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A MEASUREMENT OF THE 7p — AA AND 7p — X°A + c.c.
REACTIONS AT 1.726 GeV/c.

Rex L. Tayloe, Ph.D.
Department of Physics
University of Illinois at Urbana-Champaign, 1995
David W. Hertzog, Advisor

The reactions pp — AA and pp — L°A 4 c.c. were investigated at an average
antiproton momentum of 1.726 £ 0.001 GeV/c using the Low Energy Antiproton
Ring (LEAR) at CERN. Total and differential cross sections, hyperon polarizations,
and spin correlation coefficients were measured for these strangeness production reac-
tions. Emphasis was placed on a comparison of the data from the fp — AA reaction
with that measured for the pp — L£°A + c.c. reaction. A comparison of these com-

plementary channels provides insight into the dynamics of strangeness production.
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Chapter 1

Introduction

The first pp — AA, pp — X°A, and pp — AXC reactions were observed in 1960
by J. Button et al. [1,2] using the new 72-inch hydrogen bubble chamber at the
Bevatron in Berkeley, California. At this time, the field of particle physics was still
in its adolescence. A consistent scheme of mesons and baryons and the incorporation
of the idea of “strange” particles had only recently been proposed [1]. The particle-
antiparticle symmetry, as suggested by the Dirac equation, was in the process of
verification with the discovery of the antiproton, antineutron, and antilambda [3-6]
just several years prior (also at the Berkeley Bevatron). An intricate yet enticingly
symmetric picture of particle physics was beginning to emerge. The force that binds
these particles and mediates their interactions, the “strong” nuclear force, was the
subject of much inquiry. Button and colleagues, through the production of hyperon-
antihyperon pairs in antiproton-proton collisions, hoped to provide answers to some
of the questions, from the long list, about the strong nuclear force.

Almost 25 years later and 7000 miles away the PS185 collaboration continues to
work on the same list of questions. Although many have been answered, many more
remain. As observed by the philosopher Heraclitus in the early stages of science.
“Nature is wont to hide herself.” Using the LEAR antiproton facility at CERN
in Geneva, Switzerland and with modern detection techniques, approximately four

orders of magnitude more Fp — AA, Pp — LA, and Pp — AL? events have been



collected and analyzed since that first bubble chamber experiment at Berkeley. The
large number of events and the accuracy with which they are measured have allowed
more and more of the subtle aspects of the strong nuclear force, through hyperon-
antihyperon production, to be brought to light.

This work reports on a subset of the extensive PS185 experimental effort: an
investigation of the reactions pp — AA, pp — X°A, and pp — AL° at an incident
antiproton momentum of 1.729 Gev/c. Special emphasis is placed on the study of
pp — X°A and pp — AXP, two lesser-known channels, to enable a thorough com-
parison with the similar and well-measured pp — AA channel. In this introductory
chapter, the physics background and the motivation of the experiment is elaborated.
Previous results of others and the PS185 experiment are presented and some inter-
pretations of these results are given. It concludes with an overview of the challenges
involved with a measurement of the pp — £°A and Hp — AX° channels and the

solutions implemented to meet them.

1.1 Resolving the Hadrons

As the correct picture of the nucleus developed in the 1930’s, it was noticed that a
new type of force must be responsible for the interaction of nucleons. This force must
be strong enough to hold a nucleus together against the electromagnetic repulsion
between the charged protons and of finite range as the force is not seen at distances
much beyond a nucleon radius. In 1935 Yukawa proposed that a particle mediates
the strong nuclear force as the photon does for the electromagnetic force [7]. Its mass
would be that as calculated from the range of the nuclear force (= 1 fm = 10" m)
and the uncertainty principle. This yielded ~ 200 MeV /c? for the mass of the Yukawa
particle. And indeed, the pion was discovered in 1947 and assigned (too simplistically,
it turned out) to be this particle, the quantum of the strong nuclear force.

In the years following, a plethora of particles interacting via the strong nuclear



force were discovered. These particles, the hadrons, come in two varieties: the
integral-spin mesons and the half-integral-spin baryons. The proton and neutron
had been known for some time and a triplet of pions was eventually identified. The
experimentalists also came across a new class of hadrons, the “strange” particles.
These particles are distinguished by a larger mass than their ordinary meson and
baryon counterparts and by their multiple patterns of delayed decay. Once the com-
plication of multiple decays was understood and the experimental mass resolution
became sufficiently precise, the K mesons and the A and ¥ hyperons' emerged.

Along with these developments, a regularity of particle-antiparticle symmetry
was surfacing. The positron was discovered in 1932 by Anderson [8], confirming the
prediction of the Dirac equation, that there should exist a particle with the same mass
and opposite charge as that of the electron. With the discoveries of the antiproton,
antineutron, and antilambda, it appeared that this symmetry would hold for the
baryons as well. This was perhaps surprising since the measurement of the magnetic
moment of the proton and neutron was not as predicted by the Dirac theory. Also,
why was the baryon-antibaryon symmetry not seen in macroscopic observations?
Where are the antimatter galaxies?

Even with these hints that the hadrons were more complicated than recognized, a
model proposed by Gell-Mann and Ne’eman [9] was fairly successful in explaining (or
at least categorizing) the observed properties of these particles. In this model, the
“eightfold way”, the SU(2) isospin symmetry that was observed in the strong inter-
action, was incorporated into the larger symmetry of SU(3). The isospin multiplets
were grouped into octets or into multiplets that could be made by combinations of the
octets with each octet or multiplet containing particles of the same spin and parity.

The spin-2 baryon and antibaryon octets and the spin-0 meson octet are diagrammed

'The term hyperon was introduced as a name for the new baryons that were larger in mass than
the familar neutron and proton. Today it has come to denote a baryon with at least one quark that
isnot a u or a d.
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in Fig. 1.1. The particles of the other multiplets where gradually incorporated into
this scheme. In fact, many of the particles were predicted to exist before they were
seen in the laboratory; the most notable example is the § = -3 ™.

While this model was adequate to organize the particles into various multiplets,

it fell short in explanatory power. Why did these particles organize themselves into



this elaborate scheme of multiplets? A remarkable breakthrough occurred when
Gell-Mann and, independently, Zweig proposed [10] that hadrons are constructed of
smaller constituents, the quarks. The hadron multiplet scheme could be constructed
with combinations of three quarks: the up (u), down (d), and strange (s). The u
and d quarks together form a strangeness-zero isospin doublet and the s quark is
an isosinglet with strangeness -1. The u quark is assigned a charge (in units of the
proton charge) +2/3 and the d and s, a charge of ~1/3. The baryons (antibaryons)
are constructed with SU(3) combinations of the three quarks (antiquarks) and the
mesons, a quark-antiquark pair.

The reality of quarks as objects and not as only theoretical constructs was ac-
cepted with skepticism at first as a free quark had never been observed. The ar-
guments were later strengthened with the results of deep-inelastic scattering experi-
ments and through the production of mesons containing the heavier charm (c), bot-
tom (b) , and top (t) quarks? that showed that hadrons are well explained with quark
constituents.

In the years following the quark hypothesis, many advances have been made, in
both theory and experiment, to bring together the modern picture of particle physics
into what is now called the “standard model” [11]. In this picture there are three
families of quarks and leptons. The leptons — the electron, muon, tau, and their
neutrino partners — do not interact strongly and are handled successfully with the
electroweak theory. The interactions of quarks are dominated by the strong force
which has been quantified with the theory of quantum chromodynamics (QCD).

In QCD the quark interactions are mediated via the exchange of a massless spin-1
particle known as the gluon. In addition to charge, the quarks carry a quantum num-
ber called “color” which takes on one of three values, called (somewhat whimsically)

red, green, and blue. The gluons couple to color, analogous to the way the photon

2The CDF collaboration at Fermilab reports, as of this writing, strong evidence for the hitherto
undiscovered ¢ quark.



couples to charge in the electromagnetic interaction. Only color singlet combinations
of quarks can appear as physical particles in this theory, thus accounting for the
experimental fact that single quarks, not bound inside a hadron, are not observed.

The color interactions are modeled in a manner similar to the electromagnetic
interaction in precision theory of quantum electrodynamics (QED), with the sub-
stitution of the strong coupling constant e, for @ = 337 of QED. However, unlike
QED, due to the non-Abelian nature of the gluonic interactions, o, decreases with
decreasing distances. Thus, QCD exhibits “asymptotic freedom”; the quark-quark in-
teraction essentially vanishes for small distances where they behave as if they are free,
non-interacting particles. This allows QCD to be used as a quantitative calculational
tool for high momentum transfers (short distances) with perturbation techniques as
is done for QED. And indeed, for processes where the relevant momentum transfers
are large, the strong coupling becomes small® and the observables for these processes
are calculable with precision.

When quarks are separated by large distances, the interaction strength increases
without limit, much like a harmonic oscillator. This behavior is referred to as “con-
finement. Thus, calculations in the lower energy regime are non-perturbative and
present an almost intractable problem. Although progress is being made, for exam-
ple, through the use of lattice techniques, the present understanding relies mainly on
semi-phenomenological models. The majority of the successful low-energy models of
hadron interactions use meson-exchange techniques to explain the observables. These
techniques are not entirely different than those proposed by Yukawa over 50 years
ago! Where are the quarks and gluons? Ultimately, the interactions of hadrons must
be able to be incorporated into the scheme of QCD through the interactions of the

basic constituents: the quarks and gluons.

3The current best estimate for a, at the Z mass (91.2 GeV /c?) obtained from a fit to the results
of various experiments is ay(Mz) = 0.117 & 0.005[12].



1.2 Antiproton-Proton Reactions at Low Energies

Antiproton-proton reactions are interesting because of the large number of comple-
mentary reaction channels available in which to study the interactions of quarks and
gluons. A data set may be obtained that spans a continuous spectrum of the re-
action mechanisms. For example, some of the possible reactions include Fp — pp
(elastic scattering), p — mn (charge exchange), pp — 77, 777 (non-strange meson
production), p — YY (strange baryon production), and pp — KK (strange meson
production). These reactions, and other similar ones, each provide a slightly different
focus on the strong-interaction reaction mechanisms.

By conducting these investigations at low energies (around a few GeV) it is hoped
to gather greater understanding of the strong interaction in this energy region. That
is, at interaction distance scales on the order of the hadron size. The LEAR facility at
CERN provides a low energy antiproton source of unprecedented quality. The purity,
intensity, and precision of the antiproton beam of momentum 0.1-2.0 GeV /c allows
the observables in the above-mentioned reaction channels to be precisely measured,

thereby enabling a solid program of low-energy strong-interaction studies.

1.3 The PS185 Experiment

The PS185 experiment was initiated in the early 1980’s with the goal of studying
the strong interaction by investigating strange quark production via a precise and
complete measurement of the exclusive hyperon production reactions pp — YY near
threshold. Here YY is one of the final states AA, £°A, AX?, -Zt, or T+E~. The
program began with the pp — AA channel and has recently become more complete
by providing measurements from the other channels.

Strangeness production in these channels near their respective reaction thresh-
olds is particularly attractive for a host of reasons. As is evident from the name,

strangeness production involves production of strange quarks, more specifically, an



5s quark pair. Because of the larger mass of the s quark (as compared to the u
and d), the production of an 3s quark pair requires a large momentum transfer all
the way down to reaction threshold. Therefore, these reactions should be sensitive
to the strong interaction effects from the shorter-range end of the nuclear distance
scale. Near threshold, due to the angular momentum “centrifugal” barrier in the
final state, only the lower angular momentum values need be included. This allows
for an easier interpretation of the data using a partial wave analysis.

The reactions to the YY states AA, £°A, and AT have an additional advantage
due to the A hyperons in the final state. Since they decay via the weak interaction, the
lifetimes are relatively long and the decay products exhibit an angular asymmetry due
to the parity-nonconserving nature of this interaction. The long lifetimes allow for
an unmistakable signature of these reactions in the detector which ensures a virtually
zero-background measurement. The angular asymmetry enables the polarizations of
the hyperons in the final state and their spin-correlations to be determined without
the need for double scattering. These spin observables, along with the differential
cross sections, constitute a very complete data set that sheds light on the strength,

range, and spin dynamics of the strong interaction.

1.4 A New Channel: pp — T°A + c.c.

Before beginning a discussion of the merits of this measurement, a few words about
notation are necessary. Although a hyperon Y, in a strict sense, is a baryon with at
least one s (or heavier) quark, the reaction shorthand pp — YY is used throughout
this document as notation for the three channels of interest here: pp — AA, pp —
YA, and pp — AXP. Also, the shorthand notation p — I°A + c.c. is used to
indicate the pp — £°A and pp — AX° channels together. This is a common practice
as they are charge conjugate channels and the charge conjugation symmetry of the

strong interaction implies strict constraints among the observables as is explained in



hyperon A 0
mass (GeV/c?) | 1.1157 | 1.1926

@] Fo|
strangeness -1 -1
isospin 0 1
reaction pp— AA | pp — Z°A +cc.
tota! c.m. energy (GeV) 2.231 2.308
(b)| 7 lab energy (GeV) 1.715 1.900
p lab momentum (GeV/c) 1.435 1.653
momentum transfer (GeV/c) | 0.603 0.672

Table 1.1: Parameters of (a) the A and £° hyperons and of (b) the 5p — AA and

pp — L°A reaction kinematics at threshold.

Chapter 2. For this reason, these two channels are usually considered as one and
called the pp — X°A + c.c. channel. Any exceptions to these conventions are noted.

A measurement of the reaction pp — L°A + c.c. and subsequent comparison with
7p — AA is interesting due to the similarity between the A and £° hyperons and
therefore between the dynamics of the two reactions pp — L°A + c.c. and pp — AA.
The relevant parameters of the A and £° hyperons and of the fp — AA and pp —
A + c.c. reactions near threshold are shown in Table 1.1. As can be seen from
this table, the kinematic parameters are very similar; the major difference is that of
isospin.

A quark line diagram of the pp — Y'Y reaction is shown in Fig. 1.2(a). In this
simple quark picture, the v and d quarks of the isosinglet A are in an isospin-zero,
spin-zero (I = S = 0) state; thus, the s quark carries all of the spin of the A. This is
in contrast to the isospin-1 £° where the u and d are paired in an I = S = 1 state and

share the total spin with the s quark. Therefore a measurement of the AA spin state
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Figure 1.2: Two ways to view the pp — Y'Y reaction: (a) a quark line diagram and
(b) a kaon-exchange diagram.

yields the spin state of the s system while a measurement of the X°A spin state
yields spin information about the Ss pair combined with the “spectator” u and d
quarks. The study of these complementary channels can help to zero in on the quark
pair creation mechanisms. Of course, these arguments are naive in that they are
based on a non-relativistic quark model and neglect any interactions in the AA final
state. Another way to state the above would be that the p — X°A + c.c. reaction
takes place through different spin-isospin channels. The study of p — ¥°A + c.c.
and comparison with pp — AA should yield information on the isospin dependence
of the reaction mechanisms.

An alternative way to view the pp — Y'Y reaction is through meson exchange
depicted schematically in Fig. 1.2(b). In this framework, strangeness is created via the
exchange of kaons; the K(494), the K*(892), and the K;(1430) are most commonly
considered. In the language of the meson-exchange formalism, a comparison of pp —
$OA + c.c. with op — AA is interesting due to the different meson-nucleon coupling
constants involved in the two reactions. The SU(3) (and SU(6)) symmetry relations
predict that the coupling to the K* is stronger in pp — X°A + c.c. than in pp —
AA. Thus, the pp — X°A 4 c.c. reaction is more sensitive to the shorter-range K™

exchange and should provide a good test of the meson-exchange approach to hyperon

10



production.

It is tempting to state that a comparison of pp — X°A + c.c. with pp — AA
will help to distinguish between the quark and meson-exchange pictures represented
in Fig. 1.2, but this is probably an overly optimistic viewpoint. Meson exchange
approaches have achieved much success in explaining the data, are based on firm
theoretical ground, and cannot be labeled “incorrect”. However, these systems must
ultimately be able to be described in terms of the basic constituents, the quarks and
gluons. Providing high-precision observables for the pp — X°A + c.c. and pp — AA
reactions, it is hoped, will advance understanding on all fronts. This is the goal of

the measurement described here.

1.5 The Existing Data

Before proceeding with the new measurement it is instructive to examine the existing

pp — AA and Pp — X°A + c.c. data reported by PS185 and by other experiments to

summarize what has been learned.

1.5.1 Pre-PS185 pp — YY Data

Before the commencement of the PS185 experiment, there were approximately 10
experiments with measurements of the pp — AA and pp — L°A + c.c. channels with
antiproton momenta* from 6.0 GeV/c down to 1.5 GeV/c. The majority of these
were bubble chamber experiments [2,13-21]. The results suffered from low statistical
precision, especially near threshold where the reaction cross sections are decreasing
rapidly. The other experiments using more modern detectors [22,23] were carried
out at momenta far from reaction threshold. The highest precision experiment near
threshold [20] produced a pp — AA cross section at 1.5 GeV/c with 25% errors. This

same experiment reported polarization data but for momenta integrated over the

*It is conventional with these experiments to use the incident antiproton lab momentum as the
determining kinematic variable.
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range 1.5-2.0 GeV/c. For pp — X°A + c.c., the one experiment that coucentrated
in the near-threshold momentum region yielded only total cross section results with

approximately 25% errors.

1.5.2 PS185 pp — AA Data

The PS185 collaboration has thoroughly mapped out the pp — AA reaction near
threshold [24-30] with differential cross section, polarization, and spin-correlation
coefficient results. Approximately 10° p — AA events have been collected and
analyzed, producing high precision data with which to investigate the inner workings
of this system. The total cross section values measured for the p — AA reaction by
PS185 and previous experiments in the near-threshold momentum region are plotted
in Fig. 1.3. Note that the 7p — AA reaction has indeed been well measured with
high precision by PS185 all the way down to reaction threshold.

The corresponding differential cross sections measured by PS185 are shown in
Fig. 1.4. The antiproton lab momentum and the excess energy €, where ¢ = \/s—2m,
is the kinetic energy available to the final state hyperons, are tabulated on each plot.
The most striking feature of these data is the forward peaking that persists all the way
down to reaction threshold. The polarization values of the A hyperons in the reaction
pp — AA are shown in Fig. 1.5. These data show a sizeable hyperon polarization
throughout the momentum range with an indication of a zero crossing that begins
at low-momenta in the backward cos§* region and moves forwara with increasing
momentum.

The higher momentum data sets also allowed the extraction of a full set of spin
correlation coefficients. A quantity derived from these, the singlet fraction, is shown
as a function of momentum in Fig. 1.6. The singlet fraction is a measure of the
average spin state of the final-state hyperon pair; a value of 1 (0) indicates pure
singlet (triplet) production and a value of % is expected for uncorrelated production.

As is clearly seen in this plot, the data show that the final-state AA are produced

12
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almost exclusively in a spin triplet state.

