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. INTRODUCTION

in any high energy bubble chamber experiment, it is possible to study
all charged particle final states (with or without one unobserved neutral
particle) produced by the given interaction. It is also possible to study
those neutral final states where the neutrals are observed to
decay to observed charged tracks or to interact yielding observed tracks.
This is a study of those final states in antiproton-proton (PP) interactions
in which antihyperons and hyperons are produced. (A hyperon is a particle
with baryon number = 1 and strangeness = -1, =2, or -3)

A total of 150,000 pictures were taken at each of two momenta (2.4
and 2.9 GeV/c) in the BNL 3l-inch hydrogen bubble chamber yielding an
antiproton path length of .62 x 106 meters at each momentum. The production
of antihyperons and hyperons is only a small percentage (5 2%) of the total
; - p cross-section at these momenta, thus requiring a large number of
pictures for such a study.

The purpose of the experiment was to study the production of all
strangeness -1 and -2 hyperons and their anti-particles; their cross-sections,
angular distributions, production processes, and symmetry properties.

In the 2-body final states A\ and AEB + c.c.l, the hyperons (anti=-
hyperons) observed were produced very strongly forward (backward). That
is, the hyperons were strongly correlated with the target proton direction
and the antihyperons with the P beam direction in the center of mass

system. This peripheral nature of the interaction has been observed in

I . . .
The notation +c.c. is a contrac tion for ''plus charge conjugate'', for
example AEO + c.c. means Azo plus Kﬁo.



similar exposures at 2.2, 2.5, 2.7, 3.0, 3.25, 3.6, 3.69, 3.7, k4.0, 5.7,
and 6.9 GeV/c (1-8), becoming more pronounced at higher beam momenta.
The discussion is broken into six sections: the experimental
procedures are detailed in Section Il, and the cross-sections discussed
in Section Ill. Section IV is devoted to the 2-body final states (both
neutral and charged). Included in this section is a discussion of the
density matrix elements for the reaction, pp-NAANA, and a comparison of
the 2-body cross-sections with SU3 predictions. The three £ = events found
at 2.9 GeV/c are also discussed in this section. The three and four body
final states are discussed in Section V. Some indication of £(1385) pro-
duction was observed in the K'2+ n + c.c. final states and in the final
state A A n. A search for evidence of resonance production was not carried
out in the four~body final states due to the small magnitude of these cross-

sections. This small cross section results in very few events in these

channels at these energies. Section VI summarizes the experiment.



Il. EXPERIMENT

A. Film Exposure

The two beam momenta were primarily selected for a study of the
reaction PP - Z::.A*q' (9 ) near threshold, which used 60,000 pictures at
2.4 GeV/c and 40,000 pictures at 2.9 GeV/c. These first 100,000 pictures
were taken in June of 1967. In addition, another 200,000 pictures, used
only for strange particle production, were then taken in September of
1967.

The antiprotons were obtained by striking an internal target with the
proton beam of the Brookhaven National Laboratory Alternating Gradient
Synchrotron (AGS). All negative secondaries within a certain angular
region were then accepted as input to a series of magnets and electro-
static separators which selected out a specified momentum interval and

also separated the F‘s, K's, and g's. This separated P beam was then

<

3
erenkov counter

(]

incident upon the 3i-inch Hydrogen Bubble Chamber. A
was set to detect x's, u's, and K's and used to give an upper limit to the
beam contamination. This counter gave only an upper limit to the
contamination as it also counted those off-momentum particles resulting
from interactions along the beam line. This upper limit was « 1% for both
beam momenta in run 1 and < 1% and < 2.5% for the 2.4 and 2.9 GeV/c momenta

respectively in run 2.

The second bubble chamber run made in September 1967 used the same

2

These two exposures will be referred to as run 1 and run 2.
v

3A Cerenkov counter is sensitive to the velocity of the traversing

particle. Thus, placed in @ beam of particles with a known momentum, it

can be used to determine the indentity of the particle.



beam line and 31-inch BNL chamber yielding a total of 300,000 pictures
split equally between 2.4 GeV/c and 2.9 GeV/c.

The exact value of the beam momentum for the first exposure was
determined from known h-constrainth ; p 4'; o} n+ n events by ignoring the
beam momentum and reprocessing them with the beam momentum unknown. This
yielded beam momenta of 2.885 + .080 GeV/c and 2.375 + .075 GeV/c. To
guarantee that run 2 had a momentum consistent with run 1, a sample of
elastic PP interactions was measured from the second run. These were then
processed with the beam momentum again treated as unknown (589 events were
measured at the lower momentum and 720 at the higher momen tum) . ¥hesé
yielded values of 2.875 + .080 and 2.355 + .075 GeV/c for the beam
momenta in run 2. For brevity these beam momenta will be referred to as
2.9 and 2.4 GeV/c.

A sample of u's (from nue decays) were also measured from both the
first and second run to determine the density of the hydrogen in each run.
These yielded densities of .0658 + .0005 and .0658 + .0015 g/cm3 in run 1

and run 2 respectively.

B. Scanning
The film was scanned to find those frames in which visible P-P
interactions took place. Only those interactions which produced charged
particles were visible in the bubble chamber. The strange particle
interactions were characterized by the production of particles whose life-

times are typical of the weak interactions (1-3 x 10-]0 seconds) and as such

A L-constraint fit is a fit to the event of a specified set of particle
masses using the 4-constraint conditions of conservation of energy and
vector momentum (10).



usually decayed in the chamber. The neutral strange particles produced
decayed to neutral or to charged non-strange particles. |t was the
charged particle decay mode, seen as two charged tracks forming a "V,
which was observed in the bubble chamber. A charged strange particle
decay appeared as a '‘kink'" in a track where the track suddenly changed
direction. |

Thus, the strange particle topology was that with one or more visible
decay tracks coming from a production vertex and/or one or more vees
appearing downstream (relative to the beam direction).

