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Hyperon and Antihyperon Production in p-p Collisions at 7 BeV/c*t
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Production of hyperons and antihyperons in the interactions of 6.935 BeV/c antiprotons with protons
has been studied. A total of 80 000 pictures taken with the Brookhaven National Laboratory 80-in. liquid-
hydrogen bubble chamber have been analyzed for all possible final states involving the production of a
hyperon and/or an antihyperon. The total cross section for events in this category is 1.33-0.1 mb. Reactions
leading to two-, three-, or four-body final states involving A or 3 hyperons (or their antiparticles) were
produced highly peripherally. The angular distribution of the AA final state can be fitted to K* (888) ex-
change when the absorptive effect of competing channels is taken into account. Ratios among cross sections
of various hyperon-antihyperon pair states agree with predictions from SU; symmetry, assuming a dominant
K or K* exchange and an F-type coupling. Charge ratios of events with * and Y** (1385) are also con-
sistent with single-particle-exchange models. We have examined the mass spectra of all possible mass com-
binations of all possible final states. The ¥1* (1385) was by far the most prominent resonance produced,
and production of Yo* (1405) and Yo* (1520) was also observed. Although the energy available in the pro-
duction center-of-mass system is 3.86 BeV, there was no statistically significant evidence for the production
of any new meson or baryon resonance. A thorough search has been made for @~ and Q* particles, but no
event was found to be consistent with their production and decay.
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I. INTRODUCTION

E report here the data on the production of
hyperons and antihyperons in the interactions
of 7-BeV/c¢ antiprotons with protons.’~¢ A total anti-
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proton path length of 0.54X10% m in liquid hydrogen
has been examined for all events involving the produc-
tion of a hyperon and/or an antihyperon. The purpose
of this experiment was to study the properties of all
strangeness —1, —2, and —3 hyperons and their anti-
particles; to study the production mechanism in the
processes in which these particles were produced; and
to obtain the cross sections for these processes.
Hyperon and antihyperon production has been
studied previously at lower energies by several groups.?
Figure 1 shows the energy dependence of some relevant

B. R. French, J. B. Kinson, C. Peyrou, M. Szeptycka, J. Badier,
M. Badier, M. Bazin, L. Blaskovic, B. Equer, S. R. Bornestein,
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P—p cross sections.!” Less than 29, of all high energy
P—p interactions involve hyperon and/or antihyperon
production. Thus a very large number of p—p events
are needed to perform any detailed study. However
these events are interesting because, in addition to the
conventional search for new particles and resonances,
they also supply knowledge of the properties of anti-
hyperons and their resonant states. Furthermore the
two-body hyperon states furnish simple systems for the
study of production mechanisms and symmetry
properties.

This paper is divided into eight sections: the experi-
mental procedures are explained briefly in Sec. II.
(They have been treated in detail in Ref. 7.) In Sec. IIT
we present the cross sections for various final states and
a comparison with data at lower energy. In Sec. IV we
report the details of the search for the Q particle and a

17 The data used in Fig. 1 were collected from Ref. 8, 12, 15,
16, and the following reports: T. Ferbel, A. Firestone, J. Johnson,
H. Kraybill, and J. Sandweiss, Nuovo Cimento 38, 12 (1965);
38, 19 (1965) ; U. Amaldi, T. Fazzini, G. Fidecaro, C. Ghesquiere,
M. Legros, and H. Steiner, sbid. 34, 825 (1964); W. Galbraith,
E. W. Jenkins, T. F. Kycia, B. A. Leontic, R. H. Phillips, A. L.
Read, and R. Rubenstein, Phys. Rev. 138, B913 (1965) ; Charles
A. Coombes, Bruce Cork, William Galbraith, Glen R. Lamberston,
and William Wenzel, ¢bid. 112, 1303 (1958); T. Elioff, L. Agnew,
O. Chamberlain, H. Steiner, C. Wiegand, and T. Vpsilantis,
Phys. Rev. Letters 3, 285 (1959) ; Rafael Armenteros, Charles A.
Coombes, Bruce Cork, Glen R. Lamberston, and W. A. Wenzel,
Phys. Rev. 119, 2068 (1960) ; T. Ferbel, A. Firestone, J. Sandweiss,
H.D. Taft, M. Gailloud, T. W. Morris, A. H. Bachman, P. Baumel,
and R. M. Lea, sbid. 137, B1250 (1965); H. C. Dehne, E.
Raubold, P. Séding, M. W. Teucher, G. Walf, and E. Lohrman,
Phys. Letters 9, 185 (1964); K. J. Foley, S. J. Lindenbaum,
W. A. Love, S. Ozaki, J. J. Russell, and L. C. Yuan, Phys.
Rev. Letters 11, 503 (1963); and G. Kalbfleisch, University
of California Radiation Laboratory Report UCRL-9597
(unpublished).

study of the production of & particles. Lifetimes and
masses of some hyperons and antihyperons are reported
in Sec. V. The two-body final states are of particular
interest since they furnish very simple systems to study
interaction mechanisms. They are treated in detail in
Sec. VI with a comparison with some theoretical predic-
tions from single-particle exchange models and SU;
symmetry. Data on three- and four-body final states
also have some bearing on the single particle exchange
models; they are presented in Sec. VII. Finally Sec.
VIIT summarizes this experiment.