1.5.3 PS185 pp — XA + c.c. Data

Previous to this work, the reaction Pp — L°A +c.c. has been measured by PS185 [31],
but at only one momentum point and with less-than-optimum statistics. The total
cross section result is shown in Fig. 1.3 along with the p — AA data and other
measurements of pp — L°A + c.c.. The differential cross section at 1.695 GeV/c is
shown in Fig. 1.7(a). As in the 5p — AA channel, this data shows a strong forward-
peaked differential cross section. The limited statistical precision of this measurement
did not allow for a precise determination of the hyperon polarizations, as can be seen

from Figs. 1.7(b) and 1.7(c). No extraction of the spin correlation coefficients was

possible.

1.6 What Has Been Learned?

The high-quality 5p — AA data presented by PS185 has lead to considerable advances
in understanding the dynamics of strangeness production in this channel. The most
striking feature - the forward-peaking of the differential cross section data — indicate
that this is a highly peripheral process. It is perhaps surprising that this behavior
persists down to near threshold where the final-state hyperons in the c.m. system
leave the interaction region with .only a few MeV of kinetic energy. In fact, much
can be learned by examining the data in the context of scattering from an absorbing
(black) disk.

In the black disk model [32, 33}, the differential cross section, as a function of
the four-momentum transfer (squared) ¢, should have the form e, where b is the
radius of the disk. As can be seen from the plots in Fig. 1.4 the data is fairly well
described in the forward region with an exponential form. If fit to this form, b takes

on the value of about 9 GeV~2 and is fairly independent of the momentum. This
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Figure 1.5: Average A and A polarization values in the fp — AA reaction for a range
of momenta near reaction threshold. The antiproton momenta and excess energy
values are tabulated on each plot and correspond to those in Fig. 1.4.
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Figure 1.6: Singlet fraction for the fp — AA reaction. The dashed lines show the
expected values for three different AA spin configurations.

corresponds to a disk radius (R = 2ficy/b) of approximately 1.2 fm. The fact that
the data are fairly well described with this simple model is most probably due to
the strong effects of annihilation. More central pp collisions couple to other channels
such as multi-pion production. It is interesting to note that this model describes
other reactions involving strange particles such as 7~p — K°A and K~p — #°A
with similar values for b [32]. In terms of a partial-wave decomposition, the forward
peaking is described by a relatively large contribution from the higher partial waves
due to the absorption of the small-impact-parameter low partial waves. This is also
seen in the total cross section data as both S and P waves are needed to describe
the threshold behavior.

However, a simple scattering model such as a black disk falls short in explaining
the behavior of polarization data. Although, it is interesting to note that the polar-
ization zero-crossing that is present in the pp — AA polarization data occurs at the

same value of cos 6* as the slope change in the differential cross section data. This
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Figure 1.7: The (a) differential cross section, (b) A polarization, and (c) %0 po-
larization for the pp — X°A + c.c. reaction at an antiproton momentum of 1.695

GeV/c.

can be seen by examining Figs. 1.4 and 1.5 together. This correlation is observed
in other hadron scattering processes and may be related to the distance scale of the
interaction [34,35]. In terms of partial waves, the angular behavior of the polariza-
tion data (as well as the spin correlation coefficients) sets constraints amongst the
amplitudes that allow conclusions about the nature of the forces involved [36]. This
is discussed further in Chapter 3. The singlet fraction data shows that the reaction

produces the AA pair in a spin triplet state throughout the entire momentum range
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investigated by PS185. This is such a fundamental feature that it has come to be
considered a dynamical selection rule [37] and is an indication of the presence of a
strong tensor force.

The lone PS185 5p — L°A + c.c. measurement shows a differential cross section
with forward peaking similar in shape to those of pp — AA. When plotted as a func-
tion of ¢ and fit to the black disk form e~*, the resulting value for b is approximately
14 GeV~2, somewhat larger than in the p — AA channel. This corresponds to a
black disk radius of about 1.5 fm, perhaps evidence for stronger absorption in this
channel. Unfortunately, the statistical errors on the polarizations from this data set

allow no significant conclusions to be reached.

1.7 A Measurement of pp — X°A + c.c. and pp — AA

The somewhat incomplete data set on pp — X°A + c.c. leaves many questions about
this channel unanswered. Does this reaction exhibit the same peripheralism down to
threshold as does p — AA? Is the polarization structure the same? And, what will
the singlet fraction show? These are the questions that the PS185 collaboration set
out to answer with the expansion of the p — Y'Y program to include the 5p — L°A+
c.c. channel. The goal was to investigate this new strangeness production channel in
the near-threshold region with as high precision as was achieved for 7p — AA.

This task was not just a simple extension of the pp — AA program. The reactions
pp — X°A + c.c. and Bp — AA are topologically very similar: they look much alike
in the detector. And, since the beam momentum threshold for pp — AA is around
200 MeV /c lower than for pp — Z°A + c.c., the cross section of p — AA is relatively
large in the momentum region where the 5p — E°A + c.c. reaction is near threshold
and has a small cross section. This results in the potential for a background from
Pp — AA contaminating the pp — YA + c.c. measurement. A more subtle, yet

equally detrimental, problem is the possibility of misidentifying a pp — T°A event
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as a pp — AX® and vice versa. Although the observables of these reactions are
equivalent, according to charge conjugation symmetry, as is discussed in Chapter 2,
a misidentification of this type can distort the angular distributions.

To reduce the effects of these problems, the PS185 detector was upgraded with two
new detector components. These new components increased the kinematic resolution
of the apparatus, thus allowing a measurement of 5p — X°A + c.c. with quality
approaching that of the p — AA channel. A set of silicon microstrips installed
immediately upstream of the target enabled a precise measurement of the incident
antiproton so that the intial state kinematics could be more tightly constrained.
Also, a lead/scintillating-fiber calorimeter was added to the apparatus to allow the
detection of the X%-decay photon which further constrains the reaction kinematics.

In addition to the hardware improvements to the PS185 detector, significant ad-
ditions to the analysis software were implemented. Even though the misidentification
problems discussed above were mitigated through the use of the new detectors, they
still remained at a level where corrections were needed. This was achieved with a new
and elaborate detector-simulation program and reaction misidentification correction
methods. Together, they improved the analysis chain in order to produce results
with satisfactory systematic errors.

The pp — L°A + c.c.-dedicated runs occurred in November 1989 and April 1990
at six different antiproton momentum settings in the pp — L°A + c.c. threshold
region corresponding to excess energy values from 40 down to 0 MeV. Although the
descriptions of the theory, experiment, and analysis techniques are relevant for all
of the data collected in these runs, the final results reported here are for only one
of the six points, at an antiproton momentum of 1.729 GeV/c. As the analysis of
the pp — AA channel is very similar to that of 5p — L°A + c.c. and it is present in
the data collected, the analysis and results from this channel are reported in parallel

with that of op — S°A + c.c..

Following this introductory chapter is Chapter 2 which describes the physics ob-
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servables, the constraints imposed on them by the strong interaction symmetries, and
how these observables are extracted from the data. Chapter 3 contains a discussion
of the theory and summaries of a few of the “state-of-the-art” models constructed to
explain the PS185 pp — Y'Y data. In Chapter 4 the topology of the pp — AA and
pp — SPA + c.c. reactions is explained and the PS185 detector which was designed
to reconstruct these reactions is described. Chapter 5 details the process of taking
the experimental data from raw detector information to final results for the total
and differential cross sections and Chapter 6 explains the procedure to extract the
spin observables. Then, in Chapter 7, the results are presented and their meaning

interpreted. Chapter 8 concludes the report with a summary and look to the future.
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Chapter 2

Observables

An experimental study of YY production must include a report of what is scen
through the lens of the strong-interaction “microscope”. This is accomplished though
the use of the pp — Y'Y observables, which quantify, in well-defined and conventional
terms, what is seen in the p — AA and pp — L°A + c.c. reactions. In this chapter,
the observables and necessary framework are explained. The constraints on the ob-
servables imposed by the symmetries of the interaction are explained and catalogued.
The density matrix formalism is then introduced and utilized to analyze the hyperon
decays and to obtain the sp — Y'Y spin observables in terms of the reconstructed

antiproton and proton momentum vectors.

2.1 Definitions of the Observables
2.1.1 Cross Section

The cross section ¢ for a reaction is defined as the reaction rate per unit incident flux
per target particle [33]. As implied by the name, a cross section has dimensions of
area and is usually reported in units of barns (1 barn = 10~%®m?). In a classical sense,
it represents the scattering area per target particle (for a specific reaction channel)
seen by the incident particle. When measured in the experiment, it is calculated via
o = N/[Ldt, where N is the number of events for a reaction that occurred and

{ Ldt is the luminosity (beam flux per target particle) integrated over the running
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Figure 2.1: A diagram of the pp — Y'Y reaction in the center of momentum (c.m.)
system illustrating the production angle 6* and the two coordinate systems used for
the spin observable measurements. The reaction is contained in the ZZz, zz planes
and the § and y axes are directed out of the plane of the page.

time of the experiment.

The differential cross section do/dS} is the cross section per unit solid angle. It
is not a Lorentz-invariant quantity and must be quoted in a specific reference frame.
All differential cross sections reported in this work are the values in the center of
momentum (c.m.) frame. Due to the azimuthal symmetry of the collision geometry,
do[dQ is completely specified (at a fixed collision energy) by the c.m. production
angle 6*. This is the angle, in the c.m. frame, between the initial-state antiproton
and the final-state antiparticle, as diagramed in Fig. 2.1. The angle 6* is the 5 ~ A
angle for the fp — AA and pp — AX° channels and the p — X° angle for 5p — L°A.
This particular choice is the most sensible due to the constraints imposed by charge

conjugation symmetry.
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2.1.2 Polarization

The vector polarization P = (P, P,, P,) of a particle is defined as the expectation

value of the spin operator J = (J;, Jy, J,) normalized to have a maximum magnitude
of 1:
J
p=J
J
where j is the spin of the particle [32]. This definition is restricted to the particle

(2.1)

rest frame since the operator J depends on the selection of the axis of quantization
and it is problematic to make this selection for relativistic particles.

The coordinate systems that are used to define the polarization and spin correla-
tion coefficients are illustrated in Fig. 2.1. These two systems, one for the Y and one
for the Y, are fixed to the rest frame of each particle. The Zz and 2z axes are along the
direction of motion of the respective hyperon and the § and y axes are normal to the
production plane along a vector given by ps X py where p; and py are the momen-
tum vectors of the p and Y. The Z and z axes are then fixed by requirement that
the coordinate systems are right-handed and orthogonal. In the remainder of this
chapter, the “bar” notation on the axes of the Y system is dropped; this causes no
ambiguity since the Y (V') is always measured with respect to the 33z (zyz) system.

These coordinate definitions are quite natural when using the helicity formal-
ism [38,39]. The helicity of a particle is unchanged by a Lorentz transformation
along the direction of motion, so the helicity states correspond to the rest frame spin
states calculated for the axes shown in Fig. 2.1. This allows for simple calculation
of the spin observables, defined in the individual particle rest frames, using helicity

states, calculated in the c.m. system.
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2.1.3 Spin Correlation Coefficients

The spin correlation coefficients C;; quantify the correlations between the spin pro-
jection ¢ of particle 1 and the spin projection j of particle 2. They are defined:

I

Ci; = —
! N2

(2.2)

The Cj; have maximum magnitude of 1 and the convention is to label the antiparticle
(index ) as particle 1. For example, the spin correlation coefficient C.,, applied to
the YY system, is a measure of the correlation between the x projection of the ¥
spin with the y projection of the Y spin. Note that, with the choice of coordinate
systems as shown in Fig. 2.1, there will be a sign difference for C.., C.., C;., and C.,
when compared to a measurement where the same orientation of coordinate systems

are used for both the Y and Y.

An additional quantity reported is the singlet fraction S. It is the expectation

value of the singlet operator S:
S=(8) = i(l —JW . gy, (2.3)

And, in terms of the Cj;, the singlet fraction is

1

= Z(l +sz"ny+sz)- (24)

The singlet fraction is a measure of the YY combined spin state and is constrained
by 0 < § < 1. For the YY system in a pure spin singlet state, S = 1, and for a pure
spin triplet, S = 0. A system with completely uncorrelated spins would yield S = :.
2.2 (C and P Symmetries

The assumption of invariance of the strong interaction under the parity (P) and
charge-conjugation (C) transformations, along with rotational symmetry at 6* = 0

and 7, imposes a number of constraints between the observables of the three pp —
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YY channels {39]. These constraints may then be used to reduce the number of
independent observables and to check that the experimental data follows the correct
behavior.

The assumption of C' invariance of the strong interaction implies that the differ-
ential cross section at a given 6* for a reaction and its charge conjugate will be equal.
This adds no restrictions for the charge self-conjugate pp — AA reaction. However,
for pp — X°A and p — AP, this yields the constraint, for all §*,

do <o, _ 40—y 5
Co(T0A) = SRS, (25)

This, of course, implies that

o(X°A) = o(AZ?). (2.6)

The notation indicating each reaction channel in these and the following equations
has been shortened by writing explicitly only the final state hyperons.

Invariance under C also requires that the polarization of the antihyperon produced
at a c.m. angle @ in one reaction is equal to that of the hyperon produced at = — 8 in
the charge conjugate reaction. And since 8" is defined with respect to the antihyperon

in all reaction channels, the following constraints are imposed on the polarizations

for all 6*:

P-(AA) = PA(RA), (2.
5(T°A) = Pp
A

—

AZY), (2.8)
Pz(AZ?) = PA(Z°A). (2.9)

The same arguments lead to the conclusion that the spin correlation coefficient C,,

for a reaction is equal to C,, for the charge-conjugate reaction. This results in the

constraints,

C,,(AN) = C,.(AA), (2.10)
C,(E°A) C.{(AZ). (2.11)
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The assumption of P invariance in the strong interaction, along with the fact that

the initial-state Pp system is unpolarized, implies that there can be no polarization

of the final-state hyperons in the production (zz) plane:
Pog=Py=Py=PFPy=0 (2.12)

Only P, is physically allowed to be non-zero. This is equivalent to the well-known rule
that the polarization must be normal to the production plane. These assumptions
also yield the conclusion that the spin correlation coefficients between the direction

normal () to the production plane and those coplanar (Z and Z) must be zero:
Coy=Cye=Cy; =Cpy =0, (2.13)

for all three pp — Y'Y reaction channels.

At §* = 0 and 7 the production plane is ill-defined, so there must be a symmetry

between the z and y directions. This implies, along with P conservation, that for
0*=0and 7

Py =Py =0, (2.14)
Crz = Cag = 0, (2.15)
Cuz = —Cy. (2.16)

Again, these constraints are for all three pp — Y'Y channels. The relative ~1 in the
last equation arises because of the choice of coordinate systems (the z axes have a
different relative orientation compared to the y axes in the ¥ and Y systems, sec
Fig. 2.1).

The constraint on the pp — T°A and pp — AXC differential cross sections (Eq. 2.5)
is imposed, after examining the channels separately, by averaging the values for these
two channels to obtain one Ip — X°A + c.c. differential cross section as the reported

observable. The constraint equations for the spin observables, Egs. 2.7-2.13, leave
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five independent quantities for fp — AA that contain the spin state information of the
system: Pya, Cizy Cyys C:zy and Cy.. For the charge conjugate channels pp — L°A
and pp — AZ° combined, seven spin observables are needed: P,s, P,a, Cuz, Cyys
C.z, Csz, and C,;,. This reduction, which is due to the constraints imposed by the
C and P symmetries is exploited in the final data analysis by averaging the spin
observables that are required to be equal. The constraints on the spin observables

at 0" = 0 and 7 (Eqgs. 2.14-2.16) are used to verify that the measured quantities are

consistent with the required symmetries.
2.3 Density Matrix Formalism

The density matrix formalism allows for a convenient description of systems that
are a mixed ensemble of spin states such as a beam of antiprotons or a collection
of hyperons [32,40]. It provides a convenient way to calculate the Y'Y observables,
to analyze the hyperon decays and to relate the angular distributions of the decay

products in terms of the YY spin observables.

2.3.1 Definition

A mixed ensemble may be described as a mixture of states [t,) each with a fractional

weight w,. The average of an observable A over this ensemble is [40]
(A) =Y wi (.| Alp,). (2.17)
This can be rewritten using sums over a general set of basis states |x):

(A) = 2w 3 XA X 1) (2.18)

1 xl X"

55 (S theibd) (14K @19

1

Then, defining the density matrix p with elements

(Xlolx") = 2w X" ) (@ulX, (2.20)
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and using the matrix representation of A ({x'|A|x")), the ensemble average of A may

be written in the simple form,

(A) = TrpA. (2.21)

This is a powerful relation: the states of the system are completely described by the
density matrix p, the matrices p and A can be evaluated using any convenient basis,
and the ensemble average of an observable is found by simply taking the trace of a
product of matrices.

In Eq. 2.21 it is assumed that p is normalized such that Trp = 1. This is easily
realized if the state probabilities w; satisfy 3~ w; = 1. Another common approach is to
choose the normalization such that Trp is equal to a constant such as the differential

cross section. In this case, Eq. 2.21 is slightly modified:

T
(A) = ';f:' (2.22)

Applying this formalism to describe the spin states of a system yields several

useful relations. Using the density matrix, the vector polarization can be expressed

as

P= @ _ Trod. (2.23)
j j

If the system is a spin-} particle, the matrix representation of J is 2o, where o is

the vector of Pauli matrices, and the polarization can be written in the simple form,
P = Trpo. (2.24)

Conversely, the spin-% density matrix can be written in terms of the polarization, the

Pauli matrices, and the identity matrix Z:
1

These relations are used in the following sections to determine the density matrices

and polarizations of the particles in the Y'Y decay chain.
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2.3.2 The Density Matrix for the pp — Y'Y Reaction

The density matrix formalism introduced above and applied to a spin-} particle can
be extended to describe a system of two spin-% particles such as the initial-state pp
and final-state YY systems. The (4 x4) density matrix for the initial-state pp system,
since the beam and target are prepared in an uncorrelated manner, can be written

as an outer product in a separable form {41],
1 - =
Pip = Z(I” + o7 - P3)®(T° + 07 - P,). (2.26)

And since, for the PS185 experiment, both beam and target are unpolarized, this
expression reduces to
1
o = ;T OT) (2:27)
which is just % times the 4 x 4 identity matrix. The normalization has been chosen
such that Trpp, = 1.

