence of the hierarchy. Once one includes such higher-

dimension operators in one's considerations, the realization that
neutrino masses are generic follows immediately. A summary

of this modern view is given, e.g. , in Ref. 3.
In contrast to this mechanism for neutrino mass, which only

relies upon the known neutrinos, together with the Higgs field(s)

of the Standard Model (or its supersymmetric extensions),

there is another more speculative mechanism which we mention

here for completeness. It is not known whether there exist

any electroweak-singlet neutrino fields. If they do exist, then

they could lead, via renormalizable, dimension-4 operators,

to neutrino masses m„v/Mg, where the scale MR of

the electroweak-singlet neutrino mass is naturally )) v, again

yielding, albeit for a different reason, very small m„[4].
In turn, a natural concomitant of (nondegenerate) neutrino

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 el-

ements, and even though left-handed neutrino masses are small,

some of these ratios could, in principle, be G(1), which raises

the issue of why such effects have not been seen. This question

was answered as follows: a set of conditions for natural sup-

pression of observable lepton flavor violation were formulated,

and it was shown that the Standard Model (generalized to
include nonzero m„)satisfies these [5]. 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 ve, 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 7,
respectively. These neutrino weak eigenstates are not, in gen-

eral, states of definite mass. If one assumes that neutrinos are

massless, and hence degenerate, then it is possible to define the
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weak eigenstates to be simultaneously mass eigenstates. How-

ever, 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 (I', j, a = 1, . . . , n,

where n & 3, with Sy = e, E2 ——p, , and E3 = v. From the

LEP measurement of the Z width (see section on "Number of

Light Neutrinos" ), one knows that there are only three neutri-

nos which couple to the Z in the usual way and have masses

m, ( rng/2 Of .course, this measurement does not preclude

the existence of electroweak-singlet neutrinos. The latter are

often called "right-handed neutrino singlets, " although, since

they are singlets, it is a convention whether one chooses to write

them as (X&)p or (X')I, = (X')L, . The left-handed components

of the weak eigenstates of the neutrinos, (vg. )I, can be expressed

in terms of mass eigenstates by the transformation

(v(. )I. = QU„(~,)1,

where the (v&) denote these mass eigenstates and consist of n

members together with possible additional SU(2) x U(1) singlet

neutral leptons, often called "sterile" 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] & ]Uzi],
k g j. Of course, this does not imply that m~. & m~~ for

j&k.
Thus, as was noted in Ref. 6, decays such as H —+ He e v,

and x+ —+ p+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+ ~ @+vs,

where the v& and vt, 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 j'th
mode in H P decay and the k'th mode in m+2 decay are

given, respectively, by ]Urz] and ]U2y]2. In general, these

modes are incoherent, although in the limit in which the vz all

become degenerate they would become coherent. There are, in

addition certain kinematic factors depending on the m~. which
2

enter in determining the branching ratio for a given decay

mode, Assuming that the off-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 z], u =j, i e , H~ He e vr an. d. 7r+ ~ p+v2.

Hence, it follows that the neutrino mass limits quoted in

the literature for "m „""m „." and "m " should really be

interpreted as limits on the corresponding mass eigenstates [6,7].
Specifically, a bound on "I„," from a study of tritium P decay,

for example, really constitutes a weighted limit on each of

the mass eigenstates vz in the weak eigenstate v, which are

kinematically allowed to occur in tritium decay and which

are coupled with strength ]Ur&]2 sufficiently large to make a

significant contribution to the observed spectrum. It is thus

certainly a limit on vi, 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 , i. f.]V~~] &) ]Uzi],j g k, then vr 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 ~ 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 mo vL, XR + h.c.,
left-handed Majorana masses of the form mg vL, vR+ h.c. =
mL vtT Cvt. + h.c. and right-handed Majorana masses of the

orm mR ~L ~R + ~'c' mR ~R C ~R + h'c where C is the

Dirac charge conjugation matrix. Dirac mass terms conserve

total lepton number It,t, while Majorana mass terms violate

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(l) 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, conven-

tionally considered 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 coupling e;zL'X H„(allchiral super-

fields are taken as left-handed), where II„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„/vd
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 Xg to be the n, -dimensional

vector of electroweak-singlet singlets, taken to be right-handed.

In supersymmetric extensions of the Standard Model, the XR

arise as (conjugates of) the spin 1/2 component fields in (left-

handed) gauge-singlet chiral superfields. The general neutrino

mass term in the Lagrangian is then given by

where ML, is the 3 x 3 left-handed Majorana-mass matrix.

MR 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
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together imply that the Majorana mass matrices are syrnmet-

ric: ML, = M&, M~ = MR . The dia, gona, lization 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 Ma-

jorana mass terms violate total lepton number, one sees from a

general viewpoint that one does not expect conservation of total

lepton number. In particular, the dimension-5 operators dis-

cussed 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 [8]. For this reason, Dirac

neutrino masses may be considered to be a special (degenerate)

case of Majorana neutrino masses, and the latter may be re-

garded as the generic case. From the similarity transformation

which diagonalizes the neutrino mass matrix, together with the

similarity 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 U. 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 CPT-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 [5,9], as

3eGFm~, .p„.= ' = 3.2 x 10 ' (m„./1 eV)pg8z'2 2 2

where GF is the Fermi constant and ptr = 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. 10). Again, however,

we note that Dirac neutrinos should be regarded as a special

case; the generic case is Majorana neutrinos. The operator

products which define the magnetic and electric-dipole mo-

ments, viz , v o~p v F.~~ and P o~p ps v F~~, respectively (where
F~t is the electromagnetic field strength tensor) vanish iden-

tically if v is a Majorana neutrino because of the Majorana

property that v' = +v. Thus, a Majorana neutrino has iden-

tically zero magnetic and electric dipole moments.

Only the diagonal magnetic- and electric-dipole moments

are static properties of a given neutrino-mass eigenstate. Tran-

sition magnetic and electric dipole moments exist in gen-

eral for both Dirac and Majorana neutrinos but are not

static properties and hence are not considered here. Occa-

sionally, one also finds references to the "neutrino charge

radius" in the literature. This is defined via the Taylor se-

ries expansion of the generalized vector Dirac form factor

multiplying p& in the electromagnetic current matrix element:

Ft (q ) = Ft (0) + q dFt /dq [qz a+0[(q2) 2], where q denotes

the 4-momentum of the photon [see, e.g. Ref. 5 Eq. (2.20)].
The electric charge is q = F (0) = 0 for a neutrino, and the

charge radius is given by (r2) = (I/6)(F&+)'(0). However, since

this is multiplied by q2 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 di-

vided 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,i] in-

dividually for each j. The peak-search test proposed in Ref. 6

was applied to existing data in that paper and a subsequent

one [7]; it was applied in new experiments on 2-body leptonic

decays of K+ and z+ by several groups at SIN (PSI), KEK,
and TRIUMF. The results are catalogued in corresponding sub-

sections on limits on ~Ut&~2 and [U2&[2. 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 prop-

agation 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 propa-

gation is effectively coherent in a quantum mechanical sense;

otherwise, the individual v& from a given decay such as x&2 or

K@~ 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 trans-

formation equation becomes

(.)=(-" )(:;)
where vg are the weak-neutrino eigenstates, with vg, = v„etc.,
and v; are neutrino mass eigenstates. Let the distance between

the source of the neutrinos and their point of interaction be
denoted L, and their energy as E. Assume furthermore that
the m~,. are such that the coherence assumption is valid. Then

the probability of an initial vg, having propagated for a distance

t = I (with 1 —v/c (( 1) being equal to vt~ is given by

Am2LP —= I( w, l e. (t)&l' = ~
' ' 2+ s' '

( )
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where

Am =m. —m'. .2= 2

Thus, neutrino-oscillation experiments cannot measure individ-

ual neutrino masses, but only difI'erences 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. Experimen-

tal 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 Am2 (the absolute value is usually

suppressed in the notation) for maximal mixing, sin 28 = 1,

and the upper limit on sin 28 for "large" Am, i.e. , sufBciently

large [L3,m2[ that the detector averages over many cycles of

oscillation (or there ceases to be any coherence). A more com-

plete 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 = ZN 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

on neutrinoless double-P decay yields a correlated upper limit

on the quantity

m= QUg m,,
2

Cancellations may occur in the sum, since Uy& is, in general,

complex. See Ref. 11 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-P decay for m„„7r+~ p+v& for m„„,and

certain 7 decays for m„,(where, as discussed above, the limits

actually apply to the respective mass eigenstates vy, v2, and v3

in these three weak eigenstates). There has been some concern

over the fact that the quantity which is actually measured, i.e. ,

the square of the neutrino mass, is negative by several standard

deviations for v, . This may indicate systematic errors in the

measurements which are not understood. A similar situation

was noticed recently for the muon neutrino mass squared. Al-

though there is still no resolution of this in the refereed journal

literature, it has been argued [12,13] that the reason for this

is that the charged-pion mass has been determined incorrectly

from pionic x-rays, that this determination is actually ambigu-

ous(!), and that when the analysis is interpreted differently, the

charged pion mass is increased so as to yield a measurement

of m„(m'-„)which is no longer tachyonic but is consistent

with zero. See the recent preprint [13] and the more extensive

discussion before the m~„and m~+ Listings.

2. There are no indications of any positive neutrino masses

from any of the peak search experiments in x or K decay,

or from any experiments on neutrino decays. These set good

upper limits on respective lepton mixing matrix coefFicients.

3. There are no indications of any positive neutrino masses

from nuclear-P 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. Certain positive claims for neutrino oscillations in reactor

and accelerator neutrino experiments have either been refuted

or retracted, or both (see previous editions for details).

5. There is no indication of Majorana neutrino masses from

searches for neutrinoless double-P decay.

6. The situation concerning possible atmospheric neutrino os-

cillations remains unset tied.

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 pioneering "Cl radiochemical

solar neutrino experiment of R. Davis and his group started

in 1967 and, with only one 18-month gap, has been running

ever since. Over the years, a deficit in the measure flux of

high-energy neutrinos (mainly from the B reaction) has been

reported [14,15]. The measured flux is about three times less

t, han the Aux predicted by theoretical calculations (Refs. 16—18,

and other reviews quoted therein; see also Ref. 10). More

recently, Kamiokande, a large water Cerenkov detector, has

produced independent high-quality measurements of the solar

neut, rino Aux in roughly the same energy range [19,20,21]. Un-

like a radiochemical experiment, a Cerenkov detector preserves

directional information, and the Kamiokande collaboration has

been able to demonstrate that the neutrinos come from the

direction of the sun, They have confirmed the deficiency re-

ported by Davis et a/. The ratio of observed to expected fluxes

seen by the Kamiokande group is somewhat higher than thai

observed by Davis, but is still significantly below unity.

Two experiments are now operating which are sensitive to

the lower-energy neutrinos from the main p-p burning chain.

These are SAGE, the Soviet-American Gallium Experiment [22],

and GALLEX, a gallium experiment in the Gran Sasso Under-

ground Laboratory [23,24]. Both of these also report a d 6e
ciency in the measured solar neutrino Aux. These results are

especially important, since the flux of the pp neutrinos consti-

tutes the dominant part of the solar neutrino flux and is widely

considered to be reliably calculable. (This is not to imply that

calculations of the high-energy neutrino fIux are unreliable, only

that they are harder to check. The high-energy part does not

arise from t, he react, ions producing most of the sun's luminosity,
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but from minor side-chains which contribute only a very small

fraction of the entire solar neutrino flux. )
One explanation of the results of these four experiments

is that neutrino oscillations do take place during the transit

from the production point in the sun to the interaction point

in the earth. These oscillations may involve mixing either with

v& and v~ or "sterile" neutrino components. An appealing

scenario is that of resonant neutrino oscillations, the Mikheyev-

Smirnov-Wolfenstein (MSW) effect [25]. Details about this can

be found in the reviews cited at the end of this note, and in the

references in the original papers.

For some recent reviews on neutrino physics and further

references to the original literature, see Refs. [15,26—29].
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Not in general a mass eigenstate. See note on neutrino properties
above.

These limits apply to vi, 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. "

From the analysis of neutrino events from SN 1987A it
is possible to get upper bounds on neutrino masses. For two

examples of such studies, see Refs. 1 and 2 and references

therein.

Our mass limit for v, is taken from the average in the v,
"Mass Squared" section immediately below this section.
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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 —„.vy

'

Assuming CPT invariance, a limit on I—
„

is the same as a limit on mvt v)'
Results from studies of electron capture transitions, given below "mv

Vi

mv ", give limits on m„ itself. See also the Listings in the Neutrino
Vy Vt

Bounds from Astrophysics and Cosmology section.

CL%

8.0
&14
(23

&29

95
95

VALUE jeV) DOCUMEN T ID TECN COMMEN T

OINI UNIT 1PDG 94 RVUE See the note below.

7.2 2 WEINHEIMER 93 SPEC 3H p decay
&11.7 95 HOLZSCHUH 92B SPEC H p decay
(13.1 95 "KAWAKAMI 91 SPEC H p decay

& 9.3 95 ROBERTSON 91 SPEC H p decay
~ ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ ~

IVANDYCK 93 m3H —
mPH

95 DECMAN 92 CNTR H p decay i
95 AVIGNONE 90 ASTR Supernova SN 1987A

LOREDO 89 ASTR SN 1987A
ABBOTT 88 ASTR Supernova SN 1987A

95 KAWAKAMI 88 SPEC Repl. by
KAWAKAMI 91

9 SPERGEL 88 ASTR Supernova SN 1987A
17 to 40 BORIS 87 SPEC ve, HP decay

(27 WILKERSON 87 SPEC ve, HP decay
&18 FRITSCHI 86 SPEC Repl ~ by

HOLZSCHUH 92B
PDG 94 formal upper limit, as obtained from the m average in the next section, is 5.1

eV at the 95%CL. Caution is urged in interpreting this result, since the m average is

positive with only a 3.5% probability. If the weighted average m were forced to zero,
the limit would increase to 7.0 eV.
WEINHEIMER 93 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.

2 HOLZSCHUH 92B result is obtained from the measurement m2 = —24+ 48 d: 61 (ter
ve

errors), in eV, using the PDG prescription for conversion to a limit in mv .
tve'

KAWAKAMI 91 experiment uses tritium-labeled arachidic acid. This result may be ob-
tained from the m limit by combining the errors in quadrature and using the method

described in the Probability, Statistics, and Monte Carlo section in Chapter III of this
Review. This was also done in ROBERTSON 91, although the authors report a different
procedure.

5ROBERTSON 91 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

vy

a positive m is only 3% if statistical and systematic error are combined in quadrature.
VANDYCK 93 is a new measurement of the atomic masses of H and He. The authors
note that "The excellent agreement with recent results from beta spectrometers lends
strong support for new (upper} limits on the (electron) neutrio's rest mass. "
DECMAN 92 was not published in a refereed Journal, so we do not use it in our compila-
tion, but we include it for the reader's convenience. If it were included our limit would be
reduced to 4.9 eV, but the average m would be positive with only a 1.1% probability.
KAWAKAMI 88 multiply their statistical error by the appropriate factor for 95% CL

when m2 &0 is required (1.74), add this linearly to their unmultiplied systematic error

(173eV ) and add the m value (223eV ) to obtain their 95% CL limit (m&29eV). To
adjust for our quadratic addition of errors and our multiplication of both the statistical
and systematic errors by the factor 1.645 we set the systematic error to 269 eV2 to yield
the same limit.

9SPERGEL 88 rule out masses greater than 16 eV.
See also comment in BORIS 87B and erratum in BORIS 88.
WILKERSON 87 multiply both statistical and systematic errors by 1.645 (for 95% CL),
add them in quadrature and add the (negative) m value (—57eV ) to obtain their 95%
CL limit (m&2?eV).
FRITSCHI 86 multiply their statistical error by 1.645 (for 95% CL}, add this linearly

to their unmultipiied systematic error {204eV ) and do NOT add in the m2 value

(—11eV ) to obtain their 95% CL limit (m(18eV), To adjust for our quadratic ad-
dition of errors, and our multiplication of both the statistical and systematic errors by

the factor 1.645, we set the systematic error to 178 eV .

ve 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 sho~n here. The recent results are in strong disagreement with the
earlier claims by the ITEP grou p [LUBIMOV 80, BORIS 87 {+BORIS 88,
erratum}J that m lies between 17 and 40 eV. The BORIS 8? result isvt
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.v)

TECN COMM EN T

These are measurement of mv {in contrast to mv, given above). The
Vi 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% DOCUMENT ID TECN

225 95 SPRINGER 87 CNTR

& 550 68 YASUMI 86 CNTR
~ e ~ We do not use the following data for averages, fits, limits,

(1250 YASUMI 83 CNTR
&1300 ANDERSEN 82 CNTR

4.5 x 105 90 CLARK ?H ASPK
&4100 67 BECK 68 CNTR

Assumes upper limit on q-value reported by ANDERSEN 82.

COMMEN T

v, '63Ho
v Ho
etc. ~ e e

v Ho

v '63Ho

Ke3 decay

v, 22Na

Replaced by YASUMI 86.

VALUE jev2) DOCUMENT /D

—54k 30 OUR AVERAGE

39+ 34+ 15 13 WEINHEIMER 93 SPEC 3Hp decay
24+ 48+ 61 4 HOLZSCHUH 92B SPEC H p decay
65+ 85+ 65 5 KAWAKAMI 91 SPEC ve, tritium

—147+ 68+ 41 6 ROBERTSON 91 SPEC ve, tritium
~ ~ e We do not use the following data for averages, fits, limits, etc. e e e

— 72+ 41+ 30 DECMAN 92 SPEC HP decay
223 + 244 +269 18 KAWAKAMI 88 SPEC Repl. by

KAWAKAMI 91
57 k 453+ 118 9 WILK ERSON 87 SPEC Rept ~ by ROBERT-

SON 91
11+ 63+ 178 FRITSCHI 86 SPEC Repl. by

HOI ZSCHUH 92e
WEINHEIMER 93 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 92B source is a monolayer of tritiated hydrocarbon.
KAWAKAMI 91 experiment uses tritium-labeled arachidic acid.
ROBERTSON 91 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

Vt

a positive I is only 3% if statistical and systematic error are combined in quadrature.
DECMAN 92 was not published in a refereed journal, so we do not use it in our com-
pilation, but we include it for the reader's convenience. If it were included, our average
would be —58 + 26 eV .
KAWAKAMI 88 multiply their statistical error by the appropriate factor for 95% CL

when m &0 is required (1.74), add this linearly to their unmultiplied systematic error

(173eV ) and add the m value (223 eV ) to obtain their 95% CL limit (m&29eV). To
adjust for our quadratic addition of errors and our multiplication of both the statistical
and systematic errors by the factor 1.645 we set the systematic error to 269 eV to yield
the same limit.
WILKERSON 87 multiply both statistical and systematic errors by 1.645 (for 95% CL),
add them in quadrature and add the (negative) m value (—57 eV ) to obtain their 95%
CL limit (m&2?eV).

2 FRITSCHI 86 multiply their statistical error by 1.645 (for 95% CL), add this linearly

to their unmultiplied systematic error (204eV ) and do NOT add in the m2 value

(—11eV ) to obtain their 95% CL limit (m&18eV). To adjust for our quadratic ad-
dition of errors, and our multiplication of both the statistical and systematic errors by

the factor 1.645, we set the systematic error to 178 eV .

v1 CHARGE

VALUE jtinits: electron charge) DOCUMENT ID TECN COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ e e

&2 x 10-'5 BARBIELLINI 87 ASTR Supernova SN 1987A
&1x10 13 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.

v1 MEAN UFE

VALUE js) CL% DOCUMENT ID TECN

~ e ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

&2?8 90 23 LOSECCO 8?B IM

3LOSECCO 87B assumes observed rate of 2.1 SNU {solar neutrino units) comes from sun
while 7.0 + 3.0 is theory.
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srt (MEAN LIFE) / MASS

x 1p15

68
68
68
68
68

l(tf —c) / ci (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 (Ijnits 10 ) EVTS DOCUMENT ID TECN COMMENT

17 STODOLSKY 88 ASTR SN 1987A

STODOLSKY 88 result based on &10 hr between ve detection ln 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.

VAL UE (s/eV) CLS DOCUMENT ID TECN COMMENT

&300 90 4 REINES 74 CNTR v
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1p15
tBLUDMAN92 ASTR m„&50 eV

6.4 90 KRAKAUER 91 CNTR v at LAMPF
6.3 x 1015 2628CHUrP 89 ASTR m, &20 V

29 COWSIK 89 ASTR
KOLB 89 ASTR mv & 20 eV
RAFFELT 89 RVUE v (Dirac, Majorana)

31 RAFFELT 898 ASTR
BOUCHEZ 88 CNTR P (Dirac, Majorana)
FRIEMAN 88 ASTR

83 x ]014 VONFEILIT. .~ 88 ASTR
22 OBERAUER 87 vR (Dirac)

& 38 OBERAUER 87 v (Majorana)
& 59 OBERAUER 87 v~ (Dirac)
& 30 KETOV 86 CNTR v (Dirac)

20 KETOV 86 CNTR v (Majorana)
7 x 109 RAFFELT 85 ASTR

HENRY 81 ASTR mv= 16-20 eV
KIMBLE 81 ASTR m„=10-100 eV

x 1p21 STECKER 80 ASTR mv= 10-100 eV

REINES 74 looked for ve of nonzero mass decaying to a neutral of lesser inass + 7.
Used liquid scintillator detector near fission reactor. Finds lab lifetime 6. x 107 s or more.
Above value of (mean life)/mass assumes average effective neutrino energy of 0.2 MeV.

To obtain the limit 6. x 107 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 soine 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. Cosmologleal
limits are also obtained.
Nonobservation of y's In coincidence with v's from SN 1987A.
KRAKAUER 91 quotes the limit r/m„& (0.3a + 9.8a + 15.9) s/eV, where a is

a parameter describing the asymmetry in the neutrino decay defined as dN&/dcos8 =
(1/2)(1 + acos8) 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).
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.

9 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 ~ v1 ee to be r & 4 x 10
exp( —m/5 MeV) s.
RAFFELT 89 uses KYULDJIEV 84 to obtain rm & 3 x 10 s eV (based on vee
cross sections). The bound is not valid if electric and inagnetic transition moments are
equal for Dirac neutrinos.
RAFFELT 898 analyze stellar evolution and exclude the region 3 x 10 & rm

3x lp seV .
BOUCHEZ 88 reports limits in the nearly degenerate mass case.
Madel-dependent theoretical analysis of SN 1987A neutrinos.

34OBERAUER 87 bounds are from comparison of observed and expected rate of reactor
neutrinos.
RAFFELT 85 limit is from solar x- and p-ray fluxes.
HENRY 81 uses UV flux from clusters of galaxies to find r & 1.1 x 10 s for radiative
decay.
KIMBLE 81 uses extreme UV flux limits to find r & 10 -10 s.
STECKER 80 limit based on UV background; result given is r & 4 x 10 s at m„=20
eV.

~ 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 FU JIKAWA 80)
is Igv = 3eGF mv/(87r ~2) = (3.20 x 10 )mvtgB where mv is in eV
and IgB —eh/2me is the Bohr rnagneton. Given the upper bound mvV1

7.3 eV, it follows that for the extended standard electroweak theory,

Ig(v1) & 2.3 x 10 IgB. Current experiments are not yet challenging
this limit. There is considerable controversy over the validity of many of
the claiined upper limits on the magnetic moment from the astrophysi-
cal data. For example, VOLOSHIN 90 states that "in connection with
the astrophysical limits on Igv, ... there is by now a general consensus
that contrary to the initial claims (BARBIERI 88, LATTIMER 88, GOLD-
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(Igp) CL 0A DOCUMENT ID TECN COMMENT

&1.0x 10 9 90 KRAKAUER 90 CNTR LAMPF ve e —+ ve e
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.9 x 10 95 DERBIN 93 CNTR Reactor See ~ Fee
&7.7 x 10 95 MOURAO 92 ASTR HOME/KAM2 v rates
&2.4 x 10 90 VIDYAKIN 92 CNTR Reactor See ~ Pee

FIORENTINI 91 ASTR
x 1p-12 95 43 RAFFELT 90 ASTR Red giant luminosity

x 1p
—11 44 RAFFELT 898 ASTR Cooling helium stars

&(2~) x 1p
—12 BARBIERI 88 ASTR Supernova SN 1987A

47 FUKUGITA 88 COSM Primordial magn. fields

x 1p-12 GOLDMAN 88 ASTR Supernova SN 1987A
&5 x 10 13 LATTIMER 88 ASTR Supernova SN 1987A

& 1.5 x 1()
—12 44 46 NOETZOLD 88 ASTR Supernova SN 1987A

x 1P-ll 44 RAFFELT 888 ASTR He burning stars
x 1p-11 44 FUK UGITA 87 ASTR Cooling helium stars

&4 x 1p
—11 LYNN 81 ASTR

x 1p-11 MORGAN 81 COSM 4He abundance
&85 x 10 BEG 78 ASTR Stellar plasm ons

x 1p-11 49 SUTHERLAND 76 ASTR Red giants + degen.
dwarfs

x 10-» BERNSTEIN 63 ASTR Cooling white dwarfs

&14 x 10 COWAN 57 CNTR Reactor ve

KRAKAUER 90 experiment fully reported in ALLEN 93.
VIDYAKIN 92 limit Is from a (enu)e 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 OI/I/
—0.23 as input.

FIORENTINI 91 is a study of the statistical significance of possible correlation of solar
neutrino flux with sunspot cycle. Data do not imply any evidence for a nonzero neutrino
magnetic moment, although they are consistent with a moment of order 1 x 10 /pB.
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 . Liinit at 95%CL obtained from b'Mc.

44Significant dependence on details of stellar models.
A limit of 10 is obtained with even more model-dependence.

46These papers have assuined that the right-handed neutrino is inert; see BARBIERI 888.
47FUKUGITA 88 find magnetic dipole moments of any two neutrino species are bounded

by p & 10 [10 G/Bpj where Bp is the present-day intergalactic field strength.

Some dependence on details of stellar models.
49We obtain above limit from SUTHERLAND 76 using their limit f & 1/3.

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, physlcai quantity and this is

reflected ln 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 cm ) CL 0A DOCUMENT ID TECN COMMENT

Oe9+2.7 ALLEN 93 CNTR LAMPF ve e ve e
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.3 x 10 95 MOURAO 92 ASTR HOME/KAM2 v rates
&7.3 90 VIDYAKIN 92 CNTR Reactor Ve e ~ ve e

1.1 k2.3 ALLEN 91 CNTR Repl. by ALLEN 93
51 GRIFOLS 898 ASTR SN 1987A

VIDYAKIN 92 limit is from a eve elastic scattering experiment. No experimental details
are given except for the cross section from which this limit is derived. Signal/noise was

t1/10. The limit uses sin 8I/V
—0.23 as input.

GRIFOLS 898 sets a limit of (r ) & 0.2 x 10 crn for right-handed neutrinos.
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e REFERENCES

PDG
ALLEN
DERBIN

PR D50
PR D47 11
JETPL 57 768
Translated from ZETFP

94
93
93

Montanet+ (CERN, LBL, BOST, IFIC+)
+Chen, Doe, Hausammann+ (UCI, LANL, ANL, UMD)
+Chernyi, Popeko, Muratova+ (PNPI)
57 755.
Van Dyck, Farnhatn, Schwinberg (WASH)

+Przyrembei, Backe+ (MANZ)
(CFPA)

+StoeN (LLNL)
(ZURI)

+Fritschi, Kuendig (ZURI)
+Puldio Ralston (LISB, LISBT, CERN, KANS)
+Vyrodov, Gurevich, Koslov+ (KIAE)
55 212.

+Chen, Doe, Hausammann (UCI, LANL, UMD)
+Mezzorani (CAGL, INFN)
+Kato, Ohshima+ (INUS, TOHOK, TINT, KOBE, KEK)
+Talaga, Allen, Chen+ (LAMPF E225 Collab. }
+Bowles, Stephenson, Nark, Wilkerson, Knapp (LASL, LLL}
+Collar (SCUC)
+Talaga, Allen, Chen+ (LAMPF E225 Collab. }

(MP IM)
433 (ITEP)

93
93
92
92
92
92B
92
92

PRL 70 2888
PL B300 210
PR D45 4720
BAPS 37 1286
RPP 55 1035
PL B287 381
PL B285 364
JETPL 55 206

VANDYCK
WEINHEIMER
BLUDMAN
DECMAN
HOLZSCHUH
HOLZSC HUH
MOURAO
VIDYAKIN

Translated from ZETFP
ALLEN
FIORENTINI
KAWAKAMI
KRAKAUER
ROBERTSON
AYIGNONE
KRAKAUER
RAFFELT
VOLOSHIN

Neutrino
CHUPP
COWSIK
GRIFOLS
KOLB
LOREDO
RAFFELT
RAFFELT
REDONDO
ABBOTT
BARBIERI
BARBIERI
BORIS
BOUCHEZ
FRIEMAN
FUKUGITA
GOLDMAN
KAWAKAMI
LATTIMER

Also
NOETZOLD
NOTZOLD
RAFFELT
SPERGEL
STODOLSKY
VOLOSHIN

Also

PR D43 R1
PL B253 181
PL B256 105
PR D44 R6
PRL 67 957
PR D41 682
PL B252 177
PRL 64 2856

91
91
91
91
91
90
90
90
90 NP B (Proc. Suppl) 19

90 Con fere nce
PRL 62 505
PL B218 91
PR D40 3819
PRL 62 509
ANYAS 571 601

+Vestrand, Reppin
+Schramm, Hoflich
+Massa
+Turner
+Lamb

89
89
89B
89
89
89
89B
89
88
88
88B
88
88
88
88
88
88
88
88B
88
88
88B
88
88
88
88B

JETPL 68 690
PL B200 580
Nature 329 21
PRL 58 2019

88C
88
87
87
88
87B

VOLOSHiN
VONFEIL IT. ..
BA R BI EL L IN I
BORIS

Also
BORIS

PR D36 3817
PR D35 2073
PL B198 113
PR A35 679
PRL 58 2023

87
87B
87
87
87
86
86
86

FUKUGITA
LOSECCO
OBERAUER
SPRINGER
WILK ERSON
BERGKVIST
FRITSCHI
K ETOV

PL B173 485
JETPL 44 146
Translated from ZETFP

YASUMI
BFRGKVIST
RAFFELT
KYULDJIEV
SIMPSON
YASUMI
ANDERSEN
HENRY
KIMBLE
LYNN
MORGAN
FU JIKAWA
LUBIMOV

Also

86
85B
85
84
84
83
82
81
81
81
81
80
80
80

PL B181 169
PL 159B 408
PR D31 3002
NP B243 387
PR D30 1110
PL 122B 461
PL 113B 72
PRL 4? 618
PRL 46 80
PR D23 2151
PL 102B 247
PRL 45 963
PL 94B 266
SJNP 32 154

Also 81

STECKER
BEG
LEE
SUTHERLAND
CLARK
RE INES

Also
BECK
BERNSTEIN
COWAN

PRL 45 1460
PR D17 1395
PR D16 1444
PR D13 2700
PR D9 533
PRL 32 180
Private Comm.
ZPHY 216 229
PR 132 1227
PR 107 528

80
78
77C
76
74
74
78
68
63
57

(UNH, MPIM)
(WUSL, TATA, CHIC, MPIM)

(BARC)
(CHIC, FNAL)

(CHIC)
PR D39 2066 (PRIN, UCB)
APJ 336 61 +Dearborn, Silk (UCB, LLL)
PR C40 368 +Robertson (LANL)
NP B299 734 +De Rujula, Walker (BRAN, CERN, BOST)
PRL 61 27 +Mohapatra (PISA, UMD)
PL B213 69 +Mohapatra, Yanagida (PISA, UMD, MICH)
PRL 61 245 erratum +Golutvin, Laptin+ (ITEP, ASCI}
PL B207 217 +Pichard, Soirat, Spiro, Declais (SACL, MARS)
PL B200 115 +Haber, Freese (SLAC, UCSC, UCSBT)
PRL 60 879 +Notzold, Raffelt, Silk (KYOTY, MPIM, UCB)
PRL 60 1789 +Aharanov, Alexander, Nussinov (TELA)
JPSJ 57 2873 +Kato. Naito, Nisimura+ (INUS, TOKY, TINT, KEK)
PRL 61 23 +Cooperstein (STON, BNL)
PRL 61 2633 erratum Lattimer, Cooperstein (STON, BNL}
PR D38 1658 (MPIM)
PR D38 1658 (MPIM)
PR D37 549 +Dearborn (UCB, LLL)
PL B200 366 +Bahcall (IAS)
PL B201 353 (MP IM)
PL B209 360 {ITEP)
JETPL 47 501 Voloshin (ITEP)
Translated from ZETFP 47 421,

(ITEP)
Von Feilitzsch, Oberauer (MUNT)

+Cocconi (CERN)
+Golutvin, Laptin+ {ITEP, ASCI)

Boris, Golutvin, Laptin+ (ITEP, ASCI)
+Golutvin, Laptin+ (ITEP)
45 267.

+Yazaki (KYOTY, TOKY)
+Bionta, Blewitt, Bratton+ (IMB Collab. )
+von Feilitzsch, Mossbauer (MUNT)
+Bennet, Baisden+ (LLNL}
+Bowles, Browne+ {LANL, PRIM, UCSD}

Moriond Conf. , Vol. M48, 465 (STOH)
+Holzschuh, Kundig+ (ZURI, SIN)
+Klimov, Nikolaev, Mikaelyan+ (KIAE)
44 114.
+Ando+ (KEK, OSAK, TOHOK, TSUK, KYOT, INUS+)

(STOH)
(MP IM)
(SOFI)

(GUEL)
+Rajasekaran+ (KEK, OSAK, TINT, TOHOK, TSUK)
+Beyer, Charpak, Derujula+ (AARH, CERN, RISO)
+Feldman (JHU)
+Bowyer, Jakobsen (UCB)

(COL U)
Morgan (SUSS}

+Shrock (STON)
+Novikov, Nozik, Tretyakov, Kosik {ITEP)

Kozik, Lubirnov, Novikov+ (ITEP)
Translated from YAF 32 301.
JETP 54 616 Lubimov, Novikov, Nozik+ (ITEP}
Translated from ZETF 81 1158.

(NASA)
+Marciano, Ruderman (ROCK, COLU)
+5hrock (STON)
+Ng, Flowers+ (PENN, COLU, NYU)
+Elioff, Frisch, Johnson, Kerth, Shen+ (LBL)
+Sobel, Gurr (UCI }

Ba mes (PURD)
+Daniel (MPIH)
+Ruderrnan, Feinberg (NYU, COLU)
+Reines (LANL)

Not in general a mass eigenstate. See note on neutrinos in the v~
section above.

Particle-physics limits (as opposed to those from astro-

physics) for the mass of the muon neutrino m„„comefrom mea-

surements of the muon momentum p& in the decay m+ ~ p+v@.

For ~+ decay at rest,

The DAUM 91 determination of p& for m+ decay at rest,

pi, ——29.79177j0.00024 MeV/c,

has been followed by an even more precise but not yet published

measurement by the same group (ASSAMAGAN 94):

Table 1: Values for m~2 obtained using the
unpublished ASSAMAGAN 94 measurement of
p& and the two JECKELMANN 94 solutions
for m„.

m (MeV) m2 (MeVs)

Solution A 139.56782 + 0.00037 —0.149 + 0.025
Solution B 139.56995 + 0.00035 —0.022 + 0.023

Alternatively, one can calculate m„asa function of m„.
This function is shown in Fig. 1, along with the two vr mass

solutions of JECKELMANN 94.
Much of this analysis follows that of Robertson [1], who

concluded (before Solution B was known to be viable) that, we

should revert to the ANDERHUB 82 limit, m~„(0.50 MeV

at the 90'5 CL. In that experiment, the momentum of forward-

going muons from pion decay in flight was measured. The

kinematics are such that the sensitivity of m~ to m and

m& decreases as the energy increases, so that the need for an

independent precise measurement of m~+ mass is bypassed.

However, the result, m2 = —0.14 + 0.20 MeV~, has an error

large enough to include both of the solutions shown in Fig. l.
In principle, this kind of experiment might resolve the present

ambiguity. In practice, experiments on pionic x-rays in lower-Z

materials, which have just begun at the Paul Scherrer Institute,

are likely to resolve the ambiguity [2].

p& ——29.79207 + 0.00012 MeV/c

The 1986 CODATA value for the muon mass is 105.658389 +
0.000034 MeV. A present ambiguity concerning the pion mass

is discussed in the sr+ section of these Listings; the two values

of m~ from a recent paper, JECKELMANN 94, are given

in Table 1. The corresponding values of m~ obtained using

Eq. (1) are also given. Using the ASSAMAGAN 94 p& value,

one 6nds for Solution A that m~ is negative by 6.1 standard

deviations, while for Solution B, m is negative by 0.9 standard

deviations.
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Figure 1: m2 as a function of m+ mass. The
ASSAMAGAN 94 measurement of the momen-
tum of the muon in m+ decay at rest is repre-
sented by the diagonal line with the lo error
band from uncertainties in p& and m&. The two
solutions for the vr mass from the JECKEL-
MANN 94 reanalysis are shown by the vertical
lines, along with their 1~ error bands. Also
shown are the 10 error ellipses from the com-
bined fits.

Notes and References
* This note was prepared with extensive help from F. Boehm,

R. Frosch, P.F.A. Goudsmit, Y.K. Lee, H.J. Leisi, R.G.H.
Robertson, and P. Vogel

1. R.G.H. Robertson, p. 140 in Proceedings XXVI Interna-
tioftal Conference on High Energy Physics, ed.-J.R. Sanford
(Dallas, TX, 6—12 August, 1992).

2. R. Frosch, private communication (May 1994).

Since m~ must be nonnegative and to obtain the more

conservative limit, we choose the new JECKELMANN 94 So-

lution B for the pion mass, and take the corresponding value

mv = 0.001 + 0.044 MeV . Using a Bayesian procedure with a
flat prior distribution, we find m ( 0.073 MeV at the 90%
CL, and so list m„„(0.27 MeV at the 90% CL.

If, instead, we apply the same procedure using p& from the

as yet unpublished ASSAMAGAN 94 and the Solution B pion

mass from JECKELMANN 94, we obtain m = —0.022+0.023
MeV~, or mv„&0.17 MeV at the 90% CL.

Applies to v2, the primary mass eigenstate in v&. Would also apply to
any other v~ which mixes strongly in v and has sufficiently small mass

that it can occur in the respective decays. (This would be nontrivial only
for j & 3, given the ve mass limit above. ) See also the Listings in the
Neutrino Bounds from Astrophysics and Cosmology section.

VALUE (MeV) CL 5 DOCUMEN T ID TECN COMMENT

&0.27 (CL = %0%) OUR EVALUATION DAUM 91 and JECKELMANN 94; see Note.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.17 ASSAMAGAN 94 SPEC m = —0.022 6 0.023
&0.48 ENQVIST 93 COSM Nucleosynthesis

&0.003 »4 MAYLE 93 ASTR SN 1987A cooling
& 0.025&.030 BURROWS 92 ASTR SN 1987A cooling

MAMEDOV 92 RVUE
&0.3 FULLER 91 COSM Nucleosynthesis

&0.42 6LAM 91 COSM Nucleosynthesis

& 0.028M).15 7 NATALE 91 ASTR SN 1987A
&0.028 4 GANDHI 90 ASTR SN 1987A
&0.014 GRIFOLS 90B ASTR SN 1987A
&0.06 419 GAEMERS 89 SN 1987A
&0.27 90 10 ABELA 84 SPEC m2 —0 097 + 0.072
&0.50 90 ANDERHUB 82 SPEC m = —0.14 6 0.20
&0.52 90 "LU 80 CNTR m2= 0.102 + 0.119
&0.65 90 CLARK 74 ASPK K&3 decay

1ASSAMAGAN 94 result is from a new measurement of p from x+ ~ p+v at
rest combined with JECKELMANN 94 Solution B pion mass. It is not used in "OUR
EVALUATION" because lt Is not yet published. See Note above.

2ENQVIST 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.

3MAYLE 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.

4There would be an increased cooling rate if Dirac neutrino mass is Included; this does

not apply for Majorana neutrinos. Limit is on m2v +m2v, and error becomes very
Is 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.

5 BURROWS 92 limit for Dirac neutrinos only.

Assumes neutrino lifetime &1s. For Dirac neutrinos only. See also ENQVIST 93.
T NATALE 91 published result multiplied by ~8v 4 at the advice of the author.

GRIFOLS 908 estimated error is a factor of 3.
9GAEMERS 89 published result (& 0.03) corrected via the GANDHI 91 erratum. t

ABELA 84 used the PDG 84 value for x+ mass, in conjunction with p momentum

measurement in x ~ pv& decay to obtain m & 0.25 and m = —0.16 6 0.08. The

values shown here for mass and m are corrected values obtained by JECKELMANN 86
from the ABELA 84 data using the more accurate x+ mass of JECKELMANN 86.
LU 80 combines DAUM 79 x+ ~ p+v measurement with new LU 80 x mass and

replaces DAUM 79. LU 80 is not independent of ABELA 84.

m& —m+

Test of CPT for a Dirac neutrino. (Not a very strong test. )

VALUE (MeV) CL S 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
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srg (MEAN LIFE) / MASS

These limits often apply to v~ (v3) also.

90

l(v —g) / cl (v —= tag 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

o o ~ We do not use the following

&0.4 95 9800
&2.0 99 77
&4.0 99 26

DOCUMENT ID TECN CHG COMMENT

data for averages, fits, limits, etc. o o o

KALBFLEISCH 79 SPEC
ALSPECTOR 76 SPEC 0
ALSPECTOR 76 SPEC 0

&5 GeV v

&5 GeV v

gA2 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(l) elec-
troweak theory extended to include massive neutrinos (see FUJIKAWA 80)
ls I v = 3eGF mv/(8~ ~2) = (3.2 x 10 )mvt ~ where mv is in eV
and pg —eFa/2me is the Bohr rnagneton. Given the upper bound mvv2
& 0.27 MeV, it follows that for the extended standard electroweak theory,

Ig(v2) & 0.86 x 10 p, g.

VALUE (Igg)

&8.5 x 1p
—10

&7.4 x 10-10

(9.5 x 10 10

CL%

90

90

90

DOCUMENT ID TECN COMMENT

AHRENS
27 KRAKAUER

ABE

90 CNTR v e ~ v e

90 CNTR LAMPF (v, v ) e
clast.

878 CNTR v e ~ v e

VAL UE (s/eV) CL% EVTS DOCUMENT ID TECN COMMENT

&15A 90 KRAKAUER 91 CNTR v, v at LAMPF

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 2.8 x1o15 BLUDMAN 92 ASTR mv & 50 eV
none 10 —5 x 104 15 DODELSON 92 ASTR mv ——1—300 keV

6 3 x lp15 '4'6CHUPP 89 ASTR m &2Oev) 1.7 x1O15 14 KOLB 89 ASTR m & 20 eV
17,18 HATSUDA 88 ASTR

& 33 x104 19,20 VONFEILIT. .~ 88 ASTR
& 0.11 0 21 FRANK 81 CNTR v v LAMPF

HENRY 81 ASTR m = 16-20 eV

KIMBLE 81 ASTR m = 10-100 eV
REPHAELI 81 ASTR m = 30-150 eV
DERUJULA 80 ASTR m = 10-100 eV

x 1p21 STECKER 80 ASTR mv= 10-100 eV
1.0 x 10 90 0 BLIETSCHAU 78 HLBC v, CERN GGM

1.7 x 10 90 0 BLIETSCHAU 78 HLBC v, CERN GGM

) 2.2 x 10 90 0 BARNES 77 DBC v, ANL 12-ft
& 3. x 10 3 90 0 21 BELLOTTI 76 HLBC v CERN GGM

& 1.3 x 10 90 1 BELLOTTI 76 HLBC v, CERN GGM

KRAKAUER 91 quotes the limit T-/mv & (0.75a + 21,65a + 26.3) s/eV, where a

is a parameter describing the asymmetry in the neutrino decay defined as dN7/dcos8
= (1/2)(1 + acos8) 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).
8LUDMAN 92 sets additional limits by this method for higher mass ranges. Cosmological
limits are also obtained.

14 Nonobservation of 7's in coincidence with v's from SN 1987A. Results should be divided
by the ~v ~ 7X 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.
HATSUDA 88 argues that previous bounds on radiative decays of neutrinos produced
in supernovae explosions may not be valid (because vH ~ 7v might be dominated by
processes such as vH e ~ ve if e number density is high enough), and that, in fact, a
neutrino mean life/mass of 0.2E).6s/eV may be consistent with the data.
Model-dependent theoretical analysis of SN 1987A neutrinos.
Limit applies to v~ also.

21 These experiments look for v~ ~ ve7 ol v~ ~ ve7.
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 ~ & 10 -10 s

24REPHAELI 81 consider v decay 7 effect on neutral H in early universe; based on M31
Hl concludes r & 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 mv = 20
eV.

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.

VALUE{10 cm ) DOCUMEIV T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

—1,1+1.0 AHRENS 90 CNTR
—0.3+ 1,5 DORENBOS. .. 89 CHRM

5 Result is obtained from reanalysis given in ALLEN 91, followed
1 cr errors.

COMMENT

etc. ~ ~ ~

v e elas scat

v& e elas scat

by our reduction to obtain

v& REFERENCES

(PSI.+Bronnimann, Daum+
+Goudsmit, Leisi
+Chen, Doe, Hausarnmann+
+Uibo
+Schramm, Turner, Wilson

ZURI, VILL, VIRG)
(WABRN, VILL)

LANL, ANL, UMD)
(NORD)

(LLNL, CHIC)
(CSUI 8)

(CFPA}
(ARIZ, CHIC)

{FNAL, CHIC)
(JINR)

94 PL 8 (subm. )
94 PL 8 (accepted)
93 PR D47 11
93 PL 8301 376
93 PL 8317 119
93 MPL AS 1179
92 PR D45 4720
92 PRL 68 3834
92 PRL 68 2572
92 SJPN 23 339

Translated from FECAY
91 PR D43 R1
91 PL 8265 425
91 ZPHY C51 142
91 PR D43 3136
91 PL 8261 519E (erratum
91 PR D44 R6
91 PR D44 3345
91 PL 8258 227
90 PR D41 3297
90 PL 8246 149
91 PL 8261 519E (erratum
908 PL 8242 77
90 PL 8252 177
90 PRL 64 2856
S9 PRI 62 505
89 ZPHY C41 567
89 PR D40 309
89 PRL 62 509
898 APJ 336 61
88 PL 8203 462
88 PL 8200 580
S78 PRL 58 636
87 PR D36 3817
87 PR D36 2278
86 PRL 56 1444
84 PL 1468 431
84 RMP 56 No. 2 Pt. II

82 PL 1148 ?6
81 PR D24 2001
81 PRL 47 618
81 PAL 46 80
81 PR D23 2151
81 PL 1068 73
80 PRL 45 942
80 PRL 45 963
80 PRL 45 1066
SO PRL 45 1460
79 PR D20 2692
76 PL 608 380
78 PL 748 126

ASSAMAGAN
JECKELMANN
ALLEN
ENQVIST
MAYLE
RAJPOOT
8LUDMAN
BURROWS
DODELSON
MAMEDOV

(UCI,

' Gandhi, Turner
~Frieman, Turner

23 767.
+Chen, Doe, Hausammann (UCI, LANE. UMD)
+Frosch, Herter, Janousch, Kettle (VILL)

Dorenbosch, Udo, Allaby, Amaldi+. (CHARM Collab. )
+ Malaney (UCSD}
)-Burrows {ARIZ}
-I-Talaga, Allen, Chen+ (LAMPF E225 Collab. )
t-Ng (AST)

(SPIFT)
(BNL, BROW, HIRO, KEK, OSAK, PENN, STON)

+Burrows (ARIZ)
) Gandhi, Burrows (ARIZ)
+Masso (BARC, CERN)
+Talaga, Allen, Chen-, (LAMPF E225 Collab. )

(MPIM)
+Vestrand, Reppin (UNH, MPIM)

Dorenbosch, Udo, Allaby, Arnaldi+ (CHARM Collab. )
+Gandhi, Lattimer {ANIK, STON)
+Turner (CHIC, FNA L)
+Dearborn, Silk (UCB, LLL}
+Lim, Yoshimura (KEK)

Von Feilitzsch, Oberauer (MUNT)
(BNL, BROW, HIRO, KEK, OSAK, PENN, STON)

+Yazaki {KYQTY, TOKY}
+Rephaeli {TELA)
+Nakada, Beer, (ETH, FRIB)
+Daum, Eaton, Frosch, Jost, Kettle+ (SIN)

Wohl, Cain, Rittenberg+ {LBL, CIT, CERN)
+Boecklin, Hofer, Kottmann+ (ETH, SIN)
+Burman+ (LASL. YALE, MIT, SACL, SIN+)
+Feldm an (JHU)
y Bowyer, Jakobsen (UCB}

(CQLU)
(UCSB, CHIC)
(MIT, HARV}

(STON)
{YALE, COLU, JHU)

(NASA)
(SIN)

{SIN, ETH)
(SIN)

ALLEN
DAUM
DORENBOS. „

FULLER
GANDHI
KRAKAUER
LAM
NATALE
AHRENS
GANDHI

Also
GRIFOLS
KRAKAUER
RAFFELT
CHUPP
DORENBOS. . .
GAEMERS
KOLB
RAFFELT
HATSUDA
VONFEILIT. ..
ABE
FUKUGITA
NUSSINOV
JECKELMANN
ABELA
PDG
ANDERHUB
FRANK
HENRY
KIMBLE
LYNN
REPHAELI
DERUJULA
FU JIKAWA
LU
STECKER
DAUM

Also
Also

+Szalay
+Glashow
+Shrock
+Delker, Dugan, Wu, Caffrey+

+Eaton, Frosch, Hirschmann+
Daum, Dubal, Eaton. Frosch+
Daum, Eaton, Frosch, Hirschmann-

a 4 ce We do not use the following data for averages, fits, limits, etc. ~ a

x 10 95 28 DORENBOS. .. 91 CHRM v e ~ v e
Ig

&2 x 10 95 9 RAFFELT 90 ASTR Red giant luminosity

&1 x 10 RAFFELT 898 ASTR Cooling helium stars
&1.1 x 10 FUKUGITA 87 ASTR Cooling helium stars

&6 x 10 4 NUSSINOV 87 ASTR Cosmic EM backgrounds

4 x 10 11 LYNN 81 ASTR
(8.5 x 10 1 BEG ?8 ASTR Stellar plasrnons

(8.1 x 10 33 KIM 74 RVUE v e-- v e
Iz

(1 x 10 10 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
and v e elastic scattering and assume p, (v ) = Ig(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.

31lf m ( 10 keV.
v2

For mv =- 8-200 eV. NUSSINOV 87 examines transition magnetic moments for v&--
v2

v andobtain & 3x 10 form ) 16eVand & 6x10 form & 4eV.e v2 V2

KIM 74 is a theoretical analysis of v„reaction data.
34 If m & 1 keV.

v2
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V~, V~

KALBFLEISCH
BEG
BLIETSCHAU
BARNES
LEE
ALSPECTOR
BELLOTTI
CLARK
KIM
BERNSTEIN

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 PR 132 1227

+Baggett, Fowler+
+Marciano, Ruderman
+Deden, Hasert, Krenz+
+Carmony, Dauwe, Fernandez+
+Shrock
+ (BNL,
+Cavalli, Fiorini, Rollier
+EliofF, Frisch, Johnson, Kerth,
+Mather, Okubo
+Ruderman, Feinberg

(FNAL, PURD, BELL)
(ROCK, COLU)

(Gargamelle Collab. )
(PURD, ANL)

(STON)
PURD, CIT, FNAL, ROCK)

(MILA)
Shen+ (LBL)

(ROCH)
(NYU, COLU)

Existence indirectly established from T decay data combined with

v reaction data. See for example FELDMAN S1. 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.

v~ MASS

Applies to v3, the primary mass eigenstate in v~. Would also apply to any
other v~ which mixes strongly in v~ and has sufficiently sinall mass that
it can occur in the respective decays. (This would be nontrivial only for a
hypothetical j & 4, given the ve and u& mass limits above. ) See also the
Listings in the Neutrino Bounds from Astrophysics and Cosmology section.

VALUE fMeV) CL 5 EVTS DOCUMENT ID TECN COMMENT

g 31 95 19 1 Ai. BRECHT 92M ARG Ec = 9.4-10.6 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 75 95 tBALEST93 CLEO E e = 10.6 GeV

& 32.6 95 113 CiNABRO 93 CLED Ec 10.6 GeV

& 0.3or&35 DOLGOV 93 COSM Nucleosynthesis
0.74 5 ENQVIST 93 COSM Nucleosynthesis
0.003 MAYI E 93 ASTR SN 1987A cooling

& 0.025&.030 718 BURROWS 92 ASTR SN 1987A cooling
0.3 9 FULLER 91 COSM Nucleosynthesis

& 0.5 or & 25 KOLB 91 COSM Nucleosynthesis
0.42 9 LAM 91 COSM Nucleosynthesis

& 0.028M). 15 11 NATALE 91 ASTR SN 1987A
0.028 GANDHI 90 ASTR SN 1987A

& 0.014 or & 34 GRIFOLS 90B ASTR SN 1987A
0.06 7&13 GAEMERS 89 SN 1987A

& 35 95 12 14 ALBRECHT 88B ARG Rept. by AL-
BRECHT 92M

& 76 95 13 15 ABACHI 87 HRS Ec~m= 29 GeV

& 85 95 16 CSORNA 87B CLEO Eee = 10-11 GeV

& 84 95 10 17 ABACHI 86 HRS Rept. by ABACHI 87
& 70 95 102 ALBRECHT 85I ARG E = 10 GeV

&125 95 3 BURCHAT 85 MRK2 Ec = 29 GeV

&143 95 22 MATTEUZZI 85 MRK2 E = 29 GeV

&157 95 4 MILLS 85 DLCO Ecm= 29 GeV

&250 95 22 BLOCKER 82D MRK2 Ecee —5.2 GeV

&250 95 594 23 2 BACINO 79B DLCO Eceem= 3.5-7.4 GeV

ALBRECHT 92M reports measurement of a slightly lower r mass, which has the efFect

of reducing the vr mass reported in ALBRECHT 888. Bound is from analysis of r
3x 2x vz mode.

BALEST 93 derive limit by comparing their m~ measurement (which depends on m„)T
to BAI 92 and BACINO 78B m~ threshold measurements.

CiNABRO 93 bound comes from analysis of r ~ 3n 2rr+vr and

2~ ~+2~ v~ decay modes.
4DOLGOV 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 therrnafized 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.

6MAYLE 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.

7There would be an increased SN 1987A cooling rate if Dirac neutrino mass is included;

this does not apply for Majorana neutrtnos. Limit is on m2 +m v, and error
p 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.
BURROWS 92 limit for Dirac neutrinos only. t
Assumes neutrino lifetime &1s. For Dirac neutrinos. See also ENQVIST 93.

srg (MEAN LIFE) / MASS

These limits often apply to v& (v2) also.

VALUE (s/ev) DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.8 x 1015 2526 BI UDMAN 92 ASTR mv & 50 eV

10 12 or & 5 x 104 DODELSON 92 ASTR m„=1-300keV
28 GRANEK 91 COSM Decaying L

WALKER 90 ASTR m„=0.03 — 2 MeV

&6.3 x 1015 CHUPP 89 ASTR m„&20 eV

&1.7 x 1015 KOLB 89 ASTR m„&20 eV
TERASAWA 88 COSM m = 30-70 MeV

KAWASAKI 86 COSM m„&10MeV
3 LINDLEY 85 COSM m„&10 MeV

BINETRUY 84 COSM m„1MeV

SARKAR 84 COSM m„=10-100 MeV

HENRY 81 ASTR m„=16-20 eV
KIMBLE 81 ASTR m„=10-10G eV
REPHAELI 81 ASTR m„=30-150 eV
DERV JUI A 80 ASTR m„=10-100 eV

40 STECKER 80 ASTR m„=10-100 eV
41 DICUS 78 COSM m„=0.5-30 MeV

x 1p-11 42 FALK 78 ASTR m„&10MeV
43COWSIK 77 ASTR

BLUDMAN 92 sets additional limits by this method for higher mass ranges. Cosmological
limits are also obtained.

6 Nonobservatlon of V's in coincidence with v's from SN 1987A. Results should be divided

by the v„~pX branching ratio.

DODELSON 92 range is for wrong-helicity keV mass Dirac u's from the core of neutron
star in SN 1987A decaying to u's that would have interacted in KAM2 or IMB detectors.
GRANEK 91 considers heavy neutrino decays to pvL and 3uL, where m„&100keV.

Lifetime is calculated as a function of heavy neutrino mass, branching ratio into pvL,
and m

9WALKER 90 uses SN 1987A p flux limits after 289 days to find m~ & 1.1 x 10 eV s.
CHUPP 89 should be multiplied by a branching ratio (about 1) and a detection efficiency
(about 1j4), 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 radtative decay of neutrinos with 10 MeV&m„&1GeV unless v + 10 s.
LINDLEY 85 considers destruction of cosmologicatly-produced light elements, and finds

~ & 2 x 10 s for 10 MeV &m„&100MeV. See also LINDLEY 79.
34 BINETRUY 84 finds ~ & 108 s for neutrinos in a radiation-dominated universe.

SARKAR 84 finds ~ & 20s at mv=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 froin clusters of galaxies to find 7 & 1.1 x 10 s for radiative
decay.
KIMBLE 81 uses extreme UV flux limits to find r & 10 -10 s
REPHAELI 81 consider v decay p effect on neutral H in early universe; based on M31
HI concludes ~ & 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 ~ & 4 x 10 s at m„=20
eV.

41DICUS 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.

43 COWSIK 77 considers varity of scenarios. For neutrinos produced in the big bang, present
limits on optical photon flux require v & 10 s for m„1eV. See also COWSIK 79
and GOLDMAN 79.

x 1p21

KOLB 91 exclusion region is for Dirac neutrino with lifetime &1s; other limits are given.
11NATALE 91 published result multiplied by ~8~4 at the advice of the author.

GRIFOLS 90B estimated error is a factor of 3.
tGAEMERS 89 published result (& 0.03) corrected via the GANDHI 91 erratum.

14ALBRECHT 88 bound comes from analysis of ~ ~ 5++v decay mode. Same data
reanalyzed with revised ~ mass in ALBRECHT 92M.
Bound comes from analysis of ~ ~ Sx (np) v decay mode in 13 decay events.

16CSORNA 87B also quote result as 31 + 25 + 20 MeV. Bound comes from analysis of
T 3~+ (rr ) v~ decay mode.

Bound comes from analysis of r ~ 5~+~ v~ decay mode (5 events) and to a lesser

extent from ~ ~ Sx+ v~ mode (5 events).

Bound comes from analysis of ~ ~ 3~+ v~ decay mode.

Bound comes from analysis of ~ ~ Sx+ (~ )v~ decay.

Bound comes from analysis of ~ ~ 3~+ ~ v~ decay mode.

Bound comes from analysis of r ~ K+ K+ x+ u~ decay mode.

Bound comes from analysis of 7 ~ n v~ decay mode.

Bound comes from analysis of leptonic decay spectrum.
BACINO 79B experiment rules out V+A decay, disfavors pure V or A, and is in good
agreement with V—A.
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~ 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 FU JIKAWA 80)
is pv = 3eGFmv/(Sx v 2) = (3.20 x 1.0 )muIga where mv is in eV
and pg ——eh/2me is the Bohr magneton. Given the upper bound m

v3
& 35 MeV, it follows that for the extended standard electroweak theory,

p(v3) & 1.1 x 10 p.g.

90

LIMIT ON v~ PRODUCTION IN BEAM DUMP EXPERIMENT

VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

DORENBOS. .. 88 CHRM
BOFIL L 87 C NTR
TALEBZADEH 87 BEBC

54 IJSHIDA 86C EMUL
ASRATYAN Sl HLBC

56 FRITZE 80 BEBC

51DORENBOSCH 88 is CERN SPS beam dump experiment with the CHARM detector.
v~+0~ 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.

54USHIDA 86C is a Fermilab wide-band vbeam with a hybrid emulsion spectrometer.
Mixing probabilities P(ve ~ v~) & 7.3% and P(v ~ v~) & 0.2% at 90% CL.

P
ASRATYAN 81 is a Fermilab wide-band abeam 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(ue ~ v~) &0.35 at CL = 90%.

p~ REFERENCES

+Daoudi, Ford, Johnson+
+Henderson, Kinoshita+
+Rothstein
+Uibo
+Schramm, Turner, Wilson

BALEST
CINABRO
DOLGOV
ENQVIST
MAYLE
RA JPOOT
ALBRECHT
ALBRECHT
BAI
BLUDMAN
BURROWS
COOPER-. ..
DODELSON
KAWANO
DESHPANDE
FULLER
GANDHI
GRANEK
KOLB
LAM
NATALE
GANDHI

Also
GRIFOLS
RAFFELT
WALKER
CHUPP
GAEMERS
KOLB
RAFFELT
ALBRECHT
ALBRECHT
DORENBOS. ..
GROTCH
TERASAWA
ABACHI

93 PR D4T R36?1
93 PRL 70 3700
93 PRL 71 476
93 PL 8301 376
93 PL 8317 119
93 MPL A8 1179
92M PL 8292 221
92Q ZPHY C56 339
92 PRL 69 3021
92 PR D45 4720
92 PRL 68 3834
92 PL 8280 153
92 PRL 68 2572
92 PL 8275 487
91 PR D43 943
91 PR D43 3136
91 PL 8261 519E
91 IJMP A6 2387
91 PRL 67 533
91 PR D44 3345
91 PL 8258 227
90 PL 8246 149
91 PL 8261 519E
908 PL 8242 77
90 PRL 64 2856
90 PR D41 689
89 PRL 62 505
89 PR D40 309
89 PRL 62 509
898 APJ 336 61
88 PL 8207 349
888 PL 8202 149
88 ZPHY C40 497
88 ZPHY C39 553
SS NP 8302 697
87 PR D35 2S80

{CLEO Collab. )
{Cl EO Collab. )

(MICH)
(NORD)

(LLNL, CHIC)
(CSULB)

(ARGUS Collab. )
(ARGUS Collab;)

(BES Collab. )
(CFPA)

(ARIZ, CHIC)
C WA66 Collab. )

(FNAL. CHIC)
SD, LLL, RUTG)

(OREG, TATA)
(UCSD)
(ARIZ)

(ME LB)
(FNAL, CHIC)

(AST)
(SPIFT)

(ARIZ)
(ARIZ)

(BARC, CERN)
(MPIM)
(HARV)

(UNH, MPIM)
{ANIK, STON)
(CHIC. FNAL)

(UCB, LLL)
(ARGUS Collab. )
(ARGUS Collab. )

(CHARM Collab. )
(PSU)

(TOKY)
(HRS Coliab. )

+Ehrlichmann, Hamacher, Hofmann+
+Ehrlichmann, Hamacher+
+Bafdon, Becker-Szendy, Burnett+

+Gandhi, Turner
Cooper-Safkar, Sarkar, Guy, Venus+(BEB

+Frieman, Turner
+Fullef, Malaney, Savage (CIT, UC
+Sarma
+Malaney

(erratum/Burrows
+McKellaf
+Turner, Chakravofty, Schrarnm
+Ng

+Burrows
(erratum) Gandhi, Burrows

+Masso

+Vestrand, Reppin
+Gandhi, Lattimer
+Turner
+Dearborn, Silk
+Binder, Boeckmann+
+Binder, Boeckmann+

Dorenbosch, Allaby, Amaldi, Barbiellini+
+Robinett
+Kawasaki, Sato
+Baringef, Bylsma, DeBonte+

VALUE (prr) CL% DOCUMENT ID TECN COMMEN T

g5.4x 10 7
t90COOPER-. .. 92 BEBC v~ e v~ e

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 10-8 4S KAWANO 92 ASTR Primodial 4He abun-
dance

&5.6 x 10 90 DESHPANDE 91 RVUE e+ e ~ v v y
x 10-12 95 46 RAFFELT 90 ASTR Red giant luminosity

&1 x 10 RAFFELT 898 ASTR Cooling helium stars
&4. x 1Q 6 GROTCH 88 RVUE e+ e ~ v vp

x 10—11 7 49 FUKUGITA 87 ASTR Cooling helium stars
6 x1Q 1 NUSSINOV 87 ASTR Cosmic EM backgrounds

&8.5 x 10—11 49 BEG 78 ASTR Stellar plasm ons

COOPER-SARKAR 92 assume fD /fe = 2 and DsDs pro, duction cross section =
5

2.6 pb to calculate v~ flux.

KAWANO 92 lower limit is that needed to circumvent He production if m is between
VT-

5 and 30 MeV/c .
RAFFELT 90 limit valid if m„&5 keV. It 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.
GROTCH 88 combined data from MAC, ASP, CELLO, and Mark J.

49 lf m & 10 keV.v3
50 For mv = 8—200 eV. NUSSINOV 87 examines transition magnetic moments for v

V3

v andobtain & 3x10 form &16eVand & 6x10 form ) 4eV,e v3 v3

BOF IL L

CSORNA
FUKUGITA
NUSSINOV
TALEBZADEH
ABACHI
KAWASAKI

USHIDA
ALBRECHT
BURCHAT
LINDLEY
MATTEUZZI
MILLS
BINETRUY
SARKAR
BLOCKER
ASRATYAN
FELDMAN

Santa Cfuz
HENRY
KIMBLE
REPHAELI
DERUJULA
FRITZE
FU JIKAWA
STECKER
BACINO
COWSIK
GOLDMAN
LINDLEY
BACINO
BEG
DICUS
FALK
COWSIK
DICUS

81 PR D36 3309
87B PR D35 2747
87 PR D36 3817
87 PR D36 2278
87 NP 8291 503
86 PRL 56 1039
86 PL 81TS 71
86C PRL 57 2897
85I PL 1638 404
85 PRL 54 2489
85 APJ 294 1

85 PR D32 800
85 PRL 54 624
84 PL 1348 114
84 PL 1488 347
82D PL 1098 119
81 PL 1058 301
81 5LAC-P U B-2839
APS.
81 PRL 47 618
81 PRL 46 SP
81 PL 1068 73
80 PRL 45 942
80 PL 968 421
80 PRL 45 963
80 PRL 45 1460
798 PRL 42 749
79 PR D19 2219
79 PR D19 2215
79 MNRAS 188 15P
788 PRL 41 13
78 PR D17 1395
78 PR D17 1529
78 PL 79B 511
77 PRL 39 184
77 PRL 39 168

+Busza, Eldridge+
+Mestayef, Panvini, Wofd+
+Yazaki
+Rephaeii
+Guy, Venus+
+Akerlof, Baringef, Beltfami+
+Terasawa, Sato
+Kondo, Tasaka, Park, Song+
+Binder, Drescher, Schubert+
+Schmidke, Yelton, Abrams+

+Bark low+
+Pal, Atwood, Baillon+
+Girardi, Salati
+Cooper
+Dorfan, Abrams, Alam+
+Efremenko, Fedotov+

(MIT, FNAL, MSU)
(CLEO Collab. )

(KYOTY, TOKY)
{TELA)

{BEBCWA66 Collab. )
{HRS Collab. )

(TOKY)
(FNAL E531 Collab. )

{ARGUS Collab. )
(Mark II Collab. }

(FMAL)
(Mark II Collab, )
(DELCO Collab. )

(LAPP)
(OXF, CERN)

(Mark II Collab. )
(ITEP, FNAL, SERP, MICH}

(SLAC, STAN)

+Feldrnan
+ Bowyer, Jakobsen
+Szalay
+Glashow

(AACH3, BONN,
I-Shrock

+ Ferguson, Nodulman, Slater+

+Stephenson

-t. Ferguson, Nodulman, Slater+
+Marciano, Ruderman
+Kolb, Teplitz, Wagoner
+Schfamm

I-Kolb, Teplitz

( JHU/'

(UCB)
(UCSB, CHIC)
(MIT, HARV)

CERN, LOIC, OXF, SACL}
(STON}
(NASA)

(DELCO Collab. }
(TATA}
(LASL}
(sUss}

(DELCO Coilab. }
(ROC K. COL U }

(TEXA, VPI, STAN)
(CHIC}

(MPIM, TATA)
(TFXA, VPII

OTHER RELATED PAPERS

WEINSTEIN 93 ARNPS 43 451 +Stroynowski (CIT, SMU)

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, 1 u =
931.49432 + 0.00028 MeV, involves the relatively poorly known electronic
charge.

VAL UE (MeV) DOCUMEN T ID TECN COMMENT

0.51099906+0.00000015 1 COHEN 87 RVUE 1986 CODATA value

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

0.5110034 60.0000014 COHEN 73 RVUE 1973 CODATA value

1 The mass is known much more precisely in u: m = (5.48579903 + 0.00000013) x 10 u.

(m + m —) / maverage

A test of CPT invariance.

VAL UE

(4x 10
CLN

90

DOCUMENT ID

CHU

TECN COM MEN T

84 CNTR Positronium spec-
troscopy

ltr, + + tr,-[/8
A test of CPT invariance. See also similar tests involving the proton.

e MAGNETIC MOMENT ANOMALY

fselfs8 —~ = (s-z)/z
For the most accurate theoretical calculation, see KINOSHITA 81.

Some older results have been omitted.

VALUE (units 10 )

1159.652193 +0.000010
DOCUMEN T ID TECN CHG COMMEN T

4 COHEN 87 RVUE 1986 CODATA
value

data for averages, fits, limits, etc. ~ ~ o

VANDYCK 87 MRS — Single electron
VANDYCK 87 MRS + Single positron
VANDYCK 86 MRS — Single electro~
SCHWINBERG 81 MRS + Single positron

the g/2 values for e+ and e are equal, as required by

o ~ ~ We do not use the following

1159.65218S440.0000043
1159.6521879+0.0000043
1159.652200 +0.000040
1159.652222 +0.000050

The COHEN 87 value assumes
CPT.

VAL UE DOCUMENT ID TECN COMMENT

& 4x10-8
IHUGHES92 RVUE

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ o

10 1S MUELLER 92 THEO Vacuum polarization

HUGHES 92 uses recent measurements of Rydberg-energy and cyciotron-frequency ra-
tios.

3 MUELLER 92 argues that an inequality of the charge magnitudes would, through higher-
order vacuum polarization, contribute to the net charge of atoms.
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e,

(I~ —S )/a me

A test of CPT invariance.

VALUE(units 10 12) CL /I'8 DOCUMENT ID TECN COMMENT

—0.5+ 2.1 5 VANDYCK 87 MRS Penning trap
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

12 95 6 VASSERMAN 87 CNTR Assumes m +
—me+ e-

22 +64 SCHWINBERG 81 MRS Penning trap

5VANDYCK 87 measured (g /g+)-1 and we converted it.

VASSERMAN 87 measured (g+ —g )/(g-2). We multiplied by (g-2)/g = l..2 x

10

e ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance.

VALUE (10 ecm) CL 5 DOCUMENT ID

0.27+ 0.8$ 7 ABDULLAH 90
~ ~ ~ We do not use the following data for averages, fits,

14 + 24 CHO 89
1.5 6 5.5 4 1.5 MURTHY 89

50 k 110 LAMOREAUX 87
190 +340 90 SANDA RS 75
70 k 220 90 PLAYER 70

300 90 WEISSKOPF 68

ABDULLAH 90 uses the relativistic enhancement of a
moment in a high-Z atom.

TECN COMMENT

MRS TI beams
limits, etc. ~ ~ ~

NMR Tl F molecules

Cesium, no B field

NMR 99Hg
MRS Thallium

MRS Xenon
MRS Cesium

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 Princlplese following this section in our 1992
edition (Physical Review 046, 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 ~ v7 is much better.

Note that we use the mean life rather than what is often reported, the
half life.

e REFERENCES

93 ~ PL 8298 278 +Beck, Belyaev, Bensch+ (KIAE, MPIH, SASSO)
92 PRL 69 578 +Deutch (LANL, AARH)
92 PRL 69 3432 +Thoma (DUKE)
92 PR D45, 1 June, Part II Hikasa, Barnett, Stone+ {KEK, LBL, BOST+)
91 PL 8255 143 +Treichel, Boehm, Broggini+ (NEUC, CIT, VILL)
90 PRL 65 2347 +Cartberg, Commins, Gould, Ross {LBL, UCB)
89 PRL 63 2559 +Sangster, Hinds (YALE)
89 PRL 63 965 +Krause, Li, Hunter (AMHT)
87 RMP 59 1121 +Taylor (RISC, NBS)
87 PRL 59 2275 +Jacobs, Heckel, Raab, Fortson (WASH)
87 PRL 59 26 Van Dyck, Schwinberg, Dehrnelt (WASH)
87 PL 8198 302 +Vorobyov, Gluskin+ (Novo)
878 PL 8187 172 Vasserman, Vorobyov, Gluskin+ (Novo)
86 PR D34 97 +Brodzinski, Hensley, Miley, Reeves+ (PNL. SCUC)
86 PR D34 722 Van Dyck, Schwinberg, Dehmelt (WASH)
85 PRL 54 2457 +Yoshimura {TOKY, KEK)
84 PRL 52 1689 +Mills, Hall (BELL, NBS, COLO)
838 PL 1248 435 +Corti, Fiorini, Liguori, Pullia+ (MILA)
81 PRL 47 1573 +Linddluist (CORN)
81 PRL 47 1679 +Van Dyck, Dehmelt (WASH)
79 JETPL 29 145 +Pomansky. Smolnikov (INRM)

Translated from ZETFP 29 163.
75 PR A11 473 +Sternheimer (OXF, BNL)
75 PR D12 2582 +Kwiatkowski, Maenhaut+ (UMD)
73 JPCRD 2 663 +Taylor (RISC, NBS)
70 JPB 3 1620 +Sandars (oxF)
68 PRL 21 1645 +Carrico. Gould, LII3worth+ (BRAN)
65 PR 1408 992 +Reines (CASE)

BALYSH
HUGHES
MUELLER
PDG
REUSSER
ABDULLAH
CHO
MURTHY
COHEN
LAMOREAUX
VANDYCK
VASSERMAN

Also
AVIGNONE
VANDYCK
ORITO
CHU
BELLOTTI
K INOSHITA
SCHWINBERG
KOVA LCHUK

SANDARS
STEINBERG
COHEN
PLAYER
WEISSKOPF
MOE

VALUE (yr) CL 5 DOCUMEN T ID TECN COMMEN T

&2.7 x 10 68 REUSSER 91 CNTR Ge K-shell disappearance
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)2.35 x 10 68 BALYSH 93 CNTR e ~ ve p, Ge detector

&1.5 x 10 68 AVIGNONE 86 CNTR e ~ v7
&1 x 1039 ORITO 85 ASTR Astrophysical argument

&3 x 10 68 BELLOTTI 838 CNTR e ~ v7
&2 x 10 68 BELLOTTI 838 CNTR Ge K-shell disappearance

&3.5 x 10 68 KOVALCHUK 79 CNTR e ~ v7
&2 x 10 68 KOVALCHUK 79 CNTR Disappearance

x 1p21 9 STEINBERG 75 CNTR Disappearance
x 1p21 9,10 MOE 65 CNTR Disappearance

&4 x 1022 MOE 65 CNTR e ~ v7
ORITO 85 assumes that electromagnetic forces extend out to large enough distances and

that the age of our galaxy is 10 years.
9 These limits are for all modes In which decay particles escape from the detector without

depositing energy.
The MOE 65 limit is re-estimated by STEINBERG 75 to be 10 years.

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, 1u =
931.49432 + 0.00028 MeV, involves the relatively poorly known electronic
charge.

Where m /me was measured, we have used the 1986 CODATA value for

me = 0. 1099906 d: 0.00000015 MeV.

VAL UE (MeV) DOCUMENT ID TECN CHG COMMENT

1 COHEN 87 RVUE 1986 CODATA
value

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

105.65841 +0.00033 BELTRAMI 86 SPEC — Muonic atoms
105.658432 +0.000064 3 KLEMPT 82 CNTR + Incl. in

MARIAM 82
105.658386+0.000044 4 MARIAM 82 CNTR +
105.65856 +0.00015 CASPERSON 77 CNTR +
105.65836 +0.00026 6 CROWE 72 CNTR
105.65865 60,00044 7 CRANE 71 CNTR

1 The mass Is known more precisely in u: m = 0.1134289136 0.000000017 u. COHEN 87
makes use of the other entries below.

2 BELTRAMI 86 gives m&/me —206.76830(64).
3KLEMPT 82 gives m /me —206.76835(11).

MARIAM 82 gives m&/me
—206.768259(62).

5 CASPERSON 77 gives m&/me = 206.76859(29).
6 CROWE 72 gives m&/me —206 7682(5)

CRANE 71 gives m&/me ——206.76878(&5).

y MEAN LIFE r
Measurements with an error & 0.001 x 10 s have been omitted.

VALUE (10-6 s)

2.1vrui +0.00001 OUR AVERAGE

2.197078+0.000073
2.197025+0.000155
2.19695 +0.00006
2.19711 +0.00008
2.1973 +0.0003

DOCUMENT ID TECN CHG

BARDIN 84 CNTR +
BARDIN 84 CNTR
GIOVANETTI 84 CNTR +
BALANDIN 74 CNTR +
DUCLOS 73 CNTR +

T +/s„MEAN LIFE RATIO

A test of CPT invariance.

DOCUMENT ID TECN COMMENT

BARDIN 84 CNTR
data for averages, fits, limits, etc. ~ ~ ~

BAILEY 79 CNTR Storage ring

MEYER 63 CNTR Mean life Is+/ p

VALUE

1.wu&e4+0. 00007$
~ ~ ~ We do not use the following

1.0008 60.0010
1.000 +0.001

(~„+—~„-)/ ~~age
A test of CPT invariance. Calculated from the mean-life ratio, above.

VAL UE DOCUMENT ID

(2+I) x 10 I OUR EVALUATION

p MAGNETIC MOMENT ANOMALY

fs„/(eli/2m„)-1= (g„—2)/2
For reviews of theory and experiments, see HUGHES 85, KINOSHITA 84, COMB-
LEY 81, FARLEY 79, and CALMET 77.

VALUE (units 10 ) DOCUMENT ID TECN CHG COMMENT

1165.9230+OAXN1 COHEN 87 RVUE 1986 CODATA
value

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1165.910 +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 BAILEY 77 CNTR 6 Storage ring

1166.16 +0.31 BAILEY 68 CNTR j Storage rings
1162.0 65.0 CHARPAK 62 CNTR +

BAILEY 79 is final result. Includes BAILEY 77 data. We use I5/p magnetic moment
ratio = 3.1833452 and recalculate the BAILEY 79 values. Third BAILEY 79 result is
first two combined.
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(fv+ gv ) / gaveraaa

A test of CPT invariance.
VALUE (units 10 )
-2.6+1.6

DOCUMENT ID

BAILEY 79

gc ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance.

VALUE (10 ~ ecin) DOCUMENT ID TECN CHG COMMEN T

3.7+SA 9 BAILEY 78 CNTR + Storage ring
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

8.6+4.5 BAILEY 78 CNTR + Storage rings
0.8+4.3 BAILEY 78 CNTR — Storage rings

This is the combination of the two BAILEY 78 results given below.

I (e vevv)/I total
Forbidden by the additive conservation law for lepton family number. A multiplicative
law predicts this branching ratio to be 1i2. For a review see NEMETHY 81.

VALUE CL% DOCUMENT ID TECN CHG COMMEN T

C 0.012 90 FREEDMAN 93 CNTR + v oscillation
search

e o o We do not use the following data for averages, fits, limits, etc. ~ ~ e

0.018 90 KRAKAUER 91B CALO

0.05 90 BERGSMA 83 CALO I.: e — ~ p I e
0,09 90 JONKER 80 CALO See BERGSMA 83

—0.001+0.061 WILLIS 80 CNTR +
0.13 +0.15 BLIETSCHAU 78 HLBC + Avg. of 4 values
0.25 90 EICHTEN 73 HLBC +
BERGSMA 83 gives a limit on the inverse muon decay cross-section ratio o(t e '

P t e)jism(v&e ~ P, t e), which is essentially equivalent to I (e t ei )/I total f«
small values like that quoted.

fs/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.

VALUE DOCUMEN T ID TECN CHG COMMENT

3.1+'~~547+0.001047 COHEN 87 RVUE 1986 CODATA
value

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

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

value
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 alone.

p DECAY MODES

p, + modes are charge conjugates of the modes below.

r(e v)/riot i
Forbidden by lepton family number conservation.

VALUE(units 10 1 ) CL% DOCUMEN T ID TECN

4.9 90 BOLTON 88 CBOX
e ~ ~ We do not use the following data for averages, fits, limits,

(100 90 AZUELOS 83 CNTR
& 17 90 K INNISON 82 SPEC
(100 90 SCHAA F 80 EL EC

I (e e e )/I terai

CHG COMMEN T

+
etc. ~

LAMPF

TRIIJMF
LAMPF
SIN

COMMENT

SINDRUM
~ ~

ARES
LAMPF
SINDRUM
SINDRUM
LAMPF

Forbidden by lepton family number conservation.
VALUE (units 10-12) CL% DOCUMEN T ID TECN CHG

1.0 90 16 BELLGARDT 88 SPEC +
e e ~ We do not use the following data for averages, fits, limits, etc. ~

36 90 BARANOV 91 SPEC +
& 35 90 BOLTON 88 CBOX +

2.4 9p 6 BERTL 85 SPEC +
(160 90 16 BERTL 84 SPEC
&130 90 16 BOLTON 84 CNTR

These experiments assume a constant matrix element.

I (e 27)/(terai

I a/I'

l1
l2
l3

f4
I5
r6
l7

Mode

e vev«
e ve vpp

e v, v„e+e

e vev&
e
e e+e
e 2g

Lepton Family number

LF

LF
LF
LF

Fraction (I;iI )

100%

[aJ (1.4 +0.4) %

[b) (3.4+0.4) x 10

(LF) violating modes

fc) & 1.2

x 1P-ll
( 10 x 10-12

x 1p
—11

Confidence level

90o/o

90%
90%
90%

Forbidden by lepton family number conservation.

VALUE(units 10 11) CL 4A DOCUMENT ID TECN CHG COMMEN T

7.2 90 BOLTON SS CBOX + LAMPF
~ o o We do not use the following data for averages, fits, limits, etc. o ~ ~

& 840 90 7 AZUELOS 83 CNTR + TRIUMF
&5000 90 BOWMAN 78 CNTR DEPOMMIER 77

data
"AZUELOS 83 uses the phase space distribution of BOWMAN 78.

BOWMAN 78 assumes an interaction Lagrangian local on the scale of the inverse p,
mass.

LIMIT ON p ~ e CONVERSION

[a) This only includes events with the & 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 Full Listings below for the energy limits used in this measurement.

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

BRANCHING RATIOS

Forbidden by lepton family number conservation.

rr{fs ms ~ e mS) / rr(ra ~S ~ v„~p')
VAL UE CL% DOCUMENT ID TECN

C7 x 10-11 90 BADERT. .. 80 STRC
~ ~ ~ We do not use the following data for averages, fits, limits,

&4 x10 90 BADERT. .. 77 STRC

COMMEN T

SIN

etc. ~ e ~

r(e trevv'y)/rtotai
EVTSVAL UE

0.014 +0.004
~ ~ ~ We do not use the following

862
0.0033+0.0013

27

DOCUMENT ID TECN COMMENT

CRITTENDEN 61 CNTR p KE & 10 MeV
data for averages, fits, limits, etc. ~ ~ ~

BOGART 67 CNTR p KE ) 14.5 MeV
CRITTENDEN 61 CNTR p KE ) 20 MeV
ASHKIN 59 CNTR

I (e pev„e+e )/I terai r3gr
VALUE (units 10 S) EVTS DOCUMENT ID TECN CHG COMMEN T

3.4+0.2+0.3 7443 11 BERTL 85 SPEC + SINDRUM
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.2 + 1.5 7 12 CRITTENDEN 61 HLBC + E(e+ e )~10
MeV

2 13 GUREVICH 60 EMUL +
1.5 + 1.0 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.

a{is Cu ~ e Cu) / rr(fr Cu ~ capture)
VAL UE CL ee DOCUMENT ID TECN

e ~ e We do not use the following data for averages, fits, limits, etc. o ~ ~

&1.6 x 10—8 90 BRYMAN 72 SPEC

cr(fs Tl ~ e TI) / rr(fr Tl ~ capture)
VAL UE CL%e DOCUMENT ID TECN COMMENT

&4.3 x 10-12 90 DOHMEN 93 SPEC SINDRUM I I

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

&4.6 x 10—12 90 AHMAD 88 TPC TRIUMF
&1.6 x 10—11 90 BRYMAN 85 TPC TRIUMF

DOHMEN 93 assumes p ~ e conversion leaves the nucleus in its ground state, a
process enhanced by coherence and expected to dominate.

rr(rs Pb ~ e Pb) / v(rs Pb -+ capture)
VALUE CL% DOCUMENT ID TECN COMMENT

~ ~ a We do not use the following data for averages, fits. limits, etc. ~ ~ ~

4 9 x 10-10 90 AHMAD 88 TPC TRIUMF
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LIMIT ON p ~ e+ CONVERSION

Forbidden by total lepton number conservation.

tr(rs ~S -s e+~Sie) / rr(rs ~S -r v&~p')
VAL UE CL% DOCUMENT ID TECN COMMENT

&9 x 10 10 90 BADERT. ~ ~ 80 STRC SIN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.5 x 10 90 BADERT... 78 STRC SIN

tr(ra tari ~ a+tarsbe) / Sr(ra
3 ri ~ arrytirirrg)

VAL UE CL% DOCUMENT ID TECN COMMENT

&I x 10 10 90 ABELA 80 CNTR Radiochemical tech.

ABELA 80 is upper limit for p, e+ conversion leading to particle-stable states of 7Sb.
Limit for total conversion rate is higher by a factor less than 4 (G. Backenstoss, private
communication).

is{ra Cu ~ e+Co) / tr(rs Cu s v„Ni)
VAL UE CL 0% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.6 x 10 8 90 BRYMAN 72 SPEC
&2.2 x 10 90 CONFORTO 62 OSPK

fr{is Tl ~ e+Ca) / tr(rs Tl ~ capture)
VAL UE CL% DOCUMENT ID TECN COMMENT

&S.9 x 10-11
190

21 DOHMEN 93 SPEC SINDRUM II

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4.3 x 10—12 90 DOHMEN 93 SPEC SINDRUM II t
x 10—10 90 AHMAD 88 TPC TRIUMF

t This DOHMEN rrs limit assumes a giant resonance excitation of the daughter Ca nucleus
(mean energy and width both 20 MeV).
This DOHMEN r33 limit assumes the daughter Ca nucleus ls 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.

Rg ——Gc / GF
The effective Lagrangian for the p+ e ~ p, e+ conversion is assumed to be

GC (0„VP(1 —&5) tI'e] [@ VP (1 —&5) We] + h c

The experimental result is then an upper limit on Gc/GF, where GF is the Fermi

coupling constant.
VAL UE CL% DOCUMENT ID TECN COMMEN T

& 0.13 90 GORDEEV 93 SPEC JINR phasotron
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

6.9 90 NI 93 CBOX LAMPF
& 0.16 90 MATTHIAS 91 SPEC LAMPF
& 0.29 90 HUBER 90B 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

NOTE ON 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, v&+ 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 (v„p )f„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 mrrrc may be

parametrized in terms of amplitudes g,& and the Fermi coupling

constant GF, using the matrix element

g;„(~ Ii'I(.) )(( ) Ii' lr ).
T=S,V,T
e,y, =R,I

We use the notation of Fetscher et rsL [2], who in turn

use the sign conventions and definitions of Scheck [4]. Here

p = S, V, T indicate a scalar, vector, or tensor interaction; and

c, 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 Anal neutrinos are massless and are not observed.

The ten complex amplitudes g, fr (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 purely

scalar gLI ——2, gLL
——0. The decision in favor of V—A comes

from the quantitative observation of inverse muon decay, which

would be forbidden for pure g&r [2].
The differential decay probability to obtain an e+ with

(reduced) energy between z and x+ dz, emitted in the direc-

tion z at an angle between 8 and 8+ dtII with respect to the

muon polarization vector P&, and with its spin pointing in the

arbitrary direction (, is given by

dl m W4G
2

dx d cos8 4+3 '" F

x rrrs( )+ ns essa srrss(s))

x [1+P, (z, 8) (] .

Here W,fs
——maX(Ee) = (mg + mes)/2m& iS the maXimum e+

energy, x = Ee/IrVe& is the reduced energy, and zo = me/We& ——

9.67 x 10 3. 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, FfS(x), the anisotropic part, FgS(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, (7, (, b, etcsr

FfS(x) = x(1 —*)+ —,'p(4x' —3*—xo) + ~ »(I —x)

FgS(x) = —'( gzz —xzs

x I —*+—s 4* —s —
( r —*s —r))2 2

3

P, (z, 8) = PT, z + PT, tf + PI, z .
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Here x, y, and z are orthogonal unit vectors defined as follows: where

z is along the e momentum

y = [z x P&]/I[z x PJI~is transverse to the e momentum and

perpendicular to the "decay plane"

x = y x z is transverse to the e momentum and

in the "decay plane. "

The components of P, then are given by

Ps(*,S) = Pool 9F (*)2(Fcs(*)S. P„cosSFss(*)

PT; (x, 8) = P„sin8 FT, (z) Fig(x) + P„cos8 Fgs(z)

PL(x, 8) = +F1p(x) + P& cos 8

sFss(*) (Fcs(*)4-PccoosFss(*)

where

Fs(*)=co[—2 r +42(S —4) (4 s)so

—29(*' —*o) + 9"(
—2*' + 4* —*o))

/ I

FT(*) =- z —x, 3—(1 —x)+2— 1 —z
n 2

2 3 A

Fcs(*) = —' *' —*94[9(' —2*+2+ 2 —*4)54

+ 4((S -
) (4* —4+ 4 —*os )

Fss (*) = —,
' [("(2*'—*—*o) + 4(S —

—,')( *' —2* —*o)

+ 29"(4 —*)so) .

For the experimental values of the decay parameters p,

(, (', e', 6, rI, rI", a/A, P/A, cr'/A, P'/A, which sre not, all

independent, see the Data Listings below. Experiments in the

past have also been analyzed using the parameters a, b, c, a',
b', c', u/A, P/A, c2'/A, P'/A (and rl = (c2 —2P)/2A), as defined

by Kinoshita and Sirlin [8]. They serve as s model-independent

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

~ = (~ —2P)/A,

r/'= (3m+ 2P)/A,

3 9 (a' —2c')/A
4 4 1 —[a+ 3a'+ 4(b+ b') + 6c —14c']/A '

b [(b+ b') + 2(c —c')]/A

p 1 —(a —2c)/A

1 —(' = [(a + a') + 4(b + b') + 6(c + c')]/A,

1 —("= (—2a+ 20c)/A,

The relations to the coupling constants are:

a = 16(lgRLI'+ 19LRI') + I9RL+ 69RJ.I'+ ]9LR+ 69LRI'

a' = 16(lgRI, I ]9L~RI ) + I9RL+ 69RLI I9L~R+ 69LTRI

9RL(9LR + 69LR) + 9LR(9RL + 69RL)

9LR(9RL + 69RL) 9RL(9LR + 69LR)

b = 4(lgRRI'+ lgLLI') + 19RRI'+ 19LLI'

b = 4(lgRRI' —lgLLI') + lgRRI' —19LLI

9RR(gr L)' + 9LL(9')'

p = 4Im gRR(gLL) —gLL(gRR)

c = —,
'

lgRL 29RLI + IgLR 29LRI'

c' = —,
'

]9RL —2gRLI' —
I 9LR 2gLRI

If also the electron mass is neglected, the energy and angular

distribution of the electron in the rest frame of a polarized muon

(tu+) is given by the Michel spectrum:

d I' 3(1 —z) + —(4z —3)2 2p

p( cos8[1 —z+ —(4x —3)] z dzd(cos8) .2b 2

3

Here 8 is the angle between the electron momentum and the

muon spin, snd z = 2E,/m& For pure V—.A coupling, we obtain

p = (6 = 3/4, ( = 1, and the difFerential decay rate is

G' m5
d I' = "[3—2x + cos8(1 —2z)] z dxd(cos8) .

192+3

Here the coefficient in front of the square bracket is the total

decay rate.
In order to determine the amplitudes g~~& uniquely from

experiment, Fetscher et aL [2] introduced four probabilities

Q,&(e, )a = R, I) for the decay of a p-handed muon into an

c-handed electron and showed that there exist upper bounds

on QRR, QLR, and QRL, and a lower bound on QLL. These

probabilities are given in terms of the g,„'sby

Q. = 419'„I'+lg. I'+)3(1 —8.~)ln„l'

where 8,„=1 for e = )a and 6',„=0 for e g p. They are related

to the parameters a, b, c, a', b', and c' by

QRR = 2(b+ b')/A,

QLR = [(a —a') + 6(c —c')]/2A,

QRL = [(a + a') + 6(c + c')]/2A,

QLL = 2(b —b')/A,
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IgL, I.I' & 4(1 —~) (3)

and

Igl.i. l' = ~.
Thus the Standard Model assumption of a pure V—A lep-

tonic charged weak interaction for e and p is confirmed (within

errors) by experiments at energies far below the mass of the
W+: Eq. (4) gives a lower limit for U—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

Qtrg+QttL, = (1—(')/2 and Qtrp+Qtp =
2
(I+(/3 —16(h/9).

Table 1 gives the current experimental limits on the magnitudes

of the ge~„'s.

Table 1. Ninety-percent confidence level experimental limits
for the coupling constants g,&. The limits on [glori l

and [gl1 l
are

from Ref. 12, and the others are from Ref. 13. The experimental
uncertainty on the muon polarization in pion decay is included.

lggR[ & 0.066

Igi, ttl & 0»5

[ger. l
«424

lg,', l
& o.55

lg,„l& o.o6o

IgttRI = 0

lgi~„[& o.o36

I gttl, I
& 0.122

Limits on the "charge retention" coordinates, as used in the
older literature (e.g. , Ref. 14), are given by Burkard et aL [15].

References

1. L. Michel, Proc. Phys. Soc. A63, 514 (1950).
2. W. Fetscher, H.-J. Gerber, and K.F. Johnson, Phys. Lett.

B173, 102 (1986).
3. P. Langacker, Comm. Nucl. Part. Phys. 19, 1 (1989).
4. F. Scheck, in Leptons, Hadrons, and Nuclei (North Hol-

land, Amsterdam, 1983).
5. K. Mursula and F. Scheck, Nucl. Phys. B253, 189 (1985).
6. P. Langacker and D. London, Phys. Rev. D39, 266 (1989).
7. C. Jarlskog, Nucl. Phys. 75, 659 (1966).
8. T. Kinoshita and A. Sirlin, Phys. Rev. 108, 844 (1957).
9. A. Jodidio et al. , Phys. Rev. D34, 1967 (1986);

A. Jodidio et al. , Phys. Rev. D37, 237 (1988).
10. L.Ph. Roesch et al. , Helv. Phys. Acta 55, 74 (1982).
11. W. Fetscher, Phys. Lett. 140B, 117 (1984).
12. S.R. Mishra et al. , Phys. Lett. B252, 170 (1990);

S.R. Mishra, private communication;
See also D. Geiregat et al. , Phys. Lett. B247, 131 (1990).

13. B. Balke et al. , Phys. Rev. D37, 587 (1988).
14. S.E. Derenzo, Phys. Rev. 181, 1854 (1969).
15. H. Burkard et al. , Phys. Lett. 160B, 343 (1985).

with A = 16. In the pure U —A theory, QI,L, = 1 and the others

are zero.

Since the upper bounds on Qtttr, QL, It, and Qtti, 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 [11], the cross section S of inverse muon decay, normalized

to the U—A value, yields [2]

ga DECAY PARAMETERS

p PARAMETER
( V—A) theory predicts p = 0.75.

VALUE EVTS DOCUMENT ID TECN CHG COMMEN T

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 24 PEOPLES 66 ASPK + 20-53 MeV e+

g constrained = 0. These values incorporated into a two parameter fit to p and q by
DERENZO 69.

g PARAMETER
( V—A) theory predicts g = 0.

VAL UE EVTS TECN CHG COMMENT

-0.007+0.01$ OUR AVERAGE
—0.00760.013 5.3M BURKARD 858 FIT + 9-53 MeV e+
—0.12 +0.21 6346 DERENZO 69 HBC + 1.~.8 MeV

e+
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.012+0.015+0.003 5.3M BURKARD SSB CNTR + ~3 MeV e+
0.011+0.081+0.026 5.3M BURKARD 858 CNTR + 9-53 MeV c+

—0.7 +0.5 170k FRYBERGER 68 ASPK + 25-53 MeV e+
-0.7 +0.6 280k SHERWOOD 67 ASPK + 25-53 MeV e+

0.05 +0.5 800k PEOPLES 66 ASPK + 2~3 MeV e+
—20 +09 PLANO 60 HBC + Whole sp

trum

Nclents are given in

DOCUMENT ID

Global fit to all measured parameters. Correlation coe
BURKARD 858.

26 n = a' = O assumed.
p constrained = 0.75.
Two parameter fit to p and g, PLANO 60 discounts value for g.

6 PARAMETER
(V-A) theory predicts 6 = 0.75.

VALUE EVTS DOCUMEN T ID TECN CHG

O.i&6+0.0026+0.~ 29 BALK E 88 SPEC +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

30 VOSSLER 69
490k FRYBERGER 68 ASPK +

KRUGER 61
8354 PLANO 60 HBC +

0.752 +0.009
0.782 +0.031
0.78 +0.05

COMMENT

Surface It+'s

25-53 MeV e+

Whole spec-
trum

BALKE 88 uses p = 0.752 6 0.003.
VOSSLER 69 has measured the asymmetry below 10 MeV. See comments about radiative
corrections in VOSSLER 69.

Ig PARAMETER)x{p LONGITUDINAL POLARIZATION)l
(V—A) theory predicts ( = 1, longitudinal polarlzatlon = 1.

VAL UE EVTS DOCUMEN T ID TECN CHG COMMENT

1.0021+0.0079+OA$30 BELTRAMI 87 CNTR SIN, ~ decay in

flight
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.001360.003040.0053 Si IMAZATO 92 SPEC + K+ ~ P+V
0.975 +0.015 AKHMANOV 68 EMUL 140 kG

0.975 +0.030 66k GUREVICH 64 EMUL See AKHMA-
NOV 68

0.903 +0.027 ALI-ZADE 61 EMUL + 27 kG

0.93 +0.06 8354 Pl ANO 60 HBC + 8.8 kG

0.97 60.05 9k BARDON 59 CNTR 8rom oform
target

The corresponding 90% confidence limit from IMAZATO 92 is )(P (
& 0.990. This

measurement is of K+ decay, not x+ decay, so we do not include it in an average, nor
do we yet set up a separate data block for K results.
Depolarization by medium not known suNciently well.

I, x {p LONGITUDINAL POLARIZATION) x 6 / p
VALUE CL% DOCUMENT ID TECN CMG COMMEN T

&0..~ 90 JO DID IO 86 SPEC + TRIUMF
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.9966 90 34 STOKER 85 SPEC + p-spin rotation
&0.9959 90 CARR 83 SPEC + 11 kG

JODIDIO 86 includes data from CARR 83 and STOKER 85. The value here is from the
erratum.

4 STOKER 85 find ((P 6/p) &0.9955 and &0.9966, where the first limit is from new I4

spin-rotation data and the second is from combination with CARR 83 data. In V—A
theory, (6/p) = 1.0.

BURKARD 85 CNTR +
SCHWARTZ 67 OSPK
BLOOM 64 CNTR +
DUCLOS 64 CNTR +
BUHLER 63 CNTR

f' = LONGITUDINAL POLARIZATION OF c+
(V—A) theory predicts the longitudinal polarization = +1 for c+, respectively. We
have flipped the sign for e so our programs can average.

VAL UE EVTS DOCUMENT ID TECN CHG COMMENT

1.00 +O.lR OUR AVH4AGE

0.998+0.045 1M Bhabha + annihil

0.89 +0.28 29k Moiler scattering
0.94 +0.38 Brems. transmiss.
1.04 +0.18 Bhabha scattering
1.O5 +0.30 Annihilation
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g" PARAMETER
VALUE EVTS DOCUMEN T ID TECN CHG COMMEN T

0.65+0.36 326k BURKARD 85 CNTR + Bhabha + annihil

BURKARD 85 measure (g' -((')//g and (' and set ( = l.

TRANSVERSE e+ POLARIZATION IN PLANE OF gs SPIN, e+ MOMEN-
TUM
VALUE EVTS DOCUMENT ID TECN CHG COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ u

0.0l.6+0.021+0.01 5.3M BURKARD S58 CNTR + Annihil 9-53 MeV

TRANSVERSE e+ POLARIZATION NORMAL TO PLANE OF ga SPIN, e+
MOMENTUM

Zero if T lnvariance holds.
VALUE EVTS

OAT+0.022+0.007 5.3M

DOCUMEN T ID TECN CHG COMMEN T

BURKARD 858 CNTR + Annihil 9-53 MeV

a/A
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.

This comes from an alternative pararneterization to that used in the Summary Table
(see the "Note on Muon Decay Parameters" above).

VALUE{units 10 3) DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ c

3.5 +2.0 46 BURKARD 858 FIT

Global fit to all measured parameters. Correlation coefficients are given in

BURKARD 858.

p PARAMETER
(V-4) theory predicts g = 0. rI affects spectrum of radiative muon decay.

DOCUMENT ID TECN CHG COMMENTVAL UE

0.02 +0.08 OUR AVERAGE
—0.014+0,090
+0.09 +0.14
~ ~ e We do not use the following

—0.035k 0,098

EICHENBER. .. S4 ELEC + p free
BOGART 67 CNTR

data for averages, fits, limits, etc. o ~ ~

EICHENBER. .~ 84 ELEC + p=0.75 assumed

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

~ u i We do not use the following data for averages, fits, limits, etc. a a a

&6.4 90 45 BURKARD 858 FIT
45 Global fit to all measured parameters. Correlation coefficients are given

BURKARD 858.

Zero if T invarlance holds.
VALUE (units 10 3} EVTS DOCUMENT ID TECN CMG COMMEN T

—0.2+ 4.3 BURKARD 858 FIT
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—47 +50 +14 5.3M BURKARD 858 CNTR + 9-53 MeV e+
3 Global fit to all measured parameters. Correlation coefficients are given in

BURKARD 858.
BURKARD 858 measure e+ polarizations PT and PZ versus e+ energy.

1 2

VALUE {units 10 3) EVTS DOCUMEN T ID TECN CHG COMMEN T

3.9+ 6.2 BURKARD 858 FIT
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2 +17 k6 5.3M BURKARD 858 CNTR + 9-53 MeV e+

Global fit to all measured parameters. Correlation coefficients are given ln

BURKARD 858.

Zero if T invariance holds.
VALUE(units 10 3) EVTS DOCUMENT ID TECN CHG COMMENT

1.1+ 6.3 BURKARD 858 FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

17 +17 +6 5.3M 41 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

a/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 3) CL 5 DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. i ~ ~

&15.9 90 4 BURKARD 858 FIT

Global fit to all measured parameters. Correlation coefficients are given in

BURKARD 858.

This comes from an alternative parameterization to that used in the Summary Table
(see the "Note on Muon Decay Parameters" above).

VALUE(units 10 3) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits. limits, etc. ~ ~ ~

5.3+4.1 43 BURKARD 858 FIT
43 Global fit to all measured parameters. Correlation coefficients are given in

BURKARD 858.

(5'+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 3} CL% DOCUMENT ID TECN

o e ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

&1.04 90 44 BURKARD 858 FIT
44 Global fit to all measured parameters, Correlation coefficients are given in

BURKARD 858.

DOHMEN
FREEDMAN
GORDEEV

Nl

IMAZATO
SARA NOV

KRAKAUER
MATTHIAS

Also
HUBER
AHMAD

Also
BALKE
BELLGA ROT
BOLTON

Also
Also

HUBER
BELTRAMI
COHEN
NI

BEER
BELTRAMI
JODIDIO

Also
BERTL
BRYMAN
BURKARD
BURKARD

Also
Also

HUGHES
STOKER
BAR DIN

BERTL
BOLTON
EICHENBER, .
GIOVANETTI
K INOS HITA
AZUELOS

Also
BERGSMA
CARR
KINNISON

Also
KLEMPT
MARIA M
MARSHALL
COMBLEY
NEMETHY
ABELA
BADERT...

Also
JONKER
SCHAAF

Also
WILLIS

Also
BAILEY
FARLEY
BADERT. ..
BAILEY

Also
BLIETSCHAU
BOWMAN
CAMANI
BADERT. ..
BAILEY

Also
Also

CAL MET
CASPERSON
DEPOMMIER
BALANDIN

p REFERENCES

93 PL 8317 631
93 PR D47 811
93 JETPL 57 270

Translated from
93 PR D48 1976
92 PRL 69 877
91 SJNP 53 802

Translated from
918 PL 8263 534
91 PRI. 66 2716
918 PRL 67 932 err
908 PR 041 2709
88 PR 038 2102
87 PRL 59 970
88 PR D37 587
88 NP 8299 1
88 PR D38 2077
86 PRL 56 2461
86 PRL 57 3241
88 PRL 61 2189
87 PL 8194 326
87 RMP 59 1121
87 PRL 59 2716
86 PRL 57 671
86 NP A451 679
86 PR D34 1967
88 PR D37 237 err
85 NP 8260 1
85 PRL 55 465
85 PL 1508 242
858 PL 1608 343
818 PR D24 2004
838 PL 1298 260
85 CNPP 14 341
85 PRL 54 1887
84 PL 1378 135
84 PL 1408 299
84 PRL 53 1415
84 NP A412 523

PR D29 343
84 PRL 52 717
83 PRL 51 164
T7 PRL 39 1113
83 PL 1228 465
83 PRL 51 627
82 PR D25 2846
79 PRL 42 556
82 PR D25 652
82 PRL 49 993
82 PR D25 1174
81 PRPL 68 93
81 CNPP 10 147
80 PL 958 318
80 LNC 28 401
82 NP A377 406
80 PL 938 203
80 NP A340 249
77 PL 728 183
80 PRL 44 522
808 PRL 4S 1370
T9 NP 8150 1
79 ARNPS 29 243
I8 PL 798 371
78 JPG 4 345
79 NP 8150 1
78 NP 8133 205
78 PRL 41 442
78 PL 778 326
77 PRL 39 1385
T7 PL 678 225
TTC PL 688 191
75 PL SSS 420
77 RMP 49 21
77 PRL 38 956
77 PRL 39 1113
74 JETP 40 811

Translated from

+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, Gtazov, Evtukhovich+ (JINR)

YAF 53 1302.
+Talaga, Allen, Chen, Doe+ (UMD, UCI, LANL)
+Ahn+ (YALE, HEIDP, WILL, GSI, VILL, BNL)

atum Matthias. Ahn+ (YALE, HEIOP, 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)
+Otter, 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, Chrnely+ (YALE, LANL, WILL, MISS, HEIDP)
+Marshall, Mason+ (VICT, TRIU, WYOM)
+Aas, Beer, Dechambricr, Goudsmit+ (ETH, FRIB)
+Balke, Carr, Gidal. Shinsky+ (LBL, NWES, TRIU)

atum Jodidio, Balke, Carr+ (LBL, NWES, TRIU)
+Egli, Eichler+ (SINORUM Collab. )

(TRIU, CNRC, BRCO, LANL, CHIC, CARLy)
+Corriveau, Egger+ (ETH, SIN, MANZ)
+Corriveau, Egger+ (ETH, SIN, MANZ)

Corriveau, Egger, Fetscher+ (ETH, SIN, MANZ)
Corriveau, Egger, Fctscher+ (ETH, Slk, MANZ)

+Kinoshita (YALE, CORN)
+Balke, Carr, Gidal+ {LBL, NWES, TRIU)
+Duclos, Magnon+ (SACL, CERN, SGNA, FIRZ)
+Eichler, Felawka+ (5INDRUM Collab. )
+Bowman, Carlini+ (LANL, CHIC, STAN, TEMP)

Eichenberger, Engfer, VanderSchaff (ZURI)
+Dey. Eckhause, Hart+ {WILL)
+Nizic, Okamoto (CORN)
+Oepommier, Leroy, Martin+ (MONT, TRIU, BRCO)

Depommier+ (MONT. BRCO, TRIU, VICT, MELB)
+Dorenbosch, Jonker+ (CHARM Collab. )
+Gidal, Gobbi, Jodidio, Oram+ (I.BL, NWES, TRIU)
+Anderson, Matis, Wright+ (EFI, STAN. LANL)

Bowman, Cooper, Hamm+ {LASL, EFI, STAN)
+Schulze, Wolf, Camani, Gygax+ (MANZ, ETH)
+Beer, Bolton, Egan, Gardner+ (YALE, HEIOH, BERN)
+Warren, Oram, Kiefl (BRCO)
+Farley, Picasso {SHEF, RMCS, CERN)
+Hughes (LSL, YALE)
+Backenstoss, Simons, Wuest+ (BASL, KARLK, KARLE)

Badertscher, Borer, Czapek, Flueckiger+ (BERN)
Badertscher, Borer, Czapek, Flueckiger+ (BERN)

+Panman, Udo, Allaby+ (CHARM Collab. )
+Engfer, Povel, Dey+ {EURI, ETH, SIN)

Povel, Dey. Walter. Pfciffe~+ (ZURI. ETH, SIN)
+Hughes+ (YALE, LBI., LASL, SACL, SIN, CNRC+)

Willis+ (YALE, LBL, LASL, SACL. SIN. CNRC+)
(CERN, DARE. MANE)

+Picasso (RMCS, CERN)
Badertscher, Sorer, Czapek, Flueckiger+ (BERN)

(DARE. BERN, SHEF, MANZ. RMCS, CERN, SIRM)
Bailey (CERN, DARE. MANZ)

yDeden, Hasert, Krcnz+ (Gargamcllc Collab. )
+Cheng, Li, Matis (LASL, IAS. CMU. EFI)
+Gygax. Klempt. Schenck, Schulze+ (FTH. MANZ)

Badertscher, Sorer, Czapek. Flueckiger+ (BERN)
+ (CERN Muon Storage Ring Collab. )

Bailey+ (CERN, DARE, BERN, SHEF, MANZ+)
Bailey+ (CERN Muon Storage Ring Collab. , BIRM)

+Narison, Pcrrottet+ (CNRS)
+Craile+ {BERN. HEIDH, LASL, WYOM, YAI.E)
+ (MONT. BRCO. TRIU, VICT, MELB)
+Grebenyuk, Zinov, Konin, Ponomarcv (JINR)

ZETF 67 1631.
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COHEN 73
DUCLOS 73
EICHTEN 73
BRYMAN 72
CROWE 72
CRANE 71
DERENZO 69
VOSSLER 69
AKHMANOV 68

BAILEY 68
Also 72

FRYBERGER 68
BOGART 67
SCHWARTZ 67
SHERWOOD 67
PEOPLES 66
BLOOM 64
DUCLOS 64
GUREVICH 64
BUHLER 63
MEYER 63
CHARPAK 62
CONFORTO 62
ALI-ZADE 61

CRITTENDEN 61
KRUGER 61
GUREVICH 60

PLANO 60
ASH KIN 59
BARDON 59
LEE 59

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 YAF 6
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
PL 116
NC 26 261
JETP 13 313
Translated from ZETF
PR 121 1823
UCRL 9322 unpub.
JETP 10 225
Translated from ZETF
PR 119 1400
NC 14 1266
PRL 2 56
PRL 3 55

+Taylor
+Magnon, Picard
+Deden, Hasert, Krenz+
+Blecher, Gotow, Powers
+Hague, Rothberg, Schenck+
+Casperson, Crane, Egan, Hughes+

(RISC, NBS)
(SACL)

(Gargamelie Coilab. )
(VPI)

(LBL, WASH)
(YALE)

(EFI)
(EFI)

(KIAE)

(CERN)
(CERN)

(EFI)
(COLU)

(EFI)
(EFI)

(COI.U)
(CERN)
(CERN)
(KIAE)

(CERN)
(COLU)
(CERN)

NFN, ROMA, CERN)

+Gurevich, Dobretsov, Makarina+
316.
+Bartl, VonBochmann, Brown, Farley+

Bailey, Barti, VonBochmann, Brown+

+Dicapua. Nemethy, Streizoff

+Dick, Feuvrais. Henry, Macq, Spighel
+Heintze, DeRujula, Soergel
+Makarina+
+Cabibbo, Fidecaro, Massam, Muller+
+Anderson, Bleser, Lederman+
+Farley, Garwin+
+Conversi, Dilelia+ (I
+Gurevich, Nikolski

40 452.
+Walker, Bailam (WISC, MSU)

(LRL)
(ITEP)

(COLU)
(CERN)
(COLU)
(COLU)

+Nikolski, Surkova
37 318.

+Fazzini, Fidecaro, Lipman. Merrison+
+Beriey, Lederman
ysamios

The second significant change has resulted from the publi-

cation [4,5,6] of precise new branching ratio measurements of
r decay modes of the form r ~ h + (&)nsovr. The CLEO
collaboration [5,6] has reported values for n = 1, 2, 3, and

4, based upon reconstructed vr ~ pp decays for all 7r 's.

These new measurements have increased the internal incon-

sistency of the world data for these modes. The B(h 3sev )
and B(h 4sevr) measurements have allowed the replacement

of our fit mode r ~ h & 3' vr by the two new modes

T —+ h 3x v and v —+ h 4' v with the assumption, valid

at the present level of precision, that B(h & 5s'Ov~) is small

enough to ignore. A comparison between the current and the

1992 branching ratio fit values for fit modes containing one

charged hadron and one or more x 's is presented in Table 1.
The error scale factors from the fit, which are also listed, are

all just under two. It is clear that significant discrepancies exist

between experimental measurements of these modes.

r discovery paper was PERL 75. e+ e ~ r+r cross-section
threshold behavior and magnitude are consistent with pointlike spin-

1/2 Dirac particle. BRANDELIK 78 ruled out pointlike spin-0 or
spin-1 particle. FELDMAN 78 ruled out 3 = 3/2. KIRKBY 79 also
ruled out J=integer, J = 3/2.

Table 1: Fit branching ratios (%) and scale fac-
tors for 7 decay modes containing one charged
hadron and one or more x 's.

NOTE ON PROBLEMS IN THE v-DECAY DATA

(by K.G. Hayes, Hillsdale College) Mode

Scale

1992 Fit factor

Scale

1994 Fit factor

Problems remain in the experimental data for w branching

ratios. The first evidence that something was wrong was noticed

in 1984 in what became known as the "1-prong deficit" [1,2]: If
world averages were considered and theoretical predictions were

used to limit certain poorly measured modes, then the measured

inclusive 1-prong topological branching ratio was significantly

larger than the sum of branching ratios of exclusive 1-prong

decay modes. Reviews of this problem have appeared in these

Listings starting with the 1988 edition. At the time of the

1992 edition, significant discrepancies had appeared between

some recent and older measurements of the branching ratios for

several modes, most notably B(h 2s'eve) and B(h fi 4+v~).

Since the 1992 edition, the situation has changed in two sig-

nificant ways. The long-standing "tau decay puzzle" has been

resolved. If one assumes unitarity, then the leptonic branching

ratios (B, = B(e v, vr) or B& = B(y, v&vr)) can be predicted

from masses and lifetimes of the muon and tau. Theory and

prediction have differed at the 1.5 to 2 standard deviation

level since 1986. Since the last edition, new precise measure-

ments have lowered the world averages for the r mass and

lifetime by 1.9 and 1.7 standard deviations, respectively. Using

our current world averages for these quantities, the predicted

electron branching ratio [3] is 18.11 + 0.19%, while the world

average for B, = 17.90+0.17%. This agreement provides strong

evidence that the measured leptonic branching ratios of the r
are accurate, and argues against the existence of widespread

systematic problems in the various strategies used to derive

branching ratios fmm the observed numbers of v —+ e v,vr
and r ~ p v&vr decays.

h-x'v,
h-2x'v
h-3x'v
h-4x'v
h- & 3mov

24.4+ 0.6
10.3 +0.9

1.1 25.7 +0.4 1.7
1.7 9.6 + 0.4 1.5

2.7 + 0.9 1.9

1.28+ 0.24 1.7
019+ ' 17—0.10
1.48 + 0.26 1.7

The new measurements have a significant impact on the

constrained fit. The fit branching ratios cannot exhibit a prob-

lem such as the 1-prong deficit, since the fit 1-prong topological

branching ratio is defined to be the sum of branching ratios of
exclusive 1-prong modes. Since the set of fit modes sum exactly

to one, the fact that the world averages exhibit a 1-prong deficit

means that the fit values for some 1-prong modes must be larger

than the corresponding average values; many examples are to
be found in the present Listings. How much the constraint will

increase the fit values above their corresponding averages de-

pends on the errors. In the last two editions, B(h 2s'ev~) and

B(h & 3sevr) had relatively large errors, and the fit could

account for much of the deficit by increasing these modes with

only a small increase in the fit X2. For example, the 1992 fit

had a X~ of 91.8 for 91 degrees of freedom, while the current

fit has a X of 134.6 for 105 degrees of freedom. The large X

is not caused by one or two outlying measurements; the largest

single contribution to the X~ is 7.0. Table 2 gives the average
X2 contribution per datum* grouped by decay mode in various

ways: all modes used in the fit, modes containing one prong

and no neutrals, modes containing one prong plus & 1vr, and

all modes except 1-prong exclusive modes. It is clear that the

1-prong plus & lx modes contribute the largest amount to
the g2
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Category

All modes
1-prong 0 neutrals
1-prong & 1 neutrals
Not 1-prong modes

Data entries

116
51
28
37

(X ) per datum

1.17
0.74
1.87
1.23

Table 2: Average fit X~ contribution of ~
branching ratio measurements grouped by decay
mode category.

1. T.N. Troung, Phys. Rev. D30, 1509 (1984).
2. F.J. Gilman and S.H. Rhie, Phys. Rev. D31, 1066 (1985);

F.J. Gilman, Phys. Rev. D35, 3541 (1987).
3. See for example M.A. Samuel, Mod. Phys. Lett. AS, 2491

(1993).
4. R. Akers et a/. , Phys. Lett. B (to be published).

5. M. Artuso et a/. , Phys. Rev. Lett. (to be published).

6. M. Procario et a/. , Phys. Rev. Lett. 70, 1207 (1993).

The fact that the fit has to spread the branching fraction

corresponding to the 1-prong deficit between many relatively

well-measured basis modes means that the average values for

some branching fractions (i.e. , B, and Bp) may be slightly

more accurate than the fit values. In this edition, the method

of calculating averages has been improved. In previous editions,

individual branching fraction measurements were either used

for both the fi1t and averages, or they were excluded from both

the fit and averages. Many data must be excluded from the

fit because they are highly correlated to other data which are

used in the fit. Thus, many data were not used in averages even

though there was no other reason to exclude them. With the

new change, data not used in the fit may be used in averages.

For branching ratios which contain some data which are to be

used only in the average, a new column has been added to

the Listings to indicate which data are used both for fits and

averages ("fka") and which are I/agged for use only for averages

("avg").
Experimental measurements of the charged-prong topolog-

ical branching fractious) and B(h h h+trr) also exhibit some

internal inconsistency, Refer to the scale factors and ideograms

given in the Full Listings for further information.

Conclusions: Experimental measurements of 7. branching

fractions contain internal inconsistencies. Measurement, s have

become sufI1ciently precise that the constrained fit to branching

ratio data now has an improbably large X, Much of the

inconsistency is contained in decay modes of the type w

h + (&)nfrotrr for n = 1, 2, and 3, although the charged-prong

topological branching fractions and B(h h h+tr, ) also show

signs of problems. Future precise measurements at LEP should

resolve the problems in the charged-prong topological branching

fractions. Additional measurements with small, well-understood

systematic errors are needed to sort out the confusion in the

other modes.

Notes and References
* Because of the way we have grouped the modes, the number

of degrees of freedom (dof) is not available except for the
"all modes" category. While not as well defined as X per
dof, the number provides a useful measure of the source of
the dominant X2 contributions.

t We have slightly generalized the idea of topological branch-
ing fractions to include (&)nfr 's. These are toffo/of/t'ca/, in
the sense that they classify what is observed, rather than
physical, which would classify modes at the top of the decay
chain: e, /4, fr, IL, p, K'(892), etc

VAL UE (MeV j EVTf3

r MASS

DOCUMENT ID TECN COMMENT

i5k 1 BALEST 93 CLEO E = 10.6 GeV

1k ALBRECHT 92M ARG Ec 9.4-1——0.6 GeV

14 3 BAI 92 BES Eee = 3 63-3.60 Gev

r MEAN LIFE

The downward revision of the r mass to 1777.1 MeV (see the r mass
above) results in a downward correction of some of the older lifetime mea
surements, with the net result that the average should be reduced by 0.2 fs.
WASSERBAECH 93 shows that additional systematic biases are not can-

sistently taken into account by the experimenters. When the appropriate
corrections are applied, the average is decreased by an additional 0.8 fs,
"OUR EVALUATION" reflects these changes.

VALUE (10-15 s) EVTS DOCUMENT ID

295.6+ $.1 OUR RVALUATION

206.6+ 3.1 OUR AVENGE
298 + 7 ABREU 93E DLPH

291.9+ 5.1+ 3.1 28k ACTON 93J OPAL

293 6 9 +12 5743 ADRIANI 93M L3

304 +14 + 7 4100 BATTLE 92 CLEO

294.7+ 5.4+ 3.0 11.8k BUSKULIC 92M ALEP

314 +23 + 9 ABREU 9lo DLPH

309 623 430 2817 ADEVA 91F L3

301 +29 3780 KLEINWORT 89 JADE

288 +16 +17 807 AMIDEI 88 HRK2

306 +20 +14 695 BRAUNSCH. .. 88c TASS

299 + 15 + 10 1311 ABACHl 87C HRS

295 +14 +11 5696 ALBRECHT 87P ARG

309 +17 + ? 3788 BAND 8?8 MAC

325 + 14 + 18 8470 BEBEK 87C CLEO

i o ~ We do not use the following data for averages, fits, limits,

291 +13 + 6 6621 DECAMP 92E ALEP

TECN COMMENT

Eee 88 5-93.7 GeV

E« = 88-94 GeV

1991 LEP run

Ecee = 10.6 GeV

Ee™= 88 5-93.7 GeV

Eee = 88-94 GeV

1990 LEP run

Eceem = 35-46 GeV

Ecee = 29 GeV

Ec~m= 36 GeV

Eceem 29 GeV

Eee —9.3—10.6 Gev

Ecrn= » GeV

Ec~m= 10.5 GeV

etc. 0 0 ~

Repl. by
BUSKULIC 92H

Repl. by ACTON 93J
Ecm= 29 «V

ACTON 91C OPAL

FERNANDEZ 85 MAC

ALTHOFF 84D TASS

308 6 13
315 +36 +40

318 +—94

320 +54

10k

Repl. by BRAUN-
SCHWEIG 88c

Repl. by AMIDEI 88

50

S3 MRK2JAROS156

1777.1+ ' OUR AVERAGK

1777,8+ 0.7+ 1.7 3

1776.3+ 2.4+1.4 1

1776.9+ 0'5+0.2

1787 + 10 BLOCKER 80 MRK2 Eee = 3,5-6.7 GeV

1783 + 3 692 BACINO 788 DLCO E e - 3.1-7.4 GeV

1787 +18 299 5 BARTEL 78 SPEC E,"= 3.6-4.4 GeV

1807 +20 BRANDELIK 78 DASP E =- 3.1-5.2 GeV

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

1803 + 16 1138 BLOCKER 820 MRK2 lncl. in BLOCKER 80

BAi.EST 93 fit spectra of minimum kinematically allowed v mass in events of the type
a+e v+v (a+err vv}(n mnovv) n & 2, m & 2, 1 & n+m & 3. if

m g 0, result increases by (m /1100 Mev)."r /v'r

2ALBRECHT 92M fit v pseudomass spectrum in v 2rr n "v decays. Result
assumes m~ =0.r

t3BAI 92 fit Er(e+e r+r ) near threshold using ep, events.

BACINO 788 value comes from e+ X+ threshold. Published mass 1782 MeV increased
by 1 MeV using the high precision @(25) mass measurement of ZHOLENTZ 80 to
eliminate the absolute SPEAR energy calibration uncertainty.

5BARTEL 78 fits energy dependence of cross section for e+ and p+ events. Mass value
not dependent on whether V-A or V+A decay assumed.
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r MAGNETIC MOMENT ANOMALY

fa /(e)t/2m~) —1 = (g,—2)/2
For a theoretical calculation [(g~—2)/2 = 11773(3)x 10 j, see SAMUEL 918.

VAL UE CL 5 DOC UMEN T ID TECN COMMEN T

&0.01 95 5 ESCRIBANO 93 RVUE Z ~ v+v at LEP
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

(0.12 90 GRIFOLS 91 RVUE Z ~ 7-7-p at LEP
(0.023 95 7 SILVERMAN 83 RVUE e+e ~ v+v. at

PETRA
5ESCRIBANO 93 limit derived from lgZ ~ r+v ), and Is on the absolute value of the

magnetic moment anomaly.
SILVERMAN 83 limit is derived from e+ e ~ r+ ~ total cross-section measurements
for q up to (37 GeV)2.

r ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance.

VAL UE (ecm) CL% DOCUMENT ID TECN COMMENT

&6 x10 17 95 8 ESCRIBANO 93 RVUE Z ~ v+r at LEP
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&7 x 10-16 90 GRIFOLS 91 RVUE Z ~ ~up at LEP

(1.6 x 10 16 90 DELAGUILA 90 RVUE e+ e ~ ~+7
Eceme 35 GeV

ESCRIBANO 93 limit derived from I (Z ~ v+v ). and Is on the absolute value of the
electric dipole moment.

C2o

C23

C24

2S

C2s

3O

C33

I 34

C35

C37

3S

Modes with three
2h h+ & 0 neutrals v

("3-prong")
h h h+v
h h h+ &1neutrals v

7C 7l 7C 7P V~

(at(1260)tr) v,
(Prr)err vv

poxOx v
p+~ ~ v

p ~+m-v,
h h h+2xo v

& 0 neutrals v~
4d 7i' V~

h ux v~
K h+ h & 0 neutrals v

K x+x & 0 neutrals v

K K+ vr v~

chaggms particles
(14.38+0.24) %

( 8.42+0.31) %
5 63+0 30)

( 4.9 +0.5 )
(1,6 +04)
( 1.6 +0.5 )
( 4.o +0.6 )

6

( 22 +16
)

( 22 +17 )

x 10

x 10

x 10

x 10

x 10

Modes with Ive charied partldes
3h 2h+ &0 neutrals v ( 1.25+0.24) x 10

("8-prong"}
3h 2h+ v
3h 2h+ xo v

S=1.5

S=1.3
S=1.2

CL=90%

r WEAK DIPOLE MOMENT

A nonzero value is forbidden by CP invariance.

r DECAY MODES

~+ modes are charge conjugates of the modes below. "h " stands for
2r+ or K+. "t" stands for e or p, . "Neutral" means neutral hadron whose

decay products include p's and/or 9r 's.

I2
I3

l4
Is
I6
f7
Cs

lg

C1o

C13
C14

C15
C16

17
Cls

C19

Mode

Modes with one
particle & 0 neutrals v

("1-prong" )
P Vp V~

P V~ V~+
(E~ & 37 MeV)

e vev~
h & 0 neutrals v

h v~
7I V~

K & 0 neutrals v
K VT

K & 1 neutrals v

h & 1 neutrals v,
h ~v~

0x v~
Iro non-p(770) v

h- & 2~0V
h-2~0v
h- & 3xov

h- 3+0 v

h 4x v~

Fraction (I i/I )

chari~ particle
(85.49k 0.24) %

(17.65+0.24) %

( 2.3 +1.1 ) x 10

18 01yo 18) o/

(49.8360.35) %
(12.88+0.34) %
(11.7 +0.4 ) %

( 1.68+0.24) %

( 6.7 +2.3 ) x 10

( 12 +05 )%
(36.9 +0.4 )%
(25.7 +0.4 ) %
(25.2 +0.4 ) %

(11.2 +0.4 ) %

( 9.6 +0.4 ) %

( 1.48+0.26) %

( 1.28+0.24) %

g +1.1 )x10

Scale factor/
Confidence level

S=1.5

S=1~ 1

S=1~ 1

5=1.3
S=1.2
5=1.3

S=1.3

5=1,3
S=1.7
S=1.7

5=1.5
S=1.5
S=1.7
5=1.7

5=1.6

VAL UE (ecm) CL S DOCUMENT ID TECN COMMENT

&S.V x 10-» 95 BUSKULIC 92J ALEP Z -+ r+w at LEP
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&7.0 x 10-» 95 ACTON 92F OPAL Z ~ ~+~ at LEP
9 Limit Is on the absolute value of the weak dipole moment, and applies for rf = mZ.

I3g

C4o

I 41
C42

C43

C44

C4s

C46

C47

C4s

f49
Cso

C51

Cs2

Cs4

Css
Cs6

S7
Css

Csg

x 10 CL=90%

( 1.43+0.17) %

( 1.45+0.18) %

( 3.2 +1.4 ) x 10

( 3.8 +1.7 ) x 10

( 1.30+0.30) %
8 x10
2.6 x 10
2.6 x 10
1.7 x 10

3 x 10

CL=90%
CL=9S%
CL=95%
CL=95%
CL=95%

CL=95%
CL=95%

1.3
3.4

( 1.70+0.28)
4.3
4.7
3
5
1.1
2.0

x10 4

x 10
x10 4

x10 4

x 10
x 10
x10 4

x 10 4

CL=95%
CL=95%
CL=90%
CL=90%
CL=95%
CL=95%

Mlscellaneoiis other alkeiid modes
4h 3h+ & 0 neutrals v, 1.9

("7-prong")
K'(892) & 0 neutrals v

K' (892) vv
K'(892)oK & 0 neutrals v,
K'(892}osr & 0 neutrals v,
K h & 0 neutrals v

K K & 0 neutrals v
K K VT

K K & 1 neutrals v
K h+h h &0 neutrals v

Ka(1430} vv

ap(980) & 0 neutrals v,
g~ & 0 neutrals v,

g 7I' V7-

g7f 7C V~

'g 7C 7C 7I' V~

gK vr
pm+~ ~ & 0 neutrals v~

ggn & 0 neutrals v~

ggx v~
'ggX X V~
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+ 7r 7r ). Following

d not lepton number
violation (e.g
s lepton fam
~+ ~-).

L means lepton number
common usage, LF mean
violation (e.g. 7- e

r6o e -(

p y

r62 e

r63 p- ~p

I 64 e Ko

I 65 p K

r66 e 7l

r67 p q
r68

69 0- Po

I-zo e
—

K (892)o
i 7t p, K*(892)o
I 72
I 73

0

I 74 e e e"
e e e
(epp).

r77 e p p
r78 e p
~79 (p ee)
r8O L(s e+ e
C81 ](L. e e
r82 P P
I 83
r84 e~7 ~~-
r85 e 7] 7r

r86 e 7I

I 87 @+7r 7I

L(L, 7l 7i

r89 i.+
rgo e~ ~~ K-
I 91 (e 7r K), all charged

r92 e-7+ K~
I 93 e 7r+K
I 94 e 7r K+
Cg5 e+ 7r K
l ss (pe K), all charged

C97 P 7r K+
I g8 p, 7r+ K
I gg p, 7r K+
C1pp p 7r K
I 101 P7
r, 02 p~p

C1o3 TI7)

I 1p4 e light spinless boson
I 1p5 IL light spinless boson

ily violation an

x10 4

x 1O-6

x 10

x 10

x 10

x 10

x 10

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 10

x 10 4

x 1O-4

x 1O-5

x 10

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 10

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-4

x 1O-5

x 10

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 1O-5

x 10

x 1O-5

x 10

x 10

x 10
x 10

10 3

CL=9O%

CL =90'/o

Cl 90o

C L goo/

LF

LF

LF

LE

LF
LF
LF

LF

LF
LF
LF

LF

L

L

LF
LF

LF

LF
LF

LF

LF

LF
LF

LF, L

LF, L

LF

L

LF, L

LF

L

LF, L

LE, L

LF

LF

LF

LF, L

LF

LF

LF

L

L,B
L,B
L,B
LF

LF

1,2
4.2
1.4
4.4
1.3
1.0
6.3
7.3
1.9
2.9

( 3.8
4, 5

2,8

( 3.7
[a] & 3.4

1.3
2.7

( 1,9

1.6
( 2.7

1.4
1.4
1.7

[a,b] ( 6.3

[b] ( 6.o
( 2.7

1.7

[b] & 3.9
3.6
3.9

[a,b] ( 1.2
7,7

[b] & 58
2.9

( 5.8
2,0

( 7,7

[b] ( 7.7

7.7
7,7

4.0
2.9
6.6
1.30
3.2
6

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

CL=90%
CL=90%
CL=90%
CL=gp

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

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

C L goo/

CL =90%
C L=gp

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

CL=gp

C L =90'/o

CL=gpo/o

C L =-90%

CL=90%
CL=-90%

CL=gp

CL=90%
CL=90o/o

CL=go%

CL=90%
CL=90/o

C L=goo/o

C L =90'/o

CL =95'/.
C L —. 95o/o

[a] f means a sum over e and p modes.

[b] The value is for the sum of the charge states indicated.

Lepton Family number (LF), Lepton number (L)~

or Baryon number (B) vlolatlna modes
(ln the modes behw, g means a sum over e and fs modes)

Xg

x13

x16

X19

x21

X22

X36

X41

—13 —9

-15 -10 -18 0

-14 -10 -20 0 -40
—8 0 —16 —25
-3 0 -11 -10

—3

—5 0
—4 0
—1 0

0 -15 0 -17 -2

—2 —1 —69

0 0 2 —3
—1 0 —5 —6

X2 X7 Xg X13 X16 X18 X19 X21 X22

0

X36

NOTE ON v-DECAY BRANCHING FRACTIONS

(by K.G. Hayes, Hiilsdale College, and D.E. Groom, LBL)

The goal in making fits to the experimental measurements

of 7 branching ratios is to get "best estimates" of the branching

fractions. For a constrained fit, it is necessary to define a set of
exclusive basis modes whose branching fractions sum exactly to
unit, y. In principle, one would choose the modes at the top of the

decay chain as the basis modes: e, Lb, fr, K, p, It *(892), at, p',

etc. , as well as states involving more than one of these particles.

Since experimental data do not yet allow this, a compromise has

to be made between clean theoretical modes and the quantities

that are actually measured.

Historically, experiments have distinguished electrons,

muons, charged hadrons, and "neutrals;" that is, electromag-

netic activity presumed to be the result of 7r0 decay. Older

papers reported the charged hadrons as 7r+, but this is no

longer sufFicient, given present precision. Newer experiments

are also providing good 7r reconstruction and good vertex re-

construction. Most papers still report the nonleptonic modes as
'm charged hadrons + (&)nfr 's, " where m = 1, 3, or ~.

Charged-prong topological branching modes (1-, 3-, or 5-

charged-prong events) remain important, although only the

5-prong mode survives as one of our basis modes. However,

we have slightly generalized the idea of topological branching

fractions to include (&)nor"'s. These are topoLogicaL, in the sense

that they classify what is observed, rather than physi, eaL, which

would classify the modes at the top of the decay chain.

The basis modes are chosen to refIect the state of t, he art,
and hence evolve with the data. For this edition, we use 12

basis modes:

CONSTRAINED FIT INFORMATION

An overall fit to 30 branching ratios uses 116 measurements and
one constraint to determine 12 parameters. The overall fit has a

= 134.4 for 105 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

(bx;be)/(bx, bxf")in , percent, from the fit to the branching fractions. x,
I t jl total. The fit constrains the x, whose labels appear in this array to sum to

one.

K v,

K*(892) v
0

7r v~

h 27r'v.

6 37r vT

h.
—4~"v„

26 h v

2h h. & 1 neutrals v

3h 26+ & 0 neutrals v
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K'(892) r K rro

l : K vr -+ Kl, vr

I : Kyar ~7r m+x

I

1/3

1/3

0.2286

0.1046

(Charge conjugate states are assumed, and h+ d' ates a rr+

or K+.) The K'(892) is the only resonance included because

the 7 —+ K*~892~ v'( ) r and K (892) branching fractions are

very well measured. By comparison, the vr x vT mode is pre-

dominantl v by p, but also includes p vT and any nonresonant/—

component.

Kaons present several of special problems at the 0.5% level,

whether they come directly from r decay or from the decay of

an intermediate K'. This comes about for several reasons:

(a) Most experiments lack charged particle identification and

hence our basis modes of the form "m charged hadrons

+ (&)rtno's" must include directly produced kaons but

exclude those from K*(892) decay.

(b) KL, 's are usually undetected.

c) Ks ~ rr+rr causes confusion even for the topological

branching ratios, since it is only recently t,hat they can

be sorted out with practical efficiency. Even so, branching

ratios to final states containing Ks's (exclusive of those

with an intermediate K*(892)) are poorly known. For the

moment, events containing such decays are counted with

the 3-prong modes,

Experimenters often make corrections for various kaon

backgrounds. Because of our present definition of the basis

modes, the only background defined in our Listings for the
um charged hadrons + ())nrr 's" modes are the contributions

from K'(892) decay. Thus, all results must be corrected for

the different assumptions that the experimenters made about

background definitions, at least to the degree that they are

documented in the papers. The K'(892) branching fractions

to the final states are as follows:

larger numbers of 7 decays with better-understood systematics.

Perhaps one day most events containing Kg —+ x+x will be

classified as 1-prong events, and high-quality older results will

be corrected accordingly.

4098
660

182

764

r BRANCHING RATIOS

I (partiCie & 0 neutraht v~ ( 1-prnng"))/I tsrtaI

rl/I = (I a+I a+I r+re+rts+rtrr+rte+I te+0.771C )/I
The char ed articie h r

1 ~ I1

to olo ical branc
g p

' e e can be e, p, , or hadron. In many analyses th f thesum o e

the 5- ron fr
p g nching fractions (1, 3, and 5 prongs) is constrained t b i S'o e un ty. ince

hi hl corr
p g raction is very small, the measured 1-prong and 3- f i-prong ract ons are

ig y 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 I

fraction out. We do, however

The measur
e o, owever, use these 1-prong measurements in our avera e b I

ements used only for the average are marked "avg, " whereas "flea" marks
a result used for the fit and the average.

VAL UE (%) EVT5 DOCUMENT ID TECN COMMENT

$5.49+0.24 OUR FIT Error includes scale factor of 1.5.
SSA6+0.$0 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below,

84.48+0.27+0.23 avg ACTON 92H OPAL E~ = 8 . —cm= 88.2-94.2 GeV

85.45+ ' +0.65 flea-0.73 DECAMP 92c ALEP Ec = 88-95 GeV

Ecm= 88 3-94.3 GeV85.6 +0.6 +0.3 avg 3300 0ADEVA 91F L3 Eee =
86.4 +0.3 +0.3 avg ABACHI 898 HRS Ep~= 29 GeV

84.9 +0.4 +0.3 avavg BEHREND 898 CELL Eceem= 14-47 Gev

84.7 +0.8 +0.6 avg 11 AIHARA &78 TPC Ecm = 29 GeV

87.2 +0.5 +0.8 avg SCHMIDKE 86 MRK2 E = 29 GeV

84.7 +1 1 +
~ 1 3 avg 169 ALTHOFF 85 TASS Ecm = 34.5 GeV12

86.1 +0.5 +0.9 avg BARTEL 85F JADE E = 34.6 GeV

87.8 +1.3 +3.9 avg 13 BERGER 85 PLUT Eee =cm= 34.6 GeV

86.7 +0.3 +0.6 avg FERNANDEZ 85 MAC Ecme —29 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

87.1 +1.0 +0.7 14 BURCHAT 87 MRK2 E = 29 GeV

86.9 +0.2 +0.3
crn

AKERLOF 858 HRS Repl ~ by ABACHI 898
85.2 +0.9 +1.5 AIHARA 84C TPC Repl ~ by

85.2 k2.6 +1.3
AIHARA 878

HREND 84 CELL Repl ~ by

85.1 +2.8 +1.3
BEHREND 898

84 CELL Repl ~ by

84.0 +2.0 672 BEHREND
BEHREND 898

HREND 82 CELL Repl, by

86 k2 +1
BEHREND 898

82c MRK2 Repl. by

10Not in e

SCHMIDKE 86
Not independent of ADEVA 91F I (2h h+ & 0 neutrals "3-

11Not in

neu ra s v~ "3-prong" I total value.

Not independent of AIHARA 878 I (p v v )/I I evpv~ total e vevT I total and

12Not i

I (h & 0 neutrals v )/It I
values.total

Not independent of ALTHOFF 85 I (p v v )/I I /vpv~ total e vev~ /Itotal I h & 0

neutrals v~)/I tot~i, and I (2h h+ & 0 neutrals v~("3-prong" ))/I total values.

Not independent of (1-prong + 0~ ) and (1-prong + & 1~0 values
4 Not independent of SCHMIDKE 86 value (also not independent of BURCHAT 87 value

for I {2h h+ & 0 neutrals v ("3-prong" I total

These branching fractions appear throughout the listings.

For example, the topological 1-prong mode includes 0.771

B(K'(892) vr) (since 1/3 + 1/3 + 0.1046 = 0.7712), while the

3-prong fraction includes the remaining 0.229 B(K"(892) vt).
Similarly, B(h v ) = B(n v ) + B(K v ) + -B(K"(892) v, )
because of the unseen Kl, 's, and B(h rr v, ) = B(rr rr v, ) +

K*(892) decay.

The present basis mode definitions contain many incon-

sistencies at the few tenths of a percent level. In princi-

ple, the above examples should contain contributions from

K Kr„KKL„nonresonant (rrK) states, etc. We also de-

fine B~h & 3vrov( ~) as the sum of states containing 3 tr 's and

4 vr s, neglecting those with 5 or more neutral pions. Hopefully,

these inconsistencies enter at levels w ll b l the e ow e uncertainties
of present experiments. The set of basis modes is under constant
reevaluation, and in fact has been changed in each of our last
three editions. Revision will continue, as better detectors record

WEIGHTED AVERAGE
85.46+0.30 (Error scaled by 1.6)

V
vv

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.

84

a

V. ~

XJ'

VV

vv
Yp ~

86

ACTON
DECAMP

. . .ADEVA.ABACHI. BEHRENO
AIHARA

. . - -SCHMIDKE.ALTHOFF
. . .BARTEL

BERGER.FERNANDEZ

92H OPAL
92C ALEP
91F L3
8SB HRS
89B CELL
87B TPC
86 MRK2
85 TASS
85F JADE
85 PLUT
85 MAC

X
2

7.6
0.0
0.0
4.9
1.3
0.6
3.4
0.2
0.4
0.3
3.4

90

22.1
(Confidence Level = 0.015)

92

I (particle ) 0 neutrals u~("1-prong" ))/I tots~ ('lol
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C (P Pre vr) /Cental

I (ra tr„v )/I (particle & 0 nelrtrah v ("1-prong" ))
I 2/I 1 = C2/(I 2+I 4+I 7+1 9+rts+Cts+rte+C29+0. 771C42}

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.2066+0.:::OUR FIT Error includes scale factor of 1.2.
0.211 +0.008 OUR AVERAGE

0.217 +0.009 +0.008 BART EL

0.211 +0.010 +0.006 390 ASH

86o JADE Ec = 34.6 GeV

85B MAC Ec —29 GeV

I (rs tr„v,7)/I (Is-tr„v )
E & 37 MeV.

I 3/I 2

EVTS DOCUMENT ID

10 18 WU

VALUE TECN COMMEN T

0.01$+0.006 90 MR 2 c~m — 9 e

18 Requirements on detected ys correspond to a ~ rest frame energy cutofF E& & 37 MeV.

I (e vsvr)/rtffrai C4/I
elsewhere in the Listings,

in the overall fits. "f&a"
Data marked "avg" are highly correlated with data appearing
and are therefore used for the average given below but not
marks results used for the fit and the average.

VALUE (%) EVTS DOCUMENT ID

1. 01+0.1e OUR FIT Error includes scale factor of 1.1.
17.90+0.17 OUR AVERAGE

1?.9 +0.4 +0.4 f&a 2892 ADRIANl 93M L3

18.6 +0.8 +0.6 f&a 554 ABREU 92N DLPH

17.97 +0, 14+0.23 f&a 3970 AKERIB 92 CLEO

17.3 +0.4 +0.5 avg 19 ALBRECHT 92o ARG

19.1 +0.4 +0.6 avg 2960 20 AMMAR 92 CLEO

18.09+0.45+0.45 f&a DECAMP 92C ALEP

17.4 +0.5 +0.4 f&a 964 ALEXANDER 91O OPAL

17.0 +0.5 +0.6 f&a 1.7k ABACHI 90 HRS

184 +08 +04 f&a 644 BEHREND 90 CELL

16.3 +0.3 +3,2 f&a JANSSEN 89 CBAL

18.4 +1.2 +1.0 f&a AIHARA 87B TPC
19,1 +0.8 +1.1 f&a BURCHAT 87 MRK2

16.8 +0.7 +0.9 avg 515 20 BARTEL 86O JADE

20.4 +3.0 +0'~ f&a A LTHOFF 85 TASS

17.8 +0.9 +0.6 avg 390 ASH 85B MAC

18.2 +0.7 +0.5 f&a 21 BALTRUSAlT. .S5 MRK3

13.0 +1.9 +2.9 f&a BERGER 85 PLUT

18.3 +2.4 +1.9 f&a 60 BEHREND 83C CELL

16.0 k 1.3 f&a 459 BACINO 78B DLCO

~ o ~ We do not use the following data for averages, fits, limits,

17.7 +0.7 +0.6 686 ADEVA 91F L3
18.3 +0.? +0,5 3 AIHARA 87B TPC

TECN COMMENT

Ecm=ee

Ecm=ee

eeEcm=
Ecm=ee

Ecm=ee

Ecm=ee

Ecm=
Ecm=ee

Ecm=
eeEcm=

Ecm=ee

eeEcm=
Ecm=

88-94 GeV

88.2-94.2 GeV

10.6 GeV

9.4-10.6 GeV

10.5-10.9 GeV

88-95 GeV

88.3-94.3 Gev

29 GeV

35 GeV

9.4-10.6 GeV

29 GeV

29 GeV

34.6 GeV

Eceme 34.5 GeV

Ec~m= 29 GeV

Eceem= 3.7? Gev

EPm= 34.6 GeV
Eee = 34 GeV

EP~——3.1—7.4 GeV

etc. ~ ~ ~

Repl. by ADRIANI 93M

Ec~m= 29 GeV

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

17.5540M OUR FIT Error includes scale factor of 1.1.
17A4+0.2$ OUR AVERAGE

17.6 d=0.4 d=0.4 fgra 2148 ADRIANI 93ML3 EPm= 88—94 GeV

17.4 d=0.7 3=0.6 fera 687 ABREU 92ni DLPH Epm= 88.2—94.2 GeY

17.2 +0.4 +0.5 avg 16ALBRECHT 92D ARG Ep~= 9.4-10.6 GeY

17.35+0.41+0.37 f&a DECAMP 92C ALEP Epm= 88-95 GeV

16.8 +0.5 +0.4 f&a 903 ALEXANDER 91o OPAL Ep~= 88.3-94.3 GeV

17 I +08 +04 f&a 568 BEHREND 90 CELL Epm= 35 GeV

17.4 +1.0 f&a 2197 ADEVA 88 MRK J Ep~ = 14-16 GeV

17.7 +1.2 +0.7 f&a AIHARA 8?S TPC Epm= 29 GeV

18.3 +0.9 +0.8 f&a BURCHAT 87 MRK2 EPm= 29 GeV

18.6 +0.8 +0.7 avg 558 BARTEL 86o JADE Epm= 34.6 GeV

12.9 +1.7 0 5 f&a AL H FF 85 TASS Ec~m —34.5 GeV

18.0 +0.9 +0.5 avg 473 16 ASH 858 MAC Ec = 29 GeV

18.0 +1.0 +0.6 f&a 17 BALTRUSAIT. ,$5 MRK3 Ecee = 3.77 GeV

19.4 +1.6 +1.? f&a 153 BERGER 85 Pl UT Ep~= 34.6 GeV

17.6 +2.6 +2, 1 f&a 47 BEHREND 83C CELL Ep~= 34 GeV

17.8 +2.0 +1.8 f&a BERGER 81B PLUT Eceem 9-32 GeV

0 ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

17.5 +0.8 +0.5 624 ADEVA 91F L3 Repl. by ADRIANI 93M

17.4 +0.6 +0,8 1201 ADEVA 86B MRKJ Repl. by ADEVA SS
16 Not independent of Al BRECHT 92D I (v v vr)/I (e Dev ) and I (v v~v ) x

I (e vz v7-)/r«tai
Modified using B(e vev~)/B("1 prong") and B("1prong" ),= 0.855.
Error correlated with BALTRUSAITIS 85 evv value.

Not indePendent of ALBREcHT 920 f(v ~vv)/l(e vevr) and l(v, vvvr) x

e vT-) / "total.
Modified using B(e vev~)/B("1 prong") and B("1prong"), = 0.855.

1 Error correlated with BALTRUSAITIS 85 I (p, v v )/I total.
BACINO?SB value comes from fit to events with e+ and one other nonelectron charged
prong.
Combined result of AIHARA S?8 e u v and Is v v measurements assuming
B(/svv)/B(evv) = 0.973.

I (e Ir v ) /I (particle & 0 neirtrals v ( 1-prong" ))
I 4/r = I 4/(I 2+I 4+I 7+I 9+I ta+I 16+I 18+I 19+0.771I 41}

VALUE EVTS DOCUMENT ID TECN COMMENT

0.2101+0~OUR FIT Error includes scale factor of 1.1.
0.21$ +0.00e OUR AVERAGE Error includes scale factor of 1.3. See the ideogram

below.
AMMAR

BARTEL

ASH

92 CLEO EP = 10.6-10.9 GeV

86O JADE Eceem= 34,6 GeV

851 MAC Ecee 29 GeV

WEIGHTED AVERAGE
0.213+0.008 (Error scaled by 1.3)

Values above of weighted average, error,
scale factor are based upon the data in
ideogram oniy. They are not neces-

e same as our "best" values,
ed from a least-squares constrained fit

measurements of other (related)
es as additional information.

AMMAR
BARTEL
ASH

0.16 0.18 0.20 0.22 0.24 0.26

X
2

92 CLED 1.4
860 JADE 1.8
858 MAC 0.2

3.3
(Confidence Level 0.189)

s

0.28

I (e ve vr)/f (particie ) 0 neutrals vr ("1-prong" ))

I (ra 77vvr) x r(e-Irevr)/C~2 I 2l 4/C2
VALUE EVTS DOCUMENT ID TECN COMMENT

0.0$18+0.~OUR FIT Error includes scale factor of 1.1.
0.0302+0.0012 OUR AVERAGE

0.0306+0.0005+0.0013 3230 ALBRECHT 93G ARG E = 9.4-10.6 GeV

0.0288 40.0017+0.0019 ASH 858 MAC Ece+m= 29 GeV

0.030 +0.005 257 BLOCKER 82o MRK2 E e —3,5&.7 GeV

o o ~ We do not use the following data for averages, fits, limits, etc. o e o

0.0298+0.0007+0,0013 1756 ALBRECHT 92O ARG Repl. by AL-
BRECHT 93G

I (ra VfaVr)/I (e VeVr)- I"2/I 4

ALBRECHT 92D ARG Ep = 9.4-10.6 GeV

BLOCKER 82o MRK2 Ee~ = 3,5-6.7 GeV

I (lr- & 0 nelrtrals 1 )/I toe, i

I s/I = (I 7+I 9+I 18+I 16+I'1e+I 19+0.771I 62)/I
VALUE (%) DOCUMENT ID TECN COMMEN T

19.8$+0.$5 OUR FIT Error includes scale factor of 1.3.
10.0 +1A OUR AVERAGE

48.6 +1.2 +0.9 avg AIHARA 878 TPC Ece = 29 GeV

51.5 +2.9 +2 6 f&a ALTHOFF 85 TASS Ecm= 34.5 GeV

Not independent of AIHARA 8?EI e vv, Ig v v, and ~+ 27c ( & 0~0)v values.

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 EVTS DOCUMEN T ID TECN COMMEN T

ON+0.017 OUR FIT Error includes scale factor of 1.1.
1.00 +0.05 OUR AVERAGE

0.99?60.035+0.040

1.33 +0.18 +0.36 154
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r(h-v. )/run, r r,/r = (r7+rs+Irst)/r
Inclusion of the ~B(~ ~ K~(892) g ~) corrects, at (0.26% level, for undetected

K&'s, which are predominately from K~(892) decay.

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. "fCca"
marks results used for the fit and the average.

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

12.80+0M OUR FIT Error includes scale factor of 1.2.
12A7+OM OUR AVERAGE

12.4 +0.7 +0.7 Qca 283 ABREU 92N DLPH E~ =

flea

furca 309

I (h v )/I (particle & 0 neutrals v ( 1-prong' ))
rs/rl = (I 7+I 9+)r41}/(r2+r4+I 7+I 9+rls+r16+rte+rts+o 7rtr41)

VALUE EVTS DOCUMENT ID TECN COMMENT

0.151+0.OM OUR FIT Error includes scale factor of 1.2.
0.135+0.009 OUR AVERAGE

0.131+0.006+0.009 798 31 FORD 87 MAC EPm
—29 GeV

0.143+0.007+0.013 328 BARTEL 860 JADE Epm= 34.6 GeV

FORD 87 result divided by 0.865, their assumed value for B("1prong").
BARTEL 86D result with 0.6% added to remove their K correction and then divided
by 0.866, their assumed value for B("1prong").

r(h- v,)/r(8- tr, s,) I 6/I 4 (l 7+I 9+)r41)/I 4
VALUE DOCUMEN T ID TECN COMMENT

0.?1$+0.021 OUR FIT Error includes scale factor of 1.2.
0.678+0.087+0.M4 ALBRECHT 920 ARG Eceem —9.4-10.6 GeV

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.647 +0.039+0.061 BARTEL 86D JADE E = 34.6 GeV

Combined result of BARTEL 860 evv, IgvP, and ~ v assuming B(IgvP)/B(evv) =
0.973.

l (u v )/rtotar I 7/I
VALUE (%) EVTS DOCUMENT ID

1L7+OA OUR FIT Error includes scale factor of 1.3.
11.7+OA+1.8 1138 BLOCKER 82D MRK2 Ep~= 3.5-6.7 GeV

TECN COMMENT

I
88.2W4. 2
GeV

DECAMP 92c ALEP EP~—88&5
GeV

ALEXANDER 910 OPAL EP~—
88.3W4.3
GeV

12.3 +0.9 +0.5 fha 1338 BEHREND 90 CELL Ep~= 35 GeV

11.1 +1.1 +1.4 fCca BURCHAT 87 MRK2 EPm= 29 GeV

11.3 +0.5 +0.8 avg 798 28 FORD 87 MAC Ec~m= 29 GeV

12.3 +0.6 +1.1 avg 328 BARTEL 860 JADE EP~= 34.6 GeV

13.0 +2.0 +4.0 flea BERGER 85 PLUT EP~= 34.6 GeV

11.2 +1.7 +1.2 Aha 34 30 BEHREND 83C CELL EP~ —34 GeV

SABREU 92 with 0.5sis added to remove their correction for Ke(892) backgrounds.

DECAMP 92C consider ~ ~ h (K ~ 7r+x )v to be a 1-prong mode, whichS
affects their 1-prong topological branching ratio relative to other experiments.
BURCHAT 87 with 1.1% added to remove their correction for K and K~(892) back-
grounds.
FORD 87 result for B(~ v~) with 0.67% added to remove their K correction and
adjusted for 1992 B("1prong").
BARTEL 86D result for B(~ v~) with 0.59% added to remove their K correction and
adjusted for 1992 B("1prong").
BEHREND 83c quote B(~ v~) = 9.9 4 1.7 + 1.3 after subtracting 1.3 6 0.5 to correct

for B(K ~~) ~

I (h & 1nautralg v )/I toter I 11/I = (I 18+i 16+I 18+I 18+OA38I 41)/I
VALUE (%) DOCUMENT ID TECN COMMENT

36e9 +OA OUR RT Error Includes scale factor of 1.3.
367 +0.8 OUR N%RAGE Error includes scale factor of 1.4. See the ideogram below.

36.1440.33+0.58 AKERS 94E OPAL 1991-1992LEP runs

38.4 +1.2 +1.0 34 BURCHAT 87 MRK2 E = 29 GeV

42.7 +2.0 +2.9 BERGER 85 PLUT c~m = 34.6 GeV

BURCHAT 87 quote for B(~+ & 1 neutral v~) = 0.378 + 0.012 6 0.010. We add 0.006
to account for contribution from (Ko v~) which they fixed at BR = 0.013.

WEIGHTED AVERAGE
36.7~0.8 (Error scaled by 1.4)

'hh r

'v',

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)
quanties as additional information.

AKERS 94E OPAL
BURCHAT 87 MRK2.BERGER 85 PLUT

X
0.6
1.2
2.9

30 45 50

4.8
(Confidence Level = 0.091)

55

I (h & 1 neutrals rrv)/I total (%)

I (h u v~)/l terat r12/r = (rgs+fr41)/r

51k

283

1249

1849
779

1101

WEIGHTED AVERAGE
25.4~0.5 (Error scaled by 1.7)

Inclusion of the &B(r ~ K~(892) v~) corrects, at (0.26% level, for K r from

K~(892) decays.
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

25.7 +OA OUR RT Error includes scale factor of 1.7.
2SA +08 OUR AVERAGE Error Includes scale factor of 1.7. See the ideogram below.

26.25+0.36+0.52 AKERS 94E OPAL 1991-1992LEP runs

26.22 k 0.12+0.42 ARTUSO 94 CLEO Ecme
——10.6 GeV

22.9 +0.8 +1.3 ABREU 92rr DLPH Ecm= 88.2-94.2 GeV

23.1 +0.4 +0.9 tALBRECHT92& ARG E = 10 GeV

25.02 +0.64k 0.88 DECAMP 92c ALEP Eceem= 88-95 GeV

22.0 +0.8 +1.9 ANTREASYAN 91 CBAL Ep~ ——9.4-10.6 GeV

22.6 +1.5 +0.7 BEHREND 90 CELL Eceem 35 GeV

23.1 +1.9 +1.6 BEHREND 84 CELL Ec~~= 14,22 GeV

ARTUSO 94 reports the combined result from three Independent methods, one of which

(234/o of the ~ ~ h ~ t ~) is normalized to the inclusive one-prong branching fraction,
taken as 0.854 6 0.004. Renormalizatlon to the present value causes negligible change.
We add 0.35% to the published result to include ~ -+ h x Kgv~.
ABREU 92 with 0.5% added to remove their correction for K~(892) backgrounds.

57ALBRECHT 920 with 0.5% added to remove their correction for v ~ K'(892) rr

background,

35
53

I (K & 0 neutrals v )/rbatar
VALUE (%) EVTS

1.6+0. 24 OUR AVERAGE

1.6 +0.4 +0.2
1.71+0.29

DOCUMENT ID

AIHARA

MILLS

I 8/r = (I 9+I 10)/I
TECN COMMENT

878 TPC Ep~= 29 GeV

84 DLCO EP~= 29 GeV

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.

r(K- v )/r~r I 9/I

I (K & 1neutrals v )/l tartar
VALUE (%) EVTS

X.2+O.S+ . 9-OA

DOCUMENT ID

AIHARA

TECN COMMENT

87B TPC EPm —29 GeV

r10/r

VALUE (%) EVTS DOCUMENT ID TECN COMMENT

0.67+0.2$ OUR FIT Error includes scale factor of 1.3.
0.67+0.23 OUR AVERAGE Error includes scale factor of 1.3.
0.59+0.18 16 MILLS 84 DLCO Ec~m= 29 GeV

1.3 +0.5 15 BLOCKER 828 MRK2 Epm= 3.9-6.7 GeV

20 22

V~
V

24 26 28

-AKERS 94E OPAL
.ARTUSO 94 CLEO.ABREU 92N DLPH
~ ALBRECHT 92Q ARG
- DECAMP 92C ALEP.ANTREASYAN 91 CBAL.BEHREND 90 CELL

BEHREND 84 CELL

X
2

1.6
3.2
2.8
5.7
02
2.8
3.0
0.9

20.0
(Confidence Level = 0.006)

30 32

"(" n'uv)it total (9e)
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r (v- trav, )/rtot, i I 13/I
VALUE (%) EVTS DOCUMENT ID

25.2+0.4 OUR FIT Error includes scale factor of 1.7.
22.2+1.0 OUR AVERAGE

21.5+0.4 +1.9 4400 ALBRECHT 88L ARG Ep~= 10 GeV

23.0+ 1.3+1.7 582 ADLER 878 MRK3 Ecm ——3.77 GeV

22.3+0.6 +1.4 629 9YELTON 86 MRK2 Ep~= 29 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

25.8 + 1.7 4 2.5 8URC HAT 87 MRK2 EPm ——29 GeV

The authors divide by ( P2 + I 4 + I 7 + I 9 )/I = OA67 to obtain this result.
39 Experiment had no hadron identification. Kaon corrections were made, but insuNcient

information is given to permit their removal.
BURCHAT 87 value is not independent of YELTON 86 value. Nonresonant decays
Included.

I (8 Sra nnn-p(770) Vv)/I total I 14/I
VALUE (%) DOCUMENT ID TECN COMMENT

~ ~ i We do not use the following data for averages, fits, limits. etc. ~ ~ ~

0.3+0.1 +0.3 41 BEHREND 84 CELL EP~= 14,22 GeV

BEHREND 84 assume a flat nonresonant mass distribution down to the p{770) mass,
using events with mass above 1300 to set the level.

r(h- & 2/v, '~/ran, i I 13/I = (I 16+I 36+Cta+0.10SI 41)/I
Data markelII "avg" are highly correlated with data appearing elsewhere in the I istlngs,
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 (8/ EVTS DOCUMEN T ID TECN COM MEN T
112 +0,4 OUR FIT Error includes scale factor of 1.5.
10.7 +1.1 OUR AVERAGE Error includes scale factor of 2.0. See the ideogram below.

9.89+0.34+0.55 avg AKERS 94E OPAL 1991-1992LEP runs

14.0 +1.2 +0.6 f&a 938 BEHREND 90 CELL Epm= 35 GeV

12.0 +1.4 +2.5 f&a 42 BURCHAT 87 MRK2 Eee = 29 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

13.9 +2.0 AIHARA 86E TPC E = 29 GeV

4 Error correlated with BURCHAT 87 I (p ve)/I (total) value.
AIHARA 86E (TPC) quote B(2' 7r v~) + 1.6B(37r 7r v~) + 1.1B(~ rI~ v~).

DECAMP
51 BEHREND

BEHR END

r(h- M v, )/rnn, i rta/r
Data marked "avgss 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 (%) DOCUMENT ID TECN COMMENT

l.28+0M OUR FIT Error includes scale factor of 1.7.
L1.15+0.00+0.13 aVg PROCARIO 93 CLEO E = 10.6 GeV

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

0.0 + 1.4 + 1.1-0.1 -0.1 53 GAN 87 MRK2 E~ = 29 GeVcrn =

PROCARIO 93 entry is obtained from B(h 3e v )/B(h npvv) using ARTUSO 94
result for B(h 7r0 v~).
Highly correlated with GAN 87 C(7) 7r 2r v~)/I total value. Authors quote

B{7r+37r v~) + 0.6?B{7r+7I7r vz) = 0.047 + 0.010 + 0.011.

r(h-2s v )/r(h- vnv ) r16/r12 = r16/(r13+$ r43)
VALUE DOCUMEN T ID TECN COMM EN T
O.S7$+0.019 OUR FIT Error includes scale factor of 1.5.
0.342+0.QOS+0.016 0 PROCARIO 93 CLEO EP~ 10.6 GeV

PROCARIO 93 quote 0.345 + 0.006 6 0.016 after correction for 2 kaon backgrounds
assuming B(K v )=1.42 + 0.18% and B(h K n v )=0.48 d: 0.48%. We multiply

iby 0.990 + 0.010 to remove these corrections to B(h 7r v ).

I (h & 3sr vv)/l total I 32/I =(I 16+I 19)/I
In defining B(h & 3' v~) = B(h 3' v~) + B(h 47r v~) we have assumed

B(h & 57r v~) IS negligible.
VALUE (%) EVTS DOCUMEN T ID TECN COMMENT

1AI+0~ OUR RT Error includes scale factor of 1.7.
1.1 +OeS OUR AVERAGE

1.53+0.40+0.46 186 92C ALEP Ec —88-95 GeV

3.2 + 1.0 +1.0 90 CELL Eceme —35 GeV

3.0 +2.2 6 1.5 84 CELL Ecee 14 22 GeV

Not independent of BEHR END 90 I {hadron & 277 v~)/I total and

I {7r 27r v7)/I total values.

WEIGHTED AVERAGE
10.7+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.

I (h 3tr vv)/I (h sr ve) rla/r12 = r1$/(r33+)I 41)

I (h 6tr vv)/I total
VALUE (%) DOCUMENT ID TECN COMMENT

VALUE DOCUMEN T ID TECN COMMENT

0.050+0.009 OUR FIT Error includes scale factor of 1.7.
t0.044+0.001+OASS PROCARIO 93 CLEO Ep~ 10.6 GeV

PROCARIO 93 quote 0.041 6 0.003 + 0.005 after correction for 2 kaon backgrounds

assuming B(K~ v~)=1.42 6 0.18% and B(h K 2r v~)=0.48 6 0.48%. We add
0.003 + 0.003 and multiply the sum by 0.990 6 0.010 to remove these corrections.

10 15

I (h & 2 )/"tot i
('/)

I (h 2aav )/Inn I

X
94E OPAL 1.6
90 CELL 6.0
87 MRK2 0.2

7.8
(Confidence Level = 0.020)

I

25

* AKERS
BEHREND
BURCHAT

20

I 16/r
Entries are corrected for K~(892) v~ contributions.

Data marked "avgas 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 COMMEN T
9.5 +0.4 OUR FIT Error includes scale factor of 1.5.
9e0 +0.4 OUR AVERAGE Error includes scale factor of 1.2.
8.96+0.16+0.44 avg 44 PROCARIO 93 CLEO Eee~ = 10.6 GeV

10.38+0.66+0.82 f&a 809 DECAMP 92C ALEP EP~= 88-95 GeV

5.7 +0.5 +1'0 f&a 133 ANTREASYAN 91 CBAL E = 9.4-10.6 GeV

10.0 +1.5 +1.1 f&a 333 BEHREND 90 CELL Epm ——35 GeV

8.7 +0.4 +1.1 f&a 815 48 BAND 87 MAC EPm
——29 GeV

6.0 +3.0 +1.8 f&a BEHREND 84 CELL EP~= 14,22 GeY
~ o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

6.2 +0.6 + 1.2 49 GAN 8? MRK2 EP —29 GeV

PROCARIO 93 entry is obtained from B(h 2e v )/B(h eov ) using ARTUSO 94

result for B(h 2r vz).
We subtract 0.0015 to account for 7. ~ K~(892) v contribution.
ANTREASYAN 91 subtract 0.001 to account for the 7. ~ K~(892) v contribution.

4 BEHREND 90 subtract 0.002 to account for the 7 ~ K~(892) v contribution.
BAND 87 assume B(7r 3' v~) = 0.01 and B(7r 7r 7)v~} = 0.005.
GAN 87 analysis use photon multiplicity distribution.

367

0.19+0'g0 OUR FIT Error includes scale factor of 1.6,

t0.16+0.OS+0.05 PROCARIO 93 CLEO E = 10.6 GeV

PROCARIO93 quotes B(h 4eov )/B(h n v ) =0006d:0002+0002. We multiply

by the ARTUSO 94 result for B(h ~ v~) to obtain B(h 4' v~). i
I (2h h+ & 0 nantrgla v (Wltronll'))/I total

rga/r =(r21+r22+0~r«)/r
Some inconsistency exists for this mode since experiments differ ln how they treat
B(7- ~ h (K0& ~ m+7r )) decays.

VAL UE (%) EVTS DOCUMEN T ID TECN COMMEN T

1438+ 0.24 OUR FIT Error includes scale factor of 1.5.
14.32+ 0.27 OUR AVERAGE Error Includes scale factor of 1.5. See the ideogram below.

15.26+ 0.26+0,22 AcTQN 92II oPAL E = 882 942 Gev I
13.3 6 0.3 +0.8 56 Al BRECHT 920 ARG Ecm= 9.4-10.6 GeV

14'35+ 0 45+0.24 DECAMP 92C Al EP Ecee 88 95 G

14.4 k 0.6 +0.3 ADEVA 91F L3 Eee = 88.3-94.3 GeV

13.5 + 0.3 w0. 3 ABACHI 898 HRS Ec —29 GeV

15.0 + 0.4 +0.3 BEHREND 898 CELL Esteem= 14—47 GeV

15.1 + 0.8 +0.6 AIHARA 8?B TPC Ec —29 GeV

12.1 + 0.5 +1.2 RUCKSTUHL 86 DLCO Ec = 29 GeV

12.8 6 0.5 +0.8 1420 SCHMIDKE 86 MRK2 Ere' 29 GeV

153 +1~ 1 ALTHOFF 85 TASS Ecm —34.5 GeV

13.6 + 0.5 +0.8 BARTEL 85F JADE Ee~ = 34.6 GeV

13.3 + 0.3 +0.6 FERNANDEZ 85 MAC Ee~=29Gev
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~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

12.8 + 1.0 +0.7 5? BURCHAT 8? MRK2 Ec~m= 29 GeV

13.0 + 0.2 +0.3 4098 AKERLOF 858 HRS Repl. by ABACHI 89B
12.2 + 1.3 +3.9 BERGER 85 PLUT Ecm —34e6 GtV

14.8 + 0.9 +1.5 AIHARA 84c TPC Repl. by
AIHARA 8?a

14.8 + 2.0 +1.3 178 BEHR END 84 CELL Repl. by
BEHREND 89B

14.5 + 2.2 +1.3 BEHREND 84 CELL Repl. by
BEHREND 89B

15.0 + 2.0 186 BEHREND 82 CELL Repl. by
BEHREND 89e

14 k2 152 BLOCKER 82C MRK2 Repl. by
SCHMIDKE 86

24 +6 35 BRANDELIK 80 TASS Ec~m= 30 GeV

32 +5 692 BACINO 78B DLCO Ep~- 3.1-7.4 GeV

35 +11 BRANDELIK 78 DASP Assumes V-A decay

18 + 65 33 TAROS 78 MRK1 Ep~ ) 6 GeV

56Thls ALBRECHT 920 value ls not independent of their I (Ir vuv~)l (e vevc)/I 12 1 I

value.
5?BURCHAT 87 value Is not independent of SCHMIDKE 86 value.
58Not independent of BERGER 85 l(p &&vr)/I total ~ I (e &evr)/ total "("

neutrals vr)/I total and I (h vr)/I total and therefore not used in the At.

Low energy experiments are not in average or fit because the systematic errors in back-
ground subtraction are Judged to be large.

660

182

WEIGHTED AVERAGE
14.32+0.27 (Error scaled by 1.5)

V
V

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.

10

V'

V

V
KJ'

14 16

ACTON
ALBRECHT
DECAMP.ADEVA
ABACHI
BEHREND
AIHARA
RUCKSTUHL
SCHMIDKE
ALTHOFF
BARTEL
FERNANDEZ

92H OPAL
92D ARG
92C ALEP
91F L3
89B HRS
89B CELL
87B TPC
86 DLCO
86 MRK2
85 TASS
85F JADE
85 MAC

X
7.6
1.4
0.0
0.0
3.8
1.8
0.6
2.9
2.6
0.3
0.6
2.3

18

23.9
(Confidence Level 0.013)

I

20

I (2h h+ & 0 neutrals vc("3-prong" ))/I total (%)

I (h h h+ve)/I total r21/r
Some inconsistency exists for this inode since experiments differ in how they treat
B(r h (K& ir+ ir )vr) decays.

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. "furca"

marks results used for the fit and the average.
VALUE (%) EVTS DOCUMENT ID TECN COMMENT

SAR+0.$i OUR FIT Error includes scale factor of 1.3.
IA) +0.4 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

7.3 +0.1 +0.5 avg ALBRECHT 93C ARG EPrn 9.4-10.6 GeV-—
9.49+0.36+0.63 fha DECAMP 92C ALEP Epm= 88-95 GeV

8.7 +0.? +0.3 fgca 694 BEHREND 90 CELL EP~= 35 GeV

6.4 +0.4 +0.9 avg 62 RUCKSTUHL 86 DLCO Ec~m= 29 GeV

?.8 +0.5 +0.8 fha 890 SCHMIDKE 86 MRK2 Epm
—29 GeV

8 4 +0.4 +0 7 avg 1255 62 FERNANDEZ 85 MAC Ec~m= 29 GeV

9.7 4 2.0 4 1.3 f4(a BEHREND 84 CELL EPm= 14,22 GeV

~ ~ ~ We do not use the following data for averages, Ats, limits, etc. ~ ~ ~

7.0 +0.3 +0.7 1566 63 BAND 87 MAC Ec~m= 29 GeV

6.7 +0.8 +0.9 64 BURCHAT 87 MRK2 Ec~m= 29 GeV

60ALBRECHT 93C value with 0.5 d- 0.3% added to remove their corrections for charged-
kaon backgrounds.
BEHREND 90 subtract 0.3% to account for the r ~ K*(892) vr contribution to
measured events.
Value obtained by multiplying paper's R = B(h h h+vr)/B(3-prong) by B(3-prong)
= 0.143 and subtracting 0.3% for K~(892) background.
BAND 87 subtract for charged kaon modes; not independent of FERNANDEZ 85 value.

64 BURCHAT 87 value is not independent of SCHMIDKE 86 value.

WEIGHTED AVERAGE
8.0~0.4 (Error scaled by 1.4)

Values above of weighted average, enor,
and scale factor are ba!md 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 measureinents of other (related)
quantities as additional information.

~V. .
'V /
'Ih. ja

VV
VV

8 10 12

. .ALBRECHT
DECAMP
BEHREND
RUCKSTUHL.SCHMIDKE
FERNANDEZ. .BEHREND

93C ARG
92C ALEP
90 CELL
86 DLCO
86 MRK2
85 MAC
84 CELL

X
2.1
4.0
O.8
2.8
0.1
0.2
0.5

10.4
(Confidence Level 0.110)

2

14 16

WEIGHTED AVERAGE
0.55+0.07 (Error scaled by 1.6)

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.

0.0 0.2 0.4 0.6

X
2

. - . .RUCKSTUHL 86 DLCO 1.3
- - - - ALTHOFF 85 TASS 0.3.FERNANDEZ 85 MAC 12

2.8
(Confidence Level 0.243)

0.8 1.0 1.2

I (h h h+v~)/I (2h h+ ) 0 neutrals v~("3-prong" ))

r(h- h- h+ v, )/r«tal (%)

I (h h h+v ) x r(particle )onalrtralav ( 3-prrntl ))/r~a

ratrt/r = r23(r2+C4+V7+r9+rta+r16+rla+I 39+0.771I 41)/I
VALUE EVTS DOCUMENT ID TECN COMMENT

O.orm+OA25 OUR RT Error includes scale factor of 1.3.
O.ON d:0.001 d:0 004 7 Sh 65 ALBRECHT 93C ARG Eee 9 4-10.6 GeV

ALBRECHT 93C quote B(7r ~ ir+v ) = 6.8 k 0.1 6 0.5%. We add 0.5+ 0.3% to
remove their correction for charged kaon backgrounds, then multiply by 0.8613, their
assumed value for B("I-prong').

I (h h h+v )/I (2h h+ )Onolrtralav (sprang'))
~21/rao r21/(r21+r22+4'22ar41)

This branching fractions is not independent of values for I (h h h+ vr)/I total and

f (2h h+ & 0 neutrals vr ("3-prong"))/I total.
VALUE EVTS DOCUMENT ID TECH COMMENT

O.III+0.020 OUR FIT Error includes scale factor of 1.2.
086 +0.07 OUR AVERAGE Error tncludes scale factor of 1.6. See the ideogram below.

0.47 +0.03 +0.06 RUCKSTUHL 86 DLCO EP~= 29 GeV

0 37 +0.35 103 ALTHOFF 85 TASS Ep~ —34.5 GeV

0.61 +0.03 +0.05 FERNANDEZ 85 MAC Ep~ = 29 GeV
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f(h h h+ &1neutrahs )/lsssses I sa/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. "flea"
marks results used for the fit and the average.

VALUE ('Yi) EVTS DOCUMENT ID TECN COMMEN T

I.&$+& OUR FlT Error includes scale factor of 1.2.
$.1 +OA OUR N%RNNE Error includes scale factor of 1.2.
4.95+0.29+0.65 fSca 570 DECAMP 92C ALEP Eceem = 88-95

GeV
5.6 +0.7 +0.3 avg 352 66 BEHREND 90 CELI Eee 35 GeV

4.2 +0.5 +0.9 f8ca 203 67 ALBRECHT 87L ARG Ep~= 10 GeV

7.6 +0.4 +0.9 avg 68,69 RUCKSTUHL 86 DLCO Eee = 29 GeV

4.7 +0.5 +0.8 avg 530 SCHMIDKE 86 MRK2 Ecm= 29 GeV

5.6 +0.4 +0.7 avg FERNANDEZ 85 MAC E = 29 GeV

6.2 +2.3 +1.7 flea BEHREND 84 CELL EPm
——14 22

GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

6.1 +0.8 +0.9 BURCHAT 87 MRK2 Ec = 29 GeV

BEHREND 90 value is not independent of BEHREND 90 B(3hv~ & I neutrals} +
B(5-prong).
ALBRECHT 87L measure the product of branching ra-

tios B(3' 2f v~) B((ePorpPor2rorKorp)v~) = 0.029 and use the PDG 86 values
for the second branching ratio which sum to 0.69 + 0.03 to get the quoted value.

Contributions from kaons and from &12r0 are subtracted. Not independent of {3-prong

+ 0' ) and (3-prong + & O'er ) values.

Value obtainedusing paper's R= B(h h h+v~)/B(3-prong) and current B(3-prong)
= 0.143.
Not independent of SCHMIDKE 86 h h h+ v~ and h h h+( & 0' )v~ values.

BURCHAT 87 value is not independent of SCHMIDKE 86 value,

I ((as(1250}») v~) I/(»»»+» v~) I 28/fas

f(po»e»-v )/I (»»»+e s ) fas/fas
VALUE

0.30+OAR+OAO 393
OOCUMEN T IO TECN COMMEN T

ALBRECHT 91D ARG Epm= 9.4-10.6 GeV

I (p+» e s )/I (» e»+» v ) f»/fas
VALUE EVTS DOCUMENT ID TECN COMMENT

Os10+O.ON+OAR 142 ALBRECHT 91D ARG Ep~ = 9.4-10.6 GeV

r(p-»+e-v, )/r(»-8 e+eev, )
VALUE EVTS DOCUMENT ID TECN COMMENT

0.26+0.05+0.01 370 ALBRECHT 91D ARG Epm = 9.4-10.6 GeV

f28/fss

[I'(p+e» v )+I (p»+» v )]/I(» e»+»ev ) (I»+Isa)/les
VALUE DOCUMEN T IO TECN COMMEN T

0.$3+0.OS+041 74ALBRECHT 91D ARG Ep~= 9.4-10.6 GeV

ALBRECHT 91D not independent of their I (p+2f ir v~}/I (~ 7r ~+~ v~) and

I {p + )/I ( + 0 }values.

EVTS

475

f(h h h+2» v )/I (2h h+ &Oneutralsv (sprung")) fee/fso
VALUE

0.034+0.002+OAOI

EVTS DOCUMENT ID TECN COMMENT

668 BORTOLETTO93 CLEO EPm 10.6 GeV

I (8s» & 0 neutrah v~)/I sssss~ ri/r
VALUE (%) EVTS DOCUMENT IO TECN COMMENT

1.&6+0.3+0.2 1513 ALBRECHT 88M ARG Epm = 10 GeV

I (u» v~)/fssse~
VALUE (%)

1.&0+0.27+OA1
EVTS

139

I ss/f
DOCUMENT ID TECN COMMENT

BARINGER 87 CLEO E = 10.5 GeV

I (sv» v)/I (» » »+-»ev,)-- fss/fas
VAL UE EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

458 ALBRECHT 91D ARG Eee = 9.4—10.6 GeV

VALUE CL% DOCUMENT ID TECN COMMENT

&OA4 95 ALBRECHT 91D ARG Epm = 9.4-10.6 GeV

ALBRECHT 91D not independent of their
r(~~- v, )/C(~- ~- ~+~0v, }, C('' )«( +'

)
C(p+2r m v~)/C(z 2r 2r+2r vz), and C(p 2r+2r v~}/l (2r m 2f+2r v ) val-
ues.

r((p»}'»-v )/r(»-»-»+Pv, ) res/res =(ras+r»+rae)/res
VALUE DOCUMENT ID TECN COMMENT

0.64+0.0?+0.03 ALBRECHT 91D ARG Ep~= 9.4-10.6 GeV

ALBRECHT 91D nOt independent Of their I (p+x ~ v~)/r(~ 2f ~+a v~),
I (p x+2f v }/I (2r 2r 2r+2r0v ), and I (p02f0n v )/I (2f m x+x0v ) vai-
ues.

VALUE

)0.81
CL% DOCUMENT ID TECN

95 75 ALSRECHT 91o ARG

COMMENT

Eee 94 10.6 GeV

ALBRECHT 91o not independent of their

r(---;)/r(-----+-'-. ).
r(p+~ ~ v )/I (x 2f x+vr0v ), and
ues.

l(p 7f x v )/f(x 7 n''w v ),
r(p 2f+7f v ) 'I (~ 2f ~~ ~0 ~ l vaI-

I (h 8s»ev )/I (2h h+ &Oneutralav ("3-preng"))
VALUE EVTS DOCUMEN T ID TECN

0»021+0I+0.003 430 76 BORTOLETTO93 CLEO

Not independent of BORTOLETTO 93 r(~—
h h h+2+0v ) value.

I (h 8s»ev~)/I (h h h+2»ev~)
VAL UE DOCUMENT ID TECN

0.81+0.06+0.06 BORTOLETTO93 CLEO

COMMEIV T

Eceme = 10.6 GeV

h ~~0v„)/I (~

rsu/res
COMMENT

Ecee 10.6 GeV

I (K h+h & Oneutrals v )/fun ~

VALUE (%) CL% DOCUMENT ID TECN COMMEN T

~ 0.6 90 AIHARA 84C TPC Eee = 29 GeV

I (K»+» &Oneutrah v )/lusts~
VALUE (%) EVTS DOCUMEN T ID TECN COMMEIV T

Q.m+0'&-0.13 9 77 MILLS DLCO Eee = 29 GeVcm-

Error correlated with MILLS 85 (K K~ v) value. Excludes 23'lo systematic error.

I (K K+» v~) /I 8888(
EVTSVALUE (%) TECN COMMEN T

0 22+0.17-0.11 9 78 MILLS 85 DLCO E = 29 GeVcm

Error correlated with MILLS 85 (K7f~~ v) value. Excludes 23% systematic error.

r(3h 2h+ & 0neutrals v ( 5-prong" ))/luna]
VALUE (%) CL% EVTS DOCUMENT ID

0.126+0.024 OUR FIT
0.12$+0.02$ OUR AVERAGE

0,26 +0.06 +0.05

I ss/I
TECN COMMENT

Ess = 88.2—94.2
GeV

Eee 88-95 GeV

Eee —14-47 GeVcm-
Ee~ = 29 GeV

Eceme= 34.6 GeV

Eceem 29 GeV

92H OPAL

92c ALEP0.10 ' +0.03—0.04 DECAMP

0.16 +0.13 +0.04 BEHREND

0.102+0.029 13 BYLSMA

0.3 + 0.1 +0.2 BARTEL

0.& 6 +0.08 90.04 4 BURCHAT

~ ~ ~ We do not use the following data for averages, fits,

&0.34 95 ADEVA

89B CELL

87 HRS

85F JADE

85 MRK2

limits, etc.

Eceem —88 3 94 3
GeV

Ecee = 34.5 GeV

Repl. by
BYLSMA 87

Ecee 29 GeV

Eceme 29 GeV

ceem 14,22 GeV

Repl. by
BEHREND 89B

Eceme 29 GeV

Eceem 30 GeV

91F L3

ALTHOFF

BEl TRAMI

0

10
&0.7

0.13 +0.04

85 TASS

85 HRS

FERNANDEZ 85 MAC

AIHARA 84c TPC

BEHREND 84 CELL

BEHREND 82 CELL

95

90

95

&0.17

&0.3

&0.9
1.0 20 4

1

10

BLOCKER

BRANDELIK

82c MRK2

80 TASS

95

95

&0.5

&6.0

[I (h h h+ &1neutrahv )+I (3h 2h+ &0 neutrals v ("5-prong"))]/
(rat+res}/r

VAL UE (ele) EVTS DOCUMEN T ID

6.76+0.30 OUR FIT Error includes scale factor of 1.2.
6.l +0.6 OUR AVERAGE

5.05+0.29+0.65 570

5.8 +0.7 +0.2 352

DECAMP 92c
79 BEHR END 90

TECN COM MEN T

ALEP E~~ = 88—95 GeV

CELL Ef' = 35 Gev

BEHREND 90 not independent of their I (h h h+ & 1 neutraisv )/I total measure-
ment.

r(3h-2h+ v.)/r„„,
TECN COMMEN TVALUE (sloj EVTS

0.066+0.016 OUR AVERAGE

0.064+0.023+0.01 12 ALBRECHT 888 ARG

0.0514 0.020 7 8YLSMA 87 HRS

~ i ~ We do not use the following data for averages, fits, limits,

0.067+0.030 5 80 BELTRAMI 85 HRS

The error quoted is statistical only.

ceme 10 GeV

E&ee~ 29 GeV

etc. a e o

Bcpl. by BYLSMA 87

[r(pea» v)+I'(p+»» v)+l(p»+» v)+f(w» v)]/
r(»»»+»ov ) (fas+f»+fan+fat)/fss
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I (3h 2h+v v~)/renal I se/I

I (eh 3h+ & Oneutrals v~( f-prong ))/lanai
VALUE ()Is) CL aA DOCUMENT ID

&0.010 90 BYLSMA

TECN COMMENT

87 HRS Ep~ ——29 GeV

I (K (892) & 0 neutrals v )/funar rao/r
VAL UE ( /e) EVTS DOCUMENT ID TECN COMMENT

1AS+0.11+0.1$ 475 82 GOLDBERG 90 CLEO Ep~= 9.4-10.9 GeV

GOLDBERG 90 estimates that 10% of observed K~(892) are accompanied by a ~ .

VALUE (5) EVTS DOCUMENT ID TECN COMMENT

0.011+0.022 6 BYLSMA 87 HRS EP~= 29 Gev

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.067 +0.030 81 BELTRAMI 85 HRS Repl. by BYLSMA 87

The error quoted is statistical only.

r(rrv v~)/raarar
VALUE (units 10 4)

C 3A
o ~ o We do not use

& 90

&140

TECN

92 C LEO

limits, etc. ~

SSM ARG

88 CELL

&180
&250

510 +100+120
&100

r(nv a v)/run, i

95
90

95

0

65

BARINGER

COFFMAN

DERRICK

GAN

87 C LEO

87 MRK3

87 HRS

87B MRK2

VALUE (units 10 4)

17+2+2
CL S EVTS

125

DOCUMENT ID TECN

ARTUSO 92 C LEO

CLS EVTS DOCUMENT ID

95 ARTUSO

the following data for averages, fits,

95 ALBRECHT

90 BEHREND

rsa/r
COMMENT

EP~ = 10.6 GeV

~ ~

Ec~m - 10 GeV

EPm
—14M6.8

Gev
EPm ——10.5 GeV

Ec~m= 377 GeV

Eceme 29 GeV

Ec~m= G

rss/r
COMMENT

EP 10.6
Gev

r(K'(992)-v, )/r~r
DOCUMENT ID

I (K'(892)e K & 0 neutrals v )/I anal ran/r
VALUE (i/e)

0.$2+0.00+0.12
EVTS DOCUMENT ID TECN COMMENT

119 GOLDBERG 90 CLEO Ep~= 9.4-10.9 GeV

r()r (992)en- & Onautrais v,)/run, l

VAL UE (ere) EVTS DOCUMENT ID

0.31+0.11+0.13105 GOLDBERG 90

ras/r
TECN COMMENT

CLEO Ee~m= 94 10.9 Gev

VALUE (5) EVTS

1AS+0.1$ OUR FIT

1 3y+0.18 OUR AVERAGE

1.23+0.21+0.1 54 ALBRECHT SSL ARG Epm
—10 GeV

1.9 +0.3 +0.4 44 TSCHIRHART 88 HRS EPm
—29 GeV

1.5 +0.4 +0.4 15 85 AIHARA 87C TPC Ec~m= 29 GeV

1.3 +0.3 +0.3 31 YELTON 86 MRK2 Ep~= 29 GeV

1.7 +0.7 11 DORFAN 81 MRK2 Epm ——4.2&.7 Gev

The authors divide by Cl/i = 0.865 to obtain this result.

Not independent of TSCHIRHART 88 P(~ ~ K h & 0 neutrals v~)/r(total).
5 Decay ~ IdentNed in this experiment, is assumed in the others.

~ ~ ~ We do not use the

&110

following data for averages, fits, limits, etc. ~ ~

95 ALBRECHT SSM ARG

&210

420 +120 +160

Highly correlated with

95 BARINGER 87 CLEO

GAN 87 MRK2

GAN 87 I (rr 3' v~)/I (total) value.

I (rrs' n n v~)/Iraral

Eceme 10
Gev

Ee' = 1O.5 GeV

Ecee 29 Gev

I sa/I
VALUE(units 10 4) CL 5 DOCUMENT ID TECN

C 4.3 95 ARTUSO 92 CLEO

~ ~ ~ We do not use the following data for averages, fits, limits,

&120 95 ALBRECHT 88M ARG

COMMENT

Eceme 10.6 GeV

etc. ~ o ~

Eceme 10 GeV

r(rIK- v,)/run„
VALUE(units l0 4)

&4.7
CL%

95

DOCUMENT ID TECN COMMENT

ARTUSO 92 CLEO Eceem 10 6 GeV

rss/r

I (rlv+n v & Oneutrals v~)/I tarsi I se/I
VALUE (4/s) CL 5 DOCUMEN T ID TECN COMMENT

&0.3 90 ABACHI 87B HRS Ep~= 29 GeV

I (rrrrn & 0neutrale v )/I anal
I (Koh &Oneutrals v )/lanai
VAL UE (/i) EVTS DOCUMENT ID TECN COMMENT

1.3 +0.3 44 TSCHIRHART 88 HRS EP~= 29 Gev

f(K K &0neutrahv )/Inn, l ras/f

COMMENT

Ecm= 29 Gev

etc. ~ ~ ~

&1.5 cm —10.5 GeV

VAL UE (4/e) CL S DOCUMENT ID TECN

&0.5 90 ABACHI 87B HRS

~ ~ ~ We do not use the following data for averages, fits, limits,

95 BA RINGER 87 CL EO

VALUE (5)
CO.S

r(Ko K- v )/run, r

VALUE (eg)

&046
CL%

95
DOCUMENT ID TECN COMMENT

AIHARA 87c TPC Ep~= 29 GeV

CL S DOCUMENT ID TECN COMMENT

90 GOLDBERG 90 CLEO EP~= 9.4-10.9 GeV

I as/I

I (rrrrv v~)/I un I

VALUE(units 10 4) CL 5 DOCUMENT ID TECN

C 1.1 95 ARTUSO 92 CLEO

e o a We do not use the following data for averages, fits, limits,

&83 95 ALBRECHT SSM ARG

I se/f
COMMENT

Eceme - 1O.6G V

etc. e ~ e

Ecm - 10 GeV

I (K K & lnautrahv )/Inner
VALUE (eA)

(0.26

CL 5 DOCUMENT ID TECN COMMENT

95 AIHARA 87C TPC EP~= 29 GeV

I (K h+h h &0nautrals v )/Iuual
VALUE (eA) CL S DOCUMENT ID

&0.17 95 TSCHIRHART 88
~ ~ ~ We do not use the following data for averages, fits,

&0.27 90 BELTRAMI 85

I (Ks(1430) v~)/I ratai

TECN COMMENT

HRS Ec~m- 29 GeV

limits, etc. ~ ~ ~

HRS Eceme 29 GeV

rae/I

I as/I

VALUE

~.Sx 10 ~
CL S DOCUMENT ID TECN COMMENT

90 GOLDBERG 90 CLEO Epm: 9 4 10.9 GeV

I (uv & Oneutrah v )/I unar
VALUE (Q)

&1.3
~ ~ ~ We do not use the

&2.1
&2.1

CL 5 DOCUMENT ID TECN COMMENT

95 ALBRECHT SSMARG E m
~~ 10 Gev

following data for averages, fits, limits, etc. ~ ~ ~

90 ABACHI 87B HRS Ec~m= 29 Gev

95 BARINGER 87 C LEO Ep~ = 10.5 GeV

VALUE (5) CL% EVTS DOCUMENT ID TECN COMMENT

(0.3 95 TSCHIRHART 88 HRS EP~= 29 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.9 95 0 DORFAN 81 MRK2 Epm= 4.2-6.7 GeV

I (nr(990) & Oneutrals v )/rtaral x B(as(980)~ K K ) Isa/f x 8

I (Orts e v )/fiat I rss/r

r(i 7)/rue I
Test of lepton family number conservation.

VALUE CL S DOCUMENT ID

&1.2 x 10~ 90 ALBRECHT
~ ~ ~ We do not use the following data for averages,

&20x 10 4 90 K EH

&6.4 x 10 4 90 HAYES

I se/I

TECN COMMENT

92K ARG Eceme 10 Gev
fits, limits, etc. ~ ~ ~

88 CBAL Ef+~—10 GeV

82 MRK2 EPm= 3.8-6.8 GeV

I (p 7)/runai r«/r
Test of lepton family number conservation.

VALUE CL S DOCUMENT ID

& 0.42x 10 90 BEAN

~ ~ ~ We do not use the following data for averages,

& 34 x10 90 ALBRECHT

&55 x 10 90 HAYES

TECN COMMENT

93 CLEO EPm= 10.6 GeV

fits, limits, etc. o ~ ~

92K ARG Ecm —10 C V

82 MRK2 EP~= 3.8-6.8 GeV

r(e v )/rsauu
Test of lepton family number conservation.

VALUE CLS DOCUMENT ID

( lix10 90 K EH

~ ~ ~ We do not use the following data for averages,

& 17 x 10 90 ALBRECHT

&210 x 10 90 HAYES

rss/r

TECN COMMENT

88 CBAL EPm= 10 Gev

fits, limits, etc. ~ ~ ~

92K ARG Epm= 10 GeV

82 MRK2 EP~ = 3.8-6.8 Gev

VALUE (units 1Q 4) CLg DOCUMENT ID TECN COMMENT

( 2.0 95 ARTUSO 92 CLEO Eceme 10.6 Gev
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&90 95 ALBRECHT SSM ARG Ecm 10 GeV
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r (»-es)/rse„
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID

&4Ax10 6 90 ALBRECHT

o ~ o We do not use the following data for averages,

(82 x 10 90 HAYES

i (e- K') /I see(
Test of lepton family number conservation.

CL4A DOCUMENT IDVALUE

&1.$ x 10 3 90 HAYES

r(»- 8&)/rs»„
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

&1.0x 10 3 90 HAYES

r(e- s)/rse„

rss/r

TECN COMMENT

92K ARG Ecm —10 GeV

fits, limits, etc. ~ ~ o

82 MRK2 Ec~m= 3.8—6.8 GeV

rss/r

TECN COMMENT

82 MRK2 E m= 3.8-6.8 GeV

I ss/I

TECN COMMENT

82 MRK2 Ec~m= 38-6.8 GeV

rss/r
Test of lepton family number conservation.

VALUE CL% DOCVMENT ID TECN COMMENT

& 6.3x 10 6 90 ALBRECHT 92K ARG E = 10 GeV

~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ i
(24 x 10 90 KEH 88 CBAL Ec —10 GeV

r (»- s) /rses(
Test of lepton family number conservation.

VALUE CL eA DOCUMENT ID TECN COMMENT

&7.3x 10 6 90 ALBRECHT 92K ARG Eceme 10 GeV

r(e-»s)/rss„
Test of lepton family number conservation.

VALVE CL% DOCUMENT ID

& 1.9x10 90 ALBRECHT

o ~ ~ We do not use the following data for averages,

( 3.9x 10 90 ALBRECHT

(37 x 10

I (» w )/riess~

90 HAYES

rss/r

TECN COMM EN T

92K ARG Epm= 10 GeV

fits, limits, etc. ~ o ~

87M ARG Repl. by AL-
BRECHT 92K

82 MRK2 Ec —3.8-6.8 GeV

rss/r
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

2.9x 10 6 90 ALBRECHT

~ ~ ~ We do not use the following data for averages,

( 3.8x10 90 ALBRECHT

(44 x 10 90 HAYES

I (e K'(892)s) /I sss~
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID

&S.B x 10 90 ALBRECHT

~ ~ ~ We do not use the following data for averages,

(5.4 x 10 90 ALBRECHT

r(»- ir'(ss2)s)/rse„
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID

&46x 10 6 90 ALBRECHT

~ o o We do not use the following data for averages,

(5.9 x 10 90 ALBRECHT

r(e-7)/rse„

TECN COMMENT

92K ARG Epm= 10 GeV

fits, limits, etc. ~ ~ o

87M ARG Repl ~ by AL-
BRECHT 92K

82 MRK2 Ec~m= 3 8-6.8 GeV

TECN COMMENT

92" ARG Ec~m= 10 GeV

fits, limits, etc. ~ ~ ~

87M ARG Repl. by AL-
BRECHT 92K

rn/r

TECN COM MEN T

92K ARG Ecm ——10 GeV

fits, limits, etc. e ~ e

87M ARG Repl. by AL-
BRECHT 92K

Test of lepton number conservation.
CL% DOCUMENT ID TECN COMMENT

90 ALBRECHT 92K ARG Ep~= 10 GeV

VALUE

&28 x 10

r(e-es)/rse„
Test of lepton number conservation.

CL% DOCUMENT ID TECN COMMENT

90 ALBRECHT 92K ARG Ep~= 10 GeV

VALVE

&$7x 10

I (t l t )/i see) res/r = (rvs+rn+rrs+rm+rsx+rss)/r
Test of lepton family number conservation.

VALUE CL48 DOCUMENT ID

&3.4x 10 5 90 87 BOWCOCK

(3.8 x 10 90 ALBRECHT

TECN COMMENT

90 CLEO EP~—10.4-10.9
87M ARG Ep~= 10 GeV

Inclusion of a potentially model-dependent cut on decay track opening angles reduces
BOWCOCK 90 limit to 2.6 x 1Q

r(e e+e )/rs, se
Test of lepton family number conservation.

VALVE CL% DOCUMENT ID

& 1.3x10 90 ALBRECHT

e ~ ~ We do not use the following data for averages,

2.7 x 10 90 BOWCOCK

3.8 x 10 90 ALBRECHT

(40 x 10 90 HAYES

i ((e»») )/I tots)

I ys/I

TECN COMMENT

92K ARG Ecm —10 GeV

fits, limits, etc. o e e

9O CLEO Eceem ——- 1O.4-1O, 9

87M ARG Repl. by AL-
BRECHT 92K

82 MRK2 Ecee ——3.8-6.8 Gev

res/r = (r~+r~}/r
Test of lepton number or lepton family number conservation.

VALVE CL % DOCUMEN T ID TECN COMMEN T

&2.7 x 10 90 BOWCOCK 90 CLEO E =—1Q.4-1Q 9

r(e»» )/ressed
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

& 1.9x 10 6 90 ALBRECHT

o ~ ~ We do not use the following data for averages,

27x 10 90 BOWCOCK

3.3 x 10 90 ALBRECHT

(33 x 10 90 HAYES

I (e+»» )/Itsts~
Test of lepton number conservation.

VALVE CL% DOCUMENT ID

&1.6 x 10 9Q BOWCOC K

~ ~ ~ We do not use the following data for averages,

(1.8 x 10—5 90 Al BRECHT

:3.8. 1O-5 90 ALBRECHT

TECN COMMEN T

92K ARG Eceem —10 GeV

fits, limits, etc. ~ ~ o

90 CLEO E = 10.4—10.9
87M ARG Repl. by AL-

BRECHT 92K
82 MRK2 Eceem = 3.8-6.8 GeV

bs/r
TECN COMMEN T

9O CLEO E,"= 10.4-1O,9
fits, limits, etc. ~ ~ ~

92K ARG Eceme 10 GeV

87M ARG Repl. by AL-
BRECHT 92K

i ((»ee) )/I I yy/r = (I ss+rsi)/r
Test of lepton number or lepton family number conservation ~

VAL UE CL% DOCUMENT ID TECN COMMENT

&2.7x 10 6 90 BOWCOCK 90 Cl EO E = 10.4-10.9

r(» e+e )/rtotsi
Test of lepton family number conservation.

VAL UE CL% DOCUMENT ID

& 1.4x 10 90 ALBRECHT

~ ~ o We do not use the following data for averages,

( 27 x1O-5 90 BOWCOCK
.. 3.3 x 10-5 90 ALBRECHT

(44 x 10 '5

r(»+e e )/rsssi

HAYES90

Test of lepton family number conservation,
VALUE CL% DOCUMENT ID

&1.4x 10 6 90 ALBRECHT
~ o ~ We do not use the following data for averages,

(1.6 x 10 90 BOWCOCK

(3.8 x 10 90 ALBRECHT

r(»»+» )/rue i

rss/I

TECN COMMEN T

92K ARG E = 10 GeV

fits, limits, etc. ~ ~ ~

90 CLEO Eee = 10,4-10.9
87M ARG Repl. by AL-

BRECHT 92K
82 MRK2 Eee = 3.S-6.S Gev

I sg/r

TECN COMMENT

92K ARG Ecee 10 GeY

fits, limits, etc. e o e

90 CLEO Eee = 10.4—10.9
87M ARG Repl. by AL-

BRECHT 92K

Test of lepton family number conservation.
VAL UE CL% DOCUMENT ID

& 1.7x 10 6 90 BOWCOC K

~ s o We do not use the following data for averages,

( 19x 10 90 ALBRECHT
- 2.9x1O-S 90 ALBRECHT

TECN COM MEN T

90 CLEO E = 104 109
fits, limits, etc. e ~

92K ARG Ecm ——10 GeV

87M ARG Repl. by AL-
BRECHT 92K

82 MRK2 Eee = 3.8-6.8 GeV(49 ~ 10

i (l+e+e )/rses)

90 HAYES

rsslr = (res+res+res+res}lr
Test of lepton number or lepton family number conservation.

VALUE CL e% DOCUMEN T ID TECN COMMEN T

&6.3x 10 5 90 ALBRECHT 87M ARG Eee = 10 GeV

r(e+ e+e-)/rse„ rss/r = (res+res}/r

Test of lepton family number conservation.
VAL UE CL% DOCUMENT ID

&2.7 x 10 90 ALBRECHT
~ ~ ~ We do not use the following data for averages,

(6.0 x 10 9Q BOWCOCK

(4.2 x 10 9O ALBRECHT

TECN COMMEN T

92K ARG Ef~~= 10 GeV

fits, limits, etc. o ~ ~

9O CLEO Eceem ——10.4-10.9
87M ARG Repi. by AL-

BRECHT 92K

Test of lepton number or lepton family number conservation.
VAL UE CL% DOCLIMENT ID TECN COMMEN T

&6.0x 10 6 90 BOWCOC K 90 C LEO EP~ —10.4—10.9

r(e- e+e-)/r~,
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r(e+e-e- /roe„
Test of epton number conservation.

VAL UE CL 4iii DOCUMENTID

&1.7x 10 6 90 BOWCOCK
~ ~ ~ We do not use the following data for averages,

&1.8 x 10 90 ALBRECHT

&6.3 x 10 90 ALBRECHT

Ces/I

TECN COMMEN T

90 CLEO E = 10.4-10.9
fits, limits, etc. ~ o ~

92K ARG Epm= 10 GeV

87M ARG Repl ~ by AL-
BRECHT 92K

I {p+e+e }/I torsi rsr/r = (res+res)lr
Test of lepton number or lepton family number conservation.

VAL UE CL 4A DOCUMEN T ID TECN COMM EN T

&3.9x 10 5 90 BOWCOCK 90 C LEO EPm ——10.4-10.9

r{p-e-K+)/r~,
VALUE

&7.7 x 10

Ces/C

I (p+e K )/Crets~
Test of lepton nuinber conservation.

VALUE CL 5 DOCUMENT ID

& 4.0x 10 5 90 BOWCOCK

~ ~ ~ We do not use the following data for averages,

& 5.8 x 10 90 ALBRECHT

&12 x 10 90 ALBRECHT

rtoo/r

TECN COMMENT

90 CLEO Eee = 10.4-10.9
fits, limits, etc. ~ ~ ~

92K ARG Eceem 10 GeV

87M ARG Repl. by AL-
BRECHT 92K

Test of lepton family number conservation.
CLN DOCUMENT ID TECN COMMENT

90 BOWCOCK 90 CLEO E = 10.4-10.9

I {p s'+e }/I total
Test of lepton family number conservation.

VAL UE CL 5 DOCUMENT ID

&3.6x10 5 90 ALBRECHT
~ ~ ~ We do not use the following data for averages,

&3.9 x 10 90 BOWCOCK

&4.0 x 10 90 ALBRECHT

I ee/r

TECN COM MEN T

92K ARG Ep~= 10 GeV

fits, limits, etc. ~ ~ ~

90 CLEO Eee = 10.4-10.9
87M ARG Repl. by AL-

BRECHT 92K

I (p+e e )/Ctets)
Test of lepton number conservation.

VAL UE CL 0A DOCUMENT ID TECN COMMENT

&3.9x 10 5 90 BOWCOCK 90 CLEO Eee = 10.4-10.9
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6.3 x 10 90 ALBRECHT 92K ARG Epm= 10 GeV

&6.3 x 10 90 ALBRECHT 87M ARG Repl ~ by AL-
BRECHT 92K

I es/I

I ((es K), all charq~)/I ters~ I st/C —(Ceo+res+res)/C
Test of lepton number or lepton family number conservation.

VAL UE CL S DOCUMENT ID TECN COMMENT

&7.7x 10 5 90 BOWCOCK 90 C LEO EPm
—10.4-10.9

I (e e+ K+) /I tete( rss/I = (Ceo+I es)/I
Test of lepton family number conservation.

VALUE CL Vi DOCUMENT ID TECN COMMENT

&5.8 x 10-5 90 BOWCOCK 90 C LEO EPm
—10.4-10.9

I (+e+K )/Can i I eo/I = (I as+I as+I so+I se)/r
Test of lepton number or lepton family number conservation.

VAL UE CL 0A DOCUMENT ID TECN COMMENT

&1.2 x 10 90 ALBRECHT 87M ARG Epm= 10 GeV

C(~~I/C~l
est of lepton

VALUE

&29x 10 5

r(~+)/c~i
Test of lepton

VAL UE

&66x 10 5

number and
CL 44

90

number and
CL%

90

baryon number conservation.
DOCUMENT ID TECN

ALBRECHT 92K ARG

baryon number conservation.
DOCUMENT ID TECN

ALBRECHT 92K ARG

r {en)/C~I
Test of lepton nuinber and

VALUE CL%

&130 x 10 90

baryon number conservation.
DOCUMENT ID TECN

ALBRECHT 92K ARG

I (e Ilghtspinlessboson)/I (e trav~)
Test of lepton family number conservation.

VAL UE CL 4A DOCUMENT ID TECN

&0.018 95 88 ALBRECHT 9pE ARG

&0.040 95 89 BALTRUSAIT $5 MRK3

ALBRECHT 90E limit holds for mass & 100 MeV, and rises
MeV.
BALTRUSAITIS 85 limit holds for mass & 100 MeV.

I {p light splnhss boson)/I (e tre v~)
Test of lepton family number conservation.

VAL UE CL 1A DOCUMENT ID TECN

&OAS3 95 ALBRECHT 90E ARG

&0.125 95 9 BALTRUSAIT. .$5 MRK3

ALBRECHT 90E limit holds for mass & 100 MeV, and rises
MeV.
BALTRUSAITIS 85 limit holds for mass & 100 MeV.

COMMENT

Eceem= 10 GeV

COMMENT

Esteem 10 GeV

COMMENT

Eceme 10 GeV

Ctot/C

I sos/C

I sos/C

I toe/Cs

Ctos/Cs

COMMENT

ee 94 1p.6 GeV

Eceem= 3.77 GeV

to 0.071 for mass = 500

COMMENT

Eceme 9.4-10.6 GeV

Eceem= 3.77 GeV

to 0.050 for mass = 500

I'(e e+K )/I total
Test of lepton family number conservation.

VAL UE CL 4A DOCUMENT ID

&2.9x 10 5 90 ALBRECHT
~ ~ ~ We do not use the following data for averages,

&5.8 x 10 90 BOWCOCK

&4.2 x 10 90 ALBRECHT

Css/I

TECN COMMEN T

92K ARG Eceem= 10 GeV

fits, limits, etc. ~ ~ o

90 C LEO Eee = 10.4-10.9
87M ARG Repl. by AL-

BRECHT 92K

r DECAY PARAMETERS

NOTE ON r-DECAY PARAMETERS

Neglecting radiative corrections and terms proportional to
mr/m2, the energy spectrum of the charged decay lepton E in

the r rest frame is given by
I (e s K+)/lrotal

Test of lepton family number conservation.
VAL UE CL% DOCUMENT ID TECN COMMENT

&5.8x 10 5 90 BOWCOCK 90 C LEO EPm
—10.4-10.9

I (e+e K )/Cteral
Test of lepton number conservation.

VAL UE CL S DOCUMENT ID TECN COMMENT

& 2.0x10 90 ALBRECHT 92K ARG E = 10 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 4.9x10 90 BOWCOCK 90 CLEO Eee = 10.4-10.9
&12 x 10 90 ALBRECHT 87M ARG Repl. by AL-

BRECHT 92K

I es/I

I (p e+ K+)/I oea~
Test of lepton family number conservation.

VALUE CL S DOCUMEN T ID TECN

&7.7 x 10-6 90 BOWCOCK 90 C LEO

Csrlr = (roe+res)lr

COMMENT

Ec~m= 104 109

I (p e+K )/Itera~
Test of lepton family number conservation.

VALUE CL 5 DOCUMENT ID TECN

& 7.7 x 10-6 90 BOWCOCK 90 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

&11 x 10 90 ALBRECHT 92K ARG

&12 x 10 90 ALBRECHT 87M ARG

COMMENT

E'e = 1O.4-1O.9
etc. ~ ~ ~

Ecee 1P GeV

Repl ~ by AL-
BRECHT 92K

Cselr

I ((pe K) ~ all charg~) /I tots) I ss/r = (I ssyf so+Ciao)/C
Test of lepton number or lepton family number conservation.

VAL UE CL S DOCUMEN T ID TECN COMMEN T

&7.7x 10 6 90 BOWCOCK 90 C LEO E = 10.4-10.9

32 & mr (1 —z)x 12 1 —z +pr x 8 +24@&
3 ) mT X

32P( cose —4(1 —z)+6 —z —8

p~(e or p) PARAMETER
( V—4) theory predicts p = 0.75.

VAL UE EVTS DOCUMENT ID

0.74 +0.04 OUR AVERAGE

0.742 +0.035+0.020 8000

0.79 +0.10 +0.10 3732

0.71 +0.09 +0.03 1426

TECN COMMEN T

ALBRECHT 90E ARG Eee = 9.4-10.6 GeV

FORD 87B MAC Eceme 29 GeV

BEHR ENDS 85 CLEO e+ e near T(45)

Here z = 2Er/mr is the scaled lepton energy, Pr is the r
polarization, and 8 is the angle between the r spin and the

lepton momentum. With unpolarized r's or integrating over

the full 8 range, the spectrum depends only on p~ and g~.
Measurements of the other two Michel parameters, ( and 6,
require polarized r's. Where possible, we give separately the

parameters for 7 —+ e v~v, and r —b p v~v&, to avoid

assumptions about universality.
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~, Number of Light Neutrino Types

p (e) PARAMETER
{V—A) theory predicts p = 0.75.

VALUE EVTS DOCUMENT ID

0.72 +0.04 OUR AVERAGE

0.79 +0.08 +0.06 3230 ALBRECHT

0.747+0.045+0.028 5106 ALBRECHT

0.64 +0.06 +0.07 2753 jANSSEN

0.62 +0.17 +0.14 1823 FORD

0.60 +0.13 699 BEHR ENDS

0.72 +0.10 +0.11 594 BACINO

TECN COMMENT

93G ARG

90E ARG

89 CBAI

878 MAC

85 C LEO
798 DLCO

eeEcm=
Ecm=ee

eeEcm=
eeEcm=

e+ e-
Ecm=ee

9.4—10.6 GeV

9.4—10.6 GeV

9.4—10.6 GeV

29 GeV

near T{4$)
3.5—7.4 GeV

p~(p) PARAMETER
{V—A) theory predicts p = 0.75.

VALUE EVTS DOCUMENT ID

0.76 +0.05 OUR AVERAGE

0.76 +0,07 +0.08 3230

0.734+0.055+ 0.027 3041

0.89 +0.14 k 0.08 1909

0.81 +0.13 727

TECN COMMENT

93G ARG Eceem= 9.4-10.6 GeV

90E ARG Eee = 9.4-10.6 GeV

878 MAC Eceem 29 GeV

85 CLEO e+ e near T(45)

1.14+0.34+0 34
—0.17 3.9k ALBRECHT 90I ARG Repl. by ALBRECHT 93C
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90l
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90
90
90
90
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89
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88
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(HRS Collab. )
(ARGUS Collab. )
(ARGUS Collab, )
(CELLO Collab. )

(CLEO Collab. )
(BARC, WILL)
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{ARGUS Collab. )
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('(e or P) PARAMETER
(V—A) theory predicts ( = l.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.90+0.15+0.10 3230 9 ALBRECHT 93G ARG Ee = 9,4-10.6 GeV

9 ALBRECHT 93G rneasurernent determines ~( j
for the case (~{e) = ( {Itt), but the

authors point out that other LEP experiments determine the sign to be positive.

CONSTRAINT ON W rCOUPL-INGS zgzgvl(IPp+gy)
Standard Model predicts gA

—gy —1.
VAL UE EVTS DOCUMENT ID TECN COMMENT

1.25+0.2$+0' 7.5k ALBRECHT 93C ARG Ee = 9,4-10.6 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

A I HARA 878
AIHARA 87C
ALBRECHT 87L
ALBRECHT 87M
ALBRECHT 87P
BAND 87
BAND 878
BARINGER 87
BEBEK 87C
BURCHAT 87
BYLSMA 87
COFF MAN 87
DERRICK 87
FORD 87
FORD 878
GAN S7
GAN 878
ADEVA 868
AIHARA 86E
BARTEL 86D
PDG 86
RUCKSTUHL 86
SCHMIDKE 86
YELTON 86
AKERLOF 858
ALTHOFF 85
ASH 858
BALTRUSAIT. . . 85
BARTEL 85F
BEHRENDS 85
BELT RAMI 85
BERGER S5
BURCHAT 85
FERNANDEZ 85
MILLS 85
AIHARA 84C
ALTHOFF 84D
BEHREND 84
MILLS 84
BEHREND 83C
JAROS 83
SILVERMAN 83
BEHREND 82
BLOCKER 828
BLOCK ER 82C
BLOCKER 82D
HAYES 82
BERGER 818
DORFAN 81
BLOCKER 80
BRANOELIK 80
ZHOLENTZ 80

Also 81

PR D35 1553
PRL 59 751
PL 8185 223
PL 8185 22S
PL 8199 580
PL 8198 297
PRL 59 415
PRL 59 1993
PR D36 690
PR D35 2?
PR D35 2269
PR D36 2185
PL 8189 260
PR D35 408
PR D36 1971
PRL 59 411
PL 8197 561
PL 8179 177
PRL 57 1836
PL 8182 216
PL 1708
PRL 56 2132
PRL 57 527
PRL 56 812
PRL 55 570
ZPHY C26 521
PRL 55 2118
PRL 55 1842
PL 1618 1SS
PR D32 2468
PRL 54 1775
ZPHY C2S 1
PRI. 54 24S9
PRL 54 1624
PRL 54 624
PR D30 2436
PL 1418 264
ZPHY C23 103
PRL 52 1944
PL 1278 270
PRL 51 955
PR D27 1196
PL 1148 282
PRL 48 1586
PRL 49 1369
PL 1098 119
PR D25 2869
PL 998 489
PRL 46 215
Thesis LBL-10801
PL 928 199
PL 968 214
SJNP 34 814
Translated from YAF
PRL 42 749
5 LAC- P U 8-2419
hoton Conference.
PRL 41 13
Tokyo Conf. 249
PL 968 214
PL 778 331
PL 738 109
Tokyo Conf. 777
NP 8138 189
PRL 40 1120
PRL 35 1489
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K IRK BY
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BACI NO
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BRANDELIK
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JAROS
PERL
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Lepton P
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78
75
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+Dorfan, Abrarns, Amidei+
+Baranko, Baringer, Beltrami+
+Braunschweig, Kirschfink+
+Band Blume Camporesi+

Baltrusaitis, Becker, Blaylock, Brown+
+Becker, Cords, Feist+
+Gentile, Guida, Guida, Morrow+
+Bylsma, DeBonte, Gan+
+Genzel, Lackas, Pieiorz+
+Schmidke, Yelton, Abrams~
+Ford, Qi, Read+
+Pal, Atwood, Baillon+
+Alston Garnjost Badtke Bakken+
+Br aunschweig, Kirschfink+
+Fenner, Schachter, Schroder+
+Ruckstuhl, Atwood, Baillon+
+Chen, Fenner, Gumpel+
+Amidel, Trilling, Abrams+
+Shaw
+Chen, Fenner, Field+
+Abrams, Alam, Blondel+
+Levi, Abrams, Amidei+
+Dorfan, Abrams, Alarn+
+Peri, Alam, Boyarski+
+Genzel, Grigull, Lackas+
+Blocker, Abrarns, Alam+

+Braunschweig, Gather+
+Kurdadze, Lelchuk, Mishnev l

Zholentz, Kurdadze, Lelchuk+
34 1471.

+Ferguson, Nodulman, Slater+

(TPC
(TPC

(ARGUS
(ARGUS
(ARGUS

(MAC
(MAC

(CLED
(CLEO

(Mark II

(HRS
{Mark III

(HRS
(MAC
(MAC

(Mark II

(Mark II

(Mark-J
(TPC

(JADE
(CERN

(DELCO
(Mark II

(Mark II

(HRS
(TASSO

(MAC
(Mark III

(JADE
{CLEO

(HRS
(PLUTO
(Mark II

(MAC
(DELCO

(TPC
(TASSO
{CELLO
(DELCO
(CELLO
(Mark II

Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. }
Collab. )
Collab. )
Collab. )
Collab, )
Collab. }
Collab. )
Collab. )

, CIT+}
Collab. )
Collab. )
Collab. )
Collab, )
Collab. )
Collab. )
Collab. )
Collab, )
Coilab. )
Collab. )
Collab. }
Collab, )
Collab. )
Collab. }
Collab, }
Collab. )
Collab. )
Collab. )
Calla b.)
Collab. )

{UCI}
Collab. )
Collab. )
Collab. )
Collab. ) J
Collab. )
Collab. )
Collab. )

(LBL)
Coilab, )

(NOVO)
(NOVO)

(CELLO
(Mark II

{Mark II

(Mark li

(Mark II

(PLUTO
(Mark II

(TASSO

(DELCO Collab. )
{SLAC) J

Ferguson, Nodulman, Slater+ {DELCO Co!lab. ) J
Kirz (STON)
Zholentz, Kurdadze, Lelchuk, Mishnev+ (NOVO)

+Dittmann, Duinker, Olsson, Oneill+ (DESY, HEIDP)
+Braunschweig, Martyn, Sander+ (DASP Collab, ) J

(SLAC) J
+Perl, Abrams, Alam, Boyarski+ (SI.AC. LBL)
+Abrams, Alam+ {SLAC, LBL, NWES, HAWA)
+Abrarns, Boyarski, Breidenbach+ (LBL, SLAC)

OTHER RELATED PAPERS

WEINSTEIN
PERL
PICH
BARISH
GAN
HAYES
PERL

93
92
90
SS
88
88
80

ARNPS 43 457
RPP 55 653
MPL A5 1995
PRPL 15? 1
IJMP A3 531
PR D38 3351
ARNPS 30 299

~-Stroynowski

~Stroynowski
+Perl

' Perl

(CIT, SMU)
(5LAC)
(VALE)

{ClT}
(5LAC'
(Si AC}
(SLAC}

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 aliow nonzero
neutrino masses. Light neutrinos are those with m„«m&0. The
limits are on the number of neutrino families or species, including

Ve, VI, VT

NOTE ON THE NUMBER QF LIGHT NEUTRINO
TYPES FROM COI LIDER EXPERIMENTS

(by Dean Karlen, Carleton University)

The most precise measurements of the number of light

neutrino types, Nv, 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 N light neutrino species each

contributing the neutrino partial width I' as given by the
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Standard Model. The Standard Model value for I', however, is

uncertain by about 1% due to the unknown top quark mass.

In order to reduce this uncertainty, the Standard Model value

for the ratio of the neutrino to charged leptonic partial widths,

(1' /I't)SM = 1.992 6 0.003, is used instead to determine the

number of light neutrino types:

N ="'-I'—"'I(I l
&~v& SM

The combined LEP result is Nv = 2.985 + 0.023 + 0.004,

where the first error is the combined statistical and systematic

uncertainty and the second is the uncertainty from allowing the

top quark mass to vary between 100 and 200 GeV.

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 and the top quark

mass, 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 J,
and VENUS experiments observed a total of 3.9 events above

background [2], leading to a 95% CL limit of Np ( 4.8. This

process has since been measured at LEP by the ALEPH,

L3, and OPAL experiments [3], and the combined result is

&v = 297+017
Experiments at pp colliders also placed limits on Nv by

determining the total Z width from the observed ratio of
W+ ~ I+v to Z ~ I+I, events [5]. 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.
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Number from e+ e Coiiiders

Number of Light v Types from Direct Measurement of Invhlble Z MRdth
In the following, the invisible Z width is obtained from studies of single-photon events
from the reaction Z ~ vvp. All are obtained from LEP runs in the Ecm range 88-94
GeV.

VALUE DOCUMENT ID

2.$F+0.17 OUR AVERAGE

2.68 +0.20 k 0.20
3.24 +0.46+0.22
3.14+0.24 +0.12
3.0 +0.4 +0.2

TECN COMMENT

BUSKULIC 93L ALEP 1990-1991LEP runs

ADEVA 92 L3 1990 LEP run

ADRIANI 92E L3 1991 LEP run

AKRAWY 910 OPAL

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. ~ ~ ~

( 3.3 WALKER 91 COSM( 3.4 OLIVE 90 COSM( 5.2 ELLIS 86 COSM
4 STEIGMAN 86 COSM( 4 YANG 84 COSM( 4 YANG 79 COSM( 7 STEIGMAN 77 COSM

PEEBLES 71 COSM
(16 8 SHVARTSMAN69 COSM

HOYLE 64 COSM

SHVARTSMAN 69 limit inferred from his equations.

Number Coupling with Less Than Full Neak Strength
VALUE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(20 9 OLIVE 81C COSM
(20 9 STEIGMAN 79 COSM

9 Limit varies with strength of coupling. See also WALKER 91.

Number of Light v Types
Our evaluation uses the invisible and leptonfc widths of the Z boson from our combined
fit shown in the Full Listings for the Z Boson, and the Standard Model value I „/Ig
= 1.992 + 0.003.

VAL UE DOCUMENT ID TECN COMMENT

2.988+0.026 OUR EVALUATION Combined fit to all Z data.
2.9S4+0.02$ OUR AVERAGE Error includes scale factor of 1.1.
3.057+0.040 ABREU 94 DLPH 1990-1992 LEP runs

2.981+0.050 ACCIARRI 94 L3 1990-1992 LEP runs

2.946+0.045 AKERS 94 OPAL 1989-1992 LEP runs

2.98360.034 BUSKULIC 94 ALEP 1989-1992 LEP runs

2.8 +0.6 3 ABRAMS 89B MRK2 Eceem= 91 GeV at SLC

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.97 +0.05 BUSKULIC 93& ALEP Repl. by BUSKULIC 94
2.97 +0.07 1 DECAMP 92B ALEP Repl. by BUSKULIC 93j
3.00 +0.05 4 LEP 92 RVUE
2.93 +0.04 +0.07 1ABREU 91F DLPH Repl. by ABREU 94
3.05 +0.10 ADEVA 91E L3 Repl. by ACCIARRI 94
3.05 +0.09 +0.005 ALEXANDER 91F OPAL Repl. by AKERS 94
3.12 +0.24 +0.25 AARNIO 90 DLPH
2.97 +0.26 3 ABREU 90 DLPH
3.23 +0.29 6 ADEVA 90D L3
3.01 +0.11 ADEVA 90I L3
3.3 +0.7 6 AK RAWY 90 OPAL

2.73 +0.26 + AKRAWY 90E OPAL

309 +019 +006—0.12
3y7 AKRAWY 90E OPAL

3.35 +0.41 6 DECAMP 90B ALEP
3.01 +0.15 +0.05 y7 DECAMP 900 ALEP
2.91 +0.13 DECAMP 90P ALEP
2.4 +0.4 +0.5 3 AARNIO 89 DLPH

1 Simultaneous fits to all measured Z data.

tAnalysis based on ) 1,1 rillion visible Z decays from LEP runs through 1992.
3These papers assume standard model coupllngs.
4Simultaneous fits to all measured cross section data from all four LEP experiments.

Second error is from uncertainty in top and Higgs mass.
6These papers measure leptonic widths and are more model independent. However, they

divide the measured invisible width via the Standard Model width for neutrinos. Such
results are less precise, as discussed in the minireview.

The second error is due to theoretical uncertainties.
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ABREU
ACCIARRI
AKERS
BUSKULIC
BUSKULIC
BUSKULIC
ADEVA
ADRIANI
DECAMP
LEP
ABREU
ADEVA
AKRAWY
ALEXANDE
WALKER
AARNIO
ABREU
ADEVA
ADEVA
AKRAWY
AKRAWY
DECAMP
DECAMP
DECAMP
DENEGRI
OLIVE
AARNIO
ABRAMS
ELLIS
STEIGMAN
YANG
OLIVE
OLIVE
STEIGMAN
YANG
STEIGMAN
PEEBLES

Princet
SHVARTSM

94
94

93J
93L
92
92E
92B
92
91F
91E
91D

R 91F
91
90
90
90D
90I
90
90E
90B
90D
90P
90
90
89
89B
86
86
84
81
81C
79
79
77
71

on Univ.
AN 69

HOYLE 64

REFERENCES FOR Llmlta on Number of
Light Neutrino Typer

NP B418 403
ZPHY C62 551
ZPHY C61 19
ZPHY C62 539
ZPHY C60 71
PL B313 520
PL B275 209
PL B292 463
ZPHY C53 1
PL B276 247
NP B367 511
ZPHY C51 179
ZPHY C50 373
ZPHY C52 175
APJ 376 51
PL B241 425
PL B241 435
PL B238 122
PL B249 341
PL B235 379
PL B240 497
PL B234 399
PL B235 399
ZPHY C48 365
RMP 62 1
PL B236 454
PL B231 539
PRL 63 2173
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 Z
Nature 203 1108

(MOSU)

(CAMB)
ETFP 9 315.

+Tayler

+Adam, Adye, Agasi+ (DELPHI Collab, )
+Adam, Adriani, Aguilar-Benitez+ (L3 Collab. )
+Alexander, Allison+ (OPAL Collab. )
+Casper, De Bonis, Decamp, Ghez, Goy+ (ALEPH Collab. }
+Decamp, Goy, Lees, Minard+ (ALEPH Collab. )
+De Bonis, Decamp+ (ALEPH Collab. )
+Adriani, Aguilar-Benitez+ (L3 Collab. )
+Aguilar-Benitez, Ahlen, Akbari, Alcaraz+ (L3 Collab. }
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Coilab. )
+ALEPH, DELPHI, L3, OPAL (LEP Collabs. }
+Adam, Adami, Adye, Akesson+ (DELPHI Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcaraz+ (L3 Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Allison, Allport, Anderson, Arcelli+ (OPAL Collab. )
+Steigman, Schramm, Olive+ (HSCA, OSU, CHIC, MINN)
+Abreu, Adam, Adami+ (DELPHI Collab. )
+Adam, Adami+ (DELPHI Collab. )
+ Adriani, Aguilar-Benitez, Akbari+ (L3 Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alcarez+ (L3 Collab. )
+Alexander, Allison, Allport. Anderson+ (OPAL Collab. )
+Alexander, Allison, Allport+ (OPAL Collab. )
+Deschizeaux, Lees, Minard, Crespo+ (ALEPH Collab. )
+Deschizeaux, Lees, Minard, Crespo+ (ALEPH Collab. )
+Deschizeaux, Goy, Lees+ (ALEPH Collab. )
+Sadoulet, Spiro (CERN, UCB, SACL)
+Schramm, Steigman, Walker (MINN, CHIC, OSU, HARV)
+Abreu, Adam, Adrianos, Adye+ (DELPHI Collab. )
+Adolphsen, Averill, Ballam, Barish+ (Mark II Collab. )
+Enqvist, Nanopoulos, Sarkar (CERN, OXFTP)
+Olive, Schramm, Turner (BART, MINN+)
+Turner, Steigman, Schramm, Olive (CHIC, BART)
+Schramm, Steigman, Turner, Yang+ (CHIC, BART)
+Schramm, Steigman (EFI, BART)
+Olive, Schramm (BART, EFI)
+Schramm, Steigman, Rood (CHIC, YALE, VIRG)
+Schramm, Gunn (YALE, CHIC, CIT)

(PRIN)

There could be an increasing mass sequence of such pairs. It is

frequently assumed that the neutrinos are massless (a natural

concomitant of the I number conservation law).

Decay rates are assumed to be calculable from conventional

weak interaction theory. For example, for an I mass between

1 GeV and 3 GeV, the branching fraction to each of the two

leptonic modes above should be roughly 10'Fo to 20'Fo. For an

I mass above 1 CeV, the mean life should be & 10 second.

Paraleptons (ep+, cop), (ts+p, pp) (rp rp), The lepton num-

ber of (e+p, esp) is the same as that of (u„e ), and similarly for

the other paraleptons. Radiative decays are again forbidden,

and decays similar to those allowed for I are allowed here,

e.g. ,

pp v»e ve
+ +

+ +
pp v»p, v»

pp —+ v» hadrons.

However, the lightest member is not stable as is the case for

sequential leptons, so that bizarre decay schemes such as

Heavy Lepton Searches

NOTE ON HEAVV LEPTON SEARCHES

Data on the 7.+ are listed in a separate section, following

the e and p, listings. Data on excited leptons (e', ts', r") appear

in the section "Searches for Quark and Lepton Compositeness. "

Searches for fractionally charged heavy leptons are included in

the section on "Free Quark Searches. "
The following section contains information on searches for

heavy leptons of other types.
Several types of heavy leptons (that is, non-strongly-

interacting fermions other than e and p, ) have been proposed.

In the Pull Listings, following a historical practice specific to

this area, we distinguish four types [l]. Each has a correspond-

ing antiparticle with opposite charge and lepton number. For

convenience we omit writing the antiparticles in the following

descriptions. The four types are:

Sequential leptons (I. , vr, ). Such a pair has often been

assumed to have its own separately strictly conserved lepton

number nI, = +1, Such a conservation law means that the

radiative decays

I ~ p, p $ are forbidden,

while the weak decays (assuming mI, - sufficiently large)

~ vie v,

I ~ vtp, v»
are allowed .

+ 0 +ep ~ epp, v»

e e ve

(assuming m, o ( m +) are allowed. Occasional searches have
P p

been made for doubly-charged paraleptons.

Before the discovery of the Z boson, heavy leptons of

this type were proposed in unified gauge theories of weak

and electromagnetic interactions to cancel unphysical high-

energy behavior in such processes as e+e —& W+W [2]. The

theoretical motivation disappeared with the discovery of neutral

currents and confirmation of the standard electroweak theory.

However, from a purely phenomenological viewpoint, it is still

of interest to search for paraleptons.

Ortholeptons ('eo, ts&, r&). These are defined as having

the same lepton numbers as the corresponding regular leptons.

The quantum numbers of an ortholepton are thus essentially

equivalent to those of an excited lepton. Historically, the em-

phasis in the excited leptons has been on the radiative decay

mode, and the connection with compositeness, whereas the

ortholepton denotation has been a more general category. Re-

fIeeting this, we list limits on excited leptons in the section on

compositeness. Ortholeptons may or may not have associated

neutral leptons. Both radiative decays and regular weak decays

similar to those of sequential leptons can occur.

Long-lived penetrating particles. Heavy leptons could have

long mean lives under certain circumstances. For example, if

rn ~ & mI-, then I. s the sequential lepton, would only be

able to decay via lepton mixing and could have a relatively long

lifetime.

Perl's review [3] gives further details.

vI. I adrons,
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Heavy Lepton Searches

Limits apply only to heavy lepton types specified. See review
above for description of types. L, ep, pp, wp, eo, po, and 7 p
denote sequential lepton, para-electron, para-muon, para-tau,
ortho-electron, ortho-muon, and ortho-tau, respectively. As
noted, limits for excited leptons (e*, y, ', w') are included in the
section on "Searches for Quark and Lepton Compositeness. "

Chaiq~ Heavy Lepton MASS LIMITS

Sequential Char+~ 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 mv & 42.7
GeV so that the above assum ptlon is not valid for any mass limit & 42.7 GeV. One can
inStead aSSume that L+ deCayS Via miXing tO ve,

vugg
and/Or v7. ~ and in that COnteXt

the limits below are meaningful.
VALUE (GeV) CL 5 DOCUMEN T ID TECN COMMENT

&42.8 95 A D EVA 905 L3 Dirac
&44.3 95 A K RAWY 90G OPAL
&42.7 95 DECAMP 90F ALEP

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

none 12.6-29.6 95 KIM 91B A MY Massless v assumed
none 0.5-10 95 1 RILES 90 MRK2 For (mL —mLp)

0.25-0.4 GeV
STOKER 89 MRK2 For (mL+ —mLp)= 0.4

GeV
&12 STOKER 89 MR K2 For m p

—0.9 GeV
L

&27.6 95 3 ABE 88 VNS
&25.5 95 4 ADACHI 88B TOPZ

none 1.5-22.0 95 BEHREND 88C CELL
&25.0 95 5 IGARASHI 88 AMY
&27.6 95 6 K I IVI 88 A MY
&41 90 7 ALBA JAR 87B UA1

&25.0 95 YOSHIDA 87B VNS
&22.5 95 8 ADEVA 85 MRK J
&18. 9 ADEVA 83B MRKJ
&18.0 95 10 BARTEL 83 JADE
&14. 95 A DEVA 82 MRK J

none 4-14.5 95 11 BERGER 818 PLUT
&15.5 95 BRANDELIK 81 TASS
&13. 13 AZIMOV 80
&16. 95 14 BARBER 80B CNTR

0.490 15 ROTHE 69 RVUE

RI LES 90 limits were the result of a special analysis of the data in the case where the mass
difference m

L
—mLp was allowed to be quite small, where L denotes the neutrino

into which the sequential charged lepton decays. With a slightly reduced mL+ range,
the mass difference extends to about 4 GeV.
STOKER 89 (Mark I I 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.

3A BE 88 search for L+ and L h hadrons looking for acoplanar jets. The bound is
valid for mv g 10 GeV.

ADACHI 88s search for had ronlc decays giving acoplanar events with large missing energy.
Ecmee 52 GA

IGARAS HI 88 search for multi-hadron events with isolated leptons. Ecm = 50-52
GeV.
K I M 88 search for L+ ~ hadrons with L+ h isolated lepton X and for L+ and L+ h

hadrons. Ecm
ee 56 GeV.

Assum es associated neutrino is approximately massless.
8 A DEVA 85 analyze one-isolated- muon data and sensitive to ~ &10 na nosec. Assume

B(lepton) = 0.30. Ecm —40-47 GeV.

A DEVA 838 looked for muon opposite aga inst a hadron jet.
BARTEL 83 limit is from PETRA e+ e experiment with average Ecm ——34.2 GeV.

BERGER 81e 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 h L+ L deducing
semi-hadronlc decay multiplicities of L from e+ e annihilation data at Ecm = (2/3)mL.
Obtained above limit com paring these with e+ e data (BRANDELIK 80).
BARBER 80e looked for e+ e h L+ L ~ L ~ v+ X with MARK- J at DESY-PETRA.

L
5 ROTHE 69 examines previous data on Ig pair production and Tr and K decays.

8
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Stabh Chargmg Heavy Lepton (L+) MASS LIMITS
VAL UE (Gev) CL S DOCUMENT ID TECN~.$ (CL = $5%) OUR LIMIT

)28.2 95 16 ADACHI 90C TOPZ
none 18.5-42.8 95 AK RAWY 900 OPAL
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)26.5 95 DECAMP 90F ALEP
none m Ig-36.3 95 SODERSTROM90 MRK2

ADACHI 90c put lower limits on the mass of stable charged particles with electric charge
q satisylng 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.

Chere%i Ortho EkKRIon (e+) MASS LIMITS
See also the section "MA S LIMITS for Excited eea in the section on "Searches for
Quark and Lepton Compositeness. "

VALUE (GeV) EVTS DOCUMEN T ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

none 0.25-2.3 17 BACCI 77e SPEC
&0.6 18 BACCI 73 ELEC
&2.2 0 18 BACCI 73 ELEC

none 0.263-1.32 19 LICHTENSTElhFO SPEC
none 0.1-1.3 20 BOLEY 68 SPEC
none 0.3-0.7 21 BUDNITZ 66 SPEC)1.0 0 22 BEHREND 65 SPEC
none 0.12&.57 BETOURNE 65 SPEC

BACCI 778 is same type as BACCI 73. Lower mass limit corresponds to A limit of
4 x 10, upper value is for A limit of 1.5 x 10
BACCI 73 ls Frascatl e+ e experlm ent. Looks for eo ~ ep. Mass limit depends on

coupling constant A for this decay. First value above Is for A & 9 x 10, second is

for A2 & 10
19LICHTENSTEIN 70 is Cornell experiment measuring e Bremsstrahlung. Mass limit de-

pends on coupling constant. First value above is for A &O.l?, second is for A &0.42.
BOLEY 68 Is CEA experiment. Looks for e p ~ e0 p. Mass of 0.1 corresponds to
coupling constant A & 3 x 10,mass limit of 1.3 to A &0.01.
BUD NITZ 66 is C EA experim ent. Looks for e p ~ eo p.

2 BEHREND 65 is DESY experiment. Looks for e p ~ ea p, eo ~ ep. This mass limit

corresponds to a limit on A of 6.25 x 10
8ETO URN E 65 is Orsay experiment. Looks for e p ~ eo p. Mass of 0.12 corresponds

to coupling constant A &0.0016, mass of 0.57 to A &0.22.

Charged Ortho-Muon (p+0) MASS LIMITS
See also the section "MASS LIMITS for Excited p" ln the section on "Searches for
Quark and Lepton Com poslteness. "

VAL UE (GeV) CL S EVTS DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&10.3 98 24 ASRATYAN 78
7.5 0 25 CNOPS 78 HLBC
1,8 90 26 ASRATYAN 74 HLBC

none 0-2.0 GITTLESON 74 SPEC
none 0.2-0.6 28 LIBERMAN 69 OSPK

ASRATYAN 78 analyzes dependence of (neutral current/charged current) on energy of
associated hadrons. Uses data of HOLDER 77 —v Interactions at CERN-SPS.

CNOPS 78 is FNAL experiment looking for v Ne ~ L+, followed by L+ ~ e+ v v.

ASRATYAN 74 uses EICHTEN 73 data on v nucleon ~ e hadrons and v nucleon ~
e+ hadrons to set limits on orthomuon production.
GITTLESON 74 is Ig p ~ p pO search. Coupling constant A is g0.01 for mass up to
0.7 GeV, limit on A rises to &0.1 for mass of 2.0 GeV.
LIBERMAN 69 is a BNL experiment measuring muon Bremsstrahlung.

Charged Pars-Muon (p+p) MASS LIMITS
VALUE (Gev) CL 5 EVTS DOCUMENT ID TECN CHG

e o e We do not use the following data for averages, fits, limits, etc. e ~ e

9.0 0 29 C MOPS 78 HLBC +
&10.0 30 ERRIQUEZ 78 BEBC +
&12. 90 31 HOLDER 78 CNTR

8.4 90 BARISH 74 SPEC
2.0 90 0 BARISH 73B ASPK +
2.4 90 0 34 EICHT EN 73 HLBC +
CNOPS 78 Is FNAL experiment looking for v Ne ~ L+, followed by L+ ~ e+ vv.

30 ERRIQUEZ 78 is CERN SPS experiment. Looks for v nucleon ~ Ig e+ X. Finds cross

section for producing heavy lepton ~ e+ & 0.7 x 10 3 x CC cross section.
HOLDER 78 is a CERN v experiment looking for v nucleon ~ Ig+ anything. Assumes

p, p
-+ Ig+ 2v with BR = 0.2.

BARISH 74 is FNAL 50,135 GeV v experiment. Looks for (v nucleon ~ Ig+P X).Assumes

(y,&+ ~ Ig+ v v ) with BR = 0.3.

BARISH 738 is FNAL 50,145 GeV v experiment. Looks for (v nucleon ~ Ig+ X).
Assumes (Is++ -+ Ig+ v& v&) with BR = 0.3.

34 EICHTEN 73 is CERN 1-10 GeV v experiment. Looks for Ig+ produced in v nucleon ~P
Igp hadrons assuming 15% decay to e+ v& ve.
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Stable Neutral Heavy Lepton MASS I IMITS

Note that LEP results in combination with REUSSER 91 exclude a fourth
stable neutrino with m( 2400 GeV.

DOCUMENT ID

ABREU
ABREU
ALEXANDER
ALEXANDER
SATO
ADEVA
ADEVA

DECAMP

CL%

95
95
95
95
90

39
39

95

VAL UE (GeV)

p45.0
&$0.5
&44.1
&37.2

none 3-100
&42.8
&34.8
&42.7

ADEVA

satisfies
for mLp

COMMENTTECN

92B DLPH
92B DLPH
91F OPAL
91F OPAL
91 KAM2
905 L3
905 L3
90F ALEP

Dirac
Majorana
Dirac
Majorana
Karniokande II

Dirac
Majorana
Dirac

905 limits for the heavy neutrino apply if the mixing with the charged leptons

I U] j~ + ~U2 jj + tu3 j~ & 6 2x 10 at mLp
——20 GeV and & 5.1 x 10

= 40 GeV.

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. L, eP, pP, eo,
p, o stand for sequential lepton, para-electron, para-muon, ortho-electron,
ortho-muon respectively, For a review, see GAN 88.

VALUE (GeV)

none 2.5-50
CL % DOCUMENT ID TECN

95 ADRIANI 92I L3

95 ADRIANI 92l L3
95 4' ADEVA 905 L3
95 41 ADEVA 905 L3
95 AKRAWY 90L OPAL

42 AKRAWY 90L OPAL

95 43144 BURCHAT 90 MRK2

95 43 45 DECAMP 90F ALEP

use the following data for averages, fits, limits,

95 46 ABREU 92B DLPH
95 46 ABREU 92B DLPH

95 4 BURCHAT 90 MRK2

COMMENT

IUeoruI3 & 3 x 10

ILI I3 & 3 x 10-4
Dirac
Majorana
Coupling to e or p
Coupling to r
Dirac, all [u~j[
Dirac IUg I

) 10J
etc. ~ o o

none 4-50
&46.4
&45.1
&46.5
&45.7
& 19.6

none 25-45.7
o oo Wedonot

Dirac
Majorana

Dirac, ~ugj~2

10—10
Dirac LO,

~u ~2»o-6
Majorana LO,

Uejl2 &1o-6
Majorana Lo,

Iue jl ='

L =eP, V—A coupling

ju ]2=1
L0 e~+V+A coup=ling,

IUegI'='

)u„jl =1~

/u J /2=0. 1

&44.5
&39.0
&41

95 47 SHAW

4? SHAW

89 AMY

89 AMY

none 8.2-26.5

none 8.3-22.4

47 SHAW 89 AMYnone 8.1—24.9

48 AKERLOF
48 AKERLOF
48 AKERLOF
49 BEHREND

88 HRS

88 HRS

88 HRS

88c CELL

none 1.8—6.7
none 1.8-6.4
none 2.5-6.3
none 0.6—34.6

90
80

95

95 49 BEHREND 88C CELLnone 0.4—37.4

50 MISHRA
50 MISHRA

87 CNTR

87 CNTR

none 0.25—14

none 0.25-10

Charged Long-Lived Heavy Lepton MASS LIMITS
VAL UE (GeV) EVTS DOCUMENT ID TECN CMG COMMEN T

~ ~ o We do not use the following data for averages, fits, limits, etc. i ~ ~

&0.1 0 ANSORGE 73B H BC — Long-lived

none 0.55—4.5 8USHNIN 73 CNTR — Long-lived

none 0.2-0.92 37 BARNA 68 CNTR — Long-lived
none 0.97—1.03 BARN A 68 CNTR — Long-lived

ANSORGE 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 10 and 3 x 10 8 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.

Doubly-Charged Heavy Lepton MASS LIMITS
VAL UE (GeV) CL% DOCUMENT ID TECN CMG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

none 1—9 GeV 90 38 Cl ARK 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. "

none 0.25—7.7 90 50 MlsHRA 87 cNTR
l
u, ~2 0 03pj

none 1.—2. WENDT 87 MRK2 lue or j ' —0

none 2.2—4. 90 WENDT 87 MRK2
I ue or J

i2 —0.001

none 2.3-3. 90 WENDT 87 MRK2 ~U ~2=0.1r j
none 3.2—4.8 90 WENDT 8? MRK2

I ur J ~

=0 001

none 0.3-0.9 52 BADIER 86 CNTR lue .j2=0 8

none 0.33—2.0 90 BADIER 86 CNTR
~
Ue 'i —0.03

none 0.6-0.7 90 BADIER 86 CNTR
~

u .
~

=0 8
I j

none 0.6-2.0 90 52 BADIER 86 CNTR
I
U

j
2=0.01M.001

Igj
&24.5 53 BARTEL 83 JADE e or e, V+A
&22.5 33 BARTEL 83 JADE e~ or e~, I/ —AP 0'

none 1-9 54 CLARK 81 SPEC IgoP
1.2 MEYER ?7 MRK1 Neutral

4 ADRIANI 92i is a search for isosinglet heavy lepton N~ which might be produced from
Z ~ vg N~, then decay via a number of different channels. Limits are weaker for decay
lengths longer than about 1m.
ADEVA 905 limits for the heavy neutrino apply if the mixing with the charged leptons

satisfies ~V1j) + (U2 l + (U3j~ & 6.2x10 at mLp
—20GeV and & 5.1x10

for mLp
—40 GeV,

2AKRAWY 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.

Limits apply for E = e, p, , or r and for V —A decays of Dirac neutrinos.
BURCHAT 90 searched for Z 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 ~ugj'
ABREU 92B limit is for mixing matrix element = 1 for coupling to e or p.. Reduced
somewhat for coupling to r, increased somewhat for smaller mixing matrix element.
Replaces ABREU 91F.
SHAW 89 also excludes the mass region from 8.0 to 27.2 GeV for Dirac LO 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 Lo is assumed to decay
via V—A to e or p, or r plus a virtual W.

™
The first bound of BEHREND 88C applies for a general L . The second and third have
their assumptions indicated.
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 m

nucleon collisions with lifetimes in the range from 5. x 10 -5. x 10 s and decaying
into at least two charged particles. Uz~ and Um J are mixing angles to ve and v&. See
also the BADIER 86 entry in the section "Searches for Massive Neutrinos and Lepton
Mixing" .
BARTEL 83 is PETRA e+ e experiment with average Wcm

—34.2 GeV. First,'second)

limit is for V+A(V —A) type W eP e coupling.
54 CLARK 81 is FNAL experiment with 209 GeV muons. Bounds apply to para-muon which

couples with full weak strength to muon. See also section on "Neutral Heavy Lepton
Production Cross Section (IJ, Nucleon)" below.

90

90

95

95

90

Doubly-Charged Lepton Production Cross Sation
tie N SCatterlng)

VALUE (cm2) EVTS DOCUMENT ID TECN CMG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ i
(6 x10 38 0 60 CLARK 81 SPEC

CLARK 81 is FNAL experiment with 209 GeV muon. Looked for Ig+ nucleon ~ ~IMP X,

Ig p+ p t
&

and p+ ri p X p, 2Ig+t Above limits are for 4rxBRP
taken from their mass-dependence plot figure 2.

Astrophysical Limits on Neutrino MASS for m„&1 MeV
VAL UE (Gev) CL% DOCUMEN T ID TECN COMMENT

«e ~ We do not use the following data for averages, fits, limits, etc. e ~ a

none 6 —hundreds 55156 MORI 92B KAM2 Dirac neutrino
none 24 —hundreds 55 56 MORI 92B KAM2 Majorana neutrino
none 10-2400 90 7 REUSSER 91 CNTR HPGe search
none 3-100 90 SATO 91 KAM2 Karniokande li

ENQVIST 89 COS M

none 12-1400 59 CALDWELL 88 COSM Dirac r

none 4-16 90 55 59 OLIVE 88 COSM Dirac u

none 4-35 90 OLIVE 88 COSM Majorana v

&4.2 to 4.7 SREDNICKI 88 COSM Dirac v
&5.3 to 7.4 SREDNICKI 88 COSM Majorana t

none 20-1000 95 59 AHLEN 87 COSM Dirac t

&4,1 GRIEST 8? COSM Dirac v

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 annihllations 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.
These results assume that neutrinos make up dark rnatter in the galactic halo.
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Neutral Heavy Lepton Producthn Cross Section

{p

VAL UE (cm2) EVTS DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4. x 10 0 61 CLARK 81 SPEC 0 p P
&1.22 x 10 34 62 LEBRITTON 80 SPEC 0 M ~ P+ It v

CLARK 81 is FNAL experiment with 209 GeV muon. Looked for IL+ nucleon ~ ~pPX,

~p, ~ p+Is 9 and p+rI ~ Is++X, Is++ ~ 2It+v . Abave iirnitsarefortyxBRP P ' P P'
taken from their mass-dependence plot figure 2.
LEBRITTON 80 ls BNL experiment with 10.5 GeV rnuons. Trimuons are consistent with
@ED trident and dlffractively produced p decay.

928
92I
928
91F
91F
918
91
91
90C
905
90G
90L
900
90
90F
90
90

M 90
89C
89
89
89
89
88
NB
N
SSC
88
88
88

88
88
87
S78
S7
88
87

ABREU
ADRIANI
MORI
ABREU
ALEXANDER
KIM
REUSSER
SATO
ADACHI
ADEVA
AKRAWY
AKRAWY
AKRAWY
BURC HAT
DECAMP
JUNG
RILES
SOD ERSTRO
ABRAMS
ENQVIST
FISHER
SHAW
STOKER
ABE
ADACHI
AKERLOF
BEHREND
CALDWELL
GAN
IGARASHI
KIM
OLIVE
SREDNICKI
AHLEN
ALBAJAR
GRIEST

Also
MISHRA

REFERENCES FOR Heavy Lepton Scarc:hes

PL 8274 230
PL 8295 371
PL 8289 463
NP 8367 511
ZPHY C52 175
IJMP A6 2583
PL 8255 143
PR D44 2220
PL 8244 352
PL 8251 321
PL 8240 250
PL 8247 448
Pl 8252 290
PR D41 3542
PL 8236 511
PRL 64 1091
PR D42 1
PRL 64 2980
PRL 63 2447
NP 8317 647
PL 8218 257
PRL 63 1342
PR D39 1811
PRL 61 915
PR D37 1339
PR D37 577
ZPHY C41 7
PRL 61 510
IJMP A3 531
PRL 60 2359
PRL 61 911
PL 8205 553
NP 8310 693
PL 819S 603
PL 81S5 241
NP 82S3 681
NP 8296 1034 erratum
PRL 59 1397

+Adams, Adami, Adye+ (DELPHI Collab. )
+Aguilar-Benitez, Ahlen, Akbari, Alcaraz+ (L3 Collab. )
+Hikasa, Nojiri, Oyama+ (KAM2 Collab. )
+Adam, Adami, Adye, Akesson+ (DELPHI Collab. )
+Allison, Allport, Anderson, Arcelli+ (OPAL Collab. )
+Smith, Breedon, Ko+ (AMY Collab. )
+Treichel, Boehm, Broggini+ (NEUC, CIT, VILL)
+Hirata, Kajita, Kifune, Kihara+ (Kamioka Collab. )
+Aihara, Doser, Enomoto+ (TOPAZ Collab. )
+Adriani, Aguilar-Benitez, Akbari+ (L3 Collab. )
+Alexander, Allison, Allport+ (OPAL Collab. )
+Alexander, Allison, Allport+ (OPAL Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+King, Abrams, Adoiphsen+ (Mark II Collab. )
+Deschizeaux, Lees. Minard+ (ALEPH Collab. )
+Van Kooten, Abrams, Adolphsen+ (Mark II Collab. )
+Perl, Barklow+ (Mark II Collab. )
+McKenna, Abrams, Adolphsen, Averill+ (Mark II Collab. )
+Adolphsen, Averill, Ballam+ (Mark II Collab. )
+Kainulainen, Maalampi (HELS)
+Boehm, Bovet. Egger+ (CIT, NEUC, PSI)
+Blanis, Bodek, Budd+ (AMY Collab. )
+Perl, Abrams+ (Mark II Collab. )
+Amako, Arai, Asano, Chiba (VENUS Collab. )
+Aihara, Dijkstra, Enomoto+ (TOPAZ Collab. )
+Chapman, Errede, Ken+ (HRS Collab. )
+Buerger, Criegee, Dainton+ (CELLO Collab. )
+Eisberg, Grumm, Witherell+ (UCSB. UCB, LBL)
+Perl (5LAC)
+Myung, Chiba, Hanaoka+ (AMY Collab. )
+Son, Bacala, Imlay+ (AMY Collab. )
+Srednicki (MINN, UCSB)
+Watkins, Olive (MINN, UCSB)
+Avignone, Brodzinski+ (BOST, SCUC, HARV, CHIC)
+Albrow, Allkofer, Arnison+ (UA1 Collab. )
+Seckel (UCSC, CERN)

Griest, Seckel (UCSC, CERN)
+Auchincloss+ (COLU, CIT, FNAL, CHIC, ROCH)

Neutral Heavy Lepton Production Crois Section

o x B(r ~ new neutral lepton) x B(neutral lepton ~ usurped)
VALUE (10 5 nb) CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&450 90 MEYER 77 MRK1 For mL-0. 5 GeV

&250 90 MEYER 77 MRK1 For mL-1.5 GeV

MEYER 77 experiment looks for narrow neutral resonance in e ~ and y, x channels.
See "Heavy Lepton MASS LIMITS" section above.

n(LX) x [B(L-+ evX)+ Bg ~ evX)]
VALUE(10 5 nb) CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do nat use the following data for averages, fits, limfts, etc. ~ ~ ~

& 8 90 ERREDE 84 HRS For mL —1 GeV

&18 90 4 ERREDE 84 HRS For mL —2 GeV

&20 90 64 ERREDE 84 HRS For mL
—3 GeV

&11 90 64 ERREDE 84 HRS For mL
—4 or 5 GeV

&13 90 64 ERREDE 84 HRS For mL-6 GeV

&17 90 64 ERREDE 84 HRS For mL-7 GeV

Assuming X = IL. .lf X = meson, limits are 20% higher. ERREDE 84 say these limits

are comparable to those expected from naive theory. e+ e, Ecm = 29 GeV. See also
GRONAU 84, RIZZO 84.

o(L& + Le) x B(L& ~ only light neutrinos}
VALUE(10 5 nb) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the fallowing data for averages, fits, limits, etc. ~ ~ ~

& 4.7 90 AKERLOF 85 HRS For mL —2 GeV

&18. 90 AKERLOF 85 HRS For mL-10 GeV

AKERLOF 85 observe no monojets above background. They use standard couplings to
Z to find o(L1 + L2) = 0.36 pb. Above data then imply B(L1 ~ light neutrinos)
&13-50% for mL —2-10 GeV.

o(LI) x BRq x BRe / +{standard vte virtual Z}
where BR1 and BR2 are branching ratios leading to events with two or four charged

particles, and o(standard) = 0.35(p(3+ p ) /4) pb with p = velocity/cof L.
VALUE CL% EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

01&2 90 0 66 PERL 85 MRK2 For mL &1 GeV

PERL 85 examine a va~iety of models and processes. They sea~eh up to mL —14 GeV

but are most sensitive for mL &1 GeV. They require lepton lifetime &mL10 s [mL In

GeVj which limits their ability to constrain the mixing of a 4th conventional generation.

WENDT
YOSHIDA
BADIER
ADEVA

Also
AKERLOF
PERL
ERREDE
GRONAU
RIZZO
ADEVA
BARTEL
ADEVA
BERGER
BRA NDELIK
CLARK

Also
AZIMOV

87
878
86
85
84C
85
85
84

84
838
83
82
&18
81
81
82
80

BARBER 808
BRANDELIK 80
LEBRITTON 80
ASRATYAN 78
CNOPS 78
ERRIQUEZ 78
HOLDER 78
BACCI 778
HOLDER 77
MEYER 77
ASRATYAN 74
BARISH 74
GITTLESON 74
ANSORGE 738
BACCI 73
BARISH 738
BU5HNIN 73

Also 72
EICHTEN 73
LICHTENSTEIN 70
LIBERMAN 69
ROTHE 69
BARNA 68
BOLEY 68
BUDNITZ 66
BEHREND 65
8ETOURNE 65

PRL 58 1810
PRL 59 2915
ZPHY C31 21
PL 1528 439
PRPL 109 131
PL 1568 271
PR D32 2859
PL 1498 519
PR D29 2539
PL 1368 251
PRL 51 443
PL 1238 353
PRL 48 967
PL 998 4S9
PL 998 163
PRL 46 299
PR D25 2762
JETPL 32 664
Translated from
PRL 45 1904
PL 928 199
PL 898 271
PL 768 237
PRL 40 144
PL 778 227
PL 748 277
PL 718 227
PL 708 393
PL 708 469
PL 498 488
PRL 32 1387
PR D10 1379
PR D7 26
PL 448 530
PRL 31 410
NP 858 476
PL 428 136
PL 468 281
PR D1 825
PRL 22 663
NP 810 241
PR 173 1391
PR 167 1275
PR 141 1313
PRL 15 900
PL 17 70

+Abrams, Amidei, Baden+ (Mark II Collab. )
+Chiba, Endo+ (VENUS Collab. )
+Bemporad, Boucrot, Callot+ (NA3 Collab. )
+Becker, Becker-Szendy+ (Mark-J Collab. )

Adeva, Barber, Becker+ (Mark-J Collab. )
+Bonvicini, Chapman, Errede+ (HRS Collab. )
+Barklow, Boyarski+ (Mark II Collab. )
+Akerlof, Chapman, Harnew+ (HRS Collab. )
+Leung, Rosner (SYRA, FNAL, CHIC)

(ISU)
+Barber, Becker, Berdugo+ (Mark-J Collab. )
+Cords, Dietrich, Eichler+ (JADE Collab. )
+Barber, Becker, Berdugo+ (Mark-J Collab. )
+Genzel, Grigull, Lackas+ (PLUTO Collab. )
+Braunschweig, Gather+ (TASSO Collab. )
+Johnson, Kerth, Loken+ (UCB, LBL, FNAL, PRIN)

Smith, Clark, Johnson, Kerth+ (LBL, FNAL, PRIN)
+Khoze (PNPI)

ZETFP 32 677.
+Becker, Bei, Berghoff+ (Mark-J Collab. )
+Braunschweig, Gather+ (TASSO Coliab. )
+McCal, Melissinos+ (ROCH, BNL, NSF)
+Kubantsev (ITEP)
+Connolly, Kahn, Kirk+ (BNL, COLU)

(BARI, BIRM, BRUX, EPOL, RHEL, SACL, LOUC)
+Knobloch, May+ (CDHS Collab. )
+Dezorzi, Penso, Stella+ (ROMA, FRAS)
+Knobloch, May+ (CDHS Collab. )
+Nguyen, Abrams+ (SLAC, LBL, NWES, HAWA)
+Gershtein, KaRanov, Kubantsev, Lapin+ (SERP)
+Bartlett, Buchholz, Merritt+ (CIT, FNAL)
+Kirk+ (HARV, ROCH, COLU, FNAL)
+Baker, Krzesinski, Neale, Rushbrooke+ (CAVE)
+Parisi, Penso, Salvini, Stella+ (ROMA, FRAS)
+Bartlett, Buchholz, Humphrey+ (CIT, FNAL)
+Dunaitzev, Golovkin, Kubarovsky+ (SERP)

Golovkin, Grachev, Shodyrev+ (SERP)
+Deden, Hasert, Krenz+ (Gargamelle Collab. )
+Ash, Berkelman, Hartill+ (CORN)
+Hofrman, Engels+ (HARV, CASE, MCGI, SLAC)
+Wolsky (PENN)
+Cox, Martin, Perl, Tan, Toner, Zipf+ (SLAC, STAN)
+Elias, Friedlnan, Hartmann, Kendall+ (MIT, CEA)
+Dunning, Goitein, Ramsey, Walker+ (HARV)
+Brasse, Engler, Ganssauge+ (DESY, KARL)
+Ngoc, Perez-y- Jorba+ (0RSAY)

OTHER RELATED PAPERS

PERL 81 SLAC-PUB-2752
Physics in Collision Conference.

(5LAC)

Searches for Massive Neutrinos
and Lepton Mixing

1. Bounds from particle and nuclear decays;

2. Bounds from neutrino reactions, including reactor and accel-

erator neutrino oscillation experiments, and solar neutrino

measurements (see the "Note on Neutrino Oscillations"

below); and

&. Searches for neutrinoless double-P decay:

Discussion of the v, and v& mass limits, the "17 keV

neutrino, " and solar neutrino observations are given in the
"Note of Neutrinos" by R.E. Shrock in the v, section near the

beginning of these data listings. Several reviews are also listed

there. See also the "Note on the Muon Neutrino Mass" before

the v& Listings.

In addition, searches for mixing of (p e+} and (p+e ) are

given in the muon Listings.

Searches for the efFects of nonzero neutrino masses are

listed here. Direct searches for masses of dominantly coupled

neutrinos are listed in the appropriate section on v„v&,or vT.

The results in the present section are correlated upper bounds

on mixing matrix coefficients U~& versus neutrino mass. These

results are divided into three main sections:



1422

Lepton Ec Quark Full Listings
Massive Neutrinos and Lepton Mixing

(A) Bounds from Particie and Nuciear Decays

Limits on
l t/tI p as Function of m„

Application of Kink and Peak Search Test to Existing Data
VALUE CL% DOCUMENT ID TECN COMMEN T

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1 x 10 68 SHROCK 81 THEO m =10 MeV
VJ

(5 x 10 68 SHROCK 81 THEO mv. =60 MeV
J(1 95 SIMPSON 818 mv. —-0.1 keV
J

(4 x 10 95 SIMPSON 818 m =-10 keV
J

&0.1 68 3 SHROCK 80 THEO m .=0.1—3 MeV
J

(1 x 10 68 SHROCK 80 THEO m .=80 MeV
J

&3 x 10 6 68 4 SHROCK 80 THEO m .=160 MeV

Analysis of (~+ ~ e+ve)/(yr+ ~ p+v&) and (K+ ~ e+ve)/(K+ -e p+v&}
decay ratios.
Application of kink search test to tritium p decay Kurie plot.
Application of test to search for kinks in P decay Kurie plots.

4Analysis of {K+~ e+ ve) spectrum.

VALUE

&1 x 10 7

DELEENER-. .. 91

DELEENER-. .. 91

90

90

90

Searches for Decays of Malslve v
Llrnits on ~U1~~ as function of m

J
VALUE CL% DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&1 x 10 90 7 BARANOV 93

1 x 10 6 90 7 BARANOV 93

(3 x 10 90 7 BARANOV 93

(2 x 10 90 BARANOV 93

62x 10—8 95 ADEVA 90S I 3

(5.1 x 1.0 95 ADEVA 90S L3

all values ruled out 95 BURCHAT 90 MRK2

&1 x 10—10 95 8 BURCHAT 90 MRK2

x 1O-11 95 8 BURCHAT 90 MRK2

all values ruled out

&1 x 10 13

(5 x 10

(2 x 10-5

(3 x 10

(1.2 x 10

&1 x 10

&2.4 x 10

95

95

90

90

90

90

90

90

90F ALEP

90F ALEP

DECAMP

DECAMP

AKERLOF 88 HRS

AK ERLOF 88 HRS

A K ERLOF 88 HRS

BERNARDI 88 CNTR

BERNARDI 88 CNTR

BERNARDI 88 CNTR

COMMENT

etc. ~ ~ ~

mv. = 100 MeV
J

mv. = 200 MeV
J

m = oo V

m .= 400 MeV
J

m =20GeV
VJ

m =40GeV
J

m . ( 19.6 GeV
J

m . = 22 GeV
J

m = 41GeV
J

m = 25.0-42.7 GeV
J

m = 42.7-45.7 GeV
J

mv =1.8 GeV
vi

m .=4 GeV
J

m =6 GeV
J

m =100 MeV
I'i

m .=200 MeV
Pj

m .=300 MeV
Pj

N elf Experiments to Apply Peak and Kink Search Tests
Limits on

~
Ul J ~

as function of m V.vi

CL% DOCUMENT ID TECN COMMENT

90 BRiTTON 929 CNTR 50 MeV ( m & 130 I
J

MeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(5 x 10 90 DELEENER-. .. 91 m . =20MeV
J

&5 x 10 90 DELEENER-. .. 91 m =40 MeV
J

&3 x 10 90 m . =60MeV
J

x 1O 90 m = SOMeV
J

(1 x 10 6 DELEENER-. .. 91 m = 100 MeV
VJ

(5 x 10 90 AZUELOS 86 CNTR m .=60 MeV
J

(2 x 10 AZUELOS 86 CNTR mv. =80 MeV
VJ

(3 x 10 90 AZUELOS 86 CNTR mv. =100 MeV
J

&1 x 10 90 AZUELOS 86 CNTR mv =120 MeV
J

(2 x 10 90 AZUELOS 86 CNTR m .=130 MeV
J

(8 x 10 DELEENER-. .. 86 CNTR m .=20 MeV
J

(4 x 10 DELEENER-. .. 86 CNTR mv =60 MeV
vi

&2 x 10 DELEENER-. .. 86 CNTR mv. =100 MeV
J

&7 x 10 6 DELEENER-. .. 86 CNTR m =120 MeV
J

&1 x 10 4 90 BRYMAN 838 CNTR mv. =5 MeV
J

&1.5 x 10 6 90 BRYMAN 838 CNTR m .=53 MeV
J

(1 x 10 BRYMAN 838 CNTR m =70 MeV
J

&1 x 10 4 90 BRYMAN 838 CNTR m =130 MeV
vi

BRiTTON 929 is from a search for additionai peaks in the e+ spectrum from e+-
e+ ve decay at TRIUMF. See also BRITTON 92.
BRYMAN 838 obtain upper limits from both direct peak search and analysis of B(yr ~
ev)//B(n ~ pv). Latter limits are not listed, except for this entry (i.e. —we list the
most stringent limits for given mass).

BERNARDI

9 OBERAUER

9 OBERAUER

90

BA DIER90

90

(6

90

90

90

x 10—5

GRONAU

83

Kink Search in Nuclear P Decay
VALUE

(units 10 ) CL% fn„.(keV)

~ e e We do not use the following data

1.9 90
0,3 .4 1.5 +0.8
5 95

99
99
99
95
95
95
95
95
99
90
95
95

0.6+0.5
1.2 + 1.8
4, 5 + 1.4
7

2.8
1

0.7
2

0,73
1.5
6

2

C
c' 2

0.95
1.0
8.4
9.9 +

14.0
16

16
18
0.9+0.6

99.7
90
90

20
99
99
90
90
90
90

6 to
5 to
7.3
7.4

( 3
& 10

10 to
4

7.5
8
1.5
8

( 3

17
14.4-15.2
16.3-16.6
13-40
17
10.5-25.0
5—25
17
17
17
17
10-24
17.0 + 0.4
16.75 + 0.35 +
17+ 2

17 2+ 1.9—1.1
17
16.9 + 0.4
17.1 + 0.2
16.9 4 0.4
16.4—17.4
17
16-35
17
17
5—50
80
60
30
17

ISOTOPE METHOD

for averages, fits, limits, etc.

S Si+guide field
35S Mag spect
71Ge IBEC ~ det

S Si(Li) det
3H Prop chamber
3H Prop chamber

H Prop chamber
35S Si(Li)
63Ni Mag spect
63Ni Mag spect
55Fe IBEC in Ge

Fe IBEC in Ge

H Prop chamber
35S Mag spect,

Ni Mag speci
63NI Mag spect

S Si(Li) det
0,15 Ni Solid state det

14C 14C in HPGe
71Ge & in Ge

THEO
3H In HPGe
3H fn Si(Li)
35S Si(Li)
55Fe IBEC; p det
63Ni Mag spect
125I IBEC; p det

RVUE
35S Mag spect
35S Mag spect
35S Mag spect
35S Mag spect
35S Mag spect
35S Mag spect

DOCUMENT /D

0 ~ 0

12 ABFLE 93
13 BERMAN 93
'4 DIGREGORIO 93
15 HIME 93
16 KALBFI EISCH 93
16 KALBFLEISCH 93
16 KALBFLEISCH 93
17 MORTARA 93

OHSHIMA 93
18 OHSHIMA 93
19WIETFELDT 93
19 WIETFELDT 93
20 BAHRAN 92
2' CHEN 92
22 KAWAKAMI 92

KAWAKAMI 92
HI ME 91
HIME 91B

23 SUR 91
24 ZLIMEN
25 DRUKAREV 89

HI ME 89
89

27 SIMPSON 89
28 ZLIMEN 8&
9 HETHERING. .. 87

30 BORGE 86
3' SIMf SON 86

ALTZITZOG. .. 85
ALTZITZOG. .. 85

2 APALIKOV 85
A PAL IKOV 85
A PAL IKOV 85
A PA L IKOV 85

x 10 88 CNTR m, .=400 MeV
I.f, f

-.'2 x 10 68 87 m, =1.5 MeV
v/

(8 x 10 6S 87 m =4.0 MeV

(8 x 10 90 BADIER 86 CNTR m =400 MeV

(8 x lo 86 CNTR m, =—. 1.7 GeV
J

8 x 10 8 90 BERNARDI 86 CNTR m =100 MeV
VJ

(4 x 10 BERNARDI S6 CNTR mv. =200 MeV

x 10 90 BERNARDI 86 CNTR m .=400 MeV
J

&3 x 10 90 DORENBOS. .. 86 CNTR mv =150 MeV
/

x' 10 90 DORENBOS. .. 86 CNTR mv. =500 MeV
vi

&1 x 10 DORENBOS. .. 86 CNTR mv. =1,6 GeV
J

&7 x 10 10 COOPER-. .. 85 HLBC m .=.0.4 GeY
vJ

&8 x 10-8 10 COOPER-. .. 85 HLBC m ..=1.5 GeV
J

1 x10 2 90 11 BERGSMA 838 CNTR m . —. 10 MeV
J

90 11 BERGSMA 838 CNTR m . :=110 MeY

&6 x 10 90 11 BERGSMA 838 CNTR m„—".410 MeV
J

x 10 90 83 m .=160 MeV
vJ

&1 x 10' 90 GRONAU 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.

SBURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89C, and
WENDT 87.

9OBERAUER 87 bounds from search for v -- v' e e 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. v& cannot be the dominant mass eigenstate in v~ since mv &70 MeV

V3
(ALBRECHT 85l). Also, of course, 1 is not equal to 1 or 2, so a fourth generation would
be required for this bound to be nontrivial.

BERGSMA 838 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
D& mass and Ds T v branching ratio which are no longer valid. See COOPER-
SARKAR 85.
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& 45
6

& 10
3.0
2.5
0.62
0.90
1.30
1.50
3.30

30 +10
25
4
8

&100

85
85
85
85
85
85
85
85
85
85
85
83
83
83
80
59

90 4 35S Mag spect APALIKOV

90 17 35S Si(Li) DATAR

90 5-30 35S Si(Li) DATAR

90 5-50 Mag spect MARK EY
90 17 Mag spect MARK EY
90 48 S St(Li) OHI

90 30 355 Si(Li) OH I

90 20 35S Si(Li) OHI

90 17 35S Si(Li) OH I

90 10 35S Si(LI) OH I

17.1 6 0.2 in Si(Lt) 33 SIMPSON

90 30 Cu Mag spect 4 SCHRECK. ..
90 14Q Cu Mag spect SCHRECK. ..
90 440 64Cu Mag spect 34 SCHRECK. ..
90 0.1-3000 THEO 35SHROCK

H Prop. cntr CONWAY

ABELE 93: "It appears to us that we have succeeded in isolating experimentally the very
same effect that was proposed in HIME 93 to resolve the 'l7 keV condrum'. "
BERMAN 93 uses an iron-free intermediate-image magnetic spectrometer to measure

Sp decay over a large portion of the spectrum. Paper reports (0.01 k 0.15)%; above
result revised by author on basis of analysis refinements.
DIGREGORIO 93 is an experiment on Ge IBEC to search for a possible admixture
of a massive neutrino. The authors state that their results "exclude the presence of a
massive component of 17.2 k 1.3 + 1.1 keV and (1.6 k 0.6)% mixing fraction claimed
by [ZLIMEN 91j for this same nucleus, at the 99.0% confidence level. "
HIME 93 is a reanalysis of HIME 91 data and states that the effect, which was previously
attributed to the emission of a massive neutrino, can be explained by electron energy
loss without the need for any neutrino mass or mixing.
KALBFLEISCH 93 extends the 17 keV neutrino search of BAHRAN 92, using an im-

proved proportional chamber to which a small amount of 3H is added. Systematics are
significantly reduced, allowing for an improved upper limit. The authors give a 99%
confIdence limit on ~Utg~ as a function of mu in the range from 155 keV to 175 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 and BAHRAN 93B, 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 ineasurement ~U1
~J

(—0.11 4 0.33 6 0.30) x 10 3 by taking zero as the best estimate and ignoring physical
boundaries; see discussion in HOLZSCHUH 92B for a comparison of methods. Using the
Particle Data Group recipe gives the slightly more conservative 95%CL of 0.80 x 10
An earlier report of this experiment was given in KAWAKAMI 92.
WIETFELDT 93 is an extension of the NORMAN 91 experiment. However, whereas
NORMAN 91 reported indications for the emission of a neutrino with mass mv. =

vJ
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 8 (~U1 j~ in our notation) = 0.008 is excluded

at the 7' 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 sapie.
BAHRAN 92 minor errors corrected in BAHRAN 92B.
CHEN 92 is a continuation and improvement of the Boehm et al. Caltech iron-free

inagnetic spectrometer experiment searching for emission of massive neutrinos in S
decay (MARKEY 85). The upper limit on ~Ulj~ for mv. = 17 keV comes from the

vJ

measurement ~Ulj~ = (—0.5 + 1.4) x 10 . The authors state that their results

"rule out, at the 6~ level, a 17 keV neutrino admixed at 0.85% (i,e. with IU] j~
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 Ut& P for various hypothetical values of

mv. in this ~ange.
vJ

KAWAKAMI 92 experiment final results are given ln OHSHIMA 93. The upper iimit 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 22o away from the value ~U1j) = 1%.
SUR 91 reports an LBL experiment using a solid state Ge crystal grown with C inside.
In a conference report (NORMAN 91), the authors also report indications for the emission

of a 17keV neutrino in the Fe inner bremsstrahlung transition: mv = 21 6 2keV
vJ

wi h lU1 jl2 0.0085 + 0.0045.

ZLIMEN 91 used a HPGe detector to observe the inner brernsstrahlung electron capture
transition of Ge in an external source. Reported errors on both parameters are given
as 95%CL limits, which in the case of normal distributions corresponds to 1.96cr.
DRUKAREV 89 claims that taking into account screening effects can explain Simpson's
claims without invoking a massive neutrino or other unconventional physics. A similar
criticism concerning screening corrections had been made by LINDHARD 86.
HIME 89 corrects the analysis of the data of SIMPSON 85 for screening effects as
suggested by LINDHARD 86, givtng a smaller range for IU1j~, as cited above. This
value should therefore replace that given in SIMPSON 85, which has been retracted.

"SIMPSON 89 and HIIVIE 89 report kinks due to the emission of a massive neutrino in

S and HP decays, respectively.
ZLIMEN 88 report an experiment on Fe, observing internal bremsstrahlung in electron
capture (IBEC). For a contemporary review of IBEC, see LOGAN 89.

HETHERINGTON 87 reports no evidence for any massive neutrino signal for m . In the
VJ

range from 4 to 40 keV, and, in particular, set the upper limit cited above on ~U1 j~ for

a hypothetical 17 keV neutrino.
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.
31SIMPSON 86 is a reanalysis of the OHI 85 data and claims that these data show evidence

of heavy neutrino emission with mv. = 17 keV and ~U1 j~ = from 0.01 to 0.02, con-
vJ

sistent with the earlier reported observation by SIMPSON 85. This conclusion strongly
disagrees with the conclusion reached by OHI 85 from their analysis of their own data.
SIMPSON 86 also states that "a similar threshold effect (due to supposed heavy neutrino

emission) is seen in several of the other published S experiments as well. "
This limit was taken from the figure 3 of APALIKOV 85: the text gives a more restrictive

limit of 1.7 x 10 3 at CL = 90%.
SIMPSON 85. See footnotes on SIMPSON 89 and SIMPSON 86, as well as comments
by HAXTON 85, KALBFLEISCH 85, EMAN 86, LINDHARD 86, DRUKAREV 86, and
further discussion by SIMPSON 89 and HIME 89.
SCHRECKENBACH 83 is a combined measurement of the p+ and p spectrum.
SHROCK 80 was a retroactive analysis of data on several superallowed p decays to search
for kinks in the Kurie plot.
CONWAY 59 first reported a spectral excess of about 1% at electron kinetic energy of
1 keV in Hfe decay, but did not interpret it as the emission of a massive neutrino. Indeed,
no searches for masses admixed neutrinos were performed prior to 1980; cf. SHROCK 80.
This spectral excess was again observed in SIMPSON 85, apparently without knowledge
of the CONWAY 59 finding. Spectral excesses in this kinetic energy region were also
reported in HAMILTON 58 and JOHNSON 58, and in other references cited therein.

Limits on
l QJ p as Function of m„&

95

Appllcatlon of Peak Search Test to Mew Experlrnents
Limits on lU2 jl2 as function of mvvJ

VAL UE CL% DOCUMENT ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2x10 90 DAUM 87 mv. =l MeV
vJ

&1 x10 90 DAUM 87 v —2 MeV
vJ

&6x 10 90 DAUM 87 3 MeV & mv.vJ

&3x10 90 MINEHART 84 mv. =2 MeV
vJ

&1 x10 90 MINEHART 84 mv. =4 MeV
vJ

&3x10 4 90 MINEHART 84 mv. =10 MeV
J

&Sx10 6 90 41 HAYANO 82 mv. =330 MeV
vJ

&lx10 4 90 HAYANO 82 m .=70 MeV
J

&9x10 90 41 HAYANO 82 mv. =250 MeV
J

&1x10 40 ABELA 81 mv. =4 MeV
vJ

&7x10 90 ABELA 81 mv. =10.5 MeV
vJ

&2x 10 4 90 ABELA 81 mv. =11.5 MeV
J

&2x10 90 ABELA 81 mv. =16-30 MeV

&2x10 95 41 ASANO 81 mv. =170 MeV
J

&3x10 6 95 41 ASANO 81 mv. =210 MeV
vJ

&3x 10 6 41 ASANO 81 m .=230 MeV
J

x 1Q
—2 95 CALAPRICE 81 mv. =7 MeV

vJ

&3x10 95 40 CALAPRICE 81 mv, =33 MeV
vJ

40m+ ~ Ig+ v peak search experiment.
IJ

K+ ~ p+ v peak search experiment.
Ig

90

95

19.5 MeV

Applicatice of Peak Search Test to Exlstlnl Data
VALUE CL4/y DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6x10 95 ASANO 81 m„.=240 MeV
J

&5x10 95 37 ASANO 81 mv. =280 MeV
vJ

&6x 10 6 37 ASANO 81 mv. =300 MeV
vJ

x 10—2 95 38 SHROCK 81 THEO mv. =7 MeV
J

&1 x10—2 95 SHROCK 81 THEO mv. =13 MeV
vJ

&1 x 10 4 68 SHROCK 81 THEO mv. =13 MeV
vJ

&3x 10 68 SHROCK 81 THEO mv. =33 MeV
vJ

&6x10 68 9 SHROCK 81 THEO mv. =80 MeV
J

&Sx10 68 SHROCK 81 THEO mv. =120 MeV
J

&5x10 95 SHROCK 80 THEO mv. =4-6 MeV
vJ

Analysis of experiment on K+ ~ p+v&v„v„decay.
Analysis of magnetic spectrometer experiment, bubble chamber experiment, and emulsion

experiment on ~+ ~ Is+ v decay.IJ

Analysis of magnetic spectrometer experiment on K ~ p„v&decay.
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Peak Search in Muon Capture
Limits on jU2j~ as function of mv.

J
VAL UE DOCUMENT ID COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1 x 10 DEUTSCH 83 m, =45 Mev

&7x 10 DEUTSCH 83 m =70 MeV
J

&1 x 10 DEUTSCH 83 m .=85 MeV
J

95

90

90

90

90

90

Limitson IUsJ(a as a Function of m„j
CL% DOCUMENT ID TECN

following data for averages, fits, limits,

95 ADEVA 90S L3

VAL UE

e ~ o We do not use the

(6,2x 10 8

&5.1 x 1O-'0 A DEVA

46 BURCHAT

6 BURCHAT

BURCHAT

90s L3

90 MRK2

90 MRK2

90 MRK2

all values ruled out

x 1O-'0

x 10—11

95

all values ruled out

x ]0—13

&5 x 10

&9 x 10

95

95

80

80

DECAMP 90F ALEP

DECAMP 90F ALEP

AKERLOF 88 HRS

AKERLOF 88 HRS

BURCHAT 90 includes the analyses reported in JUNG
WENDT 87.

Limits on IUaJp
Where a = 1, 2 from p parameter in y, decay.

VAL UE CL% DOCUMENT ID TECN

~ o o We do not use the following data for averages, fits, limits,

(1 x 10 2 68 SHROCK 818 THEO

&2x 10 68 SHROCK 81B THEO

&4x ]0—2 68 SHROCK 81B THEO

COM MEN T

etc. e e ~

m
J

m . =40GeV
J

mv, & 19,6 GeV
J

mv. —22 GeY
J

m, =41 GeV
J

m .= 25.0-42.7 GeV
J

m = 42.7-45.7 GeV
J

m .=2.5 GeV
J

m .=4.5 GeV
J

90, ABRAMS 89C, and

COMMENT

etc. o o e

m .=10 MeV
J

mv. =40 MeV
J

m .=70 MeV
J

Searches for Decays of Massive v
Limits on )U2j~ as function of mv.vJ

VAL UE CL% DOCUMEN T ID TECN COMMENT

~ ~ a We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6.2 x 10 8 95 ADEVA 90S L3 mv. = 20 GeV
J

&5.1 x lo-'0 95 ADEVA 90S L3 mv. = 40 GeV
vJ

all values ruled out 95 BURCHAT 90 MRK2 m . & 19.6 GeV
vJ

x lp-10 95 BURCHAT 90 MRK2 mv. = 22 GeV
vJ

x 10 11 BURCHAT 90 MRK2 m„.= 41 GeV
vJ

all values ruled out 95 DECAMP 90F ALEP mv. = 25.0-42.7 GeV
J

x 1O-'3 95 DECAMP 90F ALEP mv. = 42.7-45.7 GeV
J

&5 x 1O-4 90 " KOPEIKIN 90 CNTR mv. = 5.2 MeV
J

(5 x 10 AKERLOF 88 HRS m .=1.8 GeV
J

&2 x 10 90 AKERLOF 88 HRS mv, =4 GeV
vJ

&3 x 10 90 AKERLOF 88 HRS m„.=6 GeY
J

&1 x 10 BERNARDI 88 CNTR m„.=200 MeV
PJ

&3 x 10 90 BERNARDI 88 CNTR m .=300 MeV
IJJ

&4 x 10 4 90 44 MISHRA 87 CNTR mv. =l.5 GeV

&4 x 10 90 44 MISHRA 87 CNTR mv. =25 GeV
J

&0.9 x 10 90 44 MISHRA 87 CNTR mv. =5 GeV
J

&0.1 90 44 MISHRA 87 CNTR rn, =10 GeV
J

(8 x 10 BADIER 86 CNTR mv. =600 MeV
J

&1.2 x 10 90 BADIER 86 CNTR mv. =1.7 GeV
J

&3 x 10 BERNARDI 86 CNTR mv. =200 MeV
vJ

&6 x 10 90 BERNARDI 86 CNTR rnv, =350 MeV
J

&1 x 10 DORENBOS. .~ 86 CNTR m„.=500 MeV
J

&1 x 10 90 DORENBOS. .. 86 CNTR m, =1600 MeV
J

&0.8 x 10 90 COOPER-. .. 85 HLBC mv. =0.4 GeV
J

&1.0 x 10 90 COOPER-. .. 85 HLBC mv, =l.5 GeV
J

BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89C, and
WENDT 87.
KOPEIKIN 90 find no m . ln the interval 1-6.3 MeV at 90%CL for maximal mixing.

VJ

See also limits on
~
U3 )

from WENDT 87.
45COOPER-SARKAR 8$ 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 mv &70 MeY

(ALBRECHT 851). Also, of course, j is not equal to 1 or 2, so a fourth generation would
be required for this bound to be nontrivial.

Limits on lU&Jx UaJI as Function of m„J
VAL UE CL% DOCUMEN T ID TECN COMMENT

a ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(3 x 10 90 7 BARANOV 93 mv. —80 MeV
J

3 x 10—6 90 47 BARANOV 93 mv = 160 MeV

&6 x 10 BARANOV 93 m, = 240 MeV

x 1O-7 90 47 BARANOV 93 m .= 320 MeV

(9 x io BERNARDI 86 CNTR rn„.=25 MeV
J

(3.6 x 10 90 BERNARDI 86 CNTR rnv. =100 MeV
J

&3 x 10—8 BERNARDI 86 CNTR mv. =200 MeV
J

&6 x 10 90 BERNARDI 86 CNTR m v. =350 MeV
vJ

1 x 10—2 BERGSMA 838 CNTR m„.=lo MeV
vJ

&1 x 10 90 BERGSMA 838 CNTR mv. =140 MeV
J

(7 x 10 90 BERGSMA 838 CNTR mv. =370 MeV
J

4 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.

90

90

90

90

(B) Bounds from v Reactions

NOTE ON NEUTRINO OSCILLATION EXPERI-
MENTS

where I is the distance from the neutrino's production point to
its interaction point, and E is its energy. In the above, ~b,m

~

is in eV2 and L/E is in km/GeV or rn/Mev. Since in a real

experiment I and E have some spread, one must average P
over the appropriate distributions. As an example, let us make

the somewhat unrealistic assumption that h = I 271./E has.
a Gaussian distribution with standard deviation og about a
central value bo. Then:

(P) =
q

sin 28[1 —cos(2boAm2) exp( 2os(6m )—))'

The value of (P) is set by the 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% CL. We

can then solve the above expression for sin 28 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 ~Em2~, sm 28 = 2 (P) in this region:

Experimental results on neutrino oscillations are often pre-

sented as allowed regions on a plot of ~hm2~ as a function

of sin 28, where Am = m .
—m . . Although there are three

flavors, data are usually analyzed assuming an oscillation be-

tween just two of them, e.g. , VT ~ v, . The same remark applies

to lepton-number violating mixing between two states, e.g. ,

Ve +-+ VI& OI VIJ, ~ VP.

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 x+ 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 Lepton

Full Listings. For our present purposes, this may be rewritten

as

P = sin 28 sin (1.276m L/E),
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(b) the maximum excursion to the left is to approximately (P),
and it occurs at ~b,m

~

= Ir/2be eV;
(c) for large sin 28, h.m2 oc (sin 28) ~; and

(d) the intercept at sin 28 = I is at g(P)/bo
The intercept for large ~b,m

~

is just a measure of running

time and backgrounds, while the intercept at sin 28 = 1 also

depends on the mean value of L/E. The wiggles depend on the

experimental resolution, but aside from such details the two

intercepts completely describe the exclusion region: For large

~6m ~, sin 28 is constant, and for large sin 28 the constant

slope is known. For these reasons, it is (nearly) sufficien 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.

If a positive eKect 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, vt. ) by mixing with at
least one other neutrino eigenstate. (We label such experiments

as vg + vk. ) 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-~b, m
~

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 ~b, m2~, but with no simple rule relating this

asymptote to the maximum excursion to the left. An exam-

ple is provided by the VUILLEUMIER 82 measurements at
the Gosgen reactor.

(b) Those in which the intensity must be measured in the

apparatus itself (two detectors, or a "long" detector). Then

above some minimum ~Am
~

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 ~Am ~, as is qualitatively indicated by the curve

"Disappearance B" in Fig. 1. See, for example, DYDAK 84.

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 ~Am
~

vs sin 28 is excluded for a combination of physical

reasons. It is difBcult to represent adequately these graphical

data within the strictures of our tables.

103 I I ~ I I I +:.:::«X.: ':.X.::.:.X. .'.x'.x.;+:.:I.l."':.::..::::x'::.:.".:«:.:.::'+:.:.:.X.:'.x.'t':x.:«
X.:.:.:.::::.:::.:.::.:.:.:::-:.:.: . :.:.::.:.:-:::.:-:::.:...:.:.::..::.'.:-:.:-:..:.:.: '.:.:.:::.:.:::.:.:::-:
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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% 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
(L/E) = I km GeV ~, and that the distribution
of L/E is Gaussian with a 20%%uo 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-~6m

~
limit and the slope of the lower part

of the curve are independent of the experiment.
In a disappearance experiment, high-~hm2~ 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."



1426

Lepton 8c Quark Full Listings
Massive Neutrinos and Lepton Mixing

Solar a Experiments

CL%VALUE DOCUMEN T ID TECN

79 + 10 + 6 SNU 48 ANSELMANN 94 GALX

20 —20 4 32 SNU 49 ABAZOV 91B SAGE

& 79 SNU 90 49 ABAZOV 91B SAGE
(0.46 + 0.05 + 0.06) x SSM HIRATA 90 KAM2

2.33 + 0.25 SNU 51 DAVIS 89 HOME
~ ~ e We do not use the following data for averages, fits, limit

87 + 14 + 7 SNU 52 ANSELMANN 93 GALX
53 BAHCALL 93
54 HAMPEL 93 RVUE

6.4 6 1.4 SNU TURCK-CHI. .. 93B THEO
(4.4+ 1.1) x 10 cm s TURCK-CHI. .. 93B THEO

COMMENT

71Ga ~ 71Ge
71Ga ~ 71Ge

71Ga 71Ge
Water Cerenkov

CL radiochemical

s, etc. o ~ ~

Repl. by ANSELMANN 94

37CL radiochemical

Water Cerenkov,
E& 7.5 MeV

71Ga ~ 71G
71Ga 71Ge

55 T0RC K-C Hl. ..
56 ANSELMANN
57 ANSELMANN
58 BAHCALL
58 BAHCALL
59 GARCIA
60 HIRATA
61 FILIP PONE
62 HIRATA
63 BAHCALL

123 + 7 SNU

83 + 19+ 8 SNU

93B THEO
92 GALX
92B
92
92

91 CNTR
91 KAM2

90 THY
90B KAM2

88 THEO

8.0 6 3.0 SNU

132+ SNU—17

CI prediction

Ga prediction

Nuclear physics

37CI prediction;
total theor. range

71Ga prediction;
total theor. range
CI prediction

71Ga prediction
37CI prediction
37CI prediction
71Ga prediction

Cl prediction

Ci prediction

CL prediction

7.9 + 2.6 SNU

132+20 SNU—17
63 BAHCALL 88 THEO

TURCK-CHI. . ~ 88 THEO
TURCK-CHI. ~ ~ 88 THEO
FILIPPONE 83 THEO
BAHCALL 82

64 BAHCALL 82

FILIPPONE 82 THEO
FOWLER 82 THEO
BAHCALL 80 THEO

reviews by BAHCALL 89 and DAVIS 89.

5.8+ 1.3 SNU

125 + 5 SNU

5.6 SNU

7.6 + 3.3 SNU
106+'3 SNU

7.0 + 3.0 SNU

6.9 6 1.0 SNU

7.3 SNU
See also the

Theoretical calculations of the expected solar rate are shown for compar-
ison with experiment. Note that the expected value in "solar neutrino
units" (SNU; 1SNU = 10 captures atom s ) depends on the
detection reaction.

48ANSEI MANN 94 result is for a total of 15 initial runs ("GALLEX I*') (see footnote for
ANSELMANN 93) and 15 new runs ("GALLEX II"). The new runs yield 78 + 13 + 5
SNU, confirming to the intitial result.
ABAZOV 91Buses a 30 ton gallium detector to search for the reaction 1Ga ( ve, e ) Ge.
Result is for the first 6 months of operation. The conference report GAVRIN 92 updates
this result to 58+ 4 14 SNU. Since this reaction has a threshold neutrino energy of—24
0.236 MeV, it is sensitive to the low-energy neutrinos from the main pp chain (whose
maximum energy is 0.420 MeV). The upper limit quoted is to be compared with the
theoretical expectation of about 130 SNU; see BAHCALL 89B and references therein.

50 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 CI experiment (but see TURCK-CHIEZE 93B and other theoretical calculations. )
The analysis is more fully reported in HIRATA 91B.

5 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.

52ANSELMANN 93 result is for 21 runs of combined GALLEX I and GALLEX II data from
inverse beta decay reactions in an aqueous solution of Ga CI (30.3 tons of natural Ga} in

the Gran Sasso underground laboratory. The 15 runs of GALLEX I yield 81+17+9,which
replaces the preliminary result of ANSELMANN 92. The first 6 runs with GALLEX ll

yield 97 + 23+ 7 SNU. A typical solar model rate prediction is for 132 SNU, but see the
reviews by Bahcall and others.

53BAHCALL'93 is a study of 1000 solar models 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. "

54HAMPEL 93, by a member of the GALLEX collaboration, is a discussion of possible
scenarios to explain the combined solar neutrino experimental data.

55TURCK-CHIEZE 93B 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,

56ANSELMANN 92 reports first observation of solar neutrinos from the p p reaction, using
the GALLEX solar neutrino detector in the Gran Sasso Underground Laboratory. The
total rate is 2o below the solar model predictions in the range 124-132 SNU's, but they
state that "Our result is consistent with the presence of the full pp neutrino flux expected
according the the 'standard solar model' together with a reduced flux of B and "Be
neutrinos as observed by the Homestake and Kamiokande experiments.

"
ANSELMANN 92B discusses implications of the GALLEX observations reported in

ANSELMANN 92. They state that "To fit this result together with those of the chlorine
and Kamiokande experiments requires severe stretching of the solar models but does not
rule out such a procedure, leaving the possibility of massless neutrinos. .. The Mikheyev-
Smirnov-Wolfenstein mechanism provides a good fit, and the GALLEX result fixes the
6(m2) and sin 28 parameters in two very confined ranges (around B(m ) = 6 x 10
eV and sin 2e = 7x10 or B(m ) = 8x10 eV and sin 28 = 0.6). Explanations
of the solar neutrino problem based on the decay or magnetic interactions of neutrinos
are disfavored. "
BAHCALL 92 is an extensive up-to-date discussion of the solar neutrino flux calculations
with predicted event rates for various different solar neutrino detectors. First published
calculation that Includes diffusion. "The quoted errors represent the total theoretical
range and include the effects on the model predictions of 3o errors in measured input
parameters. "
GARCIA 91 reports a new study of 7Ca p 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 II Detector. The sample is the same 1040 day counting
period used for HIRATA 90 and HIRATA 90B. "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 28 & 0.02 and 2 x 10 eV & h, (m ) & 1 x 10 5 eV2 is excluded
at the 90% CL without any assumptions on the absolute value of the expected solar
neutrino flux. "
FILIPPONE 90 is a statistical analysis of solar neutrino data to test hypotheses of time
dependence. The authors state "we have shown that in our unbiased analysis, the hy-

pothesis of a time-independent 7CI neutrino capture rate is marginally rejected, having
only 2% probability. 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 antlcorre-
lated 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 37CI experiment. "
HIRATA 90B gives an analysis of the implications of these data for allowed values of
h, {m2} and sin 28 describing neutrino mixing between two mass eigenstates, in the
model of resonant {MSW) neutrino oscillations. The possibility of regeneration as the
~eut~i~os 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 6(m2} 1.3 x 10 4eV and 7.2 x 10 4 & sin228 & 6.3 x 10 at

90%CL." The allowed regions in sin 28 vs. B{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 quadratically. " (Quotation from BAHCALL 89, p. 301.)
BAHCALL 82 quotes "effective 3rr errors. " First extensive discussion of formal uncer-
tainties in the problem.
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Deep Underground Detector Experiments

R(ls/e) = (Meesured Ratio rs/e) / {Expected Ratio p/e)
VALUE DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BECKER-SZ... 928 IMB Water Chernekov

HIRATA 92 KAM2 Water Cerenkov

BERGER 90B FREJ Calorimeter

BECKER-SZENDY 92B reports the fraction of nonshowering events (mostly muons from
atomospheric neutrinos) as 0.36 6 0.02 6 0.02, as compared with expected fraction
0.51 6 0.01 + 0.05. After cutting the energy range to the KAM2 limits, BEIER 92 finds

R(I8/e) very close to the KAM2 value.
HIRATA 92 uses this ratio because both experimental and theoretical uncertainties in

v& and ve flux cancel. Part of data set is same as in HIRATA 88 (below), where the

equivalent ratio was 0.56+0'08.
BERGER 908 reports e/p = 0.53M.57 + 0.09 (data) and 0.56M.61 + 0.08 (Monte
Carlo), where the range is from different analysis methods. There is thus no significant
departure from expectation. See also BEIER 92.

o.6o+ +o os—0.06

R(v„)= (Meesured Flux of v„)/ (Expected Flux of v„)

~Ins(28) for Given 6(m }{ve ~ v„}
For a review see BAHCALL 89.

VALUE CL If'a DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.33 9Q 72 H IRATA 92 KAM2 4(m2) & p pp4 eV2

&0.47 9Q 3 BERGER 908 FREJ E(m ) & 1 eV

&0.14 90 LOSECCO 87 IMB h.(m )= 0 00011 eV

HIRATA 92 states that the allowed region for ve~ v& conflicts with the constraints

from the solar neutrino data (HIRATA 908).
BERGER 90B 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, ee v„)
VALUE(1.0 eV ) CL eA DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&150 90 74 BERGER 90B FREJ
74 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 CL{m ) {vis e-r v, )
VALUE CL 5 DOCUMENT ID TECN COMMENT

~ i We do not use the following data for averages, fits, limits, etc. o ~ e

&0.5 90 BECKER-SZ... 92 IMB 4(m2)= 1-2 x 10
eV2

&0.42 90 HIRATA 92 KAM2 6(m ) & 0.001 eV

&0.6 9Q 76 BERGER 90B FREJ CL(m2) & 1 eV2

75 BECKER-SZENDY 92 uses upward-going muons to search for atomospheric v osciila-P
tlons. 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 90B uses the Frejus detector to search for oscillations of atmospheric neutrinos.
Bounds are for both neutrino and antinuetrino oscillations.

b,(ms} for sins(28) = 1 {v„s-sve}
VALUE(1,0 eV ) CL14 DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&350 90 77 BERGER 908 FREJ

BERGER 90B uses the Frejus detector to search for oscillations of atmospheric neutrinos.
Bounds are for both neutrino and antinuetrino oscillations.

VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

CASPER 91 IMB Water Cherenkov

AGLIETTA 89 NUSX
0.59+0.07 HIRATA 88 KAM2 Water Chernekov
0.95+0.22 » BOLIEV 81 Baksan
0.62 +0.17 CROUCH 78 Case Western/U CI

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 6 0.02, as compared with expected 0.51 6 0.05 (syst).
69AGLIETTA 89 finds no evidence for any anornaiy 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+0'28.
HIRATA 88 error is statistical ~

From this data BOLIEV 81 obtain the limit Lh, (m ) & 6 x 10 eV for maximal
mixing, v& + v& type oscillation.

dt{m ) $nr slee(28} = 1 {v s va)
srs means rr or any sterile (nonlnteractinej n.

VALUE (10 eV ) CL 5 DOCUMENT ID TECN COMMENT

~ ~ ~ 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&, u&, ve,
and ve

OYAMA 89 gives a range of limits, depending on assumptions in their analysis. They
argue that the region h, (m ) = (100-1000) x 10 eV is not ruled out by any data
for large mixing.

Reactor P Experiments

Events {Observed/Expected) from Reector tr Experiments
VALUE DOCUMENT ID COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.05 +0.02 +0.05 VUILLEUMIER 82 Pep ~ e+n
0.955+0.035+0.110 79 KWON 81 Pep ~ e+n
0.89 +0.15 BOEHM 80 vep ~ e+n
0.38 +0.21 80,81 REINES 80
0.40 +0.22 80,81 REINES 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 Pe d ~ n pPe
and ved ~ 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.

p ~ pC T C

4(ms) for sins(28) = 1
VAL UE (eV2) CL% DOCUMENT ID TECN COMMENT

&OWN 90 VIDYAK IN 90 veP -+ 8+h
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

82 KETOV 92
&0.04 90 AFONIN 88 CNTR ve p ~ e+ n

&0.05 68 84 AFO N IN 87 vep ~ e+n
&0.014 68 VIDYAK IN 87 vep ~ e+n
&0.05 68 84 AFONIN 86 v, p ~ e+n
&0.019 90 86 ZACEK 86 v, p~ e+n
&0.07 90 AFO N IN 85 v, p ~ e+n
&0.02 90 87 ZACEK 85 v, p~ e+n
&0.016 90 88 GABATHULER 84 v, p ~ e+n
&0.1 90 AFO N IN 83 v, p~ e+n
&0.13 BELENKI I 83 veP ~ 8+h

KETOV 92 is a limit from search for'Pe oscillations using the reaction ve p ~ e+ n with
the ve flux from the Rovno power reactor. They obtain the ratio R = 0.976+0.02+0.015
for the corrected flux ratios at 12 m and 18 m from the reactor core, and thus report no
evidence for neutrino oscillations over distances of order 10 m. Virtually no experimental
details are given.
Several different methods of data analysis are used in AFONIN 88. We quote the most
stringent limits.
AFONIN 86 and AFONIN 87 also give limits on sin (28) for intermediate values of
Lh, (m2).
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 G5sgen reactor.
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
from G5sgen reactor and new data at 45.9 m.

sins(28) for Large" h(ms}
VALUE CL S DOCUMENT ID TECN COMMENT

&0.11 68 89 VIDYAK IN 87 vep ~ e+n
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.2 90 AFONIN 88 CNTR ve p a e+ n

&0.21 68 AFO N IN 87 vep ~ e+n
&0.21 90 91 ZACEK 86 vep ~ e+n
&0.34 90 AFONIN 85 e+h
&0.19 9P ZAC EK 85 v p~ e+n
&0.16 90 GABATHULER 84 vep ~ e+n
&0.4 94 BELENKI I 83 vep ~ e+n

VIDYAKIN 87 bound is for L = 32.8 and 92.3 m distance from two reactors.
90 Several different methods of data analysis are used in AFONIN 88. We quote the most

stringent limits. Different upper limits on sin 28 apply at intermediate values of A(m ).
This bound is from data for L=37.9 m, 45.9 m, and 64.7 m distance from Gosgen reactor.
ZACEK 85 (Gosgen reactor) 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 E(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 osdllation
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.
This bound holds for A(m ) &4 eV .
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d{ma} for Given sins{28)
VAL UE (eV2) DOCUMENT ID COMMENT

0.2 +0.1 CAVAIGNAC 84 ve p ~ e+ n

sin (28) = 0.25 + 0.1. These are from best fit to data; see CAVAIGNAC 84 for plot of
allowed regions in these variables. These data from Bugey reactor.

Accelerator Experiments

————(i) Appearance experiments ————

ASTIER 89 reports a a positive effect with ve(observed)/ve(expected) = 2.2 *0.6 and
Pe(observed)/ve(expected) = 1.6 + 0.9.
LOVERRE 88 reports a less stringent, indirect limit based on theoretical analysis of
neutral to charged current ratios.

i
10 ANGELINI 86 limit reaches 13 x 10 at D(m ) 2 eV2.

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.
15ft bubble chamber at FNAi .

d(ms) for sins(28) = 1
VALUE(eV ) CL oA DOCUMENT ID TECN COMMENT

&9 90 USHIDA 86C EMUL FNAL
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&44 90 TALEBZADEH 87 HLBC BEBC

sins(28) for "Large d(ma)
VALUE CL% DOCUMENT ID TECN COMMENT

&0.12 90 USHIDA 86C EMUL FNAL
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.36 90 TALEBZADEH 87 HLBC BEBC

~lns(28) for Large d(ma)
VAL UE CL% DOCUMENT ID TECN COMMENT

e'0.? 90 FRITZE 80 HYBR BEBC CERN SPS

Authors give P(ve v~) &0.35, equivalent to above limit.

p ~ pt
d(ma) for sins(28) = 1

90
90
90

VALUE (eV2) CL% DOCUMENT ID TECN COMMENT

&0.09 90 ANGELINI 86 HLBC BEBC CERN PS
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ASTIER 90
98 ASTIER 89 CNTR BNL AGS

&0.1 BLUMENFELD 89 CNTR
&1.3 AMMOSOV 88 HLBC SKAT at Serpukhov
&0.19 BERGSMA 88 CHRM

LOVERRE 88 RVUE
(2.4 90 AHRENS 87 CNTR BNL AGS
&1.8 90 BOFILL 87 CNTR FNAL
(2.2 90 BRUCKER 86 HLBC 15-ft FNAL

&0.43 90 AHRENS 85 CNTR BNL AGS E734
(0.20 90 BERGSMA 84 CHRM

&1.7 90 ARMENISE 81 HLBC GGM CERN PS
&0.6 90 BAK ER 81 HLBC 15-ft FNAL

&1.7 90 ERRIQUEZ 81 HLBC BEBC CERN PS
&1.2 95 BLIETSCHAU 78 HLBC GGM CERN PS
&1.2 95 BELLOTTI 76 HLBC GGM CERN PS

7ASTIER 90 again finds an excess of electrons, as was reported in earlier papers by this
collaboration. However, the authors concede that systematic effects weaken the statisti-
cal arguments and the consequent claim (in the earlier papers) of neutrino oscillations,
An interpretation of these results in terms of neutrino oscillations seems to be already
excluded by the BNL E734 (AHRENS 85) and the Los Alamos E645 (DURKIN 88)
experiments.

9 ASTIER 89 reports a a positive effect with ve(observed)/ve(expected) = 2.2 + 0.6 and
Pe(observed)/ve(expected) = 1,6 + 0.9.
LOVERRE 88 reports a less stringent, indirect limit based on theoretical analysis of
neutral to charged current ratios.

015ft bubble chamber at FNAL.

VALUE (eV2)

g0.0?5
CL%

90

DOCUMEN T ID TECN COMMENT

BORODOV. .~ 92 CNTR BNL E776

sins(28) for Large" d(ma}
VALUE(units 10 3)

(3
CL%

90

DOCUMENT ID TECN COMMENT

BORODOV. .. 92 CNTR BNL E776

d(ms} for sins{28) = 1
VALUE (eV2)

& 0.9
~ e ~ We do

& 4.5
&10.2
& 6.3

4.6
3

& 6
3

CL%

90
not use the following

90
90
90
90
90
90
90

DOCUMENT ID TECN

USHIDA 86C EMUL
data for averages, fits, limits,

BATUSOV 90B EMUL

BOFILL 87 CNTR
BRUCKER 86 HLBC
ARMENISE 81 HLBC
BAKER 81 HLBC

ERR IQUEZ 81 HL BC

USHtDA 81 EMUL

COMMENT

FNAL
etc, e ~ ~

FNAL

FNAL
15-ft FNAL

GGM CERN SPS
15-ft FNAL
BEBC CERN SPS
FNAL

d(m }forsln (28) =1
VAL UE (eV2) CL% DOCUMENT ID TECN COMMENT

(0.14 90 FREEDMAN 93 CNTR LAMPF
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&0.11 90 DURKIN 88 CNTR Repl. by FREED-
MAN 93

&3.1 90 BOFILL 87 CNTR FNAL
&2.4 90 TAYLOR 83 HLBC 15-ft FNAL

&0,91 90 107 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.
7ln reaction ve p e+ n.

sins(28) for "l.arge" d(ma)
VAL UE CL% DOCUMENT ID TECN COMMENT

(0.004 95 BLIETSCHAU 78 HLBC GGM CERN PS
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.024 90 0 FREEDMAN 93 CNTR LAMPF
&0.014 109 DURKIN 88 CNTR Repl. by FREED-

MAN 93
&0,04 90 BOFII L S7 CNTR FNAL
&0.013 90 TAYLOR 83 HLBC 15 ft FNAL

&0.2 90 NEMETHY 81B CNTR LAMPF

FREEDMAN 93 is a search at LAMPF for ve generated from any of the three neutrino
tyPes v, P, and ve which come from the beam stoP. The Pe's would be detected by

the reaction Pe p e+ n.

In reaction Pe p ~ e+ n.

~g (rr ) ~o(rro)

d(ma) for sins(28) = 1

sins(28) for "Large d(ms)
VALUE(units 10 3) CL% DOCUMENT ID TECN

2.5 90 A MMOSOV 88 HLBC
e ~ ~ We do not use the following data for averages, fits, limits,

101 ASTIER 89 CNTR
16 BLUMENFEI D89 CNTR
8 BERGSMA 88 CHRM

LOVERRE 88 RVUE
90 AHRENS 87 CNTR
90 BOFIL L 87 C NTR
90 ANGELINI 86 HLBC

BERNARDI 86B CNTR
105 BRUCKER S6 HLBC

AHRENS 85 CNTR
BERGSMA 84 CHRM
ARMENISE 81 HLBC
BAKER 81 HLBC
ERRIQUEZ 81 HLBC
BLIETSCHA 0 78 HLBC
8ELLOTTI 76 HLBC

90
90

90
90
90
90
90
90
95
95

COMMENT

SKAT at Serpukhov

etc. ~ ~ ~

BNL AGS

A(m ) ) 30eV

BNL AGS
FNAL

BEBC CERN PS
h, (m )=5-10
15-ft FNAL
BNL AGS E734

GGM CERN PS
15-ft FNAL
BEBC CERN PS
GGM CERN PS
GGM CERN PS

sins(28} for Large d(m )
VAL UE

&0.004
~ ~ o We

&0.06
&0.34
&0.088
&0,11
&0.017
&0.06
&0.05
&0.013

CL%

90
do not use the following

90
90
90
90
90
90
90
90

DOCUMENT ID TECN

USHIDA 86c EMUL
data for averages, fits, limits,

BATUSOY 90B EMUL
BOFILL 87 CNTR
BRUCK ER 86 HLBC
BALLAGH 84 HLBC
ARMENISE 81 HLBC
BAKER 81 HLBC
ERR IQUEZ 81 HLBC
USHIDA 81 EMUL

COMMENT

FNAL
etc. o ~ ~

FNAI

FNAL
15-ft FNAL
15-ft FNAL

GGM CERN SPS
15-ft FNAL

BEBC CERN SPS
FNAL

d(ma) for sins(28} = 1
VALUE (eV2) CL 4% DOCUMEN T ID TECN COMMENT

&2.2 90 ASRATYAN 81 HLBC FNAL

~ ~ o We do not use the following data for averages, fits, limits, etc. o ~ o

&6.5 90 BOFILL S7 CNTR FNAL

&7.4 90 TAYLOR 83 HLBC 15-ft FNAL
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sins(28) for Large h{ms)
VALUE CL%

CIA x10 2 90
~ ~ ~ We do not use the following

&0.15
&8.8 x 10

90
90

DOCUMENT ID TECN COMMENT

ASRATYAN 81 HLBC FNAL

data for averages, fits, limits, etc. ~ ~ ~

BOFILL 87 CNTR FNAL

TAYLOR 83 HLBC 15-ft FNAL

h(m ) for sins(28) = 1

—vn(sr ) v {P)————

VAL UE (eV2) CL4A DOCUMENT ID TECN COMMENT

C1.S 90 110 GRUWE 93 CHM2 CERN SPS
1 GRUWE 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

P~ interactions followed by the decay ~ ~ v~fr. The maximum sensitivity in sin 28

(& 6.4 x 10 at the 90% CL) is reached for E(m ) 50 eV .

~los{28) for 'Large' h(nta)
VALUE(units 10 ~) CL44 DOCUMENT ID TECN COMMENT

t9P 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 v& ~ v~ osclllations signalled by quasi-elastic v~ and

P~ interactions followed by the decay 7. v~x. The maximum sensitivity in sin 28

(& 6.4 x 10 at the 90% CL) is reached for B(m ) 50eV .

————ve ~ (lre)c ————
This is a limit on lepton family-number violation and total lepton-number
violation. (Pe)L denotes a hypothetical left-handed ve. The bound is

quoted in terms of 6, (m ), sin(28), and a, where a denotes the fractional
admixture of (V+A) charged current.

ah{m }for sins{28} = 1
VAL UE (eV2) CLiA DOCUMENT ID TECN COMMENT

C0.14 9p 112 FREEDMAN 93 CNTR LAMPF
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&7 90 113COOPER 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 ve's would be detected by

the reaction ve p ~ e+ n.

COOPER 82 states that existing bounds on V+A currents require a to be small.

a sin {28}for "Large" h(m )
VALUE CL S DOCUMENT ID TECN COMMENT

C0.032 90 FREEDMAN 93 CNTR LAMPF
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.05 90 115COOPER 82 HLBC BEBC CERN SPS

FREEDMAN 93 is a search at LAMPF for ve generated from any of the three neutrino
types v&, P&, and ve which come from the beam stop. The Pe's would be detected by

the reaction ve p ~ e+ n.

COOPER 82 states that existing bounds on V+A currents require a to be small.

via (ire)E
See note above for ve ~ (ve )L limit

ah(ms) for sins(28) = 1
VAL UE (eV2) CL 5 DOCUMENT ID TECN COMMENT

CD.1$ 116 FREEDMAN 93 CNTR LAMPF
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.7 90 117COOPER 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 ve's would be detected

by the reaction vep ~ e+n. The limit on E(m ) is better than the CERN BEBC
experiment, but the limit on sin 8 ls almost a factor of 100 less sensitive.
COOPER 82 states that existing bounds on V+A currents require a to be srnalli

tasslna(28) for "Large» h(ms)
VAL UE CL04 DOCUMENT ID TECN COMMENT

C0.001 90 118COOPER 82 HLBC BEBC CERN SPS
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&0.07 90 9 FREEDMAN 93 CNTR LAM PF I
COOPER 82 states that existing bounds on V+A currents require a to be small.
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 vz's would be detected

by the reaction 'Pep e+n The iimit on O(m2l ia better t. han the CERN BEBC
experiment, but the limit on sin 8
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————(Ii) Disappearance experiments ————

V ~ Vt 7 C

h(ma) for sins(28) = 1
VAL UE (eV2) CLN

C2e3 OUR LIMIT
C 8 90
C2e3 OR &I 90
~ ~ ~ We do not use the following

&14.9 90
&56 90
&10 90

DOCUMENT ID TECN COM MEN T

BAKER 81 HLBC
NEMETHY 818 CNTR

data for averages, fits, limits,

BRUCKER 86 HLBC
DEDEN 81 HLBC
ERRIQUEZ 81 HLBC

15-ft FNAL
LAMPF
etc. ~ ~ ~

15-R FNAL
BEBC CERN SPS
BEBC CERN SPS

sins(28) for "Large" h(ms)
VAL UE CL 4A

7 x10 2 90
~ ~ ~ We do not use the following

&0.54 90
&0.6 90
&0.3 90

DOCUMENT ID TECN

ERR IQUEZ 81 HLBC
data for averages, fits, limits,

BRUCKER 86 HLBC
BAKER 81 HLBC
DEDEN 81 HLBC

COMMENT

BEBC CERN SPS
etc. ~ ~ ~

15-ft FNAL
15-ft FNAL

BEBC CERN SPS

h(ma) for sins(28) = 1
VALUE (eV2) CLN

C7 OR P&~ OUR LIMIT
C7 OR &1200 90

DOCUMENT ID TECN

STOCKDALE 85 CNTR

sin (28}for190ev ( h(m ) (320ev
VALUE CL S DOCUMEN T ID TECN COMMENT

C0.02 90 STOCK DALE 85 CNTR FMAL

This bound applies for B(m ) between 190 and 320 or = 530 eV . Less stringent bounds

apply for other E(m ); these are nontrivial for 7 & h, (m ) &1200 eV .

h(ms} for sins(28} = 1
These experiments also allow sufficiently large h, (m ).

VAL UE (eV2) CL Yo DOCUMEN T ID TECN COMMEN T

C0.23 OR )1500 OUR LIMIT
C0.23 OR &100 90 DYDAK 84 CNTR
C13 OR &1500 90 STOCKDALE 84 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 0.29 OR &22 90 BERGSMA 88 CHRM
&7 90 BELIKOV 85 CNTR Serpukhov
&8.0 OR &1250 90 STOCKDALE 85 CNTR
&0.29 OR &22 90 BERGSMA 84 CHRM

&8.0 90 BELIKOV 83 CNTR

sins(28} for h(m }= 100eV
VALUE CLN DOCUMENT ID TECN COMMENT

C0.02 90 120 STOCK DALE 85 CNTR FNAL

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.17 9p 121 BERGSMA 88 CHRM

&0.07 122 BELIKOV 85 CNTR Serpukhov
&0.27 90 BERGSMA 84 CHRM CERN PS
&0.1 9p 3 DYDAK 84 CNTR CERN PS
&0.02 90 STOCKDALE 84 CNTR FNAL

&0.1 90 BELIKOV 83 CNTR Serpukhov

This bound applies for h, (m ) = 100eV . Less stringent bounds apply for other h, (m );
these are nontrivial for 8 & h, (m ) &1250 eV .
This bound applies for B(m ) = 0.7-9. eV . Less stringent bounds apply for other
ZL(m ); these are nontrivial for 0.28 & B(m ) &22 eV .
This bound applies for a wide range of lh, (m ) &7 eV . For some values of h, (m ),
the value is less stringent; the least restrictive, nontrivial bound occurs approximately at
b, (m ) = 300 eV where sin (28) &0.13 at CL = 90%.
ThiS bOund applieS fOr In), (m ) = 1.-10. eV . LeSS Stringent bOundS apply fOr Other

h, (m ); these are nontrivial for 0.23 & E(m ) &90 eV .
This bound applies for h, (m ) =110eV . Less stringent bounds apply for other A(m );
these are nontrlvial for 13 & 6(m ) &1500 eV .
Bound holds for Lh, (m ) = 20-1ppp eV2,
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(C} Searches for Neotrlnoiess Double P Decay

Limits on an efI'ective Majorana neutrino mass and a lepton-

number violating current admixture can be obtained from

lifetime limits on avgas nuclear decay. The derived quantities

are highly 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 t, he

more conventional 2vPP decay serve to calibrate the theory,

results for this process are also given.

To define the limits on lepton-number violating right-handed

current admixtures, we display the relevant part of a phe-

nomenological current-current weak interaction Hamiltonian:

x( JL jL + TIRL JR jL + TILRJL jR+ rlRR JR gR) + h. c.t

where jL,
——eI,p~v, l„j&——epp&v, p, and JL and J& are left-

handed an(I right-handed hadronic weak currents. Experiments

are not sensitive to riRL(= r) but quote limits on gLR and riRR.

Many authors use an alternative notation in which gL, p =—g and

gyp
—= A. The limits on gl, p = g are of order 10 while the

limits on gag = A are of order 10 6, The reader is warned that

a number of earlier experiments did not distinguish between qL, p
and g~p. Because of evolving reporting conventions and matrix

element calculations, we have not tabulated the admixture

parameters for experiments published earlier than 1989.
See the section on Marjoran searches for additional limits

set by these experiments.

0.56

0.63

330
65

Half-life Measurements and Limits for Double P Decay
In all cases of double beta decay, (Z,A} ~ (Z+2,A) + 2p + (Oor 2}ve.

t1/2(1021 yr) CLol~ ISOTOPE TRANSITION METHOD DOCVMENT ID

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

44 68 100Mo Ov 0+ ~ 0+ Si(LI} ALSTON-. .. 93
&3400 9p 136Xe 0v 0+ + 0+ TPC 127,128 VUILLEUMIER 93
&2600 90 136Xe pv 0+ ~ p+ TPC 128,129 VUILLEUMIER 93

0.21 9p 136Xe 2v 0+ ~ 0+ TpC 128 VUILLEUMIER 93
2.5 90 Te Ov 0+ ~ 0+ Bolometer AL ESSAND. .. 92
0.093 90 Xe 2v 0+ ~ 0+ Drift chamber ARTEMJEV 92

)1400 90 Ge Ov 0+ ~ 0+ Enriched HPGe BALYSH 92

) 430 90 Ge Ov 0+ ~ 2+ Enriched HPGe 30 BALVSH 92
2.7 5 0.1 Te Geoc hem BERNATOW. .. 92

7200 +400 8Te Geochem 131 BERNATOW. .. 92

0.5 90 Mo 2v 0+ ~ 2+ HPGe
1

132 BLUM 92

0.9 9P 100Mo 2v 0+ ~ 0+ HPGe
1

BLUM 02 I

0.6 90 PMo 2v 0+ 2+ HPGe2
' 'aLuM 02 I

27 68 Se Ov 0+ ~ 0+ TPC EL LIOTT 92

p lp8 + 0.026 82Se 2v 0+ ~ p+ TPC0.006 FL LI OTT 92

0.15 68 1 Mo 2v 0+ ~ 2+ Spect1
~ss KUDOMI 92 I

1.1 68 Mo Ov 0+ ~ 2+ Spect1
ass KUDDMI 92 I

0.08 68 0 Mo 2v 0+ ~ 0+ Spect1
KUDOMI 92 I

68 Mo Ov 0+ ~ 0+ Spect1
ss KUDOMl 92 I

0.051 68 Mo 2v 0+ ~ 4+ SpectI
'ss KUDOMi 02 I

68 0 Mo Ov 0+ ~ 4+ Spect1
~ss KUDDMI 92 I

0.065 68 100Mo 2v 0+ ~ 2+ Spect2
KUDOMI 92 I

0.12 68 0 Mo Ov 0+ ~ 2+ Spect2
'» KUDOMi 02 I

90 76Ge ov 0+ ~ 0+ HPGe 134 REUSSER 92
90 Ge Ov 0+ ~ 2+ HPGe 134 REUSSER 92

0 92 t 0 ~ 07
0.04

L2 95
lo 95

) 3.3 95
0.16 95
4.? 68

0 0115+ 0.0030
0.0020

Enriched HPGe 1 5 AVIGNONE

Prop cntr 127,136 BELLOTTI
Prop cntr 129~136 BEL LOT Tl

Prop cntr BELLOTTl
Prop cntr BELLOTTl
Spect EJ IR!

0+ 0-t-

0+ „0+
0+ 0+
0+, 2+

136Xe Ov

'36Xe Ov

'36Xe Ov

'36Xe 2v
QOMo 0

100Mo 2v Spect EJlRl 91

Mass spect HYKAWY 91
2.o + o.6 238 U Geochem 8 TURKEVICH 91

250 136Xe Ov 0+ + 0+ TPC 127,139WONG 91
) 170 90 ~ssxe Ov 0+ 0+ TPc ~20 ~so woNG 91 I

9.5 76 8 Ca Ov Ca F2 scint. YOU 91
0.14 68 Mo Ov+2v Q~ - 2+ p in HPGe BARABASH 90

) Q, Q42 68 100Mo Qv+2v p+ —~ p+ q in HPGe
1

BARABASH 9O

0, 17 68 116Cd Ov+2v 0+ —~ 2+ p in HPGe BARABASH 90
+ 048 "6Ce 2v O+ --O+ HPCe0.26

140 MILEY 00 I

)1300 68 76Ge Ov 0+ ~ 0+ Enriched Ge(Li) 141 VASENKO 90
09 g 0 1 76Ge 2v Enriched Ge(Li) VASENKO 90
4.0 68 1 Mo Ov 0+ —~ Q+ Si{Li) A LSTON-. .. 89
0,40 68 100Mo Ov 0+ —~ 2+ Si(Li) ALSTON-. .. 89
33 68 13 Xe Ov 0+ ~ 0+ lon chamber 27 BARABASH 89
2.9 68 Xe Ov 0+ ~ 0+ lon chamber 1 BARABASH 89
1.5 68 Xe Ov 0+ -+ 2+ ion chamber BARABASH 89
0.084 68 Xe 2v 0+ ~ 0+ ion chamber BARABASH 89
9 90 136Xe Ov P+ —P+ Prop chamber 127 BELLOTTl

90 Xe Ov 0+ -+ 0+ Prop chamber BELLOTTl 89
1.3 68 16Cd 0 116CdWO4 scint DANEVICH 89

160 9O 76Ce Ov O+ —.O+ HPGe FISHER 89
60 90 76Ge Qv 0+ -+ 2+ HPGe FISHER 89
6o 76Ge Qv 0+ --+ 2+ HPGe '42 MORALES 88

4.7 68 128Te 0 t -~ 2"' Ge(Li) 1 3 BELLOTTi 87
4.5 68»OTe 0+ -+ 2+ Ge(Li) '43 BELLOTTl 87

500 68 Ge Qv 0 & — 0+ HPGe CALDWELL 87

Q 11 + ' 8 Se 2v Q+ — Qi TPC ELLIOTT 87E~

120 68 76Ge Ov 0+ —+ O~ HPGe BELLOTTI 86
12 68 76Ge Ov 0+ -~ 2"' HPGe BEl LOTTI 86

250 68 6Ge Ov 0+ --+ 0+ HPGe CALDWEL L 86
50 68 6Ge Qv 0+ —+ 2 i HPGe CALDWELL 86

7.0 68 82Se Ov 0+ -- 0 i TPC ELI IOTT 86
0.10 68 82Se 2v 0+ -- 0" TPC 144 ELLIOTT 86

50 68 76Ce Ov HPGe CALDWELL 85
2.3 68 76Ge Ov Ge(Li) 145 HUBERT 85

120 68 76Ge Ov 0+ 0+ Ge(Li) BELLOTTl 84
17 68 76Ge Ov Ge FORSTER 84
17 90 6Ge Ov Intrinsic Ge AV I G NONE 83
20 68 6Ge Ov 0+ —.0+ Ge(Li) BELLOTTI 83

) 800 95 128Te Geochem 146 KIRSTEN 83
260 2 028 130Te Geochern 6 KIRSTFN

Limit in the case of a transition induced by a Majorana mass.
VUILLEUMIER 93 data is from the search for neutrinoless double beta decay of 136xe
in the TPC experiment in the St. Gotthard tunnel deep underground laboratory.
I imit for lepton-number violating right-handed current-induced (RHC) decay.

OBALVSH 92 presents results from the Heidelberg-Moscow experiment searching for

neutrinoless double beta decay of Ge.
131BERNATOWICZ 92 finds 128Te/130Te activity ratio from slope of 128xe/132

Xe/ Xe ratios during extraction, and normalizes to lead-dated ages for the 30Te
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 . . . with-
out any ambiguity due to trapped Xe interferences. . . (b) Theoretical calculations . . .
underestimate the [long 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
details of the experiment are given in BERNATOWICZ 93. Our listed half-life has been
~evised downward from the published value by the authors, on the basis of reevaluated

cosmic-ray Xe production corrections.
BLUM 92 reports lifetime limits for the decay of Mo to several excited states of

Ru. Limits for decay to the 0+ state are about 30o/o higher if decay to the 2+ states
1

are assumed negligable. Uses 99.5% enriched Mo.
1 3KUOOMI 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.

AVIGNONE 91 reports confirmation of the MILEY 90 and VASENKO 90 observations of

2vPP decay of Ge. Erro~ is 2cr.

BELLOTTI 91 uses difference between natural and enriched Xe runs to obtain f3$0v
limits, leading to "less stringent, but safer limits. "
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7HYKAWY 91 gives new mass spectrometer determination of the Ge- Se mass dif-
ference, which for given input for the nuclear matrix elements gives information on limits

on Majorana masses. Application to recent Ge decay experiments produces no new
evidence for jgP(pv) decay.
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.
WONG 91 replaced by VUILLEUMIER 93.
MILEY 90 claims only "suggestive evidence" for the decay. Error is 2o.
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 6
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 sutdy reported in in MORALES 91 rejects this peak at the 95% CL.
BELLOTTI 87 searches for p rays for 2+ state decays in corresponding Xe isotopes.
Limit for Te case argues for dominant 0+~ 0+ transition in known decay of this
isotope.
ELLIOTT 86 limit agrees with the geochemical limit and strongly disagrees with nu-
clear theory calculations, casting doubt on their application to derive limits on Majorana
neutrino masses and t7 parameters from limits on neutrinoless double p decay.
HUBERT 85 gives lifetime limits on neutrinoless double I3 decay of Ge to excited states
of 76Se.
KIRSTEN 83 reports "2'" error. References are given to earlier determinations of the

Te lifetime.

CALDWELL 86 gives several limits depending on which calculation of nuclear matrix
elements is used; we quote the most conservative, i.e., least stringent. Other limits
are 1.0 eV and 1.9 eV. Authors note that the overall uncertainty due to the serious
disagreement between nuclear calculations and both lab and geochemical measurements
for regular 2-neutrino double P decay is also present in these limits.
CALDWELL 85 uses results of HAXTON 81, HAXTON 82. Authors state that limit
could be "two or three times larger. "
HUBERT 85 limit is obtained from analysis of data using theoretical calculations by
HAXTON 81, HAXTON 82.
See Table 1 of BELLOTTI 84 for their assessment of previous bounds.
BELLOTTI 83 limits are obtained from analysis of data using theoretical calculations by
DOI &3 and ROSEN 81.

Limits on Lepton-Number Violating (V+A} Current Admbtture
For reasons given in the discussion at the beginning of this section, we list only results
from 1989 and later.

r}RR (10 ) CL% rII R (10 ) CL% ISOTOPE METHOD DOCUMENT ID

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2 3 90 &15 90 76Ge Enriched HPGe BALYSH 92
&5.3 12&Te Geochem 166 BERNATOW. .. 92

&3.6 68 &2.2 68 Ge HPGe 167 REUSSER 92
9 68 &8 68 76Ge lon chamber BELLOTTI 89

BALYSH 92 uses the MUTO 89 matrix elements.
6 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 t7.
Further detaiis of the experiment are given in BERNATOWICZ 93.
REUSSER 92 uses the MUTO 89 matrix elements for this reduction.

REFERENCES FOR Searches for Massive Neutrinos ancI Lepton Mhdnl

ANSELMANN 94
ABELE 93
ALSTON-. .. 93
ANSELMANN 93
BAHCALL 93
BAHRAN 93
BAHRAN 938
BARANOV 93
BERMAN 93
BERNATOW. .. 93
DIGREGORIO 93
FREEDMAN 93
GRUWE 93
HAMPEL 93
HIME 93
KALBFLEISCH 93
MORTARA 93
OHSHIMA 93
TURCK-CHI. .. 93
TURCK-CHI. .. 938
VUILLEUMIER 93
WIETFELDT 93
ALESSAND. .. 92
ANSELMANN 92
ANSELMANN 928
ARTEMJEV 92
BAHCALL 92
BAHRAN 92
BAHRAN 928
BALYSH 92
BECKER-SZ... 92
BECKER-SZ... 928
BEIER 92

Also 94
BERMATOW. .. 92
SLUM 92
BORODOV. .. 92
BRITTON 92

Also 94
BR ITTON 928
CHEN 92
ELLIOTT 92
GAVRIN 92

Proc. XXVI Int.
HIRATA 92
HOLZSCHUH 928
KAWAKAMI 92
KETOV 92

KUDOMI 92
REUSSER 92
ABAZOV 918
AVIGNONE 91
BELLOTTI 91
CASPER 91
DELEENER-. .. 91
EJIRI 91
GARCIA 91
HIME 91
HIME 918
HIRATA 91
HI RATA 918
HYKAWY 91
MORA LES 91
NORMAN 91
SUHONEN 91
SUR 91
TURKEVICH 91
WONG 91
YOU 91
Z LIMEN 91
A DEVA 90S
ASTIER 90
BARABASH 90
BATUSOV 908
BERGER 908
BURCHAT 90
DECAMP 90F
FILIPPONE 90
HIRATA 90
Hl RATA 908
JUNG 90
KOP EIK IN 90

(m„),The Effeotlve Weighted Sum of Malorana Neutrino Ma~
Contributing to Neutrlnoless Double P Decay

(mv) = ~K U1 .mv. ~, where the sum goes from 1 to n and where n = number of1j v s

neutrino generations, and vi is a Majorana neutrino. Note that U1~, not iU1Ji
occurs in the sufn. The possibility of cancellations has been stressed.

VALUE (eV) CL% ISOTOPE TRANSITION METHOD DOCUMENTID

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 6.6 68 Mo Ov 0+ -~ 0+ Si(Li) ALSTON-. .. 93
2 8 4 3 9p 136Xe pv p+ ~ p+ TpC 148 VUILLEUMIER 93

1 5 90 76G Enriched HPGe BALYSH 92
& 1.1-1.5 12&Te Geochem BERNATOW. .~ 92
& 5 68 Se TPC 151 ELLIOTT 921~7 68 76Ge 0+ ~ 0+ HPGe 152 REUSSER 92

& 11-3p 95 136Xe pv p+ ~ p+ prop cntr BELLOTTI 91
& 3.3-5.0 136Xe Ov 0+ 0+ TPC 154 WONG 91
& 8.3 76 &Ca Ov Ca F2 scint. YOU 91

& 1.4-8 68 Ge Ov 0+ . h 0+ Enriched Ge(Li) VASENKO 90
&4.3-28 136Xe Pv P+ -~ P+ Prop chamber 156 BELLOTTI 89
&12 68 "6Cd Ov 116CdWO4 5cint 157 DANEVICH 89
&3.4-23 76Ge pv p+ -~ p+ HPGe 158 FISHER 89

1.8 Ge Ov 0+ ~ 0+ HPGe 159 CALDWELL 87
2.7 68 Ge Ov 0+ ~ 0+ HPGe BELLOTTI 86

& 6 68 76Ge Ov 0+ -+ 0+ HPGe 160 CALDWELL &6

& 6 6& 76Ge Ov HPGe 161 CALDWELL 85
&20 68 76Ge Ov Ge(LI) 162 HUBERT 85

3.8 68 Ge Ov 0+ -~ 0+ Ge(Li) 163 BELLOTTi 84
&22 6Ge pv p+ -~ 0+ Ge FORSTER 84
&10 90 Ge Ov Intrinsic Ge AVIGNONE 83
&22 68 Ge Ov 0+ ~ 0+ Ge(Li) 164 BELLOTTI 83

8.3 68 Ge Ov 0+ -~ 0+ Ge(Li) 164 BELLOTTI 83
5.6 12&Te Geoc hem K IRSTEN 83

ALSTON-GARNJOST 93 use the "conservative matrix eiements of Engel et al (EN-.
GEL 88) ~

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 experifnent are given in BERNATOWICZ 93.
ELLIOTT 92 uses the matrix elements of HAXTON 84.
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 PPOv
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.

7 DANEVICH 89 uses calculations of GROTZ 86.
FISHER 89 model-dependent bounds are for Majorana neutrino masses.
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.
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+Landecker, Lathrop, Reines+ (CASE, UCI, WITW)
+Cavalli, Fiorini, Rollier (MILA)
+Johnston (PURD)
+Langer, Smith (IND)
+Johnson, Langer (INO)

Neutrino Bounds from
Astrophysics and Cosmology

OMITTED FROM SUMMARY TABLE
The limits on the number of light neutrino types now appears in a

separate section (following the r-lepton section).

See the note on neutrinos by R.E. Shrock in the ve section near the
beginning of these Listings. For additional information see the v~,
v&, v~, and heavy-v sections above.

NOTE ON CONSTRAINTS ON PARTICLES
FROM SN 1987A

(by J. Ellis, CERN and D.N. Schramm, Univ. of Chicago)

Since there have been few new developments in 1992—94,

the text of this note is omitted. The reader is referred to the

1992 edition (Phys. Rev. D45, VI. 42 (Part II, June 1992)).

v MASS

The limits on low mass (m„( 1 MeV) neutrinos apply to

mtot given by

~tot — gv 2 ~v ~

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.
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REFERENCES FOR Neutrino Bounds from Astrophysics and Cosmology

SPERGEL
KAWASAKI
KAWASAKI
TAKAHARA
COWSIK
MADSEN
FREESE
MADSEN
SARKAR
SCHRAMM
FREESE
LIN
PRIMACK

Also
OLIVE
BERNSTEIN
BOND
DAVIS
SCHRAMM
TREMAINE
VYSOTSKY

SZALAY
SZALAY
COWSIK
MARX
GERSHTEIN

+Weinberg, Gott
+Terasawa, Sato
+Sato
+Sato

88B PR D38 2014
86 PL B178 71
86B PL 169B 280
86 PL B174 373
85 PL 151B 62
85 PRL 54 2720
84 NP B233 167
84 APJ 282 11
84 PL 148B 347
84 PL 141B 337
83 PR D27 1689
83 APJ 266 L21
83 Phil. 4th Workshop on
82 Nature 299 37
82 PR D25 213
81 PL 101B 39
81 Nu Conf. Hawaii
81 APJ 250 423
81 APJ 243 1
79 PRL 42 407
77 JETPL 26 188

Translated from ZETFP
AA 49 437
APAH 35 8
PRL 29 669
Nu Conf. Budapest
JETPL 4 120
Translated from ZETFP

+Epstein
+Schramm
+Epstein
+Cooper
+Steigman
+Koib, Turner
+Faber
Grand Unification

Blumenthal, Pagels, Primack
+Turner
+Feinberg
+Szaiay
+Lecar, Pryor, Witten
iSteigman
+Gunn
+Dolgov, Zeldovich
26 200.

+Marx
+Marx
+McCielland
+Szalay
+Zeldovich
4 189.

76
74
72
72
66

(PRIN)
(TOKY)
(TOKY)
(TOKY)
(TATA)

(AARH, LANL)
(CHIC, FNAL)

(AARH, LANL)
(OXF, CERN)

(FNAL, BART)
(CHIC, LANL)

(UCSC)
(UCSC)

(UCSC, ROCK)
(CHIC, UCSB)

(STEV, COLU)
(UCB, CHIC)

(HARV, PRIN)
(CHIC, BART)

(CIT, CAMB, CAIW)
(ITEP)

(EOTV)
(EOTV)

(UCB)
(EOTV)
(KIAM)

Umit on Total v MASS, m~
(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 SZALAY 74 COSM
&132 COWSIK 72 COSM
&280 MARX 72 COSM
&400 GERSHTEIN 66 COSM

Astrophysical and C~ological Limits on v MASSES
If neutrinos are present as dark matter in galactic halos, limits on neutrino masses
have been computed based on neutrino degeneracy and Fermi statistics. The results
depend strongly on assumptions. See the references.

VAL UE (eV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

SPERGEL 88B COSM
KAWASAK I 86 COSM
KAWASAKI 86B COSM
TAKAHARA 86 COSM supernovae
MADSEN 85 COSM Some anisotropy
MADSEN 84 COSM Assume isotropy
SARKAR 84 COSM Decaying neutrinos
FREESE 83 COSM Degenerate v
LIN 83 COSM
P RIM ACK 83 COSM
BOND 81 COSM Adiabatic
DAVIS 81 COSM Adiabatic+decaying v's
SCHRAMM 81 COSM Isothermal
TREMAINE 79 COSM Isothermal

Limits on MASSES of Light Stable Right-Handed v
{with n~:~rlly suppr el Interaction strengths)
VALUE (eV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&100-200 1 OLIVE 82 COSM Dirac v
&200-2000 OLIVE 82 COSM Majorana v

Depending on interaction strength gR where gR &GF.

Limits on MASSES of Heavy Stable Right-Handed v
(with n~~rlly suppr ~ Interaction strengths)
VALUE (GeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 10 OLIVE 82 COSM gg/GF &0.1
&100 OLIVE 82 COSM gg/GF &0 01

These results apply to heavy Majorana neutrinos and are summarized by the equation:
m„&1.2 GeV (GF/gR).

Q!UARKS

NOTE ON QUARK MASSES

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 statement 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 t;he 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 par. ameters artd the qCD Lagrartgiart
The QCD Lagrangian for NF quark flavors is

1'
8 = P q| (i P —ma) qa —i G„„G"",

where P = (8& —igA&) p is the gauge covariant derivative, A„
is the gluon field, G» is the gluon field strength, my is the mass

parameter of the kt" quark, and qy 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. (i) depend on the renormalization 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
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dynamical chiral symmetry breaking, Ag, 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 & Ag, so

that spontaneous chiral symmetry breaking dominates. The

c, b, and t quarks are heavy, and the u, d and s quarks are

light. The computations for light quarks involve an expansion

in mz/Ay about the limit mq = 0, whereas for heavy quarks,

they involve an expansion in Ay/mv about mq = 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 mq. 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 y, = mq can

be used to relate the various heavy quark masses to the MS

mass rn(p), and to each other.

For light quarks, one can obtain useful information on

the quark mass ratios by studying the properties of the light

pseudoscalar mesons using chiral perturbation theory, which

utilizes the symmetries of the QCD Lagrangian Eq. (1). The

quark mass ratios determined using chiral perturbation theory

are those in a subtraction scheme that is independent of the

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 quatk8
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 Q and T 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 mp, and is

independent of the renormalization scheme used. It is known

that the on-shell quark propagator has no infrared divergences

up to (at least) two-loop order [1], so this provides a definition

of the quark mass up to order a, (mp) . The pole mass cannot

be used to arbitrarily high accuracy because of nonperturbative

infrared effect, s 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 MS running mass m(p) is defined by regulating t, he

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 Georgi-Politzer mass m(() is defined using the mo-

mentum space subtraction scheme at the spacelike point
—p = M [2], with M = ((+ l)mp. It is often used in

computations involving QCD sum rules [3], which can be used

to extract heavy quark masses. QCD sum rules are discussed

in more detail in the next section on light quark masses.

Lattice gauge theory calculations can be used to obtain

heavy quark masses from @ 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 convert, ed into quark

mass values in the continuum QCD Lagrangian Eq. (1) using

lattice perturbation theory at a scale given by the inverse lattice

spacing. A recent computation gives a b-quark pole mass of
4.94 + 0.15 GeV [4].

Potential model calculations of the 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

nonperturbative effects of order Aggro, There is also no reason

why the potential model quark mass should be independent of
the particular form of the potential used,

Recent work on the heavy quark effective theory [5—9]
has provided a definition of the quark mass for a heavy quark

that is valid when one includes nonperturbative effects and

will be called the HQET mass mq. The HQET mass is

particularly useful in the analysis of the 1/mq corrections in

HQET. The HQET mass is not the same as the pole mass, a
distinction that is often overlooked in the literature. Physical

quantities such as hadron masses can in principle be computed

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 1/mq expansion in terms of a few unknown

constants that can be obtained from experiment. For example,
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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) =mb + A + 0

~mb~

(—2 '}
M(D) =m, + A + 0

(mc)

This allows one to determine the mass difference mg —m, =
M(B) —M(D) = 3.4 GeV up to corrections of order A /ms——2
A /m, . The extraction of the individual quark masses ms and

m, requires some knowledge of A. An estimate of A using

QCD sum rules gives A = 0.57 + 0.07 GeV [10]. The HQET
masses with this value of A are mb ——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 G(A /mq) correction terms.

The errors reflect the uncertainty in A and the unknown spin-—2
averaged G(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 MeV), which differs significantly

from the sum rule estimate. In HQET, the 1/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 these masses in QCD perturbation

theory at one loop is [11]

mq =m(p) 1+ '
(3log p2/m2+ 4)

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

4M% = 4 LMC R+ C RMC L„ (3)

where M is the quark mass matrix M,

(m„o o )
M= 0 mg 0

o o m, )
(4)

The mass term O'M@ is the only term in the QCD Lagrangian

that mixes left- and right-handed quarks. In the limit that
M —+ 0, there is sn independent SU(3) flavor symmetry for the
left- and right-handed quarks. This G)t = SU(3)L, x SU(3)n
chiral symmetry of the QCD Lagrangian is spontaneously bro

ken, which leads to eight massless Goldstone bosons, the vr'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 [12,13]

m e B(m„——+ mg)
2

m g B(m„+mg——) + Ae~ )
2

m~e ——m~ =B (my+ m, ),2 2

K

m&+ =B (m„+ms) + +em &

2

ms B(m„——+-mg + 4m, ),1

(5)

with two unknown parameters B and A,~, the electromagnetic

mass difference. From Eq. (5), one can determine the quark

mass ratios [12]

mq =m(() 1 + '
log ((+ 2)(+I (2)

m 2m p
—m ++mK+ —mKp

2 2 2 2

=056)
~KP ~K+ + m'

mq =mp )

where n, (p) and o.,(() are the strong interaction coupling

constants in the MS and momentum space subtraction schemes,

respectively.

D. Light quarka
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) hss 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.

2 2 2
me) mKo + mK+ m' + = 20.1 )
md KP + + K+

to lowest order in chiral perturbation theory. The error on

these numbers is the size of the second-order corrections, which

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. (5), 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



1436

Lepton 8c Quark Eull Listings
Quarks

chiral perturbation theory use the symmetry transformation

property of M under the chiral symmetry GX, it is important 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 [14]. There are many

subtleties involved, which cannot be discussed here [14).
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 [12,14]. There is an uncertainty in this method since

in the baryon octet one can use eit, her the Z-N or the A-N

mass difference, which differ by about 75 MeV, to estimate

the strange quark mass. It is also not possible to relate this

definition of mass to the mass parameters in the QCD La-

grangian, which are scale and scheme dependent. It is often

simply assumed that the baryon mass splittings give the MS

quark masses renormalized at a scale p, = 1 GeV.

One can extend the chiral perturbation expansion Eq. (5)
to second order in the quark masses M to get a more accurate

determination of the quark mass ratios. The meson mass

terms in the chiral Lagrangian to second order in the quark

mass matrix M are [16)

-2r=,-~ XtU+XUt +1.. Tr XtU+XUt

. 2
+ I7 Tr XtU —XUt + L8 Tr X~UXtU+ XUtXUt 7

where X = 2BM and U is the exponential of the pion field.

Eq. (7) defines the chiral Lagrangian parameters Ls s. The

meson masses are obtained by expanding Eq. (7) in a power

series in the meson fields.

There is a subtlety that arises at this order [15], because

-1
M MtM dtMt

transforms in the same way under GX as M, so that

one can make the replacement M -+ M(A) = M +
AM (Mt M) det Mt,

M(A) = diag(m„(A), mg(A), m, (A))

= diag (m„+Amgm, , my+ Am„m, , m, + Am„mg)(9)

One can only determine the ratios m;(A)/mz. (A) using second-

order chiral perturbation theory, not the ratios m;/m&

m, (A = 0)/mi(A = 0), since second-order terms in the chi-

ral Lagrangian are indistinguishable from first-order terms with

a redefined quark mass. M and M(A) have the same chiral

transformation properties, which implies that the meson masses

depend on L6 8 only in the linear combinations I6 —LT and

L6+ 2L8. One linear combination is left undetermined, so one

cannot determine the quark mass ratios to second order in chiral

perturbation theory without an independent determination of

one of the L, 's.

Dimensional analysis can be used to estimate [17] that

second-order corrections in chiral perturbation theory due to the

strange quark mass are of order Am, 0.25. The ambiguity

due to the redefinition Eq. (9) (which corresponds to a second-

order correction) can produce a sizeable uncertainty in the ratio

m~/mg. The lowest-order value m„/mg = 0.56 gets corrections

of order Am, (mg/m„—m„/mg) 30%, whereas m, /mg gets a
smaller correction of order Am, (m~/md —m„mg/rn, ) 15%.
A more quantitative discussion of second-order effects can be

found in Refs. 15,16,18. Since the second-order terms have a

single parameter ambiguity, the value of m„/mg is related to
the value of m, /mg.

The ratio m„/mg is of great interest since there is no

strong CP problem if m„=0. To determine m„/md requires

determining the parameters 16 8 in the meson Lagrangian

Eq. (7), or equivalently, fixing A in the mass redefinition

Eq. (9). There has been considerable elfort to determine the

chiral Lagrangian parameters accurately enough to determine

m„/mg, for example from the analysis of the decays @' ~
@+vr", il, the decay rl ~ 37r, and by using sum rules [14,19—21].
m„/mg can also be extracted from g' decays. This requires the

knowledge of chiral lagrangian parameters for t,he q', such as

I i4 which is defined in [21]. All of these methods have large

uncertainties, but indicate that m„/md g 0. This conclusion

has been questioned by Ref, 20 which argues that inst, anton

corrections produce effects like the redefinition Eq. (9), and can

explain the experimental observations even if m„=0.

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

comput, ations 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 constit, uent 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 mi, of the QCD

Lagrangian Eq. (1). Constituent masses are only defined in

the context of a particular hadronic model.

E. Numerical values and caveats
The quark masses in the particle data listings have been ob-

tained by using the wide variety of theoretical methods outlined
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above. Each method involves its own set of approximations

and errors. In most cases, the errors are a best guess at the

size of neglected higher-order corrections. The expansion pa-

rameter for the approximations is not much smaller than unity

(for example it is m2&/A2& --0.25 for the chiral expansion),

so an unexpectedly large coeKcient in a neglected higher-order

term could significantly alter the results. It is also important

to note that the quark mass values can be significantly dif-

ferent in the different schemes. For example, assuming that

the HABET mass mb is 4.7 GeV, and czs(mb) 0.2 gives the

MS b-quark mass mb(p, = mb) = 4.3 GeV using the one-loop

formula in Eq. (2). The heavy quark masses obtained using

HABET, /CD sum rules, or lattice gauge theory are consistent

with each other if they are all converted into the same scheme.

When using the data listings, it is important to remember that

the numerical value for a quark mass is meaningless without

specifying the particular scheme in which it was obtained.

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

Mass m = 2 to 8 MeV

mulmd = 0 25 to 0 70

Charge =
& e Iz =+&1

f(~ ) = z(y+)

Mass m = 5 to 15 MeV

ms/md ——17 to 25

Charge = —
& e 1

lz =

f(~ ) = o('+)

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

(ms —(m„+md)/2}/(rnd —mu) = 34 to 51

LIGHT QUARKS u, d, s

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 QK 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) spllttings in hadron
masses.

VALUE (MeV)

2 to 8 OUR EVALUATION
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1 CHOI 928 THEO
2 BARDUCCI 88 THEO
3 GASSER 82 THEO
4 PAGELS 80 THEO

PAGELS 80 THEO
6 WEINBERG 77 THEO
7 GASSER 75 THEO

CHOI 925 argues that m = 0 Is okay based on instanton contributions to the chlral
coefficients. Disagrees urlt DONOGHUE 92 and DONOGHUE 928.
BARDUCCI 88 renormalized quark mass at 1GeV. Uses a calculation of the effective

potential for Ikdr In C}CD, and estimates for E(p l.
3 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.
4 PAGELS 80 uses lowest-order chiral perturbation theory plus an estimate of

(iraq).

5PAGELS 80 uses lowest-order chiral perturbation theory plus an estimate of (qqqq)
correlation function.
WEINBERG 77 assumes that the baryon SU(3) splittings are equal to ms.

7 GASSER 75 uses inelastic electron scattering and SU(6).

DOCUMENT ID TECN

5.8
5.1 k 1.5
1.8+0.7
5.6+2.9
4.2
4

d-QUARK MASS

See the comment for the u quark above.

DOCUMENT IDVALUE (MeV) TECN

I to 15 OUR EVALUATION
~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ADAMI 93 THEO
9 NEFKENS 92 THEO

8.4 10 BARDUCCI 88 THEO
11 DOMINGUEZ 87 THEO
12 KREMER 84 THEO

8.9+2.6 13 GASSER 82 THEO
4.3+0.7 14 PAGELS 80 THEO

14.6+5.7 15 PAGELS 80 THEO
7.5 16 WEINBERG 77 THEO
6 17 GASSER 75 THEO

ADAMI 93 obtain md —m„=3+ 1 MeV at A=0.5 GeV using Isospln-violating effects
in QCD sum rules.
NEFKENS 92 results for md —m„are3.1 d: 0.4 MeV from meson masses and 3.6 + 0.4
MeV from baryon masses.
BARDUCCI 88 renormaiized quark mass at 1GeV. Uses a calculation of the effective
potential for @Q in QCD, and estimates for E(p ).
DOMINGUEZ 87 uses QCD sum rules to obtain rn u+m d

—15.5 + 2.0 MeV and m d-
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 m„+md=35+ 3 Mev at Q = 1 GeY using factorlzatlon
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.

14 PAGELS 80 uses lowest-order chiral perturbation theory plus an estimate of (pq).
PAGELS 80 uses lowest-order chlral perturbation theory plus an estimate of (7Iqfq)
correlation function.
WEINBERG 77 assumes that the baryon SU(3) splittlngs are equal to ms.
GASSER 75 uses inelastic electron scattering and SU(6).
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Light Quarks u, d, s

s-QUARK MASS

See the comment for the u quark above.

VALUE(MeV} DOCUMENT lD

100 Io 300 OUR EVALUATION
e ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

18 NEFKENS 92 THEO
194+ 4 9 DO MING UEZ 91 THEO
118 BARDUCCI 88 THEO

21 KREMER 84 THEO
175+ 55 22 GASSER 82 THEO

&300 PENSO 828 THEO
112+ 66 4 PAGELS 80 THEO
378+220 5 PAGELS 80 THEO
150 26 WEINBERG 77 THEO
135 27 GASSER 75 THEO

NEFKENS 92 results for ms —(mu+mdl/2 are 111 + 10 MeV from meson masses and
163 + 15 MeV from baryon masses.

19 DOMINGUEZ 91 uses QCD sum rules.
BARDUCCI 88 renormalized quark mass at 1 GeV. Uses a calculation of the effective

potential for @Q in QCD, and estimates for E(p ).
1KREMER 84 obtain mu+ms —245 +10 MeV at Q = 1 GeV using SVZ values for quark

condensates; they obtain mu+ms=270 + 10 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.

2 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}.

TECN

u/ff MASS RATIO

LIGHT QUARK MASS RATIOS

DOCUMENT ID TECNVALUE

0.25 to 0.70 OUR EVALUATION
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.3 28 CHOI 92 THEO
0.26 DONOGHUE 92 THEO
0.304 0.07 0 DONOGHUE 928 THEO
0.66 G ERAR D 90 THEO
0.4 to 0.65 2 LEUTWYLER 908 THEO
0.05 to 0.78 M A LT MAN 90 THEO
0.0 to 0.56 34 CHOI 898 THEO
0.0 to 0.8 KAPLAN 86 THEO
0.57 +0.04 36 GASSER 82 THEO
0.38+0.13 LANGACK ER 79 THEO
0.47+ 0.11 38 LANGACKER 798 THEO
0.56 39 WEINBERG 77 THEO

CHOI 92 result obtained from the decays Q(2S) ~ J/Q(1S) rr and Q(2S) ~ J/@(1S)r/,

and a dilute instanton gas estimate of some unknown matrix elements.
9DONOGHUE 92 result is from a combined analysis of meson masses, r/ ~ 3x us-

ing second-order chiral perturbation theory including nonanalytic terms, and (g(2S)—
S/y(is) ~)/(y(2S) i/y(is) ~).
DONOGHUE 928 computes quark mass ratios using (g(2S) ~ J/$(15) n }/(g(2S}
J/Q(15)r/), and an estimate of L14 using Weinberg sum rules.

GERARD 90 uses large N and r/-r/' mixing.
LEUTWYLER 908 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.
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.
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 g ~ 3x. The electromagnetic contribution is taken from Socolow rather than
from Dashen's formula.
LANGACKER 798 result uses LANGACKER 79 and also p-M2 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/ff MASS RATIO
DOCUMENT ID

{ms —m)/(mrf —m„)MASS RATIO
m—:(m + md)/2

VALUE DOC UMEN T ID TECN

3l to 51 OUR EVALUATION
~ o o We do not use the following data for averages, fits, limits, etc. o ~ ~

36 &5 48 NEFKENS 92 THEO
45 +3 49 NEFKENS 92 THEO
38 3:9 AMETI LER 84 THEO
43.5+2.2 GASSER 82 THEO
34 to 51 GASSER 81 THEO
48:I:7 MINKOWSKI 80 THEO

48 NEFKENS 92 result is from an analysis of meson masses, mixing, and decay.
49 NEFKENS 92 result is from an analysis of of baryon masses.
0AMETLLER 84 uses r/ ~ n+ x n and p dominance.

ADA MI 93
C HOI 92
CHOI 928
DONOGHUE 92
DONOGHUE 928
NEFKENS 92
DOMINGUEZ 91
GERARD 90
LEUTWYLER 908
MALTMAN 90
CHOI 89
CHOI 898
BARDUCCI 88

Also 87
DOMINGUEZ 87
KAPLAN 86
AMETLLER 84
KREMER 84
GASSER 82
PENSO 82
PENSO 82B
GASSER 81
MINKOWSKI 80
PAGELS 80
LANGACKER 79
LANGACKER 798
WEIN BERG 77
GASSER 75

PR D4S 2304
PL 8292 159
NP 8383 58
PRL 69 3444
PR D45 892
CNPP 20 221
PL 8253 241
MPL A5 391
NP 8337 108
PL 8234 158
PRL 62 849
PR D40 890
PR D38 238
PL 8193 305
ANP 174 372
PRL 56 2004
PR D30 674
PL 1438 476
PRPI. 87 77
NC 68A 213
NC 72A 113
ANP 136 62
NP 8164 25
PR D22 2876
PR D19 2070
PR D20 2983
ANYAS 38 185
NP 894 269

~ Drukarev, loffe

+Holstein, Wyler
+Wyler
+Miller, Slaus
I-van Geftd, Paver

~ Goldman, Stepheftsoft Jr.

+Kim
+Casalbuoni, De Curtis+

Barducci, Casalbuoni+
+de Rafael
+Manohar
+Ayala, Bramon
+Papadopoulos, Schilcher
+LeutNfyler
+Penso, Trttong
+Ve rzegft assi

+Zepeda
+Stokar
+Pagels

+Le titwyler

(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}
(BERM)
(ROCK)

(DESY, PRIM)
(PENN)
(HARV)
(BERM}

VAL UE TECN

1? to 25 OUR EVALUATION
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

21 40 DONOGHUE 92 THEO
l8 41 GERARD 90 THEO
18 to 23 LEUTWYLER 908 THEO
15 to 26 43 KAPLAN 86 THEO
19.6+ 1.5 44 GASSER 82 THEO
22 +5 LANGACKER 79 THEO
24 +4 46 LANGACKER 798 THEO
20 47 WEINBERG 77 THEO

DONOGHUE 92 result is from a combined analysis of meson masses, 27 —-k 3x us-
ing second-order chiral perturbation theory including nonanalytic terms, and (@(2S)
J/Q(1S) ~)/(@(25) 3/Q(1S) z)).
GERARD 90 uses large /tf/ and 2)-r)' mixing.
LEUTWYLER 908 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.
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.

44GASSER 82 uses chiral perturbation theory for the meson and baryon masses.
45 LANGACKER 79 result is from a fit to the meson and baryon mass spectrum, and the

decay r/ ~ 3n. The electromagnetic contribution is taken from Socolow rather than
from Dashen's formula.

6 LANGACKER 798 result uses LANGACKER 79 and also p-Mf mixing.
47WEINBERG 77 uses lowest-order chiral perturbation theory for the meson and baryon

masses and Dashen's formula for the electromagnetic mass difFerences.
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c, b, t Quark

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

Charge =
& e=2

c-QUARK MASS

Charm = +1
Searches for t Quark

fu') = o('+)
Charge = &2 e Top = +1

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 as(Ig=mc) = 0.39. The range 1.0-1.6 GeV for the
MM3 mass corresponds to 1.2-1.9 GeV for the pole mass (see the "Note on

Quark Masses" ).

VAL UE (GeV)

1.0 to 1.5 OUR EVALUATION
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.5 ()'1 +0.2 t1 ALVAREZ 93 THEO

1.27 60.02 NARISON 89 THEO
1.25 +0.05 3 NARISON 87 THEO
1.27 +0.05 4 GASSER 82 THEO

ALVAREZ 93 method is to fit the measured xF and pT charm photoproduction
distributions to the theoretical predictions of El LIS 89C.
NARISON 89 determines the Georgi-Politzer mass at p =—m to be 1.26 6 0.02 GeV
using QCD sum rules.
NARISON 87 computes pole mass of 1 45 5: 0 05 GeV using OCD sum rules, with A(MS)
= 180 4 80 MeV.

4GASSER 82 uses SVZ sum rules. The renormalization point is p, = quark mass. t

DOCUMENT ID

ALVAREZ
ELLIS
NARISON
NARISON
GASSER

93 ZPHY C60 53
89C NP B312 551
89 PL B216 191
87 PL B197 405
82 PRPL 87 77

+Barate, Bloch, Bonamy+
+Nason

+Leutwyler

(CERN NA14/2 Collab. )
(FNAL, ETH)

(ICTP)
(CERN)
(BERN)

l(l~) = D(g+)

Charge = —
& e1 Bottom = —1

b-QUARK MASS

The b-quark mass is estimated from bottomonium and B 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 as(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" ).

TECN

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" ) ~

VAL UE (GeV) DOCUMENT ID

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e o o

& 3.29 6 GROSSE 78 I

GROSSE 78 obtain (mb —mc) & 3.29 GeV based on eigenvalue inequalities in potential
models.

DOMINGUEZ
NARISON
REINDERS
NARISON
GASSER
GROSSE

92
89
88
87
82
78

PL B293 197
PL B216 191
PR D38 947
PL B197 405
PRPL 87 77
PL 79B 103

+Paver

+LeutNfyler
+Martin

(CAPE, TRST, INFN)
(ICTP)

(BONN)
(CERN)
(BERN)
(CERN)

VALUE (GeV)

4.1 to 4.5 OUR EVALUATION
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.32+0.05 1 DOMINGUEZ 92 THEO
4.24 60.05 NARISON 89 THEO
4.18+0.02 3 REINDERS 88 THEO
4.30+0.13 4 NARISON 87 THEO
4.25 +0.1 5 GASSER 82 THEO

1DOMINGUEZ 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+ 0.05 GeV
using QCD sum rules.

3REINDERS 88 determines the Georgl-Politzer mass at p = -m to be 4.17 + 0.02
using moments of bye b. This technique leads to a value for the mass of the B meson
of 5.25 + 0.15 GeV.

4 NARISON 87 determines the pole mass to be 4.70 + 0.14 using QCD sum rules, with
A(MS) = 180 + 80 MeV.

tGASSER 82 uses SVZ sum rules. The renormalization point is Ig = quark mass.

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.

VAL UE (GeV) CL 5 DOCUMENT ID TECN COMMENT

p62 95 1 ABE 94B CDF Ecm= 1800 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&45 2 ABE 92I CDF Ecm= 1800 GeV

&53 95 ALITTI 92 UA2 Ecm= 630 GeV

&55 95 4 ALITTI 92 RVUE

&43 95 5 ABE 91C CDF Ecm —1800 GeV

&38 90 6 ALBAJAR 91 UA1 Ecm= 630 GeV

&51 90 7 ALBA JAR 91 RVUE t (W)
ABE 948 result is from I (W) = 2.063 + 0.061 + 0.060 GeV.
ABE 92I data include both e and p final states. The result is derived from f'(W)=2. 166
0.17 GeV. At 90%CL, the limit is &49 GeV.

3ALITTI 92 result is derived from P(W) = 2.10 + 0.16 GeV.
4Limit is from combined data of ALBAJAR 91, ALITTI 92, and ABE 90: P(W) =

2.15 4 0.11 GeV.
ABE 91C result is derived from I (W) = 2.12 + 0.20 GeV. At 90%CL, the limit is & 48
GeV.
ALBA JAR 91 result is derived from I (W) = 2.18+0'24 6 0.04 GeV.

7 Limit is from combined data of ALBAJAR 91, ALITTI 90C, and ABE 90.

& 60

95
95
95
95

MASS LIMITS for t Quark In pj's ColllsIons
These experiments are based on the assumption that no nonstandard decay modes
such as t ~ bH+ are available, except as shown in the comments. Mass limits are
now sufficiently high that decay is expected to occur before hadronization.

VALUE (Gev) CL% EVTS DOCUMENT ID TECN COMMENT

&131 95 ABACHI 94 DO CE + Jets, 8 + jets

174+10+~~ 7 9ABE 94E CDF 8 + &jet

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&118 95 9 ABE t94ECDF EE

& 91 95 10 ABE 92 CDF EE, E + b-Jet
ALiTTI 927 UA2 t ~ bH+, H+ ~

T V~

95 12 ALBAJAR 91B UA1 t ~ bH+;
H+ ~+v

BAER 91B RVUE t ~ tl Xl
72 14 ABE 90B CDF e + Ig

& 77 15 ABE 90C CDF e + jets + missing ET
69 16 AKESSON 90 UA2 e + Jets + missing ET
60 ALBAJAR 90B UAl e or p, + jets, py, + Jet

BARGER 90E RVUE t —p b H+
& 41 95 ALBAJAR 88 UAl e or p, + jets

ABACHI 94 search for eIg + jets, ee + jets, e + jets, and p, + jets. Production cross
section with soft-gluon resummation of LAENEN 94 is used. The limit decreases to
&122 GeV if Q(as ) cross section is employed for comparison with ABE 92.
ABE 94E search for ee, ep, and p p, 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+0'44. The mass determination is from

7 single-lepton + b-Jet events which have four Jets. Their H limit uses the production
cross section with soft gluon resummation from LAENEN 94.
ABE 92 search for ee, ey, , p, p dilepton final states and (e or y) plus a b-quark Jet. The
b Jet is tagged by a soft muon. The 90%CL limit is 95 GeV. Superseded by ABE 94E ZE

limit.
ALITTI 92f search for t ~ bH+, H+ ~ vv with v decaying hadronlcally. mt
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+ rv~) = 1, 0.5.
ALBA JAR 91B 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+ + m& —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 supersyrnmetric 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.

6AKESSON 90 searched for events having an electron with pr & 12 GeV, missing
momentum & 15 GeV, and a Jet with ET & 10 GeV, ~rI~ ( 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 m& & 80 GeV even if t ~ bH+ decay is allowed.

BALBAJAR 88 value quoted here is revised using the full O(n3) cross section of5
ALTARELLI 88. Superseded by ALBAJAR 90B.



1440

Lepton Ec Quark Full Listings
t Quark

HOUR EVALUATION" below is for our fit to electroweak data described in the "Stan-
dard Model of Electroweak Interactions" section. This fit result does not include direct
measurements of mt. The second error corresponds to mH —300 240 GeV.+700

CL% DOCUMENT ID TECN COMMENTVALUE (GeV)

1gy+16+17 0-18-20
~ e ~ We do not

uR ewLuAmoiiji

use the following data for averages, fits, limits, etc. o ~ ~

157+36+19—48 —20
158+32+19—4p

+41+24—48 —18

184+25+ 17-29-18
140 —22
91+46+ 9

152+ +20-46-
&207

143+—18

174+27+ 17
—32 —22

&228

132+'0—22

102+35+ 19
—32 —18

114—42

146+ + 17—19

147+22+ 17
-26-22

iso+50—60

123+ +19—38
&208

170+42+21
—55 —14

112—23
1»+'5—20

12o+27—28

124+—28

124+ +21—56

132+27+ 18
—31 —19

150+ + 16—26

137+22 +18
—25 —22

50+ 29 +20—34 —22

144+23 +19
—26 —21

&220
&215

193+52~ 16—69

100+70+24
—52 —1 1.

119+39—45

134+4'—48

124+28+ 20
—34 —15

&366
&200
&200
&240

120+40+20
127 —30

&190
132+3'—37

14o+43—52
&168
&153
&291
&180

95

95

95

95
95

90
95
95
90

90
6&

90
90

ABREU 94 DLPH Z parameters

ACC IARR I 94 L3 Z parameters

21 AKERS 94 OPAL Z parameters

BUSKULIC 94 ALEP Z parameters

23 ELLIS

24 ACTON

25 ADRIANI

26 ALTARELLI

27 BLONDEL

94 RVUE Electroweak

93o OPAL Z parameters

93M L3

93 RVUE

Z parameters

Zbb vertex

93 RVUE Z parameters

28 BUSKULIC

29 BUSKULIC
30 ELLIS

93j ALEP

93M ALEP

938 RVUE

Z parameters

I-(Z - bb)

31 MONTAGNA 93 RVUE Z parameters

32 MONTAGNA

NOVIKOV

34 PASSARINO

35 QUAST

36 ALITTI

37 BANERJEE

BLONDEL

39 40 DECAMP

938 RVUE Z parameters

938 RVUE

93 RVUE Electroweak

93 RVUE Z parameters

928 UA2 mi/t/, mZ

92 RVUE Electroweak

92 RVUE Z bb vertex

92e ALEP Z parameters

41 DELAGUILA 92 RVUE Electroweak

DELAGUILA 928 RVUE

43 ELLIS

44 ELLIS

45 LANGACKER

46 LEP

46 LEP

47 PDG

RENTON

49 SCHAII E

49 SCHAILE

50 ABE
39 ABREU

39 51 ADEVA

92 RVUE Electroweak

92E RVUE

92e RVUE Z'

92 RVUE Z parameters

92 RVUE Electroweak

92 RVUE Electroweak

92 RVUE Electroweak

92 RVUE Z parameters

92 RVUE Electroweak

918 RVUE mI/I/ mz
91F DLPH Z parameters

Z parameters91E L3

ALEXANDER 91F OPAL

54 DELAGUILA 91C RVUE

GONZALEZ-G. .91 RVUE

Z parameters

z'
Electroweak

56 HIOKI 91 RVUE Electroweak

57 LANGACKER

58 ADACHI
59 ADEVA
60 BARGER
61 BLONDEL

62 DECAMP

63 ElliS
64 KENNEDY

65 ELlIS

91 RVUE Electroweak

o (e+ e hadrons}
Electroweak
Electroweak
vN —+ vX or vh! ~

vX
Electroweak

90F RVUE
90I RVUE
90C RVUE
90 CDHS

90P RVUE

908 RVUE Electroweak

90 RVUE Eiectroweak

&98 RVUE Electroweak

66 LANGACKER

67 COSTA
68 ELLIS
69 FOGLI
70 AMALDI

89 RVUE

88 RVUE
8&C RVUE
88 RVUE
87 RVUE

Electroweak

Electroweak
Electroweak
vN~ vX
Electroweak

INDIRECT MASS LIMlTS for t Quark from Standard Model Electre= k Flt
The RVUE values are based on the data described in the footnotes. Earlier RVUE's
are superseded but have been left in the Listings to show the progress.

A BREU 94 value is for as(mZ} constrained to 0.123 + 0.005. The second error

corresponds to mH = 300 240 GeV.+700

0ACCIARRI 94 value is for o (lrrZ) constrained to 0.124 J- 0.005. The second error

corresponds to mH = 300 240 GeV.

21AKERS 94 result is from fit with free as. The second error co~responds to

mH —300 240 GeV. The 95%CL limit is mt &210 GeV.

22 BUSKULIC 94 result is from fit with free os. The second error is from mH=300+ 240
GeV.
ELLIS 94 is fit to electroweak data available in summer 1993. mt, mH, and crs are

adjusted to minimize X, yielding mt above, mfr = 35 25 GeV, and os{mZ) =, 2 +205

o.116+0 007.—0.006
24ACTON 930 result is from fit with free os. The second error corresponds to

mH=300 240 GeV. The 95%CL limit is mt &180 GeV. Negative statistical error is

larger than —46. Superseded by AKERS 94.
ADRIANI 93M used a (m y) =0.124+ 0.006. Second error corresponds to m H

—50 GeV
—1 TeV. Superseded jay AZCIARRI 94.
ALTARELLI 93 limit is from fit to electroweak data available in summer '92 but uses
only the parameter corresponding to Z bb vertex correction. as(mZ) = 0.118 + 0.007
is used.
BLONDEL 93 is mt —mH fit to LEP data available in spring '93. as ——0.117 k 0.005
is used and m t &108 GeV, mH & 62.5 GeV imposed. 95%CL limit is 185 GeV.

BUSKULIC 933 second error is from mH-300+250 GeV. Superseded by BUSKULIC 94.
9 BUSKULIC 93M limit is from I (bb)iC(had) = 0.2193 4 0.0029. The best value is mt= 50 + 70 GeV. The CDF limit mt &91 GeV is imposed to obtain the limit.

ELLIS 938 fit to electroweak data available in spring '93. mH is adjusted to minimize

(even below the present direct limit) and as(mz) = 0.123 + 0.006 is used. 95%CL
limit of mt &155 GeV is claimed.

MONTAGNA 93 perform fit to I.EP cross-section and asymmetry data taken in 1989/90.
The second error corresponds to mH —300 235 GeV. Direct limits on mt, mH are+700

imposed. as is adjusted to minimize X . Updated in MONTAGNA 938.
MONTAGNA 938 is an update of MONTAGNA 93, including fits to realistic (i.e. with
experimental cuts) cross sections and asymmetries. m Z and as are adjusted to minimize

& . mH is fixed at mH ——300 GeV.
li

See Fig. 2 of NOVIKOV 938 for k contour in mt —mH plane calculated from mi4r, I
I (ee), and AFB data available in summer '92.

34PASSARINO 93 fit is to LEP and mI/I/ data available in spring '93. as is adjusted to

minimize X, The second error is from mH:300+24p GeV.

QUAST 93 is fit to LEP data taken up to 1991. as is fitted (0.133 + 0.008 k 0.002).
The second error is from mH:300 24p GeV.+700

ALITTI 928 assume mH —100 GeV. The 95%CL limit is mt & 250 GeV for mH &
1 TeV.

37BANERJEE 92 is a fit to LEP data taken in '90 as well as mI4r. The second error is

from mH —300 250 GeV. as(mZ) = 0.1186 0.008 is used. Fit to LEP data only gives

mt —99 6 4& k 22 GeV.

BLONDEL 92 limit is from I (bb)/I (had), sin l)ii from asymmetries, and as(mZ) =
0.1174 0.004 (data available in spring '92). m t &91 GeV imposed. The limit is sensitive
to the value of as.

39 Limit from Z cross sections, leptonlc forward-backward asymmetries, ~ polarization asym-
metry, quark charge asymmetry, and bb and cc forward-backward asymmetries.

DECAMP 928 uses a = 0.121 + 0.008. The second error Is from m = 200+5 HO
— —150

GeV. The "Electroweak" value combines ALEPH Z data and m I/I/im Z from AllTTI 908
and ABE 90G.
DELAGUII. A 92 is fit to electroweak data including LEP data taken '90. The value is I
for mH —100 GeV, as(mZ) = 0.12 fixed. For mH —1TeV, mt ——140 21 GeV,

DELAGUILA 928 perform two-dimensional fit to various electroweak data with direct
limits on mt, mH." ELLIS 92 is an update of ELLIS 908 to include the latest LEP, UA2, CDF, and CHARM II

results presented at the Lepton-Photon and EPS Conference, July 1991. as = 0.115 4
0.008 assumed and mH left free. Fit gives 1.3 GeV & mH & 160 GeV, CL = 68% for

mt —130 GeV,

ELLls 925 perform fit to electroweak data available in spring '92. mH is adjusted to

minimize X and as(mZ} = 0.118+0.008 is used. I
LANGACKER 928 consider the effect of an extra Z boson (ZSM, ZLR, Z~, Zd, Zn)

on the top mass determination. The fit including Z' does not change the limit on mt.
46The LEP 92 values are combined results of the four LEP collaborations: ALEPH,

DELPHI, L3, and OPAL. The "Electroweakea result includes m~ and m~imZ from
ABE 90G and ALITTI 928, and neutral current data from CDHS and CHARM. Uses as
= O. 1 1& + 0.008. Second error corresponds to mH = 300 250 GeV.+700

4 PDG 92 value comes from a fit by P. Langacker to recent data as discussed in the
minireview above.
RENTON 92 is a fit to LEP data taken up to '90 as well as midr, uN, and atomic parity

vioiation data. The second error is from mH=300 2~ GeV. os(mZ) = 0.114 6 0.007+700

is used. The 95%CL limit is 193 GeV. The fit to LEP data only gives mt —142+37 6 20

GeV.
9scHAILE 92 performs fit to LEP eiectroweak data (as of summer 1991)as well as mHr

(UA2/CDF) and u N (CDHS/CHARM). The second error is from mH=300 250 GeV.+700

The ABE 918 limit is derived from their mi/It with mZ —91.161 GeV. Combining with
the m~ measurement of ALITTI 908, one obtains mt & 230 GeV (95%CL).

51 a5 —0.115 + 0.009. The second error is from mHp: 300 250 GeV.+700

ALEXANDER 91F use as —0.118 + 0.008. The second error comes from mH-
3OO+700 GeV.—250
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The 95%CL upper limit is 218 GeV.
DELAGUILA 91C study bound on mt in the presence of extra Z (Z~R and Z~) from

various electroweak data. The upper bound on mt is more strict for lower ZI masses.
See their Fig. 2. See also DELAGUILA 92.
GONZALEZ-GARCIA 91 result is based on low-energy neutral current data, Z mass and
widths, m ~ from ABE 90G. mHp

——100 GeV assumed.

HIOKI 91 uses mZ, I total(Z), and m W. mHp
—100 GeV, as = 0.12 assumed. For

mHp
—1TeV, one finds mt —162 46 GeV.+43

LANGACKER 91 is a fit to various electroweak data. The second error is from m
H

250+200 GeV. as = 0.12 4 0.02 used. The 95%CL upper limit is 182 GeV [for mH0
= 1 TeV]. For arbitrary Higgs structure, one obtains m t ( 310 GeV.

ADACHI 90F limit Is from R at PEP, PETRA, and TOPAZ at TRISTAN. Top mass
dependence enters via radiative correction. Minimal standard model with mZ —91.1
GeV, mHp = 100 GeV assumed. AMS is varied in the fit.

ADEVA 90I analysis is based on mZ measured by L3 and sin 8~ —0.2284 + 0.0043
determined from mIIII /mZ and v N scattering data. 40 ( mH ( 1000 GeV assumed.

The 1~ range is mt —130+42 GeV.

BARGER 90C limit Is a fit using only LEP and mIIII data. mHp = 100 GeV assumed.

The most likely value is mt
—151 GeV. The limit increases to 225 GeV for mH —1000

GeV.
BLONDEL 90 limit comes from Rv = o N (PN) / o (PN) and Rv. Comparison of
Rv and m ~ (the latter from ALBA JAR 89 and ANSARI 87) gives an independent limit

mt ( 240 GeV (90%CL).
DECAMP 90P result is from mz, C(Z ~ SC), and mIIII/mZ from UA2 (ALITTI 90B),
m ~ from CDF (APS conf. '90j and v N neutral current data from CDHS and CHARM.

ELLIS 90B limit is a fit to various electroweak data. mHp
—mZ assumed. mc = 1.45

GeV is used for v N data.
KENNEDY 90 limit is a fit to neutral current data, W, Z masses, and Z widths. mH
= mZ assumed. For mH —1 TeV, the limit is 212 GeV. For nonminimal Higgs sector
{with p g 1), one obtains mt ( 350 GeV (90%CL).
ELLIS 89B limit is a fit to various electroweak data. mHp

—mZ assumed. mc —1.45
GeV is used for v N data. Superseded by ELLIS 90B.
I ANGACKER 89 limit is a fit to various electroweak data, mHp = 100 GeV assumed.

The 90%CL upper limit is 190(210) GeV for mHp
—100(1000) GeV.

COSTA 88 limit is a fit to various electroweak data. mHp
—mZ assumed. mc = 1.5

GeV is used for v N data.
ELLIS 88C limit is a fit to neutral current data and W, Z masses. mHp

—mZ assumed.

mc = 1.45 GeV Is used for v N data. Varying mc relaxes the limit to 185 GeV. Superseded
by ELLIS 89B.
FOGLI 88 limit is a fit to neutrino deep-inelastic scattering data.
AMALDI 87 limit is a fit to various electroweak data. mHp & 100 GeV assumed.

MASS LIMITS for Top Hadrons ln t+c Collisions
The last column specifies measured quantities: S = Sphericity, 7 = Thrust.