II. EXPERIMENTAL PROCEDURES
A. The Exposure

The antiprotons were produced by the 28-BeV/c
internal proton beam of the Brookhaven National
Laboratory Alternating Gradient Synchroton (AGS)
impinging on an aluminum target in the AGS I-10
straight section. The particles were then taken off at
7° from the primary beam and traversed a complex of
magnets and separators known as Beam 3,'® finally
entering the BNL 80 in. liquid-hydrogen bubble
chamber.!®

18T, Skillicorn and M. Webster, Brookhaven National Labora-
tory Internal Report H-10, 1962 (unpublished); D. C. Rahm,
Brookhaven National Laboratory Internal Report H-17, 1965
(unpublished).
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Courtney, B. B. Culwick, J. J. Diener, W. B. Fowler, C. L.
Goodzeit, J. Hanush, E. L. Hart, H. Houtsager, J. E. Jensen,
D. A. Kassner, D. T. Liverios, R. I. Louttit, S. C. No, T. W.
Morris, R. B. Palmer, P. A. Pion, R. R. Rau, E. Rutan, R. P.
Shutt, J. H. Sondericker, A. M. Thorndike, W. A. Tuttle, I. J.
Winters, W. Woelfel, D. H. Wright, S. S. Yamamoto, F. Anderson,
I(-Il. Y‘g) Courant, and H. L. Kraybill, Nucl. Inst. Methods 20, 100

963).



152

FOCUSING

T
MAGNETS DEFLECTING

MAGNETS FOCUSING
MAGNETS

1st SEPARATOR

100 FEET

p-p COLLISIONS AT 7 BeV/c

1173

CONCRETE

SHIELD BUBBLE

CHAMBER

2nd SEPARATOR
''''' =333
ANTIPROTONS
2nd st

Fi1c. 2. Schematic layout of beam 3.

3

Fiducials: A (-25.347,+19.079, O)
D (+55.877,-19.098, 0)
Cameras: 1(-31.75 ,-31.75 ,-20749)
2 (+31.75 ,-31.75 ,-207.49)
3 (+31.75 ; +31.75 ,-20749)

F1c. 3. Dimensions of the BNL 80-in. liquid-hydrogen bubble chamber, YACK coordinate system, and the positions of
fiducials and cameras. Fiducial and camera coordinates are in cm.

The over-all length of Beam 3 from the I-10 target to
the 80-in. bubble chamber was approximately 450 ft.
It was a two-stage electrostatically separated beam
with a 50 ft long separator in each stage (Fig. 2).

Figure 3 shows schematically the dimensions of the
BNL 80-in. bubble chamber, the positions of the fidu-
cials used and the three cameras, and the coordinate
system used in this study. The magnetic field had a
large Z component of approximately 20 kG which
varied by as much as #=3 kG over the hydrogen volume.
It also had X and ¥ components of from —2 to 42 kG.
All three components had been accurately measured and
fitted to polynomials of the X, ¥, and Z coordinates in
space and thus could be calculated for any point in the
chamber.?

20 B. B. Culwick, Brookhaven National Laboratory Internal
Report B.C. 05-2-G, 1964 (unpublished).

A total of 80000 pictures were taken in February
1964 with an average of 10 antiprotons per frame. The
effective length of the chamber was reduced to ap-
proximately 50 in. due to the dislocation of some of the
retrodirective “coat hangers” near the beginning of the
chamber. Chamber parameters were adjusted during the
run to obtain bubble diameters of about 350 u and a
bubble density of about 10 bubbles per cm for tracks
of minimum ionization. This made possible estimation
of particle velocities for tracks with ionization up to
three times minimum.

The purity of the beam was determined to be 959
from a careful study of the momentum spectrum of
8 rays produced by beam-like tracks.!® The beam mo-
mentum was determined from elastic $-p scatterings.!®
In these events the momentum of the outgoing proton
was accurately determined from the range-energy rela-
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tions in liquid hydrogen. The measured momenta of
the incoming and outgoing $ were ignored and a 2-con-
straint fit was performed. This procedure gave an ac-
curate value for the beam momentum for each event.
The resulting momentum distribution had a width of
+19, (at half-maximum) and a central value of 6.935
BeV/c. However, the event analysis was carried out
with an assumed beam momentum spread of =4-29%,.
We have determined that the event identification was
unaffected by the use of this larger beam spread. For
brevity we will refer to the beam momentum as 7 BeV/c.

B. Scanning

The film was divided evenly between Yale and BNL
and was processed separately until all events had been
scanned, measured and identified.

The scanning was done using conventional scanning
machines. The BNL film was scanned twice, once for
Q events, and once for events with either two or more
visible strange particle decays or events with a zero-
prong and a vee. The latter is referred to as the ‘“double
decay” scan. The Yale film had two total strange par-
ticle scans, i.e., scans for events with at least one
strange particle decay, in addition to the @ scan and
“double decay” scan. Scanning efficiencies were deter-
mined after events from all scans had been measured,
fitted and identified. The over-all scanning efficiency
for the Yale sample was determined to be 98%,. The
efficiency for the BNL sample was estimated to be 879,
for events with kinks and 759, for events with only vees.

A count of the number of beam-like particles was also
made on every tenth frame in each scan. This gave a
total beam count of 4.23X10° antiprotons in the Yale
sample and 4.40X 105 antiprotons in the BNL sample.
There was approximately one hyperon event in every
40 pictures.

