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Some Two-Body Final States of Ii."-P Interactions at 1.33 Gev/c*
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Wc studied 21 187 two-prong, two-prong-with-kink, and zero-prong-V events at incident kaon momentum
of 1.33 GCVjc using the 72-in. hydrogen bubble chamber at the Lawrence Radiation Laboratory and two
scanning and measuring projectors in Urbana. We determined the total and partial cross sections for all
contllbut1ng 1'cact1ons. Fol' thc two-body 6nRl states& some ploduct1on- and polarization RngulRI d1st1'lbu-
tions were measured. The angular distributions are discussed in terms of exchanges in the kinematical
channels s, t, and I assuming the simplest Feynman graphs. Elastic scattering is analyzed as a diffraction
PI'OCCSS.

L DTTRODUCTION

~ ~HE general interest in the E p interaction, the
discovery of the Kerth bump in the total E p

cross section, and the success of the E exposure in the
15-in. liquid-hydrogen bubble chamber led the Alvarez
group, at the Lawrence Radiation Laboratory, to
propose an extensive exposure of the 12-in. liquid-
hydrogen bubble chamber to E—mesons of momenta
1—2 GeV/c. A separated beam was designed and built
for this purpose. ' As part of a general Berkeley-Illinois
collaboration, we undertook the study of some of the
reactions that occurred in the particular exposure where
the E mesons had a momentum of 1.33 GeV/c.

At the outset of this experiment, data available within
the incident-kaon xnomentum range 0.80-1.80 GeV/c
consisted of determinations of the total Epcross'
sections as well as data pertaining to the two-body
cross sections below 1.15 GeV/c. ' Since that time
numerous experiments have contributed data to the
total and partial cross sections between 0.80 and 1.80
GeV/c. '

*Work supported by the U. S. Atomic Energy Commission.
Funds for operation of the computer provided by the NSF. Part
of this work presented by W. P. T. m partial ful6llment of the
requirements for the Ph.D. degree at the University of Illinois.

t Present address: Physics Department, Virginia Polytechnic
Institute, Blacksburg, Va.

$ Present address: Physics Department, Massachusetts In-
stitute of Technology, Cambridge, Mass.

i Present address: University of Witwatersrand, Johannesburg,
Union of South Africa.

~*Present address: CERN, Geneva, Switzerland.' H. K.Ticho, D. H. Stork, J.Button-Schafer, G. R. Kalb8eisch,
D. H. Miller, J. Kirz, R. Hubbax'd, D. O. Huwe, and C. G. Wohl,
University of California Lawrence Radiation Laboratory Report
No. UCRL-10690, 1965 (unpublished).' (a) V. Cook, B. Cork, T. F. Hoang, D. Keefe, L. T. Kerth,
%. A. Wenzel, and T. F. Zipf, Phys. Rev. 123, 320 (1961);
(b) O. Chamberlain, K. M. Crowe, D. Keefe, L. T. Kerth, A.
Lemonick, Tin Maung, and T. F. Zipf, i'. 125, 1696 (1962);
(c) P. L Bastien and J. P. Berge, Phys. Rev. Letters 10, 188
(1963); (d) W. Graziano and S. G. Wojcicki, Phys. Rev. 128, 1868
(1962).

3 (a) L. Sodickson, I. ManneQi, D. Frisch, and M. Wahlig,
Phys. Rev. 133, B757 (1964); (b) VV. R. Holley, E. F. Bcall,
D. Kcefe, J.Kerth, J.J.Thresher, C. L. Wang, and %.A. Wenzel,
~Md. 154„1273 (1967); (c) C. G. Wohl, F. T. Solmitz, and M. L.
Stevenson, Phys. Rev. Letters 17, 107 (1966); (d) P. M. Dauber,
ibid 134, B1370 (1964); (e) A. Barbaro-Galtieri, M. H. Alston,
A. H. Rosenfeld, and S. G. Wojcicki, BuH. Am. Phys. Soc. 9, 23

170

The 6rst reaction chosen for study was E p elastic
scattering. Since all the particles are charged, all the
particle momenta can be measured, and the consistency
of the measurements with momentum and energy
conservation provided a check of the new measuring
apparatus which had been built for the-experiments.
The apparatus was a scanning and measuring projector
(SMP) which had been invented by L. W. Alvarez and
developed as part of the collaboration. 4

Once the measuring apparatus had been shown to
produce accurate data, the rest of the two- and three-
body reactions were studied. The total cross section
at this momentum, partial and differential uoss
sections, decay angular distributions, and resonance
px'oductlon were studied ln the I'eactlons that px'oduced

fmal states of EÃ, Ejtfxr, I'xr, E+, and I'xrxr. Some of
the four-body 6nal states as well as one production
topology of E+ occurring in this exposure have been
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and G. P. Puppi {SocieQ, Italiana di Fisica, Bologna, 1963), p.
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analyzed by the Alvarez group. ' This paper reports the
total and nonresonant cross sections and two-body
angular distributions, and compares our results with
other experiments.

efBciency=
1V,(¹+Xm—E.)

where E, is the number of events found after collation,
X& is the number of events found on first scan, and E2
is the number of events found on second scan. This
calculation is based on the assumption that events are
missed only as a result of random inefficiency. The
eKciencies were 95-99% for the various topologies.

Of all the events found by scanning, the ones that
were measured were the two-prong (2P), zero-prong-V
(OPV), two-prong with a kink on the negative second-
ary (2P-), and two-prong with a tunk on the positive
fitted secondary (2P+) events. The measurements were
fitted to the mass hypotheses displayed in Fig. 1.