A topology with two outgoing tracks at the production vertex, one of

which decayed, and having an associated vee, is sketched below:

Track 1 is the incoming P beam track. Track 2 decays into track 3 and at
least one unseen neutral particle. Track 5 is an unseen neutral strange
particle which decays into tracks 6 and 7 forming a vee.

As the film was scanned, the roll, frame, topology (defined by 4 prongs-
m decays-n vees), and a rough location within the frame was recorded. This
identification information was used to find the event both when it was
measured and when it was later checked for consistency with a specified
mass hypothesis.

The results of the first scan are displayed in Table | and II, and the

scanning efficiency for each topology from a section of the 2.9 GeV/c data



Table k. Summary of scan | - 2.4 GeV/c
First 31 Rolls of Film Next 45 Rolls

Types No. Events No. Events
0 prong 2,703 -
0 prong 1 Vee 186 301
0 prong 2 Vee 70 129
0 prong 3 Vee -- L
0 prong L4 Vee 1 -
1 prong 9 -
1 prong 1 Vee ] 8
Z prong L6,446 -
2 prong 1 Vee 873 1,360
2 prong 2 Vee 81 166
2 prong 3 Vee 1 2
2 prong 1 decay 188 153
2 prong 2 decay 24 36
2 prong 1 Vee 13 41
2 prong 2 Vee ] 2
3 prong 61 --
3 prong 1 Vee - 6
3 prong 2 Vee - 1
3 prong ! decay 2 2
L prong 26,135 -
L prong 1 vee Li2 601
L4 prong 2 Vee 15 27
L prong 1 decay 329 98



Table k. (Continued)
First 31 Rolls of Film Next 45 Rolls
Types No. Events No. Events
L prong 2 decay 3 14
Lk prong 1 Vee 1 decay 14 33
L prong 1 Vee 2 decay -- 1
L prong 2 Vee 1 decay -- 1
5 prong 42 -
5 prong 1 Vee L 2
6 prong 5,910 --
6 prong 1 Vee Lo 59
6 prong 2 Vee 2 --
6 prong 1 decay 64 --
6 prong 2 decay I --
6 prong 1 Vee 1 decay 3 ]
7 prong b4 --
8 prong 168 -
8 prong 1 Vee 2 5
8 prong 1 decay 3 --




Table 1. Summary of scan 1 - 2,9 GeV/c

First 21 Rolls of Film Next 55 Rolls

Types No. Events No. Events
0 prong 1,492 --
0 prong 1 Vee 142 L13
0 prong 2 Vee 57 165
0 prong 3 Vee - 4
1 prong 1 Vee -

1 prong 2 Vee -~

1 prong 1 decay - |
2 prong 26,469 -
2 prong 1 Vee L5k 1,270
2 prong 2 Vee 68 169
2 prong 3 Vee -- 7
2 prong 1 decay 136 286
2 prong 2 decay 12 52
2 prong 1 Vee 1 decay 16 o
2 prong 1 Vee 2 decay - 2
2 prong 2 Vee 1 decay -- I
2 prong 2 Vee 2 decay -- 2
3 prong 25 -
3 prong 1 Vee - L
4 prong 15,333 ==
L prong 1 Vee - 291 726
L prong 2 Vee 8 45
L prong 1 decay 188 --



Table 1]. (Continued)

First 21 Rolls of Film Next 55 Rolls
Types No. Events No. Events
L prong 2 decay 1 6
L prong 1 Vee 1 decay 1 26
L prong 1 Vee 2 decay - 1
5 prong 23 _—
5 prong 1 decay 2 -
6 prong 3,923 --
6 prong 1 Vee 18 37
6 prong 2 Vee ~- 2
6 prong 1 decay 54 --
6 prong 2 decay 1 --
6 prong 1 Vee 1 decay - 3
7 prong 3 -
8 prong 143 --
8 prong 1 Vee 1 --
8 prong 2 Vee - 1
8 prong 1 decay 3 -
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given in Table I1l. The combined efficiency for both scans, averaged over
all topologies, was_94% at 2.9 GeV/c and 93% at 2.4 GeV/c. A count of all
beam tracks was made every tenth frame in one scan to determine the total
number of antiprotons in the experiment. This gave a total count of 1.29

X 106 P's at each momentum.

C. Measuring

A1l strange particle topologies in the first run (except the 2P -~ 1V
topology) were measured on conventional, manual measuring machines. Before
run 2 was measured, these machines were put on line to an ASl 6050 computer.
A locally written monitor called KUBER (11) made the use of this on-line
system very convenient. It allowed the use of FORTRAN-like controlling
routines, on-line reconstruction (local version of GEOM) and on-line
kinematic fitting(GUTS)(10, 12). This on-line system enabled one to know
not only that each event was well measured but also the identity and
association of each vee measured. Thus, this system greatly reduced the
bookkeeping problems inherent in an experiment of this kind.

Since gamma rays which had converted to ete- pairs also appeared in a
picture as a vee, these events would be confused with strange particle