C. Measuring

After the film had been scanned events from the BNL
sample were measured with conventional manual meas-
uring machines. Yale events were measured by two
digitized measuring machines monitored by a Digital
Equipment Corporation PDP-1 Comupter.? The PDP-1
used in this system had a memory of 16 000 18-bit
words, a paper tape reader-punch, a typewriter, and a
magnetic tape unit. After a track was measured, the
PDP-1 checked for logical mistakes and then recon-
structed the track in three dimensions. An error mes-
sage was relayed to the measurer via a typewriter and a
closed-circuit television system if the track failed any
of the logical checks or reconstruction criteria. The
track was then immediately remeasured. Before any
event in a frame was completed, the PDP-1 checked
the association of every vee with each possibly associ-
ated vertex by calculating the coplanarity and trans-
verse momentum balance. It also checked the nature

21 H. Taft and P. Martin (unpublished).
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of each vee by calculating and checking the effective
mass of the vee interpreted as an electron pair, K’
decay, A decay, and A decay. The measurer completed
the measurement of a frame only after the nature and
association of all vees in that frame had been deter-
mined. The PDP-1 wrote the completed measurement of
an event onto an output magnetic tape only after the
whole event had passed logical and reconstruction
checks. These features enabled us to obtain a 959,
pure sample of well measured events with associated
strange particle decays. This resulted in great savings
in measuring, film handling, analysis, and bookkeeping
efforts.

D. Kinematic Fitting and Event Identification

Measurements from both laboratories were processed
with yack—the Yale reconstruction and fitting program.
YACK is an IBM 7094 computer program which first
reconstructs every track and calculates its momentum
and space angles in three dimensions and then fits the
events to different final state interpretations.

A total of 3379 strange-particle events were meas-
ured and fitted to all kinematically possible and fittable
final states with two or three strange particles.?2 Most
of these events fitted more than one final state. Ambigui-
ties were then reduced by applying X2 cutoffs, visual
ionization estimates, and in some cases, missing mass
cutoffs (Secs. VI-A and VII-B). After this process,
1868 events were identified as hyperon events (with
hyperon and/or antihyperon production), 1296 events'®
were identified as annihilations into kaons and pions,
while the rest of the events were ambiguous between
these two categories. Among these 1868 hyperon events,
604 events had unique fits while the rest of them had
ambiguous fits or fits with more than one missing
neutral. Chi-square distributions, angular distributions,
mass spectra, etc. were computed separately for both
the Yale and BNL events. Since no substantial dif-
ferences were noted in these distributions the events
were merged and subsequent analysis was done on the
combined sample. All of these events were used for
cross-section calculations while the unique events sup-
plied most of the other data presented in this paper.

III. CROSS SECTIONS

Approximately one half of the hyperon events were
not detected in the bubble chamber because the strange
particles produced were not visible for one or more of
the following reasons: (1) They decayed into all neutral
products. (2) They decayed too close to the production
vertex to be detected or they decayed outside the visible

22 All events with two prongs and two vees or with four prongs
and one vee have been fitted to all kinematically possible final
states including those with four strange particles such as
ARKK+nw. However, among 260 events in these two types, only
two events made any of these four-strange-particle fits, and these
two events were ambiguous with some two-strange-particle final
states. Thereafter any final states involving four strange particles
were not attempted in our kinematic fitting programs.
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Tasre I. Hyperon-antihyperon production cross sections.®

p-p COLLISIONS

AT 7 BeV/c 1175

TasLE II. Associated production cross sections.®

Number of unique

Number of unique

Final states events observed o (ub) Final states events observed o (ub)
AR 62 4046 AKR 34 69117
AZ 38 3946 AK*D 47 71414
IEEF 15 19-£9 0K +p 21 51413
ZHAa~ 90 105418 =tK% 9 154-8
Axt 33 3548 AKprn* 42 46414
30— 1 545 K%t 11 T+5
30t 1 242 AK %t 4 6+3
ARxtr— 59 59412 AKYprto— 12 8+3
AZrtn— 19 945 AKN3x 6 442
Z: 2T ate” 14 125 A oKontmad, m> 1 45 87422
StArtrn 16 2448 A
SRAatatr— 15 1244 soK p+ma®, m2> 1 39 106£53
ARrtrtrn~ 12 8+4 SR 4-mad, m > 1 8 1948
goz'\—l—mn—", m>1 109 158+21 ZEKa T +1n% 120 34 67114
A
A=t mad, m>1 69 5211 soKoprt b, m> 1 25 2359
A pos 4 —
goi"'r“-l—mwo, m>1 43 3445 EOKO”L‘II' 7 +mn® m>1 3 1348
A _ —
ARatrtmad, m>1 112 7749 oK prta i, m2 1 15 83
St Frtr+mnd, m2> 1 8 144-6
A- a The following notations are used: (1) Each cross section given is for
0A1r+1r+7r" 7™ 4mad, m> 1 12 944 the state listed and its charge conjugate. (2) ¥ stands for A, =¥, 29, or =-,
= and Y stands for &, £+, 29, or 3.

a The following notations are used: (1) Each cross section given is for
the state listed and its charge conjugate. (2) ¥ stands for A, =¥, 29, or =,

and ¥ stands for X, 3%, 59, or §~.

chamber volume. (3) The charged strange particles
had projected decay angles on the film too small to be
detected. In order to correct for these losses, a fiducial
volume was designated by using minimum and maxi-
mum limits on the coordinates of both production and
decay vertices. Minimum limits were also imposed on
the strange-particle track length and projected charged-
particle decay angle. This fiducial volume was deter-
mined to give a reliable and unbiased scanning efficiency
and acceptable measurements. Only events inside this
volume were used to calculate cross sections. They were
weighted by a Monte Carlo program. For each strange
particle event with its strange particles decaying inside
the fiducial volume, this program generated 500 fake
events using the momenta and space angles of that
event and averaging over all the parameters with known
distributions such as the position of the reactions in the
chamber, and the rotation of the event around the inci-
dent beam direction.? All decay products were assumed
to be isotropically distributed in the c.m. of the decay-
ing particle. The detection efficiency for that event was
then the ratio of the number of fake events inside the
fiducial volume to the total number of fake events

2 The mass, lifetime, and decay branching ratio of each particle
used in this program were taken from the article of A. H. Rosenfeld,
A. Barbaro-Galtieri, W. H. Barkas, P. L. Bastien, J. Kirz, and
Matts Roos, Rev. Mod. Phys. 36, 977 (1964).

generated. The weight W; of the event was defined as
the reciprocal of the detection efficiency of the entire
event. The total number of events of a certain kind
was then calculated to be

N=(1/e)[X: Wik ;s W2)12],

where ¢ is the scanning efficiency.