TmLz I. Final results of the measurement effort. "Passed"
means that the measurements satis6ed some physical hypothesis.
"Unpassed" means that the event was judged unmeasurable or
yielded measurements that failed to satisfy some hypothesis after
three measurements.

Topology

2P
OPV
2P+
2P

Passed (%)
81.0
73.7
68.9
71.9

Unpassed (%)
19.0
26.3
31.1
28.1

5 (a) S. G. Wojcicki, M. H. Alston, and G. R. Kalb8eisch,
Phys. Rev. 135, 8495 (1964); (b) L. W. Alvarez, J. P. Serge,
G. R. Kalbfleisch, J. Button-Schafer, F. T. Solmitz, M. L.
Stevenson, and H. K. Ticho, in Proceediggs of the D6Z Arsenal
Ietereutioeal Conference oe High-Energy Physics at CERE,
edited by J. Prentki (CKRN, Geneva, 1962), p. 433.

II. EXPERIMENTAL PROCEDURE

A. Scanning and. Measuring

The data that have been analyzed are contained on
93 rolls of 46-mm film containing about 600 sets of
stereo triads each. The total exposure consisted of
about 56 000 stereo triads.

For this experiment, an event was any interaction
or three-prong decay which was associated with a beam
track. A beam track was de6ned as a negatively charged
particle entering the chamber between the Qanges of
the window and not deviating in azimuth by more than
2' from the central angle of the majority of other
entering tracks. Each roll was scanned twice by diferent
scanners. When both scans of a roll were complete, the
results were collated and discrepancies were noted.
Discrepant interpretations were then resolved by
re-examination. The scanning efBciencies for each
topology were calculated by the following prescription:

Events which satisfied a kinematical hypothesis to
a 1/o confidence level were considered to be good events
Operators were allowed to reject events without
attempting a measurement, if they determined that a
successful measurement would be impossible because of
the quality of the film or the placement of the event.
Measured events that failed to satisfy any hypothesis
were remeasured. Those remeasured events that satis-
Ged a hypothesis were classed as good; those that failed
were measured a third time. After this measurement,
passing events were called good, but failed events were
not remeasured. These unpassed events were divided
among the various hypotheses in proportion to the
passed events. Table I has the final results of the
measurement program.

B. Beam Characteristics

l. Momentum

We used two methods to establish the beam momen-
tum. First, 527 two-prong events, whose measurements
it some definite mass hypothesis and which had a beam
track longer than 15 cm were used. The unfitted
momentum of the beam track was extrapolated to the
middle of the chamber, and the set of values were fitted
to a Gaussian distribution. These data and the fitted
curve are displayed in Fig. 2(a). In the second deter-
mination, 158 events were selected, whose measure-
ments 6t the mass hypothesis of the r-decay mode of
the E—meson. For each selected event, the fitted
kaon momentum was extrapolated to the middle of the
chamber. The data and a Gaussian distribution fitted
to the data are shown in Fig. 2 (b). The weighted average
of the two determinations is Pb„=1.328+0.002
GeV/c and APb„=0.036+0.002 GeV/c.

Z. Path I.ength

To determine the path length of beam tracks in the
interaction volume, we counted the number of entering
beam tracks Sg and determined a value for the
average path length in the chamber. Rather than
measuring a randomly selected set of noninteracting
beam tracks for this, we extrapolated each interacting
beam track that produced a good event to its intersec-
tions with the interaction volume, weighted each track
by the reciprocal of its length, and averaged the
weighted lengths. ' This gave an average path length of

l= j.55.9+1.6 cm.

The total path length was

I=E~l= (l.i2&0.02) X10"cm.

6 The probability that a beam particle would have an interaction
is proportional to its length, so the weight given the extrapolated
length of each interacting beam track was the reciprocal of its
length.
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OP

Fro. i. Kinematical mass hy-
potheses attempted for each
topology. Note that mm is just
some missing mass and the
baryon involved in the decay
for the Z+ is indicated in the
brackets.
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3. Beans Coetuminuiioe

The beam vras knovrn from other studies~ to consist
mainly of kaons, but to have some contamination of
pions and muons. No electrons vrere expected in the
beam since they vrould suGer a 500-MeV energy loss
in the 0.25-in. stainless-steel entrance vtindovr of the
chamber. ' Their radius of curvature vrould thus be

easily distinguishable from that of the acceptable beam
tracks. The contamination of pions vras estimated to
be less than 3% because no example of pion-produced.
associated production of strange particles vras seen.
A more restrictive estimate vras obtained by examining
the b rays produced by beam particles. Ten beam
particles vrith 8 rays of larger energy than can be
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Pre. 2. Beam momentum: (a) determined by un6tted momentum measurements of the beam track
from 2P events; (b) determined by measurement of g decays.

'R. Hubbard, Alvarez Group Physics Note 496, 1964 (unpublished).
s %. P. Trower, University of California Lavrrence Radiation Laboratory Report No. UCRL-2426, Vol. IV, 1965 (unpublished).
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produced by a kaon at 1.33 GeV/c were subsequently
seen to undergo strong interactions. This number
implies that the fractional-pion contamination in the
beam is f = (1.4&0.5)%. If the rest of the beam tracks
that produce 8 rays of larger energy than can be
produced by 1.33 GeVje kaons are muon tracks, then
the fractional-muon contamination in the beam is

f~=5 1+1 O%%uo.

