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ABSTRACT

Finley, David A. Ph.D., Purdue University, August 1978.
Measurements of Two Particle Production in 400 GeV/c Proton-Nucleus
Collisions. Major Professor: Dr. Edward I. Shibata.

Results are presented for an experiment which used a double-arm
magnetic spectrometer to perform inclusive measurements of two particle
production in 400 GeV/c proton-nucleus collisions. The apparatus
detected two particles with an azimuthal separation of ~ 180° which
were produced near a rapidity of -0.4 in the proton-nucleon center-of-
mass system. Charged hadrons Qni, Ki, p, and 5), which were produced
in polyethylene, beryllium and lead targets, were identified over
the transverse momentum range from 1 to 1.8 GeV/c. The dependence of
the production on the number of nucleons (A) in the target nucleus
is parameterized by Aa, and ¢ is observed to be significantly larger
than unity. The correlation between the transverse momenta of the two
particles is observed to be positive and steeply increasing as the
transverse momentum of either particle increases. The correlations
among the identities, or quantum numbers, of the particles are found
to be positive and significantly large only for pE and KK pairs
produced in polyethylene or beryllium targets. These quantum number
correlations are independent of the transverse momentum of the
particles in the range 1 < p, < 1.8 GeV/c. Both the transverse
momentum and quantum number correlations are very much reduced by using

a lead target.




CHAPTER 1. INTRODUCTION

1.1. Experimental Overview

This thesis presents results from an experiment performed at
the Fermi National Accelerator Laboratory (FNAL). The FNAL accelerator
[1] is a proton synchrotron which accelerates protons to momenta of
up to 500 GeV/c. These protons are used to study several aspects of
the strong (or nuclear) force. This force is effective only on a
minute distance scale which is of the order of the size of a nucleon,
10-15 meter. When a beam of these high energy protons is directed onto
a target, some of them interact with the nucleons in the target by means
of the strong force.

The typical interaction [2,3] between two colliding hadrons
(particles which interact with the strong force) at high energy is
characterized by the creation of many particles. However, the average
number of particles in the final state is much lower than what is
allowed by energy conservation alone. Typically, only about half of
the available energy of the colliding particles is used for the
creation of new particles, of which typically 80% are pions. The
average transverse momentum (pL) of particles created in these
collisions is small (about 300 MeV/c) and as a result most particles
have their largest momentum component along the initial direction

of the colliding particles. These features are demonstrated in
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Figure la which shows the momentum configuration of a typical inter-
action as viewed from the center-of-momentum frame.

In recent years several experiments [4-7] have shown that
interactions producing particles with large transverse momentum
(pi > 1 GeV/c) occur far more often than expected from a simple
extrapolation‘of lower p, data. This relative abundance of high p;
particles is highly reminiscent of the Rutherford scattering experiment
(8] in which an anomously large number of large angle scatterings of
alpha particles occurred. This was recognized as an indication of an
internal structure in the atom, and led to the nuclear model of the
atom. In this model, most of the mass of the atom is contained in

a small dense positively charged nucleus of diameter ~ 10-15 meter,

0 meter) is determined by the orbits

and the size of the atom (~ 10'-1
of much lighter negatively charged electrons which surround the
nucleus. In this model, when a positively charged alpha particle has
a close encounter with the nucleus, it experiences a strong repulsive
electric force which causes the large angle scatters.

Another recent experiment [ 9] which used electrons to probe
nucleons indicates that a nucleon is not homogeneous but rather that
it has concentrations of scattering centers. These observations fit
neatly into the quark-parton model which postulates that nucleons and
other hadrons are composed of units called quarks or partons. Thus,
the abundance of high p, particles in proton-nucleon collisions may
be the result of probing this internal structure of the nucleon.

We have conducted an experiment which concentrates on those

particularly rare interactions which produce two particles with large



v
(a) (b)

Momentum Configuration of Hadronic Collisions as Viewed in
the Center-of-Momentum Frame. Here, p; is the component of
a particle's momentum which is parallel to the direction of
the two colliding particles, and p;, is the transverse

component, Part (a) "shows a typical interaction with low-p

particles, and part (b) shows an interaction with two high-p
particles. : ' L

Figure 1.



&
p,. The type of interaction which would be measured by this experiment

is shown in Figure 1lb. Here, two charged particles each with
p, =21 GeV/c are produced opposite one another.

By concentrating on a pair of large p, parlicles, we have
explored several features of strong interactions. These two large p,
particles may be the result of a quark in the beam proton scattering
off a quark in one of the target nucleons. Our measurements of the
kinematic correlations between the two large p, particles may uncover
evidence for a hard scatter of this type. Im addition, by identifying
the quantum number composition of the particles (i.e., charge, strange-
ness, and baryon number), we have explored the quantum number correla-
tions between the particles. These correlation measurements may be
useful in distinguishing the range of validity of several hard
scattering models. Besides the kinematic and quantum number correla-
tions, this experiment has also observed some very intriguing aspects
of particle production in nuclear targets. This "A-dependence" [ 10]
of hadron production is currently one of the least understood (and
hence one of the most interesting) aspects of high p, particle

production.

1.2. Guide to This Thesis

This thesis is organized in the following manner. In Chapter 2
we discuss several current ideas and models which may be of use in
understanding the results of our experiment, Chapter 3 presents a
detailed and definitive description of the apparatus., Chapter &4
presents the data analysis with concentration on those parts in which

this author was most heavily involved. The presentation and discussion



of results are contained in Chapter 5, and the conclusions are

presented in Chapter 6. Several appendices which contain a considerable
amount of technical information are included. These appendices are

not necessary for an understanding of the physics results, but are

included in order to make this thesis a coherent unit.

1.3. Other Results of This Experiment

Other results of this experiment deal with charmed particle
production [11-14] and high p, ¢(1020) production [15]. 1In this
section, we summarize these results. For further details, one may
refer to our publications.

The major effort of the experiment as a whole was our search
for particles possessing naked charm. The submission of our E-357
proposal to FNAL in October 1974 [ 16] was quite timely, as it preceded
the startling discovery of the J/y particle by Ting et al. and
Richter et al. in November 1974 [17]. In the charm scheme, the J/y
has hidden charm, in that it is a bound state of a charmed quark and
a charmed antiquark (cE). We proposed to search for the nakedly
charmed mesons, p° and 50, by detecting their two-body decays,
p° - n+K- and D° - n-K+. At that time this nK branching ratio was
estimated to be quite large, 0.1 < BnK‘Z 0.5, and the best estimate
of the mass of the charmed mesons was 2 < My 210 GeV/c2 [18].

Our experiment searched for p° and D° mesons by using several
techniques., These included inclusive p° and D° production, p° produc-
tion, in association with the semi-leptonic decay of the 50, and p°

production taking advantage of the presumed long lifetime (~ 10-12 to



10-14 sec) of the p°. With these techniques, we have placed the most

0 .
stringent upper limit, to date, on D production in proton-nucleus

. . . .. . . 0 .
interactions. Our experiment's upper limit for inclusive D~ production

in proton-nucleus collisions with subsequent decay into

ﬂ~K+ is %3 less than 290 nanobarns/nucleon )
y = ~0.4

with a 95% confidence level. Our limits can be converted, in a model
dependent way [14], to an upper limit for p° production of 20 to 30
microbarns/nucleon. Our other techniques for detecting the D have
also produced comparable upper limits [19]. The D has, however,
been detected at SPEAR in e+e- annihilations, and its mass is
1.865 + 0.015 [20], and its 7K branching ratio is only 0.022 + 0,006
[21].

This experiment was one of the first to detect the J/{ particle
through its decay into u+ﬁ-. We measured the mass of the J/§ to be

M = 3,110 + 0.008 MeV/c2 and its production cross section at

J/y
y = =0.4 times branching ratio into p+@- to be Buudoldy = 4.7+ 1.0
nanobarns/nucleon. The J/W signal was used throughout our experiment
as a check on the resolution, mass scale, and sensitivity of the
experiment.

Our experiment also measured over 1300 ¢'s with transverse
momenta in the range 0.8 < p, = 3.5 GeV/c. (We detected the g through
its decay into K+K-.) With this sample, we have measured the mass
of the ¢ to be 1019.7 + 0.2 MeV/cz, and its width to be 4.5 + 0.4

2
MeV/c~. These measurements demonstrate the excellent resolution of

the apparatus since these are the most precise measurements of these



quantities to date. The ¢ data were used to demonstrate that the

¢ to n  ratio increases with p, to the rather high value of 10%.

In addition, our measurements have also shown that ¢ production
;ccurs by a mechanism other than what would be expected from the
Okubo-Zweig-Iizuka (0ZI) rule. According to this rule, the
production of a ¢ (a bound state of a strange quark and a strange
antiquark, ss) should be accompanied by the production of two other
strange particles. The results of our experiment, however, suggest

that this does not in fact occur.



CHAPTER 2. THEORETICAL CONSIDERATIONS

This chapter presents a brief description of several current
theoretical models and concepts which are useful for a comprehension

of the results of this experiment.

2.1.  Theoretical Models of Particle Production

The current theoretical models of hadron production can be
roughly divided into two groups: statistical models and constituent
scattering or hard scattering models. We briefly introduce here some
aspects and predictions of these models as they relate to the results
of this particular experiment. At this time no single model makes
any pretense to being able to describe all the particle production
data, but rather the models tend to complement one another and to
develop as more data become available. For instance, the .statistical
models describe the typical interactions which are dominated by low
p, (p, < 0.8 GeV/c) particle production, and the constituent models
attempt to describe the high p, (p, # 3 GeV/c) production. However,
the data of this experiment cover a moderate p, region
(.0 < p; < 3.8 GeV/c), between the low- and the high-p, regions.
Nevertheless, it is imstructive to examine the models on each side
of our p, region even though neither type of model is necessarily

applicable to our data.



The original thermodynamic or statistical model of particle
production was formulated by Fermi [22] and later modified by
Landau [ 23], Hagedorn [24] and many others. In these models, some
of the kinetic energy of the colliding hadrons is converted into a
so-called fireball of hadronic matter. A fireball is viewed as a
spatially-locaiized gas subject to the laws of thermodynamics, and
particle production occurs isotropically as the fireball cools. These
models successfully describe many aspects of the typical high energy
interaction. For example, as pointed out by Carruthers et al. [25],
these models describe the longitudinal momentum distributions of
produced particles and the slow growth of multiplicity of these
particles as tﬁe kinetic energy of the colliding particles increases.
These models also predict that the invariant cross sections of the
produced hadrons will decrease exponentially in transverse variables
such as p;. This behavior is in fact observed for low p; (less than
0.8 GeV/c) particle production where over 907 of the production
occurs. However, this experiment is concerned with p, greater than
1 GeV/c, and in this region these models predict cross sections which
are much too low. In addition, the statistical models have no natural
mechanism for the production of strong kinematic or quantum number
correlations. |

The second group of models views the interactions as taking
place between the constituents of the colliding hadrons. In these
models, the large excess of high-p, cross section has its origin in
a hard, large angle scatter of these constituents, These models

are usually applied to production of particles with transverse momenta
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greater than 3 GeV/c. The sensitivity of this experiment, however,
does not extend very far into this high p, region. *

The experimental evidence for hadron constituents is [ound
in the high energy scattering of electrons on nucleons [9]. These
experiments have shown that nucleons are made up of electrically
charged, point-like scattering centers and a less dense neutral
cloud. The point-like objects are identified as valence quarks which
determine the quantum number characteristics (identity) of the hadrons,
and these valence quarks carry about half of the momentum of a nucleon.
The remaining momentum of the hadron is carried by a neutral cloud
which is viewed as a collection of gluons (the carriers of the force
between quarks) and a sea, or ocean, of quark-antiquark pairs [26].

We will now briefly describe some of the constituent scattering
models and their predictions. An excellent review of some of these
models may be found in the review article by Sivers et al. [27].

In these models, the constituents in the colliding hadrons
are assigned distribution functions which describe the manner in
which the momentum of the hadron is shared among the constituents.

The constituents from different hadrons interact with each other
(e.g., by the exchange of a gluon) and, if the interaction is violent
enough, the constituents may leave the parent hadron and then
"fragment'" [28] by forming new hadromns. This group of hadrons is
called a jet and this experiment would detect one of the members of
the jet as a high-p, particle.

The original parton-parton scattering model of Berman et al,

[29] was later developed by Ellis and Kislinger who considered the



11

contributions to the overall scattering process which can come from
several different subprocesses [30], among which is the exchange of

a gluon between two quarks. This model predicted that the cross
sections for particle production obey a power law dependence in p,
rather than an exponential in p, as the statistical models. Specif-
ically, it predicted pl_a. However, experimentally the cross sections
at high p, fall much more steeply, e.g., as pL- .

Several current models address themselves to this problem,
and among these are the effective gluon (EG) model of Fischbach and
Look [31], the hard quark-quark scattering model of Field and Feynman
(FF) [32], and the constituent interchange model (CIM) [33-35].

The EG model modifies the basic parton-parton scattering
amplitude (i.e., one gluon exchange) by a phenomenological function
and arrives at a p, dependence of pl-n, where n increases from ~ 6
for low-pL particles to an upper limit of 12 for high-p, particles.
The FF model simply declares the p, dependence to be p_‘_-8 by fiat

"'we are not yet observing the fundamental

with the suggestion that
interaction between partons, but some other more complex mechanism--
and only at much larger energies will the expected pL-4 appear (after
the other mechanism, falling as pL—S, has fallen away.)" [32]. The
CIM considers the scattering as being the result of many competing
subprocesses; however, the dominant subprocess is due to quark-hadron
scattering in which a quark from one hadron is interchanged with a
quark from anothér hadron.

These constituent scatter models each successfully describe

single pion production for p, greater than 3 GeV/c. However, the FF
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model predicts that kaon production should be similar to pion produc-
tion and does not yet extend to proton production. The CIM and EG
model can successfully describe kaon production, and proton production
is accommodated in a rather natural fashion.

These constituent sqatter models differ in their predictions
for quantum number correlations. In the FF and EG models, hadrons
from different fragmenting quarks are totally uncorrelated as far
as their quantum numbers are concerned. The CIM predicts [36,37]
that the formation of a K or antiproton on one side of an interaction
will result in an excess of K+ or protons on the opposite side. The
results presented in this thesis demonstrate that there are indeed
strong pp and KTK” correlations for particles produced back-to-back
in the range 1 = p, = 1.8 GeV/c. However, our results do not neces-
sarily favor the CIM, nor do they necessarily contradict the FF or
EG models, since these models are applicable to high-p, particle
production.

Most of the models described in this section make some general
statements about high transverse momentum. However, just where the
theoretical boundary is between high and low transverse momenta is
not clear. What is clear from several experiments is that the
character of particle production appears to change between transverse
momenta of 0.5 and 3.5 GeV/c [4-7]. This change of character may
be a signal that the dominant production mechanism may be different
at the extremes of this interval. The experiment reported in this
work is most sensitive to particles which are produced with transverse

momenta between 1 and 2 GeV/c. This is above the low p, region
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where the statistical models describe the data well. At the same
time it is below the region where the constituent scattering models
claim to be valid. Thus, this experiment sits in a very interesting,
although ecomplicated, region where the particle production mechanism
may be changing from one dominated by a statistical or thermodynamic

nature to one dominated by hard scattering of hadron constituents,

2.2, Particle Production_in Nuclei

Many models have been formulated to describe hadron production
in nuclei. These models cannot be viewed as being totally unrelated
to the previously mentioned models of particle production, but rather
as an extension of them to include the effects arising from hadron
production in the presence of other nucleons.

Nuclear targets provide information on the early stages of
hadron production which is not available using a bare proton (i.e.,
hydrogen) target. For instance, an interaction may create many
additional particles, but no apparatus can directly view the early
stages of development of the particles. Rather, an apparatus records
these particles at a distance and a time which are necessarily large
compared to the production volume dimensions and interaction time.
One way to study these particles during their early stages of
development [38] is to place other particles (targets) in the immediate
vicinity of the interaction, and observe the effect of these other
particles on the newly forming particles. A nuclear target provides
this opportunity by simply having more than one nucleon in the
nucleus. The initial interaction may take place between the beam

particle and a single nucleon in the nucleus, and the other nucleons
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serve as additional targets for the newly forming particles in the
interaction. Thus, a nuclear target provides a unique opportunity
to study certain aspects of the short-distance behavior and early
time development of the interaction.

Before describing the models, three experimental observations
are mentioned to orient the reader on the effects of nuclear targets.
First of all, if all nucleons in a nucleus participate equally in an
interaction, then production cross sections are directly proportional
to the number of nucleons in the nucleus. This nucleon-number is
equal to the atomic weight which is denoted by A. However, the
inelastic cross section is observed to grow as AY with y approximately
equal to 2/3 rather than 1 [39]. This observation indicates that
nuclear shadowing, or screening, is an important effect in the overall
inelastic cross section., In this context, the term ''shadowing"
refers to the situation in which it appears that not all of the
nucleons in the target nucleus are participating in the interaction.
For instance, consider a simple model in which the beam particle
always interacts with the nucleons on the surface of the nucleus,
and the inner nucleons are shadowed by the surface nucleons and do
not interact with the beam particle, As can be seen by the following
geometric argument, the value for g of 2/3 is reasonable for this
simple model. The volume of a large nucleus is proportional to A
(the number of nucleons), and the radius of the nucleus grows as the

1/3

cube root of the volume, i.e., A . The surface area of the nucleus

2/3

grows as the square of the radius, or A . Hence, if the surface
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nucleons are responsible for the interactions, the cross section will

2/3

grow as A .

The second experimental observation is that not all hadron
production onvnuclei exhibit the shadowing behavior. Indeed, as we
will show in our results, a very interesting effect occurs for the
production of hadrons with transverse momenta greater than 1 GeV/c.
For these particles, the cross section grows as AY with « greater than
unity. This observation indicates that not only is there no shadowing
for producing these particles, but that the nucleons seem .to act
"collectively" in the production. Speculation on the nature of this
collective effect has led to considerable discussion in the recent
literature, and we will discuss some of these models later in this
section.

The third experimental observation concerning particle produc-
tion in nuclei is that the multiplicity of particles produced in high
energy proton-nucleus interactions grows very slowly with A. This
observation [40] was useful in ruling out one of the earliest models
[41] describing particle production on nuclei, the intranuclear
cascade model. 1In this model an incident proton interacts with an
essentially free nucleon and produces a multiplicity which is character-
istic of proton-proton interactions. These newly created particles
then interact with the remaining nucleons creating more particles,
and so on leading to a cascade of particle production. For example,

a lead nucleus is about 2.5 mean free paths thicker than a beryllium
nucleus, and hence, for a proton-proton multiplicity of 10 particles,

one would expect 102'5 ~ 316 more particles with lead than with
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beryllium. The large multiplicities predicted by this type of
cascade are not supported by experiment since the observed multipli-
city with lead is only about twice the multiplicity with beryllium.
This multiplicity growth is so slow that it is interpreted as
evidence that hadrons are produced neither instantaneously nor at a
single space point [42].

We now turn to a brief outline of some of the current ideas
and models which may be of use in describing the collective effects
that we observe in this experiment, These include the coherent tube
model [43], multiple scattering models [44], the energy flux cascade
model [45], and a nuclear sea model [46].

Coherent tube models view the interaction as taking place
inside a tubular path through the nucleus. The incident proton may
interact elastically or inelastically several times along its projected
path through the nucleus. This path is called a "tube'" or tunnel.
Since this tube has a larger mass than a single nucleon target, it
can provide a mechanism for producing higher transverse momenta
particles,

A second group of models depends on various forms of multiple
scattering to describe the production of high transverse momenta
particles. The extended Glauber model [44] describes the production
as being due to several hard scatterings and arrives at a dependence
of AY with o = (2 + m)/3, where m is the number of hard scatters.

For instance, if there is no hard scatter, ¢ = 2/3 and we recover the
shadowing result. If the cross section is dominated by a single hard

scatter, then o = 1, and if there are multiple hard scatters, then
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a > 1. Each additional hard scatter produces an additional power of
1/3, since the probability of a scatter is roughly proportional to
the radius of the nucleus, i.e., A1/3.

Another model works with multiple scatters of the quarks (or
partons) themselves in the spirit of the parton models. Since the
number of quarks in the nucleus is equal to 3A, a single hard scatter
would give o = 1 [47].

The energy flux cascade model (EFC) views a proton-nucleus
interaction in the following way. When the incident proton interacts,
its energy is transformed into a state of hadronic matter rather than
into a state containing several hadrons. (Gottfried acknowledges
that this idea is borrowed from Landau's hydrodynamical model of
particle production [48].) This state then propagates through the
nucleus as a single entity with a cross section which is comparable
to that of the initial beam particle. Since the state is propagating
as a single entity, it will not create a cascade of particles as in
the intranuclear cascade model. The EFC model does successfully
account for the observed growth of multiplicity as the size of the
nucleus increases,

Finally, another model ascribes a "nuclear sea" to a nucleus
which is analagous to the quark-antiquark sea in the parton model of
hadrons. In this case, however, the sea consists of virtual pions,
and the number of these virtual particles in a nucleus is postulated

to increase faster than A. Thus, interactions with this sea could

cause o to be greater than unity,
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In closing this section, it is to be noted that there are many
more models of A-dependence than those which have been discussed here.
For a summary and description of some of the other models, one may
refer to the reviews given by Frisch [49] and Trefil [40], or the
paper by Azimov et al. [50]. 1In addition, we note that the discussions
in the literature have at times become quite lively; for example, at
one point Fishbane and Trefil made a rather curt response [51] to a

criticism of the intranuclear cascade model.

2.3. General Considerations on Correlations

The correlation concept has been used in many branches of
science and can be stated as a very general question: "How does the
occurrence of one possible set of conditions affect the occurrence
of a second possible set of conditions?". If there is no effect,
then the two sets of conditions are said to be uncorrelated. On the
other hand, if the occurrence of one set of conditions enhances or
deters the occurrence of the other set, then the two sets are said
to be positively or negatively correlated.

As a simple example, consider the creation of a positively
charged particle. There is always another particle produced which
will be negatively charged. Thus, one can say that the production of
a positively charged particle strongly enhances the production of a
negatively charged particle. In fact, for this example, the 'correla-
tion" is so strong that it has been elevated to the status of a law:
the conservation of electric charge,

Now let ﬁs consider a more complicated example which is relevant

to the experiment described in this thesis, Suppose that several
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particles are produced and that an apparatus only detects two particles
which are produced opposite one another. For example, the two high
p, particles depicted in Figure 1lb could be detected by a hypothetical
apparatus as shown in Figure 2. This hypothetical apparatus has two
parts: one designated the "Trigger Side'" which detects one of the
particles, and the other designated the '"Opposite Side" [ 52] which
detects the second particle, (For purposes of illustration, Figure 2
shows the interaction in the center-of-momentum frame in which the
two parts of the detection apparatus would be directly opposite one
another. However, in order to detect the same two particles in the
laboratory frame, the angle between the two sides of the apparatus
is not 1800, but ~ 200 mrad, due to the Lorentz transformation between
the two frames.) The following types of questions may be posed
concerning these two detected particles. If a high-p;, particle is
detected on the trigger side, how often is another high-p, particle
produced on the opposite side? If a n+ is produced on the trigger
side, is a n produced in all cases on the opposite side? If a proton
is produced on the trigger side, is a second proton ever produced on
the opposite side? 1Is there any preference at all? In other words,
how does the production of a particular particle on the trigger side
affect the production of the particles on the opposite side? These
are some of the questions that are studied in this thesis.

The results which we will present demonstrate that there are
indeed strong correlations associated with the production of particles
on opposite sides of an interaction. These correlations are studied

from two points of view: kinematic and quantum number.
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Two High-p, Particles as Detected by a Hypothetical Apparatus in the Center-of-
Momentum Frame. The two parts of the apparatus (Trigger Side and Opposite Side)
detect the two high-p'L particles which are produced opposite one another,
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2.4. Kinematic Correlations

The correlations of particle production in longitudinal
variables have been studied extensively [ 53] by other experiments.
The kinematic variable used in this work is the transverse momentum
of a particle. This experiment detects particles which are produced
opposite one another in a manner similar to theghypothetical apparatus
depicted in Figure 2, Of course, each component of linear momentum,
including the transverse component, are separately conserved in all
interactions. Nevertheless, 1if a particle of a particular transverse
momentum is detected on the trigger side, it does not necessarily
follow that a particle of equal and opposite transverse momentum wili
be produced on the opposite side, because the apparatus only detects
two of the final state particles. However, if the two particles are
produced as a result of a hard scattering of some kind, then a strong
correlation in the transverse momenta of the two particles is expected.
On the other hand, if the production is more isotropic, such as the
boiling off of hadronic matter in a fireball, then the correlations
will be less strong. The results which will be presented in this
work show that the transverse momentum correlations increase drama-
tically as the transverse momenta of the particles increases. This
indicates that the mechanism which produces two high-p, particles
opposite one another is not isotropic.

The kinematic correlations which are studied in this thesis
are called inclusive two-particle production correlations. These
correlations are studied by measuring one-particle inclusive inter-

actions of the form
pA-+h X, (2.4-1)
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and two-particle inclusive interactions of the form

PA-+h h, X. (2.4-2)

The initial state in these interactions consists of the beam proton
(p) and the target nucleus (A). In the one-particle inclusive inter-
action, the identity and momentum of one of the final state hadrons
(h) are determined, whereas in the two-particle inclusive interaction
the identities and momenta of two of the final state hadrons (h1 and
hz) are determined. In each type of interaction, the remaining final
state particles (X) are not detected by the apparatus and, furthermore,
no requirement is imposed on them. The essence of a two-particle
correlation measurement is determining how the production of particle
h1 affects the production of h2'

At this point it is useful to quantify the correlation concept
by constructing a correlation function. In order to do this, we
introduce the probability density, p, which measures the probability
that a particular final state is produced in an inelastic interaction.
This probability is proportional to o, the cross section for producing
a particular final state. Since the inelastic cross section, oin’
measures the production of all inelastic final states, the probability

densities are then simply expressed as

P1 o(p A +h; X)/o,; (2.4-3a)

and

o
3]
[}

o(p A ~h, x)/cin (2.4-3b)
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for the single-particle inclusive interactions, and

Pig = o(p A~ h1 h2 X)/oin (2.4-4)

for the two-particle inclusive interaction, Using these probability
densities, we construct the so-called two-point correlation function,
R, which is a general function that has many applications other than
measuring two-particle correlations in high energy physics. (For
example, it has been used to study the clustering of galaxies in the
universe [ 54].) It is constructed as follows. Py and p, are the

probabilities that particles h, and h2 are produced independently,

1
and hence their product, pl Pys is the uncorrelated probability that
the two particles are produced together in the same interaction.

This uncorrelated product in general is not equal to plz, which is

the probability that particles h, and h2 are in fact produced together

1
in the same interaction. The two point correlation function compares

the two probabilities and is defined as

The values of R have the following physical interpretation:
1. R =1 indicates uncorrelated production; i.e., the presence

of h1 has no effect whatsoever on the production of hz.

2. 0 <R < 1 indicates negative correlation; i.e., the presence

of h1 deters the production of h2’

3. R > 1 indicates positive correlation; i.e.,, the production of

h1 enhances the production of h2'




24

2.5. Quantum Number Correlations

The particle production models mentioned earlier in this chapter
differ considerably in their predictions concerning the identity,
or quantum numbers, of the particles produced opposite one another.
This experiment detects particles produced opposite one another and
determines the identity of the particles. In particular, the apparatus
distinguishes protons,charged pions and kaons, and their corresponding
antiparticles. Thus, this experiment probes the nature of particle
production by studying the correlations which are associated with
charge, baryon number, and strangeness quantum numbers.

The presence of strong kinematic correlations in the inter-
actions was mentioned in the previous section. It is even more
instructive to study the quantum number correlations independently
of the kinematic correlations. The most straightforward way to do
this is to confine the investigation of quantum number correlations
to the two-particle inclusive measurements, One can then designate
one side of the apparatus as the trigger side and observe how the
yields on the opposite side depend on the identity of the trigger
particle., (See Figure 2,) For instance, one can calculate the ratio
of the proton yield on the opposite side to the total hadron yield,
and observe how this ratio depends on the identity of the trigger
particle. If this ratio is larger for an antiproton trigger than for
a proton trigger, one can then conclude that this correlation may be
due to the conservation of baryon number, If, on the other hand,

there is no dependence of this ratio on the identity of the trigger
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particle, then one can conclude that there is no correlation associated
with baryon number conservation for particles which are produced

opposite one another,
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CHAPTER 3. APPARATUS

3.1, General Description of the Spectrometer System

The detection apparatus consisted of two identical magnetic
spectrometer arms. These arms were centered at an angle of 100 mrad
on opposite sides of a 400 GeV/c proton beam. Each arm detected one
member of a pair of charged particles. These particles were produced
in a segmented target which was composed of either lead and beryllium,
or polyethylene. Each arm was ~ 19 meters long and contained a
bending magnet, drift chambers, scintillation counters, Che;enkov
counters, and, at the end of each arm, a hadron filter consisting of
steel and concrete. The scintillation counters required the production
angles of these particles to be 100 + 10 mrad horizontally and + 30
mrad vertically, and these counters also required the transverse
momenta of the particles to be greater than 1 GeV/c.

Figure 3 shows a photograph of the apparatus and Figure 4 is
a schematic drawing which identifies the individual components of the
apparatus. A beam particle interacting in the segmented target
resulted in a trigger when a five-fold coincidence of the F, A, E, B,
and P scintillation counters (see Figure 4) recorded the passage of a
charged particle down each of the arms. The A and B counters were
segmented and designed to allow the apparatus to be triggered only by

particles with p, = 1 GeV/c. (This selection of high-p; particles by



Figure 3.

Photograph of the Spectrometer.

5
#
L

A

27




C: CHERENKOV COUNTER
DC: DRIFT CHAMBER

F,A,E,B,P,M: SCINTILLATION COUNTERS

Figure 4. Plan View of the Spectrometer.
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the trigger was necessary since most interactions copiously produce
only low-p, particles, and without such a trigger selection, the
apparatus would have spent most of its time recording (uninteresting)
low-p, events.) Each arm contained 16 planes of drift chambers
arranged in five modules (DC1-DC5) and a BM-109 dipole magnet. These
were used to provide an accurate determination of a particle's momentum.
The three threshold Cherenkov counters (C1-C3) in each arm were used

to distinguish ni, Ki, p, and B with p, up to ~ 2 GeV/c. Muons were
identified by the scintillation counters (M1 and M2) which were part

of the hadron filter., Finally, a computer was used to record data,

monitor the apparatus, and provide on-line diagnostics.

3.2. Beam

The physics studied in this experiment was initiated by high
energy protons which interacted in one of three target materials,
Since an accurate measurement of cross sections depends critically on
knowledge of both the beam and the target, we provide some detail in
this section and in the following section on the relevant character-
istics of each. This section discusses the beam and the method used
to determine the number of protons incident on the target.

A 400 GeV/c proton beam was extracted from the main ring and
directed toward the Meson Lab target. We then used the two~-stage M2
~ beam line to transport protons, diffractively produced at 1 mrad, from
the Meson 1ab.target to the experimental target., The M2 beam line
has a momentum acceptance Ap/p = 0.1 to 1.4% and an angular divergence
of 0.5 mrad [1] . The beam rate at the experimental target was

normally 2 x 107 to 5 X 107 sec-l. The diameter of the beam,
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determined accurately by using beam profile distributions from the
off-line analysis, was 50 mils [19].

Two counter telescopes (TL and TR) were built and used to
continuously monitor the number of incident beam particles. Each beam
monitor telescope simply consisted of three 1" X 1" scintillators,
each 0.125" thick, separated from each other by 18 inches. These two
monitors were placed on opposite sides of the beam line and pointed
toward the center of the target. A monitor count consisted of a
three-fold coincidence of the elements of a telescope. The TL monitor
was used as the standard monitor, and TR was used as a redundant check
on TL.

Each monitor was calibrated by using a 0.5 inch diameter
scintillation counter placed in the beam just upstream of the target.
For beam rates less than about 2 MHz this beam counter measured the
Beam flux accurately, and its counting rate was directly proportional
to the much lower rate in the beam monitor. (Depending on the target,
there were 4 to 5 X 104 beam particles per beam monitor count.) This
method provided a direct calibration of the beam monitor.