For the final-state YY system, because of the production mechanism, the density

matrix can not be written in a separable form. Instead, it is expressed as

_ _ _ 3 _
pry = %(IY®IY+P}7'O’Y®IY+IY®O'Y-Py+ 3 C,,(a}’@a}’)) (2.28)

1,5=1

R & -
= 7 X Culoy®a), (2.29)

u,v=0

where the Py, Py, and C; are the antihyperon, hyperon polarizations and spin-
correlation coefficients. The af@a,’,’ are the 16 independent Hermitian matrices
formed by the outer products of the 2 x 2 identity matrix (o) and the three Pauli
matrices (0,=1,3) [41,42]. The C,, are elements of a combined spin observables matrix
with Coo = 1, Cio = P, Co; = P,y, and the remaining C,,, are the spin correlation
coefficients C;;. It is important to remember that, most generally, pyy and the spin
observables are functions of the the c.m. scattering angle 6*. The normalization of

pyy has been chosen such that Trpyy = R and may be conveniently identified with
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the differential cross section. Equation 2.29 is particularly handy since it contains a
complete description of the spin states of the Y'Y system in a compact form. The
Y'Y observables, in terms of the YY density matrix, are now easily calculated from

the relations:

R = Tr(pyy), (2.30)

Py = %Tr(pyyoj;), (2.31)
1

Py = ﬁTr(pVYO'Y), (232)
1 —

Cyj = ZTrlppyo] ® 7). (2:33)

The density matrix formalism also allows for a convenient way to describe the
pp — YY transition. The final-state density matrix pyy is obtained by operating on
the initial-state density matrix pp, with a (4 x 4) transition matrix T(6*) [41]:

pry = T(67)psT(67)". (2.31)

The transition matrix contains all the information about the dynamics of the pp —
Y'Y reaction; each element quantifies the connection between the initial and final spin-
states. Of course, the density matrix formalism does not prescribe how to calculate
the elements of the transition matrix; that requires a model of the ip — Y'Y reaction
dynamics. But, once T'(8*) is prescribed it is a relatively simple procedure to calculate
the YY spin density matrix and then the YY observables. For example, starting
with Eq. 2.30, the differential cross section can be calculated using the expressions

developed for the density matrices:

do

R:(—iﬁ(é’*) = Tr(ppy) (2.35)
= Tr(T(6")ps,T(0")) (2.36)
= iTr(T(G‘)T(()*)T). (2.37)

And, the YY spin observables may be calculated in a similar fashion.
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The expressions derived above relate the observables to pyy, and pyy to the
transition matrix T'(6*). They allow a straightforward calculation of the observables
from a theory that quantifies T(6*) and, conversely, allow constraints on 7'(8*) based
on the measured values of the observables. The use of the density matrix formalism
will be continued in the next sections to show how pyy and the YY observables are

obtained from the information gathered in the experiment.
2.4 Hyperon Decays

The A and A hyperons decay via the parity-violating weak interaction. The A de-
cays 64% of the time through A — pr~ and the A, through A — pr* with the same
branching fraction. The angular distribution of the decay products displays an asym-
metry that is proportional to the polarization of the parent hyperon. A measurement
of this asymmetry yields the A, A polarizations. The fp — AZ° and pp — X°A re-
actions have the added complication of a £° (£°) in the final state which decays via
the electromagnetic interaction to a A (A) and a . The effect of this decay can be
quantified and the relation between the polarizations of the parent £° and daughter A
can be derived. Then the measurement of the daughter A decay angular asymmetry
can be used to determine the polarization of the X° The density matrix formalism
is used to describe these decays and derive the expressions that relate the measured
angular distributions of the decay protons and antiprotons to the spin observables
for the pp — Y'Y reactions. Only the hyperon decays are examined explicitly. The

antihyperon decays proceed analogously; any important differences are noted.

2.4.1 The X% — Ay Decay

The density matrix of the daughter A (J = 1) from the £° (J = }) decay is calculated

from the X% density matrix:

pr = TropgoTio, (2.33)
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where Txo is the (2 x 2) transition matrix that describes the electromagnetic decay
of the L% With the choice of helicity states as the basis, the elements of Tsxo are

products of a Wigner D function and a decay matrix element g,:

Tyo ym = j—%@%ﬁu(a&,f), —¢), (2.39)

where 6 and ¢ are the usual angles describing the A direction in the rest frame of the
%% with the coordinate system as shown in Fig. 2.1. The phase convention used in
this expression is that of Jacob and Wick [38]. The index m labels the %° rest frame
spin states and u labels the A helicity states. The —pu subscript of the D function
arises because the A helicity, which determines the ordering of the elemeﬁts in pa,
has the opposite sign from that of the total helicity, which determines the transition
amplitude, since the v carries helicity £1. In this expression, the D function takes
care of the angular dependence and the g, represent the amplitude for the decay A to
be emitted with helicity p. Bec;use the electromagnetic interaction conserves parity,
the two helicity amplitudes must be equal: g, 1=g.1=4.

Inserting the individual D functions and writing each element explicitly yields

i 8 g
g —e'?sin 3 cos 3

TEO = \/—— P T . (240)
2 cos 3 e *¥sin 5

The density matrix of the £° can be written as in Eq. 2.25,
1
Pxo = §(I+ PEO . 0’), (241)

where Pyo is the vector polarization of the £°. Using these expressions for pgo and
Txo, the density matrix of the decay A is easily determined. Calculating the angular

distribution of the A in the X° frame yields

1(0,¢) = Tr(pa) = Tr(TyopoTio) = f_,r- (2.42)

This result shows that the distribution of the decay A is isotropic in the ¥ rest frame

and that this is true regardless of the ¥° polarization.

33



The polarization components of the A in its rest frame are given by

P Tr(paoi) Tr(Tgopgngoai)
LA — = T .
Tr(pa) Tr(Tgo po Tiho )

(2.43)

Which, after the necessary accounting, yields

0
P.p = (cos? 5 = cos 2¢ sin® g)Pz.E° — (sin 2¢ sin® g)Py,EO — (cos ¢sin B) P, 50,(2.44)

Y 0 ) . .
P,n = (sin2¢sin? g)Px,go — (cos? 5 —cos 26 sin? g)Py,go + (sin ¢ sin @) P, xo, (2.45)
P,p = —(cos¢sind)P, g0 — (sin ¢sin )P, so ~ (cos§)P, 5o, (2.46)

= _PEO -ISA’ (2.47)

where py is the decay A direction vector in the X° rest frame. The coordinate system
for these expressions has the z axis along the direction of motion of the A and the
z and y axes determined by an Euler rotation of the parent-X° system with angles

(6,0, ~¢). These expressions quantify how the polarization of the X° is passed to
the decay A.

2.4.2 The A — prw Decay

The next step is to determine the angular distribution of the A-decay proton as a
function of the A polarization. Proceeding as for the X° decay, the density matrix of

the daughter proton from the A decay is given by
po = TapaTh, (2.48)

where T, is the transition matrix for the weak decay of the A. Again the choice is
made to represent p, in terms of helicity states. With this choice, the elements of

the transition matrix are

Ty = j—;_;vi‘.pw,o,—m, (2.49)

with m and p labeling the A and p states respectively.
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The weak interaction is not invariant under the parity operation. Therefore, it is
not possible to equate the two matrix elements f +1 and f_:i as was done for the £°
decay. Inserting the D functions yields

8 —ip o 8
ne| St ] e
- 2 - €053
with the shortened notation f; and f_ replacing f, L and f_ 1.
The angular distribution of the decay proton in the A rest frame is obtained using

pr = 3(T + P, - o) and taking the trace of p,:

!

i+ 2 . .

1(0,9) = —47r—(1 + a( Py A cos ¢sinf + Py singsind + P, 5 cos8))
P+ 2 ,

f*-[m—f—(l + aPy - pp)- (2.51)

Here p, is the direction vector of the proton in the A rest frame and

(fi—-f2)

o=t (

(ff+2)

o
<
t~

is the A — pr decay parameter.

The corresponding parameter for the A decay, @, is required by C P conservation
to satisfy @ = —a. This has been investigated in previous work of the PS185 ex-
periment [43] with no evidence for C'P violation found. The level of C P violation is
expected to be small, for example, the quantity A = (a + @)/(a — @) is expected to
be ~ 10~* in the Kobayashi-Maskawa model [44, 45]. Even if A was on the order of
that allowed by the Particle Data Group average value of —0.0340.06 [12], the effect
of this (= 3%) on the polarization measurements of this work would be negligible
given the statistical errors. So, for the analysis of this data, the A and A weak-decay

parameter assignments [12],

o = —a = 0.642 £ 0.013 (2.53)

are used.
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2.5 The pp Angular Distributions and Spin Observables

The formalism developed in the previous sections to calculate the polarization and
angular distributions for single £° and A decays can now be used to determine the
combined angular distribution of the detected antiproton and proton as a function
of the spin observables. The combined density matrix of the detected antiproton
and proton, pf—,‘:,), may be written in terms of the original Y'Y density matrix and the
electromagnetic and weak decay transition matrices introduced above. Starting with

Eq. 2.29 for the general YY density matrix and applying the transition matrices for
each decay yields the following equations for the detected pp density matrices for

each YY reaction:

R~ —
o = BTCa o (en), e
nu
R= -
Pson = =4 Zcuu,EOA (Tilwooy THTE) © (Tao) ), (259)
e = BT O (ToolT) © (TWTwol" 1L 7). (250

The combined angular distribution of the detected antiproton and proton for each
YY channel is found by taking the trace of each of these density matrices. For the
7p — L°A (pp — AL®) channel, an average over the azimuthal angle of the decay p
(p) in the A (A) rest frame is included, as this variable is not distinguished in the
experiment.

This leads to the following distributions:
I;‘)p.XA(ﬁI—H ﬁp) =

Rza -
T6r2 [l +aPx - p5+aPy - p,,—}-aaz C,Jpﬁ,pm} , (2.57)
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Igp'Kzo (155, PpsPa) =

Ry o S |
64A,f: 1+ @Pg - 5 — o(Pyo - pa)(Pa - Bp) — TP $p) Y CosPpaba,y | » (2:59)

g

where the p are the direction vectors of the decay particles as measured in the parent
particle rest frame. For brevity of notation, the reaction channel index on the spin
observables has been dropped. The normalization has been changed slightly so that
an integration over all particle directions yields the differential cross section Ry .
The pp distributions may be simplified further, with some loss of information,
by integrating over all £%-decay A directions. This corresponds to the distributions
seen in the detector if the direction of the X%decay A is not distinguished in the
experiment. This step is somewhat complicated for a real experimental situation
with finite detector acceptance as is explained in Chapter 6. Performing this integral
yields distributions for the 5p — L°A+c.c. channels of the same form as for 7p — AA
with an additional factor of —3 due to the dilution effect of the X° decay. The

integrated distributions are

. R+ 1_ . R 1_ .
Iip.f"A(Pb'va) = 1(;:;12\ 1—gapgo-p,;+ap,\-pp—gaaZC”p,;‘,pp‘J , (2.60)
] ™ ]
Lo—olbe ) = R_.XE__" 1 —p_.“__lp .*_l“ C 2.61
oAz (P Bp) = Tont |1 T OPx 05— 30Pw By 3002 wPpaPp, | - (2.61)
L 43 ]

Equations 2.57-2.61 quantify the dependence of the pp angular distributions on
spin observables. Using these, the spin observables for each YY channel may be
extracted from the experimentally measured antiproton and proton angular distribu-

tions. These relations are used as the starting point to obtain the spin observables

in the analysis of Chapter 6.
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Chapter 3

Theoretical Models of pp — YY

Any measurement of a physical phenomenon such as the pp — YY process begs
for a microscopic theory that explains what is observed. The theory of the strong
interactions of quarks and gluons, QCD, is at present not able to be used to analyze
this process in the near-threshold energy region. For this reason, the explanations
are mostly provided through models, ranging from more to less phenomenological.
The goal of the PS185 experiment is to facilitate the development of these models
by providing an accurate and complete data set on the pp — Y'Y reactions. It is
hoped that the models proposed can eventually be unified and understood with an
encompassing theory of the interactions of quarks and gluons.

In this chapter, the PS185 data set is summarized and a short history of the
development of the models created to address this data set is given. After a few
preliminaries, three of the more recent theoretical efforts are described in some detail
in order to provide a view into the workings of the models. The chapter is concluded

with an exposition of what is expected in the relatively new pp — L°A +c.c. channel.
3.1 The PS185 Data Set

The PS185 experiment has provided a voluminous data set which constrains and
guides the theoretical efforts to explain the pp — Y'Y process. As of this writing,
PS185 has reported over 650 data points for the pp — AA reaction, consisting of
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differential cross sections, hyperon polarizations, and spin correlation coefficients.
Work towards the goal of completing a similar collection for the pp — ¥°A + c.c.,
pp — L%, and pp — T+~ reactions is progressing. As is easily imagined, the
task of providing an adequate model to account for all of this data is a significant

challenge.

The majority of the published theoretical work has been inspired by and directed
toward the p — AA data. The dominant features of this data which must be

addressed by a successful model are:
e the energy dependence of the total cross section near threshold;

e the strong forward peaking of the differential cross section down to very near
threshold,;

e the substantial hyperon polarization, also down to near threshold, with its

characteristic angular dependence; and

e the AA singlet fraction which indicates, for all momenta measured by PS185,

that the AA pair is produced almost exclusively in a triplet spin state.

The data from the pp — £°A + c.c. reaction at 1.695 GeV/c antiproton momen-
tum, also indicates a forward peaking in the differential cross section but unfortu-
nately allows little to be concluded about the behavior of the spin observables. A
summary fraction of this data is displayed in Chapter 1, Figures 1.3-1.7. These
features, including the behavior of the spin observables, must be accounted for in a

complete and correct theoretical model of the p — Y'Y process.

3.2 Historical Background

Many models have been proposed to explain the zp — YV reaction [46-76]. Most

of the groups involved in the construction of these are well-versed in work on other
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nucleon-nucleon (NN) and antinucleon-nucleon (NN) scattering processes in this
low-energy (= 1 GeV) region. The op — AA data provides an opportunity to extend
their expertise to encompass strangeness production. The symmetries of the strong
interaction make this a natural extension. However, due to various complications
that arise and the symmetries that are broken (such as SU(3)), it is a challenging
project.

The first models of 5p — AA were proposed before the inception of PS185, stimu-
lated by the results of various bubble chamber experiments in the 3-7 GeV/c momen-
tum region. These works [46,47] used Regge-pole theory and included the K*(892)
and/or the K;(1430) as the dominant trajectories (the K(494) was deemed negligi-
ble) to describe the existing data adequately. In 1985, spurred on by the forthcoming
PS185 results, Tabakin and Eisenstein [41] developed a meson exchange approach
using Born approximation methods and accounting for initial and final state effects.
They came to the conclusion that K, K*, and K} exchanges are important to con-
sider and that the spin observables are extremely sensitive to the nature of these
meson exchanges. In this light, they (correctly) predicted that a forward peaking of
the differential cross section would exist down to threshold and the polarization and
spin correlations would remain sizeable.

An alternative approach, also stimulated by the expected PS185 data, was pro-
posed by Genz and Tatur [48] in 1984. They considered the various pp — YV
processes from a quark-pair annihilation perspective. Assuming that the annihila-
tion of a Wu or dd quark pair and subsequent creation of a $s quark pair proceeds
through one gluon exchange, they worked out the pp — Y'Y cross section ratios us-
ing spin, flavor, and color symmetries. These results were in reasonable agreement
with the current data and obtained (by construction) the triplet dominance in the
pp — AA channel. However, this model did not address the shape of the differential
cross sections and it yielded zero polarization for all 5p — Y'Y channels: results of

the overly simplistic nature of the model.
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The publication of the PS185 Bp — AA results from various momenta near reac-
tion threshold during the last 10 years has inspired many more theoretical
works [36,49-77]. The complexity of the models has increased, not surprisingly,
in proportion to the size of the data set — a necessary consequence of the complete-
ness and accuracy of the data and of the subtle and intricate nature of the strong-
interaction processes involved. The majority of these models use a meson exchange
mechanism for the creation of the strangeness in the final state [49-60]. Many others
consider quark-based mechanisms of the “3S;” and/or “*F,” variety [61-69]. Addi-
tional approaches include models utilizing near-threshold P-wave enhancements [70,
72], quark-diquark mechanisms [73,74], more phenomenological zero-range [75] or
scattering-length [76] approximations, and even Regge-pole theory [77] (an extrapo-

lation down to threshold of an earlier work [47]).

3.3 Preliminaries

Before diving into the details of the some of the p — YY models, it is instructive
to examine some aspects of the formalism and the application of selection rules on
the pp — Y'Y process.

The helicity basis that was introduced and utilized in Chapter 2, while convenient
to analyze hyperon decays and to quantify the reaction spin observables, is less
convenient to use to calculate the pp — YV transition amplitudes. Plane-wave
helicity states are not eigenstates of parity or angular momentum and so do not
allow the easy application of these symmetries. To circumvent this problem, the
most common approach is to use two-particle basis states that are eigenstates of
spin, orbital, and total angular momentum — the LS states — with labels 25+1[ ;.
These states may then be transformed back to helicity states for the calculation of
observables via the unitary transformation that links the two bases.

The symmetry of the strong interaction under the parity (P) and charge-
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conjugation (C') operations allows the derivation of selection rules for the partici-
pating LS states in the p — Y'Y transition. The parity of a pp or YY pair in an
LS state is

P = (1)t (3.1)
with the extra +1 arising in the exponent due to the opposite intrinsic parity of
fermion and antifermion. The conservation of P implies that only transitions between
initial and final LS states with AL =0,2,4,... are allowed. The further application
of angular momentum conservation limits these to transitions with AL = 0,2. For
the op — AA reaction the invariance of the strong interaction under C may also be
applied. For pp — X°A or pp — AXP, the final state is not an eigenstate of C' and
this selection rule is not applicable. The C-parity value for the Fp or AA states is

C = (~1)L+S, (3.2)

This has the effect that, for the Fp — AA reaction, there must be no change in total
spin from the initial to final states. The allowed transitions between initial and final
LS states in pp — AA and 5p — T°A + c.c. for J < 2 are summarized in Table 3.1.

The AA state has isospin 0 while the ¥°A and AX? states are of isospin 1. This
fact, together with the assumption of isospin invariance of the transition, implies that
the pp — AA reaction occurs through the I = 0 channel and pp — X°A + c.c. via
I = 1. Although usually buried in the formalism, this symmetry is a feature of the
model transition mechanisms.

The convenience of the LS basis of states to analyze a reaction near threshold
is due to the “centrifugal barrier”. The LS basis radial matrix elements, using the

Born approximation, have the form

(Lf‘TlL,) x [)00 jL!(q]T)V(T)jL'(q,'T)T‘ZdT, (3})

where the j are the spherical Bessel functions and the ¢, L are the c.m. momenta

and orbital angular momentum values for the initial and final states. The limiting
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initial state final state
pp AA, AX® + cc. | AZO + c.c. only
'S 'So
1p, 1p 3p,
D, 1D, 3D,
'F3 'Fy *Fy
3P 3P,
35 351,3D,
P P 'Py
3D, 3D, %5,
P, 3P 3F,
D, D, 'D,
3F, SF 3P,

Table 3.1: Allowed partial wave transitions for the 7p — AA and pp — X°A + c.c.
reactions for J < 2. The first column contains the initial state partial wave, the
second column contains the allowed final states common to both fp — AA and
pp — LA +c.c., and the third column contains the additional final states allowed in

Pp — L°A + c.c. only. The state notation is 25+!L;.

form of the Bessel functions for small gr values is (¢r)*/((2L + 1)!!). This remains
small for values of qr < \/—Lm . Since the potential V(r) is of finite range, the
matrix elements are negligible for sufficiently large values of L. This provides a cutoft
which allows for a truncated basis of LS states, thereby limiting the number of LS
transitions that need to be considered in the analysis of the process.