1. Scanning Losses for Small Ang-le Elastic Scattering

Small-angle elastic scattering events are hard to
see, particularly if the plane of the scattering is nearly
ver tical in the bubble chamber. The scattering seen by
the scanner is, of course, only the projection of the
true scattering on the 61m plane of the camera view in
which the scan is done. The smallest value of the
scattering angle in the 61m plane that could be reliably
noticed by the scanners was about 11'. In addition to
the small scattering angles being hard to see, the
proton range becomes short, and its direction becomes
transverse to the beam particle. In this bubble chamber
the back plate has transverse lines on it, against which

short transverse tracks are hard to see.
In order to estimate the number of elastic scattering

events missed, the following argument was used: The
observed angular distribution, as seen in I"ig. 11, in
the region 0.3&cosy&0.925 is Gtted very well by the
function lit (tt) = expL —k(1—cos8s)g. We assumed that
the true distribution is represented in the region 0.925
&cosop& i.0 by the extrapolation of this function.

Z. Distortion of Asimuthal Angular Distributions

A disturbing and uncorrected eGect is that the
distribution of elastic scattering events with respect. to
the angle between the scattering plane and the horizon-

600-

I 400-
ILI

5Roo-

Fio. 3. Azimuthal distribu-
tion for elastic scatters in the
interval —1.00&cosP~ &0.925.
The solid line is a best-6tted
curve to the folded distribution.

C. Detection and Measurement Biases

In the determination of cross sections and angular
distributions, corrections had to be made for biases in
the detection and measurement of events. Each correc-
tion will be discussed in turn.

tal plane in the bubble chamber is not uniform. The
observed distribution is shown in Fig. 3 for those
events for which —1.0&cos8~&0.925. We expect the
scanning efFiciency for events in this range to be high,
since the range of the proton exceeds 8.2 cm. An

inability to measure successfully steeply dipping tracks
could account for this eBect, but no disproportionate
number of steeply dipping tracks was found among the
unpassed events. In fact, all of the unfitted two-prong
events could be accounted for as due to pions in the
beam, or as due to other event types which appeared
to be two-prong events, such as prompt decays of

strange particles. We therefore believe that the number

of two-prong events is correct, but that the azimuthal

distribution has been distorted. The most likely cause

of the distortion is an error in the spatial reconstruction
of events from the stereo camera views. The error most
probably came from a translational error in the 6ducial
coordinates in one of the stereo views. It was not
possible to go back and check the coordinates after the
distortion was found, because the bubble chamber had
been taken apart and reassembled by then.

The azimuthal distributions of the production and

decay of the other two-body Gnal states exhibit the
same effect.

3. Effect of Prompt, Slow, and Eeutra/ Decays

When an unstable particle is produced at a vertex
and decays promptly, it can cause one kind of event to
look like some other kind. If it decays by a neutral

mode, or decays after it leaves the chamber, the decay
scheme is unavailable as an identifying characteristic.
The particle may then be improperly identified, and

the event improperly classified. The probability of such

prompt, slow, and neutral decays can be computed from

the known lifetimes and branching ratios of the

particles. Sy using the number of events with unstable

particles which are found in their identihable topologies,

it is possible to estimate the number of such events

which appear in other topologies as a result of these

misleading decays.
The effects of these prompt, slow, and neutral decays

will be to produce a contaminant in the 2P or OPV

topologies. Using a Monte Carlo calculation, their

effects on the two-prong hypotheses were calculated.

They contributed to the K'pm, 4'm.+n, and Z'm+n=

hypotheses to a small degree and to the x+x- missing

mass (mm) to a greater extent. Those effects were also

considered when calculating the partial cross sections.

Other events that manifest themselves as OPU (X'
decay) and 2P+ and 2P (pion decays) have probabil-

ities of occurring which are small enough to justify

neglecting them.

00'
P

60 90

4. Effect of Dalits Pairs

Reactions that usually appear as 2P, OPV, 2P+, and
2P- and produce a neutral pion, may appear as 4P,
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2PV, 4P+, and 4P-, respectively. This is due to the
Dalitz decay mode of the neutral pion'. ~e+e y.
Since the branching to this mode is 1.18%,' and the
number of events of a topology that 6t each mass
hypothesis is known, the number of events which appear
in the latter set of topologies can be calculated.

5. Detection Biases in Decays

If we consider the decay angular distribution, defined
as a function of cos8~ in the c.m. system of decaying
particles, where

cos'4 =~hyperon'+beryon or l z ' Prr+
& -(2)

we expect isotropy for the E&' decay because spinless
particles have no direction in space with respect to
which their decay is oriented. Spin--, particles in strong
interactions, even with their known decay asyDimetries,
are also isotropic in cos8~ because an up-down asym-
metry with respect to the production plane is averaged
out by the isotropy in the distribution of the production
plane itself. Therefore, any anisotropy in cos8~ is
indicative of a bias in the data. The effect of such biases
on the two reactions in which it was found is as follows.

For the Ej'e final state, the cos8~ distribution is
given in Fig. 4(b). Note that the two most forward bins
show a marked abundance of events. We believe that
this peak is due to A. events which are kinematically
ambiguous with E~'e events. The number of events for
which the E~'e hypothesis is best, but which were also
good 6ts to the A. hypothesis, is about equal to the
excess in the histogram in Fig. 4(b). To examine this
excess, a scatter plot of cos8z (production cosine of
meson in the over-all c.m. frame) versus cose~ for all
ambiguous events fell in the cos8& region under question.
Therefore, all ambiguous events were assigned to the
A hypothesis. The validity of this procedure was
checked by a Monte Carlo calculation and found to
be reasonable.