The beam counter itself was not used as the monitor at higher
beam rates for two reasons. The primary reason was that the counter
simply was not designed to operate reliably at rates greater than
5 MHz. The second reason was the structure of the beam itself. The
radiofrequency acceleration of the beam in the main ring caused the
protons to bunch up in "buckets'" which were 18.83 nanoseconds apart.
At the experimental target, this resulted in an average of one proton

per bucket for a typical rate of 5 X 107 sec-l. However, oftentimes
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a "superbucket'" (a bucket which contained more than one proton) would
appear. (In fact, more than seven particles have been observed in a
single bucket.) The beam counter would still count them as one particle.

The beam monitor, on the other hand, responded to a small fraction of
the interactions in the target and was therefore much less sensitive

to this problem.

3.3, Targets

Data were taken using three target materials: CH2 (polyethy-
lene), Pb (lead) and Be (beryllium). Each target was segmented so that
particles produced in one segment could pass into a spectrometer arm
without going through any other target segment. This arrangement
allowed for a better momentum resolution by minimizing the Coulomb
multiple scattering in the target. In addition, by reconstructing the
particle trajectories from each arm, separate interactions which had
particles originating from different segments could be easily identified
and therefore eliminated., Table 1 contains the relevant characteristics
of each target.

The seven-segment polyethylene target was used during most of
the experiment, These seven segments represented ~ 10% of an inter-
action length, For the last part of the experiment we used a target
which was carefully designed for our study of the A-dependence. This
target consisted of nine lead segments and three beryllium segments.

The beam first passed through the lead and then through the beryllium.
By using the high spatial resolution provided by the drift chambers,
we were easily able to separate the lead-induced events from those in

the beryllium. The width of the lead and beryllium segments were
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/\\
Material Polyethylene Lead Beryllium
Symbol CH2 Pb Be
Number of Segments 7 9 3
S = Separation (in) 4.0 1.5 4.5
H = Height (in) 1.0 0.5 0.5
W = Width (in) 0.4 0.15 0.15
5 ti = Total Thickness (cm) 7.133 0.320 1.829
i
Density (gm/cms) 0.988 11.35 1.848
Atomic Weight 14,03 207.19 9.01
Absorption Length (cm) 78.4 18.5 36.7.
/\
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chosen to be the same (150 mils) in order to eliminate beam normaliza-
tion problems thch could arise either from beam halo or horizontal
beam wandering. The nine lead segments represented 1.7% of an
interaction length, and the three beryllium segments represented 5.07%

of an interaction length,

3.4. Trigger Counters and Hodoscope

This section describes the scintillation counters and the special
hodoscope which provided the trigger for the high p, physics studied

in this thesis.

A single-arm trigger was formed by a five-fold coincidence of
the F, A, E, B, and P scintillation counters in an arm, and indicated
the passage of a charged particle through the arm., A two-arm trigger
was the coincidence of two single-arm triggers. The A and B counters
in each arm were segmented in order to form a hodoscope which prevented
the apparatus from triggering on low momentum (and hence low p,)
particles. Figure 5 shows the relative positions of the trigger
counters and Table 2 lists the sizes and locations of each counter.

The F counter for each arm was a single counter which was
designed and positioned so that a particle originating anywhere in the
target and striking the A counter array would have to pass through it
first, The two E counters, EU and ED, in each arm were located at the
exit aperture of the magnet, and defined two distinct and adjacent
vertical regions above and below the center plane of the apparatus.

Any particle which originated in the target, continued through the
magnet and struck a B counter had to pass through one of the E counters.

The two P counters (PU and PD) in each arm were placed behind the B
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Table 2, Trigger Counter Specifications. All the scintillators were
made of NE110 [56].

Counter Size (in3) Distance from Target Center (in)
Left Arm Right Arm
F 5% 11.25 x 0.125 154 154
Al-A5 7 X 4,375 x 0.125 315.5 316.35
EU and ED 7.5 x 11.625 x 0.125 411.56 412.10
B2 and B5 12 x 12.75 x 0.375 579.0 579.0
B3 and B6 12 x 8.25 x 0.375 579.0 579.0
Bl and B4 12 x 27 x 0.375 586.0 586.0
PU and PD 12 x 36 x 0.5 589.0 589.0
M1U and MID 17 X 40 x 0.5 720.0 697.0
M2U and M2D 17 X 40 x 0.5 752,0 729.0

counters, These two counters were positioned above and below the
center plane of the apparatus, but were overlapped by 7 inches. A
half inch slab of plexiglass was placed between the B and P counters
to absorb the very low energy particles produced by beam backscatter-
ing.

The segmentation of the A and B counters is shown in more
detail in Figure 6. This hodoscope (from the Greek words meaning
literally "path finder") along with the magnet provided a necessary
strong suppression of low momentum particles. As pointed out in
Chapter 1, most interactions produce particles witﬁ an average
transverse momentum of 0,3 GeV/c. When such a particle is produced
at 100 mrad, it has a laboratory momentum of 3 GeV/c. We, however,
were interested in particles with transverse momenta greater than
1 GeV/c which, at a laboratory production angle of 100 mrad, correspond

to laboratory momenta of 10 GeV/c. Thus, the design criteria for
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the hodoscope were threefold: when the spectrometer magnets were at
full field, the hodoscope had to be transparent to particles with
momenta greater than 10 GeV/c; it had to strongly suppress particles of
lesser momenta; and it had to consist of a finite and practical number
of elements,

The hbdoscope consisted of eleven counters arranged in two
arrays in each arm as shown in Figure 6. The first array, the
A-counter array, consisted of five identical counters. They were
arranged vertically side by side, and mounted at the entrance aperture
of the spectrometer magnet. The A counters defined five adjacent and
distinct paths into the magnet. The center of the A-counter array was
placed at the same height as the apparatus center-plane. The second
array of counters, B-counter array, was composed of six counters,
and was placed behind the last drift chamber. Since the spectrometer
magnets deflected charged particles vertically, they were arranged
symmetrically above and below the center-plane of the apparatus.

The functional characteristics of the hbdoscope design are
demonstrated in Figure 7. Here, the five adjacent paths defined by
the center-point of the target and each of the five A counters are
shown. Particles whose trajectories were contained in each of the;e
five paths would enter the magnetic field and be deflected, High
momentum particles would be deflected through a small angle, whereas
particles of lower momentum would be deflected through a larger angle
[55]. Thus, for those particles which emerge from the magnet, the
vertical position at which a particular particle passes through the

plane containing the B counters depends on the particle's momentum and
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Figure 7, Functional Characteristics of the Hodoscope Design. The
five paths defined by the target center (T) and the five A
counters are shown. Particles which are deflected by the

magnetic field (C) will cause a trigger if they strike the
appropriate B counters,
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the position at which it struck an A counter, For example, a 10 GeV/c
positive particle which passed through the upper edge of the Al counter
would subsequently pass through the upper edge of the B2 counter as
shown for path 1-in Figure 7. Since a coincidence of Al and B2 is an
acceptable hodoscope combination, such a particle could cause a trigger.
A particle of lesser momentum, which passed through the same upper

edge of the Al counter would be deflected through a larger angle and
hence it would pass over the B2 counter, This lower momentum particle
could still strike the B3 or B4 counter, but a coincidence of the Al
counter with B3 or B4 is not an acceptable hodoscope combination, and
hence it would not cause a trigger., On the other hand, a particle with
momentum greater than 10 GeV/c, which passed through the upper edge

of the Al counter, would subsequently pass through a lower part of the
B2 counter, or through the Bl counter. In either case, the Al counter
in coincidence with either the Bl or B2 counter is an acceptable
hodoscope combination.

The performance of the hodoscope is demonstrated in Figure 8,
which shows the transparency of the hodoscope as a function of particle
momentum. The transparency is defined as the fraction of events which
will be accepted by the hodoscope. The solid line is the transparency
of the hodoscope as determined by a Monte Carlo program which was
written to aid in the design of the hodoscope. The data points below
12 GeV/c are calculated from an extrapolation of the observed yields
between 12 and 20 GeV/c. The design and the observed transparency
agree quite well above 7 GeV/c. For momenta less than 7 GeV/c, multiple

hits on the A counters allowed a small leakage of events which would
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have been suppressed if only a single A counter had fired.
Nevertheless, the design criteria for strong suppression of particles
with momenta less than 10 GeV/c and full acceptance above this were

clearly achieved as exhibited in Figure 8.

3.5, Drift Chambers

This experiment was the first major experiment at FNAL which
relied entirely on drift chambers for determination of particle
trajectories., Drift chambers were used since they provide excellent
spatial resolution as well as the capability to function reliably in
the high rate environment of this experiment. A detailed description
of the chambers may be found elsewhere [57]. However, since drift
chambers are relatively new in high energy physics, their basic oper-
ating principles will be described here., The location and specifica-
tions of each drift chamber plane used in this experiment are given
in Table 3.

The basic unit of a drift chamber is a cell comsisting of a
sense wire which is immersed in a gas. (See Figure 9.) The grounded
sense wire is surrounded by an array of wires at various negative
potentials, These field shaping wires are arranged so as to provide
a nearly uniform electric field in the cell.

When a charged particle passes through a cell it ionizes the
gas molecules along its path. The electric field in the cell causes
the liberated electrons to "drift" to the sense wire and the accumula-
tion of charge on the sense wire results in a detectable current
pulse, (The drift velocity, which becomes terminal very quickly,

depends on the gas mixture [58].) A discriminator attached to each
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Table 3. Drift Chamber Locatiomns and Specifications.

Cell Number Distance from Target (in

Plane Module Type size (in) of cells ket (i)

Left Arm Right Arm
1 DC1 A 1.2 11 139.15 139.18
2 DC1 v 1.2 10 141.32 141.35
3 DC1 H 0.8 8 143.50 143.53
4 DC1 H 0.8 7 145.67 145.70
5 DC2 v 2.4 9 300.65 300.65
6 DC2 \Y 2.4 10 302.82 302.82
7 DC2 H 0.8 10 305.00 305.00
8 DC2 H 0.8 9 307.17 307.17
9 DC3 W 2.4 12 418.50 418.50
10 DC3 W 2.4 11 420.67 420.67
11 DC4 v 2.4 11 433.15 433.15
12 DC4 v 2.4 10 435.32 435.32
13 DC4 H 0.8 10 437.50 437.50
14 DC4 H 0.8 11 439.67 439.67
15 DC5 \' 2.4 23 564,15 564,15
16 DCS v 2.4 22 566.32 566 .32
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sense wire is used to produce a pulse suitable for driving a time-
to-digital converter (TDC) {59]. The TDC is started by the fast
electronics trigger (as described in a later section) and stopped by
the signal from the drift chamber, The distance from the sense wire
to the particle trajectory can be calculated [57] from the drift time
recorded by the TDC and the drift speed of the electrons in the gas.

A drift chamber plane consists of several adjacent cells.
Since only a distance can be calculated using a given sense wire, one
cannot determine on which side of the sense wire the particle may have
passed, This "left-right" ambiguity is simply resolved by using a
second plane placed behind the other. This second plane has cells of
the same size and orientation as the other, but is shifted one half
cell size. Toggther, the pair of planes resolve the ambiguity.

Seven pairs of planes in each arm were used in this
experiment to determine the trajectory of a particle. Three pairs of
planes with wires strung vertically were used to determine horizontal
coordinates on a trajectory. These H-type planes were used to measure
the production angle of particles. Conversely, planes with wires
strung horizontally were used to determine vertical coordinates. The
two pairs of these V-type planes between the target and the magnet
determined the vertical production angle. Two more V-type pairs
behind the magnet determined the vertical angle after deflection in
the field. Once the exact location of each of these planes was
determined [60], particle trajectories were spatially recomstructed.

In addition to the H and V planes, another pair of W-type

planes were placed behind the magnet. These planes were tilted
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14.40° with respect to the V planes, and were used to separate multiple
tracks within an arm.

The performance of the drift chambers in this experiment
was excellent. By comparing adjacent planes, their intrinsic resolu-
tion was measured to be 0,25 mm, The highest counting rate was in
DC2 immediately in front of the magnet where the rate was as high as
500 KHz per wire, Even so, the chamber efficiency was at the 97 percent
level. (The efficiency for a plane is the probability that a plane
contributes a coordinate to a reconstructed track.) The efficiency
was better than 99 percent in the last chamber (DC5) where the typical

rate was 60 KHz.

3.6. Spectrometer Magnets

The spectrometer magnets pictured in Figure 4 were BM-109
bending magnets provided by FNAL and Argonne National Laboratory [61],
These particular magnets were chosen because they provide a very
uniform and high field. This section describes the use of the magnets
in this experiment and the method used to accurately determine their
field integrals.

The overall length of each 51-ton magnet is 90 inches and each
has a cross section of 52 X 9% inz. The pole faces of each magnet
are 72 inches long, and the aperature is 8 X 24 inz. The magnetic
field is adjustable up to 18 Kgauss and its direction is along the
shorter (8'") dimension,

Normally these magnets are operated with the field lines verti-
cal. In this experiment, however, the magnets were tipped up on their

sides for several reasons. For a given angle between the arms, the
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two magnets could be moved closer to the target by having them oriented
this way. This provided a larger acceptance for the experiment.
In addition, the horizontal field, which gives a vertical deflection
of the particles, has two operational advantages. First, this prevented
particles from one arm from being deflected into the downstream end
of the other arm. Secondly, this arrangement decoupled the opening
angle measurement from the measurement of the momentum.

An accurate determination of the field integral of each magnet
is critical for the absélute measurement of a particle's momentum,
The determination of the field integral was a two step process.
First, the field integral of each magnet was directly measured by
using a 15-foot long flip coil. These nominal values were used to
calculate momenta for events which had two reconstructed tracks in
one arm. The nfn- effective mass spectrum obtained from these events
showed a strdng peak very near the mass of the K®. The second step
in the calibration was to correct the field integral values so that
the center of the K° peak agreed with the accepted value [62]. These
ad justments were less than 0.57 for the left arm and less than 2.5%
for the right arm [63]. The nominal field integrals and the location

of the center of each magnet are given in Table 4.

Table 4. Magnet Parameters. The location of the center-plane of the
magnet is measured from the center point of the target,

Location (in) Nominal Field Integral
(Kgauss=-in)
Left Arm 363.75 1311

Right Arm 364.10 1278
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3.7. Particle Identification

Three gas Cherenkov counters (Cl, C2, C3) were used to identify
ni, Ki, p, and 5 over a wide runge of momentum. The physical specifi-

cations and locations of each Cherenkov counter are listed in Table 5.

Table 5. Cherenkov Specifications.

Counter Ccl c2 c3
Gas Air Propane 002
Pressure (22°C)
Runs 271-454 1l atm 31.80 psia  23.09 psia.
Runs 455-542 1 atm 27.17 psia  21.60 psia

Runs 600-1050 1 atm 31.80 psia  23.09 psia

Length (in) 85 61 68

In each counter a spherical mirror was used to focus the Cherenkov
light onto an RCA 31000M phototube. These counters were designed to
provide particle identification for hadrons over the momentum ranges
shown in Figure 10. The details on the utilization of the Cherenkov
counters are contained in Appendix B,

In addition to the hadron identification, the apparatus was
able to identify muons. As shown in Figure 4, a hadron absorber

consisting of 8Q inches of steel followed by 18 inches of concrete,
along with the muon counters (M1 and M2) formed the last elements in
the arm. The steel and concrete absorbed the strongly interacting
hadrons, but the weakly interacting muons easily passed through this

material., Thus, a coincidence between M1 and M2 signified the passage
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of a muon through a spectrometer arm. The size und location of the
muon scintillators are listed in Table 2. The locations of the

elements of the hadron absorber are given in Table 6.

Table 6. Location of Hadron Absorber. The distances are measured from
the center point of the target.

Left Arm (in) Right Arm (in)
Front of Steel 636 618
Front of Concrete 727 704

3.8, Trigger Logic and Computer Live Time

This section describes the fast electronics logic which was
used to trigger the apparatus and measure the computer live time.

We describe the types of triggers used in this experiment, the inter-
action between the computer and the fast electronics, and the method
used to determine the computer live time.

The triggers used in this experiment were as follows. A single-
arm trigger, which indicated the passage of a high momentum charged
particle through an arm, was used to measure single-particle inclusive
p, spectra. A basic double-arm trigger, which required the passage
of a charged particle through each arm, was used for our studies of
two-particle inclusive production. Dimuon triggers (i.e., those with
one muon in each arm) were always taken contemporaneously with any
other type of trigger., Finally, since pions are most copiously
produced even at high p,, a dipion suppression trigger was used to

enrich the spectra containing protons and kaons.
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The single-arm trigger logic for each arm was the same and
defined an XL (or XR) for a charged particle in the left (or right)
arm. The single-arm trigger was a five-fold coincidence of the
F,E,P and appropriate A and B counters of the hodoscope. (See
Figure 11 for details.) The double-arm trigger (HADMAJ) was simply
the coincidence XL*XR. The dimuon trigger (MUMU) is shown in Figure 12
and required the coincidence of a muon in each arm, i.e. XL'XR'MUL'MUR,

For some of the data runs, the Cl counters were used in the
trigger in order to suppress events with two pions and thus allow more
efficient accumulation of events with kaons and protons, This special
trigger took advantage of the fact that pions with laboratory momenta
greater than 6 GeV/c counted in Cl, whereas the kaon and proton
thresholds were 20 and 38 GeV/c, respectively. The dipion suppression
trigger consisted of a coincidence between the left and right arm Cl

counters and the F counters, ClL-CIR'FL+FR, which in turn was used in

veto with the simple two-arm coincidence, i.e., HADMAJ-ClL-C1R°FL-FR,
This suppressed the dipion spectra, but allowed 1K, mp, KK, pp, and Kp
combinations for particles with transverse momenta in the range
0.6 < p, < 2 GeV/c. (Strictly speaking, of course, this is not a
"pion" veto trigger, but rather a 'Cl1" veto trigger. However, as
shown in Appendix B, a kaon or proton with momentum above Cl threshold
cannot be distinguished from a pion. Thus, these types of events
would have been eliminated from the identified two-particle spectra
anyway.)

We now describe the interaction between the on-line computer

and the fast electronics., The design criteria for this interaction
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was threefold: respond to a chosen hadron trigger configuration;
respond to as many dimuon events as possible; and provide a measurc of
the computer live time. When a trigger occurred, data were transferred
to the computer via the CAMAC |64], and then the computer condensed
these data. The time spent reading and condensing was the computer
dead time. During this dead time, the computer shut off certain ele-
ments of the electronics, and hence its live time could be determined.

Before proceeding, we must remind the reader of the functional
characteristics of an OR-gate and a discriminator. An OR-gate has its
output signals ''on" whenever any one of its input signals is "on' and
the veto input is "off". A discriminator will only give an output
signal when its input signal changes state from "off" to "on'", With
these facts in mind, we now describe the dynamics of the trigger.

The elements which were involved in the interaction between
the computer and the electronics are shown in Figure 13. The two
central elements in the trigger logic were the flip-flop OR-gate
module (FF) and the EVENT2 discriminator. The dimuon event module
(MUMU) and the hadron event module (EVENT) were assigned to two of
the FF inputs. A third input was assigned to a 1 nsec feed-back loop
from one of the outputs of FF itself. The fourth input to FF was a
veto from the computer (COMPUTER RESET). A second output signal from
FF was sent into EVENT2.

Prior to a beam spill, all modules were "off". When either the
first dimuon event or hadron event occurred, FF changed state from
"off" to "on" and thus fired the EVENT2 discriminator. This represented

a trigger. At the same time, the feed-back loop on FF caused this
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OR-gate module to freeze in its "on" state. Since the EVENT2 module
was a discriminator, this deliberate freezing of the FF output signal
temporarily prevented triggers of any kind.

The EVENT2 module sent the start signal to the TDC's and they
began their digitization process, which took about 1 microsecond.

When the TDC's were finished, the computer read the information from

the event, After reading the information, the computer turned on the
HADRON GATE veto to EVENT and sent a COMPUTER RESET veto signal to FF.
The.HADRON GATE prevented HADMAJ from firing EVENT and therefore further
hadron triggers were ignored. The COMPUTER RESET turned FF off and
hence allowed further MUMU triggers. When the computer had finished
condensing the information from the event, it turned the HADRON GATE

off and once again hadron triggers were allowed.

The entire interaction described above took approximately
6.5 milliseconds, and, therefore, the system could not record more
than 150 events per second. The double arm coincidence rate, however,
was typically twice this rate., The fraction of double arm coincidences
which the system was capable of recording is given by the computer
live time, We now turn to the techniques used to determine this
computer live time,

Neither the TL nor the HADMAJ scalers were gated off at any
time during a spill, and their counting rates were directly propor-
tional to the beam flux. The EVENT2 module was scaled and counted
the number of events which were recorded on tape. The ratio of EVENT2
to HADMAJ was used as the live time for hadrons during the first part

of the experiment., During the latter part of the experiment the




TLC2 scaler was gated off during the computer dead time and the ratio
TLC2/TL was used as the live time. Throughout the experiment the TLC1l
scaler was gated off during the CAMAC read time only, and the live time
for dimuon events is therefore given by TLC1l/TL., (See Chapter 4 for

the use of the live time.)

3.9. On-line Computer

We used a PDP11/45 with the basic RSX-11D operating system
tailored to meet the specific needs of this experiment. The computer
hardware included an 80K 16-bit word memory, two 9-track 800 bpi tape
drives, two high speed disk units, a Decwriter console, and a Tektronix
visual display-unit. The computer was used to perform three very
important tasks: monitoring of the apparatus; providing diagnostic
information; and recording of the data,

A mundane but extremely important task of the computer was to
monitor the two spectrometer magnets, 52 counters and 368 TDC's for
the drift chambers. A malfunction in any of these critical components
could lead to corruption of the integrity of the recorded data.

The shunt current in each of the spectrometer magnets and all
high voltage supplies for the counters were connected to a multichannel
digital voltmeter (DVM). Before each data rum, the computer checked
all the DVM channels to insure that they were functioning properly,
and after each beam spill during a data run, the computer again tested
three of the DVM channels. (In this way each DVM channel was checked
at least once every four spills.) If any DVM reading was not within
0.3% of its nominal value, the computer would indicate the problem,

and then not record any data until the situation was corrected.
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The 368 TDC's were required to meet the following checks.
Before each data run, and after each spill during a data run, the
computer tested each of the TDC's. This test was composed of two
parts. For the first test, the computer started all the TDC's and
then stopped them after 60 nsec., It then recorded the deviations of
the recorded TDC values from a standard value. The TDC's were then
cleared, and the second test was applied, in which the computer again
started all the TDC's, stopped them after 660 nsec, and recorded the
deviations of the recorded TDC values from a second standard value.

If any TDC failed either of these tests (i.e., the deviation was too
large), the compﬁter would point out the problem TDC module, and then
refuse to take any more data until the problem was corrected. In
addition, throughout a run, each TDC was checked to make sure that
each of its 10 bits had recorded an on and off status at least once
every 2000 events. These precautions helped to insure the integrity
of the recorded data.

The on-line software also provided exteﬁsive diagnostic informa-
tion. This information was inspected by the experimenters to determine
whether the apparatus was functioning properly. For instance, the
raw number of counts of each of the following could be displayed in
histograms: the Cherenkov counters, the trigger couhters, and each
drift chamber wire. Since any asymmetry between the two spectrometers
indicated a possible maifunction, the software provided the option
of displaying the distribution from one spectrometer superimposed on

that of the other,
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In order to check the overall performance of the apparatus,
the on-line computer performed some elementary data reduction and
calculations. The computer searched for up to two tracks in each
spectrometer arm by considering no more than four hits in each drift
chamber plane., Among other things, the momentum spectra and the
effective mass spectra associated with these two-track combinations
were displayed in histograms. Once again, any unexpected change in
this event reconstruction rate indicated a possible problem.

The most important task of the computer, of course, was to
record the data for more extensive off-line analysis, This data
taking software was scrupulously designed to minimize the computer
dead time, i.e., the amount of time used by the computer to read the
data from one event and get ready for another event., The steps taken
were as follows. The first TDC informed the computer through the CAMAC
dataway that an event was ready. The computer then read the contents
of the strobed coincidence registers (latch words), the ADC's and all
the TDC's into core memory, and cleared the CAMAC modules. (At this
point, further hadron events were ignofed, but dimuon events were
still allowed.) The computer condensed the information by stripping
out the TDC's which did not record a hit, which was tyﬁically the case
for 70% of the wires. The computer then wrote this '"'shrunken event"
onto the high speed disk. At this point, the recording of hadron
events was again allowed. At the end of a spill, the events on the
disk were read back into core memory, formatted for the slower speed
magnetic tape unit and written onto the raw data tape. The detailed

format of the raw data tapes is described in Appendix A.
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CHAPTER 4. DATA REDUCTION

This chapter describes the processing of the raw data and the
methods used for the determination of physical quantities. The amount
of raw data was considerable. The online computer recorded over
10 million events on about 140 raw data tapes [65]. In addition,

26 scaler readings and other data for each of the 207 runs were
manually recorded on run sheets,

We first give a brief description of the computer programs
which processed the raw data. The various cuts on the reconstructed
tracks are then discussed. Next, the Monte Carlo programs, which
were used to.determine the acceptance of the apparatus, and the method
for calculating cross sections from this experiment are described.
Finally, we describe the method used to combine data from the dipion

suppression trigger and the simple two-arm trigger.

4.1. Tracking Program

A computer program was written specifically for this experiment
to process the raw data tapes. The major purpose of this tracking
program was to sift through the TDC values associated with each drift
chamber cell and find all possible tracks in each arm. This informa-
tion along with the latch words and other data for each‘event were
written on summary tapes. (The format and contents of the raw data

tapes and the summary tapes are given in Appendix A.) Due to the
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critical location of this program in the analysis, its performance
was checked in detail by a totally independent program.

The tracking program reconstructed particle trajectories from
the raw TDC values in the following manner [66]. First, the TDC
values from each drift chamber "hit" were converted into spatial
coordinates, The list of hits was used to make a list of "matches",
i.e., a pair of hits on adjacent planes that were spatially correlated.
These matches and the hits with no matches were used to make a table
of possible track coordinates in each arm. The program then sifted
through the vertical coordinates from the two pairs of V-type planes
behind the magnet and made a list of possible back-sections of tracks.
(The program allowed one of the four V-type planes behind the magnet
to be missing a hit.) A back-section determined a plane which was
extrapolated to the center-plane of the magnet, thus forming a line.
The projection of this line onto a bending view plane (i.e., side view)
determined a point. This point and the target determined a line in
front of the magnet. The program searched within a specified '"tracking
window" near this line for hits in the two pairs of V-type planes in
front of the magnet in order to find the front-section of a track.
(The program only required each of the two pairs of V-type planes in
front of the magnet to contribute at least one hit to the track.)
These front- and back-sections were then used to choose those tracks
whose two sections met within 300 mils at the center plaﬁe of the
magnet, The-program then sifted through the horizontal coordinates
from the three pairs of H-type planes, and found those éombinations

which gave a straight horizontal track within a specified tolerance,
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(The program required each of the three pairs of H-type planes to
contribute at least one hit to the track, but only four out of the

six possible hits were required.) In case of multiple tracks, the
W-chambers (in which one out of two hits were required) were used to
match up horizontal and vertical sections, and thus.resolve the ambig-
uity. The tracking program always indicated how many tracks were
found in each event, but only the information from up to three tracks

was written on the summary tapes.

4.2. Track Requirements

As mentioned above, the tracking program was designed to find
all the tracks in each arm. This section describes the requirements,
or cuts, that are used to insure that the tracks were reasonable.

The vertex cuts and fiducial cuts were used to insure that tracks
originated in the target and then passed through the arms in such a
way as to avoid the limiting aperture of the apparatus. The third
class of cuts, the track-quality cuts, required each track to be
internally consistent, We now describe each of these-cuts in more
detail,

The vertex cut consists of two parts, The first part, the
DCA (distance of closest approach) cut, is a requirement that the
track come within a certain minimum distance of a second track.

The midpoint between the two is the interaction point, (XV, XV, ZV).
For the double arm events, the second track is the one in the other
arm; For the siﬁgle arm events, the second "track" is the beam line,
determined from the beam profile distributions using the single-amm

trigger data. (The beam line is calculated as the centroid of the
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horizontal and vertical distributions of the interaction points using

those events (about 2%) which had a track in each arm. These beam

lines are listed in Table 7.) The second part of the vertex cuts
require the interaction point (XV, YV’ ZV) to be inside the target
volume.

Table 7. Beam Lines. The centroid of the horizontal (X) and vertical
(Y) beam profile distributions are listed. (See text for
definition of these quantities.) The type of trigger is
also listed: XL-XR denotes double-arm trigger; XL denotes

left arm single-arm trigger, and XR denotes right arm
single-arm trigger,

Runs Type X(inch) Y (inch)

271 to 577 XL-XR +0.055 +0.170
600 to 1777 XL-XR -0.060 +0.170
327 XL +0.014 +0.188
330 XR +0.021 4+0.198
461 XL +0.069 +0.135
462 XR +0.061 +0.153
463 XR +0.035 : +0.145
470 XL +0.005 +0.168
702 XL -0.038 +0.184
703 XR -0.038 +0.190
704 XR -0.053 +0.189

The second set of cuts, the fiducial cuts, requires a track
to pass through the opening in the magnet and to strike the back
B-counter array. These cuts are needed in order to eliminate tracks
which may have passed through the steel end caps or the coils of the
magnet.

The third set of cuts are two track-quality cuts. The first
of these requires the straight sections of the track in front and

behind the magnet to meet at the magnet center. The second
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track-quality cut requires the track to match the position of the
track as determined by the W chamber,

The tolerance of the cuts were determined from the distribu-
tions of each variable as follows. (For reference, all the cuts are
listed in Table 8.) The fiducial cut for the maximum vertical point
on a track within the magnet was chosen as being one inch away from
the magnet coils, since this is the closest that we could get to the
coils when measuring the field integrals for each magnet., The
. finducial cuts for the E and B counters were determined from the data
distributions as the point where the distributions dropped to half
of their maximum value.

Each of the vertex cuts and track-quality cuts were chosen to
be three stapdard deviations. (For a Gaussian distribution, 0.997
of the distribution is contained within three standard deviations of
the mean.) We used the following iterative method to determine the
three-standard-deviation point for each distribution. First, the

centroid was determined as

N
X = }Z X Ni s

i=1

where N is the number of bins in the distribution, and Ni counts are
in a bin centered at X5 . Then, using the bin containing x and the
two adjacent bins, the standard deviation o, was calculated for the

subset containing n bins as [67]

" %
°nv = [Z x - xi)z Ni] .
i=1



Table 8. Cuts Applied to
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the Raw Data.

Vertex Cuts

Ix, - x| = 0.25
Yy = Yyoaml = 0-13
¥y = Yyouml = 0-25
|zl < 15.0
DCA < 0,22
DCA < 0.30

Fiducial Cuts

X at left E counter
Y at right E counter
Y at E counter

Y at back B counter

Maximum vertical point
on track in magnet

Track-Quality Cuts

Match at magnet =

inch

inch

inch

inch

inch

inch

0.10

for

for

for

for

-11.0

~26.0

-11.0

inch

Match at W chamber = 0,06 inch

single-arm runs

double-arm runs

single-arm runs

double-arm runs

inch to +3.5 inch
inch to +3.9 inch
inch to +11,0 inch

inch to +26.0 inch

inch to +11.0 inch
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The value 30n was compared to the half width of the distribution,

W = %(xn - x.). If Wn were less than 3cn then two more bins were
n

1
added and anotﬁer g was calculated. The proceduré stopped when Wn
was larger than &sn.

The vertex cuts eliminate about 307 of the events. The
fiducial cuts eliminate another 10%, and the track quality cuts
eliminate 10%.

The effects of these cuts are shown in Figures 14 and 15.
The first figure shows the distributions of the z coordinate of the

interaction point for the CH, target. The seven target elements are

2
clearly visible even with no cuts applied to the raw data, but upon
closer inspection, one finds more events in the center elements than
in the upstream or downstream ends of the target. One expects,
however, a monotonic decrease as one moves along the target due to
beam attenuation. The distribution with the cuts does show the
expected monotonic decrease.