The transitions from Table 3.1 that connect initial and final states of different
L values merit further examination. The most common potential forms, central
and spin-orbit, do not connect states of different L values. If these transitions are
observed, it is evidence for a different type of potential form, the tensor. The tensor

operator connects states of different L and allows only triplet-to-triplet transitions.
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This is worth noting when examining the pp — AA singlet-fraction data.
3.4 The Models

In the following subsections, three models of the pp — Y'Y reaction are examined
in some detail. These works constitute an important subset of the calculations that
have been proposed over the years. These specific examples have been chosen because
they have been published fairly recently and therefore address the largest portion of
the PS185 data. They are also somewhat orthogonal in their methods; thereby, in

examining these models, a representative sample of approaches is surveyed.

3.4.1 The Tabakin, Eisenstein, and Lu Amplitude Analysis

Tabakin, Eisenstein, and Lu [36] have performed a reasonably model-independent
amplitude analysis followed by the application of a scattering length approximation.
Using these “tried-and-true” techniques, they take a step back and determine the
behavior of the ip — AA observables expected simply because it is a strongly ab-
sorptive reaction taking place near threshold. The observables are derived in terms
of partial wave amplitudes and compared to the data. Various conclusions are then
drawn about the nature of the reaction mechanisms that are consistent with the
data. Also, the methods used in this analysis provide an excellent introduction to
the fundamental aspects of the Bp — Y'Y reaction; thus making this work a good
place to begin this survey.

The calculation is started by expressing the transition matrix that describes the
dynamics of the 5p — AA process using the helicity basis [38]. For reasons described
in the previous section, the calculation is then transformed from this basis to the
LS basis via a unitary transformation. The resulting LS amplitudes reflect the
constraints of angular momentum, parity, and charge conjugation invariance in that

only amplitudes of the allowed transitions shown in Table 3.1 appear.
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The observables are then obtained using density matrix methods as is shown in
Chapter 2, Egs. 2.30-2.33. This results in expressions for all the observables — dif-
ferential cross sections, polarizations, and spin-correlation coefficients — as functions
of an infinite sum of bilinear products of LS amplitudes. In these expressions, all of
the angular dependence is contained in products of Wigner D functions. Using the
properties of these functions, the angular dependence is then simplified so that all

the observables may be described as sums of Legendre polynomials,

Z ar,Pr(cos6%), (3.4)
L

or of associated Legendre polynomials

> b Pi(cos8"), (3.5)
L

with the coefficients a; and by given by products of LS amplitudes, and 6* as the
c.m. scattering angle.

The next step of the calculation involves choosing a limited set of partial-wave
amplitudes for the subsequent analysis. Near threshold, due to the centrifugal barrier,
it is expected that the transition proceeds through only a few low-L partial waves.
This assumption restricts the calculation to only a few LS states with J < 1 plus the
3P, state (to include all P waves). This allows contributions from seven LS states,
two singlet— 1Sy and 'P; — and five triplet — 3P,,251,3D1,3P;, and 3P;. As can
be seen from Table 3.1, only the S, and D, states feed off-diagonal transitions.
Including these transitions yields nine total partial-wave amplitudes.

The PS185 data was fit using the forms in Egs. 3.4 and 3.5 and the fit values of the
ay, and by, coefficients were compared to the equations involving the truncated set of
LS amplitudes. The pp — AA data from threshold up to an antiproton momentum
of 1.695 GeV/c (corresponding to =~ 92 MeV excess energy) were considered. It is
dubious whether it was appropriate to fit this highest momentum point with this

small set of amplitudes but, with this in mind, they proceeded. This fitting exercise.
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while not able to constrain each amplitude individually, allowed for the extraction
of information about the relative sizes and phase relationships of the competing
amplitudes.

The fits to the differential cross section, polarization, and spin correlation coef-
ficients revealed several points. First it was assumed, in light of the singlet fraction
measurements, that the singlet amplitudes may be safely neglected. The shape of the
differential cross sections and, in particular, the forward peaking was attributed to an
interference between S- and P-wave amplitudes which, naturally, means that both
of these terms must be piesent. This data also indicates significant 3P, contributions
as well as some 3D;. The behavior of the polarization data, especially the location of
the central node with momentum, indicates that there is a contribution from S waves
and that there is most probably a difference in magnitude and phase — a splitting —
between the different P waves. An examination of the spin-correlation data served
to add additional support to these conclusions.

In the procedure described above, the authors assumed no energy dependence of
the amplitudes; the fits at each momentum were independent. To gain further insight
into the behavior of the data, they introduced a scattering length approximation [78].
This approximation dictates a momentum dependence of each partial-wave amplitude
Tsps:

Tsry = Asriq, (3.6)

with Agps as a complex, energy-independent scattering-length and ¢ as the final c.m.
momentum. The differential cross section and polarization data for the six momenta
nearest threshold (the data at 1.695 MeV/c were omitted) were fit simultaneously
with seven amplitudes of this form. The singlet amplitudes were again assumed to
be negligible.

The amplitudes calculated from the seven complex fit scattering-lengths are shown

in the conventional, unitless, S-matrix form in Fig. 3.1 as an Argand diagram. The
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Figure 3.1: An Argand diagram of the unitless amplitudes resulting from the complex
scattering length fit of Tabakin, Eisenstein, and Lu [36]. The amplitudes marked
SD and DS refer to the 5p(®Dy) — AA(3S:) and pp(3S;) — AA(®D) transitions
respectively. The markers indicate the values of each amplitude at 1.436, 1.477, and
1.546 GeV/c.

fit was of reasonable quality with a reduced x? of 1.75. Along with this presentation
of the fit amplitudes, several important characteristics were noted. Among these
were: the 3S; and D — S amplitudes are substantial at the lowest momenta while
the others are very small; the D — S amplitude is actually the larger of the two,
indicating the presence of a tensor force even near threshold; the P and D amplitudes
increase rapidly with momentum; and the P amplitudes display a large splitting.
These conclusions constrain the dynamical models that may be constructed to
explain the pp — Y'Y system. The fact that the S-wave amplitude is not negligible
serves to limit the amount of annihilation in the pp system. It was also noted that the

presence of only 3S; and 3Py amplitudes is ruled out, therefore any quark-based model
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constructed must be able to generate more than just these waves in the pp — AA
system. The P-wave splitting is interesting in that it arises in the presence of L - S

and/or tensor forces which are generated, in a meson-exchange model, from the

exchange of vector mesons.

3.4.2 Meson Exchange vs. Quark-Based Calculations

In the next two subsections, two different dynamical models of the p — AA reaction
are described. These models are representative “state-of-the-art” calculations and
illustrate the dichotomy of approaches that has evolved over the years. The calcula-
tion of the Nijmegen group, involving kaon exchange in the ¢-channel, represents the
more conventional side of the division. The calculation of the Washington-Colorado
(WC) group, involving gluonic-type exchanges is a good example of the more mod-
ern, but less developed, opposite side of the division. A simple diagram illustrating
the two approaches is shown in Fig. 1.2. Of course these are not the only ways to
approach the problem, as other models have been proposed, but these, in some form,
have come to be recognized as the most fundamental and successful.

It is naive to hope that one type of model can be labeled “right” and the other
“wrong” for certainly both quark-gluon and meson processes play a role. If an an-
tiproton and proton come within 1 fm of one another, surely the quarks and anti-
quarks are able to interact. And on the other hand, if the meson-exchange potentials
are significant at ranges greater than 1 fm, the mesons also must play a role. A
more correct way to phrase the question would be to ask if one approach is more
appropriate than the other to describe the pp — Y'Y process in the PS185 energy
regime or does one model stress a less important degree of freedom at the expense of
the more salient.

Both approaches divide the problem up in a similar fashion, however each part
are is handled differently. The three parts of the problem are: the initial-state

interaction, the reaction mechanism, and the final-state interaction. Both agree that
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all three of these must be addressed, with emphasis on the latter two, are important

in reproducing the experimental results.

3.4.3 The Nijmegen Meson-Exchange Model

The Nijmegen group is an excellent example of a group with a long history of work
on NN, NN, and Y N scattering processes. The work described here [42,37] draws
on this expertise to produce an elaborate meson-exchange model that describes the
data well.

To account correctly for the strong annihilation in the initial and final state in
the presence of many open reaction channels, the Nijmegen group uses a coupled-
channels approach. This is accomplished by solving the Schrédinger equation in

channel space. For a partial wave with angular momentum J, this matrix equation
is written,
&L Ul + k2 ®7(r) = 0. (3.7)
dr:  r?
In this equation, U’ = v2mV7v/2m, where V7 is the matrix of coupled-channels
potentials and k, m, and L? are diagonal matrices containing the momenta, reduced
masses, and L(L + 1) values. All baryon channels below 2.0 GeV/c antiproton mo-
mentum are considered: pp, 7in, AA, AZ® + c.c., and three charged-X channels.

The coupled-channels potential matrix V’ was determined in a manner anal-
ogous to that used for the Nijmegen soft-core one-boson-exchange nucleon-nucleon
and hyperon-nucleon potential {79,80] with the proper C-parity transforms to change
from nucleons to antinucleons. The mesons considered included the JP¢ = 0=+ pseu-
doscalars, the JPC = 17 vectors, the JF¢ = 0** scalars, and the JP¢ = 2+ tensors.
The momentum-space potentials were calculated using a set of meson-baryon Feyn-
man rules assuming SU(3) flavor symmetry for the baryon-meson couplings. Gaussian

form factors were used at the vertices with a cutoff mass set to the value determined

from their previous NN work. These potentials were then Fourier-transformed into
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configuration-space to yield V/. The elements of V' contain no free parameters. The
resulting potential for the pp — AA channel shows a very strong tensor force from
the coherence of the K and K* exchanges. This is in contrast to the spin-spin part
of the potential where these mesons add deconstructively.

Within these potentials only two-body baryonic channels were considered. The
authors consider this to be an adequate model for the long-range part of the interac-
tion. To take care of the complicated short-range interaction where the annihilation
couples to many mesonic channels and where quark-gluon degrees of freedom are per-
haps important, a phenomenological P-matrix formalism [81] is used. The P matrix
relates the inner to outer region physics by setting a (logarithmic derivative) bound-

ary condition for the solution to the channel-space Schrédinger equation (Eq. 3.7) at

a distance b from the origin:

P=b (%Q-l) : (3.8)
r=b

The distance b was determined to be best set to 1.2 fm and the parameters of the P
matrix were set with a fit to the data, as explained below.

With the potential matrix set and the P matrix parameterized, Eq. 3.7 was solved
numerically for each partial wave with J < Jmax and matched with the P matrix at
r = b. Then the scattering matrix was determined from the solution matrix and the
observables were calculated.

This model was then used to fit the PS185 pp — AA data including differential
cross sections, polarizations, and spin correlation coefficients at six different antipro-
ton momenta (practically the same set as was used for the Tabakin, Eisenstein, and
Lu analysis described above). In total, this amounted to 157 data points (seven were
omitted from the fits). To fit this data, it was determined that 10 P-matrix param-
eters were needed to specify the unknown short range part of the interaction. One
parameter was needed to specify the initial state absorption, one for the final state

absorption, three to specify the AA — AA scattering, and five to specify the short-
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range pp — AA couplings. The resulting fit to the data was good, with a reduced x*
of 1.15.

The dominant features of the Nijmegen model are evident upon examination
of the cross sections in each partial-wave transition. The dominant tensor force
results in a virtually zero contribution at all momenta from the singlet transitions,
a large contribution from the 3D; — 35 transition with 3F; — 3P, increasing with
momentum, and important contributions from all of the triplet P waves as needed
to reproduce the polarization data. The model is very sensitive to the inclusion of

the K* meson and not so to the scalar K and tensor Kj.

Determination of the ApK Coupling Constant

With a subset of the PS185 data used above, the Nijmegen coupled channels model
was also used to extract the ApK coupling constant [56]. The same procedure and
potentials as described above were used but with eight P-matrix parameters instead
of 10. Then, instead of fixing the ApK coupling constant by SU(3) flavor symmetries,
it was added as a ninth parameter. A tenth parameter had to be added to allow a
scaling of the strength of the contribution from the K*.
The fit of this model to the data, resulted in a value for the ApK coupling constant
fapk given by,
fhpr =0.071 £0.007. (3.9)

To check this result, the K mass was replaced with a parameter and allowed to vary in
the fit. The resulting mass of 480 & 60 MeV/c?, in agreement with the experimental
value, was interpreted by the authors as evidence for a one-kaon-exchange mechanism
in the pp — AA process. Using the value determined for fy,x from the fit to the
PS185 data to determine the @ = F/(F + D) ratio and comparing with that found
from weak semileptonic baryon decays, they reached the conclusion that a pseudovec-

tor coupling of the pseudoscalar mesons to baryons is favored over a pseudoscalar
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coupling. Also, no evidence for violation of the SU(3)-determined relation,

fank = = funs(1 +20)/V/3, (3.10)

was found in this analysis of the data.

3.4.4 The Washington-Colorado Quark-Based Model

The Washington-Colorado (WC) group has developed a model that, in strong con-
trast to the Nijmegen approach, focuses on the short-range physics by describing the
strangeness production through the interactions of quarks and gluons [67].

In this model, a scalar “*P,” term, representing scalar multigluon exchange and/or
the confining scalar force, and a vector “*S,” term, representing vector exchange of
one or more gluons, are included. In a related work [66], the WC group has calculated
the contribution of a pseudoscalar term and shown it to be negligible. The notation
“Py” and “3S,” refers to the strange quark production mechanism, not the partial
waves of the composite baryons; thus the quotes are used. The operator for vector
exchange is

I, = g,05- 03 (3.11)
and the operator for scalar exchange is

V3I—V61 Va_VG
= gyol (LYY ) gy (22 Y8 12
L = 903 ( 2 )”3 ( om ) (3.12)

with the 3 and the 6 referring to the annihilated quark and antiquark and the primed
quantities referring to the final state quarks. For the strange quark mass, they used
m, = 491 MeV/c? and for the down and up quark masses, m = 313 MeV/c’.

To calculate the observables resulting from this interaction model and to include
initial- and final-state effects, a distorted-wave Born approximation was used. The

matrix element for the reaction is

Mo,z = (X5 0(1'23")8(4'5'6") (I, + I5)|4(123)$(456) Xz ), (3.13)
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where X7, and X7y are the distorted waves of the final and initial states and & is

a gaussian wave function for the internal motion of the quarks:

3
¢ ~ H e_(rt'R/2)2/2b2' (314)

i=1
The quantity R/2 is the baryon c.m. coordinate, r; is the coordinate of the ¢th quark,
and b is the r.m.s. radius of the quark distribution. SU(3)-symmetric wave functions
were used.

The distorted waves were determined from the initial- and final-state potentials

using what has come to be fairly standard procedure. The initial-state potential

Van(r) = Ugn(r) + iWgy(r) (3.15)

includes, in the real part Ugy, central, tensor, spin-orbit, and spin-spin terms and,
in the imaginary part Wxy, a central potential to take care of annihilation. The
long-range part of Ugy was determined by a G-parity transform of the Ueda one-
boson exchange potential [82] and extrapolated from r = 1 fm to the origin with a
Woods-Saxon form. The annihilation part of the initial-state potential, Wxy, was
also of Woods-Saxon form with parameters set by fits to Pp data. None of these
initial-state parameters were adjusted in the fits to the pp — AA data.

The final state potential used was of the same form (Eq. 3.15) as for the initial
state. The long range part of Uz, was derived from the Nijmegen hyperon-nucleon
potential {83] and smoothly extrapolated to the origin. The imaginary part W5, was
also of Woods-Saxon form. However, these potentials were only starting points and
the parameters were varied for the fits to the Tp — AA data.

This model was then applied to a global fit of the PS185 fip — AA data at eight
antiproton momenta. This set consists of 356 data points including differential cross
sections, polarizations, and spin-correlation coefficients. There were nine parameters

varied in the fit: the strengths of the vector and scalar terms, gv and gs; the quark
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wavefunction range parameter ro (= 2b/v/3); and six parameters of the AA final-
state potential. Three parameters in the real part of V5, were varied: the strength
of the central plus spin-spin term (V.), the strength of the tensor term (Vr), and
the strength of the spin-orbit term (V.s). In the annihilation part of Vg,, three
parameters were varied: the strength, radius, and diffuseness (W%A, Tw, and aw).
The resulting fit was of fairly good quality with a reduced x? of 3.2. The resulting
vector strength gy converged to a value more than twice that of the scalar strength
gs. The diffuseness parameter aw tended to zero and so was fixed at 0.01 while the
values for W% A and rw converged to -1956 MeV and 0.66 fm. The result was a deep,
sharp, final-state annihilation potential of about half a nucleon radius. Thé fits were
not very sensitive to the V,, Vr, and Vs parameters having flat valleys in x? space.
Alternative fits with the vector and scalar terms alternately set to zero resulted in

x? values twice that of the best fit, showing that, in this model, both mechanisms

are required for a good fit to the data.

3.4.5 More on Meson Exchange vs. Quark-Based Calculations

The Nijmegen meson-exchange model and the Washington-Colorado quark-based
model detailed above provide insight into the two major approaches to describing the
pp — Y'Y process. It is interesting to note that, while focusing on different parts of
the interaction distance scale, they both provide adequate descriptions to the PS185
Pp — AA data. The Nijmegen model calculates the outer-region interaction with no
parameterization while treating the inner region phenomenologically. The WC model
takes the opposite approach, calculating the short-range interaction of quarks and,
to a large degree, parameterizing the part where long-range meson exchange should
be important. Are these two approaches equally valid?

In a recent effort, Eisenstein has examined [84] the resulting partial-wave ampli-

tudes of the Nijmegen and WC models along with those resulting from the Tabakin,

Eisenstein, and Lu, amplitude analysis that was explained in Section 3.4.1. The
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most striking conclusion from this comparison is the difference in strengths of the
off-diagonal 3D; — 3S; and 3F, — 3P, transitions between the two dynamical mod-
els. The Nijmegen model, because of the large tensor force due to the K and K™ ex-
changes, yields strong off-diagonal transitions. In the WC model, the quark-creation
mechanism yields a very weak tensor force; the off-diagonal transitions are due pre-
dominantly to the tensor-force terms in the initial and final-state interactions. Even
with these tensor force terms, the off-diagonal transitions are significantly smaller
than in the Nijmegen model. The data are not able, however, to definitely separate
these subtle effects and, therefore, select the better of the two approaches.

The idea of a measurement of the depolarization parameter Dy, has recently been
proposed by Haidenbauer et al. [59,60]. They submit that this spin observable is more
sensitive to spin-flip transitions that occur in the presence of a tensor force and is
less affected by initial- and final-state effects. This measurement may have greater
power to select between the quark-based and meson-exchange models. The proposed

experiment would need a polarized target and is currently being investigated by the
PS185 collaboration.

3.5 The pp — L°A 4 c.c. Reaction and Theory

A thorough measurement of the 7p — Z°A +c.c. reaction in the near threshold region
should allow significant gains to be made in understanding the jp — Y'Y process.
The SU(3) flavor symmetries constrain, to some degree, how much the parameters of
the above models can be adjusted to fit the data from the p — L°A + c.c. reaction
along with that of 5p — AA. The Nijmegen model has all the machinery in place to
address this new channel. Of course, there would have to be additional final-state
interaction parameters added, but they should be limited in number. The same is
true of the WC quark-based model. A replacement of a £° quark wave function for

a A and an adjustment of the final-state interaction makes the model work for the
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Pp — L°A + c.c. reaction.