The protonic decay mode of the Z+ in the &+(P)~
6nal state showed depletions in the cos8~ distributions
near Hz =+1 and —1. We believe this to have been
caused by the scanners being unable to detect small
kinks in tracks in which there is little change in ioniza-
tion. Therefore, only Z+(yz)~ events weighted by their
branching ratio were used in the determination of the
production angular distribution and partial cross
section. However, the polarization measurement is
unaffected by this bias, and so the up-down decay
asymmetry could be calculated for all strange-particle
final states.

III. EXPERIMENTAL RESULTS

A. Total K—
p Cross Section

The total cross section was found by counting the
total number of interactions, and dividing by the total

9D. W. Joseph, Nuovo Cimento 16, 997 (1960), calculates
theoretically the ~' —+ e+e /anything to be 1/84.5.

+l.0
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Fxo. 4. (a) Scatter plot of ambiguous E~' and A. events. 0 A,
best; X, E»' best. (b) Decay angular distributions for E' best.
Solid line, uncorrected (544 events); dashed line, corrected
(516 events).

rz~ot, =h.zA/Np=30. 5&0.8 mb.

path length of E mesons within the fiducial volume of
the chamber. The cross section was then calculated from
this ratio and from the density and atomic weight of
liquid hydrogen. More precisely, the depletion of beam
particles in an element of path length dl, due to inter-
actions and decays, is

dlVz= (Xzrhz exp) —l(An+Az) j
+1V.~z expL —l(Xn+Xz)))dl. (3)

Integrating, we get

Xz——fNzzkz/(Jar+A~) j(1 expL l(Az+Aa) —])—
+P lb'z/(~z+Xn)g(1 —expt —l(Xz+XD)j) ~ (4)

Table II gives the values of quantities used in solving
Eq. (4) for Az. The result is

Az= (1.069+0.028) &&10 ' cm—',
and therefore
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Tmr.E II. Quantities used in calculating the total cross section.

Symbol

A
c
fE:
f.
f
M~
M
Ã

NI
Ng
N~= f~Ng
N =fN~
P

A3 =EgAD
AD =M~/Perl
XD=M /Pcz
&s=Npo /A

P

Quantity

Atomic weight of hydrogen'
Speed of light'
Kaon beam fraction
Muon beam fraction
Pion beam fraction
Average track length
Kaon massb
Pion mass"
Avagadro's number'
No. of beam tracks
No. of interactions
No. of three-prong events
No. of kaons entering chamber
No. of pions entering chamber
Seam momentum
Inverse three-prong kaon-decay length
Inverse kaon-decay length
Inverse pion-decay length
Inverse pion-interaction length
Density of liquid hydrogen
Pion total cross section'
Kaon mean lifeb
Pion mean lifeb

Value

1.0084 amu
2.997925X10'0 cm/sec
0.935&0.014
0.051+0.018
0.014+0.005
155.9&1.6 cm
493.78~0.017 MeV
139.580&0.0019MeV
6.02252 X10'3
71 746a746
9747&247
518&23
67 227&1210
1004+180
1.328+0.002 GeV/c

(5.981&0.167)X10 ' cm '
(1.0093+0.0272) X10 3 cm '
(1.3743+0.0371)X iM cm ~

(1.2595+0.0506)X1M cm '
0.0586&0.0012 g/cm'
35.84+1.22 mb
(1.229&0.008)X10-8 sec
(2.55&0.0019)X10 8 sec

Handbook of Chemistry and Physics (Chemical Rubber Publishing Co., Cleveland, Ohio, 1965), 46th ed,
b See Ref. 17.
e See Ref. 10.

It is possible to estimate the total cross section by
observing how many fewer E meson decays occur in
the chamber than would have occurred. if the E
mesons did not interact. The value obtained by this
method is

or,,~(r decay) =43+18 mb.

B. Classification of Events

To determine the partial cross sections and angular
distributions of the various anal states, it is necessary
to assign each event to one of the possible anal states.
The fraction of events that were probably produced by
x mesons must be estimated. Some events that have
ambiguous identi6cations on the basis of track measure-
ments can be identi6ed by the ionization density of their
tracks. The remaining ambiguous events have to be
apportioned to the various final-state c1assilcations on
some probabilistic basis.

1. Subtractiol of Pion Produced Ewersts-

The total, partial, and. diBerential cross sections of
pions near our energy are well known. ' From these
and the known beam contamination due to pions, we
calculated the expected number of pion-produced events
in our various topologies. The probability of a pion-
produced 2P+ is vanishingly small. Kinematically,
the pion events in the OPV and 2P topologies have

" (a) W. D. Shephard and W. D. Walker, Phys. Rev. 126, 128
(1962); (b) T. J. Devlin, S.J. Moyer, and V. Perez-Mendez, i''.
125, 690 (1962); (c) J. A. Helland, T. J. Devlin, D. E. Hagge,
M. J. Longo, B.J. Moyer, and C. D. Wood, in Proceed&sgs of the
1NZ Arsrslal INteraatioeal Cogferelce ors Hegh Emergy Physic-s at
CEMf (CERN, Geneva, 1962), p. 3; (d) L Sertanza, R. Carrara,
A. Drago, P. Franazini, I. Mannelli, G. V. Silvestrini, and P. H.
Stoker, Nuovo Cimento 19, 467 (1961).

a very small probability of 6tting a kaon hypothesis and
therefore will not be mistaken for kaon events. The
inelastic pion events of the two-prong topology may
6t some inelastic kaon hypotheses. To investigate this
possibility, a Monte Carlo method was used to generate
fake pion events which were tested against the set of
two-prong kaon hypotheses. " Only the inelastic pion
reaction or p -+ sr+7r rs makes a sizable contribution, and
then only to the kaon-produced anal states involving a
A..These contributions were considered when calculating
the cross sections.