Figure 15 shows the momentum dependence of the cuts. Here,
the fraction of events which survive the cuts is about 50% from
10 to 30 GeV/c. Above this the survival rate drops and, at 50 GeV/c,
about 987 of the tracks are rejected., This large rejection rate at
the high momenta is due to a combination of two effects. The first
effect is from multiple scattering and random hits in the chambers,
both of which can result in calculated momenta which are different
from the momenta with which the particles were produced. The second

is the fact that the cross section for producing high momentum

particles is much lower than the bulk of the data. Thus, one expects
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such a random reassignment of momenta to have a much larger fractional

effect on the higher end of the momentum spectrum.

4,3, Tracking Efficiency

The apparatus operated in a high-rate environment as indicated
in Chapter 3. This did not cause any significant problems for the
scintillation counters, but random hits on the drift chambers could
cause the loss of tracks. Although individual drift chamber planes
in an arm were very efficient (see Section 3.5), a combination of
small inefficiencies from all sixteen planes in an arm caused about
15% of the tracks to be lost. These losses were corrected for by
determining the tracking efficiency of the computer program which
reconstructed the tracks. We now describe the method used to deter-
mine the tracking efficiency [66].

Raw data tapes for a set of rums were analyzed by the tracking
program. All of those hits associated with tracks were then removed.
The remaining hits were used as an indication of the occurrence of
random hits in the chambers. These random hits were then adjusted
to account for'tﬁe probability that a random hit itself could be lost
due to the tracked particle. A second set of runs was fhen analyzed
by the tracking program in the usual way. The random hits from the
first set of runs were then used to adulterate the second set of
runs, and the program was run again on the adulterated set. The
tracking efficiency was then determined as the fraction of tracks
which survived in the adulterated set., The tracking efficiencies are

0.85 + 0,05 for the left arm, and 0.86 + 0.05 for the right arm.
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4.4. Determination of Geometric Acceptance

The geometric acceptance gives the probability that the
apparatus can detect an event of a particular class. Monte Carlo
programs, which are a computer simulation of the apparatus, were used
to determine this acceptance.

Any particular particle trajectory either will or will not
pass througﬁ a spectroﬁeter arm. For example, let us consider three
trajectories. A 15 GeV/c particle emanating from the target and
proceeding directly into the center of the magnet aperture will
always traverse the arm, Such a trajectory has an azimuthal angle
¢ = 0 (left arm) and a production angle ¢ = 160 mrad. (The production
angle is the angle between the trajectory and the beam line as the
particle leaves the target.) If a second 15 GeV/c particle has the
same production angle but its azimuthal angle is 900, it obviously
cannot pass through an arm, since it would be directly above the beam
line. If a third particle is directed at the center of the magnet
aperture, but only has a momentum of 2 GeV/c, it will not be accepted

. since the magnetic field will sweep it away. It is the task of the
Monte Carlo programs to determine just what fraction of events of a
particular class can be detected by the apparatus.

The single-particle transverse momentum acceptance was deter-
mined by tossing (i.e., creating in the computer) an equal number of
events in each target element. These events were created with a
uniform distribution in transverse momentum, rapidity, and azimuthal
angle. The transverse momentum distribution was tossed from O to 5

GeV/c, and the rapidity distribution was tossed over an interval
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Ay,. which was wider than the acceptance of the apparatus. In order

T
to speed up the calculations, the azimuthal angle was confined to an
interval A¢T which was wider than the azimuthal acceptance. An event
was "accepted" if it passed through the arm in such a way that it
could trigger the electronics and pass the same fiducial cuts that

are applied to the data.

The decay in flight of the pions and kaons was also taken into
account in the‘Monte Carlo programs. A tossed event was rejected if
the particle decéyed before it reached the last drift chamber. The
probability of decay is given by 1 - exp(-d/ycr), where d is the decay
distance, ¢ is the speed of light, and y» is the dilated life-time of
the particle. v is calculated from the laboratory momentum p and
mass masy = [1 + (p/m)z]%.

For a Farget element located at Z:s the acceptance in a p,

interval, p, + Ap/2, is calculated as

A

A i
e(ps 2;) = 277 by T,

where Ai events are accepted and Ti events are tossed in the p,

interval., The error on this quantity is given by [68]
be(py) = e(pO[1/A - 1/1]% .

4,5. Beam Normalization

The number of beam protons incident on the target was determined
by using the calibrated beam monitor (TL). As described in Chapter 3,
the TL scaler ran continuously throughout a beam spill. However, the

apparatus was not sensitive to all of these protons due to the computer
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dead time, This dead time, and conversely the live time, was deter-
mined from several scalers which were gated off during the dead time.
The number of live protons for each run is then calculated as the
live TL multiplied by the TL calibration.

The live TL for uyu data is given by the TLCl scaler. The live
TL for the hadron data is determined from several scalers depending
on the run as indicated in Table 9, Typical live times were 0.2 to
0.3 (hadron) and 0.8 to 0.9 for dimuons. Several calibrations of TL
were done throughout the experiment. For a particular target, phe

calibration was constant to 10%. The calibrations are listed in

Table 10.
Table 9. Live TL for Hadron Runs,
Runs Live TL
270- 676 TL X EVENT2/HADMAJ
677-1050 TLC2
Table 10. TL Calibrations.
Runs Target Number of TL per 108 beam
270- 542 CH 2480

2
600-1050 PbBe 2000
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4.6, Calculation of Cross Sections

In this section we outline the calculations for the single-
particle differential invariant cross section as a function of p,.
(The details of the calculations may be found in Appendix C.) The

single-particle invariant cross sectiom, I, is given by

3
i (4.6-1)
dp

We choose to express the differential phase space element, dp3/E,
in terms of the rapidity (y), the transverse momentum (p,), and the

azimuthal angle (p). With these, Equation 4.6-1 beéomes
3
I@,ysp,) = do/(dp dy p, dp,) . (4.6-2)

if Iﬁp,y,pl) is indeﬁendent of y over a range 0y and independent of

P> then it can be expressed as a function of p, as

1 do
This cross section is calculated from the data according to
1 ON
1(p,) - (4.6-4)

2m p, Bp, C(pp) °

where AN events are observed in the range p, + Ap,/2. The quantity

C(p,) takes intd_account the tracking efficiency, the geometric

acceptance of the apparatus for detecting a particle of given P
the attenuation of the beam in the target, and the number of beam
and target particles. The derivation of this quantity is given in

Appendix C.
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4,7, Combination of Data from Different Triggers

As we pointed out in Chapter 3, a dipion suppression trigger
was used in order to more efficiently accumulate data for other
two-particle spectra. In this section we describe how these data
were combined with the simple two-arm trigger data. For the sake of
simplicity, we will call the simple two-arm trigger the 'hadron"
trigger, and the dipion suppression trigger the "C-veto'" trigger.

{(The reader will recall that the C-veto trigger required a coincidence

of the ClL and CIR Cherenkov counters in veto with the hadron trigger,

i.e., HADRON:CIL CIR.) We will call the data set taken with the C-veto
trigger, C, and that taken with the hadron trigger, H. The method

for combining C and H is as follows.

First, the hadron data set H is analyzed, keeping track of two
sub~sets of spectra. One set, Hl, is the contribution from those
events in which there is a coincidence of counts in the two C1l
Cherenkov counters. The other set, Ho =H - Hl’ represents the
contribution from the remaining events., The set H° coﬁtains h°
events, Next, the C-veto data set C is analyzed, keeping track of the
same two sub-sets: C1 from those (small number of leak-through)

events with a coincidence of counts in the two Cl Cherenkov counters,

and Co = C - C, from the remaining (large number of) events. The

1
set Co contains <, events. We then calculate the prorating factor,
(co/ho). This factor is used to restore to the C-veto data set those

events which were suppressed by the trigger. That is, Ci = C1

+ (co/ho)Hl, where the prime denotes the restored data set. To
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obtain the total data sample T, we merely sum the sets:
= '
T (C1 + Hl) + ((:o + Ho).
The C-veto trigger was used for most of the lead and beryllium
data, The simple two-arm trigger was used for all of the CH2 data

and some of the lead and beryllium data.
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CHAPTER 5. RESULTS AND DISCUSSION

This chapter presents the results of our measurements, and is
organized as follows. First, we present our single-particle measure-
ments and compare them to other experiments. These data are presented
in two sectioﬁs: one on cross sections (Section 5.1), and one on
A-dependence (Section 5.2). 1In Section 5.3 we present our two-
particle A-dependence measurements and compare them to another experi-
ment., We then‘present in Section 5.4 our two-particle kinematic
(pl) correlation measurements and compare them to other experiments.
The chapter ends with our presentation of two-particle quantum number
correlations in Section 5.5. When appropriate, we will discuss our

data and its implications for theoretical models,

5.1. Single-Particle Inclusive Measurements

This section presents our single-particle inclusive measure-
ments on the reaction pA - hX, Here A stands for one of three target
materials (CHZ,'Pb, or Be), h represents one of six types of charged

+ Ki - . . P
hadrons (v, » Py Or p), and X is an unidentified and unmeasured
system. These data provide a benchmark test of our experiment by
comparing them with the Chicago-Princeton experiment (CP), which was
specifically designed to accurately measure the single-particle

inclusive cross sections.
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5.1.1. Presentation of Cross Sections

We list in Tables 11 and 12 our results for the single-particle
inclusive invariant cross section, Edgc/de, as a function of p,
for ni, Ki, p, and p production using CHZ’ Pb, and Be targets. The
errors shown in the tables are statistical only; they do not include
an overall uncertainty in the beam normalization which we estimate
to be accurate to 10%. (See the discussion of the beam monitor in
Chapter 4.)

We have fit our cross sections to two functional forms:
B, exp(-b p;) and N pl-n. The exponential form is suggested by
statistical models and the power law form is suggested by hard
scattering models. The results of these fits are given'in Tables 13
and 14, From the quality of these fits (i.e., the xz in the tables)
one clearly sees that the power law fit is superior tolthe exponential
fit., This might be expected since other experiments indicate that
the exponentiai behavior at low p, has already begun to give way to
a power law behavior near p, ~ 1 GeV/c [44].

A casual inspection of the values of No in Tables 13 and 14
shows the relative cross sections from the three targets. The Pb
cross sections are about an order of magnitude larger than the CH2

cross sections, which in turn are about 707 larger than the Be cross

sections.

The valueé of n are plotted in Figure 16, and cover a range
from about 5.6 to 7, depending on the particle type and target. The
Pb data, however, tend to have smaller values of n than the CH2 or

Be data which tend to be nearly equal to one another. This simply



Table 11, Ed3c/dp3 vs. p, for pA - h+X. The cross section units are cm2 GeV-Z.

p, (GeV/c) PCH, - pX pCH, - K'X pCH, - T'X
| 2 2
1.0 3.89E-27 + 1.06E-28 2.87E-27 + 1.11E-28 - 9,85E-27 + 1,22E-28
1.1 2.25E-27 + 6.91E-29 - 1,72E-27 + 7.28E-29 5.35E-27 + 7.70E-29
1.3 7.80E-28 + 3,27E-29 5.62E-28 + 3.53E-29 1.69E-27 + 3.42E-29
1.5 3.26E-28 + 1.79E-29 2,03E-28 + 1.79E-29 6.25E-28 + 1.87E-29
1.7 1.53E-28 + 1.04E-29 9.44E-29 + 9.96E-30 2,71E-28 + 1.15E-29
pPb -+ pX pPb ~» K+X pPb + TT+X
1.0 4,62E-26 + 1,76E-27 3.36E-26 + 1.83E-27 9.28E-26 + 1.62E-27
1.1 2,98E-26 + 1,20E-27 1.95E-26 + 1,22E-27 5.13E-26 + 1.04E-27
1.3 8.42E-27 + 5.62E-28 8.25E-27 + 5.90E-28 1.74E-26 + 4.81E-28
1.5 5.19E-27 + 3.30E-28 2.30E-27 + 2.98E-28 7.38E-27 + 2,82E-28
1.7 2.34E-27 + 1,86E-28 © 1.,39E-27 + 1.77E-28 3.17E-27 + 1.76E-28
pBe -+ pX pBe - K+X pBe »+ 7T X
1.0 2.29E-27 + 7.44E-29 1.69E-27 + 7.68E-29 5.79E-27 + 8.59E-29
1.1 1.48E-27 + 5.20E-29 9.80E-28 + 5.06E-29 3.15E-27 + 5.46E-29
1.3 4.,66E-28 + 2.49E-29 : 3.80E-28 + 2,52E-29 9.72E-28 + 2.36E-29
1.5 1.69E-28 + 1.28E-29 1.31E-28 + 1.22E-29 3.80E-28 + 1.30E-29
1.7 9.77E-29 + 7.33E-30 ' 5.84E-29 + 6.78E-30 1.39E~28 + 7.44E-30

6L



Table 12, Edsc/dp3 vs, p; for pA - h'X. The cross section units are cm2 GeV-Z.

p, (Gev/c) _ pCH, - X pCH, -+ KX pCH, - m X
1.09E-27 + 5.80E-29 1.90E-27 + 8.13E-29 9.85E-27 + 1.18E-28
~6.80E-28 + 3.93E-29 1.11E-27 + 5.32E-29 5.52E-27 + 7.57E-29
2.06E-28 + 1,79E-29 3.21E-28 + 2.48E-29 1.70E-27 + 3.29E-29
7.13E-29 + 9.22E-30 1.29E-28 + 1.31E-29 6.18E-28 + 1.77E-29
3.18E-29 + 4.88E-30 5.48E-29 + 6.84E-30 2.59E-28 + 1.07E-29

pPb - pX pPb + KX pPb + 7 X
1.22E-26 + 9,.11E-28 2.21E-26 + 1,29E-27  8.95E-26 + 1,49E-27
7.34E-27 + 5.99E-28 1.26E-26 + 8.40E-28 5.06E-26 + 9.64E-28
2,36E-27 + 3.33E-28 4,06E-27 + 3.93E-28 1.63E-26 + 4.32E-28
9.80E-28 + 1.46E-28 1.47E-27 + 1.87E-28 6.29E-27 + 2,40E-28
5.63E-28 + 9,20E-29 6,08E-28 + 1.07E-28 2,89E-27 + 1.51E-28

ol e  —

pBe - 5X pBe - K X pBe - a1 X
6.70E-28 + 4,02E-29 1.01E-27 + 5.39E-29 5.40E-27 + 8.06E-29
4,08E-28 + 2.75E-29 5.79E-28 + 3,52E-29 3.05E-27 + 5.22E-29
8.18E-29 + 1.11E-29 1,91E-28 + 1.58E-29 8.84E-28 + 2.16E-29
3.51E-29 + 6.12E-30 6.48E-29 + 7.62E-30 3.33E-28 + 1.17E-29
2.23E-29 + 4.09E-30 2.99E-29 + 4.17E-30 1.39E-28 + 6,98E-30

08
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Power Law Fit to Single-Particle Inclusive Cross Sections.

Table 13,
The fitting function is Ed30/dp3 = N0 p,"M. For each
particle type, the first entry is for CH,, the second for
Pb, and the third for Be.
h No(mb GeV-Z) n xz
3.93E 00 + 1.10E-01 6.12 + 0.10 0.3
p 4,70E 01 + 2,36E 00 5.72 + 0.17 7.2
"2,41E 00 + 9.57E-02 6.20 + 0.14 5.1
+ 2.99E 00 + 1.69E-01 6.47 + 0.21 1.4
K 3.46E 01 + 3.53E 00 6.12 + 0.35 3.1
.1.74E 00 + 1,29E-01 6.24 + 0.25 1.4
+ 9.99E 00 + 6.47E-02 6.78 + 0.03 1.4
T 9.31E 01 + 1.16E 00 6.33 + 0.05 0.4
_ 1.16E 00 + 1.20E-01 6.67 + 0.39 1.7
p 1.24E 01 + 2.29E 00 6.06 + 0.68 0.5
6.97E-01 + 1.02E-01 7.22 + 0.74 4.1
- 1.96E 00 + 1.41E-01 6.72 + 0,28 0.9
K 2,28E 01 + 2.84E 00 6.70 + 0.46 0.4
- 1.04E 00 + 1.07E-01 6.67 + 0.35 0.6
_ 1.01E 01 + 6.07E-02 6.83 + 0.02 5.7
™ 9.11E 01 + 1.03E Q0 6.52 + 0.04 1.6
5.55E 00 + 5.16E-02 6.92 + 0.04 5.4
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For each

e bp, .
¢ CH,, the second for Pb,

3c/dp3 =B

particle type, the first entry is fo

and the third for Be.

~Particle Inclusive Cross Sections.

Exponential Fit to Single
The fitting function is Ed
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means that, although all the spectra are steeply decreasing functions
of p,, the Pb data fall less steeply than the other two. (We will
have more to say about this A-dependence in a later section.)
Finally, we directly compare the relative yields of the six
types of particles. We do this by calculating the fraction of the
total yieldvdue to each type. (Here, we restrict each type of particle
to the range 1 < p, < 1.8 GeV/c, which is the full range over which
we can identify all six types of particles.) For example, the proton
fraction is calculated as p/h = o(pA - pX)/o(pA -+ hX). These six
fractions necessarily add up to one. The values of these fractions
are listed in Table 15. These values do not depend on the beam
normalization, so the errors are statistical only.
Table 15. Single-Particle Inclusive Particle Fractions for

1< p, =1.8GeV/c. In this table the percent yields of
each of the six hadrons for all three targets are presented.

CH, Pb Be
100 p/h 13.7 + 0.2 16.5 + 0.4 14.5 + 0.3
100 K'/h ~10.1 + 0.3 11.6 + 0.4 10.4 + 0.3
100 7 /h 32,9 + 0.3 30.8 + 0.4 33.6 + 0.3
100 p/h 3.8 + 0.1 4.2 + 0.2 3.9 + 0.2
100 K /h : 6.5 + 0.2 7.3 + 0.3 6.0 + 0.2
100 1" /h 33.1 + 0.3 29.6 + 0.3 31.6 + 0.3

These particle fractions exhibit several gross features of particle
production which are common to all three targets. For example, the
+ - i

T and m yields are about equal and these two particles alone

account for about 2/3 of the total charged hadron yield. The protons



are the next most abundantly produced but only account for about 14%
of the yield. The strange mesons, K+ and K-, are the next most
abundantly produced. However, unlike the pi-mesons, the K+ yield is
about 50% larger than the K yield: ~ 11% compared to ~ 7%. Finally,

the B yield is the smallest, and accounts for only ~ 4% of the yield.

5.1.2. Comparison with the Chicago-Princeton Experiment

In this section we will briefly describe the CP experiment and
then compare their results to ours.

The CP experiment was performed at FNAL with several beam
energies on many nuclear as well as hydrogen targets, Their apparatus
was a singlé arm spectrometer placed at 77 mrad with respect to the
beam as compared to our angle of 100 mrad. Their published data give
the charged pion cross sections for 400 GeV/c proton interactions in
tungsten [7] and hydrogen [69,70]. (Their systematic overall normaliza-
tion is estimated to be accurate to 25% [71].) The cross sections for
the heavier particles (Ki, p, and 5) can be calculated from their
published values for the ratio of these cross sections normalized to
the pion cross sections. In order to compare the CP results with ours,
we have interpolated their results to lead, beryllium and polyethylene
targets, using their published A-dependence of the production for the
six types of particles [72].

We compare our pion cross sections with the CP experiment in
Figures 17 and 18. The agreement between the two experiments is quite

good, considering the fact that the two experiments cover slightly

different kinematic regions,
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We now present a comparison of the particle fractions. However,
these fractions are not normalized to the sum of the six yields as in
the previous section, but rather they are normalized to the sum of
each of the two charged particle yields: 1i.,e., O(pA - hix). In order
to do this, the data is separated according to electric charge, and
the fraction of each charged particle yield which is due to each of
the three hadron types is calculated., These fractions are denoted
by p/h+, K+/h+, and Tr+/h+ for the positive particles, and E/h-, K /h,
and T /h- for the negative particles. (In this case, each set of
three fractions separately sums up to one,)

These particle fractions are presented in Figufes 19 to 21 for
the three targets and compared to the CP experiment. (Our values are
listed in Tables 16 and 17.) The agreement with the CP experiment is
very good. |

As described in Appendix B, the corrections to the raw data
are as large as a factor of three for p and 5 in the Pb data, and
less than this fqr the other data samples. This agreement of our

single-particle inclusive measurements with the CP results gives us

confidence that our hadron identification method is reliable.

5.1.3. Discussion of Single-Particle Inclusive Yields
The relative yields for single-particle inclusive production
which are listed in Table 15 exhibit several features which can be
used to distinguish between statistical models (e.g., the fireball

picture) and models based on the quark-parton picture.
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Single-Particle Inclusive Positive Particle Fractions

Table 16.

The percent yield of the positive hadrons for all

three targets are presented.
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For instance, let us sec how these yilelds compare to a simple
neutral fireball model. First, one would expect that particle and
antiparticle yields would be nearly the same. Secondly, it is expected
that the particles with smaller rest mass be more copiously produced
than heavier particles.

We see that the pions of rest mass 140 MeV are in fact the
most copiously produced, and that ﬂ+/h ~1 /h. The kaons have the
next largest rest mass (494 MeV) and one might expect that they would
be the next most. copiously produced. However, this is not the case:
protons of rest mass 938 MeV are more abundantly produced than kaons.
In addition, the large excess of K+ over K would beihard to reconcile
with the same fireball mechanism that produces the pions. Finally,
the gross excess of p over p indicates that baryons are by no means
produced by the same fireball mechanism that produces the mesons.

We can, however, see some natural order, or ranking, of the
particle yields in light of a very simple quark model.v'In this model
we need to inclu&e only the valence quarks of the hadrons. The beam
(a proton) is composed of two up quarks and one down quark, i.e. (uud).
The target is composed of protons (uud) and neutrons (udd). Hence,
the beam-plus-target contains only u and d quarks,

Let us now inspect the quark composition of the six final state
particles. The four particles that have at least one qﬁark in common
with the beam-plus-target are: ﬂ+(u3), m (ud), p(uud) and K+(u§).
These four particles also have the largest yields. The remaining
two particles do not have any quark in common with the beam or target:

K (us) and p(uud). These two particles are also the most rarely
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produced. Thus, at least at this basic level, the yields reflect the
initial beam-plus-target quark composition. Perhaps a future experi-
ment could test this simple model by changing the beam to a ﬂ-(ad),

for example. 'In this case, the K yield should be more nearly equal

to the K yield.

5.2. Single-Particle Nucleon-Number Dependence

This section presents the results of our measurements on the
nucleon-number dependence (A-dependence) of the reaction pA - hX.
All our A-dependénce measurements (i.e., the single-particle results
in this section as well as the two-particle results in the next section)
are based on the data taken with the lead and beryllium target., In
this section, we first define a parameter, , which is used to quantify
the A-dependence, and then we present our results, compare them to

other experiments, and discuss these A-dependence data,

5.2.,1, Definition of ¢
The nucleon-number dependence for single-particle production
can be characterized by a parameter al(pl) which is related to the

inclusive cross section as [7]
°‘1(PJ.)
I(p ,A) = I(pl,l) A (5.2.1-1)
. . . 3 3
Here, I(p,,A) represents the invariant cross section (Ed"c/dp ), as a
function of A, the number of nucleons in a target nucleus, and p,.
At each value of p, we calculate oy using the observed yields Y [74]

from the lead and beryllium targets according to

@ = a 1n (YPb/YBe) +b . (5.2.1-2a)
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In our experiment, the constants a and b depend only on the thickness
(L), density (p), absorption length (A), and nucleon-number (A) of

each target. These constants are calculated as follows [75]

&
]

Uln (Ap/AL) (4.3-4a)

o
|

{(-LPb/th) + 1n [(APpreLBe)/(ABeprLPb)] 1 xa. (4.3-4b)

In our experiment the values of @, do not depend on any beam normaliza-

1

tion since the data from each target was taken contemporaneously. In
addition, since all target segments had the same width transverse to
the beam (0.15 in.), systematic uncertainties due to beam size or

beam wandering were minimized.

5.2.2. Presentation of al

The results from this experiment for @, are presented in

1

Table 18, as a function of p, for unidentified single hadrons from the

reaction pA » hX. These data show that @y rises smoothly from 0.93 +

0.01 at p, = 0.9 GeV/c to 1.10 + 0.04 at p, = 2.36 GeV/c, and that «
L 4 ' 1

becomes greater than unity near p, ~ 1.8 GeV/c.

Table 18. oy for Single-Particle Inclusive Production.
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In addition, we present in Table 19 our results for o for

identified hadrons (i.e., ﬂi, k*

, p, and ﬁ). Here, the transverse
momentum of each type of hadron is restricted to the range 1 < p, = 1.8
GeV/c, which is the full range over which we identify all six types

of particles.

TaBle 19. o Vs. py for Identified Hadrons

pL(GeV/c) p kt at
1.0 0.96 + 0.05 0.96 + 0.07 0.89 + 0,02
1.1 0.96 + 0.05 0.96 + 0.08 0.89 + 0.03
1.3 0.93 + 0.09 0.98 + 0.10 0.92 + 0.04
1.5 1.10 ¥ 0.10 0.92 % 0.96 0.95 + 0.05
1.7 1.02 + 0.11 1.01 ¥ 0.17 1.00 + 0.08

5 K m
1.0 0.93 + 0.10 0.99 + 0.08 0.90 + 0.02
1.1 0.92 + 0.11 0.99 + 0.09 0.90 + 0.03
1.3 1.08 * 0.20 0.98 ¥ 0.13 0.93 ¥ 0.04
1.5 1.07 * 0.23 1.00 ¥ 0.17 0.9 + 0.05
1.7 1.03 + 0.25 0.96 + 0.22 0.97 + 0.07

5.2.3. Comparison with Other Experiments

In thié section we compare our results to the Stony Brook-
Columbia-Fermilab (SBCF) experiment and the CP experiment. We briefly
describe the SBCF experimental arrangement here. (The CP experiment
has been described in the previous section.) The SBCF measurements
were performed with 400 GeV/c protons on beryllium and tungsten
targets. The center-of-mass rapidity [76] range covered by their
experiment is -0.2 < y < +0.3 [77]. The rapidity range covered by

our experiment is y = -0.4 + 0.1 [78], and the CP data was taken
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y = =0.1 [79]. The azimuthal acceptance of SBCF is ~ 6° [80], which
is to be compared to our acceptance of ~ 34°.

The values of a for the reaction pA + hX from this experiment
(Table 18) are compared with the CP [7] and SBCF [80] results in
Figure 22. The results of the three experiments agree very well where
they overlap in p,. The CP and SBCF data, however, continue to higher

values of p,, and show that o, does not continue to rise as rapidly

1
as it does in our range. For example, for p, near 5 GeV/c al is only
about 1.18.

The results from this experiment for identified hadrons (Table

19) are shown in Figure 23 along with the results of the CP experiment.

Again, the two experiments agree very well.

5.2.4. Discussion of al Results

We close this section with two empirical observations. (A more
complete discussion of the A-dependence will be given in the next
section after we have presented the two-particle A-dependence).

The first empirical observation concerns the behavior of oy
when the p, spectra are described either by an exponential, 0 = Bo
exp(-b PL)’ or é power law, g = No pl-n. Combining these forms with

o « a2(PY)

givés a linear dependence of ay for the exponential, i.e.,
al(pi) =a + a; Py, OT 2 logarithmic dependence of o for the power
law, i.e., al(pl) =c + <, In (p,). Using Pb and Be in the expressions,

one obtains the constants:
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a = 1In (B, /By )/In (A /A )
3y = (b mbpp)/in (Ap/A,)

¢o = In (Np /Np )/1n (Ap /Ap.)
¢y = (agemmp)/In (App/Ag,)

The values of oy rise as p, increases in our region since the Pb data

show a less steep fall off in p, than the Be (i.e., N > N, O

> > > 0,
bBe be) and hence a, 0 or ¢y 0

The second empirical observation is based on the higher p, data
of CP (not shown in Figure 22) which show that o does not continue

to rise for ni, K+, and p above p; = 4 GeV/c. But the values of o
for K- and p do continue to rise up to p, as high as 7 GeV/c, which
is the highest value that CP measured. Once again, as we indicated
with the relative yields in the previous section, K and 5, which do

not have any quark in common with the beam or target, behave differently

from the other four particles.

5.3. Two-Particle Nucleon-Number Dependence

The nucleon-number dependence of two-particle production from
this experiment is presented in this section. We first present our
choice of variables which we use to parameterize the data, We then
present our results and compare some of our data to the SBCF data.
Even though the two experiments do not cover the same kinematic range,
there seems to be a problem in smoothly joining the results from the
two experiments. (For this reason, Appendix D presents an extensive
investigation of systematic biases which could lead to an incorrect

value from our experiment. This investigation gives us confidence
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that the methods used to calculate the nucleon-number dependence in

this experiment are valid.)

5.3.1. Calculation of @,
The sum, P = |PL1| + |pL2\, and difference, Py = l‘pL1| - |pL2“,

of the magnitudes of the transverse momenta of the two particles are

used to parameterize the data. For high p, particles and the geometry

of our apparatus, p, is approximately equal to the effective mass of

the pair, and p, is approximately equal to the transverse momentum of

the pair. The nucleon-number dependence of two-particle production is

characterized by a parameter az(ps,pd). This parameter is defined as

an extension of that for single-particle production by the equation

' a, (P 5P y)
1P 5p1,08) = I(p,,pys1) A (5.3.1-1)
In this case I(le’plz’A) represents the two-particle cross section
E1E2d6c/dpidp§. The values for o, are calculated for each pair of p,;
as in Equations 5.2.1-2 with the two-particle yields in place of the

single-particle yields,

5.3.2. Presentation of Data

Our values for ¢, are presented in Figure 24 as a function of

2

Py for several ranges of P s and listed in Table 20. Since there is

no apparent stfong dependence of oy with Py> the data is integrated
over pd and o, is presented as a function of P in Table 21 and Figure
25 for all pairs (h1h2) and for neutral pairs (hiﬁF) of hadrons.

Our results show that the values of o, are certainly greater

2
than unity between P equal 2 to 5 GeV/c. 1In fact, the value of o,
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Table 20. @, vs. py for Several Ranges of P,

pS(GeV/c) pd(GeV/c) o, ps(GeV/c) pd(GeV/c) @,
2.0 - 2.2 0.1 1.10 + 0.01 3.2 - 3.4 0.3 1.16 + 0.02
2.2 - 2.4 0.2 1.10 + 0.01 3.2 - 3.4 1.0 1.14 + 0.02
2.4 - 2.6 0.1 1.13 + 0,01 3.4 - 3.8 0.3 1.13 + 0.03
2.4 - 2.6 0.4 1.12 + 0.01 3.4 - 3.8 0.8 1.16 + 0.02
2.6 -~ 2.8 0.2 1.11 + 0,01 3.4 - 3.8 1.4 1.17 + 0.03
2.6 - 2.8 0.6 1.13 + 0.01 3.8 - 4.2 0.3 1.25 + 0.05
2.8 - 3.0 0.1  1.12 + 0.02 3.8 - 4.2 1.0 1.13 + 0.04
2.8 - 3.0 0.4 1.10 + 0.02 3.8 - 4.2 1.8 1.17 + 0.04
2.8 - 3.0 0.8 1.15 + 0.02 4.2 - 5.0 0.3 1.19 + 0.07
3.0 - 3.2 0.3 1.16 + 0.02 4.2 - 5.0 1.2 . 1.18 + 0.04
3.0 - 3,2 0.9 1.14 + 0.02 4.2 - 5.0 2.4 1.20 + 0.06

Table 21. o, as a Function of P> Integrated Over Pyq

pS(GeV/c) L All Pairs Neutral Pairs

- 2.20 1.10 + 0.01 1.08 + 0.01

2.40 1.10 + 0.01 1.09 + 0,01

2.60 » 1.12 + 0,01 1.11 + 0.01

2.80 1.12 + 0.01 ©1.11 + 0.01

3.00 1.12 + 0.01 1.11 + 0.02

3.20 1.15 + 0,01 1.12 + 0.02

3.40 1.15 + 0.02 1.11 + 0.02

3.67 1.16 + 0.02 1.14 + 0,02

4.08 . 1.17 + 0.02 1.19 + 0.03

4.59 1.19 + 0.03 1.22 + 0,05
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rises slightly from ~ 1.1 at p, = 2 GeV/c, to ~ 1.2 at Pg = 5 GeV/c.
(A discussion of the comparison with the SBCF data which are shown in
Figure 25 is deferred to the following section.)