&33.5
&44.5
&44.3

For limits prior to 1987, see our 1990 edition, Physics Letters B2$9, p. Vll. 167 (1990).
VALUE (GeV) CL 5 DOCUMENT ID TECN COMMENT

&45. 95 DECAMP 90F ALEP isolated charged particle
and aplanarlty

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ADRIANI 93G L3 Quarkonium
&41.8 95 ADRIANI 93M L3 I (Z)
&43 95 71 ABREU 91F DLPH I {Z)
&30.2 95 ABE 90D VNS Event shape
&44.5 95 71 ABREU 900 DLPH Event shape
&44.0 95 " 3ABREU 900 DLPH t ~ bH+, H+ ~ cT,

T V
95 ABREU 90D DLPH I (Z ~ hadrons)
95 A KRAWY 90B OPAL Acoplanarlty

95 76AKRAWY 90S OPAL t ~ bH+, H+ ~ cs,

&40.7 95 77 ABRAMS 89C MRK2 Event shape
&42.5 95 ABRAMS 89C MRK2 t ~ bH+,

H+~ cT
&29.9 95 ADACHI 89C TOPZ
&29.9 95 79 ENO 89 AMY Is e
&25.8 95 ADACHI 88 TOPZ R, T, Acoplanarity
&25.9 95 81 IGARASHI 88 AMY 7 + (p,e)
&25.9 95 82 SAGAWA 88 AMY R, 7

none Ecm=50 95 83 ABE 87 VNS R, 7, Acoplanarity
&25.5 95 YOSHIDA 87 VNS R, 7, Acoplanarity
7 Search was near the Z peak at LEP.
7 ADRIANI 93G search for vector quarkonlurn states near Z and give limit on quarkonium-

Z mixing parameter bm ((10-30) GeV2 (95%CL) for the mass 88&4.5 GeV. Using
Richardson potential, a 15 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.

73 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(ci). Limit increases to 45.2
GeV if B(ci) = 1. The lower end of the excluded region is mH+ + 5 GeV.

77 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 accom panying muons.

™
ENO 89 search at Ecm = 50-60.8 GeV at TRISTAN.

REFEREN CES FOR SeareIII for t Quark
+Abbott, Abolins, Acharya, Adam+

) +Albrow, Amidei, Anway-WIese+
(Dp Collab. )

(COF Collab. }
ABACHI
ABE

Fermilab-
ABE

Fermilab-
Also
Fermilab-

ABREU
ACCIARRI
AKERS
BUSKULIC
ELLIS
LAENEN
ACTON
ADRIANI
AORIANI
ALTARELLI
BLONOEL
BUSKULIC
BUSKULIC
ELLIS
MONTAGNA
MONTAGNA
NOVIKOV
PASSA RIND
QUAST
ABE

Also
ABE
ALITTI
ALITTI
ALITTI
BANERJEE
BLONDE L

DECAMP
DELAGUILA

Also
DELAG VILA
ELLIS
ELLIS
LANGACKER
LEP
PDG
RENTON
SCHAILE
ABE
ABE
ABE
ASREU
AOEVA
ALBA JAR
ALBA JAR
ALEXANDER
BAER
DELAGUILA
GONZALEZ-
HIOKI
LANGACKER
ABE
ABE
ABE

Also
ABE
ABE
ASREU
ADACHI
ADEVA
AKESSON
AKRAWY
ALBA JAR
ALITTI
ALITTI
BARGER
BARGER
BLONDE L
DECAMP
DECAMP
ELLIS
KENNEDY
ABRAMS
ADACHI
ALBA JAR
ELLIS
ENO
LANGACKER
ADACHI
ALBA JAR
ALTAR ELLI
COSTA
ELLIS
FOGLI
IGARASHI
SAGAWA
ABE
AMALDI
ANSARI
YOSHIDA

RL 72 2138
RL (to be pub.

51-E
R 0 (to be pu
7-E
RL (subm. )

16-E
P B118 403
PHY C62 551
PHY C61 19
PHY C62 539
L 8324 173
L B321 254
PHY CSS 219
L B313 326
RPL 236 1
P 8405 3
L 8311 346
PHY C60 71
L B313 535
L B318 148
L 8303 170
P B401 3
L B308 123
L 8313 213
PL AS 675
RL 68 417
R D45 3921
RL 69 28
L B276 365
L B276 354
L B280 137

JMP A7 1853
L 8293 253
PHY C53 1
P B372 3
P 8361 45
P B381 151
L 8274 156
L B292 427
R 045 278
L 8276 247
R D15, 1 June
PHY C56 355
PHY C54 387
R D13 661
R D13 2070
R 044 29
P B367 511
PHY C51 179
L 8253 503
L B257 459
PHY C52 175
R D41 725
P 8361 45
L 8259 365
PL A6 2129

R D14 817
RL 61 152
RL 64 147
RL 61 142
R D43 664
L B234 382
RL 65 2243
L B242 536
L B234 525
L 8249 341
PHY C46 179
L B236 361
PHY C18 1
L B211 150
PHY C17 11
RL 65 1313
R D41 3421
PHY C15 361
L B236 511
PHY C48 365
L 8249 513
RL 65 2967
RL 63 2447
L B229 427
PHY C41 15
L B232 139
RL 63 1910
RL 63 1920
RL 60 97
PHY C37 505
P B308 724
P B297 241
L B213 526
PHY C40 379
RL 60 2359
RL 60 93
PSJ 56 3763
R 036 1385
L B186 440
L B198 570

P
94B P

PUB-$44
94E P

PUB-9449
94F P

PUB-94-1
94 N

94 Z
94 Z
91 Z

P
P

93D Z
93G P
93M P
93 N

93 P
93J Z
93M P
93S P
93 P
93B N

93B P
93 P
93 M
92 P
92G P
921 P
92 P
92B P
92F P
92 I

92 P
92B Z
92 N

91C N

92B N

92 P
92E P
92B P
92 P
92 P
92 Z
92 Z
91 P
91B P
91C P
91F N

91E Z
91 P
91B P
91F Z
91B P
91C N

G...91 P
91 M
91 P
90 P
90B P
90C P
91 P
900 P
90G P
90D P
90F P
901 P
90 Z
90B P
90B Z
90B P
90C Z
90C P
90E P
90 Z
90F P
90P Z
90B P
90 P
89C P
89C P
89 Z
89B P
89 P
89 P
N P
N Z
N N

N N

NC P
N Z
N P
88 P
87 J
87 P
87 P
87 P

b.) +Albrow, Amidei, Antos, Anway-Wiese+ (COF Collab. )

Abe, Albrow, Amidei, Antos, Anway-Weise+ (COF Collab. )

+Adam, Adye, Agasi+ (OELPHI Collab. )
+Adam, Adriani, Aguilar-Benitez+ (L3 Collab. )
+Alexander, Allison+ (OPAL Collab. )
+Casper, De Bonis, Decamp, Ghez, Goy+ (ALEPH Collab. )
+Fogli, Lisi (CERN, BARI)
pSmith, van Neerven (FNAL, UTRE, LEID)
+Alexander, Allison+ (OPAL Collab. )
+Aguilar-Benitez, Ahlen, Alearaz, Aloisio+ (L3 Collab. )
+Aguilar-Benitez, Ahlen, Alearaz, Aloisioy (L3 Collab. )
+Barbieri, Caravaglios (CERN, PISA, PISAI, SNSP)
+Verzegnassi (EPOL, TRSTT, TRSTI)
+Decamp, Goy. Lees, Minard+ (ALEPH Collab. )
+Oe Bonis, Decamp+ (ALEPH Collab. )
+Fogli, Lisi (CERN, SARI)
+Nierosinl, Passarino (PAVI, TORI)
+Piceinini, Nicrosini, Passarino, Pittau (PAVI, TORI)
+Okun, Vysotsky, Yurov (SERP, CERN)

(TORI)
(DESY)

+Amidei, Apollinari, Atac, Auchindoss+ (CDF Collab. )
Abe, Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab. )

+Amidei, Apollinari, Atac, Auchindoss+ (CDF Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Ambrosini, Ansari, Autiero, Bareyre+ (UA2 Collab. )
+Ganguli, Gurtu (TATA)
+Ojouadi. Verzegnassi (EPOL, DESY, TRSTI, TRSTT)
+Oeschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )

del Aguila+ (CERN, GRAN, MPIM, BRUXT, MADE)
del Aguila, Moreno, Quiros (BARC. MADE)
del Agulla, Martinez, Quiros (GRAN, CERN)

+Fogli, Lisi (CERN, BARI)
+Fogli, Lisi (CERN, SARI)
+Luo (PENN)
+ALEPH, DELPHI, L3, OPAL (LEP Collabs. )

, Part II Hikasa, Barnett, Stone+ (KEK, LBL, BOST+)
(OXF)

(FREIE)
+Amidei, Apollinari, Atac, Auehincloss+ (CDF Collab. )
+Amidei, Apollinari, Atac, Auehindoes+ (CDF Collab. )
+Amldei, Apollinari, Atac, Auehindoss+ (COF Collab. )
+Adam, Adami, Adye, Akesson+ (OELPHI Collab. )
+Adriani, Aguilar-Benitez, Akbari, Alearaz+ (L3 Collab. )
+Albrow, Alllefer, Anleviak, Apslmon+ (UA1 Collab. )
+Albrow, Alllefer, Anlevlak, Apslmon+ (UAl Collab. )
+Allison, Allport, Anderson, Arcellip (OPAL Collab. )
+Orees, Godbole+ (FSU, OESY. BOMB, UCD, HAWA)

del Aguila, Moreno, C}uiros (SARC, MADE)
Gonzalez-Garcia, Valle (VALE)

(TOKU)
+Luo (PENN)
+Amidei, Apollinari, Atac, Auchindoss+ (COF Collab. )
+Amidei, Apollinari, Atac, Auchindoss+ (COF Collab. )
+Amidei, Apollinari, Atac+ (COF Collab. )

Abe, Amidei, Apollinari, Atac, Auchincloss+ (COF Coliab. )
+Ainako, Arai, Asano+ (VENUS Collab. }
+Amldei, Apollinari, Atac+ (COF Collab. )
+Adam, Adami, Adye, Alekseev, Allaby+ (DELPHI Collab. )
+Doser, Enomoto, Fujii+ (TOPAZ Collab. )
+Adriani, Aguilar-Benltez, Akbari, Alearez+ (L3 Collab. )
+Alitti, Ansari, Ansorge, Bagnaia+ (UA2 Collab. )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Albrow, Allkofer, Andrieu, Anleviak+ (UAl Collab. )
+Ansari, Ansorge, Autiero+ (UA2 Collab. )
+Ansari, Ansorge, Bagnaia+ (UA2 Collab. )
+Hewett Rizzo (Wise, ISU)
+Hewett, Phillips (WISC, RAL)
+Boeckmann, Burkhardt, Dydak, Grant+ (COHSW Collab. )
+Deschizeaux, Lees, Mlnard+ (ALEPH Collab. )
+Deschizeaux, Goy, Lees+ (ALEPH Collab. )
+Fogli (CERN)
+Langacker (PENN)
+Adolphsen, Averill, Ballam+ (Mark II Collab. )
+Aihara, Doser, Enomoto, Fujiiy (TOPAZ Collab. )
+Albrow, Allkofer, Arnison, Astbury+ (UA1 Collab. )
+Fogli (CERN, SARI)
+Auchincloss, Blanis. Bodek, Budd+ (AMY Collab. )

(PENN)
+Aihara, Dijkstra+ (TOPAZ Collab. )
+Albrow, Allhofer+ (UA1 Collab. )
+Diemoz, Martinelli, Nason (CERN, ROMA, ETH)
+Ellis, Fogli+ (PADO, CERN. SARI, WISC, LSL}
+Fogli (CERN, SARI)
+Haidt (SARI, DESY)
+Myung, Chiba, Hanaoka+ (AMY Collab. )
+Mori, Abe+ (AMY Collab. )
+Amako, Arai+ (VENUS Collab. )
+Bohm, Durkin, Langacker+ (CERN, AACH3, OSU+)
+ Bagnaia, Banner, Battiston+ (UA2 Collab. )
+Chiba, Endo+ (VENUS Collab. )

80ADACHI 88 set limit o(top) & 8.2 pb at CL=95% for top-flavored-hadron production
from event shape analyses at Ec —52 GeV. By using the quark-parton model cross-
section formula with firs ordo-r QFD corrections near the threshold, the above Ilmlt leads
to a lower mass limit of 25.8 GeV at 95/e confidence level for top quarks.
IGARASHI 88 searches for leptons In low-thrust events and gives BR(t) ( 0.15 (95%
CL) at Ecm

—50-52 GeV.
SAGAWA 88 set limit e(top) ( 6.1 pb at CL=95% for top-fIavored 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 n(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 o(top) g 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.
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b' (Fourth Generation) Quark

Searches for b' {O'" Generation) Quark

MASS LIMITS for b' (4+ Generauon) Quark or Hadron In e+ e Collisions
Search for hadrons containing a fourth-generation -1/3 quark denoted b'.

The last column speciAes the assumption for the decay mode (C C denotes the con-
ventional charged-current decay) and the event signature which Is looked for.

I//AL UE (GeV) CLe//p DOCUMENT ID TECN COMMENT

pW.O 95 7 DECAMP 90F ALEP any decay
~ ~ ~ We do not use the following data for averages, Ats, limits, etc. ~ ~ ~

ADRIANI 93G L3 Quarkonium

95 ADRIANI 93M L3 C(Z)
95 ABREU 91F DLPH I (Z)
95 ABE 90D VNS Any decay; event shape
95 ABREU 90D DLPH B(CC) = 1; event

shape
&44.5 90D DLPH bi ~ cH, H

CS, r I/

95 ABREU 90D DLPH ( (Z ~ hadrons)
95 ADACHI 90 TOPZ B(FCNC)=100%; isol. p

or 4 Jets
&41.4 90B OPAL Any decay; acoplanarity
&45.2 90B OPAL B{CC) = 1; acopla-

narity
95 AKRAWY 90J OPAL b p + any
95 13 ABE 89E VNS B(C C) =1; p, e

14 ABE 89G VNS B(b' ~ b~) & 10%;
isolated p

&44.7 89C MRK2 B(C C)= 100%; isol.
track

&42.7 95 ABRAMS 89C MRK2 B(bg)= 100%; event
shape

&42.0 89C MRK2 Any decay; event shape
&28.4 89C TOPZ B(CC) =1;I
&28.8 89 AMY B(CC) +90%", p, e
&27.2 89 AMY any decay; event shape

&29.0 89 AMY B(b bg) + 85%;
event shape

95 88 A MY p, e
95 88 AMY event shape
95 86 MR KJ Its

84C TASS R, event shape
84I TASS Aplanarity

&44.7
&45

none 19.4-28.2
&45.0

9 ABREU95

&40.5
&28.3

11 AKRAWY
11 AKRAWY

95
95

&46
&27.5

none 11,4-27.3

15 ABRAMS95

95 15 ABRAMS
95 16)17ADACHI

18 ENO
18,19 ENO

95 ENO

IGARASHI
21 SAGAWA
22 ADEVA
23 ALTHOFF
24 ALTHOFF

&24.4
&23.8
&22.7
&21
&19

MASS LIMITS for b' (4+ Generatktn) Quark or Hadron In pif Colllshns
These experiments (except for MUKHOPADHYAYA 93) assume that no two-body

modes such as b' ~ bp, b' ~ bg, or b ~ cH+ are available.
VAL UE (GeV) CL e/f's DOCUMENT ID TECN COMMEN T

&SS 95 1 ABE t92CDF
~ o o We do not use the following data for averages, Ats, limits, etc. ~ ~

&75 95 MLIKHOPAD. ..93 RVUE FCNC I
&72 95 3ABE 90B CDF e + Iu,

&54 95 4 AKESSON 90 UA2 e + jets + missing ET
&43 95 5 ALBAJAR 90B UAl p + jets
&34 95 ALBAJAR 88 UAl e or p + jets

tABE 92 diiepton analysis limit of &SS Gev at CL=eas/o aiso appiies to Or qoarks, as
discussed in ABE 90B.

2MUKHOPADHYAYA 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' ~
bt+Z )=1%. For an exotic quark decaying only via virtual Z CB(hZ+8 ) = 3%i, the
limit is 85 GeV.

3ABE 90B exclude the region 28-72 GeV.
4AKESSON 90 searched for events having an electron with pT & 12 GeY, missing

momentum & 15 GeV, and a jet with ET & 10 GeV, jf}j ( 2.2, and excluded mb,
between 30 and 69 GeV.
For the reduction of the limit due to non-charged-current decay modes, see Fig. 19 of
ALBA JAR 90B.
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(cz ) cross section of ALTARELLI 88.
S
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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 ( m& —3 GeV.

0 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 23.6 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' ~ pX)/B(Z ~ hadrons) & 2.2 x 10 . Mass limit assumes
B(b' - &X)»oor..
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.

14 ABE 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' ~ cH, H ~ Ts) is 45.2 GeV.
ADACHI 89C search was at Ecm

—56.5-60.8 GeV at TRISTAN using multi-hadron
events accompanying muons.

7ADACHI 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 bp decays.
IGARASHI 88 searches for leptons in low-thrust events and gives b R(b') (,0.26 (95%
CL) assuming charged current decay, which translates to m@ & 24.4 GeV.

SAGAWA 88 set limit o(top) g 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, h, R,
as a function of the minimum c.m. energy (see their Agure 3), Production of a pair of
1/3 charge quarks is excluded up to Ecm

—45.4 GeV.

3ALTHOFF 84C narrow state search sets limit C(e+ e )B(hadrons) (2.4 keV CL = 95%
and heavy charge 1/3 quark pair production m &21 GeV, CL = 95%.

4ALTHOFF 84l exclude heavy quark pair production for 7 &m &19 GeV (1/3 charge)
using aplanarity distributions (CL = 95%).
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LIGHT UNFLAVORED MESONS
(5= C= B=O)

with

* ln(1 —t)z—:mr/mp, L(z) —= dt.
p

For I = 1 {m., b, p, a): ud, (uu —dd}/~2, du;
for I = 0 {rr, ri', h, h', ~, P, f, f'): ci(uu+ dd) + c2{ss}

NOTE ON PSEUDOSCALAR-MESON DECAY
CONSTANTS

(by M. Suzuki, Lawrence Berkeley Laboratory)

Charged mesons

The decay constant fp for pseudoscalar meson P is defined

by

(Ql&p(0)IP(q)) = sfp ep,

where A& is the axial-vector part of the charged weak cur-

rent after a Cabibbo-Kobayashi-Maskawa mixing-matrix ele-

ment Vqqi has been removed. The state vector is normalized

by (P(q)[P(q')) = (2z)s 2Eq b(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+ —+ E+vgp. This rate is given

by

I'(P ~ Evr+ Ivrp) =

22
fp m& mp 1 —

s l [1 + d'(n)]8' mp2p

Radiative corrections contain an inner bremsstrahlung, which

is independent of the structure of the meson [1—3], and a
structure-dependent part [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

properties of the pseudoscalar meson, not on the final decay

products. The short-distance corrections to the fundamental

electroweak constants like Gp[Vqqi[ should be separated out.

Following Marciano and Sirlin [6], we define fp with the

following form for the d'(cr) corrections:

2n mz n1+ d'(rz) = 1+—ln 1+ F(x)—
mp 7c

3 mp m,' fm,'l m,'x' 1 ———ln +t y+C2 21n 2 +t 3 -2+. . .
mp mp (mr j flip

Here

13 —19m 8 —5x2
F(z) = 31nz+

2
—

2 z
z lnz

8 1 —x2 2 1 —z2 z

—2 lnz+1 ln(1 —z )+2 L(l —z ),1+22 1+x 2

1 —x2 1 x2

The first bracket in the expression for 1+ d'(a) is the short-

distance electroweak correction. The /CD correction reduces

this factor by 0.00033. The second bracket together with the

term —(3a/2x) ln(mp/mp) in the third bracket corresponds to
the radiative corrections to the point-like pion decay (A««ir
mp) [2]. The rest of the corrections in the third bracket are

expanded in power of mr/mp. The expansion coeIIicients Ci,
C2, and C3 depend on the hadronic structure of the pseudoscalar

meson and in most cases cannot be computed accurately. In

particular, Cp 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 vr -+ pv& + pv&p,

one obtains

f ~ = 130.7+ Q.1+0.36 MeV,

where the first error comes from the experimental uncertainty

on [V„dl and the second comes from the uncertainty on Ci (=
0 6 0.24) [6], Similarly, one obtains from the decay lt
pv& + p,v„7the decay constant

f&i = 159.8+1.4+0.44 MeV,

where the first error is due to the uncertainty on [V„,].
For the heavy pseudoscalar mesons, uncertainties in the

experimental values for the decay rates are much larger than

the radiative corrections. For the D+, only an upper bound

can be obtained from the published data:

fD+ ( 310 MeV (CL = 90%) .

Two groups have measured the D~+ ~ p,+v& branching fraction,

leading to the following values of the decay constant:

f&+ = 232 + 45+ 20 2 48 MeV [7]

fD+ = 344+37+52 642 MeV [8]

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&).
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+ —+ /+vs.

Light neutral mesons

The decay constants for the light neutral pseudoscalar

mesons m, g, and g' are defined by

(Ql&g (o) IP'(q)) = i(fp/~&)vp
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where A& is a neutral axial-vector current of octet or singlet.

Values of fp can be obtained from the two-photon decay

P —+ pp, since in the mp = 0 limit the decay matrix element is

determined by the Adler-Bell-Jackiw anomaly [9,10]. However,

large uncertainties enter values of fp through extrapolation to

the physical mass and, in the case of g and q', through t, he

mixing angle, too.
The CELLO Collaboration has obtained the values [ll]

f a = 119+ 4 MeV

fv
——133+ 10 MeV

f&~
——126 + 7 MeV,

while the TPC/2p Collaboration has obtained [12]

f~ = 129+8 MeV

fbi —110+7 MeV .

(We have multiplied the published values by v 2 to be in accord

with our definition of fp).
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NOTE ON THE CHARGED PION MASS*

The charged pion mass we give in this edition is three (old)
standard deviations higher than the one we gave in our 1992

edition. This Note explains why.

Precise determinations of the charged pion mass come from

two kinds of experiments: (a) measurement of the momentum

of the muon in ~ p v~ decay at rest, assumin

and (b) measurement of x-ray wavelengths of transitions in

pionic atoms. Technique (b) is free of assumptions about m, .

For technique (b), the pionic-atom transition is chosen in

achieve maximal spectrometer performance and minimal theo-

retical uncertaint, y. Experimenters have used the wavelengt, hs of

the 4f 3d tra-nsition in magnesium and the 5f 4d tran-sition in

titanium and phosphorous. Screening by K-shell (1s) electrons

is significant, and the observed line profile is a blend of lines

from atoms with 0, 1, and 2 K electrons present, during t, he

t, ransition.

The best pionic-atom measurement of the pion mass in

our recent editions was that of JECKELMANN 868. Their ob-

served line profile was measurably broadened by contributions

from atoms having difI'erent 1s populations, Fits to the line

profile gave two equally good solutions: One, with probabilities

of about 27%, 70%, and 3% for 0, 1, or 2 K-shell electrons; and

anotheri in which the state with two K electrons dominated.

Using the ratio of 4f 3d and 3d-2-p intensities and other exper-

imental information, JECKELMANN 868 rejected t, he second

solution,

Recent measurements now yield a smaller value for the

intensity ratio [1], so that in a reanalysis of the data JECK-
ELMANN 94 now consider that the grounds for rejecting the

second solution are marginal. The new analysis is improved in

other respects as well, including use of an improved wavelength

calibration standard, The situation is now considered t;o be

ambiguous, with both of the following solutions given equal

footing;

Solution A: m~- =—139.56782+ 0.00037 MeV

Solution B: m — = 139.56995+ 0.00035 MeV
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The two solutions differ by about six times the uncertainty in

either one. The ambiguity is expected to be resolved by future

pionic x-ray measurements involving lighter atoms, where it is

known with fair certainty that the K shell is almost empty

during the pionic transition of interest. Such measurements on

pionic oxygen and nitrogen at a pressure of a few bars have

begun at the Paul Scherrer Institute [2]. We now give both

Solutions A and B in the Listings below.

In the previous edition, we reported five x+ mass mea-

surements with uncertainties smaller than 0.005 MeV, These,

together with the results from the new analysis, are shown in

Fig. 1. Two of them, CARTER 76 and MARUSHENKO 77,

have such large errors that there is no conflict with either A or

B. JECKELMANN 86B was basically Solution A above, with a
small difference (it was 0.8 a lower) because of the new analysis

and revised wavelength calibration. DAUM 91 was based on

technique (a), a measurement of the muon momentum from

sr+ decay at rest. Since their reported mass was obtained by

assuming m„„=0, it is really a lower limit. It is in good

agreement with Solution B but disagrees with Solution A, as we

discuss further below. LU 80 is compatible with Solution A but

not with Solution B or with DAUM 91. A screening correction

used by LU 80 came from a theoretical calculation based on a
1961 paper by Eisenberg and Kessler [3]. It would now appear

that the new intensity-ratio measurements call into doubt some

of the earlier input assumptions.

The DAUM 91 measurement of the muon momentum from

sr+ decay at rest has been further refined, and Assamagan

et al. [4] report p„=29.79207 + 0.00012 MeVjc (this work

has been submitted for publication). This result is close to
their earlier value, but the error is much smaller. When this

result is combined with Solution A, one obtains a value for

m„ that is negative by six standard deviations. By contrast,

with Solution B, m2 is negative by only about one standard

deviation. (See the parallel discussion and graph in the m„„
section of these Full Listings. )

On the grounds that m~~ ought to be nonnegative, we

choose Solution B of JECKELMANN 94 as the x+ mass.

We do not average this with any other results, given the

uncertainties. Obviously, however, the DAUM 91 (or Ref. 4)
result determines our choice. Thus from the 1992 edition to
this one, the mass has changed from 139.5679 + 0.0007 MeV to
139.56995 + 0.00035 MeV, a shift upwards of 0.00205 MeV, or

three of the old standard deviations.

Since the m mass comes from measurements of the x+-vr

mass difference, it too jumps upward.

Notes and References
* This note was prepared with extensive help from F. Boehm,

R. Frosch, P.F.A. Goudsmit, Y.K. Lee, H.S. Leisi, R.G.H.
Robertson, and P. Vogel.
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2. R. Frosch, private communication (May 1994).
3. Y. Eisenberg and D. Kessler, Nuovo Cimento 19, 1196

(1961).
4. K. Assamagan et al. , Paul Scherrer Institute preprint PSI-

PR-94-19 (June 1994), submitted to Phys. Lett. B.
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Figure 1: Published x+ mass measurements
with uncertainties less than 0.005 MeV.
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x+ MASS

Measurements with an error ) 0.005 MeV have been omitted from this
I isting. The fit uses m + and (m + —m 0).

TECN CHG COMMEN TVALUE (MeV)

130"—. +O.glglgl~ OUR FIT
Q,l55l%Fa JECKELMANN94 CNTR — rr atom, Soin. 8

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

139.56782 +0.00037 JECKELMANN94 CNTR — n atom, goin. A

139.5699660.00067 2 DAUM 91 SPEC + 7r+ —+ p+ v
139.56752 60.00037 3 JECKELMANN 86s CNTR — Mesonic atoms
139.5704 +0.0011 2 ABELA 84 SPEC + See DAUM 91
139.5664 +0.0009 4LU 80 CNTR — Mesonlc atoms
139.5686 +0.0020 CARTER ?6 CNTR — Mesonic atoms
139.5660 +0.0024 4 5 MARUSHEN. .. 76 CNTR — Mesonic atoms

See the above "Note on the Charged Pion Mass" for a discussion of the two JECKEL-
MANN 94 values.
The DAUM 91 value includes the ABELA 84 result. The value is based on a measurement
of the p+ momentum for x+ decay at rest, p&

——29,791796 0.00053 MeV, uses m&—
105.658389 k 0.000034 MeV, and assumes that m„=0. The last assumption means

that in fact the value is a lower limit.
JECKELMANN 868 gives m~/mz —273,1267?(71). We use me ——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 x+ 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.

5Thls MARUSHENKO 76 value used at the authors' request to use the accepted set of
calibration y energies. Error increased from 0.0017 MeV to include @EDcalculation error
of 0.0017 MeV (12 ppm}.

(T,+ —T -) /T~m
A test of CPT invariance.

x+ DECAY MODES

modes are charge conjugates of the modes below.

fl
f2

f4
I5
f6
f?

Mode

P+ V

JLI, VIJ P
e Ve

e Vef
e+ v, 7rO

e+v, e+e
e VeVV

Fraction (I;/I ) Confidence Ieve[

[a3 (99.98770+0.00004) %

[b3 ( 1.24 + 0.25 ) x 10 4

ja3 ( 1.230 +0.004 ) x lo
[b3 ( 1.61 +0.23 ) x 10

( 1.025 +0.034 ) x 10

( 3.2 +0.5 }x 10-9
5 x 10

—6 900/o

Lepton Family number (LF) or Leptoo

p L jc3

f9 P ve LF
f 1o P, e e v LF

number (L) violating modes
1.5 x 10 3 90o/

8.0 X lO-3 9Oo/

1.6 x 10 6 90%

VALUE (units 10 ) DOCUMENT ID TECN

6.6+ 7.1 AYRES 71 CNTR
e ~ o We do not use the following data for averages, fits, limits, etc. a ~ o

—14 +29 PETRUKHIN 68 CNTR
40 +?0 BARDON 66 CNTR
23 +40 8 LOBKOWICZ 66 CNTR

This is the most conservative value given by LOBKOWICZ 66.

Measurements with an error ) 0.05 MeV have been omitted from this
Listing.

VAL UE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

33.91157k 0.0006? 6 DAUM 91 SPEC + ~+ —a IJ,+ u
33.9111 +0.0011 ABELA 84 SPEC See DAUM 91
33.925 +0.025 BOOTH 70 CNTR + Magnetic spect.
33.881 +0.035 145 HYMAN 67 HEBC + K He

6 The DAUM 91 value assumes that m„=0 and uses our m = 105.658389+ 0.000034

MeV.

(m~ —m ) / mavaiage

A test of CPT invariance.

[a) Measurements of I (e+ ve)/I (Js+ v„)always include decays with -r's, and

measurements of I (e+ vs 7) and I (Js+ v„7)never include low-energy 7's.
Therefore, since no clean separation is possible, we consider the modes
with 7's to be subreactions of the modes without them, and let [I (e+ v, )
+ I (Js+ v„)]/It t, i

= 100%.

[b] See the Full Listings below for the energy limits used in this measurement;
low-energy p's are not included.

[c] Derived from an analysis of neutrino-oscillation experiments.

I (e+ ve)/I total

~+ BRANCHING RATIOS

I s/I
See note [a] in the list of 7r+ decay modes just above, and see also the next block of
data.

VALUE(units 10 4) DOCUMENT ID

1.230+0.004 OUR EVALUATION
VAL UE (units 10 )

2+6
DOCUMENT ID TECN

AYRES 71 CNTR [r(e+ v ) +I'(e+v 7)]/[I (p+v&)+ r(f+vv7)I (I a+I 4)/(I I+I a)

m+ MEAN LIFE

Measurements with an error & 0.02 x 10 s have been omitted.

TECN CHGVALUE (10-8 s) DOCUMENT ID

2.~+0.~+ OUR AVERAGE
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. ~ o ~

2.640 +0.008 ? KINSEY 66 CNTR +
?Systematic errors in the calibration of this experiment are discussed by NORDBERG 6?.

DOCUMENT ID

r(fs vts7)/rtotal I a/I
Note that measurements here do not cover the full kinematic range.

VALUE (units 10 EVTS DOCUMENT ID TECN COMMENT

1.24+0.25 26 CASTAGNOLI 58 EMUL KE ( 3.38 NleV

See note [a] in the list of x+ decay modes above. See NUMAO 92 for a discussion of
e-y, universality.

VALUE (units 10 4) EVTS TECN COMMEN T

1.230 +0.004 OUR AVERAGE

1.2346+0,0035+0,0036 120k CZAPEK 93 CALO Stopping z ~

1.2265+0.0034+0.0044 190k BRITTON 92 CNTR Stopping n+
1.218 +0.014 32k BRYMAN 86 CNTR Stopping 7r+

~ ~ ~ We do not use the following data for averages, fits, limits„etc. ~ ~ e

1.273 +0,028 ilk 9 DICAPUA 64 CNTR
1.21 60.07 ANDERSON 60 SPEC

9DICAPUA 64 has been updated using the current mean life.
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r{e+v, eo)/r~, Is/I
DOCUMENT IDVAL UE (units 10 ) EVTS TECN CHG COMMEN T

1.025+OAl$4 OUR AVERAGE

1.026 +0.039 1224 MCFARLANE 85 CNTR + Decay in flight

1 00 +0.08 332 DEPOMMIER 68 CNTR +
1.07 +0.21 38 13 BACASTOW 65 OSPK
1.10 +0.26 13 BERTRAM 65 OSPK
1.1 +0 2 43 13 DUNAITSEV 65 CNTR +
0.97 +0.20 36 BARTLETT 64 OSPK +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.15 +0.22 52 13 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 x detection efficiency, and that this may be true of all the
previous measurements (also V. Soergel, private communication, 1972).

I (e+v, e+ e )/I (y-+ v„}
VALUE (units 10 ) CLS EVTS

3.2 +0.5 +0.2 98

TECN COMMENT

89 SPEC Uses RPCar =
o.o68 k 5.004

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.46+0.16+0.07 7 14 BARANOV 92 SPEC Stopped ~+
& 4.8 90 KORENCHE. .. 76B SPEC
&34 90 KORENCHE. .~ 71 OSPK

This measurement by BARANOV 92 is of the structure-dependent part of the decay.
The value depends on values assumed for ratios of form factors.

r(e+ v, ~)/rue„
Note that measurements here do not cover the full kinematic range.

VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

16.1+2.3 BOLOTOV 90B SPEC 17 GeV x ~ e ver
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

5.6+0.7 226 11 STETZ 78 SPEC Pe & 56 MeV/c
3.0 143 DEPOMMIER 638 CNTR (KE) + & 48 MeVe+p

BOLOTOV 90B is for E~ & 21 MeV, Ee & 70 —0.8E .
STETZ 78 is for an e y opening angle & 1320. Obtains 3.7 when using same cutoffs
as DEPOMMIER 638.

structure-dependent term (SD~ and SDA) from virtual hadronic

states, and the axial-vector current also gives a contribution

from inner bremsstrahlung (lB) from the lepton and meson. The
IB amplitudes are determined by the meson decay constants f»
and f~ [1].The SD~ and SDg amplitudes are parameterized

in terms of the vector form factor Fy and the axial-vector form

factors FA and R [1—4]:

M(SDy) = s"P Fy svv~r k q
2 mp

M(SD~) = e"E" (F~ [(s —t)g„„—q„to„]+Rtg„„).
2 mp

Here V&&i is the Cabibbo-Kobayashi-Maskawa mixing-matrix

element; sv = (e/t)u(p )pvv(p~) is the polarization vector of

the photon; P = u(p„)p"(1—ps)v(pt) is the lepton-neutrino

current; q and k are the meson and photon four-momenta,

with s = q k and t = k2; and P stands for x or K. The

s 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 related via CVC to the n.

lifetime, ~FP = (1/a) /2r o/z. m o [1]. PCAC relates R to the

electromagnetic radius of the meson [2,4], RP = smpfp(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]:
I (e+vevtr}/I tots)
VALUE(units 10 6)

&6

CLS

90
DOCUMENT ID TECN

P I CC IOTTO 88 SPEC

d I'p t„„d(rIB + r»+ rINT)
d2idg dzdy

r(I +y,)/r
Forbidden by total lepton number conservation.

VALUE(units 10 3) CL S DOCUMENT ID

(1.6 90 COOPER

TECN COM MEN T

82 HLBC Wideband v beam

r(I+vs)/rue I

Forbidden by lepton family number conservation.

VALUE {units 10 CL 4A DOCUMENT ID

&1.0 90 COOPER

TECN COMMENT

82 HLBC Wideband v beam

relr

rto/rr(p- e+ e+v)/rtoto(
Forbidden by lepton family number conservation.

VALUE(units 10 S) CLS DOCUMENT ID TECN CHG

&1.6 90 BARANOV 918 SPEC +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&7.7 90 KORENCHE. .. 87 SPEC +

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

n 1 (mp ]

~P~Cv
dxdy 8x " r(1 —r)2 g fp )

x [I(FR+F4) SD++(Fy —F4) SD j

Here

s'+ —POLARIZATION OF EMITTED pa+

m+ ~ ga+v
Tests the Lorentz structure of leptonic charged weak interactions.

VAL UE CL% DOCUMENT ID TECN CHG COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&(—0.9959) 90 FETSCHER 84 RVUE +
—0.99+0.16 16 ABELA 83 SPEC — It X-rays

FETSCHER 84 uses only the measurement of CARR 83.' Sign of measurement reversed In ABELA 83 to compare with I + measurements.

NOTE ON m+ I+v7 AND K+ E+vp
FORM FACTORS

(by H.S. Pruys, Ziirich University)

In the radiative decays ~+ ~ 8+vp and K —+ E+vp,

where 8 is an e or a p, and 7 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

SD+ = (x+ y —1 —r) [(x + y —1)(l —x) —r],
SD = (1 —y+ r) [(1 —x)(1 —y) + r]

where x = 2E&/mp, y = 2Et/mp, and r = (mt/mp) .

In sr+ ~ e+vp and K+ ~ e+vp decays, the interference

terms are small, and thus only the absolute values ]FA+Fy] and

[Fg —F~[ can be obtained. In K+ ~ @+vs decay, the interfer-

ence term is important, and thus the signs of Fy and Fg can

be obtained. In x+ ~ p,+vp decay, bremsstrahlung completely

dominates. In x+ ~ e+ve+e and K+ ~ E+ve+e decays, all

three form factors, Fg, 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 + F~ and

difference Fg —F~.



Meson Full Listings

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)

and the leptonic weak current (e.y. , 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.

m+ FORM FACTORS

Fv, VECTOR FORM FACTOR
VALUE EVTS DOCUMENT ID

0.017+0.OOS OUR AVERAGE

0.014+0.009

0.023+ EGLl 89 SPEC

BOLOTOV 908 only determines the absolute value.

TECN COM MEN T

17 GeV 7r — e v&q

~+ —+ e+v e+ee98

Fp, AXIAL-VECTOR FORM FACTOR
VALUE EVTS DOCUMENT ID TECN COMMENT

0.0115+0.0016 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram
below.

0.0106k 0.0060 BOLOTOV 908 SPEC 17 GeV 7r ~ e ve y
0.0135+0.0016 18 BAY 86 SPEC ~+ ~ e+ vp
0.006 +0.003 18 PIILONEN 86 SPEC 7r+ ~ e+ vp
0.011 +0.003 18~19 STETZ 78 SPEC 7r+ ~ e+ vp
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

0.021 98 EGLl 89 SPEC x+ ~ e+v&e+ e

8 Using the vector form factor from CVC prediction Fp ——0,0259 6 0.0005. Only the
absolute value of FA is determined.

The result of STETZ 78 has a two-fold ambiguity. We take the solution compatible with
later determinations.

WEIGHTED AVERAGE
0.0116+0.0016 (Error scaled by 1.3)
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esis

IG(J ) =1 {0 +)

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).

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).

The value is calculated from m + and {m + —m 0}.The value of m

has gone up by three (old) standard deviations since our 1992 edition, and
thus m 0 has also jumped. See the "Note on the Charged Pion Mass" in

the 7r Listings.

VAL UE (MeV)
134.1754+0.0006 OUR FIT

DOCUMENT lD

/

0.000 0.005 0.010 0.015

2

BOLOTOV 90B SPEC 0.0
. BAY 86 SPEC 1.4

PIILONEN 86 SPEC 3.5
STETZ 78 SPEC 0 1

5.0
(Confidence Level = 0.175)

I

0.020 0.025 0.030

x axial-vector form factor

89 SPEC ~+ ~ e+ vie+ e

R, SECOND AXIAL-VECTOR FORM FACTOR
VALUE EVTS DOCUMENT ID

o.~+o 98 EGLI

TECN COMMEN TVALUE (Mev)

4$$SS +0~ OUR FIT
4$9SS +0~ OUR AVERAGE

4.59364+0.00048 CRAWFORD 91 CNTR
4.5930 +0.0013 CRAWFORD 86 CNTR
o a o We do not use the following data for averages, fits, limits,

4.59366+0.00048 CRAWFORD BBB CNTR
4.6034 +0.0052 VASILEVSKY 66 CNTR
4.6056 +0.0055 CZIRR 63 CNTR

DOCUMENT ID

p~ x0n, n TOF
p~ 7r n n TOF

etc. 0 ~ ~

See CRAWFORD 91

Measurements with an error ) 0.01 MeV have been omitted from this

Listing.
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sr MEAN LIFE

Measurements with an error ) 1 x 10 s have been omitted. I (e+e T)/I (2T)

xo BRANCHING RATIOS

I 2/I t

VALUE(10 1~ s) EVTS DOCUMENT ID TECN COMMENT

SA +Oe6 OUR AVERAGE Error includes scale factor of 3.0. See the ideogram below.

8.97+0.22 +0.17 ATHERTON 85 CNTR
8.2 +0.4 1 BROWMAN 74 CNTR Primakoff efFect

5.6 +0.6 BELLETTINI 70 CNTR Primakoff efFect

9 +068 KRYSHKIN 70 CNTR Prima kofF efFect

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

8.4 60.5 +0.5 1182 WILLIAMS 88 CBAL e+ e ~ e+ e

BROWMAN 74 gives a x width I = 8.02 + 0.42 eV. The mean life is 5/I ~

WILLIAMS 88 gives I (pp) = 7.7 + 0.5 6 0.5 eV. We give here ~ = 5/I (total).

VAL UE (4/o) EVTS DOCUMENT ID TECN

1.21$+0.0$$ OUR FIT Error includes scale factor of 1.1.
1.21$+0.0$0 OUR AVERAGE

1.25 +0.04 SCHARDT 81 SPEC
1.166+0.047 3071 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.

r(ppogltronlum)/r(2p)

COMMENT

p~ nK

~—
p n~o

etc. ~ ~ ~

@ED calculation

I 3/I 3

WEIGHTED AVERAGE
8.4~0.6 (Error scaled by 3.0)

VALUE (units 10 ~)

1.8460M
EVTS

277

DOCUMENT ID TECN COMMENT

AFANASYEV 90 CNTR pC 70 GeV

I (e+e+e 4 )/I (2T)
VALUE(units 10 S) EVTS DOCUMENT ID

$.1860M OUR FIT
$.1860M 146 4 SAMIOS

SAMIOS 62B value uses a Panofsky ratio = 1.62.

I (e+e )/I tsstat

TECN

62B HBC

rd/rl

I a/I

10

ATHERTON
8ROWMAN

. BELLETTINI
KRYSHKIN

12

X

85 CNTR 4 4
74 CNTR 0.2
70 CNTR 21.5
70 CNTR 0 8

27.0
(Confidence Level c0.001)

I

14

TECN COMMENT

r(a+e-)/r(2~)

VALUE(units 10 S) EVTS DOCUMENT ID

7.6+2.0 OUR AVERAGE

6.9+2.3+0.6 21 DESHPANDE 93 SPEC K+ -+ yr+ yr

8.8+3'2 +0.6 8 MCFARLAND 93 SPEC KL ~ 3' In flight

S The DESHPANDE 93 result with bremsstrahlung radiative corrections ls (8.0 d= 2.6 6
0.6) x 10

6 The MCFARLAND 93 result with radiative corrections and excluding [mee/m el

0.95 is (7.6+ ' + 0.5) 10

f2

l4
l5
r6
r
r8
l9
~10

mean life (10 s)

Mode

2l'
e+e

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

Ve Ve

VI VI

V~ V7

DECAY MODES

Fraction (I l/I )

(98.798+0.032)

( 1.198+0.032)

( 1.82 +0.29 )
( 3.14 +0.30 )

( 7.5 +2.0 )
( 2

[a) & 8.3
1.7
3.1
2.1

x 1O-9

x 1O
—5

x 10

x 10

x 1O-7

x10 6

x10 6

xlo 6

C L=90%
CL=90ol'

CL=90%
CL=90%

C L=90%

Scale factor/
Confidence level

S=1.1
S=1.1

VALUE (units 10 7) CLg EVTS

~ ~ ~ We do not use the following

&1.3
(5.3

90
90

1.7 +0.6 +0.3
1.8 +0.6
2.23+—1.10 90

59
58

DOCUMENT ID TECN

data for averages, fits, limits, etc.

NIEBUHR 89 SPEC
ZEP HAT 87 SPEC

FRANK
MISCHKE

FISCHER

83 SPEC
82 SPEC

78B SPRK

COMMENT

~ ~ ~

p ~ yr n at rest
w-p~ yon

0.3 GeV/c
w- p n~o
See FRANK 83

K+ ~+~0

r(~)/run, t

VALUE(units 10 8)

2
~ ~ ~ We do not

&160
&440

ra/I

r(vr)/I total

CL 5 EVTS DOCUMENT ID TECN COMMENT

90 MCDONOUGH 88 CBOX 2r p at rest

use the following data for averages, fits, limits, etc. ~ ~ ~

90 BOLOTOV 86C CALO

90 0 AUERBACH 80 CNTR

Charge con}ugatlon (C}

i 12 P
l13 p+e + e

or Lepton Family number {LF}violating

C 3.1 x10 8

LF
LF

CL=90%

x 10—8 CL=90o1.72

[ai Astrophysical and cosmological arguments give limits of order 10 ts; see
the Full 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 X

1.9 for 2 degrees of freedom.

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;/Ctotai The fit constrains the x, whose labels appear in this array to sum to
one.

The astrophysical and cosmological limits are many orders of magnitude lower, but we

use the best laboratory limit for the Summary Tables.

VALUE (units 10 6) CL g EVTS DOCUMENT ID TECN COMMENT

& 0.$$ 90 ATIYA 91 CNTR K+ ~ m+ vv
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

( 2.9 x10 LAM 91 Cosmological limit

&3.2 xlo 9 NATALE 91 SN 1987A
( 6.5 90 DORENBOS. .. 88 CHRM Beam dump, prompt

v
(24 90 0 HERCZEG 81 RVUE K+ 9 ++vv'

7 This limit applies to all possible vv' states as well as to other inassless, 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

}r7 ~ 'ir ~ vv.
NATALE 91 considers the excess energy-loss rate from SN 1987A if the process py ~

~ 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 ).

x2 —100

X4 —1

X1 X2

r(vetre)/run t ra/r
VALUE (units 10 6) CL S DOCUMENT ID TECN COMMENT

&1.7 90 DORENBOS. .. 88 CHRM Beam dump, prompt v
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.1 90 HOFFMAN 88 RVUE Beam dump, prompt v

HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment.
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I {v~lr~)/I gggg( I g/I REFERENCES
VALUE {units 10 6) CL% DOCUMENT ID TECN COMMENT

&$.1 90 HOFFMAN 88 RVUE Beam dump, prompt v
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&7.8 90 DORENBOS. .. 88 CHRM Beam dump, prompt v

HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment.

I {v~'P~)/I togg(

VALUE{units 10 6) CL% DOCUMENT ID TECN COMMENT

C2.1 90 HOFFMAN 88 RVUE Beam dump, prompt v

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4,1 90 DORENBOS. .. 88 CHRM Beam dump, prompt v

HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment.

r {W)/rggggi
Forbidden by C invariance.

VAL UE (units 10 ) CL% EVTS DOCUMENT ID TECN

3.1 90 MCDONOUGH 88 CBOX
~ ~ ~ We do not use the following data for averages, fits, limits,

38 90 0 HIGHLAND 80 CN TR
& 150 90 0 AUERBACH 78 CNTR
&490 90 0 13 DUCLOS 65 CNTR
&490 90 13 KUTIN 65 CNTR

These experiments give B(3p/2q) & 5.0 x 10

r {q+e-)/rg, „i
Forbidden by lepton family number conservation.

VALUE {units 10 9) CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

p at rest
etc. ~ ~ ~

COMMENT

etc. ~ ~ ~

&16
&78

90
90

LEE 90 SPEC
CAMPAGNARI 88 SPEC

K+ —+ x+y+e
See LEE 90

[r{&+g-)+r{g-i+)]/r~,
Forbidden by lepton family number conservation.

VALUE {units 10 9) CL% DOCUMENT ID TECN

& 17.2 90 KROLAK 94 E799
~ ~ ~ We do not use the following data for averages, fits, limits,

&140 HERCZEG 84 RVUE
2 x10 6 HERCZEG 84 THEO

70 90 BRYMAN 82 RVUE

Cu/I

COMMENT

In KO ~ 3rr0
L

etc. o ~ ~

K+ ~ ++pe
p -~ e conversion
K+ n+Ie

o ELECTROMAt NETlC FORM FACTOR

The amplitude for the process rr ~ e+ e p contains a form factor F(x)
at the x pp vertex, where x = [m + /m 0I . The parameter a in thee+ 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 m ELECTROMAGNETIC FORM FACTOR
DOCUMENT ID TECN COMMENT

78
69
61
61

VALUE EVTS

0.032 +0.004 OUR AVERAGE

+0.026 +0.024 +0.048 7548 FARZANPAY 92 SPEC ~ p ~ rr n at rest

+0.025 +0.014 +0.026 54k MEIJERDREES928 SPEC rr p ~ rr n at rest

+0.0326+0.0026+0.0026 127 14 BEHREND 91 CELl e+ e ~ e+ e
—0.11 +0.03 +0.08 32k FONVIEILI E 89 SPEC Radiation corr.
~ ~ i We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—+0'04 15 TUPPER 83 THEO FISCHER 78 data

+0.10 +0.03 SPEC Radiation corr.
+0.01 +0.11 2200 0EVONS OSPK No radiation corr.
—0.15 +0.10 7676 KOBRAK HBC No radiation corr ~

—0.24 40.16 3071 SA M I OS HBC No radiation corr.

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
transfer assuming vector dominance.
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 4 0.03.

We have omitted some papers that have been superseded by later exper-
irnents. The omitted papers may be found in our 1988 edition Physics
Letters B204 (1988).

KROLAK 94
DESHPANDE 93
MCFARLAND 93
FARZANPAY 92
MEIJERDREES 928
ATIYA 91
BEHREND 91
CRAWFORD 91
LAM 91
NATAL E 91
AFANASYEV 90

Also 908

LEE 90
FONVIEILLE 89
NIEBUHR 89
CAMPAGNARl 88
CRAWFORD 888
DORENBOS. .. 88
HOFFMAN 88
MCDONOUGH 88
PDG 88
WILLIAMS 88
ZEPHAT 87
BOLOTOY 86C

CRAWFORD 86
ATHERTON 85
HERCZFG 84
FRANK 83
TUPPER 83
BRYMAN 82
MISCHKE 82
HERCZEG 81
SCHARDT 81
AUERBACH 80
HIGHLAND 80
AUERBACH 78
FISCHER 78
FISCHER 788
BROWMAN 74
BELLETTINI 70
KRYSHKIN 70

DEVON S 69
VASILEVSKY 66
DUCLOS 65
KU TIN 65

CZ IRR
SAMIOS
KOBRAK
SAMIOS
BUDAGOV

63
628
61
61
60

JOSEPH 60

+Briere, Cheu, Harris+ (FNAL E799 Collab. )
+Alliegro, Chaloupka+ (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)

(5PIFT)
+Chvyrov, Karpukhin+ (JINR, MOSU, SERP)

Afanasyev, Gorchakov, Karpukhin, Komarov+ (JINR)
YAF 51 1040.

+Alliegro, Campagnari+ (BNL, FNAL, VILL, WASH, YALE)
+Bensayah, Berthot, Bertln+ (CLER, LYON, SACL)
+Eichler, Felawka, Kozlowski+ (SINDRUM Collab. )
+Algegro, Chaloupka+ (BNL, FNAL. PSI, WASH, YALE)
+Daum, Frosch, Jost, Kettle, Marshall+ (PSI, 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)

ZETFP 43 405.
+Daum, Frosch, Jost. Kettle+ (SIN. VIRG)
+Bovet, Coet+ (CERN, ISU, LUND. CURIN, EFI)
+Hoffm an (LANL)
+Hoffman, Mischke, Moir+ (LANL, ARZS)
+Grose. Samuel (OK SU)

(TRIU)
(LANL, ARZS)

(LANL)
(ARZS, LANL)
(TEMP, LASL)
(TEMP, LASL)
TEMP, LASL)

(GEVA, SACL)
GEVA, SACL)

(CORN, BING)
(PISA, BONN)

(TMSK)

PL 8320 407
PRL 71 27
PRL 71 31
PL 8278 413
PR D45 1439
PRL 66 2189
ZPHY C49 401
PR D43 46
PR D44 3345
PL 8258 227
PL 8236 116
SJNP 51 664
Translated from
PRL 64 165
PL 8233 65
PR D40 2796
PRL 61 2062
PL 8213 391
ZPHY C40 497
PL 8208 149
PR D38 2121
PL 8204
PR D38 1365
JPG 13 1375
JETPL 43 520
Translated from
PRL 56 1043
PL 1588 81
PR D29 1954
PR D28 423
PR D28 2905
PR D26 2538
PRL 48 1153
PL 1008 347
PR D23 639
PL 908 317
PRL 44 628
PRL 41 275
PL 738 359
PL 738 364
PRL 33 1400
NC 66A 243
JETP 30 1037
Translated from
PR 184 1356
PL 23 281
PL 19 253
JETPL 2 243
Translated from

PR 130 341
PR 126 1844
NC 20 1115
PR 121 275
JETP 11 755
Translated from
NC 16 997

+Frank, Hoffman, Moir, Sarracino+
+Hoffman
+Frank, Hoffmann, Mischke, Moir+
+Haik, Highland, McFarlane, Macek+
+Auerbach, Haik, McFarlane, Macek+
+Highland, Johnson+
+Extermann, Guisan, Mermod+
+Extermann, Guisan, Mermod+
+Dewire, Gittelman, Hanson+
+Bern porad, Lubelsmey+
+Sterligov, Usov

ZETF 57 1917.
+Nemethy, Nissim-Sabat, Capua+
+Vishnyakov, Dunaitsev+
+Freytag, Heintze+
+Petrukhin, Prokoshkin

unknown journal.

(COLU, ROMA)
(JINR)

(CERN, HEID)
(JINR)

{LRL)
{COLU, BNL)

(EFI)
{COLU, BNL)

(JINR)

(EFI)

+Piano, Prodell+

+Viktor, Dzhelepov, Ermolov+
ZETF 38 1047.

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).

g MASS

Measurements with an error & 2 MeV are omitted from the average.

VALUE {MeV)

&7AI+0.19
547.3060.15
547.45 +0.25
548.2 +0.65
549.0 +0.7
548.0 +1.0
549.0 +1,2
~ ~ ~ We do

PLOUIN 92 SPEC dp ~ q3He
DUANE 74 SPEC rr p ~ nneutrals
FOSTER 65C HBC

148 FOELSCHE 64 HBC
91 ALFF-... 62 HBC
53 BASTIEN 62 HBC

not use the following data for averages, fits, limits, etc. ~ ~ a

250 JAMES 66 HBC
325 KRAEMER 64 DBC

DELCOURT 63 CNTR
35 PICK UP 62 HBC

555.0 +2.0
552.0 +3.0
549.3 +2,9
546.0 +4.0

EVTS DOCUMENT ID TECN COMMENT

OUR AVERAGE Error includes scale factor of 1.6. See the ideogram belo~.
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WEIGHTED AVERAGE
547.45+0.19 (Error scaled by

5 //

1.6)
CONSTRAINED FIT INFORMATION

An overall fit to a decay rate and 14 branching ratios uses 40
measurements and one constraint to determine 9 parameters. The
overall fit has a X = 31.2 for 32 degrees of freedom.

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;/I total. The fit constrains the x, whose labels appear in this array to sum to
one.

546

V

v
547 548

. PLOUIN.DUANE.FOSTER
FOELSCHE
ALFF-...
BASTIEN

92 SPEC
74 SPEC
65C HBC
64 HBC
62 HBC
62 HBC

X

1.0
0.0
1.3
4.9
0.3
1.7

549 550 551

9.2
(Confidence Level = 0.101)

I

552

X3

X4

X6

X7

Xs

Xg

X12

I

57

3 3
-88 -84 -5
-77 -74 -5 81
-11 -10 -1 -3

0 0 0 0
—3 —3 0 —13

-13 -8 0 12

X2 X3 X4 X6

0 0
—10 —2 0

10 1 0 0

x7 xS xg x12

ri mass (MeV)

Mode

g DECAY MODES

Fraction (I i/f )
Scale factor/

Confidence level

g WIDTH

This is the partial decay rate I (yj ~ py) divided by the fitted branching fraction for
that mode. See the "Note on the Decay Width I (rj ~ py), " below.

VAL UE ([t8V) DOCUMENTID

1.20+0.11 OUR FIT Error includes scale factor of 1.8.

I2
I3
l4
I6
I7
Is
lg

Mode

27
3r
~02'
~+ ~- ~o
++n
e+e p
P 8 'Y

sr+~- e+ e-

Rate (keV)

fa] o.46 +0.04

0.381 +0.035

(8.5 +1.9 ) x 10
0.283 +0.028

0.058 +0.006
0.006060.0015

(3.7 +0.6 ) x 10

p pp 16+oepo 15—0.0010

Scale factor

1.8
1.8
F 1

1.7
1.7
F 1

l1
f2
I3
l4
I5
f6
l7
Is
Ig
I 10

I 12

I 13
~14
I 15

neutral modes
2l'
3~0
~02'

charged modes
~+~-~p
sr+ ~
e+e
V P
e+e
P P
~+a- e+e-
sr+ 7r 2p
sr+sr-~o,
& P

(7o.s +0.8 ) %

[a] (38.8 +0.5 ) %
(31.9 +0.4 ) %

( 71 +14 )xlp 4

(29.2 +0.8 ) %
(23.6 +0.6 ) %

( 4.88+0.15) %

( 5.0 +1.2 ) x 10

( 3.1 +0.4 )x10 4

3 x1O—4

( 5.7 +0.8 ) x 10

( 13 +13
) x1p

2.1 x 10

6 x 1O-4

( 3 x 10—6

S=1.2
S=1.2
S=1.2

S=1.2
S=1.2
S=1.2

C L=90%

CL=90%
CL=90%

NOTE ON THE DECAY' WIDTH I'(g pp)

(by N. A. Roe, Lawrence Berkeley Laboratory)

In the measurements of I'(ri —r pp) listed below, the results

from two-photon production disagree with those from Primakoff

production. Since the 1990 edition, one new two-photon mea-

surement has been reported by MD-1; it is consistent with

previous two-photon results, though the errors are somewhat

larger. The weighted average of the two-photon measurements

is 0.510 + 0.026 keV, to be compared with the Primakoff-

production measurement of BROWMAN 74B, 0.324 + 0.046

keV.

I 16

I 18
~19

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

P, CP ( 1.5 x 10

c ( 5 x 1O-4

C [n]& 4 x 1O-5

c fv] & 5 x 10-6

n.+ n

3V
~pe+ e-
~o~+~

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

[a] See the "Note on the Decay Width i (ri ~ peal" in these Full Listings.

[b[ C parity forbids this to occur as a single-photon process.

In the two-photon measurements, g's are produced in the

@ED process e+e r e+e p'p* -+ e+e ri. The calculation of
the rate is believed to be well understood. The uncertainty

due to the virtual photon form factor is small; WILLIAMS 88

quotes an uncertainty of 0.270 from this source. Backgrounds to
the g signal from beam-gas interactions and other two-photon

interactions with missing particles are also small.

In the Primakoff experiments, g's are produced by the in-

teraction of a real photon with a virtual photon in the Coulomb

field of the nucleus. There is coherent background from strong

production of g's in the nuclear hadronic field, and interference

between the strong and Primakoff production amplitudes. The

angular dependences of the Primakoff signal and the back-

ground are different, allowing I'(ri ~ pp) to be extracted from

a fit to the angular distribution. In the best fit to their data,
BEMPORAD 67 found the coherent hadronic background to
be consistent with zero. BROWMAN 74B had a wider range

of photon energies, a higher maximum energy, better angu-

lar resolution, and higher statistics. They found a significant

contribution from the hadronic background, especially at lower
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energies. BROWMAN 74B also reanalyzed the data of BEM-

PORAD 67 and ~ou67 and found that it was compatible with their fit.

including background terms. This suggests that the background

was underestimated by BEMPORAD 67 d, an we consider their

result to be superseded by that of BROWMAN 74B.
There remains the disagreement between the two-photon

results and the result of BROWMAN 74B Th~ e errors assigned

by BROWMAN 748 include a 5.3% statistical error, a 12 2%

systematic error for uncertainty in th t d he accep e pnoton spec-

trum, and a 2.5%%u s. % systematic error for uncertainty in the nuclear

parameters used in the calculation of th P '
k rro e rima orr and nuclear

form factors. The PrimakoK form f t F '
fac or (- is a unction of t,he

momentum transfer q and the production angle 8. As q ~ D,

the uncertaint in Fy
'

p 'ue to the q dependence vanishes. Theis es

minimum q~ in this experiment ranged from —680 MeV~ at the

lowest energy to —174 MeV~ at th h' h . Ie ig est. In this range, the

result is sensitive to details in the calculation of Fg, but it, is

diScult toto estimate the systematic error of this dependence \

Another possible source of systematic er
' '

th herror is in t e phase of

the interference term +. Th, +. This was a free parameter in the fit„
but was not well determined b th d by e ata ecause the int, er-

ference contribution peaks in thin e same angular region as t,he

Prirnakoff si nal and sog cannot be unambiguously separated by

an angular fit. A reanalysis of the data would be necessary to

determine whether an

determination of the systematic error.

r('
Using the same apparatus, Browman et l. i1)n e a. i I measured

vr ~ gpss to be 7.92 +.92 + 0.42 eV, in good agreement with

our world avera e of 7.7 +g .7 6 0.6 eV. (Our average includes the

measurement of Browman et al. b t
'

du is ominated by a decay-

length measurement by Atherton et l. i2j~Th e error on the

average involves a scale factor S=30 dr =, ue to one outlying

measurement. i& H~ i& However, the uncertainty due to Fg is reduced

at lower moment, um transfers andatl, n q was on t,he order of 100

times smaller in the x measurement. Th '
le signa -to-background

ratio is also larger, making the fit less sensitive to nuclear

production.

A possible source of common systematic error in the two

photon experiments is the calculation of the two-photon lumi-

nosity function, However, WILLIAMS 88 measured the two-

photon width of the 7r as well f thwe as o t e g, and their result,

7.7 + 0.5 + 0.5 eV is c, is consistent with the world average quoted

a ove.

To summarize the two--photon measurements seem more re-

liable than the best Primak Pi-rimakoP1-production measurement. How-

ever, we include the latter in our aver

pelling reason to exclude it. The result, r(rr ~ pp) = 0.46+0.04

keV, is about one standard deviation f throm e average using

onl the two-y two-photon measurements, 0.510+ 0.026 keV and the)

error is larger, due to the scale factor.

References
1. A. Browrnrowrnan et a/. , Phys. Rev. Lett. 33 1400 i 9

. Atherton et oL, Phys. Lett. 15SB, 81 (1985).

g DECAY RATES

See the "Note on the Decay Width I

VALUE (kev)

i rI pp), " below.

OA6 +0.04 OUR FIT
EVTS DOCUMEN T ID TECN COMMENT

Error includes scale factor of 1.8.
OA6 +0.04 OUR AVERAGE Error includes scale factor of 1. .
0.51 +0.12 +0.05

rror includes scale factor of 1.8. See the ideogram below.

0.490+0.010+0.048 2287 RO

1 e e —. e e rI

0.53 +0.04 +0..04
WILLIAMS 88 CBAL e 'e — e I e

0.324 60.046 BR
85E JADE e e — e~ e r

OWMAN 74B CNTR P rim akoff effect
rI

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.64 +0.14 +0.13
0.56 +0.16

AIHARA 86 TPC e ' e —. e i e
—

rI

1.00 60.22
56 WEINSTE IN 83 CBAL e+e ~ e+ e -rI

BEMPORAD 67 CNTR Primakoff effect

BEMPORAD 67 gives I 2 = 1.21-g' I p) = 1.21 2 0.26 keV assuming I (2p)iI (total) —0.314.
Bemporad private communication gives I (2p I total = 0.380) =-

total = 0.38+0.01. Not included in avera e
resulting from the separation of th I c
underestim a ted.

e cou omb and nucle rclear amplitudes has apparently been

WEIGHTED AVERAGE
0.46d:0.04 (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.

0.2

I (2p) (keV)

0.4 0.6

2

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)

1.0

BARU
ROE

. WILLIAMS
BARTEL

. BROWMAN

0.8

0.177 k 0.035
0,209 +0.054
0.29 +0.10

FELDMAN 67 OSPK
DIGIUGNO 66 CNTR Error doubled
GRUNHAUS 66 OSPK

g BRANCHING RATIOS

I (neutral modes)/I terai
VALUE EVTS DOCLIMENT

I t/I = (I a+I a+I 4}/I
0 U D T C CQMMEN

UR F Error includes scale factor of 1.2.
0.705+0.000 16k BASILE
~ ~ ~ We do not use the foll

71D CNTR MMM spectrometer
e o owing data for averages, fits, limits, etc. ~ ~ ~

0.79 .+0.08 B UN IATOV 67 OS P K

I (2p) /I (neutral modes)
VALUE EVTS DO

r, /r, = ra/(ra+ra+I &}
EVTS DOCUMEN T ID TECN COMMENT

OUR FIT Error includes scale factor of 1.1.
0.549 +0.004 OUR AVERAGE

0.549 +0.004
0.535 +0.018 B

84 GAM2
BUTTRAM 70 OSPK
BUNIATOV 67 OSPK

la ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ o

0.52 60,09
0.60 +0.14

SS ABROSIMOV 80 HLBC

0.57 +0.09
113 K ENDA LL 74 OS P K

STRUGALSK I 71 HLBC
0.579 +0.052 FELDMAN
0.416 +0.044

67 OSPK

0.44 +0.07
DIG IUG NO 66 CNTR Error doubled

0,39 4 0.06 2 JONES
GRUNHAUS 66 OSPK
JONES 66 CNTR

This result fromom combining cross sections from tw d'ffo i erent experiments.

I (3+a) /I (neutral modes) la/I r =Is/(Is+I a+I a}
OCUMENT IO TEChl COMMENT

UR T Error includes scale factor of 1.1.
0.450 +0.004 OUR AVERAGE
0.450 4 0.004
0.439 +0.024

ALDE 84 GAM2
BUTTRAM 70 OSPK

a o ~ We do not use the following data for averages, fits, limits, etc. o ~ o

0.44 40.08
0.32 +0.09

75 ABROSIMOV 80 HLBC

0.41 +0.033
STRUGALSKI 71 HLBC
BUNIATOV 67 OSPK Not indep. of I (2p)/

f (neutral modes I
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Is/I2I (Rr )/I (27)
DOCUMENT ID TECN COMMENT

0.821+0.009 OUR FIT Error includes scale factor of 1.1.
0.841+0.030 OUR AVERAGE

AMSLER 93 CBAR LEAR p p at rest
COX 70B HBC

0.75 +0.09 DEVONS 70 OSPK
0.88 +0.16 BALTAY 670 DBC
1,1 +0.2 CENCE 67 OSPK
o o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.25 +0,39 BACCI 63 CNTR Inverse BR reported

I (m 27)/I (neutral modes)
VAL UE

0.00100+0.00020 OUR FIT
0.0010 +0.0002

DOCUMENT ID

ALDE

I s/r, = r,l(r, +r,+r,)
TECN

84 GAM2

I s/(I s+I r+I s)

I (neutralmodes)/I (s+s so)
VALUE EVTS DOCUMEN T ID TECN

2.99+0.11 OUR FIT Error includes scale factor of 1.2.
3.26+0.30 OUR AVERAGE

2.54 +1.89 74 KENDALL 74 OSPK
34 61.1 29 AGUILAR-. .. 72B HBC
2.8360.80 70 BLOODWO. .. 728 HBC
3.6 +0.6 244 FLATTE 67B HBC
2.89+0.56 ALFF-... 66 HBC
3.6 +0.8 50 KRAEMER 64 DBC
3.8 +1.1 PAULI 64 DBC

4 Error increased from published value 0.5 by Bloodworth (private communication).

r(2q)/r(e+ e-eo) I s/I s
VAL UE EVTS DOCUMENT ID TECN

1.64+0.06 OUR FIT Error includes scale factor of 1.2.
1.69+0.21 OUR AVERAGE

1.72+0.25 401 BAGLIN 69 HLBC
1.6160.39 FOSTER 65 HBC

I t/Is =(I a+I s+I s)/I s

r(Sx')/r(e+e eo)
VAL UE EVTS DOCUMENT ID TECN

1.35+0.05 OUR FIT Error includes scale factor of 1.2.

1.27+ ' OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.—0.14

50+0.15 BAGLIN 69 HLBC—0.29

147 68 HLBC—0.17
1.3 +04 67B HLBC
0.90+0.24 65 HBC
2.0 +1.0 64 HBC
0.83+0.32 63 HBC

rs/rs

199

BULLOCK

BAG LIN

FOSTER
FOELSCHE
CRAWFORD

r(P2~)/run,
These results are summarized in the review by LANDSBERG 85.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

7.1+1A OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

70 BINON 82 GAM2 See ALDE 84

&30 90 0 DAVYDOV 81 GAM2 n p ~ rin

I (neutral modes)/[I (e+e eo) + I (e+e p) + I (e+ e p)]
I &l(l s+I r+I a) =(I a+I s+I )l(l s+I r+I s)

VALUE EVTS DOCUMENT ID TECN

2A4+0.09 OUR FIT Error includes scale factor of 1.2.
2.64+0.23 BALTAY 67B DBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.5 +1.0 280 3 JAMES 66 HBC
3.20 6 1.26 53 BASTIEN 62 HBC
2.5 +1.0 10 PICKUP 62 HBC

These experiments are not used in the averages as they do not separate clearly g ~
n+m z and g ~ ~+a p from each other. The reported values thus probably

contain some unknown fraction of g ~ ~+&

l(2p)/[I(e+e so)+l(e+e 7)+l(e+e p)]
VALUE EVTS DOCUMENT ID TECN

1.34+0.05 OUR FIT Error includes scale factor of 1.2.
1.1 +0.4 OUR AVERAGE

1.51+0.93 75 KENDALL 74 OSPK
0.9960.48 CRAWFORD 63 HBC

WEIGHTED AVERAGE
f 27+0 f2 014 (Errorscaledby1 3)

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.

I ~

BAG LIN
BULLOCK
BAG LIN
FOSTER
FOELSCHE
CRAWFORD

69 HLBC
68 HLBC
67B HLBC
65 HBC
64 HBC
63 HBC

2
X
0.7
1.3
0.0
2.4
0.5
1.9

r(3~o)/r(~+ ~- ~')

6.9
(Confidence Level = 0.227)

a

5

r(e+e-7)/r(e+e-eo)
VALUE EVTS DOCUMENT ID TECN

0.207+0.004 OUR FIT Error includes scale factor of 1.1.
0.207+0.00l OUR AVERAGE Error includes scale factor of 1.1.
0.209 60.004 18k THALER 73 ASPK
0.201 k 0.006 7250 GOR MLEY 70 ASPK
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.28 +0.04 BALTAY 67B DBC
0.25 +0.035 LITCHFIELD 67 DBC
0.30 +0.06 CRAWFORD 66 HBC
0.196+0.041 FOSTER 65C HBC

r(a+ e-~)/r(e+e-eo)

rrlrs

VALUE (units 10 ) EVTS

2.1+0.5 OUR FIT
2.1+0$ 80

r(»+» ~)/rue I

DOCUMENT ID

JANE

TECN COMMENT

75B OSPK See the erratum

I s/I
TECN COMMENTDOCUMENT ID

r(e+ e-)/r, ~l
VALUE(units 10 4)

&3

r(»+» )/run, l

CL%

90

DOCUMENT ID TECN COMMENT

DAVIES 74 RVUE Uses ESTEN 67

rio/r

VALUE(units 10 S) CL% EVTS

5.7+0. OUR AVERAGE

5.6 ' +0.5 100-0.7
6.5+2.1 27

~ ~ ~ We do not use the following

&20 95 0

r(»+» )/r(»)

DOCUMENT ID TECN COMMENT

KESSLER 93 SPEC pd ~ s) 3He

DZHELYADIN 80B SPEC 2r p ~ r)n
data for averages, fits, limits, etc. ~ ~ ~

WEHMANN 68 OSPK

VALUE(units 10 5) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5.9+2.2 HYAMS 69 OSPK

I (e+e e+e )/r(e+e-7) I 12/I r
VALUE EVTS

0.027+ ' OUR FIT—0.017
0.026+0.026 1

I(e+e e+e )/loci

DOCUMENT ID TECN

GROSSMAN 66 HBC

TECNDOCUMENT IDVALUE(units 10 )

0.13+013 OUR FIT-0.01
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.7 RITTENBERG 65 HBC

VALUE(units 10 4) EVTS

3.1+0.4 OUR FIT
3.1+OA 600 DZHELYADIN 80 SPEC 2r p ~ r) n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

100 BUSHNIN 78 SPEC See DZHELYADIN 80

I (e+e 2y)/r(e+e-r )
VALUE CL% DOCUMENT ID TECN

(0.009 PRICE 67 HBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.016 95 BALTAY 67B DBC

I ts/I s
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VALUE (units 10 )

(0.24
~ ~ ~ We do not

(1.7
(1.6
(7.0
(0.9

90 0
use the following

90
95

r(e+e-eo7)/r(e+e-eo)
DOCUMENT ID TECN

THALER ?3 ASPK
data for averages, fits, limits, etc. ~ ~ ~

ARNOLD 68 HLBC
BALTAY 678 DBC
FLATTE 67 HBC
PRICE 67 HBC

rta/re where the N; are numbers of events in quadrants of the Dalitz

plot. .4& is sensitive to an I=2 ( -violating final state.

(d) For the decay q ~ 7(. 7i. p, evidence for a D-wave

contribution to the C-violating amplitude. The upper limit for

this contribution is measured by the parameter, 3, defined by

r(& Ia Ia 7)lrtotal
VALUE(units 10 ~) CL%

90

DOCUMENT ID TECN COMMENT

DZHELYADIN 81 SPEC 7r p ~ 7In

rts/r

TECN

73 ASPK

rts/I

r (37)/r (neutral modes)
Forbidden by C invariance.

VALUE (units 10 CL%

&7 95

DOCUMENT ID

ALDE

r17/rl = r17/(r2+rs+ra)

TECN

84 GAM2

r(e+e-)/r
Forbidden by P and CP invariance.

VALUE (units 10 ) EVTS DOCUMENT ID

&0.15 0 THALER

dX/d ~cosg
~

oc sin II (1 + P cos~ &) .

where 8 is the angle betv een the ~+ and the q in the dipion

center of mass. A term proportional to cos28 could also come

from P- and I"-wave interference.

Dalitz plot for g —+ m+m

The Dalit, z plot for g ~ ~+7I. pro decay may be fit to the

distribution

I (cue+a )/I (e+e-tro)
C parity forbids this to occur

VALUE (units 10 ) CL% EVTS

1.9 90
~ ~ ~ We do not use the following

( 42( 16
( 77
(110

as a single-photon process.

DOCUMEN T ID TECN

JANE 75 OSPK
data for averages, fits, limits,

BAGLIN 67 HLBC
BILLING 67 HLBC
FOSTER 658 HBC
PRICE 65 HBC

etc. ~ ~ ~

rta/rs

Here

M(x, y)~' oc (I. + ay+ by'+cx+dx'+exy) .

x = v 3(T+ —T )/Q,

y = (3To/Q) —I

&0.016
(0.084
(0.7

90 0
90

r(e'I+I )/rue I

C parity forbids this to occur
VALUE (units 10 4) CL%

&0.05 90
~ ~ o We do not use the following

(5

I (eoe+e )/I tote~
C parity forbids this to occur

VAL UE (units 10 ) CL% EVTS

~ ~ ~ We do not use the following

as a single-photon process.

DOCUMENT ID TECN

data for averages, fits, limits,

MARTYNOV 76 HLBC
BAZIN 68 DBC
RITTENBERG 65 HBC

etc. ~

as a single-photon process.

DOCUMEN T ID TECN COMMENT

DZHEl YADIN 81 SPEC 7r p ~ rIn
data for averages, fits, limits, etc. ~ ~ ~

WEHMANN 68 OSPK

r1alr where T+, T, and To are the kinetic energies of the sr+, 7r, and
x" in the rl rest frame, and Q = T+ + TD + T . The coefficient

of the term linear in x is sensitive to C violation due to an I=-0

or I=2 final state. Below, we list papers that measured a, 5, e,

and d, but, do not tabulate values of these parameters because

the assumptions made by different authors are not compatible

and do not allow comparison of the numerical values.

Dalitz plot for g —+ 7r 7r m

The Dalitz plot, for the decay TI ~ 7r vrovro may be fit, to

NOTE ON g DECAY PARAMETERS M~ oc 1+2nz,

C violation in g decays
A number of experiments have looked for charge asymme-

tries in q ~ ~+~ m' and TI ~ x+vr p decays. Any difference

between the n+ and x spectra in either decay would indicate (

violation in electromagnetic interactions. Immediately following

this Note, we list, measurements of the following parameters:

(a) The left-right asymmetry

A = (N+ —N )/(N+ + X ) I

where N+ is the number of events in which the sr+ energy in

the g rest frame is greater than the vr energy, etc.

(b) For the decay rt —+ 7r+m 7r, the sextant asymmetry

Ng + N3+ Ã5 —Ng —N4 —N6
A, =

N$ + N2 + N3 + N4 + N5 + N6

where the N; are the numbers of events in sextants of the Dalitz

plot; see, for example, Layter et al. [1] A, is sensitive to an I=O
C-violating final state.

(c) For the decay rl ~ x+7r 7ro, the quadrant asymmetry

where

Here E; is the energy of the i" pion in t, he q rest frame, and

p is the distance from the center of the Dalitz plot. We list

measurements of the parameter a below.

Reference

l. 3.G. Layter et aL, Phys. Rev. Lett. 29, 316 (1972).

g C-NONCONSERVING DECAY PARAMETERS

+x m0 LEFT-RIGHT ASYMMETRY PARAMETER
Measurements with an error ) 1.0 x 10 2 have been omitted.

VALUE (units 10 2) 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 o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.5 +0.5 37k 5 GORMLEY 68C ASPK

The GORMLEY 68C asymmetry is probably due to unmeasured (E x B}spark chamber
effects. New experiments with {Ex 8) controls don't observe an asymmetry.

Ny + N3 —Ng —N4
Aq ——

Ng+ Ng+ N3+ N4
'
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x+g a SEXTANT ASYMMETRY PARAMETER
Measurements with an error & 2.0 x 10 have been omitted.

VALUE(units 10 2} EVTS DOCUMENT ID TECN

0.18+0.15 OUR AVHtAGE
0.20 +0.25 165k JANE 74 OSPK
0.10+0.22 220k LAYTER 72 ASPK
0.5 +0.5 37k GORMLEY 68C WIRE

a+m' x QUADRANT ASYMMETRY PARAMETER
VALUE(units 10 2} EVTS DOCUMENT ID TECN

-0.17+0.17 OUR AVERAGE
-0.30+0.25 165k JANE
—0.07+0.22 220k LAYTER

74 OSPK
72 ASPK

s'+ s 7 LEFT-RIGHT ASYMMETRY PARAMETER
Measurements with an error ) 2.0 x 10 have been omitted.

VALVE (units 10 } EVTS DOCUMENT ID TECN

0.9 +OA OUR AVERAGE
1.2 +0.6 35k JANE 748 OSPK
0.5 +0.6 36k THALER 72 ASPK
1.22 +1.56 7257 GORMLEY 70 ASPK

e+e y PARAMETER P {D.weve)
Sensitive to a D-wave contribution: dN/dcos8 = sin 8 (1 + p cos 8)

VALUE EVTS DOCUMENT ID TECN

0.05 +O.lS OUR AVERAGE Error includes scale factor of 1.5. See the Ideogram
below.

0.11 +0.11 35k JANE 748 OSPK
0.12 +0.06 6 THALER 72 ASPK

—0.06060.065 7250 GORMLEY 70 WIRE

6The authors don't believe this Indicates D-wave because the dependence of p on the p
energy is inconsistent with theoretical prediction. A cos 8 dependence may also come
from P- and F.wave Interference.

WEIGHTED AVERAGE
0.05~0.06 (Error scaled by 1.5)

-0.5 -0.3 -0.1 0.1 0.3

X
74B OSPK 0.3

R 72 ASPK 1.5
EY 70 WIRE 2.7

4.5
(Confidence Level = 0.104)

I

0.5

a PARAMETER FOR y -+ hr
See the Note on fI Decay Parameters above. The value here is of a in )matrix elements
= 1+ 2az.

VALUE EVTS DOCUMENT ID 7'ECN

-0.022+0.025 50k ALDE 84 GAM2
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

-0.32 +0.37 192 BAG LIN 70 HLBC

g ~ x+~ p parameter P (0-wave)

ENERGY DEPENDENCE OF g a+r m DALITZ PLOT

5ee the Note on v Decay Parameters above. The followixg experiments tIt to one or
more of tht coeNc1ents a, bc, d, ore for im, atrlx elements = 1+ ay+ by + cx+
dx + exy.

VALUE EVTS DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

81k LAYTER 73 ASPK
220k LAYTER 72 ASPK
1138 CARPENTER 70 HBC
349 DANBURG 70 DBC

7250 GORMLEY 70 WIRE
526 BAGLIN 69 HLBC

7170 C MOPS 68 OSPK
37k GORMLEY 68C WIRE

1300 CLPWY 66 HBC
705 LARRIBE 66 H BC
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Aguilar-Benitez, Chung, Eisner, Samios (BNL)
Bloodworth, Jackson, Prentice, Yoon (TNTO)

+Appel, Kotlewski, Lee, Stein, Thaler (COL U)
+Appel, Kotlewski, Layter, Lee, Stein (COL U)
+Bollini, Dalpiaz, Frabetti+ (CERN, BGNA, STRB)
+Chuvilo, Gemesy, Ivanovskaya+ (JINR)
+Bezaguet, Degrange+ (EPOL, MADR. STRB)
+Kreisler, Mischke (PRIN)
+Binkley, Chapman, Cox, Dagan+ (DUKE)
+Fortney, Golson (DUKE)
+Abolins, Dahl, Davies, Hoch, Kirz+ (LRL)
+Grunhaus, Kozlowski, Nemethy+ (COLU, SYRA)
+Hyman, Lee, Nash, Peoples+ (COLU, BNL)

Gormley (COLU)
+Bezaguet+ (EPOL, UCB, MAOR, STRB)

Baglin, Bezaguet, Degrange+ (EPOL, MADR, STRB)
+Koch, Potter, VonLindern+ (CERN, MPIM)
+Paty, Baglin, Bingham+ (STRB, MADR, EPOL, UCB)
+Goshaw, Zacher+ (PRIM, 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)

lon

+Bullock, Esten, Govan+ (LOUC. OXF)
+Zavattini, Oeinet+ (CERN, KARL)
+Peterson, Stenger, Chiu+ (HAWA, LRL)
+Govan, Knight, Miller, Tovey+ (LOUC, OXF)
+Frati, Gleeson, Halpern+ (PENN)

(LRL)
+Wohl (LRL)
+Rangan, Segar, Smith+ (RHEL, SAC L)
+Crawford (LRL)

Alff-Steinberger, Berley+ (COLU, RUTG)
(SCUC, LRL, PURD, WISC, YALE)

(LRL)
(NAPL, TRST, FRAS)

(LRL)
(COL U)

(YALE, BNL)
(LOIC, RHEL)
(SACL, RHEL)

(WISC, PURD)
(WISC)
(WISC)

(LRL)
(LRL, BNL)

(YALf)
(JHU, NWES, WOOD)

(SAC L)
(ROMA, FRAS)

(LRL, DUKE)
(LRL, DUKE)

(ORSAY)
(COLU. RUTG)

(LRL)
(CNRC, BNL)

+Price
+Giorgi, Silvestri+
+Price, Crawford

+Kraybill
+Binnie, Duane, Horsey, Masons
+Leveque, Muller, Pauli+
+Peters, Meer, LoeNer+
+Good, Meer

+Crawford
+Kalbfleisch
+Kray bill

+Madansky, Fields+
+Muller
+Penso, Salvini+
+Lloyd, Fowler

Crawford, Lloyd, Fowl er
+Lefra ncois, Perez-y- Jorba+

Alff-steinberger, Berley, Colley+
+Berge, Dahl, Ferro-Luzzi+
+Robinson, Salant

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).
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(zzo)

(zzo) I G(gpC) ~+-(1 ——
)

CHARGED ONLY
VALUE jMev) EVTS DOCUMENT ID TECN CHG COMMEhIT

The data in this block is included in the average printed for a previous datablock.

p{770) MASS

We no longer list S-wave Breit-Wigner fits, or data with high combinatorial
background.

MIXED CHARGES
VALUE (MeV) DOCUMENT ID

7H.O+O.S OUR AVERAGE Includes data from the 3 datablocks that follow this one.
Error includes scale factor of 1.8. See the ideogram
below.

WEIGHTED A VERAGE
769.9+0.8 (Error scaled by 1.8)

750 760

V ~

gv +
I
~

I v

I ~

I ~

770

BARTALUCCI 78 CNTR
. GLADDING ?3 CNTR

BALLAM 72 HBC
BALLAM 72 HBC

.ALVENSLEBEN70 CNTR
BIGGS 70 CNTR
ASBURY 67B CNTR
WEIDENAUER 93 ASTE
AGUILAR-. .. 91 EHS
BAR KOV 85 OLYA

. . . - . BOHACIK 80 RVUE
WICKLUND 78 ASPK
DEUTSCH. .. 76 HBC
ENGLER 74 0BC
PROTOPOP. .. 73 HBC
RATCLIFF 72 ASPK

. . . . REYNOLDS 69 HBC
HYAMS 68 OSPK
PISUT 68 RVUE
AGUILAR-. .. 91 EHS

. .CAPRARO 87 SPEC

. . CAPRARO 87 SPEC
HUSTON 86 SPEC
BYERLY 73 OSPK
PISUT 68 RYUE

- . EISNER 67 HBC

780 790

(Confidence Level
I

800

X
0.7

0.5
0.0
0.2
1.3
0.9
3.8
7.8

30.1

0.2
0.1

3.5
0.5
1.6
3.8
1.9
2.9
0.2
0.0
0.9
3.2
0.1

0.3
4.2
0.2

70.2
& 0.001)

p(770} MASS MIXED CHARGES

Our latest mini-review on this particle can be found in the 1984
edition.

NOTE ON THE p(770)

Because of the large width of the p(770), determination

of the resonance parameters is beset with many difFiculties. It
is well known that 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 parametrization 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 afBicts any other source of the

resonance parameters, such as the energy dependence of the

phase shift 61 or the pole position. It is therefore not surprising

that a recent study of the p(770) dominance in the decays of ri

and g' reveals the need for specific dynamical effects in addition

to the p(770) pole (BENAYOUN 93).
Recent, ly LAFFERTY 93 has demonstrated that Bose-

Einstein correlations is another source of shifts in the p(770)
line shape.

TS&9+1.2 OUR AVERAGE

?e8
76? . 3

AGUILAR-. .. 91 EHS

2935 1 CAPRARO 87 SPEC

967 CAPRARO 87 SPEC

766:&7

766 8+1 5

?67 +6

HUSTON

6500 2 BYERLY
9650 3 PISUT

900 1 EISNER

86 SPEC

73 OSPK
68 RVUE

NEUTRAL ONLY, PHOTOPRODUCED

400p p
200 7r u---

Cu
200 7r Pb--

202 m+A—
~+ ~OA

57r p
1.7-3.2 7r p, t

&10
4.2 7r p, t &10

VALUE fMev) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

768.L+ 1.3 OUR AVERAGE

767.6+ 2.?
7?5 -6 5
76?.02 4.0
770.0& 4,0
765.0+ 10.0
767,7+ 1.9

1930
2430

140k

BARTALUCCI 78
GLADDING 73
BALLAM 72
BALLAM 72
ALVENSLEBEN70
BIG GS 70

CNTR 0
CNTR 0
HBC 0
HBC 0
CNTR 0
CNTR 0

765 + 5.0 4000 ASBURY

NEUTRAL ONI Y, OTHER REACTIONS

678 CNTR 0

&p -~ etc p
2.9-4.7 ~ p

4.7 pp
pA, t &0.01
&4.1 pC--

7r+ 7r C
Pb

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

WE ID ENAUE R 93
AGU ILA R-... 91

4 BARKOV 85
5 6 BOHACIK 80

2 WICK LUND 78
DEUTSCH. .. 76
ENGLER ?4

770.S+1.2 OUR AVERAGE

773 6 1.6
762.6 3:2.6
775.9+ 1.1
768.0+4,0
?69.0+ 3.0
?68.0+ 1.0
767 -l.-4

of 2.2. See the ideogram below.

ASTE pp -~ 7r~ 7r

EHS 400p p
Ol YA 0 e+e—
RVUE 0
ASPK
HBC
DBC

0 3,4,6 ~-' IY

0 167r+ p
0 eel n

p
0 ?.1 7r i p, t &0.4
0 157r p, t&0.3
0 226m p
0 112 7r p
0 1.7-3.2 7r

'

p, t

&30
etc. 0 ~ 0

76000
4100

775.02 4.0
764.0 +3.0
774.0% 3,0
775.0 4 3.0
769.2+ 1.5

32000
6800
1700
2250
13300

PROTOPOP. .. ?3 HBC
RATCLIFF 72 ASPK
REYNOLDS 69 HBC

HVAMS 68 OSPK
PISUT 68 RVUE

o e ~ Wedo not use the following data for averages, fits, limits,

8 GESHKENBEIN89 RVUE
9 CHABAUD 83 ASPK

10 HEYN 81 RVUE
5 6 LANG 79 RVUE

ESTABROOKS 74 RVUE

rr form factor

0 17 7r p polarized
Pion form factor

0
0 17 7r p

;;+ 7r n
0 287r p

768 S. 1

777.4 +2,0
770 X2
769.5+ 0.7
??0 -k 9

11200 1 JACOBS

WEIGHTED AVERAGE
770.8+1.2 (Error scaled by 2.2}

72 HBC773.5z 1.7

750 760

I

LX

770 780

WEIDENAUER
. . . AGUILAR-. ... . -BARKOV
. --BOHACIK
. - - WICKLUND

. . . . DEUTSCH. ..

. . . . ENGLER
. PROTOPOP. ..

. . . RATCLIFF
. . REYNOLDS

. . . .HYAMS
- . PISUT

93 ASTE
91 EHS
85 OLYA
80 RVUE
78 ASPK
76 HBC
74 DBC
73 HBC
72 ASPK
69 HBC
68 OSPK
68 RYUE

790

(Confidence Level
I

800

1.9
10.0
21.3
0.5
0.4
7.9
0 9

52
I

1.9
1.2

53.4
~ 0.001)

p(770) mass (MeV)
1 Mass errors enlarged by us to I j~N; see the note with the K*(892) mass.
2 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 678, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGO-
PIAN 668, JACOBS 668, JAMES 66, WEST 66, BLIEDEN 65 and CARMONY 64.

"From the Gounaris-Sakurai parametrization of the pion form factor.
From pole extrapolation.

6 From phase shift analysis of GRAYER?4 data.
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p(77O)

Includes MALAMUD 69, ARMENISE 68, BACON 67. HUWE 67, MILLER 67B, ALFF-
STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 66B, JACOBS 66B, JAMES 66,
WEST 66, GOLDHABER 64, ABOLINS 63.
Includes BARKOV 85 data. Model-dependent width definition.
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.

YNOLDS 69 HBC
TER 68 HBC

UT 68 RVUE

X
2

1.1
1.1
1.0

-15 -10 -5 10

3.3
(Confidence Level = 0.194)

I

15

m (770)P 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 mo-
mentum of one of the pions in the 7r7r rest system. At resonance, q =

VAL UE (Gev- 1)

5 3+0.9' -07
DOCUMENT ID TECN CHG COMMENT

CHABAUD 83 ASPK 0 17 ~ p polarized

m&~~ —m&~~
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.
—4.0+4.0 3000 REYNOLDS 69 HBC —0 2.26 x p
-5 +5 3600 11 FOSTER 68 HBC 10 0.0 p p

2.462.1 22950 12 PISUT 68 RVUE 7r N -+ pN

From quoted masses of charged and neutral modes.
Includes MALAMUD 69, ARMENISE 68, BATON 68, BACON 67, HUWE 67,
MILLER 67B, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 668, JA-
COBS 66B, JAMES 66, WEST 66, BLIEDEN 65, CARMONY 64. GOLDHABER 64,
ABOLINS 63.

WEIGHTED AVERAGE
0.3~2.2 (Error scaled by 1.3)

NEUTRAL ONLY, PHOTOPRODUCED
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

150.9+ 3.0
~ ~ o We do not use the following

147 + 11
155.0+12.0 2430
145.04 13.0 1930
140.0+ 5.0
146.1+ 2.9

160.0+ 10.0
130 6 5 4000

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 67B CNTR 0

op~ e e p
~ ~

2.9-4.7 p p
4.7 pp
2.8 pp
pA, t &0.01
&4.1yC ~

7+x-C
7P
q+ Pb

NEUTRAL ONLY, OTHER REACTIONS
VALUE(MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data In this block is included ln the average printed for a previous datablock.

151.9+ 1.5 OUR FIT
151.9+ 1.5 OUR AVERAGE

145.7+ 5.3 WEIDENAUER 93 ASTE
150.5+ 3.0 16 BAR KOV 85 OLYA 0
148.0+ 6.0 17)18 BOHACIK 80 RVUE 0
152.0+ 9.0 14 WICKLUND 78 ASPK 0
154.0+ 2.0 76000 DEUTSCH ... 76 H BC 0
157.0+ 8.0 6800 RATCLIFF 72 ASPK 0
143.0+ 8.0 1700 REYNOLDS 69 H BC 0
~ ~ ~ We do not use the following data for averages, fits, limits, etc.

138 + 1 19 GESHKENBEIN89 RVUE

1600+ 4' CHABAUD 83 ASPK 0

155 6 1 21 HEYN 81 RVUE 0
148.0+ 1.3 17,18 LANG 79 RVUE 0

pp- x+x-~
e+ e 7r+~

3,4,6 ~+ pN
16 7r+ p
15~ p, t&0.3
2.26 7r p

~ ~ ~

7r form factor

17 7r p polarized

7r form factor

146 614 4100 ENGLER 74 DBC 0 6 7r+ n -+
~+ 7r

—
p

ESTABROOKS 74 RVUE 0 17 7r p ~
~+~- n

160.04 10.0 32000 17 PROTOPOP. .. 73 HBC 0 7.1 7r+ p, t &0.4
145.0+ 12.0 2250 HYAMS 68 OSPK 0 11.2 ~ p
163.04 15.0 13300 22 PISIJT 68 RVUE 0 1.7-3.2 x p, t

&10
Width errors enlarged by us to 4(/~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-Wlgner to total mass distribution. In-
cludes BATON 68, MILLER 678, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGO-
PIAN 668, JACOBS 66e, JAMES 66, WEST 66, BLIEDEN 65 and CARMONY 64.
From the Gounaris-Sakurai parametrization of the pion form factor.

17 From pole extrapolation.
From phase shift analysis of GRAYER 74 data.

19 Includes BARKOV 85 data. Model-dependent width definition.
From fit of 3-parameter relativistic Brelt-Wigner to helicity-zero part of P-wave intensity.
CHABAUD 83 includes data of GRAYER 74.

1HEYN 81 includes all spacelike and timelike F~ values until 1978.
2 Includes MALAMUD 69, ARMENISE 68, BACON 67, HUWE 67, MILLER 678, ALFF-

STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 66B, JACOBS 66B, JAMES 66,
WEST 66, GOLDHABER 64, ABOLINS 63.

p(770) WIDTH

We no longer list 5-wave Breit-Wigner fits, or data with high combinatorial
background.

MIXED CHARGES
VALUE (MeV) DOCUMENT ID

151.2+1.2 OUR AVERAGE Includes data from the 3 datablocks that follow this one.

CHARGED ONLY
VAL UE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

I2
I3
l4
r5

Mode

r~~
x~g
~+~+~-~0

p(770) DECAY MODES

Scale factor/
Confidence level

100

( 4.5 +0.5)xl0 4

6 x10
2.0 x 10

S=2.2
CL=S4%
CL=84%

Fraction (I I/i)

100

p(770)+ decays

149.1+ 2.9 OUR FIT
149.1+ 2.9 OUR AVERAGE

155 +11 2935 13 CAPRARO 87 SPEC

154 +20

150 + 5

146 +12
148.2+ 4.1

146 +13

6500
9650

900

HUSTON

14 BYERLY
15 PISUT

EISNER

86 SPEC

73 OSPK
68 RVUE

67 HBC

967 13 CAPRARO 87 SPEC

200 7r u ~
x Cu

200 7r Pb —+

202 7r+ A —+
~+~0A

57r p
1.7-3.2 7r p, t

&10
4.27r p, t &10

I 6 7r+x
++x

Is
I9 rip
I 10 P
I 11 e+e
I 12 x+x-x0
I 13 7r+ 7r 7r+ 7r

I 14 7r+7r 7r 7r

p(770)e decays
100

( 9.9 +1.6 ) x 10—3

( 7.9 +2.0 ) x10 4

( 3.8 +0.7 ) x 10 4

[a] ( 4.60+0.28) x 10
[a] ( 4.46+0.21) x 10

1.2 x 10 4

2 x10 4

4 x 10

CL=90%
CL=90%
CL=90%

[a) The e+ e branching fraction is from e+ e ~ x+ w experiments only.
The rd p interference is then due to ur p mixing only, and is expected to
be small. If ep, universality holds, f(p ~ p+p, ) = I (p ~ e+e )
x 0.99785.
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(770)

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.

VALUE (keV)

121+31
DOCUMENT ID TECN COMMENT

DOLlNSKY 89 ND e+ e

The following off-diagonal array elements are the correlation coefficients

(bp, bp )/(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.

x3 —100

18 —18

X2 X3

VAL UE (keV) DOCUMENT ID TECN COMMEhlT

e ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

62+ 17 DOLINSKY 89 ND e+ e
111+22 4 DOLINSKY 89 ND e+ e

Solution corresponding to constructive u/-p interference. The quark model predicts a
relative decay phase of zero. Also much favored by the ALDE 93 model-independent
measurement of B(~ ~ rip).
Solution corresponding to destructive p- uf interference.

Mode

r2
r3

Rate (MeV)

149.1 +2.9
0.068+0.007

Scale factor

2.3

r (sr+ sf)/r(+sr)
VAL UE (units 10 4) CL%

84

p(770) BRAMCHINIa RATIOS

TECN CHG COMMEN T

66 HBC + 77+ p above 2.5
DOCUMENT ID

FERBEL

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 = 4,8 for 6 degrees of
freedom.

r(H~+~-P) lr(«)
VALUE (units 10 ) CL%

(20 84
~ ~ ~ We do not use the following

35+40

DOCUMENT ID TECN CHG COMMENT

FERBEL 66 HBC 6 7r+ p above 2.5
data for averages, fits, limits„etc. ~ ~ ~

JAMES 66 HBC -i- 2.1 7r~ p

Xl0

Xll

—80
—60 0

12 0 -20
x6 x10 xl 1

Mode

r6 ~+~-
Ilo p

e e

Rate (MeV)

151.8 + 1.5

Ia) o.oo7o +o.ooo4

Iaj 0.0067760.00032

The following ofF-diagonal array elements are the correlation coefficients

(bpibp&)/(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(Is+Is-}/r(a+ e-}
DOCUMENT IDVALUE (units 10 TECN COMMEN T

4.60+0.2S OUR FIT
4.6 +0.2 +0.2 ANTIPOV 89 SlGM 77 Cu p, + I.c 7r Cu

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—36 ROTHWELL 69 CNTR Photoproduction

5.6 + 1.5 26 WEHMANN 69 OSPK 12 77 C, Fe

9.7 +3'3 27 HYAMS 67 OSPK ll 7r Li, H

Possibly large p-cu interference leads us to increase the minus error.
Result contains 11 + 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 u/ ~ Ic+Ic from this experiment.
HYAMS 67's mass resolution is 20 MeV. The ~ region was excluded.

r(e~7)

p(770) PARTIAL WIDTHS
r(e+ e-)/r(e x)
VALUE (units 10 )

0.41+0.0S

DOCUMENT ID TECN COMMENT

BENAKSAS 72 OSPK e+ e

59.8+4.0

WEIGHTED AVERAGE
68~7 (Error scaled by 2.2)

Values above 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

measurements of other (related)
as additional information.

VAL UE (kev) DOCUMENT ID

N +7 OUR FIT Error includes scale factor of 2.3.
6S +7 OUR AVERAGE Error includes scale factor of 2.2. See the ideogram below.

81.0 +4.0+4.0 CAPRARO 87 SPEC — 200 7r A ~
HUSTON 86 SPEC + 202 7r+ A ~

~+ ~0A
71.0+7.0 JENSEN 83 SPEC — 156-260 7r A a

&-~OA

r(n7)/r~i f'g/I

DOCUMEhlT ID

r (e+ rr- fr+ sr-)/remi
VALUE(units 10 4)

&2

CL%

90

DOCUMENT ID TECN COMMENT

KURDADZE 88 OLYA e+ e
n+ ~—~+~—

VALUE(units 10 4) TECN CHG COM MEN T

3.8+0.7 OUR AVERAGE

4.0 + 1,1 28 DOLINSKY 89 ND et-e
3.6+0.9 ANDREWS 77 CNTR 0 6.7-10 p Cu

e ~ ~ We do not use the following data for averages, fits, limits, etc. o i ~

7.3+1.5 DOLINSKY 89 ND e+ e
5.4 + 1.1 9 ANDREWS 77 CNTR 0 6,7-10 p Cu

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(u/ rip).
Solution corresponding to destructive u/-p interference.

2
X

APRARO 87 SPEC 5.6
USTON 86 SPEC 3.8
NSEN 83 SPEC 0.2

r(e+rr ~+sr )/r(ee)
VALUE (units 10 )

~ ~ ~ We do not use the

&15
(20
g20
(80

CL% DOCUMENT ID TECN

following data for averages, fits, limits,

90 ERBE 69 HBC

CHUNG 68 HBC

90 HUSON 68 HLBC

JAMES 66 HBC

CHG COM MEN T

etc. o ~ ~

2.5—5.8 ~ p
3.2,4.2 7I p
160 7r p
2.1 ~+ p

50 60 70 80

i (rr y) (keV)

9.6
(Confidence Level = 0.008)

I

90 100 110

r( + — ')/r~i
VALUE (units 10 )

&1.2

r(~+ ~-~')/r(«)

CL% DOCUMEN T ID TECN COMMENT

VASSERMAN 888 ND e+ e —+ w+ 77

I 12/I

I (e+ e-)
VALUE (keY)

6.7760M OUR FIT
6.77+0.10+0.30

DOCUMENT ID

BARKOV

TECN COM MEN T

&5 OLYA e+ e 7r+ 7I.

VALUE CLN DOCUMEN T ID TECN

~ ~ o We do not use the following data for averages, fits, limits,

CHG COM MEN T

etC. ~ ~ o

3/ flf
I 0

3,7 ~+p
O, oi BRAMON 86 RVUE 0

~0.01 84 30 ABRAMS 71 HBC 0

Model dependent, assumes I = 1, 2, or 3 for the 3' system.
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p(770), ~(782)

r(a+m xoxo)/r~(
VALUE (units 10

&OA 90

(2 90

r(~+ ~-~)/r~~

~ ~ ~ We do not use the following

DOCUMENT ID TECN CHG COMMENT

AULCHENKO 87C ND 0 e+ e.+.—.o»o
data for averages, fits, limits, etc. ~ ~ ~

KURDADZE 86 OLYA 0 e+ e.+.—.o.o

KENNEY
SAMIOS
XUONG
ANDERSON
ERWIN

62
62
62
61
61

~(782)

PR 126 736
PRL 9 139
PR 128 1849
PRL 6 365
PRL 6 628

+Shephard, Gall (KNTY)
+Bachman, Lea+ (BNL, CUNY, COLU, KNTY)
+Lynch (LRL)
+Bang, Burke, Carmony, Schmitz (LRL)
+March, Walker, West (WISC)

I G(gPC) p
—

(g
——

)

CL%

ry, }/r,
VALUE (units 10 }
7.9+2.0

DOCUMENT ID TECN COMMENT

DOLINSKY 89 ND e+ e

ALDE 93

WEIDENAUER 93
AGUILAR-. .. 91
DOLINSKY 91
ANTIPOV 89
DOLINSKY 89
GESHKENBEIN 89
KURDADZE 88

VASSERMAN 88

VASSERMAN 888

AULCHENKO 87C
CAPRARO 87
BRA MON 86
HUSTON 86
K URDADZE 86

BARKOV 85
CHABAUD 83
JENSEN 83
HEYN 81
BOHACIK 80
LANG 79
BARTALUCCI 78
WICKLUND 78
ANDREWS 77
DEUTSCH. .. 76
ENGLER 74
ESTABROOKS 74
GRAYER 74
BYERLY 73
GLADDING 73
P ROTOPOP. .. 73
BALLAM 72
BENAKSAS 72
JACOBS 72
RATCLIFF 72
ABRAMS 71
ALVENSLEBEN 70
BIGGS 70
ERBE 69
MALA MUD 69
REYNOLDS 69
ROTHWELL 69
WEHMANN 69
ARMENISE 68
BATON 68
CHUNG 68
FOSTER 68
HUSON 68
HYAM5 68
LANZEROTTI 68
PISUT 68
ASBURY 678
BACON 67
EISNER 67
HUWE 67
HYAMS 67
MILLER 678
ALFF-. .. 66
FERBEL 66
HAGOPIAN 66
HAGOPIAN 668
JACOBS 668
JAMES 66
WEST 66
BLIEDEN 65
CARMONY 64
GOLDHABER 64
ABOLINS 63

p(770) REFERENCES

PAN 56 1229 +Binon+ (SERP, LAPP, LANL, BELG, BRUX, CERN)
Translated from YAF 56 137.
ZPHY C59 387 +Duch+ {ASTERIX Collab. )
ZPHY CSO 405 Aguilar-Benitez, Allison, Batalor+ (LEBC-EHS Collab. )
PRPL 202 99 +Druzhinin, Dubrovin+ (NOVO)
ZPHY C42 185 +Batarin+ (SERP, JINR, BGNA, MILA, TBIL)
ZPHY C42 511 +Druzhinin, Dubrovin, Golubev+ (NOVO)
ZPHY 45 351 (ITEP)
JETPL 47 512 +Leltchouk, Pakhtusova, Sidorovy (NOVO)
Translated from ZETFP 47 432.
5JNP 47 1035 +Golubev, Dolinsky+ (NOVO)
Translated from YAF 47 1635.
SJNP 48 480 +Golubev, Dolinsky+ (NOVO)
Translated from YAF 48 753.
IYF 87-90 Preprint +Dolinsky, Druzhinin+ (NOVO)
NP 8288 659 +Levy+ (CLER, FRAS, MILA, PISA, LCGT, TRST+)
PL 8173 97 +Casulleras (BARC)
PR 33 3199 +Berg, Collick, Jonckheere+ (ROCH, FNAL, MINN)
JETPL 43 643 +Lelchuk, Pakhtusova, Sidorov, Skrinskii+ (NOVO)
Translated from ZETFP 43 497.
NP 8256 365 +Chilingarov, Eidelman, Khazin, Lelchuk+ (NOVO)
NP 8223 1 +Gorlich, Cerrada+ (CERN, CRAC, MPIM)
PR D27 26 +Berg, Biel, Collick+ (ROCH, FNAL, MINN)
ZPHY C7 169 +Lang (GRAZ)
PR D21 1342 +Kuhnelt (SLOV, WIEN)
PR D19 956 +Mas-Parareda (GRAZ)
NC 44A 587 +Basini, Bertolucci+ (DESY, FRAS)
PR D17 1197 +Ayres, Diebold, Greene, Kramer, Pawlicki (ANL)
PRL 38 198 +Fukushima, Harvey, Lobkowicz, May+ (ROC H)
NP 8103 426 Deutschmann+ (AACH3, BERL, BONN, CERN+)
PR D10 2070 +Kraemer, Toaff, Weisser, Diaz+ (CMU, CASE)
NP 879 301 +Martin (DURH)
NP 875 189 +Hyams, Blum, Dietl+ (CERN, MPIM)
PR D7 637 +Anthony, Coffin, Meanley, Meyer, Rice+ (MICH)
PR D8 3721 +Russell, Tannenbaum, Weiss, Thomson (HARV)
PR D7 1279 Protopopescu, Alston-Garnjost, Galtleri, Flatte+ (LBL)
PR D5 545 +Chadwick, Bingharn, Milburn+ (SLAC, LBL, TUFTS)
PL 398 289 +Cosme, Jean-Marie, Jullian, Laplanche+ (ORSAY)
PR D6 1291 (SAC L)
PL 388 345 +Bulos, Carnegie, Kluge, Leith, Lynch+ (SLAC)
PR D4 653 +Barnham, Butler, Coyne, Goldhaber, Hall+ (LBL)
PRL 24 786 +Seeker, Bertram, Chen, Cohen (DESY)
PRL 24 1197 +Braben, Clifft, Gabathuler, Kitching+ (DARE)
PR 188 2060 +Hilpert+ (German Bubble Chamber Collab. )
Argonne Conf. 93 +Schlein (UCLA)
PR 184 1424 +Albright, Bradley, Brucker, Harms+ (FSU)
PRL 23 1521 +Chase, Earles, Gettner, Glass, Weinstein+ (NEAS)
PR 178 2095 + (HARV, CASE, SLAC, CORN, MCGI)
NC 54A 999 +Ghidlni, Forinop (BARI, BGNA, FIRZ, ORSAY)
PR 176 1574 +Laurens (SAC L)
PR 165 1491 +Dahl, Kirz, Miller (LRL}
NP 86 107 +Gavillet, Labrosse, Montanet+ (CERN, CDEF)
PL 288 208 +Lubatti, Six, Veillet+ (ORSAY, MILA, UCLA)
NP 871 +Koch, Potter, Wilson, VonLindern+ (CERN, MPIM)
PR 166 1365 +Blumenthal, Ehn, Faissler+ (HARV)
NP 86 325 +Roos (CERN)
PRL 19 865 +Seeker, Bertram, Joos, Jordan+ (DESY, COLU)
PR 157 1263 +Fickinger, Hill, Hopkins, Robinson+ (BNL)
PR 164 1699 +Johnson, Klein, Peters, Sahni, Yen+ (PURD)
PL 248 252 +Marquit, Oppenheimer, Schultz, Wilson (COL U)
PL 248 634 +Koch, Pellett, Potter, VonLindern+ (CERN, MPIM)
PR 153 1423 +Gutay, Johnson, LoeNer+ (PURD)
PR 145 1072 Alff-Steinberger, Berley+ (COLU, RUTG)
PL 21 ill (ROC H)
PR 145 1128 +Selove, Alitti. Baton+ (PENN, SACL)
PR 152 1183 +Pan (PENN, LRL)
UCRL 16877 (LRL)
PR 142 896 +Kraybill (YALE, BNL)
PR 149 1089 +Boyd, Erwin, Walker (WISC)
PL 19 444 +Freytag. Geibel+ (CERN Missing Mass Spect. Collab. )
PRL 12 254 +Lander, Rindfleisch, Xuong, Yager (UCB)
PRL 12 336 +Brown, Kadyk, Shen+ {LRL, UC8)
PRL 11 381 +Lander, Mehlhop, Nguyen, Yager (UCSD)

OTHER RELATED PAPERS

BENAYOUN 93 ZPHY 58 31
LAFFERTY 93 ZPHY C60 659

Bose-Einstein Correlations
KAMAL 92 PL 8284 421
ERKAL 85 ZPHY C29 485
RY8ICKI 85 ZPHY C28 65
KURDADZE 83 JETPL 37 733

Translated from
ALEKSEEV 82 JETP 55 591

Translated from

+Feindt, Girone+

+Xu
+Olsson
+Sakrejda
+Lelchuk, Pakhtusova+

ZETFP 37 613.
+Kartamyshev, Makarin+

ZETF 82 1007.

(CDEF, CERN. BARI)
(MCHS)

(ALBE)
(WISC)
(CRAC)
(NOVO)

(KIAE)

VAL UE DOCUMEN T ID TECN COMMENT

0.6u&i+0.0016 31 DOLINSKY 91 ND e+ e
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0111+0.0014 VASSERMAN 88 ND e+ e
&0.005 90 VASSERMAN 88 ND e+ e

Bremsstrahlung from a decay pion and for photon energy above 50 MeV.
Superseded by DOLINSKY 91.
Structure radiation due to quark rearrangement in the decay.

~(782) MASS

WEIGHTED AVERAGE
781.94+0.12 (Error scaled by 1.5)

.AMSLER 93B CBAR
~ WEIDENAUER 93 ASTE.BARKOV 87 CMD

KURDADZE 83B OLYA
KEYNE 76 CNTR

X

0.0
5.4
2.4
0.4
0.9

VV

781.0 781.5 782.0 782.5 783.0 783.5

9.1
(Confidence Level 0.058)

784.0

~(782) mass (MeV)

(u(?82) WIDTH

VALUE {MeV) EVTS

IAIDO. 10 OUR AVERAGE

8.4 +0.1
8.30+0.40
9.8 +0.9 1488
9.0 +0.8
9.1 +0.8

~ ~ ~ We do not use the following

12.0 +2.0 1430
9.4 +2.5 2100

10.22 +0.43 20000
133 +2 418
10.5 +1.5
7.70+0.9 +1.15

10.3 +1.4
12.8 +3.0
9.5 +1.0

940
510
248

3583

DOCUMENT ID TECN COMMENT

4 AULCHENKO 87 ND

BARKOV 87 CMD

KURDADZE 838 OLYA

CORDIER 80 WIRE
BENAKSAS 728 OSPK

data for averages, fits, limits,

COOPER 788 HBC
GESSAROLI 77 HBC

5 KEYNE 76 CNTR
AGUILAR-. .. 728 HBC
BORENSTEIN 72 HBC
BROWN 72 MMS
BIZZARRI 71 HBC
BIZZARRI 71 HBC
COYNE 71 HBC

e+ e— »+» —»0
e+ e— »+» —»0
e+e ~+~—~O

e+ e- »+»-»0
e+e—
etc. ~ ~ ~

0.70.8 pp ~ 5»
11» p —+ un

p~ ~n
3.9,4.6 K p
2.18 K p
2.5» p~ nMM
0.0 pp ~ K1K1ur
0.0 pgf ~ K+K
3.7»+ p

p»+»+»- »0
4 Relativistic Breit-Wigner Includes radiative corrections.

Observed by threshold-crossing technique. Mass resolution = 4.8 MeV FWHM.

VALUE {MeV} EVTS DOCUMENT ID TECN COMMENT

7S1.04+0.12 OUR AVERASE Error includes scale factor of 1.5. See the ideogram below.

781.96+0.13+0.17 15k AMSLER 938 CBAR 0.0''p ~ ~»»
782.4 +0.2 270k WEIDENAUER 93 ASTE pp ~ 2»+2»
781.78+0.10 BARKOV 87 CMD e+ e ~ »+»
782.2 +0.4 1488 KURDADZE 838 OLYA e+ e ~ »+»
782.4 +0.5 7000 1 KEYNE 76 CNTR» p -+ ~n
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

783.3 +0.4 CORDIER 80 WIRE e+ e ~ »+»
782.5 +0.8 33260 ROOS 80 RVUE 0.0-3.6 j5'p

782.6 +0.8 3000 BENKHEIRI 79 OMEG 9-12»+p
781.8 +0.6 1430 COOPER 788 HBC 0.7-0.8 pp ~ 5»
782.7 +0.9 535 VANAPEL. ~. 78 HBC 7.2 pp ~ pp~
783.5 +0.8 2100 GESSAROLI 77 HBC 11» 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 pp ~ K1K1~
783.7 +1.0 3583 2 COYNE 71 HBC 3 7»+ p ~

p»+»+»-»0
784.1 +1.2 750 ABRAMOVI. .. 70 HBC 3.9» p
783,2 +1.6 3 BIGGS 708 CNTR (4.1 yC -+»+» C

782.4 +0.5 2400 BIZZARRI 69 HBC 0.0 Pp

10bserved by threshold-crossing technique. Mass resolution = 4.8 MeV FWHM.
From best-resolution sample of COYNE 71.
From ~-p interference in the»+» mass spectrum assuming ~ width 12.6 MeV.
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~(782)

Mode

or(782) DECAY MODES

Fraction (I i/f ) Confidence level

r(e+ e-7)/r(~+ e- eO}
CL% DOCUMENT ID TECN COMMENT

o e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

rto/rl

r,
r2
l3
f4

ls
f6
C7

is
I9

I 11

C13

~14

x+~-7 0

?r+ 7r

neutrals (excludingxop)

rJ "l
?ro e+ e
~0P+l-
e+e
7+~-7ro~o
vr+ 7r

?r+ 7r- ?r+ ?r

p+ p
nr'

(ss.s +0.7 )

( s,s +0.5 )
{ 2.21+0.30)

(53+ )—3.5

( 8.3 +2.1 )
( 5,9 +1.9 )

( 9.6 k2.3 )
( 7.15+0.19)

2

3.6
1

4

1. .8

ofo

x 10

x 10

x 1O-4

x 1O-5

x 1O-5

x 1P

x 10

x 1O-4

x 1O-4

90%
95%
9O%

90%
90%

90

&0.05

VAL UE

(1x 10
CL%

90

r(e+ e-eo/)/res, i

r(e+ e-7)/res„
VAL UE CL%

(0.0036 95
~ e ~ We do not use the following

&0.004

r(e+e- e+ e-)/res, i

KALBFLEISCH 75 HBC

FLATTE 66 HBC

2.18K p-
/I?r ?r

1.2 —1.7 K p -~

DOCUMENT ID TECN COMMENT

WEIDENAUER 90 ASTE p p -~ 7r+ ?r ?r+ ?r

data for averages, fits, limits, etc. ~ ~ ~

BITYUKOV 888 SPEC 32 7r p -~ n. ~ ?r px

rat/r
DOCUMEN T ID TECN COMMENT

KURDADZE 88 OLYA e+ e~+~-~+~-

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 X

10.3 for 17 degrees of freedom.
r(ra+Is )/r(e+tr-trO)
VALUE (units 10 ) CL%

VALUE(units 10 ~) CL%

(2 90

DOCUMEN T ID TECN COMMENT

KURDADZE 86 OLYA e+ e ?r+ 7r ?ro 7ro

DOCUMENT ID TECN COMMENT

The following off-diagonal array elements are the correlation coefficients

(bx, be)/(bx; bx&), in percent, from the fit to the branching fractions, x;
I;//I t«ai. The fit constrains the x, whose labels appear in this array to sum to

one.

&1,7

&1.2

74 FLATTE 66 HBC 1.2 —1.7 K p -~

~I+I
BARBARO-. .. 65 HBC 2 7 K p

(0.2 90 WILSON 69 OSPK 12?r C ~ Fe
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

X2

X3

X4

—39 —5

-74 -68 -1
Xl X2 X3

r(e+ e-)
VALUE (kev)

0.60+0.02 OUR EVALUATION

DOCUMENT ID

ar(782) PARTIAL WIDTHS

la

r (eo tro &)/r(„o&)
VAL UE CL%

o ~ ~ We do not use the following

&0.005
&0.18
&0.15
&0.14
&P. l

90
95
90

90

DOCUMENT ID TECN

data for averages, fits, limits,

DOLINSKY 89 ND

KEYNE 76 CNTR

BENAKSAS 72r OSPK
BALDIN 71 HLBC

BARMIN 64 HLBC

[r(87) y r(e~o) j/r(e+e-~o)

COMMENT

etc. ~ ~ ~

e+e
p~ wn

e+e
2.9 ?r+ p
1.3-2.8 7r p

(rs+rla)/rl

(r.+r.)/rt
VALUE EVTS

0.102+0.N8 OUR FIT

0.108+ '0 OUR AVERAGE

0.15 +0.04
0,10 +0.03
0.13460.026
0.09760.016

O.O6 +005—0.02
0.08 +0.03 35
~ ~ ~ We do not use the following

0.11 +0.02 20

DOCUMENT ID TECN COMMENT

AGUILAR-. ..
BARASH

DIGIUGNO

FLATTE

728 HBC 3.9,4.6 K p
678 HBC 0 0 pp
668 CNTR 1.4 ?r p
66 HBC 1.4- 1.7 K p ~

/I MM

JAMES 66 HBC 2.1 ?r+ p

KRAEMER 64 DBC 1.2 7r+ d

data for averages, fits, limits, etc. o ~ ~

BUSCHBECK 63 HBC 1.5 K p

ar(?82) BRANCHING RATIOS

I (neutrals)/I (a+ sr tro)

VALUE

(0.016
CL% DOCUMENT ID TECN

9p 8 FLATTE 66 HBC

~ ~ e We do not use the following data for averages, fits, limits,

&0.045 95 JACQUET 698 HLBC

8 Restated by us usingBR(rl —+ chargedmodes)=(29. 2)%.

I (neutrals) /I (charged particles)

COMMENT

1.2-1.7 K p -+
n~+~- MM

etc. ~ o ~

(ra+ra)/(ra+ra)
VALUE

OA89+0.00 OUR FIT
0.124+0.021

r(srotro&) lr(&+ tr-eo)

DOCUMENT ID TECN COMMENT

FELDMAN 67r OSPK 1.2 ?r p

VAL UE CL% DOCUMEN T ID TECN COMMENT

(0.00045 90 DOLINSKY 89 ND e+ e
I ~ ~ We do not use the following data for averages, fits, limits, etc. e e i
&0.08 95 JACQUET 698 HLBC

r(e+tr-)/r(sr+a-m ) rs/rt r(87)/r(~o7) I s/I a

DOCUMENT ID

r(s 7)/I (e+e-m )
VALUE

0.095+0.006 OUR FIT
0.095+0.006 OUR AVEIVLGE

0.099+0.007
0.084 +0.013
0.109+0.025
0.081+0.020
0.13 +0.04

DOCUMENT ID

DOLINS KY

KEYNE
BENAKSAS
BALDIN
JACQUET

TECN COMMENT

89 ND e+ e
76 CNTR ?r p ~ ~n
72C OSPK e+ e
71 HLBC 2.9 ?r+ p
698 HLBC

See alSO I (?r+ 7r ) I'I tOtal.
VALUE TECN COMMEN T

0.0240+0.~OUR FIT
O.C% +0.005 OUR AVERAGE

0.02' —o oo9
6 RATCLIFF 72 ASPK 15 ?r p ~ n2?r

0.028 +0.006 BEHREND 71 ASPK Photoproduction

0 022 +0.009—0.01
7 ROOS 70 RVUE

Significant interference effect observed, NB of ou ~ 3?r comes from an extrapolation.
ROOS 70 combines ABRAMOVICH 70 and BIZZARRI 70. r(&I+I }/rue i

VALUE(units 10 4)

0.96+0.25

DOCUMENT ID TECN COMMENT

DZHELYADIN 818 CNTR 25—33 ?r p ~ ~n

Cr/I

r(e os+ e-) /res, i

VALUE (units 10 )

5.9+1.9
EVTS DOCUMEN T ID TECN COMMENT

DOLINSKY 88 ND e+ e ~ ?r e+ e

re/r

VAL UE DOCUMENT ID TECN COMMENT

0.009$+0.0024 ALDE 94 GAM2 38?r p ~ ~ n

8 ~ ~ We do not use the following data for averages, fits, limits, etc. o o ~

0.0082+ 0.0033 9 DOLINSKY 89 ND e+ e ' —a r)p
0.039 +0.007 DOLINSKY 89 ND e+ e
0.010 +0.045 APEL 728 OSPK 4—8 n. p — n3-r

9Solution corresponding to constructive ~-p interference. The quark model p~edicts a
relative decay phase of zero.
Solution corresponding to destructive p-u interference.
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w(782), rI'(958)

r(e+e )/r~l I e/I ru(782) REFERENCES

VALUE (units 10 ) EVTS DOCUMENT ID

0.?16+0.019 OUR AVERAGE

0.714+0.036 DOLINSKY 89 ND

0.72 +0.03 BAR KOV 87 CMD

0.66 +0.05 KURDADZE 84 OLYA

0.675 +0.069 CORD IER 80 WIRE
0.83 +0.10 BENAKSAS 728 OSPK
0.77 +0.06 11 AUGUSTIN 69D OSPK
o ~ We do not use the following data for averages, fits, limits,

0.64 +0.04 1488 KURDADZE 838 OLYA

0.65 +0.13 33 13 ASTVACAT. .. 68 OSPK

Rescaled by us to correspond to ~ width 8.4 MeV.
12 Superseded by KURDADZE 84.

Not resolved from p decay. Error statistical only.

TECN COMMENT

~+~- ~0
~+~- ~0
hadrons

3x
3Ã

e+�-
ee+—
e+e
e+�-
ee+—
e+e—
etc. o o o

e+ e- ++~—~0
Assume SU(3)+mixing

I (neutrala) /I rorsl
VAL UE EVTS

0.090+0.006 OUR FIT
0.081+0.011 OUR AVERAGE

0.075 +0.025
0.07960.019
0.084 +0.015
~ ~ ~ We do not use the following

0.073+0.018 42

r(~+~-)/run, l

DOCUMENT ID TECN COMMENT

BIZZARRI 71 HBC

DEINET 698 OSPK
BOLLINI 68C CNTR

data for averages, fits, limits,

BASILE 728 CNTR

0.0 pj
15 m p
2.1 x p
etc. ~ ~ ~

1.67 x p

(I a+I s)/I

I s/I

I (s s 7)/r(neutratr) ra/(ra+re)
VAL UE CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.22 +0.07 16 DAKIN 72 OSPK 1.4 m p ~ nMM

&0.19 90 DEINET 698 OSPK

See I (n p)/l (neutrals).

See also I (~+~ )/I (~+a ~ ).
VAL UE DOCUMENT ID TECN COMMENT

0.0221+0.~OUR FIT
0.021 +0.0tN OUR AVERAGE

0.023 +0.005 BARKOV 85 OLYA e+ e

p p16 +0.009 QUENZER 78 CNTR e+ e

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.010 +0.001 14 WICKLUND 78 ASPK 3,4,6 m'+ N

0.0122+0.0030 ALVENSLEBEN71C CNTR Photoproduction

p p13 +0.012
—0.009 MOFFEIT 71 HBC 2.8,4.7 0p

0.0080+—0.002
15 BIGGS 708 CNTR 4.2pC ~ x+fr C

From a model-dependent analysis assuming complete coherence.

Re-evaluated under C(~+~ )/C(~+~ + ) by BEHREND71using moreaccurate~ ~
p photoproduction cross-section ratio.

ALDE 94
AMSLER 938
WEIDENAUER 93
WEIDENAUER 90
DOLINSKY 89
BITYUKOV 888

DOLINSKY

KURDADZE

AULCHENKO
BARKOV

KURDADZE

BARKOV
KURDADZE
KURDADZE

88

88

87
87

86

85
84
838

KRAEMER
BUSCHBECK

64
63

DZHELYADIN 818
CORDIER 80
RODS 80
BENKHEIRI 79
DZHELYA DIN 79
COOPER 788
QUENZER 78
VANAPEL. .. 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
DAKIN 72
RATCLIFF 72
ALVENSLEBEN 71C
BALDIM 71

BEHREND 71
BIZZARRI 71
COY NE 71
MOFFEIT 71
ABRAMOVI. .. 70
BIGGS 708
BIZZARRI 70
RODS 70

Proc, Daresbury
AUGUSTIN 69D
BIZZARRI 69
DEINET 698
JACQUET 698
WILSON 69

Also 69
ASTVACAT. .. 68
BOLLINI 68C
BA RASH 678
FELDMAN 67C
DIGIUGNO 668
FLATTE 66
JAMES 66
BARBARO-. .. 65
BARMIN 64

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
Translated 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 D& 2789
PR Dll 987
PR D6 29
PL 418 234
Phil. Conf. 153
PL 428 507
PL 428 511
PR D5 1559
PL 428 117
PR D6 2321
PL 388 345
PRL 27 8&8
SJNP 13 758
Translated from
PRL 27 61
NP 827 140
NP 832 333
NP 829 349
NP 820 209
PRL 24 1201
PRL 25 1385
DNPL/R7 173
Study Weekend
PL 288 513
NP 814 169
PL 308 426
NC 63A 743
Private Colnm.
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 1& 1289
Translated from
PR 1368 496
Siena Conf. 1 1

YAF 47

YAF 48

ZETFP

ZETFP

ZETFP

nt

ZETFP

YAF 13

No. 1
+Benaksas, Buon, Gracco, Haissinski+ (ORSAY)
+Foster, Gavil'let, Montanet+ (CERN, CDEF)
+Menzione, Muller, Buniatov+ (KARL, CERN)
+Nguyen-Khac, Haatuft, Halsteinslid (EPOL, BERG)

(HARV)
Wehmann+ (HARV, CASE, SLAC, CORN, MCGI)
Astvacaturov, Azimov, Baldin+ (JINR, MOSU)

+Buhler, Dalpiaz, Massam+ (CERN, BGNA, STRB)
+Kirsch Miller Tan (COL U)
+Frati, Gleeson, Halpern, Nussbaurn+ (PENN)
+Peruzzi, Troise+ (NAPL, FRAS, TRST)
+Huwe, Murray, Button-shafer, Sollnitz+ (LRL)
+Kraybill (YALE, BNL)

Barbaro-Galtieri, Tripp (LRL)
+Dolgolenko, Krestnikov+ (ITEP)
5 1879.
+Madansky, Fields+ (JHU, NWES. WOOD)
+Czapp+ (VIEN, CERN, ANIK)

ZETF 4

66

OTHER RELATED PAPERS

+Binon+ (SERP, LAPP, LANL, BELG, BRUX. CERN)
yArmstrong, Augustin+ (Crystal Barrel Collab. )
+Duch+ (ASTERIX Collab. )
+Duch, Heel Kalinowsky+ (ASTERIX Collab. )
+Druzhinin, Dubrovin, Golubev+ (NOVO)
+Borisov, Viktorov, Golovkin+ (SERP)

1258.
+Druzhinin, Dubrovin, Golubev+ (NOVO)

442.
+Leltchouk, Pakhtusova, Sidorov+ (NOVO)
47 432.

+Dolinsky, Druzhinin, Dubrovin+ (NOVO)
+Vasserman, Vorobev, Ivanov (NOVO)
46 132.

+Lelchuk, Pakhtusova, Sidorov, Skrinskii+ (NOVO)
43 497.

+Chilingarov, Eidelman, Khazin, Lelchuk+ (NOVO)
+Leltchouk, Pakhtusova, Sidorov+ (NOVO)
+Pakhtusova, Sidorov+ (NOVO)
36 221.

+Golovkin, Konstantinov+ (SERP)
+ Delcourt, Eschstruth, Fulda+ (LALO)
+Pellinen (HELS)
+Eisensteinp (EPOL, CERN, CDEF, LALO)
+Golovkin, Gritsuk+ (SERP)
+Ganguli+ (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-Benitez, Chung, Eisner, Samios (BNL)
yAuslander, Muller, Bertolucci+ (KARLK, KARLE, PISA)
+Bollini, Broglin, Dalpiaz, Frabetti+ (CERN)
+Cosme, Jean-Marie, Jullian (ORSAY)
+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+ (SLAC)
+Becker, Busza, Chen, Cohen+ (DESY)
+Yeraakov, Trebukhovsky, Shishov (ITEP)

131$.
+Lee, Nordberg, Wehmann+ (ROCH, CORN, FNAL)
+Montanet, Nilsson, D'Andlau+ (CERN, CDEF)
+Butler, Fang-Landau, MacNaughton (LRL)
+Bingham, Fretter+ (LRL, UCB, SLAC, TUFTS)

Abramovich, Blumenfeld, Bruyant+ (CERN)
+ClifFt, Gabathuler, Kitching, Rand (DARE)
+Ciapetti, Dore, Gaspero, Guidoniy (ROMA, SYRA)

(CERN)

r(rr 'r)/I (neutraia) I s/(I a+I s)
VALUE CLS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.78 +0.07 DAKIN 72 OSPK 1.4 ~ p ~ nMM

)0.81 90 DEINET 698 OSPK

Error statistical only. Authors obtain good fit also assuming spy as the only neutral
decay.

DOLINSKY
KURDADZE

86
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
PRL 7 178 +Alvarez, Rosenfeld, Stevenson
PRL 7 421 +Kraemer, Nussbaum, Richardson+
PRL 7 327 +l.ynch

(NOVO)
(NOVO}

(COLU, RUTG)
(CERN, CDEF, EPOL)

(LRL)
(LRL)
(JHU)
(LRL)

r(rr7) l"total
VAL UE (units 10 DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I a/I

I (s re+re )/I (re+re )
VAL UE 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 x p

Superseded by DZHELYADIN 818 result above.

r{~+~-~e)/run„

I 7/I 1s

VAL UE

0.8942+0.0062
DOCUMENT ID TECN COMMENT

DOLlNSKY 89 ND e+e ~ e+e e

8.3+2.1 ALDE 94 GAM2 38tr p ~ wn

7.3+2.9 18 DOLINSKY 89 ND e+ e ~ t)y
35 +5 19 DOLINSKY 89 ND e+ e ~ t7p

3 0+—1.8
18 ANDREWS 77 CNTR 6.7-10 y Cu

29.0+7.0 19ANDREWS 77 CNTR 6.7-10 pCu

Solution corresponding to constructive ~-p interference. The quark inodel predicts a
relative decay phase of zero.
Solution corresponding to destructive I -p interference.

'(958) IG(JPC) 0+(0 +)

VAL UE (MeV) EVTS

96?.??+0.14 OUR AVERAGE

959 41 630+
50

340
622

2420
143+

12

958 +1
958.2 +0.4
957.8 +0.2
956.3 +1.0

957.46 k 0.33
958.2 +0.5
958 +1
956.1 +1.1
957.4 +1.4
957 +1

1414
400

3415
535

rI'(958) MASS

DOCUMENT ID TECN COMMEN T

BELADIDZE 92C VES

ARMSTRONG 918 OMEG
AUGUSTIN 90 DM2

AUGUSTIN 90 DM2
GIDAL 87 MRK2

74 MMS

73 HBC

73 HBC

71 CNTR
71 CNTR

69 HBC

DUANE

DANBURG

JACOBS
BASILE
BASILE
RITTEN BERG

36 e Be ~ e eleae

300 p p ~ p ps) sr+ ~
J/@ ~ yt)~+~
3/@ ~ petr+~
e+e-

e+e—q~+~-
p ~ nMM

22 K p~ AX0
29K p —+ AX0
16~ p ~ nX0
16~ p ~ nX0
1.7-2.7 K p

Our latest mini-review on this particle can be found in the 1984
edition. See also the mini-review under non-qq candidates. (See
the index for the page number. )



Meson FullListings
'(958)

r/(958) WIDTH

We include direct measurements of the «I'(958) total width and pp partial
width together with the measured branching ratios in the fit for the partial
decay rates.

VALUE (MeV) EVTS DOCUMENT ID TECN CMG COMMENT

0.201+OA}16OUR FIT Error includes scale factor of 1.3.
0.28 +Oe10 1000 BINNIE 79 MMS 0 7r p n MM

Mode

iI'{958) DECAY MODES

Fraction (Util )
Scale factor/

Confidence level

I 1 ~+a-77

r moron
~4 ~d Y

r5
r6

P
I8 ~+~ ~0
I 9 vr p
I 10 ~+~

Tie e
sr+ ~+ ~

I 14 m. + m+ vr n neutralS

I,5 ~+ m+ m.
—vr- ~0

I 16 6'
7i 'Ir e e

r18
I,9
r20 4+0
I 21 3P
I22 P P
C23 P+ P,

I 24 rr+rr p{includingp p}
e e

(43.7 +1.5 )
(3O.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

(27.9 +2.3 )
2.1

0/

0/

0/

0/

x 10

x 10 4

0/

0/

0/

'/o

0/

x 10

x10 4

x 1O-4

x 1O-4

x10 4

x 10
x 10

x 1O-7

S=1.2

CL=90%

CL=90%
CL 900/

C L=90%
C L=90%
C L=90%
C L=95%
CL=90%
CL=90%
CL=9O%

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

C L=90%

X2

X3

X4

X5

X6

r

—49
-63 -35
-27 -25 34
-22 -13 27

-23 -13 36

35 -11 -21
X1 X2 X3

12 10
—3 —83 —7

X4 X5 X6

Mode Rate (MeV) Scale factor

I1
I2
l3
r4
r5
r6

p
X'~'77
Cd

'Y y

3~

0.088 +0.009
0.061 +0.005
0.042 +0.004
0.0061 +0.0008
0.00426+0.00019

(3.1 +0.6 ) x 10 4

1.2

1.2
1.1
1.1

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 39
degrees of freedom.

The following ofI'-diagonal array elements are the correlation coefficients

(bp;be)/(bp; bp&), in percent, from the fit to parameters p;, including the branch-

ing fractions, x; = I tie total The fit constrains the x; whose labels appear in this
array to sum to one.

r/{958) PARTIAL WIDTHS

VAL UE (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
17

TECN COMMENT

e~e
e+ e «I«ro«ro

e+e
e+ e «I'(958)

e+ e
e+e—~~ ~-q

e" e
e+ e «I'(958)

et e — e+e 2q
e+e---

e+ e —q«+7-
e+ e—— e~ e- 2.

92 CBAL

1 BEHREND 91 CELL3.62+ 0 14+0.48

4.6 k. 1.1 k 0.6

4.57 60.25+ 0,44

4.94-k 0.23+ 0.72
3.8 + 0.7 +0.6

90 MD1

90 MRK2

BARU

BUTLER

547 2 ROE
34 A IHA RA

90 ASP
88C TPC

4.8 +0.5 =60,5 136+ 2 WiLLIAMS 88 CBAL
14

~ 0 0 We do not use the following data for averages, fits, limits,

3 GIDAL 87 MRK2

etc. ~ ~ ~

epe —-
e+ e—q7r+7-

e+ e—- e+ e-2q

4.7 +0.6 +0.9 143+
12

4.0:x0.9 4 BARTEL

USing B(77 —+ p(770)p) = (30.1 + 1.4)%.
Using B(«I ~ 7 f) = (2.17 + 0.17)%.
Superseded by BUTLER 90.

4 Systematic error not evaluated.

85E JADE

r/{958) I {t}l{77)/I (total)

This combination of a partial width with the partial width into py and
with the total width is obtained from the integrated cross section into
channel(i) in the pp annihilation.

( ) ('~)/r l'el a/I
TECN COM MEN TVALUE (keV) EVTS DOCUMENT 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+0.04+ 0.13 BEHREND 91 C El L e+e

e+ e- p(77O)Op
e~e ~ e+e pp
e+ e -+ e+e I«p

1.35+0.09+0.21
1.13+0.04 +0.13

AIHARA 87 TPC
ALBRECHT 87B ARG867+

30
1.53+0.09 4 0.21
1,14 +0.08+ 0.11 243k

16.5
1.73 +0.34 +0.35 95
1.49 +0.13+0.027 213
~ ~ ~ We do not use the following data

1.85 +0.314 0.24 43

r(7p) x r(trpsr00)/IhX, i

ALTHOFF 84E TASS e+ e — e+ e' pp
BERGER 84B PLUT e+ e — e l' e p,
JENNI 83 MRK2 e+ e
BARTEL 82B JADE e+ e
for averages, fits, limits, etc. ~ ~ ~

BEHREND 83B CELL e+ e

pq
e e pp

el e- pq

I al a/r
VALUE (keV) DOCUMENT ID TECN COMMEN T

0.11+0.07 OUR FIT Error includes scale factor of 1.1.
0.93+0.06+0.11 5 KARCH 92 CBAL e+ e

' ~
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

0.95 +0.05+0.08 KARCH 90 CBAL e+ e
1.00+0.08+0, 10 ANTREASYAN 87 CBAL e+ e

Using BR(«I ~ 2p)=(38.9 + 0.5)'/o.

Superseded by KARCH 92,

e+e-ewuro

e+ e- «)~07ro
e+ e-

«I ~0~0

r/{958}a PARAMETER

lMATRiX ELEMENTl = {1+ay) + crt

VAL {JE DOCUMENT ID TECN COMMENT

-0.OSSA 0.013 7 ALDE 86 GAIVI2 38 7r p ~ n«I27ro
0 ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o 0

—0.08 +0.03 7 KALBFLEISCH 74 RVUE «I' - «I«r+ «r

May not necessarily be the same for «I' -~ 777r+ «r and «I'

r/(958} BRANCHING RATIOS

I (a+sr rr(neutral decay})/I toter O.T09l 1/I
TECN COMMEN TVALUE EVTS DOCUMENT ID

0.310+0.011 OUR FIT Error includes scale factor of 1.1.
0.314+0.026 281 RITTENBERG 69 HBC 1.7-2.7 K p

66 HBC 224 K p-
/l «r+ 7r neutrals

65B HBC 3K p0.35 +0.06 BADIER

r (e+e neutrale) /I terat (0.709rt+0.291I a+L9re)/r
VALUE EVTS DOCUMEN T ID TECN COMMENT

0.391+0.00$ OUR FIT Error includes scale factor of 1.1.
0.36 +0.06 OUR AVERAGE

0.4 +0.1 39



See key on page 1343 Meson Full Listings
q'(95s)

I (s+s q(charged decay})/I nssf 0.291l g/I r(s+s-}/res„ rate/r

1.7-2.7 K p
224K p —+

n~+ ~—~+~- ~0
3K pBADIER 65B HBC0.07 +0.04

VALUE EVTS DOCUMENT ID TECN COMMENT

0.127+0104 OUR RT Error includes scale factor of 1.1.
0.116+0.013 OUR AVERAGE

0.123+0.014 107
0.10 +0.04 10

VALUE CL% DOCUMENT ID TECN COMMENT

&OAR 90 RITTENBERG 69 HBC 1.7-2.7 K p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.08 95 DANBURG 73 HBC 2.2 K p ~ AX

r(s+s-6}/res„ I a/I

[I (s see(charged decay)) + I (ru(charged decay)p)]/Innef
(0.291f a+0.9I 6}/I

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.0$$+0.005 OUR FIT Error indudes scale factor of 1.2.
0.045+0.029 42 RITTENBERG 69 HBC 1.7-2.7 K p

BASILE 71 CNTR 1.6 rr p ~ nX
RITTENBERG 69 HBC 1.7-2.7 K p

r(p 7)/reeeaf
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.302+0.013 OUR RT Error includes scale factor of 1.1.
0819+0.030 OUR AVERAGE

0.329+0.033 298
0.2 +0.1 20

1.7-2.7 K p
2.24 K p ~

Ax+ 7r

3K p65B HBCBADIER0.34 +0.09

r{pep)/r(sse)

35

I a/(I t+I a)
VAL UE DOCUMENT ID TECN

OA6$+OAl29 OUR FIT Error includes scale factor of 1.1.
0.31 +0.15 DAVIS 68 HBC

COMMENT

5.5 K p

r(see+ e-)/run, f

VALUE

&0.013
CL%

90
DOCUMENT ID TECN COMMENT

RITTENBERG 65 HBC 2.7 K p

I (neutrals)/I tssu (0.7Nra+O. O9I 6+I a)/I
VALUE EVTS DOCUMENT ID TECN COMMENT

0.171+0.009 OUR FIT Error includes scale factor of 1.2.
0.1$7+0.017 OUR AVERAGE

0.185+0.022 535
0.189+0.026 123 r(s+s+s s s )/rnnef ha/r

VAL UE

&0.01
CL%

90
DOCUMENT ID TECN COMMENT

RITTENBERG 69 HBC 1.7-2.7 K p

r(s+s+s-s )/rnnsf
VALUE CL%

&OAll 90

DOCUMENT ID TECN

RITTENBERG 69 HBC

COMMENT

1.7-2.7 K p

I (pap)/I (s+s p(Including pay)) r, /rae
VALUE EVTS

1.0$+OAN OUR AVERAGE

1.15+0.10 473
1.01+0.15 13?
0.94+0.20

DOCUMENT ID TECN COMMENT

DANBURG 73 HBC 22 K p ~ AX
JACOBS 73 HBC 2.9 K p ~ AX
AGUILAR-. .. ?OD HBC 3.%-4.6 K p

r(csee(SP decay))/run„
VALUE EVTS DOCUMENT ID TECN

0.066+0.004 OUR FIT Error includes scale factor of 1.2.
0.11 +0.06 4 BENSINGER 70 DBC

COMMENT

2.2 7+d

0819I a/I

VALUE CL S DOCUMENT ID TECH COMMENT

&OAS 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 ~ AX

r(s+ a+s-s- neutrals) /rnnef
VALUE CL S DOCUMENT ID TECN COMMENT

&OAll 95 DANBURG 73 HBC 22 K p ~ AX0
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.01 90 RITTENBERG 69 HBC 1.7-2.7 K p

I (ee+e-)/Ius I

VALUE

&0.011

r(se pa)/r
VAL UE

&0.04

CL eA

90

CLS

90

DOCUMENT ID TECN COMMENT

RITTENBERG 65 HBC 2.7 K p

DOCUMEN T ID TECN COMMENT

RITTENBERG 65 HBC 2 7 K p

r(pap)/r(s+ s e(neutral decay)) I a/0. 7NI g
TECN COMMENT

36 x Be ~ e e'qBe
2.2 K p 6 AX0
29K p~ AXQ

BELADIDZE 92C VES
DANBURG 73 HBC

JACOBS 73 HBC

VALUE EVTS DOCUMENT ID

0.97+Oe07 OUR FIT Error includes scale factor of 1.1.
1.01+OAS OUR AVERAGE

1.07+0.17
0.92 +0.14 473
1.11+0.18 192

VALUE

&0.006
CL%

90

r(s+s- a+ e-)/run„
DOCUMENT ID TECN COMMENT

RITTENBERG 65 HBC 2.7 K p

I (p7}/I (ses |I(neutraldecay})
VAL UE EVTS DOCUMENT ID TECH

0.144+0.010 OUR FIT Error includes scale factor of 1.6.
0.1$$+0.05$ 16 APEI 72 OSPK

ra/0. 7NI a
COMMENT

387r p ~ nXQ

r(s )/run, f

VALUE

&0.01

r(F7)/r(s+s rl)-CL%

90
DOCUMEN T ID TECN COMMENT

LONDON 66 HBC Com pilation

COMMENT

847r p

VALUE EVTS OOCUMEN T ID TECN

0.069+0.00$ OUR FIT Error includes scale factor of 1.1,
0.06$+0.013 68 ZANFINO 77 ASPK

I ga/I r(~+ p ~)/r(~7)
VALUE(units 10 33

4.9+1.2

r(p+I 9)/run I

VALUE(units 10 S)

EVTS

33

CL%

90

rr/ra
DOCUMENT IO TECN COMMENT

VIKTOROV 80 CNTR 25,33 7r p 6 2Isy

I aa/r
DOCUMENT ID TECN COMMENT

DZHELYADIN 81 CNTR 30 r p ~ yIln

I (pap)/ [I (s+s- 9) + r (s s 9) + r(s 7)]
VALUE DOCUMENT ID TECN

OA47+0.02$ OUR FIT Error includes scale factor of 1.1.
0.25 +0.14 DAUBER 64 HBC

I a/(I g+I a+I 6)
COMMENT

1.95 K p

I (p+p s )/rtetsf
VALUE(units 10 S}

&6.0
CL%

90

DOCUMENT ID TECN COMMENT

DZHELYADIN 81 CNTR 307r p ~ 7I n

r(~~)/r~f
VAL UE EVTS OOCUMEN T ID TECN

0.0212+0.0013 OUR FIT Error includes scale factor of 1.2.
0.0196+0.0015 OUR AVERAGE

0.0200+ 0.001S 8 STANTON 80 SPEC

COMMENT

I a/I

8.45 7r P ~
n~+ 7r

—
2p

p~ nMM

167r p ~ nXQ

3.65 rr p ~ nXQ

etc. ~ ~ ~

15-40 7r p ~ n2p

r(e+ e-)/r~,
VALUE (units 10 )

&2.1
CL%

90
DOCUMENT ID TECN COMMENT

VOROBYEV SS ND e+ e ~ 7r+7r

raa/I

0.025 +0.00? DUANE 74 MMS
0.0171+0.0033 68 DALPIAZ 72 CNTR

0.020 + 31 HARVEY ?1 OSPK

~ ~ ~ We do not use the following data for averages, fits, limits,

0.018 +0.002 6000 9 APEL 79 NICE

Includes APEL 79 result.
9 Data is included in STANTON 80 evaluation.

r(s e)/r(Aped)
VALUE(units 10 4)

74+12 OUR RT
74+12 OUR AVERAGE

?4+15
75+ 18

r(~&)/r(HH9)

DOCUMENT ID

ALDE
BINON

TECN COMMENT

Ia/Ia

8?B GAM2 387r p ~ n&y
84 GAM2 3~0 7r p ~ n6p

I a/ra
COMMENT

0.0 pp
387r p ~ n2y

I6/Ca
VALUE

0.145+0.014 OUR FIT
0.147+0.016

DOCUMENT ID

ALDE

TECN COMMENT

87B GAM2 387r p ~ n4y

VALUE DOCUMENT ID TECN

0.102+0.007 OUR FIT Error includes scale factor of 1.6.
0.105+0.010 OUR AVERAGE Error includes scale factor of 1.9.
0.091+0.009 AMSLER 93 CBAR
0.11240.002+0.006 ALDE 87B GAM2

I {~7)/I (s s q)



Meson Ful I Listings
'(958), fo(980)

r(87}/r(~P ~P 9}
VALUE(units 10 4)

&4.6
CL%

90

DOCUMENT ID

ALDE

r21/rs
TECN COMMEN T

878 GAM2 38 x p ~ n3p

f,(980)
was 5{9?5)

iG{gPC) I)+{8+ +)

r(P~T}/r(PP9}
VALUE(units 10 4)

(37

r(P~p}/r(P~P9}
VALUE(units 10 4}

CL%

90

CL%

90

DOCUMENT ID

ALDE

DOCUMENT ID

ALDE

TECN COMMEN T

878 GAM2 38 ~ p ~ n4p

rip/r3
TECN COMMEN T

878 GAM2 38 x p ~ n4~

For early work using Breit-Wigner or scattering length parametriza-
tion in fits to the K K mass spectrum, see reference section and our
1972 edition,

See also the mini-review under f0(1300) and the non-qq candidates.
(See the index for the page number. )

fp(980) MASS

r(aP}/r(PP&)
VALUE (units 10 }
&2$

CL%

90

DOCUMENT ID

ALDE

TECN COMMEN T

878 GAM2 38 m p ~ n8p

st/(9S8) C-NONCONSERVINta DECAY PARAMETER

See the note on q decay parameters in the Stable Particle Full Listings for
definition of this parameter.

AIHARA 87 TPC 2P —k x+ n.

GRIGORIAN 75 STRC 2.1 x p
KALBFLEISCH 75 HBC 2.18 K p ~

n~+~- ~
RITTENBERG 65 HBC 2.1-2.7 K p1520.07 +0.08

1t'(958) REFERENCES

93 ZPHY C58 175
92C SJNP 55 1535

Translated from YAF
92 ZPHY C54 33
918 ZPHY C52 389
91 ZPHY C49 401
90 PR D42 10
90 ZPHY C48 581
90 PR D42 1368
90 PL 8249 353
90 PR D41 17
88C PR D38 1
88 SJNP 48 273

Translated from YAF
88 PR D38 1365
87 PR D35 2650
878 PL 8199 457
878 ZPHY C36 603
87 PR D36 2633
8? PRL 59 2012
86 PL 8177 115
SSE PL 1608 421
84E PL 1478 487
848 PL 1428 125
84 PL 1408 264
838 PL 1258 518
82C PL 1148 378
83 PR D27 1031
828 Pl 1138 190
81 PL 1058 239
80 PL 92 8 353
80 SJNP 32 520

Translated from YAF
79 PL 838 131
79 PL 838 141
77 PRL 38 930
75 NP 891 232
75 PR Dll 987
74 PRL 32 425
74 PR 010 916
73 PR DS 3744
73 PR D8 18
72 PL 408 680
72 PL 428 377
71 NC 3A 371
71 PRL 27 885
?OD PRL 25 1635
70 PL 338 505
69 UCRL 18863 Thesis
68 PL 278 532
66 PR 143 1034
658 PL 17 337
65 PRL 15 556
64 PRL 13 449
648 Dubna Conf. 1 418

AMSLER
BELADIDZE

KARCH
ARMSTRONG
BEHREND
AUGUSTIN
BARU
BUTLER
KARCH
ROE
AIHARA
VOROBYEV

WILLIAMS
AIHARA
ALBRECHT
ALDE
ANTREASYAN
GIDAL
ALOE
BARTEL
ALTHOFF
BERGER
BINON
BEHREND

Also
JENNI
BARTEL
DZHELYADIN
STANTON
VIKTOROV

APEL
BINNIE
ZANFINO
GRIGORIAN
KALBFLEISCH
DUANE
KALBFLEISCH
OANBURG
JACOBS
APEL
OALPIAZ
BASILE
HARVEY
AGUILAR-. ..
BENSINGER
RITTENBERG
DAVIS
LONDON
BADIER
RITTEN BERG
DAUBER

Also

+Armstrong, Augustin+ (Crystal Barrel Collab. )
+Bttyukov, Bonsov (VES Collab. )

55 2748.
+Antreasyan, Bartels+ {Crystal Ball Collab. )
+Barnes+ (ATHU, BARI, BIRM, CERN, CDEF)
+Criegee, Field, Franke+ (CELLO Collab. }
+Cosme+ (DM2 Collab. )
+Blinov, Blinov+ (MD-1 Collab. )
+Boyer+ (Mark II Collab. )
+Antreasyan, Bartels+ (Crystal Ball Collab. )
+Bartha, Burke, Garbincius+ (ASP Collab. }
+Alston-Garnjost+ (TPC-2p Collab. )
+Golubev, Dolinsky, Druzhinin+ (NOVO)

48 436.
+Antreasyan, Bartels, Besset+ (Ctystal Ball Collab. )
+Alston-Garnjost+ {TPC-2p Collab. ) JP
+Andam, Bindery (ARGUS Collab, )
+Binon, Bricman+ (LANL, BELG, SERP, LAPP)
+Bartels, Besset+ (Crystal Ball Collab. )
+Boyer, Butler, Cords, Abrams+ (LBL, SLAC, HARV)
+Binon, Bricman+ (SERP, BELG, LANL, LAPP)
+Seeker, 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, Blocker+ (SLAC, LBL)
+Cords+ (JADE Collab. )
+Golovkin, Konstantinov, Kubarovski+ (SERP)
+Edwards, Legacey+ (OSU, CARL, MCGI. TNTO)
+Golovkin, Dzhelyadin, Zaitsev, Mukhin+ (SERP)

32 1005.
kugenstein, Bertolucci(KARLK, KARLE, PISA, SERP, WIEN)
+Carr, Debenham, Jones, Karami, Keyne+ (LOIC)
+Brockman+ (CARL, MCGI, OHIO, TNTO)
+Ladage, Mellema, Rudnick+ {UCLA)
+Strand, Chapman {BNL, MICH)
f-Binnie, Camilleri, Carry {LOIC, SHMP)

{BNL)
+Kalbfieisch, Borenstein, Chapman+ (BNL. MICH) JP
+Chang, Gauthier+ (BRAN, UMD, SYRA, TUFTS) JP
+Auslander, Muller, Bertoiucci+ (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, Thompson, Walker {WISC)

(LRL) I

+Ammar, Mott, Dagan, Detzick+ (NWES, ANL)
+Rau, Goldberg, Lichtman+ (BNL, SYRA) IJP
+Demoulin, Barloutaud+ (EPOL, SACL, AMST)
+Kalbfleisch {LRL, BNL)
+Slater, Smith, Stork, Ticho (UCLA) JP

Dauber, Slater, Smith, Stork, Ticho (UCLA)

OTHER RELATED PAPERS

BENAYOUN
KAMAL
BICKERSTAFF
KIENZLE
TRILLING
GOLDBERG
GOLDBERG
KALBFLEISCH
KALBFLEISCH

93 ZPHY 58 31
92 PL 8284 421
82 ZPHY C16 171
65 PL 19 438
65 PL 19 427
64 PRL 12 546
648 PRL 13 249
64 PRL 12 527
648 PRL 13 349

+Feindt, Girone+
+Xu
+McKellar
+Magiich, Levrat, Lefebvres+
+Brown, Goidhaber, Kadyk, Scanio
+Gundzik, Lichtman, Connolly, Hayt+
+Gundzik, Leitner, Connolly, Hart+
+Alvarez, Barbaro-Gaitieri+
+Dahl, Rittenberg

(CDEF, CERN, BARI}
(ALBE)
(MELB)
(CERN}

(LRL)
(SYRA, BNL)
(SYRA, BNL)

(LRL) JP
(LRL) JP

DECAY ASYMMETRY PARAMETER FOR @+x
VALUE EVTS DOCUMEN T ID TECN COMMEN T
-0.01 +0.04 OUR AVERAGE
—0.019+0.056
—0.06960.078 295

0.00 +0.10 103

V4LUE {MeV) DOCUMENT ID

980 +10 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e i

988:E10 MORGAN 93 RVUE n a(K K) —~ m x(K K),
2/g —+ ti5 xx(K K),
Os ~(«)

978 - MORGAN 93 RVUE n x(K K) -+ fr~(KK),

o, - ~(«)' ZOU 93 RVUE
ZOU 93 RVUE
AG Ul LAR-. .. 91 EHS

4 ARMSTRONG 91 OMEG

BREAKSTONE90 SFM
AUGUSTIN 89 DM2

3 ABACHI 868 HRS

989
797-914

400p p
300 pp ~ pp~x, ppKK
pp -a ppn'

3/Q -~ ami vr"

e+ e- — ~+~-X

971.1 + 4.0
979 + 4

956 + 12
959.4+ 6.5
978 + 9

985.0+ 90
—39.0

985
974 + 4

975
986 + 10

969 4 5

828 MPSETK IN

5 TORNQVIST
4 GIDAL
5 ACHASOV

AG VILA R-. ..
4 LEEPER

23 + p -~ n2KS

82 RVUE

81 MRK2
80 RVUE

78 HBC

77 ASPK

J/y - ~+@ X

0.7 p p — KS KS
2—2.4 7f' p -~ 7t'

KIK n

p -~ nMM
17 7r p —+ 'tr tr n

17 7c p -~ Tr 7r n

7''~ p --a tr px~ x

987 2 7 4 BINNIE 73 CNTR
1012 + 6 6 GRAYER 73 ASPK
1007 %. 20 6 HYAMS 73 ASPK
997 2 6 6 PROTOPOP. .. 73 HBC

On sheet II in a 2 pole solution.
On sheet III in a 2 pole solution.

3 From invariant mass fit.
From coupled channel analysis.
Coupled channel analysis with finite width corrections.
Included in AGUILAR-BENITEZ 78 fit.

fp(988) WIDTH

Width determination very model dependent. Peak width is about 50 MeV, but decay
width can be much larger.

VAL UE (MeV) DOCUMEN T ID TECN COMMEN T

40 to NO OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

48 9 12 MORGAN 93 RVUE x + (K K) —a fr n (K K),
J/T/'7 ~ 4)In X(KK),
0 - Tr(ex)

56 X 12 93 RVUE Trm(KK) ~ mn (KK),
2/y Pn Tr(K K),
Os — vr(~n)

8 MORGAN

400

46-50 7 ZOU 93 RVUE
370-438 8 Zou 93 RVUE
37.4 + 10.6 9 AGUILAR-. .. 91 EHS 400p p
72 + 8 10 ARMSTRONG 91 OMEG 300 pp ~ ppx&, ppKK

110 + 30 BREAKSTONE 90 SFM p p p p~+ ~
29 + 13 ABACHI 868 HRS e+ e — ~ ~ m X

120 +281 +20 ETKIN 828 MPS 23 ~ p - n2K0+
11 TORNQVIST 82 RVUE

28 + 10 0 GIDAL t81MRK2 J/v' -- n ' ~ X
70 to 300 ACHASOV 80 RVUE

100 + 80 3 AGUILAR-. .. 78 HBC 0.7 p p KS Ks
30 + 8 LEEPER 77 ASPK 2 2 4 rr p —' rr+ rr n, I

K+K n
48 + 14 10 BINNIE 73 CNTR 7r p ~ n MM

32 + 10 14 GRAYER 73 ASPK 17 w p ~ a I m= n

30 + 10 "HYAMS 73 ASPK 17 m. p -+ Tr" ~ n

54 + 16 14 PROTOPOP. .. 73 HBC 7 x+ p -- ~+ pn ~ Tr

On sheet II in a 2 pole solution.
On sheet III in a 2 pole solution.

9 From invariant mass fit.
0From coupled channel analysis.

11Total 8reit-Wiirner width in coupled channel analysis, but peak width in nn SO MeV.
Coupled channel analysis with finite width corrections.

13Frorn coupled channel fit to the HYAMS 73 and PROTOPOPESCU 73 data. With a

simultaneous fit to the xx phase-shifts, inelasticity and to the K& KS invariant mass.
14 included in AGUILAR-BENITEZ 78 fit.
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fp(98Q), aII(980)

fo(980) DECAY MODES OTHER RELATED PAPERS

Mode

I 1 x7r
I2 KK

r4 e+e

Fraction (I;/I )

(78.1 +2 4 ) %
(21.9 +2.4 ) %

( 1.19+0.33) x 10
3 x10

CONSTRAINED FIT INFORMATION

Confidence level

90%

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

+Morgan, Pennington (DURH, RAL)
+Albrow, Almehed+ (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 (WISC. BNL)
+Veksler, Vrana+ (JINR)

40 464.

An overall fit to a branching ratio uses 3 measurements and one

constraint to determine 2 parameters. The overall fit has a X
2.0 for 2 degrees of freedom.

a, (98O)
was 6(980}

I G(gPC) t —(p+ +)

The following off-diagonal array elements are the correlation coefficients

(bx;bx&)/(6x; sx ), in percent, from the fit to the branching fractions, x;

i 9 /I total The fit constrains the x, whose labels appear in this array to sum to
one.

x2 —100

X1

fo(980) PARTIAL WIDTHS

VALUE fkeV} EVTS

0.56+0.11 OUR AVERAGE

0.63+0.14
0.42 +0.06+0.18 60 6

DOCUMENT fD TECN COMMENT

15 MORGAN 90 RVUE yy ~ m+ x xOx0
16 OEST 90 JADE e+e ~ e+e

VAL UE (eV}

&SA

CL%

90

DOCUMENT ID TECN COMMENT

VOROBYEV 88 ND e+ e

fo(9N) BRANCHING RATIOS

I (s e}/ [I (s sr} + r(K7r}j I t/(ra+I s)
VALUE

0.7$1+0.024 OUR FIT

0.781+0.&7 OUR AVERAGE

0.67 +0.09 » LOVERRE So HBC

o.s1 +009—0.04
19 CASON 7S STRC

0.78 +0.03 19WETZEL 76 OSPK

Measure xx elasticity assuming two resonances coupled to
only,

TECN COMMENT

4 ir p n2K~

p- "2KS
8.9 ~ p n2K&

the sr+ and KK channels

93 PR D48 1185
93 PR 048 R3948
91 ZPHY C50 405
91 ZPHY C51 351
90 PR D42 1350
90 ZPHY C48 569
90 PR D41 3324
90 ZPHY C48 623
90 ZHPY C47 343
89 NP B320 1
88 SJNP 48 273

Translated from
86B PRL 57 1990
82B PR D25 1786
82 PRL 49 624
81 PL 107B 153
80 SJNP 32 566

Translated from
80 ZPHY C6 187
78 NP B140 73
78 PRL 41 271
77 PR D16 2054
76 NP B115 20&
73 PRL 31 1534
73 Tallahassee
73 NP B64 134
73 PR D7 1279

MORGAN
ZOU
AGUILAR-. ..
ARMSTRONG
BOYER
BREAKSTONE
MARSISKE
MORGAN
OEST
AUGUSTIN
VOROBYEV

ABACHI
ETKIN
TORNQVIST
GIDAL
ACHASOV

LOVERRE
AGUILA R-...
CASON
LEEPER
WETZEL
BINNIE
GRAYER
HYAMS
PROTOPOP. ..

ro(%$) REFERENCES

+Pennington (RAL. DURH)
+Bugg (LOQM)

Aguiiar-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)

(HELS)
+Goldhaber, Guy, Millikan, Abrams+ {SLAC, LBL)
+Devyanin, Shestakov (NOVO)

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, Beusch+ (ETH, CERN, LOIC)
+Carr, Debenham, Duane, Garbutt+ (LOIC, SHMP)
+Hyams, Jones, Blum, Dietl. Koch+ (CERN, MPIM)
+Jones, Weilhammer, Blum, Dietl+ (CERN, MPIM)

Protopopescu, Alston-Garnjost, Galtieri. Flatte+ (LBL)

8
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.29+0.0760.12 17,18 BOYER 90 MRK2 e+ e
e+ e- ~+~—

0.31+0.1460.09 17,18 MARSISKE 90 CBAL e+ e ~ e+ e

From amplitude analysis of BOYER 90 and MARSISKE 90, data corresponds to resonance
parameters m = 989 MeV, l = 61 MeV.

OEST 90 quote systematic errors +0'18. We use +0.18.

From analysis allowing arbitrary background unconstrained by unitarity.

Data included in MORGAN 90 analysis.

I (e+e }

NOTE ON THE ap(980)

The proper qq assignment of the ap(980) scalar meson

remains a problem. The observed mass and width seem to be

inconsistent with those expected for a member of an I = 1 qq

nonet. However, since the mass and width are distorted by the

proximity of the KK threshold, the nature of the ap(980) csn

be better investigated using different experimental observations.

TORNQVIST 82 has shown that it is possible to under-

stand the unusual experimental features of the ap(980) in a
unitarized quark model. As with the fp(980), the ap(980) csn

be interpreted as a normal qq resonance with a large admixture

of KK, ger, and g'x continuum states.

Assuming dominance of the decay rI'(958) —& r)rrrr by a

virtual ap(980)s intermediate state, BRAMON 80 concludes

that the experimental value I'(r/(9 58) -+ rlx7r) 200 keV is

fully consistent with a qq interpretation. The same analysis

also finds additional evidence in favor of this interpretation:

If the ap(980) is a qq state, one expects that the decay

chain ft -+ ap(980)rr -+ r)rrrr will be more important for the

ft(1285) than for the ft(1420); the reverse is true if the ap(980)
is a qqqq state with a strange quark component. In fact,

ft(1285) -+ ap(980)rr —& r)7rrr is observed, while ft(1420) —&

ap(980) rr -+ rI7rx is (practically) absent.

The main argument in favor of the qqqq interpretation of

the ap(980) is its degeneracy in mass with the isoscalar fp(980).
A Crystal Ball measurement of ap(980) ~ p7 suppression

in the reaction pp ~ ap(980) -+ r)rr (ANTREASYAN 86)
has reinforced this four-quark interpretation. ACHASOV 888
points out that none of the calculations performed in the

framework of a qq scheme can predict such a narrow ap(980) ~
pp width as that found by the Crystal Ball. He then argues

that the ap(980) is unusual and shows that a four-quark model

is able to give the correct order of magnitude of suppression of

2p production for both the scalar ap(980) and fp(980) mesons.

Another interesting non-qq interpretation is given by WE-

INSTEIN 83B, 89: The qqqq system is investigated using the

nonrelativistic quark model; assuming a large hyperfine inter-

action, the ap(980) and fp(980) sre both interpreted as KK
bound states, and then the P-wave qq states are all in the
1300-MeV region. With this 9-wave KK mesonium assign-

ment, many of the peculiar properties of the ap(980) snd

fp(980)—masses, widths, branching fractions, and two-photon

widths —make sense.
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ao(980)

If the oe(980) is not the sPp state, then this state should be

observed near 1300 MeV, with partial decay widths close to the

flavor symmetry predictions for an ideal nonet (TORNQVIST
90). The candidate ae(1320) reported by GAMS-4000 has the

right mass, but the signal is weak under the dominant a2(1320),
and its width is much smaller than expected.

See also the "Note on the fo(1300)".

I 2

f3
l4
I 5
f6

Mode

"I~
KK
p7r

w g'(958)
'y y

e+e

so{980) DECAV MODES

Fraction (f I jl )

dominant

seen

seen

ao(900) MASS aa(980) I (l)l (py)/I (total)

VAL UE (MeV3 DOCUMENT ID

ee2A+1A OUR AVERAGE Includes data froin the 2 datablocks that follow this one.

ym FINAL STATE ONLY
VALUE (MeV3 EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is Included in the average printed for a previous datablock.

r(q~) x r(~~)/roa, ~

VALUE (keV) EVTS

0.24+O. OUR AVERAGE

0.28+0.04+0.10 44 k
7

DOCUMENT ID

OEST

TECN COMMENT

90 JADE e+e ~ e+e ~07I

990.0+ 7.0 145 GURTU

977.0+ 7.0 GRASSLER
972 + 10 150 DEFOIX
~ o ~ We do not use the following data for

980 6 11 47 CONFORTO
978,0+ 16.0 50 COR DEN

989.0+ 4.0 70 WELLS
970.0+ 15,0 20 BARNES
980 + 10 CAMPBELL
980.0+10.0 15 MILLER

980.0+10,0 30 AMMAR

From a single Breit-Wigner fit.
2 From f1(1285) decay.

79 HBC

77 HBC
72 HBC

averages, fits,

TB OSPK
78 OMEG
75 HBC

69C HBC
69 DBC
698 HBC

68 HBC

limits,

902.7+ 1A OUR AVERAGE

982 + 2 1 AMSLER 92 CBAR
984 + 4 1040 1 ARMSTRONG 918 OMEG 4
976 + 6 ATKINSON 84E OMEG +
986 + 3 500 EVANGELISTA 81 OMEG +

0.0 pp ~
300 pp ~ pprln+~
25-55 pp ~ g~n
12~ p~

t}a+x n p
42K p~ Aq2n
16 ~+ p ~ prl3m

0.7 pp ~ TR

etc. ~ ~ ~

45m p~ pX
12-15 z p ~ nrI2r
3.1& K p ~ Ag2x
4-5 K p ~ Ag2~
2,7 R+d
4.5 K N -+ t}nA
55 K p ~ At72~

0,19+0.07+—0,07

r(9~) x r(a+a-)/roa„

ANTREASYAN 86 CBAL e+ e ~ e+ e ~0q

I rl a/I
VALUE (eV3

&1$
CL%

90

DOCUMENT ID TECN COMMENT

VOROBYEV 88 ND e+ e

r(if R)/r(q~)

aa(900) BRANCHlNG RATIOS

0.25 k 0.08
0 From the decay of f1(1285).

r(ps)/r(os)
VALUE CLS DOCUMENT ID TECN CHG COMMENT

o ~ o We do not use the following data for averages, fits, limits, etc. ~ e ~

VAL UE DOCUMEN T ID TECN CHG COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.7 +0.3 CORDEN 78 OMEG 12-15 x p -~
A/2%

10 DEFOIX 72 HBC + 0.7 p ~ 7~

KÃ ONLY
VALUE (MeV3 EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block Is included in the average printed for a previous datablock,

&0.25 70 AMMAR 70 HBC + 4155 K p ~
At}2+

as{980)WIDTH

yx FINAL STATE ONLY
Width determination very model dependent. Peak width Is

width can be much larger.
VALUE (MeV3 EVTS DOCUMENT ID

SO to SN OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits,

54 +10 AMSLER 92 CBAR
95 +14 1040 ARMSTRONG 918 OMEG
62 +15 500 6 EVANGELISTA 81 OMEG +

about 60 MeV, but decay

TECH CHG COMMENT

etc. ~ ~ ~

00 pp ~ pe~
300 pp ~ ppg~+~
12~ p~

gn+~ ~—
p

4.2 K p At)2~60.0 +20.0 145 GURTU 79 HBC

60 +-30 47 CONFORTO 78 OSPK

86,0 50 0 50 CORDEN 78 OMEG

44.0+22.0 GRASSLER 77 HBC
80 to 300 7 FLATTE 76 RVUE

'6 0-160 70 WELLS 75 HBC

30 +5 DEFOIX 72 HBC
40 +15 CAMPBELL 69 DBC
60.0+30.0 15 MILLER 698 HBC
80.0+30.0 30 AMMAR 68 HBC

5From a single Breit-Wigner fit.
From f1(1285) decay.
Using a two-channel resonance parametrization of GAY

45m p~ pX

12-15 x p ~ nrI2+

16 ~+ p prI3x
4.2 K p ~ At72a

3.1-6 K p ~ Aq2a

07pp~ 7~
2.7 ~+d
45 K—

N q~A
55K p~ Ag2a

150

768 data.

KR ONLY
VALUE (MeV3 EVTS DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. n ~ ~

~25 100 ASTIER 67 HBC
57.0413.0 143 9 ROSENFELD 65 RVUE

ASTIER 6T includes data of BARLOW 67, CONFORTO 67, ARMENTEROS 65.
Plus systematic errors.

076 4 6 316 DEBILLY 80 HBC 6 1.2-2 p p f1(1285)~
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1016 k 10 100 3 ASTIER 6T HBC k 0.0 p p
1003.3+ 7.0 143 4 ROSENFELD 65 RVUE

3ASTIER 67 includes data of BARLOW 67, CONFORTO 67, ARMENTEROS 65.
4 Plus systematic errors.

AMSLER 92
ARMSTRONG 918
0EST 90
VOROBYEV 88

ANTREASYAN 86
ATKINSON 84E
EVANGELISTA 81
DEBILLY 80
GURTU 79
CONFORTO 78
CORDEN 78
GRASSLER 77
FLATTE T6
GAY 768
WELLS 75
DEFOIX 72
AMMAR 70
BARNES 69C
CAMPBELL 69
MILLER 698

Also 69
AMMAR 68
ASTIER 67

Includes data of
BARLOW 67
CONFORTO 67
ARMENTEROS 65
ROSENFELD 65

TORNQVIST 90
WEINSTEIN 89
ACHASOV 888
WBNSTEIN 838
TORNQVIST 82
8RAMON 80
TURKOT 63

as(900) REFERENCES

PL 8291 347
ZPHY C52 389
ZHPY C4T 343
SJNP 48 273
Translated from YA
PR D33 1847
PL 1388 459
NP 8178 197
NP 8176 1
NP 8151 181
LNC 23 419
NP 8144 253
NP 8121 189
PL 638 224
PL 638 220
NP 8101 333
NP 844 125
PR 02 430
PRL 23 610
PRL 22 1204
PL 298 255
PR 188 2011
PRI. 21 1832
PL 258 294

BARLOW 67, CON
NC 50A 701
NP 83 469
PL 17 344
Oxford Conf. 58

OTHER RELATED PAPERS

NPBPS 21,196
UTPT 89 03
ZPHY C41 309
PR D27 588
PRL 49 624
PL 938 65
Siena Conf. 1 661

+Isgur
+Shestakov
+Isgur

+Masso
+Collins, Fujii, Kemp+

(HELS)
(TNTO)
(NOVO)
(TNTO)
(HELS)
(BARC)

(BNL, PITT)

+Augustln, Baker+ (Crystal Barrel Collab. )
+Barnes+ (ATHU, BARI, BIRM. CERN, CDEF)
+Olsson+ (JADE Collab. )
+Golubev, Dolinsky, Oruzhinin+ (Novo)

F 48 436.
+Aschman, Besset, Bienlein+ (Crystal Ball Collab. )
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+ (BARI, BONN, CFRN, DARE, LIVP+)
+Brland, Duboc, Levy+ (CURIN, LAUS, NEUC, GLAS)
+Gavillet, Blokzijl+ (CERN, ZEEM, NIJM, OXF)
+Conforto, Key+ (RHEL, TNTO, CHIC, FNAL+)
+Corbett, Alexander+ (BIRM, RHEL, TELA, LOWC)
+ (AACH3, BERL, BONN, CERN, CRAC, HEIDH+)

(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)
+Lichtman, LoeNer+ (PURD)
+Kramer, Carmony+ (PURD)

Yen, Ammann, Carmony, Elsner+ (PURO)
+Davis, Ktopac, Derrick, Fields+ (NWES, ANL)
+Montanet, Baubillier, Duboc+ (CDEF. CERN, IRAO)

FORTO 67, and ARMENTEROS 65.
+Lillestol, Montanet+ (CERN, CDEF, IRAD, LIVP)
+Marechal+ (CERN, CDEF, IPNP, LIVP)
+Edwards, Jacobsen+ (CERN, CDEF)

(LRL)
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y(ip2O)

$(1020) I (i )=o(1 )

DOCUMENT IDVALUE (MeV) EVTS

1010.413+0.008 OUR AVERAGE
1019.7 +0.3 2012
1019.41160.008 642k

TECN COMM EN T

400 pA ~ 4KX
100-200 x+, p,

p, K+, on Be
10 e+e

K+K X
11.8 polar.

pp~ KK

DAVENPORT 86 MPSF
i DIJKSTRA 86 SPEC

ALBRECHT 850 ARG

ARENTON 82 AEMS

1019.7 60.1 +0.1 5079

15001019.3 +0.1
2 PELLINEN

BARKOV

82 RVUE

79B EMUL

25080
1100

1019.67 +0.17
1019.54 +0.12 e+e—

K+K
e+e-

hadrons
~ ~

3681 BUK IN 78C OLYA1019.52 +0.13

for averages, fits, limits, etc. ~

ARMSTRONG 86 OMEG

~ ~ ~ We do not use the following data

1019.8 +0.7 85 ~+/pp ~
&+/p4Kp

20-70 p p
e+e—~

7'(4S)
i3 K+p

4IK+ p
185K p~

K K+A
18.5 K p -a

K K+A
190 R Be ~

2' X
1-1.4 e+ e

K+ K-
0.7&.8 pp ~

KP Kp~+~-
S L

ipx p a

Pp
6x+N ~

K+K N
2.18K p~

AKK
2'YP ~

pK+ K
2.8-9.3 7p

p~ Pn
3.9,4.6 K p ~

AK+ K
3.9,4.6 K p -+

K pK+K
10 K+p~

K+ py
29K p~

Z/AKK

ATKINSON 86 OMEG

BEBEK 86 CLEO
1020.1 k 0.11
1019.7 +1.0

1020.9 +0.2

1021.0 60.2

1020.0 +0.5

1019.7 40.3

1019.8 +0.2 +0.5

1019.4 +0.5

1020.0 +1.0

1018,9 +0.6

1019.7 +0.5

1019.4 +0.8

5526

3 FRAME 86 OMEG

3 ARMSTRONG 83e OMEG

3 ARMSTRONG 83B OMEG

3 BARATE

IVANOV

COOPER

83 GOLI

81 0LYA

78e HBC

77 CNTR

766

337

383 3 BALDI

COHEN 77 ASPK

KALBFLEISCH 76 HBC

BESCH 74 CNTR

800

454

984

BALLAM 73 HBC
BINNIE 73B CNTR

4 AGUILAR-. .. 72B HBC

1020.3 60.4
1019.4 +0.7
1019.6 60.5

100

120

4 AGUILAR-. .. 72e HBC1001019.9 60.5

1020.4 +0.5

1019.9 60.3

COLL EY 72 HBC131

410 STOTTLE... 71 HBC

II(1020}MASS

We average mass and width values only when the systematic errors have
been evaluated.

~ ~ ~ We do not use the following data for averages, fits, limits,

4.08+0.14 13714 KURDADZE 84 OLYA

3.6 +0.8 337 5 COOPER 78B HBC

4.5 +0.50
4.5 +0.8

1300 s AK ERLOF 77 SPEC

50P 5,6 AYRES 74 ASPK

3.81+0.37 COSME 74B OSPK

3.8 +0.7 454 BORENSTEIN 72 HBC

Width errors enlarged by us to 4r /~N; see the note with the

6 Systematic errors not evaluated.

etc. ~ ~ ~

e+e ~ hadrons
0.7-0.8 pp ~

Kp Kp~+~-S L
400 pA ~ K+K X
3Wm' p~

K+K n K p~
K+ K A/Zp

e+ e-
L S

2.18 K p ~ KZn

K~(892) mass.

Mode

II(1020}DECAY MODES

Fraction (I l/I )
Scale factor/

Confidence level

C, K+K-
I 2 KL KS
C3 px
C4 x+x-xp
f5 gp

~o&
I 7 e+ e-

ye+ e

I ip n+x

C11

py
C13 x+x P
I 14 fo(980)P
C15

C16 n+w x+~
I 17 ri'(9gg) V

Ci8 ~+~+~ ~ ~0

C19 7r e e
I 2p x gp0

~21 80(9so)7

(49.1 +0.9 )%
(34.3 +0.7 )%
(12.9 +0.7 ) %

( 2.5 +0.9 ) %

( 1.28+0.06) %

( 1.31+0.13) x 10

( 3.09+0.07) x 10 4

( 2.48+0.34) x 10 4

( 1.3 + '8
) x 10 4-0.6

(8 +4 )x10

x 10
x 10
x 10
x10 4

x ip-4
x10 4

x10 4

x 10

x 10

5

( 2

7
2

1

C 8.7
4.1
1.5
1.2
2.5
5

S=1.3
S=1.2

5=1.1
S=1.2

S=1.5

CL=84%
CL=84%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=95%
CL=90%
CL=90%
CL=90%

CONSTRAINED FIT INFORMATION

An overall fit to the total width, a partial width, and 9 branching
ratios uses 38 measurements and one constraint to determine 6
parameters. The overall fit has a X = 27.1 for 33 degrees of
freedom.

The following ofi'-diagonal array elements are the correlation coefficients

(bp, bp&)/(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.

Weighted and scaled average of 12 measurements of DIJKSTRA 86.
PELLINEN 82 review includes AKERLOF 77, DAUM 81, BALDI 77, AYRES 74, DEG-
ROOT 74.
Systematic errors not evaluated.

4 Mass errors enlarged by us to I /~N; see the note with the K*(892) mass.

II(1020}WIDTH

We average mass and width values only when the systematic errors have

been evalutated.

X2

X3

X4

X5

I

—70

0 0
-39 -10 -75
-5 —2 0 0

0 0 -24 18

Xi X2 X3 X4

Mode

X5

Rate (MeV) Scale factor
EVTS

4.3 +0.6
4.58 +0.55
4.36+0.29
4.4 +0.6
4.67+0.72
4.09+0.29

1100
3681
984
681

VAL UE (MeV)

4A3+0.06 OUR FIT
4A3+0.06 OUR AVERAGE

4.45 +0.06 271I&

4.5 +0.7 1500
4.2 +0.6 766

DOCUMENT ID

DIJKSTRA
ARENTON

5 IVANOV

5 CORDIER
5 BARKOV
5 BUKIN
5 BESCH
5 BALAKIN

BIZOT

TECN COMMEN T

86 SPEC
82 AEMS
81 0LYA

80 WIRE
79B EMUL
78C OLYA

74 CNTR
OSPK

70 OSPK

100 x Be
11.8 polar. pp ~ KK
1—1.4 e+e

K+ K
e+ e— 9r+ ~—~0
e+e ~ K+K
e+ e ~ hadrons

2 pp ~ pK+K
e+ e ~ hadrons
e+ e ~ hadrons

I2
l3
l4
r,

K+K
KL KS
ply
~+~-~0

I (pn)
VAL UE (Mev)

0470+0.030 OUR FIT
0.67 +0.0$

2.17 +0.05
1.52 +0.04

0.570 +0.030
0.11 40.04
0.0569+0.0029

DOCUMENT ID

JULLIAN

TECN COMMENT

76 OSPK e+ e

fir(1020) PARTIAL WIDTHS

1.2

1.2

r(0+0-)
VAL UE (kev)

1.$7+OAS OUR EVALUATION

DOCUMENT ID
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4(1020)

I (K+K )/rtota~

/{1020) BRANCHING RATIOS

COMMENTVALUE EVTS DOCUMENT ID TECN

0.491+0.009 OUR FIT Error includes scale factor of 1.3.
0.496+0.019 OUR AVERAGE

0.44 +0.05 321
0,49 +0.06 270
0.540 +0.034 565
0.486 +0.044
0.48 +0.04 252

KAI BFLEISCH 76 HBC 2.18 K p A K+ K I
DEGROOT 74 HBC 4.2 K p ~ Ag

BALAKIN 7& OSPK e+ e — K+ K

CHATELUS 71 OSPK e+ e

iLINDSEY 66 HBC 2.1-2.7 K p ~
AK+ K

r(Ke1 Kes)/rto„( r2/r
VAL UE

0.343+0.007
0.333+0.009
0.326 +0.035

0.310+0.024

0.338+0.010
~ ~ o Wedo

0.27 +0.03

0.257 +0.030

0.40 +0.04

EVTS DOCUMENT ID TECN COMMENT

OUR FIT Error includes scale factor of 1.2.
OUR AVERAGE

DOLINSKY 91 ND

DRUZHININ 84 ND

KURDADZE 84 OLYA

not use the following data for averages, fits, limits,

133 KALBFLEISCH 76 HBC

95 BALAKIN 71 OSPK

167 LINDSEY 66 H BC

e+e K K

e+e K~K~
e+ e Ktt K~s I
etC. ~ 0 0

218 K p AKot KoS I
e+e K K

L S
I2.1-2.7 K p --+

A K0L K05

[r(p~) + r(~+ ~-~e)]/r„„, {r,+ro)/r

r(Ke, Ko,)/r(KÃ)
VAL UE EVTS DOCUMENT ID TECN

0.411+0.008 OUR FIT Error includes scale factor of 1.2.
OAS +0.04 OUR AVERAGE

0.44 60.07
0,48 +0.07 52

0.40 +0.10 34

66 HBC

65B HBC

63 HBC

[r(pm)+ I (x+x x )]/r(KÃ)
VALUE DOCUMENT ID TECN

0.1&+0.009 OUR FIT Error includes scale factor of 1.3.
0.24 +0.04 OUR AVERAGE

0.237+0.039
0.30 +0.15

[I (ptt) + I (e'+tt tt )]/I (Kl KS)

COMMENT

I 2/(rt+I 2)

2.24 K p A K K

3K p
195K p AKK I

(re+ra)/(rl+r2)
COMMENT

42K p~ A3+
224K p~

A~+ ~- ~0

(re+ra)/I2
VALUE EVTS DOCUMENT ID TECN

DA47+0.021 OUR FIT Error includes scale factor of 1.3.
0.51 +0.05 OUR AVERAGE

0.56 +0,07 3681 BUK IN

COMMENT

78c OLYA e+e K&KS,
~+~- ~0

74 OSPK e+e ~ e+e0.47 +0,06

r(p+p )/r~i
516 COSME

re/r
VALUE (units 10 ) DOCUMENT ID

2A8+0.34 OUR AVERAGE

2.69+0.46 8 HAYES 71 CNTR

2.17+0.60 EARLES 70 CNTR

2.34+ 1.01 MOY 69 CNTR

Neglecting interference between resonance and continuum.

TECN COMMENT

8.3,9.8 P C ~ P,+ ILt X

60 PC ~ P+I2, X

50 PC ~ P+Itt X

I (tl 7)/rtota,

VALUE DOCUMENT ID TECN COMMENT

0.153+0.006 OUR FIT Error includes scale factor of 1.3.
0.14S+0.006 OUR AVERAGE Error includes scale factor of 1.1.
0.143+0.007 DOLINSKY 91 ND e+ e —1 ~+ x 7r

0.155+0.008 KURDADZE 84 OLYA e+ e ~ 7r+z
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.139+0.007 PARROUR 76B OSPK e+ e

Using total width 4.1 MeV. The pTr to 3~ mode is more than 80%. at the 90% confidence
level.

r(~+~-~)/r~,
VAL UE CL%o DOCUMENT ID TECN COMMENT

(0.007 90 COSME 74 OSPK e+ e — 2r+ ~
0 0 0 We do not use the following data for averages, fits, limits, etc. 0 0 te

& 0.06

r (tow)/rtotai

KALBFLEISCH 75 HBC

L INDS EY 65 HBC

2.18K p - ~

A2r' z
2.1—2.7 K p--

A tr ', neutrals

VAL UE

(0.05

r (p7) /rtotai
VAL UE

(0.02

r(a+o )/rtotai

CL%

84

CL io

DOCUMENT ID

LINDSEY

DOCUMENT ID

LINDS EY

TECN COM MEN T

66 HBC 2.1-2.7 K p
Ax i z neutrals

TECN COMMEN T

66 HBC 2.1-2.7 K p —.
A 2r+ 2r neutrals

DOCUMENT ID

r(ae7)/r~(
VALUE (units 10 ) EVTS

1.31+0.13 OUR AVERAGE

1.30 2 0.13
1.4 -j- 0.5 32

I (e'+77 )/I toto~

DOCUMENT ID TECN COMMEN T

DRUZHININ 84 ND e ~ e -- 3~

COSME 76 OSPK e" e

I 6/I

VALUE (units 10 4) CL% DOCUMENT ID TECN

0.8 0'4 OUR AVERAGE Error includes scale factor of 1.5.

{)63I037 12 GOLUBEV 86 ND-0.28

94-$ 1.03
—0.81

12 VASSER MAN 81 OLYA

&6.6 95 BUKIN 78B OLYA

~ 0 ~ We do not use the following data for averages, fits, limits,

&4.0 95 JULLIAN ?6 OSPK

&2.? 95 ALVENSLEBEN72 CNTR

Using I (e+ e )/l total — 3

COMMENT

ei e-

el e—--
etc. ~ 0 ~

e+e—
67 qC -- Cx'~

I (Ket Ks) /I (K+ K ) I 2/I 1
COMMENTVALUE EVTS DOCUMEN T ID TECN

0.699+0.024 OUR FIT Error includes scale factor of 1.2.
0.740+0.031 OUR AVERAGE

0.?0 -L 0.06 2732

0.82 .l-0.08
0.71 +0.05
0.71 60,08
0.89 +0.10 144

78C OLYA e+ e -- K0 K0
L 5

78 HBC 4.2 K p -- Phyperon

77 HBC 10 K p -- K+K A

77 HBC 3 4K p—
72B HBC 3.9,4.6 K p

[r(p~) + r(~+~-~e)]/r(K+ K-)
VALUE EVTS DOCUMENT ID TECN

0.313+0.016 OUR FIT Error includes scale factor of 1.3.
0.28 +0.09 34 AGUILAR-. .. 72B HBC

COMMEhl T

(re+ra)/rt

3.9,4.6 K p

I (tie+ o )/rtotaJ
VALUE (units 10

, 3+0.8-0.6

EVTS DOCUMEhl T ID TECN COMMENT

GOLUBEV 85 ND e" e — -,, T e i e

VALUE (units 10 ) EVTS TECN COM MEN T

3.09+0.07 OUR AVERAGE

3.05 +0.12 13714 KURDADZE 84 OLYA e+ e -. hadrons

3.00 -L 0.21 3681 BUKIN 78C OLYA e" e —4 hadrons

3,10+0.14 11 PARROUR 76 OSPK

3,3 -& 0.3 COSME 74 OSPK e ~ e ~ hadrons

2.81 -6 0.25 681 BALAKIN 71 OSPK e~ e — hadrons

3.50 2 0.27 CHATELUS 71 OSPK e I e

Using total width 4.2 MeV. They detect 3n mode and observe significant interference
with u/ tail. This is accounted for in the result quoted above.

VALUE EVTS

0.0128+0.6995 OUR FIT Error

O.0128+0.0007 OUR AVERAGE

0.0130+0.0006
0.014 +0.002
0.0088+0.0020 290
0.0135+0.0029
0.015 +0.004 54

From 2y decay mode of tI.
From 3+0 decay mode of 2).

COMMENT

1.2.
e+e
e+ e ~ 6p
e+e—
6.7—10 pCu
e+ e

DOCUMENT ID TECN

includes scale factor of 1.2.
Error includes scale factor of

DRUZHININ 84 ND

DRUZHININ 84 ND

KURDADZE 83c OLYA

ANDREWS 77 CNTR
9 COSME 76 OSPK

r(9'(958) 7)/rtota~
VALUE (units 10 )

(4.1

I (tto tee p) /I totg
VALUE (units 10 )

CL%

90

CL%

I (a'+tt+77 tt 77 )/I toto)

DOCUMENT ID TECN COMMENT

DRUZHININ 87 ND e+ e ~ ~rI~+ ~

DOC UMEN T ID TEChl COMMENT

DRUZHININ 87 ND e+ e -~ 5-/

I xs/I

VALUE (units 10 ) CL% DOCUMENT ID

BARKOV

TECN

88 CMD +
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$(1020), h, (1170)

r{e+e-e+e-)/r
VALUE {units 10 )

&8.7
CL%

90

DOCUMENT ID TECN COMMENT

CORDIER 79 WIRE e+ e ~ 47r

h, (1170) I'(~") = o-(1+-)

I (fp(980)7)/I ~i
VAL UE (units 10 )

(2

I (m e+e )/I~i
VAL UE

g1.2 g 10

I (s |rp)/I ~tpI
VALUE(units 10 3)

&2.5

CL eA

90

CL%

90

CL 4A

90

DOCUMENT ID TECN COMMENT

DRUZHININ 87 ND e+ e

DOCUMENT ID TECN COMMENT

DOLINSKY 91 ND e+ e

r2p/r

DOCUMEN T ID TECN COMMENT

DOLINSKY 88 ND e+e ~ 7r e+e

g(1170) MASS

TECN CHG COMMEN TDOCUMENT IDVALUE {MeV)

1170+20 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1168+ 4

1166+ 5+3

92 SPEC 87r p ~
++r- ~0n

1 ANDO 92 SPEC 8 7r
—

p
~++- &0n

1190+60 DANKOWY. ~. 81 SPEC 0 8 7rp ~ 37m

1Average and spread of values using 2 variants of the model of BOWLER 75.
Uses the model of BOWLER 75.

I {ep(980)7) /rtppe
VALUE {units 10 3)

&5

CL%

90

91
88

DOLINSKY
BARKOV

DOLINSKY 88

DRUZHININ
ARMSTRONG
ATKINSON
BEBEK
DAVENPORT
DI JKSTRA
FRAME
GOLUBEV

87
86
86
86
86
86
86
86

85D
85

ALBRECHT
GOLUBEV

DRUZHININ 84
KURDADZE 84
ARMSTRONG 838
BARATE 83
KURDADZE 83C

ARENTON
PELLINEN
DAUM
IVANOV

Also
VASSERMAN
COR DIER
BARKOV
CORDIE R
8UK IN

82
82
81
81
82
81
80
798
79
788

BUK IN 78C

COOPER
LOSTY
AKERLOF
ANDREWS
BAI Dl
CERRADA
COHEN
LAVEN
LYONS
COSME
JULLIAN
KALBFLEISC
PAR ROUR
PARROUR
KALBFLEISC
AYRES
BESCH
COSME
COSME
DEGROOT
BALLAM
BINNIE
AGUILAR-. ..
ALVENSLEBE
BORENSTEIN
COL LEY
BALAKIN
CHATELUS

Also
HAYES
STOTTLE...
BIZOT

Also
EARLES
MOY
LINDSEY
LONDON
BADIER
LINDSEY

LINDSEY
SCHLE IN

788
78
77
'77

77
778
77
77
77
76
76

H 76
76
768

H 75
74
74
74
748
74
73
738
728

N 72
72
72
71
71
70
71
71
70
69
70
69
66
66
658
65

65 da
63

DOCUMEN T ID TECN COMMENT

DOLINSKY 91 ND e+e ~ 7r rip

Ii(1020) REFERENCES

+Druzhinin, Dubrovin+ (NOVO)
+Vasserman, Vorobyev, Ivanov+ (NOVO)

47 393.
+Druzhinin, Dubrovin, Golubev+ (NOVO)

48 442.
+Dubrovin, Eidelman, Golubev+ (NOVO)
+Bloodworth, Carney+ (ATHU. BARI, BIRM, CERN)
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)
+Berkelman, Blucher, Cassel+ (CLEO 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)
+Bardsley+ (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+ (LALO)
+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+ (0RSAY)

(0RSAY)
+Strand, Chapman (BNL, MICH)
+Grelaud, Cosme, Courau, Dudelzak+ (0RSAY)
+Grelaud, Cosme, Courau, Dudelzak+ (0RSAY)
+Strand, Chapman (BNL, MICH)
+Diebold, Greene, Kramer, Levine+ (ANL)
+Hartmann, Kose, Krautschneider, Paul+ (BONN)
+Jean-Marie, Jullian, Laplanche+ (0RSAY)
+Jean-Marie, Jullian, Laplanche+ (0RSAY)
+Hoogland, Jongejans, Metzger+ (AMST, NIJM)
+Chadwick, Eisenberg, Binghami (SLAC, LBL)
+Carr, Debenham, Duane+ (LOIC, SHMP)

Aguilar-Benitez, Chung, Eisner, Samios (BNL)
+Becker, Biggs, Binkley+ (MIT. DESY)
+Danburg, Kalbfleisch+ (BNL, MICH)
+Jobes, Riddiford, Griffiths+ (BIRM, GLAS)
+Budker, Pakhtusova, Sidorov, Skrinsky+ (NOVO)

(STRB)
(0RSAY)
(CORN)

s (UMD)
(0RSAY)

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
PR 33 2519
ZPHY C31 375
NP 8276 667
SJNP 44 409
Translated from YAF
PL 1538 343
SJNP 41 756
Translated from YAF
PL 1448 136
IYF 84-7 Preprint
NP 8224 193
PL 1218 449
JETPL 38 366
Translated from ZET
PR D25 2241
PS 25 599
PL 1008 439
PL 1078 297
Private Comm.
PL 998 62
NP 8172 13
IYF 79-93 Preprint
PL 818 389
SJNP 27 521
Translated from YAF
SJNP 27 516
Translated from YAF
NP 8146 1
NP 8133 38
PRL 39 861
PRL 38 198
PL 688 381
NP 8126 241
PRL 38 269
NP 8127 43
NP 8125 207
PL 638 352
Tbilisi 2 819
PR D13 22
PL 638 357
PL 638 362
PR D11 987
PRL 32 1463
NP 870 257
PL 488 155
PL 488 159
NP 874 77
PR D7 3150
PR D8 2789
PR D6 29
PRL 28 66
PR D5 1559
NP 850 1

PL 348 328
LAL 1247 Thesis
PL 32 416
PR D4 899
ORO 2504 170 Thesi
PL 32 416
Liverpool Sym. 69
PRL 25 1312
Thesis
PR 147 913
PR 143 1034
PL 17 337
PRL 15 221

Bizot, Buon, Chatelus, Jeanjean+
+Imlay, 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

Y 66.
iSIater, Smith, Stork, Ticho

ta included in LINDSE
PRL 10 368 (UCLA) IGJP

hg(1170) WIDTH

TECN CHG COM MEN TVALUE {MeV)

360+F0 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

345+ 6 ANDO 92 SPEC 8 7r p ~
~+&- ~0n

3 ANDO 87r p~
~+ &- 7r0n

320 +50 DANKOWY. .. 81 SPEC 0 8 7r p ~ 37m

Average and spread of values using 2 variants of the model of BOWLER 75.
4 Uses the model of BOWLER 75.

DOCUMENT ID

92 SPEC375+ 6+34

Ih (1170) DECAY MODES

Mode Fraction (f liI )

seen

r(ee)/I pe /

Q(1170) BRANCHING RATIOS

ANDO 92 PL 8291 496
ATKINSON 84 NP 8231 15
DANKOWY. .. 81 PRL 46 580
BOWLER 75 NP 897 227

h1(1170) REFERENCES

+Imai+ (KEK, KYOT, NIRS, SAGA, INUS, AKIT)
(BONN, CERN, GLAS, LANC, MCHS, CURIN+)

Dankowych+ (TNTO, BNL, CARL, MCGI, OHIO)
+Game, Aitchison, Dainton (OXFTP, DARE)

VALUE DOCUMENT ID TECN COMMENT

SCAPI ATKINSON 84 OIVIEG 20-70 pp -+
~+~- ~0p

seen DANKOWY. ~ . 81 SPEC 8 7r p ~ 37m
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ANDO 92 SPEC 87r p ~ 7r+7r 7r n

OTHER RELATED PAPERS

KAMA L 92
6EORGIO. .. 85
ARMENTEROS 638
GELFAND 638
BERTA N ZA 62

PL 8284 421
PL 1528 428
Siena Conf. 2 70
PRL 11 438
PRL 9 180

+Xu (ALBE)
Georgiopoulos+ (TUFTS, ARIZ, FNAL, FSU, NDAM+)

+Edwards, Astier+ (CERN, CDEF)
+Miller, Nussbaum, Kirsch+ (COLU, RUTG)
+Brisson, Connolly, Hart+ (BNL, SYRA)
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b (1235)

b, (1235) IG(gPC) t+(t+ —
)

Q(I 235) DECAY MODES

Q(1235) MASS

ALDE

FUKUI

EVANGELISTA 81
GESSAROLI 77

1245.0+ 11.0 FLATTE

1From At of the mass spectrum.
2 Breit —Wigner fitting of PWA of rI~~ system.

VALUE (MeY) EVTS DOCUMENT ID TECN CHG COMMEN T

12$1 +10 OUR ESTIMATE This is only an educated guess; the error given is larger
than the error on the average of the published values.1'+ 3.1 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.

1225 + 5 WEIDENAUER 93 ASTE pp ~
2~+2~- ~0

1235 + 15 92C GAM2 38,100 x p ~
~~0n

1236 + 16 91 SPEC 8.95 x p ~
~~0n

1222 + 6 ATKINSON 84E OMEG + 25-55 pp ~
uIXX

1237 + 7 ATKINSON 84E OMEG 0 25-55 pp ~
1239 + 5 OMEG — 12 R p ~ ~xp
1251.0+ 8.0 450 HBC — 11 m p ~

4l p
890 76C HBC — 4.2 K p —+

~Z+
1222 + 4 1400 CHALOUPKA 74 H BC — 3.9 n p
1220 + 7 600 KARSHON 748 HBC + 4.9 n+ p
1243 + 6 1163 OTT 728 HBC + 7.1 ~+ p
o ~ ~ We do not use the following data for averages, Ats, limits, etc. ~ o ~

1311 + 10 TAKAMATSU 90 SPEC 0 8 ~ p ~ rI pn
1190 + 10 AUGUSTIN 89 DM2 + e+ e 5n

1213 + 5 ATKINSON 84C OMEG 0 20-70 7 p
1271 + 11 COLLICK 84 SPEC + 200 n+ Z ~

Z 7l'(d

Mode

~7r
[D/S amPlitude ratio = 0 26 + 0 il4)

l, ~+~
nc
7r+ 7r+ 7r

(KK)+ a.o

Ko K07r

l-7 Ko Ko 7r$

Fraction (I;jI )

dominant

( 1.6+0.4) x 10

seen
0'

eo

oc'0

2

1,5 '/o

Confidence level

900/0

900/0

90'/0

at(1235) PARTIAL WIDTHS

VALUE (keY)

230.0+&0.0
DOCUMEN T ID TECN CHG COMMEN T

COLLICK 84 SPEC + 200 m+ Z ~
Z~~

ATKINSON 84C OMEG

GESSAROLI 77 HBC 11+ p
up

7.1 n'+ p
3.9-7.5 ~ p
4.9 x+ p

0.21 60.08
0.3 k 0.1
0.35 +0.25

CHUNG 758 HBC

CHALOUPKA 74 HBC

KARSHON 748 HBC +600

Q(1235) BRANCHING RATIOS

at(1235) D.wave/5 wave AMPLITUDE RATIO IN DECAY OF at(1235) ~ rum

VALUE EVTS DOCUMENT ID TECN CHG COMMENT

0.2&0+0.035 OUR AVERAGE

0.235+0.047 20-70 y p

0.4 +0'-0.1

WEIGHTED AVERAGE
1230.9~3.1 (Error scaled by 1.6)

I (ri p) /I (ur «)
VAL UE

~ ~ ~ We do not use the following

seen

&0.10

r(a+a+a eo)/r(urn)

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ a

TAKAMATSU 90 SPEC
ATKINSON 84D OMEG 20-70 7 p

I a/I t

a kJ' a

1200 1220 1240 1260

2

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

FLATTE 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)

I

1280 1300

VALUE

(0.5

r((icgv+6)/r(~~)
VAL UE

&0.08

r(ic; e~+)/r(~w)
VALUE

&0.0&

r(ico ico +)/r( )
VALUE

&0.02

CLS

90

CL oA

90

CL 4A

90

DOCUMENT ID TECN CHG COMMENT

ABOLINS 63 HBC i- 3.5 n+ p

DOCUMENT ID TECN CHG COMMENT

BALTAY 67 HBC + 0 0 pp

DOCUMENT ID TECN CHG COMMENT

BALTAY 67 HBC + 0.0 p p

DOCUMEN T ID TECN CHG COMMEN T

BALTAY 67 HBC + 0.0 p p

ra/rx

bl(1235) mass (MeV)

at(1235) WIDTH

I
2~+ 2~- ~0

38,100 x p ~
~~0n

895m p~
~~0n

12~ p~ ~up
15 R+P ~ P4~
ll x p —+

up
42K p~

Id E'+
3.9 m p
4.9 x+ p

7.1 ~+ p

ALDE160 +30

151 +31

92C GAM2

91 SPECFUKUI

EVANGELISTA 81 OMEG-
BALTAY 788 HBC
GESSAROLI 77 H BC

170 +15
170.0+50.0
155.0+32.0

225
450

76C HBCFLATTE890182.0+45.0

1400 CHALOUPKA 74 HBC
600 KARSHON 748 HBC +

1163 3 OTT 728 HBC +
do not use the following data for averages, fits, limits, etc.

TAKAMATSU 90 SPEC 0
AUGUSTIN 89 DM2
ATKINSON 84C OMEG 0
COLLICK 84 SPEC +

135 +20
156 +22
134 —26
~ o o We 0 ~ 0

Bm p~ rIpn
e+e ~ 57r

20—70 pp
200 x+Z ~

Z1f td

126 6 10
210 6 19
231 4 14
232 +29

From fit of the mass spectrum.
Breit —Wlgner fitting of PWA of q~~ system.

VALUE (MeY) EVTS DOCUMEN T ID TECN CHG COMMEN T

142 + 8 OUR AVERAGE Error includes scale factor of 1.1.
113 +12 WEIDENAUER 93 ASTE

r(e y)/I (tux) ra/rt

at(1235) REFERENCES

WEIDENAUER 93
ALDE 92C
FUKUI 91
TAKAMATSU 90
AUGUSTIN 89
ATKINSON 84C
ATKINSON 84D
ATKINSON 84E
COLL ICK 84
EYANGELISTA 81
BALTAY 788
GFSSAROLI 77
FLATTE 76C
C HUNG 758
CHALOUPKA 74
KARSHON 748
OTT 728
BIZZARRI 69
BALTAY 67
DAHL 67
ABOLINS 63

ZPHV C59 387
ZPHY C54 553
PL 8257 241
Hadron 89 Conf
NP 8320 1
NP 8243 1
NP 8242 269
PL 1388 459
PRL 53 2374
NP 8178 197
PR D17 62
NP 8126 382
PL 648 225
PR D11 2426
PL 518 407
PR D10 3608
LBL-1547 Thesis
NP 814 169
PRL 18 93
PR 163 1377
PRL 11 381

+Duch+ (ASTERIX Coliab. )
+Bellazzini+ (SERP, BELG, LANL, LAPP, PISA, KEK)
+Horikawa+ (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, LIYP+)
+Cautis, Cohen, Csorna+ (CQLU, BING)
+ (BGNA, FIRZ, GENO. MILA, OXF, PAYI) JP
+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
+Foster, Gavillet, Montanet+ (CERN, CQEF)
+Franzini, Severiens, Yeh, Zanello (COL U)
+Hardy, Mess, Kirz, Miller (LRL)
+lander, Mehlhop, Nguyen, Yager (UCSD)

OTHER RELATED PAPERS

BRAU 88 PR D37 2379
ATKINSON 84C NP 8243 1
GOLDHABER 65 PRL 15 118
CARMONY 64 PRL 12 254
BONDAR 638 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)

VAL UE CL Yy DOCUMEN T ID TECN CHG COMMEN T

&0.016 DAHL 67 HBC 1.6-4.2 vr p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.04 95 BIZZARRI 69 HBC + 0.0 p p
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a, (i260)

al(1260)
NOTE ON THE ai(1260)

I G(gPC) 1
—(1++)

For some time, even the existence of this broad bump as

a genuine resonance in the 3' mass spectrum was questioned.

Today the ai(1260) situation is still not satisfactorily under-

stood, and its resonance parameters are not well determined.

For an attempt to fit the leptonic data with two resonances, see

IIZUKA 89.
The main experimental data on the ai (1260) can be grouped

into two classes:

(1) Hadronic production —There are two high-statistics ex-

periments: DifFractive production with incident x (DAUM

80, 81B) and charge-exchange production with low-energy x
(DANKOWYCH 81), both on hydrogen. The extraction of
the ai(1260) parameters from these experiments is troubled

by the presence of coherent background, attributed to the

Deck effect. Both experiments perform a partial-wave anal-

ysis. The phenomenological amplitude used to explain the
I+SO+ data consists of a rescattered Deck amplitude (calcu-

lated from one-pion exchange and not allowed to vary), plus a
direct resonance-production term. Both experiments agree on

a mass of about 1270 MeV, but DAUM 81B finds a somewhat

smaller width than does DANKOWYCH 81 ( 300 MeV versus

380 MeV). Rather lower values for the ai(1260) mass and

width (1121+8 MeV and 239+11 MeV) have been obtained

from a partial-wave analysis based on the isobar model of the
7r+m n'0 system in a high-statistics vr p charge-exchange reac-

tion (ANDO 92). However, in this analysis, only Breit-Wigner

terms were considered.

(2) r decay Four exper—iments have reported good data on

r ~ ai(1260)v, ~ ps vr (RUCKSTUHL 86, SCHMIDKE 86,
ALBRECHT 86B, and BAND 87). Here the ai(1260) from r
decay is expected to be (almost) free from background. The

four sets of data show some inconsistencies in the values quoted

for the mass. However, according to BOWLER 86, this can

be attributed to the different assumptions and approximations

made in fitting the data. Furthermore, all these 7. decays seem

to indicate a consistent ai(1260) width greater than 400 MeV,

considerably larger than that found by DAUM 81B. A recent

analysis by ALBRECHT 93C on new ARGUS v decay data
confirms that the model-dependent systematic uncertainties of
the parameters are much larger than the now small statistical
errors.

The discrepancies between the hadronic and the r de-

cay results have stimulated several reanalyses. BOWLER 86,
TORNQVIST 87, ISGUR 89, and IVANOV 91 have studied

the process r -+ 3xvr (BOWLER 86 has fit the data of

ALBRECHT 86B and SCHMIDKE 86, while TORNQVIST 87,
ISGUR 89, and IVANOV 91 have also used RUCKSTUHL 86).

BOWLER 86 assumes that the 3x state is wholly ai(1260),
with no background, coherent or incoherent. His fits to the

data always use the same theoretical form with a "normal"

Breit-Wigner shape and various behaviors of the ai(1260) axial

coupling as a function of the 3x mass.

TORNQVIST 87 fits a modified Breit-Wigner form to the

data that includes, besides px and K'(892)lt'+ K (892)K
threshold effects, an energy-dependent real part of the ai(1260)
mass parameter ("running mass shift function").

ISGUR 89 deduces a full mass-dependent covariant ampli-

tude for 7 ~ 3xv~ from theory; all the ambiguities due to the

non-pointlike nature of the hadrons (such as unknown oiF-shell

behaviors of propagators and vertices) are associated with a
parameterized nonresonant background amplitude. Since this

background is small anyway, the ai(1260) parameters do not

depend critically on its form.

Despite these quite different approaches, all three analyses

find a good overall description of all the r decay data with

an ai(1260) mass near 1230 MeV, consistent with the hadronic

data; however, their widths (400 MeV for BOWLER 86, 420

MeV for ISGUR 89, and 600 MeV for TORNQVIST 87)
remain significantly higher than that extracted from diffractive-

hadronic data.
IVANOV 91, using a phenomenological meson Lagrangian

based on a four-quark interaction, obtains ai(1260) parameters

consistent with those mentioned above.

BOWLER 88 returned to the diffractive data and investi-

gated their consistency with an ai (1260) width greater than 400

MeV, as required by the v-decay data. He verified that a width

of about 300 MeV is a direct consequence of the particular

fixed shape DAUM 81B used for the Deck amplitude. Freeing

this shape, good fits are obtained with a width of about 400
MeV. He then finds no contradiction between the hadronic and

r decay data, an-d the ai(1260) parameters are well constrained.

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.

No evidence for charge-exchange photoproduction of the
ai(1260) is observed by CONDO 93. This lack of evidence

(together with a clear signal of a2(1320) photoproduction) is

shown to be consistent with either an extremely large ai(1260)
hadronic width or with a small radiative width I" [ai(1260) ~
x7], which this could be accommodated if the ai mass is

somewhat below 1260 MeV.
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aI (1260), f2(1270)

at(1260) MASS at(1260) DECAY MODES

VALUE (Me Y) DOCUMENT iD

1230 +40 OUR ESTIMATE
0 ~ 0 We do not use the following data for averages, fits, limits,

TECN CHG COMMEN T

etC. 0 ~ 0

T+
~+~+ ~—

v
Syr p~

~+ ~—~0n
~+~+~—

v

x+~+~—
v

T ~ x 7r 7r v

300.0pp ~
pp1f+ x

T+
~+~+~- v

Al BRECHT 93C ARG1211 + 7

1121 + 8 1ANDO 92 SPEC

IVANOV 91 RVUE
3 IVANOV 91 RVUE
4 IVANOV 91 RVUE

ARMSTRONG 90 OMEG 0

1242 +37
1260 + 14
1250 + 9
1208 + 15

5iSGUR 89 RVUE

88 RVUE

87 MAC

87 MAC

1220 + 15

1260 +25
1166 +18 + 11

1164 + 41 +23

6 BOWLER
BAND T+

7r+ yr+ n
T+ ~

~+ ~0~0 v
BAND

5 TORNQVIST
ALBRECHT

1250 +40
1046 + 11

87 RVUE

86B ARG T+
~+~+~- v

86 DLCO T+
2r+ n'+ n' v

T+
n+~+~ —

v
81 SPEC 0 8.45 n p ~

n 3 fr

81EI CNTR 63,94 x p ~
p 37K

77 HBC + 4.2 K p ~
Z3~

the model of BOWLER 75.

RUCKSTUHL

SCHMIDKE

7 DANKOWY. ..

7 DAUM

8 GAVILLET

1056 +20 k 15

1194 + 14 k 10

1240.0+80,0

1280.0+ 30.0

1041.0 2 13,0

86 MRK2

Average and spread of values using 2 variants of
Reanalysis of RUCKSTUHL 86.

3 Reanalysis of SCHMIDKE 86.
Reanalysis of ALBRECHT 86B.
From a combined reanalysis of ALBRECHT 86B,
From a combined reanalysis of ALBRECHT 868
Uses the model of BOWLER 75.
Produced in K backward scattering.

SCHMIDKE 86, and RUCKSTUHL 86.
and DAUM 81e.

at(1260) WIDTH

TECN CHG COMMEN T

etc. ~ ~ ~

T+
g 1f 1l V

8~ p~
r+x- +Dn

8~ p~
~+~- ~On

T ~ 'fr 7r 7!' V

ALBRECHT 93C ARG

ANDO 92 SPEC

446 + 21

239 + 11

266 k 13 6 4 9 ANDO 92 SPEC

465 +228
—143

298 + 40
34

488 + 32
430 4 50

10 IVANOV 91 RVUE

IVANOV 91 RVUE

12 IVANOV 91 RVUE
ARMSTRONG 90 OMEG

T -~ 7l' 7C 7C V

v' -+ n'+ vr+ m' v

0 300.0pp ~
p p2r+ 7r

T+
m+x+~ v

89 RVUEISGUR420 + 4D

396 + 43
405 6 75 +25

419 + 108 +57

521 + 27

476 k 54—120

462 + 56 +30

380.0 + 100.0

300.0+ 50.0

230.04 50.0

14 BOWLER
BAND

88 RVUE

87 MAC t+
n'+ e+ x v

87 MAC T+ ~
~+ ~0~0 v

T+
~+++ w

—
v

86 DLCO T+ ~
x+7r+x v

T+
++@+A v

81 SPEC 0 8.45 x p ~
n 37K

81B CNTR 63,94 w p ~
p 3'

77 HBC + 4.2 K p ~
E3m

the model of BOWLER 75.

BAND

ALBRECHT 868 ARG

RUCKSTUHL

SCHMIDKE

15 DANKOWY. ..
15 DAUM

16 GAVILLET

86 MRK2

Average and spread of values using 2 variants of
10Reanalysis of RUCKSTUHL 86.
11Reanalysis of SCHMIDKE 86.

Reanalysis of ALBRECHT 86s.
From a combined reanalysis of ALBRECHT 86B,
From a combined reanalysis of ALBRECHT 868

15Uses the model of BOWLER 75.
Produced in K backward scattering.

SCHMIDKE 86, and RUCKSTUHL S6.
and DAUM 818.

VALUE (Mev)
~ 400 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits,

Mode

I 1 P7r

f2
& (&~)S-wave

Fraction (I;/t)
dominant

seen

Ial (0

Confidence level

[a] This is only an educated guess; the error given is larger than the error on

the average of the published values.

at(1260) PARTIAL WIDTHS

VAL UE (keV)

640.0+214.0
DOCLIMEN T ID TECN COMMENT

ZIELINSKI 84C SPEC 200 z+ Z —+ Z37r

at(1260) BRANCHING RATIOS

r(~(~)s-wave)lr(a~) ra/rt

ALBRECHT 93C
ANDO 92
IYANOV 91
ARMSTRONG 90
ISGUR 89
BOWLER 88
BAND 87
TORNQYIST 87
ALBRECHT 868
RUCKSTUHL 86
SCHMIDKE 86
Z IELINSKI 84C
LONGACRE 82
DANKOWY. .. 81
DAUM 81B
DAUM 80
GAYILLET 77
SOWLER 75

ZPHY C58 61
PL 8291 496
ZPHY C49 563
ZPHY C48 213
PR D39 1357
PL 8209 99
PL 8198 297
ZPHY C36 695
ZPHY C33 7
PRL 56 2132
PRL 57 527
PRL 52 1195
PR D26 83
PRL 46 580
NP 8182 269
PL 89B 281
PL 698 119
NP 897 227

at{1260}REFERENCES

+Ehrlichmann, Hamacher~ (ARGUS Collab, )
+lmai+ (KEK, KYOT, NIRS, SAGA, lNUS, AKIT)
+Osipov, Volkov (JINR)
+Benayoun, Beusch (WA76 Collab. )
+Morningstar, Reader (TNTO)

(OXF)
+Camporesi, Chadwick, Delfino+ (MAC Collab. )

(HELS)
+Donker, Gabriel, Edwards+ (ARGUS Cogab. )
+Stroynowski, Atwood, Barish+ (DELCO Collab )
+Abrams, Matteuzzi, Amidei+ (Mark II Collab. )
+8erg, Chandlee, Cihangir+ (ROCH, MINN, FNAL)

(BNL)
Dankowych+ (TNTO, BNL, CARL, MCGI, OHIO)

+Hertzberger+ (AMST, CERN, CRAC, MPlM, OXF+)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+) JP
+Blockzijl, Engelen+ (AMST, CERN, NlJM, OXF) JP
+Game, Aitchison, Dainton (OXFTP, DARE)

OTHER RELATED PAPERS

llZUKA
TORNQYIST
ADERHOLZ
GOLDHABER
LANDER
BELLINI

89
87
64
64
64
63

PR D39 3357
ZPHY C36 695
PL 10 226
PRL 12 336
PRL 13 346A
NC 29 896

+Koibuchi, Masuda (NAGO, (BAR, TSUK)
(HELS)

(AACH3, BERL, BIRM, BONN, DFSY, HAMB+)
+Brown, Kadyk, Shen+ (LRL, UCB)
+Aboiins, Carmony, Hendricks, Xuong+ (UCSD) JP
+Fiorini, Herz, Negri, Ratti (MILA)

f,(1270) lG( JPC) 0 i-(2 + +)

See also minireview under non-qq candidates.

VAL UE {MeV) EVTS

12l5 k 5 OUR ESTIMATE
1274.0+ 1.2 OUR AVERAGE

1269.7+ 5.2 5730
1283 + 8 400+

50
1274 + 5
1283 + 6

1276 + 7

1273.3+ 2.3
1280 + 4
1281 + 7 11600+

1000

fa{12?0}MASS

DOCUMENT lD TECN COM MEN T

AUGUSTIN 89 DM2 e+ e 5n.
1 ALDE 87 GAM4 100 n p -~ 4~On

1 AUGUSTIN 87 DM2
2 LONGACRE 86 MPS

COURAU 84 DLCO

3 CHABAUD 83 ASPK
4 CASON 82 STRC

GIDAL 81 MRK2

2/q — pe+ ~
2KS

e+ e——.
e+e—~+~—

17 x p polarized

8 a+ p —+ pa+2m
Jj@decay

1282 + 5
1269 + 4

1272 + 4
1277 + 4
1273 + 8
1265 + 8

10k
4600
5300

5 CORDEN 79
APEL 75
ENGLER 74
FLATTE 71

1 STUNTEBECK 70
BOESEBECK 68

OMEG
NICE

DBC
HBC
HBC
HBC

12-15 yr p --+ n2Ã

40~ p~ n2x
6 a+n —a x+ir p
7.0 ~+p
8 ~ p, 5.4 n-+el(

8 ~+p

VAL UE DOCUMENT ID TECN

LON +0.003 17 LONGACRE 82 RVUE

Uses multichannel Aitchison-Bowler model (BOWLER 75). Uses data from GAVIL-
LET 77, DAUM 80, and DANKOWYCH 81.



See key on page 1343 Meson Full Listings

f,(1270)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1281 + 6 ADAMO 91 OBLX n p ~ ~+ 7r+ 7r

1262 + 11 AGUILAR-. .. 91 EHS 400p p
1275 + 10 AKER 91 CHAR 0 0 pp 3770

1220 + 10 BREAKSTONE90 SFM p p ~ p p7r+ 7r

1288 + 12 ABACHI 86B HRS e+e ~ 7r+7r X

1284 +30 3k BINON 83 GAM2 38 7r p ~ n2g
1280 + 20 3k APEL 82 CNTR 25 7r p ~ n27r

1284 6 10 16000 DEUTSCH. .~ 76 HBC 16 7r+ p
1258 6 10 600 TAKAHASHI 72 HBC 8 x p ~ n27r

1275 +13 ARMENISE 70 HBC 9 x+ n ~ pe+ n

1261 + 5 1960 1 ARMENISE 68 DBC 5.1 x+ n ~ pe+ MM

1270 +10 360 ARMENISE 68 DBC 5.1 x+ n + p7r MM

1268 4 6 JOHNSON 68 HBC 37&2 7r p
1276 + 11 RABIN 67 HBC 8.5 ~+ p

Mass errors enlarged by us to f /~N; see the note with the K'(892) mass.

From a partial-wave analysis of data using a K-matrix formalism with 5 poles.
3 From an energy-independent partial-wave analysis.

From an amplitude analysis of 7r+Tr ~ x n scattering data.
5 From an amplitude analysis of 2r+7r ~ x+2r scattering data.
6 JOHNSON 68 includes BONDAR 63, LEE 64, DERADO 65, EISNER 67.

f2(1270) WIDTH

WEIGHTED AVERAGE
183.9+5.4-3.0 (Error scaled by 1.8)

v'
v'
v'
V'

,v'
~'

~+I ~

,

'

l ~ .

+/

. .AGUILAR-. .. 91
~ ~ AUG USTIN 89

~ ALOE 87
LONGAC RE 86.CHABAUD 83. .DENNEY 83
APEL 82

~ ~ CASON 82
GIDAL 81

~ ~ COR DEN 79. .APEL 75
~ - ENGLER 74. .FLATTE 71.STUNTEBECK 70

ARMENISE 68
BOESEBECK 68
JOHNSON 68

x'
EHS 00
DM2 2.8
GAM4 1.3
MPS 1.1
ASPK 0.5
LASS
CNTR 1.5
STRC 12.6
MRK2 0.0
OMEG 6.1
NICE 0.4
DBC 0.3
HBC 0.0
HBC 0.2
DBC 2.6
HBC 4.3
HBC 01

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.

VALUE f MeV)

185 +20
184.6+ 2.$

1839+' —3.0
180 +24
169 6 9
150 +30

DOCUMENT IDEVTS

OUR ESTIMATE
OUR FIT Error includes scale factor of 1.6.

TECN COMMENT

5730
400 +

50

AGUILAR-. .. 91 EHS 400p p
7 AUGUSTIN 89 DM2 e+ e ~ 57r
7 ALDE 87 GAM4 100 7r p ~ 47r n

OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

50 100 150 200 250 300

f2(1270) width (Mev)

$(1270) DECAY MODES

38.3
(Confidence Level 0.001)

I

350

186

179.2+ 69
6.6

160 k 11
196 6 10
152 k 9
186 +27

LONGACRE 86 MPS 22 x p ~ n2K S

CHABAUD 83 ASPK 17 7r p polarized

DENNEY 83 LASS 10 x+ N

3k APEL 82 CNTR 25 ~ p ~ n27r

CASON 82 STRC 8 2r+ p ~ p2r+ 2'
11600+ GIDAL 81 MRK2 J/@ decay
1000

216 +13 11 CORDEN 79 OMEG 12-15 n p ~ n27r

190 + 10 10k APEL 75 NICE 40 7r p ~ n2n

192 4 16 4600 ENGLER 74 DBC 6 a+n ~ 7r+7r p
183 6 15 5300 FLATTE 71 HBC 7 7r+ p ~ 6++ f
196 +30 STUNTEBECK70 HBC 8 x p 5.4 7r+d
216 +20 1960 7 ARMENISE 68 DBC 5.1 x+ n ~ pm+ MM

128 +27 7 BOESEBECK 68 HBC 8 x+ p
176 +21 JOHNSON 68 H BC 3.7-4.2 2r p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

206 + 19 ADAMO 91 OBLX np ~ +++++
200 + 10 AKER 91 CBAR 0 0 pp ~ 37r

240 +40 3k BINON 83 GAM2 38 n p ~ n2g
187 +30 650 7 ANTIPOV 77 CIBS 25 7r p ~ p37r

225 +38 16000 DEUTSCH. .. 76 HBC 16 7r+ p
166 +28 600 7 TAKAHASHI 72 HBC 8 n p ~ n2n.

173 +53 7 ARMENISE 70 HBC 9 x+ n ~ p7r+7r
155 + 17 RABIN 67 HBC 8.5 7r+ p

7Width errors enlarged by us to 4I /~N; see the note with the K~(892) mass.
From a partial-wave analysis of data using a K-matrix formalism with 5 poles.

9From an energy-independent partial-wave analysis.

From an amplitude analysis of 7r+7r — 7r 7r scattering data.
From an amplitude analysis of 7r+ 7r — 7r+ 7r scattering data.
JOHNSON 68 includes BONDAR 63, LEE 64, DERADO 65, EISNER 67.

f2

I3
l4

I6

r8
l9
I 10

Mode

x+ x-2m 0

KK
2m+ 2+-
fl rl

4~0

'ger 7r

Ko K ~++ c.c.
e+e

Fraction (I I/I )
Scale factor/

Confidence level

5=1.3

S=1.4

S=2.8
S=1.2
S=2.4

S=1.1

CL=95%
CL=95%
CL=9O%

(84.9 +13 )%

( 6.9 +'
) 0/

( 4.6 +0.5 ) %

( 2.8 +0.4 ) %

( 4.5 +1.O ) x 1O-3

( 3.O +1.0 ) x 1O-3

( 1 32+0.18) x 10—0.16
8 x10
3.4 x 10
9 x 10
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Meson FullListings
f (1270)

X2

X3

X4

X5

X6

X7

l

12 —38

11 -36 1

2 -9 0 0

0 —6 0 0 0

8 -3 —15 1 0
-82 76 -12 -9 -3

Xl X2 X3 X4 X5

0 -10
X6 X7

Mode

I 2 ~+ 7r 27ro

I 3 KK
f 4 2m+2m

f 5 T/r)

r6 4+0

~7

Rate (MeV)

1568 +—1.3

12.7 +'9-5.1
8.6 +0.8
5.2 +0.7
0.83 +0.19
0.55 +0.18

0.00244+ 0.00032—0.00029

Scale factor

1.4

2.9
1.2
2.4

r(e sr)

Itt(1270) PARTIAL WIDTHS

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 37 measurements and one constraint to de-

termine 8 parameters. The overall fit has a X = 67.9 for 30
degrees of freedom.

The following olF-diagonal array elements are the correlation coefficients

(bp, bp&)/(bp, "bp&), in percent, from the fit to parameters p, , including the branch-

ing fractions, x, =—I;/f t~t~l, The fit constrains the x; whose labels appear in this
array to sum to one.

2.70 +0.05+0.20

2.52+ 0,13+0.38

2.3 ~ 0.2 +0.5

2.7 4 0,2 4 0.6

29 + ' +06—0.4
3.2 + 0,2 +0.6

3.6 +0.3 +0,5

2.3 +0.8

r(e+ e-)

COURAU

» SMITH

FRAZER

EDWARDS

20 EDWARDS

84 DLCO

84C MRK2

83 JADE

82F CBAL

82F CHAL

BRANDELIK 81B TASS

ROUSSARIE 81 MRK2

21 BERGER 80e PLUT

e e
e+ e

e+e
e+e

e+ e—--
e+ e

e+e

e+e
e+e

e+e
e+ e-

e+e

r(K+K x r(~&)/r~,

f2(1270) I {I)I(7q)/I {total)

TECN COMMENTVAL UE (keV) DOCUMENT ID

0.111+p'pe OUR FIT Error includes scale factor of 1.1.

0.091+0.007+0.027 22 ALBRECHT 90G ARG e+ e
e+e K+ K

etc. ~ ~ ~~ ~ 0 We do not use the following data for averages, fits, limits,

0.10460.007+ 0.072 23 ALBRECHT 90G ARG e+e
e+e—K+K—

VALUE (eV) CL% DOCUMENT ID TECN COMMENT

&1.7 90 VOROBYEV 88 ND e+ e

13From 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 I YTH 85.

16Error includes spread of different solutions. Data of MARK2 and CRYSTAL BALL used
in the analysis. Authors report strong correlations with 77 width of f0(1300): I (f2) +
1/4 I (f ) = 3.6 6 0,3 KeV.
Radiative corrections modify the partial widths; for instance the COURAU 84 value
becomes 2.66 6 0.21 in the calculation of LANDRO 86.
Using the MENNESSIER 83 model.
Superseded by BOYER 90.
If helicity = 2 assumption is not made.
Using mass, width and B(f2(1270) —+ 27r) from PDG 78.

VALUE (MeV)

156.$+31+~ OUR FIT

157.O+6'0-1.0

DOCUMENT ID TECN COMMEN T

LONGACRE 86 MPS 22 7r p ~ n2K S

Using an incoherent background.
Using a coherent background,

f2(1270) BRANcHING RATIOS

I (KR)
VALUE (MeV)

Se6 +0. OUR RT

9.O +Oar-0.3

DOCUMENT ID

Error includes scale factor of 2.9,
13 LONGACRE 86 MPS 22 7r p ~ n2KQS

VAL UE (MeV)

0.$3+Oe19 OUR FIT
1.0 +0.1

DOCUMENT ID

Error includes scale factor of 2.4,
LONGACRE 86 MPS 22 7r p ~ n2K S

TECN COMM EN T

f'5

3.19+0.16+—0.28
2.35+0.65

3.19+0.09+—0.38
3.2 +0.1 +0.4

OEST
17 AIHARA 86B TPC e+ e

e+ e 77+ 7r

848 CELL e+ e
e+ e—X+7—

84 PLUT e+ e ~ e+ e 277

BEHREND2.5 +0.1 +0.5

2.85+0.25 +0.5 18 BERGER

The value of this width depends on the theoretical model used. Unitarised models with

scalars give values clustering around 2.6; without an 5-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.

VALVE (keV) EVTS DOCUMEN T ID TECN COM MEN T

2.$ +OA OUR ESTIMATE

2A4+ ' OUR FIT

2.$$+0.13+4~-047 14 BEHREND 92 CELL e+ e
e+ e—7r+ ~—

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

3.10+0.35+0.35 15 BLINOV 92 MD1 e+ e
e+ e—~+~—

2.27+ 0.47 k 0.11 ADACHI 90D TOPZ e+ e
e+ e 77+ 7r

3.15+0.04 +0.39 BOYER 90 MRK2 e+ e
e+ e 77+x

MARSISKE 90 CBAL e+ e ~ e+ e
16 MORGAN 90 RVUE 77 ~ 7r+ 7r

—
7rQ 7r0

2177 90 JADE e+ e ~ e+ e 7r07rQ

r(~~)/rtm„
VALUE EVTS DOCUMENT ID TECN COMMENT

0.849+0' 13 OUR FIT Error includes scale factor of 1.3.

0.$37+0.020 OUR AVERAGE

0.849+0.025
0.85 +0.05 250
0,8 +0.04 600

CHABAUD 83 ASPK 17 7r p polarized

BEAUPRE 71 HBC 8 7r+ p -+ 8++ f2
OH 70 HBC 1 26 7r p ~ 7f+7f n

I (n'+ sr 2sr')/r(n sr)
Should be twice I (277+ 27r ) /l (7r 7r) if decay is p p. (See ASCOLI 680.)

VALUE EVTS DOCUMENT ID TECN COMMENT

0.081+'~ OUR FIT Error includes scale factor of 1.4.

0.15 +0.06 600 EISENBERG 74 HBC 4 9 x+ p ~ Q++ f2
~ ~ 0 We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.07 EMMS 750 DBC 4 7r+ n pf2

K
MARTIN 79 RVU E
POLYCHRO. .. 79 STRC 7 7r p ~ n2K~~

EMMS 750 DBC 4 7r+ n pf2
ADERHOLZ 69 HBC 8 7r+ p ~

K+K-~+ p

0.0304 0.005
0.027 +0.009
0.025+ 0.015
0.031+0.012 20

4 Re-evaluated by CHABAUD 83.
5 Includes PAWLICKI 77 data.

Takes into account the f2(1270)-f2(1525) interference.

r(KR)/r(«) rs/rt
We average 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 ID TECN COMMENT

0.055+0.006 OUR FIT Error includes scale factor of 2.8.

0 040+0. OUR AVERAGE

Q Q37+ 0.008—0.021 ETK IN 828 MPS 23 7f p ~ n2KQ5
0.045 40.009 CHABAUD 81 ASPK 17 77 p polarized

0.03940.008 LOVERRE 80 HBC 4 7r p ~ KKN
e e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.036+0.005 COSTA. .. 80 OMEG 1-2.2 n. p ~
K+ —

n
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Meson Full Listings
f (1270), f, (1285)

r(prI)/I ~i

COMMENT

4 ++n pf2
4.9 ~+ p n++ f2

3.9 x p nf2

6 x+n ~ pf2
1.26 ~ p ~ rr+~ n

VALUE(units 10 3) 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 ALDE 86D GAM4

5.2 4 1.7 BINON 83 GAM2

TECN COMMENT

100 ~ p ~ 2rln
38+ p ~ 2rIn

r(2s+zx )lr(«)
VAL UE EVTS DOCUMEN T ID TECN

0.038+0.OOS OUR FIT Error includes scale factor of 1.2.
0.033+0.004 OUR AVERAGE Error includes scale factor of 1.1.
0.024 +0.006 160 EMMS 75D DBC
0.051+0.025 70 EISEN BERG 74 HBC

0 043+0 011 285 LOUIE 74 H BC

0.03760.007 154 ANDERSON 73 DBC
0.047 60.013 OH 70 HBC

PR D10 2070
PL 48B 385
PRL 31 562
PR D6 1266
NP B28 77
PL 34B 551
LNC 4 199
PR D1 2494
PL 32B 391
NP B11 259
NC 54A 999
PRL 21 1712
NP B4 501
PR 176 1651
PR 164 1699
Thesis
PRL 14 872
PRL 12 342
PL 5 153

f,'(1285)

ENGLER 74
LOUIE 74
ANDERSON 73
TAKAHASHI 72
BEAUPRE 71
FLATTE 71
ARMENISE 70
OH 70
STUNTEBECK 70
ADERHOLZ 69
ARMENISE 68
ASCOLI 68D
BOESEBECK 68
JOHNSON 68
EISNER 67
RABIN 67
DERADO

'
65

LEE 64
BONDAR 63

+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, Cartaccii (SARI, BGNA, FIRZ)
+Garfinkel, Morse, Walker, Prentice (WISC, TNTO) JP
+Kenney, Decry, Biswas, Cason+ (NDAM
+Bartsch+ (AACH3. BERL, CERN, JAGL, WARS)
+Ghidini, Forino+ (BARI, BGNA, FIRZ, ORSAY)
+Crawley, Mortara+ (ILL)
+Deutschm ann+ (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)

I G(yPC) P+(1 + +)

r(p&)/r(«) rs/rx See also minireview under non-qp candidates.
VAL UE CL 48

~ ~ ~ We do not use the following

&0.05
&0.016
&0.09

95
95
95

I (4I )/I ~I

DOCUMENT ID TECN

data for averages, fits, limits,

EDWARDS 82F CBAL

EMMS 75D DBC

EIS EN BERG 74 H BC

COMMENT

etc. ~ ~ ~

e+e ~ e+e 2rl

4 ~+n pf2
4.9 ~+ p Z++ f2

VAL UE EVTS

0.0030+0.0010 OUR FIT
0.00$ +0.001 400 6

50

I (gas')/I («')

DOCUMENT ID

ALDE

TECN COMMENT

87 GAM4 100m p~ 4x n

rs/ri
VAL UE

(0.010
CL 4A

95
DOCUMEN T ID TECN COMMENT

EMMS 75D DBC 4 ++n ~ pf2

r(xp fr-~+~ c.c.)/r(«)
VAL UE

(0.004
CL 4'

95
DOCUMENT ID TECN COMMENT

EMMS 75D DBC 4 ~+n pf2

6(1270) REFERENCES

BEHR END
BLINOV
ADAMO
AG VILA R-...
AKER
ADACHI
ALBRECHT
BOYER
BREA KSTONE
MARSISKE
MORGAN
OEST
AUGUSTIN
VOROBYEV

ALDE
AUGUSTIN
ABACHI
AIHARA
ALDE
LANDRO
LONGACRE
LYTH
BEHR END
BERGER
COURAU
SMITH
BINON

Also

CHABAUD
DENNEY
FRAZER
MENNESSIER
APEL
CASON
EDWARDS
ETKIN
BRANDELiK
CHA BAUD
GIDAL
ROUSSARIE
BERGER
COSTA. ..

. LOVERRE
CORDEN
MARTIN
POLYCHRO. ..
PDG
ANTIPOV
PAWLICKI
DEUTSCH. ..
APEL
EMMS
EISENBERG

92 ZPHY C56 381
92 ZPHY C53 33
91 Hadron 91 Conf.
91 ZPHY C50 405
91 PL B260 249
90D PL B234 185
90G ZPHY C48 183
90 PR D42 1350
90 ZPHY C48 569
90 PR D41 3324
90 ZPHY C48 623
90 ZHPY C47 343
89 NP B320 1
88 SJNP 48 273

Translated from YAF
87 PL B198 286
87 ZPHY C36 369
86B PRL 57 1990
86B PRL 57 404
86D NP B269 485
86 PL B172 445
86 PL B177 223
85 JPG 11 459
84B ZPHY C23 223
84 ZPHY C26 199
84 PL 147B 227
84C PR D30 851
83 NC 78A 313
83B SJNP 38 561

Translated from YAF
83 NP B223 1
83 PR D28 2726
83 Aachen Conf.
83 ZPHY C16 241
82 NP B201 197
82 PRL 48 1316
82F PL 110B 82
82B PR D25 1786
81B ZPHY C10 117
81 APP B12 575
81 PL 107B 153
81 PL 105B 304
80B PL 94B 254
80 NP B175 402
80 ZPHY C6 18'7

79 NP B157 250
79 NP B158 520
79 PR D19 1317
78 PL 75B
77 NP B119 45
77 PR D15 3196
76 NP B103 426
75 PL 57B 398
75D NP B96 155
74 PL 52B 239

(CELLO Collab. )
+Bondar, Bukin+ (NOVO)
+Agnello, Balestra+ (OBELIX Collab. )

Aguilar-Benitez, Allison, Batalor+ (LEBC-EHS Collab. )
+Amsler, Peters+ (Crystal Barrel Collab. )
+Doser+ (TOPAZ Collab. )
+Ehrlichmann, Harder+ (ARGUS Collab. )
+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)

48 436.
+Binon, Bricman+ (LANL, BRUX, SERP, LAPP)
+Cosme+ (LALO, CLER, FRAS, PADO)
+Derrick, Blockus+ (PURD, ANL, IND, MICH, LBL)
+Alston-Garnjost+ (TPC-2p Collab. )
+Binon, Bricman+ (BELG, LAPP, SERP, CERN)
+Mork, Olsen (UTRO)
+Etkin+ (BNL, BRAN. CUNY, DUKE, NDAM)

+Fenner, Schachter, Schroeder+ (CELLO Collab. )
iKlovning, Burger+ (PLUTO Collab. )
+Johnson, Sherman, Atwood, Baillon+ (CIT, SLAC)
+Burke, Abrams, Blocker, Levi+ (SLAC, LBL, HARV)
+Donskov, Duteil+ (BELG, LAPP, SERP, CERN)

Binon, Gouanere+ (BELG, LAPP, SERP, CERN)
38 934.

+Gorlich, Cerrada+ (CERN, CRAC, MPIM)
+Cranley, Firestone, Chapman+ (IOWA, MICH)

(UCSD)
(MONP)

Wugenstein+(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+)
iArmenteros, Dionisi+ (CERN, CDEF, MADR, STOH)
+Dowell, Garvey+ (BIRM, RHEL, TELA, LOWC)
+Ozmutlu (DURH)

Polychronakos, Cason, Bishop+ (NDAM, ANL)
8ricma n+

+Busnello, Damgaard, Kienzle+ (SERP, GEVA)
+Ayres, Cohen, Diebold, Kramer, Wicklund (ANL)

Deutschmann+ (AACH3, BERL, BONN, CERN+)
tAugenstein+(KARLK, KARLE, PISA, SERP, WIEN, CERN)
+Kinson, Stacey, Votruba+ {BIRM, DURH, RHEL)
+Engler, Haber, Karshon+ (REHO)

fj(1285) MASS

DOCUMENT ID TECN CHG COMMENTVALUE (Mev) EVTS

1282 6 5 OUR ESTILNTE
1212.1+ 0.4 OUR AVERASE Error includes scale factor of 1.6.

below.
ARMSTRONG 93C SPEC1282 + 4

ARMSTRONG 92C OMEG1270 + 6 +10

1279 + 5

1278 + 2

1281 + 1

1278 6 2

91C SPECFUKUI

140+
12

ARMSTRONG 89 OMEG

ARMSTRONG 89E OMEG

ARMSTRONG 89G OMEG

RATH60 +
20

4750+ 1 BIRMAN
100

504 +
84

16 +
6

1280.1+ 2.1 89 MPS

88 MPS1285 + 1

1280 4 1

1279 6 6 +10

1286 + 9

1280 + 4

1277.0+ 2.0

1285.0+ 2.0

1279.0+ 2.0

BITYUKOV 88 SPEC

BECKER 87 MRK3

S7 MRK2

86 SPEC

86 SPEC

85 SPEC

GIDAL

ANDO

REEVES

CHUNG

420

ARMSTRONG 84 OMEG604

BITUKOV 84 SPEC

CHAUVAT 84 SPEC
EVANGELISTA 81 OMEG

BROM BERG 80 SPEC

DIONISI 80 HBC

GURTU 79 HBC

CORDEN 78 OMEG

NACASCH 78 HBC

1287.0+ 5.0 353

1286.0+ 1.0
1278 + 4

311275.0+ 6.0

1283.0+ 3.0

1288.0+ 9.0

1295.04 12.0

1282.0+ 2.0

103

200

B5

320

HBC
HBC
HBC

HBC
HBC
DBC
HBC
HBC
HBC

1279.0+ 5.0
1292 4 10
1286 + 3
1303.0+ 8.0
1283.0+ 6.0
1270.0+10.0
1285 + 7
1290 + 7
1283.0+ 5.0

210
150
180

GRASSLER 77
DEFOIX 72
OUBOC 72
BARDADIN- ~.. 71
BOESEBECK 71
CAMPBELL 69
LORSTAD 69
D'ANDLAU 68
DAHL 67

See the ideogram

PP~
6p

300 p p ~
ppe+~-y

8.95 x p -+
tie+ x—

n

300 pp ~
KKR pp

300 p p ~
pp2(x+x )

85m+p ~
4xxp, pp ~
4~pp

21.4n p ~
K K ~ nS S

Sx p —+

K+~Kz n
32.5~ p~

K+K ~0n
e+e-

PKKx
e+e-

e+ e—g~+�-
~S p~

nrl++ +-
6.6 pp ~

KK1rx
Sx p~

NKKx
85x+p~

KFxm p,
pp
KR7r p p

32K p~
K+ K +0n

ISR 31.5 pp
12m p~

rI~+~ r p
100+ p ~

KKKX
4n p —+

KKan
42K p~

ng2%
12-15 x p ~

n5~
0.7,0.76 pp ~

K K3a
16 n+p
07pp~ 7~
1.2 pp ~ 2K4x
8 x+p ~ p6x
16.0 ~p ~ p5~
2.7 ~+d
0.7 pp, 4,5-body
1.2 pp, 5W body
1.6-4.2 x p
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f, (1&85)

1264 + 8

1284 k 4

AUGUSTIN 90 DM2

TAKAMATSU 90 SPEC 0

Jj1tf —+

pg~+ ~
87r p~

KK7rn~ 1279
~ 1275.0

TORNQVIST 82B RVUE

46 STANTON 79 CNTR

1271.0 + 10.0 34 CORDEN 78 OMEG

1280 + 3 500 4 THUN

1From partial wave analysis of K+~K9r system.
From a unltarized quark-model calculation.
From phase shift analysis of r)n+7r system.

4 Seen in the missing mass spectrum.

72 MMS

8.5 7r p
n 2"r2'

12-15 7r p ~
K+K 7m

13.4 x p

WEIGHTED AVERAGE
1282.1+0.6 (Error scaled by 1.6)

V
~ V'

+r

V +
+v

V

e

V
~ 1v

JV.

~V.

e

V'

V'

'40

& ~

V ~
V ~
'v

I
'

1260 1270 1280 1290 &300

. .ARMSTRONG
ARMSTRONG
FUKUI
ARMSTRONG
ARMSTRONG
ARMSTRONG
RATH
BIRMAN
BITYUKOV
BECKER
GIDAL
ANDO
REEVES
CHUNG
ARMSTRONG
BITUKOV
CHAUVAT
EVANGELISTA

. BROMBERG
DIONISI
GURTU
COR DEN
NACASCH
GRASSLER
DEFOIX
DUBOC
BARDADIN-. ..
BOESEBECK
CAMPBELL
LORSTAD
D'AND LAU
DAHL

93C SPEC
92C OMEG
SiC SPEC
89 OMEG
89E OMEG
89G OMEG
89 MPS
88 MPS
88 SPEC
87 MRK3
87 MRK2
86 SPEC
86 SPEC
85 SPEC
84 OMEG
84 SPEC
84 SPEC
81 OMEG
80 SPEC
80 HBC
79 HBC
78 OMEG
78 HBC
77 HBC
72 HBC
72 HBC
71 HBC
71 HBC
69 DBC
6S HBC
68 HBC
67 HBC

(Confidence Level
e I

1310 1320

2
X

Q.Q
1.1
04
4.3
1.3
4.3
QS
8.1

4.6

0.2
0.3
6.6
2.0
2.5
0.9

14.8
1.i
1.4
0.1

Q.4
f.l
Q.Q
0.4
1.0
1 .6
6.8
0.0
1.5
0.2
1.3
0.0

69.5(0.001)

f1(1285) mass (MeV)

fj (1285) WIDTH

Only experiments giving width error less than 20 MeV are kept for aver-

aging.

VALUE (Mev) CL5 EVTS

2l 6 3 OUR ESTIMATE
248+ 1.1 OUR AVERAGE Error includes scale factor of 1.1.
25 k4 140+ ARMSTRONG 89 OMEG

12

TECN CHG COMMEN TDOCUMENT ID

300 pp ~
KK9r pp

300 pp ~
p p2(7r+ 7r )

857r+p ~
47t7rP, PP ~
47r pp

21.4 7r p
KO Ko 7ronS S

87r p~
K+ ~K7r n

325 9r p ~
K+ K 7rOn

e+e—
4 KK9r

8' p~
ng~+ ~-

66pp~
KKKX

ARMSTRONG 89E OMEG

ARMSTRONG 89G OMEG

31 + 5

41 +12

89 MPSRATH17.94 10.9 60 +
20

4750+ 5 BIRMAN
100

504 +
84

88 MPS22 + 2

25 + 4

+20 +1o—14

19 + 5

32.0+ 8.0

BITYUKOV 88 SPEC

16+
6

87 MRK3

S6 SPEC

86 SPEC

BECKER

ANDO

REEVES420

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o 22.0 + 2.0

32.0 4 3.0

CHUNG 85 SPEC

ARMSTRONG 84 O&EG

24.0+ 3.0
26 +12

29.0 4 10.0

25.0+ 15.0

28.3+ 6.7

103

200

320

CHAUVAT 84 SPEC
EVANGELISTA 81 OMEG

80 HBC

?9 HBC

DIO NISI

GURTU

NACASCH ?8 HBC

24.0 4 18.0 210 GRASSLER 77 HBC
10.0610.0 BOESEBECK 71 HBC

30.04 15.0 CAMPBELL 69 DBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc.

44 +20 AUGUST IN 90 DM2

22 k5
(20 90

TA KAM ATSU 90 SP EC 0

TAKAMATSU 90 SPEC

6 STANTON ?9 CNTR

28 + 5 150 ? DEFOIX
46 k9 180 ? DUBOC

37 +5 5oo 8 THUN
60 +15 "LORSTAD
35.0 + 10.0 7 DAHL

5 From partial wave analysis of K+ ~K7r system.
FrOm phaSe Shift analySiS Of 7)7r+ 7r SyStern,

?Resolution is not unfolded.
Seen in the missing mass spectrum.

72 HBC
72 HBC

72 MMS
69 HBC
67 HBC

8' p
NKK7r

85~+p-
KK7rx p,
pp
KK7r pp

ISR 31.5 p p
127r p-

7I 7f' '~T 7r p
p -~

KK7rn
42K p--

n7t 21t'

0.7,0.76 pp-
K K37r

16 7r+ p
16 0 7r p -- p57r

2.7 7r+ d
0 ~ ~

Jjg-
P7)~+ ~-

87r p —+

KK7rn
895 7r p-

q7+7 —
n

8.5 7r p -~
n2r 27r

0.? pp —.77r

1.2 pp —a 2K47r
134 7r p
0.? pp, 4,5-body
1.6-4.2 7r p

Mode

ft(1285) DECAY MODES

Fraction (I
&
/I )

Scale factor j
Confidence ievel

4'
~0~0~+ ~-
2'+ 2'

po~+ ~-

rl 7r 'lr

ao(980)n [ignoring ao(980) ~
KKl

i e rirrrr [excluding ao(980)rr]

lg KKm
i to KK'(892)

4w

r14

I2

r3
l4
r5
r6
I?

(29 + 6 )'/o

(15 +
98 )%

(15 + 6 )/o
dominates 27r+ 2w

7 x 10-4
(54 +15 ) '/o

(44 + 7 ) %

(1o " )'/

( 9.?+ 1.6) /o

not seen

( 6.6+ 1.3) '/o

( 8.0+ 3.1) x 10

C L =goo/o

S=-1,5

X3

x?

XS

xg

X11

—87
—33

46 -19 -38 -12
—59 45

X2 X3

3P —11 —41

X? XS Xg

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 X
11.4 for 8 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

(bx;be)i(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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f,(1285)

fj(1285} I (III (77)/I (totnl)

r(q»») x r(&7)/r~, rar j4/r = (r7+ra) r j4/r
VAL UE (keV)

&0.62

CL%

95

DOCUMENT ID

GIDAL

TECN COMMENT

87 MRK2 e+ e
e+ e

—g~+~—

r(8»») x r(~7 )/ron„ I Kl ja/I = (r7+I a)I ja/I
VAL UE (keV) EVTS DOCUMENT ID TECN COMMENT

1 4 +0.4 OUR AVERAGE Error includes scale factor of 1.4.
1.1860.25 +0.20 26 92 AIHARA 888 TPC e+ e

e+ e—7}n+~
9 11 GiDAL 87 MRK2 e+e

e+ e—
r/mr+ Tr

2.30+0.61+0.42

9 Assuming a p-pole form factor.
Published value multiplied by 77~~ branching ratio 0,49.
Published value divided by 2 and multiplied by the qn 7r branching ratio 0.49.

r(KÃ»)/r(6 )

fj(1285) BRANCHING RATIOS

ra/rj = ra/(ra+ra)
TECN COMMEN TVALUE DOCUMENT 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.
0.2860.05 12 ARMSTRONG 89E OMEG 300 pp ~ ppf1(1285)
0.37+0.03+0.05 ARMSTRONG 89G OMEG 85

harp

~ 4+X

Assuming px2r and a0(980) 7r intermediate states.
4n consistent with being entirely p2r2r.

r (KP») /r(rr»») ra/ra = r,/(r7+r, )

VAL UE DOCUMENT ID TECN

0.82+0.12 OUR FIT Error includes scale factor of 1.1.

0.69+ ' OUR AVERAGE

0.72 +0.15 GURTU 79 HBC

06 +0.3 CORDEN 78 OMEG

~ ~ ~ We do not use the following data for averages, fits, limits,

1.0 +0.3 GRASSLER 77 HBC

COMMENT

4.2 K p

12-15 2r p

etc. ~ ~ ~

16 ++p

r(6 )/r(«») r, /ra = (r,+ra)/(I 7+I 6}
VAL UE DOCUMENT /D TECN

0.54+0.12 OUR FIT Error includes scale factor of 1.1.
0.41+0.14 OUR AVERAGE
0.37+0.11+0.11 BOLTON 92 MRK3
0.64 +0.40 GURTU 79 HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

0.93+0.30 15 GRASSLER 77 HBC
5 Assuming p7r n and a0(980) x intermediate states.

r(KF'(892))/I total

COMMENT

J/g ~ Pf1(1285)
4.2 K p
etc. ~ ~ ~

16 ~+p

rjolr
VALUE

hOt ~h

I (pn»+» )/r(2»+2» )

DOCUMENT ID TECN COMMENT

NACASCH 78 HBC 0.7,0.76 pp ~ KK3x

I 4/I 3
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.0 +0.4 GRASSLER 77 HBC 16 GeV ~+ p

VAL UE DOCUMENT ID

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 60.15 GURTU 79 HBC 4.2 K p
0.5 +0.2 CORDEN 78 OMEG 12-15 2r p
0.20 60.08 14 DEFOIX 72 HBC 0.7 pp ~ 7'
0.16+0.08 CAMPBELL 69 DBC 2.7 mr+ d

KK system characterized by the I = 1 threshold enhancement. (See under a0(980)).

I (66{980}»(Ignoring ao(980) ~ K7fl)/I («») I 7/I 6 —I 7/(I 7+I 6)

r(ppo)/r(2»+2» ) rjj/ra
DOCUMENT IDVAL UE

OAS+0.1$ OUR FIT
OAS+0.18 17 COFFMAN 90 MRK3 J/Q ~ yp~+

Using B(J/7t ~ yf1(1285) ~ ppp )=0.25 x 10 and B(J/7I(r ~ yf1(1285) ~
p22r+ 2' )=0.55 x 10 4 given by MIR 88.

TECN COMMENT

I (ppo)/I (ao(988)» Pgnorlngao{980) -o K7f) rjj/r7
VALUE DOCUMENT ID

0.15+0.04 OUR FIT Error includes scale factor of 1.6.
0.10+0.01+0.02 18 BURCHELL 91 MRK3 J/@ -+ 77)x+ 2r

Uses a result from COEFMAN 90, and includes an unknown branching ratio for
a0(980) ~ rI~.

TECN COMMENT

r(7pa)/ran„
VALUE CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.05 95 BITYUKOV 918 SPEC 32 ~ p ~ ~+9r pn

r(rr»»)/r(pp ) r6l jj ( 7+ ~)/rjj
VALUE DOCUMENT ID

8.2+1.6 OUR FIT Error includes scale factor of 1.8.
7.5+1.0 jSARMSTRONG 92c OMEG 300 pp ~ ppx+m

ppg~+n-

TECN COMMENT

Published value multiplied by 1.5,

fj(1285) REFERENCES

ARMSTRONG
ARMSTRONG
BOLTON
BITYUKOV

93C PL 8307 394
92C ZPHY C54 371
92 PL 8278 495
918 SJNP 54 318

Translated from Y
91 NP 821 132 (sup
91C PL 8267 293
90 PR D42 10
90 PR 041 1410
90 Hadron 89 Conf.
89 PL 8221 216
89E PL 8228 536
89G ZPHY C43 55
89 PR D40 693
888 PL 8209 107
88 PRL 61 1557
88 PL 8203 327
88 Photon-Photon'88
87 PL 8198 286
87 PRI. 59 186
87 PRL 59 2012
86 PRL 57 1296
86 PR 34 1960
85 PRL 55 779
84 PL 1468 273
84 PL 1448 133
84 PL 1488 382
828 NP 8203 268
81 NP 8178 197
80 PR D22 1513
80 NP 8169 1
79 NP 8151 181
79 PRL 42 346
78 NP 8144 253
78 NP 8135 203
77 NP 8121 189
72 NP 844 125
72 NP 846 429
72 PRL 28 1733
71 PR D4 2711
71 PL 348 659
69 PRL 22 1204
69 NP 814 63
68 NP 85 693
67 PR 163 1377

BURCHELL
FUKUI
AUGUSTIN
COFFMAN
TAKAMATSU
ARMSTRONG
ARMSTRONG
ARMSTRONG
RATH
AIHARA
BIRMAN
BITYUKOV
MIR
ALDE
BECKER
GIDAL
ANDO
REEVES
CHUNG
ARMSTRONG
BITUKOV
CHAUVAT
TORNQVIS7
EVANGELISTA
BROM BERG
DIONISI
GURTU
STANTON
CORDEN
NACASCH
GRASSLER
DEFOIX
DUBOC
THUN
BARDADIN-. ..
BOESEBECK
CAMPBELL
LORSTAD
D'ANDLAU
DAHL

+Bettoni+ (FNAL, FERR, GENO, UCI, NWES+)
+Barnes, Benayoun+ (ATHU, BARI, BIRM, CERN, CDEF)
+Brown, Bunnell+ (Mark III Collab. )
+Borisov, Viktorov+ (SERP)

AF 54 529.
pl) (Mark III Collab. )

+ (SUGI, NAGO, KEK, KYOT, MIYA, AKIT)
+Cosme+ (DM2 Collab, )
+De Jongh+ (Mark III Collab. )

p 71 +Ando+ (KEK)
+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+) JPC
+Benayoun (ATHU, SARI, BIRM, CERN, CDEF, CURIN+)
+Bloodworth+ (CERN, BIRM. BARI, ATHU, CURIN+)
+Cason+ (NOAM, BRAN, BNL, CUNY, DUKE)
+Alston-Garnjost+ (TPC-2p Collab. )
+Chung, Peaslee+ (BNL, FSU, IND, MASD) JP
+Borisov, Dorofeev+ (SERP)

Conf. , 126 (Mark III Collab. )
+Binon, Bricman+ (LANL, BRUX, SERP LAPP)
+Blaylock, Bolton, Brown+ (Mark III Collab. )
+Boyer, Butler, Cords, Abrams+ (LBL, SLAC, HARV)
+lmai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+) UP
+Chung, Crittenden+ (FLOR, BNL, IND, MASO) JP
+Fernow, Boehnlein+ (BNL, FLOR, IND, MASO) JP
+Bloodworth, Burns+ (ATHU, BARI, 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, I.OWC) JP
+Defoix, Dobrzynski+ (PARIS, MADR, CERN)
+ (AACH3, BERL, BONN, CERN, CRAC, HEIDH+)
+Nascimento, Bizzarri+ (CDEF, CERN)
+Goldberg, Makowski, Donald+ (PARIS, LIVP)
+Blieden, Finocchiaro, Bowen+ (STON, NEAS)

Bardadin-otwinowska, Hofmokl+ (WARS)
(AACH, BERL, BONN, CERN, CRAC, HEID, WARS)

+Lichtrnan, Loeffler+ (PURD)
+D'Andlau, Astier+ (CDEF, CERN) JP
+Astier, Barlow+ (CDEF, CERN, IRAD, LIVP) IJP
+Hardy, Hess, Kirz, Miller (LRL) IJP

r(7p')/r(KK»)
VALUE CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

)0.035 90 16 COFFMAN 90 MRK3 J/Q ~ ypx+2r

Using B(J/@ ~ pf1(1285) ~ ppp )=0.25 x 10 and B(J/@ ~ 7f1(1285) ~
p K Kx)=( 0.72 x 10

I (4» )/I jot'
VALUE (units 10 4)

(7

r(jj7)/r(KTr»)

CL%

90

DOCUMENT ID

ALDE

TECN COMMENT

87 GAM4 100m p~ 4~ n

rja/ra

AIHARA
ASTON
ATKINSON
GAVILLET
O'ANDLAU
MILLER

OTHER RELATED PAPERS

88C PR D38 1
85 PR D32 2255
84E PL 1388 459
82 ZPHY C16 119
65 PL 17 347
65 PRL 14 1074

+Alston-Garnjost+ (TPC-2y 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)

VALUE (units 10 2)

0.82+0.21+0.20
EVTS

19
DOCUMENT /D TECN COMMENT

BITYUKOV 88 SPEC 32.5 7r p ~
K+ K 7r0n
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(1295), t0(1300)

(1295) I'("') = o+(o-+)

See also the mini-review under non-qq candidates. (See the index

for the page number. )

ir(1295) MASS

VALUE {Mev) DOCUMENT ID TECN COMMENT

12%+4 FUKUI 91C SPEC 8.95 7r p ~ rI7r+7r n

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 1275 STANTON 79 CNTR 8.4 ~ p ~ nr)27r

iI{1295}WIOTH

iI{1295)DECAY MOOES

Mode

r, g7r+ 7r-

r2 ss(980)
C3

Fraction (I;/I )

seen

seen

9{1295)I {I}I(77)/I (total)

r(9~+~-) x r(77)/r~,
VAL UE (kev) CLS DOCUMENT ID TECN COMMENT

o o o We do not use the following data for averages, fits, llrnits, etc. ~ o o

(0.6 90 AIHARA 88C TPC e+ e
e+ e—gR+~-

&0.3 ANTREASYAN 87 CBAl e+ e ~ e+ e

r(ao(990) s)/ron, i

VALUE

~00ll

large

large

ir(1295) BRANCHING RATIOS

DOCUMEN T ID TECN COMMENT

BIRMAN 88 MPS 8 7r p ~ K+ Km n

ANDO 86 SPEC 8 ~ p ~ nr)7r+ 7r

STANTON 79 CNTR 8.4 R p ~ n7I27r

FUKUI
AIHARA
BIRMAN
ANTREASYAN
ANDO
STANTON

91C PL B267 293
88C PR D38 1
88 PRL 61 1557
87 PR D36 2633
86 PRL 57 1296
79 PRL 42 346

ir(1295) REFERENCES

+ (SUGI, NAGO, KEK, KYOT, MIYA, AKIT)
+Alston-Garnjost+ (TPC-2p Collab. )
+Chunl, Peaslee+ (BNL, FSU, IND, MASD) JP
+Bartels, Besset+ (Crystal Ball Collab. )
+lrnai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+) IJP
+Brockrnan+ (OSU, CARL, MCGI, TNTO) JP

t (1300)
was fq(1400)

was s(1200)

IG(J C) = 0+(0++)

We liSt here all ClaimS fOr highly elaStiC 7r7r S-WaVe reSOnanCeS.

NOTE ON 8-WAVE mm, KK, AND qg INTERAC-
TIONS

In this note, we discuss results on the nonstrange I J
0+0++ partial wave (8-wave). It has been observed in its

coupling to the arm, KK, TIKI, 4x, and gg' systems. %'e list

the claimed resonances under five separate entries covering the

mass range from vr7r threshold to about 1600 MeV: fs(980),
fo(1300), fo(1370), fp(1525), and fo(1590). See also the Notes

on the ao(980) and on Non-qq Mesons.

Below 1100 MeV, the essential contributions come from

7rvr and KK final states. The I = 0 8-wave m7r phase shift

600 (GRAYER 74, ROSSELET 77) shows a rapid step of 180'

near the KK threshold, which is the fo(980) resonance, super-

imposed over a large "background" phase shift which reaches

VAL UE (Mev) DOCUMEN T ID TECN COMMENT

$3+6 FUKUI 91C SPEC 8.95 x p ~ rI7r+7r n

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ i ~

STANTON 79 CNTR 8A x p ~ nr)27r

90' a little above 1000 MeV. Above this energy, it continues

to grow slowly, as expected for a very broad resonance. This

is the fo(1300), which was the fo(1400) of our 1992 edition

and which evolved from the e(1200) (our 1976 edition). 'I'he i.w

S-wave inelasticity is not accurately known, and the r~ ~ KK
cross sections (COHEN 80, ETKIN 82, POLYCHRONAKOS

79, WETZEL 76) may have large uncertainties.

Using the data available in 1986. including data on ~i+7r

and K+K central production (AKESSON 86) and on J/ ji( IS)
~ Pere' and J/i/(lS) ~ K+K, the coupled-channel analyses

of AU 87 suggested that four resonances were needed to dr-

scribe the 1-GeV region. But, adding to their analysis new

data on J/@(IS) ~ Pirs and /K' (MALIK 86, FALVARD

88, LOCKMAN 89), on D+ ~ z+7r+z (ANJOS 89), and on

K+K ~ K80K80 (ASTON 88), and relaxing the constraints

on mrs ~ KK cross sections (LINDENBAUM 92), MORGAN

93 now favors a single Breit-Wigner resonance for the fu(980)
described by two poles, F = (988 6 10) —(24 + 6}i MeV

and F = 978 —28i MeV, corresponding t, o resonance pa-

rameters mo = 983 MeV, I'0 = 52 MeV, and g —/g„-0.85.
In a similar coupled-channel analysis, but limited t, o fitting

elastic-scattering data (GRAYER 74, ROSSELET 77), and the

centrally produced 7r7r and KK data, (AKESSON 86), ZOU 93

also finds two poles in the 1 GeV region, Fl~ = 988 —25i MeV

in agreement with MORGAN 93, while their F = 914 —219i

MeV, has a large imaginary part.
Below 900 MeV, BECKER 79B excludes a resonance be-

haviour for 600 in their s. p (polarized) -+ vr+Tr ri data. In con-

trast, SVEC 92, using their data on m+n (polarized) —~~+s -p,

which only span the range 600—900 MeU, suggests a narrow

scalar state at 750 MeV (I' = 100—200 MeV); the associated 600

values differ substantially from the recent consensus and would

reopen the old UP-DOWN ambiguity of the early 1970's (see

our 1984 edition). The DOWN option was long ago selected by

requiring continuity of 6() and its associated inelasticity abov{.

900 MeV to reproduce the observed rapid variations of the vr7r

elastic cross sections through the KK threshold region (I'RO-

TOPOPESCU 73). Indeed attempts to introduce an UP-type

boo tend to contradict, dispersion relations (PENNINGTON 93).
Thus, the interpretation of SVEC 92 must be treated with some

reservation.

Both MORGAN 93 and ZOU 93 have to add a background

term in the fo(980) region, which may be interpreted as a

very broad (I' 700 MeV) resonance with mass in the 1000-

1500 MeV range. Many broad ver elastic resonances have been

claimed in the 1000—1500 MeV region, and we collect then) all

under one entry, the fo(1300).
Above 1200 MeV, there is increasing evidence that the

0+0++ sector is dominated by the 4x channel and that the Tlg

channel cannot be neglected. For the 47r channel, the informa-

tion comes mainly from the analysis of pn —+ 5' IGASPERO

93, ADAMO 93, AMSLER 94). AMSLER 94 finds a large pro-

duction of a 0+ resonance decaying into 47r, mostly pp. with

M = 1374+ 38 MeU and I' = 357+ 61 MeV, and quote a 4~:2~



See key on page1343 Meson Full Listings

f0(1300)

re{1300) INASS

VAL UE (MeV) DOCUMENT ID

1000-1500 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 1000 1 MORGAN 93 RVUE
1472 +12 ARMSTRONG 91 OMEG 300 pp ~ pp+x,

ppKK
1440+20 CHEN 91 MRK3 l/Q ~ 7m+ x, 7K K
1275+20 BREAKSTONE90 SFM 62 pp ~ ppx+x
1440650 BOLONKIN 88 SPEC 40 ~ p K& K& n

1420+20 AKESSON 86 SPEC 63 pp ~ ppx+x
1220+40 ALDE 86D GAM4 100~ p ~ n2g
1463+ 9 ETKIN 828 MPS 23 ~ p ~ n2K5

~ 1237 TORNQVIST 82 RVUE

1425+15 WICKLUND 80 SPEC 6 7r N ~ K+ K N
~ 1300 POLYCHRO. .. 79 STRC 7 x p ~ n2K&

1256 FROGGATT 77 RVUE x+ m channel

Combining new data on f0(980) production in l/Q and Ds decays with earlier information

on central production and elastic n x, K K processes.

TECN COMMENT

re{1300}WIDTH

TECN COMMENTVAL UE (MeV)

1SO to 4$ OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 700 2 MORGAN 93 RVUE
195433 ARMSTRONG 91 OMEG 300 pp ~ ppxx,

ppKK
160+40 CHEN 91 MRK3 I/@ ~ 7m+x, 7KK
285 +60 BREAKSTONE90 SFM 62 pp ~ ppx+n
250 +80 BOI ONKIN 88 SPEC 40 n. p ~ K& K& n

460+50 AKESSON 86 SPEC 63 pp ~ pprr+7r
320 +40 ALDE 86D GAM4 100 R p ~ n2r}

~ 1400 TORNQVIST 82 RVUE

160+30 WICKLUND 80 SPEC 6 xN ~ K+ K N

150 POLYCHRO. .. 79 STRC 7~ p ~ n2KS
400 3 FROGGATT 77 RVUE ~+ x channel

Combining new data on fp(980) production in J/Q and 0& decays with earlier information
on central production and elastic 7r~, K K processes.
Width defined as distance between 45 and 135 phase shift.

fp{1300}DECAY MODES

Mode Fraction (I;/I )

branching ratio of order 5:1.The same resonance is observed

in pp ~ rIrI7rP (AMSLER 93C) and in pp -+ 37rP (AKER 91)
leading to an gg:xx branching ratio of order 1:3.

Thus we collect all the broad ~sr inelastic S-wave resonance

claims under a new entry, the fp(1370), although they could be

the fp(1300), provided the inelasticity of the latter is in fact

larger than is presently believed.

In a simultaneous fit to the pp -+ 3x and ~ -+ ggx data,
ANISOVITCH 94 find again the fp(1370) and, in addition, they

observe another scalar resonance with M = 1520+ 25 MeV and
I' = 146 + 25 MeV. We list this observation under the fp(1525),
although it perhaps does not belong there.

The fifth scalar entry is the fp(1590) of the GAMS collabo-

ration (BINON 83).

6{1300}PARTIAL WIDTHS

VAL UE (eV) CL%

90

DOCUMENT ID TECN COMhfENT

VOROBYEV 88 ND e+ e

r(.)« i

VALUE

0.eSS+0.01@-0.01S
~ ~ ~ We do not use

~ 0.93
0.93
0.73

r(Ir}f)/r(~~)

6{1300)BRANCHINII RATIOS

DOCUMEN T ID TECN COMMENT

GORLICH 80 ASPK 17,18 ~ p polarized

the following data for averages, fits, limits,

TORNQVIST 82 RVUE

LOVERRE 80 HBC
HYAMS 75 ASPK

etc. ~ ~ ~

4x p~ KKN
17.2' p ~ nor+~

VALUE

0.0 +041

r(00)/rtota&

DOCUMENT ID

COSTA. ..
TECN COMMEHT

80 OMEG 10' p ~ K+K n

VALUE

0.02
~ ~ ~ We do not use

DOCUMENT ID TECN

ALOE 86D GAM4

the following data for averages, fits, limits,

BINON 83 GAM2

COMMENT

100 g p ~ n2g
etc. ~ ~ ~

383r p~ 2qn

MORGAN 93
Also 93C

ARMSTRONG 91
CHEN 91

SLAC-PUB-5669
BREAKSTONE 90
MORGAN 90
BOLONKIN 88
VOROBYEV 88

AKESSON 86
ALDE 86D
BINON 83
ETKIN 828
TORNQVIST 82
COSTA. .. 80
GORLICH 80
LOVERRE 80
WICKLUND 80
POLYCHRO. .. 79
FROGGATT 77
HYAMS 75

re{1300}REFERENCES

PR D48 1185
NC A Conf. Suppl.
ZPHY C51 351
Hadron 91 Conf.

+Pennington
Morgan

+Benayoun+

(RAL, DURH)
(RAL)

(ATHU, BARI, BIRM, CERN, CDEF)
(Mark III Collab. )

ZPHY C48 569
ZPHY C48 623
NP 8309 426
SJNP 48 273
Translated from
NP 8264 154
NP 8269 485
NC 78A 313
PR D25 1786
PRL 49 624
NP 8175 402
NP 8174 16
ZPHY C6 187
PRL 45 1469
PR D19 1317
NP 8129 89
NP 8100 205

+ (ISU, BGNA, CERN, DORT, HEIDH, WARS)
+Pennington (RAL, DURH)
+Bloshenko, Gorin+ (ITEP, SERP)
+Golubev, Dolinsky, Druzhinin+ (NOVO)

YAF 48 436.
+Albrow, Almehed+ (Axial Field Spec. Collab. )
+Binon, Bricman+ (BELG, LAPP, SERP, CERN)
+Donskov, Duteil+ (BELG, LAPP, SERP, CERN)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)

(HELS)
Costa De Beauregard+ (BARI, BONN, CERN+)

+Niczyporuk+ (CRAC, MPIM, CERN, ZEEM)
+Armenteros, Dionisi+ (CERN, CDEF, MADR, STOH) IJP
+Ayres, Cohen, Diebold, Pawlicki (ANL)

Polychronakos, Cason. Bishop+ (NDAM, ANL) IJP
+Petersen (GLAS, NORD)
+Jones, Weilhammer, Blum, Dietl+ (CERN, MPIM)

OTHER RELATED PAPERS

AMSLER
ANISOVICH
ADAMO
GASPERO
SVEC
SVEC
SVEC
MORGAN
WEINSTEIN
ALDE
AU

ACHASOV
CASON
WEINSTEIN
BECKER
BECKER
CORDEN
CASON
WETZEL
ESTAB ROOKS
GRAYER
HYAMS

94 PL 8322 431
94 PL 8323 233
93 NP A558 13C
93 NP A562 407
92 PR D45 55
928 PR D45 1518
92C PR D46 949
91 PL 8258 444
89 UTPT 89 03
88 PL 8201 160
87 PR D35 1633
84 ZPHY C22 53
83 PR D28 1586
838 PR D27 588
79 NP 8151 46
798 NP 8150 301
79 NP 8157 250
76 PRL 36 1485
76 NP 8115 208
74 NP 879 301
74 NP 875 189
73 NP 864 134

+Armstrong+ (Crystal Barrel Collab. )
+Armstrong+ (Crystal Barrel Collab. )
+Agnello+ (OBELIX Collab. )

(ROMAI)
+de Lesquen, van Rossum (MCGI, SACL)
+de Lesquen, van Rossum (MCGI, SACL)
+de Lesquen, van Rossum (MCGI, SACL)
+Pennington (RAL, DURH)
+lsgur (TNTO)
+Bellazzini, Binon+ (SERP, BELG, LANL, LAPP, PISA)
+Morgan, Pennington (DURH. RAL)
+Devyanin, Shestakov (NOVO)
+Cannata, BauInbaugh, Bishop+ (NDAM, ANL)
+lsgur (TNTO)
+Blanar, Blum+ (MPIM, CERN, ZEEM, CRAC)
+Blanar, Blurn+ (MPIM, CERN, ZEFM, CRAC)
+Dowell, Garvey+ (BIRM. RHEL. TELA, LOWC)
+Polychronakos, Bishop, Biswas+ (NDAM, ANL)
+Freudenreich, Beusch+ (ETH. CERN, LOIC)
+Martin (DURH)
+Hyams, Blum, Dietl+ (CERN, MPIM)
+Jones, Weilhammer, Blum, Dietl+ (CERN, MPIM)

JP
IJ

PAL UE (keV) DOCUMENT ID TECN COMME'NT

5.4+? 3 MORGAN 90 RVUE 77 ~ x+7l' x 'F

Error includes spread of different solutions. Authors report strong correlation with 77
width of f2(1270).

r(a+e-)

I 1 Tr7r

I2 KK
I3 gg
I4

e+ e-

(936+ .
) 0/

( 7.5+0.9) %
seen

seen

not seen
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x(1300),a (1320)

x(1300) iG(JPC) = 1 (0 +)

a(2300) MASS

DOCUMENT IDVAL UE (MeV)

1300 +100 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

1190 6 30 ZIELINSKI 84 SPEC 200 n+ Z ~ Z3x
1240 + 30 BELLINI 82 SPEC 40 n A ~ A 3~
1273.0+ 50.0 1 AARON 81 RVUE

1342 + 20 BONESINI 81 OMEG 12 x p —+ p3x
~ 1400 DAUM 818 SPEC 63,94 x p

Uses multichannel Aitchison-Bowler model (BOWLER 75). Uses data from DAUM 80
and DANKOWYCH 81.

o e ~ Wedo

1305 + 14
1310 + 2

1343.0+ 11.0
1309 4 5

1299.0+ 6.0
1300 + 6 0
1309.0+ 4.0
1306.0+ 4.0

1From a fit

fits, limits, etc. e e e

I p —& rIrT ' 'ir rr

12 ~ p — 3+p
15 x+ p —~ 63m

p near a2 thresh-
old

5~ p
5+~ p
77r p
7.0 n+ p --- 3n p

SHF
OMFG
HBC 0
MMS

71 MMS

71 MMS

71 MMS

70 HBC

28000 BOWEN

24000 BOWEN

17000 BOWEN
941 ALSTON-. ..

to J = 2+ p7r partial wave.

WEIGHTED AVERAGE
1318.5+1.6 (Error scaled by 1.3)

not use the following data for averages,

CONDO 93
1 EVANGELISTA 81

BALTAY 78S
B INN IE 71

s'{1300}WIDTH

DOCUMENT ID

6{1300)DECAY MODES

VAL UE (MeV)

200 to 600 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

440 + 80 ZIELINSKI 84 SPEC 200 x+ Z Z3x
360 t 120 BELLINI 82 SPEC 40 7r A ~ A 3m

580.04 100.0 2 AARON 81 RYUE

220 + 70 BONESINI 81 OMEG 12 ~ p ~ p3m

600 DAUM 81@ SPEC 63,94 n p

2Uses multichannel Aitchison-Bowler model (BOWLER 75). Uses data from DAUM 80
and DANKOWYCH 81,

2

* ARMSTRONG 90 OMEG 2.9
AUG USTIN S9 DM2 5.3

. AUGUSTIN S9 DM2 0.4
DAUM 60C SPEC 0.6

~ BALTAY 78B HBC 0.0
FERRERSORIA76 OMEG 2.6

. ~ . EMMS 75 DBC 0.0
ANTIPOV 73C CNTR 0.5

. CHALOUPKA 73 HBC 1.9
14.1

(Confidence Level = 0.079)
I I WA I a a

1280 1290 1300 1310 1320 1330 1340 1350
Mode

f1 P7r

e'(«)s-wave
I 6 f0(1300)It.

Fraction (I;if )

seen

seen

a2(1320) mass, 3~ mode (MeV)

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.

ZIELINSKI
BELLINI
AARON
BONESINI
DANKOWY. ..
DAUM
DAUM
BOWLER

84 PR 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

a(1300) REFERENCES

+Berg, Chandlee, Cihangir+ (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+)
+Garne, Aitchison, Dainton (OXFTP, DARE)

a2(1320) IG(JPC) = 1 (2++)

aa(1330) MASS

a(1300}BRANCHING RATIOS

r(&(ee')S WaVe)/r(p-a')
VAL UE DOCUMENT ID TECN

~ ~ I We do not use the following data for averages, fits, limits, etc. ~ ~ o

2.12 3 AARON 81 RVUE

3Uses multichannel Aitchison-Bowler model (BOWLER 75). Uses data from DAUM 80
and DANKOWYCH 81.

1318.1+ 0.7 OUR AVERAGE

1319.0+ 5.0 47PP I CLELAND

1324.0+ 6.0 5200 I CLELAND

1320.0+ 2.0 4000 CHABAUD

82a

828

80

SPEC

SPEC

SPEC

1312.0+ 4.0

1316.0 + 2.0

11000

4730

CHABAUD 78 SPEC

CHABAUD 78 SPEC

1318 + 1

1320.0+ 2.0

1313.0+ 4.0

2724

730

2,4 MARTIN 78p

MARGULI E 76

FOLEY 72

SPEC

SPEC

CNTR

1319.01 3.0 1500 4 GRAYER 71 ASPK

fits, limits,

SPEC

ASPK -i-

From a fit to J = 2+ partial wave.
Number of events evaluated by us.
Systematic error in mass scale subtracted.

~ e o We do not use the following data for averages,

1330.0+ 11.0 1000 & CLELAND 82B

1324.0+ 5.0 350 HYAMS 78

50m+p KO K+p
50m p. K~K pS
17 n. A —+

KOK AS
9.8 m p--

K
—KO p

18.8 x p —~

K Kop
10 n p KOSK p

23 n p — K KOSp

20.3 7r p--
K Kop

172 7r p--
K KSp

etc. o e ~

30+I p KOK&pS
12.7 ir+ p --.

K+KO pS

3~ MODE
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

1318.6+ 1.6 OUR AVERAGE Error includes scale factor of
1310 + 5 ARMSTRONG 90 OMEG

1323.8+ 2.3
1320.6 + 3.1
131?.0 + 2.0
1320.0 +10.0
1306.0+ 8.0
1318 + 7
1315 + 5

4022

3562

25000
1097

1600

AUGUSTIN 89

AUGUSTIN 89
1 DAUM 80C
1 BALTAY 788

FER RE RSOR IA 78
1 EMMS 75
1 ANTIPOV 73C

DM2

DM2

SPEC
HBC
OMEG
DBC
CNTR

1306 + 9 1580 CHALOUPKA 73 HBC

1.3. See the ideogram below.

0 300.0pp ~
p p~+ ~—~0

* Jig ~ p+a+
0 j/|p p0 p~~

6394~ p ~ 3xp
+0 15 n+p ~ p4~

9x p~ p3x
0 4 ~+n ~ p(3m. )O

25,40+ p~
PrIK

39m p

3s AND K+K~ MODES
VALUE (MeV) DOCUMENT ID

1$1SA+0.6 OUR AVERAGE Includes data from the 4 datablocks that follow this one.
Error includes scale factor of 1.1.

1320.1+2.0 OUR AVERAGE

1325.1 +5.1 AOYAG I 93 BKEI

1324 +5 ARMSTRONG 93C SPEC 0
1317.7 k 1.4+ 2.0 BELADIDZE 93 VES
1323 k8 1ppp KEY 73 OSPK
~ ~ o We do not use the following data for averages, fits, limits,

1336.2+ 1.7 2561 DELFOSSE 81 SPEC +
1330.7+2.4 1653 DELFOSSE 81 SPEC
1324 +8 6200 ' CONFORTO 73 OSPK

5 Error includes 5 MeV systematic mass-scale error.
Missing mass with enriched MMS = rIR, rI = 2p.

r/» MODE

Ti P - —+ 'fIR P
pp ~ n- rITI ~ 6-q

37~ N ~ q~ IV

6m' p~ px rI

etc. o ~ e

p —+ p7r rI

p —+ px rI

6x p~ pMM

VALUE(Mev) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

1327.0+10.7 BELADIDZE 93 VES 37~ N --+ rI a I

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.
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a, (132O)

aa(1320) WIDTH

3~ MODE
VALUE (MeV) EVTS

103.4+ 2.1 OUR AVERAGE
120 +10

TECN CHG COMMENTDOCUMENT ID

ARMSTRONG 90 OMEG 0 300.0pp ~
p p2r+ 2r

~/4
J/g p a2
12' p~ 3~p
63,942r p~ 3np
15 2r+ p ~ p4~
4 2r+ n ~ p(3')
72r+p ~

a++(3~)P
25,40 2r p ~

pt) 2r

3.9 R p
5~ p
5~+p
7' p

etc. ~ ~ ~

p p q~+~+~-
15 2r+ p ~ LL32r

p near a2 thresh-
old

70 Tr+p ~ 32rp

AUGUSTIN 89

AUGUSTIN 89
7 EVANGELISTA 81
7 DAUM 80c
7 BALTAY 78B
7 EMMS 75

7r8 WAGNER 75

107.0+ 9.7
118.54 12.5
97 +5
96.0+ 9.0

110.0 +15.0
112 +18
122 + 14

DM2

DM2 0
OMEG-
SPEC
HBC +0
DBC 0
HBC 0

4022

3562

25000
1097
1600
1200

ANTIPOV 73C CNTR115 +15

99 +15 1580 CHALOUPKA 73
105.0+ 5.0 28000 BOWEN 71
99.0+ 5.0 24000 BOWEN 71

103.0 + 5.0 17000 BOWEN 71
~ ~ ~ We do not use the following data for averages,

CONDO 93
BALTAY 78B
BIN NIE 71

HBC
MMS

MMS

MMS

fits, limits,

SHF
HBC 0
MMS

490
5000

79.0 +12.0 941 ALSTON- ~ ~ . 70 H BC

From a fit to J = 2+ p2r partial wave.

Width errors enlarged by us to 4I /~N; see the note with the K*(892) mass.

K+ K0s MODE
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

109.1+ 2A OUR AVERAGE

112.0 +20.0 47PP s CLELAND

120.0+25.0 5200 9,10 CLELAND

106.0+ 4.0 4000 CHABAUD

+ 502r+p ~ Kp K+p
502r p ~ KSK p
17 2r A —+

KPK AS
98m p —+

K KPSp

188 2r p h

K K0S p

10' p ~ K0SK p
23 2r p K KPSp

20.3 2r p ~
K KPSp

172 2r p —+

K K0Sp

Its, etc. ~ ~ ~

+ 30 2r+ p ~ Kp K+ pS
+ 12.7 2r+ p -+

K+KP pS

82e SPEC

82B SPEC

80 SPEC

126.0 +11.0

101.0+ 8.0

CHABAUD 78 SPEC

CHABAUD 78 SPEC

11000

4730

9,11 MARTIN 78P SPEC

2724 11 MARGULIE 76 SPEC

730 FOLEY 72 CNTR

113 + 4

105.0+ 8.0
113.0+19.0

15pp ii GRAYER123.0 4 13.0 71 ASPK

~ ~ ~ We do not use the following data for averages,

121.0 +51.0 ippp r CLELAND 82B

110.0 +18.0 350 HYA M S 78

fits, lirn

SPEC

ASPK

From a fit to J = 2+ partial wave.
Number of events evaluated by us.
Width errors enlarged by us to 4l /~N; see the note with the K'(892) mass.

K+Ks AND ~m MODES
VALUE (Mev) DOCUMENT ID

107 +I OUR ESTIMATE
110.1+1.1OUR AVERAGE Includes data from the 2 datablocks that follow this one.

I 1
l2
l3
l4
l5
r6
l7
r8
f9

Mode

P7C

rl 7r

KK
rf'{958)rr

y'y

m+vr-. —

e+ e-

aa(1320) DECAY MODES

Fraction (C;/I )

(70.1+2.7) %
(14.5+1.2) %
(10.6+3.2) %

( 4.9+0.8) %

( 5.7+1.1) x 10

( 2.8+0.6) x 10

( 9.7+1.0) x 10—6

( 8

2.3 x 10

Scale factor/
Confidence level

5=1.2

S=1.3

CL=90%
CL=90%

X2

X3

X4

10
-89 -46
—1 —2 —24

Xi X2 X3

aa(1320) PARTIAL WIDTHS

VAL UE (kev) DOCUMENT ID TECN CHG COMMENT

2%+ 60 CIHANGIR 82 SPEC + 200 2r+ A

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

461+110 12 MAY 77 SPEC 4 9.7 pA

TECN CHG COMMENTDOCUMENT IDVALUE (keV) EVTS

1.04+0.09 OUR AVERAGE

1.26 +0.2640.18 36 90 MD1BARU e+e- ~
e+ e- ~+~- ~0

e+e
e+ e- ~+~—~0

e+e-
e+ e—~+~- ~0

e+e-
e+ e-~pg

e+e ~ e+e 3'
e+e

e+e-~pg
e+e ~ e+e 3'

etc. ~ ~ ~

BEHREND 90c CELL 01.00 +0.07+0.15 415

1.03+0.13k 0.21

1.01+0.14+0.22

0.9060.27+0.15
1.1460.20+0.26

BUTLER 90 MRK2

85 OEST 90 JADE

13 ALTHOFF 86 TASS 0
i4 ANTREASYAN 86 CBAL

1,06 +0.18+0.19 BERGER 84c
~ ~ ~ We do not use the following data for averages,

0.81+0.19+ ' 35 13 BEHREND 83B—0.11
0.84 60.07+0.15 13 FRAZER 83
0.77 +0.18+0.27 22 14 EDWARDS 82F

PLUT 0
fits, limits,

e+e ~ e+e 3'CELL 0

JADE 0
CBAL 0

e+e ~ e+e 3'
e+e- ~

e+ e- ~pg
From p2r decay mode.
FrOm rITr deCay mOde.

r(a+ a-)

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 X
9.3 for 15 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

(6x,bx&)/(fix; bxz), 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.

yx 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 (ev)

(25
CL If'a

90

DOCUMENT ID TECN COMMENT

VOROBYEV 88 ND e+ e

SPEC 0
VES
SPEC
SPEC
OSPK
fits, limits,

PP ~ 2r g)rI ~ 6 I
372r N ~ rI2r N
~+ p p~+g

p ~ p2r

6' P ~ P2t

etc. ~ ~ ~

OSPK — 6 R p ~ pMM

ebs MODE
VAL UE (MeV)

106+32
DOCUMEN T ID TECN COMMENT

BELADIDZE 93 VES 37m. N e rI 2r N

110.0+ 3.3 OUR AVERAGE

118 +10 ARMSTRONG 93C
103 + 6 +3 BELADIDZE 93
112.2+ 5.7 2561 DELFOSSE 81
116.6+ 7.7 1653 DELFOSSE 81
108 4 9 1000 KEY 73
~ ~ o We do not use the following data for averages,

104 + 9 6200 CONFORTO 73

Model dependent.

r(IVER)

x r(77)Ir~,
aa(1320) I (I)I (pp)/r(total)

VALUE (kev)

0.126+0.007+0.028

Using an incoherent background.
Using a coherent background.

DOCUMENT ID TECN COMMENT

ALBRECHT 90G ARG e+ e
e+e K+K

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.081+0.006+0.027 ALBRECHT 90G ARG e+ e
e+e K+ K
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a, (1320)

I (K??)/I (pg)

~(1320) BRAMCHIMG RATiOS

I 4/I 1
TECN CHG COMMEN TEVTS

~ 0 ~

3.9 x p
7.0 ~+ p
3.93 ~ p
3.2 x p

r(«)/[r(p~) + r(«) + r(i{?f)] r3/(r3+r3+r4)
VALUE EVTS

0.1I)2+OAl12 OUR RT
0.140+0.02$ OUR AVERAGE

0.13 +0.04
0.15 +0.04

l (aim)/l (pa)

DOCUMENT ID TECN CHG COMMENT

ESPIGAT 72 HBC + 0 0 p p
BARNHAM 71 HBC + 3.7 x+ p

VAL UE

0.070+OAl12 OUR FIT
0.018+0.017 CHABAUD 78 RVUE

~ ~ ~ We do not use the following data for averages, fits, limits, etc.

0.056+0.014 50 CHA LOUP KA 73 HBC

0.097+0.018 113 17 ALSTON-. .. 71 HBC +
0.06 +0.03 17 ABRAMOVI. .. 708 HBC

0.054 k 0.022 17 CHUNG 68 HBC

Included in CHABAUD 78 review.

~ o ~ We do not use the following data for averages, fits, limits, etc. o ~ 0

0.29 +0.08 140 KARSHON 74 HBC 0 4 9 n+ p
0.10+0.04 60 KARSHON 74 HBC + 4.9 x+ p
0.19+0.08 DEFOIX 73 HBC 0 0.7 p p

KARSHON 74 suggest an additional I = 0 state strongly coupled to ~~+ which could
explain discrepancies in branching ratios and masses. We use a central value and a

systematic spread.

WEIGHTED AVERAGE
0.15~0.05 (Error scaled by 1.3)

Values above of weighted average, error,
nd scale factor are based upon the data in

s ideogram only. They are not neces-
rily the same as our "best" values,
tained from a least-squares constrained fit

Iizing measurements of other (related)
antNes as additional information.

VALUE

0.257+OAlle OUR FIT
0.213+OAl20 OUR AVERAGE

0.18 +0.05
0.22 +0.05 52

0.21160.044 149
0.246 +0.042 167
0.25 +0.09 15
0.23 +0.08 22

0.12 +0.08
0.22 +0.09

DOCUMENT ID

FORINO 76
ANTIPOV 73
CHALOUPKA 73
ALSTON-. .. 71
BOECKMANN 70
ASCOLI 68
C HUNG 68
CONTE 67

HBC

CNTR

HBC

HBC

HBC

HBC

HBC
HBC

ll x p
40m p
3.9 ~ p
7.0 m+ p
5.0 R+p
5~ p
3,2 1T p
11.0 n' p

TECN CHG COMMEN T

0.0 0.2

) (ann')/I (pn)

r(0'(sse)~)/r(«)

0.4

2

2.0
0.5
1.0

0.6

3.2
(Confidence Level 0.19S)

s

0.8

DIAZ 74 DBC
. .KARSHON 74 HBC

CHALOUPKA 73 HBC

&0.006

(0.02
0.004 +0.004

r(0'(sss}~)/r(p~)

95 ALDE 928 GAM2

BARNHAM 71 HBC +
BOESEBECK 68 HBC +

38,100 x p ~
g'~0n

3.7 ~+ p
8n+p

VALUE CL%

~ ~ ~ We do not use the following

g0.011
(0.04

0 04 +0.03
—0.04

90

DOCUMENT ID TECN CHG COMMENT

data for averages, fits, limits, etc. ~ ~ ~

EISENSTEIN 73 HBC — 5 x p
ALSTON-. .. 71 HBC + 7.0 x+ p

BOECKMANN 70 HBC 0 5,0 x+ p

r(M?f)/[r(p~) + r(«) + r(i{Ã)] r4/(i 3+I 2+I 4}
DOCUMENT IDVAL UE EVTS TECN CHG COMMEN T

0.+OASS OUR FIT
0.04+0. 012 OUR AVERAGE

0.05 +0.02 TOET 73 HBC + 5 ~+ p

0.09 +0.04 TOET 73 HBC 0 5 ~+ p

0.03 +0.02 8 DA MERI 72 HBC — 11 R p

0.06 +0.03 17 BARNHAM 71 HBC + 3.7 ~+ p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

0.020 +0.004 ESPIGAT ?2 HBC

Not averaged because of discrepancy between masses from K K and

0.0 pp

p~ modes.

r(~+~-~-)/r(p~)
VAL UE

&Oa12

I (m+7)/r1o391
VALUE

CLS

90
DOCUMEN T ID TECN CHG COMMEN T

ABRAMOVI. .. 708 HBC — 3.93 x p

DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

0 005 0 003
19 EISENBERG 72 HBC 4.3,5.25,7.5 p p

19Pion-exchange model used in this estimation.

r(rpa1 r)/i (ps) r3/r1
TECN CHG COMMEN TVALUE EVTS DOCUMENT ID

0.1$+OAS OUR RT Error includes scale factor of 1.3.
0.15+0.OS OUR AVERAGE Error includes scale factor of 1.3. See the

0.28 +0.09 60 DIAZ 74 DBC 0
0.18+0.08 20 KARSHON 74 HBC

0.10+0.05 279 CHALOUPKA 73 HBC

ideogram below.

6 ~+n
Avg. of above two

3.9 m p

i (ai'{958)s) /I aaaa)
VAL UE CL5 DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

VALUE

O.NO+0.007 OUR AVERAGE

0.047 60.01060.004

0.034 60.008 60.005

»Using B(g'~ .+m g) =
0.236.

DOCUMENT ID TECN COMM EN T

p3{1$20) REFERENCES

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 S9
VOROBYEV 88

ALTHOFF 86
ANTREASYAN 86
BERGER 84C
8EHREND 838
FRAZER 83
CIHANGIR 82
CLELAND 828
EDWARDS 82F
DELFOSSE 81
EVANGELISTA 81
CHA BAUD 80
DAUM SOC

BALTAY 788
CHA BAUD 78
FERRERSORtA 78
HYAMS 78
MARTIN TSD
MAY 77
FORINO 76
MARGULIE ?6
EMMS 75
WAGNER 75
DIAZ 74
KARSHON T4

ANTIPOV ?3
ANTIPOV 73C
CHALOUPKA 73
CONFORTO 73
DEFOIX 73
EISENSTEIN 73
KEY 73
TOET 73
DA MERI 72
EISENBERG 72
ESPIGAT 72
FOLEY 72
ALSTON-. .. 71
BARNHAM 71
BINNtE 71
BOWEN 71
GRAYER 71
ABRAMOVI. .. 708
ALSTON-. .. 70
BOECKMANN 70
ASCOLI 68
BOESEBECK 68
C HUNG 68
CONTE 67

PL 8314 246
PL 8307 394
PL 313 276
PR D48 3045
ZPHY C54 549
ZPHY C54 235
ZPHY C48 183
ZPHY C48 213
ZPHY C48 581
ZPHY C46 583
PR D42 1368
ZHPY 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 8175 189
PL 898 2T6
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 863 175
NP 863 153
PL 448 211
PL 458 154
PL 438 141
PR DT 278
PRL 30 503
NP 863 248
NC9A1
PR Ds 15
NP 836 93
PR D6 747
PL 348 156
PRL 26 1494
PL 368 257
PRL 26 1663
PL 348 333
NP 823 466
PL 338 607
NP 816 221
PRL 20 1321
NP 84 501
PR 165 1491
NC 51A 175

+Fukui Hasegawa+ (BKEI Collab. )
+Bettoni+ (FNAL, FERR, GENO, UCI, NWES+)
+Berdnikov, Bityukov+ (VES Collab. }
+Handler, Buggy (SLAC Hybrid Collab. )
+Binon+ (SERP, BELG, lANL, LAPP, PISA, KEK)
+Bityukov, Borisov+ (VES Collab. )
+Ehrlichmann, Harder+ (ARGUS Cotlab. )
+Benayoun, Beusch (WA76 Collab. )
+Blinov, Blinov+ (MD-1 Collab. )
+Criegee+ (CElLO Collab. )
+Boyer+ (Mark ll Collab)
+Olsson+ (JADE Collab. )
+Cosme (DM2 Collab. }
+Golubev, Dolinsky, Druzhinin+ (Novo)

YAF 48 436.
+Boch, Foster, Bernardi+ (TASSO Collab, )
+Aschman, Besset, Bienlein+ (Crystal Ball Collab. )
+Klovning, Burger+ (PLUTO Collab. )
+D Agostin1+ (CELLO Cotiab. )

(UCSD}
+Berg, Biel, Chandlee+ (FNAL, MINN, ROCH)
+Delfosse, Dorsaz, Gtoor (DURH, GEVA, LAUS, PITT)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)
+Guisan, Martin, Muhlemann, Weill+ (GEVA, LAUS}
+ (BARI, BONN, CERN, DARE, UVP+)
+Hyams, Papadopoulou+ (CERN, MPIM, AMST)
+Hertzberger+ (AMST. CERN, CRAC, MPIM, OXF+) JP
+Cautis, Cohen, Csorna+ (COLU, BING)
+Hyams, Jones, Weilhammer, Slum+ (CFRN, MPIM)
+Treille+ (ORSAY, CERN, CDEF, EPOL)
+Jones, Weilhammer, Slum+ (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, Lindenbaum+ (BNL, CONY}
+Jones, Kinson, Stacey, Bell+ (BIRM, DURH, RHEL} JP
+Tabak, Chew (t.BL) JP
+Dibianca, Fickinger, Anderson+ (CASE. CMU)
+Mikenberg, Pitluck, Eisenberg, Ronat+ (REHO)
+Ascoli ~ Busnello, Focacci+ (CERN, SERP)JP
+Ascoli, Busnetlo, Focacci+ (CERN. SERP}JP
+Dobrzynskt, Ferrando. Losty+ (CERN)
+Mobley, Key+ (EFI, FNAL, TNTO, WISC}
+Dohrzynskt. Espigat, Nascimento+ (CDEF)
+Schultz, Ascoli, loffredo+ (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, I indenbaum+ (BNL, CUNY)

Alston-Garnjost, Barbaro, Buhl, Derenzo+ (LRL)
+Abrams, Butler, Coyne, Goldhaber, Hall+ (LBL)
+Camilleri, Duane, Faruqi, Burton+ (LOIC, SHMP)
+Earles, Faissler, Bleden+ (NEAS, STON)
+Hyams, Jones, Schletn, Slum+ (CERN. MPIM)

Abramovich, Blumenfeld, Bruyant+ (CERN) JP
Alston-Garnjost, Barbaro, Buhl, Derenzo+ (I RL}

+Major+ (BONN, DURH, NIJM, EPOL, TORI}
+Crawley, Mortara, Shapiro, Bridges+ (llL) JP
+Deutschmann+ (AACH, BERt, CERN)
+Dahl Kirz Miller (LRL)
+Tomasmi, Cords+ (GENG, HAMS, MILA. SACL}

21 BELADIDZE 93 VES 37m N ~ a N2
BELADIDZE 92 VES 36m' C a2 C

0.441, B{n ~ yp) = 0.389 and B(9 ~ n+n n0) =
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a, (1320), fp(1370), h1(1380)

OTHER RELATED PAPERS fp{1370}BRANCHING RATIOS

JENNI
BEHREND
ABOLINS
ADERHOLZ
ALITTI
CHUNG
FORINO
LEFEBVRES
SEIDLITZ
ADERHOLZ
CHUNG
GOLDHABER

Also
LANDER

83 PR D27 1031
82C PL 114B 378
65 Athens Conf.
65 PR 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. 1 480
64 PRL 12 336
64 PRL 13 346A

+Burke, Telnov, Abrams, Blocker+ (SLAC, LBL)
+Chen, Fenner, Field+ (CELLO Collab. )
+Carmony, Lander, 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, KalbReisch, Kirz (LRL)
+Goldhaber, O'Halloran, Shen (LRL)

Goldhaber, Brown, Kadyk, Shen+ (LRL, UCB)
+Abolins, Carmony, Hendricks, Xuong+ (UCSD)

f(8 sr)/I total
VALUE DOCUMEN T ID TECN COMMENT

&0.12 GASPERO 93 RVUE 0.0 pn ~ hadrons

Based on GASPERO 93 and private communications from M. Gaspero.

r(4 )/roR, I I 2/I =(I Sil 4+I 8)/I
VALUE CL pal'a DOCUMENT ID TECN COMMENT

p0.72 95 GASPERO 93 RVUE 0.0 pn ~ hadrons

4Based on model-dependent evaluation by GASPERO 93 and private communications
from M. Gaspero.

f,(1370) I G(JPC) 0+(0++)

OMITTED FROM SUMMARY TABLE
We list here all claims compatible with high ~~ S-wave inelasticity.
See also minireviews under f0(1300) and non-qq candidates.

fp(1370) MASS

fo(1370) WIDTH

VALUE {Mev) DOCUMENT ID TECN COMMENT

2M+ 70 ANISOVICH 94 CBAR 0.0 pp ~ 3x,x rirr

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

375+ 61 AMSLER 94 CBAR 0.0 pp + x+x 37r

398+ 26 ADAMO 93 OBLX n p a 3++2+
250+ 50 AMSLER 93C CBAR 0.0 pp ~ +07I7I
310+ 50 GASPERO 93 DBC 0.0 pn ~ 22r+3x
160+ 40 CHEN 91 MRK3 J/Titt —9 p7r+ x, p K K
250+ 80 BOLONKIN 88 SPEC 7r p KS KS n

118 16 ETKIN 828 MPS 23 n p ~ n2KS

From a simultaneous analysis of the annihiiations pp ~ 3rr, norin. Supersedes AM-
SLER 93C.

VAL UE (MeV) DOCUMENT ID TECN COMMENT

1365+~ ANISOVICH 94 CBAR 0.0 pp ~ 3e,e rln

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1374+38 AMSLER 94 CBAR 0,0 pp ~ x+x 3x
1345+12 ADAMO 93 OBLX n p ~ 3++2m
1430+25 AMSLER 93C CBAR 0.0 p p ~
1386+30 GASPERO 93 DBC 0.0 pn ~ 27r+3x
1440+20 CHEN 91 MRK3 J/Q ~ p7r+x, pKK
1440+50 BOLONK IN 88 SPEC 40 7r p KS S n

1463+ 9 ETKIN 828 MPS 23 n p ~ n2K05

t From a simultaneous analysis of the annihilations pp ~ 3n0, norirr. Supersedes AM-
SLER 93C.

I (zsr+2R )/I (osr) I 4/rp —r,/(ro+r, +f5)

I (x4 tr-2')/I I 8/fo = I 8/{f3+I 4+I 8}
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.51260.019 6 GASPERO 93 RVUE 0 0 Pn had

Based on model-dependent evaluation by GASPERO 93.

f(80)/rtotal
VALUE DOCUMENT ID TECN COMMENT

AMSLER 92 CBAR 0.0 pp ~ 7)7)2r

fo(1370) REFERENCES

AMSLER 94
ANISOVICH 94
ADA MO 93
AMSLER 93C
GASPERO 93
AMSLER 92
CHEN 91

SLAC-PU B-5669
BOLONK IN 88
ETKIN 82B

PL B322 431
PL B323 233
NP A558 13C
NP A558 3C
NP A562 407
PL B291 347
Hadron 91 Conf.

NP B309 426
PR D25 1786

+Armstrong+
+Armstrong+
+Agnello+
+Augustin+

+Augustin, Baker+

+Bloshenko, Gorin+
+Foley, Lai+

(Crystal Barrel Collab. ) JPC
(Crystal Barrel Collab. ) JPC

(OBE{.IX Collab. ) JPC
(Crystal Barrel Collab. ) JPC

(ROMAI) JPC
(Crystal Barrel Collab. )

(Mark III Collab. )

(ITEP, SERP)
(BNL, CUNY, TUFTS, VAND)

OTHER RELATED PAPERS

BRIDGES 86 PRL 56 211
BRIDGES 86B PRL 56 215
BRIDGES 86C PRL 57 1534
BETTINI 66 NC 42A 695

+Brown+ (BLSU, BNL, CASE, COLU, UMD, SYRA)
+Daftari, Kalogeropoulos, Debbe+ (SYRA, CASE)
+Daftari, Kalogeropoulos+ (SYRA)
+Cresti, Limentani, Bertanza, Bigi+ (PADO, PISA)

h1(1380)
OMITTED FROM SUMMARY TABLE

Seen in partial-wave analysis of the KS K+ ~+ system. Evidence for
K* K + K* K decays (ASTON 88C). Needs confirmation.

VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.420 60.014 5 GASPERO 93 RVUE 0.0 pn ~ 22r+ 3'
Based on model-dependent evaluation by GASPERO 93.

I1
I2
I3
r4
I5
I6
I7
IB
f9
~10

4m'

4~0
2'+ 2r
~+.-2~0

6'
rirl
gn'
2&

KKX

fo(1370) DECAY MODES

Fraction (I I/I )

)72 %

seen

Confidence level

95%

VALUE (MeV)

1380+20

VAL UE (MeV)

M+30

II2(1380) MASS

DOCUMENT ID

ASTON

TECN COMMENT

88C LASS 11 K p 9

K0 K+2r+AS

lit{1380}DECAY MODES

DOCUMENT ID TECN COMMENT

ASTON 88C LASS 11 K p ~
K0 K+x+AS

83(lm0) WIDTH

Mode

I t KK'(892) + c.c.

ASTON 88C PL B201 573

83(1380) REFERENCES

+Awaji, Bienz+ (SLAC, NAGO, CINC, INUS)
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(1405), I1(1420)

p(14os) (G(fPC) = 1 (1 +) f, (1420)
OMITTEO FROM SUMMARY TABLE

Seen by Al DE 88B in Tr p TI7r n amplitude analysis. Needs
confirmation.

See also the mini-review under non-qq candidates. (See the index

for the page number. )

p(1405) MASS

VALUE (Mev)

1406 +20
TECN CH6 COMMENTDOCUMENT ID

1 ALDE 88B GAM4 0 loorr p ~
rI~ n

~ ~

~-p- g~-p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

1323.1+ 4.6 AOYAGI 93 BKEI

Seen in the Po-wave intensity of the rIn system.

p(1405) WIDTH

VALUE (MeV)

180 +20
DOCUMENT ID

2 ALOE

TECN CH6 COMMEN T

88B GAM4 0 100 ~ p ~

gabon

~ ~

I

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~

143.2 +12.5 AOYAGI 93 BKEI

Seen in the PO-wave intensity of the r)~0 system.

p(1405) DECAY MODES

Mode

r,
I-, gvr-
I 3 P7r

r4

Fraction (I I iI )

seen

not seen

P(1405) SRANCHING RATIOS

r(iiso)/I tots(
VAL UE TECN CM6 COMM EN TDOCUMENT ID

3 ALDE~ll 88B GAM4 0 100 x p ~
pion

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4 APEL 81 NICE 0 40m p~
g~on

I (ris' )/I iota~
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. 0 o e

possibly seen

r(p&)/rtotls
VALUE

Mt OSSA

A general fit allowing S, D, and
statistics.

r(q~)/r(0~o)
VALUE CL%

~ ~ ~ We do not use the following

AOYAGI 93 BKEI 7r p -~ q x p

DOCUMENT ID COMMENT

5 ZIELINSKI 86 200 n+ Cu, Pb ~ z+ 7r+ vr X

P waves (including m=0) is not done because of limited

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ ~

BOUTEMEUR 90 GAM4 100 x p ~ 4pn

AOYAGI 93
BOUTEMELIR 90
ALDE 88B
ZIELINSK I 86
APEL 81

P(1405) REFERENCES

PL B314 246 +Fukui, Hasegawa+ (BKEI Collab. )
Hadron 89 Conf. p 119+Poulet (SERP. BELG, LANL. LAPP, PISA, KEK)
PL B205 397 +Binon, Boutemeur+ (SERP, BELG, LANL, LAPP) IGJPC
Berkeley HEP 1 736 +Berg+ (ROCH, MINN, FNAL)
NP B193 269 +Augenstein, Bertolucci, Donskov+ (SERP, CERN)

OTHER RELATED PAPERS

IDDIR 88
TUAN 88
ZIELINSK I 87
ZIELINSK I 86

PL B205 564 +Le Yaouanc, Ono+
PL B213 537 +Ferbel, Dalitz
ZPHY C34 255
Berkeley HEP 1 736 +Berg+

(ORSAY, TOKY)
(HAWA, ROCH, OXFTP)

(ROC H)
(ROCH, MINN, FNAL)

Seen in the P0-wave intensity of the r)x system.
4A general fit allowing S, D, and P waves (including m=o) is not done because of limited

statistics.

See also minireview under non-qq candidates.

NOTE ON THE fr(1420)

This particle is the axial-vector component of the ()ld

puzzling E/~, which has caused much trouble.

In hadron-induced reactions, the fi(1420) is observed in

centrally produced KKvr systems obtained with z and p beams

(DIONISI 80, ARMSTRONG 84, 89). A Dalitz-plot analysis

gives its quantum numbers and the dominant decay mode.

I"or inst, ance, ARMSTRONG 89 finds that the 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 t, o fit t.he data. A G parity f)f

~1 is suggested by the positive interference between the tv o

overlapping K*(892) (ARMSTRONG 84). No significant, signals

in the spry or 4' decay n1odes are found in centrally prod1iced

4ir systems (ARMSTRONG 89G). All of this is in line with the

previous observat, ions made in pp annihilations.

In pp fusion from e e annihilations, a signal at about,

1420 MeV is seen only in single-t, ag events (AIHARA 86C.
GIDAL 87B, BEHREND 89, HII.I. 89), where one of tI&e two

photons is off the mass shell; bp cont, rast. it, is totally absent in

t, he untagged events where bot, h photons are real and hence t, hey

cannot produce a spin-1 meson, because of t, he Yang-l. andau

theorem. This clearly implies J =- 1 and C ==-- +l. As for the

parity, AIHARA 88B, 88C (same analysis as AIHARA 86("„
with 257c more events) and BEHREND 89 all find angul'ir

distributions with positive parity preferred, but, negative parity

not excluded.

Alt. hough some uncertainties still remain, the state seen i)I

hadronic interactions and that seen in spacelike virtual pho-

t, on fusion from e e annihilations are oft, en identified with

one another since there are more similarities than difI'erences.

In particular, all experiments agree that this state appe), r~

only in K*(892)K. The same conclusions are obtained from

partial wave analyses of J/Q(IS) ~ pKK7r (BAI 90C. AU-

GUSTIN 91).
BITYUKQV 88 st, udied the radiative decay 1 +

Since the Q is (almost) a pure ss state, the Pp decay seems

to be a good analyser to ext, ract the ss component in the

wave function of the decaying meson. Finding the fi(1285)
but not the fi(1420), BITYUKOV 88 conclucles that thc.

fi(1420) cannot, be the ss isoscalar member of the qq nonet,

containing the fi(1285). On the other hand, AIHARA 88C

argues that, assuming they both belong to t, he same nonet

and using several hypotheses, the octet-singlet mixing angle

obtained is compatible with the fi(1420) being mostly ss ancl

I,he fi(1285) being mostly (uu+ dd)/~2, although both require

large admixtures of other qq components.

Arguments favoring the possibility the fr(1420) is a, hybrid

qqg meson or a four-quark state are put forward by ISHIDA 89

and by CALDWELL 90, respect, ively.
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fj(1420) MASS

PRODUCED IN pP ANNIHILATION
VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT

1414.9+ 3.5 OUR AVERAGE Error includes scale factor of 1.2.
14175+ 4 NACASCH 78 HBC 0.7,0.76 p p
1398 +10 170 DEFOIX 72 HBC 07 pp ~ 77r

1406 + 7 280 DUBOC 72 HBC 1.2 pp ~ 2K4~
1420 j 7 310 LORSTAD 69 HBC 0.7~ pp
1423.06 10.0 FRENCH 67 HBC 3-4 pp

PRODUCED IN OTHER REACTIONS
VALUE (MeV) EVTS DOCUMENT ID TECN COMMEN T

426.8+ 2.3 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

ARMSTRONG 92E OMEG 85,300 n'+ p, pp ~
~+ p, pp(KK~)

1462 +20 AUGUSTIN 92 DM2 I/@ -+ p K Kx

6 — 2 1100 8AI 90C MRK3 l/@ ~ p K K+ n +
S

1425 4 10 BEHREND 8 CELL yP ~ KS K

1442 6 5.0 17'0 111 26 BECKER 87 MRK3 e+ e, cd K K~+10.0 +31

1423 + 4 GIDAL 87B MRK2 e+e ~ e+e KK~
1417.06 13.0 13 AIHARA 86C TPC e+e ~ e+e KKx
1422.0+ 3.0 CHAUVAT 84 SPEC ISR 31.5 p p
1440.0 6 10.0 BROMBERG 80 SPEC 100 + p ~ KK2rX
1426.0+ 6.0 221 DIONISI 80 HBC 4 x p ~ K Km n

1420 +20 DAHL 67 H BC 1.6-4.2 2r p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

389+ ARMSTRONG 89 OMEG 300 pp ~ KKn pp
27

1520 ARMSTRONG 84 OMEG 85 x+ p, pp ~
n+, p)(KKn) p

1425.0 k 2.0

1 ~

(
This result supersedes ARMSTRONG 84, ARMSTRONG 89.
From fit to the K*(892)K 1++ partial wave.

3M ass error increased to account for a0(980) mass cut uncertainties.

WEIGHTED AVERAGE
1426.8+2.3 (Error scaled by 1.3)

1380 1400

Vl

'eP

I

1420 1440

X
2

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 HBC 0.1

17.0
(Confidence Level = 0.074)

15001460 1480

f1(1420) mass (MeV)

fj {1420}WIDTH

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 7r. The fr(1420) would then be a
molecular state formed by the 7r orbiting in a P wave around

an S-wave KK state.

Meson Full List. jngs

f, (1420)

40.0+15.0 221
53 +20.0
50 +10 170
50 +12 280
60 +20 310
60.0+20.0
45 +20

~ ~ ~ We do not use the following

58 +8 3894
27

62.0+ 5.0 1520

DIONISI 80 HBC
NACASCH 78 HBC
D EFOIX 72 H BC
DUBOC 72 HBC
LORSTAD 69 HBC
DAHL 67 HBC
FRENCH 67 HBC

data for averages, fits, limits,

ARMSTRONG 89 OMEG

ARMSTRONG 84 OMEG

4x p~ KK2rn
0.7,0.76 pp
07pp~ 7x
1.2 pp ~ 2K4x
o7Ãp
1.6M.2 x p
3~OP
etC. ~ ~ ~

300 p p ~ K Kx p p

85 2r+p, pp ~
(x+,p)(KK2r) p

4 This result supersedes ARMSTRONG 84, ARMSTRONG 89.
5 From fit to the K*(892)K 1++ partial wave.

fj(1420) DECAY MODES

Mode

t 1 KK7r
I 2 gzx
I s ss(980)s.
f4 exp
I s KK'{892)+ c.c.
te 4

I8

Fraction (I ~/I )

dominant

possibly seen

fj(1420} I {l)r{pp}/I{total}

r(KZ~) x r(7'7')/rn4, I

VAL UE (keV) CL%

1.7+OA OUR AVERAGE

3.0+0.9+0.7

DOCUMENT ID TECN COMMENT

6 BEHREND 89 CELL e+�-
ee+ K0 KxS

e+e
e+ e K+ KS2r+

e+ e-
e+e K+K0

e+e ~ e+e KRx
etc. ~ ~ ~

89 JADE

88B TPC

HILL2.3 ' +0.8—0.9

1.3+0.5+0.3 AIHARA

1.6+0.7+0.3 6 8 GIDAL 87B MRK2
~ ~ ~ We do not use the following data for averages, fits, limits,

&8.0 95 JENNI 83 MRK2
6 Assume a p-pole form factor.
7 A 4 - pole form factor gives considerably smaller widths.

Published value divided by 2.

e+e ~ e+e KRa

I (ss p)/I (KKs)
VALUE

~ ~ ~ We do not use

CL S DOCUMEN T ID TECN

the following data for averages, fits, limits,

95 CORDEN 78 OMEG
DAHL 67 HBC

&0.3
&2.0

r(8~~)/r(KK~)
VAL UE CL PA DOCUMEN T ID TECN

95 ARMSTRONG 91B OMEG
the following data for averages, fits, limits,

KOPKE 89 MRK3
90 GIDAL 87 MRK2

(0.1
~ ~ ~ We do not use

1.35+0.75
&0.6

&0.5
1.5 4 0.8

CORDEN
DEFOIX

78 0MEG
72 HBC

95

COMMENT

etc. ~ ~ ~

12-15 2r p
1.6-4.2 x p

COMMENT

300 pp~ ppnK+
etc. ~ ~ ~

a/@ ~ ~~~~(KK~)
e+e

e+ e—g2+9—
12—15 2r p
o.7 Pp

fj(1420) BRANCHING RATIOS

I (KK'(892)+ c.c.)/I (K)rs)
DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.76 k 0.06 BROMBERG 80 SPEC 100 x p ~ K K+X
0.86 40.12 DIONISI 80 HBC 4 ~ p ~ KKxn

129 +41
68 +29 +8—18 —9
42 +22

40 +'7 +5—13
p+47.0—20.0

47.0+10.0
62.0+14.0

1100

17

XZX+31—26

VAL UE (MeV) EVTS

52 6 4 OUR AVERAGE
58 +10

DOCUMENT ID TECN COMMENT

BAI 90c MRK3

BEHREND 89 CELL

BECKER

AIHARA

87 MRK3

86c TPC

85,300 9r+ p, pp ~
x+ p, pp(KKn. )

f/Q ~ yKK7r

J/Q ~ pK0 K+n+S
K0 K+2r+S

e+e ~ ~KK2r

e+e ~ e+e KK9r

C HAUVAT

BROM BERG
84 SPEC
80 SPEC

ISR 31.5 pp
100 2r p —+ KKmX

4 ARMSTRONG 92E OMEG

AUGUSTIN 92 DM2

r(48{880)~)/r(8~~)
DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

not seen in either mode ANDO 86 SPEC
not seen in either mode CORDEN 78 OMEG
0.4+0.2 DEFOIX 72 HBC

r(4 )/r(K)r'(882)+ c~.)
CL% DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.90 95 DIO NISI 80 HBC

COMMENT

etc. ~ ~ ~

8' p
12-15 x p
0.7 pp ~ 7'

COMMENT

etc. ~ ~ ~

4m p
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fj (1420), w(1420), fz(1430)

I (KZx)/[I (ay(980)x) + I (KK'(892)+c.c.)]
VAL UE DOCUMENT ID TECN COMMENT

~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ o

0.65 4 0.27 DIONISI 80 HBC 4 Tr p

Calculated using I (K K)/F(r)n) = 0.24 4 0.07 for aO{980) fractions.

I (ao(980)a)/I (KR'(892)+ c.c.)

I 1/(I 3+I 5)

I 3/ra

Mode

p7r

7r 7r

f3 e e

1p(1420) DECAY MODES

Fraction {I I /I )

dominant

VALUE CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

etC. ~ ~ 8
1p(1420) I (I)I (0+ a )/I (total)

(0.04

r(4 )/r(KZ~)
VALUE

(0.62

r(p 7)/rtota~

CL%

95
DOCUMENT ID TEChl COMMENT

ARMSTRONG 89G OMEG 85 n p ~ 4~X

68 ARMSTRONG 84 OMEG 85 x+ p

ra/r1

ra/r

r(p~) x r(a+a-)/r~~ I tl 3/I
VALLIE (eV} EVTS DOCUMENT ID TECh! COMMENT

81+31 315 ANTONELI I g2 DM2 1.34-2.4e+ e — pp
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

137+40 DONNACHIE 89 RVUE e ~ e — pTr

From a fit to two Breit-Wigner functions interfering between them and with the ~,p tails
with fixed (+,—,+) phases.

VAL UE CL% DOCUMENT ID TECN

(0.08 95 ARMSTRONG 92C SPEC

Using the data on the KKn mode from ARMSTRONG 89.

fi(1420) REFERENCES

COMMENT

300 pp ppp+~ r(1p41w) x r(a+a )/roa (

VAL UE (kev) CL% DOCUMENT ID TECN COMMENT

a ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&41 68 DONNAC HIE 89 RVUE e+ e —~ 2m

r, ra/r

ARMSTRONG
ARMSTRONG
AUGUSTIN
ARMSTRONG
BAI
ARMSTRONG
ARMSTRONG
BEHREND
HILL
KOPKE
AIHARA
BECKER
G

IDAHO

G

IDAHO

A IHARA
ANDO
ARMSTRONG
CHAUVAT
JENNI
BROM BERG
DIONISI
CORDEN
NACASCH
DEFOIX
DUBOC
LORSTAD
DAHL

Also
FRENCH

92C ZPHY C54 371
92E ZPHY 56 29
92 PR D46 1951
918 ZPHY C52 389
90C PRL 65 2507
89 PL 8221 216
89G ZPHY C43 55
89 ZPHY C42 367
89 ZPHY C42 355
89 PRPL 174 67
SSB PL 8209 107
87 PRL 59 186
87 PRL 59 2012
878 PRL 59 2016
86C PRL 57 2500
86 PRL 57 1296
84 PL 1468 273
84 PL 1488 382
83 PR D27 1031
80 PR D22 1513
80 NP 8169 1
78 NP 8144 253
78 NP 8135 203
72 NP 844 125
72 NP 846 429
69 NP 814 63
67 PR 163 1377
65 PRL 14 1074
67 NC 52A 438

+Barnes, Benayoun+ (ATHU, BARI, BIRM, CERN, CDEF)
+Benayoun+ (ATHU, BARI, BIRM, CERN, CDEF) JPC
+Cosme (DM2 Co)lab. )
+Barnes+ (ATHU, BARI, BIRM, CERN, CDEF)
+Blaylock+ (Mark III Co)lab. )
+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+) JPC
+Bloodworth+ (CERN, BIRM, BARI, ATHU, CURIN+}
+Criegee+ (CELLO Collab. )
+Oisson+ (JADE Collab. ) JP
+Wermes+ (CERN)
+Alston-Garnjost+ (TPC-2p Co)lab. )
+Biayiock, Boiton, Brown+ (Mark III Co)lab, ) JP
+Boyer, Butler, Cords, Abrams+ (LBL, SLAC, HARV)
+Boyer, Butler, Cords, Abrams+ (LBL, SLAC, HARV)
+Aiston-Garnjost+ (TPC-2p Co)lab. ) JP
+Imai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+)
+Bloodworth, Burns+ (ATHU, BQRI, BIRM, CERN) JP
+Meritet. Bonino+ (CERN, CLER, UCLA, SACL)
+Burke, Teinov, Abrarns, Blocker+ (SLAC, LBL)
+Haggerty, Abrams, Dzierba (CIT, FNAL, ILLC, IND)
+Gavillet+ (CERN, MADR, CDEF, STOH) IJP
+Corbett, Alexander+ (BIRM, RHEL, TELA, LOWC)
+Defoix, Dobrzynski+ (PARIS, MADR. CERN)
+Nascimento, Bizzarri+ (CDEF, CERN)
+Goldberg, Makowski, Donald+ (PARIS, LIVP)
+D'And(au, Astier+ (CDEF, CERN) JP
+Hardy, Hess, Kirz, Miller (LRL) IJP

Miller, Chung, Dahl, Hess, Hardy, Kirz+ (LRL, UCB)
+Kinson, McDonald, Riddiford+ (CERN, BIRM)

OTHER RELATED PAPERS

(UCSB )
(NIH0)

(TPC-2p Collab. ) JPC
(SERP)

(BNL)

M(1420) )=o(1 )

See also ~(1600).

CALDWELL 90 Hadron 89 Conf. p 127
ISHIDA 89 PTP 82 119 +Oda, Sawazaki, Yamada
AIHARA 88C PR D38 1 +Alston-Garnjost+
BITYUKOV 88 PL 8203 327 +Borisov, Dorofeev+
PROTOPOP. .. 878 Hadron 87 Conf. Protopopescu, Chung

1p(1420} REFERENCES

ANTONELLI
DONNACHIE
DONNACHIE

92 ZPHY C56 15
91 ZPHY C51 689
89 ZPHY C42 663

~ Baldini+
+Ciegg
I-Clegg

(DM2 Collab. )
(MCHS, LANC)
(CERN, MCHS)

OTHER RELATED PAPERS

ATKINSON
ATKINSON
ATKINSON

87 ZPHY C34 157
84 NP B231 15
838 PL 127B 132

(BONN, CERN, GLAS, LANC, MCHS, CURIN)
(BONN, CERN, GLAS, LANC, MCHS, CURIN+)
(BONN, CERN, GLAS. LANC, MCHS, CURIN+)

f,(1430) /G(JPC) = 0+(2+ +)

VAL UE (MeV)

a 143D OUR ESTIMATE
~ ~ ~ We do not use the following

1421 -k 5

1480.0+50,0

1436 0+26.0—16.0

1412.0 -r. 3.0

1439.0 6.0

1Not seen by WETZEL 76.

ra{1430}MASS

DOCUMENT ID TECN COMMENT

data for averages, fits, limits,

AUGUSTIN 87 DM2

AKESSON 86 SPEC

etc. ~ ~ ~

2/@-
PP -- PPTr

DAUM

DAUM

1 BEUSCH

84 CNTR

84 CNTR

17-18 7r p
K" K n

63 Tr p -- KSKSn„
n

67 OSPK 5,7,12 7r p

KSKSn0 0

OMITTED FROM SUMMARY TABLE
This entry lists nearby peaks observed in the 0 wave of the K K and

n + 7r systems.

1p(1420) MASS

VAL UE (MeV) EVTS DOCUMENT ID TECN COMMENT

1410+$1 315 1 ANTONEII 1 52 DM2 1.34-2.4e+ e px I
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1440+70 DONNACHIE 91 RVUE

1391+ 18 DONNACHIE 89 RVUE e+ e pTr

1From a fit to two Breit-Wigner functions interfering between them and with the ~,P tails
with fixed (+,—,+) phases.

Using data published later by ANTONELLI 92.

1p{1420)WIDTH

fa(14M) WIDTH

VALUE (MeV)

o o ~ Wedo

30 4 9
15O, O +40.O

81,O+56 O—29.0

43.O —18.0

Not seen by WETZEL 76.

DAUM

BEUSCH 67 OSPK

DOCUMENT ID TECN

not use the following data for averages, fits, limits,

AUGUSTIN 87 DM2

AKESSON 86 SPEC

DAUM 84 CNTR

COMMENT

etc. e 0 ~

J/g---
PP " PPTr

17-18 Tr p--
K~K n

63 p K K0 0

K" K n

5,7,12m p--
KSKSn0 0

VAL UE (MeV) EVTS DOCUMENT ID TECN COMMENT

1?4+59 315 3 ANTONELLI 92 OM2 1.34—2.4e+ e px
~ ~ e We do not use the following data for averages, fits, limits, etc. o ~ ~

240 +70 4 DONNACHIE 91 RVUE
224+49 DONNACHIE 89 RVUE e+ e ~ p~

3 From a fit to two Breit-Wigner functions interfering between them and with the ~,P tails
with fixed (+,—,+) phases.

Using data published later by ANTONELLI 92.

f1 KK
f2

fa(1430) DECAY MODES

fa(1430) REFERENCES

AUGUSTIN
AKESSON
DAUM
WETZEL
BEUSCH

87
86
84
76
67

ZPHY C36 369
NP 8264 154
ZPHY C23 339
NP B115 208
PL 258 357

+Cosme+
+Albrow, Aimehed+
+Hertzberger+ (AMST,
+Freudenreich Beusch+
+Fischer, Gobbi, Astbury+

(LAI 0, CLER, FRAS, PADO)
(Axial Field Spec. Coiiab. )

CERN. CRAC, MPIM, OXF+) JP
(ETH, CERN, LOIC)

(ETH, CERN)
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1487

Meson Eull Listings

7/(1440)

(1440)
was i,(1440)

&'(~") = p+(o-+)
e(1440) MASS

VAL UE (MeV) DOCUMENT ID

14%+20 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

See also the mini-review under non-qq candidates. (See the index

for the page number. )
NOTE ON THE T1(1440)

The first observation of a meson with I J = 0+0 + in

the 1400-MeV mass region was made with pp annihilations at

rest (BAILLON 67) in the channel rl(1440) -+ KKs. It was

seen to decay equally into ap(980)s' and K (892)K.
The rt(1440) has since also been seen in other hadronic

reactions: In a partial-wave analysis of the gx+vr system,

confirming the decay rt(1440) -+ ap(980)s' (FUKUI 91C); in

a partial-wave analysis of the KKir system (CHUNG 85,

BIRMAN 88); in 6-GeV pp annihilations (REEVES 86); and

in nonperipherally selected ir p ~ K&~K&~mon (RATH 89).
RATH 89 favors the interpretation that there are two narrow g
resonances in the 1410-1480 MeV region.

Neither the rt(1440) nor the fi(1420) are observed in the

ss-enriched peripheral reaction K p ~ KKsA at 11 GeV/c

(ASTON 87), which speaks against an ss interpretation of either

state. Moreover, the rt(1440) is not seen by ARMSTRONG 84,

89 either, who studied KK7r central production in x+p ~
n+(KKir)p and pp ~ p(KKn. )p at 85 and 800 GeV/c [but the

fi(1420) is seen]. This agrees with earlier results (DIONISI 80,

DEFOIX 72, DUBOC 72, LORSTAD 69, etc.).
The rt(1440) is also seen as a broad enhancement in J/$(1S)

radiative decay. In the KKvr channel, however, its mass is

higher than observed in hadronic interactions, and its width

is larger. It has been shown (TOKI 87, BAI 90C) that two

resonances (with M 1420 MeV and M —1490 MeV) give a
better description of the data. Moreover, the ger+sr channel

peaks near 1400 MeV (AUGUSTIN 90, BURCHELL 91). All

these results suggest the existence of two overlapping states

(favored by RATH 89 in hadronic production), one around 1400

MeV decaying into both KKx and gxx, the other one around

1490 MeV seen only in KKm. Other possible decay modes, in

uvre and 4~, are not sufficiently well established to clarify the

situation.

There is considerable confusion on the partial decay modes:

The KKs final state is usually dominated by K (892)K and/or

op(980)s' contributions, but it is impossible to quote any reliable

K K and aom branching ratios, since the analyses are highly

model dependent and the experiments do not agree.

We continue to list under the rt(1440) all the results on the

0 + system in the 1380—1490 MeV region, but keep in mind

that it is likely that there is more than one resonance present in

these observations. The masses and widths are given separately

according to the various decay modes.

gas MODE
VALUE (MeV) EVTS DOCUMENT ID

1399+ 4 OUR AVERAGE

1400+ 6 1 BURCHELL 91 MRK3

1398+ 6 261+ AUGUSTIN 90 DM2
24

~ ~ ~ We do not use the following data for averages, fits, limits,

1385+15 1 BEHREND 92 DM2

1388+ 4 FUKUI 91C SPEC
1420+ 5 ANDO 86 SPEC

From fit to the a0(980) m 0 + partial wave.

Best fit with a single Breit Wigner.

TECN COM MEN T

J/@ -+ 7gx+x
J/Q ~ pgx+7r

etc. ~ ~ ~

J/Q ~ ygx+x
8.95 x p ~ 7lx+x n

8 ~ p n7I&+ 7r-

esp MODE
VAL UE (Mev) DOCUMENT ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1401+18 3i4AUGUSTIN 90 DM2 J/@ ~ x+x
1440+20 4 COFFMAN 90 MRK3 J/g ~ 7r+7r 2y

3Best fit with a single Brelt Wigner.
4Thls peak in the p p channel may not be related to the q(1440).

4a MODE
VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1489+12 3270 5 BISELLO 898 DM2 J/Q -+ 4xp
5 Estimated by us from various fits.

KZm MODE
VAL UE (Mev) EVTS DOCUMENT ID TECN COMMENT

1419.I+ 1.0 OUR AVERAGE Error Includes scale factor of 1.2.
1421 +14 6 AUGUSTIN 92 DM2 J/f ~ yKXx
1416 + 8 +

5 700 BAI 90C MRK3 J/@ -+ yKSK+m+
1413 + 8 500 DUCH 89 ASTE p p ~

x+ x K+ x++0
8800+ BIRMAN 88 MPS 8 ~ p ~ K+~K~ n

200
1424 k 3 620 i REEVES 86 SPEC 6.6 pp ~ KKxX
1421 + 2 CHUNG 85 SPEC 8 + p ~ K Kern
1425 + 7 800 9i11 BAILLON 67 HBC 0.0 pp ~ KK~~~
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1459 + 5 8AUGUSTIN 92 DM2 J/y ~ yKK7r
1445 + 8 AUGUSTIN 90 DM2 J/rP ~ PKS K+m+

1433 + 8 9AUGUSTIN 90 DM2 J/tP ~ pK+ K

1419 + 1

6934
30

296+
20

11001490 +14 + 3—8 —16
1443 + 5
1424 + 4

1475 + 4

J/Q ~ qK0 K+++S
8 m p ~ nK'(892)K
8 7r p ~ nK0 K+++S
214+ p ~

nK KS S
21.4~ p ~

KK7rnS S
21.4 x p -+

nK KS S
J/Q ~ KKap

J/Q -+ yK+K

6 BAI

6 TAKAMATSU

TAKAMATSU
12 RATH

90C MRK3

90 SPEC
90 SPEC

89 MPS

170+ 9 RATH
15

1452,8+ 6.8 89 MPS

89 MPSRATH1412.8+ 5.4

WISNIEWSKI 87 MRK3

80 MRK2 J/Q ~ yKSK+g+

1454 + 3

1440 +
15 174 EDWARDS 82E CBAL

1440 —15 SCHARRE

From fit to the K~(892) K 0 + partial wave.

From fit to the a0(9&0)~ 1++ partial wave. cannot rule out a a0(980)~ 1++ partial
wave.
From fit to the a0(980)~ 0 + partial wave.

9 Best fit with a single Breit Wigner.
From fit of the 0 + partial wave, mainly a0(980)x.
From best fit of 0 + partial wave, 50% K~(892) K . 50% a0(980)x.
From fit to the a0(980)~ 0 + partial wave, but a0(980)x 1++ cannot be excluded.
The fit is also consistent with one resonance at 1453 MeV.
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(1440)

g(1440) WIDTH

VAL UE (MeV) DOCUMENT ID

60+30 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

mm7 MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ ~

174+44 AUGUSTIN 90 DM2 J/@ ~ x+ 7r

60+30 15 COFFMAN 90 MRK3 Jjg x+ 7r
—

2p

This peak in the pp channel may not be related to the r)(1440).

4r MODE
VAL UE (MeV) EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

144 + 13 3270 6 BISELLO 89B DM2 J/4 —+ 4
6 Estimated by us from various fits.

KFx MODE
VAL UE (MeV) EVTS DOCUMENT ID

66.0+ 1.0 OUR AVERAGE
63 +18 AUGUSTIN 92 DM2

+67 + 15
-31 -38 BAI 90C MRK3

62 +16
66 + 2

TECN COMMENT

J/Q ~ pKK7r

J/@ ~ pKO K+Tr+5
pp ~ KK7r7rvr

8 7r p ~ K+~K7r n

DOCH 89 ASTE
BIRMAN 88 MPS

500
8800 +

200
620 17 REEVES 86 SPEC

CHUNG 85 SPEC
800 8 BAILLON 67 HBC

do not use the following data for averages, fits, limits,
19 AUGUSTIN 92 DM2
19 AUGUSTIN 90 DM2

66 pp ~ KKnX
8 Tr p ~ KK7rn
00 pp ~ KKTrTrTr
etc. ~ ~ ~

J/Q ~ pKKm
J/@ ~ p KO K+ 7r+5
J/g ~ ~K+ K

—
Tr0

60 +10
60 +10
80 +10

~ ~ ~ We

75 6 9
75 k 9

93 +14

105 + 10

693+
30

296+
20

693+
30

AUGUSTIN 90 DM2

AUGUSTIN 90 DM2 J/g~ ~ pKO K+z+5

54 +—21
59 k4
82 4 8

57 + 8
51 +13

+13—24
20 BAI 90C MRK3

20 TAKAMATSU 90 SPEC
TAKAMATSU 90 SPEC

TAKAMATSU 90 SPEC
RATH 89 MPS

99.9+ 11.4 70+ 22 RATH
15

RATH

89 MPS

89 MPS

160 + 11

ss + EDWARDS 82E CBAL

" +-20 SCHARRE 80 MRK2

From best fit to 0 + partial wave, 50% K~(892) K, 50%
From fit to the 0 + partial wave, mainly a0(980)7r.
From fit to the a0(980) 7r 0 + partial wave.

From fit to the K*(892)K 0 + partial wave.
From fit to the a0(980)7r 0 + partial wave, but a0(980}7r
The fit ls also consistent with one resonance at 1453 MeV.
Best fit with a single Breit Wigner.

WIS NIEWSK I 87 MR K 3

174

J/it~ p KO K+ 7r +5
9 7r p nr) 7r+ 7r

8 7r p ~ nKO K+7r+5
8 7r p -~ nK~(892) K

21.4 Tr p ~
nK K 7r5 5

21.4 7r p ~
K K 7r n5 5

214m p ~
nKO KO 7rOS 5

J/Q ~ KK7rp

J/Q ~ pK+ K

J/Q p KO K+ x+5
a0(980

1+ + cannot be excluded.

9(1440) DECAY MODES

Il
I2
r3
l4
fs
l6
f7
I8

Mode

K Km.

vl 7r 1r

op{980)x
'Ir 1T p
K K'(892)+ c.c.
4'

Fraction (I I /I }

seen

seen

seen

seen

yes MODE
VALUE (MeV) DOCUMENT ID TECN COMMEN T

$0+ 8 OUR AVERAGE

46k 13 BURCHELL 91 MRK3 J/iI) -~ p r) 7r+ 7r

53+ ll 14 AUGUSTIN 90 DM2 J/g ~ pr)7r+ n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

50 BEHREND 92 DM2 J/g ~ pq7r+ 7r

59+ 4 FUKUI 91C SPEC 8.95 7r p —+ r)7r+ 7r n

31+ 7 ANDO 86 SPEC 8 Tr p nr)7r+ Tr

3 From fit to the a0(980) 7r 0 + partial wave.

From r) 7r+7r mass distribution - mainly a0(980) 7r - no spin-parity determination avail-
able.

9(1440) I {i)I{77)/I (tarot)

I (KKo') X I (77)/r»J
VALUE (keV) CL%o DOCUMEN T ID TECN COMMENT

&1.2 BEHREND 89 CELL pp ~ K K+ 7r+5
0 ~ o We do not use the following data for averages, fits, limits, etc. o ~ ~

= 1.6 95 AIHARA 86D TPC e+ ee+e- KOSK+~&

95 ALTHOFF 85B TASS e+ e — e i e KK7r
95 J ENNI 83 MRK2 e+ e — e+ e K K7r

(2,2

&8.0

r(&i~) x r(77)/r»~
VAL UE (keV) DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

ANTREASYAN 87 CBAL

r(pp7) ~ r(77)/r„„,
VAL UE (keV) CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

95 ALTHOFF 84E TASS

COMMENT

etC. ~ ~ 8
Ie' e - ~ e~ e ~)~n

COMMENT

etc. ~ o o

e+ e-
e+ e

—~~ ~-g

r(0«)/r(KR~)

9(1440) BRANCHING RATIOS

VALUE CL io DOCUMENT ID TECAI

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.5 9G EDWARDS 83B CBAL

& 1.1 90 SCHARRE 80 MRK2

& 1.5 95 FOSTER 68B HBC

COMMENT

etc. ~ ~ ~

J/7/. '& —+ r) Tr Tr q

J/g —+

I (40(980)o')/I (KKs)
VAL UE

~ 0.8
EVTS DOCUMEN T ID TECN

500 23 DUCH 89 ASTE

o 0 ~ We do not use the following data for averages, fits, limits,

~ 0.75 REEVES 86 SP EC

3Assuming that the aO(980) decays only into KK.

I (KZ'(892)+ c.c.)/I (KZo)

COMMEhI T

Pp
+ 7r- K~7rq KO

etc. 0 ~ ~

6.6 pp -~ KK7rX

VAL UE

0.50+0.10
DOCUMEN T ID TECN COMMENT

BAILLON 67 HBC 0.0 pp ~ KKir7rn

r(PP7)/r(KR~) rs/4
VALUE DOCUMEN T ID TECN COMMEN T

0.0152+0.0038 24 COFFMAN 90 MRK3 J/~ --~ yq Tr~ 7r

Using B(J/Q -~ &r)(1440) -~ &KKTr)=4, 2 x 10 and B(J/y — qr)(1440}
&p p )=6.4 x 10 and assuming that the pp signal does not come from the fl(1420).

q(1440) REFERENCES

AUGUSTIN 92
BEHREND 92
BURCHELL 91
FUKUI 91C
AUGUSTIN 90
BAI 90C
COFF MAN 90
TAKAMATSU 90
BEHREND 89
BISELLO 89B
DUCH 89
RATH 89
SIR MAN 88
ANTREASYAN 87
WISNIEWSK I 87
AIHARA 86D
ANDO 86
REEVES 86
ALTHOFF 85B
CHUNG 85
ALTHOFF 84E
EDWARDS 83B
JENNI 83
EDWARDS 82E

Also 83
SCHARRE 80
FOSTER 68B
BAILI.ON 67

PR D46 1951
ZPHY C56 381
NP B21 132 (suppt)
PL B267 293
PR D42 10
PRL 65 2507
PR D41 1410
Hadron 89 Conf. p 71
ZPHY C42 367
PR D39 701
ZPHY 45 223
PR D40 693
PRL 61 1557
PR D36 2633
Hadron 87 Conk.
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

t Cosme (DM2 Coilab. )
(CELLO Collab. }

{Mark lit Collab. )
+ (SUGI, NAGO, KEK, KYOT, MIYA, AKIT}
+Cosme+ (DM2 Co!lab. )
+Blaytock+ (Mark tll Collab. )
+De Jongh+ (Mark ill Collab. )
+Ando+ {KEK)
+Criegee+ (CELLO Collab, )

Busetto+ (DM2 Collab. )
+Heel, Bailey+ (ASTERIX Collab. ) JP
+Cason+ {NDAM, BRAN, BNL, CUNY, DUKE)
+Chung, Peaslee+ (BNL, FSU, I ND, MAS D) JP
+Bartels, Besset+ (Crystal Bail Collab. )

(Mark ltt Cotlab. }
+Aiston-Garnjost+ (TPC-2p Collab. )
+Imai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+) IJP
+Chung, Crittenden+ (FLOR, BNL, IND, MASD) JP
+Braunschweig, Kirschfink+ (TASSO Coliab. }
+Fernow, Boehnlein+ (BNL, FLOR, IND, MASD} JP
+Braunschweig, Kirschfink, Luebeismeyer+ {TASSO Collab. )
+Partridge, Peck+ (CIT, HARV, PRIM, STAN, SLAC)
+Burke, Telnov, Abrams, Blocker+ (SLAC, LBL)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC}

Edwards, Partridge+ (CIT, HARV, PRIM, STAN+}
+Trillin, Abrams, Alam, Blocker+ (SLAC, LBL)
+Gavitlet, Labrosse, Montanet+ (CERN, CDEF)
~Edwards, D'Andlau, Astier+ (CERN, CDEF, IRAD)

I (KZ'(892)+cc.)/[r(op(980)o) + i (KK (892)+cc.)j Is/(rg+I g)
VAL UE CL%o DOCUMEN T ID TECN COMMENT

0 0 ~ We do not use the following data for averages, fits, limits, etc. o ~ 0

g0.25 90 EDWARDS 82E CBAL J/i/~ --. K K



See key on page 1343
1489

Meson FullListings

r/(1440), p(1450)

OTHER RELATED PAPERS MIXED MODES

AHMAD
ARMSTRONG
ZIEMINSKA
ARMSTRONG
ASTON
PROTOPOP. ..
TOKI
ARMSTRONG
DIONISI
DEFOIX
DUBOC
LORSTAD

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 PL 146B 273
80 NP B169 1
72 NP B44 125
72 NP B46 429
69 NP B14 63

50 +Amsler, Auld+ (ASTER IX Collab. )
+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+)

(IND)
+Bloodworth+ (CERN, BIRM, BARI, ATHU, CURIN+)
+Awaji, D'Amore+ (SLAC, NAGO, CINC. INUS)

Protopopescu, Chung (BNL)
(5LAC)

+Bloodworth, Burns+ (ATHU, BARI, BIRM. CERN)
+Gavillet+ (CERN, MADR, CDEF, STOH)
+Nascim ento, Bizzarri+ (CDEF, CERN)
+Goldberg, Makowski, Donald+ (PARIS, LIVP)
+D'Andlau, Astier+ (CDEF, CERN)

VALUE (MeV)

~ ~ ~ We do not use the

220+25

opa MODE
VAL UE (MeV)

~ ~ ~ We do not use the

230+30
60+15

DOCUMENT ID TECN COMMENT

following data for averages, fits, limits, etc. ~ ~ ~

ANTONELLI 88 DM2
FUKUI 88 SPEC

e+ e— gx+~-
8.95 x p ~ gm'+x n

DOCUMEN T ID TECN

following data for averages, fits, limits, etc. ~ ~ ~

DONNACHIE 87 RVUE

(1450) ( (2 ) =1+(1 )

See the mini-review under the p(1700).

++r MODE
VALUE(MeV)

~ ~ o We do not use the

269+31

DOCUMENT ID TECN

following data for averages, fits, limits,

BISELLO 89 DM2

COMMENT

etc. o e o

e+e x+x

p(1450) MASS

MIXED MODES
VAL UE (MeV) DOCUMENT ID TECN

The data tn this block is included in the average printed for a previous datablock.

1465+25 DONNACHIE 87 RVUE

gp0 MODE
VAL UE (Mev) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

VALUE (MeV) DOCUMENT ID

1~+25 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

1461+ 8 OUR AVERAGE Includes data from the 4 datablocks that follow this one.

s'+a s+m MODE
VALUE (MeV)

~ ~ ~ We do not use the

78+18

DOCUMEN T ID TECN COMMENT

following data for averages, fits, limits,

7 ARMSTRONG 89E OMEG

etc. ~ ~ ~

300 pp ~
p p2(~+ ~ )

7 Not clear whether this observation has /=1 or 0.

Pm MODE
VAL UE (MeV) DOCUMEN T ID TECN CHG COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

130+60 BITYUKOV 87 SPEC 0 32,5 m p ~
y~0n

See the minireview for p(1700) and ACHASOV 88 for a non-exotic interpretation. DON-
NACHIE 91 suggests this is a different partide.

1470+20
1446+ 10

ANTONELLI 88 DM2 e+ e ~ r)a+x
FUKUI 88 SPEC 8.95 m p ~ g~+x n

Mode

p(1450) DECAY MODES

Fraction (I //I ) Confidence level

1424+ 25 BISELLO 89 DM2 e+e ~ ~+a

(um MODE
VAL UE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

&+~ MODE
VALUE(MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

ll
l 2 4x

e+e
l 4 T/p

(t/ 7l'

r6
I 7 KK

seen

seen

(4
&2.0 %

(1.6 x 10

9S%

9S%

1463+25 1 DONNACHIE 91 RVUE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1250 ASTON 80C OMEG 20-70 yp ~ ux p
1290+40 2 BARBER 80c SPEC 3-5 yp ~ u~0p

Using data from BISELLO 91B, DOLINSKY 86 and ALBRECHT 87L.
Not separated from by(1235), not pure J = 1 effect.

m+m a+x MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not Use the following data for averages, fits, limits, etc. ~ ~ ~

1449+4 ARMSTRONG 89E OMEG 300 pp ~
p p2(~+ ~—

)
Not clear whether this observation has /=1 or 0.

Ps' MODE
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1480+40 4 BITYUKOV 87 SPEC 0 32.5 K p
y~0n

4 See the minireview for p(1700) and ACHASOV 88 for a non-exotic interpretation. DON-
NACHIE 91 suggests this Is a differen particle.

p(1400) I (I)I (e+e )/I (total)

r(«) x r(e+e-)/roe„ rtl a/I
VALUE (keV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.12 9 DIEKMAN 88 RVUE e+e ~ r+~
9 Using total width = 235 MeV.

I (op) x I (e+e )/I tata/ I el a/I
VALUE (ev)

91+19
DOCUMENT ID TECN COMMENT

ANTONELLI 88 DM2 e+ e ~ gm+x

I (I1e) x I (e+e )/I tetI/ I al a/I

r(op)/I

p(1450) BRANCHING RATIOS

VALUE (eV) CL 5 DOCUMEN T ID TECN COMMENT

&70 90 AULCHENKO 87B ND e+e ~ K KS L

Using mass 1480 + 40 MeV and total width 130 6 60 MeV of BITYUKOV 87.

p(14SO) WIDTH

VALUE

&0.04
DOCUMEN T ID TECN

DONNAC HIE 87B RVUE

VALUE (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.

au~ MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

311+ 62 DONNACHIE 91 RVUE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

300 ASTON 80C OMEG 20-70 pp ~x p
320 +100 BARBFR 80C SPEC 3-5 pp ~ um p

5 Using data from BISELLO 91B, DOLINSKY 86 and ALBRECHT 87L.
Not separated from bl(1235), not pure 2 = 1 effect.

r(IIe)/r((ue)
VALUE

)0.6

r(rue)/r(4e)
VALUE

&0.14

I (op)/I (rue)

CL%

95

I a/I a
DOCUMEN T ID TECN CHG COMMEN T

BITYUKOV 87 SPEC 0 32.5 x p —+

y~0n

I a/I a
DOCUMENT ID TECN

CLEGG 88 RVUE

VALUE DOCUMENT ID TECN COMMENT

~ 0.24 11 DONNAC HIE 91 RVUE
~ ~ ~ We do not use the following data for averages, fits. limits, etc. ~ ~ ~

)2 FUKUI 91 SPEC 8.95 x p ~ ua0 n
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(1450), fj(1510), f2(1520)

I {arm')/I loll(
VAL UE

0.21

r(m x)/r(~x)

DOCUMENT ID TECN

11 DONNACHIE 91 RVUE
BAUER
ASTON
BIRMAN
GAVILLET

938 PR D48 3976
88C PL 8201 573
88 PRL 61 1557
82 ZPHY C16 119

fg(1510) REFERENCES

+Belcinskl, Berg, Bmgham+
+Awaji, Bienz+
+Chung, Peaslee+
+Arm enteros+

(SLAC)
(SLAC, NAGO, CINC, INUS) JP

(BNL. FSU, IND, MASD) JP
(CERN. CDEF, PADO, ROMA)

VALUE

0.24

r(ll~)/r~,

DOCUMENT ID TECN

11 DONNACHIE 91 RVUE

f,(1520) (~ ) = o+(2++)

VALUE

(0.01
DOCUMENT ID TECN

11 DONNACHIE 91 RVUE

r(KR)/r(ux
VALUE

11 DONNACHIE 91 RVUE(0.08

T 87L.11Using data froin BISELLO 918, DOLINSKY 86 and ALBRECH L.

p(1450) REFERENCES

BISELLO
DONNACHIE
FUKUI
ARMSTRONG
BISELLO
ACHASOV
ANTONELLI
CLEGG
DIEK MAN
FUKUI
ALBRECHT
AULCHENKO

BITYUKOV
DONNACHIE
DONNACHIE
DOLINSKY
ASTON
BARBER

LANDSBERG

BRAU
ASTON
KURDADZE

BARKOV
BISELLO
ABE
ATKINSON
CORDIER
KILLIAN
COSME
BINGHAM
FRENKIEL
LAYSSAC

(DM2 Collab. )918 NP 821 111 (suppl)
{MCHS, LANC)

wa+ (SUGI NAGO KEK KYOT MIYA)91 PL 8257 241
n (ATHU, BARI, BIRM, CERN, CDEF, CURIN+)89E PL 8228 536

(DM2 Coll b)89 PL 8220 321 +Busetto+
(NOVO)88 PL 8207 199 +Kozhevnikov

(DM2 Collab. )88 PL 8212 133 +Baidini+
{MCHS, LANC)88 ZPHY C40 313 +Donnachie

(BONN)88 PRPL 159 101
(SUGI, NAGO, KEK, KYOT, MIYA)88 PL 8202 441

+ (ARGUS Collab. )87I. PL 8185 223 +Bi de, Boec . Gase+
878 JETPL 45 145 +Dolinsky, Druzhinin, Dubrovin+

Translated from ZETFP 45 118.
(SERP)87 PL 8188 383 +Dzhelyadin, Dorofeev, Golovkin+

(MCHS)87 ZPHY C33 407 +Mifzaie
(MCHS, LANC)

86 PL 8174 453
(BONN CERN EPOL GLAS LANC MCHS+)80C PL 928 211

8 db k Brookes+ (DARE, LANC, SHEF)80C ZPHY C4 169 +Dainton, Brodbeck, Broo es+

OTHER RELATED PAPERS

(SERP)92 SJNP 55 1051
4 96

(SLAC H bA'd F Alit PIlo to CoII b. )88 PR D37 2379
87 NP 8292 693

, P kh v Sidorov, Skrinskii+ (NOVO)86 JETPL 43 643

deim n' Kha '"' L ich k+ {NOVO)
(PADO LALO CLER FRAS)85 LAL 85-15

+Bacon, Ballam+ (SLAC Hybrid Facility Photon Collab. )848 PRL 53 751
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+)84C NP 8243 1

82 PL 1098 129
D21 3005

76 PL 638 352
728 PL 418 635 +Rabin, Rosenfeld, Smadja+

(CDEF, CERN)72 NP 847 61 +Ghesquiere, Lillestol, Chung+
(MONP)71 NC 6A 134 +Renard

OMITTED FROM SUMMARY TABLE
Seen in antiproton-nucleon annihilation at rest. See also minireview

under non-qg candidates. Needs confirmation.

fg(1520) MASS

COMMEN T

ideogram below.

np ~+x+~
pp ~

6p
0rp-3. - I

0 0
6p

pp- ~~
6p

0.0 pp — 3~
+ — 0pp -+ lr x n'

~ ~ o

DOCUMEN T ID TECN CHGVALUE (MeV)

.8. See the1510+ S OUR AVERAGE Error includes scale factor of 1.8.
1 ADAMO 93 OBLX1502+ 9

ARMSTRONG 93C SPEC1488+ 10

ARMSTRONG 93D SPEC1508+10

ARMSTRONG 93D SPEC1525+ 10

AKER 91 CBAR
MAY 90 ASTE

do not use the following data for averages, fits, limits, etc.

A N I SOY I C H 94 C8A R

1515+10
1565+20
o ~ ~ We

1566+—50 00 pp—
0

0 0PN —+ 3n83 DBC 0

WEIGHTED AVERAGE
1510~8 (Error scaled by 1.8)

1527%: 5 435 + GRAY3
45

1 Supersedes ADAMO 92.
'oils 3x x qrI including AKER 91From a simultanious analysis of the annihilations p p 3~,~ rIrI inc u ng

3No fit of the Dalitz plot has been made. J=O is cauti y ggiousl su ested, but J=2 is not
excluded.

f, (isiO) IG(gPC) 0+(1++)

fg(1510) MASS

VALUE (MeV)

1512 + 4

~ ~ ~ We do not

~ 1525
1530 +10

EVT5 DOCUMENT ID TECN

600+ 1 BIRMAN 88 MPS
200

use the following data for averages, fits, limits,

2 BAUER 93
ASTON 88C LASS

COMMENT

8~ p ~ K+~Kn n

etc. o ~ ~

0 0

11K p~
5

See also minireview under non-qq candidates.

ADAMO 93 OBLX
ARMSTRONG 93C SPEC
ARMSTRONG 930 SPEC
ARMSTRONG 930 SPEC
AKER 91 CBAR
MAY 90 ASTE

(Confidence Level
I

1700

f2(1520) mass (MeV)

fg(1520) WIDTH

S 5

1450 1500 1550 1600 1650

X

0.8
4.8
0.0
2.3
0.3
7.6

15.7
= 0.008)

fg(1510) WIDTH

EVTS DOCUMENT ID TECNVALUE (Mev)

35 +15 600+ BIRMAN 88 MPS

~ ~ ~ We do not use the following data for averages, fits, limits,

ASTON 88C LASS1QQ +40

107.0+15.0 271 GAVILLET 82 H BC

From partial wave analysis of K K 9r+~ 9r state.

COMMENT

8~ p~ K+~K+ n

etc. ~ ~ ~

11K p —+

KQ K+n+AS
42K p~ AKKR

fg(1510) DECAY MODES

Mode

I z K K*(892)+ c.c.

Fraction (f I/I )

seen

1526.0+ 6.0 271 GAYILLET 82 HBC 4.2 K p A K K

1From partial wave ana yI sis of K+~K+ state.
KK~ isos in and spin uncertain.Possibly a difFerent resonance than that seen in K K~, isosp n an

VALUE(Mev) EVTS

120+ 5 OUR AVERAGE

130+10
148+27

DOCUMENT ID TECN CHG COMMENT

"ADAMO 93 OBLX
ARMSTRONG 93C SPEC

x+~'~—
x'qn =

np~
PP~

&y

PP~
6y

pp

0.0 pp
PP

~ o ~

ARMSTRONG 93D SPEC

ARMSTRONG 93D SPEC

103+15

111+10 g~o~o—

AKER 91 CBAR
MAY 90 ASTE

limits, etc.do not use the following data for averages, fits, lim

5 ANISOVICH

120+ 10
170+40
o ~ o We

166+80—20 94 CBAR 0.0 pp ~
3x, 'g rI Ã0

83 DBC 0 Q.Q PN ~ 3x101+19 435+ ~ G RAY6,7
45

4 Supersedes ADAMO 92.
ns + 3+0,m0rIrI including AKER 915 From a simultanlous analysis of the annihilations pp ~ 3x,m rIrI in

data.
No fit of the Dalitz plot has been made.

7Width error enlarged by us to 4l /N1h.
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f2(1520), f2(1525)

I2

I4
I5

Mode

n-+ x
pO pO

2'+ 2'

I (a+r )/I~~
VAL UE

r (x+r-)/r (pp p~)
VAL UE

0.042+0.013

r(PP)/r~,
VAL UE

/{1520}DECAY MODES

Fraction (I;/I )

seen

f2{1520) I5RANCHING RATIOS

DOCUMENT ID TECN CHG COMMENT

MAY 89 ASTE pp ~ ~+a
GRAY 83 DBC 0 0.0 PN -+ 3x

DOCUMENT ID TECN CHG COMMENT

BRIDGES 86B DBC 0 AN ~ 3~ 2~+

DOCUMENT ID TECN COMMENT

AKER 91 CBAR 0.0 Pp ~ 3x

f~(1525}WIDTH

VALUE (MeV) DOCUMENT ID COMMENT

75+10 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

I5+ 6OUR FIT
?6+10 PDG 90 For fitting

PRODUCED IN c+e ANNIHILATION
VAL UE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included ln the average printed for a previous datablock.

1519 + 6 OUR AVERAGE Error includes scale factor of 1.1.
1531.6+10.0 AUGUSTIN 88 DM2 J/Q ~ p K+ K
1515 k 5 4 FALVARD 88 DM2 J/Q ~ 4 K+ K
1525 +10 +10 BALTRUSAIT. .87 MRK3 J/Q ~ p K+ K
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1496 + 2 5 FALVARD 88 DM2 J/@ ~ /K+K
1From a partial-wave analysis of data using a K-matrix formalism with 5 poles.
2 CHABAUD 81 is a reanalysis of PAWLICKI 77 data.

From an amplitude analysis where the f2(1525) width and elasticity are in complete

disagreement with the values obtained from KK channel, making the solution dubious.
From an analysis ignoring interference with fJ(1710).

5 From an analysis including interference with fJ(1710).

ANISOVICH 94
ADA MO 93
ARMSTRONG 93C
ARMSTRONG 93D
ADA MO 92
AKER 91
MAY 90
MAY 89
BRIDGES 86B
GRAY 83

PL B323 233
NP A558 13C
PL B307 394
PL B307 399
PL B287 368
PL B260 249
ZPHY C46 203
PL B225 450
PRL 56 215
PR D27 307

r(00)/r(r s )
VAL UE

0.024+0.005+0.012
DOCUMENT ID TECN COMMENT

ARMSTRONG 93C SPEC pp ~ ~ gg ~ 6y

$(1520}REFERENCES

+Armstrong+ (Crystal Barrel Collab. )
+Agnello+ (OBELIX Collab. )
+Bettoni+ (FNAL, FERR, GENO, UCI, NWES+)
+Bettoni+ (FNAL, FERR, GENO, UCI. NWES+)
+Agnello, Balestra+ (OBELIX Collab. )
+Amsler, Peters+ (Crystal Barrel Collab. )
+DIIch, Heel+ (ASTERIX Collab. )
+DIIch, Heel+ (ASTERIX Collab. ) IJP
+DaRari, Kalogeropoulos, Debbe+ (SYRA, CASE)
+Kalogeropoulos, Nandy, Roy, Zenone (SYRA

165+42

92+39—22

8 CORDEN 79 OMEG

9 POLYCHRO. .. 79 STRC

PRODUCED BY PION BEAM
VAL UE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

108+
2

6 LONGACRE 86 MPS

69+22 7 CHABAUD 81 ASPK

137-21 CHABAUD 81 ASPK

150+50 GORLICH 80 ASPK

COMMENT

etc. ~ ~ ~

KSKSn

6~ p~ K+K n

18.4x p~ K+K n

17 x ppolarlzed ~
K+K n

12-15 x p ~
~+~ n

7 z p nKSKS

f', (1525) IG{IPC) = 0+{2++)

See also the mini-review under non-qq candidates. (See the index
for the page number. )

f2(1525) MASS

VAL UE (MeV) 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.

PRODUCED BY PION BEAM
VAL UE (MeV) EVTS DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

1547+ 1 LONGACRE 86 MPS

1496+ 8 CHABAUD 81 ASPK

1497+ CHABAUD 81 ASPK

1492+29 GORLICH 80 ASPK

15024 25

1480 14

CORDEN 79 OMEG

CRENNELL 66 HBC

COMMENT

etc. ~ ~ ~

S S"
6x p~ K+K n

18.4 R p ~ K+K n

17 ~ ppolarized ~
K+K n

12-15 x p ~
+ n

60 m p ~ KSKSn

1526.8+4.3
1529 + 3
1521 +6
1521 + 3
1522 4 6
1528 +7

1527 +3

1519 +7

PRODUCED BY K+ BEAM
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1524.5+1.4 OUR AVERAGE Includes data from the datablock that follows this one. Er-
ror includes scale factor of 1~ 1~

ASTON 88D LASS 11 K p ~ KSKSA
ARMSTRONG 83B OMEG 18.5 K p ~ K K+A

650 AGUILAR-. .. 81B HBC 4.2 K p ~ AK+K
572 ALHARRAN 81 HBC 8 25 K p ~ AKK
123 BARREIRO 77 HBC 4.15 K p ~ AKSKS
166 EVANGELISTA 77 OMEG 10 K p ~

K+ K—
(A, Z)

120 BRANDENB. .. 76C ASPK 13 K p ~
K+ K—(n, z)

100 AGUILAR-. .. 72B HBC 3.9,4.6 K p ~
KF(n, z)

PRODUCED BY K+ BEAM
VAL UE (MeV) EVTS DOCUMENT ID TECN

78+ 6 OUR AVERAGE Includes data from the datablock that
90+12 ASTON 88D LASS

83+15 ARMSTRONG 83B OMEG
85+ 16 650 AGUILAR-. .. 81B HBC

80+',4, ALHARRAN 81 HBC

72+25 166 EVANGELISTA 77 OMEG

COMMENT

follows this one.
11 K p + KOSKOSA

18.5 K p ~ K K+A
4.2 K p ~ AK+K

825K p~ AKK572

10K p~
K+ K-(n, Z)

3.9,4.6 K p ~
K K(A, Z)

etc. ~ ~ ~

69+22 AGUILAR-. .. 72B HBC100

~ ~ i We do not use the following data for averages, fits, limits,

6'-14 123 BARR EIRO 77 H BC

61+ 8 120 BRANDENB. .. 76C ASPK

4.15 K p -+ AKSKS
13 K p-+

K+ K-(n, z)

PRODUCED IN t+ t ANNIHILATION
VAL UE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

67+ 9 OUR AVERAGE

103430 AUGUSTIN 88 DM2 J/Q ~ yK+ K
62+10 FALVARD 88 DM2 J/Q -+ P K+ K
85+35 BALTRUSAIT. .87 MRK3 J/Q ~ yK+ K

~ ~ ~ We do not use the following data for averages, fits, limits. etc. ~ ~ ~

100+ 3 11 FALVARD 88 DM2 J/Q ~ PK+ 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 f2(1525) width and elasticity are in complete

disagreement with the values obtained from KZ channel, making the solution dubious.
From a fit to the D with f2(1270)-f2(1525) interference. Mass fixed at 1516 IVIeV.

From an analysis ignoring interference with fJ(1710).
From an analysis including interference with fJ(1710).
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Meson Full Listings
f' (1525)

Mode

fa{1525}DECAY MODES

Fraction (I;/I } r(KF) x r(&7)/r„„,

f' (1525) I (I)I (77)/I (total)

KK

l 2 Tie

f, vrvr

l4
fs
i6
r7
f8

y7
K K'{892}+c.c.
xr'l
xK K
~+ ~+ ~- ~-

(71.2 +2 0
) %—2.5

(27.9 '
) %

( 8.2 +1.6 ) x 10

( 1.23+0.22) x 10

x2 —100

X3 —6 —2

x4 —29 29 0

I 61 -61 2 -39
X1 X2 X3 X4

Mode

f1 KK
f 2 Tin

l, 7rsr

f4

Rate (MeV)

61 +5
+2.2—1.2

0.70+0.14

( 1.05+0.17) x 10 4

r(K}r)
VAL UE (MeV)

61 +5 OUR FIT

630+60' -50

far (1525) PARTIAL WIDTHS

DOCUMENT ID TECN COMMEN T

12 LONGACRE 86 MPS 22 7r p s K K5 5

CONSTRAINED FIT INFORMATION

An overall fit to the total width, 4 partial widths, a combination

of partial widths obtained from integrated cross sections, and 2

branching ratios uses 13 measurements and one constraint to de-

termine 5 parameters. The overall fit has a X = 10.0 for 9 degrees
of freedom.

The following oP-diagonal array elements are the correlation coefficients

(bp, bp&)/(bp; bp&), in percent, from the fit to parameters p, , including the branch-

ing fractions, x;:— I,/I «tai. The fit constrains the x, whose labels appear in this

array to sum to one.

VAL UE (keV)

0.075 +0.012 OUR FIT
0.074 +0.016 OUR AVERAGE

0.067 +0.008 +0.015

DOCUMENT ID TECN COMMEN T

ALBRECHT 90G ARG e+ e
e+e—K+ K—

0.12 4 0.07 +0.04 AIHARA 86B TPC e+ e
e+e K+ K

0.11 +0.02 +0.04 ALTHOFF 83 TASS e+ e - e+ e K K

o ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

14 ALBRECHT 90{ ARG e+ ee+e- K+ K-0.0314+0.0050 +0.0077

Using an incoherent background.
Using a coherent background.

fa(1525) BRANCHING RATIOS

r(&~)/r(K}r)
VAL UE DOCUMENT ID TECN COMMENT

r(e sr)/I ~i
VAL UE CL%

0.00I2+0.0016 OUR FIT
0.0075+0.0016 OUR AVERAGE

0.007 +0.002 COSTA. .. 80 OMEG 10 x p ~ Kl K n

0027 +00 1
—0.013

16 GORLICH 80 ASPK 17,18 9r p

0.0075+ 0.0025 16,17 MARTIN 79 RVUE

~ ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ e

&0.06 95 AGUILAR-. .. 81B HBC 4.2 K p ~ /lK+ K

0.19 +0.03 CORDEN 79 OMEG 12-15 x p -a
~+~—

n

(0.045 95 BARREIRO 77 HBC 4.15 K p —+ /IKO K5 S
0.012 +0.004 16 PAWLICKI 77 SPEC 6 x IV —+ K+ K N

~0.063 90 BRANDENB. .. 76c ASPK 13 K p ~
K+ K- (W, Z)

&0.0086 16 BEUSCH 75B OSPK 89 7r p ~ K ~K

Assuming that the f' (1525) is produced by an one-pion exchange production mechanism.
2

MARTIN 79 uses the PAWLICKI?7 data with different input value of the f2(1525} —.

K K branching ratio.

DOCUMENT ID TECN COM MEN T

0.35I+ ' OUR FIT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.11+0.04 PROKOSHKIN 91 GAM4 300 9r p & pqq
&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/tlt ~

r(era)
VALUE (MeV)

0.70+0.14 OUR FIT

1g +1.0-0.5

r(sist)

DOCUMENT ID TECN COMMENT

12 LONGACRE 86 MPS 22 7r p ~ K KO n5 5

r(«)/r(KÃ)
VALUE

0.0115+0.0022 OUR FIT
0.075 +0.035

I (e srrl)/r(KÃ)
VAL UE

DOCUMENT ID TECN COMMENT

AUGUSTIN 87 DM2 J/~I

CL% DOCUMENT ID TECN COMMENT

ra/rt

VAL UE (MeV) DOCUMENT ID TECN COMMEN T ~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ o

230+ ' OUR FIT

24 0+3e0' -10 LONGACRE 86 MPS 22 ~ p ~ K KO n5 5

&0.41
&0,3

[I (KK'(892}+c.c.) + I (e KK)j/r(KÃ) {la+Iy}/I t

95 AGUII AR-. .. 72B HBC 3 9 4 6 K p
67 AMMAR 67 HBC

VALUE (keV)

0.105+0.017 OUR FIT

0.107+ ' OUR AVERAGE

0.11 +0.02—0.02

DOCUMENT ID TECN COMMENT

BEHREND 89c CELL e+ e
e+e—KO KO5 5

0 10 +0.04 +0 03—0.03 —0.02 BERGER 88 PLUT e+ e+ KO Koe e KSKS
From a partial-wave analysis of data using a K-matrix formalism with 5 poles.

C4
VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ o

&0.35
(0.4

95
67

AGUILAR-. . . 72B HBC 3.9,4.6 K p
AMMAR 67 HBC

r{~+~+~ ~ )/r{K+tc-
VALUE CL oA DOCUMEN T ID TECN COMMENT

e o o We do not use the following data for averages, fits, limits, etc. ~ ~ o

(0.32 95 AGUILAR-. .. 72B HBC 3.9,4.6 K p

r (sIsI) /I totat
VALUE DOCUMEN T ID TECN COMMENT

0.10 +0.03 18 PROKOSHKIN 91 GAM4 300 x p ~ m pt)tI

Combining results of GAM4 with those of WA76 on KK central production and results

of CBAL, MRK3 and DM2 on J/Q ~ prig.
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Meson Full Listings
f', (1525), fII(1525), f0(1590)

ff2(1525) REFERENCES

PROKOSHKIN 91

ALBRECHT 90G
PDG 90
BEHREND 89C
ASTON 880
AUGUSTIN 88
BERGER 88
FA LVARD 88
AUGUSTIN 87
BALTRUSAIT. .. 87
A I HARA 868
LONGACRE 86
ALTHOFF 83
ARMSTRONG 838
AGUILAR-. .. 818
ALHARRAN 81
CHABAUD 81
COSTA. .. 80
GORLICH 8{}
CORDEN 79
MARTIN 79
POLYCHRO. .. 79
BARREIRO 77
EVANGELISTA 77
PAWLICKI 77
BRANDENB. .. 76C
BEUSCH 758
AGUILAR-. .. 728
AMMAR 67
BAR NES 67
CRENNELL 66

SPD 316 155
Translated from
ZPHY C48 183
PL 8239
ZPHY C43 91
NP 8301 525
PRL 60 2238
ZPHY C37 329
PR D38 2706
ZPHY C36 369
PR D35 2077
PRL 57 404
PL 8177 223
PL 1218 216
NP 8224 193
ZPHY C8 313
NP 8191 26
APP 812 575
NP 8175 402
NP 8174 16
NP 8157 250
NP 8158 520
PR 019 1317
NP 8121 237
NP 8127 384
PR 015 3196
NP 8104 413
PL 608 101
PR D6 29
PRL 19 1071
PRL 19 964
PRL 16 1025

OTHER RELATED PAPERS

JENNI 83
ARMSTRONG 82
ETKIN 828
LUKE 82
A 8RA MS 678
BARNES 65

PR 027 1031
PL 1108 77
PR D25 1786
DESY 82/073
PRL 18 620
PRL 15 322

+Burke, Telnov, Abrams, Blocker+ (SLAC, LBL)
+Baubillier+ (BARI, BIRM, CERN, MILA, CURIN+)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)

(DESY)
+Kehoe, Glasser, Seehi-Zorn, Wolsky (UMD)
+Culwick, Guidoni, Kalbfleisch, Goz+ (BNL, SYRA)

f0(1525)

(GAM2 Collab. )
DANS 316 900.

+Ehrlichm ann, Harder+ (ARGUS Collab. )
Hernandez, Stone, Porter+ (IFIC, BOST, CIT+)

+Criegee, Dainton+ (CELLO Collab. )
+Awaji, Bienz+ (SLAC, NAGO, CINC, INUS)
+Calcaterrai (DM2 Collab. )
+Genzel, Lackas+ (PLUTO Collab. )
+Ajaltouni+ (CLER, FRAS, LALO, PADO)
+Cosme+ (LALO, CLER, FRAS, PADO)

Baltrusaitis, Coffman, Dubois+ (Mark III Collab. )
+Alston-Garnjost+ (TPC-2y Collab. )
+Etkin+ (BNL, BRAN, CUNY, DUKE, NDAM)
+Brandelik, Boerner, Burkhardt+ (TASSO Collab. )

(BARI, BIRM, CERN, MILA, CURIN+)
Aguilar-Benitez, Albajar+ (CERN, CDEF, MADR+)

+Baubillier+ (BIRM, CERN, GLAS, MICH, CURIN)
+Niczyporuk, Beeker+ (CERN, CRAC, MPIM)

Costa De Beauregard+ (BARI, BONN, CERN+)
+Niezyporuk+ (CRAC, MPIM, CERN, ZEEM)
+Dowell, Garvey+ (BIRM, RHEL, TELA, I.OWC) JP
+Ozmutlu (DURH)

Polychronakos, Cason, Bishop+ (NDAM, ANL)
+Diaz, Gay, Hemingway+ (CERN, AMST, NIJM, OXF)
+ (BARI, BONN, CERN, DARE, GLAS+)
+Ayres, Cohen, Diebold, Kramer, Wicklund (ANL) IJP

Brandenburg, Carnegie, Cashmore+ (SLAC)
+Birman, Websdale, Wetzel (CERN, ETH)

Aguilar-Benitez, Chung, Eisner, Samios (BNL)
+Davis, Hwang, Dagan, Derrick+ (NWES, ANL) JP
+Dornan, Goldberg, Leitner+ (BNL, SYRA) IJPC
+Kalbfleiseh, Lai, Scarr, Schumann+ (BNL) I

f (1590) I G(gPC} 0+(0+ +}

fo(1590}MASS

TECN COMMENTDOCUMENT IDVALUE (MeV) EVTS

1581 +10 OUR AVERAGE

1560 +25
1550 +45 +30
1610 +20
1570 +20

1 AMSl ER 92 CBAR 0.0 pp h &&aO

BELADIDZE 92c VES 36 ~ Be ~ ~ 9}'rlBe
ALDE 88 GAM4 300 x N ~ x N2TI

ALOE 87 GAM4 100 fr p ~ 4x n6006
70

1575.0+45.0 2 ALDE

1568.0633.0 BINON

1592.0 +25.0 BINON

The error ls mostly systematic.
From central value and spread af two solutions.

86D GAM4 100 x p -+ 297n

84C GAM2 38 m' p p F97/n

83 GAM2 38 m p ~ 2rIn

$(1590)WIDTH

VALUE (Mev) EVTS DOCUMENT ID

1$0 +17 OUR AVERAGE Error includes scale factor
245 +50 3 AMSLER 92
153 +67 +50 BELADIDZE 92C
170 +40 ALDE 88
150 +20 6006 AL DE 87

70
4 ALDE 860

BINON 84C

BINON 83

265.0665.0
260.0+60.0
210.0+40.0

3The error is mostly systematic.
4 From central value and spread of two solutions.

TECN

of 1.2.
CBAR
VES
GAM4

GAM4

COMMENT

0.0 pp ~ 97r)x0

36 m Be ~ fr 9}'TIBe
300 x N -+ fr N29}

100 ~ p ~ 49r0n

GAM4 100 ~ p ~ 2qn
GAM2 38 z p ~ rITI'n

GAM2 38 n p ~ 2rIn

See also the mini-review under non-qq candidates. (See the index
for the page number. )

OMITTED FROM SUMMARY TABLE
This entry contains evidence for K K ~~ and rig 5-wave intensity

peaking at the mass of the f2(1525). Needs confirmation.

fo(1525) MASS

TECN COMMENTVALUE (MeV)

far 1525 OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1520+35 ANISOVICH 94 CBAR 0.0 p p p 3~
1560+25 AMSLER 93C CBAR 0.0 pp ~ 2r f}r}

~ 1525 ASTON 88D LASS 11 K p ~ K$ K@A~ 1525 BAUBILLIER 83 8 K p K+ K A

t From a aimuitaneoua anaiyaia of the annihiiationa Ifp ~ Srro. rronrf. Supersedes AM-
SLER 93C.

f0{1525)WIDTH

VALUE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averageS, fits, limits, etc. ~ ~ ~

148 ANISOVICH 94 CBAR 0.0 Ifp ~ 3n, n rrrr

245+50 AMSLER 930 CBAR 0.0 pp ~ n' rfq I
90 BAU BILLIER 83 8K ph K+K A

3From a simultaneous analysis of the annihiiations pp ~ Srr, eorm. Supersedes AM-
SLER 93C.