What is expected to be seen in the p — L°A + c.c. data? From a meson-
exchange perspective, the tensor force in this channel has quite a different character
as compared to pp — AA. The ZpK coupling constant is reduced compared to the
ApK coupling (fank/fenk = 3.4 in the Nijmegen work [37,80]) and fenk- is of
opposite sign and somewhat reduced as compared to fynge. Therefore, the K and
K* do not add to produce as strong a tensor force for pp — LA + c.c. as is seen in
Pp — AA. This should be evident in the data as the reordering of the partial-wave
amplitudes changes the character of the observables in the pp — £°A + c.c. channel.
Also, with a sufficiently complete data set for pp — X°A + c.c., the ENK coupling
constant could be extracted from the data as was done by the Nijmegen group for
the ANK coupling [56].

From the quark perspective, the different quark wave function for the £° adds
a new twist to the problem. In the X0, the role of the s quark in the spin wave
function is quite different. The singlet fraction for the gp — E°A + c.c. reaction
has been calculated to be 2 using a vector [48] or scalar [62] 55 creation mechanism.
Unfortunately, since singlet to triplet transitions may occur also in the pp — L°A+c.c.
final state, the situation is somewhat clouded.

As might be imagined, since the pp — L£°A+c.c. final-state interaction is relatively
unknown, predictions for the op — L°A + c.c. channel are somewhat scarce. However
a recent calculation by Haidenbauer et al. [57,58] does address the pp — T°A + c.c.
data with their coupled-channels meson-exchange model. Prompted by the PS185
7p — XC°A + c.c. measurement at 1.695 GeV/c antiproton momentum, they have
worked out the observables for this channel (with a calculation similar to that of
the Nijmegen group). The results include, as for the pp — AA channel, sizeable P-
wave production due to S-wave suppression. However, the division among P waves is
somewhat different as compared to p — AA. The off diagonal *F, — 3P, transition

is not as strong due to the reduced tensor force and the 3P, — 1P, transition, not
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forbidden for pp — E°A + c.c., is appreciable. The contribution of the singlet states
(S0, P,,! Dy) are also considerably larger: the calculation at 1.695 GeV/c antiproton
momentum gives a fp — LCA + c.c. singlet fraction of approximately 0.2.

The PS185 pp — X°A +c.c. data at 1.695 GeV /c along with the fits from Haiden-
bauer et al. are shown in Fig. 3.2. The model reproduces the data reasonably well,
although the differential cross section data seem to be more strongly peaked than is
reproduced by the fits. Unfortunately, the polarization data, due to the large errors,
does little to constrain the model. Although a good start, it is evident that more
Pp — L°A + c.c. data, with better precision is required.

More data on the pp — X°A + c.c. reaction would help with the theoretical
understanding of the pp — YY reaction dynamics. A high-precision measurement
that includes spin observables at different momenta in the near-threshold region is
clearly beckoned. Perhaps this new information could facilitate the construction of a
model that includes both long-range meson exchange and short-range quark dynamics
in a complete coupled-channels formalism with a minimum of phenomenology. This
is possibly a goal only to be obtained in the far future as a complete understanding of
the interactions of quarks and gluons is still beyond our grasp. But, this measurement

of the pp — T°A +c.c. reaction described in the following pages is a step in the proper

direction.
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Figure 3.2: The PS185 pp — X°A + c.c. data at 1.695 GeV/c with the fits by
Haidenbauer et al. [58] to the (a) differential cross section, (b) A polarization, and

(c) £° polarization.
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Chapter 4

Experiment

To study the YY system, a source of illumination (the antiprotons) and a microscope
(the detector) are needed. In this chapter, the LEAR antiproton source, the pp — Y'Y
reaction topology, and the PS185 detector are described. For both the antiproton
source and the PS185 detector, specific details have changed from year to year as the
accelerator has been upgraded and the detector improved. The situation described
here is as it was for the data set studied in this work, taken with an extracted

antiproton momentum of 1.729 GeV/c.
4.1 The Antiproton Source

The antiprotons used for the experiment PS185 are provided by the LEAR (Low
Energy Antiproton Ring) facility at CERN. The antiprotons are produced by bom-
barding a metal target with a pulse of 26 GeV/c protons from the CERN proton
synchrotron (PS). The antiprotons are collected and injected into the antiproton col-
lector ring (AC) where they are stochastically cooled and moved into the antiproton
accumulator storage ring (AA). In this manner, approximately 10* antiprotons per
hour are collected and up to approximately 10! antiprotons are stored {85]. Upon re-
quest from the LEAR control, 2 “bunch” of approximately 10'° antiprotons from the
AA is transferred to the PS, decelerated from 3.5 GeV/c to 0.609 GeV/c, and then
transferred to LEAR (86]. The sections of the CERN accelerator complex relevant
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Figure 4.1: A diagram of a portion of the CERN accelerator complex showing the

relative positions of LEAR, the antiproton accumulator (AA), and the proton syn-
chrotron (PS) [87].

to the operation of LEAR are shown in Fig. 4.1.

After a bunch of antiprotons are loaded into LEAR, they are stochastically cooled
for a few minutes before they are accelerated or decelerated to the desired momentum.
The stochastic cooling reduces the phase space of the stored antiprotons which results
in a beam of low divergence and small momentum width. The cooling is accomplished
by sensing the velocity divergence of the beam with a “pickup” located on the ring
and sending a compensating signal across the ring to a “kicker” located across the
ring which adjusts the beam as it passes [86]. A diagram of LEAR with the layout
of the stochastic cooling system is shown in Fig. 4.2.

After the antiprotons are cooled and accelerated or decelerated to the desired
momentum, they can be used within the storage ring or extracted. For extraction,
the longitudinal distribution is broadened and the outermost antiprotons are deflected

out of the ring with electrostatic and magnetic septa [86]. The extracted beam is

60



—~ COOLING -

Figure 4.2: A diagram of LEAR with the layout of the stochastic cooling system.
Antiprotons enter the ring along the line at the top left of the figure and are extracted
to experiments along the line at the top right.

then delivered to any of several external beam lines. It is delivered continuously until
the ring is emptied (a “spill”) and then a new bunch of antiprotons is delivered from
the AA and the cooling, acceleration, and extraction cycle is repeated.

The LEAR facility can provide extracted antiprotons with momentum = 0.1-
2.0 GeV/c at intensities up to & 2 x 10® Hz with a duty factor of greater than 80%.
The advantages of LEAR antiproton beam as compared to a non-cooled and non-
stored beam are multifold. They include zero pion contamination, low momentum

spread, reduced angular divergence, and small beam spot size.
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hyperon A 0

mass (GeV/c?) 1.115684 £ 0.000006 | 1.19255 + 0.00008
lifetime (s) 2.632 £0.020 x 107 | 7.44£0.7 x 107%
¢t (cm) 7.89 2.22 x 107°

main decay modes and | A — pr~ (63.9 £0.5%) | £° — Ay (100%)
branching fractions A - nr® (35.8 £ 0.5%)

Table 4.1: Physical parameters of the A and £° hyperons [12].

The PS185 experiment is situated on the M1 extraction line (see Fig. 4.1) and is
delivered antiprotons with momenta from the pp — AA threshold (ps = 1.435 GeV /c)
to the maximum LEAR momentum at rates around 1 x 10 Hz. The beam is steered
and focused onto the target with several magnets on the M1 extraction line using
diagnostic information supplied by beam line chambers and the PS185 apparatus.
For the data set described in this work, the extraction momentum was 1.729 t
0.001 GeV/c and the average (beam-on) antiproton rate to the experiment was 5.9 x
10° Hz. A LEAR spill was delivered over the course of approximately 1 hour and the

refilling to extraction time was about 10~15 minutes.

4.2 The Reaction Topology of pp — Y'Y

The topology of the pp — Y'Y reactions dictate the design and operation of the PS135
detector. Therefore, an explanation of this topology is prerequisite to a description
of the experimental apparatus. The factors that dictate the reaction topology are
the hyperon decay modes and their lifetimes and the kinematics of the hyperon
production and decay. These factors are explained in this section. The physical
parameters of the A and X2 hyperons relevant to this discussion are listed in Table 1.1.

The majority of the A (A) hyperons of a jp — AA event decay through A — pr-

(A — pr*) with a branching fraction of 63.9%. With the exception of several rare
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modes with branching fractions less than 0.2%, the remainder decay via A — nx°
(A — mr®). For precise A and A reconstruction, only the charged decay mode is
considered. The total reaction chain detected is 5p — AA — prtpr~ with a double-
decay branching fraction of 40.8%.

The £° hyperons in the pp — T°A + c.c. channels decay through £° — A~y
(£° — Ay) with a branching fraction of 100%. All other decay modes are sufficiently
rare to be considered negligible for this experiment!. The reaction chains for the
Pp — L°A + c.c. channels are pp — T°A — prtpry and Pp — AL’ — Prtpry,
both identical to pp — AA except for the presence of the photon.

The neutral A has a relatively long lifetime and typically travels a few centimeters
in the detector before decaying (cm = 7.89 cm). This, together with the detected two-
charged-particle decay mode, is the characteristic signature of p — AA. The tracks
of the charged particles in these events resemble two “V”’s displaced slightly from
the target. This event pattern has acquired the familar name — “2-V event”. The
%0 decays almost immediately after traveling a negligible distance in the detector
(ct = 2.22 x 107° cm) and the mass of the ¥° is only about 6% larger than the A
mass. The X%decay photon has energy 76.9 MeV in the £° rest frame. In the lab,
at an antiproton momentum of 1.729 GeV/c, the X°-decay photon has energy in the
range 30-170 MeV. Therefore, the ip — L°A + c.c. reactions have a charged-particle
signature in the detector that is very similar to that of gp — AA. The two reactions
are distinguishable through the slightly different kinematics and the £°-decay photon.

Because the A and £° masses are larger than the proton mass, the pp — AA and
Pp — L°A 4+ c.c. reactions are endothermic. That is, in the c.m. system, especially
near threshold, the momenta of the final state hyperons are much smaller than the
momenta of the initial state 7 and p. This has the result, after the boost to the

lab frame, that the lab momentum vectors of the hyperons are constrained to a

IThe decay mode £° — Ay has an experimental upper limit of 3% and X% — Aete™ has a
QED-calculated value of 5 x 1073 [12].
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Figure 4.3: Kinematic ellipses for the pp — AA and pp — X°A + c.c. reactions for
an antiproton (lab) momentum of 1.729 GeV/c. The longitudinal and transverse
momentum values of the final state hyperons are constrained to lie on the circles in
the c.m. system and on the ellipses in the lab. The outer (inner) curves are for the

op — AA (Pp — L°A + c.c.) reaction. The arrows illustrate a 6* = 60°, pp — AA
event in both the c.m. and lab frames.

narrow forward cone around the beam direction. This is best illustrated with the
use of kinematic ellipses illustrated in Fig. 4.3. It is evident from this figure that the
transverse momentum is small compared to the effect of the boost in the pp — AA
and Pp — X°A + c.c. reactions near threshold. For lower beam momenta, the ellipses
become smaller and move slightly down in momentum. Exactly at threshold, they
become points with zero transverse momentum.

The decay of the £ has a relatively small effect on the kinematics. The kinematic
ellipse of the £%decay A, if plotted, is similar to that of the X° with the addition of

an approximately 100 MeV /c “smearing” of the ellipse due to the momentum carried

by the ¥.%-decay photon.
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Figure 4.4: Maximum A angle as a function of antiproton lab momentum for the
Ppp — AA and pp — E°A + c.c. reactions. The dotted line indicates the momentum
of this measurement, 1.729 GeV/c.

The maximum lab angle of the A and A with respect to the beam direction for the
pp — AA as a function of antiproton momentum is shown in Fig. 4.4. The maximum
A (R) angle for the pp — XA (fp — AZP) reaction is shown on the same plot. The
maximum £° angle is slightly smaller due to the larger mass of the £° hyperon. The
maximum possible lab angle of the ¥%-decay A is approximately equal to that of a
directly-produced A due to the possibility of a transverse momentum “kick” from the
¥%-decay photon.

The decay products of the A and A are also forward boosted. The maximum
angle of the proton and pion with respect to the parent-A direction as a function of
A lab momentum is plotted in Fig. 4.5. The momentum range plotted corresponds to
the range of A momenta in the fp — AA reaction at 1.729 GeV /c as can be seen from
Fig. 4.3. For all A momenta possible in the PS185 experiment, the decay protons
are constrained to the forward hemisphere. At 1.729 GeV/c incident antiproton

momentum, the maximum decay-proton angle is approximately 20°. These protons
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Figure 4.5: Maximum (a) p, p and (b) 7=, 7* angles in the decays A — pr~ and
A — prt with respect to the direction of the parent A,A as a function of parent lab
momentum. Below 0.8 GeV/c, pions of all angles are possible.

are from the lowest momentum A’s in the pp — AA reaction. However, the pions are
constrained to the forward hemisphere only for A’s with momenta greater than 0.3
GeV/c. For pions from lower momenta A’s, all angles are possible. These decays have
the additional feature that, for all A momenta possible in the PS185 experiment, for
a specific decay, the proton decay angle is always smaller than that of the pion.

In summary, the pp — AA and fp — L°A + c.c. reactions are detected through
the decay chains: pp — AA — Pripr™, fp — L°A — pr¥pr~7, and pp — A" —
prtpr~+. For all incident antiproton momentain the PS185 range, the final-state A's
have lab angles within a narrow forward cone. Due to the relatively long lifetime of

the A, the A decay vertex is typically displaced a few centimeters from the production
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point. The A-decay protons are also constrained to lie within a narrow forward cone
in the lab.

4.3 The PS185 Apparatus

To successfully collect and reconstruct p — Y'Y events, the PS185 experimental ap-
paratus must perform several important functions. These functions and the detector

components that carry them out are listed below.

o The kinematics of the incident antiprotons and the interaction point must be
precisely determined. This is necessary to sufficiently constrain the reaction
kinematics. It is achieved through the use of the high-quality LEAR antiproton

beam, a system of silicon microstrip detectors upstream of the target, and a

small target system.

o A fast signal (the trigger) is needed in order to collect p — Y'Y events while
rejecting the more ubiquitous elastic, in, and multipion events. This trigger is
formed with the information from a scintillator array that surrounds the target

and a downstream scintillator hodoscope.

e The A decay products must be accurately tracked in order to reconstruct the hy-
peron trajectories. Two tracking chambers, a multiwire proportional chamber
(MWPC) and a drift chamber (DC), provide the charged particle coordinates
that enable this tracking.

e The charge of the A decay products must also be measured so that the A and A
may be distinguished. A tracking chamber (MACH) within a magnetic solenoid

is implemented for this purpose.

o The pp — T°A 4 c.c. reactions are better constrained if the £°-decay photon is

detected. A lead/scintillating-fiber calorimeter and system of veto scintillators
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is installed and provides the information to be used when this constrain is

necessary.

Because the A and A and the decay protons are limited to small production angles,
good acceptance for the entire 47 of c.m. solid angle is obtained with a detector
covering only the forward region of the lab solid angle. Also, the two-body nature of
the reaction and the A decays allow the kinematics to be completely reconstructed
by measuring track directions only — a momentum analyzing magnet is not needed.
Because of these aspects of the reactions, the PS185 detector is fairly compact, simple,
and economical. The PS185 apparatus is shown in Fig. 4.6 along with a Monte Carlo
generated pp — AA event. The individual detectors are described in detail in the
following sections.

Two right-handed orthogonal coordinate systems are used in the experiment and
subsequent analysis. They are diagrammed in Fig. 4.7 along with a view of the
MWPC. The zyz system is oriented with the z axis along the beam direction and
the z and y axes are aligned with the orientation of the DC, hodoscope, and MACH.
The origin is defined to be in the plane of the front foil of the MWPC. The uvz system
is rotated 45° around the z axis with respect to the zyz system and is aligned with
the orientation of the MWPC and the microstrip detectors. The different orientations
are necessary to allow unambiguous 3-dimensional particle tracks to be formed from
the coordinate information gathered by the detectors.

In the following descriptions, “upstream” is used to indicate the direction an-
tiparallel (—2) to that of the incident antiprotons and “downstream” is the direction

parallel (+2).

4.3.1 Microstrip Detectors

The silicon microstrip detectors are situated upstream of the target and are used to

measure the direction of the incident antiproton beam. With these detectors, the
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Figure 4.6: A schematic diagram of the PS185 experimental apparatus with a Monte
Carlo pp — AA event generated with an antiproton momentum of 1.729 GeV/c.



Figure 4.7: A diagram of the zyz and wvz coordinate systems superimposed on an
isometric view of the MWPC.

beam direction and focus may be determined which helps with the beam steering
process. This event-by-event measurement of the antiproton direction also helps
to constrain the kinematics of the initial Fp system. The charge liberated by the
antiproton as it passes through the thin silicon detector is collected, amplified, and,
recorded with an ADC [89]. Each plane is divided into thin strips of 100 or 200 xm
width which allow the determination of the antiproton coordinate to an accuracy

equal to approximately the strip width. For the 1.729 GeV/c data, there were four
planes with parameters listed in Table 4.2.

4.3.2 Target System

The target system provides a source of protons and a portion of the information
needed to form the event triggers (described in Sec. 4.4). It consists of four small
cylinders of polyethylene (C H;) and one of carbon (C) surrounded by a system of
scintillators as shown in Fig. 4.8. The disk-shaped S1A, S1B, and S0 together function
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plane # | orientation | thickness | # of strips | strip width | z position
(um) (om) | (em)
1 v 500 16 200 -26.3
2 u 500 16 200 -25.9
3 v 300 20 100 -9.5
4 u 300 20 100 -9.1

Table 4.2: Parameters of each microstrip detector plane.

[] Target
”ﬁ“" Lightguide
Scintillation Counters

1 mm
SO

Figure 4.8: A cut view of the target system.

to determine the beam. In addition, the SO scintillator provides the time reference
signal (“to”) for the entire experiment. The five disk-shaped S3 counters are used
to measure the antiproton flux into each target cell and to provide a portion of the
signals needed for the neutral trigger. The S2 scintillators are cylindrical barrels
that surround each target cylinder and provide additional trigger signals. This entire
system is centered on the nominal beam axis approximately 1.5 cm upstream of the
MWPC (z = —1.5 cm). Each scintillator is connected to a phototube and the charge
and time information of the phototube signal was recorded with an ADC and a TDC.