We now present the A-dependence as a function of the angle
between the ttansverse momentum components of the two particles (p_Ll
and plz). (The reader will recall that the three momentum 3 can be
decomposed into two orthogonal components: e.g., B = 3L + B". Here,
we choose ;n to be the component parallel to the beam direction.)

We choose the angle 0 between -ng an& ;lz to parameterize the data
as shown in the inset in Figure 26,
We require p, =2 1 GeV/c for both particies, and bin the data

in sin 6. At each bin, a, is calculated from the yields as

2

az(sin 8) = a In [Y(sin 8,Pb)/Y(sin 6,Be)] + b , (5.3.2-1)

where the constants a and b are the same as in Equations 5.2.1-2.
These results are shown in Figure 26 and the values are listed in

Table 22. These data demonstrate that o, increases slightly as sin 0

2

increases. For instance, near sin 6 = 0, «, = 1.09, whereas near

, 2
sin 0 = 0.6, o, = 1.15.

We now present in Figure 27 the values of o, for each of the
21 two-hadroﬁ states. (The values are listed in Table 23.) Here,
each particle is required to have 1 < p, < 1.8 GeV/c. This p; range
is chosen since it is the full range in p, over which we can identify
all six particles. These data show that the A-dependenée of each
identified pair is between ~ 1.1 and ~ 1.2, with one definite excep-

tion: the value of @, for the pp state is low (0.96 + 0.04). 1In

addition, for the states containing mesons only, the ++ states tend to
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Table 22.

o, vs. sin ©
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sin © a2
0.04 1.095 + 0.006
0.12 1.110 + 0.007
0.20 1.107 + 0.007
. 0.28 1.118 + 0.009
0.36 1.134 + 0.011
0.44 1.135 + 0.015
0.52 1.125 + 0.022
0.60 1.150 + 0.052
Table 23. o, for Each of 21 Dihadron States.
b, % h;h, ) hyhy )
PP 23 + 0.03 'kt 1.20 + 0.04 mnt 1.13 % 0.01
D P 0.96 + 0.04 KK 1.05 + 0.03 mtmT 1.10 + 0.01
P D 0.99 + 0.2 KK 1.09 + 0.07 7w  1.13 + 0,01
e —
p K'  1.20 + 0.03 pm 1.13 + 0.01 kmt 1,16 + 0.01
p K~ 1.14 + 0.03 p T 1.14 + 0.01 K'n™  1.13 + 0.01
kY 1.24 + 0.06 pmt 1.18 + 0.02 K'nt 1.11 + 0.01
p K 1.16 + 0.08 p 1.09 + 0.02 Km 1.11 + 0.01
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have an A-dependence which is slightly larger than the +- and -+
states. These data also show that for a two-particle state ab, the
A-dependence for a+b+ is always greater than or equal to that for the

state a b .

5.3.3. Comparison with the SBCF Results

Our results are compared to those of the SBCF group [80]
in Figure 25. As we pointed out in Section 5,2.3, the two experiments
do not cover exactly the same kinematic region, but rather they
complement one another. However, it does not appear from Figure 25
that the two results join up smoothly, as one might expect. In
particular, for neutral dihadron states near p_ = 5 GeV/c, we see that
our results are higher by Ax = 0.1. This magnitude of difference in
the value of o means a discrepancy in the ratio'of tﬁe cross sections
of the order §f 407%. |

We have checked for the two systematic biases which could
produce such a discrepancy in our own experiment. Specifically, if
the geometric.acceptance or the tracking efficiency were different
for lead and beryllium targets, then our method for calculating o,
would be wrong. We used the polyethylene data to directly investigate
the geometric acceptance and found it to be flat, as expected from
Monte Carlo acceptance programs. To investigate whether the tracking

efficiency was different for events originating in lead or beryllium,

we used the number of hits on each drift chamber plane for events
which were reconstructed as coming from either lead or beryllium,

and found no difference between the two which could cause an effect

|
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as large as 407 in the tracking efficiencies. The details of these
investigations may be found in Appendix D.

This.poésible discrepancy is all the more puzzling since our
experiment, the SBCF experiment and the CP experiment all agree on the
single-particlé A-dependence, even though each set of measurements
was taken at slightly different rapidities. The discrepancy may still
be due to this slight difference in rapidity if this small difference
is much more iﬁportant for two-particle production than it is for
single-particle production.

If we ignore the difference in rapidity and the smaller azimuthal
acceptance of the SBCF experiment, we can examine the general behavior
of @, as a fuhction of p, over the wide range from ~ 2 to ~ 9 GeV/c.
Then, from Figufe 25, one sees that as P, increases from 2 to
~ 4,5 GeV/c, dz is grea;er than unity and rises slightly. However,

above this range, @, drops to unity and remains there.

5.3.4. Discussion of A-dependence Results
It was pointed out in Chapter 2 that the inelastic cross section

shows nuclear shadowing effects as evidenced by the fact that o = 2/3.
(This cross section is dominated by particles with transverse momenta
less than 0.5 GeV/c.) However, the résults shown in Figures 22 and 25
for @ and az for larger p, particles demonstrate a considerably
different behavior. Here, al is well above 2/3 and even increases
beyond unity near p; = 2 GeV/c. The two-particle A-dependence is well
above unity fo? 2 < |pL1 + pL2| < 4.5 GeV/c, and then it decreases

back to unity for higher p, particles. The rise of o, with sin ©

(Figure 26) shows that particles which are produced with




1=p, =4 GeV/c in heavy nuclei are less back-to-back in character
than those produced in lighter nuclei.

The fact that @ is greater than unity means that the nucleons
in a nucleus are acting collectively in some way in the production of
these particles. Several collective mechanisms have been explored in
the literature., Kuhn has considered the effects of Fermi motion of
the nucleons in the nucleus, and eliminated this as a possible source
for o > 1 [81]. Several other simple ideas have also been discussed
by Fishbane and Trefil and eliminated as the possible sources for
o> 1 [44]. These include: coherent effects of small groups of
nucleons, gedﬁetric effects, and time dilation of the forming hadronic
system or Lorentz contraction of the nucleus.

Perhaps the most natural collective mechanism seems to be some
form of multiple scattering. 1In such a model, the nucleus is not
completely transparent to the passage of a hadronic system, whether
the "system" is a fireball, a hadron, or partons. This lack of
transparency should show observable effects such as a kinematic
smearing of the p, spectra, and possibly a smearing of the quantum
number content of the hadronic system. (In the next sections we will
see that the two-particle correlations indicate that some kind of
smearing is in fact present.) However, it is not clear just what is
being scattered nor what is causing the scattering.

Some models which are based on the multiple scattering of quarks
or partons havelmet with some success in describing the single-particle

A-dependence [81,82]. However, a complete description of the
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A-dependence would also have to describe both these single-particle

data as well as the two-particle A-dependence data.

5.3.5. Comparison of Single-Particle and Two-Particle A-Dependence

It is instructive to make a global comparison of the behavior
of ay with that of o, as in Figure 28. Here, we have plotted the
single-particle CP results as a function of p , and our results (for
all pairs) along with the SBCF results as a function of Py = Py + PyLy-
The curve is drawn to guide the eye for the discussion that we will
give below.

From this figure, we see that the A-dependence of two moderate-p,
particles (p_Ll and plz) is approximately equal to the A-dependence of
a single particle of higher p,. For example, a single ﬁarticle with
p,~3 GeV/c has the same A-dependence as a pair of particles whose
Sum (Ps =Py +_pl2) is 3 GeV/c, but individually each particle has
p, = 1.5 GeV/c. One could state such a situation more cbmpactly as:
al(pl) = al(% p,+35p)= az(le + pLz)' This is not a trivial
statement. For instance, it could imply that two moderate-p, particles
may be probing the same component of the production mechanism that is
only accessible with single particles at higher p, [83].

We offer the following interpretation of these data which
follows the curve in Figure 28. This interpretation is not strictly
supported by these data, but we offer it as a plausible description
of particle production in nuclei.

Low-p, particles (p, < 0.3 GeV/c) are the result of an inter-
action which does not probe deeply into a nucleon, and thus the gross

structure of the nucleon (e.g., its overall size) will dominate these




Figure 28,
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interactions. Similarly, for a group of nucleons in a nucleus (since
the mean free path of a hadron in nuclear matter is of the order of

the size of avnucleon), the interaction which produces low-p, particles
will only probe‘the gross features of the nucleus such as its cross-
sectional area, and thus o will be = 2/3 for low-p, particles.

We now turn to the other end of the p, spectrum where high-p,
particles are produced and o~ 1. In a quark-quark hard scattering
model, these particles contain a quark which suffered a violent, hard
scatter with another quark. If a quark has dimension which are
much smaller than a hadron (i.e., point-like), one would expect that
the quarks in the target nucleus would not '"shadow'" one énother as the
nucleons themselves do. If these quarks were struck so violently
that they were knocked completely out of the nucleus before they had
been incorporated into a hadron, then one would expect that o = 1.

We now must confront the moderate-p, region where a > 1. Here,
we draw the following picture. These particles again contain a quark
which has suffered a hard scatter and was knocked out of its parent
nucleon. However, unlike the very high-p, interaction, these quarks
have begun to be incorporated into a hadron before they completely
leave the nucleus. Since these quarks are no longer éémﬁletely point-
like, they may interact (i.e., scatter) as they leave the nucleus,
and hence produce o > 1.

In closing this section, this author would like to restate that
the discussion given above is not strictly supported by the present

data, and, to his knowledge, no one, other than members of this
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experiment's collaboration [84], has offered such a global explanation

of the A-dependence.

5.4. Kinematic Correlations

This section presents our measurements of the correlations
between the transverse momenta of hadrons produced opposite one another.
We will first define the variables and the function which we use to

display these kinematic correlations, and then present the data.

5.4.1. Parameterization of R
The general discussion of kinematic correlations in-Section 2.4
defined the two-point correlation function in Equation 2.4.5. Experi-
mentally, this quantity is determined as

I(PJ_]_:P_LZ)
“in I(p PICpy,) °

R(py;5P)5) (5.5-1)

Here, I(PLl’PLQ) represents the two-particle cross section, I(p,)
represents a single-particle cross section, and cin is the inelastic

cross section [85]. As a reminder, R is the ratio per inelastic event

of the production probability of a particular two-particle state, to
the uncorrelated production probabilities of the corresponding single-
particle states. R is parameterized by P and py as in the investiga-
tion of the nucleon number dependence. (The reader is reminded that
P, = Ip;ll + |P¢2| is approximately equal to the effective mass of

the pair, and that p, = ||pL1l - lplé|| is approximately equal to the

transverse momentum of the pair.)
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5.4.2. Presentation of Data

We first present the variation of R as a fuqction of Py for
several fixed values of P+ The data are listed in Tables 24 and 25,
and shown in Figure 29 for the CH2 data, and in Figure 30 for the Pb
and Be data..

These results demonstrate that R is greater than unity, and thus
two-particle production is positively correlated in our region of
acceptance (p, 2 1 GeV/c). Secondly, for a fixed Pys the correlation
increases rapidly as P increases. Third, for a fixed P> the correla-
tions decrease slightly as Py increases, And fourth, for the same p_
and Pye the correlation in lead is smaller than the correlation in
beryllium or polyethylene.

We now investigate the correlations for symmetrically produced
pairs, i.e., for pd small. Here, since Py is small; we are requiring
that the transverse momentum of one particle be very nearly balanced
by the transverse momentum of the particle on the opposite side.

Table 26 presents R for CH,, Pb,and Be as a function of P for Py

22
less than 0.1 GeV/c. Figure 31 shows the results for the CH2 data and
Figure 32(a) shows the results for the Pb and-Be data.

These results show that when P is ~ 2 GeV/c (i.e., each p,
about 1 GeV/c), R is about 2. This means that the production of the
two particles is positively correlated and different from an isotropic
distribution by a factor of two. However, as the transverse momenta
of each particle increases, the correlation increasesAdramatically.

We end this section with an intriguing result of our experiment

which is shown in Figure 32(b). Here, we directly compare the



Table 24. Correlation Function R as a Function of Py for Several

Ranges of P for the CH

2 Data.
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ps(GeV/c) Pd(GeV/c) R

2.4 to 2.8 0.05 2,72 + 0.04
" 0.4 2.72 + 0.05

3.2 to 3.6 0.05 4.74 + 0.18
" 0.4 4.80 + 0.20
" 0.8 4,29 + 0.22
" 1.2 3.44 + 0.22

4.0 to 4.4 0.05 8.8 + 0.9
" 0.4 8.6 + 0.8
" 0.8 9.1 + 1.0
" 1.2 6.1 + 0.8
" 1.6 7.3 + 1.4
" 2.0 6.7 + 1.8

4.8 to 5.2 0.05 18.2 + 4.2
" 0.4 18.8 + 4.1
" 0.8 23.6 + 6.0
" 1.2 20.0 + 6.9
" 1.6 22.7 + 9.9
" 2.0 18.1 + 9.9
" 2.4 7.9 + 3.9
" 2.8 8.5 + 6.4
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Table 25. Correlation Function R as a Function of p, for Several

Ranges of P for the Beryllium and Lead Data.

P (GeV/c) pd(GeV/c) Beryllium Lead

2.7 to 3.1 0.05 3.92 + 0.25 2.79 + 0.16
" 0.3 3.81 + 0.11 2.64 + 0.10
" 0.7 3.46 + 0.11 2.52 + 0.10

3.1 to 3.7 0.05 4.91 + 0.53 3.60 + 0.30
n 0.3 4,99 + 0.22 3.38 + 0.15
" 0.7 4.63 + 0.22 3.05 + 0.14
" 1.1 4.56 + 0.24 2,66 + 0.13

3.7 to 4.3 0.1 7.50 + 0,89 4.32 + 0.38
" 0.5 8.86 + 0.79 4.10 + 0.31
" 0.9 7.69 + 0.78 3.77 + 0.31
" 1.3 6.61 + 0.74 3.88 + 0.34
" 1.7 6.23 + 0.79 3.72 + 0,37
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Table 26. Kinematic Correlation Function vs. Py for Py < 0.1 GeV/c.

ps(GeV/c) Polyethylene Beryllium Lead
1.80 1.77 + 0.02 1.95 + 0.04 1.72 + 0.06
2.20 2.14 + 0.03 2.41 + 0.06 1.92 + 0.07
2,60 2.72 + 0.05 3.01 + 0,12 2.37 + 0.10
3.00 3.82 + 0.10 3.92 + 0.25 2.79 + 0.16
3.40 4.7 + 0.2 4.9 + 0.5 3.6 + 0.3
3.80 6.7 + 0.4 - -
3.88 - 8.2 + 1.3 4.6 + 0.5
4,20 8.8 + 0.9
4.60 11.7 + 1.7 - -
4.71 - 23 +9 9.4 + 2.4
5.00 18 +4 - -
5.46 30 +9 - -
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correlation in Pb to that in Be by the ratio § = RPb/RBe' (The values

for S are given in Table 27.) At the lowest values of P (~ 1.8 Gev/c),

Table 27. Ratio of Correlation Functions for Lead and Beryllium vs.
Pg for Py S 0.1 GeV/c.

ps(GeV/c) S = RPb/_RBe
1.80 0.88 + 0.04
2.20 0.80 + 0.04
2.60 0.79 + 0.05
3.00 0.71 + 0.06
3.40 0.73 + 0.10
3.88 0.57 + 0.11
4.71 0.40 + 0.18

the correlation in the lead is only slightly smaller than that in the
beryllium, i.e., S is about 0.9. Although the lead and beryllium data
show increasing correlation as P increases, the correlation in the

data taken with the smaller beryllium nucleus increases more rapidly

than that taken with the larger lead nucleus., This is evidenced by
a factor of two decrease in S as Py increases from 1.8 to 4,7 GeV/c.
This result clearly demonstrates that the larger nucleus decreases

the kinematic correlations,

5.4.3. Comparison to Other Expériments
Our correlation measurements can be compared to other experiments
which have investigated kinematic regions different from ours. Several
bubble chamber experiments have measured R at lower p,, and two

counter experiments have measured R at higher p,.
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The bubble chamber experiments measured R for the reaction
pPp = h1h2X [86]. Here, h1 and h2 are identified only as positively
or negatively charged, and are assumed to be pions. Unlike our
experiment, they sum over the transverse momenta and parameterize R
in terms of the rapidities of the two particles [76]. Hence, since
most particles are produced at low p,, these data are expected to be
dominated by low p, physics. Their results demonstrate that the
correlations depend more strongly on the difference in rapidity,
|y1 - y2|, than on the sum Yq + Yo+ (Our rapidity acceptance is too
small, i.e,, about + 0.2, to investigate rapidity effects.) However,
their values compare favorably with our values at our smallest measured
P> in that they measure R to be about 1.5 to 2 for a pair of particles
produced near y = 0 in the center-of-mass.

Two other counter experiments have measured R as a function of
P, as we do in this experiment. The Columbia-CERN-Rochester (CCR)
measured R at CERN for the reaction pp -+ n°n°x, at a center-of-mass
energy of 53 GeV [87]. (Our experiment corresponds to a center-of-
mass energy of 27 GeV.) The CCR group was the first t§ observe that
for p, greater than 3 GeV/c, R increases very rapidly as p, increases.
The SBCF group measured R for the reaction pBe - hlhzx, for p, greater
than 3 GeV/c, and observed that R rises expomentially as P, increases
[88]. At SBCF's lowest value of P (4.5 GeV/c), R is about 10, and at
their highest value of Py (10 GeV/c), R reaches a value near 10,000.
Their lowest point compares favorably with our highest value of P
(4.5 GeV/c) where we measure R to be about 10 (for the Be target)

and increasing rapidly from lower P,- The SBCF group also observed
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that R depends only very weakly on py even at the highest values of

Pg-

5.4.4. Discussion of Kinematic Correlations

These correlation measurements demonstrate the manner in which
transverse momentum is balanced in the interaction. Our apparatus only
detects two of the final state particles; however, the average multi-
plicity is about 15 for a 400 GeV/c proton-proton interaction.
Conservation of momentum only requires that the overall momenta of
all final state particles be the same as that of the initial state
particles. Hence, there is no kinematic requirement that the pl of
one particle be balanced by only one other particle which is also
produced at the same rapidity. For example, a particle with
p, =2 GeV/cvat a given rapidity Yo could be balanced by 4 particles
each with p, = 0.5 GeV/c and rapidities much different than yo. The
observed positive and monotonically increasing correlation indicates
that the production mechanism tends to favor a one-on-one balancing
of the transverse momentum, and that the back-to-back nature of the
production mechanism becomes stronger as p, increases.

Any hard scattering model can easily account for this one-on-one
or back-to-back nature of two-particle production since, in these
models, the underlying interaction for high p, particles is a two-body
interaction. On the other hand, this type of production places
constraints on fireball models. Specifically, it constrains the fire-
ball to become dominated by two-body decays rather than the more
natural many-body decays. However, the fireball models are flexible

enough to account for such correlations [89].
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Our results which compare the correlation between particles
produced in Jifferent nuclei clearly demonstrate that the larger
nucleus decreases the kinematic correlations. ‘This means that the
nucleus is definitely not transparent to the hadronic system which
eventually produces the particles which are detected by our apparatus.
Several models have attempted to describe single-particle A-dependence,
however, this smearing of the kinematic correlations seems to favor
multiple scattering models rather than coherent tube models or nuclear
sea models, If multiple scattering is in fact the underlying process
which produces o > 1, studies of the kinematic correlations alone
cannot determine whether the scattering is elastic or inelastic, since
both would produce a smearing of the kinematic correlatioms. The study
of quantum number correlations, however, which we present in the

following section, would be sensitive to this distinction.

5.5. Quantum Number Correlations

This section presents the most interesting results of this
thesis: the quantum number correlations. In the previous section we
have investigated the kinematic correlations of two-particle production,
and found that two-particles which are produced back-to-back are
highly correlated in transverse momentum., Here, we investigate those
dynamic features of the production as they are revealed in the flow of
the quantum numbers through the interaction.

This section is organized as follows, First, we present the
yields for the 21 two-hadron states for the full p, range over which
we can identify all six types of particles, From these yields we will

see that there are indeed strong baryon number and strangeness number
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correlations. We then define a quantity Q(ab) which quantifies the
quantum number correlations between particles a and b, and use it to

examine these correlations in more detail.

5.5.1. Presentation of Raw Yields

Table 28 gives the raw yields for each of thév36 combinations
of six particle types in the left arm and six in the right arm. Here,
the transverse momentum of each particle is restricted to ghe range
l<p < 1.8 GeV/c. However, since the arms are azimuthally symmetric
and the production is necessarily symmetric, the separate listing of
states which are symmetric in their quantum numbers is artificial.
(That is to say, the state with a p in the left arm and a p in the right
arm is the same state as a p in the left arm and a p.in the right
arm.) We can therefore add quantum-number symmetrid states together
and gain a factor of two in statistics., (This procedure is the same
as if one had processed the data using the left arm as the trigger
and the right arm as the opposite side, then processed the data again
with the roles 6f the arms reversed, and summed the results appro-
priately.) These symmetric yields are presented in Table 29, where we
have arbitrarily designated one arm "Trigger'" and the other arm
"Opposite"”.

We now begin our investigation of the quantum number correlations
with the numbers in Table 29. We calculate the particle fractions on
the opposite side (as we did in comparing our single particle results
to the CP experiment in Section 5.1.2) and denote them by (p/h+)t
(for protons, for example), where the subscript denotes the particle

type on the trigger side. The results of these calculations are shown
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Raw Yields for the 21 Two-Particle States before Symmetriza-
For each two-particle state, ab, the first particle,
a, was detected in the left arm, and the second particle, b,
was detected in the right arm; each particle is in the

tion,

range 1 < P, < 1.8 GeV/c.
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I+ I I I+

i+ 1+ 1+ 1+

162.9
171.3
170.9

86.3
123.9
156.3

154.8
167.0
167.4

78.0
115.5
149.5

143.2
154.2
366.3
66.5
98.6
334.9

97.0
107.3
91.6
32.9
48.9
4.4

114.3
120.9
112.8
49.8
67.2
9%.1

137.2
142,2
344.3
59.3
87.6
301.2
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Table 29. Raw Yields for the 21 Two-Particle States After Symmetriza-
tion. Here, the_quantum number symmetric states have been
summed: e.g., pp has been added to pp; each particle is in
the range 1 < p, = 1.8 GeV/c.

CH2 Be Pb
p P, 4080 + 273.8 2252 + 164.5 5162 + 325.7
p K, 5115 + 219.1 1893 + 118.4 4034 + 230.9
p y 14863 + 235.0 6291 + 135.4 10782 + 222.9
p p_ 3107 + 154.0 1417 + 89.7 1417 + 129.8
P K- 3583 + 181.9 1485 + 102.9 2638 + 168.5
P T 16072 + 237.6 6258 + 132.2 10827 + 208.0
K} P, 5115 + 219.1 1893 + 118.4 4034 + 230.9
K, K, 4642 + 313.6 1868 + 169.5 3930 + 334.1
K, i 13318 + 241.5 5316 + 133.4 10066 + 227.6
K, B_ 1355 + 143.2 494 + 73.9 119 + 132.6
K, K- 4624 F 195.8 1688 + 103.5 2213 * 167.2
K T 13883 + 242.3 5266 + 130.4 9026 + 206.3
n: P,y 14863 + 235.0 6291 + 135.4 10782 + 222.9
™, K, 13318 + 241.5 5316 + 133.4 10066 + 227.6
uM m 42104 + 382.5 16148 + 496.2 27310 + 732.6
™ P_ 3586 + 134.0 1309 + 68.5 2137 + 113.2
m, K- 8087 + 183.5 3034 + 95.5 4877 + 149.8
w o 46290 + 272.5 17407 + 351.0 26867 + 480.3
P P, 3107 + 154.0 1417 + 89.7 1417 + 129.8
p K, 1355 + 143.2 494 + 73.9 1194 + 132.6
p T 3586 + 134.0 1309 + 68,5 2137 + 113.2
p p_ 290 + 86.2 86 + 37.1 94 + 65.9
p K_ 442 + 74,9 226 + 42,9 421 + 69.8
P w 3276 + 117.8 1405 + 65.8 2103 + 96.0
K_ Py 3583 + 181.9 1485 + 102.9 2638 + 168.5
K_ K, 4624 + 195.8 1688 + 103.5 2213 + 167.2
K_ Ui 8087 + 183.5 3034 + 95.5 4877 + 149.8
K_ p_ 442 + 74.9 226 + 42.9 421 + 69,8
K_ K_ 1384 + 151.6 566 + 83.6 856 + 134.4
K m 7693 + 163.8 2845 + 87.2 4473 + 128.6
T Py 16072 + 237.6 6258 + 132.2 -10827 + 208.0
ull K, 13883 + 242.3 5266 + 130.4 9026 + 206.3
m_ o 46290 + 272.5 17407 + 351.0 26867 + 480.3
m p 3276 + 117.8 1405 + 65.8 2103 + 96.0
il K_ 7693 + 163.8 2845 + 87.2 4473 + 128.6
T ull 39978 + 346.2 13762 + 432.7 23034 + 602.4
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Table 30, Opposite Side Particle Fractions for Each of the Six Trigger
Hadrons. Here, the transverse momenta of the particles is
in the range 1 < p, < 1.8 GeV/c.

+
(p/h)y
Trigger CH2 Be Pb
P, 0.170 + 0.007 0.216 + 0.009 0.258 + 0.010
K} 0.222 % 0.008 0.209 * 0.011 © 0.224 % 0.011
m 0.211 * 0.003 0.227 ¥ 0.005 0.224 ¥ 0.004
B 0.386 + 0.015 0.440 + 0.021 0.298 + 0.022
K 0.220 * 0.009 0.239 * 0.014 0.271 * 0.014
m 0.211 + 0.003 0.216 + 0.005 0.232 + 0.004
nt 0.205 + 0.003 0.221 + 0.004 0.232 + 0.004
h 0.226 + 0.003 0.239 ¥ 0.005 0.243 + 0.004
h 0.215 + 0.002 0.229 + 0.003 0.237 + 0.003
X 0.241 + 0.004 0.248 + 0.005 0.279 + 0.007
+, +

(XK' /h )b
P, ©0.213 + 0.008 0.181 + 0.010 0.202 + 0.010
K] 0.201 * 0.008 0.206 * 0.011 0.218 ¥ 0.011
m 0.189 + 0.003 0.192 + 0.005 - 0.209 + 0.004
P 0.168 + 0.015 0.153 * 0.020 0.251 ¥ 0.023
K 0.284 + 0.010 0.272 ¥ 0.014 0.227 * 0.014
m 0.182 + 0.003 0.182 ¥ 0.004 0.193 + 0.004
+
b 0.197 + 0.003 0.192 + 0.004 0.209 + 0.004
h ©0.197 + 0.003 0.194 + 0.004 0.203 + 0.004
h ©0.197 + 0.002 0.193 + 0.003 0.207 + 0.003
X - 0.178 + 0.005 0.178 + 0.005 0.198 + 0.007

@' mh),
P, 0.618 + 0.008 0.603 + 0.011 0.540 + 0.010
K} 0.577 + 0.009 0.586 + 0.012 0.558 + 0.012
m 0.599 + 0.003 0.582 + 0.007 " 0.567 + 0.006
B 0.446 * 0.015 0.470 * 0.019 0.450 + 0.022
K 0.496 + 0.010 0.489 + 0.014 0.501 + 0.014
m 0.607 + 0.003 0.602 + 0.006 0.575 + 0.006
nt 0.599 + 0.003 0.587 + 0.005 0.559 + 0.005
h 0.576 + 0.003 0.567 + 0.006 0.554 + 0.005
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+, +

(m'/h),

Trigger CH2 Be Pb

h 0.588 + 0.002 0.578 + 0.004 0.557 + 0.004
X 0.581 + 0.005 0.574 + 0.006 '0.523 + 0.006

(p/h )y
D, 0.136 + 0.006 0.155 + 0.009 0.095 + 0.008
K} 0.068 + 0.007 0.066 + 0.009 0.096 + 0.010
m 0.062 * 0.002 0.060 * 0.003 0.063 + 0.003
B 0.072 % 0.014 0.050 * 0.015 0.036 + 0.017
K 0.046 + 0.008 0.062 + 0.011 0.073 * 0.011
m 0.064 + 0.002 0.078 + 0.004 0.071 + 0.003
nt 0.080 + 0.002 0.084 + 0.003 0.078 + 0.003
h 0.062 + 0.002 0.073 * 0,003 0.069 ¥ 0.003
h 0.073 + 0.002 0.080 + 0.002 0.074 + 0.002
X 0.088 + 0.004 0.09 + 0.005 0.102 + 0.005

(YL
P, 0.157 + 0.007 0.162 + 0.010 0.177 + 0.010
K] 0.233 * 0.008 0.227 * 0.012 0.178 ¥ 0.012
m 0.140 % 0.003 0.139 + 0.004 0.144 + 0.004
B 0.110 * 0.017 0.132 * 0.022 0.161 * 0.023
K 10.145 + 0.010 0.156 + 0.014 0.149 + 0.015
m 0.151 * 0.003 0.158 + 0.005 0.151 * 0.004
h* 0.162 + 0.003 0.162 + 0.004 0.159 + 0.004
h 0.148 * 0.003 0.156 + 0.005 0.151 + 0.004
h 0.156 + 0.002 0.159 + 0.003 0.156 + 0.003
X + 0.005 0.146 + 0.005 0.178 + 0.007

0.149
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(m/h7),
Trigger CH2 Be Pb
P, 0.706 + 0.008 0.683 + 0.011 0.728 + 0.011
K, 0.699 + 0.009 0.707 * 0.013 0.726 + 0.013
m 0.799 ¥ 0.003 0.800 + 0.005 0.793 * 0.005
B 0.817 + 0.020 0.818 + 0.025 0.803 * 0.027
K 0.808 + 0.012 0.782 + 0.017 0.778 * 0.017
m 0.785 + 0.003 0.764 + 0.006 0.778 + 0.005
nt 0.758 + 0.003 0.754 + 0.005 0.763 + 0.005
h 0.790 + 0.003 0.771 + 0.006 0.780 + 0.005
h 0.771 + 0.002 0.761 + 0.004 0.770 + 0.004
X 0.763 + 0.005 0.760 + 0.006 0.720 + 0.006
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in Table 30. Here, we list the particle fractions observed opposite
each of the six trigger species (p, Kf, ﬂ+, ﬁ, K, and n-), opposite
trigger particles ol each charge (h+,h-) opposite any trigger hadron
(h), as well as the particle [ractions from the inclusive trigger (X).

We note that each of the six particle fractions for the inclu-
sive trigger is‘very nearly the same as the corresponding fraction for
an unidentified trigger (h). (For example, (p/h+)x = 0.24 4+ 0.01 and
(p/h+)h = 0.215 + 0.002.) This means that the mere requirement of a
trigger particle has very little effect on the fraction of the charged
yield on the oéposite side contributed by each of the six particle
types.

We point out that the opposite side particle fractions involving
baryons are strongly dependent on the identity of the trigger particle.