In order to investigate the contributions of elastically
scattered pions, we generated 915 fake events according
to the known pion-production angular distribution.
These events were tested against the set of kaon-mass
hypotheses. The only hypothesis which they Qt was
kaon-proton elastic scattering with cos8p&0.6, where
the c.m. scattering angle is

cos~p =~X(~ '1 meson~~g

and the Ps are unit momentum vectors in the over-all
c.m. system. Eighty percent of elastically scattered
pions would have cos8s»+0.6 and 64% &t the kaon-
proton elastic scattering hypothesis. A correction
proportional to the number of measured events and the
known pion contamination was applied to each histo-
gram bin with cos8s»+0.6. This correction seemed
reasonable because both the kaon- and pion-production
angular distributions have similar diffraction peaks in

this region.

'~ G. R. Lynch, University of California Lawrence Radiation
Laboratory Report No. UCRL-10335, 1962 (unpublished).
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Z. Separation of Events by Hypothesis Testing
and Ioeim'ation 3feusurement

2P OPV 2P+

TmLE III. Results of the ionization scan.

2P—
In order to associate an event with a particular

physical process the confidence levels of each fitted
hypothesis were compared. " It is well known that
although X' distributions of 6tted bubble-chamber
events exhibit the proper shape, they tend to be two-
to three-times wider than those of the standard distribu-
tions. This effect is believed to be caused by an under-
estimation of, and/or the non-Gaussian character of,
the errors in the hardware of the data-gathering system.
If this effect is caused by underestimation, multiplying
each calculated X' by a simple scale factor will correct
the situation, and in turn Qatten the confidence-level
distribution. To determine the scale factor, we examined
about 250 measurements of events which fit a single
mass interpretation for each constraint class." The
scale factor was found. for each constraint class. VVhen

the factor was applied, the con6dence-level distributions
fIattened out. This value for the scale factor implies an
underestimation of the errors by a factor of 1.3.

An additional idea of the magnitude of the error
underestimation can be obtained by examining the
distributions of the pull or stretch quantities,

where x; is the value to which the measured variable
x; has to be adjusted in order to obtain a 6t of the data
to the constraints. The pull distribution should have a
mean at zero and a standard deviation of unity if the
errors are estimated correctly. In all of the plotted
distributions, the means were consistent with zero while
the widths were about 1.3-1.4, indicating an underesti-
mation of errors of this factor.

For each event the hypothesis with the largest scaled
confidence level is called "best," and, in those cases
where there are ambiguities, the one with the next
largest is called "next."

An event-satifying hypothesis i was judged to be
ambiguous if, for any other hypothesis j, the con6dence
level C; was

0.1Cb,.g& C;&Cbe, g (7)

'2H. D. Srunk, An Introdlction to Mathematical Statistics
{Ginn and Co., Boston, 1960), p. 380."J. Sutton-Schafer and A. H. Rosenfeld, Alvarez Group
Physics Memo No. 240, 1960 (unpublished).

and the mass assignment of one or more of the charged
tracks was different from "best." For each track,
projected bubble density can be predicted:

Dn j/P' cosh,

where X is the dip of the track and p= v/e. If for those
tracks (i) of the competing hypothesis (h) which have
different mass assignxnents, the inequality

0.67& (Db..g/Dg);&1. 5

Before scan
Unambiguous
Ambiguous

After scan
Unambiguous
Ambiguous

64%
36%

9&%

79%
21%

93%

74%

15%

C. Partial Cross Sections

Partial cross sections displayed in Table V were then
calculated directly from the relative abundances of
fitted events, with the following exceptions:

The A.m cross section was determined by doubling the
number of OPV events which Qt the hypothesis A+mm

is unsatis6ed, the ambituity is said to be resolvable by
ionization examination.

All passed events that were ambiguous and were

predicted to be resolvable on the basis of bubble density
were examined on the scanning table to determine if
the relative ionization of their tracks could specify the
interaction. The success of these attempts is displayed
in Table III.

After the ionization information had been used to
reduce the number of ambiguous events, the classifica-
tion of events was in the state shown in Table IV. In
the 2P events the ambiguities are relatively few, the
worst cases being those for which the choice between
E x+e and A.m+x hypotheses was ambiguous.

To identify an event with a 6nal state having one or
more neutral particles that do not decay or interact in
the chamber, the mass of the missing particle must be
inferred from the momentum measurements of the
visible particles and the conservation laws. If only one
neutral particle is actually missing, then the inferred
mass may agree with that of a known particle, and the
assi~ament is simple. If the errors are such that the
mass identi6cation is ambiguous, or if there are two
unseen particles in the 6nal state, the missing mass is
calculated and the events are assigned to the possible
6nal states in proportion to the available phase space.