This small system of target cells surrounded by scintillators allows the cell of
interaction to be determined. This gives the coordinate of hyperon production with
accuracy equal to the size of the target cell (2.5 mm). Five separate cells are used

in order to increase the probability of an interaction without increasing the error
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target cell 1 2 3 4 5

P momentum (GeV/c) | 1.72750 | 1.72661 | 1.72598 | 1.72530 | 1.72465
total c.m. energy (GeV) | 2.33448 | 2.33417 | 2.33394 | 2.33370 | 2.33347

Table 4.3: Momentum and total c.m. energy for each target cell with an incident
antiproton momentum of 1.729 GeV/c as calculated with a Monte Carlo simulation.

on the production point. A target cell of pure carbon is installed to monitor the
background from pp — YY reactions occurring on carbon in the CH; cells. The
five cells also allow measurement of the reactions at five different, closely grouped,
momentum points due to the energy loss of the incident antiproton as it traverses
each cell of the target. The momentum loss per cm of target material is 4.26 MeV /c
cm for carbon and 2.07 MeV/c cm for C H,, so the four C H, target cells correspond
to four momentum bins of width = 0.5 MeV/c spaced =~ 0.5 MeV/c apart. The
actual momentum loss is slightly larger due to the additional materials present. The
most likely momentum loss of the incident antiproton from the exit of the beam
vacuum line to the first target cell is = 1.0 MeV/c due to material upstream of the
target. The calculated central momentum and total c.m. energy values at the center
of each cell are listed in Table 4.3. The C H; cells are separated by about 0.65 MeV /¢

momentum or 0.25 MeV total c.m. energy.

4.3.3 Multiwire Proportional Chamber

The multiwire proportional chamber (MWPC) measures the coordinates of the
charged A-decay products so that the kinematics of the event may be reconstructed.
It is constructed with ten planes of 160 wires (the anodes) of diameter 10 ym and
length 20.3 cm'on a spacing of 1.27 mm. The wire planes are spaced 1 cm apart and
separated by a 10 gm thick aluminum foil (the cathode). Five planes are oriented to
measure the u coordinate and five to measure v, although, for the collection of this

data set, one u and one v plane were inoperable. The parameters of each plane are
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coordinate | z position active area
plane # | measured (cm) (cm?)
1 u 1.0 not functioning
2 v 2.0 not functioning
3 u 3.0 20.3 x 20.3
4 v 4.0 20.3 x 20.3
5 u 5.0 20.3 x 20.3
6 v 6.0 20.3 x 20.3
7 u 7.0 20.3 x 20.3
8 v 8.0 20.3 x 20.3
9 u 9.0 20.3 x 20.3
10 v 10.0 20.3 x 20.3

Table 4.4: Summary of parameters for each plane of the multiwire proportional

chamber (MWPC).

summarized in Table 4.4. The volume of the MWPC is filled with a gas mixture con-
sisting of 72% argon, 23.5% isobutane, 4% methylal, and 0.5% freon [27]. A 4.7 kV
potential is maintained between the cathode and anode.

The ionization electrons created by a passing charged particle drift toward the
anode wire and the positive ions drift toward the cathode. Close to the anode wire
the electric field becomes very large. This results in an avalanche effect which creates
more electron-ion pairs thereby amplifying the original signal [90] and the liberated
charge creates a signal on the wires. This system yields the charged particle coor-
dinates with accuracy on the order of the wire spacing. The wires within a 5 mm
diameter circle centered on the nominal beam axis are electroplated to avoid amplifi-
cation of the ionization charge due to the primary beam. The signal from each wire,
if larger than a preset threshold, is read with the PCOS II system manufactured

by LeCroy Research Systems. This system groups adjacent hits in each wire plane
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Figure 4.9: A diagram of the wire arrangement in a drift chamber cell showing the
locations of the sense wires (SW), potential wires (PW), and cathode wires (CW). All
dimensions are in mm. One DC cell spans the distance between adjacent potential

wires (40 mm). The cathode and potential wires have radii of 40 ym and the sense
wires have a radius 10 gym.

into clusters and stores and holds the central wire address and cluster size for later

readout.

4.3.4 Drift Chamber

The drift chamber (DC) also measures the coordinates of the charged A-decay prod-
ucts to enable the kinematic reconstruction of the event. it consists of 13 planes of
drift cells with a drift cell wire arrangement as diagrammed in Fig. 4.9 [91]. There
are 14 such cells in each plane with the exception of plane 1 which consists of six
cells. Seven of the planes were oriented so as to measure the z coordinate and six
to measure y. The parameters of each plane are summarized in Table 4.5. The vol-
ume of the chamber is filled with a 67.6% argon, 30% isobutane, 2.4% methylal gas
mixture [27]. The potential wires are were held at —3.3 kV while the sense (anode)
wires are held at +1.9 kV. The potential values on the cathode wires are graded so
that the electric field is constant for almost the entire width of the cell. A plot of the
calculated equipotential lines in a drift cell is shown in Fig. 4.10 [92].

When a charged particle crosses the cell, the ionization electrons drift toward
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coordinate | z position | active area
plane # | measured (cm) (cm?)

1 T 12.0 24.0 x 24.0
2 T 13.0 56.0 x 56.0
3 Yy 14.7 56.0 x 56.0
4 Yy 15.7 56.0 x 56.0
5 z 17.4 56.0 x 56.0
6 T 18.4 56.0 x 56.0
7 Y 20.1 56.0 x 56.0
8 Y 21.1 56.0 x 56.0
9 T 22.8 56.0 x 56.0
10 z 23.8 56.0 x 56.0
11 Yy 25.5 56.0 x 56.0
12 x 27.2 56.0 x 56.0
13 Y 28.8 56.0 x 56.0

Table 4.5: Summary of detector parameters for each plane of the drift chamber (DC').
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Figure 4.10: The calculated potential values in a drift cell. The orientation is the
same as in Fig. 4.9. The contours are the equipotential lines with each corresponding
to a potential change of 200 V.

75



the sense wires, are amplified, and create a signal on the wires as explained for the
MWPC. However, unlike the MWPC, an additional piece of information is used to
obtain a more accurate coordinate measurement. By measuring the drift time of
the ionization charge, the drift distance and the coordinate of the particle track is
determined. It is important that the electric field be constant so there is a linear
relationship between drift time and drift distance. The accuracy of the DC is dictated
by the statistics of ion production and the diffusion of the charge as it drifts. It is
also a function of the angle of incidence of the particle track and the distance of the
track from the sense wire. The error on the coordinate measurement ranges from
~ 150 pm for tracks perpendicular to the DC plane to &~ 1 mm for tracks incident
at 60°. The time of arrival of each signal above a preset threshold is recorded with
a multihit TDC [93]). The multihit TDC allows more than one hit per wire to be
recorded for an event which is necessary due to the large width of the cell. The sense
wires are arranged in pairs to eliminate, albeit with a loss of efficiency, the left-right
ambiguity problem that accompanies single sense wire drift chambers [94]. The sense
wire nearest the nominal beam center is electroplated for 1 ¢cm along its length to

avoid detecting the ionization charge of the primary beam.

4.3.5 Hodoscope

The scintillation hodoscope provides information on the charge multiplicity of the
event for use in the neutral trigger (described in Sec. 4.4. It also provides rough
coordinate information; however, this was not exploited in the final analysis of this
dataset. The hodoscope consists of two planes, one oriented to measure the & coor-
dinate and the other to measure y. Each plane contains 21 elements, the outer 20
are 0.4 x 3.0 x 61.0 cm?® scintillator slabs. The element in the center of each plane
consists of two scintillator pieces, 0.4 x 1.0 x 30.0 cm® and separated in the center
by 1.0 cm to allow a hole for the primary beam. A phototube is attached to both

ends of each of the 42 scintillator elements and the charge and time information from
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Figure 4.11: An isometric view of the hodoscope including the lightguides and pho-
totubes. Part of the z plane is cut away to reveal the y plane behind.

coordinate | z position | active area

plane # | measured (cm) (cm?)
1 z 34.2 61.0 x 61.0
2 Yy 34.7 61.0 x 61.0

Table 4.6: Summary of parameters for each plane of the hodoscope.

the phototube is recorded using an ADC and a TDC. A diagram of the hodoscope

is shown in Fig. 4.11 and a summary of the parameters of each plane is listed in

Table 4.6.
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coordinate | z position | active area
plane # | measured (cm) (cm?)
1 T 39.9 64.0 x 70.0
2 T 64.4 92.0 x 94.0
3 T 88.9 116.0 x 116.0

Table 4.7: Summary of parameters for each plane of the drift chamber in the magnetic
solenoid (MACH).

4.3.6 Baryon Identification Detector

The baryon identification detector determines the charge of the A-decay products
so that the A and A may be distinguished. It consists of a drift chamber (MACH)
situated within a magnetic solenoid that maintains a 0.9 kG magnetic field along
the  direction. Particles that pass through the solenoid are deflected in a direction
normal to the magnetic field. The deflection is measured by tracking the particles
with the MACH, which, together with the sign of the magnetic field, determines
the particle charge. The solenoid consists of water-cooled aluminum coils wound
inside an iron yoke. A current is maintained in the coils which establishes a fairly
uniform field contained within the yoke. The coils are separated slightly around the
midsection to allow the primary beam to pass unimpeded. A diagram of the solenoid
is shown in Fig. 4.12. The MACH is of the same design as the DC described above,
with three planes of 16, 23, and 29 drift chamber cells as diagrammed in Fig. 4.9. As
in the DC, the central sense wire is electroplated near the beam center so as not to
amplify the beam ionization. The time information of the signals above a threshold
is recorded with a multihit TDC, also as in the DC. The parameters of each MACH
plane are listed in Table 4.7.
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Figure 4.12: An isometric view of the magnetic solenoid.
4.3.7 Calorimeter and Veto Scintillators

A segmented calorimeter and system of veto scintillators were added to the PS185
apparatus in preparation for this run to enable the detection of £°-decay photons from
the pp — XL°A + c.c. reactions. The calorimeter consists of an array of 240 modules
20 cm long constructed of 1 mm-diameter scintillating plastic fibers embedded in a
lead/antimony material [95]. The modules were machined into trapezoidal shapes
so that they fit together closely forming several rings of modules. The fibers in
each module point toward a region & 60 cm downstream of the target. With this

geometry, incident particles intersect the calorimeter at a slight angle that remains
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fairly constant across the face of the calorimeter.

When a photon enters the calorimeter, an electromagnetic shower develops rapidly
due to the density and high-Z of the lead. The charged particles of the shower create
light in the scintillating fibers in proportion to the product of their number and
track length which is proportional to the energy of the incident photon. The energy
resolution for the device as employed in this experiment is given by o/E = 8%/VE
with E in GeV yielding o/ E ~ 25% for a 100 MeV photon. The position resolution,
determined by the energy sharing of the shower between modules is approximately
0.5 cm [95]. A light guide is attached to the back of each module to channel the light
from the fibers to a phototube. The phototube signals are recorded with an ADC. A
drawing of the device is shown in Fig. 4.13.

The scintillator system consists of 48 pie-shaped scintillators arranged to match
the ¢ divisions of the calorimeter to enable a veto on the calorimeter signals due
to charged-particles. Each scintillator is attached to a phototube and each signal is
recorded with an ADC. This calorimeter/scintillator system is a subset of the final

device which was later used for the JETSET experiment at LEAR [96].

4.4 The Trigger, Scalers, and Data Acquisition

During the running of the experiment, the incident antiprotons strike the target at a
rate of approximately 500 kHz. It is not possible (or desirable) to record the signal
for every event. The function of the trigger is to provide a selection criterion to select
the subset of events to record. The trigger is generated when the pattern of detector
signals matches the desired pattern. The principal trigger of the PS185 experiment
is the neutral trigger, which selects for ip — Y'Y events. Several other triggers are

used in addition to select events for diagnostic and calibration purposes.
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Figure 4.13: An isometric drawing of the lead/scintillating-fiber calorimeter as em-
ployed in the PS185 experiment. There are five rings of 48 individual modules. The
light guides and phototubes are not shown.

4.4.1 The Neutral Trigger

The neutral trigger is designed to select, from the many possible, ip — AA and
7p — %°A + c.c. events. As seen by the detector, these events may be described
as an antiproton into the target in coincidence with zero charged particles exiting
and the detection of the charged A-decay products downstream. Thus, the event
pattern desired is “charged—neutral—charged”. The target scintillator information
is used to form the “charged—neutral” portion and to determine in which target cell
the interaction occurred. The scintillator hodoscope information is used to form the

“—charged” portion.

For the target portion of the neutral trigger, the signal from each of the target
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Neutral S2 hit pattern S3 hit pattern

Cel# )1 2 3 4 5|1 2 3 4 5
1 -0 0 0 O0|- 0 0 0 O
2 - -0 0 0+ - 0 0 O
3 - - =0 0{0 + - 0 O
4 - - = - 0|/0 0 + - 0
5 - = — = =10 0 0 + -
+ = hit, — = not hit, 0 = not considered

Table 4.8: Required hit pattern of each S2 and S3 target counters for the neutral
target condition of the neutral trigger.

phototubes is passed to a discriminator which produces a logic signal if the analog
signal is larger than a preset threshold level and the target component is considered
to be “hit”. These logic signals are routed to coincidence units where the neutral cell
decision is made.

First it is required that the SO, S1A, and S1B are all hit. This is called the “pbar”
requirement. Next, the selection for exclusively neutral production is made. This
is accomplished by requiring a target scintillator pattern that is consistent with an
antiproton entering one of the target cells with no charged particles exiting that cell.
For a particular target cell pattern, the S3 immediately upstream is hit while the 53
immediately downstream and the surrounding S2 are not. These logical patterns for
each target cell are listed in Table 4.8. If one of these patterns is satisfied and the
pbar condition is fulfilled, the neutral target condition is satisfied and the target cell
of the interaction (the “neutral cell”) is assigned.

The “—charged” part of the neutral trigger is formed by requiring that the ho-
doscope have at least one hit element in the z plane and one hit element in the y
plane. If both the hodoscope and neutral target conditions are fulfilled for an event.

a neutral trigger is generated. The average rate of the neutral trigger during this
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experimental run was 140 Hz.

4.4.2 Calibration and Diagnostic Triggers

For diagnostic and calibration purposes several other triggers are used, either in
parallel with the neutral trigger or in separate runs, to accept events of other types.
For calibration of the calorimeter and to observe other neutral reactions such as
pp — Tin and Pp — n(r°), the “x°” trigger is implemented. It is formed with the
requiremnents that the neutral target condition is fulfilled and that no element of the
hodoscope has a hit. This trigger was used for the 1.729 GeV/c data to accept events
in parallel with the neutral trigger. The rate was lowered by prescaling one of the
input signals to be approximately 4% that of the neutral trigger.

For diagnostic purposes, a minimum-bias, “beam” trigger is used. It consists of
simply the pbar condition. The pbar signal was prescaled so that the beam trigger
rate was approximately 2% that of the neutral trigger rate.

An “elastic” trigger is used to select pp — Pp events for drift chamber calibration
and general diagnostic purposes. It is formed with the pbar condition combined with
the requirement that there is exactly one hit in each hodoscope plane. The near-
beam region of the hodoscope is used as a veto in order to select only larger-angle
elastic events. For this data set, this trigger was used alone in several runs per day

to collect tapes of pure “elastic” events with which to calibrate and/or examine the

tracking chambers.

4.4.3 Scalers

In addition to the charge and time information, it is also desirable to count the
number of signals from the detectors. The discriminated signals from many of the
detectors and logical combinations thereof are routed to scalers. The scalers count the
number of signals independent of the event trigger. The information is for diagnostic

purposes to obtain the correct normalization for the cross section calculations. The
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Beam S2 hit pattern S3 hit pattern

Cel #11 2 3 4 51 2 3 4 5
1 - 0 0 0 0}j0 0 0 0 O
2 - - 0 0 0|+ 0 0 0O
3 - - = 0 0+ + 0 0 O
4 - - — — 0|4+ + + 0 O
5 - - - - =i+ + 4+ +0
+ = hit, — = not hit, 0 = not considered

Table 4.9: Required hit pattern of each S2 and S3 target counters for each beam ccll
condition.

most important count is the number of antiprotons incident on each target cell.
For this purpose, the output of the “beam cell” definitions shown in Table 4.9 are
routed to scalers. These definitions are the same as the corresponding neutral cell
definitions except that the downstream S3 veto requirement is removed. Using these
scaler values to calculate the cross section for each target cell ensures that the flux

of antiprotons on each target cell is correctly counted.

4.4.4 Data Acquisition

The data acquisition system for the PS185 experiment for the collection of the 1.729
GeV/c data consisted of CAMAC and FASTBUS systems, a MBD-11 special interface
computer, and a MicroVAX Il computer. The FASTBUS system contained the TDC’s
and ADC’s for the microstrips, DC, MACH, calorimeter, and veto scintillators. The
CAMAC system contained the ADC’s and TDC’s for the target and hodoscope.
the PCOS II MWPC readout module, and the scalers. It also contained a dual-port
memory module to gather the FASTBUS data [93]. The MicroVAX II, manufactured
by Digital Equipment Corporation, was used to run diagnostic and experimental-

control programs and to write the data to tape via two 6250 bpi 9-track tape drives.
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The MBD-11 (Microprogrammed Branch Driver), manufactured by Bi Ra Systems
Inc., was used to read out the data from the CAMAC system and to transfer it to
the MicroVAX memory.

When an event trigger is generated and the MBD is not busy processing a previous
event, a signal is generated that gates the ADC’s, provides the time reference signal
for the TDC’s, instructs the MWPC readout system to latch and gather the wire
information, and sets an interrupt for the MBD. At this prompt, the MBD reads the
data held in the various modules and stores it in a data buffer in shared memory
in the MicroVAX [97]. This process is repeated until the data buffer is filled. The
MicroVAX writes this buffer to tape while the MBD resumes filling the next buffer.
The values from the scaler modules are read every 5 seconds and the totals written
to tape in a separate buffer once a minute.

While the data acquisition was running, the data stored in the shared memory
buffer was simultaneously used by various running on the MicroVAX programs to
create histograms, make event plots, calculate detector efficiencies, and other tasks
to monitor that the detector was functioning properly.

The data set analyzed for this work at an antiproton extracted momentum of
1.729 GeV/c was collected over a 60 hour run period in November of 1989. In this

time, 5.5 Gbytes of data from 1.1 x 107 neutral triggers were written to approximately

50 tapes.
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Chapter 5

Data Analysis

After the beam is turned off and the detector information is recorded on tape, this
data must be read and interpreted. Thus begins the process of analysis. The data
must be transformed from the binary information stored on tape into the physics
observables that provide insight into the pp — YY reaction. This procedure, from
decoding the data to calculation of the cross sections, is described in this chapter.
The description of the extraction of the spin observables, the hyperon polarizations

and spin correlations, due to its complexity and length is given an entire chapter

which immediately follows.
5.1 Overview

The experimental data written to tape contains more than pp — AA and pp — LA+
c.c. events. No trigger is perfect and other event types often satisfy the PS185 neutral
trigger and are written to tape along with the events of interest. The task of the data
analysis is to reconstruct the events on tape and apply numerous cuts to eliminate
the uninteresting events and gather the pp — AA and 5p — X°A + c.c. events. After
the events are selected, the detector acceptance must be calculated to determine
the number of events corrected for losses. Then, the integrated luminosity of the
experiment must be calculated. With these ingredients, the total and differential

cross sections may be extracted.
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The term “hit” is often used in experimental nuclear and particle physics. In
Chapter 4 it was used to specify a piece of information associated to a detector that
consists of ADC, TDC, and/or wire number information. In this chapter it is used
to mean a piece of information consisting of spatial coordinates, energy, and/or time
information. Not all experimental hits are considered hits in the analysis. Selection
criteria are applied to eliminate the experimental hits that are undesirable for some
reason in the analysis procedure.