5

events and had to be eliminated. These '"vees!'' had small effective”’ masses

The effective mass of N (in this case 2) particles is defined by

- M

2 L d
where E? = Pi + Mf the energy of particle i with momentum Pi and mass m. .
Notice that since the mass of an electron is so small (.511 MeV) compared with
the momentum resolution (~1 MeV/c), that Meff X 0 for a real e+e- pair with
small opening.angle.
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Table IH- Efficiency scan of 55 rolls - 2.9 GeV/c
Types Scan 1 (%) Scan 2 (%)
0 prong 1 Vee 69 71
0 prong 2 Vee 74 80
0 prong 3 Vee 0 0 (small no.)
1 prong 1 Vee 56 56
1 prong 2 Vee 0 0 (small no.)
2 prong 1 Vee 73 71
2 prong 2 Vee 79 77
2 prong 3 Vee 56 78
2 prong 1 decay 63 67
2 prong 2 decay 79 73
2 prong 1 decay 1 Vee 75 70
2 prong 2 decay 1| Vee 0 0 (small no.)
2 prong 2 decay 2 Vee 0 0 (small no.)
2 prong 1| decay 2 Vee 0 0 (small no.)
3 prong 1 Vee
L prong 1 Vee 70 71
L prong 2 Vee 70 71
L prong 2 decay 0 0 (small no.)
L4 prong 1 decay 1 Vee 59 74
4 prong 2 decay 1 Vee 0 0 (small no.)
6 prong 1 Vee 68 50
6 prong 2 Vee 0 0 (small no.)
8 prong 1 Vee 0 0 (small no.)
8 prong 2 Vee 0 0 (small no.)
All vees 75 74
Overall Efficiency 71 71
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(~0 MeV) and very small opening angles compared with real strange particle
vees. To determine a method for detecting ete” pairs, a plot of the vee
opening angle versus the mass of the vee was examined. Figure 1 shows a
sample of vees from the L-prong l-vee topology measured off-1ine where the
et+e- pairs were not eliminated at measurement time. The events clustered

in the lower left corner of the plot were identified as e+e- pairs. Using
this plot all '"vees' with mass less than 100 MeV and opening angle less than
7 degrees were classified as e+e- pairs and deleted from the sample of vee
events.

Figure 2 shows a flow chart of the program written to control the on-
line measurement of vee events. |t allowed the measurer to attempt the
association of a vee with any likely production vertex as well as forcing
her to remeasure the vee if the kinematic fitting routines had any
trouble with the fit. Thus, each event had to satisfy the following
conditions before the reconstruction and raw data records were written on
tape:

1. All identification information as set up by the scanners was correct.

2. All tracks were measured correctly, where ''correctly! meant that

angle errors were <3/4° and Ap/p <20% for all tracks with length
= 1 inch.

3. The vee had been identified as a K° Ao or Ao, and was not an

],
e+e- pair.

L, The kinematic and reconstruction programs had no trouble in fitting
the event.

5. The vee was associated with the correct production vertex.
These reconstruction tape records were then reprocessed with GUTS in an

off=-1ine mode.
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D. Beam Properties and Event ldentification
Azimuth and dip angle restriction were made on all beam tracks to
insure that no tracks from secondary interactions were classified as
beam tracks. The beam azimuth vs. the x position of the production vertex
and a histogram of the dip angle for all measured events are shown in
Figure 3 for the 2.9 GeV/c data. From these plots (and similar ones at
2.4 GeV/c) the following criteria was used to define good beam tracks

-.358 X (inches) + 2.35° + 1.65°

i

{Azimuth (degrees)

2.9 GeV/c
Dip (degrees) = 0° + 4°
Azimuth (degrees) = =-.4X (inches) + 1.9° + 3.8°
2.4 GeV/c o o
Dip (degrees) = 0~ + 4

To insure that sufficient track length could be measured, on all
tracks in the event, a ''"fiducial volume'' less than the actual volume of
the chamber was established. Events whose vertices lie outside this
fiducial volume would be expected to have tracks with unacceptably high
momentum errors (Ap) and therefore were not used in the experiment. Those
events falling outside the fiducial volume were eliminated from the data
sample after the events were measured so that this fiducial volume restric-
tion could be applied accurately.

To establish a fiducial volume, plots of Ap/p for both vee tracks
versus the position of the vee vertex were made. Figure 4 is one such plot
from the 2.9 GeV/c data.

Using these plots, a fiducial volume for the vee vertex position (as
listed below) was established for use with the production vertex fiducial

volume also listed below:
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Vee Fiducial Volume Production Fiducial Volume
(in inches) (in inches)

L <X <25 L < X g 24

2<vY<8 2.5<Y<8

3.5sZ s 1l 5<Z2<10

The fitting program (GUTS) which tried all allowed mass assignments to
the measured tracks, did not always produce unambiguous fits to one parti-
cular mass assignment. Those events which had GUTS fits ambiguous between
two or more final states were classified by either using a missing mass
criteron (See Section IV) or by an ionization6 consistency check. Two

major ambiguities remained. Some vees had acceptable fits to both KO]

and A® and could not be distinguished by examining the bubble density of
the track, due to the existence of at least one high momentum track. To

+
resolve this ambiguity the angular distribution of the x in the rest frame

of the Ko or Ao was examined. This distribution in cos gcm should be

1
isotopic for a real KO] or Ao . The distribution was flat for the unique

o
1

both the unique and ambiguous £%ts. Adding the ambiguous A°'s to the

K”,'s, strongly peaked forward for ambiguous K? 's and non=-isotropic for

]

unique sample resulted in the expected flat distribution. Thus, all

ambiguous vees were accepted as Ao's. It is estimated that at most a 7%

contamination was added to the A° sample by this procedure.
The second major ambiguity was in the 2-prong 2-decay topology where

+_+ -
the final states £ X and T £ were often indistinguishable. The reason for

this ambiguity is that there is only a 8 MeV mass difference between the Z+

6The bubble density for tracks in a bubble chamber is « I/B2 where B = v/c.
Thus, particles with different masses produce different bubble densities
in a given momentum track.
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and £ . The only way to distinguish these two final states is to observe
the proton decay mode of the Z+ (or p decay of the ;:). A 2+ decays 50%

to pno and 50% to n*N and a & decay 100% to n-N(l3), so 25% of the

E+£: events were necessarily ambiguous with Z-E: events. There was another
complicating factor in this final state in that these events are also peripher-
ally produced. The E?; produced at small scattering angles with respect to
the incident p direction in the center of mass, appeared in the laboratory
wi th high momentum. When these high momentum T's decay to E no, the anti-
proton is closely aligned with the direction of the T producing either no
visible kink in the track or only a very small angle kink which was very
easy for the scanners to miss.7 It is estimated that ~25 % of the ¥ &

events were not found for this reason.