The missing-mass-squared (rom) distribution for
those events that best 6t various two-body hypotheses
involving neutral particles are shown in Figs. 5 and 6.
The hypotheses that represent the "best" fits are
(Fig. 5) IC p ~EO+mm and (Fig. 6) X p —+ A+mm.
For the events that best 6t E'+mm, the neutron peak
is clear, and no structure appears in the remaining
events. In the mm distribution for events associated
with A. production, the missing neutral can be x', 2x',
3x', g, co, and Z'. The contribution of the phase-space
distributions for each of these possibilities was adjusted
to give the best combined 6t to the observed over-all
distribution. The assignments of events involving
neutral particles to the other appropriate channels
were made using similar decompositions.
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TABLE IV. Matrices of hypotheses fits. Abundances are given in percent of all events found in that topology. Unambigious events are
diagonal terms. h&(lo) means that the calculated m' mass was less than 135 MeV.

st
2P

E pro E pmm E m+n E x+mm w pKO m pmm ~ a+A. ~ m.+50 x x+mm

E pE pm. o

E pmm
E ~+n
E ~++mm
m. pZO
m p+mm
m m+h.
~-~+Xo

7f' x++InIIl

56.1

0.05
0.05

0.1
0.02

0.05

7.8

0.1
0.02

0.02

0.5

0.02

0.02

1.3
0.02
0.3

0.5

0.05

0.05

7.1

0.02
0.05

0.05

0.5
0.02

0.9

0.02

5.7

0.2
0.1

0.02

3.5

0.1
0.2

0.05

OPV
st 4~0(lo) A~ (hi} A,+mm Kono Eo+mm

2P+
&'(p) ~'( ) ' &'(p) ' ~+(n) ~+(p}—

+mm +mm

A.7r (lo) 9.6
X 0(hi)
A+mm
Z'n 0.4
Ko mm 0.03

16.9

0.8
0.3

0.1
0.1

33.7 0.8
1.1 18.5
1.4

0.003
0.003

16.3

Z+(n}~-
z+(p)~-
Z+(n)~—~0
z+(p)~-H
Z+(n)m +mm
Z+(p)~ +mm

25.4
0.06
1.8

0.8
0.06

0.1
17.9

1.0
0.3
0.8

09

25.9
0.2
0.3
0.3

18.2
0.2

0.06

2.3
0.06 3.4

N
Z-(m)x+ Z (e)w+w' Z (N)x++mm Z-p

2P
E pro E p+mm E ~+n E ~++mm E+™

Z-(n)~+
Z-(n)~+~0
Z (n)x++mm
E=p
E=p~
E p+mm
E-x+n
E ~++mmE~

19.8
1.4
0.6
0.1
0.2
0.05
0.1

0.3
33.9

0.05

5.0
0.5
0.1

0.05

2.2

0.1
0.05

0.05

0.1
15.0
0.4

0.1
0.5
0.1

5.2

0.05

0.6

39
0.7

0.2
6.8

0.5

0.1
0.1

0.05

0.05

0.8

TABLE V. Some partial cross sections in mb of E p
reactions at 1.33 GeV/c.

Two-body
final states

o~-~=9.74+0.30
a 170 = 1.78+0.17

ay+ -= 1.48&0.15
op- +=0.49+0.03
a yp~o =0.75&0.12
og 0=1.12+0.14
ay„——0.23+0.05

o g-x~ =0.11+0.05

Three-body
final states

ox-& 0= 1.30+0.08
oz-n~+ =1.82+0.12
a'goy~- —1 51~0 1
~g+ —0 =1.33&0.19
oy,

—+ 0=0.86&0.12
o g„+„-=2.48+0.25

ago + -=1.30+0.40

Final states with more
than one missing neutral

nz&1
o. —+(g, yp) 0= 1.50+0.35

e~ +„0=0.09+0.02
o -„go„o=0.08&0.03

o~0 o =1.62&0.19
m&2

o~-„0=0.10+0.02
o.y+ — 0=0.07+0.03
ag- + 0=0.04~0.02

o+o y,o o =1.15&0.18

with mm&135 MeV. The justi6cation for this is that
these events form a relatively pure sample of Am' events,
whereas A+mm with mm)135 MeV contain Z'~',
as well as three-body 6nal states. In addition, the Am',

peak, even if not truly Gaussian, should at least be
symmetric about the mm=M o.

The partial cross section for the reaction E p —+ Z't'-
was calculated by

%(~~'+)
o z'~'=

%(~«')

and for the reaction E p-+Ay by

%(~~a)

%(~«')

where percentages are determined from the mm

decomposition, and are shown in Fig. 6.
The 2+x cross section was calculated by dividing the

Z+(n)~ cross section by the known Z+ branching ratio.
The errors reflect the statistical uncertainties, the

uncertainty in o.t,&, and the possible misidenti6cation of

events.
Note that the limits on the o.zo o calculated by the

triangle inequality, "
(kL(~*'--)"'- (~r--')'"3)'&~s'-

&(2L(~.'.-)"'+(~s--')'"))' (»)

are 0.07&ogo 0&0.92 mb, and bracket the value we

found by' decomposition.

'4 R.Levi-Setti, Elementary Particles (The University of Chicago
Press, Chicago, 1963), Part I, p. 47.
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Ypszz VI. Some two-body production angular distributions.
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in each of the isotopic spin amplitudes;

1 (TO+ Tl)

Tg~ =-,'(T'—T'),
Ts..———-,'V2 (S'/v3 —lP/V2),

Ts += -'v2 (E-'/43+Sr/V2)

Tzo o= ~2V21P/V3,

Tg o= ~42M'.

The component isotopic spin amplitude for each
process which appears on the left of these equations is
superscripted with the appropriate isospin designation.
The determination of the order e of the best fit was
made by applying the X' test to fits made to the data
with diferent bin sizes. For the optimum bin size, the
confidence levels of the fits to each measured reaction
are plotted as a function of e in Fig. 7. The n chosen by
the above procedure is indicated by a circle. Its appro-
priateness has been corroborated by applying the
Fisher P test."

For the elastic scattering differential cross section,
the forward scattering amplitude can be written as

.09 "

O3 -A,

-03-

Og

,I6-

.I2"

.04-

Ca)

C&3

By the optical theorem,

I &mf(tI) I
e=o'= L(&/4rr)o'io 7 = (6.29+0.16) mb/sr (17)

and by dispersion relations, '6

I Ref(8) I'ii 00——0.055+0.15 mb/sr.