A detector coordinate system is needed to reconstruct the particle trajectories
for each event. The two systems used in the analysis are the same as those used in
the description on the experimental apparatus and are illustrated in Fig 4.7. Both
are defined with origins coincident with the front foil of the multiwire proportional
chamber. The uvz system which is rotated by 45° is used primarily to describe
tracks in this chamber, which are eventually rotated into the zyz system. The hits

and tracks are all described using these systems.

5.2 Target and Microstrip Analysis

The purpose of the target scintillator array is, in addition to providing the signals
to form the neutral trigger, to determine in which cell the pp — YY interaction
occurred which yields the interaction point to within the size of the target cell.
The measurement of the interaction point allows a better determination of the final
AA kinematics through a more precise knowledge of the production angles. The
silicon microstrips provide the information to determine the direction of the incident
antiproton which further constrains the and interaction point and yields a more

precise measurement of the kinematics of the initial pp kinematics.
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5.2.1 Target Analysis

As explained in Chapter 4, the target cell of the interaction for the neutral trigger
is assigned by combining the logic signals of the target components as shown in
Table 4.8. This “neutral cell” as assigned in the experiment is recorded on tape and
is called the “hardware cell”. In addition to this information, the ADC and TDC
values of the target components are also recorded. This information was used in the
analysis to double-check and to refine, if necessary, the neutral cell as assigned using
the hardware pattern.

The distributions of ADC and TDC values for the S2-3 and S3-3 target counters
from elastic trigger events are shown in Fig. 5.1. The $2-3 is the scintillator barrel
surrounding and S3-3 is the scintillator disk immediately downstream from the third
target cell (see Fig. 4.8). The distributions from the other S2 and S3 counters are
similar. Elastic trigger events were used because the 52 and S3 target counters are
not used in the elastic trigger and so the resulting distributions are only slightly
biased by the trigger. The window for the ADC values was set to eliminate noise
hits and the window for the TDC values was set to contain the true peak as shown
in the figure. The windows for the other counters were set in an analogous fashion.

With the ADC and TDC hits defined to be within these windows, the neutral
cell for each event was determined based on the hit pattern from the target counters.
These possible hit patterns with the assigned neutral cell are listed in Table 5.1. Note
that the these patterns are slightly more strict than those used to form the hardware
cell. In these hit patterns, all of the S3 counters upstream from the target cell must
have a hit to satisfy the neutral cell assignment. The neutral cell resulting from the
hits formed from the TDC information is called the “TDC cell”and that from the
ADC information, the “ADC cell”.

The hardware, TDC, and ADC cells were compared and the ambiguities were

resolved by setting the neutral cell according to the pattern where two of the three
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Neutral S2 hit pattern S3 hit pattern

Cell# 111 2 3 4 511 2 3 4 5
1 |- 0 0 0 0|- 00 0 0
2 |l- — 0 0 0{+ — 0 0 0
3 - - =0 0|+ + - 0 O
4 - - = = 0+ + 4+ -0
d - - - - =!I+ 4+ + + -
+ = hit, — = not hit, 0 = not considered

Table 5.1: Required hit pattern of each S2 and S3 target counter for each neutral
cell assignment.
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Figure 5.1: Distribution of the (a) S2-3 ADC, (b) $3-3 ADC, (c) 52-3 TDC, and (d)
S3-3 TDC for elastic trigger events. The shaded area indicates the windows set for
these counters. Note the logarithmic scale.
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methods agreed. This was sufficient to set the neutral cell in all but 1-2% of the neu-
tral trigger events. These events may be explained by the slight differences between
thresholds and timing windows used in the experiment versus those set by the ADC
and TDC windows used in the analysis. They may also be due to an “accidental”
antiproton passing through the target closely in time as is fairly probable with the
occasional 1-2 MHz beam rates that occurred during the running of the experiment.
These events were rejected from the analysis and accounted for in the calculation of
the cross section.

The neutral cell assignment sets the z position of the interaction to within the
length of the target cell. The positions of the target cells are known through the
detector survey. The z positions were more precisely determined from the density
of reconstructed vertices in elastic trigger data in the target region. The z and y
position of the interaction is also determined by the neutral cell assignment to within
the dimensions of the target cell. But, it may be more precisely determined by using

the antiproton track as reconstructed with the silicon microstrip detectors. This is

described in the next section.

5.2.2 Microstrip Analysis

To determine the beam (antiproton) track for each event, the microstrip ADC values
were used. If the ADC value of an individual microstrip channel was above a certain
cut value then that strip was considered to be hit. The ADC distributions for a
typical channel in each of the four microstrip planes and the positions of the ADC
cut are shown in Fig. 5.2. This cut was set to be above the level of the noise.

The hits were grouped into clusters, where a cluster is defined as a group of
contiguous hits in a plane. If there was exactly one cluster of hits in each microstrip
plane for an event then the coordinates (in the u or v system) of each cluster are
used to form the beam track for that event. The coordinates of each microstrip plane

are known through the detector survey and were more precisely determined using a
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Figure 5.2: Microstrip ADC distributions from a typical channel in each of the four
planes. The shaded area indicates the values passing the ADC cut.

calibration procedure that correlates the tracks from in the wire chambers with the
hits in the microstrips. The errors on the coordinate measurement were set to be
equal to the width of an individual strip in the plane (200 gm for planes 1 and 2 and
100 pm for planes 3 and 4). For ease of calculation and integration into the kinematic
fit, the beam track was parameterized using z,y slopes and intercepts. The (4 x 4)
error matrix for these parameters was calculated by propagating the coordinate errors
to the slope and intercept values. The microstrip hit coordinates from a typical run
are shown in Fig. 5.3 and the resulting beam = and y slopes are shown in Fig. 5.4.
For this data set, the cut on exactly one cluster per plane allowed a beam track
measurement for only approximately 40% of the events. This relatively low number

was due mainly to the low gain of the channels in microstrip plane 3 as can be seen
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Figure 5.3: Microstrip coordinate distributions for a typical run shown as box plots
for (a) plane 1 vs. plane 2 and (b) plane 3 vs. plane 4. The relative size of the box
indicates the number of events in that channel. The width of each channel and the
total active area is smaller for microstrip planes 3 and 4.
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in Fig 5.2. If a good beam track measurement was unavailable for an event, the
average beam track and error matrix was used. Even with only the average beam
track, there was a considerable improvement in constraining the kinematics of an
event over a situation with no microstrips. The average beam track was monitored
for the different runs of this data set and if the parameters changed, due to beam

steering or focusing, a new set of beam track parameters was calculated and used for

the average beam track for subsequent runs.

5.3 Hodoscope Analysis

The ADC and TDC values for the hodoscope were decoded and associated to a ho-
doscope element number. Only those elements with signals above a preset threshold
were written to tape. If data for a hodoscope element were written to tape, this
element was considered as hit in the analysis — no ADC or TDC cuts were applied.
Each hit was assigned an zz or yz coordinate pair which is known for each hodoscope
element through the detector survey and via a calibration procedure that correlates
tracks from the wire chambers with the hodoscope hits.

In the final version of the analysis, the hodoscope was used only for a cut on
number of elements hit per event. It was required that there were more than 2 and
less than 20 hits in both the z and y planes of the hodoscope. It was determined
that essentially all 5p — AA and pp — XC°A + c.c. events that pass the cuts of the
later stages of the analysis fulfill this requirement. Thus, this hodoscope cut could
be applied which efficiently removes a large fraction of undesired events.

It is possible to use the hodoscope hits for additional particle-track coordinates to
reduce ambiguous combinations or to use the ADC information to determine particle
energy loss through the scintillator. But this was deemed not necessary for this

analysis and is left for future work.
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5.4 Calorimeter and Veto Scintillator Analysis

The information from the calorimeter and veto scintillators was used to find potential
¥°-decay photon candidates in the data and to analyze a neutral reference reaction for
the target normalization correction (see Sec. 5.13.3). Although, in the final analysis,
it was determined that the £°-decay photon information was of limited utility for
this data set due to the low acceptance of the calorimeter. However, the procedures
were developed and implemented and are described in this section.

The ADC and TDC information from the veto scintillators was decoded. For each
scintillator, if the ADC value was above the level of the noise and the TDC value was
within the true peak, a hit was formed. The ADC information from the calorimeter
was decoded and a hit formed with the respective calorimeter module position and
an energy value. The locations of the individual scintillator wedges and calorimeter
modules are known through the detector survey and determined more precisely by
correlating hits in the detectors with tracks from the chamber stack.

The calorimeter ADC-value to energy calibration was determined in the following
way. As a first step, elastic trigger events were used and cuts applied to select
events where a particle passes through the calorimeter without interacting. Events
of this type create a calorimeter ADC distribution with a fairly sharp peak. The
energy lost by a minimum ionizing particle in the scintillator of the calorimeter was
calculated and a first approximation for the ADC to energy calibration constant for
each calorimeter module was determined.

In the next step, elastic trigger events were used and cuts applied to obtain a
sample of events that contained one or more 7° mesons!. The 7%'s decay into two
photons which, for a fraction of the events, are detected in the calorimeter. With

these events, the hits in the calorimeter were used to form clusters, where a cluster is

Events taken with the elastic trigger contain a reasonable number of 7%’s due to the presence
of pp — 7 + X reactions that satisfy the trigger.
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a group of neighboring calorimeter modules that contain some energy. The energies of
the modules were summed to form the cluster energy and the energy-weighted average
cluster position calculated. A cluster was considered a neutral cluster candidate if
there were no hit scintillator wedges within an azimuthal angle of 7.5° of the cluster
center. With the hypothesis that each cluster was due to a 7%decay photon, the
invariant mass of the possible photon pairs was formed.

The invariant mass of a photon pair is given by

My, = J2E1E2 (1 — cos8) (5.1)

where E, and E; are the energies of two photons and @ is angle between the two
photon lab momentum vectors. An invariant mass distribution was formed for each
calorimeter module, with events added if the calorimeter module was a member of a
cluster for that event. Using these distributions, the offset of the invariant mass peak
from the 7° mass was used to adjust the calibration constants. The new calibration
constants were then used to form another set of distributions and the second iteration
constants were extracted. This process was repeated until the peaks in the invariant
mass distributions converged on the 7% mass.

In practice, the number of events was not sufficient to adjust the constants for
each individual module, so each calorimeter ring was adjusted together. The final
two photon invariant mass distributions for all rings together and for each ring in-
dividually are shown in Fig 5.5. The invariant mass for a cluster pair was accepted
if the energies of both clusters were greater than 0.3 GeV, the angle between them
was greater than 25°, and the center of the either cluster was not within 5 cm of the
inner or outer edge of the calorimeter. An invariant mass combination was used for
the individual ring spectra if that ring contained 30% or more of the total energy of
both clusters.

Candidate ¥°-decay photons were selected in the neutral trigger sample by re-

quiring a cluster to be a neutral candidate (as described above) and that the energy
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Figure 5.5: Calorimeter 2-y invariant mass distributions from neutral cluster candi-
dates for (a) all calorimeter rings and (b)-(f) rings 4-8. The curves are the result of
fitting the distributions to a Gaussian plus a constant over the range 0.8-1.8 GeV/c’.
All fits resulted with the Gaussian mean within 1% of the #° mass.
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of the cluster be within the range 0.08-0.2 GeV. The energy range of %%-decay pho-
tons within the solid angle covered by the calorimeter is kinematically constrained to
0.12-0.17 GeV. If desired, the clusters passing these cuts with energy and position as
determined by the calorimeter may be used in the kinematic fit along with the rest of

the event information. The error on the z and y position of the cluster was estimated

to be 0.5 cm and the error on the energy parameterized by o/ E = 8%,/ E(GeV). It

was assumed that the z, y, and energy errors are independent.
5.5 Tracking Coordinates

Accurate tracking of the A-decay products is the paramount task in the analysis of the
PS185 data. If it is not done correctly the reconstruction efficiency and precision suf-
fers tremendously. To obtain accurate tracks, the coordinates of the charged particles

as measured by the tracking chambers must be carefully and correctly determined.

5.5.1 Multiwire Proportional Chamber Coordinates

The information recorded from the multiwire proportional chamber (MWPC) consists
of, for each cluster of wires in a plane, a data word containing a central wire address
and cluster size. For each data word, the cental wire address is mapped to either a
u or v coordinate (depending upon the plane). This coordinate, the z coordinate of
the plane, and the cluster size are stored as a MWPC hit. If the cluster size is an
odd number, the coordinate of the central wire is used; if it is even, the coordinate
halfway between the two central wires is used. The situation for two typical tracks
is illustrated in Fig. 5.6.

The MWPC is a digital detector; that is, if a wire is hit, the exact position of
the particle track at the z of the wire plane is uncertain by an amount equal to the
wire spacing. The error usually assigned for digital detectors is o = d/v/12 where

d is the width of the detector elements, which is the square root of the variance of
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Figure 5.6: An illustration of MPWC wires hit and the coordinate assigned for two

typical tracks. The crosses indicate the wires hit and the circles indicate the assigned
coordinates.

a top-hat function [98]. With the exception of a slight complication, discussed in in
Sec. 5.6.1, this error assignment was used for this analysis with d set to the MWPC(
wire spacing, 0.127 cm.

The experimental coordinate system is defined as fixed to the MWPC with each
sense wire plane spaced exactly 1.0 cm apart and perpendicular to the z axis. The
front mylar sheet of the MWPC contains the origin. These assumptions are reason-

able considering the precision of the wire spacing of the MWPC. The positions of the

other detectors and the beam direction are determined using this coordinate system.

5.5.2 Drift Chamber Coordinates

The information recorded from the drift chamber (DC) consists of a data word con-
taining the wire address and a drift time for each wire signal detected. For each data

word, the drift distance is calculated from the drift time using a time to distance
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calibration function. A coordinate is calculated from this drift distance and the po-
sition of the wire and is stored, together with the z position of the plane, as a DC
hit.

To achieve accurate coordinates, it is important that the position of each wire is
precisely known. These positions are known to a few millimeters through the detector
construction and survey. However, to reach the tracking precision of ~ 100-200 xm
that the DC is capable of, a calibration procedure is necessary. The time to distance
calibration function must also be determined accurately. A simple function based on
the geometry of the ionization drift paths may be used but this is not adequate for
the desired precision. To accurately determine the time to distance function and the
wire positions, a calibration procedure using particle tracks was used. This procedure
is described, in detail, in Appendix A. The resulting time to distance function, DC

positions, and resolution function, allow the DC coordinates with associated errors

to be determined.

5.6 Tracking

The multiwire proportional chamber and drift chamber measure track coordinates in
in two dimensions. The goal of tracking procedure is to form the particle direction
vectors in three dimensions (3D) from the information provided by these detectors.
The first step is to recognize and form potential tracks in each of the four two dimen-
sional (2D) projections. Then, valid combinations of these 2D tracks are combined

to form 3D tracks which give the particle direction vectors.

5.6.1 Two Dimensional Tracking

The tracking chambers provide uz,vz,zz, or yz coordinate pairs. The task of the 2D
tracking is to recognize all plausible tracks that can be formed from the hits in each

of these four orientations. Since the magnetic field in these detectors is negligible
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and in the limit that the multiple scattering is small, the process reduces to finding
and fitting hits that form straight lines. To find these lines, the “road-building”
technique [99] is used.

The search for 2D tracks proceeds independently through each of the four chamber
projections. The hits from each projection are first sorted according to the plane
number or z and by measured coordinate (u, v, z or y). The road-building algorithm
begins with choosing two points, the “pivot points”, in the planes at opposite ends
of the chamber in 2z, the “pivot planes”. A “road” of a certain width is formed that
connects the two pivot points. The planes between the pivot planes, the “support
planes” are searched for hits that lie on the road. If a hit is found that lies on the
road, it is added to the candidate track. After all support planes have been searched
the candidate track is considered final if at least one hit on one support plane has
been found (at least three hits are needed for a track) and the number of support
planes without hits on the track is below a certain tolerance. The hits of the resulting
final track are removed from the list of available hits and are fit to a straight line.
The resulting track fit parameters (slope and intercept) are stored.

After all hits on the pivot planes are used as pivot points and the support planes
are searched, the pivot planes are moved in and the previous support plane becomes
a pivot plane and the road building algorithm is repeated. The pivot planes are
systematically moved in (together in z) until all possible combinations of pivot plancs
are exhausted. In this way, all possible combinations of hits are checked as track
candidates.

For this analysis, it was determined that the track road tolerance was best set to
40 where o is the error of the candidate hit on the support plane. That is, if the
hit is within 4o on either side of the center of the road, it is added to the candidate
track. Thus, the road is of variable width, set by the error on the hit being checked.
By scaling the 2D track tolerance to the error, the uncertainty of the hits is treated

correctly. The factor of 4 is wide enough to account for the error on the line between
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the pivot hits due to the error on the pivot hits, yet not too wide to allow many
noise hits or to “steal” hits from other tracks. The maximum number of support
planes with missing hits for a track was set to 2 planes for the DC and 1 plane for
the MWPC. This was determined for the DC by considering the efficiency. If each
plane is more than 90% efficient, there is a less than 0.1% chance of having a track
with no hits in three planes between planes with hits. For the MWPC this value
was, in practice, not important since there were only four functioning planes for each
projection. This allowed for some degree of inefficiency in the tracking chambers yet
did not allow many tracks due to noise hits.

Only tracks up to 60° were considered in the 2D track finding. From the work on
the DC calibration (Appendix A), it was evident that the DC time to distance was
adequate only for tracks below this angle. Also, the planar geometry of the chambers
yields a low efficiency for tracks with angles larger than 60°. The efficiency is also
hard to determine for large angle tracks. So, it was decided to put a firm cut at 60°
where the efficiency is easily determined.

As is commmon with any implementation of tracking, there are several details of

the algorithm that are specific to these particular detectors.

For DC tracks:

e Since the time to distance function depends on angle, the coordinate (z or y)
and error must be calculated for each hit using the angle of the candidate track.
This requires that the coordinates of the hit be calculated multiple times, once
for each time the hit is considered for a candidate track and once again when

(and if) the final track is fit to a line.

e Large angle tracks through a drift cell often cause multiple hits due to the large
spread in the time of arrival of the charge at the sense wire. To account for
this, as each candidate track is formed, clusters of hits that are likely due to

a single track are put together as one hit and the coordinate calculated from
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the hit with the earliest time. These hits that are clustered are then removed
from the list of available hits. This eliminates the problem of the formation of

multiple tracks from the clusters of hits that are due to one large-angle track.

For MWPC tracks:

¢ The MWPC provides hits in the form of wire clusters. Sometimes, due to
inefficiencies of the chamber, one track may cause more than one cluster of hits
in one plane of the MWPC. This becomes more likely with large-angle tracks
due to the decrease in track path length in a single wire cell. This is corrected
by looking for “broken” clusters in each plane as each candidate track is formed.
If two clusters are found in one plane that are likely due to a single track, then
the broken cluster is repaired and a new coordinate calculated. As in the DC,

this serves to eliminate extra spurious large angle tracks.