Criteria were also established to define a beam track.
Events with beam tracks failing to satisfy these criteria
were also rejected in cross-section calculations. The
average effective path length of accepted beam tracks
was

1=87.96 cm,

which was the potential path length of a beam track
inside the fiducial volume averaged over the geometrical
beam distribution and corrected for the attenuation of
antiprotons in hydrogen assuming a total p-p cross
section of 59 mb.'® The total effective antiproton path
length in hydrogen was then

L=0.54X10°m,

which was the product of the average effective path
length and the total count of beam tracks satisfying
the beam criteria corrected by the beam purity factor.

The total cross section was then calculated using all
hyperon events. Tables I and II give the cross sections
of each final state and they are summarized in Table
IIT with a comparison with data at 3.7 BeV/c.2 This
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TasLE III. Hyperon production cross sections—summary.®

Final states o (ub) at 7 BeV/c o (ub) at 3.7 BeV/c

vy 984-12 20316
Y¥r 162420

YY+2r 8014 }378i 30
YY+jr, §23 36732

YKN 20627 101425
YKN+mr, m>1 384439 943
E production 1445 5

Q production <3 e
Total 1310105 72030

a The following notations are used: (1) Each cross section given is for
the state listed and its charge conjugate. (2) Y stands for A, Z¥, 29, or 27,

and ¥ stands for %, 3+, 29, or 5.

table shows that the increase in total cross section is
due to the great increase in the cross sections for associ-
ated production and production of hyperon-antihyperon
pairs with additional pions.

IV. STUDY OF Q AND = PRODUCTION
A. Search for the Q Particle

It has been pointed out that the baryon resonances
N*(1238), ¥*(1385), and E*(1532) can be arranged as
a SUj; decuplet with one member still missing.?4=2¢ The
tenth member, named @~ by Gell-Mann, should have
quantum numbers

B=1, Q=—1, T=0, S=-3,

Its mass was further predicted by the Gell-Mann-Okubo
mass formula as approximately 1680 MeV.2" The exist-
ence of the @~ particle has been considered to be a
crucial test of the theory of unitary symmetry of strong
interactions since the 10-dimensional representation
of the SU; symmetry group can be identified with just
this decuplet.

A thorough search for the @~ and its antiparticle has
been carried out in this experiment.t No event has been
found which could be interpreted as the production and
decay of the @~ hyperon or its antiparticle, although
the existence of the @~ has been reported in several
high-energy K—p experiments.?*—3%

2 M. Gell-Mann, in Proceedings of the 1962 Annual International
Conference on High Energy Physics at CERN, edited by J. Prentki
(CERN, Geneva, 1962), p. 805. .

%6 S, L. Glashow and J. S. Sakurai, Nuovo Cimento 25, 337

1962).
( 26 J‘.)Behrends, J. Dreitlein, C. Fronsdal, and W. Lee, Rev. Mod.
Phys. 34, 1 (1962).

27S. Okubo, Prog. Theoret. Phys. (Kyoto) 27, 949 '(1962);
M. Gell-Mann, Synchrotron Laboratory, California Institute of
Technology Internal Report CTSL-20, 1961 (unpublished).

28 V. E. Barnes, P. L. Connolly, D. J. Crennell, B. B. Culwick,
W. C. Delaney, W. B. Fowler, P. E. Hagerty, E. L. Hart, N.
Horwitz, P. V. C. Hough, J. E. Jensen, J. K. Kopp, K. W. Lai,
J. Keitner, J. L. Lloyd, G. W. London, T. W. Morris, Y. Oren,
R. B. Palmer, A. G. Prodell, D. Radojicic, D. C. Rahm, C. R.
Richardson, N. P. Samios, J. R. Sanford, R. P. Shutt, J. R. Smith,
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Events with at least one kink and an associated vee,
or with two consecutive kinks on the same track with or
without additional vees, were scanned for and measured.
They were then fitted to the following chains of decays:

O — A+K-
N
bt

O — B4~
N
A+70
N
ptm~

& —E -+
N
A7
N
Pt

and their charge conjugates. The mass of the Q in these
fits was allowed to vary between 1670 and 1690 MeV.%
In addition to these interpretations fits were also at-
tempted for the =, Z, and K interpretations of the
decaying tracks.

Among a total of 209 candidates, only two made fits
to one of the above Q decay modes, but their fits were
inconsistent with the observed bubble density of the
tracks, and they were both identified as E~ decays.
All the other 207 events had reasonable alternative fits
consistent with the observed bubble densities.

The detection efficiency of this search is a function of
the product of the momentum and mean lifetime as-
sumed for the Q. The momentum of the Q in the labora-
tory system was kinematically limited to be between 1.5
and 5.5 BeV/c in this experiment. Assuming the most
favorable @ lifetime for its detection, =2X10-10 sec®,
the upper limit of &~ and/or &t production in this ex-
periment is 3 pb. This upper limit is insensitive to the
exact O momentum for the assumed @~ lifetime.