The ; appearing from the decay of a z+ produced at 30° in the center of
mass appeared on the film having an angle < 8° with respect to the ot
direction.

7
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111. CROSS-SECTIONS

The cross-section is defined as:

number of interactions/atom N

incident flux/’cm2

o' 3 ———ri—— “"‘ -N—
ZNasz el
where M= 2,016 gm/mole Molecular weight of Hz
23 '
N, = 6.023 x 10 Avagadro's number
sz = ,0658 gm/cm3 Density of liquid H,

N = Number of interactions (weighted)
e = Scan efficiency (given in Section 11B)

yielding g = 25.42 * gf'(“ barns)

An appreciable fraction of the strange particles produced in the
experiment were not detected in the bubble chamber. This was due to one or
more of the following reasons:

I. They decayed via a neutral decay mode.

2, They decayed too close to the production vertex to be detected.

3. They decayed outside the bubble chamber (or outside the fiducial
volume).

4. The charged strange particles had a projected decay angle on the
film too small to be detected.

To correct for this the number of observed interactions in these final
states must be weighted by the probability of observing the events.
Iin order to evaluate this probability, minimum track length

limits (1/4 inch for vees and 1/5 inch for charge decays) and projected
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charged particle decay angle limits (40) were established. Events satisfying
these decay limits (and the fiducial volume restrictions mentioned earlier)
were then weighted by the reciprocal of the detection probability for that
particular event. The total number of events for a particular final state

was then calculated to be:

1/2

N=1/lsW + (T wiz) ]
l l

where wi is the weight of the ith event. For the A and A's observed in
the experiment, these weights ranged from 1.61 to 3.858 with an average
weight of 1.91.

The detection probability Pi for a single neutral hyperon is given by
Pi = BR * P (decay), where BR is the branching ratio into charged decay
products and P (decay) the probability of decay in the fiducial volume but
beyond the minimum track length restriction.

P (decay) is defined to be:

-to/T -t /7
P (decay) = e -e

T is the mean life of the particle in its rest frame; to and tmax
are the minimum and maximum proper times corresponding to the minimum and

maximum times consistent with observation of the decay.

t0 =m LO/pc

t =m L /pc

8There were two A®'s at 2.9 GeV/c with weights greater than 3.85, one with
a weight of 4.48 and one with a weight of 6,62,
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with m = rest mass of the decaying particle in Me\!/c2
p = laboratory momentum of the decaying particle in MeV/c
L, = minimum length cut off (in cm.)

L = maximum path length in the fiducial volume for the
max .
event (in cm.)

Since all final states considered involved two strange particles
(with probability of detection P] and PZ)’ the total probability of seeing
each event with either one or both decays visible was PP, + P](I-PZ) +
PZ(I-P]).

The total F'path length (L) was calculated as follows: The beam tracks
were counted every 10th frame and an average number computed for each roll,
This average was then multiplied by the total number of usable frames on
that roll.

One must also consider the attenuation of the beam due to interactions,
Estimating that one interaction per foot of hydrogen is equivalent to a
cross-section of one barn and estimating the average PP total cross-section
for both momenta to be 79 mb (14) gives 79 interactions in 1,000 feet of
hydrogen or 13 interactions per 100 traversals of the fiducial volume.
Estimating these interacticws to occur on the average 1/2 way across the
chamber gives a decrease in the actual path length of (13%1/2) in 100 or a
factor of .935. Then the total path length is given by L = .935 % 50.4 ** N
cm. where N is the total number of beam tracks scanned. Numerical values

for the path length and scanning efficiency are given below.

2.4 Gev/c 2,9 GeV/c
Total number of beam tracks 1.288 x 106 1.282 x 106
Total path length in fiducial volume 60.7 x 106 cm, 60 .4 x 106 cm,

Scanning efficiency 9B + 1% 9h% + 1%
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Using the above values gives g/N(u barns/event) =.450 + .006 at 2.4
and g/N(u barns/event) =.448 + .006 at 2.9 GeV/c.

The cross-sections for all hyperon-antihyperon final states are
9

shown in Table IV~ with the energy dependence of the G(AK) and c(Azo + C.C.)

shown in Figure 5.

9Events were classified as p X x° which had MM > 1250 and which had no

acceptable A A x° fits.
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Table 1V. Cross-sections for all hyperon-antihyperon final states

Events observed o{u barns)
Final State 2.4 2.9 2.4 2.9
A 139 130 120+ 11 113 £ 10
Az’ + coc. 74 80 61 + 7 71 + 8
sE o 56 51 L7 + 8 L3 + 8
=%° - - <27 <26
= = - 3 - b+ 2
o.% - - - -
AR ° 9 L6 15 + 5 78 + 18
AR X 1 9 1.6 + 1.6 15+ 9
= 5t 5O - 3 - 2.5 + 1.5
25° oF + coce - 7 - 8.2 + 3.1
STA + cece 3 31 3.2 + 2.0 36+ 6
A T+ Cece 5 21 5+ 2.5 24.5+5
ET-K?;IYO"’ CeCe - 3 - 3.5i2

— + -

AN o 0 5 <.8 4.3 + 2.2
A %% n + cece 0 3 <.8 2.6 + 1.1
A Kol N+ coc. 0 6 <.8 7.7 + 4,0

AK P+ coce 1 5 .8+ .8 543.5
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IV. TWO-BODY FINAL STATES
A. Neutral
The neutral 2-body strange particle final states were:

1. E +p-N+A

2. ~p+30

(SN A+ y
3. A

A+

L, -0+ 0
L L-.A+fy

A+

=10
5. -2
Lq.A + x

A+ no

where the observed A\ appeared in the chamber as a visible px pair.
Reactions 4 and 5 were not treated in the experiment since they appear with
two missing neutrals (2 's or 2 no's) which involve more unknowns than
constraining equations.