For instance, in the CH, and Be data, the proton fraction is nearly

2
a factor of two higher opposite a 5 trigger than opposite all hadron
triggers: (p/h+)§ = 0.39 + 0.02 compared to (p/h+)h = 0.215 + 0.002
for CH,, and (p/h+)5 = 0.44 + 0.02 compared to (p/h')_ = 0.248 + 0.005
for Be. The kaons also show a less dramatic but still significantly
positive corrélation in their production: (K+/h+) _=0.28 + 0.01
compared to (K+/h+)h = 0.197 + 0.002 for CH,, and <

®*/hT) = 0.27 + 0.01 compared to (K+/h+)h = 0.193 + 0.003 for Be.
No othef states show any positive correlation which is ﬁearly as large
as these two. We also note that the pﬁ and K+K- correlations are

significantly less in the data taken with the Pb target:

(p/h+)§ = 0.25 + 0.02 compared to (p/h+)h = 0.207 + 0.003, for example.
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5.5.2. Definition of Q(ab)
In order to compare the results from different particle species

directly, we define a quantity with which we measure these quantum

number correlations. The fraction for particle "a" opposite one of the
six trigger hadrons "b" is denoted by (ai/hi)b, and the fraction for
particle "a" opposite all trigger hadrons "h" is denoted by (ai/hi)h.

We use the ratio of these two fractions as an indication of the

strength of the correlation between particles "a" and "b'". Thus we
define
+, 4
(a /%),
Q(aib) = —QXYT I - (5.5.2-1)
(a/n7),

If Q(ab) = 1, then the fraction of the charged charged yield
due to particle a is the same as it is opposite all trigger hadrons.
If Q(ab) > 1, then the f?action of the charged yield due to particle
a is larger than it is opposite all trigger hadrons, and hence indi-
cates an enhancement of particle a when particle b is pfoduced. On
the other hand, if Q(ab) < 1, then this indicates that when particle
b is produced, the production mechanism would prefer to produce some

particle other than particle a on the opposite side.

5.5.3. Presentation of Q(ab) for 1 < (p*l,plz) < 1.8 GeV/c
Q(ab) is shown in Figures 33 and 34 and the values are given
in Table 31. Here, the pﬁ and K+K- enhancements are clearly exhibited
in the CH, data (Q(pp) = 1.80 % 0.07, Q(K'K) = 1.44 + 0.05), and the

Be data (Q(pp) = 1.92 + 0.09, Q(K'K™) = 1.41 + 0.07). These



Figure 33, Q(a+b) for Each of the Two-Particle States for Each Particle in the Range
1<p <1.8 GeV/c.
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Figure 34. Q(a b) for Each of the Two-Particle States for Each Particle in the Range
l<p <18 GeV/c., '
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Q(ab) for each of the Two-Particle States for Each Particle

in the Range 1 < p, < 1.8 GeV/c.

Table 31.
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Table 31 (cont'd)
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correlations are also evidently much smaller in the Pb data:
Q(pp) = 1.26 + 0.09 and Q(K'K’) = 1.10 # 0.07.

One can also use the values of Q(ab) to investigate which of
the other two-particle states balance the strong correlations in the
Be and CH2 data. The Be data will be used for purposes of illustra-

‘ +
tion. (The CH, data show similar characteristics.) The (p/h )ﬁ

2
enhancement is Balanced both by the n+ and the K+:

Q™) = 0.70 + 0.03 and Q(K') = 0.80 + 0.10. However, the (f;/h‘)p
enhancement is bélanced oﬁly by the n and not the K :

Q(m p) = 0.90 + 0.02, as compared to Q(K p) = 1.02 + 0.06. Thus,

we observe that there is not complete symmetry in the correlations
between particle and antiparticle for baryon number correlatioms,

We also observe én asymmetric correlation for the strange particles.
For instancé, the (K /h°) + enhancement is balanced both by the p and
the n: Q(pK') = 0.83 + l(§.12 and Q( KY) = 0.93 + 0.02. However, the
(K+/h+) _ enhancement is only balanced by the n+ and not the p:

K ‘
Q(n+K-) = 0.85 + 0.02 as compared to Q(pK ) = 1.05 + 0.06.

5.5.4. Presentation of Q(ab) vs. and Py

We now turn to our investigation of the p, dependence of the
quantum number correlations. We divide the data sample into twelve
ranges according to the sum P = |pL1| + |pL2| and difference
Py = |pL1| - |pL2| of the magnitudes of the transverse momenta of
each particle. We calculate Q(pﬁ), Q(K*K-) and Q(ﬂ+ﬁ-) at each bin

and list the results in Tables 32 to 34 and show them in Figures 35 to

37. These results show no evidence for any significant dependence of
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Table 32. Q(a+a ) vs. Py for Several Ranges of Py for CH2 Data,
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Table 34, Q(a+a-) vs. py for Several Ranges of P, for Pb Data.
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- + - + -
p (GeV/c)  p, (GeV/c) Q(pp) QKK ) Q(m 1 )
2.0 - 2.4 0.0 - 0.2 1.2 + 0.2 1.0 + 0.1 1.03 + 0.02
2.4 - 2.8 " 2.0 + 0.4 1.3 + 0.2 1.01 + 0.03
2.8 - 3.2 L 1.4 + 0.4 1.2 + 0.3 1.00 + 0.06
3.2 - 3.6 " 0.9 + 0.3 1.3+ 0.5  1.03 + 0.11
2.0 - 2.4 0.2 - 0.4 1.3 + 0.5 1.4 + 0.3 0.97 + 0.04
2.4 - 2.8 " 0.8 + 0.2 0.9 + 0.2 1.01 + 0.03
2.8 - 3.2 " 1.0 + 0.5 1.3 + 0.2 0.94 + 0.06
3.2 - 3.6 " 1.3 + 0.8 0.7 + 0.9 0.99 + 0.13
2.4 - 2.8 0.4 - 0.6 1.2 + 0.2 0.7 + 0.2 1.01 + 0.04
2.8 - 3.2 " 1.7 + 0.4 1.5 + 0.3 0.95 + 0.06
2.4 - 2.8 0.6 - 0.8 1.6 + 0.4 1.4 + 0.5 1.04 + 0.09
2.8 - 3.2 " 1.3 + 0.5 0.7 + 0.4 1.04 + 0.09
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the correlations as the p, of each particle is varied over the range

1< p, < 1.8 Gev/c.

5.5.5. Comparison to Other Experiments

We will now compare our quantum number correlation results
to two other experiments. The SBCF group has investigated two-hadron
quantum number correlations in 400 GeV/c proton-beryllium collisions
(90]. (The SBCF experiment was described in Section 5.3.3.) They
do not observg any strong quantum number correlations Between two
charged hadrons produced opposite one another; they only observe
a weak correlation in that pions are less abundantly produced opposite
K, p, and 5 than they are opposite ni, or K+.

The British-Scandanavian group (BSG) has observed quantum
number correlations in pp interactions in the intersecting storage
rings at CERN [91]. These data were taken at a center-of-mass energy
of ~ 53 GeV, compared to our center-of-mass emnergy of ~ 27 GeV. This
group used two spectrometers to detect ni, Ki, p, and B. One arm,
the small angle spectrometer (SAS), was located above the colliding
beams at an angle of ~ 50 mrad. The second arm, the wide angle
spectrometer (WAS), was located in the plane of the colliding beams
at an angle of ~ 32°. The transverse momentum of particles in the SAS
was 0.3 < p, Z 0.6 GeV/c, and in the WAS was 0.4 p, < 1.1 GeV/c.

The BSG observe an overall negative kinematic correlation
between two particles which are detected in their experiment. However,
relative to thié overall negative correlation, they observe a large
positive correlation between a E in the SAS and a p in the WAS, for

which we compute [92] Q(ﬁ in SAS, p in WAS) ~ 2.4 for comparison to
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to our results. They also observe no significant variation of the
correlation as the pﬁ effective mass varies over the range 2.5 to

3.5 GeV, They observe KK correlations for which we compute Q(K- in
sAS, K* in WAS) ~ 1.9, and QK" in SAS, K~ in WAS) ~ 1.6. These
correlations are in qualitative agreement with the quantum number
correlations which we observe in Be and CHZ’ even though the kinematic

regions covered by the two experiments are quite different.

5.5.6. Discussion of Quantum Number Correlations

We now discuss these quantum number correlation results. The
experimental observations are:

1. There are strong baryon number and strangeness quantum
number correlations for particles produced near center-of-mass
rapidity = -0.4 with 1 < p, < 1.8 GeV/c.

2. These correlations are equally strong in CH2 and Be (light
nuclei), and are severely damped in Pb (heavy nuclei).

3. There is no strong dependence of these correlations on p,.

4, The p correlation is balanced by n+ and K+, but the 5
correlation is balanced by the T only.

5. The K correlation is balanced by p and m , but the K
correlation is balanced by the mt only.

These observations can be used to limit the range of appli-
cability of current theoretical models of particle production as well
as testing some of the basic ideas of A-dependence models,

The EG and FF models do not expect any correlation between
the quantum numbers of particles produced from opposite side jets,

The presence of strong quantum number correlations which we observe
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in our data does not imply that these models are necessarily wrong.
However, these data do imply that these models do not successfully
describe the mechanism that produces two particles opposite one another
with 1 = p, = 1.8 GeV/c.

The CIM on the other hand, does expect quantum number correla-
tions similar fo what we observe, i.e., a K+ enhancement opposite a
K', and a p enhancement opposite a 5. But the CIM does not expect to
see correlations in the reverse case: i.e., K enhancement opposite
K+, or B enhancement'opposite p. In order to test such a prediction,
one would have to have an apparatus which (unlike ours) is not
symmetric, and thus we conclude that we do not necessarily favor the
CIM.

It has been suggested [ 93] that the effects of giuons may be
more important at moderate p, than at high p, where these constituent
scattering models are expected to be applicable. In gluon-gluon
scattering one might expect particle-antiparticle correlations to be
present between particles produced opposite one another,

In Sectidh 5.4.4 we indicated that measurements of quantum
number correlations could distinguish between an inelastic and
elastic multiple scattering model of A-dependence. We observe that
the quantum number correlations are smaller in lead than in beryllium.
Thus, if multiple scattering is responsible for @, > 1, then these

observations tend to favor an inelastic multiple scattering model.



CHAPTER 6. CONCLUSIONS

Inclusive measurements of two charged particles which are
produced opposite one another have been presented. These particles
are produced in 400 GeV/c proton-nucleus collisions, detected near
rapidity y = -0.4 in the proton nucleon center-of-mass system, and
have transverse momenta in the range 1 < p, < 4.5 GeV/c.

Kinematic correlations between the particles are observed to
be positive and to rise rapidly as p, increases., Strong quantum
number correlations between p and 5, and K+ and K-, are observed
which do not change significantly as the transverse momenta of the
hadrons varies over the range 1 < p, < 1.8 GeV/c. Both the kinematic
and quantum nuﬁber correlations are observed to be reduced as the
size of the target nuclei increases. The two-particle cross sections
are not observed to be proportional to A, the number of nucleons
in the nucleus, but rather these cross sections are proportional to
A%, with o > 1.

New experiments are now necessary in order to extend our
knowledge of particle production by strong interactions in nuclei.
These experiments should detect and identify several particles over
a wide azimuthal range at very large p, (e.g., p, > 5 GeV/c), and
hopefully out tb the kinematic limit. These experiments should
cover a wide range of rapidity, and use beams of several energies

+ -
and types (e.g., ﬂi, K, p and p).
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We hope that the data we have presented will provide the
incentive for more insight and a better understanding of strong
interactions on this bridge of moderate p, physics between the

statistical realm and that of the hard scatter,
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Appendix A: Data Tape Formats

The raw data were recorded on magnetic tape by'the online
computer and processed at FNAL by a program which used the raw TDC
data to reconstruct particle trajectories. This track information
as well as other raw data was then written on summary tapes,
Approximately 80,000 raw triggers were contained on a data tape,
whereas a full summary tape contained approximately 380,000 recon-

structed two-particle events.

This appendix gives the details of what information is contained

on the raw data tapes and summary tapes.

A.l. Raw Data Tape Format
The recording mode for the raw data tapes was fixed by the
available hardware to be 9-track, 800 bpi, odd parity. The informa-
tion from eachvspill was written as a l6-word header followed by a
variable number of data records. The words in the header contained

the following information:

Word 1: number of 256-word data blocks in the.spill
Word 2: number of events in the spill

Word 3: record type

Word 4: run number

Word_S: maximum number of 8-bit bytes per event
Word 6: . number of non-TDC bytes
Words 7 through 10: TDC test values

Words 11 through 16: DVM information.

The contents of words 1, 2, 4, 5, and 6 are self-explanatory. If
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word 3 was odd, the data contained TDC test data. In this case,

the first 512 bytes of data were interpreted as deviations from the
expected valué of the first TDC test, and the second 512 bytes were
interpreted as‘deviations from the expected value of the second TDC
test. (See Section 3.9 for a description of these tests.) Since
there were only 368 TDC's, the unused bytes were zero filled. Words
7 and 8 contained the expected TDC value for Test 1, and words 9 and
10 contained the expected TDC values for Test 2. Words 11 through 16
contained the DVM information for the 3 channels which were read
after the beam-spill. These six words were three PDP1l floating
point numbers with the least significant byte of thé fraction over-
written with the DVM channel number. The DVM channel numbers which
were used and the associated device which was monitéred are given

in Table Al, |

The data records were blocked into 1024-word records and
written on the raw data tape. If the last record di& not fill a
1024 -word buffer, then it was padded with zeroesvto the nearest
256-word boundary and written as a 256-, 512-, 768-, or 1024 -word
record. The total number of physical data records for a spill
was found by adding 3 to word 1 of the header, dividing by 4 and
truncating to_ah integer.

The evént.data were packed into variable length strings. The
first word gave the number of bytes of data associated with the
event. This number necessarily had to be even and ﬁot greater than
word 5 of the héader. The next 3 words contained the contents of the

three strobed coincidence registers (latch words). Each bit of a
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latch word recorded the hit/no-hit status of a counter. Each latch
word had 16 bits and the assignment of each bit is given in Table A2.
The next 8 words contained the ADC information. The ADC's recorded
the pulse heights of the Cherenkov counters. The first 3 ADC's
recorded ClL, C2L, C3L; the next 3 recorded C1lR, C2R, C3R; the
remaining 2 Qere not used.

The TDC data followed the ADC information. The TDC data from
the 368 drift chamber wires were compressed according to the follow-
ing algorithh for each event:

(1) 1f ﬁhe TDC overflowed, it was ignored.

(2) 1If the TDC had not overflowed, the lower 10 bits contained
fhe TDC value and the upper 6 bits were encoded with the
difference between the current TDC wire number and the
previous non-overflowed TDC wire number.

(3) 1If the difference from (2) was greater than 63, then the
upper 6 bits were null and the next word contained the
difference. | |

The end of a run was indicated by a single end-of-file mark.
The logical end of tape was indicated by two end-of-file marks. The
physical end-of~-tape mark was ignored, and two end-of-file marks

were always written.

A.2. Summary Tape Format
The rec¢ording mode for the summary tapes was chosen to be
9-track, 1600?bpi, odd parity in order to take full advantage of the
Purdue High Engrgy computer facilities. However, all the information

on the summary tapes is in integer form to insure compatibility among
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Table Al. DVM Channels and Associated Device. Channels 0 and 1
were used to check the internal consistency of the DVM
itself: 1i.e., Channel O was connected to a short, and
Channel 1 was connected to a standard emf.

- Channel Device
(octal)
0 Zero
1 Battery
3. Right arm magnet
5 Left arm magnet
27 Power supply 1
30 Power supply 2
31 Power supply 3
33 Power supply 5
34 Power supply 6
35 Power supply 7
36 Power supply 8
9

37 Power supply

Table A2. Assignment of Each Bit in the Latch Words.

Bit Latch 1 Latch 2 ' Latch 3

1 EUL EUR ' M1UL
2 EDL EDR M1DL
3 B3L B3R M2UL
4 B2L B2R M2DL
5 B5L B5R M1UR
6 B6L B6R MIDR
7 B4L B4R M2UR
8 B1L BI1R - M2DR
9 AS5L A5R . unused
10 A4L A4R unused
11 A3L A3R , PUL

12 A2L A2R - PDL

13 AlL AlR PUR

14 C3L C3R ‘ PDR

15 C2L C2R unused
16 ClL C1R unused




different hardware systems used by the other collaborétors in the
experiment.

Each event is contained in 90 8-bit bytes. Each record
written on tape contains 42 events followed by 60 null bytes, and
hence each physical write on a summary tape contains 3840 bytes,

The first 26 bytes of each event contains the information not
associated with the track reconstruction, and the next 4 bytes

contain information on how many tracks were found and the test event
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flag. The last 60 bytes are grouped in three 20-byte .blocks contain-

ing the tracking information for the reconstructed tracks.

Table A3 lists the information contained in the first 26 bytes

of an event. The run number, latch words and ADC's are exactly as
they were written on the raw data tape. The event number is the
raw trigger number in the run to which an event corresponds. Bytes
19 to 22 were ﬁpdated when new values for the spectrometer magnet
DVM's were enééﬁntered on the raw data tape. These”bytes were
initialized at the beginning of each run with the nominal values of
-5214 (left)'ana +4405 (right). Bytes 23 to 26 contain the values
of two TDC's which were started in the same manner as the drift
chamber TDC's but were stopped by signals from the left and right
F counters, v |

The upper 4 bits of byte 27 contain the test event flag. If
these bits are non-zero, the tracking program processed each arm
independently.‘ This was done every tenth raw trigger. (These test
events were used to check the internal consistency of the tracking

program algorithm.) The lower 4 bits of byte 27 contain the number
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of tracks found in the left arm, and the upper 4 bits of byte 28
contain the number of tracks found in the right arm, Bytes 29 and 30
were not used.

The track information is contained in bytes 31 to 90. Bytes
31 to 50 contain the left arm track, bytes 51 to 70 the right arm
track, and bytes 71 to 90 a third track (if any). (The bytes for
the extra track were updated only when a third track was found.)
Ten quantities were calculated for each track. Before writing a
track associated quantity on tape, the program multipliéd each by
a constant factor and then truncated to an integer. The 20 bytes for
each of the ten quantities and each multiplying factor are displayed
in Table A4.

Before explaining each quantity, we first define the coordinate
systems in whiéh these quantities are defined. All quantities on
the summary tapes are calculated in the arm-centered coordinate
systems, The cdmhon origin of these right-handed coordinate systems
is located at the survey height of the apparatus and ét the inter-
section of the center lines of the two arms; The z-axis for each
system is along the center-line of each arm and the positive direction
is taken as ﬁhe direction from the target area toward the spectrometer
magnet in each‘arm. The positive x-axis in each arm is parallel to

the B-field in each spectrometer magnet.

With these systems in mind, we now explain each of the ‘
quantities listed in Table A4, The horizontal slope is the ratio
of the two momentum components Px/pz' Similarly, the vertical slope

is defined as the ratio py/pz. The horizontal intercept and the




Table A3.

Table A4. Summary Tape Bytes Associated With Track Information.

166

Summary Tape Bytes Not Associated With Track Reconstruction.
Bytes Information
1-2 Run number
3-6 Event number
7-8 Latch 1
9-10 Latch 2
“11-12 Latch 3
13-18 ADC's
-19-20 Left magnet DVM
21-22 Right magnet DVM
23-24 FL time of flight
FR time of flight

25-26

Bytes Multiplier Information
1-2 105 Horizontal slope
3-4 10 Horizontal intercept (mils)
5-6 105 Vertical slope
7-8 10 Vertical intercept (mils)
9-10 105 Vertical slope behind magnet
11-12 1 Vertical intercept behind magnet (mils)
13-14 500 Signed momentum (GeV/c)
15-16 1 Horizontal fit parameter
17-18 1 Match at magnet center (mils)
19-20 1 Match at W chamber (mils)
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vertical intercept belore the magnet are the intersections of the
trajectory in the z = 0 plane. The vertical intercept behind the
magnet is the intersection of the straight section of the trajectory
behind the magnet with the center plane of the magnet. The signed

momentum is the magnitude of the momentum (calculated using the
nominal field integral values) times the sign of the electric charge
of the particle.

The lasf‘three quantities, which are contained in bytes 15 to
20, are related to the fit of the track. The horizontal fit parameter
is (cx)2 per degree of freedom of the horizontal fit. The match at
the magnet cenfer is the spatial difference between the. linear
extrapolations of the track in front and behind the magnet at the
center-plane of the magnet. This match is required to be less tﬁan
300 mils. The match at the W chamber is the spatial difference
between the calculated track extrapolated to the W chambers and the

actual space coordinate observed at the W chamber.
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Appendix B: Analysis of Cherenkov Information

The proper identification of hadrons in this experiment depends
critically on a realistic analysis of the information.from the six
Cherenkov counters. This appendix gives the details of the analysis
used in this thesis. The analysis takes into account the threshold
behavior of thelcounters as well as those effects which arise from
the small counter inefficiencies and spurious Cherenkov radiation not

directly associated with the identified particle.

B.l. Threshold Behavior

It is well known that a charged particle emits Cherenkov
radiation when it passes through é medium with a velocity greater
than the phase velocity of light in the medium [ 94]. When the particle
velocity is less than this threshold velocity, no Cherenkov radiation
is emitted. The threshold velocity (Bo) is related to the index of

refraction (n) of the medium by the expression [95]
M, = 1. (8.1-1)
The radiation is emitted in a cone with half angle Q which is related
to the velociiy of the particle (B) and n by the expression
cos 6 = 1/n8 . ' (B.1-2)

In this experiment the momentum (p) of particles is determined

by the drift chambers and the magnets. The relation between p and B is

p/m = B/(1 --52)1/2 s (B.1-3)

where m is the rest mass of the particle. Particles with different
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masses (m1 and m2) have threshold momenta (p01 and pOZ) related by

p01/m1 = poz/m2 . (B.1-4)

The number of photoelectrons produced by a phototube is
related to the length of the radiating gas through which the particle
passes (L), and the emission angle of the radiation by the

expression [ 96]

N = Nl 0% . (B.1-5)

In this expression No (the photomultiplier constant) accounts for the
response of the phototube and the medium to the spectrum of radiation,
The probability that N photoelectrons will produce a detectable

phototube pulse is related to the efficiency e¢ by {97]

€ = 1 - a . . (B.1'6)

Equations B,1-1 through B.1-6 can be combined to express the

efficiency as a function of particle momentum,

2,., 2 2
1 exp[-N Im™(1/p_ - 1/p)] , p=zp,
e = { (B.1-7)
-0 > P < pO °

This function is illustrated in Figure Bl,.and demonstrates the
response of a Cherenkov counter to a particle of fixed mass.

The essential features of the threshold behavior as they
appear in the data are shown in Figure B2, where the fraction of
events (F) for.which the C1lL counter fired at given momentum is
displayed as-a function of momentum. Three features are to be noted

from Figure B2, First, as can be seen from the statistical error
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Figure Bl., Typical Cherenkov Counter Efficiency vs. Particle
_Momentum. For illustration, we have chosen a photo-
miltiplier constant N_ = 100 cm~l, radiator length
L = 200 cm, threshold momentum p, = 5 GeV/c, and

particle mass m = mo.
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bars, the pion and kaon thresholds occur in regions of high statistics,
while the proton threshold occurs in a region of much lower statistics.
Second, the backgrounds under each threshold rise are considerably
different. For example, the background for the pion threshold is
about 0.45, while the background for the kaon threshold is about
0.70. Third, the fraction of events for which the counter is on,
decreases between the pion and kaon thresholds. This decline is due
to the fact that the fraction of pions in the total hadron yield
decreases in tﬁis region, |

These fea;ures are taken into account by fitting the data with
a generalized form of Equation B.1-7. Each threshold is fit only
near the threshold region in order to minimize effects due to physical
variations in particle fractions. Each region is defined as ranging
from P to pHT‘ Since only one set of parameters is,de.sired for each
counter, the fit is constrained over the two regions such that
Equation B.1l-4 is satisfied and that N0 is the same.

Explicitly, the function used to fit the data is

S p<p °* -
'b s for PL1 P Po1’ (B.1-8a)
b, + r. {1 - expl-N Lm2(1/p2 -1/ 2)]}
17N o ' Po1 P13
S . . -
for Pgp S P S‘le. ; (8.1-8b)
b2 , for Pro S p< p01(m2/ml) (B.1-8c)
2,0 2, 2,2
b, + 1, {1 - exp[-NoLmz([mllmz]/po1

- 1/p]} ,  for py(my/m) S p < py, . (B.1-8d)

This expression contains six parameters which are varied in the fit:
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b1 and bz are the backgrounds in each region,

rl and I, represent the amount of rise due to the threshold,
No is the photomultiplier constant,

Po1 is the threshold momentum of the lirst particle.

When the fraction of events for which a counter fired is
calculated, the Cl and C3 counters clearly show two thresholds each
in regions of high statistics: the pion and kaon thresholds in Cl,
and the kaon and proton thresholds in C3. (The pion threshold in C3
is below the minimum momentum acceptance of the apparatus.) The C2
counter, howeve:, only shows the proton threshold néaf 13.5 GeV/c.
The corresponding kaon thréshold near 7 GeV/c is swamped by the pions
and accidentals background. In order to enhance the kaon signal,
only events which had Cl1 off were used to determine the thresholds
in C2. The results of the fits are listed in Tables Bl through B3.
As an example, Figure B3 shows the fit for the ClL counter for runs

272 to 454,

B.2. Hadron Identification
This section describes the method used to identify charged
hadrons in this experiment. An ideal detector in an ideal environ-
ment (i.e., an infinite number of photoelectrons, a perfect Cherenkov
light detector, and no spurious sources of Cherenkov light) would
always respond in the same manner to a particular particle with a
given momentum, However, real experiments do not contain ideal

detectors operating in an ideal environment.
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Cl Threshold Parameters,
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Runs 272 to 454

Runs 455 to 542

Runs 600 to 1050

ClL CIR ClL CIR ClL CIR
b, 0.376  0.326 0.398  0.317  0.423  0.395
T 0.470  0.506 0.449  0.516 0.424  0.448
b, 0.702  0.680 0.705  0.685 0.701  0.716
r, 0.124  0.135 0.107  0.117 0.116  0.091
N (em ) 87.37 108.8 115.4  104.3 95.58  102.6
Pop(CeV/c) 38.466 39,072  39.099 38.970  39.476  39.562
P (Gev/c) 20.240 20.559  20.573 20.506  20.772 20.817
p_(Gev/c) 5.722  5.812 5.816  5.797 5.872  5.885
< /DF 3,05 3.10 1.51 1.50 1.23 1.33
Table B2. C2 Threshold Parameters.
Runs 272 to 454 Runs 455 to 542 .Runs 600 to 1050
C2L C2R C2L C2R Cc2L C2R
b, 0.399  0.419 0.334  0.347 0.416  0.476
r, 0.199  0.173 0.228  0.223 0.218  0.178
b, 0.684  0.695 0.678  0.733 0.707  0.759
r, ~0.306  0.288 0.318  0.25 0.305  0.254
N_(cm™ ) 30.29  23.63 41.52  27.92 . 25.86  26.41
pop(GeV/c) 13.380 13.370  14.605  14.634 ,  13.475  13.548
Py (Gev/e) 7.040  7.035 7.685  7.700 7.090  7.129
P, (GeV/c) 1.990  1.989 2,172 2.177 2,004 2,015
X2 /pF 2.36 1.80 1.18 1.33 0.87 1.29




Table B3.

C3 Threshold Parameters,
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Runs 272 to 454

Runs 455 to 542

Runs 600 to 1050

No(cm-l)

pop(GeV/c)
pox(GeV/ c)
P, (GeV/c)

XZ/DF

C3L
0.769
0.074
0.869
0.113

70.14

25.005

13.157
3.719

1.39

C3R
0.781
0.071
0.841
0.151

62.93

24,762

13.029
3.683

0.85

C3L
0.757
0.095
0.892
0.108

48.14

25.754

13.552
3.831

1.40

C3R
0.769
0.075
0.827
0.139

134.7
25,523
13.430

3.797

0.72

c3L
0.787
0.078
0.872
0.120

48.09
24,964
13.136
3.713

0.67

C3R
0.796
0.078
0.861
0.137

56.75

24,469

12.875
3.640

0.92
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Figure B3. Illustration of ClL Threshold Fit. The solid line is the fit for the pion and kaon
thresholds using Equation B,1-8. These data are for runs 272 to 454,

9.1
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The method we describe below takes into account those effects
which arise from spurious sources of Cherenkov light as well as
those effects wﬁich can cause losses of the Cherenkov light coming
from the momentum analyzed particles. As we shall see, losses are a
small effect since the Cherenkov counters were very éfficient.
However, the presence of secondaries other than the momentum analyzed
particle can cause misidentification of the particles which must be
accounted for.. This method takes these effects into account and
then assigns statistical weights to each momentum analyzed particle;
these weights are then used to increment the various particle spectra.

The méthod’assumes that the Cherenkov light in the counters
can come froﬁ t&ovsources. The first source is the momentum analyzed
particle, which is assumed to be a ﬂi, Ki, proton, or antiproton. If
the particle is below threshold, of course, it produces no light;
if it is above threshold, the phototube produces a pulse with an
efficiency given by Equation B.1-6. The second source includes all
sources other than the one just mentioned.

A majdr.contribution to these second sources is due to particles
produced in tbe>same interaction as the momentum analyzed particle.
If these partiéles are chérged, they can have a speed which is high
enough to fire the Cherenkov counters, but insufficient momentum to
pass through the:magnetic field and be tracked. Neutral particles
can also contribute through their decays (e.g., K - n+n_ and
A + T p) or through conversion (e.g8es Y » e+e-). Smaller contributions
come from knock-on electrons which are liberated in collisions with

the momentum analyzed particle. (This contribution is calculated to
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be less than 1 percent.) These secondary sources, as well as any
other spuriOus_sources, are lumped together and referred to as
accidentals. The Cherenkov accidentals are estimated from the single
arm trigger runs by observing the patterns in the untriggered arm,
(The term "pattern" refers to one of the eight combinations of on and
off for the three counters.) The probabilities of occurrence of each
of the eight patterns are listed in Table B4 for each éf the three

target materials.

Table B4. Cherenkov Accidentals.

Pattern CH Pb Be

2
000 0.444 0.315 0.443
001 0.055 ~0.051 0.058
010 - 0.127 0.135 0.140
011 0.140 0.173 0.155
100 0.051 0.052 . 0.044
101 0.015 0.014 . 0.009
110 0.040 0.056 0.031
111 0.128 0.204 0.120

Once the light is present in the counter, it is detected by
the apparatus with an efficiency B. This light detection efficiency
is independent of the source of light, This efficiency is determined
for the C2 (prépane) and C3 (COZ) counters by observing the fraction
of events fdr,ﬁhich the counter is on well above proton threshold.
For the Cl (air) counters the proton threshold is above 35 GeV/c,
and there are ndt sufficient data from our normal data runs to
determine the detection efficiency. However, several funs were
taken with air in all three counters. The detection efficiency for

Cl is determined from this data sample by requiring a count in both
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C2 and C3 when the momentum of the particle is between 9 and 18 GeV/c.
(This range is chosen since it is well above pion threshold and below
kaon threshold in air.) The efficiencies of the counters are listed

in Table BS.

Table BS. Cherenkov Efficiencies.