B. E Production

Eleven =~ or Et+ particles were observed in this ex-
periment and decayed as

E-—> A0
N
Pt

D. L. Stonehill, R. C. Strand, A. M. Thorndike, M. S. Webster,
?1796{1) Willis, and S. S. Yamamoto, Phys. Rev. Letters 12, 204
® G. S. Abrams, R. A. Burnstein, G. R. Chatlton, T. B. Day,
B. Kehoe, B. Sechi-Zorn, G. A. Snow, M. C. Whatley, G. Wolsky,
G. B. Yodh, and R. G. Glasser, Phys. Rev. Letters 13, 670 (1964).
¥ So far seven @~ decays have been observed in several K—p
experiments. Their averaged mass and lifetime are

m=1674.51+4.4 MeV,
7= (1.9:£0.7) X101 sec,

See N..P. .Samios, Proceedings of the Argonne International
Conference on Weak Interactions, 1965, p. 210 (to be published).
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or its charge conjugate, where both the % and the A
decays were visible. These decays were uniquely identi-
fied because they were either 4- or 3-constraint fits,
depending on the F track length. The cross section for
the production of &~ and/or E+ was determined to be

o=1445 ub.

The 11 E- and Z+ particles were produced in 10 events.
Three of these events have pairs of & and & with one or
more pions; the other seven events have EA(E")K or
their charge conjugates with or without pions.

The angular distribution of the Z~ and E+ (Fig. 4)
in the p-p center-of-mass system is very different from
those of other baryons and antibaryons observed in this
study. Figure 4 shows an isotropic distribution rather
than the usual forward-backward peaking observed in
all other two-, three-, and four-body final states (Secs.
VI and VII). This is not very surprising since these
events can not be produced by the exchange of any
known particle. On the other hand, a study of all the
A and A particles observed in this experiment shows
that, while the majority of them were produced
peripherally, about 109, of them were also produced
isotropically in the p-p center-of-mass system (Fig. 5).

V. OBSERVATION OF HYPERONS
AND ANTIHYPERONS

All the presently known strangeness —1 hyperons A,
20 2+, 2~ and their antiparticles have been observed in
this experiment as well as £~ and E+. The neutral
particles were not studied because their decay fits were
usually ambiguous with other decay hypotheses.

Masses of some of these particles were calculated by
using a maximum likelihood method and the observed
Gaussian distributions for their masses. The best value
for the mass and its error were thereby calculated from

e 2 imi/ (Am,)?
Y1/ (amy

where m; and Am; are the effective mass and its error
of a hyperon calculated from its decay products.

A maximum likelihood method was used to obtain
the lifetimes of various hyperons and antihyperons.

Am*= [ (Am;)y2 112,
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The likelihood function was defined as
L(7) =II 1exp(—ti/7)

X[Lexp(—tiin/7)—exp(—tme/7) 7,

where 7 is the assumed lifetime of the particle (proper
time), ¢; is the observed lifetime (proper time), £;™in is
the minimum proper-time cutoff in the observation
due to the minimum track-length cutoff (0.5 cm), and
t2x js the maximum proper time cutoff in the observa-
tion due to the fiducial volume.

Table IV shows the number of events and the results
of mass and of lifetime calculations. In these calcula-
tions, variables from decay fits were used in all cases.
For =+ and 2+ calculations the only events used were
from 7==Z*A, pZ+K°, and ZtAx=rtr— final states and
their charge conjugates where fits were usually very
reliable (4- or 3-constraint) and there were no ambigui-
ties between =+ and S+,

Errors quoted in Table IV are purely statistical. We
estimated that the systematic errors in lifetime calcula-
tions are small compared with the quoted statistical
errors. The systematic errors in mass calculations are
about 0.10 MeV. However, we believe that the system-
atic errors should be the same for both particles and
antiparticles. Therefore the mass difference between
A and A 15 0.0524:0.06 MeV and that between Z~ and &+
is 1.0:£1.1 MeV. It is clear from Table IV that the
masses and lifetimes of the antiparticles are consistent
with being equal to those of their corresponding
particles, as required by CPT invariance.

TaBLE IV. Hyperon masses and lifetimes®

Lifetime Number of

Particle Mass (MeV) (10710 sec) decays used
A 1115.744-0.04 2.504+0.14 1147
A 1115.694-0.05 2.7040.20 972
=t 0.8640.15 125
== 1.104-0.24 117
2" 2.08+40.22 61
=+ 1.46+0.31 64
- 1321.6740.52 1.3740.51 6
B 1320.69+-0.93 1.51+0.55 5

s Errors quoted are purely statistical. The systematic errors in the mass
calculations are estimated to be about 0.1 MeV.
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VI. TWO-BODY FINAL STATES

A. Neutral Two-Body Final States

The possible neutral two-body hyperon final states
in this experiment were

p+p—A+E &)
PHp— A+E @
+p— 24K 3)
s — P @
s — B+ )

The last two reactions were not treated in our kinematic
fitting program. Because the 2° and the 2° have very
short lifetimes (probably <107 sec), the first four
reactions all appeared in the bubble chamber as a A
decay and/or an A decay associated with a disappearing
incoming $ beam track. When both A and A decays
are visible they can usually be identified kinematically
as one of reactions (1-3), or one of these with additional
missing neutral pions. However, of the events with only
one decay visible, 809, were ambiguous between two or
more of the above interpretations. Figure 6 shows the
missing mass distribution of all zero-pronged events
with at least a visible A decay, i.e., the mass of all the
neutral particles produced with the A. There are two
well separated peaks at the A and the Z° masses which
correspond to events of reactions (1) and (2). An at-
tempt was subsequently made to separate these events
according to their missing masses. The corresponding
distribution for events with a visible A shows that the
resolution was too poor to resolve the A and 2 peaks.
Those events were therefore not used in further studies.