The weighted average A and A effective mass summed over all observed
A and N's served as a check against systematic errors. This average was

defined as:
1/2

) + 1/7( 2 (

M=2(—L-)/:>;(6:L
| |

1
==))

loAs threshold for this reaction is 2.6 GeV/c, it was possible only at the

higher energy.
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where Mi = the A or A\ effective mass for event i

6Mi = the error in Mi

The values observed in this experiment were

M(A) = 1115.9 + .1 _ )
2.9 GeV/c M) - M(A))= .6 + .4 MeV/c

M(R) = 1115.3 + .3

M(A) = 1116.1 + .1 _ 2
2.4 GeV/c M) - M(A))= 1 + 4 MeV/c

M(A) = 1116.2 + .3 a

which are in reasonable agreement with the accepted mass of the p (1115.6 +
.08).

The combined XZ distribution for these observed A and A's (3-constraint
fits) are shown in Figure 6,

Those events where both the A and A were observed were usually
unambiguously identified as AA, AES; As° or AR ° by the kinematics. The
final state assignment of the single vee events was not so straightforward.
Their final state assignment was determined by looking at the A+ missing
massll‘distribution. The peripheral nature of these reactions (as indicated
by the angular distributions in Figure 9) produced A's which had very high
momentum and as such either had large measurement errors or lived long
enough to decay outside the fiducial volume. Thus, the missing mass against
the A shown in Figure 7 had both large errors and a depopulation of events
in the A mass region. Thus, only the missing mass against an observed

A»> weighted by its detection probability, was used to obtain the number

11
The missing mass is defined as:

2 -
MM = (E—4+m =E )° = (p— = .
(E5+m, = E)" - (5 - Py, p P
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of AA and Ags + c.c. events in the experiment.

These A plus missing mass distributions (shown in Figure 8 for both
energies) had large peaks around the mass of the A and a smaller, well
separated, peak at the Zo mass. The mass resolution evident from these
distributions and further evidenced in the ideograms of Figure 8 justified
the final state assignment of these events on the basis of their missing
mass alone.

Note that both reaction 2 (AEU) and reaction 3 (AL°) events are
included in the A+ missing mass plots. They appear in equal numbers
since the A detection efficiency is the same independent of whether one had
observed the direct A or a A from the 20 - A7> decay. These two reactions
differ in that the missing mass from reaction 2 should be that of the ;;a
while the missing mass from the reaction 3 will be nearly uniformly spread
from 1150 to 1350 at 2.9 GeV/c and from 1145 to 1290 at 2.4 GeV/c.'|

The 20 from reaction 4 decays via the electromagnetic interactions to

Ay with a Tifetime 1 x 1071}

sec. (14), and as such travels < 10-4 cm. from
the production vertex before it decays. Thus, the zo decay products which
appear to come directly from the vertex, also appear in the A + missing mass
distribution. These events contribute A's with a missing mass ranging from
1290 to 1410 at 2.9 GeV/c and from 1210 to 1350 at 2.4 GeV/c.]2

There are a number of features of these interactions that can be

determined by fitting the weighted A + MM ideograms:

A. The best missing mass criterian for AX events.

12 o

é_sample calculation for these missing mass spreads from the K s and

5°5° events is made in the Appendi x.
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B. The percentage contamination in the A\ final state due to

0 -0
A and AL events.

C. The validity of identifying all events in the distribution below
1260 MeV as either AK, Azo or KEP final states. The limit of
1250 was chosen because it is the lower limit for AXﬂo events.

13 to the data are also shown in Figure 8. The confidence

The best fits
level for these 2 fits are > 95% at 2.4 GeV/c and > 85% at 2.9 GeV/c.
Accepting all events with a missing mass less than 1160 MeV as AN events

gives a very small contamination between the AK and’Azo + c.c. final states.

The estimated contamination is:

2.4 GeV/c 2.9 GeV/c
M in Azo + c.c. sample 10% 8.5%
Azo + c.C. in the AA sample 5% 5.6%

Thus, the data used in the following discussion of the angular distributions
and t distributions for the AA events contain very little contamination from
misidentified events.

The angular distributions of the observed A from both the AX and AES +
c.c.‘final states are shown in Figure 9. As was mentioned before, the
strong forward peaking of these distributions suggest some type of peri-

pheral exchange mechanism. The diagram for such a process is shown in

Figure 10 below:

3 . . . . . .
L Gaussian distributions with widths and central value free to vary were

used for the X and 20 peaks and a_flat distribution (lower limit of 1150)
wi th amplitude equal to half the =° ampli tude was used for the As°

background.
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where e is some exchanged particle (or system of particles) with strange-
ness +1, charge +1, and baryon number O (such as a K or K*(890)). P, is
the 4-momentum of a particle in the interaction.

No model known to the author correctly predicts both the observed
strong angular dependence of these two final states and the energy dependence
of their cross-sections, though attempts have been made to fit the previously

available data with any or all of the following models:

1. Single K or K™ exchange (15)
2. Reggeized K™ exchange (16)
3. Mixtures of K and K* exchange coupled via 312

symmetry (17)
L, Mixtures of K and K* exchange with absorption (18)
5. 0(3,1) symmetry (19)

To make a comparison of the experiment with these models, it is
convenient to transform the angular distribution into a distribution in t,
2
the square of the four-momentum transfer. t is defined by -t = (P2 - PI)

where PI and P2 are the 4-momenta in Figure 10. Pi has components

(px, py, pz, i E), the vector momentum and energy of particle i. In terms
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of the center of mass scattering angles and the masses:

2 2
-t =2 E]E2 M -my - 2 PyP, cOs 8

This differential cross-section g% vs. t is shown in Figure 11 for both
the AA and A;E + c.c. final states, along with the absorption model
prediction of reference 18. This prediction (used for both the 2.4 and
2.9 AK data) was made for another experiment assuming an incident beam
momentum of 3.0 GeV/c. This calculation is not in good agreement with the
data from this experiment. As it has been possible to obtain very
acceptable fits to the differential cross-section at 3.0, 3.6, 5.7 and 7
GeV/c with this model, it may be possible to redo the calculation using
incident momenta of 2.4 and 2.9 GeV/c and obtain agreement with this
experiment. Such agreement would be meaningful if the model parameters
varied smoothly from those used in the previous experiments.