Counter CH., Runs Pb/Be Runs

2
CclL 0.9732 + 0.0024 0.9897 + 0.0021
CIR 0.9577 + 0.0031 0.9707 + 0.0038
C2L 0.9671 + 0.0008 0.99954 + 0.00023
C2R 0.9359 + 0.0012 0.99941 + 0.00026
Cc3L 0.9750 + 0.0026 0.9957 + 0.0025
C3R 0.9678 + 0.0031 0.9887 + 0.0040

At this point let us consider, for illustration, a system in
which we have one Cherenkov counter which is to be used at a given
momentum to distinguish two particles. Let f denote the number of
particles which.are above threshold at this momentum. Let R denote
the probabiiity than an accidental created sufficient light in the
counter to fire the phototube., The number of times that the counter

was detected as being on is

' -N
Pn = K [R + (1-R)E(1l-e )] . (B.2-1)

This equation merits some discussion. The two terms in
brackets account for four possible cases. The first term, R,
accounts for three cases in which the accidental created enough light
to fire the phototube and

(1) the momentum analyzed particle was below threshold,
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(2) the momentum analyzed particle was above threshold and
did not create enough light to fire the phototube, or
(3) the momentum analyzed particle was above threshold and did
create enough light to fire the phototube.
The second term represents the outcome of the fourth case, namely,
(4) there was insufficient light from an accidental (1-R),
but the momentum analyzed particle was above threshold
(f), and it fired the phototube (1-e-N).
The sum of thé two terms in brackets in Equation B.2-1 then represents
the number of times that the phototube fired. After multiplying by
g we obtain the number of times that the apparatus detected the counter
as being on,.
With three counters the situation becomes more complex, but
the extension is straightforward. For example, consider the case in
which the moﬁentum of a particle is 10 GeV/c. Under ideal conditions,
the proton pattern would correspond to all three Cherenkov counters
being off, an 000 pattern, since a 10 GeV/c proton is below threshold
in all threevcounters. (See Tables Bl through B3 for the Cherenkov
counter threéhoids.) The pion pattern would be 111 since 10 GeV/c
pions are above threshold in all three counters. The kaon pattern
would be 010 since a 10 GeV/c kaon is above threshold in the C2
counter only. However, not all 010 and 111 patterns are in fact
kaons or pions, since, for instance, a 010 or 111 Cherenkov accidental
could change a ﬁroton pattern into a kaon or pion pattern. Ip addi-

tion, not all 010 patterns are necessarily kaons (or protons with a
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010 Cherenkov aécidental) since a coincidence of inefficiencies in
the Cl and C3 counter can change a pion pattern (111) into a kaon
pattern (010){

The probability that a particular Cherenkov pattern is observed
when a particular particle is produced is determined by the efficiencies
of the counters and the occurrence of the Cherenkov accidentals, We
will now quantify these ideas and show the method used to identify
particles. We denote by Aij the probability that the i-th pattern
can occur whgn the j-th particle is produced; we denote by fj the number
of particles of type j which are produced; and we deﬁote by Pi the
number of patterns of type i which are observed. We then can write
the following three equations which relate the observed quantities,

Pi to the number of particles, fj, as

P = A f +A_f +A f B.2-2a
. PP P pK 'K pmm ( )
Py = AKP fp + AKK fK + AKn f11 » (B.2-2b)

= + R o o2~
rﬂ Aﬂp fp AﬂK fK + Am fTT (B.2-2¢)

These equations can also be written more compactly in matrix notation

as

P = Af. (B.2-3)
The number of particles of each type, f, are then determined by

f = WP (B.2-4)
where W = A-l. More explicitly, Equation B.2-4 can bé‘written as

f = W P +W_P +W P B.2-5
p PP P pK "K pm w ( 2)
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fK = pr Pp + WKK PK + wKﬂ Pﬂ (B.2-5b)
‘ = + + . o2~
f,n wn‘p Pp wTTK PK wﬂTT PTI (B 5¢)

The weighting fac:ors, W, are determined from the probabilities Aij
which contain all our assumptions, and the P's are the observed
numbers of each of the patterns. Thus, we determine the number of
particles of each type (the f's) by using Equations B.2-5. The

values of these weight functions are listed in Tables B6 through B13.
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WEIGHT FACTORS WITH NO MESON DECAY FOR CHZ2 RUNS

W(IJ) IS THE WEIGHT TO BE ASSIGNED

TO THE 1-TH PARTICLE SPECTRUM GIVEN THE J-TH

PARTICLE PATTERN. I

PROTONy KAON, OR PION.

LEFT ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20

14.30
14.40

14.50

14.60

14.70
14.80
14.90
15.00

16.00
17.00

18.00
19.00
20.00

LEFT ARM MOMENTUM

8.00
9.00
10.00
11.00

12.00.

13.00
14.00

14.10.

T0

T0

10
T0
TO0
T0
TO
10
T0
T0
T0
TO
T0
T0
T0
10
TO
T0
T0
TO
TO
10

TO
TO0
T0
T0
T0
TO
TO
T0

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20

Will)

2.29E 00
2.28E 00
2.28E 00
2.28E 00
2.28E 00
2.28E 00
2.27E 00
2.27E Q0
2.26E 00
2.26E 00
2.26E 00
2.26E 00
6.01E 00
3.59E 00
2.81E 00
2.45E 00
1.95E 00
1.87E 00
1l.86E 00
1.86E 00
1.85E 00
1.85E 00

w(12)

-1.19E-01
-1.08E-Q1
-1.08E-01
=-1.08E-01
-1.08E-01
-1.08E-01
~5.61E-02
°4055£-02

OR J =

Hi21)

=-5.35€~-01
-5.32E-01
'5.325“01

_5.32E-01

=-5.32E-01
-5.32E-01
=-6.44E-01
-6.02E-01
-5.71E-01
=5.47E-01
-5.28E-01
=-5.13E-01
-1.41E 00
-9.,05E-01
-7.39E-01
-6.,59E-01
-~5.34E-01
-5.02€-01
-4.95€E~-01
-4092E-01
~4.91E-01
-4091E-01

W(22)

1.87€ 00
1.86E 00
1.86E 00
1.86E 00
1.86E 00
1.86E 00
2.09E 00
1.96€ 00

ls 2y OR 3 FOR

W(3l)

-2.36E-01
-2+.36E-01
=-2+36E-01
-2.36E'01
-2+36E-01
-2.36E-01
-1.83E-01
-1.88E-01

.-10925‘01

-1.94E-01
~1.96E-01
-1.98E-01
-5.27E-01
-3.13E-01
-2.45E~-01
'2014E‘01
-1.72E-01
~1.66E-0Q1
-1.66E-01
-1.66E-01
-1.66E-01
~1.66E-01

W(32)

-2.73E-01
-2.73E-01
~2.T3E-01
-2.73E-01
-2.73E-01
-2.73E-01
-4.25€6-01
~4.09E-01
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LEFT ARM MOMENTUM

14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00

19.00

20.00

LEFT ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40

14.50

14.60

14.70

14.80
14.90
15.00
16.00
17.00
18.00
19.00

20.00

10
T0
10
T0
10
10
T0
10
10
T0
T0
T0
T0
TO0

T0

10
T0

T0
T0
T0
T0
T0
10
T0
T0
10

TO

1O

-T0

T0
T0
TO

710

T0
T0
TO0

(CONT*D)

14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00
19.00
20.00
21.00

W(l2)

-3.76E-02
~3.16E-0Q2
-2.69E~02
~2.31E-02
-1.13E 00
-5.91E-01
-4.10E-01
-3.19E-01
~1.52E-01
~Be43E-02
-6+58E-02
-5.92E~-02
-5.64E-02
-5.51E-02

Wil13)

8.35€E-06
8.16E-08
2.82€-09
1.33E-10
0.0
-6.65E~-11
1.45€E-03
1016E‘03
9.43E°04
7.18E-04
6.50E~-04
5048E'04
2.61E-02
1.33€-02
8.99E-03
6.78E-03
2.61E-03
8.36E-04
3.40E-04
1.60E-04
8.45E-05
4.88€E~05

Wi22)

1.86€ 00
1.78E 00
1. 72 00
1.67€ 00
1.89E 00
1.74E 00
1.68E 00
1.63E QO
1.52€ 00
l.45€E 00
1.43E 00
l.43E 00
1.43E 0O
1.42€ 00

Wi23)

-1.46E-03
-1.44E-03
~1e44E-03
-1.44E-03
-1.44E-03
-1l.44E~-0Q3
-5.T2E-02
-5434E-02
-5.06E-02
-4,85E-02
~-4.69E-D2
=4.,55E-02
-5.05€E-02
~4.69E-02
~4.52E-02
-4.40E-02
-4.10E=-02
=3.93E-02
-3.88E-02
-3.86E-0Q2
-3.85E-02
~3.895E-02

Wi32)

-3,98€E-01
-3.89€-01
-3.82E-01
=3.77E-01
=2.75E-01
~3.19E-01
=-3.32E-01
-3.37E-01
-3043E-01
‘3.435-01
=-3.43E-01
=-3.43E-01
-3.43E-01
=3.43E-01

W(33)

1.09E 00
1.09€ 00
~1.09E 00
. 1s09E 00
1.09€ Q0
1.09E 00
1.10€E 00
1.10€E 00
1.10E QO
1.10E 00
1.10€ QO
1.10E 0O
1.10E 00
1.10E 00
1.10E 00
l1.10E 00
1.10E 00
1.10E 00
1.10€E 00
1.10E Q0
1.10E 00
1.10E 00
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RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00

16.00

17.00
18.00
19.00
20.00

RITE ARM MOMENTUM

8.00
9.00
10.00
11.00
12.00

13.00

14.00
14.10
14.20
14.30
14.40
14.50

14.60

14.70

14.80

TO0
10
10
T0
T0
T0
TO0
10
T0
T0
10
T0
T0
T0
T0
10
10
TO
T0
TO
10
10

T0
T0
10
TO
TO
10
T0
T0
10
10
TO
10
T0
1O
10

(CONT*D)

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90

Will)

2.34E
2.32E
2.32E
2.32E

- 2e32E

2.33E
2.26E
2.26E
2. 26E
2.26E
2.26E
2.26E
7.29E
4.50E
3.48E
2.97E
2.16E
1.STE
1.95E
1.95E
1.95E
1.95€

00
00
00
oo
Q0
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

W(12)

Wi2l)

-5.84E-01
=5.65E-01
-50645-01
~5.64E-01
-5.64E-01

-9.57E-01

-4.69E-01
-4.62E-01
=-4.,57E-01
~4.,55E~-01
-4.53E-01
-4.52E-01
-1.48E 00
-9082E‘01
-8.01E-01
-7.10E-01
-5.64E-01
-5.32E-01
-5.28E-01
-5027E-01
-5.27E-01
=5.27E-01

W(22)

-2.92E-01
-2.2T7E-01
-2.24E-01
~2.24E-01
=2.24E-01
~2458E-01
-1.75E-02
-1.41E-02
-1.20€-02
-1.06E-02
-9.78€E-03
~9.,21E-03
-2.95E-01
-1.77E-01
-1.35E-01

2.04E
1.98E
1.98E
1.98E
1.98E
3.16E
1.55E
1.52E
1l.51E
1.50E
1.50E
1.49E
1.55E
1.52E
1.52E

00
¢ 14)
00
00

00 -

00
00

00.

00
00
00
00
00

00

00

Wi(3l)

-2.50£-01
=2+50E-01
-2.50E-01
-2.50E-01
-2.50E-01
-1.61E-01
~2.15E-01
=2.16E-01
-2.16E-01
-2.17E-01

- =2.17E-01

-2.17€-01
-7.00E-01
~4.30E-01
=-3.31€-01
-2.81E-01
-2.02E-01
-1.84E-01
-1.82€-01
-1.82E-01
-1.82E-01
-1.82€-01

W(32)
=2.89E-01

-2.88E-01
-2.88E-01

+ =2.88E-01

-2.88E-01

- =54.63E-01

=-3.86E-01
-3.83E-01
-3.82E-01
-3.81E-01
-3.80E-01
-3.80E-01
-3.52E-Q1
=-3.63E-01
=3.67E-01
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TABLE B6

RITE ARM MOMENTUM

14.90
15.00
16.00
17.00

18.00.

19.00
20.00

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70

14.80

14.90
15.00
16.00
17.00
18.00
19.00

20.00

T0
TO
T0
10
T0
10
10

T0
10

-T0

10
10
T0
T0
TO
TO
10
T0
T0
T0
T0
T0
10
T0

T0

TO
T0
T0
T0

(CONT®*D)

15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00
19.00
20.00
21.00

W(l1l2)

-1.13E-01
~-8.02E-02
-T7.31E-02
-7.23E-02

=T+21E~02

-7.21E-02
-7.21E-02

Wil3)

1.08E-04
4 66E"°6
4.85E-07
8.91E-08
2.42E-08
1.C9E-02
4.11E-04
2.62E-04
1. 710E~-04
l.11E-04
T7.38E-05
4.94E-05
1.11E-03
4.,69E-04
2449E-04
1. 47E-04
1. 60E-05
7.47E-07
6.36E~-08
2.12E-09
-2 27E-09
-1.36E-09

Wi22)

1.51€ 00
1.50E 00
1.50E 00
1.50€ 00
1.50E 00
1.50E 00
1.50E 00

Wi(23)

=3.24E-03
-3.11€-03
-3.10E-03
-3.10E-03
-3.,09E-03
-1.37€-01
-6.73E~-02
-6.63E-02
-6.56E-02
-6452E-02
-6.50E-02
-6.48E-02
~6.49E-02
-6.47E-02
-6.47E-02
-6.46E-02
~6.45E-02
~6.45E-02

-6.45E-02

-6.45E-02
-6.45E-02
"60455-02

W(32)

-3. 69E-01
~3.T72E~-01
-3.,73E-01
-3.73€E~-01
-3.73E-01
-3.73E-01
-3.73E-01

Wi(33)

1.15E 00
l.15€ 00
l.15€E 00
1.15€ Q0
1. 15 00
1.18E CO
1.17E 00
1.17€ 00
1.17€ 00
1.17€ 00
1.17€ QO
1.17€ 00
1.17E 00
1.17E 00
1.17e 00
1.17E 00
l.17€ 00
1.17€ 00
1.176 00
1.17E 00
1.17E 00
l.17E 00
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TABLE B7.

455 TO 542.

187

WEIGHT FACTORS WITH NO MESON DECAY FOR CH2 RUNS

W(IJ) IS THE WEIGHT TO BE ASSIGNED

TO THE 1-TH PARTICLE SPECTRUM GIVEN THE J-TH

PARTICLE PATTERN.

PROTON, KAON, OR PION.

LEFT ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00

16.00

17.00
18.00
19.00

LEFT ARM MOMENTUM

T0
TO
T0
T0
10
T0
T0

10

10
T0
70

T0

10
T0
10

T0

T0
TO
10
T0
T0

8.00 TO
9.00 TO
10.00 TO

11.00

TO

12.00 10

13.00
13.10

T0
10

13.20 TO

13.30

10

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40

I OR J = 1, 2,

Will)

2.28E
2.28E
2.28E
2.28E
2.28E
2.28E
2.28E
2.30E
2.28E
7.13E
3.90E
2.STE
2454E
2.31E
2.1TE
1.91E
1.86E
1.85E
1.85E
1. 85E
1.85E

00
00
Q0
00
00
00
00
00
(¢]0]
6o
00
oo
00
00
el
00
00
00
00
00
00

W(l2)

Hi21)

~-5.32E-01
=5.32E-01
-5432E-01
~5.32E-01

~5.32E-01

-5.32E-01
-5.32E-01
-1.03€ 00
=-T.T6E-01
-2.24E 00
-1.18E 00
-8.80E-01

~7.39€-01

‘6.60E'01
-6011E-01
-5.17E-01
~4.94E-01
-4.91E-01
-4.915”01
-4.90E-01
-4.90E-01

Wi22)

-1.C9€E-01
-1.08E-01
-1.C8E-01
’IQOBE‘OI
-1.08E-01
-1.08E-01
-1.08E-01
=-1.52E-01
-8.91E-02

l.86E
1.86E
1.86E
1.86E
1.86E
1.86E
1.86E
3.34E
2.52E

00
00
00
00
00

00 -

00
00
0

OR 3 FOR

W(3l)

'2.365-01
‘2.36E-01
-2.36E-01
-2036E-01
-2+36E-01
-2+36E-01
-2+36E-01
-1.40E-01
~1.69E~01
-5.61E~-01
-3.17E-01
~-2.47E-01
~2.15E-01
-1.98€E-01
-1.87E~01
-1.69€E-01

5‘1.66E-01

-1.66E-01
~-1.66E-01
-1.66E-01
‘lobbE‘Ol

W(32)

-2.73E~-01
-20735-01
-2.73E-01
-2.73E-01
-2.7T3E-01
-2.73E-01
-2.73E‘01
~-5.65E-01
~4473E-01



TABLE B7

LEFT ARM MOMENTUM

13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00

19.00

LEFT

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80

13.90

14.00

15.00

16.00
17.00
18.00
19.00

T0
TO0
10
T0
T0
T0
T0
T0
T0
T0
TO
T0

T0

T0

T0
T0
T0

‘T0

T0
TO
TO
T0
10
T0
TO
T0

710

T0
TO
T0
T0
T0
TO0

(CONT*D)

13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

ARM MOMENTUM

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

Wil2)

=-3.91E 00
~1.52E 00
~-8.56E~-01
-5.62E-01
-4.02€E-01
-3.04E-01
~1.14E-01
-6.20E-02
=-5.51E-02
-5.38E-Q2
-5.34E-Q2
-5.33E-02

W(l3)

6. 64E-07
2.23E-08
1-.89E-09
2.66E-10
0.0
3.32E~-11
-3.32E-11
4.07E-03
2.35E-03
1.01E-01
3.84E-02
2.11E-02
1.34E-02
9.18€E-03
6.62E-03
1.62E-03
2.34E-04
4.93E-05
1.35E-05
4.5T7E-06
1.81E-06

W(22)

3.34E 00
2.36E 00
2.02E 00
1.83E 00
1.72E 00
1.65E 00
1.48€ 00
1.43E 00
1.42€ 00
1.42E 00
1.42E 00
l.42E 00

W(23)

-1.51E-03
~1l.46E-03
-1.45E-03
-1.45E-03
-1.44E-03
-1.44E-03
-1.44E-03
-9.13E-02

-6.90€E-02

-8.96E-02
-6.36E-02
-5.44E-02
~4.96E-02
-4.66E~02
~4.45E-02
-4.01E~-02

-3.87E-02

-3.85E-02
_3085E‘02
=~3.85E~02

-3.85E-02

Wi32)

-1.27e-01
~-2.84E-01
-3020E‘01
-3+.32E-01
-3438E-01
‘30405‘01
-3.43E-01
-3,43E-01
-3.43E-01
~3.43E-01
-3.43E-01
=3.43€-01

W(33)

1.09€E 00
. 1.09E 00
1.09E 00
1.09E QO
1.09E 00
1.09€E 00
1.09€e 00
1.10E 00
1.10E 00

- 1.09E 00

1.10E 00
1.10€ 00
1.10e 00
1.10E 00
1.10E 00
1.10€ 00
1.10€ 00
1.10E 00
1.10E 00
1.10E 00
1.10E 00
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TABLE B7

RITE ARM MOMENTUM

8.00
9.00
10.00
11.00
12.00
13.00

13.10°

13.20
13.30
13.40
13.50

13.60.

13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90

T0
T0
T0
T0
TO
T0
10
10
T0
T0
T0
TO
T0
T0
T0
TO
T0
10
10

T0

T0
T0

T0
T0
T0
T0
T0
T0
T0
T0
10
10
TO
T0
TO
TO
T0

(CONT*D)

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00

W(ll)

2.32E
2.32E
2.32E
2.32E
2.32E
2.42E
2.34E
2.31€
2.29E
6. 72E
4.23E
3.32E
2.86E
2.58E
2.41E
2.06E
1.96E
1.95E
1.95E
1.95E
1.95¢€
1.95E

00
00
00
9]0
00
00
00
00
00
00
00
00
90
00
00
00
00
00
00
00
00
00

wil2)

W(21)

-5.66E-01
-5.64E-01
~-5.64E-Q1
=5.64E-01
-5,64E-01
-1.56E 00

-1.01E 00

-7.91E-01
-6.80E-01
~1.94E 00
-1.22E 00
-9.46E-01
-8.09E-01
-7.27€-01
-6.75E-01
=5.65E-01
-5.33E-01
-5.29E-01
-5.28E-01
-5.27€-01
=5.27E-01
-5.27€E-01

Wi22)

‘ZQZQE'OI
=2.24E-01
-2.24E-01
-2.24E-01
'2024E'01
-5.56E-01
-2.82E-01
-1.76E-01
-1.22E-01
-2.71E 00
-1.31E 00
-8.06E-01
-5.60E-01
-4.,1T7TE-01
=3.26E-01

1.98E
1.,98E
1.98E
1.98E

1.98E

5. 16E
3.32E
2.61E
2.25E
2.T9E
2.24E
2.00E
1.87E
1.78E
l1.71E

00
00

00 .

00

00 .

00
00
00
00
00
00
00
00
00

00

W(3l)

-2.50E-01
-2.50E-01

"=2.50E-01

-2.50E-01
-2.50E-01
-9.50€E~-02
‘1056E‘01
-1.80E-01
-1.92E-01
-5.T78E~-0Q1
-3.71€-01
-2094E'01
~2.56E-01
-2+.33E-01
-2.19E-01
-1.90E-01
-1.83E-01
-1.82E-01
-1.82E-01
-1.82E~01
-1.82E-01
-1.82E-01

W(32)

- =2.89E-01

‘2.885-01
-2.88E-01
-ZQBBE‘OI
-2.88E-01
-7.82E-01

. =5.81E-01

-5.03E-01

’ ‘4.635-01

-2.13€-01
-3.15&E-01
=-3.45E-01
-3.58E-01
-3.65E-01
-3.68E~-01
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TABLE B7

RITE ARM MOMENTUM

14.00
15.00
16.00
17.00
18.00
19.00
20.00

"RITE ARM MOMENTUM

8.00
9.00

10.00

11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60

13.70

13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

TO
T0
T0
T0
T0
T0
10

T0
T0
T0
T0
T0
T0
T0
T0
10
T0
T0
T0
TO
T0

T0

T0
T0
TO0
TO
T0
T0
10

(CONT*D)

15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

Wi12)

-1.40E-01
-8.37E-02
-T.49E-02
-7.30E-02
~T.24E-02
~7.22E-02
-7.21E-02

W(l3)

T«34E-06
5.27TE~07
7.78E-08
1l.87E-08
6.40E-09
2.38E-02
1.19E-02
7.32E-03
4094E'03
1.07E-01
5.0C0E-02
2.9TE-Q2
1.97E-02
1.40E-02
1.03E-02
2.80€E-03
4.82E-04
1.19E-04
3.72E-0Q5
1.40E-05
6.11E-06
300°E'06

W(22)

1.57€E
l.51E
1.51E
1.50E
1.50E
1.50E
1.50E

00
00

00

00
00
00
00

W(32)

~3.72E-01
-3.73E-01
-3073E'01
=3.73E-01
-3.T3E-01
=3.73E~-01
-3.73E~-01

W(23)

-3.13E-03
-3.10€E-03
~-3.10E-03
-3.09€-03
‘3009E-03
-ZOZQE'OI
-1+.44E-01
-le14E~-0Q1
-9,T76E-02
-1.18€E-01
-9.56E-02
-8.57E-02
-T+99E-0Q2
-7.61E-02

-7.35E-02

-6.72E-02
-6.50€E-02
-6.46E-02
-6.45E~-92
~6.45E-02
-6.45E-02
-6.45E-02

W(33)

1.15E
l.15E
l.15E
l.15E
1.15E
1.19E
1.18E
l.17E
1.17€
1.16E
l.17E
l.17E
l1.17€
1.17E
1.17E
l1.17E
1.17€

'lol?E

l.17E
1.17€
1.17E
1.17E

00
00
00
Co
00
00
00
00
00
00
00
00

00

00
00
00
00
00
00
00
00
00
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TABLE B8.

WEIGHT FACTORS WITH NO MESON DECAY FOR PB. W(IJ)

IS THE WEIGHT TO BE ASSIGNED TO THE I-TH

PARTICLE SPECTRUM GIVEN THE J-TH PARTICLE

191

PATTERN. I OR 4 = 1y 2o OR 3 FOR PROTON, KAON
OR PION.

LEFT ARM MOMENTUM Wiil) W(21) W(3l)
8,00 TO 9.00 3.18t 00 -9.55€-01 -4,4TE~-01
9.00 7O 10.00 3.18€E 00 -9.53E-01 ~4.47€E-01

10.00 10 11.00 3.18E 00 -9.53E-01 -4.4TE-01
11.00 T0 12.00 3.18E 00 -9.53€e~-01 ~4.,47E-01
12,00 T0 13.00 3.18E 00 =9.53E-01 . =~4.47€E-01
13.00 70 13.10 3.18€E 00 -9.53E-01 -4.,47e-01
13.10 70 13.20 3.18E 00 -2.33E 00 -1.37€-01
13.20 7O 13.30 3.18E Q0 -1l.76€ 00 -2.31E-01
13.30 TO 13.40 3.18E 00 -1.47€E QO ~2.79€E-01
13.40 TO 13.50 3.18€E 00 -1.30€ 00 -3.08E-01
13.50 T0 13.60 8.68E Q0 ~-3.44E 00 -8.64E-01
13.60 TO 13.70 5.15E 00 -2.01E 00 -5.20E-01
13.70 70 13.80 3.96E 00 -1.52€E 00 -4.,04E-01
13.80 7O 13.90 3.37E 00 =1.28E 00 = -3,48E-01
13,90 17O 14.00 3.03E 00 -1.13E 00 -3.16E-01
14.00 TO 15.00 2.42E 00 ~8.53E~01 ~2.62E-01
15.00 TO 16.00 2.26E 00 -T.66E-01 -2.50E-01
16.00 TD 17.00 2.24E 00 =7.49E-01 -2.49E-01
17.00 TO0 18.00 2.23E 00 ~T.44E-01 -2.49E-01
18.00 7O 19.00 2.23E 00 ~7.43E-01 -2+49E-01
19.00 TO 20.00 2.23E Q0 ~7.42E-01 =2.49E-01
20.00 TO 21.00 2.23E 00 ~T.42E-01 -2+.49E-01

LEFT ARM MOMENTUM W(l2) W(22) Wi(32)
8.00 T0 9.00 ~6.46E-03 2.23E OO -4.92E-01
9.00 7O 10.00 =2.60E-03 2.22E QO -4.92E-01

10.00 70O 11.00 ~2.40E-03 2.22E 00 -4.92E-Q1
11.00 TO 12.00 -2.37E-03 2.22E 00 =-4,92E-01
12.00 70 13.00 =2.37E-03 2.22E 00 -4,92E-01
13.00 TO 13.10 =-2.37E-03 2.22E 00 -4,92E-01
13.10 TO 13.20 =-4.45E-03 4.29€ 00 -9,.60E-01
13.20 TO 13.30 -2.79€E-03 3.25E 00 ~-7.87e-01




TABLE B8

LEFT ARM MOMENTUM

13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

LEFT ARM MOMENTUM

8.00
9.00
10.00
11.00
12.00
13.00

13.10

13.20
13.30
13.40
13.50
13.60

13.70

13.80
13.90
14.00
15.00
16.00
17.00

18.00
19.00.

20,00

T0
T0

T0

TO
T0
T0
T0
T0
T0
T0
T0
T0
T0
T0

10
T0
TO
T0
10
10
T0
T0
T0
T0
T0
T0
T0
T0
TO
10

TO

TO
10
0
T0
T0

(CONT*D)

13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00

18.00
19.00

20.00
21.00

Wil2)

-1.95E-03
-1.44E-03
-4003E 00
~1.88E 00
-1.16E 00
-8.07TE-O1
-6.G0E-01
-1.96E-01
~5.65E-02
~2.67E-02
-1.78E-02
-1.45E-02
-1.31E-02
-1.24E-Q2

Wil3)

2. 45E-07
1.28E-08
1.55E-09
3.17E-10
9.32€-11
5.02E~-11
4.63E-05
2.90E-05
2.02E-05
1l.49€E-05
4.16€E-02
1094E-02
1.19€-02
8.23E-03
6.09E-03
1.91£-03
4.66E~04
1.58E-04
6.45E-05
3.05E-05
le61E-05
9.33E-06

HW(22)

2.T2E 00
2.39€ 00
3.78E 00
2.77TE 00
2.38E 00
2.15E 00
2.01E 00
1.68E 00
1.55E 00
1.52E 00
1.51€E 00
1.51€ Q0
1.51E 00
1.50E 00

Wi23)

-1034E-04
~1e24E-04
-1.22E-04
~1.21E-04
-IQZOE-OQ
-1.20E-04
~4.47E-02
-3.39E-Q2
~2.83E-02
=2.50E-02
=3.92E-02
-2.88E-02
-2.47E-02
~2.24E-02

-2.09E-02

-1e75E-02
-1.61E~-02
-1.58E-02
=1.57E-02
-1.56E-02
=1.56E-02
-1.56E~-02

Wi32)

-6.98E-01
~6.44E-01
-2.08E-01
-3.95€£-01
-4.48E'01
-4.70E-01
~4.80E~01
'4.93E-01
=4,94E-01
~4.94E-01
=4,94E-01
~4+94E-01
=4.94E-01
-4.94E-01

Wi33)

1.02€ 0O
1.02€ 0O
1.02E 00
1.02€ 00
1.02E 00
1.02€ 00
1.03E 00
1.02E €O
1.02€ 00
1.02€E 00
1.02€ 00
1.02E 00
1.02€ 00
1.02€ 00
1.02€ 00
1.02E 00

1.02E 00

1.02E 00
1.02E 00
1.02E 00

1.02E 00
1.02€E 00
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TABLE B8

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00

17.00

18.00
19.00
20.00

RITE ARM MOMENTUM

8.00
9.00

10.00°

11.00
12.00

13.00

13.10
13.20
13.30
13.40
13.50
13.60
13.70

13.80:

13.90

T0
T0
10
T0
TO
T0
T0
T0
10
10
T0
T0
10
TO
T0
T0

TO

T0
T0
TO
T0
T0

T0
TO
T0
T0
T0
T0
T0
10
T0
TO

Y0

T0
TO
10
T0

(CONT*'D)

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00

16.00

17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00

W(ll)

3.18E
3.18E
3.18E
3.18E
3.18E
3.18E
3.18E
3.18E
3.18E
3.17E
9.55E
5.23E
3.93E
3.32E
2.98E
2.39E
2.26E
2. 24E
20 24E
24 24E
2.24E
2.24E

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

W(lz)

Wi2l)

-9.55€-01
-9.,53E-01
-9.53E-01
-9.53E~-01
=-9.53E-01
-1.45E 00
~-1.25E Q0
-1.13E 00
-1.05€ 00
-9.91E-01
-2.87€E 00
-1.64€E Q0
=-1.26E 00
-1.09E 00
-9.85E-01
-8.00E-01
=-7.52E-01
-7046E'01
=T.44E-01
~7.44E-01
~Te44E~-01

‘7.44E-01

Wi22)

=T.54E-03

=3.28E-03

-3.07E-03
-3.04E~-03
=-3.04E-03
-2.51E-03
-1.73E-03
-1026E’03
-9.52E-04
-7.38E-04
-1.84E 00
-8.09E-01
-4.97E-01
-3.47E-01
-2.€1E-01

2.23E
2.23E
2.23E
2.23E
2.23E
2.T4E
2¢36E
2.13E
1.98E
1.87E
2.35E
1.99€
1.86E
1.78E
1.72E

00

Q0
00
00
00
00
00
00
Q0
00
00
00
00
00
00

W(31l)

=4.59E-01

-4.59E-01"-

-4.59E-01
~4,59E-01
-4,59E~-01
-2.91E-01
=-3.26E-01
=3.47E-01
-3.61E-01
-3.71E-01
-1.14E GO
-6.12E-01
‘4055&‘01
-3.82E-01
~3.42€E-01
-2.73€-01
=2.59E-01
-2.58E-01
-2.58€E-01
-2.58E-01
-2.58E-01
-2.58E-01

W(32)

-5.06E-01
-5.05E-01
‘5005E‘01
-5.05E-01
-5.05E-01
=T.24E-01

=6459E-01

-6.19E-01

" =5.93E-01
- =54 T75E-01

°3.43E-01
-4.57€-01
-4.87E-01
-4,99E-01
-5.05E-01
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TABLE B8

RITE ARM MOMENTUM

14.00
15.00
16.00
17.00
18.00
19.00
20.00

RITE ARM MOMENTUM

8.00
9.00
10.00
11.00
12.00

13.00

13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00

20.00

T0
10
T0
T0

-T0

TO0
T0

T0
10
TO
T0
T0
T0
T0
10
10
T0
T0
T0
T0
T0
T0
T0
T0
T0
T0
T0
T0
10

(CONT*D)

15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

W(l2)

-9.,62E~02
-4.38E-02
-3.44E-Q2
-3.20E-02
-3. IZE-OZ
-3.C9E-02
-3.C8€E~-02

wW(l3)

1.91€E~-06
9.92E-08
lo 16E-08
2.305‘09
6.5TE-10
T«43E-05
5.C9E-05
3.6TE-05
2.714E-05
2.10E-05
5.14E-02
2.22E-02
l.33E-D2
9.10E-03
6.64E~03
1.51E-03
3.87E-04
1.09E-04
3. 84E"05
1.59E-05
T.52E~Q6
3.96E-06

W(22)
1.60€ 00

1.55€E 00

1.54E 00
1.54E 00
1.54E 00
1.54E 00
1.54E 00

W23}

-9.43E~-04
-9.25E-Q4
-9.21E-04
-9.19E~-04
-9.19E-04
-8.26E-02
-7.11E~02
~-6+41E-02
~-5.95€-02
-5.64E-02
-5.93E-02
~-5.54E-Q2
~-5.31€E-02
-5.16E-02
-4.79E-02
~4.64E-0Q2
-4.61E-02
“4.60E-02
-4.,60E~02
-4.60E-02

-4,60E-02

W(32)

-5.11E-01
-5.12E-01
-5.12E-01
-5.12€-01
-5.12E-01
-5.12E-01
-5.12E-01

W(33)

1.04E 00
1.04E 00
1.04E 00
1.04E Q0
1.04E 00
1.06E €0
1.06€E 00
1.06E 00
1.06E 00
1.06E 00
1.05€ Q0
1.06E Q0
1.06E 00
1.06E QO
1.06E 00
1.06E 00
1.06€ 00
1.06E 00
1.06E 00
1.06E QO
1.06E 00
1.06E 00
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TABLE B9S.