The expected missing-mass distributions of events in
reactions (1) and (2) are two resolution functions
centered at the A and the Z° masses, respectively. Those
for reactions (3) and (4) where the observed A came
from the decay of 2° are two nearly uniform spectra
spreading from 1125 to 1650 MeV and from 1200 to
1700 MeV, respectively. Events with missing mass
lower than 1260 MeV in Fig. 6 were therefore fitted to
a mixture of the above reactions by a maximum-
likelihood method. Reactions (2) and (3) were assumed
to have the same rate in this fit since they are charge
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conjugate states and the A detection efficiency is
practically the same in both reactions. The best fit
obtained is shown by the solid curve in Fig. 6. We
thereafter designated the events with missing mass less
than 1160 MeV as AA events and those with missing
mass between 1160 and 1240 MeV as AZ® events. Their
differential cross sections are shown in Figs. 7(a) and
7(b). According to the best fit in Fig. 6, we estimated
that there was a contamination of 89, AZ? or 3°A in
the AA sample; and 79, AR, 169, Z°A, and 19, Z°S°
in the AZ® sample. However, the background of AZ?
and 2Z°A events in the AA angular distributions is not
serious because the background is very small, and the
distribution of the background events is very similar to
that of the real events. For the same reason, the back-
ground of AA events in the AZ® distribution is not
serious either. For those 2°A events which were inter-
preted as AZ° events, the production angle obtained
from the incorrect fits are in general not the true produc-
tion angles. At the present energy, however, the error
thus introduced in cosfo.m. is generally very small
(<£0.026). For these reasons, Figs. 7(a) and 7(b) can be
considered as distributions of pure AA and pure AZ?
events. These distributions are not weighted. However
weighting does not change their shapes since these
events have nearly uniform weights.

Figs. 7(a) and 7(b) show that the hyperons (A) are
sharply backward peaked. (The forward direction,
cosfe.m. =1, in the production center-of-mass system
was defined as the direction of the incoming antiproton
in this study.) In other words, the hyperons tend to
keep the direction of the target protons whereas the

(a)
o 20
[%] —_
o] P+P— A+A
© 11 AT 7Bevi
o) Q1EVENT
3
S 104
N
Kel
2
o
N
o} . .
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lar distribution of A in p+p—
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TaBLE V. p+p — Y-V cross sections (in ub) compared with the octet exchange model of SU;.»

Beam momentum

BeV/c ARP ASH30R 0500 baom -3+
3.0 v 117418 102 =17 <18 31 &5 9.5+4
ratio o+ 14 78+ 1.3 <14 24+ 04 0.73
3.25 - 87413 56 £11 <19 36 +13 2%
ratio 9+ 1.3 5.8+ 1.1 <2 37+ 1 0.21
3.6 v 77420 67 +19 <22 23 +6 11 +45
ratio o+ 2.3 7.8+ 2 <25 2.6£0.7 1.3+0.5
3.7 v 82+ 8 69 =+£10 <26 44 49 8 +4
ratio 9+ 0.9 7.6+ 1 <2.8 4.8+1 0.940.4
45 p 39:£16 46 +13 <17 18.57% 8¥s
ratio 9+ 3.7 10.6= 3 <4 43412 1.8+1
6.9 o 40+ 6 39 + 6 <9 16 +9 3 42
ratio 9+ 1.7 8.8+ 1.6 <20 4 +2 0.6
8a(F)e 9 6 1 4
8s(D)» 1 6 9 36

® K. Tanaka, Phys. Rev. 135, B1186 (1964).

b The AA cross section was normalized to 9 in the calculation of experimental ratios.

© Deduced from charge independence using 2*+Z~ and Z-2+.

antihyperons tend to keep the direction of incoming
antiprotons in the production center-of-mass system.
This forward-backward peaking has also been reported
at lower energies, but it has become more pronounced
at this higher energy. These remarkably peripheral
angular distributions strongly suggest that these events
were produced through some exchange mechanism and
the exchanged particle must be a singly charged meson
with a strangeness of 1. Therefore it must be a K, K*,
or any system of a kaon and pions. Many theoretical
attempts have been made to explain the sharpness of
this forward-backward peaking.3-3° Some good fits to
the angular distributions at various energies have been
achieved when a strong dominance of K*(888) exchange
is assumed and when the absorptive effect of competing
channels is taken into account.’*—%® However, the
energy dependence of the cross sections of these channels
is not correctly described in this model. For instance the
cross section in this experiment is about § of the value
predicted by this model if the NK*A coupling constant
determined by lower energy data is used.3:%

B. =+%~ and ==+ Final States

Events with charged sigma pairs appeared in the
bubble chamber as a beam track with two charged

3 G. C. Summerfield, Nuovo Cimento 23, 867 (1962).

32 N. J. Sopkovich, Nuovo Cimento 26, 186 (1962).

3 C. H. Chan, Phys. Rev. 133, B431 (1962).

#H. D. D. Watson, Nuovo Cimento 29, 1338 (1963).

35 A. Dar, M. Kugler, Y. Dothan, and S. Nussinov, Phys. Rev.
Letters 12, 83 (1964) ; A. Dar, ibid. 13, 91 (1964).

38 Loyal Durand III and Yam Tsi Chiu, Phys. Rev. Letters 12,
399 (1964) ; Phys. Rev. 137, B1530 (1965).

37 G. Cohen-Tannoudji, and H. Navelet, Nuovo Cimento 37,
4227 (1965).
( 3 }g Hogaasen and J. Hogaasen, Nuovo Cimento 40, 8796

1965).