The polarization of the A and X from the reaction has been measured
making use of the parity nonconserving decay of the lambdas. The component

of the A polarization along n the normal to the production plane was

obtained from:

a P = 3/N(S.N: cos Gi) 1@7&

Where N is the number of evean, Gi the pion angle with respect to ; in the

A rest frame, and @ is the asymmetry parameter in the A decay. Using & =

.6L6 + .016 (14) gives PA = .26 +.11 at 2.4 GeV/c and Py = <24 +.12 at 2.9

GeV/c, which is both consistent with zero and consistent with the

polarization of .40 + .28 seen at 2.5 GeV/c (2). (PA - 0 at 3.7 GeV/c (6))
it is possible to extract model independent information about the AX

final state from the angular distribution of the decay products of the A

and A. The probability of the A decaying into a solid angle dQ is given by:
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14
W, ®) =1/(2x) {1/2 + (M+2 - M_Z) sin 8 [Re Py-7 €OS @ = Im o) sin ¢l }

where 8 and ¢ are defined in the A rest frame with the z axis taken as the
incident beam direction and the y axis taken to be normal to the production
plané;'NThe o's are production density matrix elements with P2n,2n! being
the product of A amplitudes with spin projections n and n'. Thus, o1y =
probability for forming the A with spin projection +1/2. M+2(M_2) is the
probability of the P from the p decay having its spin aligned (anti-
aligned) with its direction of motion. It is of particular interest to
present these density matrix elements for the AN final state since it is
one of the few final states where the imaginary part of the density matrix
can be determined.ls A peripheral model (i.e., one which uses diagrams
like Figure 10) predicts these imaginary parts to be zero independent of
the spin, coupling constants, mass, etc., of the exchanged system. (20)
Thus, their determination is a direct test of this model.

Integrating out the ¢ dependence gives a prediction for a constant 8
dependence which is consistent with the data shown in Figure 12.

To pick out a specific density matrix element (to within a multiplying
constant of (M+2 - M_Z)),one can take an average value over specific

trigonometric functions. These average values are defined by:
2 1
(f(8, @) = f f f(8, @)W (6, ) d(cos 8) do
0 -1

and determined from the data via (f (6, )y = /N f(8, ) where N =

1

M=

i
number of events.

Expressions for the individual p's are given below together with their

values as determined from this experiment:

Y4
15

rhis form has been derived using reference 21 as a starting place.
This is a result of the parity violating decay of the A.
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2.4 geV/c 2.9 GeV/c

- .

2

(M+ - M_Z) Re py_; = L/x (cos ¢) = .03 + W11 02 + .10
2 2 .
M, = M%) Im g,y = =b/x (sin @) = <02 + .M .03 + .09

The maximum amount of information on the production mechanism is given
by the analysis of the joint decay distributions, (20) where seven more
production amplitudes can be determined.

The joint decay distribution is given by;

1 1 ] 2 2.2 L .
W(Ql CP]; 92 m2)= —2- {E’+E(M+ "M_ ) (L"_OH" ]) [ofe]] 9] cos 92

1 -1 . .
o (M, "=M ) 01y Sin Gl sin 8, cos (¢]+¢2)

=11
0y-1 sin GI sin 92 cos (m] - ¢2)

2 2,2

+ (M_"-M_")" Re p:ll sin 8, cos 8, cos ¢,

= (M+2-M_2) Im Q:II sin 8, sin o,

+ (M 2_ M 2)2

R -1 _. 6. co
N _ e p)y Sin g, cos 8; cos g,

M2 - m2)

-1 . .
Im o3y Sin e, sin g, 1
with the individual density matrix elements (denoted by 0 20 ) and

their experimental values given by:

2.4 GeV/c 2.9 GeV/c

(M+2-M_2)2(4 D:: -1) = 9{cos 8; cos 8,) = .28 + .23 -.18 + .27
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2.4 GeV/c 2.9 GeV/c

w22 1- 16
( ) 0]- l = ‘;5 [(cos cp]cos gpz) - } A
(sin g;sin @3] = .00+ .10 .00 + .09
(M Z_M 2)2 -1 _ 16 [¢cos e cos o) +
v M0 e T T H(C0s mCos 9
i
(sin g;sin o)l = .01 + .10 -.03 + .09
7
2+ 11 '
(M,"=M_") Im gy 4 = =2/x (sin ¢} = .04 + .03 <01 + .0k
(M+2-M 2)2 Re o:]] = l% (sin 2 8, cos 9, = .01 + .06 -.02 + .07
T
2 .2 1-1 . ' '
M,"=M_7) Im pyy = =2/x (sin ) = =03 + .04 -.01 + .03

Again it is possible to determine these density matrix eiements only to
within a constant. As for the single decay density matrix, the exchange
model predicts all imaginary parts = 0. This prediction is seen to be in
geod agreement at 2.9 and in reasonable agreement at 2.4 GeV/c.

The exchange model also predicts no t dependence. To the extent that
160 events allow a determination of the t dependence, these distributions
(displayed in Figures 13 and 14) were examined at both momenta.