The fit to the elastic production angular distributions
was not constrained by the value predicted by the
optical theorem.

Table VII presents the coef5cients from the three
best fits for each distribution. The normalization for
each of the sets of fitted coeKcients was made so that

A 0—0 partial/4rr~~ & ~

TAsLx VIII. Polarization distributions for
E p —+ A.H and Z+(p)x .

-.08-

-.I6-
. I I

0 0.5 I.O

COS ep

Fxo. 9. Decay angular distribution. (a) E I' ~A. (lo)x and
then A —+pm fit to m=6. (b) E p ~Z+(p}x and then Z+(p} —+
Prr0 6t to en=6.

"I.O
I

-0.5

~. I04&1MAOs

Figures 8(a)—8(f) display the weighted. angular distribu-
tions and their best Irtted curves. Figure 8(e) shows
the weighted Ep~ —I+ 'distribution which was not
fitted because of the small number of events.

+0.33
1022—0.03—1.02—0.11

+0.06
+0.29—0.05
+0.20—0.07

0.33
0.29
0.40
0.50
0.71
0.41
0.29
0.24
0.25
0.25

Z-p ~X~0
ieP1 Error

—1.00 to—090—0.60—0.40—0.20
0.00
0.20
0.40
0.60
0.80

—0.80—0.60—0.40—0.20—0.00
0.20
0.40
0.60
0.80
1.00

+0.01 0.24—0.20 0.34—0.26 0.70
+0.17 0.70—0.16 0.43—0.59 0.33—0.84 0.25—0.52 0.38
+0.94 0.28
+0.02 0.18

It is well known that, the g and g+(p) both hsve
large decay asymmetry parameters, usually called o..'~
To determine the polarization involved in the produc-
tion process, the orientation with respect to the produc-
tion plane of the decay-product proton was calculated
by

Pz XPhyperon
cosf = P„.

Ipx-xp~ ...I

A histogram of this quantity, given in Table VIII was

~7 A. H. Rosenfeld, A. Barbaro-Galtieri, W. J. Podolsky,L. R. Price, P. Soding, M. Roos, C. G Kohl and W S Willis
Rev. Mod. Phys. 39, 1 (1967).

» R. A. Fisher, Statisticai Methods for Research P"orkers (Hafner
Publishing Co., New York, 1946), 10th ed. , Table IV, p. 174.

'~V. Cook, D. Keefe, L. T. Kerth, P. G. Murphy, %. A.
Wenzel, and T. F. Zipf, Phys. Rev. 129, 2743 (1963).
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Tmrx IX. Average polarization for some two-body decays,

Reaction

E p Eon
~Z+(N)~-~ z+(p)~-~Z-(N)~+
-+ Am

Decay'
asymmetry n

0
+0.008&0.037—0.960+0.067—0.010+0.043—0.663&0.022

Number
of events

490
437
312
361
281

3Z cos+

+14.0—26.6—34.1—65.2—6.35

«XP)

+0.03&0.06—0.06+0.03—0.11+0.03—0.18+0.03—0.02&0.03

~ ~ ~

—7.5 &34.7
+0.11+0.04

+18.0 +77.5
+0.03&0.05

4 See Ref. 11.

constructed by
T

F=(aP)=- g cos)P;I s~l
(19)

do g 2kf

(aP)—= gfB P '(cosep),
dO) 4a.k V ~-1

(21)

ac= I (3—(aP)))/I j'Is, (20)

where I' is the average polarization in an interval of
cos8~. These distributions were then 6tted to

was measured. Since only the Z+(p) and h. have sizable
decay asyrrnnetries, the values obtained from the other
6nal states are included only to indicate the reliability
of these measurements. The results are tabulated in
Table IX.The value of (aP) that we find for the Z (s)))r+
6nal state is much larger than the largest possible value,
(aP), =(a)=0.010&0.043, found elsewhere. " How-
ever, we have investigated the Z ()s))r+ final state
thoroughly and have found no apparent biases. All other
final states listed have values of (aP) compatible with
o, within the statistical uncertainties.

where P '(cosa') are the usuaPs first-associated
I.egendre polynomials of order m. The order of best
6t, chosen on the basis of its con6dence level, was

again tested by the Fisher Ii test.
Table VII presents the coeKcients from the three

best fits to the distributions. Figures 9(a) and 9(b)
display the polarization angular distributions for A (lo))rs

and Z+(p))r, respectively, together with the curve
that best 6t the data.

The average polarization was calculated for each
two-body reaction for which the production distribution

.7 .6 .5
I I

.4 .3,2 .I 0
I I I I

700—
600—
500—

400—

IV. DISCUSSION OF RESULTS

A. Comparison with Simple Feynman Graphs

The three simplest Feyrnnan graphs that describe
the reactions we have measured are shown in Fig. 10.
Also shown are the particles that can act as propagators

meson K baryon 300—

REACTION

K p K"p

K p~K'n

K p~X ~+

K"p~X+w

K p~klr'

K p~N K+

OIRECT CHANNEL
c 0 IB I Is -IITO)I

Yo Y,
"'

0 I I I -il o I

y%4 y%4
0 I

ol Il -il oi
y%4 y%4

0 I

ol il -il o.i
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I

ol il -il o.i

Yo Y,

baryon

EXCHANGE CHANNEL
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I B 0 I.Sep IT=0)i

ol ol

P
2l ol
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ol ol I +,s/2

K%0

Il ol III~
K"'

el ol 2l

norie

p meson
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C=2 IBel IS*I ITN I

none

Il oi
none

ol Il

n Nva
2 I I I ol

N%+0
3/2

I ( P Ii/2, +a

p N%+ NIs+

ol I/2

P N"'

ol II -il o.i

xx

200—

I-
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~ loo
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It
It
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It

It
I I It

I t ~
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-I.O -.75 -.50 —.25
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Flo. 10. Exchange candidates for some two-body reactions.
C is the charge, 8 is the baryon number, S is the strangeness, and

T is the isotopic spin of the candidate.