% Yam-Tsi Chiu, Doctoral thesis, Yale University, 1965

(unpublished).

prongs where one or both prongs displayed a kink.
These events presented some experimental difficulties
because the presence of the neutral decay product
reduced the 2 decay fit to a 1-constraint fit, and be-
cause the decaying tracks were often so short as to
further reduce the fit to O constraint. This happened
very often because the hyperons were usually very slow
in the laboratory system as they were produced back-
ward in the p-p center-of-mass system. Due to these
difficulties, events with only one kink were very ambigu-
ous and therefore were not used in this study. Those
events with both kinks visible could be uniquely identi-
fied as Z+Z~ from X2 or ionization analysis if one or both
charged decay products happened to be a proton or
antiproton. Otherwise they were usually ambiguous
between Z*Z~ or Z-Z+ because the mass difference
between 2+ and 2~ is only 8 MeV.

Fifteen events were identified as charged = pair
production in this experiment. From consideration of
the Z* decay branching ratio and the detection ef-
ficiencies of Z* and 2~ decays, the data are consistent
with 13 Z+Z- and 2 Z-Z* events. Their angular distri-
bution in the p-p center-of-mass system is shown in
Fig. 8. It is consistent with all antihyperons being pro-
duced in the forward direction in the $-p center-of-
mass (c.m.) system.

0=18.6*8.5 pb (15 EVENTS)

DO=UNIQUE 3°'3°
7= AMBIGUOUS BE TWEEN
3'STAND 375"

F16. 8. Center-of-mass angu-
lar distribution of =+ or It of
events identified as Z*Z~ or
=2+,
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C. Two-Body Cross Sections Compared with
Predictions from S Us

The highly peripheral angular distributions for the
two-body final states discussed in this section strongly
suggest the dominance of a K or K*(888) exchange
mechanism. Since both K and K* are members of an
SUj; octet, this leads to a model for these reactions in
which the amplitude associated with the SU; octet
exchange dominates over amplitudes of other repre-
sentations connecting 88 with 8)8. There are two
independent octet amplitudes: the symmetric octet
(D-type coupling) and the antisymmetric octet (F-type
coupling). These result in two sets of ratios among
various Y'Y production which were calculated by
Tanaka according to this model.® Table V shows the
theoretical ratios as compared with the results at this

NUMBER OF EVENTS

10 20
10 1
e AK°n AND C.C. 34 EVENTS —— NON RESONANT
PHASE SPACE

9- = AK'P AND C.C. 46 EVENTS

M2 (kAT or M2 (RA)® IN Bev?

NUMBER OF EVENTS

M2 (RNS IN Bev?

M2 (kW) oR

Fic. 10. Dalitz plot of events in the p+p— A+K+N and
c.c. final states. The band corresponds to ¥¢*(1520) (1505<M
<1535 MeV).

© K. Tanaka, Phys. Rev. 135, B1186 (1964).
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and lower beam momenta. It shows that the experi-
mental results agree reasonably well with the F-type
coupling over the entire energy range and sharply
disagree with the D-type coupling. It also shows that
=2+ production is much smaller than Z+Z~ production,
a fact which is consistent with single particle exchange
models since the Z=2+ production requires the exchange
of a doubly charged system.

VII. THREE- AND FOUR-BODY FINAL STATES
A. Associated Production

There were 34 events of the type AK% or its charge
conjugate (c.c.), and 46 AK*H (or c.c.) events observed
in this experiment. These AK*p (or c.c.) events appeared
in the chamber as two prongs with visible A (or A)
decays. They were mostly 4-constraint events with a
slow A decay or heavily ionizing proton track from the
production vertex which made their identification very
reliable. A AK%7 (or c.c.) event appeared in the chamber
as two visible vees (K,® and A or A) associated with a
disappearing beam track. They were 1-constraint events
since the » (or ) was missing. Their missing mass
distribution shows a clear separation among events
with missing # (or 7) and those with both missing #
(or @) and extra neutral pions. These events were
therefore separated on the basis of their missing masses.

The angular distribution of these events (Fig. 9)
shows that the baryons are sharply peaked backward
in the p-p c.m. system and the antibaryons are sharply
peaked forward. This type of forward-backward peaking
prevailed in all three-body states and, to a lesser extent,
also in four-body states. This suggests that these events
were mostly produced by some exchange mechanism
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The Dalitz plot (Fig. 10) shows that about 209, of
these events proceed through ¥*(1520) production.

B. Z*AxT and Charge-Conjugate Final States

The final states consisting of Z+Ax+ (or c.c.) are of
interest because of their relevance to the single-particle
exchange model. If the pion and the lambda were pro-
duced at the same vertex, events with =+ or £~ should
be favored over those with =~ or Z* since the latter
involve the exchange of doubly charged systems. On
the other hand, if the pion was produced with the =
in a T=0 state, then 2+ and 2~ events should be equally
favored.