I1
I2
C3

C4

C,

Made

rf rf'(958)

4~0

KK

I (fItI) /rtotat
VALUE

Isry!
large

r(M)/r(99)
VALUE

0.8 +0.3

r(tf Ro}/r(09)

r(99'(958))/r(9&)
VALUE

2.7+0.8

fo(1590) DECAY MODES

Fraction (I I/I )

dominant

large

large

fo(1590) BRANCHING RATIOS

DOCUMEN T ID TECN COMMENT

BINON 84C GAM2 38~ p ~ rITIfn

DOCUMENT ID TECN COMMENT

ALDE 88 GAM4 300 x N —+ 979}x N

BINON 83 GAM2 38 ~ p ~ 2rIn

Is/Io
DOCUMENT ID TECN COMMENT

ALDE 87 GAM4 100 fr p ~ 4fr0n

r4/ro

ANISOVICH 94 PL 8323 233
AMSLER 93C NP A558 3C
ASTON 88D NP 8301 525
BAUBILLIER 83 ZPHY C17 309

@{1525}REFERENCES

+Armstrong+
+Augustin+
+Awaji, Bienz+
+

(Crystal Barrel Collab. )
(Crystal Barrel Collab. )

(SLAC, NAGO, ONC, INUS)
(BIRM. CERN, GLAS, MSU. CURIN)

VALUE CL 5 DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.17 90 PROKOSHKIN 90 GAM4 300 2r p ~ 2r 2~ p
&0.3 BINON 83 GAM2 38 2r p ~ 2r}n

5 Superseded by PROKOSHKIN 90.

I (KR)/r(tiff)
VALUE CL S DOCUMEN T ID TECN COMMENT

&0.6 BINON 83 GAM2 38 m p ~ 2r}n
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

g0.4 6 PROKOSHKIN 91 GAM4 300 x p 9 a ps7rI

Combining results of GAM4 with those of WA76 on K K central production.
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Meson Full Listings

f0(1590),w(1600), X(1600), fz(1640)

AMSLER 92
BELADIDZE 92C

PROKOSHKIN 91

PROKOSHKIN 90
ALDE 88
ALDE 87
ALOE 86D
BINON 84C
BINQN 83

Also 83B

re{1590}REFERENCES

PL B291 347 +Augustin, Baker+ (Crystal Barrel Collab. )
SJNP 55 1535 +Bityukov, Borisov (VES Collab. ) JPC
Translated from YAF 55 2748.
SPD 316 155 (GAM2 Collab. )
Translated from DANS 316 900.
Hadron 89 Conf. p 27 (SERP, BELG, LANL, LAPP, PISA, KEK)
PL B201 160 +Bellazzini, Binon+ (SERP, BELG, LANL, LAPP, PISA) JP
PL B198 286 +Binon, Bricman+ (LANL. BRUX, SERP, LAPP)
NP B269 485 +Binon, Bricman+ (BELG, LAPP, SERP, CERN) IGJP
NC 80A 363 +Bricman, Donskov+ (BELG, LAPP. SERP. CERN)
NC 78A 313 +Donskov, Duteil+ (BELG, LAPP, SERP, CERN) IGJP
SJNP 38 561 Binon, Gouanere+ (BELG, LAPP, SERP, CERN)
Translated from YAF 38 934.

OTHER RELATED PAPERS

r((see) x r(e+e )/lee, I

VALUE(kev)

170+17
EVTS DOCUMENT ID TECh/

435 8 ANTONELLI 92 DM2

(u(1600) REFERENCES

e e o 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 per and az7r channels.
9 From a single Breit-Wigner fit.

COMMEhf T

1.34—2.4e+ e
hadrons

etc. e ~

I 2l 3/I

1.34—2.44+ 4 — '«
e+ e-—

SLAUGHTER 88 MPL A3 1361

~(1600) IG(JPC) = 0 (1 )

(LANL)

A N TONE L L I

DONNACHIE
ATKINSON
CORDIER
ESPOSITO
COSME

92 ZPHY C56 15
89 ZPHY C42 663
83B PL 127B 132
81 PL 106B 155
80 LNC 28 195
79 NP B152 215

OTHER RELATED PAPERS

+Baldini+ (DM2 Collab. )
+Clegg (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)

See also ~(1420).

(u(1600) MASS

ATKINSON
ATKINSON

87 ZPHY C34 157
84 NP 6231 15

(BONN, CERN, GLAS, LANC, MCHS, CURIN)
(BONN, CERN, GLAS, LANC, MCHS, CURIN+)

VALUE (Mev)

1562 +13

1663 + 12

1594 + 12
1670 4 20

CHG COMMEN T

1.34-2.4e+ e
hadrons

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

1609 +20 315 ANTONELLI 92 DM2 1.34-2.44+ e
px

435 3 ANTONELLI 92 DM2 1.34-2.4e+ e

DONNAC HIE 89 RVUE e+ e ~ p R

ATKINSON 83B OMEG 20-70 pp ~
3m X

X(1600) IG(gPC) 2+(2++)

OMITTED FROM SUMMARY TABLE
Observed in the reaction pp ~ p p0 near threshold. The large

ratio of cross-sections cr(pp ~ p p ) / o(pp p+ p ) - 4 and

the dominance of the J = 2+ wave in the reaction pp ~ p p
is a signature consistent with the production of an exotic (I = 2)
resonance. Needs confirmation.

21

re{1600)WIDTH

1657 k 13 CORDIER e+ e —+ u 2'
1679 + 34 ESPOSITO e+e—
1652.04 17.0 COSME e+e ~ 3n

From a coupled fit of p~ and 6uxx channels.
2 From a fit to two Breit-Wigner functions interfering between them and with the ~,P tails

with fixed (+,—,+) phases.
3From a single Breit-Wigner At.

VALUE (Mev)

1600+100

Our estimate.

X(1600) MASS

DOCUMEN T ID TECN CHG COMMENT

1 ALBRECHT 91F ARG 0 10.2 e+ e
e+ e- 2(T + ~- )

X(1600) WIDTH

EVTS DOCUMENT ID TECN CHG

435 4 ANTONELLI 92 DM2

VALUE (Mev)

2 k2l
COMMENT

1.34-2.4e+ e
hadrons

~ 0~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

159 +43 315 5 ANTONELLI 92 DM2 1.34-2.4e+ e
P 7l'

1.34-2.4e+ e
Id 1f 7l'

e+ e—
p~

20-70 yp ~
3+X

e+ e ~2m
e+ e-
e+ e — 3n.

435 6 ANTONELLI 92 DM2

DONNACHIE 89 RVUE
ATKINSON 83B OMEG

240 +25

100 630
160 620

21

(u(1600) DECAY MODES

136 +46 CORDIER

99 +49 ESPOSITO
42.0+17.0 COSME

4From a coupled fit of pn and ~~~ channels.
5From a fit to two Breit-Wigner functions interfering between them and with the ~,P tails

with fixed (+.—,+) phases.
6From a single Breit-Wigner At.

VALUE (Mev)

40+200

Our estimate.

DOCUMENT ID TECN CHG COMMENT

ALBRECHT 91F ARG 0 10.2 e+ e
e+ e 2(Tr+ n )

(ARGUS Coilab. j

ALBRECHT
BEHREND

89M PL 8217 205
89D PL B218 494

4-BockmanlI+
+ C riegee+

(ARGUS Collab. )
(CELLO Collab. )

f,(1640) IG(gPC) 0+(2++)

OMITTED FROM SUMMARY TABLE
Needs confirmation.

f2{1640}MASS

X(1600}REFERENCES

ALBRECHT 91F ZPHY C50 1 ~Appuan, Paulini, Funk+

OTHER RELATED PAPERS

Mode

I1 P~
I 2 u)sr~

e+e

Fraction (I;jP)

seen

seen

seen

et{1600}I (I}I(e+e }/I {total}

VAL UE (Mev) DOCUMEN T ID TEChl COMMENT

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

1647+ 7 ADAMO 92 OBLX np ~ 3'+ 2n

1590+30 BELADIDZE 92B VES 36 2r p ~ ~~n
1635+ 7 ALDE 90 GAM2 38 x p ~ n~~

I {pe) x r(e+e )/rex, I I 1I 3/I
f2(1640) WIDTH

EVTS DOCUMEN T ID TECN

435 7 ANTONELLI 92 DM2

VALUE (ev)

1$4+ll
~ o ~ We do not use the following data for averages, fits, limits,

93+27 315 ANTONELLI 92 DM2

96+35 DONNACHIE 89 RVUE

"From a coupled At of pn and ~~n channels.

COMMENT

1.34—2.4e+ e
hadrons

etc. ~ ~ ~

1.34 2.4e+ e ~ px
e+ e— px

VALUE {Mev) CL% DOCUMENT IO TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits. limits„etc. o i ~

58+20 ADAMO 92 OBLX n p ~ 32r+ 2m

100+20 BELADIDZE 92B VES 36 n. p -~ u~n
g 70 90 ALDE 90 GAM2 38 n. p —+ n~~

f2(1640} DECAY MODES

Mode Fraction (f f/l )

seen



See key on page 1343
1495

Meson FUII Listings

f2(1640), (u3(1670), «2(1670)

$(16l0) BRANCHING RATIOS ~(1670) REFERENCES

I (mrs)/I ~&
VALUE

ADAMO 92 PL 8287 368
BEI ADIDZE 928 ZPHY C54 367
ALDE 90 PL 8241 600
ALDE 898 PL 8216 451

DOCUMENT ID

ALDE

TECN COMMENT

898 GAM2 38 «p ~ nurse

$(1640}REFERENCES

+Agnello, Balestra+ (OBELIX Collab. )
+Bityukov, Borisov+ (VES Collab. )
+Binon+ (SERP, BELG, LANL, LAPP, PISA, KEK)
+Binon, Bricman+ (SERP, BELG, LANL, LAPP, TBIL) IGJPC

BAUBILLIER
BALTAY
CORDEN
CERRADA
WAGNER
DIAZ
MATTHEWS
BARNES
KENYON
ARMENISE

79 PL 898 131
78E PRL 40 87
788 NP 8138 235
77B NP 8126 241
75 PL 588 201
74 PRL 32 260
71D PR D3 2561
698 PRL 23 142
69 PRL 23 146
688 PL 268 336

OTHER RELATED PAPERS

+ (BIRM, CERN, GLAS, MSU, ORSAY)
+Cautis, Kalelkar (COLU) JP
+Corbett, Alexander+ (BIRM, RHEL, TELA, I OWC)
+Blockzijl, Heinen+ (AMST, CERN. NIJM, OXF) JP
+Tabak, Chew (LBL) JP
+Dibianca. Fickinger, Anderson+ (CASE, CMU)
+Prentice, Yoon, Carroll+ (TNTO, WISC)
+Chung, Eisner, Flaminio+ (BNL)
+Kinson, Scarr+ (BNL, UCND, ORNL)
+Forino, Cartacci+ (BARI, BGNA, FIRZ, ORSAY)

~3(167O) IG(JPC) 0 (3 )

MATTHEWS 71 LNC 1 361
ARMENISE 70 LNC 4 199

«2(1670)

yPrentice, Yoon, Carroll+
+Ghidini, Foring, Cartacci+

(TNTO, WISC)
(BARI, BGNA, FIRZ)

IG(JPC) = 1 (2 +)

~(1670) MASS

VAL UE (Mev) EVTS DOCUMENT ID

166S 4 I OUR AVERAGE

1685.0620.0 60 BAU 8 IL LIER 79 H BC
1673.0+12.0 430 1,2 BALTAY 78E H BC
1650.06 12,0 COROEN 78B OMEG
1669 + 11 600 WAGNER 75 HBC
1678 6 14 500 DIAZ 74 DBC
1660 + 13 2QQ DIAZ 74 DBC
1679 j17 200 MATTHEWS 71D DBC
1670 +20 KENYON 69 DBC

~ ~ ~ We do not use the following data for averages, fits, limits,

~ 1700.0 110 1 CERRADA 778 HBC
1695.0+20.0 BARNES 698 HBC
1636 +20 ARMENISE 688 DBC

Phase rotation seen for J = 3 p«wave.
From a fit to l(J ) = 0(3 ) p«partial wave.

TECN COMMENT

8.2 K p backward

15 «+p ~ d3«
8-12 «p ~ N3«
7 «+ p a++3«
6 «+ n p3«0
6 «+ n pa«0«0
7.0 «+ n p3«
8 «+ n ~ p3«O
etc. ~ ~ ~

42K p —+ A3«
46 K p & u2«X
5.1 «+n ~ p3«0

~(1670) WIDTH

TECN COMMEN T

8.2 K p backward

15 «+ p & 83«
8-12 «p ~ N3«
7 «+ p m++3«
6 «+n p3«O
6 «+ n pu«0«o
7.0 «+n ~ p3«0
etc. ~ ~ ~

4.6 K p —+ u2«
8 «+n p3«0
5.1«+n ~ p3«o

K'(892) mass.

VALUE (MeV) EVTS DOCUMENT ID

173 +11 OUR AVERAGE

160.0680.0 60 3 BAUBILLIER 79 HBC
173.0+ 16.0 430 4&5 BALTAY 78E HBC
253.0+39.0 CORDEN 788 OMEG
173 +28 600 & WAGNER 75 HBC
167 +40 500 DIAZ 74 DBC
122 +39 2OO DIAZ 74 DBC
155 4 40 200 3 MATTHEWS 71D DBC
~ ~ ~ We do not use the following data for averages, fits, limits,

90 +20 BARNES 69B HBC
100 640 KENYON 69 DBC
112 660 ARMENISE 688 DBC

3Width errors enlarged by us to 4l /~N; see the note with the
4Phase rotation seen for J = 3 p«wave.

From a fit to l(J ) = 0(3 ) p«partial wave.

Our latest mini-review on this particle can be found in the 1984
edition.

wg(1670) MASS

VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

1670 +20 OUR ESTIMATE This ls only an educated guess; the error given ls larger
than the error on the average of the published values.

1673 4 7 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

1710 +20 700+ ANTIPOV 87 SIGM — 50 «Cu ~
150 p+ y,

—«—
Cu

1676 + 6 1EVANGELISTA81 OMEG — 12 «p ~ 3«p
1657,0614.0 DAUM 80D SPEC — 63-94 «p ~ 3«X
1662.0+10.0 2000 1 BALTAY 77 HBC + 15 «+ p ~ p3«
~ ~ ~ We do not use the following data for averages, Ats, limits, etc. ~ ~ ~

1742 +31 +49 ANTREASYAN 90 CBAL e+ e
e+ e—«0«0«0

1710.0420.0 DAUM 818 SPEC — 63,94 «p
1640 +10 575 KALELKAR 75 HBC + 15 «+ p -+ p«+ f2
1660 + 10 ASCOLI 73 HBC — 5-25 «p ~ p«2

From a fit to J = 2 S-wave f2(1270)«partial wave.

Clear phase rotation seen in 2 S, 2 P, 2 D waves. We quote central value and spread
of single-resonance fits to three channels.

3 From a two-resonance fit to four 2 0+ waves. This should not be averaged with all the
single resonance fits.

WEIGHTED AVERAGE
1673~7 (Error scaled by 1.4)

s7r
f2
I 3 bg(1235)x

»&3(1670}DECAY MODES

Fraction (fl/I )

seen

seen

possibly seen

1600

~ ~z
VV
VV

1650

«2(1670) mass (Mev)

1700 1750

6.2
(CorNderlce Level 0.103)

1800

. .ANTIPOV 87 SIGM 3.5.EVANGELISTA 81 OMEG 0.3
DAUM 80D SPEC 1.3.BALTAY 77 HBC 1.1

r(~mr)/I (pw)

~(1670) BRANCHING RATIOS

VALUE EVTS

~ ~ ~ We do not use the following

0.71+0.27

I {61(1236)w)/I (px)
VALUE

possibly seen

100

r(b1(12M)~)/r(~~~)

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ ~

DIAZ 74 DBC 6 «+n ~ p5«0

DOCUMEN T ID TECN COMMENT

DIAZ 74 DBC 6 «+n ~ p5«0

VALUE CLS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages. fits, limits, etc. ~ ~ ~

&0.75 68 BAUBILLIER 79 HBC 8.2 K p backward

x2(1670) WIDTH

VALUE {Mev) EVTS DOCUMENT ID TECN CH6 COMMENT

240 +15 OUR AVEIhkGE Error includes scale factor of 1.1.
170 +80 700+ ANTIPOV 87 SIGM — 50 «Cu

150 +p p «CU
260 +2Q 4 EVANGELISTA 81 OMEG — 12 «p ~ 3«p
219.0+20.0 &5 DAUM 80D SPEC — 63-94 «p ~ 3«X
285.0460.0 2000 4 BALTAY 77 HBC + 15 «+ p ~ p3«
~ ~ ~ We do not use the following data for averages, Ats, limits, etc. ~ ~ ~

236 +49 +36 ANTREASYAN 90 CBAL e+ e+ — 0 0 0e e
312.0+50.0 6 DAUM 818 SPEC — 63,94 «p
240 +30 575 KALELKAR 75 HBC + 15 «+ p ~ p«+ f2
270 +60 ASCOLI 73 HBC — 5-25 «p ~ p«2

From a fit to J = 2 f2(1270)«partial wave.
5Clear phase rotation seen in 2 5, 2 P, 2 D waves. We quote central value and spread

of single-resonance fits to three channels.
6 From a two-resonance fit to four 2 0+ waves. This should not be averaged with all the

single resonance fits.
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?rz (1670)

sra{16?0) DECAY MODES

Mode

rt f2{1270}rr
I 2 ~+++ vr-

p?r
I 4 fp {1300)rr
I s K K'{892)+c.c.

f 7 7i?r

Fraction (I l/I )

(56.2+3.2) %

(53 +4 )%
(31 +4 )%
( 8.7+3.4) %

4 2+1 4) 0/

( 5.6+1.1) x 10 6

5 0/

5 0/

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-diagonal array elements are the correlation coefficients

(bxibx&)/{bx,"bx&), in percent, from the fit to the branching fractions, x,

f;/(total ~ The fit constrains the x; whose labels appear in this array to sum to
one.

WEIGHTED AVERAGE
0.60+0.05 (Error scaled by 1.3)

0.0

v'

WJ I

I Xc'

0.5 1.0

r(f2(1270)rr j/I (x c
1 x )

DAUM
ARMENISE
BALTAY

81B SPEC
69 DBC
68 HBC

(Confidence Level

2.0

, 2
}I.

'

0.0
0.3
1.6
1.9

= 0.389)

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.

X3

X4

X5

-29 -59
—8 —21 —9

X1 X3 X4

%2{16?0)PARTIAL WIDTHS

r(fix)/r(~+fr+fr j
(All?l decays. )

I y/I 2 = I?/{0.56?l 1+2l a+0.624I 4)

&0.10 CRENNELL 70 HBC — 6?r p--
f2 2r N

VALUIE DOCUMENT ID TECN CHG COMMENT

&0.09 BALTAY 68 HBC + 7—8.5 7r ~ p
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ i w

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 7 BEHREND 90C CELL 0

TECN CH G COM M EN T

e+e ~ e+e ?r ?r

e+e
e+e—x+~-~0

Ilmlts, etc. ~ ~ ~~ ~ ~ We do not use the following data for averages, fits,

0.8 +0.3 +0.12 8 BEHREND 90C CELL 0 e+e
e+e-~+~- ~0

7 Incoherent Ansatz.
Constructive interference between f2(1270),p?r and background.

aa{16?0}BRANCHING RATIOS

I (psr)/I (a+a+sr ) [ra/r, = ]ra/{0.56?I 1+2I a+0.624I 4)
DOCUMENT ID TECN CHG COMMENTVAL UE

0.29+0.M OUR FIT
0.29+0.05 DAUM 81B SPEC 63,94?r p

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&0.3 BARTSCH 68 HBC + 8 7r+ p — 3?r p
(0.4 FERBEL 68 RVUE

From a two-resonance fit to four 2 0+ waves.

I (it't{12?0)sr)/r(sr+sr+a )

TECN CHG COMMEN T

0.56?I 1/I 2 =0.56?I 1/{0.56?l 1+5Iay0.624I )
(With f2(1270) ?r+ ~ .)

VAL UE DOCUMENT lD

0.404+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 10 DAUM 81B SPEC 63,94?r p

0.76 ARMENISE 69 DBC + 5.1?r+ d d 3'
0.35 +0.20 BALTAY 68 HBC + 7-8.5 2r+ p
o ~ ~ We do not use the following data for averages, fits, limits, etc. i o ~

0.59 BARTSCH 68 HBC + 8?r+ p ~ 3?r p

From a two-resonance fit to four 2 0+ waves.

I (a+2a+2a-j/I (a+sr+sr-}
VALUE

&0.10

r,/r, = ra/{0.56?rt+21l 4+0.624I 4}
DOCUMEN T ID TECN CHG COMMEN T

C R ENNELL 70 H BC — 6?r p
f2?r N

BALTAY 68 HBC 1 7,8.5 2r " p

DOCUMENT ID

81B SPEC 63,94 n p

From a two-resonance fit to four 2 0+ waves.

I (K}r {892)+c.c.)/I (f2{12?0)sr) ra/r1
VAL UE

0.075+0.025 OUR FIT
0.075+0.025

DOCUMENT ID TECN CHG COMMEN T

12 ARMSTRONG 82B OMEG — 16 ?r p
KIK ?r p

2 From a partial-wave analysis of K+ K ?r system.

D.wave/5-wave RATIO FOR ma{16?0) s f2{12?0)a
VALUE DOCUMEN T ID TECN COMMEN T

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0.22 +0.10 13 DAUM 81B SPEC 63,94 2r p

From a two-resonance fit to four 2 0+ waves.

sra{16?0}REFERENCES

ANTREASYAN 90
BEHREND 90C
ANT IPOV 87
ARMSTRONG 82B
DAUM 81B
EVANGELISTA 81

Also 81B
DAO M 80D
BALTAY 77
KALELKAR 75
ASCOLI 73
CRENNELL 70
ARMENISE 69
BALTAY 68
BARTSCH 68
FERBEL 68

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
Nevis 207 Thesis
PR D7 669
PRL 24 781
LNC 2 501
PRL 20 887
NP B7 345
Phil. Conf. 335

+Bartels, Besset (Crystal Ba)I Collab. )
+C riegee+ (CELLO Collab. )
+Batarinw (SERP, JINR, INRM, TBIL, BGNA, MILA}
+Baccari (AACH3, BARI, BONN, CERN, GLAS+)
+Heftzberger+ (AMST, CERN, CRAC, MPIM, OXF+}

(BARI, BONN, CERN, DARE, LIVP+-)
Evangelista

+Heftzberger+ (AMST, CERN, CRAC, MPIM, OXF+) JP
+Cautis, Kalelkar (COLU) JP

fCOLU}
(ILL, TNTO, GENO, HAMB, MILA, SACL) JP

+Kafshon, Lai, Scarr, Sims (BNL)
+Ghidini, Forino, Caftacci+ (BARI, BGNA, FIRZ)
+Kung, Yeh, Ferbel+ (COLU, ROCH, RUTG, YALE) I

',-Keppel, Kraus+ (AACH, BERL, CERN) JP
(ROC H)

r(fo{1MO}~j/r(a+ ~+~-j
0.624I 4/I 2 = 0.624I 4/{0.56?I 1+ /I a+0.624l 4)

(With f0(1300) —t x~ ?r .)
VALUE TECN COMMEN T

0.10+0.M OUR FIT
0.10+0.05 DAUM

OTHER RELATED PAPERS

CHEN
LEEDOM
BELLINI
FOCACCI
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 Berkeley Thesis
66 PL 21 579
65B PL 19 68

~Fenker+ (ARIZ, FNAL, FLOR, NDAM, TUFTS+)
-I-DeBonte, Gaidos, Key, Wong+ (PURO. TNTO)
+ (CERN, MILA, JINR, BGNA, HELS, PAVI, WARS+)
+Kienzle, Levrat, Maglich, Martin (CERN)
+Tolstrup+ (CERN Missing Mass Spect. Collab. )

(LRL)
+Guszavin, Kliger, Zolganov+ (ITEP)
+Gessaroli+ (BGNA, BARI, FIRZ, ORSAY, SACL}
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$(1680), ps(1690)

$(1680) IG(JPC) 0
—

(1
——

)

First identified using Dalitz plot analysis of e+e ~ KK'(892)
(BIZOT 80, DELCOURT 81). We do not list anymore ~ radial
excitations under this particle. See also (d(1420) and ~(1600).

VALUE

dominant

r(KR)/r(K)r'(892)+ c.c.)

DOCUMENT ID TECN COMMENT

MANE 82 DM1 e+e ~ K0 K+2r+S

ii{1680)BRANCHING RATIOS

r(KK (892)+ c c )/. I .(K&Ke)

Ii(1680) MASS VALUE

0.07 +0.01
DOCUMENT ID TECN COMMENT

BUON 82 DM1 e+ e
e+ e PRODUCTION
VAL UE (Mev) EVTS DOCUMENT ID TECN COMMENT

1680+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. ~ ~ ~

1657+27 367 BISELLO 91C DM2 e+ e ~ K K+ 9r+S
1655+17 BISELLO SSB DM2 e+ e ~ K+ K
16SO+10 2 BUON 82 DM1 e+e ~ hadrons

1677+12 MANE 82 DMl e+ e ~ K K9rS

PHOTOPRODUCTION
VAL UE (MeV) DOCUMENT ID TECN COMMENT

e ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~ .

1726+22 BUSENITZ 89 TPS p p ~ K+ K X
1760+20 ATKINSON 85C OMEG 20-70 yp ~ KKX
1690+10 ASTON 81F OMEG 25-70yp ~ 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, u, p and their radial eXCitatiOnS tO ChannelS war+~, K+K
KS K&, KS K+ 2r+. Assume mass 1570 MeV and width 510 MeV for p radial excita-
tions, mass 1570 and width 500 MeV for ~ radial excitation.

3 Fit to one channel only, neglecting interference with ~, p(1700).

I (~ee)/I ( KP'( 892) +c.c.)
VALUE

C0.10
DOCUMENT ID TECN COMMENT

BUON 82 DM1 e+ e

II(1680) REFERENCES

BISFLLO
BUSENITZ
BISELLO
ATKINSON
BUON
MANE
ASTON
0ELCOURT
BIZOT

91C ZPHY C52 227
89 PR D40 1
BBB ZPHY C39 13
BSC ZPHY C27 233
82 PL 118B 221
82 PL 112B 178
81F PL 104B 231
81 PL 99B 257
80 Madison Conf. 546

OTHER RELATED PAPERS

ATKINSON
ATKINSON
ATKINSON
ATKINSON
CORDIER
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
BOF 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 (0RSAY)

(BONN. CERN, EPOL, GLAS, LANC, MCHS+)

+Busetto, Castro, Nigro, Pescara+ (DM2 Collab. )
+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+)
+Bisello, Bizot, Buon, Cordier, Mane (ORSAY)
+Bisello, Buon, Cordier, Delcourt+ (LALO, MONP

II(1680) WIDTH 3(1690) IG(JPC) 1+(3——
)

II{1680)DECAY MODES

I2
I3
l4
l5
r6

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

K+ K- ~0

Fraction (I ~/I )

dominant

seen

seen

seen

not seen

II{1680)r(I)r(e+e-)/r(ue I)

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 (I) in e+ e annihilation. We list only data that have not been
used to determine the partial width I (I) or the branching ratio I (I)/total ~

I (KF'{892)+c.c.) x I (e+e )/Iee ~

VAL UE (keV) EVTS DOCUMEN T ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

36T BISELLO 91C DM2 e+ e ~ K0 K+n+S0.48+0.14

e+ e PRODUCTION
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

160+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. ~ ~ ~

146+55 367 BISELLO 91C DM2 e+e ~ KSK+9r+
20T+45 4BISELLO SSB DM2 e+e ~ K+K
185622 5 BUON 82 DM1 e+e ~ hadrons

102j36 MANE 82 DMl e+ e ~ K KxS

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 pp ~ KKX

100+40 ASTON 81F OMEG 25-70 pp ~ 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, ~, ItI and their radial excitations to channels ~~+x, K+K
KS K&, KS K+ x+. Assume mass 1570 MeV and width 510 MeV for p radial excita-
tions, mass 1570 and width 500 MeV for ~ radial excitation.
Fit to one channel only, neglecting interference with ~, p(1700).

F3{1690)MASS

We include only high statistics experiments in the average for the 2x, K K,
and KK2r modes.

2, ZF, AND XR~ MODES
VALUE (MeV) DOCUMENT ID

1691 +5 OUR ESTIMATE This is only an educated guess; the error given is larger
than the error on the average of the published values.

1691.4+2.7 OUR AVERAGE Includes data from the 2 datablocks that follow this one.

2m MODE
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMEN T
The data in this block is included in the average printed for a previous datablock.

168$ 4 4 OUR AVERAGE

1677 614
1679.0+11.0 476

EVANGELISTA 81 OMEG-
BALTAY 78B HBC 0

12' p ~ 29rp
152r+p ~

~+ 2r
—

n
25 9r p ~ p32r
6~+n

~+~- p
17' p ~

9r+ R n
7 9r+N

1 ANTIPOV

600 1 ENGLER

77 CIBS 0
74 DBC 0

74 ASPK 0

1678.0+12.0
1690 + 7

2 GRAYER1693 + 8

1678 6 12 MATTHEWS 71C DBC 0
~ ~ ~ We do not use the following data for averages, fits, limits, etc.

1734.0610.0 3 CORDEN 79 OMEG

~ ~ ~

1692 6 12

12-15 2r p ~
n2+

ESTABROOKS 75 RVUE 17 9r p ~
x+r —

n
1737.0+23.0 ARMENISE 70 DBC 0 9 2r+ N

1650.0+35.0 122 BARTSCH 70e HBC + 8 ~+ p ~ N29r

1687 +21 STUNTEBECK70 HDBC 0 8 ~ p. 5.4 9r+d
1683 +13 ARMENISE 68 DBC 0 5.1 x+ d
1670.0+30.0 GOLDBERG 65 HBC 0 6 ~+d, 8 ~ p

1 Mass errors enlarged by us to P/~N; see the note with the K'(892) mass.
2 Uses same data as HYAMS 75.

From a phase shift solution containing a f (1525) width two times larger than the KK2
result.

4 From phase-shift analysis. Error takes account of spread of different phase-shift solutions.
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3(1690)

KR AND KRr MODES
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMEN T

The data in this block is included in the average printed for a previous datablock.

1506 4 4 OUR AVERAGE

1699.0+ 5.0 ALPER

6k 5~6 MARTIN1698 + 12

80 CNTR 0

780 SPEC

1692 + 6 BLUM 75 ASPK 0

1690.0+ 16.0 ADER HOLZ 69 HBC +
e o ~ We do not use the following data for averages, fits, limits, etc.

1694.0+ 8.0 COSTA. .. 80 OMEG

5From a fit to J = 3 partial wave,
6 Systematic error on mass scale subtracted.

They cannot distinguish between p3(1690) and ~3{16?0).

(4I)+ MODE

62m p~
K+K n

10xp ~
KOS K p

18.4x p ~
nK+ K

8~+p ~ KKx
0 0 I

10m p~
K+K n

WEIGHTED AVERAGE
1675+11 (Error scaled by 1.9)

VAL UE (MeV) EVTS DOCUMENT ID TECN CHG COMMEN T

1675 +11 OUR AVIGE Error includes scale factor of 1.9. See the ideogram below.

1665.0615,0 17? BALTAY 788 HBC + 15 ~+ p ~ p4~
1670 + 10 THOMPSON 74 HBC + 13 x+ p
1687 +20 CASON 73 HBC — 8,18,5 x p
1630 k 15 HOLMES 72 HBC + 10-12 K+ p
1680.0+40.0 144 BARTSCH 708 HBC + 8 x+ p ~ N4rr

1705.0+21.0 CASO 70 HBC — 11.2 x p ~
Il p21r

1720 6 15 BALTAY 68 HBC + ?, 8.5 ~+ p
e e ~ We do not use the following data for averages, fits, limits, etc. e ~ e

1694 6 6 EVANGELISTA 81 OMEG — 12 rr p ~ p4~
1718 6 10 9 EVANGELISTA 81 OMEG — 12 x p ~ p4~
1673 + 9 EVANGELISTA 81 OMEG — 12 ~ p ~ p4w
1733 + 9 11 KLIGER 74 HBC — 4 5 ~ p ~ p4+
1685 + 14 11 CASON 73 HBC — 8,18.5 x p
1689.0 +20.0 102 11 BARTSCH 708 HBC + 8 7r+ p ~ N2p

From p p mode, not IndePendent of the other two EVANGELISTA 81 entries.
9 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,
11From p+ p mode.

~(1690) WIDTH

We include only high statistics experiments in the average for the 2~, KF,
KFrr modes.

2g, KR, AND KFz MODES
VALUE (Mev) DOCUMENT ID

216+26 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

216+ 6 OUR AVERAGE includes data from the 2 datablocks that follow this one. Error
includes scale factor of 1.8. See the ideogram below.

WEIGHTED AVERAGE
215~6 (Error scaled by 1.8)

ij
I
l

~ii
~ 5 /)i)

i j
IV

V

50 100 150 200

X
2

ALP ER 80 CNTR 1.1.MARTIN 78D SPEC 0.2
BLUM 75 ASPK 0.2
DENNEY 83 LASS 0.0
EVANGELISTA 81 OMEG 0.?
BALTAY 78B HBC 10.8
ANTIPOV 77 CIBS 1.1

~ - ENGLER 74 DBC 14
GRAYER 74 ASPK 0?.MATTHEWS 71C DBC 2.7

. ARMENISE 70 DBC 0.4
19.4

(Confidence Level = 0.035)I I

250 300 350

gx+x MODE
(For difficulties with MMS experiments, see the a2(1320) mini-review in the 1973
edition. )

VALUE (Mev) DOCUMEN T ID TECN CHG COMMENT

1680 +16 FUKUI 88 SPEC 0 8.95 x p ~
rI 1t'+ 7l n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e e

1700.0 k 47.0 12 ANDERSON 69 MMS — 16 m p backward

1632 + 15 12 13 FQCACCI 66 MMS — 7-12 ~ p
pMM

1700 + 15 12,13 FOCACCI 66 MMS — 7-12 x p ~
pMM

&
3 FOCACCI 66 MMS — 7-12 x p ~

pMM

Seen in 2.5-3 GeV jc p p. 2m+ 2m, with 0, 1, 2 ~+ ~ pairs in p band not seen by
OREN 74 (2.3 GeV/c pp) with more statistics. (Jan. 1976)
Not seen by BOWEN 72.

X
2

78B HBC 0.5
74 HBC 0.3
73 HBC 0 3
72 HBC 9.1
70B HBC 0.0
70 HBC 2 0
68 HBC 89

21.1
(Confidence Level 0.002)

I

1850

- BALTAY.THOMPSON.CASON
HOLMES
BARTSCH

~ CASO
BALTAY

p3(2690) mass, (4m) mode (MeV)

vr MODE
VALUE (Mev)

16$1 k 6 OLIR AVENGE
1690 +20

1690 k 15
1666.04 14.0
1686 + 9
1654 +24

DOCUMENT ID TECN CHG COMMEN T

ALDE 92C GAM2

EVANGELISTA 81 OMEG-
GESSAROLI 77 HBC
THOMPSON 74 H BC +
BARNHAM 70 H BC +

38,100 x p ~
~~On

12+ p —+ uxp
11 x p-+ exp
13 ~+p
10 K+ p —+ uprrX

1600 1650 1700 1?50 1800

p3(1690) width, 2x, KK, and KKvr modes (Mev)

2' MODE
VALUE (MeV) EVTS DOCUMEN T ID TECN CHG COMMEN T

The data in this block is Included in the average printed for a previous datablock.

77 CI 8S 0
74 DBC 0

186 +14 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

220 +29 DENNEY 83 LASS 10 ~+ N

246 +37 EVANGELISTA 81 OMEG — 12 ~ p ~ 2x p
116.0+30.0 476 BALTAY 788 HBC 0 15 ~+ p ~

~+~ n
162.0650.0 175 14 ANTIPOV 25m p ~ p3m.

167 +40 600 ENGLER 6~+n ~
7I' K P

200 + 18 15 GRAYER 74 ASPK 0 17 x p ~
~+~—

n
156 +36 MATTHEWS 71c DBC 0 7 ~+ N

171.0+65.0 ARMENISE 70 DBC 0 9 ~+ d
~ o ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

322.0635.0 16 CORDEN 79 OMEG 12—15 n p
n2%

240 +30 15,17 FSTABROOKS 75 RVUE 1? x p ~
~+~—

n
180.0630.0 122 BARTSCH 708 HBC + 8 ~+ p ~ N2m

267 +72 STUNTEBECK 70 HDBC 0 8 ~ p, 5A ~+ d—46
188 +49 ARMENISE 68 DBC 0 5.1 sr+ d
180.0k 40.0 GOLDBERG 65 HBC 0 6 x+ d, 8 ~ p

14Width errors enlarged by us to 4l /~N; see the note with the K'(892} mass.
15Uses same data as HYAMS 75 and BECKER?9.

From a phase shift solution containing a f {1525)width two times larger than the KF
2

result.1"From phase-shift analysis. Error takes account of spread of different phase-shift solutions.
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WEIGHTED AVERAGE
186~14 (Error scaled by 1.3)

WEIGHTED AVERAGE
150~31 (Error scaled by 1.8)
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p3(1690)

100 200 300

X
.DENNEY 83 LASS 1.4

EVANGELISTA 81 OMEG 2.6
~ .BALTAY 78B HBC 5.5. .ANTIPOV 77 CIBS 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)

400 500 100 200 300

X
.ALOE 92C GAM2 7.2

EVANGELISTA 81 OMEG 0.4
GESSAROLI 77 HBC 0.0
THOMPSON 74 HBC 5.9
BAR NHAM 70 HBC 0.1

13.6
(Confidence Level 0.009)

400 500

p3(1690) width, 2~ mode (Mev)

KF AND KFx MODES
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

218 6 4 OUR AVERAGE

219.0+ 4.0 622r p ~
K+K n

10 2rp —+

K0S K p
18.4 2r p ~

nK+ K
~ ~ ~

80 CNTR 0

780 SPEC

75 ASPK 0

ALPER

6000 18 MARTIN199 +40

205 +20 BLUM

~ ~ ~ We do not use the following data for averages, fits, limits, etc.

186.0 +11.0 19 COSTA. ~ . 80 OMEG 10' p h

K+K n
8 2r+p ~ KK2r

curn MODE
VAL UE (MeV) DOCUMENT ID

150 +31 OUR AVERAGE Error includes scale factor of 1.8.
230 +30 ALDE 92C GAM2

190 +65
160.0+56.0
89 +25

130 +73—43

EVANGELISTA 81 OMEG
GESSAROLI 77 HBC
THOMPSON 74 HBC

BARNHAM 70 HBC

CHG COMMEN T

See the ideogram below.

38100 2r p ~
a~0n

12 2r p h u2rp
11 2r p h u2rp
13 ~+p

+ 10 K+ p —+ ur2rX

112.0 660.0 ADERHOLZ 69 HBC +
18 P
19

From a fit to J = 3 partial wave.

They cannot distinguish between p3(1690) and ~3(1670).

{ger}+MODE
VALUE(MeV) EVT

119 +13 OUR AVERAGE
VTS DOCUMENT ID TECN CHG COMMENT

105.0 +30.0 177 BALTAY 78 HBCB + 15' p ~ p42r+
THOMPSON 74 HBC + 13 2r+ p

169 +—48 CASON 73 HBC — 8.18.5 2r p

130 +30 HOLMES 72 HBC + 10-12 K+ p
135.0 +30.0 144 BARTSCH 70B HBC +
100 +35

a + 8 2r p N42r

BALTAY 68 HBC + 7, 8.5 2r+ p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

EVANGELISTA 81 OMEG-
EVANGELISTA 81 OMEG—

22 EVANGELISTA 81 OMEG—

125 +83—35
23 CASON 73 H BC — 8,18.5 2r p

180.0 k 30.0 90 BARTSCH 70B HBC + 82r+p ~ Na22r

From m

160.0+30.0 102 BARTSCH 70B HBC +B + 8' p ~ N2p

From p p mode, not independent of the other two EVANGELISTA 81 t Ientr es.

2( ) 2r mode, not Independent of the other two EVANGELISTA 81 entries.

From a2(1320) 2r mode, not independent of the other two EVANGELISTA 81 entries.

From p+ p mode.

p3(1690) width, ~~ made (Mev)

go+a MODE

edition. )

MMS experiments, see the a2(1320) mini-review In the 1973(For difficulties with MM

VA LUE (MeV) TECN CHG COMMENT

106 +27 88 SPEC 0 8.95 2r p ~
+

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

195.0 24 ANDERSON 69 MMS — 16 2r p backward
24»5 FOCACCI 66 MMS — 7-12 r p ~

& 30 24 25 FOCACCI 66 MMS
pMM

7-12 2r p ~
( 38 24 25 FOCACCI 66 MMS — 7-12 2r p

pMM

24
pMM

Seen in 2.5-3 GeV/c jap. 2m+2m with 0 1 2 + I ipa rs in p band not seen
OREN 74 (2.3 GeV/c pp) with more statistics. (Jan. 1979)
Not seen by BOWEN 72.

DOCUMEN T ID

FUKUI

big{1OOO} DECAY MODES

Mode

4~
r2 ~+~+ ~- ~0

I3
I 4 {de
I 5 KKn.
I6 KK
I 7 rjx+x
I8

Excluding 2p and aq {1320}x.
I q a2{1320}x
~10 PP
I 11
I 12 rim

2m+ 2w

Fraction (I l/f )

(71 1 + 1 9 ) o/

(67 +22 ) %
(23.6 + 1.3 ) %
(16 + 6 )o/

( 3.8 4 1.2 ) %

( 1.58+ 0.26) %
seen

Scale factor

1.2

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 X
14.7 for 7 degrees of freedom.

X3

Xs

—77
—74 17
—15 2 0

X1 X3 X5

The followin aff-'
g -diagonal array elements are the correlation coefficients

bx, be)/(bx; bx&). m percent, from the fit to the branching fractions

;/ total. The fit canstrains the x; whose labels appear in this array ta sum ta
one.
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,(1690)

po(1690} BRANCHING RATIOS I (pp)/[I (xo'p) + i (o2(1320)o) + I (pp)] rlo/(ro+I o+rlo)

r(o o)/r~i
VALUE

0.236+0.013 OUR FIT
0.248+0.013 OUR AVERAGE

259+0.018—0.019

DOCUMENT ID TECN CHG COMMEN T

BECKER 79 ASPK 0 17 x p polarized

0.48+ 0.16

I (o2(1320}o)/I (o+o+x oo)
VALUE

CASG 68 HBC

DOC LlMEN T ID TECN CHG COMMEN T

VALUE DOCUMEN T ID TECN CHG COM MEN T

« ~ ~ We do not use the following data for averages, fits, iimits, etc. ~ ««

0.245 60.006 17 x p —~

++ 7r
—

n

One-pion-exchange model used in this estimation.
From phase-shift analysis of HYAMS 75 data.

0.23 +0.02 CORDEN 79 OMEG 12—15 x p -~
n2%

0.22 +0.04 26 MATTHEWS 71C HDBC 0 7 ~+ n ~ + p
~ ~ «We do not use the following data for averages, fits, limits, etc. ~ ~ ~

27 ESTABROOKS 75 RVUE

0.66 +0.08
0.36+0.14
not seen

0.6 +0.15
0.6

30pp and

BALTAY 788 HBC
30 THOMPSON 74 HBC

CASON 73 HBC
BARTSCH 708 HBC
BALTAY 68 HBC

a2(1320)~ modes are indistinguishable.

15 ~~ p -- p47r

13 ~+p
8,18.5 n' p
8x p
7,8.5 n. p

« ~ ~ We do not use the following data for averages, fits, limits, etc. «««

r(«)/i (r+o+oro)
VALUE

0.35+0.11
« ~ ~ We do not use the following

(0.2
(0.12

r(~~)/r(4 )

DOCUMENT ID TECN CHG

CASON 73 HBC
data for averages, fits, limits, etc. ~

HOLMES 72 HBC
BALLAM 718 HBC

COMMEN T

8185 ~ p
~ ~

10—12 K+ p
16~ p

r(~o)/r(o+o+o oo)
VALUE CL S DOCUMEN T ID TECN CHG

0.23+0.05 OUR AVERAGE Error includes scale factor of 1.2.
0.33+0.0? THOMPSON ?4 HBC +
0.12 +0,07 BALLAM 718 HBC

0.25 +0,10 BALTAY 68 HBC +
0.25 a0.10 JOHNSTON 68 HBC

« ~ «We do not use the following data for averages, fits, limits, etc. «

COMMEN T

13 Ip
16~ p
7,8.5 ~ l p
70~ p
~ ~

r4/r,

VALUE DOCUMENT ID TECN

0.$82+0.026 OUR FIT Error includes scale factor of 1,1.
0.30 +0.10 BALTAY 788 HBC

r(icR)/r(«)

CHG COMMENT

0 15 7r+ p ~ p47r

(0.11
(0.09

r(y~)/r(~+~+ ~-~o)

BALTAY

KLIGER

788 HBC
74 HBC

15 ~"p -+ p4~
4.5 x p --~ p4z

191+0.040—0.037

0.08 +0.03

0.08 +008—0.03

GOR LICH 80 ASPK

BARTSCH 708 HBC

CRENNELL 688 HBC

VAL UE DOCUMENT ID TECN

0.067+0.011 OUR FIT Error includes scale factor of 1.2.

0.118+g'0~ OUR AVERAGE Error includes scale factor of 1.7.
below.

CHG COMMEN T

See the ideogram

0 17,18 n p polar-
Ized

8vr+p

60m p

VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

BA LTAY 68 H BC

(o+2o+2o-o.O)/r(o+o+o o.O)

CHG COMMEN T

etc. ~ « «

7,8.5 -„'p

VAL UE DOCUMENT ID TECN CHG COMMEN T

(0.15 BALTAY 68 HBC 7,8.5 7r I p

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ «

WEIGHTED AVERAGE
0.118+0.039-0.032 (Error scaled by 1.7)

r(9~)/r(~+ w+ ~- ~o)
VAL UE DOCUMENT ID TECN CHG COMMEN T

0.0 0.1

r(KK) lr(«}
r(ic F~)/r(~r)

0.2 0.3

X

80 ASPK 3 8
70B HBC 1.6
68B HBC 0.4

5.9
(Confidence Level = 0.053)

I

0.5

GORLICH
BARTSCH
CRENNELL

0.4

Values above of weighted average, error,
nd scale factor are based upon the data in

is ideogram only. They are not neces-
arily the same as our "best" values,
btained from a least-squares constrained fit

ilizing measurements of other (related)
uantities as additional information.

(0.02

r(icR)/r„„,
THOMPSON 74 HBC + 13 7r+ p

VALUE DOCUMENT ID TECN

0.0158+0.0026 OUR FIT Error includes scale factor of 1.2.
0.0130+0.002m OUR AVERAGE

0.013 +0.003 COSTA. ..

CHG COMMEN T

10m- p-
K'k n

10 ~p —.
K0SK p

80 0 IVI EG

31 MARTIN0.013:40.004 788 SPEC

31From (l 3l 6)1/2 0.056 6 0.034 assuming B(p3(1690) --~

r((ux)/[r(vo') + r(pp)] r4/(rc+rio}
CHG COMMENT

etc. « ~ ~

VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.22 +0.08

r(o~+ ~-)/r~,
VAL UE

CASON 73 HBC 8,18.5 rr p

DOCUMENT ID

FUK Ul

TECN COM MEN T

88 SPEC 8.95 x p - rim ~ 7r n

~ ~ «We do not use the following data for averages, fits, limits, etc, ~ ~ ~

VALUE

0.16+0.05 OUR FIT
0.16+0.05 28 BARTSCH 708 HBC

Increased by us to correspond to B(p3(1690) ~ ex}=0.24.

TECN CHG COMMENT

8 ~+p

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(~+~+~ ~o)-
DOCUMENT ID TECN CHG COMMENT

BA LTAY

BALLAM

BARTSCH
CASO

788 HBC
718 HBC
708 HBC
68 HBC

15 n+ p ~ p47r

16 zr p
8x+p
11 vr p

VAL UE EVTS DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0,124 0.11 BALTAY 788 HBC
0.56 66 KLIGER 74 HBC
0.13+0.09 9 THOMPSON 74 HBC
0.7 +0.15 BARTSCH 708 HBC

pp and a2(1320)7r modes are indistinguishable.

CHG COMMEN T

etc. ~ ~ ~

15n+p ~ p4x
45~ p —~ p4r
13 7r+ p
8 ~+p

[i (o'o p) + I (oo(1320)o) + i (pp)]/i (o'+o+o' o ) (I oir il lo)/I 2

ALDE 92C
FUKUI 88
DENNEY 83
EVANGELISTA 81
ALP ER 80
COSTA. .. 80
GORLiCH 80
BECKER 79
CORDEN 79
8ALTAY 788
MARTIN 788
MA RT IN 78D
ANT IPOV 77
GESSAROLI 77
BLUM 75
ESTABROOKS 75
HYAMS 75
ENGLER 74
GRAYER 74
KLIGER 74

po(1690} REFERENCES

ZPHY C54 553
PL 8202 441
PR D28 2726
NP 8178 197
PL 948 422
NP 8175 402
NP 8174 16
NP 8151 46
NP 8157 250
PR D17 62
NP 8140 158
PL 748 417
NP 8119 45
NP 8126 382
PL 578 403
NP 895 322
NP 8100 205
PR D10 2070
NP 875 189
SJNP 19 428
Translated from

+Bellazzinit (SERP, BELG, LANi, LAPP, PISA, KEK)
+Horikawa+ (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)
+Ozmutlu, Baldi, Bohringer, Dorsaz+ (DURH, GEVA)
+-Ozmutlu, Baldi, Bohringer, Dorsaz+ (DURH, GEVA}
+Busnello, Damgaard, Kienzle+ (SERP, GEVA)
+ (BGNA, FIRZ, GENG, MILA, OXF, PAVI)
+Chabaud. Dietl, Garelick, Grayer+ (CERN. MPIM) JP
+Martin (DURH)
+Jones, Weilhammer, Blum, Dietl+ (CERN, MPIM}
+Kraemer, Toaff, Weisser, Diaz+ (CMU, CASE)
+Hyams, Blum, Dietl+ (CERN, MPIM)
+Beketov, Grechko, Guzhavin, Dubovikov+ (ITEP)

YAF 19 839.
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p3(1690), p(1700)

OR EN 74
THOMPSON 74
CASON 73
BOWEN 72
HOLMES 72
BALLAM 71B
MATT H EWS 71C
ARMENISE 70
BARNHAM 70
BARTSCH 70B
CASO 70
STUNTEBECK 70
ADERHOLZ 69
ANDERSON 69
ARMENISE 68
BALTAY 68
CASO 68
CRENNELL 68B
JOHNSTON 68
FOCACCI 66
GOLDBERG 65

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

+Cooper, Fields, Rhines, Allison+ (ANL, OXF)
+Gaidos, Mcllwain, Miller, Mulera+ (PURD)
+Biswas, Kenney, Madden+ (NDAM)
+Earles, Faissler, Blieden+ (NEAS, STON)
+Ferbel, Slattery, Werner (ROC H)
+Chadwick, Guiragossian, Johnson+ (5LAC)
+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)
+Ghidini, Forino+ (BARI, BGNA, FIRZ, ORSAY) I

+Kung, Yeh, Ferbel+ (COLU, ROCH, RUTG, YALE) I

+Conte, Cords, Diaz+ (GENO, HAMB, MILA, SACL)
+Karshon, Lai, Scarr, Skillicorn (BNL)
+Prentice, Steenberg, Yoon (TNTO, I/ISC) IJP
+Kienzle, Levrat, Maglich, Martin (CERN)
+ (CERN, EPOL, ORSAY, MILA, CEA, SACL)

OTHER RELATED PAPERS

BARNETT
EHRLICH
LEVRAT
SEGUINOT
BELLINI
DEUTSCH. ..
FORINO

83B PL 120B 455
66 PR 152 1194
66 PL 22 714
66 PL 19 712
65 NC 40A 948
65 PL 18 351
65 PL 19 65

+Blockus, Burka, Chien, Christian+ (JHU)
+Selove, Yuta (PENN)
+Tolstru p+ (CERN Missing Mass Spect. Collab. )
+Martin+ (CERN Missing Mass Spect. Collab. )
+DiCorato, Duimio, Fiorini (MILA}

Deutschmann+ (AACH3, BERL, CERN)
+Gessaroli+ (BGNA, ORSAY, SACL)

(1zoo) I (~ ) = i (i )

NOTE ON THE p(1450) AND THE p(1700)

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 urer scattering

length. DONNACHIE 87, with a full analysis of data in the

annihilation reactions e+e —+ sr+sr, 2vr+2x, and m'+sr m vr,
and in the photoproduction reactions pp -+ sr+~ p, 2m+2m p,
and sr+sr x x 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) ~ us, 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 ~ (ver.

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 r decay (4vr r decays and 4vr 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) ~ 4s were obtained, the quality of the data used by

CLEGG 88 prevented any conclusion on p(1700) ~ 4ir decay.

An analysis by CLEGG 90 of 6' mass spectra from e+e

annihilation and from diffractive photoproduction provides evi-

dence for two p mesons at about 2.1 and 1.8 GeV that decay

strongly into 6' states. While the former is a candidate for

rrrIs AND MlxED MQDEs

pf 1700) MASS

VALUE (MeV) DOCUMENT ID

1?00+20 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

1712+13OUR AVERAGE Includes data from the 2 datablocks that follow this one. Er-
ror includes scale factor of 1.2,

MIXED MODES
VALUE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

1700+25 DONNACHIE 87 RVUE
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1580+20 1 BUON 82 DM1 e+ e ~ hadrons

o MODE
VAL UE (Mev) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

1740+20
1701+15

ANTONELLI 88 DM2 e+ e ~ g~+~
FUKUI 88 SPEC 8.95 7r p ~ ri7r+ x n

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 4s. electroproduction at (Q2) = 1 (GeV/c)2,
and by FUKUI 88 in a high-statistics sample of the gem system

in vr p charge exchange.

This scenario with two overlapping resonances is supported

by other data. BISELLO 89 measured the pion form factor

in the interval 1.35—2.4 GeV with significant statistics (280
e+e ~ ir+s events with very low background); a deep min-

imum 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. AN-

TONELLI 88 found that the e+e ~ g~+x cross section

(using three different rI decay modes) is better fitted with

two fully interfering Breit-Wigners, with parameters in fair

agreement with those of DONNACHIE 87 and BISELLO 89.
These results (although ANTONELLI 88 is statistically

less significant than BISELLO 89) have also resolved the dis-

agreement between DONNACHIE 87 and FUKUI 88 on the

p(1450) width in favor of the DONNACHIE 87 value. From

this point of view, the two experiments can be considered as

solid confirmation of the p(1450). For the possibility that its

Ps mode actually contains two independent vector states, see

LANDSBERG 92.
Several observations on the vx system in the 1200-MeV re-

gion (FRENKIEL 72, COSME 76, BARBER 80C, ASTON 80C,
ATKINSON 84C, BRAU 88, AMSLER 93B) may be inter-

preted in terms of either J+ = 1 p(770) ~ 7rid production

(LAYSSAC 71) or JP = 1+ by(1235) production (BRAU 88,
AMSLER 93B).We argue that no special entry for a p(1250) is

needed. The LASS amplitude analysis (ASTON 91B) showing

evidence for p(1270) is preliminary and needs confirmation.

For completeness, the relevant observations are listed under the

p(1450).
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(1700)
~+~- MODE
VALUE (MeV)

1768 4 21
~ ~ ~ We do not

1546 +26
1650
1550 + 70
1590 +20
1600.04 10.0

1598.0 -22.0
1659 +25
1575
1610 630
1590 6 20

KR MODE
VALUE (MeV)

~ ~ ~ We do not

1582+36

DOCUMENT ID TECN COMMEN T

e+e ~ ~+~
etc. ~ ~ e

20-70 pp ~
20 pp ~ 2c+n p
2Q-70 p p —+ p2a
50 pC ~ C2+

1? x p polarized

17 ~- p r+ ~- n

17m p ~ 7c+n n

17m p~ n+z n

EVTS DOCUMENT ID TECN CHG COMMENT

use the following data for averages, fits, limits,

1600 CLELAND 82B SPEC

etc. ~ ~ ~

50 ~p
KQK+p5

BISELLO 89 DM2
use the following data for averages, fits, limits,

GESHKENBEIN89 RYUE
ERKAL 85 RVUE

ABE 84B HYBR
3 ASTON 80 OMEG
4 ATIYA 79B SPEC

BECKER 79 ASPK
2 LANG 79 RVUE

MARTIN 78C RVUE
2 FROGGATT 77 RVUE
5 HYAMS & 73 ASPK

glT00) WIDTH

&&o r+m AND MIXED MODES
VAL UE (Mev) DOCUMENT ID

235+50 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

213+21 OUR AVERAGE Includes data from the 3 datablocks that follow this one. Error
includes scale factor of 1.5. See the ideogram below.

WEIGHTED AVERAGE
213~21 (Error scaled by 1.5)

2(s+e ) MODE
VAL UE (MeV)

1520+ 30
~ ~ ~ We do not use

1570+ 20
1654+ 25
1666+ 39
1780
1500
1570+ 60
1550+ 60
1550+ 50
1450+100
1430+ 50

EVTS DOCUMENT ID TECN

3 ASTON 81' OMEG
the following data for averages, fits, limits,

6 CORDIER 82 DMl
7 DIBIANCA 81 DBC
6 BACCI 80 FRAG

34 KILLIAN 80 SPEC
ATIYA 79B SPEC

65 9 ALEXANDER 75 HBC
3 CONVERSI 74 OSPK

160 SCHACHT 74 STRC
340 SCHACHT 74 STRC
400 BINGHAM 72B HBC

COMMEN T

20-70 pp ~ p4~
etc. ~ ~ ~

e+e ~ 2(~+~ )
x+d ~ pp2(~+~ )
e+e ~ 2(2r+n )
11 e p ~ 2(2r+2r )
so ~C C4~+
75 pp ~ p4x
e+e ~ 2(~+~ )
5.5-9 yp ~ p4x
9-18 pp ~ p4m

93 pp ~ p4~

&+& P&o MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1660+30 ATKINSON 85B OMEG 20-70 p p

3(m+s ) AND 2(w+s r ) MODES
VALUE (MeV) DOCUMEN T ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1783+15 CLEGG 90 RVUE e+ e
3(x+ m -)2(x+ x—+0)

FrOm glObal At Of p, ~, (t and their radial eXCitatiOnS tO ChannelS ~2r+x, K+ K
K K K K+++.5 L' S
From phase shift analysis of HYAMS 73 data.

3Simple 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.

5 Included in BECKER 79 analysis.
6Sirnpie relativistic Breit-Wigner fit with model dependent width.

One peak fit result.
Parameters roughly estimated, not from a At.

9Skew mass distribution compensated by Ross-Stodolsky factor.

100

V~

~1'
V~

200 300

ANTONE LLI 88 DM2 4.4
FUKUI 88 SPEC 2 5

SELLO 89 DM2 0.3
ONNACHIE 87 RVUE 0 1

7.2
{Confidence Level = 0.066)

I

500

p(1700) width, gp, x+ r;, and mixed modes (MeV}

MIXED MODES
VALUE (Mev) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

150+30
282 +44

ANTONELLI 88 DM2 e+ e q~ t x
FUKUI 88 SPEC 8.95 ir p rim+ vc" rl

a+s MODE
VALUE (MeV) DOCUMENT ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

224 + 22
o o ~ We do not

620 6 60
&315

28o + 30
80

230.0+ 80.0
283.0+ 14.0

175.0 53.0
232 6 34
340
300 + 100
180 + 50

KK MODE

BISELLO 89 DM2 e+e -» ~+ n'

use the following data for averages, fits, limits, etc. ~ ~ ~

GESHKENBEIN89 RVUE
11 ERKAL 85 RVUE 20-70 ~ p

ABE 84B HYBR 20 pp — m
~ ~ p

ASTON 80 OMEG 20-70 pp -+ p2n.
13 ATIYA 79B SPEC 50 pC —+ C2vr

BECKER

LANG

MARTIN
ll FROGGATT
14 HYAMS

79 ASPK 17 ~ p polarized

79 RVUE

78C RVUE

77 RVUE

73 ASPK

17~—
p — ~I ~-n

17 n p -~ 7c+7c Ii

17 n' p -~ n'+ m' A

VALUE (Mev)

~ e ~ We do not

DOCUMEN T ID TECN CHG COMMEN TEVTS

use the following data for averages, fits, limits,

1600 CLELAND 82B SPEC

etc. e ~ ~

265+ 120 50 xp--
KO K+- p5

220 4 25 DONNACHIE 87 RVUE
~ ~ e We do not use the following data for averages, fits, limits, etc. e e o

340+ 80 10 BUON 82 DM1 e+ e hadrons

gP MODE
VAL UE (MeV) DOCUMEhl T ID TECN COMMENT

The data in this block is included in the average printed for a previous datablock.

2(x+x ) MODE
EVTSVAL UE (MeV)

400+ 50
~ ~ ~ We do not use the

510+ 40
400+146
700+160
100
600
340+160
360*100
400+120
850+200
650+ 100

DOCUMENT ID TECN

12 ASTON 81F OMEG
following data for averages, fits, limits,

15 CORDI ER 82 DMl
16 DIBIANCA 81 DBC
15 BACC I 80 FRAG

34 KILLIAN 80 SPEC
17 ATIYA 79B SPEC
18 ALEXANDER 75 HBC
12 CONVERSI 74 OspK

160 19 SCHACHT 74 STRC
340 19 SCHACHT 74 STRC
400 BINGHAM 72B HBC

COMMENT

20-70 pp ~ p«
etc. + ~ ~

e+ e 2(x+x )
x+6 ~ pp2(x+~ )
e+e 2{~++ )
ll e p ~ 2(x+~ )
50 pC ~ C42c

75pp ~ p4m
e+ e— 2(~+ ~—

)
5.5-9 pp ~ p4m
9-18 yp - p4~
93 yp p4~



See key on page1343 Meson Full Listings

p(1700)

p(1700) DECAY MODES

Mode Fraction (t ~/I )

t+t t s/ MODE
VAL UE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

300+50 ATKINSON 858 OMEG 20-70 7p

3{t+t }AND 2{t+t t }MODES
VALUE (Mev) DOCUMENT ID TECN COMMEH T

~ ~ ~ We do not use the following data for averages, Ats, limits, etc. ~ ~ ~

285 +20 CLEGG 90 RVUE e+ e
3(1r+ x )2(1r+ 1r 2r )

From global fit of p, ~, 4i and their radial excitatlons to channels ur2r+~, K+ K

S L' S
From phase shift analysis of HYAMS 73 data.

12Simple relativistic Breit-Wlgner fit with constant width.
An additional 40 MeV uncertainty in both the mass and width ls present due to the
choice of the background shape.

14 Included in BECKER 79 analysis.
15Simple relativistic Brelt-Wlgner fit with model-dependent width.
16One peak fit result.
17Parameters roughly estimated, not from a fit.
8 Skew mass distribution compensated by Ross-Stodolsky factor.

19Wldth errors enlarged by us to 4l /~N; see the note with the Ke(892) mass,

r(t+t-)/rot„
p(1700) BRANCHING RATIOS

I o/I

VALUE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.13+0.05 ASTON 80 0MEG
&0.14 26 DAVIER 73 STRC
&0.2 BINGHAM 728 HBC

Upper limit is estimate.
2e upper limit.

COMMENT

etc' ~ ~ ~

20-70 yp ~ p2~
6-18pp ~ p4a
93pp ~ p2+

VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

-0 042 BECKER 79 ASPK 17 2r p polarized

0.15 to 0.30 MARTIN 78C RVUE 17 2r p ~ 2r+2r n

&0.20 3 COSTA. .. 778 RVUE e+e ~ 2', 4'
0.30 +0.05 22 FROGGATT 77 RVUE 17 x p a x+2r n

&0.15 24 EISENBERG 73 HBC 5 x+ p ~ r1++2x
0.25 +0.05 25HYAMS 73 ASPK 17 2r p a +++ n
0.20 +0.05 MONTANET 73 HBC 0.0 Pp

From phase shiR analysis of HYAMS 73 data.
Estimate using unitarlty, time reversal invarlance, Breit-Wigner.

24 Estimated using one-plan-exchange model.
Included in BECKER 79 analysis.

I (t+t-)/I (2(t+t ))

fl P~X
r2 pOx+ m-

r, pOxOx0

r4 p+~+xO
is 2(t+t }
r, ~+~-
I r K K'(892}+c.c.

gp
f9 KK
r10

pO pO

I 12 %4J

dominant

large

[aj large

large

seen

seen

seen

seen

seen

f(KP'{N2)+ c.c.)/f(2(t+t ))
VALUE DOCUMENT ID TECH COMMEHT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.15+0.03 DELCOURT 818 DM1 e+ e ~ FKr
Assuming p(1700) and ~ radial excitations to be degenerate ln mass.

r(0 p)/rtatal
VALUE CL S DOCUMENT ID TECN COMMENT

&0.04 DONNAC HIE 878 RVUE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.02 58 ATKINSON 868 OMEG 20-70 0p

I (0p)/I (2(t+t ))

I r/rs

rt/rs

[a] The value is for the sum of the charge states indicated.

I (2(t'+t )) x I (e+e )/I isata
VALUE (keV) DOCUMENT ID TECN

2.$8+0.I2 BACCI 80 FRAG

e ~ ~ We do not use the following data for averages, fits, limits,

2.6 +0.2 DELCOURT 818 DM1

r(t+t-) x r(e+e-)/rot„
VALUE (keV) DOCUMENT ID TECN

e e e We do not use the following data for averages, fits, lif ntt,

0.13 DIEKMAN 88 RVUE

Using total width = 220 MeV.

I (K}r'(N2)+c.c.) x f(t+e )/I tetai
VALUE (keV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.30560.071 BIZOT 80 DM1

I (stp) x I (e+e )/ftetai

I sl to/I
COMMENT

e+ e- 2(2r+2r-)
etc. ~ ~ ~

e+e- ~ 2(x+2r-)

I'ol to/I
COMMEHT

etC. e e e

e+ e- R+~-

COMMENT

etc. ~ ~ ~

e+ e-

rrrto/r

I el to/I
VALUE (eV)

7 +3

I (KÃ) x r(t+e )/Iotgi

DOCUMENT ID TECN COMMENT

ANTONELLI 88 DM2 e+ e ~ r)R+R.

forte/r

p(1700} 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 cross-section into channell ln

e+ e annihilation.

I (t+t neutrals)/f(2{a'+t )) (rs+r, +0.rNre)/r,
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.6+0.4 BALLAM 74 HBC 9.3 7p
9Upper limit. Background not subtracted.

I (KR)/I (2(t+t )) ro/r,
VALUE CL% DOCUMENT ID TECH CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.015+0.010 30 DELCOURT 818 DMl e+e -s FK
&0.04 95 BINGHAM 728 HBC 0 9.3 y p
3 Assuming p(1700) and ~ radial excltatfons to be degenerate In mass.

r(KR)/r(K}r (092)+~.)
VALUE DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.052 60.026 BUON 82 DMl

I (pot+t-)/I (2(t+t-))
VALUE EVTS DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

~ 1.0 DELCOURT 818 DM1
0.7 +0.1 500 SCHACHT 74 STRC
0.80 31 BINGHAM 728 HBC

The 2rx SyStem iS ln S-WaVe.

I olrr
COMMENT

etc. ~ ~ ~

e+e ~ hadrons

Is/ls
COMMENT

etc. ~ ~ ~

e+e ~ 2(~+sr )
5.5-18yp ~ p4~
9.3 yp ~ p4x

VALUE DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.123+0.027 DELCOURT 82 DM1 e+ e ~ 2r+~ MM
~ 0.1 ASTON 80 OMEG 20-70 p p

VALUE (keV) DOCUMENT ID TECN

~ e ~ We do not use the following data for averages, fits, limits,

0.035+0.029 »elZOT SO DM1

I (pte) x I (t+e )/I aeter
VALUE (keV) DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits.

3.510+0.090 21 BIZOT 80 DM1
21 Model dependent.

COMMENT

etC. e e ~

e+ e-

COMMENT

etc. ~ ~ ~

e+e—

I (pot eo)/I (p t9'm )
VALUE DOCUMENT ID TECN

~ ~ e We do not use the following data for averages, fits, limits,

&0.10 ATKINSON 858 OMEG
&0.15 ATKINSON 82 OMEG

CHG COMMENT

etc. ~ ~ ~

20-70 y p
0 20-70 p p ~ p42f
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(1700),X(1700), fJ(1710)

p(1700) REFERENCES

CL EGG 90
BISELLO 89
GESHKFNBEIN 89
ANTONELLI 88
DIEKMAN 88
FUKUI 88
DONNACHIE 87
DONNACHIE 878
ATKINSON 868
ATKINSON 858
ERKAL 85
ABE 848
ATKINSON 82
BUON 82
CLELAND 828
CORDIER 82
DELCOURT 82
ASTON 81E
DELCOURT 818

Also 82
DIBIANCA 81
ASTON 80
BACCI 80
BIZOT 80
KILLIAN 80
ATIYA 798
BECKER 79
LANG 79
MARTIN 78C
COSTA. .. 778
FROGGATT 77
ALEXANDER 75
BALLAM 74
CONVERSI 74
SCHACHT 74
DAVIER 73
EISEN BERG 73
HYAMS 73
MONTANET 73
BINGHAM 728

ZPHY C45 677
PL 8220 321
ZPHY 45 351
PL 8212 133
PRPL 159 101
PL 8202 441
ZPHY C33 407
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
PL 1098 129
PR D23 595
PL 928 215
PL 958 139
Madison Conf. 546
PR 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

(LANC, MCHS)
(DM2 Collab. )

(ITEP)
(DM2 Collab. )

(BONN}
+Horikawa+ (SUGi, NAGO, KEK, KYOT, MIYA)
+Mirzaie (MCHS}
+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, LAUS, 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)
+Ho/mes, Knapp, Lee, Seto+ (COLU, ILL. FNAL)
+Blanar, Blum+ (MPIM, CERN, ZEEM, CRAC)
+Mas-Parareda (GRAZ)
+Pennington (CERN)

Costa De Beauregard, Pire, Truong (EPOL)
+Petersen (GLAS, NORD}
+Benary, Gandsman, Lissauer+ (TELA}
+Chadwick, Blngham, Fretter+ (SLAC, LBL, MPIM)
+Paoluzi, Ceradini, Grilli+ (ROMA, FRAS)
+Derado, Fries, Park, Yount (MPIM)
+Derado, Fries, Liu, Mozley, Odlan, Park+ (SLAC)
+Karshon, Mikenberg, Pitluck+ (REHO)
+Jones, Weilhammer, Blum, Dietl+ (CERN, MPIM)

(CERN)
+Rabin, Rosenfeld, Smadja+ (LBL, UCB, SLAC) IGJP

+Baldini+

OTHER RELATED PAPERS

A MS LER 938
LANDSBERG 92

ASTON 918
AC HASOV 88C
BRA U 88
CLEGG 88
ASTON 87
ERKAL 86
BAR KOV 85
BISELLO 85
ATKINSON 84C
ATKINSON 838
ATKINSON 83C
AUGUSTIN 83
SHAMBROOM 82
BARBER 80C
K ILL IAN 80
COSME 76
FRENKIEL 72
ALVENSLEBEN 71
BRAUN 71
BULOS 71
LAYSSAC 71

PL 8311 362
SJNP 55 1051
Translated 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 169
PR D21 3005
PL 638 352
NP 847 61
PRL 26 273
NP 830 213
PRL 26 149
NC 6A 134

+Armstrong, Augustin+ (Crystal Barrel Collab. )
(SERP)

YAF 55 1896.
+Awaji, Bienz+ (LASS Collab. )
+Kozhevnikov (NOVO)
+Franek+ (SLAC Hybrid Facility Photon Collab. ) JP
+Donnachie (MCHS, LANC)
+Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS)
+Olsson (WiSC)
+Chllingarov, 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, CURIN+)
+Ayach, Bisello, Baldini+ (LALO, PADO, FRAS)
+Wilson, Anderson, Francis+ (HARV, EFI, ILL, OXF)
+Dainton, Brodbeck, Brookes+ (DARE, LANC, SHEF)
+Treadwelt, Ahrens, Berkelman, Cassel+ (CORN)
+Courau, Dudelzak, Grelaud, Jean-Marie+ (ORSAY)
+Ghesquiere, Lillestol, Chung+ (CDEF, CERN)
+Seeker, Bertram, Chen+ (DESY, MIT) G

+Fridman, Gerber, Givernaud+ (STRB) G

+Busza, Kehoe, Beniston+ (SLAC, UMD, IBM, LBL) G

+Renard (MONP)

X(1700) I (J ) = even+(? +)

OMITTED FROM SUMMARY TABLE
Enhancement seen in the g~~ system produced in the radiative

decay of the J/@(1S). May contain significant substructure. Rela-

tion to other enhancements seen in radiative J/Q(1S) decay unclear

(see HITLIN 83). Enhancement seen in the J = 2, p~7r wave of

the 7r+ 7r 7r+ ~ SyStem prOduCed in pOmerOn-pOmerOn COlliSiOnS.

Tentatively called X(1700) by us. Needs confirmation.

X(1700) MASS

VALUE (MeV) DOCUMENT ID TECN COMMEN T

1700.0+45 EDWARDS 838 CBAL J/Q ~ rIp2x
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

BREAKSTONE93 SFM pp ~
p p~+7r ~+ x—

1750

X(1700) WIDTH

X(1700) REFERENCES

BREAKSTONE 93 ZPHY C58 251
EDWARDS 838 PRL 51 859
HITLIN 83 Cornell Conf. 746

+Campaninl+ (IOWA, CERN, DORT, HEIDH, WARS)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC}

(CIT)

VAL UE (Mev) DOCUMENT ID TECN COMMENT

520+110 EDWARDS 838 CBAL J/blitt
—+ rly2x

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

200 to 300 BREAKSTONE93 SFM pp
pp~+~ —~+~

r, (1710)
was 0(1690)

NOTE ON THE fg(1710)

G(~PC) 0+(even + +)

fg(1710) MASS
TECN COMMEN TVALUE {MeV)

17M 4 5 OUR AVERAGE

1?13 + 10 ARMSTRONG 89D OMEG 300 p p — p p K+ K

1706 + 10 ARMSTRONG 89o OMEG 300 p p p pKS KS
1707.0 + 10.0 AUGUSTIN 88 DM2 J/g ~ p K+ K

1698 + 15 AUGUSTIN 87 DM2 J/Q ~ q7r+ rr

1?20 + 10 + 10 BALTRUSAIT. .87 MRK3 J/Q ~ p K+ K
o o a We do not use the following data for averages, fits, limits, etc. o ~ o

1710 4 20 CHEN 91 MRK3 J/@ --. ~w ( 7r ', q KK
1700 + 15 BOLQNKIN 88 SPEC 40 ~ p — K K n

1720 +60 BOLONKIN se SPEC 40 ~ P Ks Ks n

1638 + 10 1 FALVARD 88 DM2 J/it(j 4 K+ K

1690 + 4 2 FALVARD 88 DM2 J/j~ -~ 4 K+ K

1?30 +—10
3i4 LONGACRE 86 MPS 22 7r p -~ fI 2K0S

1742.0+15.0 WILLIAMS 84 MPSF 200 x N 2K0S X

1670 +50 BLOOM 83 CBAL J/@ ~ p27I

1650 4 50 BURKE 82 MRK2 J/g~ ~ p2p
1730.0 +10 +20 ETKIN 82C MPS 23 7r p II2KS

1708.0 +30.0 FRANKLIN 82 MRK2 e+ e ~ p K+ K

1From an analysis Ignoring Interference with ff (1525}.
From an analysis including interference with f&(1525}.

3From a partial-wave analysis of data using a K-matrix formalism with 5 poles, but as-
suming spin 2.

4 Fit with constrained inelasticity.

DOCUMENT ID

The fJ(1710) is seen in the "gluon rich" radiative decay

J/Q(IS) ~ pf~(1710); therefore C = +. It decays into 2rI

and K&Ks, which implies I J = 0+(even)++. In an ani-

plitude analysis of the KK and sr+~ systems produced in

J/g(1S) radiative decay, CHEN 91 finds a large spin-0 com-

ponent for this particle, but %'A 76 favors spin 2 in central

production. The spin is thus uncertain. This resonance is also

observed in KK systems recoiling against a P or an a in

hadronic J/g(1S) decay [however, according to I"AI.VARD 88,

J/Q(lS) ~ afg(1710) is rather controversial]. The fg(1710)
is not seen in J/Q(1S) —+ ppop0 (BISELLO 89B), in agreement,

with the indication (BALTRUSAITIS 86G) that the pp en-

hancement in this region has J = 0, and hence is unrelated

to the fg(1710j
Clear evidence is seen in hadroproduction (ARMSTRONG

89D, 300-GeV/c pp central production of KK), both in K+K
and K&K&. Mass and width determinations are complicated

because the spectra are dominated by overlap with t, he f2(1625).
The apparent large disagreement between the widths found by

ARMSTRONG 89D in the two channels (= 180 MeV in K+K
and = 100 MeV in K&K&~) 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 fg(1710). This resonance is not observed in the exclusive

hypercharge-exchange reaction K p -+ K&K&A (ASTON 88D).
A partial-wave analysis of the K+K&~ system (BOLONKIN

88) finds a D0 wave (J ' = 2++) behavior near 1700 MeV, but

the width (- 30 MeV) is much narrower than that, observed in

J/Q(IS) decays and in hadroproduction.

Note that in our 1992 edition, this particle was named the

f2(1710); see also our "Note on Non-qq Mesons. "
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fg(1710), X(1740)

fg{1710)WIDTH

VAL UE (MeV) DOCUMENT ID TECN COMMENT

1M + 12 OUR AVERAGE

181 4 30 ARMSTRONG 89D OMEG 300 pp ~ ppK+K
104 6 30 ARMSTRONG 89D OMEG 300 pp ~ ppK& K&
166.4+ 33.2 AUGUSTIN 88 DM2 l/@ ~ p K+ K
136 + 28 AUGUSTIN 87 DM2 l/@ ~ p7r+ 7r

130 i 20 BALTRUSAIT. .$7 MRK3 J/Q ~ p K+ K
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

186 + 30 CHEN 91 MRK3 J/f -+ px+7r, yKK
30 + 20 BOLONKIN 88 SPEC 40 7r p ~ K K n

350 6 150 BOLONKIN 88 SPEC 40 n p ~ K~S K(n
148 + 17 FALVARD 88 DM2 J/Q —+ P K+ K
184 + 6 6 FALVARD 88 DM2 J/@ ~ PK+ K

+7 LONGACRE 86 MPS 22 R p ~ n2K&

57.0+ 38.0 WILLIAMS 84 MPSF 200 7r N —+ 2K~ X

160 + 80 BLOOM 83 CBAL J/@ ~ P277
200 6 100 BURKE 82 MRK2 J/Q ~ p2p

200.0 9 0 9ETKIN 828 MPS 237r p ~ n2K&

156.0+ 60.0 FRANKI IN 82 MRK2 e+e ~ pK+K
From an analysis ignoring interference with f' (1525}.
From an analysis including interference with f (1525).2

7From a partial-wave analysis of data using a K-matrix formalism with 5 poles, but as-
suming spin 2.
Fit with constrained inelasticity.
From an amplitude analysis of the K K system.S 5

ARMSTRONG 91
CHEN 91

5LAC-P UB-5669
ALBRECHT 90G
ARMSTRONG 89D
BEHREND 89C
AUGUSTIN 88
BOLONKIN 88
FALVARD 88
AUGUSTIN 87
BALTRUSAIT. .. 87
LONGACRE 86
ALTHOFF 858
WILLIAMS 84
BLOOM 83
BURKE 82
ETKIN 828
ETKIN 82C
FRANKLIN 82

CHEN 91
SLAC-PUB-5669

PROKOSHKIN 91

BISELLO 898
ASTON 88D
AKESSON 86
ARMSTRONG 868
BALTRUSAIT. ..868
ALTHOFF 83
BARNETT 838
ALTHOFF 82
BARNES 82
BARNES 828
TANI MOTO 82

fg(1710) REFERENCES

ZPHY C51 351
Hadron 91 Conf.

+Benayoun+ (ATHU, SARI, BIRM, CERN, CDEF)
(Mark III Collab. )

ZPHY C48 183
PL 8227 186
ZPHY C43 91
PRL 60 2238
NP 8309 426
PR D38 2706
ZPHY C36 369
PR D35 2077
PL 8177 223
ZPHY C29 189
PR D30 877
ARNS 33 143
PRL 49 632
PR D25 1786
PR D25 2446
5LAC-254

OTHER RELATED PAPERS

Hadron 91 Conf.

SPD 316 155
Translated from DANS
PR D39 701
NP 8301 525
NP 8264 154
PL 1678 133
PR D33 1222
PL 1218 216
PL 1208 455
ZPHY C16 13
PL 8116 365
NP 8198 360
PL 1168 198

(Mark III Collab. )

(GAM2 Collab. )
316 900.

8usetto+
+Awaji, Bienz+ (SLAC,
+Albrow, Almehed+ (Axial
+Bloodworth, Carney' (ATHU,

Baltrusaitis, Coffman, Hauser+
+Brandelik, Boerner, Burkhardt+
+Blockus, Burka, Chien, Christiany
+Boerner, Burkhardt+
+Close
+Close, Monaghan

(DM2 Collab. )
NAGO, CINC, INUS)
Field Spec. Collab.

BARI, BIRM, CERN)
(Mark III Collab. )
(TASSO Collab. )

(NU)
(TASSO Collab. )

(RHEL
(RHEL, OXFTP

(BIEL)

+Ehrlichmann, Harder+ (ARGUS Collab. )
+Benayoun (ATHU, BARI, BIRM, CERN, CDEF)
+Criegee, Dainton+ (CELLO Collab. )
+Calcaterra+ (DM2 Collab. )
+Bloshenko, Goon+ (ITEP, SERP)
+Ajaltouni+ (CLER, FRAS, LALO, PADO)
+Cosme+ (LALO, CLER, FRAS, PADO)

Baltrusaitis, Coffman, Dubois+ (Mark III Collab. )
+Etkin+ (BNL, BRAN, CUNY, DUKE, NDAM)
+Braunschweig, Kirschfinky (TASSO Collab. )
+Diamond+ (VAND, NDAM, TUFTS, ARIZ, FNAL+)
+Peck (SLAC, CIT
+Trilling, Abrams, Alam, Blocker+ (LBL, SLAC)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)

(5LAC)

fg(1710) DECAY MODES X(1740) IG{JPC} 0+(even++)

Mode

KK
I2 gg
l3
"4 PP
Is

Fraction (I;/I )

seen

seen

OMITTED FROM SUMMARY TABLE
We have collected here resonances in the gg channel which may be

not the same state. See also the minireview under f0(1710). JP

0+ or 2+.

X(17IO) MASS

r(K+K x r(7~)/ron„

fg{1710)I (I)I (pp)/I (total)

fg(1710) BRANCHING RATIOS

VAL UE (keV) CLS DOCUMENT ID TECN

&0.11 95 BEHREND 89C CELL

~ ~ ~ We do not use the following data for averages, fits, limits,

(0.48 95 ALBRECHT 90G ARG

(0.28 95 ALTHOFF 858 TASS

Assuming helicity 2 ~

COMMENT

SKS0 0

etc. ~ ~ ~

K+K
pp —+ KKx

r, ra/r

VALUE (Mev) DOCUMENT ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1748+10 ARMSTRONG 93C SPEC pp -+ R077q ~ 6p
17446 15 1 ALDE 92D GAM2 38 7r p ~ rITIN»

1ALDE 92 combines all the GAMS-2000 data.

X{1740}WIDTH

VALUE (MeV) DOCUMEN T ID TECN COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

264+25 ARMSTRONG 93C SPEC pp ~ R 7I77 ~ 6y( 80 ALDE 92D GAM2 387r p ~ rITIN'

I (KR)/rtotal
VALUE DOCUMENT ID TECN COMMENT

e e o We do not use the following data for averages, fits, limits, etc. o i
0.38+ LONGACRE 86 MPS 22 7r p ~ n2K&

r(ae)/r~i
VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.18+0 13
11,12 LONGACRE 86 RVUE

Mode

I2 vr0m0

l3

r(s 8') r/( a)a

X{1740}DECAY MODES

X{1740)BRANCHING RATIOS

ra/rx

r(~~)/roe„
VALUE DOCUMENT ID TECN

I 8/I
VALUE CL 5 DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ e ~

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~ 90 ALDE 92D GAM2 38 7r p ~ 7I7IN»

0 039+0.002—0.024

r(~~)/r(K)r)

11,12 LONGACRE 86 RVUE

ra/I i

I (fir/)/I (g0)
VALUE CL If DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I 8/I g

VALUE

0.39+0.14
DOCUMENT ID TECN COMMENT

ARMSTRONG 91 OMEG 300 pp ~ ppx7r,
ppKK

From a partial-wave analysis of data using a K-matrix formalism with 5 poles, but as-
suming spin 2.
Fit with constrained inelasticity.

90 ALDE 92D GAM2 38 m p ~ 7I7I N»

X(1740) REFERENCES

ARMSTRONG 93C PL 8307 394 +Bettoni+ (FNAL, FERR, GENO, UCI, NWES+)
ALOE 92 PL 8276 375 + (SERP, BELG, LANC, LAPP, PISA, KEK)
ALOE 92D PL 8284 457 +Binon, Bricman+ (GAM2 Collab. )

Translated from YAF 54 745.
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(1760), 7I.(1770),X(1775), f (1810)

(1760) l G(gPC) 0+(0 —+) X(1?75)
OMITTED FROM SUMMARY TABLE

Seen by DM2 in the pp system BISELLO 89B. Needs confirmation.
Structure in this region has been reported before in the same system
BALTRUSAITIS 86B and in the ~~ system BALTRUSAITIS 85C,
BISELLO 87.

OMITTED FROM SUMMARY TABLE
Seen in the charge exchange photoproduction reactions pp
(p7r+}(7r+7r 7r },pp ~ r)7r+7r+7r . Needs confirmation.

X(1775) MASS

0{1760}MASS

VAL UE (MeV) EVTS DOCUMENT ID TECN COMMENT

17M+11 320 1 BISELLO 89B DM2 I/@ ~ 47rp

Estimated by us from various fits.

VAL UE (Mev)

1?76+13OUR AVERAGE
1763+20

1787+18

DOCUMENT ID

CONDO

CONDO

TECN COMMEN T

91 SHF y p-
(p7r+) (7r+ 2r 2r )

91 SHF p p —+ n7r+ 7r+ 77

0{1760)WIDTH X(1775) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

60+16 320 BISELLO 89B DM2 l/Q ~ 47rp

Estimated by us from various fits,

0(1760) REFERENCES

VALUE(MeV)

155+40 OUR AVERAGE

192+60

118+60

DOCUMENT ID

CONDO

CONDO

TECN COMMEN T

91 SHF yp ~
(p77+) (7r+ 7r

91 SHF pp ~ n7r+7r+7r

BISELLO 89B PR D39 701
BISELLO 87 PL B192 239
BALTRUSAIT. ..86B PR D33 1222
BALTRUSAIT. ..85C PRL 55 1723

~(1770)

Busetto+ (DM2 Collab. )
+Ajaltouni, Baldini+ (PADO, CLER, FRAS, LALO)

Baltrusaitis, CofFInan, Hauser+ (Mark III CoHab. )
Baltrusaitis+ (CIT, UCSC, ILL, SLAC. NASH)

IG(JPC) = 1 (0 +)

Mode

f1 P7r

f2(1270) n'

X(1775) DECAY MODES

X(1775}BRANCHING RATIOS

s (1770) MASS

VALUE f Mev)

1770+30
EVTS

1100

DOCUMENT ID

BELLINI

TECN CHG COMMEN T

82 SPEC — 40 7r A ~ 37rA

OMITTED FROM SUMMARY TABLE
Seen in partial-wave analysis of the diffractively produced 3' system.
Needs confirmation.

I (pr)/I (f2(1270)r)
VALUE

1AS+0.26 OUR AVERAGE

1.3 +0.3

1.8 +0.5

DOCUMENT ID

CONDO

CONDO

TECN COMMENT

X(1775) REFERENCES

91 SHF pp ~
(p7r+)(7r+ 27 77 )

91 SHF p p —+ n7r+ 7r+ n-

m (1770) WIDTH CONDO 91 PR D43 2787 +Handler+ (SLAC Hybrid Collab. )

VALUE (MeV)

310+50
EVTS

1100

DOCUMENT ID

BELLINI

TECN CHG COMMEN T

82 SPEC — 40 7r A 37r A f2(1810) IG(gPC) = 0+(2++)

Mode

I g fa(1300)n'
I 2 p7r

r(f,(1sao)~)/r„t,l
VALUE

dNIlIhiht

m {1770)DECAY MODES

Fraction (I I /C)

dominant

not seen

a {1770)BRANCHING RATIOS

DOCUMENT ID TECN CMG COMMENT

BELLINI 82 SPEC — 40 2r A ~ 3' A

OMITTED FROM SUMMARY TABLE
From an amplitude analysis of the K+K system seen in 7r p ~
K+ K n at 10 Gev/C. Confirmed by LONGACRE 86. Seen also

in 7r+7r ~ 2' amplitude nalysis (CASON 82}, in the partial-

WaVe analySiS Of the pre SyStern (ALDE 86D} and in the 47r maSS

spectrum (ALDE 88). Needs confirmation.

fg(1810) MASS

VALUE(MeV) DOCUMENT ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

BELLINI 82 PRI 48 1697

I (px)/I ~l
VALUE

IlOt ~
x(1770) REFERENCES

+Frabetti, Ivanshin, Litkin+ (MILA, BGNA, JINR)

DOCUMENT ID TECN CMG COMMENT

BELLINI 82 SPEC — 40 7r A ~ 37r A

1858 1 LONGACRE 86 RVUE Compilation

1799+ 15 CASON 82 STRC 8 7r+ p p7r+ 27r0

1857+24 COSTA. .. 80 OMEG 10 7r p ~ K+ K n

From a partial-wave analysis of data using a K-matrix formalism with 5 poles. Includes
compilation of several other experiments.
Error increased by spread of two solutions. Included in LONGACRE 86 global analysis.

f2{1810)WIDTH

VALUE (Mev) DOCUMENT ID TECN COMMENT

0 ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

82 STRC 8~+p-, pm+2~0

4 COSTA

388+ 21 LONGAC RE 86 RVUE Com pilation

280+ 42
35 CASON

185+—139 80 OMEG 107r p ~ K+K n

From a partial-wave analysis of data using a K-matrix formalism with 5 poles. Includes
compilation of several other experiments.
Error increased by spread of two solutions. Included in LONGACRE 86 global analysis.
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f2(1810),X(1830),4I3(1850)

Mode

T1 7r 7r

I2
I-, 4+0

I4 K+K

f2{1810)DECAY MODES

Fraction (I;/I )

(21.0+ ) /

(80+ '
) 103.0

(30+ ' )x10

VALUE EVTS

0.29+0.06 OUR AVERAGE

0.29+0.07
0.3 +0.1 426 +

57

DOCUMENT ID TECN COMMENT

BELADIDZE 92C VES 36 e Be ~ e 9~98e
BITYUKOV 91 VES 36 2r C —+ 2r rIrI C

. X(18M) REFERENCES

X{18M)BRANCHING RATIOS

I (BeIe/(958))/I (xeIeI)

I (rB)/I IoceI

f2{1810)BRANCHING RATIOS
BELADIDZE

BITYUKOV

92C SJNP 55 1535 +Bityukov, Borisov
Translated from YAF 55 274&.

91 PL 8268 137 +Borisov+

OTHER RELATED PAPERS

(VES Collab. )

(SERP, TBIL)

VALUE

021 +0.02-0.03
~ ~ ~ We do

0.44 +0.03

r(neI)/r«ot I I 2/I

DOCUMENT ID TECN COMMENT

5 LONGACRE 86 RVUE Corn pilation

not use the following data for averages, fits, limits, etc. ~ ~ ~

CASON 82 STRC 8 2r+ p —+ p2r+ 2'

BORISOV

y3(1850) I G{JPC) 0 (3 )

92 SJNP 55 1441 +Gershtein, Zaitsev
Translated from YAF 55 2583.

(SERP)

VALUE

0 +o.om-0.00$

DOCUMENT ID TECN COMMENT

LON GAC RE 86 RVUE Com pilation

Seen in the KK and KKx mass distributions.

Q(1850) MASS

I (K+ K )/ r96III I 6/I
VAL UE DOCUMENT ID TECN COMMENT

0.00$ +o~ 5 LONGACRE 86 RVUE Compilation

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

seen COSTA. .. 80 OMEG 10 R p 6 K+K n

5From a partial-wave analysis of data using a K-matrix formalism with 5 poles. Includes
compilation of several other experiments.

6 Included in LONGACRE 86 global analysis.

1870.0+—20.0
1850.0 + 10.0

430

123

VALUE (MeV) EVTS

1854 4 7 OUR AVERAGE

1855 + 10

DOCUMENT ID TECN COMMENT

Q(1850) WIDTH

88E LASS 11K p ~ K K+A,
K0 K+x+AS

ARMSTRONG 82 OIVIEG 18.5 K p K K+A

ALHARRAN 818 HBC 8 25 K p KKA

ALDE
ALDE
LONGACRE
CASON
COSTA. ..

AKER
ALOE
ALDE
CASON
ETKIN

88 PL 8201 160
86D NP 8269 485
86 PL 8177 223
82 PRL 48 1316
80 NP 8175 402

OTHER RELATED PAPERS

91 PL 8260 249
88 PL 8201 160
86D NP 8269 485
83 PR D28 1586
828 PR D25 1786

+Amsler, Peters+ (Crystal Barrel Collab. )
+Bellazzini, Binon+ (SERP, BELG, LANL, LAPP, PISA)
+Binon, Bricman+ (BELG, LAPP, SERP, CERN)
+Cannata, Baumbaugh, Bishop+ (NDAM, ANL)
+Foley, Lai+ (BNL, CUNY, TUFTS, VAND)

6(1810) REFERENCES

+Bellazzini, Binon+ (SERP, BELG, LANL, LAPP. PISA)
+Binon, Bricman+ (BELG, LAPP, SERP, CERN)
+Etkin+ (BNL, BRAN, CUNY, DUKE, NDAM)
+Blswas, Baumbaugh, Bishop+ (NDAM, ANL)

Costa De Beauregard+ (BARI, BONN, CERN+)
160.0+—50.0

80.0+—30.0

430

123

ARMSTRONG 82 OMEG

ALHARRAN 818 HBC

Q(1850) DECAY MODES

VAL UE (MeV) EVTS DOCUMENT ID TECN

87 + OUR AVERAGE Error includes scale factor of 1.2.

64 +31 ASTON 88E LASS

COMMENT

11K p~ K K+A,
K0 K+++AS

18.5 K p K K+A

8.25 K p ~ KKA

X(1830) I (~ )=1('+)
Mode

I1 KK
I 2 KK'{892)+c.c.

Fraction (Pf/i)

seen

seen

X(1830) MASS

VAL UE (MeV) EVTS DOCUMENT ID TECN COMMENT

1$$2+27 OUR AVERAGE Error includes scale factor of 1.3.
1873+33+20 BELADIDZE 92C VES
1814+ 10+23 BITYUKOV 91 VES

36 e Be ~ e qitIBe
36 ~ C ~ 2r r71)C426k

57

OMITTED FROM SUMMARY TABLE
Observed in coherent production on a carbon and beryllium nucleus.

= 1++ and 2 + preferred. Needs confirmation.

Q(1850) BRANCHING RATIOS

I (KK'(892)i c.c.)/r(KK)
VALUE

o.ss+0-OAS

DOCUMENT ID TECN COMMENT

Q(1850) REFERENCES

ASTON 88E LASS 11 K p ~ K K+A,
K0 K+n+AS

~ o ~ We do not use the following data for averages, fits, limits, etc. o ~ o

0.8 +0.4 ALHARRAN 818 HBC 8.25 K—
p K K~A

EVTS

426+
57

VAL UE (MeV)

214+27 OUR AVERAGE

225 435+20
205 +18+32

X(1830)WIDTH

DOCUMENT ID TECN COMM EN T

BELADIDZE 92C VES 36 e Be ~ e 9'qBe
BITYUKOV 91 VES 36 2r C ~ 2r rIrI C

ASTON 88E PL 8208 324
ARMSTRONG 82 PL 1108 77
ALHARRAN 818 PL 1018 357

OTHER RELATED PAPERS

CORDIER 828 PL 1108 335
ASTON 808 PL 928 219

+Bisello, Bizot, Buon, Delcourt, Fayard+ (LALO)
(BONN, CERN, EPOL, GLAS, LANC, MCHS~)

+Awaji Biewz+ (SLAC, NAGO. CINC, INUS) IGJPC
yBaubillier+ (BARI, BIRM, CERN, MILA, CURIN+) JP
+Amirzadeh+ (BIRM, CERN, GLAS, MICH, CURIN)

X(1830) DECAY MODES

Mode

I 1 egg
r, ~~~'(9ss)
r, x fp(1590)

Fraction (I;/I )

seen
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2(1870), X(1910)

2(1870) lG(JPC) = 0+(2 —+)

OMITTED FROM SUMMARY TABLE
Needs confirmation.

ca{1870)MASS

VAL UE (Mev)

1881+32+& 26

DOCUMENT ID TECN COMMENT

KARCH 92 CBAL e+ e
e+ e- g~0~0

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1850+50 FEINDT 91 CELL pp ~ ri7r+ 7r

X(1910}(u~ MODE
VAL UE (Mev) DOCUMEN7 ID TECN

90+20 BELADIDZE 92B YES
8 a ~ We do not use the following data for averages, fits, limits,

COM MEN T

36 7r p —+

m'en

etC. ~ ~ ~

91+50

X(1910)er/ MODE

ALDE 90 GAM2 38 7r p -- n

X{1910)DECAY MODES

VAL UE (MeV) DOCUMENT ID TECN COMMENT

a 8 ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

90+35 ALDE 91B GAM2 38 7r p — rIrI'n

0a(1870) WIDTH

VAL UE (Mev)

221+ 92+44
EVTS DOCUMENT ID

KARCH

ea(1870} DECAY MODES

Mode

TECN COMM EN T

26 92 CBAL e+ e
e+ e- gn0r0

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

~ 360 FEINDT 91 CELL pp —+ rI7r+ 7r

Mode

I,
C2 vr x
I3
I 4 K0S K0S

r5
I6
I 7 qg'
I 8 TI7r 7r

r9

I 1 gx7r
r, a2{1320)&
I a fo(980)g

~{1870}REFERENCES

r(P~')/r(4 ')
VAL UE

~ ~ ~ We do not use the following

DOCUMENT ID TECN

data for averages, fits, limits,

X(1910)BRANCHING RATIOS

COMMENT

etc. ~ ~ ~

KARCH
FEINDT

KARCH

92 ZPHY C54 33
91 Singapore Conf. 537

+Antreasyan, Bartels+

OTHER RELATED PAPERS

90 PL B249 353 +Antreasyan, Bartels+

(Crystal Ball Collab. )

(Crystal Ball Coliab. )

&0.25

r(4 0)/r(90)

ALDE 87 GAM4 100 7r p ~ 47r

COMMENT

etc. ~ ~ ~

VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

X(1910) /G{JPC) 0+('I. +)

OMITTED FROM SUMMARY TABLE
We list here several bumps seen in the mass distributions of different
final states.

0.8+0.3

r (~~)/r~i
VALUE

~ ~ ~ We do not use the following

seen

r(d&~o)/r(09')

ALDE

DOCUMENT ID TECN

data for averages, fits, limits,

ALOE 89B GAM2

COMMENT

etc. ~ ~ ~

38 7r p — n~~

87 GAM4 100 7r p ~ 47r n

X(1910)MASS
VAL UE DOCUMENT ID TECN

~ ~ I We do not use the following data for averages, fits, limits,

COMMENT

etc. ~ ~ ~

1806+10

1870+40

X{1910}~|a MODE

1600+
100

VAL. UE {MeV)

1920+10
~ ~ ~ We do not use the following

VAL UE (MeV)

1810to 1920 OUR ESTIMATE

X(1910)4r MODE
VAL UE (Mev) EVTS

~ o ~ We do not use the following

DOCUMENT ID

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ ~

ALDE 87 GAM4 100 7r
—

p ~ 4&On

ALOE 86D GAM4 100 7r p ~ 4pn

DOCUMENT ID TECN COMMENT

BELADIDZE 92B VES 36 7r p ~ ~~n
data for averages, fits, limits, etc. ~ ~ ~

(0,1 ALDE 89 GAM2 387r p ~ nTITI'

r(09)/r(00')
VAL UE

o ~ ~ We do not use

(0,05

CL%

the following

DOCUMENT ID TECN COMMENT

data for averages, fits, limits„etc. ~ ~ ~

ALDE 91B GAM2 387r p ~ nrITI'90

r(W x', )/r(0g')
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.066

I r(qe)/r~,

90 BALOSHIN 86 SPEC

etc. ~ e o

407rp ~ KS Ksn0 0
~ ~ ~ We do not use the following data for averages, fits, limits,

1924+ 14

X(1910)0|I' MODE

ALDE 90 GAM2 38 7r p ~ nun
VAL UE DOCUMENT ID TECN COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

possibly seen BELADIDZE 92D YES 37 7r p 7I q n

VAL UE (MeV)

90 to 250 OUR ESTIMATE

X{1910}4a MODE
VAL UE (Mev) EVTS

VAL UE (MeV)

~ ~ ~ We do not use the following

1911+ 10

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. o ~ ~

ALDE 91B GAM2 38 7r p ~ riri/n

X(1910)WIDTH

DOCUMENT ID

DOCUMENT ID TECN COMMENT

BELADIDZ E
BELADIDZE
ALDE

ALDE
ALDE
ALDE
ALDE
ALDE
BALOSHIN

X{1910)REFERENCES

92B ZPHY C54 367
92D ZPHY C57 13
91B SJNP 54 455

Translated from
90 PL 8241 600
89 PL B216 447
89B PL B216 451
87 PL B198 286
86D NP B269 485
86 SJNP 43 959

Translated from

+BityIjkov, Borisov+ (VES co)lab. )
+Berdnikov+ (VES Collab. )
+Binon+ (SERP, BELG, LANL, LAPP, PISA, KEK}

YAF 54 751.
+Binon+ (SERP, BELG, LANL, LAPP, PISA, KEK)
+Binon, Bricman, Donskov+ (SERP, BELG, LANL, LAPP)
+Binon, Bricman+ (SERP, BELG, LANL, LAPP, TBIL)
+Binon, Bricman+ (LANL, BRUX, SERP, LAPP)
+Binon, Bricman+ (BELG, LAPP, SERP, CERN)
+Barkov, Bolonkin, Viadimirskii, Grigoriev+ (ITEP)

YAF 43 1487.

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

190+20

250 +30

1600+ ALDE 87 GAM4
100

ALDE 86D GAM4

100 7r p 47r

100 7r p 4pn
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X(1950),f (2010), a (2040)

X(1950) IG(JPC) 0+(even++) rR{2010}DECAY MODES

OMITTED FROM SUMMARY TABLE
Needs confirm ation.

Mode Fraction (I I/I )

seen

VAL UE (MeV)
1%2+14 OUR AVERAGE

1964+35

1950+15

X(1950) MASS

DOCUMENT ID TECN CHG COMMEN T

ARMSTRONG SSe SPEC pp ~ S~e
67

ASTON 91 LASS 0 11 K p ~
AKKxa

BOLONK IN 88
ETKIN 88
ETKIN 85
LINDENBAUM 84
ETKIN 82

Also 83

$(2010) REFERENCES

NP B309 426
PL B201 568
PL 165B 217
CNPP 13 285
PRL 49 1620
Brighton Conf.

OTHER RELATED PAPERS

+Bloshenko, Gorin+
+Foley, Lindenbaum+
+Foley, Longacre, Lindenbaum+

+Foley, Longacre, Lindenbaum+
351 Lindenbaum

(ITEP, SERP)
(BNL, CUNY)
(BNL CUNY)

(CUNY)
(BNL, CUNY)
(BNL, CUNY

VAL UE (MeV)

288+35 OUR AVERAGE

225 +50

250 +50

X(1950}WIDTH

DOCUMENT ID TECN CHG COMMENT

ASTON 91 LASS 0

pp~ 3x
6p

11K p~
AKFxx

ARM STRONG 93D SPEC

ARMSTRONG 89B PL B221 221
GREEN 86 PRL 56 1639
BOOTH 84 NP B242 51

a4(2040)

+Benayoun+(CERN, CDEF, BIRM, SARI, ATHU, CURiN+)
+Lai+ (FNAL, ARIZ, FSU, NDAM, TUFTS, VAND+)
+Ballance, Carroll, Donald+ (LIVP, GLAS, CERN)

IG(gPC) 1
—(4++)

X(1950) DECAY MODES

Mode

I 1 K'(892) K'(892)
I 2 xo~o

X(1950) BRANCHING RATIOS

r(K (592}7r (892))/I eeeeI
VAL UE

seen

r(PRo)/r~I
VAL UE

seen

DOCUMENT ID TECN CHG COMMENT

ASTON 91 LASS 0 ll K p ~
AKKxx

DOCUMENT ID TECN COMMENT

ARMSTRONG 93D SPEC pp ~ 3x ~ &y

X(1950}REFERENCES

ARMSTRONG 93D PL B307 399 +Bettoni+
ASTON 91 NP B21 5 (suppl) +Awaji+

(FNAL, FERR, GENO, UCI, NWES+)
(LASS Collab. )

OTHER RELATED PAPERS

BIENZ 90 SLAC 369
ALBRECHT 88N PL B212 528
ALBRECHT 870 PL B198 255
ARMSTRONG 87C ZPHY C34 33

(LASS Collab. )
+ (ARGUS Collab. )
+Binder+ (ARGUS Collab. )
+Bloodworth+ (CERN, BIRM, BARI ~ ATHU, CURIN+)

f,(2olo) ' (~ ) = o+(2++)

See also the mini-review under non-qP candidates. (See the index
for the page number. )

a4{2040) MASS

VALUE (MeV}

2MT +26 OUR AVERAGE

2040.0+30.0 1 CLELAND 82B SPEC + 50
2030.0450.0 CORDEN 78C OMEG 0 15
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

1903.0 4 10.0 BALDI 78 SPEC — 10

TECN CHG COMMEN T

~p K0 K+pS
p ~ 32m

~ ~

p ~
pK0S K

From an amplitude analysis.

J = 4+ is favored, though J = 2+ cannot be excluded.
From a fit to the Y8 moment. Limited by phase space.

R4(2040) WIDTH

TECN CHG COMMENTVALUE (MeV)

427 +120 OUR AVERAGE

380.0+150.0 4 CLELAND 82B SPEC

510.0+200.0 CORDEN 78C OMEG 0
~ ~ ~ We do not use the following data for averages, fits, limits,

166.0+ 43.0 6 BALDI 78 SPEC

50 ~p ~ K0 K+pS
15' p ~ 32m

etc. ~ ~ ~

10m p-+
pK0S K

4 From an amplitude analysis.

J = 4+ is favored, though J = 2+ cannot be excluded.
From a fit to the Y0 moment. Limited by phase space.

R4(2040) DECAY MODES

OMITTED FROM SUMMARY TABLE
Seen in partial-wave analysis of the KF and n+n ~0 systems.
Needs confirmation.

/{2010}MASS

VALUE (Mev) DOCUMENT ID TECN COMMENT

2011 +
76 ETKIN 88 MPS 22 x p ~ ripen

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1980 + 20 BOLONKIN 88 SPEC 40 x p KS KS n

2050.0 50'0 ETKIN 85 MPS 22 2r p ~ 24tIn

2120 0+ 20.0 LINDENBAUM 84 RVUE

2160.0+ 50.0 ETKIN 82 MPS 22 2r p ~ 2pn
Includes data of ETKIN 85. The percentage of the resonance going into pI|t 2+ + S2,
D2, and D0 is 98+ 0+, and 2+1, respectively.

Statistically very weak, only 1.4 s.d.

$(2010) WIDTH

Mode

ll KK
r2 ~+~-~0

r(KÃ)/r~I
VAL UE

r(R+R-H)/r~,
VALUE

Fraction (I I/I )

seen

seen

R4(2040) BRANCHING RATIOS

DOCUMENT ID TECN CHG COMMENT

BALDI 78 SPEC 4 10m p ~
K0SK p

DOCUMEN T ID TECN CHG COMMEN T

CORDEN 78C OMEG 0 15 x p ~ 3~n

COMMENT

222r p ~ ppn
etc. ~ ~ ~

402r p ~ KSKS n0 0

22 9r p ~ 24tsn

222r p~ 2pn

VALUE (Mev) DOCUMENT ID TECN

202 + 3 ETKIN 88 MPS

~ ~ ~ We do not use the following data for averages, fits, limits,

145 + 50 4 BOLONK IN 88 SPEC

200 0+ 50.0 ET KIN 85 MPS

300 0+ LINDENBAUM 84 RVUE

310.0+ 70.0 ETK IN 82 MPS

Includes data of ETKIN 85.
Statistically very weak, only 1.4 s.d.

R4{20N) REFERENCES

CLELAND
BALDI
CORDEN

82B NP B208 228
78 PL 74B 413
78C NP B136 77

+Delfosse, Dorsaz, Gloor (DURH, GEVA, LAUS, PITT)
+Bohringer, Dorsaz, Hungerbuhler+ (GEVA) JP
+Dowell, Garvey+ (BIRM, RHEL, TELA, LOWC) JP

(GEVA, LAUS)

OTHER RELATED PAPERS

DELFOSSE 81 NP B183 349 +Guisan, Martin, Muhlemann, Weill+
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a, (2050), f (2050)

a3(2050) l'(i") = i-(3++) WEIGHTED AVERAGE
2044+11 (Error scaled by 1.4}

OMITTED fROM SUMMARY TABLE
Needs confirm ation.

VALUE (Mev)

2NO+40
EVTS

208

aa(2050) MASS

DOCUMENT ID TECN CHG

KALELKAR 75 HBC +

2100 ANTIPOV 77 C IBS

2214+ 15 BA LTAY 77 HBC 0

VALUE (Mev)

340+$0
EVTS

208

aa(2050) WIDTH

DOCUMENT ID TECN CHG

KALELKAR 75 HBC +

~ ~ ~ We do not use the following data for averages, fits, limits, etc.

~ ~ ~ We do not use the following data for averages, fits, limits, etc.

COMMENT

15x+p
P1f P3

0 ~ ~

25~ p
Px P3

15m p
a++3~

COMMENT

15z+p~
Px P3

~ t ~

1850 1900 1950 2000

f4{2050) mass (NieV)

. BELADIDZE 92B VES
ALOE 90 GAM2
AUG USTIN 87 DM2
BALTRUSAIT. .. 87 MRK3
ALOE 86D GAM4.BINON 848 GAM2
CASON 82 STRC
ETKIN 82B MPS
APEL 75 NICE
8LUM 75 ASPKV

(Confidence Level
a a

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)

500

355+21

ANTIPOV 77 CIBS

BA LTAY 77 HBC 0

25m p~
P7r P3

15m p~
a++ 3~

aa(2050) DECAY MODES

Mode

f 1 3'
p3(169p)n

Fraction (I l/f )

dominant

r(pa(1690)o)/I(3+)
VALUE

dornlnant

aa{2050) BRANCHING RATIOS

la/re

aa(2050) REFERENCES

ANTIPOV
BALTAY
KALFLKAR

77 NP 8119 45
77 PRL 39 591
75 Nevis 207 Thesis

+Busnello, Damgaard, Kienzle+
+Cautis, Kalelkar

(SERP, GEVA)
(COLU) JP
(coLU)

OTHER RELATED PAPERS

HARRIS
HUSON
DANYSZ

81 ZPHY C9 275
68 PL 288 208
678 NC 51A 801

+Dunn, Lubatti, Moriyasu, Podolsky+ (SEAT, UCB)
+Lubatti, Six, Veillet+ (ORSAY, MILA, UCLA)
+French, Simak (CERN)

DOCUMENT ID TECN CHG COMMENT

KALELKAR 75 HBC + 15 ~+ p ~ p3x

f4(2050) WIDTH

VALUE(MeV) EVTS DOCUMENT ID TECN COMMENT

KS + 1S OUR AVERAGE Error includes scale factor of 1.2.
300 + 50 BELADIDZE 928 VES 36 7r p -~ ~~n
170 + 60 ALDE 90 GAM2 38 ~ p ~ n~~
304 + 60 AUGUSTIN 87 DM2 J/g ~ pe+ x
210 6 63 BALTRUSAIT. .87 MRK3 J/g ~ pe+ x
400.06100.0 ALDE 86D GAM4 100 2r

—
p - n2g

240.0+ 40.0 40k BINON 848 GAM2 38 7r p ~ n2+
190.0+ 14.0 DENNEY 83 LASS 10 7r+ n/~+ p

186.0+ 103.0
58.0

4 CASON 82 STRC 8 x+ p -+ pm+ 22r0

305 0 ETKIN 828 MPS 23 n' p —+ n2K5

180 + 60 700 AP EL 75 NICE 40 n p -~ n27r

225 +
70 BLUM 75 ASPK 18.4 a p -~ nK+ K

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

243,0+ 16.0 5 ALPER 80 CNTR 62 x p —+ K+ K n

140.0 k 15.0 5 ROZANSKA 80 SPRK 18 ~ p ~ p'Pn

263.0+ 57.0 CORDEN 79 OMEG 12-15 2r p ~ n2x
100.0+ 28.0 EVANGELISTA 798 OMEG 10 x p ~ K+ K n

107.0+ 56.0 ANTIPOV 77 CIBS 25 x p p3n'

4From amplitude analysis of reaction x+m ~ 2x0.
l(J ) = 0(4+) from amplitude analysis assuming one-pion exchange.

6Width errors enlarged by us to 4I /~N; see the note with the K~(892) mass.

f4(2050) DECAY MODES

f4(2050) IG(gP'C) —P+(4+ +) Mode Fraction (I;/I )

f4{2050) MASS

VAL UE (Mev) EVTS DOCUMENT ID TECN COMMENT

2044 +11 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

1970 +30 BELADIDZE 928 VES 36 z p ~ ann
2060 620 ALDE 90 GAM2 38 ~ p n~~
2038 +30 AUGUSTIN 87 DM2 a/y - ~~+~-
2086 +15 BALTRUSAIT. .87 MRK3 J/Q ~ p ir+ x
2000.0+60.0 ALDE 86D GAM4 100 ~ p ~ n2q

2020.0+20.0 40k 1 BINON 848 GAM2 38 n. p ~ n27r

2015.0+28.0 CASON 82 STRC 8 x+ p ~ pe+ 27r

2031.0 ETK IN 828 MPS 23 m p n2K&

2020 +30 700 APEL 75 NICE 40 x p ~ n2xO

20SO +2S BLUM 75 ASPK 18.4 m p ~ nK+ K
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1978.0+ S.O ALPER 80 CNTR 62 x p ~ K+ K n

2040.0+ 10.0 ROZANSKA 80 SPRK 18 x p ~ p pn
1935.0+ 13.0 CORDEN 79 OMEG 12-15 x p ~ n2x
1988.0+ 7.0 EVANGELISTA 798 OMEG 10 x p ~ K+ K n

1922.04 14.0 ANTIPOV 77 CIBS 25 ~ p ~ p3~

From amplitude analysis of reaction ++7r 2x .
2 i(J~) = 0(4+) from amplitude analysis assuming one-pion exchange.
3Width errors enlarged by us to 4I /~N; see the note with the K~(892) mass.

I 1 (J(d
I 2 7r7r

I3 KK

f4
IS

(26 +6 }0/
(17.0+1.5) %

( 6.8+ 1'8) x 10

{ 2,1+0.8) x 10
1.2 /o

I (KK) x r(p7)/riotai

f4(2050) I (I)I (7p)/I (totil)

rara/r

VAL UE (keV)

&1.1
CL S EVTS

95 13 +
4

DOCUMENT ID

OEST

TECN COMMENT

90 JADE e+ e e+ e

r(re~)/r(oa)

f4(2050) BRANCHING RATIOS

VALUE

1.5 +0.3
DOCUMENT ID

ALDE

TECN COMMENT

90 GAM2 38 7r p ~ nun

VAL UE (keV) CL 'g DOCUMEN T ID TECN COMMEN T

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.29 95 ALTHOFF 858 TASS pp ~ KKx

I (oo) x I (77)/I tata'



See key on page1343
1511

Meson FullListings

f4(2050), vr2(2100), fz(2150)

I (as)/I ssaI
VALUE

0.170+0.015 OUR AVERAGE

0.18 +0.03
{).16 +0.03
0.17 +0.02

7 Assuming one pion exchange.

r(z}r)/r(«)

DOCUMENT ID

7 BINON
7 CASON
7 CORDEN

TECN COMMEN T

83c GAM2 38 x p ~ n4p
82 STRC 8 ~+ p - p~+ 2~0
79 OMEG 12-15 2r p ~ n2x

ra/ra

r(fp(1500)s)/r(S )
VALUE

OAS+0.07
DOCUMEN T ID TECN COMMENT

DAUM 81B CNTR 63,94 2r p

D-wave/5-wave RATIO FOR sa(2100) ~ $(1270)s
VALUE DOCUMEN T ID TECN COMMENT

OM+OM 3 DAUM 81B CNTR 63,94 2r p
3 From a two-resonance fit to four 2 0+ waves.

VALUE

0.04 +002-0.01

r (00)/rssai

DOCUMENT ID

ETKIN

TECN COMMEN T

82B MPS 23 2r p ~ n2K&
DAUM 81B NP 8182 269

sa(2100) REFERENCES

+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)

VALUE(units 10 3)

2.1+0.8
DOCUMENT ID

ALDE

TECN COMMENT

86D GAM4 100 + p ~ n4p
f2(2150) I (~ ) = o+(2++)

r(aP)/res„
VALUE

e 0.012

BELADIDZE 92B
ALDE 90
OEST 90
ALDE 87
AUGUSTIN 87
BALTRUSAIT. ..87
ALOE 86D
ALTHOFF 85B
BINON 84B
BINON 83C

DENNEY 83
CA SON 82
ETKIN 82B
ALPER 80
ROZANSKA 80
CORDEN 79
EVANGELISTA 79B
ANTI POV 77
APEL 75
BLUM 75

CASON 83
GOTTESMAN 80
WAGNER 74

DOCUMENT ID TECN COMMENT

ALDE 87 GAM4 100~ p ~ 4~0n

fa(2050) REFERENCES

ZPHY C54 367
PL B241 600
ZHPY C47 343
PL B198 286
ZPHY C36 369
PR D35 2077
NP B269 485
ZPHY C29 189
LNC 39 41
SJNP 38 723
Translated from
PR D28 2726
PRL 48 1316
PR 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. )
+Binon, BricInan+ (LANL, BRUX, SERP, LAPP)
+Cosme+ (LALO, CLER, FRAS, PADO)

Baltrusaitis, Coffman, Dubois+ (Mark III Collab. )
+Binon, Bricman+ (BELG, LAPP, SERP, CERN
+Braunschweig, Kirschfink+ (TASSO Collab. )
+Donskov, Duteil, Gouanere+ (SERP, BELG, LAPP)
+Gouanere, Donskov, Duteil+ (SERP, BRUX+)

YAF 38 1199.
+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+ (BIRM, RHEL, TELA, LOWC) JP
+ (BARI, BONN, CERN, DARE, GLAS, LIVP+)
+Busnello, Damgaard, Kienzle+ (SERP, GEVA)
Wugenstein+(KARLK, KARLE, PISA, SERP, WIEN, CERN)JP
+Chabaud, Dietl, Garelick, Grayer+ (CERN, MPIM) JP

OTHER RELATED PAPERS

PR D28 1586 +Cannata, Baumbaugh, Bishop+ (NDAM, ANL)
PR D22 1503 +Jacobs+ (SYRA, BRAN, BNL, CINC)
London Conf. 2 27 (MPIM

OMITTED FROM SUMMARY TABLE
This entry was previously called T0.

$(2150) MASS

S-CHANNEL Pp or IN
VALUE (Mev) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

~ 2190.0 3 CUTTS 78B CNTR

2155.0+15.0 3&4 COUPLAND 77 CNTR
2193 + 2 ALSPECTOR 73 CNTR
3 Isospins 0 and 1 not separated.
4 From a fit to the total elastic cross section.
5 Referred to as T or T region by ALSPECTOR 73.

CHG COMMENT

etc. ~ ~ ~

0.97-3 Pp ~
NN

0 0.7-2.4 pp ~ pp
Pp S channel

Pp~
VALUE (MeV) DOCUMENT ID TECN COMMENT

~ a ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

~ 2170.0 1 MARTIN SOB RVUE
~ 2150.0 1 MARTIN SOC RVUE
~ 2150.0 DULUDE 78B OSPK 1-2 pp ~ sr

l(J ) = 0(2+) from simultaneous analysis of pj% ~ 2r ~+ and sr0m0.

l~(J ) = 0+(2+) from partial-wave amplitude analysis.

~2(2100) I (~ )=1(2 +)

sa(2100) MASS

OMlTTED FROM SUMMARY TABI E
Seen in the p7r, f0(1300)n, and f2(1270)7r J = 2 WaVeS Of the
diffractively produced 3n system. Needs confirmation.

OTHER HADRONIC MODES
VALUE (MeV) DOCUMEN T ID TECN

o ~ ~ We do not use the following data for averages, fits, limits,

2104+20 ARMSTRONG 93C SPEC
2175+20 PROKOSHKIN 90 GAM4

fa(2150) WIDTH

COMMENT

etc. ~ ~ ~

PP -+ sr 2)ri ~ 6P
300 sr N ~ sr N2s7,

450 pN ~ pN2g

sa(2100) WIDTH

VALUE (Mev) DOCUMENT ID

651+50 2 DAUM

From a two-resonance fit to four 2 0+ waves.

TECN COMMENT

81B CNTR 63,94 2r p ~ 32rX

VAL UE (MeV) DOCUMENT ID TECN COMMENT

2100+150 DAUM 81B CNTR 63,94~ p ~ 3~X

From a two-resonance fit to four 2 0+ waves.

jfp-+ xm
VALUE (Mev) DOCUMEN T ID TECH COMMEHT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 250.0 6 MARTIN SOB RVUE
~ 250.0 6 MARTIN SOC RVUE
~ 250.0 7DULUDE 78B OSPK 1-2 pp ~ sr x

l(J ) =0(2+) from simultaneousanalysisof pp~ ~ 2r+ and 2r ~ .
7/G(J~) = 0+(2+) from partial-wave amplitude analysis.

&CHANNEL Pp or NN

Mode

I 1 3x
I 2 p7r
I 3 f2(1270}s
I 4 fp(1300}s

r(Fs)/r(S )
VAL UE

0.19+0.05

r(${12ro}s)/I (ss)
VALUE

0.36+0.09

sa{2100}DECAY MODES

Fraction (I l/I )

seen

seen

seen

seen

sa(2100} BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

3 DAUM 81B CNTR 63,94 ~ p

DOCUMENT ID TECN COMMENT
3 DAUM 81B CNTR 63,94 ~ p

VALUE(Mev) DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

135.0+75.0 8,9 COUPLAND 77 CNTR
98 +8 9 ALSPECTOR 73 CNTR

From a fit to the total elastic cross section.
fsospins 0 and 1 not separated.

OTHER HADRONIC MODES
VAL UE (Mev) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

203+10 ARMSTRONG 93C SPEC
150+35 PROKOSHKIN 90 GAM4

6{2150)DECAY MODES

I 1 orner

CHG COMMENT

etc. ~ ~ ~

0 0.7-2.4 pp ~ pp
j%p S channel

COMMENT

etc. ~ ~ ~

p p ~ ~ e)9 ~ 67
300 x N -+ sr N2FI,

450 pN ~ pN2fI
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f2(2150), P(2150), X(2200), P(2210)

ARMSTRONG
PROKOSHKIN
MARTIN
MARTIN
CUTTS
DULUDE
COUPLAND
ALSPECTOR

$(2150) REFERENCES

93C PL 8307 394
90 Hadron 89 Conf
808 NP 8176 355
80C NP 8169 216
788 PR D17 16
788 PL 798 335
77 PL 718 460
73 PRL 30 511

+Bettoni+ {FNAL, FE
p 27 (SERP, BELG,

+Morgan
+Pennington
+Good, Grannis, Green, Lee+
+Lanou, Massimo. Peaslee+
+Eisenhandler, Gibson, Astbury+
+Cohen, Cvijanovich+

OTHER RELATED PAPERS

RR, GENO, UCI. NWES+)
LANL, LAPP, PISA. KEK)

(LOUC, RHEL) JP
(DURH) JP

(STON, WISC)
(BROW. MIT, BARI) JP

(LOQM, RHEL)
(RUTG, UPNJ)

BIAGINI
CLEGG
ATKINSON
MARTIN
MARTIN
CUTTS
COUPLAND
PEASLEE
ALSPECTOR
ABRAMS
COOPER

91 NC 104A 363
90 ZPHY C45 677
85 ZPHY C29 333
808 NP 8176 355
80C NP 8169 216
788 PR D17 16
77 PL 718 460
75 PL 578 189
73 PRL 30 511
70 PR Dl 1917
68 PRL 20 1059

p(2150) REFERENCES

+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+ (LCM, RHEL)
+Demarzo, Guerriero+ (CANB, BARI, BROW, MIT)
+Cohen, Cvijanovich+ (RUTG, UPNJ)
+Cool. Giacomelli, Kycia, Leontic, Li+ (BNL)
+Hyman, Manner, Musarave+ {ANL)

FIELDS
YOH

71 PRL 27 1749 +Cooper, Rhines, Allison

71 PRL 26 922 +Barish, Caroll, Lobkowicz+
(ANL, OXF)

(CIT, BNL, ROCH) OTHER RELATED PAPERS

(21SO) IG(JPC) = 1+(1—-)
BRICMAN 69 PL 298 451
ABRAMS 67C PRL 18 1209

+Ferro-Luzzi, Bizard+ (CERN, CAEN, SACL)
+Cool, Giacomelli, Kycia, Leontic, Li+ (BNL)

OMITTED FROM SUMMARY TABLE
This entry was previously called T1(2190).

X(2200) IG(Jpc) = ?.(even++)

Our latest mini-review on this particle can be found in the 1984
edition.

p(2150) MASS

OMITTED FROM SUMMARY TABLE
Seen at DCI in the KS KS system. Not seen in T radiative decays
(BARU 89). Needs confirmation.

X(2200) MASS

Pp~ sr
VAL UE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

~ 2170.0 MARTIN 808 RVUE
~ 2100.0 MARTIN 80C RVUE

~ 0

VALUE (MeV)

2197+l7
DOCUMENT ID TECN CHG COMMENT

AUGUSTIN 88 DM2 0

X(2200) WIDTH

2155.0+ 15.0
2193 6 2
2190 + 10

3 4 COUPLAND 77 CNTR 0
ALSPECTOR 73 CNTR

6 ABRAMS 70 CNTR

S-CHANNEL NN
VAL UE (MeV) DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

~ 2190.0 3 CUTTS 788 CNTR

COMMENT

~ ~

0.97-3 'pp ~
NN

07-24 IJp Pp
Pp S channel

S channel IJN

VALUE (Mev)

261+51

BARU 89 ZPHY C42 505
AUGUSTIN 88 PRL 60 2238

X(2200) REFERENCES

yBeilin, Blinov~
+Calca terra+

(Novo)
(DM2 Collab. )

DOCUMENT ID TECN CHG COMMENT

AUGUSTIN 88 DM2 0 JjQ P KOS KOS

2110+50 ' CLEGG 90 RVUE 0

e+e- ~+~-,K+K-,S
VAL UE (MeV) DOCUMENT ID TECN CHG

~ o ~ We do not use the following data for averages, fits, limits, etc. ~

2153+37 BIAGINI 91 RVUE

COMMENT

~ o

e+e
~+X
K+ K

e+e
3(~+x ),
2(~+ ~- ~0)

(221O) I'(~PC) = I+(1--)

p(2210) MASS

OMITTED FROM SUMMARY TABLE
Seen in one-pion exchange production of the ~n system and diffrac-

tive photoproduction of the ~m+ ~ ~ system. Needs confirma-

tion.

1 includes ATKINSON 85.
l(J ) = 1(1 ) from simultaneous analysis of pp ~ n. ~+ and n

3 Isospins 0 and 1 not separated.
4 From a fit to the total elastic cross section.
5 Referred to as T or T region by ALSPECTOR 73.
65een as bump ln I = 1 state. See also COOPER 68. PEASLEE 75 confirm pp results

of ABRAMS 70, no narrow structure.

p(2150) WIDTH

jap~ ms
VALUE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits. etc. ~

~ 250.0 MARTIN 808 RVUE
~ 200.0 8 MARTIN 80C RVUE

$-CHANNELNItI

VALUE (MeV) DOCUMEN T ID TECN COMMENT

2212+22 OUI N%RAGE Error includes scale factor of 1.4. See the ideogram below.

2220+20 ALDE 92C GAM2 38 x p ~ nusrO

2170+30 ALOE 92C GAM4 100 n p ~ n~~
2280+50 ATKINSON 85 OMEG 20-70 pp ~

p~~+ ~- ~Q

WEIGHTED AVERAGE
2212~22 (Error scaled by 1.4)

VALUE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

135.0+75.0 9~10 COUPLAND 77 CNTR

98 + 8 10 ALSPECTOR 73 CNTR
85 11ABRAMS 70 CNTR

CHG COMMEN T

etc. ~ ~ ~

0.7-2.4 p p p p

pp 5 channel

S channel pN

c+c ~ x+m, K+K,Ss
VALUE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages. fits, limits,

389+ 79 BIAGINI 91 RVUE

CHG COMMEN T

etc. ~ ~ o

e+e
x+x
K+ K

e+e
3(~+a-),
2(~+ ~- ~Q)

7 CLEGG 90 RVUE Q410+100

7 Includes ATKINSON 85.
8 l(J ) = 1(1 ) from simultaneous analysis of PP x n+ and m

From a fit to the total elastic cross section.
Isosplns Q and 1 not separated.

11Seen as bump ln I = 1 state. See also COOPER 68. PEASLEE 75 confirm pp results
of ABRAMS 70, no narrow structure.

2100 2200

p(2210) mass (MeV)

ALOE
~ ALOE.ATKINSON

)(
92C GAM2 0.2
92C GAM4 2.0
es OMEG 1.8

4.0
(Cortfidence Level 0.13?)

2500
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p(2210), f4(2220), r)(2225)

p(2210) WIDTH fj(2220) BRANCHING RATIOS

VALUE (MeV) DOCUMENT ID TECN

286+ 80 OUR AVH4AGE Error includes scale factor of 1.6.
240+ 60 ALDE 92C GAM2

300 ALDE 92C GAM4
440 +110 ATKINSON 85 OMEG

p(2210) REFERENCES

COMMENT

38m p~ n~~
100 v p ~ nu2r0
20-70 pp ~

p~x+ x

r(p)1)«~i
VALUE(units 10 3) CL%

&1.1 99.7
~ o ~ We do not use the following

(2.6 99.7
(3.6 99.7

Assuming 0 = 30-35 MeV, J

DOCUMENT ID TECN COMMENT

BARNES 93 SPEC 1.3-1.57p p ~ KS KS
data for averages, fits, limits, etc. o o ~

3 BARDIN 87 CNTR 1.3-1.5p p ~ K+ K
3 SCULLI 87 CNTR 1.29-1.55jp ~ K+ K

= 2+ and B(f4(2220) ~ KX) = 10%.

ALOE 92C ZPHY C54 553
ATKINSON 85 ZPHY C29 333

+Bellanini+ (SERP, BELG, LANI. , LAPP, PISA, KEK)
+ (BONN, CERN, GLAS, LANC. MCHS, IPNP+) fj(2220) REFERENCES

f4(2220)
was ((2220)

IG(gPC) p+(4++)

OMITTED FROM SUMMARY TABLE
This state has been seen at SPEAR in the KK systems (K+ K
and KSKS) produced in the radiative decay of J/@(1S). Seen

in gg' (ALDE 86B). in KS KS (ASTON 88D), and in K+ K
(ASTON 88F). Needs confirmation. Also J needs confirma-
tion. Not seen in T radiative decays nor in B inclusive decay
(BEHRENDS 84). Not seen in p p ~ K+ K formation experiment

(BARDIN 87,SCULLI 87) and j%p ~ KS KS formation experiment

(BARNES 93). Not seen at DCI in either K+ K or KS KS systems
(AUGUSTIN 88).

BARN ES 93
ALBRECHT 90G
ASTON 88D
ASTON 88F
AUGUSTIN 88
BOLONKIN 88
BARDIN 87
SCULLI 87
ALDE 86B
BALTRUSAIT. ..860
ALTHOFF 85B
BEHRENDS 84

BARDIN 87
YAOUANC 85
GODFREY 84
SHATZ 84
WILLEY 84
EINSWEILER 83
HITLIN 83

PL B309 469
ZPHY C48 183
NP B301 525
PL B215 199
PRL 60 2238
NP B309 426
PL 8195 292
PRL 58 1715
PL B177 120
PRL 56 107
ZPHY C29 189
PL 137B 277

OTHER RELATED PAPERS

PL 8195 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)

yBirien, Breunlich (PS185 Collab. )
+Ehrlichmann, Harder+ (ARGUS Collab. )
+Awaji, Bienz+ (SLAC, NAGO, CINC, INUS)
yAwaji+ (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, Bricmanp (SERP, BELG, LANL, LAPP)

Baltrusaitis (CIT, UCSC, ILL, SLAC, WASH)
+Braunschweig, Kirschfinky (TASSO Collab. )
+Chadwich, Chauveau, Gentile+ (CLEO Collab. )

fj(2220) MASS (2225) I G(gPC) p+(p —+)
VALUE (MeV) EVTS:~k 6 OUR AVERAGE

2209+ 156 10

2230+20
2220+10 41
2230+ 6+14 93
2232+ 7+ 7 23

DOCUMENT ID TECN COMMENT

ASTON 88F LASS 11 K p ~ K+ K A

BOLONKIN 88 SPEC 40 ~ p KOS KS n

ALDE 86B GAM4 38-100 rp ~ nrIFI'

BALTRUSAIT. .$6o MRK3 e+ e y K+ K
BALTRUSAIT. .$60 MRK3 e+ e ~ y KS KS

VALUE (MeV) EVTS

3g+ ~ OUR AVERAGE

60+ 1
57

80+ 30

26+ 93

18+ 23 P 10 23

fj(2220) WIDTH

DOCUMENT ID TECN COMMENT

fj(2220) DECAY MODES

C1

I2
I3
r4

Mode

KK
PP
yy

pg'(958)

Fraction (I ~/I )

&1.1 x 10

Confidence level

99.7%

ASTON 88F LASS 11K p ~ K+K A

BOLONKIN 88 SPEC 40 ~ p ~ KQS KQS n

BALTRUSAIT. .$6o MRK3 e+ e ~ y K+ K

BALTRUSAIT. .$6D MRK3 e+e ~ 7K KS S

OMITTED FROM SUMMARY TABLE
Seen in J/Q ~ ping. Needs confirmation.

e(~S) MASS

VAL UE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

2230+ 25415 BAI 90B MRK3

2214+20+13

~ 2220

BAI

BISELLO

90B MRK3

86B DM2

COMMENT

etc. ~ ~ ~

Jlf
pK+K K+K

J/0
PK+ K KSK~

J/g ~
pK+K K+K

e(~a) WIDTH

VAL UE (MeV)

1IO 60+60

DOCUMENT ID TECN COMMENT

J/Q ~
yK+K K+K

etc. ~ ~ ~

BAI 90B MRK3

JINNI(

pK+K K+K

BAI 90B PRL 65 1309
BISELLO 86B PL B179 294

0(2225) REFERENCES

+Blaylock+
+Busetto, CastIo, Limentani+

(Mark lit Collab. )
(DM2 Collab. )

~ ~ ~ We do not use the following data for averages, fits, limits,

80 BISELLO 86B DM2

I (KÃ) x I (7p)/I tjtai

fj(2220) r(I) I {7p)/I {total)

I gl a/I
VAL UE (keV) CL 5 DOCUMEN T ID TECN

&0.086 95 1 ALBRECHT 90G ARG
~ ~ ~ We do not use the following data for averages, fits, limits,

&1.0 95 ALTHOFF 85B TASS

1Assuming J~ = 2+.
True for J = 0+ and J = 2+.

COMMENT

K+ K
etc. ~ o o

pp, KKx
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P$(2250), f2{2300), f4(2300)

{2250) IG(JPC) 1+(3 ——
) r, (23OO) IG(JPC) = 0+(2++)

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).

See also the mini-review under non-qq candidates. (See the index

for the page number. )

fj {mo) MASS

~{2250}MASS

yp~ a~or KF
VALUE (MeV) DOCUMENT ID TECN

~ ~ o We do not use the following data for averages, fits, limits,

~ 2250.0 1 MARTIN 808 RYUE
~ 2300.0 1 MARTIN SOC RVUE
~ 2140.0 CARTER 788 CNTR

3 CARTER T7 CNTR

I(J ) = 1(3 ) from simultaneous analysis of pp ~ ~ ~+
I = 0, 1. J = 3 from Barrelet-zero analysis.

l{J ) = 1{3 ) from amplitude analysis.

S-CHANNEL NN

CHG COMM EN T

etC. ~ ~ ~

0 0.7-2.4 j5p —+

K K+
0 0.7-2.4 Pp ~

and x0+0.

VALUE(MeY) DOCUMENT ID TECN CHG

~ o ~ We do not use the following data for averages, fit, limits, etc. ~

2190.0 CUTTS 788 CNTR

COMMENT

~ ~

0.97-3 Pp ~
NN

o 7-24Pp Pp
Pp S channel

S channel PN

4&5 COUPLAND 77 CNTR 0
4i6 ALSPECTOR 73 CNTR

ABRAMS 70 CNTR

~{2250}WIDTH

Pp~ ~r or KF
VALUE (MeV) DOCUMENT ID TECN CHG COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

250.0 8 MARTIN 808 RVUE
~ 200.0 MARTIN SOC RVUE
~ 150.0 9 CARTER 788 CNTR 0 0.7-2.4 jap ~

K—K+
CNTR 0 0.7-2.4 pp ~
x-~+ and go~0.

10 CARTER200.0

l(J ) = 1(3 ) from simultaneous analysis of pp ~
I = 0, 1. J = 3 from Barrelet-zero analysis.

l(J ) = 1(3 ) from amplitude analysis.

2155.06 15.0
2193 + 2
2190 + 10

Isospins 0 and 1 not separated.
5 From a fit to the total elastic cross section.
6 Referred to as T or T region by ALSPECTOR 73.

Seen as bump in I = 1 state. See also COOPER 68. PEASLEE 75 confirm pp results
of ABRAMS 70, no narrow structure.

fg{2200) WIDTH

VALUE (MeV) DOCUMENT ID TECN

1N +41 ETK IN 88 MPS
~ ~ ~ We do not use the following data for averages, fits, limits,

133.0+50.0 BOOTH 86 0MEG
200.0450.0 LINDENBAUM 84 RVUE

220.0 k 70.0 ETKIN 82 MPS

Includes data of ETKIN 85.

COMMENT

22~ p~ P$n
etc. ~ ~ e

85 ~ Be — 2/Be

22 7I' p ~ 2pn

lg2$00) DECAY MODES

Mode Fraction (I I/I )

seen

f2{2500) REFERENCES

ET KIN 88
BOOTH 86
ET KIN 85
LINDENBAUM 84
ET KIN 82

Also 83

PL 820) 568
NP 8273 677
PL 1658 217
CNPP 13 285
PRL 49 1620
Brighton Conf. 351

+Foley, Lindenbaum+
+Carroll, Donald, Edwards+
+Foley, Loni{acre, Lindenbaum+

+Foley, Longacre, Lindenbaum+
Llndenbaum

(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) IG(J C) 0+(4++)

VALUE (Mev) DOCUMENT ID TECN COMMENT

XHY +28 1ETKIN 88 MPS 22 ~ p ~ @$n
~ ~ ~ We do not use the following data for averages, flts, limits, etc. ~ ~ o

2231.0+ 10.0 BOOTH 86 OMEG 85 ~ Be 2/Be

2220.0+
2Q 0 LINDENBAUM 84 RVUE

2320.0+40.0 ETKIN 82 MPS 22 r p ~ 2$n

includes data of ETKIN 85. The percentage of the resonance going into pp 2+ + S2,

D2, and DO ls 6+ 5, 25+ 14, and 69+27, respectively.

S-CHANNEL IIIN
VAL UE (Mev) DOCUMENT ID TECN CHG

o a e We do not use the following data for averages, fits, limits, etc. e

135.0+75.0 11,12 COUPLAND 77 CNTR {)

98 +8 12 ALSPECTOR 73 CNTR

85 13ABRAMS TO CNTR

From a fit to the total elastic cross section.
Isosplns 0 and 1 not separated.
Seen as bump in I = 1 state. See also COOPER 68. PEASLEE 75
of ABRAMS 70, no narrow structure.

COMMENT

o7-24 pp
p p S channel
S channeljIN

confirm p p results

OMITTED FROM SUMMARY TABLE
This entry was previously called UO(2350). Contains results only

from formation experiments. For production experiments see the
hlN(1100-3600) entry. See also p(2150), f2(2150), p3(2250),
p5(2350).

f4{2$00) MASS

MARTIN
MARTIN
CARTER
CUTTS
CARTER
COUPLAND
PEASLEE
ALSPECTOR
ABRAMS
COOPER

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 D1 1917
68 PRL 20 1059

OTHER RELATED PAPERS

F3{2250}REFERENCES

+Morgan
+Penninl{ton

+Good, Grannis, Green, Lee+
+Coupland, Elsenhandler. Astbury+
+Eisenhandler, Gibson, Astbury+
+Demarzo, Guerriero+ (CANB.
+Cohen, Cvijanouich+
+Cool, Giacomelli, Kycia, Leontic, Li+
+Hyman, Manner, Musgrwe+

(LOUC, RHEL) JP
{DURH) JP
(LOQM)

(STON, WISC)
(LOQM, RHEL) JP
(LOQM, RHEL}

SARI, BROW, MIT)
(RUTG, UPNJ}

(BNL)
(ANL)

Pp~ sxorRK
VALUE (Mev) DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

23QO MARTIN SOB RYUE
~ 2300 1 MARTIN SOC RYUE

2340 2 CARTER 788 CNTR 0.7-2.4 pp ~ K K+
2330 DULUDE 788 OSPK 1-2 pp ~

~ 2310 3 CARTER 77 CNTR 0.7-2.4 pp ~ am

l(J ) =0{4+)from simultaneousanalysisof pp ~ x m+ and + x .
l(J ) = 0(4+) from Barrelet-zero analysis.

I{J ) = 0{4+)from amplitude analysis.

MARTIN
CARTER
CARTER
CARTER
MONTANET
ZEMANY
BERTANZA
BETTINI
DONNAC HIE
NICHOLSON
FIELDS
YOH
ABRAMS

798 PL 868 93
78 NP 8132 176
778 PL 678 122
77C NP 8127 202
77 Boston Conf. 260
76 NP 8103 537
74 NC 23A 209
73 NC 15A 563
73 LNC 7 285
73 PR D7 2572
Jl PRL 27 1749
71 PRL 26 922
67C PRL 18 1209

(DURH)
(LOQM) JP
(LOQM) JP

+Coupland, Atkinson+ (LOQM, DARE, RHEL)
(CERN)

+MinIMa, Mountz, Smith (MSU)
+Blgi, Casali. Lariccia+ (PISA, PADO, TORI)
+Aiston-Garnjost, Bil{I+ (PADO, LBL, PISA, TORI)
+Thomas (MCHS)
+Delorme, Carroll+ (CIT, ROCH, BNL)
+Cooper, Rhines, Allison (ANL, OXF)
+Barish. Caroil, Lobkowicz+ (CIT, BNL, ROCH)
+Cool, Giacomelli, Kycia, Leontic, Li+ (BNL)

S-CHANNEL Pp or IIIN
COMMENT

etC. ~ ~ ~

0.97-3 pp ~ N N

0.7-2.4'Pp ~ Pp
Pp S channel
S channel 7IIN

VAL UE (MeV) DOCUMENT ID TECN

~ ~ o We do not use the following data for averages, fits, limits.

~ 2380.0 4 CUTTS 788 CNTR

2345 4 15.0 4'5 COUPLAND 77 CNTR
2359 + 2 4 6 ALSPECTOR 73 CNTR
23T5 + 10 ABRAMS TO CNTR

4 lsospins 0 and 1 not separated.
5 From a fit to the total elastic cross section.
6 Referred to as U or U region by ALSPECTOR 73.
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f4(2300), f2(2340), P&(2350)

fg(2300) WIDTH

pp~ mxorRK
VALUE {Mev) DOCUMENT ID TECH

~ ~ o We do not use the following data for averages, fits, limits,

~ 200 MARTIN SOC RVUE
~ 150 CARTER 788 CNTR
~ 210 9 CARTER 77 CNTR

l(J ) = 0(4+) from simultaneous analysis of pp ~ 2r ~+
l(J ) = 0(4+) from Barrelet-zero analysis.

I(J ) = 0(4+) from amplitude analysis.

CHANNEL jfp or IIIN
VAL UE (Mev) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

135 p+ 150.0 10,11 COUP LAND 77 CNTR65.0

165 + 11ALSPECTOR 73 CNTR

~ 190 ABRAMS 70 CNTR

From a fit to the total elastic cross section.
11Isospins 0 and 1 not separated.

fg(2300) REFERENCES

COMMENT

etC. 0 ~ ~

0.7-2.4 pp ~ K K+
0.7-2.4 p p ~ n x
and &0+0.

COMMENT

etc. ~ ~ ~

o 7-24%p Pp

Pp S channel

S channelIN

,(235O) IG(JPC} = 1+{5 )

pg(2350) MASS

jfp -+ m's' OF ZK
VALUE (Mev)

~ ~ ~ We do not use the

DOCUMENT ID TECN CHG COMMENT

following data for averages, fits, limits, etc. ~ ~ ~

1 MARTIN SOB RVUE
1 MARTIN 80C RVUE
2 CARTER

~ 2300
~ 2250
~ 2500 788 CNTR 0 0.7-2.4 pp ~

K—K+
77 CNTR 0 0.7-2.4 pp ~

~-~+ and ~0~0.

3 CARTER~ 2480

l(J ) = 1(5 ) from simultaneous analysis of pp ~
2 I = 0(1); JP = 5 from Barrelet-zero analysis.

l(J ) = 1(5 ) from amplitude analysis.

OMITTED FROM SUMMARY TABLE
This entry was previousiy called Ul(2400). Contains results only
from formation experiments. For production experiments see the
NN(1100-3600) entry. See also p(2150), f2(2150), p3(2250),
f4(2300) ~

MARTIN
MARTIN
CARTER
CUTTS
DULUDE
CARTER
COUPLAND
ALSPECTOR
ABRAMS

808 NP 8176 355
80C NP 8169 216
788 NP 8141 167
788 PR D17 16
788 PL 798 335
77 PL 678 117
77 PL 718 460
73 PRL 30 511
70 PR D1 1917

(LOUC, RHEL) JP
(DURH) JP
(LOQM)

(STON, WISC)
(BROW, MIT, BARI) JP

(LOQM, RHEL) JP
(LOQM, RHEL)
(RUTG, UPNJ)

(BNL)

+Morgan
+Pennington

+Good, Grannis, Green, I ee+
+Lanou, Massimo, Peaslee+
+Coupland, Eisenhandler, Astbury+
+EIsenhandier, Gibson, Astbury+
+Cohen, Cvijanovich+
+Cool, Giacomelli ~ Kycia, Leontic, Li+

OTHER RELATED PAPERS

FIELDS
YOH
BRICMAN

71 PRL 27 1719
71 PRL 26 922
69 PL 298 451

+Cooper, Rhines, Allison
+Barish, Caroll, Lobkowicz+
+Ferro-Loni, Bizard+

(ANL, OXF)
(CIT, BNL, ROCH)

(CERN, CAEN, SACL)

f,(2340) I (~ ) = o+(2++)

See also the mini-review under non-qq candidates. (See the index
for the page number. )

$(23N) MASS

fj (23N} WIDTH

VAL UE (MeV) DOCUMENT ID TECH COMMENT

3XO +~ ETKIN 88 MPS 22 ~ p ~ rtpPn

o o o We do n'ot use the following data for averages, fits, Iimits, etc. ~ o o

198.0+ 50.0 BOOTH 86 OMEG 85 ~ Be ~ 2/Be
15p p+ 150oP LINDEN BAUM 84 RVUE

Includes data of ETKIN 85.

6{23&)DECAY MODES

VALUE (Mev) DOCUMENT ID TECN COMMENT

2$SO +IS 1 ETKIN 88 MPS 22 2r p ~ /fan
~ ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ ~

2392.0610.0 BOOTH 86 OMEG 85 x Be ~ 2/Be
2360.0620.0 LINDEN BAUM 84 RVUE

1 Includes data of ETKIN 85. The percentage of the resonance going into $4 2++ S2,
D2, and Dp ls 37 + 19, 4+ 4, and 59+19 respectively.

S-CHANNEL NN
VALUE (Mev) DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 2380 4 CUTTS 788 CNTR 0.97-3 pp ~
7VN

2345.0+15.0 COUPLAND 77 CNTR 0 0.7-2.4 pp ~ Pp
2359 + 2 4 6 ALSPECTOR 73 CNTR Pp S channel
2350 +10 7 ABRAMS 70 CNTR S channel N N

2360.0+25.0 8 OH 708 HDBC —0 j5'(pn), K» K22r
4 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.
7For I = 1 NN.

No evidence for this bump seen in the pp data of CHAPMAN 718. Narrow state not
confirmed by OH 73 with more data.

pg(2350) WIDTH

jap-+ ~~orZK
VALUE(Mev)

~ ~ ~ We do not use the

DOCUMENT ID TECN CHG COMMENT

following data for averages, fits, limits, etc. ~ ~ ~

9 MARTIN 808 RVUE
9 MARTIN SOC RVUE

10 CARTER 788

~ 250
~ 300
~ 150 CNTR 0 0,7-2.4 pp -+

K K+
CNTR 0 0.7-2.4 pp ~
~-~+ and ~0~0.

llCARTER 77~ 210

l(J ) = 1(5 ) from simultaneous analysis of p p ~
I = 0(1); J = 5 from Barrelet-zero analysis.

11 l(JP) = 1(5 ) from amplitude analysis.

S.CHANNEL NN
VALUE (Mev) DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

135 p+ 150ip COUPLAND 77 CNTR 0 0,7-2.4 pp ~ Pp

165 +
8

13 ALSPECTOR 73 CNTR Pp S channel

& 60.0 14 OH 708 HDBC —0 p(pn), K» K2~
~ 140 ABRAMS 67C CNTR 5 channel pN

From a fit to the total elastic cross section.
13Isospins 0 and 1 not separated.

No evidence for this bump seen in the pp data of CHAPMAN 718. Narrow state not
confirmed by OH 73 with more data.

Mode Fraction (I I/I )

seen
ps{2350}REFERENCES

ETKIN 88 PL 8201 568
BOOTH 86 NP 8273 677
ETKIN 85 PL 1658 217
LINDENBAUM 84 CNPP 13 285

fg{2340) REFERENCES

+Foley. Lindenbaum+
+Carroll, Donald, Edwards+
+Foley, Longacre, Lindenbaum+

(BNL, CUNY)
(LIVP, GLAS, CERN)

(BNL, CUNY)
(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. Ca~roll. Donald+ (LIVP, GLAS. CERN)

MARTIN
MARTIN
CARTER
CUTTS
CARTER
COUP LAND
ALSPECTOR
OH
CHAPMAN
ABRAMS
OH
ABRAMS

808 NP 8176 355
80C NP 8169 216
788 NP 1141 467
788 PR D17 16
77 PL 678 117
77 PL 718 460
73 PRL 30 511
73 NP 851 57
718 PR D4 1275
70 PR D1 1917
708 PRL 24 1257
67C PRL 18 1209

+Morgan
+Pennington

yGood. Grannis, Green, Leep
+Coupland, Eisenhandler, Astbury+
+Eisenhandler, Gibson, Astbury+
+Cohen, Cvijanovich+
+Eastman, MingMa, Parker, Smith+
+Green, Lys, Murphy, Ring+
+Cool, Giacomelli, Kycia, Leontic. Li+
+Parker, Eastman, Smith, Sprafka, Ma
+Cool, Giacomelli, Kycia, Leontic, Li+

OTHER RELATED PAPERS

(LOUC. RHEL) JP
(DURH) JP
(LOQM)

(STON, WISC)
(IOQM, RHEL) JP
(LOQM, RHEL)
(RUTG, UPNJ)

(MSU)
(MICH)

(BNL)
(MSU)
(BNL)

CASO 70 LNC 3 707
BRICMAN 69 PL 298 451

+Conte, Tomasini+
+Ferro-Luzzi, Bizard+

(GENO, HAMS, MILA, SACL)
(CERN, CAEN. SACL)-
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a6(2450), fs(2510), X(3250)

a, (2450) IG(JPC) 1 (6++) X(3250) (J ) = ' (' )

OMITTED FROM SUMMARY TABLE
Seen in partial-wave analysis of the K K system. Needs confirmation.

a6(2450) MASS

OMITTED FROM SUMMARY TABLE
Narrow peak observed in several final states with hidden strangeness

(ApK+, JttpK+x, K ppK ). Needs confirmation. See also
under non-qq candidates. (See the index fog the page number. )

VALUE (Mev)

2450+ 130

From an amplitude analysis.

VALUE (MeV)

400+250

From an amplitude analysis.

DOCUMEN T ID TECN CHG COMMEN T

' CLELAND 82B SPEC ~ 50 ~ p K0 K~ pS

sg, (2450) WIDTH

DOCUMEN T ID TECN CHG COMMENT

CLELAND 82B SPEC + 50 xp -+ K K+ pS

3-BODY DECAYS
VALUE (MeV)

~ ~ ~ We do not use the following

3250+8+20
3265+7+ 20

Supersedes KEKELIDZE 90.

X(3250) MASS

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ ~ ~

1 ALEEV 93 BIS2 X(3250) -~
1 ALEEV 93 BIS2 X(3250) ~

ApK+
ApK

I1 KK

CLELAND 82B NP B208 228

I5(2450) DECAY MODES

ag(2450) REFERENCES

+Delfosse, Dorsaz, Gloor (DURH, GEVA, LAUS, PITT)

4-BODY DECAYS
VALUE (Mev)

~ ~ ~ We do not use the following

3245+8+20
3250+9+20
3270+8 k 20

DOCUMENT ID TECN COMMENT

data for averages, fits, limits, etc. ~ e ~

1 ALEEV 93 BIS2 X(3250) ~
1 ALEEV 93 BIS2 X(3250) ~
1 ALEEV 93 BIS2 X(3250) ~

X(3250) WIDTH

/lpK+~+
/I pK
K0 ppK+5

f6(2510) I G(JPC) = 0+(6++)

OMITTED FROM SUMMARY TABLE
Seen in x Tr . NeedS COnfirmatiOn.

3-BODY DECAYS
VALUE (MeV)

o ~ ~ We do not use the following

45+ 18
40+ 18

Supersedes KEKELiDZE 90.

DOCUMENT ID TECN

data for averages, fits, limits,

2 ALEEV 93 BIS2
2 ALEEV 93 BIS2

COMMENT

etc. ~ ~ o

X(3250) ~ /lPK~
X(3250) ~ ApK

VAL UE (MeV)

2510.0+30.0

r, (2s10) MAss

DOCUMENT ID TECN COMMENT

BINON 84B GAM2 38 1r p ~ n2~

f6(2510) WIDTH

4-BODY DECAYS
VALUE (Mev)

e ~ ~ We do not use the following

25+11
50+20
25+11

DOCUMENT ID TECN

data for averages, fits, limits,

2 ALEEV 93 BIS2
2 At EEV 93 BIS2
2 ALEEV 93 BIS2

COMMENT

etc. ~ ~ ~

X(3250) ~
X(3250)-
X(3250) —+

JtipK+1r+
JII pK 7r+
KO ppKS

VAL UE (Me V)

2IO.0+60.0
DOCUMENT ID

BINON

TECN COMMEN T

84B GAM2 23 1r p ~ n2~

Mode

X(3250) DECAY MODES

Mode

f6(2510) DECAY MODES

Fraction (Cl/I )

(6.011.0) %

f6{2510)I5RANCHING RATIOS

A pK+
I 2 ApK+n+
I 3 K0ppK+

X{3250)REFERENCES

r(~~)Ir~i
VAL UE

0.06 +0.01
1 Assuming one pion exchange.

DOCUMENT ID TECN COMMENT

1 BINON 83C GAM2 38 1r p ~ n4p

ALEEV 93 PAN 56 1358 +Balandln+
Translated from YAF 56 100.

KEKELIDZE 90 Hadron 89 Conf. p 551+Aleev+

(BIS-2 Collab. )

(BIS-2 Collab. )

BINON
BINON

f6{2510)REFCRENCES

84B LNC 39 41 +Donskov, Dutell, Gouanere+
83C SJNP 38 723 +Gouanere, Donskov, Duteil+

Translated from YAF 38 1199.

(SERP, BELG, LAPP) JP
(SERP, BRUX+)
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e+ e (1100—2200), N N(1100—3600)

OTHER LIGHT UNFLAVORED
MESONS i,

'5 = C = 8 = O',
i

e+e (1100—2200) I (~ )='(1 )

OMITTED FROM SUMMARY TABLE
This entry contains nonstrange vector mesons coupled to e+e
(photon) between the P and J/@(1S) mass regions. See also

co(1420), p(1450), ~(1600), $(1680), and p(1700).

N N(1100—3600)

WN(1100-3600) MASSES AND WIDTHS

We do not use the following data for averages, fits, limits etc.

VALUE (MeV)

1100 to ~OUR LIMI7
DOCUMENT ID

OMITTED FROM SUMMARY TABLE
This entry contains various high mass, nonstrange structures cou-

pled to the baryon-antibaryon system, as well as quasi-nuclear bound

states below threshold.

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

DOCUMEN T ID TECN CHG

DAFTARI 87 DBC 0

DAFTARI 87 DBC 0

COMMENT

VAL UE (Mev)

1100to 2200 OUR LIMIT
DOCUMENT ID

VAL UE (Mev)

1097 0+16.0—19.0

31 0+—20.0

DOCUMENT ID TECN COMMENT

BARTALUCCI 79 OSPK 7yp ~ e+e p

BARTALUCCI 79 OSPK 7yp ~ e+e p

VAL UE (Mev)

1266.0+ 5.0
110.0635.0

DOCUMENT ID TECN CHG COMMENT

BARTALUCCI 79 DASP 0 7yp ~ e+e p
BARTALUCCI 79 DASP 0 7 yp ~ e+e p

VALUE (Mev)

~ 1830.0
120.0

DOCUMENT ID TECN COMMENT

PETERSON 78 SPEC pp ~ K+K p
PETERSON 78 SPEC p p ~ K+ K p

VAL UE (Mev)

~ 1820
30

DOCUMENT ID TECN COMMENT

1 SPINETTI 79 RVUE e+ e ~ 4~+2'
1 SPINETTI 79 RVUE e+ e ~ 4++ 2y

e+e (1100-2200) REFERENCES

BARTALUCCI 79
DELCOURT 79
SPINETTI 79
ESPOSITO 78
PETERSON 78
BACCI 77
BAR BIELLINI 77
ESPOSITO 77

NC 49A 207
PL 868 395
Batavia Conf. 506
LNC 22 305
PR D18 3955
PL 688 393
PL 688 397
PL 688 389

+Basini, Bertoiucci+ {DESY, FRAS)
+Derado, Bertrand, Bisello, Bizot, Buon+ (LALO)

(FRAS)
+Felicetti (FRAS, NAPL, PADO, ROMA)
+Dixon, Ehrlich, Galik, Larson (CORN, HARV)
+DeZorai, Penso, Stella, Baldini+ (ROMA. FRAS)
+Barletta+ (FRAS, NAPL, PISA, SANI)
+Felicetti, Marini+ {FRAS, NAPL, PADO, ROMA)

OTHER RELATED PAPERS

BACCI
BACCI

76
75

PL 648 356
PL 588 481

+Bidoii, Penso, Stella, Baldini+
+Bidoli, Penso, Stella+

(ROMA, FRAS)
(ROMA, FRAS)

VAL UE (MeV) DOCUMENT ID TECN COMMENT

~ 2130 ESPOSITO 78 FRAM e+ e ~ K~(892)+ ...
30 ESPOSITO 78 FRAM e+e ~ K'(892)+...

Integrated cross section of BACCI 77, BARBIELLINI 77, ESPOSITO 77.
Not seen by DELCOURT 79.

VALUE(MeV)

1167 +7
1191.069.9
1210 +5.0

VALUE(MeV)

1325 +5
1329.2k 7.6

VALUE (MeV)

1390.9+6.3
1395

VALUE (Mev)

~ 1410
100

VALUE(Mev)

1468+ 6

88+18

VALUE (MeV)

1512 + 7
1523.8+ 3.6
1522 + 7

59 +12

VALUE(Mev)

1577.8+ 3.4
1594 k 9

81 +12

VALUE (MeV)

1633.664.1

1637,1+56-7.3
VAL UE (MeV)

163863.0

DOCUMEN T ID TECN CHG COM MEN T
1 CHIBA 91 CNTR Pd —+ pX
1 CHIBA 87 CNTR 0 0 Pp ~ pX

DOCUMENT ID TECN CHG COMMENT

CHIBA 87 CNTR 0 0. pp ~ pX
PAVLOPO. .. 78 CNTR Stopped p

DOCUMENT ID TECN CHG COMMENT

BETTINI 66 DBC 0 0. PN ~ Sx
BETTINI 66 DBC 0 0. pN Sa

DOCUMENT ID TECN

BRIDGES 868 DBC

CHG COMMEN T

0 0. pN~
~+ ~0

868 DBC 0 0. pN ~
+ 0

6 BRIDGES

TECN CHG COMMENT

CNTR pd ~ pX
CNTR 0 0 pp~ yX
DBC 0 0 pN

2~—w+
DBC 0 0. pN~

2x x+

DOCUMENT ID

1 CHIBA 91' CHIBA 87
6 BRIDGES 8

6 BRIDGES 868

DOCUMENT ID

1 CHIBA 87
BRIDGES 868

TECN CHG COMMENT

CNTR 0 0. pp ~ pX
DBC — 0. pN ~

2~-.+~0
DBC — 0. 'PN -+

2~- ++ ~0
6 BRIDGES 868

DOCUMENT ID

1 CHIBA 87

ADIELS 84

TECN CHG COM MEN T

CNTR 0 0. pp ~ pX

CNTR pHe

DOCUMENT ID TECN CHG COMMEN T

1,2,34 RICHTER 83 CNTR 0 Stopped p

DOCUMEN T ID TECN CHG COMMEN T

1CHIBA 91 CNTR pd ~ yX
1CHIBA 87 CNTR 0 0. 'Pp ~ pX

1234RICHTER 83 CNTR 0 Stopped p

VALUE (Mev)

1644 0+5.6—7.3

DOCUMENT ID

ADIELS

TECN COMMENT

84 CNTR p He

VALUE (Mev)

1646

DOCUMEN T ID TECN COMMENT

PAVLOPO. .. 78 CNTR Stopped p

VALUE (Mev)

1687.1+—4.3
1684

DOCUMENT ID TECN COMMENT

ADIELS 84 CNTR p He

PAVLOPO. ~. 78 CNTR Stopped p

VALUE (MeV)

1693+2
1694+2.0

VALUE (MeV)

1713.0+2.6

DOCUMEN T ID TECN CHG COM MEN T

1CHIBA 91 CNTR Pd ~ yX
RICHTER 83 CNTR 0 Stopped p

DOCUMENT ID TECN CHG COMMENT

CHIBA 87 CNTR 0 0. Pp ~ pX

VALUE (MeV)

1731.0+1.5
DOCUMENT ID TECN CHG COMMENT

CHIBA 87 CNTR 0 0. pp ~ pX
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N N(1100-3600)

VALUE (Me V)

1771+1.0

VALUE(MeV)

1856.6 4 5
20 +5

DOCUMENT ID

RICHTER

DOCUMENT ID

BRIDGES
BRIDGES

TECN

CNTR

TECN

86o SPEC
86o SPEC

CHG COMMEN T

0 Stopped p

CH6 COMMEN T

0 0. pd~ xxN
0 0. pd~ nxN

VALUE (MeV)

2141
14

VALUE (MeV)

2180.0+10.0
270.0+ 10.0

DOCUMENT ID

27 DONALD
27 DONALD

TECN CHG COMMEN T

73 HBC 0 pp S channel
73 HBC 0 p p S channel

DOCUMEN T ID TECN COM MEN T

8 ROZANSKA 80 SPRK 18 ~ p ~ ppn
28 ROZANSKA 80 SPRK 18 7r p ~ ppn

VALUE (MeV)

1873+2.5
5

VALUE (MeV)

189?.0+ 17.0
110.0+82.0

1897 + 1

25 + 6

VALUE (MeV)

~ 1920.0
190.0

DOCUMENT ID TECN

BRIDGES 86o SPEC
BRIDGES 86o SPEC

DOCUMENT ID TECN

8 ABASHIAN 76 STRC
8 ABASHIAN 76 STRC

KALOGERO. ~. 75 DBC

KALOGERO. .. 75 DBC

DOCUMENT ID TECN

9 EVANGELISTA 79 OMEG
EVANGELISTA 79 OMEG

CHG COMMEN T

0 0. Pd~ +AN
0 0. pd~ x~N

COMMENT

Sx p~ P3x
Sx p~ p3m

pn annihilation near
threshold

pn annihilation near
threshold

COMMENT

1016m p ~ pp
10,16m p~ Pp

VALUE (MeV)

2207+ 13
62+52

VALUE (MeV)

2210.0+—21.0
203.0

VAl. UE {MeV)

2229.2
1.8

DOCUMENT ID

29 ALLES-...
ALLES-...

TECN CHG COMMEN T

678 HBC o 57 PP
678 HBC o 57 PP

DOCUMEN T ID TECN COMMENT

CARBONELL 93 RVUE Pp AR
CARBONELL 93 RVUE Pp ~ AA

DOCUMEN T ID TECN COMMENT

EVANGELISTA 798 OMEG 10 x p ~ K+K

EVANGELISTA 798 OMEG 10 x p ~ K+ K n

VALUE (MeV)

1937.3 0.7
3.0

1930.0+ 2.0
12.0+ 7.0

1940.0+ 1.0
6.0

1949 +10
80 +20

1939.0+ 2.0
22.0+ 6.0

1935.5+ 1.0
2.8+ 1.4

1939.0+ 3.0
4.0

1935.9+ 1.0

S.S+ 4'
3.2

1942 + 5
575+ 5

1934.4+ 1.4
+"

4
1932 4 2

+ 4
3

1968
35

1940 + 8
49 +9

EVTS

36

DOCUMENT ID

10 FRANKLIN

10 FRANKLIN
11 ASTON
11 ASTON

DAUM

DAUM

DEFOIX
DEFOIX

13 HAMILTON
13 HAMILTON

SAKA MOTO
SAKAMOTO
BRUCKNER
BRUCKNER

14 CHALOUPKA

CHALOUPKA

16 D'ANDLAU
1? D'ANDLAU

18 KAl OGERO. ..
19 KALOGFRO. ..
14 CARROLL

15 CARROLL

20 BENVENUTI
20 BENVENUTI

C LINE

C LINE

TECN

SPEC

CH6

75
75

75

75

74

HBC
HBC

DBC

DBC

CNTR

74

71
71
70
70

CNTR

HBC
HBC
HBC
HBC

87 SPEC
Spo OMEG
Soo OMEG
SOE CNTR 0
SQE CNTR
80 HBC
80 HBC
808 CNTR
808 CNTR
79 HBC
79 HBC
77 SPEC
77 SPEC
76 HBC

HBC

COMMENT

0.586 Pp

0.586 pp
~p POX

pPX
93 PP ~ PPX
93 PP ~ PPX
p p —+ 51t'

pp~ 5~
S channel pp
S channel pp
0.37-0.73 p p
0.37-0.73 jap
0.4-0.85 p p
0.4-0.85 p p
p p total, elastic

p p total, elastic

0.175-0.750 p p
0.175-0.750 p p

p N annihilation

p N annihilation

S channel pp ~
d

S channel p p ~
d

0.1-0.8 p p
0,1-0.8 pp
0.25-0.74 p p
0.25-0.74 p p

VAL UE (MeV)

~ 2260.0
440.0

VALUE (MeV)

2307.0+ 6.0

245.0k 20.0

VAL UE (MeV)

2380.0 +10.0
380.Q +20.0

VALUE (MeV)

2450.0+ 10.0
280.0 +20.0

VALUE(MeV)

2480.0+30.0

210.0 +25.0

VAL UE (MeV)

~ 2500.0

150.0

VAL UE (MeV)

2710.0+20.0
170.0+40.0

DOCUMEN T ID TECN COMMEN T

EVANGELISTA 79 OMEG 10,16 x p ~ pp
EVANGELISTA 79 OMEG 10,16 p p p

DOCUMENT ID

ALPER

ALPER

TECN CHG COMMENT

80 CNTR 0

80 CNTR 0

62~,P~
K+K n

62~ p~
K+K n

DOCUMEN T ID TECN COMMEN T

ROZANSKA 80 SPRK 18 e p ~ pgn
ROZANSKA 80 SPRK 18 ~ p ~ ppn

DOCUMENT ID

33 CARTER

33 CARTER

TECN CHG COMMEN T

77 CNTR 0 0.7-2.4 pp ~
77 CNTR 0 0.7-2.4 p p ~

DOCUMENT ID

34 CARTER

34 CARTER

TECN CHG COMMENT

788 CNTR 0 0.7-2.4 pp ~
K K+

788 CNTR 0 0.7-2.4 pp —k

K K+

DOCUMENT ID TECN COMMEN T

RO2ANSKA 80 SPRK 18 m p ~ ppn
ROZANSKA 80 SPRK 18 ~ p p pn

DOCUMENT ID TECN COMMENT

ROZANSKA 80 SPRK 18 ~ p ~ ppn
31 RO2ANSKA 80 SPRK 1S n p ~ ppn

VAL UE (MeV)

1949+10
80+ 20

DOCUMENT ID

21 DEFOIX
DEFOIX

80
80

TECN

HBC
HBC

CHG COMMEN T

0 0.0-1.2 pp ~ 5~
0 0.0—1.2 pp ~ 5x

VALlJE (MeV)

2850.0+5.0
39

DOCUMENT ID

35 BRAUN
35 BRAUN

TECN CHG COM MEN T

76 DBC — 5.5 pd ~ NNx
76 DBC — 5.5 pd -~ NN+

VALUE (MeV)

2022.0+ 6.0
14.0+ 13.0

DOCUMENT ID

22 AZOOZ
AZOOZ

83
83

TECN

HYBR
HYBR

CH6 COMMEN T

6 pp ~ pn3~
6 pp ~ pn37r

VAL UE (MeV)

3370+ 10
150+40

DOClJMENT ID TECN CHG COMMENT

ALEXANDER 72 HBC 0 6 94 Pp
ALEXANDER 72 HBC 0 6 94 pp

VALUE (MeV)

2023.0+ 5.0
27.0 + 12.0

VAL UE (MeV)

2026.0+ 5.0
20.0 + 11.0

VALUE (MeV)

2080+ 10

110+20

VAL UE (MeV)

2090.0420.0
170.0+50.0

VAL UE (MeV)

~ 2110.0
330.0

VAL UE (MeV)

211Q.O + 10.0
&90.0+ 10.0

DOCUMENT ID

BODENKAMP 83
BODENKAMP 83

TECN

SPEC
SPEC

CHG COMM EN T

0 pp PPP
~p- Ppp

DOCUMENT ID

22 AZOOZ
22 AZOOZ

83
83

TECN

HYBR
HYBR

DOCUMENT ID

23 KREYMER

23 KREYMER

DOCUMENT ID

24 KREYMER
24 KREYMER

80

80

80
80

TECN

STRC

STRC

TECN

STRC
STRC

CHG COMMEN T

13m d~
p pn(n)

13m d~
p pn(n)

COMMENT

13~ d ~ nppx p
13 7r d ~ npp2t' p

DOCUMENT ID

EVANGELISTA 79
EVANGELISTA 79

TECN

OMEG
OMEG

COMMENT

10,16 x p pp
1016~ p~ pp

DOCUMENT ID

26 ROZANSKA Sp

ROZANSKA Sp

TECN

SPRK
SPRK

COMMENT

18m p~ ppn
187r p ~ ppn

CHG COMMEN T

4 pp ~ pn3x
4 pp ~ pn3n.

DOCUMEN T ID TECN CH6 COMMENT

3 ALEXANDER 72 HBC 0 694 pp
36ALEXANDER 72 HBC 0 6.94 pp

VALUE (MeV)

3600+20
140+20

1Not seen by GRAF 91.
Not seen by CHIBA 88, ANGELOPOULOS 86, ADIELS 86.

3 They looked for radiative transitions to bound p p states, mon~energetic ~ rays detected.
Observed widths consistent with experimental resolution.

5 Not seen by ADIELS 86.
From analysis of difference of x and x+ spectra.

y Not seen by CHIBA 88, Ak)GELOPOULOS 86.
8 Pro uced backwards.
8 f(i ) = t(t ) from a mass dependent partial-wave analysis taking solution A.

10From reanalysis of data from JASTRZEMBSKI 81.
11Not seen by BUSENITZ 89.

From energy dependence of 5m cross section. I = 1 from observation of ~p decay.
P = + and J &1. a2(1320)+~ also seen.

13 I = 0 favored, i = 0 or 1, seen in total p p total cross section. Primarily from annihilation
reactions. Not seen in pd total and annihilation cross sections.
Narrow bump seen in total pp, pd 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.
Narrow bump seen in total pp, j5d 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.
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N N(1100-3600), X(1900—3600)

NN(1100-SS00} REFERENCES

CARBONELL 93
CHIBA 91
GRAF 91
BUSENITZ 89
CHIBA 88
CHIBA 87
DAFTARI 87
FRANKLIN 87
ADIELS 86
AN 6ELOPO. ~. 86
BRIDGES 868
BRIDGES 86D
ADIELS 84
CLOUGH 84
AZOOZ 83
BARNETT 83
BODENKAMP 83
RICHTER 83
BANKS 81
CHUNG 81
JASTRZEM. .. 81
ALPER 80
ASTON 80D
SION TA 80
CARROLL 80
DAUM 80E
DEFOIX 80
HAMILTON 80
HAMILTON 808
KREYMER 80
ROZANSKA 80
ALBERI 79
EVANGELISTA 79
EVANGELISTA 798
SAKA MOTO 79
CARTE, R 788
PAVLOPO. .. 78
BRUCKNER 77
CARTER 77
ABASHIAN 76
BRAUN 76
CHALOUPKA 76
ALSTON-. .. 75
O'ANDLAU 75
KALOGERO. .. 75
CARROLL 74
OONAI. D 73
ALEXANDER 72
BENVENUTI 71
CLINE 70
ALLES-... 678
BETTINI 66

PL 8306 407
PR D44 1933
PR D44 1945
PR D40 1
PL 8202 447
PR D36 3321
PRL 58 859
PL 8184 81
PL 8182 405
PL 8178 441
PRL 56 215
PL 8180 313
PL 1388 235
PL 1468 299
PL 1228 471
PR D27 493
PL 1338 275
PL 1268 284
PL 1008 191
PRL 46 395
PR D23 2784
PL 948 422
PL 938 517
PRL 44 909
PRL 44 1572
PL 908 475
NP 8162 12
PRL 44 1179
PRL 44 1182
PR D22 36
NP 8162 505
PL 838 247
NP 8153 253
NP 8154 381
NP 8158 410
NP 8141 467
PL 728 415
PL 678 222
PL 678 117
PR 013 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

+Protasov, Dalkarov (ISNG, LEBD)
+Fujitani+ (FUKI. KEK, SANG, OSAK, TMU)
+Fero, Gee+(UCI, PENN, NMSU, KARLK, KARLE, ATHU)
+Olszewski, Callahan+ (ILL, FNAL)
+Doi (FUKI, INUS, KEK, SANG, OSAK, TMU)
+Ooi+ (FUKI, INUS, KEK, SANG, OSAK, TMU)
+Gray, Kalogeropoulos, Roy (SYRA)

+Backenstoss+ (STOH, BASL, LASL. THES, CERN)
Angelopoulos+(ATHU, UCI, KARLK, KARLE, NMSU, PENN)
+Daltari, Kalogeropouios. Debbe+ (SYRA, CASE)
+Brown, Daftari+ (SYRA, BNL, CASE, UMD, COLU)
+ (BASL, KARLK, KARLE, STOH, STRS, THES)
+Beard, Buggy (SURR, LCM, ANIK, TRST, GEVA)
+Butterworth (LOIC, RHEL, SACL, SLAC, TOHOK+)
+Blockus, Burka, Chien, Christian+ (JHU)
+Fries, Behrend, Fenner+ (KARLK, KARLE, DESY)
+Adlels (BASL, KARLK, KARLE, STOH, STRB, THES)
+Booth, Campbell, Armstrong+ (LIVP, CERN)
+Bensinger+ (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+ (SNL, CMU, FNAL, MASO)
+Chiang, Johnson, Cester, Webb+ (BNL, PRIN)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)
+Oobrzynski, Angelini, Bigi+ (CDEF, PISA)
+Pun, Tripp, Lazarus+ (LBL, BNL, MTHO)
+Pun, Tripp, Lazarus+ (LSL, BNL, MTHO)
+Saggett, Fieguth+ (INO, PURD. SLAC, VANO)
+Blum, Dietl ~ Grayer, Lorenz+ (MPIM, CERN)
+Alvear, Castelli, Poropat+ (TRST, CERN, IFRJ)

{SARI, BONN, CERN, DARE, GLAS, LIVP+)
(BARI, BONN, CERN, DARE, GLAS, LIVP+)

+Hashimoto, Sai, Yamamoto+ (INUS)
(LOOM)

Pavlopoulos+(KARLK, KARLE, SASL. CERN, STOH, STRB)
+Granz, Ingham, Kilian+ (MPIH, HEIOP, CERN)
+Coupland, Eisenhandler, Astbury+ (LOQM, RHEL) JP
+Watson, Gelfand, Buttram+ (ILL, ANL, CHIC, ISU)
+Brick, Fridman, Gerber, Juillot, Maurer+ (STRS)

(CERN, LIVP. MONS, PADO, ROMA, TRST)
Alston-Garnjost, Kenney, Pollard, Ross, Tripp+(LBL, MTHO)

+Cohen-Ganouna, Laloum, Lutz, Petri (COEF, PISA)
Kalogeropoulos, Tzanakos (5YRA)

+Chiang, Kycia, Li, Mazur, Michael+ (BNL)
+Edwards, Gibbins, Briand, Duboc+ (LIVP, PARIS)
+Bar-Nir, Senary, Dagan+ (TELA)
+Cline, Rutz, Reeder, Scherer (WISC)
+English, Reeder {WISC)

Alles-Borelli, French, Frisky (CERN, BONN) G
+Cresti, Limentani, Bertanza, Bigi+ (PADO, PISA)

OTHER RELATED PAPERS

TANIMORI 90
LIU 87
ARMSTRONG &6C
BRIDGES 86
BRIDGES 86C
DOVER 86
ANGELOPO. .. 85
SODENK AMP &5
AZOOZ 84

PR 041 744
PRL 58 2288
PL B175 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, Elinon+ (BNL, HOUS, PENN, RICE)
+Brown+ (BLSU, BNL, CASE, COLU, UMO, SYRA)
+Oaftari, Kaiogeropouios+ (SYRA) JP
+ (BNL) JP

Angelopoulos+ (ATHU, UCI, UNM, PENN, TEMP)
+Fries. Sehrend, Hesse+ (KARLK, KARLE, DESY)
+Buttenaorth (LOIC, RHEL, SACL, SLAC, TOHOK+)

17 From energy dependence of far backward elastic scattering. Some indication of additional
structure.
Not seen by ALBERI 79 with comparable statistics.

19Not seen by ALBERI 79 with comparable statistics.
Seen as a bump ln the pp ~ K K cross section with J = 1S L

21 INpin 1 favored.
Not seen by BIONTA 80, CARROLL 80, HAMILTON 80, BANKS 81, CHUNG 81,
BARNETT 83.
Neutron spectator. Sec also n pp1r (p) channel following.

Proton spectator. See also pPn(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 onc-pion exchange.

27 Seep in final state ~~+ ~
l(J ) = 0(2+) from amplitude analysis assuming one-pion exchange.

29ALLES-BORELLI 678 scc neutral mode only ++x
l(J ) = 0(4+) from a mass dependent partial-wave analysis taking solution A.

l(J ) = 0(4+) from amplitude analysis assuming onc-pion exchange.

l(J ) = 1(5 ) from amplitude analysis assuming one-pion exchange.
l(J ) = l(5 } from amplitude analysis of Pp ~ ~~.
I=0,1 J = 5 from Barrelet-zero analysis,

Decays to N N and N N ~. Not scen by BARNETT 83.
Decays to 4~+ 4~

X(1900—3600)
OMITTED FROM SUMMARY TABLE

NOTE ON THE Ã(1900—3600) REGION

X(1900-M00) MASSES AND WIDTHS

Wc do not use the following data for averages, fits, limits, etc.

VALUE(MeV)

1900 to %09 OUR UMIT
DOCUMENT ID

VALUE (MeV)

1870.0 +40.0
250.0+30.0

DOCUMENT ID TECN CHG COMMENT

2 ALDE 86D GAM4 0 100~ p ~ 217X
2 ALDE 86D GAM4 0 100 x p ~ 217X

VALUE (MeV)

18986 18
1OS+4'-27

EVTS

100

100

DOCUMENT ID TECN CHG COMMENT

THOMPSON 74 HBC + 13 x+ p ~ 2pX

THOMPSON 74 HBC + 13 x+ p ~ 2pX

VALUE (MeV)

1900+ 40

216+105

EVTS

100

DOCUMENT ID TECN

BOESEBECK 68 HBC

BOESEBECK 68 HBC

CHG COMMENT

sm+p~
~+~ox

s a+p
~+ ~0X

VALVE (MeV)

1901+13

312+61

DOCUMEN T ID TECN

ARMSTRONG 89E OMEG

COMMENT

300 pp ~
pp2(~+~ )

300 pp ~
p p2(x+ ~-)

ARMSTRONG 89E OMEG

VALUE (MeV)

1929+14
22+ 2

DOCUMENT ID TECN

FOCACCI 66 MMS
FOCACCI 66 MMS

CHG COMMENT

3-12 m p
3-12 ~ p

VALUE (MeV)

1970+10

40+ 20

VALUE (MeV)

1973.04 15.0

80.0

VALUE (MeV)

2070
160

EVTS

50
50

DOCUMENT ID TECN

CHLIAPNIK. .. 80 HBC

C HLIAP NIK. .. 80 HBC

DOCUMENT ID TECN

CASO 70 HBC

CASO

DOCUMENT ID TECN

TAKAHASHI 72 HBC
TAKAHASHI 72 HBC

CHG COMMENT

0 32 K+p -+
2K0S 2+X

0 32 K+p -+
2KOS 2m X

CHG COMMEN T

11.2x p~
p2%'

11.2~ p~
p2Ã

COMMENT

sx p~ N2x
8+ p~ N2~

The high-mass region is covered nearly continuously with

evidence for peaks of various widths having various decay

modes. As a satisfactory grouping into particles is not yet

possible, we list all the Y = 0 bumps coupled neither to NN
nor to e+e, and having M & 1900 MeV, together, ordered by
increasing mass.

The narrow peaks observed in a missing-mass-spectrometer

experiment at 1929, 2195, and 2382 MeV, called respectively 8,
T, and U by the authors (CHIKOVANI 66, FOCACCI 66), were

not seen by ANTIPOV 72, who performed a similar experiment

at 25 and 40 GeV/c.

DOCUMENT ID

1 BISELLO
1 BISELLO
3 ALOE
3 ALDE

VAL UE (MeV) EtVTS

21O3 +SO 586
187 +75 586

2100.0440.0
250.0+40.0

Estimated by us from various fits.

TECN CHG COMMENT

898 DM2 J/tP -+ 4xp
898 DM2 J/Q ~ 4+7
86D GAM4 0 100 m p ~ 2@X
86D GAM4 0 100 ~ p ~ 2sIX

V4L UE (M eV)

2141.0+12.0
49.0+28.0

EVTS

389
389

DOCUMEN T ID TECN COMMENT

GREEN 86 MPSF 400 pA ~ 4KX
GREEN 86 MPSF 400 pA ~ 4KX

VAL UE (MeV) DOCUMEN T ID TECN CHG COMMENT

o o o Vi/e do not use the following data for averages, fits, limits, etc. o e o

2190.0+10.0 CLAYTON 67 HBC k 2.5 pp ~ a2, au
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X(1900—3600)

VALUE (MeV)

2195+15
39+14

DOCUMENT ID

FOCACCI

FOCACCI

TECN CHG COMMENT

66 MMS — 3-12 w p
66 MMS — 3-12 x p

VALUE (MeV)

2880+20
15

EVTS

230
230

DOCUMENT ID

BAUD
BAUD

TECN CHG COMMEN T

69 MMS — 8-10 m' p
69 MMS — 8-10 ~ p

VALUE (MeV)

2207.0+22.0
130.0

DOCUMENT ID

4 CASO
4 CASO

TECN CHG COMMEN T

70 HBC — 112 K p
70 HBC — 11.2 m p

VALUE (MeY)

3025.0+20.0
25.0

DOCUMENT ID

BAUD

BAUD

TECN CHG COMMEN T

?0 MMS — 10.5-13 x p
70 M MS — 10.5-13 x p

VALUE (MeV)

2300.0+ 100.0
250.0

DOCUMENT ID TECN CHG COMMEN T

ATKINSON 84F OMEG +0 20-70 yp ~ pf
ATKINSON 84F OMEG +0 20-7Q pp ~ pf

VALUE (MeV)

3075.0+20.0
25.0

DOCUMENT ID

BAUD

BAUD

TECN CHG COMMEN T

70 MMS — 1Q,5-13 n' p
70 MMS — 10.5-13 x p

VALUE (MeV)

2330+30

435 +?5

VALUE (MeV)

2340+20
180+60

EVTS

126
126

DOCUMENT ID TECN CHG

ATKINSON 88 OMEG O

ATKINSON 88 OMEG 0

COMMEN T

25-50 pp ~
p+ po~+

25-50 yp ~
p+ po~+

DOCUMENT ID

5 BALTAY
5 BALTAY

TECN CH6 COMMEN T

75 HBC + 15~+p ~ p5&
75 HBC + 15 n+ p p5R

VALUE (MeV)

3145.0+20.0
10.0

VALUE (MeY)

3475.0+20.0
30.0

DOCUMENT ID

BAUD

BAUD

DOCUMENT ID

BAUD

BAUD

TECN CHG COMMEN T

70 MMS

70 MMS

14-15.5 ~ p
14-15.5 ~ p

TECN CHG COMMEN T

70 M MS — 10.5-15 x p
70 MMS — 10.5-15 x p

VAL UE (MeV)

2382+24
62k 6

VALUE (MeV)

2500.0+32.0
87.0

DOCUMENT ID

FOCACCI

FOCACCI

TECN CHG COMMEN T

66 MMS — 3-12 x p
66 MMS — 3-12 ~ p

DOCUMENT ID TECN CH6 COMMEN T

ANDERSON 69 MMS — 16 ~ p backward

ANDERSON 69 MMS — 16 ~ p backward

VALUE(MeV) DOCUMEN T ID TECN CHG

3535.0+20.0 BAUD 70 MMS

30,0 BAUD 70 MMS

Seen in J = 2 wave in one of the two ambiguous solutions.
3 Seen in J = 0 wave in one of the two ambiguous solutions.

4Seen in p ~+~ (~ and rl antiselected in 4~ system).
Dominant decay into p p x+, BALTAY 78 finds confirmation in

which contain p+p ~ and 2p+rr
6 Seen in (KF~~) mass distribution.

COMMENT

14-15.5 x p
14-15,5 n' p

2~+ n 2~0 events

VAL UE' (MeV)

2620 +20
85+30

EVTS

550
550

DOCUMENT ID

BAUD

BAUD

TECN CHG COMMENT

69 MMS — 8-10 x p
69 MMS — 8-1O ~—

p
X(1900-3600) REFERENCES

VAL UE (MeV)

2676.0+27.0
150.0

VAL UE (MeV)

2747+32
195+75

VALUE (MeV)

2800+20
46+ 10

VALUE(MeV)

2820+ 10
50+ 10

EVTS

640
640

EVTS

15
15

DOCUMENT ID

4 CASO
4CASO

TECN CHG COMM EN T

70 HBC — 11.2 1i p
70 HBC — 11.2 ~ p

DOCUMENT ID

BAUD

BAUD

TECN CH6 COMMEN T

69 MMS — 8-10 + p
69 MMS — 8-10 ~ p

DOCUMENT ID

6SABAU
6 SABAU

TECN CHG COMMENT

71 HBC + 8 n'+ p
71 HBC + 8 n'+p

DOCUMENT ID 7 ECN COM MEN T

DENNEY 83 LASS 10 R'+ N

DENNEY 83 LASS 10 x+ N

ARMSTRONG
BISELLO
ATKINSON
ALOE
GREEN
ATKINSON
DENNEY
CHLIAPNIK. ..
BALTAY
BALTAY
THOMPSON
TAKAHASHl
SABAU
BAUD
CASO
ANDERSON
BAUD
BOESEBECK
CLAYTON
FOCACCI

&9E PL 8228 536
898 PR D39 701
88 ZPHY C38 535
86D NP 8269 485
86 PRL 56 1639
84F NP 8239 1
83 PR D28 2726
80 ZPHY C3 285
78 PR D17 52
75 PRL 35 891
74 NP 869 220
72 PR D6 1266
71 LNC 1 514
70 PL 318 549
70 LNC 3 707
69 PRL 22 1390
69 PL 308 129
68 NP 84 501
67 Heidelberi Conf. 57
66 PRL 17 890

OTHER RELATED PAPERS

+Benayoun (ATHU, SARI, BIRM, CERN, CDEF, CURIN+)
Busetto+ (DM2 Collab. )

+Axon+ (BONN, CERN, GLAS, LANC, MCHS, CURIN)
+Binon, Bricman+ (BELG, LAPP, SERP, CERN)
+Lai+ (FNAL, ARIZ, FSU, NDAM, TUFTS, VAND+)
+ (BONN, CERN, GLAS, LANC, MCHS, IPNP+)
+Cranley, Firestone, Chapman+ (IONA, MICH) j

Chliapnikov, Gerdyukov+ (SERP, BRUX, MONS)
+Cautis, Cohen, Csorna, Kalelkar+ (COLU, BING)
+Cautis, Cohen. Kalelkar, Pisello+ (COLU, BING)
+Gaidos, Mcllwain, Miller, Mulera+ (PURD)
+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, BERL, CERN)
+Mason, Muirhead, Filippas+ (LIVP ATHU)
+Kienzle, Levrat, Maglich, Martin (CERN)

ANTIPOV 72 PL 40 147
CHIKOVANI 66 PL 22 233

+Kienzle, Landsberg~
+Kienzle. Maglich+

(SERP)
(SERP)
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STRANGE MESONS
(5= +1, C= 8= 0)

K+ = us, K = ds, ~K = ds, K = us, similarly for K"s

1(~)=z(o )

NOTE ON THE CHARGED KAON MASS

The average of the six charged kaon mass measurements

which we use in the Full Listings is

mJr+ = 493.677+0.Q13 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

mg~ ——493.677 6 0.005 MeV,

493.5

V'
V'
V'
V'
V'
'V
V'
V'
V'
V'
V'V
U'
'VV'
Ve ~

V
VV
'4C

I K j

WEIGHTED AVERAGE
~ ~493.664&.011 (Error scaled by 2.5)

~ ~ ~

'V'
~

V'
'V
V'
V'

~ kd ~

493.6 493.7 493.8
m&q (MeV)

52.6
(Confidence Level & 0.001)

493.9 494.0

X2

DENISOV 91 20.5.GALL 88 K Pb (9w8) 22.6.GALL88 K Pb(11wio) 0.2.GALL 88 K W (9~8) 0.4
~ GALL88 K W (11m10) 2.2. ~ ~ ~ ~ ~ -LUM 81 0.2

BARKOV 79 0.0.CHENG75 K Pb(9&8) 1.1.CHENG75 K Pb(10&9) 0.1
CHENG75 K Pb(11&10) 0.5
CHENG75 K Pb(12-+11) 3.6
CHENG75 K Pb(13M12) 0.8. . .BACKENSTO. ..73 0.4

X = 22.9 for 5 D.F., Prob. = 0.04'%%uo, (2)

where the high X2 and correspondingly low X~ probability

further quantify the disagreement.

The main disagreement is between the two most recent and

precise results,

my+ =493.696 + 0.007 MeV DENISOV 91

mlr+ =493.636 2 0.011 MeV (S = 1.5) GALL 88

Average =493.679 + 0.006 MeV

X = 21.2 for 1 D.F., Prob. = 0.0004'%%uo ', (3)

both of which are measurements of x-ray energies from kaonic

atoms. Comparing the average in Eq. (3) with the overall

average in Eq. (2), it is clear that, DENISOV 91 and GALL 88

dominate the overall average, and that their disagreement is

responsible for most of the high X2.

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 ~ 1Q). The mg+ values they

obtain from each of these transitions is shown in the Full

Listings and in Fig. 1. Their K Pb (9 -+ 8) mrs~is below snd

somewhat inconsistent with their other three transitions. The

average of their four measurements is

m~+ = 493.636+ 0.007,

X 7 0 foI 3 D F ) PI ob 7 2+p (4)

This is a low but acceptable X2 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 Full Listings average.

Figure 1: Ideogram of m&+ mass measurements.

GALL 88 and CHENG 75 measurements 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 GALL 88
K Pb (9 ~ 8) values sre consistent, 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 X2

probability of 0.00005%%uo. 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 X2 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
Xs probability of 20% [8.6'%%uo]. 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 calibration p-ray energies. He estimates

that CHENG 75 and BACKENSTOSS 73 m~+ values could be
raised by about 15 keV and 22 keV, respectively. With these
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Table 1: m~+ averages for some combinations
of Fig. 1 data.

m~+ (MeV) X D.F. Prob. (%) Measurements used

493.664+ 0.004 52.6 12 0.00005 all 13 measurements
493.690 6 0.006 10.1 10 43 no K Pb(9-+8)
493.687 + 0.006 14.6 11 20 no GALL 88 K Pb(9-+8)
493.642 + 0.006 17.8 11 8.6 no DENISOV 91

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.

K+ MASS

VAL UE (Mev) DOC UMEN T ID TECN CHG COMMEN T

193.677+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.
493.69660.007 DENISOV 91 CNTR — Kaonic atoms
493.636+0.011 GALL 88 CNTR — Kaonic atoms
493.640 +0.054 LUM 81 CNTR — Kaonic atoms
493.670+0.029 BARKOV 79 EMUL + e+ e

K+ K
493.65760.020 CHENG 75 CNTR — Kaonic atoms
493.69160.040 BACKENSTO. ..73 CNTR — Kaonic atoms
~ ~ ~ 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

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 +0.008 CHENG 75 CNTR
493.65860.019+0.012 3 CHENG 75 CNTR
493.638+0.035+0.016 3 CHENG 75 CNTR
493.753+0.042 +0.021 3 CHENG 75 CNTR
493.742 +0.08160.027 3 CHENG 75 CNTR
493.662 +0.19 KUNSELMAN 74 CNTR
493.78 +0.17 GREINER 65 EMUL +
493.7 60.3 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.

m~q (MeV) X D.F. Prob. (%) 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 6 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

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.

The GALL 88 measurement uses a Ge semiconductor spec-

trometer 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 s and Z absorption in nucleii (unpub-

lished) do not show any evidence for contaminants according

to GALL 88 spokesperson, B.L, Roberts. The DENISOV 91
measurement uses a crystal difFraction spectrometer with a
resolution of 6.3 eV for radiation at 22.1 keV to measure

the 4f-3d transition in K C. The high resolution and the

light nucleus reduce the probability for overlap by contaminant

p rays, compared with the measurement of GALL 88. The
DENISOV 91 measurement is supported by their high-precision

measurement 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-

surements could be the problem, we are unable to find clear

grounds for rejecting it. Therefore, we retain their measure-

ment in the average and accept the large scale factor until

further information can be obtained from new measurements

and/or from reanalysis of GALL 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.

v~V
s XZs

493.55 493.60 493.65 493.70

X
2

DENISOV 91 CNTR 7 7
. . GALL 88 CNTR 13.6

LUM 81 CNTR 0 5
BAR KOV 79 EMUL 0.1

CHENG 75 CNTR 1.0. BACKENSTO. .. 73 CNTR 0.1

22.9
(Confidence Level & 0.001)

I I

493.75 493.80 493.85

mK+ (Mev)

Test of CPT.

mg+ —mg

TECN CHG

72 ASPK

VAL UE (Mev)

-0.032+0.090

4FORD 72 uses m + —m = +28 + 70 keV.
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K+ MEAN LIFE

3M

NORDIN
NORD IN

5 FREDEN
BUR ROWES

5 EISENBERG
5 ILOFF 56 EMUL

WEIGHTED AVERAGE
1.2369+0.0032 (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.

VALUE (10 8 s) EVTS DOCUMENT ID TECN CHG COMMENT

1.2371+0.0029 OUR FIT Error includes scale factor of 2.2.
1.2350+0.OI OUR AVERAGE Error includes scale factor of 2.4. See the ideogram

below.
1.2380 +0.0016 OTT 71 CNTR + Stopping K
1.2272+ 0.0036 LOBKOWICZ 69 CNTR + K in flight

1.221 4 0.011 FORD 67 CNTR
1.2443 k 0.0038 FITCH 65e CNTR + K at rest
1.231 60.011 BOYARSK I 62 CNTR +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

+0.22 BARKAS 61 EMUL

27 +0.36 51 5 BHOWMIK 61 EMUL

1.31 4 0.08 293 61 HBC
1.24 +0.07 61 RVUE
1.38 +0.24 33 608 EMUL
1.21 4 0.06 59 CNTR
1.60 j0.3 52 58 EMUL

p 95 +0.36—0.25
5 Old experiments with large errors excluded from averaging.

C16 p vI6 e

C» e+ v, e+ e

I 18 p v&p p

C19 P v„'Y
C20 vr+m- p+ 0

I 2t + p(DE)
+ +

C23 ~+ ~0~0~

I 24 7l p VIsp
I 25 x e+vep
I 2s rro e+ v, p(SD)
I 27 m x e+vep

30

C34

6

3S

C40

C41

C42

Lepton Family number (LF),
violating modes, or hS =

n+x+e- v,
~+sr+ p, v IJ
m. + e+ e

~+p+ ~—
m. + vv

p ve+ e+
p, + ve
n+ p+e
~+ p,

—e+
m- p+e+
vr e+ e+
~—p+ p+
p+ v

carpe+

v,
sr+ p

( 1.06+0.32) x 10

(21 '
) 10

4.1 x 10 CL=90%

[a,b] ( 5.50+0.28)

[a,b] ( 2.75+0.15)
[a,c] ( 1.S +0.4 )
[a,b] ( 1.04+0.31)

[a,b] ( 7.4 +2'9 )

[a,b] & 6.1

[a,b] ( 2.62+0.20)

[d] & 5.3
5

x 10

x 10 4

x 10

x 10 4

x 10 6

x 10

x 10 4

x 10

x 10 6

CL=90%

CL =90%
CL=90%

CL =90%
CL=90%
CL =90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL =90%
CL=90%

Lepton number (L), hS = lkq (Sq)
1 weak neutral current (S1) modes

SQ & 12 x 10 CL=90%
SQ & 3,0 x 10 6 CL=95/I

S1 ( 2.74+0.23) x 10

51 & 2.3 x 10

S1 & 5.2 x 10

LF & 20 x 10

LF [e] & 4 x 10

LF & 21 x 10-'0
LF & 7 x 10
L 7 x 10
L 1.0 x 10 8

L 1.5 x 10 4

L [e] & 3 3 x 10
L [e] & 3 x 10

1.20 1.21 1.22 1.23 1.24

X
2

OTT 71 CNTR 04. LOBKOWICZ 69 CNTR 7.3. FORD 67 CNTR 2.1
. FITCH 65B CNTR 3.8. BOYARSKI 62 CNTR 0.3

13.9
(Confidence Level = 0.008)

I I

1.25 1.26 1.27

[al See the Full Listings below for the energy limits used in this measurement.

[bl Most of this radiative mode, the low-momentum p part, is also included
in the parent mode listed without p's.

[cl Direct-emission branching fraction.

[dl Structure-dependent part.

[el Derived from an analysis of neutrino-oscillation experiments.

K mean life (10 s)

(Tiry —Trr ) / taverege

This quantity is a measure of CPT invariance in weak interactions.

VALUE (%) DOCUMENT ID TECN

0.11 BOAS OUR AVERAGE Error includes scale factor of 1.2.
0.09060,078 LOB KOWICZ 69 CNTR
0.47 j0.30 FORD 67 CNTR

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 = 74.9 for 53 degrees of
freedom,

The following ofF-diagonal array elements are the correlation coefficients

(6p, 6p&)/(bp, bpz), in percent, fro"m 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.

Mode Fraction (I;/I )

Scale factor/
Confidence level

ll p vp
I 2 e+ ve
C3 ~+~0
C4 sr+ n+ n

Cs n.+ +0~0
C6 7r p, vI

Called K+
I63

C7 ~pe+ v,
Called K+3.

Cs ~'~0 e+
I 9 sr+sr- e+ v

7C 7C P, V

7r 7r 7r e+ v,

3p
C14 e ve vv

15 P VI6 V V

(63.51+0.18) /o

( 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

( 2.1 +0.4 ) x 10

( 3.91+0.17) x 10

( 1.4 +0.9 ) x 10

3.5 x 10

[a] & 1 x 10

[a] & 1.0 x 10

6 x 10-5
6.0 x 10 6

S=1.3

S=l.l
S=1.9
S=1.2
S=1.5

S=1.3

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

K+ DECAY MODES

K modes are charge conjugates of the modes below.
X3

X4

Xs

X6

X7

Xs

r

Mode

I 1 P vI

C, ~+~'
C4 sr+ m+ vr

C, ~+ ~0+0
I 6 vr p+ v&

Called K„+3.
I 7 7c e ve

Called K,+3.

S m-pm. p e+ v

—58

-42 -12
-28 -4 22

-49 -17 14 2

-51 -16 35 7
—3 —1 2 0

9 3 —21 —5

Xl X3 X4 Xs

39

2 6
—3 —7

X6 X7 Xs

(lp8 s-1)
0.5134 40.0020

0.1711 +0.0012
0.0452 +0.0004
0.01400+0.00032
0.0257 +0.0006

0.0390 k 0.0005

(1.70 +
) x 10—0.29

Scale factor

1.5
1.2
1.9
1.2
1.5

1.3
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I (p v~)

K+ DECAY RATES

TECN CHGVALUE(106 s 1) DOCUMENT ID

61.$4+0M OUR FIT Error includes scale factor of 1.5.
51.2 +0.$ FORD 67 CNTR

r(e+ v,)/r~(
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

2.1 4 BOWEN 6?e OSPK

(160.0 95 BORREANI 64 HBC

etc. e e ~

VALUE (106 s-1) EVTS DOCUMENT ID TECN CHG

452 +0.04 OUR FIT Error includes scale factor of 1.9.
4611+0.024 FORD 70 ASPK

o o a We do not use the following data for averages, fits, limits, etc, ~ o o

4.529 +0.032 3 2M 6 FORD 70 ASPK

4.496 +0.030 6 FORD 67 CNTR

First FORD ?Q value is second FORD 70 combined with FORD 67.

(I (K+) —I (K )) / I (K)

r4 r(e+ we)/r(p+v„)
VALUE (units 10 ) EVTS

2AS+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

+0.8 8—0.6

1.9 +0' 10—0.5

DOCUMENT ID TECN CHG

HEINTZE 76 SPEC
HEARD ?58 SPEC
CLARK 72 OSPK

data for averages, fits, limits,

+
+
+
etc. ~ ~ ~

MAC EK 69 ASPK

BOTTER IL L 67 AS P K +

K+ ~ y+ v RATE DIFFERENCE/AVERAGE
Test of P7 conservation.

VALUE(%) DOCUMENTID

-0.64+0.41 FORD

TECN

67 CNTR

K+ ~ e,aeeeo RATE DIFFERENCE/AVERAGE
Test of CP conservation.

VALUE (o%%d) EVTS DOCUMENT ID

0.0 +0.6 OUR AVERAGE

0.0860.58 SMITH
—1.1 +1,8 HERZO

TECN CHG

73 ASPK
69 OSPK1802

K+ ~ e+s RATE DIFFERENCE/AVERAGE
Test of CPT conservation.

VALUE (0/I) DOCUMENT ID

0.8+1.2 HERZO

TECN

69 OSPK

K+ ~ e'+e p RATE DIFFERENCE/AVERAGE
Test of CP conservation.

VALUE {4/e) EVTS DOCUMENT ID

0.0+ $.$ OUR AVERAGE

0,8+ 5.8 2461
1.0+ 4.0 4000
0.0k 24.0 24

TECN CHG COMMENT

SMITH 76 WIRE 6 E 55-90 MeV

ABRAMS 738 ASPK + E~ 51-100 MeV

EDWARDS 72 OSPK E~ 58&0 MeV

r(i+~~)/4a i

K+ BRANCHING RATIOS

VALUE {units 10 ) EVTS DOCUMENT ID TECN CHG COMMENT

6LS1+0.1 OUR FIT Error includes scale factor of 1.3.
6$.24+OA4 62k CHIANG 72 OSPK + 1.84 GeV/c K+
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

56.9 +2.6 9 ALEXANDER 57 EMUl +
58.5 +3.0 9 BIRGE 56 EMUL +

90ld experiments not included in averaging.

I {p+v„)/I(e+~+e-)
TECN CHGVAL UE EVTS DOCUMENT ID

11.$6+0.12 OUR FIT Error includes scale factor of 1.8.
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

10.3840.82 427 YOUNG 65 EMUL +
Deleted from overall fit because YOUNG 65 constrains his results to add up to 1. Only

YOUNG 65 meaSured (ILI, v) direCtly.

K+ ~ e+e+s' RATE DIFFERENCE/AVERAGE
Test of CP conservation,

VALUE (4/e) EVTS DOCUMENT ID TECN CHG

0.07+0.12 OUR AVERAGE

0.08 +0.12 7 FORD 70 ASPK
—0.50 +0.90 FLETCHER 67 OSPK

~ ~ a We do not use the following data for averages, fits, limits, etc. ~ ~ i
—0.02 60.16 8 SMITH 73 ASPK

0.10+0.14 3.2M 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+ ~ r+~+7r rate difference is derived from SMITH 73 value

of K+ ~ n+2R. rate difference.

r(e+ee)/r~I
VALVE(units 10 2) EVTS DOCUMENT ID

21.16+0.14 OUR FIT Error includes scale factor of 1.1.
21.1$+0.28 16k CHIANG ?2 OSPK
o ~ ~ We do not use the following data for averages, fits, limits,

TECN CHG COMMEN T

+ 1.84 GeV/«+
etc. ~ ~ ~

See r(R.+ ~0}/
r(~+~i ~-)

CALLAHAN 65 HLBC21.0 +0.6

21.6 60.6 TRILLING 65e RVUE

23.2 +2.2 11 ALEXANDER 57 EMUL +
27.7 +2.? 11 BIRGE 56 EMUL

Earlier experiments not averaged.

I (e+ee)/I (p+v„)

r (e+e')/r(e+~+ ~-)
VALUE EVTS DOCUMENT ID

$.79+084 OUR FIT Error includes scale factor of 1.5.
$.8460M 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 +

TECN CHG

r(e+ e+ e -)/r~I
VALUE(units 10 ~) EVTS DOCUMENT ID

6.59+0.06 OUR FIT Error includes scale factor of 1.9.
6.52+0.10 OUR AVERAGE Error includes scale factor of 1.3. See the

5.34+0.21 693 14PANDOULAS 70 EMUL +
5.71 9 0.15 DEMARCO 65 HBC

6 0 +04 44 YOUNG 65 EMUL +
5.54 +0.12 2332 CALl AHAN 64 Hl BC +
5.1 +Q.2 540 SHAK LEE 64 HLBC +
5,7 +0.3 ROE 61 HLBC +
~ ~ o We do not use the following data for averages, fits, limits, etc. ~

5.56 +0.20 2330 CHIANG 72 OSPK +
5.2 +0.3 16 TAYLOR 59 EMUL +
6.8 +0.4 16 ALEXANDER 5? EMUL

5.6 +0.4 16 BIRGE 56 EMUl

Includes events of TAYLOR 59.
Value iS nOt independent Of CHIANG 72 l (p+ v&) /rtOtal,

r(7r 'Ir & )/ tOtal (& P v&)/rtOtai "d r(~ ve)/ tOtal.

Earlier experiments not averaged.

TECN CHG COMMEN T

ideogra~ below.

1.84 GeV/c K+

r ( ) /rtotal ~

VAL UE EVTS DOCUMENT ID TECN CHG COMMENT

0.~~+0:::~OUR FIT Error includes scale factor of 1.1.
0.$$16+0.~OUR AVERAGE

0.3329+0.004?+0.0010 45K USHER 92 SPEC + p p at rest

0.3355+0.0057 12 WFISSENBE..~ 76 SPEC +
0.305 +0.018 1600 ZELLER 69 ASPK +
0.3277 +0.0065 4517 13 AVER BACH 67 OSPK
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ e o

0.328 +0.005 25k 12 WEISSENBE. .. 74 STRC

WEISSENBERG 76 revises WEISSENBERG?4.
AUERBACH 67 changed from 0.3253 + 0.0065. See comment with ratio I (x p+ v )/
l (p+v
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WEIGHTED AVERAGE
5.52~0.10 (Error scaled by 1.3)

Values above of weighted average, error,
e factor are based upon the data in

ideogram only. They are not neces-
e same as our "best" values,

ned froin a least-squares constrained fit
measurements of other (related)
s as additional information.

r(tt Is+v )/r(/s+g )
VALUE EVTS DOCUMENT ID TECN CHG

OA501+0.001$ OUR RT Error includes scale factor of 1.6.
O.n4a8 +0.26 OUR AVERAGE

0.054 +0.009 240 ZELLER 69 ASPK +
0.0480 40.0037 424 21 GARLAND 68 OSPK
0.0486+0.0040 3p7 22 AUERBACH 67 OSPK +

GARLAND 68 changed from 0.055 + 0.004 in agreement with Is-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 y;spectrum
calculation into agreement with GAILLARD 70 appendix B.

X
2

PANDOULAS 70 EMUL 0.8
DEMARCO 65 HBC 1.6
YOUNG 65 EMUL 1.4
CALLAHAN 64 HLBC 0.0
SHAKLEE 64 HLBC 4.4
ROE 61 HLBC 0.3

8.6
(Confidence Level 0.127)

I

4.5 5.0 5.5 6.0 6.5 7.0 7.5

i (n+n+n )/i tntsi (units 10 2)

r(~+~'P)/r~, I 1(C
VALUE(units 10 2) EVTS DOCUMENT ID TECN CHG COMMENT

1.7$+OAH 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.

1.84 +0.06 1307 CHIANG 72 OSPK + 1.84 GeV/c K+
1.53+0.11 198 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. ~ ~ ~

1.5 +0.2 18 TAYLOR 59 EMUL
2.2 +0.4 18 ALEXANDER 57 EMUL +
2.1 +0.5 18 BIRGE 56 EMUL

17 Includes events of TAYLOR 59.
Earlier experiments not averaged.

WEIGHTED AVERAGE
1.77+0.07 (Error scaled by 1.4)

r(PI +v„)/r(v+~+v-)

WEIGHTED AVERAGE
0.517+0.032 (Error scaled by 1.8)

gf

~ HAIDT
e I ~ ~ o I o o ~ a ~ o .BISI

YOUNG

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 It
utilizing measurements of other (related)
quantities as additional information.

X
0.5
2.6
5.7

71 HLBC
65B BC
65 EMUL

VALUE EVTS DOCUMENT ID TECN CHG COMMENT

0.559+0.014 OUR FIT Error includes scale factor of 1.5.
0.517+0.N2 OUR AVERAGE Error includes scale factor of 1.8. See the Ideogram below.

0.503+0.019 1505 HAIDT 71 HLBC +
0.63 +0.07 2845 24 BISI 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 +
HAIDT 71 is a reanalysis of EICHTEN 68.
Error enlarged for background problems. See GAILLARD 70.

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the saine 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

r(n'„+~„)/r(n+n+ n-)

i (st p+v„)/I (s e+v,)

1.0 1.2

8.g
(ConIdence Level 0.012)

1.4

1.5 2.0

X
CHIANG 72 OSPK 1.5. .PANDOULAS 70 EMUL 4.6
SHAKLEE 64 HLBC 0 0
ROE 61 HLBC 0.1

6.3
(Confidence Level 0.100)

I

3.0

COMMENT

Dalitz pairs only

3.1%. We quote
Used.

VALUE EVTS DOCUMENT ID TECN CHG
0.$10+0.007 OUR RT Error Includes scale factor of 1.2.
0.$04+0.009 OUR AVERAGE
0.303+0.009 2027
0.393+0.099 17

COMMENT

BISI
YOUNG

65 BC + H BC+HLBC
65 EMUL +

r(s Ss+v„)/r~t
VALUE (units 10 ) EVTS DOCUMENT ID
3.18+OAS OUR FIT Error includes scale factor of 1.5.
3.33+0.14 2345 CHIANG 72 OSPK +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

2.8 +04 20 TAYLOR 59 EMUL
5.9 +1.3 ALEXANDER 57 EMUL +
2.8 +1.0 BIRGE 56 EMUL +

Earlier experiments not averaged.

TECN CHG COMMENT

1.84 GeV/c K+
~ ~

i (n+w n )/i tntsi (units 10 )

r(~+A 8)(r(~+P}
VALUE EVTS DOCUMENT ID TECN CHG
0.0119+0.C:::OUR FIT Error includes scale factor of 1.2,
0.081 +0.005 574 9 LUCAS 73B HBC

LUCAS 73B gives N(+2m ) = 574 + 5 9% N(2a) = 3564 6
0.5N(~2~ )/N(2x) where 0.5 is because only Dalitz pair m 's were

r(n+x n )/r(v+v+v )

VALUE EVTS DOCUMENT ID TECN CHG COMMENT

0.650+0.015 OUR FIT Error includes scale factor of 1.5.
O.NO+0.01$ OUR AVEIASE
0.705+0.063 554 5 LUCAS 73B HBC — Dalltz pairs only
0.698+0.025 3480 CHIANG 72 OSPK + 1.84 GeV/c K+
0.667+0.017 5601 BOTTERILL 68B ASPK +
0.703+0.056 1509 27 CAI.LAHAN 66B HLBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.67040.014 28 HEINTZE 77 SPEC +
0.67 +0.12 WEISSENBE..~ 76 SPEC +
0.608+0.014 1585 BRAUN 75 HLBC +
0.596+0.025 HAIDT 71 HLBC +
0.604+0.022 1398 30 EICHTEN 68 HLBC

LUCAS 73B gives N(K 3) = 554 6 7,6%, N(Ke3) = 786 + 3,1%. We divide.

CHIANG 72 I (~ Is+v )/I (~ e+ve) is statistically independent of CHIANG 72

I {x p+v&)/I total and I (g 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/(~~+~ ) and Ke3/(+~+sr ), since they show large disagreements with
the rest of the data.
HEINTZE 77 value from fit to Ap. Assumes gs-e universality.

BRAUN 75 value is from form factor fit. Assumes Is-e universality.
HAIDT 71 is a reanalysis of EICHTEN 68. Only Individual ratios included in fit (see
I ( 0I.+ „)/I( + + -) and I ( pe+, )/I-( + + —)).

[I (v+v0)+r(s 1s+v„)]/r~i {ri+Iis}/r
We combine these two modes for experiments measuring them ln xenon bubble cham-
ber because of dlmculties of separating them there.

VALUE(units 10 2) EVTS DOCUMENT ID TECN CHG

24 ~+0.1$ OUR FIT Error includes scale factor of 1.2.
244 +1Al OUR AVERAGE Error includes scale factor of 1A.
25.4 +0.9 886 SHAKLEE 64 HLBC +
23.4 +1.1 ROE 61 HLBC +
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r(s e+ ve)/rtoteI
VALUE (units 10 ) EVTS DOCUMEN T ID TECN CH6 COMM EN T

412+0.0$ OUR FIT Error includes scale factor of 1.3.
4.85+0.09 OUR AVERAGE

4.86+0.10 3516 CHIANG 72 OSPK + 1.84 GeV/c K+
4.7 +0.3 429 SHAK LEE 64 HLBC +
5.0 +0.5 ROE 61 HLBC +
~ ~ ~ We do not use the following data for averages, fits. limits, etc. o ~ ~

5.1 +1.3 31 ALEXANDER 57 EMUL
3.2 +1.3 31 SIRGE 56 EMUL

Earlier experiments not averaged.

r(e+v Ie+v„)/raR,I

VALUE(units 10 S) EVTS DOCVMEN T ID TECN CHG

o ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ e

0?7-0 50 1 C I INE 65 FBC +

r(a+er-Ie+ v„)/r(a+e+v-)
VALVE(units10 4) EVTS DOCUMEN T ID TECN CHG

R57+1$5 7 BISI 67 DBC +
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o o

~ 2.5 1 GREINER 64 EMUL +

rla/ra

r(a e+ve)/[I (Ie+v„)+r(v+s )] r,/(r&+ra)
TECN CH6VALUE (units 10 ) EVTS DOCUMENT ID

6.$9+DAN OUR FIT Error includes scale factor of 1.4.
6.01+0.16 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), (pv), and

dependence on our 1974 (~2~ ) and (~a+ r ) fractions.

+
+
+
(~~ ) values to eliminate

r(s e+v,)/I (Ie+v„)
VAL UE EVTS DOCUMENT ID TECN CHG

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 +0.006 561 GARLAND 68 OSPK +
0.0791+0.0054 295 AUERBACH 67 OSPK +
3 AUERBACH 67 changed from 0.0797 6 0,0054. See comment with ratio I (~ Is+ v&)/

r'(@+v ). The value 0.0785 + 0.0025 given in AUERBACH 67 is an average of

AUERBACH 67 I (e6e+ve)/I (P+v ) and CESTER 66 I (e e+ve)/[r(V+v&) +

r(e+ e6)j.

r(eee+ve)/r(e+s )
VALUE EVTS DOCUMENT ID TECN CHG COMMENT

0.228+0.004 OUR FIT Error Includes scale factor of 1.3.
0.221+0.012 ?86 LUCAS 738 HBC — Dalitz pairs only

LUCAS 738 gives N(Ke3) = 786+ 3.1%, N(2z) = 3564 + 3.1%. We divide.

r(era e+ ve)/r (v+ er+ er-) r&/r,
VAL UE EVTS DOCUMENT ID TECN CHG

0.863+0.011 OUR FIT Error includes scale factor of 1.3.
0.$60+0.014 OUR AVERAGE

0.867+0.027 2768 BAR MIN 87 XEBC
0.856 +0.040 2827 BRAUN 75 HLBC +
0.850+0.019 4385 34 HAIDT 71 HLBC +
0,94 +0.09 854 BELLOTTI 6?B HLBC
0.90 +0.06 230 BORREANI 64 HBC +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.846+ 0.021 4385 34 EICHTEN 68 HLBC +
0.90 +0.16 37 YOUNG 65 EMUL

HAIDT 71 is a reanalysis of EICHTEN 68.

r(e e a e+ve)/r6IRRI
VALUE (units 10 S) CLg EVTS DOCUMENT ID TECN CH6

&3.6 90 0 BOLOTOV 88 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. n ~ o

&9 90 0 BARMIN 92 XEBC +

r( +~q)/r
All values given here assume a phase space pion energy spectrum.

VALUE (units 10 ) CL 5 EVTS DOCUMENT ID TECN CH6 COMMENT

C 0.01 90 0 ATIYA 908 CALO T~ 117-127 MeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.084 90 0 ASANO 82 CNTR + Tx 117-127 MeV
—0.42 +0.52 0 ABRAMS 77 SPEC + Tx g92 MeV

0.35 90 0 LJUNG 73 HLBC + 6-102,114-127
Mev

0.5 0 KLEMS 71 OSPK + T~ &1)7 MeV-0.1 +0.6 CHEN 68 OSPK + Tx 6~0 MeV
90

r(a+St)/raR, I
Values given here assume a phase space pion energy spectrum.

VALVE(units 10 4) CL% DOCUMENT IO TECN CHG

&1.0 90 ASANO 82 CNTR

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

&3.0 90 KLEMS 71 OSPK

COMMEN T

Qn') 117-127
MeV

~ ~

T(~) &117 MeV

I (e+ vevu)/I (e+ ve)
VALUE'

&3.$
CL S EVTS

90 0

r(Ie+ v„vr)/I IeaaI

DOCUMENT ID TECN CHG

HEINTZE 79 SPEC +

rga/I
VALUE(units 10 ~) CLg EVTS DOCUMENT IO TECN CHG

&6.0 90 0 PANG 73 CNTR

PANG 73 assumes Is spectrum from v-v interaction of BARDIN 70.

r(Ie+v„e+e-)/r(e+v e+v, ) rca/ra
VALUE (units 10 3) EVTS DOCUMENT ID TECN CHG COMMENT

27. +S. 14 DIAMANT-. .. 76 SPEC + Extrapolated BR
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

3.3+0.9 14 DIAMANT-. .. 76 SPEC + mee &140

DIAMANT-BERGER 76 quotes this result times our 1975 r+ ~ ev BR ratio. The first
DIAMANT-BERGER 76 value is the second value extrapolated to 0 to include low mass
e pairs.

I (v va e+ ve)/I (v e+ ve) ra/rq I (e+vee+e )/I (6+e e+ve) rn/ra
VALUE (units 10 4) CLN EVTS

43+0.9 OUR FIT

DOCUMENT ID TECN CHG VALUE (units 10 )

Doe+0~-OM

EVTS DOCUMENT ID TECN CHG

4 DIAMANT-. .~ 76 SPEC +

4 1+1.0 OUR AVERAGE

4.2+0 9 25 BOLOTOV 868 CALO

3.8 2 LJUNG 73 HLBC

~ ~ ~ We do not use the following data for averages, fits, limits,

(37.0 90 0 ROMANO 71 HLBC

etc. ~ ~ ~

r(s erae+ve)/r~I
VALUE(units 10 S)

2.1 +0.4 OUR FIT
2.64+049 10

EVTS

I (v+ee e+ve)/I (v+v+e )

DOCUMENT ID

BARMIN

TECN CHG

88e HLBC +

CH6

+
+

etc. ~ o ~

VALUE(units 10 4) EVTS DOCUMEN T ID TECN

6.99+0.30 OUR AVERAGE Error includes scaie factor of 1.2.
7.21 +0.32 30k ROSSELET 77 SPEC
7.36+0.68 500 BOURQUIN 71 ASPK
7.0 +0.9 106 SCHWEINB. .. 71 HLBC
5.83+0.63 269 ELY 69 HLBC
i ~ ~ We do not use the following data for averages, fits. limits.

6.7 +1.5 69 BiRGE 65 FBC

ralr

ra/ra

r(Ie+vete+Ie )lr
VALUE(units 10 T)

g4.1

r(Ie+ v„V)/rtIItaI

CL%

90
DOCUMEN T ID TECN CH6

ATIYA 89 CNTR +

ria/r

I ia/r
VALUE(units 10 3) EVTS

65040M OUR AVERAGE

6.6 +1.5

TECN CHG COMMEN TDOCUMENT ID

38 39 DEMIDOV 90 XEBC

6.0 +0.9

P(Ia) ( 231.5
MeV/c

BARMIN 88 HLBC + P(I4) &
231.5 MeV/c

40 AK$BA 85 SPEC P(I4) (231.5
Mev/c

u ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3.5 +0.8 3941DEMIDOV 90 XEBC E(y) ) 20 MeV

3.2 +0.5 57 42 BARMIN 88 HLBC + E(y) )20 MeV

5.8 +3.5 12 WEISSENBE... 74 STRC + E(p) &9 MeV

38 P(ls) cut given In DEMIDOV 90 paper, 235.1 MeY/c, is a misprint according to authors
(private communication).
DEMIDOV 90 quotes only inner bremsstrahlung (IB) part.

40 Assumes Is-e universality and uses constraints from K ~ e vy.
41 Not independent of above DEMIDOV 90 vaiue. Cuts differ.

Not independent of above BARMIN 88 value. Cuts differ.
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I 20/I
TECN CHG COMMEN T

Tx 55—90 MeV
T~+ 55-90 MeV
Tx+ 55—90 MeV

~ ~ ~

Tx+ 55-80 MeV

T~+ 55-90 MeV

Tx+ 55-102 MeV

T~+ 58-90 MeV
Tx+ &55 MeV

T~+ 55-80 MeV
T~+ 55-80 MeV

ontribution.

TECIV CH6 COMMENT

87 WIRE — T~ 55-90 MeV

76 WIRE + T~+ 55-90 MeV

72 ASPK 6 Tx+ 55-90 MeV

SMITH
ABRAMS

r(»+»+»-~)/r~i
VALUE(units 10 4) EVTS

1.04+0.31 OUR AVERAGE
1.10+0.48 7
1.0 +04

DOCUMENT ID

BAR MIN

STAMER

TECN CHG COM MEN T

I aa/I

89 XEBC E(y) & 5 MeV

65 EMUL + E(p) &11 MeV

r(»+»0~) /rsvp, I

VALUE (units 10 4) CL4%%d EVTS DOCUMENT ID

2.75+4.15 OUR AVERAGE

2.71+0.45 140 BOLOTOV 87 WIR E
2.&7+0.32 2461 SMITH 76 WIRE
2.71+0.19 2100 ABRAMS 72 ASPK

~ ~ ~ We do not use the following data for averages, fits, limits, etc.

+ 1.1—0.6
43 LJUNG 73 HLBC

2.6 +1 43 LJUNG 73 HLBC +

6.8 +3'7 17 43 LJUNG 73 HLBC +
2.4 +0.8 24 EDWARDS 72 OSPK

&1.0 0 44 MALTSEV 70 HLBC +
&1.9 90 0 EMMERSON 69 OSPK

2.2 +0.7 18 C LINE 64 FBC +
43The LJUNG 73 values are not independent.
44 MALTSEV 70 selects low w+ energy to enhance direct emission c

r(»+»0~(DE})/rsc, l

Direct emission part of I (~+ x y)/I total.
VALUE (units 10 S) DOCUMENT ID

1.8 +4A OUR AVERAGE

2.05+0.46+—0.23 BOLOTOV

2.3 k3.2
1.56+0.35+0.5

r(»+»+ e-I74)/r(»+»- 4+ v,)
Test of ES = b, Q rule.

VALUE (units 10 4) CL %%d EVTS DOCUMENT ID TECN

3 90 3 BLOC H 76 SPEC

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ o o

&130. 95 0 BOURQUIN 71 ASPK

BLOCH 76 quotes 3.6 x 10 at CL = 95%, we convert.

r(»+»+ la-af„)/rtotal

Isa/rs

Test of ES = 6,Q rule.

VALUE(units 10 ~) CLS EVTS

&XO 95 0

r(»+C+e-)/I total

DOCUMENT ID TECN CHG

BIRGE 65 FBC

I as/I

DOCUMENT ID

r(»+n+I )/rate I I 31/I

Test for h,S = 1 weak neutral current. Allowed by combined first-order weak and
electrom agnetlc interactions.

VALUE(units 10 ~) CLS EVTS TECN CHG COMMENT

2.7I+4.23 OUR AVERAGE

2.75+0.23+0.13 500 ALLIEGRO 92 SPEC +
2.7 +0.5 41 51 BLOCH 75 SPEC +

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 17 90 CENCE 74 ASPK + Three track
evts

2.7 90 CENCE 74 ASPK + Two track
events

&320 90 BEIER 72 OSPK
& 44 90 BISI 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 by A = 0.105 4
0.035 + 0.015 and a correlation coefficient of —0.82.
BLOCH 75 assumes a vector interaction.

r(»+»0»sp)/I (»+s» )
VALUE(units 10 4)

4 3+$.2-1.7
r(s Ia+v„y)/rtotai
VALUE (units 10 ) CL %%d EVTS

d 6.1 90 0

r»/rs
DOCUMENT ID TECN CH6 COMMEN T

BOLOTOV 85 SPEC — E(p) & 10 MeV

I ad/I
DOCUMENT ID TECIV CHG COMMENT

LJUNG 73 HLBC + E(y) &30 MeV

Test for ES = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE (units 10 ) CL %%d DOCUMENT ID 7 ECN CHG

Q 2.3 90 ATIYA 89 CNTR +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&24 90 BISI 67 DBC
&30 90 CAMERINI 65 FBC +

I (»+ vv)/I total

I (» e+vep)/I (» e+ve) ras/r7
VALUE(units10 2) EVTS DOCUMENT ID TECN CHG COMMENT

0.5i+0.04 OUR AVERAGE Error includes scale factor of 1.1.
0.46 40.08 82 45 BARMIN 91 XEBC E & 1

I (m e+v 7(SD})/I total
Structure-dependent part.

VALUE (units 10 ) CLe%%d

&5.3 90

I (»»se+vep)/rse I

DOCUMEN T ID TECN CHG

BOLOTOV 86B CALO

I as/I

raalr
VALUE (units 10 6) CLe%%d EVTS

(6 90 0
DOCUMENT ID TECN CHG COMMENT

BARMIN 92 XEBC y E& & 10 MeV

(~)
MeV, 0.6 &
cos6}e p
0.9

0.56 +0.04 192 46 BOLOTOV 86B CALO — E(y) &10 MeV

0.7660.28 13 47 ROMANO 71 HLBC E(y) &10 MeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.51+0.25 82 BARMIN 91 XEBC E(y) & 10 MeV,
cos8e 7
0.98

0.48+0.20 16 LJUNG 73 HLBC + E(y) &30 MeV

0.22+ 48 LJUNG 73 HLBC + E(p) &30 MeV

0,53+0.22 "ROMANO 71 HLBC + E(p) &30 MeV
1.2 +0.8 BELLOTTI 67 HLBC + E(y) &30 MeV

BARMIN 91 quotes branching ratio I (K ~ ex uy)/I all The measured normalization

is [I (K ~ ex v) + I (K ~ a+~++ )j. For comparison with other experiments we

used I (K ~ e7r v)/fail ——0.0482 to calculate the values quoted here.

cos8(ey) between 0.6 and 0.9.
47Both ROMANO 71 values are for cos8(ep) between 0.6 and 0.9. Second value is for

comparison with second LJUNG 73 value. We use lowest E(y) cut for Summary Table
value. See ROMANO 71 for E& dependence.

First LJUNG 73 value is for cos8(ep) &0.9, second value is for cos8(ep) between 0.6
and 0.9 for comparison with ROMANO 71.

17
34

140

90
90
90

0 ATIYA

ATIYA

ASANO

53 CABLE
53 CABLE

0 54
I JUNG

53 KLEMS

93B CNTR +
90 CNTR +
81B CNTR + T(x) 116-127

MeV
T(x) 60-105 MeV

T(7r) 60-127 MeV
90
90
90
90

940
560

&57000
& 1400

73 CNTR
73 CNTR +
73 HLBC

OSPK + Qm) 117-127
MeV

ICombining ATIYA 93 and ATIYA 93B results.
KLEMS 71 and CABLE 73 assume ~ spectrum same as K 3 decay. Second CABLE 73
limit combines CABLE 73 and KLEMS 71 data for vector Interaction.

54 LJUNG 73 assumes vector interaction.

I (fa ve+C+)/I (»+» e+ve)
Test of lepton family number conservation.

VALUE (units 10 3) CLe%%d EVTS DOCUMENT ID TECN CHG

gOE 90 0 DIAMANT-. .. 76 SPEC
5 DIAMANT-BERGER 76 quotes this result times our 1975 ~+~ ev BR ratio.

r(f+ve)/rs» I

ras/rs

rad/r
Forbidden by lepton family number conservation.

CLe%%d EVTS DOCUMENT ID

90 0 LYONS

VALUE

&OASe

TECN

81 HLBC

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

&0.012 90 COOPER 82 HLBC

r(»+la+ e-)/rssal

COMMENT

200 GeV K+ nar-
row band v
beam

~ ~

Wideband v beam

ras/r

Test for b,S = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE(units 10 ~) CLS EVTS DOCUMENT ID TECN CHG COMMENT

C 5.2 90 iATIYA93 CNTR +
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

75 90 ATIYA 93 CNTR + Tle) 113-127
MeV

Tie) 00-100 MeV I

r(»+»+ 4-17,)/rse, l
Test of h, S = h, Q rule.

VAL UE (units 10 ) CL e%%d EVTS

~ ~ ~ We do not use the following

& 9.0 95 0
6.9 95 0

&20. 95

DOCUMEN T ID TECN CHG

data for averages, fits, limits, etc. ~ ~ ~

SCHWEINB. .. 71 HLBC +
ELY 69 HLBC +
BIRGE 65 FBC +

I as/I
Test of lepton family number conservation.

VALUE(units 10 10) CL~%%d EVTS DOCUMENT ID TECN

( 2.1 90 0 LEE 90 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

&11 90 0 CAMPAGNARI 88 SPEC
&48 90 0 DIAMANT-. .. 76 SPEC

CHG COMMEN T

+
etc. ~ ~ ~

In LEE 90
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I (e+is- 4+ /rtotai
Test of epton family number conservation.

VALUE (units 10 9) CLey/'s EVTS DOCUMENT ID TECN CHG

& 7 90 0 DIAMANT-. .. 76 SPEC
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ o ~

(28 90 56 BEIER 72 OSPK
' Measurement actually applies to the sum of the x+ I

- e+ and ~- I.+ e+ modes.

r(e y+4+ /I total
Test of otal lepton number conservation,

VALUE (units 10 ~) CL S EVTS DOCUMENT ID TECN CHG

90 0 57 DIAMANT-. ~. 76 SPEC +
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(28 90 BEIER 72 OSPK

57Measurement actually applies to the sum of the m+ p e+ and ~ p+e+ modes.

rsrlr

r(a+p e+)/ftobsl
VALUE (units 10 ) CLS DOCUMENT ID TECN CHG

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

&1.4 90 BEIER 72 OSPK

I (s e+e+ /Ine, i
Test of otal lepton number conservation.

VALUE(units 10 S) DOCUMENT ID TECN CHG

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ o ~

&1.5 CHANG 68 H BC

I (sr e+e+)/I (e+sr-4+Ps)
Test of total lepton number conservation.

VALUE (units 10 4) CLSA EVTS DOCUMENT ID TECN CHG

&2.5 90 0 DIAMANT-. .. 76 SPEC +
DIAMANT-BERGER 76 quotes this result times our 1975 BR ratio.

I ss/I

I se/I

rse/re

r(&+T) irene
Violates angular momentum conservation. Not listed in Summary Table,

VALUE (units 10 ~) CL 5 DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(1.4 90 ASANO 82 CNTR +
&4.0 90 KLEMS 71 OSPK +

Test of model of Selleri, Nuovo Cimento MA 291 (1969).

ra2/r

K+ LONGITUDINAL POLARIZATION OF EMITTED p+

K+~ p v
Tests for right-handed currents in strangeness-changing decay.

VAL UE CL 5 DOCUMENT ID TECN CHG COMMENT

& 0.990 90 IMAZATO 92 SPEC + KEK 12 GeV pro-
tons

e ~ o We do not use the following data for averages, fits, limits, etc, ~ o ~

—0.970+0.047 YAMANAKA 86 SPEC +
—1.0 +0.1 CUTTS 69 SPRK +
—0.96 +0.12 COOMBES 57 CNTR +

r(» ~+~+)/r«el
Forbidden by total lepton number conservation.

VALUE (units 10 4) CL S DOCUMENT ID TECN

&1.5 90 LITTENBERG 92 HBC
59 LITTENBERG 92 is from retroactive data analysis of CHANG 68 bubble chamber data.

r(I+&4 /rue I rae/r
For idden by total lepton number conservation.

VALUE (units 10 } CL4A DOCUMENT ID

(3.3 90 COOPER

r(s e+iy )/r~i I St/I
Forbidden by total lepton number conservation.

VALUE CL 5 DOCUMENT ID TECN COMMENT

&0.00$ 90 COOPER 82 HLBC Wideband v beam

where m + has been introduced to make the coefficients g, 6,

j, and k dimensionless, and

s, = (PA —P;) = (mic —m, ) —2mlcT, , t = 1, 2, 3,

sII = — s; = —(mlC+m, + m2+mS)
3 . 3

Here the P; are four-vectors, m; and T; are the mass and kinetic

energy of the i~" pion, and the index 3 is used for the odd pion.

The coefficient g is a measure of the slope in the variable s~

(or Ts) of the Dalitz plot, while It and k measure the quadratic

dependence on ss and (s2 —st), respectively. The coefficient j
is related to the asymmetry of the plot and must be zero if CP
invariance holds. Note also that if CP is good, g, 6, and k must

be the same for K+ ~ 7r+vr+vr as for K —+ vr 7r n+.
2

Since difTerent experiments use different forms for M, in

order to compare the experiments we have converted to g, 6,

j, and k whatever coefficients have been measured. Where such

conversions have been done, the measured coefficient a&, aq, c„,
or a„is given in the comment at the right. For definitions of

these coefficients, details of this conversion, and discussion of

the data, see the April 1982 version of this note [2].

References
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ENERGY DEPENDENCE OF K+ DALITZ PLOT

~matrix element~ = 1+ gu+ hu + kv

where u = (s3 —s0) / m and v = (s1 —s2) / m

LINEAR COEFFICIENT g FOR K+ -+ s+m+e
Some experiments ase I|slits variables x and y. In the comments we give a

coefficient of y term. See note above on "Dalltz Plot Parameters for K ~ 3x
Decays. " For discussion of the conversion of ay to g, see the earlier version of the

same note in the Review published in Physics Letters 111B70 (1982).
VALUE EVTS DOCUMENT ID TECN CHG COMMENT

-0.215l+0~OUR AVERASK Error includes scale factor of 1 4. See the ideogram
below.

—0.2221+0.0065 225k DEYAUX 77 SPEC + ay-.2814 k .0082
—0.2157+0.0028 750k FO R D 72 ASPK + a =.2734 + .0035
—0.200 60.009 39819 HOFFMASTER 72 HLBC +
e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ i
-0.196 +0.012 17898 6 GRAUMAN 70 HLBC + a =0.228 + 0.030

y
—0.218 +0.016 9994 BUTl ER 68 HBC + a =0.277 + 0.020
—0.22 +0.024 5428 ZINCHENKO 6? HBC + a =0.28 + 0.03

61HOFFMASTER 72 includes GRAUMAN 70 data,
Emulsion data added —all events Included by HOFFMASTER 72.
Experiments with large errors not included in average,
Also includes DBC events.

WEIGHTED AVERAGE
-0.2154~0.0035 (Error scaled by 1.4)

NOTE ON DALITZ PLOT PARAMETERS FOR
K —+ 3~ DECAYS

The Dalitz plot distribution for K+ ~ x+vr+x+, K+ ~
x vr0vr+, and KL ~ x+vr vr can be parameterized by a series

expansion such as that introduced by Weinberg [1].We use the

form

1+ " ")+h" "
am+ m+

(S2 —St) S2 —St+uk
-0.23 -0.22 -0.21 -0.20

X
DEVAUX 77 SPEC 1.0
FORD 72 ASPK 0.0

~ HOFFMASTER 72 HLBC 2.9
4.0

Confidence Level 0.135}

-0.19 -0.18

Linear energy dependence for K+ x+ ++ x
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WEIGHTED AVERAGE
0.012«0.008 (Error scaled by 1.4)

VAUX 77 SPEC 0.8
RD 72 ASPK 1.1

OFFMASTER 72 HLBC 2.3
42

(Confidence Level 0.123)

0.06-0.04 -0.02 0.00 0.02 0.04

Quadratic coefficient ii for K+ ~ x+ ~+ ~

QUADRATIC COEFFICIENT k FOR K+ -+ @+a+a'
VALUE EVTS DOCUMENT ID TECN CHG

-0.0101+0.~OUR AVERAGE Error includes scale factor of 2.1. See thc ideogram
below.

225k DEVAUX 77 SPEC +
750k FORD 72 ASPK +

39819 HOFFMASTER72 HLBC +

—0.0205+0.0039
—0.0075+0.0019
—0.010560.0045

WEIGHTED AVERAGE
-0.0101«0.0034 (Ermr scaled by 2.1)

QUADRATIC COEFFICIENT h FOR K+ -+ g+g+g
VALUE EVTS DOCUMENT ID TECN CHG

0.012 +0.001 OUR AVEIikGE Error Includes scale factor of 1.4. See the ideogram
below.
DEVAUX 77 SPEC +
FORD 72 ASPK
HOFFMASTER72 HLBC +

QUADRATIC COEFFICIENT h FOR K ~ m e s+
VALUE EVTS DOCUMENT ID TECN CHG

0.010 +OA$ OUR N(EINSE
0.0125+0.0062 750k FORD 72 ASPK

—0.001 +0.012 50919 MAST 69 HBC

QUADRATIC COEFFICIENT k FOR K -+ ~ s a+
VALUE EVTS DOCUMENT ID TECH CHG

-0.~+OA$19 OUR AVERAGE
-0.0083+0.0019 750k FORD 72 ASPK
-0.014 +0.012 50919 MAST 69 HBC

(g~ —g~}/(~+g, }FORK ~ I+r+s
A nonzcro value for this quantity indicates CP violation.

VALUE W) EVTS DOCUMENT ID TECN

-0.70+088 3.2M FORD 70 ASPK

LINEAR COEFFICIENT g FOR K+ e s tt tt
Unless otherwise stated, all experiments lndude terms quadratic
ln (s3 —g) / m2 . Sec mini-review above.~+'

VALUE EVTS DOCUMENT ID TECN CHG COMMENT

0894+0.019 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below.

0.582+0.021 43k BOLOTOV 86 CALO
0.670+0.054 3263 BRAUN 768 HLBC +
0.630+0.038 5635 SHEAF F 75 HLBC +
0.510+0.060 27k SMITH 75 WIRE
0.67 +0.06 1365 AUBERT 72 HLBC +
0.544 +0.048 4048 DAVISON 69 HLBC + Also emulsion
~ ~ ~ We do not usc the following data for averages, fits, limits, ctc. ~ o o

0.806+0.220 4639 BERTRAND 76 EMUL +
0.484 +0.084 574 LUCAS 738 HBC — Dalltz pairs only
0.527+0.102 198 PANDOULAS 70 EMUL +
0.586+0.098 1874 70 BISI 65 HLBC + Also HBC
0.48 +0.04 1792 KALMUS 64 HLBC +

Experiments with large errors not included ln average.
Authors give linear fit only.

WEIGHTED AVERAGE
0.594«0.019 (Error scaled by 1.3)

X
UX 77 SPEC 7.2

72 ASPK 1.8
MASTER 72 HLBC 0.0

9.0
(Confidence Level 0.011)

'hh I

V
V'
ae V

0.3 0.4 0.5 0.6 0.7

BOLOTOV
~ ' ~ ~ BRAUN

SHEAF F
~ SMiTH. . .AUBERT

DAVISON

86 CALO
768 HLBC
75 HLBC
75 WIRE
72 HLBC
69 HLBC

X
0.3
2.0
0.9
2.0
1.6
1.1
7.9

(Confidence Level ~ 0.164)

0.8 0.9 1.0

-0.03 -0.02 -0.01 0.00

Quadratic coc%cient k for K+ ~ ~+~+~

LINEAR COEFFICIENT g FOR K ~ a e r+
Some experiments nse halite variables x and y. In the comments we give ay ——

coeftlclent of y term. See note above on "Dalltz Plot Parameters for K ~ 3R.
Decays. " For discussion of thc conversion of ay to g, see thc earlier version of the
same note in the Review published ln Physics Letters 111B70 (1982).

VALUE EVTS DOCUMEN T ID TECN CHG COMMEN T-0.217 +0.007 OUR AVERAGE Error includes scale factor of 2.5.
—0.2186+0.0028 750k FORD 72 ASPK — ay ——.2770 4 .0035
—0.193 +0.010 50919 MAST 69 HBC — ay

——0.244 k 0.013
~ ~ ~ We do not use, the following data for averages, fits, limits, etc. ~ o ~

—0.199 +0.008 81k LUCAS 73 HBC i' 0 252 + 0 011
—0.190 +0.023 5778 6 6 MOSCOSO 68 HBC — a =0.242 k 0.029
—0 220 +0 035 1347 68 FERRO-LUZZI 61 HBC — a =0.28+ 0.045

Quadratic dependence is required by K cxperlments. For comparison wc average onlyL
those K+ experiments which quote quadratic fit values.
Expcrlrncnts with large errors not Included In average.

67Also Includes DBC events.
No radiative corrections included.

TECN CHG COMMENT

+
+
+
+

Also emulsion

ctc. ~ ~ ~

Linear energy dependence for K

QUADRATIC COEFFICIENT h FOR K e sr ssOst
See mini-review above.

VALUE EVTS DOCUMENT ID

OASS+0.015 OUR AVERAGE
0.037+0.024 43k BOLOTOV 86 CALO
0.152+0.082 3263 BRAUN 76B HLBC
0.041+0.030 5635 SHEAFF 75 HLBC
0.009+0.040 27k SMITH 75 WIRE

—0.01 +0.08 1365 AUBERT 72 HLBC
0.026+0.050 4048 DAVISON 69 HLBC

~ ~ ~ We do not use thc following data for averages, fits, limits,

0.164+0.121 4639 71 BERTRAND 76 EMUL
0.01860.124 PANDOULAS 70 EMUL

71 Experiments with large errors not included in average.
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NOTE ON K~~ AND Ki03 FORM FACTORS

Assuming that only the vector current contributes to K —+

~Ev decays, we write the matrix element as

M oc fp(t) [(Pic+ P )q)p„(1+ps)v]

+ f (t) [mrna(1+ ps)v]

where Pg and P~ are the four-momenta of the K and n mesons,

mt is the lepton mass, and f+ and f are dimensionless form

factors which can depend only on t = (P~ —P~), the square

of the four-momentum transfer to the leptons. If time-reversal

invariance holds, f~ and f are relatively real. K&s experiments

measure f+ and f, while K,s experiments are sensitive only

to f+ because the small electron mass makes the f term

negligible.

(a)K&s experiments Analys. es of K&s data frequently as-

sume a linear dependence of f+ and f on t, i.e.,

f+(t) = f+(0) [1+A+(t/m')]

Method B. By measuring the K&s/K, s branching ratio

and comparing it with the theoretical ratio (see, e.g. , Fearing

et al. [2]) as given in terms of A+ and ((0), assuming p-e

universality:

I'(K„+)/I'(K,+) = 0.6457+ 1.4115A + 0.1264((0)

+ 0.0192((0) + 0.0080A+((0),

I'(K„)/I'(K, ) = 0.6452 + 1.3162A + 0.1264((0)

+ 0.0186((0) + 0.0064A+((0) .

This cannot determine A+ and ((0) simultaneously but simply

6xes 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

polarized in the direction A with P = A/ A!!, where A is

given (Cabibbo and Maksymowicz [3]) by

A = ar(()p„

Most, K„sdata are adequately described by Eq. (2) for f+
and a constant f (i.e. , A = 0). There are two equivalent

parametrizations commonly used in these analyses:

(I) A+, ((0) parametrization 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 Dslitz plot density is (see, e.g. , Chounet

et al. [1]):

p(E, E„)oc f+(t) [A+ B((t) + C((t)z],

where

(2 „„-E.') „']-E.' —E„[,"&4 '

B = m„'
]
E„—-E.' [,1 ]l

)

E' = E * —E = (mrc+m —m„)/2mic —E

Here 8, E&, and E are, respectively, the pion, muon, and

neutrino energies in the kaon center of mass. The density p is

fit to the data to determine the values of A+, ((0), and their

correlation.

+ mlclm((t)(p x p„).

If time-reversal invsrisnce 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).
(g) A+, Ap parametrization Most of the. more recent K&3

analyses have parameterized in terms of the form factors f+
snd fp which sre associated with vector and scalar exchange,

respectively, to the lepton pair. fp is related to f~ and f by

fp(t) = f+(t)+ [ct/(mar —m')] f (t) .

Here fp(0) must equal f+(0) unless f (t) diverges st t = 0.
The earlier assumption that f~ is linear in t and f is constant

leads to fp linear in t:

fp(t) = fp(0) [1+Ap(t/m2)] .

With the assumption that fp(0) = f+(0), the two psrametriza-

tions, (A+, ('(0)) snd (A+, Ap) sre equivalent as long as corre-

lation information is retained. (A~, Ap) 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 Elo sections of the FuB Listings in

section (A, (n, 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+, Ap)

parametrization, we include a subsection for Ao results. Wher-

ever possible we have converted ((0) results into Ap results and

vice versa.
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See the 1982 version of this note [4] for additional discussion

of the K03 parameters, correlations, and conversion between

parametrizations, and also for a comparison of the experimental

results.

(b) K,s esperimerrts An. alysis of K,s data is simpler than

that of K&3 because the second term of the matrix element

assuming a pure vector current [Eq. (1) above] can be neglected.

Here f+ is usually assumed to be linear in t, and the hnear

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

+2mK fbi(1+ ps)v

+(2fT /mK)(PK)r, (P~)& f oz&(1'+ ps)v,

where fg is the scalar form factor, and fT is the tensor form

factor. In the case of the K,s decays where the f term can

be neglected, experiments have yielded limits on
Ifs/f+I and

IfT /f+I
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K~ FORM FACTORS

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.

fQ —f+ + f t/(mK —m ).
A+, A, and A0 are the linear expansion coefficients of f+, f, and fp.

A+ refers to the K 3 valve except in the K 3 sections.p3
d((0)/dA+ is the correlation between ((0) and A+ in K 3.p3
dAD/dA+ is the correlation between AD and A+ in K 3.p3
t = momentum transfer to the R in units of m .
DP = Dalitz plot analysis.

Pl = m spectrum analysis.

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.

Ay {LINEAR ENERGY DEPENDENCE OF f+ IN K+s DECAY)

For radiative correction of K 3 Dalitz plot, see GINSBERG 67 and BECHERRAWY 70.
VALUE EVTS DOCUMENT ID TECN CHG COMMENT

0=~%5+0===:=OUR AVERAGE

0.0284+0.0027+0.0020 32k AKIMENKO
0.029 +0.004 62k 73 BOLOTOV
0.027 +0.008 74 BRAUN

0.029 +0.011 4017 CHIANG

91 SPEC
88 SPEC
738 HLBC +
72 OSPK +

Pl, no RC

Pl, no RC
DP, no RC

DP, RC neglig-
ble

DP, uses RC
Pl, uses RC
e+, uses RC

STEINER 71 Hl BC +
BOTTERILL 70 OSPK
BOTTERILL 68c ASPK +
EISIER 68 HLBC

2707
1458
960

0.027 +0.010
0.045 +0.015
0.08 +0.04

0 02 +0.08-0.12 90 Pl, uses RC

0 045 +Oo017 854 BELLOTTI 678 FBC + DP, uses RC

+0.016 +0.016 1393 IMLAY 67 OSPK + DP, no RC

+0.028 +0 014 515 KALMUS 67 FBC + e+, PI, no RC

—0.04 +0.05 230 BORREANI 64 HBC + e+, no RC
-0.010 +0.029 407 JENSEN 64 XEBC + Pl, no RC
+0.036 +0.045 217 BROWN 628 XEBC + Pl, no RC
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.025 +0.007 BRA UN 74 HLBC + K~/Ke3 vs»

72AKIMENKO 91 state that radiative corrections would raise A+ by 0.0013.
73 BOLOTOV 88 state radiative corrections of GINSBERG 67 would raise A+ by 0.002.
74 BRAUN 738 states that radiative correctfons of GINSBERG 67 would lower Ae by 0.002+

but that radiative corrections of BECHERRAWY 70 disagrees and would raise A~+ by

0.005." BRAUN 74 ls a combined K&3-Ke3 result. It is not indepe~de~t of BRAUN 73C (K&3)
and BRAUN 738 (Ke3) form factor results.

ARNOLD 74 figure 4 was used to obtain (~ and dg(0)/dA+.
77 MERLAN 74 figure 5 was used to obtain dg(0)/dA+.
78 BRAUN 73C gives ((t) = —0.34 6 0.20, df(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+.

80 CHIANG 72 ffgore 10 was used to obtain df(0)/dA+. Fit had A = A+ but woold not
change for A = 0. L.Pondrom, (private communication 74).

Q = f /f+ (datermlnad from K~+ sirrctra}
The parameter ( is redundant with AD below and fs not put into the Meson Summary
Table.

VALVE d((0)/dA~ EVTS DOCUMENT ID TECN CHG COMMENT

-0.35+0.15 OUR EVALUATlOM From a fft discussed in note on K~3 form factors fn

1982 edition, PL 111B(April 1982).
-0.27+0.25 —17 3973 WHITMAN 80 SPEC + DP
-0,8 +0.8 -20 490 ARNOLD 74 HLBC + DP
-0.57+0.24 -9 6527 77 MERLAN 74 ASPK + DP
-0.36+0.40 —19 1897 BRAUN 73C HLBC + DP
-0.62+0,28 —12 4025 79 ANKENBRA. .. 72 ASPK + Pl
+0.45+0.28 —15 3480 80 CHIANG 72 OSPK + DP
—1.1 +0.56 -29 3240 HAIDT 71 HLBC + DP
-0.5 +0.8 —26 2041 82 KIJEWSKI 69 OSPK + PI
+0.72+0.93 —17 444 CALLAHAN 668 FBC + PI
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.5 +0.9 none 78 EISLER 68 Hl BC + Pl, A+ —0

0.0 2648 83 CALLAHAN 668 FBC + p„A+——0

+0.7 +0.5 87 GIACOMELLI 64 EMUL + MU+ BR,A+ —0
—0.08+0.7 ~ JENSEN 64 XEBC + DP+BR
+1.8 +0.6 76 BROWN 628 XEBC + DP+BR,

A+ —0



1532

Meson Full Listings

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+.
KIJEWSKI 69 figure 17 was used to obtain d((0)/dA+ and errors.

83 CALLAHAN 66 table 1 (tr analysis} gives d((0)/dA+ ——(0.72-0.05)j(0-0.04) = —17,
error raised from 0.80 to agree with d((0) = 0.37 for fixed A+. t unknown.

"JENSEN 64 gives A~ = Ae+ ——0.020 + 0.027. d((0)/dA+ unknown. Includes SHAK-

LEE 64 (8(K 3/Ke3).

500

(t..= f /f+ (datarmlnad from ra ptdarlzatlon In K~+}
The p polarization is a measure of ((t). No assumptions on A+ necessary, t (weighted

by sensitivity to ((t)} should be specified. In A+, ((0) parametrizatlon this is ((0)
for A+ —0. d(/dA = (t. For radiative correction to muon polarization in K 3, seep3
GINSBERG 71. The parameter ( is redundant with Ap below and is not put into the
Meson Summary Table.

VAL UE EVTS DOCUMENT ID TECN CHG COMMENT

-0.35+0.1$ OUR EVALUATION From a fit discussed in note on Kg3 form factors In

1982 edition, PL 111B(April 1982).
—0.25 + 1.20 1585 88 BRAUN 75 HLBC + POL, t=4.2
—0.95+0.3 3133 89 CUTTS 69 OSPK + Total pol. t=4.0
—1.0 +0.3 6000 BETTELS 68 HLBC + Total pol, t=4.9
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0,64 +0.27 40k 91 MERLAN 74 ASPK + POL, d((0) jdA+
= +1.7

-1.4 +1.8 397 CALLAHAN 668 FBC + Total pol.

0 7 + 2950 CALLAHAN 668 FBC + Long. pol.

+1.2 +1 8 2100 BORREANI 6S HLBC + Polarization

—4.0 to +1.7 5QQ 92 CUTTS 65 OSPK + Long. pol.

88 BRAUN 75 d((0)/dA+ —(t = —0.25x 4.2 = —1.0.
89CUTTS 69 t = 4.0 was calculated from figure 8, d((0)/dA+ —(t = —0.95x4 = —3.8.

BETTELS 68 d((0)/dA = (t = —1.0 x 4.9 = —4.9.
91MERLAN 74 polarization result (figure 5) not possible. See discussion of polarization

experiments in note on "Ki3 Form Factors" In the 1982 edition of this Review [Physics

Letters 111B(1982)].
t value not given.

Im(f} ln K~ DECAY (from trarrattaraa ra pal. }
Test of T reversal invariance.

VAL UE EVTS DOCUMENT ID

-0.017+0.02$ OUR NIHtAGE
—0.016+0.025 20M CAMPBELL 81 CNTR +
—0.3 +p'4 3133 CUTTS 69 OSPK +
—0.1 +0.3 6000 BETTELS 68 HLBC +

0 0 +1.0 2648 CALLAHAN 668 FBC +
+1.6 +1.3 397 CALLAHAN 668 FBC +

0.5 +()'5 2950 CALLAHAN 668 FBC +
~ o ~ We do not use the following data for averages, fits, limits, etc. ~

—0.010+0.019 32M 93 BLATT 83 CNTR

Combined result of MORSE 80 (K ) and CAMPBELL 81 (K+ ).p3 p3

TECN CHG COMMEN T

Pol.

Total pol. fig.7

Total pol.
MU

Total pol.

Long. pol.

~ ~

Polarization

(n = f /f+ (datarmlnad from K~/K+a)
The K 3/K 3 branching ratio fixes a relationship between ((0) and A+. We quote the

p3
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 3/K 3 ratio I (tr p+v&) jl (xpe+ve),
with the exception of HEINTZE 77. The parameter ( is redundant with Ap below and

is not put into the Meson Summary Table.
VALUE EVTS DOCUMENT ID TECN CHG COMMENT

-O.SS+0.15 OUR EVALUATION From a fit discussed in note on Kg3 form factors in

1982 edltlon, PL 1118(April 1982).
—0.12+0.12 55k 8 HEINTZE 77 CNTR + A+ ——0 029
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0 +0.15 5825 CHIANG 72 OSPK + A+ —0.03, fig. 1Q

—0.8160.27 1505 86 HAIDT ?1 HLBC + A+
——0.028, fig.8

—0.35+0.22 87 BOTTERILL 70 OSPK + A+ —0.045 + 0.015
+0.91+0,82 ZELLER 69 ASPK + A+

——0 023
—0.08+0.15 5601 BOTTERILL 688 ASPK + A+

——0.023 k 0.008
—0.60+0.20 1398 EICHTEN 68 HLBC + See note

+1.0 +0.6 986 GARLAND 68 OSPK + A+ —0
+0.75+0.50 306 AUERBACH 67 OSPK + A+-0
+0.4 +0.4 636 CALLAHAN 668 FBC + A+-0
+06 +0.5 BISI 658 HBC + A+ —0
+0.8 +0.6 CUTTS 65 OSPK + A+ ——0

0,17 p'99 SHAK LEE 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 688 with different A+.

Ai (LIIVEAR ENERGY DEPENDENCE OF f+ IN K~+ DECAY}
See also the corresponding entries and footnotes in sections (~, (C, and Ap. For

radiative correction of K Dalitz plot, see GINSBERG 70 and BECHERRAVA' 70.
p,3

VAL UE EVTS DOCUMENT ID TECN CHG COMMEN T

0.033+0.001 OUR EVALUATION From a fit discussed in note on Kg3 form factors in

1982 edition, PL 111B(April 1982).
+0.050+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 94 ANKENBRA. .. 72 ASPK + Pl
—0.006+0,015 3480 CHIANG 72 OSPK + DP

0.050+0.018 3240 HAIDT 71 HLBC + DP

0.009+0.026 2Q41 KIJEWSKI 69 OSPK + Pl

0.0 +0.05 444 CALLAHAN 668 FBC + PI

94ANKENBRANDT 72 A+ from figure 3 to match d((0)/dA+. Text gives 0.024 k 0.022.

HEINTZE 77 uses A+ —0.029 6 0.003. dAp/dA+ estimated by us.

Ap value is for A+ ——0.03 calculated by us from ((0) and d({0)/dA+.
9? MERLAN 74 Ap and dAQ/dA+ were calculated by us from (~, A~&, and d({0)jdA+.

Their figure 6 gives Ap
——0.025 + 0.012 and no dAp/dA+,

This value and error are taken from BRAUN 75 but correspond to the BRAUN 73C AI
+

result. dAp/dA+ is from BRAUN 73C d((0)/dA+ in (& above.

Ap calculated by us from ((0), A", and d((Q)/dA+.

BRAUN 74 is a combined K&3-Ke3 result. It is not independent of BRAUN?3C (K~3)
and BRAUN 738 (Ke3) form factor results.

i&s/+I Folt K+ DECAY
Ratio or sca ar to r+ coupllotrs.

VAL UE CLS EVTS DOCUMENT ID TECN CHG COMMENT

0.0&+0.02$ OUR AVERAGE Error includes scale factor of 1.2,
0.070+0.016+0.016 32k AK IMENKO 91 SPEC A+, fg, fT,

ttt fit
0.00 +0.10

0 14 +0.03—0.04

2827

270?

BRAUN

STEIN ER

75 HLBC

71 HLBC -t- A~, fg, fT,j fit
e o e Wedonot use the following data for averages, fits,

90 4017 CHIANG

90 BOTTERILL
90 BEI.LOTTI
95 KALMUS

&0,13
&0.23
&0.18
&0.30

limits, etc. ~ i
72 OSPK +
68c ASPK
678 HLBC
67 HLBC

If&If+I FOR K+u DECAY
Ratio of tensor to f+ couplings.

VAL UE CL 5 EVTS DOCUMEN T ID TECN CHG COMILf EN T

O.SS+0.11 OUR AVERAGE Error includes scale factor of 1.1.

0.53+ ' +0.10—0.10 32k AK IMENKO 91 SPEC A+, fg, fT,
p fit

0.07 +0.37

0 24+0.16—0.14

2827

2707

BRAUN

STEINER

75 HLBC +
?1 HLBC + A+, fs, fT,

hatt fit
~ ~ ~ We do not use the following data for averages, fits,

&0.75 90 401? CHIANG

&0.58 90 BOTTERILL
&0.58 90 BELLOTTI
&1.1 95 KALMUS

limits etc ~ 0 ~

72 OSPK +-

68C ASPK
678 HLBC
67 HLBC

fy/fi FOR K+sr DECAY
Ratio of tensor to f+ couplings

EVTS DOCUMENT ID

1585 BRAUN

VALUE

0.02+0.12
TECN

75 HLBC

Ag (LINEAR ENERGY DEPENDENCE OF fj) IN K~ DECAY)
Wherever possible, we have converted the above values of ((0) Into values of Ap using

the associated A~ and d(jdA .
VAL UE d&aid&+ EVTS DOCUMENT ID TECN CHG COMMEN T

0.08+0.007 OUR EVALUATION From a fit discussed in note on K~3 form factors in

1982 edition, PL 111B(April 1982).
+0.029+0.011 —0,37 3973 WHITMAN 80 SPEC + DP

+0.019+0.010 +0.03 55k 95 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 I- D P
—0.008+0.020 —0.53 1897 BRAUN 73C HLBC + DP
—0.026+0.013 +0.03 4025 ANKENBRA. .. 72 ASPK + Pl

+0.030+0.014 —0.21 3480 C HIA NG 72 OSP K -I- D P
—0.039+0.029 —1.34 3240 HAIDT 71 HL BC + D P

0 056+0 024 +0 69 3133 96 CUTTS 69 OSPK t POL
—0.031+0.045 —1.10 2041 Kl JEWS K I 69 OSPK + P I

—0.063+0.024 +0.60 6000 BETTELS 68 HLBC + POL

+0.058+0.036 -0.37 444 CAL LAHAN 668 FBC w P I

0 ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.017+0.011 100 BRAUN 74 HLBC + K 3/K
vs. t



See key on page 1343
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Meson Full Listings

DECAY FORM FACTORS FOR K+ ~ v+v 1+v~
Given in ROSSELET 77, BEIER 73, and BAS)LE 71C.

DECAY FORM FACTOR FOR K+ -+ x x e+ v
Given in BOLOTOV 86B and BARMIN 88B.

K+ -+ t+v7 FORM FACTORS

For definitions of the axial-vector FA and vector Fy form factor, see the
"Note on n+ ~ 8+vp and K+ ~ E vy Form Factors" fn the ~+
sectio~. In the kaon literature, often different definitions aK —F~/mK
and vK = Fy/mK are used.

DOCUMENT ID

Fp + Fy, SUM OF AXIAL-VECTOR AND VECTOR FORM FACTOR FOR
K ~ pvp'7
VALUE CL% DOCUMEN T ID TECN COMMENT

& 0.2$ 90 AKIBA 85 SPEC K ~ p, vp
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—1.2 to 1.1 90 DEMIDOV 90 XEBC K ~ p vy

AKIBA 85 quotes absolute value.

Fp —Fy, DIFFERENCE OF AXIAL-VECTOR AND VECTOR FORM FAC-
TOR FOR K ~ tv~7
VALUE EVTS DOCUMENT ID TECN COMMENT

C0.49 90 HFINTZE 79 SPEC K ~ eve
HEINTZE 79 qUates ~Fp —Fy[ ( ~11 (Fg + Fy).

F4 —Fy, DIFFERENCE OF AXIAL-VECTOR AND VECTOR FORM FAC-
TOR FOR K pv„p
VALUE CL% DOCUMENT ID

-2N to 0.3 OUR EVALUATION
—2.2 to 0.6 90
—2.5 to 0.3 90

TECN COMMENT

DEMIDOV 90 XEBC K -+ p, vy
AKIBA 85 SPEC K ~ rsvp

K+ REFERENCES

ATIYA
Also

ATIYA
ALLIEGRO
BARMIM

IMAZATO
IVANOV
LITTENBERG
USHER
AKIMENKO
BARMIN

DENISOV

Also
ATIYA
ATIYA
DEMIDOV

LEE
ATIYA
SARMIN

BAR MIN

BARMIN

BOLOTOV

CAMPAGNA Rl
GALL
BARMIN

BOLOTOV

BOLOTOV

BOLOTOV

YAMA MAKA

Also
AKIBA
BOLOTOV

BLATT
ASAMO
COOPER
PDG
PDG
ASAMO
CAMPBELL

Also
LUM

93 PRL 70 2521 +Chiang, Frank, Haggerty, Ito+ (BNL 787 Collab. )
93C PRL 71 305 (erratum) Atiya, Chiang, Frank, Haggerty, Ito+ (BNL 787 Collab. )
93B PR D48 Rl +Chiang, Frank, Haggerty, Ito+ (BNL 787 Collab. )
92 PRL 68 278 +Carnpagnari+ (BNL, FNAL, PSI, WASH, YALE)
92 SJNP 55 547 +Barylov, Chernukha, Davidenko+ (ITEP)

Translated from YAF 55 976.
92 PRL 69 877 +Kawashima, Tanaka+ (KEK, INUS, TOKY, TOKMS)
92 THESIS (PNPI)
92 PRL 68 443 +Shrock (BNL, STON)
92 PR D45 3961 +Fero, Gee, Graf, Mandelkern, Schultz, Shultz (UCI)
91 PL B259 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 +Zhelamkov. 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. )
90B PRL 65 1188 +Chiang, Frank, Haggerty, Ito, Kycia+ (BNL 787 Collab. )
90 5JNP 52 1006 +Dobrokhotov, Lyublev, Nikitenko+ (ITEP)

Translated from YAF 52 1595.
90 PRL 64 165 +Alliegro, Campagnari+ (BNL, FNAL, VILL, WASH, YALE)
89 PRL 63 2177 +Chiang, Frank, Haggerty, Ito, Kycia+ (BNL 7S7 Coilab. )
89 SJNP 50 421 +Barylov, Davidenko, Demidov, Dolgolenko+ (ITEP)

Translated from YAF 50 679.
88 SJNP 47 643 +Barylov, Davidenko, Demidov, Dolgolenko+ (ITEP)

Translated from YAF 47 1011.
SSB SJNP 48 1032 +Barylov, Davidenko, Demidov, Dolgolenko+ (ITEP)

Translated from YAF 48 1719.
88 JETPL 47 7 +Gninenko, Dzhilkibaev, Isakov. Klubakov+ (ASCI)

Translated from ZETFP 47 8.
88 PRL 61 2062 +Alliegro, Chaloupkay (BNL, FNAL, PSI, WASH, YALE)
88 PRL 60 186 +Austin+ (BOST, MIT, WILL, CIT, CMU, WYOM)
87 SJNP 45 62 +Barylov, Davidenko, Demidov+ (ITEP)

Translated from YAF 45 97.
87 SJMP 45 1023 +Gninenko, Dzhilkibaev, Isakov, Klubakov+ (INRM)

Translated from YAF 45 1652.
86 SJNP 44 73 +Gninenko, Dzhilkibaev, Isakovy (INRM)

Translated from YAF 44 117.
868 SJNP 44 68 +Gninenko, Dzhilkibaev, Isakov+ (IMRM)

Translated from YAF 44 108.
86 PR 034 85 +Hayano, Taniguchi, Ishikawa+ (KEK, TOKY)
84 PRL 52 329 Hayano, Yamanaka. Taniguchi+ (TOKY, KEK)
85 PR D32 2911 +lshikawa, lwasaki+ (TOKY, TINT. TSUK, KEK)
85 JETPL 42 481 +Gninenko, Dzhilkibaev, Isakov+ (INRM)

Translated from ZETFP 42 390.
83 PR D27 1056 +Adair, Black, Campbell+ (YALE, BNL)
82 PL 1138 195 Wikutani, Kurokawa, Miyachi+(KEK, TOKY, IMUS, OSAK)
82 PL 112B 97 +Guy, Michette, Tyndel, Venus (RL)
82 PL 111B Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
828 PL 111B 70 Roos, Porter. Aguilar-Benitez+ (HELS, CIT, CERN)
818 PL 1071 159 Wikutani, Kurokawa, Miyachi+(KEK, TOKY, INUS, OSAK)
81 PRL 47 1032 +Black, Blatt, Kasha, Schmidt+ {YALE, BNL)
83 PR D27 1056 Blatt, Adair, Black, Campbell+ +ALE, BNL)
81 PR D23 2522 +Wiegand, Kessler, Deslattes, Seki+ (LBL, NBS+)

FA, + Fy, SUM OF AXIAL-VECTOR AND VECTOR FORM FACTOR FOR
K -+ cv~y
VALUE EVTS TECN COMMENT

0.1&+0.010 OUR AVERAGE
0.147+0.011 101 HEINTZE 79 SPEC K ~ eve
0 ~50+0 018—0.023 56 102 HEARD 75 SPEC K ~ eve

HFINTZE 79 quotes absolute value of (Fp + Fy )
sin8c. We use slniric ——y„s——0.2205.

HEARD 75 quotes absolute value of ~F~ + Fy (
sin&&. We use sin8& ——yu&

—0.2205.

ZPHY C10 215
PR D21 1750
PR D21 652
NP B148 53
NP B149 365
PR D15 22
NP B126 11
PL 70B 482
PR D15 574
NP 8114 387
PL 60B 393
LMC 17 521
PL 62B 485
PL 60B 302
NP B109 173
NP B115 55
PL 56B 201
NP B89 210
NP A254 381
PL 55B 324
PL 55B 327
PR 012 2570
NP B91 45
PR D9 1221
PL 51B 393
PR 010 776
Thesis unpub.
PR C9 2469
PR D9 107
PL 48B 474
PRL 30 500
PL 438 431
PRL 30 399
PL 47B 185
MP 889 210
PL 47B 182
NP B89 210
PR DS 3807
PR DB 1307
PRL 28 523
PRL 28 1287
PRL 23 326
PR DB 719
PR 08 727
PR DB 1989
PL 40B 699
NP B60 411
PRL 29 1118
PRL 28 1472
NC 12A 509
PRL 29 678
PR D6 1254
PRL 29 1274
PR 05 2720
PL 38B 335
NP B36 1
PL 36B 619
PL 36B 615
PR D4 2893
PR 03 10
PL 29B 691
PR D4 66
PRL 24 1086
PRL 25 473
PR 03 52
PL 36B 525
PL 36B 246
PL 36B 521
PL 32B 121
PR Dl 1452
PL 318 325
PRL 25 1370
CERN 70-14
PR Dl 229
PR Dl 1277
PRL 23 737
SJNP 10 678
Translated from YAF
PR 02 1205
PR 184 1380
PRL 20 955
PR 180 1333
PR 180 1319
PRL 23 393
PR 186 1403
UCRL 18433 TheA
PR 185 1676
PRL ]7 548
PRL 22 32
PR 183 1200
NC 60A 291
PR 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
PR 169 1090
PR 165 1487
PR 167 1225
Thesis
PR 155 1505
PR 09 3216

LYONS
MORSE
WHITMAN
BARKOV
HEINTZE
ABRAMS
DEVAUX
HEIMTZE
ROSSELET
BERTRAND
BLOCH
BRAUN
DIAMANT-. ..
HEINTZE
SMITH
WEISSENBE...
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
ANKENBRA. ..
AUBERT
BEIER
CHIANG
CLARK
EDWARDS
FORD
HOFFMASTER
BASILE
BOURQUIM
GINSBERG
HAIDT

Also
KLEMS

Also
Also

OTT
ROMANO
SCHWEINB. ..
STEINER
BARDIN
BECHERRAWY
BOTTERILL
FORD
GAILLARD
GINSBERG
GRAUMAN

Also
MAI.TSEV

81
80

79
79
77
77
77
77
76
76
76B
76
76
76
76
75
75
75
75
75B
75
75
74
74
74
73
74
74
74
73B
73
73
73B
75
73C
75
73
73
72
72
69
73
73B
73
72
73
72
72
72
72
72
72
72
72
72
71C
71
71
71
69
71
70
70B
71
71
71
71
70
70
70
70
70
70
70
69
70

70
69
68
69
69
69
69
69
69
66
69
69
69
69
68
71
688
68C

68
68

68

68
68
67
74

PANDOULAS
CUTTS

Also
DAVISON
ELY
EMMERSON
HERZO
KIJEWSKI
LOBKOWICZ

Also
MACEK
MAST
5ELLERI
ZELLER
BETTELS

Also
BOTTERILL
BOTTERILL
BUTLER
CHANG
CHEN
EICHTEM
EISLER
ESCHSTRUTH
GARLAND
MOSCOSO
AUERBACH

Also
Erratum.

BELLOTTI
BELLOTTI

Also
BISI
BOTTERILL

Also
BOWEN
CLIME

Proc. Inte
FLETCHER
FORD
GINSBERG
IMLAY

+Haddock, Helland, Pahly (UCLA, LRL)
(AACH, BARI, BERG, CERN, EPOL, NIJM, ORSAY+)

Haidt (AACH, BARI, CERN, EPOL, NIJM+)
+Brown, Ckgg, Corbett+ (OXF)
+Brown, Clegg. Corbett+ {OXF)
+Bland, Goldhaber, Goldhaber, Hirata+ (LRL)
+Yodh, Ehrlich, Piano+ (UMD, RUTG)
+Cutts, Kijewski, Stiening+ {LRL, MIT)

(AACH, BARI, CERN, EPOL, ORSAY, PADO, VALE)
yFung, Marateck, Meyer, Piano (RUTG)
+Franklin, Hughes+ (PRIM, PENN)
+Tslpis, Devons, Rosen+ (COLU. RUTG, WISC)

(ORSAY)
+Dobbs. Mann+ {PENN, PRIM)

Auerbach

Heidelberg Conf.
NC 52A 1287
PL 20 690
PL 25B 572
PRL 19 982
PR 171 1402
PR 154 1314

(MILA)
(MILA)
(MILA)
(TORI)
(OXF)
(OXF)
(PPA)

+Pullia
+Fiorini, Pullia

Bellotti Fiorini Pullia+
+Cester, Chiesa, Vigone
+Brown, Corbett, Culligan+

Botterill, Brown, Clegg, Corbett+
+Mann, McFarlane, Hughes+

67
67B
66B
&7
67
68
67B
67B Herceg Novi Tbl.

rnational School on Elementary Partick Physks.
67 PRL 19 98 +Beier. Edwards+
67 PRL 18 1214 +Lemonick, Nauenberg, Piroue
67 PR 162 1570
67 PR 160 1203

(ILL)
(PRIN)

(MASB)
(PRIN)+Eschstruth, Franklin+

+Albajar, Myatt (OXF)
+Lepuner, Larsen, Schmidt, Blatt+ (BNL, YALE)
+Abrams, Carroll, Kycia, Li+ (ILLC, BML, ILL)
+Vasserman, Zolotorev. Krupin+ (NOVO. KIAE)
+Heinzelmann, Igo-Kemenes+ (HEIDP, CERN)
+Carroll, Kycia, Li, Michael, Mockett+ (BNL)
+Bloch, Diamant-Berger, Maillard+ (SACL. GEVA)
+Heinzelmann, lgo-Kemenes+ (HEIDP, CERN)
+Extermann, Fischer, Guisan+ (GEVA. SACL)
+Sacton+ (BRUX, KIDR, DUUC, LOUC, WARS)
+Bunce, Devaux, Diamant-Berger+ (GEVA, SACL)
+Martyn, Erriquez+ (AACH3, BARI, BELG, CERN)

Diamant-Berger, Bloch, Devaux+ (SACL. GEVA)
+Heinzeimann, Igo-Kemenes, Mundhenke+ (HEIDP)
+Booth, Renshall, Jones+ (GLAS, LIVP, OXF, RHEL)

Weissenberg, Egorov, Minervina+ (ITEP, LEBD)
+Brehin, Bunce, Devaux+ (SACL. GEVA)
+Cornelssen+ (AACH3, BARI, BRUX, CERN)
+Asano, Chen, Dugan, Hu, Wu+ (COLU, YALE)
+Heintze, Heinzelm ann+ (CERN, HEIDH)
+Heintze, Heinzelmann+ (CERN, HEIDH)

(WISC)
+Booth, Renshall, Jones+ (GLAS, LIVP, OXF, RHEL)
+Roe, Sinclair (MICH)
+Cornelssen, Martyn+ (AACH3, SARI, BRUX, CERN
+Harris, Jones, Morgado+ (HAWA, LBL, WISC

Clarke (WISC
(WYOM)

+Kasha, Wanderer, Adair+ (YALE, BNL, LASL)
Werssenberg, Egorov, Mrnervina+ (ITEP, LEBD)

+Carroll, Kyda, I.i, Menes, Michael+ (BML)
Backenstoss+ (CERN, KARLK, KARLE, HEID, STOH)

+Buchholz, Mann, Parker, Roberts (PENN)
+Cornelssen (AACH3, BARI, BRUX. CERN)

Braun, Corneissen+ (AACH3, BARI, BRUX, CERN)
+Cornelssen (AACH3, BARI, BRUX, CERN)

Braun, Cornelssenp (AACH3. BARI, BRUX, CERN)
+Hildebrand, Pang, Stiening (EFI, LBL)
+Cline (WISC)

Ljung (WISC)
Cline, Ljung (WISC)
Camerini, Ljung, Sheaff, Cline (WISC)

+Taft, Willis {YALE)
+Taft, Willis (YALE)
+Hrldebrand, Cable, Strening (EFI, ARIZ, LBL)

Cable, Hildebrand, Pang, Stlening (EFI, LBL)
+Booth, Renshall, Jones+ (GLAS, LIVP, OXF, RHEL)
+Carroll, Kycia, Li, Menes, Michael+ (BNL)

Ankenbrandt, Larsenp (BNL, LASL, FNAL, YALE)
+Heusse, Pascaud, Vialle+ (ORSAY, BRUX, EPOL)
+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 (PRIN)
+Koller, Taykrry (STEV, SETO. LEHI)
+Brehin, Diamant-Berger, Kunz+ (SACL, GEVA)
+Boymond, Extermann, Marasco+ (GEVA. SACL)

(MIT)
(AACH, BARI, CERN, EPOL. NIJM+)

Haldt+ (AACH. BARI, CERN, EPOL, NIJM, ORSAY+)
+Hildebrand, Stiening (CHIC, LRL)

Klems, Hildebrand, Stiening (LRL. CHIC)
Klems, Hildebrand, Stiening (LRL, CHIC)

+Prltchard (LOQM)
+Renton, Aubert, Burban-Lutz (BARI, CERN, ORSAY)

Schweinber ger (AACH, BELG, CERN, NIJM+)
(AACH, SARI, CERN, EPOL, ORSAY, NIJM, PADO+)

+Bilenky, Pontecorvo (JINR
(ROCH

+Brown, Clegg, Corbett, Culllgan+ (OXF
+Piroue, Remmel, Smith, Souder (PRIN)
+Chounet (CERN, ORSAY)

(HAIF)
+Koller, Taylor, Pandoulas+ (STEV, SETO, LEHI)

Grauman, Koller, Taylor+ (STEV, SETO, LEHI)
+Pestova, Solodovnikova, Fadeev+ (JINR)

10 1195.
+Taylor, Kolkr, Grauman+ (STEV, SETO)
+Stiening, WIegand, Deutsch (LRL, MIT)

Cutts, Stiening, Wiegand, Deutsch (LRL, MIT
+Bacastow, Barkas, Evans, Fung, Porter+ (UCR
+Gidal, Hagopian, Kalmus+ (LOUC, WISC, LRL
+Quirk (OXF)
+Banner, Beier, Bertram, Edwards+ (ILL)

(LBL)
+Melissinos, Nagashima, Tewksbury+ (ROCH, BNL)

Lobkowicz, Mellsslnos, Nagashima+ (ROCH, BML)
+Mann, McFarlane, Roberts+ (PENN, TEMP)
+Gershwin, Alston-Garnjost, Bangerter+ (LRL)
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KALMUS
ZINC HENKO
CALLAHAN
CALLAHAN
CESTER

See footn
Also

BIRGE
BISI
BISI
BORREANI
CALLAHAN
CAMERINI
CLINE
CUTTS
DE MARCO
FITCH
GREINER
STAMER
TRILLING

Updated f
YOUNG

Also
BORREANI
CALLAHAN
CAMERINI
CLINE
GIACOMELLI
GREINER
JENSEN
KALMUS
SHAKLEE
BARKAS
BOYARSKI
BROWN
BARKAS
BHOWMIK
FERRO-LUZZ I

NORDIN
ROE
FREDEN
BURROWES
TAYLOR
EISENBERG
ALEXANDER
COHEN
COOM BES
BIRGE
1[.OFF

67
e7
66
66B
66

ote 1 in

67
65
65
65B
65
65
65
65
eS
65
65B
65
65
65B

rom 19
65
67
64
64
e4
64
64
e4
64
64
64
63
62
62B
61
61
61
61
61
60B
59
59
58
57
57
57
56
56

PR 159 1187
Rutgers Thesis
NC 44A 90
PR 150 1153
PL 21 343
AUERBACH 67.

PR 155 1505
PR 139B 1600
NC 35 768
PR 139B 1068
PR 1408 1686
PRL 15 129
NC 37 1795
PL 15 293
PR 138B 969
PR 140B 1430
PR 1408 1088
ARMS 15 67
PR 138B 440
UCRL 16473

65 Argonne Conference,
UCRL 16362 Thesis
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 ll 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 114 359
NC 8 663
NC 6 478
Fund. Cons. Phys.
PR 108 1348
NC 4 834
PR 102 927

+Kernan

+Camerini+
+Eschstruth. Oneill+

(LRL}
(RUTG)
(wise}

(WISC, LRL, UCR, BARI)
(PPA)

Auerbach, Dobbs, Mann+
+Ely, Gidal ~ Camerini, Cline+
+Borreani, Cester, Ferrafo+
+Borreani, Marzari-Chiesa, Rinaudo+
+Gidal ~ Rinaudo, Caforio+
+Cline
+Cline, Gidal, Kalmus, Kernan
+Fry
+Elioff, Stiening
+Grosso, Rinaudo
+Quarles, Wilkins

+Huettef, Koller, Taylor, Grauman

page S.

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, Heckman
+Loh, Niemela, Ritson
+Kadyk, Trilling, Roe+
+Dyer, Mason, Norris, Nickols, Smit
+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, Lafnbertson, Wenzel
+Perkins, Peterson, Stork, Whitehead
+Goldhaber, Lannutti, Gilbert+

{PENN, PRIN)
(LRL, WISC)

(TORI)
(TORI)

(BARI, TORI}
(WISC)

(WISC, LRL)
(WISC)

(LRI.)
(TORI, CERN)

(PRIN, MTHO)
(LRL)

(STEV)
(LRL)

{LRL)
(LRL}

(TORI)
(WISC)

{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)

{TRIU)BRYMAN 89 IJMP A4 79
"Rare Kaon Decays"

CHOUNET 72 PRPL 4C 199
FEARING 70 PR D2 S42
HAIDT 69B PL 29B 696
CRONIN 68B Vienna Conf. 241

Rapporteur talk,
WILLIS 67 Heidelberg Conf. 273

Rapporteur talk.
CAB[BBO 66 Berkeley Conf. 33
ADAIR 64 PL 12 67
CABIBBO 64 PL 9 352

Also 64B PL ll 360
Also 65 PL 14 72

BIRGE 63 PRL 11 35
BLOCK 62B CERN Conf. 371
BRENE 61 NP 22 553

+Gaillard, Gaillard (ORSAY, CERN)
+Fischbach, Smith {STON, BOHR)
+ (AACH, BARI, CERN, EPOL, NIJM, ORSAY+)

{PRIN)

(YALE)

(CERN)
(YALE, BNL)

(CERN)
(CERN)
(CERN}

(LRL, WISC, BARI)
{NWES, BGNA)

(NORD)

+Leipuner
+Maksym owicz

Cabibbo, Maksymowicz
Cabibbo, Maksymowicz

+Ely, Gidal, Camerini+
+Lendinara, Monafi
+Egardt, Qvist

0 l(Jp) = p~(0 )

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

Irnrre Ee I & maveraea

A test of CPT invariance.

VALUE

&e x 10-» OUR EVALUATION

DOCUMENT ID

BARKOV

BARKOV

HILL
FITCH
BALTAY
BURNSTEIN
KIM
CHRISTENS. ..
CRNVFORD
ROSENFELD

87B SJNP 46 630
Translated from

85B JETPL 42 138
Translated from

68B PR 168 1534
67 PR 164 1711
66 PR 142 932
65 PR 138B 895
65B PR 140B 1334
64 PRL 13 138
59 PRL 2 112
59 PRL 2 110

K REFERENCES

+Vasserman, Vorobev, Ivanov+
YAF 46 1088.

+Blinov, Vasserman+
ZETFP 42 113.

+Robinson, Sakitt, Canter
+Roth, Russ, Vernon
+Sandweiss, Stonehill+
+Rubin
+K]rsch, Miller

Christenson, Cronin, Fitch, Turlay
+Cresti, Good, Stevenson, Ticho
+Solmitz, Tripp

(Novo)

(Novo)

(BNL, CMU)
(PRIN)

(YALE, BNL)
(UMD)

(COLU)
(PRIN)

(LRL)
(LRL)

Ks f(~ ) = (o )

Idg MEAN LIFE

For earlier measurements, beginning with BOLDT 5&B, see our our 1986
edition, Physics Letters 1708 130 (1986).

TECNVALUE{10 10 s} EVTS DOCUMEN T ID

O.a&e+0I2 OUR AVFAAIE
0.8929+0.0016 GIBBONS 93 E731
0.8920+0.0044 224k GROSSMAN 87 SPEC
0.881 +0.009 26k ARONSON 76 SPEC
0.891360.0032 1 CARITHERS 75 SPEC
0.8937+0.0048 6M GEWENIGER 74B ASPK
0.895860.0045 Sok 2 SKJEGGEST... 72 HBC
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.905 +0.007 3 ARONSON 82B SPEC
0.867 +0.024 2173 4 FACKLER 73 OSPK
0.856 +0.008 19994 5 DONALD 6&B HBC

0.872 +0.009 20000 5r6 HILL 68 DBC
0.866 +0.016 ALFF-... 66B OSPK
0.843 +0.013 5000 5 K IRSCH 66 HBC

CARITHERS 75 value is for mK0 —mKO Zk(m) = 0.5348 4 0.0021. The h, (m)
L 5

dependence of the total decay rate (inverse mean life) ls t(K0S) = [(2.122 +
0.004)+0.16(4(m)-0.5348)/b, (m)]10 /s. Value would not change with our current
6(m) = 0.5349 4 0.0022.

2HILL 68 has been changed by the authors from the published value (0.865 k 0.009)
because of a correction in the shift due to g+ . SKJEGGESTAD 72 and HILL 68 give

detailed discussions of systematics encountered in this type of expcrimcnt.

ARONSON 82 find that K mean life may depend on the kaon energy.S
4 FACKLER 73 does not include systematic errors.

Pre-1971 experiments are excluded from the average because of disagreemcnt with later
more precise experiments.

6 HILL 68 has been changed by the authors from the published value (0.865 6 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.

K MASS

DOCUMENT ID TECN COMMENTVAL UE (MeV}

49?.6' +0.0$1 OUR
49?.672+0IOUR

497.661+0.033
497.742 +0.085
~ ~ 4 We do not Use

497.44 +0.50
498.9 +0.5
497.44 +0.33
498.1 +0.4

EVTS

FIT
AVERAGE

3713
780

BARKOV &7B CMD

BARKOV 85B CMD

the following data for averages, fits, limits,

FITCH 67 OSPK
4500 BALTAY 66 H BC
2223 KIM 65B HBC

CHRISTENS. .. 64 OSPK

e+e ~ K K
8+8 KcKs
etC. ~ o ~

K from pp
KO from pp

I2
I3
l4

r6
f7

&

Mode

7r+ n.

~+~ ~
"f y

7r+7-70
37ro

7r+e~ V

p,+ v

s DECW MODES

Fraction (I ~/I )
Scale factor(

Confidence level

S=1.2
S=1.2

CL=9o%
CL=904/4

S=1.3
S=1.2

(68.61+0.28) %
(31.39+0.28) /4

Ia, b] ( 1.78+0.05) x 10

( 2.4 +1.2 ) x 10
&5 x 10

3.7 x 1O-5

fc) ( 6.68+0.10) x 10

[c) ( 4.66+0.07}x 1O
—4

3.95 +0.21
3.90 +0.25

3.71 k 0.35
5.4 + 1.1
3.9 +0.6

417
9
7

HILL 6&B DBC
BUR N STEIN 65 H BC
KIM 65B HBC
CRAWFORD 59 HBC
ROSENFELD 59 HBC

VALUE f MeV} EVTS DOCUMEN T ID TECN

3.095+0.034 OUR FIT Error includes scale factor of 1.1.
~ ~ ~ We do not use the following data for averages, fits, limits, etC. ~ ~ ~

+ K+6 ~ KOpp

P P
t 10 e+e
i 11 1r e e

6S= 1~k neutral current (SZ) modes
Sz ( 3.2 x 10
SI ( 10 x 10

Sz 1.1 x 1O-6

CL=9O4/

CL=90%
CL=904/4

[a] See the Full Listings below for the energy limits used in this measurement.

[b] Most of this radiative mode, the low-momentum p part, is also inciuded

in the parent mode listed without y's.

[c] Calculated from Kot semileptonic rates and the Kos lifetime assuming d S
= hQ.
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I (v+d+v)

Ks DECAY RATES

r7
VALUE(10 s ) DOCUMENT ID TECN COMMENT

7AI+0.11 OUR EVALUATION Error includes scale factor of 1.3. From KOL measure-

ments, assuming that dS = 4Q In K decay so that
I (KO r+e+v) = I (KO x+e+v).S L

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

seen BURGUN 72 HBC K+p ~ K pe+
9.3 +2.5 AUBERT 65 HLBC CS=AQ, CP cons. not

assumed

r(sobs+ v)
VALUE (106 s-1) DOCUMENT ID

1M+0.0$ OUR EVALUATION Error includes scale factor of 1.2. From KL measure-

ments, assuming that hS = Kq In K decay so that
I"(K s r+Ig+v) = I (K ~ x+Ig+v).S L

r(v+ v-)/r~t

Ks BRANCHING RATIOS

VALUE EVTS DOCUMEHT ID TECH COMMENT

O.SSC1+0.~OUR FIT Error includes scale factor of 1.2.
0.171 +OAl10 OUR AVERNIE
0.670 +0.010 3447 7 DOYLE 69 HBC ~ p A KO

0.70 +0.08 COLUMBIA 60e HBC
0.68 +0.04 CRAWFORD 598 HBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.740 +0.024 7 ANDERSON 621 HBC

7Anderson result not published, events added to Doyle sample.

l (d+v )/r(sr srtt)
VALUE EVTS DOCUMEHT ID TECN COMMEHT

2.1$$+OAM OUR FIT Error Includes scale factor of 1.2.
2.1%7+OARS OUR AVEIIAOE

2.11 +0.09 1315 EVERHART 76 WIRE ~ p ~ AK
2.169+0.094 16k COWELL 74 OSPK s p ~ AKO

2.16 +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 728 DBC K+n ~ K p
2.10 +0.11 701 NAGY 72 HLBC K+n ~ K p
2.22 +0.095 6150 BALTAY 71 HBC Kp ~. K neutrals
2.282 +0.043 7944 MOFFETT 70 OSPK K+n ~ K p
2.10 +0.06 3700 MORFIN 69 HLBC K+n ~ KOp
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.12 +0.17 267 9 BOZOKI 69 HLBC
2.285+0.055 3016 11 GOBBI 69 OSPK K+ n -s K p

8The directly measured quantity is KS ~ ~+ ~ /all KO = 0.345 + 0.005.
9 NAGY 72 is a final result which includes BOZOKI 69.

The directly measured quantity is K ~ ~++ /all ~K = 0.345 + 0.005.S
MOFFETT 70 is a final result which includes GOBBI 69.

r(PP}/r~t

CONSTRAINED RT INFORMATION

An overall fit to 3 branching ratios uses 17 measurements and one
constraint to determine 2 parameters. The overall fit has a X
16.5 for 16 degrees of freedom.

The following off diagonal array elements are the correlation coefficients

(bx;bx&)/(bx; bx&), in percent, from the lit to the branching fractions, x;
I s/I total The fit constrains the x; whose labels appear in this array to sum to

one.

x2 I
-too

X1

WEIGHTED AVERAGE
0.318~0.014 (Error scaled by 1.3)

Values above of weighted average, error,
and scale factor are b ~ 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
utlizing measurements of other (related)
quantities as addNional informaIIon.

0.1 02

il
g. V.

V'
'V
AJ

0.3 0.4

BROWN
CHRETIEN
BROWN
BAGLIN
CRAWFORD

83 HLBC
83 HLBC
81 HLBC
80 HLBC
59B HBC

X
1.8
1.8
02
0.9
02

0.5

4.9
(Confidence Level 0.300)

g

0.8

r( )/rt t i

r(v+v y)/r(v+v )
VALUE(units 10 3) EVTS DOCUMENT ID

2.40+0.0I 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~ y50 MeV/c
3.3 +1.2 10 WEBBER 70 HBC p& )50 MeV/c
no ratio given 27 BELLOTTI 66 HBC p& )50 MeV/c
~ ~ o 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 14 BOBISUT 74 HLBC p& )40 MeV/c

12TAUREG 76 find direct emission contribution (0.06, CL = 904/.
13BURGUN 73 estimates that direct emission contribution is 0.3 + 0,6.
14 BOBISUT 74 not Included in average because p cut differs. Estimates direct emission'y

contribution to be 0.5 or less, CL = 95%.

TECN COMMEHT

r(my)/rtetat
VALUE (units 10 3) CL f/b EVTS DOCUMEHT ID TECH COMMENT

OAQR4+OAO12 19 BURKHARDT 87 NA31
~ ~ ~ We do not use the folkwlng data for averages, fits, limits, etc. ~ ~ ~

& 0.013 90 BALATS 89 SPEC( 0.133 90 BARMIN 868 XEBC( 0.2 90 VASSERMAN 86 CALO Q ~ KS KL
& 0.4 90 0 BAR MIN 738 HLBC
& 0.71 90 0 BANNER 728 OSPK
& 2.0 90 0 MORSE 728 DBC
& 2.2 90 0 REPELLIN 71 OSPK
g21.0 90 0 15 BANNER 69 OSPK

These limits are for maximum interference in K -K to 2y's.S L

r(v+ v-H)/rhea„

I e/I

VALUE(units 10 4) CL% DOCUMENT IO TECN COMMENT

~.1$ 90 METCALF 72 ASPK
u ~ e We do not use the following data for averages, fits, limits, etc. e e ~

(0.49 90 16 BARMIN 85 HLBC K+ 850 MeV

teBARMIN $5 assumes that cp allowed snd cp--violating amplitudes sre equally sup-
pressed.

r(sP)/rhd, t

VALUE(units 10 4) CL g DOCUMENT ID TECN

90 BAR MIN 83 HLBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(4.3 90 BAR MIN 73 HLBC

VALUE

08180+0:::OUR
0.$14 +0.014 OUR

0.335 +0.014
0.288 +0.021
0.30 +0.035
0.26 +0.06
0.27 +0.11

EVTS DOCUMENT ID TECH

FIT Error includes scale factor of 1.2.
AVEIRACiE Error includes scale factor of 1.3. See the Ideogram

below.
1066 BROWN 63 HLBC
198 CHRETIEN 63 HLBC

BROWN 61 HLBC
BAGLIN 60 HLBC
CRAWFORD 59B HBC

I (bs+bs )/I (s+d )
Test for 4S= 1 weak neutral current. Allowed by first-order weak interaction combined
with electromagnetic interaction.

VALUE(units 10 S) CL% DOCUMENT ID TECH

& 0.047 90 GJESDAL 73 ASPK
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ 0 ~

&20.0 90 BOHM 69 OSPK
1.07 90 HYAMS 69B OSPK

(32.6 90 17 STUTZKE 69 OSPK
(10.0 90 BOTT-... 67 OSPK

Value calculated by us, using 2.3 instead of 1 event, 90+ CL.
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r(e+ c-)/r(s+s-) rto/rt

NOTE ON CP VIOLATION IN Kg 3~

(by T. Nakada, Paul Scherrer Institute and L. Woifenstein,
Carnegie-Mellon University)

The possible final states for the decay K -+ sr+~ x 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
symmetry, but they are expected to be strongly suppressed by

centrifugal barrier effects. The I = 1 and I = 3 states, which

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 —+ m+x x, it is

necessary to observe the interference between Kg and KL,

decay, which determines the amplitude ratio

A(Ks ~'~ ~P)

A(KI, sr+sr-tro)
'

If g+ 0 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+ 0 is entirely due to CP
violation.

Only I = 1 and I = 3 states, which are CP = —1, are

allowed for K —+ x n n decays and the decay of Kg into 3~

is an unambiguous sign of CP violation. Similarly to g+ 0, g000

is defined as

A(Kg ~ trotrotro)

A(KI. trotrotro)

If one assumes that CPT invariance holds and that there

are no transitions to I = 3 (or to nonsymmetric I = I states),

it can be shown that

I+—0 9000

.IIQ ay= a+i
Re a1

With the Wu-Yang phase convention, a1 is the weak decay

amplitude for K0 into I = 1 final states; ~ is determined from

CP violation in KL, -+ 2n. decays. The real parts of g+ 0 and

tlppp are equal to Re(d). Since currently-known upper limits

on (tI+ p) and )tIppp) are much larger than [d(, they can be

interpreted as upper limits on Im(tI+ p) and Im(tlppp).

Test for GS = 1 weak neutral current. Allowed by first-order weak Interaction combined

with electromagnetic interaction.

VAL UE (units 10 ) CL% DOCUMENT ID TECN

& 1.I 90 BARMIN 86 XEBC
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ e I
&16.0 90 18 BITSADZE 86 CALO

&50.0 90 BOHM 69 OSPK

18 Use B(~+~ ) = 0.6861.

r(so e+ s-)/rtotat
Test for dntS = 1 weak neutral current. Allowed by first-order weak interaction combined

with electromagnetic interaction.

VALUE (units 10 6) CL g EVTS DOCUMENT ID TECN

( 1.1 90 0 BARR 938 NA31

~ ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ ~

&45 90 GIBBONS 88 E731

Kg REFERENCES

BARR
GIBBONS
RAMBERG
BALATS

GIBBONS
BURKHAROT
GROSSMAN
BARMIN

BAR MIN
BITSAOZE
PDG
VASSERMAN

BAR MIN
Also

BARMIN
Also

ARONSON
ARONSON

Also
Also
Also

ARONSON
EVERHART
TAUREG
BALOO-. ..
CARITHERS
BOBISUT
COWELL
GEWENIGER
GJESDAL
BARMIN
BARMIN
BURGUN
FACKLER
GJESDAL
HILL
MALLARY
ALITTI
BANNER
BURGUN
JAMES
JONES
METCALF
MORSE
NAGY

Also
SKJEGGEST.
BALTAY

Also
CHO
JAMES
MEISNER
RFPELLIN
MOFFETT
WEBBER

Also

938 PL 8304 381
93 PRL 70 1199
93 PRL 70 2525
89 SJNP 49 828

Translated from
88 PRL 61 2661
87 PL 8199 139
87 PRL 59 18
86 SJNP 44 622

Translated from
868 NC 96A 159
86 PL 1678 138
868 PL 1708 130
&6 JETPL 43 588

Translated from
85 NC 85A 67
858 SJNP 41 759

Translated from
83 PL 1288 129
84 SJNP 39 269

Translated from
82 PRL 48 1078
828 PRL 48 1306
828 PL 1168 73
83 PR D28 476
838 PR 028 495
76 NC 32A 236
76 PR D14 661
76 PL 658 92
?5 NC 25A 688
75 PRL 34 1244
74 LNC 11 646
74 PR D10 2083
748 PL 488 487
748 PL 528 119
73 PL 468 465
738 PL 478 463
73 PL 468 481
73 PRL 31 847
73 PL 448 217
73 PR D8 1290
73 PR D7 1953
72 PL 398 568
728 PRL 29 237
72 NP 850 194
72 NP 849 1
72 NC 9A 151
72 PL 408 703
728 PRL 28 388
72 NP 847 94
69 PL 308 498
72 NP 848 343
71 PRL 27 1678
71 Nevis 187 Thesis
71 PR D3 1557
71 PL 358 265
71 PR D3 59
71 PL 368 603
70 BAPS 15 512
70 PR Dl 1967
69 UCRL 19226 The

+Buchholz+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Barker, Brlere, Makom+ (FNAI. E731 Collab. )
+Bock, Coleman, Enagonio, Hsiung+ (FNAL E731 Collab. )
+Berezin, Bogdanov, Vishnevskii, Vishnyakov+ (ITEP)

YAF 49 1332.
+Papadimitriou+ (FNAL E731 Collab. )
+ (CERN, EDIN, MANZ, LALO, PISA. SIEG)
+Heller, James, Shupe+ {MINN. MICH, RUTG)
+Barylov, Oavidenko, Demidov+ (ITEP)

YAF 44 965.
+Barylov, Chistyakova, Chuvilo+ (ITEP, PAOO)
+Budagov (CMNS, SOFI, SERP, TBIL, JINR, BAKU+)

Aguilar-Benitez, Porter+ (CERN, CITy)
+Golubev, Gluskin, Druzhinin+ {NOVO)

ZETFP 43 457.
+Barylov, Chistyakova, Chuvilo+ (ITEP, PAOO)

Barmin, Barylov, Volkov+ (ITEP)
YAF 41 1187.

+Barylov, Chistyakova, Chuvilo+ (ITEP, PADO)
Barmin, Barylov, Golubchikov+ (lTEP, PADO)

YAF 39 428.
+Bernstein+ {BNL, CHIC, STAN, WISC)
+Bock, Cheng, Fischbach (BNL, CHIC, PURO)

Fischbach, Cheng+ (PURD. BNL, CHIC)
Aronson, Bock, Cheng+ (BNL, CHIC, PURO)
Aronson, Bock, Cheng+ (BNL, CHIC, PURO)

+Mclntyre, Roehrig+ (WISC, EFI, UCSD, ILLC)
+Kraus, Lande, Long, Lowenstein+ (PENN)
+Zech, Dydak, Navarria+ (HElDH, CERN. DORT)

Baldo-Ceolin, Bobisut, Calirnani+ (PADO, WISC)
+Modis, Nygren, Puny (COLU, NYU)
+Huzita, Mattioli, Puglierin (PA DO)
+Lee-Franzini, Orcutt, Franzlni+ (STON, COLU)
+Gjesdal, Presser+ (CERN, HEIDH)
+Presser, Steffen+ (CERN, HEIDH)
+Barylov, Oavidenko, Demidov+ (ITEP)
+Barylov, Davidenko, Oemidov+ (ITEP)
+Bertranet, Lesquoy, Muller, Pauli+ (SACL, CERN)
+Frisch, Martin, Smoot, Sompayrac (MIT)
+Presser, Steffen, Steinberger+ (CERN. HEIDH)
+Sakitt, Samios, Burris, Engler+ (BNL, CMU)
+Binnie, Galtivan, Gomez. Peck, Sciulli+ (CIT}
+Lesquoy, Muller (SAC L)
+Cronin, Hoffman, Knapp, Shochet (PRIN)
+Lesquoy, Muller, Pauli+ (SACL CERN OSLO)
+Montanet, Paul, Saetre+ (CERN, SACL. OSLO)
+Abashian, Graham, Mantsch, Orr, Smith+ (ILL)
+Neuhofer, Niebergall+ (CERN, IPN, WIEN)
+Nauenberg, Bierman, Sager+ (COLO, PRIN, UMD)
+Telbisz, Vestergombi (BUDA)

Bozoki, Fenyves, Gombosi, Nagy+ (BUDA)
Skjeggestad, James+ (OSLO, CERN, SACL)

+Bridgewater, Cooper, Gershwin, Habibi+ {COI.U)
Cooper (COLU)

+Oralle, Canter, Engler, Fisk+ (CMU, BNI., CASE)
+Montanet, Paul, Pauli+ {CERN SACL OSLO)
+Mann, Hertzbach, Kofler+ (MASA. BNL, YALE)
+Wolff, Chollet, Gaillard, Jane+ (ORSAY, CERN)
+Gobbi Green Hakel Rosen (ROC H)
+Solmitz, Crawford, Alston-Garnjost (LRL)

sis Web ber (LRL)

CR VIOLATION PARAMETERS lN Ks DECAY

Im(e~p)s = r(Ks s+s sr, CRvhlatlng) / I (Kz ~ sr+sr ttp)
CPT assumed valid {I.e. Re(r)+ 0) 0).

VALUE CL% EVTS DOCUMENT ID TECN COMMENT

&0.12 90 384 METCALF 72 ASPK
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

&Q.23 90 601 19 BARMIN 85 HLBC K+ 850 MeV

&1.2 90 192 BALDO-. .. 75 HLBC

&0.71 90 148 MALLARY 73 OSPK Re(A)= —005 + 017
&0.66 9Q 180 JAMES 72 HBC

& 1.2 90 99 JONES 72 OSPK
&1.2 90 99 CHO 71 DBC
&1.0 90 98 JAMES 71 HBC Incl. In JAMES 72

&1.2 95 50 20 MEISNER 71 HBC CL 90% not avail.

&0.8 90 T1 WEBBER 70 HBC

&0.45 9Q 8EHR 66 HLBC

&3.& 90 18 ANDERSON 65 HBC Incl. In WEBBER 70

BARMIN 85 find Re(g+ 0) = {0.05 6 0.1T) and Im(ri+ 0}= (0.15+0.33). Includes

events of BALDO-CEOLIN TS.
These authors find Re(A) = 2.75 + 0.65, above value at Re(A} = Q.

(tn(ep(ts)s = r(irps slap) / r(N M)
CPT assumed valid (i.e. Re(rrpppI Pi. This iimtt determines branching ratio

I ( ~ )/'I total above.
VALUE CL S EVTS DOCUMEN T ID TECN COMMEN T

&0.1 90 632 21 BAR MIN 83 HLBC

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ u

&0.28 90 22 GJESDAL 748 SPEC Indirect rneas.

& 1.2 90 22 BA R MIN 73 HLBC

BARMIN 83 find Re(qf)00) = (-0,08 4 0.18) and Im(r/000) = (—0.05 +0.27). Assuming

CPT lnvarlance they obtain the limit quoted above.
GJESDAL 748 uses K2sr, K 3, and Ke3 decay results, unitarity, and CPT. Calculates

~{g000)~

= 0.26 + 0.20. We convert to upper limit.
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BANNER
BOHM
BOZOKI
DOYLE
GOBBI
HYAMS
MORFIN
STUTZKE
DONALD
HILL
BOTT-...
ALFF-...
BEHR
BELLOTTI
KIRSCH
ANDERSON
AU BERT
BROWN
CHRETIEN
ANDERSON
BROWN
BAGLIN
COLUMBIA
CRAWFORD
BOLDT

69 PR 188 2033
69 Thesis
69 PL 308 498
69 UCRL 18139 Thesis
69 PRL 22 682
698 PL 298 521
69 PRL 23 660
69 PR 177 2009
688 PL 278 58
68 PR 171 1418
67 PL 248 194
668 PL 21 595
66 PL 22 540
66 NC 45A 737
66 PR 147 939
65 PRL 14 475
65 PL 17 59
63 PR 130 769
63 PR 131 2208
628 CERN Conf. 836
61 NC 19 1155
60 NC 18 1043
608 Rochester Conf. 727
598 PRL 2 266
588 PRL 1 150

(PRIN)
(AACH)

+Fenyves, Gombosi, Nagy+ (BUDA)
(LRL)

+Green, Hakel, Mofrett, Rosen+ (ROC H)
+Koch, Potter, VonLindern, Lorenz+ (CERN, MPIM)
+Sinclair (MICH)
+Abashian, Jones, Mantsch, Orr, Smith (ILL)
+Edwards, Nisar+ (LIVP, CERN, IPNP, CDEF)
+Robinson, Sakitt+ (BNL, CMU)

Bott-Bodenhausen, DeBouard, Cassel+ (CERN)
Alfr-steinberger, Heuer, Kleinknecht~ (CERN)

+Brisson, Petiau+ (EPOL, MILA, PADO, ORSAY)
+Pullia, Baldo-Ceolin+ (MILA, PADO)
+Schmidt (coLU)
+Crawford, Golden, Stern, Binfordy (LRL, WISC)
+Behr, Canavan, Chounet+ (EPOL. ORSAY)
+Kadyk, Trilling, Roe+ (LRL, MICH)
+ (BRAN, BROW, HARV, MIT)
+Crawrord+ (LRL)
+Bryant, Burnstein, Glaser, Kadyk+ (MICH)
+Bloch, Brisson, Hennessy+ (EPOL)

Schwa rtz+ (COLU)
+Cresti, Douglass, Good, Ticho+ (LRL)
+Caldwell, Pal (MIT)

+Cronin, Liu, Pi]cher

OTHER RELATED PAPERS

LITTENBERG 93 ARNPS 43 729 +Valencia
Rare and Radiative Kaon Decays

BATTISTON 92 PRPL 214 293 +Cocolicchio, Fogli, Paver
Status and Perspectives of K Decay Physics

TRILLING 658 UCRL 16473
Updated from 1965 Argonne Conference, page 115.

CRAWFORD 62 CERN Conf. 827
FITCH 61 NC 22 1160 +Piroue, Perkins
GOOD 61 PR 124 1223 +Matsen, Muller, Piccionip
BIRGE 60 Rochester Conf. 601 +Ely+
MULLER 60 PRL 4 418 yBIrge, Fowler, Good, Piccioni+

(BNL, FNAL)

(PGIA, CERN. TRSTT)

(LRL)

(LRL)
(PRIN, LASL)

(LRL)
(LRL, WISC)
(LRL, BNL)

0
L

f(~)=s(o )

m~ —m~
$

For earlier measurements, beginning with GOOD 61 and FITCH 61, see
our our 1986 edition, Physics Letters 170B 132 (1986).

~L MEAN LIFE

VALUE (10 s) EVTS TECN

F17 +044 OUR RT
5.1$ +OAR OUR AVERAGE
5.154+0.044 0.4M VOSBURGH 72 CNTR
5.15 +0.14 D EVL IN 67 CNTR
~ ~ ~ We do not use the following data for averages, fIts, limits, etc. ~ ~ ~

5.0 +0.5 6 LOWYS 67 HLBC

—12 1700 ASTBURY 65C CNTR

5.3 +0.6 FUJII 64 OSPK

5.1 +1 3 DARMON 62 FBC

8.1 +2 4 34 BARDON

65um of partial decay rates.

DOCUMENT ID

15

58 CNTR

VALUE (1010 I's s-1) DOCUMENT ID TECN COMMENT

0-5~+0.uur OUR AVERAGE Error includes scale factor of 1.2.
0.5257 +0.0049 t1GIBBONS 93C E731 20-160 GeV K beams
0.5340+0.00255+0.0015 GEWENIGER 74C SPEC Gap method
0.5334+0.0040 +0.0015 2 GJESDAL 74 SPEC Charge asymmetry
0.542 +0.006 CULLEN 70 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.528660.0028 3 GIBBONS 93 E731 20-160 GeV K beams t
0.482 +0.014 ARONSON 828 SPEC E=30-110GeV
0.534 +0.007 5 CARNEGIE 71 ASPK Gap method
0.542 +0.006 5 ARONSON 70 ASPK Gap method

t GIBBONS 93C fits 4(m) and 4+ . FInds above O(m) and 4+ —(42.2 6 1.4)o.
These two experiments have a common systematic error due to the uncertainty in the
momentum scale, as pointed out In WAHL 89.

3 GIBBONS 93 value assume |t+ —
$00 —QSW = (43.7 + 0.2) .

t
4ARONSON 82 find that 4(m) may depend on the kaon energy.

ARONSON 70 and CARNEGIE 71 use KS mean life = (0.862 4 0.006) x lo s. We

have not attempted to adjust these values for the subsequent change in the KpS mean
life or in f7+

Mode

K~ DECAY MODES

Fraction (I l/I )
Scale factor/

Confidence level

r1 3&0

r &+&-&0
r x+ p,+v3

Called K„3.0

f4 x p+v~
P5 7r p v~

x+e+v
Called K 3.

l 7 x e ve
rS n+e v,
I9 2P
r10 xo 2Pr„vox+e~ v
I t2 (sr)saturn)v
I 13 x+e+vep
r14 X+X-P
r,5

(21.6 +0.8 ) %
(12.38+0.21) %

[a] (27.0 +0.4 ) %

[a] (38.7 +0.5 ) %

( 5.73+0.27) x 10 4

[b) ( 1.70+0.28) x 10

[a) ( 5.18+0.29) x 10 5

( 1.05+0.11) x 10

[a,b,c) ( 1.3 +0.8 )%
[b,c] ( 4.61+0.14) x 10

5.6 x 10 6

5=1.5
S=1.5
S=1.3

S=1.4

S=2.0

l16
~17
l18

i 20

l24
25

i 26

l28
i 29

Charge coa(]agatha x Parity (CP) or Lepton Family number (LF)
sdolatlng modes, or hS = 1 mak neutral current (SX) modes

x+x CPV ( 2.03+0.04) x 10
~oxo CPV ( 9.14+0.34) x 10 4

P+P S1 ( 7.4 +0.4 ) x 1O-9

P+P ~ S1 ( 2.8 +2.8 ) x 10
e+e 51 4.1 x 10 CL=90%
e+e p S1 ( 9 1 +0 5 ) 10-6
e+e S1 [b] ( 6.6 +3.2 ) x 10
7r+7r e+ e S1 & 2.5 x 10
@+p e+e Sl & 4.9 x 10 6

e+e e+e Sl [d] ( 3.9 +0.7 ) 10
mop+ p- CP,S1 fe) & 5.1 x 10
roe+ e- CP,Sl [e] & 4.3 x 10

VV CP,S1 ff] & 2.2 x 10 4

e~ p,~ [a) & 33

5=1.2
5=1.8

CL=90%
CL=90%

[a) The value is for the sum of the charge states indicated.

[b] See the Full Listings below for the energy limits used in this measurement.

[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
su p pressed.

X2

X3

X6

X9

X16

X17

I

—78 6
—86 7 46
—2 13 —2 —3

-29 45 14 15 34
-9 20 2 2 74 48

2 —4 0 0 —1 —2 —1

X1 X2 X3 X6 X9 X16 X17

CONSTRAINED FIT INFORMATION

An overall fit to the mean life, 4 decay rate, and 12 branching
ratios uses 53 measurements and one constraint to determine 8
parameters. The overall fit has a X = 55.3 for 46 degrees of
freedom.

The following off-diagonal array elements are the correlation coefficients

(bp;bp&)/(bp; bp&), in percent, from the fit to parameters p;, including the branch-

ing fractions, x; = I;/Ptotal The fit constrains the x; whose labels appear in this
array to sum to one.
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L

Mode Rate (108 s 1) Scale factor
K~ BRANCHIMG RATIOS

r,
[, ~+~- ~0

[ 3 /r jl,+ v

Called K„3.
C6 'Ir e+ v

Called K,3.
C9 2P
I 16 m+vr

r,7

0.0419+0.0016
0.0239 +0.0004

{aj 0.0522+0.0008

{a) 0.0748 40.0011

(1.11 +0.05 ) x 10 4

(3.93 +0.08 ) x 10 4

(1.77 +0.07 ) x 10 4

r(3 o)

K~ DECAY RATES

TECN COM MEN T

S4 BEHR 66 HLBC Assumes CP

VALUE (),06 s- 1 EVTS DOCUMENT ID

4s19+Oe16 OUR FIT Error includes scale factor of 1.4.

522+'~-0.84

1.4
1.4
1.2

1.9
1.2
1.7

I-(3sro) /I-(sr+ sr
—eo)

VALUE EVTS DOCUMENT ID

1.?5+0.08 OUR FIT Error includes scale factor of 1.4.
1.81+Oe1S OUR AVERAGE

1.80 +0.13 1010 BUDAGOV 68 HLBC

2.0 +0.6 188 ALEKSANYAN 64B FBC
o ~ ~ We do not use the following data for averages, fits, limits, etc. o o e

1.65 +0.07 883 BARMIN 728 HLBC Error statistical only

COMMENTVALUE EVTS DOCUMENT ID TECN

0.277+0.01S OUR FIT Error includes scale factor of 1.5.
0.260+0.011 OUR AVERAGE

0.25160.014 549
0.277+ 0.021 444

0 31 &007 29—0.06
0.24 +0.08 24

BUDAGOV 68 HLBC ORSAY measur.
BUDAGOV 68 HLBC Ecole polytec. meas

K ULYIJ K IN A 68 CC

r(e+e- eo}/r~t

I (3e )/[I (sr+e e ) + I (sr+Is+v) + I (sr+e+v)] I x/(r2+I 3+re)

r (e+sr- sro}

VALUE ().06 s- ') EVTS DOCUMENT ID

2.S9+OAR OUR FIT Error includes scale factor of 1.4.
2.SS+0.09 OUR AVERAGE

2320]5 192 BALDO-. .~ 75 HLBC

2.35 +0.20 180 JAMES 72 HBC

2.71+0.28 99 CHO 71 DBC

2, 12+0.33 50 MEISNER 71 HBC

2.20+ 0.35 53 WEBBER 70 HBC

+0.28
—0.27 136 BEHR 66 HLBC

~ o ~ We do not use the following data for averages, fits, limits,

2.5 +0.3 98 7 JAMES 71 HBC

3.26 +0.77 18 ANDERSON 65 HBC

1,4 +.0.4 14 FRANZINI 65 HBC
In the fit this rate is well determined by the mean life

r(e+e-e )/[r(e+ e-e ) + r(a+ V+ v) + i (e+e+
discrepancy between the I (~+m n ) measurements does
of the overall fit.

7 JAMES 72 is a final measurement and includes JAMES 71.

TECN COM MEN T

Assumes CP

Assumes CP
Assumes CP
Assumes CP
Assumes CP

Assumes CP

etc. ~ ~ ~

Assumes CP

and the branching ratio

v)j. For this reason the

not affect the scale factor

I (e+ Is+ v)

4 s4+'24—1.08 19 LOWYS 67 HLBC

I (sr+ e+v)
VALUE ().06 s-1)
?AS+0.11 OUR
7.7 +Oe5 OUR
7.81+0.56

7 52+0.85—0.72

EVTS DOCUMENT ID

FIT Error includes scale factor of 1.3.
AVERAGE

620 CHAN

TECN COMMEN T

71 HBC

AU BERT 65 HLBC DS=EQ, CP assumed

r(sr+sr srO)+I (e+is+v)+I (e+e+v)
K0 charged.

L

VALUE(106 s ~) EVTS DOCUMENT ID TECN

15e10+0.19 OUR FIT Error includes scale factor of 1.3.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

15.1 + 1.9 98 AUERBACH 668 OSPK

I (e+Is+v)+r(e+e+v}

(ra+re+re)

~ ~

VAL UE (10 s ) EVTS DOCUMENT ID

12.70+0.1$ OUR FIT Error includes scale factor r r '.3.
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 52 WEBBER 71 HBC

11.6 +0.9 93 Ss9 CHO 70 DBC

9.85 —1 05 109 8 FRANZINI 65 HBC

~ o o 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 DS = DQ rule.
CHO 70 includes events of HILL 67.

TECN COM MEN T

K0p++
n~K

K0p

K+ p
K p
K+n

etc. ~ o ~

K p ~ n~K

K+n ~ K0p

VALUE' (106 s- ) EVTS DOCUMENT ID TECN

5.22+0.0$ OUR FIT Error includes scale factor of 1.2.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

VALUE DOCUMENT ID

0.1288+0.0021 OUR FIT Error includes scale factor of 1.5.

VALUE

0.1SSS+OA$26 OUR
0.1588+0.24 OUR

EVTS DOCUMENT ID TECN COMMENT

FIT Error includes scale factor of 1.6.
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 KULYUKINA 68 CC

HOPKINS 67 HBC
126 HAWK INS 66 HBC

326 ASTBURY 65s CC

566 GUIDON I 65 H BC
the following data for averages, fits, limits, etc. ~ ~ ~

0.163 +0.003
0.1605+0.0038
0.146 +0.004
0.159 +0.010
0.167 +0.016
0.161 +0.005
0.162 +0.015
0.159 +0.015
0.178 +0.017
e ~ e We do not use

0 15 +0.03
—0.04

0.144 +0.004
0.151 +0.020

0.1s7 +003—0.04
0.185 +0.038

66 ASTBURY 65 CC

1729 HOPKINS 65 HBC See HOPKINS 67
79 ADAIR 64 H BC

75 LUERS

ASTIER

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 0.16

. -CHO
. ALEXANDER

BRANDENB. ..
EVANS
KULYUKINA
HOPKINS
HAWKINS

. .ASTBURY
GUIDONI

77 HBG
738 HBC
73 HBC
73 HLBC
68 CG
67 HBG
66 HBC
658 CC
65 HBC

{Confidence Level
I e

0.18 0.20 0.22

2
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+~-~o)/[r(~+~ ~o) + r(~+r +v) + r(v~e+v)]

I (sr+sr sro)/[C(++sr sro)+I (sr+is+v)+I (e+e+v)] I2/(Io+Io+Io)



See key on page1343 Meson FullListings
0
L

r(»+f4+sr)/r(»+ep v) r(sT)/r(PP) re/r12
DOCUMENT ID TECN COMMENT

r(»+I+e)/[r(»+e-»0)+r(»d:q+v)+r(»d:Av)] ra/(r2+ra+ra)
V4L UE EVTS
Os~+0.:=.:=OUR FIT
~ ~ ~ We do not usc thc following data for averages, fits, limits, etc. ~ ~ ~

0.335 +0.055 33P KULYUKINA 68 CC

p 39 +0.08 172 12 ASTBURY 65 CC

0.356 +0.07 251 12 LUERS 64 HBC

This mode not measured independently from I (s+ e e0)/ [f'{a+e e ) +
f(e+rrTv) + I (e+e+v)] and I (e+e+v)/[f (s+e s ) + I (e+rr+v) +
I {s+ e+ v)].

DOCUMENT ID TECN

r{»+9+e}/[r(e+»-P) + r(»d:I +v)+ r(»d:Hv)] ra/{r2+ra+ra}
VALUE EVTS DOCUMENT ID TECN

OAI4I+O. :=.:=- OUR RT 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

0.46 +008 202 ASTBURY 65 CC

0.487 +0.05 153 LUERS 64 HBC
0.46 60.11 24 NYAGU 61 CC

I (»+»+sr)/[I (» Is+v)+I (tf+e9v)]
V4LUE EVTS

OSNS+0.:::OUR FIT
~ o ~ We do not use the following data for averages, fits, limits, ctc. ~ ~ ~

0.415 +0.120 320 ASTIER Sl CC

TECN

[r(»+f4+a ) + r(sfd-e+e)]/r»», l

VALUE DOCUMENT ID

0.646+0.007 OUR FIT Error includes scale factor of 1.5.

r(sT)/r~l

r,/(r, +r,)

{r,+r,}/r

I'9/I

VALUE(units 10 ~) EVTS DOCUMENT ID TECH COMMENT

4.7S+0.27 OUR RT Error includes scale factor of 2.0.
4e9 +Oe4 OUR AVERAGE
4.54 +0.84 BANNER 728 OSPK
4.5 +1.0 23 ENSTROM 71 OSPK KL 1.5& GeV/c
5.5 +1.1 90 KUNZ 68 OSPK Norm. to 3 r(C+N)
6.7 +2.2 32 TODOROFF 67 OSPK Repl. CRIEGEE 66
~ ~ ~ Wc do not use the following data for averages, fits, limits, etc. ~ ~ ~

5.0 +1.0 14 REPELLIN 71 OSPK
7.4 +1.6 33 CRONIN 67 OSPK
1.3 +0.6 16 CRIEGEE 66 OSPK

This value uses (rlM/rr+ ) = 1.05 60.14. In general, I (2y)/I total = [(432+055)x
10-'l t(.00/.+-)'I.

14Assumes regeneration amplitude in copper at 2 GeV is 22 mb. To evaluate for a given
regeneration amplitude and error, multiply by (regeneration amplitude/22mb) .

15CRONIN 67 replaced by KUNZ 68.
16CRIEGEE 66 replaced by TODOROFF 67.

r(2&)/r(M)
VALUE(units 10 3) EVTS DOCUMENT ID

246+0.16 OUR RT Error includes scale factor of 1.7.
2v24+L22 OUR NfERAGE
2.13+0.43 28
2.24+0.28 115
2.5 +0.7 16

TECN COMMENT

BARMIN
BANNER
ARNOLD

71 HLBC
69 OSPK
68B HLBC Vacuum decay

VALUE EVTS

0.6[97+0.010 OUR FIT
0.97+0. 010 OUR AVERAGE
0.702+0.011 33k CHO 80 HBC
0.662 40.037 1Dk WILLIAMS 74 ASPK
0.741 +0.044 6700 BRANDENB. .. 73 HBC
0.662 +0.030 1309 EVANS 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 k 0.030 1309 EVANS 69 HLBC Repl. by EVANS 73
0.67 +0.13 11 KULYUKINA 68 CC
0.82 +0.10 DEBOUARD 67 OSPK
0.7 +0.2 273 HAWKINS 67 HBC
0.81 +0.08 HOPKINS 67 HBC
0.81 +0.19 ADAIR 64 HBC

BEILLIERE 69 Is a scanning experiment using same exposure as BUDAGOV 68.
11KULYUKINA 68 I (~+ la+ v)/P(~+ e+ v) is not measured independently from

I (a+s e )/[I (a+e e ) + f(e+rr+v) + I ( +e+e)v] and I ( +eevT)/

[I (e+e e0) + I (rr+rr+v) + I (e+e+v)].

V4LUE EVTS DOCUMENT ID TECN
0.627+OAI20 OUR FIT Error includes scale factor of 2.3.
0.632+0.004+OAIO 110k BURKHARDT 87 NA31

r(PsT)/r~l r10/r
V4LUE (units 10 S) CL% EVTS DOCUMENT ID TECN

1.7 +02 +04 63 BARR 92 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

1.8640.60+0.60 60 PAPADIMITR. ..91 E731

5.1 90 PAPADIMITR. ..91 E731
2.1 +0.6 14 17 BARR 90C NA31

2.7 90 PAPA DIMITR. .89 E731
&230 90 0 BANNER 69 OSPK
17BARR 90c superseded by BARR 92.

r(» tf typv)/r»»u
VALUE (units 10 S) CL% EVTS DOCUMENT lD

L1$+OM OUR AVERAGE
5.16+0.20+0.22 729 MAKOFF 93 E731
6.2 +2.0 16 CARROLL 80C SPEC

o ~ o We do not use the following data for averages, fits, limits, etc. o

&220 90 18 DONALDSON 74 SPEC
1 DONALDSON 74 uses Kp ~ ~+~ ~0/(all K ) decays = 0.126.

L L

I ((»Is»tarn}tr)/I (Sr+IS+ Sr)

V4LUE(units 10 ~) EVTS DOCUMENT ID TECH

$.9040M 155 ARONSON 86 SPEC
~ ~ ~ We do not use thc following data for averages, fits, limits, etc. ~

seen 18 COOM BES 76 WIRE

ARONSON 86 quote thcorctical value of (4.31 4 0.08) x 10

I (tf+e+vey}/I (»+Av)
VALUE(units 10 ~) EVTS

$.3+2.0 10

COMMENT

~ ~

m&& & 280 MeV

m&& g 264 MeV

m&& & 280 MeV

In PAPADI ~..91

TECN

r12/I 5

~ ~

r15/ra
TECN COMMEHT

71 HLBC p KE &15 MeV

r(»+»-~)/r~l I 14/r
For earlier limits see our 1992 edition Physical Review 044, 1 June, Part II (1992).

VALUE (units 10 S) EVTS DOCUMENT ID TECN COMMENT
4.61+0.14 OUR AVERAGE
4.66+0.15 3136 RAMBERG 93 E731 E~ &20 MeV

4.41+0.32 1062 CARROLL Sps SPEC E& &20 MeV
~ ~ ~ We do not usc the following data for averages, fits, limits, etc. ~ ~ ~

1.52+D.16 516 22 CARROLL 808 SPEC E~ &20 MeV

2.89+0.28 546 23 CARROLL 808 SPEC
6.2 +2.1 24 DONALDSON 74C SPEC

RAMBERG 93 finds that fraction of Direct Emission (DE) decays with E &20 MeV is7
0.685 6 0.041.
Both components. Uses KL ~ ~++ ~ /(all KL) decays = 0.1239.
Internal Brcmsstrahlung component only.

23 Direct y emission comyoncnt only,
24 Uses K~L ~ m+~ ~~/(aII KDL) decays = 0.12S.

r(++~)/r~ I 15/I
VALUE(units 10 ~) TECN

&4.6 94 NA31

DOCUMENT lD

BARR

r /(r+r )

I (»+» )/I total rta/r
Violates CP conservation.

V4LUE(units 10 3) DOCUMENT lD
2AS +DAN OUR FIT Error includes scale factor of 1.2.
2.102+0.ON 25 ETAFIT 94

This ETAFIT value Is computed from fitted values of (g+ ), the KDL and Kp& lifetimes,

and the KDS ~ ~++ branching fraction. Sce the discussion in the "Note on CP

violation in K decay. "
L

I(»+» )/r»+»» ) I la/I 2
Violates P conservation.

VALUE(units 10 ~) EVTS DOCUMEHT ID TECN COMMENT
1.611+OAL% OUR FIT Error Includes scale factor of 1.1.
1.64 +0.04 4200 MESSNER 73 ASPK q+ —2.23

I (»+»-)/[r»+Is+v)+I {tf+e+s)]
Violates C conservation.

V4LUE(units 10 3) EVTS DOCUMENT ID TECN COMMENT
3.01+OA)6 OUR RT Error includes scale factor of 1.2.
LOO+IL10 OUR AVEltASE
3.13+0.14 1687 COUPAL 85 SPEC 9}+ ——2.28 + 0.06
3.04+0.14 2703 DEVOE 77 SPEC 9}+ ——2.25 + 0.05
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.51+0.23 309 26 DEBOUARD 67 OSPK 9}+ 2 00 + D 09
2.35+0.19 525 26 FITCH 67 OSPK 9}+ —1.94 + 0.08
260ld experiments excluded from fit. See subsection on 9I+ ln section on "PARAMETERS

FOR KL ~ 2~ DECAY" below for average g+ of these experiments and for note on
discrepancy.
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L

r(~+~-)/[r(~+~-p) + r(~+i +~) + r(~+~+~)]
Violates CP conservation.

rta/(r2+I 3+I t }

WEIGHTED AVERAGE
0.44+0.09 (Error scaled by 1.6)

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.

V~

0.0 0.5 1.0 1.5

X
2

76 OSPK 6.6
70 HLBC 0.7
70 HLBC 0.6
70 OSPK 2.4
69 OSPK 0.0

10.4
(Confidence Level = 0.035)

I

2.5

REY
BARMIN
BUDAGOV
FAfSSNER
BANNER

2.0

I (m ~ )/i (3» ) (Units 10 )

i (tt P)/I (~+~ ) rxv/res
Violates CP conservation.

VALUE DOCUMENT ID

QASX +0415 OUR FIT Error Includes scale factor of 2.4.
OA$11+OAN61 ETA FIT 94

This ETAFIT value is computed from fitted values of (gpp / q+ )
and the C(KS ~

~+~ ) / I (KS ~ x ~ ) branching fraction. See the discussion in the "Note on CP

violation in K decay. "L

VALUE (units 10 ) EVTS DOCUMEN T ID TECN COMMENT

2.$0 BOAS OUR FIT Error includes scale factor of 1.1.
~ e o We do not use the following data for averages, fits, limits, etc. o ~

2.60 +0.07 4200 MESSNER 73 ASPK rI+ ——2.23 + 0.05

1.93 +0.26 BASILE 66 OSPK ri = 1.92 + 0.13

1.993+0.080 28 BOTT-... 66 OSPK q = 1.95 + 0.04
+-
+—

2.08 +0.35 54 GALBRAITH 65 OSPK ri+ ——1.99 4 0.16

2.0 60.4 45 28CHRISTENS-. 64 OSPK n+ =1.95+ 0.20

27 From same data as C(~++ )/C(x+x ~ ) MESSNER 73, but with different normal-

ization.
28 Old experiments excluded from fit. See subsection on rI+ ln section on "PARAMETERS

FOR KL ~ 2x DECAY" below for average ri+ of these experiments and for note on

discrepa ncy.

r(P~')/r~,
Violates CP conservation.

VALUE(units 10 S) EVTS DOCUMENT ID TECN COMMENT

0.911+OA84 OUR FIT Error includes scale factor of 1.8.
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.5 +0.8 189 2 GAILLARD 69 OSPK rlpp
——3.6 + 0.6

1.2 —1 2 7 CRIEGEE 66 OSPK

9 Latest result of this experiment given by FAISSNER 70 I (m ~ )/I (3n ).
30 CRIEGEE 66 experiment not designed to measure 2~ decay mode.

r(PP)/r(M)
Violates CP conservation.

VALUE (units 10 EVTS DOCUMENT ID TECN COMMENT

OA22+OAOS OUR FIT Error includes scale factor of 1.6.
OA1 +0.09 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.

1.21 +0.30 150» REY 76 OSPK tip0=3. 8 + 0.5
0.37 +0.08 29 BARMIN 70 HLBC F00=2.02 6 0.23
0.32 +0.15 30 BUDAGOV 70 HLBC @00=1.9 6 0.5
0.90 +0.30 172 32 FAISSNER 70 OSPK 900-3.2 + 0,5

0.46 +0.11 57 BANNER 69 OSPK tripp
—2.2 + 0.3

not seen BARTLETT 68 OSPK See gpp below

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

1,31 +0.31 133 CENCE 69 OSPK F00=3.7 4 0.5
1,89 +0.31 109 33 CRONIN 67 OSPK gpp

——4.9 + 0.5
1.36 +0.18 CRONIN 67B OSPK F00=3.92 + 0.3

1 CENCE 69 events are included ln REY 76.
FAISSNER 70 contains same 2~ events as GAILLARD 69 I (n ~ )/I total.
CRONIN 67B is further analysis of CRONIN 67, now both withdrawn.

i (it+it-)/[I (I+r-s ) + r(tt+p+v)+ r(tt+e+v)] rta/(rg+rs+I g}
Test for AS = 1 weak neutral current. Allowed by higher-order electroweak interaction.

VALUE {units 10 ) CL% DOCUMENT ID TECN

i ~ We do not use the following data for averages, fits, limits, etc. ~ e o

2.0 90 BOTT-... 67 OS P K

& 35.0 90 FITCH 67 OSPK
(250.0 90 ALFF-. .. 66B OSPK
&100.0 AN IK IN A 65 CC

r(p+it-)/r(s+tt ) rtl/rca
Test for 6S = 1 weak neutral current. Ailowed by higher-order electroweak interaction.

VALUE {units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

3.44+0.1$ OUR AVERAGE

3.9 +0.3 +0.1 178 AKAGI 91B SPEC
3.45+0.18+0.13 368 HEINSON 91 SPEC

40 -09 15 SHOCHET 79 SPEC

4.2 3 FUKUSHIMA 76 SPEC

5.8 +1 5 9 8 CARITHERS . ?3 SPEC

i o ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

4. 1 +0.5 54 INAGAKI 89 SPEC In AKAGI 91B
2.8 +0.3 +0,2 8? MATHIAZHA. ..89B SPEC In HEINSON 91
1 53 90 0 CLARK 71 SPEC

18. 90 0 DARRIULAT 70 SPEC
&140. 90 0 FOETH 69 SPEC

35AKAGI 91B give this number multiplied by the 1990 PDG average for l (K0
L

~+ ~-)/C(total).
HEINSON 91 give I (KL pp)/Ctotai We divide out the I (KL - n ~ ir )l "total
PDG average which they used.

38
37 FUKUSHIMA 76 errors are at CL = 90%.

CARITHERS 73 errors are at CL = 68%, W.Carithers, (private communication?9).
39CLARK 71 limit raised from 1.2 x 10 6 by FIELD 74 reanalysis. Not In agreement with

subsequent experiments. So not averaged.

r(i+» ~)/ruei I gy/I
Test for Ch, S = 1 weak neutral current. Allowed by higher-order electroweak interaction.

VAL UE (units 10 6) CL% EVTS DOCUMENT ID TECN

0.2$+0.2$ 1 0 CARROLL 80D SPEC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

&7.81 90 41 DONALDSON 74 SPEC

Uses KL - ~+n ~ /(all KL) decays = 0.1239.

Uses KL n+~ n /(all KL) decays = 0.126.

I (e+ e )/I tetli rlt/r
Test for hS = 1 weak neutral current. Allowed by higher-order electroweak interaction.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMENT

IC OA1 90 0 42 ARISAKA 93B SPEC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

( 1.6 90 1 AKAGI 91 SPEC
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 3 CLARK 71 ASPK

&1500 90 0 FOETH 69 ASPK

4 ARISAKA 93B includes all events with (6 MeY radiated energy.
43 Possible (but unknown) systematic errors. See note on CLARK 71 I (y+ p )/l (~+ n )

entry.

r(~+~-)/[r(~+~-P)+r(~+&+~)+r(He+~)] r~/(r~yr, +r~}
Test for ZkS = 1 weak neutral current. Allowed by higher-order electroweak interaction.

VALUE(units 10 6) CL% DOCUMENT ID TECN

n i ~ We do not use the following data for averages, fits, limits, etc. ~ o o

23.0 90 BOTT-... 6? OSPK
200.0 90 ALFF-. .. 66B OSPK

(1000.0 ANIKINA 65 CC

i (e+e 7)/I~i r»/r
Test for h, S = 1 weak neutrai current. Allowed by higher-order electroweak interaction.

VAL UE (units 10-6) CL% EVTS DOCUMENT ID TECN

9.1+0.S OUR N%RAGE
9.2+0.5+0.5 1053 BARR 90B NA31

9.1 +0.4 0 5 919 OHL 90B B845

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

17.4 +8.7 4 CARROLL 80D SPEC
(27 90 0 5 BARMIN 72 HLBC

Uses KL ~ vr+n. n /(all KL) decays = 0.1239.

Uses KL ~ 3m /total = 0.214.
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r(e+e-7~)/r~i
Test for BS= 1 weak neutral current. Allowed by higher-order electroweak interaction.

VALUE (units 10 ) DOCUMENT ID TECN COMMENT

6.6+$.2 MORSE 92 B845 E & 5 MeV

r(e+e e+e )/r~(
Test for 65 = 1 weak neutral current. Allowed by higher-order electroweak interaction.

VALUE (units 10 6) CL4& EVTS DOCUMENT ID TECN

C 2.5 90 0 BALATS 83 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ i
C 8.81 90 46 DONALDSON 76 SPEC
(30 ANIKINA 73 STRC

Uses K ~ x+~ x /(all K ) decays = 0.126.
L L

r(p+ p- e+e-)/r~(
Test for BS= 1 weak neutral current. Allowed by higher-order electroweak interaction.

VALUE(units 10 6) CL N DOCUMENT ID TECN

&4.9 90 BALATS 83 SPEC

i (e+e e+e-)/i~~
Test for ES= 1 weak neutral

VALUE (units 10-8) CL eg EVT

$.9 +0.7 OUR AVERAGE
3.96+0.7860.32 27
6 +2 +1 18
3.0761.25 +0.26 6
4 +3 2

~ ~ ~ We do not use the following

(260 90

current. Allowed by higher-order electroweak interaction.

DOCUMENT ID TECN

GU 94 E799
AKAGI 93 CNTR
VAGINS 93 B845
BARR 91 NA31

data for averages, fits, limits, etc. ~ ~ ~

BALATS 83 SPEC

r(&r+r )/r~i
Violates CP in leading order. Test for AS = 1 weak neutral current. Allowed by
higher-order electroweak interaction.

VALUE (units 10 ~) CL% EVTS DOCUMENT ID TECN

C 6.1 90 0 HARRIS 93 E799
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1200 90 0 47 CARROLL 80D SPEC
(56600 90 48 DONALDSON 74 SPEC

Uses K ~ x+~ 7r /(all K ) decays = 0.1239.
L L

Uses K ~ ~++ 7r /(all K ) decays = 0.126.
L L

r(eee+ e-)/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 6,5 = 1
weak neutral current. Allowed by higher-order electroweak interaction.

VALUE (units 10 ~) CL48 EVTS DOCUMENT ID TECN

43 90 0 HARRIS 938 E799
7.5 90 0 BAR K ER 90 E731
5.5 90 0 OHL 90 B845

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

40 90 BARR 88 NA31
320 90 JASTRZEM. .. 88 SPEC

(2300 90 0 49 CARROLL 80D SPEC

Uses KL rr+ x x /(all K0L) decays = 0.1239.

r(s vu)/rtete)
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 ) CL44 EVTS DOCUMENT ID TECN

(0.22 90 0 GRAHAM 92 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(7.6 90 LITTENBERG 89 RVUE

LITTENBERG 89 is from retroactive data analysis of CRONIN 67.

r( 'r ')/r
Test of lepton family number conservation.

VALUE (units 10 1 ) CLg EVTS DOCUMENT ID TECN COMMENT

3.3
i90

0 51 ARISAKA 93 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3.9 90 0 ARISAKA 93 SPEC t
9.4 90 0 AKAGI 91 SPEC

43 90 INAGAK I 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
g 157 90 52 CLARK 71 ASPK
5 This is the combined result of ARISAKA 93 and MATHIAZHAGAN 89.

Possible (but unknown) systematic errors. See note on CLARK 71 I (Is+ p )/I (~+~ )
entry.

r(e+r +}/[r(e+e-P) + r(e+i +v) + r(e+ e+ v)]
Test of lepton family number conservation.

r~/(r2+r3+r&}

VALUE(units 10 4) CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

g 0.1 90 BOTT-... 67 OSPK
C 0.08 90 FITCH 67 OSPK

1.0 90 CARPENTER 66 OSPK
&10.0 ANIKINA 65 CC

ENERGY DEPENDENCE OF K~ DALITZ PLOT

For discussion, see note on Dalitz plot parameters in the K+ section of the
Full Listings above. For definitions of a„,a&, au, and a&, see the earlier
version of the same note in the 1982 edition of this Review published in

Physics Letters 111B70 (1982).

~

matrix element~ = 1 + gu + hu + jv + kv

where u = (s3 —s0) / m2 and v = (s1 —s2) / m2

. . . CHO
PEACH
MESSNER

X
2

77 HBC 0.2
77 HBC 4 7
74 ASPK 0.6

0.55 0.60 0.65 0.70 0.75

5.4
(Confidence Level = 0.066)

0.80

Linear coeff. g for KL ~ x+x x matrix element squared

LINEAR COEFFICIENT g FOR K~ ~ r+x
VALUE EVTS DOCUMENT ID TECN COMMENT

L670+0.014 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.
0.681+0.024 6499 CHO 77 HBC
0.620+0.023 4709 PEACH 77 HBC
0.67760.010 509k MESSNER 74 ASPK ay 0 917 6 0 013
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.69 +0.07 192 BALDO-. .. 75 HLBC
0.590+0.022 56k BUCHANAN 75 SPEC au = -0.277 + 0.010
0.61940.027 20k 3~ BISI 74 ASPK a~

——0.282 + 0.011
0.61260.032 53 ALEXANDER 738 HBC
0.73 +0.04 3200 BRANDENB. .. 73 HBC
0.50 +0.11 180 JAMES 72 HBC
0.60860.043 1486 KRENZ 72 HLBC a&

—-0.277 + 0.018
0.688+0.074 384 METCALF 72 ASPK a&

——0.31 k 0.03
0.650+0.012 29k ALBROW 70 ASPK a&

——0.858 6 0.015
0.593+0.022 36k BUCHANAN 70 SPEC au = -0.278 6 0.010
0.664+0.056 4400 SMITH 70 OSPK ag

—-0.306 6 0.024
0.400+ 0.045 2446 BASILE 68e OSPK a&

——0.188 6 0.020
0.64960.044 1350 HOPKINS 67 HBC a&

——0.294 6 0.018
0.428 60.055 1198 NEFKENS 67 OSPK a„=-0.204 + 0.025
0.64 +0.17 280 ANIKINA 66 CC av ———8.2+ 1'3
0.70 +0.12 126 HAWKINS 66 HBC av = -8.6 4 0.7
0.32 +0.13 66 ASTBURY 65 CC By 5 5 4 1 5
0.51 +0.09 310 ASTBURY 658 CC av = —7.3+0'8
0.55 +0.23 79 ADAIR 64 HBC By — 7 6 + 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
COEFFICIENT h" and "QUADRATIC COEFFICIENT k" below. ) Correlations prevent
us from averaging results of fits not including g, h, and k terms.

54BISI 74 value comes from quadratic fit with quad. term consistent with zero. g error is
thus larger than if linear fit were used.

55 BUCHANAN 70 result revised by BUCHANAN 75 to include radiative correlations and
to use more reliable KL momentum spectrum of second experiment (had same beam).

WEIGHTED AVERAGE
0.670~0.014 (Error scaled by 1.6)
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QUADRATIC COEFFICIENT h FOR Kg -+ x+x
VALUE EVTS DOCUMENT ID TECN

0.079+0.007 OUR AVERAGE
0.095+0.032 6499 CHO 77 HBC
0.048+ 0.036 4709 P EACH 77 H BC
0.079+0.007 509k MESSNER 74 ASPK

a o o We do not use the following data for averages, fits, limits, etc. o ~ o

—0.011+0.018 29k 56 ALBROW 70 ASPK
0.043 +0.052 4400 56 SMITH ?0 OSPK

See nates in section "LINEAR COEFFICIENT g FOR K ~ ~+~ ~ ~MATRIX
L

ELEMENT~ " above.

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.

QUADRATIC COEFFICIENT k FOR K~ -+ g+ ~
VALUE EVTS DOCUMENT ID TECN

0.~+0.001e OUR AVERAGE
0.024 +0.010 6499 CHO

—0.008 +0.012 4709 PEACH
0.009760.0018 509k MESSNE R

77 HBC
77 HBC
74 ASPK

LINEAR COEFFICIENT 1FOR Kt x+n rre (CR VIOLATING TERM)
Listed in CP-violation section below.

Kg FORM FACTORS

For discussion, see note on form factors in the K+ section of the Full

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.

fo = f+ + f t/(mK —m ).
A+, A, and Ao are the linear expansion coefficients of f+, f, and fo.

A+ refers to the K 3 value except in the K 3 sections.
Iz3

d((0)/dA+ is the correlation between ((0) and A+ in K 3.+ p,3

dAD/dA+ fs the correlation between Ao and A+ in K 3.p,3
t = momentum transfer to the x in units of m .

DP = Dalitz plat analysis.

Pl = ~ spectrum analysis,

MU = p, spectrum analysis.

POL= tu, polarization analysis.

BR = K 3/K 3 branching ratio analysis.

E = positron or electron spectrum analysis.

RC = radfative corrections.

+ (LINEAR ENERGY DEPENDENCE OF f+ IN Kea DECAY)
For radiative correction of K 3 DP, see GINSBERG 67 and BECHERRAWY 70.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.~+0.0015 OUR AVERAGE Error fncludes scale factor of 1.2.
0.0306+0.0034 74k BIRULEV 81 SPEC DP
0.025 +0.005 12k ENGLER 78B HBC DP
0.0348 +0.0044 18k HILL 78 STRC DP
0.0312+0.0025 500k GJESDAL 76 SPEC DP
0.027060.0028 25k SLUMENTHAL75 SPEC DP
0.044 +0.006 24k BUCHANAN 75 SPEC DP
0.040 +0.012 2171 WANG 74 OSPK DP

0.045 +0.014 5600 ALBROW 73 ASPK DP
0.019 +0.013 1871 BRANDENB. .. 73 HBC PI transv.
0.022 +0.014 1910 NEUHOFER 72 ASPK PI

0.023 +0.005 42k 8IS I ?1 ASPK DP
0.05 +0.01 16k CHIEN 71 ASPK DP, no RC

0.02 +0.013 1000 ARONSON 68 OSPK Pl

+ 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

+o.os +o oso 240 LOWYS 67 F BC P I

+0.15 +0.08 577 FISHER 65 OSPK DP, no RC

~O.O? +0.06 153 LUERS 64 HBC DP, no RC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.029 +0.005 19k 58 CHO 80 HBC DP
0.0286+0.0049 26k BIRULEV 79 SPEC Repl. by BIRUI EV 81
0.032 +0.0042 48k BIRULEV 76 SPEC Repl. by BIRUI EV 81

ENGLER ?SB uses an unique Ke3 subset of CHO 80 events and is less subject to sys-
tematic effects.

Q UADRATIC COEFFICIENT h FOR K~ ~ m Pr
VALVE (IinitS 10 ) EVTS DOCUMENT ID TECN

—3.3+1.1+0.7 5M SOMALWAR 92 E731
Sr SOMALWAit 92 chose m + as eormaazatioh to make it compatible with the particie

Data Group K ~ x+n x definitions.
L t

Q = f /f+ (determined from ~&/Kas)
The K 3/K 3 branching ratio fixes a relationship between ((0) and A+. We quotep3 e3
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 authars K /K branching ratio via the
p3 e3

fitted K /K ratio (I (~+ Is+ I )/f (m
+ e+ v)). The parameter ( is redundant with

p3 e3
Ao below and is not put into the Meson Summary Table.

VALVE EVTS DOCUMENT ID TECN COMMENT

-0.11+0.09 OUR EVALUATION From a fft discussed in note on K~3 form factors in

1982 edition, PL 111B(April 1982).
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.5 +0,4 6?00 BRANDENB. .. 73 HBC BR, A+ —0.019 + 0.013
—0.08+ 0.25 1309 68 EVANS 73 HLBC BR, A =0.02
—0.5 4 0,5 3548 BASILE 70 OSPK BR, A+

—0 02

+0 45+0 28 569 BEILLIERE 69 HLBC BR, A+ —0
—0.22 4 0.30 1309 EVANS 69 HLBC

+0.8 KULYUKINA 68 CC BR, A+ —. 0

+ 1.1 5 1.1 ADAIR 64 HBC BR, A+ =0

+0.66 LUERS 64 HBC BR„A~=0

68 EVANS 73 replaces EVANS 69,

389

(c = f /f+ (determined from Is polarization in Kn~)
The p, polarization is a measure of ((t). No assumptions on A+ necessary, t (weighted

by sensitfvity to ((t}) should be specified. In A+, ((0) parametrization this is ((0)
for A+

—0. d(/dA = (t. For radiative correction ta p, polarization in K 3, see0
Iz3

GINSBERG 73. The parameter ( is redundant with AO below and is not put into the
Meson Summary Table.

VAL VE EVTS DOCUMENT ID TECN COMMENT

-0.11 +0.00 OUR EVALUATION From a fit discussed in note on K~3 form factors in

1982 edition, PL 111B{April 1982}.
20?k CLARK 77 SPEC POL,

d((0)/dA+ —--+ 0.68
—0.385+0.105 2.2M 0 SANDWEISS 73 CNTR POL, d((0)/dA~ —-- —6

81 +0 ~ 50—0.26
?1 LONGO 69 CNTR POL, t=.3.3

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

—1.6 +0 5 72 ABRAMS 68B OSPK Polarization
—1.2 +0.5 2608 AUERBACH 66B OSPK Polarization

CLARK 7? t = +3.80, d((0)/dA+ ——((t)t = 0.178x3.80 = +0.68.

SANDWEISS?3 is for A = 0 and t = 0.+
LONGO 69 t = 3.3 calculated from d((0)/dA+ —.—6.0 (table 1) divfded by ( = —1.81.

t value not given.

ga = f /f+ (determined from K~ spectra)
The parameter ( is redundant with Ao below and is not put into the Meson Summary
Table.

VALUE d((0)/dA+ EVTS DOCUMENT ID TECN COMMENT

-0.11+0.0$ OUR EVALUATION From a fit discussed in note on K~3 form factors in

1982 edition, PL 111B(April 1982}.
—0.10+0.09 —12 150k BIRUI EV 81 SPEC DP

+0.26 +0.16 —13 14k 6 C HO 80 HBC DP
+0.13+0.23 —20 16k 60 79 STRC DP
—0.25 +0.22 —5.9 32k BUCHANAN 75 SPEC DP
—0.11+0.07 —17 1.6M DONALDSON 74B SPEC DP
—1.00+0.45 —20 1385 PEACH 73 HLBC DP
—1 5 +0 7 —28 9086 6 ALBROW 72 ASPK DP
+ 1.2 +0.8 —18 1341 6 CARPENTER 66 OSPK DP
~ o ~ We da not use the following data for averages, fits, limits, etc. ~ o ~

+0.50+0.61 unknown 16k 6 DALLY 72 ASPK DP
—3.9 +0.4 3140 BASILE 70 OSPK DP, indep of A~

0 68 0'20 26 '16k CHIEN ?0 ASPK DP

59BIRULEV 81 error, d((0)/dA+ calculated by us from Ao, A+. dA0, /dA+ —0 used.

HILL 79 and CHO 80 calculated by us from Ao, A+, and dAD/dA+.

BUCHANAN 75 is calculated by us from Ao, A+ and dA0/dA+ because their appendix
A value -0.20 6 22 assumes ((t}constant, i.e. A = A+.
DONALDSON 74B gives ( = —0.11 6 0.02 not including systematics. Above error and

d((0)/dA+ were calculated by us from Ao and A+ errors (which include systematics)
and dAD/dA+.

3PEACH 73 gives ((0) = —0.95 4 0.45 for A+
—A =—0.025 . The above value is for

A = 0. K.Peach, private communication (1974}.
6 ALBROW 72 fft has A free, gets A = —0.030 6 0.060 or h = +0.15+&'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 nonzero 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 wauid give ((0) —. —1,4 4 0.3
and would add 10 to X . d((0)/dA+ is not given.

67 BASILE 70 is incompatible with all other results. Authors suggest that efficiency esti-
mates might be responsible.
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DOCUMENT ID

A+ (LINEAR ENERGY DEPENDENCE OF fp IN K~ 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)ra below. ForIs3
radiative correction of K 3 Dalitz plot see GINSBERG 70 and BECHERRAWY 70.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.084 +0.00S OUR EVALUATION From a fit discussed in note on Kg3 form factors in

1982 edition, PL 111B(April 1982).
0.0427 60.0044 150k BIRUI.EV 81 SPEC DP
0.028 +0.010 14k CHO 80 HBC DP
0.028 +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 +0.015 9086 ALBROW 72 ASPK DP
~ ~ ~ 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 60.02 16k CHIEN 70 ASPK Repl. by DALLY 72

Ay {LINEAR ENERGY DEPENDENCE OF Q 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+.
VALUE dAD/dA~ EVTS DOCUMENT ID TECN COMMENT

0.02$ +0.006 OUR EVALUATION From a fit discussed in note on K~3 form factors
in 1982 edition, PL 111B(April 1982)~

0.0341+0.0067 unknown 150k 5 BIRULEV 81 SPEC DP
+0.050 +0.008 —0.11 14k CHO 80 HBC DP
+0.039 +0.010 —0.67 16k HILL 79 STRC DP
+0.047 +0.009 1.06 2P7k 6 CLARK 77 SPEC POL
+0 025 +0 019 +0 5 32k 77 BUCHANAN 75 SPEC DP
+0 019 60 004 0 47 1 6M 78 DONALDSON 74B SPEC DP
—0.060 +0.038 —0.71 1385 PEACH 73 HLBC DP
—0.018 +0.009 +0.49 2.2M 7 SANDWEISS 73 CNTR POL
—0.043 +0.052 —1.39 9086 ALBROW 72 ASPK DP

—0140 + ' +049 76 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 +0.008 14k 81 CHO 80 HBC BR, A+-0.028
+0.0485 60.0076 47k DZHORD. .. 77 SPEC In BIRULEV 81
+0.024 +0.011 82k ALBRECHT 74 WIRE In BIRULEV 81
+0.06 60.03 6700 8 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
75 BIRULEV 81 gives dA0/dA+ ——1.5, giving an unreasonably narrow error ellipse which

dominates all other results. We use dAp/dA+ —0.
Ap 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 dA0/dA+ obtained from figure 18.
PEACH 73 assumes A+ —0.025. Calculated by us from ((0) and d((0)/dA+.
ALBROW 72 Ap is calculated by us from (cA, A+ and d((0)/dA+. They give Ap—
—0.043 + 0.039 for A = 0. We use our larger calculated error.

CHO 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 + 0.045, but
with a different definition of Ap. Our quoted Ap ls his Ap/f&. We cannot caiculate true
Ap error without his (Ap, fp) correlations. See also note on bALLY 72 in section g~.
BASILE 70 Ap is for' A+ —0. Calculated by us from gg with d((0)/dA+ = 0. BASILE 70
is incompatible with all other results. Authors suggest that efficiency estimates might be
responsible.

Im(f) in K~ DECAY (frtrm traniraraa Ia pol.)
Test of T reversal invariance.

VAL UE EVTS TECN COMMENT
—0.007+0.026 OUR AVERAGE

0.009+0.030 12M MORSE 80 CNTR Polarization
0.35 +0.30 207k 73 CLARK 77 SPEC POL, t=p

—0.085 +0.064 2.2M 74 SANDWEISS 73 CNTR POL, t=p
—0.02 +0.08 LONGO 69 CNTR POL, t=3.3
—0.2 +0.6 ABRAMS 68B OSPK Polarization
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.012+0.026 SCHMIDT 79 CNTR Repl ~ by MORSE 80
ra CLARK 7? value haa additional r(O) dependence +0.21tte[$(0)].

SANDWEISS 73 value corrected from value quoted in their paper due to new value of
Re((). See footnote 4 of SCHMIDT 79.

Ifs/f+I FOR Kea DECAY
Ratio of scalar to f+ couplings.

VALUE CL 5 EVTS DOCUMENT ID TECN COMMENT

&0.04 68 25k BLUMENTHAL75 SPEC
~ ~ ~ We do not use the foilowing data for averages, fits, limits, etc. ~ ~ ~

&0.095 95 18k HILL 78 STRC
&0.07 68 48k BIRULEV 76 SPEC See also BIRULEV 81
&0.19 95 5600 ALBROW 73 ASPK
&0.15 68 KULYUKINA 67 CC

Ifr/+I FOR Kes DECAY
Ratio of tensor to f+ couplings.

VALUE CL48 EVTS DOCUMENT ID TECN COMMENT

&0.2$ 68 25k BLUMENTHAL75 SPEC
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.40 95 18k HI I L 78 STRC
&0.34 68 48k BIRULEV 76 SPEC See also BIRULEV 81
&1.0 95 5600 ALBROW 73 ASPK
&1.0 68 KULYUKINA 67 CC

]fr/f+I FOR K& DECAY
Ratio of tensor to f+ couplings.

DOCUMEN T ID TECN

BIRULEV 81 SPEC
VALUE

0.12+Oe12

a~. DECAY FORM FACTOR FOR Kg ~ c+e 7
aK, is the constant ln the model of BERGSTROM 83 which measures the relative

strength of the vector-vector transition K~ ~ Ka p with K~ ~ p, ~, p ~ ya and

the pseudoscalar-pseudoscalar transition Kg ~ ~, r), rI' ~ yp ~

VALUE DOCUMEN T ID TECN

-0.28 +0.0e OUR AVERAGE
—0.28 +0.13 BARR

—0.280-0.090 90B B845

90B NA31

OHL

DECAY FORM FACTORS FOR K& ~ m+m t+v~
Given in MAKOFF 93.

NOTE ON CP VIOLATION IN Kio DECAY

(by L. Wolfenstein, Carnegie-Mellon University and

T. Trippe, LBL)

Experimentally Measured Parameters

CP violation has been observed in the semi-leptonic decays

KL -+ x+E+v and in the nonleptonic decay Kl -+ 2n. The
experimental numbers that have been measured are [1]

r(Kp ~ f+~) —-r(Kp ~+a-~)
I'(K rr-f+t ) + r(Kq m+8 r )

(la)

= A(K + )/A(K +
)

= le+ Ie*d'-
~p=A(KP - ' P)/A(KP

= Ir)ool
e'~"

(1b)

(1c)

Analysis Based on CI T Invariance [2]

CP violation can occur either in the K —K mixing or
in the decay amplitudes. Assuming CPT invariance, the CP

Thus there are five real numbers, three magnitudes, and
two phases. We list b(Ia) for Klo —a rrIav and b(e) for K&o ~ rretI

separately and a weighted average b. Experimentally for the
K&o —a rrorro decay the quantities directly measured (and also of
greatest theoretical interest) are ltvpp/rI+ I

and ppp —(b+
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violation in the mixing is described by a single parameter e.

IKI.) = (I+~) IK') —(I —e) IK )

need be measured, the magnitude of e and the value of (e'/e)
including its sign. The measured quantity Irjpp/i7+ I

which is

very close to unity, is given to a good approximation by

j[2(I+I I')]' (2a) [goo/g+- I' = 1 —One (.'/. )

I
K~o) = (1+e)

I
K')+(1 —.) I

K ) = 1 —6(e'/e) cos [P(e') —P(e)] . (8)

/ [2(I+
I

I')]

The decay amplitudes are written

(I=OITIK) =e''Ap

( I = 2
I
T

I
K ) = e' 'Ag

(2b)

(3a)

(3b)

Since the cos in Eq. (8) is expected theoretically to be very

close to unity it, is customary to say that Itfpp/tl+ I
determines

e /e.

It is possible to use the values of the 4+ and Ppp —P+ t, o

set limits on CPT violation. [See Tests of Conservation Laws. )

Models
where bl are the m. m scattering phase shifts at the K mass and

I is the isospin of the final state. CP violation is measured by

(Im Ar/Re AI). One can then write

(4a)

7/00 = 6 —2E (4b)

where

I ~,(b, p, )
Re A2 Im A2 Im Ap

Re Ap Re Ag Re Ap
(5)

b=2Ree/(1+ e[ ) 2Ree .

neglecting small corrections of order e' times Re(A2 /Ap). Only

two of the three quantities e, (Im AI/Re Ar) are meaningful

because of the ambiguity in defining the phase of K, The stan-

dard phase convention due to Wu and Yang [3] sets Im Ao = 0.
A nonzero value of e' would provide definite evidence for CP
violation in the decay amplitudes independent of phase conven-

tion.

By applying CPT invariance and unitarity it is possible to

relate b to e and to determine the phases of e. If one assumes

the ES = AQ rule (see below "Note on the b,S = AQ rule in

Ko Decay" ) the expression for b becomes

In the superweak model [5] CP violation is restricted t, o

the mass mixing so that to a high degree of accuracy one

expects e' = 0. The phase if'(e) is given in this model exactly

by Eq. (7a) so that this has sometimes been referred to as t, he

superweak phase; however, as noted above, all CPT invariant,

models give Eq. (7a) as a very good approximation. In the

Standard Model CP violation is entirely due to the phase in

the Cabibbo-Kobayashi-Maskawa mixing matrix [6](q.v. ). Since

CP violation occurs in first order in decay amplitudes and in

second order in mass-matrix mixing, one expects a significant

nonzero value of c'. The calculation is uncertain partly because

m~ and V~d are not well known and primarily because of

the difliculty of estimating hadronic matrix elements [7]. The

theoretical results for e'/e in the standard model are generally

in the range 3 x 10 to 5 x 10 ~, but may be even lower for

large values of mt.

Fitting procedures

We list measurements of Itl+ I, Irfpp[, and Itlpp/tl+ I. Inde-

pendent information on Itl+ I
and Itlpp[ can be obtained from

measurements of the K&o and K&o lifetimes (r) snd branching

ratios (B) to nit, using the relations

This quantity is independent of phase convention and is seen

from Eq. (2) to equal (Kl I K&). The phase of e is given by

26mr,
P(e) = tan = 43.59+0.15'

B(KIP ~ sr+a )
In+- I

=
(Kp)

B(Ko - nono)
Irloo I

=
(Kp)

r(Kq)
B(KP - n+x-)

r(Kg)
B(K&o n.on.o)

(9a)

while Eq. (5) gives

tb(e') = bg —bp+ —= 48+4' .
2

(7b)

The approximation in Eq. (7a) depends on the neglect of

CP violation in decays other than K —+ 2x and is known to be

good to a few tenths of a degree. Eq. (7a) is evaluated using the

values of the KLP —K&o mass difFerence 6m = (0.5333+0.0027) x
10 hs and the K& mean life r, = (0.8926+0.0012) x 10 Ps

from the current edition. The value of the arm 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)] = l.
The consequence of this analysis is that only two real quantities

We approximate a global fit to these independent sources

by first performing two independent fits: 1) BRFIT, s fit to ihe

Kro branching ratios, rates, and mean life, and 2) ETAFIT, s
fit to the Irf+ I, Irfpo], and Irf+ /rlpp] measurements. The results

from fit 1, along with the K& values from this edition are used

to compute values of Irt+ I
and Itloo[ which are included as

measurements in the Irlop[ and Itf+ I
sections with a document,

ID of BRFIT 94. Thus the fit values of Irf+ I
and Irfpp[ given

in this edition include both the direct measurements and the

results from the branching ratio fit.

The process is reversed in order to include the direct

I
rt I

measurements in the branching ratio fit. The results from
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fit 2 above (before including BRF'IT 94 values) are used

along with the KI and Ks mean hves and the Ks
branching fractions to compute the K&o branching ratios

I (KIP rr+rr )/I'(total) and I'(KIP rr rr )/I'(KL rr+rr ).
These branching ratio values are included as measurements in

the branching ratio section with a document ID of ETAFIT 94.
Thus the K& branching ratio fit values in this edition in-

clude the results of direct measurements of lri~ l, lt7ppl, and

lr/pp/ri+
l
. Details of these fits are given in the 1990 edition of

this Revi era [8].
Since the last edition, results on c'/e have been pub-

lished by CERN NA31 (BARR 93D) and Fermilab E731 (GIB-
BONS 93B). These results dominate our fit to e'/e, lr/+ l, lr/ppl,

and B(KL, —r rrrr). The resulting value e'/e = (1.5 + 0.8) x 10 s

(S = 1.8) has a large scale factor S included in the error, indi-

cating a continuing disagreement in the input data. The CERN
NA31 result continues to indicate the presence of direct CP
violation with a result which is more than three o. above zero

while the Fermilab E731 result is consistent with zero.

The Fermilab E731 experiment also has published recent

results on 4'r+, rtrpp —4r+, and b,m. GIBBONS 93 reports 6m =
(0.5286 + 0.0028) x 10tP rt s t assuming P+
GIBBONS 93C reports b,m = (0.5257 + 0.0049) x 10tP rt s

when a joint fit with P+ is done. We use this value in our

average rather than the GIBBONS 93 value to avoid the rtrsgr

constraint. This is so that when we reevaluate rtr+ experiments

using our average b, rrt, we will avoid biasing rt+ toward rtrsw

The resulting average 6m = (0.5333 + 0.0027) x 10tP rt s

(S = 1.2) is 0.0018 x 10tP rt s t lower than our 1992 average

as a result of the lower E731 value. GIBBONS 93 reports
= 42.2 6 1.4' for their 6m and ws. We use their Am

and v, dependence quoted in NAKADA 93. We revaluate all

measurements for the current b, m and va PDG averages.

The resulting value P+ = 44.3+ 0.8' is two old standard

deviations below our 1992 average and is now consistent with

the "superweak" phase given in Eq. (7a).

Footnotes and References
* The S values in parentheses are scale factors by which the
errors have been increased to account for discrepancies in the
data.

1. K. Kleinknecht in CP Violation (ed. . C. Jarlskog), World
Scientific, (1989), p. 41.

2. V. Barmin, et al. , Nucl. Phys. B247, 293 (1984);
L. Wolfenstein, Ann. Rev. Nucl. Sci. 36, 137 (1986).

3. T.T. Wu and C.N. Yang, Phys. Rev. Lett. 13, 380 (1964).
4. E. Chell and M. G. Olsson, Phys. Rev. D48, 4076 (1993).
5. L. Wolfenstein, Phys. Rev. Lett. 13, 562 (1964).
6. M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 659

(1973).
7. J.F. Donoghue et al. , Phys. Reports 131, 320 (1986).
8. J.J. Hernandez et al. , Phys. Lett. B239, 1 (1990).

CP-VIOLATION PARAMETERS IN Kg DECAYS

CHARGE ASYMMETRY IN LEPTONIC DECAYS

Such asymmetry violates CP. It is related to Re(~) ~

b{rs) = [l{e rs+v&} —i {a+ra fr&)I/SUM
Only the combined value below is put into the Meson Summary Table.

VALUE (%) EVTS DOCUMEN T ID TECN

0.30l+0.025 OUR AVERAGE
0.313+0.029 15M GEWENIGER 74 ASPK
0.278 +0.051 7.7M PICCIONI 72 ASPK
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.60 +0.14 4.1M MCCARTHY 73 CNTR
0.57 +0.17 1M 85 PACIOTTI 69 OSPK
0.40360.134 1M 85 DORFAN 67 OSPK

PACIOTTI 69 is a reanalysis of DORFAN 67 and is corrected for p+ p, range difference
in MCCARTHY 72.

b{e}= [i {e e+v, ) —I {e+e Ire)]/SUM
Only the combined value below is put into the Meson Summary Table.

VALUE (%) EVTS DOCUMEN T ID TECN

0.333+0.014 OUR AVERAGE

0.341+0.018 34M GEWENIGER 74 ASPK
0.31860.038 40M FITCH 73 ASPK
0.34660.033 10M MARX 70 CNTR
0.246 60.059 10M 86 SAAL 69 CNTR
~ ~ ~ We do not use the following data for averages, fits. limits, etc. ~ ~ ~

0.36 +0.18 600k ASHFORD 72 ASPK
0.224 60.036 10M 86 BENNETT 67 CNTR

SAAL 69 is a reanalysis of BENNETT 67.

b = weighted average of b{ra}and b{e}
(Combination of the above two sections. )

VALUE (%) EVTS DOCUMEN T ID

0.327+0.012 OUR AVERAGE

0.31340.029 15M GEWENIGER 74 ASPK

0.341+0.018 34M GEWENIGER 74 ASPK
0.318k 0.038 40M FITCH 73 ASPK
0.333+0.050 33M WILLIAMS 73 ASPK

0.278+ 0.051 7.7M PICCIONI 72 ASPK

0.346+0.033 10M MARX 70 CNTR
0.246+ 0.059 10M SAAL 69 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits,

0.60 +0.14 4.1M MCCARTHY 73 CNTR

0.36 +0.18 600k ASHFORD 72 ASPK
0.57 +0.17 1M PAC IOTTI 69 OS P K

TECN COMMENT

K~3
Ke3
Ke3
K~3 + Ke3

K~3
Ke3
Ke3
etc. ~ ~ ~

Kp3

Ke3
K~3

PARAMETERS FOR K~ ~ hr DECAY

+- =A("L- + )/A("S + )
qp

—A(K x 1rp) / A(K0 xpxp)00— S

The fitted values of (ri+ ]
and ~r)00( given below are the results of a fit

to (rr+ (, rrpp ), (npp/rr+ [, and Re(sr/e). independent information on

)f}+ [
and )f)00) can be obtained from the fitted values of the KL

+fr and KS ~ ~rr branching ratios and the KL and KS lifetimes. This

information is included as data in the ~rr+
~

and ~rrpp[ sections with a

Document ID "BRFIT." See the "Note on CP Violation in K Decay"
L

above for details.

ln I
=

I
A{fr't - 2ep) l 4{&a 2ep)

I

VALUE (u»ts 10 ) EVTS DOCUMENT ID TECN COMMENT

2.259+0.023 OUR FIT Error includes scale factor of 1.1.
2.12 +0.09 OUR AVERAGE Error includes scale factor of 1.2.
2.084 40.080 87 BRFIT 94
2.33 +0.18 CHRISTENS. .~ 79 ASPK
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.71 +0.37 56 WOLFF 71 OSPK Cu reg. , 4p's
2.95 +0.63 CHOLLET 70 OSPK Cu reg. , 4p's

8 This BRFIT value is computed from fitted values of the K and K lifetimes and
L S

branching fractions to n~. See the discussion in the "Note on CP violation in K
L

decay. "
CHOLLET 70 gives ~ripp~ = (1.23 + 0.24) x(regeneration amplitude, 2 GeV/c
Cu)/10000mb. WOLFF 71 gives ~f)pp~ = (1.13 + 0.12)x(regeneration amplitude, 2
GeV/c Cu)/10000mb. We compute both ~happ~ values for (regeneration amplitude, 2
GeV/c Cu) = 24 4 2mb. This regeneration amplitude results from averaging over
FAISSNER 69, extrapolated using optical-model calculations of Bohm et al. , Physics
Letters 2TB 594 (1968) and the data of BALATS 71. (From H. Faissner, private com-
munication).
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L

in+ I
= IA(N ~+~-) / A(H ~+~-)l

VALUE (units 10 ) EVTS DOCUMENT ID TECN COMMENT

2'269+0.023 OUR FIT Error includes scale factor of 1.1.
2.281+0.022 OUR AVERAGE
2.266+ 0.030 89 BRFIT 94
2 32 +0.14 + 0.03 10 ADLER 928 SPEC KQ-K asymm.
2.27 +0.12 CHRISTENS. .. 798 ASPK
2.30 +0.035 GEWENIGER 748 ASPK
~ ~ o We do not use the following data for averages, fits, limits, etc. e ~ o

2.28 +0.06 1687 COUPAL 85 SPEC P(K)=70 GeV/c
2,09 +0.02 ARONSON 828 SPEC E=30-110 GeV

9 This BRFIT value is computed from fitted values of the K and K lifetimes and
L 5

branching fractions to ~x, See the discussion in the "Note on CP violation in K
L

decay. "
COUPAL 85 concludes: no energy dependence of Iri+ ~, because their value is consistent
with above values which occur at lower energies. Not independent of COUPAL 85
I (7r+ ~ )/P(x/v) measurement. Enters ~ri+

~

via BRFIT value. In editions prior to
1990, this measurement was erroneously also included in our lrI+

~

average and fit. We
thank H, Wahl (WAHL 89) for informing us.
ARONSON 828 find that ~rI+ ~

may depend on the kaon energy.

/coo/n+

3152
1122

~/4 ~ «(~/g) = (~-l~/n+-I)/3
VALUE (units 10 3) EVTS DOCUMENT ID TECN COMMENT

1.5 +0.1 OUR FIT Error includes scale factor of 1.8.
1.5 +0. OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

2, 3 +0,65 BARR 93D NA31

0.74+ 0.52 +0.29 GIBBONS 938 E731
3.2 +2.8 61.2 WOODS 88 E731

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

2.0 +0.7 1M 9? BARR 93D NA31
—0.4 + 1.4 +0,6 PATTERSON 90 E731 in GIBBONS 938

3.3 + 1.1 9 BURKHARDT 88 NA31

96 This is the combined results from BARR 93D and BURKHARDT 88, taking into account
their common systematic uncertainty.
These values are derived from ~rI00/rI+ I

measurements. They enter the average in this

section but enter the fit via the ~rIQQ/rI+ t
section only.

&5E5

WEIGHTED AVERAGE
1.5+0.8 (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.

VALUE EVTS DOCUMENT ID TECN

0.9955+0.~OUR FIT Error includes scale factor of 1.8.
0.$930+0.N20 OUR AVERAGE

0.9931 +0.0020 BARR 93D NA31

0.9904+0.0084 +0.0036 WOODS 88 E731
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.993960.0013k 0,0015 92 BARR 93D NA31

0.9899+0.0020 4 0.0025 BURKHARDT 88 NA31

1.014 + 0,016 +0.007 BERNSTEIN 858 SPEC
0.995 +0.025 BLACK 85 SPEC
1.00 +0.09 CHRISTENS. .. 79 ASPK
1.03 +0.07 124 BANNER 72 OSPK
1.00 +0.06 167 HOLDER 72 ASPK

9 This is the square root of the ratio R given by BURKHARDT 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 )gpp/rI+ ~

= 1—3(~'/~} from WOODS 88 (~'/e) value.

Not independent of (rI+ j
and ]rIQQ (

values which are included in fit.

EVTS

~, PHASE OF gpss
See comment in ft'+ header above for treatment of b, (m} and 7& dependence.

VALUE( ) EVTS DOCUMENT ID TECN COMMENT

4$.3+ 1.3 OUR FIT
46.26 2.8 113 CAROSI 90 NA31
e e e We do not use the following data for averages, fits, limits, etc. o o o

47.4 9 1.4+0.9 114 KARLSSON 90 E731
55.7 + 5.8 CHRISTENS. .. 79 ASPK
38.0 k 25.0 56 " WOLFF 71 OSPK Cu reg. , 4p's
51.0+ 30.0 116 CHOLLET 7p OSPK Cu reg. , 4p's
first quadrant preferred GOBBI 698 OSPK

CAROSI 90 ftfpp —47.1 + 2.1 6 1.Q +579 [D(m) —0.5351}+252 [7& —0.8922j
KARLSSON 90 systematic error does not include regeneration phase uncertainty.
WOLFF 71 uses regenerator phase pf ——48.2 + 3.5
CHOLLET ?0 uses regenerator phase 4fI = —46.5 + 4.4

, PHASE of q+
The dependence of the phase on the m 0

—mK0 is given for each experiment in the
L 5

comments below, where d, (m} is (mass difference/h} in units 10 s and rs is the

KS mean life in units 10 s. We have evaluated these mass dependences using our
1994 values, d-~, (m) = 0.5333 4 0.0027, rs —0.8926 + 0.0012 to obtain the values
and average quoted below. We also give the regeneration phase Pf in the comments
below.

VALUE ( ) DOCUMENT ID TECN COMMENT

44.3k 0.8 OUR FIT
44.1+ 0.9 OUR AVERAGE

42.9+ 1.2 98 GIBBONS 93 E731
42.3 + 4.4 + 1,4 10 9 ADLER 928 SPEC K -~K asymm.
46.0 + 2.2 100 CAROSI 90 NA31
45.2 + 2.9 CARITHERS 75 SPEC C regenerator
45, 6 + 1.8 102 GEWENIGER ?48 ASPK Vacuum regen.
e e e We do not use the following data for averages, fits, limits, etc. o o ~

47.?+ 2.0 +0.9 KARLSSON 90 E731
35.3+ 3.9 104 ARONSON 828 SPFC
41.7+ 3.5 CHRISTENS. .. 798 ASPK
36.2 + 6.1 CARNEGIE 72 ASPK Cu regenerator
3? +12 06 BALATS 71 OSPK Cu regenerator
40 4 4 107 JENSEN 70 ASPK Vacuum regen.
34 +10 1 8 BENNETT 69 CNTR Cu regenerator
44 +12 109 BOHM 698 OSPK Vacuum regen.
45 4 7 FAISSNER 69 ASPK Cu regenerator
51 +11 111 BENNETT 688 CNTR Cu reg. uses
70 +21 BOTT-... 678 OSPK C regenerator
25 +35 112 MISCHKE 67 OSPK Cu regenerator
30 +45 112 FIRESTONE 66 HBC
45 +50 '» FiTCH 65 OSP K Be rege nera tor

GIBBONS 93 measures p+-f(t f and calculates the regeneration phase 4)5f 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+
= 42.21 + 0.9 + 189 [E(m) —0.5286) —460 [rs —0.8922j . B.Winstein, private
communication, reported in NAKADA 93. GIBBONS 93 reports (tt+ (42.2 + 1.4) for
their b, (m) and rs.

99ADLER 928 quote separately two systematic errors: +0.4 from their experiment and
+ 1.0 degrees due to the uncertainty in the value of A(m).

100 CAROSI gp ftf+
—46.9 + ]..4 + Q, ? + 57g [&(m) —0.5351] + 3Q3 [7s Q 8922)o

101CARITHERS 75 4f+ ——(45.5 + 2.8)+224[&(m) —Q. 5348jo ftif = —40.9 9 2.6
GEWENIGER 748 ftf+ —(49.4 + 1.0}+565 [4(m) —0.540j'.
KARLSSON 90 systematic error does not include regeneration phase uncertainty.
ARONSON 82 find that fty+ may depend on the kaon energy.

0 CARNEGIE 72 4)(+ is insensitive to b, (m). ftsf
———56.2 + 5.2

6 BALATS 71 4t+ ——(39.0 + 12.0)+ 198[8,(m}-0.544j . @If = —43.0 + 4.po.

JENSEN 70 p+ —{42.4 + 4,0}+576 [4(m) —0.538j
1 8 BENNETT 69 uses measurement of (f))+ )—(pf ) of ALFF-STEIN BERGER 668. BEN-

NETT 69 p+ ——(34.9 + 10.0)+69[6.(m) —0.545j . Qf
———49.9 + 5.4

BOHM 698 p+ ——(41.0 + 12,0)+4?9(b,(m) —0.526)
FAISSNER 69 error enlarged to include error in regenerator phase, FAISSNER 69 ftt+
—(4S S y y 4)+2pS[~(m) p SSSjo df

— 42 T ~ S po

BENNETT 69 is a re-evaluation of BENNETT 688.
Old experiments with large errors not included in average.