The data do not show a strong dependence on t in the 2.9 data. However,
the 2.4 data does seem to Indicate some variation of the density matrix with
t. (It should be pointed out that within the statistics these data are also

consistent with no t dependence.)
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B. Charged 2-Body Final States
The observed reactions were:
=
Te p+tp-3% +3
2. pHp-oy +3%

3. p+p- = =

Their possible decay products and accepted decay ratios are given

below:
o+ -
2 —Opﬂ 52-8%i ]-S%
- 1ON L7.2% + 1.5%
2- - nx 100%
= AT 100%

Reaction 3 was uniquely identified as the A and/or K. decay was also
seen. The three events found in this experiment were added to those found
at 3.0 and 3.7 GeV/c and the angular distribution for the published world's
supply of E?T; from 2-body Ef;? events is shown in Figure 15. There is a
tendency for the E? to be correlated with the incident P but this correla-
tion is definitely not very strong. This plus the small cross-section is
indicative of the fact that there is no known particle with Q = 2 and
S = 2 which could be exchanged to produce this final state. Reactions 2
and 3 involved a number of experimental difficulties, some of which have
already been mentioned. The charged X decays to one charged and one
neutral (unseen) particle, and their track lengths are often so short

that only their production angles can be measured. Thus, these ¥ decay

fits involve four unknowns: the three components of the momentum of the
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neutral particle and the magnitude of the momentum of the ¥. With four
unknown quantities and only four equations (three from momentum conserva=
tion and one from energy conservation), the fitting equations degenerate to
a simple solution for these unknown variables. This does not allow for

any measurement error in events especially difficult to measure. |t was
thus decided that the 2-prong l-decay events would be so ambiguous as to

be meaningless. Therefore, the 5% final states were investigated using
only those events in the 2-prong 2-decay topology. Due to the 2+- ol

mass difference of only 8 MeV, mentioned earlier, these double decay

events were uniquely identified only if the 2+(2+) was observed to decay

via the P(E) decay mode. Listed below is the number of unique zfz#

and ambiguous (§+£+ + % ¥ ) events for both momenta.

2.4 GeV/c 2.9 GeV/c
Unique 21 19
Ambi guous 35 32

The weighted angular dependence of these events is shown in Figure 16. As
wi th the neutral final states the s are observed to be peripherally
produceds This peripheral production is painfully evident in the subse-
quently biased sample of ;F}s obtained. For a ;F-produced at 30o in the
center of mass the resulting proton decay angle between the direction of the
¥ and the direction of the subsequent proton from the decay in the labora-
tory is £ 8° and the decay angle observed on the film is the projection of
this angle in 3-dimensional space. Thus, these events were often difficult
to spot and were preferentially missed in the scan. To correct this bias,

all decays with a decay angle less than 4° were deleted from the data and

lost events corrected for in the following manner. The z+ was assumed to
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be associated with the target proton and therefore, to have low laboratory
+_+ . . .

momentum. Thus, the ¥ 5 cross~section was obtained by assuming the

total number of events to be twice the weighted number of events where the

z+ was observed to decay to pno. The number of ¥'s in each category, is

listed below:

2.4 GeV/c 2.9 GeV/c

g p® g o 4 2
z? - pno ;: Y 13 11
E+—'1t+N§-o;n° 4 6
2+ --:t+N'2_+ —oﬁ-ﬁ} 35 32
T -xNE ~xN

m——

It was decided that any attempt to subtract out the 2-2- events from the

+ -+ . . e . .
»'s events with these statistics and the known bias would not be meaning~

. . +_+ - -
ful, so all cross~sections are quoted as combined ¥ & + 3% % »

C. Comparison with SU3

The protons, antiprotons, kaons, and all observed particles in the
2-body final states are members of SU3 octets. Thus, the suggested K or
K* exchange dominance is represented by an octet exchange between two
8® 8 representations. The two types of independent octet couplings,
symmetric (D-type), and anti-symmetric (F-type) have been calculated by
Tanaka (22). The data previously available from 2.7 +6.9 GeV/c has been
compared with the branching ratios predicted by these couplings with the
following results: Good agreement with the anti-symmetric coupling and
disagreement with the symmetric coupling. (8). The results of this exper=-

iments are given in Table V. It also shows agreement with F-type coupling

and disagreement with D=-type.
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Table V. Cross-sections compared to predictions of the two different
octet couplings

— —

Final State - KK AZP + C.C. 2+2+ z°z°

2.4 120 + 11ub 61 + Jub 47+ 8 ub <27 ub
(o)

ratio® 9+ .8 5+ .6 b3 + .7 < 2.b

-2-;—9 113 + 10ub 71 + 8ub 43 + 8ub <26 ub

ratio® 9+ .8 6.2 + .7 bol + .7 < 2.5
symmetric (D) ) . .

coupling ] ) 6 ’ 36 ’ 9
anti-symmetric (F) 9 . 6 . L . 1
coupling ) ) )

®The AK cross section was normalized to 9 to calculate these ratios.
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V. 3 AND 4 BODY FINAL STATES

Those 3 and 4 body hyperon-antihyperon final states studied are
listed along with the number of observed unweighted events in Table Vl.
As it was energetically possible to produce the three known resonant

states below:

Relevant
Symbol (Mass) Width (MeVv) Decay Modes
At 90%
% (1385) 35 +3 s 109
A (140L) 40 + 10 s 100%
% (1550) 16 + 2 v L5%

it is of interest to look for their production in the £n and An effective
mass distributions. Shown in Figure 17 is a scattergram of the Ax
effective mass vs. the In effective mass from the Xt- ﬂ+ + c.C. and