WEIGHT FACTORS WITH NO MESON DECAY FOR BE.

IS THE WEIGHT TC BE ASSIGNED TO THE I-TH

PARTICLE SPECTRUM GIVEN THE J-TH PARTICLE

PATTERN.

OR PION.

I OR J =

1y 2, OR 3 FOR PROTON, KAON

195

WilJ}

LEFT ARM MOMENTUM W(ll) Wi21) W(3l)
8.00 TO 9.00 2.26E 00 -5.43E-01 -2.04E-01
9.00 TO 10.00 2.26E 00 -5.43E-01 -2.04E-01

10.00 10 11.00 2.26E 0N -5.43E~-01 ~2.04E-01
11.00 TO 12.00 2.26E 00 =-5.43E-01 -2.04E~-01
12.00 10 13.00 2.26E 00 -5.43E-01 -2.04E-01
13.00 70 13.10 2.26E 00 -5.43E-01 =2.04E-01
13.10 10 13.20 2.26E 00 -1.53E 00 ~T.17€E-02
13,20 TO 13.30 2.26E 00 -1.07€E 00 -1.19€E-01
13.30 70 13.40 2.26E 00 -8.63E-01 -l.41€E~01
13.40 70 13.50 2.26E 00 -T7.45E-01 -1.53E-01
13.50 10 13.60 T.01E 00 -2.24E 00 ~4.84E~01
13.60 70 13.70 4.03E 00 -1.27€ 00 -2.81E-01
13.70 T0 13.80 3.06E 00 =-9.55E-01 ~2.16E-01
13.80 70 13.90 2.60E Q0 =7.98E-01 -1.84E-01
13.90 TO 14.00 2.33E 00 -7.07E-01 -1.67€-01
14.00 TO 15.00 1.86E 00 -5.31€E-01 -1.37e-01
15.00 70 16.00 l.74E 00 -4.T76E-01 -1.31E-01
16.00 70 17.00 1. 73E 00 ~4.66E-Q1 -1.30E-01
17.00 TO 18.00 1. 72E 00 ~-4.63E-01 -1.30E-01
18.00 70 19.00 1.72E 00 -4.62E-01 -1.30E-01
19.00 10 20.00 1.72E 00 -4.61E-01 -1.30€E-01
20.00 170 21.00 1.72E 00 ~4.61E-01 -1.30E-01

LEFT ARM MOMENTUM Wilz) W(22) W(32)
8.00 TO 9.00 -4.58E-03 1.72E 00 -2.25E-01
9.00 TO 10.00 -1.60E-03 1.72€ 00 -2.25E-01

10.00 7O 11.00 -1.45E-03 1.72€ 00 =2.25E-01
11.00 TO0 12.00 -1.43€E-03 1.72E 00 -2.25E-01
12.00 70 13.00 -1.43E-03 1.72€ 00 -2.25E-01
13.00 - TO 13.10 -1.43E-03 1.72E 00 -2.25E-01
13.10 T0 13.20 -3.57E-03 4.41E 00 -5.86E-01
13.20 70 13.30 -2.07E-03 3.09E 0C -4.50E-01



TABLE B9

LEFT ARM MOMENTUM

13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00

15.00

16.00
17.00
18.00
19.00
20.00

LEFT ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10

13.20

13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

T0

T0
T0
T0
T0
T0
To
T0
T0
T0
T0
T0
T0
T0

T0
T0
10
10
T0
T0
T0
TO
10
70
10
T0

'T0

TO
TO
T0
10
T0
T0
TO0
T0
T0

(CONT*D)

13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

wWi12)

-1.39E-03
-1.00E-03
-3.72€E 00
-1.6TE QO
-1.GClE 00
-6.94E-Q1
-5.12E-01
~1.64E-01
"0.62 E-OZ
-2.11E-02
-1. 35 E-Q2
-1.08€E-02
-9.59E~-03
-9.03E-03

wW(13)

1. 19E-07
9. 29E-09
1.12€E~-09
2.28E-10
6.70€~-11
3.60E-11
3.72E-05
2e 165'05
l. 44E-05
1.04E-05
3.85E-02
l.72E-02
1l.04E-Q2
7.11E-03
5.23€E-03
1.62E-03
3. 9‘0E'04
1.33E-04
5« 45E-05
2.58E-05
1.36E-05
7.88E-06

Wi22)

2.49€ 00
2.15E GO
3.12E 00
2.31€ 00
1.99E 00
1.81E 00
1.69E 00
1.42E 00
1.31€E QO
1.28E 00
1l.27€ QO
1.27€ 00
1.27€ 00
1.27€ 00

W(23)

-9,T8E~-05
-8.97€E-05
-8.76E~-05
~-8.68E-05
-8.65E-05
-8+.64E-05
-4061E-02
-3.23E-02
-2.60€E-02
-2.24E-02
~3.24€E-02
-2.40E-02
-2.07E-02
-1.89E-02
-1.76E-02
-1.48€E-02
-~1+36E-02
-1.33E-02
-1.32E-02
-1.32E-02
-1.32€-02
-1.32E-02

W(32)

-3.88E-01
-3.52€E-01
-T7+30E-02
-1.99E-01
~2+.33E-01
-2.46E-01
-2.53E-01
-2.60E-01
-2.61E-01
-2.61E-01
-2.61E-01
-2.61E-01
-2.61E-01
'ZcblE“Ol

W(33)

1.02E 00
1.02E 00
1.02€ Q0
1.02E GO
1.02E 00
1.02€E Q0
1.02€ 00
1.02€ 00
1.02E 00
1.02€E 00
1.02E 00
1.02e 00
1.02E 00
1.02€E 00
1.02E 09
1.02E 00
1.02E 00
1.02€ 00
1.02E G0
1.02E 00
1.02E 00
1.02€E 00
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TABLE B9

RITE ARM MOMENTUM

14.00
15.00
16.00
17.00
18.00
19.00
20.00

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40

13.50"

13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00

20.00

TO
T0
T0
70
T0
T0
TO

T0
10
T0
TO
10
10
T0
10
1o
T0
T0
T0

‘T0

¥0
T0
TO
TO0
T0
T0
T0
10
T0

{CONT*D)

15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15,00
16.00
17.00
18.00
19.00
20.00
21.090

Wil2}

-7.70E-02
-3.29€E-02
-2.51€-02
~2.30E-02
—2.24E-02
-2.22E-02
-2.21E-02

W(13)

1. 37E"06
T.14€-08
8.37E-09
1 «65E~09
4.72E~-19D
5.28E-05
3.53E-05
2.51E-05
1.85E-05
1.41E-05
5.40E-02
2.04E-02
1.18E-02
7.S0E-03
5.71E-03
1.62E-03
3.26E~-04
9.20E-05
3.23€E-05
l.34€-05
6.33E-06
3.33E-06

HW(22)

1.34E 00
1.30€ 00
1.29€ 00
1.29€ 00
1.29€E 00
1.29€ 0O
1.29E 00

W(23)

-6.80E-04

-6 65E-04
-6.61E-04
-6.60E-04
-6 6OE-04
-7.52€-02
-5.60E-02
-5.15E-02
-4.84E-02
-5.88€E-02
~4.97€E-02
~4.65E-02
-4.33E-02
-4.02E-02

-3.90E-02 .

-3.88E-02
-3.87E-02
-3.87E-Q2
-3.87€E-02
-3.87E-02

W(32)

-2.69E-01
-2.69E-01
-2.69E-01
-2.69€E-01
-2.69E-01
-2. 69E"01
~2469E-01

W(33)

1.04E 00
1.04E 00
1.04E 0O
1.04E 00
1.04E 00

1.05E 00O

1.05E 00
1.05€ Q0
1.05€ 00
1.05E 00
1.05€ 00
1.05E 00
1.05€ 00
1.05€E 00
1.05E 00
1.05E 00

1.05€ 00O

1.05E 00
1.05€ 0N
1.05€ 00
1.05E 00
1.05€ 00
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TABLE B10.

LEFT ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70

13.80

13.90
14.00
15.00
16.00
17.00
18.00
19.00

LEFT ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20

13.30

WEIGHT FACTORS WITH MESON DECAY FOR CH2 RUNS

272 TO 454.

TO THE I-TH PARTICLE SPECTRUM GIVEN THE J-TH

199

"W(IJ) IS THE WEIGHT TO BE ASSIGNED

PARTICLE PATTERN.

PROTON, KAON, CR PION.

T0
10
10
T0
T0
T0
70
10
T0
10
10
T0
10
10
TO
TO
10
TO
10
T0
T0

TO
T0
T0
T0
T0
T0
TO
T0
T0

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40

I1 OR J =

Will)

2.28E
2.28E
2.28E
2.28E
2.28E
2.28E
2.28E
2.30E
2.28E
7.13E
3.90E
2.97E
2454E
2.31E
2.17TE
1.91E
1.86E
1.85E
1.85E
1.85E
1.85E

00
00
00
00
00
00
00
00
00
00
co
00
00
00
00
00
00
00
00
00
00

ly 2y

W(21)

-5.32E-01
-5.32E-01
-5.32E-01
=5.32E-01
-5.32E-01
‘5.325-01
-5.32€-01
-1.03€ 00
-7.76E-01
-2+24E 00
-1.18€ 00
~8.80E-01
-7.39E-01
-6060E‘01
-6.11E-01
-5.17E-01
-4.94E‘01

-4.91E-01

-4091E’01
-4.90E-01
-4.90E-01

W(12)

-1.37€E-01
-1.32E-01
-1.30E-01
-1.28E-01
-1.26E-01
~1.25E-01
-1.25€E-01
-1.75€E-01
-1.03€E-01

W(22)

2.33E
2.27E
2.23E
2.20€E
2.17E
2.14E
2+ 14E
3.85E
2.91E

00
00
00
00
0o
00
00
00
00

OR 3 FOR

W(31)

=2.36E-01
.-2.365-01
-2.36E-01
~2.36€E-01
~2+.36E-01
-2+36E-01
~2¢36E-01
~1.40E-01
~-1.69E-01
-5.61E-01
‘3-17E_01
~2.47€-01
~2.15E-01
-1098E‘01
-1.87g-01
-1.69E-01
-1.66E-01
-1l.66€£-01
-1.66E=01

l 'lobbE’OI

-1066E-01

W(32)

=3.42E-01
-3.34E-01
-3.27E-01
-3,22E-01
-3.18E-01
=3.14E-01
-3.14E-01
-6.51E~01
=5.45E-01



TABLE B10

LEFT ARM MOMENTUM

(CONf'D)

13.40 10
13.50 710
13.60. 70O
13.70 10
13.80 TO
13.90 10
14.00 71O
15.00 TO
16.00 70
17.00 T0
18.00 710
19.00 TO

LEFT ARM MOMENTUM

8.00 1O
9.00 TO
10.00 71O
11.00 TO
12.00 10
13.00 TO
13.10 10
13.20 10
13.30 10
13.40 TO
13.50 10
13.60 71O
13.70 TO
13.80 TO
13.90 710
14.00 TO
15.00 TO
16.00 TO
17.00 1O
18.00 TO
19.00 70

13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

Wil2)

‘4.50E 00
-1.15E 00
-9.86E-01
-6048E'01
-4.64E-01
-3.51E-01
~1+30E-01
-7.01E-02
-6.19E-02
~6.00E-02
~5.93E-02
-5.88E~-02

W(13)

6.84E-07
2.29E-08
1.94€E-09
2.12E-~10
0.0
3.39E‘11
-3.39€E-11
4.15E-03
2.40€E-03
1.03E-01
3.91E-02
2.15E-02
1.36E-02
9.36E-03
6.74E~-03
1.64E-03
2.38E-04
5.01E-05
1.37E-05
4.,63E-06
1.83E-06

Wi22)

3.85E 00
2.72E 00
2.32E 00
2.11E 00
1.98E 00
1.90E J0
1.69E 00
1.62€ 00
1.60E 00
1.59€ 00
1.58E 00

1.57E 00

Wi(23)

-1.55€E-03
-1.50E-03
-1.49€E-03
-1.48€E-03
-1.47E-03
-1047E‘03
-1.47€-03
-9.30E-02
-T.03E-02
-9.,13E-02
-6.48E-02
-5.55€-02
~5.05E-02
~4.74E-02
-4.54E’02
-4.08E~-02
=-3.94E-02
-3.91E-02
-3.91E-02
-3.90E-02
~3.90E-02

Wi32)

-1.46E-01
-3.28E-01
-3.69E-01
-3.83E-01
~3.89E~-01
-3.92€-01
-3.91E-01
-3.88E-01
-3.85E-01
-3.83E-01
-3.81E-01
=3.79E-01

Wi(33)

l.12€ 00
1.12E 00
l1.12t 00
1.11E 00
l.11€ 00
1.11E 00
1.11E 00
1.13E 00
1.12E 00
1.11E 00
1.12€ 00
1.12€E 00
1.12€ 00
1.12€E 0O
1.12€ 00
1.12E 00
1.12E Q0
1.12€ 00
l.11€ 00
l.11€ 00
l.11E 0O
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TABLE B10O

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10

13.20

13.30
13.40
13.50

13.60

13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60

13.70
13080'

13.90

T0
10
T0
10
10

T0

T0
10
T0
T0
10
T0
T0
T0
T0
T0
TO
TO
T0
T0
T0
T0

T0
T0
T0

.10

T0
TO
T0

T0

T0
T0
T0
T0
TO
T0
10

(CONT*D)

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00

Will)

2.32E 00
2.32€ 00
2.32E 00
2.32€ 00
2.32E 00
2.42€ 00
2.34E 00
2.31E 00
2.29E 00
6.72E 00
4.23E 00
3.32E Q0
2.86E 00
2.58E 00
2.41E 00
2.C6E 00
1.96€ 00
1.95E 00
1.95E 00
1.95€E 00
1.95E 00
1.95E 00

W(l12)

-2.86E-01
-2.75€-01
-2.69E-01
-2.65E-01
-2.61E-01
-6.40E-01

- =3.25E-01

-2.03E-01
=-1.40E-Q1
-3.13E 00
-1.51E Q0
-9.,29E-01
-6.45E-01
‘4.80E‘01
~3o76E-01

Wi21)

-5.66E-01
-5.,64E-01
=5.64E-01
=5.64E-01
-1l.56E 00
-1.01E 00
-7.91€-01
-6.80E-01
-1.94E 00
-1.22E 00
‘9.46E-01

-8009E’0[

-T7.27TE-01
-6.75E-01
-5065E'01

-5.33E-01

-5.29€-01
-5.28E-01
-5.27€-01
-5.276-01
-5.27E-01

W(22)

2.48E 00 -

2.42€ 00
2.37E 00
2.33E 00
2.30E 00
5.94E 00
3.83E 00
3.01E 00
2.59€E 00
3.21€ 00
2.59E 00
2.31E 00
2.15E 00
2.05E 00
1.97€ 00

W(3l)

-2.50€-01

-2.50E~-01.

-2.50E~-01
-2.50E-01
~2.50E-01
-9,50E-02
=1.56E-01
-1.80E-01
-1.92E-01
-5.78E-01
-3.71€E~-01
-2.94E-Q1
°2056E'01
-2.33E-01
~2.19E~-01
-1.90E-01
-1.83€E-01

- =1.82E-01

-1.82E-01
~1.82€E-01
-1.82E~01
“loBZE‘Ol

W(32)

-3.61E-01
-3.53€E-01
~3.46E-01
-3.41E-01
-3.36E-01
'9.015‘01
-6+ 69E-01
=-5.79E-01
-5.33E-01
-2.45E-01
=3.62E-01
-4.13E-01
-4+, 20E-01
=4424E-01
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TABLE 810

RITE ARM MOMENTUM

14.00

15.00
16.00
17.00
18.00
19.00
20.00

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00

13.10
13.20

13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

T0
T0
T0
10
10

T0

TO

T0

70

T0
T0
T0
T0
T0
10
T0
TO
T0
T0
10
T0
T0
T0
T0
T0
T0
T0
70
T0

(CONT*D)

15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

Wil2)

-1.60E-01
-9.47E-02
~-8.41E-02
-8.14E-02
-8.03E-02
-7097E'02
-7.82E-902

Wil3)

T.STE-06
5.41€-07
T.STE-08
1.91E-08
6.54E-09
2443E-02
1.21E-02
T.46€E-03
5.03E-03
1.09E-01
5«10E-02
3.03E-02
2.01E-02
l.42E-02
l.C5E-02
2.85€E-03
4.90€E-04
1.21E-04
3.78E-05
1.42E-0Q5
6019E-06
3.04E-06

W(22)

1.79E 00
1.71€ 00
1.69E 00
1.68E 00
1.67E 00
1.66E 00
1.65E Q0

Wi23)

-3.23E-03
-3.19E-03

. =3.17€-03
-3.16E-03

-3.16E-03
-ZQZBE-OI

~1.47€E-01 -

-1.16E-01
-9.95€-02
-1.20E-01
-9,75€~-02
-8.73E-02
~-8.14E-02

~T7.76€E-02

~T7.49E-02
‘6084E‘02
-6061E-02
-6.56€E-0Q2
-6.55€-02
-6.54€E-02
-6053E-02
-6.53E-02

W(32)

-4,25€-01
~4.,22E-01
~-44,19E-01
-4,16£-01
-4014E-01
-4.11E~01
‘4009E-01

W(33)

1.19E Q0
l.18€ 00
1.18E 00
1.18€ 00
1.18E QO
l.21€ 0O
1.20E 00
1.20E QO
1.19E Q0
1.18€ Q0
1.19E 00
1.19E QO
1.19€ 00
1.19E 00
1.19E 00
1.19€ 00
1.19€ 00
1.19€E 00
1.19€ 00
1.18E 00
1.18€ 00
1.18E 00
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TABLE Bll.

LEFT ARM MOMENTUM

9.
10.
11.
12.
13.
l4.
14.
14.

14.

14.
14,

14.
14.
14.
14.

15.
16.

17.
18.
19.

20.

WEIGHT FACTORS WITH MESON DECAY FOR CH2 RUNS

455 TO 542.

203

W(IJ) IS THE WEIGHT TO BE ASSIGNED

TO THE I-TH PARTICLE SPECTRUM GIVEN THE J-TH

PARTICLE PATTERN.

PROTON, KAON, OR PION.

00
00
00
00
00
00
00
10
20
30
40
50
60
70
80
90
00
00
00
00
00
00

TO0
T0
10
T0
TO
T0
T0
T0
T0
T0
T0
TO
T0
10
T0

T0
T0
T0
T0
T0
T0

To

LEFY ARM-HOMENTUH

8.00

9.00
10.00
11.00
12.00
13.00
14.00

14.10

T0
T0
TO
T0
T0
TO
T0
T0

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20

I OR J =

wW(ll)

2.29E
2.28E
2.28E
2.28E
2.28E
2.28E
2.27E
2.27TE
2026E
2.26E
2426E
2.26E
6.ClE
3.59E
2.81E
2.45E
1.95E
1.87E

- 1. 86E

l.86E
1.85E
1.85E

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
0o
00
00

1, 2,

Wi21)

-5.35E-01
-5.32E-01
-5.32E-01
-5.32E-01
-5.32€E-01
-5.32E-01
-6.44E-01

-6.02E-01"

-5.71E-01
=5.4TE-01
'5028E-01
-5.13E-01
-l.41E
=-9.05€E-01
=-7.39€-01
=-6+59E-01
-5.34E-01

-SQOZE-OIV
-4.,95E-01

-4.92E-01
-4,91€E-01
‘4091E'01

00 .

W(lz2)

-1.49E-01
-1<.33E-01
-1.30E-01
-1.28€E-01
-1.26E-01
-1.25E-Q1
~6.40€E-02
-5.19€E-02

W(22)

2.34F
2.2TE
2.23E
2.20E
2.1TE
2. 14E
2.39E
2.23E

00
00
00
00
00
00
00
00

OR 3 FOR

Wi31l)

-2.36E-01
-2036E°Ol

. =2¢36E-01

=2.36E-01

°2.36E'01'

=2.36E-01
-1.83E-01
-1.88E~-01
-1.92E-01
-1094E-01
-1.96E-01
-1.98E-01
-5.27€E-01
-3.,13E~01
-2.45E-01
-2.14E-01
-1.72E-01
-1.66E-01
-1l.66E-01
-1.66E~01
-1.66E-01
-1.66E-01

W(32)

-3.42E-01
-3.34E-01
-3.27E-01
-3.22€E-01
-3,.18E-01
=3.14E-01
-4.85€E-01
’4.675‘01




TABLE Bl11

LEFT ARM MOMENTUM

(CONT*D)

14,20 TO
14.30 TO
14.40 TO
14.50 TO
14.60 TO
14.70 TO
14.80 TO
14.90 TO
15.00 TO
16.00 TO
17.00 T0O
18.00 TO
19.00 TO
20.00 TO

LEFT ARM MOMENTUM

8.00 TO
9.00 TO
10.00 7O
11.00 TO
12.00 TO
13.00 TO
14.00 TO
14.10 TO
14.20 TO
14,30 TO
14,40 TO
14.50 TO
14,60 1O
14.70 TO
14.80 TO
14.90 TO
15.00 70
16.00 TO
17.00 7O
18.00 TO
19.00 TO
20.00 TO

14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00
19.00
20.00
21.00

W(12)

-4.29E-02
-34.61E=-Q2
-3.07€-02
=2.64E~02
-1.29E 00
-6.T74E-01
-4068E-01
’3'64E-01
-10715’01
-9.47E~-02
-7+35E-02
-6-22E-02
-6.05€E-02

W(l3)

8.60E'06
8.38E-08
2.89E-09
1.36E-10
0.0
-6.77E-11
1l.47E-03
1.18E-03
9. 60E-D4
T.92E-04
6.62E-04
5.5TE~04
2.65E-02
l«36E-02
9.15E-03
6.90E-03
2.65E-03
8.50E'04
3.45E~-04
1. 62E-04
8.56E~-05
4.94E-05

W(22)

2.12E 00
2.03E 00
1.96E 00
1.90€E 00
2.16E 00
1.99€ 00
1.91E 00
1.86E 00

1.72E 00

1.63E 00
1.60E 00
1.58€E 00
1.57€ 00
1.56E 00

W(23)

-1.51E~-03
-1.48€-03
-1.48E-03
-1.47€E-03
-1.47E-03
-1.47€-03
=5.82E-02
-5044E-02
-5.16E-02
~4,94E-02
-4, 7T7TE-02
-4.63E~-02

-5414E~-02 -

~4.,77E-02
-4,60E-02
-4.,48E-Q2
-4017E-02
-3,99E-02
-3.94E-02
-3.91E-02
-3.90E-02
-3.90E-02

W(32)

-40545‘01
=4444E-01
-4036E-01
‘4.305-01
-3,14E-01
=3.64E-01
-3,78E-01
-3.84E-01
-3.88E-01
-3,.85E-01

- =3.83E-01

-3.81E-01
-3079E‘01
-3,77E-01

Wi(33)

1.12E 00
1.12€ 00
1.12E 00
"1.11E 00
1.11E 00
l.11E 0O
1.12E 00
1.12E 00
1.12E 00
1.12E 00
1.12E 0O
1.12E 00
1.12E 00
1.12€ 00
1.12E 00
1.12E 00
1.12€E 00
1.12€E 00
1.11€ 00
1.11E 0O
1.11€ 00
1.11E QO
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TABLE Bl1l

RITE ARM MOMENTUM

(CONT*D)

8.00 10
9.00 TO
10.00 710
11.00 TO
12.00 10
13.00 TO
14.00 TO
14.10 7O
14.20 TO
14.30 TO
14.40 70O
14.50 TO
14.60 TO
14,70 10
14.80 TO
14.90 71O
15.00 TO
16.00 TO
17.00 TO
18.00 10
19.00 71O
20.00 TO

RITE ARM MOMENTUM

8.00 TO
9.00 TO
10.00 10
11.00 10
12.00 TO
13.00 TO
14.00 TO
14.10 TO
14.20 TO
14.30 TO
14.40 70
14.50 TO
14.60 TO

14.70 TO

14.80 TO

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90

Will)

2¢34E 00
2.32E 00
2.32E 00
2.32E 00
2.32E 00
2.33E 00
2.26E 00
2.26E 00
2.26E 00
2.26E 00
2.26E 00
2.26E 00
7.29€ Q0
4.50E 00
3.48E 00
2.97E 00
2.16E 00
1.97E 00
1.95E 00
1.95E 00
1.95E 00
1.95€E 00

W(l2)

‘3.66E'°1
-2.18E-01
-2.69€E-01
-2.65E-01
-2.61E-01
-2.97€E-01
-2.00E-02
-1.61E-02
-1l.37€-02
-1.21E-02
-1.12E-Q2
-1.05E~-02
-3.37€-01
-2.02€E-01
-1.54E-01

W(21)

-5.84E-01
-5.65€E-01
-5.64E-01
-5.64E-01
-5.64E-01
~-9.57E-01
-4069E-01
-4.62E-01
-44,57E-01
-4.55E~01
-4.53E-01
-4.52€E-01
-1048E Q0
-9.,82E-01
-8.01E-01
-7.10E-01
-5.645-01

-5.32E-01 -

-5.28E~-01
-5.27€E-01
-5.27E-01
-5.27E-01

W(22)

2.56E 00
2.42E 00
2.37E 00
2.33E 00
2.30E 00
3.64E 00
1.77E 00
1.7T4E 00
1.72E 00
1.T1E 00
1.71E 00
1.70E 00
1.77€ 00
1.74E 00

1.73E 00

W(31)

-2.50E-01
-2.50€E-01
-2.50E-01
-2.50E-01
-2.50E-01
-1.61E-01
-2.15E-01
-2.16E-01
‘2.16E‘01
~2.17€-01
-2.17E-01
-2.17€-01
-7.00E-01
~4+30E-01
-3.31E-01
-2.81E-01
-2.02E-01
-1.84E-01
-1.82E-01
-1.82E-01

. =-1.82E-01

-1.82E-01

W(32)

-3.61E-01
-3.53E-01
-30465’01
=-3.41E-0C1
-3.,36E-01
-6.49£-01
-4.40E-01
-4.37£-01
-4.36€E-01
=4434E-01
-4034E‘01
-4.33E-01
~4.01E~-01
-4, 14E-01
“4.19E-01
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TABLE Bl1

RITE ARM MOMENTUM

14.90
15.00
16.00
17.00
18.00
19.00
20.00

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70

14.80

14.90
15.00
16.00
17.00
18.00
19.00
20.00

T0

T0
10
T0
T0
T0
TO0

T0
T0
T0
T0
TO
T0
10
T0
10
T0
T0
T0
10
TO0
T0
T0
TO
T0
TO
To
10
T0

(CONT'D)

15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
14.00
14.10
14.20
14.30
14.40
14.50
14.60
14.70
14.80
14.90
15.00
16.00
17.00
18.00
19.00
20.00
21.00

Wi(l2)

-1.29E-01
-9.07€-02
-8.20E-02
-8.06E-02
-8.00E-02
=T7.95E-02
-7.91E-02

W(l3)

l1.11E-04
4.78E-06
4.97E-D7
9.11E-08
2.47E-08
1.11E-02
4.18E‘04
2.6TE-D4
1. 73E-04
1.13E-04
7.52E-05
5.03E-05
1.13E-03
4,77E-04
2.54E-04
1.50E-04
1.63€~05
T.59E-07
6.46E-08
2.716E-09
=2.30E-09
-1.38E-09

W(22)

1.72E 00
1.70€ 00
1.69€ 00
1.68E 00
1.67€ 00
1.66E 00
1.65E 00

W(23)

=3.34E-03
-3019E-03
-3.17€-03
-3.17E-03
-3.16E-03
-1.40E-01
-6.85E-02
-64T4E-02
~6.68E-02
-6.64E-02
-6.62E-Q02
-6.60E-02
-6.61E-02
—6.59E-02
‘6-58E“02
~6.58E-02
-6.56E-02
-6.55E~-02
-6454E-02
-6454E-02
~-6.53E-02
~6.53E-02

W(32)

-4.,21E-01
-4.21E°01
-4.19€E-01
-4016E_01
~4,14E-01
-4.11E~-01
-4,09E-01

W(33)

1.19€ 00
1.188 00
1.18E 00
1.18E 00
1.18E 00
1.20E 00

1.1%E 00

l.19€ 00
l.19€E 00
1.19€ 00
1.19€E 00
1.19E 00
1.19E 00
1.19E 00
1.19€ 00
1.19€ 00
1.19€ 00
1.19€ 00
1.19€ 00
1.18E 00
1.18E 00
1l.18E 00
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TABLE Bl2.

LEFT ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

LEFT ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20

WEIGHT FACTORS WITH MESON DECAY FOR PB.

IS THE WEIGHT TO BE ASSIGNED TO THE I-TH

PARTICLE SPECTRUM GIVEN THE J-TH PARTICLE

PATTERN.

OR PION.