6 /6 Re(e'/E} = (1—rIQQ/P+ }/3

. . GIBBONS
WOODS

93D NA31
93B E731
88 E731

2

1.6
1.6
0.3
3.5

(Confidence Level = 0.1?8)

10

PHASE DIFFERENCE ~ —P+
Test of CPT.

VALUE( ) DOCUMEN T ID TECN

1.0+ 1.0 OUR FIT
1.2+ 1.0 OUR AVERAGE
1.6+ 1.2 I117GIBBONS 93 E731
0.2+ 2.6+ 1.2 118 CAROSI 90 NA31

0.3+ 2.4+ 1.2 KARLSSON 90 E731
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

12.6 4 6.2 118 CHRISTENS. .. 79 ASPK
7,6*18.0 119 BARBIELLINI 73 ASPK

GIBBONS 93 give detailed dependence of systematic error on iifetime (see the section

on the K& mean life) and mass difference (see the section on m 0
—m 0 }.

5
Not independent of d+ and dpp values. This is taken into account in our fitting
procedure.

9 Independent of regenerator mechanism, &(m}, and lifetimes.
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L

CHARGE ASYMMETRY IN x+x x DECAYS

CHO
PEACH
SCRI BANO
SMITH
BLANPIED

PARAMETERS for K ~ r+x p DECAY

le+ , I
= IA-(ir't x+~ ~)/A(~s x+~ &)I

VALUE{units 10 3)

2.15+0.26+0.20
EVTS

3671
DOCUMENT ID TECN

RAMBERG 93B E731

P+~ ——phISe Of g+ Z
VALUE {o) EVTS

72+23+17 3671
DOCUMENT ID TECN

RAMBERG 93B E731

CHARGE ASYMMETRY J FOR K~ ~ ~+a-m.o

Defined at beginning of section "LINEAR COEFFICIENT g FOR K& ~ x x x0 + — 0

above. Such asymmetry violates CP. See also note on Daltitz plot parameters in K+
section and note on CP violation in K& decay above.0

VALUE EVTS DOCUMENT ID TECN

0.0011+0.0008 OUR AVERAGE
0.001 40.011 6499 77

-0.001 +0.003 4709 77
0.0013+0.0009 3M 70
0.0 +0.017 4400 70 OSPK
0.001 +0.004 238k 68

WEIGHTED AVERAGE
0.006~0.018 (Error scaled by 1.3)

-0.4 -0.2

V

V

V. 1

V'

V
V
V'
V
'4j

0.0

. . SMITH
NIEBERGALL

. - -. . . . FACKLER
HART
MALLARY
BURGUN
GRAHAM
MANN
WEBBER. . . .CHO
BENNETT
LITTENBERG

~ .JAMES
FELDMAN
AUBERT
BALDO-. ..

ZINI

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

0.2 0.4

(Confidence Level

0.6

Re(x) (65 = -h, Q amplitude)

X
2

0.3
1.3
0.1

0.3
4.4
0.2
0.4
3.3
7.4
1.6
1.1
0.3
0.9
0.3
0.1

0.2
22.0

= 0.107)

NOTE ON AS = Aq IN Ko DECAY'S

The relative amount of hS g AQ component present is

measured by the parameter x, defined as

z = A(K r 7r I+v)/A(K ~ mf+v) . .

We list Re{zj and Im{s) for K,s and K&s combined.

x= APF -s s 1+v)/A(K -s sr 1+sr) = A(lhs= —lLlII)/A(h$=4q)

REAL PART OF x
VALUE EVTS

0.005+0.01$ OUR AVERAGE
DOCUMENT ID TECN COMMENT

Error includes scale factor of 1.3. See the ideogram
below.

SMITH 75B WIRE n p ~ K A

NIEBERGALL 74 ASPK K+ p ~ K pe+
FACKLER 73 OSPK Ke3 from K
HART 73 OSPK Ke3 from K A

MALLARY 73 OSPK Ke3 from K AX
121 BURGUN 72 HBC K+ p Kp p~+

GRAHAM 72 OSPK x p ~ KP A

MANN 72 HBC K p ~ n~K

p 1p +0.18—0.19 79

0.04 +0.03
—0.00860.044
—0.03 +0.07
—0.070 +0.036

0.03 +0.06
-0.05 +0.09

+0.10
—0.14 126

p 25 +0.07—0.09 252

0.12 +0.09 215
—0.020 40.025

009 +0.14
—0.16

0 09 —0.09 JAMES 68 HBC p p

p 17 +0,16—0.35 FELDMAN 67B OSPK x p ~ K A

0.035+—0.13 196 65 HLBC K+ charge exchange

006+ '—0.44 152 BALDO-. .. 65 HLBC K+ charge exchange

—0.08 +0.16—0.28 109 FRANZINI 65 HBC p p

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

p p4 +0.10—0.13
122 GRAHAM 72 OSPK K froin KOA

gl3
—0.13 +0.11 342 122 MANTSCH 72 OSPK K 3 from K A

p 04 +0.07—0.08 222 121 BURGUN 71 HBC K+ p ~ K pm+

0.03 +0.03 124 BENNETT 68 CNTR
0.17 +0.10 335 HILL 67 DBC K+d ~ K pp

BURGUN 72 is a final result which includes BURGUN 71~

First GRAHAM 72 value is second GRAHAM 72 value combined with MANTSCH 72.
CHO 70 is analysis of unambiguous events in new data and HILL 67.
BENNETT 69 is a reanalysis of BENNETT 68.

5 BALDO-CEOLIN 65 gives x and 8 converted by us to Re(x) and Im(x).
FRANZINI 65 gives x and 8 for Re{x) and Im(x). See SCHMIDT 67.

4724
1757
1367
1079
410
442

WEBBER 71 HBC K p b n~K

123 CHO 70 DBC K+d ~ K pp
124 BENNETT 69 CNTR Charge asym+ Cu regen.

LITTENBERG 69 OSPK K+n ~ K p686

121

116

AUBERT

ldd. ,f/d
VALUE CL S EVTS DOCUMENT ID TECN

(0.3
t90

3671 120 RAMBERG 93B E731
I

RAMBERG 93a limit on )s [/s assumes than any difference between rt+ andri++-p
is due to direct CP violation.

116

K~ REFERENCES

BARR

Search for
BRFIT
ETAFIT
GU
AKAGI
ARISAKA
ARISAKA
BARR
GIBBONS
GIBBONS
GIBBONS
HARRIS
HARRIS
MAKOFF
NAKADA

AIP Conf.
RAMBERG
RAMB ERG
VAGINS
ADLER

Also
BARR
GRAHAM
MORSE
PDG
SOMA LMIA R

94 PL B (to be pub. )
the decay KL
94 RPP
94 RPP
94 PRL 72 3000
93 PR D47 R2644
93 PRL 70 1049
93B PRL 71 3910
93D PL B317 233
93 PRL 70 1199
93B PRL 70 1203
93C Thesis
93 PRL 71 3914
93B PRL 71 3918
93 PRL 70 1591
93 Lepton Photon Conf.
Proc. 302, p. 425
93 PRL 70 2525
93B PRL 70 2529
93 PRL 71 35
92B PL B286 180
92 SJNP 55 840
92 PL B284 440
92 PL B295 169
92 PR D45 36
92 PR D45, 1 June, Part
92 PRL 68 2580

+Buchholz+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)

(RUTG, UCLA, EFI, COLO, ELMT, FNAL, ILL, OSAK)
+Fukuhisa, Hernmi+ (TOHOK, TOKY, KYOT, KEK)
+Auerbach, Axelrod, Belz. Biery+ (BNL E791 Collab. )
yAuerbach, 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)
+Briere. Cheu, MakofF, McFarland+ (FNAL E799 Collab. )
+Briere, Cheu, Makoff, McFarlane+ (FNAL E799 Collab. )
+Barker, Briere, Gibbons+ (FNAL E731 Collab. )

(Psl)

+Bock, Coleman, Enagonio, Hsiung+ (FNAL E731 Collab. )
+Bock, Coleman, Enagonio, Hsiung+ (FNAL E731 Collab. )
+Adair, Greenlee, Kasha, Mannelli+ (BNL E845 Collab. )
+Alhalel, Angelopoulos, Apostolakis+ (CPLEAR Collab.

Adler, Alhalel, Angelopoulos+ (CPLEAR Collab. )
+Buchholz+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Barker, Briere, Gibbons, MakofF+ (FNAL E731 Collab. )
+Leipuner, Larsen, Jastnembski+ (BNL, YALE, VASS)

II Hikasa, Barnett, Stone+ (KEK, LBL, BOST+)
yBarker, Briere, Gibbons+ (FNAL E731 Co(lab. )

IMAGINARY PART OF x
Assumes m 0

—m 0 positive. See Listings above.
KL KS

VALUE EVTS DOCUMEN T ID TECN COMMENT
-0.003+0.026 OUR AVERAGE Error includes scale factor of 1.2.

-0.10 +0'6 79 SMITH 75B WIRE x p b K A—0.19
—0.06 +0.05 4724 NIEBERGALL 74 ASPK K+ p b KP pe+
—0.017+0.060 1757 FACKLER 73 OSPK Ke3 from K

0.09 +0.07 1367 HART 73 OSPK Kq3 from K A

1p7+ 0.092—0.074 1079 MALLARY 73 OSPK Ke3 from K AX

p p7 +0.06—0.07 410 BURGUN 72 HBC K+ p ~ K p~+
0.05 +0.13 442 128 GRAHAM 72 OSPK x p KOA

0.21 +015 126 MANN 72 HBC K p ~ n~K—0.12
0.0 +0.08 252 WEBBER 71 HBC K p ~ n~K

—0.08 +0.07 215 CHO 70 DBC K+d -+ Kppp

p 11 +0.10
—0.11 686 LITTENBERG 69 OSPK K+ n ~ KOp

+0'22 +0 29 121 JAMES 68 HBC p p

0.0 +0.25 FELDMAN 67B OSPK n p ~ K A

p 21 +011—0.15 196 AUBERT 65 HLBC K+ charge exchange

p 44 +0.32—0.19 152 BALDO-. ~ ~ 65 HLBC K+ charge exchange

+0 24 +0.40 1P9 131 FRANZINI 65 HBC p p—0.30
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0 12 +0,17—0.16 100 128 GRAHAM 72 OSPK K 3 from K0Ap3
—0.04 +0.16 342 128 MANTSCH 72 OSPK Ke3 from K A

p 12 +0.08 222 127 BURGUN 71 HBC K+ p ~ K p~+-0.09
—0.20 +0.10 335 129 Hll I 67 DBC K+d ~ Kppp

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.

130BALDO-CEOLIN 65 gives x and e converted by us to Re(x) and Im(x).
131FRANZINI 65 gives x and 8 for Re(x) and Im(x). See SCHMIDT 67.
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0
L

AKAGI
AKAGI
BARR
HEINSON

91
918
91
91

PRL 67 2614
PRL 67 2618
PL 8259 389
PR 044 Rl
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 1T12
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 2914
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 022 2688
PR 021 1750
SJNP 29 778
Translated from YAF
PRL 43 1209
PRL 43 1212
NP 8153 39
PRL 43 556
PR 019 1965
PRL 39 59
PR D18 623
PL 738 483
PR 015 587
PR D15 553
LBL-4275 Thesis
PR D16 565
SJNP 26 478
Translated from YAF
NP 8127 399
SJNP 24 178
Translated from YAF
PRL 37 249
PR D14 2839
SLAC-184 Thesis
PRL 36 348
NP 8109 118
PR D13 1161
PRL 22 1210
NC 25A 688
PRL 34 164
PR Dll 457
PRL 34 1244
UCSD Thesis unpub
PL 488 393
PL 508 504
SLAC-184 Thesis
PR D14 2839
PR D9 2960
PRL 31 337
PRL 33 554
SLAC-184 Thesis
PR D14 2839
SLAC-PUB-1498 unp
PL 488 483
CERN Int. 74-4 Th
PL 488 487
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 Pl 7539
PL 438 529
PR DS 197&
PRL 31 1025
PRL 30 1336
PR D7 36
PRL 23 427
PRL 31 847
PRL 31 1524
COO-3072-13 Thesis
PR DS 3887
NP 866 31T
PR D7 1953
PRL 25 1214

PAPADIMI TR... 91
BARKER 90

SSAlso
908
90C
90
90
90
908
90
89

BARR
BARR
CAROSI
KARLSSON
OHL
OHL.
PATTERSON
INAGAK I

LITTENBERG 89
MATHIAZHA. .. 89
MATHIAZHA. .. 898
PAPADIMITR. .. 89

89
89
88
88

SCHAFFNER
WAHL
BARR
BURKHARDT
COUSINS 88

88
88

GREENLEE
JASTRZEM. ..

8&WOODS
BURKHARDT 87
ARONSON

Also
PDG
BERNSTEIN
BLACK
COUPAL
BALATS

86
82
86C
858
85
85
83

83
82
828
828
83
838
828
81
80

BERGSTROM
ARONSON
ARONSON

Also
Also
Also

PDG
BIRULEV

Also

808
SQC
80D
80
80
79

CARROLL
CARROLL
CARROLL
CHO
MORSE
BIRULEV

CHRISTENS. ..
CHRISTENS. ..
HILL
SCHMIDT
SHOCHET

Also
ENGLER
HILL

CHO
CLARK

Also
DEVOE
DZHORD. ..

79
?98
79
79
79
77
788
78
77
77
75
77
77

77
76

PEACH
BIRULEV

76
76
74
76
76
76
69
75

COOMBES
DONALDSON

Also
FUKUSHIMA
GJESDAL
REY

Also
BALDO-. ..
BLUMENTHAL 75
BUCHANAN
CARITHERS
SMITH
ALBRECHT
BISI
DONALDSON

Also
DONALDSON

Also
DONALDSON

Also
Also

FIELD
GEWENIGER

Also
GEWENIGER

Also
GEWENIGER
GJESDAL
MESSNER
NIEBERGALL
WANG
WILLIAMS
ALBROW
ALEXANDER
ANIK INA
BARBIELLINI
BRANDENB. ..
CARITHERS

Also
EVANS

Also
FACKLER
FITCH

Also
GINSBERG
HART
MALLARY

Also

75
75
758
74
74
74
?6
748
738
74C
74
76
?4
74
74
748
748
74C
74
74
74
74
74
73
138
73
13
73
73
738
13
69
73
73
72
73
73
73
70

!Fukuhisa, Hemmi! (TOHOK, TOKY, KYOT, KEK)
+Fukuhisa, Hernrni+ (TOHOK, TOKY, KYOT, KEK)
+Carosi+ (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+ (UCI. UCLA, LANL, PENN, STAN, TEMP, TEXA+)

Papadimitriou, Barker, Briere+ (FNAL ET31 Collab. )
+Briere, Gibbons, Makoff+ (FNAL E731 Collab. )

Gibbons, Papadimitriou+ (FNAL E731 Collab. )
+Carosi! (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Carosi+ (CERN, EDIN. MANZ, LALO, PISA, SIEG)
+Clarke! (CERN, EDIN, MANZ, LALO, PISA, SIEG)
+Gollin, Okainitsu, Tschirhart. Barker!(FNAL E?31 Collab. )
!Adair, Greenlee. Kasha, Mannelli+ (BNL E845 Collab. )
+Adair, Greenlee, Kasha, Mannelli+ (BNL E&45 Collab. )
+Barker+ (FNAL ET31 Collab. )
+Kobayashi, Sato, Shinkawa+ (KEK, TOKY, KYGT)

{BNL)
Mathiazhagan+ (UCI, UCLA, LANL, PENN, STAN+)
Mathiazhagan! (UCI, UCLA, LANL, PENN, STAN+)
Papadimitriou, Gibbons, Patterson! (FNAL E731 Collab. )

+Greenlee, Kasha, Mannelli, Ohi! (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)

Jastrzernbski, Larsen, Leipuner, Morse+ {BNL, YALE)
-Ihlishikawa, Patterson, Wah, Winstein!(FNAL ET31 Collab, )

(CERN, EDIN, MANZ, LALO, PISA, SIEG)
!Bernstein, Bock+ (BNL, CHIC, STAN, WISC)

Aronson, Bernstein! (BNL, CHIC, STAN, WISC)
Aguilar-Benitez, Porter+ (CERN, CIT+}

!Bock, Carlsmith, Coupal+ (CHIC, SACL)
!Blatt, Campbell, Kasha, Mannelli! (BNL, YALE)
+Bernstein, Bock, Carlsmith+ (CHIC, SACL)
+Berezin, Bogdanov, 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, Vestergombi, Genchev+ (JINR)

31 1204.
+Chiang, Kycia, Li, Littenberg, Marx+ (BNL, RGCH)
+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, Goldman, Hummel, Roth+ (NYU)
Christenson, Goldman, Hummel, Roth! (NYU)

+Sakitt, Snape, Stevens+ (BNL, SLAC, SBER)
+Blatt, Campbell, Grannan+ (YALE, BNL)
+Linsay, Grosso-Pilcher, Frisch+ (EFI, ANL)

Shochet, Linsay, Grosso-Pilcher+ (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, Krivokhizhin! (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+ (5LAC)

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, BERL, BUDA, PRAG, SERP, SOFI)

!Ferrero (TORI)
(5LAC)

Donaldson, Hitlin, Kennelly, Kirkby, Liu+ (5LAC)
+Fryberger, Hitlin, Liu+ (SLAC, UCSC)

Donaldson, Fryberger, Hitlin, Liu+ (SLAC, UCSC)
+Hitlin, Kennelly, Kirkby+ (SLAC)

Donaldson (SLAC)
Donaldson, Hitlin, Kennelly, Kirkby, Liu+ (SLAC)

ub. (5LAC)
+Gjesdal, Kamae, Presser+ (CERN. HEIDH)

esis Luth (CERN)
+Gjesdal, Presser+ (CERN, HEIDH)

Gjesdal, Presser, Steffen+ (CERN, HEIDH)
+Gjesdal, Presser! (CERN, HE ID H)

+Presser, Kamae, Steffen+ (CERN, HEIGH)
!Franklin, Morse! (COLO. SLAC, UCSC)
+Regler, Stier+ (CERN, ORSAY, VIEN)
+Smith, Whatley, Zorn, Hornbostel (UMD, BNL)
+Larsen, Leipuner, Sapp, Sessoms+ (BNL, YALE)
+Aston, Barber, Bird, Ellison! (MCHS, DARE)
+Benary, Borowitz, Lande+ (TELA, HEID)
!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, Peachy (EDIN, CERN)
+Frisch, Martin, Smoot, Sompayrac (MIT)
+Hepp, Jensen, Strovink, Webb (PRIN)

Webb (PRIN)
!Smith (MIT, STON)
!Hutton, Field, Sharp, Blackrnore+ (CAVE, RHEL)
!Binnie, Gallivan, Gomez, Peck, Sciulli+ (CIT)

Sciulli, Gallivan, Binnie, Gomez+ {CIT)

MCCARTHY
Also
A Iso

MESS NER
PEACH
SANDWEISS
WILLIAMS
ALBROW
ASHFORD
BANNER
BANNER
BA RMIN

73
72
?I,
73
73
73
73
72
72
72
72B
72

728

72
72
72
70
71
72
72
?2
72
?2
72
72
72
72
72
74
72
71
71

71
?1
71
71
71
71
?2
71
71
70
71
74
71
70
71
71
?1
7l
71
68
69
?l
7Q

70
70
70

BARMIN
BISI

BURGUN
CARNEGIE
CHAN

C Hl EN

Also
CHG
CLARK

Also
Also
Also

ENSTROM
Also

JAMES
MEISNER
PEACH
REPELLIN
WEBBER

Also
A}so

WOLF F
ALBRGW
ARONSON
BARMIN
BASIL E

BECHERRA
BUCHANA

A Iso
BUDAGOV

A}so
CHIEN

Aiso
CHG

Aiso
CHGLLET
CULLEN
DARR IULA
FAISSNER
GINSBERG
JENSEN

A}so
MARX

Also
SCRIBANG
SMITH
WEBBER

Also
BANNER

Also
Also

BE ILL IE RE
BENNETT
BGHM

Also
CENCE
EVANS
FAISSNER
FOETH
GAILLARD

Also
GGBBi
LITTENBE
LGNGG
PAC IGTTi
SAAL
ABRAMS
ARNOLD
ARONSON

Also
BART LET
BASILE
BASILE
BENNETT
BENNETT
BLANPIED
BOHM
8UDAGGV

Also
JAMES

Also
KULYUKIN

WY 70
N

T

RG

T

A

7Q

71
70
688
70
71
70
67
?0
?Q

?G

7Q

70
7Q

69
?0
708
70
70
7Q

69
69
68
68
69
69
698
68
69
69
69
69
69
6?
698
69
69
69
69
6SB
68B
68
69
68
68
688
68
688
68
688
68
688
68
68
68

BARMIN

BURGUN
CARNEGIE
DALLY

A Iso
Also

GRAHAM
HOLDER
JAMES
KRENZ
MANN

MANTSCH
MCCARTHY
METCALF
NEUHOFER
PIC C IGNI

Also
VOSBURGH

Also
BALATS

+Brewer, Budnitz, Entis, Graven, Miller! (LB&)
McCarthy, Brewer, Budnitz, Entis, Graven! {LBL)
McCarthy (LBI )

+Morse, Nauenberg, Hitlin+ (CGLG, SLAC, UCSC}
!Evans, Muir, Hopkins, Krenz (EDIN, CERN, AACH)
!Sunderland, Turner, Willis, Kelter (YALE, ANL)
+Larsen, Leipuner, Sapp, Sessoms! (BNL, YALE)
!Aston, Barber, Bird, Ellison+ (MCHS, DARE)
!Brown, Masek, Maung, Miller, Ruderman-- (UCSD)
!Cronin, Hoffman, Knapp, Shochet {PRIN)
+Cronin, Hoffman, Knapp, Shochet (PRIN)!Davidenko, Demidov, Dolgolenko! {ITEP}

15 1149.
+Bary}ov, Davidenko, Dernidov; {}TEP)

+Lesquoy, Muller, Pauli+ ISACL, CERN, OSLO)
!Cester, Fitch, Strovink, Sulak (PRIN)
+Innocenti, Seppi+ (SLAC, JHU, UCLA)

Chien, Cox, Ettlinger+ {JHU, SLAC, UCI A)
Chien, Cox, Ettlinger! {JHU, SLAC, UCLA)

+Abashian Jones Mantsch Orr! (ILL, NEAS)
+Radermacher, Staude+ (AACH, CERN, TGRI)
+Montanet, Paul, Saetre+ (CERN, SACL, OSLO)
!Hopkins, Evans, Muir, Peach (AACH, CERN, EDIN)
!Kofler, Meisner, Hertzbach+ (MASA, BNL, YALE)
. Abashian, Graham, Jones, Orr+ {ILL, NEAS)
!Brewer, Budnitz, Entis, Graven- (LBL)
+Neuhofer, Niebergall+ (CERN, IPN, WIEN)
+Niebergall, Regler, Stier+ (CERN, ORSAY, VIEN)
!Coombes, Donaldson, Dorfan, Fryberger+ (SLAC)

Piccioni, Donaldson+ (SLAC, UCSC, COLO)
+Devlin, Esterling, Goz, Bryrnan+ (RUTG, MASA)

Vosburgh, Devlin, Esterling, Goz~ (RUTG, MASA}
+Berezin, Vishnevsky, Galanina r- (ITEP)

!-Barylov, Veselovsky, Davidenko ' '(ITEP',
+Darriulat, Ferrero, Rubbia+ {AACH, CERN, TORI)
+ Lesquoy, Muller, Pa uli+ (SACL, CERN, OSLO)
!Cester, Fitch, Strovink, Sulak (PRIN)

(LBL)
~Cox, Ettiinger! (JHU, SLAC, UCLA)

Dally, 'Innocenti, Seppi+ {SLAC, JHU, UCLA)
!Dralle, Canter, Engler, Fisk+ (CMU, BNL, CASE)
t-Elioff, Field, Frisch, Johnson, Kerth! (LRL)

Johnson {LRL)
Frise h (LRL)

--Drickey, RJdnick, Shepard! {SLAC, JHU, UCLA)
Cox

~- C undy. Myat t, Nez rick ~ (CERN, ORSAY, EPGL}
Budagov, Cundy, Myatt i- (CERN, ORSAY, EPGL)

-'-Cox, Ettlinger! (JHU, SLAC, UCLA)
Cox

.-'Dralle, Canter, Engler, Fisk! (CMU, BNL, CASE)
Hill, Luers, Robinson, Sakitt+ (BNL, CMU)

-Gaillard, Jane, Ratcliffe, Repellin! {CERN)
, Darriuiat, Deutsch, Foeth! (AACH, CERN, TORI)

~ Ferrero, Grosso, Holder! (AACH, CERN. TORI)!Reithler, Theme, Gaillard~, 'AACH3, CERN. RHEL)
{HA IF)

(EFI)
Jensen, Aronson, Ehrlich, Fryberger- {EFI, ILL)

~ Nygren, Peoples-i- {CGLU, HARV. CERN)
Marx (COI U)

+Mannelli, Pierazzini, Marx+ {PISA, CGLU, HARV)
+Wang, Whatley, Zorn, Hornbostel {UMD, BNL)
+Solmitz, Crawford, Alston-Garnjost (LRL)

Web ber (I.Rt )
+Cronin, Liu, Pilcher {P RIN)

Banner, Cronin, Liu. Pilcher {PRIN)
Cronin, Liu. Pilcher {PAIN)

+Boutang Lirnon (EPOI )
+Nygren, Saai, Steinberger+ (CGI U, BNL)
~Darriulat, Grosso, Kaftanov! {CERN)

Bohm, Darriulat, Grosso, Kaftanov {CERN)
-'Jones, Peterson, Stenger+ (HAWA, LRi}
+Golden, Muir, Peach+ (EDIN, CERN)!Foeth, Staude, Tittel+ {AACH3, CERN, TORI)
~Holder, Radermacher! (AACH, CERN, TGRI)
+Galbraith, Hussri, Jane! (CERN, RHEL, AACH}

Gaillard, Krienen, Gaibraith! (CERN, RHEL, AACH)
~Green, Hakel, Moffett, Rosen, Goz~ (ROCH, RUTG)
-Field, Piccioni, Mehihop! {UCSD}
-Young, He}land (MICH, UCLA)

(I.RL'
i COL 0}

-}-Abashian, Mischke, Nefkens, Smith- (ILL)
!-Budagov, Cundy, Aubert+ {CERN, GRSAY)!Chen {PRIN)

Aronson, Chen {PRIN)
+Carnegie, Fitch+ &PRIN)

!Cronin, Thevenet, Turlay! {SACL)
~Cronin, Thevenet, Turiay, Zylberajcn+- {SACL)
}- Nygren, Steinberger+ {COLL}, CERN)!Nygren, Steinberger! (CGLU, CERN}!Levit, Engels+ {CASE, HARV, MCGI}

{CERN, GRSAY, IPNP)
(CERN, ORSAY, EPGL)

(IPNP, CERN)
(UCLA, MICH)

{JINR)

PR D7 687
PL 428 291
LBL-550 Thesis
PRL 30 876
PL 438 441
PRL 30 1Q02
PRL 31 1521
NP 844 1

PL 3&B 47
PRL 28 159l
PRL 29 237
SJNP 15 636
Translated from YAF
SJNP 15 638
Translated from YAF 15 1152.
NP 850 194
PR D6 2335
PL 418 647
PL 338 627
PL 358 261
NC 9A 166
PL 408 141
NP 849 l
LNC 4 213
PR 06 137
NC 9A 160
PL 428 291
PL 408 703
PL 418 642
PRL 29 1412
PR D9 2939
PR D6 1834
PRL 26 866
SJNP 13 53
Translated from YAF 13 93.
PL 358 604
PL 368 533
LNC 2 1169
PR D41
LBL-350 Thesis
PL 358 261
PL 418 647
PR D3 1557
PRL 26 1667
UCRL 19709 Thesis
UCRL 20264 Thesis
SLAC-PUB-1498 unpub. Field {SLAC}
PR D4 2629
SLAC-125 Thesis
PL 358 265
PR D3 59
PL 358 351
PL 368 603
PR 03 64
PRL 21 498
UCRL 19226 Thesis
PL 368 517
PL 338 516
PRL 25 1057
PL 338 377
PR D2 78
PR Dl 1452
PL 338 623
Private Coinm.
PR 02 815
PL 288 215
PL 338 627
Private Comm.
PR Dl 3031
PRL 19 668
PL 318 658
PL 328 523
PL 338 249
NC 70A 57
PR Dl 229
Thesis
PRL 23 615
PL 328 219
Nevis 179 Thesis
PL 328 224
PL 328 133
PR Dl 1967
UCRL 19226 Thesis
PR 188 2033
PRL 21 1103
PRL 21 110?
PL 308 202
PL 298 317
NP 89 605
PL 278 321
PRL 22 1210
PRL 23 427
PL 308 204
PL 308 282
NC 59A 453
PRL 18 20
PRL 22 685
PRL 22 654
PR l&l 1&08
UCRI 19446 Thesis
Thesis
PR 176 1603
PL 288 56
PRL 20 287
PR 175 1?QS
PRL 21 558
PL 268 542
PL 288 58
PL 278 244
PL 278 248
PRL 21 1650
PL 2?B 594 +
NC 5?A 182 ~ Burmeister, Cundy+
PL 288 215 Budagov, Cundy, Myatt!
NP B& 365 -I- Briand
PRL 21 257 Helland, Longo, Young
JETP 26 20 +Mestvirishvili, Nyagu+
Translated from ZETF 53 29.
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Meson Full Listings
KOL, K*(892)

KUNZ
BENNETT
BOTT-...
BOTT-...

Also
Also

CRONIN
Also

CRONIN
DEBOUARD

Also
DEVLIN

Also
DOR FAN

FELDMAN
FIRESTONE
FITCH
GINS BERG
HAW KINS
HILL
HOPKINS
KADYK
K ULYUKINA
LOWYS
MISC HKE
NEFKENS
SCHMIDT
TODOROFF
ALFF-. ..
ANIK INA

AUERBACH
BASIL E
BEHR
BOTT-...
CARPENTER
CRIEGEE
FIRESTONE
HAWK INS

Also
ANDERSON
ANIK INA
ASTBURY

Also
AST BURY
AST BURY
AU BERT

Also
BALDO-. ..
FISHER
FITCH
FRANZ INI
GALBRAITH
GU IDONI
HOPKINS
ADAIR
ALEKSANYAN

Also

ANIK INA

CHRiSTENS. ..
FU JI I

LUERS
DAR MON
ASTIER
FITCH
GOOD
NYAGU

Also

BARDON

68
67
67
67B
66B
66
67
68
e7B
67
65
67
68
67
67B
67
67
67
67
67
67
67
67
67
67
67
67
67
66B
66

66B
66
66
66
66
66
66
66
67
65
es
65
65
65B
65C
65
67
65
65
65
65
es
65
65
64
64B
64

64

64
64
e4
62
61
61
61
61
61B

58

(PRIN)
(COLU)
(CERN)
(CERN)
(CERN)
(CERN)
(PRIN)
(PRIN)
(PRIN)

(CERN)
~ ORSAY, MPIM)

(PRIM, UMD)
UMD, PPA, PRIN)

(SLAC, LRL)
(PENN)

(YALE, BNL)
(PRIN)

(MASB)
(YALE)

(BNL, CMU)
(BNL)
(LRL)

(JINR)
(EPOL, ORSAY)

(ILL)
(ILL)

(COLU)
(ILL)

Alff-Steinberger, Heuer, Kleinknecht+ (CERN)
+Vardenga, Zhuravleva+ (JINR)

PU 46 Thesis
PRL 19 993
PL 24B 194
PL 24B 438
PL 20 212
PL 23 277
PRL 18 25
Thesis (unpub. )
Princeton 11/67
NC 52A 662
PL 15 58
PRL 18 54
PR 169 1045
PRL 19 987
PR 155 1611
PRL 18 176
PR 164 1711
PR 162 1570
PR 156 1444
PRL 19 668
PRL 19 185
PRL 19 597
P reprint
PL 24B 75
PRL 18 138
PR 157 1233
Nevis 160 Thesis
Thesis
PL 21 595
SJNP 2 339
Translated from YAF
PRL 17 980
Balaton Conf.
PL 22 540
PL 23 277
PR 142 871
PRL 17 150
PRL 16 556
PL 21 238
PR 156 1444
PRL 14 475
JINR P 2488
PL 16 80
HPA 39 523
PL 18 175
PL 18 178
PL 17 59
PL 24B 75
NC 38 684
ANL 7130 83
PRL 15 73
PR 140B 127
PRL 14 383
Argonne Conf. 49
Argonne Conf. 67
PL 12 67
Dubna Conf. 2 102
JETP 19 1019
Translated from ZET
JETP 19 42
Translated from ZET
PRL 13 138
Dubna Conf. 2 146
PR 133B 1276
PL 3 57
Aix Conf. 1 227
NC 22 1160
PR 124 1223
PRL 6 552
JETP 13 1138
Translated from ZET
ANP 5 156

+Nygren, Saal, Steinberger+
Bott-8odenhausen, DeBouard, Cassel+
Bott-Bodenhausen, Debouard, Dekkers+
Bott-Bodenhausen, Debouard, Cassel+
Bott-Bodenhausen, DeBouard, Cassel+

+Kunz, Risk, Wheeler
Wheeler

+Kunz, Risk, Wheeler
+Dekkers, Jordan, Mermod+

DeBouard, Dekkers, Scharff+ (CERN
+Solomon, Shepard, Beall+

Sayer, Beall, Devlin, Shephard+ (
+Enstrom, Raymond, Schwartz+
+Frankel, Highland, Sloan
+Kim, Lach, Sandweiss+
+Roth, Russ, Vernon

+Luers, Robinson, Sakitt+
+Bacon, Eisler
+Chan, Drijard, Oren, Sheldon
+Mestvirishvili, Nyagu+
+Aubert, Chounet, Pascaud+
+Abashian, Abrams+
+Abashian, Abrams, Carpenter, Fishery

2 471
+Mann, McFarlane, Sciulli (PENN)
+Cronin, Thevenet+ (SAC L)
+Brisson, Petiau+ (EPOL, MILA, PADO, ORSAY)

Bott-Bodenhausen, DeBouard, Cassel+ (CERN)
+Abashian, Abrams, Fisher (ILL)
+Fox, Frauenfelder, Hanson, Moscat+ (ILL)
+Kim, Lach. Sandweiss+ (YALE, BNL)

(YALE)
Haw kins (YALE)

+Crawford, Golden, Stern, Binford+ (LRL, WISC)
+Vardenga, Zhuravleva, Kotlya+ (JINR)
+Finocchiaro, Beusch+ (CERN, ZURI)

Pepin
+Michelini, Beusch+ (CERN, ZURI)
+Michelini, Beusch+ (CERN, ZURI)
+Behr, Canavan, Chounet+ (EPOL, ORSAY)

Lowys, Aubert, Chounet, Pascaud+ (EPOL, ORSAY)
Baldo-Ceolin, Calimani, Ciam polillo+ (PA DO)

+Abashian, Abrams, Carpenter+ (ILL)
+Roth, Russ, Vernon (PRIN)
+Kirsch, Piano+ (COLU, RUTG)
+Manning, Jones' (AERE, BRIS, RHEL)
+Barnes, Foelsche, Ferbel, Firestone+ (BNL, YALE)
+Bacon, Eisler (VAND, RUTG)
+Leipuner (YALE, BNL)
+Alikhanyan, Vartazaryan+ (YERE)

Nyagu, Okonov, Petrov, Rozanova+ (JINR)
F 40 1618.

+Lande, Lederman (COLU, BNL)

Aleksanyan+ (LEBD, MPEI, YERE)
F 46 1504.

+1huravleva+ (GEOR, JINR)
F 46 59.

Christenson, Cronin, Fitch, Turlay (PRIN)
+Jovanovich, Turkot+ (BNL, UMD, MIT)
+Mittra, Willis, Yamamoto (BNL)
+Rousset, Six (EPOL)
+Blaskovic, Rivet, Siaud+ (EPOL)
+Piroue, Perkins (PRIN, LASL)
+Matsen, Muller, Piccioni+ (LRL)
+Okonov, Petrov, Rosanova, Rusakov (JINR)

K*(892)

888.0 +3.0
891.0 +1.0
891.7 42.1
891.0 +1.0
892.8 +1.6
890.7 +0.9

3700
4100

1800

NA PIER

NA PIER

BARTH

TOAFF
A JINENKO
AG U I LA R- ...

84

84

83
81
80
78B

SPEC

SPEC

HBC
HBC

HBC
HBC

+

+

+

886.6 +2.4
891.7 +0.6
891.9 +0.7

892.2 +1.5

891.0 +2.0

1225
6706
9000

4404

1000

BALA ND

COOPER
2 PALER

AGUILAR- ~.~

CRENNELL

78
78
75

71B

69D

HBC
HBC
HBC

HBC

DBC

894
892

+ 1.0
+2

2886
728

3 FRIEDMAN

FRIEDMAN

69
69

HBC
HBC

892
892
890

+ 1.0
k 1.6j3.0

3229
1027
720

FRIEDMAN

FRIEDMAN
BAR LOW

69
69
67

HBC
HBC
HBC

889 +3.0 600 BAR LOW 67 HBC

891 +2.3 620 3 DEBAERE 67B HBC +
891.0 +1.2 1700 WOJCICKI 64 HBC
o o ~ We do not use the following data for averages, fits, Ilriit,

890.0 +2.3
896.0 kl. l
893.0 +1.0
896.0 +1.9
886.0 +2.3
894.2 +2.0

800 3&4 CLELAND 82 SPEC

3200 3&4 CLELAND 82 SPEC

3600 3&4 CLELAND 82 SPEC

380 DELFOSSE 81 SPEC
187 DELFOSSE 81 SPEC
765 CLA RK 73 H BC

894.3 j1.5
888 62.5
892.0 j2.6

1150 3&4 CLARK

540 3 DEWIT
341 3 SCHWEING. ..

73
68
68

HBC
HBC
HBC

K'(892) MASS

CHARGED ONLY
VALUE (MeV) EVTS DOCUMENT ID TECN CHG

191.59+0.24 OUR AVERAGE Error includes scale factor of 1.1.
890.4 +0.2 +0.5 79709+ BIRD 89 LASS

801
892.6 +0.5 5840 BAUBILLIER 84B HBC

COMMENT

11K p& K x p

825K p&
~K~ p

200 x p ~ 2K0X
200~ p~ 2K/X
70 K+ p K0~+X
6.5K p~ ~K+ p
32 K+ p & K0x+X
0.76 pp ~

$1f
12 pp ~ (Kx)+ X
0.76 pp ~ (K~)+ X
14.3 K p ~ (K~)

X
3.9,4.6 K p ~

(Kx) p
39K N~
2.1K p~ ~K' p
2.45 K p ~

~Km p
26K p~ F 2r p
2.7K p~ ~Km p
1.2 pp ~

(K0~)~ K+
1.2 'Pp &

(K0~)+ K~
3.5 K+p ~ K0g+ p
17K p~ ~K' p

etc. e e ~

30 K+ p ~ K0 m+ p
50 K+ p ~ K~ x+ p
50K+p~ K~» p
50 K+ p ~ K~+0p
50 K+p ~ K+~0p
3.13K p~

~K+ p
33K p~ F7r p
3K n~ ~K' n

55K p~ ~K' p

OTHER RELATED PAPERS

(NAGO)
I K Meson System: A Guide"

(BNL, FNAL)

(PGIA, CERN, TRSTT)

(UCLA)

(MANZ)
New Results on CP Violation in Decays of Neutral K Mesons.

(MANZ)
(EDIN)
(TRIU)

KLEINKNECHT 90 ZPHY C46 S57
PEACH 90 JPG 16 131
BRYMAN 89 IJMP A4 79

"Rare Kaon Decays"
KLEINKNECHT 76 ARNS 26 1
GINSBERG 73 PR D8 3887
GINSBERG 70 PR Dl 229
HEUSSE 70 LNC 3 449
CRONIN 68C Vienna Conf. 281
RUBBIA 67 PL 24B 531

Also 66C PL 23 167
Also 66C PL 20 207
Also 66B PL 21 595

AUERBACH 66 PR 149 1052
Also 65 PRL 14 192

FIRESTONE 66B PRL 17 116
BEHR 65 Argonne Conf. 59
MESTVIRISH. .. 65 JINR P 2449
TRILLING 658 UCRL 16473

(DORT)
(MIT, STON)

(HAIF)
(ORSAY)

(PRIN)
(CERN, COLU)
(CERN, COLU)

(CERN)
(CERN)
(PENN)
(PENN)

(YALE, BNI.)
L, MILA, PADO)

(JINR)
(LRL)

+Smith

+Aubert, Pascaud, Vialle

+Steinberger
Rubb&a, Steinberger
Alff-steinberger, Heuer, Kleinknecht+
Alff-Steinberger, Heuer, Kleinknecht+

+Dobbs, Lande. Mann, Sciullii
Auerbach, Lande, Mann, Sciulli, Uto+

+Kim, Lach, Sandweiss+
+Brisson, Bellotti+ (EPO

Mestvirishvili, Nyagu, Petrov, Rusakov+

Updated from 1965 Argonne Conference,
JOVANOV. .. 63 BNL Conf. 42

page 115.
Jovanovich, Fischer, Burris+ (BNL. UMD)

HAYAKAWA 93 PR D48 1150 +Sanda
"Searching for T, CP, CPT, BS = hQ Rule Violations in the Neutra

LITTENBERG 93 ARNPS 43 729 +Valencia
Rare and Radiative Kaon Decays

RITCHiE 93 RMP 65 1149 +Wojcicki
"Rare K Decays"

WINSTEIN 93 RMP 65 1113 +Wolfenstein
"The Search for Direct CP Violation"

BATTISTON 92 PRPL 214 293 +Cocolicchio, Fogli, Paver
Status and Perspectives of K Decay Physics

DIB 92 PR D46 2265 +Peccei
Tests of CPT conservation in the neutral kaon system.

KLEINKNECHT92 CNPP 20 281

25k
20k
28k

ATKiNSON 86 OMEG
EVANGELISTA 80 OMEG 0

894.63+0.76
897 +1

898.4 +1.4

894.9 +1.6

897.6 +0.9

895.5 +1.0
897.1 +0.7

1180

3600
22k

AGUILAR-. ..

WICKLUND

BOWLER

MCCUBBIN
2 PALER

78B HBC

78 ASPK

77 DBC

75 HBC
75 HBC

896.0 +0.6
896.0 +0.6
896 k2
896.0 +1.0

894.0 +1.3

lok

3186

FOX
FOX

5 MATISON

LEWIS

5 LINGLIN

74 RVUE
74 RVUE

74 HBC
73 HBC

73 HBC

898.4
897.9

1.3
11.1

1700
2934

3 BUCHNER
AGO ILA 8-.~ .

72 DBC
71B HBC

898.0 +0.7

895.0 +1.0
893.7 +2.0

894.7 +1.4

5362

4300
10k

1040

3 AGUILAR-. ~ .

4 HABER
DAVIS

3 DAUBER

71B HBC

70 DBC
69 HBC

67B HBC

NEUTRAL ONLY
VALUE (MeV) EVTS DOCUMENT ID TECN CHG

896.10+0.28 OUR AVERAGE Error includes scale factor of 1.4.
895.9 +0.5 +0.2 ASTON 88 LASS 0
894.52 60.63 ATKINSON 86 OMEG

COMMEN T

See the ideogram below.

11K p~ K x+n
20-70 p p
20-70 y p
107r p ~

K+ 2r (A, Z)
0.76 pp ~

S
3,4,6 K+N ~

(K2r)0 N

5.4 K+ d -+
K+~ pp

3.6K p~ K ~+n
14.3 K p ~ (K2r)0

X
2K p~ K x+n
2 K+n ~ K+2r p
12 K+p ~ K++ Ll

2.1-2.7 K+ p ~
K2r2r p

2-13 K+ p ~
K+~—~+ p

4.6 K+n ~ K++ p
3.9,4.6 K p ~

K ~+n
3.9,4.6 K p ~

K—~+~—
p

3K N~ K ~+X
12 K+p ~

K+~—2+ p
20K p~

K—~+~—
p

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

900.7 +1.1 5900 BARTH 83 HBC 70 K+p ~ K+2r X
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Meson Full Listings
K*(892)

WEIGHTED AVERAGE
896.10~0.28 (Error scaled by 1.4)

t
=.r'

I

ASTON
. ATKINSON

. . ATKINSON. . EVANGELISTA
AGUILAR-. ..

. . WICKLUND

. . BOWLER
MCCUBBIN
PALER
FOX
FOX
MATISON

. LEWIS
. . LINGLIN. . BUCHNER

AGUILAR-. ..
AGUILAR-. ..

. . HABER
DAVIS
DAUBER

88 LASS
86 OME6
86 OMEG
80 OME6
78B HBC
78 ASPK
77 DBC
75 HBC
75 HBC
74 RVUE
74 RVUE
74 HBC
73 HBC
73 HBC
72 DBC
71B HBC
71B HBC
70 DBC
69 HBC
67B HBC

890 895 900 905

(Confidence Level
I

910

K*(892) mass (MeV)

From a partial wave amplitude analysis.
2 Inclusive reaction, Complicated background and phase-space effects.
3 Mass errors enlarged by us to I /~N. See note.
4 Number of events in peak reevaluated by us.

From pole extrapolation.

NOTE ON K'(892) MASSES AND MASS
DIFFERENCES

X

0.1

6.3
3.S
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) WIDTH

CHARGED ONLY
VALUE (MeV) EVTS

49.8+0.8 OUR FIT
l9.8+0.8 OUR AVERAGE

45.2+1 +2 79709+ ? BIRD
801

5840

TECN CHG COMMENTDOCUMENT ID

11 K p~ ~Kn. p89 LASS

49.0+ 2,0 8.25 K p --+

~Kn- p
200 n' p ~ 2KSX
6.5 K p - K n p
32 K+ p —~ KQn. + X
0.76 pp--

5
0 76 pp (Kn) X

14.3 K-p - (K~)—
X

3.13 K p-
~Kn p

3.3 K p ~Km p
3.9,4.6 K p —~

(Kn) p
21K p —~ K n' p
2.45 K p -+

~Kn p
2.6K p ~ ~K7r p
2.7 K p -~ ~Kn p
1? K p -~ K n p

etc. o o ~

70 K ~ p —+ KQ+~X
30 K+ p -+ KQ ~+ p
50 K+ p -- K~ x+ p
50 K+p — K~x p

50 K+p — K~+ p
50 K+ p - ~ K+nQp

BAUBILLIER 848 HBC

NAPIER 84 SPEC

TOAFF 81 HBC
A J INENKO 80 HBC +
AGUILAR-. .. 788 HBC

56.0 +4,0

51.0 +2.0
50.5+5.6
45.8+3.6

4100

1800

6?06 8 COOPER
9000 9 PALER

52.0+ 2.5
52.1 + 2,2

46.3 + 6.7

78 HBC
75 HBC

765 8 CLARK 73 HBC

50 8 10 CLARK 73 HBC
4404 8 AGUILAR-. .. 718 HBC

48.2 X 5.7
54.3 +3.3

8 FRIEDMAN 69 HBC
8 FRIEDMAN 69 HBC

2886
728

53 240
49 -~ 7.3

46 ~ 3.2 3229
49 4 6.1 1027
46.0+5.0 1700
o o ~ We do not use the

42.8+ 7, 1

64.0 +9.2
62.0+4.4

55.0+ 4.0

62.6+ 3.8
50.5 + 3.9

3700
800

3200

3600

380
187

8 FRIEDMAN 69 HBC
8 FRIEDMAN 69 HBC

8,10 WOJCICKI 64 HBC
following data for averages, fits, limits,

BARTH 83 HBC +
8~10 CLELAND 82 SPEC +
8,10 CLELAND 82 SPEC +
8 10 CLELAND 82 SPEC

DELFOSSE 81 SPEC +
DELFOSSE 81 SP EC

~,„(m)=, s;„(r)=4r r

(For a detailed discussion, see the 1971 edition of this note. )

We consistently increase unrealistic errors before averaging.

mX (892@ ™Xt892)+

DOCUMEN T ID TECN CHG COMMEN TVALVE'(MeV) EVTS

5.7+1.2 OUR AVERAGE

7.7+ 1.7 2980 AGUII AR-. .. 788 HBC +0 0.76 pp

5 n

3.9,4.6 K p
0.0 pp

5.76 1.7 7338 AGUILAR-. .. 718 HBC
6,3+4.1 283 6 BARASH 678 HBC

6 Number of events in peak reevaluated by us.

K~(892) RANGE PARAMETER

All from partial wave amplitude analyses.

VALUE (GeV- 1)

12.1 +3.2+ 3.0
3.4+ 0.7

DOCUMENT ID

BIRD
ASTON

TECN CMG COMMEN T

89 LASS — 11 K p ~ ~Kn p
88 LASS Q 11 K p ~ K n+n

Unrealistically small errors are reported by some experi-

ments. We use simple "realistic" tests for the minimum errors

on the determination of mass and width from a sample of N

events:

NEUTRAL ONLY
VALVE (MeV) EVTS

505+0.$ OUR FIT Error

50.5+O.S OUR AVERAGE

50.8+0.8 +0.9
46.5+ 4.3 5900
54 +2 28k

DOCUMENT ID

includes scale factor
Error includes scale

ASTON
BARTH

EVANGELISTA

TECN CH6

of 1.1.
factor of 1.1 ~

88 LASS 0
83 HBC 0
80 OMEG 0

45.9+4,8 1180 AGUILAR-. .. 788 HBC 0

51.2 + 1.7

48,9 k 2.5

48 —2

50.6 k 2.5

3600

22k

WICK LUND 78 ASPK 0

BOWLER 77 DBC 0

75 HBC 0

75 HBC 0

MCCUBBIN

9 PALER

47 +2
51 +2
46.0+3.3

10k FOX

FOX

3186 8 LEWIS

74 RVUE 0
74 RVUE 0
73 HBC 0

51.4+ 5.0

55.8+4 2—34

1700

2934

8 BUCHNER

8 AGUILAR

72 DBC 0

718 HBC 0

48.5 + 2.7

54.0 4 3.3
53.2+ 2.1

44 + 5.5

AGUILAR-. .. 718 HBC 05362

4300 8,10 HABFR
10k 8 DAVIS

70 DBC 0
69 HBC 0

67e HBC 01040 8 DAlJBER

COMMENT

11K p — K n+n
70 K+p -+ K+n X.

107r p ~
K+ ~- (n, Z)

0.76 pp
K+ KQ n+5 n

3,4,6 K+N ~
(K~)QN

5.4 K+d ~
K+n pp

36K p- K n" n

14 3 K p ~ (K7r)0
X

2K p~ K 7r+n
2 K+n~ K+n p
2.1-2.? K+p -~

K7rn p
4.6 K+n -+ K++ p

3.9,4.6 K p —+

K
—~+n

3.9,4.6 K p
K 7r+ n. p

3K N~ K n+X
12 K+ p—

KI. ~—~~ p
2.QK p-~

K n~n p
?From a partial wave amplitude analysis.

Width errors enlarged by us to 4 x I /~N; see note.
9 Inclusive reaction. Complicated background and phase-space effects.

Number of events in peak reevaluated by us.

K'(892) DECAY MODES

Mode Fraction (I;/I ) Confidence level

r,

l3
r4
f5
r6

Kvr

(v~ }+
(K~)0

K+p
Kurt

100 o/o

( 99 899+0009) ohio

( 99.7?0+0.020) /o

( 2.30 +0.20 ) x 10

( 1.01 +0.09 ) x 10
7 x10
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CONSTRAINED FIT INFORMATION Ke{892) REFERENCES

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.2=

The following off-diagonal array elements are the correlation coefficients

(bp, bp&)/(bp; bp&), in percent, from the fit to parameters p;, including the branch-

ing fractions, x;—:I;/I «tai. The fit constrains the x; whose labels appear in this
array to sum to one.

x5 —100
I 17 -17

X2 X5

Mode

r,
I 5 K+p

Rate (MeV)

49.8 +0.8
0.05060.005

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.

The following off-diagonal array elements are the correlation coefficients

(bp, bp&)/(bp; bpz), in percent, from the fit to parameters p;, including the branch-

ing fractions, x;—:I;/l «tai The fit constrains the x; whose labels appear in this
array to sum to one.

BIRD
ASTON
ATKINSON
CARLSMITH
BAUBILLIER
NAPIER
BARTH
BERG
CHANDLEE
CLELAND
DELFOSSE
TOAFF
A JINENKO
EVANGELIST
AGUILAR-. ..
BALAND
COOPER
JONGEJANS
WICK LUND
BOWLER
CARITHERS
MCCUBBIN
PALER
FOX
MATISON
BEMPORAD
CLARK
LEWIS
LINGLIN
BUCHNER
AGUILAR-. ..
HABER
CRENNELL
DAVIS
FRIEDMAN
DEWIT
SCHWEING. .
BARASH
BARLOW
DAUBER
DEBAERE
WOJCICKI

89
88
86

848
84
83
83
83
82
81
81
80

A 80
788
78
7&
78
78
77
758
75
75
74
74
73
73
73
73
72
718
70
69D
69
69
68
68
678
67
678
678
64

Sl AC-332
NP 8296 493
ZPHY C30 521
PRL 56 18
ZPHY C26 37
PL 1498 514
NP 8223 296
Thesis
PRL 51 168
NP 8208 189
NP 8183 349
PR D23 1500
ZPHY Cs 177
NP 8165 383
NP 8141 101
NP 8140 220
NP 8136 365
NP 8139 383
PR D17 1197
NP 8126 31
PRL 35 349
NP 886 13
NP 896 1
NP 880 403
PR D9 1872
NP 851 1
NP 854 432
NP 860 283
NP 855 408
NP 845 333
PR D4 2583
NP 817 289
PRL 22 487
PRL 23 1071
UCRL 18860 Thesis
Thesis
PR 166 1317
PR 156 1399
NC 50A 701
PR 153 1403
NC 51A 401
PR 1358 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+)
+Drevermann+ (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, Ammar. 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, Pawllcki (ANL)
+Dainton, Drake, Williams (OXF)
+Muhlemann, Underwood+ (ROCH, MCGI)
+Lyons (OXF)
+Tovey, Shah, Spiro+ (RHEL, SACL. EPOL)
+Griss (CIT)
+Galtieri, Alston-Garnjost, Flatte, Friedman+ (LBL)
+Beusch, Freudenreich+ (CERN, ETH, LOIC)
+Lyons, Radojicic (OXF)
+Allen, Jacobs+ (LOWC, LOIC, CDEF)

(CERN)
+DehIn, Charriere, Cornet+ (MPIM, CERN, BRUX)

Aguilar-Benitez, Eisner, Kinson (BNL)
+Shaplra, 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 (CoLU)
+Lillestol, Montanet+ (CERN, CDEF, IRAD, LIVP)
+Schlein, Slater, Ticho (IJCLA)
+Goldschmidt-CIermont, Henri+ (BRUX, CERN)

(LRL)

x4 —100
I 14 -14 OTHER RELATED PAPERS

X3 X4

Mode

I a (Kw)o
l 4 KOp

Rate (MeV)

50.4 +0.6
0.117+0.010

Scale factor

KAMAL 92
NAPIER 84
CLELAND 82
ALEXANDER 62
ALSTON 628
ARMENTEROS 62C
COL LEY 628
ALSTON 61

PL 8284 421
PL 1498 514
NP 8208 189
PRL 8 447
CERN Conf. 291
CERN Conf. 295
CERN Conf. 315
PRL 6 300

+XU
+Chen+ (TUFTS,
+Delfosse, Dorsaz, Gloor
+Kalbfleisch, Miller, Smith
+Ticho, Wojcicki+
+Astrer, Montanet+
+Gelfand+
+Alvarez, Eberhard, Good+

(ALBE)
ARIZ, FNAL, FLOR, NDAM+)

(DURH, GEVA, LAUS, PITT)
(LRL)
(LRL)

(CERN, CDEF)
(COLU, RUTG)

(LRL)

K {892)PARTIAL WIDTHS
K, (1270) I(~') = 2t(1+)

VALUE (keV) EVTS

116 +10 OUR FIT
1164+ 9.9 584

r(Nb~)

DOCUMENT ID TECN CHG COMMENT

CARLSMITH 86 SPEC 0 KO A —+ KO +0 A
L S

Our latest mini-review on this particle can be found in the 1984
edition.

Kt{1270) MASS

DOCUMENT IDVALUE (kev)

IO k I OUR FIT
IO + I OUR AVERAGE

48.04 11.0 BERG
51.0+ 5.0 CHANDLEE

TECN CHG COMMEN T

83 SPEC — 156 K A —+ K9rA
83 SPEC + 200 K+A -+ K9rA

VALUE (Mev) DOCUMENT ID

1273+7 OUR AVERAGE Includes data from the 2 datablocks that follow this one.

PRODUCED BY K, BACKWARD SCATTERING, HYPERON EXCHANGE
VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

The data in this block is included in the average printed for a previous datablock.

(1.6 95

I (Ksrsr)/I ({Ke )+)
VAL UE CL%

g0.0007 95
~ ~ ~ We do not use the

(0.002

r(K'~)«~i
VALUE (units 10 3)

2.30+0.20 OUR FIT
~ ~ ~ We do not use the

1.5 +0.7

I (K+7)/rtotai
VALUE (units 10 3) CLS

1.01+0.09 OUR FIT
o e o We do not use the

Ke{892)BRANCHING RATIOS

DOCUMENT ID TECN CHG COMMENT

following data for averages, fits, limits, etc. ~ ~ ~

CARITHERS 758 CNTR 0 8-16 ~K A

DOCUMENT ID TECN CHG COMMENT

following data for averages, fits, limits, etc. e e e

BEMPORAD 73 CNTR + 10-16 K+ A

DOCUMENT ID TECN CHG COMMENT

JONGEJANS 78 HBC 4 K p + p~K2~
following data for averages, fits, limits, etc. ~ ~ ~

WOJCICKI 64 HBC — 1.7 K p ~ ~K R' p

1275.0+10.0 GAVILLET 78 HBC + 4.2 K p ~
=- (K~9r)+

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.

DAUM 81C CNTR — 63 K p ~ K 2+p
use the following data for averages, fits, limits, etc. ~ ~ ~

1 TORNQVIST 828 RVUE
VERGEEST 79 HBC
CARNEGIE 77 ASPK
BRANDENB. .. 76 ASPK
OTTER 76 HBC

1270 +10
~ ~ ~ We do not

~ 1276.0
1300.0
1289.0 425.0
1300

~ 1270.0

4.2 K p ~ (R~2r) p
13 K+ p ~ (K2r~)+ p
13 K+p ~ (K~+)+p
10,14,16 K p a

(K~+) p
12 K+p
12 K+d

1260 DAVIS 72 HBC +
1234 4 12 FIRESTONE 728 DBC +

From a unitarized quark-model calculation.
From a model-dependent fit with Gaussian background to BRANDENBURG 76 data.

PRODUCED BY BEAMS OTHER THAN K MESONS
VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1294 +10 310 RODEBACK 81 HBC 4 2r p ~ AK22r
1300 40 CRENNELL 72 HBC 0 4.5 2r p ~ AK2x
1242 0+ 3 ASTIER 69 HBC 0 p p

1300 45 CRENNELL 67 HBC 0 6 x p e A K29r

3This was called the C meson.
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K,(127Q), K, (1400)

Kg{1270)WiDTH i (Ko{1430)»}/ra,~(

VALUE (MeV} DOCUMENT ID

90+20 QUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

87+ 7 QUR AVERAGE Includes data from the 2 datablocks that follow this one.

VAL VE

0.28+0.04

I (K'{892)«)/I tat, ~

DOCUMENT ID TECN COMMEN T

5 DAUM 81C CNTR 63 K p -~ K 27r p

PRODUCED BY K, BACNNARD SCATTERING, HYPERON EXCHANGE
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

0.16+0.05

i (K(g}/I ~ta(

DOCUMENT ID

5 DAuM

TECN COMM EN T

81C CNTR 63 K p ~ K 27rp

i 4/i

75.0+15.0 700 GAVILLET 78 HBC + 4.2 K p -~
Kxx

VAL UE

O.ll +0.02

DOCUMENT ID

5 DAuM

TEChl COM M EN T

81C CNTR 63 K p —. K 27rp

PRODUCED BY K BEAMS
VALUE (MeY) DOCUMEN T ID TEChl CHG COMMEN T

The data in this block is included in the average printed for a previous datablock.

150.Q VERGEEST 79 H BC

150.00+73..0 4 CARNEGIE 77 ASPK

200 BRANDENB. .. 76 ASPK

120 DAVIS 72 H BC

188 k 21 FIRESTONE 728 DBC

4Frorn a model-dependent fit with Gaussian background

4.2 K p -~ (K7rx) p
i3 K+p-- (K~~)+p
13 K+ p ~ (K7r7r)+p
12 K+p
12K~d

to BRANDENBURG 76 data.

PRODUCED BY BEAMS OTHER THAN K MESONS
VALUE (Mev) EVTS DOCVMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

66 +15
60

127 ~ 0 25 0
-I- 7.0

60

310 RODEBACK 81 HBC 4 7r p — AK27r

40 CRENNELL ?2 HBC 0 4 5 7r p -+ A K27r

45

ASTIER 69 HBC 0 p p

CRENNELL 67 HBC 0 6 7r p — A K 2m.

K1{1270)DECAY MODES

I2
r3
r4
l5

Mode

Kp
Ko (1430)»
K*{892)x
K~
K fo (1300)

Fraction (I I/l )

(42 X6 ) o/o

(28 +4 ) %

(16 +5 ) o/o

(11.0+2.0) &0

3.0+2.0) %

r(Kp}

Kg{1270) PARTIAL WiDTHS

DOCUMEhlT ID TECN

use the following data for averages,

MAZZUCATO 79 HBC

CARNEGIE 778 ASPK

VALUE (MeV}

o o ~ We do not

57.0 + 5.0
75.0 +6.0

r(K;{1430)«)

CHG COMMENT

fits, limits, etc. ~ o ~

4.2 K p —= (K7r7r)+
13 K+ p ~ (K7rx)+ p

90 +8 DAUM 81C CNTR — 63 K p —~ K 27r p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

i (K(u}/I (Kp}
VAL UE CL,&j DOCUMEhl T ID TECN COMME N T

~ a e We do not use the following data for averages, fits, limits, etc. o o 8

--0 30 95 RODEBACK 81 HBC 4 & p — AK2~

r (K r,{13ao))/rf
VALVE

0.03 +0.02

DOCUMENT ID TECN COMMENT

5 DAUM 81C CNTR 63 K p ~ K 27rp

TORNQVIST
DAUM
RODEBACK
MAZZUCATO
VERGEEST
GAVILLET
CARNEGIE
CARNEGIE
BRANDENB. . .
OTTER
CRENNELL
DAVIS
FIRESTONE
A STIER
CRENNEL(

S28 NP 8203 268
81C NP 8187 1

81 ZPHY C9 9
79 NP 8156 532
79 NP 8158 265
78 PL 768 517
77 NP 8127 S09
778 PL 688 287
76 PRL 26 703
76 NP 8106 77
72 PR D6 1220
72 PR DS 2688
728 PR D5 505
69 NP 810 65
67 PRL 19 44

K1{1270)REFERENCES

(HELS}
; Hertzbergefi (AMST, CERN, CRAC, MPIM, OXF+)
+Sjogren+ (CERN, CDEF, MADR, STOH)
4-Pennington-- (CERN. ZEEM, NIJM, OXF)
+JongeJans, Dionisie (NIJM, AMST, CERN, OXF)
+Diaz, Dionisi+ (AMST, CERN, NIJM, OXF) JP
-Cashmore, Davier, Dunwoodie, Lasinski+ (SLAC)
~Cashmore, Dunwoodie, Lasinski+ (SLAC)

Brandenburg, Carnegie, Cashmoreq (SLAC) JP
(AACH3, BERL, CERN. LOIC, VIEN, EPOL+} JP

+Gordon, Lai, Scarr (BNL)
+Alston-Garnjost, Barbaro, Flatte, Friedman, Lyncn+ (LBL)
+Goldhaber, Lissauer, Trilling (LBL)
+Marechal, Montanet+ (CDEF, CERN, IPNP. LIVP) IJP
~Kalbfleisch, Lai, Scarr, Schumann (BNL) I

—OTHER RELATED PAPERS

SUZUKI 93
BAUBILLIER 828
FERNANDEZ 82
GAVIL LET 82
SHEN ee

Also 66
ALMEIDA 65
ARMENTEROS 64

Also 66
ARMENTEROS 648

Also 64C

PR D47 1252
NP 8202 21
ZPHY C16 95
ZPHY C16 119
PRL 17 726
Private Comm.
PL 16 184
PL 9 207
PR 145 1095
Dubna Conf. 1 577
Dubna Conf. 1 617

(LBL)
(BIRM, CERN, GI AS, MSU, CURIN}

Aguilar-Benitez i- (MADR, CERN, CDEF, STOH) JP
4. A rm enteros+ (CERN, CDEF, PADO, ROMA)
+Butterworth, Fu, Goldhabef, Trilling (LRL)

Goldhaber (LRL)
+Atherton, Byer, Dornan, Forson-~- (CAVE)
+Edwards, O'Andlau+ (CERN, CDEF)

Barash, Kirsch, Miller, Tan (COL U)
y Edwards, D'Andlau+ ('CERN, CDEF)

Arm enteros

K1(1400) i(ip) =,'(1+)

Dwave-/5wave -RATio FOR Kq{1270)~ K'{892)»
VAL UE DOCVMENT ID TECN COMMEN T

1.0+0.7 5 DAUM 81C CNTR 63 K p ~ K 27r p

5Average from low and high t data,

VALUE (MeV)

e ~ ~ We do not

26.0+6.0

i (K'(892)»)

DOCUMEN T ID TECN CHG COMMENT

use the following data for averages,

CARNEGIE 778 ASPK

fits, limits, etc. o ~ ~

+ 13 K+ p --+ (K7r7r)+ p

VALUE (MeV) DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages,

CHG COM MEhl T

fits, limits, etc. ~ ~ o

14.0 4 11.0
2.0+ 2.0

MAZZUCATO 79 HBC + 4.2 K p ~ = (K7r7r)

CARNEGIE 778 ASPK 2 13 K+ p (K7r7r)+ p

DOCUMENT ID TECN CHG COMMENT

use the following data for averages, fits, limits, etc. ~ ~ ~

VALUE (Mev}

~ ~ ~ We do not

4.0 +4.00
24.0 +3.0

r(Kr, (130o))
VALUE (MeV)

~ ~ ~ We do not

22.0+ 5.0

DOCUMEN T ID TECN CHG COMMEN T

use the following data for averages,

CARNEGIE 7?B ASPK

fits, limits, etc. ~

i3 K+p (Kxx)+ p

MAZZUCATO 79 HBC + 4.2 K p ~ = (K+7r) ~

CARNEGIE 778 ASPK + 13 K p ~ (K~+)+ p

I5

Kg{1400) MASS

VALUE (Mev} DOCUMENT ID

14l2 6 7 OUR AVERAGE

1373 +14 618 1 ASTON 8? LASS 0 11 K p ~ ~K7r+7r n

1392 2 18 BAUBILLIER 828 HBC 0 8.25 K p — K ~+ 7r n5
1410 k 25 DAUM 81C CNTR — 63 K p - K 27rp

1415 +:15 ETK IN 80 MPS 0 6 K p -- K

1404,0+10.0 CARNEGIE 77 ASPK 1 13 K- p -- (Km7r)+ p
~ o ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

1350 TORNQVIST 828 RVUE

= 1400.0 VERGEEST 79 HBC — 4 2 K p --+ (K7r7r) p
1400 BRANDENB. .. ?6 ASPK X- 13 K+ p -~ (K7r~)~- p
1420 DAVIS 72 HBC I- 12 K+ p
1368 + 18 FIRESTONE 728 DBC i 12 K+ d

1FrOm partial-WaVe analySiS Of K 7r ~ 7r SyStem.
From a model-dependent fit with Gaussian background to BRANDENBURG 76 data.

3 From a unitarized quark-model calculatio~.

Kg{1400)WiDTH

r(Kp}/r~i
K1{1270)BRANCHING RATiOS

dominant RODEBACK 81 HBC 4 7r p ~ AK2x

VALUE DOCUMENT ID TECN COMMENT

0.42+0.06 DAUM &1C CNTR 63 K p ~ K 2x p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e o e

VALUE (Mev} DOCUMENT ID TECN

174 +13 OUR AVERAGE Error includes scale
below.

4 ASTON 87 LASS

BAUBILLIER 828 HBC

DAUM Sic CNTR

ETK IN 80 MPS
5 CARNEGIE 77 ASPK

~K~-I ~ —
n

-- Kq0~+~-n
K 2~p

~K7r+ ~ n

(K7r7r)+ p

ll K p--
8.25 K p
63 K p -+

6K p--
i3 K~- p—

CHG COMMEN T

factor of 1.6. See the ideogram
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K,(1400), K*(1410)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 200.0 VERGEEST 79 HBC — 4.2 K p ~ (Rex} p
~ 160 BRANDENB. .. 76 ASPK 1 13 K+ p ~ (Km'}+p

80 DAVIS 72 HBC + 12 K+ p
241 +30 FIRESTONE 728 DBC + 12 K+ d
4 From partial-wave analysis of KO9r+ 9r system.
5From a model-dependent fit with Gaussian background to BRANDENBURG 76 data.

WEIGHTED AVERAGE
174~13 (Error scaled by 1.6)

ASTON 87
BAUBILLIER 828
TORNQVIST 828
DAUM 81C
ETKIN 80
VERGEEST 79
CARNEGIE 77
BRANDEN8. .. 76
DAVIS 72
FIRESTONE 728

NP 8292 693
NP 8202 21
NP 8203 268
NP 8187 1
PR D22 42
NP 8158 265
NP 8127 509
PRL 26 703
PR D5 2688
PR DS 505

Kg(14$) REFERENCES

+Awaji, D'Amore+ (SLAC. NAGO, CINC, INUS)
+ (BIRM, CERN, GLAS, MSU. CURIN)

(HELS)
+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, Friedman, Lynch+ (LBL)
+Goldhaber, Lissauer, Trilling (LBL)

OTHER REtATED PAPERS

i@eave/S. wave RATIO FOR Kg(14$) ~ IP(882)x
VALUE DOCUMENT ID TECN COMMENT

OAR +0.01 6DAUM 81C CNTR 63 K p ~ K 29rp

Average from low and high t data.

100 200 300

X
ASTON 87 LASS 0.0.BAUBILLIER 82B HBC 2.5
DAUM 81C CNTR 0.7.ETKIN 80 MPS 0.4.CARNEGIE 77 ASPK 3.9

7.6
(Confidence Level = 0.109)

I

400 500

SUZUKI 93
FERNANDEZ 82
SHEN 66

Also 66
ALMEIDA 65
ARMENTEROS 64

Also 66
ARMENTEROS 648

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

K*(1410)

(LBL)
+Aguilar-Benitez+ (MADR, CERN, CDEF, STOH)
+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)

Arm enteros

I{~') = &{1-)

K~(1410) MASS

Kl(1400) width (MeV) All from partial wave amplitude analyses.

ll
l2
I3
l4

Mode

K'(892) K

Kp
K fp(1300)
K(d

Kn(1430) m

Kg(14$) DECAY MODES

Fraction (I ~/I )

(94 +6 )
( 3.0+3.0) %

( 2.0+2.0) %

( 1.0+1.0) %

Kg(1400) PARTIAL WIDTHS

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

1412+12OUR AVERAGE Error Includes scale factor of 1.1.
1367+54 BIRD 89 LASS — 11K p ~ ~K' p
1380+21+19 ASTON 88 LASS 0 11 K p ~ K x+n
1420+ 7+10 ASTON 87 LASS 0 11 K p ~ R m+ ~ n
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1474+25 BAUBILLIER 828 HBC 0 8.25 K p ~ ~K2xn
1500+30 ETKIN 80 MPS 0 6K p~ F x+x n

K (1410) WIDTH

All from partial wave amplitude analyses.

r(K'(892}~)
VALUE (MeV)

117.0+10.0

r(Kp)
VALUE (MeV)

2.0+1.0

DOCUMENT ID TECN CHG COMMENT

CARNEGIE 77 ASPK + 13 K+ p —+ (Kxx)+ p

DOCUMENT ID TECN CHG COMMENT

CARNEGIE 77 ASPK + 13 K+ p ~ (Kxx)+ p

I2

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

227k 22 OUR AVERAGE Error includes scale factor of 1.1.
114+101 BIRD 89 LASS — 11 K p ~ ~K+ p
176+ 52+22 ASTON 88 LASS 0 11 K p ~ K x+n
240+ 18+12 ASTON 87 LASS 0 11K p ~ F x+x n
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

275+ 65 BAUBILLIER 828 HBC 0 8.25 K p ~ ~K22rn
500+ 100 ETKIN 80 MPS 0 6 K p ~ ~Km++ n

VALUE (MeV)

23.0+12.0
DOCUMENT ID TECN CHG COMMENT

CARNEGIE 77 ASPK + 13 K+ p ~ (Kxx)+ p
K'{1410}DECAY MODES

I (K~{892)e')/I eaaI

Kg(14$) BRANCHING RATIOS

VALUE

0.94+0.06
DOCUMENT ID TECN COMMENT

6DAUM 81C CNTR 63 K p ~ K 2xp

Mode

I g K'(892)~
I 2 Kx
I3 Kp

Fraction (I f/I )

& 40

( 6.6+1.3) %
7

Confidence level

95%

95%

r(K.)/r~i
VALUE

0.03 +0.03

r(K@{1soo))/r~,

DOCUMENT ID TECN COMMENT

6 DAUM 81C CNTR 63 K p ~ K 2xp VAL UE

&0.17
CL%

95

I (Kp)/I (Ki(892)e)

K'(1410) BRANCHING RATIOS

DOCUMENT ID TECN CHG COMMENT

ASTON 84 LASS 0 11 K p ~ ~K22rn

VAL UE

0.02 +0.02

I (Ku) /I gaea~
VALUE

0.01 +0.01

I (Kn(1430)~)/r

DOCUMENT ID TECN COMMENT

6 DAUM 81C CNTR 63 K p ~ K 2' p

DOCUMENT ID TECN COMMENT

DAUM 81C CNTR 63 K p ~ K 2x p

I (Kx)/I (K'(892}x)
VALUE

(0.16

r(K.)/r

CL%

95
DOCUMENT ID TECN CHG COMMENT

ASTON 84 LASS 0 11 K p ~ ~K2xn

VALUE DOCUMENT ID TECN CHG COMMENT

OA$6+0.010+OASS ASTON 88 LASS 0 11 K p ~ K x+ n

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 0.00 6 DAUM 81C CNTR 63 K p ~ K 2xp BIRD
ASTON
ASTON
ASTON
BAUBILLIER
ETKIN

89 SLAC-332
88 NP 8296 493
87 NP 8292 693
84 PL 1498 258
828 NP 8202 21
80 PR D22 42

IV{1410}REFERENCES

(5LAC)
+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
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KO(1430), K2(1430)

K*(1430) IP ) = '(o+)

Oljr latest mini-review on this particle can be found in the 1984
edition.

K0e(1430) MASS

K0e(1430) WIDTH

VALUE (Mev) DOCUMENT ID TECN CHG COMMEN T

2ST+10+21 ASTON 88 LASS 0 11 K p ~ K n.+ n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

4B HBC — 8.25 K p ~ ~Kx p
8 ASPK 13 K+ p ~ K+n+(n, A)

~ 200 BAUBILLIER 8
200 to 300 4 ESTABROOKS 7

"From elastic K~ partial-wave analysis.

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

1429 +4+6 1 ASTON 88 LASS 0 ll K p ~ K R+ n

~ i ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 1430 BAUBILI IER 84B HBC — 8.25 K p ~ ~Km p
~ 1425 ESTABROOKS 78 ASPK 13 K+ p ~ K+7r+(n, 6)

1450.0 MARTIN 78 SPEC 10 K+ p ~ K ~pS
Uses a model for the background, without this background they get a mass 1340 MeV,
where the phase shift passes 90 .
Mass defined by pole position.

3 From elastic K~ partial-wave analysis.

NEUTRAL ONLY
VALUE (MeY) EVTS

1432A+ 1e3 OUR AVERAGE

1431.2+ 1.8+ 0.7
1434 + 4 + 6

DOCUMENT ID TEChl CH G COMM EN T

ll K p-- K ~& n

ll K p —1

~K~+ x—
n

ll K p -~ ~K2~n
8.25K p ~

NKS7rrr0

ll K p-. K 7rI n

13 K+p ~ pKx
55 K+d —+ Kmpp

etc. ~ o e

ASTON
5 ASTON

88 LASS 0
87 LASS 0

ASTON 848 LASS 0
BAUBILLIER 82B HBC 0

1433 k 6 + 10
1471 + 12

5 ASTON 81C LASS 0
5 ESTABROOKS 78 ASPK 0
5 BOWLER '?7 DBC 0

following data for averages, fits, limits,

HENDRICK 76 DBC

1428 + 3
1434.0 + 2.0
1440.0 + 1Q.O

~ ~ ~ We do not use the

825 K+ N i-h

K+ AN
36K p- K rr" n

2-13 K+ p -~
K+~-X

3.9,4.6 K p
9 K+n -+ K+n. p
12K+p-- K+n X

1420,0 6 7.0 30Q

1421.6+ 4.2
1420.1 4 4.3

800 MCCUBBIN 75 HBC 0
6 LINGLIN 73 HBC 0

71B HBC 0
71 DBC 0
69 HBC 0

K2e(1430) WIDTH

1419.1 + 3.? 1800 AGU ILAR-. ..
1416 + 6 600 CORDS
1421.1 + 2.6 2200 DAVIS

1 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.
4Systematic error added by us.
5 From phase shift or partial-wave analysis.
6From pole extrapolation, using world K+ p data summary tape.

Mode

r(K~)/r~f
VALUE

0.%5+0.04+OAS

Kt't(14SO) DECAY MODES

Fraction (I &/C)

(93+10)%

K0e(1430) BRANCHING RATIOS

DOCUMENT ID TECN CHG COMMENT

ASTON 88 LASS 0 11 K p ~ K x+n

K(~)(1430) REFERENCES

TECN CHG COMMEN T

11K p- K rr p

30K+p- KQ~+p
50 K+ p K~w+ p

50 K+p K~w p

6.5 K p ~Kw p
10 K+p -~ Kpnp
10 K+p K~wpS
3.9,4.6 K p

109 +22
124 4 12.8
113 +12 8

85.0+ 16.0
96.5+ 3.8
97.7+ 4.0

94 7+ 15~ 1—12.5

82 SPEC

82 SPEC

82 SPEC

81 HBC
78 SPEC

78 SPEC

AGUILAR-. .. 71B HBC1400

NEUTRAL ONLY

CHARGED ONLY, WITH FINAL STATE Kr
VALUE (MeV) EVTS DOCUMENT ID

9L4+ 2.$ OUR FIT
98.4+ 2e4 OUR AVERAGE

98 + 4 +4 24809+ BIRD 89 LASS
820
4pp 1 CLELAND

1500 s CLELAND

1.200 819 CLEI AND

935 TOAFF
MARTIN

MARTIN

ASTON 88 NP B296 493
BAUBILLIER 84B 2PHY C26 37
ESTABROOKS 78 NP B133 490
MARTIN 78 NP 8134 392

+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+ (BIRM, CERN, GLAS, MICH, CURIN)
+Carnegie+ (MCGI, CARL, DURH, SLAC)
+Shimada, Baldi, Bohringer+ (DURH, GEVA)

OTHER RELATED PAPERS

TORNQVIST 82 PRL 49 624
GOLDBERG 69 PL 30B 434 +Huffer, Laloum~
SCHLEIN 69 Argonne Conf. 446
TRIPPE 68 PL 28B 203 +Chien, Malamud, Meilema, Schlein+

(HELS)
(SABRE co!lab.)

(UCLA)
(UCLA)

K'(1430) f(~ ) = '(2+)

Kge(14M) MASS

CHARGED ONLY, WITH FINAL STATE Ka
VALUE (MeV) EVTS DOCUMENT ID TECN CHG

1426.4+ 1.$ OUR AVERAGE Error includes scale factor of 1.1.
1423.4+ 2 +3 24809+ BIRD 89 LASS

820
1420 + 4 1587 BAUBILLIER 84B HBC

1436 + 5 5

1430 + 3.2
1430 + 3.2
1423.0+ 5.0
1428.0+ 4.6
1423.8+ 4.6
1420.0+ 3.1
1425 + 8.0
1416.0+ 10.0

400

1500
1200

935

1400
225
220

CLE LAND
2 3 CLELAND

CLELAND

TOAFF
4 MARTIN
4 MARTIN

AG UI LA R-...
2 3 BARNHAM

CRENNELL

82 SPEC

82 SPEC

82 SPEC

81 HBC
78 SPEC +
78 SPEC

71B HBC
71c HBC +
69o DBC

1414 +13.0
1427.0k 12.0
1423 +11.0

6Q 2 LIND 69 HBC +
63 SCHWEING. .. 68 HBC

39 BASSA NO 67 HBC

COMMENT

ll K p~ ~KR p

825K p~
~K+ p

30 K+ p ~ KQ R.+ p
50 K+ p K~ w+ p

50K p~ K x p
b

6.5 K p ~ K R. p
10 K+ p ~ KQ xp
10 K+ p K~wpS
3.9,4.6 K p
K+ p ~ KQR+p
3.9 K N ~

KK)~- N
9 K+p ~ K~x+p
5.5 K p ~ K7rN

4.6-5.0 K p ~
~K~ p

We consider that phase-shift analyses provide more reliable determi-
nations of the mass and width.

131 +24 +20
143 + 34

81C LASS 0
80 SPEC 0

1800 AGUILAR-. .. 71B HBC 0

600 CORDS 71 DBC 0
2200 DAVIS 69 HBC 0

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

109 6 6 OUR AVERAGE Error includes scale factor of 1.9. See the ideogram below,

116.5+ 3.6+ 1.7 ASTON 88 LASS 0 11 K p ~ K a+n
129 +15 +15 ASTON 87 LASS 0 ll K p ~

~K~+ x n
10 ASTON 84B LASS 0 11 K p ~ ~K2R n

BAUBIL.LIER 82B HBC 0 8.25 K p ~
N KS err0

98 w8 10 ASTON ll K p~ K rr~ n

140 +30 10 ETKIN 6K p~
~K~+~- n

98.0+ 5.0 10 ESTABROOKS 78 ASPK 0 13 K+ p -~ p K ~
o e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ I
125.0+ 29.0 300 HEND RICK 76 DBC 8.25 K+N

K+m N
116 + 18 800 MCCUBBIN 75 HBC 0 3.6 K p ~ K vr'+ n

61.0+ 14.0 11 LINGLIN 73 HBC 0 2 13 K+ p —a

K+~- X

3.9,4,6 K p

9K+n- K+~ p
12K+p-

K+~-~~ p
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K2(1430)
WEIGHTED AVERAGE
109~5 (Error scaled by 1.9)

VALUE (keV) CL%

90

DOCUMEN T ID TECN CH6 COMMEN T

CARLSMITH 87 SPEC 0 60-200 K~ A ~
KO ~OA5 ir

I9

r(K~)/r~,

K2(1830}BRANCHING RATIOS

50

'v,'

~ili

+V. .
VV
V8%2

100 150

X
3.6
0.9
0.5
1.0
1.9
1.1
4.8

200

13.7
(Confidence Level = 0.033)

I

250

- . .ASTON 88 LASS.ASTON 87 LASS
- ASTON 84B LASS

~ ~ BAUBILLIER 82B HBC
ASTON 81C LASS.ETKIN 80 SPEC
ESTABROOKS 78 ASPK

VALUE DOCUMENT ID

4A$7+0.412 OUR FIT
OASS+0.414 OUR AVERAGE

0.485+0.006+0.020 ASTON 88 LASS
0.49 +0.02 12 ESTABROOKS 78 ASPK

TECN CHG COMMEN T

11K p~ K ~+n
13 K+p ~ pK~

0

r2/rl = r8/(rt+r2+ra}
CHG COMMEN T

fits, limits, etc. ~ ~ ~

-0 4.6,5.0 K p
3K p

r(K'(892}s)/r(Ks)
VALUE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages,

0.47+0.10 BASSA NO 67 HBC
0.45 +0.13 BADIER 65C HBC

K2(1430)0 width (MeV)
From a partial wave amplitude analysis.

8
g

Errors enlarged by us to 4I /~N; see the note with the Ko(892) mass.

10
Number of events In peak re-evaluated by us.
From phase shift or partial-wave analysis.

11From pole extrapolation, using world K+ p data summary tape.

r(Kp)/r(K~)
VALUE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages,

0.14+0.10 BASSA NO 67 HBC
0.14+0.07 BADIER 65c HBC

ra/rt = ra/(rt+rg+ra)
CHG COMMENT

fits, limits, etc. ~ ~ ~

-0 4.6,5,0 K p
3K p

I2
I3
r4
rS
Ie
I7

rs
lg

Mode

Kx
K' (892)7I.

K'(892) s n.

Kp
K sr

K+~

Kri

Kcux

K2(1830}DECAY MODES

Fraction (CI/I )

(49.7+1.2) %
25 261 7) o/o'

13 0+2 3) o/

( s,s +0.8) %
2 910 8) o/

( 2.4+0.5) x 1O-3

14+28) x 10

7.2 x 10 4

9 x10 4

Scale factor/
Confidence level

S=1.2

S=1.1

CL=gs%
CL=90%

I (K'(892)e)/I (Kn)
DOCUMENT IDVALUE

441+0.04 OUR RT
4AS+0.05 OUR AVERAGE

0.44 60.09 ASTON
0.62 +0.19 LAUSC HER

0.54+0.16 DEHM

0.47 +0.08 AGUILAR-. ..

r(K~)/r(K&)

TECN CHG COMMENT

I 2/I 1

84e LASS 0
75 HBC 0
74 DBC 0
71e HBC

11K p~ R 2~n
10,16 K p ~ K x+n
4.6 K+N
3.9,4.6 K p

rg/I 1
TECN CH6 COMMENT

3.9,4.6 K p
0 5K+p

VALUE DOCUMENT ID

4.059+0.017 OUR FIT
4.070+0.NS OUR N%RAGE
0.05 +0.04 AGUILAR-. .. ?1B HBC
0.13 +0.07 BASSOMPIE. .. 69 HBC

X2

X3

X4

Xs

Xe

X7

I

—16
-33 -75
—12 39 -54

—3 —25 —8
-1 —1

—6 —4 —4

0 0 0 0

X1 X2 X3 X4

—2 0

0 —13 0

xs xe x7

I1
I2
C3

r4
I 5
ie

Mode

K~
K*(892)~
K (892)ns.
Kp
K~
K+~
Kg

Rate (MeV)

48.9 j1.7
24.8 +1.7
12.8 +2.3
8.7 +0.8
2.9 +0.8
0.24 +0.04

0 14+0.28—0.09

Scale factor

1.2

Ka(lorn) PARTIAL WIDTHS

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
parameters. The overall fit has a X = 19.5 for 21 degrees of
freedom.

The following off diagonal array elements are the correlation coefficients

dp;dp&)/(8 p; dpz), 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(Kp)/r(K~)
VALUE

0.178+0.41$ OUR

0.155+ ' OUR-0.410
0.18 +0.05

0 02 +Oculo—0.02
0.16 +0.05

DOCUMENT ID TECN CH6 COMMENT

FIT Error includes scale factor of 1.2.

AVERAGE

ASTON 84B LASS 0

DEHM 74 DBC 0

AGUILAR-. .. 71B HBC

11 K p a ~K2an

4.6 K+N

3.9,4.6 K p

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
2

. .ASTON 87 LASS 2.6. . - - BAUBILLIER 82B HBC 0.1
AUM 81C CNTR 1.4

I (Kp)/I (K'(892)n)
VALUE DOCUMENT ID TECN CHG COMMENT

4.351+0.432 OUR FIT Error Includes scale factor of 1.5.
0~+0.433 OUR AVERAGE Error Includes scale factor of 1.4. See the ideogram below.

0.293+0.032+0.020 ASTON 87 LASS 0 ll K p ~ ~Km+a n

0.38 +0.09 BAUBILLIER 82B HBC 0 8.25 K p ~ NK 5 ÃÃ

0.39 +0.03 DAUM 81C CNTR 63 K p h K 2' p

WEIGHTED AVERAGE
0.354~0.033 (Error scaled by 1.4)

r(K+~)
VALUE (keV)

%0+40 OUR FIT
240+4S

DOCUMENT ID TECN CHG COM MEN T

CIHANGIR 82 SPEC + 200 K+ Z ~ Z K+ 2r,
Z K05 ir+

0.1 0.2 0.3

I (Kp)/i (K (892)e)

4.1
(Confidence Level = 0.126)

0.4 0.5 0.6 0.7
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K*,(1430), K(1460)

r(K0)/r{K'(892) s')
VALUE DOCUMENT ID

I (Ku)/I {K'(892)r)
VALUE DOCUMENT ID

0.116+0.084 OUR FIT
0.10 +0.04

TECN CHG COMMENT

67 HBC — 38 K p

TECN CHG COMMEN T

K(1460) I{-I ) = k(o )

OMITTED FROM SUMMARY TABLE
Observed in K n x partial-wave analysis. Not seen by VERGEEST 79.
Needs confirmation.

0.006+ OUR FIT-0.004

0.0l +O.tN FIELD

r(K0)/r{K~)

67 HBC — 38 K p

VALUE CL% DOCUMEN T ID TECN CHG

0.002+0' 1~ OUR FIT Error includes scale factor of 1.1.

0 +0.0056 4 ASTON 888 LASS
~ o ~ We do not use the following data for averages, fits, limits,

95 AGUILAR-. .. 718 HBC
13 BASSOMPIE. .. 69 HBC

BISHOP 69 H BC

I (K'(892)xm)/I ~l

COMMENT

11K p~ K TIp

etc. ~ ~ ~

3.9,4.6 K p
5.0 K+ p
3.5 K+ p

TECN CHG COMMENT

r{K'(892)~~)/r{K~)

VALUE

0.130+OAQ3 OUR FIT
0.12 +0.04 15 GOLDBERG 76 HBC — 3 K p ~ p~K

K(1460) MASS

VALUE {MeV) DOCUMENT ID TECN CH6 COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

1460 DAUM 81C CNTR — 63 K p -- K 2xp
~ 1400 BRANDENB. .. 768 ASPK + 13 K+ p -- Kvr&N

Coupled mainly to K f0(1300). Decay into K*(892)vr seen.

K(1460) WIDTH

VALUE {Mev) DOCUMENT ID TECN CH6 COMMEN T

~ 0 ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

~ 260 DAUM 81C CNTR — 63 K p —~ K 2n p
250 BRANDENB. .. 768 ASPK 2 13 K+ p ~ K x n hl

Coupied mainly to K f0(1300). Decay into K~(892) n seen.

K(1460) DECAY MODES

VALUE DOCUMENT ID

0.26+0.05 OUR FIT
0.21+0.0 3 JONGEJANS 78 HBC — 4 K p p~K

I {Kam)/I ~l ra/r

Mode

I g K'(892) ~
I 2 KP
I 3 Ko(1430)x

VALUE (units 10 3) CL% EVTS DOCUMENT ID TECN COMMENT

&0.72 95 0 JONGEJANS 78 HBC 4 K p ~ p~K4m

From phase shift analysis.
Restated by us.

14 ASTON 888 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.
Assuming xx system has isospin 1, which is supported by the data.

I {K'(892}s)
VALUE {MeV)

~ ~ o We do not

K(1460) PARTIAL WIDTHS

DOCUMENT ID TECN COMMENT

use the following data for averages, fits, limits, etc. ~ ~ ~

Ki2(1480) REFERENCES

~ 109

r{KI)

DAUM 81C CNTR 63 K p —. K 2' p

BIRD
ASTON
ASTON
ASTON
CARLSMITH
ASTON
BAUBILLIER
BAUBILLIER
CIHANGIR
CLELAND
ASTON
DAUM
TOAFF
ETKIN
ESTABROOKS

Also
JONGEJANS
MARTIN
BOWLER
GOLDBERG
HENDRICK
LAUSCHER
MCCUBBIN
DEHM
LING LIN
AGUILAR- ...
BARNHAM
CORDS
BASSOMPIE. ..
BISHOP
CRENNELL
DAVIS
LIND
SCHWEiNG. ..

Also
BASSA NO
FIELD
BADIER

89 SLAC-332
88 NP 8296 493
888 PL 8201 169
87 NP 8292 693
87 PR D36 3502
848 NP 8247 261
848 ZPHY C26 37
828 NP 8202 21
82 PL 1178 123
82 NP 8208 189
81C PL 1068 235
81C NP 8187 1
81 PR D23 1500
80 PR D22 42
78 NP 8133 490
788 PR D17 658
78 NP 8139 383
78 NP 8134 392
77 NP 8126 31
76 LNC 17 253
76 NP 8112 189
75 NP 886 189
75 NP 886 13
74 NP 875 47
73 NP 855 408
718 PR D4 2583
71C NP 828 171
71 PR D4 1974
69 NP 813 189
69 NP 89 403
69D PRL 22 487
69 PRL 23 1071
69 NP 814 1
68 PR 166 1317
67 Thesis
67 PRL 19 968
67 PL 248 638
65C PL 19 612

(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, OXF+)
+Musgrave, Ammar, Davis, Ecklund+ (ANL, KANS)
+Foley, Lindenbaum, Kramer+ (BNL, CUNY) JP
+Carnegie+ (MCGI, CARL, DURH, SLAC)

Estabrooks, Carnegie+ (MCGI, CARL, DURH+)
+Cerrada+ (ZEEM, CERN, NIJM, OXF)
+Shimada, Baldi, Bohringer+ (DURH, GEVA)
+Dainton, Drake, Williams (OXF)

(HAIF)
+Vignaud, Burlaud+ (MONS, SACL, PARIS, BELG)
+Otter, Wieczorek+ (ABCLV Collab. ) JP
+Lyons (OXF)
+Goebel, Wittek+ (MPIM, BRUX, MONS, CERN)

(CERN)
Aguilar-Benitez, Eisner, Kinson (BNL)

+Colley, Jobes, GriHiths, Hughes+ (BIRM, GLAS)
+Carmony, Erwin, Meiere+ (PURD, UCD, IUPU)

Bassom pierre+ (CERN, BRUX) JP
+Goshaw, Erwin, Walker (WISC)
+Karshon, Lai, O'Neall, Scarr (BNL)
+Derenzo, Flatte, Garnjost, Lynch, Solmitz (LRL)
+Alexander, Firestone, Fu, Goldhaber (LRL) JP

Schweingruber, Derrick, Fields+ (ANL, NWES)
Schweingruber (NWES, NWES)

+Goldberg, Goz, Barnes, Leitner+ (BNL, SYRA)
+Hendricks, Piccioni, Yager (UCSD)
+Demoulin, Goldberg+ (EPOL, SACL, AMST)

TECN COMMEN TVALUE {MeV)

o ~ ~ We do not

DOCUMENT ID

use the following data for averages, fits, limits, etc. ~ ~ ~

~ 34

I (Ko(1430}a')

DAUM 81C CNTR 63 K p + K 2xp

DAUM 81C NP 8187 1
VERGEEST 79 NP 8158 265
BRANDENB. .. 768 PRL 36 1239

K(1460) REFERENCES

+Hertzberger+ (AMST. CERN, CRAC, MPIM, OXF+)
+Jongejans, Dionisi+ (NIJM, AMST, CERN, OXF)

Brandenburg, Carnegie, Cashmore+ (SLAC) JP

OTHER RELATED PAPERS

BARNES 82 PL 8116 365
TANIMOTO 82 PL 1168 198
VERGEEST 79 NP 8158 265

+Gose

+Jongejans, Dionisi+

(RHEL)
(BIEL)

(Nl JM, AMST, CERN, OXF)

VALUE {MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

DAUM 81C CNTR 63 K p ~ K 2np

OTHER RELATED PAPERS

ATKINSON
BAUBILLIER
CHUNG
FOCARDI
HAQUE
HARDY

86 ZPHY C30 521
828 NP 8202 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
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K2(1580), K1(1650), K*(1680)

K,(1580) f(~ }='(2 ) K'(1680) f{~') = k(1-}

K2(1580) MASS

VALUE (Mev) DOCUMENT ID CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 1580 OTTER 79 — 10,14,16 K p

Kg(1580) WIDTH

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

Kg(1MO) DECAY MODES

OMITTED FROM SUMMARY TABLE
Seen in partial-WaVe analySiS Of the K 7r+Tr SyStem. NeedS COn-

firm ation.
K'(1680) MASS

AII from partial wave ainplitude analyses.

VALUE (Mev) DOCUMENT ID TECN CHG COMMEN T

1714+20 OUR AVERAGE Error includes scale factor of 1.1.
1678+64 BIRD 89 LASS — 11K ph R x p
1677+10+32 ASTON 88 LASS 0 11 K p ~ K ~+n
1735+10+20 ASTON 87 LASS 0 11 K p ~ ~Km+a n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1800+70 ETKIN 80 MPS 0 6 K p ~ ~K~+x n
~ 1650 ESTABROOKS 78 ASPK 0 13 K+ p ~ K+a+ n

Ke(1680) WIDTH

All from partial wave amplitude analyses.

Mode

I t K'(892)fr
I 2 K'(1430}fr

I (K'(892)g)/I totai
VALUE

r(K;{1480)~)/r~i
VALUE

~ably Iaen

Fraction (f i/I )

seen

possibly seen

K2(1580) BRANCHING RATIOS

DOCUMENT ID TECN CHG COMMENT

OTTER 79 HBC — 10,14,16 K p

DOCUMENT ID TECN CHG COMMENT

OTTER 79 HBC — 10,14,16 K p

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

823+110OUR AVERAGE Error includes scale factor of 4.2. See the ideogram below.

454+270 BIRD 89 LASS — 11 K p ~ ~Km p
205+ 16+34 ASTON 88 LASS 0 11 K p ~ K x+n
423+ 18+30 ASTON 87 LASS 0 11 K p ~ ~Kir+2r n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

170+ 30 ETKIN 80 MPS 0 6K p~ P x+~ n

250 to 300 ESTABROOKS 78 ASPK 0 13 K+ p ~ K+2r+ n

WEIGHTED AVERAGE
323~110 (Error scaled by 4.2)

K2{1580}REFERENCES

OTTER 79 NP B147 1 +Rudolph+ (AACH3, BERL, CERN, LOIC, WIEN) JP

K,(1650) f(~'} = 2t(1+}

OMITTED FROM SUMMARY TABLE
This entry contains various peaks in strange meson systems (K+ P,
Kn ) reported in partial-wave analysis in the 1600-1900 mass re-

gion.

Ki {165O)MASS

BIRD
ASTON.ASTON

600 800

X
89 LASS 0.2
88 LASS 9.9
87 LASS 8.2

18.3
(Confidence Level c0.001)

1000

~ 1840
~ 1800

VALUE (Mev) DOCUMENT ID TECN CH6 COMMENT

1660+50 FRAME 86 OMEG + 13 K+p a 4IK+ p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ARMSTRONG 83 OMEG — 18,5 K p ~ 3Kp
DAUM 81C CNTR — 63 K p a K 2ap

K'(1680) width (MeV)

Mode

K'(1680) DECAY MODES

Fraction (( i/I )

Kt(1650) WIDTH

VALUE (MeV) DOCUMENT ID TECN CH6 COMMENT

150+50 FRAME 86 OMEG + 13 K+p ~ 4K+ p
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I 1 Kn.

I2 KP

I s K'(592) rr

(38.7+2.5) %

(31.4+2'1) %

(29 9+ ) 0/—4.7

~ 250

Mode

f1 Kxx
I 2 KP

DAUM 81C CNTR — 63 K p a K 2ap

Kt(1650) DECAY MODES

Kg{1650}REFERENCES

CONSTRAINEO FIT INFORMATION

An overall fit to 4 branching ratios uses 4 measurements and one
constraint to determine 3 parameters. The overall fit has a X
2.9 for 2 degrees of freedom.

The following oA'-diagonal array elements are the correlation coefficients

bx, bx&)/(bx;. 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.

FRAME 86 NP B276 667
ARMSTRONG 83 NP B221 1
OAUM 81C NP B187 1

+Hughes, Lynch, Minto, McFadzean+ (GLAS)
+ (BARI, BIRM, CERN, MILA, CURINi)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)

X2

X3

—36
—39 —72

X1 X2
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K*(1680),K,(1770)

K'(1680) BRANCHING RATIOS Ks(1770) WIDTH

r(K~)/r~,
DOCUMENT ID

I (Ks)ll (Ki(892)s)
VAL UE

1.30+ ' OUR FIT

2.8 kl.l

I (Kp)/I (Kr)
VALUE

0.81+ ' ~ OUR FIT

1.2 +OA

DOCUMENT ID

ASTON

DOCUMENT ID

ASTON

I (Kp)/r(K'(892)s)
VAL UE DOCUMENT ID

VAL UE

0.38?+0.025 OUR FIT
0.388+0.014+0.022 ASTON

TECN CHG COMMEN T

88 LASS 0 11 K p K -+n

TECN CHG COMMEN T

84 LASS 0 11 K p —~ ~K27r n

TECN CHG COMMEN T

84 LASS 0 ll K p —+ ~K27rn

TECN CHG COMMENT

Ir/Is

I 2/I s

VAL(JE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

186 +14 5 ASTON 93 LASS 11.K p — K ~ p
~ 210 6 DAUM 81C CNTR — 63 K p —~ K 2n. p
e e o We do not use the following data for averages, fits, limits, etc. o o e

140 +40 FRAME 86 OMEG + 13 K+ p --+ @K ' p
~ 220 ARMSTRONG 83 OMEG — 18.5 K p --~ 3K p

110 +50 60 CHUNG 74 HBC — 7.3 K p -- K ~ p
100 +26 BLIEDEN 72 MMS — 11—16 K p
210 +30 306 7 FIRESTONE 72B DBC + 12 K+ d
90:l-70 SCOLLEY 71 HBC I- 10 K+ p --. K2&N

130.0 DENEGRI 71 DBC -- 126 K d -- K22r d
100.0 +50.0 AGUILAR-. .. 70C HBC -- 4.6 K p
138.0+40.0 BARTSCH 70C HBC — 10.1 K p

50 ~ 0 20'0 LUDLAM 70 HBC — 12.6 K- p

5 From a partial wave analysis of the K ~ system.
6From a partial wave analysis of the K 2' system.
7Produced in conjunction with excited deuteron.

Systematic errors added correspond to spread of different fits,

1.0S+ . OUR FIT

0.97+0.09+ '-0.10 ASTON 87 LASS 0 11 K p ~ ~K7r+7r n

Mode

Ks(1770) DECAY MODES

Fraction (I;il )

BIRD 89
ASTON 88
ASTON 87
ASTON 84
ET KIN 80
ESTABROOKS 78

SLAC-332
NP B296 493
NP B292 693
PL 149B 258
PR D22 42
NP B133 490

Ki(16m) REFERENCES

(SLAC)
+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS)
+Carnegie, Dunwoodie+ (SLAC, CARL, QTTA) JP
+Foley, Lindenbaum, Kramer+ (BNL, CUNY) JP
+Carnegie+ (MCGI, CARL, DURH, SLAC) JP

ll
C2

I4
r5
l6

Kx7r
K~(1430)~
K*(89~)~
K fp (1270)

Kp
K~

dominant

seen

seen

seen

seen

K2(1770)
was L(1770)

l(i )='(2 )

Ks(1770) BRANCHING RATIOS

For discussion of the experimental evidence on other decay modes, see
HUGHES 71, SLATTERY 71, EISNER 74.

NOTE ON THE Ks(1770) AND THE K2(1820)

A partial-wave analysis of the K u system based on

about 100,000 K p ~ K ~p events (ASTON 93) provides

evidence for two qq D-wave states near 1.8 GeV. A previ-

ous analysis based on about 200,000 diffractively produced
K p ~ K 7r+n p events {DAUM 81) gave evidence for two

J = 2 states in this region, with masses 1780 MeU and

1840 MeV and widths 200 MeU, in good agreement with

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 MeU,

We list under the K2{1770) other measurements that do

not resolve the two-resonance structure of the enhancement

(previously called L{1770)).

K2(1770) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

1??3 4 6 ASTON 93 LASS 11K p ~ K u2 p
~ 1?80 DAUM 81C CNTR — 63 K p ~ K 22r p
~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1810 + 20 FRAME 86 OMEG + 13 K+ p ~ PK+ p
~ 1730 ARMSTRONG 83 OMEG — 1S.5 K p ~ 3Kp

1710 + 15 60 CHUNG 74 HBC — 73 K p ~ K Idp
1767 + 6 BLIEDEN 72 MMS — 11-16 K p
1730 +20 306 FIRESTONE 72B DBC + 12 K+ d
1765.04 40.0 COLLEY ?1 HBC + 10 K+ p ~ K2m N

1740.0 DENEGRI 71 DBC — 12.6 K d ~ K27rd
1745.0+20.0 AGUILAR-. .. 70C HBC — 4.6 K p
17SO.O + 15.0 BARTSCH 70C HBC — 10.1 K p
1760.0+ 15.0 LUDLAM 70 HBC — 12.6 K p

From a partial wave analysis of the K ~ system.
From a partial wave analysis of the K 2' syste~.
Produced in conjunction with excited deuteron.

4 Systematic errors added correspond to spread of different fits.

I (K&~(1430)s)/I (Ks s)
(K2(1430) -" K2r)

VALUE DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages,

~ 0,03 DAUM SlC CNTR
1.0 9 FIRESTONE 72B DBC

(1,0 COLLEY 71 HBC
0.2 +0.2 AGUILAR-. .. 70c HBC

&1.0 BARTSCH 70c HBC
1.0 BARBARO-. .. 69 HBC
9 Produced in conjunction with excited deuteron.

I (Ki(892)s')/r(Ks s)

CHG COMMENT

fits, limits, etc. ~ ~ ~

63 K p K 22rp

12 K+d
10 K+p
4.6 K p
10.1 K p
12.0 K+ p

VALUE DOCUMENT ID TECN

~ ~ o We do not use the following data for averages,

0.23 DAUM 81C CNTR

COMMEN T

fits, limits, etc. ~ ~ ~

63K p~ K 22rp

I (K rs(1270))/I (Ks s)
(f2(1270) 7r 2r)

r4/I 1

I (KQ) /I tots,
VAL UE DOCUMENT ID TECN CHG COMMENT

ARMSTRONG 83 OMEG — 18.5 K p K QN

I (K~)/I totai
VALUE

seen
men

DOCUMENT ID

OTTER
CHUNG

TECN CHG COMMEN T

81 HBC + 8.25,10,16 K+ p
74 HBC — 7.3 K p ~ K ~p

Ks(1770) REFERENCES

ASTON
FRAME
ARMSTRONG
DAUM
OTTER
CHUNG
EISNER
BLIEDEN
FIRESTONE
COLL EY
DENEGRI
HUGHES
SI ATTERY
AGUILAR-. ..
BARTSCH
LUDLAM
BARBARO-. ..

93 PL B308 186
86 NP B276 667
83 NP B221 1
81C NP B187 1

81 NP B181 1

74 PL 51B 413
74 Boston Conf. 140
72 PL 39B 668
72B PR D5 505
71 NP B26 71
71 NP B28 13
71 Bologna Conf. 293
71 U R-875-332
70C PRL 25 54
70C PL 33B 186
70 PR D2 1234
69 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, Strand (BNL)

(BNL)
+Finocchiaro, Bowen, Earles+ (STON, NEAS)
+Goldhaber, Lissauer, Trilling (LBL)
+Jobes, Kenyon, Pathak, Hughes+ (BIRM, GLAS)
+Antich, Callahan, Carson, Chien, Cox+ (JHU) JP

(GLAS)
(ROC H)

Aguilar-Benitez, Barnes, Bassano, Chung+ (BNL)
+Deutschmann+ (AACH, BERL, CERN, LOIC, VIEN)
+Sandweiss, Slaughter (YALE)

Barbaro-Galtieri, Davis, Flat te+ (LRL)

VAL UE DOCUMENT ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

. 0.74 DAUM 81C CNTR 63 K p -+ K 22rp
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K2(1770), K3(1780)

OTHER RELATED PAPERS

BERLINGHIERI 67 PRL 18 1087
CARMONY 67 PRL 18 615
JOBES 67 PL 26B 49
BARTSCH 66 PL 22 357

+Farber, Ferbel, Forman
+Hendricks, Lander
+Bassompierre, DeBaere+
+Deutschmann+

(ROCH) I

(UCSD)
(BIRM, CERN, BRUX)

(AACH, BERL, CERN+)

K*(1780) i(~ ) =2(3 )

Our latest mini-review on this particle can be found in the 1984
edition.

Kge(1780) MASS

82 SPEC

81o LASS 0
81 HBC

80 M PS 0
78 0MEG

1784.0+ 9.0
1786 6 15
1762.0+ 9.0
1850 +50
1812.0628.0

1786.0+ 8.0 CHUNG 78 MPS 0 6 K p ~
From a partial wave amplitude analysis.
From energy-independent partial-wave analysis.
From a fit to Y6 moment. J = 3 found.

4 Confirmed by phase shift analysis of ESTABROOKS 78, yields J~ = 3
From a fit to the Y moment.6

WEIGHTED AVERAGE
1770~10 (Error scaled by 1.7)

VALUE (MeV) EVTS DOCUMEN T ID TECN CHG COMMEN T

1770 +10 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram below.

1720 +10 + 15 6111+ 1 BIRD 89 LASS — 11 K p a ~K» p
780

1781 6 8 + 4 ASTON 88 LASS 0 11 K p ~ K»+n
1740 6 14 6 15 2 ASTON 87 LASS 0 11 K p —+

~K»+» —
n

1779.0611.0 BALDI 76 SPEC + 10 K+p ~ K»+p
1776 k 26 4 BRANDENB. .. 76o ASPK 0 13 K+ p e K+»+ N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1749 610 ASTON 888 LASS — 11K p ~ K 7)p
1780.0+ 9.0 300 BAUBILLIER 84B HBC — 8.25 K p ~

~K» p
BAUBILLIER 828 HBC 0 &.25 K p a

K0S2»N

2060 CLELAND 50 K+p ~ Ks»+p
5 ASTON 11K pa K»+n

190 TOAFF 65K p~R» p
ETKIN 6K p~ R»+»
BEUSCH 10K pa

~K»+»- n
K—»+n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

193 +51—37
99.0+30.0

11K pa K 7rpASTON 8&B LASS

BAUBILLIER 84s HBC

BAUBILLIER 82B HBC 0

8.25K p~
~K» p

825K pa
K~2»N

50 K+p K0»+p5
11K pa K»+n
65K p~ P» p
6 K- p %»+»-
10K p~

&»+»- n
6K p~ K»+n
13 K+p a K+»+N

2060191.0k 24.0

225 +60
80

240 k 50
181.0+44.0

CLELAND
9 ASTON

TOAFF
ETKIN

10 BEUSCH

82 SPEC

&lo LASS 0
81 HBC

80 MPS 0
78 OMEG

190

96.0+31.0 CHUNG 78 MPS 0
270 +70 BRANDENB. .. 76o ASPK 0

6From a partial wave amplitude analysis.
7From energy-independent partial-wave analysis.

From a fit to Y6 moment. J = 3 found.

From a fit to Y moment.6
Errors enlarged by us to 4I /~N; see the note with the Ko {892)mass.

11ESTABROOKS 78 find that BRANDENBURG 76D data are consistent with 175 MeV
width. Not averaged.

l1
I2
I3
l4
l5

Mode

Kp
K"(892)1I.

Km

Kg
K2(1430) rr

Keg(1780) DECAY MODES

Fraction {Il/I )

(45 +4 )%
(27.3+3.2) %
(19.3+1.0) %

8 0+1 5) ohio

& 21

Scale factor/
Confidence level

5=1.4
S=1.5

5=1.4
CL=95%

CONSTRAINED RT INFORMATION

An overall fit to 4 branching ratios uses 5 measurements and one
constraint to determine 4 parameters. The overall frt has a X
2.2 for 2 degrees of freedom.

The following off diagonal array elements are the correlation coefficients

(bx;bx&)/(bx, "bx&), in percent, from the rit 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

X3

X4

—84
—33 -4
-35 -14 26

X1 X2 X3

r(Kb)/r(K'(882) ~)

Kge(1780) BRANCHING RATIOS

I 1/I2

1650 1700 1750

X
BIRD 89 LASS 7.6

' ASTON 88 LASS 1.6

r

ASTON 87 LASS 2.1

i. . . . .BALDI 76 SPEC 0.7. .BRANDENB. .. 76D ASPK 0.1
12.1

(Confidence Level 0.017)
g I

1800 1850 1900

VALUE DOCUMENT ID TECN CH6 COMMENT

1.66+041 OUR FIT Error includes scale factor of 1.5.
1.52+041+0.10 ASTON 87 LASS 0 11 K p ~ R»+» n

I (Ke(882)e)/I (Ksr)
VALUE DOCUMENT ID TECN CH6 COMMENT

1AR+0.19 OUR FIT Error includes scale factor of 1.4.
1.09+0.26 ASTON 84B LASS 0 11 K p ~ ~K2»n

I (Ke)/rtotai
K3(1780) mass (MeV)

Keg{1780) WIDTH

135.0+22.0 8 BALDI

TECN CH6

scale factor of 1.1.
89 LASS

88 LASS 0
87 LASS 0

76 SPEC +

VALUE (Mev) EVTS DOCUMENT ID

154 +17 OUR AVERAGE Error includes

187 +31 +20 6111+ 6 BIRD
780

203 +30 + 8 7 ASTON
171 +42 +20 7 ASTON

COMMENT

11K p+ K» p

11K p~ K»+n
11K p —+

~K»+» —
n

10 K+ p ~ K0»+ p

DOCUMENT ID TECN CHG COMMENTVALUE

0.193+0.010 OUR FIT
0.188+03)10OUR AVERAGE

0.187+0.008+0.008 ASTON 88 LASS
0.19 +0.02 ESTABROOKS 78 ASPK

0 11K p~ K»+n
0 13 K+p ~ K»N

r(KO)/I (Ke)

0.50+0.18 ASTON 888 LASS

This result supersedes ASTON 888.

r(K;{14ao)~)/r(K'(882) i)

11K p~ K gp

VAL UE DOCUMENT ID TECN CHG COMMENT

OA1+0.07 OUR FIT Error includes scale factor of 1.5.
0.41+0.050 12 BIRD 89 LASS — 11 K p ~
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

re/rg

VALUE

&0.78
CL% DOCUMENT ID

95 ASTON

TECN CHG COMMENT

87 LASS 0 11 K p e

P(»+» —
n
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K3(1780), K2(1820), K(1830), K0(1950)

Kg1780) REFERENCES
K(1830) t(-t') =- &to-)

BIRD
ASTON
ASTON
ASTON
ASTON
BAU 8 IL LIER

BAUBILLIER
CLELAND
ASTON
TOAFF
ETKIN
BEUSCH
CHUNG
ESTABROOKS

Also
BALDI
BRANDEN8. ..

89 SLAC-332
88 NP 8296 493
88B PL 8201 169
87 NP 8292 693
848 NP 8247 261
848 ZPHY C26 37
828 NP 8202 21
82 NP 8208 189
81D PL 998 502
81 PR D23 1500
80 PR D22 42
78 PL 748 282
78 PRL 40 355
78 NP 8133 490
788 PR D17 658
76 PL 638 344
76D PL 608 478

(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+ (BNI, 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

OMITTED FROM SUMMARY TABLE
Seen in partial-wave analysis of K Il system. Needs confirmation.

K(1830) MASS

DOCUMENT ID TECN CHG COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

ARMSTRONG 83 OMEG — 18.5 K p — 3K p

K(1830) WIDTH

AGUILAR-. .. 73 PRL 30 672
WALUCH 73 PR D8 2837
CARMONY 71 PRL 27 1160
FIRESTONE 71 PL 368 513

Aguilar-Benitez, Chung, Eisner+
+Flatte, Friedman
+Cords, Clopp, Erwin, Meiere+
+Goldhaber, Lissauer, Trilling

OTHER RELATED PAPERS

(BNL)
(LBL)

(PURD, UCD, IUPU)
(LBL)

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

o o o We do not use the following data for averages, fits, limits, etc. ~ o o

ARMSTRONG 83 OMEG — 18.5 K p —+ 3Kp

K(1830) DECAY MODES

K2(1820) 1(~') =,'(2 ) Mode

Observed by ASTON 93 from a partial wave analysis of the K

system. See Niinireview under K2{1770). Needs confirmation.

K2(1&20) MASS

KP

ARMSTRONG 83 NP 8221 1

K{1830)REFERENCES

(BARl, BIRM, CERN, Mll. A, CURIN+) JP

TECN COM MEN T

93 LASS 11K p ~ K ~p
81C CNTR 63 K p -~ K 2+p

K2{1820}WIDTH

TECN COMM EN TVAL UE (MeV) DOCUMENT ID

275+35 3 ASTON
~ 230 4 DAUM

3Fron a partial wave analysis of the K ~ system.
4Frorn a partial wave analysis of the K 2' system.

93 LASS 11K p ~ K ~p
81C CNTR 63 K p -~ K 2+p

VAL UE (MeV) DOCUMENT ID

1815+13 ' ASTON
~ 1840 2 DAUM

Fron a partial wave analysis of the K Id system.
From a partial wave analysis of the K 2~ system.

K*(1950) I(1 ) = '(o+)

OMITTED FROM SUMMARY TABLE
Seen in partial-wave analysis of the K r, system. Needs confir-

mation.

Ko(1950) MASS

VALUE (MeV) DOCUMENT ID TECN CHG COMMEN T

104i+10+20 1 ASTON 88 LASS 0 11. K p -~ K—m9 n

1We take the central value of the two solutions and the larger error given.

r1
I2
I3
r4
r5
I6

Mode

KP
K7r 7r

K2(1430)~
K'(&92) ~
K f2(1270)
K~

K2{1820}DECAY MODES

Fraction ($;/I )

possibly seen

seen

seen

seen

seen

Kg{1820}BRANCHING RATIOS

K(')(1950) WIDTH

Ko(1950) DECAY MODES

Mode

I1 Kx

Fraction (r //I )

(52+14) /o

VALUE (MeV) DOCVMEAIT ID TECN CHG COMMENT

201+34+79 2 ASTON 88 LASS 0 11 K p — K n. + n

We take the central value of the two solutions and the larger error given.

COMMEAI T

etc, ~ ~ ~

~ 0.7?

I (K'(892)s)/I (Krs)

ASTON 93 CNTR 63K p ~ K27r p

r4/r,

r(tq(1430)~)/r(K~~)
VALUE DOCUMENT ID TECAI

~ o ~ We do not use the following data for averages, fits, limits,

I (Kx) /r~~ [

Ko{1950)BRANCHING RATIOS

vAL UE DOCUMEAIT ID TECN CHG COMMEN T

0.52+0.08+0.12 ASTON 88 I ASS 0 11 K p —K ~+ n

3We take the central value of the two solutions and the larger error given.

VAL UE

o o ~ We do not use the following

0.05

r(Kg(1270})/r(K~~)
VAL UE

DOCUMENT ID TECN COMMENT

data for averages, fits, limits„etc. o o o

ASTON 93 CNTR 63K p ~ K27r p

DOCUMENT ID TECN COMMENT

ASTON 88 NP B296 493

Kg'(1950) REFERENCES

+Awaji, Bienz, Bird&- (SLAC, NAGO, CINE, INUSj

o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.05 ASTON 93 CNTR 63K p ~ K2x p

Kg(1820) REFERENCES

ASTON
DAUM

93 PL 8308 186
81C NP 8187 1

+Bienz, Birdy (S LAC, NAGO, C IN C, IN US)
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+)
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K*,(1980),K4*(2045)

K*(1980) I(i ) = '(2+)

K2(1960) MASS

All from partial wave amplitude analyses.

VALUE (MeV) EVTS

197i+22 OUR AVERAGE

1978+40 241+
47

1973+ 8+25

DOCUMENT ID

BIRD

ASTON

TECN CHG COMMENT

89 LASS — 11K p~ R 2r p

87 LASS 0 11 K p ~
%x+x—

n

K~{1960}WIDTH

All from partial wave amplitude analyses.

OMITTED FROM SUMMARY TABLE
Seen in the J = 2+ wave amplitude of the K 2r 2r+ system.
Needs confirm ation.

Iq(IHS) WIDTH

DOCUMENT ID TECN CHG COMMEN T

11K p ~ K 9r+n
50 K+ p ~ KQ 9r+ pS

etc. ~ ~ ~

400 pA ~ 4KX

825K p —+

KS p

11K p~ K x+n

9 K+d ~ K++'s X

240 +500—100
300+200

From a fit to all moments.
From a fit to 8 moments.

7 Number of events evaluated by us.
8 From energy-independent partial-wave analysis.

8 ASTON 81C LASS 0

CARMONY 77 HBC 0

K4'(2046) DECAY MODES

VALUE (Mev} EVTS

19+ $0 CNR AVERAGE

221+ 48+27 ASTON 86 LASS 0
189+ 35 400 6i7 CLELAND 82 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

61+ 58 431 TORRES 86 MPSF
170+100 650 BAUBILLIER 82 HBC

VALUE {Mev}

$7$+$$+60
DOCUMENT ID TECN CHG COMMEN TEVTS

K~2(1960) DECAY MODES

ASTON 87 LASS 0 11 K p ~
~Kx+9r n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

398+47 241+ BIRD 89 LASS — 11 K p ~ ~Kx p
47

ll
l2
l3
r4
l5
r6
r7

Mode

Kx
K'(892) x w

K"(892)www
pKx
~Km
4IKn
II K'(892)

Fraction (I I/I )

99+12) 0/

(9 k5 )%
(7 +5 )%
(5.7+3.2) %
(5.0+3.0) %
(2.8+1.4) %
(1.4+0.7) %

Mode

I 1 K"(892) 7I

l, Kp

K2{1960}BRANCHING RATIOS

I (Kx)/I ~i
VALUE

0.099+0.012

K4i(2046) BRANCHING RATIOS

DOCUMENT ID TECN CHG COMMENT

ASTON 88 LASS 0 11 K p ~ K 2r+ n

r(KI)/r(K'(692)~)
VAL UE

1.49+0.2II+0.09
DOCUMEN T ID TECN CHG COMMENT

ASTON 87 LASS 0 11K p ~ R x+x n

VALUE

O.N+0$$
DOCUMENT ID TECN

BAU BILLIER 82 HBC

I (K'(692)es)/I (Ke)
CHG COMMEN T

8.25 K p ~ pKS3x0

BIRD
ASTON

K2(l.960) REFERENCES

89 SLAC-332
87 NP B292 693 +Awajl, D'Amore+

(SLAC)
(SLAC, NAGO, CINC, INUS)

VALUE

0.7$+OA9
DOCUMENT ID TECN

BAUBILLIER 82 HBC

r(I K~)/r(K~}

r(K'(692}~~~)/r(K~)
CHG COMMENT

8'25 p ~ p S

I4/I g

AMSLER

OTHER RELATED PAPERS

93C NP A558 3C +AUgUstin+ (Crystal Barrel Collab. )

VALUE

0.58+082

r(ruKw)/I (Kr)

DOCUMENT ID TECN CHG COMMENT

BAUBILLIER 82 HBC 8'2 K p ~ pKS 3

K*(2045) Iu') = &(4+) VALUE

0.50+0
DOCUMENT ID TECN CHG COMMENT

BAUBILLIER 82 HBC — 8.25 K p ~ pKS 3'

K4(2046) MASS

2115+ 46 488 CARMONY 77

From a fit to all moments.
From a fit to 8 moments.

3 Number of events evaluated by us.
4 From energy-independent partial-wave analysis.

VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

2045+ 9OUR AVERAGE Error includes scale factor of 1.1.
2062+ 14+13 1 ASTON 86 LASS 0 11 K p ~ K ++n
2039+ 10 4QQ & CLELAND 82 SPEC + 50 K+ p ~ KS2r+ p

2070+ 40
4 ASTON 81C LASS 0 11 K p ~ K ++n

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2079+ 7 431 TORRES 86 MPSF 400 pA ~ 4KX
2088+ 20 650 BAUBILLIER 82 HBC — 8.25 K p ~

KSx p
HBC 0 9 K+d ~ K++'s X

K4i(2046) REFERENCES

ASTON
ASTON
TORRES
BAUBILLIER
CLELAND
ASTON
CARMONY

88 NP B296 493
86 PL B180 308
86 PR 34 707
82 PL 118B 447
82 NP B208 189
81C PL 106B 235
77 PR D16 1251

+Awaji, Bienz. Bird+ (SLAC, NAGO. CINC, INUS)
+Awaji, D'Amore+ (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)

OTHER RELATED PAPERS

I (IIKa)/I ~I
VALUE DOCUMEN T ID TECN COMMEN T

O.ON+0.014 9TORRES 86 MPSF 400 pA ~ 4KX
9 Error determination is model dependent.

I (iIK'{692))/I gag
VALUE DOCUMENT ID TECN COMMENT

0.01i+0.007 TORRES 86 MPSF 400 pA ~ 4KX

Error determination is model dependent.

ASTON
BROMBERG
CARMONY

&7 NP B292 693 +Awaji, D'Amore+ (SLAC, NAGO, CINC. INUS)
80 PR D22 1513 +Haggerty, Abrams. Dzierba (CIT, FNAL, ILLC, IND)
71 PRL 27 1160 +Cords, Clopp, Erwin, Meiere+ (PURD, UCD, IUPU)



Meson FullListings
K2(2250), K3(2320), KS(2380), K4(2500)

K2(2250) K*,(2380) i(i ) = p(5 )

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.

OMITTED FROM SUMMARY TABLE
Seen in partial WaVe analySiS Of the K Tr+ SyStem. NeedS COnfir-

m ation.

Ka(2380) MASS

VALUE (MeV)

XN? +17
2200.0440.0
2235 +50
2260 + 20
e ~ a Wedo

2147 + 4
2240 + 20

1JP = 2-

Kg(2250) MASS

TECN CHG COMMEN TDOCUMENT IDEVTS

OUR AVERAGE
1 ARMSTRONG 83C OMEG—
1 BAUBILLIER 81 HBC
1 CLELAND 81 SPEC

not use the following data for averages, fits, limits,

37 CHLIAP NIK. .. 79 H BC +
20 LISSAUER 70 HBC

from moments analysis.

K2(2250) WIDTH

18K p~ ApX
8K p~ ApX
50 K+ p ~ A pX

etC. o o ~

32 K+ p Apx
9K+p

VALUE (MeV) DOCUMENT ID

9%%5+1$+1cl 1 ASTON

From a fit to all the moments.

TECN CHG COMM EN T

86 LASS 0 11 K p ~ K x+n

KI{2380) DECAY MODES

Kae(2380) WIDTH

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

178+87+32 2 ASTON 86 LASS 0 11 K p ~ K ~+n
From a fit to all the moments.

VALUE (Mev) EVTS DOCUMENT ID TECN CHG COMMENT

10 +30 OUR AVERAGE Error includes scale factor of 1.4.
150.0630.0 ARMSTRONG 83C OMEG — 18 K p ~
210 +30 CLELAND 81 SPEC k 50 K+ p -~

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o a o

~ 200 BAUBILLIER 81 HBC — 8 K p ~
40 37 CHLIAPNIK. .. 79 HBC + 32 K+ p ~
80 +20 20 LISSAUER 70 HBC 9K+p

= 2 from moments analysis.

K2(2250) DECAY MODES

ApX
ApX

ApX
ApX

Mode

r(K~) I'r»i
VALUE

0.061+0.012

Fraction (I;/f')

(6.1 + 1.2) %

Ka(2380) BRANCHING RATIOS

DOCUMENT ID TECN CHG COMMENT

ASTON 88 LASS 0 ll K p ~ K n+n

KI(2380) REFERENCES

Mode
ASTON
ASTON

88 NP B296 493
86 PL B180 308

+Awaji Bienz Bird+
+Awaji, O'Amore+

(SLAC, NAGO, CINC, INUS)
(SLAC, NAGO, CINC, INUS)

I 1 K~7r
I2 pA

K4(2500) i(~)=k(4)

ARMSTRONG 83C NP B227 365
BAUBILLIER 81 NP B183 1
CLELAND 81 NP B184 1
CHLIAPNIK. .. 79 NP B158 253
LISSAUER 70 NP B18 491

K2(2250) REFERENCES

+ (BARI, BIRM, CERN, MILA, CURIN+)
+ (BIRM, CERN, GLAS, MSU, CURIN) JP
+Nef, Martin+ (PITT, GEVA, LAUS, DURH) JP

Chliapnikov, Gerdyukov+ (CERN, BELG, MONS)
+Alexander, Firestone, Goldhaber (LBL)

OMITTED FROM SUMMARY TABLE
Seen in the J = 4 wave of the antihyperon-nucleon system.
Needs confirmation.

Ke{2500) MASS

ALEXANDER 68B PRL 20 755

K (2320)

OTHER RELATED PAPERS

+Firestone, Goldhaber, Shen

I(~ ) = 7(3+)

(LRL)

VALUE (MeV} DOCUMEN T ID TECN CHG COMMEN T

2I90.0+20.0 1CLELAND 81 SPEC + 50 K+p ~ Ap

I = 4 from moments analysis.

Ke{2500) WIDTH

OMITTED FROM S MMARY TABLE
Seen in the l = 3+ wave of the antihyperon-nucleon system.
Needs confirmation.

KB{2320)MASS

~ 250.0 2 CLELAND

I = 4 from moments analysis.

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

81 SPEC + 50 K+p~ Ap

TECN CHG COMMENTVALUE (Mev) DOCUMENT ID

2824 +24 OUR AVERAGE

2330.0640.0 1 ARMSTRONG 83C OMEG

2320.0+30.0 1 CLELAND 81 SPEC +
1 I~ = 3+ from moments analysis.

18K ps ApX
50K+p~ ApX

Mode

K4{2500) DECAY MODES

Ka(2320) WIDTH

VALUE {MeV) DOCUMENT ID TECN CHG COMMENT

150.0+30.0 ARMSTRONG 83C OMEG — 18 K p ~ ApX
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

~ 250.0 2 CLELAND 81 SPEC + 50 K+ p ~ A pX

J = 3+ from moments analysis.

CLELAND 81 NP B184 1

Ke(2500) REFERENCES

+Nef, Martin+ (PITT, GEVA, LAUS. DURH)

KB{2320)DECAY MODES

Mode

I 1 pA

Kg(mo) REFERENCES

ARMSTRONG 83C NP B227 365
CLELAND 81 NP B184 1

+
+Nef, Martin+

(SARI, BIRM, CERN, MILA, CURIN+)
(PITT, GEVA, LAUS, DURH)
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K(31oo)

K(31oo) I (~ ) ='('")

K{3100}MASS

VALUE (MeV)

at $100 OUR ESTIMATE
DOCUMENT ID

3-BODY DECAYS
VALUE (MeV)~+11OUR AVERAGE

3060+ 7+20
3056+ 7+20
3055+ 8+20
3045+ 8+20

Supersedes ALEEV 90.

DOCUMENT ID

1 ALEEV
1 ALEEV
1 ALEEV
1 ALEEV

TECN COMMENT

93 BIS2 K(3100) ~ A pe+
93 BIS2 K(3100) -+ A pn
93 BIS2 K(3100) -+ APx
93 BIS2 K(3100) ~ A pn+

OMITTED FROM SUMMARY TABLE
Narrow peak observed in several (A p + pions) and (A p + pions)

states in Z Be reactions by BOURQUIN 86 and in n p and nA re-

actions by ALEEV93. Not seen by BOEHNLEIN 91. If due to strong
decays, this state has exotic quantum numbers (B=O.Q=+1,S=—1

fOr Ape+++ and I ) 3/2 fer Ap7r ). See alSO under nOn-qq
candidates. Needs confirmation. (See the index for the page num-

ber. )

3-BODY DECAYS
VALUE (Mev)

~ ~ ~ We do not use the following

42+ 16
36+15
50+ 18
30+15

Supersedes ALEEV 90.

4-BODY DECAYS
VALUE (Mev) CL%

~ ~ ~ We do not use the following

22+ 8
28+12
32+15
30+15

(30 90
(80 90

5-BODY DECAYS

K{3100}WIDTH

DOCUMENT ID TECN

data for averages, fits, limits,

2 ALEEV 93 BIS2
2 ALEEV 93 BIS2

ALEEV 93 BIS2
2 ALEEV 93 BIS2

DOCUMEN T ID TECN

data for averages, fits, limits,

2 ALEEV 93 BIS2
2 ALEEV 93 BIS2
2 ALEEV 93 BIS2
2 ALEEV 93 BIS2

BOURQUIN 86 SPEC
BOURQUIN 86 SPEC

VAL UE (Mev) CL 5 DOCUMENT ID TECN

o ~ ~ We do not use the following data for averages, fits, limits,

(30 90 BOURQUIN 86 SPEC

COMMENT

etc. ~ ~ o

K(3100) ~ A p~+
K(3100) ~ A px
K(3100) ~ Ape
K(3100) ~ 3p~+

COMMENT

etc. ~ ~ ~

K(3100) ~ Ap~+x+
K(31oo) n p~+ ~-
K(3100) ~ Zpx
K(3100) ~ Ape x+
K(3100) ~ Ap~+x+
K(3100) ~ Aper+ x

COMMENT

etc. ~ ~ ~

K(3100) ~
npr+~+t-

4-BODY DECAYS
VALUE(Mev)

SOS9+11 OUR AVERAGE

3067+ 6+20
3060+ 8+20
3055+ 7+20
3052+ 8+20
~ ~ ~ We do not use the following

3105+30
3115+30

DOCUMENT ID TECN COMMENT

1 ALEEV 93 BIS2
1 ALEEV 93 BIS2
1 ALEEV 93 BIS2
1 ALEEV 93 BIS2
data for averages, fits, limits,

BOURQUIN 86 SPEC
BOURQUIN 86 SPEC

K(31OO) A p~+ ~+
K(3100) ~ Ap~+~
K(3100) ~ Ap~
K(31oo) n p~- ~+
etc. ~ ~ ~

K(31oo) n p~+ ~+
K(3100) A p~+ n

COMMENT

etc. ~ ~ ~

K(31oo) ~
np~+ ~+~-

5-BODY DECAYS
VALUE (MeV) DOCUMENT ID TECN

~ ~ o We do not use the following data for averages, fits, limits,

3095+30 BOURQUIN 86 SPEC

K(3100}DECAY MODES

l1
r2
I3
r4
I5
r6

Mode

K{3100)0-+ Ape+
K(3100) ~ Ape
K(3100) ~ Ape+a
K(3100)+ ~ A pe+ w+

K(3100) ~ Apx+n+m
K(3100) ~ Z(1385)+p

r(z{1MS}+II)gr(AIIr+)
VALUE

(0.04

CL%

90

DOCUMENT ID TECN COMMENT

ALEEV 93 BIS2 K(3100)0 -+
Z(1385)+y

ALEEV 93

BOEHNLEIN 91
ALEEV 90
BOURQUIN 86

K{31M}REFERENCES

PAN 56 1358 +Balandin+ (BIS-2 Collab. )
Translated from YAF 56 100.
NP B21 174 (suppl) +Chung+ (FLOR, BNL, IND, RICE, MASD)
ZPHY C47 533 +Arefiev. Balandin+ (BIS-2 Collab. )
PL B172 113 +Brown+ (GEVA, RAL, HEIDP, LAUS, BRIS, CERN)



1564

Meson Full Listings
D Branching Fractions

CHARMED MESONS
(c= +i)

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

NOTE ON D MESON BRANCHING FRACTIONS

(by R.H. Schindler, SLAC)

This edition strongly refIects the impact that CLEO-II
has had on charm meson physics in the last two years. The
CESR-II luminosity for data taken at the T(4S) resonance

and in the nearby e+e continuum since startup in 1991 has

climbed to 15pb /day and has totaled more than 2 fb

In addition, this edition includes the first high-statistics results

of the next (post-E691) generation of fixed-target experiments

at FNAL (E653, E687). We anticipate that the CLEO-II and

t,he FNAL fixed-target programs will continue to dominate t, he

field through the end of the decade. The RES program for

charmed physics is now also underway, and its first results

should appear within the next year.

In this edition, we have restructured the Full Listings to

further clarify and reduce the uncertainty in the normalization

of the charmed D+, D, and D+ branching fractions. We

continue t,o enter only experimentally measured quantities and

not derived quantities, except where noted. All experiments

measuring ratios of branching fractions are included in our cal-

culations. (We shall call Bi = I'I/I'I I t a branching fraction

and I I/I'2 a branching ratio )These are us. ually measurements

of branching fractions relative to the most accessible channels,

such as K sr+a+ for t,he D+, K x+ and K vr+x+vr for tile

Do, and If'77r+ for the D+ The problem is to . set the absolute

scales for the branching fractions.

In our 1992 edition, we combined results from several ex-

perimental methods to set the scale of branching fractions of
D+ and Do mesons. One source was the direct measurements

of the D+ and D branching fractions as reported in BALTRU-

SAITUS 86 and subsequently updated in ADLER 88C, using

data at the I/7(37?0) resonance. In the latter paper, the rates of

observed production of single charm and pairs of charm parti-

cles were compared to establish the absolute branching fraction

scale. A second source was the results from topologically nor-

malized experiments (e.g. , AGUILAR-BENITEZ 84) and other

so-called "double tagging" techniques (e.g. , BARLAG 90D). A

third source was measurements from ALEPH of the D ab-

solute branching fraction (DECAMP 91) using the technique

pioneered by HRS (ABACHI 88) applied to D* from Z decays.

This technique compares the total rate for Z ~ D*+X followed

by D*+ —+ D"7r+, measured by observing only the soft low

Q-value 7r+, with the total rate for Z —+ D'+X followed by
D*+ ~ Do7r+ and then Do ~ K 7r

In this edition, we have revisited the question, in the light of

new measurements of the D+ and D branching fractions from

CLEO-II. In AKERIB 93, CLEO-II measures the Do ~ K

branching fraction as (3.91 + 0.08 + 0.17)%, in excellent, agree-

ment with the previous e~e results at the Ii:(3770) and the

Z but. with bett, er precision. In BALEST 94, CLEO-II uses a
similar technique applied to the D* to measure the branching

fraction D+ —+ K 7+7r+ to be (9.3+ 0.6+ 0.8)Fo., with R. pre-

cision comparable to the previous e e result, s at t.he If~(3770).

III this edition, we use the direct measurements of branching

fract, luilS Rf, t, lie 777(3770) Rnd f:lip. rpcent IlleasulPIIIPnts IISlng
D* decays, but, remove the topological results from t, hc;av-
erages and fits because of t, he uncertainty in t, hf. topological

normalization and the inherent correlations with ot, her mea-

surement, s in the fitting procedure used to obtain t,hem. Tile

result is that the important, D" ~ K ~"' branching fraction is

(4.01 + 0.14) 10 Rllci tile llllpoi'tRnf; D ' K 77
'

7," ' bI'Rilchlllg

fraction is (9.1+ 0.6)%%uo.

It may help t,o say a word about our averages and fIts, AII

average is of (good) measurements of a, single quantity, say of'

I'('D" ~ K 7r )/I I,I~I. A fit involves two or more different

quantities, say several different D" branching ratios. Our fits

only include quantities t, hat. "push" against one another. For

example, if there are measurements of I I/I t„i,i, I I/I'I,„„,.u,

and I I/I z, then these three quantities are includeci in the

fit. But, if I s only occurs in I's/I I, then I's/I"«I,,I is siinply

calculated from the fit value of I I/I'I«, i. Thus for t, lie D",
say, we determine a11 t, he different measured branching rat, ios

t, hat push against one anot, her and include them ill olle big fit, ,

(The correlation-coefficient matrix for this fit is rigjII iu l'rout

of the measurement, s of the branching ratios. ) Since t, lic sum

of branching fractions included in the fit is less thalI unity. a

dulTlII1& 1Tl0de l s added t 0 accoli n t, fol nlo des absent . 0 lice

the overall fif is done, remaining branching fractions (ol' the

sorl, I' s/I I,I~I menl, ioned above) are calculated from branching

fractions obtained in the fit.

The absolute branching fraction scale for the D"- is st. ill

quite uncertain. We anticipate in the near future a meas»rf. -

ment, at BES of the absolute branching fraction for D;",

using the direct, technique exploited first by MARK-III (e.g. .

ADLER 908'}, At present. , we are const, rained to lely ~&II a

set. of experiments (ARGUS, CLEO, CLEO-II, ancl E687) c.har,

determine the ratio I'(D, —+ cfie+v, )/1 (D, -~ p77 ). 'I'he ra;

rio I (D,
' —:ctie~v, )/P(D+ ~ K e+v„) is reliably calculated—.~0

theoretically, and t, he experiments measure BI'D+ —~ K f-.+f', ')

and use the well-measured relative lifetimes Ior total widths' of

tile D Rlld D ' 'lo theil ob. tain B(D $7I +). Ii'Ve t, liil. ': gc'I

B(D~+ —+ $7r+) = 3.5+ 0.4/&& for normalizing the other decay

A result of much theoretical interest is the measurelIIf nt ot

the pseudoscalar weak decay constants (fD) of the D," ancl thc

D . The decay constant, measures the overlap of the heelvy

and light quark wave functions in t, he meson and is nleasured

directly through the observation of pure leptonic decays of

the D+ or D,. t,o p+v& or z+v~. The precise value provides

an unambiguous test, of lattice @CD. The best, limit on the

D decay const, ant was set by MARK-III (( 290 MPV at

90r~c. CL). Two experiments, IVA75 (AOKI 93) and CLEO-Il
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(ACOSTA 94) have published evidence for pure leptonic decays of the D+. BES has also presented evidence in the form of a few

events recoiling from tagged D+ mesons in the 4-GeV region in e+e . AOKI 93 claims 8 events in an emulsion experiment and finds

a decay constant value of 232 MeV. CLEO-II finds about 39 events above background, corresponding to a decay constant of about

344 MeV. Both experiments have errors of about 75 MeV. The CLEO value is surprisingly large, but the error from the background

subtraction and statistics still remains large. For further discussion, see also the "Note on Pseudoscalar-Meson Decay Constants" in

the sr+ Full Listings.

See also the "Note on Semileptonic Decays of D and B Mesons" that follows for a review of the many new results in that area.

NOTE ON SEMILEPTONIC DECADES OF D AND B MESONS, PART I
(by R.J. Morrison and J.D. Richman, University of California, Santa Barbara)

I. Introduction
Weak decays of heavy mesons are classified as hadronic, leptonic, or semileptonic, according to the type of particles present in the

final state. The most complicated are hadronic decays, in which strong interactions produce nonperturbative effects that are difBcult

to calculate. In leptonic decays, the final state contains only a charged lepton and a neutrino; if the decaying meson is a pseudoscalar,

the effects of strong interactions in the initial state can be parametrized by a single constant. (See the "Note on Pseudoscalar-Meson

Decay Constants" in the or+ Full Listings. ) The rates for leptonic decay, however, are generally small and hard to measure.

Semileptonic decays are more tractable theoretically than hadronic decays, both because the Evg system produced by the virtual

W boson is well understood, and because this system cannot have strong interactions with the hadronic decay products. In addition,

semileptonic decay rates are reasonably large and experimentally accessible. As a consequence, semileptonic processes are the primary

source of information on the Cabibbo-Kobayashi-Maskawa (CKM) matrix (see "The Cabibbo-Kobayashi-Maskawa Mixing Matrix, " in

Section 28 of the Reviews, Tables, Figures, and Formulae part of this Reui, ew).

In this Note, we discuss measurements of semileptonic decays of D and B mesons. These studies have two primary goals: first,

to understand the dynamics of semileptonic decays, in particular, the effect of strong interactions on the underlying weak process;
and second, to measure the magnitudes of the CKM elements Vd, and V„g. These goals are related, because the determination of
CKM elements relies on a good understanding of the decay process. Our discussion focuses on the sources of uncertainty in different

types of measurements, especially the model dependence in the inclusive B semileptonic branching ratio and in the determination of

lVbl and lV~bl

The effects of strong interactions on the semileptonic decay amplitude can be expressed in terms of one or more Lorentz-invariant

functions called form factors, which depend only on q2, the square of the mass of the virtual 8'. The number of form factors required

to describe a given exclusive decay depends on the quantum numbers of the hadrons in the decay, Information on the form factors is

obtained by measuring the distributions of decay angles and q2, as discussed in the following section.
In the charm sector, the absolute scale of theoretical predictions for decay amplitudes (expressed in terms of form factors) can be

tested, because the CKM elements can be determined independently of the D semileptonic decay rate using the assumption of CKM
unitarity and the smallness of the CKM elements for B decay. Thus, the study of D-meson semileptonic decays is concerned more

with the size and q2 dependence of the form factors than with the determination of CKM elements. However, studies of form factors
in D semileptonic decays should provide theoretical information that will help to improve predictions for b —+ u 8 vg decays, and

hence improve the determination of lV„bl.
A development of major importance is the heavy quark effective theory (HQET). In the limit of infinite quark mass, the quark

mass and spin decouple from the dynamics of the decay, leading to numerous symmetry relations among form factors. In this
limit, the description of a process such as B + D*S+vg is simplified considerably, because both the b and c quarks are heavy. The
form factors can then be related to a single universal form factor, the Isgur-Wise function. HQET predictions permit a systematic
approach to understanding the dynamics of B-meson semileptonic decays and to determining the magnitudes of CKM elements.

HQET predictions for D semileptonic decays are less useful, because symmetry-breaking corrections in this case are expected to be

large.

We begin with a brief review of the formalism of form factors for exclusive semileptonic decays and then turn to experimental
results on D and B mesons. More detailed information may be found in review articles on semileptonic decays and HQET [1,2,3].

II. 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 functions describe
the effect of strong interactions, 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 functions is largest. Studies of form factors in D semileptonic decays have focused on the modes
D ~ KE+vg and D ~ K*E+vg, which dominate the inclusive semileptonic rate. In B decays, the analogous modes, B —+ DE+vs and
B —+ D*I+vg, account for about two-thirds of the inclusive semileptonic rate. The decay B ~ DE+vs has a large background from
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B + D*E+vg, so in B decays, form factors have been studied only for B ~ D*8+vg. In this section, we discuss the formalism used in

form-factor measurements for the decays P —+ P'Evg, where P and P' are pseudoscalar mesons, and P —+ Vgvg, where V is a vector

meson.

The differential decay rate for P(Qq) v P'(q'q) Irvg is

~FIVs'ql &p If+(q )I

dq2 24m'3

3~FI Vs qI' kv q'
[(1+gcos8g) IH+(q )I

2 2 2

+ (1 —rlcos8g) IH (q )I ] sin 8t +4sin 8gcos 8vlHe(q )I —2sin 8gsin 8v cos(2X)H+(q )H (q )

dI'

dq dcosHgdcos~ dX

—4 n
'

sn(qs+1ncos qs) sinqv c s qv c XH s(q )sHo(q ) + sqsinqs(S —q coo vs) si qv cos qv c oXsqq(q )qqo(q )) . (ql

Here M is the mass of the parent meson, ky is the momentum of the vector meson and is a function of q, and the factor @=+1
(rl = —1) applies to B (D) decays. The angles 8g, 8t, and X are de6ned in Fig. 1. The helicity amplitudes Hy and Ho can be

expressed in terms of two axial-vector form factors, Ay(q2) and As(qs), and a vector form factor V(q2):

Here GF is the Fermi decay constant, V&1@ is the relevant CKM matrix element, kp is the momentum of P in the rest frame of the

parent meson, and f+(q ) is a vector form factor. (Eq. (1) assumes massless charged leptons, which is almost exact for electrons and

a very good approximation for muons, but it is not correct for ~'s. ) The dominant q2 dependence comes from the p-wave factor kps„
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 q2

dependence of the form factor f+
The exclusive decay rate for P v V/vg can be expressed in terms of three q2-dependent helicity amplitudes, Hy(q ) and He(q2),

where the subscripts indicate the helicity of either the virtual W or the vector meson. The rate is given by

H (q ) =(M+ m)Ay(q ) p V(q')

4 2 2

HO(q ) = (M m q )(M + m)A1(q )
™~v

A2(q )
2qn q M+m

where m is the mass of the daughter meson. The form factors f+, Ar, As, and V are dimensionless.

Figure 1: Definition of the angles Hg, Hy, and X. The decay D —+ K*E+vg is used as an example. The polar angles
Hg and Hy are defined in the rest frames of the virtual TV and the K*, respectively, and X is the azimuthal angle
between the projections of the lepton and the kaon momentum vectors in the plane perpendicular to z.

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: IH I
) IH+I This difference pro. duces 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 positively 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 argument 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'Evg decays, there is no asymmetry, since the P' meson can only have helicity zero. Thus, the effect of V —A is to 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:

(4)
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Experiments extract various ratios of these rates, including I'+/I', I'I, /I'T = I'p/(I' + I'+), the lepton forward-backward asymmetry

AFB = (3rl/4)(r —r+)/I', and the polarization parameter o. = 21's/(I'++ I' ) —1. The three form factors can be obtained by

fitting the measured distribution of the variables q, Hg, eg, and X.

III. D-meson semileptonic decays
In this Section, we review the main results on D and D, semileptonic decays, including measurements of D ~ KE vg and

D —+ K E+vg form factors. An important question is whether the sum of the exclusive rates for these two modes, plus the

corresponding Cabibbo-suppressed rates, saturate the inclusive rate. This issue can also be addressed by searching for Cabibbo-

favored semileptonic decays to hadronic systems other than the K or K', referred to here as nonresonant states. It is also of great

interest to measure the Cabibbo-suppressed semileptonic decays of the D and D+ and the semileptonic decays of the D8+. These

decays differ from the dominant K or K' decays by the strange quark content of either the initial meson or the final meson, or

both. Although there are differences in the q2 ranges and the pole masses for Cabibbo-favored and Cabibbo-suppressed decays, the
form-factor intercepts for these modes should be similar. We review the measurements that attempt to address these questions. In

our tables, averages of experimental results labeled "PDC value" are not necessarily an exact average of the numbers in the tables

but come from making an overall fit to the branching ratios in the Full Listings that follow this Note.

D —+ K'+vp decays
With the new CLEO-II measurement [4], the ratio I'(De ~ K e+v, )/I'(De ~ K x+) is one of the most accurately determined

quantities in charm physics. This measurement, together with the new, more precise value of the absolute D ~ K x+ branching

fraction, yields a much improved measurement of B(D ~ K e+v, ), as shown in Table 1. Note that e—y, universality is assumed,

and that muon measurements have been scaled up by a factor of 1.03 to account for the reduced phase space. Therefore, all results

are expressed as electron branching fractions. The transition rate, I'(Do ~ K e+v, ) = (8.9 + 0.5) x 10~e s ~, shown in Table 10, is

obtained using the PDG branching fraction of Table 1 and the PDG value of the D lifetime.

Table 1: Measurements of the D + K e+v, branching fraction. The PDG branching fraction for D -+ K m+ has
been used, where needed, to normalize.

E691
CLEO-I
CLEO-I*
E687*
CLEO-II*
MARK-III
E653*

PDG value

5]

6]
6]
7]

4)
81

9]

ANJOS 89F
CRAWFORD 91B
CRAWFORD 91B
FRABETTI 93I
BEAN 93C
ADLER 89
KODAMA 93B

Experiment Referencet Lepton

P
P

e, p

P

Norm. mode B(Ds -+ K e+v, )%

Do —+ K 7r+ 3.65 6 0.54
Do —+ K sr+ 3.61 + 0.37
Do ~ K sr+ 3.26+0.50
D —+ K z+ 3.39 + 0.75
D + K z+ 3.92+0.25

absolute 3.4 + 0.6
p, inclusive 2.5 + 0.6

3.68 6 0.21

m„(GeV)

2.1+ ' +0.2
2,+0.4+0.3-0.2 —0.2

2.00 + 0.12 + 0.18

*Muon measurements have been scaled up by 1.03 to be equivalent to electrons.
t Here and in several later Tables, the reference ID used in the Data Listings is given following the reference number.

Isospin symmetry requires equal transition rates for the Cabibbo-favored D and D+ decays. The D+ branching fraction
measurements are given in Table 2, using our branching fractions for the normalizing modes. The average D+ -+ K e+v, transition
rate is (6.3 + 0.8) x 10~ s ~, significantly lower than I'(D ~ K e+v, ), although it is less well measured. The discrepancy

may be be due, in part, to poorly measured normalizing branching fractions. In any case, we use the average transition rate
I'(D ~ Ke+v, ) = (8.2 + 0.4) x 10~o s to compute the form factor discussed below.

Table 2: Measurements of the D+ —+ Koe+v, branching fraction.

Experiment Reference Norm. mode

MARK-III' [10] BAI 91 absolute
E691 [11]ANJOS 91C D+ ~ K x+x+
CLEO-II' [4) BEAN 93C D+ ~ K z'+

PDG value

* Average of electrons and muons.

B(D+ ~ ~Ke+v )%

6 8+1.6-1.1
6.0 + 1.6
7.1 + 0.8

6.7+ 0.8
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The decay D —+ K e+v, is the only one so far that allows a useful study of the q dependence of heavy-meson form factors.
Experiments to date are precise enough to determine only an intercept, and a slope parameter for the function f+ (q ). This form

factor is commonly parametrized with a pole form,

f (q') = f (o)/(1 —q'/ „'),
where m& is an appropriate pole mass, expected to be approximately the mass of the D,*. Values of mz derived from the experiments
are given in Table 1 and are in agreement with m~ . The form-factor intercept is computed by integrating Eq. (1), assuming the
pole form for f+ (q ). Using the average transition rate of the two charge states, the result is

] f++(0)[]V„[= 0.73 + 0.02 + 0.02,
where the first error is from the uncertainty in the decay rate and the second is from the uncertainty in the shape of f++(q ) Usi. ng

]V,, ]
= 0.974 from the unitarity of the CKM matrix, the value f++(0) = 0.75 + 0.02 + 0.02 is obtained. This result is in general

agreement with predictions from models and lattice gauge calculations, as shown in Table 8.

D ~ K*E+vg decays
The differential decay distribution for D —+ K*I+vg is governed, as explained in Section II, by one vector and two axial-vector

form factors. Experiments do not yet have enough data to measure the q2 dependences of these form factors. The practice is to
assume that they have a simple pole form, as for the pseudoscalar case, using for pole masses those of the lowest lying cs states
with the appropriate quantum numbers: the D,* mass, 2.1 GeV, for the pole mass my, and the D,** mass, 2.5 GeV, for mg. The
ratios of form-factor intercepts, Rs = A2(0)/Ay(0) and Rv = V(0)/Ay(0), are then determined by fitting to the q2 and angular decay

distributions. These ratios have been measured in D+ + K 0E+vg decay and are given in Table 3. The corresponding ratios of
longitudinal to transverse polarization, and of positive to negative transverse polarization, are also shown.

Table 3: D+ —+ K* E+vg form factor ratios.

Experiment Ref. Rs(0) Rv(0)

E691
E653
E687

[12] 0.0 + 0.5 + 0.2 2.0 + 0.6 + 0.3
[13] 0.82+ ' 6 0.11 2.00+a's2 + 0.16
[16] 0.78 + 0.18 + 0.10 1.74 + 0.27 + 0.28

r, /r, r, /r
1 ~ 8+0 4 + 0.3 0 ~ 15+0'05 + 0.03

1.18+0.18 + 0.08 0.16+ 0.05+ 0.02
1.20+ 0.13+0.13

Ave. 0.73 + 0.15 1.89 + 0.25 1.23 + 0.13 0.16 + 0.04

The normalization of the form factors is given by the transition rate, which is proportional to Ay(0) and is only weakly dependent

on Ry and R2. Tables 4 and 5 give measurements of the D+ ~ K' e+v, and D ~ K* e+v, branching fractions with the associated

average transition rates in Table 10. The D+ measurement is the better of the two, due to the long D+ lifetime, the high efFiciency—*0
for observing the K, and the recent, more precise measurement of the normalizing D+ —+ K sr+a+ branching fraction.

Table 4: Measurements of the D+ + K*0e+v, branching fraction.

E687*
WA82
ARGUS
CLEO-II*

PDG value

[16] FRABETTI 93E
[14] ADAMOVICH 91
[19] ALBRECHT 91
[4] BEAN 93C

Experiment Reference

E691 [12] AN JOB 90E
E653* [18] KODAMA 92C

Lepton

e, p

D+ K-~+~+
D+ K-~+~+
D0~K e+v,
D+ ~ K sr+a+
D+ K-~+~+
D+ ~ K-~+~+
D+ K-~+~+

4.4 + 0.6
4.4 + 1.0
3.9 + 1.1
5.4 + 0.8
5.6 + 1.6
5.0 + 1.2
6.1 + 1.1

4.8 + 0.4

Norm. mode B(D+ ~ K'ce+v, )%

*Muon measurements have been scaled up by 1.05 to be equivalent to electrons.

Table 5: Measurements of the D ~ K' e+v, branching fraction.

Experiment Reference Norm. mode

CLEO-I [6] CRAWFORD 91B De —+ K e+v
CLEO-II [4] BEAN 93C Do ~ Kox+7r

PDG value

B(De ~ K* e+v, )%

1.9+ 0.7
2.0 + 0.4

2.0 + 0.4
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The new measurements confirm the old result that the transition rates for K* decays are signi6cantly smaller than for K decays,

contrary to expectations from models. This result is also confirmed by several direct measurements of the K*-to-K ratio, obtained

without the use of normalizing branching fractions, shown in Table 6. This ratio is about 0.6, which leads to the low values for the

form-factor intercepts A~(0) and A2(0) given in Table 7. These values are compared with predictions in Table 8. Note that the

form-factor intercepts in these tables have been corrected for the new average value I'(D —+ K*e+v, ) = (4.6+ 0.4) x 10 o s

Table 6: Direct measurements of I'(D -+ K*tvr)/I'(D —+ KIvr).

Experiment Reference Measured ratio Value

CLEO-I
0 g- +

[6] CRAWFORD 91B s +
' 0.51 + 0.18 6 0.06

CLEO-II [4] BEAN 93C
I'D ~K* e+v

0.60 + 0.09 + 0.07

CLEO-II [4] BEAN 93C 0.65 + 0.09 + 0.10I'D+~K e+v,

E653 [18] KODAMA 92C 0.43 + 0.09 + 0.09
I'(D ~ K p+v&)

Table 'F: Form factors for D+ —+ K*0e+v, . All re-
sults are normalized to I'(D ~ K'e+v, ) = (4.6+ 0.4) x

010 s

Experiment

E653
E691
E687

Ave.

Ref. Aq (0) V(0) A2(0)

[18] 0.57+ 0.08 1.2 + 0.3 0.47 6 0.16
[12] 0.49 + 0.07 1.0+ 0.3 0.0 + 0.2
[15] 0.59+ 0.05 1.0 + 0.3 0.46+ 0.11

0.56 + 0.04 1.1 + 0.2 0.40+ 0.08

Table 8: Form factors: comparison with theory.

f+(o)
Model Exp. average =0.75 + 0.03

Quark ISGW [30] 0.8
models WSB [31] 0.76

KS [32] 0.7
AW/GS [33] 0.7

BKS [34]
gauge LMMS [35]

Sum rules BBD [36] 0,60

V(0)Ay (0) As(0)

0.40 + 0.080.56 + 0.04 1.1 + 0.2

0.8
1.2
0.8
0.6

0.8
0.88
0.82
0.8

1.1
1.3
0.8
1.5

0.60.5

0.9 + 0.1 + 0.2 0.8 + 0.1 + 0.3 1.4 + 0.5 + 0.5 0.6 + 0.1 + 0.2
0.63 + 0.08 0.53 + 0.03 0.9 + 0.1 0.2+ 0.2

Cabibbo-suppressed semileptonic decays
The rates of Cabibbo-suppressed pseudoscalar semileptonic decays determine the product of ]V~[ times a form factor. Assuming

that ~V,g~ is known precisely from unitarity of the CKM matrix, the main goal is to determine the form factor. The form factors

measured in Cabibbo-suppressed charm decays are related by HQET [38] to those for b —+ u semileptonic decays in the q2 region near

q, approximately 18—26 CeV . Assuming appropriate pole forms for the form factors, the ratios of branching fractions can be

written as

B(D ~ 7r e+v, ) B(D+ -+ 7r e+v, ) f+(0) Vg=2x =1.97 x +
B(D ~ K e v~) B(D+ ~ Koe+v, ) f+ (0)

(6)

The factor of 2 difference between these two modes arises from the I/V2 in the coupling of dd to a 7r .

o date, measurements of Qablbbo-suppressed semileptonic decays sufFer from poor statistics; better results should be forthcoming

from the new high-statistics charm experiments. The MARK-III measurement [20] of B(D ~ 7r e+v, ), together with our value
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for B(D ~ K e+v, ) from Table 1, yields R~ = 0.11+sos + 0.1. This can be compared with the CLEO-II measurement of
B(D+ ~ m e+v, ) [21], giving R~ = 0.17 + 0.05+ 0.03. From unitarity of the CKM matrix, we have [V,g/V„[ = 0.051+ 0.002,

giving values of ]f+(0)/f+ (0)[ = 1.0+o& +0.04 and 1.3+0.2 +0.l for the MARK-III and CLEO-II results. Model predictions,

which range from 0.7 to 1.4 [39], are in agreement with these results. The E653 collaboration [22] reports a measurement.
I'(D+ ~ p p+v&)/r(D+ —+ K' p+v&) = 0.044+o'ozs 6 0.014, in good agreement with expectations, within the large errors.

Nonresonant semileptonic decays
There is now substantial evidence that Cabibbo-favored semileptonic decays are nearly saturated by D + Ke+v, and D ~ K'e+v, .

Table 9 gives the results of searches for other decays. Early results from the hybrid bubble chamber [37] indicating large nonresonant,

contributions are clearly inconsistent with much more sensitive later measurements. Limits on the sum of the nonresonant (and

higher-mass resonant) decays can be inferred from the comparison of the sum of exclusive rates with the inclusive rat, e, as discussed

below.
Table 9: Limits on specific nonresonant modes.

E653

Experiment Reference Mode

E687 [16] FRABETTI 93E D+ ~ (K 7r+)NRp+v„
D ~ K il 7T p V~

[17] KODAMA 93B De ~ K ir+7r p+v
Do ~ (K'vr) @+vs

r/10" .-'
90% CL upper limit

& 0.4
& 0.1

g 0.3( 0.4

Inclusive semileptonic decays
The inclusive transition rates are I'(D+ -+ Xe+v, ) = (16.3 + 1.8) x 10io s i and r(Do -+ Xe+v, ) = (18.6 6 2.9) x 10io s

These rates are dominated by old MARK-III measurements [23]. Isospin symmetry requires that the Cabibbo-favored semileptonic

rates for the two charged states be equal, but small difIerences can be expected for the Cabibbo-suppressed rates. We ignore

these differences, which are expected to be less than 2% of the inclusive rate, and use the average for the two charge states,
I'(D -+ Xe+v, ) = (16.9 + 1.5) x 10io s i. This inclusive rate can be compared with the sum of the rates for D -+ Ke+v„
D —+ K'e+v„and an estimated 8% contribution for the Cabibbo-suppressed modes, as shown in Table 10. (We average the Do and
D+ exclusive rates here as well. ) The sum of these rates implies a deficit of slightly less than two standard deviations. CLEO [4]

has measured all four of the exclusive K and K' modes, normalizing to the best measured decay, Do ~ K sr+. Averaging over the

charge states, CLEO obtains I'(D ~ (K+ K')e+v, ) = (14.8 6 1.3) x 10'o s i. Adding 8%%uo for Cabibbo-suppressed decays results in

a deficit of (0.9+ 2.0) x 10ie s i, consistent with zero. The rather large errors leave some room for small contributions from other

exclusive channels. As seen in Table 9, the limits on individual channels are much more stringent.

Table 10: Exclusive transition rates. For comparison, I'(D ~ Xe+v, ) = (16.9 +
1.5) x10 s i

Mode r(Do) /10io - i I (D+) /10io —i I A /10io

D~ Kev,
D ~ K*eve
Estimated Cabibbo-suppressed

Sum of exclusive rates

8.9 + 0.5
4.8 + 1.0

6.3 6 0.8
4.5 + 0,4

8.2 + 0.4
4.6 + 0.4
1.0 + 0.3

13.8 + 0.6

D+ semileptonic decays
Because &P mesons are easy to observe, the first D+ semileptonic decay measured was the decay to a vector, DB+ ~ PE+vg The.

ratio of decay rates, R4, = r(D~+ ~ PI+vs)/r(D+ —+ Pz'+), has been measured by several experiments (Table 11). The average value

given in the table includes both electron and muon results.

Table 11: Measurements of R~ =— I'(D+
y~+~, )/r(D+ - y~+).

CLEO-I
ARGUS
E687
CLED-II

PDG value

28]
27]
26]
as]

ALEXANDER 90B
ALBRECHT 91
I"RABETTI 93G
BUTLER 94

Experiment Reference Rp

0 49+ 0 10+
0.57+ 0.15+ 0.15
0.58 + 0.17+ 0.07
0.54+ 0.05+ 0.04

0.54 + 0.05
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As yet there are no direct measurements of D+ branching fractions. One method for estimating the D8+ ~ Ps.+ branching

fraction is based on the belief that Da+ ~ 4iE+vr and D +K-I+vr decays are quite similar. Quark-model-based estimates [40] for

the ratio K = I (D+ ~ Pl+vr)/r(D +K-'E+vr) are about 1.0. The branching fraction is then

+ + ri,.~ r(D K*I+~,)

The average over the two I'(D ~ K'e+v~) charge states is (4.6 + 0.4) x loin s i. Using the PDG value for the D+ lifetime, the

value for R4, in Table ll, and K, = 1.0 gives B(D~+ -+ Ps+) = (4.0 + 0.5)%. This value also has a theoretical uncertainty, which

we conservatively estimate to be about 25%. (The PDG value of this branching fraction, which combines several estimates, is

(3.5+0.4)%.)
We will have more confidence in this method for determining the absolute D~+ branching fraction scale, and indeed more confidence

in our understanding of charmed semileptonic decays in general, if the patterns for the D~+ semileptonic decays are seen to be the same

as those for Do and D+ It is im. portant to measure the form factor ratios for D~+ ~ PP+vg decay, as has been done for D ~ K'E+ur,

to shed some light on the validity of the assumption of equal transition rates. With small numbers of events, Fermilab experiments

E653 and E687 have made first measurements of these ratios (Table 12). These results, to be compared with the D +K*ev,-values

of Table 3, are not yet precise enough to draw conclusions about the degree of similarity of the D, and D decays.

Perhaps even more important is the ratio of the rates of semileptonic decays of the D~+ to vector and pseudoscalar mesons,

since this ratio is not as expected in D+ and Do decays. The first observation of the pseudoscalar modes is from Fermilab

E653 [24], who obtained [I'(D+ ~ Pp+v&))/[r(D+ -+ (rl+ il')p+iI&)] = 0.26 + 0.11. The result is certainly consistent with a low

vector-to-pseudoscalar ratio. This experiment was unable to separate the g and g' modes.

Table 12: D+ +PE+vg for-m factor ratios.

Experiment Ref.

E653
E687

a, (o) z&(0) rL, /rr
[24] 2.1+ ' + 0.2 2.3+o's + 0.4 0.54 + 0.21 + 0.10
[29] 1.1+0.8+0.1 1.8+0.9+0.2 1.0+0.5+0.1

Ave. 1.8 + 0.5 2.0 + 0.7 0.6 + 0.2

Conclusions on D-meson semileptonic decays
The study of semileptonic decays of D mesons has progressed enormously in the last few years. The q dependence of the

pseudoscalar form factor has been measured, and the intercepts of the three vector-decay form factors been determined by several

experiments. New experiments confirm the old observation that the D ~ K*8+vg decay rate, and therefore the Ap form factor, is

low compared with model calculations. Presently, no model appears able to explain all of the form factors.

Problems remain in the precise quantitive comparisons between the transition rates of the different charge states in the D ~ KE+v//

exclusive decays. The difficulty may lie in the branching fractions of the normalizing modes for the D+ decays. Strict upper limits

are observed on rates of nonresonant decays. These limits are consistent with the observation that the transition rates for D ~ KE+vg

and D ~ K*E+vg, plus a reasonable estimate of the Cabibbo-suppressed rate, nearly saturates the inclusive rate.
Measurements of Cabibbo-suppressed semileptonic decays have begun. Experiments are making good progress with D~+

semileptonic decays. First results have been obtained for the ratios of form-factor intercepts in Da+ ~ Pl+vr and for observations of

the pseudoscalar decays D~+ ~ qE+v// and D~+ ~ g'8+vg.

In the near future, we can expect further significant advances. It will be very interesting to compare the form factors for

Cabibbo-favored, Cabibbo-suppressed, and D+ decays for the pseudoscalar- and vector-meson final states. Measurement of the q

dependences of the three vector-decay form factors may help in understanding the puzzle of the small semileptonic transition rate to
vector-meson final states.

Continuation of this discussion can be found in the Listings for the B+.
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18SSA+ O.S OUR AVERAGE
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EVTS

0+ MEAN UFE

Measurements with an error ) O. l x10 s are omitted from the average,
and those with an error ) 0.2 x 10 s have been omitted from the
Listings.

VALUE (10 12
53 EVTS

1.OS?+0.01S OUR AVERAGE
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1.075+0,040+0.018 2455
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K 7r+ n+
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l1
C2

C3

l4
C,
l6
lr

Cs

I9
C10

I 11

C14

C15

C18

C19

20

C23

C24

2S

2S

C30

C31

C32

I 34
C3s

C37

C3s

C39
C40

C41

C42

I 43
C44

C4s

C46

C4r

C4s

I 49

I 50

C51

D+ DECAY MODES
D modes are charge conjugates of the modes below.

Mode Fraction (I ~/I )
Scale factor/

Confidence level

InclLIslve modes
(17.2 +1.9 ) %
242 +28

ing (59 +7 ) %

( 5.8 +1.4 ) %

[a] ( 13

e+ anything
K anything
~K anything + K anyth
K+ anything

g anything

p,+ anything

p,+ p, anything

S=1.4

CL=90%

Leptonic and semlleptonic modes

( 72 x10 4

[b] ( 6.7 60.8 ) %

( 6.6 +0.9 ) %

( rp +30 )0/

( 6.7 +3.5 ) %

( 4 2 +0.9
) t/t

( 3.2 +0.33) %

CL=90%

CL=90%

CL=90%
CL=90%
CL=90%

S=1.1
CL=90%

CL=90%
CL=90%

CL=90%

KP ~+
K- ~+~+ [d

K'(892)ow+
x B(K'o - K w+)

Ko(1430)on+
x B(K"{1430)o- K w+)

K'(1680jow+
x B(K"{1680)o-+ K w+)

K ~+ x+ nonresonant
K'~+ ~0

KP p+
K'(892)ow+

x B(K' —+ K w)
K vr+m nonresonant

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

x B(K*o- K w+)
K (1400)pm+

x B{K,{1400)o K-w+wo)
K-p+ ~+ total
K*(892) m+ vr total

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

x B(K'o- K w+)
K'(892} w+w+3-body

x B(K* ~ K harp)

K m+ x+ vr nonresonant

( 2.3 +0.3 ) %

( 2.6 +1.3 ) x 10

( 7.3 +1.4 )
( 9.7 +3.0 ) %

( 6.6 +2.5 )
( 0.7 +0.2 ) %

S=1.1

( 1.3 +1.1 ) %

( 6.4 +1.1 ) %

( 1.4 +0.9 ) %

( 2.2 +0.6 ) /0

( 3.1 +1.1 ) %

( 4.s +0.9 ) %

( 2.8 +0.9 ) %

( 1.4 +0.6 ) %

[e] ( 1.2 +06 ) %

p+ v
Kp w +ra

Ve
Kpe+ v,
K p v~

K E+ve

K m+e+v,
K"(892}oe+ v

x B(K"o- K w+)
K x+ e+ ve nonresonant 7 x 10

K m. +@+V ( 3.2 +1.7 ) %
In the fit as &I 28 + I 18, where &I 28

——I 17.
K'(892)o p+ v„ ( 3.0 +0.4 ) %

x B(K"o- K w+)
K n + p+ v„nonresona nt ( 2.7 +1.1 ) x 10

KPn+m e+ ve
K vr+xP e+ v
(K"(892}w) o e+ v 1.2
(Kww)oe+ v, non-K'(892) 9 x10
K 7I 7l P vp 1.4 x 10

ape+ vg [c] ( 5.7 +2.2 ) x 10
~++ e+ v,

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

K'(892)o "e+"ve [b] ( 4.8 +0.4 ) %
K*(892)oe+ v, ( 4.8 +0.5 ) %
K*(892)op+ v„ ( 4.5 +0.6 ) %

P e Ve 3.7 x 10

pp] + v„ ( 2p +15
) x1p

pe Ve 2.09

4P V~ (, 3.72

0'(958) p+ v& 9 x10

Hadronic modes with one or three K's
( 2.74+0.29) %

] ( 9.1 +0.6 )%
( 1.5 +0.3 ) %

Cs2

Cs3

Cs6

Csr
I 58
C59

C60

C61

Cs4

C

C64

C6s

C66

C67

C6s

C69

Crp
I 71

Cr3
I 74

Crs

C76

Crs

Cr9

Csp
I 81

S2

Cs3

Cs4

Css
Cs6

Csr
Css
Cs9

C99
I 100
Clpl
C102
I 103
C104

C90

C91

C93

I 94

I 95
C96

C97

C9s

F'~+ ~+~-
Koan(1260}+

x B(at(1260)+ - w+w+w )
Kt(1400)en+

x B(Kt(1400)o - ~Kw+w —
)

K'(892) w+w+3-body
x B(K' ~ ~Kw )

~K ppx+ total
~K x+ x+ ~ nonresonant

K- ~+ ~+ ~+~-
7K'(892)Ow+ w+ w-

x B(K"o- K w+)
K"(892} p w+

x B(K'o~ K w+}
K- ~+~+~0~0

Kp + + - 0

~K ~+ m+ ~+ ~-~-
K- ~+ ~+~+ ~- ~P
KP KP K+

( 7.0 +1.0 ) %

( 4.0 +0.8 ) %

( 2.2 +0.6 ) %

( 1.4 +0.6 ) %

( 4.2 +0.9 ) %

( S +4 ) x10-3
( 8.2 +1.4 ) x 10

( 6.8 +1.8 ) x 10

( 5.1 +2.2 ) x 10

( 22 +'0—0.9

( 54 +3.0

( s

( 2.0 +1.8
( 3.1 +0.7

)%

)%
)x10 4

)x10
)%

have already
modes.

with resonances
charged-particle

( 6.6 +2.5 )
( 8.1 +1.7 )

3

( 2.2 +0.4 )
( 2.1 +1.4 )
( 1.7 +1.6 )

1

(10 +7 )
7

Fractions of some of the following modes
appeared above as submodes of particular

Kpp+
~K a~{1260}+
Koan(1320)+
K'(892)ow+
K'(892)o p+ total

K"(892)o p+ Swave- [e]
K'(892)o p+ P wave

K"(892) p+ O wave-
K'(892)o p+ Owave longito-di-

nal
Kt(1270)ow+
Kt(1400)ow+
K+{1410}ow+
Ko(1430}ow+
K'(1680)ow+
K"(892)on+w total

K"(892) w+n 3-body
K'(892) w+w+3-body
K p+ n+ total

K p+ n+ 3-body
K p vr+total

K p sr+3-body
Ko fo(980) w+

K'(892) n+w+w
K'(892) p w+

0/

x 10

x 10

x 10

x 10

CL=90%

CL=90%

CL=90%

CL=90%x 10

x 10

7

( 5.0 +1.3 )
7

( 3.4 +0.4 )
( 1.0 +0.5 )
( 6.7 +1.4 )
( 4.2 +1.4 )
( 2.1 +0.9 )
( 3.1 kl. l )
( 1.1 +0.4 )
( 4.2 +0.9 )
(s +5 )

5

( 1.02+0.27)
(rr +33)

CL=90%

CL=90%
x 10
x 10

x 10

CL=90%

PIonic modes
~+ mp

n+ n+ n-
pp n.+
~+ ~+ m nonreson ant

x+n+x np

ow+ x B(9- n+w n )
row+ x B(tu-+ w+w wo)

x+ x+ sr+ vr
-n-

~+ ~+ m+ ~- ~- ~0

( 2.5 +0.7
( 3.2 +0.6

1.4
( 2.5 +0.7

( 19 —1.2
( 1.8 +0.6

6

( 10 +08

( 2.9 +2.9—2.0

)x10
)x10

x 10

)x10
)%
)x10

x 10

) x10

)x10

CL=90%

CL=90%

Fractions of some
appeared above as

pp n-+

gx+
v m'+

up+
0'(958}w+

0'{958)p+

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

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

1.4 x 10

( 7.5 +2.5 ) x 10—3

7 x 10
1.2
9 x 10
1.5
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Hadronlc modes with two K's
C 105 K K+ ( 7.8 +1.7 ) x 10

I 106 K+ K 'rrr ( l.13+0.13) %
ln the fit as ~C121 + SC122 + C109, where ~C121 = C107 and 3I 122

I 108.
err+ x B(tb ~ K+ K ) ( 3.3 +0.4 ) x 10
K*(892)oK+ ( 3.4 +0.7 ) x 10

x B(K* ~ K vr+)
I 109 K+ K ~+ nonresonant ( 4.6 +0.9 ) x 10

I 110 K+ K 7r+7r

i t st err+ rr x B(d K+ K ) ( i.2 +0.5 )%r„, dp+ x 8(d K+K-) c r ~ to-s

I 113 K+ K x+~ non-p ( is+ )0/

C114 K+ K m+~ 2 0/

I 115 K K 7t+7c+ ( i.o +0.6 )%
K'(892)+ K"(892)o ( i.2 +0.5 )%

x Ba(K* ~ Krr+)
I 117 K K 7r+r+non-K* K' 79 x 10
I"

118 K+ K F 7r 7r

I 119 $w+ 7r 7r 1

x B(d~ K+K )
I 120 K K x+ ~+ vr nOnreSOnant & 3 0/

C107

C108

CL=90%

CL=90%

CL=90%

x 10 3 CL=90%

CL=90%

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

I 121 Px+ ( 6.7 +O.S ) x 10-3
i t22 K'(892) K+ ( 5.1 +1.0 ) x 10

I 123 px 7r ( 2.3 +1.0 ) %

C124 O'P 1.5
K'(892)+ K'(892) ( 2.6 kll )4/o

I 126 $7r+ vr m 2 x 10

CL=90%

CL=90%

Doubly Cabibbo supp
—-. (DC) modes,

4C = 1 ~k neutral current (Cl) modes, or

Lepton Family number (LF) or Lepton number (t) trio(sting

i27 K+ '/r DC & 5 x 10

I 128 K+K+K DC ( 5.2 + 2.0 ) x 10

Ci29 O'K+ DC (39+ ' )xlo
I 130 ~ e+ e Cs 2.5 x 10

)u p Ci & 2.9 x 10
&+e+e [f] & 4.S x iO

—3

C133 K+ P,+ )Lf [f] & 9.2 x 10

Ci34 /r e LF [g] & 3.8 x 10

p LF & 3.3 x 10

C136 x+ e p+ LF & 33 x 10

C137 K+e+p LF & 34 x 10

Ci3s ~+e V+ LF & 3.4 x 10

C 139 /r e L 4.8 x 10

C140 n. P+P,+ L 68 x 10

L 3.7 x 10

I 142 K e L 9.1 x io

"i43 L 4.3 x 10

C144 P L 4.0 x 10

CL=90%

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

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

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

CL=90%
CL=90%
CL=90%
C L=904/o

C L=90%

I 145 A dummy mode used by the fit. (34 +5 )%

[a}This is a weighted average of D+ (44%) and Do (56%) branching frac-

tions. See "D+andDo ~ (rranything) / (totai D+ and Do)" under
"0+ Branching Ratios" in these Full Listings.

[bj This value combines the e+ and p+ branching fractions, making a small

phase-space adjustment to the p,+ fraction to be able to use it as an e+
fraction; hence the "e+." In fact, some of the e+ measurements already

use )Lf,
+ events in this way.

Ic}E indicates e or p mode, not sum over modes.

[d[ The branching fractions for this mode may differ from the sum of the
subrnodes 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 Full Listings.

[f) This mode is not a usefui test for a sssC=1 weak neutral current because
both quarks must change flavor in this decay.

[gj The value is for the sum of the charge states indicated.

x13

Xl 8

X27

x2S

X34

x35

X40

X44

x52

X69

X76

XS2

x109

X121

x122

x145

4

4

15 29

12 7

41 6

27 17

0 0

6 4

8 5

9 6

4 3

2 1

9 5

15 10

9 6

-33 -27

8

31 26

5 20

14 57

0 0

3 13

4 17

5 20

2 9

1 5

5 19

8 33
5 20

—12 -40

16

45

0

10

14

16
7

15

26

16
—34

35

0 0

8 23 0

10 30 0

12 35 0

5 15 0

3 9 0

11 33 0

20 57 0

12 35 0

-30 -53 -59

18

8 11

31 37

29 13

7 10

13 17

8 10

-46 -45

Xl0 X13 Xi8 X27 X28 X34 X35 X40 X44

X76

X82

x109

xl21

X145

5

3 12

12 5

20 9

12 5

-26 -46

5 19

3 11 20

-33 -19 -32 -20

x69 x76 x82 xlQ9 x121 xl

0+ BRANCHING RATIOS

See the "Note on D Meson Branching Fractions" and the "Note on

Semileptonic Decays of D and B Mesons, " above.

Inclusive modes

l (e+ anything)/rtotat
VALUE EVTS DOCUMENT iD

0.172+0.01S OUR AVERAGE

0.20 AGUILAR-. .. 87E HYBR 7r p„pp 360, 400 GeV

0,170+0.019+0.007 158 BALTRUSAIT. .858 MRK3 e+ e 3.77 GeV

0.168+0.064 23 SCHINDLER 81 MRK2 e+ e 3.771 GeV
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ e

0.220 —0.022 BACINO 80 DLCO e+ e 3.77 GeV

TECN COMMENT

D+andD0 ~ (a+anything) / (total D+ and D )
If measured at the /{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.
0.117+0.011 295 BALTRUSAIT. .358 MRK3 e+ e 3.77 GeV

0.10 +0.032 4 SCHINDLER 81 MRK2 e+ e 3,771 GeV

0.072 +0.028 FELLER 78 MRKl e+ e 3.772 GeV
~ 4 ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.134+0,015+0.010 ABE 93F VNS e+ e 5& GeV

0.098+0.009+ ' 240 6 Al BRECHT 92F ARG e+ e 10 GeV—0.005
0.096+0.007 40.015 ONG 88 MRK2 e+ e 29 GeV

0.116+—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 +0.022 +0.04Q ALTHOFF 84' TASS e+ e 34.6 GeV

0,091+0.013 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%W6%).
ABE 93E also measures forward-backward asymmatries and fragmentatlon functions for

c and b quarks.
ALBRECHT 92F uses the excess of right-sign over wrong-sign leptons in a sample of

events tagged by fully reconstructed Do{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 SQ measurements of I (e+ anything) jl tota[ for the D+

and D separately.

CONSTRAINED FIT INFORMATiON

An overall fit to 26 branching ratios uses 45 measurements and

one constraint to determine 17 parameters. The overall fit has a

X = 14.5 for 29 degrees of freedom.

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, /I total The fit constrains the x, whose labels appear in this array to sum to
one.
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RLAG 92C ACCM
COFFMAN 91 MRK3

UILAR-. .. 87E HYBR
HINDLER 81 MRK2
ILLEMIN 78 MRK1

X

1.4
o.e
1.0
1 ' 1

4.1

0.0 0.1 0.2 0.3 0.4

e.4
(Confidence Level = 0.079)

I

0.5

I (K anything)/I tata)

[I PPanythlng) + I (K anything)]/I tatat
VALUE EVTS
0.19 +0.07 OUR AVERAGE

0.612+0.06560.043
0.52 +0.18 15
0.39 +0.29 3

DOCUMENT ID TECN COMMENT

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)/rtatat
VALUE EVTS DOCUMEN T ID TECN COMMENT

0.242+OAXN OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

0 278+0.036—0.031 9BARLAG 92C ACCM x Cu 230 GeV

0.27160.02360.024 COFFMAN 91 MRK3 e+ e 3.77 GeV

0.17 +0.07 AGUILAR- ~.. 87E HYBR ~p, pp 360, 400 GeV

0.19 +0.05 26 SCHINDLER 81 MRK2 e+ e 3.771 GeV

0.10 +0.07 3 VUILLEMIN 78 MRKl e+ e 3.772 GeV
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

o.16 +00 AGUILAR-. .. 86B HYBR See AGUILAR-
BENITEZ 87E

9 BARLAG 92C computes the branching fraction using topological normalization.

WEIGHTED AVERAGE
0.242d:0.028 (Error scaled by 1.4)

I (c/F ~ e+Ia anything)/I (c/t' ~ anything)
VALUE CL% EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.7 x 1Q 9Q 0.2 HAAS 88 CLEO e+ e 10 GeV

The normalization uses a continuum charm production estimate.

I (c/t' ~ la+ Ia anything)/I (c/t' -a anything)
VALUE CL% EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.018 90 0.3 14 HAAS 88 CLEO e+ e 10 GeV

&0.007 95 15 ALTHOFF 846 TASS e+ e 34.5 GeV

14The normalization uses a continuum charm production estimate.
Average BR for charm ~ @+I' X. The mixture of charmed particles is unknown and
may actually contain states other than D mesons.

Leptenlc and semlleptonlc modes

l(It+ „)/r

I pP e+ ve}/ltatat I o/I
We average our ~Ke+ve and ~KIg+v branching fractions, multiplying the latter

by a phase-space factor of 1.03 to be able to use lt with the P e+ ve fraction.
DOCUMENT ID COMMENTVALUE

OA$7+0.0 OUR AVERAGE

0.06660.009

0 072+0.031-0.021

94 Our r(R e+ vc)/I total
94 1.03 x our I (P Ig+ v&)/l total

PDG

PDG

rpp a+ v, )/meat
VALUE

OATS+0.009 OUR FIT

0~ +00 +0.007-0.013

EVTS

13

DOCUMENT ID

BAI

TECN COMMENT

rxo/r

91 MRK3 e+e 3,77 GeV

See the "Note on Pseudoscalar-Meson Decay Constants" In the ~+ Listings for the
limit inferred on the D+ decay constant from the limit here on I (Ig+v&)/I total.

VALUE CL% EVTS DOCUMENT ID TECN COMMENT

&0.00072 9o ADLER 888 MRK3 e+e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.02 90 0 16 AUBERT 83 SPEC Ig+ Fe, 250 GeV

1 AUBERT 83 obtains an upper limit 0.014 assuming the final state contains equal amounts
of (D+,D ), (D+,~D), (D,D ), and (D,~D). We quote the limit they get under
more general assum ptlons.

r(K+ anything)/I tatat
VALUE EVTS

0.0$$+0.014 OUR AVERAGE

0.055+0.01360.009

O.O8 +—0.05
0.06 +0.04 12
0.06 +0.06 2

DOCUMENT ID TECN COMMENT

COFFMAN 91 MRK3 e+ e 3.77 GeV

AGUILAR-. .. 87E HYBR x p, p p 360, 400 GeV

SCHINDLER 81 MRK2 e+ e 3.771 GeV

VUILLEMIN 78 MRK1 e+ e 3.772 GeV

I PP e+v, )/I PPe+) ct,o/raa
DOCUMENT IDEVTS

I PPe+v, )/I (K e+e+) rto/raa

VALUE

2.8940M OUR FIT
2.$0+OM+0.26 186 17 BEAN 93C CLEO e+ e T(45)

7 BEAN 93' uses ~KIg+v as well as ~Ke+ve events and makes a small phase-space

adjustment to the number of the Ig+ events to use them as e+ events.

D+ and D ~ (tI anything) / (total D+ and D )
If measured at the Q(3770), this quantity ls a weighted average of D+ (44%) and D
(56%) branching fractions. Only the experiment at Ecm

——3.77 GeV is used.
VALUE DOCUMENT ID TECN COMMENT

(0.13 PARTRIDGE 81 CBAL e+ e 3 77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.02 8RANDELIK 79 DASP e+ e 4.03 GeV

The BRANDELIK 79 result is based on the absence of an g signal at Ecm = 4.03 GeV.
PARTRIDGE 81 observes a substantially higher g cross section at 4.03 GeV.

I (c/t' ~ la+anything)/I (c/F ~ anything)
This is the average branching ratio for charm ~ Ig+X. The mfxture of charmed
particles ls unknown and may actually contain states other than D mesons.

VALUE EVTS DOCUMEN T ID TECN COMMENT

0 081+0.010 OUR AVERAGE-O.NS

0 086+0 017+0 007 69 ALBRECHT 92F ARG e+ e 10 GeV

0.078+0.00960.012 ONG 88 MRK2 e+e 29 GeV

0.078+0.015+0.02 BARTEL 87 JADE e+ e 34.6 GeV

0.082 +0.012+ ALTHOFF 846 TASS e+ e 34.5 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.089+0.018+0.025 BARTEL 851 JADE See BARTEL 87

ALBRECHT 92F uses the excess of right-sign over wrong-sign leptons ln a sample of
events tagged by fully reconstructed D~(2010)+ ~ D yr+ decays.

I (c/F ~ e+ e anything)/I (c/Z ~ anything)
VAL UE CLS EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(2.2 x 10 90 0.1 HAAS 88 CLEO e+ e 10 GeV

The normalization uses a continuum charm production estimate.

VALUE

0.72+0.10 OUR FIT
0.66+OAS+0.14

rpP la+ v„}/meat
VALUE

0.07 + ' +0.012-0.016

EVTS

14

DOCUMENT ID

ANJOS

DOCUMENT ID

BAI

TECN COMMENT

91C E691 p Be 80-240 GeV

TECN COMMENT

91 MRK3 e+e 3.77 GeV

I pP la+ v&) /I (Ia+ anything)
VALUE EVTS DOCUMENT ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.76+0.06 84 18 AOKI 88 ~ emulsion

From topological branching ratios in emulsion with an Identified muon.

r(K- e+ e+ v,)/ron, t

I tx/ro

I to/C
VAL UE CL~A EVTS DOCUMENT ID TECN COMMENT

0 042+0' OUR FIT

0.03S+00++0.004 14 19 BAI 91 MRK3 e+ e = 3.77-0.007
GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.057 90 AGUILAR-. .. 87F HYBR ~p, pp 360, 400
GeV

BAI 91 finds that a fraction 0.79+0'17+QQ3 of combined D+ and D decays to

Kxe+ve (24events) are K (892)e+ve.
AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion.
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I (Ke(892} e+"ve)/I total r26/r r((Kee}ee+v non-K'(892})/roe, f

We average our K* e+ ve and K* p, + v branching fractions, multiplying the latter

by a phase-space factor of 1.05 to be able to use it with the K* e+ ve fraction.
DOCUMENT ID COMMEN TVAL UE

O.N8+0.004 OUR AVERAGE

0.048 +0.005
0.047+ 0.006

94 Our I (K e+ve)/ total
94 1.05 x our I (K p+ v&)/I total

PDG
PDG

I (R'(892}0e+ ve) /I (K- e+ e+ v,)
includes a factor 3/2 to take into account K*(892} ~ ~K7r .

EVTS DOCUMEN T ID TECN COMMEN TVALUE

1 1g+0.21 OUR FIT-0.24

1.0 +0.3 ADAMOVICH 91 OMEG 7r 340 GeV

I (R"(892}00+v )/I (K 8+8+)

r27/rts

r27/rss
Includes a factor 3/2 to take into account K*(892) ~ ~K7r .

EVTS DOCUMENT ID TECN COMMENT

I (K sf+ e+ ve nOnfeSOnant)/I total
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.007 90 AN JOS 898 E691 Photoproduction

ANJOS 898 assumes a f(D+ ~ K 7r+7r+)/I total = 91+ 13 ~ 0.40/'

I (K'(892} Is+ „)/Itotal

I 15/I

r2$ jr
Includes a factor 3/2 to take into account K'(892) ~ ~K7r .

VAL UE EVTS DOCUMENT ID TECN COMMEN T
0.045 +0.6 OUR FIT Error includes scale factor of 1.1.
0.0828+0.0071d:0.0078 224 KODAMA 92C E653 n emulsion 600 GeV

4KODAMA 92C measures i'(D+ K' p+v )/f(D K 'p+v ) = 043+009+
I» Is

0.09 and then uses l (D ~ K p+v ) = (7.0 + 0.7) x 10 s to get the quoted
branching fraction. See also the footnote to KODAMA 92c in the next data block.

I (7'(892} f4+v&)/I (K e+e+) r2$/rss
includes a factor 3/2 to take into account K*(892} ~ K

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.49+0.OS OUR FIT Error includes scale factor of 1.1.
0.53+0.06 OUR AVERAGE
0.56+0.04+0.06 875 FRABETTI 935 E687 7 Be E& 200 GeV

0.46+0.07 +0.08 224 KODAMA 92c E653 s emulsion 600 GeV

25FRABETTI 93E also gives measurements of the form factors and of the ratio of longitu-

dinal to transverse polarizations of the K~ .
KODAMA 92c uses the same K~ v+v events normalizing instead with D0

Is

K Is+v& events, as reported in the preceding data block. Measurements of form

factor ratios and of the ratio of longitudinal to transverse polarizations of the K'0 are
given in KODAMA 92.

r(K-e+I+; non~as&)/r(K e+I+v&) rls/r16 rls/(rls+'fr&}
VAL UE DOCUMENT ID TECN COMMENT

0.ON+0.029 OUR FIT
0.085+0.029 FRABETTI 93E E687 pBe E 2pp GeV

This FRABETTI 93E value is equivalent to ( 0.12 at the 90% confidence level.

I pl sr+sr e+ve)/I total
VAL UE EVTS DOCUMENT ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.022 +
p'pp6 60 ~ 004 1 AGUILA R 87F HYBR Tr P, P P 360, 400 GeV

AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion.

I (K sr+sroe+ve)/I total
VAL UE EVTS DOCUMENT ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.044 0'013+0.007 2 AGUILAR-. .. 87F HYBR 7r p, p p 360, 400 GeV

AGUILAR-BENITEZ 87F computes the branching fraction using topological norrnaliza-
tion.

r((R (892}e}04+v, )/r
Unseen decay modes of the K*(892) are included.

VAL UE CL% DOCUMEN T ID

&0.012 90 ANJOS

TECN COMMEN T

92 E691 Photoproduction

VALUE

0.53+0.0$ OUR FIT
0.54+0.05 OUR AVERAGE

0.67+0.09+0.07 ?10 BEAN 93C CLEO e+ e = T(4S)
0.62 +0.15+0.09 35 ADAMOVICH 91 OMEG 7r 340 GeV

0.55+0.08+0.10 SSO ALBRECHT 91 ARG e+ e 10.4 GeV
0.49+ 0.04+0.05 AN JOS 898 E691 Photoproduction

BEAN 93C uses K' ILS+ v as well as K~ e+ ve events and makes a small Phase-sPace

adjustment to the number of the Is+ events to use them as e+ events.
For measurements of the form factors for this mode, and of the ratio of longitudinal to
transverse polarization of the K'(892), see ANJOS 90E.

VALUE

&0.009
CL%

90

DOCUMENT ID TECN COMMENT

AN JOS 92 E691 Photoproduction

r(K fr+-sro f4+ v„)/r(K sr+
—fs+ v„) r23/r16 = r23/(rts+Irss}

VALUE CL% DOCUMENT ID TECN COMMENT

&0.042 90 FRABETTI 935 E687 7 Be E„-200 GeV
I

r(est+ sg)/r PPC+ vg) r24/rz2
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.0$8d=0.027d:0.014 53 0 ALAM 93 CLED e+ e = T(4S)
ALAM 93 thus directly measures the product of ratios squared of CKM matrix elements
and form factors at 92=0: il/cd/tres~2 fn(0)/fK(0)P = 0085 + 0027+ 0.014.

r(e+e- 8+v,)/roe, t

VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.05? 90 AGUILAR-. .. 87F HYBR 7rp, pp 360, 400 GeV
3 AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-

tion.

r(e'8+ )v/er«» i

VAL UE

&0.0037
CL%

90

DOCUMENT ID TECN COMMENT

BAI 91 MRK3 e+e = 3.77 GeV

r(pa 74+ v„)/r pfl'(892}074+v„) rM/r28
EVTS

r(~"")/r
Unseen decay modes of the P are included.

VAL UE CL 4A DOCUMEN T ID

&0.0209 90 BAI

r(PI+ ve) /roe I
Unseen decay modes of the P are included.

VAL UE CL% DOCUMENT ID

&0.0372 90 BAI

I (7/(958}ls+ vss)/r(7 (892}0la+ vfs)

rst/r

TECN COMMENT

91 MRK3 e+e - 3.77 GeV

TECN COM MEN T

91 MRK3 e+e = 3.77 GeV

rss/rss
Decay modes of the 7}I(958) not included in the search are corrected for.

CL% DOCUMENT ID TECN COMMENT

90 KODAMA 938 E653 s emulsion 600 GeV

VAL UE

&0.20

Hadronic modes with one or three K's

r(KK) e+)/me„ I 34/I
VALUE 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
0.033 +0.009 36 SCHINDLER 81 MRK2 e+ e 3.771 GeV
0.033 +0.013 17 34 PERUZZI 77 MRK1 e+ e 3.77 GeY

SCHINDLER 81 (MARK-2) measures I2'(e+e g(3770}}x branching fraction to
be 0.14 6 0.03. We use the MARK-3 (ADLER SSC) value of o = 4.2 + 0.6 + 0.3 nb.
PERUZZI 77 (MARK-1) measures cr(e+e ~ $(3770)) x branching fraction to be
0, 14 5 0.05. We use the MARK-3 (ADLER 88C) value of a = 4.2+ 0.6 + 0.3nb.

DOCUMENT ID

rPP e+)/r(K-e+ e+)
VALUE EVTS
0.302+0.031 OUR FIT
0.274+0.030+0.031 264

r(K- e+e+)/roe, t

DOCUMENT ID

ANJOS

rag/rss
TECN COMMENT

90C E691 Photoproduction

I ss/I
TECN COMMEN TVALUE EVTS

0.091+0.OOS OUR FIT
0.091+0.007 OUR AVERAGE

0.093+0.006+0.008 1502 BALEST 94 CLEO e+ e = T(45)
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 37 PERUZZI 77 MRK1 e+ e 3.77 GeV
~ o o We do not use the following data for averages, fits, limits, etc. ~ e 48

0 064+- 0.015
—0.014 BARLAG 92C ACCM 7r Cu 230 GeV

0.063+ +0.011 8 AGUILAR-. .. 87F HYBR 7r p, pp 360, 400 GeV—0.014

BALEST 94 measures the ratio of D+ -~ K 7r+7r+ and D ~ K 7r+ branching

fractions to be 2,35 + 0.16 + 0.16 and uses their absolute measurement of the D
K x+ fraction (AKERIB 93).
SCHINDLER 81 (MARK-2) measures cr(e+ e + /{3770)} x branching fraction to
be 0.38 4 0.05. We use the MARK-3 (ADLER SSC) value of 42 = 4.2 + 0.6 + 0.3 nb.
PERUZZI 77 (MARK-1) measures o(e+ e ~ @(3770}}x branching fraction to be
0.36 + 0.06. We use the MARK-3 (ADLER SSC) value of a = 4.2 + 0.6 + 0.3 nb.

38AGUILAR-BENiTEZ 87F and BARLAG 92C compute the branching fraction by topolog-
ical norm allzation.

VAL UE DOCUMEN T ID TECN COMMENT

0.044+'~+0. 014 4 KODAMA 93C E653 Tr emulsion 600 GeV

This KODAMA 93C result is based on a final signal of 4.0+2 3 + 1 3 events; the estimates
of backgrounds that affect this number are somewhat model dependent.
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r(K {892)oe+)/r(K-~+~+) iss/iss I (K {892)4p+ Isswave) /I rssrar I ys/I
Includes a factor 3/2 to take into account K*(892) ~ ~K x .

CLN DOCUMENT ID TECN COMMENTVALUE

0.25 +0.04 OUR FIT
0.24 +0.04 OUR AVERAGE
0.255+0.014+0.050
0.21 +0.06 +0.06
0.20 +0.02 +0.11

~ ~ ~ We do not use the following

&0.053 90

ANJOS 93 E691 p Be 90-260 GeV
ALVAREZ 918 NA14 Photoproduction
ADLER 87 MRK3 e+e 3.77 GeV

data for averages, fits, limits, etc. ~ ~ ~

SCHINDLER 81 MRK2 e+ e 3.771 GeV

r(F;{14SO)4~+)/r(K-s+e+) in/iss
Unseen decay modes of the Rpw(1430) are included.

VALUE DOCUMENT ID TECN COMMENT

0.372+0.020+0.025 ANJOS 93 E691 y Be 90-260 GeV

I (7'{1680}os+)/I(K a+sr+) in(iss
Unseen decay modes of the R*(1680) are included.

VALUE DOCUMENT ID TECN COMMENT

0.113+0.015+0.050 AN JOS 93 E691 y Be 90-260 GeV

I (K g+e+ nonregonant}(l (K sr+a+)
VALUE DOCUMENT ID

0.40 +Oe14 OUR AVERAGE
0.83860.088+0.275 ANJOS
0.79 +0.07 +0.15 ADLER

I Pie+era)/I total

TECN COMMENT

iss/iss

93 E691 p Be 90-260 GeV

87 MRK3 e+e 3.77 GeV

rdo/r
VALUE EVTS DOCUMEN T ID TECN COMMENT

O.tll+OASO OUR FIT Error includes scale factor of 1.1.
0.107+0.020 OUR AVENGE
0.102+0.025+0.016 159 ADLER 88C MRK3 e+ e 3.77 GeV

0.19 +0.12 10 SCHINDLER 81 MRK2 e+ e 3.771 GeV

SCHINDLER 81 (MARK-2) measures rr(e+ e ~ Q(3770)) x branching fraction to
be 0.78 6 0.48. We use the MARK-3 (ADLER 88C) value of cy = 4.2 + 0.6 6 0.3 nb.

Unseen decay modes of the K'(892) are included.
VALUE CL 5 DOCUMEN T ID TECN

&0.001 90 ANJOS 92C E691
~ ~ ~ We do not use the following data for averages, fits, limits,

&0.005 90 COFFMAN 928 MRK3

I (7'{892)op+rSeaave)/I (K sr+a+sr )

COMMENT

pBe 90-260 GeV
etc. ~ ~ ~

e+ e 3.77 GeV

ivs/r66
Unseen decay modes of the K'(892) are included.

VALUE DOCUMENT ID

0.15+0.09+0.045 ANJOS

TECN COM MEN T

92C E691 yBe 90-260 GeV

I (7'{892) p+ rS wave Iongltodlnal}/I an r

Unseen decay modes of the K*(892) are included.
VALUE CL% DOCUMEN T ID TECN

&0.007 90 COFFMAN 928 MRK3

I (71{1400)os+)/I (K sr+++sr )

COMMENT

e+ e 3.77 GeV

in(rag
Unseen decay modes of the K1(1400)0 are included.

DOCUMENT ID TECNVALUE

O.ll +0.20 OUR FIT
0.907+0.214+0.140

COMMENT

COFFMAN 928 MRK3 e+e 3.77 GeV

r(K p+e+total)/I (K e+e+m ) iss/rdg

r(K p+e+3-body)-/r(K-~+e+6) I 46/rag
VAL UE

0.17 +0.06 OUR AVERAGE

0.18 +0.08 +0.04
0.15940.065k 0.060

DOCUMENT ID TECN COMMEN T

ANJOS 92C E691 pBe 90-260 GeV

COFFMAN 92e MRK3 e+e 3.77 GeV

r(Re{892&o„+g 4total) /i(K-a+ sr+ a ) iso/rgg

This includes F*(892) p+, etc. The next entry gives the specifically 3-body fraction.
VALUE DOCUMENT ID TECN COMMENT

OAS+Oe13+0.09 ANJOS 92c E691 yBe 90-260 GeV

I PPp+}/I PPe+eo)
VALUE

0.64+0.04+Oe12

i61/iso
DOCUMENT ID TECN COMMENT

ADLER 87 MRK3 e+e 3.77 GeV
VALUE

1AS+0.11+0.04

This includes K'(892) p+, etc. The next two entries gives the specifically 3-body
fraction. Unseen decay modes of the Kw(892) are included.

DOC UMEN T ID TECN COM MEN T

ANJOS 92c E691 yBe 90-260 GeV

r(R"{892)os+)/r Pie+no) rss/I do

87 MRK3 e+e 3.77 GeV

I pPe+sr non-~nant)/I pPe+sr ) ids/rdo

Includes a factor 3 to take into acount Kw(892) —+ K x+.
VALUE DOCUMENT ID TECN COMMENT

0.23+0.07 OUR FIT
0.57+Oa14+0.14 ADLER

i(R {892)4e+ sr 3-bady)(rrssra f

Unseen decay modes of the K*(892) are included.
VALUE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.008 90 " COFFMAN 92e MRK3 e+ e 3.77 GeV

See, however, the next entry: ANJOS 92C sees a large signal in this channel ~

ia1/i

VALUE

0.13+0.07+0.04
DOCUMENT ID TECN COMMENT

ADLER 87 MRK3 e+e 3.77 GeV r7'{892)'e+~'»~y)/r(K e+e+e')

r(K-~+~+A)/r~r
DOCUMENT IDVALUE EVTS

0.064+0.011 OUR FIT
0.054+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. ~ ~ ~

0 034+ BARLAG 92C ACCM 2i Cu 230 GeV

0,022+&'&06+0.004 1 " AGUILAR-. .. 87F HYBR yiP, PP 360, 400 GeV

0.063+p py3+0.012 175 BALTRUSAIT. .$6E MRK3 See COFFMAN 928

AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction by topolog-
ical normalization,

r(K-sr+sr+sr )/r(K sr+a+) idd/iss
TECN COMMENTVALUE

0.70+0.12 OUR FIT
0.76+0.11+oa12
~ ~ ~ We do not use

EVTS DOCUMENT ID

91 ANJOS 92C E691 yBe 90-260 GeV
the following data for averages, fits, limits, etc. ~ ~ ~

ANJOS 89E E691 See ANJOS 92C0.69+0.10+0.16

p 57+0.65—0.17 AGUILAR-. .. 83e HYBR yr p, 360 GeV

I (7'{892) p+total)/I (K a+a+a ) iro/rdg
Unseen decay modes of the K~(892) are included.

VALUE DOCUMENT ID TECN COMMENT

0.33+Oa165+Oe12 ANJOS 92C E691 pBe 90—260 GeV

iPr {892)op S.eave)/I (K-9+sr+no) in/i66
Unseen decay modes of the Kw(892) are included. The two experiments disagree
severely here.

VAL UE DOCUMENT ID TECN COMMENT
OM +0.25 OUR AVERAGE Error includes scale factor of 3.1.
0.15 +0.075+0.045 ANJOS 92C E691 p Be 90-260 GeV
0.833+0.116+0.165 COFFMAN 928 MRK3 e+ e 3.77 GeV

Unseen decay modes of the K'(892) are included.
VALUE DOCUMENT ID

0.66+0.09+Oe17 ANJOS

TECN COMMENT

92C E691 pBe 90-260 GeV

i(K'{892) x+m+3-body)/r(K a+a+sr )
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMENT ID TECN

0.32+0.14 OUR FIT Error includes scale factor of 1.1.
0.24+0.12+0.09 ANJOS 92C E691

ias/r66

COMMENT

pBe 90-260 GeV

I (K v+e+s nonresonant)/Irssrar is1li
VALUE CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

(0.002 90 ANJOS 92C E691 pBe 90-260 GeV

Whereas ANJOS 92c finds no signal here, COFFMAN 929 finds a fairly large one; see
the next entry.

I (K 9+x+m nonresonant)/I (K a+sr+sr ) ial/red
VALUE

0.144+0.0l0+0.050

ipse+a+ sr-)/rrsswr

DOCUMENT ID TECN COMMENT

COFFMAN 92e MRK3 e+ e 3.77 GeV

rss/r
DOCUMENT IDVALUE EVTS

0.070+0.010 OUR FIT
Oa071+0.016 OUR AVERAGE

0.066+0.015+0.005 168 ADLER 88C MRK3 e+ e 3.77 GeV
0.12 +0.05 21 43 SCHINDLER 81 MRK2 e+ e 3.771 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0 042+0.0 44BARLAG 92C ACCM yr Cu 230 GeV

0.243 p'p41 +0.041 11 AGUILAR-. .. 87F HYBR

harp,

p p 360, 400 GeV

43SCHINDLER 81 (MARK-2) measures ry(e+ e ~ @(3770)) x branching fraction to
be 0.51 + 0.08. We use the MARK-3 (ADLER 88c) value of ty = 4.2 + 0.6 + 0.3 nb.
AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction by topolog-
ical normalization.
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r(P'++9++ )/r(K sf+++) rss/rss r(K-n+n+n+n-)/ron, i I se/I
VAL UE EVTS

0.71+0.10 OUR FIT
0.77+0.07+0.11 229

DOCUMENT ID

ANJOS

TECN COMMENT

92c E691 pBe 90-260 GeV

r(Pt 42(1280)+)/r(Pin+~+~-) C62/rs2
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 pBe 90-260 GeV

1.078+0.11460.140 COFFMAN 92B MRK3 e+e 3.77 GeY

r(PI es(1uO)+)/ron, i

Unseen decay modes of the a2(1320)+ are included.

VAL UE CL% DOCUMENT ID TECN COMMENT

&0.00$ 90 ANJOS 92C E691 pBe 90-260 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.008 90 COFFMAN 928 MRK3 e+ e 3.77 GeV

r(R, (12yo)on+)/r„„i
Unseen decay modes of the K1(1270) are included.

VALUE CL% DOCUMENT ID TECN COMMENT

&0.007 90 ANJOS 92C E691 pBe 90-260 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.011 90 COFFMAN 92B MRK3 e+e 3.77 GeV

C(gt(leoo)4 4'+) /I totei

rse/r

C24/r

I ys/I

CPt', (1«e)4~+)/r(Pin+ n+~-) C76/C52
Unseen decay modes of the K1(1400) are inciuded.

VAL UE DOCLIMENT ID TECN COMMENT

0.70 +Oe17 OUR FIT
0.625+0.106+Oe1II COFFMAN 92B MRK3 e+ e 3.77 GeV

I (7'(1410}4m+) /Ctotsi
Unseen decay modes of the K'(1410) are included.

CL% DOCUMENT ID TECN COMMENT

90 COFFMAN 92B MRK3 e+ e 3.77 GeV

VALUE

(0.007

I (Ke(892) e+x+ 3-body)/I Intel
Unseen decay modes of the K'(892) are included.

VALUE CL% DOCUMENT ID TECN COMMENT

0.021+0.009 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

90 COFFMAN 92B MRK3 e+e 3.77 GeV&0.013

C22/r

I 42/I

Unseen decay modes of the K1(1400) are included.

VAL UE CL% DOCUMENT ID TECN COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.009 90 46 ANJOS 92C E691 qBe 90-260 GeV

ANJOS 92c sees no evidence for Kt(1400)on+ In either the ~Ke+e+e or

K 1r+~+2r channels, whereas COFFMAN 92B finds the K1(1400) n+ branching
fraction to be large; see the next entry.

VAL UE DOCUMENT ID TECN COMMENT

~ ~ a We do not use the following data for averages, fits, limits, etc. ~ ~ o

0.0037+0 0010
46 BARLAG 92c ACCM ~ Cu 230 GeV

46 BARLAG 92C computes the branching fraction using topological normalization.

r(K-~+n+n+n-)/r(K-n+~+)
VALUE EVTS DOCUMENT ID TECN COMMENT

0.09 +0.01 +0.01 113 AN JOS 900 E691 Photoproduction

I (7 (892} a+sf+a )/I (K sf+sf+++sf ) reelrse
Includes a factor 3/I2 to take into account K*(892)0 ~ ~K2rp.

VAL UE DOCUMENT ID TECN COMMENT

1.25+0.12+0.2$ AN JOS 900 E691 Photoproduction

I (7e(892}open+)/I (Fe(892)oe+tf+e ) Ceslree
VALUE

0.75+0.17+Oe19

r(K sf+a+sf tfo)/Ctotei

DOCUMENT ID TECN COMMENT

AN JOS 90D E691 Photoproduction

rst/r

r(P&~+n+n-no)/r~i
VAL UE EVTS DOCUMENT ID

0 054+0'gag OUR AVERAGE

0.099+0.036 BARLAG 92C ACCM yr Cu 230 GeV

0.044+p p1p+0, 007 2 AGUILAR-. .. 87F HYBR 1CP, PP 360, 400 GeV

AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction by topolog-
ical normalization.

I se/I
TECN COMMEN T

I (P'sf+sf+sf+sf n )/Ctot, i

VAL UE DOCUMENT ID TECN COMMENT

0.0008+0.0007 49 BARLAG 92C ACCM n Cu 230 GeV

9 BARLAG 92c computes the branching fraction using topological normalization.

r(K-~+~+ n+~-P)lr„„,
VALUE DOCUMENT ID TECN COMMENT

O.m2u+0. 001$ BARLAG 92C ACCM 2c Cu 230 GeV

BARLAG 92c computes the branching fraction using topological normalization.

rss/r

I 66/C

r(P1PIK+)/r(K n+n+)- I ss/Ces
VAL UE

0.$4+0.07
EVTS

70

DOCUMENT ID TECN COMMENT

AMMAR 91 CLEO e+ e 105 GeV

VALUE EVTS DOCUMENT ID TECN COMMENT

0.022+~'OOe+0. 004 1 47 AGUlLAR-. .. 8?F HYBR ~p, pp 360, 400 GeV

~ o o We do not use the following data for averages, fits, limits, etc. ~ e ~

&0.015 "7 BARLAG 92C ACCM yr Cu 230 GeV

?AGUILAR-BENITEZ 8?F and BARLAG 92C compute the branching fraction by topolog-
ical normalization.

C(Ke(8lrl) a+sf+3-body)/I (P'sf+sf+sf )
Unseen decay modes of the K*(892) are included.

VALUE DOCUMEN T ID TECN

0.29+0.1$ OUR FIT Error includes scale factor of 1.1.
0.50+0.09+0.21 ANJOS 92C E691

res/res

COMMENT

p Be 90-260 GeV

r(n+~4)/r~i

Pionic modes

VALUE CL% EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&0,0053 90 1 BALTRUSAIT. .85E MRK3 e+ e 3.77 GeV

rso/r

C(P pen+ totel)/C(P'sf+ sf+ sf-) res/rss

TECN COM MEN T

92C E691 pBe 90-260 GeV

This includes ~K a1(1260)+. The next two entries gives the specifically 3-body reac-
tion.

VALUE CL% DOCUMENT ID

0.60+0.10+0.17 90 A N JOS

I (sf+tfo)/I (P'n+) ceolcs6
VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o e ~

&0.30 90 SCHINDLER 81 MRK2 e+ e 3.771 GeV

r(Pt po +3-bloody)/r~i
VAL UE CL% DOCUMENT ID TECN COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. o ~ o

&0.004 90 COFFMAN 92e MRK3 e+ e 3.77 GeV

r(~+no)/r(K-~+ ~+)
VALUE EVTS

0.02$+0.006+0.005 34

r(~+~+~ )/rto~i

rso/I ss
DOCUMENT ID TECN COMMENT

SELEN 93 CLEO e+ e = T(45}

I (P'p m+3-body)/C(P'sf+++sf ) I es/Css
VALUE

0.07+0.04+0.06

I (P fo(980)sf+)/I totei I ef/C

DOCUMENT ID TECN COMMENT

ANJOS 92C E691 yBe 90-260 GeV

VALUE DOCUMENT ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0014+0.0011—0.0010
51 BARLAG 92C ACCM yr Cu 230 GeV

BARLAG 92c computes the branching fraction using topological normalization.

VAL UE

&0.005
CL%

90
DOCUMENT ID TECN COMMENT

ANJOS 92c E691 pBe 90—260 GeY r(~+n+ ~-)lr(K- ~+n+) Csl/res

rsv/rs2
TECN COMMEN T

ANJOS 92C E691 pBe 90—260 GeV

COFFMAN 92B MRK3 e+ e 3.77 GeV

I (P'9+sr+x nonf~ent)/I (P'9+a+sf )
VAL UE DOCUMENT ID

0.12+0.05 OUR AVERAGE
0.10+0.04 +0.06
0,17+0.056+0.100

VAI. UE EVTS

OA85+0.S OUR AVERAGE

0.032 +0.011+0.003 20
0.035+0.007+0,003
0.042+ 0.016+0.010 5?

DOCUMENT ID TECN COMMENT

ADAMOVICH 93 WA82 x 340 GeV

AN JOS 89 E691 Photoproduction
BALTRUSA)T. .85E MRK3 e+ e 3.77 GeV
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r(p'~+)/r(K-n+n+) I os/fss r(tin+)/rand fat/f
VALUE

&0.016
CL%

90
DOCUMEN T ID TECN COMMENT

AN JOS 89 E691 Photoproduction

Unseen decay modes of the tI5 are included.
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

I (a+a+a- non ~ant)/I (K-x+o+)
VAL UE DOCUMENT ID

0.027+0.007+0.002 AN JOS

I os/fss
TECN COMMENT

89 E691 Photoproduction

p pp49+ 0.0021—0.0018 BARLAG 92c ACCM n Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

r(x+x+o n )/ran, (
VALUE DOCUMENT ID TECN COMMENT

0 01y+Oe016-0.012 BARLAG 92C ACCM ~ Cu 230 GeV

5 BARLAG 92C computes the branching fraction using topological normalization.

I ss/I

r(~+~+~-P)/r(K-~+~+) I sI/fss
VALUE CLS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

g0.4 90 AN JOS 89E E691 Photoproduction

I (9~+)/I (K n+n+)
Unseen decay modes of the 9) are included.

VAL UE CL I EVTS DOCUMENT ID TECN

0.013+0.02$+0.014 99 DAOUDI 92 CLEO

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

(0.12 90 ANJOS 89E E691

I too/fss

COMMENT

e+ e 10.5
GeV

~ ~

Photoproduction

r((un+)/r(K-a+ o+)
Unseen decay modes of the ~ are included.

VALUE CL% DOCUMENT ID

&O.QI 90 AN JOS

rxot/rss

TECN COMMENT

89E E691 Photoproduction

r(~+~+~+~-~-)/r(K-~+~+) I w/fss
VALUE CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.019 90 ANJOS 89 E691 Photoproduction

r(op+)/r (K-n+ n+)
Unseen decay modes of the 9) are included.

VALUE CL S DOCUMENT ID

(0.13 90 DAOUDI

fedos/rss

TECN COMMENT

92 CLEO e+ e 10.5 GeV

r(x+ x+n+n -n-) /rtotai
VALUE DOCUMENT ID TECN COMMENT

0.0010+0 53BARLAG 92C ACCM ~ Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

r(II~+)jr(K-~+ ~+) f121/rss
Unseen decay modes of the Itl are included.

VAL UE EVTS DOCUMEN T ID

0.074+0.007 OUR FIT
0.074+0.007 OUR AVERAGE

0.062+ 0.017+0.006 19
0.077+0.011+0.005 128
0.09860.03240.014 12
0.071+0.008+0.007 84
0.084 k 0.021+0.011 21

TECN COMMENT

ADA MOVICH 93 WA82 ~ 340 GeV
DAOUDI 92 CLEO e+ e 10.5 GeV
ALVAREZ 90C NA14 Photoproduction
AN JOS 88 E691 Photoproductlon
BALTRUSAIT. .SSE MRK3 e+ e 3.77 GeV

f(7'(892)o K+)/I total
Unseen decay modes of the K~(892) are included.

VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

005p+ 0 0022
—0.0019

57 BARLAG 92C ACCM ~ Cu 230 GeV

57 BARLAG 92C computes the branching fraction using topological normalization.

I tss/I

I (7'(892) K+)/r(K a+a+) flos lrss
Includes a factor 3/2 to take into account K*(892) ~ ~Km .

EVTS DOCUMENT ID TECN COMMENTVALUE

0.056+0.010 OUR FIT
0.056+0.010 OUR AVERAGE

0.058 +0.009+0.006 73
0.048+ 0.021+0.011 14

ANJOS 88 E691 Photoproduction
BALTRUSAIT. .SSE MRK3 e+ e 3.77 GeV

I (K+K o+ nonmmnant)/l(K n+o+)
VALUE EVTS DOCUMENT ID

0.050+0.NS OUR FIT
0.050+0.QtS OUR AVERAGE

0.04960.008 k 0.006 95
0.05960.026 60.009 37

ftos/I ss
TECN COMMENT

AN JOS 88 E691 Photoproduction
BALTRUSAIT. .S5E MRK3 e+ e 3.77 GeV

I (K+K o+ noni~ant)/ftotal I tos/f
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0032 +0.0012 BARLAG 92C ACCM m Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

I (n+n+n+x n na)/ftotai
VAL UE DOCUMENT ID TECN COMMENT

OevKN 0 —— BARLAG 92C ACCM x Cu 230 GeV

54 BARLAG 92C computes the branching fraction using topological normalization.

I sa/I r(yn+no)/ron„ I as/I
Unseen decay modes of the p are included.

VALUE DOCUMENT ID TECN COMMENT

0.023+0.010 BARLAG 92C ACCM 2f Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

r(8I(988)~+)/r(K-~+~+)
Unseen decay modes of the g'(958) are included.

VALUE CL 5 DOCUMENT ID TECN

&0.1 90 DAO UDI 92 C LEO

&0.1 90 ALVAREZ 91 NA14
~ ~ ~ We do not use the following data for averages, fits, limits,

&0.13 90 ANJOS 918 E691

rsos/rss

COMMENT

e+e - 10.5 GeV
Photoproduction
etc. ~ ~ ~

pBe, E& 145 GeV

I (olx+s )/I (K o+o+) I as/rss

r(IIp+)/r(K-n+~+) ras/rss

Unseen decay modes of the P are included.
VALUE CL S DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.58 90 ALVAREZ 90C NA14 Photoproduction
(0.28 90 AN JOS 89E E691 Photoproduction

I (9'(988)p+)/I (K a'+++) I too/fss

TECN COMMENT

92 CLEO e+e - 10.5 GeV

VALUE

&0.17

Unseen decay modes of the 9I'(958) are included.
CLS DOCUMENT ID

90 DAOUDI

Unseen decay modes of the 4 are included.
VALUE CL /Oaa DOCUMENT ID

&0.16 90 DAOUDI

r(K+K n+~onon-y)jr~, -
TECN COMMENT

92 CLEO e+e = 10.5 GeV

res/r

rgb K+)/rgb~+)

Madronlc: modes with two K's

fins/fsi
VALUE EVTS

028 +0.06 OUR AVERAGE
0.271 +0.065+0.039 69
0.317+0.086+0.048 31
0.25 +0.15 6

f(K+K o+)/lanai

DOCUMENT ID TECN COMMENT

ANJOS 90C E691 yBe
BALTRUSAIT. .S5E MRK3 e+ e 3.77 GeV

SCHINDLER 81 MRK2 e+ e 3.771 GeV

fins/r =

(fins+�'8

ral+ Ifas}/r
VALUE EVTS
0.0113+0.0013 OUR FIT
I ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.008 +&'& +0.001 1 AGUILAR-. .. 87F HYBR m p, pp 360, 400 GeV

AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion.

DOCUMEN T ID TECN COMMEN T

r(K+K n+~onony)jr(K -&+n+)-- filo/rss
VAL UE CLoA DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.25 90 AN JOS 89E E691 Photoproduction

r(K+Z + -)/r~,
VALUE

&0.02
CL 4A

90
DOCUMENT ID TECN COMMENT

ALBRECHT 92B ARG e+ e 10.4 GeV

VAL UE

-0 006 BARLAG 92C ACCM tf Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.
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r(Ko K-»+»+)/r„„, rxxs/r r (»+ e+ Ix+)/r»( rxso/r
VAL UE DOCUMENT ID TECN COMMENT

0.01 +0.005+0.003 ALBRECHT 92B ARG e+ e 10.4 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

&0.003 61 BARLAG 92c A(( M 7r ( u 230 GeV

BARLAG 92c computes the branching fraction using topological normalization.

A test of lepton-family-number conservation.
VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

&3.8 x 10 90 58 6 HAAS 88 CLEO e+ e 10 GeV

66The branching ratios are normalized to DO K 7r+, 0+ K 7r+ 7r+, and 0*+--
00~+ using ADLER 88c.

I (K (892)+R (892) )/r») I xss/I

VALUE

0.025+0.008+0.007

I (K K»+»+non-K'+P~)/r»~ rxx2/r
VALUE

&0.0079
CL%

90
DOCUMENT ID TECN COMMENT

ALBRECHT 92B ARG e+ e 10.4 GeV

Unseen decay modes of the K*(892)'s are included.
DOCUMEN T ID TECN COMMEN T

ALBRECHT 92B ARG e+ e 10.4 GeV

r(»+e+Ix )/r»(
A test of lepton-family-number conservation.

VAL UE CL% DOCUMENT ID

&3.3x 10 3 90 WEIR

r(»+e-I +)/r»~
A test of lepton-family-number conservation.

VALUE CL% DOCUMENTID

&3.3 x 10 90 WEIR

TECN COMMENT

90B MRK2 e+ e 29 GeV

TECN COM MEN T

90B MRK2 e+e 29 GeV

r(xi»+»+»-)/r»,
Unseen decay modes of the P are included.

VALUE CL% EVTS DOCUMENT ID

&0.002 90 0 ANJOS

TECN COMMENT

88 E691 Photoproduction

rxss/r r(K+ e+I /r»I
A test o lepton-family-number conservation.

VAL UE CL% DOCUMEN T ID

&3.4x 10 3 90 WEIR

TECN COMM EN T

90B MRK2 e+ e 29 GeV

rxs7/r

r(xi»+»+»-)/r(K-»+»+) rxss/rss
Unseen decay modes of the P are included.

VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.031 90 ALVAREZ 90C NA14 Photoproduction

r(ox»+»+»-)/r(oi»+)
VAL UE CL% DOCUMEN T ID TECN COMMEN T

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0,6 90 FRA BETTI 92 E687 p Be

rx26/rxsx

r(K+»+»-)/r(K-»+»+) rxn/rss

I (K+K»+»+» nonresonant)/I»~ rxso/r
VALUE CL % EVTS DOCUMENT ID TECN COMMEN T

&0.03 90 12 ANJOS 88 E691 Photoproduction

Rare or forbidden modes

VAL UE

&3A x 10

r(» e+ e+)-/r»,
A test of lepton-number

VAL UE CL%

&4.8 x 10 90

r(» )+I+)/r»i
A test of lepton-number

VAL UE CL%

&6.8x1D 3 90

r(»- e+ Ix+)/r»I
A test of lepton-number

VAL UE CL%

&3.7x 10 3 90

conservation.
DOCUMEN T ID

WEIR

conservation.
DOCUMENTID

WEIR

conservation.
DOCUMENTID

WEIR

I (K+e p+ /I»I
A test o lepton-family-number conservation.

CL% DOCUMENT ID

90 WEIR

TECN COMM EN T

90B MRK2 e+ e 29 GeV

TECN COM MEN T

90B MRK2 e+ e 29 GeV

TECN COM MEN T

90B MRK2 e+e 29 GeV

TECN COM MEN T

90B MRK2 e+e 29 GeV

rxselr

I xso/I

rxoo/r

rxox/r

A doubly Cabibbo-suppressed decay with no simple spectator process possible.
VALUE CL% DOCUMENT ID TECN COMMENT

&0.05 90 PICCOLO 77 MRK1 e+ e 4.03 GeV

Obtained from crx BR values of Table I of PICCOLO 77.
VAL UE

&9.1 x 10

I (K e+ e+)/I »J
A test of lepton-number

CL%

90

conservation.
DOCUMENT ID

WEIR

TECN COM MEN T

90B MRK2 e+ e 29 GeV

rxo2/r

I (K+K+K )/I (K»+»+) rxse/rss

VAL UE

0.017+0.020+0.007

A doubly Cabibbo-suppressed decay with no simple spectator process possible.
EVTS DOCUMENT ID TECN COMMENT

13 A DA MOVICH 93 WA82 7r 340 GeV

r(K la+A+)/I »(
A test of lepton-number conservation.

VALUE CL% DOCUMENT ID

&4.3 x 10 90 WEIR

TECN COM MEN T

90B MRK2 e+e 29 GeV

rxos/r

r(xiK+)/r(sx»+) rx2elrx2x
A doubly Cabibbo-suppressed decay with no simple spectator process possible.

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.05+ ' +0.007 4 ANJOS 92D E691 pBe E = 145 GeV-0.025 y

3The evidence of ANJOS 92o is a small excess of events (4.5 2'()).

I (K e+Ix+ /I»/
A test o lepton-number conservation.

VAL UE CL% DOCUMEN T ID

&4.0 x 10 90 WEIR

TECN COMMENT

90B MRK2 e+ e 29 GeV

D+ PRODUCTION CROSS SECTION AT $(3770)

rxoo/r

r(»+p+I )/r»i rxsx/I
A test for the h, C = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VALUE CL% EVTS DOCUMEN T ID TECN COMMEN T

&2.9x 10 3 90 36 6 HAAS 88 CLEO e+ e 10 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(5.9 x 10 3 90 WEIR 90B MRK2 e+ e 29 GeV

The branching ratiosare norrnalizedto D ~ K ~+, D+ ~ K 7r+7r+, and 0*+
D 7r+ uSing ADLER 88C.

I (K+e+e )/r»)
VAL UE

&48 x 10

r(K p p )/r»i
VALUE

&9.2x 10 3

CL%

90

CL%

90

DOCUMEN T ID TECN COMMENT

WEIR 90B MRK2 e+ e 29 GeV

DOCUMENT ID TECN COMMENT

WEIR 90B MRK2 e+ e 29 GeV

rxss/r

r,ss/r

r(e+ e+ e-)/r»I
A test for the 6C = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VALUE CL o% EVTS DOCUMENT ID TECN COMMENT

&2.5 x 10-3 90 WEIR 90B MRK2 e+ e 29 GeV

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

(2.6 x 10 3 90 39 64 HAAS 88 CLEO e+ e 10 GeV

"The branching ratios are normalized to D K 7r+, D+ ~ K 7r+ 7r+, and 0*+
D 7r+ using ADLER 88C.

A compilation of the cross sections for the direct production of D+ mesons
at or near the Q(3770) peak in e+ e production.

VAL UE (nanobarns) DOCUMEN T ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.2 .60.6 + 0,3 67 ADLER 88c MRK3 e+ e 3.768 GeV

5.5 +1.0 68 PARTRIDGE 84 CBAL e+ e 3.771 GeV

6.00+0.72+ 1.02 SCHINDLER 80 MRK2 e+ e 3.771 GeV

9.1 +2.0 PERUZZI 77 MRK1 e+ e 3774 GeV

This measurement compares events with one detected D to those with two detected D
mesons, to deterinine the the absolute cross section. ADLER 88c measure the ratio of
cross sections {neutral to charged) to be 1.36 + 0.23 + 0.14. This measurement does
not include the decays of the Q(3770) not associated with charmed particle production.
This measurement comes from a scan of the @(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 @(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 @(3770) are included in this measurement and

may amount to a few percent correction.
This measurement comes from a scan of the @{3770)resonance and a fit to the cross
section. SCHINDLER 80 assume the phase space division of neutral and charged 0
mesons in @(3770)decay to be 1.33, and that the @{3770)is an isosinglet. The noncharm
decays (e.g. radiative) of the /(3770) are included in this measurement and may amount
to a few percent correction.

OThis measurement comes from a scan of the sent(3770) resonance and a fit to the cross
section. The phase space division of neutral and charged D mesons in @(3770)decay
is taken to be 1.33, and @(3770) is assumed to be an lsoslnglet. 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 ineasurement from the average because of
uncertainties in the contamination from T lepton pairs. Also see RAPIDIS 77.
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Meson Full Listings
O', D'

D+ REFERENCES 0 1(i )=y(o )
BALEST
FRABETTI
PDG
ABE
ADAMOVICH
AKERI8
ALAM
ANJOS
BEAN
FRABETTI
KODAMA
KODAMA
SELEN
ALBRECHT
ALBRECHT
ANJOS
ANJOS
ANJOS
BARLAG

Also
COFFMAN
DAO UDI
FRA 8ETTI
KODAMA
KODAMA
ADAMOVICH
ALBRECHT
ALVAREZ
ALVAREZ
AMMAR
ANJOS
ANJOS
BAI
COFFMAN
FRABETTI
ALVAREZ
ALVAREZ
ANJOS
ANJOS
ANJOS
BAR LAG
WEIR
ANJOS
ANJOS
ANJOS
ADLER
ADLER
ALBRECHT
ANJOS
AOKI
HAAS
ONG
RAAB
ADAMOVICH
ADLER
AGUILAR-. ..

Also
AGU ILAR-. ..

Also
AGUILAR-. ..

Also
BAR LAG
BARTEL
CSORNA
PALKA
ABE
AGUILAR-. ..

94D
94
93E
93
93
93
93
93C
93E
938
93C
93
928
92F
92
92C
92D
92C
90D
928
92
92
92
92C
91
91
91
918
91
918
91C
91
91
91
90
90C
90C
90D
90E
90C
908
89
898
89E
888
SSC
88I
88
88
88
88
88
87
87
87D
888
87E
888
STF
88
878
87
87
878
86
868

BALTR USA IT...86E
PAL
AIHA RA

86
85

ALTHOFF
DERRICK
KOOP
PARTRIDGE
AGUILAR-. ..
AUBERT
PARTRIDG E
SCHINDLER
TRILLING
BACINO
SCHINDLER
ZHOLENTZ

Also

8ACINO
BRANDELIK
FELLER
VUILLEMIN
GOLDHABER
PER UZZI
PICCOLO
RAP IDIS
PERUZZI

84J
84
84
84
838
83
81
81
81
80
80
80
81

79
79
78
78
77
77
77
77
76

BALTRUSAIT. .. 858
BALTRUSAIT. .. 85E
BARTEL 85J
ADAMOVICH 84
ALTHOFF 84G

PRL 72 2328 +Cho, Daoudi, Ford+ (CLEO Collab. )
PL 8323 459 +Cheung, Cumalat+ (FNAL E687 Collab. )
PR D50 1173 Montanet+ (CERN. LBL, BOST. IFIC+)
PL 8313 288 +Amako, Arai, Arima, Asano+ (VENUS Collab. )
PL 8305 177 +Alexandrov, Antinori+ (CERN WAS2 Collab. )
PRL 71 3070 +Barish, Chadha, Chan+ (CLEO Co(lab. )
PRL 71 1311 +Kim, Nemati. O'Neill+ (CLEO Collab. )
PR D48 56 +Appel, Bean, Brackeri (FNAL E691 Collab. )
PL 8317 647 iGronberg, Kutschke, Menary+ (CLED Collab. )
PL 8307 262 +Grim, Paolone, Yager+ (FNAL E687 Collab. )
PL 8313 260 +Ushida, Mokhtarani+ (FNAL E653 Collab. )
PL 8316 455 +Ushida, Mokhtarani+ (FNAL E653 Collab. )
PRL 71 1973 +Sadoff, Arnmar, Ball+ (CLEO Collab. )
ZPHY C53 361 +Ehrlichmann, Hamacher, Krueger+ (ARGUS Collab. )
PL 8278 202 +Ehrlichmann, Hamacher+ (ARGUS Collab. )
PR D45 R2177 +Appel, Bean, Bracker+ (FNAL E691 Collab. )
PR D46 1941 +Appel, Bean, Bracker+ (FNAL E691 Collab. )
PRL 69 2892 +Appel, Bean, Bediaga+ (FNAL E691 Collab. )
ZPHY C55 383 +Becker, Bozek, Boehringer+ (ACCMOR Collab. )
ZPHY C48 29 Barlag, Becker, Boehringer, Bosman+ (ACCMOR Collab. )
PR D45 2196 +DeJongh, Dubois, Eigen+ (Mark III Co(lab. )
PR D45 3965 +Ford, Johnson, Lingel+ (CLEO Collab. )
PL 8281 167 +Bogart, Cheung, Culy+ (FNAL E687 Collab. )
PL 8274 246 +Ushida, Mokhtarani+ (FNAL E653 Collab. )
PL 8286 187 +Ushida, Mokhtarani+ (FNAL E653 Collab. )
PL 8268 142 +Alexandrov, Antinori, Barberis+ (WA82 Collab. )
PL 8255 634 +Ehrlichmann, Hamacher, Krueger+ (ARGUS Collab. )
PL 8255 639 +Barate, Bloch, Bonamy+ (CERN NA14/2 Collab. )
ZPHY C50 11 +Barate, Bioch, Bonamy+ (CERN NA14/2 Collab. )
PR D44 3383 +Baringer, Coppage, Davis+ (CLED Collab. )
PR D43 R2063 +Appel, Bean, Bracker+ (FNAL E691 Collab. )
PRL 67 1507 +Appel, Bean, Bracker+ (FNAL-TPS Collab. )
PRL 66 1011 +Bolton, Brown, Bunnell+ (Mark III Collab. )
PL 8263 135 +DeJongh, Dubois, Eigen, Hitlin+ (Mark III Collab. )
PL 8263 584 +Bogart, Cheung, Culy+ (FNAL E687 Collab. )
ZPHY C4T 539 +Barate, Bloch, Bonamy+ {CERN NA14/2 Collab. )
PL 8246 261 +Barate, Bloch, Bonamy+ (CERN NA14/2 Collab. )
PR D41 2705 +Appel, Bean+ (FNAL E691 Collab. )
PR D42 2414 +Appel, Bean, Bracker+ (FNAL E691 Collab. )
PRL 65 2630 +Appel, Bean, Bracker+ (FNAL E691 Collab. )
ZPHY C46 563 +Becker, Boehringer, Bosman+ (ACCMOR Collab. )
PR D41 1384 +Klein, Abrams, Adolphsen, Akerlof+ (Mark II Collab. )
PRL 62 125 +Appel, Bean, Bracker+ (FNAL E691 Collab. )
PRL 62 722 +Appel, Bean, Bracker+ (FNAL E691 Collab. )
PL 8223 267 +Appel, Bean, Bracker+ (FNAL E691 Collab. )
PRL 60 1375 +Becker. Blaylock+ (Mark III Collab. )
PRL 60 89 +Becker, Blaylock+ (Mark III Collab. )
PL 8210 267 +Boeckmann, Glaeser+ (ARGUS Collab. )
PRL 60 897 +Appel+ (FNAL E691 Collab. )
PL 8209 113 +Arnold, Baroni+ (WA75 Collab. )
PRL 60 1614 +Hempstead, Jensen+ (CLEO Collab. )
PRL 60 2587 +Weir, Abrams, Amidei+ (Mark II Collab. )
PR D37 2391 +Anjos, Appel, Bracker+ (FNAL E691 Collab. )
EPL 4 887 +Alexandrov, Bolta+ (Photon Emulsion Collab. )
PL 8196 107 +Becker, Blaylock, Bolton+ (Mark III Collab. )
PL 8193 140 Aguilar- Benitez, Allison+ (LEBC-EHS Collab. )
ZPHY C40 321 Aguilar-Benitez, Allison, Bailly+ (LEBC-EHS Collab. )
ZPHY C36 551 Aguilar-Benitez, Allison+ (LEBC-EHS Collab. )
ZPHY C40 321 Aguilar-Benitez, Allison, Bailly+ (LEBC-EHS Collab. )
ZPHY C36 559 Aguilar-Benitez, Allison+ {LEBC-EHS Collab. )
ZPHY C38 520 erratum
ZPHY C37 17 +Becker, Boehringer, Bosman+ (ACCMOR Collab. )
ZPHY C33 339 +Becker, Feist, Haidt+ (JADE Collab. )
PL 8191 318 +Mestayer, Panvini, Word+ (CLED Collab. )
ZPHY C35 151 +Bailey, Becker+ (ACCMOR Collab. )
PR D33 1 + (SLAC Hybrid Facility Photon Collab. )
ZPHY C31 491 Aguilar- Benitez, Allison+ (LEBC-EHS Collab. )
PRL 56 2140 Baltrusaitis, Becker, Blaylock, Brown+ (Mark III Collab. )
PR D33 2708 +Atwood, Barish, Bonneaud+ (DELCO Collab. )
ZPHY C27 39 +Alston-Garnjost, Badtke, Bakken+ (TPC Collab. )
PRL 54 1976 Baltrusaitis, Becker, Blaylock, Brown+ (Mark III Collab. )
PRL 55 150 Baltrusaitis, Becker, Blaylock, Brown+ (Mark III Collab. )
PL 1638 277 +Becker, Cords, Feist+ (JADE Collab. )
PL 1408 119 +Alexandrov, Bolta, Bravo+ (CERN WA58 Collab. )
ZPHY C22 219 +Braunschweig, Kirschfink+ (TASSO Collab. )
Pl 1468 443 +Branschweig, Kirschfink+ (TASSO Collab. )
PRL 53 1971 +Fernandez, Fries, Hyman+ (HRS Collab. )
PRL 52 970 +Sakuda, Atwood, Baillon+ (DELCO Collab. )
Thesis CALT-68-1150 (Crystal Ball Collab. )
PL 1238 98 Aguilar-Benitez, Allison+ (LEBC-EHS Collab. )
NP 8213 31 +Bassom pierre, Becks, Best+ (EMC Collab. )
PRL 47 760 +Peck, Porter, Gu+ (Crystal Ball Collab. )
PR D24 78 +Alam, Boyarski, Breidenbach+ (Mark II Collab. )
PRPL 75 57 (LBL, UCB) J
PRL 45 329 +Ferguson+ (UCLA, SLAC, STAN, UCI, STON)
PR D21 2716 +Siegrist, Alam, Boyarski+ (Mark II Collab. )
PL 968 214 +Kurdadze, Lelchuk, Mishnev+ (NOVO)
SJNP 34 814 Zholentz, Kurdadze, Lelchuk+ (NOVO)
Translated from YAF 34 1471.
PRL 43 1073 +Ferguson, Nodulman+ (DELCO Collab. )
PL 808 412 +Braunschweig, Martyn, Sander+ (DASP Collab. )
PRL 40 274 +Litke, Madaras, Ronan+ (LBL, SLAC, NWES, HAWA)
PRL 41 1149 +Feldman, Feller+ (LBL, SLAC, NWES, HAWA)
PL 698 503 +Wiss, Abrams, Alam+ (LBL, SLAC)
PRL 39 1301 +Piccolo, Feldman+ (SLAC, LBL. NWES, HAWA)
PL 708 260 +Peruzzi, Luth. Nguyen, Wiss, Abrams+ (SLAC, LBL)
PRL 39 526 +Gobbi, Luke, Barbaro-Galtierii (Mark I Collab. )
PRL 37 569 +Piccolo, Feldman, Nguyen, Wiss+ (SLAC, LBL)

OTHER RELATED PAPERS

The fit includes D+, D, D, D~+, D~, and D mass and mass
difference measurements.

VALUE (MeV) EVTS

1164.6+ 0.5 OUR FIT
1864.1+ 1.0 OUR AVERAGE

1864.6+ 0.3+1.0 641 BARLAG 90C ACCM rr Cu 230 GeV
1852 + 7 16 ADAMOVICH 87 EMUL Photoproduction
1861 6 4 DERRICK 84 HRS e+ e 29 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1856 +36 22 ADAMOVICH 848 EMUL Photoproduction
1847 + 7 1 FIORINO 81 EMUL pN ~ 5 +
1863.8+ 0.5 1 SCHINDLER 81 MRK2 e+ e 3.77 GeV

1864.7+ 0.6 1 TRILLING 81 RVUE e+ e 3.77 GeV

1863.0+ 2.5 ASTON SOE OMEG pP ~ 8
1860 + 2 2 AVERY 80 SPEC p N D*+
1869 + 4 2 AVERY 80 SPEC yN ~ D~+
1854 + 6 ATIYA 79 SPEC pN -+ D ~D

1850 +15 BALTAY 78C HBC vN ~ K xx
1863 j 3 GOLDHABER 77 MRKl D, D+ recoil spectra
1863.3+ 0.9 1PERUZZI 77 MRK1 e+e 3.77 GeV

1868 611 PICCOLO 77 MRK1 e+ e 4.03, 4.41 GeV
1865 +15 234 GOLDHABER 76 MRK1 Kx and K3+

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
@(25) 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.

Error does not include possible systematic mass scale shift, estimated to be less than 5
MeV.

DOCUMENT ID

238
143
35
94
64

[m~ —m~l

The D and D are the mass eigenstates of the D meson.1 2

m&~ —m~

The fit includes D+, D, D, D~+, D*, and D' mass and mass
difference measurements.

VALUE (Mev) DOCUMENT ID

4.78+0.10 OUR FIT
4.7440M OUR AVERAGE

4.7 j0.3 7 SCHINDLER 81 MRK2 e+ e 3.77 GeV
5.0 +0.8 PERUZZI 77 MRK1 e+ e 3.77 GeV

See the footnote on TRILLING 81 in the Q and 0+ sections on the mass.

TECN COMMENT

VALVE (1010 7L s-1) CL4& DOCUMENT ID TECN COMMENT

( 20 90 3~4 AN JOS SSC E691 Photoproduction
~ ~ ~ We do not use the following data for averages, fit, limits, etc. ~ ~ ~

( 40 90 ALBRECHT 87K ARG e+ e 10 GeV
24 90 5 LOUIS 86 SPEC ~ W 225 GeV

(106 90 ~ YAMAMOTO S5 DLCO e+ e 29 GeV

( 99 90 BODEK 82 SPEC x, pFe ~ D

Limit inferred from the D -~D mixing ratio I (K++ (via ~D))/I (K fr+) near the
end of the D Listings.

Calculated by us using h(m) = (2r/(1 —r)) / K/4. 2& x 10 s, where r is the D -~D

mixing ratio. See the data on r =— I (K+~ (via ~D))/I (K x+) near the end of the
D0 Listings.

Limit inferred from the D -~O mixing ratio I (y, anything (via ~D))/I (p+ anything)

near the end of the D Listings.
YAMAMOTO 85 gives Lh, (m)/C ( 0.44. We use f = 5/4. 3 x 10 13 s.

MORRISON 89 ARNPS 39 183 +Witherell (UCSB)
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D MEAN LIFE

Measurements with an error & 0.05 x 10 s are omitted from the aver-

age, and those with an error & O. l 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+1.004 OUR AVERAGE

0.413+0.004 +0.003 16k FRABETTI 94D E687 K 7r+, K 7r+ 7r+ 7r

0.424+0.011+0.007 5118 FRABETTI 91 E687 K 7r+, K 7r+ 7r+ 7r

0.417+0.018+0.015 890 A LVAREZ 90 NA14 K 2r+, K 2r+ 7r+ 2r

—0 021 641 BARLAG 90C ACCM x Cu 230 GeV

0.48 +0.04 +0.03 776 ALBRECHT ssi ARG e+ e 10 GeV
0.422 +0.008+0.010 4212 RAAB 88 E691 Photoproduction
0.42 40,05 90 BARLAG 878 ACCM K and n 200 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0 ~ 34 p'ps +0.03 58 AMENDOLIA 88 SPEC Photoproduction

o.4e +oos 145 AGUILAR-. .. 87D HYBR 7r p and pp

0 50 +0 07 +0,04 317 CSORNA 87 CLEO e+ e 10 GeV
0,61 +0.09 +0,03 50 ABE 86 HYBR pp 20 GeV

p. 7 +0'08 +005 74 GLADNEY 86 MRK2 e+e 29 GeV

0 43 p'05 p'p2 58 USHIDA 86B EMUL v wideband

0.37 26 BAILEY SS SILI 7r Be 200 GeV

BARLAG 90C estimate systematic error to be negligible.

TECN COMMENT

D DECAY MODES

D modes are charge conjugates of the modes below.

Mode Fraction (I;/I )

Scale factor/
Confidence level

I2
l3
l4

r,
le

C7

ls

C1o

C»
C14

C15
I 16

1S

C19

Inclushe modes
( 7.7
(1O.O +
(s3 +
(42

( 3.4 +

fa] ( 13

Semlleptonic modes

[b] ( 3.68+
( 3.80+
( 3.2 +

[c] ( 1.6 +

e+ anything

p,+ anything
K anything
K anything + Ko anything

K+ anything

g anything

1.2 ) 0/

2.6 ) %
4 }%
5 )%

04 )

K—ss +toe Ve

K e ve
K p, vp

K —~pe+ ve

O, 21) %

0.22} %
O.4 ) 0/0

0.5 ) /o
1.3 0

09 )/01.7 o

0.3 ) %

Ko~ e+ v,
K'(892) e+ ve

x B(K' ~ Ko 7r+ }
K*(892) 4'+ vg
K- ~o(~o) e+ v,
Kox- (pro) e+ v,
K*(892)0~ e+ ve
K x 7l p v~

( K*(892)x } p+ v„
e+v,

[c] ( 2.8 +

( 1.3

[e] & 1.3
( 1.2 x 10

x 101.4

( 39 + )x1O-31.2

S=1.1

S=1.3

CL=90/0

5=1.1
S=1.1

CL=90%
CL=90%

CL=90%

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

l 2p K'(892) e+ ve ( 2.0 + 0.4 }%

I'go ~go~/~go. MEAN LIFE DIFFERENCE/AVERAGE
1

The D and D are the mass eigenstates of the D meson.
1 2

VALUE CL% DOCUMENT ID TECN COMMENT

(0.17 90 9, AN JOS 88C E691 Photoproduction
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o ~

&0.21 90 LOUIS 86 SPEC 7r W 225 GeV

&0.8 90 9 YAMAMOTO 85 DLCO e+ e 29 GeV

&0.55 90 BODEK 82 SPEC 7r-, pFe D

9This limit is inferred from the D -~D mixing ratio I (K+ n- (via ~D})/I (K 7r+) near

the end of the D Listings.
Calculated by us using b. l = (Sr/(1+r)) / h/4. 21 x 10 s, where r is the D -~D

mixing ratio. See the data on r = I-(K+x (via D ))/I (K x+) near the end of the
DO Listings.
Limit inferred from the D -~D mixing ratio I (p, anything {via ~D))/I (p+ anything)

near the end of the D Listings.

I 59

Ces

Cee
I 67

Ces

C24

C25

C2s

C29

C3o

C34

s
C36

C38

C4o

C41

C42

C43

C44

C4s

C4e

C47

C48

49
Cso

C51

Cs2

Cs3

Cs4

Css

Cse

Cs7

C58

Ceo

C61

C62

C63

Ce4

K sr+

Ko ~+~-
KO po

K fo(980}
x B(fo- z+n )

Ko f (1270)
x B{f2- ~+~ )

Ko fo(1300)
x B(fo - ~+w )

K'(892) n+
x B(K' ~ Kon )

Ko(1430) x+
x B(Ko(1430) ~ K n }

Ko x+ x nonresonant
K- 7r+ ~0 [f]

K p"
K*(892) m

+
x B(K' ~ K wo)

K'(892) x
x B{K'o K-~+}

K x+ m nonresonant
Ko~0 ~0

K*(892)ohio

x B{K*o Ko~o}
K m n- nonresona nt

K ~+~+~-
K sr+ po total

K m+ po 3-body
K'(892) p

x B(K'o- K x+}
K at(1260)+

x B(a~(1260)+ ~ ~+~+sr )
K'(892)or+ total

x B(K'o - K r+)
K'(892)o w+ n 3-body

x B(K*o - K e+}
Kr(1270) n +

x B{Kt(1270) ~ K x+m )
K ~+ sr+ ~ nonresonant

K'~+ ~- ~Q [f]
Kogx B(q" ~+w ~o)
Ko~ x B(~~ ~+~ ~o)
K'(892) p+

x B(K" ~ Kow )
K*(892) p

x B(K.o Ko~o

Kt(1270) x+ [gi
x B(Kt(1270} ~ Kom rro)

K'(892)o.+n 3-body
x B(K'o - Koeo)

K ~+ n ~ nonresonant
K- ~+ ~0~0
K- ~+~+~- ~0

K (892)os+~-xo
x B(Ko K

—z+)
K*(892)o9

x B(K'o - K w+)
x B(o- x+~ wo)

K ++a x B(~ ~ vr+7r mo)

K'(892}o~
x B(K*O ~ K ~+)
x B(w ~ x+x 7ro}

Ko~+ ~+~- ~-
Ko ~+ ~—~0 ~o {~0)
KQK+K

ln the fit as &l 75 + Cee, where &f 75 ——

Kpg x B(P ~ K+K }
KP K+ K non-P

K+ K Ko~0

(2.e + 1.2)x1o—3

(43 + 17)xlo

( 3,3 + 0.4 ) %

)x107 6 3

( 1 43+ 026) o/o

(13.8 + 1.0 ) %
(104 + 13)o/
(1.6 + O.2)%

(20 k 03)

(6.0 + 2,7)xlp

P y 02)o/0

(7.6+ 2.1)xlo
81 + 05 )

( 6.8 6 0.5 ) %

{ 5.1+ 2.3)xlo
( 11 + 03 )

( 3.9 k 0.6 ) /0

16 + 04)/0

1 01+ 0.22) lo

)x 10( 3.S + 1.1

( 1 89+ 0.28) %

( 9.8 + 1.4 }%

( 1.61+ 0.26) x 10

( . +0 )%
(39 y 16)o/0

(53+ 14)xlp

50 + 15)x10

)xlo( S.1 + 1.1

21 6 21) /o

15 y5 )
( 4.3 + 0.4 ) %
(1.3 + 0.6 }4/

)xlo3.0 + 0.8

( 2.8 + o.s ) %

(7 + 3 )x10

(5.6+ 1.7 }xlp
(10.6 + ) o/3.0
(91 + 12)xlp
Ces.
(4.2 4 0.6)x10
( 4.9 + o.9 ) x 1o—3

(8.6 + 2.5)xlo
( 7.2 3'5 )xlo

Hadronlc modes with one or three K's
( 401+ 014) /0

{ 2 05+ 026) o/

f] (53+ 06)
( 1.10+ o.18) %

{ 24+ 1.0)xlo
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1.1 )x10
0.18) %
1.3 ) %
O.4 ) %
O.29) 4/4

2.0 ) x10
1.2 )xlo
1.2 ) %

2.1 )x10
2.7 ) x 10

x 10

O.6 )%
0.4 )%
0.6 ) %
033) 4/

o.s )%
2.3 )xip
O.4 )%
o.s )%
0.6 ) %

x 10

x 10

0.6 )%
24 )4/

1.2 ) %
1.8 ) %

x 10
O.3i) %

O.4 )%
x 10

x 10

(68 +
( 1.10+
(10.4

( 2.O +
( 1.66+
(4.6+
( 8.3+
( 7.9 +

1.9
(46 +
{6.9 +

2

( 4.9 6
( 3.0 +
( 2.4+
( 1.52+

( 6.8+
{5.1
(i.6 +
(i.6 +
(3O +

3
3

( 2.i +
( 5.9 +
(28 +
{ 3.1 +

1.5
1.1
7

fg] ( 1.04+
1.2
3.7
1.2

( 1.1 k
8

4

( 1.9 +
( 1.9 +
( 3.1 +
( i.i +
( 7.5 +

1.1

S=1.2

S=1.1

CL=90%

CL=9o%
S=1.3

CL=90%
CL=90%

CL=90%
CL=9O%

CL=90%

CL=9O%

CL=904/4

CL=90%
I ypt Kt{1400}oso
I tpa K (1410) rr+
I tps Kp{1430) rr+

I tp4 Ka(1430)
I gps Ka(1430)

0 — 0

CL=90%

CL=90%

fMs K (892) rr+e
I p K'(892}p rr

Cip8 K x+ u
I tpg K (892)
I typ K rr+rr (958)
I ttt K (892} rr (958)

0.9 ) 4/4

0.5 ) %
0.6 ) %
0.5 ) %
2.0 )x10

x 10 CL=90%

7c+ 7r

C113 7I' 7l'

C114 x 7c 7l'

C117 7c 7f 7c x 7f

Ptonic modes
( 1.59+ 0.12) x 10

( 8.8 6 2.3 ) x 10 4

( 1.6 6 1.1 ) %

( 8.3 6 0.9 ) x 10

(19 y 04)4/
( 4.0 + 3.0 ) x 10 4

S=2.7

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 Ko(892)p subrnodes only appear
below. )

C69
I 7o ~Kp
I 71 K P+
I 72 Kou)

I rs ~K rr'(958)
I 74 K fp{980)
C75 Koy
I rs K at(1260)+
I 77 ~Kat(1260)p
C ra ~K fz(1270}
I rg KP fp(1300)
Esp K aa (1320}+
I st K'(892) rr+

Usa K (892)orro
fss K'(892)p rr+ rr total
I s4 K'(892)P rr+ rr 3-body

K m+p total
C86 K m+P 3-body
I s7 K'(892)P po

I ss K'(892}Ppo transverse
I sg K {892)PPP S.wave

i gp K'(892} p S-wave iong.
I gq

K"{892) p P wave-
I ga K"(892) p Dwave-
I gs K'(892) p+
I 94 K'(892) p+ longitudinal

I gs K'(892) p+ transverse
I gs K'(892) p+ P wave-
r97 K n+ fp(980}
I gs K (892)P fp(980)
I 99 Kt (1270}
I tpp Kt (1400} rr+

Hadron1c moCks with boo K's
( 4.54+ 0.29) x 10
(1.1 + 0.4)x10
(6.3 + 1.1)xip

10 x10

I 118 K+ K
K K

I 12p K K
I t2t K'{892) K

x B{K*P~ K rr+}
I ta2 K'{892)+K

x B{K'+~ Kox+)
I 123
I 124 K K+n.

K'(892)P ~K

x B(K'P ~ K+rr )
I tas K'(892) K+

x B(K' ~ err }
I 127 K K+ m nonresonant

C128 K+ K 7r 7I

I tag Ps+ rr x B(P ~ K+ K }
sp Pp x B(d K+K )

K'(892)p K rr++ c.c. x
B{K'P~ K+n }

I s K'(892} K'(892)
x B (K' ~ K+rr }

C133 K+ K ~+~ non- {Ib

I 134 K+ K n+ x nonresonant

I 135 K+ K n+x

S=1.2
CL=90%

( 2.3 + O.S ) x io—3

(2.4 + 2.4)x10
( 4.9 + i.O ) x iO-3

5 x 10 CL=90%

(1.2 + 0.7)x10

(40+ 24) 10 3

( 2.4 + O.S ) x iO-3

(i3 + O4)xiO —3

( 1.0 + 0.25) x 10

(S +
59 )xiO4

( 1.3 + 0'6 ) x 10

( 1.7 + 0.5 ) x 10

( 8 +908 ) x io-5

(3.1 + 2.0)x10

CL=90%

CL=90%

Doubly Cabibbo supp==—~ (DC} modes,
h C = 2 forbidden vkt mlxlng (C2M) modes,
lk C = 1 weak neutral current (CI) modes, or
Lepton Family number (LF) vtolatlng modes

DC (3.1 + 1.4)x10 4

C2M & 1.5 x10 4

DC & is x 10
C2M & 6 x10 4

C1 & 1.3 x10 4

C1 & 11 x 10
1.7 x 10

C1 & 4.5 x10 4

C1 & 8.1 x10 4

[~~ & i.o x10 4

C144 K+ z
K+rr (via DP}

I 146 K+x+g-z-
p anything (via ~D)

I 148 e+ e
Ci49 P P
I isp K e+e
Iisi p e+e

152 P P P
Cis3 v

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=904g~

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

I sr, K'(892)PKP 15 x10
I tsr K"(892)+ K ( 3.4 + O.8 ) x iO

—3

I tss K'(892) K 8 x10 4

I tsg K'(892) K+ (1.8 + 1.0)x10
I 14p p7r+ 7r ( 2.6 + O.7 ) x 1O

—3

C141 4'P (19 + OS)xiO —3

I tan K'(892)p K x++ c.c. (8 +' )xiO 4

I tss K'{892)PK'(892) (2.9+ '
) iO-3

I 154 A dummy mode used by the fit. (24 + 4 )% S=1.1

[a] This is a weighted average of D+ {44%}and Dp (56%) branching frac-
tions. See "D+andDp ~ {rranything) / {total D+ and Dp)" under
"0+ Branching Ratios" in these Full Listings.

[b] This value combines the e+ and p+ branching fractions, making a small

phase-space adjustment to the p+ fraction to be able to use it as an e+
fraction; hence the "e+." In fact, some of the e+ measurements already
use p+ events in this way.

[c] See the "Note on Semileptonic Decays of D and 8 Mesons" in the D+
Full Listings for a comparison of inclusive and summed-inclusive branch-
ing fractions.

[d] r! indicates e or p mode, not sum over modes.

[e] The limit on {K'(892}x) @+v„justbelow is much stronger.

[f) 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.

[g] The two experiments determining this ratio are in serious disagreement.
See the Full Listings.

[h] The value is for the sum of the charge states indicated.
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Xg

X20

X21

X22

X23

X31

X39

X48

X5?

X66

X69

X?2

X?5

X81

X82

X84

X88

Xgg

x107

xl18
xl19
xl20

x124

xl3?
X154

17

11
63

10

11

19
28

8

18

7

7

6

8

10

9
7

4

4

6

35

4

8

7

5

-29

3
27

3

4

8

12

3

8

2

3
2

3

4

4

3

2

1

2

15

2

3

3

2

-19

11
42 13

52 15

15 29

6 44

35 11

3 29

32 9

33 10

27 8

39 ll
43 14

16 13

4 11

5 6

15 5

4 9

6 55

11 6

28 11
23 10

23 6
—49 —38

80

26

7

53

4

49

70

42

60

67

34

6

7

24

7

8

17

43

36

35
—70

27

8 13

66 18

5 9

62 17

63 19

52 14

75 20

84 29

29 42

7 5

9 4

30 8

7 27

9 16

22 7

53 15

45 13

44 12
-82 -55

7

39

5

5

5

6

8

6

24

13

3

4

24

3

6

5

4
—32

4

41

42 3

54 3

50 4

56 4

20 4

10 9

13 5

45 2

5 3

6 16

14 2

35 3

30 3

29 2

-76 -24

X8 Xg x20 x21 x X23 X31 X39 X48 X5?

X69

x?2

X?5

x81

X82

X84

X88

Xgg

X10?

X118

X119

X120

xl24

x13?

x154

39

32

31

51

18

4

6

18

5

5

13

33
27

27
—51

33

48

53

24

5

6

19

5

6

14

34

28

28
—56

39
43

15

5

7

24

4

5

11
28

23

23
—55

63

22 27

5 6

7 8

22 25

6 8

7 8

16 18

40 44

33 37

33 36
-62 -74

3

3 4

9 4 6

11 1 1

8 6 4

7 2 2

16 4 5

13 4 4

13 3 4

-44 -20 -25

2

3 5

6 2

16 4

13 4

13 3

-39 -25

X66 X69 X?2 X?5 X81 X82 X84 X88 X99 X1Q?

xl 19

X120

x124

X154 —22

X118

12

10

—19

x119

24

23 19
—46 -39 -37
X120 X124 X13?

CONSTRAINED FIT INFORMATION

An overall fit to 47 branching ratios uses 102 measurements and

one constraint to determine 26 parameters. The overall fit has a

= 50.6 for 77 degrees of freedom.

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, /f total. The fit constrains the x, whose labels appear in this array to sum to
one.

Induslve moc}es

i (e+ anything)/i totat
VAL UE EVTS DOCUMEN T ID TECN

0.0?7+0.012 OUR AVERAGE Error includes scale factor of 1.1.
0.15 +0.05 AGUILAR-. .. 87E HYBR

COMMENT

xp, pp 360, 400
GeV

e+ e 3.?? GeV
e+ e 3.??1 GeV

BALTRUSAIT. .85B MRK3

SCHINDLER 81 MRK2
0.0?5k 0.01140.004
0.055+ 0.03?

i (K anything)/inn, t

13?
12

VAL UE EVTS

0.53 +O.OI OUR AVERAGE

0 546+ 0.039—0.038
0.609+0.032 +0.052
0 42 +0,08
0 55 60.11 121
0.35 +0.10 19

BARLAG 92C computes the

DOCUMENT ID TECN COMMENT

Error includes scale factor of 1.3. See the Ideogram below.

a BAftLAG aaC ACCM x Cu aaO GeV

COFFMAN 91 MRK3 e+ e 3.?? GeV

AGUILAR-. .. 87E HYBR yr p, pp 360, 400 GeV

SCHINDLER 81 MRK2 e+ e 3.?71 GeV

VUILLEMIN ?8 MRK1 e+ e 3.??2 GeV

branching fraction using topological normalization.

WEIGHTED AVERAGE
0.53~0.04 (Error scaled by 1.3)

0.0 0.2 04 0.6

X
2

RLAG 92C ACCM 0.2
OFF MAN 91 MRK3 1.7

UILAR-. .. 87E HYBR 1.9
HINDLER 81 NIRK2 0 0
ILLEMIN 78 MRK1 32

7.0
(Confidence Level = 0.135)

I

1.00.8

i (K anything)/I terai

[i PPanything) + i (K anything) j/i totai
VAL UE EVTS

0.42 +0.05 OUR AVERAGE

0.455 +0.05D +0.032
0.29 +0.11 13
0.5? +0.26 6

i (K+ anything)/i totat

DOCUMENT ID TECN COMMEN T

COFFMAN 91 MRK3 e+ e 3.?? GeV

SCHINDLER 81 MRK2 e+ e 3.??1 GeV

VUILLEMIN ?8 MRK1 e+ e 3.??2 GeY

i a/i
VAL UE EVTS

0.034+0'~g OUR AVERAGE

Q Q34 +0.00?—0.005
0.028 60.009+0.004

+0.05
—0.02

0.08 %0.03 25
3 BARLAG 92C corn putes the

i (K "e+"ve)/i totat

DOCUMENT ID TECN COMMEN T

13 BARLAG 92C ACCM 7r Cu 230 GeV

COFFMAN 91 MRK3 e+ e 3?? GeV

AGUILAR-. .. 8?E HYBR xp, pp 360, 400 GeV

SCHINDLER 81 MRK2 e+ e 3.??1 GeV

branching fraction using topological normalization.

Semileptonic modes

We average our K e+ ve

by a phase-space factor of
VAL UE

0.~+0.0021 OUR AVERAGE

0.0380+0.0022
0.033 +0.004

and K p+ v branching fractions, multiplying the latter

1.03 to be able to use it with the K e+ ve fraction.

DOCUMEN T ID COMMENT

Error includes scale factor of 1.1.
PDG 94 Our I (K e+ t e)//Ctotal
PDG 94 1.03 x our I (K Ib+ v )/'f total

00 BRANCHING RATIOS

See the "Note on 0 Meson Branching Fractions" and the "Note on

Semileptonic Decays of 0 and B IVlesons, " in the 0+ Listings.

Some older, now obsolete results have been omitted from these Listings.

They may be found in our 1990 edition (Phys. Lett. B239).

i (K e+ ve)/rtotai
VALUE EVTS DOCUMENT ID TECN COMMENT

0.&~+0.~OUR FIT Error includes scale factor of 1.1.
0.084 +0.005 +0.004 55 14 ADLER 89 MRK3 e+ e 3.?7 GeV

14 i

i 2 -+ 0.038
Experiment gives

i Vcd//Pcs~ = 0.05? 0 015 + 0.005.

ra/r
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r(K e-+v, )/r(K e-+) ro/rn I (lf K'(892)v) Is+ v&)/I (K Is+v&) rialro
TECN COMMENTDOCUMENT IDVALUE EVTS

0.95 +0.04 OUR FIT
0.95 +0.04 OUR AVERAGE

0.978+0.027+0.044 2510 15 BFAN 93C CLEO e+ e = T(4S)
0.90 +0.06 +0.06 584 CRAWFORD 91B CLEO e+ e = 10.5 GeV
0.91 +0.07 +0.11 AN JOS 89F E691 Photoproduction

15BEAN 93C uses K p+v as well as K e+v events and makes a small phase-spacee
adjustment to the number of the p+ events to use them as e+ events.

r(K Is+-v„)/r(K v+)-
VAL UE

0.80+OslO OUR FIT
0.80+0.10 OUR AVERAGE

0.82 +0.13+0.13 99
0.79+0.08+0.09 231

EVTS

I (K Is+ v&)/I (Is+anything)
VAL UE EVTS

0.32+0.05+0.05 124

DOCUMENT ID TECN COMMEN T

ro/ht

FRABETTI 93I E687 pBe E&
—221 GeV

CRAWFORD 91B CLEO e+ e - 10.5 GeV

DOCUMENT ID TECN COMMENT

KODAMA 91 EMUL pA 800 GeV

I 9/I 2

I (K (89e2) e+ve}/I (K e+ie) rao/ra
Unseen decay modes of the K*(892) are included.

VALUE DOCUMENT ID TECN COMMENT

0.52+0.09 OUR FIT
0.51+Os18+0.06 CRAWFORD 91B CLEO e+ e 10.5 GeV

r(K'(892) e+v )/I PPv+e-) oo/ aa
Unseen decay modes of the K~(892) are included.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.38+0.06 OUR FIT
0.$8+0.06+0.03 152 BEAN 93C CLEO e+ e T(4S)

BEAN 93C uses K~ p+ 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'(892)-d-v&)/rPPe+v )- I ia/raa
This an average of the K'(892) e+ve and K*(892) y+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+0.06 137 19 ALEXANDER 90B CLEO e+ e 10.5-11 GeV

ALEXANDER 90B cannot exclude extra ~ 's in the final state. See nearby data blocks
for more detailed results.

r(K sre(srn) e+ ve)/I total
VAL UE EVTS DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.023+&'&0&+0.001 1 AGUILAR-. .. 87F HYBR ~p, pp 360, 400 GeV

AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion. Does not distinguish presence of a second m .

rpre-(a) a+ ve)/r~,
VALUE EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. I ~ ~

ria/r

0 079+
p'p23 +0.005 3 AGUILAR-. .. 87F HYBR x p, p p 360, 400 GeV

AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion. Does not distinguish presence of a second m .

I (7'(892)ost e+v )/I (K (892) e+v ) rio/rao
Unseen decay modes of the K~(892) are included.

VALUE CL S DOCUMENT ID TECN COMMENT

(0.64 90 CRAWFORD 91B CLEO e+ e = 10.5 GeV

r(K- sro e+ v )/ernn, t rio/r
VALUE EVTS DOCVMENT ID TECN COMMENT

0 016+0.013PO OO2 4 16 BAI-0.005 91 MRK3 e+e 3.77 GeV

BAI 91 finds that a fraction 0.79+0'17+0'03 of combined D+ and D decays to

Kn e+ ve (24 events) are K'(892) e+ ve.

I pP v e+ ve)/I total
VALUE EVTS DOCUMEN T ID TECN COMMENT

0.028+ ' +0.003 6 BAI 91 MRK3 e+e 3.77 GeV

BAI 91 finds that a fraction 0.79+0'17+0'03 of combined D+ and D decays to

Kxe+ ve (24events) are K (892)e+ ve.

VALUE CL S DOCUMENT ID TECN COMMENT

(0.043 90 KODAMA 939 E653 e emulsion 600 GeV

KODAMA 939 searched in K e+n u+ u, but the limit includes other (K*(892)n )
charge states.

r(e e+ve) /ron, t

VALUE EVTS DOCUMENT ID TECN COMMENT

0.0039+0.~pO ~ 7 23 ADLER S9 MRK3 e+ e 3.77 GeV

Experiment gives
I cd/ csl = 0 o -0.015 + o 05

Hadronlc, modes Iiflth one or three K's

r(K e+)/-r~,

I io/I

hilr
TECN COMMEN TDOCUMENT IDVALUE

OAH01 +0.001l OUR RT
OA8$7+0.0016 OUR AVERAGE

0.045 +0.006 +0.004 ALBRECHT 94 ARG e+ e = T(4S)
0.0391+0.0008+0.0017 4208 24925 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 ABACHI 88 HRS e+ e 29 GeV

0.042 +0.004 +0.004 930 ADLER SSC MRK3 e+ e 3.77 GeV

0.041 +0.006 263 SCHINDLER 81 MRK2 e+ e 3.771 GeV
0.043 +0.010 130 PERUZZI 77 MRK1 e+ e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

p p4p4+ 0.0040—0.0035 BARLAG 92C ACCM 9r Cu 230 GeV

0.040 + ' +0.002—0.010 7 AGUILAR-. .. 87F HYBR xp, pp 360, 400
GeV

Radiative corrections increase this AKERIB 93 value to 0.0395 4 0.0008 + 0.0017.
ABACHI 88, DECAMP 913, and AKERIB 93 use D*(2010)+ ~ D 2r+ decays. The
x+ is both slow and of low pT with respect to the event thrust axis ( D~+ direction).

The excess number of such x+'s over background gives the number of D*(2010)+ ~
D 9r+ events, and the fraction with D ~ K 9r+ gives the D ~ K 9r+ branching
fraction.
SCHINDLER 81 (MARK-2) measures Ir(e+e ~ f(3770)) x branching fraction to
be 0.24 6 0.02. We use the MARK-3 (ADLER SSC) value of o = 5.8 6 0.5 4 0.6 nb.

27PERUZZI 77 (MARK-1) measures o(e+ e ~ @(3770)) x branching fraction to be
0.25 + 0.05. We use the MARK-3 (ADLER SSC) value of o = 5.8 + 0.5 + 0.6 nb.
AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction using topo-
logical normalization.

EVTS

r PP P)/r(K-e+) I 22/hi
TECN COMMENTVAL UE EVTS DOCVMENT ID

0.51+0.06 OUR FIT Error includes scale factor of 1.1.
1.$6+0M+0.22 119 ANJOS 92B E691 p Be 80-240 GeV

I PPsto)/I PPe+e ) I 22/I 23
VAL UE EVTS

0.389+0.031 OUR FIT
0.$78+0.OSS OUR AVERAGE

0.44 +0.02 +0.05 1942 PROCARIO 93B CLEO e+ e 10.36-10.7 GeV
0.34 +0.04 +0.02 92 ALBRECHT 92P ARG e+ e 10 GeV
0.36 +0.04 +0.08 104 KINOSHITA 91 CLEO e+ e 10.7 GeV
2 This value is calculated from numbers in Table 1 of ALBRECHT 92P.

TECN COMMENTDOCUMENT ID

rgb e+e-)/ron, t I 2a/r

rPPe+e )/r(K-v+)- raa/hi
VALUE EVTS DOCUMENT ID

1.$1+0.11OUR FIT Error includes scale factor of 1.2.
2.1 +0.6 OUR AVERAGE

1.7 +0.8 35
2.8 +1.0 116

TECN COMMEN T

AVERY 80 SPEC pN ~ D~+
PICCOLO 77 MRK1 e+ e 4.03, 4.41 GeV

VALUE EVTS DOCVMENT ID TECN COMMENT

0.05$ +0.006 OUR FIT Error includes scale factor of 1.2.
0.06$ +0.9 OUR AVERAGE

0.064 +0.005 +0.010 ADLER 87 MRK3 e+e 3.77 GeV
0.052 +0.016 32 3 SCHINDLER 81 MRK2 e+e 3.771 GeV
0.079 +0.023 28 31 PERUZZI 77 MRK1 e+ e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

p p427+ 0 0102—0.0096 BARLAG 92C ACCM ~ Cu 230 GeV

0.045
Q Q14 +0.003 2 AGUILAR-. .. 87F HYBR 2r p, p p 360, 400 GeV

QSCHINDLER 81 (MARK-2) measures o(e+e ~ @(3770)) x branching fraction to
be 0.30 + 0.08. We use the MARK-3 (ADLER SSC) value of cr = 5.8 + 0.5 + 0.6 nb.
PERUZZI 77 (MARK-1) measures o(e+e ~ Itt(3770)) x branching fraction to be
0.46 + 0.12. We use the MARK-3 (ADLER SSC) value of o = 5.8 + 0.5 + 0.6 nb.
AGUILAR-BENITEZ 87F and BARLAG 92c compute the branching fraction using topo-
logical normalization.

I (K e+e is+v„)/I (K Is+v„)- r32/ro
VALUE

(0.037
CL 5 DOCUMENT ID TECN COMMENT

90 KODAMA 930 E653 e emulsion 600 GeV
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I.PPr o)/I +&+~-)
VALUE

0.20+0. 025 OUR AVERAGE

0.227 +0.032+0.009
0.215+0.051+0.037
0.20 +0.06 +0.03

0.12 +0.01 +0.07

re re(980))/r PP~+~-)

DOCUMENT ID TECN COMMENT

re/rn

ALBRECHT 93D ARG e+ e = 10 GeV
ANJOS 93 E691 p Be 90—260 GeV

FRABETTI 92B E687 pBe E&
—221 GeV

ADLER 87 MRK3 e+ e 3.77 GeV

I (K-I+)/I (K-~+no)

31

VALUE EVTS

0.75 +0.0e OUR AVERAGE

0.647 +0.039+0.150
0.81 +0,03 +0.06

0 31 +0.20 13—0.14

0.85 +O.ll +0.09—0.15 —0.10

rs2/rsl
DOCUMENT ID TECN COMMENT

Error includes scale factor of 1.5. See the ideogram below.

AN JOS 93 E691 p Be 90-260 GeV

ADLER 87 MRK3 e+ e 3.77 GeV

SUMMERS 84 E691 Photoproduction

SCHINDLER 81 MRK2 e+ e 3.771 GeV

VALUE

0.08+0. 035+0.012

Unseen decay modes of the f0(980) are included.

DOCUMENT ID TECN COMMENT

ALBRECHT 93D ARG e+ e 10 GeV

WEIGHTED AVERAGE
0.75+0.08 (Error scaled by 1.5)

rppr (1270))/rppr+~-)

r PP I((1300))/r PPn+n-)
Unseen decay modes of the f0(1300) are included.

DOCUMENT ID TECN

ALBRECHT 93D ARG

VALUE

0.131+0.045+0.021

Unseen decay modes of the f2(1270) are included.

VALUE DOCUMENT ID TECN

0.088+0.037+0.014 ALBRECHT 93D ARG

COMMENT

e+e -10 GeV

res/I ss

COMMENT

e+e = 10 GeV

r(K'(892) ~+)/rPPn+~ )-
Unseen decay modes of the K'(892) are included.

VALUE EVTS DOCUMENT ID TECN

0.93 +OAl7 OUR FIT Error includes scale factor of 1.3,
0.97 +0.06 OUR AVERAGE Error includes scale factor of 1.1
1.08 +0.063+0.045 ALBRECHT 93D ARG

0.720 10.145+0.185 AN JOS 93 E691
0.96 +0.12 +0.075 FRABETTI 92B E687

0,84 +0.06 +0.08 ADLER 87 MRK3

1,05 + ' + ' 25 SCHINDLER 81 MRK2—0.26 —0.09

I (Ko(1430) s'+)/I PPx+x )

rel/r23

COMMENT

e+e -10 GeV

yBe 90-260 GeV

pBe Z&
—221 GeV

e+ e 3.77 GeV

e+ e 3.771 GeV

rtos/ru
Unseen decay modes of the KQo(1430) are included.

VALUE DOCUMENT ID TECN COMMENT

0.208+0.065+0.034 ALBRECHT 93D ARG e+ e - 10 GeV

I (Ks(1430) e+)/I PPx+m )
Unseen decay modes of the K2(1430} are included.

VALUE CL og DOCUMENT ID TECN

&0.15 90 ALBRECHT 93D ARG

rtoe/ras

COMMENT

e+e 10 GeV

I PPs+a nonresonant)/I PPa+s )
VALUE DOCUMENT ID

0.27 +0.04 OUR AVERAGE

0.263 60.024 60.041
0.26 +0.08 +0.05

0,33 +0.05 +0.10

TECN COMMENT

ANJOS 93 E691 y Be 90-260 GeV

FRABETTI 92B E687 p Be F&
—221 GeV

ADLER 87 MRK3 e+ e 3 77 GeV

I (K x+wo)/I~I rst/r

I {K-~+~a)/I-(K-„+) rst/r21

VALUE EVTS DOCUMENT ID TECN COMMENT

0.1$ +0.010 OUR FIT Error includes scale factor of 1.1.
0.131 +0.01$ OUR AVERAGE

0.133 +0.012 +0.013 931 ADLER 88C MRK3 e+ e 3.77 GeV

0.117 +0.043 37 SCHINDLER 81 MRK2 e+ e 3.771 GeV

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0912—0.0165
34 BARLAG 92C ACCM n Cu 230 GeV

0.106 + ' +0.006 5 AGUILAR-. .. 87F HYBR xp, pp 360, 400 GeV

SCHINDLER 81 (MARK-2) measures cr(e+ e ~ @(3770)) x branching fraction to
be 0.68 + 0.23. We use the MARK-3 (ADLER 88C) value of I2 = 5.8 + 0.5 + 0.6 nb.

AGUILAR-BENITEZ 87F and BARLAG 92c compute the branching fraction using topo-
logical normalization.

0.5

I(K p+)/I(K w+x)

r(K'(892)-e+)/r(K r+s )

~ .ANJOS 93 E691
~ ADLER 87 MRK3
. .SUMMERS 84 E691. .SCHINDLER 81 MRK2

0.5
0.7
49
0.3
6.4

(Confidence Level = 0.093)

2.01.5

re1/rs1
Unseen decay modes of the Ko(892) are included.

VALUE DOCUMENT ID TECN

0.3I9 +0.05 OUR FIT Error includes scale factor of 1A.
0.27 +0.04 OUR AVERAGE

0.252 4 0.033+0.035 ANJOS

0.36 +0.06 +0.09 ADLER

COMMENT

93 E691 pBe 90-260 GeV

87 MRK3 e+ e 3.77 GeV

I (Ro(892)os )/r(K-m. +wo) ru/rst
Unseen decay modes of the Ko(892) are included.

VALUE DOCUMENTID

0.219+0.01 OUR FIT
0.201+0.035 OUR AVERAGE

0.213+0.027+0.035 ANJOS

0.20 +0.03 +0,05 ADLER

TECN COMMENT

93 E691 y Be 90-260 GeV

87 MRK3 e+ e 3.77 GeV

l(K n+s nonreeonant)/I(K x+s )

I (7'(892)ox4)/I PPso)
Unseen decay modes of the Ko(892) are included.

VALUE EVTS DOCUMENT ID

1.4740M OUR FIT Error includes scale factor of 1.1.

1 65+ +0 20 122 PROCARIO 93B CLEO

TECN COMMENT

~K~ ~ Dalitz plot

I (72(1430)ohio)/I (7 (892)oft )
Unseen decay modes of the K2(1430) and Ko(892) are

VALUE CL N DOCUMENT ID TECN

(0.12 90 PROCARIO 93B CLEO

included.

r10$/r$2

COMMENT

K ~0%0 Dalitz plot

VALUE EVTS DOCUMENT ID TECN COMMENT

0.044+0.019 OUR AVERAGE Error Includes scale factor of 1.1.
0.036+0.004+0.018 ANJOS 93 E691 p Be 90-260 GeV

0.09 +0.02 +0.04 ADLER 87 MRK3 e+ e 3.77 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0.51 +0.22 21 SUMMERS 84 E691 Photoproduction

VALUE EVTS DOCUMENT ID

3AS+0.24 OUR RT Error includes scale factor of
3.07+0.29 OUR AVERAGE

3.04+0.16+0.34 931 ALBRECHT
4.0 +0.9 +1.0 69 ALVAREZ

2.8 +0.14+0.52 1050 KINOSHITA

4.2 +1.4 41 SUMMERS

This value is calculated from numbers in Table 1

TECN COMMENT

92P ARG e+e = 10 GeV
91B NA14 Photoproduction

91 CLEO e+ e 10.7 GeV

84 E691 Photoproduction

of ALBRECHT 92P.

VALUE

0.37+0.0+0. 04
EVTS DOCUMENT ID TECN

76 PROCARIO 93B CLEO

I pPPP' nonresonant)/I pox ) rss/rn
COMMENT

~K-Own Dslltz plot
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TECN COMMENT

r(K-~+~+e-)/ran'I r~/r
VALUE EVTS DOCUMENT ID

0.011 +O.NS OUR FIT
0.086 +0.009 OUR AVERAGE Error includes scale factor of 1.1.
0.079 +0.015 +0.009 ALBRECHT 94 ARG e+ e = T(45)
0.091 +0.008 +0.008 992 ADLER 88C MRK3 e+ e 3.77 GeV

0.117 +0.025 185 SCHINDLER 81 MRK2 e+ e 3.771 GeV

0.062 +0.019 44 PERUZZI 77 MRK1 e+ e 377 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

O.O844+ O OO64—0.0053 BARLAG 92C ACCM ~ Cu 230 GeV

0.065 +0 011 +0.019 13 AGUILAR-. .. 87F HYBR ~p, pp 360, 400 GeV

SCHINDLER 81 (MARK-2) measures tr(e+ e ~ Q(3770)) x branching fraction to
be 0.68 4 0.11, We use the MARK-3 (ADLER 88C) value of Iy = 5.8 6 0.5 + 0.6 nb.

PERUZZI 77 (MARK-1) measures ty(e+e ~ @(3770)) x branching fraction to be
0.36 + 0.10. We use the MARK-3 (ADLER 88K) value of fy = 5.8 + 0.5 + 0.6 nb.

38AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction using topo-
logical norm alization.

r(K'{892}opo R wave)/I ~~
Unseen decay modes of the Kw(892) are included.

VALUE CL S DOCUMENT ID TECN COMMENT

&0.003 90 COFFMAN 92B MRK3 e+ e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.009 90 ANJOS 92c E691 y Be 90-260 GeV

I (7'{892}opoD.eave)/r(K n+e+e )
Unseen decay modes of the K'(892) are Included.

VAL UE DOCUMENT ID TECN COMMENT

0~+0.NS+0.0$ ANJOS 92C E691 r Be 90-260 GeV

I (7'{892}of{980})/I~r
Unseen decay modes of the Fe'(892) and fo(980) are included.

VALUE CL 5 DOCUMENT ID TECN COMMENT

&OA$7 90 ANJOS 92C E691 y Be 90-260 GeV

I(K at{12&0}+)/I (K n+r+e )

I at/r

I aa/I

r(K n+s+m )/l(K w+)
VALUE EVTS

2.02+0.11 OUR FIT
2.01+0.1$0UR AVERAGE
1.7 +0.2 +0.2 1745
1.90+0.25+0.20 337
2.12+0.16+0.09
2.0 +0.9 48
2.17+0.28 +0.23
2.0 +1.0
2.2 +0.8

10
214

DOCUMENT ID TECN COMMENT

ANJOS 92C E691
ALVAREZ 91B NA14

BORTOLETTO88 CLEO
BAILEY 86 ACCM

ALBRECHT 85F ARG

BAILEY 83B SPEC
PICCOLO 77 MRK1

r Be 90-260 GeV
Photoproduction
e+ e 10.55 GeV

Be fixed target
e+ e 10 GeV

Be ~ DO

e+ e 4.03, 4.41 GeV

I (K m+pototal)/I(K n+n+n ) I «/r"

I (g {892}opotranaverae)lr(K e+n+e )
Unseen decay modes of the K*(892)0 are included.

VALUE DOCUMENT ID

0.20 +0.07 OUR FIT
0.213+0.024+0.075

TFCN COMMENT

COFFMAN 92B MRK3 e+ e 3.77 GeV

This includes K a1(1260)+, Ke'(892) p, etc. The next entry gives the specificall
3-body fraction. We rely on the MARK lll and E691 full amplitude analyses of the
K 9r+ 2r+ x channel for values of the resonant substructure.

VALUE DOCUMENT ID TECN COMMENT

O.MS+0.0$5 OUR AVERAGE
0.80 +0.03 +0.05 ANJOS 92C E691 pBe 90-260 GeV
0.855 k 0.032 +0.030 COFFMAN 92B MRK3 e+ e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.98 +0.12 +0.10 ALVAREZ 91B NA14 Photoproductlon

r(K m+pO3-bOdy)/I (K e+e+n )
We rely on the MARK III and E691 full amplitude analyses of the K ~+~+2r
channel for values of the resonant substructure.

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.063+0.028 OUR AVERAGE
0.05 +0.03 +0.02 ANJOS 92C E691 r Be 90-260 GeV
0.084 +0.022 60.04 COFFMAN 92B MRK3 e+ e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.77 +0.06 +0.06 ALVAREZ 91B NA14 Photoproduction

0 85 +0 22 180 PICCOLO 77 MRK1 e+ e 4.03, 4.41 GeV

This value is for p (K ~+)-nonresonant. ALVAREZ 91B cannot determine what frac-

tion of this is K a1(1260)+.

I (R'{N2}opo)/I (K-e+e+e
Unseen decay modes of the Kw(892) are included. We rely on the MARK III and

E691 full amplitude analyses of the K ~+~+~ channel for values of the resonant
substructure.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.19S+0.03+0.03 ANJOS 92C E691 r Be 90-260 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.34 +0.09+0.09 ALVAREZ 91B NA14 Photoproductlon
075 +03 5 BAILEY 83B SPEC 2r Be ~ D

0.15 20 PICCOLO 77 MRK1 e+ e 4.03, 4.41 GeV

Unseen decay modes of the a1(1260)+ are included.

VALUE DOCUMENT ID TECN COMMENT

0.07 +0.11 OUR AVERAGE
0.94 +0.13 +0.20
0.98460.048+0.16

ANJOS 92C E691 pBe 90-260 GeV

COFFMAN 92B MRK3 e+ e 3.77 GeV

I (K ~{1320}+)/I~r
Unseen decay modes of the a2(1320)+ are included.

VALUE CL 5 DOCUMENT ID TECN COMMENT

&OA$2 90 ANJOS 92C E691 p Be 90-260 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.006 90 COFFMAN 92e MRK3 e+ e 3.77 GeV

I(Kg{1270} e+)/I(K n+e+e )

TECN COMMENT

I (Kt{14$} e+)/I gag rtoo/r
VALUE

(0.012
CL%

90

DOCUMENT ID TECN COMMENT

COFFMAN 92e MRK3 e+ e 3.77 GeV

r(K {1410}-e+)/r~r
VALUE

&OAl12

CL S DOCUMENT ID TECN COMMENT

90 COFFMAN 92B MRK3 e+ e 3.77 GeV

I (7'{892}e+e total)/I (K e+e+s' ) raalr39
This includes Kw(892) p, etc. The next entry gives the specifically 3-body fraction.
Unseen decay modes of the Ke'(892) are included.

VALUE DOCUMENT ID TECN

0.30+0.06+0.03 ANJOS 92C E691
COMMENT

p Be 90-260 GeV

I(7'{892}oe+n 3-body)/I(K e+e+e )
Unseen decay modes of the Ke'(892) are included.

VALUE DOCUMENT ID TECN COMMENT

0.1e +O.Oe OUR FIT
O.li +OAR OUR AVERAGE
0.165+0.03 +0.045
0.210+0.027 60.06

ANJOS 92C E691 r Be 90-260 GeV

COFFMAN 92B MRK3 e+ e 3.77 GeV

I (K e+fo{980})/I~r
VAL UE

(0.011
CL S DOCUMENT ID TECN COMMENT

90 ANJOS 92C E691 /Be 90-260 GeV

I(K e+r+e nonreaonant)/I(K e+e+e )
VALUE DOCUMENT ID

0.233+0.0$2 OUR AVERAGE
0.23 +0.02 +0.03
0.242 +0.025 40.06

TECN COMMENT

ANJOS 92C E691 r Be 90-260 GeV
COFFMAN 92B MRK3 e+ e 3.77 GeV

Unseen decay modes of the K1(1270) are included. The two experiments disagree
considerably here.

VALUE CLS DOCUMENTID

0.1$ +L54 OUR FIT
0.194+0.05$+OAN8 COFFMAN 92e MRK3 e+ e 3.77 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.013 90 ANJOS 92C E691 p Be 90-260 GeV

r(g {892}op Swave)/I (K-s+m+x-)
Unseen decay modes of the K~(892) are included.

DOCUMENT ID

AN JOS
VAL UE

0875+0.NI+O.OS

TECN COMMENT

92C E691 r Be 90-260 GeV

I (F'{892}ope 5-wave bng. )/I wt'r
Unseen decay modes of the F~(892) are included.

VALUE CL S DOCUMENT ID TECN COMMENT

&0.00$ 90 COFFMAN 92B MRK3 e+ e 3.77 GeV

I ao/r

r( e+~- P)/r~r
VALUE EVTS DOCUMENT ID TECN COMMENT

OANS+0.011OUR FIT Error includes scale factor of 1.1.
0.103+0.022+OAQS 140 COFFMAN 92B MRK3 e+ e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0 134+0 032 BARLAG 92C ACCM 2r Cu 230 GeV

40 BARLAG 92C computes the branching fraction using topological normalization.

I «/I
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rpro~+~-~0)/r(V~+~-) roe/I 22 I (Kt(1270) 2-+)/r+rr+rr r-ro) ree/roe
TECN COMMENTEVTS

rppe)/r(K-~+) rselr21

VALUE

1.$6+0.21 OUR FIT
1.$6+0.23 OUR AVERAGE

1.80+0.20+0.21 190 ALBRECHT 92P ARG e+ e = 10 GeV

2.8 +0.8 +0.8 46 ANJOS 92C E691 p Be 90-260 GeV

1.85+0.26+0.30 158 KINOSHITA 91 CLEO e+ e 10.7 GeV

This value is calculated from numbers in Table 1 of ALBRECHT 92P. VALUE

(0.037
CL%

90

DOCUMENT ID TECN COMMENT

COFFMAN 928 MRK3 e+ e 3.77 GeV

Unseen decay modes of the K1(1270) are included.

VAL UE DOCUMENT ID TECN COMMENT

0.107+0.030 OUR FIT Error includes scale factor of 1.1.
0.10 +0.03 COFFMAN 928 MRK3 e+ e 3.77 GeV

r(K1(1688) n )/ron, t

rptntn)/rppp}
Unseen decay modes of the r) are included.

VAL UE EVTS DOCUMENT ID

0.33+0.04 OUR FIT
0.32+0.04+0.03 225

TECN COMM EN T

PROCARIO 938 CLEO

rppa)/rppx+n )
Unseen decay modes of the r) are included.

VAL UE EVTS DOCUMENT ID

0.129+0.017 OUR FIT
0.14 +0.02 +0.02 80

TECN COMMENT

PROCARIO 938 CLEO rI ~ ++x

r Ptnt~)/r (K- n+)
Unseen decay modes of the a are included.

VALUE DOCUMENT ID

0.$0+0.09 OUR FIT
1.00+0.36+0.20

TECN COMMEN T

ALBRECHT 89D ARG e+ e 10 GeV

r peto)/rgb 2+ x-)

Unseen decay modes of the r) are included.
VALUE CL% DOCUMENT ID 7 ECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

(0.64 90 ALBRECHT 89D ARG e+ e 10 GeV

I 66/r22

rsslr22

r72/r21

I 72/rss

I (K'(892) + 3-body)/I (K + ) res/roe
Unseen decay modes of the K*(892)0 are included.

VAL UE DOCUMENT ID TECN COMMENT

0.16 +OAR OUR FIT Error includes scale factor of 1.1.
0.191+0.105 COFFMAN 928 MRK3 e+ e 3.77 GeV

I PPrr+2 nononresonant)/I PP2+2 no}
VALUE DOCUMENT ID TECN COMMENT

0.210+0.147+0.150 COFFMAN 928 MRK3 e+ e 3.77 GeV

r(K-~+Pno)/ran, t

VAL UE EVTS DOCUMENT ID TECN

0.149+0.037+0.030 24 45 ADLER 88C MRK3
~ ~ ~ We do not use the following data for averages, fits, limits,

0, 177+0.029 46 BARLAG 92C ACCM

0.209+ ' 60.012 9 46 AG U ILA R-... 87F HYB R

COMMENT

e+ e 3.77 GeV

etc. o ~ ~

Cu 230 GeV

—0.043 rrp, pp 360, 400 GeV

ADLER 88C uses an absolute normalization method finding this decay channel opposite

a detected 0 ~ K+ rr in pure DD events.
AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction using topo-

logical normalization. They do not distinguish the presence of a third x, and thus are
not included in the average.

Unseen decay modes of the ~ are included.
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.3$+0.07 OUR FIT
0.33+0.09 OUR AVERAGE Error includes scale factor of 1.1.
0.29 k 0.08 +0.05 16 ALBRECHT 92P ARG e+ e = 10 GeV

0.54 +0.14+0.16 40 KINOSHITA 91 C LEO e+ e 10.7 GeV

This value is calculated from numbers in Table 1 of ALBRECHT 92P.

I (K 2+x+a' no)/I
VAL UE DOCUMENT ID TECN COMMENT

~ ~ 8 We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0293+—0.0045
47 BARLAG 92C ACCM rr Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

rsrlr

I PP6t)/I PPn+n-20) rr2/roe
Unseen decay modes of the ~ are included.

VALUE DOCUMENT ID

0.21 +0.04 OUR FIT
0.220+0.04$+0.0116

7 ECN COMMENT

COFFMAN 928 MRK3 e+ e 3,77 GeV

r PP8'(988)}/r PP2+ ~-} rrslrss

r(K'(892)- p+) lr pPn+n-~0) res/roe
Unseen decay modes of the K'(892) are included.

VALUE DOCUMENT ID TECN COMMENT

0.606+0.1$$+0.126 COFFMAN 928 MRK3 e+ e 3.77 GeV

I (K'(892) p+ longitudinal)ll pP2+2 no) I 66/roe
Unseen decay modes of the K~(892) are included.

VAL UE DOCUMENT ID TECN COMMENT

0.290+0.111 COFFMAN 928 MRK3 e+ e 3.77 GeV

I (K'(892) p+transtterse)/I pt a+a-m )
Unseen decay modes of the K*(892) are included.

DOCUMEN T ID TECN

COFFMAN 928 MRK3

VAL UE

0.317+0.1$0

r{K (892)-p+ p ~|te)/ran, t

res/roe

COMMENT

e+ e 3.77 GeV

I 96/t
Unseen decay modes of the Ko(892) are included.

VALUE CL N DOCUMENT ID TECN COMMENT

(0.015 90 4 COFFMAN 928 MRK3 e+e 3.77 GeV

Obtained using other K (892)pP-wave limits and isospin relations.

I (7 (892)opotranstterse)/I pate'+x 2'0) I ae/roa
Unseen decay modes of the K~(892) are included.

VALUE DOCUMENT ID TECN COMMENT

0.16 +0.06 OUR FIT Error includes scale factor of 1.1.
0.126+0.111 COFFMAN 928 MRK3 e+ e 3.77 GeV

r Ptsta, (1288)0}/ran, t

Unseen decay modes of the a1(1260) are included.

CL% DOCUMENT ID TECN COMMENT

90 COFFMAN 928 MRK3 e+e 3.77 GeV

VALUE

&0.019

Unseen decay modes of the rI'(958) are included.
VALUE EVTS DOCUMENT ID TECN COMMENT

0.32+0.04 OUR AVERAGE

0.31+0.02+0.04 594 PROCARIO 938 CLEO r) ~ r)7r+ rr, p
0.3760.1.3+0.06 18 ALBRECHT 92P ARG e+ e = 10 GeV

This value is calculated from numbers in Table 1 of ALBRECHT 92P.

r(K-2+n+n-no)/r(K-2+) rsrlr21
TECN COMM EN TVAL UE DOCUMENT ID

1.07+0.11 OUR FIT
0.9$+0.11+0.11 225 ALBRECHT 92P ARG e+ e = 10 GeV

This value is calculated from numbers in Table 1 of Al BRECHT 92P.

rsr/rser(K- 2+~+2- ~0)lr(K- &+&+&-)
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.53+0.0S OUR FIT
0.56+0.07 OUR AVERAGE

0.55+0.07+0'2 167—0.09
0.57 %0.06+0.05 180 ANJOS 90D E691 Photoproduction

KINOSHITA 91 CLEO e ~ e 10.7 GeV

I (K'{892)0 + x )/I (K + + — 0) r106/rsr
Unseen decay modes of the K'(892) are included.

DOCUMEN T ID

ANJOS

VALUE

GAS +0.15+0.15
TECN COMMENT

90D E691 Photoproduction

I (Ro(892)orl)/I (K r107lr21
Unseen decay modes of the K'(892)0 and 7) are included.

VAL UE CL oA EVTS DOCUMEN T ID TECN COMMEN T

OA6+0. 11 OUR FIT

O.ss+0.19+ .-0.2$
~ 8 e We do not use the following data for averages, fits, limits, etc. ~ e o

90 ALBRECHT 89D ARG e+ e 10 GeV

46 KINOSHITA 91 CI EO e "e 10.7 GeV

~ 0.70

I (K+(892)0rl)/I (K- o.+xo) r107/rs1
Unseen decay modes of the Ko(892)Q and rI are included.

VALUE EVTS DOC UMEN T ID TECN COM MEN T

0.135+0.034 OUR FIT
0.13 +0.02 +0.03 214 PROCARtO 938 CLEO K K ~+, g—

I (R'(892)0 rl)/I (K-x+ x+ ~ xo) r107lrs7
Unseen decay modes of the K'(892) and yI are included.

VAL UE CL o%6 DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

&0.27 90 9 ANJOS 90D E691 Photoproductlon

Recovered from the published limit, I (K*(892) rI)/l total in o~der to make our norrnat-

ization consistent.
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r(~-~+~) lr(~-~+) r10$/r21 r+li)/rnR, I res/r
Unseen decay modes of the ~ are included.

VALUE EVTS DOCUMEN T ID TECN COMMENT

0.78+0.12+0.10 99 ALBRECHT 92P ARG e+e = 10 GeV

This value is calculated from numbers in Table 1 of ALBRECHT 92P.

r(F'(882}0~)/r(K R+) I 109/r21
Unseen decay modes of the K*(892) and ur are included.

VALUE 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.

r(F'{882}0~}/r(ir-~+~+~-6} r109/rsvp
Unseen decay modes of the K*(892) and ~ are included.

VALUE CL 4A DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o e

&0.44 90 AN JOS 90D E691 Photoproduction

Recovered from the published limit, I (K'(892) ~)/l tot~i, in order to make our nor-

malizationn

consistent.

I (K ++8'(958))/I (K x+s'+R ) r110/r&

f(Ke {882)op(958})ll (K-R+y'(958})
Unseen decay modes of the K~(892) are included.

CL ~A DOCUMEN T ID TECN

90 PROCARIO 93B CLEO

VALUE

(0.15

rllllrllo

Unseen decay modes of the tI'(958) are included.
VAL UE EVTS DOCUMENT ID TECN COMMENT

0002+0014+0010286 PROCARIO 933 CLEO 9' ~ qe+e p w I

rgb li)/rPP R+R-) i ~/ras
Unseen decay modes of the 4I are included.

VAL UE EVTS DOCUMENT ID

0.1M+0.016 OUR FIT
0.156+0.017 OUR AVERAGE

0.13 +0.06 +0.02 13 FRABETTI 92B E687

D.1636D.023 63 AMMAR 91 CLEO
0.15560.033 56 ALBRECHT 87E ARG

0.14 +0.05 29 BEBEK 86 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

0.186+0.052 26 ALBRECHT 85B ARG

TECN COMMENT

y Be E&
—221 GeV

e+ e 10.5 GeV
e+ e 10 GeV
e+ e near T(45)
etc. ~ ~ ~

See A LBRECHT 87E

I PP K+ K- non-P)/I 9414I
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

O.OO48+—0.0026 BARLAG 92C ACCM ~ Cu 230 GeV

0 0085+0.0027+0.0020—0.0024 —0.0018 ADLER 88C MRK3 e+e 3.77 GeV

57 BARLAG 92C computes the branching fraction using topological normalization.

rss/r

Unseen decay modes of the 4 are included.
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0160+—0.0041 BARLAG 92C ACCM 7r Cu 230 GeV

0 0086+0 0050+0.0031 ADLER 88C MRK3 e+ e 3.77 GeV—0.0041 —0.0018

BARLAG 92C computes the branching fraction using topological normalization.

r(R0~+R+R-~-)/r~I
VAL UE DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ e

0.0124+ 'M—0.0032 BARLAG 92C ACCM x Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

rsa/r r pox+ ~- nosy)/rppR+R-) I ss/I as
VALUE EVTS

0.09$+0.014 OUR FIT
0.0+0. 019 OUR AVERAGE
0.11 +0.04 +0.03 20

0.084 +0.020

DOCUMENT ID TECN COM MEN T

FRABETTI 92B E687 p Be F&
—221 GeV

ALBRECHT 87E ARG e+ e 10 GeV

I ppx+R+x R )/rppx+R-) I sa/I as

WEIGHTED AVERAGE
0.107~0.029 (Error scaled by 1.8)

a

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.107+0.029 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below.

0.07 +0.02 +0.01 11 ALBRECHT 92P ARG e+e = 10 GeV
0.14960.026 56 AMMAR 91 CLEO e+ e 10.5 GeV
0.18 +0.07 +0.04 6 AN JOS 90D E691 Photoproduction

This value is calculated from numbers in Table 1 of ALBRECHT 92P.

r(H H H)/r pIBR+R }-
VALUE EVTS

0.016+0.004 OUR AVERAGE

0.016+0.005 22
0.01760.007 60.005 5

r(e+ V 7PP)/rn-R, I

DOCUMENT ID TECN COMM EN T
re/ras

AMMAR 91 CLEO e+ e = 10.5 GeV

ALBRECHT 90C ARG e+ e 10 GeV

rss/r
DOCUMENT ID TECN COMMENT

Phonic modes

VAL UE

0 0072+o.0041 BARLAG 92C ACCM ~ Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

r(~+R-)/ron, I rlla/r

X
ALBRECHT 92P ARG 2.7
AMMAR 91 CLEO 2.6
ANJOS 90D E691 0.8

0.0 0.1 0.2 0.3
I

0.4

6.2
(Confidence Level = 0.046)

I

0.5

r(X e+e+e-e-)/r(A e+e-)

rgb~+~-PR0{R0})/r I ss/I

4 AGUILAR-. .~ 87F HYBR ~p, pp 360, 400 GeV

I PPK+K )/I PPX+4 )
VALUE EVTS
oe172+0.014 OUR FIT
0.171+0.019 OUR AVERAGE
0.20 +0.05 +0.04 47

0.170+0.022 136
0.24 10.08
0.185+0.055

DOCUMENT ID

rsell as = (I ss+)rss)/I as
TECN COMMENT

FRABETTI 92B E687 pBe E = 221 GeV

AMMAR 91 CLEO e+ e 10.5 GeV
BEBEK 86 CLEO e+ e near T(4S)
ALBRECHT 85B ARG e+ e 10 GeV

VALUE DOCUMENT ID TECN COMMENT

0.106iO-On+0.006-0.029
AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza-
tion, and does not distinguish the presence of a third n

r(~+4-}/r(x-R+)
VALUE EVTS

0.0396+0.0027 OUR AVERAGE
0.043 +0.007 +0.003 177

0.0348+0.003060.0023
0.048 +0.013 +0.008
0.055 +0.008 +0.005
0.040 +0.007 +0.006
0.050 +0.007 +0.005

0.033 +0.010 +0.006
0.033 +0.015

r(PP)/r~I

227
51

120
57

110

39

DOCUMENT ID

r112/r21
TECN COMMENT

FRABETTI 94C E687

SELEN 93 CLEO
ADAMOVICH 92 OMEG
ANJOS 91D E691
ALBRECHT 9OC ARG

ALEXANDER 90 CLEO

BALTRUSAIT. .SSE MRK3
ABRAMS 79D MRK2

pBe F&
—220

GeV
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

VAL UE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.0046 90 ALEXANDER 90 CLEO e+ e 10.5-11 GeV

r(PP)/r(v- R+) rlls/r21
VALUE

0.022+0.004+0.004
EVTS

40
DOCUMENT ID TECN COMMENT

SELEN 93 CLEO e+ e = T(4S)

VALUE (units 10 4} EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

9+ 5 BARLAG 92c ACCM e Ce 230 GeV

so+ +4o 1 AGUILAR- ~ .. 87F HYBR ~p, pp 360, 40020
GeV

AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction using topo-
logical normalization.
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r(n+n- no)/ron, t I (K P')/I (K 9+) r119/r21

r(n+n+n-n-)/ron, t rllg/r
VALUE EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0028 k 0.0008 BARLAG 92C ACCM rr Cu 2Stl GeV

0 005 —0 001 +0.001 1 6 AGUILAR-. .. 87F HYBR 2r p, pp 360, 400
GeV

0.015 +0.006 +0.002 9 BAI TRUSAIT. .85E MRK3 e+ e 3.77 GeV

AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction using topo-
logical normalization.

I {a+a+sr-n )/r{K-sf+sr+st-) r115/I 29
VALUE EVTS DOCUMEN T ID

0.10$+0.000 OUR AVERAGE

0.115+0.023+0.016 64 ADAMOVICH 92 OMEG 2r 340 GeV

0.108+0.024+0.008 79 FRABETTI 92 E687 y Be
0.102+0.013 345 AMMAR 91 CLEO 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 k 0,25 + 0.25 p 's per x+2r+vr n decay, but can't untangle

the resonant substructure (p0p, a1 2r+, p 2r+n. ).

TECN COMMEN T

r(n+ sf+ s- tf-sfo)/rtotgi
VALUE DOCUMENT ID TECN COMMENT

+o 4BARI.AG 92C ACCM z Cu 230 GeV

4 BARLAG 92K computes the branching fraction using topological normalization.

r(9+a+ sr+ a- n- sf-) /rtot, i

VALUE DOCUMENT ID TECN COMMENT

0.00&+0.0003 BARLAG 92c ACCM n Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

Hadronlc modes wtth two K's

r116/r

VALUE EVTS DOCUMENT ID TECN COMMENT

0.016 +0.011 OUR AVERAGE Error includes scale factor of 2.7.

0.0390 0'0095 IBARLAG 92C ACCM x 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 normagzation. Possible

contamination by extra ~ 's may partly explain the unexpectedly large value.

All the BALTRUSAITIS 85E events are consistent with p02r0.

VAL UE CL /i DOCUMEN T ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

&0.032 90 ANJOS 92B E691 y Be 80—240 GeV

r(Kola)/rPgon+n-)
CL% EVTSVAL UE DOCUMENT ID

r»9/rss
TECN COMMENT

0.021+0 007 OUR FIT

0.021+ ' +0.002-0.008 5 ALEXANDER

e ~ ~ We do not use the following data for averages, fits,

90 CLEO e+ e 10.5-11
GeV

limits, etc. e o o

r(Ko'IIo)/r(K+ K )- r119/"11$
VALUE EVTS DOCUMEN T ID TECN COMMEN T

0.24+ ' OUR FIT

0.2I+0.16 4 CUMALAT 88 SPEC n IV 0-800 GeV

Includes a correction communicated to us by the authors of CUMALAT 88.

r(KOK-sr+)/I (K sr+) rtso/r21
VAL UE DOCUMENT ID TECN COMMENT

0.157+0.021 OUR FIT Error includes scale factor of 1.1.
0.16 +0.06 ANJOS 91 E691 p Be 80-240 GeV

6 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted.

r(Ko K-n+)/rPPn+9-) rtso/rss
VALUE EVTS DOCUMEN T ID TECN COMMEN T

0.120+0.010 OUR FIT Error includes scale factor of 1.2.
0.110+0.021 OUR AVERAGE Error includes scale factor of 1.3.
0.10840.019 61 AMMAR 91 CLEO e+ e = 10.5 GeV

0.16 +0.03 +0.02 39 ALBRECHT 90C ARG e+e = 10 GeV

r(R'(892)o Ko)/r(K-s+) I 126/r21
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ ~

0.00 0 00
9 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.

&0.016 90 ALBRECHT 90C ARG e+ e 10 GeV

I (K+K )/I totgi
VAL UE DOCUMENT ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0051+P'g)11 BARLAG 92C ACCM m Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

rlls/r
I (K'(892)oK )/I (P sr+9 ) rtsg/rss

Unseen decay modes of the K'(892) are included.

VAL UE CL 9/o DOCUMEN T ID TECN COM MEN T

&0.020 90 AMMAR 91 CLEO e+ e = 10.5 GeV

e e o We do not use the following data for averages, fits, limits, etc. ~ ~ o

&0.03 90 ALBRECHT 90C ARG e+e = 10 GeV

r(K+ K-)/r(K-&+)
VALUE

0.113+OA$6 OUR FIT
0.113+OARS OUR AVERAGE

0.109+0.007+0.009

0.107+0.029+0.015
0.13860.027+0.010
0.16 +0.05
0.107+0.010k 0.009
0.10 +0.02 +0.01
0.117+0.010+0.007

0.12260.018+0.012
0.113+0.030

r(K+ K-)/r(n+n-)

EVTS

581

103
155
34

193
131
249

118

DOCUMENT ID

I 11$/I 21
TECN COMMEN T

FRABETTI 94C E687

92 0MEG
92 E687
91B NA14

91D E691
90C ARG

90 C LEO

ADAMOYICH
FRABETTI
ALVAREZ

ANJOS
ALBRECHT
ALEXANDER

BALTRUSAIT. .$5E MRK3
ABRAMS 790 MRK2

pBe E = 220
GeV
340 GeV

yBe
Photoproduction
Photoproduction
e+e = 10 GeV
e+ e 10.5-11

GeV
e+ e 3.77 GeV
e+ e 3,77 GeV

I 11$/I 112
The unused results here are redundant with I (K+ K )/l (K ~+) and

I (~+ x )/f (K 2r+) measurements by the same experiments.
VAL UE EVTS DOCUMEN T ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.53+0.46+0.19 FRABETTI 94C E687 pBe E = 220 GeV

2.23 +0.81+0.46 ADAMOVICH 92 OMEG 2r 340 GeV
1.95+0.34 +0.22 AN JOS 91D E691 Photoproduction

2.5 +0.7 ALBRECHT 90C ARG e+ e 10 GeV

2.35+0.37+0.28 110 ALEXANDER 90 CLEO e+ e 10.5-11 GeV

r(K'(S92)+ K )/r(K n+)- rts? lr21
Unseen decay modes of the K'(892)+ are included.

DOCUMENT ID TECN COMMENT

I (K'(892)+K )/I PPsr+n ) rtsr/rss
Unseen decay modes of the K*(892)+ are included.

VALUE EVTS DOCUMEN T ID

0.064+0.014 OUR FIT
0.05S+0.014 OUR AVERAGE

0.064 60.018 23
0,05 +0.02 +0.01 15

TECN COMM EN T

AMMAR 91 CLEO e+e = 105 GeV

ALBRECHT 90C ARG e+ e 10 GeV

I (K K n+nonrogonsnt)/I (K n+) rtss/r21
VAL UE DOCUMENT ID TECN COMMENT

0.06+0.06 71 ANJOS 91 E691 yBe 80—240 GeV

" The factor 100 at: the top of column 2 of Table I of ANJOS 91 should be omitted.

rPPK+n )/r(K n+)-- rtsg/r21
TECN COMMEN TVAL UE

0.123+0.025 OUR FIT
0.10 +0.05 ANJOS 91 E691 yBe 80—240 GeV

72The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted.

DOCUMENT ID

VAL UE

0.0%+0.010 OUR FIT

0.16 +0'06 70 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.

r(KolP)/ron, t I 119/I
VALUE CLpli DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

&0.0046 90 ADLER 88C MRK3 e+e 3.77 GeV

rPP K+n-)/rPPn+n-)
VALUE EVTS

0.091+0.01S OUR FIT
0.00e+0.020 55

DOCUMENT ID

AMMAR

TECN COM MEN T

rtsg/rss

91 CLEO e+e = 10.5 GeY
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I (K (892}oP)/I (K e+) rise/r21 r(K+ K-e+e-P)/ron, l I 1$$/I

K'(892}og )/I-pp„+sf-) I 1$$/rss
Unseen decay modes of the K~(892) are included.

CL 5 DOCUMENT ID

90 AMMAR

VALUE

e 0.015
TECN COMMENT

91 CLEO e+ e 10.5 GeV

Unseen decay modes of the K~(892) are included.
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

p 00 +0.04—0.00
73 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.

VAL UE DOCUMENT ID TECN COMMENT

0.0031+0.~ 1BARLAG 92C ACCM x Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

Rare or forbidden modes

VALUE

0.0077+OAN25+0. 002S

TECN COMMENT

94 CLEO e+ e
V'(4S)

r(K+K-)/r(K- e+) rldd/r21
The measurements here cannot distinguish between doubly Cabibbo suppressed decay
and/or Dp 5 mixing.

CL S EVTS

19

I (K'(892} K+)/I (K e+)
Unseen decay modes of the K*(892) are included.

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

rise/r21
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.011 90 AMMAR 91 CLEO e+ e - 10.5
GeV

&0.015 90 2 AN JOS 88C E691 Photoproduc-
tion

p pp+ 0.03—0.00
74 ANJOS 91 E691 yBe 80-240 GeV

74The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted.

r(K (892}-K+)lrpfoe+K-) r1$$/rss
Unseen decay modes of the K*(892) are included.

VALUE EVTS DOCUMEN T ID TECN COMM EN T

0.0$l+0.01$ 12 AMMAR 91 CLEO e+ e - 10.5 GeV

I PP K+K non assonant)/I (K o+) rtsy/r21
VALUE DOCUMENT ID TECN COMMENT

0.10+0'08 ANJOS 91 E691 y Be 80-240 GeV

The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitt+.

r(K+K e+e )/l(K $'+a+2 ) r12$/rso
VALUE EVTS

0.020 +0.006 OUR AVERAGE

0.031460.010 89

0.028 +—0.007

r(I9e+e-)/ron, l

DOCUMENT ID

AMMAR

ANJOS

TECN COMMENT

91 CLEO e+ e 10.5 GeV

91 E691 p Be 80-240 GeV

I too/C
Unseen decay modes of the P are included.

VALUE DOCUMENT ID TECN COMMENT

0.~+0.0007 BARLAG 92C ACCM 2r Cu 230 GeV

BARLAG 92C computes the branching fraction using topological norrnalizatlo.

r1do/rso

r(I()i o)/r(K-e+e+e-) rtdt/rsa
Unseen decay modes of the f are included.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.024+0.006 34 AMMAR 91 CLEO e+ e 10.5 GeV

The AMMAR 91 $2r+yr events are consistent with being entirely ttlp,

I (K'(8%} K e++c.c.)/I (K 2+e+sf )
Unseen decay modes of the K~(892)0 are included.

VALUE DOCUMENT ID TECN

0 010+oe016 A N JOS 91 E691

r1$2/rso

COMMENT

p Be 80-240 GeV

C(K (892}o}r'{892}o)/I(K-e+ sf+ sr rlds/rso
Unseen decay modes of the K~(892) and K~(892) are included.

VALUE CL S EVTS DOCUMEN T ID TECN COMMEN T

0.036 0.016
+0.020 11 AN JOS 91 E691 p Be 80-240 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

&0.033 90 79 AMMAR 91 CLEO e+ e = 10.5 GeV

79A corrected value (G. Moneti, private communication).

I (K+K e+e non-g)/I total
VAL UE DOCUMENT ID TECN COMMENT

0.0017+0.0005 BARLAG 92C ACCM sr Cu 230 GeV

BARLAG 92C computes the branching fraction using topological normalization.

I (K+ K e+e nonreaonant)/I (K e+ sr+a' )
VALUE DOCUMENT ID

0 001 +Oa011-0.001 ANJOS

rtsg/rso
TECN COMMENT

91 E691 pBe 80-240 GeV

r((()e+e-)/r(K-e+e+e-)
Unseen decay modes of the tth are included.

VAL UE EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

Oe0076 0'pp49 3 77 ANJOS 91 E691 p Be 80-240 GeV

77This ANJOS 91 result is inconsistent with the higher-statistics result of AMMAR 91 on

happ.

I (K+2 (vial })/I (K tf+) rtda/r21

I (K+K+K e )/I (K e+e+e )
Doubly Cabibbo suppressed.

VALUE CL S EVTS DOCUMENT ID

&OA)18 90 AMMAR
&Oe018 90 5 ANJOS

f (Is anything (via 1P})/I (Is+ anything)

rldo/rso

TECN COMMENT

91 CLEO e+e - 10.5 GeV
88C E691 Photoproduction

rtdy/rs
This is a D -D mixing limit. See the somewhat better limit above on D ~ K+sr
(via ~D) ~

VALUE CL f('a DOCUMENT ID TECN COMMENT

gO,hARt 90 LOUIS 86 SPEC 2r W 225 GcV
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.012 90 BENVENUTI 85 CNTR I$C, 200 GeV
&0.044 90 BODEK 82 SPEC 2r, pFe ~ D

r(e+e-)/ron I rsda/r
A test for the Lh, C = 1 weak neutral current. Allowed by first-order weak interaction
combined with electromagnetic interaction.

VALUE CL% EVTS DOCUMEN T ID TECN COMMENT

e1.3g10 l ADLER 88 MRK3 e+e 3.77 GeV
~ ~ ~ We do not use the following data for averages, fits, limits. etc. ~ ~ ~

&1.7 x 10 90 7 ALBRECHT 88G ARG e+ e 10 GeV
&2.2 x 10 90 8 HAAS 88 CLEO e+ e 10 GeV

The branching ratios are normalized to B(D ~ K x+) using ADLER 88C.
The branching ratios are normalized to D ~ K 2r+, D+ ~ K ~+++.and D~+ ~
D yr+ using ADLER 88C.

r(I+I )/roe I r1de/r
A test for the 6, C = 1 weak neutral current. Allowed by first-order weak interaction
combined with electromagnetic interaction,

VALUE CL'I('a EVTS DOCUMENT ID TECN COMMENT

e 1.1x 10 5 90 LOUIS 86 SPEC yr W 225 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&7.0 x 10 90 3 6 ALBRECHT 88G ARG e+ e 10 GeV
&3.4 x 10 90 AUBERT 85 EMC Deep inelast. Ig N

The branching ratios are normalized to B(D ~ K sr+), using ADLER 88C.

rpP e+e-)/roe, l rtso/r
A test for the lh, C = 1 weak neutral current. Allowed by first-order weak interaction
combined with electromagnetic interaction.

VALUE CL% DOCUMENT ID TECN COMMENT

&0.0017 90 ADLER 89C MRK3 e+e 3.77 GeV

This is a Dp-5 mixing limit.
VALUE CLS EVTS DOCUMENT ID TECH COMMENT

&0.0037 90 1 AN JOS 88C E691 Photoproduction
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.014 90 ALBRECHT 87K ARG e+ e 10 GeV
&0.04 90 ABACHI 860 HRS e+ e 29 GeV
&0.07 90 0 82 BAII EY 86 ACCM ~ Be fixed target
&0.11 90 2 ALBRECHT 85F ARG e+ e 10 GcV
&0.081 90 YAMAMOTO 85 DLCO e+ e 29 GeV
&0.23 90 ALTHOFF 848 TASS e+ e 34.4 GeV
&0.11 90 83 AVERY 80 SPEC PN h D +
&0.16 90 FELDMAN 778 MRK1 D + ~ D yr+

&0.18 90 83 GOLDHABER 77 MRK1

ThiS meaSurement aCtually COmeS frOm COmbining reSultS On K+ 2r+ 2r+ 2r and K+ 2r+
modes. See also the data block on ~mDo

—m e[ near the beginning of the DO Listings.
1 2

Results given as I (K+n )/[I (K n+)+I (K+n )I but do not change slgnitlcantly
for our denominator.
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I {pee+e )/rtet i
A test for the b, C = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL UE CL% EVTS DOCUMENT ID TECN COM MEN T

&4.5 x 10 4 90 2 8" HAAS 88 CLEO e+ e 10 GeV

The branChing ratiOS are nOrmaliZed to D K 7r+, 0+ K 7r+ 7r+, and 0*+—
0 7r+ using ADLER 88C.

r{pep+» }/rue i
A test for the DC = 1 weak neutral current. Allowed by higher-order electroweak
interactions.

VAL UE CL% EVTS DOCUMENT ID TECN COMMEAIT

&$.1 X 10 90 5 HAAS 88 CLEO e+ e 10 GeY

8The branching ratios are normalized to D0 ~ K 7r+, 0+ K 7r+7r+, and D*+-
D 7r+ USing ADLER 88C.

r {p+e+)/r~i
A test of lepton family number conservation.

VALUE CL% EVTS DOCUMENT ID TECN COMMENT

& 1.0 X 10 90 4 ALBRECHT 88G ARG e+ e 10 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

( 2.7x10 " 90 9 HAAS 88 CLEO e+ e 10 GeV

1.2 x 10 90 BECKER 8?C MRK3 e+e 3.77 GeV

( 9 x 10 90 PALKA 87 SILI 200 GeV 7r p
(21 x 10 4 90 0 91 RILES 87 IVIRK2 e+e 29 GeV

8 The branChing ratiOS are nOrmaliZed tO B(D ~ K 7r+) uSing ADLER 88C.

The branching ratios are normalized to 0 ~ K 7r+, 0+ —+ K 7r+7r+, and D*~-
D 7r+ uSing ADLER 88C.
RILES 87 assumes B(D ~ K7r) = 3.0% and has production model dependency.

De PRODUCTION CROSS SECTION AT Q(3770)

A compilation of the cross sections for the direct production of 0 mesons
at or near the g(3770) peak in e+ e production.

VA L UE (nanobarns) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

5.8 +0.5 +0.6 ADLER 88C MRK3 e+ e 3.768 GeV

7.3 4 1.3 PARTRIDGE 84 CBAL e+ e 3.771 GeV

8.00 +0.95+ 1.21 94 SCHINDLER 80 MRK2 e+ e 3 771 GeV

11.5 +2.5 95 PERUZZI 77 MRK1 e+ e 3.774 GeV

This measurement compares events with one detected 0 to those with two detected D
mesons, to determine the the absolute cross section. ADLER 88C find the ratio of cross
sections (neutral to charged) to be 1.36 6 0.23 + 0.14.
This measurement comes from a scan of the @(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 @(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 Q(3770) are included in this measurement and

may amount to a few percent correction.
"This measurement comes from a scan of the 7I((3770) resonance and a fit to the cross

section. SCHINDLER 80 assume the phase space division of neutral and charged D
mesons in @(3770)decay to be 1.33, and that the f(3770) is an isosinglet. The noncharm
decays (e.g. radiative) of the Q(3770) are included in this measurement and may amount
to a few percent correction.
This measurement comes from a scan of the 7I((3770) resonance and a fit to the cross
section. The phase space division of neutral and charged D mesons in @(3770) decay
is taken to be 1.33, and @(3770}is assumed to be an isosinglet. The noncharm decays
(e.g. radiative} of the Q(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.

00 5o DECAY ASYMMETRY PARAMETER

[l(De K+K )—IgP K+K )I/SUM
VALUE CL eA DOCUMENT ID TECN COMMENT

(OA5 90 AN JOS 910 E691 Photoproduction

ANjOS 910 is a limit on the time-independent asymmetry for direct CP violation.

94
94
94C
94D
94
93
93D
93
93C
93l
93B
93B
93
92
92P
92B
92C
92C
90D
92B
90
92
92B
91B
91
91
91D
91
91
91B
91J
91
91
91
90C
90
90B
90
90D
90C
89
89C
89D
89F
88
88
88C
88G
881
&8
88C

0 88
89D
88
88
88
87
87
8TD
88B
87E
88B
87F
88
8?E
87K
87B
8TC
870
87
87
87
86D
86
86
86
86
86
86B
85B
85F
85
85
85B
85E
85
85
84B
84B
84
84
84
83B
82
81
81
81
80E
80
80
80
81

ABRAMS
ATIYA
BALTAY
VUILLEM IN

FELDMAN
GOLDHABER
PERUZZI
PICCOLO
RAP IDIS
GOLDHABER

79D
79
78C
78
77B
77
77
?7
77
76

ALBRECHT
CINABRO
FRABETTI
FRABETTI
PDG
AKERIB
ALBRECHT
ANJOS
BEAN
FRABETTI
KODAMA
PROCARIO
SELEN
ADAMOVICH
ALBRECHT
AN JOS
AN JOS
BARLAG

Also
COFFMAN

Also
FRABETTI
FRABETTI
ALVAREZ
AMMAR
AN JOS
AN JOS
BAI
COFFMAN
CRAWFORD
DECAMP
FRABETTI
K I NOSHITA
KODAMA
ALBRECHT
ALEXANDER
ALEXANDER
ALVAREZ
AN JOS
BARLAG
ADLER
ADLER
ALBRECHT
AN JOS
ABACHI
ADLER
ADLER
ALBRECHT
ALBRECHT
AMENDOLIA
AN JOS
BORTOLETT

Also
CUMALAT
HAAS
RAAB
ADA MOVIC H

ADLER
AG VILA R-...

Also
AGUILAR-. ..

Also
AG VILA R-...

Also
ALBRECHT
AI.BRECHT
BARLAG
BECKER

Also
CSORNA
PALKA
RILES
ABACHI
ABE
BAILEY
BEBEK
GLADNEY
LOUIS
USHIDA
ALBRECHT
ALBRECHT
AUBERT
BAILEY
BALTRUSAIT
BALTRUSAIT
BENVENUTI
YAMAMOTO
ADAMOVICH
ALTHOFF
DERRICK
PARTRIDGE
SUMMERS
BAILEY
BODEK
FIORINO
SCHINDLER
TRILLING
ASTON
AVERY
SCHINDLER
ZHOLENTZ

Also

Oo REFERENCES

PL B324 249
PRL 72 1406
PL B321 295
PL B323 459
PR D50 1173
PRL T1 3070
PL B308 435
PR D48 56
PL B317 647
PL B315 203
PL 8313 260
PR D48 4007
PRL 71 1973
PL B280 163
ZPHY C56 7
PR D46 R1
PR D46 1941
ZPHY C55 383
ZPHY C48 29
PR D45 2196
PRL 64 2615
PL B281 167
PL 8286 195
ZPHY C50 11
PR D44 3383
PR D43 R635
PR D44 R3371
PRL 66 1011
PL B263 135
PR D44 3394
PL B266 218
PL B263 584
PR D43 2836
PRL 66 1819
ZPHY C46 9
PRL 65 1184
PRL 65 1531
ZPHY C47 539
PR 042 2414
ZPHY C46 563
PRL 62 1821
PR D40 906
ZPHY C43 181
PRL 62 1587
PL B205 411
PR D37 2023
PRL 60 89
PL 8209 380
PL B210 267
EPL 5 407
PRL 60 1239
PR 037 1719
PR D39 1471 er
PL B210 253
PRL 60 1614
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 C33 359
PL B199 44'7

ZPHY C37 17
PL B193 147
PL B198 590 e«
PL B191 318
PL B189 238
PR D35 2914
PL 8182 101
PR 033 1

ZPHY C30 51
PRL 56 1893
PR D34 2601
PRL 56 1027
PRL 56 1771
PL 1588 525
PL 150B 235
PL 155B 461
ZPHY C28 357
PRL 54 1976
PRL 55 150
PL 158B 531
PRL 54 522
PL 140B 123
PL 138B 31T
PRL 53 1971
Thesis CALT-68-
PRL 52 410
PL 132B 237
PL 113B 82
LNC 30 166
PR D24 78
PRPL 75 5?
PL 941 113
PRL 44 1309
PR D21 2716
PL 96B 214
SJNP 34 814
Translated from Y
PRL 43 481
PRL 43 414
PRL 41 73
PRL 41 1149
PRL 38 1313
PL 698 503
PRL 39 1301
PL ?OB 260
PRL 39 526
PRL 37 255

OTHER RELATED PAPERS

+Ehrlichm ann, Ham acher+ (ARGUS Collab. j
+Henderson, Liu, Saulnier+ (CLED Collab, )
+Cheung, Cumalat+ (FNAL E687 Collab. )
+Cheung, Cumalat+ (FNAL E687 Collab. )

Monta net+ (CERN, LBL, HOST, IFIC+)
+Barish Chadha Chan~ (CLEO Collab. )
+Ehrlichmann, Hamacher+ (ARGUS Collab. )
+Appel, Bean, Bracker+ (FNAL E691 Collab. )
+Gronberg, Kutschke, Menary+ (CI EO Collab. )
+Bogart, Cheung, Culy+ (FNAL E687 Co!lab.)
+Ushida, Mokhtarani+ (FNAL E653 Collab. )
+Yang, Akerib, Barish+ (CLEO Collab. )
+Sadoff, Ammar, Ball+ (CLEO Collab. )
+Alexandrov, Antinori+ (CERN WA82 Collab. )
+Cronstroem, Ehrlichmann+ (ARGUS Collab. )
+Appel, Bean, Bracker+ (FNAL E691 Collab. )
+Appel, Bean, Bracker+ (FNAL E691 Collab. )
+Becker, Bozek, Boehringer+ {ACCMOR Coltab. )

Barlag, Becker, Boehringer, Bosman+ (ACCMOR Collab. )
+DeJongh, Dubois, Eigen+ (Mark III Collab. )

Adler, Blaylock, Bolton+ (Mark III Collab. )
+Bogart, Cheung, Culy+ (FNAL E687 Collab. )
+Bogart, Cheung, Culy+ (FNAL E687 Collab, )
+Barate, Bloch, Bonamy+ (CERN NA14/2 Collab. )
+Baringer, Coppage, Davis+ (CLEO Collab. )
+Appel, Bean, Bracker+ (FNAL- TPS Collab. )
+Appel, Bean, Bracker+ (FNAL-TPS Collab. )
+Bolton, Brown, Bunnell+ (Mark III Collab. )
+DeJongh, Dubois, Eigen, Hitlin+ (Mark III Collab. )
+Fulton, Gan, Jensen+ (CLEO Collab. )
+Deschizeaux, Goy, Lees+ (ALEPH Co!lab.}
+Bogart. Cheung, Culy+ (FNAL E687 Collab. )
+Plpkin, Procario, Wilson+ (CLED Collab. )
+Ushida, Mokhtarani, Paolone+ (FNAL E653 Collab, )
+Glaeser, Harder, Krueger+ (ARGUS Co!lab, )
+Artuso, Bebek, Berkelman+ (CLEO Collab. )
+Artuso, Bebek, Berkelman+ (CLEO Coliab. }
+Barate, Bloch, Bonamy+ {CERN NA14/2 Collab. )
+Appel, Bean, Bracker+ (FNAL E691 Collab. )
+Becker, Boehringer, Bosman+ (ACCMOR Collab. )
+Becker, Blaylock. Bolton+ (Mark III Collab. )
+Bai, Becker, Blaylock, Bolton+ (Mark III Collab. )
+Boeckmann, Glaeser, Harder+ (ARGUS Collab. j
+Appel, Bean, Bracker, Browder+ (FNAL E691 Collab. )
+Akerlof, Baringer+ (HRS Collab, )
+Becker, Blaylock+ (Mark III Collab. )
+Becker, Blaylock+ (Mark III Collab. )
+ Boeckmann, Glaeser i (ARGUS Collab. )
+Boeckmann, Glaeser+ (ARGUS Cotlab. )
+ Bagliesi, Batignani+ (NAl Collab. )
&Appel+ (FNAL E691 Collab, )
+Goldberg, Horwitz, Mestayer, Moneti+ {CLEO Collab. )

raturn

+Shipbaugh, Binkley+ {E-400 Collab. )
~Hempstead, Jensen+ (CLED Collab. )
+Anjos, Appel, Bracker+ (FNAL E691 Collab. )
+Alexandrov, Bolta+ (Photon Emulsion Collab. )
~Becker, Blaylock, Bolton+ (Mark III Collab. )

Aguilar-Benitez, Allison+ (LEBC-EHS Collab. )
Aguilar-Benitez, Allison, Bailly+ (LEBC-EHS Collab. )
Aguilar-Benitez, Allison+ (LEBC-EHS Coilab. )
Aguilar-Benitez, Allison, Bailly+ (LEBC-EHS Collab. )
Aguilar-Benitez, Allison+ (LEBC-EHS Collab, j

erratum
+Binder, Boeckmann, Glaser+ (ARGUS Collab, }
+Andam, Binder, Boeckmann+ (ARGUS Collab. j
+Seeker, Boehringer, Bosman+ (ACCMOR Collab. j
+Blaylock, Bolton, Brown+ (Mark III Collab. j

atum Becker, Blaylock, Bolton+ (Mark III Collab. )
+Mestayer, Panvini, Word+ (CI EO Collab. )
+Bailey, Becker, Belau+ (ACCMOR Collab. )
+Dorfan, Abrams, Amidei+ (Mark II Collab. )
+Akerlof, Baringer, Ballam+ (HRS Collab, )

(SLAC Hybrid Facility Photon Collab. )
+Belau, Boehringer, Bosman+ {ACCMOR Collab. )
~Berkelman, Blucher, Cassel+ (CLED Collab. )
+Jaros, Ong, Barklow+ (Mark II Collab. )
+Adolphsen, Alexander+ (PRIN, CHIC, ISU)
+Kondo+ (AICH, FNAL, KOBE, SEOU, MCGI+j
+Binder, Harder, Philipp+ (ARGUS Collab. )
+Binder, Harder, Philipp+ {ARGUS Collab. )
+Bassompierre, 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, j
+Braunschweig, Kirschfink+ (TASSO Collab, j
+Fernandez, Fries, Hym an+ (HRS Collab, )

1150 (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, j
+Alam, Boyarski, Breidenbach+ (Mark II Collab. j

(LBL, UCB) J
+ (BONN, CERN, EPOL. GLAS, LANC, MCHS+)
+Wiss, Butter, Gladding+ {ILL, FNAL, COLU)
+Siegrist, Alam, Boyarski+ (Mark II Collab. }
+Kurdadze, Lelchuk, Mishnev+ (Novo)

Zholentz, Kurdadze, Lelchuk+ (Novo)
AF 34 1471.

+Alam, Blocker, Boyarski+ (SLAC, LBL)
+Holmes, Knapp, Lee+ {COLU. I L, FNAL)
+Caroumbalis, French, Hibbs, Hylton+ (COLU, BNL)
+Feldman, Feller+ {LBL, SLAC, NWES, HAWA)

+Peruzzi, Piccolo, Abrams, Alam+ (SLAC, LBL)
+Wiss, Abrams, Alam+ (LBL, St.AC)
+Piccolo, Feldman+ (SLAC, LBL, NWES, HAWA)
+Peruzzi, Luth, Nguyen, Wiss, Abrams+ (SLAC, LBL)
+Gobbi, Luke, Barbaro-Galtieri+ (Mark I Collab. }
~Pierre, Abrams, Alam+ (LBL, SLAC}

MORRISON ARNPS 39 183 +Witherell (UCSB)
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D*(2007)0, D'(2010)+

D*(2007)0
l, J, P need confirmation.

J consistent with 1, value 0 ruled out (NGUYEN 77).

r7 {2007)o MASS

The fit includes D+, D, D, D»+, D», and D mass and mass
difference measurements.

D'(2007)o REFEREIIICES

BORTOLETTO 92B PRL 69 2046
BUTLER 92 PRL 69 2041
ABACHI 8&B PL B212 533
ADLER 8&D PL B208 152
LOW &7 PL B183 232
BARTEL 85G PL 161B 197
COLES 82 PR D26 2190
SADROZINSKI 80 Madison Conf. 681
GOLDHABER 77 PL 69B 503
NGUYEN 77 PRL 39 262
GOLDHABER 76B SLAC Conf. 379

Available as LBL-5534.

+Brown, Dominick+ (CLEO Collab. )
+Fu. Kalbfleish+ (CLEO Collab. )
+A keriof+ (ANL, IND, MICH, PURD, LBL)
+Becker+ (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+ (LBL, SLAC)
+Wiss, Abrams, Alam, Boyarski+ (LBL, SLAC) J

(LBL, SLAC)

TECN COMMENTVAL UE (MeV)

2005.7+O.S OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2006 + 1.5 1GOLDHABER 77 MRKl e+e
From simultaneous fit to D»(2010)+, D»(2007), D+, and D .

OTHER RELATED PAPERS

+Pierre, Abrams, Alam+

KAMAL 92 PL B284 421 +Xu
TRILLING 81 PRPL 75 57
FELDMAN 77C Banff Sum. Inst. 75
GOLDHABER 76 PRL 37 255

(ALBE)
(LBL, UCB)

(5LAC)
(LBL. SLAC)

m~(~ —m~

The fit includes D+, D, D, D»+, D», and D' mass and mass
difference measurements.

D*(2010)+ I(~)=Z(1)
I, J, P need confirmation.

VAL UE (MeV) TECN COMMENT

142.12+0.07 OUR FIT
142.12+0.05+0.OS 1176+ BORTOLETTO92B CLE2 e+ e ~ hadrons

50
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

142.2 +2.0 SADROZINSKI 80 CBAL D -+ D 7r

142.7 +1.7 GOLDHABER 77 MRK1 e+ e

From simultaneous fit to D»(2010)+, D'(2007), D+, and D .

DOCUMENT ID

De{2007)O WIDTH

VAL UE (MeV) CL ~A DOCUMENT ID TECN COMMENT

&2.1 90 ABACHI SSB HRS D» ~ D+ 7r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&5 GOLDHABER 76B MRK1 e+e ~ D»D»

Assuming mo, 0
—2007.2 + 2.1 MeV/c .

De(2007}O DECAY MODES

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

Mode

r, O0~0
I 2 D0P

Fraction (I I /I )

(63.6+2.8) %
(36.4+2.8) %

x2

X1

De(2007}O BRANCHIMG RATIOS

r(Dosro)/[r(D sr ) + r(Do7)] I t/(I t+rq}
VALUE EVTS

0.636+0.028 OUR FIT
0.636+0.023+0.033 1097+

59

r(D/a7)/[r(Do/) + r(D/s7)]

DOCUMENT ID

BUTLER

TECN COM MEN T

92 CLE2 e+ e ~ hadrons

r*/(I t+r2)
VALUE EVTS
0.364+0.02$ OUR FIT
O.SSl+0.023+0.033 6216

52
~ ~ ~ We do not use the following

0.37 +0.08 +0.08
0.47 +0.23
0.53 +0.13
0.47 +0.12
0.45 +0.15

DOCUMENT ID TECN COMMEN T

BUTLER 92 CLE2 e+ e hadrons

data for averages, fits. limits,

ADLER SSD MRK3
LOW 87 HRS
BARTEL 85G JADE
COLES 82 MRK2
GOLDHABER 77 MRK1

etc. ~ ~ ~

e+e
29 GeV e+e
e+ e, hadrons
e+e
e+e—

CONSTRAINED FIT INFORMATION

An overall fit to 2 branching ratios uses 2 measurements and one
constraint to determine 2 parameters. The overall fit has a X
0.0 for 1 degrees of freedom.

The following otF-'diagonal array elements are the correlation coefficients

(bx;bx&)/{bx; bx&), in percent, from the rit to the branching fractions, x;
r, /rtotal The fit constrains the x; whose labels appear in this array to sum to

one.

D'(2010)+ MASS

The fit includes D+, D, D, 0»+, D», and D mass and mass
difference measurements.

TECN CHG COMMENT

mph'(2010)+

m0+

The fit includes D+, D, D, D +, D», and D* mass and mass
difference measurements.

VALUE (Mev)

140.%+0.lS OUR FIT
140.&+0.OB+OAS 620 +

42

DOCUMENT ID TECN COMMENT

BORTOLETTO92B CLE2 e+ e ~ hadrons

m~(20M)+ —
mph'

The fit includes D+, D, D, D»+, D, and D* mass and mass
difference measurements.

VALUE(MeV) EVTS DOCUMENT ID

14a42+0.05 OUR RT
145.42+0.04 OUR AVENGE
145.3960.0660.03 BARLAG 92B ACCM

145.40+0.05+0.10 ABACHI SSB HRS

145.46+0.07+0.03 ALBRECHT 85F ARG

145.8 j1.5 16 AHLEN 83 HRS
145.1 +1.8 12 BAILEY 83 SPEC

145.5 +0.3 28 BAILEY 83 SPEC
145.1 +0.5 14 BAILEY 83 SPEC
145.5 +0.5 14 YELTON 82 MRK2
145.5 +0.3 60 FITCH 81 SPEC
145.2 +0.6 2 BLIETSCHAU 79 BEBC
145.3 +0.5 30 FELDMAN 778 MRK1

~ ~ ~ We do not use the following data for averages, fits, limits,

145.5 +0.2 115 3 ALEXANDER 91B OPAL
145.30+0.06 3 DECAMP 91J ALEP

~ 145.5 AVERY 80 SPEC

Systematic error not evaluated.

TECN COMMENT

230 GeV
D»+ ~ D07r+
D'~ O0~+
D*+ D0~+
D»+ ~ D07r+
D + —a O07r+
o ~ D0~+
29 e+e ~ K 7r+
7r A

VP
D + ~ D07r+
etc. ~ ~ ~

D + ~ D07r+
o'+ o0~+
pA

mph'(2010)+

mph'(2007

jy

VALUE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.6+ 1.8 4 PERUZZI 77 MRK1 e+ e

Not independent of FELDMAN 77B mass dIfference above, PERUZZI 77 D mass, and
GOLDHABER 77 D (2007) mass.

VALUE (MeV) DOCUMENT ID

2010A)+04 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2008 +3 1GOLDHABER 77 MRK1 6 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 77B mass difference below.

2PERUZZI 77 mass not independent of FELDMAN 77B mass difference below and PE-
RUZZI 77 D mass value.



1594

Meson Full Listings
D*(2010)+,01(2420)

D'(2010)+ WIDTH

VALUE (MeV)

&0.131
~ ~ ~ We do not

&1,1
g2.2

(2.0

CL 5 EVTS DOCUMENT ID TECN COMMENT

30

De(2010)+ DECAY MODES

D~(2010) modes are charge conjugates of the modes below.

90 110 BARLAG 92B ACCM 2r 230 GeV

use the following data for averages, fits, liinits, etc. o ~ ~

90 ABACHI 88B HRS D*+ DQ Tr+

YELTON 82 MRK2 e+e ~ K x+~
90 FELDMAN 77B MRK1 D~+ ~ D x+

OTHER RELATED PAPERS

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)
+Ftscher, Burkhardt+ (TASSO Collab. )
+ (HARV, OSU, ROCH, RUTG, SYRA, VAND+)

(LBL, UCB)
+Piccolo, Feldman, Nguyen, Wiss+ (SLAC, LBL)

01(2420)'
l, J, P need confirmation.

Seen in D'(2010) 7r . J = 1+ according to ALBRECHT 898
and ALBRECHT 89H.

Mode

r, o
D+T0

I3 0+P

Fraction (I;/I )

(68.1+1.3) %
(30.8 +0.8) %

1 1+1.4) oj

CONSTRAINED FIT INFORMATION

An overall fit to 3 branching ratios uses 3 measurements and one

constraint to determine 3 parameters. The overall fit has a X

0.0 for 1 degrees of freedom.

The following off diagonal array elements are the correlation coefficients

~

~

~

~

~bx, bxz)/lbx, "bx&), in percent, from the fit to the branching fractions, x,.

C;/f «tai. The fit constrains the x; whose labels appear in this array to sum to
one.

Dt(2420)o MASS

2428 k3 +2

WEIGHTED AVERAGE
2422.8~3.2 (Error scaled by 1.6)

VALUE (Mev) EVTS DOCUMEN T ID TECN

2422.8+3.2 OUR AVERAGE Error includes scale factor of 1.6.
2422 +2 +2 51 + FRA BETTI 94B E687

18
279+ AVERY 90 CL EO

34
2414 +2 +5 171+ ALBRECHT 89H ARG

22
~ ~ ~ We do not use the following data for averages, fits, limits,

2 2 k 8 k 5 171—58 AN JOS 89C TPS

COMMENT

See the ideogram below.

p8e ~ D'+~ X

e+e ~ D+n X

e+ e — D~+ vr X

etC. 0 ~ 0

pN~ D+~ X

X2

X3

—24

-81 -38
X1 X2

r(oo~+)/roo„

De(2010)+ BRANCHING RATIOS

TECN COMMEN TVALUE

0.6B1+0.013 OUR FIT
0.681+0.010+0.013 BUTLER 92 CLE2 e+ e ~ hadrons

~ ~ ~ We do not use the following data for averages, fits, Iiinits, etc. ~ ~ ~

0.57 +0,04 +0.04 ADLER 88D MRK3 e+e
0.44 +0.10 COLES 82 MRK2 e+e
0.6 +0.15 GOLDHABER 77 MRK1 e+ e

Assuming that isospin is conserved in the decay,

DOCUMENT ID

r(D+~o)/roo, t

VALUE

0.%0+0.00 OUR RT
0.30+O. IN+0.001 410+

29
~ ~ ~ We do not use the following

EVTS

0.26 +0.02 +0.02
0.34 +0.07

r(D+~)/rooai

DOCUMENT ID TECN COMMEN T

BUTLER 92 CLE2 e+ e ~ hadrons

data for averages, fits, limits. etc. i 0 ~

ADLER 88D MRK3 e+e
COLES 82 MRK2 e+ e

TECN COM MEN TEVTS DOCUMENT IDVALUE

0 011+ 0 OUR FIT-OAXP

0.011+0.014+0.011 12 + BUTLER 92 CLE2 e+ e ~ hadrons
23

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.17 +0.05 +0.05 ADLER 88O MRK3 e+e
0.22 +0.3.2 6 COLES 82 MRK2 e+ e

6 Not independent of I (D 2r+)/ total and I (D+2r0)/ total measurement.

X
94B E687 0.1

90 CLEO 2.1

89H ARG 2.7
4.8

(Confidence I evel = 0.089)
I

2450

RABETTI
YERY
LBRECHT

2400 2410 2420 2430 2440

D1(2420) mass (MeV)

VALUE(Mev) EVTS

18+
4 OUR AVERAGE

2420)o WIDTH

DOCUMENT ID TECN COMMENT

15+ 8+ 4

23+ 8+10
6 — 3

13+ 6+
5

o e BWedo

58+14+10

FRABETTI 94B E687 pBe ~ D*+2r X

90 CLEO e+ e ~ D~+~ X

Dt(2420)o DECAY MODES

D1(2420) modes are charge conjugates of modes below.

51 +
18

279 + AVERY
34

171+ ALBRECHT 89H ARG e+ e D'+ R X
22

not use the following data for averages, fits, limits, etc. 0 ~ o

171+58 ANJOS 89C TPS P N D*+R'' X

Mode Fraction (I;/I )

BARLAG 92B
BORTOLETTO 92B
BUTLER 92
AlEXANDER 918
DECAMP 91J
ABACHI 88B
ADLER 88D
ALBRECHT 85F
AHLEN 83
BAILEY 83
COL ES 82
YELTON 82
FITCH 81
AVERY 80
BLIETSCHAU 79
FElDMAN 77B
GOLDHABER 77
PERUZZI 77

PL B278 480
PRL 69 2046
PRL 69 2041
PL B262 341
PL B266 218
PL B212 533
PL B208 152
PL 150B 235
PRL 51 1147
PL 132B 230
PR D26 2190
PRL 49 430
PRL 46 761
PRL 44 1309
PL 86B 108
PRl 38 1313
PL 69B 503
PRL 39 1301

lP(2010)+ REFERENCES

+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+)
+Adams, Blocker, Blondel+ (LBL, SLAC)
+Feldman, Goldhaber+ (SLAC. LBL, UCB, HARV)
+Devaux, Cavaglia, May+ (PRIM, SACL, TORI, BNl)
+Wiss, Butler, Gladdina+ (ILL, FNAL. COLU)
+ (AACH3, BONN, CERN, MPIM, OXF)
+Peruzzi, Piccolo, Abrams, Alam+ (SLAC, LBL)
+Wiss, Abrams, Alam+ (LBL, SLAC)
+Piccolo, Feldman+ (SLAC, LBL, NWES, HAWA)

I 1 0'(2010)+
C2 0+ Tr

seen

not seen

D, (2420)o BRANCHING RATIOS

r(D'(2010)+~-)/roo, t

VALUE

I (O+e )/I (9'(2010)+o )
VALUE

&0.2i
CL%

90

DOCUMENT ID TECN COMMENT

AVERY 90 CLEO e+ e D+ 2r X

DOCUMENT ID TECN COMMENT

AVERY 90 CLEO e+ e ~ D~+ 2r X
AI BRECHT 89H ARG e+ e ~ D» ~ X
ANJOS 89C TPS pN D +2r X
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D1(2420), Di(2440)+, D2(2460)

FRABETTI
AVERY
ALBRECHT
ALBRECHT
ANJOS

94B PRL 72 324
90 PR D41 774
89B PL B221 422
89H PL B232 398
89C PRL 62 1717

2420)o REFERENCES

+Cheung, Cumalat+
+Besson
+Boeckmann+
+Glaser, Harder+
+Appei+

(FNAL E687 Collab. )
(CLEO Collab. )

(ARGUS Collab. )
(ARGUS Collab. ) JP

(FNAL E691 Collab. )

Di(2440)+ I(i ) = '(')
I needs confirmation.

Dg(2440)+ MASS

OMITTED FROM SUMMARY TABLE
Seen in D*(2007)0»+. J = 0+ ruled out.

D2~(2460) WIDTH

NEUTRAL MODE
VAL UE (MeV) EVTS DOCUMEN T ID TECN

21+ 6 OUR AVERAGE Includes data from the datablock that
25+10+ 5 128+ FRABETTI 94B E687

28
20+ 9+ 9—12 —10 440 4 90 CLEO

97
15+13+ 5 337+ ALBRECHT 89B ARG

101}
20+10+ 5 153 37 ANJOS 89C TPS

AVERY

COMMENT

follows this one.

pBe ~ D+» X

e+ e— D'+» X

e+e D+» X

yN D+» —
X

CHARGED MODE
VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT

The data ln this block ls included ln the average printed for a previous datablock.

VAL UE (Mev)

2443+7+6
EVTS DOCUMENT ID TECN COMMENT

190+44 ANJOS 89C TPS yN -+ D»+X
185k

42
FRABETTI 94B E687 pBe ~ D0»+X

Dg(2440)+ WIDTH
Do'{2460) DECAY MODES

D2~(2460) modes are charge conjugates of modes below.

VALUE (Mev)

41+19+8
EVTS DOCUMENT ID TECN COMMENT

190+44 ANJOS 89C TPS yN ~ D»+X Mode Fraction (l ~/l )

Di(2440)+ DECAY MODES

D&~(2440) modes are charge conjugates of modes below.

I1
I2

I3

D3(2460)o ~ D+~
D3(2460}o ~ D'{2010)+m

D3(2460}+ -+ Do@+

seen

seen

Mode

I g D'(2007)o x+
Fraction (I I/l )

seen D2(2460) BRANCHING RATIOS

Di(2440)+ BRANCHING RATIOS

I (D (2007}oo+)/I ~/
VALUE DOCUMENT ID TECN COMMENT

ANJOS 89C TPS yN ~ D»+X

ANJOS 89C PRL 62 1717

Dg(2440)+ REFERENCES

+Appel+ (FNAL E691 Collab. )

D;(2460) I(i') = '{2+)

= 2+ assignment strongly favored (ALBRECHT 89B).

I (D+x )/I to43(
VAL UE EVTS

3376
100

I (D'(2010)+o )/I to43I
VALUE

Iaan
ISSh

I (D+o )/I (D'(2010)+o )
VALUE

2 4+0.7 OUR AVERAGE

2.3+0.8
3.0+1.1+1.5

DOCUMENT ID TECN COMMENT

ALBRECHT 89B ARG e+ e —+ D+» X

ANJOS 89C TPS qN D+» —
X

DOCUMENT ID TECN COMMENT

AVERY 90 CLEO e+ e
ALBRECHT 89H ARG e+e ~ D'» X

DOCUMENT ID TECN COMMENT

AVERY 90 CLEO e+ e ~ D'+» X
ALBRECHT 89H ARG e+ e ~ D~ » X

NEUTRAL MODE
VALUE (Mev) EVTS

2467.7+1.9 OUR AVERAGE

2453 k3 k2 128+
28

2461 +3 +1 440+
97

2455 k3 +5 337+

153

Do~{2460} MASS

DOCUMENT ID TECN COMMENT

FRABETTI 94B E687 yBe ~ D+» X

AVERY 90 CLEO e+e ~ D'+» X

ANJOS 89C TPS pN ~ D+» X

ALBRECHT 89B ARG e+ e -+ D+» X

FRABETTI
AVERY
ALBRECHT
ALBRECHT
ALBRECHT
AN JOS

94B PRL 72 324
90 PR D41 774
89B PL B221 422
89F PL B231 208
89H PL B232 398
89C PRL 62 1717

r(Do~+)/r~~
VALUE

Do~(2460) REFERENCES

+Cheuni, Cumalat+
+Besson
+Boeck mann+

+Glaeser+
+Glaser, Harder+
+Appel+

(FNAL E687 Collab. )
(CLEO Collab. )

(ARGUS Collab. ) JP
(ARGUS Collab. )
(ARGUS Co{lab.) JP

(FNAL E691 Collab. )

DOCUMENT ID TECN COMMENT

ALBRECHT 89F ARG e+e ~ D»+X

CHARGED MODE
VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT

2466+6 OUR AVERAGE Error includes scale factor of 2.0.
2453+3+2 185+ FRABETTl 94B E687 pBe ~ D»+X

42
2469+4+6 ALBRECHT 89F ARG e+e ~ D»+X

O;(246' ™Cr,(246O)4

VALUE (MeV) DOCUMEN T ID TECN COM MEN T

2+6 OUR AVERAGE Error includes scale factor of 1.4.
0+4 FRABETTI 94B E687 pBe ~ D»X

14+5+8 ALBRECHT 89F ARG e+e ~ D»+X
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CHARMED, STRANGE MESONS
(C= S= +1)

D+D = cs, D, = cs, similarly for 0*,'s

D,'
was E+

The angular distributions of the decays of the P and K'I'892~0 in

the ~+ +e P~ and K K (892) modes strongly indicate that the spin

is zero. The parity given is that expected of a CX ground state.

D~+ MASS

The fit includes D+, D, D D'+ D*, d D*+
, and D mass and mass

S
difFerence measurements. Measurements of th De mass with an error

greater than 10 MeV are omitted from the fit and aver A bverage. number of
ear y measurements giving m ) 2000 MeV have been omitted altogether.
They may be found in our 1990 edition (Phys. Lett. 8239).

VALUE (NieV) EVTS DOCUMENT ID TECN COMMENT

196LS+ 0.7 OUR FIT Error includes scale factor of 1.2.
1969.0+ 1.4 0UR AVERAGE Error includes scale factor of 1.5. See the id

1967.0+ 1.0+ 1.0
ee t e i eogram below.

54 BARLAG 90C ACCM x Cu 230 GeY

ALBRECHT 88 ARG e+ e 9.4-10.6

1972.7 6 1.56 1.0 21 BECKER 87e SILI

1972.4+ 3.7+ 3.7
87e SILI 200 GeV ~,K,p

1963 + 3 + 3
27 BLAYLOCK 87 MRK3 e+ e 4.14 GeV

30 DERRICK 858 HRS e+ e 29 GeV

1970 + 5 + 5 104 CHEN 83C CI EO e+ e 10.5 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1968.3+ 0.7+ 0.7 290 1 ANJOS
1980 + 15

88 E691 Photoproduction

1973.6+ 2.6
6 USHIDA 86 EMUL v wideba d

3.6 + 2.6k 3.0 163 ALBRECHT 85D ARG e+ e
n

1948 +28 +10
D e e 10 GeV

65 AIHARA 84o TPC e+ e 29 GeV

1975 6 9 +10
1975 + 4

49 ALTHOFF 84 TASS e+ e 14-25 GeV

3 BAILEY 84 ACCM hadron+ Be ~
y~+ x

ANJOS 88 enters the fit via m + —m (see below)
S

D+ MEAN LIFE

Measurements with an error greater than 0.2 10X s are omitted from
the average.

TECN COMMENT

104

228

99

BAiLEY

O~+ DECAY MODES

Branching fractions for modes below with a resonance in the final state

include all the decay modes of the resonance. D modes are charge
conjugates of the modes below.

5

Nearly all other modes are measured relative to the Px+ mod H

none of the determinations of the 4 sr+ branching fraction are direct mea-
e x mo e. owever,

surements: all rely on calculated relations between D+ and D+ decay
~ ~

5

widths, on estimates of D+ cross sections, or on other model-dependent

assumptions. Thus a better determination of the P~+ branching fraction
could cause the other branching fractions to slide up or down, all together.

VALUE (10 12 s) EVTS DOCUMEN T ID

OAS7+0.017 OUR AVERAGE

0.4?5+0.020+0.007 900 FRABETTI 93F E687 g Be, D+ -+ sr+

0 33Q. 0 08 +0.03 15 ALVAREZ 90 NA14 p, D —~ @++

0 469+0.102 4 2

s

—0.086 54 BARI AG 90C ACCM x Cu 230 GeV

0.50 +0,06 +0.03 FRABETTI 90 E687 p Be, Px I

Q56 +0.13 +008—0.12 144 ALBRECHT 88l ARG e+ e 10 GeV

0.47 +0.04 +0.02 RAAB 88 E691 Photoproduction

+0.10 3—0.06 21 BECKER 87e SILI 200 GeV x,K,p

+0.16—0.09 6 USHIDA 86 EMUL v wideband

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o.o

031 +005—0.20 18 AVERILL 89 HRS e ' e 29 GeY

0.48 ' k 0.02—0.05 ANJOS 87e E691 See RAAB 88

o.s7 +0 36 +0.09—0.26 9 BRAUNSCH. .. 87 TASS e~ e 35—44 GeV

0.47 +0.22 +0.05 141 CSORNA 87 CLEO e+ e 10 GeV

035 +0.24 +009—0.18 17 JUNG 86 HRS See AVERILL 89

0 32 +0.30
—0.13 3 84 ACCM hadron+Be - 4x X

o.19 +013
—0.07 4 USHIDA 83 EMUL See USHIDA 86

2 BARLAG 90C estimates the systematic error to be negligible.
3 BECKER 87e estimates the systematic error to be negligible.

W EIGHTED AVERAGE
1969.Q~1.4 {Error scaled by 1.5) Mode Fraction (I I/I }

Scale factor j
Confidence level

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.

l1

C2

I3

l4
ls

K anything

KQ anything + K anyth

K+ anything

non- K K anything
e+ anything

Inclusive modes

(13

lng

+14
) o/

~28 } /

-14+18
) o/

+17 ) '/o

CL=90o/o

~ f

1950 1960

O, mass (MeV)

1970 1980

2
X

9QC ACCM 2.Q
88 ARG 00
87B SILI 4.2
87 MRK3 0.4
85B HRS 2.0
83C CLEO 0.0

8.7
(Confidence Level = 0.123)

I

2QQO

BAR LAG
.ALBRECHT

BECKER
. . BLAYLOCK

DERRICK
. CHEN

199Q

VALUE (Mev) EVTS DOCUMENT ID

99.1+0.6 OUR FIT Error includes scale factor of 1.1.
91.9+0.7 OUR AVERAGE

98.5+1.5 555
99.0+0.8 290

TECN COM MEN T

89 CLEO e+ e 10.5 GeV

88 E691 Photoproduction
CHEN
ANJOS

m~ mg+

The fit includes D+, Do, D+ D + D~o d D*+, and D mass and mass
difference measurements.

5

C6 )U. Vp

PE+ Vg

I 8 ye+v,
I 9 Pp+v
I go g P+ v~ + g'(958) P+ vp
I 11 9P vp,

q'{958)p,
+ v„

(74+ 32)/o

3.0

Hadronic modes with two K's
l 13 K+ Ko

I 14 K+K ~+
ln the fit as &f 15 + &2 I 16 + I 17.

I 15 Pn+
K+ K*(892)o

I 17 K+ K ~ nonresonant

l18 K K
I 19 K*(892)+K
l 2o K+ K a+m. o

I 21 y&+wo

e~+ ~o 3-body
K~ K ~+~onon-P

{Includhg from d's}
( 3.s + o.7 )'/,
( 4.S + O. 7 }o/

( 3.s + o.4 ) %

(33 + 05)o/
( S,7+ 3,2 ) ~1O-3

( 4.2 + 1,O ) o/

(8 -+ 4 )'/

( 6.S + '6
) '/1.8

c 2.5
s fo

Leptonic and semiieptonlc modes

( S,9 + 2.2 ) x1O-3

[aJ ( 1.88+ O, 29) o/

CL=90o/o

CL=90o/.
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I » K+~K~+~-
K K x+n+

I 27 K'(892)+ K'(892)
I 28 K K sr+sr+non-K*+ K'
I 29 K+ K x+x+vr
I 30 Px+vr+n.

I 31 K+ K ~+sr++ non-p

2.7

( 4.2 + 1.1 ) %

( 5.6 + 2.1 ) %
2.8

( 1.8 + 0.5 ) %

(30+ ' )x102.0

CL=90%

CL=90%

I (0+anything)/rtotai I 5/I
VAL UE CL S 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)/I total
—0.05 + 0.05 + 0.02.

Leptonic and semileptonic modes

r(f +v„)/rBR,I

C33

C34

C35

C37

C38

C39

C40

C41

C42

C43

C44

C45

C46

C47

C48

C49

C50
I 51

Other hadronIc modes
( 1.35+ 0.31) %

2.8 x 10 3 CL=90%

(10 + 4 )x10—
( 1.01+ 0.35) %

( 12

( 1.9 + 0.4 ) %
1.7

(30+ '
) 10

m+ n.+ n.

p0~+
fo(980)~+
x+ x+ x nonresonant

n+~+n. x0
gr+
(d X+

x+~+~+vr- n-
~+~+~- ~0~0

nP+
g n n 3-body

~+~+~+~- ~- ~0
rjr (958)n +

~+~+~+~- ~- ~0~0
rf'(958) p+
ri'(958) fr+ n 03-bndy

K0~+
K+ ~+~-

CL=90%

(10.0 + 2.2 ) %
2.9

( 4.9 + 3.2 ) %

( 4.7 + 1.4 ) %

CL=90%

(12.0 + 3.0 ) %
3.0
7 x 10

( 30 +
30 ) x 10

CL=90%
C L=90%

K+ K- K+
yK+ 2.5 x 10 3 CL=90%

I 52 A dummy mode used by the fit. (91.7 + 1.1 ) %

[0) For now, we average together measurements of the pe+ ve and 4)f4+ v„
branching fractions.

X15

X16

X17

X52

12

9 73
4 32 23

-32 -87 -87 -55

CONSTRAINED FIT INFORMATION

An overall fit to 5 branching ratios uses 16 measurements and one
constraint to determine 5 parameters. The overall fit has a X
9.4 for 12 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

(bxibx&)/(bx, "bx&), 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.

See the "Note on Pseudoscalar-Meson Decay Constants" in the Listings for the 9r+.
VALUE EVTS DOCUMEN T ID TECN COMMENT

0.0069+0.0022 OUR FIT Error includes scale factor of 1.1.

0 004 +0.0018+0.0020-0.0014-0.0019 93 WA75 u emulsion 350 GeV

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.03 0 7 AUBERT 83 SPEC Ig+ Fe, 250 GeV

6AOKI 93 assumes the ratio of production cross sections of the D+ and Do ls 0 27 Th.e.5
value of I (is+ v )/I total here gives a pseudoscalar decay constant fD = (232 +45 +52)

S
MeV.
AUBERT 83 assume that the D production rate is 20% of total charm production rate.

I (f4+v„)/r(IIIR+) I 6/rig
See the "Note on Pseudoscalar-Meson Decay Constants" In the Listings for the 9r+.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.17 +0.06 OUR FIT Error includes scale factor of 1.1.
0.24gd:0.052d:0.074 39 5 ACOSTA 94 CLED e+ e T(45)

eACOSTA 94 obtains fD = (344 k 37 6 52 + 42) Mev from this measurement, using
5

I (D+ ~ tt)2r+)/I (total) = 0.037 + 0.009.

r(Ij)8+v,)/r(tj)R+} rrlrlg
For now, we average together measurements of the I (ge+ve)/l(tt)~+) and

I (QIg+ v&)/I (4I9r+) ratios.

VALUE CL S EVTS DOCUMEN T ID

084+0.05 OUR AVERAGE
TECN COMMENT

367 BUTLER 94 CLED e+ e
V(4S)

97 FRABETTI 930 E687 7Be E = 220

&0.45

0.54 +0.05+0.04

0.5860.1760.07
GeV

0.5710.15+0.15 104 11ALBRECHT 91 ARG e+ e 10.4
GeV

0.49+0.10+—0.14 54 ALEXANDER 908 CLEO e+ e 10.5-11
GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

seen 19 13 KODAMA 93 E653 n emulsion
600 GeV

90 ANJOS 908 E691 pBe, E& 145
GeV

BUTLER 94 uses both de+vs and err+ v events, and makes a phase space adjustment

to the latter to use them as Pe+ ve events.

t
FRABETTI 936 reasures the I (tt)Ig+ v&)/I (p~+) ratio.

11ALBRECHT 91 and ANJOS 90e measure the C(t)6 e+ ve)/I (p~+) ratio. t1 ALEXANDER 90e measures an average of the I (de+un)/I (dn+) and

I (gi2Ig+ v&)/I (p~+) ratios.

KODAMA 93 measures form-factor ratios and the ratio of longitudinal to transverse
partial widths.

X6 X15 X16 X17

RA N RA

A few older, now obsolete results have been omitted. They may be found
in our 1990 edition (Phys. Lett. B2$0).

VALUE

3.9+1.6
EVTS DOCUMENT ID TECN

13 KODAMA 93 E653

I (fj/(958) fa+ v&) /I (riffs+ v&)

[I (fffs+ v&) + I (ff/(958) fs+ vfs)] /I (rlrfs+ v&) (rll+r12)/re
COMMENT

emulsion 600 GeV

I 12/re

I (K anything)/I BR,I

InclIIslve modes
Unsearched for decay modes of the g/(958) are included.

VALUE CL S DOCUMENT ID TECN

&1.6 90 KODAMA 93e E653

COMMENT

emulsion 600 GeV

VALUE

0.13+0.14+0.02-0.12

DOCUMENT ID TECN COMMENT

COFFMAN 91 MRK3 e+ e 4.14 GeV r(K+&)/r(tg~+)

Hadronic modes with two K's

rig/rig

VAL UE

0.39+0-++0.04-0.27

DOCUMENT ID TECN COMMENT

COFFMAN 91 MRK3 e+ e 4.14 GeV

[I PP anything) + I (K anything}] /rtotai I 2/I
VAL UE EVTS

1.01+Oe16 OUR AVERAGE

1.15+0.31+0.19 68
0.92 +0.32+0.20
0.99+0.1740.10

DOCUMENT ID

ANJOS
ADLER
CHEN

TECN COMMENT

90C E691 p Be
89e MRK3 e+e 4.14 GeV
89 CLEO e+ e 10 GeV

I (K+anything)/I total
VAL UE

0.20+0-~+0.04-0.13

I (non- Kt anything) /I total

DOCUMEN T ID TECN COMMENT

COFFMAN 91 MRK3 e+e 4.14 GeV

I 3/I r(K+ K-B+)/rBR, I

VALUE

0.048+0.007 OUR FIT
DOCUMENT ID

r14/r ($rlg+Ir16+r17)/r

VALUE DOCUMENT ID TECN COMMENT

0.64+0.17+0.03 4 COFFMAN 91 MRK3 e+ e 4.14 GeV

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 rl, gI',
and/or non-spectator decays.
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r(~ +)/r~i rag/r r(K0 K- R+ x+)/r(rb~+) r25/res

&0.048
&0.041
)0.034

I (K+pe(892)o)/r ($5+)
VAL UE EVTS

0.95+Oe10 OUR FIT
0.95+Oe10 OUR AVERAGE

0.85 60.34 60.20 9
0.84+ 0.30+0.22
1.05 +0.17+0.12
0.87 4 0.13k 0.05 117
1.44+ 0.37 87

DOCUMENT ID

ALVAREZ

ADLER

CHEN

ANJOS
ALBRECHT

TECN COMMENT

rag/rts

90C NA14

89B MRK3
89 CLEO
88 E691
87F ARG

Photoproduction
e+ e 4.14 GeV

e+e 10 GeV

P hotoproduction
e+ e 10 GeV

Nearly all the other modes are measured relative to this mode, which, however, is

an uncertain anchor; see the footnotes to the values below, and also the note at the
beginning of the list of decay modes, above.

VALUE CL% EVTS DOCUMENT ID TECN COMMENT

0.035+0.004 OUR FIT
0.036+0.004 OUR AVERAGE

0.051+0.004+ 0.008 14 BUTLER 94 CLEO e+ e = 7'(4S)
0.046+ 0.015 15 MUHEIM 94
0.031+0.009 15 MUHEIM 94
0.03160.009+0.006 14FRABETTI 936 E687 pBe E = 22Q GeV'y

0.024 60.010 14 ALBRECHT 91 ARG e+e = 104 GeV

0.031+0.006+0'009
14 ALEXANDER 90B CLEO e+ e 10.5-11 GeV

0.048 k 0.017+0.019 ALVAREZ 90C NA14 Photoproduction

0.033+0.016+0.010 9 BRAUNSCH. .. 87 TASS e+ e 35-44 GeV

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

90 IMUHEIM94
90 0 8 ADLER 90B MRK3 e+ e 4.14 GeV

90 14ANJOS 90B E691 pBe, E = 145
GeV

0.02 +0.01 405 17 CHEN 89 CLEO e+ e 10 GeV

0.033+0.011 30 DERRICK 85B HRS e+ e 29 GeV

BUTLER 94, FRABETTI 930, ALBRECHT 91, ALEXANDER 909, and ANJOS 909
measure the ratio I (D+ ~ Of+ vr)/I (D ~ Oir+), where f = e and/or u, and

I
then use a theoretical calculation of the ratio of widths I (D+ ~ Pl+ v~}/I (D+ ~

S
K*08+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 Dv2(2460)0 and Des{2536)+the seco, nd

uses B-decay factorization and I'(D+ Ii+ v )/I (D+ dif+ vf). A third calculation
I

using the semileptonic width of D+ 4 r+ vf is not independent of other results listed
5

here. Note also the upper limit, based on the sum of established D+ branching ratios.

16ALVAREZ 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 85B errors are

5
statistical only.

ADLER 90 uses a technique based on full reconstruction of D+ D pairs (double tags)5 s
to obtain a branching ratio limit without assumptions about o(D ).5

VAL UE

1.2 +0.2 +0.2
DOCUMENT ID TECN COMMENT

ALBRECHT 92B ARG e+ e 10.4 GeV

r (K'(892)+F'(892)0) /r(risc+) r2T/r15
VAL UE

1.6+OA+0.4
DOCUMENT ID TECN COMMENT

ALBRECHT 92B ARG e+ e - 10.4 GeV

r(Ko K-R+~+ non-K +F~}/r(rb~+) rn/r15
VAL UE

(0.$0
CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 92B ARG e+ e 10,4 GeV

r (IIR+ R+ ~-)/r(O)R+) r$0/rag
TECN COMMENTVAL UE CL% EVTS

0.51+0.12 OUR AVERAGE

0.58 +0.21+0.10 21 FRABETTI
0.42 +0.13+0.07 19 ANJOS
1.11+0.374 0.28 62 ALBRECHT

~ 8 + We do not use the following data for averages, fits,

&0.24 90 ALVAREZ

DOCUMENT ID

92 E687
88 E691
85D ARG

limits, etc. ~

TBe
Photoproduction
e+ e 10 GeV

90C NA14 Photoproduction

I (K+ K-5+sf+sf- non-rl)/I total
VALUE DOCUMENT ID

P 003 +0 00 BARLAG

TECN COM MEN T

92C ACCM n. 230 GeV

I 31/I

I (K+K sr+sr+a nOn-I())/I (II5+) r$1/r15
VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.32 90 10 ANJOS 88 E691 Photoproduction

Other hadrontc modes

r(R+R+ ~-)/r(r(R+)
VALUE EVTS

0.39+0.0$ OUR AVERAGE

0,33+0.10+0.04 29
Q, 44+0.10+0.04

r(p05+)/r((J)5+)

DOCUMENT ID TECN COM MEN T

raalrla

ADAMOVICH 93 WA82 x 340 GeV

AN JOS 89 E691 Photoproduction

r3$l rig

I (fp(980)5+)/I (II)sr+)
VALUE

0.28+0.10+0.63

"$4/r15
DOCUMENT ID TECN COMMENT

AN JOS 89 E691 Photoproduction

VALUE CL 0% DOCUMENT ID TECN COMMENT

&0.0$ 90 AN JOS 89 E691 Photoproduction

~ ~ i We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.22 90 ALBRECHT 87G ARG e+ e 10 GeV

I (K+ K sr+ nOnraaOnant)/I (rig+)
VAL UE EVTS DOCUMENT ID

0.25+0.09 OUR FIT
0.25+0.07+0.05 48 ANJOS

rtT/rta
TECN COMM EN T

88 E691 Photoproduction

I (x+sr+5 nOnraaOnant)/I (4IR+) r35/r15
VAL UE

P.29+0.09+0.03

r(R+ ~+R-Ro)/r(4)~+) I $5/C15

DOCUMENT ID TECN COMMENT

AN JOS 89 E691 Photoproductlon

I (K'(892)+75)/I (risc+)
VAL UE

1.20+0.21+0.13
DOCUMEN T ID TECN COMMENT

CHEN 89 CLEO e+ e 10 GeV

I 19/I 15 VAL UE

4(w3n3

r(B~+)/r(I()~+)

CL%

90

DOCUMENT ID TECN COMMENT

AN JOS 89E E691 Photoproduction

r3T/rta

r(rl)5.+sfn)/C(665+) r21/rla
COMMENT

Photoprodu etio n

etc. e o ~

Photoproduction

VAL UE CL% EVTS DOCUMENT ID TECN

2A+1.0+0.5 11 ANJOS 89E E691
~ ~ ~ We do not use the following data for averages, fits, limits,

&2.6 90 ALVAREZ 90C NA14

CL% EVTS

165
VAL UE DOCUMEN T ID TECN COMMENT

0.54+0.09+0.06 ALEXANDER 92 CLEO
~+ ~-~0

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.5 90 ANJOS 89E E691 Photoproduction

r(yp+)/r(yn+)
VALUE

1.86+0 26+-OAO

EVTS

253

VAL UE

&0.71
CL%

90

I-(risc+ sro 3-body) /I (lb'+)

DOCUMENT ID

AVERY

DOCUMENT ID

DAO UDI

TECN COMM EN T

r22/r15

92 CLEO e+ e 10.5 GeV

rn/r15
TECN COMMENT

92 CLEO e+e = 10.5 GeV

r(wR+)/r(IIR+)
VAL UE

~0.5
CL%

90

r(R+ ~+ R+~-R-)/r~i
VAL UE

O 003 +0 004-0.003

DOCUMENT ID

BARLAG

TECN COM MEN T

92C ACCM n 230 GeV

r$5/rta
DOCUMENT ID TECN COMMENT

ANJOS 89E E691 Photoproduction

raalr

r(K+ K-~+ Hoon~)/r(rb~+)
VAL UE CL% DOCUMENT ID

&2.4 90 19 ANJOS

Total minus P component.

r24/r15
TECN COMMEN T

89E E691 Photoproduction

r (R+~+~+~-R-)/r(tin+) raalr15
VAL UE CL% DOCUMENT ID TECN COMMENT

~ i ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

&0.29 90 AN JOS 89 E691 Photoproduction

VALUE

&0.77
CL%

90

r(K+ Ko R+~-)/r(rb~+) rn/r15
DOCUMENT ID TECN COMMENT

ALBRECHT 92B ARG e+ e = 10,4 GeV

r(op+)/r(lb~+)
VAL UE

2.86+0.38+ '-0.38 217

DOCUMENT ID

AVERY

TECN COMMENT

r41/rla

92 CLEO TI —+ yy ~++ vr0
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r(&~+Ps-body)/r(y~+) D+ REFERENCES
VALUE

(0.$2
CLS

90
DOCUMENT ID TECN COMMENT

DAOUDI 92 CLEO e+ e 10.5 GeV

I (a+x+x+x x e )/r~i
VALUE

o.m+o.o33-0.030

DOCUMENT ID

BAR LAG

TECN COMMENT

92C ACCM m 230 GeV

WEIGHTED AVERAGE
1.4~0.4 (Error scaled by 2.1)

I (g'(958)w+)/I (Pw+)

r(g{sse)r+)/r(y~+)

X
ALEXANDER 92 CLEO 0.7
ALVARE2 91 NA14 1.1
ALBRECHT 90D ARG 3.9

5.7
(Confidence Level 0.058)

4 5 6

VALUE EVTS

IA4+0.62+40'~~ 68

DOCUMENT ID

AVERY

TECH COMMENT

92 CLEO qI ~ q~+r

I (v'{ass}r+)/I (ps+)
VALUE CI.% EVTS DOCUMEN T ID TECN COMMENT

1.4 +4.4 OUR AVERAGK Error includes scale factor of 2.1. See the ideogram below.