These methods to eliminate extra hits and the feature of the algorithm that
removes used hits from the available hit list may cause another problem. That is,
assigning a hit to one track when it should belong to different track. This can happen
when tracks overlap or, as is often the case with the A decay products, they originate
from a point close to a tracking plane. To mitigate this problem, an additional feature
was added to the track finding algorithm. After all possible 2D tracks were found,
the hits that were assigned to a track were searched again to check the hypothesis
that they may also belong on another track. If they are on another track, to within
tolerances, they are added to this track and the track is refit. They are not removed
from the original track; they are “shared” by the two tracks. It is the case that sharing
hits does not eliminate the problem of tracks that are completely missed when hits
are assigned to another track and made unavailable. But it has been determined
that few tracks are missed due to this problem and it is outweighed by the gain in

reducing the number of spurious tracks formed if all hits can be on multiple tracks.
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Figure 5.7: The results of the 2D tracking for a 2-V event. The crosses are the
chamber hits; those encircled were determined to be on a track.

The tracking algorithm was thoroughly checked by examination of hundreds of
event display pictures that show the hits and the tracks formed from these hits. An
example is shown in Fig. 5.7. The least-squares sum and stretch function distributions
for tracks were also checked thoroughly.

The least-squares sum (often called, imprecisely, the chi-square) is defined for
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each track as [98]
N g — s 2
X2 — j : (a:t,ﬁt xz,mea.s) ’ (52)

i=1 i
where n is the number of hits on the track. Here, for the :th hit, z; g is the track-fit
predicted coordinate, z; meas is the measured coordinate, and o; is the error assigned
to the hit. If the errors are assigned correctly and there are no extra hits due to
noise or other tracks, this quantity should be distributed as the familiar chi-square
distribution. This distribution has mean and variance equal to the number of degrees
of freedom v and a maximum at v — 2. For a 2D track fit to a straight line, v is equal

ton — 2.

The hit stretch function is defined for the z-th hit on a track as [98]

z. _w.
%= 1,fit t,meas’ (53)

ot~ ol?

where o is the error on z; g, and the other quantities are the same as for the least-
squares sum. This quantity, again with correct errors and no noise hits, should be
distributed as a Gaussian with zero mean and unit variance.

The least-squares sum and stretch function distributions were checked as a func-
tion of chamber plane, individual wire cells, track angle, number of hits on a track,
tracks with and without hit clusters, and (for the DC) hit drift time. A subset of
these distributions from neutral trigger events is shown in Fig. 5.8. As can be seen
in this figure the least-squares sum and stretch functions follow the expected distri-
butions well. There is a slight excess of large X? and z; tracks which is due to some
erroneous tracks or extra uncorrelated hits on good track. This is not unexpected
with neutral triggers due to the large number of hits in a typical event. The MWP(
distributions exhibit a jaggedness which is due the the digital nature of this detector.

The final values of the errors on hits from the DC and MWPC were adjusted
by examining these distributions for different track angles. For the DC, the errors

obtained from the DC calibration procedure and shown in Fig. A.5 were used as
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Figure 5.8: Least-squares sum distributions for (a) DC 6-hit tracks and (b) MWPC
4-hit tracks. Stretch function distributions for all (¢) DC and (¢) MWPC tracks.
The curves in (a) and (b) are chi-square distributions with four and two degrees of
freedom respectively. The curves in (c) and (d) are Gaussians of mean zero and unit
variance. The curves are for comparison only; they are not fits to the data.

a starting point. These errors were then scaled for each angular range such that
the stretch function distributions were of unit width. This required a scale factor
somewhat less than one for the lower angular ranges. This is reasonable considering
that the distributions fit to obtain these errors included the error on the fit track.
By considering the stretch function distributions, this error on the track is properly
taken into account. For the MWPC, as mentioned in Sec. 5.5.1 an error of d/v/12
was used, where d is the width of a MWPC cell, along with an extra term. This
additional term added a factor of (nexpected — Mmeasured)d/ V12 to the error if the

measured hit cluster size nmeasured Was smaller than that expected nexpected. The
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expected hit cluster size was calculated from the track angle and the geometry of
the MWPC wire planes. This accounted for the extra uncertainty on a hit if it had
missing wires in the cluster. This assignment resulted in reasonable least-squares

sum and stretch function distributions. This choice of errors was used for the plots

shown in Fig. 5.8.

5.6.2 Three Dimensional Tracking

The 3D tracking involves combining the 2D tracks to form 3D tracks. The relative
45° rotation between the zyz system of the DC and the uvz system of the MWPC
allows this to be done more efficiently. If both detectors were oriented with the same
system, zyz for example, all zz 2D tracks would have to be combined with all yz
tracks to form the possible 3D tracks. The two tracking orientations reduces this
number considerably.

For each combination of the uz and vz tracks, a 3D track is formed and rotated

into the zyz system. This combination of 2D tracks projects into the zyz system as
a 3D track described by

]
T = W [(au - av)z + (bu - bu)] (54)
v = 5l ta)s (bt b, (5.5)

where a,, a, are the u, v slopes and a,, a, are the u, v intercepts describing the 2D
tracks in the uz and vz orientations. This 3D track is then parameterized by the
slopes and the coordinates of the line at a point midway between the MWPC and
the DC (z = 11 cm). Each zz track and each yz track is then compared to this
line and, if both the slope and coordinate of the track are equal to within tolerances,
the zz and/or yz tracks are added to the 3D track and a 3D track is found. In a
similar fashion, each combination of zz and y=z tracks is rotated into the uvz system

and the combinations are formed. This procedure forms “4-match” 3D tracks (zyuv
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combinations) and “3-match” tracks (zyu, zyv, zuv and yuv combinations). All
combinations of zy and wwv tracks that are not matched after all are checked are used
to form “2-match” tracks (zy and uv combinations).

The resulting combinations are then fit to a 3D line using the original coordinates
and errors of the hits from each 2D track of the combination. The 3D line is param-
eterized with a 4-vector consisting of the z and y slopes and intercepts. The (4 x 4)
covariance matrix of these parameters is also calculated using the errors assigned to
the original hits.

The slope and coordinate difference distributions for neutral trigger events for
the each zz and uz 2D track comparison are shown in Fig. 5.9. The yz and vz
distributions are similar. These differences quantities are normalized with the calcu-
lated error and should be distributed as a Gaussian of unit width. As can be seen in
the figure, they are well described by this form. All combinations are checked and
contribute to these distributions so there is a flat background due to uncorrelated
combinations. The tolerance to accept a 2D projection for the 3D track is set to 4o
for both the slope and coordinate normalized differences as shown in the figure.

Figure 5.10 shows the least-squares sum distribution for the the 3D tracks ac-
cepted with 20 hits. This distribution should be described as a chi-square distribu-

tion with the number of degrees of freedom v = 20— 4 = 16 and is shown on the plot

for comparison.

5.7 Vertex Recognition

After the 3D tracks are formed, the next task is to find the pairs of 3D tracks that
come from the same point in space and are likely due to the decay of the A into a

proton and a pion, that is, to find the A and A vertices.
This procedure begins with forming all possible combinations of two 3D tracks

that have passed the previous cuts. For each combination, the distance of closest
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Figure 5.9: Normalized slope difference distributions for (a) the zz projection and (b)
the uz projection and the normalized coordinate difference distributions for (c) the

zz projection and (d) the uz projection. The shaded areas indicate the combinations
accepted with the 40 cut.

approach (DCA), the point of closest approach (PCA) of the two tracks, and the
plane of the vertex are calculated. Using the vertex plane, the distance from this
plane to the target point (VTD) is calculated. The target point is set to be in the
center of the assigned neutral cell. These quantities are illustrated in Fig. 5.11. Two
3D tracks from the decay products of a A originate at a point and (in the absence of
experimental errors) DCA is equal to zero. If the A is produced at the target point.
momentum conservation for the decay implies that VTD is equal to zero.

If the DCA and VTD quantities satisfy these conditions within certain tolerance
values, the combination of two 3D tracks is considered to be a vertex candidate

and the parameters of the vertex plane are stored. A 3D track can belong to more
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Figure 5.10: Least-squares sum distribution for fit 3D tracks with 20 hits. The curve
is a chi-square distribution with 16 degrees of freedom, shown for comparison.

than one vertex combination and all combinations of 3D tracks are tested except the
unphysical case where both 3D tracks consist of a common 2D track.

The distribution of DCA, normalized by the calculated error on this quantity,
and the distribution of VID for all 3D track combinations from neutral events are
shown in Fig. 5.12. The quantity VTD is very non-linear in the 3D track parameters
resulting in a difficult error calculation; therefore the unnormalized quantity was
used. The cut on normalized DCA was set at £6.0 which corresponds to about 0.3
cm. The VTD cut was set at +1.5 cm. Both of these cuts are kept rather wide; at
this stage only the obviously incorrect combinations were removed from the sample.

Figure 5.13 shows the distribution of points of closest approach of the candidate

vertices in the neutral event sample. Note the large density of vertices found along
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Figure 5.11: An illustration showing the vertex quality parameters, DCA and VTD.
The plane illustrated is that of the vertex containing the point of closest approach,
PCA, which is halfway along the shortest line connecting the two 3D tracks.

the beam (z) axis near the target location (z & —1.5 cm). To eliminate unsatisfactory
candidate vertices, a cut was applied that kept those vertices with the vertex point
(PCA) inside a “cone of acceptance”, illustrated in Fig. 5.14. The minimum z of the
cone was set to a value 1.0 cm downstream from the center of the assigned neutral
target cell. This value was determined to be the minimum value possible to have a
sufficient “lever-arm” with which to constrain the hyperon production angle. The
value of the maximum z was not very critical to the analysis; it was set to the
maximum value for which a vertex could be reconstructed in the chambers. The
minimum radius of the cone was set to 0.5 cm and the cone half-angle, 25.4°, was
determined by the maximum A lab angle at this momentum.

With the candidate vertices and the hypothesis that the decaying particle was a
A, the momentum vectors of the A and the decay proton and pion may be calcu-
lated. The momenta of the A hyperons for the reactions studied here are such that

the proton always has a smaller decay angle than that of the pion. This allows the
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Figure 5.12: Vertex recognition distributions: (a) distance of closest approach (DCA)
normalized by the calculated error and (b) vertex plane-target point distance (VTD).
The shaded area indicates those combinations accepted by the vertex quality cuts.

unambiguous assignment of particle type to each leg of the vertex. Also, the kine-
matics of the A decay allow for a fairly precise determination of the A momentum
from the decay angles of the daughter tracks.

The momentum of the A as calculated from the vertex parameters is shown in
Fig. 5.15(a). The range of allowed A momenta in the pp — AA reaction is approxi-
mately 0.4 - 1.3 GeV/c (see Fig. 4.3). The peak at around 0.3 GeV/c is due largely
to vertices formed from incorrect 3D track combinations. A fairly loose cut was im-
plemented on candidate vertices with reconstructed A momenta outside of the range
set 0.2-1.7 GeV/c, as indicated in Fig 5.15(a). The A momentum may be used to

calculate the mass of the recoil particle with the hypothesis that the reaction was
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Figure 5.13: Postion of candidate vertices from neutral events in the (a) zz and (b)
yz planes.

pp — AX. The distribution of the mass of X, the recoil mass, is shown if Fig. 5.15(b).
No cuts were implemented on this quantity. Note the excess of events at the A mass

(1.115 GeV/c?), a clear signature for the fp — AA reaction even at this early stage

of the analysis.

5.8 Vertex Pairing

After the vertex recognition phase of the analysis, the candidate vertices remaining
in the sample are subjected to the vertex pairing procedure. All combinations of two
candidate vertices, except for those that share a 3D track or use the same 2D tracks,
are formed. Using the momentum vectors formed from these vertex pairs and the
momentum vector of the beam, the momentum sums of the event along the three
axes of the lab system are calculated. The distributions of these quantities are shown

in Fig 5.16.

The excess of combinations that result in a z momentum sum less than zero 1s due
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Figure 5.14: An illustration of the vertex “cone of acceptance projected onto the r:
plane.

to the combinations of vertices with a momenta less than the lower limit dictated
by the kinematics. The cuts on these sums were determined by examining these
distributions for events that passed the kinematic fit cuts (described below) and for
Monte Carlo events. For op — AX° + c.c. events the momentum sums do not equal
zero by the amount of momentum carried by the £°decay photon. But, since the
photon is of relatively low energy (0.077 GeV in the c.m.), fairly strong cuts can still
be made without a loss of good events. It was determined that the cuts should be
placed at 4+0.15 GeV/c for the £ and y momentum sums and at +0.35 GeV/c for

the z momentum sum as shown in Fig 5.16. The vertex combinations that pass this

cut are considered vertex pair candidates.
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Figure 5.15: Vertex kinematic distributions: (a) A momentum and (b) mass of recoil

particle for the pp — AX hypothesis. The shaded area of (a) indicates the values
accepted in the A momentum cut.

The recoil masses as calculated from the vertex pair candidates from a subset of
the 1.729 GeV/c data are shown in Fig. 5.17. The pp — AA events are clearly seen
in the scatter plot as an increased density of points where the recoil masses 1 and 2
are equal to the A mass (1.115 GeV/c?). There is also an increased density where
the recoil masses are both equal to £° mass (1.192 GeV/c?), showing that there are

7p — AX? and Pp — L°A events in the sample as well.
5.9 Kinematic Fitting

The final task in the analysis chain to complete before the final pp — AA, pp — AP,

and p — LA event sample is selected is the kinematic fitting. This involves using
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Figure 5.16: Vertex pair kinematic distributions: Sum of the (a) z, (b) y, and (c) =
momentum components as calculated from the vertex pair. The shaded areas indicate
the values accepted in the vertex pair cut.

the detector information needed to specify an event, parameterized in some way
and with errors, and fitting these parameters to the hypothesis that the event was
one of the type desired. The fitting procedure adjusts the parameters to satisfy
the momentum, energy, and spatial constraints of the reaction hypothesis and finds
the “best-fit” values for these parameters. If the event fits one of these hypotheses
satisfactorily then it is considered to be a “good” event and a Fp — AA, pp — AXC,
or pp — %°A has been found. The best-fit parameters are then used to calculate the
desired observables.

As is usually the choice of methods for problems of this type, a procedure is imple-

mented that minimizes the least-squares sum for the event subject to the constraints
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mass for vertex 1. One tape (= 2%) of the total 1.729 GeV/c data set) of data was
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imposed by the particular event hypothesis. The constraints are nonlinear in the pa-
rameters which prevents an analytical solution and the minimization procedure must
progress iteratively. A computing problem of this type is extremely complex, to write
the code from scratch would be a daunting task. Instead, the routine EO4UCF from
the NAG (Numerical Algorithms Group) Fortran Library [100] is used. This routine
determines the values of parameters that minimize a function while satisfying the
constraint equations. The user supplies the initial values for fit parameters and the
corresponding error matrix. The user must also write the routines that calculate the
function to be minimized, the values of the constraints, and the derivatives of the
function and constraints with respect to the parameters.

The kinematic fit is performed for each candidate vertex pair for each event hy-
pothesis. The kinematics of the pp — AA and p — AL + c.c. reactions are very
similar; none of the cuts up to this stage of the analysis are sufficient to separate the
reactions. So, each vertex pair is fit to the hypothecses that the event is a 5p — AA
and, that it a pp — AZ. These reactions are intentionally written without the
correct particle-antiparticle differentiation because the decay-particle charge assign-
ments have yet to be made. And, as far as the kinematic fit is concerned, the A
decay is no different than a A decay because of the identical masses. The particle-
antiparticle identification s done after the kinematic fit procedure.

Each pp — AX hypothesis is fit twice, once with A, identified as the daughter
of the ¥° and once with A; as the daughter of the X°. Here A; and A, are the A’s
associated with vertex 1 and 2, respectively, of the candidate vertex pair. Also, each
of these two pp — AX fits can be performed with two different methods, one with
the momentum components of the ¥.°-decay photon as free parameters and the other
using the momentum components of the photon as measured by the calorimeter. That
is, of course, if there is a candidate photon signal measured in the calorimeter for
that event (see Sec. 5.4). The kinematic fit using the measured photon information

is called a pp — AL, fit. So, each candidate vertex pair is fit with three event
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hypotheses and, if desired, with two more for each photon candidate measured in the
calorimeter.

The core group of parameters describing the event information for the kinematic
fit procedure is listed in Table 5.2. These 28 parameters are common to the fits with
all three of the event hypotheses: pp — AA, pp — AL, and pp — AZ,,. The additional
parameters required for the pp — AY and pp — AX, fits are listed in Table 5.3. A
parameter is either “measured” or “unmeasured” [98]. The measured parameters
are, as the name implies, those measured with the detector or otherwise, such as
the slopes and intercepts of the final charged particles and the beam momentum.
The “unmeasured” parameters are those not directly measured and are needed to
solve the constraint equations, such as the momenta of the hyperons and their decay
products. The parameters could be limited in the fitting procedure by assigning
upper and lower bounds; however, for only the z coordinate of the interaction point
z; was this of importance. This parameter was limited by the edges of the target cell
in which it was determined the reaction took place. The final value of 2, often ended
up on the bounds, especially for the pp — AXL hypothesis, but it was determined
that this does not effect the quality of the fit. The constraints imposed for the fit

procedure are listed below.

o The two tracks from the A decays must intersect at a point in space. This

yields two equations; one for each decay.

o The hyperon production must obey momentum and energy conservation. The

yields four equations.

e Each A decay must obey momentum and energy conservation. This yields eight

equations; four at each vertex.

e The ¥ decay must obey momentum and energy conservation. For the pp — AY

and pp — AL, fits, this yields four additional equations.
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name  description # name description
Db p momentum | 15 | a P2, T slope

z; 1| interaction, z | 16 | b, p2, x intercept
ap 7, = slope 17| ¢ P2, y slope

by D, x intercept | 18 [ d; P2, y intercept
b P, y slope 19 | e, 72, = slope
dy D, y intercept || 20 | f, T, T intercept
a, D1, ¢ slope 211 go %o, Y slope
by p1, « intercept || 22 | hy 72, y intercept

lDOO%lO)U\uP-CO[\Db—‘Zﬂ:

a D1, y slope 23 | ky 1| Ay, momentum
10 | d; D1, ¥ intercept || 24 | k3 1| A2, momentum
11| ¢ Ty, T slope 25 | ks 1| p1, momentum
12 | f m, & intercept || 26 | k4 | 71, momentum
Bia 71, Yy slope 27 | ks 1 | p2, momentum
14 | by 71, y intercept || 28 | ks | | 72, momentum

Table 5.2: The core parameters for to the pp — AA, pp — AL, and pp — AL, fits.
The P is the beam particle; Ay, p;, and 7 are the particles associated with vertex I;
and Aj, p, and 7, are the particles associated with vertex 2. A { after the parameter
name indicates that that is an unmeasured parameter.

The number of parameters, constraints, and degrees of freedom (d.o.f.) of the kine-
matic fit are tabulated for each event hypothesis in Table 5.4. The number of d.o.f for
each fit is simply the number of constraints imposed minus the number of unmeasured

parameters that are introduced.

The function minimized for each fit, the least-squares sum, is calculated for each

iteration of the fit using the matrix equation [98],

X)) =(y-a)'V3iy-n), (5.6)
where y is the vector of the measured parameters, 7 is the vector of the estimated
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