T0
TO
TO
10
T0
T0
T0
T0
T0
10
T0
T0
T0
10
T0
10
T0
T0
T0
TO
T0
TO

T0
TO
TO0
T0
T0
T0
T0
T0

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30

I ORJ =

W(ll)

3.18E
3.18€
3.18E
3.18E
3.18E
3.18E
3.18E
3.18E
3.18F
3.18E
8.68E
5.15E
3.96E
3.37E
3.C3E
2.42E
2.26E
2+ 24F
2.23E
2.23E
2.23E
2.23E

00
00
00
00
00
00
00
00
00
00
00
(¢]¢)
0o
00
00
00
00
00
00
00
00
00

W(lz2)

-8.C08E-03
-3.18E-03
~2.88E-03
-2.80E~-03
-2.76E-03
-2.73E-03
-5.12€E-03
-3.22E-03

Wi21)

-9.55E~
-9.53E~-
‘9-53E-
“9.53E-
-9053E‘
-9.53E~

-2.33E
-1076E
-l.47E
-1.30E
‘3.44E
-2.01E
-1.52E
-1.28E
-1.13E

-8.53E~
‘7-66E—

01l

01
0l
01
01
01
00
00
00
00
00
00
00
00
00

o1
o1

-7.49E-01

‘7044E-
-7.43E-
-7o42E‘
‘7.42E’

0l
01
01

ol

Wi22)

2.79E
2.7T2E
2.67TE
2.63E
2.59€
2.56E
4.94E
3. T4E

00
00
00
00
00
0o
00
00

W(31)

-4.47E-01
-4,47E-01

’ ‘4.47E‘01

~4.47E-01
-40475-01
-4047E-01
’1.37E‘01
-2.31E-01
-2.79E-01

' =3.08E-01

-8.64E-01
-5.20E-01
-4,04E-01
~3.48€E-01
-3.16E-01
-2.62E-01
~2.50E-01
~2+.49E-01
-2.49E~-01
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wilJ)

ly 2, OR 3 FOR PROTON, KAON

=2.49€E-01

-2.49E-01
-2.49E-01

wWi(32)

-6.17€-01

~-6.02E-01
-5.90€E-01
-5.81E-01
-5.73E-01
-5.67€E-01
-1l.11E 00

'-9.,07€-01



TABLE B12

LEFT ARM MOMENTUM

(CONT*D)

13.30 70O
13.40 TO
13.50 10
13.60 TO
13.70 TO
13.80 VO
13.90 TO
14.00 TO
15.00 TO
16.00 1O
17.00 TO
18.00 71O
19.00 TO
20.00 TO

LEFT ARM MOMENTUM

8.00 TO
9.00 TO
10.00 10
11.00 10
12.00 10
13.00 71O
13.10 TO
13.20 TO
13.30 10
13,50 TO
13.60 TO
13.70 TO
13.80 TO
13.90 TO
14.00 TO
15.00 TO
16.00 TO
17.00 10
18.00 70
19.00 710
20.00 TO

13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

W(l2)

=2.24E-03
-1.65E-03
-‘0. 65E 00
-2.17E QO
=-1.34E 00
-9.30E-01
-6.91E-01
~2.24E-01
-6.39E-02
-3.00E-02
-1.98E-02
-1.€1E-02
-lo 44E-OZ
-1.37€~-02

W(l3)

2.52E-07
1.32E-08
1.59€E-09
3.24E~-10
9.52E-11
5.11E-11
l'. 725"05
2.96E-05
2.06E-Q5
1.51E-05
4,24E-02
1.97E-02
1l.21E-02
8.39E-03
6.21E-03
1.95€6-03
4. T4E-04
1.60E-04
6.55E-05
3.09E-05
1.63E-05
9.44E~-06

W(22)

3.13€ 00
2.76E 00
4.36E 00
3.19E 00
2.74E 00

2.48E 00

2.32€ 00
1.92E 00
1. 75 00
1.71€E 00
1.68E 00
1.67€ 0O
1.66E 00
1.65E 00

Wi23)

-1.38E-04
-1.27E-04
-1.25E-04
~1.23E-04
-1.23E-04
-1.22E-04
~4.56E-02
-3.45E-02
-2.89E-02
-2.55E-02
-4.00E-02
~2.94E-02
-2.52E-02
-2.28E-02
-2.13E-02
-1.78E-02
~-1.64E-02
-1.60E-02
-1.59E-02
-1.59€E-02
-1.58E-02
~-1.58E-02

Wi32)

-8.04E-01
-7.43E-01
-2+39E-01
-4.55E-01
-5.16€E-01
-5.42E-01
~-5.54€E-01
-5.62E-01
~5.59E-01
-5.54€E-01
-5.51£-01
~5.48E-01
-5.45E-01
~5.42E-01

Wi33)

1.05€ 00
1.04€E 00
1.04E 00
1.04€ 00
1.04E 00
1.03E QO
1.05E 00
1.04E 00
1.04E 00
1.04E 00
1.04E 00
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1.04E 00

1.04E 00
1.04E 00
1.04E 00
1.04E 00
1.04E 00
1.04E 00
1.04E QO
1.03E 00
1.03E 00
1.03E 00



TABLE B12

RITE ARM MOMENTUM

(CONT*D)

8.00 TO
9.00 70
10.00 70O
11.00 70
12.00 TO
13.00 71O
13.10 10O
13.20 .70
13.30 1O
13.40 TO
13.50 TO
13.60 710
13.70 TO
13.80 71O
13.90 TO
14.00 TO
15.00 10
16.00 TO
17.00 10O
18.00 TO
19.00 TO
20.00 TO

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80

13.90

T0
T0
T0
TO
T0
TO
T0
TO
T0
T0
TO0
T0
TO
T0
T0

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00

Wwill)

3.18E
3.18E
3.18E
3.18E
3.18E
3.18E
3.18E
3.18E
3.18E
3.17¢€
9.55E
5.23E
3.93E
3.32E
2.98E
2.39E
2.26E
2. 24E
2.24E
2.24E
2.24E
2.24E

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

Wil2)

Wiz21)

-9'53E-01
-9.53E-01
-9.53E-01
-9.53E-01
-1.45E 00
~1.25E 00
-1.13E 00
-1.05E 00
‘9.91E'01
-2.87€ 00
-1.64E 00
-1026E 00
-1.09€E 00
-9.85E-01
-8.00E-01
~7.52€E-01
’7.46E-01
-T.44E-01
~T.44E-01
-7.44E=01
-T«44E~-01

Wi22)

-9.45E-03
-4.01E-03
-3.68E-03
-3.60E-03
-3.54E-03
-2.89E-03
-1.99E-03
-1.45E-03
-1.10€-03
-8.51E-04
-2.12E 00
-9.32E~-01
-5072E’01
-4.00FE-01
-3.01E-01

2.79E
2.72E
2.6TE
2.63E
2.59E
3.16E
2.72E
2.45E
2.28€
2.16E
2.70E
2.30E
2.14E
2.05E
1.99E

00
00

00
00
00
00
00
00
00
00
00
00
00
00
00

Wi3l)

~4,59E~01
-4.59E-01
-4059E‘01
-4.59E-01
-4,59E-01
-2.91E-01
-3.26E-01
-3.47E-01
-3.61E-01
-3.71E-01
~-l.14E QO
-6.12E-01
~4+55E-01
-3.82€E-01
-3.42E-01
-2.73€E-01
~2.59E-01
-2.58E-01
-ZOSBE-OI
-2.58E-01
-2.58€E-01
-2.58E-01

W(32)

-6.33E-01
-6.18E-01
-6006E'01
-5.97E-01
-5.89E-01
-8035E-01
-T.59E-01
-T.13E-01
-6.83E-01
-6.62E~-01
-3.96E-01
~5.27E-01
-5.61&E-01
-5.75E-01
-5, 82E-01
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TABLE B12

RITE ARM MOMENTUM

14.00
15.00
16.00
17.00
18.00
19.00
20.00

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30

13.40

13.50
13.60
13.70
13.80

13.90

" 14.00
15.00
16.00
17.00
18.00
19.00
20.00

T0
T0
70
T0
T0
T0
T0

70
T0

T0

T0
T0
10
T0
T0
T0
T0
T0
T0
T0
T0
10
10
T0

T0

T0
T0
T0
T0

(CONT*D)

15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

W(12)

-1.10€E-01
-45.95€E-02
-3.86E-02
=3.57€-02
~3.46E~-02
=3.41E-02
-3.38E-02

W(13)

1.96E-06
1.02E-07
1019E“08
2+36E~09
6.71E-10
1.57E-05
5.19E-05
3.74E-05
ZQBOE‘OS
2. 14E-05
S5e¢24E-02
2.26E-02
1.36E-02
9.27E-03
6.77E-03
1.95E-03
3.94E“04
1.11E-04
3.90E-05
l.61E-05
T.62E-06
4.01E‘06

Wi22)

1.83E 00
1.75€ 00
1.73E 00
1.72€ 00
1.71€E 00
1.70E 00
l.69€E 00

W(23)

-9.72E-04
-9.50E-04

-9.44E-04 -

~9.40E~04
-9.38E~04
-8.42E~-02
-7.25E-02
-6.53E-02
-6.07E-02
-5074E‘02
-7.08E-02
-6.05E-02
-5.65E-02
=-5.41E-02
-5.25E-02
-4.,87E-02
-4.72E-02
-4,68E-02
~4.6TE-02
-4067E-02
-4,66E-02
-4.66E-02

W(32)

=5.84E-01
=-5.7T9E-01
‘5075E'01
=-5.T1E-01
-5.68E-01
=-5.65E-01
‘Sosz-01

W(33)

1.08€ 00
1.07€ 00
1.07€ QO
1.07E 00
1.06E 00
1.08E 00
1.08E 00
1.08E 00
1.08E 00
1.08E 00
1.07€ 00
1.08E 00
1.08E 00
1.08€E 00
1.08€E 00
1.08€ 00
1.08E 00
1.07E 00
1.07E Q0
1.07€E 00
1.07€ 00
1.07E 00
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TABLE Bl3.

LEFT ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10

13.20

13.30
13,40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20,00

LEFT ARM MOMENTUM

8.00

9.00

10.00

11.00

12.00
13.00
13.10

13.20

WEIGHT FACTORS WITH MESON DECAY FOR BE.

IS THE WEIGHT TO BE ASSIGNED TO THE I-TH

PARTICLE SPECTRUM GIVEN THE J-TH PARTICLE

PATTERN.

OR PION.

T0
'TO
T0
T0
T0
T0
70
T0
T0
T0
T0
T0
T0
T0
T0
T0
T0
TO
T0
T0
T0
To

TO
TO0
10
T0
TO
T0
T0
TO

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30

1 0RJ =1,

W(ll)

2.26E
2.26E
2.26E
2.26E
2.26E
2.26E
2.26E
2.26E
2.26E
2.26E
7.C1lE
4.03E
3.06E
2.60E
2.33E
1.86E
1.74E
l.73E
l.72E
1.72E
1. 72E
1. 72E

00
00
00
00
00
00
0 ]0)
00
00
00
Q0
00
00
00
00
00
00
00
00
00
00
00

Wil2)

20

W(21)

~5.43E-01
-5.43E-01
-5.43E-01
-5.43E~01
-5.43€E-01
-5.43E~-01
-1.53E 00
-1.07E 00
-8063E-01
=-T.45E-01
=2.24E 00
'1.27E 00
-9.55E-01
-7.98E-01
-7.07E-01
-5.31E-01

-4,76E-01 -

‘4.66E-01
-4.63E-01
-4.62E-01
‘4.61E-01
-4.61E-01

H(22)

OR 3 FOR PROTON,

-5.73E-03
~1.96E-03
~1l.74E-03
-1.69E-03
-1l.66E-03
-1.64E-03
-4.11E-03
-2.39E~-03

2.15E
2.10E
2.06E
2.03E
2.00E
1.98E
S.08E
3.56E

00
00
00
00
1Y
00
00
00

Wi3l)

-2.04E-01
~2.04E-01
~2+.04E-01
-2.04E-01
~2.04E-01
-2.04E~-01
-T.17€E-02
-1.19E-01
~1l.41E-01
-1.53E-01
-4.84E-01
-2.81E-01
-2.16E-01
-1.84E-01
-1.67E-01
-1.37€-01
-1.31€E-01
-1.30E-01
-1.30E-01
-1.30E-01
-1.30E-01
‘10305’01

W(32)

-2.82E-01

~-2.75E-01
-2.70E-01
‘2.655'01
~2.62E-01
-2059E°01
-6+ 75E-01
-5.,18E-01

211

W(lJ)

KAON



TABLE B13

LEFT ARM MOMENTUM

13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00

16.00

17.00
18.00
19.00
20.00

LEFT ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40

13.50

13.60
13.70
13.80
13.90

14.00

15.00
16.00
17.00
18.00
19.00
20.00

T0
T0
TO0
T0
T0
TO
T0
10
TO

T0

T0
T0
T0
T0

T0
T0
T0
T0
T0
T0
T0
T0

T0

T0
T0
T0
T0
T0
T0
TO
T0
T0
T0
T0
T0
T0

(CONT*D)

13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

W(l2)

-1.60E-03
-1.16E-03
-4 29E 00
~1.92E Q0
-1.16E 00
-8.C0E-01
-5.90E-01
-1.88E-01
=-5.23E-02
-2.37E-02
-1.51E~02
-1 ° l9E-02
~1.06E-02
-9.92E-03

W(l3)

1.85E-07
9.54E-09
1.15€-09
2.33E~10
6.84E-11
3.6TE-11
3.79E-05
2.20E-05
1.47€E-05
1.06E-05
3.92E-02
1.75E-02
1006E"02
T.25E-03
5.33F-03
1.65€E-03
4.01E-04
1.35E-04
5.53E-05
2.61E-05
1.38E-05
7.S8E-06

Wi22)

2.87E 00
2.4TE 00
3.59E 00
2.66E 00
2.29E 00
2.09E 00
1.95E 00

1.62E 00

1.48E 00
l.44E 00
l.42€ 00
l.41€ 00
1.40E 00
1.39E 00

W(23)
-IOOIE“OIQ

-9.21E-05
-8.97€-05

~8.88E-05

-8.83E-05
-8.80€E-05
-4.70E-02
=3.29E-02
-2.65€E-02
-2.28E-02
-3.31E-02
~-2.45E-02
-2.11E-02
-1.92E-02
-1.80E-02
-1.50E-02
-1.38E-02
-1.35€-02
=1.34E-02
-1.34E-02
-1.34E-02
-1.34E-02

W(32)

~4.4TE-01
-4.06E-01
-8.41E-02
-2.29E-01
-2.68E-01
-2.84E-01
-2.91E-01
=2.97€E-01
-2.95E-01
-2+.93E-01
-2.91E-01
-2.89€E-01
-2.88E-01
-2.87E-01

W(33)

1.05€ 00
1.04E 00
1.04E QO
1.04E 0O
1.04E 00
1.03E 00
1.04E 00
1.04E Q0
1.04E 00
1.04E 00
1.04E 00
1.04E 00
1.04E 00
1.04E 00
1.04€ 00
1.04E 00
1.04E 00
1.03€ 00
1.03E 00
1.03€E 00
1.03E 00
1.03E 00
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TABLE B13

RITE ARM MOMENTUM

(CONT*D)

8.00 TO
9.00 70
10.00 71O
11.00 10
12.00 71O
13.00 7O
13.10 70
13.20 TO
13.30 TO
13.40 TO
13.50 1O
13.60 TO
13,70 7O

13.80

T0

13.90 YO
14.00 10
15.00 TO
16.00 TO
17.00 10
18.00 TO
19.00 TO
20.00 7O

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00

12.00

13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90

TO0
T0
T0
T0
T0
T0
T0
TO0
T0
10
TO
T0

10

TO
T0

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00

Will)

2.26E
2.26E
2.26E
2.26E
2.26E
2.26E
2+26E
2.26E
2.26E
2.26E
9.C3E
4<34E
3.14E
2.62E
2.33E
1.84E
1. 74E
1. 73E
1.73E
1.72E
1. 72E
l.72E

00
00
00
00
00
00
00
00
00
00
00
00
00
0o
00
00
00
00
00
00
00
00

Wil12)

W(21)

-5.44E~-01
-5.43E-01
-5.43E-01
-5.43E-01
-5.,43E-01
-BOSIE'OI
-T.14E-01
=-6435E-01
~5.83E-01
-5.49E-Q1
-2.10E Q0
-1.07€ 00
-8.05E-01
-6.85E-01
-6.17E-01
-4.98E'01
-4.68E-01
-4,64E-01
~4.63E-01
-4063E"01
-4.,63E-01
-4,63E-01

W(22)

-6.64E-03
-2.46E~-03
-ZOZZE-O3
-2.16E-03
-2.13E-03
-2.04€E-03
-1.37€-03
-9.85E-04
-7.35E-04
-5.65E-04
-2.19E 00
—8+44E-01
—4097E'°1
-3.40E-01
~2452E-01

2.15E
2.10E
2.06E
2.03E
2.00E
2.87E
2.41E
2.14E
1.97E
1.85E
2.28E
1.91E
1. 79€
1.71E
1. 66€

00
00

oo

00
00
00
00
00
00
00
00
00
00
00
00

Wi3l)
-2.10E-01

-2.10E-01

-2410E-01
-2.10E-01
-2.10E-01
-1446E-01
~1.60E-01
=1.69E-01
-1.74E-01
-1.78E-01
-T.23E-01
-3.42E-01

.‘2046E-01

=-2.04E-01
-1.81E-01
'1.43E’01
-1.35E-01
-1.34E-01
-1.34E-01
-1.34E-01
~-1e34E-01
-1.34€E-01

W(32)

-2.89E-01
-2.82E-01
-2.77€E-01
-2.72E-01
-2.69E‘01
-4,60E-01
-4.,11E-01
-3.83E-01

T =3,64E-01
-3,526-01

~-1.67E~01
~-2.70E-01

. =2.93E-01

-3.01E-01
-3.05E-01
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RITE ARM MOMENTUM

14.00
15.00
16.00
17.00
18.00
19.00
20.00

RITE ARM MOMENTUM

8.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20

13.30

13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00

T0
T0

T0

T0
10
T0
T0

T0
T0
T0
T0
TO
T0
T0
T0
T0
T0
T0
T0
T0
T0
T0
70
T0
T0
T0
T0
1O
T0

(CONT*D)

15.00
16.00
17.00
18.00
19.00
20.00
21.00

9.00
10.00
11.00
12.00
13.00
13.10
13.20
13.30
13.40
13.50
13.60
13.70
13.80
13.90
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00

Wil2)

~8a 79E'02
-3.73E-02
-2.81E-02
-2.57E~02
-2.49E-02
-2.45E-02
~2.42E-02

W(l3)

1l.42E~-06
7T.33E-08
8.57E-09
1.69E-09
4.82€-10
5.38E~-05
3.60E-05
2.56E-Q5
1.89€-05
l.44E-05
5.50E~-02
2.08E-02
1l.20E-02
8.05E-03
5.82E-03
10645'03
3.31E-04
9.35E-05
3.28E-05
1.36E-05
6.41E-06
3.37E-06

W(22)

1.53E 00
1l.47E 00
l.45E 00
l.44E 00
1.43E 00
l.42E 00
l.42E 00

W(23)
-7.01E-04

-6 83E"04
-6+ 18E-04

-6.75E-04 .

-6.T4E-Q4
-T.66E-02
=6.43E-02
-5.71€-02
-5.25E-02
-4.94E~-02
=-5.99E-02
-5.06E-02
-4,73E-02
-4 .54E-02
-4.,41E-02
~4.10E-02
-3.94E-02
-3.93E-02
=-3.92E6-02

-3.92E-02"

-3.92E-02

W(32)

=-3.07E-01
-3.05E-01
=-3.03E-01
-3.01E-01
=2 99E-01
-2.97€-01
-2+96E-01

Wi(33)

1.08E Q0
1.07E 00
1.07€ QO
1.07E QO
1.06E 00
1.07€ 00
1.07e 00
1.07€ 00
1.07E 00
1.07€ 00
1.07E 00
1.07E 00
1.07E 00
1.07€ 00
1.07€ 00
1.07€ 00
1.07E Q0
1.07E 00
1.07€ 00
1.07E 00
1.06E 00
1l.06E 00
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Appendix C: Cross Section Calculations Details

This appendix explains the general method used to calculate
cross sections with particular emphasis on its application to this
experiment.

The beam flux is the number of beam particles, B, which crosses
a cross-sectional area, a, in a time T. Thus, the beam flux is B/(aT).
This beam is incident on a target which has density p and total
thickness L. The number of target particles (in this experiment, the
number of nuclei) which are contained in the target volume illuminated
by the beam is NA p La/A. (NA is Avogadro's number and A is the
atomic weight of the target material.) The interaction rate is N/t,
when N interactions are produced in a time 7. The interaction rate
is directly proportional to the product of the beam flux and the

number of target particles. The constant of proportionality is o,

the cross section for producing the interaction. That is,

N pL
N _ BlAa—™ . -
T ¢ Ta] [ A a] ’ (€-1)

which reduces to the usual form

N = o BN, pL/A. E (C-2)

Equation sz is an approximation (thin target approximation)
since it assumes that the beam flux is constant throughout the
target} The beam, however, attenuates as it interacts in the target.
If Bo beam particles are incident on the target, then the beam flux
a distance z into the target is Bo/aT)exp(-z/h). For this experiment

A is the absorption length, not the attenuation length. (This is so
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because the number of protons which elastically scatter out of the
target volume is negligible.) Within a differential length dz, there
are (NA p a/A) dz target nuclei. The interaction rate for the

entire target is given by an integral over the target. This integral

is

Az

T [

which gives

N .

c(BoNAph/A)[l - exp(-L/MN)] . (C-4)

The thin target approximation, Equation C-2, can be recovered from
Equation C-4 with the approximation exp(-L/A) == 1 - L/A. With the
beam and target factors in Equation C-4 denoted by F, Equation C-5

can be simplified to read

N = oF (C-4a)
with

F = (BONAp/A) ‘ro exp(-z/\) dz . (C-4b)

This expéfiment measures the Lorentz-invariant threefold
differential cross section, Ed%sldp3 as a function ofvpL. The
relationship4between this cross section and Equation C-4 is as follows.
The differentiél'element dp3 can be expressed in terms of cylindrical

coordinates as

3 .
dp” = p, dgp dp, dp; . (C-5)
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The relationship between p, and rapidity, y, is

pp = m sinh y (C-6)
where

mf = m2 + pi R (C-7a)
or equivalently,

mi = E2 - pﬁ . (C-7b)

The differential of equation C-6 is
dpy = m cosh y dy . (C-8)
One definition of rapidity is
y = % In [(E+ p)/E - py)] . (c-9)
Using cosh y = % (ey + e-y) and Equation (C.9) one obtains

coshy = E/(E2 - pﬁ)% . : (C-10)

Then substituting Equation C-8 and C-10 in Equation C-5 yields

3
dp = p; dp dp, E dy , (C-11)
from which it follows that

s &g _ _ d%
dp3 p, dp, dy dy

Equatibn C~12 expresses the invariant differential cross
section in terms of ¢, p,, and y. For this experiment the production,
3 . s . .
and therefore Ed o/dp3, is necessarily independent of the azimuthal

angle. The @ dependence can then be integrated out. Performing the




integration on both sides of Equation C-12 yields

mg &g . &0
dp> Py dpy dy °

If the production is also independent of y over a small region Ay,

then an integration in y can be done on Equation C-13 to yield

218

(C-13)

d3g do
2m Ay E 3 = 3 do. ° (C-14)
dp PL Py
which can be rearranged to give
dac 1 do
E = . C'].S
dp> 2t by py dpy (©-13)

In order to relate Equation C-15 to the experimentally
determined quantity (i.e., the number of events observed at a

particular PL)’ one takes the p, derivative of Equation C-4a:

N  _ do
dpL dp,

Equation C-16 is related to Equation C-15 as

3

F . (C-16)

do 1 dN 1
E— = T —5——— . c-17
dp3 p, dp, 2m Ay F ( )

Operationally, a certain number of events, AN, are observed in a
bin centered on p; with width Ap,. The invariant cross section is

then related to these events as

3
dao 1 M 1
E— = —~ —m— c-1
3 p, Op, 2m Ay F (C-18)

dp
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¥

Equation C-18 would be the end of our derivation if the appara-
tus detected every event which was produced. This is certainly not
the case in this experimgnt. We must account for two efficiencies
associated wifh the apparatus: the tracking efficiency, P, and the
geometric defection efficiency. The tracking efficiency has been
described in Section 4.3. In Section 4.4 we described the Monte Carlo
program which determines the geometric acceptance, e(p,,z) for a
particular p, and location z along the target.

Referring to Equation C-4, we can include these efficiencies

by defining an overall correction factor C(p,) as

L
clpy) = (P B N, p/A) IO exp(-z/x)e(pl,z)‘dz . (C-19)

In this experiment, a particular target has M target elements, each
with thickness t (which is small), and absorption length A. We assume
that the geometric efficiency ¢ in the small range of a particular
target element located at z,, can be treated as a constant in z. We

can then convert the integral in Equation C-19 to a sum and write

C(py) = (PBN_ pA/A)

M
X jz e(p¢,zi){exp[-(i-1)t/h] - exp(~itA)} . (C-20)

i=1

Finally, referring to Equation C-18, the cross section is calculated as

3
dg _ _1 &N _ 1 _
E = . c-21
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Appendix D: Investigation of Systematic Errors in the Calculation of o

As shown in Chapter 5, our results for the single-particle
inclusive A-dependence exponent agree very well with previous experi-
ments. Our results for the two-particle A-dependence exponent,
however, do not seem to join up smoothly with the resuits of another
experiment, This appendix gives the details of investigations of
those systematic biases which could cause an incorrect value for the
A-dependence exponent from this experiment., It will be demonstrated
that the method used to calculate this quantity from this experiment
may be used with confidence,

The reader is reminded that the A-dependence exponent, o, is
related to the cross section as 0(A) = G(l)Aa. For brevity, we will
suppress the explicit p; dependence and the subscripts, since the same
formula is used for both the single-particle and two-particle inclusive
measurements of y. In this experiment, the calculation of o is given
by

o = aln (YPb/YBe) + b (D-1)

where a and b are constants and Y represents the yields from the two
targets. This calculation assumes that the geometric efficiency, G,
and the tracking efficiency, T, are the same for lead and beryllium.

Including these factors explicitly in the calculation yields

@ = o (from equation D-1)

+ aln (GBe/GPb) + a ln (TBe/TPb) . (D-2)

With the assumptions GPb = GBe and TPb = TBe’ we recover Equation D-1.

Below we show that these assumptions are indeed valid.
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D.l. Geometric Acceptance

The assumption that the geometric acceptance is the same over
the region whcrc the lead was situated and where the bereyllium was
situated, was inéestigated directly with our polyethylene data.
(Monte Carlo programs had previously shown that the acceptance was
flat along the target to about 1%.) These data were divided into two
groups correspoﬁding to target z position:

_Upstream Group. 2z < 2.0 inches, which has 4 CH2 target elements
and covers the same region as the lead.

Downstream Group. z > 2,0 inches, which has 3 CH2 target

elements and covers the beryllium region.

The CH2 data was binned in P and Py> and the ratio of the yields

from the two sections of the target was calculated as
R = N(@Z<2)/N(z>2). (D.1-1)

For the CH, data, one can calculate the expected value of R if the

2
geometric acceptance is flat, Expressed in terms of the absorption
length, A, and the thickness of each element, t, the expected value

of R is given by

e4t/A -1
Rexpected - -3t/\ ° o (0.1-2)
1 -e
Using the values for t and A given in Table 1, one calculates
Rexpected = 1.40. We calculate R for each value of Py and Py and give
the results in Table D1 (all pairs) and Table D2 (neutral pairs).

Each point is statistically consistent with the expected value of R.

We then sum over P4 and again calculate the value of R and display
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Table Dl1. Ratio of Yields from the Upstream and Downstream Elements
of the CH, Target Calculated at Each Value of pg and py for
All Hadron Pairs,
pS(GeV/c) 2,25 2,75 3.25 3.75 4,25 4.75
pd(GeV/c)
0.25 1.44 1.43 1.40 1.35 1.41 1.51
+0,01 +0.01 +0.02 +0.04 +0.09 +0.17
0.75 1.40 1.44 1.45 1.57 1.29
+0.02 +0,02 +0.05 +1.10 +0.15
1.25 1.43 1.40 1.36 1.56
+0.04 +0.05 +0.09 +0.19
1.75 1.26 1.42 1.18
+0.08 +0.11 +0.16
2,25 1.36 1.59
+0.17 +0.24
2.75 1.80

+0. 50
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Table D2. Ratio of Yields from the Upstream and Downstream Elements
of the CH, Target Calculated at Each Value of pg and p; for
Neutral Hadron Pairs,
pS(GeV/c) 2,25 2,75 3.25 3.75. 4,25 4.75
pd(GeV/c)
0.25 1.44 1.43 1.37 1.35 1.41 1.93
+0.01 +0.02 +0.03 +0.06 +0.12 +0.32
0.75 1.40 1.45 1.41 1.74 1.26
+0.03 +0.03 +0.07 +0.16 +0.20
1.25 1.36 1.51 1.29 1.40
+0.06 +0.08 +0.12 +0.23
1.75 1.32 1.42 1.22
+0.12 +0.15 +0. 24
2.25 1.34 1.63
+0.24 +0.34
2.75 | 1.45

+0.57
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the results in Figure D1. The fact that all the points are consistent
with our expectations means that the geometric acceptance is indeed
flat along the target. Since the locations of the lead and beryllium
elements correspond to those of the upstream and downstream groups

of CH2 target elements, one can safely conclude that the acceptance

is the same for the lead and the beryllium. For orientation, the
shaded region in Figure D1 indicates where R would have to be if the

acceptance were dropping enough to cause a difference in o of 0.1 to

0.15.

D.2. Tracking Efficiency

We now turn to our investigation of whether the tracking
efficiency can be different by 40% for lead or beryllium induced
events, (A difference of 407 in the tracking efficiency corresponds
to a value of ¢ which is incorrect by 0.1.) The tracking efficiency
depends mainly on the number of wires which recorded a hit. For
instance, if the multiplicity associated with the lead induced events
is much larger than that from the beryllium, then this could be taken
as an indication that the tracking efficiency for lead might be lower
than that for beryllium,

In order to investigate these effects, we took events from the
summary tapes which had interaction vertices in the lead or the
beryllium. Each event is uniquely identified on the suﬁmary tapes
by its eventbpumber and run number. We then went back to the raw
data tapes and extracted the multiplicity of drift chamber wire hits
for each of the events. (This author is indebted to his fellow

graduate student, David Koltick, who wrote this computer program.)
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We divided the data into four momentum ranges according to the momentum
in each arm: O to 5 GeV/c, 5 to 10 GeV/c, 10 to 20 GeV/c, and

20 to 40 GeV/c. Since we were looking for a 407 effect, we limited

the investigation to 100 events for each arm, each momentum range, and
each target, This gave us a 10% statistical accuracy on each point.
The results of this investigation are shown in Figure D2. The

average multiplicity is seen from the figure to be about 38 wires hit
in each arm regardless of target. From this we conclude that the
tracking efficiencies for lead and beryllium are the same to within

at least 10%.

Df3. Monte Carlo Check of Tracking Efficiency

As an independent check of the tracking efficiencies, a Monte
Carlo program generated events from each of the nine lead and three
beryllium target elements. (Again, D. Koltick is responsible for
this program.) This program was used to create a simulated raw data
tape, That is, it converted the trajectories from the Monte Carlo
into TDC values for each wire. The extra hits were taken as the
drift chamber hits in the untriggered arm from single arm data runs,
These extra hits were overlayed on the Monte Carlo events and a
second simulated raw data tape was created. Each tape was then
processed in the normal way by the tracking program. The ratio of
events with the overlay to the number of events with no overlay is
the fraction of events which survive. If this fraction is different
for lead and seryllium events, then one could have reason to suspect
that the tracking efficiencies may be different for the two targets.

The ratio for lead is 0.967 + 0.002, and for beryllium it is
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0.971 + 0.002. Again, there is no evidence for any 407 difference

in the tracking efficiencies.

D.4. Calculatioﬁ of o, Using Different Sections of the Pb/Be Target
As a final check, we calculated the value of o, using different

sections of the target. Figure D3 shows the four regions of the
target which were used for this investigation. In order to match

the requirements of Section 5.3.2, the transverse momentum of each
particle was constrained to be greater than 1 GeV/c, and the data
were integrated over Py* Four values of o, were calculated at each
value of P using the four different sections of the target. These
values are given in Table D3 along with the corresponding regions
from Figure D3, The four values at each p, are in good agreement

with each other.

D.5. Conclusions
From these investigations, we conclude that the tracking
efficiencies and the geometric acceptance for the lead and the
beryllium are the same, and that Equation D-1 may be used to

calculate the A-dependence from this experiment with confidence.
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Table D3. o, VS. p_ Calculated for Several Regions of the Target.

PS(GeV/c) Regions I and III Regions I and IV Regions II and III Regions II and IV
2,20 1.10 + 0,01 1.13 + 0.01 1.10 + 0.01 1.12 + 0,01
2.40 I 1.09 + 0.01 ' 1.12 + 0.01 1.10 + 0.01 1.13 + 0.01
2.60 1.11 + 0.01 1.14 + 0.01 1.12 + 0.01 1.15 + 0.01
2.80 1.10 + 0,01 1,14 + 0,01 1.12 + 0.01 1.16 + 0.02
3.00 1.11 + 0,02 1.14 + 0,02 1.12 + 0.02 1.15 + 0.02
3.20 1.15 + 0.02 1.16 + 0.02 1.16 + 0.02 1.16 + 0.02
3.40 1.10 + 0.02 1.18 + 0.03 1.13 + 0.02 1.21 + 0.03
3.67 1.12 + 0,08 1.15 + 0.08 1.15 + 0.08 ‘ 1.19 + 0.09
4.08 1.15 + 0.13 1,15 + 0,13 1.17 + 0.13 1.17 + 0.13
4.59 1.15 + 0.12 1.25 + 0,20 1.11 + 0.17 1.22 + 0.20
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