1.20+0.15+0.11 281 ALEXANDER 92 CLEO q ~ gx+ a
P '7

2.5 +1 0 + 22 ALVAREZ 91 NA14 Photoproduction

2.5 +0.5 +0.3 215 ALBRECHT 900 ARG e+ e 10.4 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.3 90 ANJOS 91S E691 yBe, E 145
GeV

ACOSTA
BUTLER
MUHEIM
ADA MOVIC H

AOKI
FRABETTI
FRABETTI
KODAMA
KODAMA
ALBRECHT
ALEXANDER
ANJOS
AVERY
BARLAG

Also
DAO UDI
FRABETTI
ALBRECHT
ALVAREZ
ANJOS
COFF MAN
ADLER
ADLER
ALBRECHT
ALEXANDER
ALVAREZ
ALVAREZ
ANJOS
ANJOS
BAI
BARLAG
FRABETTI
ADLER

Also
AN JOS
AN JOS
AVERILL
CHEN
ALBRECHT
ALBRECHT
ANJOS
RAAB
ALSRECHT
ALBRECHT
ANJOS
BECKER
BLAYLOCK
BRAUNSCH. ..
CSORNA
JUNG
US HIDA
ALBRECHT
DERRICK
AIHARA
ALTHOFF
BAILEY
AU BERT
CHEN
USHIDA

94 PR D49 5690
94 PL B324 255
94 PR 049 3767
93 PL B305 177
93 PTP 89 131
93F PRL 71 827
93G PL B313 253
93 PL B309 483
93B PL B313 260
92B ZPHY C53 361
92 PRL 68 1275
920 PRL 69 2892
92 PRL 68 1279
92C ZPHY C55 383
90D ZPHY C48 29
92 PR 045 3965
92 PL B281 167
91 PL B255 634
91 PL B255 639
91B PR 043 R2063
91 PL 8263 135
90 PRL 64 2615
90B PRL 64 169
90D PL B245 315
90B PRL 65 1531
90 ZPHY C47 539
90C PL 8246 261
90B PRL 64 2885
90C PR D41 2705
90 PRL 65 686
90C ZPHY C46 563
90 PL S251 639
89B PRL 63 1211
89D PRL 63 2858 erratum
89 PRL 62 125
89E PL B223 267
89 PR D39 123
89 PL B226 192
88 PL 8207 349
SSI PL 8210 267
88 PRL 60 897
88 PR D37 2391
87F PL B179 398
87G PL B195 102
87B PRL 58 1818
87B PL B184 277
87 PRL 58 2171
87 ZPHY C35 317
87 PL S191 318
86 PRL 56 1775
86 PRL 56 1767
850 PL 153B 343
85B PRL 54 2568
84D PRL 53 2465
84 PL 136B 130
84 PL 139B 320
83 NP B213 31
83C PRL 51 634
83 PRL 51 2362

(FNAL E691
(FNAL E691

(HRS
(CLED

ARGUS
ARGUS

(FNAL E691
(FNAL E691

(ARGUS
(ARGUS

(FNAL E691
All and NA32

(Mark ill
(TASSO

(CLED
(HRS

(FNAL E653
(ARGUS

(HRS
(TPC

(TASS0
(ACCMOR

(EMC
(CLED

(FNAL E653

+Appel. Bean, Brackeri
+Appel, Bean, Bracker+
+Blockus, Srabsoni
+Mcllwain, Miller, Ng, Shibata+
+Binder, Boeckmann+
+Boeckmann, Glaeser+
+Appei+
+Anjos, Appel, Bracker+
+Binder, Boeckmann, Glaeser+
+Andam, Binder, Boeckmann+
+Appel, Bracker, Browder+
+Boehringer, Bosman+ (N
+Bolton, Brown, Bunnell+

Braunschweig, Gerhards+
+Mestayer, Panvini, Wordi
+Abachii
+Kondo, Tasaka, Parki
+Drescher, Binder, Drews+
+Fernandez, Fries, Hyman+
+Alston-Garnjost, Badtke, Bakken+
+Braunschweig, Kirschllnk+
+Belau, Bohringer, Bosman+
+Bassompierre, Becks, Best+
+Alam, Giles, Kagan+
+Kondo, Fujioka, Fukushima+

1(i ) = '(")

+Athanas. Masek, Paar+ (CLED
+Fu, Kalbfleisch, Ross+ (CLED
+Stone
+Alexandrov, Antinori+ (CERN WA82
+Baroni, Bisi, Breslini (CERN WA75
+Cheung, Cumalat, Dallapiccoia+ (FNAL E687
+Cheung, Cumalat+ (FNAL E687
+Ushida, Mokhtarani+ (FNAL E653
+Ushida, Mokhtarani+ (FNAL E653
+Ehrlichmann, Hamacher, Krueger+ (ARGUS
+Bebek, Berkelman, Besson+ (CLEO
+Appel, Bean, Bediaga+ (FNAL E691
+Freyberger, Rodriguez, Yelton+ (CLEO
+Becker, Sozek, Soehringer+ (ACCMOR

Sarlag, Seeker, Boehtinger, Bosman+ (ACCMOR
+Ford, Johnson, Ungel+ (CLEO
+Bogart, Cheung, Culy+ (FNAL E687
+Ehrlichmann, Hamacher, Kruegeri (ARGUS
+Barate, Bloch, Bonamy+ (CERN NA14/2
+Appel. Bean, Bracker+ (FNAL E691
+DeJongh, Dubois, Eigen, Hitlin+ Mark III
+Blaylock, Bolton+ Mark III
+Bai, Blaylock, Bolton+ Mark III
+Ehrlichmann, Glaeser, Harderi (ARGUS
+Artuso, Bebek, Berkelman+ (CLED
+Barate, Sloch, Sonamy+ (CERN NA14/2
+Barate, Bloch, Bonamy+ (CERN NA14/2
+Appel, Bean, Bracker+ (FNAL E691
+Appel, Bean+ (FNAL E691
+Blaylock, Bolton, Brient+ (Mark III
+Becker, Boehringer, Bosman+ (ACCMOR
+Bogart, Cheung, Coteus+ (FNAL E687
+Bai, Becker, Blaylock, Bolton+ (Mark III

Collab.
Collab.
(SYRA
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab.
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )

Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab.
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )

r(v'{sse) ~+Ps-boy)/r(y&+) r47/r16 D + MASS
VALUE

&0.$5
CI.S DOCUMENT ID TECN COMMENT

90 DAOUDI 92 CLEO e+ e ™10.5 GeV
The fit includes D+, D,
difference measurements.

D+, D~+, D», and D + mass and mass

r(N~+)/r(y~+)
VALUE

C0.21

r(x+~+~-)/r~,
VALUE

O001 +400-0.003

CL%

90

DOCUMENT ID

BARLAG

TECN COMMENT

92C ACCM ~ 230 GeV

roe/res
DOCUMENT ID TECN COMMENT

ADLER 89S MRK3 e+e 4.14 GeV

VALUE(Mev) DOCUMENT ID TECN COMMENT

2110.0+1.9 OUR FIT Error indudes scale factor of 1.2.
2106.6+2.1+2.7 ~ BLAYLOCK 87 MRK3 e+ e -+ D p X

i Assuming D+ mass = 1968.7 + 0.9 MeV.S

m~ —m~
8

r(ye+)/r(@~+)
VALUE

&0.071
CL%

90

rsl/rls
DOCUMENT ID TECN COMMENT

ANJOS 920 E691 pBe E = 145 GeV

The fit includes D+, D,
difference measurements.

D, D +, D, and D mass and mass

TECN COMMENTVALUE (MeV) EVTS DOCUMEN T ID

141.$+ 1.S OUR FIT Error includes scale factor of 1.2.
142.4+ 1.7 OUR AVHKGE

142.5+ 0.8+1.5 ALBRECHT 88 ARG

143.0+18.0 8 ASRATYAN 85 HLBC
139.5+ 8.3+9.7 60 AIHARA 84D TPC
110 +46 BRANDELIK 79 DASP

Result includes data of ALBRECHT 84B.

e+e ~ D pXS
FNAL 15-ft, v-2H
e+ e ~ hadrons

e+e ~ D 7XS

D,'+ WinTH

VAE UE (MeV) CL% DOCUMEN T ID TECN COMMENT

(M 90 ALBRECHT 88 ARG EPm = 10.2 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(22 90 BLAYLOCK 87 MRK3 e+ e ~ D p XS
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D;+, D,1(2536)+, D,J(2573)+

0 + DECAY MODES D41(2536)+ DECAY MODES

D modes are charge conjugates of the modes below.s
Ds1(2536) modes are charge conjugates of the modes below.

Mode

r, 0+

r(o,+7}/rBR,I

Fraction (C;ji )

dominant

0'+ BRANCHING RATIOS

C1

C4

C,

Mode

0'(2010)+ K5

D'(2007)5 K+
0+ K'
00 K+
0»+

Fraction (i;jC)

seen

seen

not seen

not seen

possibly seen

DOCUMENT /D TECN COMMENT

data for averages, fits, limits,

ASRATYAN 91 HLBC

ALBRECHT 88 ARG

A I H A RA 84D
ALBRECHT 848
BRANDELIK 79

v~ Ne

e+e ~ D pXs

D~+ REFERENCES

VALUE

dominant OUR EVALUATION
o ~ ~ We do not use the following

seen

seen

seen
seen
seen

rs/r1
VAL UE

&OAO

&0.43

CL%

90
90

DOCUMENT ID TECN COMMENT

ALEXANDER 93 CLED e+e ~ D'+ KG X

ALBRECHT 89E ARG D 1
~ D (2010)K

r(o,'+7}/rBR,I

VAL UE

possibly Iaen

DOCUMENT ID TECN COMMENT

ASRATYAN 88 HLBC v N ~ DsqpX

I 5/I

D41(2536)+ BRANCHING RATIOS

I (D+K }/I (D'{2010)+K )

ASRATYAN
ALBRECHT
BLAYLOCK
ASRATYAN
AIHARA
ALBRECHT
BRANDELIK

91 PL 8257 525
88 PL 8207 349
87 PRL 58 2171
85 PL 1568 441
84D PRL 53 2465
848 PL 1468 ill
79 PL 808 412

garage+(ITEP, BELG, SACL, SERP,
+Binder, Boeckmann+
+Bolton, Brown, Bunnell+
+Fedotov, Ammosov, Burtovoy+
+Alston-Garnjost, Badtke, Bakken+
+Drescher, Heller+
+Braunschweig, Martyn, Sander+

CRAC. BARI, CERN)
(ARGUS Collab. )

(Mark III Collab. )
(ITEP, SERP)
(TPC Collab. )

(ARGUS Collab. )
(DASP Collab. )

VALUE

&0.12
CL%

90

r(O,'+7}/r(O'(m7}s K+}

f (D K+)/r(oe(2007)s K+} I 4/I 2
DOCUMENT ID TECN COMMENT

ALEXANDER 93 CLED e+e ~ O' K+X

I 5/l2

KAMAL
BRANDELIK
BRANDELIK

92 PL 8284 421
78C PL 768 361
778 PL 708 132

+Xu
+Cords+
+Braunschweig, Martyn, Sander+

OTHER RELATED PAPERS

(ALBE)
(DASP Collab. )
(DASP Collab. )

VALUE

&OA2

CL 4/o

90

DOCUMENT ID TECN COMMENT

ALEXANDER 93 CLED e+e D~ K+X

D43(2536}+ REFERENCES

D„(2536)' I(~') = o(1+)
I, J, P need confirmation.

Seen in D*(2010)+K . Not seen in D+K or D K+. J = 1+
assignment strongly favored.

ASRATYAN
FRABETTI
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+
+ Ehrlichm ann+
+Besson
+Glaser, Harder+
+Fedotov+

CERN, SERP, ITEP, RAL)
(FNAL E687 Collab. )

(CLED Collab. )
{ARGUS Collab. )

(CLED Collab. )
(ARGUS Collab. )

(ITEP. SERP)

D41(2536)+ MASS

VAL UE (MeV } EVTS

2S31.35+ 0.84 OUR AVERAGE
2534.2 + 1.2 9

2535.0 + 0.6 +1,0 75 +
14

2535.3 4 0,2 +0.5 134+
22

2534.8 6 0.6 +0.6 44 +
8

2535.2 + 0.5 +1.5 28

2536,6 + 0.7 +0.4
2535.9 + 0.6 +2.0
~ ~ ~ We do not use the following

2535 +28
1 Not seen in D* K.

DOCUMENT /D TECN COMMENT

ASRATYAN 94 BEBC

FRABETTI 948 E687

ALEXANDER 93 CLE2

vN —+
D» K X, D» K+X

pBe ~ D*+K0X,
D*0 K+ X

e+ e ~ D»0K+X

ALEXANDER 93 CLE2 e+ e ~ D + K X

ALBRECHT 92R ARG

AVERY 90 CLEO
ALBRECHT 89E ARG

data for averages, fits, limits,

1 ASRATYAN 88 HLBC

10.4 e+ e
D 0K+X

e+ e ~ D»+ K0X
D* ~ D» (2010)K0sl

etc. ~ ~ ~

vN 4 DsppX

D„(2573)+ I(l ) = '(' )

D,g(2573}+ MASS

VALUE (MeV}

2573.2+ +0 9' -16 217

DOCUMENT ID

K U8OTA

TECN CHG COMMENT

94 CL, E2 + e+ e 10.5 GeV

Oeg{2573)+ WIDTH

VALUE (MeV)

1S+5~~3

EVTS

217

DOCUMENT /D

KUBOTA

TECN CHG COMMEN T

94 CLE2 + e+ e - 10.5 GeV

OMlTTED FROM SUMMARY TABLE
J is natural, width and decay modes consistent with 2+. Needs
confirmation.

VALUE (MeV}

424+28

DBg{= )+ P (2111)

DOCUMEN T ID TECN COMMENT

ASRATYAN 88 HLSC D

Oeg(2573)+ DECAY MODES

D8 J(2573) modes are charge conjugates of the modes below.

D41 {2536)+WIDTH

VALUE (MeV} CL% EVTS DOCUMENT ID TECN

&3.2

&3.9

&5.44
&4.6

90 75 k
14

90

90
90

FRABETTI 948 E687

ALBRECHT 92R ARG

AVERY 90 CLEO
ALBRECHT 89E ARG

(2.3 90 ALEXANDER 93 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

e+ e D "5K+ X

etc. ~ ~ ~

use ~ D +X,KB

D*0K+X
t10.4 e+ e

D»0 K+ X
e+ e ~ D»+ K0X
D*1 D*(2010)K

Mode

C, O'K+
D'(2007)5 K+

Fraction (I I ji )

seen

not seen

Deg(2573)+ BRANCHING RATIOS

I (D K+}/leeeeI
VALUE EVTS

217

r(o'{2007)oK+}/I (D K I 2/I1

DOCUMEN T ID TECN CHG COMMEN T

KLIBOTA 94 CLE2 + e+ e 10.5 GeV

VALUE

&0.33
CL% DOCUMENT ID TECN CHG COMMENT

KUBOTA 94 CLE2 + e+ e M.5 GeV i

KUBOTA 94 PRL 72 1972

Deg(2573)+ REFERENCES

+Lattery, Nelson, Patton+ (CLED II Collab. )
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BOTTOM MESONS
(e = +i)

B+ = ub, B = db, B = db, B = ub, similarly for B*'s

EXPERIMENTAL HIGHLIGHTS OF H MESON
PRODUCTION AND DECAY

(by R.H. Schindler, SLAG)

This edition reflects the impact that CLEO—II has had on

beauty, charm, and 7 physics in the last two years. Starting in

1991, the CESR storage ring with the new CLEO—II detector

ran in the T(4S) resonance region collecting record luminosities

for a symmetric e+e collider in its first year of 8—9 pb /day.

Over the past year, the luminosity has risen to 15 pb i/day

and CLEO—II has logged a total of more than 2 fb . This

edition also contains many new measurements of B mesons and

baryons from Z decay, made possible by the addition of high-

precision silicon vertex detectors in many of the LEP detectors

coupled with their large average accumulations of 750K

Z/year since 1992. The implementation of silicon vertexing in

CDF at FNAL has made possible the measurement of precise 8
lifetimes from exclusive decays. The high-energy e+e colliders

and detectors (LEP and SLD/SLC) with their silicon-tracking

systems are now starting to produce and tag heavy-flavor decays

(charm and beauty) of the Z with very high efficiency and

purity. This has already resulted in improvements in inclusive

and exclusive lifetime measurements, the direct observation of

8 —8 mixing by time evolution, and precision electroweak

tests (measurements of the Zbb and Zcc vertex), both with and

without polarized beams.

Perhaps the most exciting result to appear this year is

the first observation of radiative "penguin" decays (b ~ sp
transitions). Extensive sets of branching fraction limits on

many exclusive channels in the few parts per 10 range were

reported previously by CLEO and ARGUS for both hadronic

(b ~ sg) and radiative (b +sp) penguins. -In 1993, CLEO—II
(AMMAR 93), using about 1.6 fb i of data, reconstructed eight

candidate events in the channel Bo ~ K*(892)op and five in the
B+ +Jt *(892)+p ch-annel. The B -+ K'(892)oy branching

fraction is about 4x 10 s while the B+ ~ K*(892)+p branching

fraction is 6 x 10 5, These decays are important because they
establish the existence of the penguin diagram, a necessary (but
not sufficient) requirement for describing direct CP violation

in the Standard Model. The observed branching fractions also

set stringent limits on the mass of a charged Higgs scalar in a
large class of models, giving mHy ) 250 GeV, whereas direct
limits from LEP are only about 43 GeV. In the continuing

search for hadronic penguins, it appears that CLEO—II is now

close to having the sensitivity to observe the simplest two-body

channels. —0The mixing of B and B mesons, first suggested by UA1

and subsequently measured by ARGUS, provided the first indi-

rect evidence of a heavy t quark. Mixing of the B0 has similarly

been measured by CLEO with dilepton events at the T(4S),
and by the LEP experiments at the Z resonance. This year,

ALEPH (BUSKULIC 93K) made the first direct measurement

of the 8 mixing by observation of the mixing-oscillation itself

over time. This is the forerunner of the measurement of B,
mixing, where present constraints on the CKM matrix suggest

that Bs mixing will be found to be nearly maximal (X, —0.5).
If X, is greater than about 0.3—0.4, then greater sensitivity to the

CKM parameters (~VbV, ;~) through B, mixing will likely come

from direct measurement of the mixing-oscillation frequency

(the time evolution) rather than from a time-averaged quantity

such as X,. These studies are only likely to occur in hadron and

electron machines where the 8 mesons are adequately boosted

and where pure tagging can be accomplished.

The measured average lifetime of 8 hadrons has changed

dramatically since first measurements at PEP and PETRA. The

average value of about 1.29 + 0.05 ps in our 1992 edition was

dominated by LEP measurements using high-statistics impact-

parameter techniques with hadrons and leptons. Later LEP
measurements average closer to 1.5 + 0.03 ps. This significant

upward drift perhaps reflects improvements in understanding

of vertex detectors. The longer average lifetime is confirmed

by CDF (ABE 93J). Theory suggests that the inequality of
8+ and B lifetimes may be as small as 5 or 10%, providing

an interesting experimental challenge. The separate lifetimes

of B+ and B mesons have been measured indirectly at LEP,
looking at the correlation with D*+ as an indicator of the 8
charge. Other techniques have also been applied. The equality

of B+ and Bo lifetimes is established within about 10%%uo by

averaging LEP measurements. Separate 8+ and 8 lifetimes

at this precision will come either from tagging of 8 mesons at
the T(4S) with subsequent measurement of the semileptonic

decay of the recoil, or from improved statistics for exclusive Bg3

decays, or from the direct measurement of a decay lifetime of a
B+ or Bo at, LEP/SLC or CDF using vertexing techniques.

Experiments at LEP and CDF at FNAL have isolated B0

and B-baryon decays using P-lepton and A-lepton correlations.

Explicit examples of decays of the 8, have been reconstructed,

and the mass and lifetime have been measured using these

events. While the 80 lifetime is similar to those of the 8+ and

8, the 8-baryon lifetime appears to be shorter, perhaps owing

to a contribution of exchange diagrams in its decays.

The semileptonic branching fractions are important for es-

tablishing the values of the CKM parameters V,g and V„g.
The branching fractions to exclusive states B ~ DE+vs and

B ~ D 8+vg have been measured and both CLEO and AR-

GUS have done form factor decompositions (ALBRECHT 92C,
ALBRECHT 93, and SANGHER 93). The inclusive rate for

semileptonic decay appears to remain at about 10.0 + 0.5%.
It appears that the sum of DE+vs and D E+vg contributions

accounts for about two-thirds of the inclusive branching frac-

tion. The balance must be a mixture of other channels such

as D E+vg, DxE+vg, D vrI+vg etc. Improvements can be
anticipated from a comparison of single- and double-tagged
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semileptonic decays combined with higher-statistics measurements of the exclusive charged and neutral Bg3 channels. For more

details on semileptonic decays, see the following Note.

In the next few years, CLEO—II and the detectors at high-energy machines at LEP, SLC, HERA, and FNAL should provide new

insights into all aspects of 8+, 8, 8, meson decays, The experimental reach of the present program should be adequate to address

all the interesting areas of 8 physics except CP violation, the study of which requires 8 factories. follows for a review of the many

new results in that area.

NOTE ON SEMILEPTONIC DECAY'S OF D AND H MESONS) PART II
(by R.J. Morrison and J.D. Richman, University of California, Santa Barbara)

This is a continuation of the discussion that began in the Listings for the D+.

IV. B-meson semileptonic decays
In the following sections, we review inclusive and exclusive semileptonic decays of 8 mesons. A major goal of experiments is to

determine the magnitudes of the CKM elements V,g and V„g. There are significant theoretical uncertainties involved in extracting
these quantities from the data, and measurements of branching fractions and form factors are part of an ongoing effort to clarify the

dynamics of these decays.

The inclusive semileptonic branching fraction
The b-hadron inclusive semileptonic branching fraction, Bsl„has been measured both at the T(4S), where the b-hadrons are a

mixture of B„andBd mesons, and at the Z, where B,-mesons and b-baryons are produced as well. Here BgL, is the branching

fraction to either electrons or muons, not their sum. Semileptonic decays to 7. leptons are suppressed by phase space and have been

observed, within large errors, at the expected level [3,4]. Measurements of Her, are given in Table 1, for experiments at the T(48),
and in Table 2, for the LEP experiments. Table 3 gives the branching fraction for Xb ~ X7.+v~ and certain semi-inclusive modes.

Table 1: Measurements of the inclusive semileptonic branching fraction (%), BgI. =
B(B ~ Xf+vr), averaged over the B mesons produced at the T(49) (B„andBg)
Results are given separately for each of the models used to extract BgL, . In the ARGUS
1E measurement, the first error combines both statistical and systematic uncertainties;
the second error in the ACCMM value is due to the extra free parameters present, in the
ACCMM model. The fit 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 CLEO 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. )

Measurement ACCMM ISGW ISGW'*

ARGUS 1E [5]
ARGUS 2E [6]
CRYSTAL BALL lt [7]
CUSB-II I/ [8]
CLEO-I [9]
CLEO-II (prelim. ) [10]

CLEO-I I (prelim. ) [10]
8 —+ Xc&+vg

10.2 + 0.5 + 0.2
9.6 + 0.5 + 0.4
12.0 + 0.5 + 0.7
10.0 + 0.4 + 0.3
10.5+ 0.2+ 0.4

10.65 + 0.05 + 0.33

9.8 + 0.5
9.9 + 0,5 + 0.4
11.9 + 0.4 + 0.7
10.0+ 0.4+ 0.3
9.9 + 0, 1 + 0.4 11.2 + 0.3 + 0.4

10.42 + 0,05 + 0.33 10.98+ 0.10 + 0.33

10.48+ 0.07+ 0.33 10.41+ 0.07 + 0.33 10.87 + 0.10+0.33

Table 2: Measurements from LEP experiments of
the inclusive b-hadron semileptonic branching frac-
tion, B(X& ~ XE+vr), where Xg is a hadron contain-
ing a b-quark. At the Z, the population of 6 hadrons
includes not only B„and8, mesons, but also a small
fraction of B, mesons and b-baryons.

Expt.

ALEPH (prelim. )
DELPHI (prelim. )
L3 (pi'elliil. )
OPAL (prelim. )

LEP Ave.

Ref. B(Xs ~ XE+&e)%

[11] 11.4 + 0.33 + 0.37 + 0.20
[11] 9.70 + 0.43 + 0.51 + 0.43
[11] 11.73 6 0.48 + 0.28 + 0.31
[11] 10.5 6 0.6+ 0.4 + 0.4

[11] 11.0 + 0.3 + 0.4
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Table 3: Measurements of branching fractions for Xb ~
X~ v and other semi-inclusive modes. B semileptonic decays
to final states with baryons have not been observed. The
ARGUS result for B ~ D, XE+vg has been rescaled using the
PDG value for D+ ~ fir+.

Mode

Xb —+ X7.+v~
X- —+ Xv.+v

b
X&+ve

B ~ pXE+v(

Expt.

ALEPH
ALEPH (prelim. )

ARGUS
ARGUS

Ref. B(%%uo)

[3] 4.08+ 0.76 + 0.62

[4] 2.76 + 0.47 + 0.43
[20] & 0.9 (90%%uo CL)
[51 & 0.16 (90% CL)

The challenge for inclusive measurements is to determine what part of the observed lepton momentum spectrum is due to leptons

from b-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/@(1S) 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 theoretical models to describe the primary lepton spectrum. Some of these

models have free parameters that are determined from the fit. The ACCMM model [12], for example, is based on an inclusive

calculation of b-quark decay, and it has parameters corresponding to the c-quark mass and the Fermi momentum of the spectator

quark, among others. A commonly used exclusive model is ISGW [13], in which the dominant contributions to the primary spectrum

are from B —+ DE+vs and B —+ D*E+vg, with some B ~ D 8+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 f+vg in this model is too low to adequately describe the lepton 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 Dratio-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 [14] is fit to a theoretical model (ACCMM) and then boosted according 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 most of the inclusive

rate.
LEP experiments (ALEPH, DFLPHI, L3, and OPAL) measure BgL, by fitting the spectra of p and pT (the momentum transverse

to the jet axis) in single lepton and dilepton events. The shape of the primary spectrum is taken from CLEO or ARGUS, so that

model-related uncertainties in these experiments are propagated into the LEP results. (This uncertainty is part of the third error in

the LEP results given in Table 2. Its size depends on the specific details of the analysis. )
The extraction of the B sernileptonic 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 comparable

to the experimental errors. The dominant experimental errors are due to tracking and lepton identification uncertainties, which are

expected to decrease in the future.

The ARGUS collaboration [6] has introduced a second method, 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
experimental acceptance, however, and a small extrapolation, based on models, is required to obtain the total semileptonic rate. The
results of this measurement are in agreement with the single-lepton value, although with a poorer statistical error. 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.
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The values of Bsr, given in Table 1 and Table 2 are lower than theoretical predictions, which give [15] Bgl, ) 12.5%. Such

calculations, however, are dificult partly because they must determine the total hadronic rate, which has uncertainties associated

with both perturbative and nonperturbative QCD effects. The source of the discrepancy between theory and experiment, is not yet

understood.

The semileptonic branching fraction can be used to calculate )V,t, ). The fraction is converted into a decay rate using the measured

B lifetime, and the rate is then compared with model predictions, which depend on )Vt, )-. Whereas the model dependence in t, he

determination of Bsl, is associated with the predicted shapes of momentum spectra, the extraction of )Vs) is also sensitive to the

uncertainty in the normalization of the predicted rate. It is difficult to assign errors to rate predictions based on quark-model

calculations. Quite often, a nominal theoretical error of 20% in the rate is assumed, leading to a 10% theoretical error on )V,t, ).

This uncertainty is separate from the model dependence, if any, in extracting the branching fraction. The CLED-II preliminary

results (assuming the value [16] rg = 1.49+ 0.04 ps which is used in Sec. 28 "The Cabibbo-Kobayashi-Maskawa Mixing Mat, rix") for

B ~ X,8+A i-n Table 1 give [17)

)
V,s) = (0.042 + 0.001 + 0.004)

1.49

TB ps

for both ACCMM and ISGW**. (The value for V,s in Sec. 28 "The Cabibbo-Kobayashi-Maskawa Mixing Matrix" is not based on

this measurement but on the B ~ O'E+vr rate at zero D" recoil velocity. )

Currently, there is interest in using the methods of HQET to obtain a value of )Vb) from the inclusive spectrum with a better

understood error. Luke and Savage [18] use the inclusive branching fraction to obtain the range 0.038 & )Vd, [
& 0.054, where we have

corrected their result to rB = 1.49 ps. Shifman, Uraltsev, and Vainshtein [19) argue that the present theoretical uncertainty on )V„s)

may be as low as 5'%%uo and can be made even lower. We discuss the determination of )Vd, [
using exclusive processes in Section IV.4.

Table 3 lists additional inclusive 8 branching fractions that involve leptons. The decay X& ~ Xw+v has been difBcult to

observe, due to the presence of two neutrinos. However, ALEPH has used decay configurations with a large missing energy in t, he

b-hadron rest frame. In Z decays, the boost of the b hadron to the lab frame can result in a very large missing energy (10—30 GeV)

for the hemisphere containing the decay. By looking for events with both a large missing energy and a tagged b hadron (using vertex

detector information), ALEPH has been able to measure B(X& ~ Xr+vr) with a value consistent with standard model expect, ations.

(The preliminary ALEPH result in Table 3 includes data from the original measurement, so the two results cannot be averaged. )

The lepton endpoint region and the determination of
) V~s)

The determination of [V„g[ is one of the most important and challenging measurements in B physics. For )V~b/Vs[ = 0.1, the

rate for B ~ X—„E+vg,where X—
„

is a charmless hadronic system, is expected to be only about 1/o of the inclusive semileptonic rate.

By working in the region at and beyond the lepton-momentum-spectrum endpoint for 8 —+ X-,E+vg processes, however, one gains

enormously in sensitivity to B —+ X—„E+vgdecays.

Although the advantages of working in this endpoint region (2.3 & pr & 2.6 GeV/c) are decisive, there are also disadvantages. A

major difficulty is the need to convert the measured rate for this tiny portion of phase space into a value of )V„s). 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 endpoint region, which some theorists argue [13] is dominated by a small set of exclusive channels (B —+ pI vr,

B+ ~ ~l+vr, and B ~ xE+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 [24). The exclusive calculations here are more difficult than those for B —+ X,E+vr, becaus-e

the range of recoil velocities available to the light final-state mesons in a B ~ X—„E+vg transition is much larger than for the charm

mesons in a B ~ X,I+vg decay. One therefor-e expects a much larger variation in the (poorly known) form factors thatenter into,

the decay rate. As a result. , measurements of )V„b) 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„I.vr signal) unless suppresse—d by kinematic cuts. The signal efficiency of these cuts

is model dependent, unlike the very loose cuts used in the analysis of the inclusive lepton spectrum. In particular, the efficiency

depends on the q 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„s).
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Table 4 lists the measurements of [V„s/Vb[ 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„s/Vob~ significantly lower than the earlier

measurements.

Table 4: Measurements of
~
V„s/Vos

~

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
[21] [22] [23]

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

Exclusive semileptonic decays
Measurements of exclusive semileptonic decays of B mesons are less precise and less complete than those for D mesons.

Table 5 lists the branching fractions, which assume that the branching fractions of the T(4S) to B+B and BPB are given by

f+ ——fpp = 0.5. Two techniques have been used to study B ~ D*E+vr, the only well-measured decay mode. In the first, used by

both CLEO and ARGUS, the D' and D mesons are fully reconstructed, Signal events produce a narrow peak in the D* —D mass

difference distribution, as well as a peak near zero, indicating a neutrino, in the distribution of the missing mass recoiling against the
D"f+ system. This latter peak is broadened by the assumption that the momentum of the B at the T(4S) is zero; in reality it is

about 330 MeV/c and its direction is unknown. A small contribution to the upper shoulder of the observed missing mass distribution

is attributed to B ~ D E+vg decay followed by D —+ D vr.

Table 5: Branching fractions for exclusive B semileptonic decays. The
measurements assume that f+ ——fpp = 0.5, where f+ and fpp are the

0 0
branching fractions of the T(4S) to B+B and BPB . Measurements
with an asterisk (') either use more recent values of D and D' branching
fractions or have been corrected. Those with a dagger (t) used early D"
branching fractions, but, due to the complexity of the analysis procedure,
are difficult to correct. These points are discussed in the review by Stone
(see text). The ARGUS measurement of B ~ D 8+A assumes a set
of D*' states distributed according to the ISGW model. The limits
on b ~ u semileptonic decays from CLEO are based on efficiencies
calculated using the ISGW model; other models give difI'erent lepton
energy and q2 distributions and hence somewhat different efficiencies.

Mode

B D E+vg

B D E+vg

B+ —+ D E+vg

Experiment

ARGUS*
CLEO-It

CLEO-It

Ref.

[28] (1.6 + 0.6 + 0.3)'%%uo

Branching fraction

[27] (2.0 + 0.7 + 0.6)%
[28] (1.8 + 0.6 + 0.3)%

BP ~ D' E+vg
BP ~ D* E+vg
BP —+ D* 8+vg
Bo —+ D*—g+v

ARGUS*
ARGUS* (partial rec. )

CLEO-I*
CLEO-II* (prelim. )

30
36
17]

(4.7 + 0.5 + 0.5)%
(4.5+ 0.3+ 0.4)%
(4.0 + 0.4 + 0.6)%

(4.50+ 0.44+ 0.44}%

B+ D 8+v&

B+ ~ D E+vt

B —+ D E+vg

ARGUS*

CI,EO-It

ARGUS

[31] (6.6 + 1.6 + 1 5)%

[28] (4.1 + 0.8+p's)%

[29] (2.7 + 0.5 + 0.5)%

B+ —+ (uE+vg

B+~pE vg
Bp ~ p g+v(
B ~ 7t 4 vg

CLEO-II
CLEO-II
CLEO-II

CLEO-II (prelim. )

32
32
32
17]

& 2.1 x 10 (90% CL)
& 2.1 x 10 (90%%uo CL)
& 4.1 x 10 (90% CL)
& 3.3 x 10 4 (90% CL)
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In-the second method, first employed by ARGUS, the D in 8 + D*8+vg decay is identified using only the soft pion from the

D ~ Dir decay (partial reconstruction). Due to the small energy release in this process, both the energy and the direction of t, he

D can be estimated from the soft pion's momentum alone. This technique has a large statistical advantage over t, he method in

which both the D and the D are completely reconstructed.

Although 8 ~ DZ+vg decay has a substantial branching fraction, measurements to date have sufered from poor statistics and the

di%culty of dealing with feed-down from 8 —+ D*E+vg. Several ARGUS and CLEO-I measurements of 8 ~ DE+vs and B ~ D'8+v&-

were extracted using early D and D" branching fractions, some of which were quite far from their present values. Stone [1] has used

more recent D* and D and branching fractions [25,26] to correct these measurements when possible. The values marked with an

asterisk (*) in Table 5 use the same method as Stone but with the updated PDG 1994 Do ~ K z+ branching fraction. Together,

8 ~ D*E+vg and 8 —+ DI+vg account for about two-thirds of the inclusive semileptonic rate. There is evidence that part, of the

remainder is due to 8 ~ D E+vg decay, where D*' represents a mixture of p-wave and radially excited D mesons.

Searches have also been made for exclusive B -+ X E+vr -decays. For these decays, unlike B ~ X„f+vg-, model predictions [13]
indicate that the rate should be distributed over many exclusive channels, with no dominant modes. The decays with the largest,

expected branching fractions are 8 —+ p 8 vg, 8+ ~ p E+vg, and 8+ ~ ~/+vs, which in the quark model are predicted to occur

in the ratio 2:1:1. Furthermore, these modes should have hard lepton-momentum spectra, so that there is good eSciency for these

decays in the endpoint region, where the backgrounds from 8 —+ X-,Ev are smallest. CLEO has searched for all three modes but has

found no significant signals, leading to the upper limits given in Table 5. These limits can be converted into model-dependent upper

limits on [V„b/Vbl. The limit, for the ISGW model (correcting the result, to rB = 1.49 ps) is [V„b/Vbl ( 0.12 (90Fo CL), consistent

with the CLED-II inclusive measurement (using the ISGW model) given in Table 4.

Measurement of [V~b] from B —+ D"E+vr
Three types of measurements can be used to determine [V,bl: (1) inclusive semileptonic rate (discussed in Section IU. l), (2) the

rates for B -+ DE+vs, or (3) B +D*f+vg, o-r a partial rate for B ~ D'f+vg corresponding to the kinematic configurations in which

the D' recoils slowly. ThEe B -+ Dvg mode is especially well suited to measuring [Vbl. Using HQET, the rate for this process

can be accurately predicted (as a function of [V,bl ) for the kinematic configuration in which the D is produced at rest and the

lepton and neutrino are back to back in the B rest frame. This configuration occurs when q2 = qz „=(mB —mLi. )2. The light

constituents of the initial B meson are then essentially undisturbed by the 8 ~ X-,E+vg transition, at least in the limit where t, he 6

and c quark masses are taken to be very large compared with AqcD.
In this large-mass limit, all of the B ~ D 8+vg form factors are related to a single form factor, the Isgur-Wise function, which

depends only on the relative four-velocities of the initial and final hadrons: ( = ((vg vii ). Note that vg i~ii = pD, where the

relativistic factor pD* is measured in the 8-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 q2 by

M2+ m2 —q2Q)=v'v
2Mm

where M and m are the masses of the parent and daughter mesons.

At zero recoil (iu = 1 or qz = qz,„),the normalization of ( is known, ((I) = 1, which means that the decay rate in this

configuration can be accurately predicted as a function of [Vb[z. Corrections to this picture arise from hard gluon corrections and

because the masses of the 6 and e quarks are not truly infinite. However, the heavy quark symmetry limit prediction for 8 ~ D*f+vg

is protected by Luke s theorem [33], which states thatfor t, his process, there are no leading order (1/mq) nonperturbative corrections

at w = 1, where mq is the mass of a heavy quark (c or b). As a consequence, the leading corrections to the decay rate prediction

arise at order 1/m&. The calculation of these corrections, which introduces some model dependence, has been the subject of many

investigations. Neubert [2,34] has obtained the result

1 dB(B"~ D' E+vr) GF 2 2 I 2
4m 1 —2wr+ r

mD. (mB —mD. ) q&Utv —l(to+ 1) 1+ IVbl ((~)
rB dtU 48+3 w + 1 (1 —r)z

where r = m~«/mIi, il~ = 0.99, and

((1) = 1 + b(i/~2) = 1.00 + 0.04 .

(The values for ilg and ((1) are preliminary. ) The unknown function ((ui) is related to ((iu), as discussed by Neubert [2], but includes

symmetry breaking corrections. These predictions can be used to determine [Vbl 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 ui = 1. (A

new estimate of the corrections to the heavy-quark symmetry limit by Shifman, Uraltsev, and Uainshtein [19] gives a lower value of

((1) and a higher value of [Vbl. )



See key on page 1343
1607

Meson Full Listings
Semileptonic Decays of 8's

Unfortunately, both CLEO and ARGUS have difficulty in measuring the rate in this region because the decay of the slow-moving

D* produces a very slow pion, which is difficult to detect with high efficiency. The rate at zero recoil is therefore obtained by

measuring the rate as a function of m and then extrapolating to m = 1. This procedure introduces some model dependence because

HQET does not predict the iv dependence of the form factors, which involves nonperturbative QCD physics. (Several groups are

using lattice QCD to predict the iv dependence and are beginning to obtain interesting results [35].) Because the iv range is small,

however, the form factors are expected to have only modest variation, which is approximately linear. CLEO and ARGUS use a

variety of functional forms to parametrize the m dependence. The different extrapolations to m = 1 lead to a range of values for

[Vs[, some of which are listed in Table 6. The systematic errors on the CLEO measurements are due to uncertainties in the soft-pion

detection efFicieney, smearing effects, background (B ~ D f+vr), and sensitivity to the values of the form factors. As discussed

for the exclusive branching ratios, these measurements assume B T(4S) +B B-= 0.5. It should be noted that [Vsl can also be

obtained from the total rates for B ~ DE+vs and B —+ D*E+vg. The theoretical predictions, however, are less reliable than those for

the zero-recoil configuration of B —+ D*Z+vg.

Table 6: Measurements of [Vbl snd p2 using the decay B ~ D'E+vr and HQET
predictions. The ARGUS measurements of [V~[ have been corrected to a B lifetime of
1.49 ps.

Expt.

ARGUS
ARGUS

ARGUS
CLEO-II
CLEO-II

CLEO-II

Ref.

[29]
[29]

[29]
[17] (prelim. )
[17 (prelim. )

[17] (prelim. )

((iv) = ((vg vLi. )

1 —p2(ur —1)
exp[—pz (iv —1)]

[2/(~+ 1)]"
I p'(~ —-1)

exp[ —p2(tv —1)]

[2/(~+ 1)I"

1.17 6 0.22 + 0.06
1.88 + 0.38 + 0.16

2.10 + 0.38 + 0.18
1.2 + 0.5 + 0.3
1.0 + 0.4 + 0.2
1.1 + 0.5 + 0.2

IVbl

0.042 + 0.005 + 0.003
0.047 + 0.008 + 0.002

0.048 + 0.008 + 0.003
0.038 + 0.006 + 0.004
0.037 + 0.005 + 0.004

0.038 + 0.005 6 0.004

Form factor measurements
Both ARGUS and CLEO have used measurements of kinematic distributions to obtain information on the form factors for

8 ~ O'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-,Z vg. Here, both the initial- and final-state quarks are heavy compared with the typical hadronic scale set

by Aqc~. With sufficiently large data samples, the B ~ D*E+vr decay should provide useful tests of HQET predictions. Ideally,

one would determine the q~ dependence of each of these form factors with minimal assumptions. In practice, due to the limited data

samples so far available, experiments have taken the shapes of the q2 dependence from models. The ratios of the form factors at a
particular q, usually qm~, are then obtained from fits to observed kinematic distributions.

Both ARGUS and CLEO have extracted the values of two key observables that can be related to the values of the form factors.
The first of these is AFg, the forward-backward asymmetry of leptons in the virtual-W rest frame (see Section II). The nonzero

value of Apg is a consequence of the parity-violating V-A coupling, which results in more leptons being produced in the hemisphere

opposite the D* momentum vector than in the hemisphere containing it. The second observable is the polarization parameter a (see

Section II). It is important to recognize that although both AFtr and a are defined as integrals over all of phase space, the lepton

asymmetry and the D* polarization are actually functions of q2. Thus, measurements for which the acceptance over phase space is

not uniform must be either corrected or compared with theoretical predictions incorporating the same acceptance.
Table 7 compares theoretical predictions of AFB and a from Neubert [2] with measurements from ARGUS and CLEO.

The measurements, however, are slightly different. In the CLEO-II measurement, Apg is an average over all decays for which

pr & 1.0 GeV/e. In ARGUS, the same cut is used (for both AFB and a), but the effect of this eut is removed using theoretical

models. CLEO-I has also measured [36] a = 0.65 6 0.66 6 0.25 for pr & 1.4 GeV/c.
The dependence of the CLEO results on the momentum cuts disappears only when the form factor ratios are calculated (for

each model) using a least-squares fit that incorporates the acceptance. In the ARGUS analysis, on the other hand, the kinematic

distributions are fitted directly to models in which the only free parameters are form factor ratios. The values of A~~ and n are then

derived from each model using the fitted values for the form factors. Thus, the dependence of Ap~ and n on the lepton-momentum

eut is removed model by model. ARGUS finds that their values of AFB and a are insensitive to the model used. (They do not

quote the form factor ratios obtained from the fits. )
The observation of a positive value for AFp is consistent with predictions of form factor models that assume V —A couplings

at both W-boson vertices. CLEO has shown that models in which the hadronic current has a V+ A structure do not describe the
data well, assuming that V —A is still used for the leptonic current [37]. (However, the measurement of AF~ cannot rule out the
case in which both the hadronic and leptonic currents are V+ A.) The predicted value of A~~ is a function of p2, the slope of the
Isgur-Wise function, as can be seen from Table 7.
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Table 7: Comparison of theoretical and experimental values of
the D* polarization parameter o. and the lepton forward-backward
asymmetry AFB in B —+ D*E+vg decay. The theoretical values,
which depend on the form factor slope p&, were obtained by
Neubert using HQET with the assumption o( a pole form for the
form factor.

2

1.1
0.8
0.5

0.22
0.22
0.22

AFB (pr ) 1 GeV/c)

0.16
0.16
0.15

1.33
1.44
1.55

Expt. 0.20 + 0.08 + 0.06
ARGUS [29]

0.14 + 0.06 + 0.03 1.1 + 0.4 + 0.2
CLEO-II [37] ARGUS [29]

CLEO has performed least-squares fits using the measured values of AFg, a. (averaged over CLEO and ARGUS results), and the

histogram of dI'/dq2 (also averaged over CLEO and ARGUS measurements), to obtain values for the ratios of the 8 -+ D'E+vr form

factors at q~~. The results of these fits are given in Table 8, together with the predictions of several models. Although the values

of the form factor ratios are in agreement with predictions, the precision is not yet sufhcient, to distinguish among the models.

Table 8: Measurements and predictions for ra-
tios of the form factors for 8 ~ D*E+vg, eval-
uated at qz = qs „.The two fits (a) and (b)
correspond to different assumptions for the q2

dependence of the form factors. The fits given
in the CLEO paper quoted here combined the
AFB measurement from CLEO with ARGUS and
CLEO measurements of n and dl'/dq2.

Ref. A2/At V/At

CLEO-II Fit (a)
CLEO-II Fit (b)
ISGW
KS
WSB
HQET-based
HQET-based

37]
37]
13
38
39
40
41

1.02 + 0.24
0.79 + 0.28

1.14
1.39
1.06
1.26
1.14

1.07 + 0.57
1.32+ 0.62

1.27
1.54
1.14
1.26
1.74

Conclusions on H semileptonic decays
Knowledge of 8 semileptonic decays is advancing rapidly, and many of the values given in this review are likely to be superseded

in the near future. The inclusive B semileptonic branching fraction is already one of the most precisely measured quantities in B
physics, and experimental errors should continue to improve. Important progress is being made in minimizing the model dependence

of this measurement by using dilepton events. Knowledge of the exclusive semileptonic branching ratios is still rather poor: only

B —+ D E+vg is known with reasonable precision, and exclusive B —+ X—„8+vg transitions have not yet been measured. By our next

edition, this situation may well have changed.

Semileptonic 8 decays provide important information on ]V,s] and ]V„s]. The inclusive 8 +X-,l vr decay r-ate is roughly one

hundred times that for 8 —& X„E+vrdecays, —so that ]V„s]is much harder to measure. Furthermore, the model dependence is more

severe for measurements of ]V„s]than for ]Vd, ]. The 8 —+ X—„E+vrsignal is statistically significant only in a very small part of phase

space, the lepton spectrum endpoint region, in which model predictions are questionable. In the future, measurements of the q

distribution in both inclusive and exclusive 8 ~ X—„E+vrdecays should help to reduce the model dependence, and lattice QCD may

be important for improving ]V„s]determinations. Finally, because both quarks are heavy in a 8 ~ X,E vr transit, io-n, one ean use

the tools of heavy quark effective theory to predict decay rates. Using B ~ D*E+vg in the kin. ematic region where the D* has only a
small recoil velocity, one can determine ]V b] with relatively little model dependence, even though the data samples are not yet large

enough to fully realize the potential of this approach. The met, hods of HQET may also lead to a precise det, ermination of ]V,s] from

the inclusive semileptonic rate.
It is imports, nt to test HQET in detail. Although form factor measurements are roughly consistent with HQET predictions, t, he

experimental uncertainties are too large at present to allow a stringent test. And although heavy quark symmetry can relate different

form factors to the Isgur-Wise function, only nonperturbative techniques such as lattice QCD can actually predict the q2 dependence

of this function. One can expect significant progress in all of these areas during the next few years.
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This section also includes measurements which do not
identify the charge state of B.

These experiments actually measure the difFerence between half of Ecm
and the B mass.

TECN COMMENTDOCUMENT IDVALUE (MeV) EVTS
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~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~
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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.
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+0.30+0 12—0.28 —0.14 59 5 ACTON

1 47+0.22+0.15 77 BUSKULIC 930 ALEP e+ e + Z-0.19-0.14

4ABE 940 measured mean life using fully reconstructed decays.
Data analyzed using D/D~ Canything event vertices.
ABREU 93G data analyzed using charged and neutral vertices.
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B HADRON MEAN LIFE

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 p p
collisions should should not differ significantly.

VALUE (10 12 6) CLQ EVTS DOCUMENT ID

1.537+4.421 OUR AVERAGE

1.582 +0.012+0.032 ABREU
1.46 +0.06 +0.06 5344 7 ABE

1,51 0 14 +0.11 130 ACTON

1.523+0.034+0.038 5372 9 ACTON

1.535+0.035+0.028 7357 9 ADRIANI

1.50 +0.020+0.050 10 8USKULIC

1 35 ' +0.005 11 BUSKULIC 92G ALEP

1.32 + ' +0 15—0.25
a e 4 We do not use the following data for averages, fits, limits, etc. ~ 4 4

TECN COMM EN T

e+e Z

p p at 1.8 TeV

e+e— z

94C DLPH
93j CDF

93c OPAL

e+e- - z
e+ e ~ Z'

e+e Z

93L OPAL

93K L3

93O ALEP

e+e— z

37 ALEXANDER 91G OPAL e+ e ~ ?

1.23 —0.13
1.49 +0.11
1.28 +0.10
1.37 +0.07
1.49 +0.03

+0.12

60.06
60.06

1,32 +0.08 +0.09

1.29 +0.06 +0.10

+0.25
—0.23

1.13 k 0.15
1.35 +0.10

0.98 +0.12

+0.27—0.22

1.29 +0.20

02 +0 ~ 42
—0.39
+0.5—0.4

83 +0.38
—0.37
+0.37
—0.34

1.8 +0 6

20 +0 45
—0.36

&1.4

+0.24

+0.13
+0.17
—0.16
+0.21

+0,4
+0.37
—0.34

+0.23

60.4

+0.30

95

13 ABREU

14 ABREU
15 ABREU
16 ACTON
17 BUSKULIC

188

253

1354

18 ADEVA

2973 19 DECAMP

20 HAGEMANN

LYONS

BRAUNSCH. ..
ONG

930 DLPH Sup. by ABREU 94C

93G DLPH
92 DLPH
92 OPAL
92F ALEP

Sup. by ABREU 94C

Sup. by ABREU 94C

Sup. by ACTON 93L

Sup. by
BUSKULIC 93o

Sup. by
ADRIANI 93K

Sup. by
BUSKULIC 92F

Ece

91H L3

91C ALEP

90 JADE

90 RVUE

898 TASS Ec~m= 35 GeV

89 MRK2 EP~= 29 GeV

301

25

88 DLCO

87 MAC

87 HRS

86B JADE

KLEM

ASH

23 BROM

BARTEL

ALTHOFF 84H TASS

Eceem= 29 GeV

Eceem 29 GeV

Ecee 29 GeV

Eceme 35 GeV

Ecme
—30-46.8 GeV

46 KLEM 84 DLCO Repl. by KLEM 88

FERNANDEZ 83e MAC Eceem= 29 GeV

l OCKYER 83 MRK2 Repl. by ONG 89

BARTEL 82C JADE e+ e, average
'c —34 Gev

ABE 93' analyzed using J/Q(lS) ~ pp vertices.

8ACTON 93c analysed using D /D*Eanything event vertices.

ACTON 93L and ADRIANI 93K analyzed using lepton (e and m) impact parameter at
Z.
BUSKULIC 930 analyzed using dipole method plus lepton {eand u) impact parameter
at z.
BUSKULIC 92G use J/@(1S) tags to measure the average b lifetime. This is comparable
to other methods only lf the f/717(1S) branching fractions of the difFerent b-flavored
hadrons are in the same ratio.
Using Z ~ J/g(15)X, Jjg(15) ~ 8+8, ALEXANDER 91G determined the average
lifetime for an admixture of B hadrons from the decay point of the J/Q(1S).

13ABREU 93D data analyzed using D/D'lanything event vertices.

ABREU 93G data analyzed using charged and neutral vertices.

ABREU 92 is combined result of muon and hadron impact parameter analyses. Hadron

tracks gave (12.7 6 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 semileptonic 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
fun.
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 ~ 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 ineasuresments of ONG 89, BRAUN-
SCHWEIG 898, KLEM 88, and ASH 87, and JADE 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'/4 in quadrature with the systematic error
of +0.7 to obtain +2.1 systematic error.

23statistical and systematic errors were combined by BROM 87.

C1

l2
I3
l4
f5

l7
I8
l9
I 10

Cllr„
C14
I 15

C16

I 18
C19

C2o

C22

C23

C24

C26

C28

C29

"3O

l 34

C35

36

C38

C39

C40

C4

C45

C46

C47

B+ DECAY MODES

Mode Fraction (I I/I )
Scale factor/

Confidence level

Semlleptordc modes
[a] ( 1.6 +
[a] ( 6.6 +

( 2.2

[a] & 2, 1

seen

[a] ( 2, 1

8+ Do g+
8+ ~ D"(2007)PI+ u

8+ pro e+ v,
8+ wE+ vg

8 ~ (d p, v~
8+ ~ poE+vg

O.7 )%
2.2 ) 4/4

x 10
x10 4

CL=9O%

CL=90%

x 10 4 CL=904/4

D, D', or D~ modes

( 5.3 +
( 1.34+
{ 1.1

nonreso- ( 5

8+ ~ Don+
8+ ~ Dop+
8+ DO~+ ~+ ~-

8+ ~D~+ ~+ ~-
nant

8+ O'~+ p'
8+ ~ D at(1260)+

8+ ~ D"(2010) fr+ fr+
8+- D-~+~+
8+ O'(2OO7}fl ~+
8+ ~ D'(2007)9 p+
8+ ~ D'(2007)9 fr+ fr+ fr

8+ ~ D"(2010) n'+fr+fib
8+ D'(2O1O)- ~+ ~+ ~+ ~-
8+ ~ Dt (2420)9 fr+
8+ ~ Di(2420)ap+
8+ ~ D2(2460}9n+
8+ D2(2460) p+
8+ D' D+

5
8+ ~ DQD*+

5
8+ - D (2OO7}oD+
8+ ~ D'(2 00)7D9'+

8+ D+ ~o
5

8+ ~ D'+pro
5

8+ D+~
5

8+ ~ D'+g
5

8+ D+ po
5

8+ ~ D+ po
5

8+ ~ D+~
5

8+ ~ D'+~
5

8+ ~ D+at(1260)9
8+ ~ D,

" +a(f126 )09
8+ D+y

5
8+ ~ D*+P

5
8+ ~ D+Ko

5
8+ D +Ko

5
8+ ~ D+ K*(892)o
8+ ~ D'+ K'(892}9
8+- D-~+K+

5
8+ ~ D' ++K+

5
8+ D, ~+ K*(892)+
8+ D,

' ~+ K'(892}+

( 4.2

{ 5

( 2.1
1.4

( 5.2 +
( 1.55'
( 9.4

( 1.5 1
( 1

( 1,1 +
1.4

1.3

4.7

( 1,7 +
( 1,2 y

( 1.O +
( 2.4 y

2.1

3.4

5

8

2.3

1.7

( 3.3

1.1
1.2
5

5

1.2

05 )x10
0 18) 4/

o.4 ) /4

4 )x10

3.0 )x10
4 )x10
0.6 )x 10

x 10
0,8 )xlo
O.31) %
2.6 )x 10

0.7 ) %

0.5 )x10
x 10

x 10

x 10

0.6 ) %

1.0 ) %

0.7 ) 4/4

1.3 ) %

x10 4

x 1O-4

x 1O-4

x 1O-4

x 1O-4

x10 4

x10 4

x 1O-4

x 10

x 10

x 1O-4

x 10

x 10

x 10

x 1O-4

x 10

x 10

x 10

x 10

x 10

CL=904/4

Ci=90%

CL=904/4

CL=90%

CL=90%

CL=90'/4

CL=904/4

CL=90%

CL=90%

CL=904/4

CL=gO%

CL=9O4/

CL=90%

CL=904/4

CL=go%

CL=90/

CL=90/4

CL=90'/4

CL=904/4

CL=9O/4

CL=90%

CL=90'/4

CL=904/4

CL=9O4/.

CL=90%

B modes are charge conjugates of the modes below.

Only data from T(4S) decays are used for branching fractions, with

rare exceptions. The branching fractions listed below assume a 50:50
Bo&:B+B production ratio 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, 0*, and @ branching
ratios to current values whenever this would effect our averages and best
limits significa ntly.

Indentation is used to indicate a subchannel of a previous reaction. AII

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.
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I48
I49
iso
~51
I52

i 54
iss

B+ ~
B+ ~
B+
B+ ~
B+
B+
B+
B+

Charm onium
1/@(1S)K+
1/35(1S) K+ e+ rr

1/@(1S)K'(892)+
g(2S) K+
@(2S)K*(892)+
Q(2S) K'(892}+rr+ rr

Xct (1P)K+
Xet (1P)K"(892)+

( 1.02+ 0.14)
(1.4 + 0.6)
( 1.7 4 0.5 )
( 6.9 + 3.1 )

3.0

( 1.9 + 1.2 )
( 1.0 + 0.4 )

2.1

x 10
x 10
x 10
x 10 4

x 10
x 10
x 10
x 10

S=1.3
CL=90%

CL=90%

I 112 B
I 113
I 114
I 115 B+ ~
I 116 B+ ~

Isis B+ ~
I 119

K+ e+ p,
—

K+ e p+
e+ e+

~ p+ p+
e+ p+

K—e+ e+
K p,+p,+
K e+ p+

LF
LF
L

L

L

L

L

L

6.4
6.4
3.9
9.1
6.4
3.9
9.1
6.4

x 10
x 10
x 10
x 10
x 10
x 10
x 10
x 10

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

CL=9O%

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

i 56
IS7
lss
I 59
I 60
I61
I62
I 63
I 64
~65

I66
167
I 68
I 69
I 70

I 74
~75
~76

~77
~78

C79

iso
Isi

S2

S3
~84
iss
I 86
~87
Iss
I 89
i go
I 91
I92

~94
I 95
I96
I 97

K or K' modes

arm)

B+ ~ Kovr+
B+ ~ K'(892}err+
B+ ~ K+rr e+(no ch
B+ ~ Kt(1400)o rr+
B+ ~ Ka(1430}ox+
B+ ~ K+po
B+ - K'(892}+e+e-

B+ ~ K'(892)+ po
B+ ~ Kt(1400)+ p
B+ ~ Kq(1430)+pe
B+ ~ K+K K+

B+ ~ K+/
B+ ~ K'{892)+K+K

B+ ~ K'{892)+d
B+ ~ Kt(1400)+ ri
B+ ~ Ka{1430)+rl
B+ ~ K+ fo(980)
B+ ~ K'(892)+p
B+ ~ Kt(1270)+p
B+ ~ Kt(1400)+p
B+ ~ Ka(1430)+ P
B+ ~ K'{1680)+p
B+ ~ K3{1780}+P
B+ ~ K4(2045)+ p

Light unffavorid
B+ ~+~0
B+ &+~+~-

B+ ~ po~+
B+ ~ e+ fp(980}
B+ -+ rr+f3(1270}

B+
B+ ~ p+xo

B+ ~+~- ~+~0
B+ p+ po
B+ ~ aq(1260)+rro
B+ ~ at(1260)oe+
B+ ~ ax+
B+ ~ gx+

B+ ~+ ~+ ~+~- ~-
B+ ~ po at(1260}+
B+ ~ p aa(1320)+

B+ ~ 7r+7r+7r+~
B+ ~ at(1260)+at(1260)

Baryon modes

1.0
1.5
1.9
2.6
6.8
8
1.1
9.0
7.8
1.5
3.5

1.6
1.3

3.4
8

5.7
7.3
2.2
1.4
1.9
5.5
99

2.4
1.9
1.5
1.4
2.4
8.9
5.5
4.0
1.0
1.7
9.0
4.0
7.0
8.6
6.2
7.2
6.3
1.3

3.3 )

x10 4

x10 4

x10 4

x 10
x iO-4

x 10
x 10
x10 4

x10 4

x 10

x10 4

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

x10 4

x iO-4
x10 4

x10 4

x iO-4

x iO-4

x10 4

x 10

x 10

x 10
x 10 4

x 10 4

x iO-4
x10 4

x10 4

x10 4

x 10

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

CL=90%
CL=90%

CL=9O%

Cl =90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=9O%

CL 90O/

CL=9O%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90/o

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

~98
Igg
~100
~101

I 103

B+ ~
B+ ~
B+
B+ ~
B+ ~
B+

p pm+

p pn+vr+n
pA
pAx+ x
~pp
Q++ p

1.6
5.2
6
2.0
3.8
1.5

x iO-4

x10 4

x 10
x10 4

x10 4

x10 4

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

neutral current (Bl) modes
B1 & 3.9 x 10
Bl 9.1 x 10
B1 & 6 x 10
B1 & 17 xiO —4

B1 & 6.9 xiO —4

B1 & 12 x 10
LF & 64 x ip
LF & 64 x 10

48 = 1 weak
B+ ~ m.+e+e
B+ —+ x+p+p,
B+ ~ K+e+e
B+ ~ K+~+~-
B+ ~ K*(892)+e+ e
B+ ~ K'(892)+ p+ p
B+ ~ 7r+e+p
B+ ~ vr+e p+

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

104
I 105
I 106
I 107
I ips
~109
~110

CL=90%
CL=90%
CL=90%

Lepton Family number (LF) or Lepton number (L) vhlatlng modes, or

B DECAY MODES

B modes are charge conjugates of the modes below.

S=1.3

CL=9O%

CL=90%

CL=9O%

CL=9O%

D, D', or DI modes
(26 4 4 )%
(54 k 6 ) %

hing (23 + 4 ) %

[e] ( 8.9 6 i.i ) %
D*, Or [e] ( 5.0 + 0.9 )%

B ~ D anything
B ~ D anything

r, aa B D"{2010) anyt

i»g B ~ D,+anything

I140 B~ DsD, DsD, Ds
Der Der

s
I q4q B ~ D'(2010)p
I 142 B ~ Ds ~, D~+&, Ds p

D'+p, D+mo, D'+xo,
D+~, D*,+~, D+p',
D*+po D+~ D

S=1.4

x 10 3 CL=90%
x 10 CL=90%

1.1
5

Charmonium modes
I t43 B ~ 1/rII(1S)anything ( 1.30+ 0.17) /0

I t44 B ~ iI (2S)anything ( 4.6 + 2.0 ) x 10
I t45 B ~ X,q(1P)anything ( 1.1 6 0.4 ) %

I 146 B ~ K+anything
I 147 B ~ K+anything
I 148 B ~ K-»yth»g

B -+ Ko/~Kanything
I isp b ~ sp

B ~ K"(892)p
ft52 B ~ Kt(1400)p

t53 B ~ Kq(1430)r
I t54 B ~ Ka(1770)7
I t55 B ~ K~3(1780)P
I t55 B K'(2045) p

K or K' modes
[e] (85 k 11

(63 + S

[f] & 1.2
2.4
4.1
8.3
1.2
3.0
1.0

)%

)%
x 10
x 10 4

x10 4

x10 4

x 10
x 10

x 10

CL=90o/

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

Light unflavored meson modes
I 157 B ~ /anything ( 2.3 + 0.8 ) %

Baryon
I 158 B ~ charmed-baryon anything

B Z~ anything

I 16p B ~ Z anything

B P~ anything

I 162 B T'N(N = p or n)
I 163 B ~ p anything + panything

modes

( 6.4 + i.i
( 4.8 + 2.5

1.1

( 5.3 + 2.5
1.7

( 8.0 + 0.5

)%
)x10

)x10
x 10

)%

CL=90%

CL 90o

For the following modes, the charge of B was not determined. The mea-
surements are for an admixture of B mesons at the T(4S) unless otherwise
indicated by a footnote and a "b" instead of "B" in the initial state.

Semlleptonic and leptonic modes

I 12p B ~ e+ ve anything [b] (io.4 + o.4 )%
I tat B D'(2010) e+v, ( 7.0 + 2.3 ) %

B ~ pe+v, anything 1.6 x 10
I 123 B ~ p,+ v& anything [b] (10.3 6 0.5 )%
I 124 B ~ 8+vt anything [a,b] (10.43+ 0.24) %
I 125 B —+ D 8+vganything [a] ( 2.7 k 0.8 ) %

I126 B ~ D E+vganything [a] ( 7.0 + 1.4 ) %
I 127 B ~ D"8+vg [a,c] ( 2.7 + 0.7 ) %
I 128 B b Ds 8+vganything [a] & 9 x 10

B ~ D, E vgK+anything [a] & 6 x 10

I 13p B -+ D 8+vgK anything [a] & 9 x 10

I 131 B ~ E+vgnoncharrned [a]

I132 B ~ K+8+vganything [a] ( 5.6 + 1.0 )%
I 133 B ~ K 8+ vg anything [a] ( 1.0 + 0,6 ) %
I t34 B ~ K /K 1+vqanything [el ( 4.t + o.s )%
I 135 b ~ T v anything [d] ( 4.1 + 1.0 ) %
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I 164 B ~ p(direct) anything +
p(direct) anything

I 165 B ~ Aanything+ Aanything
B ~ = anything + =+ any-

thing
I 167 8 ~ baryons anything
I 168 B p panything
I 169 B Apanything + Apany-

thing
f 170 B A A anything

( 5.6 + 0.? }%

( 4.o + o.5 ) %

{ 2.7 + 0.6)xl0

( 6.8 + 0.6 ) 0/o

( 2.47+ 0.23) %

( 2.5 + O.4 ) %

5 x 10 CL=90%

4B= 1 weak neutral current

l 171 b e+ e anything BI [fj (
I 172 b p p anything Bl [f) &

(Bg) modes

2.4 x 10

x 10 CL=90%

[a] f indicates e or rs mode, not sum over modes.

[b] These values are model dependent. See note on "Semileptonic Decays"
in these Full Listings.

[0] D" stands for the sum of the D(1 tpt), D(13P0), D(13P1), D(13P2),
D(2 So), and D(2'St) resonances.

[d] Bo, B+, Bo, and B baryon states not separated.

[e] The value is for the sum of the charge states indicated.

[f] BoB+, a, nd Bo not separated.

I gPt" v)/I total

B+ BRANCHING RATIOS

E = e or p„not sum over e and p, modes.
VAL UE DOCUMENT ID TECN COMMENT

0.016+0.006+0.003 FULTON 91 CLEO e+ e ~ T(4S)
FUI TON 91 assumes equal production of 8 ~B and 8+ 8 at the T{45).

r(O (200r)og+ v)/r„„, I 2/I

r(m 0+v,)/rn, t, l

VAL UE

&0.0022

I (Isr t+ vs)/I total

CL%

90
DOCUMENT ID TECN COMMENT

ANTREASYAN 90B CBAL e+ e ~ T(45}

I 3/I

I 4/I
4' = e or p, , not sum over e and p modes.

VAL UE CL Yo DOCUMENT ID TECN COMMEN T

&2.1 X 10 90 0 BEAN 93S CLE2 e+ e T(4S)
20 BEAN 93s limit set using ISGW Model. Using isospin and the quark model to combine

r(p e+ vt} and I (p 7+ vr} with this result, they obtain a smit &(1.6-2.7) x lo at

90% CL for 8+ ~8+ vg. The range corresponds to the ISGW, WSB, and KS models.
An uPPer li~it on

~
V„b/Vc~

~

( 0.8-0.13 at 90% CL is deri~ed as well.

I (sr 34 vss)/I total
VAL UE DOCUMENT ID TECN

SSNI ALBRECHT 91C ARG

29ln ALBRECHT 91Cs one event is folly reconstructed providing evidence for the b ~ o
transition.

r(p t vd)/rtot I
E = e or Ig, not som over e and p, modes.

VAL UE CL4A DOCUMENT ID TECN COMMENT

&2.1x 10 4 90 BEAN 930 CLE2 e+e T(4S)
BEAN 93s limit set using ISGW Model. Using isospin and the quark model to combine
I (ur l+vr} and I (p 4+vr) with this result, they obtain a limit &(1.6-2.7) x 10
at 90% CL for 8+ ~ p E+vg. The range corresponds to the ISGW, WSB, and KS
models. An upper limit on

j V„~/Vc~~ ( 0.8-0.13 at 90% CL is derived as well.

E = e or p, , not sum over e and p modes.
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.0&6+0.016+0.015 ALBRECHT 92C ARG e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits„ limits, etc. ~ ~ ~

seen 390 26 SANGHERA 93 CLE2 e+ e T(4S)
0.041 +0.008 0'009 FULTON 91 CLEO e+ e -~ T(4S)

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 2r+). Assumes equal production

of B ~B and 8+8 at the T(45).
Combining D*07+vr and D 7+vr SANGHERA 93 test tr —A structure and lit the

decay angular distributions to obtain AFB —3/4*(i —I +)/I = 0.14 + 0.06 + 0.03.
Assuming a value of Vc~, they measure V, 41, and 42, the three form factors for the

t
Do Sv~ decay, where results are slightly dependent on model assumptions.

Assumes equal production of 8 5 and B+ 8 at the T(4S). Uncorrected for D and
D' branching ratio assumptions.

I PD sr+)/I total I 7/I
VAL UE EVTS

0.0053+0.0005 OUR AVERAGE

0,0055+ 0.0004 +0.0005 304 31 A LA M 94 CLE2 e" e — T(4S)
0.0050+0.0007+0.0006 54 3 BORTOLETTO92 CLEO e+ e ---: T{4S)
0 0054+0.0018+0.0012 14 3 BEBFK 87 CLFO eW e — T(45)—0.0015 —0.0009
e o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

0.0020+0.0008+0,0006 12 32 ALBRECHT 90J ARG e~ e i-h T(45}
0,0019+0.0010+0.0006 7 ALBRECHT 88K ARG e+ e --. T{4S)

31ALAM 94 assume equal production of 8+ and Bo at the T(4S) and use the CLEO II

absolute B(D - K 2r+) and the PDG 1992 B(D ~ K 2r ~ 2r )/B(D — K 7r }
and B{DQ ~ K ~ 7r+ fr )/B(D0 —9 K x+ ).
Assumes equal production of 8+ and 8 at the T(4S) and uses the Mark III branching
fractions for the D.

33BEBEK 87 value has been updated in BERKELMAN 91 to use same assumptions as
noted for BORTOLETTO 92.
ALBRECHT 88K assumes 8 ~B:8+8 ratio is 45:55. Superseded by ALBRECHT 90J.

DOCUMENT ID

r P'p+) Irtot i

TECN COMMEN TVALUE EVTS

0.013l+0.001$ OUR AVERAGE

0,0135+0.0012+0.0015 212 A LA M 94 CLE2 e+ e — T(4$}
0.013 +0.004 +0.004 19 ALBRECHT 90J ARG e+ e — T(45}
o ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

0,021 +0.008 +0,009 10 ALBRECHT 88K ARG e+ a -- r(4$)
ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO]l
absolute B(DQ ~ K 7r+) andthe PDG 1992 B{DQ —.K Tr+2r )/B(D — K 2r+)
and B(D ~ K 2r+ 7r+ ~ )/B(D ~ K 2r+ }.
Assumes equal production of 8+ and BO at the T(4S) and uses the Mark III branching
fractions for the D.

?ALBRECHT 88K assumes 8 ~B:8 ] 8 ratio is 45:55.

DOCUMENT ID

r(OO) n+ v+ v-)/ron, l I 9/I

r (P at {1260)+)/I total rta/r
VAL UE DOCUMENT ID TECN COMMENT

0.00lS+0.0019+0.0031 41 BORTOLETTO92 CLEO e+ e —+ T(4S)
4 BORTOLETTO 92 assumes equal production of 8+ and Bo at the T{4S) and uses

Mark III branching fractions for the D.

I (D'{2010) sr+sr+)/I total
VAL UE CLS EVTS

0.0021+0.0006 OUR AVERAGE

0.0019+0.0007+ 0.0003

rts/r
DOCUMENT ID TECN COMM EN T

14 42 ALAM 94 CLE2 e+ e
T(45)

11 ALBRECHT 90J ARG e+ e
r(45}

3 "4 BEBEK 87 Cl EO e+ e
T(45)

0,0026-.e 0.0014 9- 0.000?

0 0024 + 0 0017+0.0010
—0.0016 —0.0006

o ~ o We do not use the following data for averages, fits, iimits, etc. o e ~

& 0.004 90 45 BORTOI ETTO92 CLEO e+ e
T(45}

0.005 +0.002 +0.003 46 ALBRECHT 87C ARG e+ e
T(45}

ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO Il

B(O*(2010)+ D 2r+) and absolute B(D ~ K 2r+) and the PDG 1992 B(D
K + 0)/B(DQ K 2r+) and B(D0 K mr+ 2r+ 2r )/B(00 K 2r+).
Assumes equal production of 8+ and 8 at the T{4S)and uses the Mark ill 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 80 at the T(4S) and uses

Mark lll branching fractions for the D and D*(2010). The authors also find the product

branching fraction into D**2r followed by D** ~ D*(2010)2r to be 0.0014

0.0003 where D~* represents all orbitally excited D mesons.
46AI BRECHT 87C use PDG 86 branching ratios for D and D*(2010) and assume

B(T(4S) ~ 8+ 8 ) = 55% and B(T(4S) ~ 80~B) = 45%. Superseded by AL-
BRECHT 90J.

VAL UE DOCUMENT ID TECN COMMENT

0.0115+0.0029+0.0021 BORTOLETTO92 CLEO e+ e -~ T(45)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(45) and uses
Mark III branching fractions for the D.

I (IP sr+ sr+ s nonresonant) /rtotai f 10/I
VALUE DOCUMENT ID TECN COMMENT

0.0051+0.0034+0.0023 BORTOLETTO92 CLEO e+ e T(4S)
39BORTOLETTO 92 assumes equal production of 8+ and 80 at the T(4S) and uses

Mark III branching fractions for the D.

I ~osr+ p )/rtotaI
VAL UE DOCUMENT ID TECN COMMENT

0.0042+0.0023+0.0020 BORTOLETTO92 C L EO e+ e -- T(45)
BORTOLETTO 92 assumes equal production of 8+ and BO at the T(4S) and uses
Mark III branching fractions for the D.
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r(o-4+4+)/r~l
VALUE

(0.0014
CL4y{i EVTS DOCUMENT ID

90 47 ALAM

r34/r
TECN COMMEN T

94 CLE2 e+ e
T(45)

~ ~ o We do not use the following data for averages, fits, limits, etc. o i ~

&0.007 90 BORTOLETTO92 CLEO e+ e
T(45)

p pp25+ 0.0041 +0.0024—0.0023 —0.0008 1 " BEBEK 87 CLEO e+ e

47ALAM 94 assume equal production of 8+ and Bp at the T(4S) and use the Mark ill

B(D+ K—7r+ 7r+).
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)2r

followed by Dp(2340) ~ Ox is & 0.005 at 90%CL and into D2(2460) followed by

D2(2460) ~ Dx is ( 0.004 at 90%CL.

BEBEK 87 assume the T(45) decays 43% to B ~B. B(D h K+7r 7r ) = (9.1 +
1.3 6 0.4)% is assumed.

I (5 {2007}0m+)/rtotai r15/r
VAL UE EVTS TECN COMMENT

0.0052+0.08 OUR AVERAGE

0.0052 +0.0007+0.0007 71 ALAM 94 CLE2 e+ e ~ T(4S)
0.0072 +0.001860.0016 51 BORTOLETTO92 CLEO e+ e ~ T(45)
0.0040+0.0014+0.0012 9 51 ALBRECHT 90J ARG e+ e ~ T(45)
~ ~ ~ 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 B+ and B 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 h K 7r+) and B(DO K 7r+7r+7r )/B(DO K 7r+).
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
B decays. BEBEK 87 assume the T(4S) decays 43% to B ~B.

DOCUMENT ID

I (5'{2007}0p+) /I total I 36/r
DOCUMENT IDVALUE EVTS

0.0155+0.0031 OUR AVERAGE

0.0168+0.0021+0.0028 86 ALA M 94 CLE2 e+ e ~ T(45)
0.010 +0.006 +0.004 7 54 ALBRECHT 90J ARG e+ e ~ T(4S)

ALAM 94 assume equal production of B+ and B 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(DP -+ K 7r+) and B(D ~ K x+7r+7r )/B(O ~ K 7r+). The
nonresonant 7r+7r contribution under the p+ is negligible.
Assumes equal production of B+ and B at the T(4S) and uses Mark III branching
fractions for the D and D~(2010).

I (5 {2007}0K+sf+sf-)/rtotai r17/r
VALUE EVTS DOCUMENT ID TECN COMMENT

0.0094d:0.0020d:0.0017 48 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*(2007) ~ D 7r ) and absolute B(D ~ K ~+) and the PDG 1992 B(D
K 7r+ 7r )/B(D ~ K 7r+) and B(D ~ K 7r+ 7r+ x )/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~oat+ is twice

that for D~07r+7r+2r .)

I (o {2010}-„+sr+Ro)/I rta/r
VALUE EVTS DOCUMENT ID TECN COMMEN T

0.0151+0.0070+0.0003 26 57 ALBRECHT 90J ARG e+ e ~ T(4S)
~ ~ i 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(45)
ALBRECHT 90J reports 0.018 6 0.007 + 0.005 for B(D'(2010)+ ~ D 7r+) = 0.57 +
0.06. We rescale to our best value B(D*(2010)+~ D07r+) = (68.1 + 1.3) 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 B at the T(45) 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+ B ) = 55% and B(T(4S) ~ B ~B) = 45%. Superseded by AL-
BRECHT 90J.

r (O'{2010)-4+ 4+ K+4-)/r~i I 19/r
VALUE CL44 DOCUMENT ID TECN COMMENT

&0.01 90 ALBRECHT 90J ARG e+ e ~ T(45)
9Assumes equal production of B+ and B at the T(4S) and uses Mark Ill branching

fractions for the D and D*(2010).

I (5 {2420}0K+}/I total r20/r
VAL UE EVTS DOCUMENT ID TECN COMMENT

L0011+0.000ad=0.0002 8 A LA M 94 CLE2 e+ e ~ T(4S)
60ALAM 94 assume equal production of B+ and Bp at the T(45) 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 B(D —+ K 7r+7r+7r )/B(D ~ K 7r+),
assuming B(D1(2420) ~ D*(2010)+7r ) = 67%.

r(o;{2420}0B+)lr I 21/I
VAL UE CL I('4 DOCUMENT ID TECN COMMENT

&0.0014 90 61 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+) and absolute B(O ~ 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 2r+),
assuming B(D1(2420) ~ D*(2010)+7r ) = 67%.

I (52{2460)asf+}/I total r22/r
VALUE CL% DOCUMENT ID TECN COMMENT

&0.0013 90 62 ALAM 94 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0028 90 63 ALAM 94 CLE2 e+ e ~ T(4S)
ALAM 94 assume equal production of B+ and B0 at the T(4S) and use the Mark III

B(D+ ~ K ~+2r+) and B(D~(2460) ~ D+7r ) = 30%.2
ALAM 94 assume equal production of B+ and B at the T(4S) and use the Mark III

B(D+ ~ K e+e+), the CLED II B(D (2010)+ D e+) and B(D2(2460)0 ~
D*(2010)+7r ) = 200

r(o;{2~)0B+)/r~i I 22/I
VALUE CL 0411 DOCUMENT ID TECN COMMENT

&0.0047 90 64 ALA M 94 CLE2 e+ e ~ T(4S)
&0.005 90 ALAM 94 CLE2 e+ e 9 T(4S)

ALAM 94 assume equal production of B+ and B0 at the T(45) and use the Mark III

B(D+ K 2r+ 7r+) and B(D2(2460) D+7r ) = 30/o.

ALAM 94 assume equal production of B+ and B at the T(4S) and use the Mark ill

B(D+ ~ K e+e+), the CLED II B(D'(2010)+ ~ D rr+) and B(D2(2460)
D (2010)+7r ) = 20%.

r(o o;)/raa. i r24/r

I gP D +)/I tfftat I 25/I
VAL UE DOCUMENT ID TECN COMMENT

0.012+0.010+0.001 68 ALBRECHT 92G ARG e+ e ~ T(4S)
AI.BRECHT 92G rePorts 0.016 6 0.012 6 0.003 for B(DE+ ~ dre+) = 0.027. We

rescale to our best value B(D+ ~ $7r+) = (3.5 6 0.4) x 10 . Our first error is theirS
experiment's error and our second error is the systematic error from using our best vaiue.
Assumes PDG 1990 D branching ratios, e.g., B(D ~ K n+) = 3.71 + 0.25%.

r(V'{2007}0O+)/raa, l

VALUE DOCUMENT ID TECN COMMENT

0.010+0.007+0.001 AI.BRECHT 92G ARG e+ e ~ T(4S)
ALBRECHT 92G reports 0.013 6 0.009 6 0.002 for B(D+ ~ de+) = 0.027. WeS
rescale to our best value B(D+ ~ $7r+) = (3.5 6 0.4) x 10 . Our first error ls their5
experiment's error and our second error is the systematic error from using our best value.
Assumes PDG 1990 D and O~(2007) branching ratios, e.g. , B(D ~ K ++) =
3.71 6 0.25% and B(D*(2007) ~ 0 7r ) = 55 6 6%.

I (D'{200?)0D +)/rtetai I 27/I
VALUE DOCUMENT ID TECN COMMENT

0.024+0.013+0.003 ALBRECHT 92C ARG e+ e ~ T(45)
ALBREcHT 92G reports 0.031 + 0.016 6 0.005 for B(D ~ de+) = 0.027. we
rescale to our best value B(D+ ~ $7r+) = (3.5+ 0.4) x 10 . Our first error is theirS
experiment's error and our second error is the systematic error from using our best value.
Assumes POG 1990 DP and D*(2007) branching ratios, e.g. , B(DO ~ K ~+) =
3.71 j 0.25% and B(O*(2007)0 9 D02rp) 55 + 60

I (D+R0}/I total r28/r
VAL UE CL% DOCUMENT ID TECN COMMENT

C0.00021 90 71 ALEXAIII DER 935 CLE2 e+ e T(45)
ALEXANDER 93a reports & 2.0 x 10 for B(D+ ~ de+) = 0 037 We rescale to. .S
our best value B(D+ ~ $7r+) = 0.035.

S

[r(o+P) + r(o;+P}j/raa, i {I28+r29)/r
VALUE CLM DOCUMENT ID TE'CN COMMENT

&0.0007 90 ALBRECHT 93E ARG e+ e ~ T(45)
ALBREcHT 93E reports & 0.9 x 10 for B(D+ ~ de+) = 0.027. we rescale to our

beSt Value B(D+ ~ II' 7r+) = 0.035.

VALUE EVTS TECN COMMENT

0.017+0.006 OUR AVERAGE

0.01940.01040.002 ALBRECHT 92G ARG e+ e ~ T(4S)
0.017+0.00740.002 5 67 BORTOLETTO90 CLEO e+ e ~ T(45)

ALBRECHT 92G reports 0.024 6 0.012 + 0.004 for B(D ~ drr+) = 0 027 We. .S
rescale to our best value B(D+ ~ ttI~+) = (3.5+ 0.4) x 10 2. Our first error is theirS
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 e+) = 3.71+ 0.25%.
BORTOLETTO 90 reports 0.029 6 0.013 for B(D+ ~ de+) = 0.02. We rescale to our

best value B(D+ ~ $7r+) = (3.5 + 0.4) 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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r(De+a )/rtotal r29/I
VALUE CL% DOCUMEIV T ID TECN COMMENT

&0.0003' 90 ALEXANDER 938 CLE2 e+ e T(4S) l

ALEXANDER 938 reports & 3.2 x 10 for B(D ~ Pe+) = 0.037. We rescale to
5

our best value B(D+ ~ 4 x+) = 0.035.5

I (Da+ tI) /I total I 30/I
VALUE CL% DOCUMENT ID TECN COMMENT

&0.000S 90 ALEXANDER 938 CLE2 e+ e T(45)

ALEXANDER 938 reports & 4.6 x 10 for B(Q+ ~ pe+) = 0.037. We reseals to
5

our best value B(D ~ {tm+) = 0.035.
5

r(Da 7})/rtotal I 31/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0008 90 78 ALEXANDER 938 CLE2 e+ e T(4S)

ALEXANDER 938 reports & 7 Sx 10 . for B(D+ ~ 4 e+) = 0.037. We rescale to
5

our best value B(D ~ Px+) = 0.035.

r(O+ p0)/raR, I
I 32/I

VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0004 90 6 ALEXANDER 938 CLE2 e+e ~ T(4S)

6ALEXANDER 938 reports & 3.7 x 10 for B(D+ pe+) = 0.037. We rescale to
5

our best value B(D ~ Pn+) = 0.035.

[I (Da+ p ) + I (Da K'(892} )]/I total (r32+r42)/r
VAL UE CL% DOCUMEIV T ID TECN COMMENT

&0.0026 90 ALBRECHT 938 ARG e+e ~ T(45)

ALBRECHT 938 reports & 3.4 x 10 for B(D Sse+) = 0.027. We rescale to our
5

best value B(D+ ~ Qx+) = 0.035.
5

r(o;+p') «~i I 33/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0005 90 8 ALEXANDER 938 CLE2 e+ e T(45)

ALEXANDER 938 reports & 4.8 x 10 for B(D+ ~ pe+) = 0.037. We rescale to

our best value B(D ~ {tv+) = 0.035.
5

[r(O,'+p') + r(O,'+Z'(892}0)]/rNR, I

VALUE CL% DOCUMENT ID

&0.0015 90 ALBRECHT

ALBRECHT 93E reports & 2.0 x 10 for B(D+
5

best value B(D ~ tt~+) = 0.035.

I (De+8?)/I total

(r33+r43)/r
TECN COMMENT

938 ARG e+ e ~ T(4S)

pe+) = 0.027. We rescale to our

r34/r

r(o;+~)/r~l r38/r

VALUE CL% DOCUMENT ID TECN COMMENT

(0.0005 90 80 AI.EXANDER 938 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0026 90 81 ALBRECHT 938 ARG e+ e ~ T(4S) I

80ALEXANDER 938 reports & 4.8 x 10 for B(D+ ~ 4te+) = 0.037. We rescale to
5

our best value B(D+ ~ {tv+) = 0.035.
5

ALBRECHT 938 reports & 3.4 x 10 3 for B(D+ pe+) = 0.027. We rescale to our
5

best value B(D+ tt ~+) = 0.035.

r(o,+0') /rtotal r38/r

r(o+7P)/rNR. I
I 40/I

VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0011 go ALEXANDER 938 CLE2 a+e —~ T(45)
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0019 90 91 ALBRECHT 938 ARG e+ e T(4S)

ALEXANDER 938 reports & 10.3 x 10 for B(D Sle+) = 0.037. We reseals to
5

our best value B(D+ tl n+) = 0.035.
5

ALBRECHT 938 reports & 2.5 x 10 3 for B(D+ ale+) = 0.027. We rescale to our
5

best value B(D ~ c/3n. +) = 0.035.
5

r(o;+ V)/rNR, I
I 41/I'

VALUE CL% DOCUMEN T ID TECN COMMENT

(0.0012 90 ALEXANDER 938 CLE2 e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

&0.0024 90 ALBRECHT 938 ARG e+ e T(45)

92ALEXANDER 938 reports & 10,9 x 10 for B(D 8e+}= 0.037. We rescale to
5

our best value B(D ~ P~+) = 0.035.
5

93ALBRECHT 938 reports & 3.1 x 10 3 for B(D+ ale+) = 0.027. We rescale to our
5

best value B(D+ ~ p~+) = 0.035.
5

r(O+ K'(992}0)/rNR, I

VAL UE DOCUMENT ID TECN COMMENT

&O.OOOS 90 94 ALEXANDER 938 CLE2 e+ e

ALEXANDER 93B reports & 4.4 x 10 for B(D+ ~ ti5~+) = 0.037.
5

our best value B(D+ ~ tt 7r+) = 0.035.
5

I (D'+ Z'(892}0)/I Neat
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0005 90 Al EXANDER 93B Cl E2 e+ e

95Al EXANDER 938 reports & 4, 3 x 10 for B(D ~ tItx+) = 0.037.

our best value B(D+ ~ {|n. +) = 0.035.
5

T(4S)

We rescale to

r43/r

7 (4s)
We rescale to

VALUE CL% DOCUMEN T ID TECN COMMENT

&0.00033 90 ALEXANDER 938 CLE2 e+ e T(4S)
e e e We do not use the following data for averages, fits, limits, etc. e e e

&0.0013 90 8 Al BRECHT 938 ARG e+ e r(4S}
ALEXANDER g38 reports & 3.1 x 10 for B(D+ Oe+) = 0.037. We rescale to

5
our best value B(D+ $7r+) = 0.035.

ALBRECHT 938 reports & 1.7 x 10 for B(D+ Pe+) = 0.027. We rescale to our
5

best value B(D {t~+) = 0.035.
5

r (D'+ rlr) /rtotat
VAL UE CL% DOCUMENT ID TECN COMMENT

&O.ON4 90 8 ALEXANDER 938 CLE2 e+ e T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

&0.0016 90 8 Al BRECHT 938 ARG e+e —T(45)

ALExANDER 938 reports & 4, 2 x 10 for B(D pe+) = 0.037. we rescale to
5

our best value B(D+ ~ Pn. +) = 0.035,
5

ALBRECHT 938 reports & 2.1 x 10 for B(D ~ pe+) = 0.027. We rescale to our
5

best value B(D ~ {p~+) ='0.035,
5

r(O,+ a,(12eo)')/r„„,
CL%VAL UE DOCUMEIVT ID

&0.002$ 9(} 84 ALBRECHT 93E

ALBRECHT 93E reports & 3.0 x 10 for B(D+ ~
best value 8(D+ ~ $9r+) = 0.035.

5

I (Do+ a3(1260)0)/I total
VALUE CL% DOCUMENT ID

g0.001T 90 85 ALBRE{ HT

ALBRECHT 93E reports & 2.2 x 10 for B(D+ ~
best value 8(D ~ gn+) = 0.035.

5

r36/r
TECN COMMEN T

ARG e+ e T(4S)

Ox+) = 0.027. We rescale to our

r37/r
TECN COMM EN T

ARG e+ e T(4S}

Qe+) = 0.027. We rescale to our

VALUE CL% DOCUMENT ID TEChl COMMEIVT

(0.0007 90 8 ALEXANDER 938 CI.E2 e+ e T(45) l
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0015 90 83 ALBRECHT 938 ARG e+ e T(45)

ALEXANDER 938 reports & 6.8 x 10 4 for B(D+ Pe+) = 0.03?. We rascals to
5

our best value B(D+ @m+) = 0.035.

ALBRECHT 938 reports & 1.9 x 10 for B(D pe+) = 0.027. We rescale to our
5

best value 8(D ~ Px+) = 0.035.

r(O; R+ K+) /rt, „l
VALUE CL% DOCUMENT ID TECN

&0.0009 90 ALBRECHT 93E ARG

ALBRECHT 93E reports & 1.1 x 10 for B(D+ ~ {ttm+)
5

best value B(D ~ 4~+) = 0.035.
5

r(o,'-a+ K+)/rNR, I

VALUE CL% DOCUMENT ID TECN

&0.0012 90 97 ALBRECHT 93E ARG

97ALBRECHT 93E reports & 1.6 x 10 for B(D ~ {ttx+)5
best value B(D+ ~ @++)= 0.035.

I (D sf+ K'(892)+) /I tot I

VALUE CL% DOCUMENT ID TECN

&O.OOT
98 ALBRECHT 93E ARG

ALBRECHT 93F reports & 8.6 x 10 for B(D+ + {tt~+)5
best value B(D+ p~+) = 0.035.

5

r44/r
COMMENT

e+ e T(45)
= 0.027. We rescale to our

COMMENT

e+ e T(45)
= 0 027 We rescale to our. .

COMMENT

e+ e— T(4S) i
= 0.027. We rescale to our
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TECN COMM EN T

TECN COMMEN T

0.0014+0.0008+0.0001 106 BORTOLETTO92 CLEO e+ e
T(4s)

0.001460.000960.0001 6 ALBRECHT 87D ARG e+ e
T(4s)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0018 90 ALBRECHT 90J ARG e+ e
r(4s)

BORTOLETTO 92 reports 0.0012 + 0.0006+ 0.0004 for B(J/@(15) ~ e+e ) =
0.069 + 0.009. We rescale to our best value B(J/Q(15) ~ e+ e ) = (5.99 + 0.25) x
10 . Our first error ls 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 87D reports 0.0012 4 0.0008 for B(J/Q(15) ~ e+ e ) = 0.069 + 0.009.
We rescalc to our best value B(J/rp(15) ~ e+e ) = (5.99 6 0.25) 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 6 0.0007 assuming B+B /B ~B ratio is

55/45. We rescaie to 50/50. Analysis explicitly removes B+ ~ Q(25) K+.
ALBRECHT 90J reports & 0.0016 for B(J/Q(15) ~ e+ e ) = 0.069. We rescale to
our best value B(J/p(15) ~ e+ e ) = 0.0599. Assumes equal production of B+ and

B at the T(4S).

C(J/${1S}K'{892}+)/Cad,t I aa/I
VALUE EVTS TECN COMMEN T
O.OOa +0.~ OUR AVERAGE
0.00178+0.00051+0.00023 13 0 ALAM 94 CLE2 e+ e ~ T(4S)
0.0015 +0.0011 +0.0001 BORTOLETTO92 CLEO e+ e ~ T(45)
0.0018 +0.0013 +0.0001 2 111ALBRECHT 90J ARG e+ e T(4S)

9Assumes equal production of B+ and Bp at the T(4S). The neutral and charged B
events together arc predominantly longitudinally polarized, I L /I =0.80 + 0.08 k 0.05.
This can be compared with a prcdiction, using HABET, of 0.73 (KRAMER 92). This
polarization indicates that the B ~ QK~ decay is dominated by the CP = —1 CP
eigenstate.
BORTOLETTO 92 reports 0.0013 + 0.0009 + 0.0003 for B(J/Q(1S) ~ e+ e ) =
0.069 6 0.009. We rescale to our best value B(J/Q(15) ~ e+ e ) = (5.99 + 0.25) 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(45).
ALBRECHT 90J repOrtS 0.0016+0.0011+0.0003 fOr B(J/I(tf(15) ~ e+ e ) = 0.069+
0.009. We rescale to our best value B(J/Q(15) ~ e+e ) = (5.99 + 0.25) x 10
Our first error is their experiment's error and our second error is the systematic error
from uslna our best value. Assumes equal production of B+ and BD at the T(4S)

C(y{2S}K+)/CMMt Call C

VALUE (units 10 4) CLS EVTS DOCUMENT ID TECN COMMENT
6.9+ 3.1 OUR AVERAGE Error includes scale factor of 1.3.
6.14 2.3+0.9 7 112ALAM 94 CLE2 e+ e

r(4s)
18 4 8 k4 5 112ALBRECHT 90J ARG e+ e

r(4s)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 5 90 BORTOLETTO92 CLEO e+ e
r(4s)

22 +17 3 113ALBRECHT 87D ARG e+ e
r(4s)

DOCUMENT ID

Assumes equal production of B+ and B at the T(4S).
ALBRECHT 87D assume B+B /B Ã ratio Is 55/45. Superseded by ALBRECHT 90J.

C(O',-R+ K'{892}+)/CBR,t
VALUE CLS DOCUMENT ID TECN COMMENT

&0.009 90 ALBRECHT 93E ARG e+ e T(4S)
9ALBRECHT 936 reports ( 1.1 x 10 for B(D+ ~ du+) = 0.027. We rescale to ourS

best value B(D+ ~ p~+) = 0.035.S

I (I/${lS}K+)/I tfrtut Cda/C

VALUE (units 10 4) EVTS DOCUMENT ID

102 6 1A OUR AVERAGE

t11.0 + 1.5 +0.9 59 100ALAM 94 CLE2 e+e ~ T(4S)
9.22 6 3.03+0.39 BORTOLETTO92 CLEO e+ e ~ T(4S)
81 y 35 +03 6 102ALBRECHT 90J ARG e+e ~ T(4S)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

22 +10 +2 BUSKULIC 92G ALEP e+e ~ Z t
7 + 4 3 ALBRECHT 87D ARG e+ e -+ T(45)

10 + 7 +2 3 BEBEK 87 CLEO e+ e ~ T(4S)
9 + 5 3 05 ALAM 86 CLEO e+ e

—~ T(45)
00Assumes equal production of B+ and B at the T(4S).

1 1 BORTOLETTO 92 reports 8 6 2 6 2 for B(l/14(15) ~ e+ e ) = D.D69 6 0.009. We
rescale to our best value B(J/$(15) ~ e+e ) = (5.99 + 0.25) x 10 . Our first
error ls their cxpcrlment'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).

0 ALBRECHT 90J reports 7 6 3 6 1 for B(J/dr(tS) ~ e+e ) = 0.069 + D.DD9. We
rescale to our best value B(J/Q(15) ~ e+e ) = (5.99 + 0.25) 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 87D assume B+B /B ~B 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 ct2.
ALAM 86 assumes B+/B" ratio is 60/40.

C(l/I(){1S}K+8+R )/I total I 49/C
VALUE CL S EVTS DOCUMENT ID

0.0014+08995 OUR AVERAGE

I (/{25}K'{892}+)/I trdat I 52/I
VALUE CL S DOCUMEN T ID TECN COMMENT

&0.0030 gp 114 ALAM 94 CLE2 e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

&0.0035 0 114 BORTOLETTO92 CLEO e+ e ~ T(4S)
&0.0049 90 114ALBRECHT 90J ARG e+ c ~ T(4S)

Assumes equal production of B+ and B at the r(4S).

I (f{2S}K{892}+++m' )ll total Caa/C
VALUE EVTS DOCUMENT ID TECN COMMENT

0.0019+0.0011+0.0004 3 115ALBRECHT 90J ARG e+ e ~ T(4S)
Assumes equal production of B+ and B at the T(45).

TECN COMMEN T

I 55/C

C(KDR+)/Cba, t I aa/I
VALUE CL S DOCUMENT ID TECN COMMENT

&1.0 x 10 90 119AVERY 89e CLEO e+ e ~ T(4S)
~ i ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&19x 10 4 90 ALBRECHT 918 ARG e+ e ~ T(4S)
&6.8 x 10 4 90 AVERY 87 CLEO e+ e ~ T(45)

9AVERY 898 reports & 9 x 10 assuming the T(4S) decays 43% to B ~B. We rescale
to 50%.

C(K'{892}DR+)/Cad,t C»/C
VALUE CLS DOCUMENT ID TECN COMMENT

&1.S x 10 gp 120 AVERY 898 CLEO e+ e -+ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.7 x 10 4 90 ALBRECHT 91e ARG e+ e ~ T(45)
&2.6 x 10 4 90 AVERY 87 CLEO e+ e ~ T(4S)

AVERY 898 reports & 1.3 x 10 assuming the T(4S) decays 43% to B ~B. We
rescale to 50%.

I (K+sf R+{nOCharm})/I total Caa/I
VALUE CL S DOCUMEN T ID TECN COMMENT

19x10-1 gp 121 AVERY 898 CLEO e+ e -9 T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.3 x 10 4 90 ALBRECHT 91E ARG e+ e ~ T(4S)
AVERY 898 reports & 1.7 x 10 assuming the T(45) decays 43% to B %. We
rescale to 50%.

I (K1{148}0m'+) /I total Caa/C
VALUE

&2.6x 10 3
CL oA DOCUMENT ID TECN COMMENT

ALBRECHT 918 ARG e+ e ~ T(45)

C(K'{N30} +)/Ctotat I 80/I
VALUE

&6.1x10 i
I (K+pa)/I tfrtat

CL I(a

90

DOCUMENT ID TECN COMMENT

ALBRECHT 918 ARG e+ e ~ T(45)

Catlr
VAL UE CL S DOCUMENT ID TECN COMMENT

(8 x10 S gp 122 AVERY 898 CLEO e+ e ~ T(45)
~ ~ ~ We do not usc the following data for averages, fits, limits, etc. ~ ~ ~

&1.8 x 10 4 90 ALBRECHT 918 ARG e+ e ~ T(4S)
&26x 10 4 90 AVERY 87 CLEO e+ e ~ T(4S)

2 AVERY 898 reports & 7 x 10 5 assuming the T(4S) decays 43% to B ~B. We rescale
to 50%.

C(K'{892}+R+R-)/Cad, t I 52/I
VALUE

(1.1 x 10 3
CL%

90

DOCUMENT ID TECN

ALBRECHT 91E ARG

COMMENT

e+ e ~ T(45)

I (K'{892}+pa}/Ctotat Caa/C
VALUE

~A) x 10-1
CL%

90
DOCUMENT ID TECN

ALBRECHT 918 ARG

COMMENT

e+ e— T(4S)

I (K3{ll00}+pa}/I total C64/I
VALUE

&7.$ x 10
CL%

90
DOCUMENT ID TECN COMMENT

ALBRECHT 9le ARG e+ e ~ T(4S)

C(X„{1}K+)/CBR,) C54/C
VALUE EVTS DOCUMEN T ID

OAN10 +089% OUR AVERAGE

0.00097+0.00040+0.00009 6 116ALA M 94 CLE2 e+ e -+ T(45)
0.0019 +0.0013 +0.0006 117ALBRECHT 92E ARG e+ e ~ T(4S)

Assumes equal production of B+ and B at the T(4S).
ALBRECHT 926 assumes no Xc2(tfr) production and B(T(4S) ~ 8+ B ) = 50'/s.

I (X 1{1+}K'{892}+)/Ctotat
VALUE CLS DOCUMENT ID TECN COMMENT

&0.0021 90 ALAM 94 CLE2 e+ e ~ T(45)

tAssumes equal production of B+ and B at the T(45).
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I (Ks(1430)+po) /I s«e( I (Ke{2045)+7)(l to~[ rrs/r
VALUE

(1.5x10 3

I (K+ K K+)/I tots(

CL%

90
DOCUMENT ID TECN COMMENT

ALBRECHT 91B ARG e+ e —. T{4S)

ree(r

VALUE CL% DOCUMEN T ID TECN COMMENT

&0.0099 90 ALBRECHT 89G ARG e+ e T(4S}
ALBRECHT 89G reports ( 0,0090 assuming the T(45) decays 45'/o to BQ~B. We
rescale to 50'/o.

VALUE

(3.5 x 10
CL%

90

DOCUMENT ID TECN COMMEhlT

ALBRECHT 91E ARG e+ e T(45) I («+«)/I ~te~ I so/I

r(K+4I)(r„„, re7(r
VALUE

(9 x 10 5

~ o ~ We do not use the

(1.8 x 10 4

&2.1 x 10

AVERY 898 reports (
to 5p

I (K'(892)+ K+ K )/I tetel I es/I
VALUE

(1.6x 10 3

I (K (892)+ei)/I ~~J

CL% DOCUMENT ID TECN COMMENT

ALBRECHT 91E ARG e+ e ~ T(4S)

res/r
VALUE

(1.3x 10 3
CL oo

90

DOCUMENT ID TECN COMMENT

ALBRECHT 91B ARG e+ e T{45}

CL% DOCUMENT ID TEChl COMMENT

9Q 123 AVERY 898 C LEO e+ e ~ T(45)
following data for averages, fits, limits, etc. ~ o ~

90 ALBRECHT 91B ARG e+ e T{4S)
9Q AVERY 87 CLEO e+ e -~ T(4S}

8x 10 assuming the T(4S) decays 43% to BQ~B. We rescale

VAL UE CL% DOCUMENT ID TECN COMMENT

(2.4 x 10 90 ALBRECHT 90B ARG e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

~2.3 x 10 90 BEBEK 87 CLEO e+ e -+ T(4S)

ALBRECHT 90B limit assumes equal production of BQ~B and 8+ 8 at T(45).
3 BEBEK 87 assume the T(4S) decays 43% to 8 ~8.

r(«+ «+ «-)/rs«, ~
rsi/r

r(p «+)/rats) I ss/l

VAL UE CL% DOCUMENT ID TECN COMMENT

&1.9x 10 4 90 BORTOLETTO89 CLEO e+ e —+ T(45)
o ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ o

&45 x 10 90 "ALBRECHT 90B ARG e+ e — T(4S)
13 BORTOLETTO 89 reports ( 1.7 x 10 assuming the T(45) decays 43% to BQ~B.

We rescale to 50%.
ALBRECHT 90B limit assumes equal production of 8 ~8 and 8+ 8 at T(4S),

I (Kg{1400)+eI)/r~te(
VALUE

(1.1 x 10
CL%

90

VAL UE

&3.4x 10 3
CL%

90

r(K;(1430)+y)(rt,„,
r7o/r

DOCUMENT ID TECN COMMENT

ALBRECHT 91B ARG e+ e ~ T{45)

DOCUMENT ID TEChl COMMENT

ALBRECHT 91B ARG e+ e ~ T(45)

VAL UE CL% EVTS DOCUMEN T ID TECN COMMENT

&1.5 x 10 4 90 138 ALBRECHT 9QB ARG e+ e T(45)
8 ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(17x10 4 90 9 BORTOLETTO89 CLEO e+ e T(45)
(23 x lp 4 90 BEBEK 87 CLEO e+ e —~ T(45)
(6 x 1{) 4 90 0 GILES 84 CLEO Repl. by BEBEK 87

3 ALBRECHT 90B limit assumes equal production of 8 8 and 8+ 8 at T(45).
1 9Papers assume the T(4S) decays 43% to 8 ~B. We rescale to 50%.

r (K'(892)+&)(r~,
VALUE CL% EVTS DOCUMENT ID TECN COMMENT

(5.7+3.1+1.1) x 10 5 125 AMMAR 93 CLE2 e+ e
T(45)

r»/r

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

& 5.5 x 10 4 90 126 ALBRECHT 896 ARG

& 5.5

& 1.8

x 10 90

x 10 3 90

127 AVERY

AVERY

89B CLEO

87 CL EO

AMMAR 93 observed 4.1 6 2.3 events above background,
126Assumes the T(4S) decays 45% to 8 ~B

127Assumes the T(45) decays 43% to BQ~B.

r(K, {1270)+~)/rs«, ~

~ ~

e+e
T(4S)

e+ e—--
T(4s)

el e
T{4s}

VALUE CL% DOCUMENT ID TECN COMMENT

(0.0073 90 8 ALBRECHT 896 ARG e+ e ~ T(4S)

ALBRECHT 89G reports & 0.0066 assuming the T(4S) decays 45% to 8 ~B, We
rescale to 50%.

I (K1(1400)+7)/I g~( I »/I

r(K+ r, {9ao))/rb«g,
VALUE CL% DOCUMENT ID TEChl COMMENT

(8x 10 9p 124 AVERY 89B C LEO e+ e ~ T(4S)

AVERY 89B reports ( 7 x 10 assuming the T{45)decays 43% to 8 8 . We rescale
to 50'/.

r(«+ fo(98O))/rto~i rss/I

I («+ f2{1270))/I rse/r
VALUE CL% DOCUMENT ID TECN COMMENT

(2.4 x 10 4 90 141 BORTOLETTO89 CLEO e+ e ~ T(4S)

BORTOLETTO 89 reports & 2.1 x 10 assuming the T(4S) decays 43% to 8 80.
We rescale to 50%.

r(«+ «o 6)/r~, ~ rss/r
VAL UE CL % DOCUMEN T ID TECN COMMENT

&8.9 x 10 90 142 ALBRECHT 908 ARG e+ e ~ T(4S}

ALBRECHT 90B limit assumes equal production of 8 ~B and 8+ 8 at T(45}.

r(p «')(rtotai
VALUE CL% DOCUMEhlT ID

&5.5x 10 4 90 ALBRECHT

ALBRECHT 90B limit assumes equal production

I («'+ ««+ «) (I ~~(
VAL UE CL% DOCUMENT ID

&4.0 x 10 90 144 ALBRECHT

" ALBRECHT 90B limit assumes equal production

rse/r
TECN COMM EN T

90B ARG e+ e ~ T(4S)
of 8 ~B and 8+ 8 at T(4S).

r»/r
TECN COM MEN T

90B ARG e+ e ~ T(4S)
of 8 ~B and 8+8 at T(45).

VAL UE CL% DOCUMEN T ID TECN COMMENT

&14x 10 4 90 BORTOLETTO89 CLEO e+ e ~ T(45)

BORTOLETTO 89 reports ( 1.2 x 10 assuming the T(4S) decays 43'/0 to 8 ~8,
We rescale to 50%.

VALUE CL% DOCUMENT ID TECN COMMENT

&0OI 90 129 ALBRECHT 89G ARG e+ e ~ T(4S)

ALBRECHT 896 reports ( 0.0020 assuming the T(4S) decays 45% to 8 ~8. We
rescale to 50'/o.

I (K)(1430)+7)/I ~( r7elr
VAL UE CL% DOCUMENT ID TECN COMMENT

(014 90 0 ALBRECHT 89G ARG e+ e ~ T(4S)

ALBRECHT 89G reports & 0.0013 assuming the T(45} decays 45/0 to 8 8 . We
rescale to 50%.

r(p+ p )/rs«e(
VALUE CL% DOCUMENT ID

&1.0 x 10 90 145 ALBRECHT

145ALBRECHT 9QB limit assumes equal production

I (op{1260)+«)/I s«e(
VALUE CL% DOCUMENT ID

(1.7 x 10 9p 146 ALBRECHT

ALBRECHT 90B limit assumes equal production

I ss/I
TECN COMM EN T

90B ARG e+ e -~ T(4S)

of 80~8 and 8+ 8 at T{45).

f 89/f
TECN COMMENT

90B ARG e+ e T(45}
of BQ~B and 8+ 8 at T(45}.

r(K (1680)+~)/r~, rn(r
VALUE CL% DOCUMENT ID TECN COMMENT

&0.0019 90 ALBRECHT 896 ARG e+ e ~ T(4S)

ALBRECHT 896 reports & 0.0017 assuming the T(4S) decays 45% to 8 ~8. We
rescale to 50%.

I (og(1260)o«+)/I ~e(
VALUE CL% DOCUMEN T ID TECN COMMENT

0 x 10-4 90 147 ALBRECHT 90B ARG e+ e ~ T(45)

ALBRECHT 90B limit assumes equal production of 8 8 and 8+ 8 at T(45}.

I (Ks(1780)+7)/I tote(
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0055 90 ALBRECHT 89G ARG e+ e ~ T(4S)
3 ALBRECHT 896 reports ( 0.005 assuming the T(45) decays 45% to 8 ~B. We rescale

to 50%

r(~ «+) /rh«, (

VALUE CL% DOCUMENT ID

&4.0 x 10 148 ALBRECHT

ALBRECHT 90B limit assumes equal production

I og/I
TECN COMMEN T

90B ARG e+ e -+ T(45}
of BQ~B and 8+ 8 at T(45).
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r(o«+)/r«e, ( roe/r
VALUE CL4A DOCUMENT ID TECN COMMENT

&7.0 x 10~ 90 149 ALBRECHT 908 ARG e+ e ~ T(4S)
ALBRECHT 908 limit assumes equal production of 8 ~B and 8+ 8 at T(45).

r(«+ «+«+«-«-)/r«e,
~

VAL UE CL% DOCUMENT ID TECN COMMENT

&8.6x 10 4 90 150 ALBRECHT 908 ARG e+ e ~ T(45)
ALBRECHT 908 limit assumes equal production of 8 ~B and 8+ 8 at T(4S).

roe/r

I (p 41(1260)+)lrlotat ro4/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&6.2x 10 4 90 BORTOLETTO89 C LEO e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&60x 10 4 9Q ALBRECHT 908 ARG e+ e ~ T(4S)
&3.2 x 10 151 BEBEK 87 CLEO e+ e ~ T(45)

BORTOLETTO 89 reports & 5.4 x 10 assuming the T(4S) decays 43% to 8 ~B.
We rescale to 50%.
ALBRECHT 908 limit assumes equal production of BO~B and 8+ 8 at T(4S).

r(poco(mo)+)/r„„, I oo/I
VAL UE CL 4A DOCUMENT ID TECN COMMEN T

&V.2 x 10-4 90 153 BORTOLETTO89 CLEO e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

&2.6 x 10 90 154 BEBEK 87 CLEO e+ e ~ T(4S)
BORTOLETTO 89 reports & 6.3 x 10 assuming the T(4S) decays 43/o to 8 ~B.
We rescale to 50%.
BEBEK 87reports & 2.3 x 10 assuming the T(4S) decays 43% to 8 ~B. We rescale
to 50%.

r(«+ «+«+«-«- «o)/r««, ~

VALUE CL% DOCUMEN T ID TECN COMMENT

&6.3x 10 3 90 ALBRECHT 908 ARG e+ e ~ T(4S)
ALBRECHT 908 limit assumes equal production of 8 ~B and 8+ 8 at T(4S).

I oo/r

I (el(1260)+ el(1260) )/I «eoI
VALUE CL 4% DOCUMENT ID TECN COMMENT

&1.3x 10 2 90 1 ALBRECHT 908 ARG e+ e ~ T(4S)
ALBRECHT 908 limit assumes equal production of 8 5 and 8+ 8 at T(4S).

r(py«+)/r«e„ roe/r

I (pI/«+«+«)/I «eoi I oo/I
VAL UE CL% DOCUMENT ID TECN COMMENT

&5.2x 10 4 90 ALBRECHT SSF 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/o.

r(px)/r«e„ I loo/r
VALUE CL 4% DOCUMENT ID TECN COMMENT

&6 x10 5 160 AVERY 898 CLEO e+ e ~ T(4S)
o i e We do not use the following data for averages, fits, limits, etc. e o e

&9.3 x 10 90 161 ALBRECHT 88F ARG e+ e T(45)
AVERY 898 reports & 5 x 10 assuming the T(45) decays 43/o to 8 8 . We rescale
to 50%.
ALBRECHT 88F reports & 8.5 x 10 assuming the T(45) decays 45% to 8 ~B. We
rescale to 50%.

VALUE CL% DOCUMENT ID TECN COMMEN T

( 1.6 x 10 90 BEBEK 89 C LEO e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(5.7+1.5+2.1) x 10 ALBRECHT SSF ARG e+ e T(45)
BEBEK 89 reports & 1.4 x 10 assuming the T(4S) decays 43% to 8 ~B. We rescale
to 50o/0

ALBRECHT 88F reports (5.2 k 1.4 + 1.9) x 10 assuming the T(45) decays 45% to
8 ~B ~ We rescale to 50%.

r(«+ e+4-)/r««, I rloo/r
Test for EB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL% DOCUMEN T /D TECN COMMEN T

&0.0039 90 165 WFI 908 MRK2 e+ e 29 GeV

WEIR 908 assumes 8+ production cross section from LUND.

I («+»+» )/I «e,) ries/r
Test for 48 = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL% DOCUMENT ID TECN COMMENT

&0.0091 166 WEIR 908 MRK2 e+e 29 GeV

WEIR 908 assumes 8+ production cross section from LUND.

r(K+e+4-)/r«e„ rloo/r
Test for 48 = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL% DOCUMEN T ID TECN COMMENT

&6 x10 ~ 9Q 167 AVERY 898 CLEO e+ e ~ T(4S)
~ ~ e We do not use the following data for averages, fits, limits, etc. ~ o ~

&9.9 x 10 90 168 ALBRECHT 91E ARG e+ e ~ T(4S)
&6.8 x 10 90 169 WEIR 908 MRK2 e+ e 29 GeV
&25 x 10 4 90 170 AVERY 87 CLEO e+ e —+ T(4S)

AVERY 898 reports & 5 x 10 assuming the T(4S) decays 43% to 8 ~B. We rescale
to 50%
ALBRECHT 91F reports & 9.0 x 10 assuming the T(45) decays 45% to 8 %. We
rescale to 50%.
WEIR 908 assumes 8+ production cross section from LUND.
AVERY 87 reports & 2.1 x 10 4 assuming the T(4S) decays 40% to 8 ~B. We rescale
to 50/o

r(K+»+» )/r«e i riel/r

I (K'(862)+e+e )/I «eoI I loo/r
Test for 68 = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL% DOCUMENT ID TECN COMMENT

(6.9x 10 4 90 ALBRECHT 91E ARG e+ e ~ T(4S)
ALBRECHT 91E reports & 6.3 x 10 assuming the T(4S) decays 45% to 8 ~B. We
rescale to 50%.

r(K'(662)+»+»-)/r~I rloolr
Test for 68 = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL% DOCUMENT ID TECN COMMENT

&1.2 x 10 90 176 ALBRECHT 91E ARG e+ e ~ T(45)
ALBRECHT 91E reports & 1.1 x 10 assuming the T(4S) decays 45% to 8 ~B. We
rescale to 50%.

r(«+4+» )/r~i
Test of lepton family number conservation.

VALUE CL% DOCUMEN T ID

&0.0064 90 177 WEIR

WEIR 908 assumes 8+ production cross section

TECN COMMENT

908 MRK2 e+ e 29 GeV

from LUND.

rile/r

Test for 68 = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL% DOCUMENT ID TECN COMMENT

g1.7x 10 4 90 171 AVERY 898 CLEO e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.4 x 10 4 90 ALBRECHT 91E ARG e+ e ~ T(4S)
&6.4 x 10 90 173 WEIR 90e MRK2 e+e 29 GeV

&38 x 10 4 90 174 AVERY 87 CLEO e+ e T(45)
AVERY 898 reports & 1.5 x 10 assuming the T(4S) decays 43% to 8 ~B. We
rescale to 50%.
ALBRECHT 91E reports & 2.2 x 10 assuming the T(4S) decays 45% to 8 %. We
rescale to 50%.
WEIR 908 assumes 8+ production cross section from LUND.
AVERY 87 reports & 3.2x10 assuming the T(4S) decays 40% to 8 ~B. We rescale
to 50%.

r(pX«+«-)/r««„
VALUE CL%

&2.0 x 10~ 90

ALBRECHT 88F reports &
rescale to 50%.

rp p)/r«e i

VALUE CL4A

(3.8 x 10 4 90

BORTOLETTO 89 reports
We rescale to 50%.

r(~++a)«~i

I lol/I
DOCUMENT ID TECN COMMEN T

ALBRECHT SSF ARG e+ e ~ T(45)
1.8 x 10 assuming the T(4S) decays 45% to 8 8 . We

I loo/r
DOCUMENT ID TECN COMMENT

163 BORTOLETTO89 CLEO e+ e ~ T(45)
& 3.3 x 10 assuming the T(4S) decays 43% to 8 8 .

rloo/r

I («+e»+)/I«e, ~

Test of lepton family number conservation.
VALUE CL% DOCUMENT /D

&0.0064 178 WE I

WEIR 90e assumes 8+ production cross section

r(K+ 4+»-)/r~i
Test of lepton family number conservation.

VALUE CL% DOCUMEN T ID

&0.0064 90 '79 WEIR

79WEIR 908 assumes 8+ production cross section

I (K+ e-»+)/r«eo(

TECN COMMENT

908 MRK2 e+e 29 GeV

from LUND.

TECN COMMENT

908 MRK2 e+e 29 GeV

from LUND.

r113/r
CL%VAL UE

&1.5 x 10 90

BORTOLETTO 89 reports
We rescale to 50%.

DOCUMENT ID TECN COMMENT
164 BORTOLETTO89 CLEO e+ e ~ T(45)

& 1.3 x 10 assuming the T(4S) decays 43% to 8 ~B

Test of lepton family number conservation.
VALUE CL4% DOCUMENT /D

&0.0064 90 WEIR

WEIR 908 assumes 8+ production cross section

TECN COMMENT

908 MRK2 e+ e 29 GeV

from LUND.
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r(» 4+4+)/r«n, t
Test of total lepton number conservation.

VALUE CL 5 DOCUMENT ID

&0.0039 90 181 WEIR

WEIR 90B assumes 8+ production cross section

r(» «+I+)/r«» i
Test of total iepton number conservation.

VALUE CL% DOCUMENT ID

&0.0a 90 182 WEIR

WEIR 90B assumes B+ production cross section

C(» 4+I+)/r«n i
Test of total lepton number conservation.

VALUE CLS DOCUMENT ID

(0 hhkk 90 183 WEIR
18 WEIR 90B assumes B+ production cross section

I (K 4+a+)/I«n, i
Test of total lepton number conservation.

VALUE CLS DOCUMENT ID

(0.0039 90 184 WEIR

WEIR 90B assumes B+ production cross section

r(K r +I +)/C«n i
Test of total lepton number conservation.

VALUE CL 4A DOCUMENT ID

&O.ta 90 185 WEIR

WEIR 90B assumes B+ production cross section

TECN COM MEN T

90B MRK2 e+e 29 GeV

from LUND.

TECN COMMENT

90B MRK2 e+e 29 GeV

from LUND.

TECN COM MEN T

90B MRK2 e+e 29 GeV

from LUND.

TECN COMMEN T

90B MRK2 e+e 29 GeV

from LUND.

TECN COMMEN T

90B MRK2 e+e 29 GeV

from LUND.

C11s/C

rtgg/C

Ctgr/r

C11alr

8 ALBRECHT 93H analysis performed using tagged semileptonic decays of the 8. This
technique is almost model independent for the lepton branching ~atio.
YANAGISAWA 91 also measures an average semileptonic branching ratio at the T(55)
of 9.6-10.5% depending on assumptions about the relative production of different 8
meson species.
ALBRECHT 90H uses the model of ALTARELLI 82 to correct over all lepton momenta.
0.099 + 0.006 is obtained using ISGUR 89B.
Using data above p(e) = 2.4 GeV, WACHS 89 determine ry(8 ~ evup)/ry(B ~
eucharm) ( 0.065 at 90% CL.
ABE 93e experiment also measures forward-backward asymmetries and fragmentation
functions for b and c.

193ABREU 93c event count includes ee events. Combining ee, rrrr, and ep events, they
obtain 0,100 + 0.007 + 0.007.

t
9 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 6 3 MeV) for the decay of the Z into bb, the electron result gives 0.112+0.004 +
0.008. They obtain 0.119k 0.003 + 0.006 when e and p, results are combined. Used to
measure the bb width itself, this electron result gives 370 4 12 4 24 MeV and combined
with the muon result gives 385 + 7 6 22 MeV.

196Ratio g(b ~ evup)lo{b evcharm) &0.055 at CL 90%.

WEIGHTED AVERAGE
0.104d:0.004 (Error scaled by 1.3)

r(K-4+~+)/r~i
Test of total lepton number conservation.

VALUE CL ~A DOCUMENT ID

&O.OOM 90 186 WEIR

WEIR 90B assumes B+ production cross section

TECN COMMENT

90B MRK2 e+ e 29 GeV

from LUND.

I 119/C

For all of the decays below, the charge of the decaying B was not
detennlned. Only the admhtttrre af B,I, B+, and B at the T(4S)
ls treed in the averages, ettcept where no T(eg) data ave availabht.

ALBRECHT 93H ARG
. YANAGISAWA 91 CSB2
ALBRECHT 90H ARG

. WACHS 89 CBAL

. CHEN 84 CLED

1.1
0.6
0.0
1.5
3.6
6.8

(Confidence Level = 0.149)
I

0.180.08 0.10 0.12 0.14 0.16

C(g+ sganythlng)/I total
Only the experiments at the T(4S) are used in the average.

These branching fraction values are model dependent. See the note on "Semileptonic

Decays of D and 8 Mesons, Part ll" at the beginning of the B+ Full Listings.

I (e+ ve anything) /I total

l (ls+ v„anything)/I total
Only the experiments at the T(4S) are used in the average,

Ctas/r

I (e+ veanythlng) /I terat
Only the experiments at the T(4S) are used in the average.

I 13i/C

These branching fraction values are model dependent. See the note on "Sernileptonic

Decays of D and 8 Mesons, Part lite at the beginning of the 8+ Full Listings.

VALUE EVTS DOCUMENT ID TECN COMMENT

The data in this block is i~eluded in the average printed for a previous datablock.

Oe104+0.004 OUR AVERAGE

0.097+0.005k 0.004
0.100+0.004+ Q.003
0.103+0.006+0.002
0.117k 0.004 +0.010
0.120+0.00740.005
~ ~ ~ We do not use the follow

Error includes scale factor of 1.3. See the ideogram below.
188 ALBRECHT 93H ARG e+ e -9 T(45)
189 YANAGISAWA 91 CSB2 e+ e ~ T(45)

ALBRECHT 90H ARG e+ e ~ T(4S)
WACHS 89 CBAL Direct e at T(45)
CHEN 84 CLEO Direct e at T(4S)

ing data for averages, fits, limits, etc. ~ ~ o

192 ABE 93E VNS EP~= 58 GeV

ABREU 93C DLPH e+ e ~ Z

AKERS 93B OPAL e+ e ~ Z
195 ADEVA 91c L3 Z decays

BEHREND 90o CELL EP~= 43 GeY

BEHREND 90o CELL Ec~m= 35 GeV

ONG 88 MRK2 Ep~= 29 GeV

PAL 86 DLCO Eceem 29 GeV

AIHARA 85 TPC Eee = 29 GeY

ALTHOFF 84& TASS Ep~= 34.6 GeV

KOOP 84 DLCO Repl. by PAL 86
6 KLOPFEN. .. 83B CUSB Direct e at T{4S)

NELSON 83 MRK2 Eee = 29 GeV

0.086+0.027+0.008
0.107+0.015+0.007 260

0.109 ' +0 0055 2719—0.013
0.138+0.032 4 0.008
0.111+0.028+ 0.026
0.150+0.0114 0.022

0.112+0.009+0.011

0 149+0.022—0.019
0.110+0.018+0.010
0.111+0.034+0.040
0.146+0.028
Q.132+0.008+0.014
0.116+0.021+0.017

VALUE DOCUMENT ID TECN COMMENT

Oe1043+O.OM4 OUR AVERAGE includes data from the 2 datablocks that follow this
one.

0.108 +0.002 +0.0056 HENDERSON 92 CLEO e+ e ~ T(4S)
7 HENDERSON 92 measurement employs e and p„Thesystematic 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-Corbb-Maiani-Martinelli
model for sernileptonic decays to correct the acceptance.

These branching fraction values are model dependent. See the note on "Semileptonic
Decays of D and B Mesons, Part Iles at the beginning of the B+ Full Listings.

VAL UE EVTS DOCUMEN T ID TECN COMMENT

The data in this block is Included in the average printed for a previous datablock.

r(V'(20to) 4+ v,)/r«n, t

VALUE CL%

O.OVO+0.01$+0.014 90

Cgn/C
DOCUMEN T ID TECN COMMEN T

ANTREASYAN 90B CBAL e+ e ~ T(45)

0.10$+0.005 OUR AVERAGE

0.100+0.006+0.002 ALBRECHT 90H ARG e+ e ~ T(4S)
0.108+0.006+0.01 CHEN 84 CLEO Direct p at T(4S)
0.1126Q.009+0.01 LEVMAN 84 CUSB Direct Ig at T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

0.110+0.012+0.007 656 ABRFU 93c DLPH e+ e

0.101 ' +0 0055 4248 AKERS 93B OPAL e+ e ~ Z—0.009
0,11360.01260.006 ADEVA 91C L3 Z decays

0.104+0.023 +0.016 BEHREND 90O CELL Ec ——43 GeV

0.14860.01060.016 BEHREND 90o CELL Ep~= 35 GeV

0.118+0.01260.010 ONG 88 MRK2 Eceem= 29 GeV

0.11760.01660.015 BARTEL 87 JADE Ec —34.6 GeV

0.114+0.018+0.025 BARTEL 85J JADE Repl. by BARTEL 87

0.117k 0.028+0.010 ALTHOFF 84C TASS Ec ——34.5 GeV

0.105+0.015+0.013 ADEVA 83B MRKJ Ec = 33-38.5 GeV

0.155+ FERNANDEZ 83D MAC EP~——29 GeV

9 Al BRFCHT 90H uses the model of Al TARELLI 82 to correct over all lepton momenta.
0.097 + 0.006 is obtained using ISGUR 89B.
ABREU 93c event count includes srrs events. Combining ee, rrrs, and err events, they
obtain Q.100 6 0.007 + 0.007.

tAKERS 93B analysis performed using single and dilepton events.
ADEVA 91C measure the average B(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 b b, the muon result gives 0.123+0.003+0.006.
They obtain 0.119+ 0.003 + 0.006 when e and Ig 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 + 7 + 22 MeV.
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I (|ra+ve anything)/I nn, t

VALUE

&0.0016

r122/r
DOCUMENT ID TECN COMMENT

ALBRECHT 90H ARG e+ e ~ T(4S)

I (D fr+ vf anything}/I (r+vg anything} r128/r 124
8 = e or Ia.

VALUE DOCUMENT ID TECN COMMENT

0.26+0.07+0.M 201 FULTON 91 C LEO e+ e —a T(4S)
FULTON 91 uses B(D+ ~ K x+ ~+) = (9.1 4 1.3+0.4)% as measured by MARK III.

I gPir+ v8anythlng)/I (Ir+vganythlng) I 128/r124
I=corp, .

VALUE DOCUMENT ID TECN COMMENT

0.67+0.N+Oe10 202 FULTON 91 CLEO e+ e b T(4S)
FULTON 91 uses B(D ~ K ~+) = (4.2 6 0.4 6 0.4)% as measured by MARK III.

I (D"1+A)/I total I 12rlr
D*~ stands for the sum of the D(1 Pl), D(1 PO), D(1 Pl), D(1 P2), D(2 SO),
and D(2 Sl) resonances. d = e or p„not sum over e and p modes.

VALUE EVTS DOCUMENT ID TECN COMMENT

0.027+0.001+0.005 63 ALBRECHT 93 ARG e+ e ~ T(4S)
ALBRECHT 93 assumes the GISW model to correct for unseen modes. Using the BHKT
model, the result becomes 0.023+ 0.006 6 0.004. Assumes B(D'+ ~ D ~+) =
68.1%, B(DO K- g+) 3 65% B(DO K—&+&-g+) 7 5% We ha
taken their average e and p value.

I (De i+ vganythlng)/I total I 128/r
VALUE CL43 DOCUMENT ID TECN COMMENT

&O.ON 90 ALBRECHT 938 ARG e+ e ~ T(45)
0 ALBRECHT 938 reports & 0.012 for B(D+ ~ fte+) = 0.027. We rescale to our best$

value B{D+~ 4++) = 0.035.$

I (D fr+ v8K+anythlng)/I total I 129/r
VALUE CL4A DOCUMENT ID TECN COMMENT

&0.006 90 0 ALBRECHT 938 ARG e+ e ~ T(45)
0 ALBRECHT 938 reports & 0.008 for B(D ~ pe+) = 0 027 We res.cele .to our best$

value B(D+ ~ P~+) = 0.035.$

I (D tf v8Knanythlng)/I total r130/r
VALUE CLS DOCUMENT ID TECN COMMENT

(O.ON 90 8ALBRECHT 938 ARG e+e ~ T(45)
08 ALBRECHT 938 reports & 0.012 for B(D+ ~ pe+) = 0.027. We rascals to our best

value B(D+ ~ Pn+) = 0.035.$

r131/rla4I (l+ vg noncharmad)/I (l+ vf anything)
8 denotes e or p, not the sum. These experiments measure this ratio in very limited
momentum intervals.

VALUE CL S EVTS DOCUMENT ID TECN COMMENT

107 BARTELT 93B CLE2 e+ e ~ T{4S)
77 ALBRECHT 91C ARG e+ e ~ T(4S)
76 FULTON 90 C LEO e+ e —b T(4S)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

41 ALBRECHT 90 ARG e+ e b T(4S)
&0.04 90 211 BEHRENDS 87 CLEO e+ e ~ T'(4S)
&0.04 90 CHEN 84 CLEO Direct e at T(4S)
&0.055 90 KLOPFEN. .. 83B CUSB Direct e at T(4S)
07 BARTELT 93B (CLEO II) measures an excess of 107 + 15 + ll leptons in the lepton

rnornentum interval 2.3-2.6 GeV/c which ls attributed to b ~ u/f. v~. This corresponds to
a model-dependent partial branching ratio b, Bub between (1,15+0.16 + 0.15) x 10
as evaluated using the KS model (KOERNER 88), and (1.54 + 0.22 + 0.20) x 10
using the ACCMM model (ARTUSO 93). The corresponding values of

i Vubi/i Vcbi are
0.056 4 0.006 and 0.076 4 0.008, respectively.
ALBRECHT 91c result supersedes ALBRECHT 90. Two events are fully reconstructed
providing evidence for the b ~ u transition. Using the model of ALTARELLI 82, they
obtain

i V„b/Vcbi = 0.11+0.012 from 77 leptons in the 2.3-2.6 GeV rnomentumrange.
FULTON 90 observe 76 2 20 excess e and p. (lepton) events in the momentum interval
p = 2.4-2.6 GeV signaling the presence of the b ~ u transition. The average branching
ratio, (1.8 + 0.4 4 0.3) x 10 4, corresponds to a model-dependent measurement of
approximately

i Vub/fbi = 0.1 using B(b clr ) = 10.2 + 0.2+ 0.7%.
ALBRECHT 90 observes 41 + 10 excess e and p, (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 Vub/Vcb~ = 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

i Vubi/iVcbi & 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+r+vganythlng)/I (l+vranythlng)
f denotes e or p, not the sum.

VALUE DOCUMEN T ID TECN COMMENT

0M+0.07+0.06 212 ALAM 87B CLEO e+ e ~ T(4S)
ALAM 87B measurement relies on lepton-kaon correlations.

I (K-r+ vganything)/I (t v8anything) I 133/r124
E denotes e or p, not the sum.

VALUE DOCUMEN T ID TECN COMMENT

0.10+0.05+0.02 ALAM 87B CLEO e+ e ~ T(45)
ALAM 87B measurement relies on lepton-kaon correlations.

I (K /P'r+ vganythlng)/I (r+ vg anything) r134/rl&
8 denotes e or p, not the sum. Sum over KO and ~K states.

VALUE DOCUMENT ID TECN COMMENT

0.$9+0.06+0.04 ALAM 87B CLEO e+ e ~ T(4S)
ALAM 87B measurement relies on lepton-kaon correlations.

I (9+& anything)/I total
VALUE DOCUMENT ID TECN COMMENT

(40e +0.76 +0.62) x 10 BUSKULIC 93B ALEP e+e ~ Z

B, B+, B, and B baryon states not separated.

r(c/g/ran, )

rtaa/r

VALUE DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.98+0.16+0.12 216 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 BE mixing. We have
thus removed it from the average.

I (D anything)/I total I 138/I
VALUE EVTS

OW ROAN OUR AVERAGE

0.25 +0.04 +0.03 BORTOLETTO92 CLEO e+ e ~ T(4S)
0.272+ 0.06360.035 218 ALBRECHT 91H ARG e+ e -+ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.17 +0.04 +0.04 20k BORTOLETTO87 CLEO e+ e ~ T(4S)
The first error is the combined statistical and systematic error and the second error is
due to the uncertainty in the D meson branching ratio. BORTOLETTO 92 measures
B(B ~ D+anything) x B(D+ ~ K yr+yr+) = 0.0226 + 0.0030 + 0.0018 and has
chosen to normalize by the Mark III branching fractions.
ALBRECHT 91H measures B(B ~ D+ anything) x B(D+ ~ K ~+ yr+) =0.0209 6
0.0027 + 0.0040. Uses the PDG 90 B(D+ ~ K x+ x+) =0.077 4 0.010.
BORTOLETTO 87 uses old MARK III (BALTRUSAITIS 86E) branching ratio for
K x+x+ = 0.116+0.014+ 0.007. The product branching ratio for B(B ~ D+X)
B(D+ ~ K yr+ x+) is 0.019 6 0.004 4 0.002. Superseded by BORTOLETTO 92.

DOCUMENT ID TECN COMMENT

I (Panything)/I total I 137/r
TECN COMMENTVALUE EVTS

OM +0.06 OUR AVERAOE

0.55 +0.04 +0.08 BORTOLETTO92 CLEO e+ e ~ T(4S)
0.522 +0.082+0.035 221 ALBRECHT 91H ARG e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

0.39 +0.05 +0.04 21k BORTOLETTO87 CLEO e+ e ~ 7'(4S)
0.57 +0.14 +0.12 223 GREEN 83 CLEO Repl. by BORTO-

LETTO 87
The first error is the combined statistical and systematic error and the second error is
due to the uncertainty in the D meson branching ratio. BORTOLETTO 92 measures
B(B~ DOanything) x B(D ~ K yr+) = 0.0233+0.0012+0.0014 and has chosen
to normalize by the Mark III branching fractions.
ALBRECHT 91H measures B(B ~ D /~Danything)xB(D ~ K x+) =0.0194 +
0.0015+ 0.0025. Uses the PDG 90 B(D ~ K ++) =0.0371 6 0.0025.
BORTOLETTO 87 uses old MARK III (BALTRUSAITIS 86E) branching ratio for K x+
= 0.056 4 0.004 4 0.003. The product branching ratio for B(B ~ D X) B(D
K m+) is 0.0210 4 0.0015 6 0.0021. Superseded by BORTOLETTO 92.
Corrected by us using assumptions B(D ~ K x+) = (0.042 + 0.006). The product
branching ratio is B(B ~ D X).B(D ~ K ~+) = 0.024 + 0.006 + 0.004.
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I (D'(2010) anything)/I total r,ss/r I (J/t[r(1S}anything) /I total r145/r
VALUE EVTS DOCUMEN T ID TECN COMMENT

023 +O.OI OUR AVERAGE Error IncIudes scale factor of 1.4.
0.202 60.038+0.004 BORTOLETTO92 C LEO e+ e ~ T'(45)
0.29 +0.05 +0.01 225 ALBRECHT 91H ARG e+ e ~ T'(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0.22 +0.04 +0 04 5200 226 BORTOLETTO87 CLEO e+ e ~ T(45}

0.27 +0.06 +006 510 2 7 CSORNA 85 CLEO Repl. by BORTO-
LETTO 87

4 BORTOLETTO 92 reports 0.25 + 0.03 + 0.04 for B(D' (2010}+—+ DO x+) = 0.55 +
0.04. We rescale to our best value B(D*(2010)+~ DOyr+) = (68.1 6 1.3) 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(D ~ K n.+) branching fraction.

ALBRECHT 91H reports 0.3486 0.060 +0.035 for B(D*(2010)+~ D ~+) = 0.57 +
0.06. We rescale to our best value B(D'(2010)+ ~ D yr+} = (68.1 6 1.3) 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 n+} =0.0371 + 0.0025.
6BORTOLETTO 87 uses old MARK III (BALTRUSAITIS 86E} branching ratios B(DO ~

K n+} = 0.056 k 0.004 k 0.003 and also assumes B(D'(2010)+ ~ D yr+} =
0.60+0'15. The product branching ratio for B(B ~ D~(2010}+) B(D'(2010)+

DO n+ } is 0.13 k 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 yr+} =0.042+0.006and B(D*+~ D ~+}=0.6+ ' . The—0.15'
product branching fraction is B(B ~ D'+X) B(D'+ ~ ir+ D ) B(D K 7r+}
= (68 4 15 + 9}x 10 4.

r(D,+anything) /Inn, l rtss/r
TECN COMM EN TVALUE EVTS

O.N+0411 OUR AVERAGE

0 084+0 014+0 010 228 ALBRECHT 92G ARG e+ e ~ T'(45)
0.088+0.023+0.010 257 229 BORTOLETTO90 CLEO e+ e ~ T(45}
0.109+0.029+0.013 230 HAAS 86 CLEO e+ e ~ T(45)
o ~ o We do not use the following data for averages, fits, limits, etc. 0 ~ o

0.120+0.03160.014 231 ALBRECHT 87H ARG e+ e T(4S)

ALBRECHT 920 reports [B(B ~ D anything) x B(D+ ~ de+)] = 0.00292 +
0.00039 k 0.00031. We divide by our best value B(D+ pyr+) = (3.5+ 0.4) x 10
Our first error is their experiment's error and our second error is the systematic error
from using our best value.

229BORTOLETTO 90 reports [B{B~ D anything) x B(D+ ~ dre+)[ = 0.00306 d:

0.00047. We divide by our best value B(D+ ~ 4 yr+) = (3.5 6 0.4) x 10 2. Our first
S

error Is their experiment's error and our second error is the systematic error from using
our best value.

230HAAS 86 reports [B(B~ D anything) x B(D ~ dx+)I = 0.0038 6 0.0010. We

divide by our best value B(D ~ 4)yr+) = (3.5 6 0.4) x 10 . Our first error is their

experiment's error and our second error is the systematic error from using our best value.
64 + 22% decays are 2-body.

231ALBRECHT 87R reports [B(B ~ +Danythi g)nx B(D+ frrr+)] = 0.0042 +s s
0.0009 + 0.0006. We divide by our best value B(D+ pn+) = (3.5 + 0.4) x 10
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 ~ Ds X decays are 2-body. Superseded by
ALBRECHT 92G.

I (D8D, D8D, D8D', or D8D')/I (Ds anything)
Sum over modes.

VALUE DOCUMENT ID TECN COMMENT

OPT+LOS OUR AVERAGE

0.58 +0.074 0.09
0.56+0.10

r140/rlss

ALBRECHT 92G ARG e+ e T(45)
BORTOLETTO90 CI EO e+ e T(45)

I (D'(2010)P)/I total r141/"
VAL UE CL% DOCUMENT /D TECN COMMENT

&1.1 x 10 90 2 LESIAK 92 CBAL e+ e ~ T(45)
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 (D~+8, D'+R
~

D+ p ~ De+ p ~ De+sr, D'+80, D+sf, Da+rf, De+ ps.

VALUE CL N DOCUMEN T ID TECN COMMENT

&Q.QQQS 90 ALEXANDER 938 CLE2 e+ e T(45)

ALEXANDER 938 reports & 4.8 x 10 for B(D+ de+) = 0.03?. We rescale

to our best value B(D+ ~ QTr+) = 0.035. This branching ratio limit provides as
model-dependent upper limit

~ V„b~jjVrb~ ( 0.16 at CL=90%.

VALUE (units 10 ) CL% EVTS DOCUMENT ID

1.30+0.17 OUR AVERAGE

1.3 +0.4 + O. l 27 34 MASCHMANN 90 CHAL e ~ e —. 7 (45)
1.23+ 0.27 60.05 120 ALBRECHT 87o ARG e+ e --a T(45)
1.35 k 0.24+ 0.06 52 6 ALAM 86 CLEO e+ e — -a T(45}

o e ~ We do not use the following data for averages, fits, limits, etc. ~ e e

1.16+0.16+0.14 121 237 ADRIANI 93J L3 e e -- Z
1.3 +0.2 +0.2 238 ADRIANI 92 L3 e+ e —~ Z

1.21+O. 13+0.08 BUSKULIC 92G ALEP e+ e —- Z

14 7 9 ALBRECHT 85H ARG e+ e -- T(45)
1.1 k 0.21 +0.23 46 0 HAAS 85 CLEO Repl. by ALAM 86

e4.9 90 MATTEUZZI 83 MRK2 EP~ = 29 GeV

234 MASCHMANN 90 reports 1.12 60.33+0.25 for B(Jjtt2(15) — e "e
'

) = 0.069:60.009.
We rescale to our best value B(Jj@(15) e+e ) = (5.99 + 0.25) x 10 2. Our first
error is their experiment's error and our second error is the systematic error from using
our best value.

5 ALBRECHT 87D reports 1.07 + 0.16 k 0.22 for B(Jjg(15) —9 e~ e ) =- 0.069 k. O.009.
We rescale to our best value B(J/Q(15) e+ e ) = (5.99 k 0.25) 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 Jjg not from Q(25} to be
0.0081 + 0.0023.

36 ALAM 86 reports 1.09 6 0.16 + 0.21 for 8(J/t/7(15} ~ IL6+ /s'- } =- 0.074 .4 0.012. We

rescale to our best value B(J/g(15} ~ @+[[5 ) = (5.97 + 0.25) x 10 . Our first
error is their experiment's error and our second error is the systematic error from using
our best value.
ADRIANI 93s is an inclusive measurement from 8 decays at the Z. Uses 2!v', (1S)—
p, + ILI and Jj)t[/(15) e+ e channels.
ADRIANI 92 measurement is an inclusive result for B(Z —9 J/Q(15) X) =. (4.1 S 0.7 k.

0.3) x 10 which is used to extract the b-hadron contribution to J/t/'. (15}production.
Superseded by ADRIANI 93J.
Statistical and systematic errors were added in quadrature. ALBRECHT 85H also report
a CL = 90% limit of 0.007 for B ~ J/$(15)+ X where m ~- &1 GeV.

40Dimuon and dielectron events used.

TECN COM MEN T

I (I/r(2S) anything)/I total r144/r
VAL UE

0.0046+Q.0027+0.0021

EVTS

8

DOCUMENT /D TECN COMMENT

ALBRECHT 87o ARG e+ e —. 'r(4S}

r (X,t(1P)anything) /I total r345/r

I (K+ anything) /I total r146/r
VAL UE DOCUMENT ID TECN COMMENT

0.85+0407+0.M ALAM 878 CLEO e+e- - T(45}
o o ~ We do not use the following data for averages, fits, limits, etc. o 0

seen BRODY 82 CLEO e+ e ~ T(45}
seen GIANNINI 82 CUSB e+ e -~ T(45}

4Assuming T(45} BB, a total of 3.38 k 0.34 + 0.68 kaons per T(45) decay is found

(the second error is systematic}. In the context of the standard B-decay model, this

leads to a value for (b-quark ~ r-quark)/(b-quark ~ all) of 1.09 k 0.33 k 0.13.
GIANNINI 82 at CESR-CUSB observed 1.58 + 0.35 K per hadronic event much higher
than 0.82 + 0.10 below threshold. Consistent with predominant b rX decay.

I (K+ anything)/I total r147/r
COMMENT

etC. 0 ~ ~

VAL UE DOCUMENT /D TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.66 20.05+0.07 2 6 ALAM 878 CLEO

ALAM 878 measurement relies on lepton-kaon correlations.
possibility of BB mixing. We have thus removed it from the

e+ e — T(45}
It does not consider the

average

I (K anything)/I total rlds/r
VALUE DOCUMENT /D TECN

o ~ o We do not use the following data for averages, fits, limits,

0.19+0.05 +0.02 ALAM 878 CI EO

247ALAM 878 measurement relies on lepton-kaon correlations.
possibility of B B mixing. We have thus removed it from the

COMMENT

etc. e o o

e+ e T(45}
It does not consider the

average.

VAL UE EVTS DOCUMENT ID TECN COMMEN T

0.0105d:0.00$5d:0.0025 ALBRECHT 926 ARG e+ e T(4S)
~ o» We do not use the following data for averages, fits, limits, etc. o o i

i0.024 +0.009 +0.002 19 242 ADRIANI 93j L3

41ALBRECHT 92E assumes no &r2(lP} production.

ADRIANI 93J is an inclusive measurement and assumes &rl come from b decays at Z.

Uses J/2/. 'f(15} — p+ It channel.

I (Xct(1P)anything)/I (2/I(r(1S) anything)
VAL UE EVTS DOCUMEN T ID TECN COM MEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ ~

1,92 + 0,82 L121

4 ADRIANI 933 L3 e+ e — Z

43ADRIANI 93j is a ratio of inclusive measurements from 8 decays at the Z using only the

J,'T/~(15) — /1+ p, channel since some systematics cancel.

I (K /7P anything)/I n,t, i

VAL UE'

0.63+Q.06+Q.QS

DOCUMENT /D

ALA M

rt49/"
TECN COMMEN T

878 CLEO e+ e —. T(45}



See key on page1343
1621

Meson Full Listings

r(b gq)/rn I rlsnlr I (F' N(N =porn))/I total I 160/I
VALUE CL% DOCUMENT ID TECN COMMENT

&0.0012 90 248 ADRIANI 93L L3 e+ e —h Z
4 ADRIANI 93L result is for b ~ sp is performed inclusively.

r(K'(e92)&)/r~l I 1st/I

VAL UE CL% DOCUMENT ID TECN COMMENT

(0.0017 90 2 9 PROCARIO 94 CLE2 e+ e ~ T{4S) I
PROCARIO 94 reports & 0.0017 for B(A+ ~ pK e+) = 0.043. We rescale to our

C

best value B(A+ ~ pK 7r+) = 0.044.
C

VALUE CL% DOCUMEN T ID TECN COMMENT

24x 10 90 ALBRECHT SSH ARG e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(1.5 x 10 90 LESIAK 92 CBAL e+ e ~ T(45)
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 (Kt(16$)7)/I total I 162/I
VAL UE CL% DOCUMENT ID TECN COMMENT

g4.1 x 10 90 ALBRECHT SSH ARG e+ e T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(1.6 x 10 90 LESIAK 92 CBAL e+ e ~ T(4S)
LESIAK 92 set a limit on the inclusive process B(b ~ sy) ( 2.8 x 10 at 90% CL
for the range of masses of 892-2045 MeV, independent of assumptions about s-quark
hadronization.

I (K2(1630)p}/I total
VAL UE

&1.3 x 10

I (Ka(1770)y) /I total

CL%

90

I 160/I
DOCUMEN T ID TECN COMMENT

ALBRECHT SSH ARG e+ e ~ T(4S)

rts4/r
VAL UE CL% DOCUMENT ID TECN COMMENT

(1.2 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(KS(1780)y)/I total
VAL UE

(3.0x 10 3

I (K4(2045) 7}/rtotai

90

I'1sg/I
DOCUMENT ID TECN COMMENT

ALBRECHT SSH ARG e+ e ~ T(4S)

rtsa/r
VAL UE CL08 DOCUMENT ID TECN COMMENT

&1.0 x 10 3 90 252 LESIAK 92 CBAL e+ e 9 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 (9)anything)/Inn I

VAL UE

0.023+0.006+0.005

rlsylr
DOCUMENT ID TECN COMMENT

BORTOLETTO86 CLEO e+ e ~ T(4S)

I (charmed-baryon anything) /I total I 100/r
VAL UE CL% DOCUMENT ID TECN COMMENT

0.064d:0.00ad:LOOS 5 CRAWFORD 92 CLED e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.14 +0.09 ALBRECHT SSE 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 B0 and B+ decay are Ac.
A LBRECHT SSE measured B(B~ A+ X) B(A+ ~ p K 7r+) = (0.3060.12 +0.06)%
and used B(A+ p K 7r+) = (2.2+1.0)% from ABRAMS SO to obtain above number.

Assuming all baryons result from charmed baryons, ALAM 86 conclude the branching
fraction is 7.4 + 2.9%. The limit given above is model independent.

I (Zc anything) /I total r169/I
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.004ad:O.M24d:0.0006 77 2 PROCARIO 94 CLE2 a+e ~ T(45)
290PROCARIO 94 reports [B(B~ T anything) x B(A+ pK s'+)I = 000021+

0.00008 + 0.00007. We divide by our best value B(A+ ~ pK ~+) = (4.4 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.

I (Zc anything)/I nn I r160/I

I (X,anything) /I total r161/r
VALUE EVTS DOCUMENT ID TECN COMMEN T

O.rmeed:0. 0004d=0.0007 76 PROCARIO 94 CLE2 e+ e ~ T(4S)
PROCARIO 94 reports [B(B Z anything) x B(A+ pK rr+)) = 0.00023 +
0.00008 + O.OOOO?. We divide by our best value B(A ~ 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.

VAL UE CL% DOCUMENT ID TECN COMMENT

&0.011 90 PROCARIO 94 CLE2 e+ e T(4S) I
237pROCARIO 94 reports [B{B~ Z anything) x B(A+ pK s+)) = & 0.00048.

We divide by our best value B(A+ ~ pK yr+) = 0.044.
C

[I (panything) + I (jianything)]/I an, l I 163/I
Includes p and p from A and A decay.

VAL UE EVTS DOCUMENT ID TECN COMMENT

0.0eO+0.005 OUR AVERAGE

0.080+0.005+0.003 CRAWFORD 92 CLEO e+ e ~ T(4S)
0.082+0.005+0'010 2163 ALBRECHT 89K ARG e+ e T(45)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.021 261 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 A decays.

[I (p(direct) anything) + I (ji(direct) anything)]/I nn, l r164/r
DOCUMENT ID TECN COMMENTVALUE EVTS

O.L%+0.007 OUR AVERAGE

0.056+0.006+0.005 CRAWFORD 92 CLEO e+ e ~ T(4S)
0.055+0.016 1220 262 ALBRECHT 89K ARG e+ e ~ T(4S)

ALBRECHT 89K subtract contribution of A decay from the inclusive proton yield.

[I (Aanything) + I panythlng)] /I total I 166/I
TECN COMMENTVALUE EVTS

O.MORO. 005 OUR AVERAGE

0.038+0.004+0.006 2998 CRAWFORD 92 CLEO e+ 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. ~ ~ ~

&0.011 263 ALAM 838 CLEO e+ e ~ T(4S)
ALAM 838 reported their result as & 0.022 + 0.007 4 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

[I (= anything) + I (:=+anything)]/I total rtaa/r
VALUE EVTS DOCUMENT ID

0.0027+0.0006 OUR AVERAGE

0.0027+0.0005+0.0004 147
0.0028 +0.0014 54

TECN COMMENT

CRAWFORD 92 CLED e+ e T(45)
ALBRECHT 89K ARG e+ e ~ T(4S)

I (baryong anything) /I total I 167/I

I (p jranythlng)/I tsstal I 160/r
Includes p and p from A and A decay.

VALUE EVTS DOCUMEN T ID

0.0247+0.0023 OUR AVERAGE

0.024 +0.001 +0.004
0.025 +0.002 +0.002 918

TECN COMMENT

CRAWFORD 92 CLEO e+ e ~ T(4S)
ALBRECHT 89K ARG e+ e ~ T(4S)

I (p jia nything) / [I (p anything) + I (jr anything)] r sea/rtas
Includes p and p from A and A decay.

DOCUMENT ID TECN COMMENT

CRAWFORD 92 CLEO e+ e ~ T(4S)
VALUE

0.30+0.02+0.05

[I (Ajranythlng) + I ppanything)]/I an, l rtae/r
Includes p and p from A and A decay.

VALUE EVTS DOCUMENT ID

0.025+0.004 OUR AVERAGE

0.029 +0.00540.005
0.023k 0.004+ 0.003

TECN COMMEN T

CRAWFORD 92 CLEO e+ e ~ T(4S)
165 ALBRECHT 89K ARG e+ e ~ T(4S)

[I (Ajranythlng) + I (Apanythlng)]/[I (Aanything) + C(Aanythlng)]
r tee/rtas

Includes p and p from A and A decay.
DOCUMENT ID TECN COMMENT

CRAWFORD 92 CLEO e+ e ~ T(4S)
VALUE

0.75+0.11+0.08

VALUE DOCUMENT ID TECN COMMENT

O.ON+0.005+0.003 64 ALBRECHT 920 ARG e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.076 +0.014 265 ALBRECHT 89K ARG e+ e ~ T(4S)
64ALBRECHT 920 result is from simultaneous analysis of p and A yields, p p and A 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 6 1.6)% for
direct protons and (4,2 k 0.5 + 0.6)% for inclusive A production. They then assume
(5.5 6 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 6 1.4)%.
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I (AAanything) /I tetat rtyn/r

VAL UE

(0.13 90

DOCUMENT ID TECN COMMENT

CRAWFORD 92 CLEO e+ e ~ T(45)

I (e+ e anything) /I tatat
Test for /nt B = 1 weak neutral current.

VAL UE CL48 DOCUMENT ID TECN COMMENT

(0.0024 OUR LIMIT Our 90% CL limit, using [I (e+e anything) +
I (rs+u anything)]/I tntai beiow.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.05 90 BEBEK 81 CLEO e+ e ~ T(4S)

[I (e+e anything)+l {la+is anything)]/Itotat
Test for b, B = 1 weak neutral current.

VAL UE CL4A DOCUMENT ID TECN COMMENT

(0.0024 90 266 BEAN 87 CLEO e+ e —+ T(4S)
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

&0.0062 90 AVERY 84 CLEO Repl. by BEAN 87

&0.008 90 MATTEUZZl 83 MRK2 EPm = 29 GeV

BEAN 87 reports I()Lg+ p, )+(e+ e )I/2 and we converted it.

"Determine ratio of B+ to B semileptonic decays to be in the range 0.25-2.9.

(rtyt+rtn)/r

I {is+is anything)/I tetat
Test for BB= 1 weak neutral current.

VAL UE CL% DOCUMEN T ID TECN

5 0 ~ 10—5 90 268 ALBAJAR 91C UA1

~ ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

Ecm= 630 GeV

etc. ~ ~ ~

rtn/r

&0.02 95 ALTHOFF 84G TASS

&0.007 95 ADEVA 83 MRK J

&0.007 95 BARTEl 831 JADE

&0.017 90 CHADWICK 81 CLEO

8 B0, B+, and B0 not separated.

Eceme 34.5 GeV

Eee 30-38 GeV

Ecm —33-37 GeV

e+ e ~ T(45)

B+ REFERENCES

PRL 72 3456 +Albrow, Amidei, Anway-Wiese, Apollinari (CDF Collab. )
ZPHY C63 (to be pub. )+Adam, Adye, Agasi, Aleksan+ {DELPHI Collab. )

4
PR D (to be pub. ) +Kim, Nemati, O' Neill, Severini+ (CLEO Collab. )

ABE 94D
ABREU 94C

CERN-PPE/94-0
A LA M 94

CLNS 94-1270
PDG 94
PROCARIO 94

CLNS 93/1264,
STONE 94
ABE 93E
ABE 93J
ABREU 93C
ABREU 93D
ABREU 93G
ACTON 93C
ACTON 93L
ADRIANI 93J
ADRIANI 93K
ADRIANI 93L
AKERS 931
ALBRECHT 93
ALBRECHT 93E
ALBRECHT 93H
ALEXANDER 93B
AMMAR 93
ARTUSO 93
BART ELT 93B
BEAN 93B
BUSKULIC 93B
BUSKULIC 93D
BUSKULIC 930
SANGHERA 93
ABREU 92
ACTON 92
ADRIANI 92
ALBRECHT 92C
ALBRECHT 92E
ALBRECHT 92G
ALBRECHT 920
BORTOLETTO 92
BUSKULIC 92F
BUSKULIC 92G
CRAWFORD 92
HENDERSON 92
KRAMER 92
LESIAK 92

Montanet+ (CERN, LBL, BOST, IFIC+)
+Baiest, Cho, Daoudi, Ford+ (CLEO Collab. )

PR D50 1173
PRL {to be pub. )

CLEO 93-24
HEPSY 93-11
PL 1313 288
PRL 71 3421
PL B301 145
ZPHY C57 181
PL 1312 253
PL 1307 247
ZPHY C60 217
PL B317 467
PL 1317 474
PL B317 637
ZPHY C60 199
ZPHY C57 533
ZPHY C60 11
PL 1318 397
PL B319 365
PRL 71 674
PL B311 307
PRL 71 4111
PRL 70 2681
PL 1298 479
PL B307 194
PL B314 459
PR D47 791
ZPHY C53 567
PL B274 513
PL B288 412
PL B275 195
PL 1277 209
ZPHY C54 1
ZPHY C56 1
PR D45 21
PL B295 174
PL 1295 396
PR D45 752
PR D45 2212
PL B279 181
ZPHY C55 33

(VENUS
(CDF

(DELPHI
(DELPHI
(DELPHI

(OPAL
(OPAL

(L3
(L3
(L3

(OPAL
{ARGUS
(ARGUS
(ARGUS

(CLEO
(CLEO

Collab. )
Collab. )
Collab. )
Collab. )
Coilab. )
Coilab. )
Coliab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. }
Collab. )
Collab. )
Collab. )
Collab. )
(SYRA)

olla b. )
olla b.)
olla b.}
olla b.)
olla b. )

Collab. )
ollab. )
olla b.)
olla b.)
olla b.)
olla b.)
olla b.)

Collab. )
olla b. )
olla b. )
olla b.)
olla 1.)
oiiab. )

, OSU)
ollab. )

+Amako, Arai, Arima, Asano+
+Albrow, Amidei, Anway-Wiese+
+Adam, Adye, Agasi, Aleksan+
+Adam, Adye, Agasi, Alekseev+
+Adam, Adye, Agasi, Ajinenko+
+Alexander, Allison, Aliport, Anderson+
+Akers, Aiexander, Allison, Anderson+
+Aguilar-Benitez, Ahlen, Alcaraz+
+Aguiiar-Benitez. Ahlen, Alcarez+
+Aguilar-Benitez, Ahien, Aicaraz+
+Alexander, Allison, Anderson, Arcelli+
+Ehrlichmann, Hamacher, Hofmann+
+Ehrlichmann, Hamacher, Hofmann+
+Ehrlichmann, Hamacher, Hofmann+
+Bebek, Berkelman, Bloom, Browder+
+Ball, Baringer, Coppage. Copty+

(CLED C
(CLED C

(ALEPH C
(ALEPH C
(ALEPH C

g+(C LEO
(DELPHI C

(OPAL C
(L3 C

(ARGUS C
(ARGUS C
(ARGUS C
(ARGUS

(CLEO C
(ALEPH C
(ALEPH C

(CLEO C
(CLEO C
(HAMB

rystal Ball C

+Csorna, Egyed, Jain. Akerib+
+Gronberg, Kutschke, Menary, Morrison+
+Decamp, Goy, Lees, Minard+
+Decamp, Goy, Lees, Minard+
+De Bonis, Decamp, Ghez, Goy+
+Skwarnicki, Stroynowski, Artuso, Goldber
+Adam, Adami, Adye+
+Alexander, Allison, Ailport, Anderson+
+Aguiiar-Benitez, Ahlen, Akbari+
+Ehrlichmann, Hamacher, Krueger, Nau+
+Ehrlichmann, Hamacher, Krueger, Nau+
+Ehrlichmann, Hamacher, Krueger, Nau+
+Cronstroem, Ehrlichmann+
+Brown, Dominick, Mcilwain+
+Decamp, Goy, Lees, Minard+
+Decamp, Goy. Lees, Minard+
+Fulton, Jensen, Johnson+
+Kinoshita, Pipkin, Procario+
+Palmer
+Antreasyan, Bartels, Besset, Bieler+ (C

VAE UE CL% EVTS DOCUMEI)IT ID TECAI COMMENT

&0.005 90 CRAWFORD 92 CLEO e+ e ~ T(4S)
e ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&0.0088 90 12 ALBRECHT 89K ARG e+ e T(45)

I {Aibnythlng}/[I (Aanythlng) + I (Aanythlng)] F170/r 150

A DEVA
ADEVA
ALBAJAR
ALBRECHT
ALBRECHT
ALBRECHT
ALBRECHT
ALEXANDER
8ERK EL MAN

"Decays of
DECAMP
FULTON
YANAGISAWA
ALBRECHT
ALBRECHT
ALBRECHT
ALBRECHT
ANTREASYAN
BEHREND
BORTOLETTO

Also
FULTON
HAGE MANN
LYONS
MASCHMANN
PDG
WEIR
ALBRECHT
ALBRECHT
AVERY
BEBEK
BORTOLETTO
BRAUNSCH. ..
ISGUR
ONG
WACHS
ALBRECHT
AI BRECHT
ALBRECHT
ALBRECHT
KLEM
KOERNER
ONG
ALAM
ALAM
ALBRECHT
ALBRECHT
ALBRECHT
ASH
AVERY
BARTEL
BEAN
BEBEK
BEHRENDS
BORTOLETTO
BROM
ALAM
BALTRUSAIT. ..
BARTEL
BORTOLETTO
HAAS
PAL
PDG
A IHARA
ALBRECHT
BARTEL
CSORNA
HAAS
ALTHOFF
ALTHOFF
ALTHOFF
AVERY
CHEN
GiLES
KLEM
KOOP
LEVMAN
A DEVA
ADEVA
ALAM
BART EL
FERNANDEZ
FERNANDEZ
GREEN
KLOPFEN. ..
LOCKYER
MATTEUZZI
NELSON
ALTARELLI
BARTEL
BRODY
GIANNINI
BEBEK
CHADWICK
ABRAMS

91C
91H
91C
91B
91C
91E
91H
91G
91

PL 8261 177
PL B270 111
PL 1262 163
PL B254 288
PL B255 297
PL B262 148
ZPHY C52 353
PI 1266 485
ARNPS 41

B Mesons"
91C
91
91
90
90B
90H
90J
901
90D
90
92
90
90
90
90
90
901
89G
89K
891
89
89
891
89B
89
89
SSE
88F
SSH
88K
88
88
88
87
871
87C
87D
87H
87
87
87
87
87
87
87
87
86
86E
86B
86
86
86
86
SS
85H
SSJ
85
85
84G
84H
84J
84
84
84
84
84

83
83B
83B
831
831
83D
83
83B
83
83
83
82
82C
82
82
81
81
80

PL B257 492
PR D43 651
PRL 66 2436
PL 1234 409
PL 1241 278
PL 1249 359
ZPHY C48 543
ZPHY C48 553
ZPHY C47 333
PRL 64 2117
PR D45 21
PRL 64 16
ZPHY C48 401
PR D41 982
ZPHY C46 555
PL B239
PR D41 1384
PL 1229 304
ZPHY C42 519
PL 8223 470
PRL 62 8
PRL 62 2436
ZPHY C44 1
PR D39 799
PRL 62 1236
ZPHY C42 33
PL B210 263
PL B209 119
PL 1210 258
PL B215 424
PR D37 41
ZPHY C38 511
PRL 60 2587
PRL S9 22
PRL 58 1814
PL B185 218
PL B199 451
PL 1187 425
PRL 58 640
PL B183 429
ZPHY C33 339
PR D35 3533
PR D36 1289
PRL 59 407
PR D35 19
PL 1195 301
PR D34 3279
PRL 56 2140
ZPHY C31 349
PRL 56 800
PRL 56 2781
PR D33 2708
PL 1701
ZPHY C27 39
PL 162B 395
PL 163B 277
PRL 54 1894
PRL 55 1248
ZPHY C22 219
PL 149B 524
PI 146B 443
PRL 53 1309
PRL 52 1084
PR D30 2279
PRL 53 1873
PRL 52 970
PL 141B 271
PRL 50 799
PRL 51 443
PRL S1 1143
PL 132B 241
PRL 51 1022
PRL 50 2054
PRL 51 347
PL 130B 444
PRL 51 1316
PL 129B 141
PRL 50 1542
NP B20S 365
PL 1141 71
PRL 48 1070
NP B206 1
PRL 46 84
PRL 46 88
PRL 44 10

+Adriani, Aguilar-Benitez, Akbari+ (L3 Collab. )
+Adrani, Aguilar-Benitez, Akbari, Alcaraz+ (L3 Collab. )
+Albrow, Allkofer, Ankoviak, Apsimon+
+Glaeser, Harder, Krueger, Nippe+
+Ehrlichmann, Glaeser, Harder, Krueger+
+Glaeser, Harder, Krueger ~ Nippe+
+Ehrlichmann, Hamacher, Harder+
+Allison, Allport+
+Stone

(UAl Collab. )
(ARGUS Collab. )
(ARGUS Collab. )
(ARGUS Coilab. )
{ARGUS Coliab. )

(OPAL Coliab. )
(CORN, SYRA)

(ALEPH
(CLEO

(CUSB II

{ARGUS
(ARGUS

(Argus
{ARGUS

rystal Ball
(CELLO

(CLEO
(CLEO
(CLEO
(JADE

(OXF, BRi
rystal Ball
IC, BOST
(Mark li

(ARGUS
(ARGUS

(CLEO
(CLEO
(CLEO

{TASSO
(TNT

(Mark II

Crystal Ball
(ARGUS
(ARGUS
(ARGUS
(ARGUS
(DELCO
{MANZ,

(Mark II

(CLEO
(CLEO

(ARGUS
(ARGUS
(ARGUS

(MAC
(CLEO
(JADE
(CLEO
(CLEO
(CLEO
(CLEO

(HRS
(CLEO

(Mark III

(JADE
(CLEO
(CI.EO

(DELCO
(CERN
(TPC

(ARGUS
{JADE
(CLEO
(CLEO

(TASSO
(TASSO
(TASSO

(CLEO
(CLEO
{CLEO

(DELCO
{DELCO

(CUSB
(Mark- J
{Mark-J
(CLEO
(JADE
(MAC
(MAC

(CLEO
(CUSB

(Mark ll

(Mark II

{Mark II

MA, INFN

(JADE
(CLEO
(CUSB
(CLEO
(CLEO

ISLA

Collab. }
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Coilab. }
Collab. )
Collab. )
Collab. )
Collab. )
Collab, )
Collab. )

S, RAL)
Collab. }

, CITy)
Collab. }
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
0, CIT)
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
DESY)

Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. }
Collab. )
Collab. )
Collab. )
Collab. )
Collab, )
Collab. )
Collab. }
Collab. )
Collab, )
Collab. )
Coliab, )
Collab. )
Collab. )
Collab. }

, CIT+)
Collab. }
Collab. )
Collab. )
Cotlab. )
Collab, )
Collab. )
Collab, )
Collab. )
Collab. )
Coliab. }
Collab. )
Collab. )
Coilab. }
Collab. )
Collab. )
Collab. )
Coliab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Colla1. )

, FRAS)
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )

C, LBL)

+Deschizeaux, Goy, Lees, Minard+
+Jensen, Johnson, Kagan, Kass+
+Heintz, Lee-Franzini, Lovelock, Na

+Glaeser, Harder, Krueger+
+Glaeser, Harder, Krueger, Nilsson+
+Ehriichrnann, Glaeser, Harder, Kru

+Ehrlichmann, Harder, Krueger+
+Bartels, Bieler, Bienlein, Bizzeti+
+Criegee, Field, Franke, Jung+
+Goldberg, Horwitz, Jain, Mestayer

Bortoletto, Brown, Dominick, Mcl
+Hempstead, Jensen, Johnson+
+Rarncke, Allison, Ambrus, Bariow+
+Martin, Saxon
+Antreasyan, Bartels, Besset+

Hernandez, Stone, Porter+
+Klein, Abrams, Adolphsen, Akerlof
+Glaeser, Harder, Krueger+
+Boeckmann, Glaeser, Harder+
+Besson, Garren, Yelton+
+Berkelman, Blucher+
+Goldberg, Horwitz, Mestayer+

Braunschweig, Gerhards, Kirschfink-

+Scora, Grinstein, Wise
+Jaros, Abrams, Amidei, Baden+
+Antreasyan, Bartels, Bieler+
+Boeckmann, Glaeser+
+Boeckm ann, Glaeser+
+Boeckmann, Glaeser+
+ Boeckmann, Glaeser+
+Atwood, Bansh+
+Schuler
+Weir, Abrarns, Arnldei+
wKttukarna, Kim, Li+
+Katayama, Kim, Sun+
+ Binder, Boeckmann, Glaser+
+Andam, Binder, Boeckmann+
+Binder, Boeckmann, Glasei+
+Band, Bloom, Bosman+
+Besson, Bowcock, Giles+
+Becker, Feist, Haidt+
+Bobb ink, Broc k, En gler+
+Berkelman, Blucher, Cassel+
+Morrow, Guida, Guida+
+Chen, Garren, Goldberg+
+Abachi, Akerlof, Baringer+
+Katayama, Kim, Sun+

Baltrusaitis, Becker, Blaylock, Brow
+Becker, Cords, Feist, Haidt+
+Chen, Garren, Goldberg+
+Hempstead, Jensen, Kagan+
+Atwood, Barish, Bonneaud+

Aguilar- Benitez, Porter+
+Alston-Garnjost, Badtke, Bakken+
+ Binder, Harder+
+Becker, Cords, Feist+
+Garren, Mestayer, Panvini+
+Hempstead, Jensen, Kagan+
+Braunschweig, Kirschfink+
+Braunschweig, Kirschfink+
+Branschweig, Kirschfink+
+Bebek, Berkelman, Cassel+
+Goldberg, Horwitz. Jawahery+
+Hassard, Hempstead, Kinoshita+
+Dubois, Young, Atwood+
+Sakuda, Atwood, Baillon+
-tsreedhar, Han, Imlay+
+Barber, Becker, Berdugo~
+Barber, Becker, Berdugo+
+Csorna, Garren, Mestayer+
+Becker, Bowdery, Cords+
+Ford, Read, Smith+
+Ford, Read, Smith+
+Hicks, Sannes, Skubic+

Klopfenstein, Horstkotte+
+Jaros, Nelson, Abrams+
+Abrams, Amidei, Blocker+
+Blondel, Trilling, Abrams+
+Cabibbo, Corbo, Maini, Martinelli

+Cords, Dittmann, Eichler+
-'Chen, Goldberg, Horwitz~
+Finocchiaro, Franzini+
+Haggerty, izen, Longuemare+
+Ganci, Kagar, Kass+
+Alam, Blocker, Boyarski+

rain+

cger+

(C

+
iwain+

(C
(iF

(RO

OTHER RELATEO PAPERS

+ Stone {COR)v SYRA)

(SLAC)

{I-IF ID H)

BERKELMAN 91 ARNPS 41 1

"Decays of B Mesons'"

MILLER 90 MPL As 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
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Quantum numbers not measured. Values shown are quark-model
predictions.

For measurements of the B mean life and for branching ratios in

which the charge of the decaying B is not determined, see the B
section.

See the Notes "Experimental Highlights of B Meson Production and
Decay" and "Semileptonic Decays of B Mesons" at the beginning

of the B+ Full Listings and the Note on "B -IJ Mixing and CP
Violation in B Decay" near the end of the B Full Listings.

Bo MASS

The fit uses m + and (m &0
—m&+) to determine m 0. m &0 data are

excluded from tte fit because they are not Independent. I hase experiments
actually measure the difference between half of Ecm and the B mass.

VALUE (MeV) DOCUMENT ID

5279.0+2.0 OUR FIT
527$.0+2.0 OUR AVERAGE

5279.2+0.54+2.0 340 1 ALAM 94 CLE2 e+ e ~ T(45)
5278.0+0.4 +2.0 1 BORTOLETTO92 C LEO e+ e ~ T(4S)
5279.6+0.7 +2.0 40 1s2 ALBRECHT 90' ARG e+ e ~ T(45)
5280.6+0.8 +2.0 1 BEBEK 87 CLEO e+ e ~ T(4S)
o o ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

5278.2+1.0 +3.0 40 ALBRECHT 87c ARG e+ e ~ T(45)
5279.5+1.6 +3.0 7 ALBRECHT 87o ARO e+ e -+ T(45)

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.
ALBRECHT 901 assumes 10580 for T(4S) mass. Supersedes ALBRECHT 87C and
ALBRECHT 87o.
Found using fully reconstructed decays with J/Q. ALBRECHT 87O assume m T(4S)—
10577 MeV.

EVTS

mph'
—

mph'

The mass difference measurements are not independent of the B+ and
B mass measurement by the same experimenters.

VALUE (MeV) DOCUMENT ID TECN COMMENT

0.&+0.29 OUR FIT Error includes scale factor of 1.1.
0.3II+0.32 OUR AVERAGE Error includes scale factor of 1.2.
0.41+0.2560.19 A LA M 94 CLE2 e+ e ~ T(4S)

—0.4 +0.6 +0.5 BORTOLETTO92 C LEO e+ e ~ T(4S)
—0.9 k 1.2 +0.5 ALBRECHT 901 ARG e+ e ~ T(4S)

2.0 61.1 +0.3 4 BEBEK 87 CLEO e+ e ~ T(4S)
4BEBEK 87 actually measure the difference between half of Ecm and the 8+ or Bp

mass, so the m&0 —m&~ is more accurate. Assume m T(4S)™10580MeV.

m~ —m~
H L

See the B -~B MIXING section near the end of these B Listings.

B0 MEAN UFE

See B+ Full Listings for data on B hadron mean life averaged over species
of bottom particles.

TECN COMMENTVALUE(10 i2 s) EVTS DOCUMEN T ID

1.50+0.11OUR AVERAGE
1.57+0.18+0.08 121 ABE 94o CDF pp at 1.8 TeV

1.17 ' +0.16—0.23 96 6ABREU 93o DLPH e+e ~ Z

1.55 +0.2560.18 76 ABREU 93G DLPH e+ e ~ Z

1 51+0.24+0.12—0.23 —0.14 78 6ACTON 93C OPAL e+e ~ Z

1 52+0.20+0.07—0.18—0.13 77 BUSKULIC 93o ALEP e+ e ~ Z

~ ~ ~ We do not use the following data for averages, fits, limitss etc. ~ ~ ~

2P +0.52 +0.16—0.36 —0.14 15 WAGNER 90 MRK2 E~ = 29 GeVcfn

0.82+ +0.27 AVERILL 89 HRS EP~ = 29 GeV

5ABE 94o measured mean life using fully reconstructed decays.
6Data analyzed using D/D4Canythlng event vertices.

ABREU 93G data analyzed using charged and neutral vertices.
WAGNER 90 tagged B mesons by their decays into D4 e+v and D» y+v where
the D' is tagged by its decay into 2r ~D.
AVERILL 89 ls an estimate of the B mean lifetime assuming that B ~ D ++ X
always.

MEAN LIFE RATIO s ff+/rffa
The measurements at high energy are direct lifetime measurements while
those at the T(45) are Inferred from the branching fractions for semiiep-
tonic decay or other spectator-dominated decays by assuming that the
rates for such decays are equal for B and B+.

DOCUMENT ID TECN COMMENT

94o CDF pp at 1.8 TeV

93o DLPH e+e ~ Z

93G DLPH e+e ~ Z

Z

T(4s)
T(4s)
T(4s)
T(4s)

T(4s)

events.

B DECAY MODES

~B modes are charge conJugates of the modes below. Reactions Indicate
the weak decay vertex and do not include mixing. Decays in which the
charge of the B is not determined are in the B+ section.

Only data from T(45) decays are used for branching fractions, with
rare exceptions. The branching fractions listed below assume a 50:50
B 5:B+B production ratio at the T(45). We have attempted to
bring older measurements up to date by rescallng their assumed T(45)
production ratio to 50:50 and their assumed D, Ds, D4, and g branching
ratios to current values whenever this would effect 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 ) Confidence level

I2
I3
I4
Is

Semlleptonlc and leptonlc modes
fa] (9.S +1.6 )%
[a] (1.9 +05 ) 4/4

[a] (4.4 +0.4 ) %
[a] &4.1 x10 4

seen

E+ vg anything
+VC

D'(2010} 1'+ trf
P- g+ V~

P VI1

90%

D, 0', or D~ modes

(3.0 +0.4 )
(7.S +1.4 )

& 1.6
(2.6 +0.4 )
(s.o +2.5 )

resonant (3.9 +1.9 )
(1.1 +1.0 )
(6.0 +3.3 )
(1.5 +0.5 )
(7.3 +1.5 )
(1.19+0.27)

non- (0.0 +2.5 )

I6 D 7r+

D p+
I 8 ~De+ x
I g D'(2010} fr+

r1p D n.+x+ x
I tt (D fr+fr+fr ) nonr„D-&+pp

I t3 D at(1260)+
Cto D*(2010) fr+ frb

I ta D"(2010) p+
I'te D'(2010) fr+ fr+ tr

I ty ( D'(2010} fr+ fr+ fr )
resonant

I ts D (2010) fr+ po

I 19 D (2010) a1(1260)+
I 2o D"(2010) fr+ fr+ tr

I 2t Da(2460) fr+

D2(2460) p+
I 23 D D+
I 2a D'(2010) D+r„D-D'+
I 26 D'(2010} D'+

f 27 D+x

x 10
x 10
x 10
x 10
x 10
x 10
x 10
x 10
4/4

x 10

x 10

(s.7 k3.1 ) x1o—3

(1.5 +0.7 )%
(3.4 +1.8 ) 4/.

( 22 x10
& 4.9 x 10

(8 +4 )x1O 3

(1.2 +0.6 ) %

(2.1 +1.5 ) %

(2.0 +1.2 ) %

(29 x10 4

90%

904/4

90%

9O4/.

VALUE CL I EVTS

0.98+0.09 OUR AVERAGE

1.02 +0.16+0.05 269 ABE

11+0.51+0 11 188 11 ABREU—0.39

1.p1+0 29 g0.12 253 12 ABREU

1.0 +p'~~+0.08 130 ACTON 93C OPAL e+ e

p 96+0,19+0.18 154 11 BUSKULIC 93o ALEP e+ e—0.15-0.12
0.91+0.27+ 0.21 ALBRECHT 92C ARG e+ e
1.0 +0.4 29 13s14 ALBRECHT 92G ARG e+ e
0.8960.19+0.13 13 FULTON 91 CLEO e+ e
1.00+0.23+0.14 13ALBRECHT 89I. ARG e+ e
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.49 to 2.3 90 15 BEAN 87e CLEO e+e
ABE 94o is a direct measurement using fully reconstructed decays.
Data analyzed using D/D4tanything event vertices.
ABREU 93G data analyzed using charged and neutral vertices.
Assumes equal production of B and B+.

14ALBRECHT 92G data analyzed using 8 ~ DsV, DsV', D4V, D4lS»

BEAN 878 assume the fraction of B % events at the T{45) is 0.41.
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l28
C29

"3O

"34
C3s

3e

C37

C3s

C39

C4o

C41

C43

C44

C4s
l 46
l 47

C48

"so

C51

Cs2

Cs4

Css
Cse

Csv
I 58

o'+—
D+ p-
D4+

s
D+ ar(1260)
D;+ at (1260)
D K+

s
D* K+

5
D K*(892)+
D' K'(892)+
D 7+Kp

5

D,
*-~~- K'

D n+ K'(892)o
D' rr+ K'(892)o
D~no
DO po

Do~
Oo~'
Oo~
D*(2007) n.

D'(2007) p
D'(2007)p rf

D'(2007)o nr

D'(2 007) oru

J/tp(1S) Ko

f/d (1S)K+ rr

J/@(1S)K'(892)o
@(2S)Ko

dr(2S) K+ n

g(2S) K'(892)o
Xrt(1P) Ko

Xct(1P) K (892}o

7

& 8

( 2,2

& 2, 4

& 1.8

& 1.0

( 1.2

& 6

( 3,2

& 2.1

& 4.8

& 5.5

( 6.8

& 8.6

& 6.3

& g.7

( 1.17

& 6.9
2.7

& 2.1

Charmonium modes
(7.5 +2.1 )
(1.2 +06 )
(1.58 60.28)

& 8

1

(1 4 +0.9 )
( 2.7

& 2.1

x 10

1O-4

x 10

x 10

x 10

x1O—4

x10 4

x 10

x 10

x 10

x 10

x 10

x 10

x 10

x 10

x 1O-4

x 1O-4

x 10 4

x 10 4

x 10

x 10

x 10

x 10

x 10 4

x 10

x 10

x 10 4

x 10

x 10

x 10

x 10

go%

9P

90%

9O%

go%

9O%

90%

90/o

go%

0%

90%

90%

90/o

gOo/.

90%
90o/o

90o

90'/o

90o/o

9Oo/.

90%
9Oo/

90'/0

90%

9Oo/

90%

7r+ ~- 7rp 7rp

C94 p p
f ss ar (1260)on o

I ge ( 7r
0

f 97 rt7r
0

C98 &+~+~-w-7rp
I ss a, (1260)+p
C100 a1(1260}opo

l 1p1 7r+ 7r

f boa ar(1260)+ a&(1260)
C o3

C104 p p
I 1pS pp7r 7(

C1oe p
C1o7

I 10g Z 8+

& 4.6

34
& 2.4

& 3.0
& 2.8

& 1.1

Baryon modes
& 3.4

( 2.5

( 1.8
& 1.5
( 1.1

1.2

x 10
x 10
x 10
x 10
x 10
x 10
x 10
x 10
x 10
x 10

x 10
10

x 1O-4

x 10
x10 4

x 10

Lepton Family number (LF) vlolatlng modes,
b,8 = 2 I'orbldden decay via mbdng (82M) modes, or

h8 = 1 weak neutral current (81) modes

81 & 5.9 x 1O-6

B1 & 5.9 x 1O-6

81 & 3.0 x 10

81 & 3.6 x 1O
—4

81 & 2, 9 x 1Q

Bl 2.3 x 1O-5

LF [b] & 5.9 x 10

LF [b] & 5.3 x 10—4

LF [b] & 83 x lo

C„p e+e-
P P

l112 K e+e
K p

Irr4 K'(892) e+e
K*(892) rr

P
l 117 8 7

118 P

[al r indicates e or rr mode, not sum over modes.

[b] The value is for the sum of the charge states indicated.

90%
goo/

90'/o

go'/.

gpo/

90/
900/o

gpo/o

gp0/

gpo/o

9O'/.

900/o

90%
go%
9O'/0

go%

90/o

900/

9O'/0

goo/

gpo/

gpo

90%
9Oo/

90%
gp'!o

C59

Ceo

C61

C62

Ce3

l64
Ces

Cee

Ce7

Ces

Ceg

C7o

l 73

C75

C76

C7s

C79

Cso

C81

S2

S3
C84

Css
Cse
Cs7

Css
f Sg

Cgo

C91

C92

K+ 7r

K+ K
Ko 7r+ ~-

Ko po

K fo(980)
K'(892)+ n
K2(1430)+n

KOK+ K
Kog

K'(892)o n + n

K*(892) p
K"(892} fp(980)
Kt(1400)+ n

K*(892}oK+ K
K'(892)P

4r

Kt (1400) p
Kt (1400)o tI

K2(1430) p

Ka (1430)od

K'(892)o p
Kt (1270)op
Kt (1400)on
K,(1430}0~
K*(1680}0p
Ks (1780)op
K4(2045)Q p

x 1O-5

x10 6

x 10
x 10 4

x1O—4

x 1O-4

x 10

x 10

x 1O-4

x 10

x 10 4

x 1O-4

x 10

x lo 4

x 10 4

x 10

x 10

x 10

x 10

x 10

x 10
x 10
x lo 4

x 10

( 2,6

& 7

& 4.4

( 3.2
& 3.6
& 3.8
& 2.6

( 1.3
& 4.2
& 1.4
& 4.6

( 1.7
& 1.1
& 6.1
& 3.2
& 3.0
& 5.0
& 1.1
& 1.4

(4.O + 1.9 )
& 7.0
& 4.3
& 4.0

& 2.0

& 1.0

& 4.3

0/

x 10

7r+ 7r

~+~-7rp
p07ro

p+ 7r

7r+ 7r 7r+ 7r

0pp

ar(1260)+ s +

aa(1320)+ rr+

x1O—5

x 10 4

x 10
x10 4

x 10 4

x 10
x1Q 4

x10 4

Light unflavored meson modes
& 2.9
& 7.2

& 4.0

[b] & 5.2
& 6.7
& 2.8

[t] & 4.9

[b] & 3.o

90%
go%

90%
90%
go/
go%
go'/

9p%

90%

go%

gpo/

900/o

90%
90o/o

9O%

90'/o

90%

90%

90%

go%
90o/

9O%

go%

go%

90%

90'/

90'/o

9Oo/

90'/o

9Oo/

goo/o

90/
9O%

B0 BRANCHING RATIOS

For branching ratios in which the charge of the decaying B is not deter-

mined, see the 8+ section,

I (8+vs anything) /I toter
VAL UE

OA85+0.016 QUR AVERAGE

0.093+0.011+0.015
0.099+0.030+0.009

I (D C+v4)/I ~-~

DOCUMENT ID TECN COM MEN T

ALBRECHT 94 ARG e+ e T(4S)
HENDERSON 92 CLEO e+ e -~ T(4S)

Ct/I

TECN COMMENT

I (D~(2010) l+ vr)/rtotar
TECN COM MEN TDOCUMENT IDVAL UE EVTS

0.044+0.004 QUR AVERAGE

0.045+0.003+0.004 ALBRECHT 94 ARG e+ e ~ T(45)
0 047+0 005+0 005 235 19 Al BRECHT 93 ARGe+ e- ~ T(4S)
0.040+0.004+0.006 BORTOLETTO89B CLEO e+ e —+ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o e

398 21 SANGHERA 93 CLF2 e+ e ~ T(45)
22 ALBRECHT sgc ARG e+ e ~ T{45)

0.060+0.010+0.014 23 ALBRECHT 893 ARG e+ e ~ T(45)
0.070+0.012+0.019 47 24 ALBRECHT 87& ARG e+ e ~ T{45)

ALBRECHT 94 assumes B(D*+ ~ D07r+) = 68.1 6 1.0 + 1.3%. Uses partial recon-

struction of D + and is independent of DO branching ratios.
9ALBRECHT 93 reports 0.052 + 0.005 + 0.006. We rescale using the method described

in STONE 94 but with the updated PDG 94 B{D K 9r+). We have taken their

average e and p value. They also obtain a= 2*I /(I + I +)—1 = 1.1 4 0.4 4 0.2,

A~F —3/4o{C —I +)/l = 0.2 4 0.08 4 0.06 and a value of
j Vcb~ = 0.036M,045

depending on model assum ptions.
QWe have taken average of the the BORTOLETTO 898 values for electrons and rnuons,

0.046 + O.OQS + 0.007. We rescale using the method described ln STONE 94 but with

the updated PDG 94 B(DQ K 9r+). The measurement suggests a Do polarizatfon

parameter value a = 0.65 6 0.66 + 0.25.

seen

8 denotes e or p, not the sum.
VALUE DOCUMENT ID

0.010+0.005 OUR AVERAGE

0.018k 0.006k 0.003 6 FULTON 91 CLEO e+ e -- T(4S)
0,020 60.007+0.006 7 ALBRECHT 89J ARG e+ e ~ T(4S)

FULTON 91 assumes assuming equal production of 8 and 8+ at the T(4S) and uses

Mark ill D and Do branching ratios.
ALBRECHT 89) reports 0.018 + 0.006 k 0.005. We rescale using the method described

in STONE 94 but with the updated PDG 94 B(D K 7r+).
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r(v-g +v„)/ran l Ig/r
VALUE DOCUMENT ID TECN

SSNI 26 ALBRECHT 91c ARG

In ALBRECHT 91C, one event is fully reconstructed providing evidence for the b ~ u
transition.

I (D v+)/I total
TECN COMMENTDOCUMENT IDVALUE EVTS

0.~%3+0.hh™bUR AVERAGE

00029+00004d=0.0002 81 ALAM 94 CLE2 e+e ~ T(4S)
0.002760.0006+0.0005 BORTOLETTO92 CLEO e+ e ~ T(45)
0.0048+0.0011+0.0011 22 ALBRECHT 90J ARG e+ e a T(45)
0 0051+ ' + ' 4 30 BEBEK 87 CLEO e+e ~ T(45)—0.0025 —0.0012
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.0031+0.0013+0.0010 7 ALBRECHT 88K ARG e+ e ~ T(45)
ALAM 94 reports [B(B ~ D n+) x B(D+ ~ K e+e+)I = 0.000265 +
0.000032 + 0.000023. We divide by our best value B(O+ ~ K 2r+2r+) =
(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 8+ and
8 at the T(45).
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(45) and uses
Mark III branching fractions for the D.
ALBRECHT 88K assumes 8 ~B:8+8 production ratio is 45:55. Superseded by AL-
BRECHT 90J which assumes 50:50.

DBEBEK 87 value has been updated in BERKELMAN 91 to use same assumptions as
noted for BORTOLETTO 92.

r(D-Sr+)/ran I I 7/I
TECN COMMENTVALUE EVTS

0.0078+0.0014 OUR AVERAGE

0.0078d:0.0013+0.0005 81 31 ALAM 94 CLE2 e+ e ~ T(4S)
0.009 +0.005 +0.003 9 ALBRECHT 90J ARG e+ e ~ T(45)
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.022 +0,012 +0.009 6 ALBRECHT 88K ARG e+ e ~ T(45)
ALAM 94 reports [B(8 ~ D p+) x B(D+ ~ K n+rr+)I = 0.000704 d:
0.000096 4 0.000070. We divide by our best value B(D+ ~ 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. Assumes equal production of 8+ and
8 at the T(45).
ALBRECHT 88K assumes 8 ~B:8+8 production ratio is 45:55. Superseded by AL-
BRECHT 90J which assumes 50:50.

r(54n+n-)/r~t ra/r
VALUE CL S EVTS DOCUMENT ID TECN COMMENT

&0.0016 90 3 ALAM 94 CLE2 e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.007 90 4 BQRTOLETTO92 CLEO e+ e ~ T(45)
&0.034 90 BEBEK —: 87 CLEO e+ e ~ T(45)

0.07 40.05 5 BEHRENDS 83 CLEO e+ e ~ T(45)
Assumes equal production of 8+ and 8 at the T(45).
BORTOLETTO 92 assuines equal production of 8+ and B at the T(45) and uses
Mark III branching fractions for the D. The product branching fraction into Dpo(2340)2r

followed by Dp(2340) D 2r is & 0.0001 at 90'/o CL and into D2(2460) followed by

D2(2460) ~ DDT is & 0.0004 at 90/o CL

BE8EK 87 assume the T(45) decays 43/o to 8 ~B. We rescale to 50/o. B(O
K 2r+) = (4.2 4 0.4 + 0.4)o/o and B(D ~ K 2r+2r+2r ) = (9.1 + 0.8 + 0.8)/o
were used.
Corrected by us using assumptions: B(D ~ K 2r+) = (0.042 + 0.006)
and B(T(45) ~ 8 ~B) = 50/o. The product branching ratio is B(8
~D2r+7r )B(~D ~ K+2r ) = (0.39 + 0.26) x 10

Combining Dv 7+vt and D~ 7+vt SANGHERA 93 test V—A structure and lit the

decay angular distributions to obtain AFB —3/4*(I —I +)/I = 0.14 6 0.06 4 0.03.
Assuming a value of Vcb, they measure V, A1, and A2, the three form factors for the

i
Oo Evg decay, where results are slightly dependent on model assumptions.

The measurement of ALBRECHT 89c suggests a Do polarization p~/pT of 0.85+ 0.45.
or a = 0.7 + 0.9.
ALBRECHT 89J is ALBRECHT 87J value rescaled using B(Oo(2010) ~ D 2r ) =
0.57 6 0.04 6 0.04. Superseded by ALBRECHT 93.
ALBRECHT 87J assume p,-e universality, the 8( T(45) ~ 80~8) = 0.45. the B(O
K 2r+) = (0.042 6 0.004 4 0.004), and the B(D*(2010) ~ D 2r ) = 0.49+ 0.08.
Superseded by ALBRECHT 89J.

r(P t vg) lrtotsl
8 = e or y„not sum over e and y, modes.

VALVE CL4k DOCUMENT ID TECN COMMENT

(4.1 x 10 90 BEAN 938 CLE2 e+ e ~ T(4S)
25 BEAN 938 limit set using IsGw Model. Using lsospln and the quark model to combine

I (pot+vt) and l (rvt+vt) with this result, they obtain a limit &(1.6-2.7) x 10 at
90'/o CL for 8+ ~ (~or p )Z+ vg. The range corresponds to the ISGW, WSB, and

KS models. An upper limit on
) V„b/Vcb) & 0.8&.13 at 90/o CL is derived as well.

I (D'(2010) v+}/I total I 9/I
TECN COMMEN TDOCUMENT IDVALUE EVTS

0.0026 +0.0004 OUR AVERAGE

0.0026 +0.0003 +0.0004 82 37 ALAM 94 CLE2 e+ e ~ T(4S)
0.0033 +0.0010 +0.0001 BORTOLETTO92 CLEO e+ e ~ T(45)
0.00234+0.00087+0.00005 12 ALBRECHT 90J ARG e+ e ~ T(45)
0.00234+p'pp110 +0.00005 5 BEBEK 87 CLED e+ e —b T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

0.0027 +0.0014 +0.0010 5 41 ALBRECHT 87C ARG e+ e ~ T(45)
0.0035 +0.002 +0.002 ALBRECHT 86F ARG e+ e T(45)
0.017 +0.005 +0.005 41 GILES 84 C LEO 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 2r+) and absolute B(D ~ K 2r+) and the PDG 1992 B(D
K 2r+ 2r )/B(D b K 2r+) and B(D b K 2r+ 2r+ 2r )/B(D 6 K 2r+).
BORTOLETTO 92 reports 0.0040 + 0.0010 6 0.0007 for B(D*(2010)+~ D 2r+) =
0.57 6 0.06. We rescale to our best value B(D'(2010)+ ~ D 2r+) = (68.1 + 1.3) 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(45)
and uses Mark Ill branching fractions for the O.
ALBRECHT 90J repOrtS 0.0028 6 0.0009 6 0.0006 fer B(D'(2010)+ ~ D 2r+) =
0.57 + 0.06. We rescale to our best value B(D*(2010)+~ D 2r+) = (68.1 + 1.3) 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)
and uses Mark III branching fractions for the D.
BEBEK 87 reports p.pp28+0. 0015+0.0010 for B(D*(2p10)+ a Oper+) = 0.57 +—0.0012 —0.0006
0.06. We rescale to our best value B(D*(2010)+~ D 2r+) = (68.1 6 1.3) 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.
ALBRECHT 87C use PDG 86 branching ratios for D and Do(2010) and assume

B(T(45) ~ 8+8 ) = 55/0 and B(T(45) 8 5 ) = 45/o. Superseded by AL-
BRECHT 90J.
ALBRECHT 86F uses pseudomass that is independent of D and D+ branching ratios.
Assumes B(D*(2010)+ ~ D 2r+) = 0.60+p15 Assumes B(T(45) ~ 8 ~B) =
0.40 + 0.02 Does not depend on D branching ratios.

r{D-v+v+ v-)/ran, t r10/r

r{D-v+ I 0)/ran„ I 12/I
VALUE DOCUMENT ID TECN COMMENT

0.0011+0.OON+0.0004 46 BORTOLETTO92 CLEO e+ e ~ T(45)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(45) and uses
Mark III branching fractions for the D.

I {D at(1260)+)/I total I 13/I
VALUE DOCUMENT ID TECN COMMENT

0.0060+0.0022+0.0024 47 BORTOLETTO92 CLEO e+ e ~ T(45)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(45) and uses
Mark III branching fractions for the D.

I (D (2010) sr+st }/I tots) I 14/I
VALUE EVTS DOCUMENT ID TECN COMMENT

0.01S1+0.0051+0.000 51 ALBRECHT 90J ARG e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.015 +D.DDS +D.DDS 8 49 ALBRECHT 87C ARG e+ e T(45)
ALBRECHT 90J repOrtS 0.018+ 0.004 + 0.005 fOr B(Do(2010)+ ~ D 2r+) = 0.57 +
0.06. We rescale to our best value B(D*(2010)+~ D 2r+) = (68.1 + 1.3) x 10
Our ffrst error fs their experiment's error and our second error fs the systematic error
from using our best value. Assumes equal production of 8+ and 8 at the T(45) and
uses Mark III branching fractions for the D.
ALBRECHT 87C use PDG 86 branchfng ratios for O and Do(2010) and assume
B(T(45) ~ 8+8 ) = 55/o and B(7'(45) ~ 8 ~B) = 45'/o. Superseded by AL-
BRECHT 90J.

VALUE DOCUMENT ID TECN COMMENT

0:::::+0.0021+0.N14 44 BORTOLETTO92 CLEO e+ e ~ T(45)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(45) and uses
Mark III branching fractions for the D.

I ((D ty+r+v ) anni~ant)/l total
VALUE DOCUMENT ID TECN COMMENT

OAXN9+0.0014+0.0013 45 BORTOLETTO92 CLEO e+ e ~ T(45)
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(45) and uses
Mark III branching fractions for the D.
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r(O'(2010)- f+)/ron, i I 15/I I (D'(2010) R+R+R em)/I total r20/r
VALUE EVTS DOCUMENT ID

OLmrv+OASXS OUR AVHNGE
0.0074+0.0010+0.0014 76 ALAM 94 CLE2 e+e T(4S)
0.0159+0.0113+0.0003 BORTOLETTO92 CLEO e+ e ~ T(4S)
0.0059+0.0035+0.0001 19 ALBRECHT 90J ARG e+ e ~ T{4S)
~ o o We do not use the foliowlng data for averages, fits, limits, etc. e e ~

0.081 +0.029 +0'024 19 CHEN 85 CLEO e+ e T(4S)

ALAM 94 assume equal productfon of 8+ and 8 at the T(4S) and use the CLEO II

B(D»(2010)+ ~ D 2r+) and absolute B(D ~ K 2r+} and the PDG 1992 B(O
K x+2r )/B(D h K 2r+) and B(OQ -+ K 2r+2r+m )/B(D ~ K 2r+).
This decay is nearly completely longitudinally polarized, f L/I = (93 k 5 6 5)%, as

expected from the factorization hypothesis (ROSNER 90}. The nonresonant ~+2r
contribution under the p+ is less than 9% at 90% CL.
BORTOLETTO 92 reports 0.019 + 0.008 6 0.011 for B(D»(2010)+ ~ D 2r+} =
0.57 + 0,06. We rescale to our best value B(D»(2010)+ ~ D 2r+} = (68.1 + 1.3}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.
ALBRECHT 90J reports 0.007 6 0.003+ 0.003 for B(D»(2010)+ ~ D 2r+) = 0.57 +
0.06. We rescalc to our best value B(D'(2010)+ ~ O 2r+) = (68.1 + 1.3) 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.

"Uses B(D' ~ D x+) = 0.6+0.15 and B(T(4S) ~ 8 ~B) = 0.4. Does not depend
on D branching ratios.

TECN COMM EN T

I (D'(2010) n+R+n )/I tfytat
VALUE CL% EVTS

0.0119+OACP OUR AVERAGE

0.0133+0.0036+Q.0003

rtg/r
TECN COMM EN TDOCUMENT ID

55 BORTOLETTO92 CLEO e+ e
T(4S)

26 ALBRECHT 90J ARG e+ e
T(4S)

0.010060.0040 k 0.0002

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

0.0063+0,0010+0.0011 49 0 ALAM 94 CLE2 e+ e
T(4S)

0.033 +0.009 +0.016 27 ALBRECHT 87C ARG e+ e
T(4S)

&0.042 87 CLEO e+ e
T(4S)

BORTOLETTO 92 reports 0.0159 4 0.0028 4 0.0037 for B(D (2010)+ h D 2r+} =
0.57 + 0.06. We rescale to our best value 8(D'(2010)+ ~ D 2r+) = (68.1 6 1.3) x
10 . Our first error ls 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.

5 ALBRECHT 90J repertS 0.012 6 0.003 + 0.004 fOr B(D» (2010)+ ~ D 2r+ ) = 0.57 6
0.06. We rescale to our best value B(D»(2010)+ ~ D 2r+) = (68.1 + 1.3) x 10
Our first error is their experiment's error and our second error is the systernatfc error

from using our best value, Assumes equal production of 8+ and 80 at the T(45) and
uses Mark III branching fractions for the D.

5 ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(O»(2010)+ -+ D 2r+) and absolute 8(D ~ K 2r+} and the PDG 1992 B(O
K 2r+ ~ )/B(D0 ~ K 2r+) and 8(O ~ K 2r+2r+2r )/B(O ~ K 2r+).
The three pion mass ls required to be between 1.0 and 1.6 GeV consistent with an a1
meson. (If this channel is dominated by at, the branching ratio for D' at Is twice

that for D» 2r+2r+2r .}
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.
BEBEK $7 value has been updated fn BERKELMAN 91 to use same assumptions as
noted for BORTOLETTO 92.

60 BEBEK90

I ((D'(2010) sf+sf+a ) Boor~ant)/I tsnat I 17/I
VALUE DOCUMENT ID TECN COMMENT

O.a +O.N19+OA$16 61 BORTOLETTO92 CLEO e+ e ~ T(45)
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).

r(O (2010)-R+no)/ron, l rss/r
VAL UE DOCUMENT ID TECN COMMENT

0.006?+0.00$1+0.0001 BORTOLETTO92 C LEO e+ e ~ T(45)
BORTOLETTO 92 reports 0.0068 4 0.0032 + 0.0021 for B(O (2010)+ ~ D 2r+) =
0.57 + 0.06. We rescale to our best value B(D»(2010)+ ~ D 2r+) = (68.1 + 1.3) 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 (De(2010) nt(1260)+)/I total I 39/r
VAL UE DOCUMENT ID TECN COMMENT

0.0151+0.0069+OAXNS 63 BORTOLETTO92 CLEO e+ e T(4S}
63 BORTOLETTO 92 reports 0.018 + 0.006 + Q.006 for B(D»(2010)+ ~ D 2r+} =

0.57 4 0.06. We rescale to our best value B(D»(2010)+ ~ D 2r+) = (68.1 6 1.3) x
10 . Our first error fs their experiment's error and our second error ls 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.

VAL UE EVTS DOCUMENT ID TECN COMMEN T

OAT+0.018+0.001 28 64 ALBRECHT 90J ARG e+ e ~ T(4S)
ALBRECHT 90J reports Q.041 + 0.015 + 0.016 for B(D*(2010)+~ 0 2r+) = 0.57 +
0.06. We rescale to our best value B(D»(2010)+ ~ D sr+) = (68.1 + 1,3) x 10
Our first error is their experiment's error and our second error ls the systematic error

from using our best value. Assumes equal production of 8+ and BQ at the T(4S) and
uses Mark III branching fractions for the D.

I (52(2400) R+)/I total
VAL UE CLPA DOCUMENT ID

&0.0022 90 65 ALA M

ALAM 94 assumesequal production of 8+ and

absolute B(OQ K ~+) and B(D2(2460)+

r(52(2g00)-n+)/ron, i

VALUE CL% DOCUMENT ID

&OWN 90 66 ALA M

ALAM 94 assumesequal production of 8+ and

absolute B(D ~ K 2r+} and B{D2»(2460)+

r(O-O+)/ron I

I 21/I
TECN COMMEN T

94 CLE2 e+ e ~ T(4S)
8 at the T(4S) and use the CLEOII

D02r+} = 30%.

I 22/f
TECN COMMEN T

94 CLE2 e+ e ~ T(4S)
8 at the T(4S) and use the CLEO ll

DQ~+) = 30%.

TECN COM MEN TDOCUMENT ID

I (D (2010) Da+)ll total I 24/I
TECN COMMENTDOCUMENT IDVALUE EVTS

O.OX2+0.006 OUR AVERAGE

0.011+0.008+0.001 ALBRECHT 920 ARG e+ e ~ T(4S)
0,014+0,008k 0.002 71 BORTOLETTO92 CLEO e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. 0 ~ ~

0.024 +Q.014 3 72 BORTOLETTO90 CLEO e+ e -~ T(4S)
70ALBRECHT 920 reports 0.014 + 0.010 + 0.003 for B(D de+) = O.M7. We

rescale to our best value B(D+ ~ 472r+) = (3.5 6 0.4) x 10 . Our first error is their
S

experiment's error and our second error ls the systematic error from using our best value.

Assumes PDG 1990 D+ and D*{2010)+branching ratios, e.g., B{D ~ K 2r+) =
3.71+ 0.25%, B(D+ ~ K n+~+) = 7.1 + 1.0%, and B(D'(2010)+ D ~+}
= 55 + 40/. .

71 BORTOLETTO 92 reports 0016+0009 + 0006 for B(D+ de+) = 0030 6 0011.
We rescale to our best value B(D+ ~ $2r+) = (3.5+ 0,4) x 10 . Our first error

S
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 tll

branching fractions for the D and D»(20lO).
BORTOLETTO 90 assume B(Ds ~ P~+) = 2%. Superseded by BORTOLETTO 92.

r(O O;+)/rtotai
VALUE DOCUMENT ID TECN COMMEN T

0.021+0.016+0.002 ALBRECHT 920 ARG e+ e T{4S)

ALBREcHT 920 reports 0.027 6 0.017 6 0.009 for B{D+ de+) = 0.027. we

rescale to our best value B(D+ ~ $2r+) = (3.5 + 0.4) x 10 2. Our first error is their
S

experiment's error and our second error is the systematic error from using our best value.

Assumes poG 1990 D+ branching ratios, e.g. , B(D+ Ic rr+ rr+) = 7 7 + 1 09'o.

[r(o'(mo)- o+) + r(o'(mo)- ,'D)+] r/bn I (r24+r26)/r
VALUE(units 10 2) EVTS DOCUMENT ID TECN COMMENT

4.3+1.1+Oe6 22 74 BORTOLETTO90 CLEO e+ e T(45)

BORTOLETTO 90 reports 7.5+ 2.0 for B(D ~ dtrr+) = 0.02. We rescaie to our

best; value B(D+ ~ {t2r+} = (3.5 + 0.4) x 10 . Our first error is their experfment's
S

error and our second error is the systematic error from using our best value.

VAL UE EVTS

O.OOS+0.004 OUR AVERAGE

0.013+0,011k 0.002 67 ALBRECHT 920 ARG e+ e —. T(45)
0,007 +0.004+ 0.001 68 BORTOLETTO92 C LEO e+ e-, T(4S}
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0,01260.007 3 BORTOLETTO90 CLEO e+ e ~ T(4S)
67ALBRECHT 920 reports 0 017 + 0.013. 6 0.006 for B(D+ ~ de+) = 0.027. We

rescafe to our best value B(D+ ~ It 2r+) = (3.5+ 0.4) 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 a+e+) = 7.7 d: 1.0%.
BORTOLETTO 92 reports 0.0080 d= 0.0045 6 0.0030 for B(D+ ~ Pe+) = 0.030 d:

0.011. We rescafe to our best value B(D+ ~ {ter+) = (3.5 6 0.4) x 10 . Our first
error is thefr 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.
BORTOLETTO 90 assume B(Ds ~ 4~+) = 2%. Superseded by BORTOLFTTO 92.
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I (D'(2010) Da+)/I total I 28/I r(O; K+)/rBR, I rss/r

r(o+R-)/rBR, I I 27/I
VALUE CL ff'8 DOCUMENT ID TECN COMMENT

&O.uKrc9 90 6 ALEXANDER 938 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0013 90 77 BORTOLETTO90 CLEO e+ e ~ T(45)
ALEXANDER 938 reports & 2.7 x 10 for B(D+ ~ 0u+) = 0.037. We rescale to5
our best value B(D+ ~ (tm+) = 0.035.5
BORTOLETTO 90 assume B(Ds ~ ft x+) = 2%.

r(o,'+~-)(rBR,t I 28/I
VALUE CL S DOCUMENT ID TECN COMMENT

gO.ANl9: 90 ALEXANDER 938 CLE2 e+e ~ T(4S)

ALEXANDER 938 reports & 4.4 x 10 4 for B(D+ ~ pe+) = 0.037. We rescale to

our best value B(D+ ~ Pm+) = 0.035.5

[r(o+R-) + r(o; K+)]/rsvp, I

VALUE CL% DOCUMENT ID

&0.0013 90 ALBRECHT 93E

ALBRECHT 93E reports & 1.7 x 10 for B(D+ ~
5

best value B(D+ ~ P~+) = 0.035.5

[I (De+a ) + I (De K+)]/I total
VALUE CL% DOCUMENT ID

&O.GKH 80 ALBRECHT 93E

ALBRECHT 93E reports & 1.2 x 10 for B(D+ ~
5

best value B(D+ ~ $9r+) = 0.035.

(r27+rss)ir
TECN COMMEN T

ARG e+ e ~ T(4S)

pe+ ) = 0.027. We rescale to our

{rss+rse}(r
TECN COMMENT

ARG e+ e ~ T(4S)

4ru+) = 0.027. We rescale to our

VALUE DOCUMENT ID TECN COMMENT

0.020+0.012+OA$2 75 ALBRECHT 920 ARG e+ e t(4S)
75ALBRECHT 920 reports 0.026 + 0.014 + 0.006 for B(D+ ~ pe+) = 0.027. Wes

rescale to our best value B(D+ ~ (t 9r+) = (3.5 + 0.4) x 10 . Our first error is theirS
experiment's error and our second error fs the systematic error from using our best value.
Assumes PDG 1990 D+ and D'(2010)+ branching ratios, e.g., B(D ~ K 9r+) =
3.71 + 0.25%, B(D+ ~ K x+nr+) = 7.1+ 1.0%, and B(D (2010)+ ~ D x+)
= SS +4%.

I {D K 4{892}+)/rtotal I ss/I
VAL UE CL 4A DOCUMENT ID TECN COMMENT

&0.0010 90 90 ALEXANDER 938 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.004 90 9 ALBRECHT 935 ARG e+ e ~ T(4S)
ALEXANDER 938 reports & 9 7x 10 for. B(D+ ~ 6u+) = 0.037. We rescale toS
our best value B(D+ Px+) = 0.035.

91ALBRECHT 938 reports & 4.6 x 10 for B(D+ ~ rtx+) = 0.027. We rescale to our5
best value B(D+ tt) +) = 0,035.

I (De K'(892}+)/I total rse/I
VAL UE CLS DOCUMENT ID TECN COMMENT

&0.0012 90 92 ALEXANDER 938 CLE2 e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.004 90 93 ALBRECHT 935 ARG e+ e ~ T(4S)
9 ALEXANDER 938 reports & 11.0 x 10 4 for B(D+ ~ pe+) = 0.037. We rescale toS

our best value B(D+ ~ $9r+) = 0.035.5
ALBRECHT 935 reports & 5.8 x 10 for B(D+ ~ pe+) = 0.027. We rescale to our5
best value B(D+ ~ $9r+) = 0.035.S

VALUE CL 4A DOCUMENT ID TECN COMMENT

&OAN024 90 87 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 a T(45)
7ALExANDER 938 reports & 2.3 x 10 for B(D ~ pe+) = 0.037. we rescale to5

our best value B(D+ ~ f}}++)= 0.035.

BORTOLETTO 90 assume B(D& 4)n+) = 2%.

r{o,'-K+)/rsvp, I rse/r
VALUE CL S DOCUMENT ID TECN COMMENT

(0.0001$ 90 89 ALEXANDER 938 CLE2 e+ e ~ t(4S)
89 ALEXANDER 938 reports & 1.7 x 10 for B(D+ ~ rerr+) = 0.037. We rescale toS

our best value B(D+ $9r+) = 0.035.

r(O+I-)(rBR, t r29/r

r(o,'+I -)(rBB,I I 30/I

VALUE CLS DOCUMENT ID TECN COMMENT

&0.0007 90 8 ALEXANDER 938 CLE2 e+ e ~ T(4S)
o ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ o

&0,0017 90 82 ALBRECHT 935 ARG a+e ~ T(4S)
ALEXANDER 938 reports & 6.6 x 10 for B(D+ ~ 0x+) = 0.037. We rescale toS
our best value B(D+ ~ P~+) = 0.035.

82ALBRECHT 938 reports & 2.2 x 10 for B(D+ ~ pe+) = 0.027. We rescale to ourS
best value B(D+ ~ $9r+) = 0.035.5

TECN COMMENT

ARG e+ e

P~+) = 0.027. We

VALUE CL% DOCUMENT ID

(0.0032 90 ALBRECHT 93E

ALBRECHT 93E reports & 4.2 x 10 for B(D+ -+
5

best value B(D+ ~ (}I++)= 0.035.

TECN COMMENT

ARG e+ e

$2r+) = 0.027. We

I {Da R+ K )(I total
VALUE CLS DOCUMENT ID

&0.005 90 94 ALBRECHT 93E

ALBRECHT 93E reports & 7.3 x 10 for B(D+ ~
best value B(D ~ $2r+) = 0.035.

I (Da @+K )/Itotet

I 37/I

T(4S) I
rescale to our

rss/r

T(4S) I
rescale to our

I (D+83{1260) )/I total
VALUE CLS DOCUMENT ID

&0.0027 90 ALBRECHT 93E

ALBRECHT 93E reports & 3.5 x 10 for B(D+ ~
S

best value B(D+ ~ $9r+) = 0.035.5

I (De+St(1260} )/I errtef
VALUE CL S DOCUMENT ID

gO.~ 90 86 ALBRECHT 93E

ALBRECHT 93E reports & 2.9 x 10 for 8(D+ ~
S

best value B(D+ $9r+) = 0.035.

rst/I
TECN COMMEN T

ARG e+ e T(4S)

6u+) = 0.027. We rescale to our

I 32/I
TECN COMMEN T

ARG e+ e ~ t(4S)
Pu+) = 0.027. We rescale to our

VALUE CL S DOCUMENT ID TECN COMMENT

gO,Aha 90 83 ALEXANDER 93e CLE2 e+ e t(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0019 90 ALBRECHT 935 ARG e e ~ T(4S)
83ALEXANDER 938 reports & 7.4 x 10 4 for B(D+ ~ pe+) = 0.037. We rescale to5

our best value B(D+ ~ $9r+) = 0.035.S
84ALBRECHT 938 reports & 2.5 x 10 for B(D+ ~ 6u+) = 0.027. We rescale to ourS

best value B(D+ ~ P~+) = 0.035.

r(D @+K (092)0)/rse„
VALUE CL4A DOCUMENT ID

&0.004 90 ALBRECHT 93E

ALBRECHT 93E reports & 5.0 x 10 for B(D+ 9
5

best value B(D+ ~ ft ~+) = 0.035.5

I (D' R+K'(892)0)/I BR I

VALUE CL4A DOCUMENT ID

(0.0021 90 97 ALBRECHT 93E

ALBRECHT 93E reports & 2.7 x 10 for B(D+ ~
S

best value B(D ~ (|per+) = 0.035.5

I /PE )/rtotat

TECN COMMENT

ARG e+ e

/sr+) = 0.027. We

TECN COMMENT

ARG e+ e

4)9r+) = 0.027. We

I ss/r

T(4S)

rescale to our

I 40/I

r(4S)
rescale to our

I 41/I
VALUE CL% DOCUMENT ID TECN COMMENT

&0.00041 90 98 ALA M 94 CLE2 e+ e ~ T(45)
ALAM 94 assume equal production of B+ and B at the T(45) and use the CLEO II

absolute B(D —+ K ~+) and the PDG 1992 B(D ~ K 9r+9r )/B(D ~ K 9r+)
and B(D ~ K ~+ ~+ ~ )/B(D ~ K 9r+).
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r+p )/rtotat I 42/I

I (V srf)/I total r45/r
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.00068 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

absolute B(D ~ K 7r+) and the PDG 1992 B(D0 ~ K 7r+7r )/B(D ~ K 7r+)

and B(D -~ K 7r+ 7r+ 7r )/B(D K 7r+).

I (V'(2007)0sf0}/I tsstat
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.00097 90 ALAM 94 CLE2 e+ e ~ T(4S)

ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEOll

B(D*(2007) ~ D x }and absolute B{D ~ K 7r+) and the PDG 1992 B(D
K 7r+ 2r )/B(O K 7r+) and B(D ~ K 7r+7r+7r )/B(D —+ K 7r+}.

I (17'(2007)0p0}/I
VALUE CL% DOCUMENT ID TECN COMMENT

(0.00117 9{) 106 ALAM 94 Cl E2 e+ e —6 T(4S)

Al AM 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 x+x+7r )/B(D K 7r+}.

I (9'(2007)0 «) /I tote) rds/r
VAL UE CL% DOCUMEhlT ID TECN COMMENT

&0.0040 90 10 A LA M 94 Cl E2 e+ e T(45)

ALAM 94 assume equal production of 8+ and 8 at the T(45) and use the CLEO II

B(D~(2007} ~ D 7r }and absolute B(D K ~+) and the PDG 1992 B(D
K 7r+ x )/B{D ~ K 7r+} and B(D0 -+ K 7r+7r+7r )/B(D ~ K 7r+ }.

I (5'(2007}0f)/)/I total r69/r
VALUE CL% DOCUMENT ID TECN COMMENT

&0.0027 90 0 ALAM 94 CLE2 e+ e ~ T(45)

ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEO II

B(D (2007) ~ D07r0) and absolute B(D K ~+}and the PDG 1992 B{D0
K 7r+ 7r )/B(O ~ K 7r+} and B{D ~ K 7r+ 7r+7r )/B(D K 7r+).

VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

(0.00055 90 ALAM 94 CLE2 e+ e ~ T{4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.0006 90 BORTOLETTO92 CLEO e+ e ~ T(4S}
&0.0027 90 4 101 ALBRECHT 88K ARG e+ e ~ T(4S)

9ALAM 94 assume equal production of 8+ and 80 at the T(4S) and use the CLEO II

absolute B(O0 ~ K 7r+) and the PDG 1992 B(D0 ~ K 7r+7r )/B(D ~ K Tr+}

and B(O0 K 7r+ 7r+ 7r )/B(DO —+ K- 7r+}
BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(4S) and uses
Mark ill branching fractions for the D.
ALBRECHT 88)t.'reports & 0.003 assuming 80~B:8+8 production ratio is 45:55.
We rescale to 50%.

rP «)/rtota)
VAL UE CL% DOCUMENT ID TECN COMMENT

(0.00068 0 102 ALAIVI 94 CLE2 e+ e T(4S)

ALAM 94 assume equal production of 8+ and 8 at the T{4S)and use the CLEO II

absolute B(D ~ K 7r+} and the PDG 1992 B(D ~ K 7r+7r )/B(O K 7r+)

and B(D0 ~ K 7r+ 7r+ 7r )/B(DO K- 7r+)

r p «'}/rttstai
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.00086 90 1 ALAM 94 CLE2 e+ e ~ T(4S)

ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CI EO II

absolute B{D ~ K 7r+) and the PDG 1992 B(D ~ K 7r+7r )/B(D ~ K 7r+)

and B(D0 —-s K 7r+ 7r+ 77 )/B(D ~ K 7r+).

0BORTOLETTO 92 reports 6 4 3 k 2 for B(J/Q(15) —~ e+ e ) = 0.069+ 0.009. We

rescale to our best value B{J/@{15)~ e+e } = (5.99 6 0.25) 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).
lALBRECHT 90J reports 8 + 6+ 2 for B(J/1/'2(15) ~ e+e } .= 0.069+ 0.009. We

rescale to our best value B(J//(15) ~ e+e ) = (5.99 + 0.25) 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).

I (J/3(r(1S)K+sr )/I t
VAL UE CL% EVTS

0.00115+0.00056+0.00005

I 52/I
DOCUMENT ID TECN COMMENT

112 BORTOLETTO92 CLEO e+ e
T(4S)

~ o 0 We do not use the following data for averages, fits, limits, etc. e i e

&0.0013 90 113ALBRECHT 87D ARG e+ e
T(45)

90 2 G IL ES 84 CLEO e+ e
T(45)

BORTOLETTO 92 reports 0.0010 4 0.0004 k 0.0003 for B(J/g(15} —a e' e

0.069 6 0.009. We rescale to our best value B(J/II('j(15) e+ e ) = (5.99 3- 0.25) 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 ~B ratio is 55/45. K~ system is specifically se-
lected as nonresonant.

&0.0063

I (J/I(r(1S) K'(892)0)/rtota)
DOCUMENT ID TEChl COM MEN T

I (Ii(2S)K )/rtotai
VALUE CL% DOCUMEN T ID TEChl COMMENT

(0.00M 90 ALA M 94 CLE2 e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o o

&0.0015 90 1 BORTOLETTO92 CLEO e+ e - T(45)
&0.0028 90 121 ALBRECHT 90J ARG e+ e — T{45}

1Assumes equal production of 8+ and 80 at the T(45).

VAL UE EVTS

0.00158+0.0002S OUR AVERAGE

0.00169+0.00031+0.00018 29 114 A LA M 94 CLE2 e ' e ' '1 (4S)
0.0013 +0.0007 +0.0001 115 BORTOLETTO92 CLEO e+ e -' T(45}
0.0013 +0.0006 +0.0001 6 116 Al BRECHT 90J ARG e+ e --. T(45)
0.0040 +0.0018 +0.0002 5 117 BEBEK 87 CLEO e~ e - -- T{45}
~ ~ 0 We do not use the following data for averages, fits, limits, etc. ~ o ~

0.0040 +0.0030 118 ALBAJAR 91E UA Ecm= 630 Ge)/

0.0033 60,0018 5 119ALBRECHT 87o ARG e+ e — T(4S)
0.0041 +0.0018 120 AI AM 86 CLEO Repl. by BEBEK 87

The neutral and charged 8 events together are predominantly longitudinally polarized,
I L/I =0.080 6 0.08 6 0.05. This can be corn pared with a prediction using HQET, 0.73

(KRAMER 92). This polarization indicates that the 8 ~ TI/K* decay is dominated by

the CP = —1 CP eigenstate. Assumes equal production of 8+ and 8 at the T(4S}.
115BORTOLETTO 92 reports 00011 + 0.0005 + 00003 for B(//@(1S) — e+e ) =

0.069 + 0.009. We rescale to our best value B(J/$(15) ~ e+ e ) =. {5.99 + 0.25} 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(45).
ALBRECHT 901 reports 0.0011+0.0005+0.0002 for B(l/d(1S) e+ e ) = 0.069+
0.009. We rescale to our best value B(J/@(15) ~ e+e ) =. (5,99 + 0,25) 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(45).
ttf 8EBEK 87 reports 0 0035 +00016+00003 for B(J/d(1S) — e+ e ) = 0 069 +0009.

We rescale to our best value B(J/g(lS) — e+ e ) = (5.99 + 0.25) x 10 2. 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.

ALBAJAR 91E assumes 8 production fraction of 36%.
d

ALBRECHT 870 assume 8+ 8 /8 ~B ratio is 55/45. Superseded by ALBRECHT 90J.

ALAM 86 assumes 8+/8 ratio is 60/40. The observation of the decay 8 '

JITl'2K*(892)+ (HAAS 85) has been retracted in this paper,

I (5'{2007}0ur)/I total f 50/I
I (t(r(2S}K+sr )/I total
VAL UE CL% DOCUMEhlT ID TECN COMMENT

&0.001 0 122 Al BRECHT 90J ARG e+ e— „T(45}
Assumes equal production of 8+ and 8 at the T(45).

I 55/I

I (J/flr{1S) K )/I to rst/r
VALUE (uftitS 10 4} CL 1 EVTS

7.1+2.1 OUR AVERAGE

7.5 +2.4 +0,8

TECN COMMENTDOCUMENT ID

10 0 ALAM 94 CLE2 e+ e
T(45)

110 BORTOL. ETTO92 CLEO e+ e
7 (45)

111ALBRECHT 90J ARG e+ e
T(45}

6,9+4.1+0.3

9.2+ 7.2 +0,4

~ ~ e We do not use the following data for averages, fits, limits, etc. ~ o a

&50 90 ALAM 86 CLEO e+ e
T(45}

VALUE CL% DOCUMENT ID TECN COMMENT

&0.0021 90 9 ALAM 94 CLE2 e+ e ~ T(45)

ALAM 94 assume equal production of 8+ and 8 at the T(4S) and use the CLEOII

B(O'(2007) ~ O 7r0} and absolute B(D0 ~ K ~+) and the PDG 1992 B(O0 ~
K

—7r+ 7r0}/B(OO K 7r+ }and B(O ~ K Tr+ 7r+ 7r )/B(D s K 7r+ }.
I (39{2S}Ke{892)0)/Itotal r56/r

r(xet(u» K0)/r~t
VAL UE CL% DOCUMENT ID TECN COMMENT

&0.0027 90»4 ALAM 94 CLE2 e+ e ~ T(45}
124 BORTOLETTO 92 assumes equal production of 8+ and 8 at the T(45}.

I 5T/I

VAL UE CL% DOCUMENT ID TECN COMMENT

0.0014+0.0008+0.0004 123 BORTOLETTO92 CLEO e+ e T(45}
~ a i We do not use the following data for averages, fits, limits, etc. e a o

&0.0019 123 ALAM 94 CLE2 e+ e ~ T{45)
&0.0023 90 1 ALBRECHT 90J ARG e+ e ~ T(45}

Assumes equal production of 8+ and 8 at the T(4S}.
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r(X„(1P)K'(892)')/rea„ r(K'{S92}'p')/rea, l C49/I
VALUE CL% DOCUMENT ID TECN COMMENT

(0.0021 90 125 ALAM 94 CLE2 e+ e—
s T(4S)

BORTOLETTO 92 assumes equal production of B+ and B at the T(4S).

r(K+ a-)/rea„
VALUE CL% DOCUMENT ID TECN

(2.6x 10 5 g0 126 BATTLE 93 CLE2
~ ~ ~ We do not use the following data for averages, fits, limits,

&1.8 x 10 4 90 ALBRECHT 918 ARG

&9 x 10 90 127 AVERY 898 CLEO

&3.2 x 10 90 AVERY 87 CLEO

BATTLE 93 assumes equal production of B ~B and B+B
Assumes the T(4S) decays 43% to B ~B.

[r(K+s )+l (++a )j/re, s,l

COMMENT

e+ e ~ T(4S)
etc. ~ ~ ~

e+ e ~ T(4S)
e+ e ~ T(4S)
e+ e T(4S)
at T(4S).

(rls+rss)/r
VALUE DOCUMENT ID TECN COMMENT

(2s4 0'7 +0 2) x 10 BATTLE 93 CLE2 e+ e ~ T(45)

BATTLE 93 assumes equal production of B % and B+B at T(4S).

r(K+ K-)/rea„
VALUE CL% DOCUMENT ID TECN COMMENT

(0.7x 10 5 90 BATTLE 93 CLE2 e+ e ~ T(4S)
BATTLE 93 assumes equal production of B % and B+B at T(45).

I (Koan+a-)/I eas,
VALUE

(4.4x 10 4

r(Ko p')/rea„

CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 91E ARG e+ e ~ T(4S)

VALUE CL% DOCUMENT ID TECN COMMENT

(3.2 X 10 4 90 ALBRECHT 91e ARG e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&5.0 x 10 90 AVERY 898 C LEO e+ e ~ T(45)
&0.064 90 31 AVERY 87 C LEO e+ e s T(4S)

AVERY 898 reports & 5.8 x 10 assuming the T(45) decays 43% to B ~B. We
rescale to 50%.
AVERY 87 reports & 0.08 assuming the T(45) decays 40% to B ~B ~ We rescale to
50%.

r(X,(1400)+a-)/rea„ l n/I
VALUE

(1.1 x 10
CL%

90

DOCUMENT ID TECN COMMENT

ALBRECHT 91e ARG e+ e ~ T(4S)

l (K (892)OK+K )/leasl
VALUE

(6.1x 10 4

r(K (892)o $)/I ea, l

DOCUMEN T ID TECN COMMENT

ALBRECHT 91E ARG e+ e ~ T(4S)

VALUE CL% DOCUMENT ID TECN COMMENT

(3.2x10 4 90 ALBRECHT 918 ARG e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.8 x 10 4 90 0 AVERY 898 CLEO e+ e ~ T(4S)
&3.8 x 10 4 141 AVERY 87 CLEO e+ e ~ T(45)

AVERY 898 reports & 4.4 x 10 assuming the T(4S) decays 43% to B ~B. We
rescale to 50%.
AVERY 87 reports & 4.7 x 10 assuming the T(4S) decays 40% to B ~B. We rescale
to 50%.

I (Kg(1400)opo)/I easl
CL%

90

VALUE

(3.0x 10 3

I (Kg(1400)04') /I totsl

DOCUMENT ID TECN COMMENT

ALBRECHT 918 ARG e+ e ~ T(4S)

VALUE CL% DOCUMENT ID TECN COMMENT

(4.6x 10 4 90 ALBRECHT 91e ARG e+ e T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&5.8 x 10 4 90 137 AVERY 89e CLEO e+ e ~ T(45)
&9.6 x 10 4 138 AVERY 87 CLEO e+ e —+ T(4S)

AVERY 898 reports & 6.7 x 10 assuming the T(4S) decays 43% to B ~B. We
rescale to 50%.
AVERY 87 reports & 1.2 x 10 assuming the T(4S) decays 40% to B ~B. We rescale
to 50%.

I (K'{892)ofs{980})/reas[
VALUE CL% DOCUMENT ID TECN COMMENT

(1.7 x 10 g0 AVERY 89e CLEO e+ e ~ T(4S)
AVERY 898 reports & 2.0 x 10 assuming the T(4S) decays 43% to B ~B ~ We
rescale to 50%.

I (K fo(980))/I east
VALUE

(5.0 x 10
CL%

90

DOCUMEN T ID TECN COMMENT

ALBRECHT 91e ARG e+ e ~ T(4S)
VALUE CL% DOCUMENT ID TECN COMMENT

(3.6 x 10 4 g0 132 AVERY 898 CLEO e+ e -+ T(4S)
AVERY 898 reports & 4.2 x 10 assuming the T(4S) decays 43% to B ~B

~ We
rescale to 50%.

r(K {892)+a-)/rea, l

VALUE

(1.1 x 10
CL%

90

I (K2(1430)o4l)/reas(

I (K2{1430)9pp)/I easl
DOCUMENT ID TECN COMMENT

ALBRECHT 918 ARG e+ e ~ T(45)

I (Ks2(1430)+a )/I easl rsvp/r
VALUE

(2.6x 10 3
CL%

90
DOCUMENT ID TECN COMMEN T

ALBRECHT 918 ARG e+ e ~ T(4S)

VAL UE CL% DOCUMENT ID TECN COMMENT

(3.8 x 10 90 AVERY 89e CLEO e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&6.2 x 10 90 ALBRECHT 918 ARG e+ e ~ T(4S)
&5.6 x 10 4 90 134 AVERY 87 CLEO e+ e ~ T(4S)

3AVERY 898 reports & 4.4 x 10 assuming the T(4S) decays 43% to B ~B. We
rescale to 50%.
AVERY 87 reports & 7 x 10 assuming the T(4S) decays 40% to B ~B. We rescale
to 50%.

VALUE

(1.4x 10 3
CL%

90

DOCUMEN T ID TECN COMMENT

ALBRECHT 918 ARG e+ e ~ T(45)

I (K'(892)op)lreasl
VALUE

(4.0+1.7+0.$) x 10 5
CL% EVTS DOCUMENT ID

142 AMMAR

~ ~ ~ We do not use the following

& 4.2 xl0 490

x10 490

x10 390

& 2.4

& 2.1

rn/r
TECN COMMENT

93 CLE2 e+ e
r(4s)

data for averages, fits, limits, etc. ~ ~ ~

ALBRECHT 89{' ARG e+ e
7 (4s)

AVERY 898 CLEO e+ e
r(4s}

AVERY 87 CLEO e+ e
7 (4s)

I (K K+ K )/I eas(
VAL UE

(1.3 x 10
CL%

90
DOCUMENT IO TECN COMMENT

ALBRECHT 91E ARG e+ e ~ T(4S)

A MMAR 93 observed 6.6 6 2,8 events above background.
AVERY 898 reports & 2.8 x 10 assuming the T(4S) decays 43% to B ~B ~ We
rescale to 50%.

I (K f)/I ssssJ ran/r
VALUE CL% DOCUMENT ID TECN COMMENT

(4.2 x 10 90 AVERY 898 CLEO e+ e —+ T(4S)
o o o We do not use the following data for averages, fits, limits, etc. ~ o o

&7.2 x 10 4 90 ALBRECHT 918 ARG e+ e ~ T(4S)
&1.0 x 10 90 AVERY 87 CLEO e+ e ~ T(45}

AVERY 898 reports & 4.9 x 10 assuming the T(4S) decays 43% to B ~B
~ We

rescale to 50%.
AVERY 87 reports & 1.3 x 10 assuming the T(45) decays 40% to 8 ~B. We rescale
to 50%.

l (Ks(1270) 7)/I eas(
VALUE CL% DOCUMEN T ID TECN COMMENT

(0.0070 90 144 ALBRECHT 896 ARG e+ e T(45)
ALBRECHT 89G reports & 0.0078 assuming the T(4S} decays 45% to B ~B. We
rescale to 50%.

I (Ks(1400)s7)/reas(
VALUE CL% DOCUMENT ID TECN COMMENT

(0.0043 90 ALBRECHT 896 ARG e+ e ~ T(4S)
45ALBRECHT 89G reports & 0.0048 assuming the T(4S) decays 45% to B0~B. We

rescale to 50%.

l (K'{892)sa+e )/reas(
CL%

I ss/I I (K~2(1430)O7)/I easl
VALUE

(1A x 10 90
DOCUMENT ID TECN

ALBRECHT 91E ARG

COMMENT

e+ e ~ T(4S)
VALUE CL% DOCUMENT ID TECN COMMENT

(40x 10 4 90 146 ALBRECHT 89G ARG e+ e ~ T(4S)
ALBRECHT 89G reports & 4.4 x 10 assuming the T(4S) decays 45% to B %. We
rescale to 50%.
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I (K'(1600)o7)/I aaaa) Css/C C(~+~-~oP) /C~, I ss/C

C(K;(2046)o &)/C~, Csa/C
VALUE CL% DOCUMEIVT ID TECN COMMENT

gQ.AAk% 90 149 ALBRECHT 89G ARG e+ e ~ T(45)
ALSRECHT 89G reports & 0.0048 assuming the T'(45) decays 45% to 8 ~B. We
rescale to 50%.

C(a+ a -)/CosaI
VALUE CL 0A EVTS DOCUMENT ID TECN

2.9 x 10-6 gp 150 SATTLE 93 CLE2

~ ~ ~ We do not use the following data for averages, fits, limits,

&13 x 10 4 90 150 ALBRECHT 908 ARG

&7.7 x 10 5 90 151 SORTOLETTO89 CLEO

&2.6 x 10 4 90 151 SESEK 87 CLEO

&5 x 10 4 90 4 GILES 84 C LEO

Assumes equal production of B ~B and 8+ 8 at T(45).
Paper assumes the T(45) decays 43% to 8 ~B. We rescale

I (a+a ao)/C~)

COMMENT

e+ e ~ T(45)
etc, o ~ ~

e+ e ~ T(45)
e+ e ~ T(45)
e+ e ~ T(45)
e+ e T(45}

to 50%

I ss/I

Css/C
VALUE CL% DOCUMENT ID TECN COMMENT

&7.2 x 10 90 ALSRECHT 908 ARG e+ e ~ T(45)

ALSRECHT gpe limit assumes equal production of 8 ~B and 8+ 8 at T(45}.

C(po~o)/C„„, Cs~/C
VAL UE CL% DOCUMENT ID TECN COMMENT

(4.0x 10 4 90 ALSRECHT 908 ARG e+ e ~ T(45)

ALSRECHT 908 limit assumes equal production of 8 ~B and B+ 8 at T(45}.

C(P &+)/Caoaai Css/C
VAL UE CL% DOCUMENT ID TECN COMMEN T

(5.2 x 10 90 154 ALSRECHT 908 ARG e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&5.2 x 10 90 SESEK 87 CLEO e+ e ~ T(45)
154ALBRECHT 908 limit assumes equal production of 80~B and 8+ B at T(45}.

BESEK 87 reports & 6.1 x 10 assuming the T(45) decays 43% to 8 ~B. We rescale
to 50%.

C(~+r- ~+~-)/C~,
VAL UE CL% DOCUMENT ID TECN COMMENT

(6.7x 10 4 90 6 ALSRECHT 90B ARG e+ e ~ T(45)

ALSRECHT 90B limit assumes equal production of 8 % and 8+ 8 at T(45}.

Csslr

C(p p )/CaoaaI I so/I
VALUE CL% DOCUMENT ID TECN COMMENT

(2.8 x 10 90 ALSRECHT 908 ARG e+ e ~ T(45}
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ i
&2.9 x 10 4 90 158 SORTOLETTO89 C LEO e+ e ~ T{45)
&4.3 x 10 4 90 158 SESEK 87 CLEO e+ e ~ T(45)

7ALSRECHT 908 limit assumes equal production of 80~8 and 8+ 8 at T{45}.
Paper assumes the T(45) decays 43% to B ~B. We rescale to 50%.

C(a&(1260)+a+)/Cao„, I sg/C
VAL UE CL% DOCUMENT ID TECN COMMENT

g4.9x 10 4 90 SORTOLETTO89 CLEO e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

&6.3 x 10 4 160 ALSRECHT gpS ARG e+ e T(45}
&1.0 x 10 90 SESEK 87 CLEO e+ e ~ T(45)

Paper assumes the T(45) decays 43% to B ~B. We rescale to 50%.
ALBRECHT 90S limit assumes equal production of 80~B and B+8 at T(45).

VALUE CL% DOCUMENT ID TECN COMMENT

&0.0020 90 147 ALSRECHT 89G ARG e+ e T(4S)

ALSRECHT 89G reports & 0.0022 assuming the T(45) decays 45% to 8 ~B. We
rescale to 50%.

I (Ks(080)op)/I os ~

VALUE CL% DOCUMENT ID TECN COMMENT

(0.01D 90 ALSRECHT 89G ARG e+ e ~ T(45)
4 ALSRECHT 89G reports & 0.011 assuming the T(45) decays 45% to Bp ~B. We rescale

to 50%.

VALUE CL%o DOCUMENT ID TECIV COMMENT

&3.1 x 10 90 162 ALSRECHT 908 ARG e+ e ~ T(45)
ALSRECHT 908 limit assumes equal production of 8 ~B and 8+ 8 at T{45).

r(p+ p-)/r„„,
VALUE CL% DOCUMENT ID TECN COMMENT

(2.2 x 10 90 ALSRECHT 90B ARG e+ e ~ T(45)
ALBRECHT 90S limit assumes equal production of 8 ~B and 8+ 8 at T(45).

I (ag(1260)oao)/C~(
VAL UE CL4A DOCUMENT ID TECN COMMENT

(1.1 x 10 gp 164 ALBRECHT 908 ARG e+ e —+ T(45)
ALBRECHT 90s limit assumes equal production of 8 ~B and 8+ 8 at T(45}.

C(~~o)/Coo„ Css/C
VALUE CL 4A DOCUMENT ID TECN COMMEN T

(4.6x 10 4 90 ALSRECHT 908 ARG e+ e ~ T(45)

ALSRECHT 908 limit assumes equal production of 80~8 and 8+ 8 at T(45).

C(o~')/C~i Csr/C
VALUE CL% DOCUMEN T ID TECN COMMENT

g1.8x 10 3 90 166 ALSRECHT 908 ARG e+ e
—~ T(45)

ALSRECHT 908 limit assumes equal production of 8 ~B and 8+ B at T(45).

I (a'+a'+ a' a' a' )/I toaai ~ca
VALUE CL% DOCUMEN T ID TECN COMMENT

&9.0 x 10 gp 167 ALSRECHT 908 ARG e+ e ~ r(45)
7ALSRECHT gpB limit assumes equal production of 8 II and 8+ 8 at T(45},

C(a,(1260)+p-)/C~~ Csslr
VAL UE CL4% DOCUMENT ID TECN COMMENT

~ 3.4 x 10 90 68 ALSRECHT 908 ARG e+ e ~ T(45)
ALSRECHT gps limit assumes equal production of 8 Ã and 8+ 8 at T(45}.

I (a~(1260}Opo)/I aa~~ hoo/C
VALUE CL% DOCUMENT ID TECN COMMENT

&2.4 x 1D gp 169 ALSRECHT 908 ARG e+ e ~ T(45)
6 ALSRECHT 90B limit assumes equal production of 8 Ã and 8+8 at T(45}.

C(s+a+s+a s-s )/CaoaaI
VALUE CL% DOCUMENT ID

&3.0 x 10 90 0 ALSRECHT

ALBRECHT 90B limit assumes equal production

I (~(1260)+aa(1260) )/I toaaI

Ceo'/C
TECN COMM EN T

908 ARG e+ e ~ T(45)
of 8 ~B and 8+ 8 at T{45}.

Cocoa/C

VALUE CL% DOCUMENT ID TECN COMMENT

&2.8 x 10 90 1 SORTOLETTO89 CLEO e+ e ~ T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ 0 ~

&60 x 10 90 1 ALSRECHT 908 ARG e+ e — T(45)

18ORTQLETTO 89 reports & 3.2 x 10 assuming the T{45) decays 43% to 80~B.
We rescale to 50%,
ALSRECHT 908 limit assumes equal production of 80~B and 8+ 8 at T(45}.

C(~+~+~+ ~ s-~ 6)/C~, --
VALUE CL% DOCUMEN T ID TECN COMMENT

(1.1x 10 2 90 ALSRECHT 908 ARG e+ e ~ T(45)

ALSRECHT 908 limit assumes equal production of B0~B and 8+ 8 at T(45).

I ms/C

C(PP)IC Cxoa/C

C(pp + )/C~i- hosP'

VALUE CL% DOCUMENT ID TECN COMMENT

&3.4x 10 5 90 174 SORTOLETTO89 CLEO e+ e ~ T(45)
~ ~ o We do not use the following data for averages, fits, limits, etc. ~ o ~

&1.2 x 10 gp ALSRECHT 88F ARG e+ e — T(45}
&1.7 x 10 gp 174 BEBEK 87 CLEQ e+ e ~ T{45}

Paper assumes the T(45} decays 43% to B ~B. We rescale to 50%.
175ALSRECHT 88F reports & 1.3 x 10 4 assuming the T(45) decays 45% to 80~8. We

rescale to 50%.

I (am{1$20}+a +)/I aaaa~

VALUE CL 4A DOCUMENT ID TECN COMMENT

(3.0 x 10 4 90 SORTOLETTO89 C LEO e+ e ~ T(45)
I We do not use the following data for averages, fits, limits, etc. ~ e ~

&1.4 x 10 gp 161 SESEK 87 CLEO e+ e ~ T(45)

Paper assumes the T(45) decays 43% to 8 ~B. We rescale to 50%.

Csa/I
VALUE (uIIits 10 4) CL% DOCUMENT ID TECN COMMENT

(2.5 90 BESEK 89 CLEO e+ e ~ T(45}
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o ~

5.4 2 1.8+2.0 ALSRECHT 88F ARG e+ e T(45)

SESEK 89 reports & 2.9x 10 4 assuming the T(45) decays 43% to 8 8 . We rescale
to 50%.

7 ALSRECHT 88F reports 6.0 4 2.0 6 2.2 assuming the Y'(45) decays 45% to 80~B,
We rescale to 50%.
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I (pAe )/I lreal rloa/r
VALUE CL% DOCUMENT ID TECN COMMENT

&1.8x 10 i 90 178 ALBRECHT 88F ARG e+ e —+ T(45)
ALBRECHT 88F reports & 2.0 x 10 assuming the T(45) decays 45% to B ~B. We
rescale to 50%.

r(ao2p)/r~, rlo7lr

r(F;—z++)/roe„
VALUE CL% DOCUMENT ID

&0.0012 90 181 PROCARIO

181PROCARIO 94 reports & 0.0012 for B(A+ ~
C

best value B(A+ ~ pK ~+) = 0.044.c

I loo/r
TECN COMMENT

04 CI E2 e+ e ~ T(4S)

pK e+) = 0.043. We ressale to oor

r(e+e-)/r~ I 110/I
Test for hB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL% DOCUMENT ID TECN COMMENT

&6.0x 10 6 90 AMMAR 94 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.6 x 10 9Q 182 AVERY 89B CLED e+ e -+ T(4S)
(7.6 x 10 90 ALBRECHT 87D ARG e+ e -+ T(4S)
&6.4 x 10 90 AVERY 87 CLEO e+ e ~ T(4S)
(3 x 10 4 90 GILES 84 CLEO Repl. by AVERY 87

AVERY 89B reports & 3 x 10 assuming the T(4S) decays 43% to B ~B. We rescale
to 50%.
ALBRECHT 87D reports & 8.5 x 10 assuming the T(45) decays 45% to B ~B. We
rescale to 50%.
AVERY 87 reports & 8 x 10 assuming the T(4S) decays 40% to B %. We rescale
to 50%.

r(p p )/I areal
Test for Lh, B = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL S DOCUMENT ID TECN COMMENT

&5.%x10 6 90 AMMAR 94 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(8.3 x 10 6 90 185 ALBAJAR 91C UA1 Ecm= 630 GeV

(1.2 x 10 90 186 ALBAJAR 91C UA1 Ecm= 630 GeV

(4.3 x 10 90 AVERY 89B CLEO e+ e ~ T(4S)
&4.5 x 10 9Q 188 ALBRECHT 87D ARG e+ e -+ T(4S)
(7.7 x 10 90 AVERY 87 CLEO e+ e ~ T(4S)
(2 x 10 90 GILES 84 CLEO Repl. by AVERY 87

B and B are not separated.5
Obtained from unseparated Bo and Bo measurement by assuming a BO:BQ ratio 2:1.5 5
AVERY 89B reports & 5 x 10 assuming the T(4S) decays 43% to B ~B

~ We rescale
to 50%.
ALBRECHT 87D reports ( 5 x 10 assuming the T(4S) decays 45% to B ~B. We
rescale to 50%.
AVERY 87 reports ( 9 x 10 assuming the T(4S) decays 40% to B ~B. We rescale
to so%.

VALUE CLS DOCUMENT ID TECN COMMENT

&0.0016 90 179 BORTOLETTO89 CLEO e+ e ~ T(4S)
" BORTOLETTO 89 reports & 0.0018 assuming T(4S) decays 43% to B ~B. We rescale

to 50%.

I (CL++Ll—)/I 40I„
VALUE CL 5 DOCUMENT ID TECN COMMENT

&1.1 x 10 90 180 BORTOLETTO89 C LEO e+ e ~ T(45)
BORTOLETTO 89 reports & 1.3 x 10 assuming T(4S) decays 43% to B %. We
rescale to 50%.

r(Ko a+ e-)/roe, l

Test for EB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL S DOCUMENT ID TECH COhfMENT

&3.0x10 4 90 ALBRECHT 91E ARG e+ e T(45)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&5.2 x 10 4 90 AVERY 87 CLEO e+ e ~ T(4S)
90AVERY 87 reports & 6.5 x 10 assuming the T(4S) decays 40% to B %. We rescale

to so%.

r(K'p+ p-)/roe, l rile/r
Test for hB = 1 weak neutral current. Allowed by higher-order electroweak interac-
tions.

VALUE CL S DOCUMENT ID TECN COMMENT

&3.6x 10 ~ 90 191AVERY 87 CLEO e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&52x 10 4 90 ALBRECHT 91' ARG e+ e ~ T(4S)
AVERY 87 reports & 4.5 x 10 assuming the T(4S) decays 40% to B 3 . We rescale
to 50%.

I (K'(892)0e+ e )/I ooal
Test for hB = 1 weak neutral current. Allowed by higher-order electroweak Interac-
tions.

VALUE CL%

&2.9x10 i 90

DOCUMENT ID TECN COMMEHT

ALBRECHT 91E ARG e+ e ~ T(4S)

I (K (892)op+Is )/rlrea,
VALUE CL S DOCUMENT ID TECH

&2.3x10 5 90 192 ALBA JAR 91' UA1

~ ~ ~ We do not use the following data for averages, fits, limits,

(34x 10 4 90 ALBRECHT 91E ARG

ALBAJAR 91c assumes 36% of 5quarks give B mesons.

r(e+ p+)/rlreal

I 11$/r
COMMENT

Ecm= 630 GeV

etc. ~ ~ ~

e+e- ~ T(45)

rile/r

r(eET+)/roe, l

Test of lepton family number conservation.
VALUE CL S DOCUMENT ID

&6e3x10 ~ 90 AMMAR

r117/r

TECN COMMENT

94 CLE2 e+ e ~ T(4S)

r(p+ 7+)/roe I rile/r
Test of lepton family number conservation.

VALUE CL% DOCUMENT ID TECN COMMENT

&I.3x10 4 90 AMMAR 94 CLE2 e+ e ~ T(4S)

Test of lepton family number conservation.
VALUE CL% DOCUMENT ID TECH COMMEHT

&6.0 x 10 6 90 AMMAR 94 CLE2 e+ e ~ T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.4 x 10 90 9 AVERY 89B CLEO e+ e T(4S)
&4.5 x 10 90 194 ALBRECHT 87D ARG e+ e ~ T(4S)
&7.7 x 10 90 AVERY 87 CLEO e+ e ~ T(4S)
&3 x 10 4 90 GILES 84 CLEO Repl. by AVERY 87

Paper assumes the T(4S) decays 43% to B ~B. We rescale to 50%.
ALBRECHT 87D reports & 5 x 10 assuming the T{4S)decays 45% to B %. We
rescale to 50%.
AVERY 87 reports & 9 x 10 assuming the T(4S) decays 40% to B %. We rescale
to so%.
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B -P MIXING

For a discussion of 8 -8 mixing see the note on "B -8 Mixing and CP
Violation in 8 Decay" below.

Xy
This 8 -5 mixing parameter measures the probability (integrated over time) that a

produced 8 (or ~B) decays as a ~B (or 8 ), e.g. for inclusive lepton decays

Xd —
I (8 E X (via ~B))/I (8 4'+X)

= I (~B f+X (via 80))/I (~B 8+X}
Where experiments have measured the parameter r = X/(1 —X},we have converted to
X. Mixing violates the ZLB g 2 rule.

Note that the measurement of X at energies higher than the T(4S}have not separated

Xd from Xs where the subscripts indicate 8 (bd) or 80(bs). They are listed in the

80-~8 MIXING section.s s

The experiments at T(4S) make an assumption about the 8 ~B fraction and about

the ratio of the 8+ and 80 semileptonic branching ratios (usually that it equals one}.
VALVE CL% DOCUMENT ID TECN COMMENT

0.155+1.Ct4 OUR AVERAGE

0.16 +0.04 +0.04 ALBRECHT 94 ARG e+ e ~ T(4S)
0.149+0.023+0.022 197 BARTELT 93 CLE2 e+ e ~ T(4S}
0.171+0.048 ALBRECHT 92l ARG e+ e ~ T(4S}

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.24 +0.12 ELSEN 90 JADE e+ e 35-44 GeV

0 059 ARTUSO 89 CLEO e+ e ~ T(4S)

0.17 +0.05 200 ALBRECHT 87l ARG e+ e ~ T(4S)
&0.19 90 201 BEAN 878 CLEO e+ e ~ T(4S)
&0.27 90 2 AVERY 84 CLEO e+ e ~ T(45)

ALBRECHT 94 reports r 0.194 60.062 k 0.054. We convert to X for comparison. Uses

tagged events (lepton + pion from D*).
BARTELT 93 analysis performed using tagged events (lepton+pion from D*}. Using

dllepton events they obtai~ 0,157 6 0.016

ALBRECHT 92L is a combined measurement employing several lepton-based techniques.
lt uses all previous ARGUS data in addition to new data and therefore supersedes AL-
BRECHT 87l. A value of r = 20.6 + 7.0% ls directly measured. The value can be used
to measure x = BM/P = 0.72 6 0.15 for the Bd meson, Assumes f+ /fo —1.0 6 0.05
and uses ~By/TBp = (0.95 + 0.14) (f+ /fo).
These experiments see a combination of Bs and Bd mesons.

ALBRECHT 87l 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 92L.
BEAN 878 measured r & 0.24; we converted to X.
Same-sign dilepton events. Limit assumes semileptonic BR for 8+ and 8 equal. If

80/8+ ratio &0.58, no limit exists. The limit was corrected in BEAN 878 from r

& 0.30 to r & 0,37. We converted this limit to X.

DOCUMENT ID

94C OPAL e+ e ~ Z

948 ALEP e+ e ~ Z

t93K ALEP e+ e ~ Z

xrf = CLmBp/fBo
This section combines results from the previous two sections.

Time integrated mixing measurements of X determine this quantity directly via

BO

while time-dependent mixing measurements determine 4m Bp
—

mBp —mBp which
H L

are combined with T80 to give

m 0 Bo BP Bp
Bp H L

0 Fi

The averaging takes into account the common systematic errors on the LEP experi-
ments due to T Bp.

VALUE TECN COMMENT

0.71+0.OS OUR AVERAGE

0.76+0.11+0.06 206 AKERS
0.69+0.18 207 ALBRECHT

O.75+ +O.Oe—0.18
206 BUS K UL I C

0.65+0.10 207 BARTELT 93 CLE2 e+ e ~ T{4S)
0.78+ +0.06—O. 17

206 BUSKULIC 93K ALEP e+ e ~ Z

DOCUMENT ID

94C OPAL e+ e ~ Z
94 ARG e+ e ~ T(45)
948 ALEP e+ e ~ Z

6m~ = m~ —m~
H l.

Em p is a measure of the 8 -~B oscillation frequency in time-dependent mixing8
experiments.

VALUE(gP12 ps 1) TECN COMMEN T

D.51 +D.D6 OUR AVERAGE

0.508 +0.075+0.025 AKERS

0 50 +0.07 +0.11
—0.06 —0.10

204 BUSKULIC

+0,10 +0.04—0.11 —0.03 BUSKULIC

AKERS 94c observes the time dependence of B ~B mixing using D"+f+ events and

jet charge.
BUSKULIC 948 observes the time dependence of 8 -~B mixing using dileptons.

BUSKUI IC 93K observes the time dependence of 8 -% mixing using D~+ lepton
correlations.

0.72+0.15 07 ALBRECHT 92L ARG e ~ e -+ T(4S)
Value is their Em80 measureme~t combined with 7 80

—(1.50 4 0.11)ps, the average
from this edition. The systematic error on r 8 and is common to experiments bearing
this footnote. The averaging takes this into account.
Derived from time-integrated mixing parameter X.

Ro—H MIXING AND CP VIOLATION IN H DECAY

(by H. Quinn, SLAC)

The neutral 8 meson system is like the neutral kaon system,

in that two CP-conjugate states exist. The mass eigenstates are

mixtures of these states, the mixing being due to box diagrams,

shown in Figure 1. The two mass eigenstates can be written

l&f) =pleo) + q[& ),
l&H) =pleo) —qlB ) .

Here 0 and I stand for Heavy and Light, respectively.

u, c, t u, c, t

u, c, t

u, c, t

Figure 1: Mixing Diagrams.

Whereas in the kaon case the lifetimes of the two eigenstates

are significantly different and the difference in masses between

them is small, in the 8 system it is the mass differences that

dominate the physics, and the two states have nearly equal

predicted widths (and thus lifetimes).

r = (r„+r, )/2, ar = r„—r,

M:—(MH + ML, )/2, b,M = MIf —Ml,

The difference between the widths of the two eigenstates is

produced by the contributions from channels to which both Bo

and B can decay. These have branching ratios of O(10 s) [1].
Furthermore there are contributions of both signs to the diKer-

enee, so there is no reason that the net efFect should be much

larger than the individual terms. Conservatively, one expects

Er/r ( 10 . Experimentally no effect of a difference in life-

times has been observed. In what follows, we neglect any effects

from AI', except where explicitly stated. We define also
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The proper time evolution of an initially (t = 0) pure Be or—0 .B is given by

IBp~r. (t)) =

exp( —I't/2) exp( —iMt)

x (cos(EMt/2)]Bp) + i(q/p) sin(b Mt/2) [B ))

]Bphr, (t)) =

exp( —I't/2) exp( —iMt)

x (i(p/q) sin(b Mt/2)]Bp) + cos(b Mt/2)lB )) . (4)

The probability that an initial Bs (B ) decays as a B (Bo) is

thus

P(t) = 2e '(1 —cos(b, Mt)

where we have used lp/ql = 1 which is true when we neglect

the effects of EI'. Time-dependent mixing measurements are

now beginning to be done; earlier experiments measured the

time-integrated mixing, which is parameterized by a parameter

Xd for Bd (i e , B .) .and X, for B, (i.e. , Bse) The qua. ntity X

measures the total probability that a created B decays as a
B; it is given by

OO 9

Xq
—— Pq(t)dt =

e
' 2(1+x') ' (6)

Here quantity xq is the ratio of the B —B oscillation frequency

to the decay rate xq ——
&

', q = d, 8. The value of xd 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

EM~o [2].

In the B —B mixing section of the B Full Listings, we list

the Xd measurements, most of which come from T(48) data,
and the Am&0 measurements, which come from Z data. We

convert both of these sets of measurements and list them in the

xg section. The xd values obtained from Amgo measurements

have a common systematic error due to the error on r&0. The
averaging takes this common systematic error into account.

In the B,—B, mixing section of the B, Full Listings, we

give measurements of X~ at high energy and of X, obtained by
combining the XB and Xd measurements using

is now a limit on Am&o from an ALEPH time-dependent
S

B,—B, mixing measurement which provides slightly stronger

limit, x, ) 2.0, than that obtained from the time-independent

measurements.

CP violation in H decays —Standard Mode/ predictions:
There are three symmetries of the strong interactions that 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 introduct;ion of beyond Standard

Model effects. In what follows the predictions given are all

those 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 [3]. Many models which go beyond

the Standard Model indeed introduce such possibilities (see
"Beyond Standard Model effects " below. )

The CKM matrix is the matrix of weak couplings in the

three generation Standard Model, expressed in the basis of
quark mass eigenstates. This matrix, which must be unitary if

the three generations are the complete theory, is discussed in

some detail in a separate article in this Review, here we need

only remind ourselves of some notation that is commonly used

in this context. The matrix can be written

(V„d Vms Vub )
V = V,g V„Vd,

Vtd Vqs Vis )
XR = fdXd+fsXs y (7)

where fd and f, are the fractions of b hadrons that are produced
as B and B, mesons respectively. We also convert the average

XB and Xd values to X, assuming fd = 0.391 and assuming

f, = 0.117, obtaining X, = 0.62 + 0.13, consistent with the
maximum allowed value X, = 0.5. This X, value and error,
when converted to an x, lower limit, yields x, ) 1.5. There

1 —A2/2

A

(AAs(1 —p —ig)
1 —A'/2
—A%2

AAs(p —i') )
A%2

~ +O(A ) .
)

The second expression here is a parameterization due to
Wolfenstein [4] with A = sin(8gsb;bb~), which is frequently

used in discussing CP-violating effects. It is given here up to
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terms of order A, since higher order terms in A are negligible

for all practical purposes. 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„*b+V,gV,*b+ VtdV, b
——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 difFicult to test because

they have one term that is of order A~ relative to the others. )

The three complex quantities Vd Vb form a triangle in the

complex plane. The three angles of this triangle are labeled

td tb arg
cd cb

V„gV„b
(10)

Figure 2: The (rescaled) Unitarity Triangle.

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

Bnal state rescattering effects which are referred to as.strong

phases. When one compares the amplitude for a process with

that for the related CP conjugate process the weak phase

of each contribution changes sign, while the strong phase is

unchanged.

Figure 2 shows the unitarity triangle, as it is usually drawn,

rescaled by the side V,gV,b. This makes the base of the triangle

real and of unit length and the apex of the triangle is then

the point(p, g) 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 t,riangle 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 zg, V„s/V,s, and e in K decays.

These constraints have been discussed in many places in the

literature [5], their exact form depends on the mass of the top

quark and on the range of values allowed for the B~ parameter

in K decays and the parameter combination Bg fB in 8 decays.

mixing effects. As can readily be seen from Eq. (11), this

requires that there be more than one term in the sum Eq. (11)
and further that the two terms have both different weak phases

and different strong phases. A nonzero result for 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 because

there are two classes of diagram that contribute to Havor-

changing decays, called tree diagrams and penguin diagrams.

Tree diagrams are those in which the W does not reconnect to
the quark line from which it was emitted, penguin diagrams

are those in v hich it does. There may be several different tree

diagrams for a given process, namely emission from the heavy

quark line followed by R' decay, S" exchange between the initial

valence quarks, and/or valence quark-antiquark annihilation to

produce the lV. However all such contributions which enter a

given transition do so with the same CKM (weak) phase. Hence

direct CP violation occurs only from interference between tree

and penguin type contributions in the Standard Model.

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 kinematic factor from evaluating the

Feynman diagram. The penguin diagrams are a loop diagram,

and in addition require the emission of a hard gluon (or photon)

from the loop to account for the mass difference between the 6

quark and the 8 or d quark produced when the W is reabsorbed.

The kinematic factor of the penguin diagram is thus suppressed

relative to tree diagrams by a factor of order cr(ms)/4x. It is

difficult to make firm predictions based on this argument for

the strength of the CP-violating effects in exclusive charged 8-
decay channels 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. Hov ever,

due to the suppression of penguin contributions, one does

not expect direct CP-violating effects in charged B decays

t;o be more than a few percent effects in the rare (doubly

Cabibbo suppressed) decay channels (5 —& qqd, q = d or s),
or a few tenths of a percent in the Cabibbo-suppressed modes

(5 ~ qqs, q = u
1. d, s) [6]. EfFects much larger than this would

suggest contributions from beyond the Standard Model. Similar

results apply for CP asymmetries in the decays of neutral B's
to hadronic final states that can only be reached by a definite

6 flavor.

There are additional CP violating effects in neutral B
decays due to interference between the two paths to a given

final state f
B~ forB~B~ f

Direct CP violation is a difference in the direct decay rate
between B —+ f and B ~ f without any contribution from

This is referred to as CP violation due to mixing, or more pre-

cisely due to interference between the mixed and unmixed decay

paths. It is similar to the eÃect measured by the parameter &
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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 the measured

asymmetries can be directly related to the CKM phases. In any

given channel there can also be direct CP violation in addi-

tion to the CP violation due to mixing, this complicates the

relationship between the measured asymmetry and the CKM

parameters. We will briefly discuss later techniques to separate

such contributions.

A third type of CP violation, referred to as indirect CP
violation, would arise from any difference in the widths AI' of
the two mass eigenstates, or more precisely from complex mixing

effects that would also give a nonvanishing lifetime difference for

the two B mass eigenstates. Such effects are expected to be tiny

in the B system. In the particular case of semileptonic decays

there are no penguin diagram contributions, and hence, in the

approximations used throughout the discussion above, the CP-
conjugate decay rates are equal. However there is a possible

indirect CP-violating asymmetry in these decays, which would

be seen as an charge asymmetry in the same-sign dilepton

events produced via mixing from an incoherent state that

initially contains a B B pair. This asymmetry vanishes with

Ar; it is expected to be no larger than 1% [7].
A simple way to distinguish the three types of CP violation

is to note that direct CP violation occurs when IA/Al g 1,
indirect CP violation requires Iq/pl g 1, but CP violation due

the interference between decays with and without mixing can

occur when both quantities have unit absolute value; it requires

only that the ratio of them has a nonzero weak phase [8].

Neutrul H decays to CP eigenstates: The decays of neutral
B's into a CP eigenstates is of particular interest because many

of these decays allow clean theoretical interpretation in terms

of the parameters of the Standard Model [9]. We denote such

a state by fop, for example fop = J/g(1S)Ks or f~p = 7rz',

and define the amplitudes

The time-dependent rates for initially pure B or B states
to decay into a 6nal state fop at time t is then given by:

(fcplB,'h„.(t)) =

A exp( —I't/2) exp( —iMt)

x [cos(b,Mt/2) +ir fop sin(b, Mt/2)]

cp Bphys

A exp( —I't/2) exp( —i Mt) (p/q)

x [i sin(b, Mt/2) + rfop cos(b, Mt/2)] . (14)

Thus

r(B,'h,.(t) fop) =

[A[2 -rc +
I fopl +

—
I fopl

2
+

2

x cos(AMt) —Im rf p sin(EMt),

r(diphy (t) fcp) =

[A[2
—ra 1+ Irfcpl 1 I"focal

2 2

x cos(b, Mt) + Im rfop sin(b, Mt) (15)

The time-dependent CP asymmetry is

r(B (t) fop) —I'(B h„,(t) fop)

r(B,'h (t) fop)+r(B h (t) fop)

and thus

(1 —lr fop] ) cos(EMt) —2Im (rfop) sin(AMt)

When the small difference in width of the two B states is

ignored we can write

+f = (fCPl+ ) +f = (ICPl )B
For convenience let us introduce the quantity rfgp

(12) (q/p)B, = y"y'. . . (q/p)a. = y"y.', .
V~gVd j V,&v,*„'

and thus

q A
fcp

p

In the limit of no CP violation, rf~p = +1 where the sign

is given by the CP eigenvalue of the particular state fop
(Note that in the literature the quantity rf is frequently

denoted by A, but we have chosen to avoid this notation as
it introduces a confusion with the A = sin(ec b;bb ) in the
Wolfenstein parameterization of the CKM matrix. )

q/p
—e 2~4'M

where 2/M denotes the CKM phase of the B Bmixing diagram. —

(Note, Eq. (9) allows us to write the sum of all contributions

to the mixing in this form, up to small corrections of order
(m2 —m2)/m2~. ) Further, when there is no direct CP violation

in a channel that is when all amplitudes that contribute to
the decay have the same CKM phase, PD, then IA/Al = 1.
In that case rf~p depends on CKM-matrix parameters only,

without hadronic uncertainties, and can be written rf~p
e '(&o+&M) Then Eq. (17) sim. pli6es to

af (t) = pim (rf ) sin(b, Mt)

= + sin(2(PM + r/)D)) sin(b, Mt) . (19)
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where the overall sign is given by the CP eigenvalue, +1,
of the final state fop Th. e mixing phase PM and the decay

phase 4)D are each convention dependent, that is their value

can be changed by redefining the phases of some of the quark

fields. However Im rf~p depends on convention-independent,

combinations of CKM parameters only, and thus from Eq. (19)
one can directly relate the measured CP-violating asymmetry

to t, he phase of particular combination of CKM-matrix elements

in the Standard Model.

In an e+e B collider running at the T(4S) resonance, the

initial 8 system is produced in a coherent state which remains

BoB until such time as one of the particles decays. The time

evolution of the second particle thus begins at the time of the

decay of the first. 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 may be later, in which case the event is assigned a

negative t, ime. Note that the measurement of time dependence

is essential at such a machine since, in the interesting eases

where Eq. (19) applies, the time-integrated CP asymmetry

vanishes.

Hadronic machines on the other hand produce uneorrelated

8 and 8 mesons; the time in the above equations is the time

between production and decay, and thus is always positive,

Time-int, egrated asymmetries do not vanish in t.his case. The

time evolution of the tagging particle occurs independent, ly

and will contribute to wrong sign tags. Such machines produce

many more B's than will an e+e 8 factory. For modes with a

clean signature, such as those with a final state 1/g(1S) or P,
hadronic machines can compete with a 8 factory in measuring

CP asymmetries, but for modes such as 7rx or per the problems

of triggering and of backgrounds make such measurements

ext, remely challenging in a hadronic environment. .

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. Table 1 gives the result for the various 6-quark decay

channels. For the penguin contributions the CKM factors given

here are obtained by assuming CKM unitarit, y and neglecting

small corrections due to t,he difference between charm and ~il»

quark masses in the loop for 6 —+ d processes, and those due

Table 1: 8 decay modes for CP studies.

Quark Process Tree CKM Leading Penguin CKM Sample Bd Modes Bd Angle Sample 8, Modes 8, Angle Comments

b~ ccs VcbVcs = AA 1/11 (lS)Ks ,J/g(1S) g', D,„D,,

b~ sss (b)

V„bV„*,= AA4(p —ig) VbV,*, = AA- Ks~0 Ksp0 y~0, K+ rC- (cj

VbV,*, = AA Ks~0, Ks p' 4)m0, KsKs tc}

b~ ccd VbVd —AA VaV(d
——AAs(1 —p+ ir1) D D+, ,J/Q(1S)m", DOD (t) J/g(1S) Ks

b~ ssd UtbVq*d
——AA3(1 —p + ig} /~0, KsKs

V„bV„*~——AA3 (p —i@)
V bV d

——AA3(1 —p+ ig} Z7I, 'Jf'p, 'll a] ~0Ks, p'Ks

b~ cps

b~ ucs

V,bV„*,= AA3

V„,V,', = AA'(p- iq)
D~p K*(892) D~0py

b~ cud V,b V~ ——AA~

V bV~ ——AA4(p —g)
Dcp~ ~ Dcpp0 0 0 0 DcpKs

(a} Tree and penguin contribute with same weak phase.

(b) Penguin only, rare decays.

(c) Tree and penguin compete. Isospin analysis may allow extraction of a, P, for Bd channels, p, 0 for B„where these angles come from tree and

penguin contributions respectively. KsKs penguin only, except 0 asymmetry.

(d) Ignoring penguin relative to tree.

(e) Ignoring penguin relative to tree, or using isospin analysis.

(f) Self-tagging K'(892) decay modes can give p when data from Bd —+ Dcp, i.e. decays to CP eigenstates, and D - or D -identified modes are

combined. Similar results for charged 8 —+ DK.
(g) Asymmetry in D&pvr, DcpKs, etc. modes is difBcult to relate to CKM angles.

(t} D D from rescattering only, rate expected to be small.
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to terms of higher order in A = sin(eg b;bb ) for b ~ s decays.

When the decay also involves a Kg in the fipal state an

additional contribution to the phase from the K-mixing phase

must be included in relating the measured asymmetry to the

CKM parameters.

The columns labeled "Sample Bg Modes" and "Sample

B, Modes" list some of the simplest CP-eigenstate modes for

each case. The columns labeled "Angle" show the particular

combination of CKM phases 4iM + PD that is measured by

the CP-violating asymmetry in these decays, given as an

angle of the unitarity triangle. For most channels the measured

asymmetry in a time-dependent measurement is + sin(2(PM +
P~)) sin(b, Mt) while in a time-integrated measurement the

asymmetry is +xs/(I + zv) sin(2(PM P PD)). The sign is given

by the CP eigenvalue of the particular final state studied. The

exception to these statements is the channel DK discussed

below.

The assumptions needed to obtain the results in the "Angle"

columns are noted in the comments below the table. Terms of
higher order in A = sin(8c b;bb ) 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. In cases where

the tree and penguin diagrams are expected to give comparable

contributions with different CKM phases 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 DoK'(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. [10].The same type
of analysis can also be applied for charged B decays. However

the relationship between the decay asymmetry and the angle is

not as simple as Eq. (19) in this case. The result depends on

measurements of a number of branching ratios. It will be very

difficult to obtain accurate results by this method.

In the case of the b ~ uud and b ~ ddd, the penguin con-

tributions occur at the same order in A as the tree diagrams and

are thus are expected to be small compared to them because

of the o.(ms)/x suppression factor. The result given in Table 1

makes this approximation. If however this expectation proves

false, so that the contributions are comparable, one still may
be able to extract a measurement of sin(2rr) from the rr+rr

asymmetry. This is achieved by measuring the rates in several

isospin-related channels and using a multiparameter fit to sep-

arate tree and penguin contributions to the amplitudes [12].
This will require measuring the decay rate for channel vr x,
which will be a challenge. For the pm decays, if penguins are
not negligible, the restrictions due to isospin can again be used

to make a multiparameter fit to the p-regions of the Dalitz plot
for z+z 7ro distribution [13].The interference between different

p-charge channels is significant and may provide sufficient infor-

mation to allow the separation of tree and penguin effects and
thus extraction of the parameter a. 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 a.
There are some common decay channels of the B0 a,nd—0B which are not CP eigenstates. For example the channel

J/@(1S)K'(892) where the K*(892) ~ Kyar, the final state is

not a CP eigenstate because both even and odd relative angular

momenta between the J/Q(1S) and the K'(892) are allowed. If
there is sufficient data one can use angular analysis to separate
the different CP final states and measure the asymmetry in

each [14]. 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 sigruficantly 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.

Beyond Stortdard Model sects: 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 viola-

tion.

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 prior to the Standard
Model [15]. In the modernized version of this model it is

assumed that the CKM matrix is real and that all CP-violating
effects arise from a contribution to the mixing that comes

from beyond the Standard Model. In this case att the CP-
eigenstate channels for B decay would have the same CP-
violating asymmetry (up to a sign which differs for CP odd and-
CP-even channels) [16].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 a neutral B decay to flavor-tagging

final state would be evidence for direct CP violation and would

exclude the superweak model, as would an unequivocal nonzero

result for the parameter e' in K decays.

Many other models for the physics beyond the Standard
Model have been discussed in the literature [17].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

PM and the CKM-matrix elements. This in turn would lead to
violations of the predictions given in Table 1 which are based on
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this relationship. Models with additional quarks would remove

the constraints due to the unitarity of the three-generation mix-

ing matrix and hence lead to the failure of Eq. (9) [18]. (The
absence of any fourth light neutrino determined from Z decay

rules out only a standard fourth generation with a light neutrino

but does not exclude nonstandard fourth generation models. )

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 any observed asymmetry

and the parameters of the CKM matrix in the Standard Model,

this does not means that other channels are entirely without

interest. To date only the CP violation in the neutral K
system has been observed. Any observation of CP violation in

8 decays would be exciting. 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 8
system can be quite large; current constraints do not rule out

cases where Im (ry ) is 1. It is likely that study of the many

common decay channels of the 8 and the 8 will greatly

expand our understanding of the sources of CP violation.
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Bo, B*, Bo

IR ( ~)l

CP VIOLATION PARAMETERS

CP Impijrity In Bd system. It is obtairied from a&&, the charge asymmetry in like-sign

dilepton events at the T(4S).

N(1+4+)—N(C' E )Re( Bo) - 4ag g
—

~ N(g+~+)+N(~ C )