'8 The sign convention used is that of J. D. Jackson, Classical
Zfectrodywol))cs Qohn Wiley Ik Sons, Inc., New York, 1962l, p. 65.

COS e,

FIG. 11. Semilogarithmic plot of elastic scattering production
angular distribution. The erst three bins also display data not
corrected for short unseen proton events (/). The optical point
is indicated (X).
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in the three diagrams of the various reactions. The
production angular distributions that would be pre-
dicted by assuming any one of the possible propagators
of the t and I channels were calculated. None of them
was representative of the observed data. They are shown
in Figs. 8(a)—8(f).

The s channel remains as a possibility. From the
order of Legendre polynomial required to Gt the
production angular distributions, " it can be inferred
that an intermediate state of spin ~ was involved in
the E p and. Z+s. 6nal states. An intermediate state
of spin ~ is inferred for E'e, Z x+, and hmo production.
From the fits to the angular dependence of the polariza-
tion, it is inferred that an intermediate state of spin ~~

is involved in the 5+x and Avr Anal states. The
possibility of propitious cancellation could cause the
disagreement in the results for the 2+x- anal state.

3. Comyarison of Elastic Scattering with an
Oytical Model

50-

30-

10-

1.80
I

)I
[ Il
i

Econ. (66V)
1.90

I
2.0

I
2.1

I

(a)

Viewing the elastic scattering as a diGraction process,
we use the forward portion of our measured elastic
scattering production angular distributions and the
total cross section to obtain the parameters of a specific
optical model. For the derivation of this model we
refer to the work of Krisch, " in which it is assumed
that the elastic reaction is dominated by spin-indepen-
dent absorptive processes. The scatterer is taken to be
a grey disk of radius R with a transmission coefBcient
e—~. A partial-wave analysis is performed in which the
phase shift and absorption coeKcient for each partial
wave is taken to be independent of l for 0(l&kR and
to vanish for l&kR.

This model then predicts that for c.m. production
angles of up to about 70', the elastic production angular
distribution should be

2-
I

E

3

X —X
I I I I
I I I s

(b)

/I
+ ~t

iT)( Xr

il~.~
T T T

l I

(c)

do Jt(2k' sinss8~)- s

Ao kR sin~~8p
(22)

The optical theorem predicts, for this model, a total
cross section of

ot.~——2s2P(1 —e "). (23)

Kirsch further points out that Eq. (22) can be approx-
imated by

do/der ~ expI —O'Es sins('s8~) j~ exp(srRsf) (24)

which is good to better than 10% for c.m. production
angles less than 70'. The quantity t is the square of the
four-momentum transfer.

The semilog plot in Fig. 1g shows the number
I

0
er o

e astic-scattering events in bins of equal t. The straight
line was 6tted to the data on the interval 0.67& —t

(&966).
'OL. E. Olson and %. P. Yrower, J. Nat. Sci. Math. 4, 127

'0A. D. Krisch, Lectlresie Theoretical 2'hysics (University of
Colorado Press, Boulder, 1965), Vol. VII-S, p. 249.

x'

)if
t I I I I

0.8 0.9 1.0 1.1 1,2 1 3 1 4 1.5 1.6 1.7 1.8
PsEass (8'8V/C )

FIQ. 12. Measured beam cross sections for momenta between
0.8 and 1.8 GeV/c. Our data are indicated at 1.33 GeV/o. (a)0 total; Refs. 2(a), 2(b), and 2(c). & elastic; Refs. 2(c), 2(d),
3(a), and 3(b). )( charge exchange; Refs. 2(c), 2(d), 3(c), and
3(d). (b) + Z+o; Refs. 2(c), 2(d), 3(e), and 3(f). —Z s+; Refs.
2(c), 2(d), 3(e), and 3(f). O Rom, Refs. 2(c) and 2(d). {c) Q Au,

3(c), and 3 g). + E+; Ref. 3(k).
Ref. 3(h). ks; Refs. 2(c), 3(i), and 3(j).E AH; Refs. 2(c) 2(d),

+0.061. The Gt gives a value of R=0.94~0.04 F. yt js
interesting to note that the observed. distribution
follows this prediction well out to —t=0.6 or 8~= 75'.
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By use of this value of R and Eq. (23) the value of the
transmission coefIicient e ~ is found to be 0.45&0.03.

Finally, when this 6tted curve is extrapolated to
cosep =+1.0, an estimate for the real part of the forward
scattering amplitude can be made from Eq. (16) to be

final states analyzed were also found to be consistent
with the data of other authors. The single exception to
this statement is the data for A~ 6 in the 5+x final
state. Our results are somewhat larger than the other
data at nearby energies. '

and is consistent with zero. This implies that the phase
shifts are purely imaginary.

C. Comyarison of Results with Other Exyerimeents

Figure 12 shows the total and partial two-body 6nal
state cross sections over the incident-kaon. momentum
interval 0.8—1.8 GeV/c. As can be seen, there is good
agreement between our data and those of other authors.
The expansion coefficients A„and 8 for the various
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