A total of 115 events was observed in these final
states. Of these 82 were events with =* or £~ as com-
pared with 33 events with £~ or Zt+. The Dalitz plot
of these events (Fig. 11) shows strong ¥ ,*(1385)
production (about 239,), some ¥*(1405) production
(about 129), and some indication of ¥,*(1520) pro-
duction. The production of these resonances in these
final states is not as pronounced as at lower energies
(e.g., 409, 219, and 149, respectively, at 3.7 BeV/c).22
However, their cross sections remain approximately
the same because the total cross section for these final
states is higher at 7 BeV/c. Angular distributions in the
P-p cm. system are shown in Fig. 12. The forward-
backward peaking again suggests that their production
is dominated by some exchange mechanism. This is
further supported by the fact that in the ¥,*(1385)
band, there are 27 events produced as £~V ,*+(1385)
(or c.c.) as compared with only one event produced as
2tV ,*-(1385) (or c.c.). On the other hand, in the
Y *(1405) and Y¢*(1520) regions, =+ and =~ are equally
produced. The pion distribution in Fig. 12 is also inter-
esting. The open events in the forward and backward
directions correspond to 7~AZ* (and c.c.) events pro-
duced peripherally with ¥,*(1385) and Yo*, respec-
tively. The cross-hatched events in the forward direction
correspond to #tAZ~ (and c.c.) events produced
peripherally with Y¢*. These are all consistent with
single-particle exchange models.
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C. The AAx=tx— Final State

These events appeared in the bubble chamber as two
prongs with a A and/or a A decay visible. Forty-one of
these events had both vees visible and therefore made
very reliable 4-constraint fits. Those events in which
only the A or A decayed visibly were often ambiguous
with the AKtn~7 (or c.c.) final state because one of the
two prongs was ambiguous between a pion and a kaon.
In these single-vee events only the unique events were
used. The mass spectra and angular distribution of these
events were compared with those of the double-vee
events. No significant differences were found indicating
that excluding ambiguous single-vee events did not
introduce any serious bias.
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Production of ¥;*+ (and c.c.) and ¥,*~ (and c.c.) is
particularly interesting because their ratio has some
bearing on the single-particle exchange models. If
single-particle exchange dominates in their production,
Y ** pair production should be favored over ¥ ,*~ pair
production since the latter involves exchange of a
doubly charged system. For the same reason, ¥ *Az—
(and c.c.) production should be favored over ¥ *Az+t
(and c.c.). However, results from lower beam momenta
do not agree with this expectation. For instance, data
at 3.7 BeV/c 2 shows that there are at least as many
V,*(1385) pair events as Y;*+(1385) events. Also
¥ ,*=(1385) production was found to be even stronger
than that of ¥,*+(1385). This seeming contradiction
may be related to the fact that the center-of-mass
energy available at 3.7 BeV/c was only 130 MeV above
the threshold of ¥,*(1385) pair production. Therefore
single-particle exchange might not be expected to domi-
nate. In this experiment, the energy available in the
c.m. system is 3.86 BeV, much above the threshold of
AAxtz— production. The angular distributions of the
Ant (and c.c.) system and the Az~ (and c.c.) system
(Fig. 13) show that they were both produced very
peripherally and that ¥,*~ and ¥,*+ were not produced
as peripherally as ¥*+ and ¥,*~. The histograms of the
Ar systems (Fig. 14) show that ¥,**+ (and c.c.) produc-
tion is much stronger than ¥;*t (and c.c.) production.
These are all consistent with single particle exchange
models. It is clear from the scattergrams of the effective
masses of the A systems (Fig. 15) that there was very
little pair production of ¥,*(1385). This is in agreement
with the general tendency for two-body production to
become weaker at higher energies.

In the effective-mass distributions of both Azt (and
c.c.) and A7~ (and c.c.), there is a sharp enhancement
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at a mass of 1630 MeV [Fig. 14(c)]. There are 16
combinations with mass between 1620 and 1640 MeV
while phase space predicts four combinations after
events with ¥,*(1385) have been subtracted. This
enhancement, in any case, has T'=1. At present, no
Y * resonance has been reported at this mass. However,
with the low statistics available in this experiment we
cannot determine whether this is a resonance or a sta-
tistical fluctuation.

VIII. SUMMARY

We found that the total hyperon production cross
section in f-p collisions at 6.935 BeV /¢ is 1.34-0.1 mb,
which is almost double that at 3.7 BeV/c. As the
beam momentum increases from 3.7 to 7 BeV/c, cross
sections for 2-body final states decrease, while cross
sections for those final states with three or more par-
ticles greatly increase.

Although the energy available in the center-of-mass
system is as large as 3.86 BeV, the study of all possible
mass combinations of all final states did not yield
statistically significant evidence for any new particle
or resonance. We found some ¥;*(1385) production in
every final state containing a Az combination. Produc-
tion of ¥¢*(1405) and Y*(1520) was also observed.
About 409, of all unique hyperon events in 3- to 5-body
final states were produced with one or more of these
resonances.

Angular distributions of all the hyperons and anti-
hyperons observed show that about 909, of the hyperon
events were highly peripheral while about 109, of
them were approximately isotropic in the $-p center-
of-mass system. The sharp forward-backward peaking
in the angular distributions of two-body final states can
be fitted to a dominant K*(888) exchange modified by
the absorption into competing channels. However, the
cross sections for these states are too small by about
a factor of 2 as compared with predictions from this
model. On the other hand, ratios among the cross sec-
tions of 2-body final states agree well with predictions
from a SU; octet exchange model with a pure F-type
coupling. Charge ratios of ¥*%(1385) and =+ in various
3- and 4-body final states also demonstrate features
predicted by single particle exchange models.

ACKNOWLEDGMENTS

We would like to acknowledge the contributions of
Professors C. Baltay and T. Ferbel as well as Dr. A. M.
Thorndike in the early stages of this experiment. Thanks
also go to the BNL Alternating Gradient Synchrotron
Group and the BNL Bubble Chamber Group under Dr.
Ralph Shutt without whose aid this experiment would
not have been possible. We are greatly indebted to the
many people who participated in the scanning, measur-
ing and data-reduction efforts both at BNL and Yale
and to the computer centers of New York University,
BNL, and Yale.