VALUE DOCUMENT ID TECN COMMENT

g0.04S BARTELT 93 CLE2 e+ e ~ T(4S)
BARTELT 93 finds aug

—0.031 6 0.096 6 0.032 which corresponds to ~aug~ ( 0.18,
~~~c~ yields the above Re(.B,).

1(~)=p(~ )

I, J, P need confirmation. Quantum numbers shown are quark-
model predictions.

B' MASS

VALUE (MeV)

5824.$+2.1 OUR flT
DOCUMENT ID

From mass difference below and the average of our 8 masses
(m 8++m 80)/2.

PRL 72 3456
PL 8327 411
PR D (to be pub)

ABE 94D
AKERS 94C
ALAM 94

CLNS 94-1270
ALBRECHT 94
AMMAR 94
BUSKULIC 948
PDG 94
PROCARIO 94

CLNS 93/1264,
STONE 94
ABREU 93D
ABREU 93G
ACTON 93C
ALBRECHT 93
ALBRECHT 93E
ALEXANDER 938
AMMAR 93
BARTELT 93
BATTLE 93
BEAN 938
BUSKULIC 93D
BUSKULIC 93K
SANGHERA 93
ALBRECHT 92C
ALBRECHT 92G
ALBRECHT 92L
BORTOLETTO 92
HENDFRSON 92
KRAMER 92
ALBA JAR 91C
ALBAJAR 91E
ALBRECHT 918
ALBRECHT 91C
ALBRECHT 91E
BERKELMAN 91

"Decays of 8 M
FULTON 91
ALBRECHT 908
ALBRECHT 90J
BORTOLETTO 90
ELSEN 90
ROSNER 90
WAGNER 90
ALBRECHT 89C
ALBRECHT 89G
ALBRECHT 89J
ALBRECHT 89L
ARTUSO 89
AVERILL 89
AVERY 898
BEBEK 89
BORTOLETTO 89
BORTOLETTO 898
ALBRECHT 88F
ALBRECHT 88K
ALBRECHT 87C
ALBRECHT 87D
ALBRECHT 87I
ALBRECHT 87J
AVERY 87
BEAN 878
BEBEK 87
ALAM
ALBRECHT 86F
PDG 86
CHEN 85
HAAS 85
AVERY 84
GILES 84
BEHRENDS 83

B REFERENCES

+Albrow, Amidei, Anway-Wiese, Apollinari
+Alexander, Allison, Anderson, Arcelli+
+Kim, Nemati, O' Neill ~ Severiniy

(CDF Collab. )
(OPAL Collab. )
(CLEO Collab. )

+Ehrlichmann, Hamacher+ (ARGUS Collab. )
+Ball, Baringer, Bean, Besson, Coppage+ (CLEO Collab. )
+De Bonis, Decamp, Ghez, Goy, Lees+ (ALEPH Collab. )

Montanet+ (CERN, LBL, BOST, IFIC+)
+Balest, Cho, Daoudi, Ford+ (CLEO Collab. )

PL 8324 249
PR D49 5701
PL 8322 441
PR D50 1173
PRL (to be pub. )

CLEO 93-24
HEPSY 93-11
ZPHY C57 181
PL 8312 253
PL 8307 247
ZPHY C57 533
ZPHY C60 ll
PL 8319 365
PRL 71 674
PRL 71 1680
PRL 71 3922
PRL 70 2681
PL 8307 194
PL 8313 498
PR D47 791
PL 8275 195
ZPHY C54 1
ZPHY C55 357
PR D45 21
PR D45 2212
PL 8279 181
PL 8262 163
PL 8273 540
PL 8254 288
PL 8255 297
PL 8262 148
ARNPS 41 1

esons"
PR D43 651
PL 8241 278
ZPHY C48 543
PRL 64 2117
ZPHY C46 349
PR D42 3732
PRL 64 1095
PL 8219 121
PL 8229 304
PL 8229 175
PL 8232 554
PRL 62 2233
PR D39 123
PL 8223 470
PRL 62 8
PRL 62 2436
PRL 63 1667
PL 8209 119
PL 8215 424
PL 8185 218
PL 8199 451
PL 8192 245
PL 8197 452
PL 8183 429
PRL 58 183
PR D36 1289
PR D34 3279
PL 8182 95
PL 1708
PR D31 2386
PRL 55 1248
PRL 53 1309
PR D30 2279
PRL 50 881

+Adam, Adye, Agasi, Alekseev+
+Adam, Adye, Agasi, Ajinenko+
+Alexander, Allison, Allport, Anderson+
+Ehrlichmann, Hamacher, Hofmann+
+Ehrlichmann, Hamacher, Hofmann+
+Bebek, Berkelman, Blooin, Browder+
+Ball, Baringer, Coppage, Copty+
+Csorna, Egyed, Jain, Sheldon+
+Ernst, Kroha, Kwon, Roberts+
+Gronberg, Kutschke. Menary, Morrison+
+Decamp, Goy& Lees, Minard+
+De Bonis, Decamp, Ghez, Goy+
+Skwarnicki, Stroynowski, Artuso, Goldber
+Ehrlichmann, Hamacher, Krueger, Nau+
+Ehrlichmann, Hamacher, Krueger, Nau+
+Ehrlichmann, Hamacher, Krueger, Nau+
+Brown, Dominick, Mcllwain+
+Kinoshita, Pipkin, Procario+
+Palmer
+Albrow, Allkofer, Ankoviak, Apsimon+
+Albrow, Allkofer, Ankoviak+
+Glaeser, Harder, Krueger, Nippe+
+Ehrlichmann, Glaeser, Harder, Krueger+
+Glaeser, Harder, Krueger, Nippe+
+Stone

+Jensen, Johnson, Kagan, Kass+
+Glaeser, Harder, Krueger, Nilsson+
+Ehrlichmann, Harder, Krueger+
+Goldberg, Horwitz, Jain, Mestayer+
+Allison, Ambrus, Barlow, Bartel+

+Hlnshaw, Ong, Snyder+
+Boeckmannn, Glaeser, Harder+
+Glaeser, Harder, Krueger+
+Glaser, Harder+
+Glaeser, Harder, Krueger, Nippe, Oest+
+Bebek, Berkelman, Blucher+
+Blockus, Brabson+
+Besson, Garren, Yelton+
+Berkelman, Blucher+
+Goldberg, Horwitz, Mestayer+
+Goldberg, Horwitz, Mestayer+
+Boeckmann, Glaeser+
+Boeckmann, Glaeser+
+Binder, Boeckmann, Glaser+
+Andam, Binder, Boeckmann+
+Andam, Binder, Boeckmann+
+Andam, Binder, Boeckmann+
+Besson, Bowcock, Giles+
+Bobbink, Brock, Engler+
+Berkelman, Blucher, Cassel+
+Katayama, Kim, Sun+
+Binder, Boeckmann, Glaser+

Aguilar- Benitez, Porter+
+Goldberg, Horwitz, Jawahery+
+Hempstead, Jensen, Kagan+
+Bebek, Berkelman, Cassel+
+Hassard, Hempstead, Kinoshita+
+Chadwick, Chauveau. Ganci+

(DELPHI
(0ELPHI

(OPAL
(ARGUS
(ARGUS

(CLEO
(CLEO
(CLEO
(CLEO
(CLEO

(ALEPH
(ALEPH

g+(CLEO
(ARGUS
(ARGUS
(ARGUS

(CLEO
(CLEO
(HAM
(UA1
(UA1

(ARGUS
(ARGUS
(ARGUS

(CORN,

Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )

8, OSU)
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
SYRA)

(CLEO Collab. )
(ARGUS Collab. )
(ARGUS Collab. )

(CLEO Collab. )
,(JADE Collab. )

(Mark II Collab. )
(ARGUS Collab. )
(ARGUS Coliab. )
(ARGUS Collab. )
(ARGUS Collab. )

(CLEO Collab. )
(HRS Collab. )

(CLEO Collab. )
(CLEO Collab. )
(CLEO Collab. )
(CLEO Collab. )

(ARGUS Collab. )
(ARGUS Collab. )
(ARGUS Collab. )
(ARGUS Collab. )
(ARGUS Collab. )
(ARGUS Collab. )

(CLEO Collab. )
(CLEO Collab. )
(CLEO Collab. )
(CLEO Collab. )

(ARGUS Collab. )
(CERN, CIT+)
(CLEO Collab. )
(CLEO Collab. )
(CLEO Collab. )
(CLEO Collab. )
(CLEO Collab. )

OTHER RELATED PAPERS

m~ —mg

DOCUMENT ID

B' REFERENCES

AKERIB 91 PRL 67 1692
WU 91 PL 8273 177
LEE-FRANZINI 90 PRL 65 2947
HAN 85 PRL 55 36

+Barish, Cown, Eigen, Stroynowski+ (CLEO Collab. )
+Franzini, Kanekal, Tuts+ (CUSB II Collab. )
+Heintz, Lovelock, Narain, Schamberger+ (CUSS II Collab. )
+Klopfenstein, Mageras+ (COLU, LSU, MPIM, STON)

BOTTOM, STRANGE MESONS
(B= +1, 5= p1)

8, = sb, ~B, = sb, similarly for B,'s

BO 1(~ ) = y(o )

I, J, P need confirmation. Quantum numbers shown are quark-
model predictions.

B~ MASS

VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT

NTS 4 6 OUR FIT Error includes scale factor of 1.3.
NVS + S OUR AVERAGE Error includes scale factor of 1.2.
5374 +16 +2 3 ABREU 94D DLPH e+e ~ Z
5383.3+ 4.5+5,0 14 ABE 93F CDF pp at 1.8 TeV
5368.6+ 5.6+1,5 2 BUSKULIC 93G ALEP e+e ~ Z

m~ —mg

Fit value is from Bs mass above and the average of our 8 masses
(m +m )/2.

VALUE (MeV)

46.0+04 OUR FIT
&.0+0.6 OUR AVERAGE

46.4+0.3+0.8 1AKERIB 91 CLE2 e+ e ~ pX
45.6+0.8 1WU 91 CSB2 e+e ~ pX yEX
45.4+1.0 LEE FRANZINI 90 CSB2 e+ e ~ 7'(SS)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

52.0+2. +4. 1400 3 HAN 85 CUSB e+e ~ peX
These papers report E& in the 8' center of mass. The mB, —m8 is 0.2 MeV higher.

Ecm
—10.61-10.7 GeV. Admixture of 8 and 8+ mesons, but not Bs.

LEE-FRANZINI 90 value is for an admixture of 8 and 8+. They measure 46.7 6 0.4 6
0.2 MeV for an admixture of 8, B+, and Bs, and use the shape of the photon line to
separate the above value.
HAN 85 is for Ecm

—10.6-11.2 GeV, giving an admixture of 8, 8+, and Bs.

WINSTEIN 93 RMP 65 1113 +Wolfenstein
"The Search for Direct CP Violation"

BERKELMAN 91 ARNPS 41 1 +Stone
"Decays of 8 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)

(5LAC)

(HEIDH)

VAL UE (MeV) CL% DOCUMENT ID TECN COMMENT

96+6 OUR FIT Error includes scale factor of 1.3.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

80 to 130 68 LEE-FRANZINI 90 CSB2 e+ e ~ T(SS)

mao —may
sH il.

See the 8 -% MIXING section near the end of these 8 Listings.



Me&oil FUJI List', lng&

g MEAN LIFE

TECN COMMENTDOCUMENT IDVALUE(10 12 5)

. See the ideogram below.eludes scale factor of 1.4. ee1.34+ OUR AVERAGE Error inclu e-0.27
41 ABREU4 1 REU 94E DLPH e+e ~ Z0.96+0.37

BUSKULIC 94c ALEP e+ e ~ Z. 2+0 45+0.04 31'9 -0.35

93H OPAL e+ e ~ Z0.35 22 ACTON1.13+
6 +0.09—0.2

fl - '
n of D vertices, efl - n o ' +I pton vertices, andfli ht-distance distribution oABREU 94E

DS Id vertiCeS. SThis result inclues the resu

Measured using Dst + events.

— .27 (Error scaled by 1.4)
I HTED AVERAGE

1.34+0.32-0.

r(ti(2S)ti)/rtotaf
VALUE EVTS

1

TECN COM MEN TDOCUMENT ID

BUSKULIC 93G ALEP e+e ~ Z

Ig/I

Bz-Pz MIXING

eon "B -~B Mixing and CPf BQ-~8 mixing see the note on 'For a discussion o
"

in the Bp Full Listings above.Violation in B Decay" in t e

r(g/rIr(ls) p)/rtotat „,rscrvDOCUMENT ID

—,t 1.S T«
VALUE

AB
e+e ~ Z

IeeII
8 ACTON 92M OPAIeeII 1

+ —a„d K+1S O' I' ~
"s measured «be

7ABE 93F measured using

fraction measured Is meroduct branchirlg8 ln ACTON 92M

2 10
—2f(b - Bo)B(eps i/~(15)4'} '-"' ""

B mean life (10 s)
—12

S

2
X
1.1
2.7
0.4
4.1

(Confidence Level = 0.126)
I

5

. .ABREU 94E DLPH
BUSKULIC 94C ALEP
ACTON 93H OPAL

Bi DECAY MODES

Mode

C1 D anything

I 2 0, 8+ ~ganything
(d means sum of e and fs)

f3 0 x+
I s J/t(r(1S) P
r, @(2s)dt

Fraction (I I/f )

seen

seen

seen

seen

seen

8 BRANCHING RATIOS

I (D anything)/I totat
EVTS DOCUMENT ID

e+e ~ Z
VAL UE

147 ACTON 92N OPAL e e
+ Z over that expected fromcess of147+48 D e eON 92rr assumes that excess o tACT

m Bp decay. The product branch ng ra to8, B+, aod cc is all from 8 decay. ra

Bs s sB )B(B ~ D anything)xB(D ~ Pyr = 5.

I 2/I

r(D; e+)/ran, t

VALUE EVTS

1

TECN COMMEN TDOCUMENT ID

BUSKULIC 93G ALEPP e+e ~ Z

r(D l+trd anything)/I tata(

EVTS DOC

e+e Z
VAL UE

4 ABREU 92M DLPH eISNI 7 A

ACTON 92N OPA L e+e ~ ZIeeII 18
27 6 BUSKULIC 92E ALEP e+e ~ Z

c (Z~ bor

IONI

ns onl and obtained product branc g (Z ~ orchin ratio B(Z ~ orREU 92M measured muoos only an o (

s

branching fraction measure is b

+ P( «r (892)0 y+ nts T y

3.9 6 1.1 4 0.8) x 10

The useULIC 92E is measured using
5

n D ~ 4x and

e oduct branching fractio n is

HUSK

yr+ branching fraction. The average pro u

, &+ o ni ) =o.oso + o.ottmeasured to be f(b ~

3

ability (integrated over tirnr time that aThi B -~B mixing parameeter measures the probaT's s
B . The Xs values are erd rived from combining

rn the
produce s s'

ner y see following databocaloes measured at high energy seXB va ues rn

T(4S). Mfxing violates 2kB gB 2 rule.
TECN COMMEN

t

TVALUE CL%L g DOCUMEN T ID

9r DG 94 RVUE0.52+0.13
d t for averages. fits, lim its etc. o ~ ~o i ~ We do not use the following a a

RVUE e+ e ~ Z95 10 ABREU 94F0.74 40.27
11 ADEVA 92c RVU E0.46+0.21
12 ALBAJAR 91D RVUE0.53 +0.15

umin f = 0.391 and fs = 0.117.{:--.-) -.--.~ (--.-.). -- '
t d f ABREU 94 fl

bination of DELPHI
ure 7.

nd ARGUS (AL-CEO(R US )of L3 (ADEVA 92c),comblna

GUS (AL-UA1 ALBAJAR 91D), CLEO (BEAN 87 ) ARFrom combination of
BRECHT 87I), ALEPH (DECAM
are ) 0.23 at 95% CL and ) 0.27 at

Xn at high energy
ent for an admixture of B anand B at high energy.This ls a B-7f mixing measurement or

X = fdXd + fsXs
B nd B mesons relative to all b-

B= d
here f and fs are the production n fractions of B an

the Z and hfgher energy p p are ave gera ed.O I the measurementsflavored hadrons. n y
CL% EVTS DOCUMENTID

I

VALUE

F.0.133+0.011 OUR AVGAS
13 EU 93C DLPH e+ e —t Z+00~+0 017 1665 ABREU 9 c

i
0.121 'p40 +0.017-0.

14 AKERS 938 OPAL e+ e Z0, 143+P.p +0007—0.021
15ADEVA 9 c2c L3 e+e- Z0.121+0.01740.006
16 BIJSKIJLIC 928 ALEP e+ e

916 CDF pp 1.8 TeV
0.129+0.022

17 ABE
630 GeV

0.176+0.031k 0.032
18 ALBA JAR 91D IJAl pj's0.148+0.029+0.017

f rages fits, limits, etc. ~ ~ ~e ~ ~ We do not use the follow g f ragin data for averag

Z14+0.017 19 ABREU 94F DLPH

t

0.144+0,014 p p1 1

92c OPAL e+ e - Z20 ACTON0 145+ ' +0,018

P 91 ALEP e+ e ~ Z+0.015 823 1 DECAMP0.132+0,22 -0.012

L3 e+ e — Z22 ADEVA 90p0.178 p'04p +0 ~

+0.049

23,24 WFIR 90 MRK2 e+e 29 GeV0.17 +0.15
—0.

23 BAND 88 MAC E~ = 29 GeVcm
+0.29

B E~ = 29GeV

0 21 0'15
BAND 88 MAC9Q

UA1 Repl. by AL-

&0.02
ALBAJAR 87c UA0.121+0.047

MRK2 Epm
—29 GeV6 SCHAAD 8590g0.12

a ana ze, events.a anal zed using e e, eIg, and p, IgABREU 93c d t n yze
14AKERS 938 analysis performed using e

bl ed lth electro s and muons
ADE

a et charge technique cornBUSKULIC 928 uses a e c
ith e and ec events.asurement of X ls done w t end,

of X is done with dimuons.BAJAR 91D measurement of X s oAL
ra e electric c arge s

- I dil to 5 dedb BDECAMP 91 done with oppo site and like-s gn
and ep events from 118k events at the22ADEVA 90I measurerefnent uses eea Igy, an eP

e and B mesons
rseded by ADEVA 92c.

the combination of Bs an
Super

s are not in the average because exp "

D S5. The 90'/ CL

t w chich they see could differ from
surernent supersedes the mlimit obtained In SCHAAD 8 .24The WBR 90 measurernen

h average production
nd 0.38.

+ X divided by the aver
I f tio fo Bhdo tI hted sernfleptonic branching rac

in B quark to produce a pos Ive
we g

bilfty for hadron contain ngLfmit is average proba



See key on page 1343
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Meson Full Listings

8,', 8*,, Top and Fourth Generation Hadrons

b,m~ = m~ —m~
8 aH sl.
b, m 0 is a measure of the B -~B osdllation frequency in time-dependent mixing

s
experiments.

VALUE(1012 h s ) CL% DOCUMENT ID TECN COMMENT

&1.8 t95

27 BUSK ULIC 948 ALEP e+ e ~ Z
BUSKULIC 94e determines Em o from the time dependence of B mixing using diiep-

S
tons.

Xd ——4mao/Cap
This section combines the results from the previous two sections.

Time integrated mixing measurement of X determine this quantity directly via

,„"=(..:,)'"
while time-dependent mixing measurements determine 6m B0

—m B0
—m B0 which

s sH sL
are combined with TB0 to give

s

Zkm 0 (m&0 0 ) &0
s sH sL s

I 0
S

VAL UE CL 8 DOCUMENT ID TECN COMMENT

&2.0 95 2& BUSKULIC 948 ALEP e+ e ~ Z
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.5 29 PDG 94 RVUE

BUSKULIC 948 is their ZkmB0 measurement combined with TB0 (1 26+0'17) ps.
S S

From PDG 94 Xs value.

HEAVY QUARK SEARCHES

Searches for Top and
Fourth Generation Hadrons

See the sections "Searches for t Quark" and "Searches for b' (4 "
Generation) Quark" at the end of the QUARKS section.

ABREU
ABREU

Also
ABREU
BUSKULIC
BUSKULIC
PDG
ABE
ABREU
ACTON
AKERS
BUSKULIC
ABREU
ACTON
ACTON
ADEVA
ALBRECHT
BUSKULIC
BUSKULIC
ABE
ALBA JAR
DECAMP
ADEVA
LEE-FRANZINI
WEIR
ARTUSO
BAND
ALBA JAR
ALBRECHT
BEAN
SCHAAD

94D PL 8324 500
94E ZPHY C61 407
92M PL 8289 199
94F PL 8322 459
948 PL 8322 441
94C PL 8322 275
94 PR DSO 1173
93F PRL 71 1685
93C PL 8301 145
93H PL 8312 501
938 ZPHY C60 199
93G PL 8311 425
92M PL' 8289 199
92C PL 8276 379
92N PL 8295 357
92C PL 8288 395
92L ZPHY CSS 357
928 PL 8284 177
92E PL 8294 145
91G PRL 67 3351
91D PL 8262 171
91 PL 8258 236
90P PL 8252 703
90 PRL 65 2947
90 PL 8240 289
89 PRL 62 2233
88 PL 8200 221
87C PL 8186 247
87I PL 8192 245
878 PRL 58 183
85 PL 1608 188

B~ REFERENCES

+Adam, Adye, Agasi, Aleksan+ (DELPHI
yAdam, Adye, Agasi, Aleksan+ (DELPHI

Abreu, Adam, Adye, Agasi, Alekseev+ (DELPHI
+Adam, Adye, Agasi, Ajinenko+ (DELPHI
+De Bonis, Decamp, Ghez, Goy, Lees' (ALEPH
+De Bonis, Decamp, Ghez, Goy, Lees+ (ALEPH

Montanet+ (CERN, LBL, BOST
+Albrow, Amidei, Anway-Wiese+ (CDF
+Adam, Adye, Agasi, Aleksan+ (DELPHI
+Akers, Alexander, Allison, Anderson+ (OPAL
+Alexander, Algson, Anderson, Arcelli+ (OPAL
+De Bonis. Decamp, Ghez, Goy, Lees+ (ALEPH
+Adam, Adye, Agasi, Alekseev+ (DELPHI
+Alexander, Allison, Allport, Anderson+ (OPAL
+Alexander, Allison, Allport, Anderson+ (OPAL
+Adriani, Aguilar-Benitez, Ahlen+ (L3
+Ehrlichmann, Hamacher, Krueger, Nau+ (ARGUS
+Decamp, Goy, Lees, Minard+ (ALEPH
+Decamp, Goy, Lees, Minard+ (ALEPH
+Amidei, Apollinari, Atac, Auchincloss+ (CDF
+Albrow, Allkofer, Ankoviak, Apsimon+ (UA1
+Deschizeaux, Goy, Lees, Minard+ (ALEPH
+Adriani, Aguilar-Benitez, Akbari, Alcaraz+ (L3
+Heintz, Lovelock, Narain, Schamberger+ (CUSB II

+Abrams, Adolphsen, Alexander, Alvarez+ (Mark II

+Bebek, Berkelman, Blucher+ (CLEO
+Camporesi, Chadwick+ (MAC
+Albrow, Allkofer, Arnison+ (UA1
iAndam, Binder, Boeckmann+ (ARGUS
+Bobbink, Brock, Engler+ (CLEO
+Nelson, Abrams, Amidei+ (Mark II

Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )

, IFIC+)
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
Colfab. )
Collab. )

OTHER RELATED PAPERS

ALI 93 JPG 19 1069 +London
"Prospects for measuring the Bs-Pz mixing ratio xs"

(DESY, MONT)

8* 1(~ ) = '(' )
5 I, J, P need confirmation.

OMITTED FROM SUMMARY TABLE

B~~ MASS

From mass difference below and the B mass.5

VAL UE (MeV) DOCUMENT ID

5422+6 OUR FIT Error includes scale factor of 1.2.

Ntee, —Ma

TECN COMMEN TVALUE (MeV) DOCUMENT ID

47.0+2.6 OUR FIT
47.0+2.6 LEE-FRANZINI 90 CSB2 e+ e ~ T(55)

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.

B~~ REFERENCES

LEE-FRANZINI 90 PRL 65 2947 +Heintz, I oveiock, Narain, Schamberger+(CUSB II Cotlab. )
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Meson Full Listings
CharITIonILIm, q, (1S) = 9,(2980)

—
MESONS

WEIGHTED AVERAGE
2978.8~1.9 (Error scaM by 1.8)

y~{XS}MASS

VALUE (Mev) EVTS

mre. l+ 1.9 OUR AVERAGE

2974.4+ 1.9
2969 + 4 + 4

DOCUMENT ID TECN

Error includes scale factor of 1.8.
1 BISELLO 91 DM2

BAI 908 MRK3

COMMENT

See the ideogram below,

J/& - new
J/Q ~

pK+K K+K
Pp- ~~2982.6+

2980.2+ 1.6
2984 + 2.3+ 4.0

BAGLIN 878 SPEC
1 BALTRUSAIT. .86 MRK3

GAISER 86 CBAL

12

J/e - new
J/Q ~ pX, g(2S) ~

pX
e+e
etc. ~ ~ ~

18 HIMEL 808 MRK2
~ ~ ~ We do not use the following data for averages, fits, limits,

2956 + 12 + 12 BAI 90e MRK3 J/Q ~
K+ K K0S K~L

J/0 24 e
e+e

BALTRUSAIT. .$4 MRK3
PARTRIDGE 80e CBAL

29'76 + 8
2980 6 9

1Average of several decay modes.
Mass adjusted by us to correspond to J/$(lS) mass = 3097 MeV.

iG(i~c) = o+(o +)
or r)i(298Q)

Observed in the inclusive p spectrum generated from Q(2S) decay,
therefore C = +. From the 4~ decay G = +, therefore I = 0. From

J = 0angular distribution in J/@(15) pep, gc pP, J = 0
(BALTRUSAITIS 84).

ISELLO 91 DM2
Al 90B MRK3
AGLIN 87B SPEC
ALTRUSAIT. .. 86 MRK3

GAISER 86 CBAL
HIMEL 80B MRK2

s I

2950 2960 2970 2980 2990 3000

(Confidence I evel
I

3010

5.4
3.0
2.7
0.7
1.3
0.2

13.3
= 0.021)

rlq(lS) mass (MeV)

rI~(iS) WIDTH

TECN COM MEN TDOCUMENT ID

12

VAL UE (Mev) CL 4A EVTS

113+ ' OUR AVERNaE

7 0+ 7.5 BAGLIN 878 SPEC p p ~7.0

10.1 +33.0 23 + 4 BALTRUSAIT. .86 MRK3 J/Q ~ p p p8.2
11

11.5+ 4.5 GAISER 86 CBAL J/Q ~ pX, g(2S)---
pX

~ a ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&40 90 18 HIMEL 80e MRK2 e+e
+(20 90 PARTRIDGE 80e CBAL e e

Positive and negative errors correspond to 90% confidence level.

THE CHARMONIUM SYSTEM

YI (2S)

hadrons

Xc2(1P)

drons

YI (1S)

hadrons hadrons y radiative

JPC 0-+ 0++

of knowled e of the charmonium system and transitions, as ps as inter reted by the charmoniumThe current state o now e ge o
b dashed lines. The notation p* refers to decay processesmodel. Uncertain states and transitions are indicated by as e ines. e no a i

involving intermediate virtual photons, including decays to e+e and p+p



Meson Full Listings

&,(1S}= &,(298O}

See key on page1343

I (K {892}F{892))/I total0c{1S}DECAY MODES
VALUE(units 10 4) EVTS

85+31 OUR AVERAGE

82 4 28+27

TECN COMMENTDOCUMENT ID

Fraction (tI/I ) Confidence levelMode

Decays Involving hadronlc i~nances
(4.1 +1.7) %
(2.6 +0.9) %
(2.0 +0.7) %
(8.5 +3.1) x 10

(7.1 +2.8) x 10
( 2 4/4

( 2

& 1.28

& 31 xlo

r, ~'{988)«
pp
K'(892)o K e++ c.c.

I e K'(892) K'(892)
i5 44
I a ao(980) n.

I 7 a3(1320)e.

I 3 K"(892)K+ c.c.
I g f3(1270)II

I 1P (d(d

904/4

9O%

9O%

9O%

9O%

Oecays Into stable hadrons

(6.6 +1.8}
(4.9 +1.8)

(" -+o.6)
(1.2 +0.4)
(1.2 +0.4)

& 3.1
( 1.2
( 2

I 11

i 14
l15

~18

97r 7r

~+~- K+ K-
2(3+ Ii-)
PP
KKg
7I' 7c P P
AA

x 10

x 10

90%
90%
90%

Redletlve decays

(6 +65 ) x 1O-4

0e{1S)PARTIAL WIDTHS

TECN COMMENTVALUE (keV) CL% EVTS

7oO+ 1'7 OUR AVERAGE

DOCUMENT ID

ADRIANI 93N L3 e+e ~ e+e
CHEN 90e CLEO e+e ~ e+e

17+58.0+ 2.3+2.4
5.9+ ' +1.91.8
64+ 5.0

3.4
28 +15

~ ~ ~ We do not use the following

e+e—
X

KKx

AIHARA 88D TPC e+ e

BERGER 86 PLUT
data for averages, fits, limits, etc. ~ ~ ~

BLINOV 86 MD1 e+ e e+e X&11 90
5 Re-evaluated by AIHARA 88D.

0c(») Nl)r(»)/r(total)

I (KZR) x I (yT)/I tot, l rllr19lr
VALUE (keV) CL% EVTS

1.2 +OA OUR AVERAGE
1.06+0.41+0.27 11 6

4
15 + ' +03-0.45

6 BERGER

~ ~ ~ We do not use the following data for averages,

(0.63 95 6 BEHREND

&4.4 95 ALTHOFF

K+ KS2r+ corrected to KKyr by factor 3.

DOCUMENT ID TECN COMMENT

BRAUNSCH. .. 89 TASS 77 ~ KK9r

86 PLUT 77 —a K Kyr

fits, limits, etc. ~ o o

89 CELL 77 ~ Kp K+2r+
85B TASS 77 —g K

0c(1S) BRANCHING RATIOS

HADRONIC DECAYS

I (e/(988)ee)/I totaI
EVTS DOCUMENT ID TECN COMMENT

14 + BALTRUSAIT"86 MRK3 J/Q qc
4

VALUE

0.041+OA)17

r(leP)/rttIo
VALUE (units 10 3) CLS EVTS DOCUMENT ID TECN COMMENT

2$ + 9 OUR EVALUATION (Treating system atlcerrors as correlated. )
25 + 8 OUR AVERAGE
26.0+ 2.4+8.8 113+ BISELLO 91 DM2 J/g —a 7p p

11
23.6+10.6+8.2 32 + BISELLO 91 DM2 J/el{I -+ 7p+ p

14
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&140 90 ? BALTRUSAIT. .$6 MRK3 J/tP —a

I (K'(892}oK e++ c.c.)/I total
VALUE EVTS DOCUMENT ID TECN COMMENT

OAQ +OAXP 63 + BALTRUSAIT. .86 MRK3 J/Q ~
10

I 3/I

14 + 7 BISELLO 91 DM2 e+ e
5 7K+ K ~+yr

9 4 4 BALTRUSAIT. .$6 MRK3 J/sl{I ~90+50

r(K'(892)}r+c.c.)/I ee, l re/r
CL%

90

90

DOCUMEN T ID TECN COMMENT

BISELLO 91 DM2 J/Q ~ 7KS K+yr+

BISELLO 91 DM2 J/Q ~ 7K+K

VALUE

&0.0128
(0.0132

r(»)/r~t
VALUE (units 1(} ) EVTS DOCUMEN T ID TECN COMMENT

71+28 OUR EVALUATION (Treating systematic errors as correlated. )
71+22 OUR AVERAGE

74+ 18+24 80 ? BAI 90B MRK3 J/4
7 K+ K K+ K

7 BAI 90B MRK3 J/Q ~
7K+ K KSK~

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

31+ 7+10 19 k 7 BISELLO 91 DM2 J/g —a

5 7 K+ K K+ K

5 k 3 7 BISELLO 91 DM2 J/Q -+
7K+ K KSKL

30+ 6 10

r(n(980) )«~l
CL 5 DOCUMENT ID TECH COMMENT

90 ?es BALTRUSAIT. .86 MRK3 J/Q rIc

VALUE'

&oAQ

I (es(1320)e)/I Ieeal
DOCUMEN T ID TECN COMMENT

7 BALTRUSAIT. .$6 MRK3 J/g ~
CL%

90
VALUE

&0.02

I (I/1270) tl) ll total I 9/I
CL%

90
DOCUMENT ID TECN COMMENT

? BALTRUSAIT. .$6 MRK3 J/f ~ 9)c7

VALUE

C0.011

I (aIIe)/I total rto/r
VALUE CL% DOCUMENT ID TECN COMMENT

&0.0031 90 BALTRUSAIT. .86 MRK3 J/tp —a 9}c
~ o o We do not use the following data for averages, fits, limits, etc. o o o

(0.0063 7 BISELLO 91 DM2 J/Q —a 7u au

I 11/r
DOCUMENT ID TECN COMMENT

(Treating systematic errors as correlated. )

I (KZR)/I ee, l

VALUE CL% EVTS

0.055 +OAl18 OUR EVALUATION

0I +OA)13 OUR AVERAGE
0.0690+0.0144+0.0234 33 +

?
0.0543+0.0096+0.0180 68 +

10

7 BISELLO 91 DM2 J/Its{I ~
7K+K-~0

7 BISELLO 91 DM2 J/Q -+
7K+ 2r+ KS

7~9 BALTRUSAIT. .$6 MRK3 J/Q ~95 +
18

0.061 +0.022

0.161 + HIMEL 80B MRK2 $(25) ~ gc7
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.107 90 ? PARTRIDGE 80B CBAL J/@ ~ gc7

I (09r) /I total
VALUE EVTS DOCUMENT ID

0449+0.01$ OUR EVALUATION

OAT+0.015 OUR AVERAGE
0.054 k 0.020 75 + 7 BALTRUSAIT. .$6 MRK3 J/III{I

11
0.037+0.013+0.020 18 7 PARTRIDGE spe CBAL J/sl{I

TECN COMMENT

7

r(e+e- K+ K-)(res, I

VALUE EVTS

0.020+0' OUR AVERAGE

0.021+0.007

rts/r
DOCUMENT ID TECN COMMENT

110+ 7 BALTRUSAIT. .$6 MRK3 J/f
17

9)c7

p p 14+0 022—0.009

I (2(e+e ))/I total

10 HIMEL Soe MRK2 Q(25) a

Its/I
VALUE EVTS

OAl12 +0884 OUR EVALUATION
OAl120+0.0031 OUR AVERAGE
0.0105+0.0017+0.0034 137+

23
25 +

9

TECN COMMEN TDOCUMENT ID

J/Q ~
729r+ 2i-

J/0

BISELLO 91 DM2

BALTRUSAIT. .86 MRK3

p p2p +0 015—0.010
10 HIMEL 80B MRK2 f(2S) a
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rI, (1S)= r/, (2980), J/@(1S)= J/g(3097)

r(pI }/r~r
VALUE(units 10 4}
12+ 4 OUR AVShEGf
10+ 3+4

11+ 6

29+ 29
—15

r(K7re}/r„„,
VALUE

&0.081

r(+ prr}-«~i
VALUE

(0.012

I (AZ)/I rorsI
VALUE

(0.002

EVTS

18 6
6

23+
11

CL4A

90

CLS

90

CLS

90

DOCUMENT ID TECN COMMEN 7

BISELLO 91 DM2 J/Q ~ p p p

7 BALTRUSAIT. .86 MRK3 J/vtr ~

808 MRK2 $(2S) 7Ic &

DOCUMENT ID TECN COMMENT

7 BALTRUSAIT. .86 MRK3 J/@ rfc

DOCUMENT ID TECN COMMENT

HIMEL 80B MRK2 $(25) ~ rfcy

DOCUMEN 7 ID TECN COMMENT

BISELLO 91 DM2 e+ e

I »/l

r17/r

r»/r

J/g(1S)
or 2/g(3097}

IG(JPC) = 0 (1. )

J/f(1S) MASS

TECN COMMENT

938 SPEC pp e+e
87 SPEC pp ~ e+e X

82 GOLI 190 GeV 7r Be ~ 2/s

80 REDE e+ e
79c DASP e+e

hadronic channels assuming I (e+ e )

2/${1S}WIDTH

DOCUMENT IDVALUE {MeV} EVTS

3ISS+0.04 OUR AVERAGE

3096.8760.03+0.03 ARMSTRONG
3096.95 +Q.1 4 0.3 193 BAGLIN

3098.4 +2.0 38k LEMOIGNE

3096.93+0.09 502 ZHOLENTZ

3097.0 +I 1 BRANDELIK

From a simultaneous fit to e+e, Is+Is and

= I (Is+Ill )

r»rs/rI rI f/r~r In plr ec{1S}
VALUE (units 10 } DOCUMENT ID TECN COMMEN T

4.0+3'2 BAGLIN 89 SPEC pp ~ K+ K K+ K

The quoted branching ratios use B(J/@(1S)~ yrfc(1S)) = 0.0127 k 0.0036. Where
relevant, the error in this branching ratio is treated as a common systematic in corn puting
averages.
We are assuming B(ap(980) ~ rI~) &0.5.
Average from K+ K fr and K+ K 's~+ decay channels.

Estimated using B(rtr(2S) ~ prI&(1S)) = 0.0028 + 0.0006.

DOCUMENT ID

Mode

J/$(1S) DECAY MODES

Fraction ((;/f )

Scale factor/
Confidence level

VAL UE (kev}

N + 5 OUR AVERAGE

99 +12 +6 ARMSTRONG 938 SPEC pp ~ e+e
855 58 HSUEH 92 RVUE See T mini-review

Using data from COFFMAN 92, BALDINI-CELIO 75, BOYARSKI 75, ESPOSITO 75B,
BRANDELIK 79C.

r(n}/r~r
RADIATWE DECAYS

I »/r
CL 4AVALUE (units 10 }

5+3+4
~ ~ ~ We do not use

DOCUMENT ID TECN COMMENT

BAGLIN 87B SPEC p p ~ py

the following data for averages, fits, limits,

90 7 BISELLO 91 DM2

9P i BLOOM 83 CBAL

etc. ~ ~ ~

9
(18

Using B(J/$(1S) pic(1S)) = 0.0127 + 0.0036.

r,rf/r~roplr~ e,(lS)~ Yr
VALUE (units 10 6) EVTS DOCUMENT ID

0 gg+OA2-041 12 BAG LIN

TECN COMMENT

87B SPEC pp ~ pp

r»r»/r

ec(1S}REFERENCES

ADRIANI 93N
BISELLO 91
BAI 90B
CHEN 90B
BAGLIN 89
BEHREND 89
BRAUNSCH. .. 89
AIHARA 88D
BAGLIN 87B
BALTRUSAIT. ..86
BERGER 86
BLINOV 86

Proc. XXIII Int.
GAISER 86
ALT HOFF 858
BALTRUSAIT. ..84
BLOOM 83
HIMEL 80B
PARTRIDGE 80B

PL B318 575
NP 8350 1
PRL 65 1309
PL 8243 169
PL B231 557
ZPHY C42 367
ZPHY C41 533
PRL 60 2355
PL B187 191
PR D33 629
PL 1678 120

HEP Conf. , Berkeley,
PR D34 711
ZPHY C29 189
PRL 52 2126
ARNS 33 143
PRL 45 1146
PRL 45 1150

OTHER RELATED PAPERS

ARMSTRONG 89
BLOOM 79

PL B221 216
Fermilab Symp. 92

+Benayoun+(CERN. CDEF, BIRM, SARI, ATHU. CURIN+)
(CIT, HARV, PRIM, SLAC, STAN)

+Aguilar-Benitez, Ahlen+ (L3 Collab. )
+BUsetto+ (DM2 Collab. )
+Blayiock+ (Mark III Collab. )
+Mcllwain+ (CLEO Collab. )
+Baird, Bassom pierre (R704 Collab. )
+Criegee+ (CELLO Collab. )

Braunschweig, Bock+ (TASSO Collab. )
+Alston-Garnlost+ (TPC Collab. )
+Baird, Bassompierre, Borreani+ (R704 Collab. )

Baltrusaitis, Coffrnan, 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, Alarn+ (SLAC, LBL, UCB)
+Peck+ (CIT, HARV, PRIN, STAN, SLAC)

fl
f2
l3
f4

hadrons
virtualp ~ hadrons

e+ e-
P P

860 y20
(17.0 +2.0 ) %

( 5.99+0.25) %

( 5.97+0.25) %

Decays Involving hadroni c resonances

( 1 28+0 10)

( 4.2 +0.5 ) x 10

( 1.09+0.22) %

( 8.5 k3.4 ) x 10

( 7.2 +1.0 ) x 10

( 6.7 +2.6 ) x 10

( 5.3 +2.0 ) x 10

( 4.3 +0.6 ) x 10

( 5.O +0.4 ) x 1O
—3

( 4.2 +0.4 ) x 10

( 3.4 +0.8 ) x 10

( 3.0 +0.5 ) x 10

( 3.O +0.7 ) x 1O-3

( 2.3 +0.6 ) x 10

( 2.04+0.28) x 10

( 1.9 +0.4 ) x 10

( 48 +11 )xlo
( 1.60+0,32) x 10

( 1.6 +O.S ) x 10-3

( 1.58+0.16) x iO-3

( 1.48+0.22) x 10

( 3.6 +0.6 ) x 10

( 1.30+0.25) x 10

( 1.10+0.29) x 10

( 1.03+0.13) x 1Q

(9 k4 }xlp 4

(8 +4 )xlo 4

( 80 +1.2 )xlp
( 7.2 ~0.9) x lo-4

( 6.8 +2.4 ) x lp —4

( 6.S +0.7 ) x 1O-4

( 5.9 +1.5 )xlp 4

( 5.1 +3.2 ) x lO
—4

( 4.2 +0.6 ) x 10 4

( 3.3 +0.4 ) x 1O
—4

( 3.2 +0.9 ) x 1Q

( 3.2 +1.4 ) x 10

( 3.1 +0.5 ) x lp

faj

fal

[aj

I 5 pfr
po ~0

I 7 a2(1320) p
r8 ~&+ &+

f 9 (der 7r

I p K"(892) K~(1430) + c.c.
I gr (u K'(892) K+ c.c.
I r2 w f2(1270)
I &3 K+K"(892) + c.c.
I r& K K'(892) + c.c.
f15
I gs bg(1235)
f 17 ~ K~ Kos~g

I rs bg(1235) rr

I g9 PK'(892) K+ c.c.
f 2p ~KK
I 2g ~fj(1710) ~ vKK

rI2(rr+x )
I 23 D(1232)++prr
f 24 (42'g

I 25 PKK
I 24 (sf'(1710) ~ tbKK
f 27 PP~
I 2rr 6(1232)++Ll(1232)
r2& Z(1385) Z(1385)+ (or c.c.)

p p rI'(958)
f 31 Q f2(1525)
f 32 $7r+ 7r

r33
f 34 ~ fj (1420)

I 36 =(1530) = +
l 37 P K Z{1385)
f 38 4)7l 0

f 39 P g'(958)
I 4o rI fo(980)

= (1530)o=o

I 42 Z(1385) T+ (or c.c.)

5=1.1

5=1.3

5=1.7
5=2.7

5=1.4

S=1.9



See key on page 1343 Meson Full Listings

s/@(is) = s/@(3097)

I 43

I 45
I 46
I 47
I 48
I 49

iso
I 51
I 52

I 54
I 55
~56

lsr
Iss
~59
I 60

d ft(1285)

~r/(958)
(u fp(980)
p rr'(958)
pp4
aa(1320)+ w+

K Kz(1430)+ c.c.
Ka{1430} Ka(1430)
K'(892} K'(892)
d fa(1270)
ppp
err(1440) ~ drlww
vr fra{1525}
Z(1385}oA

A(1232)+ p
Z0A

(2.6 +0.5)xlo 4

( 1.93+0.23) x 10 4

( 1.67+0.25) x 10 4

( 1.4 +0.5 ) x 10

( 1.05+0.18) x 10

( 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 x 10

2.2 xlo 4

( 2 x 1O-4

1 x10 4

9 x 10
6.8 x 10 6

S=l.l

CL=9O%

CL=90%

CL=904/

CL=90%
CL=90%
CL=904/4

CL=90%
CL=90%

CL=9O%

CL=9O%

CL=9O%

CL=90%

I ttt pri(2225)
yg 1760 —s pp p

~113
I 114 ppp7C 7I'

I 115 7'Y

r„6pAA

I tts pX 2200)
I tte r f4{2220)
I tap yX{1400)

( 2.9 +0.6 ) x 10 4

( 1.3 +0.9 )xlo 4

( 3.9 +1.3 ) x 10
7.9 x 10 4

5 x 10 4

1.3 x 10 4

5.5 x 10

I (hadrons)

l/sb(1S) PARTIAL WIDTHS

[a[ The value is for the sum of the charge states indicated.

[b) Includes ppw+ w 7 and excludes pprr, pp~, pprl'

[c[ See the "Note on the rl(1440}" in the rr(1440} Full Listings.

CL=90%
CL=90%
CL=90%
CL=90%

I 61
I 62
I 63
I 64
I 65
I 66
~67
I 68
~69
Iro

I 72
l73
I74
Irs
~76
r»
lrs
~79
I 80
I 81

S2
C83

I84
I85
I86
I87
lss
I89
~90

2(w+w )wo
3(w+w )wo
~+~- ~0
m+~-~0 K+ K-
4(w+ w-) w'
~+~- K+ K-
KKx
p P7c 7c

2(n+w )
3(w+w )
nnx+ x
ZZ
2{w+w-) K+ K-
P P 7l' 7I' 7l'

pp
PPR
pnx
AA

AA

P P7I'

AT w+(or c.c.)
pK A

2(K+K )
pK ~Z

K+ K-
An~o
X+ 7r

K~0K'
AZ+ C.C.

sKs

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 )
( 6.o +0.5 )
( 4.0 +1.0 )
( 4.0 +2.0 )
(4 +4 )
( 3.8 +0.5 )
( 3.1 +1.3 )

[b] ( 2.3 +0.9 )
( 2.14+0.10)

( 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 )
( 2.9 +0.8 )
( 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
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

x10 4

x 10 4

x 10 4

x 10 4

x 10 4

x 1O-4

x 10 4

x 10

S=1.3

5=1.9

5=1.8
5=1.2

CL=90%
CL=904/4

VALUE (keV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

59+24 BALDINI-. .. 75 FRAG e+ e
59+14 BOYARSKI 75 MRK1 e+ e
50+25 ESPOSITO 758 FRAM e+e

I (vlrtualT ~ hadrons)
VALUE (keV)

12 k2
Included in I (hadrons).

r(e+e )

DOCUMENT ID TECN COMMENT

3 BOYARSKI 75 MRK1 e+ e

I2

DOCUMENT ID TECN COMMENT

r(ra+ra )
VAL UE (keV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.8+0.6 BOYARSKI 75 MRK1 e+ e
5.0+1.0 ESPOSITO 758 FRAM e+e

V4L UE (eV)

&sw

CL% DOCUMENT ID TECN COMMENT

BRANDB IK 79C DASP e+ e

VAL UE (keV)

5.20+1M OUR EVALUATION

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5 36+oe29 4 HSUEH 92 RVUE See T mini-review

4.72+0.35 ALEXANDER 89 RVUE See T mini-review

4.4 +0.6 4 BRANDELIK 79C DASP e+ e
4.6 +0.8 5 BALDINI-. .. 75 FRAG e+ e
4.8 +0.6 BOYARSKI 75 MRK1 e+ e
4.6 +1.0 ESPOSITO 758 FRAM e+e

4 From a simultaneous fit to e+ e, Ig+ Ig, and hadronic channels assuming I (e+ e )
= r(I+I )

5 Assuming equal partial widths for e+ e and Id+ y,

I 94
~95
I 96
C97
I 98
I 99

oo
I 101
~102
~103
~104
i 105
~106
~107
I 108
~109
~110

prie(1S)
px+x-2~0
y7lx7r

farl 1440) -+ 7KKw
~n 144o)
'V PP
err'(958)
p2x+ 2'
p fa(2050)
Q 4) (4J

err(1440) ~ ppopo

p fa(1270)
pfg{1710}~ pKK

pft{1420) ~ pKKw
p fj {1285)
p fa(1525}
&44
happ

Radtatlve decays

(
(
(

[c] (
(

(
(
(
(
(
(
(
(
(
(
(
(
(
(

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 +0.7 )
1.5940.33)
1.4 +0.4 )
1.3840.14)
9.7 +1.2 )
8.6 +0.8 )
8.3 +1.5 )
6.5 +1.0 )
6.3 +1.0 )
4.0 +1.2 )
3.8 +1.0 )

x 10
x 10
x 1O-4

x 10
x 10
x 10
x 10
x 10

x 10
x 10
x 10
x 10 4

x10 4

x 10 4

x 10 4

x 10 4

x 10
x 10 4

S=1.9

S=2.1

J/tt(1S) I (I}I{a+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 tet, l

COMMENT

etc. e ~ ~

e+�-
ee+—

V4L UE (keV) DOCUMENT ID TECN

e ~ ~ We do not use the following data for averages, fits, limits,

7 BALDINI-. .. 75 FRAG
7 ESPOSITO 758 FRAM

4 +08
3.9+0.8

r(e+e-) x I (e+e-)/festal
COMMENT

etc. ~ ~ ~

e+ee+�-
ee+—
e+�-
ee+—

VAL UE (keV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages. fits, limits,

0.35+0.02 BRANDELIK 79C DASP
0.32+0.07 7 BALDINI-. .. 75 FRAG
0.34+0.14 BEMPORAD 75 FRAB
0.34+0.09 7 ESPOSITO 758 FRAM
0.36+0.10 7 FORD 75 SPEC

Isla/I
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J/g(1S) = l/@(3097)

r(y+p-) x r(e+e-)/rsn, i

VALUE (kev) DOCUMENT ID TECN COMMENT

0.314 0.09
0.51 +0.09
0.38+0.05
0.46+ 0.10

BEMPORAD 75 FRAB
DASP 75 DASP

ESPOSITO 758 FRAM
7 LIBERMAN 75 SPEC

e+�-
ee+—
e+�-
ee+

o o o We do not use the following data for averages, fits, limits, etc. e ~ o

I sl s/I I (us'+a' )/Irorsi
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

r((uc+c )/r(2(c+e )ee)

DOCUMENT ID TECN COMMEN T

AUGUSTIN 89 DM2 J/Q ~ 2(~~ ~ ) x0
BURMESTER 77D PLUT e+ e
VANNUCCI 77 MRK1 e+ e — 2(x+ -:, ) rr

r9/rsl
I (p)I) x I(e+c )/rrsisi

DOCUMENT ID TECN COMMENT

ARMSTRONG 938 SPEC pp ~ e+e
VALUE (keV)

0.7+1.7
6 Using f total —85'5 —5.8 MeV.+6.1

7 Data redundant with branching ratios or partial widths above.

rrsrs/r VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0.3 9 JEAN-MARIE 76 MRK 1 e+ e

9Final state (R+ ~ )~ under the assumption that mm is isospin G.

I (K'(892)eZ&{1480)e+c.c.)/I rorsi rio/r

J/Q(1$) BRANCHING RATIOS
VALUE (units 10 )

67+26
EVTS DOCUMENT ID TECN COMMENT

40 VANNUCCI 77 MRK1 e+ e
n+m K+K

For the first four branching ratios, see also the partial widths, and (partial

widths) x I (e+ e )/I total above. r(~ tC'(892))r+ c.c.)/me, i

I (hsdrons) /I iersi
VALUE

0.86 +0.02
DOCUMENT ID TECN COMMENT

BOYARSKI 75 MRK1 e+ e

VALUE (units 10 ) EVTS

53+14+14 530+
140

I (~ Iii{1270})/Irsrsi

DOCUMEN T ID TECN COMMENT

BECKER 87 MRK3 e+ e ~ hadrons

I (vlrtuslp ~ hsdrnns)/I nesi
VALUE

0.17 +0.02
8 Included in I (hadrons)/I total

r (c+ e-)/rrorsi

DOCUMENT ID TECN COMMENT

BOYARSKI 75 MRK 1 e+ e

I s/I

TECN COMMEN T

e+�-
ee+—
etc. ~ ~ 0

e+ e- 2(~~ ~-
) ~0

VALUE (units 10 ) EVTS DOCUMENT ID

4.$+0.6 OUR AVERAGE

4.3+0.2 +0.6 5860 AUGUSTIN 89 DM2

4.0+ 1.6 70 BURMESTER 77D PLUT
~ ~ ~ We do not use the following data for averages, fits, limits,

1.9+0.8 81 VANNUCCI 77 MRK1

VALUE

O.OSI9+0.~OUR AVERAGE

0.0592+0.0015+0.0020
0.069 +0.009

r(p p )/Irorsi

DOCUMENT ID TECN COMMENT

COFFMAN 92 MRK3 f(2S) ~ J/@a+ x
BOYARSKI 75 MRK1 e+ e

r(e+ e-)/r(p+ p-)
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~

1.0060.05 BOYARSKI 75 MRKl e+ e
0.91+0.15 ESPOSITO 758 FRAM e+e
0.93+0.10 FORD 75 SPEC e+ e

HADRONlC DECAYS

rs/Is

VALUE DOCUMENT ID TECN COMMENT

O.ON7+0.60K OUR AVERAGE Error includes scale factor of 1.1.
0.0590+0.0015+0.0019 COFFMAN 92 MRK3 $(2S) ~ J/Qx+ R

0.069 +0.009 BOYARSKI 75 MRK1 e+ e

r(it+ F'(892)-+ c.c.)/me„ I is/r
VALVE (units 10 ) EVTS

5.0 +OX OUR AVERAGE

4.57+ 0.1760.70 2285
5.26+ 0.13+0.53

DOCUMENT ID TECN COMMENT

J/@ ~ hadrons

J/& - K+K0S

K+ K
etc. ~ ~ e

J/g -~ K+ K

J/g -~ K+ K0 7r+S
J/g -~ K+X

JOUSSET 90 DM2

COFF MAN 88 MRK3

0 ~ ~ We do not use the following data for averages, fits, limits,

FRANKLIN 83 MRK2

VANNUCCI 77 MRK1

BRAUNSCH. .. 76 DASP

2.6 60.6
3.2 +0.6
4.1 + 1.2

24
48

39

r(dW'(892)e+ c.c.)/me„
TECN COMM EN T

J/g - hadrons

J/@ —+ K+ K0 x+S
Ietc. ~ 0 ~

S

VALUE (units 10 3) EVTS DOCUMENT ID

1.2 +OA OUR AVERAGE

3.96+0.1560.60 1192 JOUSS ET 90 D M2

4.33+0.12+0.45 COFF MAN 88 MRK3

~ o ~ We do not use the following data for averages, fits, lim'its,

2.7 +0.6 45 VANNUCCI 77 MRK1

r(pe)/me, i

VALUE EVTS

0.012+0. 0010 OUR AVERAGE

0.014260.000140.0019
0,013 +0,003 150
0.016 +0.004 183
0.0133+0.0021
0.010 +0.002 543
0.013 +0.003 153

DOCUMENT ID

COFFMAN

FRANKLIN

ALEXANDER
BRANDELIK
BARTEL
JEAN-MARIE

88 MRK3

83 MRK2

78 PLUT
788 DASP
76 CNTR
76 MRK1

e+e
e+e
e+e
e+e
e+ e-
e+e

TECN COMMEN T
VAL UE

0.82+0.OS+0.09
DOCUMENT ID TECN

COFFMAN 88 MRK3

rls/res
COMMENT

J/q-
K K*(892)+C.C.

r(~e'8)/me„
VALUE (units 10 3)

3A+0.3+0.7
EVTS

509

res/I
DOCUMEN T ID TECN COMMENT

AUGUSTIN 89 DM2 J/g -+ ~+ 7r 3~0

I (K F {892}e+C.C.)/I (K+X (892) + C.C.)

VALVE (units 10 )

IS+$4
EVTS

140

I (pen )/I (pn)
VALUE

0.$2$+0.005+0.027
~ ~ ~ We do not use the following

0.36 +0.03
0.35 +0.08
0.32 +0.08
0.39 +0.11
0.37 +0.09

r(ss(1820) p)lrnn i

VALUE(units 10 3) EVTS

10.9+24 OUR AVERAGE

11.7+0.7+2.5 7584
8.4 k4.5 36

I (s e+e+e-e-)/rnn, i

DOCUMENT ID TECN COMMENT

COFFMAN 88 MRK3 e+e
data for averages, fits, limits, etc. ~ ~ ~

SCHARRE 798 MRKl e+ e
ALEXANDER 78 PLOT e+ e
BRANDELIK 788 DASP e+ e
BARTEL 76 CNTR e+ e
JEAN-MARIE 76 MRK1 e+ e

rs/rs

DOCUMENT ID TECN COMMENT

DOCV MENT ID TECN COMMEN T

VANNUCCI 77 MRK1 e+ e ~ 3{~+~

AUGUSTIN 89 DM2 J/@ ~ p p+ R +
VANNUCCI 77 MRK1 e+ e ~ 2(x+x )~0

I (g(1235)+s'+) /I iorsi
VALUE(units 10 4) EVTS

30+5 OUR AVENGE
31+6 4600
29+ 7 87

r(~rc+ rtece+)/r~,
VALUE(units 10 4) EVTS

29.5+1A+7.0 879+
41

r(h, (12ss}'6)/r
VALUE(units 10 4) EVTS

28+3+5 229

I (d K'{892)}r+cc)/Inn, i

VALUE(units 10 4) EVTS

ae.a+2S OUR AVERAGE

20.7 k 2.4 +3.0
20 +3 +3 155+

20

DOCUMENT ID TECN COMMEN T

I is/I

DOCUMENT ID TECN COMMENT

BECKER 87 MRK3 e+ e hadrons

DOCUMENT ID TECN COMMENT

AUGUSTIN 89 DM2 e+ e

I gs/I

lie/I
DOCUMENT ID TECN COMMENT

FALVARD

BECKER
88 DM2 J/f ~ hadrons

87 MRK3 e+ e ~ hadrons

AUGUSTIN 89 DM2 J/g ~ 2(x+ ~ )+0

BURMESTER 77D PLOT e+ e
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J/q(iS) = J/@(3{}97)

VALUE(units 10 4)

16 0+1.0+3.0
DOCUMENT ID TECN COMMEN T

FALVARD 88 DM2 J/Q ~ hadrons

I (at KÃ}/fioat
VALUE(units 10 4) EVTS DOCUMENT ID TECN COMMENT

19 + 4 OUR AVERAGE
19.8+ 2.1+3.9 FALVARD 88 DM2 J/Q ~ hadrons

16 +10 22 FELDMAN 77 MRK1 e+e
Addition of ujK+ K and ujK ~K branching ratios.

f{atfj{1710) at KÃ}/I ~t
VALUE(units 10 4) DOCUMENT ID TECN COMMENT

4.S+1.1+O.S 11,12 FALVARD 88 DM2 J/Q ~ hadrons

Includes unknown branching fraction fJ(1710) ~ KF.
Addition of fJ(1710) ~ K+ K and fJ(1710) ~ K ~K branching ratios.

I ($2(e+o ))/I ~t

r(~r, (1428)}(r~,
VALUE (units 10 )

6.S+'9+1.V' -1.6

f(~8}/f I

EVTS

111+31-26

VALUE(units 10 3) EVTS

0.61 +O.OT OUR AVERAGE

0.64 +0.04 +0.11 346
0.66160.045+ 0.078

I (/KHAKI x+}/I ototI
VALUE (units 10 ) EVTS

7.2+0.9 OUR AVERAGE
7.4+0.9+1.1
7 +0.6+1.0 163+

15

DOCUMENT ID TECN COMMENT

DOCUMENT ID

BECKER

TECN COMMENT

87 MRK3 e+e ~ hadrons

DOCUMENT ID TECN COMMENT

JOUSSET 90 DM2 J/Q ~ hadrons

COFFMAN 88 MRK3 e+e ~ K+K

FALVARD 88 DM2 J/Q ~ hadrons

BECKER 8T MRK3 e+ e ~ hadrons

r(a{1232}++}I~-}/roo„
VALUE(units 10 ~) EVTS

1.58+0.2$+OAO 332

f(~8}/foe I

VALUE(units 10 ~) EVTS

1.IS+0.16 OUR AVERAGE
1.43+0.10+0.21 378
1.71+0.08+0.20

DOCUMENT ID TECN COMMENT

EATON 84 MRK2 e+e

DOCUMENT ID TECN COMMENT

JOUSSET 90 DM2 J/7IC ~ hadrons

COFFMAN 88 MRK3 e+e ~ 3+7)

r(:-{1sso)-=+}/r~,
VALUE(units 10 3) EVTS

0.19+0.09+0.12 75 6
11

I (pK T(1385)o}/I~I
VALUE(units 10 3) EVTS

0.51+0M+0.1S 89

I {ate )/I OtOtI

DOCUMEN T ID TECN COMMENT

HENRARD 87 DM2 e+ e

DOCUMENT ID TECN COMMENT

EATON 84 MRK2 e+e

I (IItKÃ}/I OtraI

VALUE(units 10 4) EVTS DOCUMENT ID

14.S+2.2 OUR AVERAGE
14.6+0.8+ 2.1 13 FALVARD 88 DM2
18 +8 14 FELDMAN 77 MRK1

Addition of It K+ K and rfjK ~K branching ratios.

TECN COMMENT

J/@ ~ hadrons
e+e

I (IIfj{1710}-t IIKR)/I ~[
VALUE(units 10 4) DOCUMENT ID

3.6+ .2+0.6 14 15 FALVARD

Including Interference with f2(1525).
Includes unknown branching fraction fJ(1710) ~ KK.

TECN COMM EN T

88 DM2 J/@ ~ hadrons

I {piIat}/f~t
VALUE(units 10 3) EVTS DOCUMENT ID TECN

1.3060M OUR AVERAGE Error includes scale factor of 1.3.
1.10+0.17+0.18 486 EATON 84 MRK2
1.6 +0.3 77 PERUZZI 78 MRK1

I (jS(1232)++Z(1232) )/I ottit

COMMENT

e+ e-
e+e

VALUE (units 10 3) EVTS

1.03+0.1$ OUR AVERAGE

1.00+0.04 +0.21 631+
25

754 +
27
56
68

1.1960.04+0.25

0.86+0.18+0.22
1.0360.24 60.25

f(p}It/(958)}/I tttrat

DOCUMENT ID

HENRARD

TECN COMMEN T

87 DM2 e+e ~ Z~

HENRARD 87 DM2 e+ e ~ Z~+

EATON

EATON

84 MRK2 e+ e ~ Z'~

84 MRK2 e+e ~ Z'*+

flo/f
VALUE(units 10 3) EVTS DOCUMENT ID TECN

0.9 +0.4 OUR AVERAGE Error includes scale factor of 1.7.
0.68+0.23 +0.17 19 EATON 84 MRK2
1.8 +0.6 19 PERUZZI 78 MRK1

I {tNI I"2(1525)}/I ttttat

VALUE (units 10 ) EVTS DOCUMENT ID TECN.

8 +4 OUR AVERAGE Error includes scale factor of 2.7.
12.3+0.662.0 16t17 FALVARD 88 DM2
4.8 +1.8 46 16 GIDAL 81 MRK2

Re-evaluated using B(f2(1525) ~ KK) = 0.713.
17 Including interference with fJ(1710).

COMMENT

e+�-
ee+—

COMMENT

J/lij ~ hadrons

Jilt
K+K K+K

VALUE (units 10 3) EVTS DOCUMENT ID TECN COMMENT

1.10+OAS+0.2S 233 EATON 84 MRK2 e+ e

f(I'{1385) T{1385}+(ore.c.)}/I tttcII

VALUE(units 10 S) 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 7r+7f

r {got{858}}/r~I
VALVE (units 10 3) CLok EVTS

0.3S +0.04 OUR AVERAGE
0.41 +0.03 +0.08 167

0.308k 0.034+0.036

DOCUMENT ID TECN COMMENT

JOUSSET 90 DM2 J/@ ~
hadrons

COFFMAN 88 MRK3 e+e
K+ K-~I

~ ~ ~ We do not use the following data for averages, fits, limits,

&1.3 90 VANNUCCI 77

r{tJIro(88O)}(roo,t
VALUE(units 10 4) EVTS DOCUMEN T ID TECN

$.2+0.9 OUR AVERAGE Error includes scale factor of 1.9.
4.6+0.4 +0.8 18 FAI YARD 88 DM2
2.6+0.6 5P GIDAL 81 MRK2

Assuming B(fp(980) ~ ~7r) = 0.78.

I (=(1530)o~)/I ooII

etc. ~ ~ ~

MRK1 e+e

COMMENT

J/Q ~ hadrons

J/@ ~
K+ K K+K

VALUE(units 10 3) EVTS

0.32+0.12+0.07 24 +
9

DOCUMENT ID TECN COMMENT

HENRARD 87 DM2 e+ e

I {Z(1385)-T+(or c.c.)}/r~I
VALUE(units 10 ~) EVTS

0.$1+0.05 OUR AVERAGE

0.30+0.03j0.07 74 +
8

0.34+0.04+0.07 77 6
9

26
28

0.29+0.11+0.10
0.31+0.11+0.11

r(IIr, {1285)}(roN„

DOCUMENT ID TECN COMMENT

HENRARD 87 DM2 e+ e ~ Z~

HENRARD 87 DM2 e+ e ~ Z*+

EATON

EATON

84 MRK2 e+e ~ Z~

84 MRK2 e+e ~ Z~+

VALUE (units 10 ) EVTS DOCUMEN T ID TECN COMMENT

2.6+0$ OUR AVERAGE Error includes scale factor of 1.1.
3.2+0.6+0.4 JOUSSET 90 DM2 J/Q ~ $2(lr+ a )
2.1+0.5+0.4 25 19 JOUSSET 90 DM2 J/7I(t —a 4 7) x+ lr

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.6+0.2+O.l 16 + BECKER 87 MRK3 J/7jtt —+ Itr K K7r
6

We attrribute to the fl(1285) the signai observed in the x+ 7r 7I Invariant mass d'istrl-
bution at 1297 Mev.

f{prr}(ftorat

r(II~+ ~-}/r~,

23

VALUE (units 10 EVTS

0.80+0.12 OUR AVENGE
0.78+0.03+0.12
2.1 40.9

DOCUMENT ID TECN COMMEN T

FALVARD 88 DM2 J/Q ~ hadrons
FELDMAN 77 MRK1 e+ e

VALUE(units 10 3) EVTS

0.193+0.02$ OUR AVERAGE
0.194+0.017+0.029 299
0.193+0.013+0.029

DOCUMENT ID TECN COMMENT

JOUSSET 90 DM2 J/@ ~ hadrons
(OFFMAN 88 MRK3 e+e ~ ~++ q
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J/@(15) = J/@(3097)

r(~9'(988))/r„„,
VALUE(units 10 3) EVTS

0.26?+0425 OUR AVERAGE

0 18 ' +003 6—0.08
0.166+0.017+0.019

I (o fo(980)) /rtota1

DOCUMENT ID TECN COMMEN T

JOUSSET 90 DM2 J/g ~ hadrons

COFFMAN 88 MRK3 e+ e ~ 3n. rif

I «/I

r«/r

r(2(~+~-)~tt)/r~,
VALUE EVTS
0.0337+0.OOW OUR AVERAGE

0.0325+0.0049 46055
0.0317+0.0042 147
0.0364+0.0052 1500
0.04 -E 0.01 675

DOCUMENT ID TECN COM MEN T

rat/I

AUGUSTIN 89 DM2 J/g ~ 2(n+ x )xP
FRANKLIN 83 MRK2 e+ e hadrons
BURMESTER 77D PLUT e+ e
JEAN-MARIE 76 MRKl e+ e

VALUE(units 10 4) DOCUMENT ID TECN

1.41+0.27+0.47 20 AU(.-USTIN 89 DM2

Assuming B(fp(980) —+ ~w) = 0.78.

I (pn'(958})/rtotaf

COMMENT

J/@ ~ 2(~+~ )zp
r(3{~+~-)~o)/r~t
VALUE EVTS

O.tN9+0.00$ OUR AVERAGE

0.028 +0.009 11
0.029 +0.007 181

DOCUMENT ID TECN COMMEN T

FRANKLIN 83 MRK2 e+ e ~ hadrons

JEAN-MARIE 76 MRK 1 e+ e

VAL UE (units 10 ) EVTS

0.106+081SOUR AVERAGE
0.083 +0.030+0.012 19
0.114+0,01440.016

r (p}itI)/rtotai

DOCUMENT ID TECN COM MEN T

JOUSSET 90 DM2 J/g hadrons

COFFMAN 88 MRK3 J/@ ~ x+ x

r«/r

I (a+st ao)/Itotat
VALUE EVTS DOCUMEN T ID TECN COMMEN T

0.016 +0.002 )68 FRANKLIN 83 MRK2 e+ e
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e 8 8

0.0149k 0.0022 EINSWEILER S3 MRK3 e+ e

VALUE(units 10 4) CL%

90

I (K}r'(1430)+c.c.)/I

VALUE(units 10 4)

0.46+0.13+0.07

I (oa(1320)+st+) ll total

DOCUMENT ID TECN COMMENT

FALVARD 88 DM2 J/1' ~ hadrons

DOCUMENT ID TECN COMMENT

BRAUNSCH. .. 76 DASP e+ e

r(~+~-P K+K-)/r~t
VALUE

0.012 +0.003
EVTS

309

I (4(a+st )tta)/rtot, t

VALUE (untts 10 EVTS

90+30 13

DOCUMENT ID TECN COMMENT

VANNUCCI 77 MRKl e+ e

DOCUMENT ID TECN COMMENT

JEAN-MARIE 76 MRK 1 e+ e

&66 90 BRAUNSCH. .~ 76 DASP

I (Ka'(1430)a }ra'(1430)a)/I totat

COMMENT

e+e ~ K0K'0
2

etc. ~ ~ ~

e+e—— K+ K*+
2

VALUE (units 10 ) CL 4A

&29 90

DOCUMENT ID TECN COMMENT'

VANNUCCI 77 MRK1 e+ e
w+~- K+ K-

VALUE(units 10 4) CL% DOCLIMENT ID TECN

&40 90 VANNUCCI 77 MRK1

~ o ~ We do not use the following data for averages, fits. iimits,

r(~+~- K+ K-)/r~t
VALUE (units 10 ) EVTS

72+23 205

r(K}r~)/rt«, t

VALUE (units 10 ) EVTS

61 410 OUR AVERAGE

55.2+ 12.0 25
78.0+21,0 126

DOCUMEN T ID TECN COMMENT

VANNUCCI 77 MRK1 e+ e

DOCUMENT ID TECN COMMEN T

FRANKLIN 83 MRK2 e+ e ~ K+ K
VANNUCCI 77 MRK1 e+ e ~ K K+ m +5

I (K'(892) }r'(892)o)/I totat
VALUE (units lo )

I (4I f2(1270))/I totat

CL%

90

DOCUMENT ID TECN COMMENT

VANNUCCI 77 MRK1 e+ e~+~- K+ K-

VALUE(units 10 4)

&3.7
CL% DOCUMENT ID TECN

90 VA NNU CC I 77 MRK1

COMMENT

e+e-
x+x K+ K

etc. ~ ~ ~

J/@ ~ hadrons

~ ~ ~ We do not use the following data for averages, fits, limits,

&4.5 90 FALVARD 88 DM2

r(py~+~ )/r~~-
VALUE (units 10 ) EVTS DOCUMENT ID

6.0 +0.6 OUR AVERAGE Error includes scale factor

6.46 k 0.17+0.43 1435 EATON 84
3.8 +1,6 48 BESCH 81
5.5 +0.6 533 PERUZZI 78

WEIGHTED AVERAGE
6.0~0.5 {Error scaled by 1.3)

TECN COMMEN T

of 1.3. See the ideogram below.

MRK2 e+ e
BONA e+e
MRK1 e+e

r(p)Ip)«~t
VALUE(units 10 3)

&0.31
CL%

90

DOCUMENT ID

EATON

rsa/r
TECN COM MEN T

84 MRK2 e+e ~ hadronsp

I (PtI(1440) ~ 4ItI+tt)lt total
VAL UE (units 10 4) CL% DOCUMENT ID TECN

&2.6 90 2 FALVARD 88 DM2

Includes unknown branching fraction ri(1440) ~
I (a f', {1828))/r~t
VALUE(units 10 4)

+2I2

CL% DOCUMENT ID TECN

9p 22 VANNUCCI 77 MRK1

~ ~ ~ We do not use the following data for averages, fits, limits,

&2.8 9P FALVARD 88 DM2

Re-evaluated assuming B(f2(1525) ~ K K) = 0.713.

COMMENT

J/Q ~ hadrons

COMMENT

e+ e-
x+a mpK+ K

etc. ~ ~ i
J/@ ~ hadrons

0 2 6

TON
SCH
RUZZI

84 MRK2
81 BONA
78 MRK1

1.0
1.9
0.7
3.6

{Confidence Level = 0.167)
I

10

I (Z(1388)oÃ)/I totat
VALUE (units 10 )

~0.2
CLo

90
DOCUMENT ID TECN COMMENT

HENRARD 87 DM2 e+ e

r»/r r(pptt+tt )/rtota~ (units 10 )

I (2{a+st })/I totat raa/r

I (6{1232)+P)/I~t
VALUE (units 10 )

(0.1

I (E ig /f totat
VAL UE,(units tO )

&0.9

r (4 +)/r~t
VALUE (units 10 )

CQ.068

CL 44

90

CL%

CL%

90

DOCUMENT ID TECN COMMENT

HENRARD 87 DM2 e+ e

DOCUMEN T ID TECN COMMEN T

HENRARD 87 DM2 e+ e

DOCUMENT ID TECN COMMENT

COFFMAN 88 MRK3 e+ e ~ K+ K

VALUE

0.004 +0.001

r(3(~+~-))/r t

VALUE (units 10 )

40+20

I (nile+a )/ftotat
VALUE (units 10 )

3.8+3 6

EVTS

76

EVTS

32

DOCUMEN T ID TECN COMMENT

JEAN-MARIE 76 MRK1 e+ e

DOCUMEN T IO TECN COMMENT

JEAN-MARIE 76 MRK1 e+ e

DOCUMEN T ID TECN COMMENT

BESCH 81 BONA e+ e
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J/g(1S) = J/@(3097)

r(rT)/r»,
VALUE (units 10 ~)

3.8 +0.5 OUR AVERAGE

3.18+0.12+0.69

4.74+ 0.48 +0.75
7.2 +7.8
3.9 +1.2

EVTS

884+
30
90
3

52

VALUE(units 10 4)

31+1$
EVTS

30

I (p}lsr+o Io)/I »t

r(2{~+~-)K+ K-)lr»,

DOCUMENT ID TECN COMMENT

PALL IN

EATON

BESCH
PERUZZI

87 DM2 e+ e

84 MRK2 e+ e ~ E0~E
81 BONA e+e ~ E+ E
78 MRK1 e+ e s E E

DOCUMENT ID TEChl COMMENT

VANNUCCI 77 MRK1 e+ e

r(ttii}/r»t
VALUE(units 10 2) EVTS

0.19 +0.05 OUR AVERAGE

0.19040.055 40
0.18 +0.09

I (AA)/I »t

DOCUMENT ID TECN COMMENT

ANTONELLI 93 SPEC e+ e
BESCH 78 BONA e+ e

COMMENT

e+�-
ee+
e+�-
ee+

VALUE (units 10 3) EVTS DOCUMENT ID TECN

1.35+Os14 OUR AVERAGE Error includes scale factor of 1.2.
1.38 +0.05+0.20 1847 PALLIN 87 DM2
1.58+0.08+0.19 365 EATON 84 MRK2
2.6 +1.6 5 BESCH 81 BONA

1.1 +0.2 196 PER UZZI 78 MRKl

Including p pm+a y and excluding ~, rI, r)'

VALUE (units 10 3) EVTS DOCUMEN T 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 MRKl e+ e

r(p p)/r»t

l (p}ftt )/r»t
VALUE(units 10 S) EVTS

1.09+0.09 OUR AVERAGE

1.13+0.09+0.09 685
1.4 +0.4
1.00 +0.15

DOCUMENT ID TECN COMMENT

EATON 84 MRK2 e+ e
BRANDELIK 79c DASP e+ e
PERUZZI 78 MRK1 e+e

rex/r

VALUE(units 10 3) EVTS

2.14+0.10 OUR AVERAGE

2.0 +0.3 48 ANTONE LLI
1.91+0,04+0.30 PALLIN

2.1660.07+0.15 1420 EATON

2.5 +0.4 133 BRANDEI IK

2.0 +0.5 BESCH
2.2 +0.2 331 23 PERUZZI

Assuming angular distribution (1+cos 8).

DOCUMENT ID

r(pIi}lr(p+ p )

TECN COMMENT

93 SPEC
87 DM2

84 MRK2

79C DASP

78 BONA

78 MRK1

e+e
e+�-
ee+—
e+�-
ee+—
e+e—

VALUE EVTS DOCUMENT ID TECN COMMENT

0.051+0.02 20 24 WIIK 75 PLUT e+ e

Assuming angular distribution (1+cos 8).

l (AT o+{orc.c.))/I »t

225 6
15

342 +
18

135
118

1.11+0.06k 0.20

1.53+0.1760.38
1.3860.2160.35

r(pK-A)/r»,
VALUE(units 10 3)

O.&+0.07+0.14

l (2{K+K ))/l»t

EVTS

307

VALUE (units 10 3) EVTS

1.OS+0.12 OUR AVERAGE

0.90+0.0640.16

DOCUMENT ID TECN COM MEN T

HENRARD

EATON

EATON

87 DM2 e+e ~ AT x+

84 MRK2 e+e ~ AT+~
84 MRK2 e+e ~ AE ~+

DOCUMENT ID TECN COMMENT

EATON 84 MRK2 e+e

HENRARD 87 DM2 e+ e ~ AT+a

r(pre)«»t
VALUE(units10 3) EVTS

2.09+0.1$ OUR AVERAGE

2.03k 0.13+0.15 826
2.5 +1.2
2.3 +0.4 197

r(pal~-) lr»,

DOCUMENT ID TECN COMMENT

EATON 84 MRK2 e+e
BRANDELIK 79C DASP e+ e
PERUZZI 78 MRK1 e+ e

VALUE(units 10 4)

7 +3

r(pK- v)/r»,
VALUE(units 10 3)

0.29+0.06+0.05

l (K+K )/r»t

EVTS

90

DOCUMENT ID TECN COMMENT

VANNUCCI 77 MRK1 e+ e

DOCUMENT ID TECN COMMENT

EATON 84 MRK2 e+e

VALUE (units 10 EVT5

2.00+Os10 OUR AVERAGE

2.02 60.07+0.16 1288
1.9360.07 +0.16 1191
1.7 +0.7 32
1.6 + 1.2 5
2.164 0.29 194
2.04 +0.27 204

r(=3/r»l

DOCUMENT ID

EATON

EATON

BESCH
BESCH
PERUZZI

PERUZZI

TECN COMMENT

84 MRK2 e+ e
84 MRK2 e+e
81 BONA e+e
81 BONA e+e
78 MRKl e+e
78 MRKl e+e

prr
—+ Prr+

p 1!'

p~+
pir
p~+

2.28 k 0.1660.40
3.2 +0.8

COMMENT

the ideogram below.

e+e ~ = -+
e+ e— =—=+
e+ e-

WEIGHTED AVERAGE
1.8+0.4 (Error scaled by 1.8)

VALUE (units 10 3) EVTS DOCUMENT ID TECN

1.8 +0.4 OUR AVERAGE Error includes scale factor of 1.8. See
1.40 4 0.12+0,24 132+ HENRARD 87 DM2

11
194 EATON 84 MRK2

71 PERUZZI 78 MRK1

VALUE(units 10 4) EVT5

2.37+041 OUR AVERAGE

2.39+0.24+0.22 107
2.2 +0.9 6

I (AZtr )/f»t
VALUE(units 10 3)

0.22+0.OS+0.05

r(o+ o-}/r»l

EVTS

19 6
4

VALUE(units 10 4) EVTS

1A7+OM OUR AVEItAGE

1.58+0.20+0.15 84
1.0 +0.5 5
1.6 +1.6 1

r(Kos Koc}/r»,
VALUE(units 10 4) EVTS

1.0e+0.14 OUR AVENGE
1.18+0.1240.18
1.01+0.16+0.09 74

DOCUMENT ID TECN COMMENT

BALTRUSAIT. .85D MRK3 e+ e
BRANDELIK 79C DASP e+ e

DOCUMENT ID TECN COMMENT

HENRARD 87 DM2 e+ e

DOCUMENT ID TECN COMMENT

BALTRUSAIT. .BSD MRK3 e+ e
BRANDELIK 788 DASP e+ e
VANNUCCI 77 MRK1 e+ e

DOCUMENT ID TECN COM MEN T

JOUSSET 90 DM2 J/Q ~ hadrons
BALTRUSAIT. .85D MRK3 e+ e

I (AT+ c.c.)/I »)
VALUE (units 10 3)

&0.15

r(&s Kos)/r»t

CL%

90

DOCUMENT ID

PERUZZI

TECN COMMEN T

78 MRK1 e+e ~ AX

I hatt/F

HENRARD.EATON. . .PERUZZI

2
X

87 DM2 1.8
84 MRK2 1.4
78 MRK1 3.2

VALUE (units 10 )

(OA$2

Forbidden by CP.

CL oA

90
DOCUMENT ID TECN COMMENT

BALTRUSAIT. .85C MRK3 e+ e

RADIATIVE DECAYS

I (= =}/I tutu~ (units 10 3)

6.5
(Confidence Level = 0.039)

I

6

I (7src{1S))/I»t
EVTSVALUE DOCUMENT ID TECN COMMENT

0.0127+0.0036 GAISER 86 CBAL J/Q —s 7X
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

seen 16 BALTRUSAIT. .84 MRK3 J/Q ~ 2ttrp
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J/y(iS) = J/y(3097}
I (7sl+tt' 2tl )/I ttttat

VALUE (units 10 3)

8.$+0.2+3.1
42r mass less than 2.0 GeV.

I (7sYo"st)/I tsttat

DOCUMENT ID TECN COMMENT

26 BALTRUSAIT. .86B MRK3 J/Q ~ 4Yrp

WEIGHTED AVERAGE
2.8~0.5 (Error scaled by 1.9)

DOCUMENT ID

I (7ti(1440) -+ 7KFo)/I ttasat

VALUE (units 10 )

6.1 +1.0 OUR AVERAGE

5.85+0.3+1.05 27 EDWARDS

7.8 +1.2+2.4 27 EDWARDS

Broad enhancement at 1700 MeV.

TECN COMMEN T

83B CBAL J/@ ~ rIYr+Yr

83B CBAL J/1i'/ —a rl 27r

VALUE (units 10 ) DOCUMENT ID

O.%I+0.18 OUR AVERAGE

0.83+0.13k 0.18 28,29 AUGUSTIN 92 DM2

1 03+0.21+0.26—0.18 —0.19
28,30 BAI 90C MRK3

~ ~ o We do not use the following data for averages, fits, limits,

1.78+0.21+0.33 28731 AUGUSTIN 92 DM2

3.8 60.3 +0.6 28 AUGUSTIN 90 DM2

0.66+0.17+0.24
—0.16 —0.15

28,32 BAI 90C MRK3

6.3 +1.4 28 WISNIEWSKI 87 MRK3
4.0 k 0.7 6 1.0 28 EDWARDS 82E CBAL
4.3 +1.7 SCHARRE 80 MRK2

Includes unknown branching fraction q(1440) —+ K KYr,

From fit to the K~(892) K 0 + partial wave.

From K*(890)K final state.
From fit to the a0(980)7r 0 + partial wave.

From a0(980) Yr final state.
33 Corrected for spin-zero hypothesis for rI(1440).

TECN COMMEN T

J/g —s pK Kx

J/Q ~ p K0 K+ Yr+S
etc. ~ o ~

J/@ ~
Jll
JIA

e+e

yKK7r
pKKx
pK0 K+Yr+S
KKxp
K+ K Yro

I (7ti(1440) ~ 77p )/rtotat
VALUE(units 10 S) DOCUMENT ID TECN COMMENT

6.4+1.2+0.7 COFFMAN 90 MRK3 J/Q —s

gpss+

Yr

341ncludes unknown branching fraction rI(1440) ~ pp .

I'(7pp)/rttttat
VALUE (units 10 ) CL% TECN COMMENT

4.5 +D.e OUR AVERAGE
4.7 +0.3 +0,9 BALTRUSAIT. .86B MRK3 J/Q ~ 4mp
3.75 +1.056 1.20 BURKE 82 MRK2 J/@ ~ 47ry

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.09 90 37 BISELLO 89B J/Q —a 4' p

3547r mass less than 2.0 GeV.
47r mass less than 2.0 GeV, 2p corrected to 2p by factor of 3.
47r mass in the range 2.0-25 GeV.

DOCUMENT ID

I (7s/(958))/I ttatat

TECN COMMEN TDOCUMENT ID

BOLTON

BOLTON

VALUE (units 10 ) EVTS

431+0.30 OUR AVERAGE

4.50 k 0.14+0.53 l/Q ye+ e
7'y

l/O yn+ n
~+~- ~0

J/Q ~ yY)Yr+Yr

J/g -+ gpss+ Yr

e+e- 3p+
hadronsp

etc. o ~ ~

92B MRK3

92B MRK34.30+0.3160.71

622
2420

AUGUSTIN 90 DM2

AUGUSTIN 90 DM2

BLOOM 83 CBAL

4.04+0.16+0.85
4.39+0.09+0.66
4.1 60.3 +0.6

~ ~ ~ We do not use the following data for averages, fits, limits,

2.9 +1.1 6 BRANDELIK 79C DASP

3 8 41.3 38 SCHARRE 79B MRK1
3.4 +0.7 SCHARRE 79B MRK1
2.4 +0.7 57 BARTEL 76 CNTR

38 From the inclusive p decay spectrum.

e+e-
e+e ~ pX
e+e ~ 2x2p
e+e—

2pp

r(72~+2~-)/r~t

roY/I

I oo/r

roe/r
VALUE (units 10 ) DOCUMENT ID TECN COMMEN T

2.8 +0.5 OUR AVERAGE Error includes scale factor of 1.9. See the Ideogram below.

4.32 +0.14+0.73 39 BISELLO 89B DM2 J/hatt ~ 42rp
2.08+0.13+0.35 BISELLO 89B DM2 J/Q —a 47rp
3.05+0.08+0.45 40 BALTRUSAIT. .86B MRK3 J/1|2 —+ 47r p
4.85 +0.45+ 1.20 41 BURKE 82 MRK2 e+e

3947r rnaSS leSS than 3.0 GeV.
47r mass less than 2.0 GeV.
47r mass less than 2.5 GeV.

0 2

V'
~v
AJ I

* . BISELLO 89B DM2
BISELLO 89B DM2
BALTRUSAIT. .. 86B MRK3
BURKE 82 MRK2

(Confidence Level
I

10

4.2
3.7
0.3
2.5

10.8
= 0.013)

I (q2tt+2tt )/Itotat (units 10 )

r(7 f4(20M))/rtatal
VALUE(units 10 3) DOCUMEN T ID TECN COMMENT

2.?+0.5+0.5 42 BALTRUSAIT 87 MRK3 J/@ —a ye+
Assuming branching fraction f4(2050) ~ YrYr/ total = 0.167.

I (7tattd)/I ttatat

rxoo/r
robot/r

VALUE (units 10 3)
1.59+08$ OUR AVERAGE

1.41+0.2 +0.42

EVTS

1206
17

1.76+0.09+0,45

I (7tI(1440) 7p p )/I ttatttt

DOCUMENT ID TECN COMM EN T

BISELLO 87 SPEC e+ e, hadronsy

BALTRUSAIT. ,85C MRK3 e+ e ~ hadronsp

VALUE(units 10 3) DOCUMENT ID

136+0.8$ 43 44 BISELLO

Estimated by us from various fits.
Includes unknown branching fraction to p p .

r(7'(1270))/rttttat

TECN COMMENT

89B DM2 J/Q —s 4xp

rsos/r
VALUE (units 10 3) EVTS

1.3+0. 14 OUR AVERAGE

1.33+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

TECN CHG COMMEN TDOCUMENT ID

45 AUGUSTIN 87 DM2

BALTRUSAIT. .87 MRK3
EDWARDS 82B CBAL
ALEXANDER 78 PLUT 0

46 BRANDELIK 78B DASP

J/g ~ pYr+ Yr

J/Q ~ pYr+x
8+ 8 —+ 2x
e+ e-
e+e~~7

do not contain theEstimated using B(f~(1270) ~ Yr Yr}=0.843 6 0.012. The errors
uncertainty in the f2(1270) decay.

46 Restated by us to take account of spread of El, M2, E3 transitions.

I (7fj(1710) 7KK) /I ttttat

TECN COMMENT

I (7ti)/rttatat
VALUE(units10 3) EVTS

0.16+DAN OUR AVERAGE

0.88 +0.08+0.11
0.82 +0.10
1.3 +0.4 21

DOCUMENT ID TECN COMM EN T

BLOOM 83 CBAL e+ e
BRANDELIK 79C DASP e+ e
BARTEL 77 CNTR e+ e

rsos/r

VALUE(units 10 4) CL% DOCUMENT ID

O.?+12OUR AVERAGE

9.2 + 1.4 +1.4 AUGUSTIN 88 DM2 J/Q ~ pK+ K
10,4+ 1.2+ 1.6 AUGUSTIN 88 DM2 J/Q —a y KS KS
9.6+ 1.2 + 1.8 BALTRUSAIT. .87 MRK3 J/Yj ~ P K+ K

~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ 0

& 0.8 90 BISE LLO 89B J/Q —+ 47rp

1.6 +0.4 +0.3 49 BALTRUSAIT. .87 MRK3 J/vP ~ p2r+ Yr

3.8+ 1.6 0 EDWARDS 82D CBAL e+ e — rl YIq

Includes unknown branching fraction to K+ K or K K . We have multiplied K+ K5 S'
rneasurernent by 2, and KSK& by 4 to obtain KK result.

Includes unknown branching fraction to p p ~

49 Includes unknown branching fraction to Yr+ Yr

Includes unknown branching fraction to YIYI.
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J/@(1S)= J/@(3097)

r(7f (1420) 7KKx)/I ~~ I joa/r r(7si(2225)) /I jajai
VALUE(units 10 3) TECN COMMENT

O.IS+0.15 OUR AVERAGE
0.76+0.15+0.21 AUG USTIN 92 DM2 J/Q —+ p K K ir

0.87+0.14+—0.11
» BAI 90C MRK3 J/g ~ pK0 K+Yr+S

Included unknown branching fraction f1(1420) —+ KKYr.

From fit to the K*(892)K 1++ partial wave.

DOCUMENT ID

I (7fj{1255))/I jajai
DOCUMENT ID

I (7fso(1525)}/I jajai
VALUE (units 10 3) CL% EVTS

O.SS+Os10 OUR AVERAGE
0.70 +0.17+0.11

0.5660.06+0.11

0.8460.20+0.17

DOCUMENT ID

rjoo/r
TECN COMMEN T

57 AUGUSTIN 88 DM2 J/Q ~
pK+K

57 AUGUSTIN 88 DM2 J/Q ~
PK0S KS

BALTRUSAIT. .$7 MRK3 J/@ ~
pK+ K

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

0.25+0.14 FRANKLIN 83B MRK2
&0.34 9p 4 58 BRANDELIK 79C DASP

&0.23 ALEXANDER 78 PLUT

Using B(f2(1525) ~ K K) = 0.713.

Assuming isotropic production and decay of the f2(1525) and isospin.

r(7IIII}/rjajai

J/@ —+ yKK
e+ e-

Yr+ Yr- p
e+ e-

K+K—
q

rjoolr
VALUE(units 10 4) 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 BA I 90B MRK3
3.4+0.8+0.6 33 6 BISELLO 90 DM2

7

3.1+0.7+0.4 59 BISELLO 86B DM2

5 $4 mass less than 2.9 GeV, Y)c excluded.

COMMENT

the ideogram below.

J/Yit1 ~ P4K
J/Q ~

PK+ K KPS K0L

J/Q ~
p K+ K K+ K

WEIGHTED AVERAGE
4.0~1.2 (Error scaled by 2.1)

VALUE(units 10 ~) CL% TECN COMMENT

0.65 +0.10 OUR AVERAGE
0.625+0.06360.103 3 BOLTON 92 MRK3 J/YI{I ~ 7 f1(1285)
0.70 +0.09 +0.16 54 BURCHELL 91 MRK3 J/@ ~ pi)ir+ Yr

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.025 60.00760.003 COFFMAN 90 MRK3 J/Q ~ gpss+ Yr

&6 90 SCHARRE 80 MRK2 J/Q —a y K Kx
Obtained summing the sequential decay channels
B(J/@ ~ yf1(1285), f1(1285) ~ Yriririr) = (1.44 k 0.39 k 0.27) x 10
B(J/Q ~ yf1(1285), f1(1285) ~ SYf, b ~ r)x) = (3.90 6 0.42 4 0.87) x 10
B(J/@ ~ yf1(1285), f1(1285) ~ b'Yf, b ~ KK) = (0.66+ 0.26+ 0.29) x 10
B(J/Q ~ pf1(1285), f1(1285) ~ yp ) = (0.25+ 0.07 6 0.03) x 10
Using B(f1(1285) ~ ap(980)Yr) = 0.37, and including unknown branching ratio for
ap(980) a

Includes unknown branching fraction f1(1285) —+ pp .
Using B(f1(1285)~ KK7r) = 0.12.

VALUE(units 10 3)
0.29+0.0$ OUR AVERAGE
0.33+0.08+0.05

0.27 +0.06+0.06

DOCUMENT ID

60 BAI

60 BAI

p 24+ 0.15—0.10
61,62 BISELLO

Includes unknown branching fraction to QIti.

Estimated by us from various fits.
2lndudes unknown branching fraction to pP p .

I (7sI{1760)~ 7p p )/rjaaai
VALUE(units 10 3) DOCUMENT ID

0.1SBOAS 63 64 BISELLO

Estimated by us from various fits.
Includes unknown branching fraction to p p .

r(7a)/roa, i

TECN COMMEN T

90B MRK3 J/Q ~
yK+K K+K

90B MRK3 J/Q ~
7K+ K KS KL

89B DM2 J/@ —+ 42ry

TECN COMMENT

89B DM2 J/Q —+ 42ry

rjjo/r
VALUE(units 10 3) EVTS

O.OS9+0.01S OUR AVERAGE

0.03660.011+0.007
0.07360.047

rt7pr/. +. )/r~i-
VALUE(units 10 ~) CL'g

&0.7% 90

DOCUMENT ID TECN COMMENT

BLOOM 83 CBAL e+ e
BRANDELIK 79C DASP e+ e

DOCUMENT ID TECN COMMENT

EATON 84 MRK2 e+e

I ua/r

I (7'Y)/rjajai
VALUE(units 10 3)

(O.S

I (7A/i)/Cjajai
VALUE(units 10 S)

&0.1S

I (57)/r jsaai
VALUE(units 10 S)

&0.055

r(7X(2200))/roo„

CL%

90

CLS

90

CL%

90

DOCUMEN T ID TECN COMMENT

BARTEL 77 CNTR e+ e

DOCUMEN T ID TECN COMMENT

HENRARD 87 DM2 e+ e

DOCUMENT ID TECN COMMENT

PARTRIDGE 80 CBAL e+ e

f116/r

r1jY/I

ruolr

r(7fa(m0))/rjaiai
VALUE(units 10 S) EVTS DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

& 2.3 95 66 AUGUST IN 88 DM2

& 1.6 95 66 AUGUST IN 88 DM2

12.4 5'2 k 2.8 23 66 BALTRUSAIT. .$6D MRK3

8.4+23 84+1.6 93 66 BALTRUSAIT $6D MRK

Includes unknown branching fraction to K+ K or K KS S'

COMMENT

r1jo/r

etc. ~ ~ ~

J/Q -+ pK+K
J/Q + PK0SKS

J/Yeti

&K+ K-

VALUE(units 10 4) DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.5 AUGUSTIN 88 DM2 J/Q ~ yKS KS
Includes unknown branching fraction to K KS S'

I (7X(14$))/I jajai rjoo/r

10

I (7SiO)/Cjnjsi (units 10 )

r('Y H) lrasaai

. . . . .BAI. - BISELLO. . . BISELLO

15

X
90B MRK3 6.9
90 DM2 0.3
86B DM2 1.2

8.4
(Confidence Level = 0.015)

20

rjjo/r

VALUE(units 10 4) EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3.83+0.33+0.059 7 BURCHELL 91 MRK3 J/Yr{I —+ prI2r+ Yr

7.0 +0.6 +1.1 261 67AUGUSTIN 90 DM2 J/y ~~~+~—
67 includes unknown branching fraction to rl Yr+ Yr

VALUE (units 10 3) CL Ii's EVTS DOCUMENT ID TECN

O.SI+OAll+0.07 49 EATON 84 MRK2
o o ~ We do not use the following data for averages, fits, limits, etc. ~ ~

&0.11 90 PERUZZI 78 MRK1

COMMENT

e+e—

e+e—
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J/Q(1S) = 2/@(3097), y,o(1P) = y,o(3415)

ANTONELLI
ARMSTRONG
AUGUSTIN
BOLTON
BOLTON
COFFMAN
HSUEH
BURCHELL
AUGUSTIN
BAI
BAI
BISELLO
COFFMAN
JOUSSET
ALEXANDER

93
938
92
92
928
92
92
91
90
908
90C
90
90
90
89
89
898
88
88
88
87
87

AUGUSTIN
BISELLO
AUGUSTIN
COFFMAN
FALVARD
AUGUSTIN
BAGLIN
BALTRUSAIT. .. 87
BECKER
BISELLO
HENRARD

87
87
87

PALLIN 87
WISNIEWSK I 87
BALTRUSAIT. ..868
BALTRUSAIT. .. 86D

868BISELLO
GAISER 86
BALTRUSAIT. .. 85C
BALTRUSAIT. .. 85D
BALTRUSAIT. .. 84
EATON 84
BLOOM 83
EDWARDS
EINSWEILER

838
83
83
838
82
828
82D
83
82E
82
81
81
80

FRANKLIN
FRANKLIN
BURKE
EDWARDS
EDWARDS

Also
EDWARDS
LEMOIGNE
BESCH
GIDAL
PARTRIDGE
SCHARRE
ZHOLENTZ

Also

80
80
81

79C
798
79
78
78
78B
78
77
71D
77
71
76
76
76
75
75
75
75
758
75
75
75

BRANDELIK
SCHARRE

Also
ALEXANDER
BESCH
BRANDELIK
PERUZZI
BARTEL
BURMESTER
FELDMAN
VANNUCCI
BARTEL
BRAUNSCH. ..
JEAN-MARIE
BALDINI-. ..
BEMPORAD
BOYARSK I

DASP
ESPOSITO
FORD
LIBERMAN
WIIK

Jjf(1S}REFERENCES

+Ba ldini+ (FENICE Collab. j
+Bettoni, Bharadwaj+ {FNAL E760 Collab. )
+Cosme (DM2 Collab. )
+Brown, Bunnell+ (Mark III Collab. )
+Brown, Bunnell+ (Mark III Collab. }
+DeJongh, Dubois, Hitlin+ (Mark III Coliab. )
+Palestini (FNAL, TORI)

(Mark III Collab. )
+Cosme+ {DM2 Collab. )
+Blaylock+ (Mark III Collab. )
+Blaylock+ (Mark Ill Collab. )
+Busetto+ (DM2 Collab. )
+De Jongh+ (Mark III Collab, )
+Ajaltouni+ (DM2 Cogab. )
+Bonvicini, Drell, Frey, Luth (LBL, MICH, SLAC)
+Cosme (DM2 Collab. )

Busetto+ (DM2 Collab. )
+Calcaterra+ (DM2 Collab. )
+Dubois, Eigen, Hauser+ (Mark III Collab. )
+Ajaltouni+ (CLER, FRAS, LALO, PADO)
+Cosme+ (LALO, CLER, FRAS, PADO)
+ (LAPP, CERN, GENO, LYON. OSLO, ROMA+)

Baltrusaitis, Coffman, 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, Coffman, Hauser+ (Mark ill Collab. }
Baltrusaitis (CIT, UCSC, II.L, SLAC, WASH)

+Busetto, Castro, Limentani+ (DM2 Collab. )
+Bloom, Bulos, Godfrey+ {Crystal Ball Collab, )

Baltrusaitis+ (CIT, UCSC, ILL, SLAC, WASH)
Baltrusaitis, Coffman+ (CIT, UCSC, ILL, SLAC, WASH}
Baltrusaitis+ (CIT, UCSC, ILL, SLAC, WASH)

+Goldhaber, Abrams, Alam, 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, Alam, 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, Alam, Blocker+ (SLAC, LBL)
+Kurdadze, Lelchuk. Mishnev+ (NOVO)

Zholentz, Kurdadze, Lelchuk+ (NOVO}
34 1471.

+Cords+ (DASP Collab. )
(SLAC, LBL)

Abrams, Alam, Blocker, Boyarski+ (SLAC, LBL)
+Criegee+ (DESY, HAMB, SIEG, WUPP)
+Eisermann, Kowalski, Eyss+ (BONN, DESY, MANZ)
+Cords+ (DASP Collab. )
+Piccolo, Alam, Boyarski, Goldhaber+ (SLAC, LBL)
+Duinker, Olsson, Heintze+ (DESY, HEIDP)
+Criegee+ (DESY, HAMB, SIEG, WUPP)
+Perl (LBL, SLAC)
+Abrams, Alam, 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)

+Breidenbach, Bulos, Feidman+ (SLAC, LBL) JPC
Braunschweig, Konigs+ (DASP Collab. )

+Bartoli, Bisello+ (FRAS, NAPL, PADO, ROMA)
+Beron, Hilger, Hofstadter+ (SLAC, PENN)

(STAN)
(DESY)

PL 8301 317
PR D47 772
PR D46 1951
PL 8278 495
PRL 69 1328
PRL 68 282
PR D45 R2181
NP 821 132 (suppl)
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 87 Conf.
PR D33 1222
PRL 56 107
PL 8179 294
PR D34 711
PRL 55 1723
PR D32 566
PRL 52 2126
PR D29 804
ARMS 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 CS 1
PL 1078 153
PRL 44 712
PL 978 329
PL 968 214
SJNP 34 814
Translated from YAF
ZPHY C1 233
SLAC-PUB-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
PL 568 491
LNC 14 73
PRL 34 604
Stanford Symp. 55
Stanford Symp. 69

OTHER RELATED PAPERS

y„(1P)
or X,o(3415)

I G(gPC) O+(0 + +)

Observed in the radiative decay Q(2S} ~ Xc0(1P}p. Therefore C

= +. The observed decay into ~+a or K+K implies 6 = +,
= 0+, 2, ... The angular distribution is consistent with J =

0. 3 abnormal excluded by 7r+7r and K+ K decays. J = 0+
preferred (FELOMAN 77).

Xco(1P) MASS

TECN COMMENT

VALUE (MeV)

1$$+$.$+4.2

Xco(1P) WIDTH

DOCUMEN T ID TECN COMMENT

GAISER 86 CBAL $(25) ~ yX, px0+0

Xco(1P) DECAY MODES

Mode Fraction (I ~/I ) Confidence level

f1
l2
I3
f4
r5
f6
I?
f8
fg
I 10

2(~+7|-)
7r+ 7r K+ K

p 7r 7r

3(~+~-)
K+K'(892)0~ + c.c.
7r+ ~-
K+K
7r 7r p p

9g
PP

I/rl'(1S)-

Hadronic decays
(3 7+0 7)
(3 0+0 7)
(1.6y0 5) o

(1.5+0.5) 4/y

(1.2+0,4) %
(?.5+2.1) x 10

(7.1+2.4) x 10

(5.0+2.0) x 10

(3.1+0.6) x 10

(2.5+1.1) x 10

& 90 x10

Radiative decays
(6.6+1.8) x 10-3
(4.0+2.3) x 10 4

904lo

VALUE (MeV) EVTS

Sea.1+ 1.0 OUR AVERAGF.

3417.8+ 0.4+4 1 QAISER 86 CBAL @(25) p X

3414.8 + 1.1 HIMEL 79 MR K2 e+ e hadrons

3422.0+ 10.0 2 BARTEL 788 CNTR e+ e J/@2p
3416.0 + 3 +4 2TANENBAUM 78 MRK1 e+e
3415.0+ 9.0 BIDDICK 7? CNTR e+ e ~ pX
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

340?.0+ 8.0 2 4 WIIK 75 DASP e+ e ~ J/Q 2p

1Using mass of Q(25) = 3686.0 MeV.
Mass value shifted by us by amount appropriate for Q(2S) mass = 3686 MeV and

J/@(15) mass = 3097 MeV.
3Systematic error added linearly by us.

Only two events; this mass apparently never published.

BAG LIN

LEE
BARATE
ABRAMS
ASH
AU BERT
AUGUSTIN
BACCI

Also
BALDINI-. ..
BARBIELLINI
BRAUNSCH. ..
CHRISTENS. ..

85
85
83
74
74
74
74
74
748
74
74
74
70

SLAC Summer Inst,
SLAC 282
PL 1218 449
PRL 33 1453
LNC ll 705
PRL 33 1404
PRL 33 1406
PRL 33 1408
PRL 33 1649
LNC 11 711
LNC 11 118
PL 538 393
PRL 25 1523

609 (LAPP, CERN, GENO, LYON, OSLO, ROMA+}
(5LAC)

+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, Abrams, Briggs+ (SLAC. LBL)
+Bartoli, Barbarino, Barbiellini+ (FRAS)

Bacci
Baldini-Celio, Bacci+ (FRAS, ROMA)

+Bern porad+ (FRAS, NAPL, PISA, ROMA)
Braunschweig+ (DASP Collab. )
Christenson, Hicks, Lederman+ (COLU, BNL, CERN)

Xco(1P) PARTIAL WIDTHS

VALUE (keV)

& 6.2
4.0+2.8

~ ~ ~ We do not use the

&1?

r(z(~+~-)j/r~,

XcO(1P) BRANCHIMG RATIOS

HADRONIC DECAYS

DOCUMENT ID TECN COMMENT

95 CHEN 908 CLEO e+ e ~ e+ e
LEE 85 CBAL gl ~ photons

following data for averages, fits, limits, etc. ~ ~ ~

95 AIHARA 88D TPC e+ e ~ e+ e X

t1$

VALUE

OAST+0.007

r(~+~- K+ K-}/r~,
VALUE

0.0$0+0.007

r(p'~+~-j/r~,
VALUE

0.016+0.005

r(s(~+~-}j/r
VALUE

QAl15+0.005

DOCUMEN T ID TECN COMMENT

TANENBAUM 78 MRK1 Q(25) ~ P&cO

DOCUMEN T ID TECN COMMENT

TANENBAUM 78 MRK1 @(25)~ yXc0

DOCUMEN T ID TECN COMMENT

TANENBAUM 78 MRK1 g(25) ~ &Xc0

DOCUMEN T ID TECN COMMENT

TANENBAUM 78 MRKl @(25)~ PXc0



See key on page1343 Meson Full Listings

X,0(1P) =X,0(3415),X,g(1P) = X,I (3510)

r(K+ Ir (892)'~-+c.c.)/r~~
VALUE

0.012+0.004
DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK 1 tP(25) ~ 7X&p

X,g(1P)
ar X,z(3510)

IG(JPC) = 0+(1++)

r(m+s )/r~)
VALUE (units 10 4)

76+21 OUR AVHtAGE
70+30
80+30

I (K+K )/I~I
VALUE (units 10 4)

71+24 OUR AVERAGE
60+ 30
90+40

r(~+~- p)I)/r~,
VALUE

0.006 +0.002

r(e r )/r~I
VALUE (units 10

3.1+0.4+04

I (en) /I gag
VALUE(units 10 3)

2.6+O.S+04

r(pÃ)/rue I

VALUE (units 10 4) CL%

&9.0 90
5 Calculated using B(g(25) ~

talnty In the Q(25) decay.
6 Calculated using B($(25) ~

DOCUMENT ID 7 ECN COMMENT

BRANDELIK 79B DASP tP(25) ~ 7Xcp
TANENBAUM 78 MRK1 g(25) ~ 7Xcp

DOCUMENT ID TECN COMMENT

BRANDELIK 798 DASP Q(25) -+
TANENBAUM 78 MRK1 Q(25) ~ 7Xcp

DOCUMENT ID TECN COMMENT

5 TANENBAUM 78 MRK1 Q(25) + 7Xcp

DOCUMENT ID TECN COMMENT

6 LEE 85 CBAL Q' ~ photons

I 9/I

DOCUMENT ID TECN COMMENT

6 LEE 85 CBAL Q ~ photons

DOCUMENT ID TECN COMMENT

BRANDELIK 79B DASP tP(25) ~ 7Xcp

yXcp(1P)) = 0.094; the errors do not contain thc uncer-

pX p(1P)) = 0.093 6 0.008.

Observed in the radiative sequential decay /{25) ~ Xc1{1P)p,
Xc1(1P) ~ J/@(1S)p. Therefore, C = +. The lack of decays

into a+7r or K+ K is suggestive of J =abnormal. The decays
intO 4' and 6~ imply G = +, thuS I = 0. J=0,2 eXCluded by

angular distribution in the J/Q{1S)y decay. J = 1+ preferred
{FELDMAN 77, OREGLIA 82).

Xcg(lP) MASS

VALUE(Mev) EVTS DOCUMENT ID

$61088+ 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 -+ t+e X
3512.3 6 0.3 +4.0 1 GAISER 86 CBAL Q(25) ~ px
3507.4 6 1.7 91 2 LEMOIGNE 82 GOLI 190 GcV 9r Be -+ y2Is
3510.4 6 0.6 OREGLIA 82 CBAL t+ e ~ J/Q2y
3510.1 + 1.1 254 3 HIM EL 80 MRK2 e+ e ~ J/Q2y
3509.0 +11.0 21 BRANDELIK 798 DASP e+ e ~ J/g2y
3507.0 + 3.0 3BARTEL 788 CNTR e+e ~ J/rp2y
3505.0 k 4 k4 3~4 TANENBAUM 78 MRK1 e+e
3513.0 k 7.0 367 3 BIDDICK 77 CNTR 9I(r(25) ~ yx
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3510.0 +20.0 BARTEL 768 CNTR e+ t ~ J/2y
3500 +10 40 TANENBAUM 75 MRK1 Hadrons y
3507.0 6 7,0 7 WIIK 75 DASP e+ e ~ J/9tr 2p

Using mass of (25) = 3686.0 MeV.
2 J/$(15) mass constrained to 3097 MeV.
3Mass value shifted by us by amount appropriate for $(25) mass = 3686 McV and

J/$(15) mass = 3097 McV.
From a simultaneous fit to radiative and hadronlc decay channels.

r(yl/dI(as))/r~I
VALUE(units 10 4)

65+ 1$ OUR AVERAGE
60+ 18

320+210
150+100
210+210

r(~~)/r~I

RADIATIVE DECAYS

DOCUMENT ID TECN COMMENT

GAISER 86 CBAL 9I((25) ~ 7Xcp
BRANDELIK 79B DASP Q(25) ~ 7Xcp
BARTEL 7SB CNTR f(25) ~ 7Xcp

7TANENBAUM 78 MRK1 f(25) -+ 7Xcp

Xcg(1P}WIDTH

VALUE (Mev) CL S EVTS DOCUMENT ID TECN

O.M+0.11+OA)e 513 ARMSTRONG 92 SPEC
~ ~ ~ We do not usc the following data for averages, fits, limits, ctc. ~

g1.3 95 BAGLIN 86B SPEC
&3.8 90 GAISER 86 CBAL

Xcg(1P) DECAY MODES

COMMENT

Pp~ e+e 7
~ ~

Pp~ e+e X

Q(25) ~ pX

Xc8(1P) REFERENCES

CHEN
AIHARA
GAISER
LEE
BRA NDELIK
HIMEL

Also
BARTEL
TANENBAUM

Also
BIDDICK
FELDMAN
YAMADA
WIIK

908 PL B243 169
88D PRL 60 2355
86 PR 034 711
85 SLAC 282
79B NP B160 426

~ 79 Thesis SLAC-0223
82 Private Comm.
78B PL 79B 492
78 PR 017 1731
82 Private Comm.
77 PRL 38 1324
77 PRPL 33C 285
77 Hamburg Conf. 69
75 Stanford Symp. 69

+Mcllwain+
+Alston-Garnjost+
+Bloom, Bulos, Godfrey+

(CLED Collab. )
(TPC Collab. )

(Crystal Ball Collab. )
(5LAC)

(DASP Collab. )
(SLAC)

(LBL, UCB)
(DESY, HEIDP)

(SLAC, LSL)
(LeL,

'
uce)

PRIN, SLAC, STAN)
(LBL, SLAC)

(DASP Collab. )
(DESY)

+Cords+

Trilling
+DIttmann, Duinker, Olsson, O'Neill+
+Alam, Boyarski+

Trilling
+Burnett+
+Perl

(UCSD, UMD, PAVI,

OTHER RELATED PAPERS

OREGLIA
FELDMAN

Also
Erratum.

TANENSAUM

82 PR D25 2259
751 PRI 35 821
75C PRL 35 1189

75 PRL 35 1323

+Partridge+ (SLAC, CIT, HARV, PRIN, STAN)
+Jean-Marie, Sadoulet, Vannucci+ (LBL, SLAC)

Feldman

+Whitaker, Abrams+ (LBL, SLAC)

VALUE(units 10 4) CL 5 DOCUMENT ID TECN COMMENT

4Al+ LOW 1.1 6 LEE 85 CBAL Q' ~ photons
o ~ ~ Wc do not use the following data for averages, fits, limits, ctc. ~ ~ ~

&15 90 7 YAMADA 77 DASP t+ e ~ 3y
7 Calculated using B(ri(r(25) ~ yXcp(1P)) = 0.094; the errors do not contain the uncer-

tainty ln the Q(25) decay.

Mode Fraction (I I/I )

3(x+w )
I2 2(x+x )
r, ~+~- K+ x-
r4 ppx+7r-
fq K+K'(892) m + c.c.
r6 ~+~- pp
r7 pp
rs ~+~-+ K+

HadronIc dacaya

(
(

(

(
(

(

(
C

2.2+0.8) 4&

1.6+0.5) 4/(I

9 +4 )x10-3
3.9+3.5) x 10
3.2+2.1) x 10
1.4+0.9) x 10
8.6+1.2) x 10 5

2.1 x 10

I g p J/$(1S}
r10

Radlatlve decays
(27.3+1.6) %

r(py)

Xcg(1P) PARTIAL WIDTHS

TECN COMMENT

pp e+e

yp e+e-X

e+e ) = 0.0171 +

Xcg(1P) BRANCHING RATIOS

HADRONIC DECAYS

I (3(s+s

})/lying(
VALUE (ev) EVTS DOCUMEN T ID

74+ 9 OUR AVERAGE

76+10+5 513 5 ARMSTRONG 92 SPEC

69+ +4 5 BAGLIN 86e SPEC

Restated by us using B(Xc1(1P)~ J/$(15)p)B(J/$(15)
0.0011.

VALUE

OAOR+0. 00$
DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 Q(25)
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X,1(1P)= X,1(3510),h, (1P), X,2(1P) = X,2(3555)

I (2(o+m ))/rtorI(
VALUE

0.016+0.005

r(~+ ~- Ir+ rr-)/r„„,
VALUE(units 10 4)

90+40

r(po~+ ~-)/r~~

DOCUMENT ID TECN COMMENT

7 TANENBAUM 78 MRKl $(25) ~

DOCUMENT ID TECN COMMENT

7 TANENBAUM 78 MRK1 @{25)~ yXc1

h, (1P)
OMlTTED FRQM SUMMARY TABLE

Observed in the reaction pp ~ J/g(1S)x close to the center

of gravity of the PJ states and has characteristics consistent with

what is expected for the P1 state. First indications obtained by

BAGLIN 86 in the reaction p p ~ J/@(1S)X. Needs confirmation.

VALUE(units 10 4)

SO+35

I (K+P'(892}oo' + C.C.)/I ~I
VALUE (units 10 4)

32+21

I (r+o plr}/I ~~

DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 g(2$) ~ yXc1

DOCUMEN T ID TECN COMMENT

7TANENBAUM 78 MRK1 @(2$) ~ &Xci
VALUE (MeV) EVTS

3526.1460M OUR AVHVLGE

3526.20+0.15+0.20 59
3525.4 +0.8 +0.4 5

hi(1P) MASS

DOCUMENT ID TECN COMMENT

h~(1P) WIDTH

ARMSTRONG 92D SPEC pp ~ Jj@n0
BAGLIN 86 SPEC p p ~ J/@X

VALUE (units 10 )

14+0
DOCUMEN T ID TECN COMMENT

TANENBAUM 78 MRK1 @{25)~
VALUE (MeV) CL% EVTS

90 59

DOCUMENT ID TECN COMMENT

ARMSTRONG 92D SPEC pp —+ J/rI(Irr0

r (prr) /rto~i
VALUE (units 10 4) CL% EVTS DOCUMENT ID TECN

0.86+0.12 513 6 ARMSTRONG 92 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

& 0.54 95 BAGLIN 868 SPEC
&12.0 90 7 BRANDELIK 798 DASP

Restated by us using B(Xc1(1P}~ J/Q(15)p)B(J/g(15)
0.0011.

COMMENT

pp e+e
etc. ~ ~ ~

pp~ e+e X

{2$}~ "rXC1

e+e } = 0,0171+

f1
l2
I3

J/@(1S)~o

J/g(ls) ~ w

PP

h~(1P) DECAY MODES

Fraction (I //f )

seen

not seen

[r (~+~-) + r(ir+ ir-)]/r~~
VALUE(units 10 4) CL% DOCUMENT ID TECN COMMENT

(21 FELDMAN 77 MRK1 $(2$) ~
o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~

&38 90 BRANDELIK 798 DASP P(2$) ~
"Estimated using B(g(25) ~ pXc1(1P)) = 0.087. The errors do not contain the

uncertainty in the @(2$) decay.

RADIATIVE DECAYS

I (J/Q(1S)o o)/I (l/Q(1S}s )
VAL UE

(0.18

CL% DOCUMENT ID TECN COMMEN T

90 ARMSTRONG 92D SPEC pp J/@~0

ARMSTRONG 92D PRL 69 2337
BAGLIN 86 PL 8171 135

h~(1P) REFERENCES

+Bettoni+ (FNAL, FERR, GENO, UCI, PENN, TORI)
+Baird+ (LAPP, CERN, TORI, STRB, OSLO, ROMA+)

r(~&/Ih(1&))/r~i
VALUE EVTS

0.278+0.016 OUR AVERAGE

0.284 +0.021
0.274 60.046 943
0.28 +0.07
0.19 +0.05
0.29 +0.05
0.28 +0.09
~ ~ e We do not use the following

0.57 +0.17

DOCUMENT ID TECN COMMENT

y(2$) ~X
@(25) ~ pXc1
@(2$) —+ p X

g(2$) ~
g(2$} —+ yXc1
II({2$}~ PXc1
eic, e ~ ~

g{2$} qX

GAISER 86 CBAL
OREGLIA 82 CBAL

8 HIMEL 80 MRK2

BRANDELIK 798 DASP
8 BARTEL 788 CNTR
8 TANFNBAUM 78 MRK1

data for ave~ages, Ats, limits,

BID DICK 77 CNTR

X.2(1P)
or X,2(3555)

(~ ) = o+(2++)

Xco(1P) MASS

Observed in the radiative decay g(25) ~ Xc2(1P)p. Therefore C
= +. The observed decay into 4x and 6' imply 6 = +, thus l = 0.
J = 0 is excluded by the angular distribution in the hadronic decays.

J abnormal excluded by ~+x and K+ K decays. J = 2+
preferred (FELDMAN 77, OREGLIA 82).

r(~~)/r~, rxo/r

Xo1(1P) REFERENCES

ARMSTRONG
Also

BAGLIN
GAISER
LEMOIGNE
OREG LIA

Also
HIMEL

Also
BRANDELIK
BARTEL
TANENBAUM

Also
BIDDICK
FELDMAM
YAMADA
BARTEL
TANENBAUM
WIIK

92 NP 8373 35
928 PRL 68 1468
868 PL 8172 455
86 PR D34 711
82 PL 1138 509
82 PR D25 2259
828 Private Comm.
80 PRL 44 920
82 Private Comm.
798 NP 8160 426
788 PL 798 492
78 PR D17 1731
82 Private Comm.
77 PRL 38 1324
77 PRPL 33C 285
77 Hamburg Conf. 69
768 Tbilisi Conf. N75
75 PRL 35 1323
75 Stanford Symp. 69

+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)
+Partridges (SLAC, CIT, HARV, PRIN, STAN)

0reglia (EFI)
+Abrams, Aiam, BIocker+ (L8L, SLAC)

Trilling (LBL, UCB)
+Cords+ (DASP Collab. )
+Dittmann, Duinker, Olsson, O'Neiii+ (DESY, HEIDP)
+Alam, Boyarski+ (SLAC, LBL)

Trilling (LBL, UCB)
+Burnett+ (UCSD, UMD, PAVI, PRIM, SLAC, STAN)
+Perl (LBL, SLAC)

{DASP Col'"b.)
{DESY, HEI'~?)

(LBL, Sl C)
(Dl f)

+Duinker, Olsson, Heintze+
+Whitaker, Abrams+

OTHER RELATED PAPERS

BARATE 83 PL 1218 449
BRAUNSCH. .. 758 Pl 578 407
FELDMAN 75 Stanford Symp, 39
HEINTZE 75 Stanford Symp. 97
SIMPSON 75 PRL 35 699

(SACL, LOIC, SHMP, IND)
(DASP Collab. )

(SLAC)
(HEIDP)

(STAN, PENN)

+Bareyre, Bonamy+
Braunschweig, Konigs+

+Beron, Ford, Hilger, Hofstadter+

VAL UE CL% DOCUMENT ID TECN COMMENT

~ e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

g0.0015 90 8 YAMADA 77 DASP e+ e 3p

EStimated uSing B(rl((25) ~ pXC1(lP)) = 0.087. The errOrS dO nOt COntain the
uncertainty In the @(25}decay.

TECN COMMENT

X~(1P) WIDTH

TECN COMMENTVAL UE' (Mev) EVTS DOCUMENT ID

2.00+0.1 OUR AVERAGE

1.98+0.17+0.07 585 ARMSTRONG 92 SPEC

2.6 +1 0 50 BAGLIN 868 SPEC

28+ -'—2.0
Errors correspond to 90% confidence level; authors give only

pp~ e e

pp~ e+e X

6 GAISER 86 CSAL

width range.

VALUE(Mev} EVTS DOCUMENT ID

%%.17+ 0.13 OUR AVERAGE

3556.15+ 0.07+0.12 585 ARMSTRONG 92 SPEC p p ~ e+ e
3556,9 6 0,4 +0.5 50 BAGLIN 868 SPEC pp ~ e+ e X
3557.8 + 0.2 +4 GAISER 86 CBAL f(2$) ~ q X

3553.4 + 2.2 66 LEMOIGNE 82 GOLI 190 GeV 2r Be —p 2/i

3555.9 6 0.7 3 OREGLIA 82 CBAL e+ e J/vP 2p
3557 + 1.5 69 4 HIMEI 80 MRK2 e+e ~ Jj@2p
3551.0 +11.0 15 BRANDELIK 798 DASP e+ e ~ J/@2p
3553.0 4 4.0 4 BARTEL 788 CNTR e+ e ~ J/@2'
35530 k 4 +4 4~5 TANENBAUM 78 MRK1 e+ e
3563.0 + 7.0 360 BIDDICK 77 CNTR e+ e ~ px
~ ~ e We do not use the following data for averages, fits, limits, etc. o e ~

3550.0 +10.0 TRILI ING 76 MRK1 e+ e -~ hadrons~.

3543.0 +10.0 4 WHITAKER 76 MRKl e+ e ~ J/@2p
Using mass of @(2$) = 3686.0 MeV.

J/Q(1$) mass constrained to 3097 MeV.
Assuming rt (2$) mass = 3686 MeV and J/rI((15) mass = 3097 MeV.
MaSS Value Shifted by uS by arnOunt apprOpriate fOr II(I{25) maSS = 3686 MeV and

J/+(1$) mass = 3097 MeV.
5 From a simultaneous fit to radiative and hadronic decay channels.
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X, (1P) = X, (3555)

Mode

Xca(1P) DECAY MODES

Fraction (I I /I ) Confidence level

r{K+K-)/r~r
VALUE {units 10 3)

14+1.1
EVTS DOCUMENT ID TECN COMMENT

2 10 BRANDELIK 79C DASP Q(25) ~ 7Xc2

I i 2(x+x )
r, ~+~- K+ K-
(3 3(x+x )
r4 pon+n-
I s K+ K'(892)gn + c.c.

6 &+& PP
r7 ~+~-
f8 K+K

PP
I 10

0 0

( g2 J/@(1S)w+~

y&/g{1s)
I 14 f'Y

Hadronlc decays
( 2.2 +0.5 )
( 1.9 +0.5 )
( 1.2 +0.8 )
(7 +4 )
( 4.8 +2.8 )
( 3.3 +1.3 )
( 1.9 +1.0 )
(15 +11)
(10.0 +1.0 )
( 1.10+0.28)

(8 +5 )
1.5

0/

x 10

x 10

x 10

x 10

x 10
x 1O

—5

x 10
x 1O

—4

Radiative decays
(13.5 +1.1 ) %

( 1.6 +0.5 ) x 10

9O%

r{p)r)/me, r I g/I
DOCUMENT ID

rrI r/rtst, lnPI1-+ Xcs(lP)-+ pp
VALUE(units 10 7) EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.16060.03960.016 ARMSTRONG 93 SPEC p p ~
Q 99 + o46 6 11 BAGLIN 878 SPEC pp ~

I gl ga/I

re/)/r~, rxo/r

VALUE (units 10 4) CL% EVTS TECN COM MEN T
1.00+0.10 OUR AVERAGE

1.00+0.11 585 9ARMSTRONG 92 SPEC pp ~ e+e
0 97 0'28+0 08 BAGLIN 868 SPEC pp ~ e+e X

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&9.5 90 10 BRANDELIK 798 ASP Q(25) 7Xc2
Restated by us using B(Xc2(1P) ~ J/$(15)7)B(J/@(15) ~ e+e ) = Q.0085 4
0.0007.

Xcs(1P) PARTIAL WIDTHS

I9

VALUE(units 10 3)

1.1 +0.2 +02
DOCUMENT ID TECN COMMENT

12 LEE 85 CBAL s)(rI -+ photons

VALUE (eV)

206+22 OUR AVERAGE

197+18+16

252+48 +21

7Restated by us using
0.0007.

TECN COMMENTEVTS DOCUMENT ID

585 7ARMSTRONG 92 SPEC pp ~ e+e
7BAGLIN 868 SPEC pp ~ e+e X

I 14
CL44 DOCUMENT ID TECN COMMENT

8 ARMSTRONG 93 SPEC Pp ~
following data for averages, fits, limits, etc. ~ ~ ~

BAUER 93 TPC e+ e
UEHARA 91 VNS e+ e
CHEN 908 CLEO e+ e
AIHARA 88D TPC e+ e—~

VPL UE (keV)

0.821+0.078+0.054
~ ~ ~ We do not use the

e+ e- Xc2
e+ e Xc2
e+ e Xc2
e+e-X

3.4 4 1.7 +0.9
&4.2
&1.0
(4.2

+'3—1.0
&1.6

Using B(Xc2(1P) ~

95
95
95

BAGLIN 878 SPEC pp ~
90 YAMADA 77 DASP e+ e ~ 37

p)1) = (1.00 6 0.23) x 10 and I &Dt~~
= 2.00 + 0.18 MeV.

r(2(a+ n-))/rnngr
ISLUE

0.022+0.005

Xcs(1P) BRANCHING RATIOS

HADRONIC DECAYS

DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 $(25) ~ 7xc2

I {n'+n K+K )/rnng)
VALUE

0.019LOANS

r{3(n+n ))/I engr
VALUE

0.012+0.00$

r {pe~+~-)/me„

DOCUMEN T ID TECN COMMEN T

TANENBAUM 78 MRK1 Q(25) ~

DOCUMEN T ID TECN COMMEN T

TANENBAUM 78 MRK1 r)(r(25) g 7Xc2

B(Xc2(1P) J/sir(15)7)B(J/f(15) ~ e+ e ) = 0.0085 k

r{00)/me„
VALUE{units 10 4)

7.9+4.1+24

I {J/${1S}e'+n 6)/rggra)

DOCUMENT ID TECN COMMENT

12 LEE 85 CBAL @' ~ photons

I 12/I
VALUE

(0.015
CL%

90

RADIATIVE DECAYS

I {'rI/$(1S)) /r nag(
DOCUMENT ID TECN COMMENTVALUE EVTS

0.135+0.011 OUR AVERAGE
0.124+0.015 GAISER 86 CBAL
0.16260.028 479 13 OREGLIA 82 CBAL
0.14 +0.04 13 HIMEL 80 MRK2
0.18 +0.05 13 BRANDELIK 798 DASP
0.13 +0.03 13 BARTEL 788 CNTR

011 +0.13 13 SPITZER 78 PLUT

0.13 +0.08 13TANENBAUM 78 MRK1
~ ~ ~ We do not use the following data for averages, fits, limits,

0.28 +0.13 13 BIDDICK 77 CNTR

Estimated using B(f(25) ~ 7xc2(1P)) = 0.078; the errors
talnty In the $(25) decay.

y(25) ~ 7X
y(25) ~ 7x 2
Q(25) ~ 7X 2
@(25)~ 7Xc2
V(25)

y(25) 7"c2
$(25) ~ 7xc2
etc. ~ ~ ~

y(25) - 7X
do not contain the uncer-

r{~~)/me i

VALUE(units 10 4) DOCUMENT ID TECN COMMENT

1.60+OM+0.2$ 14 ARMSTRONG 93 SPEC pp
Using B(Xc2(1P) pp) = (1.00 k 0.23) x 10

Xca{1P}REFERENCES

TECN COMMENT

81 SPEC 190 GeV ~ Be ~
2'F 2'

Estimated using B(g(25) ~ 7Xc2(1P)) = 0.078; the errors do not contain the uncer-
tainty ln the @(25) decay.
Assuming isotropic Xc2(1P) ~ 77 distribution.

LEE 85 result Is calculated using B(tt(25) ~ 7xc2(1P)) = 0.078 6 0.008.

VALUE {units 10 )

68+40
DOCUMEN T ID TECN COMMEN T

TANENBAUM 78 MRK1 $(25) ~ 7xc2

I {K+7r'(802)en +c.c.)/I nng~ ra/I
VALUE {units 10 )

le+28

r {n+n- Py)/me, r

VALUE(units 10 4)

33+13

r{~+~-)/rn,
VALUE {units 10 3)

1.9+1.0

DOCUMEN T ID TECN COMMENT

TANENBAUM 78 MRKl @(25)~ 7Xc2

DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRKl $(25) ~ 7Xc2

[r{~+n-)~ r{K+K-)J/ran, r

VALUE{units 10 4)

24+10
DOCUMENT ID TECN

TANENBAUM 78 MRKl

(r.+r.)/r
COMMENT

g(25) 7Xc2

EVTS DOCUMEN T ID TECN COMMENT

4 BRANDELIK 79C DASP g((r(25) ~

ARMSTRONG
BAUER
ARMSTRONG

Also
UEHARA
CHEN
AIHARA
BAG LIN

BAG LIN
GAISER
LEE
LEMOIGNE
OREG LIA

Also
BARATE
HIMEL

'Also

BRANDELIK
BRANDELIK
BARTEL
SPITZ ER
TANENBAUM

Also
BIDDICK
FELDMAN
YAMA DA
TRILLING
WHITAKER

93 PRL 70 2988
93 PL 8302 345
92 NP 8373 35
928 PRL 68 1468
91 PL 8266 188
908 PL 8243 169
88D PRL 60 2355
878 PL 8187 191
868 PL 8172 455
86 PR D34 711
85 SLAC 282
82 PL 1138 509
82 PR D25 2259
828 Private Comm.
81 PR D24 2994
80 PRL 44 920
82 Private Comm.
798 NP 8160 426
79C ZPHY C1 233
788 PL 798 492
78 Kyoto Sum. Inst. 47
78 PR D17 1731
82 Private Comm.
77 PRL 38 1324
77 PRPL 33C 285
77 Hamburg Conf. 69
76 Stanford Symp. 437
76 PRL 37 1596

+Bettoni, Bharadwaj+ (FNAL E760 Collab. )
+Belcinski+ (TPC Collab. )
+Bettoni+ (FNAL, FERR, GENO, UCI, NWESp)

Armstrong, Bettoni+(FNAL, FERR, GENO, UCI, NWES+)
+Abc+ (VENUS Collab. )
+Mciiwain+ (CLED Collab. )
+Alston-Garnjost+ (TPC Collab. )
+Baird, Bassom pierre, 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, Alarn, Blocker+ (LBL, SLAC)

Triiling (LBL, UCB
+Cords+ (DASP Collab. )
+Cords+ (DASP Collab. )
+Dittmann, Duinker, Olsson, O'Neill+ (DESY, HEIDP)

(HAMB)
+Alam, Boyarski+ (SLAC, LBL)

Trilling (LBL, UCB)
+Burnett+ (UCSD, UMD, PAVI, PRIN, SLAC, STAN)
+Perl (LBL, SLAC)

(DASP Collab. )
(LBL)

+Tanenbaum, Abrams, Alam+ (SLAC, LBL)
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y,2(&P) = yc2(3555), TI,(2S) = TI,(3590), @(2S) = @(3685)

OTHER RELATED PAPERS

BARATE 83 PL 121B 449
FELDMAN 75B PRL 35 821

Also 75C PRL 35 1189
Erratum.

TANENBAUM 75 PRL 35 1323

+Bareyre, Bonamy+ (SACL, I OlC, SHMP, IND)
+Jean-Marie, Sadoulet, Vannucci+ (LBL, SLAC)

Feldman

+WItitaker, Abrams+ (LBL. SLAC)

,(2s)
Or t)c(3590)

I (J ) ='('+)

pc{2S) MASS

VAL UE (MeV) DOCUMEN T ID TECN COMMENT

SSS4.0+$.0 1 EDWARDS 82C CBAL e+e ~ pX

Assuming mass of Q(2S) = 3686 MeV.

trc{2S}WIDTH

VAL UE (MeV) CL5 DOCUMENT ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&8.0 95 EDWARDS 82C CBAL e+e ~ pX

trc{2S}DECAY MODES

Mode

I 1 hadrons

Fraction (I l ji )

seen

I (hadrons) /I total
VALUE

pc{2S) BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

EDWARDS 82C CBAL e+e ~ pX

r(77)«~i
VAL UE

(0.01

CL%

90

DOCUMENT ID TECH COMMENT

LEE 85 CBAL Q' ~ photons

LEE 85 SLAC 282
EDWARDS 82C PRL 48 70

ec{2S)REFERENCES

(SLAC)
+Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC)

OTHER RELATED PAPERS

OREGLIA
PORTER
BARTEL

82 PR D25 2259 +Partridge+ (SLAC, CIT, HARV, PRIN, STAN)
81 SLAC Summer Inst. 355I-Edwards+ (CIT, HARV, PRIN, STAN, SLAC)
78B PL 798 492 +Dittmann, Duinker, Olsson, O'Neill+ (DESY, HEIDP)

OMITTED FROM SUMMARY TABLE
Our latest mini-review on this particle can be found in the 1984
edition. Needs confirmation.

Mode

Q{2$) DECAY MODES

Fraction (I I jl )
Scale factor j

Confidence level

I2
C3

C4

hadrons

virtualp ~ hadrons
e 8

P lj

(98.10+0.30) %

( 2.9 +0.4 } /o

( 8.8 +1.3 ) x 10

( 7.7 +1.7 ) x 10

r, J/16(ts)
I t J/@(1S)
I e J/@(1S)
I e J/th(1S)
I to J/t6(1S)

neutrals
x+x

(23.2 +2.6
{32.4 +2.6
(18.4 +2.7
{ 2.7 +0.4
( 9.7 +2.1

}%
) 4/o

)%
) 4/4

)%
)xlo 4

5=1.7

Cll

C14
I 15
C16
I 17

C19

C2o

C24

C25

C28

3{x+tr )xo
2(e+x )xo
7r+ 7r K+ K
fr 7r p p
K+K'(892)ox + c.c.
2)tr+x )
p m+x-

PP
3(tr+tr )
p p7I
K+ K-
x+7r- mo

x+x
AA

p 7I"

K+K
K+ K'(892} + c.c.

Hadronic decays

(
(

(

(

(
(

(

(
(

(

(
(

{

3.5 +1.6
3.1 +0 7

1.6 +0.4
8.0 +2.0
6.7 +2.5
4.5 +1.0
4.2 +1.5
1.9 +0.5
1.5 +1.0
1.4 +0.5
1.0 +0.7
9 +5
8 +5

2

8.3
2.96
1.79

}x lo

) xlo
) x 10

) x 1O-4

) x 1O-4

)x 10

)x 10 4

) x 1O-4

)xlo 4

)xlo 4

) x 1O-4

)xlo
)xlo

x 10 4

x 1O-4

x 10
x 10
x 10

CL=90%
C L 904/4

C(.=9O%
CL=904/

CL=90%

I 2e pXcO 1P)
I sii pXct 1P)
I st VXca{1P}
I sq prie(1S}
I ss y tie {2S)
C34 ~pro

I ss 7rI'{958}
I 36 7g
C37
I se yrl(1440} -+ pKKx

Mode
I 39 1 —other fit modes

Radiative decays

( 9.3 +0.8 ) %

( 8.7 +0.8 ) %

( 7.8 +0.8 }%

{ 2.8 +0.6 ) x 10

5.4
1.1

x 10 3 CL=95%
x 10 CL=90%

C 1,6

[aj & 12
x 1O-4

x 10 4
CL=90%
CL=904/4

n~~ for Sttjng purp
(3O +4 ) 4/

Decays Into J/${1S)and anything

I s J/@(1S)anything (57 +4

y(2S)
or t(r(3685}

VALVE (Mev) EVTS

= N+OA8 OUR AVERAGE

3686.02+0.09+0.27
3686.00+0.10 413

I (J )=o(1 )

${2S}MASS

DOCUMENT ID TECN COMMENT

ARMSTRONG 93B SPEC pp ~ e+e
ZHOLENTZ 80 OLYA e+ e

[a}See the "Note on the rl(1440)" in the rI(1440} Full Listings.

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 X

6.9 for 8 degrees of freedom.

The following off-diagonal array elements are the correlation coefficients

(6x,6x&)/(6x; 6x&), in percent, . from the fit to the branching fractions, x,

r, /f total The fit constrains the x; whose labels appear in this array to sum to
one.

my(~) m J/y(1g)

DOCUMENT ID TECN COMMENT

82 GOLI 190 GeV 9r Be ~ 2/g

80 OLYA e+ e
75 MRK1

Q{2S)WIDTH

VAL UE (MeV)

II9AP+0.13OUR N%RAGE
589.7 +1.2 LEMOIGNE

589.07+0.13 1 ZHOLFNTZ
588.7 +0.8 LUTH

1Redundant with data ln mass above.

X8

X9

X30

X31

X39

35

0 —11
1 —7 0

0 -3 0 0

-8D —78 —4 —14 -16
X7 X8 X9 X3p X31

VAL UE (kev) DOC UMEN T ID TECN COMMENT

211+31OUR AVERAGE Error includes scale factor of 1.1.
306+36+16 ARMSTRONG 93B SPEC pp ~ e+e
243+43 2 PDG 92 RYVE

Uses l (ee) from ALEXANDER 89 and B(ee) = (88 + 13) x 10 from FELDMAN 77.
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@(25)=Q(3685)

C(hadrons)

${2S)PARTIAL WIDTHS

VALUE (keV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

224+56 LUTH 75 MRK1 e+ e

C(a+ e-)
VAL UE (keV) DOCUMENT ID TECN COMMENT

2.14+0.21 ALEXANDER 89 RVUE See T mini-review

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.0 +0.3 BRANDELIK 79C DASP e+ e
2.1 +0.3 3 LUTH 75 MRK1 e+e

3 From a simultaneous fit to e+ e, p+ p, , and hadronic channels assuming I (e+ e )
= C(p+p )

VALUE

0.72+0.08 OUR FIT
0.73+0.09

DOCUMEN T ID TECN COMMENT

TANENBAUM 76 MRK1 e+ e

I (J/Q{ls)c+s )/I rarer
VALUE

0324+0.026 OUR FIT
0.332+0.033 OUR AVERAGE

0.32 +0.04
0.36 +0.06

I (J//{is}m se)/I rats/
VALUE

0.14+0. 027 OUR FIT
0.18 +0.06

DOCUMENT ID

ABRAMS
WIIK

DOCUMENT ID

WIIK

TECN COMMENT

C,/C

?5B MRK1 e+e ~ J/$2c+7C
75 DASP e+ e ~ J/Q ~+ ir

Cslr
TECN COMMENT

75 DASP e+ e ~ J/@ 27c

I (J/It{is)neutrals)/l (l/tt{1S)c+c )
I e/I r ={0.9761Ie+0.708I s+L273I so+0.13SI st)/I r

VALUE (eV)

&43

CL iA

90

dr{2S) I {I)I{e+e-)/I {total)

DOCUMENT ID TECN COMMENT

BRANDELIK 79C DASP e+ e

c(a/tt{ls)Pcs)/c(z/d {ls)c+c-)
TECN COMMENTDOCUMENT IDVALUE

0.57+0.01 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.5360.06 9 TANENBAUM 76 MRK1 e+ e
0.64+0.15 10 HILGER 75 SPEC e+ e

Ca/Cr

${2S}BRANCHING RATIOS

I (hadrons)/I rarer
VALUE

0.911 +0.00$
DOCUMENT ID TECN COMMENT

4 LUTH 75 MRK1 e+e

C(virtual' ~ hadrons)/I tera~
VALUE DOCUMENT ID TECN COMMENT

0.029+0.004 5LUTH 75 MRKl e+e

I (e+e )/Inner

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 I (I) or the branching ratio I (I)/total.

I (hadrons) x I (c+c-)/I urraI
VAL UE (kev) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.2 +0.4 ABRAMS 75 MRKl e+e

I tl s/I

C,/C

C,/C

C(~/tt{1S)rr)/Cue I I s/I
TECN COMMENTVALUE

0.027
0.027

0.025 +0.006
0.021840.0014+0.0035

0.036
~ ~ ~

0.035

0.043 +0.008

WEIGHTED AVERAGE
0.027~0.004 (Error scaled by 1.6)

Values above of weighted average, error,
actor 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.

EVTS DOCUMENT ID

+0.004 OUR FIT Error includes scale factor of 1.7.
+0.0tN OUR AVERAGE Error includes scale factor of 1.6. See the ideogram

below.
166 HIMEL 80 MRK2 e+ e
386 OREGLIA 80 CBAL e+ e

J/@27
40.005 164 BARTEL 78e CNTR e+e
We do not use the following data for averages, fits, limits, etc. ~ ~ ~

+0.009 17 11 BRANDELIK 79B DASP e+ e
J/42&

44 TANENBAUM 76 MRK1 e+ e

VALUE(units 10 4)

OS+13

C(P+P )/C~

DOCUMENT ID TECN COMMENT

6 FELDMAN 77 RVUE e+ e

VALUE(units 10 4)

77+17

C(rr+Ir-) /C(c+ c-)

DOCUMENT IO TECN COMMENT

7 HILGER 75 SPEC e+ e

C,/C,

DECAYS INTO J//{is) AND ANYTHING

I (l//{is)anything)/I rare~ Cs/I = {I7+I apl s+0.273I so-HL135I st}/I
VALUE DOCUMENT ID TECN COMMENT

0.57+0.04 OUR RT
O.SI+0.07 OUR AVERAGE

0.5140.12
0.57 +0.08

BRANDELIK 79C DASP e+e ~ p+p, X
ABRAMS 75e MRK1 e+ e ~ p+ p, X

VALUE DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.8960.16 BOYARSKI 75C MRK1 e+e
4 Includes cascade decay into J/Q(15).
5 Included in I (hadrons)/I total.
6From an overall fit assuming equal partial widths for e+e and p+p, . For a mea-

surement of the ratio see the entry I (p+ p )/I (e+e ) below. Includes LUTH 75,
HILGER 75, BURMESTER 77.

7 Restated by us using B(g(2S) ~ J/Id{(15)anything) = 0.55.

0.01 0.02

( /&( )&)/ roral

C(J//{is}s )/Inn I

0.03 0.04

X
80 MRK2 0.1
80 CBAL 1.6
78B CNTR 3.6

5.2
(Confidence Level = 0.073)

I

0.06

MEL
REGLIA

RTEL

0.05

Cto/C
DOCUMENT IDVALUE (units 10 4)

9.7+2.1 OUR AVERAGE

15 +6
9 +2 +1

EVTS TECN COMMEN T

7
23

HIMEL 80 MRK2 e+ e
OREGLIA 80 CBAL Q(2S) ~

J/g2
The ABRAMS 75B measurement of I &/I 5 and the TANENBAUM 76 result for I z/C7
are not independent. The TANENBAQM 76 result is used in the fit because lt Inc udes
more accurate corrections for angular distributions,
Not independent of the TANENBAUM 76 result for I 6/I 7.
Ignoring the J/$(1S)7) and J/g(1S)pp decays.
Low statistics data removed from average.

I (J/Q{ls}neutrsIs)/I uu, r

I s/C ={0.9761I e+0.708Ce+0.273I su+0.13SI st)/I
VALUE

0.232+OAl26 OUR FIT
DOCUMENT ID

I {J/Q{ls)neutrsis)/I (J/Q{ls}anythIng) C,/C, =
{0.9761re+0.70ere+O.273rse+0.13SC»)/{C7+I s+Ce+0.273I su+0.136I sg)
VALUE DOCUMENT ID TECN COMMENT
OAOS+OAQS OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.44 +0.03 ABRAMS 75B MRK1 e+e ~ J/7I{rX

C(3{c+c-)P)/Cue„
VALUE(units 10 4)

35+16
EVTS

C(2{c+c-)P)/C~,
VALUE(units 10 4) EVTS

31+ 7 OUR AVERAGE

30+ 8 42
35+15

HADRONIC OECAYS

DOCUMENT ID TECN COMMENT

FRANKLIN 83 MRK2 e+ e
ABRAMS 75 MRK1 e+e

DOCUMENT ID TECN COMMENT

FRANKLIN 83 MRK2 e+ e ~ hadrons
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@(2S)= y(3685)

I (4++ K+K )/Itccc~
VALUE (units 10 4)

16+4

r(+ -
p)r)/r~~i

VALUE (units 10 )

8 +2

DOCUMENT ID TECN COMMEN T

TANENBAUM 78 MRKl e+ e

DOCUMENT IO TECN COMMENT

12 TANENBAUM 78 MRK1 e+ e

re/r

r(7x~(1p))/rue i

VALUE (units 10
9.3+0.8 OUR AVERAGE

9.9+0.5 +0.8
7.2 +2.3
7.5 +2.6

RADIATIVE DECAYS

DOCUMENT ID TECN COMMENT

14 GAISER 86 CBAI e+ e —.p X
"BIDDICK 77 CNTR e+ e p X

14 WHITAKER 76 MRKl e+ e

r(2(4+4-))/r~I
VALVE(units 10 4)

4.6+1.0
DOCUMENT IO TECN COMMENT

TANENBAUM 78 MRK1 e+e

I (K+7f (892) x +c.c.)/I ~~~
VALUE (units 10 4) DOCUMENT ID TECN COMMENT

6.7+2.6 TANENBAUM 78 MRK1 e+e

I (7Xcl(1P))/I ~I
VALUE (units 10

. 7+04 OUR FIT
8.7+0.8 OUR AVERAGE

9.0 +0.5+0.?
7.1 k 1.9

I (yX~{1P))/I ~(

DOCUMENT ID

15 GAISER
'6 BIDDICK

TECN COMMENT

86 CBAL e+ e ~X
77 CNTR e+ e ~ &X

rid/r

r(po~+~-)/r~,
VALUE (units 10 4)

4.2+1.6

r (7/p) lioral
VALUE (units 10 4) EVTS

1.9+0.6 OUR AVERAGE

1.4+0.8
2,3+0.7

DOCUMENT IO TECN COMMEN T

BRANDELIK ?9c DASP e+ e
FELDMAN 77 MRK1 e+ e

DOCUMENT ID TECN COMMENT

TANENBAUM 78 MRK1 e+e

res/r

VALUE (units 10 )
7.8+0.8 OUR RT
7.8+0.8 OUR AVERAGE

8.0+0.5 +0.7
7.0 +2.0

r(~», (1s))/r~,
VALUE(units 10 2)

0.28+0.06

r(~»c(»))/r~i

DOCVMENT /D TECN COMM EN T

l? GAISER
16 BIDDICK

86 CBAL e+ e —4 yX
77 CNTR e+ e pX

DOCUMEN T ID TECN COMMENT

GAISER 86 CBAL e+ e ~ pX

r(s(~+ ~-))/r~,
VALUE (units 10 4)

1.6+1.0

r()ipP)/r~,
VALUE(units 10 4)

1.4+0.6
EVTS

DOCUMENT ID TECN COMMEN T

TANENBAUM 78 MRK1 e+e

DOCUMENT ID TECN COMMENT

FRANKLIN 83 MRK2 e+ e

r(K+ K-)/r~,
COMMENT

e+e
etc. ~ o ~

&0.5 90 FELDMAN ?7 MRK1 e+e—

VALUE (units 10 4) CL% DOCUMENT ID TECN

1.0+0.7 BRANDELIK 79C DASP

~ o ~ We do not use the following data for averages, fits, limits,

res/r
VAL UE (units 10 ) CL% DOCUMEN T ID TECN COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.2 to 1.3 95 EDWARDS 82C CBAL e+e ~ pX

I (74' )/I ~t4~
VALVE (units 10 ) CL% DOCUMENT ID TECN COMMENT

& 64 95 18 LIBERMAN 75 SPEC e+ e
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(100 90 WII K 75 DASP e+ e

I (p»'(958)) /I tcc4I
VALUE (units 10 ) CL% DOCUMEN T IO TECN COMMENT

&0.11 90 19 BARTEL 76 CNTR e+ e
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

(0.6 90 2 BRAUNSCH. .. 77 DASP e+e

COMMENT

e+ e-
etc. ~ ~ ~

e+e

I (++4-40)/I ~(
VALUE(units 10 4)

0.85+DA6

I (AA)/I ~(
VALUE(units 10 4)

&4

r(=--:-+)/r~,
VALUE(units 10 4)

EVTS

CL%

90

CL%

90

DOCUMENT ID TECN COMMEN T

FRANKLIN 83 MRK2 e+ e ~ hadrons

DOCUMEN~ IO TECN COMME/V T

FELDMAN 77 MRKl e+ e

DOCUMENT /D TECN COMMENT

FELDMAN 77 MRKl e+ e

r(~+ ~-)/r~,
VALUE(units 10 4) CL% DOCUMENT ID TECN

0.8+0.6 BRANDELIK 79C DASP

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.5 90 FELDMAN 77 MRK1

r(~»)/r~i
VALUE(units 10 2) CL% DOCUMENT ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ o

&0.02 90 YAMADA 77 DASP e+ e ~ 3p

r(q»(144o) 7K7f~)/r~,
VALVE (units 10 3) CL% DOCUMENT ID TECN COMMENT

&0.12 90 21 SCHARRE 80 MRK1 e+ e

Angular distribution (1+cos 8) assumed.
5 Angular distribution (1—0.189 cos 8) assumed.

Valid for isotropic distribution of the photon.
7 Angular distribution (1-0.052 cos e) assumed.
8Restated by us using B(tt(2S) —+ I/+ p, ) = 0.0077.

The value is normalized to the branching ratio for I (J/Q(1S) r/)/I total.
Restated by us using total decay width 228 keV.
includes unknown branching fraction r7(1440) —+ K Kx.

g(2S) REFERENCES

&10
&10

90
90

BART EL
13 ABRAMS

76 CNTR
75 MRK1

e+e
e+ e-

I (K+ K 4' )/I t4~J
VAL UE (units 10 ) CL% EVTS

(2.96 90 1

r(K+Ir'{$92) +e.c.)/I~~
VAL UE (units 10 ) CL% EVTS

g1.79 90 0

Assuming entirely strong decay.
Final state p0x .

DOCUMENT ID TECN COMMEN T

FRANKLIN 83 MRK2 e+ e ~ hadrons

r28yr
DOCUMENT ID TECN COMMENT

FRANKLIN 83 MRK2 e+ e ~ hadrons

r(p&)/rex i

VALUE (units 10 4) CL% EVTS DOCUMENT ID TECN COMMENT

& 0.8$ 90 1 FRANKLIN 83 MRK2 e+ e
~ o o We do not use the following data for averages, fits, limits, etc. o a a

ARMSTRONG 93B
PDG 92
ALEXANDER 89
GAISER 86
FRANKLIN 83
EDWARDS 82C
LEMOIGNE 82
HIMEL 80
OREGI IA 80
SCHARRE 80
ZHOLENTZ 80

Also 81

BRANDELIK 79B
BRANDELIK 79C
BARTEL 78B
TANENBAUM 78
BIDDICK 77
BRAUNSCH. .. 77
BURMESTER ?7
FELDMAN 77
YAMADA 77
BARTEL 76
TANENBAUM 76
WHITAKER 76
ABRAMS 75
ABRAMS 75B
BOYARSK I 75C
HIL GER 75
I IBERMAN 75
LUTH 75
WIIK 75

PR D47 772
PR D45, 1 June, P
NP 8320 45
PR D34 711
PRL 51 963
PRL 48 70
PL 113B 509
PRL 44 920
PRL 45 959
PL 978 329
PL 96B 214

JNP 34 814
ranslated from YAF

NP B160 426
ZPHY Cl 233
PL 79B 492
PR D17 1731
PRL 38 1324
PL 67B 249
PL 66B 395
PRPL 33C 285
Hamburg Conf. 69
PL 64B 483
PRL 36 402
PRL 37 1596
Stanford Symp. 25
PRL 34 1181
Palerino Conf. 54
PRL 35 625
Stanford Symp. 55
PRL 35 1124
Stanford Symp. 69

+Bettoni Bharadwaj+ (FNAL E760 Collab, )
art II Hikasa, Barnett, Stone+ (KEK, LBL, BOST+}

+Bonvlcini Drell Frey Luth (LBL, MICH, SLAC}
+Bloom, Bulos, Godfrey+ (Crystal Ball Collab. )
+Franklin, Feldman, Abrams, Alam+ (LBL, SLAC)
+Partridge, Peck+ (CIT, HARV. PRIN, STAN, SLAC)
+Barate, Astbury+ (SACL. LOIC, SHMP. IND)
+Abrams, Alam, Blocker+ (LBL, SLAC)
+Partridge+ (SLAC, CIT, HARV, PRIM, STAN)
+Trilling, Abrams, Alam, Blocker+ (SLAC, LBL)
+Kurdadze, I elchuk, Mishnev+ (Novo)

Zholentz. Kurdadze, Lelchuk+ (Novo)
34 1471.

+Cords+ (DASP Collab. )
+Cords+ (DASP Collab. )
+Dittrnann, Duinker, Olsson, O'Neill+ (DESY, HEIDP)
+Alam, Boyarski+ (SLAC, LBL}
+Burnett+ (UCSD, UMD, PAVI. PRIM. SLAC. STAN)

Braunschwelg+ (DASP Collab. )
+C riegee+ (DESY, HAMB, SIEG, WUPP)
+Perl (LBL, SLAC)

{DASP Collab. )
+Duinker, Olsson, Steffen, Heintze+ (DESY, HEIDP}
+Abrams, Boyarski, Bulos+ (SLAC, LBI)IG
+Tanenbaum, Abrams, Alarn+ (SLAC, LBL)

{LBL}
+Briggs, Chinowsky, Friedberg+ (LBL, SLAC)
+Breidenbach. Bulos, Abrams. Briggs+ (SLAC. LBL)
+Beron, Ford, Hofstadter, Howell+ (STAN. PENN)

(STAN)
+Boyarski, Lynch, Breldenbach+ (SLAC, LBL) JPC

(DESY)
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@(2S)= g(3685), @(3770),@(4040)

OTHER RELATED PAPERS /{3770}PARTIAL WIDTHS

LEE
BARATE
FRANKLIN
AUBERT
BRAUNSCH. ..
CAMERINI
FELDMAN
GRECO
JACKSON
SIMPSON
ABRAMS

85 SLAC 282
83 PL 121B 449
83B Thesis SLAC-0254
75B PRL 33 1624
75B PL 57B 407
75 PRL 35 483
75B PRL 35 821
75 PL 56B 367
75 NIM 128 13
75 PRL 35 699
74 PRL 33 1453

+Bareyre, Bonamy+ (SACL,

+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+

(SLAC)
LOIC. SHMP, IND)

(STAN)
(MIT, BNL)

(DASP Collab. )
(WISC, SLAC)

(LBL, SLAC)
(FRAS)

(LBL)
(STAN, PENN)

(LBL, SLAC)

I (e+e )
VALUE (keV) DOCUMENT ID TECN COMMENT

0.26 +OAR OUR FIT Error includes scale factor of 1.2.
0.24 BOAS OUR AVERAGE Error includes scale factor of 1.2.
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 3 RAPIDIS 77 MRK1 e+e
See also I (e+e )/Ctotai below.

r2

@(377O)

r(DQ/roe I

Q(3770) BRANCHING RATIOS

VAL UE (MeV) DOCUMENT ID TECH COMMENT

3769.9+2.S OUR EVALUATION Error includes scale factor of 1.8. From mg(3685) and

mass difference below.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3764.0+5.0 1 SCHINDLER 80 MRK2 e+ e
3770 +6.0 1 BACINO 78 DLCO e+ e
3772.066.0 1RAPIDIS 77 MRK1 e+e

Errors include systematic common to all experiments.

VALUE

dominant

I (e+e )/loca~

DOCUMEN T ID TECN COMMENT

PERUZZI 77 MRK1 e+e ~ DD

TECN COMMENT

$(3770) REFERENCES

VALUE(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

mg(377g) mg(~)
SCHINDLER 80 PR D21 2716
BACINO 78 PRL 40 671
PERUZZI 77 PRL 39 1301
RAPIDIS 77 PRL 39 526

+Siegrist, Alam, Boyarski+ (Mark ll Collab. )
+Baumgarten, Birkwood+ (SLAC, UCLA, UCI)
+Piccolo, Feldman+ (SLAC, LBL, NWES, HAWA)
+Gobbi, Luke, Barbaro-Galtieri+ (Mark I Collab. )

VALUE(MeV) DOCUMENT ID TECN COMMENT

N3.9+2A OUR AVERAGE Error includes scale factor of 1.8. See the Ideogram below.

80.0+2.0 SCHINDLER 80 MRK2 e+ e
86.0+2.0 2 BACINO 78 DLCO e+ e
88.0 +3.0 RAPIDIS 77 MRK1 e+ e

SPEAR Q(2S) mass subtracted (see SCHINDLER 80).

WEIGHTED AVERAGE
83.9+2.4 (Error scaled by 1.8)

@(404o) I'(~PC} = 7'(~--)

for the Q(4040) is known by its production in e+ e collisions

via single-photon annihilation. I is not known, and the interpre-
tation of this state as a single resonance is unclear because of the
expectation of substantial threshold effects in this energy region.

Q(4040) MASS

VALUE(MeV)

%3%3A)+10.0
DOCUMEN T ID TECN COMMENT

BRANDELIK 78C DASP e+ e

f(4040) WIDTH

VALUE (MeV)

62.0+10.0
DOCUMENT ID TECN COMMENT

BRANDELIK 78C DASP e+ e

75 80

m@(3770)
—

m@(2S) (MeV

Q(3770}WIDTH

X
.SCHINDLER 80 MRK2 3.8.BACINO 78 DLCO 1.1

RAPIDIS 77 MRK1 1.9
6.8

(Confidence Level = 0.034)
I

85 90 95 100 105

I2
I3
I4
I5
I6

$(4040) DECAY MODES

Mode

e+e
DO DO

D'(2007) ~D+ c.c.
D'(2007)o D"{2007)o
J/@(1S)hadrons

u+u

Fraction (I ~/0)

(1.4+0.4) x 10
seen

seen

seen

4I(4040) PARTIAL WIDTHS

TECN COMMENT

SCHINDLER 80 MRK2 e+ e
BACINO 78 DLCO e+ e
RAPIDIS 77 MRK1 e+e

VALUE (MeV) DOCUMENT ID

23.6+2.7 OUR FIT Error includes scale factor of 1.1.
2$.$+2.9 OUR AVERAGE
24.0+5.0
24.0+5.0
28.0+5.0

I (e+ e-)
VALUE (keV)

0.75+0.15
DOCUMENT ID TECN COMMENT

BRANDELIK 78C DASP e+ e

Q(4040} BRANCHING RATIOS

Mode

DD
e+e

/{3770) DECAY MODES

Fraction (I I/I )

dominant

(1.12+0.17) x 10

Scale factor

1.2

r(e+ e-)/roe„
VALUE (units 10 ) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

~ 1.0 FELD MAN 77 MRK1

I (D 5 )/I (D'( 2070) Vo'+c.c.)
VALUE DOCUMEN T ID TECN

0.05 +OAS 1 GOLDHABER 77 MRK1

Phase-space factor (p ) explicitly removed.

I D('( 2007)yo' {200)7o)I/( ' D{20o0Z7P}c.+c.)
VALUE DOCUMEN T ID TECN

32A) +12.0 GOLDHABER 77 MRK1

Phase-space factor (p ) explicitly removed.

COMMENT

etc. ~ ~ ~

e+e—

COMMENT

e+e—

COMMENT

e+e—
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@(4040),@(4160),@(4415)

BRANDELIK 78C PL 76B 361
Also 79C ZPHY Cl 233

FELDMAN 77 PRPL 33C 285
GOLDHABER 77 PL 69B 503

g(4040) REFERENCES

+Cords+
Brandelik, Cords+

+Perl
+Wiss, Abrams, Alarn+

OTHER RELATED PAPERS

(DASP Collab. )
(DASP Collab. )

(LBL, SLAC)
{LBL, SLAC)

Q(4415) ~'I J") = (i - -)

J for the Q(4415) is known by its production in e+ e collisions

via single-photon annihilation. l is not known, and the interpre-

tation of this state as a single resonance is unclear because of the
expectation of substantial threshold effects in this energy region.

HEIK KILA
ONO
SIEGRIST
AUG USTIN
BACCI
SOYA RSKI
ESPOSITO

@(4160)

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

(HELS, AACHT)
(ORSAY)

(SLAC, LBL}
(SLAC. LBL)

(ROMA, FRAS)
(SLAC, LBL)

NAPL, PADO, ROMA}

I (~ ) = ' (1 )

+Tornqvist, Ono

+Schwitters, Alam, Chinowsky+
+Boyarski, Abrams, Briggs+
+Bidoli, Penso, Stella+
+Breidenbach, Abrams, Briggs+
+Felicetti, Peruzzi+ (FRAS,

g(4415) MASS

DOCUMENT ID

~ 4400

VALUE (MeV) TECN COMMENT

4415 + 6 OUR AVERAGE

4417.0 k 10.0 8RANDELIK 78c DASP e~ e
4414 + 7 SIEGRIST 76 MRK1 e+ e

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

K NIES 77 PLUT e'I' e —~ p, + Is

J for the ti((4160) is known by its production in e+ e collisions

via single-photon annihilation. I is not known, and the interpre-

tation of this state as a single resonance is unclear because of the
expectation of substantial threshold effects in this energy region.

$(4160) MASS

g(4415) WIDTH

VALUE (MeV) DOCUMEN T ID TECN COMMENT

48 +15 OUR AVERAGE Error includes scale factor of 1.8.
66.0+ 15.0 BRANDELIK 78c DASP e+ e

33 +10 SIEGRIST 76 MRK1 e+ e

VALUE (Mev)

4169.0+20.0
DOCUMENT ID TECN COMMENT

BRANDELIK 78c DASP e+ e g(4415) DECAY MODES

VALUE (MeV)

78.0+20.0

Mode

I 1 e e

f(4160) WIDTH

DOCUMENT ID TECN COMMENT

BRANDELIK 78C DASP e+ e

Q(4160) DECAY MODES

Fraction (I I/I )

(10+4) x 10

/{4160) PARTIAL WIDTHS

Mode

I 1 hadrons

I, e+e-

r(e+ e-)
VALUE (keV)

OAT+0.10 OUR AVERAGE

0.49+0.13
0.44+ 0.14

Fraction (I;il )

dominant

(1.1+0.4) x 10

DOCUMENT ID TECN COMMENT

BRANDELIK 78c DASP e+ e
SIEGRIST 76 MRK1 e+ e

Q(4415) PARTIAL WIDTHS

VALUE (keV}

o.neo.as
DOCUMENT ID TECN COMMENT

BRANDELIK 78C DASP e+ e

Q(4260) REFERENCES

I (hsdrons)lr~i
VALUE

dominant

Q(4415) BRANCHING RATIOS

DOCUMEN T ID TECN COMMENT

SIEGRIST 76 MRK1 e+ e

BRANDELIK 78C PL 76B 361 +Cords+ (DASP Collab, )
/{4415) REFERENCES

OTHER RELATED PAPERS

+Criegee+

(ORSAY}
(SLAC)

(DESY, HAMB, SIEG, WUPP)

ONO 84 ZPHY C26 307
KIRKBY 79B Fermilab Symp. 107
BURMESTER 77 PL 66B 395

BRANDELIK
KNIES
SIEGRIST

78C PL 76B 361 +Cords+
77 Hamburg Symp. 93
76 PRL 36 700 +Abrams, Boyarski, Breidenbach+

OTHER RELATED PAPERS

(DASP Collab. )
{PLUTO Collab, )

(LBL, SLAC)

BURMESTER 77 PL 66B 395
LUTH 77 PL 70B 120

+Criegee+ (DESY, HAMB, SlEG, WUPP}
+Pierre, Abrams, Alam, Boyarski+ (LBL, SLAC)
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Bottomonium

bb MESONS
The electronic partial width I'„is also not directly measurable

at e+e storage rings, only the combination I', ri,~/r, where

I g g is the hadronic partial width and

NOTE ON WIDTH DETERMINATIONS OF
THE T STATES

As is the case for J/Q(1S) and @(2S), the full widths

of the bound bb states T(1S), T(2S), and T(3S) are not

directly measurable, since they are much smaller than the

energy resolution of the e+e storage rings where these states

are produced. The common indirect method to determine I'

starts from

I'g~ + 3I'« = I' .

This combination is obtained experimentally from the energy-

integrated hadronic cross section

o(e+e -+ T ~ hadrons)dE

6x I'«I'h~C 67t I ee I hadC(0)
(o)

r = r«/B«,

I'es = ~«

Bgg = average of B«, B», and B« . (2)

where I'gg is one leptonic partial width and Bgg is the cor-

responding branching fraction (l = e, p, or r). One then

assumes e-p, -~ universality and uses

where M is the T mass, and C„and C„areradiative(o)

correction factors. C„is used for obtaining I'«as defined

in Eq. (1) and contains corrections from all orders of /ED
for describing (bb) ~ e+e . The lowest order /ED value I'„,
relevant for the comparison with potential-model calculations, is

defined by the lowest order /ED graph (Born term) alone and is

about 7% lower than I„.In the past, this distinction had been

THE BOTTOMONIUM SYSTEM

T (11020)

T (10860)

T (4S)

BBthreshold

0

q~(3S)
(2P)

hadrons

W % W Q

qg(2S)
(1P)

W W R

q~(1S)
T (1S)

JPC 0—+ 0++ 1++ 2++

The level scheme of the bb states showing experimentally estabbshed states with solid lines. Singlet states are
called gt, and hg, triplet states T and XgJ. In parentheses it is sufhcient to give the radial quantum number and
the orbital angular momentum to specify the states with all their quantum numbers. E g. , hb(2P) means 2 Pi.
with n = 2, L = 1, S = 0, J = 1, PC = +—. If found, D-wave states would be called rig(nD) and Tg(nD),
with J = 1,2,3 and n = 1,2, 3, 4, . For the Xs states, the spine of only the Xs2(IP) and Xsi(IP) have been
experimentally established. The spins of the other Xp 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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Bottomonium, T(1S)= T(9460)

overlooked by some authors as pointed out by ALEXANDER 89,

BARU 86, COOPER 86, KOENIGSMANN 86, and others.

The Listings give experimental results on B„,B&&, B
„

and I'«I hed/I'. The entries of the latter quantity have been

re-evaluated using consistently the correction procedure of KU-

RAEU 85. The partial width I'« is obtained from the average

values for I „I'h~/I' and Brf using

I'eeI'has

I'(I —3Bff)

The total width I' 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)
and no longer the lowest order quantities I'« .(o)

l9
ilQ

~14
~15

l18
l19
I 20

i 24

p2h+ 2h
p3h+ 3h
-/4h+4h-
"/vr+ Tr K+ K

2 Ir 2'
~ 3~+ 37r

~ 2m+ 2' K+ K

pp
p27I 2' pp
~2K+2K-
q rfr (958)

v g
-rf2(1525)
q fa(12?0)
prf(1440)
pfg(1710) ~ pKK .

~ f4(2220) ~ pK+K

0'(2010)+ anything

Radiative decays
(7.0
(5.4
(7,4

(2.9
(2.5
(2.5
(24
(1.5
(4
(2.0

1 ~ 3
3.5
1.4

c 2.6

& 1.5

Hadronic decays

fal

+1.5 ) x 10

+2.0 ) x 10 4

+3.5 ) x 10

+0.9 ) x 10
-$-0,9 ) x 10
-f]2 )x10
+1.2 ) x 10
J-Q.6 ) x 10=4

+6 )x10
+2.0 ) x 10

x 10
10

x 1O-"

: 10-4
' 10-5
x 1{) -4

x 10

C L —. 90'/0

C L =900/o

CI . 900go

CL=90%
CL=900/0

C L=900/0

C L =900/0

T(iS)
or T(9460)

T(1S) MASS

[al The value is for the sum of the charge states indicated.

T(1S) I (I)I {e+e )/I (total)

r(e+e ) x r(14+f4-)/r~f rara/r

VAL UE (MeV) DOCUMEN T ID TECN COM MEN T

94&0.37+0.21 OUR AVERAGE Error includes scale factor of 2.7. See the ideogram
below.

9460.60 40.09+0.05 1 BARU 928 REDE e+ e ~ hadrons

9460.6 +0.4 2 ARTAMONOV 84 REDE e+ e ~ hadrons

9459.97k 0.11+0.07 MACKAY 84 REDE e+ e ~ hadrons

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

9460.5940.12 BARU 86 REDE e+ e —e hadrons

Superseding BARU 86.
Value includes data of ARTAMONOV 82.

WEIGHTED AVERAGE
9460.37~0.21 (Error scaled by 2.7)

VALUE (eV)

31.2+1.6+1.7

I (hadrons) x I (e+e )/I~i

DOCUMENT ID

KOBEL

TECN COMMENT

92 CBAL e+ e

fel 2/I
DOCUMENT IDVAL UE (keV) TECN COMMEN T

1.216+0.027 OUR AVERAGE

1.187+0.023+0.031 3 BARU 92B MD1 e+ e ' -~ hadrons

1.23 +0,02 +0.05 JAKUBOWSKI 88 CBAL e+ e — hadrons

1,37 +0.06 +0.09 4 GILES 848 CLEO e+ e —e hadrons

1.23 +0,08 +0.04 4 ALBRECHT 82 DASP e+ e -~ hadrons

1.13 +0.07 +0.11 4 NICZYPORUK 82 LENA e+ e -- hadrons

1.09 +0,25 4 BOCK 80 CNTR e" e -~ hadrons

1,35 +0.14 5 BERGER 79 PLUT e ~ e -~ hadrons

o o We do not use the following data for averages, fits, limits, etc. + ~ 0

1.17 +0.06 +0.10 4TUTS 83 CUSB e' e --f hadrons

Radiative corrections evaluated following KURAEV 85.
"Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 85.
5 Radiative corrections reevaluated by ALEXANDER 89 using B(p, jtt) =- 0.026.

r(e+ e-)
T(1S) PARTIAL WIDTHS

i2

Mrr 2

iP . . BARU 928 REDE 5.1

ARTAMONOV 84 REDE 0.3
MACKAY 84 REDE 9.3

14.7

~
(Confidence Level & 0.001i

9459.5 9460.0 9460.5 9461.0 9461.5 9462.0

T(1S) mass (MeV)

T(1S) WIDTH

VAL UE (keV) DOCUMENT ID

1.32+0.03 OUR EVALUATION See T mini-review.

T(1S) BRANCHING RATIOS

I (r+1 )/I tetef
VALUE

0.029?+0.0035 OUR AVERAGE

0.027:&0.004 +0.002

TECN COMMEN TDOCUMENT ID

r(f+p )/rt ti

6 ALBRECHT 85C ARG T(25) —-
~+ 2r

—T+ T--

0,034 +0.004 +0,004 GlLES 83 CLEO e~ e —e T+ T

Using B(T(lS) ee) = B(T(15) — /4I') = 0.0256'„notused for width evaluations.

VALUE (keV) DOCUMENT ID

52.5+1.1 OUR EVALUATION See T mini-review.

T{1S)DECAY MODES

Mode

T+&
e+e
P P

Fraction (I;jl )

2 97+0 35) o/o

(2.52+ 0.17) %
48+0 07

l2
l3

Hadronlc decays
(1.1

& 2

& 5

5

& 9

l 4 3/@(1S)anything

r5
r6
I 7 K+K
l8 PP

+0.4 ) x 10

x10 4

x 10
x10 4

x10 4

Scale factor/
Confidence level

S=1.1

C L=90/o

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

0.0231 +0.0012+0.0010

0.0252 + Q.0007+0.0007

0.0261+0.0009+0.0011

0.0230 4 0.0025+0.0013

0.029 4 0.003 +0.002

"KOBEL 92 C BAL

CHEN 89EI CLEO

KAARSBERG 89 CSB2

ALBRECHT 87 ARG

8ESSON 84 C LEO

VAL UE EVTS DOCUMENT ID TECN

0.0241+0.0007 OUR AVERAGE Error includes scale factor of 1.1.
0.0212+0.0020+ 0.0010 BARU 92 MD 1

COM MEN T

e+ e
+O' It

e+e——
It I4

e+ e
I+&4

e+ e
I+&

T(2S}
~+~ S.+I

T(2S) —e

~+~-I +/1-
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T(lS) = T(9460)

0.027 +0.003 +0.003

0.032 +0.013 +0,003

0.038 +0.015 +0.002

o oi4 +0034—0.014

0.022 +0.020

ANDREWS 83 CLEO

ALBRECHT S2 DASP

NICZYPORUK 82 LENA

BOCK 80 CNTR

79 PLUTBERGER

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

e+e
I+I

e+e—
I+I

e+e—
I+I

e+e
I+I

e+e—
I+I

~ ~

0.027 +0.003 +0.003 TUTS 83 CUSB e+e—
I+I

VALUE EVTS

0.0252+0.0017 OUR AVERAGE
0.0242+ 0.0014+0.0014

0.028 +0.003 +0.002

0.051 +0.030

826

DOCVMENT ID TECN COMMENT

ALBRECHT 87 ARG T(2S) —+

m+~ —e+ e—
BESSON 84 CLEO T(2S) ~

~+~—e+ e-
BERGER SOC PLUT e+ e

e+ e-

7Taking into account interference between the resonance and continuum.

r(a+ a-)(ron„

I (73h+3h )(Innni
VALUE (units 10 )

6A 41.5+1.3

r(7ah+ah )(r-nn„
VALUE(units 10 4)

7.4+2.5+2.5

I (pn)/I nn, i

EVTS

39 +
11

EVTS

36 4
12

DOCUMENT ID

FULTON

DOCUMENT ID

FULTON

ri.o/r
TECN COMMENT

908 CLEO e+ e ~ hadrons

TECN COMM EN T

908 CLEO e+ e ~ hadrons

I a/I
COMMENT

T(1S) pp ap
etc. ~ ~ ~

&10
&21

90
90

BLINOV 90 MD1 7 (1S) pp xo
NICZYPORUK 83 LENA T(is) p x

I (D {2010)+anything)/I nnai
VALUE(units 10 3) CL%

&19 90

9For x& & 0.2.

rsa/r
DOCUMEN T ID TECN COMMENT

ALBRECHT 92J ARG e+e ~ 0 ~+X

VALUE(unIts 10 4) CL% DOCUMENT ID TECN

g 2 90 FULTON 908
~ ~ ~ We do not use the following data for averages, fits, limits,

I (J/$(1S) anything)/I nnai
VALVE (units 10 3) CL%

& 0.68 90

DOCUMENT ID TECN

ALBRECHT 92J ARG

1.1 +0.4+0.2 8 FULTON 89 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

& 1.7 90 MASCHMANN 90 CBAL
&20 90 NICZYPORUK 83 LENA

Using B((J/f) —+ p+ p, ) = (6.9 + 0.9)%.

COMMENT

e+e
e+e

e+ e-
etc. ~ ~ ~

e+e—
X,

I+@,—X
I +P,-X

e+ e ~ hadrons

I ss/I

pK+~+ KpS

VALUE (units 10 )

&1.3
CL%

90

DOCUMENT ID TECN COMMENT

SCHMITT 88 CBAL T(1S) ~ px

r(79(1440))/ran„
VALUE(units 10 S) CL% DOCUMENT ID TECN COMMENT

&8.2 90 FULTON 908 CLEO T(is) ~
Includes unknown branching ratio of yI(1440) ~ K+ x+ KS'

I (79'{958))/rtotsi

I (++n-)/I nn, i

VALUE(units 10 4) CL%

90

DOCUMENT ID

BARU

TECN COM MEN T

92 MD1 T(1S) -+ m'+ x

I (79}/riotsi
VALUE(units 10 4)

&3.5
CL%

90

DOCUMENT ID TECN COMMENT

SCHMITT 88 CBAL T(ls) ~ px

I so/I

I (K+ K )/I ansi
VALUE(units 10 4)

&5

r(p}i)«~i
VALUE(units 10 4)

&9

CL%

90

CL%

90

DOCUMENT ID

BARU

TECN COMMENT

92 MD1 T(1S) —+ K+ K

DOCUMENT ID TECN COMMENT

BARU 92 MD1 T(ls) ~ p p

ra/r

I (7 fs(1525))/I nnai
VALUE (units 10 CL% DOCUMENT ID TECN

&14 90 11 FULTON 908 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

&19.4 90 ii ALBRECHT 89 ARG

Assuming B(f2(1525) ~ KK) = 0.71.

COMMENT

T(ls) ~ yK+K
etc.. ~ ~ ~

T(is) qK+ K—

r(72n+2n-)(r~,
VALUE(units 10 4)

2.5+0.7+0.5
EVTS

26 +
7

VALVE(units 10 4}

1.5+0.5+0.3

I (72K+2K )/I~i

EVTS

22 6
6

VALUE(units 10 4) EVTS

0.2 +0.2 2+2

r(73 +3 -)(ma„
VALUE(units 10 4)

2.5+0.9+0.8
EVTS

17 4
5

I (72x+2n K+K }/Inn'
VALUE (units 10 4}

2.4+0.9+0.8
EVTS

18 4
7

r(72n+2~- p}I}(ran„

r(7n+n K+K )(r~-, -
VALVE (units 10 ) EVTS

2.9+0.7+0.5 29 6
8

r(7n+n pÃ)/ran i

I i,s/I
DOCUMENT ID TECN COMMENT

FULTON 908 CLEO e+ e ~ hadrons

ria/r
DOCUMENT ID TECN COMMENT

FULTON 908 CLEO e+ e ~ hadrons

I 1a/I
DOCUMENT ID TECN COMMENT

FULTON 908 CLEO e+ e ~ hadrons

DOCUMENT ID

FULTON

TECN COMMENT

908 CLEO e+ e ~ hadrons

DOCUMENT ID

FULTON

I ui/C
TECN COMMENT

908 CLEO e+ e ~ hadrons

rts/r
DOCUMENT ID TECN COMMENT

FULTON 908 CLEO e+ e ~ hadrons

ran/I
COMMENT

T(1S) ~ pK+ K
etc. ~ ~ ~

7'(is) ~
T(is)
7'(is)
r(is)-

pK+K
PKS KPS

year+ 7—
px

rss/r
VALUE(units 10 S) CL% DOCUMENT ID TECN

&13 90 i5 ALBRECHT 89 ARG
~ ~ ~ We do not use the following data for averages, fits, limits,

&21 90 15 FULTON 908 CLEO
&81 90 SCHMITT 88 CBAL

Using B(f2(1270) ~ +7r) = 0.84.

COMMENT

T (1S) ~yr+ 7—
etc. ~ ~ ~

T(is) ~ p~+x
T(1S) ~ px

I (7fs{2m) 7K+K )/I nn I

VALUE (units 10 ) CL% DOCUMENT ID TECN

& 1.6 90 16 FULTON 908 CLEO
~ ~ ~ We do not use the following data for averages, fits, limits,

2.9 9P ALBRECHT 89 ARG
&20 90 BARU 89 MD1

Including unknown branching ratio of f4(2220) ~ K+ K

rsa/r
COMMENT

T(1S) —+ q K+ K
etc. ~ ~ ~

T(1S) —+ pK+ K
T(1S) ~ gK+ K

r(7fj{171D) 7KR)/I nn, i

VALUE(units 10 4) CL% DOCUMENT ID TECN

& 2.1 9p 12 ALBRECHT 89 ARG
~ ~ ~ We do not use the following data for averages, fits, limits,

& 6.3 90 12 FULTON 908 CLEO
&19 90 12 FULTON 908 CLEO

& 8 90 i3 ALBRECHT 89 ARG
&24 90 i4 SCHMITT 88 CBAL

Assuming B(fJ(1710)~ KK) = 0.38.
Assuming B(fJ(1710)~ nn) = 0.04.
Assuming B(fJ(1710)~ gg) = 0.18.

r(7/{1270))/I nnai

VALUE (units 10 ) EVTS

0.4+0.4+0.4 7+6

r(»h+2h-)/r~,

DOCUMENT ID

FULTON

TECN COMMENT

908 CLEO e+ e ~ hadrons

VALUE(units 10 4}

7.0+1.1+1.0
EVTS

80 +
12

DOCUMENT ID TECN COMMENT

FULTON 908 CLEO e+ e ~ hadrons
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T(1S)= r(9460), &I,o(1P) = &6o(986Q), gi1(1P) = &6&(9890)

r(ls) REFERENCES Xeo(1P) REFERENCES

ALBRECHT
BARU
BARU
KOBEL
BLINOV
FULTON
MASCHMANN
ALBRECHT
ALEXANDER
BARU
CHEN
FULTON
KAARSBERG

BUCHMUEL. ..
Editors: A

JAKUBOWSKI
SCHMITT
ALBRECHT
BARU
ALBRECHT
KURAEV

A RTA MON OV
8ESSON
GILES
MACKAY
ANDREWS
GILES
NICZYPOR UK
TUTS
ALBRECHT
A RTA MONOV
NICZYPORUK
BERGER
BOCK
BERGER

92J ZPHY C55 25
92 ZPHY C54 229
928 BINP 92-46 Preprint
92 ZPHY C53 193
90 PL 8245 311
908 PR D41 1401
90 ZPHY C46 555
89 ZPHY C42 349
89 NP 8320 45
89 ZPHY C42 505
898 PR D39 352S
89 PL 8224 445
89 PRL 62 2077
88 HE e+e Physics 4
Ali and P. Soeding, World

88 ZPHY C40 49
88 ZPHY C40 199
87 ZPHY C35 283
86 ZPHY C30 551
85C PL 1548 452
85 SJNP 41 466

Translated from YAF
84 PL 1378 272
84 PR D30 1433
848 PR D29 1285
84 PR D29 2483
83 PRL 50 807
83 PRL 50 877
83 ZPHY C17 197
83 Cornell Conf. 2S4
82 PL 1168 383
82 PL 1188 225
82 ZPHY C15 299
SOC PL 938 497
80 ZPHY C6 125
79 ZPHY C1 343

OTHER RELATED PAPERS

+Ehrlichmann, Harnacher+ (ARGUS Collab. )
+Beilin, Blinov+ (NOVO)
+Blinov, Blinov, Bondar+ (NOVO)
+Antreasyan, Bartels, Besset+ (Crystal Ball Collab. )
+Bondar+ (NOVO}
+Hem pst cad+ (CLEO Collab. )
+Antreasyan, Bartels, Besset+ (Crystal Ball Collab. )
+Boeckmann, Glaeser, Harder+ (ARGUS Collab. )
+Bonvicini, Drell, Frey, Luth (LBL, MICH, SLAC)
+Beilin, Blinov+ (NOVO)
+Mc liwain, Miller + (CLEO Coliab. }
+Haas, Hempstead+ (CLED Collab. )
+Heintz+ (CUSB Collab. )

12 Buchmueller, Cooper (HANN, DESY, MIT)
Scientific, Singapore

+Antreasyan, Bartels+ (Crystal Bali Collab. ) iGJPC
+Antreasyan+ (Crystal Ball Collab. )
+Binder, Boeckmann, Giaeser+ (ARGUS Collab. )
+Blinov, Bondar, Bukin+ (NOVO)
+Drescher, Heller+ (ARGUS Collab. )
+Fadin (A5C I)

41 733.
+Baru, Blinov, Bondar+ (NOVO)
+Green, Hicks, Namjoshi, Sannes+ (CLEO Collab. )
+Hassard, Hempstead, Kinoshita+ (CLEO Collab. )
+Hasard, Giles, Hempstead+ (CUSB Collab. )
+Avery, Berkelman, Cassel+ (CLED Collab. )
+ (HARV, OSU, ROCH, RUTG, SYRA, VAND+)
+Jakubowski, Zeludziewicz+ (LENA Collab. }

(CUSB Collab. )
+Hofmann+ (DESY, DORT, HEIDH, LUND, ITEP)
+Baru, Blinov, Bondar, Bukin, Groshev+ (NOVO)
+Folger, Bieniein+ (LENA Collab. )
+Lackas, Raupach+ (PLUTO Collab. )
+Blanar, Blum+ (HEIDP, MPIM, DESY, HAMB)
+Alexander+ (PLUTO Collab. )

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

+Zschorsch+
+Drescher, Heller+
+Antreasyan, Aschman+
+Jensen, Kagan, Kass, Behrends+

Klopfenstein, Horstkotte+
+Dietl, Eigen+ (MPIM, COLU,

(Crystal Ball Co!lab, )
(ARGUS Coilab. )

(Crystal Ball Coliab. )
(CLED Collab. )
(CUSB Collab. )

CORN, LSU, STON)

yI„(1P)
or X?r1(9890)

IG(gPC) P?(1-r +)
2 needs confirmation.

Xeg(1P) MASS

VAL UE {MeV)

9891.9+0.? OUR AVERAGE

9890.860.96 1.3 ' WALK

9890.8 +0.3+1.1 1 ALBRECHT
9892.060.8 +2.4 1 NERNST
9893.660.8+ 1.0 1 HAAS

9894.4+0.4+3.0 1 KLOPFEN. ..
9892.0 +3.0 1 PAUSS

From p energy below, assuming T(2S) mass =

DOCVMENT ID TECN COM MEN T

86 CBAL r(2S) -'
85E ARG T(2S) —.+

85 CBAL T{25)—~

84 CLFO T(2S)—
83 CUSB T(2S) ~
83 cUsB r{2s)

10023 4 MeV.

vs~+ e

conv, pX
px
conv. y X

px
~&e+e-

Observed in radiative decay of the T(2S), therefore C = +. Branch-

ing ratio requires E1 transition, M1 is strongly disfavored, therefore
P = +, J = 1 from SKWARNICKI 87.

COOPER 86
KOENIGS. .. 86
ALBRECHT 84
A RTA MONOV 84
ARTAMONOV 82
BERGER 78
BIENLEIN 78
DAR DEN 78
GARELICK 78
KAPLAN 78
YOH 78
COBB 77
HERB
INN ES 77

Berkeley Conf. 67
DESY 86/136
PL 1348 137
PL 1378 272
PL 1188 225
PL 768 243
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)
Koenigsmann (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, Lederrnan, Appel, Ito+ (COI U, FNAL, STON)
+Appel, Brown, Herb, Hom+ (COLU, FNAL, STON)

VALUE {MeV)

130.6+0.? OUR AVERAGE

131.7 +0.9+ 1.3
131.7 +0.3k l.1

130.6+0.8+ 2.4
129.0 +0,8+ 1.0
128.1 +0.4+ 3.0
130.6 4 3.0

DOCUMENT ID

WALK

ALBRECHT
NERNST
HAAS
KLOPFEN. ..
PAUSS

TECN COM MEN T

86 CHAL

85E ARG
85 CBAL
84 CLEO
83 CUSB
S3 CUSB

T(25) —.&-, e- e-
T(2S) ~ conv. px
r(2s) - ~x
T(2S) conv. p X

r(2s) ~x
r(2s) -- ~~&-~ e--

Xeg(1P) DECAY MODES

7 ENERGY IN r(2s) DECAY

XI,o(1P)
or X44(9860)

IG(J ) = ? (0 preferred+ +)
2 needs confirmation.

Mode

I r pr(ls)
Fraction (l I/I )

(35+8)

Observed in radiative decay of the T(2S), therefore C = +. Branch-

ing ratio requires El transition, M1 is strongly disfavored, therefore

P=+ r(v r(1s))/r»I
XIr|(1P) BRANCHING RATIOS

Xe4(1P) MASS

TECN COMMENTVAL UE (MeV)

9159.$+1.3 OUR AVERAGE

9860.0+0.5+ 1.4 ALBRECHT 85E ARG T(25)
9858.3+1.6+ 2.7 1 NERNST 85 CBAL T(25) ~
9864.1 +7 + 1 1 HAAS 84 CLEO T(2S) ~
o ~ o We do not use the following data for averages, fits, limits, etc. o o ~

9872.8 +0.7 +5.0 KLOPFEN. .. 83 CUSQ T(2S) ~
From p energy below, assuming T(2S) mass = 10023.4 MeV.

7 ENERGY IN r(2S) DECAY

conv. p X
~X
conv. p X

px

SKWARNICKI 87
WALK S6
ALBRECHT 85E
NERNST 85
HAAS 84
KLOPFEN. .. 83
PAUSS 83

PRL 58 972
PR D34 2611
PL 1608 331
PRL 54 2195
PRL 52 799
PRL 51 160
PL 1308 439

VAL UE'

0.35+0.0e OUR AVERAGE

0.32 +0.06+0.07
0,47 60.18

DOCUMENT ID TECN COM MEN T

xeg(1P) REFERENCES

+Antreasyan, Besset+
+Zschorsch+
+Drescher, Heller+
+Antreasyan, Aschman+
+Jensen, Kagan, Kass, Behrends+

Klopfenstein, Horstkotte+
+Dietl, Eigen+ (MPIM, COLU,

(Crystal Ball Collab. ) J
(Crystal Ball Collab. )

(ARGUS Collab. )
{Crystal Ball Collab. )

(CLEO Collab. )
(CUSB Collab. }

CORN, LSU, STON)

WALK 86 CHAL T(25) ppe~ e

KLOPFEN. .. 83 CUSB T(2S) —~ gpss+ e

TECN COMMENTVAL UE (MeV)

1624+1.3 OUR AVERAGE

162.1+0.5 + 1.4 ALBRECHT 85E ARG

163.8 k 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 +5.0 Kl OPFEN. .. 83 CUSB

DOCUMENT ID

T(25) conv. p X

T(25) pX
T(2S) ~ conv. px

etc. ~ o ~

T(2S) ~X

Xe4(1P) DECAY MODES

Mode

r, ~ T(iS)
Fraction {f;/f )

(6 4/

Confidence level

904/

r(7 r(1s))Ir„„,
VALVE

Xep(1P) BRANCHING RATIOS

CL% DOCUMENT ID TECN

&0.11 90 PAUSS 83 CUSB

&0.06 90 WALK 86 CBAL

o ~ ~ We do not use the following data for averages, fits, limits,

COMMENT

T(25) ~ ype+e
etC. ~ ~ e

T{2s)~ pye+e
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y»(1P) = y»(9915), T(2S) = T(10023)

y»(1P)
or Xb2(9915)

I'(~") = -(2++)
J needs confirmation.

Xaa(1P) MASS

Observed in radiative decay of the T(2S), therefore C = +. Branch-
ing ratio requires E1 transition, M1 is strongly disfavored, therefore
P = +. l = 2 from SKWARNICKI 87.

l 9 PXb1(iP)
rzo gxb2(& p)
ru vxbo(i p)

p fy(1710)
r» & f', (is2s)
I g4 pf2(1270)
I gs p f4(2220)

Radiative decays

( 6.7 +0.9
( 6.6 +0.9
( 4.3 +1.0

5.9
5.3

2.41

)%
) 0/

)%
x 10 4

x 10 4

x 1O-4

9O%

90%

90%

TECN COMMENT

86 cBAL T(2s) -+ pye+e
85E ARG T(2S) ~ conv. pX
85 CBAL T(2S) ~ pX
84 CLEO T(2S) ~ conv. pX
83 CUSB T(2S) ~ yX
83 cUsB T(2s) ape+ e

10023.4 MeV.

7 ENERGY IN T(2S) DECAY

VALUE (MeV)

109.6+0.6 OUR AVERAGE

107.04 1.1+1.3
110.6 60.340.9
110.4 60.8 +2.2
109.5 +0.7 +1.0
108.2 +0.3k 2.0
108.8 +4.0

DOCUMENT ID

WALK
ALBRECHT
NERNST
HAAS

KI OPFEN. .~

PAUSS

TECN COM MEN T

86 CBAL
85E ARG
85 CBAL
84 CLEO
83 CUSB
83 CUSS

T(2S)
T(2s)
T(2s) ~
T(2S)
T(2s)
T(2s) ~

~~e+e-
conv. pX
qX
conv. p X
pX
~~e+e-

VAL UE (Me V) DOCUMENT ID

9913.2+0.6 OUR AVERAGE

9915.8 + 1.1+1.3 1 WALK
9912.2+0.3+0.9 1ALBRECHT
9912.4 +0.8+2.2 I NERNST
9913.3+0.7+ 1.0 1 HAAS
9914.6+0.362.0 KLOPFEN. ..
9914.0+4.0 1 PAUSS

From p energy below, assuining T(2S) mass =

T(2S} I {l}i{a+a }/I (total)

I (a+a ) x I (p+p )/I tstsI
VALUE (ev)

6.S+1$+1.0

I (hadrons) x I (a+a )/ItstsI

DOCUMENT ID TECN COMMENT

KOBEL 92 CBAL e+ e ~ p+Ii

rors/r
TECN COMMENTVAL UE (keV) DOCUMENT ID

O.SS4+0.030 OUR AVERAGE

0.54 +0.04 +0.02 JAKUBOWSKI 88 CBAL e+ e ~ hadrons

0.58 +0.03 +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 +
0'()5

3 NICZYPORUK 81C LENA e+e ~ hadrons

0.41 +0.18 3 BOCK 80 CNTR e+ e ~ hadrons
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.59 +0.03 +0.05 3 TUTS 83 CUSB e+ e ~ hadrons

Radiative corrections evaluated following KURAEV 85.
3 Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 85.

Mode

p T(1S)

Xba(1P} DECAY MODES

Fraction (I I/fI )

(22+4) %

T{2S}BRANCHING RATIOS

I (l//{is}anything)/I totsI
CL 4A

90

VALUE

&0.006
DOCUMENT ID TECN COMMENT

MASCHMANN 90 CBAL e+ e ~ hadrons

I a/I

r(~ T(iS))/rt, rg,

Xaa(1P) BRANCHING RATIOS

VAL UE

0.22+0.04 OUR AVERAGE

0.2760.0660.06
0.20+0.05

DOCUMENT ID TECN COMMENT

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

Xba(1P) REFERENCES

+Antreasyan, Besset+
+Zschorsch+
+Drescher, Heller+
+Antreasyan, Aschman+
+Jensen, Kagan, Kass, Behrends+

Klopfenstein, Horstkotte+
+Dietl, Eigen+ (MPIM, COLU,

(Crystal Ball Collab. ) J
(Crystal Ball Collab. )

(ARGUS Collab. )
(Crystal Ball Collab. )

(CLEO Collab. )
(CUSB Collab. )

CORN, LSU, STON)

WALK 86 CBAL T(25) gee+ e-
KLOPFEN. .. 83 CUSB T(25) ape+ e

r(T(iS)n+n-)/r~,
VALUE EVTS

0.15+0. 00S 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

I (T(ls)nona)/ron i

VALUE EVTS

O.ON+0.011 OUR AVERAGE

0.09540.01940.019 25
0.080+0.015
0.103+0.023

DOCUMENT ID TECN COMM EN T

ALBRECHT 87 ARG e+ e
2r+ 2r MM

GELPHMAN 85 CBAL e+ e
e+ e—~+2—

BESSON 84 CLEO 2r+ 2r MM

FONSECA 84 CUSB e+ e
e+e- ~+~-

NICZYPORUK 81B LENA e+ e
e+e- ~+~—

DOCUMENT ID TECN COMMENT

ALBRECHT 87 ARG e+e ~ Tr ~ e+e
GELPHMAN 85 CBAL e+ e ~ e+e
FONSECA 84 CUSB e+ e ~ e+e

T(2S)
or T(10023)

I (~ )="(1 ) r(~+~-)/ran, I

VALUE

0.017+0.015+0.006
DOCUMENT ID

HAAS

TECN COM MEN T

84B CLEO e+ e ~ T+ T

I s/I

T(2S) MASS

VAL UE (GeV)

10.02330+0.00031 OUR AVERAGE

10.0236 +0 0005 1 BARU
10.0231 +0.0004 BARBER

Reanalysis of ARTAMONOV 84.

DOCUMENT ID TECN COMMENT

86B REDE e+ e ~ hadrons

84 REDE e+e ~ hadrons

T{2S)WIDTH

VALUE (keV) DOCUMENT ID

44+7 OUR EVALUATION See T mini-review.

r(P+P )/rtstsI
TECN COMMENTVALUE Cion

0.0131+OA$21 OUR AVERAGE

0.012260.0028 +0.0019 4 KOBEL 92 CBAL e+ e
0.0138+0.0025 60.0015 KAARSBERG 89 CSB2 e+ e
0.009 +0.006 +0.006 5 ALBRECHT 85 ARG e+ e
0.018 +0.008 +0.005 HAAS 84B CLEO e+ e

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.038 90 NICZYPORUK 81C LENA e+ e

4Taking into account interference between the resonance and continuum.
Re-evaluated using B(T(1S)~ Is+Is ) = 0.026.

I+I
I+I
I+I
I+I

Mode

T(2S) DECAY MODES

Fraction (I I/I ) Confidence level

I(T(iS)no)/ran„
VALUE

&0.008

r(T(1S)O)/ran„

CL%

90
DOCUMENT ID

LURZ

TECN COMMENT

87 CBAL e+e ~ e+e

f1
I2
l3
l4
l5
r6
I7
ls

T(iS)~+ ~-
T(1S)vro mo

T+~

e+ e-
r(iS)~o
T(1S)rl

J//g(1S) anything

x 10
x 10
x 10

(18.5 +0.8 ) %

( s.s +1.1)%
( 1.7 +1.6 ) %

( 1.31+0.21) o/

seen

8

( 2

6

90%
90%
90%

(0.005

&0.007

90

90

&0.010 90

VALUE CL s%%d

&0.002 90
~ ~ ~ We do not use the following

BESSON 84 CLEO

DOCUMEN T ID TECN COMMENT

FONSECA 84 CUSB
data for averages, fits, limits, etc. ~ ~ ~

ALBRECHT 87 ARG e+ e
Tr+ Tr e+ e MM

LURZ 87 CBAL e+e ~ e+e (pp,
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T(2S) = T(10023), Xbo(2P) = yb0(10235)

r {7X01{1P))/4)tat
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

r (7X{s2{1P})/Itotal

DOCUMEN T ID

ALBRECHT
NERNST
HAAS

KLOPFEN. ..

TEChl CO M MEN T

85E. ARG e+ e

85 CBAL e+ e
84 CLEO e+ e
83 CUSB e+ e

I g/I

pconv. X

pX
pconv. X

pX

X»(2P)
or X 00{10235}

iG(J ) = ? (0 preferred
3 needs confirmation.

Observed in radiative decay of the T(3S), therefore C = +. Branch-

ing ratio requires E1 transition, M1 is strongly disfavored, therefore
P=+.

VALUE

0.066+0.M9 OUR AVERAGE

0.098+0.021+0.024
0.058 90.007 +0.010
0.102+ 0.018+0.021
0.061+0.014

r(qxg0{1p))/r~{

DOCUMENT ID TECN COMMEN T

ALBRECHT 85E ARG e+ e — q conv. X

NERNST 85 CBAL e+ e ~ pX
HAAS 84 CLEO e+e -~ pconv. X

KLOPFEN. .. 83 CUSB e+ e pX

TECN COMMENTVAL UE

D.N3+0.010 OUR AVERAGE

0.064 +0.014+0,016 ALBRECHT 85E ARG

0.036+0.008 60,009 NERNST 85 CBAL

0,044 9:0.023+ 0.009 HAAS 84 CLEO
o ~ ~ We do not use the fallowing data for averages, fits, limits,

0.035 3:0,014 KLOPFEN. .. 83 CUSB

e+e
e+e
e+e
etc. ~ ~ ~

I {pfg{1710))/rtstgg{

pconv. X

pX
pconv. X

pX

r12/r
COMMEN T

T(25)-
etc. ~ o e

T(2S) ~

r13lr
COMMENT

T(25) - ~K+K-

COMMENT

T(2S) ~ p7r+7r

r1glr
COMMENT

etc. o o ~

T(25) ~ pK+ K

T{2S}REFERENCES

VALUE(units 10 5) CL% DOCUMENT ID TECN

&59 90 6 ALBRECHT 89 ARG
o i ~ We do not use the following data for averages, fits, iimits,

(. 5.9 90 ALBRECHT 89 ARG

Re-evaluated assuming B(f~(1710)~ K+ K ) = 0.19.
7 Includes unknown branching ratio of f~(1710) —~ 7r+7r

r ef 2{1525))/I t~t
VAL UE (units 10 5} CL Fss DOCUMENT ID TECN

&53 90 ALBRECHT 89 ARG

Re-evaluated assuming B(f' (1525) ~ KK) = 0.71.
2

I (7 f2{1270))/I totsst

VALUE (units 10 5) CL% DOCUMENT ID TECN

&24.1 90 9 ALBRECHT 89 ARG

Using B(f2(1270) - 7r7r) = 0.84.

I (pfg{2220))/I tote{
VALUE {units 10 5) CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&6,8 90 ALBRECHT 89 ARG

Includes unknown branching ratio of f4(2220) ~ K+ K

Xgg{2P) MASS

VALUE {GeV} TECN COM MEN T

10~1+0.0005 OUR AVERAGE

10.2312 +0,0008+0.0012 1HEINTZ 92 CS82 e+e —. 7X,7+7 n7
10.2323 +0.0007 2 MORRISON 91 CLE2 e+ e' -- ~X

From the average photon energy for inclusive and exclusive events and assuming T(35)
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(35) mass is not included in the individual measurements. It is included in the final
average.

DOCUMENT ID

p ENERGY IN T{3S}DECAY

VALUE{MeV} EVT5 DOCUMENT ID

122.8+0.5 OUR AVERAGE Error includes scale factor

123,0+0.8 4959+ 3 HEINTZ 92
339

17 + 4 HEINTZ 92
7

122.3+0.3+0.6 9903+ MORRISON 91
550

3A systematic uncertainty on the energy scale of
NARAIN 91.
A systematic uncertainty on the energy scale of
HEINTZ 91.

TECN COMMEN T

of 1.1.
CSB2 e+ e — q X

CSB2 e+ e -+ E+ ~"

CLE2 e" e -s gX

0.9'/o not included. Supersedes

0.9% not included. Supersedes

Xgg{2P) DECAY MODES

Mode

p T(2S)
I 2 7 t{1$)

Fraction (f Ijf )

(4,6+2.1) %

(9 +6 ) x 10-3

r(v T{2s))/rtot t

Xgg{2P) ISRANCHING RATIOS

CL 0FpVALUE DOCUMENT ID TECN COMMENT

&0.089 90 5 CRAWFORO 928 CLE2 e+ e -- E+ E

0.046+0.020+0.007 6 HEINTZ 92 CSB2 e e ~ E& E

Using 8(t(25) ~ Sr+u ) = (13760 26)%, 8(t(3S) n7 T{25))x28(T(25)—
u+is ) & 1.10 x 10, and B(t(3S) X00(2P)7) = 0.049.

Using B(T(2S) ~ y+ p, ) = (1.44 k 0.10)%, B(T(3S) ~ p&y0(2P)) =-- (6.0 +
0.4 + 0.6)% and assuming e p, universality. Supersedes HEINTZ 91.

KOBEL
MASCHMANN
ALBRECHT
KAARSBERG
BUCHMUEL. ..

Editors: A

JAK U BOWSK I

ALBRECHT
LURZ
BARU
ALBRECHT
ALBRECHT
GELPHMAN
KURAEV

NERNST
ARTAMONOV
BARBER
8ESSON
FONS ECA
GILES
HAAS
HAAS
KLOPFEN. ..
TUTS
ALBRECHT
NICZYPORUK
NICZYPORUK
BOCK

92 ZPHY C53 193
90 ZPHY C46 555
89 ZPHY C42 349
89 PRL 62 2077
88 HE e+ e Physics 4
Ati and P. Soeding, World

88 ZPHY C40 49
87 ZPHY C35 283
87 ZPHY C36 383
868 ZPHY C32 662
85 ZPHY C28 45
85E PL 1608 331
85 PR Dll 2893
85 SJNP 41 466

Translated from YAF
85 PRL 54 2195
84 PL 13?8 272
84 PL 1358 498
84 PR D30 1433
84 NP 8242 31
848 PR D29 1285
84 PRL 52 799
848 PR D30 1996
83 PRL 51 160
83 Cornell Conf. 284
82 PL 1168 383
818 PL 1008 95
81C PI 998 169
80 ZPHY C6 125

+Antreasyan, Bartels, Besset+
+Antreasyan, Bartels, Besset+
+Boeckrnann, Glaeser, Harder+
+Heintz+

12 Buchmueiier, Cooper
Scientific, Singapore

+Antreasyan, Bartels+
+Binder, Boeckmann, Glaeser+
+Antreasyan, Besset+
+Blinov, Bondar, Bukin+
+Dreschell, Heller+
+Drescher, Heller+
+Lurz, Antreasyan+
+Fadin

41 733,
+Antreasyan, Aschman+
+Baru, Blinov, Bondar+
+ (DESY, ARGUS Colla
+Green, Hicks, Namjoshi, Sannes+
+Mageras, Son, Dietl, Eigen+
+Hassard, Hempstead, Kinoshita+
+Jensen, Kagan, Kass, Behrends+
+Jensen, Kagan, Kass, Behrends+

Klopfenstein, Horstkotte+

+Hofmann+ (DESY, DORT,
+Chen, Folger, Lun+
+Chen, Vogel, Wegener+
+Blanar, Blum+ (HEIDP,

(Crystal Ball Coiiab. )
(Crystal Ball Collab. )

(ARGUS Collab. )
(CUSB Collab. )

(HANN, DESY, MIT)

(Crystal Ball Collab. ) IGJPC
(ARGUS Collab. )

(Crystal Ball Coliab. )
(NOVO)

(ARGUS Collab. )
(ARGUS Collab. )

{Crystal Bali Collab. )
(ASC I)

(Crystal Ball Collab. )
{NOVO)

b. , Crystal Ball Collab. )
{CLED Collab. )
(CUSB Collab, }
(CLED Collab. }
(CLEO Collab. )
(CLEO Collab. )
{CUSB Collab. )
(CUSB Co(lab. )

HEIDH, LUND, ITEP)
(LENA Collab. )
(LENA Collab. }

MPIM, DESY, HAMB)

I (7T{1S))/I tsstg) I 2/I
CL%

Xgg{2P} REFERENCES

CRAWFORD 928 PL 8294 139
HEINTZ 92 PR D46 1928
HEINTZ 91 PRL 66 1563
MORRISON 91 PRL 6? 1696
NARAIN 91 PRL 66 3113

+Fulton
+Lee, Ffanzini-I-
+Kaarsberg+
+Schmidt+
+Lovelock+

{CLEO II Collab }
(CUSB II Collab. )

(CUSB Collab. )
{CLEO II 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. )

VAL UE DOCUMENT ID TECN COMMENT

&0.025 90 7 CRAWFORO 928 CLE2 e+e ~ E+E

DAXS+0.006+0.001 8 HEINTZ 92 CSB2 e+ e — E+ i'

Using 8(t(15) — u 1 rr ) = (2 57 + 0.07)%, 8(T. {35) nn T(1S})x2 8(T{15)-1
u+Sr ) ( 0.63 x 10, and 8(7"(35} Xtrp(2P)7) = 0.04g.

8Using B(T(15) ~ p+Ig ) —. (2.57 + 0.07)%, B(T(35) p~b0(2P)) = (6.0 2
0.4 + 0.6)% and assuming eIS universality. Supersedes HEINTZ 91.

OTHER RELATED PAPERS

ALEXANDER
COOPER
WALK
ALBRECHT
ARTAMONOV
ANDREWS
GREEN
BIENLEIN
DARDEN
KAPLAN
YOH
COBB
HERB
INN ES

89
86
86
84
84
83
82
78
78
78
'78

77
77
77

NP 8320 45
Berkeley Conf. 67
PR D34 2611
PL 1348 137
PI 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
PRL 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+ (CLEO Collab. )
+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, 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)
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Xb1(2P) = XI,1(10255)r Xb2(2P) = X(,2(10270)

X„(2P)
or Xbt {10255)

I {J ) = 7. (l preferred++)
J needs confirmation.

Xb2(2P)
or Xb2{10270)

I (J ) = 7 (2 preferred++)
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 =+.

Observed in radiative decay of the T(35), therefore C = +. Branch-
ing ratio requires E1 transition, M1 is strongly disfavored, therefore
P=+

Xb1{2P) MASS Xffg{2P) MASS

VALVE (GeV) DOCUMEN T ID TECN COMMENT

10.2SS2+0.0005 OUR AVERAGE

10.2547 60.0004+0.0010 1HEINTZ 92 CSB2 e+e ~ nX, 7+7
10.2553+ 0.0005 MORRISON 91 CLE2 e+ e -+ yx

From the average photon energy for inclusive and exclusive events and assuming T(3S)
mass = 10355.3 6 0.5 MeV. Supersedes HEINTZ 91 and NARAIN 91.
From p energy below assuming T(3S) mass = 10355.3 6 0.5 MeV. The error on the
T(3S) mass is not included in the individual measurements. It is included in the final
evaluation.

TECN COM MEN TVAL UE (GeV)

10.268S+0.0004 OUR AVERAGE

10.268160.0004+0.0010 1HEINTZ 92 CSB2 e+e ~ pX, f+f
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 6 0.5 MeV. Supersedes HEINTZ 91 and NARAIN 91.
From y 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.

Xy (2P) ™Xg)(2P)
VAL UE (MeV) DOCUMENT ID TECN COMMENT

284+0.7+0.7 3 HEINTZ 92 CSB2 e+ e ~ pX, 7+7

From the average photon energy for inclusive and exclusive events. Supersedes
NARAIN 91.

X~(2P) ™Xyg(2P)
VAL UE (Me V) DOCUMENT ID TECIV COMMENT

13$+OA+0.5 3 HElNTZ 92 CSB2 e+ e ~ pX, t+ f
From the average photon energy for inclusive and exclusive events. Supersedes
NARAIN 91.

7 ENERGY IN T(3S}DECAY

TECN COMM EN TVALUE (MeV) EVTS

9$.90+0.26 OUR AVERAGE

99 +1 169
100.1 +0.4 1114

DOCUMEIVT ID

e+�-
ee+—

8+ E
—

qq
px

e+f-~n I

92B CLE2
92 CSB2

CRAWFORD
4 HEINTZ

5 HEINTZ

7+
462

223 +
17

25759+
510

uncertainty on the

e+e—100.2 +0.5 92 CSB2

e+ e- pxMORRISON 91 CLE299.5 +O.l +0.5

4 A systematic
NARAIN 91.
A systematic
HEINTZ 91.

energy scale of 0.9% not included. Supersedes

Supersedesuncertainty on the energy scale of 0.9% not included.

7 ENERGY IN T(3S}DECAY

VALVE (MeV)

86.64+0.23 OUR AVERAGE

86 41
86.7 +0.4

EVTS TECN COMMEN TDOCUMENT ID

CRAWFORD 92B CLE2
4 HEINTZ 92 CSB2

HE INTZ 92 CSB2

MORRISON 91 CLE2

energy scale of 0.9% not

101
10319+

478
157+

15
30741+

560
uncertainty on the

e+ e )+g
e+ e- px

e+e ~ 7+7

e+ e—
pX

S6.9 +0.4

86.4 +0.1 +0.4

4A systematic
NARAIN 91.

5A systematic
HEINTZ 91.

included. Supersedes

included. Supersedesuncertainty on the energy scale of 0.9% not

Xb {2P) DECAY MODES Xfrg(2P) DECAY MODES

Mode

I 1 7 T{2S)
I 2 7 T{ls)

Fraction (I;/fI )

(21 +4 ) %

( 8.5+1.3) %

Scale factor

1.5
1.3

Mode

I 1 7 T(2S)
I 2 7 T{1S}

Fraction (I;/I )

(16.2+2.4) %

( 7.1+1.0) %

r (7 T(2S))/rtotai

Xbt{2P) BRANCHING RATIOS

VAL UE DOCUMEN T ID TECN COMMENT

0.21 +0.04 OUR AVERAGE Error includes scale factor of 1.5.
0.356 +0.042 60.092 6 CRAWFORD 92B CLE2 e+e ~ Z+ir

0.19940.020 +0.022 7 HEINTZ 92 CSB2 e+e ~ E+E

Using B(T(25}~ P+P ) = (1 37+026)%, B(T(35)~ 77 t{25})x2B(t(25)
P+Sr ) = (1023+120+126)x10, and B(T(35)~ nXbt(2P)) =0 106
0.013.
Using B(T(2S) ~ @+p ) = (1.44 6 0.10)%, B(T(3S) ~ pXbl(2P)) = (11.5 k
0.5 + 0.5)% and assuming ep, universality. Supersedes HEINTZ 91.

Xffg(2P) BRANCHING RATIOS

r(7 T(2s))/rBB, I

TECIV COMMENTVALUE

0.162+0.024 OUR AVERAGE

0.135+0.025 +0.035 CRAWFORD 92B CLE2 e+ e ~ 8+/f.

0.173+0.021+0.019 HEINTZ 92 CSB2 e+ e ~ 8+8

Using B(T(2S)~ I4+Ig ) = (1.37 6 0.26)4/4, B(T(3S)~ pp T(2S))x2 B(T(2S)~
Ig+Ig ) = (4.98+0.94+0.62) x10, and B(T(3S) ~Xb2(2P)) = 0.135+0.003+
0.017.
Using B(T(2S) p+p, ) = (1.44 + 0.10)%, B{T(3S) pXb2(2P)) = (11.1 6
0.5 + 0.4)% and assuming eIg universality. Supersedes HEINTZ 91.

I (7 T(ls)) lrtotai I 2/I I (7T(ls))/I total
VALUE DOCUMENT ID TECN COMMEN T
0.085+0.013 OUR AVERAGE Error includes scale factor of 1.3.
0,120+0.021+0.021 8 CRAWFORD 92B CLE2 e+e ~ E+E
0.080 +0.009+0.007 9 HEINTZ 92 CSB2 e+ e 8+ Z

Using B(T(15) rr+P ) = (2373= 007)%, B(T(35)~ p7 T(15))x2 B(T(15)~
sr+ Sr ) = (6.47+ 1.12 + 0.82) x 10 and B(t(35) nxht(2P)) = 0.105
0.013.
Using B(T(1S) Ig+ y )=(2.57 + 0.07)%, B(T(3S) IXbl(2P)) = (11.5+ 0.5 4
0.5)% and assuming eIg universality. Supersedes HEINTZ 91.

TECIV COMMENTVAL UE

0.071+0.010 OUR AVERAGE

0.072 +0.014+0.013 8 CRAWFORD 92B CLE2 e+e- - e+
0.070 +0.010+0.006 9 HEINTZ 92 CSB2 e+e ~ E+E

Using B(t(15) Sr+ra ) = (2.67+0.07)%, B(T{35) nnt(25))x2 B(T(15)~
sr+Sr ) = (603+094+0 63) x10, and B(T(35) pX02(2P)) = 0 136+0 003j
0.017.
Using B(T(1S) s p+ p, ) = (2.57 k 0.07)%, B(T(3S) —+ 7Xb2(2P)) = (11.1 +
0.5 4 0.4)% and assuming ep, universality. Supersedes HEINTZ 91.

CRAWFORD
HEINTZ
HEINTZ
MORRISON
NA RAIN

92B PL B294 139
92 PR D46 1928
91 PRL 66 1563
91 PRL 67 1696
91 PRL 66 3113

Xbt(2P} REFERENCES

+Fulton
+Lee, Franzini+
+Kaarsberg+
+Schmidt+
+Lovelock+

(CLEO II Collab. )
(CUSB II Collab. )

(CUSB Collab. )
(CLED II Collab. )

(CUSB Collab. )

CRAWFORD
HEINTZ
HEINTZ
MORRISON
NARAIN

92B PL B294 139
92 PR D46 1928
91 PRL 66 1563
91 PRL 67 1696
91 PRL 66 3113

Xfr2(2P) REFERENCES

+F(glton
+Lee, Franzini+
+Kaarsberg+
+Schmidt+
+Lovelock+

(CLEO II Collab. )
(CUSS II Collab. )

(CUSB Collab. )
(CLEO II Collab. )

(CUSB Collab. )

OTHER RELATED PAPERS OTHER RELATED PAPERS

TUTS
EIGEN
HAN

83 Cornell Conf. 284
82 PRL 49 1616
82 PRL 49 1612

+Bohringer, Herb+
+Horstkotte, Imlay+

(CUSB Collab. )
(CUSS Collab. )
(CUSB Collab. )

TUTS
EIGEN
HAN

83 Cornell Conf. 284
82 PRL 49 1616
82 PRL 49 1612

+Bohringer, Herb+
+Horstkotte, Imlay+

(CUSB Collab. )
(CUSB Collab. )
(CUSS Collab. )
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T(3S) = T(10355)

T(3S)
or T(10355)

WEIGHTED AVERAGE
0.028~0.006 {Error scaled by 2.2)

T(3$) MASS

VALUE (GeY) DOCUMENT ID TECN COMMENT

10.K%9+0.0MS ' BARU 86B REOE e+ e ~ hadrons

Reanalysis of ARTAMONOV 84.

T(3$) DECAY MODES

Mode Fraction (C;/l )

T(3$) WIDTH

VALUE (keV) DOCUMENT ID

2L3+3.5 OUR EVALUATION See T mini-review.

Scale factor 0.00 0.02 0.04 0.06

BUTLER
WU

. . BROCK

O.O8

2
X

94B CLE2 0.5
93 CUSB 6 0
91 CLEO 2.8

9.3
(Confidence Level = 0.009)

I

0.10

r2
l3
l4

6
r7
I8
I9

T(2S)anything

T(2S) w+ n

T(2S) n o wo

T(2S)pp
T(1S)n+ ~
T(1S)n.o n.o

T(1$)q
P II
e+e

(10.6 +0.8 ) %

( 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

2.2

rlo r Xha(2P}
I tt PXbt(2P)
I tP PXbo(2P)

Radtatlve decays
11 4 +0.8

(11.3 +0.6 ) %

( 54 +06)ol

1.3

T(3$) I (I)I (a+ e )/I (total)

I (hadrons) x I (e+e )/rtata~ rara/I
VAL UE {keV) DOCUMENT ID TECN COMMENT

OAI +0.03+0.03 2 GILES 84B CLEO e+ e b hadrons

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0.39+0.02 +0.03 2 TUTS 83 CUSB e+ e hadrons

Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 85.

T(3$) BRANCHING RATIOS

I (T(2$)anything)/I total
DOCUMENT IDVALUE EVTS

0.106 +0.00e OUR AVERAGE

0.102360.0105 4625» BUTLER

0.111 +0,012 4891 4~5&6 BROCK

I (T(2$)s+s )/rtbtal

TECN COMMENT

94B CLE2 e+e e+e X

91 Cl EO e+e ~ R+2r X,
~+~- e+ e-

e+ e-
~+~-e+e-

T(35)
&+~- e+ e-

e+e—
2r+x X,
2r+ 7r e+ e

~ ~

0.0312+0.0049

138 6 WU

974 6 BROCK

93 CUSB

91 CLEO

0.0482 60.0065k 0.0053

0.021360.0038

i ~ e We do not use the following data for averages, fits, limits, etc. ~

0.031 4 0.020 5 MAGERAS 82 CUSB r(35) ~
~+~- e+e-

VALUE EVTS DOCUMEN T ID TECN COMMENT

0.02N +0.006 OUR AVERAGE Error includes scale factor of 2.2. See the ideogram
below.

980 3 7 BUTLER

r(T(2S)w+ n )/I tata(

I (T(2$)trotro)/I
DOCUMEhfT IDVALUE EVTS

0.0200+0.0032 OUR AVERAGE

0.021660.0039 8 BUTLER
0.017 +0.005 +0.002 10 9 HEINTZ

r(T(2$)VV)lrtet i

TECN COM MEN T

I s/I

94B CLE2 e+ e e+e
92 CSB2 e+e ~ e+e—

2r02rO

VALUE

0.0502+0.0069

r(T(1$)e+e )lr„„,-
DOCUMENT ID TECN COMMENT

BUTI ER 94B CLE2 e+e e+e 2q

I s/I
DOCUMENT IDVALUE EVTS

0.~+0.0021 OUR AVERAGE

0.0452 +0.0035 11830 4 BUTLER

0.0446+ 0.0034+0.0050

0.0446+ 0.0030

451 4 WU

11221 4 BROCK

TECN COMM EN T

94B CLE2 e+ e
~+~-x,
~+ ~- e+ e-

93 CUSB T(35) -~
~+~-e+e-

91 CLEO e+ e
~+ 2r

—
X,

~+ ~- e+e-

0.039 +O.013

I (T(1$)s.os.o)/I
DOCUMENT ID TECN COMMEhITVALUE EVTS

0.ON%+0.0028 OUR AVERAGE

0.0199+0.0034 56 4 BUTLER

0.022 +0.004 +0.003 33 10 HEIN

94B CLE2 e+e ~ e+e
92 CSB2 e+ e ~ e+ e- R0 ~0

I (T(1$)tI)/I tteal
VAL UE

(0.0022

r(it P )/rtotai

CL%

90

DOCUMENT ID

BROCK

TECN COMM EN T

91 CLEO e+ e
~+ ~- ~oe+e-

I a/I
VAL UE EVTS

0.01S1+0.001Y OUR AVERAGE

0.0202 +0.0019+0.0033

0.017360,0015+0.0011

0.033 4 0.013 +0.007 1096

I (7Xaa(2P))/I tata(

DOCUMEhlT ID TECN COMM Ehl T

CHEN 89B CLEO e+ e
p+~—

KAARSBERG 89 CSB2 e+ e
I+I

ANDREWS 83 CLEO e+ e
P' lL

~ ~ ~ We do not use the following data for averages, fits, limits, etc. 0 ~ ~

0.049 +0.010 22 GREEN 82 CLEO T(35) ~
~+ ~—e+ e-

26 MAGERAS 82 CUSB r(35)—
+ —e+ e—

VALUE EVTS DOCUMENT ID TECN

0.114+0.0N OUR AVERAGE Error includes scale factor of 1.3.
0.11160.005+0.004 103194 HEINTZ 92 CSB2

478
0.135+0.003+0.017 30741 + MORRISON 91 CLE2

560

COMMEN T

e+ e

e+e—-- ~X

I (7xbt(2P))/rtotai
VALUE

0.113+OA$6 OUR AVERAGE

O.115+0.005+O.OQ5

o.1o5+0 003 +0.013—0.002

TECN COMM EN T

92 CSB2 e+ e11147+ 11 H PINTZ
462

25759 + MORRISON 91 CLE2 e+ e - .& X
510
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T(3S)= T(10355), T(4S) = T(10580), T(10860)

r(~xae(zI ))/me, i T(4$) PARTIAL WIDTHS
VALUE EVTS DOCUMENT ID TECN COMMENT

0.054+0.006 OUR AVERAGE Error includes scale factor of 1.1.
0.060+0.004 +0.006 4959+ tt HEINTZ 92 CSB2 e+e

339
O.O49+ +O.OO6 9903+ MORRISON 91 CLE2 e+ e ~ pX—0.004 550

3Using B(T(2S) T(15)7y) = (0038+0 007.)% an.d B(T(2S) ~ T(lS)n e ) =
(1/2}B(T(2S) ~ T(lS)yr+ 7r ).

4 Using B(T(15)~ fr+sr ) = (2.48 d: 0.06)%. With the assumption of err universality.

Using B(T(2S) T(15)yr+yr ) = (18.5 + 0.8)%.
Using B(T(25) Ig+ p, ) = (1.31 + 0.21)%, B(T(2S) T(1S)pp)x2B(T(1S)
Ig+Ig ) = (0.188 +0.035)%, and B(T(2S) ~ T(1S)x R )x2B(T(1S)~ Ig+p )= (0.436 6 0.056)%. With the assumption of ep universality.

From the exclusive mode.
B(T(2S) ~ Ig+ Ig ) = (1.31 6 0.21)% and assuming eI4 universality.

B(T(2S) ~ y+Ig ) = (1.44 + 0.10)% and assuming eIg universality. Supersedes
HEINTZ 91.
Using B(T(15)~ fr+ sr ) = (2.57 d: 0.07)% and assuming en universality. Supersedes
HEINTZ 91.

tSupersedes NARAIN 91.

r(e+e-)
VALUE (keV) DOCUMEN T ID TECN COMMENT

0.24 +0.05 OUR AVERAGE Error includes scale factor of 1.7.
0.192+0.007+0.038 BESSON 85 CLEO e+ e ~ hadrons
0.283+0.037 LOVELOCK 85 CUSB e+ e ~ hadrons

T(IS) BRANCHING RATIOS

[r(D'+anything) + I (c.c.)]/I anal
VALUE

C0.07'
3 For x ) 0.473.

r(4I anything)/ran, t

CL Je DOCUMENT ID TECN COMMENT

90 3 ALEXANDER 90C CLEO e+ e

DOCUMENT ID TECN COMMENT

4 ALEXANDER 90c CLEO e+ e

VALUE

(0.0023

4For x p 0.52.

CL%

90

I 3/I

re/r

T(3S) REFERENCES

BUTLER
WU
HEINTZ
BROCK
HEINTZ
MORRISON
NARAIN
CHEN
KAARSBERG
BUCHMUEL. ..

Editors: A

BARU
KURAEV

ARTAMONOV
GILES
ANDREWS
TUTS
GREEN
MAGERAS

OTHER RELATED PAPERS

948 PR D49 40 +Fu, Kalbffelsch, 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 662 +Blinov, Bondar, Bukin+
85 SJNP 41 466 +Fadin

Translated from YAF 41 733.
84 PL 1378 272 +Baru, Blinov, Bondar+
848 PR D29 1285 +Hassard, Hempstead, Kinoshita+
83 PRL 50 807 +Avery, Berkelman, Cassel+
83 Cornell Conf. 284
82 PRL 49 617 +Sannes, Skubic, Snyder+
82 PL 1188 453 +Herb, Imlay+ (COLO, CO

(CLEO Collab. )
(CUSB Collab. )

(CUSB II Collab. )
(CLED Collab. }
(CUSB Collab. )

(CLEO II Collab. )
(CUSB Collab, )
(CLEO Collab. )
(CUSB Collab. )

(HANN, DESY, MIT)

(NOVO)
(ASCI)

(NOVO)
(CLEO Collab. )
(CLEO Collab. )
(CUSB Collab. )
(CLED Collab. )

RN, LSU, MPIM, STON)

I (T(1S)anything)/I tsstai
VALUE

g0.004
CL%

90
DOCUMENT ID TECN COMMENT

ALEXANDER 90C CLEO e+ e

T{IS)REFERENCES

ALEXANDER 90C PRL 64 2226
BEBEK 87 PR D36 1289
BESSON 85 PRL 54 381
LOVELOCK 85 PRL 54 377

+Artuso+
+Berkelman, Blucher, Cassel+
+Green, Namjoshi, Sannes+
+Horstkotte, Klopfenstein+

(CLEO Collab. )
(CLEQ Collab. )
(CLEO Collab. )
(CUSB Collab. )

ANDREWS 808 PRL 45 219
FINOCCHI. .. 80 PRL 45 222

(CLEO Collab. )
(CUSB Collab. )

T(10860) I (J )="(1 )

OTHER RELATED PAPERS

+Berkelman, Cabenda, Cassel+
Finocchiaro, Giannini, Lee-Franzini+

ALEXANDER
ARTAMONOV
GILES
HAN
PETERSON
KAPLAN
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

(LBL,+Bonvicini, Drell, Frey, Luth
+Baru, Blinov, Bondar+
+Hassard, Hem pstead, Kinoshita+
+Horstkotte, Imlay+
+Giannini, Lee-Franzini+
+Appel, Herb, Hom+ (STON,
+Herb, Hom, Lederman+ (COLU,
+Iwata, Fabjan+ (BNL, CERN,
+Horn, Lederman, Appel, Ito+ (COLU,
+Appel, Brown, Herb, Hom+ (COLU,

MICH, SLAC)
(NOVO}

CI.EO Collab. )
CUSB Coliab. )
CUSB Collab.
FNAL, COLU)
FNAL, STON)
SYRA, YALE)
FNAL, STON)
FNAL, STON)

T{10868)MASS

VALUE (GeV) DOCUMENT ID TECN COMMENT

10.866+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

T(18860) WIDTH

T(4S)
or T(10580)

I (J )="(1 )
VALUE (Mev)

110 +13 OUR AVERAGE

112.0+ 17 623
110.0+ 15.0

DOCUMENT ID TECN COMMENT

BESSON 85 CLEO e+ e ~ hadrons

LOVELOCK 85 CUSB e+ e ~ hadrons

T{4S)MASS

VALUE (GeV) DOCUMENT ID TECN COMMENT

10a58%3+0.0035 1 BEBEK 87 CLEO e+ e ~ hadrons
0 0 ~ We do not use the following data for averages, fits, limits, etc. o e

10.5774 60.0010 LOVELOCK 85 CUSB e+ e ~ hadrons

Reanalysis of BESSON 85.
No systematic error given.

Mode

e+e

r(e+e-)

T(10860) DECAY MODES

Fraction (I I/I )

(2.8+0.7) x 10—6

T(10860) PARTIAL WIDTHS

VALUE (MeV)

23.8+2.2 OUR AVERAGE

20.0+2 +4
25 +2.5

(IS) WIDTH'

DOCUMENT ID TECN COMMENT

BESSON 85 CLEO e+ e ~ hadrons
LOVELOCK 85 CUSB e+ e ~ hadrons

VALUE (keV) DOCUMENT ID TECN COMMENT

0.31 +OAF 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

T(10860) REFERENCES

T{IS)DECAY MODES BESSON 85 PRL 54 381
LOVELOCK 85 PRL 54 377

+Green, Namjoshi, Sannes+
+Horstkotte, Klopfenstein+

(CLEO Collab. )
(CUSB Collab. )

I1
f2
I3
l4
I5

Mode

e+e
J/t(r{3097}anything
D'+anything + c.c.
Panything
T(1S)anything

& 7.4
( 2.3
g4

x 10
x 10

90%
90%
9O%

Fraction (f'I/f ) Confidence level

(1.01+0.21) x 10
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T(11020), Non-q q Candidates

v (11o2o)

VAL UE (GeV)

11.019+0.001 OUR AVERAGE

11.019+0.005 +0.007
11.020+0.030

(G(gPC) p. (j
——

)

T(11020) MASS

DOCUMENT ID TECN COM MEN T

BESSON 85 CLEO e+ e ~ hadrons

LOVELOCK 85 CUSB e+ e ~ hadrons

NON-qq CANDIDATES
We include here mini-reviews and reference lists on gluonium and

other non-qq candidates. See also NN(1100 36—00) for possible

bound states.

NOTE ON NON-qq MESONS

VAL UE (MeV)

7% +16 OUR AVERAGE

61.0 + 13 k 22

90.0 k 20.0

Mode

r1 e+ e-

T(11020) WIDTH

DOCUMENT ID TECN COMMENT

T(11020) DECAY MODES

Fraction (f I/l )

(1.6+0.5}x 10

BESSON 85 CLEO e+ e ~ hadrons

LOVELOCK 85 CUSB e+ e ~ hadrons

The existence of a, gluon self coupling in @CD suggests

that, in addition to conventional qq meson states, there may

exist, bound states including gluons: gluonia or glueballs, and

hybrids (qqg). Another example of non-qq mesons is multi-

quark states. For detailed reviews, see, e.g. , HEUSCH 86.

CLOSE 87, TOKI 88, GODFREY 89, BURNETT 90. Theo-

ret, ical guidance for t, he properties of these states is somewhat.

contradictory, and models often differ in detailed predictions.

Among the signatures naively expected for glueballs are

r(e+ e-)
T(11020) PARTIAL WIDTHS

VAL UE (keV)

0.130+0.030 OUR AVENGE
0.095+0.03 +0.035
0.15660.040

DOCUMENT ID TECN COMMENT

BESSON 85 PRL 54 381
LOVELOCK 85 PRL 54 377

T(11020) REFERENCES

+Green, Namjoshi, Sannes+
+Horstkotte, Kiopfenstein+

(CLEO Collab. )
(CUSS Collab. )

BESSON 85 CLEO e+ e ~ hadrons

LOVELOCK 85 CUSB e+ e ~ hadrons

(i) No place in qq nonets;

(ii) Flavor-singlet, couplings;

(iii) Enhanced production in gluon-rich channels such as

J/@(1S) decay;

(iv) Reduced pp coupling;

(v) Exotic quantum numbers not allowed for qq (in some

cases).

However, mixing effects, and other dynamical efI'ects such

as form factors, may obscure these simple signatures. If the

mixing is large, only overpopulation of the spectrum relative to

the number of states predicted by the qq quark model remains

as a clear signal for non-exotic non-qq states. Exotic quantum

numbers (J ~ = 0,0+
1, 1,2" ) would be the best;

signature for non-qq states.

Lattice gauge theory calculations in the quenched approx-

imation (wit, bout quark loops) predict the lightest glueball t, o

be a scalar with a mass of typically 1550+50 MeV (BALI 93).
The same calculat, ion f1nds a tensor glueball mass of 2270+100

MeV, and glueballs with other spin parities, which include the

J -exotics, are predicted to be still heavier. The inclusio))

of dynamical quarks will change t, he predicted masses through

couplings to decay channels. Very little is known about, the

expected widths, which may conceivably be very large.

Hybrid mesons are qq states combined with a gluonic

excitation (BARNES 82, CHANOWITZ 83, ISGUR 85). Ex-

perimentally, these are more attractive than glueballs because

they span flavor nonets, and are predicted to have characteris-

t.ic decay modes (LEYAOUANC 85), and a JP+ = 1 + exotic

hybrid is expected in. all models. The masses of t, he lightest

hybrids are typicaHy predicted to be in t, he range 1500—2000

MeV,

The third class of non-qq states are t, he multiquark sta, tes,

which can be either baglike or clusters of mesons (VQLOSHIN

76, 3AFFE 77, GUTBROD 79). A subclass of the latter are

the deuteronlike meson-meson bound states, or deusons, where

the long-range pion exchange is the major source of binding

(TORNQVIST 91 and 94, ERICSON 93, MANOHAR 93').

Many of the best non-qq candidates discussed below lie close to
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an important threshold, which suggests that they may be bound

states of a meson pair. Examples include the fs(980) and

ao(980) (close to the KK threshold), the ft(1420) (above KK,
thus not a bound state but perhaps a threshold enhancement),

the fo(1525) and f2(1520) (~tv and pp), the fg(1710) (K'K ),
and the g(4040) (D*D ) Ma.ny suggestions for such mesonium

candidates, involving both light and heavy quarks and binding

mechanisms, have appeared recently (WEINSTEIN 90, DOVER

91, BARNES 92, DOOLEY 92).
It should be emphasized that no state has been identified

unambiguously as a glueball, hybrid, or multiquark state. The
candidates we discuss below are chosen because they are difficult

to interpret as conventional qq states. Note, however, that we

do not see it as our task to discuss theoretical interpretations

of the candidates; rather, we merely catalogue the observations

of possible relevance.

The scalar-meson sector: The established isoscalars

with Jp~ = 0++ are the fp(980), fp(1300), fp(1370), and

fp(1590); the fg(1710) is an established isoscalar whose spin

may be 0. In the quark model, one expects two 1 Po states
and one 2 Pp (uu+ dd)-like state below 1.8 GeV. Thus, there

are too many well-established scalars to find a place in the

quark model. From further dynamical arguments related to
the production or decay, it is very likely that both the fp(1590)
and the fg(1710) are non-qq resonances.

It should, however, be noted that for scalar resonances with

strong S-wave thresholds, naive quark model expectations, in

particular ideal mixing, must be strongly broken by unitarity.

Thus, the physical scalar qq spectrum can be very much

distorted from naive expectations. Another problem is that
mass determinations of a very broad resonance like the fp(1300)
or the Ko(1430) are always somewhat dependent on the model

and background assumptions. For a detailed discussion of this

sector, see our "Note on S-wave urer, KK, and gg Interactions. "
The fo(1590), seen in x p reactions at 38 GeV/c (BINON

83, BINON 84C, ALDE 87, ALDE 87B), has a peculiar decay

pattern for a qq state:

vr vr': KK: gg: ggI: 4m =& 0.3: & 0.6: 1:2.7: 0.8

The scalar glueball and the 3PO Ss state are both expected near

this mass, so we may here be seeing the effects of more than

one resonance.

The fg(1710) (whose spin is uncertain) has been seen mainly

in "gluon-rich" J/g(1S) radiative decay, where it is copiously

produced. In central production, the WA76 experiment (ARM-

STRONG 89D) on 300 GeV/c pp interactions n sees a structure
at the same mass, but favors spin 2. The f~(1710) has not
been seen in hadronic production (K p —+ KKA) (ASTON

88D), nor in pp fusion. The ratio of the branching fractions

in J/@ —+ w fg and J/@ ~ Pfg suggests important nonstrange

and strange components in this state.

The pseudoscalar sector: The established isoscalars
with J++ = 0 + are the rl, ql(958), rl(1280), and rl(1440) [which

may be two pseudoscalar resonances rl(1410) and g(1490); see

the "Note on the rl(1440)"]. In the qq model, we expect two

1 So and two 2 So pseudoscalars in the 500—1800 MeV range.

Identifying the rl(1280) with the 2 Sp (uu+ dd) state seems

natural, but it is more problematic to assign one of the two

peaks in the rl(1440) region to the 2~So ss state. The rl(1440)
is observed in ss-depleted reactions like m p -+ gnawn (ANDO

86) and 7r p ~ as(980)7rp (CHUNG 85, BIRMAN 88), and is

not seen in the ss-enriched channels like K p ~ K'(892)KA
(ASTON 87). The fact that ANDO 86 sees the rl(1440) bump

and the rl(1280) with similar intensities argues for these states

being of a similar nature, Le, radial excitations of the g and

g'(958). However, as there are suggestions of two resonances

in the rf(1440) structure, the experimental situation remains

confused and the nature of the rl(1440) is not well understood.

The axial-vector meson sector: The qq model predicts

a nonet that includes two isoscalar 13P~ states with masses

below about 1.6 GeV. Three such 1++ states are known,

the fq(1285), fq(1420), and fq(1530), which suggests that
one of these is a non-qq meson. The fq(1420) is the most

likely candadate; see CALDWELL 89 and the "Note on the

fy(1420)." The proximity of the KK threshold suggests this

may be a dominantly KK mesonium resonance or threshold

enhancement (LONGACRE 90, TORNQVIST 91).

The tensor meson sector: The two 1 P2 qq states are

very likely the well-known fg(1270) and f2(1525). There are

several other states, which have been suggested as J = 2++

non-qq candidates: the f2(1430), f2(1520), fg(1710), f2(1810),
f2(2010), f2(2300), and f2(2340).

The fs(1520) is observed by the ASTERIX collaboration

(MAY 89) in pp P wave annihilati-on at 1565 MeV in the
x+x mo channel. Its mass is better determined in the 3+o

mode by the Crystal Barrel (ANISOVITCH 94) to be 1520

MeV, close to the pp and co~ thresholds. It has no place in a

qq scheme, since all nearby qq states are already occupied.

Similarly, the fg(1710) could be composed of K'K and ~P
(DOOLEY 92), since it lies close to these thresholds. Note that
before 1991, the spin of the fg(1710) was believed to be 2, and

that the subsequent spin-0 determination (CHEN 91) has not

been confirmed. As already mentioned, in central production

WA76 still favours spin 2 for their 1720-MeV structure.
Of the heavier states, the f2(1810) is likely to be the 2 P2

and the three f2's above 2 GeV could possibly be the 2sP& ss,
1 Fp 88, and 3 P2 ss, but a gluonium interpretation of one

of the three is not excluded. These three f2 resonances have

been observed in the OZI-rule-forbidden process ~p —+ P$n
(ETKIN 88), which has been cited as favoring the gluonium

interpretation.

A similar PP mass spectrum is seen by ARMSTRONG 89B
in the 0 spectrometer. The DM2 and MARK-III collabora-

tions see threshold, Pd production, but favor J = 0, not
2+.
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In pp —+ 4' near the pp threshold, TASSO (BRANDE-

LIK 80B, ALTHOFF 82), MARK2 (BURKE 81), CELLO

(BEHREND 84E), PLUTO (BERGER 88B), SLAC TPC
(AIHARA 88), and ARGUS (ALBRECHT 91F) observe a

resonance-like structure. This is dominated by popo, and the

cross sect, ion peaks a little above the f2(1520). This process

has not, been explained by models in which only conventional

resonances dominate. The fact that the pg ~ p+p is small

(ALBRECHT 91F quotes 1/4 for the p+p /p p ratio) requires

both isospin 0 and 2 for the 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). For

this pp structure, the 2++ partial wave is found to be dorni-

nant (BERGER 88B, ALBRECHT 91F), with some 0++ at the

low-energy end, while J = 0 and 2 contribute very little.

In pp ~ ~p, there is also a broad enhancement that peaks

near 1.6 GeV (BEHREND 91, WEGNER 91), which is probably

composed of several spin parities (BEHREND 91).

Other exotic or non-qq candidates: An isovector Px
resonance a,t 1480 MeV has been reported by BITYUKOV

87 in 7r p ~ /aron; see the p(1450). Preliminary indications

favor J~+ = 1, i.e. nonexotic, but the large OZI-rule

violating branching ratio Ps. :urn seems peculiar for a (uu-dd)

I = 1 qg object. However, ACHASOV 88 shows that the

threshold eifect from the two-step process p(1600) -+ ltK
rrP can violate the rule, especially near threshold. No sign of

this candidate is seen in 7r~ (FUKUI 91). In addition, the

small coupling to the photon makes an identification with the

p(1450) difacult (CLEGG 88). More recently DONNACHIE

93, analyzing e+e annihilation and diKractive photoproduction

data, suggests there may be 4-quark states near 1100 and 1300

MeV.

Another exotic candidate is the p(1405) (ALDE 88B, IDDIR

88), seen in the GAMS experiment under the a2(1320) in

p ger n with the exotic quantum numbers J ~ = 1 +.

Although the forward-backward asymmetry demands an ger P-

wave, it may be due to a nonresonant amplitude. The Crystal

Barrel collaboration has reported results on the corresponding

P-wave in gm seen in pp —+ qvrx; they see a much broader eKect,

which can be explained as nonresonant or as a resonance with

I' —600 MeV. AOYAGI 93 also notes the ger P-wave, but its

interpretation is unclear.

For another possible 1 + candidate, see the isosinglet

X(1910).
A narrow resonance, listed under K&(3100), has been re-

ported at about 3100 MeV (BOURQUIN 86, ALEEV 93) in

several Ap + pions and Ap + pions states. The observation

of the doubly charged states Ape and Aper+ implies, assum-

ing 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 X(3250), in the "hidden strangeness" combinations con-

taining a baryon-antibaryon pair (ALEEV 93). However, all

these observations need confirmation.

Non-qq Candidates

OMITTED FROM SUMMARY TABLE

TORNQVIST
BALI
DONNACHIE
ERICSON
GEIGER
MANOHAR
MORGAN
ZOU
APSIMON
BARNES
BARTELSK I

DOOLEY
LINDENBAU
SWANSON
AKER
ALBRECHT
BEHREND
BEHREND
CHEN

SLAC-PU
CONDO
DOVER
FUKUI
MORGAN
MORGAN

RAL-91-0
TORNQVIST
WEGNER
ACHASOV
BREAKSTON
BURNETT
CALDWELL
GOUNARIS
LONGACRE
TORNQVIST
WEINSTEIN
ARMSTRON
ARMSTRONG
MAY
WF.INSTEIN
AIHARA
ALDE
ASTON
BERGER
BIRMAN
CLEGG
ETKIN
GOUNARIS
IDOIR
SHOEMAKER
SLAUGHTER
TOKI
TUAN
ACHASOV
ALOE
ALOE
ASTON
AU

BITYUKOV
CHANOWITZ
CLOSE
AKESSON
ALOE
ANDO
BISELLO
BOURQUIN
COOPER
DOVER
HEUSCH
MES HKOV
CHUNG
ISGUR
L EYAOUANC
AU

BEHREND
BINON
DOVER
BINON
CHANOWITZ
WEINSTEIN
ACHASOV
AIHARA
ALTHOFF
BARNES
BURKE
BRANDELIK
GUT BROO
JAFFE
VOLOS HIM

94
93
93
93
93
93
93
93
92
92
92
92

M 92
92
91
91F
91
91D
91

8-5669
91
91
91
91
918

70
91
91
90

E 90
90
90
90
90
90
90

G S98
89O
89
89
88
888
SSD
888
88
88
88
88
88
88
88
88
88
S7
87
878
87
&7

87
87
87
86
86D
&6

86
86
86
86
86
S6
85
85
85
84
84E
84C
84
83
83
838
82
82
82
82
81
&OB

79
77
76

NON-yf CAND(DATES REFERENCES

ZPHY C61 525
PL 8309 378
ZP C60 187
PL 8309 426
PR D47 5050
NP 8399 17
PR D48 1185
PR D48 R3948
ZPHY C56 185
PR D46 131
PL 8289 429
PL 8275 478
PL 8274 492
ANP 220 73
PL 8260 249
ZPHY C50 1
ZPHY C49 401
PL 8257 505
Hadron 91 Conf.

(HELS)
(LIVP)
(BNL}

(CERN}
(TNTO)

(MIT)
(RAL, DURH)

(LOQM}
mega Photon Collab. )

(ORNL)
(WARS)
(ORNL)

(BNL)
(ORNL)

(Crystal Barrel Collab, )
(ARGUS Coilab. )
(CELLO Collab. )
(CELLO Collab, )

(Mark lll Coliab. )

Tom quist
+Schilling, Hulsebo, irving, Michael+
+Kalashnikova, Clegg
+Karl
pisgur
+Wise
+Pennington
+Bugg
+Atkinson+ (0
+Swanson
+Tat ur+
+Swanson, Barnes
e Longacre

-&Amsler, Peters+
+Appuan, Paul&nb Funk+
+Criegee, Field, Franke+
+Bussey, Ahme, Apel+

PR D43 2787
PR C43 379
PL 8257 241
PL 8258 444
Hadron 91 Conf.

+Handler+-
+Gutsche, Faessler
+Horikawa+
+Pennington
4-Pennington

(SLAC Hybrid Coilab. )
(BNL)

(SUGI, NAGO, KEK, KYOT, MIYA)
(RAL, DURH}

(RHEL)

PRL 67 556
ZPHY C48 393
TF 20 (178)
ZPHY C48 569
ARNPS 46 332
Hadron 89 Conf. p
NP 8346 84
PR D42 874
NPBPS 21,196
PR D41 2236
PL 8221 221
PL 8227 186
PL 8225 450
UTPT 89 03
PR D37 28
PL 8205 397
NP 8301 525
ZPHY C38 521
PRL 61 1557
ZPHY C40 313
PL 8201 568
PL 8213 541
PL 8205 564
PR D37 1120
MPL A3 1361
AIP Conf.
PL 8213 537
ZPHY C36 161
PL 8198 286
ZPHY C36 603
NP 8292 693
PR D35 1633
PL 8188 383
PL 8187 409
RPP 51 833
NP 8264 154
NP 8269 485
PRI. 57 1296
PL 8179 289
PL 8172 113
Berkeley Conf. 67
PRI 57 1207
Seewinkel Symposiu
Aspen Winter Conf.
PRI 55 779
PRL 54 869
ZPHY C28 309
PL 1678 229
ZPHY C21 205
NC SOA 363
PL 1468 103
NC 78A 313
PL 1268 225
PR D27 588
PL 8108 134
PR D37 28
ZPHY C16 13
PL 8116 365
PL 8103 153
PL 897 448
ZP Cl 391
PR 015 267,281
ZETF 23 369

(HELS)
+Otsson Allison Ambrus (JADE Collab. )
+Shestakov (NOVO}
+ (ISU, BGNA, CERN, DORT, HEIDH, WARS)
+5harpe (RAL)

127 (UCSB)
+Paschalis+ (THES)

(BNL)
(HELS)

+Isgur (TNTO)
+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+)
+Benayoun (ATHU, SARI, BIRM, CERN, CDEF)
+Duch, Heel+ (ASTERIX Collab. )
+lsgur (TNTO)
+Alston, Avery, Barbaro-Galtieri+ {TPC-2q Collab, )
+Binon, Boutemeur+ (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)
+Neufeld (CERN)
+Le Yaouanc, Ono+ (ORSAY, TOKY)
+Ko, Michael, Lander, Pellet+ (UCD)

(LANL}
(SLAC)

+Ferbei, Daiitz (HAWA, ROCH, OXFTP)
+Karnakov, Shestakov (NOVO)
+Binon, Bricman+ (LANL, BRUX, SERP, LAPP)
+Binon, Bricman+ (LANL, BELG, SERP, LAPP}
+Awaji D'Amore+ (SLAC, NAGO, CINC, INUS}
+Morgan, Pennington (DURH, RAL)
+Dzhelyadin, Dorofeev, Golovkin+ (SERP)

(LBL)
(RHEL)

+Albrow, Almehed+ (Axial Field Spec. Collab, )
+Binon, Bricman+ (BELG, LAPP, SERP, CERN)
+lmai+ {KEK, KYOT, NIRS, SAGA, INUS, TSUK+)
+Busetto, Castro, Limentani+ (DM2 Collab. )
+Brown+ (GEVA, RAL, HEIDP, LAUS, BRIS, CERN)

(MIT}
+ (BNL}

m on Multiparticle Dynamics (SLAC}
(NBS)

(BNI, FI.OR, IND, MASD)
(TNTO)

(0RSAY)
(RL)

(CELLO Collab. )
(BELG, LAPP, SERP, CERN)

{0RSAY)
+Donskov, Outeil+ (BELG, LAPP, SERP, CERN)
+Sharpe (UCB. I.BL)
+lsgur (TNTO)
+Devyanin, Shestakov {NOVO}
+Alston, Avery, Barbaro-Galtieri+ (TPC Collab. )
IBoerner, Burkhardt+ (TASSO Collab. )
+Close (RHEL)
+Abrams, Alarn, BLocher+ (Mark II Collab. )
+Boerner, Burkhard+ (TASSO Collab. }
+Kramer. Rumpf (OESY)

(M(T)
Voioshin, Okun (ITEP)

+Fernow Boehnlein+
+Kokorskb Patou
+Olivek, Pene, Raynal, Ono
+Morgan, Pennington
+Achenberg, Deboer+
+Bricman, Donskov+

Searches for Top and
Fourth Generation Hadrons

See the sections "Searches for t Quark" and "Searches for 6' (4
Generation) Quark" at the end of the QUARKS section.
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N BARYONS
(S=o, i= 1/2)

p, N+=uud; n, N =udd

I(JP) 1(1+) Status. st s(s a dc

p MAGNETIC MOMENT

See the Note on Baryon Magnetic Moments in the A Listings.

VALUE (ISA() DOCUMEN T ID TECN COMMENT

2.m&s473S6+O.faaaauu63 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 (Ig AI)

-2.$00 +0.00$ OUR AVERAGE
—2.800560.0090
-2.817 +0.048
—2.791 +0.021

DOCUMENT ID TECN COMMENT

KREISSL 88 CNTR p Pb 11-+ 10 X-ray
ROBERTS 78 CNTR
HU 75 CNTR Exotic atoms

VALUE (MeV)

93$~1+0.0002$
~ ~ ~ We do not use the following

938.2796 +0.0027

The mass is known much more

DOCUMENT ID TECN COMMENT

1 COHEN 87 RVUE 1986 CODATA value

data for averages, fits, limits, etc. ~ ~ ~

COHEN 73 RVUE 1973 CODATA value

precisely In u: m = 1.007276470 + 0.000000012 u.

P MASS

(pp [pp]) / ilhvafagal

A test of CPT invariance. Calculated from the p and p magnetic moments,
above.

VALUE DOCUMENT ID

(-2.6+2.9) x 10 3 OUR EVALUATION

See, however, the next entry in the Listings, which establishes the P mass
much more precisely.

VALUE (MeV)

93$M +0.04 OUR AVERAGE
938.30 +0.13
938.229+0.049
938.17940.058
938.3 +0.5

DOCUMENT ID TECN COMMENT

ROBERTS 78 CNTR
ROB ERSON 77 CNTR
HU 75 CNTR Exotic atoms
BAMBERGER 70 CNTR

II/p MAss RATlo, ftyp/mp

A test of CPT invariance. GABRIELSE 90 below measures the ratio of
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.

(fftp fftp) / fftavaraga

A test of CPT invariance. Calculated from the p/p mass ratio, above.

VALUE DOCUMENT ID

(2+4) x 10 OUR EVALUATION

VAL UE DOCUMENT ID TECN COMMEN T

0.~~~~~~~77+0.000000tN2 GABRIELSE 90 TRAP Penning trap

2GABRIELSE 90 also measures m —/m = 1836.152660 2 0.000083 and m /mP e- P e-
= 1836.152680 6 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 proton and electron 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.

p ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invarlance.

p ELECTRIC POLARIZABILITY Kp

VALUE(l0 4 fm3) DOCUMENT ID

102 +0.9 OUR AVERAGE

9.8 +0.4 4 1.1 HALLIN 93 CNTR p p Compton scattering

ZIEGER 92 CNTR y p Compton scattering

10.9 k2.2 +1.3 y FEDERSPIEL 91 CNTR y p Compton scattering
2 FEDERSPIEL 91 obtains for the (static) electric polarlzabllty op, defined In terms of the

Induced electric dipole moment by D = 4essapE, the value (70+2 2+1 3)x10 fm3.

TECN COMMENT

p MAGNETIC laOLARIZABILITY tip
The electric and magnetic polarizabllities are subject to a dispersion sum-
rule constraint K + )9 = (14.2 + 0.5) x 10 4 fm3.

VALUE (l0 ecm) EVTfp 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 129Xe moment
130 + 200 WILKENING 84
900 + 1400 6 WILKENING 84
700 6 900 1G HARRISON 69 M BR Molecular beam

5 This WILKENING 84 value inciudes a Rnite-size effect and a magnetic efFect.
6Thls WILKENING 84 value is more cautious than the other and excludes the Rnite-size

effect, which relies on uncertain nuclear integrals.

lep + e) I/a
A test of CPT invariance. See also a similar test involving the electron.

VALUE DOCUMENT ID TECN

(2x 10 t3HUGHES 92 RVUE
3 HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra-

tios.

Iep+ e.l/a
See DYLLA 73 for a summary of experiments on the neutrality of matter.
See also "n CHARGE" in the neutron Listings.

VALUE (units 10 21) DOCUMENT ID COMMENT

&1.0 DYLLA 73 Neutrality of SF6
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.8 MARINELLI 84 Magnetic levitation

4Assumes that qn = qp+qe.

VALUE(10 4 fm3)

4.0 +0.9 OUR AVERAGE
4.4 +0.4 k 1.1
3 58+1.19+1.03—1.25 —1.07
3.3 +2.2 k 1.3

DOCUMENT ID TECN COMMENT

HALLIN 93 CNTR p p Compton scattering

ZIEGER 92 CNTR p p Compton scattering

FEDERSPIEL 91 CNTR 7p Compton scattering

NOTE ON NUCLEON DECAY

(by K. Nakamura, Institute for Cosmic Ray Research, University
of Tokyo)

Although there was a rather long pre-GUT history in the
search for nucleon decay [1],modern nucleon-decay experiments
have been motivated by the SU(5) Grand Unified Theory of
Georgi and Glashow [2]. GUTs provide a simple and elegant

framework for the unification of strong, weak, and electromag-

netic forces, a natural understanding of the Weinberg angle, an

explanation of electric-charge quantization, and, above all, a
prediction that the nucleon lifetime is finite.
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Fiducial znass

~ 196]+~ Total mass
P
f 1980

SOUDAN-1
I I

I KGF

NUSEX I. I 1982 s

Q

Ogo

I I 1985KGF-2

FREJUS

SOUDAN-2
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KAMIOKANDE
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I SUPERKAMIOKANDE

I I1984

I I 1993
1983

I:=::-'-::--&1983
&-:=--.] 1982

[-==:-&(1996)
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xIB (yr) limit for 5-yr observation period {c= 0.5; p:n = 1:1)

100000

Fig. 1. Nucleon decay experiments. The open bars rep-

resent the fiducial masses, while the shaded extensions

indicate the total masses. Turn-on dates are at the right.

The bottom scale shows the observation limit for the

partial lifetime with the assumptions of no background,

50% detection efIiciency, and equal numbers of protons

and neutrons in the detector material.

In the minimal SU(5) GUT, nucleon decay is mediated by

a supermassive gauge boson, and the dominant decay mode is

p ~ e+x . The partial mean life for a particular mode is the

total mean life 7. divided by the branching fraction 8 for the

mode. The part, ial mean life for the p ~ e+vro mode is predicted,

in the minimal SU(5) GUT, to be r/B = 4.5 x 102s+r r yr [3t.
To test this clear and striking prediction, modern nucleon-

decay experiments have needed the following: a large mass

in order to explore the domain of r/B & 10 yr, a tracking

capability for charged particles, a way to measure visible energy,

and particle identification —at least the ability to discriminate

between showering (e, p) and nonshowering (p, x+) particles.
There are two main techniques. One uses tracking calorime-

try with iron plates interleaved by tracking planes; the other

uses a water Cerenkov detector. Fig. 1 compares the total and

fiducial masses of various nucleon-decay detectors. The 5-year

construction schedule of the 50,000-ton water-Cerenkov detector

Superkamiokande began in 1991.
Candidate nucleon-decay events are those contained in the

detector. Background comes from atmospheric neutrino inter-

actions and has a rate of about 100 kton yr . The kine-

matical difference between nucleon decay and atmospheric neu-

trino interactions provides background rejection. The amount

of background contamination depends upon the tightness of

the kinematical cuts, which are different for the different decay

modes, as well as on detector capabilities such as resolutions of

energy and vertex position.

Among the most favorable decay modes to detect is p ~
e+7ro, because all t, he final-state particles shower and their

energies are well measured, No background contamination is as

1 I i 1 I I I I I I I i I i I f

p —
&

e+m0

p -) e+q

p —
& e+M

p~e p

p m e+K

p m e+K*0
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p~p, 6)

p~p p
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n MYG)
n Mvp
n~vz0
n ~ ~K*0

5
~ + ~

5
~+

~ +

~ ~
~ +e
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+
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Fig. 2. The 90%-confidence-level lower limits of the

nucleon partial lifetime for various nucleon decay modes

into lepton + meson, obtained by the IMB (diamonds),

Kamiokande (circles), and Frejus (squares) experiments.

For the actual values for these and other modes, see the

Listings.

yet expected for this mode in the current experiments. In the

absence of background, the 7/B limit is directly proport, ional

to the detector exposure.

On the other hand, the mode p ~ K+v is only poorly

constrained kinematically. This mode, which unfortunately is

the most important one in supersymmetric (SUSY) GUTs,
is thus dominated by the atmospheric-neutrino background. In

such a background-dominated case, the r/B limit only improves

as the square root, of the exposure time.

Fig. 2 summarizes the present limits from the three major

detectors (IMB, Kamiokande, and Frejus) for nucleon partial

lifetimes in various modes involving a lepton and a meson.

(For limits on other modes, see the Listings. ) There is as yet,

no compelling experimental evidence for nucleon decay, despite

the predictions. The observed number of candidate events in

each mode is roughly consistent with the atmospheric-neutrino

background, For t,he p ~ e+vro mode, there are no candidate

events in the three experiments, and therefore the r/B limits

from these experiments simply add to give the world limit of

r/B(p ~ e+x ) & 9 x 10 yr (90Fo confidence level). CIearly,

the minimal SU(5) GUT has already been ruled out. The best,

background-subtracted limit for the p —+ K+v mode has been

reported by Kamiokande: it is r/B(p ~ K+V) & 10s2 yr (90%
confidence level).
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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.
LIMI T
(years) PARTICLE DOCUMEN T ID TECN

&X.Sx 16 p, I 8~9 EVANS 77
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3 x 10 p 9 DIX 70 CNTR

&3 x 10 p, n 9,10 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.

j$ MEAN LIFE

The best limit by far, that of GOLDEN 79, relies, however, on a number of
astrophysical assum ptions. The other limits come from direct observations
of stored antiprotons. See also "p Partial Mean Lives" after "p Partial
Mean Lives, " below.

LIMI T
(years) CL s/h EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.28 GABRIELSE 90 TRAP Penning trap
&0 08 90 1 BELL 79 CNTR Storage ring

&1 x 10 GOLDEN 79 SPEC p/p, cosmic rays

&3.7 x 10 BREGMAN 78 CNTR Storage ring

p DECAY MODES

For N decays, p and n distinguish proton and neutron partial lifetimes.
See also the "Note on Proton Mean Life Limits" in these Full Listings.

T22

T23

T24

T25

T26

T27

728

29
T30

T31

T32

T33

T34

T35

T36

T37

38
T39

T40

T41

T42

T43

T44

T45

T46

T47

T48

T49

Tso

Ts1
T52

T53

T54

T55

p ~ e+m+x
p e+ moro

n e+x-xo
p ~ p+x+m.

p I +~0~0
n —+ @+x n

n ~ e+Ko~-

n -+ e x+
n~ p x+
n~ e p+
n-+ p p
n~ e K+
n~ p K+

p ~ e-x+x+
n ~ e-x+~0
p ~ p,-n+~+
n ~ I -~+~0
p ~ e-~+K+
p ~ p n'+K+

p~ e+p
P~
n~ vp
p ~ e+pp

p ~ e+e+e
p~ e+p+p, —

p ~ e+vv
n~ e+e v
n~ p+e v
n~ p+p v

p ~ p+e+e-
p v+ a+v
p~ p, vv
p~ e p,+p,+
Il ~ 3v

Antilepton + meions
& 21
& 38
) 32

& 17

) 33

& 33

& 18

Lepton + meson

&65
&49
&62
&7
) 32

& 57

Lepton + mesons
&30
& 29

& 17

& 34

& 20

&5

AhtllhPthh + Phhthh($)

& 460

& 380

& 24

& 100

Three leptons

& 510
& 81

& 11
&74
& 47

& 42

& 91
& 190

& 21

&6
& 0.0005

90%
90%
90%
9Oo/.

90%
90%

90%
90%
90%
90%
90%
90%

9O%

9O%

90%
90%
90%
90%

90%
90%
90%
9O%

90%
90%
90%
90%
9o%
90%
9O%

9O%

90%
90%
90%

Mode
Partial mean life

(10 years) Confidence level

The "partial mean life" limits tabulated here are the limits on T/B;, where

r is the total mean life and B~ is the branching fraction for the mode in

question.
T56

T57

T58

T59

T60

N ~ e+anything
N ~ p+anything
N ~ vanything
N ~ e+~oanything
N ~ 2 bodies, v-free

Inclusive modes
& 0.6 (n, p)
&12(n, p}

& 0.6 (n, p)

90%
90%

90%

1

T2

T3

T4

Ts

T6

T7

T8

T9

Tlo
Tll
T12

T13
T14

T16
T17

T18

T19
T20

T21

N ~ e+x
N ~ p+~
N~ vx
p ~ e+Ti

p I
n ~ vol
N~ e+p

I+P
N~ vp
p ~ e+(u
P~
n~ vu
N~ e+K

p e+ Ko
S

p e+Ko
L

N~ @+K
p ~ p+Ko
p~ p KL

N~ vK
p ~ e+K*(892)o
N ~ v K'(892)

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)

90%
9Oo/o

90%
9O%

90%
90%
90%
9O%

90%
90%
90%
9O%

9O%

9O%

9Oo/.

9O%

9O%

9O%

9O%

90%
9Oo/o

T61

T62

T63

T64

T65

T66

T67

T68

T69

T70

T71

T72

T73

T74

T75

T76

LLB = 2 dinucleon modes

The following are lifetime

pp ~ x+~+
pn ~ n+mo

nn ~ m+x
nn~ no~0

pp e+ e+

pp ~ e+p, +

I
+a+

pn ~ e+v
pn —+ p+v
nn ~ veve
nil ~ vt vt

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

Mode

p
p
p
p
p

e
e- Ko

P DECAY MODES

Partial mean life

(years)

) 1848

& 554

) 171
& 29

) 9

90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%

Confidence level

9S%
9S%
9S%
9S%

9S%
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p PARTIAL MEAN LIVES

The "partial mean life" limits tabulated here are the limits on 7-/B;, where

~ is the total mean life for the proton and B; 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.

TECN

IM B3
KAMI

FREJ
FREJ
KAMI

IM8
IMB
SOUD
SOUD
IMB
IM8
KAMI

KAMI

IMB
IM8
IMB
NUSX

SOUD
SOUD
KOLR
KOLR
CNTR

LIMI T
(10 years) PAR TICL E

&100 n

&270 p
~ ~ ~ We do not use the

CL% EVTS BKGD EST

90 0 &0.2
90 0 0.6
following data for averages,

90 0 0.2
90 1 1.0
90 0 &0.07
90 0 0.5
90 2 1

90 8 7
90 0 &07
90 0 &0.4
90 0 0.2
90 1 0.4
90 1 4
90 0
90 0

81
& 35
&230

63
& 76

23
46

& 20
& 59
&100

38
& 10

1.3

p
n

P
n

P
n

p (free)
p
n

p, n

p, n

r(N~ ve)

TECN

89C KAMI

88 IMB

DOCUMENT ID

HIRATA

SEIDEL
fits, limits, etc, ~ ~ ~

BERGER 91
BERGER 91
HIRATA 89C
SEIDEL 88
HAINES 86
HAINES 86
ARISAKA 85
ARISAKA 85
BLEWITT 85
BLEWITT 85
PARK 85
8ATTISTONI 84
ALEKSEEV 81

FREJ
FREJ
KAMI

IMB
1MB

IMB
KAMI

KAMI

IMB
IMB
IMB
NUSX
BAKS

LIMI T
(10 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID

&25 p 90 32 32.$ HIRATA

&100 n 90 1 3 HIRATA

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

13 n 90 1 12 BERGER 89
&10 p 90 11 14 BERGER 89

6 n 90 73 60 HA INES 86
) 2 p 90 16 13 KA JITA 86
&40 n 90 0 1 KA JITA 86

7 n 90 28 19 PARK 85
7 n 90 0 BATTISTONI S4
2 p 90 &3 BATTISTON I 84
5.8 p 90 1 15 KRISHNA. .. 82
0.3 p 90 2 16 CHERRY
01 p 90 17 GURR 67

We have calculated 90% CL limit from 1 confined event.
We have converted 2 possible events to 90% CL limit.

We hyve converted half-life to 90% CL mean life.

TECN

89C KAMI

89C KAMI

FREJ
FREJ
IMB
KAMI

KAMI

IMB
NUSX
NUSX
KOLR
HOME
CNTR

r(N e+e)
LIMIT
(10~ years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID

&660 p 90 0 0.7 11 BECKER-SZ... 90
&130 n 90 0 (0.2 HIRATA 89C

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

70 p 90 0 0.5 BERGER 91
&70 n 90 0 & 0.1 BERGER 91
)260 p 90 0 &0.04 H IRATA 89C

)310 p 90 0 0.6 SEIDEL 88
&100 n 90 0 16 5EIDEL 88

1.3 n 90 0 BARTELT 87
) 13 p 90 0 BARTELT 87
)250 p 90 0 03 HA INES 86
&31 n 90 S 9 HAINES 86
&64 p 90 0 &04 ARISAKA 85
&26 n 90 0 &0.7 ARISAKA 85
& 82 p (free) 90 0 0.2 BLEWITT 85
&250 p 90 0 0.2 8LEWITT 85
&25 n 90 4 4 PARK 85

& 15 p, n 90 0 BATTISTONI 84
05 p 90 1 0.3 12 BARTELT 83
05 n 90 1 0.3 12 BARTELT

) 5.8 p 90 2 K R IS HNA. ~ . 82
5.8 n 90 2 13 KRISHNA. ~ . 82
0.1 n 90 14 GURR 67

11This BECKER-SZENDY 90 result includes data from SEIDEL 88.
Limit based on zero events.
We have calculated 90% CL limit from 1 confined event.
We have converted half-life to 90% CL mean life.

r(N~ p+x)

r(p~ e+h)
LIMI T
(10 years) PARTICLE CL% EVTS BKGD EST

&140 p 90 0 &0.04
o ~ e We do not use the following data for averages, fits,

&44 p 90 0 01
&100 p 90 0 0.6
&200 p 90 5 3.3
&64 p 90 0 &08
& 64 p (free} 90 5 6.5
&200 p 90 5 4.7

1.2 p 90 2

We have converted 2 possible events to 90% CL limit.

r(p p+h)

TEChiDOCUMENT ID

HIRATA

limits etc ~ ~ ~

BERGER 91
SEIDEL 88
HAINES 86
ARISAKA 85
BLEWITT 85
BLEWITT 85

18 CHERRY 81

89C KAMI

FREJ
IMB
IMB
KAMI

IMB
IMB
HOME

LIMIT
(10' years) PARTICLE CL% EVTS BK6D EST

&59 p 90 1 &0.01
i i ~ We do not use the following data for averages,

DOCUMENT ID

HIRATA

fits, limits, etc. ~ ~ o

TECN

89C KAMI

&26
& 1.3
)34
&46
&26
&1?
&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
6
8

BERGER
PHILLIPS
SEIDEL
HAINFS
ARISAKA
BLEWITT
BLEWITT

91
89
88
86
85
85
85

FREJ
HPW
IMB
IMB
KAMI

IM8
IMR

r(h ~ vg)
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

&54 n 2 0.9
i i ~ We do not use the following data for averages, fits,

&29
&16
&25
&30
&18

0.6

90
90
90
90
90
90

0.9
2.1

6
04
3

We have converted 2 possible events to 90% CL limit.

r(iy e+ p)

DOCUMENT ID

HIRATA

limits, etc. ~ ~ o

BERGER
SEIOEL
HAINES
KA J ITA

PARK
19 CHERRY

TECN

89C KAMI

89
88
86
86
85
81

FREJ
IM8
IM8
KAM I

IM8
HOME

TECN

89C KAMI

89C KAMI

91
91
88
87
87
86
86
85
85
85
85
85
83
83
82
81

FREJ
FREJ
IM8
SOUD
SOUD
IM8
IM8
KAMi
KAMI

IMB
IMB
IM8
SOUD
SOUD
KOLR
HOME

LIMI T
(10 years) PARTICLE

&110 p
&23 n

~ o ~ We do not use the

CLog EVTS BKGD EST

0 17
90 1 1.
following data for averages,

0.5
1.1
0.7
0.5
1.1

&0.7
&1.2
5

2

90
90
90
90
90
90
90
90
90
90
90
90

& 12) 22
4.3

& 30
& ll
& 16) ?

12
) 5

5.5
16
9

p
n

p
p

p

p

p (free)
P

DOCUMENT ID

M I RATA

HIRATA

fits, limits, etc. ~ ~ 0

BERGER 91
BERGER 91
PHILLIPS 89
5EIOEL 88
SEIDEL 88
HAINES 86
HAINES 86
ARISAKA 85
ARISAKA &5

BLEWITT 85
BLEWITT 85
PARK 85

TECN

89C KAMI

89C KAMI

FREJ
FREJ
HPW
1MB
IM8
IM8
IM8
KAMI
KAMI
IMB
IMB
IMB

LIMIT
(10 years) PARTICLE CL% EVTS BK6D EST DOCUMENT ID

&76 p 90 2 2.7 HIRATA

&N n 90 0 1.9 HIRATA

~ We do not use the following data for averages, fits, limits, etc. ~ e ~

&29 p 90 0 22 BERGER

)41 n 90 0 14 BERGER

&38 n 90 2 41 SEIDEL

) 1,2 p 90 0 BARTELT
1.5 n 90 0 BARTEi T

&17 p 90 7 7 HAINES

&14 n 90 9 4 HAINES

&12 p 90 0 &12 ARISAKA

& 6 n 90 2 &1 ARISAKA

& 6.7 p (free) 90 6 6 BLEWITT
&17 p 90 7 7 BLEWITT
)12 n 90 4 2 PARK

& 0.6 n 90 1 03 0 BARTELT
&05 p 90 1 03 20 BARTELT

& 9.8 p 90 1 21 KRISHNA. ..
& 0.8 p 90 2 22 CHERRY

Limit based on zero events.
We have calculated 90% CL limit from 0 confined events.
We have converted 2 possible events to 90% CI limit.

r(N~ p+p)
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r(N~ vp)
LIMIT
(10 years) PARTICLE

&27 p
&19 n

~ ~ ~ We do not use the

& 9
&24
&13
&13

8
2

&11
& 4
& 4.1
& 8.4

2

& 0.9
& 0.6
23 We

n

p
n

p
P
n

p
n

p (free)
p
n

p
n

have converted 2

r(p~ e+~)

CL% EVTS BKGD EST DOCUMENT

90 5 1.6 HIRATA

90 0 0.5 SEIDEL
following data for averages, fits, limits, etc. ~

90 4 2.4 BERGER
90 0 0.9 BERGER
90 4 3.6 HIRATA

90 1 1.1 SEIDEL
90 6 5 HAINES
90 15 10 HAINES
90 2 1 KAJITA
90 2 2 KAJITA
90 6 7 BLEWITT
90 6 5 BLEWITT
90 7 3 PARK
90 2 23 CHERRY
90 2 23 CHERRY

possible events to 90% CL limit.

ID TECN

89C KAMI

88 1MB

89
89
89C
88
86
86
86
86
85
85
85
81
81

FREJ
FREJ
KAMI

IMB
IMB
IMB
KAMI

KAMI

1MB

IMB
IMB
HOME
HOME

TECN

89C KAMI

FREJ
IMB
SOUD
IMB
KAMI

IM8
IM8
SOUD
KOLR
HOME

LIMIT
(1030 years) PARTICLE CL'le EVTS BKGD EST DOCUMENT ID

&45 p 90 2 1AS HIRATA

~ ~ ~ We do not use the following data for averages, fits, limits, etc, ~ ~ ~

&17 p 90 0 1.1 BERGER 91
&26 p 90 1 1.0 SEIDEL 88
& 15 p 90 0 BARTELT 87
&37 p 90 6 5.3 HAINES 86
&25 p 90 1 &1.4 ARISAKA 85
&12 p (free) 90 6 7.5 BLEWITT 85
&37 p 90 6 5.7 BLEWITT 85
&06 p 90 1 0.3 24 BARTELT 83
& 9.8 p 90 1 KRISHNA. .. 82
& 2.8 p 90 2 26 CHERRY 81

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(p~ e+Ke)
LIMIT
(10 years) PARTICLE

)76 p

r{p~ e+Kq}
LIMIT
(10~ years) PARTICLE

&4i p

r(N~ p+K)

CL%

90

CL%

90

EVTS

0

EVTS

0

BKGD EST

0.5

BKGD EST(0.1

LIMIT
(10 years) PARTICLE

)64 p

CL%

90
EVTS

0
BK6D EST

1.2

LIMIT
(10+ years) PARTICLE CL'/e EVTS BK6D EST

&120 p 90 1 OA
1.1 n 90 0

~ ~ ~ We do not use the following data for averages,

&54 p 90 0
3.0 p 90 0 0.7

&19 p 90 3 2.5
15 p 90 0

&40 p 90 7 6
&19 p 90 1 g1.1

6.7 p (free) 90 11 13
&40 p 90 7 8

6 p 90 1
06 p 90 0
0.4 n 90 0
5.8 p 90 2
2.0 p 90 0
0.2 n 90

BARTELT 87 limit applies to p Is+ K5'
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+ Np}

DOCUMENT ID

BERGER

DOCUMENT ID

BERGER

DOCUMENT ID

HIRATA

BART ELT
fits, limits, etc. ~ o ~

BERGER
PHILLIPS
SEIDEL

28 BARTELT
HAIN ES
ARISAKA
BLEWITT
BLEWITT
BATTISTONI

29 BARTELT
29 BARTELT

KRISHNA. ..
CHERRY

31 GURR

event.

DOCUMENT ID

BERGER

91
TECN

FREJ

91
TECN

FREJ

91
89
88
87
86
85
85
85
84
83
83
82
81
67

FREJ
HPW
1MB
SOUD
IMB
KAMI
IM8
IM8
NUSX
SOUD
SOUD
KOLR
HOME
CNTR

91
TECN

FREJ

TECN

89C KAMI

87 SOUD

r(p~ p+(u)
LIMIT
(1030 years) PARTICLE

p67 p
~ ~ ~ We do not use the

&11 p
& 4.4 p
&10 p
&23 p
& 6.5 p (free)
&23 p

CL% EVTS BK6D EST

90 2 1.9
following data for averages, fits,

90 0 1.0
90 0 0.7
90 2 1.3
90 2 1
90 9 8.7
90 8 7

TECN

89C KAMI

DOCUMENT ID

HIRATA

limits, etc. ~ ~ ~

BERGER 91
PHILLIPS 89
SEIDEL 88
HA INES 86
BLEWITT 85
8LEWITT 85

FREJ
HPW
IMB
IMB
IMB
IMB

LIMIT
(10 years) PARTICLE

)4$ n
~ ~ ~ We do not use the

CL% EVTS BKGD EST

90 3 2.7
following data for averages, fits,

90 1 0.7
90 2 1.3
90 6 6
90 2 2
90 1 2
90 2

DOCUMENT ID

HIRATA

limits, etc. ~ ~ ~

BERGER
SEIDEL
HAINES
KAJITA
PARK

27 CHERRY

TECN

89C KAMI

&17 n

& 6 n

&12 n

&18 n

&16 n

&20 n

"We have converted 2

FREJ
IMB
IMB
KAMI
IMB
HOME

89
88
86
86
85
81

possible events to 90% CL limit.

r(N~ e+rr)
LIMIT
(10 years) PARTICLE

&150 p
1.3 n

~ ~ ~ We do not use the

DOCUMENT ID

HI RATA 89C
ALEKSEEV 81

limits, etc. ~ ~ ~

BERGER 91
SEIDEL 88
HAIN ES 86
ARISAKA 85
BLEWITT 85
BLEWITT 85
ALEKSEEV 81

& 60
& 70
& 77

38
& 24
& 77

1.3

P
p
p
p
p (free)
p
p

Tl3

TECN

KAMI

BAKS

FREJ
IM8
IMB
KAMI
1MB
IMB
BAKS

CL4/e EVTS BKGD EST

90 0 &0.27
90 0
following data for averages, fits,

90 0
90 0 1.8
90 5 4.5
90 0 (0.8
90 7 8.5
90 5 4
90 0

r(p~ p+Keq)
LIMIT
(10+ years) PARTICLE

&44 p

r(N~ vK)

CL%

90
EVTS

0
BKGD EST(0.1

DOCUMENT ID

BERGER

DOCUMENT ID

HIRATA

HIRATA

mits, etc. ~ ~ ~

BERGER
BERGER
PHILLIPS
BARTELT
BARTELT
HAINES
HAIN ES
KA JITA
KA JITA
BLEWITT
BLEWITT
PARK
BATTISTONI
BATTISTONI
BARTELT
BARTELT
KRISHNA. .~

CHERRY

r(p~ e+K (892)O)
LIMIT
(10 years)

p52
~ ~ ~ We

&10
&10

DOCUMENT ID

HIRATA

fits, limits, etc. ~ ~ ~

BERGER
ARISAKA

PARTICLE CLle EVTS BKGD EST

P 90 2 1.55
do not use the following data for averages,

p 90 0 0.8
p 90 1 gl

LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

p100 p 90 9 7.3
)86 n 90 0 2.4

~ ~ ~ We do not use the following data for averages, fits, li

&15 n 90 1 1.8
&15 p 90 1 1.8

0.28 p 90 0 0.7
0.3 p 90 0
075 n 90 0 32

&10 p 90 65
&15 n 90 3 5
&28 p 90 3 3
&32 n 90 0 1.4

1.8 p (free) 90 6 11
96 p 90 65

&10 n 90 2 2
5 n 90 0
2 p 90 0
03 n 90 0 33
01 p 90 0 33
58 p 90 1 34

03 n 90 2 35

BARTELT 87 limit applies to n ~ 5'
Limit based on zero events.
We have calculated 90% CL limit from 1 confined event.

5We have converted 2 possible events to 90% CL limit.

91
TECN

FREJ

89
89
89
87
87
86
86
86
86
85
85
85
84
84
83
83
82
81

FREJ
FREJ
HPW
SOUD
SOUD
IMB
IMB
KAMI
KAMI

IMB
IM8
IMB
NUSX
NUSX
SOUD
SOUD
KOLR
HOME

TECN

89C KAMI

91
85

FREJ
KAMI

TECN

89C KAMI

89C KAMI
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r(N~ vK (892))
LIMI T
(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,

&1? p 90 D 2.4
&21 n 90 4 2.4
&10 p 90 7 6
& 5 n 90 8 7

8 p 90 3 2

& 6 n 90 2 1.6
& 5.8 p (free} 90 10 16
& 9.6 p 90 7 6

7 n 90 1 4

& 2.1 p 90 1

36We have converted 1 possible event to 90% CL limit.

BERGER
HIRATA

HAINES

HA INES
KAJITA
KAJITA
8LEWITT
BLEWITT
PARK

36 BATTISTONI

89 FREJ
89C KAMI

S6 IMB
86 IMB
86 KAMI

S6 KAMI

85 IM8
85 IMB
85 1MB
82 NUSX

DOCUMENT ID TECN

BERGER 89 FREJ
HIRATA 89C KAMI

limits, etc. ~ 0 ~ 90
90
90

0 0.7
7 5
2 2

r(n~ e K+)
LIMIT
(1030 years) PARTICLE

)32 h

~ ~ ~ We do not use

) 023 n

r(n~ p K+)

CL% EVTS BKGD EST

90 3 2.96
the following data for averages,

90 D 0.7

r(n~ p p+)
LIMIT
(10~ years) PARTICLE CL% EYTS BKGD EST

)? h 90 1 1.1
e ~ ~ We do not use the following data for averages,

DOCUMENT ID

SEIDEL
fits, limits, etc. ~ ~ e

PHILLIPS
HAINES
PARK

TECIV

88 IMB

89 HPW
86 IMB
85 IMB

DOCUMENT ID TECh/

918 FREJBERGER
fits limits etc ~ o o

PHILLIPS 89 HPW

r(p~ e+e+r )
LIMIT
(10~0 years) PARTICLE

&21 p

r(p~ e+e eo)
LIMIT
(10 years) PARTICLE

)3 p

r(n~ e+e-eo)
LIMIT
(10 years) PAR TICL E

&32 h

CLo/o EVTS BKGO EST

90 0 2.2

CL% EVTS BKGD EST

00 1 0.5

CL% EVTS BK6D EST

m 1 O.e

DOCUMENT IO TECN

BERGER 91 FREJ

DOCUMENT IO TEChl

BERGER 91 FREJ

DOCUMENT ID TECN

BERGER 91 FREJ

& 2.0 p

r(n ~ e- x+xo)

90 D 0.7

LIMIT
(10+ years) PARTICLE CL% EVTS BKGD EST

&57 n 90 0 2.18
e ~ ~ We do not use the following data for averages,

4.7 90 D 07

r(p~ e e+e+)
LIMIT
(10~ years) PARTICLE CL% EVTS BKGD EST

&30 p 90 1 2.50
~ ~ e We do not use the following data for averages,

DOCUMENT ID

BERGER
fits, limits, etc. ~ o ~

PHILLIPS

DOCUMENT ID

BERGER
fits, limits, etc. e ~ o

PHILLIPS

TEChl

918 FREJ

89 HPW

TECIV

918 FREJ

89 HPW

r(p~ p+e+n-)
LIMIT
(1030 years) PARTICLE

&17 p
o ~ ~ We do not use the

3.3 p

r(p~ p+xnen)
LIMIT
(10 years) PARTICLE

)33 p

CL% EVTS BKGD EST

90 1 2.6
following data for averages, fits,

90 0 07

CL% EVTS BKGD EST

90 1 0.0

DOCUMENT IO

BERGER
limits, etc. ~ ~ ~

TECN

91 FREJ

DOCUMENT ID TECN

BERGER 91 FREJ

PHILLIPS 89 HPW

L IMIT
(10~ years) PARTICLE

)29 h

r(p~ p-e+n+)

CLo/o EVTS BK6D EST

90 1 0.?S

LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

)17 p 90 1 1.72
e ~ ~ We do not use the following data for averages,

7.8 p 90 0 07

r(n~ p-x+eo}

DOCUMENT ID TECN

BERGER 918 FREJ

DOCUMEN T ID TECN

BERGER 918 FREJ
fits, limits, etc. ~ ~ ~

PHILLIPS

r(n~ p+e eo)
LIMI T
(10 years} PARTICLE

&33 n

CL% EYTS BKGD EST

90 0 1.1
DOCUMENT ID TECN

BERGER 91 FREJ

LIMIT
(103 years) PARTICLE

)34 h

r(p~ e e+K+)

CL% EVTS BK6D EST

90 0 0.?8
DOCUMENT ID TECN

BERGER 918 FREJ

r(n~ e+Koe-}
LIMIT
(103 years) PARTICLE

)18 n

CL% EVTS BKGD EST

90 1 0.2
DOCUMENT ID TECN

BERGER 91 FREJ

LIMIT
(10 years) PARTICLE

)20 p

r(p~ p-e+K+}

CL% EVTS BKGD EST

90 3 2.50

DOCUMENT ID

BERGER

TECN

918 FRE.I

r(n~ e-x+)
LIMIT
(10 years) PARTICLE

)65 n

~ ~ o We do not use the

CL% EVTS BKGO EST

90 0 1.6
following data for averages, fits,

90 0 1.09
90 9 7
90 2 4

&55 n

&16 n

&25 n

r(n~ p x+)

DOCUMENT ID TECN

5EIDEL 88 IM B
limits, etc, ~ e o

BERGER
HA INES
PARK

918 FREJ
86 IMB
85 IMB

LIMIT
(10 years) PARTICLE CL% EVTS BKGO EST DOCUMENT ID TECIV

)IS n 90 0 0.5 SEIDEL 88 IM B
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

LIMIT
(10 years) PARTICLE

&5 p

CL% EVTS BKGD EST

90 2 0.78

r(p~ e+p)
LIMIT
(10 0 years) PARTICLE

)460 p
e ~ o We do not use the

&133 p
&360 p
& 87 p (free}
&360 p

0, 1 p

We have converted ha If-life to 90% CL mean life.

CL/o EVTS BKGD EST

90 0 0.6
following data for averages,

90 0 03
90 0 03
90 0 02
90 0 02
90

DOCUMENT ID

SEIDEL
fits, limits, etc. ~ ~ ~

BERGER
HAIN ES
BLEWITT
BLEWITT

37 GURR

TEChl

88 1MB

91 FREJ
86 IMB
85 1MB
85 1MB
67 CNTR

DOCUMENT ID TECN

BERGER 918 FREJ

)33 n

2.? n

)25 n

)27 n

r(n~ e p+)

90
90
90
90

0 1.40
0 0.7
7 6
2 3

BERGER
PHILLIPS
HAINES
PARK

DOCUMENT ID

SEIDEL
limits, etc. 0 ~ 0

&12 n

&12 n

90
90

13 6
5 3

HA INES
PARK

LIMIT
(10 years) PARTICLE CL'/o EVTS BKGD EST

&62 n 9D 2 4.1
re ~ We do not use the following data for averages, fits,

918 FREJ
89 HPW
86 IMB
85 IMB

TECN

88 IM8

86 IM8
85 IMB

)155 p
)97 p
& 61 p (free}
&280 p

03 p

We have converted ha

90 D 01
90 3 2

90 0 D2
90 0 06
90

If-life to 90% CL mean life.

r(p~ p+'r)
LIMIT
(1030 years) PARTICLE CL% EYTS BKGD EST

)380 p 90 0 0.5
e ~ ~ We do not use the following data for averages,

DOCUMENT IO

SEIDEL
fits, limits, etc. ~ o re

BERGER
HAINES
BLEWITT
BLEWITT

38 GURR

TECN

88 1MB

91 FREJ
86 IM8
85 IM8
SS IMB
67 CNTR
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9
&11

r(p» a+7~)

90
90

73 60
28 19

LIMIT
(1030 yean) PARTICLE

&100 p

CL% EVTS BKGD E57

90 1 Q.I
r(p» e+e+e-}
LIMIT
(10 years) PARTICLE

&610 p
~ ~ ~ We do not use the

CL'Ye EVTS BKGD EST

90 0 0.$
following data for averages, fits,

90 0 0.1
90 0 0.5
90 0 0.7

&147 p
& 89 p (free)
&510 p

r(p» e+q+q )
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

&$1 p 90 0 0.16
~ ~ ~ We do not use the following data for averages, fits,

& 5.0 p 90 0 0.7

r(p» e+vv)
LIMIT
(10 years) PARTICLE

&11 p

CL4i4 EVTS BKGD EST

90 11 6.06

r(n» v7)
LIMIT
(10 years) PARTICLE CL% EVTS BKGD EST

&24 n 90 10 6.86
~ ~ ~ We do not use the following data for averages, fits,

DOCUMENT ID

BERGER
limits, etc. ~ ~ ~

HA INES
PARK

TECN

918 FREJ

86 IMB
85 IMB

&44

OOCUMEN T ID TECN

BERGER 91 FREJ

BERGER
8LEWITT
BLEWITT

91 FREJ
85 IMB
85 IM8

DOCUMENT ID

BERGER
limits, etc. ~ ~ ~

PHILLIPS

TECN

91 FREJ

89 HPW

&47

DOCUMENT ID TECN

BERGER 918 FREJ

DOCUMENT ID TECN

HA INES 86 IM B
limits, etc. ~ ~ ~

r(n» Sv}
LIMIT
(1030 years) PARTICLE CL% EVTS BKGD EST

&0.00049 I 90 2 2
~ ~ ~ We do not use the following data for averages,

&0.00003 n 90 ll 6 1
&0.00012 n 90 7 112
&0.0005 n 90 0

The SUZUKI 938 limit applies to any of v

The first BERGER 918 limit Is for n ~ v v v,

r(N» e+ anything)
LIMIT
(1030 years) PARTICLE CL% EVTS BK6D EST

&0.6 p, I 90

The electron may be primary or secondary.

r{N» p+anything)

TECN

93e KAMI I
DOCUMENT ID

40 SUZUKI

fits, limits, etc. ~ ~ ~
41 BERGER 918 FREJ
41 BERGER 918 FREJ

LEARNED 79 RVUE

v~ vpP~, oi' v~ v~ v~.
the second is for n ~ v v v&.

DOCUMENT ID TECN

42 LEARNED 79 RVUE

TECN

81 HOME

r{N» vanythlng)
Anything = x, p, K, etc.

LIMIT
(1030 years) PARTICLE CL% EVTS BKGD EST

~ ~ ~ We do not use the following data for averages, fits,

DOCUMENT ID

limits, etc. ~ ~ ~

TECN

LIMIT
(1030 years) PARTICLE CL% EVTS BK6D EST DOCUMENT ID

&12 p, n 90 2 43r44 CHERRY
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 1.8 p, n 90 44 COWS IK 80 CNTR
&6 pn 90 44 LEARNED 79 RVUE
" We have converted 2 possible events to 90% CL limit.

The muon may be primary or secondary.

r(n» e+e-v)
LIMIT
(1030 yean) PARTICLE

&T4 I
~ ~ ~ We do not use the

&45 n

&26 n

r(n» p+e v)

CL% EVTS BKGD EST

90 0 &0.1
following data for averages, fits,

90 5 5
90 4 3

LIMIT
(10 years) PARTICLE

&47 n

r(n» p+p-v}

CL'Ye EVTS BKGD EST

90 0 &0.1

LIMI 7
(1030 years) PARTICLE

&42 n
~ ~ ~ We do not use the

CL% EVTS BKGD EST

90 0 14
following data for averages, fits,

90 0 0.7
90 14 7
90 4 7

& 5.1 n

&16 n

&19 n

DOCUMENT ID

BERGER
limits, etc. ~ ~ ~

HAINES

PARK

TECN

918 FREJ

86 1MB

85 1MB

&49

DOCUMENT ID TECN

BERGER 918 FREJ

DOCUMENT ID

BERGER
limits, etc. ~ ~ ~

PHILLIPS
HAINES
PARK

TECN

918 FREJ

89 HPW
86 IMB
85 IMB

&0.0002 p, n 90 0

r(N» e+rr anything)
LIMIT
(1030 years) PARTICLE CL% EVTS BKGD EST

&0.6 p, e 90 0

r(N» 2 bodice, v-free}

LEARNED 79 RVUE

DOCUMENT ID TECN

LEARNED 79 RVUE

DOCUMENT ID

limits etc ~ ~ ~

TECN

&13 p n 90 0

r(pp» n+rr+}

ALEKSEEV 81 SAKS

LIMIT
(1030 years)

&O.T

CL% EVTS BKGD EST

90 4 2.$4
DOCUMENT ID TECN COMMENT

BERGER 918 FREJ ~ per iron nucleus

r(pn» x+s }
LIMIT
(1030 years)

&2.0
CL% EVTS BKGD EST

90 0 0.$1
DOCUMENT ID TECN COMMENT

BERGER 918 FREJ ~ per iron nucleus

LIMIT
(1030 years) PARTICLE CL% EVTS BKGD EST

~ ~ ~ We do not use the following data for averages, fits,

r(p» p+c+c )
LIMIT
(103 years) PARTICLE

&91 p

CL% EVTS BKGD EST

90 0 C 0.1
DOCUMENT ID TECN

BERGER 91 FREJ

r(nn» e+e-}
LIMIT
(1030 years)

&O.T

CL% EVTS BKGD EST

90 4 2.18
DOCUMENT IO TECN COMMENT

BERGER 918 FREJ r per iron nucleus

r(p» p+p+p }
LIMIT
(10 years) PARTICLE

&190 p
~ ~ ~ We do not use the

DOCUMENT ID

HAINES

limits, etc. ~ ~ ~

BERGER
PHILLIPS
BLEWITT
8LEWITT

39 BATTISTONI

&119 p
& 10.5 p
& 44 p (free)
&190 p

2.1 p

We have converted 1 possible event to 90% CL limit.

r(p» gl vv}

CL4i'I EVTS BKGD EST

90 1 0.1
following data for averages, fits,

90 0 02
90 0 0.7
90 1 0.7
90 1 0.9
90 1

TECN

86 IMB

91 FREJ
89 HPW
85 IMB
85 IMB
82 NUSX

r(nn» ence}
LIMIT
(1030 years)

&$.4

r(pp» e+e+)
LIMIT
(1030 years)

&6.8
CL% EVTS BK6D EST

90 0 &0.1

r (pp» e+p+}
LIMIT
(10~ years)

&$.6
CL% EVTS BKGD EST

90 0 &0.1

CL% EVTS BKGD EST

90 0 O.TI

DOCUMENT ID TECN COMMENT

BERGER 918 FREJ r per iron nucleus

DOCUMENT ID

BERGER

TECN COM MEN T

918 FREJ y. per iron nucleus

DOCUMENT ID TECN COMMENT

BERGER 918 FREJ y per iron nucleus

LIMIT
(10 years) PARTICLE

&21 p

r(p e- q+ p+}

CLeie EVTS BKGD EST

90 T 11~
DOCUMENT ID TECN

BERGER 918 FREJ
r(pp» p+p+)
LIMIT
(1030 years)

&1.?
CL% EVTS BKGD EST

90 0 0.62
DOCUMENT ID

BERGER

TECN COMMEN T

918 FREJ y. per iron nucleus
LIMIT
(1030 yean) PARTICLE

&6.0 p

CL% EVTS BKGD EST

90 0 Q.T

DOCUMEN T ID TECN

PHILLIPS 89 HPW
r(pn» e+tr)
LIMIT
(10 years)

&2.8
CL% EVTS BKGD EST

90 6 9.6T

DOCUMENT ID TECN COMMEN 7
BERGER 918 FREJ 7- per iron nucleus
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r(pn~ p+v}
LIMIT
(1030 years)

)1.6
CL%

90

LIMIT
(10 years)

p0.000012

CL%

90

r( nn~ vnpn}
LIMIT
(10 years) CL%

&0.000006 90

r(nn~ ve&e)

EVTS BKGD EST

l 4.37

EVTS BKGD EST

S 97

EVTS BKGD EST

4 iA

DOCUMENT ID

BERGER

DOCUMENT ID

BERGER

DOCUMENT ID

BERGER

&69

TECN COMM EN T

918 FREJ 7. per iron nucleus

TECN COMM EN T

918 FREJ r per iron nucleus

TECN COMMENT

918 FREJ ~ per iron nucleus

/(JP) 1(1+)

We have omitted some results that have been superseded by later

experiments. The omitted results may be found in our 1986 edition

(Physics Letters 1708) or in 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 NATARAJAN 93 value, in u, is by far the best, but when

converted to MeV differs only negligibly from the 1986 CODATA value,

which, for consistency, we stick with.

r(7i~ e-y}
VAL UE (years}

)18M

r(ii~ e-ee)
VALUE (years}

)554

r{p~ e-|i)

CL%

95

CL%

95

DOCUMENT ID TECN COMMENT

GEER 94 CALO 8,9 GeV/c p beam

DOCUMENT ID TECN COMMENT

GEER 94 CALO 8.9 GeV/c p beam

P PARTlAL MEAN LIVES

The "partial mean life" limits tabulated here are the limits on ~/Bl, where

~ is the total mean life for the antiproton and BI is the branching fraction

for the mode in question.

VALUE (MeV} DOCUMEN T ID TECN COMMENT

939.~9+0.0002$ 1 COHEN 87 RVUE 1986 CODATA value

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e ~

939.56565 +0.00028 2 NATARAJAN 93 Penning trap

939.56564 +0.00028 3 4 GREENE 86 SPEC np ~ dp
939.5731 +0.0027 4 COHEN 73 RVUE 1973 CODATA value

The mass is known much more precisely in u: m = 1.008664904 6 0.000000014 u.

The mass is known much more precisely in u: m = 1.0086649234 + 0.0000000023 u.
We use the conversion factor given above to get the mass in MeV.

3The mass is known much more precisely in u: m = 1.008664919 + 0.000000014 u.

These determinations are not independent of the mn —mp measurements below.

7l MASS

VAL UE (years)

&171.(p-e ~s}
VALUE (years}

)29

CL%

95

CL%

95

DOCUMENT ID TECN COMMEN T

GEER 94 CALO 8.9 GeV/c p beam

DOCUMENT ID TECN COMMENT

GEER 94 CALO 8.9 GeV/c p beam

VAL UE (MeV} EVTS DOCUMENT ID TECN COMMENT

939ASS+0.OS1 59 5 CRESTI 86 HBC Pp ~ 7In

5This is a corrected result (see the erratum). The error is statistical. The maximum

systematic error is 0.029 MeV.

m„—mp

r(y~ e- Ke~)
VAL UE (years}

&9

CL%

GEER
HALLIN
SUZUKI
HUGHES
ZIEGER

Also
BERGER
BERGER
FEDERSPIEL
BECKER-SZ. „

ERICSON
GABRIELSE
BERGER
CHO
HIRATA
PHILLIPS
KREISSL
SEIDEL
BARTELT

Also
COHEN
HAINES
KAJITA
ARISAKA
BLEWITT
DZUBA
PARK
BATTISTONI
MARINELLI
WILKE NING

BARTELT
BATTISTONI
KRISHNA. ..
ALEKSEEV

CHERRY
COWS IK

BELL
GOLDEN
LEARNED
BREGMAN
ROBERTS
EVANS
ROBERSON
HU
COHEN
DYLLA
BAMBERGER
DIX
HARRISON
GURR
FLEROV

94
93
938
92
92
928
91
918
91
90
90
90
89
89
89C
89
88
SS
87
89
87
86
86
85
85
85
85
84
84
84
83
82
82
81

Bl
80
79
79
79
78
78
77
77
75
73
73
70
70
69
67
58

DOCUMENT ID TECN COMMENT

GEER 94 CALO 8.9 GeV/c p beam

p REFERENCES

+Marriner, Ray+ (FNAL, UCLA, PSU)
+Amendt, Bergstrom+ (SASK, BOST, ILL)

+Fukuda, Hirata, tnoue+ (KAMIOKANDE Collab. }
+Deutch (LANL, AARH)
+Van de Vyver, Christmann, DeGraeve+ (MPCM)

ratum) Zieger, ..., Van den Abeele, Ziegler (MPCM)
+Froehiich, 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. )

ratum 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. )
+FIambaum, 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, Voevodskiiy (PNPI)

ZETFP 33 664.
+Deakyne, Lande, Lee, Steinberg+ (PENN, BNL}
+Narasimhan (TATA}
+Calvetti, Carron. Chancy, Cittohn+ (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)
+Sanda&a, Wright (oxF)
+Kropp. Reines, Meyer (CASE, WITW)
+Klochkov, Skobkin, Terentev (ASCI)

PRL 72 1596
PR C48 1497
PL 8311 357
PRL 69 578
PL 8278 34
Pl 8281 417 (er
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
PL 8224 348
ZPHY C37 557
PRL 61 2522
PR D36 1.990
PR 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 331 233
Case Thesis
PRL 22 1263
PR 158 1321
DOKL 3 79

VALUE (Mev} DOCUMEN T ID TECN COMMENT

1.293318 +O.OSI009 6 COHEN 87 RVUE 1986 CODATA value

e ~ ~ We do not use the following data for averages, fits, limits, etc. ~ e o

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 m„/m p
—1.001378404 + 0.000000009. In

u, m „—m
p

—0.001388434 + 0.000000009 u.

( nn} l ~e~ng
A test of CPT invariance. Calculated from the n and n masses, above.

VALUE DOCUMENT ID

(9+5) x 10 OUR EVALUATION

n MEAN LlFE

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 COMMEN T

N7.0+ 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 4 10 + 19 LAST S8 SPEC Pulsed beam

891 + 9 SPIVAK SS CNTR Beam

903 + 13 KOSVINTSEV 86 CNTR Gravitational trap

918 +14 CHRISTENSEN72 CNTR

i ~ i We do not use the following data for averages, fits, limits, etc. ~ o

8884+ 2.9 ALFIMENKOV 90 CNTR See NESVIZHEVSKII 92

937 + 18 BYRNE 80 CNTR

875 195 KOSVINTSEV 80 CNTR

881 i 8 BONDAREN. .. 78 CNTR See SPIVAK 88

This measurement has been withdrawn (J. Byrne, private communication, 1990).
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WEIGHTED AVERAGE
887.0~2.0 (Error scaled by 1.3)

V,
9

'V
V'
V'

'V

840 860 880 900 920

neutron mean life (s)

.MAMPE 93 CNTR.NESVIZHEV. .. 92 CNTR.BYRNE 90 CNTR.KOSSAKOW. .. 89 TPC
~ MAMPE 89 CNTR

PAUL 89 CNTR
LAST 88 SPEC
SPIVAK 88 CNTR
KOSVINTSEV 86 CNTR
CHRISTENSEN72 CNTR

X
2

2.6
0.2
1.5

0.0
1.0
0.3
0.2
1.5
4.9

12.3
(Confidence Level = 0.138)

940 960

LIMIT ON nlf OSCILLATIONS

Mein Time for n% Transition in Vacuum
A test of ih, B=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 poorer limits.

VALUE (s) CL N DOCUMENT ID TECN COMMENT

p1.2 x 10 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. ~ ~ ~

&1 x 10 90 BALDO-. .. 90 CNTR Reactor neutrons

&4.9 x 10 90 BRESSI 90 CNTR Reactor neutrons

&4.7 x 10 90 BRESSI 89 CNTR See BRESSI 90
&1 x10 90 FIDECARO 85 CNTR Reactor neutrons

&8.8 x 107 90 PARK 85B CNTR

&3 x 1o7 BATTISTONI 84 NUSX

& 2.7 x 10 -1.1x 10 JONES 84 CNTR
&2 x 10 CHERRY 83 CNTR

n DECAY MODES
n MAGNETIC MOMENT

Mode Fraction (I I/I ) Confidence level

VALVE (Iafv) DOCUMENT ID TECN COMMENT

-1.918%275+0.9:~~~~~~ COHEN 87 RVUE 1986 CODATA value

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1 91304277+0 00000048 8 GREENE 82 MRS

GREENE 82 measures the moment to be (1.04187564 4 0.00000026) x 10 Bohr
m agnetons. The value above is obtained by multiplying this by m p/me

—1836.1527016
0.000037 (the 1986 CODATA value from COHEN 87).

n ELECTRIC DIPOLE MOMENT

I1 pe ve
I 2 hydrOgen-atOm v,

100 %

i 3 Pveve
Charge conservation (Q) violating mode

q ( 9 x 10 24

n BRANCHING RATIOS

I (hydrogen-atomtra)/I rarer

90%

I 2/I

A nonzero value is forbidden by both T Invariance and P invariance. A

number of early results have been omitted. See RAMSEY 90 for a review.

VALUE(10 26 ecm)

C 11
CL%

95

~ ~ ~ We do not use the following

12 95
26 95
3+48

60 90
&160 90

DOCUMENT ID TECN COMMENT

ALTAREV 92 MRS (4-2.6 6 4.2 6 1.6l x
1p-26

data for averages, fits, limits, etc. ~ ~ ~

SMITH 9Q MRS d = (-3j 5) x 10—26

ALTAREV 86 MRS d = (—14 6 6) x 10
PENDLEBURY 84 MRS Ultracold neutrons
ALTAREV 81 MRS d = (21 + 24) x 10
ALTAREV 79 MRS d = (40 + 75) x 10 26

n ELECTRIC POLARIZABILITY an

Following is the electric polarizability a„defined in terms of the induced
electric dipole moment by D = 4Ã6panE. For a review, see SCHMIED-
MAYER 89.

VALUE(10 fm )

+0.19 OUR AVERAGE

1.20 +0.15+0.20

1 07+—1.07
0.8 +1.0
1.2 +1.0
~ ~ ~ We do not use the following

1 17+—1.17

DOCUMENT ID TECN COMMENT

SCHMIEDM. .. 91 CNTR n Pb transmission

ROSE 90B CNTR pd ~ pnp

KOESTER 88 CNTR n Pb, n Bi transmission
SCHMIEDM. .. 88 CNTR n Pb, n C transmission

data for averages, fits, limits, etc. ~ ~ ~

ROSE 90 CNTR See ROSE 90B

n CHARGE

See also "~qp+qe~ CHARGE MAGNITUDE DIFFERENCE" in the proton
Listings.

VALUE (10 d) DOCUMENT ID TECN COMMENT

—OA+ 1.1 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.

VALUE (Ilnit5 10-2) CL% DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(3 95 11 GREEN 90 RVUE

GREEN 90 infers that r(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.

r(Pv6 9)/rtstaI
Forbidden by charge conservation.

VALUE CL S DOCUMENT ID TECN

g9 x10 ~ 90 BARABANOV 80 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits,

(9.7 x 1Q
—18 90 ROY 83 CNTR

(7 9 X 1p-21 VAIDYA 83 CNTR
(3 x 10-» NORMAN 79 CNTR

COMMENT

71Ga ~ 71GeX
etc. ~ ~ ~

Cd ~ ~lnneut.
Rb 8™Srneut.
Rb ~Sr neut.

NOTE ON BARYON DECAY PARAMETERS

(by E.D. Commins, University of California, Berkeley)

Baryon semileptonic decays

The typical baryon semileptonic decay is described by a
matrix element, the hadronic part of which may be written as:

Bf I f1(g')» +1 f2(g')~i, g" + g1(g')~us + gs(g')~Ega j &' .

Here B; and Bf are spinors describing the initial and final

baryons and q = p, —pf, while the terms in f1, f2, gr& 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, f1 reduces to the vector coupling constant g~,
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 I4+ modes. Recoil effects include
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weak magnetism, and are taken into account adequately by

considering terms of first order in

6 = (m, —my)/(m; + my), 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 the

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 similar

formulae for beta decay [6]. For comparison wit, h high-precision

experiments, it is necessary to modify the form factors at q2 = 0

by a "dipole" q2 dependence, and also to apply appropriate

radiative corrections [7].
The ratio git/gri may be written as

gA/gv = IgA/gv I
e

The presence of a "triple correlation" term in the transition

probability, proportional to Im(gg/gii) and of the form

o'i (pt x pv)

for initial baryon polarization or

cry (pt x pv)

for final baryon polarization, would indicate failure of time-

reversal invariance. The phase angle 4i has been measured

precisely only in neutron decay (and in isNe nuclear beta

decay), and the results are consistent with T invariance.

Hyperon nonleptonic decays

The most general decay amplitude for J = 1/2+ hyperons

may be written in the form

M = GF m~ . By (A —Bps) B;,

where A and B are constants [1]. Then the transition rate is

proportional to

R = 1+ ptoy to, + (1 —p)(coy n)(to, n)

+ o.(toy n+ to, n) + pn (toy x to;),

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. )

Also,

~=2Re(s"p)/(Isl'+ lpl'),

p = 21m(s'p)/(
I
s I'+

I p I'),

and

where s = A and p =
I py I B/(Fy + my); here Fy and py are

the energy and momentum of the final baryon. The parameters

(~, P, and p satisfy

2 + i32 + 2

If the hyperon polarization is Py, the polarization P@ of the

decay baryons is

(cr + Py n)n+ P(Py x n) + pn x (Py x n)
Pp =

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 P is defined by

P = (1 —n )'y sing .

In the Listings, we compile cr and P for each decay, since

these quantities are most closely related to experiment and are

essentially uncorrelat, ed. When necessary, we have changed the

signs of reported values to agree with our sign conventions.

In the Baryon Summary Table, we give o, iti, and 6 (defined

below) with errors, and also give the value of p without error.

Time-reversal invariance requires, in the absence of final-

state interactions, that s and p be relatively real, and therefore

that p = 0. However, for the decays discussed here, the final-

state interaction is strong. Thus

s =
I
s

I

e'b' and p = [pl e' " .

where 6, and b& are the pion-baryon s- and p-wave strong

interaction phase shift, s. We then have

-2
I
s

I I p I

p = sin(b, —br)

One also defines 6 = —tan (P/a). If T invariance holds,

6 = 6, —bz. For 3 —+ p~ decay, the value of 6 may be

compared with the 8- and p-wave phase shifts in low-energy

x p scattering, and the results are consistent with T invariance.
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n ~ pe v DECAY PARAMETERS

See the above Note on Baryon Decay Parameters. For discussions of recent
results, see the references cited at the beginning of the section on the neu-
tron mean life. For discussions of the values of the weak coupling constants

g~ and gy obtained using the neutron and asymmetry parameter A, com-
parisons with other methods of obtaining these constants, and implications
for particle and astrophysics, see DUBBERS 91 and WOOLCOCK 91. For
tests of the y —A theory of neutron decay, see EROZOLIMSKII 91B.

tz /4'v
VAL UE DOCUMENT ID

-1.2578+0.QKce OUR AVERAGE
—1.2544+ 0.0036 EROZOLIM. .~ 91 CNTR e mom-n spin corr.
—1.262 +0.005 BOPP 86 SPEC e mom-n spin corr.
—1.261 j0.012 EROZOLIM. .. 79 CNTR e mom-n spin corr.
—1.259 +0.017 STRATOWA 78 CNTR proton recoil spectrum
—1.258 +0.015 KROHN 75 CNTR e mom-n spin corr.
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—1.226 +0.042 MOSTOVOY 83 RVUE
—1.263 +0.015 EROZOLIM. .~ 77 CNTR See EROZOLIMSKI I 79
—1.250 +0.036 DOBROZE. .. 75 CNTR See STRATOWA 78
—1.263 +0.016 14 KROPF 74 RVUE n decay alone
—1.250 +0.009 14 KROPF 74 RVUE n decay + nuclear ft

These experiments measure the absolute value of gA/gy only.' KROHN 75 includes events of CHRISTENSEN 70.
KROPF 74 reviews all data through 1972.

TEChl COMMENT

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.

VALUE DOCUMENT ID TECN

-0.1127+0.0011 OUR AVERAGE
—0.1116+0.0014 EROZOLIM. .. 91 CNTR
—0.1146+0.0019 BOPP 86 SPEC
—0.114 +0.005 15 EROZOLIM. .. 79 CNTR
—0.113 +0.006 15 KROHN 75 CNTR

These results are not corrected for radiative effects and weak magnetism, but the cor-
rections are small compared to the errors.

v ASYMMETRY PARAMETER 8
This is the neutron-spin antineutrino-momentum correlation coefficient.

VAL UE DOCUMENT ID TECN

0.997+0.028 OUR AVERAGE
0.995j0.034
1.00 +0.05

CHRISTENSEN70 CNTR
EROZOLIM. .. 70C CNTR

e-'P ANGULAR CORRELATION COEFFICIENT a
VAL UE DOCUMENT ID TECN COMMENT

-0.102 +0.005 OUR AVERAGE
—0.1017+0.0051 STRATOWA 78 CNTR Proton recoil spectrum
—0.091 +0.039 GRIGOREV 68 SPEC Proton recoil spectrum

fgy, PHASE OF gg RELATIVE TO gy
Time reversal invariance requires this to be 0 or 180 .

VALUE( 3 DOCUMEN T ID TECN COMM EN T
180.07+0.18 OUR EVALUATION Using the average value for quantity 0 given in the

next data block and A = g~/gy In sin/gy =
D(1+342)/2A.

1$0AS+0.18 OUR AVERAGE
179.71+0.39 EROZOLIM. .. 78 CNTR
180.35+0.43 EROZOLIM. ~ ~ 74 CNTR
180.14+0.22 STEINBERG 74 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits,

181.1 + 1.3 16 KROPF 74 RVUE
6 KROPF 74 reviews all data through 1972.

TRIPLE CORRELATION COEFFICIENT D

Polarized neutrons
Polarized neutrons
Polarized neutrons

etc. ~ ~ ~

n decay

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.

VALUE 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

7EROZOLIMSKII 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.

n REFERENCES

MAMPE

NATARA JAN 93
PENDLEBURY 93
ALTAREV 92
NESVIZHEV. .. 92

SCHRECK. ..
ALBERICO
DUBBERS

Also
EROZOLIM. ..

Also

EROZOLIM. ..

SCHMIEDM. ..
WOOLCOCK
ALFIMENKOV

BALDO-. ..
BERGER
BRESSI
BYRNE
FREEDMAN
GREEN
RAMSEY
ROSE
ROSE
SMITH
BRESSI
DOVER
EROZOLIM. ..
KOSSAKOW. ..
MAMPE
MOHA PAT RA
PAUL
SCHMIEDM. ..
BAU MANN
KOESTER
LAST
SCHMI EDM ...

Also
SPIVAK

COHEN
ALTAR EV

BOPP
Also

CRESTI
Also

GREENE
KOSVINTSEV

TAK ITA
DOVER
FIDECARO
PARK
BATTISTONI
JONES

92
91
91
90
91
90

91B

91
91
90

90
90
90
90
90
90
90
90
90B
90
89
89
89
89
89
89
89
89
88
88
88
88
88B
88

87
86

86
88
86
88
86
86

86
85
85
85B
84
84

PENDLEBURY 84
CHERRY
DOVER
KABIR
MOSTOVOY

ROY
VAIDYA
GAEHLER
GREENE
ALTAREV
BARABANOV

BYRNE
KOSVINTSEV

MOHAPATRA
ALTAR EV

EROZOLIM. ..

NORMAN
BONDAREN. ..

Also
EROZOLIM. ..

STRATOWA
EROZOLI M...
STEINBERG
DOBROZE. ..
KROHN
EROZOLIM. ..

83
83
83
83

83
83
82
82
81
80

80
80

80
79

79

79
78

82
78

78
77

76
75
75
74

KROPF 74
Also 70

STEINBERG 74
COHEN 73
CHRISTENSEN 72
CHRISTENSEN 70
EROZOLI M ... 70C
GRIGOREV 68

(KIAE)JETPL 57 82
Translated from
P RL 71 1998
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
Translated 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
P RL 63 593
NIM A284 1
ZPHY C45 25
NIM A284 137
PR D37 3107
ZPHY A329 22
PRL 60 995
P RL 61 1065
PRL 61 2509 er
JETP 67 1735
Translated from
RMP 59 1121
JETPL 44 460
Translated from
PRL 56 919
ZPHY C37 179
PL B177 206
PL B200 587 er
P RL 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
Translated from
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
Srnolenice Conf.
SJNP 28 48
Translated from
PR D18 3970
JETPL 23 663
Translated from
PR D13 2469
PR D11 510
PL 55B 175
JETPL 20 345
Translated from
ZPHY 267 129
NP A154 160
PRL 33 41
JPCRD 2 663
PR D5 1628
PR C1 1693
PL 33B 351
SJNP 6 239
Translated from

+Bondarenko, Morozov+
ZETFP 57 77.

+Boyce, DiFilippo, Pritchard (MIT)
(ILLG)

(PNP I)
(PNPI, JINR)

+Borisov, Borovikova, Ivanov+
Nesvizhevskii, Serebrov, Tal'daev+

ZETF 102 740.
Schreckenbach, Mam pe

+de Pace, Pignone
(ILLG)

(TORI)
(ILLG)

Dubbers, Mam pe, Doehner (ILLG, HEID)
Erozolimskli, Kuznetsov, Stepanenko, Kuida+ (PNPI, KIAE)
Erozolimskii, Kuznetsov, Stepanenko, Kuida+ (PNPI, KIAE)

YAF 52 1583.
Erozolim skii, Mostovoi (KIAE)

YAF 53 418.
Schmiedmayer, Riehs, Harvey, Hill (TUW, ORNL)

(CANB)
+Varlamov, Vasil'ev, Gudkov+ (PNPI, JINR)

ZETFP 52 984.
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)

(ANL)
+Thompson (RAL)

(HARV)
+Zurmuehl, Rullhusen, Ludwig+ (GOET, MPCM, MANZ)
+Zurmuehl, Rullhusen, Ludwig+ (GOET, MPCM)
+Crampin+ (SUSS, RAL, HARV, WASH, ILLG, MUNT)
+Calligarich, Cambiaghi+ (INFN, MILA, PAVI, ROMA)
+Gal Richard (BNL, HEBR, ISNG)

Erozolimskii {PNPI)
Kossakowski, Grivot+ (LAPP, SAVO, ISNG, ILLG)

+Ageron, Bates, Pendlebury, Steyerl (ILLG, RISL, SUSS, URI)
(UMD)

+Anton, Paul, Paul, Mampe (BONN, WUPP, MPIH, ILLG)
Schmiedmayer, Rauch, Riehs (WIEN)

+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)
(KIAE)

ZETF 94 1.
+Taylor (RISC, NBS)
+Borisov, Borovikova, Brandin, Egorov+ (PNPI)

ZETFP 44 360.
+Dubbers, Hornig, Klemt, I ast+ (HEIDP, ANI. , ILLG)

Klemt, Bopp, Hornig, Last+ (HEIDP, ANL, ILLG)
+Pasquali, Peruzzo, Pinori, Sartori (PADO)

ratum Cresti, Pasquali, Peruzzo, Pinori, Sartori (PA DO)
+Kessler, Deslattes, Boerner (NBS, ILLG)
+Morozov, Terekhov (KIAE)

ZETFP 44 444.
+Arisaka, Kajita, Kifune+ (KEK, TOKY+)
+Gal Richard (BNL)
+Lanceri+ (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 )62.
+Vaidya, Ephraim, Datar, Bhatki+ (TATA)
+Roy, Ephraim, Datar, Bhattacherjee (TATA)
+Kalus, Mampe (BAYR, ILLG)

3 + (YALE, HARV, ILLG, SUSS, ORNL, CENG)
+Borisov, Borovikova, Brandin, Egorov+ (PNPI)
+Veretenkin, Gavrin+ (PNPI)

ZETFP 32 384.
+Morse, Smith, Shaikh, Green, Greene (SUSS, RL)
+Kushnir, Morozov, Terekhov (JINR)

ZETFP 31 257.
+Marshak (CUNY, VPI)
+Borisov, Brandin, Egorov, Ezhov, Ivanov+ (PNP I)

ZETFP 29 794.
Erozolimskii, Frank, Mostovoy+ (KIAE)

YAF 30 692.
+Seamster (WASH)

Bondarenko, Kurguzov, Prokofev+ (KIAE)
ZETFP 28 328.

Bondarenko (KIAE)
Erozolimskii, Mostovoy, Fedunin, Frank+ (KIAE)

YAF 28 98.
+Dobrozemsky, Weinzierl (5EIB)

Erozolimskii, Frank, Mostovoy+ (KIAE)
ZETFP 23 720.

+Liaud, Vignon, Hughes (YALE, ISNG)
Dobrozemsky, Kerschbaum, Moraw, Paul+ (SEIB)

+Ringo (ANL)
Erozolimskii, Mostovoy, Fedunin, Frank+

ZETFP 20 745.
+Paul (LINZ)

Paul (VIEN)
+Liaud, Vignon, Hughes (YALE. ISNG)
+Taylor (RISC, NBS)
+Nielson, Bahnsen, Brown+ (RISO)
+Krohn, Ringo (ANL)

Erozolimskii, Bondarenko, Mostovoy, Obinyakov+ {KIAE)
Grigor'ev, Grishin, Vladimirsky, Nikolaevskii+ (ITEP)

YAF 6 329.

We have omitted some papers that have been superseded by later exper-
iments. The omitted papers may be found in our 1986 edition (Physics
Letters 170B) or in earlier editions.
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N's and 0's
NOTE ON W AND A RESONANCES

For a lengthier discussion of N and 6 resonances, see

our previous edition, Phys. Rev. D45, 1 June 1992, Part II.
For Argand plots of the partial-wave amplitudes, see our 1990

edition, P hys. Let t. 8239 (1990).

I. Introduction

(by G. Hohler, University of Karlsruhe and R.L. Workman,
Virginia Polytechnic Institute and State University)

The excited states of the nucleon have been studied in

a large number of formation and production experiments. The

conventional Breit-Wigner masses, widths, and elasticities of the

N and 6 resonances in the Baryon Summary Table come almost

entirely from partial-wave analyses of ~N total, elastic, and

charge-exchange scattering data (Sec. II). Partial-wave analyses

have also been made of much smaller sets of data to get some

Ng, AK, and ZK branching fractions, and other branching

fractions come from isobar-model analyses of mN ~ N~vr data

(Sec. III). Finally, some Np branching fractions have been

determined from photoproduction experiments (Sec. IV).
Table 1 lists all the N and 6 entries in the Baryon

Full 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 is seen in at least two independent analyses of elastic

scattering and if its partial-wave amplitude neither behaves

erratically nor has large errors.

The Baryon Full Listings give, in addition to the conven-

tional Breit-Wigner 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 AN ~ ~N
partial-wave analyses and from AN ~ ¹rx isobar-model anal-

yses.

The interested reader will find further discussions in two

extensive reviews [1,2I, and in the Proceedings of the 5th

International Symposium on Meson-Nucleon Physics and the

Structure of the Nucleon [3], and more generally in issues of the

n X Newsletter (see the note following Sec. II).
(References for this Section are at the end of Section II.)

Particle

N (939)
N(1440)
N(1520)
N(1535)
N(1650}
N(1675)
N(1680}
N (1700)
N(171O)
N(172O)
N(19oo)
N(199O)
N(2ooo)
N(2o8o)
N(2o9o)
N(2100)
N(2190)
N (2200)
N(2220)
N(2250)
N(26O0)
N(2700)

Status as seen in-
Overall

Lgl. 2J status ¹r Ng AK ZK Der N p N-f

P11
P11
D] 3

S11
D15
F15
D13
P11
P13
P13

F15
D]3
~11
P11

Dj5
H]g
G] 9

K113 +&

d(1232)
a(1600)
a(162o)
8('1700)
a(175o)
d(1900)
d(1905)
8(1910)
a(1920)
8(1930)
a(194o)
a(195o}
a(2ooo}
a(2150)
a(22oo)
a(23OO)
d(2350)
8(2390)
d(2400}
a(242o)
a(275o)
a(2950)

P33
P33

D33
P31

F35
P3 1

P33
D35 Q 3{( '4t

D33
F37
F35
~31
G'37

+3g
D35
F37

3g

03 1]
I3 13
K3 15

F
0

F
0
r
b

I

d

e

Existence is certain, and properties are at least fairly well explored,
Existence ranges from very likely to certain, but further conir-
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.

Table 1. The status of the N and 8 resonances. Only those with an
overall status of ***or ***+are included in the main Baryon Summary
Table.
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II. Elastic partial-wave analyses and determination of
resonance parameters

(by G. Hohler, University of Karlsruhe and R.L. Workman,
Virginia Polytechnic Institute and State University)

Our 1992 edition [4] gave a more general discussion. We

here treat only new results.

Nehru data: Most of the experimental activity in the past

two years was restricted to the energy range from threshold up

to the high side of the d(1232) [5]. There are still discrepancies

amongst the new data, and final results of some important

measurements are not yet available. These data are of interest

for the charge splitting of the d(1232), and they are also

of some relevance to other resonances, insofar as dispersion

relations used in analyses need input from all momenta,

At higher energies, there have been published spin-rotation

data measured at LAMPF [6] and at the Petersburg Nuclear

Physics Institute [7], and also preliminary integrated irp elastic

cross sections above 30' and up to 500 MeV from LAMPF [8].

Nero 7rlV partial-mace analyses: Three new analyses

of elastic data have been made since our 1992 edition. Abaev

and Kruglov produced a set of single-energy analyses [9] cov-

ering from 160 to 600 MeV laboratory kinetic energy. These

fits included experimental total inelastic cross sections and con-

straints on the tails of small amplitudes from the CMB80 [10]
and KH80 [ll] solutions. Marked deviations from the KH80 S-

and P-wave amplitudes were found. The agreement was better
with a new solution from Bugg [12], an analysis restricted to
the range below 320 MeV.

The VPI group produced a new set of energy-dependent

partial-wave analyses [13] with the improvements of including

fixed-t dispersion relation constraints for the forward amplitude

and for the invariant amplitudes A and B in the range 0 )
t & —0.3 GeV2. A grid of solutions was produced for different

constraint values of pion-nucleon coupling and S-wave scattering

lengths. A X~ mapping technique was used to determine which

of the solutions gave an 'optimal' fit to both the data and the

dispersion relation constraints.

Since the KH80 and CMB80 analyses and the new VPI
analysis use dispersion relations as constraints, one may ask if

it is justified to use these constraints at a time when /CD is

assumed to be the theory of strong interactions. The positive

answer was given by R. Oehme [14].
Argand plots for the partial wave amplitudes T(W) which

show the results of the CMB80 and KH80 analyses may be
found in our 1990 edition [15], and tables of the amplitudes are

given in [1].

Conventional resonance parumeters: The conventional

Breit-Wigner parameters were discussed in detail in our 1992
edition [4]. It is important, to keep in mind that the width I'

is the value of I'(W) at the resonance energy W = M; it
depends on the model used for the energy dependence and

on the definition of M. The tabulated elasticities and partial
widths are similarly model dependent. The model dependence

is the primary reason for the differences in the parameters and

their errors quoted by the different groups.

Resonance pole pat'ameters: We add some remarks to

the treatment in the previous edition [4]. The resonance pole

parameters have the advantage that they are directly related to
the definition of a resonance as an unstable intermediate state
in a scattering process [16].

Pole parameters for the KH partial wave solutions were

determined only recently [17,18]. The method employs not only

plots for the speed [CT/CW[, which were used in the early

seventies, but also Argand plots for dT/dW and fits to the

resonance semicircles in the range M + I'/2 in Argand dia-

grams for T(W). The parametrization for T(W) agrees with

that in [19], but the four parameters of the pole term are

treated as constants, since they belong to the pole of T(W).
If the background amplitude is elastic, statements made in our

1992 edition [4] concerning the phase of the residue and the

elasticity are correct. However, they disagree with the present

parametrization in the general case. If the background can be

treated as a constant, the model dependence of the pole pa-

rameters is weaker than in other methods. This can be assumed

for eight of the 4-star resonances [18].One could try to check

if the method proposed in [19] can be applied in practice for a
separation of the direct production of inelastic final states and

a production by a resonance decay.

For further information on the status of a resonance and

on the accuracy of its parameters, there will soon be available

a collection of plots [20], calculated from various partial wave

analyses.

The parameters of nucleon resonances will remain of interest

in the future since they are needed to test various models, such

as quark models [21] and Skyrmion models [22]. Finally, they

will be needed as soon as these parameters can be calculated

from lattice /CD.
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B.H. Bransden and R.G. Moorhouse, The Pion-Nucleon
System (Princeton Univ. Press, 1973).
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Newsletter.
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22, International Workshop on Baryons as Skyrme Solitons,
ed. G. Holzwarth (World Scientific, 1993);
B. Schwesinger "Mesonen und Baryonen im Skyrme Mod-
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III. Inelastic tow-body and quasi-two-body reactions

(by D.M. Manley, Kent State University)

Since our 1992 edition, no new data nor partial-wave anal-

yses have been published for the inelastic two-body reactions

xN ~ Nrj, xN ~ AK, and vrN —+ ZK. There are recent

indications [1] that much of the rrN ~ Nrt data [2) used for the

Rutherford partial-wave analysis [3] had poorly determined en-

ergies; thus, except for the N(1535) Srr, Nrt branching fractions

are omitted from the Baryon Summary Table in this edition. A

recent review of these reactions and the quasi-two-body reaction

AN ~ Nw can be found in Ref. 4.
Essentially all information on quasi-two-body reactions such

as AN —+ Ax and xN ~ Np comes from isobar-model analyses

of ~N ~ ¹rm reactions. Since the last edition, the Kent

State multichannel resonance analysis has been published [5].
Although couplings from this analysis were listed in the 1992

edition, the present edition includes new, updated estimates for

couplings and branching fractions of many resonances observed

in two or more isobar-model analyses. A brief review of xN —+

Ã~x analyses can be found in the 1992 edition; for a more

recent and ext ensive review, the interested reader should see

Ref. 6.
Since the last edition, there have been two reports [7,8] of

resonances observed in rrN ~ N4s' reactions. One report [7)

of ~ p ~ p~+~ ~ ~ data from the CERN liquid-hydrogen

bubble chamber gives evidence for an ¹ resonance with mass

1700 MeU and width 150 MeU, which decays by the channels

prt, 82s', p3s'. The other report [8] of s+p -+ p~+vr+z so data
from the ZhVK-205 liquid-hydrogen bubble chamber (Moscow)

gives evidence for an sV* resonance with mass 1780 + 40 MeV

and width 250 + 80 MeU, which decays by the pa channel.

References for Section III
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(1992), p. 76.
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3. R.D. Baker et al. , Nucl. Phys. 8156, 93 (1979).
4. D.M. Manley in Nenes Vistas in Physics mth High-Energy

Pion Beams, ed. B.F. Gibson and J.B. McClelland (World
Scienti6c, 1993), p. 119.

5. D.M. Manley and E.M. Saleski, Phys. Rev. 045, 4002
(1992).

6. D.M. Manley, vrN Newsletter No. 8 (1993), p. 141.
7. Yu. D. Aleshin and V.M. Guzhavin, Sov. 3. Nucl. Phys. 55,

1814 (1992) [Yad. Fiz. 55, 3255 (1992)].
8. L.Yu. Brovkin et al. , Phys. Atom. Nucl. 56, 762 (1993)
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IV. Electromagnetic interactions

(by R.L. Crawford, University of Glasgow)

Nearly all the entries in the Listings relating to electro-

magnetic properties of the X and 6 resonances are couplings

for decay to Np. These couplings, the helicity amplitudes A~~2

and A3&2, have been obtained in a large number of partial-wave

analyses of single-pion photoproduction, pN ~ vrN, on protons

and neutrons, The large amount of data has permitted an ac-

curate evaluation of the couplings 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 use as input information on the existence, masses, and

widths of the resonances from the aN ~ vrN analyses, and only

determine the Np couplings. A brief description of the various

methods of analysis of photoproduction data may be found in

our 1992 edition [1].
The Listings omit a number of analyses that are now ob-

solete. Most of the older resu. its may be found in our 1982

edition [2]. The errors quoted for the couplings in the Listings

are calculated in difFerent ways in difFerent analyses and there-

fore should be used with care. In general, it is likely that the

systematic difFerences between the analyses caused by using
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different parametrization schemes are 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, FUJII 81, CRAWFORD 83,

ARNDT 908, and LI 93. The Listings include our estimates

of the couplings, using the results of these analyses. The errors

we give are a combination of the stated statistical errors on

the analyses and the systematic differences between them. The

analyses are given equal weight, except LI 93 is weighted, rather

arbitrarily, by a factor of two because its data set is at least

50'Fo larger than those of the other analyses and contains many

new high-quality experimental 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 z is given

in terms of the helitity amplitudes A~~2 and A3~2 by

k2
[I ~1/2 I'+

I ~3/2 I'j

Here M~ and M~ are the nucleon and resonance masses, J is

the resonance spin, and k is the photon c.m. decay momentum.

The Listings contain several results for the E2/Ml ratio

(E&+/M&+) of the 8(1232). The analysis of TANABE 85 at-

tempts to distinguish between renormalized and bare couplings;

it is, therefore, a model-dependent result and should not be

compared directly with the others. Similarly, Christillin and

Dillon [3] have made a model-dependent estimate of the ratio.

They do not fit directly to data, so their value does not appear

in the Listings, but they conclude that the ratio is between zero

and —2%. DAVIDSON 90 extracts the K-matrix residues for

M~+ and E~+ using the data from several energy-independent

analyses of the A(1232) region. Essentially, they are measuring

Im(E&+)/Im(M&+). The value quoted in the Listings is their(~) (&)

average over several fits. DAVIDSON 91 uses an effective La-

grangian model to fit to various partial-wave analyses in the

D(1232) region.

Christillin and Dillon point out that the spread in predic-

tions may be due to the dift'erence between bare and renormal-

ized couplings. Since the separation of these is essentially model

dependent, WORKMAN 92 measures Im(EI+)/Im(MI+) di-

rectly from experimental data using the methods of

ARNDT 90B. Whereas the other measurements are depen-

dent on rather old partial-wave analyses, WORKMAN 92 uses

recent experimental data. They also perform a fit, based on the

model of Nozawa et al. [4], to extract "bare couplings, " and get
—3.9%.

The Listings also contain several measurements of the mag-

netic moment p~ of the D(1232)++ from analyses of pion

bremsstrahlung, x+p —+ px+p. NEFKENS 78 is an analysis of
UCLA data for pion bremsstrahlung that uses the soft pion

model of Pascual and Tarrach [5]. HELLER 87 is a fit to the

same data using a nonrelativistic dynamical model that mea-

sures the magnetic moment of the "bare" D(1232)++. LIN 91B

fits the data of NEFKENS 87 and from SIN [6] with an am-

plitude that includes the anomalous magnetic moment of the

6(1232) and is relativistic, gauge invariant, and consistent with

the soft photon theorem. The quantity measured is not identical

to the "bare" magnetic moment since it does not take into ac-

count the effect of loop contributions. BOSSHARD 91 measured

the polarized target asymmetry in pion-proton bremsstrahlung

and fit it using the model of HELLER 87. The geometry of the

experiment was chosen to maximize the sensitivity to p,g.
See our 1992 edition [1] for brief discussions of Compton

scattering, KA photoproduction, and pion electroproduction.
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V. Outlook

(by D.M. Manley, Kent State University)

It is anticipated that much new data related to the study

of nucleon resonances will come from experiments with elec-

tromagnetic probes at CEBAF, which will initially provide

beams of electrons and photons with energies up to 4 GeV.

Such experiments form the major component of the approved

research program for CEBAF's Hall B, which is currently ex-

pected to begin operation in Fall, 1996. Other experiments to

study nucleon resonances and/or elementary electroproduction

or photoproduction reactions will be carried out in CEBAF's
Hall A and Hall C, which are expected to being operation

in mid-1995 and mid-1994, respectively. The main detector for

the Hall-B experiments is the CLAS (CEBAF Large Accep-

tance Spectrometer), which, ' with CEBAF's 100% duty cy-

cle, will make possible studies of electroproduction reactions

such as p (e, e'rr+) n, p (e, e'p) z o, d (e, e'7r )pp, p (e, e'p)rl, and

p (e, e'p)u, among others. This facility will also use tagged pho-

tons to make high-precision measurements of the differential

cross section for reactions such as x, g, and g' photopro-

duction. These experiments are expected to improve determi-

nations of the electromagnetic couplings of resonances such as

the d(1232)Ps3 the N(1520)Dys, the N(1535)Syt, and the

N(1680) Fys, which have large photocouplings; they are also

expected to provide new information about resonances that

couple weakly to the 7rN channel.

CEBAF is not the only laboratory where new experiments

to study nucleon resonances will be carried out. For example,

the new Bonn continuous beam machine ELSA will combine

two large solid-angle detectors, PHOENICS and SAPHIR, with

tagged photon facilities to increase our database from vari-

ous photoproduction processes [1].Other facilities are or will
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be involved in such programs using hadronic beams. For ex-

ample, plans are underway to study baryon spectroscopy at

the Brookhaven National Laboratory AGS [2]. The reactions

vr p ~ nTI, K p —+ Ag, and K p ~ Z0g will be studied by us-

ing the SLAC Crystal Ball to identify multiphoton final states.

As by-products of these investigations, new and improved data

also will be obtained for x p —+ nm and for inverse photopro-

duction on an unstable target, in particular, K p —+ Ap and

Z-p Z'~.

—2x iMAGINARY
VAL UE (Mev)

164
252
228
180140
~ ~ o We do not use

200
209 or 210
167 or 234

MODULUS ]r]

COMMENT

AN ~ 2rN

2r N ~ 2r N Soln SM90
AN ~ 2rN

AN ~ 2rN

etc. o e ~

See ARNDT 91
AN —+ N2r2r

2r N —+ NTrn

N(1440) ELASTIC POLE RESIDUE

PART
DOCUMENT ID TECN

"HOEHLER 93 SPED
5 ARNDT 91 DPWA

CUTKOSKY g0 IPWA

CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
6 LONGACRE ?8 IPWA

LONGACRE 77 IPWA

N(1440) P11 l(JP} = &{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).

N{1440}MASS

DOCUMENT IO

(sg 144) OUR ESTIMATE

MANLEY 92 IPWA

C UTKOSK Y 80 IPWA

HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

LI 93 IPWA

CUTKOSKY 90 IPWA

CRAWFORD 80 DPWA
1 BAKER 79 DPWA

BARBOUR 78 DPWA
BERENDS 77 IPWA

LONGAC RE 77 I PWA
3 LONGACRE 75 IPWA

VAL UE (MeV)

1430 to 1470
1462+ 10
1440+30
1410+12
~ ~ ~ We do

TECN COMMENT

2r N —+ TrN & N2r2r

AN ~ 7rN

2rN ~ AN

etc. ~ ~ ~

1465
1471
1411
1472
1417
1460
1380
1390

pN ~ AN
AN -+ AN

pN -+ 2rN

P ~ hrI

pN —+ AN

yN~ xN
TrN ~ NTr2r

TrN ~ N~2r

N(1440) WIDTH

DOCUMENT ID

ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 90 IPWA
CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

following data for averages, fits, limits,

LI 93 IPWA

CRAWFORD 80 DPWA
1 BAKER 79 DPWA

BARBOUR 78 DPWA
BERENDS 77 IPWA
LONGACRE 77 IPWA

LONGACRE 75 IPWA

VAL UE (MeV)

2SO to 450 {~350) OUR

391+ 34
545+170
340+ 70
135+ 10
~ ~ e We do not use the

TECN COMMENT

2rN ~ 2rN & Nnr2r

2rN ~ 7rN

AN -+ 2rN

2rN ~ AN

etc. o ~ ~

pN -+ 7rN

pN a 2rN

p ~ nrI

pN ~ 7rN

yN ~ 2rN

2rN ~ N2r2r

AN ~ N2r2r

315
334
113
331
279
200
200

N(1440) POLE POSITION

REAL PART
VALUE (MeV)

1385
1360
1370
1375+30
~ ~ a We do not

COMMENTDOCUMENT IO TECN

4 HOEHLER 93 SPED
5 ARNDT 91 DPWA

CUTKOSKY 90 IPWA
CUTKOSKY 80 IPWA

use the following data for averages, fits, limits,

A RNDT 85 DPWA
6 LONGACRE 78 IPWA
2 LONGACRE 77 IPWA

AN -+ 2TN

AN ~ TrN Soln SM90
2rN -+ AN
AN -+ «N
etC. ~ ~ ~

See ARNDT 91
2r N —a N2r7r

AN ~ NTr2r

1359
1381 or 1379
1360 or 1333
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VALUE (Mev)

40
109

74
52+5

PHASE 8
VALUE( )

93
84

—100+35

DOCUMENT ID TECN COMMENT

HOEHLER 93 SPED 2r N —+ 2r N

5ARNDT 91 DPWA ~N ~ AN Soln SM90
CUTKOSKY 90 IPWA 2r N ~ R N

CUTKOSKY 80 IPWA 2rN ~ 2rN

DOCUMENT ID TECN COMMENT

ARNDT 91 DPWA AN —+ TrN Soln SM90
CUTKOSKY 90 IPWA zN -+ 2r N

CUTKOSKY 80 IPWA Tr N ~ Tr N

N(1440) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

I1
I2
I3
f4
l5
f6
f?
I8
Cg

I 10
I 11

Mode

him

hl Tl

hler

d(1232) a, P wave-
NP

hl p, S=l/2, P-wave

Np, S=3/2, P wave-
N(~~},'=„',„,

O'Y

pp, helicity=l j2
np

np, helicity=l/2

Fraction (I //I )

60-70 %

30-40 %
20-30 %

&8%

5-10 %

0 04M 07%

0.001& 05 %

N(1440) BRANCHIMG RATIOS

r(Ns)/I «nal
VAL UE

0.6 to O.T OUR ESTIMATE
0.69+0.03
0.68 +0.04
0.51+0.05

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA TrN ~ 2rN & Na2r
CUTKOSKY 80 IPWA 2r N —+ 2r N

HOEHLER 79 IPWA 2r N ~ 2r N

(I Il r) /a/r«n I In N«N{1440} Nsl {r,r, ) /r

seen

+0.328

Note: Signs of couplings from 2r N ~ NTr 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 B(1620) S31
coupling to d(1232)2r.

(r,rr)l /r«n, t In N«N(1440) s1(1232}«,p wave
VALUE DOCUMENT ID TECN COMMENT

+O.sl to +OA1 OUR ESTIMATE

+0.39+0.02
+0.41
+0.37

(I tra) /I

MANLEY 92 IPWA TrN ~ 2r N & N2r2r
2s8 LONGACRE 77 IPWA 2r N ~ Nxx

3 LONGACRE 75 IPWA R N N2r2r

(r,rr}&/r(I II r)~/I easel In N sr -+ N(1440) -+ N p, $=1/2. Ia wave
VAL UE DOCUMENT IO TECN COMMENT

+0.0? to +0.26 OUR ESTIMATE
2,8 LONGACRE

3 LONGACRE
77 IPWA 2r N ~ N2r2r

75 IPWA 2r N ~ N2r2r

—0.11
+0.23

(I al n)l /I(I I )~/ r, i N nN(1440} N p, 5=3/2, P.wave
VALUE

+0.18
DOCUMENT ID TECN COMMENT

LONGACRE 77 IPWA 2r N ~ N2r2r

VALUE DOCUMENT ID TECN COMMENT

~ ~ o We do not use the following data for averages, fits, limits, etc. ~ ~ e

1 BAKER 79 DPWA 2r p ~ nrI
7 FELTESSE 75 DPWA 1488-1745 MeV
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See key on page 1343 Baryon Full Listings

N(1440), N(1520)

(r,r,)&/r(I tI f) /I tots) In Ne N{1440} N(mr}la~,
VALUE DOCUMENT ID TECN COMMENT

+0.17 to +0.25 OUR ESTIMATE
+0.24 +0.03 MANLEY 92 IPWA «N —+ 7rN & N2r2r
—0.18 2,8 LONGACRE 77 IPWA rr N -+ N«2r
—0.23 LONGACRE 75 IPWA «N ~ N7r7r

N{1440) PHOTON DECAY AMPLITUDES

N(1440) ~ pp, hellclty-1/2 amplitude At/a
VAL UE (GeV 1/2) DOCUMENT ID

-0.072 +0.000 OUR ESTIMATE
-0.085 +0.003 LI 93 IPWA
—0.069 +0.018 CRAWFORD 83 IPWA
—0.063 +0.008 AWAJI S1 DPWA
—0.069 +0.004 ARAI 80 DPWA
—0.066 +0.004 ARAI 80 DPWA
—0.079 +0.009 BRATAS HEY. ~.80 DPWA
—0.068 +0.015 CRAWFORD 80 DPWA
—0.0584+0.0148 ISHII 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.066 +0.017 ARNOT 90B IPWA
—0.064 ARNDT 90B FIT
—0.129 9 WADA 84 Df WA
—0.075 +0.015 BARBOUR 78 DPWA
—0.125 10 NOELLE 78
—0.076 BERENDS 77 IPWA
—0.087 +0.006 FELLER 76 DPWA

TECN COMMENT

yN ~ AN
pN~ xN
pN -+ xN
yN ~ AN (fit 1)
yN ~ AN (fit 2)
yN~ ~N
yN~ ~N
Com pton scattering
etc. ~ ~ ~

See LI 93
See LI 93
Compton scattering
pN~ nN
pN —+ nN
pN~ ~N
pN~ xN

N{1440) ~ np, hellclty-1/2 amplitude At/q
VALUE(GeV '/2) DOCUMENT ID

+0.052+0.025 OUR ESTIMATE
0.085 +0.006 LI 93 IPWA
0.037+0.010 AWA JI 81 DPWA
0.03060.003 FU Jll 81 DPWA
0.02360.009 ARAI 80 DPWA
0.01960.012 ARAI 80 DPWA
0.05660.015 CRAWFORD 80 DPWA

—0.02960.035 TAKEDA 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.050 +0.019 ARNDT 90B IPWA
0.045 ARNDT 90B FIT

+0.05960.016 BARBOUR 78 DPWA
0.062 10 NOELLE 78

TECN COMMENT

pN~ xN
yN~ xN
pN ~ AN

p N ~ x N (fit 1)
p N -+ 2r N (fit 2)
7N ~ AN
yN~ xN
etc. ~ ~ ~

See LI 93
See LI 93
pN -+ TrN

yN ~ AN

N{1440}REFERENCES

For early references, see Physics Letters 111B70 (1982).

HOEHLER 94
HOEHLER 93
LI 93
MANLEY 92

Also 84
ARNDT 91
ARNDT 90B
CUTKOSKY 90
ARNOT 85
WADA 84
CRAWFORD 83
PDG 82
AWA JI 81

Also 82
FUJII 81
ARAI 80

Also 82
BRATASHEV. .. 80

«N Newsletter 10 (to
«N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
PR C42 1864
PR D42 235
PR D32 1085
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

be pub. ) (KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI ~ TELE) IJP

{VPI)
(cMU)

(VPI)
{INUS)
(6LAS)

(HELS, CIT. CERN)
(NAGO)
(NAGO)

(NAGO, OSAK)
(INUS)
INUS)
KFTI)

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Workman, Li, Roper
+Wang
+Ford, Roper
+Egawa, Imanishi, Ishii, Kato, Ukai+
+Morton

Roos, Porter, Aguilar-Benitez+
+KaNkawa

Fujii, Hayashii ~ Iwata, Kajikawa+
+Hayashii, Iwata, Kajikawa+

Arai, Fujii
Bratashevskij, Gorbenko, Derebchinskij+

N{1440) FOOTNOTES
BAKER 79 finds a coupling of the N(1440) to the Nr) channel near (but slightly below)
threshold.
LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to xN ~ N~Tr 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.

3 From method li of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a m plitudes.

4See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and B 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.
ARNDT 91 (Soln SM90) also finds a second-sheet pole with real part = 1413MeV,—2 x imaginary part = 256 MeV, and residue = (78—153I) MeV.

6LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to rr N ~ N2r~ data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis,
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.

9WADA 84 is inconsistent with other analyses; see the Note on N and 4 Resonances.
Converted to our conventions using M = 1486 MeV, I = 613 MeV from NOELLE 78.

CRAWFORD
CUTKOSKY

Also
ISHII
TAKEDA
BAKER
HOEHLER

Also
BARBOUR
LONGACRE
NOELLE
BERENDS
LONGACRE

Also
FELLER
FELTESSE
LONGACRE

80
80
79
80
80
79
79
80
78
78
78
77
77
76
76
75
75

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

+Forsyth, Babcock. Kelly, Hendrick
Cutkosky, Forsyth, Hendrlck, Kelly

+Egawa, Kato, Miyachi+
+Arai, Fujii. Ikeda, Iwasaki+
yBrown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+

yDonnachie
+Dolbeau

Dolbeau, Triantis, Neveu. Cadiet
+Fukushima, Horikawa, Kajikawa+
+Ayed, Bareyre, Borgeaud. David+
+Rosenf'eld, Lasinski, Slnadja+

(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

N(1520) D13 l{l } = ( ) Status:

N(1520) MASS

TECN COMMENTVAL UE (MeV) DOCUMENT ID

1515to 1NO (at 1520) OUR ESTIMATE

1524+ 4 MANLEY 92 IPWA
1525+10 CUTKOSKY 80 IPWA
1519+ 4 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1510 LI 93 IPWA
1504 CRAWFORD 80 DPWA
1503 BARBOUR 78 DPWA
1510 BERENDS 77 IPWA
1510 1 LONGACRE 77 IPWA
1520 2 LONGACRE 75 IPWA

rr N ~ 2r N & N x~
~N ~ AN
AN -+ 2rN

etc. ~ ~ ~

pN~ xN
yN -+ xN
yN -+ xN
pN ~ AN
~N ~ N2rx
AN ~ N2r2r

N(1520) WIDTH

VALUE(MeV) DOCUMENT ID

110to L% (as 120) OUR ESTIMATE
124+ 8 MANLEY 92 IPWA
120+15 CUTKOSKY 80 IPWA
114+ 7 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

120 LI 93 IPWA
124 CRAWFORD 80 DPWA
183 BAKER 79 DPWA
135 BARBOUR 78 DPWA
105 BERENDS 77 IPWA
110 1 LONGACRE 77 IPWA
150 2 LONGACRE 75 IPWA

TECN COM MEN T

~N ~ AN & Nm~
~N~ xN
+N -+ xN
etc. ~ ~ ~

pN~ xN
pN -+ AN

p~ nr)
pN~ rN
pN ~ AN
xN -+ N2rx
~N ~ N~2r

REAL PART
VAL UE (Mev)

1510
1511
1510+5
~ ~ ~ We do not

1510
1514 or 1511
1508 or 1505

N(1520) POLE POSITION

DOCUMENT ID TECN

3 HOEHLER 93 ARGD
AR NDT 91 DPWA
CUTKOSKY 80 IPWA

use the following data for averages, fits, limits,

AR NDT 85 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

COMMENT

AN ~ AN
2r N ~ 2r N Soln SM90
AN -+ AN
etc. ~ ~ ~

See ARNDT 91
AN ~ N~rr
~N ~ N~x

-2x IMAGINARY
VAL UE (Mev)

120
108
114+10
~ ~ ~ We do not use

PART
DOCUMENT ID TECN

3 HOEHLER 93 ARGD
ARM DT 91 DPWA
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

122
146 or 137
109 or 107

COMMENT

AN ~ 7rN

AN —+ ~N Soln SM90
AN ~ AN
etc. ~ ~ ~

See ARNDT 91
mrN ~ N2rrr

AN ~ N2rx

MDDULUs lrl
VALUE (Mev)

32
33
35+2

N(1520) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD 2r N —+ x N
ARNDT 91 DPWA AN ~ AN Soln SM90
CUTKOSKY 80 IPWA 2r 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 111B(1982).
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N(152O)

PHASE 8
VALUE( }

8
—10
—12+5

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD yr N ~ x N

ARNDT 91 DPWA AN ~ AN Soln SM90
CUTKOSKY 80 IPWA yr N ~ R N

N(1520) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

C2

l3
l¹
C5

fs
l?
I 8

Clo
C11

Ci2

Ci¹
C15

"i6
C17

Mode

Nm

NT/

Nnm

der
Ll(1232)a, S-wave

LL(1232)n, Dwave

Np
N p, S=lj2, 0-wave
N p, S=3/2, 5-wave

N p, 5=3/2, Dwave-
+ }S=-wave

P'7

pp, helicity=1/2
py, helicity=3/2

np
np, helicity=l/2
np, helicity=3/2

Fraction (I //f )

5O-6O%

40-50 %
15-25 o/

5-12 0/

10-14 %
15 25 0/0

&8%
0.45M.53 %

0.34M, ¹8 %

N{1520) BRANCHING RATIOS

r(Nn}/rww,
VALUE

0.5 to OA OUR ESTIMATE
0.5960.03
0.58+0,03
0.54 +0.03

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA n N ~ ir N & Nyrn

CUTKOSKY 80 IPWA yr N -+ 3r N

HOEHLER 79 IPWA ~N ~ AN

(I Il p)~/I tata~ In Nn ~ N(1520) ~ NO (ltra) /I

Note: Signs of couplings from yr N ~ Nyr yr 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 Lh(1232) yr.

(r,r.)h/r(I il y}~/I tete~ In Ne N(1520) 4{1232)n,S.wave
VALUE DOCUMENT ID TECN COMMENT

-0.26 to -0.20 OUR ESTIMATE
—0.18+0.05
—0.26
—0.24

MANLEY 92 IPWA yrN ~ m N & Nyryr

1)5 LONGACRE 77 IPWA yr N ~ Nyryr

LONGACRE 75 IPWA + N ~ Nyr 7r

(rr) /r(I irg) /I tete( In Nn ~ N{1520)~ 6{1232)e, D.wave
VALUE DOCUMENT ID TECN COMMENT

-0.2$ to -0.$4 OUR ESTIMATE
—0.29+0.03
—0.21
—0.30

MANLEY 92 IPWA yr N ~ m N & Nyryr

LONGACRE 77 IPWA yrN ~ Nyryr

LONGACRE 75 IPWA yr N ~ Nyr7r

(Cgl p)~/I tete/ InNn~ N(1520)-+ Np, M3/2, 5wave
VALUE DOCUMENT ID TECN COMMENT

-OM to -0.$1 OUR ESTIMATE
—0.35+0.03
—0.35
—0.24

(rtre) /r

MANLEY 92 IPWA R. N ~ yrN & Nyryr
1 5 LONGACRE 77 IPWA R'N ~ Nyryr

LONGACRE 75 IPWA x N ~ N~yr

VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.02 BAKER 79 DPWA n p ~ nr/

+0.011 FELTESSE 75 DPWA Soln A; see BAKER?9

N(1520) PHOTON DECAY AMPLITUDES

N(1520) -+ p p, hellclty-1/2 amplitude At/a
DOCUMENT ID

OUR ESTIMATE
LI 93 IPWA

CRAWFORD 83 IPWA

AWA J I 81 DPWA

ARAI 80 DPWA

ARAI 80 DPWA
BRATASHEV. .~ 80 DPWA

CRAWFORD 80 DPWA

ISHI I 80 DPWA

use the following data for averages, fits, limits,

ARNDT 90B IPWA

ARNDT 90B FIT
WADA 84 DPWA

BARBOUR 78 DPWA
6 NOELLE 78

BERENDS 77 IPWA

FELLER 76 DPWA

VAL UE (Gev-1/2 }
—0.022 +0.00
—0.020 +0.002
—0.028 +0.014
—0,007 ~ 0.004
—0,032 2 0.005
—0,032 +0.004
—0.031 + 0.009
—0.019 +0.007
—0.0430+ 0.0063
e me Wedonot

TECN COMMENT

qh/ —~N
PN ~ 3. N

pN~ &N

qN —.~N (fit 1)
pN = ~N (fit 2)
yN — ~N
pN -~ AN

Compton scattering
etc. a o o

See LI 93
See LI 93
Com pton scattering
qN ~ +N
~N -~ &N

yh/ -- yr N

~N --+ ~h/

—0,025 +0.009
—0.023
—0.012
—0,016 +0.008
—0.008
—Q.Q21
—0.005 +0.005

TECN COMM EN T

pN = 7rN

p N — 7r h/

qN — n N

&N — ~N (fit i)
pN — 7rN (fit 2)
pN ~ AN

pN -~ 7rN

Com pton scattering
etc. too
See LI 93
See LI 93
Compton scattering

pN = 7rN

q N — 7r N
pN- xN
yN~ nN

amplitude A1]2
DOCUMENT ID

N(1520} ~ n7, helicity-1/2

VAL UE (Gev-1/2}

-0.+0. 0N3 OUR ESTIMATE
—0,058 +0.003
—0.066 +0.013
—0,06760.004
—0.076 +0.006
—0.071+0.011
—0.056 60.011
—0.050 +0.014
~ o ~ We do not use the following

—0.059:60.014
—0.063
—0,055 60.014
—0.060

TECN COMM EN T

LI 93 IPWA

AWA J I 81 DPWA

FU Jll 81 DPWA

ARAI 80 DPWA

ARAI 80 DPWA

CRAWFORD 80 DPWA

TAKEDA 80 DPWA

data for averages, fits, limits,

ARNDT 90B IPWA

ARNOT 90B FIT
BARBOUR 78 DPWA

6 NOELLE ?8

qN -~ +N
pN —~ yrN

pN ~ AN

qN - wN (fit i)
yhl ~ n N (fit 2)
phl ~ +N
pN ~ yrN

etc. ~ w w

See LI 93
See LI 93
qN~ +N
yN -~ AN

N(1520) ~ np, helicity-3/2

VALUE (GeV / j
-0.13V+0.013 OUR ESTIMATE
—0.131+0.003
—0.124+0.009
—0.158+0,003
—0.14760.008
—0.148 i-0.009
—0.144 +0.015
—0.118+0.011
e ~ w We do not use the following

—0.12660.015
—0.135
—0.141*0.015
—0.127

amplitude A3~2

DOCUMENT ID TECN COM MEN T

LI 93 IP WA

AWA J I 81 DPWA

FU Jll 81 DPWA

ARAI 80 DPWA

ARAI 80 DPWA

CRAWFORD 80 DPWA

TAKEDA 80 DPWA

data for averages, fits, limits,

ARNDT 90B IPWA

ARNDT 90B FIT
BARBOUR 78 DPWA

6 NOELLE 78

ph/ —+ yr N

yN~ ~N
~N —' xN
y hl -~ m hl (fit 1)
pN — 7r N (fit 2)
qN~ +N
~N —yN
etc. ~ e o

See LI 93
See LI 93
pN ~ 7rN

pN~ xN

N(1520) ~ pp, heliclty-3/2 amplitude Aa/a

VAL UE (Gev-1/2 } DOCUMENT ID

+0.168 +0.007 OUR ESTIMATE
0.167 +0.002 LI 93 IPWA

0.156 +0.022 CRAWFORD 83 IPWA

0.168 +0.013 AWAJI 81 DPWA

0, 178 + 0.003 ARAI 80 DPWA

0.162 2 0.003 ARAI 80 DPWA

0.166 +0.005 BRATASHEV. ..80 DPWA

0.167 k 0.010 CRAWFORD 80 DPWA

0.169560.0014 ISHI I 80 DPWA

B o o We do not use the following data for averages, fits, limits,

0.155 +0.006 ARNDT 90B IPWA

0.16? ARNDT 90B FIT
0,168 WADA 84 DPWA

+0 157 +0 007 BARBOUR 78 DPWA

0.206 6 NOELLE 78

+0.075 BERENDS 77 IPWA

+0.164 5 0.008 FEI LER 76 DPWA

(rtrtt) /r{rirr) /rWW, InNe N(1520) N(mx)S'~new
VALUE DOCUMENT ID TECN COMMENT

-0.22 to -0.06 OUR ESTIMATE
—0.13 1~5 LONGACRE 77 IPWA yr N ~ Nyryr

—O. i? LONGACRE ?5 IPWA ~ N ~ Nyryr

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 AN ~ Nyryr 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.
3See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and

the pole parameters of N and B resonances as determined from Argand diagrams of yr hl

elastic partial-wave amplitudes and from plots of the speeds with which the amplitudes

traverse the diagrams.
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N(1520), N(1535)

N(1520) REFERENCES

For early references, see Physics Letters 111870 (1982). For very early
references, see Reviews of Modern Physics 37 633 (1965).

HOEHLER 94
HOEHLER 93
LI 93
MANLEY 92

Also 84
ARNDT 91
ARNDT 90B
ARNDT 85
WADA 84
CRAWFORD 83
PDG 82
AWA JI 81

Also 82
FU JII 81
ARAI 80

Also 82
BRATASHEV. .. 80
CRAWFORD 80
CUTKOSKY 80

Also 79
ISHII 80
TAKEDA 80
BAKER 79
HOE HLER 79

Also 80
BARBOUR 78
LONGACRE 78
NOELLE 78
BERENDS 77
LONGACRE 77

Also 76
FELLER 76
FELTESSE 75
LONGACRE 75

«N Newsletter 10 (to
«N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
PR C42 1864
PR D32 1085
NP B247 313
NP B211 1
PL 111B
Bonn Conf. 352
NP B197 365
NP 8187 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

(KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(VPI)
(VPI)

(INUS)
(GLAS)

(HELS, C IT, C ERN)
(NAGO)
(NAGO)

(NAGO, OSAK)
(INU5)
(INU5)
(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

be pub. )

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Workman, Li, Roper
+Ford, Roper
+Egawa, Imanishi, Ishii, Kato, Ukai+
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

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, 5m adja+

+Donnachie
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Ayed, Bareyre, Borgeaud, David+
+Rosenfeld, Lasinski, Smadja+

4LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to «N ~ N««data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

5LONGACRE 77 considers this coupling to be well determined.
6Converted to our conventions using M = 1528 MeV, I = 187 MeV from NOELLE 78.

N(1535) POLE POSITION

REAL PART
VAL UE (Mev)

1487
1499
1510+50
~ ~ ~ We do not use the following

1461
1496 or 1499
1519+ 4
1525 or 1527

-2x IMAGINARY PART
VAL UE (MeV)

110
260 +80
~ ~ ~ We do not use the following

140
103 or 105
140+32
135 or 123

DOCUMENT ID TECN

HOEHLER 93 SPED
ARNDT 91 DPWA
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 85 DPWA
4 LONGACRE 78 IPWA

BHANDARI 77 DPWA
1 LONGACRE 77 IPWA

DOCUMENT ID TECN

ARNDT 91 DPWA
CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 85 DPWA
4 LONGACRE 78 IPWA

BHANDARI 77 DPWA
1 LONGACRE 77 IPWA

COMMENT

«N» «N
«N ~ «N Soln SM90
«N~ «N
etc. ~ ~ ~

See ARNDT 91
«N ~ N««
Uses Nq cusp
«N ~ N««

COMMENT

«N ~ «N Soln SM90
«N -+ «N
etc. ~ ~ ~

See ARNDT 91
«N —+ N««
Uses NrI cusp
«N —+ N««

MDDULUS lrl
VALUE (MeV)

23
120+40

PHASE 8
VALUE( )
—13
+ 15+45

N(1535} ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N ~ «N

DOCUMENT ID TECN COMMENT

ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N ~ «N

N{1535) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

N(1535) S11 l{J } = 2{2 } Status:
Mode Fraction (I f/l )

N(1535) MASS

VAL UE (Mev)

1520 to 1555
1534+ 7
1550+40
15261 7
~ ~ ~ We do

TECN COMMENTDOCUMENT ID

(sos 1535) OUR ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

LI 93 IPWA
CRAWFORD 80 DPWA
BARBOUR 78 DPWA
BERENDS 77 IPWA

BHANDARI 77 DPWA
1 LONGACRE 77 IPWA

LONGACRE 75 IPWA

«IV ~ «N & N««
«N -+ «N
«N~ «N
etc. ~ ~ ~

1518
1513
1511
1500
15471 6
1520
1510

pN~ «N
pN~ «N
pN~ «N
pN —+ «N
Uses Nr} cusp
«N ~ N««
«N ~ N««

Mast 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).

I 1 N7r

I 2 Ng
I 3 N7r7r

l4
I s Ll(1232)e, 0-wave
I6 Np

N p, 5=1/2, 5-wave
I 8 Np, S=3/2, 0-wave
I g N(mm)s=, „,
I tp N(1440)w
i 11 P'7

pp, helI&itr=l/2
I 13 np
l 14 np, helicity=1/2

35-55%
30-55 %
1-10%
(l. %

(4%

3%

0.45M.53 %

0.34M.48 %

r(Ne)/I totaI

N(1535} BRANCHING RATIOS

VAL UE (MeV)

100 to 250 tsts 150) OUR

151+27
240 +80
120+20
~ ~ ~ We do not use the

84
136
180
132
57

139+33
135
100

N{1535)WIDTH

TECN COMMENTDOCUMENT ID

ESTIMATE

MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

following data for averages, fits, limits,

LI 93 IPWA
CRAWFORD 80 DPWA

BAK ER 79 DPWA
BARBOUR 78 DPWA
BERENDS 77 IPWA
BHANDARI 77 DPWA

1 LONGACRE 77 IPWA
LONGACRE 75 IPWA

«N -+ «N & N««
«N~ «N
«N ~ «N
etc. ~ ~ ~

pN -+ «N
pN -+ «N
«p ~ nrI
pN -+ «N
pN -+ «N
Uses Nr} cusp
«N ~ N««
«N ~ N««

(rtl a} /r(I Ir,) /ragtag ln Ne N(1535) Nsi
VALUE DOCUMENT ID TECN COMMENT
+0.44 to +080 OUR ESTIMATE
+0.47+0.02 MANLEY 92 IPWA «N ~ «N & N««
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

+0.33 BAKER 79 DPWA «p ~ nr}
+0.48 FELTESSE 75 DPWA 1488-1745 Mev

Note: Signs of couplings from «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 LL(1620) S31
coupling to Ll(1232)«.

{r,r, )&/r(I tl r} /I tetaI in Nx N(1535) d(1232)e, D.wave
VALUE DOCUMENT ID TECN COMMENT-0.04 to +OAK OUR ESTIMATE
+0.00+0.04

0.00
+0.06

MANLEY 92 IPWA «N -+ «N & N««
1 LONGACRE 77 IPWA «N —+ N

LONGACRE 75 IPWA «N ~ N««

DOCUMENT IDVALUE TECN COMMENT
0.35 to 0.55 OUR ESTIMATE
0.51 +0.05 MANLEY 92 IPWA «N ~ «N & N««
0.50 +0,10 CUTKOSKY 80 IPWA «N ~ «N
0.38 +0.04 HOEHLER 79 IPWA «N ~ «N
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.297+0.026 BHANDARI 77 DPWA Uses Nr} cusp
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N(1535), N(1650)

(r,r, )&/r(I il i) /I ae i ln N» ~ N(1535) ~ N p, 5=1/2, S.wave
VALUE DOCUMENT ID TECN COMMENT
—0.14 to -0.06 OUR ESTIMATE
—0.10+0.03
—0.10
—0.09

MANLEY 92 IPWA 7r N ~ 7r hl 8c N7ryr

LONGACRE 77 IPWA 7r N ~ N7r 7r

LONGACRE 75 IPWA 7r N ~ N7r 7r

(rt re}h/r

MANLEY 92 IPWA 7rN ~ 7rN Ec hl7r7r
1 LONGACRE 7T IPWA 7r N ~ N7r7r
2 LONGACRE 75 IPWA 7r N ~ N7r7r

{III p) /I tetei in Nst N(1535) N(1440)e (r,rteP/r
VAL UE

+0.10+0.05
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7r N ~ 7r N k N7r7r

N(1535) PHOTON DECAY AMPLITUDES

N{1535)~ p7, hellclty-1/2 amplitude Ai/a
VALUE (GeV 1/2) DOCUMENT ID

+0.068 +0.010 OUR ESTIMATE
0.061 +0.003 LI 93 IPWA

0.095 +0.011 5 BENMERROU. .91
0.053 +0.015 CRAWFORD 83 IPWA

0.077 +0.021 AWA Jl 81 DPWA
0.083 +0.007 A RAI 80 DPWA
0.080 +0.007 A RAI 80 DPWA

0.029 +0.007 BRATASHEV. .. 80 DPWA
0.065 +0.016 CRAWFORD 80 DPWA
0.0704 +0.0091 ISHI I 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.078 ARNDT 908 IPWA

0.050 ARNDT 908 FIT
0.055 WADA 84 DPWA

+0.082 +0.019 BARBOUR 78 DPWA

0.046 6 NOELLE 78
+0.034 BERENDS 77 IPWA

+0.070 +0.004 FELLER 76 DPWA

TECN COMMENT

pN -+ 7rN

"/P P rI

pN ~ 7rN

pN 7rN

pN ~ 7rN (fit 1)
yN ~ 7rN (fit 2)
pN —+ 7rN

pN ~ 7rN

Com pton scattering
etc. ~ ~ ~

See LI 93
See LI 93
Compton scattering
pN ~ 7rN

qN ~ 7rN

pN ~ 7rN

pN ~ 7rN

N(1535) ~ np, hellclty-1/2 amplitude At/q
VAL UE (GeV-1/2) DOCUMENT ID

-0.019+0.022 OUR ESTIMATE
—0.046 60.005 LI 93 IPWA

0.035+0.014 AWA J I 81 DPWA
—0.062 +0.003 FU JI I 81 DPWA
—0.075 +0.019 ARAI 80 DPWA
—0.075 +0.018 ARAI 80 DPWA
—0.09860.026 CRAWFORD 80 DPWA
—0.011+0.017 TAKEDA 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.050 ARNDT 908 IPWA
—0.037 ARNDT 908 FIT
—0.112+0.034 BARBOUR 78 DPWA
—0.048 6 NOELLE 78

TECN COMMENT

yN ~ 7rN

pN ~ 7rN

pN —+ 7rN

pN ~ 7r N (fit 1)
pN ~ 7r N (fit 2)
pN ~ 7rN

pN 7rN

etc. ~ ~ ~

See LI 93
See LI 93
pN ~ 7rN

pN ~ 7rN

(III p) /ltetel in Ne-+ N(1535)~ N(est)~i~
VAL UE DOCUMENT ID TECN COMMENT

+0.03 to +0.13 OUR ESTIMATE
+0.07 +0.04
+0.08
+0.09

N(1535} REFERENCES

For early references, see Physics Letters 111B70 {1982}.

HOEHLER
HOEHLER
LI

MANLEY
Also

ARNDT
BENMERROU
ARNDT
ARNDT
WADA
CRAWFORD
PDG
AWA J I

Also
FUJII
ARAI

Also
BRATASHEV.
CRAWFORD
CUTKOSKY

Also
ISHI I

TAKEDA
BAKER
HOEHLER

Also
BARBOUR
LONGACRE
NOELLE
BERENDS
BHANDARI
LONGACRE

Also
FELLER
FELTESSE
LONGACRE

94
93
93
92
84
91
91
908
85
84
83
82
81
82
81
80
82
80
80
80
79
80
80
?9
79
80
78
78
78
?7
77
77
76
?6
75
75

n N Newsletter 10 (to
n. N Newsletter 9 1
PR C4? 2759
PR D45 4002
PR D30 904
PR D43 2131
PRL 67 1070
PR C42 1864
PR D32 1085
NP 8247 313
NP 8211 1
PL 1118
Bonn Conf. 352
NP 8197 365
NP 81S? 53
Toronto Conf. 93
NP 8194 251
NP 8166 525
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
NP 8165 189
NP 8168 17
NP 8156 93
PDAT 12-1
Toronto Conf. 3
NP 8141 253
PR D17 1795
PTP 60 778
NP 8136 317
PR D15 192
NP 8122 493
NP BiOS 365
NP 8104 219
NP 893 242
PL 558 415

be pub. )

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford

Benmerrouche, Mukhopadhyay
+Workman, Li, Roper
+Ford, Roper
+Egawa, lmanishi, Ishii, Kato, Ukai-~-

p Morton
Roos, Porter. Aguilar-Benitez p

+Kajikawa
Fujii, Hayashii, Iwata. Kajikawa+

+Hayashii, Iwata, Kajikawa+

Arai, Fujii
Bratashevskij, Gorbenko, Derebchinskijl

+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
+Chao
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Ayed, Bareyre, Borgeaud, David+
+Rosenfeld, Lasinski, Smadja+

(KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI. TELE) IJP

{RPI)
(VPI)
{VPI)

(iNU5)
(GLAS)

(HELS, CIT, CERN)
(N AGO)
(NAGO)

(NAGO, OSAK)
(INUS)
( IN US)
(K FTI)
(GLA5)

(CMU, LBL) IJP
{CMU, LBL) IJP

(KYOT, INUS)
(TOKY, INUS)

(RHEL) IJP
(KARLT) IJP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(NAGO)
(LEID, MCHS) I JP

(CMU) IJP
(SACL) I JP
(5ACL) IJP

(NAGO, OSAK) IJP
(SACL) I JP

(LBL, SLAC) IJP

N(1650) S11 l(i ) = &(& ) Status:

N(1650) MASS

TECN COM MEN TVAL UE (MeV) DOCUMENT ID

1~to 1' (555 1650) OUR ESTIMATE

1659+ 9 MANLEY 92 IPWA

1650+30 CUTKOSKY 80 IPWA

1670+ 8 HOEHLER 79 IPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

1674 Li 93 IPWA

1688 CRAWFORD 80 DPWA

1672 MUSETTE 80 IPWA

1680 SAXON 80 DPWA

1680 BA K ER T8 DPWA

1694 BARBOUR 78 DPWA

1700+ 5 1 BAKER 77 IPWA

1680 ' BAKER 77 DPWA

1700 2 LONGACRE 77 IPWA

1675 KNASEL 75 DPWA

1660 3 LONGACRE 75 IPWA

7rN ~ 7rhl @ N7r7r

7rN ~ 7rN

7rN - 7rhl

etc. ~ ~ ~

pN ~ 7rN

yN - 7rN

p —~ AK 0

p- AKQ

7I. p — A K
yN 7rN

p -~ AKO

p
7r N N7r7r

~-p - nKO

7r N = N7r7r

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(1535) FOOTNOTES

LONGACRE TT pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, Iir addition to 7rN ~ Nyryr 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 Brelt-Wigner circles to the T-matrix
a m plltudes.

3See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and B 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.

4 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.
BENMERROUCHE 91 uses an efFective Lagrangian approach to analyze 77 photoproduc-
tion data.
Converted to our conventions using M = 1548 MeV, I = 73 MeV from NOELLE 78.

N(1650) WIDTH

TEChl COMMEhl TVAL UE (Mev)

1& to 190 (~s 150) OUR

173+12
150+40
180+20
~ ~ o We do not use the etc. ~ o o

225
183
179
120
90

193
130+10
90

170
1?0
130

qN 7rN

PN 7rN

p AKO

p -- AKO

&-p-- nKO

pN ~ 7rN

p -~ AK

p —.. AK 0

7r N ~ N7r7r

p AKO

7rN ~ N7r7r

DOCUMENT ID

ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

following data for averages, fits, limits,

II 93 IPWA
CRAWFORD 80 DPWA

MUSETTE 80 IPWA

SAXON 80 DPWA

BAKER 78 DPWA
BARBOIJR 78 DPWA

1 BAKER 77 IPWA
1 BAKER 77 DPWA
2 LONGACRE 77 IPWA

KNASEL 75 DPWA
3 LONGACRE 75 IPWA



See key on page 1343 Baryon Full Listings
N {1650)

N(1650) POLE POSITION (I II g}~/I tetal In N» ~ N{1650}-+ZK (I KI @) /I
REAL PART
VAL UE (Mev)

1670
1657
1640+20
~ ~ ~ We do not use

1660
1648 or 1651
1699 or 1698

-2x IMAGINARY
VALUE (MeV)

163
160
150+30
~ ~ ~ We do not use

122
117 or 119
174 or 173

DOCUMENT ID TECN

4 HOEHLER 93 ARGD
ARNDT 91 DPWA
CUT KOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
5 LONGACRE 78 IPWA

LONGACRE 77 IPWA

PART
DOCUMENT ID TECN

4 HOEHLER 93 ARGD
ARNDT 91 DPWA
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
5 LONGACRE 78 IPWA

LONGACRE 77 IPWA

COMMENT

«N —+ «N
«N ~ «IV Soln SM90
«hl ~ «N
etc. ~ ~ ~

See ARNDT 91
«N ~ N««
«N ~ N««

COMMENT

«hl -+ «hl
«IV ~ «N Soln SM90
«hl -+ «N
etc. ~ ~ ~

See ARNDT 91
«lV ~ N««
«N ~ N««

MODULUS iri
VAL UE (MOV)

39
54
60+10

PHASE 8
VALUE( )
—37
—38
—75+25

N(1650) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD «N -+ «N
ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N -+ «N

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD «N ~ «hl
ARNDT 91 DPWA «N ~ «hl Soln SM90
CUTKOSKY 80 IPWA «N ~ «hl

N(1650} DECAY MODES

The following branching fractions are our estimates, not fits or averages.

VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.254 LIVANOS 80 DPWA «p ~ E'K
0.066 to 0.137 8 DEANS 75 DPWA «N —e ZK
0.20 KNASEL 75 DPWA

Note: Signs of coupllngs from «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 D(1620) S31
coupling to r1(1232)«.

(I tl y)~/r(I I )~/I In N» N{1650} lL(1232}».D wave
VALUE DOCUMENT ID TECN COMMENT

+0.15 to 0.2$ OUR ESTIMATE
+0.12+0.04
+0.29
+0.15

MANLEY 92 IPWA «N -+ «N & N««
LONGACRE 77 IPWA «N -+ N««

3 LONGACRE 75 IPWA «N -+ N««

(I tre)~/I(I II g)~/I tetal ln N» N(1650) N p, $=1/2, SWaue
VALVE DOCUMENT ID TECN COMMENT

+0.03 to +0.1% OUR ESTIMATE
—0.0140.09 MANLEY
+0.17 2,9 LONGACRE
—0.16 3 LONGACRE

92 IPWA «N a «N & N««
77 IPWA «N -+ N««
75 IPWA «N a N««

(Carat)~/C(I II p) /Ca»elle N»~ N(1650) ~ N(»»)l~,
VALUE DOCUMEN T ID TECN COMMENT

+0.04 to +0.18 OUR ESTIMATE
+0.12+0.08

0.00
+0.25

MANLEY 92 IPWA «N -+ «N & N««
LONGACRE 77 IPWA «N a N««

3 LONGACRE 75 IPWA «N ~ N««

{Ill p) /Imml In H» ~ H(1650) Np, »=e/2, D eave (I tl te)~/I
VALUE DOCUMENT ID TECN COMMENT

+0.17 to +0.29 OUR ESTIMATE
+0.16k 0.06 MANLEY 92 IPWA «N -+ «N & N««
+0.29 LONGACRE 77 IPWA «N -+ N ««

Mode

I1 Nn
I 2 NTl

I3 AK
I4 ZK
I 5 Nxx
I6
I 7 8{1232}»,Dwave-
I8 NP
I e Np, 5=1/2, S.wave
I ~e Hp, 5=3/2, Dwave-
I gg N {»»}~a=~a„
I ga N(1440}»
I 13 PW
I &4 pp, hellcity=l/2
I 15 nP
I 16 np, helicity=1/2

Fraction (l;/I )

60WO %

3-11 %

5-20 %
3-7 %

4-14%

(4%
(5%
0.1~.18 %

0.03M.18 %

(r,r„)&/r(I ICq) /I eetal In N» ~ N(1650) ~ N(1640)»
VALUE

+0.11+0.06
DOCUMEH T ID TECN COMMENT

MANLEY 92 IPWA «N ~ «N & N««

N(1650} PHOTON DECAY AMPLITUDES

TECN COMMENT

yN~ «N
yN -+ «N
yN -+ «N
~N «N (fit 1)
p N ~ «N (fit 2)
yN a «N
etc. ~ ~ ~

Com pton scattering
yN -+ «N
yN —a «N

N(1650) ~ pp, helldty-1/2 amplitude At/a
VALUE (Gev-1/2) DOCUMENT ID

+0A$2+0.017 OUR ESTIMATE
0.06860.003 LI 93 IPWA
0.03340.015 CRAWFORD 83 IPWA
0.05060.010 AWAJI 81 DPWA
0.065+0.005 ARAI 80 DPWA
0.06160.005 ARAI 80 DPWA
0.031k 0.017 CRAWFORD 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.091 WADA 84 DPWA

+0.048+0.017 BARBOUR 78 DPWA
+0.068+0.009 FELLER 76 DPWA

H(1650) BRANCHING RATIOS

I (Ne)/I teea~
VALUE

0.6 to 0,8 OUR ESTIMATE
0.89+0.07
0.65 +0.10
0.61+0.04

DOCUMENT ID TECN COMMEN T

MANLEY 92 IPWA «N ~ «N & N««
CUTKOSKY 80 IPWA «hl ~ «N
HOEHLER 79 IPWA «hl —+ «N

(I II f) /I totai In N» ~ N(1650) ~ Ne (I tl a)~/I

(r,r, )~/C~, In Ne N{1650) AK
VALUE 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 7 BAKER 78 DPWA
—0.2340.01 'BAKER 77 IPWA
—0.25 1 BAKER 77 DPWA

0.12 KNASEL 75 DPWA

(I gl a)~/I
TECH COMMENT

p~ AK0

p~ AK0
etc. ~ ~ ~

See SAXON 80

p AKO

«p» AK0

p~ AK0

VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.09 BAKER 79 DPWA «p ~ nrI

N(1650) ~ up, hellelty-1/2 amplitude Az/a
VALUE(GeV / ) DOCUMENT ID

-0.011+0.02$ OUR ESTIMATE
—0.002 60.002 LI 93 IPWA
—0.008+0.004 AWA J I 81 DPWA

0.00460.004 FU JI I 81 DPWA
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,

—0.045 k 0.024 BARBOUR 78 DPWA

TECN COMMENT

yN~ «N
pN -+ «N
yN -+ «N
~N —a «N (fit 1)
yN ~ «N (fit 2)
pN~ «N
pN~ «N
etc. ~ ~ ~

pN -+ «N

N(1650} pp ~ AK+ AMPLITUDES

{I)I g} /I u»g In p7 N{1650} AK+ {Ea+amplitude)
VALUE(IInits 10 3) DOCUMENT ID TECH

7.8 +0.3 WOR KMAN 90 DPWA
o o o We do not use the following data for averages, fits, limits, etc. o o ~

8.13 TANABE 89 DPWA



j.see
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N(1650), N(1675)

pp-+ N(1650) ~ AK+ phaaeaegle8 (Fj&+ amplitude) N(16?S) WIDTH
VALUE (degrees) DOCUMENT ID TECN

-107 +3 WORKMAN 90 DPWA

~ ~ ~ We do not use the following data for averages„ fits, limits, etc. ~ ~ ~

—107.8 TANABE 89 DPWA

N(1650) REFERENCES

For early references, see Physics Letters 111B70 (1982).

HOEHLER
HOEHLER
LI

MANLEY
Also

ARNDT
WORKMAN
TANA BE

Also
ARNDT
WADA
BELL
CRAWFORD
PDG
AWA J I

Also
FUJII
ARAI

Also
CRAWFORD
CUTKOSKY

Also
LIVANOS
MUSETTE
SAXON
TAKE DA

BAKER
HOEHLER

Also
BAKER
BARBOUR
LONGACRE
BAKER
LONGACRE

Also
FELLER
DEANS
KNASEL
LONGACRE

94 sr N Newsletter 10 (to
93 m N Newsletter 9 1
93 PR C47 2759
92 PR D45 4002
84 PR D30 904
91 PR D43 2131
90 PR C42 7Sl
89 PR C39 741
S9 NC 102A 193
85 PR D32 1085
84 NP 8247 313
83 NP 8222 389
83 NP 8211 1

82 PL 1118
81 Bonn Conf. 352
S2 NP 8197 365
81 NP 8187 53
80 Toronto Conf. 93
82 NP 8194 251
80 Toronto Conf. 107
80 Toronto Conf. 19
79 PR D20 2839
80 Toronto Conf. 35
80 NC 57A 37
80 NP 8162 522
80 NP 8168 17
79 NP 8156 93
79 PDAT 12-1
80 Toronto Conf. 3
78 NP 8141 29
78 NP 8141 253
78 PR D17 1795
7? NP 8126 365
77 NP 8122 493
76 NP 8108 365
76 NP 8104 219
75 NP 896 90
75 PR D11 1
75 PL 558 415

be pub. ) (KARI )
(KARL)

(VPI)
(KENT) IJP

(vr i)
(vpl, TELE) IJP

(vpl)
(MAN Z)
(MANZ)

(VPI)
(INU5)

(RL) IJP
(GLAS)

(HELS, CIT, CERN)
(NAGO)
(NAGO)

(NAGO, OSAK)
(INU5)
(INU5)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) UP

(SACL) IJP
(BRUX) IJP

(RHEL, BRIS) IJP
(TOKY, INUS)

+ (RHEL) IJP
(KARLT) IJP
(KARLT) IJP

(RL, CAVE) IJP
(GLAS)

(LBL, SLAC)
(RHEL) IJP
(SACL) IJP
(SACL) IJP

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

, WUSL, OSU, ANL) IJP
(LBL, SLAC) UP

+Amdt. Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford

+Kohno, Bennhold
Kohno, Tanabe, Bennhold

+Ford, Roper
+Egawa, Imanishi, Ishii, Kato, Ukai+
+Blfssett, 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+
+Arai, Fujii, Ikeda, Iwasaki+
+Brown, Clark, Davies„Depagter, Evans
+Kaiser, Koch, Pietarinen

Koch
+Blissett, Bloodworth, Broome+
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+
+Blissett„Bioodworth, Broome, Hart+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Mitchell. Montgomery+
+Lindquist, Nelson+ (CHIC
+Rosenfeld, Lasinski, Smadja+

N(1675) D15 &(aP) = ~t(2s-) 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(1675) MASS

TECN COM MEN TVALUE (MeV)

1676 to 1685
1676+ 2

1675+10
1679+ 8
~ ~ o Wedo

DOCUMENT ID

(ski 1675) OUR ESTIMATE

M ANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

LI 93 I PWA
CRAWFORD 80 DPWA

SAXON 80 DPWA
BARBOUR 78 DPWA

1 LONGACRE 77 IPWA
LONGACRE 75 IPWA

AN ~ 2r N Ec N7r2r

AN ~ AN
AN —+ AN
etc. o ~ ~

pN ~ AN
pN~ xN

p~ AKO

pN ~ AN
AN ~ Nm7r

?rN ~ N?re

1666
1685
1670
1680
1650
1660

N(1650) 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?rN 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.

3From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
am plitudes.

4See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 8 resonances as determined from Argand diagrams of?r 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 xN ~ N2r2r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

6 BAKER 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.

9LONGACRE 77 considers this coupling to be well determined.

VALUE (MeV)

140 to 1$0 (sar 1SO) OUR

159+ 7
160+20
120+15
o ~ ~ We do not use the

136
191
40
88

192
130
150

TECN COMMEN TDOCUMENT ID

ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

following data for averages, fits, limits,

LI 93 IPWA

CRAWFORD 80 DPWA

SAXON 80 DPWA

BAKER 79 DPWA
BARBOUR 78 DPWA

1 LONGACRE 77 IPWA
2 LONGACRE 75 IPWA

etc. 0 0 o

pN -~ mN

pN -~ AN

/I KO

p ~ At?

pN ~ 7rN

xN ~ N7r2r
n. N ~ Nn?r

REAL PART
VAL UE (MeV)

1656
1655
1660+10
~ ~ ~ We do not use

1661
1663 or 1668
1649 or 1650

-2x IMAGINARY
VALUE (MeV)

126
124
140+ 10
~ ~ a We do not use

142
146 or 171
127 or 127

N(16?5) POLE POSITION

DOCUMEN T ID TECN

3 HOEHLER 93 ARGD
ARNDT 91 DPWA
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

AR NDT 85 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

PART
DOCUMENT ID TECN

HOEHLER 93 ARGD
ARNDT 91 DPWA
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

COMMEN T

AN ~ ?rN
xN ~ ?r N Soln SM90
AN ~ 7rN

etc. ~ 0 ~

See ARNDT 91
2r N - N?rn
2r N Nn. ~

COMMEN T

AN —+ AN
?r N ~ 2r N Soln SM90
AN ~ nN
etc. ~ ~ ~

See ARND, T 91
AN ~ Nvr~
n N ~ N2r7r

MDDuLus lrl
VRL UE (MeV)

23
28
31+5

PHASE lII

VALUE( )

—22
—17
—30+10

N{16?5}ELASTIC PDI E RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD 2r N —+ 7r N

ARNDT 91 DPWA TrN -~ ~N Soln SM90
CUTKOSKY 80 IPWA + N -+ 2r N

DOCUMEN T ID TECN COMMENT

HOEHLER 93 ARGD 2r N ~ xN
ARNDT 91 DPWA xN ~ n. N Soln SM90
CUTKOSKY 80 IPWA x N -~ 2r N

l1
C2

C3

l4

6

C8

f9
C10
C11

C14r„
I 16

C18

C19

Mode Fraction (I;jC)

40 50 4/oNsr

NTI

AK
ZK
N?r?r

Der
d(1232) s, Dwave.
d(1232) vr, G-wave

Np
N p, S=l/2, 0-wave
N p, S=3/2, D-wave

N p, S=3/2, G-wave

N (~~},'=„'„,
p'7

pp, helicity=1/2

p p, helicity=3/2
np

np, helicity=1/2
np, helicity=3/2

&1 /o

50—60 4/o

50-60 4/.

3 4/4

0.005-0.014 4/o

0.07M.11 /o

N{16?5) DECAY MODES

The following branching fractions are our estimates, not fits or averages.
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N(1675)

N(1675} BRANCHING RATIOS

r(Nu) /r~)
VALUE

OA to 0.6 OUR ESTIMATE
0.47 +0.02
0.38+0.05
0.38+0.03

DOCUMENT ID TECN

MANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

COMMENT

«N~ «N&N««
«N» «N
«N» «N

(Illr) /IunallnNu N(1675) Nn (r,r,)&/r
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.07 BAKER 79 DPWA «p ~ n7I

+0.009 FELTESSE 75 DPWA Soln A; see BAKER 79

(I tl a)~/I(I II r) /ruua~ ln Nu ~ N(1675) ~ A K
VALUE DOCUMENT ID TECN

+O.N to +O.OI OUR ESTIMATE
—0.01 BELL 83 DPWA «p ~ AK0

+0.036 SAXON 80 DPWA «p ~ AK
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.03460.006 DEVENISH 748 Fixed-t dispersion rel.

COMMENT

(rll r)~/rtetalln Nu~ N(1675) ~ ZK (r,r,)&/r
VALUE DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.003 6 DEANS 75 DPWA «N ~ ZK

Note: Signs of couplings from «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 D(1620) S31
coupling to D(1232)«.

(I gl r)~/I(r&rr) /r In Nu -+ N(1675) ~ LL(1232)u, D-wave
DOCUMENT ID TECN COMMENT

OUR ESTIMATE
MANLEY 92 IPWA «N -+ «N & N««

1~7 LONGACRE 77 IPWA «N ~ N««
LONGACRE 75 IPWA «N -+ N««

use the following data for averages, fits, limits, etc. ~ ~ ~

8 NOVOSELLER 78 IPWA «N ~ N««

VALUE

+OA6 to +0.60
+0.49660.003
+0.46
+0.50
~ ~ ~ We do not

+0.5

(r,r,.)&/r(I II f) /I uual In Nu ~ N(1675) ~ N p, $=1/2, D-wave
VAL UE DOCUMEN T ID TECN COMMENT

+0.04+0.02 MANLEY 92 IPWA «N ~ «N & N««

(I Il r) /I uual In Ne ~ N(1675) ~ N p, 5=3/2, 9wave (I tl ~t)~/I

N(1675) ~ n7, ludklty-1/2 amplitude A~/a

VAL UE (GeV /2) DOCUMENT ID

-OASO+0.014 OUR ESTIMATE
—0.06060.003 LI 93 iPWA
—0.057+0.024 AWA J I 81 DPWA
—0.03360.004 FU JI I 81 DPWA
—0.039+0.017 ARAI 80 DPWA
—0.02560.027 ARAI 80 DPWA
—0.05960.015 CRAWFORD 80 DPWA
—0.021+0.011 TAKEDA 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.06660.020 BARBOUR 78 DPWA

TECN COMMENT

pN~ «N
pN~ «N
th) ~ «N
pN ~ «N (fit 1)
pN ~ «N (fit 2)
pN -+ «N
pN~ «N
etc. ~ ~ ~

pN~ «N

N(1675) ~ ny, hellclty-3/2 amplitude Aa/a

VALUE(Gev 1/2) DOCUMENT ID

-0.070+0.006 OUR ESTIMATE
—0.074 +0.003 LI 93 IPWA
—0.07760.018 AWAJI 81 DPWA
—0.069+0.004 FUJII 81 DPWA
—0.066+0.026 ARAI 80 DPWA
—0.071k 0.022 ARAI 80 DPWA
—0.059+0.020 CRAWFORD 80 DPWA
—0.030+0.012 TAKEDA 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.073+0.014 BARBOUR 78 DPWA

TECN COMMEN T

pN~ «N
yN ~ «N
yN~ «N
pN —+ «N (fit 1)
~N ~ «N (fit 2)
pN~ «N
pN~ «N
etc. ~ ~ ~

pN -+ «N

N(1675) REFERENCES

For early references, see Physics Letters 111B70 (1982).

N {1675)FOOTNOTES
1LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the

first (second) value uses, in addition to «N ~ N««data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Brelt-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.

3See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 6 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 «N ~ N««data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

SAXON 80 finds the coupling phase is near 90 .
6The range given is from the four best solutions. DEANS 75 disagrees with «+ 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,

TECNVALUE DOCUMENT ID

-0.12 to -0.06 OUR ESTIMATE
—0.03+0.02
—0.15

MANLEY 92 IPWA

LONGACRE 77 IPWA

(I II r) /I tetalln Nu-+ N(1675}~ N(ue)g™

COMMENT

«N -+ «N & N««
«N ~ N««

(r,r„)&/r
VALUE

+0.03
DOCUMENT ID TECN

1,7 LONGACRE 77 IPWA

COMMENT

«N ~ N««

N{1675}PHOTON DECAY AMPLITUDES

COMMENT

pN~
pN -+
pN~
pN —+

pN —+

pN —+

etc. ~ ~

«N
«N
«N
«N (fit 1)
«N (fit 2)
«N

pN~ «N
pN~ «N

COMMENT

pN~
pN~
pN —+

pN~
pN~
pN —+

etc. ~ ~

«N
«N
«N
«N (fit 1)
«N (fit 2)
«N

7N —+ «N
pN~ «N

N(1675) ~ py, helklty-1/2 amplItude At/a
VALUE(GeV 1/2) DOCUMEN T ID TECN

+0.018+0.010 OUR ESTIMATE
0.012+0.002 LI 93 IPWA
0.021+0.011 CRAWFORD 83 IPWA
0.034+0.005 AWA JI 81 DPWA
0.006+0.005 A RAI 80 DPWA
0.006k 0.004 ARAI 80 DPWA
0.02360.015 CRAWFORD 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

+0.022 +0.010 BARBOUR 78 DPWA
+0.034+0.004 FELLER 76 DPWA

N(1675) ~ pp, helklty-3/2 amplitude Aa/Q

VAL UE (GeV-'/2) DOCUMENT ID TECN

+0.018+0.NS OUR ESTIMATE
0.021+0.002 LI 93 IPWA
0.01540.009 CRAWFORD 83 IPWA
0.024 +0.008 AWA J I 81 DPWA
0.030+0.004 ARAI 80 DPWA
0.029+0.004 ARAI 80 DPWA
0.003+0.012 CRAWFORD 80 DPWA

~ ~ ~ We do not use the following data for averages, fits. limits,

+0.015+0.006 BARBOUR 78 DPWA
+0.019+0.009 FELLER 76 DPWA

HOEHLER
HOE HLER
LI

MANLEY
Also

ARNDT
ARNOT
BELL
CRAWFORD
PDG
AWAJI

Also
FUJII
ARAI

Also
CRAWFORD
CUTKOSKY

Also
SAXON
TAKEDA
BAKER
HOEHLER

Also
BARBOUR
LONGACRE
NOVOSELLE R

Also
LONGACRE

Also
WINNIK
FELLER
DEANS
FELTESSE
HERNDON
LONGACRE
DEVENISH

94 «N Newsletter 10 (to
93 «N Newsletter 9 1
93 PR C47 2759
92 PR D45 4002
84 PR D30 904
91 PR D43 2131
85 PR D32 1085
83 NP 8222 389
83 NP 8211 1
82 PL 1118
81 Bonn Conf. 352
82 NP 8197 365
81 NP 8187 53
80 Toronto Conf. 93
82 NP 8194 251
80 Toronto Conf. 107
80 Toronto Conf. 19
79 PR 020 2839
80 NP 8162 522
80 NP 8168 17
79 NP 8156 93
79 PDAT 12-1
80 Toronto Conf. 3
78 NP 8141 253
78 PR D17 1795
78 NP 8137 509
788 NP 8137 445
77 NP 8122 493
76 NP 8108 365
77 NP 8128 66
76 NP 8104 219
75 NP 896 90
75 NP 893 242
75 PR Dll 3183
75 PL 558 415
74B NP 881 330

be pub. ) (KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(VPI)
(RL) IJP

(GLAS)
(HELS, CIT, CERN)

(NAGO)
(NAGO)

(NAGO, OSAK)
(INUS)
(INUS)
(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) IJP
(SACL) IJP
(HAIF) I

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

(SACL) IJP
(LBL. SLAC)
(LBL, SLAC) I JP

(DESY, NORD. LOUC)

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+LI. Roper, Workman, Ford
+Ford, Roper
+Blissett, Broolne, Daley, Hart, Lintern+
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+
+Hayashii, Iwata, Kajikawa+

Arai, Fujii

Novoseller
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Toaff, Revel ~ Goldberg, Berny
+Fukushirna, Horikawa, Kajikawa+
+Mitchell. Montgomery+
+Ayed Bareyre Borgeaud David+
+Longacre, Miller, Rosenfeld+
+Rosenfeld, Lasinski, Smadja+
+Froggatt, Martin

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baker, Bell, Blissett, Bloodworth+
+Arai, Fujii, Ikeda, Iwasaki+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+
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N(1680)

N(1680) Fjs l{J ) = &{&+) Status:
N(1680) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

N(1680) MASS

VAL UE (Mev)

1675 to 1680
1684+ 4
1680+10
1684+ 3
~ ~ ~ We do

1682
1680
1660
1685
1670

DOCUMENT ID

(at 1610)OUR ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

CRAWFORD 80 DPWA

BARBOUR 78 DPWA
1 LONGACRE 77 IPWA

KNASEL 75 DPWA

LON GAC R E 75 I PWA

TECN COM MEN T

yr N ~ 2r N k N Trn.

+N ~ AN

7rN ~ AN

etc. ~ o ~

phI ~ AN

phl ~ AN

2r N ~ Nyr2r

yr p ~ /IK0
2r N NTr Tr

N(1680) WIDTH

VAL UE (Mev)

120 to 140 (at 130) OUR

139+ 8
120+10
128+ 8
~ ~ ~ We do not use the

121
119
150
1,55
130

DOCUMENT ID

ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

following data for averages, fits, limits,

CRAWFORD 80 DPWA

BARBOUR 78 DPWA
LONGACRE 77 IPWA

KNASEL 75 DPWA

LON GAC RE 75 IPWA

TECN COMM EN T

2r N ~ Tr N &, NTr2r

AN —+ 2rN
n'N ~ TrN

etc. ~ ~ ~

yN ~ AN

pN ~ AN
TrN ~ NTr7r

p~ AK0

TrN ~ Nary

N{1680) POLE POSITION

REAL PART
VAL UE (MeV)

1673
1670
1667+5
e ~ e We do not use

DOCUMENT ID TECN

3 HOEHLER 93 ARGD

ARNDT 91 DPWA

CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

1680
1668 or 1674
1656 or 1653

COMMENT

AN ~ AN

~N ~ AN Soln SM90
TrN ~ TrN

etc. ~ ~ ~

See ARNDT 91
TrN ~ NTrTr

AN ~ Nyr2r

-2x IMAGINARY
VAL UE (MeV)

135
116
1104 10
~ ~ ~ We do not use

120
132 or 137
145 or 143

PART
DOCUMENT ID TECN

3 HOEHLER 93 ARGD
ARNDT 91 DPWA

CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

COMMENT

TrN —+ AN
TrN ~ TrN Soln SM90
AN ~ AN

etc. ~ ~ ~

See ARNDT 91
TrN ~ Nyr7r

zN ~ Neer

MODULUS ill
VAL UE (Mev)

44
37
34+2

PHASE 8
VALUE( )
—17
—14
—25+5

N(1680) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD Tr N a 7r N

ARNDT 91 DPWA TrN ~ AN Soln SM90
CUTKOSKY 80 IPWA 2r N ~ yr N

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD 2r N ~ 2r N

ARNDT 91 DPWA TrN ~ 7rN Soln SM90
CUTKOSKY 80 IPWA 2r N ~ 2r 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 111B(1982). I }

f3
l4
I5
C6

r7
f8

l 10

I 14
i 15

~18
i 19

Mode

Nx
Ng
)\K
ZK
Nxx

8vr
8{1232)n, P wave-
d{1232)n, F wave-

Np
N p, 5=1//2, F-wave

N p, S=3/2, P wave-
N p, S=3/2, F wave-

N( )s=,„,
P "/

pp, helicity=l j2
pp, helicity=3/2

I)p
np, helicity=l/2
np, helicity=3/2

Fraction (( l/I )

60-70 %

30MO olo

5-15 olo

6—14 %

(2 'lo

3-15 ol.

(12 'lo

1-5 %
5-20 %

0.21-0.35 %

0 02& 04 ol

N{1680) BRANCHING RATIOS

r(N~)/r
VAL UE

0.6 to 0.7 OUR ESTIMATE
0.70 +0.03
0.62 +0.05
0.65 +0.02

DOCUMENT ID TECN COMMEN T

MANLEY 92 IPWA +N ~ 7rN & N2rTr

CUTKOSKY 80 IPWA 2r N —+ 7r N

HOEHLER 79 IPWA 2r N ~ 2r N

(I I I g)~/I tete~ ln Nsc ~ N(1680) ~ N sl
VAL UE DOCUMENT ID TECN

~ ~ o We do not use the following data for averages, fits, limits,

COMMENT

etc. ~ ~ ~

(I 1I 2)~/I

BAKER 79 DPWA 7r p ~ nrInot seen

I (Ntl)/I tetai
VAL UE

~ I ~ We do not

COMMENT

etc. ~ ~ ~

DOCUMENT ID TECN

use the following data for averages, fits, limits,

5 CAR RERAS 70 MPWA
5 BOTKE 69 MPWA
5 DEANS 69 MPWA

0.0005 or 0.001
0.0004
0.003 +0.002

t pole + resonance

t pole + resonance
t pole + resonance

I I (Ntl)/I (Nn)
VAL UE

r ~ ~ We do not

&0,027

DOCUMENT ID TECN

use the following data for averages, fits, limits.

HEUSCM 66 RVUE

COMMENT

etc. ~ o ~

Tr, rl phOtOprOduCtiOn

(III p) /ItetaiinNst-+ N(1680}-+ AK (r, r,) /r

(I II p)~/I tetailn Nst-+ N(1680}~ ZK (rtl e} /I
VAL UE DOCUMENT ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o e

&0.001 6 DEANS 75 DPWA 2rN — X'K

Note: Signs of couplings frotn Tr N ~ Nyr2r 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) 531
coupling to LL(1232}2r.

Coupling to AK not required in the analyses of BAKER 77, SAXON 80, or BELL 83.
VAL UE DOCUMENT ID TECN COMMEN T

~ 0 ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.01 KNASEL 75 DPWA 2r p AK
—0.00960.009 DEVENISH 74e Fixed-t dispersion rel.

(I try) /rtota( In Nx ~ N{1680}~ B(1232)n,Pwove- (rar. ) /r
DOCUMENT ID TECNVAL UE

-0.31 to -0.21 OUR ESTIMATE
—0.26+0.04 MANLEY 92 IPWA
—0.27 1'7 LGNGACRE 77 IPWA
—0.25 2 LGNGACRE 75 IPWA

I e o We do not use the following data for averages, fits, limits,

—0.38 8 NOVOSELLER 78 IPWA

COMMENT

7rN ~
TrN ~
AN ~
etc. ~ ~
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N(1680), N(1700)

1680) +(1232),Fweve
VALUE DOCUMENT ID TECN COMMENT

+0.03 to +0.11 OUR ESTIMATE
+0.0740.03 MANLEY 92 IPWA «N —+ «N & N««
+0.07 LONGACRE 77 IPWA «N ~ N««
+0.08 LONGACRE 75 IPWA «N ~ N««
~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

+0.05 8 NOVOSELLER 78 IPWA «N ~ N««

(I KI a) /I

n N N(1680) Np, ~3/2, P-wave (rsr~s
TECNVALUE DOCUMENT ID

-0.30 to -0.10 OUR ESTIMATE
—0.20 +0.05 MANLEY 92 IPWA
—0.23 LONGACRE 77 IPWA
—0.30 LONGACRE 75 IPWA
o o ~ We do not use the following data for averages, fits, limits,

-0.34 8 NOVOSELLER 78 IPWA

COMMENT

«N~ «N&N««
«N -+ N««
«N ~ N««
etc. ~ e o

«N ~ N««

(I Irr)~/I sauuinNe ~ N(1680) ~ Np, S=3/2, Fwave (I ql sa) /r
VALUE DOCUMENT ID TECN COMMEN T
-0.18 to -0.10 OUR ESTIMATE
—0.134 0.03 MANLEY 92 IPWA «N —+ «N & N««
—0.15 1)7 LONGACRE 77 IPWA «N ~ N««

N(1680) FOOTNOTES
1LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the

first (second) value uses, in addition to «N ~ N««data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are froin 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.

3See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 4 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 «N ~ N««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.

7LONGACRE 77 considers this coupling to be well determined.
A Breit-Wigner fit to the HERNDON 75 IPWA.

N(1680) REFERENCES

For early references, see Physics Letters 111B70 (1982). For very early
references, see Reviews of Modern Physics 37 633 (1965).

(Ill r) /lueallnNr~ N(1680) N(nn)&I~
VALUE DOCUMENT ID TECN

+0.2$ to +0.35 OUR ESTIMATE
+0.29+0.04 MANLEY 92 IPWA

+0.31 LONGACRE 77 IPWA

+0.30 2 LONGACRE 75 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

+0.42 NOVOSELLER 78 IPWA

COMMENT

(rsrsa) /r

«N» «N&N««
«N —+ N««
«N -+ N««
etc. ~ ~ ~

COMMENT

«N
«N
«N
«N (fit 1)
«N (fit 2)
«N

«N
«N

N{1680}~ pp, INllclty-3/2 amplitude Aa/a
VALUE(GeV 1/2) DOCUMEN T ID TECN

+0.135+OAl17 OUR ESTIMATE
0.154+0.002 LI 93 IPWA
0.132+0.010 CRAWFORD 83 IPWA
0.11560.008 AWA JI 81 DPWA
0.11560.003 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,

+0.138+0.021 BARBOUR 78 DPWA
+0.121+0.010 FELLER 76 DPWA

N(1680) ~ np, hellclty-1/2 amplitude Aq/q
VALUE (Gev 1/2) DOCUMENT ID TECN

+0.027+0.010 OUR ESTIMATE
0.022 +0.002 LI 93 IPWA
0.017+0.014 AWA JI 81 DPWA
0.032+0.003 FU Jl I 81 DPWA
0.026 40.005 ARAI 80 DPWA
0.02860.014 ARAI 80 DPWA
0.044 +0.012 CRAWFORD 80 DPWA
0.025 60.010 TAKEDA 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

+0.037+0.010 BARBOUR 78 DPWA

COMMENT

pN~ «N
pN~ «N
pN -+ «N
p N ~ «N (fit 1)
pN ~ «N (fit 2)
pN -+ «N
etc. ~ o ~

yN -+ «N
pN~ «N

COMMENT

pN -+ «N
pN -+ «N
pN~ «N
pN —+ «N (fit 1)
pN ~ «N (fit 2)
pN~ «N
yN -+ «N
etc. ~ ~ ~

pN -+ «N

N(1680) ~ n7, hellclty-3/2 amplitude Aa/a
VALUE(GeV 1/2) DOCUMEN T ID TECN

+0.035+0.011 OUR ESTIMATE
—0.048+0.002 LI 93 IPWA
—0.033+0.013 AWA JI 81 DPWA
—0.023+0.005 FUJII 81 DPWA
—0.024+0.009 ARAI 80 DPWA
—0.02960.017 ARAI 80 DPWA
—0.033+0.015 CRAWFOR D 80 DPWA
—0.035+0.012 TAKEDA 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,
—0.038+0.018 BARBOUR 78 DPWA

COMMENT

7N~ «N
pN~ «N
pN~ «N
qN «N (fit 1)
pN ~ «N (fit 2)
pN~ «N
pN~ «N
etc. ~ ~ ~

7N~ «N

N{1680}PHOTON DECAY AMPLITUDES

N(1680) ~ pp, INllclty-1/2 amplitude As/a
VALUE(GeV 1/ ) DOCUMENT ID TECN
-0.OS+0.00$ OUR ESTIMATE
—0.006+0.002 LI 93 IPWA pN ~
—0.01760.018 CRAWFORD 83 IPWA y N —+

—0.009+0.006 AWA JI 81 DPWA pN -+
—0.028 +0.003 A RA I 80 DPWA pN ~
—0.026 +0.003 ARAI 80 DPWA pN ~
—0.018+0.014 CRAWFORD 80 DPWA pN —+

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~
—0.005 k 0.015 BARBOUR 78 DPWA pN —+

—0.00940.002 FELLER 76 DPWA pN ~

HOEHLER 94
HOE HLER 93
LI 93
MANLEY 92

Also 84
ARNOT 91
ARNDT 85
BELL 83
CRAWFORD 83
PDG 82
AWAJI Sl

Also 82
FUJII 81
ARAI 80

Also 82
CRAWFORD 80
CUTKOSKY 80

Also 79
SAXON 80
TAKEDA 80
BAKER 79
HOEHLER 79

Also 80
BARBOUR 78
LONGACRE 78
NOVOSELLER 78

Also 78B
BAKER 77
LONGACRE 77

Also 76
WINNIK 77
FELLER 76
DEANS 75
HERNDON 75
KNASEL 75
LONGACRE 75
DEVENISH 74B
CARRERAS 70
BOTKE 69
DEANS 69
HEUSCH 66

«N Newsletter 10 (to
«N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
PR D32 1085
NP B222 389
NP 8211 1
PL 111B
Bonn Conf. 352
NP B197 365
NP B187 53
Toronto Conf. 93
NP B194 251
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
NP B162 522
NP B16817
NP B156 93
PDAT 12-1
Toronto Conf. 3
NP B141 253
PR D17 1795
NP B137 509
NP B137 445
NP B126 365
NP B122 493
NP B108 365
NP 8128 66
NP B104 219
NP B96 90
PR Dll 3183
PR D11 1
PL 55B 415
NP B81 330
NP B16 35
PR 180 1417
PR 185 1797
PRL 17 1019

(KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(VPI)
(RL) IJP

(GLAS)
(HELS, CIT, CERN)

(N AGO)
(NAGO)

(NAGO, OSAK)
(INUS)
(INUS)
(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

(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)

(CIT)

be pub. )

+Amdt, Roper, Workman
+Saleski

Manley, Amdt. Goradia, Teplitz
+Li, Roper, Workman, Ford
+Ford, Roper
+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+
+Kaiser Koch Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+

Novoseller
+Blissett, Bloodworth, Broome, Hart+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Toaff, Revel, Goldberg, Berny
+Fukushima, Horikawa, Kajikawa+
+Mitchell, Montgomery+
+Longacre, Miller, Rosenfeld+
+Lindquist, Nelson+ (CH
+Rosenfeld, Lasinski, Smadja+
+Froggatt, Martin
+Donnachie

+Wooten
+Prescott, Dashen

N(1700) D,3
I(iP) = ~(s ) Status:

N(1T00) MASS

VALUE(MeV)

1650 to 1750
1737+44
1675125
1731+15
eeoWedo
1709
1650
1690 to 1710
1719
1670+10
1690
1660
1710

TECN COMMENTDOCUMENT ID

(a 1700) OUR ESTIMATE

MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

CRAWFORD 80 DPWA

SAXON 80 DPWA
BAKER 78 DPWA
BARBOUR 78 DPWA

1 BAKER 77 IPWA
1 BAKER 77 DPWA

LONGACRE 77 IPWA
3 LONGACRE 75 IPWA

«N a «N & N««
«N» «N
«N~ «N
etc. o e o

pN -+ «N
p~ AK0

p~ AK0
pN -+ «N

p ~ AKO

p~ AKO

«N ~ N««
«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 111B(1982).

The various partial-wave analyses do not agree very well.
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N(1700)

VALUE (MeV)

50 to 150 (m 100) OUR

250+220
90+ 40

1106 30
~ ~ ~ We do not use the

166
70
70 to 100

126
90+ 25

100
600
300

N(1700) WIDTH

TECN COMMEN T

7r N ~ yr N & N7r7r

7rN ~ 7rN
xN- AN
etC. ~ o o

pN ~ 7rN

p AKO

p~ AKO

pN ~ 7rN

p~ AKO

p~ AK0
xN ~ Nyryr

yr N ~ N 7r yr

DOCUMENT ID

ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

following data for averages, fits, limits,

C RAWFOR D 80 D PWA

SAXON 80 DPWA

BAK ER 78 DPWA
BARBOUR 78 DPWA

1 BAKER 77 IPWA
1 BAKER 77 DPWA

LONGAC RE 77 IPWA

LONGACRE 75 IPWA

(rII r) /rtata[
VALUE
—0.06 to +0.%
—0.012
—0.012
e e ~ We do not

—0.04
—0.03 +0.004
—0.03
+0.026+ 0.019

in Nn ~ N(1700) -+ A K
DOCUMENT ID

OUR ESTIMATE
BELL 83 DPWA

SAXON 80 DPWA
use the following data for averages, fits, limits,

6 BAKER 78 DPWA
1 BAKER 77 IPWA
1 BAKER // DPWA

D EVE N ISH 74B

(r, r, ) /r
TECN COM MEN T

p -- AK0

p —AK
etc. a o ~

See SAXON 80

p --~ AKO

7r= p ~ AK0
Fixed- t dispersion rel.

{III p)~~/I tatai ln Nn N{D00} ZK (I gl a) /I
VAL UE DOCUMEN T ID TECN COMMENT

~ ~ e We do not use the following data for averages, fits, limits, etc. a a ~

not seen LIVANOS 80 DPWA yrp -~ ZK
(0.017 7 DEANS 75 DPWA 7r N -- X K

REAL PART
VALUE (MeV)

1700
1660+30
~ ~ ~ We do not use

not seen
1670
1710 or 1678
1616 or 1613

N(1700) POLE POSITION

DOCUMENT ID TECN

4 HOEHLER 93 SPED
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA
ARNDT 85 DPWA

5 LONGACRE 78 IPWA
2

I ONGACRE 77 IPWA

COMMENT

7rN -+ yr N

yrN —+ 7r N

etc. ~ ~ ~

7rN ~ yr N Soln SM90
See ARNDT 91
7r N —+ N7r7r

yrN ~ N7r7r

Note: Signs of couplings from 7r N — N 7r 7r 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 6(1620) 531
coupling to A(1232) 2r.

(rgr7) /r

MANLEY 92 IPWA 7r/V ~ 7rN & N7ryr
2 LONGACRE ?7 IPWA 7r N ~ Nyryr
3 LONGACRE 75 IPWA 7r N -- Nyr yr

(I ~I q)~/I tete~ in Nn ~ N(D00) Ll(1232)n, &wave
VAL UE DOCUMENT ID TECN COMMENT

0.00 to +0.0$ OUR ESTIMATE
+0.02 +0.03

0.00
—0.16

-2x IMAGINARY
VALUE (Mev)

120
90 +40

~ o ~ We do not use

not seen
80

607 or 567
577 or 575

MDDULUs lr~
VAL UE (MeV)

5
6+3

PHASE 8
VALUE( )

0+50

COMMENT

7rN ~ yrN

7rN —+ 7rN

etc. ~ ~ ~

7rN ~ yr N Soln SM90
See ARNDT 91
7r hl —+ Nyr7r

7r N —+ Nyr7r

N{DOO) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 SPED 2r N —+ 7r N

CUTKOSKY 80 IPWA yr N ~ 7r N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA yr N ~ yr N

PART
DOCUMENT ID TECN

4 HOEHLER 93 SPED
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA

ARNDT 85 DPWA
5 LONGACRE 78 IPWA

LONGAC RE 77 IPWA

(r,r, )&/r

92 IPWA 7r N ~ 7r N & N7r7r

77 IPWA zN ~ Nyrw

75 IPWA 7r N — Nyr7r

(I tl tt) /r(III p) /Iteta)inNn N(D00) Np, S=3/2, S-wave
VAL UE DOCUMENT ID TECN COMMENT

+0.01 to +0.13 OUR ESTIMATE
—0.04 +0.06 MANLEY
—0.07 2

I ONGACRE
q- 0.07 3 LONGACRE

92 IPWA 7r N -~ 2rh/ & IV772r

77 IPWA z N —a N7r7r

75 IPWA 7r N = IV 7r 7,"

(r,r„)h/r(I ~l p) a/I tete~ In Nn N{1700) N( ae)~~'
VAL UE DOCUMEN T ID TECN COMMEN T

+0.0~ to +O.m OUR ESTIMATE

+0.02+0.02 MANLEY

0.00 2 LONGACRE

+ 0.2 3 LONGACRE

92 IPWA 7r/V —~ 7rN & hl777i

77 IPWA 7r N — Nyr 7r

75 IPWA 7r N ~ N7ryr

{Ill f}~/I tetai in Nn ~ N(1700) ~ 4{1232}n,D.wave
VAL UE DOCUMEN T ID TECN COMMEN T

+0.04 to +0.20 OUR ESTIMATE

+0.10+0.09 MANLEY
—0.12 LONGACRE

+0.14 3 LONGACRE

f1
I2
l3
f4
r5
l6
l?
l8
I9
l10
~11

"14

i 16
I 1?
i 18
i 19

Mode

Nn.

NTI

ilK
ZK
N7r 7r

d(1232}w, 5-wave

d(1232}e, 0-wave

Np
N p, S=l/2, Dwave-
N p, S=3/2, S-wave

N p, S=3/2, D-wave
t' ~+ ~S=-wave

pf
pp, helicity=l/2
pp, helicity=3/2

n+
n p, helicity=l/2
np, helicity=3/2

Fraction (I I/I )

5-15 %

(3 0/

85-95 %

(35 %

-O.O1 i

N(1700} BRANCHING RATIOS

r(Nm)/I una)
VALUE

0.05 to 0.15 OUR ESTIMATE
0.0140.02
0.11+0.05
0.08+0.03

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7rN ~ 7rN & Nyryr

CUTKOSKY 80 IPWA 2r N ~ yr N

HOEHLER 79 IPWA 7r N ~ 2r N

N(1700) DECAY MODES

The following branching fractions are our estimates, not fits or averages.
N(D00) PHOTON DECAY AMPLITUDES

TECN COMM EN T

PN -~ 7;N

yN ~ 7r/V

p/V —+ 7r/V (fit 1)
PIV —+ 7rN (fit 2)
pN -- 7rlV

etc. ~ ~ ~

N(1700) ~ pp, helidty-3/2 ampiitude Aa/a

VALUE (GeV ~/2) DOCUMEhIT ID TECN

+0.002+0.020 OUR ESTIMATE
—0.009+0.012 CRAWFORD 83 IP WA

0.029+0.014 AWA J I 81 DPWA
—0.002+0.005 ARAI 80 DPWA

0.014+0.005 ARAI 80 DPWA
—0.017+0.014 CRAWFORD 80 DPWA
o ~ ~ 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

COMMENT

yN 7rS
qN AN

pN ~ 2r N (fit 1)
pN ~ 7rN (fit 2)
qN ~ 7rN
etc. ~ o ~

N(1700) ~ n7, helicity-1/2 amplitude A~/a

VALUE (Gev-1/2) DOCUMENT ID

0.001+0.04$ OUR ESTIMATE
0.006+0.024 AWA J I 81 DPWA

—e.OO2 +O.O13 FUJII 81 DPWA
—0.052+0.030 ARAI 80 DPWA
—0.055+ 0.030 ARAI 80 DPWA

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 COMM EN T

yN -~ yr/V

gN -~ AN

pN —+ lrN (fit 1)
N -- ~ N (fit 2)

pN 2rN
etc. e e

N(D00) ~ pp, heliclty-1/2 amplitude Aq/a

VALUE (GeV 1/2) DOCUMENT ID

-0.01'+0.012 OUR ESTIMATE
—0.01660.014 C RAWFOR D 83 IP WA
—0.002 +0.013 AWAJI 81 DPWA
—0.028 60.007 ARAI 80 DPWA
—0.029+0.006 A RAI 80 DPWA
—0.024 +0.019 C RAWFOR D 80 D PWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.0332 0.021 BARBOUR 78 DPWA
—0 014+0.025 FELLER 76 DPWA
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N(1700), N(1710)

N{1700}~ n7, hellcity-3/2 amplitude Aa/a
VALUE(GeV / ) DOCUMENT ID

-0.003+0.088 OUR ESTIMATE
—0.033+0.017 AWA JI 81 0PWA

0.018+0.018 FU JII 81 DPWA
—0.037+0.036 ARAI 80 DPWA
—0.035+0.024 ARAI 80 DPWA

0.041+0.030 CRAWFORD 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

+0.03560.030 BARBOUR 78 DPWA

TECN COMMEN T

pN~ «N
yN~ «N
pN ~ «N (fit 1)
p N ~ «N (fit 2)
pN ~ «N
etc. ~ ~ ~

yN~ «N

N(1700) yp ~ AK+ AMPLITUDES

(I I )~/I, in pp N(1700) /IK+ (Ea amplitude)
VAL UE (units 10 DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.09 TANABE 89 DPWA

(I I )~/I, In pp N(1700) AK+ {lu's amPlltude)
VALUE (units 10 3) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—7.09 TANABE 89 DPWA

pp ~ N(1700}~ A K+ phase augh d
VALUE (derrrees) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

—35.9 TANABE 89 DPWA

{Es amplitude}

N{1700) 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 «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-rnatrlx
amplitudes.
See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 0 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.

5LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to «N -+ N««data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.
The overall phase of BAKER 78 coupllngs has been changed to agree with previous
conventions.

7 The range given is from the four best solutions.

N(1710) e„ l(JP} = &{&t+}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).

The various partial-wave analyses do not agree very well.

VALUE (MeV)

1680 to 1740
1717+28
1700150
1723+ 9
~ ~ ~ We do

1706
1692
1730
1690
1650 to 1680
1721
1625+10
1650
1720
1670
1710

N(17M) MASS

TECN COMMENT

N(1710) WIDTH

DOCUMENT ID

ESTIMATE

MANLEY 92 IPWA
CUTKOSKY 90 IPWA

C UTKOSKY 80 IPWA
HOEHLER 79 IPWA

following data for averages, fits, limits,

BELL 83 DPWA
CRAWFORD 80 DPWA

SAXON 80 DPWA

BAKER 79 DPWA

BAKER 78 DPWA
BARBOUR 78 DPWA

1 BAKER 77 IPWA
1 BAKER 77 DPWA

LONGACRE 77 IPWA

KNASEL 75 DPWA
3 LONGACRE 75 IPWA

TECN COMMENTVALUE (Mev)

50 to 250 (tat 100) OUR

480 +230
93k 30
90+ 30

120+ 15
~ ~ ~ We do not use the

«N» «N & N««
«N -+ «N
«N» «N
«N~ «N
etc. ~ ~ ~

p ~ AKO

pN~ «N
p~ AKO

p ~ hr)

«p~ AKO

7N -+ «N
p~ AKO

«—
p nKO

«N ~ N««
—

p ~ AKO

«N ~ N««

540
200
550
97
90 to 150

167
160+ 6
95

120
174
75

DOCUMENT ID

(%5 1710)OUR ESTIMATE

MANLEY 92 IPWA «N -+ «N & N««
CUTKOSKY 80 IPWA «N -+ «N
HOEHLER 79 IPWA «N -+ «N

not use the following data for averages, fits, limits, etc. ~ ~ ~

CUTKOSKY 90 IPWA «N -+ «N
CRAWFORD 80 DPWA yN -+ «N
SAXON 80 DPWA «p ~ AK
BAKER 79 DPWA «p ~

nrem

BAKER 78 DPWA «p ~ AK
BARBOUR 78 DPWA yN -+ «N

1 BAKER 77 IPWA «p /IIKO

BAKER 77 DPWA «p ~ AK
LONGACRE 77 IPWA «N —+ N ««
KNASEL 75 DPWA «p /IIKO

3 LONGACRE 75 IPWA «N ~ N««

HOE HLER
HOE HLER
MANLEY

Also
ARNDT
TANABE

Also
ARNDT
BELL
CRAWFORD
PDG
AWA JI

Also
FU JII
ARAI

Also
CRAWFORD
CUTKOSKY

Also
LIVANOS
SAXON
HOE HLER

Also
BAKER
BARBOUR
LONGACRE
BAKER
LONGACRE

Also
FELLER
DEANS
LONGACRE
DEVE NISH

94 «N Newsletter 10 (to
93 «N Newsletter 9 1

92 PR D45 4002
84 PR D30 904
91 PR D43 2131
89 PR C39 741
89 NC 102A 193
85 PR D32 1085
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 NP 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 NP 8141 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

(KARL)
(KARL)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(MANZ)
(MANZ)

(VPI)
(RL) IJP

(GLAS)
(HELS, CIT, CERN)

(N AGO)
(NAGO)

(NAGO, OSAK)
(INUS)
(IN US)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(SACL) IJP
(RHEL, BRIS) IJP

(KARLT) IJP
(KARLT) IJP

(RL, CAVE) IJP
(GLAS)

(LBL, SLAC)
(RHEL) IJP
(SACL) IJP
(SACL) IJP

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

(LBL. SLAC) IJP
(DESY, NORD, LOUC)

be pub. )

+Saleski
Manley, Amdt, Goradia, Teplitz

+Li, Roper, Workman, Ford
+Kohno, Bennhold

Kohno, Tanabe, Bennhold
+Ford, Roper
+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, Smadja+
+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 111870 (1982).

N(1710) POLE POSITION

REAL PART
VALUE (MeV)

1690
1636
1698
1690620
~ ~ ~ We do not use

DOCUMENT ID TECN

4 HOEHLER 93 SPED
ARNDT 91 DPWA
CUTKOSKY 90 IPWA
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

LONGACRE 78 IPWA
LONGACRE 77 IPWA

1708 or 1712
1720 or 1711

COMMENT

«N~ «N
«N ~ «N Soln SM90
«N» «N
«N~ «N
etc. ~ ~ ~

«N -+ N««
«N ~ N««

PART-2x IMAGINARY
VALUE (Mev)

200
544

80+20
~ ~ ~ We do not use

DOCUMENT ID TECN

4 HOEHLER 93 SPED
ARNDT 91 DPWA
CUTKOSKY 90 IPWA
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

LONGACRE 78 IPWA
LONGACRE 77 IPWA

17 or 22
123 or 115

COMMENT

«N» «N
«N ~ «N Soln SM90
«N~ «N
«N —+ «N
etc. ~ ~ ~

«N ~ N««
«N ~ N««

MDDULUs lrl
VALUE (MeV)

15
149

9
8+2

N{1710)ELASTIC POLE RESIDUE

DOCUMEN T ID TECN COMMENT

HOEHLER 93 SPED «N ~ «N
ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 90 IPWA «N ~ «N
CUTKOSKY 80 IPWA «N ~ «N

PHASE 8
VALUE( )

149
—167

175+35

DOCUMEN T ID TECN COMMENT

ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 90 IPWA «N ~ «N
CUTKOSKY 80 IPWA «N ~ «N



Baryon Full Listings

N(1710)

ll

I3
f4
l5
r6
r?
i&
l9r„
~11

Mode

N7r

Nq
AK
ZK
Nvr 7r

6{1232)~, P wave-

Np
Alp, S=l/2, P wave-
N p, S=3/2, P wave-

(~~)s=-'-.
pp, helicity=1/2
n phelici, ty=1/2

Fraction (I I/f )

10—20 %

5 25 0gn

40-90 %
15&0 %

5-25 /o

10-40 0/0

N(1710) BRANCHING RATIOS

r(Nu)/rww,
VALUE

0.10 to 0.20 OUR ESTIMATE
0.09+0.04
0.20+0.04
0.12+0.04

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7r N —+ 7r N 8c N7r7r

CUTKOSKY 80 IPWA x N —+ 7r N

HOEHLER 79 IPWA 7r N ~ x N

N(1710) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

N{1710)PHOTON DECAY AMPLITUDES

TECN COMM EN T

pN ~
pN
pN ~
pN
qN ~
pN~
etc, o ~

rr IV

7r N

7r N

~N (fit 1)
~N (fit 2)
7r N

0

N(1710) ~ n7, hellcity-1/2 amplitude A,/a
VAL UE (Gev DOCUMENT ID

+0.016+0.029 OUR ESTIMATE
0.052 +0.003 LI 93 IPWA

0.00040.018 AWA J I 81 DPWA
—0.001k 0.003 FU JII 81 DPWA

0.005 +0.013 ARAI &0 DPWA

0.011+0.021 ARAI 80 DPWA
—0.017+0,020 CRAWFORD 80 DPWA

~ ~ We do not use the following data for averages, fits, limits,

—0.028 k 0.045 BARBOUR 78 DPWA

TECN COM MEN T

7r N

7r N

7r N

~N (fit 1)
7r N (fit 2}
7r IV

pN~
yN~
yN ~
pN —+

yN ~
pN ~
etc. o o

N(1710} yp -+ AK+ AMPLITUDES

N(1710) ~ pp, helicity-1/2 amplitude At/a
VAL UE (GeV 1/2) DOCUMENT ID

-0.006+0.027 OUR ESTIMATE
—0.037+0,002 LI 93 IPWA

0.006 +0,018 CRAWFORD 83 IPWA

Q, 028 +0.009 AWAJI 81 DPWA
—0.009+0.006 ARAI 80 DPWA
—0.012+0.005 ARAI 80 DPWA

0.015+0.025 CRAWFORD 80 DPWA

e o o We do not use the following data for averages, fits, limits,

+ 0.001+0.039 BARBOUR 78 DPWA

+ 0.053+0,019 FELLER 76 DPWA

(rlrr)&/re, ln Nu N(1710) Ne
VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.22 BAKER 79 DPWA

+0.383 FELTESSE 75 DPWA

COMMENT

etc. ~ ~ ~

(r, r,)&/r

P ~ nrI
Soln A; see BAKER 79

{Iil f) /I terai In pp ~ N{1710) -+ AK+ {Mt amplitude}
VALUE(units 10 3) 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 &9 DPWA

(I II r}~/rtetai in Nu +N(17-10) -+ AK
VALUE DOCUMENT ID

+0.12 to +0.18 OUR ESTIMATE

+0.16 BELL 83 DPWA

+0.14 SAXON 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

—0.12 BAKER 78 DPWA
—0.05+0.03 1 BAKER 77 IPWA
—0.10 1 BAKER 77 DPWA

0.10 KNASEL 75 DPWA

(r r )~/r
TECN COMM EN T

~-p- nKQ
—

p /IKQ

etc. ~ ~ ~

See SAXON 80
p~ hKQ

7r p —+ AKQ
—

p AKQ

{IrI r)~/I tata( in Nx~ N(1710)~ ZK (rtra) lr
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

—0.034 LIVANOS 80 DPWA 7rp ~ ZK
0.075 to 0.203 7 DEANS 75 DPWA 7r N ~ ZK

Note: Signs of couplings from 7r N ~ N7r 7r 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 B(1232}7r.

{Isir)l /l(I irr)~/I tetai in Ne ~ N(1710)~ Lt(1232)s, R.wave
VAL UE DOCUMENT ID TECN COMMENT

+0.16 to +0.22 OUR ESTIMATE
—0.21+0.04 MANLEY 92 IPWA 7rN ~ 7rN & N7r7r
—0.17 2 LONGACRE, 77 IPWA 7r N ~ N7r7r

+0.20 l ONGACRE 75 IPWA 7r N ~ N7r7r

(r,r.)&/r

(r,r,.)&/r(I rl r)~/rsata~ In Nu ~ N(1710) -+ N p, S=s/2, R-wave
VALUE DOCUMENT ID TECN COMMENT

+0.31 2 LONGACRE 77 IPWA x IV ~ N7r7r

(r,r„)&/r(I II r) /I', inNu N(1710) N(err)~~
VAL UE DOCUMENT ID TECN COM MEN T

+0.14 to +0.22 OUR ESTIMATE
+0.04+ O.05 MANLEY 92 IPWA 7r N —+ 7r N &. N7r7r
—0.26 LONGACRE 77 IPWA 7r N ~ N7r 7r

—0.28 3 LONGACRE 75 IPWA 7r N ~ N7r7r

(rrrr) /a/rruwi In Ne~ N(1710) ~ N p S=ll2 R.wave
VALUE DOCUMENT ID TECN COMMENT

+0.09 to +0.19 OUR ESTIMATE
+0.05+0.06 MANLEY 92 IPWA 7r N + 7r N @ N7r7r

+O.19 LONGACRE 77 IPWA 7r N ~ N7r7r
—0.20 3 LONGACRE 75 IPWA 7r N ~ N7r R

(Mq amplitude}p7 ~ N(1710) ~ A K+ phase angle p
VAL UE (degrees) DOCUMENT ID TECN

215 +3 WORKMAN 90 DPWA

~ o e We dO nOt USe the fOIIOWing data fOr aVerageS, fltS, limitS, etC. ~ o o

176.3 TANABE 89 DPWA

N(1710) REFERENCES

For early references, see Physics Letters 1118?0(1982).

HOEHLER
HOE HLER
LI

MANLEY
Also

ARNDT
CUTKOSKY
WORKMAN
TANABE

Also
BELL
CRAWFORD
PDG
AWA JI

Also
FU Jll
ARAl

Also
CRAWFORD

94
93
93
92
84
91
90
90
89
89
83
83
82
81
82
81
80
82
80

~ N Newsletter 10 (to
vr 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 B194 251
Toronto Conf. 107

be pub. )

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Tepiitz
+Li, Roper, Workman, Ford

+Wang

+Kohno, Bennhold
Kohno, Tanabe, Bennhoid

yB{issett, Broome, Daley, Hart, Lintern+
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+
+Hayashii lwata Kajikawa+

Arai, Fujii

(KARL)
(KARL)

(VPI)
(KENT) I JP

(YPI)
(VPl, TELE) l JP

(CMU)
(YPl)

(MANZ)
(MANZ)

(RL) lJP
(GLAS)

(HELS, ClT, CERN)
(NAGO)
(NAGO)

(NAGO, OSAK)
(lNUS)
(INUS)
(GLAS)

N(1710) FOOTNOTES
1The 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 xN ~ 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 ampiitudes.

3 From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
am plitudes.

4See HOEHLER 93 and HOEHI ER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 4 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,

5 LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second} value uses, ln addition to 7r N ~ IV7r~ 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.

?The range given for DEANS 75 is from the four best solutions.



See key on page 1343
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Baryon FUI I Listings

N(1710), N(1720)

CUTKOSKY
Also

LIVANOS
SAXON
BAKER
HOEHLER

Also
BAKER
BARBOUR
LONGACRE
BAKER
LONGACRE

Also
FELLER
DEANS
FELTESSE
KNASEL
LONGACRE

80 Toronto Conf. 19
79 PR D20 2839
80 Toronto Conf. 35
80 NP B162 522
79 NP B156 93
79 PDAT 12-1
80 Toronto Conf. 3
78 NP 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 NP B93 242
75 PR D11 1
75 PL 55B 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+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Mitchell, Montgomery+
+Ayed, Bareyre, Borgeaud, David+
+Lindquist, Nelson+ (CHIC,
+Rosenfeld, Lasinski, Smadja+

(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) UP
(SFLA, ALAH) IJP

(SACL) IJP
WUSL, OSU, ANL) IJP

(LBL. SLAC) IJP

MoDuLus lrl
VALUE (MeV)

15
11
8+2

PHASE 8
VALUE( )

—130
—160+30

N(1720) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 SPED «N ~ «N
ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N -+ «N

DOCUMENT ID TECN COMMENT

ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N ~ «N

N(1720) P13 l{l ) = 2(2+) Statvs:

N{1720) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

N{1720) MASS

VAL UE (MeV)

1650 to 1750
1717+31
1700+50
1710+20
~ ~ ~ We do

1720
1785
1690
1710 to 1790
1809
1640+10
1710
1750
1850
1720

TECN COMMENTDOCUMENT ID

(m 1720) OUR ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

not use the following data for averages, fits, limits,

LI 93 IPWA
CRAWFORD 80 DPWA

SAXON 80 DPWA

BAK ER 78 DPWA
BARBOUR 78 DPWA

1 BAKER 77 IPWA
1 BAKER 77 DPWA

LONGACRE 77 IPWA

KNASEL 75 DPWA
LONGACRE 75 IPWA

«N~ «N & N««
«N~ «N
«N -+ «N
etc. ~ ~ ~

pN~ «N
pN -+ «N

p a AK0

p~ AK0

pN -+ «N
p~ AK0

«- p AK0
«N a N««

p~ AK0
«N -+ hl««

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).

I1
f2
f3
l4
r5
I6
I7
r8

I 10
r11

I 14

I 16

Mode

N~
Nrl
AK
ZK
Nxx

6{1232)n, P wave-
Np

Np, S=l/2, P wave-
N p, S=3/2, P wave-

N {«),'=' „,
P "/

pp, helicity=l/2
pp, helicity=3/2

np
np, helicity=1/2
np, helicity=3/2

Fraction (I l/I )

10-20 0/

1 150/

)70%

70-85 %

0.01M.06 %

N(1720} BRANCHIMG RATIOS

N(1720) WIDTH

TECN COMMEN T

«N -+ «N & N««
«N -+ «N
«N -a «N
etc. ~ ~ ~

pN -+ «N
pN -+ «N

p ~ AK0

P ~ n7I

p~ AK0

pN -+ «N
p~ AK0

—p~ AKO

«N -+ hl««
p AKO

«N ~ N««

REAL PART
VALUE(MeV)

1686
1675
1680+30
~ ~ ~ We do not

1705
1716 or 1716
1745 or 1748

N(1720) POLE POSITION

DOCUMENT ID TECN

4 HOEHLER 93 SPED
ARNOT 91 DPWA
CUTKOSKY 80 IPWA

use the following data for averages, fits, limits,

ARNDT 85 OPWA
5 LONGACRE 78 IPWA
2 LONGACRE 77 IPWA

COMMENT

«N~ «N
«N ~ «N Soln SM90
«N -+ «N
etc. ~ ~ ~

See ARNDT 91
«N ~ hl««
«N —+ hl««

PART—2xllNAGIMARY
VAL UE (Mev)

187
114
120+40
~ ~ ~ We do not use

DOCUMENT ID TECN

4 HOEHLER 93 SPED
ARNDT 91 DPWA
CUTKOSK Y 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
5 LONGACRE 78 IPWA
2 LONGACRE 77 IPWA

COMMENT

«N -+ «N
«N ~ «N Soln SM90
«N -+ «N
etc. ~ ~ ~

80
124 or 126
135 or 123

See ARNDT 91
«N ~ N««
«N -+ N««

VALUE (Mev) DOCUMENT ID

100 to 200 (m 160) OUR ESTIMATE
380+ 180 MANLEY 92 IPWA
125+ 70 CUTKOSKY 80 IPWA
190+ 30 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

200 LI 93 IPWA
308 CRAWFORD 80 DPWA
120 SAXON 80 DPWA
447 BAKER 79 DPWA
300 to 400 BAK ER 78 DPWA
285 BARBOUR 78 DPWA
200+ 50 1 BAKER 77 IPWA

500 1 BAKER 77 DPWA
130 LONGACRE 77 IPWA

327 KNASEL 75 DPWA
150 3 LONGACRE 75 IPWA

r(Nn)/r~,
VALUE

0.10 Io 0.20 OUR ESTIMATE
0.13k 0.05
0.10+0.04
0.14+0.03

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA «N -+ «N & N««
CUTKOSKY 80 IPWA «N -+ «N
HOEHLER 79 IPWA «N ~ «N

(I ilr) /Itetalln Ne ~ N(1720}-+ Nri (I 1I a)~/I
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.08 BAKER 79 DPWA «p ~ n7)

(I II r)~/I tetal In Ne ~ N(1720) ~ A K
VALUE DOCUMENT ID
-0.14 to -0.06 OUR ESTIMATE
—0.09 BELL 83 DPWA
—0.11 SAXON 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.09 6 BAKER 78 DPWA
—0.06+0.02 1 BAKER 77 IPWA
-0.09 1 BAKER 77 DPWA

(r,r,)&/r
TECN COMMENT

p AK0

p a AK0
etc. ~ ~ ~

See SAXON 80
p~ AK0

p -+ AK0

(I tl r)I /rtotiln Nae ~ N(1720) ~ ZK (r, r,}II/r
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.051 to 0.087 "DEANS 75 DPWA «N ~ ZK

Note: Signs of couplings from «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 LL(1620) 531
coupling to iL(1232)«.

(I al y)~/I(rlrr)~/ran i In N N(1720) Q(1232), iamve
VALUE DOCUMENT ID TECN COMMENT

+0.27 to +0.$7 OUR ESTIMATE
l ONGACRE 77 IPWA «N —+ N ««—0.17

(I tl e}~/I{Igl r)~/I aata(lnNe -+ N{1720)~ NP, M1/2, PLewtvn
VALUE DOCUMENT ID TECN COMMENT

+0.34+0.05 MANLEY 92 IPWA «N a «N & N««
—0.26 LONGACRE 77 IPWA «N —+ N ««
+0.40 LONGACRE 75 IPWA «N e N««



1702

Baryon Full Listings

N(1720), N(1900)

VALUE

+0.15

DOCUMENT ID TECN COMMENT

2 LONGACRE 77 IPWA 7r N —+ N7r 7r

(I rf'r) /I tater ln Ne ~ N(1720) -+ N(nn)~™ew (r,r„}&/r
VALVE

—0.19
DOCUMENT ID TECN COMMENT

2 LONGACRE 77 IPWA 7r N ~ N7r7r

N(1720) PHOTON DECAY AMPLITUDES

N(1720) ~ pp, hellelty-1/2 amplitude At/a
VALUE(GeV / ) DOCUMENT ID

+0.02T+0.024 OUR ESTIMATE
0.012+0.003 LI 93 IPWA

0.044+ 0.066 C RAWFOR D 83 IPWA
—0.004 60.007 AWA J I 81 D PWA

0.051+0.009 ARAI 80 DPWA

0.071+0.010 ARAI 80 DPWA

0.038+0.050 CRAWFORD 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

+0.111+0.047 BARBOUR 78 DPWA

TECN COMMEN T

pN~ 7rN

pN ~ 7rN

pN -+ 7rN

pN~ 7rN(fit1)
pN ~ 7r N (fit 2)
yN ~ 7rN

etC. ~ ~ e

N(1720) ~ p7, hellclty-3/2 amplitude As/a

VALUE (Gev-1/2) DOCUMENT ID

-0.025+08)10 OUR ESTIMATE
—0.022 40.003 LI 93 IPWA
—0.024 +0.006 C RAWFOR D 83 IPWA
—0.040+ 0.016 AWA J I 81 D PWA
—0.058 +0.010 ARAI 80 DPWA
—0.011+0.011 ARAI 80 DPWA
—0.01440.040 CRAWFORD 80 DPWA

~ ~ ~ We do not use the following data for averages, Ats, limits,

—0.063+0.032 BARBOUR 78 DPWA

TECN COMMENT

pN ~ 7rN

pN~ 7rN

yN ~ 7rN

yN —+ 7rN (At 1)
p N ~ 7r N (fit 2)
7N ~ 7rN

etc. ~ ~ ~

N(1720) ~ np, hellcity-1/2 amplitude A~/a

VALVE (GeV-1/2) DOCUMENT ID

+0.01+OARS OUR ESTIMATE
0.050+0.004 LI 93 IPWA

0.002 +0.005 AWA J I 81 D PWA
—0.019+0.033 ARAI 80 DPWA

0.001 +0.038 A RA I 80 DPWA
—0.003+0.034 CRAWFORD 80 DPWA

~ i ~ We do not use the following data for averages, fits, limits,

+0.007 +0.020 BARBOUR 78 DPWA

TECN COMMEN T

pN —+ 7rN

pN~ 7rN

y N 7r N (fit 1)
yN ~ 7rN (fit 2)
pN + 7rN

etc. o ~ ~

N(1720) ~ n7, hellelty-3/2 amplitude Aa/q

VALUE(GeV / ) DOCUMENT ID

-0.088+0.050 OUR ESTIMATE
—0.017+0.004 Li 93 IPWA
—0.01560.019 AWA JI 81 DPWA
—0,139+0.039 ARAI 80 DPWA
—0.134+0.044 ARAI 80 DPWA

0.01860.028 CRAWFORD 80 DPWA

o ~ ~ We do not use the following data for averages, fits, limits,

+0.05160.051 BARBOUR 78 DPWA

TECN COM MEN T

pN ~ 7rN

pN -+ 7rN

qN ~N {fit 1)
pN —+ 7r N (fit 2)
pN ~ 7rN

etc. ~ ~ ~

N{1720) 7p ~ AK+ AMPLITUDES

(I lrf) /r tstsl ln Nn IV(1720) Np 9=3/2 R'wave (I lrle) /r

N(1720} REFERENCES

For early references, see Physics Letters 111870 (1982).

HOEHLER
HOEHLER
LI

MANLEY
Also

ARNDT
WORKMAN
TANABE

Also
ARNDT
BELL
CRAWFORD
PDG
AWA JI

Also
ARAI

Also
CRAWFORD
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also
BAKER
BARBOUR
LONGACRE
BAKER
LONGACRE

Also
WINNIK
DEANS
KNASEL
LONGACRE

94
93
93
92
84
91
90
89
89
85
83
83
82
81
82
80
82
80
80
79
80
79
79
80
78
78
78
77
77
76
77
75
75
75

rr N Newsletter 10 (to
rr 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
PR D32 1085
NP 8222 389
NP 8211 1
PL 1118
Bonn Conf. 352
NP 8197 365
Toronto Conf. 93
NP 8194 251
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
NP 8162 522
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 8128 66
NP 896 90
PR D11 1
PL 558 415

(KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(VPI)
(MANZ}
(MANZ)

(VPI)
tern~ (RL) IJP

(GLA5)
(HEL5, CIT, CERN)

(N AGO)
(NAGO)

(INUS)
(INUS)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(RHEL, BRIS) IJP
(RHEL) IJP

(KARLT) IJP
(KARLT) IJP

(RL, CAVE) IJP
(GLAS)

(LBL, SL.AC)
(RHEL) IJP
(SAC L) I JP
(SACL) IJP
(HA IF) I

(SFLA, ALAH) IJP
WUSL, OSU, ANL) IJP

(LBL, SLAC) IJP

be pub. )

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford

+Kohno, Bennhold
Kohno, Tanabe, Bennhold

+Ford, Roper
+Blissett, Broome, Daley, Hart, Lin

+Morton
Roos, Porter, Aguilar-Benitez+

+Kajikawa
Fujii, Hayashii, Iwata, Kajikawa+

Arai, Fujii

+Forsyth, Babcock, Keily, 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, Srnadja+
+Blissett, Bloodworth, Broome, Hart+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Toaff, Revel, Goldberg, Berny
+Mitchell, Montgomery+
+Lindquist, Nelson+ (CHIC,
+ Rosenfeld, Lasinski, Smadja+

N(1900) P13 I(2 ) = ~(&+) status:

OMITTED FROM SUMMARY TABLE

N(1900) MASS

VAL UE (Mev)
a 1%0OUR ESTIMATE

1879+1?

DOCUMENT ID

MANLEY

TECN COMMENT

92 IPWA 7r N -+ 7r N 8c N7r7r

N(1900) WIDTH

N(1720} FOOTNOTES
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
Arst (second) value uses, in addition to 7rN ~ Nyr7r data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
Ats with Brett-Wigner circles to the T-matrix amplitudes.

3 From method II of LONGACRE 75: eyeball fits with Brelt-Wigner circles to the T-matrix
am plitudes.

4See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 8 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.

5 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.

6The overall phase of BAKER 78 coputings 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.

(frl r}~ /I tetal In PT ~ N(1720) ~ AK+ (Eq+ amplitude)

VAL UE (MeV)

498+?8
DOCUMEN T ID TECN COMMENT

MANLEY 92 IPWA 7r N ~ 7r N Litt N7r7r

VALUE (units 10 3) DOCUMENT ID TECN

10.2 +0.2 WORKMAN 90 DPWA

~ o ~ We do not use the following data for averages, fits, limits, etc, ~ ~ o

9.52 TANABE 89 DPWA
Mode

N(1900) DECAY MODES

pp ~ N(1720) ~ A K+ phase angle 9 (Eq+ amplitude}

(r,r,p/r, In p7 N(1720) AK+ {&,~ amplitude}
VALUE (units 10 ) DOCUMENT ID TECN

-45 +0.2 WORK MAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

3.18 TANABE 89 DPWA

VALUE (degrees) DOCUMENT ID TECN

—124 +2 WORKMAN 90 DPWA

~ o o We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—103.4 TANABE 89 DPWA

I 1 N7r

I, N~vr
I 3 NP, S = 1//2, P-WaVe

C(Nn)/fnnar
VALUE

0.26+0.06

N(1900) BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7r N ~ 7r N 8c N7r7r

(r, r,)&/r(I rl r)~/I aster in Ns N{1900) N p, s= 1/2, ra wave
VALUE DOCUMENT ID TECN COMMENT

—0.34+0.03 MANLEY 92 IPWA 7rN ~ 7r N 5 Nyr7r

MANLEY
Also

92 PR D45 4002
84 PR 030 904

N(1900) REFERENCES

+Saieski
Manley, Amdt, Goradia, Teplitz

(KENT)
(VPi)
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Baryon Full Listings

N(1990)

N(1990) F, l{J } = &{&+) Status:

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.

N(1990) MASS

(r,r,)&/r

(I (r,) /reste/ In Nu N(1990) Num (r,r,)h/r
VALUE

not seen

DOCUMENT ID TECN COMMENT

LONGACRE 75 IPWA yr N ~ N7ryr

N(1990) PHOTON DECAY AMPLITUDES

(Illr)~/rteteilnNu~ N(1990)~ ZK
VALUE DOCUMEN T ID TECN COMMENT

0.010 to 0.023 DEANS 75 DPWA yrN —+ ZK
0.06 LANGBEIN 73 IPWA yr N —+ ZK (sol. 1)

VAL UE (MeV)

1900 OUR ESTIMATE
2086+ 28
2018
1970+ 50
2005 +150
1999

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA AN ~ yrN Ec Nyryr

CRAWFORD 80 DPWA pN -+ yrN

CUTKOSKY 80 IPWA yr N ~ yr N

HOEHLER 79 IPWA yr N -+ yr N

BARBOUR 78 DPWA pN —+ yr N

N(1990) ~ pp, hellclty-1/2 amplitude At/a
VAL UE (Gev 1/2) DOCUMENT ID TECN

0.030k 0.029 AWA J I 81 DPWA
0.001+0.040 CRAWFORD 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.040 BARBOUR 78 DPWA

COMMENT

pN ~ AN

yN ~ AN
etc. ~ ~ ~

pN ~ yrN

N(1990) WIDTH

VAL UE (MeV)

535+ 120
295
350+120
350+ 100
216

DOCUMENT ID

MANLEY
CRAWFORD
CUTKOSKY
HOEHLER
BARBOUR

TECN COMMENT

92 IPWA AN ~ yrN Ec Nyryr

80 DPWA pN —+ xN
80 IPWA yrN ~ yrN

79 IPWA AN ~ AN
78 DPWA yN —+ AN

REAL PART

N(1990) POLE POSITION

COMMENT

AN ~ AN
etc. ~ ~ ~

AN ~ 7rN Soln SM90

-2x IMAGINARY PART
VAL UE (Mev)

260 +60
~ ~ ~ We do not use the following

not seen

DOCUMENT ID TECN

CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

COMMENT

AN ~ AN
etc, ~ ~ ~

yr N ~ yr N Soln SM90

VAL UE (MeV) DOCUMENT ID TECN

1900+30 CUTKOSKY 80 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

not seen ARNDT 91 DPWA

N(1990) ~ py, hellclty-3/2 amplitude Aa/a
VALUE (GeV-»2) DOCUMEN T ID TECN

0.086+0.060 AWAJI 81 DPWA
0.004 +0.025 C RAWFOR D 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

+0.004 BARBOUR 78 DPWA

N{1990) n7, hellclty-1/2 amplitude At/a
VALUE(GeV 1/2) DOCUMENT ID TECN

—0.001 AWAJI 81 DPWA
—0.078 +0.030 CRAWFORD 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.069 BARBOUR 78 DPWA

N(1990) ~ n7, hellcity-3/2 amplitude Aa/a
VALUE (GeV-1/2) DOCUMENT ID TECN

—0.178 AWAJ I 81 DPWA
—0.11660.045 CRAWFORD 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.072 BARBOUR 78 DPWA

COMMENT

pN e AN

pN ~ AN
etc. ~ ~ ~

pN -+ yrN

COMMENT

pN ~ yrN

pN ~ AN
etc. ~ ~ ~

pN ~ yrN

COMMENT

pN -+ yrN

pN -+ yrN

etc. ~ ~ o

pN ~ AN

MODULUS lr~
VAL UE (MeV)

9+3

N(1990) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMEN T

CUTKOSKY 80 IPWA yrN ~ AN

N(1990) FOOTNOTES
1 The range given for DEANS 75 ls from the four best solutions.

N(1990) REFERENCES

For early references, see Physics Letters 111B70 (1982).
PHASE I
VALUE( )
—60+30

r,
l2

l4
I5
le
I7
r8
I9

Mode

N7r

Nq
AK
ZK
Nvr 7r

pp, helicity=l/2
pp, helicity=3/2
ny, helicity=1/2
np, helicity=3/2

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA yr N ~ yr N

N{1990)DECAY MODES

MANLEY
Also

ARNDT
BELL
PDG
AWA JI

Also
CRAWFORD
CUTKOSKY

Also
SAXON
BAKER
HOE HLER

Also
BARBOUR
DEANS
LONGACRE
DEVENISH
LANGBEIN

92 PR D45 4002
84 PR D30 904
91 PR 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 PR D20 2839
80 NP 8162 522
79 NP 8156 93
79 PDAT 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

+Saleski (KENT) IJP
Manley, Amdt, Goradia, Teplitz (VPI)

+Li, Roper, Workman, Ford (VPI, TELE) IJP
+Blissett, Broome, Daley, Hart, Lintern+ (RL) IJP

Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
+Kajikawa (NAGO)

Fujii, Hayashii, Iwata, Kajikawa+ (N AGO)
(GLAS)

+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 (KARLT) IJP
+Crawford, Parsons (GLAS)
+Mitchell, Montgomery+ (SFLA, ALAH) IJP
+Rosenfeld, Lasinski, Smadja+ (LBL, SLAC) IJP
+Froggatt, Martin (DESY, NORD, LOUC)
+Wagner (MUNI) IJP

I (Nu}/rtetel
VALUE

0.06+0.02
0.06 +0.02
0.04 +0.02

N{1990)BRANCHII$G RATIOS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA AN ~ AN Ec Nyryr

CUTKOSKY 80 IPWA yr N ~ yr N
HOEHLER 79 IPWA n N ~ yr N

{III r) /I une/ In Nu ~ N(1990) ~ Nel (I sI a)~/I
VALUE

—0.043
DOCUMENT ID TECN COMMENT

BAKER 79 DPWA 2r p ~ nyI

(I II r) /I une( In Nu N(1990) AK
VALUE DOCUMENT ID

+0.01 BELL
not seen SAXON

—0.021+0.033 DEVENISH

(I tl a)~/I
TECN COMMEN T

83 DPWA 2r p ~ /IK0
80 DPWA 2r p ~ AK0
748 Fixed-t dispersion rel.
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N(2000), N(2080)

N(2000) F, l(J ) = &(&+) Status: N(2000) FOOTNOTES
1Not seen in solution 1 of LANGBEIN 73.

Value given is from solution 1 of DEANS?5; not present in solutions 2, 3, or 4.
OMITTED FROM SUMMARY TABLE

Older results have been retained simply because there is little infor-

mation at ail about this possible state.
N(2000) REFERENCES

VAL UE (MeV)

a =:aOUR STINTE
1903+87
1882+10
2025
1970
2175
1930

N(2000) MASS

DOCUMENT ID TECN COMMENT

MANLEY
HOEHLER
AYED

1 LANGBEIN
ALMEHED
DEANS

92 IPWA xN ~ n N 8c N7rn.

79 IPWA xN ~ TrN

76 IPWA 2rN ~ 2r N

?3 IPWA ~N ~ ZK (sol. 2)
72 IPWA 7r hl —+ x N

72 MPWA yp ~ nK (sol. D)

MANLEY
Also

SAXON
BAKER
HOEHLER

Also

AYED
DEANS
LANG BEIN
ALMEHED
DEANS

92
84
80
79
79
80
76
75
73
72
72

PR D45 4002
PR D30 904
NP B162 522
NP B156 93
PDAT 12-1
Toronto Conf. 3
CEA-N-1921 Thesis
NP B96 90
NP B53 251
NP B40 157
PR D6 1906

N(2080) D13

(KENT) IJP
(VPI)

(RHEL, BRIS) IJP
(RHEL) IJP

(KARLT) IJP
(KARLT) IJP

(SACL) IJP
(SFLA, ALAH) IJP

(MUNI) IJP
(LIJND, RUTG IJP

(SFLA) IJP

l(JP) = &(& ) Status:

+Saleski
Manley, Amdt, Goradia, Teplitz

+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch

+Mitchell, Montgomery+
+Wagner
+Lovelace
+Jacobs, Lyons, Montgomery

VAL UE (MeV)

490+310
95+ 20

157
170
150
112

N(2000) WIDTH

DOCUMENT ID

MANI EY 92
HOEHLER 79
AYED 76

1 LANGBEIN 73
ALMEHED ?2
DEANS 72

TECN COMMENT

IPWA n N ~ xN 8c N+7r
IPWA 7rN —+ xN
IPWA TrN ~ xN
IPWA n N + ZK (sol. 2)
IPWA n N -~ xN
MPWA y p ~ nK (sol. D)

OMITTED FROM SUMMARY TABLE
There is some evidence for two resonances in this wave between
1800 and 2200 Mev (see CUTKOSKY 80). However, the solution
of HOEHLER 79 is quite different.

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(2000) DECAY MODES

Mode

I1 N7r

I 2 NTl
I 3 AK
r4 zK
r5 N«
I a D(1232}e, P wave-
I 7 N p, S=3/2, P wave-
I a Alp, S=3/2, Fwave-
r9 pw

VAL UE (MeV)

Rts 2060 OUR ESTIMATE
1804+ 55
1920
1880+100
2060+ 80
1900
2081 + 20

o ~ ~ We do not use the

1880

N(2080) MASS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA

BELL 83 DPWA
1 CUTKOSKY 80 IPWA
1 CUTKOSKY 80 IPWA

SAXON 80 DPWA
HOE HLER 79 IPWA

following data for averages, fits, limits,

BAKER ?9 DPWA

N(2080} WIDTH

TrN ~ AN k N~2r
—

p nKO
n'N ~ n'N

nN —+ nN
p~ nKO

RN~ nN
etC. ~ ~ ~

p ~ nrI

I (Nn)/I tsar
VAL UE

0.08k 0.05
0.04+0.02
0.08
0.25

N(2000) BRANCHING RATIOS

(I ll r)~/I tatal In Ne~ N{2000)~ Nrl {Itl a)~/I

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 2r N -+ AN Ec NTrx

HOEHLER 79 IPWA x N ~ Tr N

AYED 76 IPWA xN —+ R N

ALMEHED 72 IPWA n N —+ x N

VAL UE (MeV)

450+185
320
180+ 60
300+ 100
240
265+ 40
~ ~ ~ We do not use the following

DOCUMENT ID TECN

MANLEY 92 IPWA

BELL 83 DPWA

CUTKOSKY 80 IPWA
1 CUTKOSKY 80 IPWA

SAXON 80 DPWA

HOEHLER 79 IPWA

data for averages, fits, limits,

BAKER 79 DPWA

COMMENT

TrN ~ TrN Sc N+2r

p~ nKQ

7rN ~ xN (lower m)
2rlV ~ xN (higher m)

—p- nK0
2rhl ~ +N
etC. 0 o ~

VALUE

+0.03
DOCUMENT ID TECN COMMENT

BAKER 79 DPWA ~ p ~ nr}
N{2080) POLE POSITION

(I II r}~/I tetalinNn N(2000} hK (r, r,)&/r
VALUE

not seen

DOCUMENT ID TECN COMMENT

SAXON 80 DPWA n. p ~ nK

(r, r, )&jr(I II r)~/I tetal In Ne N(2000) Z K

DOCUMENT ID TECN

1 CUTKOSKY 80 IPWA
1 CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWAnot seen

REAL PART
VAL UE (Mev)

1880+100
2050+ 70
~ e o We do not use the following

COMMENT

2r hl ~ n N (lower m)
2rhl ~ ~N (higher m)

eiC. ~ ~ 0

n. N m N Soln SM90

VAL UE

0.022
0.05

DOCUMENT ID TECN COMMENT

DEANS 75 DPWA n N ~ ZK
1 LANGBEIN 73 IPWA xN ~ Z'K (sol. 2)

(r, r, )&/r
VALUE

+0.10+0.06
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA x N —+ 2r N 8c N7rvr

(I lrr)~/I weal In Nm ~ N(2000) ~ D(1232)v, P wave

-2x IMAGINARY PART
VAL UE (MeV)

160+80
200+80
~ ~ ~ We do not use the following

not seen

DOCUMENT ID TECN

1 CUTKOSKY 80 IPWA
1 CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

COMMENT

~hl ~ TrN (lower m)
~ N ~ ~ N (higher m)
etC. ~ ~ 0

m lV -~ ~N Soln SM90

VALUE

—0.22 +0.08
DOCUMEN T ID TECN COMM EN T

MANLEY 92 IPWA ~N ~ ~N Sc Nm~

{Ill r)~ /I tetai In Nn N{2000} Np, S=3/2, 6wave {I I a) /I
VAL UE

+0.11+0.06
DOCUMEN T ID TECN COMMEN T

MANLEY 92 IPWA aN ~ AN Ec Nrr~

(Ill r}~/I tata)In pp N{2000) hK {Iel a}~/I
VALUE

0.0022
DOCUMENT ID TECN COMMENT

DEANS 72 MPWA pp ~ nK (sol. D}

(I ll r)~ jl tetat In Na N(2000) Np, ~/2, P-WaVe (rtl r}l /I
MDDULus lrI
VAL UE (MeV)

10+ 5
30+20

PHASE 8
VALUE( )

100+ 80
0+100

N(2080) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

1 CUTKOSKY 80 IPWA 7r N —+ AN (lower m)
1 CUTKOSKY 80 IPWA 2r N ~ mN (higher m)

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ N rr N (IcRNer m}
1 CUTKOSKY 80 IPWA ~N ~N (higher m)
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N(2080), N(2090)

I1

I3
r4
I5
I6
I7
IS

~10
I 11

I 13
~14

N{2080}DECAY MODES

Mode

Nsr

Ng
AK
ZK
N7r 7r

4(1232)n, Swave-
4(1232)n, 0wave-
N p, S=3/2, S wave-

N{~a )'s=„,„,
pp, heiicity=l/2
Pp, helicity=3/2
np, heiicity=l/2
np, heiicity=3/2
P'Y

N(2080) BRANCHING RATIOS

N{2080} 7p ~ AK+ AMPLITUDES

(I II q)~/I satai In pp ~ N(2080) ~ A K+ (Es amplitude)
VALUE (units 10 DOCUMENT ID TECN

6.6 +0.3 WORKMAN 90 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

4.09 TANABE 89 DPWA

py ~ N(2080) ~ A K+ phase angle 8
VAL UE (degrees) DOCUMENT ID TECN

-41 +5 WORKMAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—35.9 TANABE 89 DPWA

(Q amplitude)

N(2080) ~ np, hellclty-3/2 amplitude As/z
VALUE(GeV 1/2) DOCUMEN T ID TECN COMMENT

—0.053+0.034 AWAJI Sl DPWA pN —+ AN
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.100+0.141 DEVENISH 74 DPWA pN ~ xN

r(Ne)/I tetai
VAL UE

0.23 +0.03
0.10+0.04
0.14+0.07
0.06k 0.02

DOCUMEN7 ID

MANLEY
1CUTKOSKY
1CUTKOSKY

HOEHLER

TECN COMMENT

92 IPWA xN —a xN & Nxx
80 IPWA AN ~ xN (lower m)
80 IPWA 2r N ~ yr N (higher m)
79 IPWA xN —+ R N

(I lrp) /I tetai In pp ~ N(2080) ~ AK+ (ada amplitude)
VALUE(units 10 3) DOCUMENT ID TECN

-6.7 +0.2 WORKMAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—4.09 TANABE 89 DPWA

(I II p) /I tetaiin Nn~ N{2080)~ Ne (Isla) /I N(2080) FOOTNOTES
VALUE

0.065

DOCUMEN7 ID TECN COMMENT

BAKER 79 DPWA m p ~ nyI

(I tl s)~/I(I I )~/I In N N(2080) AK

CUTKOSKY 80 finds a lower mass D13 resonance, as weli as one ln this region. Both
are listed here.
The range given for DEANS 75 is from the four best solutions. Disagrees with x+ p ~
Z+ K+ data of WINNIK 77 around 1920 MeV.

VAL UE

+0.04
+0.03

DOCUMENT ID TECN COMMENT

BELL 83 DPWA x p ~ AK0
SAXON 80 DPWA x p ~ AK

N{2080}REFERENCES

For early references, see Physics Letters 111B70 (1982).

{III p) /I tete~ In Nn ~ N(2080) ~ Z K (I tl e) /I
VALUE

0.014 to 0.037
DOCUMENT ID TECN COMMENT

DEANS 75 DPWA xN ~ ZK

(r, r,)&/r

(I ll p) /I tetai In Ns +N(208-0) ~ 4(1232}e~ D.wave (I tl y) /I
VALUE

+0.22 60.07
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA R N -+ AN & Nxg

(I II p) /I tetalln Nx~ N(2080) ~ Np, $=3/2, 5 wave (r,r,)&/r
VAL UE

—0.24 +0.06
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA xN ~ xN & Neer

(I II f) /I tetal in Ns' ~ N(2080) ~ 4(1282)e ~ S wave
VAL UE DOCUMENT ID TECN COMMENT

—0.0960.09 MANLEY 92 IPWA AN —+ xN & Nxx

MANLEY
Also

ARNDT
WORKMAN
TANABE

Also
BELL
PDG
AWAJI

Also
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also
WINNIK
DEANS
DEVENISH
HICKS

92
84
91
90
89
89
83
82
81
82
80
79
80
79
79
80
77
75
74
73

PR D45 4002
PR D30 904
PR D43 2131
PR C42 781
PR C39 741
NC 102A 193
NP B222 389
PL 111B
Bonn Conf. 352
NP B197 365
Toronto Conf. 19
PR D20 2839
NP B162 522
NP 8156 93
PDAT 12-1
Toronto Conf. 3
NP B128 66
NP 896 90
PL 52B 227
PR D7 2614

(KENT) IJP
(VPI)

(VPI, TELE IJP
(VPI)

+Kohno, Bennhold (MANZ)
Kohno, Tanabe, Bennhold (MAN Z)

+Blissett, Broome, Daley, Hart, Lintern+ (RL) IJP
Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN

+Kajikawa (NAGO
Fujii, Hayashii, Iwata, Kajikawa+ (NAGO)

+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 (KARLT) IJP
+Toaff, Revel, Goldberg, Berny (HAIF) I

+Mitchell, Montgomery+ (SFLA, A(.AH) IJP
+Lyth, Rankin (DESY, LANC, BONN) IJP
+Deans, Jacobs, Lyons+ (CMU, ORNL, SFLA IJP

(III p) /I setalin Nx~ N(2080) ~ N(mr)~~~~~ (r, rs)&/r N(2090) S11 l{l ) = &{2 } Status:

VALUE

+0.25 +0.06

(rll p) /I tetai ln pp ~ N(2080) ~ Nsl (I tale) /I

DOCUMEN T ID TECN COMMENT

MANLEY 92 IPWA xN —+ 7rN & Nmx 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.

VAL UE

0.0037
DOCUMENT ID TECN COMMENT

HICKS 73 MPWA pp ~ prl

VALUE(GeV 1/2) DOCUMENT ID TECN

—0.020+0.008 AWA J I 81 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.026 +0.052 D EVEN ISH 74 DPWA

COMMENT

pN ~ AN
etc. ~ ~ ~

pN~ xN

N(2080} PHOTON DECAY AMPLITUDES

N(2080) -+ pp, heliclty-1/2 amplitude A&/a

VAL UE (Mev)

sas i&% OUR ESTIMATE
192S+59
2180+80
1880+20

N(2080) MASS

DOCUMENT ID TECN COMMENT

N(2080) WIDTH

MANLEY 92 IPWA yrN ~ xN & Nyryr

CUTKOSKY 80 IPWA x N ~ x N
HOEHLER 79 IPWA x N ~ yr N

N(2080} ~ p7. helicity-3/2 amplitude Aa/a
VALUE (Gev- 1/2) DOCUMENT ID TECN

0.017+0.011 AWA JI 81 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.128+0.057 DEVENISH 74 DPWA

COMMENT

pN~ xN
etc. ~ ~ ~

pN ~ yrN

VAL UE (Mev)

414+157
350+100
95+ 30

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA yrN ~ mN & Nyryr

CUTKOSKY 80 IPWA yr N ~ +N
HOEHLER 79 IPWA m N ~ x N

N(2080) POLE POSITION

N{2080}~ n7, hellclty-1/2 amplitude At/a
VAL UE (GeV 1/2) DOCUMENT ID TECN

0.007 +0.013 AWA Jl Sl DPWA
o e o We do not use the following data for averages, fits, limits,

0.053+0.083 DEVENISH 74 DPWA

COMMENT

yN ~ yrN

etc. o e ~

pN -+ xN

REAL PART
VAL UE (Mev)

2150+70
1937 or 1949

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA yr N ~ yr N
1 LONcACRE 78 IPWA 2r N N~~
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N(2090), N(2100), N(2190)

-2x IMAGINARY PART
VALUE (Mev)

350+ 100
139 or 131

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~N ~ ~N
LONGACRE 78 IPWA x N /V7r ~

MODULUS iri
VA L UE (Mev)

14+7

N(2100) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA vr h/ -~ x N

MODULUS iri
VALUE (Mev)

40+20

N(2090) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA xN ~ ~N

PHASE 8
VALUE ( )

35+25
DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N ~ n N

N(2100) DECAY MODES
PHASE 8
VALUE ( )

0+90
DOCUMENT ID TECN COMMEN T

CUTKOSKY 80 IPWA m N ~ x N

N{2090) DECAY MODES

Mode

l1 N7r

l 2 N7r7r

Ll(1232) ~, P wave-

Mode

f1 N7r

hK
I-, Neer

I (Na)/I total

N(2090) BRANCHING RATIOS

I (Nn')/I tatal
VALUE

0.15+0.06
0.12 +0.03
0.10+0.04

N(2100) BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA xN ~ xN & Norm

CUTKOSKY 80 IPWA n N —i m N

HOEHLER 79 IPWA rr /V -~ m N

VALUE

0.10+0.10
0.18+0.08
0.09+0.05

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA xN ~ +N & Nx~
CUTKOSKY 80 IPWA x N ~ x N

HOEHLER 79 IPWA x N ~ x N

(rara) /r
DOCUMENT ID TECN COMMEhIT

MANLEY 92 IPWA xN — 7r N & Nnx
VAL UE

—0.19+0.08

(I II r} /I tata) In Nn N(2100) al(1232}n, R.wave

{I li r}~/I tatal in N%N('2I80) AK {I t I'a) /I
VALUE

not seen

DOCUMENT ID TECN COMMEN T

SAXON 80 DPWA 2r p ~ AK

N(2090) REFERENCES

N(2I80) FOOTNOTES

LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first

(SeCOnd) Value uSeS, in additiOn tO 7r N ~ N7r2r data, elaStiC amplitudeS frOm a SaClay

(C ER N) partial-wave analysis.

N(2100) REFERENCES

MANLEY
Also

ARNDT
CUTKOSKY

Also
HOEHLER

Also

92
84
91
80
79
79
80

PR D45 4002
PR D30 904
PR D43 2131
Toronto Conf. 19
PR D20 2839
PDAT 12-1
Toronto Conf. 3

+Saleski
Manley, Amdt, Goradia, Teplitz

+Li, Roper, Workman, Ford
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly
+Kaiser, Koch, Pietarinen

Koch

N(2190) G,7
l(J ) = &(& ) Status:

(KENT) iJP
(V PI)

(VPI, TELE) IJP
(CMU, LBL) IJP
(CMU, LBL)

(KARLT) I JP
(KARLT) I JP

MANLEY
Also

CUTKOSKY
Also

SAXON
HOEHLER

Also
LONGACRE

92
84
80
79
80
79
80
78

PR 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, Smadja+

(KENT) IJP
(V PI)

(CMU, LBL) IJP
(CMU, LBL)

(RHEL, BRIS) IJP
(KARLT) I JP
(KARLT) I JP

(LBL, SLAC)

N(2100) P11 l(JP) = &(&+) Status:

OMITTED FROM SUMMARY TABLE

VALUE (Mev)

2100 OUR ESTIMATE
1885+30
2125+75
2050+20

N(2100) MASS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA xN ~ mN & N7r7r

CUTKOSKY 80 IPWA vr N ~ n N

HOEHLER 79 IPWA xN ~ xN

N(2190} MASS

VAL UE (Mev) DOCUMENT ID

2100 te 2260 (sat 2190) OUR ESTIMATE

2127+ 9 MANLEY 92 IPWA

2200+70 CUTKOSKY 80 IPWA

2140+ 12 HOEHLER 79 IPWA

2140+40 HENDRY 78 MPWA

o o ~ We do not use the following data for averages, fits, limits,

2098 CRAWFORD 80 DPWA

2180 SAXON 80 DPWA

2140 BA K ER 79 DPWA

2117 BARBOUR 78 DPWA

TECN COMM EN T

AN -- AN & N7r~
xN ~
7rN ~ TrN

xN — 2r/V

etc. oe»
qN- mN

p —+ AK0

P —~ Ar/

pN -+ AN

N(2HO) 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).

N(2100} WIDTH

VALUE (Mev)

113+ 44
260+100
200 + 30

REAL PART

N(2100) POLE iaOSITION

DOCUMENT ID TECN

CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

VALUE (Mev)

2120+40
~ ~ ~ We do not use the following

not seen

COMMENT

AN —+ nN
etc. ~ ~ ~

m N ~ n. /V Soln SM90

—2x IMAGINARY PART
VALUE (Mev)

240 4 80
~ ~ ~ We do not use the following

COMMENTDOCUMENT ID TECN

CUTKOSKY 80 IPWA

data for averages, fits, limits,

ARNDT 91 DPWA

AN ~ nN
etc. ~ ~ ~

not seen ~N ~ n-N Soln SM90

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA n. N ~ xN & N7rrr

CUTKOSKY 80 IPWA 7r N ~ 7r N

HOEHLER 79 IPWA x N ~ x N

TECN COM MEhI TVAL UE (Mev)

35O to ISO (at ~) OUR

550+ 50
500+ 150
390+ 30
270+ 50
~ e ~ We do not use the

238
80

319
220

REAL PART
VALUE (Mev)

2042
2060
2100+50

N(2190) POLE POSITION

DOCUMEN T ID TECN COMMENT

1 HOEHLER 93 SPED x N —a x N

ARNOT 91 DPWA xN -~ 7r N Soln SM90
CUTKOSKY 80 IPWA n hl -~ 2r N

DOCUMENT ID

ESTIMATE
MANLEY 92 IPWA rrh/ — Tr N & Nxn-

CUTKOSKY 80 IPWA x/V -~ vr N

HOEHLER 79 IPWA x N ~ x N

HENDRY 78 MPWA x h/ —2r N

following data for averages, fits, limits, etc. ~ ~ a

CRAWFORD 80 DPWA ph/ -~ n N

SAXON 80 DPWA x p -+ AK0

BAKER 79 DPWA x p —. rt rI

BARBOUR 78 DPWA pN ~



See key on page1343
1707

Baryon Full Listings

N(2190)

-2x IMAGINARY PART
VAL UE (MeV)

482
464
400+160

DOCUMEN T ID TECN COMMENT

1HOEHLER 93 SPED AN ~ AN
ARNDT 91 DPWA AN ~ AN Soln SM90
CUTKOSKY 80 IPWA x N ~ x N

N{2190)~ n7, heliclty-1/2 amplitude At/a
VALUE(Gev 1/2) 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 -+ nN
pN —+ 7rN

MoDULUs iri
VALUE (MeV)

45
54
25+ 10

N(2190) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 SPED x N a 2r N

ARNDT 91 DPWA xN -+ xN Soln SM90
CUTKOSKY 80 IPWA yr N ~ yr N

N(2190) ~ n7, helicity-3/2 amplitude Aa/a
VALUE(GeV / ) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

—0.126 CRAWFORD 80 DPWA
+0.007 BARBOUR 78 DPWA

COMMENT

etc. ~ ~ ~

pN -+ AN

yN -+ +N

PHASE 8
VALUE( )
—44
—30+50

DOCUMEN T ID TECN COMMENT

ARNDT 91 DPWA xN ~ xN Soln SM90
CUTKOSKY 80 IPWA yr N —+ x N

N(2190) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

N(2190) pp ~ AK+ AMPLITUDES

(I Irr)~/I encl In pp ~ N{2190)~ AK+ {Ee amplitude)
VALUE (units 10 ) DOCUMENT ID TECN

2.S +1.0 WORKMAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.04 TANABE 89 DPWA

l3
l4
C5

I6
C,
l8
I9
C10
C11

Mode

N7r

NTI
AK
ZK
N7r~

Np
N p, S=3/2, Dwave-

pp, helicity=l/2
pp, helicity=3/2
nphelicity=, l/2
np, helicity=3/2

Fraction (I;/I )

10-20 4/o

(Ee amplitude)

(I II r) /I une~ In pp ~ N{2190)~ A K+ (Ma amplitude)
VALUE(units 10 3) DOCUMENT ID TECN

-7.0 +0.7 WORKMAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—5.78 TANABE 89 DPWA

N{2190}FOOTNOTES

py ~ N{2190)~ A K+ phaaa angle 9
VAL UE (deitrees) DOCUMENT ID TECN

+9 WORKMAN 90 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—27.5 TANABE 89 DPWA

I (Ne)/I uaai

N(2190) BRAhiCHIhite RATIOS

VALUE

0.1 to 0.2 OUR ESTIMATE
0.22 +0.01
0.12+0.06
0.1460.02
0.16+0.04

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA n. N —+ xN Cc Nyryr

CUTKOSKY 80 IPWA xN ~ yr N

HOEHLER 79 IPWA xN —+ AN
HENDRY 78 MPWA n N —+ AN

1See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and cf 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 x+ p ~
Z+ K+ data of WINNIK 77 around 1920 MeV.

N(2190) REFERENCES

For early references, see Physics Letters 111B70 (1982).

{III f} /rttIIn eNaeN(2190}-+ N4
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

(rtra) lr

+0.052 BAKER 79 DPWA ~ p ~ nrl

(I II r) /I tetel in Na N(2190) AK (I tra)~/I
VALUE

—0.02
—0.02

DOCUMENT ID TECN COMMENT

BELL 83 DPWA n p ~ AK0
SAXON 80 DPWA R p ~ AK

(I II r)h/I taml In Na N(2190) ZK (r,r,)&/r
VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.014 to 0.019 DEANS 75 DPWA xN —+ Z'K

HOE HLER
HOE HLER
MANLEY

Also
ARNDT
WORKMAN
TANABE

Also
BELL
PDG
CRAWFORD
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also
BARBOUR
HENDRY

Also
WINNIK
DEANS

94
93
92
84
91
90
89
89
83
82
80
80
79
80
79
79
80
78
78
81
77
75

n N Newsletter 10 (to
rrN 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 8162 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

(KARL)
(KARL)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(VPI
(MANZ)
(MANZ)

(RL) IJP
(HELS, CIT, CERN)

(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

be pub. )

+Saleski
Manley, Amdt, Goradia, Teplitz

+Li, Roper, Workman, Ford

+Kohno, Bennhold
Kohno, Tanabe, Bennhold

+Blissett, Broome, Daley, Hart, Lintern+
Roos, Porter, Aguilar-Benitez+

Hendry
+Toaff, Revel, Goldberg, Berny
+Mitchell, Montgomery+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons

{III r) /I man In Ne N{2190) N p, S=s/2, Demve (rtrr)~/r
VAL UE

—0.25 60.03
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA yr N —+ yr N Ec Nyryr

N(2190) PHOTON DECAY AMPLITUDES

N(2190) ~ p7, helicity-1/2 amplitude Az/z
VAL UE (Gev 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) -+ p7, hellclty-3/2 amplitude Aa/a
VALUE(GeV 1/2) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.081 CRAWFORD 80 DPWA
+0.180 BARBOUR 78 DPWA

COMMENT

etc. ~ ~ ~

pN -+ AN

7N ~ AN

COMMENT

etc. ~ ~ ~

pN -a AN
pN ~ AN
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N(2200), N(222Q)

N(2200) DIs l(JP) = ~t(~s-) Status: N(2220) H, 9
I(JP) = Z(~a+) Status:

OMlTTED FROM SUMMARY TABLE
The mass is not well determined. A few early results have been

omitted.

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{2200) MASS N(2220) MASS

VAL UE (Mev)

a 2200 OUR ESTIMATE
1900
2180+80
1920
2228+30

VAL UE (Mev)

130
400+100
220
310+ 50

DOCUMENT ID TECN COMMENT

BELL
CUTKOSKY
SAXON
HOEHLER

83 DPWA x p ~ /lKQ

80 IPWA RN ~ xN
80 DPWA x p a AKQ

79 IPWA xN ~ ~N

N(2200) WIDTH

N(2200) POLE POSITION

DOCUMENT ID TECN COMMENT

BELL 83 DPWA x p ~ /IKQ

CUTKOSKY 80 IPWA R N ~ xN
SAXON 80 DPWA x p ~ /IKQ

HOEHLER 79 IPWA n N ~ xN

VAL UE (MeV) DOCUMENT ID TECN COMMENT

2180 tO 2310 (a 2220) OUR ESTIMATE

2230+ 80 CUTKOSKY 80 IPWA rr N ~ x N

2205+ 10 HOEHLER 79 IPWA m N ~ x N

2300+ 100 HENDRY 78 MPWA 7r N ~ rr N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

2050 BAKER 79 DPWA n p -~ nrI

N(2220) WIDTH

VALUE (Mev) DOCUMENT ID TECN COMMENT

320 to 550 (a 400) OUR ESTIMATE

500+150 CUTKOSKY 80 IPWA n N ~ R N

365+ 30 HOEHLER 79 IPWA m N ~ R N

450 + 150 HENDRY 78 MPWA n N ~ R N

REAL PART
VAL UE (Mev)

2100+60

—2x IMAGINARY PART
VALUE (Mev)

360+80

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA R N ~ xN

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA R N ~ xN

REAL PART
VALUE (MeV)

2135
2253
2160+80

N(2220) POLE POSITION

DOCUMEN T ID TECN COMMENT

1 HOEHLER 93 ARGD +N + n N

ARNDT 91 DPWA n N ~ xN Soln SM90
CUTKOSKY 80 IPWA e N ~ 2r N

MDDULUs lrl
VALUE (Mev)

20+ 10

N{2200}ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA x N —+ 2r N

-2x IMAGINARY PART
VAL UE (Mev)

400
640
480+ 100

DOCUMEN T ID TECN COMMEN T

1 HOEHLER 93 ARGD m N ~ R. N

ARNDT 91 DPWA ~N ~ xN Soln SM90
CUTKOSKY 80 IPWA n N —+ x N

PHASE lsl

VALUE( )

—90+50

Mode

r, N~
I 2 NTI

l3 AK

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA x N ~ 7r N

N(2200} DECAY MODES

MODULUS lrl
VAL UE (Mev)

40
85
45+ 20

PHASE 8
VALUE( )

—50
—62
—45+25

N{2220} ELASTIC POLE RESIDUE

DOCUMEN T ID TECN COMMENT

HOEHLER 93 ARGD x N ~ R N

ARNDT 91 DPWA n N AN Soln SM90
CUTKOSKY 80 IPWA 7r N ~ z N

DOCUMEN T ID TECN COMMENT

HOEHLER 93 ARGD Tr N -+ x N

ARNDT 91 DPWA xN ~ rN Soln SM90
CUTKOSKY 80 IPWA R N ~ m N

r(N ~)/rnn„
VAL UE

0.10+0.03
0.07 +0.02

N(2200) BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA TrN ~ 7rN

HOEHLER 79 IPWA xN ~ n N

(r,r, )&/r
VALUE

0.066

DOCUMENT ID TECN COMMENT

BAKER 79 DPWA R p ~ nrI

(r,rr)&/r~, InN~- N(2200) N„

Mode

f1 N7r

I 2 NT/

l3 AK

Fraction (I l/I )

10-20 %

N(2220) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

(I rl r)~/I tota~ In Nw N(2200) AK (rtrs) /r
N(2220) BRANCHING RATIOS

VALUE

—0.03
—0.05

DOCUMENT ID TECN COMMENT

BELL 83 DPWA p A K0

SAXON 80 DPWA n p ~ /lK

N{2200}REFERENCES

r(N.)«
VAL LIE

0.1 to 0.2 OUR ESTIMATE
0.15+0.03
0.18+0.015
0.12 +0.04

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N —+ n N

HOEHLER 79 IPWA R N ~ rr N

HENDRY 78 MPWA aN ~ xN

BELL
CUTKOSKY

Also
SAXON
BAKER
HOE HLER

Also

83 NP B222 389
80 Toronto Conf. 19
79 PR D20 2839
80 NP B162 522
79 NP B156 93
79 PDAT 12-1
80 Toronto Conf. 3

+Blissett, Broome, Daley, Hart, l intern+
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly

+Baker, Bell, Blissett, BloodtNorth+
+Brown, Clark, Davies, Depagter, Evans+
+Kaiser, Koch, Pietarinen

Koch

(RL) IJP
(CMU, LBL) IJP
(CMU, LBL)

(RHEL, BRIS) IJP
(RHEL) IJP

(KARLT) l JP
(KARLT) IJP

{III r)~/I tota( In Ns-+ N(2220} ~ Ne' (rtr. ) /r
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. a ~ ~

0.034 BAKER 79 DPWA ~ p ~ nr}

(I tf r}~/rtota~lnNn ~ N{2220)~ AK (rtr3) /r
VALUE

not required

not seen

DOCUMEN T ID TECN COMMENT

BELL 83 DPWA ~ p ~ /IK0

SAXON 80 DPWA x p ~ AKQ
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N(2220), N(2250), N(2600)

N(2220) REFERENCES

For early references, see Physics Letters 111B70 (1982).

HOEHLER
HOEHLER
ARNDT
BELL
PDG
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also
HENDRY

Also

94
93
91
83
82
80
79
80
79
79
80
78
81

x N Newsletter 10 (to be
x 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
Toronto Conf. 3
PRL 41 222
ANP 136 1

pub. ) (KARL)
(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, Departer, Evans+ (RHEL) IJP
+Kaiser, Koch, Pietarinen (KARLT) IJP

Koch (KARLT) IJP
(IND. LBL) IJP

Hendry (IND)

N{2220) FOOTNOTES
1See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and

the pole parameters of N and B 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.

{III p)~/r tataII nN n~ N{2250) -+ NsI
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(r,r,P/r

—0.043

{III f} /rtataI
VALUE

—0.02
not seen

BAKER 79 DPWA ~ p ~ nq

InN n~ N(2250)~ AK
DOCUMENT ID

BELL
SAXON

(r,ra)~/r
TECN COMMENT

83 DPWA m p a AK0
80 DPWA 2r p -+ AK0

N(2250) REFERENCES

N(2250) FOOTNOTES
See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 6 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.

N(2250) G,g
l{l ) = &(& ) Status:

N {2250) MASS

VAL UE (MeV) DOCUMENT ID TECN COMMENT

2170 to 2310 (as 22M) OUR ESTIMATE

2250+ 80 CUTKOSKY 80 IPWA AN ~ AN
2268j 15 HOEHLER 79 IPWA 2r N ~ n N

2200+ 100 HENDRY 78 MPWA TrN -+ TrN

HOEHLER
HOEHLER
ARNDT
BELL
CUTKOSKY

Also
SAXON
BAKER
HOEHLER

Also
HENDRY

Also

94
93
91
83
80
79
80
79
79
80
78
81

xN Newsletter 10 (to
mN 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

N(2600) Ii II

(KARL)
(KARL)

(VPI, TELE)
(RL)

(CMU, LBL)
(CMU, LBL)

(RHEL, BRIS)
(RHEL)

(KARLT)
(KARLT)

(IND, LBL)
(iND)

l(JP) = t{tt )Status:

be pub. )

+Li, Roper, Workman, Ford
+Blissett, Broome, Daley, Hart, Lintern+
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly
+Baker, Bell, Blissett, Bloodworth+
+Brown, Clark, Davies, Departer, Evans+
+Kaiser, Koch, Pietarinen

Koch

Hendry

IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP

N(2250) WIDTH

VAL UE (MeV) DOCUMENT ID TECN COMMENT

290 to i70 (at 400) OUR ESTIMATE

480+120 CUTKOSKY 80 IPWA 2rN ~ 2r N
300+ 40 HOEHLER 79 IPWA 2r N -+ 2r N
350+100 HENDRY 78 MPWA x N -+ tr N

N(2600) MASS

VALUE (MeV) DOCUMENT ID

~5~0 to 2750 (as 2500) OUR ESTIMATE

2577+ 50 HOEHLER 79 IPWA 2r N -+ tr N
2700+100 HENDRY 78 MPWA xN ~ trN

REAL PART
VALUE (Mev)

2187
2243
2150+50

N(2250) POLE POSITION

DOCUMENT ID TECN COMMENT

1HOEHLER 93 SPED trN ~ AN
ARNDT 91 DPWA AN ~ trN Soln SM90
CUTKOSKY 80 IPWA 2r N -+ 2r N

N{2600}WIDTH

VAL UE (MeV) DOCUMENT ID TECN COMMENT

500 to 0 (as SSO) OUR ESTIMATE

400 6 100 HOEHLER 79 IPWA 2r N -+ 2r N
900+100 HENDRY 78 MPWA AN ~ trN

-2x IMAGINARY PART
VAL UE (MeV)

388
650
360+ 100

DOCUMENT ID TECN COMMENT

i1 HOEHLER 93 SPED 2r N ~ TrN

ARNDT 91 DPWA AN ~ AN Soln SM90
CUTKOSKY 80 IPWA tr N ~ Tr N

Mode

I 1 N7r

N(2600) DECAY MODES

Fraction (I I/I )

5-10 %

N(2250) ELASTIC POLE RESIDUE N(2600) BRANCHING RATIOS

MODULUS iri
VAL UE (MeV)

21
47
20+6

DOCUMENT ID TECN COMMENT

HOEHLER 93 SPED 2r N -+ tr N
ARNDT 91 DPWA trN ~ TrN Soln SM90
CUTKOSKY 80 IPWA 2rN ~ AN

r(N~}/rnn„
VALUE

0.05 to 0.1 OUR ESTIMATE
0.0560.01
0.0860.02

DOCUMENT ID TECN COMMEN T

HOEHLER 79 IPWA 2r N ~ tr N
HENDRY 78 MPWA 2rN -+ 2rN

PHASE 8
VALUE (')
—37
—50+20

DOCUMENT ID TECN COMMENT

ARNDT 91 DPWA AN ~ TrN Soln SM90
CUTKOSKY 80 IPWA AN ~ AN

HOEHLER 79 PDAT 12-1
Also 80 Toronto Conf. 3

HENDRY 78 PRL 41 222
AI5o 81 ANP 136 1

N(2600) REFERENCES

+Kaiser, Koch, Pietarinen
Koch

(KARLT) IJP
(KARLT) IJP

(IND. LBL) IJP
(IND)

N{2250}DECAY MODES

The following branching fractions are our estimates, not fits or averages.

Mode

l1 N7r

f2 NTI
AK

Fraction (I Iil )

5-15 %

r(N~}/r~,
N(2250) BRANCHING RATIOS

VALUE

0.05 to 0.15 OUR ESTIMATE
0.10j0.02
0.10+0.02
0.09+0.02

DOCUMENT ID TECN COMMEN T

CUTKOSKY 80 IPWA Tr N ~ 2r N
HOEHLER 79 IPWA TrN ~ 2rN
HENDRY 78 MPWA xN ~ AN
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N(2700), N( 3000), H(1232)

N(2700) K„, l{J ) = p{~+)Status:
r(N~)I'r~,

N( 3000) BRAkCHING RATIOS

VALUE (Mev)

at 27M OUR ESTIMATE
2612+ 45
3000+100

N(2700} MASS

DOCUMENT ID TECN COMM EN T

HOEHLER 79 IPWA x N -+ 7r N

HENDRY 78 MPWA 7rN ~ 7rN

N(2700) WIDTH

OMITTED FROM SUMMARY TABLE VALUE

0.055+0.02

0.040 40.015
0.030+0.015

DOCUMENT ID

HEND RY

HEND RY

HEND RY

N( 3000) REFERENCES

KOCH 80 Toronto Conf. 3
HENDRY ?8 PRL 41 222

Also 81 ANP 136 1 Hendry

(KARLT) IJP
{IND, LBL) IJP

(IND IJP

TECN COMM EN T

78 MPWA 7rN ~ 7rN L1 15
78 MPWA 7rN 7rN M1 17 wave

78 MPWA 7r N 7rN N1 19 wave

VALUE (Mev)

350+ 50
900+150

Mode

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA 7r N s 7r N

HENDRY 78 MPWA 7rN ~ 7rN

N(2700) DECAY MODES

6 BARYONS
(S= 0, I = 3/2)

8++ = uuu, 6+ = uud, 60 = udd, 6 = ddd

f1 N7r

N(2700) BRANCHING RATIOS
n(1232) P l{J~) = &a(&+) Status:

r(N~)I r~I
VAL UE

0.04 +0.01
0.07 +0.02

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA trN ~ 7rN

HENDRY 78 MPWA m N -+ 7rN

Mast 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).

Ll(1232) MASSES

N(2700) REFERENCES

+Kaiser, Koch, Pieterinen
Koch

Hendry

HOEHLER 79 PDAT 12-1
Also 80 Toronto Conf. 3

HENDRY 78 PRL 41 222
Also 81 ANP 136 1

(KARLT) IJP
(KARLT) IJP

(IND. LBL) IJP
{IND)

MIXED CHARGES
VAL UE (MeV) DOCUMENT ID TECN COMMENT

1280 to 12Sl (at 1282) OUR ESTIMATE

1231+1 MANLEY 92 IPWA 7rN ~ 7rN L N7r7r

1232+3 CUTKOSKY 80 IPWA 7r N —+ x N

1233+2 HOEHLER 79 IPWA x N ~ x N

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
L115 state below.

CL(1232)++ MASS
VALUE (MeV)

1230.9+0.3
1230,6+0.2
1231.1+0.2

ii{1282}+MASS
VALUE (MeV)

1234.9+ 1.4
o ~ ~ We do not use the following

1231.6
1231.2
1231.8

DOCUMENT ID TECN COMMENT

KOCH 80e IPWA 7r N ~N
ZIDELL 80 DPWA 7rN ~ trN 0-350 MeV

PEDRONI 78 7r N -+ 7r N 70-370
MeV

DOCUMENT ID TECN COMMENT

MIROSHNIC. .. 79 Fit photoproductlon

data for averages, fits, limits, etc. ~ ~ ~

CRAWFORD 80 DPWA pN ~ 7rN

BARBOUR 78 DPWA pN ~ 7rN

BERENDS 75 IPWA y p ~ 7r N

VAL UE (Mev)

at === OUR ESTIMATE
2600
3100
3500
3500 to 4000

3500+200
3800+200
4100+200

N(~ 3000) MASS

DOCUMENT ID TECN COMMEN T

KOCH

KOCH

KOCH

KOCH

HENDRY

HEN DRY

HENDRY

N(~ 3000) WIDTH

80 IPWA 7rN ~ 7rN D13
80 IPWA 7r N 7r N L1 15 wave

80 IPWA 7rN ~ 7rN M1 17 wave

80 IPWA 7rN ~ 7rN N1 19 wave
1

78 MPWA 7rN ~ trN L115 wave

78 MPWA 7r N ~ 7r N M1 17 wave

78 MPWA trN ~ 7r N N1 19 wave

{1232}oMASS
VALUE (MeV)

1233.6+0.5
1232.5 +0.3
1233.8+0.2

DOCUMEN T ID TECN COMMEN T

KOCH 80e IPWA 7r N 7r N

ZIDELL 80 DPWA 7rN ~ 7rN 0-350 MeV

PEDRONI 78 7r N ~ 7rN 70-370
MeV

A(1232) WIDTHS

VALUE (Mev) DOCUMENT ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.7 4 0.3 1 PEDRONI 78 See the masses

VALUE (Mev)

1300+200
1600+200
1900+300

DOCUMENT ID

HENDRY

HENDRY

HENDRY

TECN COMMENT

78 MPWA 7rN ~ 7rN Ll 1
78 MPWA «N 7rN M117 wave

78 MPWA 7rN 7rN N1 19 wave

MIXED CHARGES
VAL UE (Mev) DOCUMENT ID TECN COMMENT

111to 12S {at120) OUR ESTIMATE
118+4 MANLEY 92 IPWA 7r N ~ 7r N 8c N7r7r

120+5 CUTKOSKY 80 IPWA 7r N —+ 7r N

116+5 HOEHLER 79 IPWA 7r N ~ x N

Mode

I1 N7r

N(» 3000} DECAY MODES Q(ts-"ao)++ WIDTH
VAL UE (MeV)

111.0+ 1.0
113.2+0.3
111.3+0.5

DOCUMENT ID

KOCH
ZIDELL
PEDRONI

TECN COMMENT

80s IPWA ~N 7r N

80 DPWA 7rN —+ 7rN 0-350 MeV

7& wN ~ 7rN 70-370
MeV
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n(1232)

4(1232)+ WIDTH
VAL UE (Mev)

131.1+2.4
~ ~ ~ We do not use the following

111.2
111.0

DOCUMENT ID TECN COMMEN T

MIROSHNIC. .. 79 Fit photoproduction
data for averages, fits, limits, etc. ~ ~ ~

CRAWFORD 80 DPWA pN —+ x N

BARBOUR 78 DPWA pN —+ xN

4{1232)ELASTIC POLE RESIDUES

ABSOLUTE VALUE, MIXED CHARGES
VAL UE (Mev) DOCUMENT ID TECN COMMENT

50 HOEHLER 93 ARGD x N ~ 2r N

52 ARNDT 91 DPWA xN ~ AN Soln SM90
53+2 CUTKOSKY 80 IPWA x N —+ n N

4(1232}oWIDTH
VAL UE (MeV)

113.0+1.5
121.3+0.4
117.940.9

DOCUMEN T ID TECN COMMENT

KOCH 80e IPWA ~N ~ N

ZIDELL 80 DPWA ~N ~ xN 0-350 MeV

PEDRONI 78 xN -+ x N 70-370
MeV

PHASE, MIXED CHARGES
VALUE( )
—48
-31
—47+ 1

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD rN -+ xN
ARNDT 91 DPWA xN ~ AN Soln SM90
CUTKOSKY 80 IPWA x N -+ aN

4 -4++ WIDTH DIFFERENCE

VALUE (MeV) DOCUMENT ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

6.6+1.0 PEDRONI 78 See the widths

REAL PART, 4{1232)++
VAL UE (MeV) DOCUMENT ID TECN

1210.7060.16 3 ZIDELL 80 DPWA
1209.6 +0.5 4 VASAN 76e
~ ~ ~ We do not use the following data for averages, fits, limits,

1210.4 j0.17 5 ZIDELL 78
1210.5 to 1210,8 6 VASAN 76e

—IMAGINARY PART, 4(1232)++
VAL UE (MeV) DOCUMENT ID TECN

49.61 +0.12 3 ZIDELL 80 DPWA
50.4 +0.5 4 VASAN 768
~ ~ ~ We do not use the following data for averages, fits, limits,

49.745 +0.14 5 ZIDELL 78
49.9 to 50.0 6 VASAN 76e

COMMENT

~N ~ x N 0-350 MeV

Fit to CARTER 73
etc. ~ ~ ~

Fit to CARTER 73

COMMENT

~N ~ ~N 0-350 MeV

Fit to CARTER 73
etc. ~ ~ ~

Fit to CARTER 73

REAL PART, 4(1232)+
VAL UE (MeV)

1206.9+0.9 to 1210.5 4 1.8
1208.0 +2.0

DOCUMENT ID COMMENT

MIROSHNIC. .~ 79 Flt photoproduction
CAMPBELL 76 Fit photoproduction

—IMAGINARY PART, 4(1232)+
VAL UE (Mev) DOCUMENT ID COMMEN T

55.6+1.0 to 58.3 + 1.1 MIROSHNIC. .. 79 Fit photoproduction
53.062.0 CAMPBELL 76 Fit photoproduction

REAL PART 4(1232}o
VALUE (Mev) DOCUMENT ID TECN

1210.30+0.36 ZIDELL 80 DPWA
1210.75 40.6 4 VASAN 76e
~ ~ ~ We do not use the following data for averages, fits, limits,

1209.5 +0.41 5 ZIDELL 78
1210.2 6 VASAN 768

-IMAGINARY PART, 4{1232)o

COMMENT

~N ~ xN 0-350 MeV
Fit to CARTER 73

etc. ~ ~ ~

Fit to CARTER 73

COMMENT

xN ~ rN 0-350 MeV
Fit to CARTER 73
etc. ~ ~ ~

VAL UE (Mev) DOCUMENT ID TECN

54.0 +0.26 3 ZIDELL 80 DPWA
52.8 +0.6 4 VASAN 76e
~ ~ ~ We do not use the following data for averages, fits, limits,

52.45+0.2 5 ZIDELL 78
52.9 to 53.1 6 VASAN 76e Fit to CARTER 73

4(1232) POLE POSITIONS

REAL PART, MIXED CHARGES
VAL UE (MeV) DOCUMENT ID TECN COMMENT

1209 2 HOEHLER 93 ARGD n N -+ xN
1210 ARNDT 91 DPWA mN ~ xN Soln SM90
12106 1 CUTKOSKY 80 IPWA x N —+ x N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1210 ARNDT 85 DPWA See ARNDT 91

-IMAGINARY PART, MIXED CHARGES
VAL UE (MeV) DOCUMENT ID TECN COMMENT

100 HOEHLER 93 ARGD x N -+ x N

50 ARNDT 91 DPWA ~N ~ ~N Soln SM90
50+1 CUTKOSKY 80 IPWA n N ~ xN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

50 ARNDT 85 DPWA See ARNDT 91

4(1232}DECAY MODES

The following branching fractions are our estimates, not fits or averages.

l1
r2
l3
14

Mode

Nx
Np

Np, helicity=1/2
Ny, helicity=3/2

Fraction (Pf/f )

&99%
0.55&.61 %

I (No)/I tetei

4(1232}BRANCHING RATIOS

VALUE

O.SSS to 0.985 OUR ESTIMATE
1.0
1.0
1.0

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA xN ~ mN k Nx~
CUTKOSKY 80 IPWA x N -+ x N
HOEHLER 79 IPWA x N ~ 2r N

4(1232) PHOTON DECAY AMPLITUDES

4{1232)-+ Ny, hellclty-1/2 amplitude Az/a
DOCUMENT ID

ESTIMATE
VALUE (~v-1/2)
-O.WX+O.OOI OUR
—0.143+0.004
—0.135+0.016
—0.145+0.015
—0.138+.0.004
—0.147+0.001
—0.145+0.001
—0.13640.006
e o o We do not use

TECN COMM EN7

LI 93 IPWA
DAVIDSON 918 FIT
CRAWFORD 83 IPWA
AWAJI 81 DPWA
ARAI 80 DPWA
ARAI 80 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

ARNDT 908 IPWA
ARNDT 908 FIT
DAVIDSON 90 FIT
BARBOUR 78 DPWA

7 NOELLE 78
FELLER 76 DPWA

yN -+ xN
pN -+ xN
pN ~ AN
pN~ xN
7 N ~ x N (fit 1)
p N ~ x N (fit 2)
pN ~ AN
etc. e ~ o

See LI 93
See LI 93
See DAVIDSON 91B
7N~ xN
pN~ xN
pN -+ xN

—0.13340.007
—0.137
—0.14040.007
—0.14260.007
—0.140
—0.141+0.004

ABSOLUTE VALUE, 4(1232)++
VALUE (MeV) DOCUMEN T ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

52.4 to 53.2 VASAN 768 Fit to CARTER 73
52.1 to 52.4 VASAN 768 Fit to CARTER 73

PHASE, 4(1232)++
VALUE (rad) DOCUMENT ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

-0.822 to -0.833 4 VASAN 768 Fit to CARTER 73
—0.823 to —0.830 6 VASAN 768 Fit to CARTER 73

ABSOLUTE VALUE 4(1232}o
VAL UE (Mev) DOCUMEN T ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

54.8 to 55.0 4 VASAN 768 Fit to CARTER 73
55.2 to 55.3 6 VASAN 768 Fit to CARTER 73

PHASE, 4(1232)o
VALUE (rad) DOCUMEN T ID COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.840 to —0.847 4 VASAN 768 Fit to CARTER 73
—0.848 to -0.856 6 VASAN 768 Fit to CARTER 73
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6(1232), D(1600)

4(1232) -+ N7,
VAL UE (GeV

—1/2)
—0.257+OASS OUR
—0.262+ 0.004
—0.251+0.033
—0.263+0.026
—0.259+0.006
—0.264 +0.002
—0.261+0.002
—0.247 60.010
~ ~ ~ We do not use

—0.244 60.008
—0.246
—0.254 60.011
—0.27160.010
—0.247
—0.25660.003

ltelidty-3/2 amplitude AB/q

DOCUMENT ID

ESTIMATE
TECN COM MEN T

pN~ +N
pN —+ n. N

pN ~ R. N

pN ~ n. N

pN ~ AN (fit 1)
pN ~ fr N (fit 2)
yN ~ frN
etc. a ~ ~

See Li 93
See LI 93
See DAVIDSON 918
pN ~ AN

pN ~ frN

pN -+ frN

Li 93 IPWA
DAVIDSON 918 FIT
CRAWFORD 83 IPWA

AWA Jl 81 DPWA

ARAI 80 DPWA

ARAI 80 DPWA

CRAWFORD 80 DPWA

the following data for averages, fits, limits,

ARNOT 908 IPWA

ARNDT 908 FIT
DAVIDSON 90 FIT
BARBOUR 78 DPWA

7 NOELI E 78
FELLER 76 DPWA

AWA Jl
Also

A RA I

Also
CRAWFORD
CUTKOSKY

Also
KOCH
ZIDELL
HOEHLER

Also
MIROSHNI C...

BARBOUR
NEFKENS
NOELLE
PEDRONI
ZIDELL
CAMPBELL
FELLER
VASAN

Also
BERENDS
CARTER

81 Bonn Conf 352
82 NP 8197 365
80 Toronto Conf. 93
82 NP 8194 251
80 Toronto Conf. 107
80 Toronto Conf. 19
Tg PR D20 2839
808 NP A336 331
80 PR D21 1255
79 PDAT 12-1
80 Toronto Conf. 3
79 SJNP 29 94

Translated from YAF 29
78 NP 8141 253
78 PR D18 3911
78 PTP 60 778
78 NP A300 321
78 LNC 21 140
76 PR D14 2431
76 NP 8104 219
768 NP 8106 535
76 NP 8106 526
75 NP 884 342
73 NP 858 378

+Kajikawa
Fujii, Hayashii, lwata, Kajikawa+

Arai, Fujii

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky Forsyth Hendrick, Kelly

+Pietarinen
+Amdt, Roper
+Kaiser, Koch, Pietannen

Koch
Miroshnichenko, Nikiforov, Sanin+

188.
+Crawford, Parsons
+Arman, Ballagh, Glodis, Haddock+

+Gabathulet' Domingo Hist+
+Amdt. Roper
iShaw, Ball
+Fukushirna, Horikawa, Kajikawa+

Vasan
+Donnachie

+Bugg, Carter

(NAGO)
(NAGO)

(INUS)
(INUS)
(GLAS)

(CMU, LBL) IJP
(CMU, LBL)

(KARLT) IJP
(VPI) IJP

(KARLT) IJP
(KARLT) UP

(KFTI) IJP

(GLAS}
(UCI A, CATH) IJP

(NAGO)
(SIN, ISNG, KARLE+) IJP

(VPI) IJP
(BOIS, UCI, UTAH} IJP

(NAGO, OSAK) IJP
(CMU) IJP
(CMU) IJP

(LEID, MCHS)
(CAVE, LOQM) IJP

4(1232) Np, E2/aft rltlo
VAL UE DOCUMENT ID

-0.01$ +0.004 OUR AVERAGE
—0.015 +0.005 WORK MAN 92 IPWA
—0.0157k 0.0072 DAVIDSON 918 FIT
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.0107+0.0037 DAVIDSON 90 FIT
—0.015 +0.002 DAVIDSON 86 FIT

+0.037 +0,004 TANABE 85 FIT

TECN COMMENT

pN ~ AN
pN -+ xN
etc. ~ o ~

pN~ +N
yN ~ AN

pN -+ xN

4{1232)++MAGNETIC MOMENT

The values are extracted from UCLA and SIN data on x+ p bremsstrahlung

using a variety of different theoretical approximations and methods. Our

estimate is only a rough guess of the range we expect the moment to lie

within.

4(1232) PHASE OF M1+{3/2}PHOTOPRODUCTION
MULTIPOLE AMPLITUDE POLE RESIDUE

Information on the phase (and magnitude) of the Ml+(3i2) 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.

D(1600) P33 l(J ) = 23(&+) Status:

4(1600) MASS

VAL UE (MeV) DOCUMENT ID

1SSO to 1700 (a 1MO) OUR ESTIMATE

1706+10 MANLEY 92 IPWA

1600+50 CUTKOSKY 80 IPWA

1522+ 13 HOEHLER 79 IPWA

~ ~ ~ We do not use the following data for averages, fits. limits,

1706 LI 93 IPWA

1690 BARNHAM 80 IPWA

1560 1 LONGACRE 77 IPWA

1640 2 i ONGACRE 75 IPWA

TECN COM MEN T

~N ~ AN h. Nfr~
aN ~ 2rN

AN ~ xN
etc. ~ ~ ~

yN~ xN
xN ~ Nfrfr
AN ~ N~fr
fr N —+ N2rx

4(1600) 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).

The various analyses are not in good agreement.

VALUE (PN) DOCUMENT ID

3.7 to 7.S OUR ESTIMATE
~ ~ ~ We do not use the following data

4.52+ 0.50+0.45 BOSSHARD

3.7 to 4.2 LIN

4,6 to 4.9 LIN

5.6 to 7.5 WITT MAN

6.9 to 9.8 HELLER

4.7 to 6.7 NEFKENS

COMMEN T

for averages,

91 x+p ~
918 ~+ p
918 ~+p ~
88 fr+p ~
87 2r+p ~
78 2r+p ~

fits, limits, etc. ~ ~ ~

n+ pp (SIN data)
7r+ pp (from UCLA data)
~+ pp (from SIN data)
~+ pp (from UCLA data)
m+ pp (from UCLA data)
~+ py (UCLA data)

VAL UE (MeV)

2SOII 4SO (a ISO) OUR

430+ 73
300+ 100
220+ 40
I ~ ~ We do not use the

215
250
180
300

7 ECN COMMEN TDOCUMENT ID

ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 iPWA
HOEHLER 79 IPWA

following data for averages, fits, limits,

LI 93 IPWA

BARNHAM 80 IPWA
1 LONGACRE 77 IPWA

LONGACRE 75 IPWA

AN ~ 7rN 4. Nfrfr

AN ~ AN
AN —+ xN
etc. ~ ~ ~

yN ~ AN

fr N ~ Nfrfr
xN ~ Neer
nN ~ Nfrx

4(1232) REFERENCES

For early references, see Physics Letters 111870 (1982).

HOE HLER
HOEHLER
LI
MANLEY

Also
WORKMAN
ARNDT
BOSSHARD

Also
DAVIDSON
LIN

Also
ARNDT
DAVIDSON
WITTMAN
HELLER
DAVIDSON
ARNDT
TANABE
CRAWFORD
PDG

94 ~N Newsletter 10 (to
93 ~N Newsletter 9 1
93 PR C47 2759
92 PR D45 4002
84 PR D30 904
92 PR C46 1546
91 PR D43 2131
91 PR D44 1962
90 PRL 64 2619
91B PR D43 71
918 PR C44 1819
91 PR C43 R930
908 PR C42 1864
90 PR D42 20
88 PR C3T 2075
87 PR C35 718
86 PRL 56 804
85 PR D32 1085
85 PR C31 1876
83 NP 8211 1
82 PL 1118

(KARL)
(KARL)

+Amdt, Roper, Workman (VPI)
+Saleski (KENT) IJP

Manley, Amdt, Goradia, Teplitz (VPI)
+Amdt, Li (VPI)
+Li, Roper, Workman, Ford (VPI, TEI E) IJP
+Amsler+ (ZURI, LBL, VILL, LAUS, UCLA, CATH)

Bosshard+ (CATH, LAUS, LBL, VILL, UCLA, ZURI)
+Mukhopadhyay, Wittman (RPI)
+Liou, Ding (CUNY, CSOK)

Lin, Liou (CUNY)
+Workman, Li, Roper (VPI)
+Mukhopadhyay (RPI)

(TRIU)
+Kumano, Martinez, Moniz (LANL. MIT, ILL)
+Mukhopadhyay, Wittman (RPI)
+Ford, Roper (VPI)
+Ohta (KOMA8)
+Morton (GI.AS)

Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)

be pub. )

4(1232}FOOTNOTES

Using x+d as well, PEDRONI 78 determine (M —M++) + (M —M+)j3 =
4.6 6 0.2 MeV.
See HOEHLER 93 and HOEHLER 94 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.

3The accuracy claimed by ZIDELL 80 on the real part is considerably better than is allowed

by uncertainties In the beam momentum.
This VASAN 768 value is from fits to the coulomb-barrier-corrected CARTER 73 phase
shift.

5 ZIDELL 78 fits the nuclear phase shift without coulomb barrier corrections.
6This 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, I = 110 MeV from NOELLE 78.

REAL PART

4(1600}POLE POSITION

VALUE (MeV)

1550
1612
1550+40
~ ~ ~ We do not use

DOCUMENT ID TECN

3 HOEHLER 93 SPED
ARNDT 91 DPWA
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

1581
1609 or 1610
1541 or 1542

COMMENT

wN ~ AN
~N ~ ~N Soln SM90
fr N -+ AN
etc. ~ ~ ~

See ARNOT 91
AN ~ Neer
AN ~ Nxfr

PART-2x IMAGINARY
VAL UE (MeV)

230
200+ 60
~ o ~ We do not use

DOCUMENT ID TECN

ARNDT 91 DPWA

CUTKOSKY 80 IPWA

the following data for averages, Ats, limits,

ARNDT 85 DPWA
4 LONGACRE 78 IPWA
1 LONGACRE 77 IPWA

300
323 or 325
178 or 178

COMMENT

~N ~ AN Soln SM90
AN ~ +N
etc. ~ ~ ~

See ARNDT 91
AN ~ Nma
7rN ~ N2rfr

MoDULUs iri
VAL UE (MeV)

16
17+4

PHASE 8
yALUE (o)

73
—150+30

4(1600}ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

ARNDT 91 DPWA 2rN ~ AN Soln SM90
CUTKOSKY 80 IPWA x N ~ x N

DOCUMENT ID TECN COMMENT

ARNDT 91 DPWA AN ~ AN Soin SM90
CUTKOSKY 80 IPWA AN ~ n N
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Baryon FLII I Listings

Z(1600), D(1620)

Mode

I 1 N7r

I 2 ZK
I 3 N7r7r
l'4

I s 4(1232)e, P wave-
I s 4(1232)m, Fwav.e
I 7 NP
fa Np, S=l/2, P wave-

I a Np, S=3/2, P wave-
I tp Np, S=3/2, F wave-
I tt N(1440)e
I &a N(1440)m, P wave-
I 13 PV
I q4 Np, helicity=l/2
I qs Np, helicity=3/2

Fraction (I;/I )

10-25 %

75-90%
40-70%

(25 %

10-35 %

0%

4(1600) BRANCHING RATIOS

I (Ne)/I e» I

V4L UE

0.10 to OM OUR ESTIMATE
0.12+0.02
0.1&+0.04
0.21+0.06

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA «N ~ «N & N««
CUTKOSKY 80 IPWA «N ~ «N
HOEHLER 79 IPWA «N ~ «N

4(1600) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

4(1600}~ N7,
VAL UE (GeV-1/2)
-0.006+0.017 OUR
—0.016+0.002
—0.013+0.014

0.025 +0.031
—0.009+0.020
~ ~ ~ We do not use

heliclty-3/2 ant plltude Aa/a
DOCUMENT ID

ESTIMATE
LI 93 IPWA
CRAWFORD 83 IPWA
AWAJI 81 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

WADA 84 DPWA
BARBOUR 78 DPWA
FELLER 76 DPWA

0.023
0.000+0.045
0.0 +0.015

pN~ «N
pN~ «N
pN~ «N
pN~ «N
etc. ~ ~ ~

Com pton scattering
pN~ «N
yN~ «N

4(16N) REFERENCES

4(1600) FOOTNOTES
1LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the

first (second) value uses, in addition to «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-Wlgner circles to the T-matrix
am plltudes.

See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 4 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, ln addition to «N ~ N««data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

5The range given is from the four best solutions. DEANS 75 disagrees with «+ p ~
E'+ K+ data of WINNIK 77 around 1920 MeV,

6LONGACRE 77 considers this coupling to be well determined.
7WADA 84 is inconsistent with other analyses —see the Note on N and 6 Resonances.

(I ql r)~/I tetai In N» 4(1NO) ZK (r,r, )&/r
For early references, see Physics Letters 111B70 (1982).

VALUE DOCUMENT ID

-OM to -0.2$ OUR ESTIMATE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.006 to 0.042 5 DEANS 75 DPWA «N ~ X'K

Note: Signs of couplings from «N ~ N««analyses were changed tn the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity ls resolved by choosing a negative sign for the 4(1620) S31
coupling to r1(1232)«.

(ftI a)~/I(I II r) /I tetai In Ne 4(1600) 4(1282)e ~ la.wave
VALUE DOCUMENT ID TECN COMMENT

+0.27 to +0.33 OUR ESTIMATE
+0.29+0.02
+0.24+0.05
+0.34
+0.30

MANLEY 92 IPWA «N -+ «N 8c N««
BARNHAM 80 IPWA «N ~ N««
LONGACRE 77 IPWA «N ~ N««
LONGACRE 75 IPWA «N -+ N««

(rtre)~/r{III r) /I tetal In Ne +4{1600-}~ 4{1282)e~ P ~ve
VALUE DOCUMENT ID TECN COMMENT
-0.15 to -0.0$ OUR ESTIMATE
—0.07 1&6 LONGACRE 77 IPWA «N ~ N««

HOE HLER
HOE HLER
LI
MANLEY

Also
ARNDT
ARNDT
WADA
CRAWFORD
PDG
AWA JI

Also
BARNHAM
CRAWFORD
CUTKOSKY

Also
HOEHLER

Also
BARBOUR
LONGACRE
LONGACRE

Also
WINNIK
FELLER
DEANS
LONGACRE

94
93
93
92
84
91
85
84
83
82
81
82
80
80
80
79
79
80
78
78
77
76
77
76
75
75

« N Newsletter 10 (to
« N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
PR D32 1085
NP 8247 313
NP B211 1
PL 111B
Bonn Conf. 352
NP B197 365
NP 8168 243
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
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 SSB 415

6(1620) S31

be pub. )

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Ford, Roper
+Egawa, Imanishi, Ishii, Kato, Ukai+
+Morton

Roos, Porter, Aguilar-Benitez+
+Kajikawa

Fujii ~ Hayashii, Iwata, 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, Montgomery+
+Rosenfeld, Lasinski, Smadja+

(KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(VPI)
(INUS)
(GLAS)

(HELS, CIT, CERN)
(NAGO)
(N AGO)

(LOIC)
(GLA5)

(CMU, LBL) I JP
(CMU, LBL) IJP

(KARLT) I JP
(KARLT) IJP

(GLAS)
(LBL, SLAC)

(SACL) IJP
(SACL) IJP
(HAIF) I

(NAGO, OSAK) IJP
(SFLA, ALAH) IJP

(LBL, SLAC) IJP

l(l ) = 2(2 ) Status:

(r,r,)&/r
VALUE

+0.10
DOCUMENT ID TECN COMMENT

1s6 LONGACRE 77 IPWA «N ~ N««

(rlr f) /I ee,l In Ne 4(16N) N p, S=l/2, ravsave Most of the results published before 1975 are now obsolete and have
been omitted. They may be found in our 1982 edition, Physics
Letters 11XS (1982).

{fll r) /I tata/ In Ne ~ 4(16N) ~ N p, ~/2, PLWeVe (rare) /f 4(1620}MASS
VALUE

+0.10
DOCUMENT ID TECN COMMENT

LONGACRE 77 IPWA «N -+ N««

4{16M}PHOTON DECAY AMPLITUDES

helldty'1/»ntpllteee 41/2
DOCUMENT ID

ESTIMATE

4(1600) ~ N7,
VALUE {GeV 1/2)

-0.026+0350 OUR
—0.026+0.002
—0.039+0.030
—0.04640.013

0.005+0.020
~ ~ ~ We do not use

TECN COMMENT

7N —+ «N
7N —+ «N
pN -+ «N
pN~ «N
etc. ~ ~ ~

LI 93 IPWA
CRAWFORD 83 IPWA
AWAJI 81 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,
7 WADA 84 DPWA

BARBOUR 78 DPWA
FELLER 76 DPWA

—0.200
0.000+0.030
0.0 +0.020

Com pton scattering
pN -+ «N
pN~ «N

{IIl r} /I tata/ ln Ne ~ 4(16N) -+ N(1440)e, R wave (I tl ta}~/I
VALUE DOCUMENT ID TECN COMMENT

+0.15 to +OM OUR ESTIMATE
+0.16k 0.02
+0.23+0.04

TECN COMMEN T

«N ~ «N IIz N««
«N —+ «N
«N» «N
etc. ~ ~ ~

pN~ «N
«N —+ N««
«+p «+p
«+p ~ «+p
qN~ «N
pN -+ «N
«N ~ N««
«N ~ N««

VAL UE (MeV) DOCUMENT ID

1615 to 1675 (a 1620) OUR ESTIMATE
1672 + 7 MANLEY 92 IPWA
1620 +20 CUTKOSKY 80 IPWA
1610 + 7 HOEHLER 79 IPWA
~ ~ ~ We do not use the foliowing data for averages, fits, limits,

1669 LI 93 IPWA
1620 BARNHAM 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 3 LONGACRE 75 IPWA
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Baryon Full Listings
Z(1620}

VALUE (MeV)

120 to 1aO (~ 150)
154 +37
140 +20
139 + 18
e ~ o We do not use

184
120
228.34 18.0

30.0+ 6.4

161
180
120
150

4(1620) WIDTH

TECN COM MEN TDOCUMENT ID

OUR ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

the following data for averages, fits, limits,

LI 93 IPWA
BARNHAM 80 IPWA

1 CHEW &0 BPWA

1 CHEW 80 BPWA

C RAWFOR D 80 D PWA

BARBOUR 78 DPWA
2 LONGACRE 77 IPWA

LONGACRE 75 IPWA

4(1620) POLE POSITION

nN~ mN&Nmx
mN ~ 7rN

TrN ~ 7rN

etc. ~ o ~

pN ~N
+N ~ Nay
Tr+ p ~+ p (lower

mass)
~+ p ~ n+ p {higher

mass)
yN~ xN
pN~ mN

nN ~ N~~
xN ~ Nn~

Note: Signs of couplings from 2r N ~ N2r 7r 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 4(1620) S31
coupling to B(1232}~.

(r,r,) /I~iinNn~ 4(1620)-+ 4(1232)n, D-wave
VALUE DOCUMEN T ID TECN COMMENT

-0.36 to -0.2I OUR ESTIMATE
—0.24+ 0.03
—0.33+0.06
—0.39
—0.40

(rLra) /r

MANLEY
BARNHAM

2,6 LONGACRE
3 LONGACRE

92 IPWA xN —~ ~N & N~ T

80 IPWA xN ~ N~~
77 IPWA xN ~ N~~
75 IPWA TrN ~ Nnx

(I Ll e) /I

92 IPWA +N ~ nN & Nxx
80 IPWA n N ~ N+~
77 IPWA xN ~ Nnm
75 IPWA m N — Nwm

(I II p)~/raatal In Ne 4(1620) N p, S=1/2, S-wave
VALUE DOCUMENT ID TECN COMMENT

+0.12 to +0.22 OUR ESTIMATE
+0.15+0.02 MANLEY

+0.40+0.10 BARNHAM

+0.08 2,6 LONGACRE

+ 0.28 3 LONGACRE

REAL PART
VALUE (Mev)

1608
1587
1600+15
~ ~ ~ We do not use

1599
1583 or 1583
1575 or 1572

DOCUMENT ID TECN

4 HOEHLER 93 SPED
ARNDT 91 DPWA

CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
LONGACRE 78 IPWA

LONGACRE 77 IPWA

COMMENT

xN~ ~N
~N ~ ~N Soln SM90
xN~ xN
etc. ~ o o

See ARNDT 91
2r N —+ Nx~
xN ~ N~~

92 IPWA xN -~ xN & Neer
77 IPWA 7r N -~ Nn x

(I iI p)~/I LeLal ln Ne ~ 4(1620)~ N(1440) e {r,r,) /r
VALUE

0.11+0.05
DOCUMENT ID TECN COMMENT

BARNHAM 80 IPWA ~ IV ~ N n. ~

(I II &) /I Leealln Ne 4(1620) Np, S=3/2, D.wave
VALUE DOCUMEN T ID TECN COMMEN T

-0.16 to -O.N OUR ESTIMATE
—0.06+0.02 MANLEY
-0.13 2,6 LONGACRE

—2x IMAGINARY
VAL UE (MeV)

116
120
120+20
~ ~ ~ We do not use

120
143 or 149
119 or 128

MODULUS
vari

VALUE(MeV)

19
15
15+2

PART
DOCUMENT ID TECN

4 HOEHLER 93 SPED
ARNDT 91 DPWA

C UTKOSK Y 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
5 LONGACRE 78 IPWA

LONGACRE 77 IPWA

COMMENT

AN ~ ~N
rN -~ n N Soln SM90
TrN -+ xN
etc. ~ ~ ~

See ARNDT 91
AN ~ N7rn.

AN ~ N~x

4(1620) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 SPED 2r N —+ m N

ARNDT 91 DPWA AN ~ AN SOln SM90
CUTKOSKY 80 IPWA 2r N ~ + N

4{1620)~ Ny,
VAL UE (GeV 1/2)

+0.0$0+0.01' OLIR

0,042 +0.003
0.035+0.010
0.01060.015

—0.022 60.007
—0.026 60.008

0.021+0.020
0.126+0.021

~ ~ ~ We do not use

0.066
+0.03460.028
—0.005+0.016

hellcity-1/2 amplitude AL/a

DOCUMENT ID

ESTIMATE
TECN COMM EN T

LI 93 IPWA

C RAWFOR D 83 IPWA

AWA J I 81 DPWA

ARAI 80 DPWA

ARAI 80 DPWA
CRAWFORD 80 DPWA

TAKEDA 80 DPWA

the following data for averages, fits, limits,

WA DA 84 DPWA
BARBOUR 78 DPWA
FELLER 76 DPWA

pN ~ 7rN

pN ~ 7rN

pN~ xN
qN ~ ~N (flt1)
y IV ~ x N (fit 2)
pN ~ 7rN

yN ~ 7rN

etc. ~ o ~

Compton scattering
pN -+ +N
pN —+ xN

4{1620}PHOTON DECAY AMPLITUDES

PHASE III

VALUE( )

95
—125
—110+20

DOCUMEN T ID TECN COMMENT

HOEHLER 93 SPED Tr N ~ x N

ARNDT 91 DPWA n N ~ ~N Soln SM90
CUTKOSKY 80 IPWA m N —+ Tr N

r4

l6
I?
C&

C9

C10

Mode

N7r

N7r 7r

87r
4(1232}w, Dwave-

Np
N p, S=1/2, 5-wave

N p, S=3/2, 0-wave
N(1440}a

Np
N p, hehcity=1/2

Fraction (I I/I )

20-30 '/0

70-80 '/0

30&0 o/

7-25 /o

0.02M.06 /o

4(1620) BRANCHING RATIOS

r(N~)/ran„
VALUE

0.2 to 0.3 OUR ESTlMATE
0.09+0.02
0.25+ 0.03
0.3540.06
~ ~ ~ We do not use the following

0.60

0.36

DOCUMENT ID TECN COMMEN T

MANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

data for averages, fits, limits,

1 CHEW 80 BPWA

1CHEW 80 BPWA

NN —+ aN & Nx~
AN ~ AN
xN~ +N
etc. a ~ ~

a+ p —+ m+ p {lowel'
mass)

~+ p 2+ p {higher
mass)

4(1620) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

4{1620}REFERENCES

For early references, see Physics I etters 111S70 (1982).

HOEHLER
HOEHLER
LI
MANLEY

Also
ARNDT
ARNDT
WADA
CRAWFORD
HOE HLER
PDG
AWA Jl

Also
ARAI

Also

94 m N Newsletter 10 (to be pub. )
93 m N Newsletter 9 1
93 PR C47 2759 +Amdt. Roper, Workman
92 PR D45 4002 +Saleski
84 PR D30 904 Manley, Amdt, Goradia, Teplitz
91 PR D43 2131 +Li, Roper, Workman, Ford
85 PR D32 1085 +Ford, Roper
84 NP B247 313 +Egawa, Imanishi, Ishii, Kato, Ukai+
83 NP B211 1 +Morton
83 Landolt-Boernstein 1/9B2
82 PL lllB Roos, Porter, Aguilar-Benitez+
81 Bonn Conf. 352 +Kajikawa
82 NP B197 365 Fujii, Hayashii, Iwata, Kajikawa+
80 Toronto Conf. 93
82 NP B194 251 Arai, Fujii

(KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(VPI)
(INU5)
(GLAS)

(KARI.T)
(HEl S, CIT. CERN)

(NAGO)
(NAGO)

(INUS)
(INU5)

4{1620}FOOTNOTES

CHEW 80 reports two S3~ resonances at somewhat higher masses than other analyses.
Problems with this analysis are discussed in section 2,1.11 of HOEHLER 83.
LOILLIGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the
first (second) value uses, in addition to ~N ~ NTr2r data, eiastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Brelt-WIgner circles to the T-matrix amplitudes.

3 From method II of LONGACRE?5: eyeball fits with Breit-Wigner circles to the T-matrix
am plltudes.

4See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 6 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.
LOILLIGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second} value uses, in addition to 7r N ~ NTr~ data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

6LONGACRE 77 considers this coupling to be well determined.
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Baryon FullListings

H(1620), Z(1700)

BARNHAM
CHEW
CRAWFORD
CUTKOSKY

Also
TAKEDA
HOEHLER

Also
BARBOUR
LONGACRE
LONGACRE

Also
FELLER
LONGACRE

80 NP B168 243
80 Toronto Conf. 123
80 Toronto Conf. 107
80 Toronto Conf. 19
79 PR D20 2839
80 NP B168 17
79 PDAT 12-1
80 Toronto Conf. 3
78 NP B141 253
78 PR D17 1795
77 NP B122 493
76 NP B108 365
76 NP B104 219
75 PL 55B 415

+Glickman, Micr-Jedrzejowicz+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Arai, Fujii, Ikeda, Iwasaki+
+Kaiser, Koch, Pietarinen

Koch
+Crawford, Parsons
+Lasinski, Rosenfeld, Smadja+
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Fukushima, Horikawa, Kajikawa+
+Rosenfeld, Lasinski, Smadja+

(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

A(1700) D33 l{J } = &(& ) Status:

4(1700) MASS

VAL UE (MeV) DOCUMENT ID TECN

1670 to 1770 (a 17) OUR ESTIMATE

1762 +44 MANLEY 92 IPWA
1710 630 CUTKOSKY 80 IPWA
1680 670 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1655 LI 93 IPWA
1650 BARNHAM 80 IPWA

1718.4+—13.0
1 CHEW 80 BPWA

1622 CRAWFORD SO DPWA
1629 BARBOUR 78 DPWA
1600 2 LONGACRE 77 IPWA
1680 3 LONGACRE 75 IPWA

COMMENT

«N~ «N&N««
«N» «N
«N -+ «N
etc. ~ ~ ~

pN~ «N
«N ~ N««

«+p «+p
yN~ «N
yN~ «N
«N ~ N««
«N -+ N««

4{1700)WIDTH

VAL UE (MeV)

200 tome(~300)
600 k 250
280 k 80
230 + SO

~ ~ ~ We do not use

DOCUMENT ID TECN

OUR ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

the following data for averages, fits, limits,

LI 93 IPWA
BARNHAM 80 IPWA

1 CHEW 80 BPWA
CRAWFORD SO DPWA
BARBOUR 78 DPWA

2 LONGACRE 77 IPWA
3 LONGACRE 75 IPWA

COMMENT

«N ~ «N & N««
«N ~ «N
«N —+ «N
etc. ~ ~ ~

348
160
193.3+ 26.0
209
216
200
240

pN~ «N
«N ~ N««
«+p «+p
pN —+ «N
pN -+ «N
«N —+ N««
«N a N««

4(1700) POLE POSITION

REAL PART
VALUE (MeV)

1651
1646
1675+25
~ ~ ~ We do not use

DOCUMENT ID TECN

4 HOEHLER 93 SPED
ARNDT 91 DPWA
CUTKOSKY SO IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
5 LONGACRE 78 IPWA
2 LONGACRE 77 IPWA

1668
1681 or 1672
1600 or 1594

-2x IMAGINARY
VALUE (MeV)

159
208
220 140
~ ~ ~ We do not use

DOCUMENT ID TECN

4 HOEHLER 93 SPED
ARNDT 91 DPWA
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA
5 LONGACRE 78 IPWA

LONGACRE 77 IPWA

320
245 or 241
208 or 201

COMMENT

t«N~ «N
«N ~ «N Soln SM90
«N» «N
etc. ~ ~ ~

See ARNDT 91
«N ~ N««
«N ~ N««

COMMENT

«N» «N
«N ~ «N Soln SM90
«N -+ «N
etc. ~ ~ ~

See ARNDT 91
«N s N««
«N s N««

4{1700)ELASTIC POLE RESIDUE

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( )
—22
—20+ 25

DOCUMEN T ID TECN COMMENT

ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N ~ «N

4{1700}DECAY MODES

The following branching fractions are our estimates, not fits or averages.

Mode

I 1 N7r

I 2 ZK
N7r7r

l4
I s 4{1232}»,5wave-

4(1232}», Dwave-
Np

I a N p, S=1/2, Dwave.
N p, S=3/2, Swave-

I te Np, S=3/2, Dwave-
Np

I ta Np, helicity=l/2
N p, helicity=3/2

Fraction (I //t I )

10-20 %

8~0 %
30WO %
25-50 %
1-7 %
30-55 %

5-20 %

0.16&.28 %

4{1700}BRANCHIhlG RATIOS

r(N»)/rww,
VALUE

0.10 te Q.K OUR ESTIMATE
0.14+0.06
0.12+0.03
0.20 +0.03
~ ~ ~ We do not use the following

0.16

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA «N e «N & N««
CUTKOSKY 80 IPWA «N ~ «N
HOEHLER 79 IPWA «N ~ «N

data for averages, fits, limits, etc. ~ ~ ~

1 CHEW 80 BPWA «+p + «+p

(rlI r) /I, in N» 4(1700) ZK (r ra)"/r

Note: Signs of coupllngs from «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 LL(1620) S31
coupling to D(1232)«.

(I II r) //I awwi In H» ~ 4(1700)~ 4(1232)», 5-wsve
VALUE DOCUMEN T ID TECN COMMENT

+021 Io +0.29 OUR ESTIMATE
+0.32 +0.06
+0.1840.04
+0.30
+0.24

(I tl s)~/I

MANLEY 92 IPWA «N ~ «N & N««
BARNHAM 80 IPWA «N ~ N««
LONGACRE 77 IPWA «N -+ N ««

3 LONGACRE 75 IPWA «N ~ N««

(I tl s)~/I(I (rr)~/I tetal I"N» ~ 4(1700)~ 4(1232)» ~ D wave
VALUE DOCUMEN T ID TECN COMMENT

+DAS to +0.11 OUR ESTIMATE
+0.08+0.03

0.1440.04
+0.05
+0.10

MANLEY 92 IPWA «N a «N & N««
BARNHAM 80 IPWA «N ~ N««

2t7 LONGACRE 77 IPWA «N ~ N««
3 LONGACRE 75 IPWA «N ~ N««

{Itrr)~/I tata~ In N» ~ 4{1700}~ N p, S 1/2, D-weve (rtre)~/r
VALUE

+0.17+0.05
DOCUMEN T ID TECN COMMENT

BARNHAM 80 IPWA «N ~ N««

(I err)~/I tetaL In H» 4{1700} N p, 5=3/2, 5 wave
VALUE DOCUMENT ID TECN COMMENT

+0.11 to +0.10 OUR ESTIMATE
+0.10+0.03 MANLEY
+0.04 2s7 LONGACRE
—0.30 3 LONGACRE

(I tl s)~/I

92 IPWA «N —+ «N & N««
77 IPWA «N ~ N««
75 IPWA «N ~ N««

VALUE DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.002 LIVANOS 80 DPWA «p ~ ZK
0.001 to 0.011 6 DEANS 75 DPWA «N ZK

MQDULUs lrl
VAL UE (MeV)

10
13
13+3

COMMENT

«N -+ «N
«N ~ «N Soln SM90
«N» «N

DOCUMENT ID TECN

HOEHLER 93 SPED
ARNDT 91 DPWA
CUTKOSKY SO IPWA

VALUE

0.18+0.07
DOCUMEN T ID TECN COMMENT

BARNHAM 80 IPWA «N ~ N««

{Itl r) /I tetalln N»~ 4(1700} Np, ~/2, Dewve {Itl te}~/I



Baryon FullListings

Z(1700), D(1750), D(1900)

4{1700)PHOTON DECAY AMPLiTUDES

6{1700}~ N7,
VAL UE (GeV 1/2}

+0.114+0.013 OUR
0.121+0.004
0.111+0.017
0.0894 0.033
0.112+0.006
0.13060.006
0.123k 0.022

~ ~ ~ We do not use

+0.13060.037
+0.072+ 0.033

hellcity-1/2 amplitude A, /a
DOCUMENT ID

ESTIMATE
LI 93 IPWA

CRAWFORD 83 IPWA

AWA J I 81 DP WA

A RAI 80 DPWA

A RAI 80 DPWA

C RAWFOR D 80 DPWA

the following data for averages, fits, limits,

BARBOUR 78 DPWA
FELLER 76 DPWA

TECN COM MEN T

pN ~ 7rN

pN ~ 7rN

pN ~ AN

qN ~N (fit 1)
yN ~ xN (fit 2}
yN~ gN

etC. ~ ~ ~

yN~ xN
yN~ gN

hellclty-3/2 amplitude Aa/a

DOCUMENT ID

ESTIMATE

d(1700}~ Np,
VALUE (GeV 1/2)

+O.D91+0.029OUR
0.115+0.004
0.107+0.015
0.060 k 0.015
0.047+ 0.007
0.050 k 0.007
0.102+0.015

~ ~ ~ We clo not Use

TECN COMM EN T

LI 93 IPWA

C RAWFO R D 83 I PWA

AWA J I 81 DPWA
ARAI 80 DPWA
ARAI 80 DPWA

CRAWFORD 80 DPWA

the following data for averages, fits, limits,

BARBOUR 78 DPWA

FELLER 76 DPWA

pN ~ AN

pN —+ AN

pN ~ AN

~N ~N (fit 1)
pN —~ AN (fit 2}
yN ~ AN

etC. ~ ~ ~

+ 0.098+0.036
+ 0.08760.023

yN —+ n. N

pN~ xN

ll(1700) REFERENCES

For early references, see Physics Letters 111B70 (1982).

jl(1700}FOOTNOTES
1 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 unltarized T-matrix; the
first (second) value uses, in addition to n N ~ Nn 2r 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.

3 From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a m plitudes.

4See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and D 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 unitarlzed T-matrix. The first

(second) value uses, in addition to n. N ~ Nxn. data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

6The range given is from the four best solutions. DEANS 75 disagrees with ~+ p ~
Z+ K+ data of WINNIK 77 around 1920 MeV.

7 LONGACRE 77 considers this coupling to be well determined.

H(1750) P, l(JP) = Z3(&1+) Status:

OMITTED FROM SUMMARY TABLE

8{1750)MASS

VAL UE (MeV) TECN COM MEN T

Ias 1750 OUR ESTIMATE
1744 +36 MANLEY 92 IPWA n N ~ n N &. Nxx

e o ~ We do not use the foilowing data for averages, fits, limits, etc. o ~ ~

1715.2+ 21.0 1 CHEW 80 BPWA ~+ p ~ w+ p
1778.4+ 9.0 WA ++ p ~+ p

DOCUMENT ID

A(1750) WIDTH

VAL UE (MeV) DOCUMENT ID TECN COMMENT

300 + 120 MANLEY 92 IPWA m'N ~ m N 8c N+Tr

~ o ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

93.3+ 55.0 1 CHEW 80 BPWA 2r+ p —+ mr+ p
23.0+ 29.0 1 CHEW 80 BPWA 2r+ p ~ g+ p

21{1750)DECAY MODES

Mode

C1 NX
I 2 N?r?r

N(1440}w

I (Ne)/I tete/
VAL UE DOCUMENT ID TECN

0.08+0.03 MANLEY 92 IPWA

o ~ ~ We do not use the following data for averages, fits, limits,

0,18 1 CHEW 80 BPWA

0.20 1 CHEW 80 BPWA

(I II p) /I tete~ in Nr ii{000) N{1440)e

COMMENT

9r N —+ 2r N k N 2r 7r

etC. ~ ~ ~

2r+p~ w p
2+P ~+P

(I gl a)~/I
VALUE

+0.15+0.03
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA AN -+ m N k Nxm

A(D50) REFERENCES

6(1750) FOOTNOTES

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.

HOEHLER
HOEHLER
LI

MANLEY
Also

ARNDT
ARNDT
CRAWFORD
HOEHLER
PDG
AWA JI

Also
ARAI

Also
BARNHAM
CHEW
CRAWFORD
CUTKOSKY

Also
LIVANOS
HOEHLER

Also
BARBOUR
LONGACRE
LONGACRE

Also
WINNIK
FELLER
DEANS
LONGACRE

94
93
93
92
84
91
85
83
83
82
81
82
80
82
80
80
80
80
79
80
79
80
78
78
77
76
77
76
75
75

n N Newsletter 10
n N Newsletter 9 1
PR C47 2?59
PR D45 4002
PR D30 904
PR D43 2131
PR D32 1085
NP 8211 1
Landolt-Boernstein
PL 1118
Bonn Conf. 352
NP 8197 365
Toronto Conf. 93
NP 8194 251
NP 8168 243
Toronto Conf. 123
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
Toronto Conf. 35
PDAT 12-1
Toronto Conf. 3
NP 8141 253
PR D17 1795
NP 8122 493
NP 8108 365
NP 8128 66
NP 8104 219
NP 896 90
PL 558 415

(to be pub. )

Arai, Fujii
+Glickman, Micr- Jedrzejowicz+

+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
+Fukushima, Horikawa, Kajikawa+
+Mitchell, Montgomery+
+Rosenfeld, Lasinski, Smadja+

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford

+Ford, Roper
+Morton

1/982
Roos, Porter, Aguilar-Benitez+

+Kajikawa
Fujii, Hayashii, Iwata, Kajikawa+

{KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(YPI)
(GLA5)

(KARLT)
(HELS, CIT, CERN)

(NAGO)
(N*GO)

(INU5)
(INU5)
(LOIC)
{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

MANLEY
Also

HOEHLER
CHEW

92 PR D45 4002 +Saleski
84 PR D30 904 Manley, Amdt, Goradia, Teplitz

83 Landolt-Boernstein 1/982
80 Toronto Conf. 123

{KENT)
{VPI)

(KARLT)
(LBL)

~(1900) s» I(JP} = ~3(~~-} Status:

A(1900) MASS

LL(1900) WIDTH

TECN COMMENTVAL UE (MeV) DOCUMENT ID

1850 te 1%0{a1900) OUR ESTIMATE

1920 +24 MANLEY 92 IPWA xN ~ xN Cc Nnfr

1890 4 50 CUTKOSKY 80 IPWA x N —+ x N

1908 +30 HOEHLER 79 IPWA ~N ~ aN
~ o ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

1918.5+23.0 CHEW 80 BPWA ++p ~ a+p
1803 CRAWFORD 80 DPWA 7N —+ ~N

TECN COMMEN T

mN ~ xN8c Nx~
n. N ~ xN
2rN ~ AN
etC. o ~ e

2+P ~+P
pN -+ ~N

VALUE (Mev) DOCUMENT ID

140 te 240 {&tl 200) OUR ESTIMATE

263 +39 MANLEY 92 IPWA

170 +50 CUTKOSKY 80 IPWA

140 +40 HOEHLER 79 IPWA

o ~ e We do not use the following data for averages, fits, limits,

93.5+54.0 CHEW 80 BPWA

137 CRAWFORD 80 DPWA



See key on page 1343
1717

Baryon Full Listings

D(1900),Z(1905)

4(1000) POLE POSITION

REAL PART
VALUE (Me'I/)

1780
1870+40
~ ~ ~ We do not use

not seen
2029 or 2025

DOCUMENT ID TECN

1 HOEHLER 93 SPED
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA
LONGACRE 78 IPWA

COMMENT

AN ~ 2rN

xN~ xN
etc. ~ ~ ~

2r N ~ x N Soln SM90
xN ~ N+2r

4(1000) PHOTON DECAY AMPLITUDES

4(1900}~ Ny, helkny-1/2 amplitude At/2
VALUE(GeV 1/2) DOCUMEN T ID TECN COM MEN T

—0.004+0.016 CRAWFORD 83 IPWA p N ~ 2r N
0.02940.008 AWAJI 81 DPWA pN ~ xN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.006 to —0.025 CRAWFORD 80 DPWA pN ~ AN

-2x IMAGINARY
VALUE(MeV)

180+50
~ ~ ~ We do not use

not seen
164 or 163

MODULUS [r[
VAL UE (MeV)

10+3

COMMENT

xN~ xN
etc. ~ ~ ~

r IV ~ ~ N Soln SM90
xN ~ N2rx

4{1000}ELASTIC POLE RESIDUE

DOCUMEN T ID TECN COMMENT

CUTKOSKY 80 IPWA xN -+ eN

PART
DOCUMENT Ib TECN

CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWA
LONGACRE 78 IPWA

4{1000}FOOTNOTES
1See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and

the pole parameters of N and 4 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 addltlon to r N ~ Nm ~ data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

3The value given is from solution 1; the resonance Is not present ln solutions 2, 3, or 4.

4(1900}REFERENCES

For early references, see Physics Letters 111B70 (1982).

PHASE 8
VALUE (o)

+20+40
DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA xN a 2r N

4(1900) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

Mode

N~
EK

f3 Nxn
l4
I s 4(1232}», D-wave

I6 Np
I q N p, S=l/2, 5-wave
I a Np, S=3/2, D-wave

I e N(1440)s, 5-wave
I &e Np, heliclty=l/2

Fraction (I ~/I )

10-30 4/o

r(N»)/rn», I

4(1000) BRANCHING RATIOS

VALUE

0.1 to 04 OUR ESTIMATE
0.41+0.04
0.1040.03
0.08+0.04
~ ~ ~ We do not use the following

0.28

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA m'N -+ m'N 4 Nxm
CUTKOSKY 80 IPWA xN ~ TrN

HOEHLER 79 IPWA x N a x N

data for averages, fits, limits, etc. ~ ~ ~

CHEW 80 BPWA 2r+p ~ 2r+p

(I irr)~/I tata( In N» ~ 4(1900)~ Z K
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 LANG BEIN 73 IPWA
0.12 LANGBEIN 73 IPWA

(I tl a)~/I
COMMENT

~+ p Z+K+
etc. ~ o ~

AN ~ ZK
xN ~ ZK (sol. 1)
xN ~ Z'K (sol. 2)

(r,r, )&/r I in N»
VALUE

+0.25+0.07

(I tl a)~ /I4(1900)~ 4(12$2)e, D.wave
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA xN ~ rN 8c Nrr

VALUE

—0.1440.11

(I gl g}~/f~& In N»
VALUE

—0.37+0.07

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 2r N —+ 2r N Ec Nxx

4{1000) N p, 5=3/2, D-wave (I I )~/I
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 2r N —+ 2r N Cc N2r2r

(I il r) /rtetai In N» ~ 4(1900)~ N p, 5=1/2, 5 wave (rtl q)~/I

HOEHLER
HOEHLER
MANLEY

Also
ARNDT
CANDLIN
CRAWFORD
AWA JI

Also
CHEW
CRAWFORD
CUTKOSKY

Also
HOEHLER

Also
LONGACRE
DEANS
LANG BEIN

93
92

91
84
83
81
82
80
80
80
79
79
80
78
75
73

2r N Newsletter 10 (to be pub. )
~N Newsletter 9 1
PR D45 4002
PR D30 904
PR D43 2131
NP B238 477
NP 8211 1
Bonn Conf. 352
NP B197 3ts5
Toronto Conf. 123
Toronto Conf. 107
Toronto Conf. 19
PR D20 2839
PDAT 12-1
Toronto Conf. 3
PR D17 1795
NP B% 90
NP B53 251

+Saleski
Manley, Amdt, Goradia, Teplitz

+LI, Roper, Workman, Ford
+Lowe, Peach, Scotiand+
+Morton
+Kajikawa

Fujii, Hayashii, Iwata, Kajikawa+

+Forsyth, Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Kaiser, Koch, Pietarinen
Koch

+Lasinski, Rosenfeld, Smadja+
+Mitchell, Montgomery+
+Wagner

(KARL)
(KARL)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(EDIN, RAL, I.OWC)
(6LAS)

(NAGO)
(NAGO)

(LBL) IJP
(GLAS)

(CMU, LBL) IJP
(CMU, LBL) IJP

(KARLT) IJP
(KARLT) IJP

(LBL, SLAC)
(SFLA, ALAH) IJP

(MUNI) IJP

4(1905) F35 l(J } = &(&+} Status:

4(1905) MASS

TECN COMMENTVALUE(MeV) DOCUMENT IO

1S70 Io 1920 (a 16) OUR ESTIMATE

1881 + 18 MANLEY 92 IPWA

1910 +30 CUTKOSKY 80 IPWA

1905 +20 HOEHLER 79 IPWA

~ ~ ~ We do not use the following data for averages, fits, Itmits,

1960 +40 CANDLIN 84 DPWA

1787.0 CHEW 80 BPWA

1880 CRAWFORD 80 DPWA
1892 BARBOUR 78 DPWA
1830 1LONGACRE 75 IPWA

xN -+ ~N Cc Nxx
+N~ xN
xN~ rN
etc. ~ ~ ~

~+ p @+K+
~+p ~+p
yNa aN
yN -a xN
xN -+ Nxx

4(1905) WIDTH

DOCUMENT ID

OUR ESTIMATE

MANLEY 92 IPWA
CUTKOSKY 80 IPWA

HOE HLER 79 IPWA

the following data for averages, fits, limits,

CANDLIN 84 DPWA

TECH COMMENTVALUE (MeV)

mO toom(a Iso)
327 + 51
400 +100
260 + 20
~ ~ ~ We do not use

e N -+ xN Cc NaTr
mN s aN
~N~ ~N
etc. ~ ~ o

~+ p Z+K+
x+p r+p

270 + 40

66.0+ 240
16.0

193
159
220

CHEW 80 BPWA

CRAWFORD 80 DPWA pN ~ AN
BARBOUR 78 DPWA pN ~ ~N

1 LONGACRE 75 IPWA m N ~ N+a

4(1905) 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).

VALUE

—0.16+0.11
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 2r N ~ x N Ec N2r2r

{Iil r) /I tetai in N» ~ 4(1900)-+ N(1440)e, s-wave (rtl e)~/I
REAL PART
VAL UE (Mev) DOCUMENT ID TECN

1829 2 HOEHLER 93 SPED
1794 ARNDT 91 DPWA
1830+40 CUTKOSKY 80 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1830 ARNDT 85 DPWA
1813 or 1808 LONGACRE 78 IPWA

COMMENT

tN a 2rN

2r N ~ 2r N Soln SM90
AN ~ 2rN

etc. ~ ~ ~

See ARNDT 91
xN ~ Narra
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Baryon Full Listings

Z(1905)
—2x IMAGlNARY
VALUE (MeV)

303
230
280+60
~ ~ ~ We do not use

180
193 or 187

DOCUMENT ID TECN

2 HOEHLER 93 SPED
ARNOT 91 DPWA
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 85 DPWA

LONGACRE 78 IPWA

COMMENT

xN ~ AN
AN ~ yr N Soln SM90
yrN ~ AN

etc. ~ ~ ~

See ARNOT 91
xN ~ N«2r

(I ilr) /reeeel
VAL UE

+0.030 to +0.36
+0.33 +0.03
y 0.33
o e o Wedonot

+0.26
+0.11 to +0.33

(I pl a} /Iin N n -+ 4(1905)-+ N p, 5=3/2, P.wave
DOCUMENT ID TECN COMMENT

OUR ESTIMATE
MANLEY 92 IPWA 7rN ~ «N & Neer

1 LONGACRE 75 IPWA yr N ~ N2r2r

use the following data for averages, fits, limits, etc. e I ~

NOVOSELLER 78 IPWA AN ~ N2r«
NOVOSELI ER 78 IPWA vr N ~ Nyr2r

MDDULUs irl
VALUE (MeV)

25
14
25+8

PHASE 8
VALVE( )

—40
—50+20

4{1905)ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 SPED AN ~ AN

ARNDT 91 DPWA yrN ~ AN Soln SM90
CUTKOSKY 80 IPWA 2r N —+ x N

DOCUMENT ID TECN COMMENT

ARNDT 91 DPWA AN —+ AN Soln SM90
CUTKOSKY 80 IPWA m N —+ z N

4(1905) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

I 1

r2
l3
f4
I5
l6
l7
i8
l9
l10

Mode

Nsr

ZK
N7r 7r

d7r
4(1232)~, P wave-
4(1232)e, Fwave-

Np
N p, 5=3/2, P-wave

N p, S=3/2, F-wave

N p, S=1/2, F-wave

Np
N p, helicity=l/2
N p, hellclty=3/2

Fraction (I;/I )

5-15 %

85-95 %

(25 %

)60 %

001 0040/o

4{1905}lsRANCHINIe RATIOS

r(N«)/rww,
DOCUMENT IDVALUE

0.05 to 0.15 OUR ESTIMATE
0.12+0.03 MANLEY 92 IPWA AN ~ AN & Norm

0.08+0.03 CUTKOSKY 80 IPWA 2r N ~ z N

0.15+0.02 HOEHLER 79 IPWA yr N ~ 2r N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

0.11 CHEW 80 BPWA R.+ p yr+ p

4(1905}PHOTON DECAY AMPLITUDES

4(1905) ~ Np,
VAL UE (Gev

+O.MF+0.016 OUR
0.055+0.004
0.02160.010
0.043+0.020
0.022 +0.010
0.03160.009
0.024 60.014

~ ~ ~ We do not use

+0.033 +0.018

helicity-1/2 amplitude Az/a

DOCUMENT ID

ESTIMATE
TECN COMM EN T

LI 93 IPWA
CRAWFORD 83 IPWA
AWAJI 81 DPWA

ARAI 80 DPWA
ARAI 80 DPWA

CRAWFORD 80 DPWA

the following data for averages, fits, limits,

BARBOUR 78 DPWA

pN ~
yN~
pN ~
pN~
yN ~
yN ~
etc. o ~

7r N

yr N

«N
~N (fit 1)
AN (fit 2}
yr N

4{1905}~ Ny, hellclty-3/2 amplitude Aa/a

VAL UE (GeV 1/2 DOCUMENT ID

-0.031+0.030 OUR ESTIMATE
0.002+ 0.003 II 93 IPWA

—0.056+0.028 CRAWFORD 83 IPWA
—0.025 +0.023 AWA J I 81 DPWA
—0.029 60.007 ARAI SQ DPWA
—o.o45+ o.oo6 ARAI 80 DPWA
—0,072 60.035 CRAWFORD 80 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

—0,055 +0.019 BARBOUR 78 DPWA

TECN COMMEN T

pN ~
pN —+

yN~
yN~
pN -+
pN~
etc. ~ ~

yr N

xN
2r N
n. N (fit 1)
xN (fit 2)
AN

4(1905) REFERENCES

For early references, see Physics Letters 111870 (1982).

4(1905) FOOTNOTES

From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
a m plit udes.
See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 6 resonances as determined from Argand diagrams of yr N
elastic partial-wave amplitudes and from plots of the speeds with which the amplitudes
traverse the diagrams.
I ONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first
(second) value uses, in addition to AN ~ Nyryr data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

4The range given for DEANS 75 is from the four best solutions.

A Breit-Wigner fit to the HERNDON 75 IPWA.
6A Breit-Wigner fit to the NOVOSELLER 788 IPWA.

A Brelt-Wigner fit to the NOVOSELLER 788 IPWA; the phase is near 90 .

(r r )&/r, Inl9«4(1905) rlr {Igl a) /I
VALUE DOCUMENT ID TECN COMMENT

—0.015+0.003 CANDLIN 84 DPWA 2r+ p + Z+ K+
~ ~ o We do not use the following data for averages, fits, limits, etc. o ~ ~

—0.013 LIVANOS 80 DPWA 2rp ~ ZK
0.021 to 0.054 DEANS 75 DPWA R N —+ ZK

Note: Signs of couplings from yr 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 B(1620) S31
coupling to B(1232)yr.

(I gl a) /In N 4{1905) 4{~~32), la wave
VALUE DOCUMENT ID TECN COMMENT

—0.04 40.05 MANLEY 92 IPWA AN ~ AN & Nyryr

(Ill r) /InaelIn Nn~ 4{1905)~ 4(1232)n, Fwave (r,r,)&/r
VALUE DOCUMENT ID TECN COMMENT

+0.02+0.03 MANLEY 92 IPWA AN ~ AN & Nyryr

+0.20 LONGACRE 75 IPWA x N —+ N yr 7r

e o o We do not use the following data for averages, fits, limits, etc. o o e

+0.17 NOVOSELLER 7S IPWA R. N ~ Nyryr

+0.06 6 NOVOSELLER 78 IPWA 2r N ~ N~yr

HOEHLER 94
HOEHLER 93
LI 93
MANLEY 92

Also 84
ARNDT 91
ARNDT 85
CANDLIN 84
CRAWFORD 83
PDG 82
AWAJI 81

Also 82
ARAI 80

Also 82
CHEW 80
CRAWFORD 80
CUTKOSKY 80

Also 79
LIVANOS 80
HOEHLER 79

Also 80
BARBOUR 78
LONGACRE 78
NOVOSELLER 78
NOVOSELLER 788
DEANS 75
HERNDON 75
LONGAC RE 75

« N Newsletter 10 (to
n N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
PR D32 1085
NP 8238 477
NP 8211 1
PL 1118
Bonn Conf. 352
NP 8197 365
Toronto Conf. 93
NP 8194 251
Toronto Conf. 123
Toronto Conf, 107
Toronto Conf. 19
PR D20 2839
Toronto Conf. 35
PDAT 12-1
Toronto Conf. 3
NP 8141 253
PR D17 1795
NP 8137 509
NP 8137 445
NP 896 90
PR Dll 3183
PL 558 415

be pub. }

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Ford, Roper
+Lowe, Peach, Scotland+
+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+

(KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(VPI)
(EDIN, RAL, LOWC)

(GLAS)
(HELS, CIT, CERN)

(NAGO)
(NAGO)

(INUS)
(iNUS)
(LBL) IJP

(6LAS)
(CMU, LBL) IJP
(CMU, LBL) IJP

(SACL) IJP
(KARLT) IJP
(KARiT) IJP

(GLAS)
{LBL,SLAC)

(CIT) UP
{CIT)IJP

(SFLA. ALAH) IJP
{LBL,SLAC)
(LBL. SLAC) IJP



See key on page 1343
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Baryon Full Listings

Z(1910)

Z{1910)P31 l{J ) = &(&+) Status: 4{1910)BRANCHING RATIOS

4(1910) MASS

VALUE (MeV) DOCUMENT ID

11m Io 1' (a 1O10) OUR ESTIMATE

1882 +10 MANLEY 92 IPWA

1910 +40 CUTKOSKY 80 IPWA
1888 +20 HOEHLER 79 IPWA
~ ~ o We do not use the following data for averages, fits, limits,

1960.1+21.0 1 CHEW 80 BPWA

2121.4+—14.3
1 CHEW 80 BPWA

1921 CRAWFORD 80 DPWA
1899 BARBOUR 78 DPWA
1790 LONGACRE 77 IPWA

TECN COMMENT

«N~ «N&N««
«N» «N
«N~ «N
etc. ~ ~ ~

«+p ~ «+p
«+p ~ «+p
yN~ «N
yN -+ «N
«N a N««

4(1910)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 111B(1982).

r(N~)/re,
DOCUMENT ID TECN COMMENT

0.17
0.40

VALUE

/rtatal In

0.03
~ ~ ~ We do not use the follcwvlng

—0.019
0.082 to 0.184

(r,r,)&/r
DOCUMEN T ID TECN COMMENT

CANDLIN 84 DPWA «+ p ~ Z+ K+
data for averages, Ats, limIts, etc. ~ ~ ~

LIVANOS 80 DPWA «p ~ E'K
4 DEANS 75 DPWA «N ~ Z K

Note: Signs of coupllngs from «N ~ N««analyses were changed ln the
1986 edition to agree with the baryon-first convention; the overall phase
ambiguity ls resolved by choosing a negative sign for the 4(1620) Q1
coupling to A(1232)«.

VALUE

0.1S to 0.3 OUR ESTIMATE
0.23 +0.08 MANLEY 92 IPWA «N ~ «N & N««
0.19+0.03 CUTKOSKY 80 IPWA «N —+ «N
0.24 +0.06 HOEHLER ?9 IPWA «N ~ «N
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1CHEW 80 BPWA «+p ~ «+p
1CHEW 80 BPWA «+p ~ «+p

TECNVALUE (Mev)

100 to 270 (sos 2SO)

239 +25
225 +50
280 +50
~ ~ ~ We do not use

152.9+60.0
172.2 +37.0
351
230
170

DOCUMENT ID

OUR ESTIMATE,

MANLEY 92 IPWA «N -+ «N & N««
CUTKOSKY 80 IPWA «N -+ «N
HOEHLER ?9 IPWA «N a «N

the following data for averages, fits, limits, etc. ~ ~ ~

1CHEW 80 BPWA «+p ~ «+p
1CHEW 80 BPWA «+p ~ «+p

CRAWFORD 80 DPWA pN -+ «N
BARBOUR ?8 DPWA yN -+ «N
LONGACRE 77 IPWA «N ~ N««

COMMENT

(I ll q)~ /rtotal In Nm 4(1910) 4(1232)n, Ia weve (rare) lr
VALUE

+0.06
DOCUMEN T ID TECN COMMENT

2 LONGACRE 77 IPWA «N ~ N««

{r,r,)&/r(I ll r)~/rtetal In Ne ~ 4(1910}~ N p, c=e/2, &Nave
VALUE DOCUMENT ID TECH COMMENT

+0.29 LONGACRE 77 IPWA «N a N ««
~ ~ ~ We do not use the follcwving data for averages, fits, limits, etc. ~ ~ ~

+0.17 5 NOVOSELLER 78 IPWA «N ~ N««

4{1910}POLE POSITION

REAL PART
VALUE (Mev) DOCUMENT ID TECN

1874 3 HOEHLER 93 SPED
1950 ARNDT 91 DPWA
1880+30 CUTKOSKY 80 IPWA
~ ~ ~ We do not use the fallowing data for averages, fits, limits,

1792 or 1801 2 LONGACRE 77 lPWA

-2x INIAQINARY PART
VALUE (MeV) DOCUMENT ID TECN

283 3 HOEHLER 93 SPED
398 ARNDT 91 DPWA
200+40 CUTKOSKY 80 IPWA
~ ~ ~ We do not use the fallowing data for averages, fits, limits,

172 or 165 LONGACRE 77 IPWA

COMMENT

«N a «N
«N ~ «N Soln SM90
«N a «N
etc. ~ ~ ~

COMMENT

t«N -+ «N
«N ~ «N Soln SM90
«N -+ «N
etc. ~ ~ e

«N ~ N««

(r, re)&/r
VALUE

—0.39+0.04

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA «N ~ «N & N««

4(1910}PHOTON DECAY AMPLITUDES

helkRIl-1/2 amplitude At/2
DOCUMENT IO

ESTIMATE
LI 93 IPWA
CRAWFORD 83 IPWA
AWAJI 81 DPWA
ARAI 80 DPWA
ARAI 80 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

BARBOUR 78 DPWA

4(1910)~ Np,
VALUE(GeV 1/2)

+0413+0.022 OUR
0.03260.003
0.01460.030
0.02560.011

-0.01260.005
—0.03160.004
-0.005+0.030
~ ~ ~ We do not use

TECN COMMENT

pN~ «N
yN~ «N
pN~ «N
pN ~ «N (fit 1)
pN ~ «N (At 2)
yN -+ «N
etc. ~ ~ ~

—0.03560.021 yN -+ «N

(I II r) /I tatal In Ne +4(191-0)~ N(1440)e ~
Ia weve

MQDULUs lrl
VALUE (Mev)

38
3?
20+4

4{1910)ELASTIC POLE RESIDUE

DOCUMENT IO TECN COMMENT

tHOEHLER 93 SPED «N -+ «N
ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N -+ «N

PHASE 8
VALUE (o)
—91
—90+30

DOCUMENT IO TECN

ARNDT 91 DPWA
CUTKOSKY 80 IPWA

COMMENT

«N ~ «N Soln SM90
«N a «N

Fraction (I (/I )

15-30 %

4{1910}DECAY MODES

The following branching fractions are our estimates, not fits or averages.

4{1910)FOOTNOTES
CHEW 80 reports four resonances In the P31 wave —see also the 6(1750). 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 ln the unitarized T-matrix; the
first (second) value uses, in addition to «N ~ N««data, elastic amplitudes from a
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball
fits with Brelt-Wigner circles to the T-matrix amplitudes.

3See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and rf 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.

4The range given for DEANS 75 ls from the four best solutions.
5 Evidence for this coupling ls weak; see NOVOSELLER 78. This couplIng assumes the

mass ls near 1820 MeV.

4{1910)REFERENCES

For early references, see Physics Letters 111B70 (1982).
Mode

Nn.

l2 ZK
l 3 Nn~
l4
I s 4(1232)s, Pwave-
l6 Np

N p, S=3/2, P-wave
ra N{1440)&

I s N{1440)s, Pwave-
I 10 N p, helicity=1/2

HOEHLER
HOEHLER
LI

MANLEY
Also

ARNDT
CANDLIN
CRAWFORD
HOEHLER
PDG
AWAJI

Also

94 «N Newsletter 10 (to be pub. )
93 «N Newsletter 9 1
93 PR C47 2759 +Amdt. Roper, Workman
92 PR D45 4002 +Saleski
84 PR D30 904 Manley, Amdt, Goradia, Teplitz
91 PR D43 2131 +Li, Roper, Workman, Ford
84 NP B238 477 +Lowe, Peach. Scotland+
83 NP B211 1 +Morton
83 Landolt-Boernstein 1/9B2
82 PL 111B Roos, Porter, Aguilar-Benitez+
81 Bonn Conf. 352 +Kajikawa
82 NP B197 365 Fujal Hayashii Iwata Kajikawa+

(KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(EDIN, RAL. LOWC)
(6LAS)

(KARLT)
(HELS, CIT, CERN)

(NAGO)
(NAGO)
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Baryon Full Listings

Z(1910),A(1920)

ARAI
Also

CHEW
CRAWFORD
CUTKOSKY

Also
LIVANOS
HOEHLER

Also
BARBOUR
NOVOSELLER

Also
LONGACRE

Also
DEANS

80 Toronto Conf. 93
82 NP B194 251
80 Toronto Conf. 123
80 Toronto Conf. 107
80 Toronto Conf. 19
79 PR D20 2839
80 Toronto Conf. 35
79 PDAT 12-1
80 Toronto Conf. 3
78 NP B141 253
78 NP B137 509
78B NP B137 445
77 NP B122 493
76 NP B108 365
75 NP B96 90

Arai, Fujii

+Forsyth, Babcock, Kelly. Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Baton, Coutures, Kochowski, Neveu

+Kaiser, Koch, Pietarinen
Koch

+Crawford, Parsons

Novoseller
+Dolbeau

Dolbeau, Triantis, Neveu, Cadiet
+Mitchell, Montgomery+

(INUS}
(INU5)
(LBL) IJP

(GLAS)
(CMU. LBL) IJP
(CMU, LBL) IJP

(SACL) IJP
(KARLT) IJP
(KARLT) IJP

(GLAS)
(CIT) iJP
(CIT) IJP

(SACL) IJP
(SACL) IJP

(SFLA, ALAH) IJP

r(Ne)/r~,

iL{1920)BRAhlCHING RATIOS

TECN COMMENTDOCUMENT ID

7r N ~ 2r N & N 7r Tr

AN ~ n. N

7rN AN

etc. o o e

~+ p -- ~+ p
2r+p ~ 2r+p

0.24

0.18

VALUE

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 a e We do not use the following data for averages, fits, limits,

1 CHEW 80 BPWA
1 CHEW 80 BPWA

A(1920) P33 l{J ) = 2(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).

(r,r,)&/r, In N a(1920) ZN (I tra) /I
VALUE DOCUMENT ID TECN COMMENT

—0.052+0.015 CANDLIN 84 DPWA rr+p ~ &+K+
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ 0

—0.049 LIYANOS 80 DPWA

harp

-~ ZK
0.048 to 0,120 3 DEANS 75 DPWA AN -~ ZK

4(1920) MASS (I II p)~/I tataI In N d(1920) as(1232), Ia wave (r,r,)&/r

TECN COMMENT

7r N ~ 2r N & N2rrr

xN -+ AN
xN -+ AN

etc. ~ ~ ~

~+ p Z+K+
2r+p~ 2r+p

~+P 2+P

LL(1920}WIDTH

TECN COMMENTVALUE (MeV)

1I0 toeoo(sa 200)
152 + 55
300 +100
220 6 80
~ ~ ~ We do not use

DOCUMENT ID

OUR ESTIMATE

M ANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

the foliowing data for averages, fits, limits,

CANDLIN 84 DPWA
1 CHEW 80 BPWA
1 CHEW 80 BPWA

xN —+ AN & Nxn
~N -+ AN
xN -+ AN

etc. ~ ~ ~

2r+ p ~ K+K+
x+p ~ x+p
~+p ~+p

200 + 40
88.3+ 35.0
62.0+ 44,0

LL{1920) POLE POSITION

REAL PART
VALUE (MeV)

1900
1900+80
~ ~ ~ We do not use

DOCUMENT ID TECN

2 HOEHLER 93 SPED
CUTKOSKY 80 IPWA

the following data for averages, fits, limits,

ARNDT 91 DPWAnot seen

COMMENT

AN -+ AN

AN ~ ~N
etc. ~ ~ ~

xN ~ ~N Soln SM90

VAL UE (MeV) DOCUMENT ID

1900 to 1070 (sos 1%%) OUR ESTIMATE

2014 +16 MANLEY 92 IPWA

1920 +80 CUTKOSKY 80 IPWA

1868 +10 HOEHLER 79 IPWA

~ ~ o We do not use the following data for averages, fits, limits,

1840 4 40 CANDLIN 84 DPWA

1955.0+13.0 1 CHEW 80 BPWA

2065 0+ 13i6—12.9
1 CHEW 80 BPWA

VAL UE

—0.13+0.04
0.3
0.27

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA xN a 2r N & N7r~
4 NOVOSELLER 78 IPWA n N ~ Narra
5 NOVOSELLER 78 IPWA 2r N a Nx7r

{rtrg)~/rtataI In N» -+ 6(1920)-+ N(ll40)e ~ R wave (r, r, )&/r
VALUE

+0.06+0.07

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7rN —+ AN & NTrn

il(1920} PHOTON DECAY AMPI. ITUDES

d(1920) -+ Ny, hellcay-1/2 antplltude At/a
VALUE (GeV-1/2) DOCUMENT ID

0.040 +0.014 AWA J I

TECN COMMEN T

81 DPWA pN ~ 2r N

d(1920) ~ Np, helklty-3/2 amplitude Aa/a

VAL UE (GeV-1/2) DOCUMENT ID

0.023 60.017 AWAJI

TECN COMMENT

81 DPWA pN —a AN

LL{1920}REFERENCES

8{1920}FOOTNOTES
'CHEW 80 repoes two P33 resonances in this mass region. Problems with this analysis

are discussed in section 2.1.11 of HOEHLER 83.
See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N an4 8 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.
The range given for DEANS 75 is from the four best solutions.

A Breit-Wigner fit to the HERNDON 75 IPWA; the phase is near —90 .
A Breit-Wigner At to the NOVOSELLER 78B IPWA; the phase is near —90 .

-2x IMAGINARY
VAL UE (MeV)

3006100
~ ~ ~ We do not use

not seen

MDDULUs iri
VALUE(MeV)

24+4

PHASE 8
VALUE( )
—150+30

COMMENT

xN —+ AN

etc. ~ ~ ~

~N ~ n N Soln SM90

aS(1920) ElASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 2r N ~ 2r N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA n. N ~ 2r N

PART
DOCUMENT ID TECN

CUTKOSKY 80 IPWA

the following data for averages, Ats, limits,

ARNDT 91 DPWA

HOEHLER
HOEHLER
MANLEY

Also
ARNDT
CANDLIN
HOEHLER
PDG
AWA J I

Also
CHEW
CUTKOSKY

Also
LIVANOS
HOEHLER

Also
NOVOSELLER
NOVOSELLE R
DEANS
HERNDON

94 tr N Newsletter 10 (to be pub. )
93 ~N Newsletter 9 1
92 PR D45 4002 +Saleski
84 PR D30 904 Manley, Amdt, Goradia, Teplitz
91 PR D43 2131 +Li, Roper, Workman, Ford

84 NP B238 477 +Lowe, Peach, Scotland+
83 Landolt-Boernstein 1/9B2
82 PL 111B Roos, Porter, Aguilar-Benitez+
81 Bonn Conf. 352 +Kajikawa
82 NP B197 365 Fujii, Hayashii ~ Iwata, Kajikawa+-

80 Toronto Conf. 123
80 Toronto Conf. 19
79 PR D20 2839
80 Toronto Conf. 35
79 PDAT 12-1
&0 Toronto Conf. 3
78 NP B137 509
788 NP B)37 445
75 NP B96 90
75 PR D11 3183

+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly

+Baton, Coutures, Kochowski, Neveu
+Kaiser, Koch, Pietarinen

Koch

+Mitchell, Montgomery+
+Longacre, Miller, Rosenfeld+

For early references, see Physics Letters 111B70 (1982}.

(KARL)
(KARI.)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(EDIN, RAL, LOWC}
(KARLT)

(HELS, CIT, CERN)
(NAGO)
(NAGO)

(LBL) IJP
(CMU, LBL}i JP
(CMU, LBL) IJP

(SACL} IJP
(KARLT} IJP
(KARLT) I JP

(CIT)
(CIT'

(SFI A, ALAH) I JP
(LBL, SLAC}

iL{1920)DECAY MODES

The following branching fractions are our estimates, not Ats or averages.

l1
I2
I3
r4
I5
I 6
l7

Mode

Nx
ZK
N7r n.

Ll(1232)x, P-wave

N(1440) a, P-wave
N y, helicity=1//2
N p, helicity=3//2

Fraction (I;/f )

5 20'



See key on page 1343
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Baryon Ful I Listings

Z(1930), Z(1940)

D(1930) D35 l(i ) = &(&s } Status:

4{1930)MASS

VALUE (MeV) DOCUMENT ID

1920 to 1970 (as 1930) OUR ESTIMATE

1956 +22 MANLEY 92 IPWA
1940 +30 CUTKOSKY 80 IPWA
1901 4 15 HOEHLER 79 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1963 LI 93 IPWA

1910.0+'5 0—17.2 CHEW 80 BPWA

2000 CRAWFORD 80 DPWA
2024 BARBOUR 78 DPWA

TECN COMMENT

«N~ «N&N««
«N~ «N
«N -+ «N
etc. ~ ~ ~

yN~ «N

«+p ~ «+p
pN -+ «N
pN -+ «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 111B(1982).

The various analyses are not in good agreement.

(rll r) /I tetal In Nsc ~ 4(1930)~ ZK (r, r,)&/r

(I II r)~/I sessile Ne ~ 4(1930)~ Nsce {Itl a)~/I
VAL UE

not seen

DOCUMENT ID TECN COMMENT

LONGACRE 75 IPWA «N -+ N ««

4(1930) PHOTON DECAY AMPLITUDES

4(1930) ~ Np,
VALUE(GeV 1/2)

-0.01S+0.017 OUR
—0.019+0.001

0.009+0.009
—0.030+0.047
~ ~ ~ We do not use

—0.062+0.064

hellclty-2/2 amplitude At/a
DOCUMENT ID

ESTIMATE
TECN COMMENT

LI 93 IPWA
AWAJ I 81 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

BARBOUR 78 DPWA

yN~ «N
pN~ «N
pN -+ «N
etc. ~ ~ ~

7N -+ «N

VALUE DOCUMENT ID TECN COMMENT

0.015 CANDLIN 84 DPWA «+ p ~ Z+ K+
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

—0.031 LIVANOS 80 DPWA «p ~ ZK
0.018 to 0.035 DEANS 75 DPWA «N ~ X'K

4(H30) WIDTH

TECN COMMENTVALUE (MeV)

co &so (a 3so)
530 6 140
320 + 60
195 + 60
~ ~ ~ We do not use

260

74.8+ 17.0
16.0

442
462

DOCUMENT ID

OUR ESTIMATE

MANLEY 92 IPWA
CUTKOSKY 80 IPWA
HOEHLER 79 IPWA

the following data for averages, fits, limits,

LI 93 IPWA

«N —+ «N & N««
«N -+ «N
«N -+ «N
etc. ~ ~ ~

yN~ «N

«+p —+ «+pC HEW 80 8PWA

CRAWFORD 80 DPWA yN ~ «N
BARBOUR 78 DPWA pN ~ «N

4{1930}POLE POSITION

4(1930) -+ Ny,
VALUE(GeV / )
-0.010+0.022 OUR

0.00960.001
—0.025 60.011
—0.033+0.060
~ ~ ~ We do not use

+0.019+0.054

hellclly-3/2 amplitude Aa/a
DOCUMENT ID

ESTIMATE
TECN COMM EN T

LI 93 IPWA
AWA Jl 81 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

BARBOUR 78 DPWA

yN~ «N
yN~ «N
yN -+ «N
etc. ~ ~ ~

pN ~ «N

4(1930}FOOTNOTES
1See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and

the pole parameters of N and 8 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.

REAL PART
VAL UE (Mev)

1850
2018
1890650

-2x IMAGINARY PART
VALUE (MeV)

180
398
260 +60

DOCUMENT ID TECN COMMENT

1 HOEHLER 93 SPED «N -+ «N
ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N -+ «N

MODULUS iri
VALUE (MeV)

20
15
18+6

4(1030) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 SPED «N ~ «N
ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N ~ «N

DOCUMENT ID TECN COMMENT

1 HOEHLER 93 SPED «N -+ «N
ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N -+ «N

HOEHLER
HOEHLER
LI

MANLEY
Also

ARNDT
CANDLIN
PDG
AWA JI

Also
CHEW
CRAWFORD
CUTKOSKY

Also
LIVANOS
HOEHLER

Also
BARBOUR
DEANS
LONGACRE

94
93
93
92
84
91
84
82
81
82
80
80
80
79
80
79
80
78
75
75

« N Newsletter 10 (to
« N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
NP B238 477
PL 1llB
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

be pub. )

+Amdt, Roper, Worklnan
+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+

4(1930) REFERENCES

For early references, see Physics Letters 111B70 (1982).

IJP

IJP

IJP

IJP
IJP
IJP
IJP
IJP

IJP
IJP

(KARL)
(KARL)

(VPi)
(KENT)

(VPI)
(VPI, TELE)

(EDIN, RAL, LOWC)
(HELS, CIT, CERN)

(NAGO)
(NAGO)

(I.BL)
(GLAS)

(CMU, LBL)
(CMU, LBL)

(SAC L)
(KARLT)
(KARLT)

(GLAS)
(SFLA, ALAH)

(LBL, SLAC)

PHASE 8
VALUE (o)

-24
—20+40

DOCUMENT ID TECN COMMENT

ARNDT 91 DPWA «N ~ «N Soln SM90
CUTKOSKY 80 IPWA «N -+ «N

A(1940) D33 l{J } = &{2 } Status:

4(1930) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

OMITTED FROM SUMMARY TABLE

4(1940) MASS

I1
l2
I3
r4

Mode

N7r
ZK
Nm. 7r

Np, hellclty=l/2
N p, helicity=3/2

Fraction (I ~/I )

10-20 %

VAL UE (Mev)

Rts 194O OUR ESTIMATE
2057 +110
2058.11 34.5
1940 + 100

DOCUMENT ID TECN COMMENT

4(1940}WIDTH

MANLEY 92 IPWA «N ~ «N & N««
CHEW 80 BPWA «+p ~ «+p
CUTKOSKY 80 IPWA «N —+ «N

r(Ne)/I tetal

4(1930) BRANCHING RATIOS
VAL UE (MeV)

460 +320
198.4+ 45.5
200 4 100

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA «N ~ «N & N««
CHEW 80 BPWA «+p ~ «+p
CUTKOSKY 80 IPWA «hl -+ «N

TECN COMMENTDOCUMENT IDVALUE

O.1 tOO& OUR ESTIMATE
0.1840.02
0.14+0.04
0.04k 0.03
o o i We do not use the follo~lng

0.11

MANLEY 92 IPWA «N —+ «N & N ««
CUTKOSKY 80 IPWA «N —+ «N
HOEHLER 79 IPWA «N —+ «N

data for averages, fits, limits, etc. e e e

CHEW 80 BPWA «+p ~ «+p

REAL PART
VAL UE (Mev)

1900+100
1915 or 1926

4(19N) POLE POSITION

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA «N e «N
1 LONGACRE 78 IPWA «N —+ N ««



1?22

Baryon Full Listings

Z(1940), Z(1950)
—2x IMAGINARY PART
VALUE (MeY)

200 +60
190 or 186

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA x N ~ 7r N

LONGACRE 78 IPWA x N ~ N7r ~

MDDuLus lri
VALUE (MeY)

8+3

PHASE 8
VALUE( )

135+45

Xi{1940)ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 2r N ~ 2r N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 2r N —+ n N

4(1940) DECAY MODES

f1
f2
f3
f4
f5
r6
f7
C8

Mode

Nor
Z'K
N7r 7r

d(1232) v, 5-wave

8{1232)e, D-wave

N p, 5=3/2, 5-wave

Np, helicity=l/2
Np, helicity=3/2

r(Nn)/rw„,
VALUE

0.18+0.12
0.18
0.05 +0.02

4(1940) BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA AN ~ AN & Nrrn

CHEW 80 BPWA x+ p ~ 2r+ p
CUTKOSKY 80 IPWA yr N —+ 2r N

(I L I a)~/I(I rl r)~/I tata~ ln N n ~ Ll(1940)~ Z K

D(1950) F„ l(l ) = ~(&+) Status:

LL{1950) MASS

VALUE (MeY) DOCUMENT ID

19' Io 1%0 (w 1%0) OUR ESTIMATE

1945 + 2 MANLEY 92 IPWA

1950 +15 CUTKOSKY 80 IPWA

1913 + 8 HOEHLER 79 IPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

1940 LI 93 IPWA

1925 + 20 CANDLIN 84 DPWA

1855.0+
10 0 C HEW 80 BPWA

1902 CRAWFORD 80 DPWA

1912 BARBOUR 78 DPWA

1925 1 LONGACRE 75 IPWA

TECN COM MEN T

etc. w ~ e

qN ~ ~N
2 + p -- Z+ K~

~~P -- ~~P

VALUE (MeY)~ tosso(aeooj
300 + 7
340 +50
224 k 10
~ ~ o We do not use

306
330 d-40

157.2 P 22.0
—19.0

225
198
240

4(1950) WIDTH

TECN COMMENTDOCUMENT ID

OUR ESTIMATE

MANLEY 92 IPWA

CUTKOSKY 80 IPWA

HOEHLER 79 IPWA

the following data for averages, fits, limits,

LI 93 IPWA

CANDLIN 84 DPWA

AN -~ xN & Nxx
n. N — zN
mN ~ AN
etc. ~ ~ ~

yN -a rrN

~+p - X'+KI'

~+p r ~pCHEW 80 BPWA

CRAWFORD 80 DPWA yN —+ n N

BARBOUR 78 DPWA pN ~ rr N
1 LONGACRE 75 IPWA 7r N N rrrr

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

(0.015
DOCUMENT ID TECN COMMENT

CANDLIN 84 DPWA 2r+ p ~ X'+ K+ LL(1950) POLE POSITION

(I tl r)~/I total In Nn ~ il(1940) ~ d(1232)e, Swave (r, r, )&/r
VAL UE

+0.11+0.10

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA +N ~ AN & N2rx

VAL UE

+0.27 +0.16
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA 7rN -+ 7rN & Nrrx

{Ill r)~/rtetai In Ne 6{1940) Ll(1232)e, D-wave (I Ll a)~/I

REAL PART
VALUE (MeY)

1878
1884
1890+15
0 ~ ~ We do not use the following

1858
1924 or 1924

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD n N ~ tr N

ARNDT 91 DPWA AN ~ 7rN Soln SM90
CUTKOSKY 80 IPWA 7r N —+ 2r N

data for averages, fits, limits, etc. ~ ~ ~

ARNDT 85 DPWA See ARNDT 91
3 LONGACRE 78 IPWA 7r N N rr rr

{rlrr)&/r, i N
VAL UE

+0.25 +0.10

4(1940} N p, 5=3/2, Swave . (I tl e)~/I
DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA AN ~ AN & Neer

VALUE (GeY 1/2)

—0.036+0.058

DOCUMENT ID TECN COMMENT

AWA Jl 81 DPWA pN ~ 2r N

6(1940) ~ Np, hellclty-3/2 etnplltude Aa/a

VALUE (GeY-1/2) DOCUMENT ID

—0.0314 0.012 AWA JI

TECN COMMENT

81 DPWA pN —+ 7rN

4(1940) FOOTNOTES

CL(1940) PHOTON DECAY AMPLITUDES

6(1940) Np, heliclty-1/2 amplltutle At/a

MDDuLus iri
VALUE (MeY)

47
61
50+7

lL{19SO}ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD x N ~ yr N

ARNDT 91 DPWA TrN ~ AN Soln SM90
CUTKOSKY 80 IPWA 7r N ~ 7r N

-2x IMAGINARY PART
VAL UE (MeV) DOCUMEN T ID TECN COMMEN T

230 HOEHLER 93 ARGD IT N ~ 2r N

238 ARNDT 91 DPWA rrN — AN Soln SM90
260+40 CUTKOSKY 80 IPWA vr N —+ 7r N

0 ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

238 ARNDT 85 DPWA See ARNDT 91
258 or 258 3 LONGACRE 78 IPWA rr N —+ N rr rr

LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first

(second) value uses, in addition to yr N Nyr2r data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

CL(1940) REFERENCES

PHASE 8
VALUE( )
—32
—23
—33+8

DOCUMENT ID TECN COMMEN T

HOEHLER 93 ARGD 2r N ~ 2r N

ARNDT 91 DPWA n. N ~ AN Soln SM90
CUTKOSKY 80 IPWA 2r N —+ 2r N

MANLEY
Also

CANDLIN
AWA JI

Also
CHEW
CUTKOSKY

Also
LONGACRE

92
84
84
81
82
80
80
79
78

PR D45 4002
PR D30 904
NP B238 477
Bonn Conf. 352
NP B197 365
Toronto Conf. 123
Toronto Conf. 19
PR D20 2839
PR D17 1795

+Saleski
Manley, Amdt, Goradia, Teplitz

+Lowe, Peach, Scotland+
+Kajikawa

Ftjjii ~ Hayashii, Iwata, Kajikavva+

+Forsyth. Babcock, Kelly, Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Lasinski, Rosenfeld. Smadja+

(KENT) IJP
(YPI)

(EDIN, RAL, LOWC)
(NAGO)
(NAGO)

(LBL) IJP
(CMU. LBL) IJP
(CMU, LBL)
(LBL, SLAC)



See key on page 1343 Baryon Full Listings

Z(1950), A(2000)

+1950) DECAY MODES

The following branching fractions are our estimates, not fits or averages.

I1

I3
l4
l5

r7
8

l9
I 10
I 11

Mode

N7r

ZK
N7r 7r

LL(1232)a, F wave-
Ll(1232}s, H wave-

Np
N p, 5=1/2, F wave-
N p, 5=3/2, F wave-

Np
N p, helicity=l/2
N y, helicity=3/2

Fraction (I l/I )

35WO 0/

20-30 %

(10%

0.10M).15 %

Cl(1950) BRANCHING RATIOS

I (Ne)/I tetai
VALUE

0.35 to OA OUR ESTIMATE
0.3860.01
0.3960.04
0.38+0.02
~ ~ ~ We do not use the following

0.44

DOCUMENT ID TECH COMMENT

MANLEY 92 IPWA «N ~ «N Cc N««
CUTKOSKY 80 IPWA «N -+ «N
HOEHLER 79 IPWA «N -+ «N

data for averages, fits, llrnlts, etc. ~ ~ ~

CHEW 80 BPWA «+p ~ «+p

(I II q) /I tetai In Nn ~ 6(1950)~ ZK (I tra)~/I
VALUE DOCUMENT ID TECN COMMENT

—0.05360.005 CANDLIN 84 DPWA «+ p -+ Z+ K+
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.022 to 0.040 4 DEANS 75 DPWA «N a ZK

4(1950) REFERENCES

HOEHLER 94
HOEHLER 93
LI 93
MANLEY 92

Also 84
ARNDT 91
ARNDT 85
CANDLIN 84
PDG 82
AWAJI 81

Also 82
ARAI 80

Also 82
CHEW 80
CRAWFORD 80
CUTKOSKY 80

Also 79
HOEHLER 79

Also 80
BARBOUR 78
LONGACRE 78
NOVOSELLER 78
NOYOSELLER 78B
WINNIK 77
DEANS 75
HERNDON 75
LONGACRE 75

«N Newsletter 10 (to
«N Newsletter 9 1
PR C47 2759
PR D45 4002
PR D30 904
PR D43 2131
PR D32 1085
NP B238 477
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
PDAT 12-1
Toronto Conf. 3
NP 8141 253
PR D17 1795
NP 8137 509
NP 8137 445
NP B128 66
NP B96 90
PR D11 3183
PL SSB 415

be pub. )

+Amdt, Roper, Workman
+Saleski

Manley, Amdt, Goradia, Teplitz
+Li, Roper, Workman, Ford
+Ford, Roper
+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, Rosen$eld, Smadja+

+Toaff, Revel, Goldberg, Berny
+Mitchell, Montgomery+
+Longacre, Miller, Rosenfeld+
+Rosenfeld, Lasinski, Smadjay

(KARL)
(KARL)

(VPI)
(KENT) IJP

(VPI)
(VPI, TELE) IJP

(VPI)
(EDIN, RAL, LOWC)
(HELS, CIT, CERN)

(N AGO)
(NAGO)

(INUS)
(INUS)
(LBL) UP

(GLAS
(CMU, LBL IJP
(CMU, LBL IJP

KARLT) IJP
KARLT) IJP
(GLAS)

(LBL, SLAC)
CIT) IJP
CIT) IJP

(HAIF) I

(SFLA, ALAH) IJP
(LBL, SLAC)
(LBL. SLAC) IJP

d(1950) FOOTNOTES
Froin method ll of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matrix
amplitudes.
See HOEHLER 93 and HOEHLER 94 for a detailed discussion of the evidence for and
the pole parameters of N and 4 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.

3LONGACRE 78 values are froin a search for poles In the unitarized T-matrix. The first
(second) value uses, in addition to «N ~ N««data, elastic amplitudes from a Saclay
(CERN) partial-wave analysis.

4The range given is from the four best solutions. DEANS 75 disagrees with «+ p ~
E'+ K+ data of WINNIK 77 around 1920 MeV.

5A Breit-Wigner fit to the HERNDON 75 IPWA; the phase ls near -60o.
A Breit-Wigner fit to the NOVOSELLER 788 IPWA; the phase is near -60 .
A Breit-Wlgner fit to the HERNDON 75 IPWA; the phase is near 120 .
A Breit-Wigner fit to the NOVOSELLER 78B IPWA; the phase is near 120 .

Note: Signs of couplings from «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 LL(1620) S31
coupling to LL(1232)«.

D(2000) F35 l(J } = 2{2+}Status:

OMITTED FROM SUMMARY TABLE

(Isla) /I

(I tl e}~/C(I II p) /I tetai In N s' -+ D(1950)-+ N p, S=s/2, I WaVe
VALUE DOCUMENT ID TECN COMMENT

+0.24 1 LONGACRE 75 IPWA « IV -+ N««
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.24 7 NOVOSELLER 78 IPWA «N ~ N««
0.43 8 NOVOSELLER 78 IPWA «N N

(I ll f) /Ctetailn Ne~ iL{1950)~ Cl(1282)e, Fwave
VALUE DOCUMENT ID TECN COMMENT

+0.2S to +0.32 OUR ESTIMATE
+0.27 60.02 MANLEY 92 IPWA «N a «N &c N««
+0.32 1 LONGACRE 75 IPWA «N -+ N««
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.21 5 NOVOSELLER 78 IPWA «N ~ N««
0.38 6 NOVOSELLER 78 IPWA «N ~ N««

VALUE (Mev)

e OUR ESTIMATE
1752+ 32
2200+ 125

VALUE (Mev)

251+ 93
400+ 125

REAL PART
VALUE (MeV)

2150+100

LL(2000) MASS

DOCUMENT ID TECH COMMENT

4{2000)POLE POSITION

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA «N -+ «N

MAMLEY 92 IPWA «N -+ «N Cc N««
CUTKOSKY 80 IPWA «N -+ «N

4{2000}WIDTH

DOCUMENT ID TECH COMMENT

MANLEY 92 IPWA «N -+ «N 4 N««
CUTKOSKY 80 IPWA «N ~ «N

Ll(1950} PHOTON DECAY AMPLITUDES

TECN COMMENT

«N
«N'

«N (fit 1)
«N (fit 2)
«N

pN~
yN~
pN —+

pN —+

yN —+

etc. ~ ~

yN~ «N

hellclty 3/2 am plltude Aa/a
DOCUMENT ID

ESTIMATE
LI IPWA
AWA J I 81 DPWA
ARAI 80 DPWA
ARAI 80 DPWA
CRAWFORD 80 DPWA

the following data for averages, fits, limits,

BARBOUR 78 DPWA

A(1950) ~ N7,
VAL UE (Gev-1/2
—0.101+OAl24 OUR
—0.115+0.003
—0.094+0.016
—0.101+0.005
—0.100+0.005
—0.082 +0.017
~ ~ ~ We do not use

TECN COMMENT

«N
«N
«N (fit 1)
«N (fit 2)
«N

pN~
pN~
pN —+

y/V ~
ylV -+
etc. ~ ~

—0.075+0.020

4{1950}~ Ny, hellclty 1/2 amplltuCe At/a
VAL UE (Gev /2) DOCUMENT ID

-O.OBS+0.027 OUR ESTIMATE
—0.102+0.003 LI 93 IPWA
—0.068 +0.007 AWA JI 81 DPWA
—0.091+0.005 ARAI 80 DPWA
—0.083+0.005 ARAI 80 DPWA
—0.067+0.014 CRAWFORD 80 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

—0.058+0.013 BARBOUR 78 DPWA

-2x IMAGINARY PART
VALUE (MeV)

350+100
DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA «N ~ «N

MDDuLUs iri
VALUE (Mev)

16+5

PHASE 8
VALUE (0)

150+90

DOCUMENT ID TECH COMMENT

CUTKOSKY 80 IPWA «N e «N

DOCUMEHT ID TECN COMMENT

CUTKOSKY 80 IPWA «N ~ «N

4{2000}DECAY MODES

l2
l3
f4
I5

Mode

N7r

N7r7r

Li(1232}v, Pwave-
B(1232}e, Fwave-
N p, S=3/2, P-Wave

8(2000) ELASTIC POLE RESIDUE
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D(2000), D(2150), Z(2200)

r(Nn)/rtota,
VALUE

0.02 k 0.01
0.07+0.04

4{2000}BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA AN ~ AN k NTrx

CUTKOSKY 80 IPWA ~ N —+ rr N

4(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.

4(2150) REFERENCES

(rll r)~/I total In Nn ~ 4(2000}-+ 4(1232}n,
VAL UE DOCUMENT ID

+0.07+0.03 MANLEY 92

(I tl a}~/IP-wave
TECN COMMEN T

IPWA +N —s zN k N&2r

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 1/982
Toronto Conf. 123
Toronto Conf. 19
PR D20 2839

(EDIN, RAL, LOWC)
(KARLT)

(LBL) lJP
(CMU, LBL) l JP
(CMU, LBL)

VALUE

+0.09+0.04

DOCUMENT ID TECN COMMENT

MANLEY 92 IPWA AN a 1r N 4 Nm x

{I I )~/r, lnN 4(2000) 4(1232), F nnvn (I I )~/l
z(2200) G» l(JP) = ss(&7 ) Status:

{It I n)~/I{III f) /I tatal In N~ ~ 4(2000) ~ N p, 5=3/2, la-wavn
VAL VE DOCUMENT ID TECN COM MEN T

—0.0660.01 MANLEY 92 IPWA AN -s AN Cc Nax

OMITTED FROM SUMMARY TABLE
The various analyses are not in good agreement.

4(2200) MASS

4(2000) REFERENCES

92 PR D45 4002 +Saleski
84 PR D30 904 Manley, Amdt. Goradia, Teplitz
80 Toronto Conf. 19 +Forsyth, Babcock, Kelly, Hendrick
79 PR D20 2839 Cutkosky, Forsyth, Hendrick, Kelly

MANLEY
Also

CUTKOSKY
Also

l(JP) = 1s(1t ) Status:a(2150) s»
OMITTED FROM SUMMARY TABLE

(KENT) I JP
(Vpl)

(CMU, LBL)
(CMU, LBL)

DOCUMENT ID

4(2200) WIDTH

VALVE (MeV) TECN COMMEN T

sts ~~~i OUR ESTIMATE
2200+80 CUTKOSKY 80 IPWA xN ~ +N
2215+60 HOEHLER 79 IPWA Tr N ~ x N

2280+ SO HENDRY 78 MPWA xN ~ AN
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2280+40 CANDLIN 84 DPWA M+ p ~ g+ K+

VALUE (MeV)

fhf 2150 OUR ESTIINATE
2047.4+ 27.0
2203.2 + 8.4
2150 + 100

4(2150) MASS

DOCUMENT ID TECN COMMENT

1CHEW 80 BPWA ~+p ~ ~+p
CHEW 80 BPWA x+ p s 1r+ p
CUTKOSKY 80 IPWA Tr N ~ rr N

VALUE (Mev) DOCUMENT ID TECN COMMENT

450 +100 CUTKOSKY 80 IPWA sr N ~ a N

400 4 100 HOEHLER 79 IPWA 2r N —+ ~ N

400 + 150 HENDRY 7& MPWA m N -+ 1r N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

400+ 50 CANDLIN 84 DPWA z+ p —+ Z+ K+

4(2200} POLE POSITION

VAL UE (MeV)

121.6+ 62,0
120.5+ 45.0
200 + 100

4(2150) WIDTH

DOCUMENT ID TECN COMMENT

1 CHEW 80 BPWA x+p ~ x+ p
1CHEW 80 BPWA x+ p ~ x+p

CUTKOSKY 80 IPWA 1r N ~ rr N

REAL PART
VALUE (Mev)

2100+50

—2x IMAGINARY PART
VALUE (Mev)

340+80

DOCVMEN T ID TECN COMMENT

CUTKOSKY 80 IPWA x N -+ rr N

DOCUMEN T ID TECN COMMENT

CUTKOSKY 80 IPWA fr N -+ rr N

REAL PART
VALUE (Mev)

2140+80

-2x IMAGINARY PART
VAL UE (MeV)

200 +80

4(2150) POLE POSITION

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA xN ~ ~ N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA Tr N ~ 1r N

MODULUS lrl
VALUE (Mev)

8+3

PHASE 8
VALUE P)
—70+40

4(2200) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA x N -+ Tr N

DOCUMEN T ID TECN COMMENT

CUTKOSKY 80 IPWA 7r N ~ x N

MODULUS lr~
VAL UE (Mev)

7+2

PHASE 8
VALUE( )
—60+90

Mode

I 1 N7r

I2 ZK

4(2150) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA
'

TrN ~ TrN

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA +N ~ rr N

4(2150) DECAY MODES

Mode

C1 N7r

C2 ZK

r(N~)/rnn„
VALUE

0.06k 0.02
0.05+0.02
0.09+0.02

4(2200) DECAY MODES

4(2200} BRANCHIMG RATIOS

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA m N —+ a N

HOEHLER 79 IPWA x N a 2r N
HENDRY 78 MPWA xN ~ TrN

r(M ~)/run„

4(2150) BRANCHING RATIOS (r,r,)&/r
VALUE

—0.014+0.005

DOCUMEN T ID TECN COMMENT

CAhlDl IN 84 DPWA ++p X+ K+

{IIrr)~/I tatal In Nm +4(2200) ~ Z-K

VAL UE

0.41
0.37
0.08+0.02

DOCUMENT ID TECN COMMENT

1 CHEW 80 BpWA sr+p a 2r+p
CHEW 80 BPWA sr+p ~ 2r+p
CUTKOSKY 80 IPWA a N —+ a N

(I tl a) /I
VALUE

&0.03
DOCUMENT ID TECN COMMENT

CANDLIN 84 DPWA 2r+ p s X'+ K+

(rlrr)&/r~~ In N~ 4(2150) ZK

CANDLlN
CUTKOSKY

Also
HOEHLER

Also
HENDRY

Also

84
80
79
79
80
78
81

4(2200} REFERENCES

NP 8238 477
Toronto Conf. 19
PR D20 2839
PDAT 12-1
Toronto Conf, 3
PRL 41 222
ANP 136 1

+Lovve, Peach, Scotland+
+Forsyth. Babcock, Kelly. Hendrick

Cutkosky, Forsyth, Hendrfck, Kelly
+Kaiser, Koch. Pietarinen

Koch

Hendry

(ED)N, RAL, LOWC)
(CMU, LBL) IJP
(CMU, LBL) lJP

(KARLT) IJP
(KARLT) lJP

(iND, LBL) IJP
(INDj



See key on page 1343 Baryon Full Listings

i1(2300), Z(2350)

Z(2300) H l{J ) = ~{~+) Status: a(2350) 0„ l{J ) = &(& ) Status:

OMITTED FROM SUMMARY TABLE OMITTED FROM SUMMARY TABLE

4(2300) MASS

DOCUMENT IDVAL UE (Mev)

353 2300 OUR ESTIMATE
2204.5 + 3.4 CHEW 80 BPWA a+p ~ n+p
2400 +125 CUTKOSKY 80 IPWA +N ~ xN
2217 6 80 HOEHLER 79 IPWA x N —+ x N

2450 +100 HENDRY 78 MPWA xN ~ xN
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2400 CANDLIN 84 DPWA x+ p -+ E+ K+

VAL UE (Mev)

Ias &~%3 OUR ESTIMATE
2171+ 18
2400+ 125
2305+ 26

4(2350) MASS

DOCUMENT ID TECN COM MEN T

4{2350}WIDTH

MANLEY 92 IPWA aN -+ aN Bc Nxx
CUTKOSKY 80 IPWA x N s +N
HOEHLER 79 IPWA x N ~ Tr N

4(2300) WIDTH

VAL UE (MeV)

32.3+ 1.0
425 + 150
300 + 100
500 +200
~ ~ ~ We do not

200

DOCUMENT ID TECN COMMENT

CHEW 80 BPWA ++p ~ z+p
CUTKOSKY 80 IPWA fr N —+ Tr N

HOEHLER 79 IPWA x N ~ 2r N

HENDRY 78 MPWA xN ~ xN
use the following data for averages, fits, limits, etc. ~ ~ ~

CANDLIN 84 DPWA x+ p s Z+ K+

VAL UE (Mev)

264k 51
400+150
300+ 70

REAL PART
VALUE (MeV)

2400+ 125

DOCUMEN T ID TECN COMMENT

MANLEY 92 IPWA xN ~ xN lc N+2r
CUTKOSKY 80 IPWA x N ~ Tr N

HOEHLER 79 IPWA m N ~ ~N

4{2350) POLE POSITION

DOCUMEN T ID TECN COMMENT

CUTKOSKY 80 IPWA 2r N s ~ N

4(2300) POLE POSITION
-2x IMAGINARY PART
VALUE (Mev)

400+150
DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA x N ~ x N

REAL PART
VAL UE (MeV)

2370+80

-2x IMAGINARY PART
VAL UE (Mev)

420 4 160

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA n N ~ ~N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA n N ~ x N

MDDULUs iri
VALUE (MeV)

15+8

4{2350)ELASTIC POLE RESIDUE

DOCUMEN T ID TECN COMMENT

CUTKOSKY 80 IPWA 2r N —+ rr N

MoDULUs iri
VAL UE (Mev)

10+4

PHASE 8
VALUE( )
—20+30

4(2300) ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA Tr N —+ 2r N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA xN ~ n N

PHASE 8
VALUE (o)

—70+70

Mode

l1 Nx
ZK

DOCUMEN T ID TECN COMMENT

CUTKOSKY 80 IPWA 2r N —+ 2r N

4(2350) DECAY MODES

Mode

4(2300) DECAY MODES

I (Ns)/I tata,

4{2350}BRANCHING RATIOS

I1 Nx
I2 ZK

r(a~)/r~,
VALUE

0.05
0.06 4 0.02
0.03+0.02
0.08 40.02

4(23M) BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

CHEW 80 BPWA x+p ~ a+p
CUTKOSKY 80 IPWA xN ~ xN
HOEHLER 79 IPWA m N ~ 2r N

HENDRY 78 MPWA n. N ~ xN

VALUE

0.020 +0.003
0.20 +0.10
0.04 +0.02

{III r}~/I tataI In Ns -+ 4(2350) -+ ZK (I tl 2) /I
VALUE

(0.015
DOCUMENT ID TECN COMMENT

CANDLIN 84 DPWA n+ p ~ Z+ K+

4{2350}REFERENCES

DOCUMEN T ID TECN COMMENT

MANLEY 92 IPWA xN ~ AN 5 N2r~
CUTKOSKY 80 IPWA ~ N —+ x N

HOEHLER 79 IPWA 2r N s 2r N

(r,r,)&/r
VAL UE

—0.017
DOCUMENT ID TECN COMMEN T

CANDLIN 84 DPWA 2r+ p ~ Z+ K+

4{2300)REFERENCES

(I Irf) /rtataIIA Nx~ 4(2300)-+ ZK
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
(VPI)

(EDIN, RAL, LOWC)
(CMU, LBL) I JP
(CMU, LBL)

(KARLT) I JP
(KARLT) IJP

CANDLIN
CHEW
CUTKOSKY

Also
HOE HLER

Also
HENDRY

Also

84 NP B238 477
80 Toronto Conf. 123
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

(EDIN. RAL, LOWC)
(LBL) IJP

(CMU, LBL) IJP
(CMU, LBL)

(KARLT) IJP
(KARLT) IJP

(IND, LBL) IJP
(IND)



Baryon FullListings

D(2390), D(2400)

A(2390) F37 l(J ) = p(p+} Status: Z(2400) Gsg l(J~) = g3(g9 } Status:

OMITTED FROM SUMMARY TABLE OMITTED FROM SUMMARY TABLE

VAL UE (MeV)

tat c3Kr OUR ESTIMATE
2350+100
2425+ 60

VAL UE (MeV)

300+100
300+ 80

Ll(2390) MASS

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA x N —+ x N

HOEHLER 79 IPWA x N —+ 2r N

lL(2390) WIDTH

8{2390)POLE POSITION

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA R N ~ xN
HOEHLER 79 IPWA x N -+ x N

VAL UE (MeV)

at 24$ OUR ESTIMATE
2300+ 100
2468+ 50
2200+100

VAL UE (MeV)

330+ 100
4806100
450+200

4(24$) MASS

DOCUMENT ID TECN COM MEN T

CUTKOSKY 80 IPWA +N ~ x N

HOEHLER 79 IPWA xN ~ 2r N

HENDRY 78 MPWA +N ~ zN

B(24$) WIDTH

DOCUMEN T ID TECN COMMEN T

CUTKOSKY 80 IPWA ~ N ~ x N

HOEHLER 79 IPWA m N ~ R N

HENDRY 78 MPWA TrN ~ R N

REAL PART
VALUE (MeV)

2350+ 100

—2x IMAGINARY PART
VAL UE (Mev)

260+100

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA R N —+ x N

DOCUMEN7 ID TECN COMMENT

CUTKOSKY 80 IPWA 2r N —+ x N

CL(2390) ELASTIC POLE RESIDUE

REAL PART
VALUE(MeV)

2260+60

—2x IMAGINARY PART
VAL UE (MeV)

320+ 160

Q(24$) POLE POSITION

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ N —+ m N

DOCUMEN T ID TECN COMMENT

CUTKOSKY 80 IPWA 2r N ~ 2r N

MDDuLus ir(
VALUE (Me'I/)

12+6

PHASE 8
VALUE( )

—90+60

Mode

C1 Nm.

C2 ZK

I (Nn)/I ~~

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ N ~ x N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA w N —+ xN

6{2390)DECAY MODES

4(2390) BRANCHING RATIOS

MDDuLus ~r~

VAL UE (MeV)

8+4

PHASE 8
VALUE (o)

—25+ 15

Mode

I 1 Nvr

l2 ZK

8{24$)ELASTIC POLE RESIDUE

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ N ~ x N

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA ~ N —+ 2r N

d(24$) DECAY MODES

CL(2400) BRANCHING RATIOS
VAL UE'

0.08+0.04
0.07+0.04

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA R N —+ 2r N

HOEHLER 79 IPWA xN ~ x N

(rxr2)~/r
VAL UE

&0.015
DOCUMENT ID TECN COMMENT

CANDLIN 84 DPWA x+ p ~ Z+ K+

(I Il r)~/I treaI In Ne ~ Cl(2390) ~ Z K

r(N~)/rnn„
VALUE

0.05+0.02
0.06 +0.03
0.10+0.03

DOCUMENT ID TECN COMMENT

CUTKOSKY 80 IPWA 2r N ~ z N

HOEHLER 79 IPWA Tr N -+ x N

HENDRY 78 MPWA xN ~ AN

(I II r)~/rnnnI In Nn' ~ Ll(24$) ~ ZK (rgrn)~/r

6(2390) REFERENCES
VAL UE

&0.015
DOCUMENT ID TECN COMMEN T

CANDLIN 84 DPWA 2r+ p ~ E+ K+

CANDLIN
CIJTKOSKY

Also
HOEHLER

Also

84
80
79
79
80

NP B238 477
Toronto Conf. 19
PR D20 2839
PDAT 12-1
Toronto Conf. 3

+Lowe. Peach, Scotland+
+Forsyth, Babcock, Kelly, Hendrick

Cutkosky, Forsyth, Hendrick, Kelly
+Kaiser, Koch, Pietarinen

Koch

(EDIN, RAL, LOWC)
(CMU, LBL) IJP
(CMU, LBL)

(KARLT) IJP
(KARLT) IJP CANDLIN

CUTKOSKY
Also

HOEHLER
Also

HENDRY
Also

84
80
79
79
80
78
81

8{2400) REFERENCES

NP B238 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, LOGIC)
(CMU, LBL) IJP
(CMu, LBL)

(KARLT) IJP
(KARLT) IJP

(IND, LBL) IJP
(IND)



See key on page 1343
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Baryon Full Listings

6(2420), Z(2750), Z(2950)

Z(2420) H3 yI
l{JP) = ~s(~tt+)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 11KB (1982).

4(2420} MASS

VAL UE (Mev) DOCUMENT ID

to ~ (a 2I20) OUR ESTIMATE

2400 +125 CUTKOSKY 80 IPWA 7r N s 7r N

2416 6 17 HOEHLER 79 IPWA 7r N s 7r N
2400 + 60 HENDRY 78 MPWA 7rN ~ 7rN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2400 CANDLIN 84 DPWA x+ p s Z+ K+
2358.0+ 9.0 CHEW 80 BPWA ~+p ~ 7r+p

4(2I20) REFERENCES

HOEHLER
HOE HLER
CANDLIN
PDG
CHEW
CUTKOSKY

Also
HOEHLER

Also
HENDRY

Also

94
93
84
82
80
80
79
79
80
78
81

srN Newsletter 10 (to
m 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

be pub. )

+Lowe, Peach, Scotland+
Roos. Porter, Aguilar-Benitet+

+Forsyth, Babcock. Kelly. Hendrick
Cutkosky, Forsyth, Hendrick, Kelly

+Kaiser, Koch, Pietarinen
Koch

Hendry

(KARL)
(KARL)

(EDIN, RAL, LOWC)
(HELS, CIT. CERN)

(LBL)
(CMIJ. LBL)
(CMU, LBL)

(KARLT)
(KARLT)

(IND, LBL)
(IND)

a(2750) i, » l{J ) = l{~ )Status:

OMITTED FROM SUMMARY TABLE

4(2750) MASS

IJP
IJP

IJP
IJP
IJP

4(2420) WIDTH

400
202.2+ 45.0

4(2CN) POLE POSITION

VALUE (Mev) DOCUMENT ID TECN COMMENT

300 to SOO (a 4$) OUR ESTIMATE

450 +150 CUTKOSKY 80 IPWA 7rN ~ 7rN

340 + 28 HOEHLER 79 IPWA 7r N ~ 7r N
460 +100 HENDRY 78 MPWA 7r N s 7r N

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

CANDLIN 84 DPWA ~+ p ~ Z+ K+
CHEW 80 BPWA 7r+p ~ 7r+p

VALUE (MeV)

a 2750 OUR ESTIMATE
2794+ 80
2650 +100

VALVE(Mev)

350+100
500+100

Mode

DOCUMENT ID TECH COMMENT

HOEHLER 79 IPWA 7rN -+ 7rN

HENDRY 78 MPWA 7rN -+ 7rN

4{2750) DECAY MODES

4{2750)WIDTH

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA 7rN —s 7rN
HENDRY 78 MPWA 7rN s AN

REAL PART
VAL UE (MeV)

2300
2360+100

-2x IMAGlNARY PART
VAL UE (Mev)

620
420 +100

DOCUMENT ID TECN COMMENT

1 HOEHLER 93 ARGD 7r N + 7r N

CUTKOSKY 80 IPWA 7rN -+ 7rN

DOCUMENT ID TECN COMMENT

1 HOEHLER 93 ARGD 7rN -+ 7rN

CUTKOSKY 80 IPWA 7r N -+ 7r N

I (Ns)/I tstaI
VALUE

0.0460.015
0.05+0.01

4(2750} BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA 7rN -+ 7rN
HENDRY 78 MPWA 7rN ~ srN

4{2420) ELASTIC POLE RESIDUE 4(2750) REFERENCES

MODULUS (r)
VAL UE (Mev)

39
18+6

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD 7r N -+ 7r N

CUTKOSKY 80 IPWA 7r N s 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

Hendry

(KARLT) IJP
(KARLT) IJP

(IND, LBL) IJP
(IND

PHASE 8
VALUE( )
—60
—30+40

DOCUMENT ID TECN COMMENT

HOEHLER 93 ARGD 7rN ~ 7rN

CUTKOSKY 80 IPWA 7r N -+ 7rN

Z(2950) KS IS
I{JP) a{tan) Status:

OMITTED FROM SUMMARY TABLE

Mode

I1 N7r

I 2 ZK

Fraction (I I/I )

5-15 %

4{2I20) DECAY MODES

The following branching fractions are our estimates, not fits or averages.
VALUE(Mev)

55I 2%0 OUR ESTIMATE
2990+100
2850+100

4(2950} MASS

DOCUMENT ID TECN COMMENT

4{2950}WIDTH

HOEHLER 79 IPWA a N ~ 7rN

HENDRY 78 MPWA 7rN ~ 7rN

I (Ns)(I ~/
4(2CN) BRANCHING RATIOS

VALVE (MeV)

330+100
700 +200

DOCUMENT ID TECN COMMENT

HOEHLER 79 IPWA 7rN ~ 7rN
HENDRY 78 MPWA 7r N —s 7r N

VAL UE

0.05 to 0.1$ OUR ESTIMATE
0.0860.03
0.08+0.015
0.11+0.02
~ ~ ~ We do not use the following

0.22

DOCUMENT ID TECN COMM EN T

CUTKOSKY 80 IPWA 7r N ~ 7r N

HOEHLER 79 IPWA 7r N —+ 7r N

HENDRY 78 MPWA 7rN ~ xN
data for averages, fits, limits, etc. ~ ~ ~

CHEW 80 BPWA 77+ p ~ a+p

(r,raP(r(I Il f) /I ssta/ In Nr~ 4(2420) ~ ZK
VALUE DOCUMENT ID TECN COMMENT

—0.016 CANDLIN 84 DPWA 7r+ p s Z+ K+

Mode

N7r

I (Nx)/I tstaI
VALUE

0.04 +0.02
0.03+0.01

4(2950) DECAY MODES

4{2950}BRANCHING RATIOS

DOCUMEN T ID TECN COMMENT

HOEHLER 79 IPWA «N ~ 7rN

HENDRY 78 MPWA 7rN ~ 7r N

4(2420) FOOTNOTES
See HOEHLER 93 and HOEHLER 94 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.

HOEHLER 79 PDAT 12-1
Also 80 Toronto Conf. 3

HENDRY 78 PRL 41 222
Also 81 ANP 136 1

4(2950) REFERENCES

+Kaiser, Koch, Pietarinen
Koch

Hendry

(KARLT) IJP
(KARLT) IJP

(IND, LBL) IJP
(IND)
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Baryon FullListings

D( 3000), A

Z( 3000 Region)
Partial-Wave Analyses

OMITTED FROM SUMMARY TABLE
We list here miscellaneous high-mass candidates for isospin-3/2 res-

onances found in partial-wave analyses.

Our 1982 edition also had a 6(2850) and a d(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) l3 ]3 and d(2950) K3 15 The A(3230) is perhaps related
to the K3 13 of HENDRY 78 and to the L317 of KOCH 80.

A BARYONS
(5= —1, l = 0)

I(J~) = O(~1+) S~a~us:

We have omitted some results that have been superseded by later
experiments. The omitted results may be found in our 1986 edition

(Physics Letters 170B) or in earlier editions.

VAL UE (Mev)

a = ~ OUR IBTIMATE
3300

3500

2850+150
3200+200
3300+200
3700+200
4100+300

VALUE (Mev)

700+200
1000+300
1100+300
1300+400
1600+500

h( 3000) MASS

DOCUMENT ID

' KOCH

1KOCH

HENDRY

HENDRY

HENDRY

HENDRY

HENDRY

TECN COMMENT

80 IPWA xN ~ xN L317 wave

80 IPWA w N ~ &N M3 19 wave

78 MPWA xN ~ xN l311 wave

78 MPWA rN ~ ~N K313 wave

78 MPWA mN xN L317 wave

78 MPWA xN —+ xN M319 wave

78 MPWA xN xN N32] wave

jl(» 3000) WIDTH

DOCUMENT ID

HENDRY

HENDRY

HENDRY

HENDRY

HENDRY

TECN COMMENT

78 MPWA xN AN l3]1 wave

78 MPWA TrN ~ AN K3]3 wave

78 MPWA xN ~ AN L317 wave

78 MPWA ~N TrN M319 wave

78 MPWA xN AN N32] wave

A MASS

The fit uses A, E+, E, E mass and mass-difference measurements,

DOCUMENT IDVALUE (Mev) EVTS TECN COMMENT

111S.684+0.OOS OUR FIT
1115.MS+0.NS OUR AVERAGE

1115.678+0.006+0.006 20k HARTOUNI 94 SPEC p p 27.5 GeV/c
1115.690+0.008+0.006 18k 1 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 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 CP7:
The SCHMIDT 65 masses have been reevaluated using our April 1973 proton and K+
and ~+ masses. P. Schmidt, private communication (1974).

3The 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 ~+ mass (note added Reviews of Modern Physics
39 1 (1967)).

Mode

l1 NZ

r(a~)/r~,

LL(» 3000) DECAY MODES

8(» 3m%3) ISRANCHING RATIOS

A test of CPT lnvariance.

VALUE (LInits 10 )
—1.0 + 0.9 OUR AVERAGE

1.08+ 0.90
—26 +13

4.5 + 5.4

(mq —~) / mq

DOCUMENT ID TECN COMMENT

HARTOUNI 94 SPEC p p 27.5 GeV/c
BADIER 67 HBC 2.4 GeV/c p p
CHIEN 66 HBC 6.9 GeV/c p p

VAL UE

0.06 +0.02

0.045 +0.02

0.03 +0.01
0.025+0.01
0.018+0.01

DOCUMENT ID

HENDRY

HENDRY

HENDRY

HENDRY

HENDRY

TECN COMMENT

78 MPWA xN xN l311 wave

78 MPWA AN ~ xN K313 wave

78 MPWA mN m N L317 wave

78 MPWA TrN ~ xN M3]9 wave

78 MPWA &N rN N321 wave

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.

LL(» 3000) REFERENCES

KOCH
HENDRY

Also

80 Toronto Conf. 3
78 PRL e1 222
81 ANP 136 1 Hendry

(KARLT) IJP
(INO, LBL) IJP

(INO)

4( 3000) FOOTNOTES

In addition, KOCH 80 reports some evidence for an Q1 d(2700) and a P33 LL(2800).

VALUE (10 s) EVTS DOCUMENT ID TECN COMMENT

2.582+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. ~ ~ ~

2.69 +0.05 6582 ALTHOFF 73B OSPK a+ n A K+
2.54 +0.04 4572 BALTAY 718 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

2.452+0 054 2213 ENGELMANN 66 HBC

2.59 +0.09 794 HUBBARD 64 HBC
2.59 +0.07 1378 SCHWARTZ 64 HBC
2.36 +0.06 2239 BLOCK 63 HEBC
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6)2.632~0.020 (Error scaled by 1. this model arements that result from thiThe quark moments a
= —0.613p~. The= —0.972 p~, and ps =—

uark masses, ta ing e

where = qli/2m, areP

g ows themo e
'

s

the experimental moments. For e or s oimation to e ex

ture 2.d 1 refer to the literaturebetter mode, we re

2.55 2.60 2.65

A mean life (10 s)
-10

2
X

77 SPEC 3.8
75 HBC 1.0
73 HBC Oe1

4.9
(Confidence Level 0.085)

I

2.85

ZECH
CLAYTON.POULARD

2.70 2.75 2.80

(&si —&g) I s asense

A test of CPT invariance.

VALUE

O.Ni+O. OeI
TECN COMMENTDOCUMENT ID

2.4 GeV/c ppBADIER 67 HBC 2.4 e

N MAGNETIC MOMENTS

t ze~ = (I ~ —t .)/ 8 .

s the measured magnetic moments of t e

stable baryons. It aso s ow

n, and A moments asd 1 using the measured p, n, anquark mo e, us'

input. In this mo e,odel the moments are 1

)/8
Pg- = 4Pd gsV~+ = (41Ja —Ijs)l = 4 tss

P=- = Ps Pd
= (2 + 2@a —Ps)/8Pgo = PuPA=Ps

PO- = 3Ps

and the Z ~ A transition moment is

A MAGNETIC MOMENT

above. Measurements withBa on Magnetic Moments above.See the Note on Baryon above.
an error & 0.15 Itg have been omi e .

EVTSVAL UE (Istti)

E-0.61$ +0.004 OUR AVERAG
-0.606 +0.015
—0.6138+0.0047
—0.59 +0.07
—0.57 +0.05 1.2M
—0.66 +0.07 1300

DOCUMENT ID TECN COM MEN T

81 SPEC
SCHACHIN. .. 78 SPEC
HELLER 77 SPEC
BUNCE 76 SPEC

L 200 kG fieldDAHL-JENSEN71 EMUL

A ELECTRIC DIPOLE MOMENT

A nonzero v n b both T invariance and P invariance.A nonzero value is forbidden y

References

D. . er ', '
n to High EnergyD.H. Perkins, Introduction o

MA 1987), or D. Grt-
t P t't (H kRofiths, Introduction to Elementary ar ic e

( )m le J. Franklin, Phys. Rev.
. B, ( 84);H.J. Lipkin, Nucl. Phys.

K Suzuk' H. Kumagai, and Y. Tana

. Khadkika, Ph R . D$6, 307S.K. Gupta and S.B. Khad i r,
(1987);

Sov. J. Nncl. Phys. 45, 109 (1987);ri
Co . N 1. P rt. Ph . 18,L. Brekke and J.L. Rosner, Comm. uc.

D41 92Q (199Q) and references
cited in discussions ofcited therein so,Al see references cite in i

results in the experimental papers. .

Experi-
ment

Simple
model

input pg+

TECNVALUE (10 ecm-16 et:m) CLg DOCUMENT ID

4 PONDROM 81 SPEC1.5 95 P
llowin data for averages, fit,s limits, etc. ~ ~ ~~ We do not use the follow ng

MUL

~ ~ ~

95 5 BARONI 71 E&100
95 GIBSON 66 EMUEMUL&500

sures —3.0 + 7.4) x 10 17 e-cm.PONDROM 81 measures (—3.0 +
5 BARONI 71 measures (—5.9 . ) 0 e-—5.9 6 2.9) x 10 e-

A DECAY MODES

1—
8
O
8
CP

~w 0

Ainpu

l2
I3
l4
r5
I6

Mode

p7r
n7r0

np
pal y

Pe Ve

PP V

Fraction (I;/I )

639 +05
(35.8 +0.5 ) %

( 1.75+0.15) x 10—3
—4[aj( 8.4 +1.4 ) x 10

( 8.32+0.14) x 10—4
—4( 1.57+0.35) x 10

in thishe ion momentum range use[a] See the U iF II L'stings below for the pion mo
measurement.

input

S~0
S~A

R
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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 X'

10.5 for 16 degrees of freedom.

h DECAY PARAMETERS

See the Note on Baryon Decay Parameters in the neutron Listings. Some
early results have been omitted.

X2

X3

X5

X6

-100
—2 —1

46 -46
0 0 0 0

X1 X2 X3 X5

h BRANCHING RATIOS

The fallowing oft-diagonal array elements are the correlation 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.

a FORA~ pm
VALUE EVTS

0.642+OA)1$ OUR AVERAGE

0.584 +0.046 8500
0.649k 0.023 10325
0.67 +0.06 3520
0.645+0.017 10130
0.62 +0.07 1156

P ANGLE FOR h pm
VALUE (o) EVTS
—LS+ 3$ OUR AVERAGE

7.0+ 4.5 10325
8.0+ 6.0 10130

13.0 + 17.0 1156

DOCUMENT ID TECN COMMEN T

ASTBURY
CLELAND
DAUBER
OVERSETH
CRONIN

DOCUMENT ID

75 SPEC
72 OSPK
69 HBC From = decay

67 OSPK /I from n p
63 CNTR /I from 7r p

(»bb = IS / ~)
TECN COMMENT

CLELAND 72 OSPK /I from n p
OVERSETH 67 OSPK /il from n p
CRONIN 63 OSPK /l from x p

r(pn-)/r(ivn)
VALUE EVTS
DM1++-~ OUR RT
D.fiN+OAXS OUR Ali%RAGE

0.646 +0.008 4572
0.635+0.007 6736
0.643+0.016 903
0.624 +0.030

DOCUMENT ID TECN COMMENT

I t/{I t+I 2)

K p at rest
~- p nK0

p AKO

BALTAY 718 HBC

DOYLE 69 HBC
HUMPHREY 62 HBC

CRAWFORD 598 HBC

att/a =a(h~ nn )/ (aA~ pn )
TECN COMM EN T

[a {A)+apP)] / [a (A) —a+P)]

VALUE EVTS

1.01 +OAlT OUR AVERAGE

1.000 +0,068 4760 8 OLSEN 70 OSPK ~+ n ~ A K+
1.10 +0.27 CORK 60 CNTR

OLSEN 70 compares proton and neutron distributions from A decay.

r(nn4)/r(itin)
VALUE EVTS

0~+OANS OUR RT
041060AM OUR NIERAGE
0.35 +0.05
0.291+0.034

DOCUMENT ID TECN

BROWN 63 HLBC
CHRETIEN 63 HLBC

I 2/(rt+I g)

r(n&)/rnn, i

VALUE (units 10 3) DOCUMENT ID TECN COMMENT

1.TI+0.1I OUR RT
1.TS+0.1$ 1816 LARSON 93 SPEC K p at rest

~ ~ ~ We do not use the following data for averages, fits, limIts, etc. ~ ~ ~

1'78+0'24+0 16 287 NOBLE 92 SPEC See LARSON 93

EVTS

r(np)/r(nsrn)
VALUE (units 10 3) EVTS DOCUMENT ID TECN COMMENT

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.86+0.74 +0.57 24 BIAGI 86 SPEC SPS hyperon beam

r(pn-&)/r(p&-)
VALUE(units 10 3)

1.$2+0.22

r(pe-pe) /r (pn-)

EVTS

72

DOCUMENT ID TECN COMMENT

BAGGETT 72C HBC ~ ( 95 MeV/c

DOCUMENT ID

r(pp-p„)/r(IVn)
VALUE(units 10 4) EVT

1.5T+LSS OUR FIT
1.ST+LI6 OUR N%RAGE
1.4 +0.5
24 +0 8
1.3 +0.7
1.5 + 1.2

14
9
3
2

DOCUMENT ID TECN COMMENT

rg/(rt+rg)

BAGGETT 728 HBC K p at rest

CANTER 718 HBC K p at rest
LIND 64 RVUE
RONNE 64 FBC

VALUE(units 10 3) EVTS TECN COMMENT

1.301+0419OUR RT
11 +OA)19 OUR AVERAGE
1.33560.056 7111 BOURQUIN 83 SPEC SPS hyperon beam

1.313+0.024 10k WISE 80 SPEC
1.23 +0.11 544 LINDQUIST 77 SPEC ~ p ~ K A

1.27 +0.07 M89 KATZ 73 H BC
1.31 +0.06 1078 ALTHOFF 71 OSPK

1,17 +0.13 86 6 CANTER 71 HBC K p at rest

1.20 +0.12 143 7 MALONEY 69 HBC

1.17 +0.18 120 7 BAGI IN 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 +0.15 218 6 LINDQUIST 71 OSPK See LINDQUIST 77

Changed by us from I (pe Pe)/C(N~) assuming the authors used C(p~ )/I total
2/3.
Cha~ged by us from I (pe ve)/I (N~) because C(pe u)/I (p~ ) is the directly mea-
sured quantity.

Zero If CP is conserved.
VALUE EVTS DOCUMEN T ID

-DAO+0.06 OUR AVERAGE

+0.01+0,10 770 TIXIER 88 DM2 3/Q —s A A

—0.07+0.09 4063 BARNES 87 CNTR p p ~ AA LEAR
—0.02 +0.14 10k CHAUVAT 85 CNTR pp, pp ISR

CHAUVAT 85 actually gives a+(A)/a (/i) = —1.04 k 0.29. Assumes polarization is

same In p p ~ ZX and p p ~ AX. Tests of this assumption, based on C-invarlance and
fragmentation, are satisfied by the data.

TECN COMMEN T

h REFERENCES

We have omitted some papers that have been superseded by later exper-
iments. The omitted papers may be found in our 1986 edition (Physics
Letters 1TOB) or in earlier editions.

HARTOUNI
LARSON
NOBLE
DWORK IN

TIXIER
BARN ES
BIAGI
CHAUVAT
BOURQUIN
COX
POND ROM
WISE
WISE
SCHACHIN. ..
HELLER
LINDQUIST

Also
ZECH
BUNCE
ASTBURY
CLAYTON
ALTHOFF
AI.THOFF
KATZ
POULARD
BAGGETT
BAGGETT
CLELAND
HYMAN
ALTHOFF
BALTAY
BARONI
CANTER
CANTER

94 PRL 72 1322
93 PR D4T 799
92 PRL 69 414
90 PR D41 T80
88 PL 8212 523
87 PL 8199 147
86 ZPHY C30 201
85 PL 1638 273
83 ZPHY C21 1
81 PRL 46 877
81 PR D23 814
81 PL 988 123
80 PL 918 165
78 PRL 41 1348
77 PL 688 480
77 PR D16 2104
76 JPG 2 L211
77 NP 8124 413
76 PRL 36 1113
75 NP 899 30
75 NP 895 130
73 PL 438 237
738 NP 866 29
73 Matyland Thesis
73 PL 468 135
728 ZPHY 252 362
72C PL 428 379
72 NP 840 221
72 PR Ds 1063
71 PL 378 531
71B PR D4 670
71 LNC 2 1256
71 PRL 26 868
718 PRL 27 59

t- Jensen, Kreisler+ {BNL E766 Collab. )
+Noble, Bassalleck+ (BNL-811 Colla b.)

(BiRM, BOST, BRCO, BNL, CASE, BUDA, LANL+)
+Cox, Dukes, Overseth+ (MICH, WISC, RUTG, MINN)
+Ajaltouni, FaIvard, Jousset+ (DM2 Collab. )
+ (CMU, SACL, LANL, VIEN, FREIB, ILL, UPPS+)
+ (BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL)
+Erhan, Hayes+ (CERN, CLER. UCLA, SACL)
+ Brown+ (BRIS, GEVA, HEIDP. LALO, RL, STRB)
+Dworkin+ (MICH, WISC, RUTG, MINN, BNL}
+Handler, Sheaff, Cox+ (WISC, MICH, RUTG, MINN)
+Jensen, Kreisier, Lomanno, Poster+ (MASA, BNL}
+Jensen, Kreisler, Lomanno, Poster+ (MASA, BNL)

Schachinger, Bunce, Cox+ (MICH, RUTG, WISC)
+Overseth, Bunce, Dydak+ (MICH, WISC, HEIDH}
+Swallow, Sumner+ (EFI. OSU, ANL)

Lindquist, Swallow+ (EFI, WUSL, OSU, ANL}
+Dydak, Navarria+ {SIEG,CERN, DORT, HEIDH}
+Handler, March, Martin+ {WISC, MICH, RUTG}
+Gallivan, Jafar+ (LOIC, CERN, ETH, SACL)
+Bacon, Butterworth, Watets+ {LOIC, RHEL)
+Brown„Freytag, Heard, Heintze+ (CERN, HEID}
+Brown, Freytag, Heard, Heintze+ (CERN, HEID)

(UMD)
+Givernaud, Borg (SAC L)
+Baggett, Eisele, Filthuth, Frehse+ {HEID)
+Baggett, Eisele, Filthuth, Frehse, Hepp+ (HEID)
+Confotto, Eaton, Gerber+ (CERN, GEVA, LUND)
+Bunnell, Derrick, Fields, Katz+ (ANL, CMU)
+Brawn, Freytag, Heard, Heintze+ (CERN, HEID)
+Bridgewater, Cooper, Habibi+ (COLU, BING)
+Petrera, Romano (ROM A)
+Cole, Lee-Franzini, Loveless+ (STON, COLU)
+Cole, Lee-Franzini, Loveless+ {STON, COLU)

an/tv FoR~~ pn pe
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

-O.T1S+0.015 OUR AVERAGE
—0.719+0.016+0.012 37k DWORKIN 90 SPEC e v angular corr.
—0.70 +0.03 7111 BOURQUIN 83 SPEC:— -r A 7I

—0.734 +0.031 10k» WISE 81 SPEC ev angular correl.

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

-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 g~/gl/

——0.731 +
0.016.
This experiment measures only the absolute value of g~/gi/.
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A, A's and Z's

DAHL- JENSE
LINDQUIST
OLSEN
DAUBER
DOYLE
MALO NEY
GRIMM
HEPP
BADIER
MAYEUR
OVERSETH
PDG
BURAN
CHIEN
ENGELMAN
GIBSON
LONDON
SCHMIDT
BAG LIN
HUBBARD
LIND
RONNE
SCHWARTZ
BHOWMIK
BLOCK
BROWN
CHRETIEN
CRONIN
ELY
HUMPHREY
CORK
CRAWFORD

N 71
71
70
69
69
69
68
68
67
67
67
67
66
66

N 66
66
66
65
64
64
64
64
64
63
63
63
63
63
63
62
60
59B

NC3A1
PRL 27 612
PRL 24 843
PR 179 1262
UCRL 18139 Thesis
PRL 23 425
NC 54A 187
ZPHY 214 71
PL 25B 152
U.Libr. Brux. Bul. 32
PRL 19 391
RMP 39 1
PL 20 318
PR 152 1171
NC 45A 1038
NC 45A 882
PR 143 1034
PR 140B 1328
NC 35 977
PR 135B 183
PR 135B 1483
PL 11 357
UCRL 11360 Thesis
NC 28 1494
PR 130 766
PR 130 769
PR 131 2208
PR 129 1795
PR 131 868
PR 127 1305
PR 120 1000
PRL 2 266

+ (CERN, ANKA, LAUS, MPIM, ROMA)
+Sumner+ (EFI, WUSL, OSU, ANL)
+Pondrom, Handler, Limon, Smith+ (WISC, MICH)
+Berge, Hubbard, Merrill, Miller (LRL)

(LRL)
+Sechi-Zorn (UMD)

(HEID)
+Schleich (HEID)
+Bonnet, Briandet, Sadoulet (EPOL)
+Tompa, Wickens (BELG, LOUC)
+Roth (MICH, PRIN)

Rosenfeld, Barbaro-Galtleri, Podolsky+ (LRL, CERN, YALE)
+Eivindson, Skjeggestad, ToRe+ (OSLO)
+Lach, Sandweia, TaR, Yeh, Oreny (YALE, BNL)
+Filthuth, Alexander+ (HEID, REHO)
+Gftth (BRIS)
+Rau, Goldberg, Lichtman+ (BNL, SYRA)

(COLU)
+Blngham+ (EPOL, CERN, LOUC, RHEL, BERG)
+Berge, Kalbfleisch, Shafer+ (LRL)
+Binford, Good, Stern (WISC)
+ (CERN, EPOL, LOUC, BERG+)

(LRL)
(DELH)

WES, BGNA, SYRA, ORNL)
(LRL, MICH)

RAN, BROW, HARV, MIT)
(PRIM)

(LRL)
(LRL)

(LRL, PRIN, BNL)
(LRL)

+Goyal
+Gessaroli, Ratti+ (N
+Kadyk, Trilling, Roe+
+ (B
+Overseth
+Gidal, Kalmus, Oswald, Powell+
+Ross
+Kerth, Wenzel, Cronin+
+CrMI, Douglass. Good, Ticho+

NOTE ON A AND X RESONANCES

Sign conventions for resonance couplings: In terms of

the isospin-0 and -1 elastic scattering amplitudes Ap and A1, the

amplitude for K p ~ K n scattering is +(Ai —Ap)/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 Z 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 ~ Zx
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

Introduction: There are no new results at all on A and

Z resonances. The 6eld remains at a standstill and will only be

revived if a kaon factory is built. What follows is a much

abbreviated 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

Full Listings. The evaluations are of course partly subjective. 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 established

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.

Table 1. The status of the A and Z resonances. Only those with an
overall status of ***or 4**4 are included in the main Baryon Summary
Table.

Status as seen in—
Overall

Particle L1.2J status NK

A(1116) Ppi
A(1405) Spi
A(1520) Dps
A(1600) Ppi
A(1670} Spi
A(1690) Dps

A(1800) Spi
A(1810} Ppi
A(1820) Fps
A(1830) Dps

A(1890) Pps

A(2000)
A(2020) Fpr

A(2100) Gpr

A(2110) Fps
A(2325) Dps
A(2350)
A(2585)

Z(1193) Pii
Z(1385) Pis
Z(1480)
Z(1560)
Z(1580) Dis
Z(1620) Sii
Z(1660) Pii
Z(1670) Dis
Z(1690)
Z(1750} Sii
Z(1770} Pii
Z(1775) Dis
Z(1840) Pis
Z(1880) Pi i
Z(1915) Fis
Z(1940} Dis
Z(2000) Sii
Z(2030) Fir
Z(2070) Fis
Z(2080) Pis
Z(2100) Gir
Z(2250}
Z(2455)
Z(2620)
Z(3000)
Z(3170}

r
b
1

d

d

F

r
b

1

d
d

Other channels

Nx(weakly)

Ax~, Ap

Ag
Ann, Zmx

NZ, Z(1385)s
NK
Z(1385)ir

Z(1385)e
NK, Z(1385)s.
A~, NK

Av, NK
Au, NK
Av

Ns(weakly}

several others

Zg

several others

NK
Z(1385)w
quasi-2-body

NK, A(1520)e
several others

multi-body

Existence is certain, and properties are at least fairly well explored.
Existence ranges from very likely to certain, but further con6r-
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.

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].

Errors on masses and widths: 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.

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
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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.

Pt'oduction exyerimenta: Partial-wave analyses of

course separate partial waves, whereas a peak in a cross section

or an invariant mass dist, ribution 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-

t,hing 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).

A(1405) S01 l(J ) = o(&~ ) Status:

NOTE ON 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 (Zx)o subsystem in final states of

production experiments. It was first reported by ALSTON 61B
in the reaction K p ~ Zx7rir 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+n. + events from rr p ~ Ko(Zx) st 1.69

GeV/c; and HEMINGWAY 85, with 766 Z+z snd 1106

Z x+ events from K p -+ (Zn'z)+z' at 4.2 GeV/c, after

the selections 1600 & M(Zm. x)+ & 1720 MeV snd momentum

transfer & 1.0 (GeV/c) to purify the A(1405) ~ (ZIr)" sample.

These experiments agree on a mass of about 1395—1400 MeV

snd 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 J = 1/2 came from finding Re Ai —o

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 NIf: system.
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Figure 1. The signs of the imaginary parts of resonating amplitudes in the KN —+ Ax snd Zx 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 sn x.
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A(1405)

THOMAS 73 snd 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 NK channel

(see DALITZ 81). This striking S-shaped cusp behavior st a

new threshold is characteristic of S-wave coupling; the other

below-threshold hyperon, the Z(1385), hss no such threshold

distortion because its NK coupling is P-wave. For the 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 NK 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(NK) 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

(Zir)o production spectrum is included in the data fitted (see,

e.g. , 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 L = 1

SU(3)-singlet uds state coupled with the S-wave meson-baryon

systems; or (b) an unstable NK bound state, analogous to
the (stable) deuteron in the NN 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 jp = 1/2 A is needed to replace the A(1405) in the L =
1 supermultiplet, and it would have to lie close to the A(1520),
a region already well explored by NK experiments without

result. Intermediate structures are possible; for example, the

cloudy bag model allows the configurations (a) snd (b) to mix

and finds the intensity of (a) in the A(1405) to be only 14%

(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 (Z»)e data is usually based on the "Watson approxima-

tion, " which states that the production rate R(Z») of the (Z»)e
state hss a mass dependence proportional to (sin2h'~»)/q, q be-

ing the Zx c.m. momentum, in a Zx mass range where 6~~ is

not fsr from x/2 and only the Z» channel is open, i.e., between

the Zx and the NK thresholds Then q R(.Zs) is proportional

to sin26~~, and the mass M may be defined as the energy at

which sin26g~ = 1. The width I may be determined from the

rate at which 6~» goes through»/2, or from the FWHM; this

is a matter of convention.

This determination of M and I' from the data suffers from

the following defects:

(i) The determination of sin b~» requires that R(Zx) be

scaled to give sin26g~ = 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 the

low-energy NK data and its extrapolation below threshold.

(ii) Owing to the nearby NK threshold, the shape of the

best fit to the M(Zs') bump is uncertain. For energies below

this threshold at E&&, the general form for 6~ is

1+ea
QCOt6g2r =

p+ ~(cry —p2)
'

Here n, P, and p are the (generally energy-dependent) NN,

NZ, and ZZ elements of the I = 0 S-wave K-matrix for the

(Z», NK) system, and z is the magnitude of the (imaginary)

c.m. momentum kg for the NK system below threshold. The
elements cr, P, p sre real functions of E; 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 ~ on 6g~. We note that

5~. = x/2 when ~ = —I/n.
Accepting this close connection of bg~ with the low-energy

NK data, it is natural to analyze the two sets of data together

(e.g. , MARTIN 81), and there is now a large body of accurate

NK data for laboratory moments 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 qR(Zx) snd NK data together.

However, qR(Zx) is not always well fitted in this procedure;

the value obtained for the A(1405) mass M varies s 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(Z») data; snd M may be a function of the representstion—
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 scattering length from low-energy

NK data. The (nonsepsrsble) meson-exchange potentials of
MULLER-GROELING 90, fitted to the low-energy NK (snd

NK) data, predicted an unstable NK 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



1734

Baryon Full Listings
A(14Q5)

A(14$) MASS

PRODUCTION EXPERIMENTS
VAL UE (Mev) EVTS DOCUMENT ID TECN

1405.5+ 4.0 DALITZ 91
~ ~ 4 We do not use the following data for averages, fits, limits,

1391 k 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 MUSGRAVE 65 HBC

1410 ALEXANDER 62 HBC

1405 ALSTON 62 HBC

1405 ALSTON 618 HBC

EXTRAPOLATIONS BELOW NF THRESHOLD
VAL UE (MeV) DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

1411 3 MARTIN 81
1406 4 CHAO 73 DPWA

1421 MARTIN 70 RVUE

1416 +4 MARTIN 69 HBC

1403 63 KIM 67 HBC

1407.5+ 1.2 5 KITTEL 66 HBC

1410.7+ 1.0 KIM 65 HBC

1409.6+ 1.7 5 SAKITT 65 HBC

COMMENT

M-matrix fit
etc. ~ ~ ~

K p 4.2 GeV/c
n p 1.69 GeV/c
K d 2.1-2.7 GeV/c
K p 3.5 GeV/c

p, R+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

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-range fit
0-effective-range fit

A(14$) WIDTH

PRODUCTION EXPERIMENTS
VAL UE (MeV) EVTS DOCUMENT ID TECN

50+2 1 DALITZ 91
~ ~ ~ We do not use the following data for averages, fits, limits,

32 + 1 700 1 HEMINGWAY 85 HBC

45 to 55 400 THOMAS 73 H BC

35 120 BARBARO-. .. 688 DBC

50 +10 67 BIRMINGHAM 66 HBC

89 +20 ENGLER 65 HDBC
60 +20 MUSGRAVE 65 HBC

35 + 5 ALEXANDER 62 HBC
50 ALSTON 62 HBC

20 ALSTON 618 HBC

COMMENT

M-matrix fit
etc. ~ ~ 4

K p 42 GeV/c

p 1.69 GeV/c
K d 2.1-2.7 GeV/c
K p 3.5 GeV/c

EXTRAPOLATIONS BELOW NF 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 T3 DPWA

20 MARTIN 70 RVUE

29 +6 MARTIN 69 HBC
50 +5 KIM 67 HBC
34.1+4.1 5 KITTEL 66 HBC
37.0+3.2 KIM 65 HBC

28.2+4.1 5 SAKITT 65 HBC

COMMENT

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 s valuable check on

analyses of the (Zs, 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 —ii'/2) for kaonic

hydrogen are inconsistent with one another and require that

the sign of Re(Ar e + Ar —I) be opposite that deduced from

NK reaction data (see BATTY 89). Accurate measurements

of (AE —iI'/2) values for ksonic 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 EC 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 t,o be

better determined.

A(1405) DECAY MODES

Mode

l 1 Z?r
I 2 AP
r3 co~
r, eK

Fraction (I I/I )

100 4/0

r(A7)
VAL UE (keV)

~ ~ ~ We do not

27+ 8

A(14$) PARTIAL WIDTHS

DOCUMENT ID COMMENT

use the following data for averages, fits, limits, etc. ~ ~ ~

BURKHARDT 91 Isobar model fit

VALUE (keV)

~ ~ ~ We do not

10 6 4 or 23 k 7

DOCUMENT ID COMMENT

use the following data for averages, fits, limits, etc. ~ 4 ~

BURKHARDT 91 Isobar model fit

r(iv)?)/r(r~)

A(1405) isRANCHING RATIOS

VALUE CL4A DOCUMENT ID TECN COMMENT

~ ~ ~ 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

91 PR C44 607
91 JPG 17 289
85 NP 8253 742
81 NP 8179 33
73 NP 856 46
73 NP 856 15
70 NP 816 479
69 PR 183 1352
698 PR 183 1345
688 PRL 21 573
67 PRL 19 1074
66 PR 152 1148
66 PL 21 349
65 PRL 15 224
65 PRL 14 29
65 NC 35 735
65 PR 1398 719
62 PRL 8 447
62 CERN Conf. 311
618 PRL 6 698

BURKHARDT
DALITZ
HEMINGWAY
MARTIN
CHAO
THOMAS
MARTIN
MARTIN

Also
BARBARO-. ..
KIM
BIRMINGHAM
KITTEL
ENGLER
KIM
MUSGR AVE
SAKITT
ALEXANDER
ALSTON
ALSTON

(NOTT, UNM, BIRM)
(OXFTP, WINR)

(CERN) J
(DURH)

+Kraemer, Thomas, Martin (RHEL, CMU, LOUC)
+Engler, Fisk, Kraemer (CMU) J
+Ross (DURH)
+Sakitt (LOUC, BNL)

Martin, SakItt (LOUC, BNL)
Barbaro-Galtieri, Chadwick+ (LRL, SLAC)

(YALE)
(BIRM, GLAS, LOIC, OXF, RHEL)

+Otter, Wacek (VIEN)
+Fisk, Kraemer, Meltzer, Westgard+ (CMU, BNL) IJ

(COLU)
+Pet mezas+ (BIRM, CERN, EPOL, LOIC, SACL)
+Day, Glasser, Seeman, Friedman+ (UMD, LRL}
+Kalbfleisch, Miller, Smith (LRL) I

+Alvarez, Ferro-Luzzi+ (LRL) I

+Alvarez, Eberhard, Good+ (LRL) I

OTHER RELATED PAPERS

(IBMY, ORST, ANSM)
(MCMS)

peth (JULI}
(SURR)

(RAL, HEBR)
{GUEL)
(BIRM)

O, BNL, CASE, BUDA, TRIU)
(REGE)
(TRIU)

(0RST)
(TNTO)

(TRIU)
(LANL, TNTO)

(AOLO, TRIU, SURR)
(MOTT, BIRM, WMIU)

{YORKC, TNTO)
(TRIU, ADLD, SURR)

(OALH, MCMS)
(LOUC)

FINK 90 PR C41 2720 +He, Landau, Schnick
LEINWEBER 90 ANP 198 203
MUELLER-GR. ..90 NP A513 557 Mueller-Groeling, Holinde, 5
BARRETT 89 NC 102A 179
BATTY 89 NC 102A 255 +Gal
CAPSTICK 89 Excited Baryons '88, p. 32
LOWE 89 NC 102A 167
WHITEHOUSE 89 PRL 63 1352 (BIRM, BOST, BRC
SIEGEL 88 PR C38 2221 +Welse
WORKMAN 88 PR D37 3117 +Fearing
SCHNICK 87 PRL 58 1719 +Landau
CAPSTICK 86 PR D34 2809 +Isgu I'

JENNINGS 86 PL 8176 229
MALTMAN 86 PR D34 1372 +lsgur
ZHONG 86 PL 8171 471 +Thomas, Jennings, Barrett
BURKHARDT 85 NP A440 653 +Lowe, Rosenthal

DAREWYCH 85 PR D32 1765 +Koniuk, lsgur
VEIT 85 PR D31 1033 +Jennings, Thomas, Barrett
KIANG 84 PR C30 1638 +Kumar, Nogami, VanDijk
MILLER 84

Conf. Intersections between Particle and Nuclear Physics, p. 783
VANDIJK 84 PR D30 937
VEIT 84 PL 1378 415 +Jennings, Barrett, Thomas
DALITZ 82 +McGinley Belyea Anthony

Heldelberg Conf. , p. 201
DALITZ 81 +McGinley

Low and Intermediate Energy Kaon-Nucleon Physics, p.381
MARTIN 818 Low and Intermediate Energy Kaon-Nucleon Phys. , p.
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 DS 610 Rajasekaran

Earlier papers also cited in RAJASEKARAN ?2.
CLINE 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
ABRAMS 65 PR 1398 454 +Sechi-Zorn

(MCMS)
(TRIU, SURR, CERN}

(OXFTP)

(OXFTP)

(OUR H)
(AARH, ZURI)

(UCI}
(LBL)

{HAWA)
(TATA)

(WISC)
(OURH, LOUC, RHEL)

(OXFTP, BOMB)
(LIVP}
(LRL)

(UMO)

A(1405) FOOTNOTES
1DALITZ 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.

4 See also the accompanying paper of THOMAS 73,
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) D03 l(l ) = 0(& ) Status:

1{1520}MASS

Discovered by FERRO-LUZZI 62; the elaboration in WATSON 63
is the classic paper on the Breit-Wigner analysis of a multichannel

resonance.

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.

li(1520) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A aiid Z
Resonances.

r(NÃ)/r~i
TECN COMMEN TDOCUMENT IDVAL UE

OA6 +0.01 OUR ESTIMATE
OA4$+0.007 OUR FIT Error includes scale factor of 1.2.
OA56+0.011 OUR AVERAGE
0.47 +0.02 GOPAL 80 DPWA KN -+ KN
0.45 +0.03 ALSTON-. .. 78 DPWA KN ~ KN
0.448 +0.014 CORDEN 75 DBC K d 1.4-1.8 GeV/c
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.47 +0.01 GOPAL 77 DPWA See GOPAL 80
0.42 MAST 76 HBC K p ~ ~Kn

4k

VAL UE (MeV) EVTS

1619.6 +1.0 OUR mTiMATE
1519.50+Oe1$ OUR AVERAGE

1517.3 +1.5 300
1519 +1
1517.8 +1.2 Sk

1520.0 +0.5
1519.7 +0.3
1519 61
1519.4 +0.3 2000

DOCUMENT ID

BARBER
GOPA L

BARLAG
ALSTON-. .~

CAMERON
GOPAL

CORDEN

TECN COMMEN T

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
KNa KN
K p 0.96-1.36 GeV/c
7N multichannel

K d 1.4-1.8 GeV/c

r(z~)/r~i
DOCUMENT ID TECN COMMENTVALUE

0.42 +0.01 OUR ESTIMATE
OA21+0.007 OUR FIT Error includes scale factor of 1.2.
OA23+0.011 OUR AVERAGE

0.426 +0.014 CORDEN 75 DBC K d 1.4-1.8 GeV/c
0.418+0.017 BARBARO-. .. 69e HBC K p 0.28-0.45 GeV/c
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.46 K IM 71 DPWA K-matrix analysis

A{1520}WIDTH r(z~)/r(a}r)

DOCUMENT ID

300 BARBER
GOPAL

677 1 BARLAG
ALSTON-. ..

4k CAMERON
GOPAL

CORDEN2000

VAL UE (MEV) EVTS

15e6 +1.0 OUR ESTIMATE
1580+OM OUR AVERAGE

16.3 +3.3
16 +1
14 k3
15.4 +0.5
16.3 +0.5
15.0 +0.5
15.5 +1.6

TECN COMMENT

80o SPEC
80 DPWA

79 HBC
78 DPWA

77 HBC
77 DPWA

75 DBC

y p ~ A(1520) K+
KN~ KN
K p 4.2 GeV/c
KN a KN
K p 0.96-1.36 GeV/c
K N multichannel

K d 1.4-1.8 GeV/c

VALUE DOCUMENT ID TECN COMMENT

0.940+0.026 OUR FIT Error includes scale factor of 1.3.
0.95 +0.04 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram below.

0.98 +0.03 GOPAL 77 DPWA KN multichannel

0.82 +0.08 BURKHARDT 69 HBC K p 0.8-1.2 GeV/c
1.06 +0.14 SCHEUER 68 DBC K N 3 GeV/c
0.96 +0.20 DAHL 67 HBC 2r p 1.6& GeV/c
0.73 +0.11 DAUBER 67 HBC K p 2 GeV/c
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.06 +0.12 BERTHON 74 HBC Quasi-2-body I2

1.72 +0.78 MUSGRAVE 65 HBC

A(1520} DECAY MODES

I1
r2
I3
l4
r5
r6
l7
r8
l9

Mode

NK
Zx
Am+

Z{1385)x
Z(1385)ir( ~ Axx)
/I («)s-wave

Zen.
A~
~0&

Fraction (f l/I )

45 y lo/

42+ 1%
10+ 1%

0.9 + 0.1%
0.8 6 0.2%

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 X
16.5 for 19 degrees of freedom.

The following oft-diagonal array elements are the correlation coefficients

(bx, bx&)/(bx, "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.

WEIGHTED AVERAGE
0.95+0.04 (Error scaled by 1.7)

X4

g
]vg e

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.

.GOPAL 77
BURKHARDT 69
SCHEUER 68
DAHL 67
DAUBER 67

X
2

DPWA 1.0
HBC 27
DBC 06
HBC 0.0
HBC 40

8.3
(Confidence Level = 0.083)

8

0.4 0.6 0.8 1.0 1.2 1.4 1.6

I (Err)/I (hlK)

I (lte e)/I total

X2

X3

X7

X8

X9

—63
—32 -33
—4 —3 —1
—9 —8 —4 0

-24 -21 -10 -1 -2
X1 X2 X3 X7 X8

DOCUMENT ID TECN COM MEN T

r(z«)/r(NZ)

VALUE

0.10 +0.01 OUR ESTIMATE
0.095+0.005 OUR FIT Error includes scale factor of 1.2.
0.096+0.00$ OUR AVERAGE Error includes scale factor of 1.6.
0.091+0.006 CORDEN 75 DBC K d 1.4-1.8 GeV/c
0.11 +0.01 3 MAST 73e IPWA K p ~ A2r2r

VALUE DOCUMENT ID TECN

0.213+0.012 OUR FIT Error includes scale factor of 1.2.
0.202+0.021 OUR AVERAGE

0.22 +0.03 BURKHARDT 69 HBC
0.19 +0.04 SCHEUER 68 DBC
0.17 +0.05 DAHL 67 HBC
0.21 +0.18 DAUBER 67 HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

0.27 +0.13 BERTHON 74 H BC
0.2 KIM 71 DPWA

COMMENT

K p 0.8-1.2 GeV/c
K N 3 GeV/c

p 1.6-4 GeV/c
K p 2 GeV/c
etc. ~ ~ ~

Quasi-2-body o
K-matrix analysis
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A(1520), n(16OO)

r(zx)/r(nn r) r2/r3
TECN COM MEN T

UHLIG 67 HBC K p 0.9-1.0 GeV jc
BIRMINGHAM 66 HBC K p 3.5 GeV/c
ARMENTEROS65C HBC

VALUE DOCUMENT ID

4.42+0.25 OUR FIT Error includes scale factor of 1.2.
3.9 +0.5 OUR AVERAGE

3.9 +1.0
3.3 + 1.1
4.5 +1.0

A(1600) P„ I(JP) = 0(&+) Status:

n(1600) MASS

See also the A(1810} Pp1. There are quite possibly two P01 states
in this region.

I (Z(1385)x) /I total
VALVE

0.041+0.005
DOCUMENT ID TECN COMMENT

CHAN 72 HBC K p ~ Axe

r(Z{1385}I{ nI I })/I (nm n) r,/r,
The A7r n mode is largely due to Z(1385)~. Only the values of (Z(1385)x) / (A2~)
given by MAST 738 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 («)5 wave state.

VAL UE DOCUMEN T ID TECN COM MEN T

0.58+0.22 CORDEN 75 DBC K d 1.4-1.8 GeV/c
0.82 +0.10 4 MAST 738 IPWA K p -+ An x
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.3960.10 BURKHARDT 71 HBC K p (An ~)~

VALUE(MeV)

1560 to 1700
15684 20
1703+100
1573+ 25
1596+ 6
1620+ 10
o o ~ Wedo

1572 or 1617
1646+ 7
1570

TECN COM MEN TDOCUMENT ID

{m 1500) OUR ESTIMATE

GOPAI 80 DPWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA

KANE 74 DPWA
LANGBEIN 72 IPWA

not use the following data for averages, fits, limits,

1 MARTIN 77 DPWA
CARROLL 76 DPWA
K IM 71 DPWA

n(1600) WIDTH

KN~ KN
KN -+ KN
K N multichannel

K p ~ Z'R.

K N multichannel

etc' 0 ~ ~

K N multichannel

Isospin-0 total o
K-matrix analysis

r(n(~~}s-wave)/r(n«)
VAL UE

0.20+0.08

r(z«)/rnid„
VAL UE

0.009 +0.001 OUR ESTIMATE
0.00eS+0.%%5 OUR FIT
O.OOBS+0.0005 OUR AVERAGE

0.007 +0.002
0.0085 k 0.0006
0.010 +0.0015

r(n7)/r~,

DOCUMENT ID TECN COMMENT

CORDEN 75 DBC K d 1.4-1.8 GeV/c

DOCUMENT ID TECN COMMEN T

6 CORDEN 75 DBC K d 1.4-1.8 GeV/c
7 MAST 73 MPWA K p ~ ZRx

BARBARO-. .. 698 HBC K p 0.28-0.45 GeV/c

VALUE (MeV)

50 t 250 {its 150) OUR

116+ 20
593+200
147+ 50
175+ 20
60+ 10

~ ~ ~ We do not use the

247 or 271
20
50

TECN COMMENTDOCUMENT ID

ESTIMATE

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA

KANE 74 DPWA
LANGBEIN 72 IPWA

following data for averages, fits, limits,

1 MARTIN 77 DPWA
CARROLL 76 DPWA
KIM 71 DPWA

n(1600) DECAY MODES

KN~ KN
KN~ KN
K N multichannel

K p ~ Z'~
K N multichannel

etc. ~ ~ ~

KN multichannel
Isospin-0 total o
K-matrix analysis

VAL UE EVTS

0.008 +0.002 OUR ESTIMATE
0.0079+0.0014 OUR FIT
0.0080+0.0014 238

DOCUMENT ID

MAST

TECN COM MEN T

688 HBC Using C(N K)/r total ——

p, 45

Mode

f1 NK
I 2 Zvr

Fraction (f I/I )

15-30 %
10-60 %

I (d 7)/rtotI(
VAL UE

0.0195+0.0034 OUR FIT
0.02 +0.0035

DOCUMENT ID

MAST

TECN COMMENT

688 HBC Not measured; see note

The above branching fractions are our estimates, not fits or averages.

n(1600} isRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

n{1520}FOOTNOTES
From the best-resolution sample of A~m events only.
The KN ~ Zn amplitude at resonance is +0.46+ 0.01.
Assumes I (N K) /I total 0 46 + 0 02

"Both Z(1385)m D503 and Z(xz) DP03 contribute.
5The central bin (1514-1524 MeV) gives 0.74 + 0.10; other bins are lower by 2-to-5

standard deviations.
Much of the E'~n decay proceeds via Z(1385)m.
Assumes I (NF)/I total
Calculated from I (Ay)/I total assuming SU(3). Needed to constrain the sum of all the
branching ratios to be unity.

r(NR)/rnid„
TECN COMMEN T

KN KN
KN~ KN
K N multichannel

etc. ~ ~ o

See GOPAL 80
K N multichannel

(I II P)~/I totl( in N7 -+ n(1600) ~ Zx (I tl y)~/I

VAL UE

0.15 to 0.30 OUR ESTIMATE
0.23 +0.04 GOPAL 80 DPWA
0.1460.05 ALSTON- ~ ~ . 78 DPWA
0.25+0.15 LANGBEIN 72 IPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.24+ 0.04 GOPAL 77 DPWA

0.30 or 0.29 1 MARTIN 77 DPWA

PDG 82
BARBER SOD
GOPAL 80
BARLAG 79
ALSTON-. .. 78

Also ?7
CAMERON 77
GOPAL 77
MAST 76
CORDEN 75
BERTHON 74
MAST 73
MAST 738
CHAN 72
BURKHARDT 71
KIM 71

Also 70
BAR BARO-. .. 698

Also 70
BURKHARDT 69
MAST 688
SCHEUER 68
DAHL 67
DAUBER 6/
UHLIG 67
BIRMINGHAM 66
ARMENTEROS 65C
MUSGRAVE 65
WATSON 63
FERRO-LUZZI 62

n(1520} REFERENCES

PL 1118
ZPHY C7 17
Toronto Conf. 159
NP 8149 220
PR D18 182
PRL 38 1007
NP 8131 399
NP 8119 362
PR D14 13
NP BS4 306
NC 21A 146
PR D7 3212
PR D?5
PRL 28 256
NP 827 64
PRL 27 356
Duke Conf. 161
Lund Conf. 352
Duke Conf. 95
NP 814 106
PRL 21 1715
NP 88 503
PR 163 13?7
PL 248 525
PR 155 1448
PR 152 1148
PL 19 338
NC 35 735
PR 131 2248
PRL 8 28

Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
+Dainton, Lee, Marshall+ (DARE, LANC, SHEF)

(RHEL) IJP
+Blokzijl, Jongejans+ (AMST, CERN, NIJM. OXF)

Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) I JP
Alston-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP

+Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) I JP
+Alston-Garnjost, Bangerter+ (LBL)
+Cox, Dartneli, 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)

+Ftlthuth, 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)
+Ferro- Luzzi+ (CERN, HEID, SACL)
+Petmezasy (BIRM, CERN, EPOL, I OIC, SACL)
+Ferro-Luzzi, Tripp (LRL) IJP
+Tripp, Watson (LRL) IJP

VAL UE

—0.16+0.04
—0.33+0.11

0.28+ 0.09
~ ~ o We do not

—0.39 or —0.39
not seen

DOCUMENT ID TECN

GOPAL 77 DPWA

KAME 74 DPWA
LA NGB E IN 72 I PWA

use the following data for averages, fits, limits,
1 MARTIN 77 DPWA

HEPP 768 DPWA

COMMENT

K N multichannel

K p —+ Zm
K N multichannel

etc. o ~ ~

K N multichannel

K N~ Xx

n(1600) REFERENCES

GOPAL
ALSTON-. ..

Also
GOPAL
MARTIN

Also
Also

CARROLL
HEPP
KAME
LANGBEIN
KIM

80 Toronto Conf. 159
78 PR D18 182
77 PRL 38 1007
77 NP 8119 362
77 NP 8127 349
778 NP 8126 266
77C NP 8126 285
76 PRL 37 806
768 PL 658 487
/4 L8L-2452
72 NP 847 477
71 PRL 27 356

(LBL,
(LBL,

Aiston-Garnjost, Kenney+
Alston-Garnjost. Kenney+

+Ross, VanHorn, McPherson+
+Pidcock, Moorhouse

Martin, Pidcock
Martin Pidcock

+Chiang, Kycia, Li, Mazur, Michaei+
+Braun, Grimm, Strobele+ (CERN,

+Wagner

(RHEL) I JP
MTHO, CERN) I JP
MTHO, CERN) I JP

(LOIC, RHEL) I JP
(LOUC, GLAS) I JP

(I OUC)
('LOUC) IJP

(BNL) I

HEIDH, MPIM) IJP
(LBL) IJP

(MPIM) IJP
(HARV) I JP

n(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 (&+1/2) I el / I total: 0 04.
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A(1670), A(1690)

A(16?0) S» l(J~} = 0(&t ) Status: A(1670) FOOTNOTES
MARTIN 77 obtains identical resonance parameters from a T-matrix pole and from a
Brcit-Wigner fit.

1{1670}MASS

VAL UE (MeV) DOCUMENT ID

1660 to 1NO (sos 1670) OUR ESTIMATE

1670.8+1.7 KOISO 85 DPWA
166? +5 GOPAL 80 DPWA
1671 +3 ALSTON-. .. 78 DPWA
1670 +5 GOPAL 77 DPWA
16?5 +2 HEPP 768 DPWA
1679 61 KANE 74 DPWA
1665 +5 PREVOST 74 DPWA
~ ~ ~ Wc do not usc thc following data for averages, fits, limits,

1664 1 MARTIN 77 DPWA

COMMENT

K p~ Zx
FN a FN
FN -+ FN
FN multichannel

K N -+ Z7r
K p ~ Z7r
K N -+ Z(1385)x
etc. ~ ~ ~

FN multichannel

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).

lI(1670) REFERENCES

KOISO 85 NP A433 619
PDG 82 PL 1118
GOPAL 80 Toronto Conf. 159
ALSTON-. .. 78 PR D18 182

Also 77 PRL 38 1007
GOPAL 77 NP 8119 362
MARTIN 77 NP 8127 349

Also 778 NP 8126 266
Also 77C NP 8126 285

HEPP 768 PL 658 487
LONDON 75 NP 885 289
KANE 74 L8L-2452
PREVOST 74 NP 869 246
BAXTER 73 NP 867 125
KIM 71 PRL 27 356

Also 70 Duke Conf. 161
ARMENTEROS 69C Lund Payer 229

Values are quoted in LEVI-SETTI 69
BERLEY 65 PRL 15 641

Kim
+Baillon+

+Connolly. Hart. Rahm, Stonehill+ (BNL) IJP

+Sai Yamamoto Kofler (TOKY, MASA)
Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)

(RHEL) IJP
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

'+Braun, Grimm, Strobele+ (CERN, HEIOH, MPIM) IJP
+Yu, Boyd+ (BNL, CERN, EPOL, ORSAY, TORI)

(LBL) IJP
+Barloutaud+ (SACL, CERN, HEID)
+Buckingham, Corbett, Dunn+ (OXF) IJP

(HARV) IJP
(HARV) IJP

(CERN, HEID, SACL) IJP

A{1670)WIDTH
A(1690) OP3 l(J ) = P(I ) Status:

TECHDOCUMENT IDVALVE (MeV)

m so so (~ Bs)
34.1+ 3.7
29 +5
29 +5
45 +10
46 +5
40 +3
19 +5
~ o ~ We do not

OUR ESTIMATE

KOISO 85 DPWA
GOPAL 80 DPWA
ALSTON-. .. ?8 DPWA
GOPAL 77 DPWA

HEPP ?68 DPWA
KANE 74 DPWA
PREVOST 74 DPWA

use the following data for averages, fits, limits,
1 MARTIN 77 DPWA12

COMMENT

K p~ Z7r
FN -+ FN
FNa FN
FN multichannel

K N ~ Zsr
K p -+ Z7r
K N a Z(1385)7r

ctc. ~ ~ ~

K N multichannel

lI(1670}DECAY MODES

Mode Fraction (I ~/I )

I2
I3
f4

NK 15-25 %
Zn 2~%
Ag 15-35 %
Z(1385)e

The above branching fractions are our estimates, not fits or averages.

V4LUE

0.15 to 0.26 OUR iariMATE
0.18+0.03
0.1760.03
~ ~ ~ We do not use the following

0.20+0.03
0.15

DOCUMENT ID TECN COMMENT

GOPAL 80 DPWA FN FN
ALSTON-. .. 78 DPWA KN -+ KN

data for averages, fits, limits, etc. ~ ~ ~

GOPAL TT DPWA See GOPAL 80
1 MARTIN 77 DPWA FN multichannel

(rrI r}~/rsatal In N7r~ A(1670)~ Ze
VALUE DOCUMENT ID TECN

-0.2640.02 KO ISO 85 DPWA
-0.31+0.03 GOPAL 77 DPWA
-0.29+0.03 HEPP 768 DPWA
—0.23+0.03 LONDON 75 HLBC
-0.2T +0.02 KANE 74 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

-0.13 1 MARTIN 77 OPWA

{rll r)~/I satal In N7r +A{1670)-+ 10-
V4LUE DOCUMENT ID TECN

+0.20 +0.05 BAXTER ?3 OPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

0.24 KIM 71 DPWA
0.26 ARMENTEROS69C HBC
0.20 or 0.23 BERLEY 65 HBC

(I ll r)~/r I In N7r it{1670) E(tenn)e

(r,r,)&/r
COMMENT

K p~ Zsr
FN multichannel

K N~ Zx
K p~ Z x0
K p ~ Z7r
ctc. ~ ~ ~

K N multichannel

{r,r,P/r
COMMENT

K p ~ neutrals
ctc. ~ ~ ~

K-matrix analysis

(rt I a)~/I
VALUE

—0.18+0.05
DOCUMENT ID TECN COMMENT

PREVOST 74 DPWA K N -+ Z(1385)x

A(1670} BRANCHING RATIOS

Scc "Sign conventions for resonance couplings" In the Note on A and Z
Resonances.

I (N)f)/I tetal

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).

A(1660) MASS

VAL UE (Mev) DOCUMENT ID

16SS to 1095 (a 1690) OUR ESTIMATE

1695.7+2.6 KOISO 85 DPWA
1690 +5 GOPAL 80 DPWA
1692 +5 ALSTON-. .. 78 DPWA
1690 +5 GOPAL 77 OPWA
1690 k3 HEPP 768 DPWA
1689 6 1 KAME 74 DPWA
~ ~ ~ Wc do not use thc following data for averages, fits, limits,

1687 or 1689 1 MARTIN 77 DPWA
1692 +4 CARROLL 76 DPWA

TECN COMMENT

K p~ Z7r
KN -+ FN
KN~ KN
FN multichannel

K N a Z7r
K p ~ Z7r

ctce ~ ~ ~

K N multichannel
Isospin-0 total «r

ll(1690) WIDTH

V4LUE (Mev) DOCUMENT ID

M to 70 (a 60) OUR ESTIMATE

67.2+ 5.6 KOISO 85 DPWA
61 k5 GOPAL 80 DPWA
64 4 10 ALSTON-. .. 78 DPWA
60 +5 GOPAL 77 DPWA
82 +8 HEPP 768 DPWA
60 +4 KANE 74 DPWA
~ ~ ~ Wc do not use the following data for averages, fits, limits,

62 or 62 1 MARTIN 77 DPWA
38 CARROLL 76 DPWA

TECN COMMENT

K p~ Z7r
KN~ KN
KN -+ KN
/f N multichannel

K N -+ Z7r
K p -+ Z7r

ctc. ~ ~ ~

K N multichannel
Isospin-0 total «r

lI(1660) DECAY MODES

Mode Fraction (I i/I )

C1

C2

C3

C4

f5
C6

NK 20-30 %
Zn 20-40 %
Axe ~ 25%
Zx~ ~ 20%
Ag
Z(1385)s, 5-wave

The above branching fractions are our estimates, not fits or averages.

lI(1660}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 Zex bump looks more significant. (The
error given for the A7r7r ratio looks unreasonably small. ) Hardly any of
the Z7rx decay can be via Z(1385), for then seven times as much A7r7r
decay would be required. Sec "Sign conventions for resonance couplings"
in the Note on A and Z Resonances.

r(NÃ)/I tsar
TECN COMMEN TVALUE

02 lo OB OUR EsriMATE
0.23+0.03 GOPAL 80 DPWA KN -+ KN
0.22 +0.03 ALSTO¹.. 78 DPWA KN —+ KN
~ ~ ~ Wc do not use the folkrwing data for averages, fits, limits, ctc. ~ ~ ~

0.24+0.03 GOPAL 77 DPWA See GOPAL 80
0.28 or 0.26 1 MARTIN 77 DPWA FN multichannel



1738

Baryon FullListings

A(1690), A(1800)

(III q) /rtatal
VALUE

—0.34+0.02
—0.25+0.03
—0.29 +0.03
—0.28+ 0.03
—0.28 +0.02
~ ~ ~ We do not

—0.30 or —0.28

in NTf ~ A(1690)~ E4t
DOCUMENT ID TECN

KOISO 85 DPWA

GOPA L 77 DPWA

HEPP 768 DPWA

LONDON 75 HLBC

KANE ?4 DPWA

use the foilowing data for averages, fits, limits,

1 MARTIN 77 DPWA

COMMENT

(I al a)~/I

K p~ Z9r
K N multichannel

K N ~ X'2r

K-p- @0~0
K p~ Zzr

etc. ~ ~ ~

K N multichannel

(r, re)&/r
TECN COMMEN T

73 DPWA K p ~ neutrals

(I II f)~/I I In NTf A(1690) Aq
VAL UE DOCUMENT tD

0.0060.03 BAXTER

Mode

A(1800) DECAY MODES

Fraction (f ~//l )

seen

seen

A(1800) BRANCHING RATIOS

f1 NK 25MO 0/o

r, z~
I s Z{1385)a seen

I 4 N K"(892)
rs N K'(892), 5=1/2, 5wave-

I s NK'{892), 5=3/2, Dwave.

The above branching fractions are our estimates, not fits or averages.

(rII g)~/rtatal In NTf 4A-(1690) -4 Arm (I tl a)l /I
See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

0.25 +0.02 2 BARTLEY 68 HDBC K p ~ A2r2r

(rlrr)~/rtaaaI In NTf~ A(1690)~ Ea a (I af a)~/I
VALUE

0.21

DOCUMEN T ID TECN COMMENT

ARMENTEROS68C HDBC K N ~ Ezra

(ral a)~ /I(I II p)~/rtatal in NTf ~ A(1690) -4 E(1386}e', 5 wave
VALUE DOCUMENT ID TECN COMMENT

+0.27 +0.04 PREVOST 74 DPWA K N ~ I'(1385)2r

r{NR)/ran, l

DOCUMENT ID TECN COMMENT

KN -+ KN
KN~ KN
K N multichannel

etc. ~ ~ ~

See GOPAL 80
K N multichannel
K-matrix analysis
FN~ FN

VALUE

0.25 to OAO OUR ESTIMATE
0.36+0.04 GOPAL 80 DPWA

0.28 +0.05 ALSTON- ~ .. 78 DPWA

0.35+0.15 LANGBEIN 72 IPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.37+0.05 GOPAL 7? DPWA

1.21 or 0.?0 1 MARTIN 77 DPWA

0.80 KIM 71 DPWA

0.18+0.02 BRICMAN ?08 DPWA

A(1690) FOOTNOTES (I II r)~/I weal In NÃ ~ A(1800) ~ Est (I sf a) /I

A(1690) REFERENCES

KOISO 85
PDG 82
GOPAL 80
ALSTON-. .. 78

Also 77
GOPAL 77
MARTIN 77

Also 778
Also 77C

CARROLL 76
HEPP 768
LONDON 75
KANE 74
PREVOST 74
BAXTER 73
PREVOST 71
ARMENTEROS 68C
BARTLEY 68

NP A433 619
PL 1118
Toronto Conf. 159
PR D18 182
PRL 38 1007
NP 8119 362
NP 8127 349
NP 8126 266
NP 8126 285
PRL 37 806
PL 658 487
NP 885 289
LBL-2452
NP 869 246
NP 867 125
Amsterdam Conf.
NP 88 216
PRL 21 1111

+Sai, Yamamoto, Kofler (TOKY, MASA)
Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)

(RHEL) IJP
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
+Barloutaud+ (SACL, CERN, HEID)
+Buckinaham, Corbett, Dunn+ (OXF) IJP

(CERN, HEID, SACL)
+Baillon+ (CERN, HEID, SACL) I

+Chu, Dowd, Greene+ (TUFTS, FSU, BRAN) I

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 ?1.

VALUE DOCUMENT ID TECN

—0.08+0.05 GOPAL 77 DPWA

e ~ n We do not use the following data for averages, fits, limits,

—0.74 or —0.43 MARTIN 77 DPWA

0.24 K IM 71 DPWA

(I II p)~/I tataI in NTf ~ A(1800) ~ E(1388)st

COMMENT

K N multichannel

etc. ~ ~ ~

K N multichannel
K-m atrix analysis

(I tl a)i /I
VALUE

+0.056 +0.028

DOCUMENT ID TECN COMMEN T

CAMERON 78 DPWA K p ~ Z(1385)2r

(I II p)~/I tatal in NTf 4A(1800) -4-NTr'( 8)9,25=1/2, Swave {Itl e)~/I
VALUE

—0.17+0.03

DOCUMENT ID TECN COMMENT

CAMERON 788 DPWA K p ~ NK~

DOCUMENT ID TECN COMMENT

CAMERON 788 DPWA K p ~ NK'
VAL UE

—0.13+0.04

A(1800) FOOTNOTES

(I II p) /I tatal In NTf A{1800) N}r (892), -~3/2, Dwave (I I a.)~/I

A(1800) Sl)1 l{JF) = 0{& ) Status:
1 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.

This is the second resonance in the S01 wave, the first being the
A(167'0).

A(1800) MASS

1767 or 1842
1780
1872+10

VALUE {Mev) DOCUMENT ID TECN COMMENT

1720 to 'XIIO (sas 10) OUR ESTIMATE

1841+10 GOPAL 80 DPWA KN ~ KN
1725+20 ALSTON-. .. 78 DPWA KN -+ KN
1825+20 GOPAL 77 DPWA K N multichannel

1830+20 LANGBEIN 72 IPWA K N multichannel

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1 MARTIN 77 DPWA KN multichannel

KIM 71 DPWA K-matrix analysis

BRICMAN 708 DPWA KN —+ KN

GOPAL
ALSTON-. ..

Also
CAMERON
CAMERON
GOPAL
MARTIN

Also
Also

LANGBEIN
KIM

Also
BRICMAN

A(1800) REFERENCES

80 Toronto Conf. 159
T8 PR D18 182
77 PRL 38 1007
78 NP 8143 189
788 NP 8146 327
77 NP 8119 362
77 NP 8127 349
T78 NP 8126 266
77C NP 8126 285
72 NP 847 477
71 PRL 27 356
70 Duke Conf, 161
708 PL 338 511

Aiston-Garnjost, Kenney+ (LBL,
Alston-Garnjost, Kenney+ (LBL,

+Franek, Gopal, Bacon, Butterworth+
+Franek, Gopal, Kalmus, McPherson+
+Ross, VanHorn, McPherson+
+Pidcock, Moorhouse

Martin, Pidcock
Martin, Pidcock

+Wagner

Kim
+Ferro-Luzzl, Lagnaux

{RHEL) IJP
MTHO, CERN) IJP
MTHO, CERN) IJP

(RHEL, LOIC) IJP
(RHEL, LOIC) IJP
(LOIC, RHFL) IJP

(LOUC, GLAS) IJP
{LOUC)
(LOUC) IJP
(MPIM) IJP
(HARV) IJP
(HARV) IJP
(CERN) IJP

A{1800)WIDTH

TECN COMMENT

KN -+ KN
FN~ ÃN
K N multichannel

K N multichannel

etc. ~ ~ ~

R N multichannel
K-matrix analysis
KN~ PN

VALUE (MeV) DOCUMENT ID

200 Ro 400 (as 300) OUR ESTIMATE

228+ 20 GOPAL 80 DPWA

185+20 ALSTON-. .. 78 DPWA

230+20 GOPAL 77 DPWA

70+15 LANGBEIN 72 IPWA

o ~ ~ We do not use the following data for averages, fits, limits,

435 or 473 MARTIN 77 DPWA

40 KIM 71 DPWA

100+20 BRICMAN 708 DPWA



See key on page1343
1739

Baryon Full Listings

A(1810),A(1820)

A(1810) P01 l(J ) = 0(&+) Status:

A(1810) MASS

Almost ail 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.

(I sl a)~/r
DOCUMENT ID TECN COMMENT

PREVOST 74 DPWA K N —+ Z(1385)9r

VAL UE

+0.18+0.10

VALUE

—0.14+0.03

DOCUMENT ID TECN COMMENT

2CAMERON 78B DPWA K p ~ NK'

{Ill r)~/I satal In N7f~ A(1810)~ Z(1385)w

VALUE (Mev) DOCUMENT ID

1750 to 1860 (at 1810) OUR ESTIMATE

1841+20 GOPAL 80 DPWA
1853+20 GOPAL 77 DPWA
1735+ 5 CARROLL 76 DPWA
1746+10 PREVOST 74 DPWA
1780+20 LANGBEIN 72 IPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1861 or 1953 1 MARTIN 77 DPWA
1755 KIM 71 DPWA
1800 ARMENTEROS70 HBC
1750 ARMENTEROS70 HBC
1690+ 10 BARBARO-. .. 70 HBC
1740 BAILEY 69 DPWA
1745 A R ME NTEROS68B H BC

A(1810) WIDTH

VALUE (Mev)

$0 to 2$0 (m 1$0) OUR

164+20
90+20

166+20
46+20

120+10
~ o ~ We do not use the

TECNDOCUMENT ID

ESTIMATE

GOPAL 80 DPWA

CAMERON 78B DPWA
GOPAL 77 DPWA

P R EVOST 74 D PWA
LANGBEIN 72 IPWA

following data for averages, fits, limits,
1 MARTIN 77 DPWA

CARROLL 76 DPWA
K IM 71 DPWA
ARMENTEROS70 HBC
ARMENTEROS70 HBC
BARBARO-. .. 70 HBC
BAILEY 69 DPWA
ARMENTEROS68B HBC

535 or 585
28
35
30
70
22

300
147

COMMENT

KN~ RN
K N multichannel
Isospin-0 total cr

K N a Z(1385)2r

K N multichannel

etc. ~ ~ ~

K N multichannel
K-matrix analysis

RN -+ RN
FN a Zx
FN —+ Zm
FN~ KN
RN~ KN

COMMENT

RNa KN
K p~ NK'
K N multichannel

K N —+ Z(1385)tr

K N multichannel

etc. ~ ~ ~

K N multichannel

Isospin-0 total o
K-matrix analysis
KNa KN
KN -+ Zx
KN~ Z~
KN -+ KN

VALUE

+0.35+0.06

DOCUMENT ID TECN COMMENT

CAMERON 78B DPWA K p ~ NF»

n(18iO) FOOTVOra
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wlgner fit.
The published sign has been changed to be ln accord with the baryon-first convention.

A{1810)REFERENCES

GOPAL 80
CA ME RON 78B
GOPAL 77
MARTIN 77

Also 77B
Also 77C

CARROLL 76
PREVOST 74
LANGBEIN 72
KIM 71

Also 70
ARMENTEROS 70
BARBARO-. .. 70
BAILEY 69
ARMENTEROS 68B

Toronto Conf. 159
NP B146 327
NP B119 362
NP B127 349
NP B126 266
NP B126 285
PRL 37 806
NP B69 246
NP B47 477
PRL 27 356
Duke Conf. 161
Duke Conf. 123
Duke Conf. 173
UCRL 50617 Thesis
NP B8 195

(RHEL) IJP
+Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJP
+Ross, VanHorn, McPherson+ (LOiC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOUC)
Martin, Pidcock (LOUC) IJP

+Chiani, 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

+Balllon+ (CERN, HEID, SACL) IJP

Kim
+Baillon+

Barbaro-Galtieri

A(1820) Fps &(I ) = 0(2+) 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 (I r)~/ltatalln NÃ 1{1810) NZ (892},5 '3/2, R.wave (I tl p}~ /I

A(1810) DECAY MODES

Mode Fraction (I;/I )

A(1810) BRANCHING RATIOS

I1 NK 20&0 %
I 2 E'X 10WO %
I s Z(1385)s. seen

I 4 NK'(892) 3~0 %
I s NK'(892), S=l/2, P wave-

N K'(892}, 5=3/2, P wave-
The above branching fractions are our estimates, not fits or averages.

VALUE (Mev)

1816Co 1826
1823+3
1819+2
1822+2
1821+2
~ ~ ~ We do

1830
1817 or 1819

A(1820) MASS

TECN COMMENT

KN~ KN
KNa KN
FN multichannel

K p~ Z~
etc. ~ ~ ~

KN -+ KN
K N multichannel

A{1820}WIDTH

DOCUMENT ID

(Ntt 1820) OUR ESTIMATE

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA

KANE 74 DPWA
not use the following data for averages, fits, limits,

DECLAIS 77 DPWA
1 MARTIN 77 DPWA

VALUE

0.2 Io 0$ OUR ESTIMATE
0.24 +0.04
0.36+0.05
~ ~ ~ We do not use the following

0.21+0.04
0.52 or 0.49
0.30
0.15
0.55
0.4

DOCUMENT ID TECN COMMENT

GOPAL 80 DPWA KN ~ KN
LANGBEIN 72 IPWA K N multichannel

data for averages, fits, limits, etc. ~ ~ ~

GOPAL 77 DPWA See GOPAL 80
1 MARTIN 77 DPWA KN multichannel

KIM 71 DPWA K-matrix analysis
ARMENTEROS70 DPWA KN ~ KN
BAILEY 69 DPWA KN ~ KN
ARMENTEROS68B DPWA KN ~ KN

{Ipl r}~/I tata~ In N)r ~ A(1810)~ Ze
VALUE DOCUMENT ID TECN

—0.24 +0.04 GOPA L 77 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

+0.25 or +0.23 1 MARTIN 77 DPWA
0.01 LANGBEIN 72 IPWA
0.17 KIM 71 DPWA

+0.20 ARMENTEROS70 DPWA
—0.13+0.03 BARBARO- ~.. 70 DPWA

(r,r, )&/r
COMMENT

K N multichannel

etc. ~ ~ ~

K N multichannel
R N multichannel
K-matrix analysis
RN -+ Z9r
KN —+ Z9r

See "Sign conventions for resonance coupllngs" In the Note on A and Z
Resonances.

I (N7f)/I tatal

VALUE (MeV)

70 to 90 (at 80) OUR ESTIMATE

77+5
72+5
81+5
87+3
~ ~ ~ We do not use the following

82
76 or 76

DOCUMENT ID TECN COMMENT

GOPAL 80 DPWA KN -+ KN
ALSTON-. .. 78 DPWA K N ~ K N
GOPAL 77 DPWA KN multichannel

KANE 74 DPWA K p ~ Z9r
data for averages, fits, limits, etc. ~ ~ ~

DECLAIS 77 DPWA KN ~ KN
MARTIN 77 DPWA K N multichannel

A(1820} DECAY MODES

Mode Fraction (I ~/I )

l1 NK 55-65 %
I 2 Zx 8-14 %
I s Z(1385}a 5-10 %
l 4 Z(1385}s, Pwave-
I s E'(1385}a,Fwave-
f6 Ag
I7 Z~~

The above branching fractions are our estimates, not fits or averages.
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Baryon Full Listings

/l(1820), A(1830)

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 /I and X Resonances.

r(NÃ)/rnn„
TECN COMMENT

{IiI f)~/I ieeai in NF ~ A(1820) -+ Er (r,r, )&/r
VAL UE

—0.28+0.03
—0.28+ 0.01
~ ~ o We do not use the following

—0.25 or —0.25

DOCUMENT ID TECN COMMEN T

GOPAL 77 DPWA K N multichannel

KANE 74 DPWA K p ~ X'7r

data for averages, fits, limits, etc. ~ ~ ~

MARTIN 77 DPWA K N multichannel

{Ill f} /leetaiinNZ~ A(1820)~ Atl (r, re)&/r
VALUE

—0,096+—0.020

DOCUMENT ID

RADER

TECN

73 MPWA

VALUE DOCUMENT ID

0.65 to 0.65 OUR ESTIMATE
0.5840.02 GOPAL 80 DPWA KN ~ K N

0.60 +0.03 ALSTON-. .. 78 DPWA KN ~ KN
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.51 DECLAIS 77 DPWA KN —+ KN
0.57+ 0.02 GOPAl 77 DPWA See GOPAL 80
0.59 or 0.58 MARTIN 77 DPWA KN multichannel

A(1830) D05 I(J ) = 0( ~ Status:

For results published before 1973 (they are now obsolete), see our
1982 edition Physics Letters 111B(1982}.

The best evidence for this resonance is in the Z7r channel.

A(1830) WIDTH

TECN COMMEN TVALUE (Mev) DOCUMENT ID

60 to 110 (585 95) OUR ESTIMATE

100+10 GOPAL 80 DPWA KN ~ KN
94+ 10 GOPAL 77 DPWA K N multichannel

119+ 3 KANE 74 DPWA K p ~ X'x
e ~ ~ We do not use the following data for averages, fits, limits, etc, o ~ ~

56 or 56 MARTIN 77 DPWA K N multichannel

A{1830) MASS

VALUE (MeV) DOCUMEN T ID TECN COMMENT

1B10to 1BIO (5a5 1B30) OUR ESTIMATE

1831+ 10 GOPAL 80 DPWA K N —+ K N

1825+10 GOPAL 77 DPWA KN multichannel

1825+ 1 KAME 74 DPWA K p -~ X'~
~ e ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

1817 or 1818 1 MARTIN 77 DPWA KN multichannel

r(rv v)/rnn„
VAL UE

no clear signal

DOCUMENT ID TECN COMMENT

ARMENTEROS68C HDBC K N ~ X'2r2r
Mode

A(1830) DECAY MODES

Fraction (I I/I )

(I ll p} /I anal in NR~ h(1820) -+ Z{1385)e~

VALUE

—0.167+0.054
+0.27 +0.03

DOCUMENT ID

3 CAMERON 78
PREVOST 74

(r,r, )&/rP-wave
TECN COMMEN T

DPWA K p ~ X'(1385)2r
DPWA K N ~ X'(1385)2r

{Iil p)~/I ieiai Iii N K
VAL UE

+0.065+.0.029

A(1820) FOOTNOTES

A(1820) ~ Z(1385)e, Fwave (I ql a)~/r
DOCUMENT ID TECN COMMENT

3 CAMERON 78 DPWA K p —+ X'(1385}x

l1

l3
r4
r5

NK 3-10 %
Zn. 35-75 %

Z(1385)e' )15 0/o

Z(1385)e, 0wave-
ATI

The above branching fractions are our estimates, not fits or averages.

A(1830) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on /L and X
Resonances.

A(1820) REFERENCES

PDG 82
GOPAL 80
ALSTON-. .. 78

Also 77
CAMERON 78
DECLAIS 77
GOPAL 77
MARTIN 77

Also 77B
Also 77C

KAME 74
PREVOST 74
RADER 73
ARMENTEROS 68C

PL 111B
Toronto Conf. 159
PR D18 182
PRL 38 1007
NP B143 189
CERN 77-16
NP B119 362
NP B127 349
NP B126 266
NP B126 285
LBL-2452
NP B69 246
NC 16A 178
NP BS 216

(HELS, CIT, CERN)
(RHEL) I JP

Alston-Garnjost, KeIIIley+ (LBL, MTHO, CERN) IJP
Alston-Garnjost, Kellney+ (LBL, MTHO, CERN) IJP

+Franek, Gopal, Bacon, Butterworth+ (RHEL, LOIC)IJP
+Duchon, Louvel, Patry, Seguinot+ (CAEN, CERN) IJP
+Ross, VanHorn, McPhersoli+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP

(LBL) IJP
+Barloutaud+ (SACL, CERN, HEID)
+Barloutaud+ (SACL, HEID, CERN. RHEL, CDEF)
+Baillon+ (CERN, HEID, SACL) i

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'2r deCay.

3 The published sign has been changed to be in accord with the baryon-first convention.

r(N}r)/rw„i
VALUE

0.03 to 0.10 OUR ESTIMATE
0.08+0.03 GOPAL 80 DPWA
0,02 +0.02 ALSTON-. .~ 78 DPWA
o o ~ We do not use the following data for averages, fits, limits,

0.04+0.03 GOPA L 77 DPWA
0.04 or 0.04 1 MARTIN 77 DPWA

DOCUMENT ID TECN

(I I )~/I, inNR A{18$0) Z
VALUE

—0.17+0,03
—0.15+0.01
~ ~ ~ We do not use the following

—0.17 or —0.17

DOCUMENT ID TECN

GOPA L 77 DPWA

KANE 74 DPWA
data for averages, fits, limits,
1 MARTIN 77 DPWA

{Iil ~)~/I eeeei In NR~ A(1830) -+ A|I
VALUE DOCUMENT ID TECN

—0.044 +0.020 RA DER 73 MPWA

{IiI p)~/I ieeai In NZ ~ A(1830) -+ Z(1385)v

COMMENT

KN —+ KIV
KN -+ KN

etc. ~ ~ ~

See GOPAL 80
K N multichannel

(r,r,)II/r
COMMENT

K N multichannel

K p ~ X'2r

etc. ~ ~ o

K N multichannel

{Igl a) /I

(r, ra)&/r
VALUE

+0.141+0.014
+0.13 +0.03

DOCUMENT ID TECN COMMENT

CAMERON 78 DPWA K p ~ X(1385)2r
PREVOST 74 DPWA K h/ X(1385)2r

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 6-wave decay is 0.03. The published sign has been
changed to be in accord with the baryon-first convention.

1{1830)REFERENCES

PDG
GOPAL
ALSTON-. ..

Also
CAMERON
GOPAL
MARTIN

Also
Also

KANE
PREVOST
RADER

82 PL 1llB
80 Toronto Conf. 159
78 PR D18 182
77 PRL 3S 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

Boos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
(RHEL) UP

Alston-Garnjost, Keniiey+ (LBL, MTHO, CERN) IJP
Alston-Garnjost, Kenney+ (LBL. MTHO, CERN) UP

+Franek, Gopal, Bacon, Butterweth+ (RHEI.. LOIC) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) UP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP

(LBL) IJr
(SACL, CERN, HEID)

(SACL, HEID, CERN, RHEL, CDEF)



See key on page 1343
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Baryon Full Listings

A(1890), A(2000)

A(1890) P03 l{JP) = 0(2+) Status:

A(1890) MASS

For results published before 1974 (they are now obsolete), see our
1982 edition Physics Letters 111B(1982).

The l = 3/2+ assignment is consistent with all available data
(including polarization) and recent partial-wave analyses. The dom-
inant inelastic modes remain unknown.

{Itl n)~/I(I II i) /I tatal In NZ ~ A(1090}~ NF'(092)
DOCUMENT ID TECN COMMENT

CAMERON 78B DPWA K p ~ NK»
VALUE

—0.07+0.03

A(1890) REFERENCES

A{1090)FOOTNOTES
1The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit.

Found ln one of two best solutions.
3The published sign has been changed to be ln accord with the baryon-first convention.

Upper limits on the P3 and F3 waves are each 0.03,

TECN COMMENT

RN -+ FN
FN~ FN
RN multichannel

K p-+ KN
etc. ~ ~ ~

K N multichannel

K p~ Au

A(1890) WIDTH

VALUE (MeV) DOCUMENT ID

1850 te 1910 (as 1NO) OUR ESTIMATE
1897+ 5 GOPAL 80 DPWA
1908k 10 ALSTON-. .. 78 DPWA
1900+ 5 GOPAL 77 DPWA
1894+10 HEMINGWAY 75 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

1856 or 1868 1 MARTIN 77 DPWA
1900 NAKKASYAN 75 DPWA

PDG
GOPAL
ALSTON-. ..

Also
CAMERON
CAME RON
BACCARI
GOPAL
MARTIN

Also
Also

HEMINGWAY
NAKKASYAN

82 PL 111B
80 Toronto Conf. 159
78 PR D18 182
77 PRL 38 1007
78 NP 8143 189
78B NP 8146 327
77 NC 41A 96
77 NP 8119 362
77 NP 8127 349
77B NP B126 266
77C NP B126 285
75 NP B91 12
75 NP B93 85

Roos, Porter, Aguilar-Benites+ (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, Kalmus, McPherson+ (RHEL, LOIC) IJP
+Poulard, Revel, Tallini+ (SACL, CDEF) IJP
+Ross, VanHorn, McPheaon+ (LOIC, RHEL) IJP
+Pidcock. Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (Loucj iJP

+Eades, Harmsen+ (CERN, HEIDH, MPIM) IJP
(CERN) IJP

VAL UE (Mev)

10 te 200 (sas 100) OUR

74+10
119+20
72+10

107+10
~ ~ ~ We do not use the

191 or 193
100

TECN COMM EN TDOCUMENT 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~ FN
KN -+ KN
ZN multichannel

K p~ KN
etc. ~ ~ ~

ZN multichannel

K p-+ Au

A(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 D3 (BARBARO-
GALTIERI 70 in Zm), D3+F5, P3+D5, or P1+D3 (BRANDSTET-
TER 72 in A~), and S1 (CAMERON?8B in NF'). The first two
of the above analyses should now be considered obsolete. See also
NAKKASYAN 75.

I2
l3
l4
l5
r6
I7
l8

A{1890)DECAY MODES

Mode

NK
Zx
E{1385)e.

Z{1385)s, P wave-
Z{1385}a,Fwave-

N K'{892)
N K'{892},5=1/2, P wave-

A(u

Fraction (I i/tI )

20-35 %
3 10 0/

seen

The above branching fractions are our estimates, not fits or averages.

A(1890) BRANCHING RATIOS

See "Sign conventions for resonance coupllngs" ln the Note on A and Z
Resonances.

VALUE (Mev)

as: ~ OUR ISTIMATE
2030+ 30
1935 to 1971
1951 to 2034
2010+30

VALUE (MeV)

125+25
180 to 240
73 to 154

130+50

A(2000) MASS

DOCUMENT ID TECN COMMENT

A(nau) WIDTH

DOCUMENT ID

CAMERON 78B
1 BRANOSTET. ..72
1 BRANDSTET. ..72

BARBARO-. .. 70

TECN COMMENT

DPWA K p ~ NK»
DPWA (lower mass)
DPWA (higher mass)
DPWA K p~ Z»

A(2000) DECAY MODES

CAMERON 78B DPWA K p e NF»
BRANDSTET. ..72 DPWA K p A~
BRANDSTET. ..72 DPWA K p AuI

BARBARO-. .. 70 OPWA K p a Z9r

r(N}r)/r~l
VALUE

0.20 te 0.35 OUR ESTIMATE
0.20 +0.02
0.3460.05
0.24+ 0.04
~ ~ ~ We do not use the following

0.18+0.02
0.36 or 0.34

DOCUMENT ID TECN COMMENT

KN~ KN
KN -+ RN
K p~ FN
etc. ~ ~ ~

See GOPAL 80
RN multichannel

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA

HEMINGWAY 75 DPWA
data for averages, fits, limits,

GOPAL 77 DPWA
1 MARTIN 77 DPWA

I1
l2
I3
l4
l5

Mode

NK
Zm

A+
N K'(892}, S=1/2, 5wave-
N K'(892), 5=3/2, Dwave-

A(na4} BRANCHING RATIOS

(rgl p)~/ItetgInNP +A(1890}-+Ze-
VALUE DOCUMENT ID TECN
—0.09+0.03 GOPAL 77 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

+0.15 or +0.14 1 MARTIN 77 DPWA

(rara)~/r
COMMENT

K N multichannel

etc. ~ ~ ~

K N multichannel

(rlI p)~/I tetal In NX~ A(2000) ~ Zs' (r,l;)"/r
VALUE

—0.20 +0.04
DOCUMEH T ID TECN COMMENT

BARBARO-. .. 70 DPWA K p ~ Z2r

See "Sign conventions for resonance coupllngs" In the Note on A and Z
Resonances.

VALUE

seen

0.032

DOCUMENT ID TECN

BAC CAR I 77 IPWA

NAKKASYAN 75 DPWA

{Ill i) /I I In N7r A(1890} A

COMMENT

(r,r, )&/r

K pa A~
K p e Au

(rlr, )&/r In N7r—
VALUE

0.17 to 0.25
0.04 to 0.15

{Itl s)~/IA(ZYa) -o Are
DOCUMENT ID TECH COMMEHT

1 BRANDSTET. ..72 DPWA (lower mass)
1 BRANDSTET. ..72 DPWA (higher mass)

(r,r,)&/r{rlrp}~/I tetai In NF ~ A(1890}~ K{1385}e,Iaesave
VALUE DOCUMENT ID TECN COMMENT

(0.03 CAMERON 78 DPWA K p a Z(1385)x

VALUE

—0.12+0.03
DOCUMENT ID TECH COMMEHT

2CAMERON 78B DPWA K p ~ NR»

(I ll q)~/I tetal In N7r A(irnna} N}r'(892},Ml/2, Some (I 1ra)~/I

(r,r,)&/r{r(l p} /I tetg In NF ~ A{1890)~ Z(1385)~, &wave
VALUE DOCUMENT ID TECN COMMENT
—0.126+0.055 3 CAMERON 78 DPWA K p ~ Z(1385)2r

(I il p)~/I ~ ln N7f~
VALUE

+0.09+0.03

A(2000} NZ'(892), c=3/2, mnavn (r,r,)&/r
DOCUMEH T ID TECN COMMENT

CAMERON 78B DPWA K p e NÃ»
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Baryon FullListings
/l(2000), /l(2020), A(2100)

A(2000} FOOTNOTES

The parameters quoted here are ranges from the three best fits; the lower state probably
has J & 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

+Franek, Gopal, Kalmus. McPherson+ (RHEL, LOIC) UP
(CERN) UP

Brandstetter, Butterworth+ (RHEL, CDEF, SACL)
Barbaro-Galtieri (LRL) IJP

CAMERON 788 NP 8146 327
NAKKASYAN 75 NP 893 85
BRANDSTET. .. 72 NP 839 13
BARBARO-. .. ?0 Duke Conf. 173

l(J ) = 0(j+) Status:A(2O2O) e„
OMlTTED 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 77 does not need it

in either Nidor Z~. 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 it.

A(2020) MASS

DOCUMENT ID TECN COMMENTVALUE (MeV)

Ias 2v2G OUR aariMATE
2140
2117
2100+30
2020+20

BACCARI 77 DPWA K p s Alar

DECLAIS 77 DPWA FN ~ FN
LITCHFIELD 71 DPWA K p ~ KN
BARBARO-. .. 70 DPWA K p ~ Zx

A(2020} WIDTH

VAL UE (MeV)

128
167
120+30
160+30

DOCUMENT ID

BACCARI 77
DEC LAIS 77
LITCHFIELD 71
BARBARO-. .. 70

TECN COMMENT

DPWA K p s Au
DPWA RN ~ KIV

DPWA K p s KN
DPWA K p~ Zx

A(2020) DECAY MODES

Mode

I 1 NK
I2 Zx
l 3 /l~

A(2020) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

r (Illa') /I tatai
VALUE

0.05
0.05+0.02

DOCUMENT ID TECN COMMENT

DECLAIS 77 DPWA KN ~ KN
LITCHFIELD 71 DPWA K p ~ RN

(I II r)~/I tatal In N7f A(2020}~ Z» (rara) lr
DOCUMENT ID TECN COMhlEN T

BARBARO-. .. 70 DPWA K p ~ Zn
VALUE

—Q.15+0.02

(rlrr)&/rtatai In N)r ~ (r,r.)&/rA(2020) ~ Au
DOCUMENT ID

BACCARI

VAL UE

(0.05

TECN COMMENT

77 DPWA K p Aur

A(2020) REFERENCES

GOPAL
BACCARI
DEC LAIS
GOPAL
HEMINGWAY
LITCHFIELD
BARBARO-. ..

Toronto Conf. 159
NC 41A 96
CERN 77-16
NP 8119 362
NP 891 12
NP 830 125
Duke Conf. 173

80
77
77
77
75
71
70

(RHEL)
(SACL, CDEF) UP

(CAEN, CERN) IJP
(LOIC. RHEL)

(CERN, HEIDH, MPIM) IJP
(RHEL, CDEF, SACL) IJP

(LRL) IJP

+Poulard, Revel, Tallini+
+Duchon, Louvel, Patry, Seguinot+
+Ross, VanHorn, MCPherson+
+Eades, Harmsen+
+..., Lesquoy+

Barbaro-Galtieri

I{JF) = 0(~7-) Status:A(2100) GI)7

Discovered by COOL 66 and by WOHL 66. 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).

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).

A(2100) MASS

TECN COMMENTDOCUMENT ID

( 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,

BACCARI 77 DPWA
DECLAIS 77 DPWA

1 NAKKASYAN 75 DPWA

VALUE (MeV)i' to 2110
2104+10
2106+30
2110+10
2105+10
2115+10
~ ~ ~ We do

FN -+ KN
KN -+ KN
FN multichannel

K p~ KN
K p~ Z~
etc. ~ ~ ~

K p —+ Au
RN~ KN
K p~ A~

2094
2094
2110 or 2089

A(2100) WIDTH

VAL UE (MeV)

100 to 210 (sos 200) OUR

157+40
250+ 30
241 +30
152+ 15
~ ~ ~ We do not use the

TECN COM MEN TDOCUMENT ID

ESTIMATE

DEBELLEFON 78 DPWA

GOPAL 77 DPWA

HEMINGWAY 75 DPWA

KANE 74 DPWA

following data for averages, fits, limits,

BAC CAR I 77 DPWA
DECLAIS 77 DPWA

1 NAKKASYAN 75 DPWA

RN~ FN
K N multichannel

K p~ RN
K p~ Z~

etC. ~ ~ ~

98
250
244 or 302

K p~ Au
KIV ~ KN
K p~ Au

1{2100}DECAY MODES

Fraction (CI/C)Mode

I 1 NK 25-35 /o

C2 Z7r 5 4/o

I 3 ArI &3 4/4

l4 =K &3 4/o

C, n~ (8 4/4

I s N K'(892) 10 20 o/o

I t NK*(892), S=l/2, Gwave-
NK*(892), S=3/2, O.wave

The above branching fractions are our estimates, not fits or averages.

A{2100) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

I (N)r)/I tatal
COMMENTDOCUMENT ID TECNVALUE

0.25 Io 0.$5 OUR ESTIMATE
0.34 40.03 GOPAL 80 DPWA

0.24+ 0.06 DEBELLEFON 78 DPWA

0.31+0.03 HEMINGWAY 75 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.29 DECLAIS 77 DPWA
0.30+0.03 GOPAL 77 DPWA

KN~ KN
KN~ KN
K p~ KN

etC. ~ ~ ~

KN~ KN
See GOPAL 80

{rtrr)~l I tetai In N7r~ A(2100) ~ Z» (I 1I a) /I
VALUE

+0.12+0.04
+0.11+0.01

DOCUMENT ID TECN COMMENT

GOPAL 77 DPWA KN multichannel

KANE 74 DPWA K p X'rr

(rll r}~/I tatai ln N7r~ A(2100) -+ Ao (rtra)~/r
VALUE

—0.050+0.020

DOCUMENT ID TECN COMMENT

RADER 73 MPWA K p s Ar)
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Baryon Full Listings

A(2100), A(2110)

(I trr) /rtoeo~ In NK A(2100) =K (r,r, )&/r A(2110}DECAY MODES
VALUE DOCUMENT ID TECN COMMENT

0.03540.018 LITCHFIELD 71 DPWA K p o =K
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.003
0.05

MULLER

TRIPP
698 DPWA K p~ =K
67 RVUE K p o =K

(I II r)~/I total In NÃ -+
VAL UE

—0.070
+0.011
+0.008

0.122 or 0.154

A(2100) ~ Au
DOCUMENT ID

2 BACCARI 77
2 BACCARI 77
2 BACCARI 77
1 NAKKASYAN 75

(rara)~/r
TECN COMMENT

DPWA GD37 wave

DPWA 6617 wave

DPWA GG37 wave

DPWA K p o Au

VALUE

+0.21 60.04

DOCUMENT ID TECN COMMENT

CAMERON 788 DPWA K p o NK»

(I Il r) /I totaI In NZ ~ A(2100}~ NF'(892) ~ S=s/2, D.wave (I tl a)~/r

C2

l3
r4
r5
r6

Mode Fraction (I I/C)

seen

A(2110}BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

NK 5-25 %
Zx 10WO %
Ace seen

Z(1385)x
Z(1385)o, P-wave

N K"(892) 10' %
N K'{892},S=l/2, F wave-

The above branching fractions are our estimates, not fits or averages.

VALUE

—0.04 +0.03
DOCUMENT ID TECN COMMENT

3 CAMERON 788 DPWA K p o NK»

A{2100) FOOTNOTES
1The 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.

3The published sign has been changed to be in accord with the baryon-first convention.
The upper limit on the 63 wave is 0.03.

A(2100) REFERENCES

PDG
PDG
GOPAL
CAMERON
DEBELLEFON
BACCARI
DEC LAIS
GOPAL
HEMINGWAY
NAKKASYAN
KANE
RADER
LITCHFIELD
MULLER
TRIPP
COOL
WOHL

86 PL 1708
82 PL 1118
80 Toronto Conf. 159
788 NP 8146 327
78 NC 42A 403
77 NC 41A 96
77 CERN 77-16
77 NP 8119 362
75 NP 891 12
75 NP 893 85
74 L8L-2452
73 NC 16A 178
71 NP 830 125
69B UCRL 19372 Thesis
67 NP 83 10
66 PRL 16 1228
66 PRL 17 107

Aguilar-Benitez, Porter+ (CERN, CIT+)
Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)

(RHEL) IJP
+Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJP

De Bellefon, Berthon, Billoir+ (CDEF, SACL) IJP
+Poulard, Revel, Tallini+ (SACL, CDEF) IJP
+Duchon, Louvel, Patry, Seguinot+ (CAEN, CERN) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Eades, Harmsen+ (CERN, HEIDH, MPIM) IJP

(CERN) IJP
(LBL) IJP

+Barloutaud+ (SACL, HEID, CERN, RHEL, CDEF)
+..., Lesquoy+ (RHEL, CDEF, SACL) IJP

(LRL)
+Leith+ (LRL, SLAC, CERN, HEID, SACL)
+Giacolnelli, Kycia, Leontic, Lundby+ (BNL)
+Solmitz, Stevenson (LRL) IJP

A(21 10) Fps l(JP) = 0(2+) Status:

For results published before 1974 (they are now obsolete), see our
1982 edition Physics Letters 111B(1982). All the references have
been retained.

This resonance is in the Baryon Summary Table, but the evidence
for it could be better.

A(2110) MASS

(I Il r) /I tention N7r A(2100) NZ'(892), S=l/2, 6 wave (I ql q) /a/I
r(N}r)/run„

DOCUMENT ID TECN COMMENTVALUE

0.05 te 0.2S OUR ESTIMATE
0.0760.03 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 GOPAL 77 DPWA

FN -+ RN
KN~ KN

etc. ~ ~ ~

See GOPAL 80

(I Il r) /I total In NZ ~ A(2110)~ Zn
VALUE DOCUMENT ID TECN

+0.1440.01 DEBELLEFON 77 DPWA

+0.20 40.03 KANE 74 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

+0.10+0.03 GOPAL 77 DPWA

COMMENT
{r,r, )&/r

K p~ Zx
K p~ Zx
etc. ~ ~ ~

ZN multichannel

(III r) /I I in NK A(2110) Ago
VALUE DOCUMENT ID TECN

&0.05 BACCARI 77 DPWA

0.112 1 NAKKASYAN 75 DPWA

COMMENT
(I 1I 8) /I

K p~ A~
K p~ Au&

(III r) /I (InNÃ
VALUE

+0.07160.025

A(2110)~ Z(1385)e
DOCUMEN T ID TECN

3 CAMERON 78 DPWA

(r,r,)&/r
COMMENT

K p ~ Z(1385)9r

(rll r)~/I ~( In NZ ~
VALUE

—0.17+0.04

A(2110}~ NZ'{892} (I sl a)~/I
DOCUMENT ID TECN COMMENT

4CAMERON 788 DPWA K p -+ NK»

A{2110}REFERENCES

A(2110}FOOTNOTES
Found in one of two best solutions.
The published error of 0.6 was a misprint.

3The 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.

4The published sign has been changed to be in accord with the baryon-first convention.
The CAMERON 788 upper limits on the P3 and F3 waves are each 0.03.

TECN COMMEN T

KN~ KN
K p~ NK*
KN~ KN
K p~ Zx
K N multichannel

K p -+ ZTr
etc. ~ ~ ~

K p —+ A~
K p o Au

VALUE (MeV} DOCUMENT ID

2NO to 21& (sat 2110) OUR ESTIMATE
2092 +25 GOPAL 80 DPWA
2125+25 CAMERON 788 DPWA
2106+50 DEBELLEFON 78 DPWA
2140+20 DEBELLEFON 77 DPWA
2100+50 GOPAL 77 DPWA
2112+ 7 KANE 74 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

2137 BACCARI 77 DPWA
2103 1 NAKKASYAN 75 DPWA

PDG
GOPAL
CAMERON
CAMERON
DEBELLEFON
BACCARI
DEBELLEFON
GOPAL
NAKKASYAN
KANE

82 PL 1118
80 Toronto Conf. 159
78 NP 8143 189
788 NP 8146 327
78 NC 42A 403
77 NC 41A 96
77 NC 37A 175
77 NP 8119 362
75 NP 893 85
74 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, VanHom, McPherson+

(HELS, CIT, CERN)
(RHEL) IJP

(RHEL, LOIC) IJP
(RHEL, LOIC) IJP
(CDEF, SACL) IJP
(SACL, CDEF) IJP
(CDEF, SACL) IJP
(LOIC, RHEL) IJP

(CERN) IJP
(LBL) IJP

A(2110) WIDTH

VALUE (MeV)

150 to 250 (as 200) OUR

245+25
160+30
251+50
140+20
200+50
190+30
~ ~ ~ We do not use the

TECN COMMENT

KN -+ KN
K p~ NK»
KN~ KN
K p o Za
K N multichannel

K p~ Z~
etc. ~ ~ ~

K po Au
K p~ A~

132
391

DOCUMENT ID

ESTIMATE
GOPAL 80 DPWA
CAMERON 788 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
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Baryon Full Listings
A(2325), A(2350), A(2585) Bum ps

A(2325) Dp3 l(J~) = 0(s~ ) Status:

OMtTTED 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 ~ A~ 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 ~ KN data, and finds J = 3/2 or 3/2+. They

again prefer J = 3/2, but only on the basis of model-dependent
considerations.

VALUE (Mev)

1OO ao me (sa XSO) DUR

204+ 50
110+20
324+ 30
~ ~ ~ We do not usc the

257
190

55
140+20

A(2350) WIDTH

TECN COMhfEN T

KN~ KN
K p~ Zsr
Total, charge exchange
ctc. ~ ~ ~

K p~ Aw

K p, K d total
yp~ K+Y~
K p K dtotal

A(2350) DECAY MODES

DOCUMENT ID

ESTIMATE

DEBELLEFON 78 DPWA

DEBELLEFON 77 DPWA
BRICMAN 70 CNTR

following data for averages, fits, limits,

BACCARI 77 DPWA

COOL 70 CNTR
LU 70 CNTR
BUGG 68 CNTR

VALUE (MeY)
— OUR ESTIMATE

2342+30
2327120

VALUE (Mev)

177+40
160+40

Mode

I1 NK
l2 Au)

DOCUMENT ID TECN COMMEN T

A('s-'s'sn) WIDTH

DOCUMENT ID TECN COMMENT

DEBELLEFON 78 DPWA FN ~ FN
BACCARI 77 IPWA K p Au/

A(2325) DECAY MODES

DEBELLEFON 78 DPWA Fhl ~ KN
BACCARI 77 DPWA K p ~ /lu

Mode Fraction (I I/I )

r(IV)r)/ma, I

VALUE

~ L12 OUR ESTIMATE
0.12+0.04

DOCUMENT ID TECN COMMEN T

DEBELLEFON 78 DPWA KN ~ KN

(I II r )~/I tataI In N7r ~ A(nttnn) -+ I'n (rara) /r

I1 NK 12%
t2 Zfr - 10%
I 3 Au

The above branching fractions are our estimates, not fits or averages.

A{2360) BRANCHING RATIOS

Scc "Sign conventions for resonance coupllngs" in the Note an A and Z
Resonances.

A(IS) BRANCHING RATIOS
VALVE

—0.11+0.02

DOCUMENT ID TECN COhfMEN T

DEBELLEFON 77 DPWA K p ~ Z'sr

I (NÃ)/I sat, I

VALUE

0.19+0.06
DOCUMENT ID TECN COMMENT

DEBELLEFON 78 DPWA RN -+ FN

(r(I r) /I sataI ln N7r
VALUE

0.0660.02
0.0560.02
0.08+0.03

A(23'sS) ~ Atu
DOCUMENT ID

1BACCARI
1BACCARI
1 BACCARI

TECN COhfhfENT

77 IPWA DS33 wave

77 DPWA DD13 wave

77 DPWA DD33 wave

(I tl a)~/I

A(2325) REFERENCES

A(&snn) FOOTNOTES
1 Note that thc thrcc BACCARI 77 entries are for thrcc different waves.

(I trs)~/r
TECN COMMENT

77 DPWA K p -+ Au

A{2330) REFERENCES

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 Dl 1887
PRL 16 1228
PR 02 1846
PR 168 1466
NP B7 19

COEF, SACL)
(SACL, CDEF)
(COEF, SACL)

(EFI)
+Ferro-Luzzi, Perreau+ (CERN, CAEN, SACL)
+Giacomelli, Kycia, Leontic, Li+ (BNL)

Cool, Giacomelli, Kyda, Leontic, Lundby+ (BNL)
+Greenberg, Hughes, Minehart, Mori+ (YALE)
+Gilmore, Knight+ (RHEL, BIRM, CAVE)
+Erne, Lagnaux. Sens. Steuer, Udo (CERN)

IJP
IJP
IJP
IJP

(rtl r)~/I;In NZ~ A('Kaan)-+ A(u
VALUE DOCUMENT ID

&0.05 BACCARI

DEBELLEFON 78 NC 42A 403
BACCARI 77 NC 41A 96

De Bellefon, Berthon, Billoir+
+Poulard, Revel, Tallini+

(CDEF, SACL) IJP
(SACL, CDEF) IJP A(2585) Bumps I(iP) = 0(? ) Status:

A(2350) Hpg l(l ) = 0(2+) 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, DEBELLEFON 77,
BACCARI 77, and DEBELLEFON 78, which find 9/2+ in energy-
dependent partiahwave analyses of R N ~ Zsr, A~, and N K.

A(sans) MASS
(BUMPS)

VALUE (Mev)

a~CNN Ra+(MATE
2585+45
2530+25

DOCUMENT ID

ABRAMS
LU

TECN COMMENT

70 CNTR K p, K d total
70 CNTR pp ~ K+ Y~

OMtTTED FROM SUMMARY TABLE

VALUE (MeY)~ ~m
2370+50
2365+20
2358+ 6
~ on Wcdo

TECN COMMEN T

2372
2344+ 15
2360+20
2340+ 7

DOCUMENT ID

(~~~) OUR ESTIMATE
DEBELLEFON 78 DPWA K N ~ R N

DEBELLEFON 77 DPWA K p ~ Zsr
BRICMAN 70 CNTR Total, charge exchange

not usc the following data for averages, fits, limits, etc. ~ ~ ~

BACCARI 77 DPWA K p ~ A~
COOL 70 CNTR K p K d total
LU 70 CNTR pp ~ K+ Y~

BUGG 68 CNTR K p, K d total

VALUE (MeY)

300
150

Mode

NK

A('snnn) WIDTH
(BUMPS)

DOCUMENT ID

ABRAMS
LU

A('K~nn) DECAY MODES
(BUMPS)

TECN COhf MEN T

70 CNTR K p, K d total
70 CNTR pp -+ K+ Y»
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Baryon Full Listings

A(2585) Bumps, X+

A(2585) BRANCHING RATIOS

(BUMPS)
Z+ MEAN LIFE

Measurements with an error & 0.1 x 10 s have been omitted.

VALUE

1
0.12+0.12

A(2585) FOOTNOTES
(BUMPS)

1The resonance is at the end of the region analyzed —no clear signal.

ABRAMS 70 PR D1 1917
Also 66 PRL 16 1228

BRICMAN 70 PL 31B 152
LU 70 PR 02 1846

A(90%) REFERENCES
(BUMPS)

+Cool, Giacomelli, Kycia, Leontic, Li+ BNL) I

Cool, Giacomelli, Kycia, Leontic, Lundby+ BNL) I

+Ferro-Luni, Perreau+ (CERN. CAEN, SACL)
+Greenberg, Hughes, Minehart. Mori+ (YALE)

(Ii))xl (N)r)lt total
i is not known, so only (A-&) x I {NK)/I total can be given.

DOCUMENT ID TECN COMMENT

ABRAMS 70 CNTR K p, K d total
1 BRICMAN 70 CNTR Total, charge exchange

VALUE (10 10 s) EVTS DOCUMEN T ID

0.799+0.004 OUR AVENGE
0.798+0.005 30k MAR RAFF INO 80
0.80740.013 5719 CONFORTO 76
0.83 +0.04 526 BAK KER 71
0.795+0.010 20k EISELE 70
0.80360.008 10664 BARLOUTAUD69
0.83 +0.032 1300 3 CHANG 66
0.80 +0.07 381 COOK 66
0.84 +0.09 181 BA LTAY 65
0.76 +0.03 900 CARAYAN. .. 65

0.749+0 056-0.052 192 GRARD 62

0.765+0.04 456 HUMPHREY 62

3We have increased the CHANG 66 error of 0.018;
Modern Physics & No. 1 (1970).

TECN COMMENT

HBC
HBC
DBC
HBC
HBC
HBC
OSPK
HBC
HBC

K p 0.42-0.5 GeV/c
K p 1-1.4 GeV/c
K n ~ Z+ir
K p at rest

K p 0.4-1.2 GeV/c

HBC

HBC

see our 1970 edition, Reviews of

Z BARYONS
(S=-1, i= 1)

Z+=uus, Z0=uds, Z =dds

l(JP) = 1(2t+} Status:

We have omitted' some results that have been superseded by later
experiments. The omitted results may be found in our 1986 edition

(Physics Letters 170B) or in earlier editions.

Z+ MASS

The fit uses Z+, Z, Z, and A mass and mass-difference measurements.

Z+ MAGNETIC MOMENT

See the Note on Baryon Magnetic Moments in the A Listings. Measure-
ments with an error & 0.1 IsN have been omitted.

EVTS DOCUMENT ID TECN COMMENT

KISS +0.010 OUR AVERAGE Error includes scale factor of 2.1. See the ideogram
below.

2.4613+0.0034+0.0040 250k MORELOS 93 SPEC p Cu 800 GeV
2.428 +0.036 +0.007 12k 4 MORELOS 93 SPEC pCu 800 GeV
2.479 +0.012 +0.022 137k WILKINSON 87 SPEC pBe 400 GeV
2.4040+0.0198 44k 5 ANKENBRA. .. 83 CNTR pCu 400 GeV

4We assume CPT Invarlance: this is (minus) the T magnetic moment as measured by
MORELOS 93. See below for the moment difference testing CPT.
ANKENBRANDT 83 gives the value 2.38 + 0.02y, hI. MORELOS 93 uses the same
hyperon magnet and channel and claims to determine the field integral better, leading
to the revised value given here.

WEIGHTED AVERAGE
2.458+0.010 (Error scaled by 2.1)

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

11$9.$F+OAF OUR FIT Error includes scale factor of 2.2.
1189.37+OAS OUR AVERAGE Error includes scale factor of 1.8. See the ideogram

below.
1189.33+0.04 607 1 BOHM 72 EMUL
1189.1660.12 HYMAN 67 HEBC
1189.61+0.08 4205 SCHMIDT 65 HBC See note with A mass
1189.48+0.22 58 BHOWMIK 64 EMUL
1189.38+0.15 144 BAR KAS 63 EMUL

BOHM 72 ls updated with our 1973 K, ~, and ~ masses (Reviews of Modern
Physics 45 No. 2 Pt. II (1973)).
These masses have been raised 30 keV to tyke into account a 46 keV increase in the
proton mass and a 21 keV decrease in the ~ mass (note added 1967 edition, Reviews
of Modern Physics Sl 1 (1967)).

WEIGHTED AVERAGE
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.

vr
MORELOS 93 SPEC
MORELOS 93 SPEC
WILKINSON 87 SPEC
ANKENBRA. .. 83 CNTR

X
0.4
0.7
0.7
7.4

2.35 2.40 2.45 2.50 2.55

9.2
(Confidence Level 0.027)

2.60

(Pr IPr I)/-IPI-

Z+ magnetic moment (p,hI)

1189.0

Z+ mass (MeV)

L

Xr5 .
XYJ '

1189.4

BOHM. .HYMAN.SCHMIDT. . . . .BHOWMIK.BARKAS

1189.8

X
72 EMUL 1.0
67 HE BC 3.1
65 HBC 89
64 EMUL 0.3
63 EMU L 0.0

13.3
(Confidence Level = 0.010)

I

1190.2

A test of CPT invarlance.
VALUE DOCUMENT ID TECN COMMENT

0.OS+0.016 6 MORELOS 93 SPEC pCu 800 GeV

6Thls Is our calculation from the MORELOS 93 measurements of the Z+ and T
magnetic moments given above. The statistical error on p& dominates the error here.
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Z+ DECAY MODES r(ne+ ve)/r(ne+) I s/I s

Mode

l, p~o
r 2 nor+

p~
l 4 nm+p
l 5 /le+ ve

Fraction (f;/I }

(51.57+0.30) 4/

(48.30+0.30) %

( 1.25+0.07) x

[aj ( 4.5 +0.5 ) x

( 2.0 +0.5 ) x

Confidence level

10
1O-4
1O-5

l 6 ne+v,
I 7 np+vp
rs Ve+ e

~S =

bing

(SQ) vkskt ting modes or
ES = 1 weak nentrnl current {Sl)modes

Sq X

SQ ( 30 X

SS 7 X

lP —6

10

lP —6

90%
9O4/.

[aj See the Full Listings below for the pion momentum range used in this
measurement.

x2 —100

X3 9 —11

Xl X2

I (nsr+)/I (Nn)

Z+ BRANCHING RATIOS

I s/(I a+I a)
VAL UE EVTS

0 ~~+0.~OUR FIT
0.~+0.:==:=OUR AVERAGE

0.4828+ 0.0036 10k 7 MARRAFFINO 80
0.488 +0.008 1861 NOWAK 78
0.484 +0.015 537 TOVEE 71
0.488 +0.010 1331 BARLOUTAUD69
0.46 40.02 534 CHANG 66
0.490 +0.024 308 HUMP HREY 62

MARRAFFINO 80 actually gives f (pn )/f (total) =

DOCUMENT ID TECN COM MEN T

HBC K p 0.42-0.5 GeV/c
HBC
EMUL

HBC K p 0.4-1.2 GeV/c
HBC
HBC

0.5172 6 0.0036.

CONSTRAINED FIT INFORMATION

An overall fit to 2 branching ratios uses 13 measurements and one

constraint to determine 3 parameters. The overall fit has a X
7.5 for 11 degrees of freedom.

The following off diagonal array elements are the correlation coefficients

(bx, bx )/(bx; bx&), in percent, from the fit to the branching fractions, x,.

r, /rtotai The fit constrains the x, whose labels appear in this array to sum to
one.

I (pe+e )/I toter I s/I
VALUE (units 10 6) DOCUMENT ID TECN COMMENT

g7 ANG 69B HBC K p at rest

ANG 698 found three pe+e events in agreement with y ~ e+e conversion from
Z'+ ~ pp. The limit given here is for neutral currents.

I (Z+~ ne+v, )/I (Z-~ ne fre)-
VALUE CL% EVTS DOCUMENT ID TECN COMMENT

&O.NS OUR LIMIT Our 90% CL limit, using I (ne+ vz)/I (n~+) above.

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.019 90 0 EBENHOH 74 HBC K p at rest

(0.018 90 0 SECHI-ZORN 73 HBC K p at rest

(0.12 95 0 COLE 71 HBC K p at rest
g0.03 90 0 EISELE 69e HBC See EBENHOH 74

I (Z+ ~ nfs+v„)/I (E ~ nfs p„)
VAL UE EVTS DOCUMENT ID rECN COMMENT

(Oe12 OUR LIMIT Our 90% CL limit, using I (nIg+ u )/I (nor+) above.

o i o We do not use the following data for averages, fits, limits, etc. ~ ~ o

o.o6+o o45
—0.03 2 EISELE 69E) HBC K p at rest

r(Z+ nb+ v)/r(r ng-r)-

Test of 6,S = Eq rule. Experiments with an effective denominator less than 100,000
have been omitted.

EFFECTIVE DENOM. EVTS DOCUMEN T ID TECN COMMENT

( 1.1 x 10 OUR LIMIT Our 90/4 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 9 SECHI-ZORN 73 HBC K p at rest

Effective denominator calculated by us.

r(n Is+v„)/r (ne+)
Test of 6S = Aq rule.

EFFECTIVE DENOM. EVTS DOCUMEN T ID TECN

& 6.2 x 10 6 OUR LIMIT Our 90% CL limit = (6.7 events)/(efFective denominator
sum). [Number of events increased to 6.? for a 90%
confidence level. ]

33800 0 BAGGETT 698 HBC
62000 2 EISELE 69B HBC
10150 11 COURANT 64 HBC
1710 0 11 NAUENBERG 64 HBC

120 1 GALTIERI 62 EMUL

Effective denominator calculated by us.
Effective denominator taken from EISELE 67,

r( pT) r/( p'e)
VAL UE (units 10 3)

2A3+0.14 OUR FIT
2AI+0.14 OUR AVERAGE

2.81+0.39 ' 408—0.43

EVTS

r(ne+ T)/r(ne+)

2.52 +0.28 190

2 46+0.30 155—0,35
2.11+0.38 46
2.1 +0.3 45
2.76+0.51 31
3.7 +0.8 24

KOBAYASHI 87 actually gives

DOCUMENT ID TECN COMMENr

HESSEY 89 CNTR K p ~ Z+ Tr at
rest

KOBAYASHI 87 CNTR x p Z+ K+

BIAGI 85 CNTR CERN hyperon beam

MANZ 80 HBC K p ~ Z+ Tr

ANG 698 HBC K p at rest

GERSHWIN 698 HBC K —p ~ Z+ Tr

BAZIN 65 HBC K p at rest

l (pp)/f (total) = (1.30 4 0.15) x 10

I e/I s

Z+ DECAY PARAMETERS

See the Note on Baryon Decay Parameters ln the neutron Listings. A few

early results have been ornltted.

a0 FOR Z+ -+ Pmo
VALUE EVTS

0 ~+0.0 OUR FIT-0.016

DOCUMENT ID TECN COM MEN T

Test of hS = h, q rule.
VAL UE EVTS DOCUMENT ID TECN

&OOSS OUR LIMIT Our 90% CL 1imlt, using [I (ne+ ve) + I (nu+v )]/I (nn+)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o o

&0.08 1 NORTON 69 HBC
(0.034 0 BAGGETT 67 HBC

0.27 +0.05
~ 1.8

r(ne+ v,)/rmM,

29 ANG

BAZIN

69B HBC
65a HBC

The x+ momentum cuts difFer, so we do not average the
latest value in the Summary Table.

VALUE (units 10 3) EVTS DOCUMEN T ID TECN

O.SS+Oe10 180 EBENHOH 73 HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

results but simply use the

COMMENT

x+ ( 150 MeV/c
etc. ~ ~ ~

Tr+ ( 110 MeY/c
tr+ ( 116 MeY/c

Cs/I

-0.910+ ' OUR AVERAGE-0.013

945+0.055—0.042 1259 13 LIP MAN 73

—0.940+0.045 16k BELLA MY 72

—o.9s +O.O—0.02 1335 14 HARRIS 70

—0.999+0.022 32k BANG ERTER 69

Decay protons scattered ofF aluminum.
4 Decay protons scattered ofF carbon.

OSPK x+ p ~ Z+

ASPK Tr+ p ~ Z+ K+

OS& K ~+p r+K+
HBC K p 0.4 GeV/c

EVTS

5
10
6

VALUE (units 10 S)

2.0+0.6 OUR N%RAGE
1.6+0.7
2.9+1.0
2.0+0.8

DOCUMENT ID

BALTAY

EISELE
BARASH

TECN COMMEN T

69 HBC K p at rest

69 HBC K p at rest

67 HBC K p at rest

DOCUMENT ID
Q ANGLE FOR Z+ -+ pl
VALUE( ) EVTS

36 +84 OUR AVERAGE

38 1+35.7—37.1 1259 LIPMAN

22 +90 16 HARRIS

Decay proton scattered off aluminum.

Decay protons scattered ofF carbon.

(mndo = NT)
TECN COMMENT

73 OS& K ~+p- r+K+
?O OSPK ~+p r+K+



See key on page 1343

D47

Baryon Full Listings
z+ z'

TECN COMMENT

MARRAFFINO 80 HBC K p 0.42-0.5 GeV/c

ap / att
Older results have been omitted.

VALUE EVTS DOCUMENT ID

-O.M9+0.013 OUR FIT
-0.073+0.021

l(J~) = 1(&t+) Status:

The spin and parity have not been measured directly. They are of
course assumed to be the same as for the Z+ and Z

ap FOR Z+ -+ nr+
VAL UE EVTS

0.068+0.013 OUR RT
0.066+0.016 OUR AVERAGE

0.03740.049 4101
0.069+0.017 35k

DOCUMENT ID TECN COMMENT

BERLEY 70B HBC
BANGERTER 69 HBC K p 0.4 GeV/c

Z MASS

The fit uses Z+, Z0, Z, and A mass and mass-difference measurements.

VALUE (MeV) DOCUMENT ID

1102$5+OAS OUR FIT Error includes scale factor of 1.2.

a FORE+~ p7
VALUE EVTS

-0.76 +0.01 OUR AVERAGE
—0.720 +0.086+0.045 35k
—0.86 +0.13 +0.04 190

—053+ ' 46—0.36

103 + 61—0.42

DOCUMENT ID TECN COMMENT

FOUCHER 92 SPEC pCu 800 GeV

KOBAYASHI 87 CNTR x+ p ~ K+K+
MANZ 80 HBC K p ~ 2+x

GERSHWIN 69B HBC K p h Z+ x

P+ ANGLE FOR Z+ -+ nr+ (tang+
—P/7)

VALUE( ) EVTS DOCUMEN T ID TECN COMMENT

167+20 OUR AVERAGE Error includes scale factor of 1.1.
184+24 1054 17 BERLEY 70B HBC

143+29 560 BANGERTER 69B HBC K p 0.4 GeV/c

Changed from 176 to 184 to agree with our sign convention.

TECN COMMENT

See note with A mass

m~ —m~

TECN COMMENTVALUE (Mev) EVTS DOCUMENT ID

7647+0.0e OUR FIT Error includes scale factor of 1.2.
76$S+0.2S OUR AVERAGE

76.23+0.55 109
76.6360.28 208

COLAS 75 HLBC Z ~ Ap
SCHMIDT 65 HBC See note with A mass

VALUE (Mev) EVTS DOCUMEN T ID

4.8$+0.0 OUR RT Error includes scale factor of 1.2.
1.$6+OAS OUR AVERAGE Error includes scale factor of 1.2.
4.87+0.12 37 DOS CH 65 H BC
5.01+0.12 12 SCHMIDT 65 HBC
4.75+0.1 18 BURNSTEIN 64 HBC

Z+ REFERENCES

MORELOS 93
FOUCHFR 92
HESSEY 89
KOBAYASHI 87
WILKINSON 87
BIAGI 85
ANKENBRA. .. 83
MANZ 80
MARRAFFINO 80
NOWAK 78
CONFORTO 76
EBENHOH 74
EBENHOH 73
LIPMAN 73
PDG 73
SECHI-ZORN 73
BELLAMY 72
BOHM 72

Also 73
BAKKER 71
COLE 71
TOVEE 71
BERLEY 70B
EISELE 70
HARRIS 70
PDG 70
ANG 69B
BAGGETT 69B
BALTAY 69
BANGERTER 69
BANGERTER 69B
BARLOUTAUD 69
EISELE 69

Also 64
EISELE 69B
GERSHWIN 69B

Also 69
NORTON 69
BAGGETT 67

Also 68
Also 68B

BARASH 67
EISELE 67
HYMAN 67
PDG 67
CHANG 66

Also 65
COOK 66
BALTAY 65
BAZIN 65
BAZIN 65B
CARAYAN. .. 65
SCHMIDT 65
BHOWMIK 64
COURANT 64
NAUENBERG 64
BARKAS 63

Also 61
GALTIERI 62
GRARD 62
HUMPHREY 62

PRL 71 3417
PRL 68 3004
ZPHY C42 175
PRL 59 868
PRL 58 855
ZPHY C28 495
PRL 51 863
PL 96B 217
PR D21 2501
NP B139 61
NP B105 189
ZPHY 266 367
ZPHY 264 413
PL 43B 89
RMP 45 No. 2 Pt. II

PR DS 12
PL 39B 299
NP B48 1
IIHE-73.2 Nov
LNC 1 37
PR D4 631
NP B33 493
PR D1 2015
ZPHY 238 372
PRL 24 165
RMP 42 No. 1
ZPHY 228 151
MDDP- TR-973 Thesis
PRL 22 615
UCRL 19244 Thesis
PR 187 1821
NP B14 153
ZPHY 221 1
PRL 13 291
ZPHY 221 401
PR 188 2077
UCRL 19246 Thesis
Nevis 175 Thesis
PRL 19 1458
Vienna Abs. 374
Private Comm.
PRL 19 181
ZPHY 205 409
PL 25B 376
RMP 39 1
PR 151 1081
Nevis 145 Thesis
PRL 17 223
PR 140B 1027
PRL 14 154
PR 140B 1358
PR 138B 433
PR 140B 1328
NP 53 22
PR 136B 1791
PRL 12 679
PRL 11 26
UCRL 9450 Thesis
PRL 9 26
PR 127 607
PR 127 1305

+Albuquerque, Bondar, Carrigan+ (FNAL E761 Collab. )
+Albuquerque, Bondar+ (FNAL E761 Collab. )
+Booth, Fickinger, Gall+ (BNL-811 Collab. )
+Haba, Homma, Kawai, Miyake+ (KYOT)
+Handler+ (WISC, MICH, RUTG, MINN)
+Bourquin+ (CERN WA62 Collab. )

Ankenbrandt, Serge+ (FNAL, IOWA, ISU, YALE)
+Reucroft. Settles, Wolf+ (MPIM, VAND)
+ReucroR, Roos, Waters+ (VAND, MPIM)
+Armstrong, Davis+ (LOUC, BELG, DURH, WARS)
+Gopal, Kalmus, Litchfield, Ross+ (RHEL, LOIC)
+Eisele, Engelmann, Filthuth, Hepp+ (HEIDT)
+Eisele, Filthuth, Hepp, Leitner, Thouw+ (HEIDT)
+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, Koller+ (BNL, MASA, YALE)
+Filthuth, Hepp, Presser, Zech (HEID)
+Overseth, Pondrom, Dettmann (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)
(COL U)

+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)
(COL U)

Chang (COL U)
+Ewart, Masek, Orr, Platner (WASH)
+Sandweiss, Culwick, Kopp+ (YALE, BNL)
+Blumenfeld, Nauenberg+ (PRIN. COLU)
+Piano, Schmidt+ (PRIN, RUTG, COLU)

Carayannopoulos, Tautfest, Willmann (PURD)
(COL U)

+Jain, Mathur, Lakshtni (DELH)
+Filthuth+ (CERN, HEID, UMD, NRL, BNL)
+Marateck+ (COLU. RUTG. PRIN)
+Dyer, Heckman (LRL)

Dyer (LRL)
+Barkas, Heckman, Patrick, Smith (LRL)
+SInith (LRL)
+Ross (LRL)

We have omitted some papers that have been superseded by later exper-
iments. The omitted papers may be found in our 1986 edition (Physics
Letters 1708) or in earlier editions.

Z MEAN LIFE

These lifetimes are deduced from measurements of the cross sections for
the Primakoff process A ~ Z ln nuclear Coulomb fields. An alterna-
tive expression of the same Information is the ZO-A transition magnetic
moment given ln the following section. The relation is (Ig~A/IlN) T =
1.92951 x 10 19 s (see DEVLIN 86).

its(Z -s A)i TRANSITION MAGNETIC MOMENT

See the note in the Z mean-life section above. Also, see the Note on
Baryon Magnetic Moments in the A Listings.

TECN COMMENTVALUE (pnr) DOCUMENT ID

1.61+OA OUR AVERAGE

1.72+ DEVLIN 86 SPEC Prirnakoff effect

1.59+0.0560.07 4 PETERSEN 86 SPEC Prlrnakoff efFect
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1.82+o. 3 DYDAK 77 SPEC See DEVLIN 86

3 DEVLIN 86 Is a recalculation of the results of DYDAK 77 removing a numerical approx-
imation made in that work.

4 An additional uncertainty of the Primakoff formalism is estimated to be ( 2.5%.

Z DECAY MODES

Mode

I 1 ily
r2 A Vl'
I 3 /le+ e

Fraction (I I/I )

100 %

[a] 5x10 3

Confidence level

90%

[aI A theoretical value using QED.

I (177)/rtsstat

X BRANCHING RATIOS

VALUE (10 s) DOCUMENT ID TECN COMMENT

7.4+0.7 OUR EVALUATION Using Is~A (see the above note).

6.5+" 1 DEVLIN 86 SPEC Primakoff effect

7.6+0.5+0.7 PETERSEN 86 SPEC Prirnakoff effect
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5.8+ 1.3 1 DYDAK 77 SPEC See DEVLIN 86

DEVLIN 86 ls a recalculation of the results of DYDAK 77 removing a numerical approx-
imation made in that work.
An additional uncertainty of the PrlmakofF formalism is estimated to be & 5%.

VALUE

&OAS

I (Ae+e-)/I total
VALUE

0,HMlRkg

CL%

90
DOCUMENT ID TECN

COLAS 75 HLBC

DOCUMENT ID COMMENT

FEINBERG 58 Theoretical QED calculation
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z', z-

DEVLIN
PETERSEN
DYDAK
COLAS
DOSCH
SCHMIDT
BURNSTEIN
FEINBERG

86
86
77
75
65
65
64
58

PR D34 1626
PRL 57 949
NP B118 1
NP B91 253
PL 14 239
PR 140B 1328
PRL 13 66
PR 109 1019

Z REFERENCES

+Petersen, Beretvas (RUTG)
+Beretvas, Devlin, Luk+ (RUTG, WISC, MICH, MINN)
+Navarria, Overseth, Stefren+ (CERN, DORT, HEIDH)
+Farwell, Ferrer, Six (0RSAY)
+Engelmann, Filthuth, Hepp, Kluge+ (HEID)

(COL U)
+Day, Kehoe. Zorn, Snow (UMD)

(BNL)

l(J ) = 1(~+) Status:

We have omitted some results that have been superseded by later
experiments. The omitted results may be found in our 1986 edition
(Physics Letters 17OB) or in earlier editions.

Z MASS

The fit uses Z+, Z, Z, and A mass and mass-difference measurements.

m& —m&+

TECNVAL UE (Mev) EVTS DOCUMENT ID

8.07+0.0 OUR RT Error includes scale factor of 1.9.
8.09+0.1$ OUR AVERAGE
7.91+0.23 86 BOHM
8.25 +0.25 2500 DOS C H

8.25 +0.40 87 BARKAS

72 EMUL
65 HBC
63 EMUL

m& —m~

VALUE (Mev) EVTS DOCUMENT ID TECN COMMEN T

$1.752+0.054 OUR RT Error includes scale factor of 1.2.
$1.6$ +0.07 OUR AVERAGE
81.64 +0.09 2279
81.80 +0.13 85
81.70 +0.19

HEPP 68 HBC
SCHMIDT 65 HBC See note with A mass
BURNSTEIN 64 HBC

VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT

1197.4%+OASS OUR FIT Error includes scale factor of 1.2.
1197AS +0.04 OUR AVERAGE Error Includes scale factor of 1.2.
1197.417+0.040 GUREV 93 SPEC Z C atom, crystal dtfl.
1197.532 +0.057 GALL 88 CNTR Z Pb, Z W atoms
1197.43 +0.08 3000 SCHMIDT 65 HBC See note with A mass
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1197.24 +0.15 1 DUGAN 75 CNTR Exotic atoms

1GALI 88 concludes that the DUGAN 75 mass needs to be reevaluated.

WEIGHTED AVERAGE
1.47S~0.011 (Error scaled by 1.3)

1.2 1.3

IH

4
4
4II

V
s4r
'4r'

'sar'

I
a V

V

v
IV'

'V
ssr'
V'

I w/I

1.4 1.5

MAR RAFFINO. .CONFORTO. .ROBERTSON
BAKKER. .TOVEE. .EISELE.BARLOUTAUO
WHITESIOE

~ CHANG.HUMPHREY

80 HBC
76 HBC
72 HBC
71 OBC
71 EMUL
70 HBC
69 HBC
68 HBC
66 HBC
62 HBC

(Confidence Level

1.6 1.7 1.8 1.S

2

0.0
0.1
0.2
1.4
0.6
0.1
0.2
2.0
6.2
2.8

13.6
0.136)

Z mean life (10 s)

Z MAGNETIC MOMENT

See the Note on Baryon Magnetic Moments in the A Listings, Measure-
ments with an error & 0.3 p, hI have been omitted.

Pb2 W
atoms

ne v, n~ de-
cays

pCu ~ Z X

~ ~

—1.105+0.02940.010

ZAPALAC 86 SPEC671k—1.166+0.014+0.010

—1.23 +0.03 +0.03 WAH 85 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

—0.89 +0.14 516k DECK 83 SPEC pBe ~ Z X

WEIGHTED AVERAGE
-1.160+0.025 (Error scaled by 1.7)

VALUE (ISN) EVTS DOCUMENT ID TECN COMMENT

-1.160+0.02S OUR AVENGE Error includes scale factor of 1.7. See the Ideogram
below.
HERTZOG 88 CNTR

VALUE (10 10 s) EVTS DOCUMEN T ID TECN

1.479+0.011 OUR AVERAGE Error includes scale factor of 1.3.
1.480+ 0,014 16k MARRAFFINO 80 HBC
1.49 +0.03 8437 CONFORTO 76 H BC
1.463 +0.039 2400 ROBERTSON 72 HBC
1.42 +0.05 1383 BAKKER 71 DBC

1.41 + TOVEE 71 EMUL—0.08
1.485 k 0.022 100k EISELE 70 HBC
1.472+ 0.016 10k BARLOUTAUD69 HBC
1.38 +0.07 506 WHITES IDE 68 H BC
1.666 +0.075 3267 CHANG 66 HBC
1.58 +0.06 1208 HUMPHREY 62 HBC

We have increased the CHANG 66 error of 0.018; see our
Modern Physics 42 No. 1 (1970).

COMMENT

See the ideogram below.

K p 0.42-0.5 GeV/c
K p 1-1.4 GeV/c
K p 0.25 GeV/c
K N-+ Z

K p at rest

K p 0.4-1,2 GeV/c
K p at rest

K p at rest

K p at rest

1970 edition, Reviews of

Z MEAN LIFE

Measurements with an error & 0.2 x 10 s have been omitted.

f1
l2
I3
l4
l5

&v~

~v
V~

~ hi .
-1.2 -1.1

HERTZOG 88 CNTR
ZAPALAC 86 SPEC
WAH 85 CNTR

X
2

3.2
0.1

2.7

-1.0

6.1

(Confidence Level 0.048)

-O.S

Z DECAY MODES

Mode

nn.

ne ve
np v&

Ae Ve

Fraction (f ~/I )

(99.848+0.005) %

ta)( 4.6 +0.6 ) x 10

( 1.017+0.034) x 10

( 4.5 +0.4 ) x 10

( 5.73 +0.27 ) x 10

E magnetic moment (pN)

[ai See the Full Listings below for the pion momentum range used in this
measurement.
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X3

X4

X5

-77

X1

0

0 0

X3 X4

I (nn y)/I (nn )

I' BRANCHING RATIOS

The ~+ momentum cuts differ, so we do not average the results but simply use the
latest value for the Summary Table.

V4LUE(units 10 3) EVTS DOCUMENT ID TECN COMMENT

OAS+0.0$ 292 EBENHOH 73 HBC ~+ & 150 MeV/c
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.10+0.02 23 ANG 698 HBC qr & 110 MeV/c
~ 1.1 BAZIN 658 HBC x & 166 MeV/c

I (nt rfe)/r(nt )- rs/I 3
Measurements with an error & 0.2 x 10 3 have been omitted.

V4LUE (units 10 3) EVTS DOCUMENT ID TECN COMMEHT

LAli9+OA84 OUR RT

LAl19+ OUR AVERAGE

0.96 +0.05 2847 BOURQUIN 83c SPEC,SPS hyperon beam

109 -008 601 3 EBENHOH 74 HBC K p at rest

1 05 0'13 455 3 SECHI-ZORN 73 HBC K p at rest

0.97 +0.15 57 COLE 71 HBC K p at rest
1.11 +0.09 180 BIERMAN 68 HBC

An additional negative systematic error is Included for Internal radiative corrections and
latest form factors; see BOURQUIN 83'.

r(nfs-Ir„)/r(nn-) rd/rt

CONSTRAINED RT INFORMATION

An overall fit to 3 branching ratios uses 16 measurements and one

constraint to determine 4 parameters. The overall fit has a X2 =
8.7 for 13 degrees of freedom.

The following Off-diagonal array elements are the correlation coefficients

(bx;bx&)/(bx, bx&),. in percent, from the fit to the branching fractions, x,.

C;/f total The fit constrains the x; whose labels appear in this array to sum to
one.

gA/gy FOR Z -+ nt De
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 ig1/f1—
0.237g2/f1 i. This reduces to g~/gy —= g1 (0)/f1(0) on making the usual assumption
that g2

—0. See also the note on HSUEH 88.
VALUE EVTS DOCUMEHT ID TECN COMMENT

0.3N +0.017 OUR AVERAGE

+0.327+0.007+0.019 50k 6 HSUEH 88 SPEC Z 250 GeV

+0.34 +0.05 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, Ilmlts, etc. ~ ~ ~

0.29 +0.07 25k HSUEH 85 SPEC See HSUEH 88

0017 0 GE}
519 DECAMP 77 ELEC Hyperon beam

6The sign ls, wIth our conventions, unambiguously positive. The value assumes, as usual,
that g2

——0. If g2 ls Included in the fit, than (with our sign convention) g2
—-0.56+

0.37, with a corresponding reduction of g~/gI/ to +0.20 6 0.08.
7 BOURQUIN 83c favors the positive sign by at least 2.6 standard deviations.
8 TANENBAUM 74 glues 0.435 j0.035, assuming no 0 dependence in bA and bkr. The

listed result allows 0 dependence, and is taken from HSUEH 88.

$(0)/f3(0} FOR Z ~ nt sfe
The signs have been changed to be ln accord with our conventions, given in the Note
on Baryon Decay Parameters In the neutron Listings.

VALUE EVTS DOCUMENT ID TECN COMMENT

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 SPFC SPS hyperon beam

TRIPLE CORRELATION COEFFICIENT D for Z ~ ne P~
The coeNctent D of the term DP (pexp„) in the Z ~ ne P' decay angular
distribution. A nonzero value would indicate a violation of time-reversal invarlance.

VALUE EVTS DOCUMEHT ID TECN COMMENT

0.11+0.10 50k HSUEH 88 SPEC Z 250 GeV

NOTE ON Z ~ Ae Pe DECAY

The vector part of the hadronic amplitude for the decay

Z -+ Ae v, is of special interest because the vector weak

current is proportional to an isospin rotation of the isovector

part of the electromagnetic current. This strong form of CVC

predicts that
VALUE (units 10 3) EVTS

OAI+OAN OUR RT
OAI+044 OUR AVERAGE

0.38+0.11 13
0.43k 0.06 72
0.4340.09 56
0.56+0.20 11
0.66+0.15 22

I (At If,)/I-(nt )-

DOCUMEHT ID

COLE
ANG

BAGGETT
BAZIN

COURANT

TECN COMMENT

71 HBC K p at rest

69 HBC K p at rest

69 HBC K p at rest

658 HBC K p at rest
64 HBC

rs/rt

ft(q ) = 0 for 0 ( q ( (m~ —mA)

and also relates fs(0) to the Z A transition magnetic moment

or to the amplitude for the decay Z -+ Ap by

f,(o) = AI ~„/-eF

DOCUMENT ID

Z- DECAY PARAMeraRS

See the Note on Baryon Decay Parameters in the neutron Listings. Older,
outdated results have been omitted.

e FORK ~ nr
V4LUE EVTS
-OASO+OASO OUR N%RNsE
—0.062+0.024 28k
—0.067+0.011 60k
—0.071+0.012 51k

DOCUMENT ID TECH COMMEHT

HANSL 78 HBC K p h Z «+
BOGERT 70 HBC K p 0.4 GeV/c
BANGERTER 69 HBC K p 0.4 GeV/c

(»&=&/~)/ANGLE FOR Z -+ nx
VALUE (o) EVTS DOCUMENT ID

10+15OUR AVERAGEi 5+23 1092 5 BERLEY 70B HBC n rcscatterlng
14+19 1385 BANGERTER 69B HBC K p Os4 GeV/c

BERLEY 70B changed from -5 to +5 to agree with our sign convention.

TECN COMMENT

V4LUE(units 10 i) EVTS TECN COMMENT

0$74+OA$7 OUR FIT
0$74+OAO7 OUR NIERAGE
0.561+0.031 1620 4 BOURQUIN 82 SPEC SPS hyperon beam
0.63 +0.11 114 THOMPSON 80 ASPK Hyperon beam

0.52 +0.09 31 BALTAY 69 HBC K p at rest

0.69 +0.12 31 EISELE 69 HBC K p at rest

0.64 +0.12 35 BARASH 67 HBC K p at rest

0.75 +0.28 11 COURANT 64 HBC K p at rest

4The value is from BOUItQUIN 838, and includes radiation corrections and new accep-
tance.

= —g3/2 Is„/eh [by sU(3)I

= 1.17 mp

No SU(3) symmetry is assumed here except in the relation of

p,~~ to the magnetic moment of the neutron, p„.
The experimental data were analyzed on the assumption

that ft(q ) = 0 and f3(q ) = f3(0) over the entire kinematical

range of q for Z —+ Ae v, . The results are listed in the ratio

of giyM = mZ f2(0) to gA = gt(0).

See also the Note on Baryon Decay Parameters in the

neutron section of the Full Listings.

gy/gA FOR Z -e At '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.

V4LUE EVTS DOCUMEHT ID TECN COMMENT

OAl1 +Oe10 OUR N%RAGE Error includes scale factor of 1.5. See the ideogram
bc.low.

—0.03440.080 1620 9 BOURQUIN 82 SPEC SPS hyperon bc.am
—0.29 +0.29 114 THOMPSON 80 ASPK BNL hype. ron bc.am
-0.17 +0.35 55 TANENBAUM 75B SPEC BNL hyperon beam
i0.45 +0.20 186 s FRANZINI 72 HBC

9The sign has been changed to agree with our convention.
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Z, Z(1385)

The FRANZINI 72 value includes the events of earlier papers.

WEIGHTED AVERAGE
0.01+0.10 (Error scaled by 1.5)

Z(1385) P13 !(J~) = 1(p3+) Status:

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}.

-1.0 -0.5

l

V~
V~
0.0

gy/gA for Z ~ Ae v,

2
X
0.2
1.0
0.3
4.9

0.5

6.5
nfidence Level = 0.091)

. . BOURQUIN 82 SPEC
.THOMPSON 80 ASPK

TANENBAUM 75B SPEC
72 HBC

We average only the most significant determinations. We do not

average results from inclusive experiments with large backgrounds
or results which are not accompanied by some discussion of ex-
perimental resolution. Nevertheless systematic differences between
experiments remain. (See the ideagrams 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 lI 7r spectrum with a P-wave

Breit-Wigner, but includes the partial width for the Z~ decay made
in the parametrization. AGUILAR-BENlTEZ 81D gives masses and
widths far five different Breit-Wigner shapes. The results vary con-
siderably. Only the best-fit 5-wave results are given here.

fWae/fA FOR Z- ~ Ae-1e
The values quoted assume the CVC prediction gi/

—0.
VAL UE EVTS DOCUMENT ID TECN

2A +1.7 OUR AVERAGE

1.75 +3.5 114
3.5 k4.5 55
2.4 +2,1 186

COMMENT

THOMPSON 80 ASPK BNL hyperon beam
TANENBAUM 758 SPEC BNL hyperon beam
FRANZINI 72 HBC

Z REFERENCES

GUREV 93

GALL 88
HERTZOG 88
HSUEH 88
ZA PA LAC 86
HSUEH 85
WAH 85
BOURQU IN 838
BOURQUIN 83C
DECK 83
BOURQUIN 82
MARRAFFINO 80
THOMPSON 80
HANSt. 78
DECAMP 77
CONFORTO 76
DUGAN 75
TANENBAUM 758
EBENHOH 74
TANENBAUM 74
EBENHOH 73
SECHI-ZORN 73
BOHM 72
FRANZINI 72
ROBERTSON 72
BAKKER 71
COLE 71

Also 69
TOVEE 71
BERLEY 708
BOGERT 70
EISELE 70
PDG 70
ANG 69
ANG 698
BAGGETT 69
BALTAY 69
BANGERTER 69
BANGERTER 698
BARLOUTAUD 69
EISELE 69
BIERMAN 68
HEPP 68
WHITESIDE 68
BARASH 67
CHANG 66
BAZIN 658
DOSCH 65

Also 66
SCHMIDT 65
BURNSTEIN 64
COURANT 64
BARKAS 63
HUMPHREY 62

JETPL 57 400
Translated from ZETFP
P RL 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 8132 45
PL 668 295
NP 8105 189
NP A254 396
PR D12 1871
ZPHY 266 367
PRL 33 175
ZPHY 264 413
PR D8 12
NP 848 1
PR D6 2417
Thesis
LNC 1 37
PR D4 631
Nevis 175 Thesis
NP 833 493
PR Dl 2015
PR D26
ZPHY 238 372
RMP 42 No. 1
ZPHY 223 103
ZPHY 228 151
PRL 23 249
PRL 22 615
UCRL 19244 Thesis
PR 187 1821
NP 814 153
ZPHY 221 1
PRL 20 1459
ZPHY 214 71
NC 54A 537
PRL 19 181
PR 151 1081
PR 1408 1358
PL 14 239
PR 151 1081
PR 1408 1328
PRL 13 66
PR 1368 1791
PRL 11 26
PR 127 1305

Gur'ev, Denisov, Zhelamkov, Ivanov+ (PNPI)
57 389.
+Austin+ (BOST, MIT, WILL, CIT, CMU, WYOM)
+Eckhause+ (WILL, BOST, MIT, CIT, CMU, WYOM)
+ (CHIC, ELMT, FNAL, IOWA, ISU, PNPI, YALE)
+ (EFI, ELMT, FNAL, IOWA, ISU, PNPI, YALE)
+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, ReucroR, Settles+ (MPIM, VAND)
+Badier, Bland, Chollet, Galliard+ (LALO, EPOL)
+Gopal, Kalmus, Litchfield, Ross+ (RHEL, LOIC)
+Asano, Chen, Cheng, Hu, Lidofsky+ (COLU, YALE)
+Hungerbuhler+ (YALE, FNAL, BNL)
+Eisele, Engelmann, Filthuth, Hepp+ (HEIDT)
+Hungerbuhler+ (YALE, FNAL, BNL)
+Eisele, Filthuth, Hepp, Leitner, Thouw+ (HEIDT)
+Snow (UMD)
+ (BERL, KIDR, BRUX, IASD, DUUC, LOUC+)
+ (COLU, HEID, UMD, STON)

(I IT)
+Hoogland, Kluyver, Massard+ {SABRE Collab. )
+Lee-Franzini, Loveless, Baltay+ (STON, COLU)

Norton (COLU)
+ (LOUC, KIDR, BERL. BRUX, DUUC, WARS)
+Yamin, Hertzbach, Kofler+ (BNL, MASA, YALE)
+Lucas, Taft, Willis, Berley+ (BNL, MASA, YALE)
+Filthuth, Hepp, Premr, Zech (HEID)

Barbaro-Galtieri, Derenzo, Price+ (LRL, BRAN. CERN+)
+Eisele, Engelmann, Filthuth+ (HEID)
+Ebenhoh, Eisele, Engelmann, Filthuth+ (HEID)
+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, Nauenberg+ (PRIN)
+Schleich (HEID)
+Gollub (OBER)
+Day, Glasser, Kehoe, Knop+ (UMD)

(COLU)
+Piano, Schmidt+ (PRIN, RUTG, COLU)
+Engelmann, Filthuth, Hepp, Kluge+ (HEID)

Chang (COLU)
(COLU)

+Day. Kehoe, Zorn, Snow {UMD)
+Filthuth+ (CERN, HEID, UMD, NRL, BNL)
+Dyer, Heckman (LRL)
+Ross (LRL)

We have omitted some papers that have been superseded by later exper-
iments. The omitted papers may be found in our 1986 edition (Physics
Letters 1708) or in earlier editions.

Z(1385}MASSES

1383.0+0.4 9361 AGUILAR-. .. 81D HBC

1381.960.3
1381 + 1

1383.5 +0.8
1382 +2
1384.4+ 1.0
1382 6 1

1381.06 1.6
~ ~ ~ We d

6900 CAMERON 78 HBC

6846 BORENSTEIN 74 HBC

5 2300 HABIBI 73 HBC

400 AG UILAR-. .. 728 H BC
1260 SIEGEL 67 HBC

750 ARMENTEROS658 HBC

859 HUWE 64 HBC

o not use the following data for averages, fits, limits,

600 BA K ER 80 HYBR

750 BAKER 80 HYBR

7k 1 BAUBILLIER 798 HBC

2k CAUTIS 79 HYBR

100 1 SUGAHARA 798 HBC

22k 1,2 BARREIRO 778 HBC
2594 HOLMGREN 77 HBC

1 BARDADIN-. .. 75 HBC

BERTHON 74 HBC
AGUILAR-. .. 708 HBC

1385.1 + 1,2
1383.2+ 1.0
1381 +2
1391 +2
1390 + 2

1385 + 3
1385 + 1

1380 + 2

1382 + 1

1390 +6

1383 l 8
1378 +5
1384.3 + 1.9
1382.662.1
1375.0 +3.9
1376.0+3.9

62
135
250
250
170
154

4 BIRMINGHAM

LONDON
4 SMITH
4 SMITH

COOPER
4EIY

66 HBC

66 HBC
65 HBC
65 HBC
64 HBC
61 HLBC

COMMENT

. See the Ideogram below.

K p 8.25 GeV/c
K p~ Ann 42

GeV/c
K p ~ A3+42

GeV/c
K p 0.96-1.36 GeV/c
K p 2.18 GeV/c
K p ~ A7rx
K p ~ A+'5

K p 2.1 GeV/c
K p 0.9-1.2 GeV/c
K p 1 22 GeV/c

etc, ~ e ~

x+ 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 AGUILAR 81D
K p 14.3 GeV/c
K p 1263-1843 MeV/c
K p —+ Zm'5 4

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

WEIGHTED AVERAGE
1382.8~0.4 {Error scaled by 2,0)

1375

V
) ' v

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

BAUBILLIER 84 HBC
AGUILAR-. .. 810 HBC
AGUILAR-. .. 819 HBC

. . . CAMERON 78 HBC
BORENSTEIN 74 HBC
HABIBI 73 HBC

. . AGUILAR-. .. 72B HBC

. .SIEGEL 67 HBC
RMENTEROS 658 HBC
UWE 64 HBC

1385

Z(1385}+ mass (MeV)

Z(1385}+ MASS
VALUE (MeV) EVTS DOCUMEN T lD TECN

1IS+OA OUR AVERAGE Error includes scale factor of 2.0
1384.1+0,7 1897 BAU BIL LIER 84 H BC
1384.5 +0.5 5256 AGUILAR-. .. 81D HBC
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Z(1385)

Z(1888)4 MASS
VALUE (MeV) EVTS DOCUMEN T ID TECN

&%%%7+1.0 OUR AVERAGE Error includes scale factor of 1.4.
1384.1+0.8 5722 AGUILAR- ~.. 81D HBC

1380 +2 3100 5 BORENSTEIN 74 HBC

WEIGHTED AVERAGE
1383.7~1.0 (Error scaled by 1.4)

1385.1+2.5 240 4 THOMAS 73 HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

1389 +3 500 BAUBILLIER 798 HBC

COMMENT

See the ideogram below.

K p —+ A3»42
GeV/c

K p A3» 2.18
GeV/c

»- p A»0KD
etc. ~ ~ ~

K p 8.25 GeV/c

VAL UE (MeV)

~ ~ ~ We do

2 to+6
7.2+ 1.4
6.3+2.0

11 k9
9 +6
2.0+1.5
7.2+2.1

17.2+2.0
17 +7
4.3+2.2
0.0+4.2

mx(, ~+ —mx(

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
7 LONDON 66 HBC

LONDON 66 HBC
7 ARMENTEROS658 HBC
7 SMITH 65 HBC
7 SMITH 65 HBC
7 COOPER 64 HBC
7 HUWE 64 HBC
7 ELY 61 HLBC

COMMENT

etc. ~ o ~

K p 2.18 GeV/c
K p -+ A»»
K p 2.1 GeV/c
K p 2.24 GeV/c
A3» 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

mx'(g~)p m x'(q ~p
VALUE (MeV) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

-4 to+4 95 7 BORENSTEIN 74 HBC K p 2.18 GeV/c

X
2

0.3
3.3
0.3
4.0

I ~ 0.136)

AGUILAR-. .. 81D HBC
BORENSTEIN 74 HBC
THOMAS 73 HBC

V+
VV (Confidence Leve

8 %28 I

1375 1380 1385 1390 1395 1400

mx(&IQB)-
—mx(~~/

VAL UE (MeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

2.0+2.4 7THOMAS 73 HBC» p -+ A» K+

Z(1888) WIDTHS

1384,9+0.8 3346 AGUILAR-. .. 81D HBC

1387.6+0.3
1383 +2
1390.7+1.2
1387.161.9
1390.7+2.0
1384 + 1
1385.3+1.9
~ ~ ~ We do

1383 + 1
1380 k6
1387 +3
1391 k3
1383 +2
1389 +1
1389 +9
1391.542.6
1399.8+2.2
1392.0+6.2
1382 +3
1376.0+4.4

9720 CAMERON 78 HBC
2303 BORENSTEIN 74 HBC
1900 HABIBI 73 HBC
630 4 THOMAS 73 HBC
370 SIEGEL 67 HBC

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 ~ BARREIRO 778 HBC
193 HOLM GREN 77 HBC

1 BARDADIN-. .. 75 HBC
3 BERTHON 74 HBC

LONDON 66 HBC
4 SMITH 65 HBC
4 SMITH 65 HBC

COOPER 64 HBC
DAHL 61 DBC

4 ELY 61 HLBC

3060
15

120
58

200
93

224

WEIGHTED AVERAGE
1387.2~0.5 (Error scaled by 2.2)

E(1385) mass (MeV)

Z{138S) MASS
VALUE (Mev) EVTS DOCUMENT ID TECN

1$74+0. I OUR AVERAGE Error includes scale factor of 2.2.
1388.361.7 620 AGUILAR-. .~ 81D HBC

COMMENT

See the ideogram below.

K p~ A»»42
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»»

p~ A» K+
K p 2.1 GeV/c
K p 0.9-1.2 GeV/c
K p 1.15-1.30 GeV/c

, etc. ~ ~ ~

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 OAS GeV/c
K p 1.11 GeV/c

Z(1888)+ WIDTH
VALUE (MeV) EVTS

314+ 0.1 OUR AVERAGE

37.2+ 2.0 1897
35.1+ 1.7 5256

TECN COMMENTDOCUMENT ID

K p 8.25 GeV/c
K p-+ A»»42

GeV/c
K p -+ A3» 4.2

GeV/c
K p 0.96-1.36 GeV/c
K p 2.18 GeV/c
K p -+ A»»
K p~ A»'s
K p 2.1 GeV/c
K p 0.95-1.20 GeV/c
K p 1.15-1.30 GeV/c
etc. ~ ~ ~

»+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 AGUILAR 81D
K p 14.3 GeV/c
K p 1263-1843 MeV/c
K p~ Z»'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

BAUBILLIER 84 HBC
AGUILAR-. .. 81D HBC

AGUILAR-. .. 81D HBC375+ 2 0 9361

35.5+ 1.9
34.0+ 1.6
38.3+ 3.2
32.5+ 6.0
36 k4
32.0+ 4.7
46.5+ 6.4
~ ~ ~ We do

40 k3
37 k2
37 k2
30 +4
30 k6
43 +5
34 +2
40.0+ 3.2
48 k3
33 +20

9 BIRMINGHAM 66 HBC
9 SMITH 65 HBC
9SMITH 65 HBC
9 COOPER 64 HBC
9ELY 61 HLBC

25 +32
30.3+ 7.5
33.1+ 8.3
51 +16
48 +16

62
250
250
170
154

6900 CAMERON 78 HBC
6846 8 BORENSTEIN 74 HBC
2300 9 HABIBI 73 HBC

400 AGUILAR-. .. 72e HBC
1260 9 SIEGEL 67 HBC
750 9 ARMENTEROS65e HBC
859 9 HUWE 64 HBC

not use the following data for averages, fits, limits,

600 BAKER 80 HYBR
750 BAKER 80 HYBR

7k 1 BAUBILLIER 798 HBC
2k CAUTIS 79 HYBR

100 1 SUGAHARA 79e HBC
22k 1,2 BARREIRO 778 HBC

2594 HOLMGREN 77 HBC
1 BARDADIN-. .. 75 HBC

3740 3 BERTHON 74 HBC

46 AGUILAR-. .. 708 HBC

.AGUILAR-. .. 81D HBC
AGUILAR-. .. 81 D HBC

~ CAMERON 78 HBC
BORENSTEIN 74 HBC
HABIBI 73 HBC
THOMAS 73 HBC.SIEGEL 67 HBC
ARMENTEROS 65B HBC.HUWE 64 HBC

2
X
0.4
8.1
1.9
4.4
8.6
0.0
3.1

10.1
1.0

Z{1$88)4WIDTH
VALUE (MeV) EVTS

SS 4 I OUR AVERAGE

34.8+ 5.6 5722

DOCUMENT ID TECN COMMENT

CURTlS

AGUILAR-. .. 81D HBC K p A3» 4.2
GeV/c

39.3+10.2 240 9 THOMAS 73 HBC» p ~ A» K0 0

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

53 +8 3100 BORENSTEIN 74 HBC K p ~ A3» 2.18
GeV/c

30 k9 106 63 OSPK» p 1 5 GeV/c

~ 1IE /
1375 1380 1385 1390

E(1385) mass (MeV)

37.7
(Confidence Level ~ 0.001)

1395 1400
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Z(1385)

Z(1385) WIDTH
COMMENT

ee the ideogram below.

K p~ A~a 4.2
GeV/c

K p~ A3n 42
GeV/c

K p 0.96-1.36 GeV/c
K p 2.18 GeV/c
K p~ Ann

p ~ A~ KO

K p 2.1 GeV/c
K p 0.95-1.20 GeV/c
K p 1.15-1.30 GeV/c

etc. ~ o o

AGUILAR-. .. 81D HBC34.6k 4.2 3346

9720 CAMERON 78 HBC
2303 8 BORENSTEIN 74 HBC
1900 9 HABIBI 73 HBC
630 9 THOMAS 73 HBC
370 9 SIEGEL 67 HBC

1382 ARMENTEROS658 HBC
1086 HUWE 64 H BC

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

120 9 SMITH 65 HBC
58 9 SMITH 65 HBC

200 COOP ER 64 H BC
DAHL 61 DBC

224 9 ELY 61 HLBC

39.2k 1.7
35 +3
51.9+ 4.8
48.2+ 7.7
31.0+ 6.5
38.0+ 4.1
62 + 7
~ ~ ~ We do

44 + 4
58 +4
45 +5
35 +10
47 k6
40 + 3
29.2 6 10.6
17.1+ 8.9
88 +24
40
66 +18

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 1.80 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

WEIGHTED AVERAGE
39.4+2.1 (Error scaled by 1.7}

VAL UE (Mev) EVTS DOC UMEN T ID TECN

SOA+ 2.1 OUR N%RAGE Error includes scale factor of 1.7. S
38.4+ 10.7 620 AGUILAR-. .~ 81D HBC

r(z~)/r(n~)

Z{1385)BRANCHlMG RATIOS

DOCUMENT ID TECN CHG COMMEN TVAL UE

0.135+0.011 OUR AVERAGE

0.20 +0.06
0.16 +0.03

K p —~ Y*KK
K p 1.26-1.84

GeV/c
K p 1.26-1.84

Gev/c
K p ~

An+ x
ZQ~+ ~-

K p —-
A~+ ~-,
ZQ~+ ~-
p~ AK~,
ZK~

K p 3.9, 4.6
GeV/c

K N 1.5 GeV/c
n+ p — AK~,

X'Kn.
K p 2.24 GeV/c
K p 0.95-1.20

GeV/c
K p 1.2-1.7 GeV

~ 0 ~

DIONISI 788 HBC +
BERTHON 74 HBC +

O. ll +0.02

0.21 +0.05

BERTHON 74 H BC

BORENSTEIN 74 HBC +

73 MPWA +MAST0.18 +0.04

THOMAS 73 HBC

AGUILAR-. .. 72B HBC +

0.10 +0.05

0.16 +0,07

718 DBC -0
69 HBC +

COLLEY
PAN

0.13 +0.04
0.13 +0.04

LONDON 66 HBC +
A R MENT E ROS658 H BC

0.08 +0.06
0,16360.041

K p 1,15 GeV/c(0.04
0.04 +0.04

r(n7)/r~,

0.09 +0.04 HUWE 64 HBC +
~ ~ ~ We do not use the following data for averages, fits, limits, etc.

ALSTON 62 HBC +0
BASTIEN 61 H BC +

VALUE EVTS DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

0.17+0.17 1 MEISNER 72 HBC

r(n~)/r(n~)

COMMENT

etc. ~ ~ ~

1 event only

20

Lj

40 60

. .AGUILAR-. .. 81D HBC
AGUILAR-. .. 81D HBC
CAME RON 78 HBC
BORENSTEIN 74 HBC.HABIBI 73 HBC
THOMAS 73 HBC
SIEGEL 67 HBC. .ARMENTEROS 65B HBC
HVWE 64 HBC

(Confidence Level
1

100

X

0.0
1.3
0.0
2.2
6.7
1.3
1.7
0.1

10.4
23.8

~ 0.002)

VALUE CL% DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.06 90 COLAS 75 HLBC

COMMENT

etc. ~ ~ ~

K p 575-970 MeV

r(z&)/r(n~)
VALUE CL% DOCUMENT ID TECN

8 ~ ~ We do not use the following data for averages, fits, limits,

90 COLAS 75 HLBC&0.05

COMMENT

etc. ~ ~ ~

K p 575-970 MeV

(I sl g)~/I(r,r,P/r inM)7 z(1385)
VALUE DOCUMENT ID CHG COMMENT

+0.586+0.319 DEVENISH 748 0 Fixed-t dispersion rel.

Z(1385) width (Mev)

Z(~8%)+ REAL PART
V4L UE

1379+1

Z(1385) POLE POSITIONS

DOCUMENT ID COMMEN T

LICHTENBERG74 Extrapolates HABIBI 73

Z{L~} REAL PART
VALUE

1383+1
DOCUMENT ID COMMEN T

LICHTENBERG74 Extrapolates HABIBI 73

Z{1885)+-1MAGIMARY PART
VALUE DOCUMENT ID COMMENT

17.5+1.5 LICHTENBERG74 Extrapolates HABIBI 73

Z(1385}FOOTNOTES
1From fit to inclusive A1r spectrum.
2 Includes data of HOLMGREN 77.
3The errors are statistical only. The resolution ls not unfolded.
4The error is enlarged to I /~N. See the note on the K~(892) mass in the 1984 edition.

From a fit to A~ with the width fixed at 34 MeV.
6 From fit to inclusive Ax0 spectrum with the width fixed at 40 MeV.
7 Redundant with data ln the mass Listings.
8Results from A~++ and Aa+x + combined by us.
9The error ls enlarged to 4f /~N. See the note on the K~(892) mass ln the 1984 edition.

Consistent with +, 0, and —widths equal.
11An extrapolation of the parametrlzed amplitude below threshold.

Z(1385) REFERENCES

Z{&385} -IMAGINARY PART
V4LUE DOCUMENT ID COMMENT

22.5+1.5 LICHTENBERG74 Extrapolates HABIBI 73

Z{&~~) DECAY MODES

Mode Fraction (r I/l )

An

Z7r
Ap
Zy
NK

88+2 %
12+2 %l2

I3
r,
r,

The above branching fractions are our estimates, not fits or averages.

BAUBILLIER 84
PDG 84
AGUILAR-. .. 81D
BAKER 80
BAUBILLIER 798
CAUTIS 79
SUGAHARA 798
CAMERON 78
DIONISI 788
BARREIRO 778
HOLMGREN 77
BARDADIN-. .. 75
COLAS 75
8ERTHON 74
BORENSTEIN 74
DEVENISH 748
LICHTENBERG 74

Also 748
HABIBI

Also 73
MAST 73

Also 738

ZPHY C23 213
RMP 56 No. 2 Pt. Ii

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 2S3
NC 21A 146
PR D9 3006
NP 881 330
PR D10 3865
Private Comm.
Nevis 199 Thesis
Purdue Conf. 387
PR D7 3212
PRD75

+ (BIRM, CERN, GLAS, MSU, CURIN)
Woh1, Cahn, Rittenberg+ (I.BL, CIT, CERN}
Aguilar-Benitez, Salicio (MADR)

+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}
+Armenteros, DIaz (CERN, AMST, NIJM, OXF)
+Berge, Ganguli, Blokzijl+ (CERN, AMST, NIJM}
+ Aguilar-Benitez. Kluyver+ (CERN, AMST, NIJM)

Bard adin-Otwinowska+ (SACL, EPOL, RHEL)
+Farwell, Ferrer, Six (ORSAY)
+Tristram+ (CDEF, RHEL, SACL, STRB)
+Kalbfleisch, Strand+ (BNL, MICH)
+Froggatt. Martin (DESY, NORD, LOUC)

(IND)
Lichtenberg (IND}

(COL U)
Balta)t, Bridgewater, Cooper+ (COLU, SING)

+Bangerter, Alston-Garnjost+ (LBL) IJP
Mast, Bangerter, Alston-Garnjost+ (LBL) IJr
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Z(1385), Z(1480) Bumps, Z(1560) Bumps

THOMAS 73
AGUILAR-. .. 72B
MEISNER 72
COLL EY 71B
AGUILAR-. .. 70B
PAN 69
SIEGEL 67
BIRMINGHAM 66
LONDON 66
ARMENTEROS 65B
SMITH 65
COOPER 64
HUWE 64

Also 69
CURTIS 63
ALSTON 62
BASTIEN 61
DAHL 61
ELY 61
ALSTON 60

NP B56 15
PR D6 29
NC 12A 62
NP B31 61
PRL 25 58
PRL 23 808
UCRL 18041 Thesis
PR 152 1148
PR 143 1034
PL 19 75
UCLA Thesis
PL 8 365
UCRL 11291 Thesis
PR 180 1824
PR 132 1771
CERN Conf. 311
PRL 6 702
PRL 6 142
PRL 7 461
PRL 5 520

Z(1480) Bumps

+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)
+Form an (PENN) I

(LRL)
(BIRM, GLAS, LOIC, OXF, RHEL)

+Rau, Goldberg, Lichtman+ (BNL, SYRA) J
+ (CERN, HEID, SACL)

(UCLA)
+Filthuth, Fridman, Malamud+ (CERN, AMST)

(LRL) JP
Huwe (LRL)

+CO@in, Meyer, Terwilliger (MICH) J
+Alvarez, Ferro-Luni+ (LRL)
+Ferro-Luni, Rosenfeld (LRL)
+Horwitz. Miller, Murray, White (LRL)
+Fung, Gidal, Pan, Poweil, White (LRL) J
+Alvarez, Eberhard, Good, Graziano+ (LRL) I

l(JP) = 1(? ) Status:

r(NÃ)/r(A~)
VALUE

0.72 +0.50

r(IvR)/r~,
VALUE

small

DOCUMENT ID TECN CHG

PAN 70 HBC +

Z(14$) REFERENCES
(PRODUCTION EXPERIMENTS)

ENGELEN
MAST
CLINE
HANSON
MILLER
PAN

Also
Also

80 NP B167 61
75 PR D11 3078
73 LNC 6 205
71 PR D4 1296
70 Duke Conf. 229
70 PR D2 49
69 PRL 23 808
69B PRL 23 806

+Jongejans, Dionisi+
+Alston-Garnjost, Bangerter+
+Laumann, Mapp
+Kalrnus, Louie

(NIJM,

+Forman, Ko, Hagopian, Selove
Pan, Forman
Pan, Forman

AMST, CERN, OXF)
(LBL)

(wlsc) I JP
(LBL) I

(PURD)
(PENN)
(PENN) I

(PENN) I

DOCUMENT ID TECN COMMENT

CLINE 73 MPWA K d ~ (Ax )p

Z(14$) MASS
(PRODUCTION EXPERIMENTS)

VAL UE (Mev) EVTS

at ISO OUR ESTIMATE
1480

1485+10

1479+10

1465+15

DOCUMENT ID TECN CHG COMMENT

ENGELEN 80 HBC +

73 MPWA—

70 HBC

70 HBC

CLINE

PAN

PAN

K ps
(p~K) ~

K d-+
(A~ )p

a+p ~
(A~+) K+

~+p
(Z~) K+

OMITTED FROM SUMMARY TABLE
These are peaks seen in A7r and Z~ spectra in the reaction ~+ p ~
(Yx)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) ~ A K decay. However, such an explanation

for the (Z+x ) K+ channel in terms of LL(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 ~ A~ .

ENGELEN 80 performs a multichannel analysis of K p ~ p~K z
at 4.2 GeV/c. They observe a 3.5 standard-deviation signal at 1480
MeV in pK which cannot be explained as a reflection of any com-
peting channel ~

Z(1560) Bumps l(JP) = 1(? ) Status:

VALUE (MeV) EVTS

a 1560 OUR ESTIMATE
1553+7

1572+4 40

DOCUMENT ID TECN CHG COMMENT

78B HBC + K p~
(Yx)KK

LOCKMAN 78 SPEC + pp ~ Ag+ g X

DIO NISI

Z{1560)WIDTH
(PRODUCTION EXPERIMENTS)

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) x K K 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 ~ Ax+~ 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).

CARROLL 76 observes a bump at 1550 MeV (as well as one at
1580 MeV) in the isospin-1 KN 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.

E(1560) MASS
(PRODUCTION EXPERIMENTS)

VALUE (MeV)

80+20

40+ 20

31+15

30+20

Z(1450}WIDTH
(PRODUCTION EXPERIMENTS)

EVTS

120

CLINE

DOCUMENT ID TECN CHG COMMEN T

ENGELEN 80 HBC + K p ~
(p~K) n

73 MPWA — K d -+
(Ax )p

PAN 70 HBC + x+p ~
(A~+) K+

70 HBC + x+p ~
(X ~) K+

VALUE (Mev)

79+30

15+ 6

Mode

A7r

I 2 E7r

TECN CHG COMMEN TEVTS DOCUMENT ID

DIO NISI121

Z{1560}DECAY MODES
(PRODUCTION EXPERIMENTS}

Fraction (I;/I )

78B HBC 6 K p~
(YK)KK

40 1 LOCKMAN 78 SPEC 6 pp ~ Ax+ g X

Mode

l1 NK
I 2 A7r

l3 Zm

I (Za)/I (As)
VALUE

0.82 40.51

Z(14$) DECAY MODES
(PRODUCTION EXPERIMENTS)

Z(14$) BRANCHING RATIOS
(PRODUCTION EXPERIMENTS)

DOCUMEN T ID TECN CHG

PAN 70 HSC +

K{1560)BRANCHING RATIOS
{PRODUCTION EXPERIMENTS)

r(r~)/[r(n~)+ r(z~)] I q/(rt+I q)
VALUE

0.35+0.12

r(n~)/r~i
VALUE

DOCUMENT ID TECN CHG COMMENT

DIONISI 78B HBC + K p ~
(YK)K K

DOCUMENT ID TECN CHG COMMENT

LOCKMAN 78 SPEC k p p A~+ ~ X

K{15&0}FOOTNOTES
{PRODUCTION EXPERIMENTS}

1The width observed by LOCKMAN 78 is consistent with experimental resolution.
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Z(1560) Bum ps, Z(1580), Z(1620)

Z(1560}REFERENCES
(PRODUCTION EXPERIMENTS) Z(1620) 511 l(JP) = 1(& ) Status:

MEADOWS
DIONISI
LOCKMAN
CARROLL

80 Toronto Conf. 283
788 PL T88 154
78 CEN DPHPE 78-01
T6 PRL 37 806

(C INC)
+Armenteros, Diaz (CERN, AMST, NIJM, OXF) I

+Meyer, Rander, Poster, Schlein+ (UCLA, SACL)
+Chiang, Kycia, Li, Mazur, Michaei+ (BNL) I

OMITTED FROM SUMMARY TABLE
The 511 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.

Z(1580) D,3
l(BP) = 1(ps ) Status:

Z(1580) MASS

OMITTED FROM SUMMARY TABLE
Seen in the isospin-1 R N cross section at BNL (LI 73, CARROLL 76)
and in a partial-wave analysis of K p ~ An 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 ~ An+ and Z0n+).

VAL UE (MeV)

88I 1520 OUR ESTIMATE
1600+ 6
1608+ 5
1633+10
1630+10
1620

DOCUMENT ID

1 MORRIS
2 CARROLL
3 CARROLL

LAN GBEIN

K IM

TECN COMMEN T

78 DPWA K n ~ /In
76 DPWA Isospin-1 total a
76 DPWA lsospin-1 total tz

72 IPWA K N multichannel
71 DPWA K-matrix analysis

Production experiments are listed separately in the next entry.

Z{1620}MASS

VAL UE (MeV }
at iSIO 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

1 CARROLL 76 DPWA Isospin-1 total cr

LITCHFIELD 74 DPWA K p ~ An

1 CARROLL 76 DPWA Isospin-1 total cr

LITCHFIELD 74 DPWA K p ~ An

VALUE (MeV)

87+ 19
15
10
65+20
40

Z(1620) WIDTH

DOCUMENT ID

1 MORRIS
2 CARROLL
3 CARROLL

LA NGBEIN
K IM

TECN COMM EN T

78 DPWA K n ~ hn.

76 DPWA Isospin-1 total tr

76 DPWA Isospin-1 total 0
72 IPWA K N multichannel

71 DPWA K-matrix analysis

Z{1620) DECAY MODES

Mode

f1 NK
f2 An

I 3 Zn.

Z(1580) DECAY MODES
Mode

I1 NK
C2 An

I 3 ZTr

Z(1620) BRANCHING RATIOS

Z(1580) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

I (NQK/I tata)
VAL UE

0.22 +0.02
0.05

DOCUMENT ID TECN COMMENT

LANGBEIN 72 IPWA K N multichannel
K IM 71 DPWA K-matrix analysis

I (NTr)/I ~(
VALUE

+0.03+0.01
DOCUMENT ID TECN COMMENT

2 LITCHFIELD 74 DPWA KN multichannel

(Irlr) /rtataI
VALUE

not seen

not seen

+0.10+0.02

InNK-+ Z(1580)~ Asr
DOCUMENT ID

CAMERON

ENGLER

LITCHFIELD

(rara)~/r
TECN COMMENT

78C HBC K0p ~ A~+
78 HBC K~p ~ A~+

L
74 DPWA K p + An'0

(r, r,)&/r{r,rf} /rnn, Iln NTr z(1580} zv

{III r) /I tataI In NTr~ Z(1620) ~ Zr

(I tl a)~/I
TECN COMMEN T

78 DPWA K n An

75 IPWA KN ~ An

71 DPWA K-matrix analysis

(r, r, )&/r
VALUE

not seen

0.40 +0,06
0.08

DOCUMENT ID TECN COMMENT

HEPP 768 DPWA K N ~ E'n.

LANGBEIN 72 IPWA K N multichannel

K IM 71 DPWA K-matrix analysis

(rrl r)~/I tutaI In NK-+ Z(1620) ~ An
VALUE DOCUMENT ID

0,12 +0.02 1 MORRIS
not seen BAIL LON

0.15 K IM

VALUE

not seen

not seen

+0.0360.04

DOCUMENT ID

CAMERON

ENGLER
2 LITCHFIELD

TECN COMMEN T

78C HBC K0 p ~ Z0n+
78 HBC K3 p ZOm+

L
74 DPWA KN multichannel

Z(1620) FOOTNOTES
1MORRIS 78 obtains an equally good fit without including this resonance.

Total cross-section bumP with (2+ 1/2) I el / I total is 0.06 seen by CARROLL 76.
Total cross-section bumP with (2+1/2) I el / I total is 0.04 seen by CARROLL 76.

Z(1580) REFERENCES

CAMERON 78C NP 8132 189
ENGLER 78 PR D18 3061
CARROLL T6 PRL 37 806
LITCHFIELD 74 PL 518 509
LI 73 Purdue Conf. 283

+Capiluppi+ (BGNA, EDIN, GLAS, PISA, RHEL) I

+Keyes, Kraemer. Tanaka, Cho+ (CMU, ANL)
+Chiang, Kycia, Li, Mazur, Michael+ (BNL) I

(CERN) IJP
(BNL) I

Z(1580) FOOTNOTES
CARROI L 76 sees a total-cross-section bumP with (2+1/2) I el / I total 0.06.

2The main efFect observed by LITCHFIELD 74 is in the An final state; the KN and
E'n couplings are estimated from a multichannel fit including total-cross-section data of
LI 73.

MORRIS
CARROLL
HEPP
BAILLON
VANHORN

Also
LANGBEIN
KIM

Also

Z(1620) REFERENCES

78 PR D17 SS
76 PRL 37 806
T68 PL 658 487
75 NP 894 39
75 NP 887 145
758 NP 887 157
72 NP 847 47T
71 PRL 27 356
70 Duke Conf. 161

VanHorn
+Wagner

Kim

+Albright. Colleraine. Kirnel ~ Lannutti
+Chiang, Kycia, Li, Mazur, Michael+
+Braun, Grimm, Strobele+ (CERN,
+Litchfield

(FSU) IJP
(BNL) I

HEIDH, MPIM) IJP
(CERN, RHEL) IJP

(LBL) IJP
(LBL) IJP

(MPIM) IJP
(HARV) IJP
(HARV) IJP
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Z(1620) Production Experiments, Z(1660)

X (1620) Production Experiments
Z(1620}REFERENr'~~

(PRODUCTION EXPERIMENTS)

I(~') = 1{")
OMITTED FROM SUMMARY TABLE

Formation experiments are listed separately in the previous entry.

The results of CRENNELL 69B 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 Z(1670). See MILLER 70 for a review of
these conflicts.

AMMANN 70 PRL 24 327
Also 73 PR D7 1345

MILLER 70 Duke Conf. 229
SABRE 70 NP B16 201
BLUMENFELD 69 PL 29B 58
CRENNELL 69B Lund Paper 183

Results are quoted in LEVI-SETTI 69C.
Also 69C Lund Conf.

CRENNELL 68 PRL 21 648

Z(1660) e»

+Garfinkel, Carmony, Gutay+
Ammann, Carmony, Garfinkel+

Barloutaud, Menil, Schever+
iKalbfielsch
+Karshon, Lai. O' Neil, Scarr+

Levi-Setti
+Delaney, Flaminlo, Karshon+

(PURD. IND)
(PURD, IUPU)

(PURD)
(SABRE Collab. )

(BNL) I

(BNL, CUNY) I

(EFI)
(BNL, CUNY) I

l(J } = 1(&+) Status:

Z(1620) MASS
{PRODUCTION EXPERIMENTS}

TECN CHG COMMENT

Z(1620) WIDTH
(PRODUCTION EXPERIMENTS)

VALUE (MeV)

55+24
30+10

72+ 22—15
~ ~ ~ We do not use the following

66+ 16

20

DOCUMENT ID TECN CHG COMMENT

AMMANN 70 DBC K N 4.5 Gev/c
BLUMENFELD 69 HBC +
CRENNELL 69B DBC

data for averages, fits, limits, etc. ~ ~ ~

CRENNELL 68 DBC 4 See CREN-
NELL 69B

Z{1620}DECAY MODES
(PRODUCTION EXPERIMENTS)

I1
I2
l3
l4
I5
r6

Mode

NK
Ax
Z7r
/lm n

Z(1385) s
A(1405)1I

VAL UE (MeV) EVTS DOCUMENT ID

a 1620 OUR ESTIMATE
1642+12 AMMANN 70 DBC K N 4.5 GeV/c
1618+ 3 20 BLUMENFELD 69 HBC + K& p
1619+ 8 CRENNELL 69B DBC + K N -+ Axed

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1616+ 8 CRENNELL 68 DBC + Sec CREN-
NELL 69B

Z(1660}MASS

TECN COMMENTVALUE (MeV) DOCUMENT ID

1680 ts 1NO (as 1650) OUR ESTIMATE

1665.1611.2 1 KOISO 85 DPWA
1670 +10 GOPAL 80 DPWA
1679 +10 ALSTON-. .. 78 DPWA
1676 +15 GOPAL 7? DPWA

1668 +25 VANHORN 75 DPWA

1670 +20 KANE 74 DPWA
~ ~ ~ We do not usc thc following data for averages, fits, limits,

1565 or 1597 MARTIN 77 DPWA
1660 +30 3 BAILLON 75 IPWA

1671 + 2 4 PONTE 75 DPWA

K p~ Z~
XN -a PN
RN~ FN
XN multichannel

K p~ A+0

K p~ Z~
ctc. ~ ~ ~

XN multichannel

KN a Ax
K- p A~0

Z{1660)WIDTH

TECN COMMENTVALUE (MeV) DOCUMENT ID

to 2M ( 100) OUR as+iMATE

81.5+ 22.2 1 KOISO 85 DPWA
152 + 20 GOPAL 80 DPWA
38 + 10 ALSTON-. .. 78 DPWA

120 + 20 GOPAL 77 DPWA

230 +
60 VANHORN 75 DPWA

250 +110 KANE 74 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

202 or 217 MARTIN 77 DPWA
80 + 40 3 BAILLON 75 IPWA

81 + 10 4 PONTE 75 DPWA

K p~ Zx
KN~ KN
FNa FN
K N multichannel

K p~ Ax0

K p~ Z»
etc. ~ ~ ~

K N multichannel
PN~ Ax
K-p

Z(1660}DECAY MODES

For results published before 1974 (they are now obsolete), see our
1982 edition Physics Letters 111B(1982).

r(n~~)/r(z~)

Z(1620) BRANCHING RATIOS
(PRODUCTION EXPERIMENTS)

I 4/rq

Mode

l1 NK
l2 Ax

Zn.

Fraction (CI/I )

10-30 /0

seen
VALUE

~ 2.5

r(NR)/r(z~)
VAL UE

0.4+0.4
0.0+0.1

EVTS

14

VAL UE

g0.3
0.2 +0.1

r(z~)/r(z~)
VALUE

I (1{1405}n)/I(An)
VALUE

0.7+0.4

CL%

95

CL%

95

r(n~)/run„
VAL UE

large

r(z{1ses)~)/r(z~)

DOCUMENT ID TECN CHG

BLUMENFELD 69 HBC +

DOCUMENT ID 7 ECN CHG COMMENT

AMMANN 70 DBC K p 4.5 GeV/c
CRENNELL 68 DBC + Sec CREN-

NELL 69B

DOCUMENT ID TECN CHG

CRENNELL 68 DBC

DOCUMENT ID TECN CHG COMMENT

AMMANN 70 DBC K p 4.5 GcV/c
CRENNELL 68 DBC

I s/ra
DOCUMENT ID TECN COMMENT

AMMANN 70 DBC K N 4.5 GcV/c

DOCUMENT ID TECH COMMENT

AMMANN 70 DBC K p 4.5 GcV/c

Z{1660)BRANCHING RATIOS

r(N}r)/I sstaI
TECN COMMEHTVALUE

0.1 to 04 OUR ESTIMATE
0.12+0.03 GOPAL 80 DPWA
0.10+0.05 ALSTON-. .. 78 DPWA

~ ~ ~ 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 —+ RN
ctc. ~ ~ ~

Scc GOPAL 80
XN multichannel

(r,r,)&/r, In NZ
VALUE

0.04

0 12+0.12—0.04
~ ~ ~ We do not use the

-0.10 or —0.11
—0.04+0.02
+0.16+0.01

~ Z(1660)~ As
DOCUMENT ID TECN

GOPAL 77 DPWA

VANHORN 75 DPWA

(Isra} /r
COMMENT

K N multichannel

K p -+ Aa0

following data for averages, fits, limits,

MARTIN 77 DPWA
3 BAILLON 75 IPWA

PONTE 75 DPWA

ctc. ~ ~ ~

XN multichannel
XN -+ Aa
K p Aa0

See "Sign conventions for resonance coupllngs" in thc Note on A and Z
Resonances.
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Z(1660), Z(1670)

{rA) /rtatai
VAL UE

—0.1360.04
—0.16+0.03
—0.11+0.01
~ ~ o We do not

—0.34 or —0.37
not seen

In NTI~ Z(1660) ~ Z»
DOCUMENT ID TECN

1 KOISO 85 DPWA
GOPAL 77 DPWA

KAME 74 DPWA

use the following data for averages, fits, limits,

2 MARTIN 77 DPWA

HEPP 76e DPWA

Z(1660) FOOTNOTES

COMMENT

{r,rs}&/r

K p ~ Z2r
FN multichannel

K p ~ Z2r
etC. ~ ~ ~

K N multichannel

K N —+ Zn

Z(1670) O„ l(JP) = 1{2s ) Status:

Z{1670}MASS

For most results published before 1974 (they are now obsolete), see
our 1982 edition Physics Letters 111B{1982).

Results from production experiments are listed separately in the next
entry.

Z(1660) REFERENCES

KOISO
PDG
GOPAL
ALSTON-. ..

Also
GOPAL
MARTIN

Also
Also

HEPP
BAILLON
PONTE
VANHORN

Also
KANE

85 NP A433 619
82 PL 1111
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
758 NP B87 157
74 LB L-2452

+Sai, Yamamoto, Kofler
Roos, Porter, Aluilar-Benitez+

Alston-Garnjost, Kenney+
Alston-Garnjost, Kenney+

+Ross, VanHorn, McPherson+
+Pidcock, Moorhouse

Martin, Pidcock
Martin, Pidcock

+Braun, Grimm, Strobele+
+Litchfield
+Hertzbach, Button-Shafer+

VanHorn

(TOKY, MASA)
(HELS, CIT, CERN

(RHEL
(LBL. MTHO, CERN)
(LBL, MTHO, CERN)

(LOIC, RHEL)
(LOUC, GLAS)

(LOU C)
(LOU C)

(CERN, HEIOH, MPIM)
(CERN, RHEL)

(MASA, TENN, UCR)
(LBL)
(LBL)

IJP
IJP
IJP
IJP
IJP

IJP
IJP
IJP
IJP
IJP
IJP

(LBL) IJP

1 The evidence of KOISO 85 is weak.
The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wlgner fit.

3 From solution 1 of BAILLON 75; not present in solution 2.
From solution 2 of PONTE 75; not present In solution l.

VALUE (Mev)

1665 to 1605 (sos 1670)
1665.1+ 4.1
1682 + 5
1679 + 10
1670 + 5
1670 + 6
1685 +20

1659 5
1670 6 2
~ ~ ~ We do not use the

1667 or 1668
1650
1671 + 3
1655 + 2

TECN COMMENTDOCUMENT ID

OUR ESTIMATE

KOISO
GOPAL
ALSTON-. ..
GOPAL

HEPP
BAIL LON

85 DPWA
80 DPWA

78 DPWA
77 DPWA

76B DPWA
75 IPWA

VANHORN 75 DPWA

KA NE 74 DPWA

following data for averages, fits, limits,

1 MARTIN 77 DPWA

DEBELLEFON 76 IPWA

PONTE 75 DPWA

PONTE 75 DPWA

Z(1670) WIDTH

K p ~ Z7r
ZN -+ RN
ÃN —+ FN
R hf multichannel

K N ~ Z7r
KN ~ A7r

K p~ Ano

K p ~ Zn.
etc. ~ o ~

K N multichannel

K p ~ A7ro

K p ~ A7ro (sol. 1)
K p ~ A7ro (sol. 2)

NOTE ON THE X'(1670) REGION

Production experiments: The measured Ztr/Zrrtr

branching ratio for the Z(1670) produced in the reaction

IC p -+ s 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 Ztr7r (mainly

A(1405)7r) branching fraction produced peripherally, and the

other with a large Zn branching fraction produced at

larger angles. The experimental results have been confirmed

by AGUILAR-BENITEZ 70, ASPELL ?4, ESTES 74, and

TIMMERMANS 76. If, in fact, there are two resonances,

the most likely quantum numbers for both the Zx and the

A(1405)7r states are Dts. There is also possibly s third Z in

this region, the Z(1690) in the Listings, the main evidence

for which is s large As/Z7r branching ratio. These topics

have been reviewed by EBERHARD 73 and by MILLER 70.

Formation ezpe&ment8: 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 hss a large Zvr/Zstr branching ratio; it

may well be the Z(1670) produced at larger angles (see TIM-

MERMANS 76). The other state, the Z(1660)Ptt, has different

quantum numbers, its Ztr/Z7rtr branching ratio is unknown,

and its relation to the produced Z(1670) states is obscure.

TECN COMMENTVALUE (MeV)

lO to (as 60) OUR ESTIMATE

65.0+ 7.3 KOISO 85 DPWA
79 k 10 GOPAL 80 DPWA
56 +20 ALSTON-. .. 78 DPWA

50 + 5 GOPAI 77 DPWA

56 + 3 HEPP 76B 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, Ilrnlts,

46 or 46 1 MARTIN 77 DPWA

80 DEBELLEFON 76 IPWA

44 +11 PONT E 75 DPWA

76 +5 PONTE 75 DPWA

K p ~ Z7r
FN —+ KN
KN -+ KN
K N multichannel

K N ~ Z2r
KN ~ A7r

K p~ Ano

K p ~ Z7r
etc. ~ ~ o

K N multichannel
K- p A~o

K p ~ A~o (sol. 1)
K p ~ A2ro (sol. 2)

Z(1670) DECAY MODES

I1
I2

f4
f5
I6
f7
r8
f9

Mode Fraction (I I//f )

hlK 7-13 %
A7r 5-15 %
Zm 3O-6O 4/&

A«
Zx~
Z(1385)s
Z(1385)s, 5-wave

A 1405)s
A(1520)s

The above branching fractions are our estimates, not fits or averages.

VALUE

OAF lo 0.13OUR m~iMATE
0.10+0.03 GOPAL 80 DPWA
0.11+0.03 ALSTON-. .. 78 DPWA

~ ~ ~ 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 TECN COMMENT

RN —a RN
Rhl -+ KN
etc. o o ~

See GOPAL BO

XIII multichannel

Z(1670) I5RANCHINIa RATIOS

See "Sign conventions for resonance coupllngs" in the Note on A and Z
Resonances.

I (NÃ}/I ~(

(III r)~/I tata&ln N)r~
VALUE

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)~ Aa
DOCUMENT lD

2 MORRIS
2 MORRIS

GOPAL
BAILLON

VANHORN
DEVENISH

(r,r )&/r
COMMENTTECN

78 DPWA
78 DPWA
77 DPWA
75 IPWA

75 DPWA
74B

K n~ Asr

K n~ Ag
R N multichannel
FN -+ An

K p~ Ano
Fixed- t dispersion rel.
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Z(1670), Z(1670) Bum ps

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

+0.08 or +0.08 1 MARTIN 77 DPWA K N multichannel

+0.05 DEBELLEFON 76 IPWA K p ~ A~
0.08 +0.01 PONTE 75 DPWA K p ~ A7r (SOI. 1)
0.17 +0.01 PONTE 75 DPWA K p ~ A7r (sol. 2)

(III f} /rnnsIIn Nif~ Z{1670}~Zx
VAL UE DOCUMENT ID TECN

+0.20+0.02 KOISO 85 DPWA

+0.21+0.02 GOPAL 77 DPWA

+0.2060.01 HEPP 76e DPWA

+0.21+0.03 KANE 74 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

+0.18 or +0.17 1 MARTIN 77 DPWA

I (An a)/rnnII
VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.11 ARMENTEROS68E HBC

(roars)~/r
COMMENT

K p~ Zx
R N multichannel

K N~ Zx
K p ~ E'7r

etc. ~ ~ ~

K N multichannel

COMMENT

etc. ~ ~ ~

K p (I 1-0.09)

(r,rr)&/r~, In 6I}r- Z(1670)- Z(1aaS)n, S'~ (rg rr}~/r

VAL UE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.14 4 ARMENTEROS68E HBC

I (A(14$)s') /I nnsI
VALUE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

&0.06 ARMENTEROS68E HBC

I rl r/I tss I In N7f~ Z(1670)~ A(14$)n

COMMENT

etc. ~ ~ ~

K p K d (l1——009)

COMMENT

etc. ~ ~ ~

K p, K d (i1—0.09)

I gl s/I
VALUE DOCUMENT ID TECN COMMENT

0.007+0.002 5 BRUCKER 70 DBC K N ~ Z7r7r
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.03 BERLEY 69 HBC K p 0.6-0.82 GeV/c

r(1{148}n)/I(z(1386)n)
VALUE

0.2360.08
DOCUMENT ID TECN COMMENT

BRUCKER 70 DBC K N -+ X'7r7r

rs/rs

{r)rr)~/I nnsI In H7f~ Z(1670) -+ A(1520)n'

(roars)"

/r
VAL UE

0.081+0.016
DOCUMENT ID TECN COMMENT

6 CAMERON 77 DPWA P-wave decay

VAL UE DOCUMENT ID TECN COMMENT

+0.11+0.03 PREVOST 74 DPWA K N -+ Z(1385)7r
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.17+0.02 3 SIMS 68 DBC K N -+ A7r7r

r(Z~n)/rnn, I

Z(1670) Bumps I(i ) = 1(")

Z(1670) MASS
(PRODUCTION EXPERIMENTS)

VALUE (MeV) EVTS

1670 OIIR ESTIMATE
1670+ 4
1675+10

1665+ 1

1688+ 2 or 1683 6 5 1200
1670+ 6

1668+10

1660+10

DOCUMENT ID TECN CHG COMMENT

1 CARROLL
2 HEPP

76 DPWA

76 DBC

74 HBC

74 HBC 0
70e HBC

APSELL

BERTHON
AGUILAR-. ..
AGUILAR-. .. 70e HBC

ALVAREZ 63 HBC +

Isospln-1 total o
K N 1.6-1.75

GeV/c
K p 2.87

GeV/c
Quasi-2-body I7

K p ~ Z+7r
4 GeV

K p -+ Z3+
4 GeV

K p 151
GeV/c

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~

1668+10 150 FERRERSORIA81 OMEG

1655 to 1677
1665+ 5
1661+ 9

1685

70

TIMMERMANS76 HBC +
BUGG 68 CNTR
PRIMER 68 HBC +
ALEXANDER 62C HBC —0

~ ~

p 9,12
GeV/c

K p 4.2 GeV/c
K p, d total+
See

BARNES 69E
p 2-2.2

GeV/c

Z{1670)WIDTH
{PRODUCTION EXPERIMENTS)

VALUE (MeV)

67.0+ 2.4
110 +12

135 +40
-30

40 +10
~ ~ ~ We do not use the following

90 +20 150
52
48 to 63
30 +15
60 +20 70
45

DOCUMENT ID TECN CHG COMMENT

APSELL 74 HBC K p 2.87 GeV/c
AGUILAR-. .~ 708 HBC K p ~ Z7rm'4

GeV

K p~ Z3+4
GeV

AGUILAR-. .~ 70e HBC

ALVAREZ 63 HBC +
data for averages, fits, limits, etc.
3 FERRERSORIA81 OMEG—
1 CARROLl 76 DPWA

TIMMERMANS76 HBC +
BUGG 68 CNTR
PRIMER 68 HBC +
ALEXANDER 62C HBC -0

~ ~ ~

p 9,12 GeV/c
Isospln-1 total e
K p 4.2 GeV/c

See BARNES 69E

OMITTED FROM SUMMARY TABLE
Formation experiments are listed separately in the preceding entry.

Probably there are two states at the same mass with the same quan-
tum numbers, one decaying to Zx and A7r, the other to A(1405) 7r.

See the note in front of the preceding entry.

Z{1670}REFERENCES

KOISO 85
PDG 82
GOPAL 80
ALSTON-. .. 78

Also 77
MORRIS 78
CAMERON 77
GOPAL 77
MARTIN 77

Also 778
Also 77C

DEBELLEFON 76
HEPP 768
BAILLON 75
PONTE 75
VANHORN 75

Also 758
DEVENISH 748
KANE 74
PREVOST 74
BRUCKER 70
BERLEY 69
ARMENTEROS 68E
SIMS 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+ (LBL. MTHO, CERN) IJP

+Aibright, Colleraine, Kimel, Lannutti (FSU) IJP
+Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJP
+Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOUC)
Martin, Pidcock (LOUC) IJP
De Bellefon, Berthon (CDEF) IJP

ieraun, Grimm, Strobele+ (CERN. HEIDH, MPIM) IJP
+Litchfield (CERN, RHEL) IJP
+Hertzbach, Button-Shafer+ (MASA, TENN, UCR IJP

(LBL IJP
(LBL IJP

(DESY, NORD, LOUC)
(LBL) IJP

+Barloutaud+ (SACL, CERN, HEID)
+Harrison, Sims, Albright, Chandlery (FSU) I

+Hart, Rahm, Willis, Yamamoto (BNL)
+Baillon+ (CERN, HEID, SACL) I

+Albright, Bartley, Meer+ (FSU, TUFTS, BRAN)

Z{1670}FOOTNOTES
1The two MARTIN 77 values are from a T-matrix pole and from a Brelt-Wlgner fit.

Results are with and without an S11 Z(1620) ln the fit.
3SIMS 68 uses only cross-section data. Result used as upper limit only.

Ratio only for Z27r system ln I = 1, which cannot be Z(1385).
Assuming the A(1405) 7r cross-section bump ls due only to 3/2 resonance.

6The CAMERON 77 upper limit on F-wave decay is 0.03.
l2

r4
I5
r6
I7

Mode

NK
Ax
Zx
A~~
Zxx
Z(1385)w

A(1405)w

0.025
&0.24

&0.6
&0.19) 0.5 +0.25

I (N}f)/I (Zn)
VALUE

&0.03
&0.10
&0.2
&0.26

Z(1670) BRANCHING RATIOS
(PRODUCTION EXPERIMENTS}

DOCUMEN T ID TECN CHG

TIMMERMANS76 HBC +
BERTHON 74 HBC 0
AGUILAR- ~.. 708 HBC
BARNES 69E HBC +

BUGG
PRIMER

68 CNTR 0
68 HBC

LONDON

ALVAREZ

SMITH

66 HBC +
63 HBC +
63 HBC —0

Z(1670) DECAY MODES
(PRODUCTION EXPERIMENTS}

COMMENT

K p 4.2 GeV/c
Quasi-2-body rr

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
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Z(1670) Bumps, Z(1690) Bumps

r(n~)/r(z~)
VAL UE

0.76+0.09

0.45+ 0.15

EVTS DOCUMENT ID

ESTES

BAR NES

TECN

74 HBC

69E HBC

CHG COMMENT

0 K p 2.1,2.6
GeV/c

+ K p395
GeV/c

& 0.45+ 0.07
0.55+0,11
0

&0.6
1.2
1.2

r(n«)/r (z~)

130

TIMMERMANS76 HBC
BERTHON 74 HBC
PRIMER 68 HBC
LONDON 66 HBC
ALVAREZ 63 HBC
SMITH 63 HBC

+
0
+
+
+
—0

K p 4.2 GeV/c
Quasi-2-body cr

See BARNES 69E
K p 2.25 GeY/c
K p 1.15 GeY/c

VAL UE

&0.6
0.56
0,17

r(z~~)/r(z~)

EVTS

90

DOCUMENT ID

LONDON

ALVAREZ

SMITH

TECN

66 HBC

63 HBC
63 HBC

CHG COMM EN T

+ K p 2.25 GeY/c
+ K p 1.15 GeV/c
—0

DOCUMENT ID TECN

ESTES 74 HBC

VAL UE

largest at small angles

EVTS CHG COMMENT

0 K p 2 ~ 126
GeV/c

etc. ~ ~ ~~ ~ ~ We do not use the following data for averages, fits, limits,

2 HEPP 76 DBC K N 1.6-1.75
GeV/c

K p 1 ~ 15 GeY/c

&0.2

ALVAREZ 63 H BC +1800.56

0.15+0.07 HOWE 69 HBC

0.11+0.06 33 SUTTON- ~ ~ . 68 HBC + K p 1.7 GeV/c
~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ ~ Z(1670) REFERENCES

{PRODUCTION EXPERIMENTS)

FERRERSORIA 81
CARROLL 76
HEPP 76
TI MME R MANS 76
APSELL 74
BERTHON 74
ESTES 74
AGUILAR-. .. 70B
BARNES 69E
EBERHARD 69
HUWE 69
BUGG 68
BUTTON-. .. 68
PRIMER 68
EBERHARD 67
BIRMINGHAM 66
I.ONDON 66
EBERHARD 65
LEVEQUE 65
ALVAREZ 63
SMITH 63
ALEXANDER 62C

NP B178 373
PRL 37 806
NP B115 82
NP B112 77
PR D10 1419
NC 21A 146
LBL-3827 Thesis
PRL 25 58
BNL 13823
PRL 22 200
PR 180 1824
PR 168 1466
PRL 21 1123
PRL 20 610
PR 163 1446
PR 152 1148
PR 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}

Aguiiar-Benitez, Barnes, Bassano+ (BNL, SYRA)
+Chung, Eisner. Flaminio+ (BNL, SYRA)
+Friedman, Pripstein, Ross (LRL}

(LRL)
+Giimore, 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. Lichtman+ (BNL, SYRA} IJ
+Shively, Ross, Siegal, Ficenec+ (LRL, ILL} I

+ (SACL, EPOL, GLAS, LOIC, OXF, RHEL) JP
+Alston, Ferro-Luzzi, Huwe+ (LRL) I

(LRL}
(LRL) I+Jacobs, Kalbfleisch, Miller+

Z(1690) Bumps i(J ) = 1('? ) status:

Z(1670) FOOTNOTES
Total cross-section bumP with (J+1/2) I el / I total

—0.23.
Enhancements in Zx and Zn x cross sections.
Backward production in the A~ K+ final state.

4 Depending on production angle.
APSELL 74, ESTES 74, and TIMMERMANS 76 find strong branching ratio dependence
on production angle, as in earlier production experiments.

r(n(1406) ~)/r(z~)
VAL UE EVTS

1,8 +0.3 to 0.02 +
0.07

largest at small angles

DOCUMENT ID TECN

TIMMERMANS76 HBC

ESTES 74 HBC

CHG

+
etc. o

COMMENT

K p 4.2 GeV/c

K p 2.1,2.6
GeV/c

K p 2.25 GeV/c
~ ~

See BARNES 69E

VAL UE

varies with prod. angle
1.39+0.16
2.5 to 0.24

&0.4
0.30 +0.15

I (n(1405)s)/I (zs x)

DOCUMENT ID

5 APSELL 74
BERTHON 74

4 EBERHARD 69
BIRMINGHAM 66
LONDON 66

TECN

HBC
HBC
HBC

HBC
HBC

CHG COMMENT

+ K p 2.87 GeV/c
0 Quasi-2-body o

K p 26 GeV/c

+ K p 35 GeV/c
+ K p 2.25 GeV/c

3 0 +1.6 50 LONDON 66 H BC
~ ~ ~ We do not use the following data for averages, fits, limits,

0.58+0,20 17 PRIMER 68 HBC

r(z~)/r(z«)

Z(1690) MASS
(PRODUCTION EXPERIMENTS)

VAL UE (MeV) EVTS

w 1NO OUR ESTIMATE
1698+20 70
170?+20 40
1698+20 15
1682+ 2 46

1700+20
1694+24 60

1700+ 6
1715+12 30

DOCUMENT ID TECN CHG COMMEN T

1 GODDARD 79
2 GODDARD 79

ADERHOLZ 69
BLUMENFELD 69
MOTT 69

3 PRIMER 68

HBC +
HBC +
HBC +
HBC

HBC

HBC +

4SIMS
COLLEY

68 HBC
67 HBC

~+ p 10,3 GeV/c
~+ p 10.3 GeV/c
7r+ p 8 GeV/e
KOp

L
K p 5.5 GeV/c
K p 4.6-5

GeY/c
K N —+ An'x

K p 6 GeV/c

OMlTTED FROM SUMMARY TABLE
See the note preceding the Z(1670) listings. Seen in production
experiments only, mainly in Ax.

VAL UE

0.97+0.08
1.00+0.02

0 90+0~ 10—0.16

r(n{1406)~)/r(z(1sss)~)
VAL UE

&0.8

r(n~~)/r(z~~)
VAL UE

0.3560.2

r(n~) lr(z«)
VAL UE

&0.2

r(n~)/[r(n~) y r(z~)]

DOCUMENT ID TECN

TIMMERMANS76 HBC
APSELL 74 HBC

EBERHARD 65 HBC

DOCUMENT ID TECN

EBERHARD 65 HBC

DOCUMENT ID TECN

BIRMINGHAM 66 HBC

DOCUMENT ID TECN

BIRMINGHAM 66 HBC

CHG COMMENT

K p 4.2 GeV/c
K p 2.87 GeV/c

+ K p 2.45 GeY/c

CHG COMMENT

+ K p 245 GeY/c

CHG COMMENT

K p 3.5 GeV/c

CHG COMMENT

+ K p 3.5 GeV/c

I 2/(I 2+I 3)

VALUE (Mev)

240+ 60

13()+100
60

142+ 40
25+ 10

130+ 25
105+ 35

62k 14
100+ 35 30

4 SIMS
COL LEY

68 HBC

67 HBC +

Z(1690) DECAY MODES
(PRODUCTION EXPERIMENTS}

Z(1690) WIDTH
(PRODUCTION EXPERIMENTS)

EVTS DOCUMENT ID TECN CHG

70 GODDARD 79 HBC

40 GODDARD 79 HBC

15 ADERHOLZ 69 HBC +
46 BLUMENFELD 69 HBC

MOTT 69 HBC

60 3 PRIMER 68 HBC +

COMMEN T

~+ p 10.3 GeV/c

n+ p 10.3 GeV/c

~+ p 8 GeY/c
K0p

L
K p 5.5 GeV/c
K p 4.6-5

GeV/c
K N ~ AmR.

K p 6 GeV/c

VAL UE

&0.6

I (z(1385)e)/I (zw)
VALUE

& 0.21 +0.05

DOCUMENT ID TECN

AGUILAR-. .. 701 HBC

DOCUMENT ID TECN

TIMMERMANS?6 HBC

COMMENT

K p 4.2 GeV/c

l2

l4

Mode

NK
/l7r

Zm.

Z(1385) 7r

A7r x (inCIIJding Z(1385)7r )

VAL UE

a~ = 3/2+-

EVTS

400
DOCUMENT ID TECN

BUTTON-. .~ 68 HBC
EBERHARD 67 HBC
LEVEQUE 65 HBC

CHG COMMENT

+ Z0~
A(1405) m

A(1405) x

Z(1670) C}UANTUM NUMBERS
(PRODUCTION EXPERIMENTS)

r(lv}r)/r(n~)
VALUE

small

&0.2
0.4+ 0.25

Z(1690) BRANCHING RATIOS
(PRODUCTION EXPERIMENTS}

EVTS DOCUMEN T ID TECN CHG COMMENT

GODDARD 79 HBC + ~+ p 10.2 GeV jc
MOTT 69 HBC + K p 5.5 GeV/c
COLLEY 67 HBC + 6/30 events
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Z(1690) Bum ps, Z(1750)

r(Zs)/r(Zs)
VALUE

small

&0.4
0.340.3

I (Z{1385}s)/I(As)
VAL UE

&0.5

CL%

90

DOCUMENT ID TECN CHG COMMENT

MOTT 69 HBC + K p 5.5 GeV/c

r (Ass {lseludls& Z(1385)s ))/I (As)

Is/Ia
DOCUMENT ID TECN CHG COMMENT

GODDARD 79 HBC + n+ p 10.2 GeV/c
MOTT 69 HBC + K p 5 5 GeV/c
COLLEY 67 HBC + 4/30 events

~ ~ ~ We do

117 or 119
10

110
140+30
160+50

66+ 14—12
89+33
92+ 7

108+20

etc. ~ ~ ~

K N multichannel
Isospln-1 total I7

K p —+ A7r0

FN A~ (sol. 1)
ZN ~ A7r (sol. 2)
K- p A~0

CHU
3 JONES

PREVOST

74 DBC Fits I7(K n ~ Z 77)

74 HBC Fits cr(K p ~ Z 77)

74 DPWA K N ~ Z(1385)x

not use the following data for averages, fits, limits,
1 MARTIN 77 DPWA
2 CARROLL 76 DPWA

DEBELLEFON 76 IPWA
BAILLON 75 IPWA
BAILLON 75 IPWA

VANHORN 75 DPWA

VAL UE

2.040.6
0.5+0.25

DOCUMENT ID TECN CHG COMMENT

BLUMENFELD 69 HBC + 31/15 events
COLLEY 67 HBC + 15/30 events

Z(1750) DECAY MODES

r(Z(1355}s)/I (Ass {Indudln&Z(1385)s))
VAL UE

large

small

DOCUMENT ID TECN CHG COMMENT

SIMS 68 HBC — K N A9r 9r

COLLEY 67 HBC + K p 6 GeV/c

Z(1690}REFERENCES
{PRODUCTION EXPERIMENTS)

GODDARD 79
AGUILAR-. .. 70B
ADERHOLZ 69
BLUMENFELD 69
MOTT 69

Also 67
PRIMER 68
SIMS 68
COLLEY 67

PR D19 1350
PRL 25 58
NP B11 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) IJ
Aguilar-Benitez, Barnes, Bassano+ (BNL, SYRA)

+Bart&eh+ (AACH3, BERL, CERN, JAGL, WARS)l
+KalbReisch (BNL) I

+Ammar, Davis, Kropac. Slate+ (NWES, ANL) I

Derrick, Fields, Loken, Ammar+ (ANL, NWES) I

+Goldberg, Jaeger, Barnes, Dornan+ (SYRA, BNL) I

+Albright, Bartley, Meer+ (FSU, TUFTS, BRAN) I

(BIRM, GLAS, LOIC, MUNI, OXF, RHEL) I

Z(1750) S» l(JP) = 1(&t ) Status:

For most results published before 1974 (they are now obsolete), see
our 1982 edition Physics Letters 111B(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 N Ir' and Ax, as well as
to Zg whose threshold is at 1746 MeV (JONES 74).

Z(1750) MASS

DOCUMENT ID

(as 1750) OUR ESTIMATE

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
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

BAIL LON 75 IPWA

VALUE (MeV)

1780 to 10
1756+10
1770+10
1770+15
~ ~ ~ We do

TECN COMMENT

RN -+ RN
KN -+ KN
R N multichannel

etc. ~ ~ ~

RN rnultlchannel

Isospln-1 total a
K-p
FN ~ A» (sol. 1)
KN ~ A9r (sol. 2)
K- p A~0

1800 or 1813
1715+10
1730
1780+30
1700+30
1697+—10
1785+12
1760+ 5
1739+10

VANHORN 75 DPWA

74 DBC Fits t7(K n Z 7))
74 HBC Fits tr(K p ~ Z 77)

74 DPWA K N -+ Z(1385)a

CHU
3 JONES

PREVOST

Z(1750) WIDTH

DOCUMENT IDVALUE (MeV)

60 to 160 (as 90) OUR ~s iMATE
64+10

161+20
60+10

TECN COMMENT

GOPAL 80 DPWA FN -+ FN
ALSTON-. .. 78 DPWA KN -+ KN
GOPAL 77 DPWA KN multichannel

Z{1690)FOOTNOTES
(PRODUCTION EXPERIMENTS)

1FrOm 2r+ p ~ (A7r+) K+. J &1/2 IS nOt required by the data.
From 9r+ p ~ (A9r+)(K9r)+. J )1/2 ls indicated, but large background precludes a
definite conclusion.

3See the Z(1670) Listings. AGUILAR-BENITEZ 70B with three times the data of
PRIMER 68 find no evidence for the Z(1690).

4This analysis, which is difficult and requires several assumptions and shows no unam-

biguous Z(1690) signal, suggests J = 5/2+. Such a state would lead all previously

known Y~ trajectories.

Mode Fraction (I I/I )

f'3

l4
l5

NK 1~0%
An. seen

Zx (8%
Zg 15-55 %
E{1385)1r

A{1520}s
The above branching fractions are our estimates, not fits or averages.

Z(17&0) BRANCHING RATIOS

See "Sign conventions for resonance coupllngs" in the Note on A and Z
Resonances.

I (N7r)/rsatal
DOCUMENT ID TECN COMMENTVALUE

0.1 Io OA OUR mriMATE
0.14+0.03
0.33+0.05
~ ~ ~ We do not use thc following

0.15+0.03
0.06 or 0,05

RN -s FN
PN —a FN
ctc. ~ ~ ~

GOPAL 80 DPWA
ALSTON-. .. 78 DPWA

data for averages, fits, limits,

GOPAL 77 DPWA
1 MARTIN 77 DPWA

See GOPAL 80
K N multichannel

(I I )~ /I' Is NÃ Z(1750) ll
VALUE DOCUMENT ID TECN

0.04 +0.03 GOPAL 77 DPWA
~ ~ ~ Wc do not use the following data for averages, fits, limits,

-0.10 or -0.09 1 MARTIN 77 DPWA
-0.12 DEBELLEFON 76 IPWA
-0.12 +0.02 BAILLON 75 IPWA
-0.13 +0.03 BAILLON 75 IPWA
-0.13 +0.04 VANHORN 75 DPWA
—0.120+0.077 DEVENISH 74B

(I I )~ /I In H7r z{17&0} z

(r,r,)&/r
COMMENT

K N rnultkhannel

ctc. ~ ~ ~

K N multichannel

K p ~ A7r0

KN ~ A9r (SOI ~ 1)
ÃN ~ A9r (sol. 2)
K- p A~0
Fixed-t dispersion rcl.

(r,r, )&/r
VALUE DOCUMENT ID TECN

—0.09+0.05 GOPAL 77 DPWA
~ ~ ~ We do not use thc following data for averages, fits, limits,

+0.06 or +0.06 1 MARTIN 77 DPWA
0.13+0.02 LANGBEIN 72 IPWA

COMMENT

K N multichannel

etc. ~ ~ ~

K N multichannel
K N multichannel

(Illr} /I'tstallnN}r~ Z(1750)~ Ze
VALUE DOCUMENT ID TECN

0.23+0.01 3 JONES 74 HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

seen CLINE 69 DBC

(rara) /r
COMMENT

Fits cr(K p ~ Z077)
ctc. ~ ~ ~

Threshold bump

{Ilrr)~/I tatal In N7r~ Z(1750)~ Z(1315)s
VALUE DOCUMENT ID TECN COMMENT

+0.18+0.15 PREVOST 74 DPWA K N -+ Z(1385)9r

(I sI s)~/I

(I I }~/I Is N7r z(17&0) A(1530) (r,r,)&/r
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, ctc. ~ ~ ~

0.03240.021 CAMERON 77 DPWA P-wave decay

Z(1750}FOOTNOTES
The two MARTIN 77 values are from a T-matrix pole and from a Brett-Wlgner fit.
A total cross-section bump with (J+1/2) I ci / I total

——0.30.
3 An 5wavc Brelt-Wlgner fit to the threshold cross section with no background and errors

statistical only.
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Z(1750), Z(1770), Z(1?75)

Z{1750)REFERENCES
Z(1775) D, l(l ) = 1(2 ) Status:

PDG 82
GOPAL 80
ALSTON-. .. 78

Also 77
CAMERON 77
GOPAL 77
MARTIN 77

Also 778
Also 77C

CAR ROLI 76
DESELLEFON 76
SAILLON 75
VANHORN 75

Also 758
CHU 74
DEVENISH 748
JONES 74
PREVOST 74
LANGBEIN 72
CLINE 69

PL 111B
Toronto Conf. 159
PR D18 182
PRL 38 1007
NP 8131 399
NP 8119 362
NP 8127 349
MP 8126 266
MP 8126 285
PRL 37 806
NP 8109 129
NP B94 39
NP 887 145
NP 887 157
NC 20A 35
NP B81 330
NP 873 141
NP 869 246
NP 847 477
LNC 2 407

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, Kallnus, McPherson+ (RHEL, LOIC) UP
+Ross, VanHorn, McPherson+ {LOIC. RHEL) IJP
+Pidcock, Moorhouse (LOUC, GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP

+Chiang, Kycla, Li, Mazur, Michael+ (BNL) I

De Bellefon, Serthon (CDEF) IJP
+Litchfield (CERN, RHEL) IJP

(LSL) IJP
(LBL) IJP

(PLAT, TUFTS, BRAN) IJP
(DESY, NORD, LOUC)

(CHIC) IJP
(SACL. CERN, HEID)

(MPIM) IJP
(WISC)

VanHorn
+Baltiey+
+Froggatt, Martin

+Barloutaud+
+Wagner
+Laulnann, Mapp

Z(1770) P, l(J~) = 1(gt+) Status:

Z(1770) MASS

VAL UE (MeV)

a if% OUR iariMATE
1738+10
1770+20
1772

DOCUMENT ID

' Go& AL
2 BAILLON
3 KANE

TECN COMMENT

77 DPWA KN multichannel

75 IPWA FN a AR

72 DPWA K p ~ Z1r

Z{1770)WIDTH

OMITTED FROM SUMMARY TABlE
Evidence for this state now rests solely on solution 1 of BAILLON 75,
(see the footnotes) but the A1r partial-wave amplitudes of this solu-

tion are in disagreement with amplitudes from most other A1r anal-

yses.

VALVE (MeV)

1170te 17M
1778+ 5
1777+ 5
17?4+ 5
17?5+10
17?4+10
1772+ 6
~ o o Wcdo

1772 or 1777
1765

Z(1775) MASS

TECN COMMEH TDOCUMENT ID

(tkt 17?5) OLN mriMATI
GOPAL 80 DPWA
ALSTON- ~.. 78 DPWA

GOPAL 77 DPWA

BAIL LON 75 IPWA

VANHORN 75 DPWA

KAME 74 DPWA
not usc the following data for averages, fits, limits,

1 MARTIN 77 OPWA

DEBELLEFON 76 IPWA

lrsN s RN
7N~ RN
FN multichannel
ÃN A~
K p ~ A1rO

K p ~ Z'1r

ctc. ~ ~ o

PN multlchanncl

K p A1r0

Z(1775) WIDTH

TECN COMMENTVALVE (MeV)

iOIIom(~m) Oua
137+10
116+10
130+10
125+15
146+18
154+ 10
~ ~ ~ Wc do not usc the

102 or 103
120

DOCUMEHT ID

ISTIMATK
GOPAL 80 DPWA
ALSTON-. .. 78 DPWA
GOPAL 77 DPWA

BAIL LON 75 IPWA

VANHORN 75 DPWA

KANE 74 DPWA
following data for averages. fits, limits,

1 MARTIN 77 DPWA

DEBELLEFON 76 IPWA

FN -e KN
7N -+ FN
PN multichannel
'FN A~
K- p Arr0

K p~ Zrr
etc. ~ ~ ~

R N multichannel

K p~ A1r0

Discovered by GALTIERI 63. this resonance plays the same role as
cornerstone for isospin-1 analyses in this region as the A(1820) does
in the isospin-0 channel.

For most results published before 1974 (they are now obsolete), see
our 1982 edition Physics Letters 1118 (1982).

VAL UE (Mev)

72+10
80+30
80

Mode

NK
I 2 A7r

I 3 Zx

DOCUMENT ID TECN COMMEHT

1 GOPAL ?7 DPWA FN multichannel

BAILLON 75 IPWA R N e A1r
3 KANE 72 OPWA K p e Z1r

Z{1770)DECAY MODES f2

l4
f5
t6

Z{1775)DECAY MODES

Fraction (I l/II )

3?W30/e

14-20%
2 Sop~

8-12%

17-23%

Mode

NK

Z7r
Z(1385)x

Z(1385)x, 0wave-
A(1520) x
Z~~

Z{1770}BRANCHING RATIOS

Scc "Sign conventions for resonance coupllngs" In the Note on A and Z
Resonances.

I (N7f)/I terai
V4LUE

0.14+0.04

(I rl r)~/I terat In N7r-s
VALUE

0.04
—0.08+0.02

DOCUMENT ID TECN COMMEHT

1 GOPAL 77 DPWA FN multichannel

Z(1770) e Ae
DOCUMENT ID

GOPAL
2 BAILLON

(I t I a)~/I
TECN COMMENT

77 OPWA FN multichannel

75 IPWA K N e A1r

{rrl r)~/I tetei In N7r Z(1770} Zn (r, ra)&/r
VALUE

0.04
—0.108

DOCUMENT ID TECN COMMENT

GOPAL 77 DPWA FN multichannel
3 KANE 72 DPWA K p e X'1r

Z{1770}FQOTNOTES

Required to fit thc lsospln-1 total cross section of CARROLL 76 ln thc R N channel. The

addltlon of ncw K p polarization and K n differential cross-section data ln GOPAL 80
find It to be more consistent wIth the Z(1660} P11.

2 From solution 1 of BAILLON 75; not present ln solution 2.
3 Not required In KANE 74, which supersedes KANE 72.

X2

X3

X4

X6

-30
-17 -21
-37 -49 -14
—81 6 8 16

X1 X2 X3 X4

Z(1775) BRANCHING RATIOS

Scc "Sign conventions for resonance coupllngs" ln the Note on A and Z
Resonances. Also, the errors quoted do not indude uncertainties duc to
the parametrization used ln the partial-wave analyses and are thus too
small.

I (N7f}/I terai

The above branching fractions are our estimates, not fits or averages.

CONSTRAINED flT IMFORMATlON

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-diagot}al array elements are the correlation coefficients

(6x;6x&)/(6x; 6'), 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.

GOPAL
GOPAL
CARROLL
BAILLON
KANE
KANE

80
77
76
75
74
72

Z{1770)REFERENCES

Toronto Conf. 159
NP 8119 362
PRL 37 806
NP 894 39
LBL-2452
PR DS 1583

+Ross, VanHorn, McPherson+
+Chiang, Kycia, Li, Mazur, Michael+
+I Itchfleld

(RHEL)
(LOIC, RHEL) IJP

(BNL) I

(CERN, RHEL) UP
(LBL) IJP
(LBL)

TECN COMMENTVALUE DOCUMENT ID

OM lo OAS CNR caw&MATE
OAS ROAN OUR RT Error includes scale factor of 3.1.
o~+aoiv oua amaasa
0.40 +0.02 GOPAL 80 DPWA FN -e FN
0.37 +0.03 ALSTON-. .. 78 DPWA ÃN -+ RN
~ n o Wc do not usc the following data for avcragcs, fits, limits, ctc. o o ~

0.41 40.03 GOPAL 77 DPWA Scc GOPAL 80
0.37 or 0.36 1 MARTIN 77 DPWA FN multichannel
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Z(1775), Z(1840)

{I I )~/r, lnNIr z(1775) A
VALUE DOCUMENT ID TECN

0.306+OA)18 OUR FIT Error includes scale factor of 2.4.
-0.262+OA)16 OUR AVERAGE
—0.28 +0.03 GOPAL 77 DPWA
—0.25 +0.02 BAILLON 75 IPWA

-0.28 +—0.05 VANHORN 75 DPWA

—0.259+0.048 DEVENISH 748
~ o ~ We do not use the following data for averages, fits, limits,

-0.29 or -0.28 1 MARTIN 77 DPWA
—0.30 DEBELLEFON 76 IPWA

COMMENT

(rtrs)~/r

K N multichannel
KN~ A»

K—
p A»0

Fixed- t dispersion rel.

etc. ~ ~ ~

k N multichannel

K p~ A»0

DEVENISH 748
KANE 74
PREVOST 74
BARLETTA 72

Also 66
ARMENTEROS 68C
SIMS 68
ARMENTEROS 67C
UHLIG 67
AR MEN TEROS 65C
GALTIERI 63

NP 881 330
LBL-2452
NP 869 246
NP 840 45
PRL 17 841
NP 88 216
PRL 21 1413
ZPHY 202 486
PR 155 1448
PL 19 338
PL 6 296

Z(1840) P13

(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)
(CERN, HEID, SACL) IJP

(LRL) IJ

l(l } = 1(&+) Status:

+Froggatt, Martin

+Barloutaud+

Fenster, Gelfand. Harmsen+
+Bailion+
+Albright, Bartley, Meer+
+Ferro-Luzzi+
+Charlton, Condon, Glasser, Yodh+
+Ferro-Luzzl+
+Hussatn Tnpp

(fll r) /ftotal ln NÃ~ Z(1775)~ Zs (r,r,)&(r
VALUE DOCUMENT ID TECH COMMEHT

0.105+OAl26 OUR RT Error includes scale factor of 3.1.
0.091+OAl15 OUR AVERAGE Error includes scale factor of 1.8.

+0.13 +0.02 GOPAL 77 DPWA FN multichannel

0.09 +0.01 KANE 74 DPWA K p ~ Z»
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

+0.08 or +0.08 1 MARTIN 77 DPWA PN multichannel

{Itl 4)~/I(I II r) /rtotat ln N7r~ z(1775) -+ A(1520}s
VALUE DOCUMENT ID TECH COMMENT

0.315+0.010 OUR RT Error includes scale factor of 1.5.
0.303+OAXN OUR N%RAGE Signs on measurements were ignored.

—0.30560.010 CAMERON 77 DPWA K p ~ A(1520)»
0.31 +0.02 BARLETTA 72 DPWA K p A(1520)»0
0.27 +0.03 ARMENTEROS65C HBC K p -+ A(1520)»

VALUE DOCUMENT ID TECN COMMENT

0.211+OAQ2 OUR RT Error includes scale factor of 2.8.
0.188+0.010 OUR AVERAGE Signs on measurements were Ignored.

—0.184+0.011 3 CAMERON 78 DPWA K p o Z(1385)»
+0.20 +0.02 PREVOST 74 DPWA K N o X'(1385)»
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.32 +0.06 SIMS 68 DBC K N~ A»»
0.24 +0.03 ARMENTEROS67c HBC K- p A»»

r(As)(r(N)r)
VALUE DOCUMENT ID

OA4+OAS OUR RT Error includes scale factor of 2.9.
O.SS+0.0$ UHLIG 67 HBC K p 0.9 GeV/c

TECN COMMENT

I (Zss)/rtotat

(I II r)~/I total In N7r~ Z(1775)~ Z(1585)s' (r,r.)&/r

Z{1840)MASS

VALUE (MeV)

1NO OUR ESTIMATE
1798 or 1802
17201 30
1925+200
1840+ 10

DOCUMENT ID

1 MARTIN
2 BAILLON

VANHORN

LANGBEIN

TECN COMMENT

77 DPWA KN multichannel

75 IPWA K N A»
75 DPWA K p ~ A»0
72 IPWA K N multichannel

Z{1840}WIDTH

VALUE (MeV)

93 or 93
120+30
65+50—20

120+10

DOCUMENT ID

1 MARTIN 77
2 BAILLON 75

VANHORN 75

LANGBEIN 72

TECN COMMENT

DPWA KN multichannel
IPWA KN ~ A»

DPWA K p a A»0

IPWA K N multichannel

Z(1840) DECAY MODES

Mode

f1 NK
I 2 Ax
l3 Zx

Z(1840) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

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 DOCUMENT ID TECN COMMEHT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.12 4 ARMENTEROS68C HDBC K N ~ Z»»

I (z(1385}s)/I (N)f)

I (NÃ)/I total
VALUE

0 or 0
0.37+0.13

DOCUMENT ID TECN COMMENT
1 MARTIN 77 DPWA K N multichannel

LANGBEIN 72 IPWA K N multichannel

VALUE DOCUMENT ID

0.22+OAF OUR FIT Error includes scale factor of 3.6.
0.2$+0.09 UHLIG 67 HBC K p 0.9 GeV/c

r(A(1520)s)/r(NÃ)
VALUE DOCUMENT ID

OS+0.11 OUR FIT Error includes scale factor of 3.5.
0.2$BOAS UHLIG 67 HBC K p 0.9 GeV/c

(I II r)~(r, In N7f
VALUE

+0.03 or +0.03
+0.11 +0.02
+0.06 +0.04
+0.122+0.078

0.20 +0.04

Z(1840) ~ As
DOCUMENT ID

1 MARTIN
2 BAILLON

VANHORN

DEVENISH
LANGBEIN

TECN

77 DPWA
75 IPWA

75 DPWA
748
72 IPWA

(I tl a)~/I
COMMENT

K N multichannel
KN ~ A»
K p~ A»0
Fixed-t dispersion rel.
K N multichannel

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 ln accord with the baryon-first convention.
The CAMERON 78 upper limit on G-wave decay ls 0.03.

4 For about 3/4 of this, the Z» system has I = 0 and Is almost entirely A(1520). For the
rest, the E'» has I = 1, which is about what ls expected from the known Z(1775) ~
Z(1385)» rate, as seen in A»».

Z(1775) REFERENCES

(I II r)~(rtotal In N7f~
VALUE

-0.04 or -0.04
0,15+0.04

Z(1840) -+ Zs
DOCUMENT ID TECN

1 MARTIN 77 DPWA
LANGBEIN 72 IPWA

(I tl a)~/I
COMMENT

K N multichannel

K N multichannel

Z(1840) REFERENCES

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.

PDG
GOPAL
ALSTON-. ..

Also
CAMERON
CAMERON
GOPAL
MARTIN

Also
Also

DEBELLEFON
BAILLON
VANHORN

Also

82 PL 1118
80 Toronto Conf. 159
78 PR D18 182
77 PRL 38 1007
78 NP 8143 189
77 NP 8131 399
77 NP 8119 362
77 NP 8127 349
778 NP 8126 266
77C NP 8126 285
76 NP 8109 129
75 NP 894 39
75 NP 887 145
758 NP 887 157

Roos, Porter, Aguilar-Benitez+ (HELS. CIT. CERN)
(RHEL) IJP

Alston-Garnjost, Kenney+ (LBL. MTHO, CERN) IJP
Alston-Garnjost, Kenney+ (LBL. MTHO. CERN) IJP

yFranek, Gopal, Bacon, Butterwwth+ (RHEL, LOIC) IJP
+Franek, Gopal, Kalmnu, MCPherson+ (RHEL, LOIC) IJP
pRoss. VanHorn, McPherson+ (LOIC. RHEL) IJP
+PIdcock, Moorhouse (LOUC. GLAS) IJP

Martin, Pidcock (LOU C)
Martin, Pidcock (LOUC) IJP
De Bellefon, Berthon (CDEF) IJP

+Utchtield (CERN, RHEL) IJP
(LBL) IJP

VanHorn (LBL) IJP

MARTIN
Also
Also

BAILLON
VANHORN

Also
DEVENISH
LANGBEIN

77 NP 8127 349
77B 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

+Pidcock, Moorhouse
Martin, Pidcock
Martin, Pidcock

+Litchtield

VanHorn
+Froggatt, Martin
+Wagner

(LOUC, GLAS) IJP
(LOU C)
(LOUC) IJP

(CERN, RHEL) IJP
(LBL) IJP
(LBL) IJP

(DESY, NORD, LOUC)
(MPIM) IJP
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Baryon FullListings
Z(1880), Z(1915)

Z(1880) P11 l(J ) = 1(&+) Status:

Z(1880) MASS

OMITTED FROM SUMMARY TABLE
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).

{ItI r} /rtnta/ In NK Z{1880) N)r'(882), S=3/2, ra wave (I tl n)~/r
VALUE DOCUMENT ID TECN COMMENT

+0.11+0.03 CAMERON 788 DPWA K p ~ NK*

Z{1880}FOOTNOTES
1Th@ bvo MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit,
2 From solution 1 of BAILLON 75; not present in solution 2.

Only unconstrained states from table 1 of LEA 73 are listed.
4 The published sign has been changed to be in accord with the baryon-first convention.

VALUE [Mev)

as 10 OUR ISTIMATE
1826+20
1870+10
184? or 1863
1960+30
1985+50
1898

~ 1850
1950+50
1920+30
1850
1882+40

DOCUMENT ID

GOPAL 80
CA MERO N 788

1 MARTIN 77
2 BAILLON 75

VANHORN 75
3 LEA 73

ARMENTEROS70
BARBARO-. .. 70
LITCHFIELD 70
BAIL.EY 69
SMART 68

TECN

DPWA

DPWA
DPWA
IPWA

DPWA
DPWA
IPWA

DPWA

DPWA
DPWA

DPWA

COMMENT

RN~ FN
K p ~ NP'
R N multichannel
PN ~ A2r

K—
p + A2r0

Multichannel K-matrix
KN~ KN
K N s h2r

K N -+ her
KN s KN
K IV ~ A2r

GOPAL 80
CAMERON 788
MARTIN 77

Also 778
Also 77C

BAILLON 75
VANHORN 75

Also 758
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
UCRL 50617 Thesis
PR 169 1330

+Franek, Gopal, Kairnus,
+Pidcock, Moorhouse

Martin, Pidcock
Martin, Pidcock

+Litchfield

VanHorn
+Froggatt, Martin
+Martin, Moorhouse+
+Baillon+

Barbaro-Galtieri

(RHEL) I JP
(RHEL, LOIC) I JP

(LOUC, GLAS) I JP
(LOU C)
(LOUC) IJP

(CERN, RHEL) IJP
(LBL) IJP
(LBL) I JP

(DESY, NORD, LOUC)
(RHEL, LOUC, GLAS, AARH) IJP

(CERN, HEID, SACL) I JP
(LRL) I JP

(RHEL) IJP
(LLL) I JP
(LRL) IJP

MCPherson+

Z(1880}REFERENCES

VAL UE (Mev)

86+ 15
80+ 10

216 or 220
260+ 40
220+ 140
222

30
200+ 50
170+ 40
200
222+150

Z(1880) WIDTH

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

7 ECN

DPWA

DPWA
DPWA
IPWA

DPWA
DPWA
IPWA

DPWA

DPWA
DPWA

DPWA

COMMENT

KN s FN
K p ~ NF'
FN multichannel
KN ~ jl2r

K p ~ harp

Multichannel K-matrix

RN -+ KN
K IV -+ her

K N~ hr
KN -+ KN
K N -+ her

Z(1915) F„ l(J ) = 1{2+) Status:

Z(1915) MASS

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).

I1
I2
l3
r4
r5

Z(1880} DECAY MODES

Mode

NK
/l7r

Z7r
N K'(892), S=l/2, P wave-
N K'(892), S=3/2, P wave-

Z{1880}BRANCHIMG RATIOS

See "Sign conventions for resonance couplings" in the Note on h and Z
Resonances.

VALUE (Mev j
1900 Io 1%$5

1937+20
1894+ 5
1909+ 5
1920+10
1900+ 4
1920+30
1914+10
1920+'5—20
1920+ 5
e ~ ~ We do

not seen

1925 or 1933
1915

DOCUMENT ID

(a 1915)OUR ESTIMATE
ALSTON-. ..

1 CORDEN
1 CORDEN

GOPAL
2 CORDEN

BAIL LON

HEMINGWAY

TECN COMMENT

KN -~ KN
K n s Z2r
K n~ E2r
K N multichannel

K n ~ her

KN ~ h7r

K p~ KN

K p~

78 DPWA

77C

77C
77 DPWA

76 DPWA
75 IPWA

75 DPWA

VANHORN 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 ~ X'~
etc. ~ ~ ~

KN -+ KN
VN multichannel

K p~ A2r0

I (N}f)/I tetaI
VALUE

0.06+0.02
0.27 or 0.27
0.31
0.20
0.22

(r,r,}&/r, In NÃ-
VALUE

-0.24 or -0.24
-0.12 +0.02

+p p5 +0.07
—0.02

—0.169+0.119
-0.30
-0.09 +0.04
-0.14 +0.03
-0.11 +0.03

DOCUMENT ID

GOPAL 80
1 MARTIN 77
3 LEA 73

ARMENTEROS?0
BAILEY 69

Ct/I
TECN COMMENT

DPWA KN ~ KN
DPWA KN multichannel
DPWA Multichannel K-matrix
IPWA KN -+ KN
DPWA KN ~ FN

(rtra) /r
COMMENT

FN multichannel
KN ~ h2r

K p ~ h2rp

DEVENISH 748
3 LEA 73

BARBARO-. .. 70
LITCHFIELD 70
SMART 68

DPWA

DPWA

DPWA

DPWA

Fixed-t dispersion rel.
Multichannel K-matrix

K IV ~ /l2r

K N ~ h2r

K N —+ A2r

Z(snnn) ~ An
DOCUMENT ID TECN

1 MARTIN ?7 DPWA
BAILLON 75 IPWA

VANHORN 75 DPWA

Z(1815) WIDTH

TECN COMMEN T

KN~ KN
K n ~ Zn-

K n ~ Z2r
K N multichannel

K n ~ h2r

KN ~ her

K p~ KN
K p ~ h2r

K p~ Err
etc. ~ ~ e

K N multichannel

K p ~ harp

Z(1815) DECAY MODES

VALUE (Mev j DOCUMENT ID

SO to 1fiO (as 120) OUR ESTIMATE
161+20 A LST ON-. .. 78 D PWA

107+14 1 CORDEN 7?c
85+13 1 CORDEN 77c

130+ 10 GOPAL 77 DPWA

75+14 2 CORDEN 76 DPWA
70+20 BAILLON 75 IPWA

85+15 HEMINGWAY 75 DPWA

102+ 18 VANHORN 75 DPWA

162+25 KANE 74 DPWA
~ ~ ~ We do not use the following data for averages, fits, limits,

171 or 173 3 MARTIN 77 DPWA

60 DEBELLEFON 76 IPWA

(r,r,}&/r In NZ
VALUE

+0.30 or +0.29
not seen

Z{1880)-+ Zn
DOCUMENT ID

1 MARTIN 77
3 LEA 73

{Itra) /I
TECN COMMENT

DPWA R N multichannel
DPWA Multichannel K-matrix

VAI. UE

—0.05 +0.03
DOCUMENT ID

4 CAMERON 788
TECN

DPWA

COMMENT

K p~ NK'

(rgl r)~/I tata) ln N7f~ Z{1880}~ Nt (882}.Sw1/2, Ftensvn {I1I e}~/I

Mode Fraction (fIjl )

seen

I1 NK 5-15 %

C2 AX seen

Z~
C4 Z(1385)x &5%

Z{1385)e,P wave-
I s Z(1385)e, Fwave-

The above branching fractions are our estimates, not fits or averages.



See key on page 1343
176$

Baryon Full Listings

Z(1915),Z(194O)

Z(1915) BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

I (NÃ) /rss, i

Z(1940) D,3
i{IF) = 1{2s } Status:

For results published before 1974 (they are now obsolete), see our
1982 edition Physics Letters 111B(1982).

vAL UE

0.05 to 0.1S OUR
0.03+0.02
0.14+0.05
0.11+0.04
~ ~ ~ We do not

0.05 60.03
0.08 or 0.08

(rlrr) /ms i
VALUE

—0.09 +0.03
—0.10 +0.01
—0.06 +0.02
—0.09 +0.02
—0.087+0.056
~ ~ ~ We do not

—0.09 or —0.09
—0.10

ESTIMATE
DOCUMENT ID TECN COMMEN T

4 GOPAL 80 DPWA
ALSTON-. .. 78 DPWA

HEMINGWAY 75 DPWA

use the following data for averages, Rts, limits,

GOPAL 77 DPWA
3 MARTIN 77 DPWA

In N}r~ z(1915)~ As
DOCUMENT ID TECH

GOPAL 77 DPWA
2 CORDEN 76 DPWA

BAILLON 75 IPWA

VANHORN 75 DPWA
DEVENISH 74B

use the following data for averages, fits, limits,

3 MARTIN 77 DPWA

DEBELLEFON 76 IPWA

FN~ FN
FN -+ FN
K p~ FN
etc. ~ ~ ~

Sec GOPAL 80
FN multichannel

(Itra) /I
COMMENT

FN multichannel

K n-+ A»
FN~ A»
K p-+ A»0
Fixed-t dispersion rel.

CtC. ~ ~ ~

FN mljltlchanncl

K p~ A»0

Not all analyses require this state. It is not required by the GOYAL 77
analysis of K n ~ (E») nor by the GOPAL 80 analysis of
K n ~ K n. See also HEMINGWAY 75.

VALUE (MeV)

1900 to 1950
1920+50
1950+30
1949+40-60
1935+80
1940+20
1950+20
~ ~ ~ Wc do

1886 or 1893
1940

Z(1910) MASS

DOCUMENT ID

(a 1emj Oua aITIMAVa
GOPAL 77 DPWA XN multichannel

BAILLON 75 IPWA XN e A»

VANHORN 75 DPWA K p ~ A»

KANE 74 DPWA K p e Z»
LITCHFIELD 74B DPWA K p ~ A(1520)»
LITCHFIELD 74c DPWA K p ~ 4(1232)Ã

not use the following data for averages, fits, limits, etc. ~ ~ ~

MARTIN 77 DPWA FN multichannel

DEBELLEFON 76 IPWA K p ~ A», F17
wave

(rt I a)~/I(I trr)~/rtetal In Nrr-+ z(1915)~ zs
DOCUMENT ID TECN COMMENT

1 CORDEN 77C K n ~ Z»
1 CORDEN 77C K n a Z»

GOPAL 77 DPWA K N multichannel

KANE 74 DPWA K p~ E»
use the following data for averages, fits, limits, etc. ~ ~ ~

MARTIN 77 DPWA KN multichannel

VALUE

—0.17+0.01
—0.15+0.02
—0.19+0.03
—0.16+0.03
~ ~ ~ We do not

—0.05 or -0.05

(r,rn)&/r

(rll r} /I tetel In N7r Z(1915)~ Z(1385)s, r ~ve

(r,rf) /I sn, I In N7f Z{1915} Z(1385)s, FLesavs
VALUE DOCUMENT ID TECN COMMENT

(0.01 CAMERON 78 DPWA K p ~ Z(1385)»

(r,r,)&/r

Z{1980}WIDTH

VALUE (MeV)

150 to 300 (a 220) OUR

170+25
300+80
150+75
160+70-40
330+80
60+20

70+30
-20

~ ~ ~ We do not use the

DOCUMENT lD

asriMATE
CAME RON

GOPAL
BAII.LON

TECH COMMEHT

K p~ NK'
FN multichannel

ZN e A»

K p-+ A»0

78B DPWA
77 DPWA
75 IPWA

VANHORN 75 DPWA

KANE 74 DPWA

LITCHFIELD 748 DPWA

LITCHFIELD 74c DPWA

K p~ Z»
K p A(1520)»0

K p g A(1232)F

157 or 159

following data for averages, fits, limits, etc. ~ ~ ~

1 MARTIN 77 DPWA FN multichannel

VALUE

+0.039k 0.009
DOCUMENT ID TECN COMMENT

5 CAMERON 78 DPWA K p a Z(1385)» Z{1980}DECAY MODES

Z(1915) REFERENCES

PDG
PDG
GOPAL
ALSTON-. ..

Also
CAMERON
CORDEN
DECLAIS
GOPAL
MARTIN

Also
Also

CORDEN
DEBELLEFON
BAILLON
HEMINGWAY
VANHORN

Also
DEVE NISH
KANE
COOL

86 PL 170B
82 PL 111B
80 Toronto Conf. 159
78 PR D18 182
77 PRL 38 1007
78 NP B143 189
77C NP B125 61
77 CERN 77-16
77 NP B119 362
77 NP B127 349
77B NP B126 266
77C NP B126 285
76 NP B104 382
76 NP B109 129
75 NP B94 39
75 NP B91 12
75 NP B87 145
75B NP B87 157
74B NP B81 330
74 LBL-2452
66 PRL 16 1228

Agullar-Benitez, Porter+ (CERN, CITy)
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
+Cox, Kenyon, O'Neale, Stubbs, Sumorok+ (BIRM) 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

+Cow, Dartnell, Kenyon, O'Neale+ (BIRM) IJP
De Bellefon, Berthon (CDEF) IJP

+Utchffeld (CERN, RHEL) IJP
+Eades, Harmsen+ (CERN, HEIDH, MPIM) IJP

(LBL) IJP
VanHorn (LBL) IJP

+Froggatt, Martin (DESY, NORD, LOUC)
(LBL) IJP
(BNL)+Giacomelli, Kycia, Leontic, Lundby+

Z(1915) FOOTNOTES
1 The two entries for CORDEN 77C are from two different acceptable solutions.

Preferred solution 3; see CORDEN 76 for other possibilities.
3 The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wlgner fit.

The mass and width are fixed to the GOPAL 77 values due to the low elasticity.
5 The published sign has been changed to be ln accord with the baryon-first convention.

Mode

f1 NK
I2 AX

I3 Ex
I s Z(1385}s
I s Z{1385)s, S-wave

I s A{1520)s
I q A{1520}s,Pwave-
I a A{1520/v, Fwave-
I g Lj{1232}K
I te 11{1232)K, S.wave

I tt iL(1232) K, D.wave
I t2 NK'{892)
I ts NK'(892), S=3/2, S-wave

Fraction (Vl/I )

(20 44

sech

VALUE

~2 OUR asaMATE
(0.04

0.14 or 0.13

DOCUMENT ID

GOPAL
1 MARTIN

TECN COMMENT

77 DPWA KN multichannel
77 DPWA FN multichannel

Z(1980) BRANCHING RATIOS

Sce "Sign conventions for resonance coupllngs" ln thc Note on A and Z
Resonances.

r(N}r)/r~,

(I II r) /rtetal In N7r
VALUE

—0.06 +0.03
—0.04 +0.02

p p5 +0 03-0.02
—0.15340.070
~ ~ ~ Wc do not usc thc
—0.15 or —0.14

(I tl a)~/I-+ Z{19N)~ As
DOCUMENT ID TECN

GOPAL 77 DPWA
BAILLON 75 IPWA

COMMENT

Z N multichannel
FN -+ A»

K p e A»0

Rxed-t dispersion rcl.
etc ~ ~ ~

FN multichannel

VANHORN 75 DPWA

DEVENISH 74B
following data for averages, fits, limits,

1 MARTIN 77 DPWA
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Baryon FIJ I I Listings
Z (194O), Z(ZO{}O)

(I (I () /I tote( In N K +-E(1940)~ Ze (r,r,) /r Z(2000) DECAY MODES
VAL UE

—0.08 k 0.04
—0,14k 0.04
~ ~ ~ We do not use the following

+0.16 or +0.16

DOCUMENT ID TECN COMMEN T

GOPAL ?7 DPWA KI multichannel

KANE 74 DPWA K p ~ X2r

data for averages, fits, limits, etc. ~ w ~

MARTIN 77 DPWA K N multichannel

{I (I p} /rtatai In NK -+
VAL UE

0.03
—0.11+0.04

{r,r,) /rZ(1940)~ A(1520)e, (a.wave
DOCUMENT ID TECN COMMEN T

CAMERON 77 DPWA K p A(1520) n

LITCHFIELD 748 DPWA K p ~ A(1520)n

l1

l3
f4
l5
I6

Mode

NK
Arr
Zn.
A(1520)e
N K'(892), 5=1/2, 5 wave-

N K'(892), 5=3/2, D-wave

Z(2000) BRANCHING RATIOS

(r,r,P/r, In NF
VAL UE

0.062+ 0.021
—0,08 +0.04

(I (I ()~/I tetal In Nrr ~
VAL UE

—0.16+0.05

E{1940}~ A(1520)s', Fwave (I tl a)~/I
DOCUMENT ID TECN COMMEN T

CAMERON ?7 DPWA K p ~ A(1520) 2r

LITCHFIELD 748 DPWA K p ~ A(1520)9r

E(1940) 4(1232))r, Swave -(I gl te}/a/I
DOCUMENT ID TECN COMMENT

LITCHFIELD 74C DPWA K p ~ 6(1232)K

I (NR)/I tete(
VALUE

0.51+0.05
0.44 +0.05
0.62 or 0.57

DOCUMENT ID TECN COMMENT

GOPAL 80 DPWA ÃI((I ~ RN
GOPAL 77 DPWA See GOPAL 80
MARTIN 77 DPWA K N multichannel

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

(r,r„)&/r
VAL UE

—0.14+0.05

(I (I () /I totai ln N K
VALUE

+0.066+0.025

DOCUMENr ID TECN COMMENT

LITCHFIELD ?4C DPWA K p ~ ch(1232)K

E(1940)-+ E(1385)e (r, r, )&/r
DOCUMENT ID TECN COMMEN T

CAMERON 78 DPWA K p ~ Z(1385)2r

(r,r f) /I t,wI In NR Z(1940) NR'(892) (r,r„)&/r
VAL VE

—0.09k 0.02

DOCUMEN T ID TECN COM MEN T

3 CAMERON 788 DPWA K p ~ NK»

{I(I f} /I tetal In NF E(1940) 4(1232}7,Dwave VALUE

0.0860.03
-0.19 or -0.18

not seen

+p p?+ 0.02
—0.01

{r(l p)~/I tata( In Nrf ~
VALUE

+0.20+ 0,04
+0.26 or +0.24

DOCUMENT ID

GOPAL
1 MARTIN

BAIL LON

VANHORN

E(2000) -+ Ee
DOCUMENT ID

GOPAL
1 MARTIN

{I(I )(~/ rental (n N)r~ E(2rnn() ~ (I(( (rara) /r
TECN COMMEN T

7? DPWA ZN multichannel
77 DPWA FN multichannel
75 IPWA KN ~ A9r

75 DPWA K p —+ A7rP

(r,r,)~I/r
TECN COMMENT

77 DPWA PN multichannel
77 DPWA KN multichannel

Z(1940) FOOTNOTES

The two MARTIN 77 values are from a T-nlatrix pole and from a Breit-Wigner fit.
The published sign has been changed to be in accord with the baryon-first convention.

Upper limits on the D1 and D3 waves are each 0.03.

(I (I p} /I ( In Nrf Z(2000) A(1520)(( rara) /r
VALUE

+0.081+0,021
DOCUMENT ID TECN COMMENT

CAMERON 77 DPWA P-wave decay

{I(I )) /I tata( In Nrf E(2000) NF'(892), S=l/2, S.wave (I gl e)~/C

E{1940}REFERENCES
VALUE

+0,10+0.02

DOCUMEN T ID TECN COMMENT

CAMERON 788 DPWA K p NK'

PDG
GOPAL
CAME RON
CAMERON
CAMERON
GOPAL
GOYAL
MARTIN

Also
Also

DEBELLEFON
BAILLON
HEMINGWAY
VANHORN

Also
DEVENISH
KANE
LITC HF IEL D
LITCHFIELD

82 PL 1118
80 Toronto Conf. 159
78 NP 8143 189
788 NP 8146 327
77 NP 8131 399
77 NP 8119 362
77 PR D16 2746
77 NP 8127 349
778 NP 8126 266
77C NP 8126 285
76 NP 8109 129
75 NP 894 39
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

Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)
(RHEL)

(RHEL, LOIC) IJP
(RHEL, LOIC) IJP
(RHEL, LOIC) IJP
(LOIC, RHEL) IJP

(DELH)
(LOUC, GLAS) IJP

(LOU C)
(LOUC) IJP

+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+

IJP
IJP
IJP
IJP
IJP

(CDEF)
(CERN, RHEL)

(CERN, HEIDH, MPIM)
(LBL)
(LBL)

(DESY, NORD, LOUC)
(LBL)

(CERN, HEIDH)
(CERN, HEIDH)

VanHorn
+Froggatt, Martin

IJP
IJP
IJP

+Hemingway, Baillon+
+Hemingway, Baillon+

z{2ooo) s» l(J~) = 1(2( ) Status:

OMITTED FROM SUMMARY TABLE
We list here ail reported S11 states lying above the Z{1750)511.

VALUE

—0.07+0.03

DOCUMEN T ID TECN COMMENT

CAMERON 788 DPWA K p ~ NP»

E(2000}FOOTNOTES
1The 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.

Z(2000) REFERENCES

GOPAL
CAMERON
CAMERON
GOPAL
MARTIN

Also
Also

BAILLON
VANHORN

Also

80 Toronto Conf. 159
788 NP 8146 327
77 NP 8131 399
77 NP 8119 362
rr NP 8127 349
778 NP 8126 266
77C NP 8126 285
75 NP 894 39
r5 NP 887 145
758 NP 887 157

+Franek, Gopal, Kalmus, McPherson+
+Franek, Gopal, Kalrnu, McPherson+
+Ross, VanHorn, McPherson+
+Pidcock, Moorhouse

Martin, Pidcock
Martin, Pidcock

+Litchfield

VanHorn

(RHEL) IJP
(RHEL, LOIC) IJP
(RHEL, LOIC) IJP
(LOIC, RHEL IJP

(LOUC, GLAS) IJP
(LOUC)
(LOUC) IJP

(CERN, RHEL) IJP
(LBL) IJP
(LBL) IJP

(r(r&)~/I ww(lnNZ E(2000) NF'(892), S=3/2, D mve

(r,ref/r

Z(2000) MASS

VAL UE (MeV)

sas 2000 OUR ESTIMATE
1944+15
1955+15
1755 or 1834
2004+40

DOCUMENT ID

GOPAL
GOPAL

1 MARTIN

VANHORN

TECN COMMENT

80 DPWA KN ~ KN
77 DPWA KN multichannel
77 DPWA KN multichannel

75 DPWA K p ~ A2rp

Z(2000} WIDTH

VALUE (MeV}

215+25
170+40
413 or 450
116+40

DOCUMENT ID TECN COMMENT

GOPAL 80 DPWA KN —+ KN
GOPAL ?7 DPWA KN multichannel

MARTIN 77 DPWA K N multichannel

'I/ANHORN 75 DPWA K p —+ A2rp
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Z(2030)

Z(2030) F17 l{JFj = 1{)+j Status:

Z(2030) MASS

Discovered by COOL 66 and by WOHt 66. For most results pub-

lished before 1974 (they are now obsolete), see our 1982 edition

Physics Letters 1111(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. II (1984).

Z(2030) BRAMCHIMG RATIOS

I (NR)/Cteta(
TECN COMMENTDOCUMENT IDVALUE

0.1T to 0.2S OUR ESTIMATE
0.19+0.03 GOPAL 80 DPWA

0.18+0.03 HEMINGWAY 75 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

0.15 DECLAIS 77 DPWA
0.24 +0.02 GOPAL 77 DPWA

ZN a FN
K p~ KN

etc. ~ ~ ~

ZNa FN
See GOPAL 80

See "Sign conventions for resonance couplings" In the Note on A and Z
Resonances.

I t/C

V4L UE (MeV) DOCUMENT ID