KZ+ n 4+ c.c. final states. A similar plot of the Xno VS. Aﬂo masses
from the AXﬁo final states along with a nonresonant phase space distribu-
tion on each of the projected histograms is shown in Figure 18. In the
KZﬂ + c.c. plot, there are departures from phase space at 1400 MeV in the
An projection, and at 1375 and 1525 in the %L projection. The enhance-
ment centered at 1375 in the §n mass distribution is interpreted to be
the A(1404) [rather than ¥(1385)] production for the following reason.
£(1385) has a 10% decay to ©x and a 90% decay to Ax. The observed 1385
enhancements in the Ax channels are at best four times that seen in the
v channel. The reason for the mass shift is unknown. A more detailed
look at the on + c.c. effective mass distribution shows that, although
both 2+n- + c.c. and Z+ﬂ+ + c.c. contribute equally (within statistics)

+
to the two observed enhancements, the An + c.c. events contribute much

more than do the Aﬂ- + c.c. events. This feature of the data has been
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Table Vi.  Numbers of events observed in the 3 and 4 body hyperon-
: antihyperon final states studied

Number of Events

2.4 2.9
. & % A+ cec 3 31
2. ¥ :r+—/'{+ CeCe 5 21
3. % ; T+ CeCo 0 3
L, ;6 at + coce 0 4
5 A A % 9 46
6. };‘t; ©° + c.c. 0 3
7. =8« 1° 4 cece 0 3

- + -
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seen before at somewhat higher energies (4).

A look at the possible exchange diagrams which could be responsible
for a Am resonance shows that to produce a Aﬂ- or Kﬁ+ system requires
the exchange of a particle with either double charge or baryon number +2.
The fact that no such particles have been observed may be one reason for
the small amount of Am + c.c. resonance produced. (A Aﬂ+ + c.C. reso-
nance can be produced assuming the exchange of a K or K*(890)). The
relevant diagrams for the Z+Kﬁ- + c.c. and ¥ A % + c.c. final states are
shown in Figure 19.

A rather interesting feature of these two final states is their
production angular distribution. Only those reactions in which 5 (1385)
production was allowed by a one-particle exchange model were peripherally
produced. Even this peripheral bréduction was weak. The other reactions
allowed by this model were produced with the hyperon in the backward
hemi sphere of the center of mass but not peripherally. Those reactions
not allowed by a one-particle exchange model are consistent with isotropy
in the center of mass.

One might also expect to see ¥ (1385) production from the A 7° final
states. A scattergram of the Aﬂo effective mass vs. the Kﬁo effective mass
from the 40 observed events is shown in Figure 18. One notices some
enhancement in the 3 (1385) region and an excess of events on the low mass
side of this resonance region in both projections. The low mass effect
is probably due to real z°;3 events in which the two 7's fake a 7° fit.
This phenomenon was also noticed at 3.0 GeV/c along with similarly small
resonance production.

s

One might also see & (1385) production in the pA 7" and Azo nn T+
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c.c. final states. However, since there were only five and three events

respectively, the statistics were too limited to say anything meaningful.
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Vi. CONCLUSIONS

The cross sections for all hyper-antihyperon events observed
in this experiment are given in Table IV. The AK and A;S + CeC. CFroOss
sections are compared with those from other energies in Figure 5. It
is of interest to note that, even though the threshold behavior of A
and A;S + c.c. production is much different, they both approach g =
LO ub at high energy. The observed A-7 mass difference at 2.4 and 2.9
GeV/c is 1 + .4 and .6 + .4 MeV/c2 respectively. The mass difference
is presented rather than the individual mass values as this cancels
out any mass errors due to an inaccurately known magnetic field

There were three examples of =3 ;: production at 2.9 GeV/c (thres-
hold is 2.6 GeV/c). These events, plotted with those found at 3.0,
3.25 and 3.7, show a tendency for the ;F to be weakly aligned with the
incident p (Figure 15).

The AX and Agg + c.c. final states are observed to be highly
peripheral indicating a t-channel exchange dominance. However a pre-
diction for the differential cross section from a one meson exchange
model with absorption, done for a slightly higher momenta (3.0 GeV/c)
by Hogaasen and Hggaasen, is not as sharply peaked as the data. Both
the single and joint spin-density matrix elements for the AX final
state show an indication of t dependence, but with the limited statistics
of this experiment the data is also consistent with no t dependence.

The 3-body final states are not produced as peripherally as the 2-

body states. Those final states, which are consistent with t channel ex-
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change of an observed particle (or system of particles) have angular distri-
butions peaked forward but not strongly. Those states not consistent
with the exchange of a known particle have an isotropic distribution.
These final states also have lower cross sections. It is also inter-

esting to note that in the ZﬁK % + c.c. final states there are three

events where both the S+éE;)and the A(p) are produced in the forward

hemisphere.

Some A(1520), A(1404) and %(1385) resonance production is observed

T

in the Z;'K 7 + c.C. events and some %(1385) is observed in the AXno

eventse.
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IX. APPENDIX

The range of the missing mass from the reactions (1) pp - (1) (z°)

or (2) pp - (go)(go) when only the A is observed was calculated as
L(a7)
~(7)
follows:
E _=E_— +E

2 2 2
Mo () = (B - E)° - (0-P)
2 2
= Ecm -2 EcmEA + MA

where MM is the missing mass and all quantities are calculated in the

center of mass.

2.9 GeV/c 2.4 GeV/c
£ - 2.76 Gev/c®  2.55 GeV/c?
m = z. eV/c . eV/c
For reaction 1
1 pcm(Eo)I = 720 MeV/c 545 MeV/c
2 2
E = 1365 MeV/c 1264 MeV/c
Apax
2 2
E = 1274 MeV/c 1195 MeV/c
Amin
For reaction 2
1 S;m(z°)| = 675 MeV/c 480 MeV/c

E
Amax = 1300 Mev/c2 1235 MeV/c2



E =
Amin
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Using these values we obtain:

pp ~ (1))

- A7)

1152 < MM < 1352

1145 < MM < 1290

(2.9 GeV/c)

(2.4 GeV/c)

1241 MeV/c2 1166 MeV/c2

p - () )

- A()

1298 < MM < 1418

1212 < MM < 1349