~~~ ~ (ISS ~X~e) OUR ESTIMATE

2036+ 5 GOPAL 80 DPWA

2038+10 CORDEN 7?B
2040+ 5 GOPAL 77 OPWA

2030+ 3 ' COROEN 76 DPWA

2035+15 BAILLON 75 IPWA

2038+10 HEMINGWAY 75 DPWA

2042 k 11 VANHORN 75 DPWA

2020+ 6 KAME 74 DPWA

2035+10 LITCHFIELD 74B DPWA

2020+30 LITCHFIELD 74C DPWA

2025+10 LITCHFIELD 740 DPWA

~ ~ ~ We do not use the following data for averages, fits, limits,

2027 to 2057 GOYA L 77 DPWA

2030 DEBELLEFON 76 IPWA

TECN COMMENT

RN~ FN
K N a NK»
FN multichannel

K n a At
FN~ At
K p~ FN
K p~ At0
K p~ X't
K p A(1520) t0
K p a d(1232)R
K p s A(1820) t0
etc. ~ ~ ~

K N~ Zt
K p~ At0

Z{2020}WIDTH

TECH COMMEHTV4LUE (Mev)

~O ao ae (~ 110)OUR

172+10
137+40
190+10
201+ 9
180+20
172+15
178+13
111+ 5
160+20
200+30
~ ~ ~ We do not use the

DOCUMENT ID

ESTIMATE

GOPAL 80 DPWA RN —s RN
CORDEN 77B K N ~ NR»
GOPAL 77 DPWA ZN multichannel

1CORDEN 76 OPWA K n ~ At
BAILLON 75 IPWA 7N ~ At
HEMINGWAY 75 DPWA K p ~ FN
VANHORN 75 OPWA K p ~ At
KANE 74 DPWA K p e Zt
LITCHFIELD 74B DPWA K p ~ A(1520)t
LITCHFIELD 74c DPWA K p ~ d(1232)F

following data for averages, fits, limits, etc. ~ ~ ~

DECLAIS 77 DPWA KN -e KN
GOYAL 77 DPWA K N ~ Zt
DEBELLEFON 76 IPWA K p ~ At
LITCHFIELD 74o DPWA K p ~ A(1820)t

260
126 to 195
160
70 to 125

Z(2000) DECAY MODES

Fraction (I i/I )Mode

I1 NK 17-23%
I2 /lX 17-23%
I 3 ZX 5-10 %

l4 =K &2%
I s Z(1385)s' 5-15%
I s Z{1385}e,Fwave
I ( A(1520}e 10-20%
I a A(1520) w, Dwave-
Ce A(1520}», G.wave

Ctp 4(1232)K 10-20 4/Ia

I ti 4{1232}K, Fwave-
I ta 4(1232)K, H wave-
I ts NK/892)
I ia NK (892},S=l/2, Fwave-
I ts N K'{892),S=3/2, Fwave-
I zs A{1820)v, Pwave-

The above branching fractions are oLIr estimates, not fits or averages.

(C(r()~/I ~
V4LUE

+0.18 +0.02
+0.20 +0.01
+0.18 +0.02
+0.20 +0.01
+0.195+0.053
~ ~ ~ We do not

0.20

la NR ~ Z(2(ta(s) ~ Ae
DOCUMEN T ID TECN

GOPAL 77 DPWA
1 CORDEN 76 DPWA

BAILLON 75 IPWA

VANHORN 75 DPWA
DEVENISH 74e

use the following data for averages, fits, limits,

DEBELLEFON 76 IPWA

(I tl a)~/I
COMMENT

ZN multichannel

K n -e At
ZN~ At
K p~ At0
Fixed-t dispersion rel.
etc. ~ ~ ~

K p~ At0

{ (C() /rteta(
VALUE

-0.09 +0,01
-0.06 +0.01
-0.15 +0.03
-0.10 +0.01
~ ~ ~ We do not

—0.085+0.02

{r(r,)"/r—
V4LUE

0.023
(0.05
(0.05

Ia NR ~ Z(2(t30) -+ Ze
DOCUMENT ID TECN

2 CORDEN 77c
2 CORDEN 7?C

GOPAL 77 DPWA

KANE 74 DPWA
use the following data for averages, fits, limits,

3 GOYAL 77 DPWA

{r,ra)&/r
COMMENT

K n~ Zt
K n~ Zt
R N multichannel

K p~ Zt
etc. ~ ~ ~

K N -+ Zt

In NR ~ Z(2030}~ = K
DOCUhfENT ID

MULLER

BURGUN

TRIPP

(r,r,f'/r
TECN COMMENT

69B OPWA K p ~ =K
68 DPWA K p~ =K
67 RVUE K p s =K

(I (I () /I seta( ln NR Z(2(v(0) A(1420)e, &v(ave
V4LUE DOCUMEN T ID TECN COMMENT

0.14+0.02 CORDEN 75B DBC K n ~ NRt
0.18+0.04 LITCHFIELD 740 DPWA K p a A(1820)t

(r(c()"/r=--
V4LUE

+0.114+0.010
0.14 +0.03

~ ~ ~ We do not

0.10 +0.03

InNR Z(P(ves) A(1520)e, D wave (lire)~/C
DOCUMEH T ID TECN COMMENT

CAMERON 77 DPWA K p ~ A(1520)t
LITCHFIELD 74B DPWA K p a A(1520)t

use the following data for averages, fits, limits, etc. ~ ~ ~

CORDEN 75B DBC K n ~ NFt

(I (I f)~/C-- —In NR~ Z(2NO) ~ 4(1232)R, 8 suave (rtrsa) /C
V4LUE

0.00+0.02

DOCUMENT ID TECN COhfMENT

LITCHFIELD 74c DPWA K p ~ d(1232)F

{I(r(} /C~ la NR~ Z(2(v(0) ~ Z{&cap)e
VALUE DOCUMEN T ID TECH COMMENT

+0.153+0.026 CAMERON ?8 DPWA K p s Z(1385)t

(C C ) /C

{I(I (} /I tata(la NR~ Z{~)~ NR {492)~ S=l/2, Feed»

(Csl sa)~/I

(I (I (} /I —In NR Z(cava} A(1520)e, &eave (I sra}~/I
VALUE DOCUMEN T ID TECH COMMENT

+0,146+0.010 4CAMERON 77 OPWA K p ~ A(1520)t
0.02 +0.02 LITCHFIELD 74B DPWA K p ~ A(1520)t

(r(l ()~/C= InNR Z(e(Xe(s) 4(span)R ( eive {Itrss}~/C
VALUE DOCUMENT ID TECH COMhfENT

0.16+0.03 LITCHFIELD 74C DPWA K p ~ d(1232)F
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.1740.03 CORDEN 75B DBC K n ~ NKt

V4LUE

+0.06+0.03
-0.02+0.01

DOCUMEN T ID TECN COMMENT

4CAMERON 78B OPWA K p ~ NF»
CORDEN 77B K d -s N NR
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Z(2030), Z(2070), Z(2080)

(rtrtn)~/r
VALUE

+0.04+0.03
—0.12+0.02

DOCUMENT ID TECN COMMENT

6CAMERON 788 DPWA K p ~ NK~

CORDEN 778 K d —+ N N K*

{III p}~/I tntnl in N7f +Z-(m0) ~ NF'(892), 9=3/2, Fwave

GOPAL
KANE
KANE
BERTHON

80 Toronto Conf. 159
74 L1L-2452
72 PR D5 1583
708 NP 824 417 +Vrana, Buttetworth+

Z(2070) REFERENCES

(RHEL} IJP
(LBL}
(LBL)

(CQEF, RHEL, SACL) IJP

Z{2030}FOOTNOTES Z'(2080) Pg3 l(J~) = l(&3+) status:

Preferred solution 3; see CORDEN 76 for other possibilities.
2 The two entries for CORDEN 77C are from two different acceptable solutions.
3This coupling ls extracted from unnormalized data.
4 The published sign has been changed to be in accord with the baryon-first convention.
5An upper limit.

The upper limit on the 63 wave is 0.03.

OMITTED FROM SUMMARY TABLE
Suggested by same but not all partial-wave analyses across this re-

gion.

Z(2080) MASS

PDG
PDG
GOPAL
CAME RON
CAMERON
CAME RON
COROEN
COROEN
DECLAIS
GOPAL
GOYAL
CORDEN
DEBELLEFON
BAILLON
CORDEN
HEMINGWAY
VANHORN

Also
DEVE NISH
KANE
LITCHFIELD
LITCHFIELD
LITCHFIELD
MULLER
BURGUN
TRIPP
COOL
WOHL

Z{2030}REFERENCES

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 UCRL 19372 Thesis
68 NP 88 447
67 NP 83 10
66 PRL 16 1228
66 PRL 17 107

II Wohl, Cahn, Rittenberg+ (LBL, CIT, CERN)
Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN)

(RHEL)
+Franek, Gopal, Bacon, Butterworth+ (RHEL, LOIC)
+Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC)
+Franek, Gopal, Kalmus. McPherson+ (RHEL, LOIC)
+Cox, Kenyon, O'Neale, Stubbs, Sumorok+ (BIRM)
+Cox, Kenyon, O'Neale, Stubbs, Sumorok+ (BIRM)
+Duchon, Lowel, Patry, Seguinot+ (CAEN, CERN)
+Ross, VanHorn, McPherson+ (LOIC, RHEL)
+Sodhi (DELH)
+Cox, Dartnell, Kenyon, O'Neale+ (BIRM)

De Bellefon, Berthon (CDEF)
+Litchiletd (CERN, RHEL)
+Cox, Dartnell, Kenyon, O'Neale+ (BIRM)
+Eades, Harmsen+ (CERN, HEIDH, MPIM)

(LBL)
VanHorn (LBL)

+Froggatt, Martin (DESY, NORD, LOUC)
(LBL)

+Hemingway, Baillon+ (CERN, HEIDH)
+Hemingway, Baillon+ (CERN, HEIDH)
+Hemingway, Baillon+ (CERN, HEIOH)

(LRL)
+Meyer, Pauli, Tallini+ (SACL, CDEF, RHEL)
+Leithi (LRL, SLAC, CERN, HEID, SACL)
+Giacomelli, Kycia, Leontic, Lundby+ (BNL)
+Solmltz, Stevenson (LRL)

IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP
IJP

IJP
IJP
IJP
IJP

IJP

VALUE (MeV }
a:== OUR ESTIMATE

2091+ 7
2070 to 2120
2120+40
2140+40
2082+ 4
2070+30

VAL UE (MeV}

186+48
100
240+ 50
200+ 50
87+20

250 +40

DOCUMENT ID TECN COMMEN T

Z(2080) WIDTH

DOCUMENT ID

1CORDEN
DEBELLEFON
BAILLON

BAILLON

COX

LITCHFIELD

TECN COMMENT

76 DPWA K n ~ A7r

76 IPWA K p ~ A7r0

75 IPWA RN ~ A7r (sol. 1)
75 IPWA KN A7r (sol. 2)
70 DPWA See CORDEN 76
70 DPWA K N ~ A7r

Z{2080}DECAY MODES

1CORDEN 76 DPWA K n ~ A7r

DEBELLEFON 76 IPWA K p -+ A7r

BAILLON 75 IPWA KN ~ An (sol. 1)
BAILLON 75 IPWA RN ~ A7r (sol. 2)
COX 70 DPWA See CORDEN 76
LITCHFIELD 70 DPWA K N —+ A7r

Z(2070) FIS l(J ) = 1(p+) status:

Mode

I1 NK
l 2 An.

Z(2070) MASS

VALUE (Mev}

oaf 2NO OUR ESTIMATE
2051 +25
2057
2070+10

DOCUMENT ID TECN COM MEN T

GOPAL 80 DPWA FN -+ RN
KANE 72 DPWA K p -+ Z7r
BERTHON 708 DPWA K p -+ Z7r

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 F IIII ~ Z7r.

{Illa')

/ItntnllnN7r~ Z(2080)~ An
VALUE DOCUMENT ID

—0.10+0.03 1CORDEN 76
—0.10 DEBELLEFON 76
—0.13+0.04 BAILLON 75

TECN

DPWA

IPWA
IPWA

—0.1660.03
—0.09+0.03

COX 70 DPWA

I ITCHFIELD 70 DPWA

(I tl"2) /I
COMMEN T

K n ~ A7r

K—
p ~ A7r0

KN ~ A7r (sol. 1 and
2)

See CORDEN 76
K N ~ A7r

Z{2080}BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

VALUE (MeV }
300+30
906
1404 20

Mode

I1 NK
I 2 Z7r

Z{2070}WIDTH

DOCUMENT ID TECN COMMENT

GOPAL 80 DPWA KN ~ KN
KANE 72 DPWA K p ~ Z7r
BERTHON 708 DPWA K p ~ E'7r

Z(2070) DECAY MODES

COR DEN 76
DEBELLEFON 76

Also 75
BAILLON 75
COX 70
I ITCHFIELD 70

NP 8104 382
NP 8109 129
NP 890 1
NP 894 39
NP 819 61
NP 822 269

Z(2080} REFERENCES

+Cox, Dartnell, Kenyon, O'Neale+
De Bellefon, Berthon
De Bellefon, Berthon, Brunet+

+Litchfield
+Islam, Colley+ (Bi

(BIRM) IJP
(CDEF) IJP

(CDEF, SACL) IJP
(CERN, RHEL) IJP

RM, EDIN, GLAS, LOIC) IJP
(RHEL) I JP

Z{2080}FOOTNOTES

Preferred solution 3; see CORDEN 76 for other possibilities, including a D15 at this
mass.

Z{2070}BRANCHING RATIOS

See "Sign conventions for resonance couplings" in the Note on A and Z
Resonances.

r(NR}/rnn„
VAL UE

0.08+0.03
DOCUMENT ID TECN COMMENT

GOPAI. 80 DPWA KN ~ KN

(rtl 2)h/I(r,r,)&/r, In N}r z(2070)- z
VAL UE DOCUMEN T ID TECN COMMENT

+0.104 KANE 72 DPWA K p ~ X'7r

+0.12 +0.02 BERTHON 708 DPWA K p ~ Z7r
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Z(2100), Z(2250)

Z(2100) G17 l(J~) = 1{&~ } Status:
Z(2250) WIDTH

Z{2100)MASS

VAL UE (MeV)

sos 2100 OUR ESTIMATE
2060+20
2120430

DOCUMENT /D TECN COMMENT

BARBARO-. .. 70 DPWA K p Ax
BARBARO-. .. 70 DPWA K p ~ Zsr

Z(2100) WIDTH

VAL UE (Me V)

70+30
135+30

DOCUMENT ID TECN COMMENT

BARBARO-. .. 70 DPWA K p ~ Az
BARBARO-. .. 70 DPWA K p ~ Zsr

Z(2100) DECAY MODES

OMITTED FROM SUMMARY TABLE

TECN COMMENT

D5 wave

G9 wave

D5 wave

G9 wave

K—
p

K p ~ Asr, F5 wave

K p 3.9, 4.6 GeV/c
Total, charge exchange
K p, K d total
etc. ~ ~ ~

D5 wave

G9 wave

K p, K d total

yp~ K+Y~
yp~ K+Y~

Pp 5.7 GeV/c

VALUE (MeV) DOCUMENT ID

60 ta 150 (sos 100) OUR ESTIMATE

120+40 DEBELLEFON 78 DPWA

80+20 DEBELLEFON 78 DPWA

70+20 DEBELLEFON 77 DPWA

60+20 DEBELLEFON 77 DPWA

130+20 1 DEBELLEFON 75B HBC

192+30 VANHORN 75 DPWA

100+20 AGUILAR-. .~ 70B HBC
164+50 BRICMAN 70 CNTR

230 420 BUGG 68 CNTR
~ ~ ~ We do not use the following data for averages, fits, limits,

100 DEBELLEFON 76 IPWA

140 DEBELLEFON 76 IPWA

170 COOL 70 CNTR

125 LU 70 CNTR

150 BLANPIED 65 CNTR

21+17 BOCK 65 HBC

Mode

f1 NK
I 2 A7r

f3 Zx Mode

Z(2250) DECAY MODES

Fraction (I ~/f )

{III r} /I I In N7r z(2100) Aa (rtra)~/r

Z(2100) BRANCHIMG RATIOS

See "Sign conventions for resonance couplings" ln the Note on A and Z
Resonances.

seen

f1 NK (10 /0

I2 Ax seen

I 3 Zm.

l4 NKx
={1530)K

The above branching fractions are our estimates, not fits or averages.
VALUE

—0.0760.02

DOCUMENT ID TECN COMMENT

BARBARO-. .. 70 DPWA K p ~ Asr Z(2250) BRANCHING RATIOS

(r,r, )&/r
VALUE

+0.13+0.02

DOCUMENT ID TECN COMMENT

BARBARO-. .. 70 DPWA K p s X'sr

(Illr} /IsatallnN7f~ z(2100}~zn See "Sign conventions for resonance couplings" tn the Note on A and E'

Resonances.

I (N7f)/I tsaaI

Z(2100) REFERENCES

Barbaro-GaltieriBARBARO-. .. 70 Duke Conf. 173 (LRL) iJP

VALUE

C0.1 OUR ESTIMATE
0.08+0,02
0.02 +0.01

DOCUMENT ID TECN COMMENT

DEBELLEFON 78 DPWA D5 wave

DEBELLEFON 78 DPWA G9 wave

Z(2250) l(J~) = 1{? ) Status:

Z{2250}MASS

VALUE (MeV)

2210 g &ma

2270+50
2210+30
2275+20
2215+20
2300630

2251+—20
2280+14
2237+11
2255+ 10
2250+ 7
~ ~ ~ We do

TECN COMMENTDOCUMENT ID

(a 22$0) OUR ESTIMATE

DEBELLEFON 78 DPWA

DEBELLEFON 78 DPWA

DEBELLEFON 77 DPWA

DEBELLEFON 77 DPWA
1 DEBELLEFON 75e HBC

D5 wave

G9 wave

D5 wave

G9 wave

K-p
K p ~ Asr , F5 wave

K p 3.9, 4.6 GeV/c
Total, charge exchange
K p, K d total
K p, K d total

etc. ~ ~ ~

VANHORN 75 DPWA

AGUILAR- ~.. 70e HBC
BRICMAN 70 CNTR
COOL 70 CNTR
BUGG 68 CNTR

not use the following data for averages, fits, limits,

DEBELLEFON 76 IPWA

DEBELLEFON 76 IPWA

LU 70 CNTR
BLANPIED 65 CNTR
BOCK 65 HBC

2260
2215
2250+20
2245
2299+ 6

D5 wave

G9 wave

7p —+ 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, DFBELLEFON 77, and DEBELLEFON 78 in

energy-dependent partial-WaVe analySeS Of KN ~ Asr, Z2r, and

N K, respectively, suggest two resonances around this mass.

(J+$)xl (N}r)/I tatal
VALUE

~ ~ ~ We do not use the following

0.16+0.12
0.42
0.47

DOCUMEN T 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

(I II r)~/I tatal In N7r~ Z(2250) ~ An (rtra) /r
VALUE

—0.16+0.03
~ ~ ~ We do not use the following

+0.11
-0.10
—0.18

DOCUMEN T ID TECN

VANHORN 75 DPWA

data for averages, fits, limits,

DEBELLEFON 76 IPWA

DEBELLEFON 76 IPWA

BAR BARO-. .. 70 DPWA

COMMENT

K p ~ Asr, F5 wave

etc. ~ ~ ~

D5 wave

G9 wave

K p Asr0, G9 wave

(r,r,)&/r, lnNZ Z(2250) Z (r,r,P/r
VAL UE

+0.06+0.02
—0.0360.02
+0.07

I (N}r)/I (zs)

DOCUMEN T ID TECN

DEBELLEFON 77 DPWA
DEBELLEFON 77 DPWA

BARBARO- ~ ~. 70 DPWA

COMMENT

D5 wave

G9 wave

K p ~ Zsr, G9 wave

I t/Ia
COMMENT

etc. ~ ~ ~

1 standard dev. limit

COMMENT

etc. ~ ~ ~

1 standard dev. limit

VALUE DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits,

(0.18 BARNES 69 HBC

r(z~)/r(z~)
VALUE DOCUMENT ID TECN

~ o ~ We do not use the following data for averages, Sts, limits,

(0.18 BARNES 69 HBC

{III r} /I total ln N7r Z{2250) ={1530)K {Itl n)~/I
VALUE

0.18+0.04

DOCUMENT ID TECN

1 DEBELLEFON 75e HBC

COMMENT

K p —+ =~0 K0

Z(2250) FOOTNOTES
Seen in the (Initial and final state) D5 wave. Isospln not determined.
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Z(2250), Z(2455) Bumps, Z(2620) Bumps, Z(3000) Bumps

DEBELLEFON
DEBELLEFON
DEBE.LLEFON

Also
DEBELLEFON
VANHORN

Also
LASINSKI
AGUILA R-...
BARBARO-. ..
BRICMAN
COOL

Also
LU
BARNES
BUGG
BLANPIED
BOCK

Z{2250) REFERENCES

78 NC 42A 403
77 NC 37A 175
76 NP B109 129
75 NP B90 1
75B NC 28A 289
75 NP B87 145
75B NP B87 157
71 NP B29 125
70B PRL 2S 58
70 Duke Conf. 173
70 PL 31B 152
70 PR D1 1887
66 PRL 16 1228
70 PR D2 1846
69 PRL 22 479
68 PR 168 1466
65 PRL 14 741
65 PL 17 166

Berthon, Bilioir+
Berthon, Billoir+
Berthon
Berthon, Brunet+
Berthon, Billoir+

De Bellefon, (CDEF, SACL) IJP
De Bellefon, {CDEF, SACL) IJP
De Bellefon, (CDEF) IJP
De Bellefon, (CDEF. SACL) IJP
De Bellefon, (CDEF, SACL)

(LBL) IJP
VanHorn (LBL) IJP

{EFI)IJP
Aguilar-Benitez, Barnes, Bassano+ (BNL, SYRA)
Barbaro-Galtieri (LRL) IJP

+Ferro-Luzzi, Perreau+ (CERN, CAEN, SACL)
+Giacornelli, Kycia, Leontic, Li+ (BNL) I

Cool ~ Giacomelli, Kycia, Leontic, Lundby+ (BNL) I

+Greenberg, Hughes, Minehart, Mori+ (YALE)
+Flaminio, Montanet. Samios+ (BNL. SYRA)
+Gilmore, Knight+ (RHEL, BIRM, CAVE) I

+Greenberg, Hughes, Kitching, Lu+ (YALE, CEA)
+Cooper, French, Kinson+ (CERN, SACL)

Z(2620) Bumps l(J~) = t(? ) Status:

Z(2620} MASS

VAL UE (MeV)

sos ~%3 OUR ESTIMATE
2542 +22
2620+ 15

DOCUMENT ID TECN COMMEN T

DIBIANCA 75 DBC K N -~ = Kn.

ABRAMS 70 CNTR K p, K d total

Z(2620} WIDTH

OMITTED FROM SUMMARY TABLE

Z(2455) Bumps l(J~) = S(? ) Status:

VAL UE (MeV)

221 +81
175

DOCUMENT ID TECN COMMENT

DIBIANCA 75 DBC K N ~:-Kn
ABRAMS 70 CNTR K p, K d total

OMITTED FROM SUMMARY TABI E
There is also some slight evidence for Y' states in this mass region

from the reaction p p ~ K+X —see GREENBERG 68.

Z(2455) MASS

Mode

I1 NK

Z{2620}DECAY MODES

Z(2620) BRANCHING RATIOS
VALUE (MeV)

w 2455 OUR ESTIMATE
2455+10
2455+ 7

DOCUMENT ID

ABRAMS
BUGG

TECN COMMENT

70 CNTR K p, K d total
68 CNTR K p, K d total

(4-$)x I {NR)/I total
VALUE

0.32
0.36+0.12

DOCUMENT ID TECN COMMENT

ABRAMS 70 CNTR K p, K d total
BRICMAN 70 CNTR Total, charge exchange

Z(2455) WIDTH

VAL UE (MeV)

140
100+20

DOCUMENT ID

ABRAMS
BUGG

TECN COMMENT

70 CNTR K p, K d total
68 CNTR

DIBIANCA 75 NP B98 137
ABRAMS 70 PR Dl 1917

Also 67E PRL 19 678
BRICMAN 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)

Mode

Z(2455) DECAY MODES

Z(3QQQ) Bumps l(J ) = 1(7 ) Status:

I1 NK

Z(2455} BRANCHING RATIOS

OMITTED FROM SUMMARY TABLE
Seen as an enhancement in An and K N invariant mass spectra and

in the missing mass of neutrals recoiling against a K .
(~j)x I {NK)/I tata(
VALUE

0.39
0.05 +0.05
0.3

DOCUMENT ID TECN COMMENT

ABRAMS 70 CNTR K p K d total
BRICMAN 70 CNTR Total, charge exchange
BUGG 68 CNTR

VALUE {MeV)

a ~ OUR ESTIMATE
3000

Z(3000) MASS

DOCUMENT ID

EHR LICH

TECN CH6 COM MEN T

66 HBC 0 n p 7.91 GeV/c

Z(2455) FOOTNOTES
Fit of total cross section given by BRICMAN 70 is poor in this region.

Z(3000) DECAY MODES

ABRAMS 70 PR Dl 1917
Also 67E PRL 19 678

BRICMAN 70 PL 31B 152
BUGG 68 PR 168 1466
GREENBERG 68 PRL 20 221

Z{2455}REFERENCES

+Cool, Giacomelli, Kycia, Leontic, Li+ (BNL) I

Abrams, Cool, Giacomelli, Kycia. Leontic+ (BNL)
+Ferro-Luzzi, Perreau+ (CERN, CAEN, SACL)
+Gilmore, Knight+ {RHEL, BIRM, CAVE) I

+Hughes, Lu, Minehart+ (YALE)

Mode

I1 NK
C2 A7r

EHRLICH 66 PR 152 1194

Z{3000) REFERENCES

+Selove, Yuta {PENN) I
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Z(3170) Bumps, =0

Z(3170) Bumps l{JP) = 1{& ) Status:

VALUE (Mev) EVTS

as $170 OUR ESTIMATE
3170+5 35

DOCUMENT ID TECN COMMENT

AMIRZADEH 79 HBC K p ~ Y~+r

Z(3170) WIDTH
(PRODUCTION EXPERIMENTS)

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.
Isospin 1 is favored.

Not seen in a K p experiment in LASS at 11GeV/c (ASTON 85B).

Z(3170) MASS
(PRODUCTION EXPERIMENTS)

= 8ARYONS
(5= —2, I = 1/2)

= USSs = = dSS

l{JP) = 11{11+)Status:

The parity has not actually been measured, but + is of course ex-
pected.

VALUE(MeV) EVTS

1314.9+0.6 OUR FIT
1$14A+0.$ OUR N%RAGE
1315.2+0.92 49
1313.4 +1.8 1

DOCUMENT ID TECH

WILQUET 72 HLBC
PALMER 68 HBC

The fit uses the =0, =, and =+ mass and mass dNcrcncc measure-
ments.

VALUE (Mev)

(20

Mode

I 1 AKK~'s
I 2 ZKKn's
I 3 =Km's

r (A K)ra'6) /I tatal

EVTS DOCUMENT ID TECN COMMENT

35 1 AMIRZADEH 79 HBC K p ~ Y~+7r

Z{3170}DECAY MODES
{PRODUCTION EXPERIMENTS}

Fraction (f'I/l )

scen

Z(3170) BRANCHING RATIOS
(PRODUCTION EXPERIMENTS)

rs/r

m= —m~

Thc fit uses the =, =, and =+ mass and mass difference measure-
ments.

DOCUMEHT ID TECN COMMENT

~ MEAN LIFE

VALUE (MeV) EVTS

%A+0.6 OUR FIT
6 M0.7 OUR AVERAGE

6.9+2.2 29 LONDON 66 HBC
6.1+0.9 88 PJERROU 65B HBC
6.8+1.6 23 JAUNEAU 63 FBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

6.161.6 45 CARMONY 64B HBC See PJERROU 65B

VALUE

r(ZK)r» s)/r
VALUE

I (= Ka's)/I tatal
VALUE

DOCUMENT ID TECN COMMENT

AMIRZADEH 79 HBC K p ~ Y~+ 7r

DOCUMEHT ID TECN COMMEHT

AMIRZADEH 79 HBC K p ~ Y~+ 7r

DOCUMENT ID TECN COMMEHT

AMIRZADEH 79 HBC K p -+ Y +x

ra/r

Z(3170) REFERENCES
(PRODUCTION EXPERIMENTS)

ASTON 85B PR 032 2270
AMIRZADEH 79 I'L 89B 125

Also 80 Toronto Conf. 263

+Carnegie+ (SLAC, CARL, CNRC, CINC)
+ (BIRM, CERN. GLAS, MSU, CURIN. CAVE+) I

Kinson+ (BIRM, CERN, GLAS. MSU, CURIN) I

Z{3170}FOOTNOTES
(PRODUCTION EXPERIMENTS)

10bserved width consistent with experimental resolution.

TECN COMMENT

Neutral hyperon beam

1.75 GeV/c K p

2.1 GcV/c K

ctc. ~ ~ ~

See PJERROU 65B

5, In which we use r~ =

~ MAGNETIC MOMENT

Scc thc Note on Baryon Magnetic Moments In the A Listings.

VALUE(10 0 s) EVTS DOCUMENT ID

2.90+0.N OUR N%RAGE
2.83+0.16 6300 1 ZECH 77 SPEC

2 88+0 21 652 BALTAY 74 HBC

90+0o 32 157 2 MAYEUR 72 HLBC

3 07+0.22 340 DAUBER 69 HBC

~ 3.0 +0.5 80 PJERROU 65B HBC

25 +04 101 HUBBARD 64 HBC

39 +1.4 24 JAUNEAU 63 FBC

~ ~ ~ We do not usc the following data for averages, fits, limits,

35 +' 45 CARMONY 64B HBC

1The 1ECH T? result ls r p —[l2.27 (r~ 2 69}] x 10—. -
2.63 x 10-10 s.

2Thc MAYEUR 72 value ls modified by the erratum.

VALUE (Isnl) EVTS

-1~+OAl11 OUR AVERAGE
—1.253+0.014 270k
—1.20 +0.06 42k

DOCUMENT ID

COX
BUNCE

TECH

81 SPEC
79 SPEC
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ll
C2

I3
l4
C,

Mode

/lp
~0~
Z e ve
Z+ v

DECAY MODES

Fraction (I i/I )

(99 54+0.05)

( 1.06+0.16) x 10

( 3.5 +0.4 ) x 10
1.1 x 10
1.1 x 10

Confidence level

9On/o

90%

&180
& 90
&500

9Q 0 YEH 74 HBC Effective denom. =1300
DAUBER 69 HBC
HUBBARD 66 H BC

r(p»-)/r(n»o)
6,S=2. Forbidden ln first-order weak interaction.

VALUE (units 10 ) CL % EVTS DOCUMENT ID TECN COMMENT

$.6 90 GEWENIGER 75 SPEC
~ « ~ We do not use the following data for averages, fits, limits, etc. «««

C6 Z e+ ve
Z P+Vp

C8 p
C9 pe v,

10 PP Vtb

LES = DiI) {SiI)}vblntlng tnodaa or
ES= 2 fmddden {S2}tnodns

Sq & 9
Sq & 9

S2 & 4

S2 & 1.3
S2 & 13

x10 4

x10 4

x 10

x 10
x 10

CONSTRAINED FIT INFORMATION

An overall fit to 2 branching ratios uses 2 measurements and one
constraint to determine 3 parameters. The overall fit has a X
0.0 for 0 degrees of freedom.

904/.

90%

904/o

r(p»-p, )/r(n»o)

&3.4
&6

r(pp-p„)/r(n»o)
b S=2. Forbidden in first-order weak interaction.

VAL UE (units 10 ) CL 5 EVTS DOCUMEN T IO TECN

&1.$ 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

AS=2. Forbidden in first-order weak interaction.
VALUE (units 10 3) CLS EVTS DOCUMENT ID TECN

&1.$ DAUBER 69 HBC
~ ««We do not use the following data for averages, fits, limits,

90 0 YEH 74 HBC
HUBBARD 66 HBC

COMMENT

COMMENT

rto/rt

etc. ~ ~ ~

Effective denom. =.664

etc. « ~ ~

Effective denom. =6TO

The following off-diagonal array elements are the correlation coefficients

(bgbx&)l(bx; be), 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.

DECAY PARAMETERS

See the Note on Baryon Decay Parameters in the neutron Listings.

X2

X3

—35

Xl X2

r(n~}/r(neo}

~ 8RANCHING RATIOS

EVTS

r(roq}/r(np}
VALUE (units 10 3) CL% EVTS DOCUMENT IO

$.0 +OA OUR FIT
$.16+OA2+0»10 85 TEIGE 89 SPEC

~ ~ ~ We do not use the following data for averages, fits, limits, etc.

& 8 90 BENSINGER 88 MPS2
&65 90 0-1 YEH 74 HBC

TECN COMMENT

FNAL hyperons
~ ~ ~

K W 6 GeV/c
Effective de-

nom. =60

VALUE(units 10 3) DOCUMENT ID TECN COMMENT

1.05+0.1C OUR FIT
1A¹+0.12+0.11 116 JAMES 90 SPEC FNAL hyperons
~ « ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

5 +5 1 YEH 74 HBC Effective denom. =200

o(= ) o-(n)

—0.260+ 0,004+ 0.005
—0.317+0.02T
—0.35 +0.06

—0.28 +0.06 739 DAUBER 69 HBC

WEIGHTED AVERAGE
-0.264~0.013 (Error scaled by 2.1)

VALUE EVTS DOCUMENT ID TECN

-0~+0.01$ OUR AVERACsE Error includes scale factor of 2.1. See
below.
HANDLER 82 SPEC
BUNCE 78 SPEC
BALTAY 74 HBC

COMMEN T
the ideogram

FNAL hyperons
FNAL hyperons

K p 175
GeV/c

K p 1.7-2.6
GeV/c

r(r+n gr,)/r(nP)-
COMMENT

Effective denom. =2100
etc. ~ ~ ~

r(r+ p gr„)/r(nP)-
VALUE (units 10 3) CL5 EVTS DOCUMENT ID TECN

g1.1 90 0 YEH 74 HBC
~ ~ ~ We do not use the following data for averages, fits, limits,

&1.5 DAUBER 69 HBC
HUBBARD 66 HBC

r(r n+~, )/-r(nP)
Test of AS

VALUE (units 10 3)

~.9
~ ~ ~ We do not

= bnbq rule.

CL 5 EVTS DOC UMEN T ID TECN

90 0 YEH 74 HBC
use the following data for averages, fits, limits,

DAUBER 69 HBC
HUBBARD 66 HBC

&1.5
&6

i (r p+ )/I (n» )
Test o AS = Oq rule.

COMMENT

in/I s

Effective denom. =2100
etc. ~ ~ «

ra/rt

COMMENT

Effective denom. =2500
etc. ~ « ~

VALUE (units 10 3) CLS EVTS DOCUMENT ID TECN

~.9 90 0 YEH 74 HBC
~ ~ ~ We do not use the following data for averages, fits. limits,

&1.5 DAUBER 69 HBC
&6 HUBBARD 66 HBC

COMMENT

Effective denom. =2500
etc. « « «

VALUE (units 10 3) CLS EVTS DOCUMENT ID TECN

g1.1 90 0 YEH 74 HBC
~ ««We do not use the following data for averages, fits, limits,

&1.5 DAUBFR 69 HBC
&7 HUBBARD 66 HBC

-0.35

~(:-')~-(/I)

-0.30 -0.25

HANDLER 82 SPEC
BUNCE 78 SPEC
BALTAY 74 HBC
DAUBER 69 HBC

-0.20

(Confidence Level

-0.15

2
X

0.4
3.8
2.0
0.1
6.4

= 0.095)

QAN{iLE FOR ~ -«Ax
VALUE( ) EVTS DOCUMENT ID

21+12 OUR AVEltACiE

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 aA —0.647 + 0.020.
The errors have been multiplied by 1.2 due to approximations used for the = polarization;
see DAUBER 69 for a discussion.

( ntb=p/7)
TECN COMMEN T

aFOR~-+ Ap
VALUE

+OA3+OA4
EVTS

87
DOCUMEN T ID TECN COMMENT

JAMES 90 SPEC FNAL hyperons

aFOR ~-+ Ar
The above average, a(= }a (ll) = —0.264 6 0.013, where the error includes a
scale factor of 2.1, divided by our current average a (/I) = 0.642 + 0.013, gives the

following value for a{= }.
VALUE DOCUMENT IO

-0.411+0.022 OUR EVALUATION Error includes scale factor of 2.1.
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aFOR~ —+ Z7
VALUE EVTS

+0.20+0.32+0.05 85
DOCUMENT ID TECN COMMENT

TEIGE 89 SPEC FNAL hyperons

MEAN LIFE

Measurements with an error & 0.2 x 10 s or with systematic errors
not included have been omitted.

JAMES
TEIGE
BENSINGER
HANDLER
COX
BUNCE
BUNCE
ZECH
GEWENIGER
BALTAY
YEH
MAYEUR

Also
WILQUET
DAUBER
PALMER
BERGE
HUBBARD
I.0NDON
PJERROU

Also
CARMONY
HUBBARD
JAUNEAU

Also

90 PRL 64 843
89 PRL 63 2717
88 PL 8215 195
82 PR D25 639
81 PRL 46 877
79 PL 868 386
78 PR D18 633
77 NP 8124 413
75 PL 578 193
74 PR D9 49
74 PR D10 3545
72 NP 847 333
73 NP 853 268 erratum
72 PL 428 372
69 PR 179 1262
68 PL 268 323
66 PR 147 945
66 UCRL 11510 Thesis
66 PR 143 1034
658 PRL 14 275
65 Thesis
648 PRL 12 482
64 PR 1358 183
63 PL 4 49
63C Siena Conf. 1 1

REFERENCES

+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)
+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)

l{l~) = &t{&+) Status:

MASS

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. The omitted results may be found in our 1986 edition

(Physics Letters 17OB) or in earlier editions.

VALUE(10 10 s) EVTS

1.630+0.015 OUR AVERAGE

1.652 +0.051 32k
1.665+0.065 41k
1.609+0.028 4286
1.67 +0.08
1.63 +0.03 4303

73 +0.08 680-0.07
1.61 +0.04 2610
1.80 +0.16 299
1.70 +0.12 246
1.69 10.07 794

1.86 +0'5—0.14 517

DOCUMENT ID

BOURQUIN
BOURQUIN

HEMINGWAY

DIBIANCA

BALTAY

MAYEUR

DAUBER
LONDON

PJERROU
HUBBARD

JAUNEAU

TECN COMMEN T

84 SPEC
79 SPEC
78 HBC
75 DBC
74 HBC

72 HLBC

69 HBC
66 HBC
658 HBC
64 HBC

63D FBC

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

=+ MEAN LIFE

(r - —r~+) / rwarags

A test of CPT invariance. Calculated from the = and =+ mean lives,
above.

VALUE (10 s) EVTS DOCUMEN T ID TECN COMMENT

1.6 +0.3 34 STONE 70 HBC
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

155 020 35 3 VOTRUBA 72 HBC 10 GeV/c K+ p

1 9 +0.7 12 3 SHEN 67 HBC

1.51+0.55 5 CHIEN 66 HBC 6.9 GeV/c Pp

3The error Is statistical only.

The fit uses the =, =+, and = mass and mass difference measure-
ments. It assumes the = and =+ masses are the same. VALUE

0.02+0.18 OUR EVALUATION
DOCUMENT ID

VALUE (Mev) EVTS

1$21.$2+0.1$ OUR FIT
1321.$4+0.14 OUR AVERAGE

1321.46 +0.34 632 DIBIANCA 75
1321.12+0.41 268 WILQUET 72
1321.87+0.51 195 1 GOLDWASSER 70
1321.67 +0.52 6 CHIEN 66
1321.4 +1.1 299 LONDON 66
1321.3 +0.4 149 PJERROU 658
1321.1 +0.3 241 BAD IER 64
1321.4 +0.4 517 JAUNEAU 63D
1321.1 +0.65 62 SCHNEIDER 63

1GOLDWASSER 70 uses m~ —1115.58 MeV.

These masses have been increased 0.09 MeV because

DOCUMENT ID TECN COMMENT

DBC 4.9 GeV/c K d
HLBC

HBC 5.5 GeV/c K p
HBC 6.9 GeV/c pp
HBC
HBC
HBC
FBC
HBC

the A mass increased.

VALUE (Isal) EVTS

-0.6507+0.0em OUR AVERAGE
—0.6505+0.0025 4.36M DU RYEA

-0.661 +0.036 +0.036 44k TROST
—0.69 +0.04 218k RA MEIKA

~ ~ ~ We do not use the following data for averages, fits,

—0.674 +0.021 +0.020 122k HO
—2.1 +0.8 2436 COOL
-0.1 +2.1 2724 BINGHAM

DOCUMENT ID TECN COMMENT

92 SPEC 800 GeV p Be
89 SPEC = 250 GeV
84 SPEC 400 GeV pBe

limits, etc. ~ ~ ~

90 SPEC See DURYEA 92
74 OSPK 1.8 GeV/c K p
708 OSPK 1.8 GeV/c K p

MAGNETIC MOMENT

See the Note on Baryon Magnetic Moments in the A Listings.

=+ MASS

The fit uses the =, =+, and:— mass and mass difference measure-
ments. It assumes the = and:-+ masses are the same.

=+ MAGNETIC MOMENT

See the Note on Baryon Magnetic Moments in the il Listings.

VALUE (Mev) EVTS

1321.$2+0.1$ OUR FIT
1$21.20+0.$$ OUR AVERAGE

1321.6 +0.8 35
1321.2 +0.4 34
1320.69+0.93 5

DOCUMENT ID TECN COMMENT

VOTRUBA 72 HBC 10 GeV/c K+ p
STONE 70 HBC
CHIEN 66 HBC 6.9 GeV/c pp

VALUE (Impar) EVTS

+0.657+0.02$+0.0m0 70k

DOCUMEN T ID TECN COMMENT

HO 90 SPEC 800 GeV pBe

(m- —m~) / m~aa
A test of CPT invariance. We calculate it from the average = and =+
masses above.

VAL UE DOCUMENT ID

(1.1+2.7) x 10 ~ OUR EVALUATION
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DECAY MODES [r(yie-r, ) + r(d'e-re)j/r(Ae-) (rs+rs)/rt

I1
l2
l3
l4

I5
r6
l7

Mode

Ap v„
Z-0

Z P, V~-0 e ve

Fraction (I;jl ) Confidence level

90%
90o/

99 887+0 035

( 1.27 +0.23 ) x 10
—4

( 5.63 +0.31 ) x 10 4

(35 + )x10 4—2.2

( 8.7 +1.7 ) x 10

S x10 4

2 ~ 3 x 10 r(~ e-sy, )/r(zs-) rylrl

VALUE (units 10 ) EVTS DOCUMEN T ID TECN COM MEN T

e o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

0.651 k 0.031 3011 BOURQUIN 83 SPEC SPS hyperon beam

0.6S +0.22 17 DUCLOS 71 OSPK

See the separate BQURQUIN 83 values for f (Ae vz)/l (Ax } and I (Z'0e f z}/
I (Avr } above.

DUCLOS 71 cannot distinguish Z0's from A' s. The Cabibbo theory predicts the Z rate
is about a factor 6 smaller than the A rate.

IS
l9
I 10
l 11

I 14

ne ve
np v&

p 'Ir

P Il" e Ve

P 7f' ILI V~

Pi l

h,S = 2 forbidden

S2
52
52

52
52
52

L

(S2) modes

1.9
3 ~ 2

1.5

4

4

4

4

CONSTRAINED FIT INFORMATION

x 10-5
x 10

x 10-4
x10 4

x 10-4

x 10-4

90%
90%
90%

90%
90%
90%

90o/o

VAL UE ('units 10 ) CL% EVTS

(2.3 90 0

r(ns-) /r(ns-)

DOCUMENT ID

YEH

TECN COMM EN T

74 H BC Effective denom. =1000

re/rt
45=2, Forbidden in first-order weak interaction,

VAL UE (units 10 ) CL% EVTS DOCUMEN T ID TECN COMMENT

e 0.019 90 BIAGI 82B SPEC SPS hyperon beam

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.0 90 0 YEH 74 HBC Effective denom. =760
&1.1 DAUBER 69 HBC

&5.0 FERRO-LUZZI 63 HBC

An overall fit to 4 branching ratios uses 5 measurements and one

constraint to determine 5 parameters. The overall fit has a X

1.0 for 1 degrees of freedom.

X2

X3

X4

X5

0 —1

0 0 0

X1 X2 X3 X4

The following off-diagonal array elements are the correlation coefficients

(bx, bx&)/(bx; be), in percent, from the fit to the branching fractions, x,

I;jl total The fit constrains the x, whose labels appear in this array to sum to
one.

&10 90 BIN GHAM 65 RVUE

r(np-p„)/r(ns-) r10/rl
b, 5=2. Forbidden in first-order weak interaction.

VALUE (units 10 3) CL% EVTS DOCUMENT ID

&15.$ 90 0 YEH

TECN COMMEN T

74 HBC Effective denom. = 150

r(ps-s-)/r(ns-)
65=2. Forbidden in first-order weak interaction.

VALUE (units 10 ) CL% EVTS DOCUMENT ID

($.7 90 0 YEH

TECN COMMEN T

74 H BC Effective denom. =6200

r(ne-pe)/r(Zs-)
65=2. Forbidden in first-order weak interaction.

VALUE (units 10 3) CL% EVTS DOCUMENT ID TECN COMMENT

( 3.2 90 0 YEH 74 HBC Effective denom. =715
o a e We do not use the following data for averages, fits, limits, etc. ~ ~ o

BRANCHING RATIOS r(ps- e-sy, )/r(ne-) rts/rt

A number of early results have been omitted.

r(z-7)/r(ns-) is/it
TECN COMM EN T

r(Ae-sy, )/r(ne-)
VALUE (units 10 ) EVTS

0.5&4+0.0$1 OUR FIT
0.~+0.0$1 2857
~ ~ ~ We do not use the following

0.30 +0.13

r(np- p„)/r(zs-)

DOCUMENT ID TECN COMMEN T

rs/rl

BOURQUIN 83 SPEC
data for averages, fits, limits,

THOMPSON 80 ASPK

SPS hyperon beam

etc. ~ ~ ~

Hyperon beam

re/rl

VALUE (units 10 4) EVTS DOCUMENT ID

1.27+0.2I OUR FIT
1.27+0.2$ OUR AVERAGE

I1.22 +0.23+0.06 211 4 DUBBS 94 E761 = 375 GeV

2.27 4 1.02 9 BIAGI 87B SPEC SPS hyperon beam

4DUBBS 94 also finds weak evidence that the asymmetry parameter a is positive (rr

= 1.0 4 1.3).

65=2. Forbidden in first-order weak interaction.
VALUE (units 10 4) CL% EVTS DOCUMENT ID

&$.? 90 0 YEH

TECN COMM EN T

74 H BC Effective denom. =.6200

r(ps -
p )s/fI (Asr-) rls/rl

6,5=2. Forbidden in first-order weak interaction.
VALVE (units 10 ) CL% EVTS DOCUMENT ID

Q3.? 90 0 YEH

TECN COM MEN T

74 HBC Effective denom. =6200

i (pp p-)/I (Asr ) rle/rl

DECAY PARAMETERS

See the Note on Baryon Decay Parameters in the neutron Listings.

A EL=2 decay, forbidden by total lepton number conservation.

VALUE (units 10 ) CL% DOCUME'NT ID TECN COMMENT

+3.7 90 7 LITTENBERG 92B HBC Uses YEH 74 data

7This LITTENBERG 92B 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.

VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN COMMEN T a(= )a (A)

2.3
& 1.3
&12

90 0

r(He-sy, )/r(ns-)
VALUE (units 10 3) EVTS

0.017+0.017 OUR FIT
0.087+0.017

r(N p-sy„)/r(ns-)

035+ ' OUR FIT

0.35+0.35 1

~ ~ ~ We do not use the following

YEH 74 HBC

data for averages, fits, limits,

THOMPSON 80 ASPK
DAUBER 69 HBC
BERGE 66 HBC

Effective denom. =2859
etc. ~

Effective denom. =1017

DOCUMENT ID TECN COMMEN T

is/il

BOURQUIN 83 SPEC SPS hyperon beam

—0.303+0.004+ 0.004
—0,257+ 0.020
—0.260 +0.017
—0.299+0.007

—0.315+0.026

—0.23940.021
—0.243 40.025

6599
4303

CLELAND SOC ASPK

HEMI N GWAY 78 H BC
BALTAY 74 HBC

—0.252 +0.032
—0.253 +0.02S

2436
2781

COOL
DAUBER

74 OSPK
69 HBC

VALUE EVTS DOCUMENT ID TECN

-0.293+0.007 OUR AVERAGE Error includes scale factor of 1.8. See
below.
RAMEIKA 86 SPEC

ASTON 85B LASS

BENSIN GER 85 MPS
BIAGI 82 SPEC

COMMEN T

the ideogram

400 GeV p Be
11 GeV,/c K p
5 GeV/c K p
SPS hyperon

beam
BNL hyperon

beam
42 GeV/c K p
1.75 GeV/c

K p
1.8 GeV/c K p

VALUE (units 10 3) CLe/ EVTS

C0.76 90 0
~ o ~ We do not use the following

&5

DOCUMENT ID TECN

YEH 74 HBC

data for averages, fits, limits,

66 H BC

COMMENT

Effective denom. =3026
etc. ~ ~ ~
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,:S

WEIGHTED AVERAGE
-0.293+0.007 (Error scaled by 1.8)

RAMEIKA
ASTON.BENSINGER.BIAGi
CLELAND
HEMINGWAY
BALTAY
COOL
DAUBER

86 SPEC
85B LASS
85 MPS
82 SPEC
80CASPK
78 HBC
74 HBC
74 OSPK
69 HBC

X

3.4
3.2
3.7
0.9
0.8
6.5
3.9
1.6
2.0

GOLDWASSER 70
STONE 70
DAUBER 69
SHEN 67
BERGE 66
CHIEN 66
LONDON 66
BINGHAM 65
PJERROU 65B

Also 65
BADIER 64
CARMONY 64B
HUBBARD 64
FERRO-LUZZI 63
JAUNEAU 63D

Also 63B
SCHNEIDER 63

PR Dl 1960
PL 32B 515
PR 179 1262
PL 25B 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 135B 183
PR 130 1568
Siena Conf. 4
PL 5 261
PL 4 360

+Schultz
+Berlinghieri, Bromberg, Cohen, Ferbel+
+Berge, Hubbard, Merrill, Miller
+Firestone, Goldhaber
+Eberhard, Hubbard, Merrill+
+Lach. Sandweiss, Taft, Yeh, Oren+
+Rau, Goldberg, Lichtman+

+Schlein, Slater, Smith. Stork, Ticho
Pjerrou

+Demoulin, Barloutaud+
+Pjerrou, Schlein, Slater, Stork+
+Berge, Kalbfleisch, Shafer+
+Alston-Garnjost, Rosenfeld, Wojcicki
+ (EPOL, CERN, LOUC,

Jauneau+ (EPOL, CERN, LOUC,

(EPOL,

OTHER RELATED PAPERS

PONDROM 85 PRPL 122 57
Review of FNAL hyperon experiments.

(ILL)
(ROC H)

(LRL) J
(UCB, LRL)

(LRL)
(YALE, BNL)
(BNL, SYRA)

(CERN)
(UCLA)
(UCLA)

SACL, ZEEM)
(UCLA) J

(LRL)
(LRL)

RHEL, BERG)
RHEL, BERG)

(CERN)

(WISC)

-0.35 -0.30 -0.25 -020

25.9
(Confidence Level = 0.001)

I

-0.15

(=—)~ (n)

(tantt = Ply)/ANGLE FOR= -+ Ar
VALUE( ) EVTS DOCUMENT ID

OUR AVERAGE

5 +10 11k ASTON 85B LASS

14.7+ 16.0 21k 8 EN SINGER 85 MPS
11 k9 4303 BALTAY 74 HBC

5 +16 2436 COOL 74 OSPK
—26 +30 2724 BINGHAM 70B OSPK
—14 +11 2781 DAUBER 69 HBC

0 +12 1004 9 BERGE 66 HBC
0 +20.4 364 9 LONDON 66 HBC

54 +30 356 CARMONY 64B HBC

BENSINGER 85 used ap ——0.642 + 0.013.
The errors have been multiplied by 1.2 due to approximations
see DAUBER 69 for a discussion.

TECN COMMENT

K p
5 GeV/c K p
1.75 GeV/c K p
1.8 GeV/c K p

Uses aA —0.64760.020

Using aA —0.62

used for the = polarization;

tra l fv F0R== Ae-r
VALUE EVTS DOCUMENT ID TECN COMMENT

-0.25+0.01 1992 BOURQUIN 83 SPEC SPS hyperon beam

0BOURQUIN 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.

REFERENCES

We have omitted some papers that have been superseded by later exper-
iments. The omitted papers may be found in our 1986 edition (Physics
Letters 170B) or in earlier editions.

94 PRL 72 808
92 PRL 68 768
92B PR D46 R892
90 PRL 65 1713
91 PR D44 3402
89 PR D40 1703
87B ZPHY C35 143
86 PR D33 3172
85B PR D32 2270
85 NP B252 561
84 NP B241 1
84 PRL 52 581
83 ZPHY C21 1
82 PL 112B 265
82B PL 112B 277
80C PR D21 12
80 PR D21 25
79 PL 87B 297
78 NP B142 205
75 NP B98 137
74 PR D9 49
74 PR D10 792
72 PRL 29 1630
74 PR D10 3545
72 NP B47 333
72 NP B45 77
72 PL 42B 372
71 NP B32 493
70B PR Dl 3010

DUBBS
DURYEA
LITTENBERG
HO

Also
TROST
BIAGI
RA MEIKA
ASTON
BENSINGER
BOURQUIN
RAMEIKA
BOURQUIN
BIAGI
BIAGI
CLELAND
THOMPSON
BOURQUIN
HEMINGWAY
DIBIANCA
BALTAY
COOL

Also
YEH
MAYEUR
VOTRUBA
WILQUET
DUCLOS
BINGHAM

+Albuquerque, Bondar+ (FNAL E761 Collab. )
+Guglielmo, Hellerp (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)
pArmenteros+ (CERN, ZEEM. NIJM, OXF)
+Endorf (CMU}
+Bridgewater, Cooper, Gershwin+ (COLU, BING) J
+Giacomelli, 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)

a FOR:- -+ As
The above average, a(= ) a (A) = -0.293 6 0.007, where the error Includes a
scale factor of 1.8, divided by our current average a (A) = 0.642 6 0.013, gives the

following value for a(= )~

VAL UE DOCUMENT ID

-OA56+OAl14 OUR EVALUATION Error includes scale factor of 1.8.

NOTE ON RESONANCES

The accompanying table gives our evaluation of the present

status of the = resonances. Not much is known about = reso-

nances. 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 yb), and (3) the final states are

topologically complicat;ed and difBcult 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 recent years have electronic

experiments made significant contributions. However, there is

nothing new at all on = resonances since our 1988 edition.

For a detailed earlier review, see Meadows [1j.

Table 1. The status of the = resonances. Only those with an overall
status of **4 or ****are included in the Baryon Summary Table.

Status as seen in—
Overall

Particle Lsr 2s status =s'
A. K ZK:-(1530)s Other channels

:-(1318) Pr g

:-(1530) Prs
= (1620)
= (1690)
= (1820) Drs
:-(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.

Reference

1. B.T. Meadows, in Proceedings of the IV " Interna
tional Conference on Baryon Resonances (Toronto, 1980),
ed. N. Isgur, p. 283.
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= (1530)

=(1530) P13 l{JP) = Z{&~+) 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.

WEIGHTED AVERAGE
1531.78+0.34 (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 measuremets of other (related)
quantities as additional information.

1526 1528 1530

V'
V'

~v

1532

DEBELLEFON.ROSS
BADIER
BALTAY
BORENSTEIN
KIRSCH
LONDON

758 HBC
738 HBC
72 HBC
72 HBC
72 HBC
72 HBC
66 HBC

(Confidence Level

1534 1536 1538

2
X

0.4
1.5
0.2
0.3
0.6
0.6
7.8

1 1.4
= 0.077)

= (1530) mass (MeV)

=(1530) MASSES

=-(1530)4 MASS
VAL UE (Mev) EVTS DOCUMENT ID TECN COMMENT

1M1.8040M OUR FIT Error includes scale factor of 1.3.
1531.78+0.$4 OUR AVERAGE Error Includes scale factor of 1.4. See the ideogram

below.
1532.2 +0.7 DEBELLEFON 75B HBC K p ~ = K~
1533 + 1 ROSS 73B HBC K p ~ =Fr(x}
1531.4 +0,8 59 BADIER 72 HBC K p 3.95 GeV/c
1532.0 +0.4 1262 BALTAY 72 HBC K p 1.75 GeY/c
1531.3 +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/c
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

1532.1 +0.4 1244 ASTON 85B LASS K p 11 GeV/c
1532.1 k 0.6 2700 BAUBILLIER 81B HBC K p 8.25 GeV/c
1530 + 1 450 BIAGI 81 SPEC SPS hyperon beam

1527 +6 80 SIXEL 79 HBC K p 10 GeV/c
1535 +4 100 SIXEL 79 HBC K p 16 GeV/c
15336 +1,4 97 BERTHON 74 HBC Quasi-2-body o

:-(1530)WIDTHS

:-(1530)«WIDTH
VALUE (MeV) EVTS

9.1+O.S OUR AVEIULGE

9.5+ 1.2
9.1+2.4

11 +2
9.0+0.7
8.4+ 1.4

11.0+ 1.8
7 +7
8.5 +3.5
7 +2

~ ~ 0 We do not use the following

12.8 k 1.0 2700
19 k6 80
14 +5 100

=(1530) WIDTH
VA LUE (MeV)

iI+1.7 OUR AVERAGE

9.6+2.8
8.3 + 3.6

7 8+3.5—7.8
16.2 4 4.6

DOCUMENT ID TECN COMMENT

DEBELLEFON 75B HBC
ROSS 73B HBC
BADIER 72 HBC
BA LTAY 72 HBC
BORENSTEIN 72 HBC

KIRSCH 72 HBC
BERGE 66 HBC
LONDON 66 HBC
SCHI EIN 63B HBC

data for averages, fits, limits,

BAUBILLIER 81B HBC
3 SIXEL 79 HBC
3 SIXEL 79 HBC

p- = K~
p -~ = Kn(~}
p 3.95 GeV/c

p 1.75 GeV/c
7r+
~+

p 1.5-1.7 GeV/c

p 2.24 GeV/c

p 1.8, 1.95 GeV/c
0 0 0etc.

K p 8.25 GeV/c
K p 10 GeV/c
K p 16 GeV/c

DOCUMENT ID TECN COMMEN T

DEBELLEFON 75B HBC
ROSS 73B HBC

K p = K~
K p ~ =Km(x)

BA LTAY

K IRSC 8

72 HBC K p 1.75 GeYjc
0 -0

I72 HBC

:-(1530)«REAL PART
VALUE

1531.6+0.4

=(1530}POLE POSITIONS

DOCUMENT ID COMMENT

LICHTENBERG74 Using HABIBI 73

=(1530) REAL PART
VALUE

1534.4 6 1.1

=(1530} IMAGINARY PART
VALUE

3 9+1.75—3.9

DOCUMENT ID COMMENT

LICHTENBERG74 Using HABIBI 73

DOCUMEN T ID COMMENT

LICHTENBERG74 Using HABIBI 73

=(1530) DECAY MODES

Mode Fraction (I I/l )

100 /«

&4 «/.

Confidence level

90«/«

=(1530) IMAGINARY PART
VALUE DOCUMENT ID COMMENT

4.45+0.35 LICHTENBERG74 Using HABIBI 73

= (15M) MASS
VAL UE (Mev) EVTS

15$$.0+0.6 OUR FIT
1$3$.2+0.8 OUR AVERAGE

1534.561.2
1535.3+2.0
1536.2 + 1.6 185
1535.7+3.2 38
o ~ ~ We do not use the following

1540 +3 48
1534.7+ 1.1 334

DOCUMENT ID TECN COMMENT

K p~ = K~
K p ~ =K+(~}
K p 2.87 GeV/c
K p 2.24 GeV/c

etc. o o ~

Quasi-2-body o

K p 1.75 GeY/c

DEBELLEFON 75B HBC

ROSS 73B HBC

KIRSCH 72 HBC

LONDON 66 HBC
data for averages, fits, limits,

BERTHON 74 HBC
BALTAY 72 HBC

r(=-.)ir
=(1530) BRANCHING RATIOS

VAL UE

&0.04

CL%

90

DOCUMEN T ID TECN COMMENT

KALBFLEISCH 75 HBC K p 2.1& GeV/c

=(1530) FOOTNOTES
1BAUBILLIER 81B is a fit to the inclusive spectrum. The resolution (5 MeV} ls not

unfolded.
Redundant with data in the mass Listings.

3 SIXEL 79 doesn't unfold the experimental resolution of 15 MeV.

m =(g$30)- ~=(1S30) :-(1530)REFERENCES

VAL UE (MeVj
%2+0.6 OUR FIT
2.9+0.0 OUR AVERAGE

2.7+1.0
2.0+3.2
5.7+3.0
~ ~ ~ We do not use the following

3.9+1.8
7 +4

DOCUMENT ID TECN COMMENT

BALTAY 72 HBC K p 1.75 GeV/c
MERRILL 66 HBC K p 1.7-2.7 GeV/c
PJERROU 65B HBC K p 1.8-1.95 GeV/c

data for averages, fits, limits, etc. o o ~

2 KIRSCH 72 HBC K p 2.87 GeV/c
LONDON 66 HBC K p 2.24 GeV/c

ASTON 85B
BAUBILLiER 81B
BIAGI 81
SIXEL 79
DEBELLEFON 75B
KALBFLEISCH 75
BERTHON 74
l ICHTENBERG 74

Also 74B
HABIBI 73
ROSS 73B
BADIER 72
BALTAY 72
BORENSTEIN 72
KIRSCH 72
BERGE 66
LONDON 66
MERRILL 66
PJERROU 65B
SCHLEIN 63B

PR D32 2270
NP B192 1
ZPHY C9 305
NP B159 125
NC 28A 289
PR D11 987
NC 21A 146
PR D10 3865
Private Comm.
Nevis 199 Thesis
Purdue Conf. 355
NP B3? 429
PL 42B 129
PR D5 1559
NP B40 349
PR 147 945
PR 143 1034
UCRL 16455 Thesis
PRL 14 275
PRL 11 167

+Carnegte+ (SLAC, CARL, CNRC, ONC)
+ (BIRM, CERN, GLAS, MSU, CURIN)
+ (BRIS, CAVE, GEVA, HEIDP, LAUS, LOQM, RHEL)
+Bottcher+ (AACH3, BERL, CERN. LOIC, VIEN)

De Bellefon, Berthon, Billoir+ (CDEF, SACL)
+Strand, Chapman (BNL, MICH)
+Tristram+ (CDEF, RHEL, SACL, STRB)

(IND)
Lichtenberg (IND)

(COLU)
+Lloyd, Radojicic (oxF)
+Barrelet. Charlton, Videau (EPOL)
+Bridgewater, Cooper, Gershwin+ (COLU, BING)
+Danburg, KalbNeisch+ (BNL, MICH) I

+Schmidt, Chang+ (BRAN, UMD, SYRA, TUFTS)i
+Eberhard, Hubbard, Merrill+ (LRL) I

+Rau, Goldberg, Lichtman+ (BNL, SYRA) lJ
(LRL) JP

+Schlein, Slater, Smith, Stork, Ticho (UCLA)
+Carmony, Pjerrou, Slater, Stork, Ticho (UCLA) lJP
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Baryon FullListings
= (1530),= (1620),= (1690)

MAZZUCATO 81
BRIEFEL 77
BRIEFEL 75
HUNGERBU. .. 74
BUTTON-. .. 66

OTHER RELATED PAPERS

NP B178 1
PR D16 2706
PR D12 1859
PR D10 2051
PR 142 883

+Pennino+ (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

=(1690) MASS
VAL UE (MeV)

1691.1+ 1.9+2.0
1700 6 10
1694 4 6

EVTS

104
150
45

DOCUMENT ID

BIAGI
3 BIAGI
4 DIONISI

TECN COMMENT

87 SPEC:— Be 116 GeV
81 SPEC:— H 100, 135 GeV

78 HBC K p 4.2 GeV/c

= (1620) l(i~) = p(??) Status:
J, P need confirmation.

OMITTED FROM SUMMARY TABLE
What little evidence there is consists of weak signals in the = Tr

channel. A number of other experiments (e.g. , BORENSTEIN 72
and HASSALL 81) have looked for but not seen any effect.

={1620)MASS

MIXED CHARGES
VALUE (MeV)

(60 OUR ESTIMATE

1690)o WIDTH
VALUE {MeV)

44+23
20+ 4

=(1690}WIDTHS

DOCUMENT ID

EVTS DOCUMENT ID TECN COMMENT

175 DIONISI 78 H BC K p 4.2 GeV/c
183 DIONISI 78 HBC K p 4.2 GeV/c

31
34
29

VALUE (MeV) EVTS

at 1520 OUR ESTIMATE
1624+ 3
1633+12
1606+ 6

DOCUMENT ID TECN COMMENT

BRIEFEL 77 HBC K p 2.87 GeV/c
DEBELLEFON 758 HBC K p —+ = Kx
ROSS 72 HBC K p 3.1-3.7 GeV/c

=(1690) WIDTH
VALUE {MeV) CL S EVTS

& 8 90 104
47+14 150
26k 6 45

DOCUMENT ID

BIAGI
3 BIAGI
4 DIONISI

TECN COMMENT

87 SPEC = Be 116 GeV

81 SPEC = H 100, 135 GeV

78 HBC K p 4.2 GeV/c

={1620}WIDTH =(1690) DECAY MODES

VAL UE (MeV)

22.5
40 +15
21 +7

EVTS

31
34
29

DOCUMENT ID TECN

1 BRIEFEL 77 HBC

DEBELLEFON 758 HBC

ROSS 72 HBC

=(1620) DECAY MODES

COMMENT

K p 2.87 GeV/c
K p~ = K9r

K p-+
x+ K 0(892)

r,
I2
f3
l4
I5
r6

Mode

AK
ZK:7r

=-~+~0
7r 1r+

=(1530)s

Fraction (I ~/P)

seen

possibly seen

Mode

=(1690}BRANCHING RATIOS

=(1620) FOOTNOTES

The fit Is Insensitive to values between 15 and 30 MeV.

= (1620}REFERENCES

r(nR)/roo„
VALUE

r(zÃ)/r(nÃ)

EVTS

104

DOCUMENT ID TECN CHG COMMENT

BIAGI 87 SPEC — = Be 116 GeV

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 DS 1559
PL 388 177

+Ansorge, Carter, Neale+
+Gourevitch, Chang+ (BRAN,

8riefel+ (BRAN,
Briefel, Gourevitch+ (BRAN,
De Bellefon', Berthon, Billoir+

+Danburg, Kalbfleisch+
+Buran, Lloyd, Mulvey, Radojicic

OTHER RELATED PAPERS

(CAVF. , MSU)
UMD, SYRA, TUFTS)
UMD, SYRA, TUFTS)
UMD, SYRA, TUFTS)

(CDEF, SACL)
(BNL, MICH) I

(OXF) I

VAL UE

2.740.9
3.14 1.4

r(=-~)/r(z7f)
VALUE

&0.09

DOCUMENT ID TECN CHG COMMEN T

DIONISI 78 HBC 0 K p 4.2 GeV/c
DIONISI 78 HBC — K p 4.2 GeV/c

I a/I'a
DOCUMENT ID TECN CHG COMMENT

DIONISI 78 HBC 0 K p 4.2 GeV/c

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(=--~+~a)/r(z7f)
VALUE

&0.04

r(=--~+~-)/roo, l

DOCUMENT ID TECN CHG COMMENT

DIONISI 78 HBC 0 K p 4.2 GeV/c

= (1690) l(JF) = ~t{? ) Status:
VALUE

~bly seen

EVTS

4

DOCUMENT ID TECN CHG COMMENT

BIAGI 87 SPEC —:-Be 116 GeV

DIONISI 78 sees a threshold enhancement in both the neutral and

negatively charged ZK mass spectra in K p ~ (EK)K~ at 4.2
GeV/c. The data from the ZF 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 = ~

r(=-- + -)/r(zÃ)
VALUE

&0.03

I (=(1530)s)/I (ZK)
VAL UE

&0.06

DOCUMENT ID TECN CHG COMMENT

DIONISI 78 HBC — K p 4.2 GeV/c

DOCUMENT ID TECN CHG COMMEN T

DIONISI 78 HBC — K p 4.2 GeV/c
BIAGI 81 sees an enhancement at 1700 MeV in the diffractively

produced AK system. A peak is also observed in the AK mass
spectrum at 1660 MeV that is consistent with a 'l720 MeV resonance

decaying to Z K, with the p 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}FOOTNOTES

From a fit to the Z+ K spectrum.
From a coupled-channel analysis of the Z+ K and A~K spectra.

3A fit to the inclusive spectrum from = N ~ AK X.
From a coupled-channel analysis of the Z K and AK spectra.

=(1690}REFERENCES
=(1690) MASSES

MIXED CHARGES
VAL UE (MeV) DOCUMENT ID

1590+10OUR ESTIMATE This Is only an educated guess; the error given is larger than
the error on the average of the published values.

BIAGI
BIAGI
DIONISI

87 ZPHY C34 15
81 ZPHY C9 305
78 PL 80B 145

+ (BRIS, CERN. GEVA, HEIDP, LAUS, LOQM, RAL) I

+ (BRIS, CAVE. GEVA, HEIDP, LAUS, LOQM, RHEL)
+Diaz, Armenteros+ (CERN, AMST, NIJM, OXF) I

1690)o MASS
VAL UE (MeV)

1699+5
1684+5

EVTS DOCUMENT ID

175 1 DIONISI

183 2 DIONISI

TECN COMMEN T

78 HBC K p 4.2 GeV/c
78 HBC K p 4.2 GeV/c



1776

Baryon Full Listings
= (1820)

=(1820) D13 l(J~) = ~t(~s-) Status:
WEIGHTED AVERAGE
24+6 {Error scaled by 1.5}

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.

DOCUMENT IDVAL UE (Mev) EVTS

12$ 6 I OUR ESTIMATE
1823A+ 1A OUR AVERAGE

1819.4+ 3.1+2.0 280

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 42 GeV/c

BIAGI1826 + 3 + 1

1822 k 6

1830 k 6

JENK INS 83 MPS

300 BIAGI 81 SPEC

130 GAY 76c HBC
use the following data for averages, fits, limits,

74 8RIEFEL 77 HBC
68 8RIEFEL 77 HBC

39 BRIEFEL 77 HBC
44 BRIEFEL 77 HBC
57 BRIEFEL 77 HBC

DIBIANCA 75 DBC
28 BADIER 72 HBC
38 2 BADIER 72 HBC
25 3 CRENNELL 708 DBC

4 CRENNELL 708 DBC
40 ALITTI 69 HBC
30 BADIER 65 HBC

29 SMITH 65c HBC
HALSTEINSLID63 FBC

1823 4 2

~ ~ ~ We do not etc. ~ ~ ~

K p 2 87 GeV/c
= (1530}xz-%
A~K

AK
ir

:-g, =ex, YK
=x, =a~, VK
3.6, 3.9 GeV/c
3.6, 3.9 GeV/c
A, ZK
A~K

A~K, AK
K freon 3.5

GeV/c

1797 + 19
1829 + 9
1860 + 14
1870 + 9
1813 + 4

1807 + 27
1762 + 8
1838 + 5
1830 + 10
1826 k 12
1830 4 10
1814 + 4

1817 + 7
1770

—0

—0
—0
-0

-0
-0

=(1820) MASS

We only average the measurements that appear to us to be most significant
and best determined.

-20 0

v~
~V
V~
V~

VV

V~

20 40 60

BIAGI
BIAGI

~ BIAGI
GAY

87 SPEC
87C SPEC
81 SPEC
?6C HBC

0.0
0.8
5.7
0.2
6.7

{Confidence Level = 0.083}

80 100 120

=(1820) width (Nlev)

:-(1820) DECAY MODES

ll
l2
l3
l4
rs

Mode

hK
EK

= (1530)s':—s s (not=(1530)s)

Fraction (I;/I )

large

small

small

small

=(1820) BRANCHING RATIOS

The dominant modes seem to be AK and (perhaps) =(1530)~, but the
branching fractions are very poorly determined.

I (nR)/I tots(

= (1820) WIDTH
VAL UE

0.30+0.15
DOCUMENT ID TECN CHG COMMENT

ALITTI 69 HBC — K p 3.9-5
GeV/c

DOCUMENT ID TECN CHG COMM EN T

the ideogram

Be ~
(AK ) X

Be (A~K)
X

SPS hyperon
beam

K p 4.2 GeV/c
~ ~

24.6+ 5.3

5412 +14 +1 7

72 +20

BiAGI 87c SPEC 0

81 SPECBIAGI300

76c HBC

, fits, limits,

GAY

data for averages

BRIEFEL
BRIEFEL
BRIEFEL
BRIEFEL
BRIEFEL
DIBIANCA

2 BADIER
2 BADIER

3 CRENNELL

21 + 7 130
o ~ ~ We do not use the following etc. ~

K p 2.87 GeY/c
:-(1530)~
Z ~K

A~K

AK
x lr ~ 7r

Lower mass
Higher mass

77 HBC
77 HBC
77 HBC
77 HBC

77 HBC
75 DBC
72 HBC
72 HBC

99 +57
52 +34
72 +17
44 + ll
26 + ll
85 +58
51 +13
58 +13

103 +38—24

48 +36—19

ss +40—20
12 + 4
30 4 7
80

74
68
39
44
57

—0

—0
-0

70B DBC —0 3.6, 3.9 GeV/c

4 CRENNELL 70B DBC -0 3.6, 3.9 GeV/c

A, ZK
A~K

AK
K freon 3.5

GeV/c

A LITT I 69 H BC

0
—0

BADIER 65 HBC
SMITH 65B HBC

HALSTEINSI. ID63 FBC —0

VALUE (Mev) EVTS

24 +10 OUR ESTIMATE

24 6 6 OUR AVERAGE Error includes scale factor of 1.5. See
below.

280 1 BIAGI 87 SPEC 0

r(= s)/rtota)
VALUE

0.10+0.10
DOCUMENT ID TECN CHG COMMENT

ALITTI 69 HBC — K p 3.9-5
Gev/

I s/C

r(=-~)/r(nR)
VALUE

&0.36
0.2040M

r(= s)/r(=(1530)s)

CL 4k

95

rs/rt
DOCUMENT ID TECN CHG COMMEN T

GAY 76c HBC — K p 4.2 GeV/c
BADIER 65 HBC 0 K p 3 GeV/c

rs/ra
VALUE

15+ '' -04

r(zR) jr~,

DOCUMENT ID

APSELL

TECN CHG COMMEN T

70 HBC 0 K p 2.87 GeY/c

VAL UE

0.30+0.15
DOCUMENT ID TECN

ALITTI 69 H BC

COMMEN T

K p 3.9-5
GeV/c

~ ~

Use SMITH 65c

VALUE

0.24+0.10

I (=(1530)s) /I tata(

DOCUMENT ID TECN CHG COMMENT

GAY 76C HBC — K p 4.2 GeV/c

VAL UE

0.30+0.15
DOCUMENT ID TECN

ALITTI 69 HBC

o ~ ~ We do not use the following data for averages, fits, limits,

seen ASTON 858 LASS

not seen 5 HASSALL 81 HBC

&0.25 6 DAUBER 69 HBC

r(=-(1830)~)/r(nR)

CHG

etc. ~

COMMENT

K p 3.9-5
GeV/c

0 0

K p ll GeV/c
K p 6.5 GeV/c
K p 2.7 GeV/c

0 o ~ We do not use the following data for averages, fits, limits, etc. ~

&0.02 TRIPP 67 RYUE

I (ZK)/I (n+K

VALUE DOCUMENT ID TECN

0.38+047 OUR AVERAGE Error includes scale factor of 2.3.
1.0 +0.3 GAY 76c HBC
0.26+Q.13 SMITH 65C HBC

CHG COMMENT

—0
K p 4.2 GeV/c
K p 2.45-2.7

GeV/c
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Baryon Ful I Listings
= (1820),= (1950),= (2030)

I (=an (nat:-(1530)a })/I (n+K la/I s ={1950}WIDTH
VALUE DOCUMENT ID TECN CHG COMMENT

0.30+0~ BIAGI 87 SPEC —:— Be 116 GeV

~ ~ ~ We do not use the foliowing data for averages, fits, limits, etc. ~ ~ ~

&0.14 BADIER 65 HBC 0 1 st. dev. limit

&0.1 SMITH 65C HBC —0 K p 2.45-2.7
GeV/c

r(=-~~(nat=-(1530)n))/r(=-(1530) ~)

0.3+0.5

=(1820) FOOTNOTES

1BIAGI 87 also sees weak signals in the in the = 2r+~ channel at 1782.6 + 1.4 MeV
(I = 6.0 6 1.5 MeV) and 1831.9+ 2.8 MeV (I = 9.6 6 9.9 MeV).
BADIER 72 adds all channels and divides the peak into lower and higher mass regions.
The data can also be fitted with a single Breit-Wigner of mass 1800 MeV and width 150
MeV.

3From a fit to inclusive =~, = err, and AK spectra.
4 From a fit to inclusive = x and:-2r~ spectra only.
5 Including =ex.
6 DAUBER 69 uses in part the same data as SMITH 65C.

For the decay mode = ~+ x only. This limit includes =(1530)~.
Or less. Upper limit for the 3-body decay.

={1820)REFERENCES

VALUE DOCUMEN T ID TECN CHG COMMEN T

consistent with zero GAY 76C HBC — K p 4.2 GeV/c
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

APSELL 70 HBC 0 K p 2.87 GeV/c

VALUE (MeV) 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

140635

63
150
139
44
56

29
21
66
27
35

DOCUMENT ID

BIAGI

BIAGI

BIAGI

BRIEFEL
BRIEFEL
BRIEFEL
DIBIANCA

ROSS
BADIER
GOLDWASSER
DAUBER

ALITTI
BADIER

TECN COMMENT

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 —+ = a+ X
287K p~ =on X
:-(ls3o)~

(=~)
= x, =2rx, YK

I2

l4
Is

Mode

AK
ZK

= (1530)s.
=-~~ (not =-(1530)~)

Fraction (I ~/I )

seen

possibly seen

seen

=(1950}DECAY MODES

BIAGI 87
BIAGI 87C
ASTON 85B
JENKINS 83
BIAGI 81
HASSALL 81
TEODORO 78
BRIEFEL 77

Also 69
GAY 76
GAY 76C
DIBIANCA 75
BADIER 72
APSELL 70
CRENNELL 70B
ALITTI 69
DAUBER 69
TRIPP 67
BADIER 65
SMITH 65B
SMITH 65C
HA LSTEINSLID 63

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 898 137
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

OTHER RELATED PAPERS

(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, MSU)
+Diaz, Dionisi, Blokzijl+ (AMST, CERN, NIJM, OXF) JP
+Gourevitch, Chang+ (BRAN, UMD, SYRA, TUFTS)

Apsell+ (BRAN, UMD, SYRA, TUFTS)
+Jeanneret, Bogdanski+ (NEUC, LAUS, LIVP, CURIN)
+Arrnenteros, Berge+ (AMST, CERN, NIJM) IJ
+Endorf (CMU)
+Barrelet, Charlton, Videau (EPOL)
+ (BRAN, UMD, SYRA, TUFTS) I

+Karshon, Lai, O'Neall, Scarr, Schumann (BNL)
+Barnes, Flaminio, Metzger+ (BNL, SYRA) I

+Berge, Hubbard, Merrill, Miller (LRL)
+Leith+ (LRL, SLAC, CERN, HEID, SACL)
+Demoulin, Goldberg+ (EPOL, SACL, AMST) I

+Lindsey (LRL)
+Lindsey, Button-Shafer, Murray (LRL) IJP
+ (BERG, CERN. EPOL, RHEL, LOUC) I

r(r7f)/r(nR)

=(1950}BRANCHING RATIOS

VALUE

(2.3
CL48 EVTS

90 0
DOCUMENT ID

BIAGI

TECN COM MEN T

87C SPEC = Be 116 GeV

r(rÃ)/ran, ~

VALUE EVTS

possibly seen 17

r(= x)/I (=(1530}n)

DOCUMEN T ID TECN COMMENT

HASSALL 81 HBC K p 6.5 GeV/c

VALUE

2 8+O.7—0.6

DOCUMENT ID

APSELL

TECN

70 HBC

VAL UE

0.0+0.3
DOCUMENT ID TECN

APSELL 70 HBC

r(=-aa(nat=-(1530) ~))/r(=-(1SSO) a)

TEODORO 78 PL 77B 451
BRIEFEL 75 PR D12 1859
SCHMIDT 73 Purdue Conf. 363
MERRILL 68 PR 167 1202
SMITH 64 PRL 13 61

(AMST, CERN, NIJM, OXF) JP
(BRAN, UMD, SYRA, TUFTS)

(BRAN)
(LRL)
(LRL) IJP

+Diaz, Dionisi, Blokzijl+
+Gourevitch+

+Shafer
+Lindsey, Murray, Button-Shafer+

=-(1950) l(J ) = (~ ) Status:

We list here everything reported between 1875 and 2000 MeV. The
accumulated evidence for a = near 1950 MeV seems strong enough
to include a =(1950) in the main Baryon Table, but not much can
be said about its properties. In fact, there may be more than one =
near this mass.

BIAGI 87
BIAGI 87C
BIAGI 81
HASSALL 81
BRIEFEL 77

Also 70
DIBIANCA 75
ROSS 73C
BADIER 72
APSELL 70
GOLDWASSER 70
DAUBER 69
ALITTI 68
BADIER 65

=(1950) REFERENCES

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
PR 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)

Briefel+ (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

=(1950) MASS
= (2030) l(J ) = ( & ) Status:

1963+ 5+2
1937+ 7
1961+18
1936122
19644 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

VALUE (Mev) EVTS

1950+1$ OUR ESTIMATE
1944+ 9 129

DOCUMENT ID

BIAGI

BIAGI
BIAGI

BRIEFEL
BRIEFEL
BRIEFEL
DIBIANCA

ROSS
BADIER
GOLDWASSER
DAUBER
ALITTI
BADIER

TECN COMMENT

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 ~ = ++X
287 K p + =02r X
:-(ls3o)~

(=~)
=x, =~~, YK

VALUE (MeV) EVTS

4 S OUR ESTIMATE
202$.1+ 2.4 OUR AVERAGE

2022 + 7

2024 + 2
2044 1 8
2019 + 7
2030 110

200

15
42

2058 +17 40

=(2030}MASS

DOCUMENT ID TECN CHG COMMEN T

Error includes scale factor of 1.3.
JENKINS 83 MPS

HEMINGWAY 77 HBC
DIBIANCA 75 DBC
ROSS 73C HBC
A LITTI 69 H BC

BARTSCH 69 HBC

—0
—0

—0

the ideogram below.

K p~ K+
MM

K p 4.2 GeV/c
2r f

XK
K p39—5

GeV/c
K p 10 GeV/c

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 =arm (or =(1530)x) channel, in contrast
to DIBIANCA 75. The decay (A/Z) Kx 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.
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2040 2060

WEIGHTED AVERAGE
2025.1~2.4 (Error scaled by 1.3)

gf

v'
'v '

4'v
V'

I V

V '
V

~ Wj

2000 2020

- JENKINS
HEMINGWAY
DIBIANCA

. ROSS

.ALITTI
BARTSCH

83 MPS
77 HBC
75 DBC
73C HBC
69 HBC
69 HBC

2
X
0.2
0.3
5.6
0.8
0.2
3.8

10.8
(Confidence Level = 0.055)

I

2080 2100

I (A}r)/ [I (Air) + I (ZK) + I (=a') ~ I (=(1530)a)] rt/(I t+r2+ra+I a}
VALUE

0.25+0.15

r(AK)/r(zÃ)

DOCVMENT ID TECN CHG COMMENT

ALITTI 69 HBC — K p 3.9—5
GeV/c

VALUE

0.22+ 0.09

DOCUMENT ID TECN

HEMINGWAY 77 HBC

CHG COMMEN T

K p 4.2 GeV/c

I (Z}r)/ [I (1Ã) + I (ZÃ) + I (= s') + I (=(1530)x)] I 2/(I t+I 2+I I+I 4)
VALUE

0.75 +0,20

DOCUMEN T ID TECN CHG COMMEN T

ALITTI 69 HBC — K p 3.9-5
GeV/c

I (=(1530}x)/ [I (AR) + I (Z}r) + I (=x) + I (=(1530)x)
ra (I t+I 2+I a+I a}

VALUE DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ e

(0.15 ALITTI 69 HBC — 1 standard dev.
limit

:-(2030) mass (MeV)

=(2NO) WIDTH

VALUE (MeV) EVTS

2O+ ~ OUR ESTIMATE

21+ 6 OUR AVERAGE Error

16+ 5 200
60+24
33+17 15

45+40—20

57+30

DOCUMENT ID TECN CHG COMMEN T

WEIGHTED AVERAGE
21~ (Error scaled by 1.3)

Xr

50 100

2
X

1.1
2.6
0.5
1.4
1.4
7.0

(Confidence Level = 0.135)
I

200

HEMINGWAY 77 HBC
DIBIANCA 75 DBC
ROSS 73C HBC.ALITTI 69 HBC

- BARTSCH 69 HBC

:-(2030) width (MeV)

=(2030) DECAY MODES

includes scale factor of 1.3. See the ideogram below.

HEMINGWAY 77 HBC — K p 4.2 GeV/c

DIBIANCA 75 DBC —0 =fry, =
ROSS 73C HBC —0 ZK

ALITTI 69 HBC — K p 3.9-5
GeV/c

BARTSCH 69 HBC -0 K p 10 GeV/c

[r(=(1530)r) + I (=s +{not=(1530}s))]/I (E}r) (rg yra)/ra
VAL UE

(0.11

I (A}rs')/I totals

VALUE

e ~ ~ We do not use

seen

I (AKx)/I (Z}f)

CL% DOCUMENT ID TECN

5 1 HEMINGWAY 77 HBC

DOCUMENT ID TECN

the following data for averages, fits, limits,

BARTSCH 69 HBC

CHG COMMEN T

K p 42 GeY/c

COMMENT

etc. ~ ~ ~

K p10GeV

VAL UE

&0.32

r(rZ~)/r~,

CL%

95

DOCUMEN T ID TECN CHG COMMEN T

HEMINGWAY 77 HBC — K p 4.2 GeV/c

VALUE

~ ~ ~ We do not use

DOCUMENT ID TECN

the following data for averages, fits, limits,

BARTSCH 69 HBCseen

r(rZ~)/r(r7r}

COMMENT

etc. ~ o ~

K p 10GeV

VALUE

&0.04

CL%

95

DOCUMEN T ID TECN CHG COMMEN T

HEMINGWAY 77 HBC — K p 4.2 GeV/c

=(2030) FOOTNOTES

1For the decay mode = ~+?r only.

For the decay mode Z+ K n+ only.

=(2NO) REFERENCES

JENKINS
HEMINGWAY

Also
DIBIANCA
ROSS
ALITTI
BARTSCH
ALITTI

83 PRL 51 951
77 PL 68B 197
76C PL 62B 477
75 NP B98 137
73C Purdue Conf. 345
69 PRL 22 79
69 PL 28B 439
68 PRL 21 1119

+Aibright, Diamond+ (FSU, BRAN, LBL, CINC, MASD)
+Armenteros+ (AMST, CERN, NIJM, OXF) IJ

Gay, Armenteros, Berge+ (AMST, CERN, NIJM)
+Endorf (CMU)
+Lloyd, Radojicic (OXF)
+Barnes, Flaminio, Metzger+ (BNL, SYRA) I

+ (AACH, BERL, CERN, LOIC, VIEN)
+Flaminio, NIetzger, Radojicic+ (BNL, SYRA)

= (2120) l(JP) = &(? ) Status:
F' need confirmation.

OMITTED FROM SUMMARY TABLE

I1
I2
r3
I4
r5
I6
r,

Mode

AK
ZK

= (1530)n.

= wa (not:-(1530)n )
AKx
ZKx

Fraction {I;/I )

20%
~ 80%
small

small

small

small

small

=(2120) MASS

VALUE (MeV) EVTS

R5I 2120 OUR ESTIMATE
2137+4
2123+7

DOCUMENT ID TECN COMMEN T

=(2120) WIDTH

18 1 CHLIAPNIK. .. 79 HBC K+ p 32 GeY/c
2 GAY 76C HBC K p 4 2 GeV/c

=(2NO) BRANCHING RATIOS

r(=-~)/[r(n&K+ r(z}r)+r(=-~) + r(=-{1530)~)] r,/(r, +r,+r,+r,)
VALUE DOCUMENT ID TECN CHG COMMENT

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.30 ALITTI 69 HBC — 1 standard dev.
limit

r(=-~)/r(r'}r)

VAL UE (MeV)

&20
25+ 12

Mode

I1 /lK

EVTS DOCUMENT ID TECN COMMENT

18 1 CHLIAPNIK. .. 79 HBC K+ p 32 GeV/c
2 GAY 76C HBC K p 4.2 GeV/c

=(2120) DECAY MODES

Fraction {rI/I )

seen

VAL UE

&0.19 95

DOCUMENT ID TECN CHG COMMENT

HEMINGWAY 77 HBC — K p 4.2 GeV/c



See key on page1343 Baryon Full Listings
:-(2120),:-(2250),:-(2370)

r(nK)/r~,
VAL UE

=(2120) BRANCHING RATIOS

DOCUMEN T ID TECN COMMENT

1 CHLIAPNIK. .. 79 HBC K+ p ~ (AK+) X
GAY 76C HBC K p 4.2 GeV/c

:—2370) l(JF) = &t(? ) Status:
f, P need confirmation.

OMITTED FROM SUMMARY TABLE

=(2370) MASS

={2120}FOOTNOTES
CHLIAPNIKOV 79 does not uniquely identify the K+ in the (AK+) 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.

2370
2373k 8
2392+27

50
94

VAL UE (Mev) EVTS

&s 2370 OUR ESTIMATE
2356+10

DOCUMENT ID TECN CHG COMMEN T

K p~ K+
MM

K p 6.5 Gev/c
K p 8.25 GeV/c
= 27r

JENKINS 83 MPS

HASSALL 81 H BC —0
AMIRZADEH 80 HBC —0
DIBIANCA 75 DBC

CHLIAPNIK. .. 79 NP B158 253
HEMINGWAY 77 PL 68B 197
GAY 76C PL 62B 477

=(2120) REFERENCES

Chliapnikov, Gerdyukov+
+Arm enteros+
+Armenteros, Berge+

(CERN, BELG, MONS)
(AMST, CERN, NIJM, OXF)

(AMST, CERN, NIJM)

VALUE(MeV)

80
80+25
75+69

EVTS

50
94

=(2370) WIDTH

DOCUMEN T ID TECN CHG COMMEN T

HASSALL 81 HBC —0 K p 6.5 GeV/c
AMIRZADEH 80 HBC —0 K p 8.25 GeV/c
DIBIANCA 75 DBC = 27r

= (2250) l{JF) = 2(? ) Status:
J, P need confirmation. =(2370) DECAY MODES

=(2250) MASS

VAL UE (MeV) EVTS

a~OUR ESTIMATE
2189+ 7 66

2214+ 5

2295+15
2244+52

18
35

DOCUMENT ID TECN CHG COMMEN T

87 SPECBIAGI

JENKINS 83 MPS

GOLDWASSER 70 HBC
BARTSCH 69 HBC

Be ~
(:--~+~-)
X

K p~ K+
MM

K p 5.5 GeV/c
K p 10 GeV/c

=(2250) WIDTH

OMITTED FROM SUMMARY TABLE
The evidence for this state is mixed. BARTSCH 69 sees a bump
of not much statistical significance in AK7r, ZK7r, and = 7r7r mass
SpeCtra. GOLDWASSER 70 SeeS a narrOWer bump in =x7r at a
higher mass. Not seen by HASSALL 81 with 45 events/Iub at 6.5
Gev/C. Seen by JENKINS 83. Perhaps seen by BIAGI 87.

Mode

I 1 AKx
Includes I 4 + I 6 ~

I2 ZK~
Includes I 5 + C6.

I3 0 K
I 4 n K'(892)
I s Z K'(892)
I s . Z(1385) K

r(n}r~)/r~,
VAL UE

r(z}r~)/r~,
VALUE

Fraction (I I/I )

seen

seen

=(2370} BRANCHING RATIOS

DOCUMEN T ID TECN CHG COM MEN T

AMIRZADEH 80 HBC —0 K p 8.25 GeV/c

DOCUMENT ID TECN CHG COMMENT

AMIRZADEH 80 HBC —0 K p 8.25 GeV/c
VAL UE (MeV)

46+27

( 30
130+80

EVTS

66

DOCUMENT ID TECN
'

CHG COMMENT

BIAGI 87 SPEC Be ~
(=- + -)
X

K p 5.5 GeV/cGOLDWASSER 70 HBC
BARTSCH 69 HBC

VALUE

r(17- K)/r~l

EVTS

50

[r(n7r~) + r(r7r~)]/raat„ {It+ra)/I
DOCUMEN T ID TECN CHG COMMENT

HASSALL 81 HBC -0 K p 6.5 GeV/c

=(2250) DECAY MODES
VALUE

0.09+0.04
DOCUMENT ID TECN CHG COMMEN T

KINSON 80 HBC — K p 8.25 GeV/c

Mode

I 1 =7r7r

I 2 AKvr

C3 ZK~

DOCUMEN T ID TECN

1 K INSON 80 HBC

VALUE

0.22 +0.13

I (Z(1385)}r)/I Satal

[I (n)r'(892}) + I (Z)r'{892})]/Itatal {ra+I8}/I
CHG COMMEN T

K p 8.25 GeV/c

={2250}REFERENCES VALUE

0.1260.08
DOCUMENT ID TECN CHG COMMENT

1 KINSON 80 HBC — K p 8.25 GeV/c
BIAGI 87 ZPHY C34 15
JENKINS 83 PRL 51 951
HASSALL 81 NP B189 397
GOLDWASSER 70 PR D1 1960
BARTSCH 69 PL 28B 439

+ (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)

={2370)FOOTNOTES
KINSON 80 is a reanalysis of AMIRZADEH 80 with 50% more events.

={2370}REFERENCES

JENKINS 83
HASSALL 81
AMIRZADEH 80
KINSON 80
DIBIANCA 75

PRL 51 951
NP B189 397
PL 90B 324
Toronto Conf. 263
NP B98 137

+Albright, Diamond+ (FSU, BRAN, LBL, CINC, MASD)
+Ansorge. Carter, Neale+ (CAVE, MSU)
+ (BIRM. CERN, GLAS, MSU, CURIN) I

+ (BIRM. CERN. GLAS, MSU. CURIN) I

+Endorf (CMU)
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=(2500), 0
= (2500) l(JP) = ~t(?. ) Status:

J, P need confirmation.

OMITTED FROM SUMMARY TABLE
The ALlTTI 69 peak might be instead the =(2370) or might be
neither the =(2370) nor the =(2500).

0 BARYONS
(s= -3, I = 0)

0 = sss

2430 +20

2500 k 10

30

45

VAL UE (Mev)

150+—40
59+27

VAL UE (MeV) EVTS

RIs 2500 OUR ESTIMATE
2505 + 10

=(2500) MASS

TECN CHG COMMENTDOCUMENT ID

J ENKINS

ALITTI

K p K~
MM

K p 4.6-5
GeV/c

K p 10 GeV/c

83 MPS

69 HBC

BARTSCH 69 H BC —0

=(2500) WIDTH

DOCUMENT ID TECN CHG

ALITTI 69 HBC

BARTSCH 69 HBC —0

i(l } = 0{&+) Status:

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 f = 3/2.

We have omitted some results that have been superseded by later
experiments. The omitted results may be found in our 1986 edition

(Physics Letters 170B) or in earlier editions.

Q MASS

The fit assumes the Q and 0+ masses are the same.

=(2500) DECAY MODES

C1

I2
C,
C4

C5

l6

Mode:7r

/lK
ZK:7rlr

= (1530)vr

AKvr + EKE

Fraction (C;/C]j

seen

seen

VALUE

(0.5
DOCUMENT ID TECN COMMEN T

ALITTI 69 HBC 1 standard dev. limit

I (nR)/[I (=sr) + I (ng) + I (ZR) + I (=(1530)sr)] I a/{I t+I a+I a+I a)
VALUE

0.5+0.2
DOCUMENT ID TECN CHG

A LITTI 69 H BC

r(z+K/[r(=-~) + r(nK) + r(z+K+ r(=-{1530)~)] r, /(r, +r,+r,+r, )
VALUE

0.5 +0.2
DOCUMENT ID TECN CHG

ALITTI 69 H BC

r(=-(1sso) ~) /[r(=-~) + r(nF) + r(zR) + r(=-(1sao) ~)
r, (r,+r,+r,+r, )

VAL UE

(0.2
DOCUMENT ID

ALITTI

TECN COMMENT

69 HBC 1 standard dev. limit

=(2500) BRANCHING RATIOS

I (=s) / [I (=s) + I (n+K + I (Z K) + r(=(1530)sr)] I t/(I t+I a+I I+I' )

DOCUMENT IDVALUE (MeV) EVTS TECN COMMEN T

16T2AS+0.2$ OUR FIT
1672A3+0.32 OUR AVERAGE

1673 +1 100 HARTOUNI 85 SPEC 80-280 GeV KL C

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 4 9 GeV/c K d
1673.3 +. 1.0 3 PALMER 68 HBC K p 4.6, 5 GeV jc
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 k 1.0 2 FRY 55 EMUL

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

1671.43 k 0.78 13 3 DEUTSCH. .. 73 HBC K p 10 GeV/c
1671.9 + 1.2 6 3 SPETH 69 HBC See

DEUTQCHMANN 73
1673.0 +8.0 1 ABRAMS 64 HBC
16?0.6 -&1.0 1 2 FRY 55B EMUL

1615 1 4 EISENBERG 54 EMUL

1DIBIANCA 75 gives a mass for each event. We quote the average.
2The FRY 55 and FRY 55B events were identified as 0 by ALVAREZ 73. The masses

assume decay to AK at rest. For FRY 55B, decay from an atomic orbit could Doppler
shift the K energy and the resulting 0 mass by several MeV. This shift is negligible
for FRY 55 because the 0 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 0 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 0 interacted with an Ag nucleus to give K:-Ag.

I (= srsr)/I tata'
VALUE DOCUMENT ID TECN CHG

BARTSCH 69 H BC —0
The fit assumes the Q and 0+ masses are the same.

DOCUMENT ID TECN CHG

BARTSCH 69 HBC —0

=(2500) REFERENCES

fr(nF~) + r(z F~)]/rt,„,'
VALUE

VALUE (MeV) EVTS

1672AS+OM OUR FIT
1672.5 +0.7 OUR AVERAGE

1672 6 1 72

1673.1 k 1.0 1

DOCUMENT ID TECN COMMENT

HARTOUNI 85 SPEC 80-280 GeV K& C

FIRESTONE 71B HBC 12 GeV/c K+ d

JENKINS 83 PRL 51 951
ALITTI 69 PRL 22 79
BARTSCH 69 PL 28B 439

+Albright, Diamond+ (FSU, BRAN, LBL, CINC, MASD)
+Barnes, Flarninio, Metzger+ (BNL, SYRA} I

+ (AACH, BERL, CERN, LOIC, VIEN}

(m„—~) / m~~~
A test of CPT invariance. Caiculated from the average Q and 0+
masses, above.

VALUE DOCUMENT ID

(0+5) x 10 i OUR EVALUATION

0 MEAN LlFE

Measurements with an error & 0.3. x 10 s have been omitted.

DOCUMENT IDVALUE (10 s) EVTS TECN COMMENT

0.122+0.OLk OUR AVERAGE
0.81160.037 1096 LUK 88 SPEC pBe 400 GeV

0.82360.013 12k BOURQUIN 84 SPEC SPS hyperon beam
~ e o We do not use the following data for averages, fits, limits, etc. ~ o ~

0.822 60.028 2437 BOURQUIN 79B SPEC See BOURQUIN 84
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0-, O(225O)-

Q MAGNETIC MOMENT Q DECAY PARAMETERS

VALUE (IsAI)

-1.94+0.17+0.14

EVTS

25k

DOCUMENT ID

DIEHL

Q DECAY MODES

TECN COM MEN T

91 SPEC Spin-transfer production
TECN COMMENT

LUK 88 SPEC pBe 400 GeV
BOURQUIN 84 SPEC SPS hyperon beam

aFORQ a AK
Some early results have been omitted.

VALUE EVTS DOCUMENT ID

-0.026+0.026 OUR N%I&GE
—0.03460.079 1743
—0.025+ 0.028 12k

rl
I2
I3
I4

r,
r6

Mode

AK-0
7r

7r Q

= (1530)o

(67.s+o.7)
(23.6+0.7)
( 8.6+0.4)

( 4.3+31'3)

( 6.4+51)

( 5.6+2.8)
2.2

x 10 4

x 10 4

x 10
x 10

Fraction (I ~/C) Confidence level

9O%

a FOR Q -+
VALUE

+0.09+0.1I

a FORQ
VALUE

+0.05+021

1630

=-g
EVTS

614

DOCUMENT ID TECN COMMENT

BOURQUIN 84 SPEC SPS hyperon beam

DOCUMEN T ID TECN COMMENT

BOURQUIN 84 SPEC SPS hyperon beam

Q REFERENCES

I s /l

MLS = 2 Iortsldden (S2}mode
S2 ( 1.9 x 10 4 9O%

We have omitted some papers that have been superseded by later exper-
iments. The omitted papers may be found ln our 1986 edition (Physics
Letters 1708) or in earlier editions.

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.

r(nK-)/rnn„
VALUE EVTS DOCUMENT ID TECN COMMENT

0.678+0.007 14k BOURQUIN 84 SPEC SPS hyperon beam
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.68660.013 1920 BOURQUIN 798 SPEC See BOURQUIN 84

I (~n' )/rtata(
VALUE EVTS DOCUMENT ID TECN COMMENT

0.236+0.007 1947 BOURQUIN 84 SPEC SPS hyperon beam
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.234 +0.013 317 BOURQUIN 798 SPEC See BOURQUIN 84

r(=--B)/rmm,

DIEHL
LUK
HARTOUNI
BOURQUIN

Also
BOURQUIN
BAUBILLIER
DEUTSCH. ..
HEMINGWAY
DIBIANCA
ALVAREZ
DEUTSCH. ..
FIRESTONE
SPETH
PALMER
SCHULTZ
SCOTTER
ABRAMS
BARNES
FRY
FRY
EISENBERG

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 PR 97 1189
558 NC 2 346
54 PR 96 541

+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)

Deutschmann+ (AACH3, BERL, CERN, INNS, LOIC+)
+Arm enteros+ (CERN, ZEEM, NIJM, OXF)
+Endolf (CMU)

(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, Culwiclt+ (BNL)
+Schneps, Swami (WISC)
+Schneps, Swami (wise)

(CORN

l(JF) = 0{? ) Status:

r(=--~+~-)/r~,
VALUE (units 10 4)

4 3+3A' -l3
EVTS DOCUMENT ID TECN COMMENT

BOURQUIN 84 SPEC SPS hyperon beam

VALUE EVTS DOCUMENT ID TECN COMMENT

0.086+0.004 759 BOURQUIN 84 SPEC SPS hyperon beam
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.08060.008 145 BOURQUIN 798 SPEC See BOURQUIN 84 VALUE (MeV) EVTS
~~~+ 9 OUR AVERAGE

2253+13
2251+ 9+8

32{2250) MASS

DOCUMENT ID

ASTON
BIAGI

TECN COMMENT

Q(2250) WIDTH

878 LASS K p 11 GeV/c
868 SPEC SPS = beam

r(=-{isaO}o~-)/rmm,
TECN COMMENTVALUE (units 10 4) EVTS DOCUMENT ID

6.4+g'0 4 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

The same 4 events as ln the previous mode, with the Isospin factor to take tnto account
= (1530) -+ = n decays included.

VALUE (MeV)

55+18 OUR AVERAGE

81+38
48+20

Mode

EVTS

44
78

DOCUMENT ID

ASTON
BIAGI

TECN COMMENT

878 LASS K p ll GeV/c
868 SPEC SPS:— beam

Fraction (Pi/I )

l2(2250) DECAY MODES

r(~ n-s, )/run„
VALUE (units 10 3) EVTS DOCUMENT ID TECN

S.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

I 1
= ~+K

I a ={1530}oK

L2(2250) BRANCHING RATIOS

r(= 7)/rtutai
VALUE (units 10 ) CL% EVTS DOCUMENT ID TECN

&2.2 90 9 BOURQUIN 84 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

&3.1 90 0 BOURQUIN 798 SPEC

COMMENT

SPS hyperon beam

etc. ~ ~ ~

See BOURQUIN 84

I (=(1550)4K )lr(= n+K )
VALUE

~ 1.0
0.70 +0.20

i?{2250} REFERENCES

EVTS DOCUMENT ID TECN COMMENT

44 ASTON 878 LASS K p 11 GeV/c
49 BIAGI 868 SPEC = Be 116 GeV/c

I (An )/rtotai

COMMENT

SPS hyperon beam
etc. ~ ~ ~

See BOURQUIN 84

8 5=2. Forbidden ln first-order weak interaction.
VALUE (units 10 4) CLg EVTS DOCUMENT ID TECN

& 1.9 90 0 BOURQUIN 84 SPEC
~ ~ ~ We do not use the following data for averages, fits, limits,

(1.3 90 0 BOURQUIN 798 SPEC

rs/r ASTON
BIAGI

878 PL 8194 579
868 ZPHY C31 33

+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)
+ (LCM, GEVA. RAL, HEIDP, LAUS, BRIS, CERN)
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Q(2380), Q(2470), Charmed Baryons

Q(2380)
OMITTED FROM SUMMARY TABLE

Status: CHARMED BARYONS
(C =+1)

VAL UE (MeV) EVTS

383 ~~ OUR ESTIMATE
2384+9+8 45

Q(2380) MASS

DOCUMENT ID TECN COM MEN T

BIAGI 86B SPEC SPS = beam

A+ = udc,
C -+

C

Z++ = uuc, Z+ = udc, Z0 = ddc,
= usc, =0 = dsc, 00 = ssc

NOTE ON CHARMED BARVONS

Q(2M0) WIDTH

VAL UE (MeV)

26+23
EVTS DOCUMENT ID

BIAGI

TECN COMMEN T

86B SPEC SPS:— beam

Q{2380) DECAY MODES

r,
I2
I3

Mode

=(1530)sK
K'(892)s

VAL UE

&0.44

CL% EVTS

90 9
DOCUMENT ID TECN COMMENT

BIAGI 86B SPEC = Be 116 GeV/c

r(=--)r'(882)o)/r(=--~+ K-) rs/ri
VALUE

0.5+0.3
EVTS

21

DOCUMENT ID TECN COMMENT

BIAGI 86B SPEC = Be 116 GeV/c

BIAGI S6B ZPHY C31 33

Q(2380) REFERENCES

+ (LOQM, GEVA, RAL, HEIDP, LAUS, BRIS, CERN)

Q{2M0) BRANCHING RATIOS

r(=-(1830)oK-)/r(=-- ~+ K-)

Figs. 1(a) and 1(b) show the SU(4) multiplets that have

as their "ground Hoors" (a) the SU(3) octet that contains I,he

nucleon, and (b) the SU(3) decuplet, that contains the 8(1232).
All the particles in a given SU(4) multiplet have the same

spin and parity. The only charmed baryons that have been

discovered each contain one charmed quark and belong to t, he

first floor of the multiplet, shown in Fig. 1(a). Fig. 2 shows

this first Hoor, pulled apart into two SU(3) multiplets, a 3
that cont, ains the A, (2285) and the =,(2470), both of which

decay weakly, and a 6 that contains the Z, (2455), which decays

strongly to A, vr, and the Q, (2710), which decays weakly (and
which needs confirmation before it can be considered to be

established). A second:", remains to be discovered to lill out.

the 6, and a host of other baryons with one or more charmed

quarks are needed to fill out the full SU(4) multiplets in

Fig. 1. Furthermore, every N or 6 baryon resonance "starts"

a multiplet like that, in Fig. 1(a) or 1(b), so the woods are I'ull

of charmed baryons, most of which no doubt will forever remain

undiscovered.

Q(2470)- Status:

OMITTED FROM SUMMARY TABLE
A peak in the Q 7r+7r maSS SpeCtrum With a Signal 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-
perirnent before elevating peaks to the Summary Table.

Q(2470) MASS

(a)

++

VAL UE (MeV)

2474+12
EVTS

59

DOCUMENT ID TECN COMMENT

ASTON 88G LASS K p 11 GeV/c ~0
M

VAL UE (MeV)

72+$3

Mode

r, a-~+~-

Q(2470) WIDTH

EVTS

59

Q(2470) DECAY MODES

DOCUMENT ID TECN COMMENT

ASTON 88G LASS K p 11 GeY/c

Fig. 1. SU(4) multiplets of baryons made of u, d, s,
and c quarks. (a) The 20-piet with an SU(3) octet,

on the "ground floor. " (b) The 20-piet with an SU(3)
decuplet on the ground floor.

ASTON SSG PL B215 799

Q(2470) REFERENCES

+Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS)

/ ~0%

&(SSC ~

/ go i
C I

$gC

Fig. 2. The SU(3) multiplets on the "flrst, floor" of the

SU(4) multiplet of Fig. 1(a). The particles in dashed

circles have yet to be discovered.
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Charmed Baryons, A+
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l(J ) = 0{2+) Status:

J has not actually been measured yet. Results of an analysis of
pK 7r+ decays (JEZABEK 92) are consistent with the expected J
= 1/2. The quark content is ud C.

We have omitted some results that have been superseded by later
experiments. The omitted results may be found in our 1992 edition
(Physical Review D4%, 1 June, Part II) or in earlier editions.

Ac+ MASS
Measurements with an error greater than 5 MeV or that are otherwise
obsolete have been omitted.

The fit also uses (m~ —m +) measurements.
C

v EVTS DOCUMEN T IDVALUE(Me )~.1+O.6 OUR FIT~.9+0.6 OUR AVERAGE
2284.7 k 0.6+0.7 1134
2281.742.7+2.6 29
2285.8+0.6+ 1.2 101
2284.7+2.3+0.5 5
2283.1k 1.7+2.0 628
2286.2 + 1.7+0.7 97
2281 +3 2
2283 +3 3
2290 +3 1

TECN COMMENT

91 CLEO
90e NA14

89 NA32

sse LEBC
ssc ARG

sse E691
87 HBC
82 HBC

80 HYBR

AVERY

ALVAREZ

BARLAG

AGUILA R-...
ALBRECHT
ANJOS
JONES
BOSETTI
CALIC CHIO

Six modes

pK 2r+

p K—7r+
pK-w+
pK ~+, p%, A32r

pK
—&+

pK-2r+
pK 2r+
pK- &+

A+ MEAN LIFE

Measurements with an error & 0.1 x 10 12 s have been omitted.

VALUE (10-12 5) EVTS

O 2OO+O.011 OUR AVERAGE-0.010

DOCUMENT ID TECN COM MEN T

93p Essr use, A ~ pK n+ I
90 NA14 p, A+ p K sr+

90 E687 7Be, A+ ~ pK 2r+

89 NA32 p K 2r++ c.c.

FRABETTI

ALVA REZ

0.215+0.016+0.008 1340

0.18 +0.03 +0.03 29

900.20 +0.03 +0.03

p 196+0.023—0.020

0.12 +—0.03
0.22 +0.03 +0.02

0.23 + ' +0.04—0.06

011 +008—0.04

p2p +007—0.05
~ ~ ~ We do not Use the

0.14 +0.03—0.03

FRABETTI

BAR LAG101

AGUILAR-. .. Sse LEBC

ANJOS 88e E691 pK 7r++ C.C.

ADAMOVICH 87 EMUL pA 20-70 GeV/c

97

AMENDOLIA 87 SPEC 7Ge-SI, pK sr+2rp

USHIDA 86 EMUL13
following data for averages, fits, limits, etc. ~ ~ ~

BARLAG 87 NA32 See BARLAG 8914

The states of the 3 multiplet are antisymmetric under

interchange of the two light quarks (the u, d, and s quarks), and

the states of the 6 multiplet are symmetric under interchange

of these quarks. Actually, there may be some mixing between

the pure 3 and 6:-, states (they have the same I, 1, and P
quantum numbers) to form the physical:-, states.

It need hardly be said that the flavor symmetries Fig. 1

displays are very badly broken, but the figure is the simplest

way to see what charmed baryons should exist.
For an entry into the literature on models of charmed

baryons, see Ref. 1. For a review of recent experimental results,

see Ref. 2. For a review of both theory and experiment, see

Ref. 3.

Mode

A+ DECAY MODES

Fraction (I ~/C)

Scale factor/
Confidence level

I1
I2
C3

r4

r,
r,
f7
Cs

I9
I 10
C11

C13
C14

HadronIc modes with a
p~K

pK x+
p K'(892)P
iL(1232)++ K

A(1520) tr+

p K x+ nonresonant

pKpx+x-
pK- x+xp

p K'{892) n+
p (K ir )nnnrennnnnt ir

d(1232) K'{892)
pK x+x+m
pK-x+xpxp
p K- ~+xo~o~o

[a]

[a)

pand one K
( 2.1+ 0.4) %

( 4.4+ 0.6) %

( 1.6+ 0.4) %
(7 +4)x10—3

(39 ' )x10

("+- 06)%
( 2.4+ 0.8) %
seen

( 3 2 4 0 7) o/

seen

(10 + 7 ) x10 4

( 7.0+ 3.5) x 10

( 4.4+ 2.S) x 10-3

S=1.3

C15

C16

C17

C18
I 19

C20

C24

C25

2S
C29

C30

C31

C34

C35

C36

C37

3S
C39

C40

C41

Hadronk modes with a p and zero or two K's

( 3.0+ 1.6) x 10

[a) ( 2.4+ 1.6) x 10

( 1.6+ 1.0) x 10

( 3.0+ 1.1) x 10

[a) & 1.7 x 10

pe+ n

p fp(980)
px+x+n n

pK+K
p4

Hadronic modes with a hyperon

( 7.9+ 1.8)
( 3.2+ 0.9)

4

( 2.7+ 0.6)

( 8.7+ 2.0)

( 1.6+ 0.6)

( 9.2 + 3.3)

( 8.7+ 2.2)

( 3.0 + 0.6)
1.2

( 1.6 + 0.6)

A~+
A~+~0

App
A~+~+7-
Z0~+
F0~+~0
Z0~+ ~+~-
Z'+ ~0
Z'+ ~+~-

g+ p0
Z- ~+~+
Z+x+x- xp

Z+~
z+ ~+~+~- ~-
Z+ K+ K-

g+y
Z+ K+~-
=-'K+
=- K+~+

= (1530)PK+

x 10

x 10

x 10
x 10

[a] ( 2.4+

( 2.6+

( 3.1+
[a) ( 3.0+

( 5.7+

( 3.4+
( 3.8+

[a] ( 2.3+

0.7) %
3.5) 10-3X

0.8) x 10
1.3) x 10
5.3) 10-3

0

0.9) x 10
1.2) x 10
0.9) x 10

Semlleptonlc modes
AE+vq
A anything 8+v~

CL 90o/

CL=95%

CL=95%

C42

C43

C44

C45

C46

C47

C4s

C49

C50

C51

C52

p anything

p anything (no A)

p hadrons
n anything

n anything {no A)
A anything
E+ anything
e+ anything

pe+ anything
A e+ anything
A p+ anything

Inclusive modes
(50 +16 )%
(12 +19 )

(50 +16 )
(29 +17 ) %
35 +11 ) o/

[~] (10 ~S )
( 4.5+ 1.7) %

( 1.81 0.9) %

( 1.4+ 0.5) %

( 1.5 + 0.9) %

S=1.4

C53 dummy mode used by the fit (89.1+ 1.7) %

[a] The branching fraction includes all the decay modes of the final-state
resonance.

[b] The value is for the sum of the charge states indicated.
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CONSTRAINED FIT INFORMATION I (p K «+ nonrenonnnt)/I (p K «+) fg/f2

An overall fit to 7 branching ratios uses 14 measurements and one

constraint to determine 5 parameters. The overall fit has a X
12.8 for 10 degrees of freedom.

YAL UE

o.56+07+0. 05-0.09

EVTS

71

DOCUMENT ID

BOZEK

TECN COM MEN T

93 NA32 n Cu 230 GeV

X7

X23

X51

X53

36

61 22

25 9 15
-81 -70 -70 -48

X2 X7 X23 X51

A+ BRANCHING RATIOS

The following off-'diagonal array elements are the correlation coefficients

(bx;bx&) j(bxI 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.

I (pK «+«0)/ftotnl
VALUE

semen

EYTS

44

DOCUMENT ID TECN COMMENT

AMENDOLIA 87 SPEC yGe- Si

I nil

I (pK'(882) 8+)/I total

I {p7P«+«)/I (pK «+)
VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

044+0.1? OUR FIT Error includes scale factor of 1.4.
OAS+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 +0.36+0.08 12 BARLAG 90D NA32 m 230 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o ~ i
g1.7 90 ANJOS 90 E691 p Be 70-260 GeV

r(pe&)/r(pK-«+) I 1/f2

VALUE

~CCh

EVTS

1

DOCUMENT ID TECN COMMENT

CNOPS 79 DBC vN in BNL 7 ft

VAL UE EVTS

OAO+0~ OUR AVERAGE

0.44 60.07+0.05 133
0.55+0.17+0.14 45
0.62+ 0,15+0.03 73

I (p K- «+)/I total

DOCUMENT ID TECN COM MEN T

AVERY 91 CLEO e+ e 10.5 GeV

ANJOS 90 E691 y Be 70-260 GeV

ALBRECHT 88c ARG e+ e 10 GeV

I 2/I

I (p)r'(892)4)/I(pK 8+)
Unseen decay modes of the Ko(892) are included.

VALUE EVTS DOCUMENT ID

0.36+0.& OUR AVERAGE

0.35+0 07 +0.03 39 BOZEK 93 NA32

0.42+ 0.24 12 BASILE 81B CNTR

~ ~ ~ We do not use the following data for averages, fits, limits,

BARLAG 90D NA32

TECN COMMENT

Cu 230 GeV

pp ~ A+e Xc
etc. e ~ o

See BOZEK 93

I 3/I 2

Most of the other modes are measured relative to this mode.
VALUE CL S EVTS DOCUMENT ID TECN COMMENT

0.044 +0.006 OUR FIT
O.N4 +0.006 OUR AVERAGE

0.0594+0.0031+0.0144 1 BERGFELD 94 CLEO e+ e T(45)
0.040 +0.003 +0.008 2 ALBRECHT 92o ARG e+ e T(4S)
0.043 +0.010 +0.008 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

0.022 +0.010 39 ABRAMS 80 MRK2 e+e 5.2 GeV

BERGFELD 94 measures I (pK e+)/I (At+ vt) = 1.93 6 0.10 + 0.33 and calcu-

lates I (e+ anything)/I togal —0.034 6 0.004 from D-meson data, assuming that all

charmed hadrons have the same semileptonic width. Combined, these values give

I (p K ~+)/I total = f x(6 67 +0.35+1.35)%, where f -=I (AE+ vg)/I (/+ anything).

Since f & 1, this gives an upper bound on I (pK 2f+)/I total In the spectator model,

the quantity corresponding to f in D-meson decay is I (D ~ (K+ K') E+ v~)/I (D ~
I+anything) = 0.89 + 0.12. This value of f leads to the value of I (pK ~+)/I total
we give here.

ALBRECHT 92O uses B(B A+X)xB(A+ pK x+) = (0.28 6 0.05)% plus

B(B ~ A+ X) = (6.8 k 0.5 6 0.3)% and assumes that B ~:-cX and B ~ Qc Xc
decays are suppressed and negligible.

3CRAWFORD 92 B(B A+X)xB(A+ pK rr+) = (0.273+ 0.051 6 0.039)%

and estimates 8()b ~ A+ X) = (6.4 + 0.8 + 0.8)%. If llnal states other than A+ NXc c
contribute to B decay, the A+ ~ pK e+ branching fraction would increase.

ALBRECHT 88E use their result B(B~ A+X)xB(A ~ pK 2f+) = (0.30+0.12+

0.06)% plus B(B A+X) = (7.4 6 2.9)% from other measurements of inclusive proton

and A yields in B decays.
This AGUILAR-BENITEZ 88B limit assumes that v A = 1.2 x 10 s, and it "decreases

C

by 20% to & 0.035I assuming a lifetime of 1.7 x 10 s instead. " Our average for
is st II higher (see the mean-life section), which would further reduce the limit.

C

f(p(K «+}non~lant«)/r(pK «+) ftolf2
VALUE

0.73+0.12+0.05
EVTS

67

DOCUMENT ID TECN COMMENT

BOZEK 93 NA32 n Cu 230 GeV

I (dt(1232}}r'(882))lftotal
VALUE

~aen

EVTS DOCUMEN T ID TECN COMMENT

35 AMENDOLIA 87 SPEC pGe-SI

f(pK «+«+«)/I (pK 8+)
VALUE

0.022+0.015
DOCUMEN T ID TECN COMMENT

BARLAG 90D NA32 ~ 230 GeV

r(pK «+«08 )/l(pK «+)

I 12/f2

f13lf2
VAL UE EVTS

0.16+0.07+0.03 15

DOCUMENT ID TECN COMMENT

BOZEK 93 NA32 ~ Cu 230 GeV

I (pK 8+«' 8 8 )/I (pK 8+)
VAL UE

0.10+0.06+0.02

EVTS

8

DOCUMENT ID TECN COMMENT

BOZEK 93 NA32 ~ Cu 230 GeV

I (p«+«)/l(pK 8+)
VALUE

OAN9+0. 036

I (pfo(980))/I (pK «+)

DOCUMENT ID TECN COMMENT

BARLAG 90D NA32 x 230 GeV

I 15/f2

ftn/f2
Unseen decay modes of the f0(980) are included.

DOCUMENT ID

BAR LAG

VAL UE

0.055+0.036

TECN COMM EN T

90D NA32 ~ 230 GeV

r(p«+«+«-«-)lr(pK-«+) ftylf2
VAL UE

0.036+0.023

r(pK+ K )lr(pK «+)--
DOCUMENT ID TECN COMMEN T

BARLAG 90D NA32 Tf 230 GeV

flslf2

r(pI))) lr(pK-«+)
Unseen decay modes of the 4 are included.

VAL UE DOCUMENT ID TECN

o 8 ~ We do not use the following data for averages, fits, limits,

0.040+ 0.027 BARLAG 90D NA32

COMMEN T

etc, 0 ~ ~

230 GeV

f19/f2

r(pg))/r(pK+K )-
Unseen decay modes of the f are included.

VAL UE CL 4A DOCUMENT ID TECN

&0.58 90 FRA 8ETTI 93H E687

f19/f18

COMMEN T

p Be, E~ 220 GeV

YAL UE EVTS DOCUMENT ID TECN COMMEN T

0.069+0,02' OUR AVERAGE Error includes scale factor of 1.2.
0.096+0.029+0.010 30 FRABETTI 93H E687 y Be, E& 220 GeV

0.048+ 0.027 BARLAG 90D NA32 ~ 230 GeV

COMMENT

2f Cu 230 GeV

pp A+e X

r(~(XuO)«+)/r(pK-«+)
Unseen decay modes of the A(1520) are included.

VALUE EVTS DOCUMEN T ID

0.09+ +0.02 BOZEK

TECN COMMENT

93 NA32 ~ Cu 230 GeV

I (Ll(1232)++ K )/I (pK «+)
VAL UE EVTS DOCUMENT ID TECN

0.16+0.10 OUR AVERAGE Error includes scale factor of 1.5.

0.12+0 05 +0.05 14 BOZEK 93 NA32

0.40 +0.17 17 BASILE 81B CNTR

fa/f2

fn/f2

r(Z«+)/r(p K-«+)
VAL UE CL% EVTS

0.1$0+0.032 OUR AVERAGE

0.18 +0.03 +0.04
0.18 +0.03 +0.03 87

o ~ e We do not use the following data

&0.33 90
&0.16 90

DOCUMENT ID TECN COMM EN T

f20/f2

e+e = 10.4 GeV
e+ e 10.5 GeV

pBe 70-260 GeV
e+ e 10 GeV

ALBRECHT 92 ARG

AVERY 91 CLEO
for averages, fits, limits, etc.

AN JOS 90 E691
ALBRECHT 88C ARG
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r(nv+)/r(ply) Csolr1 r(z+ru)/r(pK x+) I I/rs
VAL UE CL% EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.4 90 40 RUSSELL 81 SPEC Photoproduction

0 ~ 51 0'27 9 KITAGAKI 80 DBC v d in FNAL 15-ft

Unseen decay modes of the (d are included.
VALUE EVTS DOCUMENT ID

0.54+0.1M0.06 107 K U BOTA

r(Z+v+v+ v- v-)/r(pK-v+)

TECN COM MEN T

93 CLEO e+ e = T(45)

Css/I 2

r(nv+ ov)/r(pK v+)-
VAL UE EVTS

0.73+0.09+Oe16 464

I 21/I 2
DOCUMENT ID TECN COMMENT

AVERY 94 C LEO e+ e - T(3S),T(4S)

VALUE

0 06+08%-0.04

EVTS

r(Z+K+K )(r-(pK n+-)

DOCUMENT ID

BARLAG

TECN COMMEN T

92 NA32 yc Cu 230 GeV

CS4/Is

r(n po)/r(p K- v+)
VALUE

&0.95

r(nv+ v+ v-)/ran„

CL%

95

C22/C2
DOCUMENT ID TECN COMMENT

AVERY 94 CLEO e+e = T(3S),T(45)

I 23/I
TECN COMMENT

r(nv+n+v-)/r(pK-n+)
VAL UE EVTS

0.6$+Oe10 OUR FIT
0.66+0.11 OUR AVERAGE

0.65+0.11+0.12 289
0.82 +0.29k 0.27 44
0.9460.41k 0.13 10
0.61+0.16+0.04 105

DOCUMENT ID TECN COMMENT

AVERY 91 CLEO
AN JOS 90 E691
BARLAG 90D NA32

ALBRECHT 88C ARG

e+ e 10.5 GeV

pBe 70-260 GeV

230 GeV
e+e 10 GeV

rsslrs

r(p}P~+v-)/r(nv+v+ v-)
VALUE EVTS DOCUMENT ID

0.86+0.28 OUR FIT Error includes scale factor of 1.2.
4.3 +1.2 130 ALEEV 84 BIS2 nC 40-70 GeV

TECN COMM EN T
rr/rss

VALUE EVTS

0.027+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.

VALUE EVTS

0.071+0.015 OUR AVERAGE

0.07060.01140.011 59

0 13 +0 18 1—0.09

DOCUMENT ID

AVERY

BARLAG

TECN COMMENT

93 CLEO e+ e - 10.5 GeV

92 NA32 ~ Cu 230 GeV

r(Z+d)(r(pK n+)-
Unseen decay modes of the P are included.

VALUE EVTS DOCUMENT ID

O.OS%+0.023+0.016 26 AVERY

r(z+K+x-)/I (pK x+)

I sa/I 2

TECN COMMENT

93 CLEO e+ e 10.5 GeV

I sa/I 2
VAL UE

0.13+0.12-0.07

EVTS DOCUMENT ID

BARLAG

TECN COMMENT

92 NA32 x Cu 230 GeV

r(~K+)(r(pK v+)-
VAL UE EVTS

0.078+0.013+0.013 56

r(= K+n+-)-(r(pK v+)-

rsr/r,
DOCUMEN T ID TECN COMMENT

AVERY 93 CLEO e+ e - 10 5 GeV

rsa/rs
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.088+0.024 OUR AVERAGE Error includes scale factor of 1.3.
0.079+0.013+0.014 60 AVERY 93 CLEO e+ e 10.5 GeV
0.15 +0.04 +0.03 30 AVERY 91 CLEO e+ e 10.5 GeV

r(Zov+)(r(pK-n+) I 24/rs I (={1530)oK+)/I (pK x+) rsa/I 2
VALUE EVTS

0.20+0.04 OUR AVERAGE

0.21+0.02+0.04 196
0.17+0.06+0.04

C(Zoee+eeO)/I (pK-ee+)
VAL UE EVTS

0.36+OAS+0.10

DOCUMENT ID TECN COMM EN T

AVERY 94 CLEO e+e T(3S),T(45)
ALBRECHT 92 ARG e+ e 10.4 GeV

I ss/I 2
DOCUMENT ID TECN COMMENT

AVERY 94 CLEO e+ e T(3S),T(45)

TECN COMMEN T

93 CLEO e+ e 10.5 GeV

I (A anything t+vs)/I (At vs) I 41/C«
VALUE

&0.15
CL%

90

DOCUMENT ID TECN COMMENT

BERGFELD 94 CLEO e+ e T(4S)

Unseen decay modes of the =(1530) are included.
VALUE EVTS DOCUMENT ID

0.053+0.016+0.010 24 AVERY

I (Z v+v+ v )/I (pK s+)
VALUE EVTS

0.21+0.05+0.05 90

r(Z+ P)/r(pK-n+)
VALUE EVTS

0.20+0.03+0.03 93

r(z+ n+n-)/ron„

Csa/I 2
DOCUMENT ID TECN COMMENT

AVERY 94 CLEO e+ e T(3S),T(4S)

rsr/C2
DOCUMENT ID TECN COMMENT

KUBOTA 93 CLEO e+ e T(4S)

I sa/I

r(z+v+ v-)/r(pK-~+)
VAL UE EVTS

0.68+0.09 OUR AVERAGE

0.74+0.07+0.09 487

0 54+0.18—0.15 11

DOCUMENT ID

KUBOTA

BARLAG

TECN COMMENT

93 C LEO e+ e T(4S)
92 NA32 ~ Cu 230 GeV

I sa/I 2

VALUE EVTS DOC UMEN T ID TECN COMM EN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.1060.08 ADAMOVICH 87 EMUL pA 20-70 GeV/c
seen 1 AMMAR 86 EMUL vA

r(p anything)/ran, l C42/I
VAL UE DOCUMENT ID TECN COMMENT

0.$0+0.08+0.14 7 CRAWFORD 92 CLEO e+ e 10.5 GeV
7 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 (p anything {noA))/I 99tal
VAL UE

0.12+0.10+0.16

I (n anything)/Irma)

DOCUMEN T ID TECN COMMENT

CRAWFORD 92 CLEO e+ e 10.5 GeV

I «/I

I «(I

I (n anything {noA))/Cans)
VALUE

0.29+OAS+Oe15

I (p hadrons)/I one)

DOCUMENT ID TECN COMMENT

CRAWFORD 92 CLEO e+ e 10.5 GeV

r«/r

C44/C

VALUE DOCUMEN T ID TECN COMMENT

0.50+OAS+Oe14 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.

VALUE

&0.27
CL%

95

C(Z4 pn)(l-(p K- ny)
DOCUMENT ID TECN COMMENT

KUBOTA 93 C LEO e+ e T(4S)

rsalc2
VALUE DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.41+0.24 ADAMOVICH 87 EMUL pA 20—70 GeV/c

r(z- v+ v+)(r(z+ v+ v-)
VAL UE EVTS

0.53+0.15+0.07 56

rso/rsa
DOCUMENT ID TECN COMMEN T

FRABETTI 94E E687 yBe, E 220 GeV

I (A anything)/Cans) I 4r/I
VALUE EVTS DOCUMEN T ID TECN COMMENT

0.35+0.11 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below.

0.5940.10+0.12 CRAWFORD 92 CLEO e+ e 10.5 GeV
0.49+0.24 ADAMOVICH 87 EMUL pA 20-70 GeV/c
0.23 +0.10 8 9ABE 86 HYBR 20 GeV pp

ABE 86 includes A's from Z decay.
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A+, A, (2625)

WEIGHTED AVERAGE
0.35+0.11 {Error scaled by 1.4)

q+ RFFERENCES

e a ers that have been superseded by later exper-We have omitted some papers a
in our 1992 edition (Physicaliments. The omitted papers may be found in our 1 e i

Review, un,D45 1 J e Part ll) or in earlier editions.

Q.O 0.5 1.0

X

CRAWFORD 92 CLEO 2 3
ADAMOVICH 87 EMUL 0.3
ABE 86 HYBR 1.5

4.1

{Confidence Level = 0.126)
I I

2.01.5

I {8any&hing)/f t&&~~~

I (Z+ anything)/fteta~
VALUE EVTS

0.1 +0.05 5

DOCUMENT ID TECN COMMENT

ABE 86 HYBR 20 GeV p p

I (e+ anything) /I nea~
VALUE

0.045+0.017
DOCUMENT ID

VELLA

TECN COMMENT

82 MRK2 e+e 4.5-6.8 GeV

I (pe+anything)/I tata~
DOCUMENT IDVAL UE

0.011+0.009
10VELLA 82 includes protons from A decay.

I ae/I
TECN COMMENT

82 MRK2 e+ e 4.5-6.8 GeV

I ag/I
DOCUMENT ID

82 MRK2 e+ e 4.5-6.8 GeV

rat/ra
DOCUMENT ID

ALBRECHT 91G ARG e+ e = 10.4 GeV

ran/r,
DOCUMEN T ID TECN COMMENT

ALBRECHT 91G ARG e+ e = 10.4 GeV

I 2$/ral

I (A e+ anything) /I tetal
TECN COMMENTVAL UE

0.014+0.005 OUR FIT
0.011+0.008

VELLA 82 includes A's from Z decay.

I (Ac+anything)/I (pK e+)
TECN COMMENTVALUE EVTS

0.33+0.11 OUR FIT
0.37+0.11+0.OS 73

I (ylp+anythlng)/I (pic e+)
VALUE EVTS

0.35+0.18+0.M 30

I (Ae+e+e )/I (Ac+anything)
CL% DOCUMEN T ID TECN COMMEN TVAL UE

era es. fits, limits, etc. ~ ~ ~~ o ~ We do not use the following data for averages, I

90 KL EIN 89 MRK2 e+ e 29 GeV

AVERY
BERGFELD
FRABETTi
AVERY
BOZEK
FRA BETT I

FRABETTI
KU BOTA
ALBRECHT
ALBRECHT
BARI.AG

CRAWFORD
JEZABEK
ALBRECHT
AVERY
ALVAREZ
ALVAREZ
AN JOS
AVERY
BARLAG
FRABETTI
BARLAG
K LEIN
AGUILAR-. .

Also
Also
Also

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 ZPHYC561
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
89 PRL 62 2444
888 ZPHY C40 321
87 PL 8189 254
878 PL 8199 462
88 SJNP 48 833

Translated from Y
88C PL 8207 109
88E PL 8210 263
888 PRL 60 1379

H 87 EPL 4 887
87 SJNP 46 447

Translated from
A 87 ZPHY C36 513

87 PL 8184 283
87 ZPHY C36 593
86 PR D33 1
86 JETPL 43 515

Translated from
86 PRL 56 1767
85 PRL 55 923
84 ZPHY C23 333
82 PL 1098 234
82 PRL 48 1515
818 NC 62A 14
81 PRL 46 799
80 PRL 44 10
80 PL 938 521
80 PRL 45 955
79 PRL 42 197

{CLEO Collab. )+Freyberger, Rodriguez+
(Cl EO Collab. )+Eisenstein, Gollin, Ong+

(FNAL E68I Collab. )+Cheung, Cumalat+
(CLEO Collab. }+Freyberger, Rodriguez+

(CERN NA32 Collab. }
(FNAL E687 Collab. )+Cheung, Cumalat+
(FNAL E687 Collab. }+Cheung, Cumalat+

(CLEO Collab. )
(ARGUS Coll b )+,H, g +

+Cronstroem, Ehriichmann+
+Becker, Bozek, Boehringe +hrin er+ A

(CLEO Collab. )+Fulton, Jensen, Johnson+
(CRAC)+Rybicki, Rylko

(ARGUS Collab. )+Ehrlichmann, Hamacher+
(CLEO Collab. )+Besson, Garren, Yelton+

(CERN NA14/2 Collab. )+Barate, Bloch, Bonamy+
(CERN NA14/2 Collab. )

(FNAL E CoII b)
(CLEO Collab, )

(ACCMOR Coil b.)+Bee e, Boe i g
+Bogart, Cheung, Coteus+

(ACCMOR Collab. )+Becker, Boehringer, Bosman+

(I EBC-EHS CoII b)
i n Baill + (LEBC-EHS Collab. )

(LEBC-EHS C II b)Aguilar-Benitez, Allison, Bailly+
Begalli, Otter, Schulte, Gensch+

AF 48 1310.
(ARGUS Collab. )

ser- (ARGUS Collab. )'. Boeckmann, Glaeser-
(FNAL E691 Collab. )+Appel+

(Photon Emulsion Collab. )+Alexandrov, Bolta+
(Photon Emulsion Collab. )Viaggi, Gessaroli+

YAF 46 799.
(CERN NA1 Collab. )+Bagliesi, Batignani, Beck+

(ACCMOR Collab. )
nes Kennedy, O'Neale+ (CERN WA21 Collab. )

SLAC Hybrid Facility Photon Coilab. )SL ri

+Ammosov, Bakic, Baranov, Burnett+ (ITEP)
ZETFP 43 401.

(FNAL E653 Collab )+Kondo, Tasaka, Parky
(CLEO Collab. )+Giles, Hassard, Kinoshita+
(BIS-2 Collab. )+Arefiev, Balandin, Berdyshev+

+Graessler+ AACH3, BONN, CERN,

(CERN BGNA, PGIA, FRAS)~ Romeo+
(ILL, FNAL, COLU)ry, u, g+

(BARI, BIRM,
(TOHOK, IIT, UMD, STON, TUFTS)

&Connolly, Kahn, Kirk, Murtagh, Palmer+

ALBRECHT
ALBRECHT
AN JOS
ADA MOVIC

Also

AMENDOLI
BARLAG
JONES
ABE
AMMAR

USHIDA
BOWCOCK
ALEEV
BOSETTI
VELLA
BASILE
RUSSELL
ABRAMS
CALICCHIO
K ITAGAK I

CNOPS

A, (2625)+ Status:

A~(2625)+ MASS

TECN COMMENTEVTS DOCUMENT IDVALUE (MeV)
~~".6+O.S OUR FIT
2626.6+0.5+1.5 42 1 ALBRECHT 93F ARG

ALBRECHT 93F claims a signal of 42.4 + 8.8 events.

e ~ e T(45)

P

be a Z 2625)+ instead of a Ac(2625)+, but theoretical
estimates of the masses of excited charmed baryons are

+in accord with it being a A

a FOR A+ -+ Ax+
VALUE EVTS
-1.03+0.20 OUR AVERAGE
—0.96+0.42
—1.1 +0.4 86

DOCUMENT ID TECN COMMENT

ALBRECHT 92 ARG e+ e 10.4 GeV

AVERY 908 CLEO e+ e = 10.6 GeV

n+ DECL PARAMETERS
C

See the Note on Baryon Decay Paramete rs in the neutron Listings.

~~(~5)+ —~p+

DOCUMENT IDEVTS TECN COM MEN T

Ai(2625)+ WIDTH

VALUE (MeV)

3i0.6+0.6 OUR FIT
94 E687 p Be, E = 220 GeV340.4+0.6+0.3 40 2 FRABETTl 94

2 FRABETTI 94 claims a signal of 39.7 6 8.7 events.

a FOR A+ —h As+see
VAL UE

0 9+0. 17+0.00-0.11-0.05

DOCUMEN T ID TECN COMMENT

BERGFELD 94 CLEO e+ e = T(4S)

VALUE{MeV)

&3.2
DOCUMEN T ID TECN COMMENT

ALBRECHT 93F ARG e+ e = T(4S}

A~(2625)+ DECAY MODES

Mode

A+ 7r+ 7r

Zc(2455)++7r
+c(2455) 7r+

A+ ~+~ nonresonant
C

Fraction (i I/I )

seen

seen
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Baryon Full Listings

A, (2625)+, Z, (2455), Z, (2530)

Ac(2625)+ BRANCHING RATIOS

[I (Z (2455)++ sr ) + I (Z (2455)0 sr+) j/I (A+w+sr ) I 2/I 1
VALUE CL N EVTS DOCUMENT ID TECN COMMENT

OA6+0.14 t21ALBRECHT 93F ARG e+ e = T(4S)
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(0.36 90 FRABETTI 94 E687 7 Be, E = 220 GeV

he{2625}+REFERENCES

I (A+w+w nonfinant)/I (A+w+w ) rg/rt
VAL UE EVTS DOCUMENT ID TECN COMMENT

0.54+Oe14 t16ALBRECHT 93F ARG e+ e T(4S)

m~ —m+
VAL UE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT

167.3+OA OUR RT Error includes scale factor of 1.2.
168A+1.0+0.3 14 ANJOS 89D E691 0 p Be 90-260 GeV
~ ~ ~ We do not use the following data for averages, fits, limits, etc. e ~ ~

167.160.360.2 124 CRAWFORD 93 CLED e+ e T(4S)
167.960.540.3 48 BOWCOCK 89 CLEO 0 e+ e 10 GeV

167.0+0.5+ 1.6 70 ALBRECHT 880 ARG 0 e+ e 10 GeV
178.2 60.4 62.0 85 3 DIESBURG 87 SPEC 0 nA 600 GeV
163 k2 1 AMMAR 86 EMUL 0 vA

This result enters the fit through m ++ —m&0 given below.

See the note on DIESBURG 87 in the m ++ —m&0 section below.

FRABETTI 94 PRL 72 961
ALBRECHT 93F PL B317 227

+Cheung, Cumalat+
+Ehrlichmann, Hamacher+

(FNAL E687 Collab. )
(ARGUS Collab. ) Zc(2455) MASS DIFFERENCES

Z, (2455) l(J ) = 1(21+} Status:

J is not confirmed. 1i2+ is the quark model prediction.

Zc(2455)++ MASS
VALUE (MeV) EVTS

2483.1+ 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

DOCUMENT ID TECN CHG COMM EN T

data for averages, fits, limits,

JONES 87 HBC
ADAMOVICH 84 EMUL
BOSETTI 82 HBC
BALTAY 79 HLBC
BARISH 77B DBC
CAZZOLI 75 H BC

etc. ~ ~ ~

vp in BEBC
pA (OMEGA)
See JONES 87
v Ne-H in 15-R
vd in 12-ft
vp in BNL 7-ft

++
++
++
++
++
++

Zc(2455)+ MASS
VALUE (MeV) EVTS DOCUMENT ID

2453.8+0.9 OUR FIT
~ ~ ~ We do not use the following data for averages, fits, limits,

2457 +4 1 CALI CCHIO 80 H BC

TECN CHG COMMENT

etc. ~ ~ ~

+ v p in BEBC-TST

Zc(2455)0 MASS
VALUE (MeV) EVTS DOCUMENT ID TECN

2452.4+ 0.7 OUR FIT Error includes scale factor of 1.1.
~ ~ ~ We do not use the following data for averages, fits, limits,

2462 +26 1 AMMAR 86 EMUL
~ 2460 9 KNAPP 76 SPEC

CH6 COM MEN T

etc. ~ ~ ~

vA
pBe

m~ (2465)
—m~+

Zc(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

m + —m~X'e e
VAL UE (MeV)

1A+0.6 OUR FIT
1A+0.5+0.3

DOCUMENT ID TECN COM MEN T

CRAWFORD 93 CLEO e+ e T(45)

Zc(2455) DECAY MODES

Mode

r, n+~
Fraction (l f/I )

100 %

CRAWFORD
AN JOS
BOWCOCK
ALBRECHT
DIESBURG
JONES
AMMAR

ADAMOVICH
BOSETTI
CALICCHIO
BALTAY
BARISH
KNAPP
CAZZOLI

93 PRL 71 3259
89D PRL 62 1721
89 PRL 62 1240
880 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

Zc{2455}REFERENCES

+Daubenmier, Fulton+ (CLEO Collab. )
+Appel, Bean, Bracker, Browder+ (FNAL E691 Collab. )
+Kinoshita, Pipkin, Procario, Wilson+ (CLEO Collab. )
+Boeckmann, Glaeser+ (ARGUS Collab. )
+Ladbury, Binkley+ (FNAL E400 Collab. )
+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+)
+Carournbalis, French, Hibbs+ (COLU, BNL) I

+Derrick, Dombeck, Musgrave+ (ANL. PURD)
+Lee, Leung, Smith+ (COLU, HAWA, ILL, FNAL)
+Cnops, Connolly, Louttit, Murtagh+ (BNL)

m&++ —m~
C C

VAL UE (MeV) DOCUMENT ID TECN COMMENT

0.7+0.4 OUR RT 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 tCRAWFORD93 CLEO e+ e T(4S)
O.1+0.6+0.1 BOWCOCK 89 CLEO e+ e 10 GeV

+ 1.2+0.7+0.3 ALBRECHT 880 ARG e+ e 10 GeV
o ~ ~ 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«245»++ —m +. We go with the ma)ority here.

N~++ —m~+
C C

VALUE (MeV) EVTS

16S.O4+ O.n OUR RT
167.98+ 0.27 OUR AVERAGE

168.2 + 0.3 +0.2 126
167.8 6 0.4 +0.3 54
168.2 + 0.5 +1.6 92
167.4 + 0.5 +2.0 46
167 + 1 2
168 j 3 6
~ ~ ~ We do not use the following

166 + 1 1
166 4 15 1

DOCUMENT ID TECN CH6 COMM EN T

CRAWFORD 93 CLEO
BOWCOCK 89 C LEO
ALBRECHT 88D ARG

DIESBURG 87 SPEC
JONES 87 HBC
BALTAY 79 HLBC

data for averages, fits, limits,

BOSETTI 82 H BC
CAZZOLI 75 HBC

++
++
++
++
++
etc. ~

++
++

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

m&+ —m&+
C C

VALUE (MeV)

168.7+0.7 OUR FIT
1M +3
~ ~ ~ We do not use

168.5+0.4+0.2
This result enters

TECN CHG COMMEN T

v p in BEBC-TST
~ ~ ~

e+e = T(4S)
the fit through m + —m 0 below.

C c

EVTS DOCUMENT ID

Error includes scale factor of 1.1.
1 CALI CCHIO 80 H BC +

the following data for averages, fits, limits, etc.

111 1 CRAWFORD 93 CLEO

Z, (2530)
OMITTED FROM SUMMARY TABLE

Status:

Zc(2530) MASSES

Zc(2530) REFERENCES

AMMOSOV 93 JETPL 58 247 +Vasil'ev, Ivanilov, Ivanov+
Translated from ZETFP 58 241.

(SERP)

VAL UE (Mev) EVTS DOCUMENT ID TECN COMMENT

ORQA+5+5 6 1 AMMOSOV 93 HLBC v p -+ p Ec(2530)++
AMMOSOV 98 sees a cluster of 6 events and estimates the background to be 1 event.
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0—CI- C

l(J ) = ~1(~1+) status:P

Acccording to the quark model, the =+ 'c,e = (quark content use) and

=c form an isospin doublet, and the spin-parity ought to be J
1/2+. None of I , or P have actually been measured.

=c+ MASS

The fit uses the =+ and:— mn = mass and mass-difference measurements.

FRABETTl
ALBRECHT
ALAM
BARLAG
COTEUS
8IAG I

BIAGI
BIAGI

0
C

938 PRL 70 1381
90F PL 8247 121
89 PL 8226 401
89C PL 8233 522
87 PRL 59 1530
858 ZPHY C28 175
85C PL 1508 230
83 PL 1228 455

=+8 R NC

+Cheung, Cumaiat+~ (FNAL E687 Collab.
+ r ichrn ann, Harder, Kruger, N au+ ARGU 5 Collab. )

+Boehringer, Bosman~
(CLEO Collab. )

(FNAL E400 Collab. )
(CERN WA62 Collab. )
(CERN WA62 Coilab. )
(CERN WA62 Coliab)

I{i ) = ~~{~+) status:P 1

DOCUMENT ID

=~+ MEAN LIFE

VAL UE (Mev) EVTS

2465.1+ 1.6 OUR FIT
TEChl COMMENT

246$.4+ 1.6 OUR AVERAGE

2464.4+ 2.0+ 1.4 30 FRABETTI

.1 3.6+ 1.9 30 ALBRE

I 938 E687 pBe E = 220 GeV

2467 3 + 4 23 ALAM

BRECHT 90F ARG e+ e at T(45)

2466.5+ 2.7+ 1.2 5
89 CLEO e+ e 10.6 GeV

~ ~ ~ We do not use the folio
'

BARLAG 89c ACCMCM ~ Cu 230 GeV

e o owing data for averages, fits, limits, etc. ~ ~ ~

2459 + 5 +30 56 1 COTEUS
2460 + 25

COTEUS 87 SPEC n A 600 GeV

BIAGI 83 SPEC Z Be 13 G

1 Althou h COT

82 e 135 GeV

g OTEUS 87 claims to agree well with BIAGI
appears to be a discrepanc betwe

w I 83 on the mass and width, there

(stated significance about 6 t d
y e en the two experiments. BIAGI

s an ard deviations) in the AK n.+7r+ mass
83 sees a single peak

COTEUS 87 sees two peaks
'

th

mass spectrum.

Me

pea s in the same spectrum, one at th =+pea s th, e = mass, the other 75

eV lower. The latter is attributed to =+ ~ Z K ~+~+ ~ +

standard deviatio s B t th
us to throw into question the inter r

a ower peak in BIAGI 83 seems to
e in erpretation of the lower peak of COTEUS 87.

According to the uark modq el, the = c (quark content d{sc) and ="
form an isospin doublet, and the spin-parity ought t b J — +.

, or P have actually been measured.
o e = 1/2

~ MASS

The fit uses the =0 and =" mass ann = mass and mass difference measurements.

VALUE (Mev) EVTS

2470.3+1.8 OUR FIT
DOCUMENT IDMENT ID TECN COMMENT

R FIT Error includes scale factor of 1.3.
2470 4+2.0 OUR AVERAGE Error includes scale factor of 1. .
2462. 1 4 3.1+1.4
2469 2 k3 9 H

3C E687 p Be E = 220 GeV

ENDERSON 928 CLEO 0 K+
2472.1+2.7 + 1.6 54 ALBRECHT
2473.3+ 1.9+ 1.2 4 BARLAG 90

RECHT 90F ARG e+ e at T(45)

2472 k3 k4
90 ACCM x (K ) Cu 230 GeV

19 ALAM 89 CLEO e+e 1 .
~ ~ ~ We do not use the followin dat f

e e 10.6 GeV

ing a a or averages, fits, limits, etc. ~ ~ ~

2471 +3 +4
1The FRA

AVERY 89 CLEO See ALAM

BETTI 93C mass is well below th th

89

e o er measurements.

VALUE (10 12 s) EVTS

0.35+p'~ OUR AVERAGE

O.41-0.08 +0.02+0.11 30

0.20+—0.06 6

0 40 0'12 +0 10 102+0.18

0 48+0.21+0.20—0.15 —0.10 53

DOCUMENT ID TECN COMMENT

BAR LAG

COT EUS

BIAGI

87 SPEC nA = 600 GeV

85C SPEC Z Be 135 GeV

FRABETTI 938 E687 pBe E&
—220 GeV

89C ACCM 7r (K ) Cu 230 GeV

WEIGHTED AVERAGE
2470.4~2.0 (Error scaled by &.4)

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,
tained from a least-squares constrained fit

izing measurements of other (related)
antities as additional information.

r,
I2
l3
l4

Mode

A K 7r+ 7r+
Z+ K- ~+
Z~ K 7r+ 7r+

7r+ 7r+

=+ DECAY MODES

Fraction ( f I / I )

seen

seen

seen

seen

=c+ BRANCHING RATIOS

FRABETTI 93C E687 5.9
HENDERSON 92B CLED 0.1

ALBRECHT 90F ARG 0.3
BAR LAG 90 ACCM 1.7

. . ALAM 89 CLED 0.1

8.2

s NZ )
(Confidence Level = 0.086)

2450 2460 2470 2480 2490 250Q

-0= c mass (Mev)

DOCUMENT ID

89C ACCM 2 E'+K x+ 3
x+ x+

BAR LAG

r(nor-~+~+)/r~,
VALUE DOCUMENT ID TECN COMMENT

IeelI
56 COTE
82

EUS 87 SPEC nA 600 G Ve
BIAGI 83 SPEC Z Be 135 GeV

BIAGI 858 look for buut do not see the =+ in K ~K +p x I (pK K ~+
vr ) (0.08 with 90% CL), p2K 2m+ 'I 2K 2m+— ~+) (/I -~+~+)o, K x, rhK* x+, and Z(1385)+ K 7r+.

r(z+ Ir- ~+)/r(=-- ~+~+)
VALUE

r, /r,

0 ~+0.18+0.03
TECN COMMENT

-0.06-0.02 5

VAL UE (Mev)

5.2+2.2 OUR FIT Error
6.3+2.3 OUR AVERAGE

+7.0+4.5+2.2
+6.8 +3.3+0.5
+5 +4 +1

DOCUMENT ID

includes scale factor of 1.1.
TECN COMMENT

ALBRECHT
BARLAG

ALAM

~ MEAN LIFE

90F ARG e ~ e at T(45)
90 ACCM ~ (K ) Cu 230 GeV

9 CLEO =0 — = ~+ =+--
6

= —~+ ~+

r(= m+m+)/r~(
VALUE

ISNI

EVTS

30

30
23

DOCUMENT ID TECN COMME

I g/I
COMMENT

FRABETTITTI 938 E687 pBe 7 = 220 GeV

ALAM

ALBRECHT 90F ARG e+ e t T
89 CLEO e+ e 10.6 GeV

r(Air-~+~+)/r(na-~+~+)
VALUE

0.84+0.36 47 3 COTEUS

EVTS DOCUMENT ID TECN COMMENT

3 See

US 87 SPEC nA = 600 GeV

See, however, the note on the COTEU~ =+87 = mass measurement.

VALUE (10 s) EVTS

0.008+0 015 OUR AVERAGE

0.101 0'017 +0.005 42+0.025

0.082+—0.030 4

DOCUMENT ID TECN COM MEN T

FRABETTI 93C E687 yBe E = 220 GeV

BARLAG 90 ACCM K CCu 230 GeV
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0 0—c~ c

c DECAY MODES

A few branching ratios but no absolute branching fractions have been
measured.

WEIGHTED AVERAGE
2710% (Error scaled by 1.6)

I1
I2
I3
r4
I5

Mode

E+ anything
+7r=-x+x+7r-

p K K'(892)0
Q- K+

Fraction (I;/l )

[aj seen

seen

seen

seen

seen

I (= 1+anything}/I (= 8+)
The ratio is for the average (not the sum) of the =
modes.

VAL UE EVTS

0.06+OA3+0.18 18
DOCUMENT ID

ALBRECHT 938

rt/I 2
e+ anything and = p+ anything

TECN COMMENT

ARG e+ e 10.4 GeV

[al E indicates e or fs mode, not sum over modes.

~c BRANCHING RATIOS

V~
V~ak/a

2680 2700 2720

Qc mass (MeV)

FRABETTI.ALBRECHT.BIAGI

X
93 E887 0.9
92H ARG 1.6
85B SPEC 2.3

4.8
(Confidence Level 0.089)

2740 2760 2780 2800

I 1/I a
e+ anything and = p+ anything

TECN COMMENT

ARG e+ e = 10.4 GeV

r(=-sr+)/r(=-sr+8+x-)
VALUE

0.30+0.12+0.05
DOCUMENT ID TECN COMMENT

ALBRECHT 90F ARG e+ e at T(4S)

i 2/ra

r(=-fr+anything)/r(: — sr+sr+a )
The ratio is for the average (not the sum) of the =
modes.

VALUE EVTS DOCUMEN T ID

0.20+0.12+0.04 18 ALBRECHT 938

I2
I3

Mode

——K— + +
o-~+
a-~-~+~+

Qc DECAY MODES

Fraction (I i/P)

seen

seen

not seen

r(pK F'(ee2)0)/I total
VALUE

r(a- V+)/r(=--R+)
VALUE EVTS

0.50+0.21+0.06 9

i 8/I
DOCUMENT ID TECN COMMENT

BARLAG 90 ACCM e (K ) Cu 230 GeV

ra/ra
DOCUMENT ID TECN COMMENT

HENDERSON 928 CLEO e+ e - 10.6 GeV

r(=-- X-n+~+)/ran, i

VALUE

seen

seen

EVTS

11
3

r(a-R+)/ran„

Q~ BRANCHING RATIOS

DOCUMENT ID TECN COMMENT

ALBRECHT 92H ARG e+ e 10.6 GeV
BIAGI 858 SPEC Z Be 135 GeV/c

~c REFERENCES
VAL UE

seen

EVTS

10
DOCUMENT ID TECN COMMENT

FRABETTI 93 E687 y Be Z~- 221 GeV

PL 8303 368
PRL 70 2058
PL 8283 161
PL 8247 121
PL 8236 495
PL 8226 401
PRL 62 863

ALBRECHT 938
FRABETTI 93C
HENDERSON 928
ALBRECHT 90F
BARLAG 90
ALAM 89
AVERY 89

+Cronstroem, Ehrlichmann+
+Cheung, Cumalat+
+Kinoshita, Pipkin, Saulnier+
+Ehrlichmann, Harder, Kruger, Nau+
+Becker, Boehringer, Bosman+
+Katayama. Kim, Li, Lou, Sun+
+Besson, Garren, Yelton, Bowcock+

(ARGUS Collab. )
(FNAL E687 Collab. )

(CLEO Collab. )
(ARGUS Collab. )

(ACCMOR Collab.
(CLEO Collab. )
(CLEO Collab. )

r(=-- ~-~+R+}/r(n-~+)
VALUE CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(2.8 90 FRABETTI 93 E687 y Be E&
—221 GeV

r(a-R-R+~+)/r(a-~+)

ao, l(fp) = o(~t+) Status:

OMITTED FROM SUMMARY TABLE
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.

BIAGI 85B and ALBRECHT 92H see bumps in the = K x+7r+
mass spectrum. FRABETTI 93 sees a bump in the 0 yr+ spectrum
but not in the = K 7r+ 7r+ spectrum. Perhaps all the experiments
are seeing the Qc, but statistics are low and further confirmation is
desired.

Qc REFERENCES

FRABETTI 93 PL 8300 190
ALBRECHT 92H PL 8288 367
BIAGI 858 ZPHY C28 175

+Cheung, Cumalat, Dallapiccola+ (FNAL E687 Collab. )
+Cronstroem, Ehrlichmann, Hamacher+ (ARGUS Collab. )
+ (CERN WA62 Collab. )

VALUE CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

(1.6 90 FRABETTI 93 E687 y Be Z&
—221 GeV

Qc MASS

VAL UE (Mev} EVTS DOCUMENT ID TECN COMMENT

2710 6 6 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below.
2705.9d: 3.3+2.0 10 1FRABETTl 93 E687 TBe E = 221 GeV

2719.0+ 70+2.5 11 ALBRECHT 92H ARG e+e - 10.6 Gev
2740 +20 3 BIAGI 858 SPEC Z Be 135 GeV/c

FRABETTI 93 claims a signal of 10.3 + 3.9 0 e+ events above a background of 5.8
events.
ALBRECHT 92H claims a signal of 11.5 + 4.3 = K ~+yr+ events. The background
is about 5 events.
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0
b

0
b

i(lP) = 0(gt+) Status:

BOTTOM i,'BEAUTY', l BARYON
(&= -1)

A0b ——ud b
I2

l4
l5
fe

Mode

l/@(1S)A
p00~-
n+ ~+~- ~-

C

fl K02m+ 27r

AE X
A+/ X

Aoz DECAY MODES

Fraction (I;/f )

seen

seen

seen

seen

seen

ln the quark model, a Ab is an isospin-0 ud b state. The lowest Ab

ought to have J = 1/2+. None of l, J, or P have actually been
measured. I {J/Q(1S)A)/I total

A0~ BRANCHING RATIOS

A0~ MASS

BARI

VALUE (MeV3 EVTS DOCUMENT ID TECN COMMEN T

5&1+ IO OUR AVERAGE
5640+ 50+30 16 ALBAJAR 91E UAl pp 630 GeV

5640 210
+ 100 52 91 SFM Ab ~ pD n0 0

5650+'—200 90 BARI 91 SFM A0 —h A+ n+ 3rb c
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

not seen 2 ABE t938CDF pp 1.8 TeV
~ 5750 4 ARENTON 86 FMPS A K 2m+ 2nS

5425+ 75
4 BASILE 81 SFM See BARI 91

ALBAJAR 91E claims 16 6 5 events above a background of 9 + 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 6 23 108 ~ J/st(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 allowed. 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.

The tlrst claim to have discovered the Aob was reported by BASILE 81. In contrast

DRI JARD 82 reported no observation of A08, and this led to some discussion In BASILE 82

and DRIJARD 828. Further evidence for the A08 was again reported by the tlrst authors

In BARI 91 (see above) ln a second, upgraded experiment where two dltferent Aab decay
modes were observed.

TECN COMM EN T

I (PD R )/rtota-t
VAL UE EVTS

Iaen 52
~ ~ ~ We do not use the following

seen

I {A+a+if 8 )/I total

DOCUMENT ID TECN COMMENT

BARI 91 SFM D0 —+ K x+
data for averages, fits, limits, etc. ~ ~ ~

81 SFM D0 —s K

I 3/I
VALUE EVTS

90

DOCUMENT ID TECN COMMENT

BARI 91 SFM /I+ ~ pK n+

r(A Jr02R+2~-)/rbR, I

VALUE EVTS DOCUMEN T ID TECN COMMENT

o e ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

seen 6 ARENTON 86 FMPS A KO 2'+ 2n.5
6See the footnote to the ARENTON 86 mass value.

r{Ac-x)/rbR, I

VALUE EVTS

157
101

I 8/I
DOCUMENT ID TECN COMMENT

AKERS 93 OPAL Excess of AC over /flE+

BUSKULIC 92I ALEP Excess of AL over /IE+

VALUE

seen OUR EVALUATION
o ~ e We do not use the following data for averages, fits, limits, etc. ~ ~ ~

0.018+0.011 ALBAJAR 91E UA1 2/3I'J(15) ~ P, + Ig

The Al BAJAR 91E value assumes the Ab production fraction is 10% of the beauty cross
section.

A0~ MEAN LIFE

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 nd b '

r {A+C- X)/rbd, i

VALUE EVTS

21

DOCUMEN T ID TECN COMMENT

BUSKULIC 92E Al EP /I+ ~ pK 3r+
C

Ao REFERENCES

I 8/I

1.05+0 23+0,08-0.20

1.12+ ' +0.16-0.29

157

101

VALUE(10 12 s) EVTS

10g+0.19 OUR AVERAGE

1.04+ +0.10 11—0,38

DOCUMENT ID

ABREU

AKERS

BUSKULIC

TECN COMMENT

93F DLPH Excess AIg, decay
lengths

93 OPAI Excess 1I 8, decay
lengths

92I ALEP Excess Ag, impact pa-
rameters

ABE
ABREU
AKERS

Also
BUSKUI IC

BUSKULIC
Also

ALBA JAR
BARI
ARENTON
BASILE
DRI JAR D
DRI JARD
BASILE

938 PR D47 R2639
93F PL 8311 379
93 PL 8316 435
92E PL 8281 394
92E PL 8294 145
92l PL 8297 449
92D PL 8278 209
91E PL 8273 540
91 NC 104A 1787
86 NP 8274 707
82 NC 68A 289
82 PL 1088 361
828 CERN-EP182-31
81 LNC 31 97

+Amidei, Anway-Wiese, Apollinari+ (CDF
+Adam, Adye, Agasi+ (DELPHI
+Alexander, Allison, Anderson+ (OPAI

Acton, Alexander, Allison, Allport+ (OPAL
+Decamp, Goy, Lees, Minard+ (ALEPH
+Decamp, Goy, Lees+ (ALEPH

Decamp, Deschizeaux, Goy+ (ALEPH
+Albrow, Allkofer, Ankoviak+ (UAl
+Basile, Bruni, Cara Romeo+ (CERN R422
+Chen, Cormell, Dieterle+ (ARIZ, NDAM,
+Bonvicini, Romeo+ (CERN R415
+ {CERN, CDEF, DORT, HEIDH, LAPP,
+ {CERN, CDEF, DORT, HEIDH, LAPP,
+Bonvicini, Romeo+ (CERN R415

Collab. )
Collab. )
Collab. )
Colfab. )
Collab. )
Collab. )
Collab. )
Collab. )
Collab. )
VAND)
Collab. )
WARS)
WARS)
Collab. )
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Free Quark Searches
Magnetic Monopole Searches
Supersymmetric Particle Searches
Quark and Lepton Compositeness
Other Stable Particle Searches
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1793
1795
1805
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Notes in the Search Listings

Note on Quark Searches
Note on Magnetic Monopole Searches
Note on Supersymmetry
Note on Searches for Quark and Lepton
Note on Other Stable Particle Searches

Compositeness

1791
1793
1795
1805
1811

* See the Boson Full Listings for searches for Higgs bosons, other heavy bosons, and anions and other very light bosons, the
Lepton Full Listings for searches for heavy leptons and. for neutrino mixing, and the Meson Full K istings for searches for
top and fourth-generation hadrons.
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SEARCHES FOR
FREE QUARKS, MONOPOLES,

SUPERSYMMETRY,
COMPOSITENESS, etc.

References

1. P.F. Smith, Ann. Rev. Nucl. and Part. Sci. 89, 78 (1989).
2. L. Lyons, Phys. Reports 129, 225 (1985).
3. M. Marinelli and G. Morpurgo, Phys. Reports 85, 161

(1982).

Quark Production Cross Section —Accelerator Sea
X-SECT CH6 MASS ENERGY
(cm2) (e/3) (GeV) (GeV) BEAM EVTS

&2.E-35 +2 250 1800 p p 0
&1.E—35 +4 250 1800 p p 0
&3.8E—28 145A 28Si Pb 0
&3.2E—28 14.5A Si-Cu 0
&1.E—40 6 1,2 &10 p, v, v 0
&1.E—36 6 1,2 &9 200 p 0
&2.E—10 +2,4 1-3 200 p 0
&S.E—38 +1,2 )5 300 p 0
&1.E-33 +1 &20 52 pp 0
&9.E—39 +1,2 &6 400 p 0
&8.E—35 +1,2 &20 52 pp 0
&5.E—38 —1,2 4-9 200 p 0
&1.E—32 +2,4 4-24 52 p p 0
&5.E—31 +1,2,4 &12 300 p 0
&6.E—34 +1.2 &13 52 p p 0
&1.E—36 —4 4 70 p 0
&1.E—35 6 1,2 2 28 p 0
&4.E—37 —2 &5 70 p 0
&3.E—37 —1,2 2W 70 p 0
&1.E—35 +1,2 &7 30 p 0
&2.E—35 —2 & 2.5—5 30 p 0
&5.E—35 +1,2 &2.2 21 p 0
&1.E—32 +1,2 &4.0 28 p 0
&1.E—35 +1,2 &2.5 31 p 0
&1.E—34 + 1 &2 28 p 0
&1.E—33 +1,2 &2.4 24 p 0

ABE 92J flux limits decrease as the mass increases fr
HE 91 limits are for charges of the form N+1/3 fro

3 Hadronic or leptonic quarks.
Cross section crn /GeV .
3 x 10 &lifetime & 1 x 10 s.

6 Includes BOTT 72 results.
"Assumes Isotropic cm production.

Cross section inferred from flux.

DOCUMENT ID

1ABE
1ABE
2 HE
2 HE

8ERGSMA
AUBERT

3 BUSSIERE
STEVENSON
BASILE

4 ANTREASYAN
6 FABJAN

NASH

ALPER
LEIPUNER
BOTT
ANTIPOV

7 ALLABY
3 ANTIPOV
7 ANTIPOV

DORFAN
8 FRANZINI

BINGHAM

BLUM
8 HAGOPIAN

LEIPUNER
MORRISON

om 50 to 500 GeV.
m 23/3 to 38/3.

TECN

92J CDF
92J CDF
91 PLAS
91 PLAS
84B CHRM

83c SPEC
80 CNTR
79 CNTR
78 SPEC
77 SPEC
75 CNTR
74 CNTR
73 SPEC
73 CNTR
72 CNTR
71 CNTR
69B CNTR
69 CNTR
69B CNTR
65 CNTR
65B CNTR
64 HLBC
64 HBC
64 HBC
64 CNTR
64 HBC

Free Quark Searches

NOTE ON 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 Chromodynamics,

is that quarks cannot be observed as free particles but are

confined to 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 Dlmlrentlal Production Cross Section—
X-SECT CHG MASS ENERGY

m2gr 1GeV 1) e/3 (GeV) (GeV) BEAM EVTS

&4.E—36 —2,4 1.5-6 70 p 0
&2.E—33 +4 5-20 52 p p 0
&5.E—34 &7 7-15 44 p p 0
&S.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 6 1,2 &2.7 27 p 0
&7.E—38 —1,2 &2.5 70 p 0

Cross section in cm /sr/equivalent quanta.

Accelerator Searches

DOCUMENT ID

BALDIN

ALBROW
JOVANOV. ..

9 GALIK

NASH

ANTIPOV
ALLA BY
ANTIPOV

TECN

76 CNTR
75 SPEC
75 CNTR
74 CNTR
74 CNTR
71 CNTR
69B CNTR
69e CNTR

Quark Flux —Accelerator Searches
The definition of FLUX depends on the experiment

TECN

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
86C CNTR
85G ARG
85 UA2

84 TPC
84e TPC
84 CNTR
84 0LYA
84 CNTR
83 CNTR
83 CNTR
83 PLAS
82B CNTR
82 CNTR
81 MRK2

FL UX

&2.E—3
&6.E-4
&1.2E—3
&3.6E-4
&3.6E—4
&6.9E-4
&9.1E-4
&1.1E-3

&6.4E—5
&3.7E—5
&3.9E—5
&2.8E—5
&1.9E—4
&3.9E—4
&1.E—9
&5.1E—10
&8.1E—9
&1.7E—6
&3.5E—7
&1.3E—6
&5E—2

&5E—2

&1.E—4
&1.E—6
&3.5E-7
&1.3E—6
&1.2E—10
&1.1E-10
&1.2E- 10
&7.7E—11
&6.E—9
&S.E—5
&3.E—4
&2.E—4
&2.E—4
&1.E—9
&3.E—3
&1.E—4
&6.E—5
&S.E—3
&1.E—2
&2.E—4
&1.E—4
&S.E—1
&3.E—3
&1.E—4
&3.E—3
&1.E—2

&8.E—2
&3.E—4

(a) is the ratio of measured free quarks to predicted free quarks if there is no "con-
finement. "

(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+ gc ).
(f) is quark flux per charged particle.

(g) is the flux per v-event.

(h) is quark yield per z yield.

(i) is 2-body exclusive quark-production cross-section ratio to o(e+ e
I+I )

CHG MASS ENR6Y
(e/3) (GeV) (GeV) BEAM EVTS DOCUMENT ID

e +1 5-40 88-94 e+ e 0 BUSKULIC
e +2 5-30 88-94 e+e 0 BUSKULIC
e +4 15-40 88-94 e+ e 0 BUSKULIC
i +4 5.0-10.2 88-94 e+ e 0 BUSKULIC
i +4 16.5-26.0 88-94 e+ e 0 BUSKULIC
I +4 26.0-33.3 88-94 e+ e 0 BUSKULIC
i +4 33.3-38.6 88-94 e+ e 0 BUSKULIC

+4 38.6-44.9 88-94 e+ e 0 BUSKULIC
b 4,5,7,8 2.].A 160 0,2,0,6 11 GHOSH

g 1

g 2 vv 0 12BAS
g 1 v, v 1 BASILE

g 2 v,P 0 13 BASILE
c 14 5A 28Si-Pb 0 14 HE
c 14 5A 28Si-Cu 0 14 HE
c +124 14 5A 160-Ar 0 MATI5
c +124 14 5A 160-Hg 0 MATIS
c +124 14.5A Si-Hg 0 MATIS
c +124 60A 160-Hg 0 MATIS
c +124 200A 160 Hg 0 MATIS
c +124 200A 5-Hg 0 MATIS
e 2 19-27 52-60 e+ e 0 ADACHI

e 4 &24 52-60 e+e 0 ADACHI

e +2 &3.5 10 e+ e 0 BOWCOCK
d +1,2 60 160-Hg 0 CALLOWAY
d +1,2 200 160-Hg 0 CALLOWAY
d 200 S-Hg 0 CALLOWAY
d +1 1 800 p-Hg 0 MATI5
d k2 1 800 p-Hg 0 MATIS
d +1 1 800 p-N2 0 MATIS
d k2 800 p-N2 0 M AT IS
h —5 0.9-2.3 12 p 0 NAKAMURA

g 1,2 &0.5 v, v d 0 ALLASIA
b See note 14 5 160-Pb 0 15 HOFFMANN
b See note 200 160-Pb 0 16 HOFFMANN
a +1,2 &300 320 p p 0 LYONS
c +1,2,4,5 14 5 160-Hg 0 SHAW
d —1,2,3,4,6 &5 2 Si-Si 0 17 ABACHI
e +1,2,4 &4 10 e+ e 0 ALBRECHT
b 1 540 pp 0 BANNER
e —4 1-8 29 e+ e 0 AIHARA

e +1,2 1-13 29 e+ e 0 AIHARA

b jl 72 Ar 0 18 BARWICK
e +2 &0.4 1.4 e+ e 0 BONDAR
e k 1,2 &13 29 e+ e 0 GURYN
b +1,2 &2 540 p p 0 BANNER
b 6 1.,2 106 Fe 0 LINDGREN
b ) i+01J 74 40Ar 0 18 PRICE
e +1,2 &14 29 e+ e 0 MARINI

e +1,2 &12 29 e+ e 0 ROSS
e +2 1.8-2 7 e+ e 0 WEISS
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&5E—2 e
(2.E—5 g
&3.E—10
&6E—11 f
&S.E—3 g

&2.E—9 f
&7.E—10

Quark Flux —Cosmic: Ray Seart:hes
Shielding values followed with an asterisk indicate altitude in km, Shielding values not

followed with an asterisk indicate sea level in kg/cm ~

FLUX CHG MASS
(t:m- 2sr- ls- 1) (eI'3) (GeV) SHIELDING

&2.1E—15 6 1
&2.3E—15 + 2

&2.E—10 k 1, 2 0.3
4 0.3

+4 0.3
& l.E—12 4 2,3/2 —70.
&9.E—10 + 1,2 0.3
&4.E—9 +4 0.3
&2.E—12 + 1,2,3 -0.3 ~

&3.E—10 + 1,2 0.3
&2.E- 11 + 1,2
&8.E—10 + 1,2

TECN

91 KAM2

91 KAM2

88 CNTR
88 CNTR
86 CNTR
84e PLAS
84B CNTR
84B CNTR
83 CNTR
82 CNTR
82 CNTR
82 CNTR
78 CNTR
76 ELEC
75 CC
75 CNTR
74B CC
74 CNTR
73 CNTR
73B CNTR
72 CNTR
72B CNTR
72 ELEC
72 CNTR
72 CNTR
72 CC
72 CNTR
71 CNTR
71e CC

CC
70 CNTR
70 HLBC
70e CNTR
TQ CNTR
69 CC

69 CNTR
69 CC

68 CNTR
68 CNTR
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BUSKULIC 93C limits for inclusive quark production are more conservative if the ALEPH
hadronic fragmentation function is assumed.

1GHOSH 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
Te/3.
Hadronic quark.

3 Leptonic quark.
14 HE 91 limits are for charges of the form N+1/3 from 23/3 to 3S/3, and correspond to

cross-section limits of 38DIsb (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.

QOne candidate m &0.17 GeV.
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Distribution in celestial sphere was described as anisotropic.
2 With telescope axis at zenith angle 40 to the south.

Leptonic quarks.
4 Lifetime & 10 s; charge +0.70, 0.68, 0.42; and mass &4.4, 4.8, and

tively.
5 Time deiayed air shower search.

Prompt air shower search.
Also e/4 and e/6 charges.
No events in subsequent experiments.
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Review
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Review

iMorpurgo

(OXF)

(GEND)

Although the usual formulation of Maxwell's equations

suggests magnetic monopoles, no observed phenomenon requires

them for explanation [I[. A monopole anywhere in the universe

results in electric charge quantization everywhere, and leads to
the prediction of a least magnetic charge G = e/2a, 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 insufBcient 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.
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Searches Full Listings
Magnetic Monopole Searches

Cross Sect
CHG EN

(I) (

Production
MASS
(GeV)

&45.0
&41.6
&44.9
&850
&800

&29
&18
&17
&24
(22
(4

&800

Monopole
X-SECT
(cm2)

ion —Accelerator Searches
ERGY
GeV) BEAM EVTS

88-94 e+ e
88-94 e+ e
89-93 e+ e

1800 p p
1800 p p

50-61 e+ e
50-61 e+e

35 e+e
50-52 e+ e
50-52 e+ e

106 e+e
1800 p p

29 e+ e
540 p p

34 e+e—
52
29
63
56
62

DOCUMENT ID

P INFOLD

PINFOLD

K INOS H I TA
BERTANI
PRICE
K INOS H I TA

K INOS HITA

BRAUNSCH. ..
KINOSHITA

KINOSHITA

G ENTILE
PRICE
FRYBERGER
AUBERT
MUSSET' DELL

K INOS H ITA

CA RRIGAN
HOFFMANN

1 DELL
1 STEVENS
2 ZRELOV
1 BURKE
3 CARRIGAN

EBERHARD
GIACOMELLI
CARRIGAN

CARRIGAN
2 BARTLETT

GUREVICH

AMALDI

PURCELL
FIDECARO
8RADNER

(3.E—37
&3.E—37
&7.E—35
&2.E—34
& 1.2E—33
&1.E—37
&1.E—37
&1.E-38
&S.E—37
&1.3E—35
&9.E—37
&3.E—32
&3.E—38
(l.E—31
&4.E—38
(8.E—36
(9.E—37
(l.E—37
(1.E—37

1.0
2.0

0.2-1.0
& 0.5

& 1
1

2

&1
1

2

&0.15
&1
&3
1,3
&6&10

&20
&30
&20
&30

PP
e+e
PP
PP
PP

P

&3
&24
&3

&12
&30
&13
&12

(2
(2
&4

1

TECN

93 PLAS
93 PLAS

92 PLAS
90 PLAS
90 PLAS

89 PLAS

89 PLAS

SSB CNTR

88 PLAS

88 PLAS

87 C LEO
87 PLAS

84 PLAS
83B PLAS
83 PLAS
82 CNTR

82 PLAS
78 CNTR
78 PLAS
76 SPRK
76B SPRK
76 CNTR
75 OSPK
75 HLBC
75B INDU

75 PLAS
74 CNTR
73 CNTR
72 CNTR
72 EMUL

63 EMUL

63 CNTR
61 CNTR
59 EMUL

Flux —Cosmic
MASS CHG

igGeV) (Ir)

1
1
1
1

&E12 1

& Elp 1

& Elp-E12 2, 3
1
1
1

Monopole
FL UX

(
—2s —1—

&5.6E- 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
(lE—18
(7.2E—13
(S.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
(S.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

&E7

Ray Searches
COMMENTS
(P = v/c) EVTS

1.8E—4 & p (3.E—3 0
&2.E—3 0
all P 0
all P 0
P=1.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 &1.5E—3 0
all P 0
3.E—4 ( P &5.E—3 0
1.E—5&P&1 0
all P 0
1.E—4 & P &6.E—4 0
4.E—5 & P &2.E—4 0
1E—3&P &1 0
9.E—4 & P &1.E—2 0
4.E—4&P &1 0
all P 1

0
7.E—4& P 0
aii p 0
4.E—4 & P &1.E—3 0

0
0
0

5.E—5 & P & 1.E—3 0
P &1.E—3 0
1.E—3 & P &1.E—1 0
1E—4&P &1 0

0
3.E—4& P 0
3.E—4 ( P &1.E—1 0
5.E—4&P&1 0
1.E—3 &P 0
6.E—4 & P &2.E—3 0
3.E—4 ( P &1.E—3 0

DOCUMENT ID

4 AHLEN

THRON
GARDNER
HUBER

5 ORITO
5 ORITO
5 ORITO

BERMON
6 BEZRUKOV
7 BUCKLAND
8 GHOSH

HUBER
BARISH

6 BARTELT
EBISU
MASEK
NAKAMURA

NAKAMURA

SHEPKO
TSUKA MOTO

9 CAPLIN

CROMAR
HARA

INCANDELA

PRICE
BERMON
CAPLIN

EBISU
6 KAJITA

6,10 KAJITA
6 PARK

BATTISTONI
INCANDELA"KAJINO
KAJ INO

KAWAGOE
6 KRISHNA

LISS
8 PRICE

TECN

94 MCRO
92 SOU D

91 INDU

91 IND0
91 PLAS
91 PLAS
91 PI AS

90 INDU

90 CHER
90 HEPT
90 MICA

90 INDU

87 CNTR
87 SOU D

87 INDU

87 HEPT
87 PLAS
87 PL AS
87 CNTR
87 CNTR
86 INDU

86 INDU

86 CNTR
86 INDU

86 MICA

85 INDU

85 IND0
85 IND0
85 CNTR
85 CNTR
85B CNTR
84 NUSX
84 IND0
84 CNTR
84B CNTR
84 CNTR
84 CNTR
84 CNTR
84 MICA

&4.E—33 300 p
&1.E—40 (5 &2 70 p
(2.E—30 300 n

&1~ E—38 8 v
&S.E—43 &10 400 p
&2.E—36 &3 60 p
&5.E—42 &24 400 p
(6.E—42 &24 300 p
&2.E—36 1 .001
&1.E—41 &5 70 p(l.E—40 &3 28 p
&2.E—40 &3 30 p
&1.E—35 &3 28 p
(2.E—35 &1 6 p

Multiphoton events.
Cherenkov radiation polarization.
Re-examines CERN neutrino experiments.

1 1.E—4& P 0 PRICE 84B PLAS
6.E—4 & P &2.E—3 0 TARLE 84 CNTR

7 11 ANDERSON 83 EMUL
(4.E—13 1 1.E—2 ( P &1.E—3 0 BARTELT 83B CNTR
&1.E—12 1 7.E—3 & P &1 0 BARWICK 83 PLAS
(3.E—13 1 1 E—3 & P (4 E- 1 0 BONARELLI 83 CNTR
&3.E—12 5.E—4 & P &5.E—2 0 BOSETTI 83 CNTR
&4.E—11 1 0 CABRERA 83 INDU

&5.E—15 1E 2&P &1 0 DOKE 83 PLAS
&S.E—15 1.E—4 & P &1.E—1 0 6 ERREDE 83 CNTR
&5.E—12 1 1.E—4 & P &3.E-2 0 GROOM 83 CNTR
(2.E—12 6.E—4 & P &1 0 MASHIMO 83 CNTR
&1.E—13 1 P=3.E—3 0 ALEXEYEV 82 CNTR
&2.E—12 1 7.E—3 ( P &6.E—1 0 BONARELI I 82 CNTR
6.E—10 all P 12 CABR ERA 82 INDU

(2.E- 11 1 ~ E—2 & P (1.E-1 0 MASHIMO 82 CNTR
&2.E—15 concentrator 0 BARTLETT 81 PLAS
&1.E—13 &1 1.E—3&P 0 KINOSHITA 81B PLAS
&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 1 13 PRICE 75 PLAS
&2.E-13 &2 0 FLEISCHER 71 PLAS
&1.E—19 &2 obsidian, mica 0 FLEISCHER 69C PLAS
&5.E—15 (15 (3 concentrator Q CARITHERS 66 ELEC
(2.E—11 &1-3 concentrator 0 MALKUS 51 EMUL

4AHLEN 94 limit for dyons extends down to p=0.9E—4 and a limit of 1. ,3E-14 extends
to p = O.SE-4.

5ORITO 91 limits are functions of velocity. Lowest limits are given here.
6 Catalysis of nucleon decay; sensitive to assumed catalysis cross section.

Used DKMPR mechanism and Penning effect.
SAssumes monopole attaches fermion nucleus.
9 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.
Anomalous long-range a ( He) tracks.
CABRERA 82 candidate event has single Dirac charge within +5%.
ALVAREZ 75, FLEISCHER 75, and FRIEDLANDER 75 explain as fragmenting nucleus.
EBERHARD 75 and ROSS 76 discuss conflict with other experiments. HAGSTROM 77
ieinterprets as antinucleus. PRICE 78 reassesses.

(1.E—13
(4.E—13

&E21
E19

Monopole Density —Matter Searches
CHG

DENSITY (g) MATERIAL

&2.E- 7/gram &0.6 Fe ore

&l.E—14/gram &1/3 iron aerosols
&6.E—4/gram air, seawater
&5.E-1/gram &0.04 11 materials
(2.E—4/gram )O.Q5 moon rock
&6.E—7/gram (140 seawater
&1.E—2/gram &120 manganese nodules

&1.E—4/gram &0 manganese
(2.E—3/gram &1-3 magnetite, meteor
&2.E—2/gram meteorite
17 Mass 1 x 1014 1 x 1Q17 GeV.

EVTS

0
&1

0
0
0
0
0
0
0
0

DOCUMENT ID

» EBisu
MIK HAILOV
CAR RIGAN

CABRERA
ROSS
KOLM
FLEISCHER
FLEISCHER
GOTO
PETUKHOV

TECN

87 INDU

83 SPEC
76 CNTR
75 INDU

73 INDU

71 CNTR
69 PLAS
69B PLAS
63 EMUL
63 CNTR

Monopole Density —Astrophysics
CHG

DENSITY (g) MATERIAL

&1.E—9/gram 1 sun, catalysis
(6.E—33/nucl 1 moon wake

&2.E—28/nucl earth heat
(2.E—4/prot 42cm absorption
. 2.E—13/m 3 moon wake

"Catalysis of nucleon decay.

EVTS DOCUMENT ID

18 ARAFUNE
SCHATTEN
CARRIGAN
BRODERICK
SCHATTEN

TECN

83 COSM
83 ELEC
80 COSM
79 COSM
70 ELEC

Monopole Flux —Astrophysics
FL LIX MASS CHG COMMENTS
(cm 2sr s ) (GeV) ~ (P = v/c) EVTS DOCUMEN T ID TECN

&l.E —16 E17 1 galactic field 14 ADAMS 93 COSM I
(1.E—23 Jovian planets ARAFUNE 85 COSM
&1.E- 16 E15 solar trapping 0 BRACCI 85B COSM
(1.E- 18 1 Q 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 REPHAELI 83 COSM
(1.E- 23 neutron stars 0 15 DIMOPOUL. .. 82 COSM
&5.E—22 neutron stars 0 15 KOLB 82 COSM
&5.E-15 galactic halo SALPETER 82 COSM
&1.E- 12 1 P=3E—3 0 TURNER 82 COSM
&1.E—16 galactic field 0 PARKER 70 COSM

14ADAMS 93 limit based on "survival and growth of a small galactic seed field" is

10—16 (ln/1P17 GeV) cm
—2s—1 sr

—1 Above 1P1 GeV, limit 1P-16 (1017 GeV/ln)
cm s sr (from requirement that monopole density does not overclose the uni-

verse) is more stringent.
15 Catalysis of nucleon decay.

Re-evaluates PARKER 70 limit for GUT monopoles.
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AHLEN
ADAMS
PINFOLD
K INOS HITA
THRON
GARDNER
HUBER
ORITO
BERMON
BERTANI
BEZRUKOV

94
93
93
92
92
91
91
91
90
90
90

90
90
90
90
89
88B
88
87
87
89
87
85
87
87
87
87
87
87
87
87
86
87
87
86
86
86
86
85
85
85B
85
85
85
85
85B
84
84
84
84
84
84B
84
84
84
84
84
84B
84
83
83
83B
83B
83
83
83
83
83
83
83B
83
83
83
83
83
83
82
82
82
82
82
82
82
82
82
82
81
81B
81
80
79
78
78
78
78
77
76
76
76
76B
76
75
75
75
75
71
75
75B
75
75
75
75
74
73
73
71
70

BUCKLAND
GHOSH
HUBER
PRICE
K INOS HITA
BRAUNSCH. ..
KINOSHITA
BARSH
BARTELT

Also
EBISU

Also
GENTILE
GUY
MASEK
NAKAMURA
PRICE
SCHOUTEN
SHEPKO
TSUKAMOTO
CAPLIN

Also
Also

CROMAR
HARA
INCANDELA
PRICE
ARAFUNE
BERMON
BRACCI

Also
CAPLIN
EBISU
KAJITA
PARK
BATTISTONI
FRYBERGER
HARVEY
INCANDELA
KA JINO
KAJINO
KAWAGOE
KOLB
KRISHNA. ..
LISS
PRICE
PRICE
TARLE
ANDERSON
ARAFUNE
AUBERT
BARTELT
BARWICK
BONARELLI
SOSETTI
CABRERA
DOKE
ERREDE
FREESE
GROOM
MASHIMO
MIKHAILOV
MUSSET
REPHAELI
SCHATTEN
ALEXEYEV
BONARELLI
CABRERA
DELL
OIMOPOUL. ..
KINOSHITA
KOLB
MASHIMO
SALPETER
TURNER
BARTLETT
KINOSHITA
ULLMAN
CARRIGAN
BRODERICK
BARTLETT
CARRIGAN
HOFFMANN
PRICE
HAGST ROM
CARRIGAN
DELL
ROSS
STEVENS
ZRELOV
ALVAREZ
BURKE
CABRERA
CARRIGAN

Also
EBERHARD
EBERHARD
FLEISCHER
FRIEDLANDER
GIACOMELLI
PRICE
CARRIGAN
CARRIGAN
ROSS

Also
Also

PRL 72 608
PRL 70 2511
PL B316 407
PR D46 R881
PR D46 4846
PR D44 622
PR D44 636
PRL 66 1951
PRL 64 839
EPL 12 613
SJNP 52 54
Translated from
PR D41 2726
EPL 12 25
PRL 64 835
PRL 65 149
PL B228 543
ZPHY C38 543
PRL 60 1610
PR D36 2641
PR D36 1990
PR D40 1701 e
PR D36 3359
JPG 11 883
PR D35 1081
Nature 325 463
PR D35 2758
PL B183 395
PRL 59 2523
JPE 20 850
PR D35 2917
EPL 3 39
Nature 321 402
JPE 20 850
Nature 325 463
PRL 56 2561
PRL 56 553
PR D34 2637
PRL 56 1226
PR D32 2586
PRL 55 1850
NP B258 726
LNC 42 123
Nature 317 234
JPG 11 883
JPSJ 54 4065
NP B252 261
PL 133B 454
PR D29 1524
NP B236 255
PRL 53 2067
PRL 52 1373
JPG 10 447
LNC 41 315
APJ 286 702
PL 142B 99
PR D30 884
PRL 52 1265
PL 140B 112
PRL 52 9O

PR D28 2308
PL 133B 380
PL 120B 465
PRL 50 655
PR D28 2338
PL 126B 137
PL 133B 265
PRL 51 1933
PL 129B 370
PRL 51 245
PRL 51 1625
PRL 50 573
PL 128B 327
PL 130B 331
PL 128B 333
PL 121B 115
PR D27 1525
LNC 35 413
PL 112B 100
PRL 48 1378
NP B209 45
PL 119B 320
PRL 48 77
PRL 49 1373
JPSJ 51 3067
PRL 49 1114
PR D26 1296
PR D24 612
PR D24 1707
PRL 47 289
Nature 288 348
PR D19 1046
PR D18 2253
PR D17 1754
LNC 23 357
PR D18 1382
PRL 38 729
PR D13 1823
LNC 15 269
LBL-4665
PR D14 2207
CZJP B26 1306
LBL-4260
PL 60B 113
Thesis
NP 891 279
PR D3 56
PR D11 3099
LBL-4289
PRL 35 1412
PRL 35 1167
NC 28A 21
PRL 35 487
PR D10 3867
PR D8 3717
PR D8 698
PR D4 3260
Science 167 701

+Ambrosio, Antolini, Auriemma+ (MACRO Collab. )
+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, Paly (BGNA, INFN)
+Belolaptikov, Bugaev, Budnev+ (INRM)

YAF 52 86.
+Masek, Vernon, Knapp, Stronsi (UCSD)
+Chatterjea (JADA)
+Cabrera, Tabor, Gardner (STAN)
+Guiru, Kinoshita (UCB, HARV)
+Fujii, Nakajirna+ (HARV, TISA, KEK, UCB, GIFU)

Braunschweig, Gerhards, Kirschfink+ (TASSO Collab. )
+Fujii, Nakajima+ (HARV, TISA, KEK, UCB, GIFU)
+Liu, Lane (CIT)
+Courant, Heller+ (Soudan Collab. )

rratum Bartelt, Courant, Heller+ (Soudan Collab. )
+Watanabe (KOBE)

Ebisu, Watanabe (KOBE)
+Haas, Hempstead+ (CLEO Collab. )

(LOIC)
+Knapp, Miller, Stronski, Vernon, White (UCSD)
+Kawagoe. Yamamoto+ (INUS, WASCR, NIHO)
+Guoxiao, Kinoshita (UCB, HARV)
+Caplin, Guy. Hardiman+ (LOIC)
+Gagliardi, Green, Mclntyre+ (TAMU)
+Nagano, Anraku+ (ICRR)
+Hardiman, Koratzinos, Schouten (LOIC)

Schouten, Caplin, Guy, Hardiman+ (LOIC)
Guy (LOIC)

+Clark, Fickett (NBSB)
+Honda, Ohno+ (ICRR, KYOT, KEK, KOBE, ICEPP)
+Frisch, Somalwar, Kuchnir+ (CHIC, FNAL, MICH)
+Salarnon (UCB)
+Fukugita, Yanagita (ICRR, KYOTY, IBAR)
yChaudhari, Chi, Tesche, Tsuei (IBM)
+Fiorentini, Mezzorani (PISA, CAGL, INFN)

Bracci, Fiorentini (PISA)
+Guy, Hardiman, Park, Schouten (LOIC)
+Watana be (KOBE)
+Arisaka, Koshiba, Nakahata+ (ICRR, KEK, NIIG)
+Blewitt, Cortez, Foster+ (IMB Collab. )
+Bellotti, Bologna, Campana+ (NUSEX Collab. )
+Coan, Kinoshita, Price (SLAC, UCB)

(PRIN)
+Campbell, Frisch+ (CHIC, FNAL, MICH)
+Matsuno, Yuan, Kitamura (ICRR)
+Matsuno, Kitamura, Aoki, Yuan, Mitsui+ (ICRR)
+Mashimo, Nakamura, Nozaki, Orito (TOKY)
+Turner (FNAL, CHIC)

Krishnaswamy, Menon+ (TATA, OSKC, INUS)
+Ahlen, Tarle (UCB, IND, MICH)
+Guo, Ahlen, Fleischer (ROMA, UCB, IND, GESC)

(CERN)
+Ahlen, Liss (UCB, MICH, INO)
+Lord, Strausz, Wilkes (WASH)
+Fukugita (ICRR, KYOTY)
+Musset, Price, Vialie (CERN, LAPP)
+Courant, Heller, Joyce, Marshak+ (MINN, ANL)
+Kinoshita, Price (UCB)
+Capiluppi, Dantone (BGNA)
+Gorham, Harris, Learned+ (AACH3, HAWA, TOKY)
+Taber, Gardner, Bourg (STAN)
+Hayashi, Hamasaki+ (WASU, RIKK, TTAM, RIKEN)
+Stone, Vander Velde, Bionta+ (IMB Collab. )
+Turner, Schramm (CHIC)
+Loh, Nelson, Ritson (UTAH, STAN)
+Orito, Kawagoe, Nakamura, Nozaki (ICEPP)

(KAZA)
+Price, Lohrmann (CERN, HAMB)
+Turner (CHIC)

(NASA)
+Boliev, Chudakov, Makoev, Mikheyev+ (INRM)
+Capiluppi, Dantone+ (BGNA)

(STAN)
(BNL, ADEL, ROMA)

(HARV, UCSBT)
(UCB, SLAC)
(LASL, PRIN)

(INUS)
(CORN)
(CHIC)

(COLO, GESC)
(UCB)

(LEHM, BNL)
(FNAL)

+Ficenec, Teplitz, Teplitz (VPI)
+Soo, White (COLO, PRIN)
+Strauss, Giacomelli (FNAL, BGNA)
+Kantardjian, Diliberto, Meddi+ (CERN, ROMA)
+Shirk, Osborne, Pinsky (UCB, HOUS)

(LBL)
(FNAL)

(CERN, BNL, ROMA, ADEL)
(LBL)

+Collins, Ficenec, Trower, Fischer+ (VPI, BNL)
yKollarova, Kollar, Lupiltsev, Pavlovic+ (JINR)

(LBL)
(MICH)
(STAN)

+Nezrick (FNAL)
Carrigan, Nezrick (FNAL)

gRoss, Taylor, Alvarez, Oberlack (LBL, MPIM)
(LBL)

+Walker (GESC, WUSL)
(WUSL)

NA, CERN, SACL, ROMA)
(UCB, VOuS)

(FNAL)
(FNAL)

(LBL, SLAC)
(LBL. SLAC)
(LBL, SLAC)

+Yuan, Roberts, Dooher+
Dimopoulos, Preskill, Wilczek

+Price, Fryberger
+Colgate, Harvey
+Kawagoe, Koshiba
+Shapiro, Wasserman
+Parker, Bogdan
+Soo, Fleischer, Hart+
+Price

+Nezrick, Strauss
+Uto, Yuan, Amaldi+

+Gustafson, Jones, Longo

+Rossi+ (BG
+Shirk, Osborne, Pinsky
+Nezrick, Strauss
+Nezrick, Strauss
+Eberhard, Alvarez, Watt

Eberhard. Ross, Alvarez, Watt
Alvarez, Eberhard, Ross, Watt

REFERENCES FOR Magnetk Monopde Searches BARTLETT
GUREVICH

Also

Also
FLEISCHER
KOLM
PARKER
SCHATTEN
FLEISCHER
FLEISCHER
FLEISCHER

Also
CARITHERS
AMALOI
GOTO
PETUKHOV
PURCELL
FIOECARO
BRADNER
MALKUS

72 PR D6 1817
72 PL 38B 549
72B JETP 34 917

Translated from
70 PL 31B 394
71 PR D4 24
71 PR D4 1285
70 APJ 160 383
70 PR D1 2245
69 PR 177 2029
69B PR 184 1393
69C PR 184 1398
70C JAP 41 958
66 PR 149 1070
63 NC 28 773
63 PR 132 387
63 NP 49 87
63 PR 129 2326
61 NC 22 657
59 PR 114 603
51 PR 83 899

+Lahana
+Khakimov, Martemyanov+

Barkov. Gurevich, Zolotorev
ZETF 61 1721.

Gurevich, Khakimov+
+Hart, Nichols, Price
+Villa, Odian

+Jacobs, Schwartz, Price
+Hart, Jacobs+
+Price, Woods

Fleischer, Hart, Jacobs, Price+
+Stefanskl, Adair
+Baroni, Manfredini+
+Kolm, Ford
+Yakimenko
+Collins, Fujil, Hornbostel. Turkot
yFInocchlaro, Giacomelli
+lsbell

(COLO)
(KIAE. NOVO, SERP)
(KIAE. NOVO, SERP)

(KIAE, NOVO. SERP)
(GESC)

(MIT, SLAC)
(CHIC)

(NASA)
(GESC. FSU)

(GESC, UNCS, GSCO)
(GESC)
(GESC)

(YALE, BNL)
(ROMA, UCSD, CERN)

(TOKY, MIT, BRAN)
(LEBD)

(HARV, BNL)
(CERN)

(LBL)
(cHlc)

GROOM
Review

OTHER RELATED PAPER5

86 PRPL 140 323 (UTAH)

SIJpersymmetric Particle Searches

NOTE ON SUPERSYMMETRY

(by Howard E. Haber, Univ. of California, Santa Cruz)

Supersymmetry is an attractive theoretical framework that

may permit the consistent uni6cation of particle physics and

gravity, which takes place at an energy of order the Planck scale

( 10~s 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
supersymmetry breaking is tied to the electroweak scale [4,5].
In this way, it is hoped that supersymmetry will ultimately

explain the origin of the large hierarchy between the W and Z
masses and the Planck scale.

The minimal supersymmetric extension of the Standard

Model (MSSM) consists of taking the Standard Model and

adding the corresponding supersymmetric partners [6]. In ad-

dition, 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 that generates mass for both "up"-type and "down"-type

quarks (and charged leptons) [7,8]. Supersymmetric interac-

tions consistent with (global) B Lconservation (B =—baryon

number and L =lepton number) are included. Finally, the

most general soft-supersymmetry-breaking terms are added [9].
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 [10]. Some bounds on these parameters exist due to
the absence of supersymmetry particle production at current

accelerators, as well as the absence of any evidence for vir-

tual supersymmetric particle exchange in a variety of Standard
Model processes [11].

As a consequence of B—L invariance, the MSSM possesses
a discrete R-parity invariance, where R = (—1)si+ ~&+zs for a
particle of spin 8 [12]. 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
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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 of a heavy unstable super-

symmetric particle. In order to be consistent with cosmological

constraints, the LSP is almost certainly electrically and color

neutral [13]. Consequently, the LSP is weakly-interacting in

ordinary matter, i.e. it behaves like a 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 8-parity
conservation [14]. Models of this type must break B Land-
are therefore strongly constrained. Nevertheless, because such

models cannot be completely ruled out, it is important to allow

for the possibility of B-parity violating processes in the search

for supersymmetry. In particular, the LSP would be unstable,

and this fact (among others) leads to a phenomenology of

broken-R-parity models that is very different from that of the

MSSM.

In the MSSM, supersymmetry breaking is induced by the

soft-supersymmetry breaking terms mentioned above. These

terms parametrize our ignorance of the fundamental mecha-

nism of supersymmetry breaking. If this breaking occurs spon-

taneously, then (in the absence of supergravity) a massless

Goldstone fermion called the goldstino (G) must exist. The
goldstino would then be the LSP and could play an impor-

tant role in supersymmetric phenomenology [15]. In models

that incorporate supergravity, this picture changes. If super-

gravity is spontaneously broken, the goldstino is absorbed

("eaten") by the gravitino (gs/2), the spin-3/2 partner of the

graviton [16]. By this super-Higgs mechanism, the gravitino

acquires a mass (ms/2). In models of this type; the gravitino

mass is typically of order of the low-energy supersymmetry-

breaking scale (G(l TeV)), while its couplings are gravitational

in strength [1,17]. Such a gravitino would play no role in

supersymmetric phenomenology at colliders.

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. 18. Among the parameters of the super-

symmet, ry conserving sector are: (i) gauge couplings: g„g,
and g', corresponding to the Standard Model gauge group

SU(3) xSU(2) xU(l) respectively; (ii) Higgs Yukawa couplings:

A~, A„, and Ad (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, M2

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 off-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, ei and e2, and one physical Higgs mass, Here, vi

(vg) is the vacuum expectation value of the Higgs field which

couples exclusively to down-type (up-type) quarks and leptons.
Note that vi + v2

——(246 GeV) is fixed by the W mass (or
equivalently by the Fermi constant GF), while the ratio

tan P = v2/vi

is a free parameter of the model. The supersymmetric con-

straints 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 neu-

tral 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 supersymmet, ry-

breaking scale of 100 GeV) to avoid generating electric dipole

moments for the neutron, electron, and atoms in conflict with

observed data [19]. However, t,hese complex phases have litt, le

impact on the direct searches for supersymmetric particles, and

are usually ignored in experimental analyses.

Before describing the supersymmetric particle sector, let us

consider the Higgs sector of the MSSM [20].There are five phys-

ical Higgs particles in this model: a charged Higgs pair (H+),
two CP even neutral -Higgs bosons (denoted by Hi and 02
where mHo & m&0) and one CP odd neutral H-iggs boson (Ae).

1
—

2

The properties of the Higgs sector are determined by the Higgs

potential which is made up of quadratic terms [whose squared-

mass coefflcients were mentioned above Eq. (1)] and quartic

interaction terms. The strengths of the interaction terms are

directly related to the gauge couplings by supersymmetry (and

are not affected at t, ree-level by supersymmetry-breaking). As a
result, tan P [defined in Eq (1)] and on. e 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 phys-

ical CP-even scalars], and the Higgs boson coupiings. When

one-loop radiative corrections are incorporated, additional pa-

rameters of the supersyrnrnetric model enter via virtual loops.

The impact of these corrections can be significant [21,22]. For

example, at tree-level, the MSSM predicts mHo & mz [7,8].
If true, this would imply that experiments to be performed at
LEP-II operating at; its maximum energy and luminosity would

rule out the MSSM if H&0 were not found. However, this Higgs

mass bound need not be respected when radiative corrections

are incorporated. For example, in B.ef. 21, the following upper
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bound was obtained for mHO (assuming m~o ) mz) in the
1

limit of mz « mg « M-, [where top-squark (tl,—tR) mixing is

neglected]

3g m2.2 4

p -~z+
16~ mw

t M-~ 2m —m2m2 m~
x ln

j - z - 3 z
(2)

M-+ -+ =
2 [Iwl + IM21 + 2mwj

X1 pXQ

P2+ M22+2m2 4P 2 M22

For a top-squark mass of M-, = 1 TeV, Eq. (2) yields a positive

mass shift for m&p of about 20 GeV for mg ——150 GeV, and 40
1

GeV for mq = 180 GeV. Even if tanP = 1 (so that m» = 0
1

at tree-level), there is a large shift in m» due to radiative
, 1

corrections of similar size. Clearly, the radiative corrections to
the Higgs masses can have a significant impact on the search

for the Higgs bosons of the MSSM at LEP and LEP-II [23].
Consider next the supersymmetric particle sector of the

MSSM. The supersymmetric 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 part-

ner of the gluon with mass M- = [Ms[. The supersymmetric
g

partners of the electroweak gauge and Higgs bosons (the gaug-

inos and Higgsinos) can mix. As a result, the physical mass

eigenstates are model-dependent linear combinations of these

states, called cIttarginos and neutralinos, which are obtained by

diagonalizing the corresponding mass matrices. The chargino

mass matrix depends on M2, p, tan P and m~ [24]. The cor-
~+ ~+

responding chargino mass eigenstates denoted by X1 and X2,
with masses

~Q
small compared to mz (and y), then the lightest neutralino X&

will be nearly a pure photino, 7 (the supersymmetric partner

of the photon). It is common practice in the literature to
reduce the supersymmetric 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 parameters can be expressed in terms of one of them (say,

M2). The other two gaugino mass parameters are given by

Ms = (g, /g )M2 Mr = (Sg' /3g )M2 . (4)

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.
The supersymmetric partners of the quarks and leptons are

spin-zero bosons: the squarks, charged sleptons, and sneutrinoa.

For a given fermion f, there are two supersymmetric partners fr,
and fR which are scalar partners of the corresponding left and

right-handed fermion. (There is no vR. ) However, in general,

fr. and f~ are not mass-eigenstates since there is fr, frr mix-ing

which is proportional in strength to the corresponding element

of the scalar mass-squared-matrix [26]:

md(Ae —p tan P), for "down"-type f
m„(A„—tl, cot P), for "up"-type f, (5)

where me (m„)is the mass of the appropriate "down" ("up")
type quark or lepton. Here, Ae and A„are (unknown) soft-

supersymmetry-breaking A—parameters and p and tan P have

been defined earlier. The signs of the A parameters are also

convention-dependent; see Ref. 18. Due to the appearance of
the fermion mass in Eq. (5), one expects MI,R to be small

compared to the diagonal squark and slepton masses, with the

possible exception of the top-squark, since mg is large, and the

bottom squark and r slepton if tanP )) 1. The (diagonal) L
and R-type squark and slepton masses are given by [2)

1/2
—4mL sin 2P + gmL sin 2P Re(yM2), (3)

M- = M-+m +mzcos2P(- ——sin 8g)
q 2 3 (6)

where the states are ordered such that M-+ & M-+. If CP-
X1 X2

violating effects are ignored (in which case, Mg and p are real

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 [25] in their plots of exclusion contours in the M2

~+~
vs. p, plane derived from the non-observation of Z ~ X1X1.
The neutralino mass matrix depends on Mq, M2, p, tanP,
mz, and the weak mixing angle 8gr [24]. The corresponding-0
neutralino eigenstates are usually denoted by X, (i = 1, . . .4),
according to the convention that M-p & M-p & M-p & M-p.

X1 XQ 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

M- = M-+m + -mzcos2Psin 8~2 2 2 2 2 ~ 2
&R U

M- = M- + me —mz cos 2P(- ——sin 8gr)2 2 2 2 1 1 ~ 2

dc q 2 3

M- = M- + me —&mz cos 2P sin 8~2 2 2 1 2 ~ 2

dR D

M- = M-+ -mzcos2P2 2 1 2
2 (10)

M- = M- + m, —mz cos 2P(&r —sin 8~)L

M- = M-+m —mzcos2Psin 8~.E

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 flavor-changing

neutral currents (FCNC) [27].
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One way to guarantee the absence of significant FCNC's me-

diated by virtual supersymmetric particle exchange is to posit

that the diagonal soft-supersymmetry-breaking scalar mass ma-

trices are proportional to the unit matrix (in flavor space) at

some energy scale (normally taken to be the Planck scale) [28].
Renormalization group evolution is used to determine the low-

energy values for the scalar mass parameters listed above. This

assumption substantially reduces the MSSM parameter free-

dorn. For example, supersymmetric grand unified models with

universal scalar masses at the Planck scale typically give [29]
M-- M- & M- M- - M- with the squark masses some-I E Q U D
where between a factor of 1-3 larger than the slepton masses

(neglecting generational distinctions). More specifically, the

first two generations are thought to be nearly degenerate in

mass, while M- and M- are typically reduced by a factor
Q3 U3

of 1—3 from the other soft-supersymmetry-breaking masses be-

cause of renormalization effects due to the heavy top quark

mass. As a result, four flavors of squarks (with two squark

eigenstates per flavor) and bR 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 tp masses are reduced compared to the

common squark mass of the first two generations. In addition,

third generation squark masses and w slepton masses are sensi-

tive to the strength of the respective fr, fR mixing —as discussed

below Eq. (5).
Two additional theoretical frameworks are often introduced

to reduce further the MSSM parameter freedom [1,2,30]. The

first is that of grand unified theories (GUTs) and the desert

hypothesis (i.e no new physics between the TeV-scale and

the GUT-scale). In the absence of low-energy supersymme-

try, the simplest models of this type fail because the three

SU(3) xSU(2) x U(1) gauge couplings fail to unify at a common

scale [31,32]. Remarkably, in the case of the MSSM (with a

supersymmetry-breaking scale of order 1 TeV or below), the

three gauge couplings do unify at a common energy scale

of order 10 GeV (with only very mild assumptions about

the GUT-scale theory) [31,33]. Unification constraints on the

Higgs-fermion Yukawa couplings may also exist but are more

GUT-model dependent, [34]. The second theoretical framework

is that of minimal supergravity theory, which can impose

nontrivial constraints on the soft-supersymmetry breaking pa-

rameters. Referring to the parameter list given above Eq. (1),
the Planck-scale values of the soft-supersymmetry-breaking pa-

rameters in the simplest supergravity models take the following

form: (i) a universal gaugino mass mt~2 [assuming grand unifi-

cation; Eq. (4) is a consequence of this assumption]; (ii) a uni-

versal diagonal scalar mass parameter mti [whose consequences

were described in the preceding paragraph]; (iii) a universal A-

parameter, Ae, and (iv) three scalar Higgs mass parameters-
two common diagonal squared-masses given by [fin[ + ming

and

an off-diagonal squared-mass given by Boys (which defines the

Planck-scale supersymmetry-breaking parameter Bo), where po

is the Planck-scale value of the p-parameter. As before, renor-

malization group evolution is used to compute the low-energy

values of the supersymmetry-breaking parameters and deter-

mines 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 la. rg. e mi). As a result, the

two Higgs vacuum expectation values (or equivalent, ly, mg and

tan i3) can be expressed as a function of the Planck-scale super-

gravity parameters. The simplest procedure [29] is to remove

po and Be in favor of mz and tang (the sign of pe is not

fixed in t, his process). In this case, the MSSM spectrum and

its interactions are determined by mo, Ao, I(f2 „ t an $3, alld

the sign of fio (in addition to the parameters of the Standard

Model). Combining both grand unification and the minimal

supergravity approach yield the most constrained version of 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 constraints place some

restrictions on these approaches, although no comprehensive

treatment has yet appeared in the literature.
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MINIMAL SUPERSYMMETRIC
STANDARD MODEL ASSUMPTIONS

All results shown below (except where stated otherwise) are based on the
Minimal Supersymrnetric Standard Model (MSSM) as described ln 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 X1 (or y) is the lightest supersymmetric particle (LSP).
2) m- = m- where fI and fR refer to the scalar partners of left-and

fL fe
right-handed fermions.

Limits involving different assumptions either are identified with comments
or are in the miscellaneous section.

When needed, specific assumptions 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) ~

P~ {Lightest Neutrellno) MASS LIMIT

X1 is likely to be the lightest supersymmetric particle (LSP). See also the X, X3 X4
section below.

We have divided the X listings below into three sections: 1) Accelerator limits for1
X1, 2) Bounds on X1 from dark matter searches, and 3) Other bounds on X1 from
astrophysics and cosmology.

Accelerator IimIts for P1
These papers generally exclude regions in the M2 —Ic parameter plane based on accel-
erator experiments. Unless otherwise stated, these papers assume minimal supersym-
metry and GUT relations (gaugino-mass unification condition).

VAL UE (GeV) CL 5 DOCUMEN T ID TECN COMMENT

)20 95 DECAMP 92 ALEP X1 tanja &3

)1$A 90 HIDAKA 91 RVUE X
1

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&18.8 3 BAER 91 RVUE X0; tanp & 1.6
& (10-13) 90 4 ROSZKOWSKl 90 RVUE X~&, tans & 1

&5 GeV 90 HEARTY 89 ASP p, for m- &55 GeV

DECAMP 92 limit for tanp &2 is m&13 GeV.
2HIDAKA 91 limit obtained from LEP and preliminary CDF results (as analyzed in

BAER 91).
3BAER 91 limit obtained from LEP and preliminary CDF results assuming tanI9 & 1.6.

ROSZKOWSKI 90 limit obtained from ALEPH and CDF/UA2 results assuming tanig &
1~

5 HEARTY 89 assumed pure p eigenstate and m- = m- . There is no limit for m- &58ea' e
GeV. Uses e+ e ~ gpss. No GUT relation assumptions are made.

none 4-15 GeV

Bounds on P1 from dark matter searches
These papers generally exclude regions in the M2 —p, parameter plane assuming that

X1 is the dominant form of dark matter in the galactic halo. These limits are based
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 X1 accumlates in the
Sun or the Earth and annihilates into high-energy v's.

VALUE DOCUMEN T ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

6 MORI 93 KAMI
7 BOTTINO 92 COSM

BOTTINO 91 RVUE
9 GELMINI 91 COS M

10 KAMIONKOW. .91 RVUE
11 MORI 91Er KAMI
12 OLIVE 88 COSM
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MORi 93 excludes some region in M2-p parameter space depending on tanp and lighfest
scalar Higgs mass for neutralino dark matter m+ &m ~, using limits on upgoing muons

produced by energetic neutrinos from neutralino annihilation in the Sun and the Earth.
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 differen hypotheses for nucleon-Higgs coupling.
Effects of rescaling in the local neutralino density according to the neutralino relic abun-
dance are taken into account.
BOTTINO 91 excluded a region in M2 —p 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 —y, 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 mHO
+ 50 GeV. See Fig. 8

1
in the paper.
MORI 918 exclude a part of the region in the M2-p, plane with mp ~ 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 neutraiinos

and that mHO 80 GeV.
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,

MCDONALD 92 COSM
NOJIRI 91 COSM Minimal supergravity

13 OLIVE 91 COSM
ROSZKOWSKI 91 COSM
EI LIS 90 COSM

14 GRIEST 90 COSM
15 GRIFOLS 90 ASTR p, SN 1987A

K RAUSS 90 COS M
13 OLIVE 89 COSM
16 ELLIS 888 ASTR p,'SN 1987A

SREDNICKI 88 COSM p, m-=60 GeVf
ELLIS 84 COSM p,'for m-=100 GeV

GOLDBERG 83 COSM
KRAUSS 83 COSM
VYSOTSK I I 83 COS M

Mass of the bino (=LSP) is limited to m- + 350 GeV. Mass of the higgsino (=LSP)B
is limited to m- + 1 TeV,

Mass of the bino {=LSP) is limited to m- + 550 GeV. Mass of the higgsino (=LSP}

is limited to mH 3.2 TeV.

GRIFOLS 90 argues that SN1987A data exclude a light photino( + 1MeV) if m- & 1,1
TeV, m- & 0.83 TeV.

16 ELLIS 888 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 0{100eV) 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 mgravltino &40 TeV. See figure 2.

& 100 eV
none 100 eV —(5-7) GeV

none 100 eV-5 GeV

Pg, Pg, Pq (Neuttiltnog) MASS LIMITS
Neutralinos are unknown mixtures of photinos, z-inos, and neutral higgsinos {the su-

persymmetric partners of photons and of Z and Higgs bosons). The limits here apply

only to X, X, and X4. X is the lightest supersymmetric particle (LSP); see X1
Mass Limits. 1t ls not posslkle 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 rn- —m- planeI i' e
vs other parameters. When specific assumptions are made, e.g, the neutralino is a

Other bounds on P1 from 1st;rophysks and cosmology
Most of these papers generally exclude regions in the M2-y, parameter plane by

requiring that the X1 contribution to the overall cosmological density is less than
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 DOCUMENT ID TECN COM MEN T

none 100 eV - 15 GcV SREDNICKI 88 COSM j; m-=100 GeVf
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

DREES 93 COSM Minimal supergravity
FALK 93 COSM Sfermion mixing

KELLEY 93 COSM Minimal supergravity
MIZUTA 93 COSM Co-annihilation

ELLIS 92F COSM Minimal supergravity
KAWASAKI 92 COSM Minimal supergravity,

mp-A=O
LOPEZ P2 COSM Minimal supergravity,

mp-—A=O

higgsino (H ), the neutralinos willpure photino ($), pure z-ino (Z), or pure neutral
be labelled as such.

VAL UE (GPV) CL.&e DOCUMENT /D

& 45 18 DECAMP 9

COMMENT

X02, tang &3

XO
2

gO
3

4
=0

etc. ~ 0 0

TECN

2

19 HIDAKA 91
'9 HIDAKA

19 HIDAKA 91

ALEP

RVUE

RVUE

&1QS RVUE

~ ~ e We do not use the following data for averages, fits, limits,

20 ABREU 90G DLPH
1 AKRAWY 90N OPAL

& 57 90 22 BAER 90 RVUE

BARK LOW 90 MRK2
24 DECAMP 90K ALEP
25 SAKAI 90 AMY

z - xoxo
XOXO

X03., I (Z); tang & 1

Z -+ X)X(, X2X20 0 0 0

2-XX
e+e- -' HOHO

2
(HO „ f f HO)

e~ e—— jz
(Z ~ qqj}, m.-

70 GeV
e+ e- jz

(Z — qq j')
e+ e —e HO HO

1 2

(H2 = f fH1}
el e ——.gjz

(Z -- vv)
e+ e — pXO

(x -~ q qr}
ek e HOHO

1 2'
HO - ffHO

2 1
e+ e -+ monojet X
e+e -- qZ

(Z --v EEp)
8+ 8 —-s -IZ

(z — f f~)

41

95 6 BEHREND 878 CELl31

95 BEHREND 878 CELL

28 BEHREND 878 CELL

29 BEHREND 878 CELL

AKERLOF 85 HRS

9531.3

22

95 31 BARTEL 85L JADEnone 1-21

32 BEHREND
33 ADEVA

85 CELL

848 MRKJ

84C JADE95 34 BARTEL28

35 ELLIS 84 COSM
8 DECAMP 92 result is within minimal supersymmetry with gaugino-mass unification con-

dition. For tanp &2 the limit is &40 GeV; and it disappears for tanp & 1.6.
19HIDAKA 91 limit obtained from LEP and preliminary CDF results (as analyzed in

BAER 91) within minimal supersymmetry with gaugino-mass unification condition.

ABREU 90G exclude B(Z ~ X1X2) & 10 and B(2 X2X02) & 2 x 10

assuming X ~ X f f via virtual Z. These exclude certain regions in model paramete~2 1
space, see their Fig. 5.
AKRAWY 90N exclude B(Z ~ X X ) + 3-5 x 10 assuming X — XO f f or X1 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 El (Z) & 120 MeV. These result from decays of Z to

all combinations of X, and X. . Minimal supersymmetry with tanI9 & 1 is assumed.I
See Figs. 4, 5 in BARKLOW 90 for the excluded regions.
DECAMP 90K exclude certain regions in model parameter space, see their figures.
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(2 — e" e $} =- 0.13.
me —

me & 70 GeV. m& & 10 GeV.
eR

Pure p and pure Z eigenstates. B(Z ~ qqg} = 1. me = me & 70 GeV. m&
-- O.

eR

Pure higgsino. The LSP is the other higgsino and is taken massless, Limit degraded if

not pure higgsino or if LSP not massless.
29Pure p and pure Z eigenstates. B(Z vv) = 1. m- = m- = 26 GeV. m- —. 10

y

GeV. No excluded region remains for m- &30 GeV.
3 AKERLOF 85 is e+ e monojet search motivated by UA1 monojet events. Observed

only one event consistent with e+ e ~ p+X where X ~ rnonojet. Assuming that
missing-pr is due to p, and monojet due to X, limits dependent on the mixing and m-
are given, see their figure 4.
BARTEL 85L aSSume m+ —0, r(Z -- H1 H2} & l {Z —. tv~). The limit is

1
for my).

2
2 BEHREND 85 find no monojet at Ecm = 40-46 GeV. Consider X pair production via0

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 848 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.
4 BARTEL 84C search for e+ e 2+p with Z ~ p+ e+ e, p+ p, qq, etc. They

see no acoplanar events with missing-p T due to two p's. Above example limit is for m-
= 40 GeV and for light stable y with B(Z ~ e+e y) = 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 $ limit) and on nature of XO

g
For pure higgsino the higher limit is 5 GeV.
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38 HIDAKA
39 ABREU

95
95

90
95
95
95

44 BAER
45 BARKLOW
46 BARK LOW
47 DECAMP

&37
&45
&42
&44.5

95
95

ANSARI&45

&40

X1 ~ Xz (Charglnoa) 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.
VALUE (GeV) CL 5 DOCUMENT ID TECN COMMENT

&44.0 95 36ADRIANI 93hlL3 Z ~ X+X, I"(Z)
&45.2 95 37 DECAMP 92 ALEP Z ~ X+X, all m+

1
&47 95 37 DECAMP 92 ALEP Z -9 X+ X

m~ &41 GeV
1

&S9 91 RVUE X2
&44.5 90G DLPH Z 6 X+X

m7 & 20 GeV

&45 95 40 AKRAWY 90D OPAL e+ e- —+ X+ X
m- & 20 GeV

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

DATTA 92 RVUE Z ~ X+X, X0X0

&43 DR EES 91 RVUE X1
&45 ABREU 90G DLPH Stable X+, X+X
&28.2 ADACHI 90C TOPZ Stable X+, X+X
&45 AKESSON 90B UA2 pp ~ ZX

(Z W+ W )
90 90 RVUE I (Z); tanp & 1
95 90 MRK2 Z ~ W+W
95 90 MRK2 Z ~ H+H
95 90C ALEP e+e ~ X+X

m- & 28 GeV7
&25.5 8ADACHI 89 TOPZ e+e- ~ X+X-
&44 ADEVA 898 L3 e+ e —6 W+ W —,

W h Ev or /v7
90 87D UA2 pp ~ ZX

(z~ w+w-,
W+ —h e+ v)

51 BAER 87B RVUE pp ~ W/ZX
(W/Z h W, Z,
7)

36ADRIANI 93M limit from 1hl (Z)& 35.1 MeV. For pure wino, the limit Is 45.5 GeV.
37 DECAMP 92 limit Is for a general X+ (all contents).

HIDAKA 91 limit obtained from LEP and preliminary CDF results (as analyzed ln

BAER 91) within minimal supersymmetry with gaugino-mass unNcation condition.

ABREU 90G limit is for a general X+. They assume charginos have a three-body decay
such as C+v7.
AKRAWY 90D assume charginos have three-body decay such as t+ v7 (i.e mv &

mX+
).

A two-body decay, X+ ~ 4 v would have been seen by their search for acoplanar leptons.
The result is independent of the hadronic branching ratio. They search for acoplanar
electromagnetic clusters and quark Jets.

1DATTA 92 exclude some regions In charglno-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.

4 AKESSON 908 assume W ~ ev with 8 & 20% and mv = 0. The limit disappears if

v e
44 BAER 90 is independent of decay modes. Limit from analysis of supersymmetric param-

eter space restrictions Implied by 4l (Z) & 120 MeV. These result from decays of Z to
all combinations of X and X . Minimal supersymmetry with tanp & 1 is assumed.i
BARKLOW 90 assume 100% W W*X . Valid up to m- & [m —-5 GeV].1' X1™ W

BARKLOW 90 assume 100% H ~ H'X . Valid up to m- &- [m- -8 GeVI.1' H1
DECAMP 90C assume charginos have three-body decay such as 8+v7 (i.e. mv &

mX+), and branching ratio to each lepton is 11%. They search for acoplanar dimuons,

dielectrons, and y, e 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~ ev7) + B(X ~ Igv7) + B(X ~
7-v7) + B(X ~ qq7) = 1 (lepton universality is not assumed). The limit is for m- =7
0 but a very similar limit is obtained for m- = 10 GeV. For 8(X ~ q q7) = 1, the limit7
increases to 27.8 GeV.
ADEVA 89B assume for Cv7 (Lv) mode that B(e) = B(Ig) = B(~) = 11% (33%) and
search for acoplanar dimuons, dielectrons, and Ige events. Also assume m- & 20 GeV
and for Zv mode that m„-= 10 GeV.

ANSARI 87D looks for high p~ e+e pair with large missing p7 at the CERN pp
collider at Ecm = 546-630 GeV. The limit Is valid when m- + 20 GeV, B(W ~ e ve)
= 1/3, and B(Z ~ W+ W ) is calculated by assuming pure gaugino eigenstate. See
their Fig. 3(b) for excluded region ln the m ——m- plane.

W
BAER 87e argue that the charged heavy lepton mass limit of 41 GeV obtained by UA1
collaboration (ALBAJAR 87B) 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 gauglno-
higgsino mixing ls parametrized by the three minimal supergravity model parameters. In
grand unNed theories m- & 8 implies m- & 50 GeV. For larger gluino masses. this
limit can be evaded as discussed in BAER 88.

e (Selectron) MASS LIMIT
Limits assume m- = m- unless otherwise stated.

VAL UE (GeV) CL 5 DOCUMENT ID TECN COMMENT

& 45 95 ~ ADRIANI 93M L3 mp& &40 GeV, e+ e
1

95 DECAMP 92 ALEP mp &41 GeV, e+ e
1

& 65 95 62,63 HEARTY 89 RVUE m-=0; 777
&M 95 HEARTY 89 ASP m7 &5 GeV; 777

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 42 95 ABREU 90G DLPH m7 & 40 GeV; e+e
& 38 95 64AKESSON 90e UA2 m- = 0; pp ~ ZX

(Z~ e+e )
95 6 AKRAWY 90D OPAL m- & 30 GeV; e+e
90 66 BAER 90 RVUE eL, I(Z); tanp & 1
95 DECAMP 90c ALEP m- & 36 GeV; e+e

GRIFOLS 90 ASTR m- & 1 MeV7
95 SAKAI 90 AMY m- & 20 GeV; e+e
95 TAKETANI 90 VNS m- & 25 GeV; e+e

68 ZHUKOVSKII 90 ASTR m- = 07
69 ABE 89K VNS e+ e

ADACHI 89 TOPZ 'm7 +0.85me, e+e
71ADEVA 898 L3 m- & 20 GeV. e+e

ALBAJAR 89 UA1 pj ~ W+ X
(W+ ~ eZv}
(e~ e7)

& 14 90 73ALBAJAR 89 UA1 Z ~ e+e
& 53 95 62174 HEARTY S9 ASP m-=0; 777
& 35 95 HEARTY 89 ASP m7 &10 GeV; 777
& 51.5 90 75 76 BEHREND 888 CELL m7

—0 GeV; 777
& 64 95 77 BEHREND SSB RVUE m- = 0 GeV; 777
& 48 90 BEHREND 88e CELL m- & 5 GeV; 777
60ADRIANI 93M Ilrnit 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 eR'

looked for acoplanar electrons.
HEARTY 89 assume m- = 0. The limit is very sensitive to m-; no limit can be placed7 7'
for m- 13 GeV.

Results of HEARTY 89, BEHREND 888, ADEVA 87, and FORD 86 are combined. The
limit is reduced to 53 GeV if only one e state is produced (e~ or eR very heavy).

6 AKESSON 90B assume m- = 0. Very similar limits hold for m- &. 20 GeV.7 7
6 AKRAWY 900 look for acoplanar electrons. For m- » m-, limit is 41.5 GeV, for

m- & 30 GeV.

BAER 90 limit from 4l (Z) (nonhadronic) & 53 MeV. Independent of decay modes.
Mininal supersymmetry and tan)9 & 1 assumed.

67DECAMP 90C look for acoplanar electrons. For m- » m- limit is 42 GeV, for
8R

m- & 33 GeV.

& 43.4

& 38.1
& 43.5
&830

& 29.9

& 29

& 60

32
& 28

& 41

& 32

90
95

95

90

sr (Snentrtno) MASS LIMIT
The limit depends on the number, N(v), of sneutrinos assumed to be degenerate in

mass. Only vg (not vp) exist. It is possible that v could be the lightest supersymmetric
particle (LSP)~

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

M1.$95 5 ADRIANI 93M L3 I (Z —+ invisible); N(v}=3
&$7.1 95 ADRIANI 93M L3 I (Z invisible); N(v)=1
&41 95 DECAMP 92 ALEP I (Z ~ Invisible); N(v)=3
&36 95 ABREU 91F DLPH I (Z ~ invisible); N(v)=1
&32 95 54 ABREU 91F DLPH I (Z); N(v)=1
&31.2 95 ALEXANDER 91F OPAL I (Z ~ invisible); N{v)=1
&31.4 95 ADEVA 90I L3 I (Z ~ invisible); N(v)=1
&39.4 95 ADEVA 901 L3 I (Z ~ invisible); N(v)=3

~ ~ ~ We do not use the following data for averages, fits, limits, etc. o o o

&38.4 90 57 DREES 91 RVUE I (Z); N(v)=3
&28.9 90 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
&36.5 90 BAER 90 RVUE I (Z); N(v)=3

ADRIANI 93M limit from 4l (Z)(invisible) & 16.2 MeV.
3 DECAMP 92 limit is from I (invisible)/I (Ct) = 5.91 + 0.15 (Nv = 2.97 + 0.07).

54 ABREU 91F limit (&32 GeV) is independent of sneutrino decay mode.
ALEXANDER 91F limit is for one species of v and is derived from I (invisible, new}/I (LZ)
& 0.38.
ADEVA 90) limit is from 4Nv & 0.19.

57 DREES 91 limits from 4l (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
sneutrlnos ln 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.
BAER 90 limit from 4I (Z) (nonhadronlc) & 53 MeV. Independent of decay modes.
Mininal supersymmetry assumed. The 95%CL bound is 35.6 GeV.
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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.

ABE 89K assumed m- = 0.
'Y

700ADACHI 89 assume only photon and photino exchange and m- = m- . The limit foreR'
the nondegenerate case is 26 GeV.
ADEVA 89B look for acoplanar electrons.
ALBAJAR 89 limit applies for ef when m- = m- and m- = Q. See their Fig. 55 for

eL VL

the 90% CL excluded region in the m- —m- plane. For m- = m- = 0, limit is 50
eL VL V

GeV.
ALBAJAR 89 assume m- = 0.'y

The limit is reduced to 43 GeV if only one e state is produced (eL or e~ very heavy).

BEHREND 88B limits assume pure photino eigenstate and me = me .eR'

The 95% CL limit for BEHREND 888 is 47.5 GeV for m- = 0. The limit for m- ))
y eL

m- is 40 GeV at 90% CL.

BEHREND 88B combined their data with those from ASP (HEARTY 8?), MAC
(FORD 86), and MARK-J (H. Wu, Ph. D. Thesis, University of Hamburg, 1986}.

r {Steu}MASS LIMIT
Limits assume m-

TL

VALUE (GeV)

)44

)43.0
~ ~ ~ We do not use the

&35

&38.1
&40,4

&25

&25.5

&21.7

= m- unless otherwise stated.
TR

CL% DOCUMENT ID TECN

95 ADRIANI 93M L3

95 86 DECAMP 92 ALEP

95 A KRAWY 90D OPAL

following data for averages, fits, limits,

95 ABREU 90G DLPH

90 88 BAER 90 RVUE

95 89 DECAMP 90C ALEP

95 SA KAI 90 A MY

95 TA K ETA N I 90 VNS

95 9 ADACHI 89 TOPZ

COMMENT

mp &3S GeV, F+F
1

m+ &38 GeV, T=+ 7-

1
m- & 23 GeV; T+ T.

y

etc. ~ o ~

m- & 25 GeV; v-+ T

TI', I (Z); tang & 1

m- & 15 GeV; T+T
y

m- & 10 GeV; T+T
'y

m- & 15 GeV; T+T
'y

m-=0; T+T
'Y

ADRIANI 93M limit is for m- » m- .
TL TR

DECAMP 92 limit is for m- )& m-; for equal masses the limit would improve. They
L TR

looked for acoplanar particles.
AKRAWY 90D look for acoplanar particles. For m- &) m-, limit is 41.0 GeV, for

TL TR'
m- & 23 GeV.

BAER 90 limit from Al (Z) (nonhadronic) & 53 MeV. Independent of decay modes.
Minlnal supersymmetry and tanP & 1 assumed.
DECAMP 90C look for acoplanar charged particle pairs. Limit is for m- = m- . For

TR
m- & 24 GeV, the limit is 37 GeV. For m- » m- and m- & 15 GeV, the limit

'Y TL TR
is 33 GeV.
ADACHI 89 assume only photon exchange, which gives a conservative limit. m-

TL
m- assumed.

TR

Is {Smuon} MASS LIMIT
Limits assume m- = m- unless otherwise stated.I'R

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

&45 95 9 ADRIANI 93ML3 mp) &40 GeV, p+p-
1

&45 95 79 DECAMP 92 ALEP m+ (41 GeV, p+ Ig

1

&43 95 AKRAWY 90D OPAL m- & 30 GeV; p, + p
y

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

)36 95 ABREU 90G DLPH m- & 33 GeV; I
+ I

&38.1 9{} 81 BAER 90 RVUE pL, I (Z); tanP
&42.6 5 82 DECAMP 90C Al EP m- & 34 GeV; It+It
&27 95 SAKAI 90 AMY m- & 18 GeV; Ig+~i'Y

&24.5 95 TAKETANI 90 VNS m- & 15 GeV; It+It
&24.5 95 ADACHI 89 TOPZ m- & 0.8m-. y+ p,'y ~ Ig'

)41 95 4 ADEVA 89B L3 m- & 20 GeV; Ig+ ji.'y

ADRIANI 93M limit is for m- )) m- using acolinear di-lepton events.

9 DECAMP 92 limit is for m- » m-; for equal masses the limit would improve. They

looked for acoplanar muons.
AKRAWY 90D look for acoplanar muons. For m- )& m-, limit is 41.0 GeV, for

PL
m- & 30 GeV.

BAER 90 limit from DI (Z) (nonhadronic) & 53 MeV. Independent of decay modes,
Mininal supersymmetry and tanI9 & 1 assumed.
DECAMP 90C look for acoplanar muons. For m- » m- limit is 40 GeV, for m- &IR
30 GeV,
ADACHI 89 assume only photon exchange, which gives a conservative limit. m-

I.t L
m- assumed. The limit for nondegenerate case is 22 GeV.

ADEVA 89B look for acoplanar muons.

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 annihilation depend on flavor because there is an additional contribution from
neutralino exchange that in general yields stronger limits. All limits assume m=,

m- unless otherwise stated.

VALUE (GeV) CL io DOCUMENT ID TECN COMMENT

)g 95 ABREU 90G DLPH
~ e ~ We do not use the following data for averages, fits, limits, etc. o e o

)26.3 95 ADACHI 90C TOPZ p, , 7

&38.8 95 AKRAWY 900 OPAL
'&27. 1 91 SAKAI 90 A MY)32.6 95 SODERSTROM90 MRK2

)24.5 92 ADACHI 89 TOPZ
91 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-.e'

q {Squark} MASS LIMIT
For m- & 60-?0 GeV, it is expected that squarks 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. When direct decay is assumed, realistic limits
would be somewhat lower. The limits from Z decay do not assume GUT relations and
are more model independent.

VALUE (GeV) CL% DOCUMEN T ID TECN COMMENT

90 90 93 ABE 92L CDF An m- (410 GeV

& 218

& 180

36.8
100

99 ABREU

95 100 ABREU

95 ADACHI

90 101 ALITTI

90 101 ALI TTI

39.2
45

40
) 39

24

95 108 ADAC

1O9

I
with cascade decay

90 93 ABE 92L CDF m- =. m-; with cascade

decay
90 93 ABE 92L CDF m- & m-; with cas-

cade decay
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ a o

35.3 95 94 ADRIANI 93M L3 Z — uu, I (Z)
95 94 ADRIANI 93M L3 Z -- dd, I (2}» ROY 92 RVUE p p — rfrf; R-parity yio-

lating
96 BAER 91B RVUE t

NOJIRI 91 COSM
45 95 ABREU 90F DLPH Z -- qq,

m- & 20 GeV

43 95 90F Dl PH 2 -~ dd,
m- & 20 GeV

42 90F DLPH Z -- uu,
m- & 20 GeV

27.0 90c TOPZ Stable u, uu
74 90 UA2 Any m-;

B(q - ~ qgor qp)—1
& 106 90 UA2 m- =- m-;

q g'
B(q qp) .-... 1

90 BAER 90 RVUE dL', I (Z}
95 103 104 BARK LOW 90 MRK2 Z — q q

95 BARKLOW 90 MRK2 Z i -s d d
95 103,106 BARK LOW 90 MRK2 Z - - u u

107 DREES 90 RVUE t
)1100 GRIFOLS 90 ASTR m- & 1 MeV

95 SAKAI 90 AMY e+ e --+ d d-+ d dye;
m- & 10 GeV

26 95 SAKAI 90 AMY e I e -~ uu —+ uu~j;
m- & 10 GeV

I

26.3 89 TOPZ e I e — qq--
qqyy

88 THEO T(p -- v K) in super-
gravity GUT

45 110 ALBAJAR 87D UA1 Any m- ) m-

75 90 110 ALBAJAR 87D UA1 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, tan/ =
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 ~rr~ not small, m+ --m-/6. This test

1

relation implies that as m- increases, the mass of X will eyentually exceed m- so that0
1 q

no decay is possible. Even before that occurs, the signaI will disappear; in particular no

i
bounds can be obtained for m- &410 GeV.

ADRIANI 93M limit from Bl (Z) & 35.1 MeV and assumes m- )) m-

ROY 92 reanalyzed CDF limits on di-lepton events to obtain limits on squark production
in R-parity violating models. The 100% decay q qX where X is the LSP, and the
LSP decays either into Eqd or date is assumed.
BAER 918 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).
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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

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-„-2GeV.

ALITTI 90 searched for events having & 2 jets with ET & 25 GeV, $T & 15 GeV,

i@i & 0.85, and h, 4 & 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- +
q 7 pv

20 GeV. Five degenerate squark flavors and m- = m- are assumed. Masses below

50 GeV are not excluded by the analysis.
BAER 90 limit from Bf(Z) & 120 MeV, assuming m- = m-„=m- = m-„. Inde-

UL eL v'

pendent of decay modes. Minimal supergravity assumed.
BARKLOW 90 assume 100% q ~ qy.
BARKLOW 90 assume five degenerate squarks (left- and right-handed). Valid up to

m+ ( [m--4 GeV].
1 q

BARKLOW 90 result valid up to m- & [m- -5 GeV].
1

BARKLOW 90 result valid up to m+ + [m-„-6GeV].
1

DREES 90 argue that bounds from Z decay are not valid for t for a certain range of
tl -tR mixing angle.

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- = 16 GeV. The limit for nondegenerate case ls 24.4 GeV.

9 NATH 88 uses Kamioka limit of ~(p ~ PK+) & 7 x 103 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 H~m2 & 10 GeV (m2 is the SU(2) gaugino mass) and for

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 870 are from pP ~ qqX (q ~ qy) and assume 5 flavors of
degenerate mass squarks each with m- = m- . They also assume m- & m-. These

limits apply for m- ( 20 GeV.

g (Gluino) MASS LIMIT
For m- & 60-70 GeV, it is expected that gluinos would undergo a cascade decay

via a number of neutrallnos and/or charginos rather than undergo a direct decay to
photinos as assumed by some papers. When direct decay Is assumed, realistic limits
would be somewhat lower.

m- & m-; with cas-

cade decay
Any m-; with cascadeq'

decay
etc. ~ ~ ~

111ABE 92L CDFp100 90

~ ~ ~ We do not use the following data for averages, Ats, limits,

1 112 CLAVE LL I 93 RVUE
113HEBBEKER 93 RVUE
114 LOPEZ 93C RVUE
115CLAVELLI 92 RVUE
116 ROY 92 RVUE

qua rkonia
e+ e jet analyses
LEP

as running

p p ~ gg; R-parity vio-
lating

as running

p N ~ missing energy

not 3-5
~ 4
&100

91 RVUE
91 RVUE
91 RVUE
91 COSM
90 UA2

ANTONIADIS
118ANTONIADIS
119HIDAKA
120 NOJIRI
121 ALITTI

1
&132 90

90& 79 Any m-;

B(g qq~) =1
m-= m-;

B(g qq7) =1
R-a++
Any m- & m-
m-= m-
m- ( 100 GeV

(350 GeV). 0 Al

x (350 GeV). 0
p0.72

T(15) ~ p+ gluinon-
iumlxl0-ll &- ~ (
1 x 10 9s

x 10—10
1 x 10 7s

90 UA2ALITTI&106 90

122 NAKAMURA
123 ALBAJAR

ALBA JAR
124 ANSARI

125 ARNOLD
125 ARNOLD

89 SPEC
870 UA1

87D UA1

90none 4-53

none 4-75

none 16-58

3.8
) 3.2

none 0.6-2.2

none 1 -4.5

90

87o UA2

87 EMUL

87 EMUL

87 CUSS

90

90
90

126 TUTS90

0 ALBRECHT 86C ARG90

0 BADIER 86 BDMP90none 1-4

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 dNerent

assumptions and use dNerent calculational techniques.
VALUE (GeV) CL% EVTS DOCUMENT ID TECN COMMENT

&21B 90 111ABF t92LCDF

none
none 0.5-2

none 0.5-3

none 0.5-4.1
1

&1-2

2

none 3-5 128 BARNETT 86 RVUE pil gluino gluino
gluon

130 VOLOSHIN 86 RVUE If (quasi) stable; guud
COOPER-. .. 858 BDMP For m-=300 GeV

none 0.5-4 COOPER-. .. 858 BDMP For m- &65 GeV

COOPER-. .. 858 BDMP For m-=150 GeV

none 2-4 DAWSON 85 RVUE 7 & 10 s
none 1-2.5 DAWSON 85 RVUE For m-=100 GeV

90 FARRAR 85 RVUE FNAL beam dump
134 GOLDMAN 85 RVUE Gluononium
135 HABER 85 RVUE
136 BALL 84 CALO

BRICK 84 RVUE
138 FARRAR 84 RVUE

BERGSMA 83C RVUE For m- &100 GeV

CHANOWITZ 83 RVUE g u rJ, guud)2-3 141 KANE 82 RVUE Beam dump
&1.5-2 FARRAR 78 RVUE R-hadron

ABE 92L includes the effect of cascade decay, for a particular choice of paramters, p =
—250 GeV, tanI8 = 2. Results are mildly sensitive to these parameters over much of
parameter space. ABE 92L limit assumes GUT relations between gaugino masses and
the gauge coupling; ln particular that for

ipse
not small, m+ m-/6. Not sensitive to

1
m- & 40 GeV (but other experiments rule out that region). Limits are more substanial

if B(g ~ qqp) = 1; for mq &mg the limits are about 50 GeV greater.

CLAVELLI 93 makes a two-dimensional fit to the quarkonia decay widths for p(1020),
J/@(15), Q(25), T(25), and T(35) taking as(mZ) and m- as variables. Claims that

the At favors m- &1 GeV, and that the fitted as(mZ) Is consistent with LEP data.

HEBBEKER 93 combined Jet analyses at various e+e colliders. The 4-Jet analyses
at TRISTAN/LEP and the measured a at PEP/PETRA/TRISTAN/LEP are used. A
constraint on efFective number of quarks N=6.3 + 1.1 Is obtained, which is corn pared 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.
CLAVELLI 92 claims that a light gluino mass around 4 GeV should exist to explain the
discrepancy between as 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 lpqd or CEe is assumed.
ANTONIADIS 91 argue that possible light gluinos (& 5 GeV) contradict the observed
running of as between 5 GeV and mZ. The signiAcance is less than 2 s.d.
ANTONIADIS 91 intrepret the search for missing energy events in 450GeV/c pN colli-
sions, AKESSON 91, in terms of light gluinos.
HIDAKA 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 Ep & 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-6++ (a guuu state) lighter than 1.6
GeV.
The limits of ALBAJAR 870 are from pp ~ ggX (g ~ qqp) and assume m-

m-. These limits apply for m- ( 20 GeV and T(g) & 10 s.g'
The liinit of ANSARI 870 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 nonrelativlstic potential-model estimates.
ALBRECHT 86C search for secondary decay vertices from Xgl(1P) ~ ggg where g's
make long-lived hadrons. See their figure 4 for excluded region in the m- —m- andgm- —m- plane. The lower m- region below 2 GeV may be sensitive to fragmentationg q

' g
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 x 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

g
assumed total cross-section values.

9BARNETT 86 rule 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 collisions at CERN.
VOLOSHIN 86 rules out stable gluino based on the cosmological argument that predicts
too much hydrogen consisting of the charged stable hadron g uud. 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 85e is BEBC beam-dump. Gluinos decaying in dump would yield
7's in the detector giving neutral-current-like interactions. For m- &330 GeV, no limit

q
is set.
DAWSON 85 first limit from neutral particle search. Second limit based on FNAL beam
dum p experiment.
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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
g g

GeV and m- &1.0 not excluded for m- = 100—500 GeV by BALL 84 experiment.
g

4GOLDMAN 85 use nonobservation of a pseudoscalar g-g bound state in radiative u'

decay.
HABER 85 is based on survey of all previous searches sensitive to low 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 j's are expected to come from pair-produced g's. Search for long-lived j
interacting in calorimeter 56m from target. Limit is for m- = 40 GeV and production

q
cross section proportional to A0 7 . 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.

7BRICK 84 reanalyzed FNAL 147 GeV HBC data for R-Q(1232)++ with r & 10 9 s

and piab )2 GeV. Set CL =. 90% upper limits 6.1, 4.4, and 29 microbarns in pp, ~ p,
K+ p collisions respectively. R-Li++ 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- y100
GeV.

9BERGSMA 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.

Unstable y (Photino) MASS LIMIT
Unless stated otherwise, the limits below assume that the p decays either into p G (gold-

stino) or into p H (Higgsino).
VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

ACTON 93G OPAL e ~ e —. qg (j
r+E~v )ey

ABE 89J VNS e+ e
{~ -r qGor~H )

95 BEHREND 878 CELL e" e
(p - pG or pH0)

145 A DEVA 85 MRK J
146 BALL 84 CALO Beam dump
147 BARTEL 848 JADE
147 BEHREND 83 CELL
'48CABIBBO 81 COSM

te2ACTQN 93G assume R-parity violation and decays y r. Hvrr (t= e or rr). They I
exclude m- = 4-43 GeV for m- (42 GeV, and m- = 7—30 GeV for m- (100 GeV

'y eL

(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 GeVe
in the case p — p G, and m- up to 23 GeV for m- = 40 GeV in the case p -~ ~ H .

BEHREND 878 iimit is for unstable photinos only. Assumes B(j p(Gor H )) =1,
m- -0 (& m- and pure p eigenstate. m- =. m- & 100 GeV.

GorH0
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

photons with large missing pT,
BALL 84 is FNAL beam dump experiment. Observed no p decay, where j'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.
BEHREND 83 and BARTEL 848 look for 2p events from q pair production. With

supersymmetric breaking parameter d = (100 GeV) and m- = 40 GeV the excluded

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.

4 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.

Supersymmetry Miscellaneous Results
Results that do not appear under other headings or that make nonminimal assumptions.

VAL UE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

149 BARBER 848 RVUE

HOFFMAN 83 CNTR xp —+ 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 da/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.

ACTON
ADRIANI
CLAVELLI
DREES
FALK
HEBBEKER
KELLEY
LAU

LOPEZ
M IZUTA
MORI
ABE
BOTT IN 0

Also
CLAVELLI
DATTA
DECAMP
ELLIS
KAWASA K I

LOPEZ
MCDONALD
ROY
ABREU
AKESSON
ALEXANDER
A NTONIADIS
BAER
BAER
BOTTINO
DREES
GEL MINI
HIDAKA
KAMIONKOW.
MORI
NOJIRI
OLIVE
ROSZKOWSKI
SATO
ABREU
ABREU
ADACHI
ADEVA
AKESSON
A K RAWY
AKRAWY
AKRAWY
A LITTI
BAER
BARK LOW
DECAMP
DECAMP
DREES
E LLI 5
GRIES r
GRIFOLS
KRAUSS
ROSZKOWSKI
SAKAI
SODERSTROM
TAK ETANI
ZHUKOVSKtl

93G
93M
93
93
93
93
93
93
93C
93
93
92L
92
91
92
92
92
92F
92
92
92
92
91F
91
91F
91
91
918
91
91
91
91
91
918
91
91
91
91
90F
90G
90C
901
908
90D
90N
900
90
90
90
90C
90K
90
90
90
90
90
90
90
90
90
90

ABE
ABE
ADACH!
A DEVA
ALBAJAR
HEARTY

Also
Also

NAKAMURA
OLIVE
BAER

Also

BEHREND
ELLIS
NATH
OLIVE
SREDNICKI
ADEVA
ALBAJAR
ALBA JAR
ANSARI
ARNOLD
BAER

Also
8EHREND
HEARTY
NG

TUTS
ALBRECHT
BADIER
BARNETT
FORD
GAISSER
VOLO'~HiN

A DEVA
Also

AKERLOF
BARTEL
BEHREND
COOPER-. ..
DAWSON
FARRAR
GOLDMAN
HABER
A DEVA
BALL
BARBER
BARTEL
BARTEL
BRICK
ELLIS
FARRAR
BEHRFND

89J
89K
89
898
89
89
87
86
89
89
88
898
888
888
88
88
88
87
878
87D
87D

878
86
878
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

83

PL 8313 333
PRPL 236 1
PR D47 1973
PR D47 376
PL 8318 354
ZPHY C60 63
PR D47 2461
PR D47 1087
PL 8313 241
PL 8298 120
PR D48 5505
PRL 69 3439
MPL A7 733
PL 8265 57
PR D46 2112
ZPHY C54 513
PRPL 216 253
PL 8283 252
PR D46 1634
NP 8370 445
PL 8283 80
PL 8283 270
NP 8367 511
ZPHY C52 219
ZPHY C52 1?5
PL 8262 109
PR D44 207
PR D44 725
PL 8265 57
PR D43 2971
NP 8351 623
PR D44 927
PR D44 3021
PL 8270 89
PL 8261 76
NP 8355 208
PL 8262 59
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
P R 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 8232 431
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 1479
PL 8205 553
NP 8310 693
PL 8194 167
PL 8185 241
PL 8198 261
PL 8195 613
PL 8186 435
PR D35 1598
PRI 57 294
ZPHY C35 181
PRL 58 1711
PL 8188 138
P L 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 SS 89S
Physica 1SD 181
PRPL 11? 7S
PRL 53 1806
PRL 53 1314
PL 1398 42r
PL 1398 327
PL 1468 126
PR D30 1134
NP 8238 453
PRL 53 1029
Pt 1238

+Akers, Alexander, Allison, Anderson+
+Aguilar-Benitez, Ahlen, Alcaraz, Aloisio+
yCoulter, Yuan

+Nojiri
+Madden, Olive, Srednicki (UC

(OPAL Collab. )
(L3 Collab. )

(ALAT)
(DESY, SLAC)

8, UCSB. MINN)
(CERN)

+Lopez, Nanopouios, Pois, Yuan (TAMU, ALAH)
(HOUS)

+Nanopoutos, Wang (TAMU, HARC, CERN)
+ Yamaguchi (TOHO)
+(KEK, NIIG, TOKY, TOKA, KOBE, OSAK, TINT, GIFU)
+Amidei, Anway-Wiese, Apollinari, Atac+ (CDF Collab. )
+DeAlfaro, Fornengo, Morales, Puimedon+ (TORI, ZARA)

Bottino, de Alfaro, Fornengo, Mignola+ (TORI, INFN)
(ALAT)

+Guchait, Raychaudhuri (JADA, CALC)
+Deschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )
+Roszkowski (CERN)
!-Mizuta (OSU, TOHO)
+Nanopoutos, Yuan (TAMU)
+Olive, Srednicki (LISB, MINN, UCSB)

(CERN).-Adam, Adami, Adye, Akesson-i (DELP Hl Collab. )
yAtmehed, Angelis, Atherton, Aubry+ (HELIOS Collab. )
+Allison, Allport, Anderson, Arcelli«(OPAL Collab. )
+Etlis, Nanopoulos (EPOL, CERN, TAMU, HARC)
+Tata Woodside (FSU, HAWA, ISU}
+Drees, Godbole+ (FSU, DESY, BOMB, UCD, HAWA)
+de Alfaro, Fornengo, Mignola+ (TORI, INFN)
!-Tata (CERN, HAWA}!Gondolo, Rouret (UCLA, TRST)

(TGAK)
{CHIC, FNAL)

(Kamiokande Collab. }
(KEK}

+Syednicki (MINN, UCSB)
(CERN)

«-Hirata, Kajita, Kifune, Kihara+ (Kamioka Collab. )
+Adam, Adami, Adye, Alekseev+ (DELPHi Collab, )
+Adam, Adami, Adye, Alekseev+ (DELPHI Collab. )
+Aihara, Doser, Enomoto+ (TOPAZ Collab, }
qAdrtani, Aguilar-Benitez, Akbari, Alcarez+. (L3 Collab. )
+Atitti, Ansari, Ansorge+ (UA2 Collab, )
+Alexander, Allison, Atlport+ (OPAL Collab, )
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
q Alexander, Allison, Allport, Anderson!- (OPAL Collab. )
+Ansart, Ansorge, Bagnaia, Bareyre+ (UA2 Collab. )
+Drees, Tata {FSU, C ERN, HAWA)
!Abrams, Adolphsen, Averill, Ballarn+ (Mark It Collab. )
+Deschizeaux, Lees, Minard, Crespo!- (ALEPH Collab, )
-t Deschizeaux, Goy, Lees+ (ALEPH Collab. )
+Hikasa (CERN, KEK)
s Nanopoulos, Roszkowski, Schramm(CERN, HARC, TAMU}
t- Kamionkowski, Turner (UCB, CHIC, FNAL)
t Masso (BARC}

(YALE)
(TAMU, HARC)

!-Gu, Low, Abe, Fujii+ {AMY Cotlab. }
+McKenna, Abrams, Adoiphsen, Averitl+ (Mark II Collab. )
!-Odaka, Abe, Amako+ (VENUS Collab. )
!-Eminov (MOSU)

52 1473.
+Amako, Arai, Fukawa+ (VENUS Collab. )
&Amako, Arai, Asano, Chiba+ (VENUS Collab. )
+Aihara, Dijkstra, Enomoto, Fujii+ (TOPAZ Collab. )
+Adriani, Aguilar-Benitez, Akbari+ (L3 Collab. )
+Atbrow, Allkofer, Arnison, Astbury+ (UA1 Collab. )
+Rothberg, Young, Johnson, Whitaker+ (ASP Collab. )

Hearty, Rothberg, Young, Johnson+ {ASP Collab. )
Bartha, Burke, Exterrnann+ (ASP Collab. )

+Kobayashi, Konaka, Imai, Masaike ' (KYOT, TMTC)!Seednicki (MINN, UCSB)
-«Hagiwara, Tata (FSU, KEK, WISC)

Baer, Hagiwara, Tata (FSU, KEK, WISC)
+Criegee, Dainton, Field+ (CELLO Collab. }
!-Olive, Sarkar, Sciama (CERN, MINN, RAL, CAMB)
+Arnowitt (NEAS, TAMU}
t 5rednicki IMINN, UCSB)
+Watkins, Ottve (MINN. UCSB)
!-Anderhub, Ansari, Becker+ {Mark-I Collab. }
I-Atbrow, Allkofer, Arnison+ (UA1 Coilab. }
-I-AIbrow, Allkofer ' riUAI Collab. )
!-Bagnaia, Banner+ i'UA2 Collab, }

-I Barth+ (BRUX, DUUC, LOUC, BARI, AICH. CERN-h)
+Hagtwara, 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. )
I-Binder, Harder+ (ARGUS Collab, }
«Bemporad, Boucrot, Catiot+ (NA3 Collab. )
!-Haber, Kane (LBL, UCSC, MICH)
+Qi, Read+ {MAC Collab. )
t-Steigman Titav t'BART, DELA}
+Okun {ITEP)

43 779.
+Becker, Becker-Szendy+ (Marx- J Coliab. )

Adeva, Barber, Beckey+ (Mark-J Collab. )
+Bonvicini, Chapman, Errede+ (HRS Collab. )
+Becker, Cords, Feist, Hagiwara+ (JADE Collab. )
-t Burgee, Criegee, Fenner+ (CELLO Collab. )

Cooper-Sarkar, Parker, Sarkar+ (WA66 Collab. )
+Eichten, Quigg {'LBL, FNAL)

(RUTG)!Habee (LANL, UCSC)
«Kane (UCSC, MICH)
«Barber, Becker, Berdugo+ {Mark-J Collab. )
I-Coffin, Gustafson+ (MICH, FIRZ, OSU, FNAL, WiSC}
«Shrock (STON}
+Becker, Bowdery, Cords+ (JADE Coliab. )
«-Becker, Bowdery, Cords+ (JADE Collab, )

(BROW CAVE IIT IND MIT MONS NI JM+)
--,'-Hageiin, Nanopoulos, Olive, Srednicki (CERN)

(RUTG)
-. Chen, Penner, Gumpel+ (CELLO Collab. j

Ka mionkowski
+Nojiri, Oyama, Suzuki+

REFERENCES FOR Supersymmetric Particle Searches



See key on page 1343
1805

Searches Full Listings
Supersymmetric Particle Searches, Quark and Lepton Compositeness

BERGSMA
CHANOWITZ
GOLDBERG
HOFFMAN
KRAUSS
VYSOTS K I I

KANE
CABIBBO
FARRAR

Also

83C PL 121B 429
83 PL 126B 225
83 PRL 50 1419
83 PR D28 660
83 NP B227 556
83 SJNP 37 948

Translated from
82 PL 112B 227
81 PL 105B 155
78 PL 76B 575
78B PL 79B 442

+Dorenbosch, Jonker+
+5harpe

+Frank, Mischke, Moir, Schardt

YAF 37 1597.
+Leveille
+Farrar, Maiani
+Fayet

Farrar, Fayet

(CHARM Collab. )
(UCB, LBL)

(NEAS)
(LANL, ARZS)

(HARV)
(ITEP)

(MICH)
(ROMA, RUTG)

(CIT)
(CIT)

1 ~ Sequential type

& v*&
[vAl

v& is necessary unless v* has a Majorana mass.

2. Mirror type

Searches for Quark and
Lepton Compositeness

NOTE ON SEARCHES FOR QUARK AND
LEPTON COMPOSITENESS

[vt, l

3. Homodoublet type

&v*)

&')R

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]

&v*&

&~ )L,

&g *l
&~ )R

Similar classi6cation 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" in Sec. III):

2

2A2 ~LL ~I, ~~ ~L ~r, ~ ~L ~RR ~R ~~ ~R ~R ~ ~R Sequential type Mirror type Homodoublet type

+2&ia &g» &i. &n &"&z

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 gs/47r = g2(A)/4s = 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

A = A~n for (ri~~, rien, rien) = (0, +I, 0),

A = A&& for (rj&&, ri&&, ri&&) = (+1, +I, +I),

(1LI, quit li/) (+I +I +I) (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 excited leptons and quarks (I.' 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(1) quantum

numbers. Typical examples are:

yE'
~e'

gv~
Av~

gvM

—-+ 2sln HW2
1
2

+-1
2

+-1
2

0
+1

——+ 2sin 8W2
+-1

2

+-1
2
1
2

0
—1

—1+2sin Hw

0

+1
0

Here v& (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 q2 j 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:

~~"e .f o""(rl ' ~' + rl
'+"'

)fF
2mf»

~"*'e .f o""(rI ' '+rl '+ ')fZ
2mf s

),
(&')

+ W ~ g*&pv1 —
75Vt/V

2mgs'

W v'o P"
(rl

—75 + g +~s)E Wt„
2mv

+ h.c. ,

m~(lrlL, I Iqn[) = 1.

where g = e/sing~, F» ——8&A„—B„A&is the photon field

strength, Z&„——I9&Z„—I9vZ&, etc. The normalization of the

coupling is chosen such that
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Ghirality conservation requires 5. OPAL (charged lepton)

gL, gR ——0 . (4)

l: = L—(gf 2 W„'„+g'f'YB„„)2"'L+ h.c. ,

These couplings can arise from SU(2) x U(1)-invariant

higher-dimensional interactions. A well-studied model is the

interaction of homodoublet type I' with the Lagrangian [2,3)

fOPAL

6. OPAL (quark)

fOPAL

2 Ag

eot6)w —tan&w ~&*

(for lcl = ldl) (13)

where L denotes the lepton doublet (v, I), A is the compositeness

scale, g, g' are SU(2) and U(1)y gauge couplings, and W„'„
and BP„are the field strengths for SU(2) and U(1)y 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 (250GeV)/'A or mL. /A In any ca.se, these

couplings satisfy the relation

7. DELPHI (charged lepton)

pDELPHI
T ~2 T (14)

If leptons are made of color triplet and antitriplet con-

stituents, we may expect their color-octet partners. Transitions

between the octet leptons (Iss) and the ordinary lepton (l) may

take place via the dimension-five interactions

A~ = —csin 8tt (AZ cot |Itt + AT) .
o = —P (rg gg F „"'(ggrg+gg rg) +s. .) (15)

2 =—q a"' g, f,"G'„„+—g f 'W„'„+g—'f'YB„

x Ts Q + h. c. , (7)

where q denotes a quark doublet, g, is the /CD gauge coupling,

and G&„the gluon field strength.

Some experimental analyses assume the relation gL, = gR =
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 (tIL, tip) =

(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 A& using the

following relations and taking sin~8g = 0.23. We assume chiral

couplings, i.e. , Icl = Idl in the notation of Ref. 2.

1. ALEPH (charged lepton and neutrino)

Ar, EPH
Az ———Az (1990 papers)

2
(8a)

(«r Icl = I~l)
A mr. [or m„*]

2. ALEPH (quark)

(85)

ACALEPH

sin 8g cos 8~
1 2. 2 8. 4———sin 8~+ —sin Hgr
4 3 9

Az = 1.11Az (9)

3. L3 and DELPHI (charged lepton)

Additional coupling with gluons is possible for excited

quarks:

where the summation is over charged leptons and neutrinos.

The leptonic chiral invariance implies g& gR ——0 as before.

References

1. E.J. Eichten, K,D. Lane, and M.E, Peskin, Phys. B,ev. Lett.
50, 811 (1983).

2. K. Hagiwara, S. Komamiya, and D. Zeppenfeld, Z. Phys.
C29, 115 (1985).

3. N. Cabibbo, L. Maiani, and Y. Srivastava, Phys. Lett.
1398, 459 (1984).

SCALE LIMITS for Contact Intaractlona: A(eeee)
Limits are for A&& only. For other cases, see each reference.

h&&tTeV) h&&(TeV) CL'/I'3 DOCUMENT ID TECN COMMENT

1 6 95 1,2 BUSKULIC 93Q RVUE

&3.6 95 3 KROHA 92 RVUE

o ~ ~ 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 3 KROHA 92 RVUE

&0.7 &2.8 95 BEHREND 91C CELL Ecm=35 GeY

&1.3 &1.3 95 KIM 89 A MY Ecm =50-57 GeV

&1,4 &3.3 95 4 BRAUNSCH. .. 88 TASS Ecm
—12-46.8 GeV

t&1.0 &0.7 95 FERNANDEZ 878 MAC Ecm=29 GeV

&1.1 &1.4 95 BARTEI 86C JADE Ecm =12-46.8 GeV

&1.17 &0.87 95 DERRICK 86 HRS Ecm
—29 GeV

&1.1 &0.76 95 BERGER 858 PLOT Ecm
—34.7 GeY

i This SUSKULIC ri3O value is from ALEPH data plus PEP/PETRA/TRISTAN data re-

analyzed by KROHA 92.
2 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.

3 KROHA 92 limit is from fit to BERGER 858, BARTEL 86C, DERRICK 868,
FERNANDEZ 878, BRAUNSCHWEIG 88, BEHREND 918, and BEHREND 91C. The

fit gives g/AiL
—+0.230 + 0.206 TeV

BRAUNSCHWEIG 88 assumed mZ —92 GeV and sin28l/I/ —0.23.

FERNANDEZ 878 assumed sin 8~ —0.22. I
BARTEL 86C assumed mZ —93 GeV and sin 8py

—0.217.

DERRICK 86 assumed mZ —93 GeV and g&
——{—1/2+2sin Hi/I/) = 0.004.

BERGER 858 assumed rnz —93 GeV and sin Hl/I/ = 0.217.

AL3 ADELPHI Az 1 1pAz (Ip)
2

cot Her —Can 6I~

4. L3 (neutrino)

fz = i/2Az
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SCALE LIMITS for Colltact Interactbns: A(carr)
Limits are for A&& only. For other cases, see each reference.

ALL peV) ALL (TeV) CL% DOCUMENT ID TECN COMMENT

t&1.9 &2.9 95 15 K ROHA 92 RVUE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.0 &1.5 95 16 BUSKULIC 93~ ALEP Ecm ——88.25&4.25 GeV
&1.8 &2.3 95 16917 BUSKULIC 93@ RVUE
&1.9 &1.7 95 HOWELL 92 TOPZ Ecm=52&1.4 GeV
&1.6 &2.3 95 BEHREND 91c CELL Ecm=35-43 GeV

1 8 &1 3 95 18ABE 901 VNS Ecm=50-60.8 GeV
&2.2 &3.2 95 BARTEL 86 JADE Ecm

—12&6.8 GeV

KROHA 92 limit is from fit to BARTEL 86c BEHREND 898, BRAUNSCHWEIG 89c, I
ABE 901, and BEHREND 91C. The fit gIves t}/Ai&

—+0.095 6 0.120 TeV

BUSKULIC 93C}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.
This BUSKULIC 930 value is from ALEPH data plus PEP/PETRA/TRISTAN data re-
analyzed by KROHA 92.
ABE 901 assumed mZ —91.163 GeV and sin 8~ —0.231.
BARTEL 86 assumed mZ —93 GeV and sin 8~ —0.217.

SCALE LIMITS for Contact Interactions: A(llll)
Lepton universality assumed. Limits are for A&& only. For other cases, see each

reference.

ALLPeV) ALL ~e ) CLS DOCUMENT ID TECN COMMENT

t3.6 &2+ 95 20,21 BUSKULIC 93@ RVUE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.0 &2.3 95 21,22 BUSKULIC 93@ALEP E =88.25-94.25 GeV
&2.5 &2,2 95 HOWELL 92 TOPZ Ecm =52-61.4 GeV23

em-

&3 4 &2 7 95 KROHA 92 RVUE

20This BUSKULIC 930 value is from ALEPH data plus PEP/PETRA/TRISTAN data re-
analyzed by KROHA 92.
BUSKULIC 93@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.

22 From e+ e e+e, I/I+ Ig, and T+ r
HOWELL 92 limit is from e+e ~ y+Ig and T+T
KROHA 92 limit is from fit to most PEP/PETRA/TRISTAN data. The fit gives f}/A LL
= —0.0200 4 0.0666 TeV

SCALE LIMITS for Contact Interactbns: A{teffff}
Limits are for A&& only. For other cases, see each reference.

ALL ~eV) ALL ~eV) CL S DOCUMENT ID TECN COMMENT

&1.7 &2e2 95 A BE
&1.2 26 ADACHI

910 CDF (e e q q) (isoslnglet)
91 TOPZ (eeqq)

(flavor-universal)
891. VNS (eeqq)

(flavor-universal)
)1.7 95 27 ABE

SCALE LIMITS for Contact Interactbns: A(eersfs)
Limits are for Ai& only. For other cases, see each reference.

AfL(TeV) ALL peV) CL% DOCUMENT ID TECN COMMENT

t)2.6 &1.9 95 s BUSKULIC 93C} RVUE
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.3 &1.5 95 BUSKULIC 93@ALEP Ecm =88.25-94.25 GeV
&2.3 &2.0 95 HOWELL 92 TOPZ Ecm

—52&1.4 GeV

)17 95 11 KROHA 92 RVUE
&2.5 &1.5 95 BEHREND 91C CELL Ecm

—35-43 GeV

&16 &20 95 ABE I em=~0. 8 GeV
&1.9 &1.0 95 K IM 89 AMY Ecm=5057 GeV
&2.3 &1.3 95 BRAUNSCH. .. SSD TASS Ecm —30-46.8 GeV t
&4.4 &2.1 95 3 BARTEL 86c JADE Ecm =12-46.8 GeV

2 9 &0 86 95 14 BERGER 85 PLUT Ecm —34'7 GeV

9 This BUSKULIC 930 value Is from ALEPH data plus PEP/PETRA/TRISTAN data re-
analyzed by KROHA 92.
BUSK ULIC 93& 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.

11KROHA 92 limit is from fit to BARTEL 86c, BEHREND 87c, BRAUNSCHWEIG 880,
BRAUNSCHWEIG 89C, ABE 90i, and BEHREND 91C. The fit gives rI/ALL

——0.155 +
0.095 TeV
ABE 901 assumed mZ =91.163 GeV and sin 8~ = 0.231.
BARTEL 86C assumed mZ —93 GeV and sin 8W ——0.217.

4BERGER 85 assumed mZ —93 GeV and sin 8I/I/
——0.217.

~ ~ ~ We do not use the followtng data for averages, fits, limits, etc. ~ ~ ~

&1.6 95 26 ADACHI 91 TOPZ (eeqq)
(flavor-universal)

&0.6 &1.7 95 BEHR END 91C CELL (e e cc)
&1.1 &1.0 95 BEHR END 9lc CELL (e e b b)
&0.9 95 2 ABE 89' VNS (eeqq)

(Ravor-universal)
&105 )161 95 HAGIWARA 89 RVUE (ee cc)
&1.21 &0.53 95 HAGIWARA 89 RVUE (e e b b)

ABE 910 limits are from e+ e mass distribution in p p ~- e+ e X at Ecm
—1.8 TeV.

ADACHI 91 limits are from differential jet cross section. Universality of A(e e q q) for five
flavors is assumed.
ABE 891. 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 84', and BARINGER 88.
The HAGIWARA 89 limit is derived from forward-backward asymfnetry measurement of
b hadrons by BARTEL 840.

SCALE LIMITS for Contact Interactions: A{fsisife}
ALL ~eV) ALL ~eV) CL % DOCUMENT ID TECN COMMENT

&1A &1.6 95 A BE 92B CDF (IgIgqq) (isosinglet)

SCALE LIMITS for Contact Interactions: A(lvlv)
VALUE {TeV) CL S DOCUMENT ID TECN COMMENT

&3.10 90 JODIDIO 86 SPEC AI R(v~ ve Ige)

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&3.8 tDIAZCRUZ94 RVUE A I (~v~ eve)
&8.1 DIAZCRUZ 94 RVUE A&i (~v~ eve) t
&4.1 DIAZCRUZ 94 RVUE A&&(~v~ pv&) t
&6.5 33 DIAZCRUZ 94 RVUE ALL(vvcrrvp) I
31 JODIDIO 86 limit is from p+ ~ v~ e+ ve. Chirallty Invariant Interactions 1 = (g /A )

[nLL (PPL7 isL) (eL7oveL) + rlrft (vp17 "e1 (eff7orsR)] with 8 /4u = 1 and

(f}~~,f}~p) = (0,+1) are taken. No limits are given for A&& with (f}~~,t)~~) = (+1,0).
For more general constraints with right-handed neutrinos and chlrality nonconserving
contact interactions, see their text.
DIAZCRUZ 94 limits are from I (v ~ evv) and assume flavor-dependent contact in-
teractions with A(tv~eve) ~ A(Igv&eve).
DIAZCRUZ 94 limits are from I (v ~ pvv) and assume flavor-dependent contact
interactions with A(~v~Igv&) ((A(Igv&eve).

SCALE LIMITS for Contact Interact(ons: A{elfifif}
Limits are for A&& with color-singlet isoscalar exchanges among u~'s and di 's only.

See EICHTEN 84 for details.
VALUE {TeV) CL 5 DOC UMEN T ID TECN COM MEN T

&1A 95 34 ABE 920 CDF pp ~ jets inclusive
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1.3 95 35 ABE 93G CDF pp ~ dtjet mass
&1.0 36 ABE 92M CDF pp ~ dijet angl.
&0.825 95 ALITTI 918 UA2 pp ~ jets inclusive
&0.700 95 34ABE 89 CDF pp ~ jets inclusive
&0.330 95 ABE 89H CDF pp ~ dijet angl.
&0.400 95 ARNISON 86c UA1 pp ~ jets inclusive
&0.415 95 ARNISON 860 UA1 pp ~ dijet angl.
&0.370 95 41 APPEL 85 UA2 pp ~ jets inclusive
&0.275 95 BAGNAIA 84c UA2 Repl. by APPEL 85

Limit ls from inclusive jet cross-section data in p p collistons 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 dtjet mass distribution in pp collisions at Ecm ——1.8 TeV. The
Iimtt is the weakest from several choices of structure functions and renormalization scale.
ABE 92M limit Is from dljet angular distribution for mdljet )550 GeV In p p collisions at

Ecm ——1.8 TeV.
ALITTI 91' limit is frofn inclusive jet cross section ln PP collisions at Ecm

—630 GeV.
The limit takes into account uncertainties in choice of structure functions and in choice
of process scale.
ABE 89M limit is from dijet angular distribution for mdiJet ) 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 jet distributions at the CERN
pp collider (Ecm = 546 and 630 GeV). The QCD predictton renormalized to the low-p T
region gives a good fit to the data.

40ARNISON 860 limit is from the study of dijet angular distribution in the range 240 (
m(dijet) g 300 GeV at the CERN p p 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 frofn the study of Jet pr and dijet mass distributions at the CERN
ilp coliider (Ec = 540 GeV). The limit sufFers from the uncertainties in comparing the
data with the O D prediction.
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MASS LIMITS for Excited 4 (e')
Most e+ e experiments assume one-photon or Z exchange. The lifnits
from some e+ e experiments which depend on A have assumed transition
couplings which are chirality violating (q~ = rIR). 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 fnagnetic coupling is neglected. All limits
assume eo ~ e7 decay except the limits from I (Z).

Limits for Excited e (e') from Slngh Production
These limits are from e+e ~ e~e, W ~ eov, or ep ~ eoX and depend on
transition magnetic coupling between e and eo. Alt limits assume eo ~ e7 decay
except as noted. Limits from LEP, UA2, and H1 are for chiral coupling, whereas all
other limits are for nonchlral coupling, f)~ —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.

For limits prior to 1987, see our 1992 edition {Physical Review 045, 1 June, Part ll

(1992)).
VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

&89 95 AORIANI 93M L3 Z ee', AZ & 0.5
&88 95 ABREU 92C DLPH Z ~ ee*, Az & 0.5
&01 95 DECAMP 92 ALEP Z ~ ee', AZ &1
&87 95 AKRAWY 90i OPAL Z ~ ceo AZ & 05

~ o ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

48 ABT 93 H1 ep~ e X
95 ADRIANI 93M L3 A7 & 0.04

9 DERRICK 938 ZEUS ep ~ e*X
&86 95 ABREU 92C DLPH e+e ~ ee', A7

0.1
95 50ADEVA 90F L3 Z ~ ee', AZ & 05
95 ADEVA 90F L3 Z ee, AZ & 0.04
95 DECAMP 90G ALEP Z ~ ceo, AZ &1
95 AOACHI S98 TOPZ e+e ee*, A7 &

0.04
&56 89 AMY e+e ~ ee*, A

0.03
95 52 ABE 888 VNS e+e ~ ee* A7

0.04
&75 95 ANSARI 87D UA2 W ~ e*v, AW & 0.7
&63 95 ANSARI 87D UA2 W ~ eov; AW & 0.2
&40 95 ANSARI 87D UA2 W ~ e*v,. AW & 0.09

ABT 93 search for single e* production via e~ey coupling in ep collisions with the
decays e ~ e7, eZ, v W. See their Fig. 4 for exclusion plot in the m, -A plane.e'
DERRICK 938 search for single eo production via e~ e7 coupling in ep collisions with
the decays e ~ e7, eZ, v W. See their Fig. 3 for exctuslon plot in the m, -A plane.

ear 7
5 Superseded by ADRIANI 93M.
51 Superseded by DECAMP 92.

ABE 888 limits use e+ e ee' where t-channel photon exchange dominates giving
e7(e) (quasi-real compton scattering).
ANSARI 87D Is at Ecm ——546-630 GeV.

&86

&88
&86
&81
&50

KIM95

none 23-54

For limits prior to 1987, see our 1992 edition (Physical Review D4S, 1 June, Part II

(1992)).
VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT

&45.6 95 ADRIANI 93M I 3 2 ~ eoe'
&45.6 95 ABREU 92C DLPH 2 ~ e"e'
&46.1 95 DECAMP 92 ALEP 2 —+ 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
i95

43 BARDADIN-. .. 92 RVUE I {Z)
&26.1 95 DECAMP 92 ALEP 2 e' e; I (Z)
&33 95 ABREU 91F DLPH Z e'e', I {Z)
&45.0 95 ADEVA 90F L3 2 ~ e*e'
&44.6 95 46 DECAMP 90G ALEP e+ e ~ e' e*
&30.2 95 ADACHI 898 TOPZ e+ e -~ eo e*
&28.3 95 K IM 89 AMY e+ e ~ e*e*
&27.9 95 47 ABE 888 VNS e+ e e' eo

42BARDADIN-OTWINOWSKA 92 limit is Independent of decay modes. Based on
Bf (2)(36 MeV.

44 Limit is independent of e' decay mode.
ADEVA 90F is superseded by ADRIANI 93M. t
Superseded by DECAMP 92.
ABE 888 limits assume e+ e ~ e'+ e' with one photon exchange only and e* —.
e7 giving ee77.

Limits for Excited e (e') from a+ e
These limits are derived from indirect effects due to eo exchange in the t channel and
depend on transition magnetic coupling between e and eo. All limits are for A = 1.
Alt timits except ABE 89J are for nonchiral coupling with rII

—f)R —1.

For lifnits prior to 1987, see our 1992 edition (Physicat Review D45, 1 June, Part II

(1992)).
VALUE (GeV) CL% DOCUMEN T ID TECN COM MEN T

)127 95 ADRIANI 928 L3
~ ~ o We do not use the following data for averages, fits, limits, etc. o o ~

54 BUSKULIC 93@ ALEP
&114 55 BARDADIN-. .. 92 RVUE
& 99 DECAMP 92 ALEP

56 SHIMOZAWA 92 TOP Z
&100 95 ABREU 91E DLPH
&116 95 AKRAWY 91F OPAL

83 95 ADEVA 90K L3
82 95 AKRAWY 90F OPAL
68 95 57 ABE 893 VNS rIg-l, f)R—0

& 90.2 95 ADACHI 898 TOPZ
& 65 95 KIM S9 AMY

BUSKULIC 93' obtain A+ &121 GeV (95%CL) from ALEPH experiment and A+ &135
GeV from combined TRISTAN and ALEPH data. These limits roughly correspond to
limits on m, .e*'
BARDADIN-OTWINOWSKA 92 limit frofn fit to the combined data of DECAMP 92,
ABREU 91E, ADEVA 90K, AKRAWY 91F.
SHIMOZAWA 92 fit the data to the limiting form of the cross section with m, )& Ecm

d obtai~ m, &168 GeV at 95%CI . Llse of the full form wo~ld ~educe this
few GeV. The statistically unexpected large value is due to fluctuation ln the data,
The ABE 89j limit assumes chiral coupling. This corresponds to A = 0.7 for nonchiral7
coupling.

95
95

Indirect Limits for Excited e (e')
These limits make use of loop efFects involving eo and are therefore subject to theo-
retica I uncertainty.

VAL UE (GeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

DORENBOS. .. S9 CHRM v e ~ v e and
v e~ v e

GRIFOLS 86 THEO v e ~ v e

RENARD 82 THEO g—2 of electron
5 DORENBOSCH 89 obtain the limit A A ut/m2, & 2.6 (95% CL}, where Acut is the

cutofF scale, based on the one-loop calculation by GRIFOLS 86. If one assumes that Acut= 1 TeV and A7
—1, one obtains m, & 620 GeV. However, one generally expectse'

A7 m, /Ac„t in corn posite models.e'
GRIFOLS 86 uses vie ~ vie and vie ~ vie data from CHARM Collaboration to
derive mass limits which depend on the scale of compositeness.
RENARD 82 derived from g—2 data Itmits on mass and couplings of e' and p, '. See
figures 2 and 3 of the paper,

MASS LIMITS for Excited fs (fse)

Limits for Exdted Is (P') from Pair Production
These limits are obtained from e+ e ~ p, '+ p,

' 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,

' ~ p7 decay except for the limits from I (Z).

For limits prior to 1987, see our 1992 edition (Physical Review 045, 1 June, Part lt

(1992)).
VAL UE (GeV) CL% DOCUMEN T ID TECN COMMENT

&45.6 95 ADRIANI 93M L3 Z —+ Ig p,

&45.6 95 ABREU 92C OLPH Z -~ p,*p,
&&.1 95 DECAMP 92 ALEP 2 ~ p p,

&44.9 95 AKRAWY 90i OPAL 2 ~ p p,

~ o a We do not use the following data for averages, fits, limits, etc. ~ ~ o

&29.8 I61BARDADIN-. .. 92 RVUE I (Z)
&26.1 95 DECAMP 92 ALEP Z -+ p, Ig, I (Z)
&33 95 62 ABREU 9tF DLPH 2 rr p: f {Z) I
&45.3 95 ADEVA 90F L3 Z h p, p*
&44.6 95 DECAMP 90G ALEP e+ e po p,

*
&29.9 95 ADACHI 898 TOPZ e+ e p, p,

&28.3 95 KIM 89 AMY e+ e —+ p Ig

BARDADIN-QTWINOWSKA 92 limit is Independent of decay modes. Based on
h, l (Z}&36MeV.

Limit is independent of Ig' decay mode.
Superseded by ADRIANI 93M. t

64Superseded by DECAMP 92.
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Umlts for Excited fs {Is'}from Slngb Pfoductbn
These limits are from e+ e ~ Is» p. and depend on transition magnetic coupling
between Ig and Is». All limits assume Is» ~ Is7 decay. Limits from LEP are for chirai
coupling, whereas all other limits are for nonchiral coupling, ti~ —t}~ —1. In most
papers, the limit is expressed in the form of an excluded region in the A —m, plane.

See the original papers.

For limits prior

(1992)).
VALUE (GeV)

&89
&88
p91
&87

~ ~ ~ We do not use

&85
&75
&80
&50

&46

to 1987, see our 1992 edition (Physical Review D45, 1 June, Part II

CL% DOCUMEN T ID TECN

95 ADRIANI 93M L3
95 ABREU 92c DLPH

95 DECAMP 92 ALEP

95 A KRAWY 901 OPAL
the following data for averages, fits, limits,

95 65 ADEVA 90F L3
95 65 ADEVA 90F L3

5 66 DECAMP 90G ALEP
95 ADACHI 89B TOPZ

KIM95 89 AMY

COMMENT

Z II ~ AZ &0
Z-+ Is@, sAZ &0.5
Z + IsIs, AZ &1
Z~ P'P' 'AZ &1
etc. ~ ~ ~

Z PIs &AZ &1»' AZ &0
e+ e IsIs», AZ -—1
e+ e -+ p, Is,

A7
—0.7

e+e ~ Isp,
A7

——0.2

Superseded by ADRIANI 93M.
Superseded by DECAMP 92.

Indirect Llmlts Ior Excited Is {Is'}
These limits make use of loop effects involving Is» and are therefore subject to theo-
retical uncertainty.

VALUE (GeV) DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

RENARD 82 THEO g—2 of muon

67RENARD 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 9 (so)

Llmlts 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 r». Form factor effects are ignored unless noted. For the case of
limits from Z decay, the r» coupling is assumed to be of sequential type. All limits
assume r» ~ r7 decay except for the limits from I (Z).

For limits prior to 1987, see our 1992 edition (Physical Review D4$, 1 June, Part II

(1992)).
VALUE (GeV) CL S DOCUMENT ID TECN COMMENT

&45.6 95 ADRIANI 93ML3 Z ~ r r
&45.3 95 ABREU 92C DLPH Z 9 r r
&46il 95 DECAMP 92 ALEP Z p

&44.9 95 AKRAWY 90{ OPAL Z -+
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&29.8
t95

68 BARDADIN- 92 RVUE I (Z)
&26.1 95 DECAMP 92 ALEP Z -+ r»r '

I (Z)
&33 95 ABREU 91F DLPH Z -+ T T; I (Z) I
&45.5 95 ADEVA 90L L3 Z -+
&41.2 95 71DECAMP 90G ALEP e+e ~ r»r»
&29.0 95 ADACHI 89B TOPZ e+ e ~ r»r»
55BARDADIN-OTWINOWSKA 92 limit is Independent of decay modes. Based on

Lh, l (Z)(36 MeV.
Limit is independent of r» decay mode.
Superseded by ADRIANI 93M. t

71Superseded by DECAMP 92.

Llmlts for Excited r {T'}from Single Productbn
These limits are from e+e ~ r»r and depend on transition magnetic coupling
between r and r». All limits assume T» ~ T7 decay. Limits from LEP are for chiral
coupling, whereas all other limits are for nonchlral coupling, f}l —f}p —1. In most
papers, the limit is expressed in the form of an excluded region in the A —m, plane.

T
See the original papers.

VALUE (GeV) CL 5 DOCUMENT ID TECN COMMENT

&88 95 ADRIANI 93ML3 Z ~ rr, AZ & 0.5
&87 95 ABREU 92C DLPH Z ~ TT AZ & 0.5
&90 95 DECAMP 92 ALEP Z —+ rr, AZ & 0.18
&86.5 95 AKRAWY 90{ OPAL Z ~ Tr*, AZ

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&88 95 ADEVA 90L L3 Z ~ TT AZ
&59 95 DECAMP 90G ALEP Z ~ TT, AZ=1
&40 95 74 BARTEL 86 JADE e+e ~ rr», A7

—1

&41.4 95 75 BEHREND 86 CELL e+e ~ Tr», A7
—1

&40.8 95 75 BEHREND 86 CELL e+e ~ Tr*, A7
—0.7

Superseded by ADRIANI 93M.
Superseded by DECAMP 92.
BARTEL 86 ls at Ecm ——30-46.78 GeV.
BEHREND 86 limit is at Ecm = 33-46.8 GeV.

MASS LIMITS Ior Lated Neutrino (v')

Llmlts for Excited v (v') tlom Pair Productbn
These limits are obtained from Z ~ v» v» decay and thus rely only on the (elec-
troweak) charge of v». Form factor effects are ignored unless noted. The v» coupling
is assumed to be of sequential type. Limits assume v» ~ v7 decay except for the
I (Z) measurement which makes no assumption about decay mode.

VAL UE (GeV) CL S DOCUMENT ID TECN COMMENT

~7 5 76 DECAMP 92 ALEP
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&43.7 95 77 BARDADIN-. .. 92 RVUE I (Z)
&42.6 95 78 DECAMP 92 ALEP I (Z)
&35.4 95 " s DECAMP 90P ALEP I (Z)
&46 95 DECAMP 90P ALEP

Limit is based on B(2 ~ v»&)xB(v» ~ v7) ( 5 x 10 (95%CL) assuming
Dirac v», B(v» ~ v7) = 1.

77BARDADIN-OTWINOWSKA 92 limit is for Dirac v'. Based on Bf (Z)&36 MeV. The
limit is 36.4 GeV for Majorana v», 45.4 GeV for homodoublet v».
Limit Is for Dirac v'. The limit is 34.6 GeV for Majorana v», 45.4 GeV for homodoublet
v».

79 DECAMP 90p limit Is from excess EI (Z) ( 89 MeV. The above value is for Dirac v»,
26.6 GeV for Majorana v»; 44.8 GeV for hornodoublet v».

80 Superseded by DECAMP 92.
81DECAMP 90p limit based on B(Z p v»v») B(v» ~ v7)2 ( 7 x 10 (95%CL),

assuming Dirac v», B(v' ~ v7) = 1.

Llmlts for Exdted v (v') from Single Productbn
These limits are from Z ~ vv» or ep ~ v»X and depend on transition mag-
netic coupling between v/e and v'. Assumptions about v' decay mode are given in

footnotes.
VAL UE (GeV) CL Il'5 DOCUMENT ID TECN COMMENT

&91 95 ADRIANI 93M L3 AZ &1, v ~ v7
&89 95 ADRIANI 93M L3 AZ &1, v ~ e W

F1 95 82 DECAMP 92 ALEP AZ &1
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

83 ABT 93 H1 ep ~ v»X
&87 ADRIANI 93ML3 AZ & o1. v ~ v7
&74 ADRIANI 93M L3 AZ & 0.1, v -+ e W

t84 BARDADIN-. .~ 92 RVUE
&74 95 82 DECAMP 92 ALEP AZ & 0.034
&91 95 85186 ADEVA 90p L3 AZ 1
&83 95 ADEVA 90p L3 AZ & 0.1, v
&74 5 86ADEVA 90p L AZ & 01, v' ~ eW
&90 95 t DECAMP 90P ALEP AZ &1
&74.7 95 87188 DECAMP 90 ALEP AZ & 0 06

DECAMP 92 limit is based on B(Z ~ v»P)xB(v» ~ v7) & 2.7 x 10 (95%CL)
assuming Dirac v», B(v» ~ v7) = 1.

SABT 93 search for single ue production via vs e W coupling In e p collisions with the
decays v' ~ v7, v Z, e W. See their Flg. 4 for exclusion plot In the m, -A W plane.v
See Fig. 5 of BARDADIN-OTWINOWSKA 92 for combined limit of ADEVA 90p, DE-
CAMP 90p, and DECAMP 92.

8 Limit ls either for v' ~ v7 or v» ~ eW.
Superseded by ADRIANI 93M.
DECAMP 90p limit based on B(Z ~ vv') B(v' ~ v7) ( 6 x 10 (95%CL),
assuming B(v» ~ v7) = 1.

88 Superseded by DFCAMP 92.

95
95

MASS LIMITS for Excited if (q')

95
95
95
95
95
95
95

95
95

Llmlts for Exdted lf {e'}from Pair Productbn
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.

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT~.6 95 9ADRIANI 95MLS u or d type, Z ~ d'9"
&45 95 DECAMP 92 ALEP u or d type,

Z q'q'
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ADRIANI 92F L3 Z —+ q» q»
&41.7 BARDADIN- ~ ~ ~ 92 RVUE u-type, I (Z)
&44.7 BARDADIN- ~.. 92 RVUE d-type, I (Z)
&40.6 DECAMP 92 ALEP u-type, l (Z)
&44.2 3 DECAMP 92 ALEP d-type, I (Z)
&45 ABREU 91F DLPH u-type, I (Z)
&45 ABREU 91F DLPH d-type, I (Z)
&21.1 94 BEHREND 86C CELL e(q») = —1/3, q» ~

qg)22.3 94BEHREND 86c CELL e(q») = 2/3, q» ~ qg
&22.5 94BEHREND 86C CELL e(q») = —1/3, q» ~

q7)23.2 95 94BEHREND 86C CELL e(q») = 2/3, q' ~ q7

tADRIANI 93M limit is valid for B(q» ~ qg)& 0.25 (0.17) for up (down) type.
90Limit is for B(q» ~ qg)+B(q» ~ q7)=1.
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ADRIANI 92F SearCh fOr Z q" qv fOIIOWed With q" qp deCayS and giVe the iimit

uZ . B(Z q q") 8 (q* qp) &2pb at 95%CL. Assuming five flavors of

degenerate q* of homodoublet type, B(q* ~ qp) &4% is obtained for m .&45 GeV.

BARDADIN-OTWINOWSKA 92 limit based on h, l (Z)&36 MeV.

These limits are independent of decay modes.
BEHREND 86c search for e+ e ~ q~ q* for m . &5 GeV. But m & 5 GeV excluded

by total hadronic cross section. The limits are for point-like photon couplings of excited
quarks.

Limits for Excited if {tf'}from Single Production
These limits are from e+e ~ q~P or pp ~ q*X and depend on transition
magnetic couplings between q and q*. Assumptions about q* decay mode are given
in the footnotes and comments.

VALUE (GcV) CL% DOCUMENT ID TECN COMMENT

&540 (CL = 05%) OUR EVALUATION

none 80-540 95 95 ABE 4 C F —+ * e —+0 D pp ex q qv,
qW

&288 90 ALITTI 93 UA2 pp ~ q'X, q* qg
& 88 95 DECAMP 92 ALEP Z qq', AZ &1
& 86 95 AKRAWY 90J OPAL Z h qq*, AZ & 1.2

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

& 79 95 98
A DR IAN I 93IVI L

xIIZ (L3)& 0'06
ABREU 92o DLPH Z ~ qq*

100ADRIANI 92F L3 Z ~ qq'
95 98 DECAMP 92 ALEP Z ~ qq*, Az &1

101 ALBAJAR 89 UA1 pp F q*X,
q*~ qW

& 39 95 BEHREND 86c CELL e+ e ~ q*q (q* ~
qg. q~) &~=1

ABE 94 search for resonances in jet-v 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.

q
er

ALITTI 93 search for resonances in the two-jet invariant mass. The limit is for fs
—f

f' —. h/m, . u~ and d* are assumed to be degenerate. If not, the limit for u* (de)
is 277 (247) GeV if md* » * m * » d' '

7Assumes B(q* ~ qp) = 0.1.
Assumes B(q* ~ qg) =- 1.
ABREU 920 give u(e+e Z q'q or qq')xB(q* qy) &15 Pb (95% CL)
for m, &80 GeV.

ADRIANI 92F search for z qqv with q' ~ qv and give the limit rrg B(z —~

qq') B(q* qy) &(2-10) pb (95%CI ) for m, = (46-82) GeV.

1ALBAJAR 89 give cr(q* -~ W+ jet)/r(W) & 0.019 (90% CL) for m, & 220 GeV.

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 TI~

—
riR

—1.

75

MASS LIMITS for Cohr Octet Charged Leptong (Ce}
mg /A

8
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

&S6 95 ABE 89D CDF Stable 88. pp E888
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

ABT '8: 'P eBX
none 3.0—30.3 95 106 K IM 90 AMY e8. e+e ee +

jets
none 3.5-30.3 90 AMY )(68'. e+e —+ p, p +

jets
90 AMY e8. e+e gg; R

&19.8 87B JADE e8 ~ Ig8 T8.. + R
none 5-23.2 878 JADE I68. e+e P.P, +

jets
109 BARTEL 85K JADE e8. e+e gg; R

ABE 89D look for pair production of unit-charged particles which leave the detector
before decaying. In the above limit the color octet lepton 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. The limit improves to 99 GeV if it always fragments
into a unit-charged hadron.
ABT 93 search for e8 production via e-gluon fusion In e p collisions with e8 ~ eg. See
their Fig. 3 for exclusion plot in the me -h plane for me —35-220 GeV.

e8 e8
6 KIM 90 is at Ecm = 50-60.8 GeV. The same assumptions as in BARTEL 878 are used.

KIM 90 result (me AM) / & 178.4 GeV (95%CL, as —0.16 used) is subject to the
e8

same restriction as for BARTEL 85K.
108BARTEL 878 Is at Ec ——46.3-46.78 GeV. The limits assume fa pair production cross

sections to be eight t mes larger than those of the corresponding heavy lepton pair
production.

95 106 KIM

1o7 KIM

95 108 BARTEL
108 BARTEL

MASS LIMITS for Cohr Seittet Ciuarhs (eg}
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT

95 ABE 89D CDF pp q6q6
3ABE 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.

9ln BARTEL 85K, R can be affected by e+e ~ gg via eq exchange. Their limit

me &173 GeV (CL=95/e) at A = m/AM —1 (f}L
—riR —1) is not listed above

e8
because the cross section is sensitive to the product rI~rIR, which should be absent in

ordinary theory with electronic chiral invariance.

MARS LIMITS for Color Octet Neutrinos {pa}

none 9-21.9

MASS LIMITS for We {Ctslor Octet W Bacon}
VAL UE (GeV) DOCUMENT ID TECN COMMENT

c ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ o

ALBAJAR 89 UAl pj's ~ W8X,
W8 -e Wg

ALBAJAR 89 give o(W8 ~ W+ jet)/cr(W) & 0.019 (90% CL) for mW & 220 GeV.

Umlts on ZZp Coupllnl
Limits are for the electric dipole transition form factor for Z ~ pz~ parametrhed
as Its') = )9(s'/m& —1), where s' is the virtual Z mass. In the Standard Model

)9~10
VALUE CL% DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.80 95 ADRIANI 92J I 3 Z —+ p vi
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ADRIANI
ADRIANI
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+Albrow, Amidei, Anway-Wiese, Apollinari+ (CDF Collab. )
Diaz Cruz, Sampayo (CINV)

+Albrow, Akimoto, Amidei, Anway-Wiese+ (CDF Collab. )
+Andreev, Andrieu, Appuhn, Arpagaus+ (Hl Collab. )
+Aguilar-Benitez, Ahlen, Alcaraz, Aloisio+ (L3 Collab. )
+Ambrosini, Ansafi, Autiero, Bafeyre+ (UA2 Collah. )
+Decamp, Goy, Lets, Minafd, Mours+ (ALEPH Collab. )
+Kfakauer, Magill, Musgfave, Repond+ (ZEUS Collab. )
+Amidei, Apollinafi. Atac, Auchincloss+ (CDF Collab. )
+Amidei, Apollinafi, Atac, Auchincloss+ (CDF Collab. )
+Amidei, Anway-Wiese, Apollinafi, Atac+ (COF Collab. )
+Adam, Adami, Adyt, Akesson+ (DELPHI Collah. )
+Adam, Adami, Adye, Akcsson, Alekstev+(DELPHI Collab. )
+Aguilar-Benitez, Ahlen, Akbafi, Alcafaz+ (L3 Collab. )
+Aguilar-Benitcz, Ahlen, Akbafi, Alcarez+ (L3 Collab. )
+Aguilar-Benitez, Ahlen, Alcarez, Aloisio+ (L3 Collab. )

Bard adin-Otwinowska (CLER)
+Dtschizeaux, Goy, Lees, Minard+ (ALEPH Collab. )
+Koltick, Tauchi, Miyamoto, Kichlmi+ (TOPAZ Collab. )

(ROCH)
II Hikasa, Barnett. Stone+ (KEK. LBL, BOST+)
+Fujimoto, Abe, Adachi, Dosef+ (TOPAZ Collab. )
+Amidei, Apollinan, Atac, Auchincloss+ (CDF Collab. )
+Adam, Adami, Adye, Akesson+ (DELPHI Collab. )
+Adam, Adami, Adye, Akesson+ (DELPHI Collab. )
+Anazawa, Oostf, Enomoto+ (TOPAZ Collab. )
+Alexander, Allison, Allpoft, Anderson+ (OPAL Collab. )
+Ansafi, Autiero, Baftyfe, Blaylock+ (UA2 Collab. )
+Cfiegee, Field, Franke, Jung+ (CELLO Collab. )
+Cfiegee, Field, Franke, Jung, Meyef+ (CELLO Collab. )

Behrend, Cfiegee, Field, Franke, Jung+ (CELLO Collab. )
+Amako, Arai ~ Asano, Chiba+ (VENUS Collab. )
+Adriani, Aguilar-Btnitez, Akhari, Alcaraz+ (L3 Collab. )
+Adriani, Aguilar-Benitez. Akbari, Alcafez+ (L3 Collab. )
+Adriani, Aguilar-Benitez. Akbari, Alcaraz+ (L3 Collah. )
+Adriani, Aguilar-Benitez, Akbari, Alcaraz+ (L3 Coilab. )
+Alexander, Allison, Allport+ (OPAL Coilab. }
+Alexander, Allison, Allport, Anderson+ (OPAL Collab. )
+Alexandef, Allison, Allport, Anderson+ (OPAL Collab. )
iDeschizeaux, Lees, Minard+ (ALEPH Collab. )
+Deschizeaux, Goy, Lees+ (ALEPH Collab. )
+Breedon, Ko, Lander, Maeshima, Malchow+(AMY Collah. }
+Amidei, Apollinari, Ascori, Atac+ (CDF Collah. )
+Amidei, Apollinafi, Ascoli, Atac+ (COF Collah. )
+Amidei, Apollnail, Ascoli, Atac+ (COF Collab. )
+Amidei, Apollinafi, Ascoli, Atac+ (COF Collab. )
+Amako, Aral, Fukawa+ (VENUS Coilab.
+Amako, Afai, Asano. Chiba+ (VENUS Coliab.
+Aihara, Dosef, Enomoto. Fujii+ (TOPAZ Col!ah.
+Aibrcw, Allkofer, Arnison, Astbury+ (UAl Collab.

mg /A
8

VAL UE (GeV) CL %DOCUMENT ID TECN COMMENT

)110 0 BARGER 89 RVUE v8. pp'~ vBP8
~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

none 3.8-29.8 95 K IM 90 AMY v8. e+ e ~ acoplanar
Jets

95 BARTEL 878 JADE v8'. e+ e acoplanar
jets

BARGER 89 used ABE 898 limit for events with large missing transverse momentum.
Two-body decay v8 vg is assumed.

KIM 90 is at Ecm
—50-60.8 GeV. The same assumptions as in BARTEL 878 are used.

BARTEL 878 is at Ecm = 46.3-46.78 GeV. The limit assumes the v8 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 coupllngs, and the limit
can be sensitive to its SU(2)~ x U(1)y quantum numbers.
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BARGER
BEHR END
BRAUNSCH. ..
DORENBOS. ..
HAGIWARA
KIM
ABE
BARINGER
BRAUNSCH. ..
BRAUNSCH. ..
ANSARI
BARTEL
BEHREND
FERNANDEZ
ARNISON
ARNISON
BARTEL
BARTEL
BEHREND
BEHREND
DERRICK

Also
DERRICK
GRIFOLS
JODIDIO

Also
APPEL
BARTEL
BERGER
BERGER
BAGNAIA
BARTEL
BARTEL
EICHTEN
ALTHOFF
RENARD

89 PL 8220 464
898 PL 8222 163
89C ZPHY C43 549
89 ZPHY C41 567
89 PL 8219 369
89 PL 8223 476
888 PL 8213 400
88 PL 8206 551
88 ZPHY C37 171
88D ZPHY C40 163
87D PL 8195 613
878 ZPHY C36 15
87C PL 8191 209
878 PR D35 10
86C PL 8172 461
86D PL 8177 244
86 ZPHY C31 359
86C ZPHY C30 371
86 PL 1688 420
86C PL 8181 178
86 PL 1668 463
868 PR D34 3286
868 PR D34 3286
86 PL 1688 264
86 PR D34 1967
88 PR D37 237 erratum
85 PL 1608 349
85K PL 1608 337
85 ZPHY C28 1
858 ZPHY C27 341
84C PL 1388 430
84D PL 1468 437
84E PL 1468 121
84 RMP 56 579
83C PL 1268 493
82 PL 1168 264

(WISC, KEK)
(CELLO Collab. )
(TASSO Collab. )

(CHARM Collab. )
(KEK, DURH. HIRO)

(AMY Collab. )
(VENUS Collab. )

(HRS Collab. )
(TASSO Collab. )
(TASSO Collab. )

(UA2 Collab. )
(JADE Collab. )

(CELLO Collab. )
(MAC Collab. )
(UA1 Collab. )
(UA1 Collab. )

(JADE Collab. )
(JADE Collab. )

(CELLO Collab. )
(CELLO Collab. )

(HRS Collab. )
rave+ (HRS Collab. )

(HRS Collab. )
(BARC)

(LBL, NWES, TRIU)
(LBL, NWES, TRIU)

(UA2 Collab. )
(JADE Collab. )

(PLUTO Collab. )
(PLUTO Collab. )

(UA2 Collab. )
(JADE Collab. )
(JADE Collab. )

(FNAL, LBL, OSU)
(TASSO Collab. )

(CERN)

+Hagiwara, Han, Zeppenfeld
ycriegee, Dainton, Field, Franke+

Braunschweig, Gerhards, Kirschfink+
Dorenbosch, Udo, Allaby, Amaldi+

+Sakuda, Terunuma
+Kim, Kang, Lee, Myung, Bacala
+Amako, Arai, Asano, Chiba, Chiba+
+Bylsma, De Bonte, Koltick, Low+

Braunschweig, Gerhards+
Braunschweig, Gerhards, Kirschfink+

+Bagnaia, Banner+
+Becker, Feist+
+Buerger, Criegee, Dainton+
+Ford, Qi, Read, Smith, Camporesi+
+Albrow, Allkofer+
+Albajar, Albrow+
+Becker, Feist, Haidt+
+Becker, Cords, Feist, Haidt+
+Buerger, Criegee, Fennery
+Buerger, Criegee, Dainton+
+Gan, Kooijman, Loos+

Derrick, Gan, Kooijinan, Loos, Musg
+Gan, Kooijman, Loos, Musgrave+
+Peris
+Balke, Carr, Gidal, Shinsky+

Jodidio, Balke, Carr+
+Bagnala, Banner+
+Becker, Cords, Eichler+
+Genzel, Lackas, Pielorz+
+Deuter, Genzel, Lackas, Pielorz+
+Banner, Battiston+
+Becker, Bowdery, Cords+
+Becker, Bowdery, Cords, Feist+
+Hinchliffe, Lane, Quigg
+Fischer, Burkhardt+

Ught {bet-—n p and e M~=-:-} Partlde MASS
VALUE (rn~) EVTS DOCUMEN T ID TECN COMMEN T

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

none 110-180 0 5VIERTEL 78 CNTR ~ & 2. x 10 s
none 2-13 0 BLAGOV 75 CNTR Spinor, ~ & 2 x 10

s
none 2-10.6 0 6 BLAGOV 75 CNTR Scalar, r & 2 x 10 s

none 5-175 0 COWARD 63 CNTR Spinor, r & 22 x 10
none 5-175 0 COWARD 63 CNTR Scalar, v & 68 x 10
none 6-25 0 BELOUSOV 60 CNTR Spinor, ~ & 1 x 10
none 2-25 0 GORBUNOV 60 CC Spinor, r & 1 x 10

VIERTEL 78 searches for p+ ~ X+v. Finds BR & 8.5 x 10 in mass range given
above (CL = 90%). Best lirnlt BR & 5. x 10 (CL = 90%) is found at mass = 80
MeV.
BLAGOV 75 bounds on lifetime depend on mass and Improve as mass decreases. At 2
GeV the experiment is sensitive to ~ & 3 x 10 s for spinor, r & 5 x 10 s for
scalar.

Highly ionizing Particle Flux
VALUE

(m 2yr 1) CL4A EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.4 95 0 K INOSHITA 818 PLAS 2/0 30-100

Other Stable Particle Searches
OMITTED FROM SUMMARY TABLE

NOTE ON OTHER STABLE PARTICLE SEARCHES

We collect here those searches which do not appear in any

of the above search categories. These include heavy particle
searches in accelerator experiments, in cosmic rays, and in mat-

ter. Searches are also listed for light particles, highly ionizing

particles, penetrating non-neutrino-like particles, and tachyons.
Note that searches appear in separate sections elsewhere for

Higgs bosons (and technipions), other heavy bosons (includ-

ing WR, W', Z', leptoquarks, axigiuons), axions (including

pseudo-Goldstone bosons, Majorons, familons), heavy leptons,

heavy neutrinos, free quarks and monopoles, supersymmetry,

and compositeness.

Centauro Producthn Cross Section in Accelerator Experiments
VALUE (cm2) CL S EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.005o (nondiff. ) 95 0 1 ALNER 86 UAS p p collider
&1. x 10 0 ARNISON 838 UA1 p p collider

0 3 ALPGARD 82 UAS p p collider

ALNER 86 is CERN collider experiment at Wcm = 900 GeV. Looked for high multiplicity,
low EM content in measured high p~ events from an unbiased sample of 5500 events.
No candidates observed.
ARNISON 838 is CERN collider experiment with Wcm = 540 GeV. Looked for events
with large hadronlc and low electromagnetic content. None in 48000 low bias events.
ALPGARD 82 is CERN collider experiment with Wcm = 540 GeV (155 TeV lab equiva-
lent). Observed no large charged multiplicity events with photon multiplicity consistent
with zero in 3600 inelastic events.

Tachyon Flux in Cosmic Rays
See SMITH 77 for a review of earlier cosmic ray and accelerator experiments.

VALUE
(cm-2sr-'s-') CL% EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2.4 x 10 9 90 0 7 MARINI 82 CNTR v/c&1.2
&2.3 x 10-10 95 0 8 BHAT 79 CNTR

9 SMITH 77 CNTR
P RESCOTT 76 CNTR

7 MARINI 82 is TOF measurement using PEP-counter at sea level.
BHAT 79 is at Ootacamund (2200m above sea). No signal in 3621 hours.
SMITH 77 analyzed more than 200000 showers (223 days) with E & 10 eV scanning
290 x 10 s period before each shower. Observed excess 46 + 40 events does not
constitute statistically significant evidence.
PRESCOTT 76 reanalyzed Clay and Crouch('C. C.') 74 data (Nature 248 28 (1974)).
Found apparatus effect, correction for which much reduces the statistical significance of
positive 'C.C.' result. Also performed two new experiments one using 'C.C.' apparatus,
another with new apparatus. Set upper limit at CL = 95% of about 30 tachyons per
shower with average size N = 6 x 105.

Tachyon Seardes ln e+ e Annlhllathn
VALUE CL 5 EVTS DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1. x 10 90 0 11 PEREPELITSA 77 CNTR uveq &1
&1 x 10 90 0 PER EPELITSA 77 CNTR 1 & IIveq & 15

PEREPELITSA 77 ls Michelson-type experiment for pair-produced tachyons in e+ e
annihilation (e+ from Cu isotope). Above limits are for cr(e+e ~ tachyon
pair)/r(e+ e ~ 2p) and uveq is tachyon velocities times earth equator component
of velocity of preferred reference frame.

Searches for Tachyonlc Decay
{hwsr limit for mean life}

See LJUBICIC 75 figure 1 for review of earlier experiments.
VALUE (years) DOCUMEN T ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4.6 x 10 LJUBICIC 75 ELEC mtachyon &1.1 keV

LJUBICIC 75 used lead oxide cathode and electron multiplier looking for ionization due
to tachyonic decay (spontaneous acquisition of energy) of bound-state e . Sensitive to
proper tachyon mass &1.1 keV. Above limit is obtained from observed e emission rate
3/hour.

Centauro Production in Cosmic Ray Interacthns
A Centauro event is characterized by a hadronic event with high multiplicity, high
mean pr, and unusually small photon energy.

VALUE CL S EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.03 95 0 4 REN 88 EMUL e(shower) & 100 TeV
1 BORISOV 87 EMUL

BAYBURINA 81 EMUL
LATTES 80 EMUL

4 REN 88 limit is for the fraction of Centauro events in the sample of hadronlc showers
with energy exceeding 100 TeV. No candidates were observed despite a total exposure
exceeding that of previous experiments.

Producthn of New Penetrating Non-v Like States in Beam Dump
VALUE DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

13 LOSECCO 81 CALO 28 GeV protons

No excess neutral-current events leads to 0(production) x tr(interaction)xacceptance
& 2.26 x 10 " cm /nucleon (CL = 90%) for light neutrals. Acceptance depends on
models (0.1 to 4. x 10 )~

Branching Fracthn of Z to a Pair of Stable Charged Heavy Fermhns
VALUE CL S DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&1x10 95 AKRAWY 900 OPAL m = 29-40 GeV
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Heavy Particle Production Crea Section in c+e
Ratio to gy{e+e ~ IJ+Ig ). See also entries in Free Quark Search and Magnetic
Monopole Searches.

VALUE CLi%%d EVTS DOCUMENT ID TECN COMMENT

o ~ o We do not use the following data for averages, fits, limits, etc. e ~ ~

&2 x 10 3 90 14 BUSKULIC 93C ALEP Q=1, m=32 —72 GeV

&(10 —1) 95 5ADACHI 90C TOPZ Q = 1, m= 1—16, 18—27
GeV

&7 x 10 90 16ADACHI 90E TOPZ Q = ]., 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 90 0 BARTEL 80 JADE Q=(3,4,5)/3 2-12 GeY
4 BUSKULIC 93C is a CERN-LEP experiment with W m = 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 l.
ADACHI 90C is a KEK-TRISTAN experiment with W m = 52-60 GeV. The limit is for
pair production of a scalar or spin-1/2 particle. See F gs. 3 and 4.
ADACHI 905 is KEK-TRISTAN experiment with Wcm —52-61.4 GeV. The above limit

is for inclusive production cross section normalized to fr(e+e p+ p, ) p(3- p )/2,
where P = (1 —4m /W ) / . See the paper for the assumption about the production
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).

Heavy Particle Producthn Cress Secthn in p jf
Limits are for a particle decaying to two hadronic jets.

Units(pb) CL44 Mass(GeV) DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2603 95 200 19 ABE 93G CDF 1.8 TeV pp ~ 2jets
44 95 400 19 ABE 93G CDF 1.8 TeV pp ~ 2jets

7 95 600 19 ABE 93G CDF 1.8 TeV pp ~ 2jets

ABE 93G gives cross section times branching ratio into light (d, us 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.

Heavy Particle Production Cress Secthn
VAL UE (nb) CLe%%d EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&0.05 95 20 ABE 92j CDF m=50-200 GeV

&30-130 1 CARROLL 78 SPEC m=2-2 5 GeV

& 100 0 2 LEIP UNER 73 C NTR m=3-11 GeV

ABE 92) 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 Producthn Cress Secthn
VALUE (cm /N) CL %%d EVTS DOCUMENT ID TECN CHG COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&(4W.3) x 10 31 95 AKESSON 91 CNTR 0 m = 0-5 GeY

&2.5 x 10 0 4 GUSTAFSON 76 CNTR 0 T & 10 s

AKESSON 91 limit is from weakly interacting neutral long-lived particles produced in

p N 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,
fr & 10 cm /nucleon is obtained.
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.

BALDIN 76 is a 70 GeY Serpukhov experiment. Value is per Al nucleus at 9 = p. For
other charges in range —0.5 to —3.0, CL = 90% limit is {2.6 x 10 6)//I(charge)~ for

mass range (2.1-9.4 GeV) x i(charge) ~. Assumes stable particle interacting with rnatter
as do antiprotons.
ALBROW 75 is a CERN ISR experiment with Ecm = 53 GeV. 8 = 40 mr. See figure 5
for mass ranges up to 35 GeV.
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 GeY. Value is per GeV momentum.
APPEL 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 GeY
{+charge). Above typical value is for 75 GeV and is per GeV momentuin per nucleon.

9ALPER 73 is CERN ISR 26+26 GeV pp experiment. p &0.9 GeV, 0.2 & P &0.65.
ANTIPOV 718 ts from same 70 GeV p experiment as ANTIPOV 71C 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 Particie Invariant Cross Secthn
VAL UE
(cm2/Getyf2/N) CLo%%d EVTS DOCUMENT ID

~ ~ ~ We do not use the following data for averages, fits,

& 5 x 10 -7 x 10 90 0 3 BERNSTEIN
& 5 x 10 -7 x 10 3 90 0 3 BERNSTEIN
&25 x 10 90 0 34 THRON

TECN CHG COMM EN T

limits, etc, ~ a ~

88 CNTR
88 CNTR
85 CNTR Q=1,

m=4-12
GeV

x 10-35 90 85 CNTR + Q= 1,
m=4-12
Gev

90 0 ARMITAGE m=1.87
GeV

90 0 35 ARMITAGE m=1.5-3.0
GeV

P 6 BOZZOLI 79 CNTR:6 Q = (2/3,
1, 4/3.
2)

90 0 37 CUTTS m=4-1P
GeV

&3.0 x 10 78 C NTR m=4. 5-6
GeY

3BERNSTEIN 88 limits apply at x = 0.2 and pT —p. Mass and lifetime dependence

of limits are shown in the regions: m = 1.5-7.5 GeV and r = 10 -2 x 10 6 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 s.
ARMITAGE 79 is CERN-ISR experiment at Ecm

—53 GeV. Value is for x = 0.1 and

pr —0,15. Observed particles at m = 1.87 GeV are found all consistent with being
antideuterons.
BOZZOLI 79 is CERN-SPS 200 GeY pN experiment. Looks for particle with r larger

than 10 s. See their figure 11-18for 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 p T

—0.175.
VIDAL 78 is FNAL 400 GeV proton experiment. Value is for x —. 0 and p7. —0. Puts

lifetime limit of & 5 x 10 s on particle in this mass range.

1 34 THRON

79 SPEC&6. x 10

79 SPEC&1.5 x 10

78 CNTR&1.1 x 10

0 YIDAL90

Long-Lived Heavy Partlde Preducthn
(iy(Heavy PafMe) / ry(w))
VALUE EVTS DOCUMENT ID TECN CHG COMMEN T

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ o ~

lp —8 NAKAMURA 89 SPEC + Q= ( —5 /3, +2)
P BUSSIERE 80 CNTR 4 Q= (2/3, 1,4/3, 2)

9 NAKAMURA 89 is KEK experiment with 12 GeY protons on Pt target. The limit applies

for mass ( 1,.6 GeV and lifetime ) 10 s.
BUSSIERE 80 ls 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.

&2.2 x 10 90 0 26 ALBROW 75 SPEC

&1.1 x 10 90 0 26 ALBROW 75 SPEC

&8. x 10
&1.5 x 10

90
90

0 27 JOVANOV. .. 75 CNTR
0 JOYANOV. .. 75 CNTR

&6. x 10 35 90 0 JOVANOV. .. 75 CNTR

x 1p
—31

&58 x 10 34

&1.2 x 10
&2.4 x 10

90
90
90
90

28 APPEL
29 ALPER
30 ANTIPOV
31 ANT IPOV

74 CNTR
73 SPEC
718 CNTR
71c CNTR

&2.4 x 10 35 90

&1.5 x 10

&30x 10 36

0 BINON

0 32 DORFAN

0 32 DORFAN

69 CNTR

65 CNTR

65 CNTR

Heavy Particle Producthn Din'erentlal Cress Secthn
VAL UE
(cm2sf-1GeV 1) CLg%%d EVTS DOCUMENT ID TECN

~ o ~ We do not use the following data for averages, fits, limits,

&2.6 x 1p
—36 9p 0 25 BALDIN 76 CNTR

CHG COMM EN T

etc. ~ o ~

Q= 1, m=2. 1-9.4
GeV

Q= +1, m=4-15
GeV

Q= +2, m=6-27
GeV

m=15-26 GeV

Q= +2, m=3-10
GeV

Q= +2,
m=10-26 GeY

m=3.2-7.2 GeV
m=1.5—24 GeV

Q= —,m=2. 2-2.8
Q=—,m=1.2-1.7,

2.1M
Q= —,m=1—1.8

GeY
Be target m=3—7

GeV
Fe target m=3—7

GeV

Producthn and Capture of Long-Lived Massive Partides
VALUE(10 36 cm2) EVTS DOCUMENT ID TECN COMMENT

~ o o We do not use the following data for averages, fits, limits, etc. o o o

&20 to 800 0 41 ALEKSEEV 76 El EC r=5 ms to 1 day
&200 to 2000 0 ALEKSEEV 76Ei ELEC r=lpp ms to 1 day
&1.4 to 9 0 42 FRANKEL 75 CNTR r=50 ms to 10 hours

&0.1 to 9 0 43 FRANKEL 74 CNTR T=1 to 1000 hours

ALEKSEEV 76 and ALEKSEEV 76B are 61-70 GeV p Serpukhov experiment. Cross
section is per Pb nucleus.
FRANKEL 75 is extension of FRANKEL 74.

43 FRANKEL 74 looks for particles produced in thick Al targets by 300-400 GeV jc protons.
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Heavy Particle Flux In Cosmic Rays
VALUE
(cm-2sr- 's- ') CL% EVTS DOCUMENT ID TECN CHG

~ ~ ~ We do not use the following data for averages, fits, liinits, etc. ~ ~

& 1.8 x 10 12 gp 44 ASTONE 93 CNTR

COMMENT

m) 1.6x
10 gram

10—10 &m&
0.1 gram

Q 14, m
370m p

m & 1TeV
m& 1.5x

10 gram
m 1TeV

45 AHLEN

2 6 SAITO

92 MCRO& 1 1 x 10 90

6 x 10 90

0 47 MINCER 85 CALO

P NAKAMURA 85 CNTR
& 1.4 x 10 12 90( 32 x lp —11 gp

49 SAKUYAMA 838 PLAS
0 BHAT 82 CC
0 51 MARINI 82 CNTR

x lp-ll gg

& 1. xlp 9 90 Q=1, m~
4.5m p

P la nck-mass
1019GeV

m=1 x 10—16
GeV or less

Q= 1, m
4.5m p

Fractiona lly
charged

m~4. 5 mp
m & 5 GeV

m &1 GeV

( 3.5 X lp —11 9p

x lp-ll gp

0 ULL MAN

0 Ul LMAN

» VOCK

» VOCK

Sl CNTR

81 CNTR

81 SPRK

Sl SPRK

2. x 10

30 x 10

(4 yl) x lp —11

& 1.3 x 10 9 90
& 10 x 10

x 10—10 90

3 YOCK 80 SPRK

3 GOODMAN 79 ELEC
BHAT 78 CNTR

0 BRIATORE 76 ELEC
0 YOCK 75 ELEC Q&7eor &

—7e
m &6 GeV& 6. x 10 5 56 YOCK 74 CNTR

&30 xlp 8 0 DARDO 72 CNTR

& 15 x 10 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=5-15 GeV
44 ASTONE 93 searched for quark rnatter ("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 3. See their Fig. 3 for other velocity/c and heavier mass range.

6SAITO 90 candidates carry about 450 MeV/nucleon. Cannot be accounted for by con-
ventional backgrounds. Consistent with strange quark matter hypothesis.

47 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 838 below may be due to this fake
effect.
NAKAMURA 85 at KEK searched for quark-rnatter. These might be lumps of strange
quark matter with roughly equal numbers of u, d, s quarks. These lumps or nuclearites
were assufned to have velocity/c of 10 —10

49 SAKUYAMA 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.
BRAT 82 observed 12 events with delay & 2. x 10 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.
MARINI 82 applied PEP-counter for TOF. Above limit is for velocity = 0.54 of light.
Limit is inconsistent with YOCK 80 YOCK 81 events if isotropic dependence on zenith
angle is assumed.
ULLMAN 81 is sensitive for heavy slow singly charge particle reaching earth with vertical
velocity 100-350 km/s.
YOCK 81 saw another 3 events with Q = 61 and m about 4.5m as well as 2 eventsP
with m &5.3mp, Q = +0.75 + 0.05 and m &2.8mp, Q = +0.70+ 0.05 and 1 event

with m = (9.3 4 3.)mp Q +0.89 k 0.06 as possible heavy candidates.

54YOCK 80 events are with charge exactly or approximately equal to unity.
BHAT 78 is at Kolar gold fields. Limit is for 7- & 10 s.
YOCK 74 events could be tritons.

95

95
90
90
90

Concentration of Heavy itCharge +1) Stable Particles In Matter
VAL UE CL oils DOC UMEN T ID TECN COM MEN T

o ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&4x 10
t95

57 YAMAGATA 93 SPEC Deep sea water,
m=5 —1600m

P
&6x 10 0VERKERK 92 SPEC Water, m= 10 to 3 x

107 GeV
&7 x 10—'5 96 6 VERKERK 92 SPEC Water, m= 10, 6 x 10

GeV
&9x 10 VERKERK 92 SPEC Water, m= 10 GeV
&3 x 10 HEMMICK 90 SPEC Water, m = 1000mp

x ]0—21 HEMMICK 90 SPEC Water, m = 5000mp
&3x 10 HEMMICK 90 SPEC Water, m = 10000mp
&1. x 10 SMITH 828 SPEC Water, m=30-400mp

x lp —28 SMITH 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.

5 VERKERK 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), assuining the local density,

p=0.3 GeV/cm, and the mean velocity (v) =300 km/s.
See HEMMICK 90 Fig. 7 for other masses 100—10000 m P'

Concentration of Heavy (Charge —1) Stable Particha
VALUE CL 4A DOCUMENT ID TECN

~ ~ ~ We do not use the following data for averages, fits, limits, etc.

&4x 10 90 HEMMICK 90 SPEC

&Sx 10 90 HEMMICK 9P SPEC

&2 x lp —16 90 HEMMICK 9P SPEC

&6x lp 90 HEMMICK 90 SPEC
x lp —11 gp 60 HEMMICK gp SPEC

&6x 10 14 gP 6 HEMMICK 90 SPEC

&4 10-'7 90 HEMMICK 90 SPEC

&4 x 10-'5 90 60 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 100-10000m P'
Bound valid up to mX 100 TeV.

COMMEN T

~ ~ ~

C, M = 100mp

C, M = 1000mp

C, M = 10000mp

Li, M = 1000mp
Be, M = lpppmp

B, M = 1000mp

0, M = 1000mp
F, M = lpppmp
206Pb X
56,58FeX—

REFERENCES FOR Other Stable Particle Searches

ABE
ASTONE
BUSKULIC
YAMAGATA
ABE
AHLEN
VERKERK
AKESSON
ADACHI
ADACHI
AKRAWY
HEMMICK
SAITO
NAKAMURA
NORMAN
BERNSTEIN
REN
BORISOV
NORMAN
ALNER
BADIER
MINCER
NAKAMURA
THRON
ARNISON
SAKUYAMA

Also
Also
Also

ALPGARD
BHAT
K I NOS HI TA
MARINI
SMITH
BAYBURINA
K I NOS HITA
LOSECCO
ULLMAN
YOCK
BARTEL
BUSSIERE
LATTES
YOCK
ARMITAGE
BHAT
BOZZOLI
GOODMAN
SMITH
BHAT
CARROLL
CUTTS
VIDAL
VIERTEL
PEREPELITSA
SMITH
ALEKSEEV

ALEKSEEV

BALDIN

BRIATORE
GUSTAFSON
PRESCOTT
ALBROW
BLAGOV

93G PRL 71 2542
93 PR D47 4770
93C PL 8303 198
93 PR D47 1231
92J PR D46 R1889
92 PRL 69 1860
92 PRL 68 1116
91 ZPHY C52 219
90C PL 8244 352
90E PL 8249 336
900 PL 8252 290
90 PR D41 2074
90 PRL 65 2094
89 PR D39 1261
89 PR D39 2499
88 PR D37 3103
88 PR D38 1417
87 PL 8190 226
87 PRL 58 1403
86 PL 8180 415
86 ZPHY C31 21
85 PR D32 541
85 PL 1618 417
85 PR D31 451
838 PL 1228 189
838 LNC 37 17
83 LNC 36 389
83D NC 78A 147
83C NC 6C 371
82 PL 1158 71
82 PR D25 2820
82 PRL 48 77
82 PR D26 1777
828 NP 8206 333
81 NP 8191 1
818 PR D24 1707
81 PL 1028 209
81 PRL 47 289
81 PR D23 1207
80 ZPHY C6 295
80 NP 8174 1
80 PRPL 65 151
80 PR D22 61
79 NP 8150 87
79 JPG 5 L13
79 NP 8159 363
79 PR D19 2572
79 NP 8149 525
78 Pramana 10 115
78 PRL 41 777
78 PRL 41 363
78 PL 778 344
78 LNC 22 235
77 PL 678 471
77 CJP 55 1280
76 SJNP 22 531

Translated from YAF
768 SJNP 23 633

Translated from YAF
76 SJNP 22 264

Translated from YAF
NC 31A 553
PRL 37 474
JPG 2 261
NP 897 189
SJNP 21 158
Translated from YAF

76
76
76
75
75

+Albrow, Akimoto, Amidei, 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. )
~rynberg, Pichard, Spiro, Zylberajch+(ENSP, SACL, PAST)
+Almehed, Angelis, Atherton, Aubry+ (HELIOS Collab. )
+Aihara, Doser, Enomoto+ (TOPAZ Collab. )
+Anazawa, Doser, Enomoto, 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)
+Huo, Lu, Su+ (China-Japan Collab. , Mt. Fuji Collab. )
+Cherdyntseva+ (Pamir-Chacaltaya Collab. )
+Gazes, Bennett (LBL)
+Ansorge, Asman, Booth, Burow+ (UAS Collab. )
+Bemporad, Boucrot, Callot+ (NA3 Collab. )
+Freudenreich. Goodman+ (UMD, GMAS, NSF)
+Horie, Takahashi, Tanimori (KEK, INUS)
+Cardello, Cooper, Teig+ (YALE, FNAL, IOWA)
+Astbury, Aubert, Bacci+ (UA1 Collab. )
+Nuzuki (MEIS)

Sakuyama, Watanabe (MEIS)
Sakuyama, Watanabe (MEIS)
Sakuyama, Watanabe (MEIS)

+Ansorge, Asman, Berglund+ (UAS Collab. )
+Gupta, Murthy, Sreekantan+ (TATA)
+Price, Fryberger (UCB, SLAC)
+Peruzzi, Piccolo+ (FRAS, LBL, NWES, STAN, HAWA)
+Bennett. Homer, Lewin, Walford, Smith (RAL)
+Borisov+ (LEBD, MOSU, INRM, GEOR, TAJK+)
+Price (UCB)
+Sulak, Galik, Horstkotte+ (MICH, PENN, BNL)

(LEHM, BNL)
(AUCK)

+Canzler, Lords. Drumm+ (JADE Collab. )
+Giacomelli, Lesquoy+ (BGNA, SACL, LAPP)
+Fujimoto Hasegawa (CAMP. WASU)

(AUCK)
+Benz, Bobbink+ (CERN, DARE, FOM, MCHS, UTRE)
+Gopalakrishnan, Gupta, Tonwar (TATA)
+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, SARI, MIT, WARS)
+Herb, Lederman+ (COLU, FNAL, STON, UCB)
+Hahn, Schacher (BERN)

(ITEP)
+Standil (MANI)
+Zaitsev, Kalinina, Kruglov+ (JINR)

22 1021.
+Zaitsev, Kalinina, Kruglov+ (JINR)

23 1190.
+Vertogradov, Vishnevsky, Grishkevich+ (JINR)

22 512.
+Dardo, Piazzoli, Mannocchi+ (LCGT, FRAS, FREIB)
+Ayre, Jones, Longo, Murthy (MICH)

(ADLD)
+Barber+ (CERN, DARE, FOM, LANC, MCHS, UTRE)
+Komar, Murashova, Syreishchikova+ (LEBD)

21 300.

Long-Lived Particle Search at Hadron Collisions
Limits are for cross section times branching ratio.

VAL UE
(pb/nucleon) CL%o EVTS DOCUMENT ID TECN COMMENT

~ ~ ~ We do not use the following data for averages, fits, limits, etc. ~ ~ ~

&2 90 0 BADIER 86 BDMP r = (0.05-1.) x 10 s

BADIER 86 looked for long-lived particles at 300 GeV x beam dump. The limit
applies for nonstrongly interaction neutral or charged particles with mass &2 GeV. The
limit applies for particle modes, p+x, p+y, , yr+~ X, fr+fr ~+ etc. See their
figure 5 for the contours of limits in the mass-~ plane for each mode.



1S14

Searches ELIII Listings
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FRANKEL
JOVANOV. ..
LJUBICIC
YOCK
APPEL
CLAY
FRANKEL
YOCK
ALPER
LEIPUNER
DARDO
TONWAR
ANTIPOV
ANTIPOV
BINON
BJORNBOE
JONES
DORFAN
COWARD
BELOUSOV

GORBUNOV

75 PR D12 2561
75 PL 56B 105
75 PR Dll 696
75 NP B86 216
74 PRL 32 428
74 NAT 248 28
74 PR D9 1932
74 NP B76 175
73 PL 46B 265
73 PRL 31 1226
72 NC 9A 319
72 JPA 5 569
71B NP B31 235
71C PL 34B 164
69 PL 30B 510
68 NC B53 241
67 PR 164 1584
65 PRL 14 999
63 PR 131 1782
60 JETP 11 1143

Translated from ZETF
60 JETP 11 51

Translated from ZETF

iFrati, Resvanis, Yang, Nezrick (PENN, FNAL)
Jovanovich+ (MANi, AACH, CERN, GENO, HARV+)

+Pavlovic, Pisk, Logan (BOSK, OTTA)
(AUCK, SLAC)

+Bourquin, Gaines, Lederman+ (COLU, FNAL)
+Crouch (ADLD)
+Frati, Resvanis, Yang, Nezrick (PENN, FNAL)

(AUCK)
+ (CERN, LIVP, LUND, BOHR, RHEL, STOH, BERG+)
+Larsen, Sessoms, Smith, Williams+ (BNL, YALE)
+Navarra, Penengo, Sitte (TORI)
+Naranan, Sreekantan (TATA)
iDenisov, Donskov, Gorin, Kachanov+ (SERP)
+Denisov, Donskov, Gorin, Kachanov+ (SERP)
+Duteil, Kachanov, Khrornov, Kutyin+ (SERP)
+Damgard, Hansen+ (BOHR, TATA, BERN, BERG)

(MICH, WISC, LBL, UCLA, MINN, COSU, COLO+)
+Eades, Lederman, Lee, Ting (COLU)
+Gittelman, Lynch, Ritson (STAN)
+Rusakov, Tamm, Cerenkov (LEBD)

38 1589.
+Spindonov, Cerenkov (LEBD}

38 69.
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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, D1 (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)
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)

Compilation of Data on the Energy-Energy Correla-
tion and its Asymmetry in e+e Annihilation

W.J. Stirling and M.R. Whalley
RAL Report RAL-87-107 (1987)

Compilation of Data on pp ~ Hadrons
R.G. Roberts and M.R. Whalley

RAL Report RAL-86-058 (1986)
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/9 bl (1982)
and I/9 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: NN and KN
J. Bystricky, P. Carlson, C. Lechanoine, F. Lehar,
F. Monnig, K.R. Schubert (ed. H. Schopper)

Landolt-Bornstein, New Series Vol. I/9.a (1980)
Compilation of Cross Sections IV: p, a, A, X, =-, and
KL0 Induced Reactions

S.I. Alekhin, A. Baldini, P. Capiluppi, et al. ,
CERN-HERA and COMPAS Groups

CERN-HERA Report 87-01 (1987)
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 Laboratory Report LBL-90
revised (1993)

Current Experiments in Elementary Particle Physics
H. Galic, F.E. Armstrong, et at. ,

Lawrence Berkeley Laboratory Report LBL-91,
revised (July 1994)

Major Detectors in Elementary Particle Physics
G. Gidal, B. Armstrong, A. Rittenberg

Lawrence Berkeley Laboratory Report LBL-91,
supplement, revised (1985)

Table of Isotopes, 7th Edition
C.M. Lederer, V.S. Shirley, E. Browne, J.M. Dairiki,
R.E. Doebler, A.A. Shihab-Eldin, L,J. Jardine,
J.K. Tuli, A.B. Buyrn

John Wiley k Sons, New York (1978)
Table of Radioactive Isotopes

E. Browne and R.B. Firestone (Editor: V.S. Shirley)
John Wiley 8c Sons, New York (1986)

Astronomical Almanac
(US Government Printing Office, Washington, and Her
Majesty's Printing Office, 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 Jose, CA 95125 USA
(14~" edition, 1989)
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1199, 1495
1511

1197, 1465
~ . 1465

1197, 1471
1471

1198, 1480
1510

1199, 1495
1509
1516
1344
1246
1283
1188
1268
1234
1284
1188

1233, 1297
1290
1233
1293
1264
1234

1236, 1238
1305
1233
1241
1233
1259
1259
1177
1331
1275
1180
1233
1304

1192, 1377
1377
1238
1316

1197, 1470
1195, 1442
1207, 1601

1318
1601
1602

1207, 1609

1623

1632
1632

1210, 1639
1210, 1639

1641
1681
1729

1218, 1673
1225, 1782

. Rev. D45, Part II)
1221, 1728
1222, 1745

A(1680) or [now called ng(1670)]
A(2100) [now called x2(2100)]
ap(980) [was b(980)]

ao(980), note on
at(1260) [was Ar(1270) or Ar]

ar(1260), note on
a2(1320) [was As(1320)]
as(2050) [was A(2050)]
As [now called x2(1670)]
a4(2040) [was b4(2040)]
ae(2450) [was be(2450)]
Abbreviations used in Full Listings
Accelerator parameters (colliders)
Acceptance-rejection method in Monte Carlo
Accessing the high-energy physics databases
Activity, unit of, for radioactivity
Age of the universe
Algorithms for Monte Carlo
ALICE DBMS
a„QCDcoupling constant
Amplitudes, Lorentz invariant
Amu (atomic mass unit)
Argand diagram, definition
Argon, dE/ds: resolution
Astronomical unit
Astrophysics
Asymmetry formulae in Standard Model
Atmospheric pressure
Atomic and nuclear properties of materials
Atomic mass unit
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, gg, gg vector
Axion searches

Axion searches, note on .
Axions as dark matter
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 meson production and decay, note on
B semileptonic decays, note on
B+ (bottom meson)

B, B (bottom meson). . . . . . . . . . . . . . 1209,
B —B mixing, CP violation in B decay, note on

BH and Bl, in B —B mixing, note on .
uo

S ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

B'
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

B*
S ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

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
Hyperon baryons (A baryons)
Hyperon baryons (Z baryons)

1220, 1710
1219, 1688
1218, 16?3
1225, 1780
1224, 1769

1519
1228
1321
1321

~ . . 1218, 1673
i =c Qc~ and Ab)

1280
1283

1316, 1318, 1632
1189
1290

1268
1247
1270
1251
1275
1236
1238
1284
1272
1268

~ . . 1177
1272
1233
1233
1233
1177

1191,1351
1226, 1790

1601
1602

, note on . . 1632
1228

1207, 1601
1601
1661
1280
1280

m for. . . . 1284
1274
1293
1189
1228

1195, 1439
1315
1315

note on 1602, 1632
1263
1286

1224, 1769
1811
1272
1261

~ . . . . . 1257
1186
1246
1246
1271
1228
1319

Nucleon resonances (8 resonances)
Nucleon resonances (N resonances)
N ucleons
0 baryons 0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

:- baryons ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Baryonium candidates
Baryon number conservation
Baryon resonances, SU(3) classification of
Baryons in quark model
Baryons, stable

(see individual entries for p, n, A, Z, :-, O, A,
Bayesian approach
Bays-Durham Monte Carlo algorithm
BB ~ ~B mlxlng
BDMS DBMS
Beam momentum, c.m. energy and momentum vs
Beauty —see Bottom and B, B', B„B,*

Becquerel, unit of radioactivity
BEPC (China) collider parameters
lg-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
Biological damage from radiation
BITNET address for comments
Bivariate Gaussian
Bohr magneton
B Q ~

ohr radius
Boltzmann constant
Booklet, Particle Physics, how to get
Bosons ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Bottom baryon ( Abc )
Bottom (B) meson production and decay, note on .
Bottom (B) semileptonic decays, note on

Bottom, B —B mixing, CP violation in B decay
Bottom-changing neutral currents, tests for
Bottom mesons (B, B, Bs, Bs )
Bottom mesons, note on highlights
Bottomonium system, level diagram .
Bounded physical region, Bayesian approach
Bounded physical region, frequentist approach
Breit-Wigner distribution, Monte Carlo algorith
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,
Calorimeters
Capacitance, formulas for
Cascade baryons (:- baryons)
Centauro searches
Central limit theorem
Cerenkov detectors
Cerenkov radiation
CERN databases
CESR (Cornell) collider parameters
CESR+ (Cornell) collider parameters
Change of random variables, relations for
Charge conjugation (C) conservation
Charge conjugation of qq states

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.
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1801
1228

1225, 1783
1203, 1572
1206, 1596

1642
1273
1284
1273

1213, 1664
1213, 1666
1213, 1664
1213, 1667
1213, 1665
1213, 1667
1212, 1652
1212, 1653
1212, 1654

. 1602, 1632
1315
1287
1290
1246

1227, 1810
1227, 1810

1263
18l.5

1227, 1805
1805

1686
1233
1271
1278

1275, 1278
1278
1279
1278
1228
1181
]178
1259
1271
1234
1268
1269
1236
1234

1236, 1238
1233, 1297

1304
1253
1271
1228
1318

1318, 1632
1318
1632
1536
1318
1543
1228
1234

Charge conservation
Charge conservation and the Pauli exclusion principle, note on

(sec p. UI. 10 in our 1992 edition, Phys. Rev. D45)
Chargino searches
Charm-changing neutral currents, tests for

Charmed baryons (Ae+, Z„,"v, Oe)
Charmed, nonstrange mesons (D, D', Dg)
Charmed, strange mesons [Dv, D,*,D, I}
Charrnonium system, level diagram

confidence level vs. X for n degrees of freedom

distribution, Monte Carlo algorithm for
distribution, relations for

Xso(lP) = Xbo(9860)
Xso(2P) = Xso(10235)
Xs)(1P) = Xst(9890)
Xs) (2P) = Xs) (10255)
Xs2(1P) = Xs2(9915)
Xs2(2P) = Xss(10270)
X„o(lP}=- X,p(3415)
X„)(lP) =- Xv)(3510)
X(2(1P) =- X,2(3555)
CKM mixing elements in B decay, note on

CKM (Csbibbo-Kobayashi-Maskawa) mixing
Clcbsch-Gordan coefficien
c,rri. energy and momentum vs. beam rnornentum

Co11idcr paramctcrs
Color octet lcptons
Color octet quarks
Cornpcnsating calorimetcrs
Compilations, particle physics
Compositeness, quark and lepton, searches
Compositeness, quark and lepton, searches, note on

Compton scattering for N and 6 resonances,
photoproduction and (review)

Compton wavelength, electron
Conditional probability density function
Confidcnec cocfficicnt, definition of
Confidcncc interval, definition of
Confidcncc intervals, normal distribution
Confidenc intervals using Student's t
Confidence level, definition
Conservation laws

Constrained fits, procedures for
Consultants
Conversion probability for photons to e+e
Correlation coefficient, definition
Cosmic background radiation (CBR) temperature
Cosmic ray background in counters
Cosmic ray fluxcs
Cosmological background radiation
Cosmological constant,

Cosmology
Coupling constant in QCD
Couplings for photon, W, Z
Coulomb scattering through small angles, multiple

Covariancc, definition
CP, tests of conservation
CP violation, overview
CP violation and CKM matrix. . . . . . . . . 1315,
CP violation in B decay

CP violation and B —B mixing in B decay, note onp p

CP violation in K& ~ 3' decays, note on

CP violation in KI decay
CP-violation parameters in KLP decays, note on .
CPT, tests of conservation
Critical density

1333
1332
1330
1327
1330
1335

1291, 1294
1271
1268

1195, 1437
1287

1203, 1572
1564
1565

1204, 1581
1206, 1594
1198, 1490
1206 1593
1206, 1593
1206, 1595

1595
1206, 1596
1207, 1599
1207, 1600

1600
1291
1268
1249
1238

1420
1382
1800
1801
1180
1179
1186
1185
1185
1234
1253

a

1

ures
I I

I' I

*

0 I

1443
1290
1298
1344
1315
1253

1197, 1465
1509
1516

1220, 1710
1228
1228
1228
1228

1228
1228
1547

Critical energy
Cross sections and related quantities, plots of

e+e . vK, vN, Ap, pp, pd, x+p, ared, K+p, K+n, K+d,

pp, pn, pd, pp, pn, and pd cross sections
e+e annihilation cross section near Mg
Fragmentation funet, ions
3et production
Nucleon structure functions
Pseudorapidity distributions

Cross sections, hadronic, high-energy parametrizations
Cross sections, relations for
Cumulative distribution function, definition

Curie, unit of radioactivity
d (quark)
d funct, ions
n+

0 \

D+, DP branching fractions, note on
D semileptonic decays, note on

DP, D
D) (2420)
D(1530) [non) called f) (1510)]
D*(2007)
D*(2010)+
D2(2460)
DJ(2440)+
D+ [&vas P+)
D*+ [)vas P*+]

D, (r523)6
Dg( 2573)+

Dalitz plot, relations for
Damage, biological, from radiation
DA@NE (Frascati) collider parameters
Dark matter
Dark matter limits:

Astrophysical limits on neutrino mass
Invisible axion mass limits
Neutralinos mass limits
Sneutrino mass limits

Data, averaging and fitting proced
Data, selection and treatment
Databases, availability
Databases, high-energy physics
Databases, particle physics

Day, sidereal
dE/dz
Decay amplitudes (for hyperon decays)

(see p. 286 in our 1982 edition, Phys. Lett. lllB)
Decay constants of charged pseudoscalar mesons, note on

Decays, kinematics and phase space for
Deep-inelastic scattering
Definitions for abbreviations used in Full Listings

6, CKM angle for CP violation
b- rays s ~ ~ e ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ t ~

b(980) [no)v called ap(980)]
b4(2040) [norv called a4(2040)]
bs (2450) [nour called as(2450)]
6 resonances (see also l)7 and 6 resonances)
AB = 1, weak neutral currents, tests for
AB = 2, tests for
6C = 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. lllB)
AS = 1, weak neutral currents, tests for
AS = 2, tests for
AS = AQ rule in K decay, note on .

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.
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1228
1252
1241
1234
1234
1234
1189
1261
1233
1328

Part II)
1242
1262
1234
1271
1246
1268
1263
1186
1233

1193, 1396
note on

1295
1333
1333
1331
1517
1334
1295

1198, 1484
1234
1275
1242
1228
1263
1285
1263
1256
1255

1193, 1396
. 1233, 1285

1233
1233, 1193

1233
1233
1244
1294
1312
1304
1244
1243
1290

23
23

lead 1260
1251
1252
1253
1256

23
1198, 1478

1511
1514

1233, 1242, 1285

b,S = AQ, tests of
Density efFect in energy loss rate
Density of materials, table
Density of matter, critical
Density of matter, local
Density parameter of the universe, Oo
DESY databases
Detector parameters
Deuteron mass
Deuteron structure function
Dibaryons

(see p. VIII.118 in our 1992 edition, Phys. Rev. D45,
Dielectric constant of gaseous elements, table
DifFerential Cerenkov detectors
Disk density
Distributions, probability, definition
DORIS (DESY) collider parameters
Dose, radioactivity, unit of absorbed
Drift and proportional chamber potentials
Durham databases
e (natural log base), value of
e (electron)

Charge conservation and the Pauli exclusion principle,
(see 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 average multiplicity, plot of
e+e average multiplicity, table of
e+e (1100-2200)
e+e R function, plot of
e+e two-photon process, cross-section formula
E(1420) [now called fi (1420)]
Earth equatorial radius
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
Electron charge
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
Electroweak interactions, Standard Model of
Elements, electronic structure of
Elements, periodic table of
Energy and momentum (c.m. ) vs. beam momentum
Energy loss and range in liquid hydrogen
Energy loss and range in Pb, Cu, Al, and C
Energy loss (fractional) for electrons and positrons in
Energy loss rate for charged particles
Energy loss rate in compounds
Energy loss rate, restricted
Energy loss rate for muons at high energies
Energy loss rates for heavy charged projectiles
e(1200) [now called fp(1300)]
e(2150) [now called fs(2150)]
s(2300) [now called f4(2300)]
s (permittivity)

sp (permittivity of free space)
Eg, E3 electroweak variables

Equivalent photon approximation
Error ellipse for multivariate Gaussian
Error estimates in least-squares fitting
Error estimates in likelihood fitting
Error function
Error procedure for masses and widths
Error propagation, relations for
Errors, treatment of
Established nonets for the mesons
Estimator, definition of
g meson

g decay parameters, note on .
I'(rl ~ p7), note on

rl(1295)
il(1440) [was i(1440))

iI(1440), note on
il(1700) [now called X(1700))
il(1760)
TI(2225)
rl2(1870)
il'(958)
il, (IS) = rl~(2980)
il, (2S) = rl, (3590)
Excited lepton searches
Exotic baryons (Z' resonances)

(see p. VIII.58 in our 1992 edition,
Exotic meson resonances
Expectation value, definition
Expectation value, relations for
Exponential distribution
Exposure, radioactivity, unit of .
f&+, f&~, f&, f&I, f&+, f +, f p decay

Fy, Fg, Fg structure functions
F+ [now called Ds ]F*+ [now called D'+]
fp(980) [was S(975) or S*]
fp(1300) [was e(1200)]
fp(1370}
fp(1525)
fp(1590)
fi(1285)
fi(1420) [was E(1420)]

fi(1420), note on
fi(1510) [was D(1530)]
f2(1270)
fs(1430)
f2(1520)
f2(1640)
f2(1810}

[was g2 (2010)]
[was s(2150)]
[was g' (2300)]
[was g (2340)]
[was f (1525)]

f2(2010)
fs(2150)
f2(2300)
f2(2340)
f2 (1525)
f4(2050) [was ii(2030)]
f4(2220} [was $(2220)]
f4(2300} [was e(2300)]
fs(2510) [was r(2510)]
fg(1710) [was g(1690)]

fg(1710), note on
Familon searches
Fermi coupling constant
Fermi plateau
Feynman's x variable

. 1233, 1285
1313
1295
1279
1277
1276
1272

nances . 1550
1282
1180
1320
1275

1196, 1450
1454
1451

1198, 1478
1198, 1487

1487
1504
1506
1513
1508

1197, 1461
1210, 1642

1656
1227, 1808

of meson reso

Phys. Rev. D45, Part
1670
1271
1271
1274
1268
1443constants

. 1294, 1327
1206, 1596
1207, 1599
1197, 1464
1198, 1478

1483
1493

1199, 1493
1198, 1475
1198, 1484

1484
1198, 1490
1197, 1472

1486
1490
1494
1506

1199, 1509
1511

1200, 1514
1200, 1515
1198, 1491
1200, 1510

1513
1514
1516

1199, 1504
1504
1382

~ . . 1233
1252
1290

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.
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Field equations, electromagnetic
Fine structure constant
Fits to data
Fitting data, relations for
Flavor-changing neutral currents, tests for
Forbidden states in quark model
Force, Lorentz
Form factors, Kg3, note on
Form factors, x ~ Evp and K ~ Evp, note on

Fourth generation searches
Fractional energy loss for electrons and positrons in lead

Fragmentation functions, plot of
Fragmentation functions, relations for

Fragmentation, heavy quark
Free quark searches
Friedmann equation
Fricdman-Robertson-Walker metric
Full Listings, kcy to reading
Full Listings, organization of
g (gluon)
g(1690) [now called ps (1690)]
gT(2010) [now called fg(2010)]
g~(2300) [now called fg(2300)]
gT(2340) [now called fp(2340)]
gy, gg vector, axial vector couplings

p (Euler constant), value of
7 (photon)
pp and pd cross sections, plots of
gamma, production in pp interactions
p-rays, from radioactive sources
Gamma distribution, Monte Carlo algorithm for

Gamma distribution, relations for
Ga,ugc bosons

(see individual entries for p, W, Z, g, and graviton)
Gauge couplings
Gaussian distribution, Monte Carlo algorithm for

Gaussian distribution, multivariate
Gaussian distribution, relations for

Gaussian distribution, upper limits
Gaussian ellipsoid
Gcll-Mann-Okubo formula
Gluino searches
gluon, g
Gluonium candidates
Goldstone boson searches
Gravitational acceleration g
Gravitational constant G~
graviton
Gray, unit of absorbed dose of radiation
h(2030) [now called f4(2050)]
hy(1170) [was H(1190)]
hy(1380)
h (1P)
Hadronic calorimeters
Hadronic cross-sections, high-energy parametrizations
Hadronic flavor conservation
Hadronic shower detectors
Half-lives of commonly used radioactive nuclides

Halo density
Heavy boson searches
Heavy lepton searches

Heavy lepton searches, note on
Heavy particle searches
Heavy physics from precision experiments
Hcavy quark fragmentation
Heavy quark searches

1285
1233
1180

. 1275, 1276
1228
1323
1285
1530
1447

1195, 1442
1260
1332
1295
1333

1227, 1791
1236
1236
1343
1177

1191, 1351
1199, 1497
1199, 1509
1200, 1514
1200, 1515

1304
1233

1191,1351
1341
1330
1270
1284
1274

1191,1351

1304
1284
1272
1272
1278
1273
1319

1227, 1803
1191, 1351

1670
1382
1233

. 1233, 1234
1351
1268

1200, 1510
1197, 1469

1483
1654
1263
1335
1228
1263
1270
1234

1192, 1372
1194, 1418

1418
1812
1312
1333
1641

HEPNET address for comments
HERA (DESY) collider parameters
Higgs boson in Standard Model

Higgs boson mass in electroweak analyses

Higgs„M~, constraints on

Higgs searches
Higgs searches, note on

High-energy physics databases
History of measurements, discussion
Hubble parameter
Hyperon baryons (see A and Z baryons)
Hyperon decays, nonleptonic decay amplitudes

(see p. 286 in our 1982 edition, Phys. Lett. 111B)
Hyperon decays, test of b,I = 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 key to the Full Listings
Impedance, relations for
Importance sampling in Monte Carlo calculations
Inclusive distributions, one-particle, relations for
Inclusive hadronic reactions
Inclusive reactions, kinematics for
Inconsistent data, treatment of
Independence of random variables
Inductance, relations for
Inorganic scintillator parameters
Inorganic scintillators
Interactive Review of Particle Properties (RPP) system
International System (SI) units
INTERNET address for comments
Introduction
Inverse transform method in Monte Carlo
Invisible A (Axion) searches

Invisible A mass limits, note on .

Ionization energies of the elements
Ionization energy loss at minimum, table
Ionization yields for charged particles
~(1440) [now called ri(1440)]
3ansky
Jet production in pp and pp interactions, plot of
,I/q(IS) = 1/1l (3097) or tt (18)
K ~ 3' Dalitz plot parameters, note on
K ~ fvp form factors, note on

K/3 form factors, note on
k"+

mass, note onTW +

K+p, K+n, and K+8 cross sections, plots of
K p, K n, and K d cross sections, plots of

K K
Ko decay, note on AS = AQ rule in

"L I 4 4

KL decays, note on CP-violation parameters in

KL decay, CP violation in
0K~

Ks —+ 3x 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)]

1221, 1728

4

I

1

t 4

4

~ 5 ~

1325
1320
1181
1186
1343
1286
1283
1296
1295
1292
1181
]271
1286
1261
1261
1185
1.240
1]77
1177
1283
1382
1382
1244
1241
1253

1198, 1487
1234
1330

1211, 1644
1528
1447
1530
5

1521
1340
1339

1200, 1534
1547

1201, 1537
1543
1318

1201, 1534

1201, 1549
1550

1202, 1553
1202, 1557

. 1304, 1365
1312
1312

1192, 1365

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Ta,bles.
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Ko(1430) [was g, (1350)]
KG(1950)
Kr (1270) was Q(1280) or Qr]
Ky(1400) [was Q(1400) or Qz)
Kg(&650)
Kz(1580) was L(1580))
Kz(1?70) [was L(1770)]

Kz(1770) snd the Ks(1820), note on
Kz(1820) was ]

Kz(2250) was K(2250))
Kz(1430) [was K*(1430)]
K2(1980)
Ks(2320)
Ks(1780)
Ki(2500)
Ki(2045)

was K(2320)]
[was K'(1780))
was K(2500))
[was K'(2060)]

~ ~ ~ ~

dr)

on

K5(2380)
Kg3 form factors, note on
Kaon (see K)
a(1350) [now called Ko(1430)]
KEKB collider parameters
Key to the Full Listings
Kinematics, decays, and scattering
Knock-on electrons, energetic
Kobayashi-Msskawa (Csbibbo-) mixing matrix
L(1580) [now called K2(1580)
L(1770) [now called Kz(1770)]
Lagrangian, /CD
Lagrangian, standard electroweak
A ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~' ~ ~ ~ ~ ~ ~ ~ ~

A and Z baryons
A(1405), note on .
Listings, A baryons
Listings, Z baryons
Status of (review)

Ap cross section, plot of
A, /CD parameter
"b ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

a+
C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

A, (2825)+
Landau distribution
Lattice @CD
LBL databases
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&, p„v~,an
Leptons, weak interactions of quarks and
Leptoproduction cross sections, relations for
Leptoproduction kinematics
Leptoquark searches
Lethal dose from penetrating ionizing radiation
LHC (CERN) collider parameters
Light boson searches
Light neutrino types, number of
Light neutrino types from colliders, number of, note

1202, 1554
1560

1201, 1551
1201, 1552

1557
1557

1202, 1558
1558

1202, 1560
1562

1202, 1554
1561
1562

1202, 1559
1562

1202, 1561
1562
1530

1200, 1521
1202, 1554

1248
1343
1290
1253
1315
1557

1202, 1558
1297
1304

1221, 1728
1221, 1728

1732
1728
1745
1731
1341
1297

1226, 1790
1225, 1783
1225, 1786

1252
1301
1186
1276
12?6
1277
1277
287t
1247
1228
1228

1194, 1418
1194, 1421
1227, 1805
1227, 1805
1193, 1385

1304
1294
1294
1375
1268
1250
1377

1194, 1416
~ . . 1416

Light particle searches
Light, speed of
L hight year
Likelihood condition
Likelihood function
Limits (statistical) in presence of bounded physical region
Linear least-squares fitting
Liquid ionization chambers, free electron drift velocity
Listings, Full, keys to reading
Lorentz force
Lorentz invariant amplitudes
Lorentz transformations of four-vectors
Luminosity conversion
MACHOS —see Dark matter limits
MACHOS
Magnetic moments, baryon, note on .
Magnetic monopole searches

Magnetic monopole searches, note on .
Majoron searches
Mandelstam 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 range and energy loss in liquid hydrogen
Mean range and energy loss in Pb, Cu, Al, and C
Median, definition
Median, variance of
Meson multiplets in quark model
Meson nonets (established)
Mesons ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

bb mesons ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Bottom mesons
Charmed, nonstrange mesons
Charmed, strange mesons
Exotic mesons
Nonstrange mesons
Strange mesons

Mesons, stable
(see individual entries for x, ri, K, D, D„and B)

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 (sins et')
Mixing, B -B, note on
Mixing, quark model, ideal
Mixing, singlet-octet in quark model
Molar volume
Moliere radius
Momenta, 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
Monte Carlo techniques

1811
1233
1234
1275
1275
1280
1276
1264
1343
1285
1290
1290
1234

1238
1?29

1227, 1793
1793
1382
1292
1271
1259

1194, 1421
1241
1251
1275
1285

23
23

1271
1271
1319
1320

1196, 1443
1213, 1661
1207, 1601
1210, 1642
1206, 1596

~ . 1670
1196, 1443
1200, 1521
1196, 1443

1297
1304
1240

1193, 1415
1236
1297
1251
1241
1251

1233, 1304
1632
1320
1320

~ . 1233
1255
1264

1290
1290

1227, 1793
1793
1325
1283

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.
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p (muon)

p ~ e conversion

po (permeability of free space)
Multibody decay kinematics
Multiple Coulomb scattering through small angles
Multiplets, meson in quark model
Multiplets, SU(n)
Multiplicities, average in e+e interactions, table of
Multiplicity, average in e+e interactions, plot of
Multiplicity, average in pp and pp interactions, plot of
Multivariate Gaussian
M uon ~ ~

Muon decay parameters, note on .
Muon energy loss rate at high energies
MW ~ ~ ~ ~ \

MZ 4

n (neutron)
N and 6 resonances

Listings, 8 resonances
Listings, N resonances
Photoproduction snd Compton scattering (review)
mN ~ Nrr7r channel (review)
Status of (rcview)
Two-body partial-wave analyses (review)¹ resonances (see N and 6 resonances)

NAf(1100—8600)
n-body differential cross sections
n-body phase space
n —n oscillations
Names, hadrons
Neutral-current parameters, standard model expressions
Neutral-current parameters, values for
Neutralino searches
Neutralinos as dark matter
Neutrino (see v)
Neutrino bounds from astrophysics and cosmology
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 (massive) and lepton mixing, search for
Neutrinos, note on
N eutron
Neutrons, from radioactive sources
New physics from electroweak analyses
Newtonian gravitational constant G~
Newton-Raphson method
Nomenclature for hadrons
Nonets, meson (established)
Non-qq candidates
Normal distribution, confidence intervals for
Normal distribution, relations for
Normal equation in least-squares fitting
vp

v& mass, note on .
v7 0

vN and vN cross sections, plot of
Nuclear collision length, table
Nuclear inelastic cross section, table
Nuclear interaction length, table

1193, 1397
1398

. 1233, 1285
1291
1253
1319
1289
1331
1333
1333
1272

1193, 1397
1399
1256

~ 1233, 1309
~ 1233, 1309
1218, 1680
1219, 1684

1710
1684

~ . . 1686
1686
1684
1685

1219, 1684
1517
1291
1290
1681

. 1179, 1323
for . 1310

1308
1800
1238

119$, 1385
1432
1432
1424

1194, 1421
1294
1426

1194, 1416
~ . . 1416

1430
1238

1194, 1421
1385

1218, 1680
~ . ~ 1270
~ . . 1312
. 1233, 1234

1277
. 1179, 1323

1320
1670
1278
1272
1277

1193, 1389
119$, 1392

1392
1193, 1395

1327
1241
1241
1241

Nuclear magneton
Nuclear total cross section, table
Nucleon resonances (see N and 8 resonances)
Nucleon structure functions, plots of
Nuclides, 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 (0 baryons)
0
Oo, [was T ]
Q„critical density
Oo, density parameter
0 resonances
ur(782)
u(1420)
a(1600)
ug(1670)
One-particle inclusive distributions, relations for
Optical theorem
Organization of Full Listings and Summary Tables
Other stable particle searches

Other stable 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 pseudorapidity

pp, pn, and pd cross sections, plots of
Parity of qq states
Parsec ~ ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ P ~ ~

Partial-wave analyses for N and 6 resonances (review)
Partial-wave expansion of scattering amplitude
Particle detectors
Particle ID numbers for Monte Carlos
Particle nomenclature
Particle Physics Booklet, how to get
Passage of particles through matter
Pauli exclusion principle, charge conservation, note on

(see p. VI.10 in our 1992 edition, Phys. Rev. D45)
PEP (SLAC) collider parameters
PEP-II (SLAC) collider parameters
Periodic table of the elements
Permeability po of free space
Permittivity ~0 of free space
PETRA (DESY) collider parameters
Phase space, Lorentz invariant
Phase space, relations for
$(1020)
$(1680)
gs(1850) [tsas X(1850)]
C'-factory (UCLA) collider parameters
C -factory (Novosibirsk) collider parameters
Photino searches
Photon
Photon and electron attenuation
Photon attenuation length
Photon attenuation length (high energy)
Photon collection efBciency, scintillators
Photon coupling
Photon cross section in carbon and lead, contributions to

1233
1241

1219, 1684
1327
1270
1325
1268
1320

1225, 1780
1225, 1780

1789
1234
1234
1781

1196, 1459
1198, 1486
1199, 1494
1199, 1495

1296
1293
1177
1811
1811
1228

1218, 1673
1673
1333
1330

. 1336, 1337
1333
1330
1330
1330

. 1336, 1337
1319
1234

~ . . 1685
1293
1261
1325

1179, 1323
1177
1251

1246
1248
1243

. 1233, 1285

. 1233, 1285
1246
1290
1290

119'F, 1467
1199, 1497
1199, 1507

1249
1249
1799

1191,1351
1259
1259
1259
1261
1304
1260

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.
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Photon pair-production cross section
Photon to e+e conversion probability
Photoproduction and Compton scattering for

resonances review
Physical constants, table of

value of o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

1255
1259

~ ~

~ ~

N and L1

1686
1233
1233

1196, 1444
1444
1338

1196, 1448
1447

1198, 1480
1506

1199, 1495
1511
1686

1196, 1444
1233
1234
1251
1261
1284
1272
1279
1281
1285
1189
1312
1240
1189
1271

~ . 1273
1271
1282
1241
1263
1263

1218, 1673
1233

1218, 1233
1327
1292
1330
1443

1211, 1644
1212, 1656
1212, 1659
1212, 1659
1213, 1660
1213, 1660
1201, 1551
1201, 1552

1297
1294
1188
1268
1319

1227, 1805
1227, 1805

1333
1433
1319
1319
1322
1294

1227, 1791

7r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

mass, note on
m+p and x+d cross sections, plots of

07r ~ ~ ~ ~ ~ ~ ~ ~

m. ~ Evp form factors, note on
7r (1300) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 4

7r (1770) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

rrs (1670) was A(1680) or As]
s.s(2100) [upas A(2100))
rrN ~ Nrrrr channel (review)
Pion ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Planck constant
Planck mass 1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Plasma energy
Plastic scintillators
Poisson distribution, Monte Carlo algorithm for
Poisson distribution, relations for
Poisson distribution, upper limits for
Poisson processes with background, upper limits for
Potentials, electromagnetic
PPDS ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~

Precision experiments, heavy physics
Prefixes, metric, commonly used
Preprints from bulletin boards
Probability

confidence level vs. X 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
Pseudorapidity g, defined
Pseudorapidity distribution in pp interactions, plot of
Pseudoscalar mesons, decay constants of charged, note on
Q(18) = J/Q(1S) = J/@(3097)
Q(28) = g(3685)
g(3770)
Q(4040)
Q(4160)
Q(4415)
q(1280) or Qt now called K~ (1270)
q(1400) or qs nore called Ky(1400)]
QCD ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

QCD parton model
QSPIRES
Quality factor for biological damage due to radiation
Quantum numbers in quark model
Quark and lepton compositeness searches
Quark and lepton substructure searches
Quark fragmentation in e e annihilation
Quark mass, note on
Quark model
Quark model assignments
Quark model, dynamical ingredients
Quark parton model
Quark searches, free

1791
1195, 1433
1294, 1304
1433, 1304

1319
1334
1516
1268
1268
1257
1254
1254
1241
1268
1266
1268
1268
1304
1270
1268
1268
1268
1268
1268
1268vity

e of 1284
23
23
23

~ ~ ~

~ ~ ~

1275
1290
1236
1241
1290
1285
1268
1304
1297
1289
1277
1242
1286
1286
1293

1253
1312
1309
1310

~ ~ ~

~ ~ ~

~ ~ ~

1196, 1456
1456
1484

1198, 1489
1501

1199, 1501
1512

~ . . 1512
1199, 1497

1514
1515
1262
1236
1275
1268
1233

1195, 1437

Quark searches, note on

Quarks ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Quarks and leptons, weak interactions of
Quarks, current masses of
Quarks, properties of
R function, e+e scattering, plot of
r(2510) [now called fs(2510)]
Rad, unit of absorbed dose of radiation
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 in detectors
Radiation, long-term risk
Radiation weighting factor
Radiative corrections in Standard Model
Radioactive sources, commonly used
Radioactivity and radiation protection
Radioactivity, natural annual background
Radioactivity, unit of absorbed dose
Radioactivity, unit of activity
Radioactivity, unit of exposure
Radon, component natural annual background radioacti
Random angle, Monte Carlo algorithm for sine and cosin
Range (mean) and energy loss in liquid hydrogen
Range (mean) and energy loss in Pb, Cu, Al, and C
Range, scaling law for projectile mass and charge
Rao-Cramer-Frechet bound
Ra dt~ Q ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Re h ftL 'C'dshlft o ~ ~ ~ ~ ~ & ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Refractive index of materials, table
Relativistic kinematics
Relativistic transformation of electromagnetic fields

Rem, roentgen equivalent for man
Renormalization in Standard Model
Renormalization schemes in QCD
Representations, SU(n)
Residuals, definition of
Resistivity, electrical, of elements, table
Resistivity of metals
Resistivity, relations for
Resonance, Breit-Wigner form and Argand plot for
Resonances (see Mesons and Baryons)
Restricted energy loss rate, charged projectiles
p parameter in electroweak analyses

p parameter in electroweak analyses (Standard Model)

p parameter of electroweak interactions

p (770) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

p(770), note on

p(1405)
p(1450)

p(1450) and p(1770), note on
p(1700)
p(2150)
p(2210)
ps(1690) [was g(1690)]
ps(2250)
p, (2350)
Ring-Imaging Cerenkov detectors
Robertson-Walker metric
Robustness of statistical estimator, definition
Roentgen, measure of X or p radiation intensity
Rydberg energy
8 (quark) ~ ~ ~ ~ ~ ~ ~ ~

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.
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S,T,U elcctrowcak variables
S = +I baryons (Z* baryons)

(sce p. VIII.58 in our 1992 edition, Phys. Rev. D45,
S(975) or S* (now called fo(980))
S-matrix for two-body scattering
S-wave 7(7(, KK, and gq interactions, note oii

Scale fartor, definition of
Scattering, relations for
Schwarzschild radius of sun
Scintillator parameters
Sea-lcvcl cosmic ray Auxcs

Searches:
Axion searches
Baryonium candidates
Ccntauro searches
Chargino searches
Color octet lcptons
Color ortct, quarks
Coinpositencss, quark and lepton, searches
Exritcd lepton searches
Familnn searckcs
Fourth generation (5') searches
Frcc quark scarchcs
Gluino sca,rrhcs
Gl»oniuni randidatcs
Goldstone boson searches
Hcavy boson searches
Hcavy lepton searches
Hcavy particle searches
Higgs scarrhcs
Invisible A (Axion) searches
I cpfon (hcRvy) seapches

Lepton mixing, neutrinos (massive) and, search for

I.cptori, quark compositeness searches
Lcpt, on, qiiark substructure searches
Lcptoquark searches
Light boson searches
Light, neutrino types, number of
Light particle searches
Magnctir, monopole searches
Majoron searches
Massive neutrinos and lepton mixing, searches
Monopole searches
Ncutra. lino searches
Xcutrino bounds from astrophysics and cosmology
Neutrino oscillation searches
Nc»trito, solar, experiments
Neutrino types, number of
Ncutrinolcss double beta decay searches
Neutrinos (massive) and lepton mixing, search for

Non-qq candidates
Other stable particle searches
Photino searches
Quark and lepton compositeness searches
Quark aiid lepton substructure searches
Quark searches, free
Slepton searches
Squark scarchcs
Solar v experiments
Substructure, quark and lepton, searches
Supcrsymmctric partner searches
Tachyon searches
Technipion searches
Top searches
Vector meson candidates
Weak gauge boson searches

Part II)
1197, 1464

1290
1478
1180
1294
1234
1261
1269

1192, 13?7
1519
1811
1801

1227, 1810
1227, 1810
1227, 1805
1227, 1808

1382
1195, ]442
1227, 1791
1227, 1803

1670
1382

1192, 1372
1194, 1418

]812
1192, 1365

1382
1194, 1418
1194, 1421
1227, 1805
1227, 1805

1375
1192, 1377
1194, 1416

1811
1227, 1793

1382
1194, 1421
1227. 1793

1800
1432

1194, 1421
1426

1194, '1416
1430

1194, 1421
1670
1811
1799

1227, 1805
1227, 1805
1227, 1791
1227, 1801
1227, 1802

1426
1227, 1805
1227, 1795

1811
1192, 1370
1195, 1439

1517
1192, 1372

for
for

Z' searches, note on
Selection and treatment of data
Semilcptonic decays (8), note on
Semileptonic decays (D), note on
Shower detector energy resolution
Showers, electromagnetic, lateral distribution of
Showers, electromagnetic, longitudinal distribution of
SI units, complete sct
Sidereal day
Sidereal year
Sicvcrt, unit of radiation dose equivalent
Z baryons (sce also A and Z baryons)
~+

4

gO

Z I I

Z(1670), note on
Z —+ Ae v, note on

Z, (2455)
Z, (2530)
Silicon strip detectors
sin 8~, weak mixing angle
Singlet-octet mixing in quark model
SLAC databases
SLC (SLAC) collider parameters
Slepton searches
SN 1987A, note on constraints on particles .
Solar equatorial radius
Solar luminosity
Solar mass
Solar v experiments
Solar radius in galaxy
Solar velocity in galaxy
Sourres, radioactive, commonly used
SPEAR (SLAC) collider parameters

Specific heats of elements, table
Spherical harmonics
SPIRES DBMS
SppS (CERN) collider parameters
Squark searches
SSC collider parameters
Standard error, definition of
Standard Model of electroweak interactions
Standard particle numbering for Monte Carlos
Statistir. , definition of
Statistical procedures
Statistics
Stefan-Boltzmann constant
Stopping power
Stopping power for heavy charged projectiles
Straight-line fit, relations for
Strange baryons
Strange mesons
Strangeness-changing neutral currents, tests for
Strong coupling constant in @CD
Structure functions
Structure functions, electroproduction, relations for
Structure functions in quark parton model
Structure functions, leptoproduction, relations
Student's t distribution, Monte Carlo algorithm
Student's t distribution, relations for

SU(2) x U(l)
SU(3) classification of baryon resonances

SU(3) isoscalar factors
SU(3) multiplets
SU(3) representation matrices
SU(6) multiplets

1756
1749

1225, 1787
1787
1262

. 1233, 1304

1227, 1801

~ ~

I

1432
1234
1234
1234
1426
1234
1234
1270
1246
1242
1287
1188
1250

1227, 1802
1250
1278
1304
1325
1275
1180
1275
1233
125) 1

1251
1277

1221, 1728
1200, 1521

1228
1233, 1297

1327
1294
1294
1294
1284
1274
1304
1321
1288
].321
1288
1321

1 372
1179
1602
156')
1263
1256
1255
1240
1234
1234
1268

1222, 1745
1222, 1745
1222, 1747

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.
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SU(n) multiplets
Substructure, quark and lepton, searches
Substructure, quark and lepton, searches, note on .
Summary Tables, organization of
Superconducting solenoids
Supernova SN 1987A, note on constraints on particles
Supersymmetric partner searches

Supersymmetry, electroweak analyses of
Superweak model of CP violation .
Survival probability, relations for
Synchrotron radiation
Systematic errors, treatment of
t quark, Searches for
T (time reversal), tests of conservation
Tachyon searches
7 lepton \ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~

v-decay data problem, note on .
w-decay branching fractions, note on

Technicolor, electroweak analyses of
Technipion searches
TEVATRON (Fermilab) collider parameters
Thermal conductivity of elements, table
Thermal expansion coefficients of elements, table
8(1690) [now called fg(1710)]
8~, 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 searches
top, mt, constraints on
Total lepton number conservation
Transformation of electromagnetic fields, relativistic
Transition radiation
Transition radiation detectors (TRD)
TRISTAN (KEK) collider parameters
Troptical year
Two-body decay kinematics
Two-body difFerential cross sections
Two-body partial decay rate
Two-body scattering kinematics
Two-photon processes in e+e annihilation

(quark) ~ ~ ~ ~ ~ ~

Unified atomic mass unit
Uniform probability density function
Unitarity triangle
Units and conversion factors
Units, electromagnetic
Units, SI, complete set
Universe, age of
Universe, cosmological properties of
Universe, critical density of
Universe, curvature of .
Universe, density parameter of
UNK (Serpukhov) collider parameters
Upper limits, Gaussian distribution
Upper limits, Poisson distribution
T states, width determinations of, note on
T(ls) = T(9460)
y'(rs) = y'(Ioo23)
T(3S) = T(10366)
T(4S) = 2"(10680)
T(10860)

1289
1227, 1805

1805
1177
1265
1432

1227, 1795
1312

. 1543, 1632
1290
1286
1180

1195, 1439
1228
1811

1193, 1403
1403
1406
1313

1192, 1370
1250
1242
1242

1199, 1504
. 1233, 1304

1233
1291
1290
1261
1262
1312
1308

1195, 1439
1312
1228
1285
1257
1262
1247
1234
1290
1290
1290
1290
1295

1195, 1437
1233

~ . ~ 1272
1316
1233
1285
1240
1234
1236
1234
1236
1234
1250
1278

~ . . 1279
1661

1213, 1662
1213, 1665
1214, 1668
1214, 1669
1214, 1669

1214, 1670
1315
1271
1271
1517
1249
1247
1248

1191, 1351

1233, 1304, 1308, 1309
1192, 1372

. 1304, 1315

. 1233, 1304
1, AS=1) . 1228

1275
. 1233, 1304

1661
1308
1233

1238
1316
1188
1290
1494
1504
1505
1506
1507

1199, 1507
1519
1508
1509
1512
1516

1224, 1769
1773

1224, 1769
1224, 1771
1226, 1788
1226, 1788

1513
1221, 1732

1234
1234
1289
1289
1242
1186

1191, 1353
1353

1233, 1304, 1309, 1372
1333
1372

T(11020)
V~g, Vus& V~)& Vpp& +cs, V~)& Vtgs Vts) Vg
Variance, definition
Variance, relations for
Vector meson candidates
VEPP-2m (Novosibirsk) collider parameters
VEPP-4m (Novosibirsk) collider parameters
VLEPP, INP (Serpukhov) collider parameters
W gauge boson
TV gauge boson, mass, width, branching ratios,

and coupling to fermions. . . . 1191,
Weak gauge boson searches
Weak interactions of quarks and leptons
Weak mixing angle (sinS 8~)
Weak neutral currents, tests for (AB = I, AC =
Weighted averaging, relations for
Weinberg angle (sin2 8tv)
Width determinations of T states, note on
Width of 8' and Z bosons
Wien displacement law constant
WIMPs —see Dark matter limits
WIMPs ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Wolfenstein parameterization
World-Wide Web
z variable (of Feynman's)
x(1600)
X(1700) [was ri(1700)]
X(1740)
X(1775)
X(1830)
x(1850) [now called d s(1850)]
X(1900-3600)
X(1910)
X(1950)
X(2200)
X(3250)" baryons
:- resonances, note on
~p

~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

I'~gg 8 1
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~Q
C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

((2220) [now called f4(2220)]
Y' resonances (see A and Z resonances)
Year, sidereal
Year, tropical
Young diagrams
Young tableaux
Young's modulus of solid elements, table
Yukawa databases
Z gauge boson

Z gauge boson, note on ~

Z gauge boson, mass, width, branching ratios,
and coupling to fermions. . . . 1191,

Z width
Z' searches, note on .
Z' resonances (KN system)

(see p. VIII.68 in our 1992 edition, Phys. Rev. D4$, Part II)

Greek letters are alphabetized by their English-language spelling. Bold page numbers signify entries in the Particle Properties Summary Tables.
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